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Abstract Metal complexes of Schiff base (H2L) prepared from condensation reaction of

o-phenylenediamine and 6-formyl-7-hydroxy-5-methoxy-2-methylbenzopyran-4-one with metal

ions: Mn(II), Co(II), Ni(II) and Cu(II) were synthesized. Different analysis tools such as elemental

analyses, mass spectra, Fourier transform infrared (FTIR), thermal analysis, conductivity, elec-

tronic spectra and magnetic susceptibility measurements are all used to elucidate the structure of

the prepared metal complexes. The ligand behaves as a monobasic bidentate in case of mononuclear

NiAHL and CoAHL complexes and acts as dibasic tetradentate in binuclear Mn2AL and Cu2AL

complexes. All formed complexes are non-electrolytes. The thermal decomposition of Mn2AL and

CoAHL complexes was studied by thermogravimetry/derivative thermogravimetry (TG/DTG). The

Schiff base and its complexes were screened for antibacterial activities. The Mn2AL Complex has

the highest antimicrobial activity among the complexes almost close to that of the standard.

Density Functional Theory (DFT) calculations at the B3LYP/3-21G level of theory have been car-

ried out to investigate the equilibrium geometry of the ligand. The optimized geometry parameters

of the complexes were evaluated using LANL2DZ basis set. Moreover, total energy, energy of

HOMO and LUMO and Mullikan atomic charges were calculated. In addition, dipole moment

and orientation have been performed.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Schiff bases which are derived from the condensation reaction
of an amino and carbonyl compounds are considered as an

important class of ligands that coordinate to metal ions via
azomethine nitrogen. The chemistry of carbon–nitrogen dou-
ble bond plays a vital role in the progress of chemical science

(Gaur, 2003). Schiff bases have a wide applications in many
fields such as food industry, dye industry, analytical chemistry,
olecular
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catalysis, fungicidal, agrochemical and biological activities
(Brodowska and odyga-Chruścińska, 2014; Wang et al.,
1991). The complexes of Schiff bases especially transition

metal complexes are the most important stereochemical mod-
els in coordination chemistry due to their preparative accessi-
bility and structural variety (Bolos et al., 1998; Keypour

et al., 2009; Kuźmin et al., 2005). Metal based Schiff bases
have important application in medicinal chemistry (Liu
et al., 2008; Yıldırım et al., 2007; Abu-Dief and Mohamed,

2015).
Formyl chromone (benzopyran-4-one) Schiff bases have

been the center of attraction for many workers in the current
research due to their miscellaneous activities (Di Braccio

et al., 2003; Kumar and Koh, 2012; Martens and Mithöfer,
2005). Chromones are naturally occurring compounds which
are able to cause cytotoxic effect in various types of cells.

They are widely known to have anticancer, antioxidant,
antiproliferative, anti HIV, anti-inflammatory and many other
activities.

Density Function Theory (DFT) calculations have been
carried out to give a systematic theoretical studies and to com-
pare the experimental and calculated results. A limited number

of DFT investigations have been carried out on Schiff bases
complexes.

Through our continuation to the previously performed
work on (chromone) benzopyran-4-one Schiff bases (Sherif

and Abdel-Kader, 2014) we report here the preparation and
characterization of Mn(II), Co(II), Ni(II) and Cu(II) metal
ion complexes of Schiff base derived from condensation of

o-phenylenediamine and 6-formyl-7-hydroxy-5-methoxy-2-me
thylbenzopyran-4-one, Scheme 1. Their structures have been
characterized by several tools of analysis. The thermal decom-

position of Mn2AL and CoAHL complexes was studied by
thermogravimetry/derivative thermogravimetry (TG/DTG).
The studies were supported by DFT calculations. The ground

state properties and bonding characteristics of the ligand and
its complexes were performed using DFT at the B3LYP/
3-21G for the ligand and B3LYP/LANL2DZ for its com-
plexes. The Schiff base and its complexes were screened for

antibacterial activities using disk-agar diffusion method.

