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Abstract—The Clark–Nikolsky oxidation potential is used to study the formation of iron(II) and iron(III)
coordination compounds in aqueous solutions of α-alanine at a temperature of 298.15 K and an ionic strength
of the (Na(H)ClO4) solution of 1.0 mol/L. Experimental curves of dependences of the EMF of the system on
the concentration parameters of hydrogen, iron(III), iron(II), and α-alanine ions (pH, рСох, рСred, and pCL,
respectively) are recorded. The curves show that complexation in the studied system proceeds stepwise in the
wide range of pH 0.5–9.0. Mononuclear coordination compounds [FeHL(H2O)5]3+, [Fe(HL)2(H2O)4]3+,
[Fe2(HL)2(OH)4(H2O)6]2+, [FeHL(H2O)5]2+, [Fe(HL)(OH)(H2O)4]+, and [Fe(HL)(OH)2(H2O)3]0 and a
heterovalent [FeIIFeIII(HL)2(OH)4(H2O)6]+ complex form. The type and number of coordinated ligands and
cations and the total composition of the resulting complex compounds are determined. Chemical models
complexation are compiled, and the regions of their dominance are determined.
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INTRODUCTION
Being donors of essential trace elements and bio-

molecules, coordination compounds of transition
metals with organic ligands exhibit pronounced phys-
iological activity [1, 2]. They have strong pharmaco-
logical effects and are commonly used in the produc-
tion of various drugs, microfertilizers, and dietary sup-
plements.

All theoretical and practical achievements of coor-
dination chemistry are closely interconnected with
advances in physics and mathematics, the use of the
latest physicochemical means of research and calcula-
tions, the involvement of software programs and mod-
ern computational approaches, and the modeling of
processes.

It is therefore extremely important to model chem-
ical equilibria in systems where several processes (par-
ticularly reactions of complexation and redox) occur
in parallel. It is therefore of considerable advantage to
use the oxidation potential [3, 4], which is a highly
sensitive, simple, inexpensive, and convenient way of
studying stepwise complexation in redox systems [5].

The oxidation potential has been used to study the
formation of coordination compounds of acetate, gly-
cinate, and citrate complexes of iron(III) and iron(II),
copper, and zinc with salicylic and acetylsalicylic acids

using platinum, iron, copper, and zinc electrodes at
different ionic strengths of the solution, temperatures,
and concentration parameters of components of the
analyzed systems [6–10].

EXPERIMENTAL
Processes of complexation in the Fe(II)–Fe(III)–

L-Аla–Н2О system were studied under other experi-
mental conditions at an ionic strength of the solution
of 1.0 mol/L and a temperature of 298.15 K. Experi-
mental dependences of the system’s EMF on different
parameters of concentration were recorded for hydro-
gen ions, oxidized and reduced species of the metal,
and the ligand (рН, рСох, pCred, and pCL, respec-
tively).

An equimolecular mixture of solutions of iron(II)
and iron(III) perchlorate salts in a 1 M perchloric acid
solution was used in our experiments. The initial
reagents were ferrous and ferric perchlorates [11].

Iron(III) and iron(II) concentrations were
determined in accordance with respective proce-
dures [12, 13].

To prevent the oxidation of Fe(II), the experiments
were performed under a stream of gaseous nitrogen
(argon). Sodium perchlorate (NaClO4) was purified
2443
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Fig. 1. Dependence of the EMF of the Fe(II)–Fe(III)–L-
Аla–Н2О system on pH at a temperature of 298.15 K and
an ionic strength of the solution of 1.0; CFe(II) = CFe(III) =
1 × 10−3, CAla = 1 × 10−3 mol/L. 
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via filtration, and the concentration was determined
gravimetrically [14].

The system’s electromotive force (EMF) was
determined via potentiometry. Platinum, glass, auxil-
iary, and silver chloride electrodes were placed into the
electrolytic cell along with tubes for the inert gas. The
EMF of the system was measured using two voltaic
cells:

(I)

(II)

The first voltaic cell is needed to measure the system’s
EMF; the second is used to determine the pH of the
solution in the electrolytic cell [15]. The working solu-
tion was constantly saturated with an inert gas. The
EMF values were determined using a 150 MI pH
meter.

