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Abstract—The processes of formation of iron(11) complexes in aqueous glycine solutions in the pH range of
1.0—8.0 at 298 K and ionic strength of 1 mol/L (NaClO,) are studied using Clark and Nikolskii’s oxidation
potential method. The type and number of coordinated ligands, the nuclearity, and the total composition of
the resulting complexes are determined. The following complex species are formed in the investigated system:
[Fe(OH)(H,0);]", [FeHL(H,0)s]**, [Fe(HL)(OH)(H,0),]", [Fe(OH),(H,0),1°, [Fex(HL),(OH),(H,0)5]>",
and [Fe(H L)z(H2O)4]2+. Their formation constants are calculated by the successive iterations method using
Yusupov’s theoretical and experimental oxidation function. The model parameters of the resulting coordina-

tion compounds are determined.
DOI: 10.1134/S0036023618040083

Glycine is the simplest aliphatic amino acid. It is
known from the literature [1, 2] that glycine exists as
a zwitterion (10%) and a cation (90%) at pH 1.2; as
a zwitterion HL* at pH 3.3—8.9; and predominantly
exists as an anion L~ at pH > 10.9.

We studied glycine dissociation by pH-metric titra-
tion under the concentration conditions of Fe(II)
complexation and determined its ionization constants:
pK,; = 2.20 = 0.04 and pK,, = 9.60 £ 0.04 [3], which
were further used to calculate the formation constants
of the resulting coordination compounds.

The data on composition of Fe(II)—glycine com-
plexes are sparse; the literature data mostly refer to a
limited range of concentrations. For example, forma-
tion of complexes of composition [FeL]* and [FeL,]°
(where L~ is the glycinate ion) was detected potentio-
metrically [4]. The calculated stepwise instability con-
stants are 5.0 x 10~ and 3.0 x 10~*, respectively. The
following iron(I1)—glycinate complexes were shown to
be formed in the Fe(1I)—Fe(111)—Gly system at ionic
strength of 0.5 mol/L in the pH range of 1.4—10.6,
Crean = Creay = 1 % 10~4, CGly = 1 x 1072 mol/L:
[FeHL(H,0)s]**  (logP —-0.70 £ 0.04),
[FeL(H,0),]"  (logP 6.00 0.02),

+
[Fe,(L),(OH),(H,0)¢]>~ (logP = 3.98 + 0.02), and
[Fe(OH)(H,0)s]* (logP = —9.50 £ 0.03) [5].

No other data on iron(II)—glycine complexes have
been found in literature. There are studies focused on

synthesis of platinum(IT) complexes with o-amino
acids (LH): glycine, alanine, and valine [6], as well as
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manganese(Il) complexes with glycine(L), leucine
(L), and B-alanine (L") [7]. Salishcheva et al. [6]
reported the formation of a binuclear complex
[Pt,(L),(NH3),4](NO3),], where platinum atoms were
bound via amino acid ligands. Osmanov [7] reported
the formation of mixed ligand complexes
[MnCI,(LL)] - 2H,0, [MnClL(LL")] - 2H,0, and
[MnCl,(L'L")] - 2H,0 in neutral media.

We would like to mention that iron(II) complexes
are of the greatest practical importance as they exhibit
the strongest biological, physiological, and pharmaceu-
tical properties. In this connection, studying complex-
ation in the iron(0)—iron(IT)—glycine—water system
under various concentration conditions is relevant both
in fundamental and practical context. We used Clark
and Nikolskii’s oxidation potential method [6], which
has earlier been applied for other systems [5, 8—11].

EXPERIMENTAL

Iron(II) perchlorate prepared using the procedure
described in [12] was used as an initial component.
Concentration of Fe(II) ions was determined by titra-
tion with 0.1 N K,Cr,0; standard solution in the pres-
ence of sodium diphenylamine sulfonate as an indica-
tor [13]. Aminoacetic acid of pure for analysis grade
was used without additional purification. NaClO, salt
was purified by recrystallization from saturated aque-
ous solution. Perchloric acid HCIO, of chemical
purity grade was used without preliminary purifica-
tion. NaOH concentration was determined by direct
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Fig. 1. EMF (E, mV) versus pc,, for the Fe(11)-Gly—H,O
system at 298 K, I = 1.0; cGly = 1 x 1073 mol/L. (1)
Creqn = 1 % 1073 (voltaic cell), ey =2 * 1072 (burette)
mol/L, pH 3; (2) cge(ry = | % 107* (voltaic cell), cpe(ipy =
2 % 1072 (burette) mol/L, pH 4; (3) cerpy = 1 X 107 (vol-
taic cell), cpeqryy = 2 X 1072 mol/L, pH 5; and (4) ceqryy =
1x107° (voltaic cell), CRe(Il) = 2 x 1072 (burette) mol/L,
pH 6.

titration with 0.1 M HCI solution in the presence of
phenolphthalein indicator. The titer of NaOH solu-
tion was determined using succinic acid [14].