2. Experimental details

All chemicals used in this investigation were chemically pure
grade. They included copper (II) acetate (Cu(CH3COO)2ÆH2O),
nickel (II) perchlorate (Ni(ClO4)2Æ6H2O), cobalt (II) acetate

(Co(CH3COO)2Æ6H2O), manganese (II) chloride (MnCl2Æ4H2O)
(Aldrich), visnagin (Memphis Company for Pharmaceutical
and Chemical Industry), potassium dichromate (K2Cr2O7),

sodium carbonate (Na2CO3), o-phenylenediamine, sodium
hydroxide (NaOH), nitric, hydrochloric and sulfuric acids
(El-Nasr Pharmaceutical Chemicals, Adwic). The organic
Scheme 1 Schiff base H2L.
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solvents used included ethanol, dimethylformamide (DMF)
and dimethylsulfoxide (DMSO). All these solvents were either
spectroscopic pure grade solvents from BDH or purified with

the recommended methods (Vogel et al., 1989).

2.1. Analysis and physical measurements

Carbon, hydrogen and nitrogen were analyzed by standard
microanalysis methods using Automatic analyzer CHNS
Vario EL III-Elementar, Germany at Microanalytical center,

Cairo University, Giza, Egypt. Mass spectra of the complexes
were performed using GC-2010 Shimadzu at Microanalytical
center, Cairo University, Giza, Egypt. FTIR spectra were

obtained with KBr disk technique using test scan Shimadzu
FTIR spectrometer. The spectra were collected in the range
400–4000 cm�1. Molar conductivity of 10�3 mol/L solutions
of the complexes in DMF was measured on the conductivity

meter ORION model 150 of 0.6 cell constant. Thermal analysis
of Mn2AL and CoAHL complexes was carried out using
TG-50 Shimadzu Thermal Analyzer from ambient tempera-

ture to 1000 �C at a heating rate 10 �C min�1 in dry nitrogen
atmosphere at a flow rate of 30 mL min�1 in platinum crucible.
The molar Magnetic susceptibility of the chelates was

measured at room temperature on prepared samples using a
magnetic susceptibility Cambridge England Sherwood
Scientific. The effective magnetic moments were calculated
from the expression leff = 2.828(XM Æ T)1/2 B.M., where XM

is the molar susceptibility corrected using Parcel’s constants
for diamagnetism of all atoms in the compounds (Emeleus
and Sharpe, 1974). The electronic absorption spectra in

DMF were measured using automated UV/Vis–NIR 3101
PC Shimadzu spectrophotometer ranged from 200 to
900 nm. The metal content in the prepared chelates was deter-

mined by the following wet digestion technique. This is
performed by weighing 20–25 mg of the metal chelate, and
adding 5 mL of concentrated nitric acid, followed by 5 mL

hydrogen peroxide. The solution was heated gently to fumes
and then boiled until the solution becomes clear, excess of
H2O2 was added if necessary then the solution was diluted with
little double distilled water and neutralized with sodium

hydroxide solution to pH 5.5 and the metal content was
determined by the recommended method (Macdonald and
Sirichanya, 1969).

2.2. Synthesis of metal complexes

The solid complexes were prepared by the addition of a hot

ethanolic solution containing one mmol of Cu(CH3COO)2Æ
H2O (199 mg), Ni(ClO4)2Æ6H2O (366 mg), Co(CH3COO)2Æ
6H2O (285 mg) or MnCl2Æ4H2O (198 mg) to 10 mL ethanolic

solution containing one mmol (540 mg) of the Schiff base
H2L, m.p. 300 �C (Literature m.p. is 300 �C, (Amin et al.,
2012)), Scheme 1, which was synthesized as previously
described (Amin et al., 2012). The solution was stirred on a

water bath for 2 h during which the metal complex precipi-
tated. The resulting complexes were filtered out and washed
thoroughly with successive portions of hot ethanol followed

by petroleum ether until the filtrate becomes colorless. The
obtained complexes were kept in a vacuum desiccator over
anhydrous calcium chloride. The complexes are air stable in

the solid state and soluble in DMF or DMSO.
spectroscopic studies, thermal analysis and biological activity of supramolecular
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2.3. Biological activity measurement

The antibacterial activities of the Schiff base and its complexes
were investigated using the conventional disk-agar diffusion
method (El-Gaby, 2004). The activity of the tested samples

was studied against the Staphylococcus aureus and Bacillus sub-
tilis as gram-positive bacteria (G+) and Pseudomonas aerugi-
nosa and Escherichia coli as gram-negative bacteria (G�) at
20 mg/mL concentration. The bacterial strains were cultured

on nutrient agar media. The broth media of bacteria were incu-
bated for 24 h with subsequent filtering of the culture through
a thin layer of sterile glass G2. 50 mL of agar media was seeded

with 1.00 mL of bacteria and poured into Petri dishes and
cooled down to room temperature.

