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ABSTRACT

Criteria for the determination of the peak potential E; of reversible and same cases of quasireversible electrode

reactions in the differential pulse polarography are proposed. On the base of the E; values found De Ford and Hume’s,

as well as Leden’s functions are recommended to be used for the determination of stability constants of complexes. The

procedure proposed was tested by studying the labile systems: Cu(1l) — glycine and Bi(III) — fluoride. The first is reversibly
reduced and the second — quasireversibly. It was found that |Q B, =7.8, 19 e, =149 (I = 0.1); 1985 =46 and
Ig ,BBin =9.3 (I = 0.1). A satistactory good coincidence between the results obtained by the procedure proposed and the

literature data is observed.
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INTRODUCTION

Classic polarography is used to study labile com-
plexes [1-3]. To determine the composition and stabil-
ity of the complexes the equation of De Ford and Hume
[3], describing the shift of the potential Ej,, of the
reversible polarographic wave from the ligand concen-
tration C,, is applied. When the reduction of the metal
ion is reversible, Ei, , is determined very precisely from
all data of the polarographic curve. In the cases of
quasireveresible reduction, Ej,, is determined from
the data at the foot of the curve, where the reduction is
reversible [3]. The experimental values of E£/2 and C,
are very often treated by the Leden’s method [2], in-
stead of that of De Ford and Hume, and then more
precise results are obtained.

To observe a shift of E;,2 of the polarographic
curve, the ligand excess has to be at least 10-100 times
more than the metal ion concentration, that in classical

polarography is about 10* mol 1. On the other hand
the ligand concentration can not be more than 0.1 or
1 mol I'!, because of the limited solubility of the ligand
or change of the pH value and the ionic strength of the
solution. This ligand concentration range limits the ca-
pabilities of the classical polarography to study com-
plexes with low stability as well as to study a stepwise
complexation. The cases indicated are more frequently
available in the practice.

It is well known [4] that the peak potential, E,,
in the differential pulse polarography (d.p.p.) corre-
sponds to E_,, of the wave in the classic polarography.
When the d.p.p. reduction of metal ion is reversible
then

; ; AE
Ep =k, _7

(AE is the amplitude of the pulse potential) and labile
complexes could be studied by De Ford and Hume’s
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function and Leden’s method without any complica-
tions. The functions could be applied to quasireversible
d.p.p. reduction also, if E; is known. The main prob-
lem that has to be solved is to identify the reversibility
and quasireversibility of the reactions, as well as to de-
termine E; in the cases of quasireversible reduction of
metal ions.

This study is aimed at identifying reversible and
quasireversible d. p. p. peaks and confirming the appli-
cation of the methods for study of labile complexes in
the classical polarography to d.p.p. data, obtained by
reversible and in some cases of quasireversible reduc-
tion of metal ions.

THEORY

In classical polarography the wave shape depends
on the reversibility of the electrochemical reaction. When
the reduction is totally reversible or irreversible the
polarographic wave is symmetrical against the middle
point. An asymmetry is observed if the reduction is
quasireversible. At the foot of the quasireversible wave
the reduction is reversible and the curve is steeper than
at the end where the irreversibility is the most strongly
expressed [3]. A similar behaviour of the curves is ob-
served in normal pulse polarography. The peak in the
d. p. polarography is the first derivative of the curves in
the normal pulse polarography and it is symmetrical
only in the cases of reversible or irreversible reduction.
When the reduction is fully reversible, the d.p.p. peak
is tight and its W, P value (the width of the peak at /5 of
its height) depends on the number z of the electrons
transferred in the reaction as well as on the amplitude
AE of the potential applied. The theoretical value of
W, pat given AE and z-values is read out from a plot [4].
At quasireversible reduction the left half (a tighter half)
of the asymmetric peak could be due to fully reversible
reduction. This assumption is true if the width of the
tighter half of the peak at /% of its height is equal to /5 of
the theoretical W, ,-value for reversible electrode reac-
tions.

The above features of d.p.p. peaks can be uti-
lized as criteria in distinguishing reversible from
quasireversible peaks. When the experimental data
about W, n of a symmetrical peak or about the width of
the tighter half of an asymmetrical peak satisfy the
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theoretical values, read out from the plot [4], the po-
tential Ep could be accepted as E:) and De Ford and
Hume’s (eq. 1), as well as Leden’s functions F,(eq. 2)
could be applied:

—AE, =—(E; - ES)_—InZB c 1)

F = exp—TAE ZBC‘ 2

F-1 . D
R = ° :[-)’1+2qu_l
C 2

where E; and EZ are peak potential of complex (c)
and simple (s) metal ions, respectively; C, is the total
ligand concentration; [3] is the formal stability con-
stant of MLJ. complex.