The EMF of voltaic cells was measured with an
EV-74 ion meter with an accuracy of 1—-3 mV. The pH
value in the system under study was monitored using
a glass electrode precalibrated using standard buffer
solutions; measurement accuracy was 0.05 pH units.
The potential of silver/silver chloride electrode and
the v = 2.303RT/F value at 298 K were taken from
a handbook [15]. Before each experiment, the solu-
tions with immersed electrodes and connecting vessels
were thermostated for 30 min under a flow of purified
nitrogen.

The EMF was measured for the following voltaic
cells:

Fe?/test solution//Cl-,AgCl/Ag (),
Ag, AgCl/HCl/glass/test solution//KC1/AgCl,Ag (1I).

The metal electrode used was stainless steel resis-
tant to corrosion in air, water, and some aggressive
media. The electrode was made of low-carbon steel 10.

The electrode structure was determined by micro-
structural analysis using an MIM-7 metallographic
microscope. The electrode consists of perlite (a
mechanical mixture of soft lamellae or grains of
cementite and ferrite containing 0.8% C, which is
known as eutectoid steel) and ferrite (Fe—C interstitial
solid solution). The ratio between the electrode com-
ponents was 1 : 9 (10% perlite and 90% ferrite). Car-
bon content in perlite and ferrite was 0.8 and 0.02%,
respectively. The total carbon content was calculated
using the formula:
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C = (F0.02 + F,0.8)/100
= (90 x 0.02 + 10 x 0.8)/100 = 0.098%,

where Ftis the cross-sectional area of ferrite and £}, is
the cross-sectional area of perlite. The electrode grade
was verified by calculating the carbon content in it.

RESULTS AND DISCUSSION

The reaction of complexation of iron(II) with all
glycine species, with allowance for hydrolysis, can be
shown using the equation:

qlFe(H,0)¢]** + [H,L + kH,0
= [Feq(HsL)l(OH)k(HZO)j]zq—k—/+s 1
+ kH;0 + /H,0,

where ¢ is the nuclearity of iron(II) complexes; / is the
number of ligands (L~), k£ is the number of coordi-
nated OH groups; and s is the number of protons in the
complex.

Taking into account Eq. (1) and the expression for
equilibrium constants, the equation for the electromo-
tive force for the voltaic cell is written as:

E=E° +§10gc0
(2)

qg s | k 1 g-1 | &
- \élog ZZZZQBZSIqugk |:H5Ln7i|q h? ,
1 0 0 0

where G, is the equilibrium concentration of a coor-
dination compound; B is the overall formation con-
stant of these compounds; and /4 is the activity of

hydrogen ions.

The nuclearity (g) of the resulting coordination com-
pound according to the oxidation potential theory [8§—11,
16] was determined by analyzing the experimental depen-
dence between EMF (E) of a voltaic cell and exponent of
Fe?* ion concentration (pc,, = —logcp. ) (Fig. 1).

The angular coefficient of these linear depen-
dences is equal to —v/2. On the basis of the theory of
redoxmetry and the equation of partial derivative (3)
(g = 1), a conclusion can be drawn that mononuclear
iron(II) complexes were formed at all analyzed pH
values of the solutions.

( oE j __Vv 3)
apcox pCL,pH 2q .

An analysis of partial derivatives of the dependence
between EMF of a voltaic cell and the exponent of gly-
cine concentration pcL (pc. = —logcg,,) (4) made it
possible to determine the number of protonated
ligands (s/) in iron(IT) complexes.

(a_EJ _vsl. @
ach PCox,pH 2q
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Fig. 2. EMF (E, mV) versus pey f for the Feg‘II) Gly—H,0
system at 298 K, I'=10; cgy =5 x 10 (voltaic cell),
CGly = 6% 10~ (burette), CFe(I 1x10™ mol/L (I)pH 3,
(2)pH 4, (3) pH 5, and (4) pﬁ

A linear segment with a zero slope exists in the
range pc; = 2.6—3.1 in the experimental dependences
Eversus pc; shown in Fig. 2. It indicates that complex-
ation with glycine does not take place under these con-
centration conditions.

As glycine concentration increases, one can differ-
entiate linear segments with angular coefficients +v/2
and +v. We calculated the numeric s/ values according
to Eq. (4) at an accurately determined ¢ value. We
found that s/ is equal to 1 at pH 3.0 and s/ is equal to 2
in the pH range 4.0—6.0. Therefore, the inner coordi-
nation sphere of the complex contains one or two
ligands. The type of ligand depends on pH of the solu-
tion.