The first working solution was prepared in a 50-mL
volumetric f lask. It contained an equimolecular mix-
ture of Fe(II) and Fe(III) perchlorates and α-alanine.
The concentrations of the acid and the ferrous and fer-
ric iron were varied in the ranges of 1 × 10−3–1 × 10−4

and 1 × 10−3–3 × 10−4 mol/L, respectively. The con-
stant ionic strength of the working solutions was main-
tained using perchloric acid. The second working
solution contained the same components as those of
the first solution, and in the same amounts. The ionic
strength of the solution was maintained using perchlo-
rates and sodium hydroxide, so a higher pH value of
the second working solution was obtained. The first
working solution was then placed into an electrolytic
cell, an inert gas was passed through it for 15–20 min,
and the EMF of voltaic cells (I) and (II) was mea-
sured. When the first solution was titrated with the
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second, the pH of the system gradually shifted to the
alkaline region.

Allowing for the formation of a heterovalent coor-
dination compound, we obtain the expression for the
EMF (E):

(1)

where Е is the EMF of the system; Е0 is the standard
EMF of the system; ν = RT/F; Cred is the concentra-
tion of the reduced species of the metal; Coх is the con-
centration of the oxidized species of the metal; q and p
are the numbers of atoms of the oxidized and reduced
species, respectively; y is the number of hydroxyl
groups in the inner coordination sphere of the Fe(III)
complex; and  is the number of hydroxyl groups in
the inner coordination spheres of the Fe(II) com-
plexes.

Equation (1) is the main equation for the EMF of
redox systems, in which hydroxo compounds and
mono- and polynuclear complexes form. Analysis of
the partial dependences of the experimental EMF on
one variable, assuming that all others remain constant,
allows us to determine the composition and regions of
existence of coordination compounds in solutions,
and to calculate the numerical values of the constants
of formation [16].

It is evident from Eq. (1) that the EMF should rise
as the free concentration of Fe(II) ions falls. Con-
versely, the EMF should fall along with the free con-
centration of Fe(III) ions. We can therefore identify
complexes that form in the redox system of a given
solution composition.

RESULTS AND DISCUSSION
In accordance with the experimental procedure of

[6–10], the dependences of the system’s EMF on the
pH were recorded first (Fig. 1).

In terms of the theory of redoxmetry, the successive
formation of linear portions with slopes of 0, −ν, −2ν,
−3ν, −ν, and 0 indicates stepwise complexation of
Fe(III) and Fe(II).

The dependence of the system’s EMF on the pH
showed that complexation proceeds stepwise in the
extremely wide range of pH 0.5–9.0. The start of the
hydrolysis of Fe(III) and the formation of a brown
precipitate are observed in the working solutions at pH
values of more than 9.0.

Experimental curves of the dependence of E on
pCох (Fig. 2) and pCred (Fig. 3) were recorded to deter-
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Fig. 2. Dependences of the EMF of the Fe(II)–Fe(III)–
L-Аla–Н2О system on рСох at a temperature of 298.15 K
and an ionic strength of the solution of 1.0; CFe(II) =
CFe(III) = 1 × 10−3, CAla = 1 × 10−3 mol/L. The curves
were recorded at pH (1) 3.0, (2) 4.5, (3) 6.0, and (4) 8.0. 
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Fig. 3. Dependences of the EMF of the Fe(II)–Fe(III)–
L-Аla–Н2О system on рСred at a temperature of 298.15 K
and an ionic strength of the solution of 1.0; CFe(II) =
CFe(III) = 1 × 10−3, CAla = 1 × 10−3 mol/L. The curves
were recorded at pH (1) 4.5, (2), 5.5, (3) 6.5, and (4) 8.0.
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Fig. 4. Dependences of the EMF of the Fe(II)–Fe(III)–
L-Аla–Н2О system on рСL at a temperature of 298.15 K
and an ionic strength of the solution of 1.0; CFe(II) =
CFe(III) = 1 × 10−3, CAla = 1 × 10−3 mol/L. The curves
were recorded at pH (1) 3.2, (2) 4.5, (3) 6.0, and (4) 8.0. 
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mine the exact number of atoms of the oxidized and
reduced species of the metal in the composition of the
resulting complex compounds.

