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The present article reports on the synthesis, characterization, and their electronic absorption spectra
of M(II)–ternary complexes involving CTZ as antihistamine drug and alanine as a representative
example of amino acids. The geometry of the studied M(II) complexes has been fully optimized
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using parameterized PM3 semi-empirical method. Protonation and complex formation equilibria
were investigated. The antimicrobial activities were investigated.

Mononuclear cobalt(II), nickel(II), and copper(II) complexes of cetirizine·2HCl (CTZ = 2-[2-[4-[(4-
chlorophenyl)phenyl methyl]piperazine-1-yl]-ethoxy]acetic acid) in the presence of alanine (Ala) as
a representative example of amino acids were synthesized and elucidated by different physical
techniques. All complexes have been characterized with the help of elemental analyses, molecular
weights, molar conductance values, magnetic moments, and spectroscopic data. The measured molar
conductance values in DMSO indicate that the complexes are nonelectrolytes. Quantum chemical
calculations were performed with semi-empirical method to find the optimum geometry of com-
plexes. The metal–oxygen bond length in the synthesized complexes obeys the order M–OH2 > M–
OCTZ > M–OAla. Formation equilibria of the ternary complexes have been investigated. Ternary
complexes are formed by a simultaneous mechanism. Stoichiometry and stability constants for the
complexes formed are reported. The concentration distributions of various species formed in solution
were also evaluated as a function of pH. CTZ and its metal chelates have been screened for their
antimicrobial activities against some selected types of gram-positive (G+) and gram-negative (G−)
bacteria. They were more active against (G+) than (G−) bacteria.

Keywords: Cetirizine; Potentiometry; Alanine; Molecular modeling; Spectra; Biological activity

1. Introduction

Metal chelation is involved in many important biological processes where the coordination
can occur between a variety of the metal ions and a wide range of ligands [1, 2]. Com-
plexes derived from potent bioactive ligands containing N,O donor binding sites with M(II)
ions are used in biological, analytical, agricultural, industrial, and therapeutic applications
[3, 4]. Metal ions are fundamental elements for healthy life to humans and higher animals
[5], particularly the late first-row transition metals such as cobalt, nickel, copper, and zinc
are biologically relevant metals associated with various biomolecules related to essential
physiological activities. Copper is a crucial trace element for many biological functions [6].
Cu(II) plays a vital role for the development of connective tissue, nerve coverings, and bone
in humans. Copper with its bioessential activity and oxidative nature has attracted numerous
inorganic chemists to address Cu(II) complexes for various biological activities, including
antibacterial [7, 8], antitumor [8–10], antifungal [11, 12], antioxidant [13], and antiinflam-
matory [14]. Cobalt is an essential trace element in animal nutrition and in the form of vita-
min B12, essential for human health as it stimulates the production of red blood cells.
Cobalt associates with important synthetic reactions in the metabolic process [15]. Nickel is
also essential, associated with several enzymes and playing a role in physiological processes
as a cofactor in the absorption of iron from the intestine [16]. Any change in its concentra-
tion leads to metabolic disorder [17]. With the biological importance of copper, cobalt, and
nickel, it is important to study complexation with bioactive ligands to understand functions
of their complexes and to find new bioactive compounds.

Amino acids are the basic components of living organisms and constitute the building
blocks of proteins found in structural tissues of the human body. Amino acids are the chem-
ical units of proteins [18] and essential for various biochemical processes that support life
in individuals [19, 20]. They are good chelating agents [21] and can coordinate to transition
metals through their amino or carboxylic groups [22, 23]. Complexation of transition metal
ions with amino acids have been studied [24–26]. The amino acid–metal ion interactions
are responsible for enzymatic activity and stability of protein structures [27–29]. Study of
thermodynamic parameters will help to investigate the driving forces that lead to formation
of metal–amino acid complexes in biological systems. Also, amino acids and their
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mixed-ligand complexes are employed in biology, pharmacy, industry, and laboratory
reagents [30]. Furthermore, ternary complexes formed between metal ions and two different
bioligands, such as heteroaromatic nitrogen bases and amino acids, may be considered as
models for substrate–metal ion–enzyme interactions and other metal ion-mediated
biochemical interactions [31].

In continuation of our interest in studying coordination behavior of biologically active
compounds [10–14, 32–39], we report here synthesis of systems including Co(II), Ni(II),
Cu(II), CTZ, and alanine (Ala) as a representative example of amino acids and characteriza-
tion of these chelates using elemental analyses, IR, ESR, UV–vis, magnetic moment, and
molar conductance. Metal chelates have been screened for their antibacterial and antifungal
activities. We also identify all complexes which form in aqueous solution and the driving
forces for their formation on the basis of derived equilibria and stability constants. Thus, in
the present study, together with study of the ternary systems in the solid state, a systematic
study of complex formation between some essential bivalent metal ions, CTZ and Ala
(scheme 1) was carried out using a potentiometric titration technique at I = 0.20 M dm−3

(NaCl) at different temperatures to determine the protonation and stability constants of the
formed complexes.

2. Experimental

2.1. Materials and reagents

Cetirizine, CoCl2·6H2O, NiCl2·6H2O, CuCl2·2H2O, and α-alanine were provided by Sigma
Chemical Co. Carbonate-free NaOH solutions (titrant) were prepared by diluting BDH
(British Drug House)-concentrated volumetric solution vials. These solutions were system-
atically checked by titration against potassium hydrogen phthalate solution. All solutions
were prepared in deionized H2O.

2.2. Preparation of the solid complexes

The 1 : 1 : 1 [M : CTZ : Ala] complexes were prepared from hot ethanolic solutions (90 °C)
by the addition of 25 mL of metal chloride (1 mM, 2.38 g CoCl2·6H2O, 2.37 g
NiCl2·6H2O, 0.170 g CuCl2·2H2O) dropwise to 25 mL of CTZ (1 mM, 0.4618 g) and Ala
(1 mM, 0.89 g). An equivalent amount of NaHCO3 was added to neutralize the released
protons. The obtained mixture was refluxed with stirring for 5–6 h and then kept in the

N
N

H

O COOH

Cl

H3C C
H

NH2

COOH

Alanine (Ala)Cetirizine (CTZ)

Scheme 1. Structural formulas of cetirizine and alanine amino acid.
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refrigerator overnight. Thus, the formed complexes were filtered, collected, and then
washed several times with ethanol and then diethyl ether. The solid complexes were dried
in a vacuum desiccator. The yield ranged from 65 to 77%. The complexes are soluble in
DMF and DMSO. The dried complexes were subjected to elemental and spectroscopic
analysis.

2.3. Molecular modeling

An attempt to gain better insight on the molecular structure of these synthesized
compounds, geometric optimization, and conformation analysis was performed using
semiempirical parameterized PM3 method as implemented in HyperChem 7.5 [40]. A
gradient of 1 × 10−2 cal Å−1 M−1 was set as a convergence criterion in all the quantum
calculations.

2.4. Biological activity

Antimicrobial activity of the tested samples was determined using a modified Kirby-Bauer
disk diffusion method [41] as reported using standard disks of Gentamicin and Ampicillin
for G− (Escherichia coli RCMB010052 and Pseudomonas aeuroginosa RCMB010043) and
G+ (Staphylococcus aureus RCMB010028 and Bacillus subtillis RCMB010067) bacterial
species, and Amphotericin B for antifungal activity versus four filamentous fungi (Aspergil-
lus flavus RCMB 02568, Pencicillium italicum RCMB 03924, Candida albicans RCMB
05031, Geotricum candidum RCMB 05097). Biological activity studies were carried out as
reported in [41–45].