The tested compounds were dissolved in DMSO (which has

no inhibition activity) with different concentrations. Sterile
uniform size 8 mm diameter filter paper disks (3 disks per com-
pound) were dipped into the dissolved tested compounds and

carefully placed on surface of the seeded agar plate. After incu-
bation for 24 h at 37 �C, the diameter of inhibition zone sur-
rounding each disk was measured and used to calculate the
mean of inhibition zones. Ampicillin was used as antibacterial

standard agent.

2.4. Molecular orbital calculations

In this section, we try to explore the optimized geometrical
parameters (bond lengths, bond angles and dihedral angles),
net charges on active centers and energetic of the ground state

for the ligand (H2L) and its complexes with Mn(II), Co(II),
Ni(II) and Cu(II).

In all calculations, Density Functional Theory (DFT) used
at the B3LYP level (Becke, 1993), 3-21G (McGrath and

Radom, 1991) as a basis set for the ligand and LANL2DZ
(Hay and Wadt, 1985) as basis set for the complexes. All cal-
culations were performed using G09 W program (Frisch

et al., 2009).

3. Results and discussion

The microanalytical data (C, H, N and metal contents) and
some physical properties of the ligand (H2L) and its complexes
are listed in Table 1. These complexes are stable in air, non-

hygroscopic and have high melting point (>300 �C), and they
are easily soluble in DMF, DMSO and slightly soluble in non-
polar solvents. The analytical data are in good agreement with

the proposed stoichiometry of the complexes. The obtained
data for the complexes confirm the results (1:1) (M:L) stoi-
chiometry for NiAHL and CoAHL and (2:1) (M:L) for
Cu2AL and Mn2AL complexes. The molar conductance values

of the complexes at room temperature in DMF are much lower
than the values reported for the (1:1) electrolytes in the same
solvents (Geary, 1971), indicating their non-electrolytic nature.

3.1. Mass spectra of metal complexes

The mass spectra were measured in order to confirm the com-

position and to support the identity of the structure of the pre-
pared metal complexes, Fig. 1. The mass spectra of
mononuclear complexes revealed the molecular ion peak at

m/z 772 (calcd. 722.30) and 686 (calcd. 686.51) for
spectroscopic studies, thermal analysis and biological activity of supramolecular
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Figure 1 Mass spectra of the metal complexes.
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[NiÆHLÆOH�Æ3H2O]Æ3H2O and [CoÆHLÆOH�Æ3H2O]ÆH2O,

respectively. In case of binuclear complexes their molecular
ion peeks are in agreement with their calculated formulae
[Mn2ÆLÆ2Cl�Æ6H2O]ÆH2O and [Cu2ÆLÆ2OH�Æ2H2O]Æ2H2O at

m/z 845 (calcd. 845.39) and 771 (calcd. 771.67),
respectively.
Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
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3.2. FTIR spectra

Table 2 shows the infrared band assignments of Schiff base
(H2L) and its metal chelates.

IR spectra of the complexes were compared with that of the
free Schiff base in order to show the bonding sites in the ligand
spectroscopic studies, thermal analysis and biological activity of supramolecular
16/j.arabjc.2015.07.008
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Table 2 Assignment of IR-bands of Schiff base (H2L) and its metal chelates.

Compound �m, cm�1

m(C‚O)benzopyrone m(C‚N)azomethine m(CAO)phenolic mOH mMAO mMAN

H2L 1675, 1658 1636 1167 3432 – –

[NiÆHLÆOH�Æ3H2O]Æ3H2O 1668, 1640 1589 1245 3422 517 430

[CoÆHLÆOH�Æ3H2O]ÆH2O 1667, 1640 1593 1242 3420 517 423

[Cu2ÆLÆ2OH�Æ2H2O]Æ2H2O 1657, 1640 1589 1241 3420 511 455

[Mn2ÆLÆ2Cl�Æ6H2O] H2O 1656, 1640 1582 1257 3421 542 488
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Figure 2 Electronic absorption spectra of Schiff base and its

complexes.

Table 3 Electronic absorption bands and magnetic moments

of the Schiff base and its metal chelates.

Compounds m cm�1 B.M.