To verify the criteria proposed, the systems Cu(II)
- glycine and Bi(I1I) - fluoride ions are chosen because
of the copper(II) reversible reduction at dropping mer-
cury electrode in different electrolytes, while the reduc-
tion of Bi(III) in the most cases is quasireversible [3].
At pH lower than 9 copper(Il) is bound with glycine
(HA) in four complexes: CuHA, CuA, CuA, and CuA,.
The logarithmic values of the constants at ionic strength of
1 mol I are:

8.39, 1gB = 10.62, 1gB,,, = 15.32

lgBCuA

and

IgB,., = 16.96 [3].

Inspection on the 1gP values shows that at pH
range from 6 to 8 and a ligand concentration lower than
0.1mol I'' the complexes CuA and CuA, predominate
in the solution only. According to other references the
values of the constants of CuA and CuA, complexes at
an ionic strength of 0.1 mol 1! are:



S Georgieva, T. Nedeltcheva, L. Nikolova

1B =8.1

and

9B, =15.1 [6]

and that of the constant of the CuA complex is
g = 8.18 [7].

The literature data for the complexes of Bi(III) -
F system are scarce. The formation of the complexes
BiF and BiF, is only reported. The logarithmic values
of their stability constants at ionic strength, I = 2 are
respectively 4.7 and 8.3 [8].

EXPERIMENTAL
Apparatus and solutions

The voltamperometric analyses were carried out
with the 646 VA Processor and the 647 VA Stand from
Metrohm (Switzerland). A static mercury drop as working
electrode, Ag/AgCl reference electrode and a carbon
auxiliary electrode were used.

The potentiometric measurements were performed
with pH-meter (Jenwey, England) using a glass pH elec-
trode.

The stock solutions of Cu(II) (0.015 mol 1) and
Bi(III) (0.05 mol I'") were prepared by dissolution of
Cu(NO,), in water and Bi(NO,), in 2 mol I HNO.,.

The stock water solutions of glycine (1 mol 1)
and fluoride ions (0.1 mol I'') were prepared from gly-

cine (p.a.) and NaF (p.a.). Working solutions of Cu(II),
Bi(IIT) and the ligands with the concentrations given
below were used for the determinations. A phosphate
buffer (0.05 mol I'; pH 7.0 + 0.1) and a mixture of
0.01 M HNO, + 0.1 M KNO, were used as supporting
electrolytes for Cu(II) and Bi(III), respectively.

Procedure
Cooper (II) - glycine

10 ml of phosphate buffer and 10 ul of copper
working solution were introduced in the electrochemi-
cal cell. Oxygen was removed by bubbling of pure ni-
trogen through the solution for 10 minutes. The cathodic
peak of Cu(II) was registered by d.p.p. at an amplitude
of 50 mV and a scan rate of the potential - 10 mV s’!
(U. Step=6 mV, T. Step=0.6 s). The current and poten-
tial of the peak were measured. Volumes from 2 pl to
100 pl of the glycine working solution were success-
fully introduced in the cell. After each glycine volume
added the solution was purged with nitrogen for 5 min-
utes. The analytical signal was registered and the peak
potential and the current were measured.

Bi(III) - fluoride ions

10 ml of mixture HNO, + KNO, and 20 pl of
bismuth working solution (5.10* mol 1) were intro-
duced in the cell and the procedure, described for Cu(II)
— glycine determinations was followed, fluoride ions
being added (from 5 pl to 200 ul) instead of glycine.

Table 1. Results from the regression analysis of the F - function: | =1+ B'lCL + BZCE .

Studied Total Number of | Correlation Regression equation
system concentration | experiments | coefficient
of HA/F”
mol I'!

110*+1.10°® 9 0.995 F,=1.1+18 10°C,, +7.0 10° C2,

Culll-HA 155907 1102 10 0.986 F —83-1110C,,+39 10C,
. -—d. . 0~ " HA HA

Bi(1lD)- F° 1.10°-7.10° 7 0.993 F,=11+2.6 10°C_ +1.0 10'C2
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20+ =

-3',0 25 -20
1gC,.

Fig. 1. Semilogarithmic function AE[, =f(IgC,,,) of thesystem Cu(ll)-glycine.

RESULTSAND DISCUSSION
Cu(Il) - glycine

The experiments are carried out at 20°C in a
phosphate buffer (pH 7.0+0.1) and an ionic strength
I = 0.1. The cooper concentration in the cell was 4.10°
mol I and the glycine concentration was varied from
2.10* to 1.10%2 mol 1", The upper limit of the glycine
concentration was restricted by the appearance of not-
well shaped copper peak.