In order to find the pH ranges of domination of
coordination compounds and to determine the possi-
ble number of coordinated hydroxyl groups and the
type of ligands within the complex, we analyzed the
experimental dependences E versus pH according to
the theory of the method (Fig. 3).

It follows from Eq. (2) that partial derivative of the
EMF—pH curve is written as:

N G
oPH o e 2\ @
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Fig. 3. EMF (F, mV) versus pH for the Fe(0)—Fe(1l)—
Gly—H,0 system at 298 K, = 1.0; cge(1y = (1—3) 1 x 1073
and (4—6) 1 x107* mol/L fey = (L, H1x1073 (2 5

2 % 10’ and (3, 6) 3 X 1073 mol/L.

One can consecutively differentiate linear segments
with angular coefficients 0, —v/2, —v, —2v, and —v in
the E versus pH curve at iron(II) and glycine concentra-
tions cgqpy = 1 X 107 mol/L and ¢,y = 3 x 10~* mol/L,
respectively. Taking into account the known nuclear-
ity (¢) and the number of ligands (s/) (Egs. (3) and
(4)), the possible concentration of OH~ ions (k)
within the complexes being formed can be determined
from Eq. (5). At the slope of the plot under study —2v
and —v, the k value is 1 and 2, respectively. For three
initial angular coefficients, £k = 0.

Hence, simultaneous examination of the results of
analyzing partial derivatives E of pc.,, pc; and pH
under these concentration conditions allowed us to
detect formation of Fe(II) complexes with the follow-
ing compositions: [Fe(H,0)¢]**, [FeHL(H,0)]*",
[Fe(HL),(H,0),]**, [Fe(HL)(OH)(H,0),]*, and
[Fe(OH),(H,0),]°. Using these data and knowing the
pH ranges of existence of the complexes, we built a
summary table for the mathematical model of equilib-
ria in the system (Table 1).

Next, we used the data of the stoichiometric matrix
to build a chemical model of equilibria in the system
with numerical values of nuclearity of metal com-
plexes g, the number of protons in them s, the number

Table 1. Experimental slopes of the EMF versus concentration parameter plots in the Fe(0)—Fe(II)—glycine—water system

at 298 K, = 1.0; cgeqp = 1 X 107*and ¢, = 3 x 1073 mol/L
. _ Dependence of EMF on concentration parameters Tentative composition
Linear pH region
pH PCox pe of the complexes

1.0-2.0 0 — — [Fe(HzO)(,]”
2.0-3.0 —v/2 —v/2 v/2 [FeHL(H,0)5]**
3.0-4.5 —v —v/2 v [Fe(HL)(OH)(H,0),]*
4.5-6.4 —2v —v/2 v [Fe(HL),(H,0),]*"
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Table 2. Chemical model of equilibria in the Fe(0)—Fe(Il)—glycine—water system at 298 K, /= 1.0; cge(py = 1 X 10~*and

Cgly =3 X 10~ mol/L

2 _ _
Fe?" H* L OH Composition B Fragments of the equations
p s / P of the complex aslk of oxidation potential of the system
1 0 0 1 |[Fe(OH)(H,0)s]" Bioor viog(h® + Bygoi4?)
1 1 1 0 |[FeHL(H,0)s]* Bt viog(h® + By 10K, Cy1h?)
I 2 2 0 |[Fe(HL),(H,0),1* Bio | Viog(h® + BiygKi Cah)
1 1 1 1 [Fe(HL)(OH)(H,0)4]" Bun viog(h® + By K, Cyih)
2+ 3 /2 12
2 2 2 2 | [Fey(HL),(OH),(H,0)s] Baon viog(h® + 2B572,G555, K1 Ca1h)
1 0 0 2 |[Fe(OH),(H,0),]° B 1002 viog(h® + Bigoyh)

of coordinated ligands / and hydroxyl groups k (Table 2).
B, stands for the overall formation constant, the gslk
index completely corresponds to the numeric values
reported above and shows the composition of the
complexes.

Yusupov’s oxidation function [17] and the built
chemical model were used to calculate the formation

constants of coordination compounds. The experi-

mental oxidation function e(,](p was calculated from the

results of experimental dependence between the elec-
tromotive force F and pH (Fig. 3) using the equation:

fe(,)(p = cr/cO exp(E —Eo)n/v , (6)

where F is the experimentally measured EMF value,
E? is the standard EMF value, # is the number of elec-

C

trons involved in the redox reaction, and v = 2.303
RT/F.

Next, the e(,)(p versus pH plot was constructed

(Fig. 4): it consists of four rectilinear segments and
corresponds to the total number of complexes being
formed.

The agreement between the experimental ( fe?(p)

and theoretical ( fTO ) oxidation functions attests to the
validity of the determined compositions of the com-
plexes and their calculated stability constants.

