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ABSTRACT
The study of interactions between metal ions and nucleobases,
nucleosides, nucleotides, or nucleic acids has become an active
research area in chemical, biological, and therapeutic fields. In
this respect, the coordination behavior of nucleobase deriva-
tives to transition metals was studied in order to get a bet-
ter understanding about DNA-metal interactions in in vitro
and in vivo systems. Two nucleobase derivatives, 3-benzoyl-1-
[3-(thymine-1-yl)propamido]thiourea and 3-benzoyl-1-[3-(uracil-1-
yl)propamido]thiourea, were synthesized and their dissociation
constants were determined at different temperatures and 0.3
ionic strength. Potentiometric studies were carried out on the
interaction of the derivatives towards some divalent metals in
50% v/v ethanol-water containing 0.3 mol.dm−3 KCl, at five dif-
ferent temperatures. The formation constants of the metal com-
plexes for both ligands follow the order: Cu2+ > Ni2+ > Co2+ >
Zn2+ > Pb2+ > Cd2+ > Mn2+. The thermodynamic parameters
were estimated; the complexation process has been found to be
spontaneous, exothermic, and entropically favorable.

Introduction

DNA consists of two coupled polynucleotide strands that coil together to form the
double helix; presenting the sugar-phosphate backbones on the outer side and the
nucleobases projecting into the interior.DNAencodes the genetic information of life
according to the sequence of nucleobases extending along its molecule. [1] Nucleic
acids are polyanionic in nature, and thus their conformation and biological func-
tion depend strongly on association with metal ions. The presence of metal ions is
essential in many natural processes where nucleic acids play the dominant role. [2]
On the other hand, the binding of metals to the nucleobases usually disrupts base
pair hydrogen bonding and weakens the double helix. [3] Thus, certain metal ions
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can cause structural alteration of nucleic acids, and induce chemical modification
and cleavage. Such metal ions (Cr3+, Ni2+, Cd2+, and Hg2+ ions) are even carcino-
genic and mutagenic due to a different consequence of metal-DNA interaction. [4]
Moreover, the binding of metal ions to nucleic acids may lead to rearrangement of
electrons, the variation of pKa values, and the favoring of transition state geometries
or the stabilization of rare tautomers. [5]

Current research to understand how nucleic acid functions at the most funda-
mental level requires deep knowledge of nucleic acid-metal ion interactions. This
increased interest in metal-nucleic acid interactions originates from the mechanis-
tic antitumor activity of platinummetal complexes, studies involving RNA catalysis,
and the tremendous utilization of coordination compounds as structural probes of
nucleic acids and as biotechnology tools. [6] Such studies can provide valuable infor-
mation about the structure, function and stability of nucleic acids.

Literature survey reveals that Halli et al. reported a potentiometric study
of some divalent metal complexes of 4-hydrazinobenzofuro[3,2-d]pyrimidine
Schiff base with 5-methylsalicylaldehyde in alcohol-water (70:30, v/v) at 30°C
and 0.1 M NaClO4. [7] Sharma et al. had potentiometrically investigated the
formation constants and thermodynamic parameters of 1,3-diethylphenyl-4,5,6-
pyrimidinetrione-2-thioxo-5-oxime in 75% (v/v) aqueous-dioxane at different tem-
peratures. [8] In another work, Abdalla et al. had potentiometrically studied the for-
mation equilibria of binary and ternary complexes of Cu2+, Co2+, Ni2+ with glycine,
dl-alanine and glutamic acid as primary ligand and 5-(arylazo)-2,6-diamino-4-
pyrimidinol as secondary ligands in 40% (v/v) EtOH-H2O at 25°C and 0.15 M
NaClO4. [9] Ashok et al. also used potentiometric techniques in order to determine
the formation constants and complexation equilibria at 35°C and 0.01 M KNO3 in
aqueous solution for binary and ternary metal complexes of some divalent metal
ions with 4,6-dihydroxy-2-mercaptopyrimidine (as primary or secondary ligand).
[10] The formation constants of binary (1:1) and ternary (1:1:1) complexes of some
divalent metals with aspartic acid as primary ligand and cytosine as secondary lig-
and were potentiometrically determined in aqueous solution by Dharmveer et al.
[11] Shukla et al. reported the potentiometric determination of the stability con-
stants and complexation equilibria at 30°C and 0.1 M NaNO3 for quaternary metal
complexes of some divalent metal ions containing thymine. [12] Krishna et al.
had potentiometrically determined the formation constants of the ternary (1:1:1)
and quaternary (1:1:1:1) complexes of some divalent metals with glutamic acid/L-
cysteine as primary ligands and thymine as secondary ligand in aqueous medium.
[13]