2.5. Instruments

Potentiometric measurements were made using a Metrohm 686 titroprocessor equipped with
a 665 Dosimat (Switzerland-Herisau). A thermostatted glass-cell equipped with a magnetic
stirring system, a Metrohm glass electrode, a thermometric probe, a microburet delivery
tube, and a salt bridge connected with the reference cell filled with 0.1 M KCl solution in
which saturated calomel electrode was dipped was used. Temperature was maintained con-
stant inside the cell at 25.0 ± 0.02 °C, by the circulating water of a thermostated bath (preci-
sion ± 0.02). The titroprocessor and electrode were calibrated with standard buffer
solutions, potassium hydrogen phthalate (pH 4.008), and a mixture of KH2PO4 and
Na2HPO4 (pH 6.865) at 25.0 °C. The microchemical analysis of the separated solid chelates
for C, H, and N were performed in the Microanalytical Center, Cairo University. The analy-
ses were performed twice to check the accuracy of the analysis data. Infrared spectra were
recorded on an 8001-PC FTIR Shimadzu spectrophotometer using KBr pellets. Solid reflec-
tance spectra were measured on a Shimadzu 3101 pc spectrophotometer. The molar conduc-
tances of the complexes were measured for 1.00 × 10−3 M DMSO solutions at 25 ± 1 °C
using a systronic conductivity bridge type 305. The room temperature magnetic susceptibil-
ity measurements for the complexes were determined by a Gouy balance using Hg[Co
(SCN)4] as a calibrant. A Shimadzu TGA-50H thermal analyzer was used to record simulta-
neously TG and DTG curves at the Micro Analytical Center, Cairo University, Cairo,
Egypt. All experiments were performed using a single loose top loading platinum sample
pan under nitrogen at a flow rate of 10 mLmin−1.
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2.6. Procedures and measurements

The following mixtures were prepared and titrated potentiometrically with 0.05 M NaOH
solution: (A) 40 mL of solution containing 1.25 × 10−3 M dm−3 M(II) and 0.1 M dm−3

NaCl; (B) 40 mL of solution containing 1.25 × 10−3 M dm−3 ligand (CTZ or Ala) of con-
stant ionic strength 0.1 M dm−3 (adjusted with NaCl); (C) 40 mL of solution containing
1.25 × 10−3 M dm−3 CoII/NiII, or CuII, 2.5 × 10−3 M dm−3 ligand (CTZ or Ala), and 0.1 M
dm−3, NaCl; and (D) 40 mL of solution containing 1.25 × 10−3 M dm−3 CoII/NiII, or CuII

ion, 1.25 × 10−3 M dm−3 CTZ, and 1.25 × 10−3 M dm−3 Ala at 0.1 M dm−3, NaCl.
The hydrolysis constants of MII were determined by titrating mixture A. The proton asso-

ciation constants of the ligands were determined potentiometrically by titrating mixture B.
The stability constants of the binary M(II)–CTZ and M–Ala complexes were determined by
titrating mixture C. The stability constants of the mixed-ligand complexes were determined
using potentiometric data obtained from mixture D. All titrations were performed in a
purified N2 atmosphere using aqueous 0.05 M dm−3 NaOH as titrant.

The pH meter readings were converted into hydrogen ion concentration by titrating a
standard acid solution (0.05 M dm−3) with standard base solution (0.05 M dm−3) at 25 °C
and I = 0.1 M dm−3 NaNO3. The pH is plotted against p[H]. The relationship pH–p[H] =
0.05 was observed; [OH−] value was calculated using a pKw value of 13.921 [46].

The general four-component equilibrium can be written as follows: (charges are omitted
for simplicity).

lMþ pCTZþ qAAþ rH�ðMlÞðCTZpÞðAAqÞðHrÞ (1)

blpqr ¼
½MlðCTZpÞðAAqÞðHrÞ�
MlðCTZpÞðAAqÞðHrÞ (2)

2.7. Data processing

The calculations were obtained from ca. 100 data points in each titration using the computer
program MINIQUAD-75 [47]. The species distribution diagrams were obtained using the
program SPECIES [48] under the experimental condition employed. All measurements were
carried out in our laboratory at Cairo University.

Table 1. Analytical and physical data of compounds.

% C % H % N % Cl

Complex Mwt % Yield m/z Calcd Found Calcd Found Calcd Found Calcd Found

[Cu(CTZ)(Ala)
(H2O)] (1)

557.5 77 558 51.70 51.75 5.78 5.82 7.53 7.55 6.36 6.38

[Ni(CTZ)(Ala)
(H2O)] (2)

552.6 72 553 52.16 52.19 5.83 5.89 7.60 7.65 6.41 6.44

[Co(CTZ)(Ala)
(H2O)]·H2O (3)

570.9 65 571 52.13 52.21 5.83 5.87 7.59 7.62 6.42 6.48

682 A.M. Rayan et al.
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3. Results and discussion

All compounds are stable in air. The interaction of CTZ and alanine with metal(II) salts in
EtOH in a molar ratio 1 : 1 : 1 under reflux conditions in the presence of an equivalent
amount of NaHCO3 to neutralize the released protons gave the metal complexes presented
in table 1. The formulation of these complexes is based on elemental analysis, IR, EPR,
UV–vis, and electrical conductivity. The complexes are insoluble in H2O and other
common organic solvents, but soluble in DMF and DMSO.

3.1. IR Spectra and mode of bonding

The results of IR measurements are listed in table 2 with assignments for most of the major
peaks for the free ligands and their metal(II) complexes. IR spectra of CTZ reveal the
appearance of characteristic absorptions at 3470, 2375, 1740, and 1186 cm−1, which can be
attributed to stretching frequencies of νOH, quaternary N stretch in hydrochloride, νCOcar-

boxylic, and νC–Oaliphatic, respectively. The aliphatic chain C–O bond in CH2CH2OCH2–
appears at 1186 cm−1. As expected, this band is not affected by chelation. In IR spectra,
disappearance of the OH band at 3470 cm−1, characteristic of carboxylic acid, confirms the
deprotonation and complexation. The IR spectrum of CTZ also shows a band at 1740 cm−1

corresponding to ν(C=O)carb. The peak at 1740 cm−1 corresponding to ν(C=O)carb of CTZ
disappears on complexation with metal ion, replaced by ν(COO)as = ~1609–1631 cm−1 and
ν(COO)s = ~1406–1412 cm−1 [49]. Decon showed that the magnitude of Δν [Δν = νasy
(COO–)− νsym(COO-)] can be correlated with the coordination modes of the caboxylate
[50–52]. This difference is >200 cm−1 reflecting monodentate coordination of carboxylate
of CTZ in the complexes. Far IR spectra of complexes reveal ν(M-O) stretching vibrations
at 485–494 cm−1. For Ala, bands at 1605 and 1413 cm−1 due to νasym (COO−) and νsym
(COO-) appear in the complexes at 1500–1514 and 1295–1309 cm−1, respectively. Mono-
dentate carboxylate of alanine is proved by frequency separation of ~201–214 cm−1

(Δν = νCOOas− νCOOs) [53, 54]. The shift of these two bands suggests involvement of the
carboxylic group of the amino acids in complex formation. The ΔNH3+ band, which is char-
acteristic of the zwitter ion, disappears in spectra of the complexes, i.e. ΔNH3+ of free ala-
nine at 1623 cm−1 disappears on coordination, indicating that the NH2 group is
deprotonated and binds to the metal ion through the neutral amino group. Hence, the amino
acid is chelated to the metal ion through a five-membered chelate ring. The presence of

Table 2. Tentative assignment of the important infrared bands of the complexes.