The general expression for the theoretical oxidation

function fTO of the system under study is written as:

1

0
Jr=-=+ 1

N

logﬁexp’fT

3

0 1 1 1 ._Tvﬁ“‘“"'r'.n. - 1 1 1 1
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\“:
=

—10 - Ty
—15¢t

Fig. 4. Logarithmic values of the (/) experimental /¢, and
(2) theoretical fT oxidation functions versus pH for the
Fe(0)—Fe(I1I)—Gly system at CRe(Il) = 1 x 10~*and cGly =
3% 1073 mol/L.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

q-1

q Ik q-1 f % ; .
’ {Zﬁ?q bl 1L 1 [M@—ﬂq}

(7)

The equation of the theoretical oxidation function
of the system was obtained using the data from the
table showing the chemical model of equilibria (Table 2).
Summation of the equations for individual linear seg-
ments gave the general expressions for the theoretical
oxidation function of the investigated system (Eq. (8)):

10*

fr=

¢ s | k1 gl Ak 8)
{ZZZ ZqBZs/qusZk ':HSL"_JQ h }
1 0 0 O

. - . 0 0
The values of oxidation functions f,,, and f; are

figures with decimal base, so these dependences are

shown as logarithms (Fig. 4). The fTO was calculated
using the numeric values of stability constants deter-
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Table 3. Model parameters of the coordination compounds in the Fe(0)—Fe(II)—glycine—water system at 298 K, /= 1.0;

Creiy = 1 X 10~*and cgly =3 X 10~3 mol/L
L ithmic fa ti
pH range of existence Composition Maximum degree ogarithmicformation
. pH constant of the
of the complex of the complex of accumulation, o, %
complex (logf )
1.0—4.0 [Fe(OH)(H,0);]* 10.30 2.4 —2.520 £ 0.05
1.0-4.4 [FeHL(H,0)5]** 57.10 2.4 2.900 £ 0.04
2.0-5.2 [Fe(OH),(H,0),]° 14.00 4.0 —5.440 £ 0.04
1.8-5.6 [Fe(HL)(OH)(H,0),]" 64.70 4.0 —0.097 £ 0.05
24-52 [Fe(HL),(H,0),]** 6.48 4.0 3.590 + 0.04
3.6-8.0 [Feo(HL),(OH),(H,0)g]** 99.00 6.4 10.860 + 0.04

mined by solving the equations for linear segments of
dependences E versus pH and E versus pC; in their
point of intersection and using the findings reported in
[5]. Having made an assumption that the
[Fe,(HL),(OH),(H,0)¢]*" complex was formed, we

0 0
see a good agreement between the f,,, and f; curves,

which again attests to validity of the results. The true
values of the complex formation constants are found

by iterative fitting of e(,)(p and fT0 versus pH curves;

these true complex formation constants are listed in
the table with model parameters (Table 3). All calcu-
lations were performed on a PC using the Excel pro-
gram.

o, %
100

80 [ ;
60 b
40 -

201/

’ - ' :
0 la—e—s _—..-P)‘\C__e- e
1.0 1.8 2.4 32 4.0

8 56 64 72 8.0
pH

Fig. 5. Degree of accumulation of complexes versus pH for
the Fe(11)-Gly—H,O system at 298 K, /= 1.0; CRe(Il) = 1x

1074, cgy = 3 x 1072 mol/L. () [Fe(H,0)]*";
(2) [Fe(OH)(H,0)5]", 3 [FeHL(H,0)5]**;
(4) [Fe(HL)(OH)(H,0)41";  (5)  [Fe(HL),(H,0)41*,
(6) [Fe(OH),(H,0),41% and (7) [Fe,(HL),(OH),(H,0)g]**.
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The calculations were terminated when the final
variant of the degrees of accumulation of complex spe-
cies (as mole fractions) was calculated and their distri-
bution curve was plotted (Fig. 5).

Molar fractions of complex species in the solutions

containing ions of the oxidized metal species ocgs,k
were calculated using the equation:

0 M,H L (0H) "
0cqslk_qslk 1 gl =
z ZzquZslquszk ':HsLn :|q h !
T 0 0 0

One can see from the calculated data and the distri-
bution diagram that the complex of composition
[FeHL(H,0)s]?* with the stability constant 2.90 + 0.04 is
formed in the strongly acidic range; the mixed-ligand
hydroxo complex of composition [Fe(HL)(OH)(H,0),]*
is then formed and is subsequently transformed into
the most stable dimer with the maximum degree of
accumulation of 100%. Hydrolysis dominates over
complexation with HL; therefore, the mole fraction of
the hydroxo complex is higher than in the case of pure
glycine ion, although the formation constant of the
mononuclear complex is higher than that of hydroxo
complex. Monomeric coordination compounds have

the largest range of existence (almost 5.5 pH units);
the range of domination of the dimer is pH 3.2—8.0.

)
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