Curve 1 (Fig. 2) was recorded at a pH of 3.0. Slopes
of −ν and −ν/2 (−58, −29 mV) were obtained at other
pH values of 4.5, 6.0, and 8.0, suggesting that one and
two ferric iron atoms participate in complexation (i.e.,
mono- and binuclear complexes form).

A partial derivative of the general equation for the
system’s EMF as a function of the concentration of
the oxidized species of the metal has the form

(2)

Similar experiments in which the concentration of fer-
rous iron was varied and all other parameters were
constant were also performed (Fig. 3).

It is known that ferrous iron forms coordination
compounds at pH values higher than 4, so EMF–рСred
dependence curves were recorded at pH values of 4.5
and above.

A single linear portion with a slope of −ν can be
drawn through the experimental points of the Е–рСred
dependences at different pH values (Fig. 3). This fea-
ture corresponds to the formation of mononuclear
iron(II) coordination compounds throughout the
considered range.

A partial derivative of the general equation for the
system’s EMF (Е) as a function of the concentration
of the reduced species of iron has the form

(3)

and it can be equal to ν only when p = 1.
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Experimental curves of the dependence of the sys-
tem’s EMF on the concentration of aminopropionic
acid (рСL) were recorded next (Fig. 4).

The ligand did not coordinate with the central
atom of the complexing agent at a pH of 1.5. The slope
becomes equal to ν (58 mV) when the pH is raised to
3.0 because one ligand is attached to the complexing
atom. One more ligand is attached to the metal when
the pH is raised to 4.5 (for a total of two), and the slope
of the curves becomes equal to 2ν. This slope of the
curves is maintained up to a pH of 6.0. The slope falls
to ν when the pH is raised again to 8.0–8.5, and the
number of ligands in the inner coordination sphere
returns to one.

The number of alaninate ions included in the inner
coordination sphere was determined from a joint anal-
l. 97  No. 11  2023
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Table 1. Stoichiometric matrix of equilibria of the Fe(II)–Fe(III)–L-Аla–Н2О system for Fe(III) complexes at a tem-
perature of 298.15 K and an ionic strength of the solution of 1.0, CFe(II) = CFe(III) = 1 × 10−3, CAla = 1 × 10−3 mol/L

Slope of dependence of EMF on concentration parameters
Composition of complexes

рH рСох рСred pСL

–ν –ν — ν [FeHL(H2O)5]3+

–2ν –ν — 2ν [Fe(HL)2(H2O)4]3+

–3ν –ν/2 — ν [Fe2(HL)2(OH)4(H2O)6]2+

–3ν –ν ν ν [FeIIIFeII(HL)2(OH)4(H2O)6]+

Table 2. Stoichiometric matrix of equilibria of the Fe(II)–Fe(III)–L-Аla–Н2О system for Fe(II) complexes at a tempera-
ture of 298.15 K and an ionic strength of the solution of 1.0, CFe(II) = CFe(III) = 1 × 10−3, CAla = 1 × 10−3 mol/L

Slope of dependence of EMF on concentration parameters
Composition of complexes

рH рСох рСred pСL

–ν — ν ν [FeHL(H2O)5]2+

–2ν — ν ν [Fe(HL)(OH)(H2O)4]+

–3ν — ν ν [Fe(HL)(OH)2(H2O)3]0

–3ν –ν ν 2ν [FeIIFeIII(HL)2(OH)4(H2O)6]+
ysis of the experimental Е–рСL dependences (Fig. 4)
and the partial derivative of the general equation for
the system’s EMF as a function of the concentration
of the ligand:

(4)

where х is the number of alaninate ions in Fe(III)
complexes and u is the number of alaninate ions in
Fe(II) complexes.