ν (cm−1)

mH2O Cetirizine
Alanine Far IR

νC=O
ΔNH3+ νasym νsym ν(M–O) ν(M–N) ν(M–O)

Compound (Free AA)
(COO) (COO) (CTZ) (AA) (AA)

CTZ – 1740 – – – – – –
Ala – – 1623 1597 1412 – – –
1 3430, 810, 760 1621, 1406 Disapp. 1510 1309 490 430 510
2 3450, 802, 750 1631, 1419 Disapp. 1514 1300 485 410 535
3 3420, 812, 760 1610, 1407 Disapp. 1500 1295 494 412 520

α-Ala = α-Alanine and CTZ = 2-[2-[4-[(4-chlorophenyl)phenyl methyl]piperazine-1-yl]-ethoxy]acetic acid.
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water in the compounds is deduced from the elemental analysis and IR spectrum. The
strong and broad peaks centered at 3420–3450 cm−1 represent the O–H stretch of
coordinated and/or hydrated water [55, 56]. The presence of coordinated water in these
complexes has been inferred on the basis of a medium intensity band at 750–760 cm−1 and
802–812 cm−1 assignable to the OH rocking and wagging vibrations, respectively [10, 54,
57]. The far IR spectra of complexes reveal that ν(M–N) and ν(M–O) stretches are 410–430
and 510–535 cm−1, respectively. Thus, it is evident that Ala is bonded bidentate to the
metal through the amino and carboxylate groups. CTZ is coordinated monodentate to the
metal through carboxylate.

3.2. Molar conductance measurements

Using the relation ΛM = K/C, the molar conductance values of the prepared complexes at
1 × 10−3 M in DMSO solution are 3.2–5.5 Ω−1 cm2 M−1 as given in table 3. These low
values indicated that all synthesized complexes are nonelectrolytes [58, 59]. Conductivity
measurements are in agreement with the elemental analysis data.

3.3. Electronic, mass spectra, and magnetic measurements

Solid reflectance spectra and magnetic moment measurements are used for elucidation of M
(II) complexes. The solid state spectra of Cu(II) compound exhibits a d–d band transition at
15,360 cm−1, which is consistent with a broad structured band for square-planar complexes
in the range 600–700 cm−1. In the present study, the broad band for [Cu(CTZ)(Ala)(H2O)]
(figure 1S, see online supplemental material at http://dx.doi.org/10.1080/00958972.2014.
994513) is due to 2B1g→2A1g as reported for square-planar Cu(II) complexes [60, 61]. The
band observed at 26,667 cm−1 was tentatively assigned to a ligand to metal charge transi-
tion (MLCT). The absence of bands below 10,000 cm−1 eliminates the possibility of a tetra-
hedral or octahedral environment for this copper(II) center [60, 62]. The magnetic moment
of the copper(II) complex corresponds to μeff value for one unpaired electron (1.93 BM)
[53, 63, 64]. X-band ESR spectra of Cu(II) complex was recorded in the solid state at room
temperature. The spectrum exhibits one broad band with g = 2.05 (figure 2S). The shape of
the spectrum is consistent with the square-planar geometry around Cu(II).

The electronic spectrum of the Ni(II) complex (2) shows a band at 17,544 cm−1 assigned
to the 1A1g→1A2g transition [64, 65]. The supplementary band at 26,250 cm−1 was tenta-
tively assigned to a ligand to metal charge transition. The assumed square-planar geometry

Table 3. Molar conductance, magnetic moment, electron paramagnetic resonance, and electronic spectral data of
MII–CTZ–Ala complexes.

Complex ΛM
a μeff. (BM) λmax (cm

−1) Assignment Geometry

[Cu(CTZ)(Ala)(H2O)] (1) 2.6 1.93 15,360 2B1g→2A1g Square planar
26,667 CT

[Ni(CTZ)(Ala)(H2O)] (2) 3.2 0 17,544 1A1g→1A2g Square planar
26,250 CT

[Co(CTZ)(Ala)(H2O)]·H2O (3) 4.4 2.77 17,007 2A1g→2B2g Square planar
20,833 2A1g→2Eg

29,154 CT

aMolar conductance measured for 10−3 M DMSO solution, Ω−1 cm2M−1.

684 A.M. Rayan et al.
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for this complex is confirmed from the value of its room temperature magnetic moment of
zero.

The electronic spectrum of the Co(II) complex (3) (figure 3S) showed bands at 17,007
and 20,833 cm−1 which may be assigned to 2A1g→2B2g and

2A1g→2Eg transitions, respec-
tively, for Co(II) in a square-planar geometry [66]. The band observed at 29,154 cm−1 was
tentatively assigned to MLCT. The room temperature magnetic moment of [Co(CTZ)(Ala)
(H2O)] of 2.77 BM is more than that of low spin octahedral and lower than the values
characteristic of tetrahedral cobalt(II) complexes (4.2–4.7 BM). Furthermore, this value is
similar to that reported for the square-planar cobalt(II) complexes [67–69].

The mass spectrum of the nickel(II) complex as a representative example of M(II)
complexes (figure 1) showed the first mass peak at m/e 553 which agrees well with the
molecular ion peak for [Ni(CTZ)(Ala)(H2O)] complex, confirming its structure.

3.4. Thermal analysis

Thermal gravimetric analysis (TGA) was used to determine associated water or solvent mol-
ecules in the coordination sphere or in the outer sphere of the complex. Results of thermal
studies of the complexes are concordant with their formulation. In the present investigation,
the heating rates were 10 °C/min under nitrogen and the weight loss was measured from
room temperature to ≅ 850 °C. The correlations between the different decomposition steps
of the complexes with the corresponding weight losses are discussed in terms of the pro-
posed formulas of the complexes. The results of thermal analyses showed agreement with
the formula as suggested from the elemental analyses. The suggested intermediates and final
products are given in table 4. The thermal curves (TG and DTG) of all the complexes are
similar and show that decomposition takes place in three steps except Co(II) complex
occurs in four steps due to water of hydration in this complex eliminated in a separate step.
The decomposition of all complexes ended with metal oxide residue. A schematic represen-
tation of [Cu(CTZ)(Ala)(H2O)] (1) as a representative example of metal(II)–mixed-ligand
complexes is shown in scheme 2. 1 was stable to 130 °C. Above this temperature,
coordinated water molecule is eliminated in one step at 130–205 °C with a mass loss of
3.51% (Calcd 3.23%). The second step from 330 to 450 °C was assigned to removal of
CTZ with mass loss of 69.37% (Calcd 69.57%). The third step with mass loss of 12.93% at
610–705 °C was assigned to removal of alanine leaving CuO as residue.

Figure 1. Mass spectrum of [Ni(CTZ)(Ala)(H2O)].

Cetirizine complex formation 685

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
46

 2
8 

D
ec

em
be

r 
20

15
 



[Ni(CTZ)(Ala)(H2O)] (2) (figure 4S) was stable to 118 °C, where coordinated water is
eliminated in one step with a mass loss of 3.15% (Calcd 3.26%). The second step at
319–467 °C was assigned to removal of CTZ with mass loss of 70.23% (Calcd 70.19%).
The third step from 688 to 790 °C with mass loss of 13.14% (Calcd 13.04%) at 703–790 °C
was assigned to removal of alanine leaving NiO as residue.