Since in many instances, metal ions or complexes coordinate preferentially to
one of the common bases in DNA or RNA; and in order to develop a model that
can help in assisting the study of larger systems such as nucleotides and nucleic
acids, we have conducted a potentiometric study of the complexation behavior of
two nucleobase-thiosemicarbazide derivatives to some divalent metals in 50% v/v
ethanol-water medium, containing 0.3 mol.dm−3 KCl, at different temperatures.
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This work will significantly contribute to the elucidation of the general coordi-
nation chemistry of nucleobase derivatives and could result in the development of
new metal-based antitumor or antiviral drugs.

Experimental

Materials andmethods

Potentiometric measurements were carried out using Eutech pH-meter in well-
stirred solutions. The temperature of the systems was maintained constant during
titration, with a water bath (VWR, model 12101-10) and a glass titration cell with
double jacket. Double-distilled water was boiled for 2 hours to minimize atmo-
spheric carbon dioxide contamination. Thereafter, it was cooled to room temper-
ature in a closed vessel leaving no headspace.

The ligands stock solutions were prepared in different percentages of ethanol-
watermedia, whereasmetal ions solutionswere prepared by dissolving an accurately
weighed amount of each inwater. NaOH solutionwas prepared by dissolvingAnalar
pellets in CO2-free double-distilled water, and the solution was standardized with
a standard potassium hydrogen phthalate solution. Potassium chloride solution in
water was prepared as a supporting electrolyte (µ= 0.30) tomaintain constant ionic
strength.

IR spectra were recorded in KBr pellet, on a Nicolet iS 10 FT/IR spectropho-
tometer. 1H-NMRand 13C-NMR spectra were recorded on a Bruker 500MHzNMR
spectrometer.

Calibration of the glass electrode

The pH meter was calibrated using two standard aqueous buffer solutions. Correc-
tion of pH-meter readings (B) in ethanol–watermediawas done using theVanUitert
and Hass equation (1) for determination of the exact [H+], as follows:

− log [H+] = B + log UH (1)

where logUH = logUo
H + log γ±. γ± is the activity coefficient of the hydrogen ions

in the solvent mixture under consideration, at the same temperature and ionic
strength; andUo

H is a correction factor at zero ionic strength, which depends only on
the solvent composition. The pH-meter readings (B) were recorded for different sol-
vent mixtures containing 1.00×10−3 M hydrochloric acid at different temperatures
and ionic strength = 0.3. The difference between the logarithm of known hydrogen
ion concentrations and the corresponding values of B was used to calculate values
of the correction term logUH = log(Uo

Hγ±). [14–16]
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Scheme . Synthesis of pyrimidine nucleobase derivatives.

Synthesis and characterization of the ligands

The two nucleobase derivatives were prepared as in scheme 1, according to our pre-
viously published procedure. [17]

Synthesis of themetal complexes

Some metal complexes were prepared as a preliminary study to confirm forma-
tion and stability of complexes in support of potentiometric complexation studies
in solution:

Metal complexes were prepared by refluxing 15 mL methanolic solution of each
ligand (0.2 g, 0.53mmol) with sodium acetate (0.14 g, 3mmol) for 15mins, followed
by drop-wise addition of 0.26 mmol hydrated metal salts (0.044 g copper chloride
dihydrate; 0.062 g cobalt chloride hexahydrate; 0.061 g nickel chloride hexahydrate;
0.074 g zinc sulfate heptahydrate) with continuous stirring at room temperature for
12 hours. The resulting solid complexes were filtered, washedwith ethanol and dried
under reduced pressure, then characterized by FTIR.

Results and discussion

Thiosemicarbazide derivatives are becoming much more interesting due to their
remarkable biological activities (antiviral, anticancer, etc.), possibly related to their
ability to coordinate metal centers in enzymes. [18] Moreover, thiosemicarbazides
are considered multifunctional N,O,S-donors in transition metal complexes. Such
complexes have been proposed as analytical reagents that can be used in selective
and sensitive determinations of metal ions. [19] Thus, the conductance of a poten-
tiometric study on the complexation behavior of nucleobase-thiosemicarbazide
derivatives is considered highly significant.