In all glycine concentrations studied a single ca-
thodic copper peak is observed. Its symmetrical form,
the half-width W, , and the current i in the absence of
ligand, do not change when ligand is added to the solu-
tion. The potential Ep is changed, only. The glycine con-
centration shifts E_ of the single copper peak to more
negative potentials and the system Cu(II) - glycine is
classified by us as fully labile on the d.p. polarographic
time scale [9].

The experimental value of W of the copper peak

12
is very close to the theoretical on/e, that at z=2 and
AE=50 mV is 60 mV [4]. Hence, the reduction of Cu(II)
is reversible. The lability of the chemical reactions and
the reversibility of the electrode reaction give us the
reason to apply the equations of De Ford and Hume, as
well as these of Leden to calculate formation constants.
The semilogarithmic function of AEL from 1gC,, is
given in Fig. 1. Approximately two linear sections are
observed, that indicates the formation of at least two
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complexes. The two linear sections were investigated
individually by Leden’s functions and the results of the
regression analysis are presented in Table 1. Reliable
results for the formation constant of the CuA complex
are obtained in the lower concentration range of the
ligand, where the complex CuA predominated. By the
same reason, the constant of CuA, complex is calcu-
lated from the F function, applied at the higher ligand

concentrations. The same results for [’)l and [32 were

obtained by the regression analysis of the F -function:

K= Bl + B'ZCHA

The ligand A (A is anion of glycine) and copper
(IT) ions participate in side reactions with the ions of
the solution. A is a weak base and it is protonated
(pK, = 9.8 and pK, = 12.4 [6]), the copper(II) ions form
a complex with HPOi’ ions (IgB, = 3.2 [8]), and the
value of the total constant B,G=12)is calculated by
the equation:

IgBj = IgB'j + IgO(‘Cu(HPOA) +]jlgo, gy,

where a denote the side reaction coefficient:
o 4y =1+10°°C,. +10%*%(C,.)?

and

_ 32
Oy oy =1+10%°C, .
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Table 2. The values of a-coefficients calculated and stability constants found at I = 0.1.

a-coefficients calculated Formation constants Literature data
Complex
190y | 19064 | 9oy, (H0,) Formal Total Total I 1
IgBJ IgB, IgBJ moll
CuA 2.8 - 1.7 33 78+03 8.10 0.1
CuA, 2.8 - 1.7 7.6 14.9+0.2 15.1 0.1
BiF - 1.15 - 3.4 46+02 4.7 2
BiF, - 1.15 - 7.0 93+02 83 2

The values of o - coefficients calculated and ;-
values, determined by us, as well as the literature data
about B, are given in Table 2. A good coincidence is
observed between the results obtained and literature data.

Bi(IIl)-fluoride ions

The investigations were carried out in a solution of
0.1 mol I'" KNO,, 0.01 mol I'' HNO,, 1.25.10° mol I
Bi(IIT) and from 5.10* to 1.10 mol 1" KF concentra-
tion. At concentration of KF higher than 1.10° mol 1!,
the shape of the bismuth peak is destroyed and the pH
of the solution increased as the weak acid HF is formed.
The temperature (20x1°C) and the ionic strength
(I =0.1) were kept constant during the experiments. In
the presents and in the absence of the fluoride ions the
shape of the bismuth peak and the peak current values
were the same. A shift of the peak potential in a negative
direction with an increase of the ligand concentration was
observed. Hence the rate of the chemical reactions be-
tween Bi(IIT) and F- is much higher than the rate of the
electrode reaction and the system is fully labile.

The bismuth(III) peak in the presence of fluo-
ride ions is an asymmetrical one, that indicates a
quasireversible reduction of the Bi(IIl). The width of
the left half of the peak at /4 of its hight is about 25 mV.
This value is /2 of the theoretical value of W, , at z=3
and AE= 50 mV [4], and it could be accepted that by
the increasing part of the peak, from the beginning up
to potential E the reduction is reversible and E =E"

Owing to the lability of the Bi(IIl) system and
the acceptance that Ep = Epr , the Leden’s functions for a

reversible reduction were applied. The results of the re-
gression analysis of F — function are given in Table 1.
The regression equation proves the presence of two
complexes BiF and BiF,, whose logarithmic values of
the formal stability constants are 3.4 and 7.0, respec-
tively. The calculated values of the total B constants
using the o - coefficient of the side protonation reac-
tions of the fluoride ions (pK,,. = 3.17), are given in
Table 2. The difference observed between our results
and the literature data could be explained by the dif-
ferent ionic strength at which experiments were per-
formed.

CONCLUSIONS

The results obtained prove that the criteria pro-
posed could be used to determine E:) of reversible and
quasireversible electrode reactions in the differential
pulse polarography. At quasireversible electrode reac-
tion the reversibility should be valid up to a potential
equal to E . From the E;, - values found the formation
constants of the complexes could be calculated apply-
ing De Ford and Hume’s, as well as Leden’s functions.
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