The TGA curve of [Co(CTZ)(Ala)(H2O)]·H2O shows four stages of decomposition. The
first at 30–90 °C corresponds to loss of water of hydration with mass loss of 3.19% (Calcd
3.15%). The second step of decomposition from 122 to 194 °C corresponds to loss of water
of coordination with mass loss of 3.28% (Calcd 3.15%). The third step (340–470 °C) corre-
sponds to CTZ loss (mass loss 67.23%; Calcd 67.93%). The fourth step (622–758 °C) cor-
responds to elimination of Ala (loss of C3H6NO moiety) with mass loss of 12.71% (Calcd
12.62%). The total mass loss to 758 °C is in agreement with the formation of CoO as the
final residue (TG 13.32%; Calcd 13.12%).

3.5. Molecular modeling

Energy minimization studies were carried out on the basis of the semi-empirical PM3 level
provided by HyperChem 7.5 software. The molecular parameters were calculated after geo-
metrical optimization of the structures of M(II) complexes (table 5). The molecular structure
of Cu(II) complex along with the atom numbering scheme is given in figure 2.

3.5.1. Geometry optimization. Geometry optimization was done using the semi-empirical
PM3 level incorporated in the HyperChem 7.5 program in the gas phase. The copper(II)
bond lengths and angles are given in table 1S. Selected bond lengths and angles of metal
(II) complexes are given in table 6. Metal(II) complexes have square-planar geometry. The
equatorial positions of square-planar geometry are occupied by nitrogen and oxygen of Ala,
oxygen of carboxylate of CTZ, and oxygen of water. From analysis of the data in table 6
for the bond lengths and angles, one can conclude the following: (1) The angles around the
metal undergo appreciable variations upon changing the metal center; (2) The M–NAla bond
distances [1.914(1), 1.844(2), and 1.905(3) Å], the M–OCTZ bond distances [1.888(1),
1.842(2), and 1.909(3) Å], the M–OAla bond distances [1.873(1), 1.830(2), and 1.878(3) Å],

Table 4. TGA data for the investigated metal(II) complexes.

Complex T (°C)

Weight loss

Assignment Metallic residue
%

Found
%

Calcd

[Cu(CTZ)(Ala)(H2O)] 130–205 3.51 3.23 Elimination of coordinated
H2O

CuO

330–450 69.37 69.57 Elimination of CTZ (% Found
14.15,

610–705 12.77 12.93 Elimination of C3H6ON % Calcd 14.27)
[Ni(CTZ)(Ala)(H2O)] 145–211 3.15 3.26 Elimination of coordinated

H2O
NiO

319–467 70.23 70.19 Elimination of CTZ (% Found 13.10
688–790 13.14 13.04 Elimination of C3H6ON % Calcd 13.51)

[Co(CTZ)(Ala)
(H2O)]·H2O

30–90 3.19 3.15 Elimination of hydrated H2O CoO
122–194 3.28 3.15 Elimination of coordinated

H2O
(% Found 13.32

340–470 67.23 67.93 Elimination of CTZ % Calcd 13.12)
622–758 12.71 12.62 Elimination of C3H6ON
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and the M–Owater bond distances [1.961(1), 1.893(2), and 2.008(3) Å] are comparable to
corresponding reported distances in related complexes [70–72]; (3) Metal–oxygen bond
lengths in the complexes obey the order M–OH2 (1.893–2.008 Å) > M–OCTZ (1.842–1.909
Å) > M–OAla (1.830–1.878 Å). The M–OCTZ bond length is longer than M–OAla so the
strength of M–OCTZ is lower than M–OAla, causing elimination of CTZ before Ala. Thus,
molecular modeling calculation results are in accord with thermal analysis; (4) The bond
angles in the complexes are near the perpendicular value. The O(4)–M(7)–N(3), O(8)–M
(7)–O(4), O(9)–M(7)–O(8), and O(9)–M(7)–N(3) bond angles are (93.30°, 94.85°, and
93.11°), (88.53°, 91.00°, and 87.32°), (93.20°, 91.14°, and 88.89°), and (89.54°, 92.55°,
and 90.49°), respectively; (5) The complexes can be arranged according to M–NAla, bond

H2N O

OH3C

Cu
H2OO

O

O
N

N

H

Cl

H 2 N O

OCH3

Cu

O
O

O
N

N

H

Cl

H2N O

OH3C

Cu

Third Step -C3H6NO

CuO

First Step

Second Step

- H2O

- CTZ

Scheme 2. The thermogravimeric decomposition pattern of [Cu(CTZ)(Ala)(H2O)].
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Table 5. Some energeies of metal complexes calculated by PM3 method.

The assignment of the theoretical parameters The compound investigated The theoretical data

Total energy [Cu(CTZ)(Ala)(H2O)] = −163,527.7 (kcal M−1)
Binding energy = −6902.6 (kcal M−1)
Electronic energy = −1,400,557.9 (kcal M−1)
Core–core interaction = 1,237,030.2 (kcal M−1)
Heat of formation = −328.0 (kcal M−1)
Dipole moment = 3.64 (Debyes)
HOMO = −4.04
LUMO = −0.004
Hydration energy = −21.38 (kcal M−1)
Total energy [Ni(CTZ)(Ala)(H2O)] = −160,266.7 (kcal M−1)
Binding energy = −7052.0 (kcal M−1)
Electronic energy = −1,425,600.9 (kcal M−1)
Core–core interaction = 1,265,334.2 (kcal M−1)
Heat of formation = −455.2 (kcal M−1)
Dipole moment = 2.41 (Debyes)
HOMO = −8.95
LUMO = −0.107
Hydration energy = −20.64 (kcal M−1)
Total energy [Co(CTZ)(Ala)(H2O)] = −154,504.8 (kcal M−1)
Binding energy = −7155.6 (kcal M−1)
Electronic energy = −13,835,013.3 (kcal M−1)
Core–core interaction = 1,190,547.8 (kcal M−1)
Heat of formation = −519.9 (kcal M−1)
Dipole moment = 8.2 (Debyes)
HOMO = −4.31
LUMO = −0.368
Hydration energy = −19.80 (kcal M−1)

Figure 2. Optimized structure of [Cu(CTZ)(Ala)(H2O)] with the atom numbering scheme.
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length, Cu–N (1.914 Å) > Co–N (1.905 Å) > Ni–N (1.844 Å), suggesting stronger Ni–N
bond than the others; and (6) Finally, from elemental and thermal analyses, spectral data
(infrared, electronic mass, and ESR), magnetic susceptibility measurements at room
temperature, conductivity measurements, and QM calculations, a square-planar structure of
the metal complexes is suggested.

3.5.2. Molecular parameters. Quantum chemical parameters of the compounds are
obtained from calculations, such as the energy of the highest occupied molecular orbital,
EHOMO, energy of the lowest unoccupied molecular orbital, ELUMO, separation energies
(ΔE), absolute electronegativity (χ), ionization potential (IP), absolute hardness (η), absolute
softness (σ), electron affinity (EA) [73–78], and global softness (S). The inverse of the
global hardness is designated as the softness σ [79].

Equations (3)–(8) are used in calculations of molecular parameters as given below:

v ¼ �1=2 ðELUMO þ EHOMOÞ (3)

g ¼ 1=2 ðELUMO � EHOMOÞ (4)

S ¼ 1=2 g (5)

r ¼ 1=g (6)

Within the validity of Koopmans theorem [80], the frontier orbital energies are given by:

�EHOMO ¼ I (7)

�ELUMO ¼ EA (8)

From the obtained data (table 7) we deduce: (a) Absolute hardness (η) and softness (σ)
measure the molecular stability and reactivity. A hard molecule has a large energy gap and
a soft molecule has a small energy gap. Soft molecules are more reactive than hard ones

Table 6. Selected bond lengths (Å) and angles (°) for the com-
plexes.