H2L 29,412, 25,641 –

[Cu2ÆLÆ2OH�Æ2H2O]Æ2H2O 27,778, 23,474 2.76

[NiÆHLÆOH�Æ3H2O]Æ3H2O 30,675, 22,026, 25,773 3.33

[CoÆHLÆOH�Æ3H2O]ÆH2O 30,581, 23,041 4.37

[Mn2ÆLÆ2Cl�Æ6H2O] H2O 28,985, 26,316 10.14

Supramolecular Schiff base complexes 5
that may be involved in the chelation. The discussion was
focused on the most important bands m (C‚O)benzopyrone, m
(C‚N)azomethine, m (OH) and m (CAO)phenolic in the IR
spectrum of the free Schiff base.

The metal complexes contained all the bands from the

ligand and also other bands indicative of the coordination of
the ligand with the metal ions.

The carbonyl stretching vibration m (C‚O)benzopyrone of

two benzopyran-4-one moieties appeared as two bands in the
range 1675–1658 cm�1 in the IR spectrum of the ligand
(Amin et al., 2012). These bands shifted to lower wave number
after complexation due to the perturbing effect of the coordi-

nated metal ions. The shift in binuclear complexes is different
from that of mononuclear complexes. In binuclear complexes,
the band appears as doublet at lower wave number, Table 2,

while in mononuclear complexes, the m (C‚O)benzopyrone
appears as two bands. This means that the coordination of
Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
Schiff base complexes. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.10
metal ion to AC‚NA in one side affects the carbonyl of this
side, while m (C‚O)benzopyrone of the unchelated side is slightly

changed. However, the band due to m (C‚N)azomethine at
1636 cm�1 in the spectrum of the free ligand shifted to lower
frequency (43–54 cm�1) and interfered with the band of

stretching frequency of C‚C in all the metal complexes.
This indicates the participation of this group in the complexa-
tion (Bradley et al., 1981). This is supported by the appearance

of new band in the spectra of all complexes at 423–488 cm�1

which is attributed to mMAN stretching (Bradley et al.,
1981). The shift, Table 2, occurs in the band at 1167 cm�1

(Amin et al., 2012) due to m (CAO)phenolic refers to the coordi-

nation through the oxygen of the hydroxyl group in position
seven of the benzopyran-4-one moiety and the formation of
CAOAM bond (Bellamy, 1975; Saraswat et al., 1977). In the

low frequency region, new band observed in the FTIR spectra
of all chelates in the region 511–542 cm�1 may be attributed to
mMAO (Rao, 1963). This in turn, confirms the bond formation

between the metal ion and the oxygen of phenolic group of the
benzopyran-4-one ring.

The broad band at 3420–3422 cm�1 in the IR spectra of all
complexes could be attributed to the stretching vibrations of

water molecules (Junnosuke et al., 1956; Kemp, 1978). The
band at 876–886 cm�1 in the FTIR spectra of the complexes
is due to the OH bending of the coordinated water molecules.

This confirms the presence of the coordinated water molecules
(Nakamoto, 1986).
3.3. Electronic absorption spectra and Magnetic susceptibility
measurements

The electronic absorption spectra of the metal complexes in

dimethylformamide (DMF) are shown in Fig. 2. The electronic
absorption spectrum of Schiff base H2L as discussed before
(Amin et al., 2012) exhibits a band at 390 nm (25,641 cm�1)
which is due to an intramolecular charge transfer (CT transi-

tion) involving the whole molecule. Another shoulder appears
at 340 nm (29,412 cm�1) in the spectrum of free Schiff base
which can be assigned due to the p–p* transition within the

azomethine (CH‚N) chromophore group (Downing and
Urbach, 1969). A bathochromic shift of charge transfer band
is observed in the electronic spectra of Cu2AL and Mn2AL

complexes at 27,778 and 28,985 cm�1, respectively, while hyp-
sochromic shift is observed in the spectra of NiAHL and
CoAHL complexes at 30,675 and 30,581 cm�1, respectively.