Acidity constant studies

The acid dissociation constant is a key physicochemical parameter of compounds.
Along with pH, both parameters govern the extent of ionization of compounds,
thus affecting different properties such as: water solubility, UV absorption, reactivity
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Figure . Potentiometric titration curves for ×− M BUPTU and BTPTU in % (v/v) ethanol–
water medium at °C and at μ = . M KCl, in the absence and presence of respective metal salts
(: ratio of metal to ligand).

and pharmacokinetics of compounds in biological systems. [20,21] Severalmethods
were reported for the effective determination of dissociation constants, yet poten-
tiometry remains one of the most useful techniques, due to its confirmed accuracy
and reproducibility. [22]

Determination of the acid dissociation constants of the ligands: A 50 mL solu-
tions of 10−3 M BTPTU (3-benzoyl-1-[3-(thymine-1-yl)propamido]thiourea) or
BUPTU (3-benzoyl-1-[3-(uracil-1-yl)propamido]thiourea), in different percent-
ages of ethanol-water media (40%, 50%, and 60%), were titrated potentiometrically
against standard 5.00×10−3 M NaOH at ionic strength of 0.3, and the pH values
were recorded, Fig. 1. At least three samples of each solution were titrated with
NaOH to check data reproducibility.

The acid dissociation constants, KH
HL for BTPTU and BUPTU as H1(L), were

calculated by evaluation of n̄A the average protonnumber associatedwith the ligand,
at different pH, applying Irving and Rossotti equation (2):

n̄A = Y − (ViNo)/(VoCo
L), (2)

where Vi denotes the volume of alkali required to reach a given pH on the titra-
tion curve,Vo is the initial volume of the ligand,No is the alkali concentration,Co

L is
the total concentration of the ligand, and Y is the number of displaceable hydrogen
atoms in the ligand (Y = 1 for both ligands). The proton-ligand formation constant
(Ka) was calculated from the formation curves obtained by plotting the correspond-
ing n̄A in different solvents and at different temperatures versus pH, where the pH
values at n̄A = 0.5 give the pKa values. The pH titration curves of the free ligands
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Table . The pKa values for BUPTU in different percentages of ethanol–water media at (–°C)
and atμ = ..

pKa

%v/v Ethanol–Water °C °C °C °C °C

 .± . .± . .± . .± . .± .
 .± . .± . .± . .± . .± .
 .± . .± . .± . .± . .± .

against NaOH in presence of KCl (µ= 0.3) showed only one inflection point, indi-
cating that only one proton is titrated, as shown in Figure 1. The calculated n̄A values
for the proton-ligand systems in different solvents, different concentrations and at
different temperatures were found to extend between 0 and 1. This means that the
ligands have one ionizable proton.

Amore accurate value of pKawas obtained from the plot of log n̄A/(1 – n̄A) versus
pH, equation (3):

pKa = pH+[log n̄A/(1 − n̄A)] n̄A< 1 (3)

The data are collected in Tables 1 and 2, which reveal that the pKa ofBUPTUwas
higher than that of BTPTU.

According to Coetzee and Ritchie, the acidity constant in pure aqueous medium
(Ka) can be related to that in water-organic solvent mixture (K′a) by equation (4),
[23, 24]:

Ka = K ′
a(γ

+
H γ −

A )/γHA (4)

where γ is the activity coefficient of the respective species in a partly aqueous
medium relative to that in pure water. The increase in pKa values of compounds
with increasing mole fraction of organic solvents can be ascribed to less electro-
static effect and less hydrogen-bonding interaction (less stabilization) between con-
jugate base A− and organic solvent compared to water. Accordingly, the pKa values
increase as the mole fraction of the organic solvent is increased, which agree with
equation (4). [25] The pKa values of the ligands decreased with increasing tem-
perature and increased with increasing organic co-solvent content in the medium
(Tables 1 and 2; Fig. 2 and 3).

Table . The pKa values for BTPTU in different percentages of ethanol–water media at (–°C)
and atμ = ..

pKa

%v/v Ethanol–water °C °C °C °C °C

 . ± . . ± . . ± . . ± . . ± .
 . ±  . ± . . ± . . ± . . ± .
 . ± . . ± . . ± . . ± . . ± .
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Figure . Van’t Hoff Plot pKa of BUPTU against /T at different percentages of ethanol.