Atoms 1 2 3

M(7)–O(8)(H2O) 1.961 1.893 2.008
M(7)–O(4)(Ala) 1.873 1.830 1.878
M(7)–N(3)(Ala) 1.914 1.844 1.905
M(7)–O(9)(CTZ) 1.888 1.842 1.909
O(4)–M(7)–N(3) 93.30 94.85 93.11
O(8)–M(7)–O(4) 88.53 91.00 87.32
O(9)–M(7)–O(8) 93.20 91.14 88.89
O(9)–M(7)–N(3) 89.54 92.55 90.49

Ala = alanine; CTZ = cetirizine.

Table 7. The calculated quantum chemical parameters of mixed-ligand–metal complexes.

Compound HOMO (eV) LUMO (eV) ΔE (eV) IP (eV) EA (eV) x η σ S

Cu(II)–CTZ–Ala −4.04 −0.004 4.03 4.04 0.004 2.022 2.018 0.496 0.248
Ni(II)–CTZ–Ala −8.95 −0.107 8.84 8.95 0.11 4.528 4.42 0.226 0.113
Co(II)–CTZ–Ala −4.31 −0.368 3.94 4.31 0.37 2.339 1.97 0.507 0.254
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because they could easily offer electrons to an acceptor. Metal ions are soft acids and thus,
soft base ligands are most effective for complex formation; (b) The electronic structure of
the complexes was studied by analyzing the nature of the highest occupied molecular orbi-
tals (HOMO) and lowest unoccupied molecular orbitals (LUMO). The HOMO–LUMO
energy separation can be used to predict kinetic stability and reactivity pattern of the
molecule. A small HOMO–LUMO gap implies a low kinetic stability and high chemical
reactivity as it is energetically favorable to add electrons to LUMO or to extract electrons
from a HOMO [81]. Pearson pointed out that the HOMO–LUMO energy separation
represents the chemical hardness of a molecule [82]. The chemical hardness values were
calculated from their HOMO and LUMO energies to predict their stability. The chemical
hardness values of the metal(II) complexes, reported in table 7 [83], are in the order
[Ni(CTZ)(Ala)(H2O)] (2) > [Cu(CTZ)(Ala)(H2O)] (1) > [Co(CTZ)(Ala)(H2O)]·H2O (3); (c)
Lower HOMO energy values show that the molecule electron donating ability is weaker
and a higher HOMO energy implies that the molecule is a good electron donor, important
for formation of a charge-transfer complex between molecule and biological target; (d) The
value of the energy separation between the HOMO and LUMO for the Ni(II) complex is
8.84. This large HOMO–LUMO gap means high excitation energies for many of the excited

LUMO

HOMO

Energy gap = 4.03

Figure 3. The atomic compositions of frontier molecular orbital and their orbital energies for [Cu(CTZ)(Ala)
(H2O)].
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states, good stability, and a large chemical hardness for this complex [84]; (e) The electric
dipole moment is a measurement of the separation of electrical charges in a system. The
[Co(CTZ)(Ala)(H2O)] complex has a large dipole (8.20) moment and [Ni(CTZ)(Ala)(H2O)]
has the smallest dipole moment (2.41); (f) The atomic compositions of frontier molecular
orbital and their orbital energies for [Cu(CTZ)(Ala)(H2O)] are shown in figure 3.

3.6. Structural interpretation

From all of the above observations and the data reported, the structures of these complexes
are given in scheme 3. The structure proposed is square-planar geometry for M(II)-com-
plexes with CTZ as mononegative, monodentate chelating ligand via carboxylate. Amino
acids are coordinating via carboxylate and amino groups.

3.7. Equilibrium studies

Although data of all ligands can be found in the literature, all of them were refined in this
study in order to obtain all values based on the same experimental conditions. The values
found in this study (table 8) are in agreement with the ones reported [85–87].

3.7.1. Formation of binary complexes. Analysis of potentiometric titration curves in the
presence of metal ions indicates that addition of metal ion to the free ligand solutions
shifted the buffer region of the ligand to lower pH. The observed decrease in the binary
ML curve in comparison to the free ligand solution curve indicates formation of binary
complexes in solution. The formation constants of all binary complexes with CTZ and Ala
were computed, taking into account all the possible species (H2L, HL, L, M(II), ML, and
ML2,). Table 8 presents the logarithms of the stability constants for all of the complex
species detected by potentiometric titrations on the basis of the equilibria (9) and (10) (The
charges are omitted for simplicity.).

Mþ L�ML; b1010 ¼
½ML�
½M�½L� (9)

Mþ 2L�ML2; b1020 ¼
½ML2�
½M�½L�2 (10)

N

O

O-CTZ

OH2

Ala

M

Cu(II); Ni(II) and Co(II)
(Water of hydration is removed for simplicity)

Scheme 3. Proposed structural formulae of mixed-ligand M(II) complexes.
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Formation constants found in our study are in agreement with data in the literature [88, 89].

3.7.2. Ternary complex formation equilibria. Depending on the chelating ability of CTZ
and Ala, the ternary complex formation may proceed through either a stepwise or simulta-
neous mechanism. The formation constants of the binary M(II)–Ala and M(II)–CTZ
complexes are given in table 8. The formation constants of the binary MII) complexes with
CTZ and Ala were of the same order. Consequently, the ligation of CTZ and alanine will
occur simultaneously according to the following equilibrium (11). This assumption was
supported by comparing the experimental potentiometric data with the theoretically
calculated (simulated) curve.

Mþ CTZ þ Ala�M(CTZ)(Ala) (11)

The stability constants for equilibrium (11) for mixed-ligand complexes giving the best fit
of the pH-metric titration curves are listed in table 9, expressed as log β1110, calculated con-
sidering the acid dissociation constants of the ligands, and formation constants of the binary
complexes as known quantities.

3.7.3. Speciation study. Estimation of equilibrium concentrations of metal(II) complexes
as a function of pH provides metal ion binding in solutions. All of the species’ distributions
were calculated with the aid of the Species computer program [48]. The species distribution
pattern for Cu–(CTZ)–Ala taken as a representative example of metal(II) mixed-ligand
complexes is given in figure 4. The mixed-ligand complex Cu–(CTZ)–Ala starts to form
above pH 3.5 and is up to 80–94% of the total Cu(II) ion in the pH range 7.4–8.6. Addi-
tionally, the binary Cu–CTZ and Cu–Ala systems are present in substantial amounts at
lower pH with the Cu–CTZ complex forming at pH ~ 3 and reaching its maximum concen-
tration of 50% at pH ~ 4.5, and Cu–Ala complex starts to form at pH ~ 3.2 and reaches its
maximum concentration of 13% at pH ~ 4.8.

3.7.4. Correlation of the properties of metal ions with the formation constants of
mixed ligand complexes. To explain why a given ligand prefers binding to one metal
rather than another, it is necessary to correlate the stability constants with the characteristic
properties of the metal ions, such as the ionic radius, ionization energy, electronegativity,
and atomic number. Here, we discuss relationships between the properties of metal ions in
the literature [90] and the stability constants of complexes. The stability constants listed in
table 8 clearly show that the stability order of the binary systems in terms of metal ions is
Cu(II) > Ni(II) > Co(II), and copper(II) has the highest stability of the CTZ/alanine

Table 9. Stability of mixed-ligand complexes of metal(II)–CTZ–Ala in aqueous solution at different tem-
peratures and I = 0.2 M dm−3 NaCl.