Possible versions are

(5)

(6)

(7)

(8)
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It is obvious that the experimental Е–рСL curves have
precisely these slopes.

A partial derivative of the general equation as a
function of pH, with all other variables remaining con-
stant, has the form

(9)

(10)

(11)

(12)

These slopes were obtained in our experimental E–pH
dependences (see Fig. 1).

The numerical values of the slopes of the experi-
mental curves of the dependences of the system’s
EMF on concentration were used as a basis for a stoi-
chiometric matrix (mathematical model) of the equi-
libria that exist in solution (Tables 1, 2).

A complete analysis of the data of the stoichiomet-
ric matrix and the determined compositions of the
compounds revealed the formation of coordination
compounds of Fe(III) and Fe(II) complexes in the
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Table 3. Chemical model of reactions for the formation of coordination compounds in the Fe(II)–Fe(III)–L-Аla–Н2О
system at a temperature of 298.15 K and an ionic strength of the solution of 1.0, CFe(II) = CFe(III) = 1 × 10−3, CAla =
1 × 10−3 mol/L

Numerical values of model parameters

Composition of complexesg p S l k

Fe(III) Fe(II) H L OH

1 0 1 1 0 FeHL(H2O)5]3+

1 0 2 2 0 [Fe(HL)2(H2O)4]3+

2 0 2 2 4 [Fe2(HL)2(OH)4(H2O)6]2+

1 1 2 2 4 [FeIIIFeII(HL)2(OH)4(H2O)6]+

0 1 1 1 0 [FeHL(H2O)5]2+

0 1 1 1 1 [Fe(HL)(OH)(H2O)4]+

0 1 1 1 2 [Fe(HL)(OH)2(H2O)3]0

1 1 2 2 4 [FeIIFeIII(HL)2(OH)4(H2O)6]+
studied system. The complexes formed stepwise in
solution in the wide range of pH 0.5–9.0.

Data on the stoichiometric matrix were used to
construct a chemical model of reactions for the forma-
tion of complex compounds (Table 3).

Chemical models can be used to compile software
programs and calculate ionic equilibria.

A region of Fe(II) complexation exists at an ionic
strength of the solution of 1.0 mol/L and pH values
higher than 4.5. [FeHL(H2O)5]2+ and
[Fe(HL)(OH)(H2O)4]+ complexes and a heterova-
lent [FeIIFeIII(HL)2(OH)4(H2O)6]+ complex formed,
so complexation occurred up to a pH of 9.0.

CONCLUSIONS
The Clark–Nikolsky oxidation potential was used

to study the formation of Fe(II) and Fe(III) coordina-
tion compounds in the Fe(II)–Fe(III)–L-Аla–Н2О
system at a temperature of 298.15 K and an ionic
strength of the solution (Na(H)ClO4) of 1.0 mol/L.
Experimental curves of the dependences of the EMF
on the concentrations of hydrogen, iron(III), iron(II),
and aminopropionic acid ions were recorded. It was
shown that the formation of complex compounds pro-
ceeds stepwise in the wide range of pH 0.5–9.0. The
hydrolysis of Fe(III) and the formation of a brown
precipitate were detected at pH values of 9.0 and
above. It was established that [FeHL(H2O)5]3+,
[Fe(HL)2(H2O)4]3+, [Fe2(HL)2(OH)4(H2O)6]2+,
[FeHL(H2O)5]2+, [Fe(HL)(OH)(H2O)4]+, and
[Fe(HL)(OH)2(H2O)3]0 complexes and a heterovalent
[FeIIFeIII(HL)2(OH)4(H2O)6]+ complex formed in the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
system. Chemical models of the ionic equilibria of the
studied system and possible equations for the forma-
tion of these complex compounds were constructed.
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