Figure . Van’t Hoff Plot pKa of BTPTU against /T at different percentages of ethanol.

Thermodynamic parameters of ionization

The thermodynamic parameters for ionization of the compounds were evaluated in
the temperature range 20–40°C, Tables 3 and 4. On plotting the pKa values versus
1/T, straight lines are obtained with a slope of �H°/2.3R, from which the enthalpy
values�H° (kcal/mol) are computed (Van’t Hoffmethod), Figures 2 and 3. The free
energy values�G° (kcal/mol) were calculated from the pKa values at different tem-
peratures, whereas the entropy values�S° (e.u.) using Gibbs free energy equation.

The pKa values of both ligands decrease with increasing temperature revealing
that there is a concomitant increase in their acidities. The values also increase with
increasing the percent solvent composition at any temperature used (20–40°C).

Table . Thermodynamic parameters for the dissociation constants of BUPTU in different percent-
ages of ethanol-water media at (–°C).�H°,�G° in kcal mol− and�S° in cal mol− K− (e.u.).

% Ethanol °C °C °C °C °C

 �H° ± . .
�G° ± . . . . . .
�S° ± . . . . . .

 �H° ± . .
�G° ± . . . . . .
�S° ± . . . . . .

 �H° ± . .
�G° ± . . . . . .
�S° ± . . . . . .
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Table . Thermodynamic parameters for the dissociation constants of BTPTU in different percent-
ages of ethanol-water media at (–°C).�H°,�G° in kcal mol− and�S° in cal mol− K− (e.u.).

% Ethanol °C °C °C °C °C

 �H° ± . .
�G° ± . . . . . .
�S° ± . . . . . .

 �H° ± . .
�G° ± . . . . . .
�S° ± . . . . . .

 �H° ± . .
�G° ± . . . . . .
�S° ± . . . . . .

Positive enthalpy, free energy and entropy values indicated that the acid disso-
ciation is accompanied by an endothermic mechanism, non-spontaneous dissocia-
tion and the total number of solvent molecules bound with the dissociated ligand is
greater than that originally accompanying the undissociated form.

Complex formation studies

It is documented that the nucleic acid monomers, guanine (G), adenine (A),
thymine (T), and cytosine (C) have different metal ion affinities. The order of sta-
bility of 3D transition metal ion—nucleobase complexes are: G > A; C > T. The
study of metal complexes formations and their stabilities is very important during
drug design because it indicates the affinity of interaction between metal ions for a
particular ligand. [26]

The stability constant of a complex in solution is usually determined by mea-
suring the equilibrium constant at a given temperature; the higher the determined
formation constant value, the greater the stability of the metal-ligand complex. [27]

The formation constant involved in the metal complex formation may be
expressed as follows:

Mn+ + L− � ML+(n−1) (5)

Kf 1 = KML+(n−1) = [ML+(n−1)]
[Mn+][L−]

(6)

ML+(n−1) + L− � ML+(n−2)
2 (7)

Kf 2 = KML+(n−2)
2

= [ML+(n−2)
2 ]

[ML+(n−1)][L−]
(8)

The free ligands acid-base properties facilitate the investigation of their coordi-
nating behavior towards metals. The potentiometric determination of metal com-
plex stability constant comprises the measurement of the change in hydrogen ion



NUCLEOSIDES, NUCLEOTIDES AND NUCLEIC ACIDS 267

concentration upondisplacement of one ormore protons during complexation. This
change can be observed in Fig. 1, which represents the titration curve for the ligand
alone and ligand-metal mixtures against a standard alkali solution at constant ionic
strength and temperature. Comparison of pH titration curves of free ligands with
those of the complex solutions shows a drop in pH, attributed to the formation of
strong metal ion complexes with H+ liberation during complex formation. The sta-
bility constants of complexes were determined from titration curves according to
Irving and Rossotti method.

A typical procedure for determination of stability constants involves the addition
of 5 ml (5×10−3 M) metal salt solution to a 50 mL 50% v/v ethanol/water solution
of 10−3 M BUPTU or BTPTU containing 0.3 M KCl (M:L = 1:2), and the mixture
was titrated in triplicate against standard 5×10−3 M NaOH. The temperature was
maintained constant at 20, 25, 30, 35, and 40 ± 0.1°C using a water bath and a glass
titration cell with a double jacket.