Stability constant values at different temperatures for mixed-ligand complexes

Parameters 288.15 K 293.15 K 298.15 K 303.15 K

logKCu–CTZ–ALa 14.88 ± 0.05 14.73 ± 0.06 14.55 ± 0.04 14.42 ± 0.02
logKNi–CTZ–ALa 11.36 ± 0.04 11.26 ± 0.07 11.15 ± 0.03 11.05 ± 0.04
logKCo–CTZ–ALa 9.10 ± 0.08 8.97 ± 0.07 8.86 ± 0.05 8.76 ± 0.05
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complexes. There is no single factor that can explain this stability order of the complexes
satisfactorily. The ratio of charge to radius is considered to be of prime importance and Cu
(II) has the smallest size among the studied metal ions (rCu2+ = 71; rCo2+ = 72; rNi2+ = 72)
[90]. This behavior is consistent with the stability order of the binary complexes and the
Irving-Williams order [91, 92]. Other possible factors are the decreasing ionic radii and the
increasing ionic potentials. However, all these factors are interlinked and favor the cupric
ion with which the stability is nearly always the highest in comparison to other 3d transition
metals. This was reported earlier for similar systems [91]. The correlation between the log
KML and the atomic number of the studied bivalent transition metal ions was found to be
almost linear. Also, a good linear correlation has been obtained between log KML and the
electronegativities of the metal ions. Overall formation of mixed-ligand complexes in terms
of metal ions obeys this order: log KCu–CTZ–Ala = 14.55 > log KNi–CTZ–Ala = 11.15 > log
KCo–CTZ–Ala = 8.86 (table 10). The sharp increase of the Cu(II) complex than other metal
ion complexes is due to the Jahn–Teller effect, which will give Cu2+ extra stabilization due
to tetragonal distortion of the octahedral symmetry [93, 94]. With respect to increasing elec-
tronegativity (E.N.) of the metals, the electronegativity difference between metal atom
(E.NCu(II) = 2.00; E.NNi(II) = 1.91 and E.NCo(II) = 1.88) and donor (E.NOyygen = 3.5 and
E.NNitrogen = 3.0) of the ligand will decrease; hence, the metal–ligand bond would have
more covalent character which may lead to stability of metal chelates.

3.7.5. Comparison of the stability constant of the ternary complexes with those of the
binary complexes. The stability of mixed-ligand complexes with respect to the correspond-
ing binary analogs can be articulated quantitatively in terms of Δlog K, log X, and Δlog β
parameters as follows:
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Figure 4. Concentration distribution of various species as a function of pH in the Cu–CTZ–Ala system.
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3.7.5.1. Δlog K parameter. Δlog K represents the difference between the stabilities of the
binary and mixed-ligand complexes. One expects to obtain negative values for Δlog10 K
(table 10), since more coordination positions are available for the bonding of ligand (L) in
the binary than in the ternary complexes. According to Sigel [95], the relative stability of a
ternary complex M(CTZ)L (1110) compared to its binary complexes M(CTZ) (1100) and M
(L) (1010) can be expressed quantitatively by the following equations:

M(CTZ)þM(Ala)�M(CTZ)(Ala)þM (12)

D log KMðCTZÞAla ¼ log bMðCTZÞAla � ðlog bMðCTZÞ þ log bMðAlaÞÞ (13)

Δlog K has been widely accepted and used for many years [93] and the advantages in using
Δlog K in comparing stabilities of ternary and binary complexes have been reviewed. The
parameter Δlog K expresses the effect of the bound primary ligand toward an incoming sec-
ondary ligand. Since the alanine coordinates more easily with the free metal ion M2+ than
with the complexed metal ion [M(CTZ)]+ in which the Lewis-acidity of metal(II) ion is
depressed, the value of Δlog K should be negative and generally have a value between −0.5
and −2.0 [95, 96], depending on the geometry of the complex. Values of Δlog K for the ter-
nary complexes studied in this article are listed in table 10. The tendency to form ternary
complexes was compared with these values, so that if Δlog K is less negative, this should
be taken to indicate that the ternary complex is favored. The Δlog K values of mixed-ligand
complexes with Ala are less negative (−0.31 to −0.61) than the theoretical value. This may
be considered as evidence for enhanced stabilities of the formed ternary complexes due to
the interligand interactions that exists between CTZ and Ala with metal ions.

3.7.5.2. Disproportionation constant (log X). The quantitative stabilization of ternary com-
plexes can be expressed in terms of their disproportionation constant (X). The values of log
X (table 10) can be calculated by equations (14) and (15)] for M(CTZ)Ala complexes.

M(CTZ)2 þM(Ala)2�2M(CTZ)(L); XMðCTZÞðAlaÞ ¼ ½MðCTZÞðLÞ�2
½M(CTZ)2�½M(L)2�

(14)

log XMðCTZÞðAlaÞ ¼ 2 log bMðCTZÞðAlaÞ � ðlog bMðCTZÞ2 � log bMðAlaÞ2Þ (15)

The value for log X expected from statistical reasons is +0.6 [97] for all geometries. The
values of log X in table 10 are >> +0.6, indicating marked stabilities of the ternary

Table 10. Values of log β; Δ log K; Δ log β and log X for formation of the ternary complexes at 0.2 M NaCl at
25 °C.

Complex log β1110 (experimentally) log β1010 log β1020 Δlog Ka log Xb log βstat
c Δlog βd

Cu–CTZ–Ala 14.55 7.90 14.58 −0.31 3.5 13.10 1.45
Ni–CTZ–Ala 11.15 5.33 9.74 −0.43 2.95 9.98 1.17
Co–CTZ–Ala 8.86 4.28 7.81 −0.61 1.55 8.39 0.47

aΔlog K = log β1110– log β1100– log β1010;
blog X = (2log β1110– log β1020– log β1200);

clog βstat = log 2 + 1/2 log β1020 + 1/2 log
β1200;

dΔlog β = log β1110 – log βstat.
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complexes from interligand electronic and steric interactions in these complexes [98],
indicating preference for formation of mixed-ligand M–CTZ–Ala complexes over binary
complexes.

3.7.5.3. Stabilization constant (Δlog β). The stabilization constant (Δlog β) results from the
difference of the stability constant measured for the mixed complex and that calculated from
statistical grounds. The stability of the ternary complexes investigated can also be calculated
using a statistical method [99], according to the following equation:

log bstat ¼ log 2þ 1=2 log bMðCTZÞ2 þ 1=2 log bMðAlaÞ2 (16)

The values of log βstat for the mixed-ligand complexes detected in this study are shown
in table 10. The large differences of Δlog β values (log β1110–log βstat) indicate that the M
(CTZ)L system is more stable than both M(CTZ)2 and M(L)2.