The potentiometric titration data of the complexes of some selected metal ions
Cu2+, Ni2+, Co2+, Zn2+,Mn2+, Pb2+, andCd2+ withBUPTU andBTPTU are listed
in Tables 5 and 6.

Modified Bjerrum’s method was adopted and pHmeasurements of titration with
NaOH solution of ligand in presence and absence of metal ions were used to cal-
culate the free ligand exponent (pL) and the degree of formation of the system n̄
(equations (9) and (10)).

pL = log[L−] = log

[
(2 − a)CL − [H+] + [OH−]

2[H+]
K1

]
(9)

The metal-ligand formation, n̄, is defined as the average number of moles of lig-
and bound per mole of metal ion:

n̄ = total concentration of the ligand bound to metal
total concentration of the metal

= CL − (concentration o f the ligand not bound to the metal)
CM

(10)

n = 1
CM

(
CL −

[
[H+]
K1

]
[L−]

)

CL is the total concentration of ligand, [L−] is the concentration of free ligand
anion, a is the number of moles of base added per mole of ligand present and K1 is
the acid dissociaton constant of ligand.

The formation curves for themetal complexes were obtained by plotting the aver-
age number of ligands attached per metal ions (n̄) versus the free ligand exponent
(pL), according to Irving and Rossotti. The successive stability constants logKf1, and
logKf2 values are computed at the pL values equivalent to 0.5 and 1.5, respectively
[28–30].

It was clearly evident from the data collected in Tables 5 and 6, that log Kf1 values
for all formed complexes were greater than those of log Kf2, ascribed to a weaker
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Figure . Stacked FT-IR Spectra of BTPTU and its Metal Complex with CuCl.

interaction of a second bulky ligand molecule compared to the first coordinated
ligand and to the increase in the Lewis acidity of the free metal ion as compared to
the 1:1 chelated ion; thus, ML2 species do not form until complete formation of ML
species had occurred. This was additionally supported by the values of enthalpy for
BTPTU and BUPTU-complexes, where �H°1> �H°2, indicating a strong steric
hindrance for the second coordination.

The order of stability constants of the metal complexes for both ligands was in
accordance with Irving-Williams series [31]: Cu2+ > Ni2+ > Co2+ > Zn2+ > Pb2+
> Cd2+ > Mn2+, and is governed by the ionic radii and polarizability of metal ions
and the chelate crystal field strength.

In all cases, the possibility of hydroxyl products and polynuclear complexes for-
mation was excluded due to the use of very low (4.5 × 10−5 M) metal ion concen-
trations.

FT-IR characterization of metal complexes:
Then, FT-IR spectroscopy was utilized in order to assign the interaction sites of

the ligands with transitionmetals. The ligands FT-IR spectra show amoderate band
at about 3,260 cm−1, which can be attributed to the amide NH group. This band was
shifted to lower wave number in all complexes, which indicates the involvement of
this group in coordination. The (νN-N) band observed at 1,029 cm−1 in free ligand
was shifted to lower values in the complexes. Such displacement may be explained
by the coordination of one of the two nitrogens from each N–N group to the metal
ion, this cause the reduction of the lone pair-lone pair repulsive forces in the adja-
cent nitrogen atom. In addition, the pyrimidine carbonyl (C=O) and thiocarbonyl
(C=S) bands observed at approximately 1,683 and 1,120 cm−1, respectively, showed
shift in the metal complexes as compared with free ligands, Fig. 4. This signifies the
involvement of both groups in metal coordination.
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Table . pKa and logKf values of the ligands (BTPTU, BUPTU) and their complexes with cobalt and
copper at different ionic strength in % ethanol at °C.

Co(II) Cu(II)

μ
√

μ pKa logKf logKf logKf logKf

-Benzoyl--[-(thymine--yl)
propamido]thiourea

. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .

-Benzoyl--[-(uracil--yl)
propamido]thiourea

. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .

From the complexes infrared spectra, it is apparent that, the chelation of the diva-
lent metal ions to the ligands occurred from the nucleobase derivatives through the
oxygen atom of the pyrimidine moiety, the sulfur atom and the NH group in the
side chain of the ligands.