3.8. Effect of temperature and thermodynamics

The values obtained for the thermodynamic parameters ΔH°, ΔS°, and ΔG°, associated with
the protonation of CTZ/Ala, their complex formation with M(II) species, and ternary complex
formation were calculated from the temperature dependence of the data in tables 8 and 9. The
observed protonation constant values of CTZ and Ala decrease with rise in temperature, which
indicates increasing acidic nature. The same trend was observed for both the binary and
mixed-ligand–Cu(II) systems. The change in free energy (ΔG), enthalpy (ΔH), and entropy
(ΔS) of the above systems were evaluated using the following equations:

DG ¼ �2:3030 RT log K ¼ DH � TDS (17)

log K ¼ �DH
2:303R

1

T
þ �DS
2:303R

(18)

DS ¼ DH � DG
T

(19)

Van’t Hoff plot was obtained by linear least squares fit of ln K versus 1/T. The change in
enthalpy (ΔH) of the systems was calculated from the slope (−ΔHo/R) and the change in
entropy (ΔS) was calculated from the intercept (ΔS°/R) of the Van’t Hoff plot. The main
conclusions from the data can be summarized as: (I) The protonation reaction (L + H �
HL) of the CTZ/Ala is exothermic with a net negative ΔG°. Three factors affect the proton-
ation reactions: (i) the neutralization reaction, which is an exothermic reaction process, (ii)
desolvation of ions, which is an endothermic process, and (iii) the change of the
configuration and the arrangements of the hydrogen bonds around the free and protonated
ligands. (II) In most cases, the color of the solution after complex formation was different
from the color of the ligand at the same pH. (III) The stability constants of the M(II)-com-
plexes formed at different temperatures were calculated and the following conclusions can
be reached. These values decrease with increasing temperature, confirming that the com-
plexation process is more favorable at lower temperature. Divalent metal ions exist in solu-
tion as octahedral hydrated species [100] and the obtained values of ΔH and ΔS can be
considered as sum of two contributions: (a) release of H2O molecules and (b) metal–ligand
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Table 11. Thermodynamics of protonation constants of CTZ/Ala compounds and their binary complex formation
in aqueous solution at different temperatures and I = 0.2 M dm−3 NaCl.

Thermodynamic parameters

ΔG (kJ M−1)

ΔH (kJ M−1)

ΔS (J K−1 M−1)

Species System 288.15 293.15 298.15 303.15 288.15 293.15 298.15 303.15

H2L HCTZ −44.03 −44.17 −44.3 −44.40 −36.79 25.12 25.19 25.20 25.12
H2CTZ −17.99 −18.07 −18.21 −18.28 −12.04 20.63 20.58 20.70 20.60
HAla −53.90 −54.33 −54.58 −54.85 −36.10 61.79 62.21 61.97 61.80
H2Ala −12.36 −12.40 −12.50 −12.54 −8.70 12.71 12.65 12.77 12.67

M–CTZ Cu–CTZ −39.34 −39.57 −39.73 −39.99 −27.10 42.46 42.54 42.36 42.52
Cu(CTZ)2 −22.95 −23.07 −23.18 −23.33 −15.73 25.06 25.03 24.98 25.08
Ni–CTZ −35.37 −35.59 −35.69 −35.76 −28.07 25.31 25.64 25.52 25.35
Ni(CTZ)2 −19.09 −19.14 −19.18 −19.21 −16.72 8.21 8.25 8.25 8.21
Co–CTZ −29.41 −29.52 −29.63 −29.73 −23.41 20.81 20.85 20.85 20.81
Co(CTZ)2 −17.88 −17.96 −18.10 −18.23 −11.05 23.69 23.58 23.64 23.68

M–α–Ala Cu(Ala) −44.74 −44.96 −45.10 −45.22 −35.78 31.13 31.33 31.27 31.14
Cu(Ala)2 −37.3 −37.66 −38.13 −38.48 −14.05 80.68 80.56 80.79 80.61
Ni(Ala) −30.29 −30.37 −30.43 −30.53 −25.76 15.71 15.7 15.64 15.73
Ni(Ala)2 −25.05 −25.09 −25.18 −25.31 −20.09 17.21 17.06 17.06 17.21
Co(Ala) −24.28 −24.36 −24.43 −24.49 −20.07 14.61 14.64 14.64 14.61
Co(Ala)2 −19.92 −20.04 −20.15 −20.32 −12.39 26.14 26.10 26.05 26.16

M–CTZ–α–Ala Cu–CTZ–Ala −82.10 −82.68 −83.06 −83.7 −52.20 103.76 103.98 103.52 103.92
Ni–CTZ–Ala −62.68 −63.20 −63.65 −64.14 −34.78 96.80 96.94 96.83 96.84
Co–CTZ–Ala −50.21 −50.35 −50.58 −50.85 −37.83 42.96 42.71 42.77 42.95

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

0.00328 0.0033 0.00332 0.00334 0.00336 0.00338 0.0034 0.00342 0.00344 0.00346 0.00348

1/T

lo
g 

K

Cu-CTZ-Ala

Ni-CTZ-Ala

Co-CTZ-Ala

Figure 5. The stability constants of the mixed-ligand M–(CTZ)–Ala complexes formed at different temperatures.
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bond formation. From these results, the following conclusions can be made: (a) The
difference between the stability constants of 1 : 1 and 1 : 2 complexes is usually positive
(0.72–0.79), (0.90–0.95), (1.22–1.49), (1.98–2.09), (2.85–2.95), and (2.87–2.97) for
Co–Ala, Ni–Ala, Cu–Ala, Co–CTZ, Ni–CTZ, and Cu–CTZ, respectively. This may be
attributed to the coordination sites of the metal ions more freely available for binding of the
first molecule than the second one. (b) All the binary systems show positive entropy (ΔS)
values, which indicate the complexation is entropically favorable under the experimental
conditions. The positive value of entropy is attributed to increased disorder as a result of
desolvation and release of bound solvent molecules on chelation is greater than the decrease
resulting from the chelation process itself. It occurs because the solvent molecules are
arranged in an orderly fashion around the ligand, and the metal ion has acquired a more
random configuration on chelation [101]. (c) The calculated thermodynamic parameters are
collected in table 11 and the representative van’t Hoff plot for mixed-ligand complexes (log
K versus 1/T) is displayed in figure 5. (d) In M–CTZ–Ala mixed-ligand systems, the stabil-
ity constant values decrease with increase in temperature as shown in figure 5. (e) For the
same ligand at constant temperature, the stability of the chelates increases in the order
Cu2+ > Ni2+ > Co2+ [102]. This order largely reflects the changes in the heat of complex
formation across the series from a combination of the influence of both the polarizing abil-
ity of the metal ion [103] and the crystal field stabilization energies [100]. (f) All values of
ΔG for complexation are negative (table 11), indicating that the chelation process proceeds
spontaneously. (g) The negative values of ΔH° show that the chelation process is exother-
mic, indicating that the complexation reactions are favored at low temperature. (h) Release
of solvent from the systems leads to a stable metal–ligand chelation and hence, there is a
large positive ΔS. (i) The complexation of CTZ with M(II) ion in the presence of Ala is
entropically favorable (table 11). (j) It is generally noted that −ΔG1 > −ΔG2° and
−ΔH1 > −ΔH2° (table 11), attributed to steric hindrance produced by the second molecule.