Effect of ionic strength on acidity and stability constants

We have studied the dependence of proton-ligand stability constants (pKa) and
metal-ligand stability constants (logKf) on ionic strength of medium, by using fixed
concentration of metal salts and ligand solution during potentiometric titration.
The system was evaluated at four different ionic strength (0.05, 0.15, 0.3, and 0.6),
by varying the concentration of KCl at constant temperature (25°C). It was found
that the values of proton-ligand stability constant decrease with increasing ionic
strength of medium, Table 7. The metal-ligand stability constants of the metal ions
(Cu2+, Co2+) complexes with the investigated ligands also decrease with increasing
ionic strength, Table 7, which is in agreement with the Debye–Hückel equation (12),
[32]:

pKa = pK◦ − [A
√

μ/(1 + α)
√

μ] +Cμ (11)

where, pKa is the ionization constant at a given ionic strength. pK° is the thermo-
dynamic ionization constant at zero ionic strength; A and α are constants; μ is the
ionic strength of the medium.

Determination of themetal complexes stability constants at physiological pH

The assessment of metal complex stability in solutions at physiological pH is highly
significant, in view of possible use in medical practice. If complexes of appropriate
stability can be formed, a range of in vitro and in vivo applications may exist. In this
respect, a series of solutions were prepared with a constant concentration of metal
ion [M]o and variable ligand concentration [L]o in 50% ethanol–water mixture. The
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Figure . Log Kf versus /T for metal complexes with BTPTU in % ethanol.

pH was adjusted to 7.4, at 37°C, and ionic strength was maintained constant using
0.3MKCl. Themixture was left to stand for 15min and the absorbance spectra were
recorded. The stability constant β , was determined using Benesi-Hildebrand equa-
tion. [33] The metal complexes stability constant values were slightly decreased at
the specified conditions. The determined logβ values forBTPTUwere: 3.56 (Co2+),
4.33 (Cu2+), 4.05 (Ni2+), 2.71 (Mn2+), 2.94 (Cd2+), 3.26 (Pb2+), and 3.43 (Zn2+).

Thermodynamic parameters of complexation

Determining the thermodynamic parameters for metal complexes provides infor-
mation about the physicochemical behavior in solutions. The higher entropy (dis-
order of solution) of a reaction indicates greater product stability; whereas nega-
tive enthalpy indicates that a reaction needs higher reverse activation energy, so the
product is considered to be more stable. The enthalpy change was calculated from
the slopes of the plot logKf versus 1/T using graphical representation of Van’t hoff
equation (Figs. 5–8). The change in free energy was calculated from the formation
constants logKf at various temperatures using Gibbs energy equation.

All thermodynamic parameters of the dissociation process of metal complex are
recorded in Tables 5 and 6. It was clearly evident that logKf values decrease with
increasing temperature revealing that the formation equilibrium is exothermic in
nature, which is supported by negative enthalpy. The electron density on the metal
ion generally increases upon the formation of ligand-metal coordinate bond and as
a result, its affinity for a subsequent ligand decreases, leading to an increase in �G°
and �H° of complexation.

The steric hindrance associated with second ligand chelation explains the
obtained data |�G°1| > |�G°2| and |�H°1| > |�H°2|.
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Figure . Log Kf versus /T for metal complexes with BTPTU in % ethanol.

Figure . Log Kf versus /T for metal complexes with BUPTU in % ethanol.

Figure . Log Kf versus /T for metal complexes with BUPTU in % ethanol.
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Negative values of free energy and positive values of entropy suggest the spon-
taneous nature of the complexation process and confirm that the ionization of the
ligands is entropically favorable with complexation mechanism based upon hydro-
gen ion liberation and release of water.

For BUPTU, some entropy values are negative indicating that the complex keeps
the primary solvation sphere of the metal ion upon complexation.

Conclusion

The binding of metal ions to nucleic acids has been an interesting subject for many
years, where more research is still needed to unveil unknown mechanisms of this
process. In this paper, we have utilized potentiometric technique for the interaction
study of two nucleobase–thiosemicarbazide derivatives with some divalent transi-
tion metal ions in 50% (v/v) ethanol–water mixture at different temperatures. The
data confirmed the formation of strong and stable metal ion complexes, in accor-
dancewith Irving–Williams series. Thermodynamic assessment indicated the spon-
taneous, exothermic, and entropic favoring of the complexation process.
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