3.9. Biological activity

To assess the biological potential of the synthesized compounds, CTZ and its metal
complexes were tested against different species of bacteria and fungi. All of the tested com-
pounds showed activity against different types of gram-positive (Bacillus subtillis RCMB
010067, Staphylococcus aureus RCMB 010028) and gram-negative bacteria (Pseudomonas
aeuroginosa RCMB 010043, Escherichia coli RCMB 010052) and (Aspergillus flavus
RCMB 02568, Pencicillium italicum RCMB 03924, Candida albicans RCMB 05031,
Geotricum candidum RCMB 05097) fungus. The data are listed in tables 12 and 13. On
comparing the biological activity of CTZ and its metal complexes, the following results are
obtained: (1) CTZ and its metal complexes have no biological activity against Pseudomonas
aeuroginosa. (2) Antibacterial activity of metal complexes follow the order Ni(II) > Cu(II)
> Co(II) (figure 6). (3) The activity index for Ni(II) complex is 77.13, 69.14, and 83.94%
toward Escherichia coli RCMB010052; Bacillus subtillis RCMB010067, and Staphylococ-
cus aureus RCMB010028, respectively. (4) The tested complexes were more active against
gram-positive than gram-negative bacteria. Gram-positive bacteria possess a thick cell wall
containing many layers of peptidoglycan and teichoic acids, but in contrast, gram-negative
bacteria have a relatively thin cell wall consisting of a few layers of peptidoglycan sur-
rounded by a second lipid membrane containing lipopolysaccharides and lipoproteins.
These differences in cell wall structure can produce differences in antibacterial susceptibility
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[33, 53, 104]. (5) The synthesized complexes were more toxic compared with CTZ against
the same micro-organism under the same experimental conditions. The increase in
biological activity of the metal chelates may be due to the effect of the metal ion on the
normal cell process. A possible mode of toxicity increase may be considered in the light of
Tweedy’s chelation theory [105]. Also, it is proposed that the action of the toxicant is
denaturation of one or more proteins of the cell, impairing normal cellular process [106].
These results agree with similar studies for mixed-ligand complexes [33, 107–109]. (6)
Antifungal activity of CTZ and its metal complexes is not observed toward Candida
albicans RCMB010067. (7) Ni(II) complex showed higher antifungal activity among the
synthesized complexes against all selected types of fungi (figure 7). (8) The activity index
for Ni(II) complex is 83.12, 78.70, and 74.22% toward Aspergillus flavus RCMB010043,
Pencicillium italicum RCMB010052, and Geotricum candidum RCMB010028, respectively.
(9) Ni(II) complex is the most promising broad spectrum antimicrobial complex versus
Aspergillus flavus RCMB010043 and Staphylococcus aureus RCMB010028 with activity
index of 83.1 and 83.94%, respectively, while Co(II) complex has the lowest antimicrobial
activity antimicrobial complex among the synthesized complexes versus Geotricum
candidum RCMB010028 and Staphylococcus aureus RCMB010028 with activity index of
53.31% and 43.43%, respectively. (10) Cu(II) complex has moderate biological activity
versus Staphylococcus aureus RCMB010028 and Pencicillium italicum RCMB010052 with
activity index of 56.93% and 70.87%, respectively.

Table 12. Antibacterial activity and activity index of M(II)–CTZ–Ala complexes.

Compounds

Bacterial species

G− G+

Pseudomonas
aeuroginosa
RCMB010043

Escherichia coli
RCMB010052

Bacillus subtillis
RCMB010067

Staphylococcus
aureus

RCMB010028

Zone (mm)a
Activity
index

Zone
(mm)

Activity
index

Zone
(mm)

Activity
index

Zone
(mm)

Activity
index

CTZ NA – 8.6 ± 0.6 38.57 12.6 ± 0.3 37.84 10.5 ± 0.2 38.36
Cu–CTZ–Ala NA – 11.8 ± 0.5 52.91 13.9 ± 0.3 42.90 15.6 ± 0.4 56.93
Ni–CTZ–Ala NA – 17.2 ± 0.3 77.13 22.4 ± 0.6 69.14 23.0 ± 0.4 83.94
Co–CTZ–Ala NA – 10.4 ± 0.6 46.64 14.9 ± 0.6 45.99 12.6 ± 0.4 43.43
Standardb 17.3 ± 0.15 22.3 ± 0.2 – 32.4 ± 0.1 – 27.4 ± 0.2 –

aZone: Diameter of inhibition zone in mm; bStandard: Gentamicin and Ampicillin for G− and G+ bacterial species, respectively.

Table 13. Antifungal activity and activity index of M(II)–CTZ–Ala complexes.

Compounds

Fungal species

Aspergillus flavus
RCMB010043

Pencicillium italicum
RCMB010052

Candida albicans
RCMB010067

Geotricum candidum
RCMB010028

Zone
(mm)a

Activity
index

Zone
(mm)

Activity
index

Zone
(mm)

Activity
index

Zone
(mm)

Activity
index

CTZ 12.4 ± 0.4 52.41 14.6 ± 0.6 63.48 NA – 14.4 ± 0.3 50.17
Cu–CTZ–Ala 15.8 ± 0.3 66.67 16.3 ± 0.2 70.87 NA – 17.8 ± 0.4 62.02
Ni–CTZ–Ala 19.7 ± 0.3 83.12 18.1 ± 0.2 78.70 NA – 21.3 ± 0.4 74.22
Co–CTZ–Ala 14.6 ± 0.4 63.16 13.2 ± 0.7 57.39 NA – 15.3 ± 0.5 53.31
Standardb 23.7 ± 0.1 – 21.9 ± 0.1 – 19.8 ± 0.20 – 28.7 ± 0.2 –

aZone: Diameter of inhibition zone in mm; bStandard: Amphotericin for fungal species.
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3.9.1. Antibacterial activity and physicochemical properties of the synthesized
compounds. SAR studies suggest an inverse correlation between the dipole moment and
the activity of complexes against bacterial species. As dipole moment decreases the polarity
decreases and in turn the lipophilic nature of the compound increases, which favors perme-
ation through the lipid layer of the micro-organism [110]. From the data given in table 7,
[Ni(CTZ)(Ala)(H2O)] has a lower dipole moment (μ = 2.41), thus it has a more lipophilic
nature and a higher biological activity than the other complexes. The lipophilicity of the M
(II) complexes obeys this order: [Ni(CTZ)(Ala)(H2O)] > [Cu(CTZ)(Ala)(H2O)] > [Co(CTZ)
(Ala)(H2O)]·H2O, indicating lower values of dipole moment contribute to higher antibacte-
rial activity.

Figure 6. Antibacterial activity of M–CTZ–Ala complexes.

Figure 7. Antifungal activity of M–CTZ–Ala complexes.
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[Ni(CTZ)(Ala)(H2O)] (2) (HOMO = −8.95), which presented the lowest value of
HOMO, showed the highest activity against the selected types of bacterial and fungal
species [111].

4. Conclusion

The present article reports synthesis and characterization of M–CTZ–Ala complexes. The
synthetic procedure in this work resulted in the formation of complexes in the molar ratio
(1 : 1 : 1) (M : CTZ : Ala). In these complexes, the cetirizine is a monodentate negatively
charged ligand coordinated to metal ion through the carboxylate oxygen. The alanine is a
bidentate negatively charged ligand coordinated to metal ion through the carboxylate
oxygen and amino groups. The complexes are nonelectrolytes with square-planar geometry
around M(II). Stability of the mixed-ligand complexes is mainly affected by the characteris-
tics of Ala. The less negative Δlog K and more positive log X values indicate the stabilities
of these mixed-ligand complexes. The biological activities of the isolated metal chelates
were screened against different types of bacteria and fungi. CTZ and the complexes
inhibited the growth of tested bacteria to varying degrees, more pronounced when
coordinated to the metal ions. The antibacterial activity of all the complexes follow the
order Ni(II) > Cu(II) > Co(II), suggesting metal chelation significantly affects the antimicro-
bial behavior. The metal complexes exhibit antimicrobial properties with enhanced
inhibitory activity compared to the parent ligand under identical experimental conditions.
The antibacterial activity has been explained on the basis of chelation theory. The
complexes were more active against gram-positive than gram-negative bacteria. It may
be concluded that antibacterial activity of the compounds is related to cell wall structure of
the bacteria. The Ni(II) complex is the most promising potent broad spectrum antimicrobial
compound among the complexes.
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