This shift confirms the participation of nitrogen atom of
azomethine group in the complexation (Sönmez and Sekerci,
2002). The electronic spectra of all complexes show bands in
the range of 23,041–26,316 cm�1, Table 3, which may be
spectroscopic studies, thermal analysis and biological activity of supramolecular
16/j.arabjc.2015.07.008
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mainly due to LMCT transition. The electronic spectrum of
NiAHL complex shows an additional band at 25,773 cm�1

attributed to 3A2g fi 3T1g(P) transition (Patil et al., 2013)

which indicates an octahedral geometry around Ni(II) ion.
The magnetic moment value of the binuclear complex (2:1)

(M:L) Cu2AL complex is 2.76 B.M (1.38 B.M. per metal ion)

and this leff is consistent with the proposed square planar
geometry for the Cu(II) complex (Chohan and Jaffery,
2000). On the other hand, the magnetic moment of NiAHL

complex was (3.33) B.M. This value is within the range (2.9–
3.3 BM), found for paramagnetic complex of Ni(II) with octa-
hedral geometry (Nicholls, 1973; Jha and Mukharjee, 2007).
The room temperature magnetic moment of the solid cobalt

(II) complex lie at 4.37 B.M., indicating the presence of three
unpaired electrons (Earnshaw, 1968) in high spin octahedral
environment (Chavan et al., 2011; Gudasi et al., 2006) which

is in good agreement with the octahedral range 4.3–5.2 BM
(Hankare et al., 2004a,b). In addition, the binuclear Mn2AL
complex shows high spin paramagnetic moment of 10.14 B.

M. (5.07 B.M. per metal ion) corresponding to the presence
of five unpaired electrons in an octahedral environment
(Thakor et al., 2010).

3.4. Thermogravimetric analysis

Thermogravimetric analyses data, Table 4, were measured
from ambient temperature to 1000 �C at a heating rate of

10 �C/min. The TG/DTG curves of CoAHL and Mn2AL com-
plexes are shown in Fig. 3. The first decomposition step was
observed in the TG curve of CoAHL complex within the tem-

perature range of 23–100 �C appeared as peak at 50 �C in
DTG curve corresponds to the loss of one hydration water
molecule with mass loss of 2.73% (calcd. 2.62%). The second

step of decomposition in the region 100–178 �C corresponds to
Table 4 Thermogravimetric analysis data of Mn2AL and CoAHL

Chelates Dehydration stage Dec

Temp. range %Weight loss Tem

Calcd. Found

[CoÆHLÆOH�Æ3H2O]ÆH2O 23–100 2.62 2.73 100–

[Mn2ÆLÆ2Cl�Æ6H2O]ÆH2O 20–72 2.13 2.08 72–1

a Metal carbonate residue.

Figure 3 TG/DTG curves of Mn

Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
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the loss of three coordinated water molecules with mass loss of
7.68% (calcd. 7.87%). This step appeared as peak at 157 �C in
the DTG curve of this complex. The loss of organic moiety

occurs at the temperature range of 178–819 centered at
475 �C. The complex completes its gradual decomposition till
the stable cobalt oxide is formed as a final product above

819 �C.
The thermal decomposition for this complex can be formu-

lated as follows:

½Co �HL �OH� � 3H2O� �H2O ����!
23–100

�
C½Co �HL �OH� � 3H2O�

½Co �HL �OH� � 3H2O� ����!
100–178

�
C½Co �HL �OH��

½Co �HL �OH�� ����!Loss of organic part

178–819
�
C

CoO

On the other hand, the loss of one lattice water molecule,
mass loss of 2.08% (calcd. 2.13%), occurs at the temperature
range of 20–72 �C and appeared as peak at 51 �C in the

TG/DTG curve of Mn2AL complex. The mass loss of
12.92% (calcd. 12.78%) in the range 72–159 �C, DTG peak
at 100 �C, is due to the elimination of six coordinated water
molecules from this complex. The chloride ion was eliminated

in the 159–243 �C range (Gaber and Al-Shihry, 2004) with
mass loss 8.33, calcd. (8.39%). The organic part decomposes
in the range 243–820 �C with DTG peak at 514 �C to give

the manganese carbonate, MnCO3 as a final product.
On this basis, the thermal decomposition for Mn2AL com-

plex can be formulated as follows:

½Mn2 � L � 2Cl� � 6H2O�H2O ����!
20–72

�
C ½Mn2 � L � Cl� � 6H2O�

½Mn2 � L � 2Cl� � 6H2O� ����!
72–159

�
C½Mn2 � L � 2Cl��
complexes.

oordination stage Metal residue%

p. range %Weight loss Temp. (�C) Calcd. Found

Calcd. Found

178 7.87 7.68 819 10.91 10.90

59 12.78 12.92 820 27.19a 26.25a

2AL and CoAHL complexes.

spectroscopic studies, thermal analysis and biological activity of supramolecular
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½Mn2 � L � 2Cl�� ����!
159–243

�
C½Mn2 � L�

½Mn2 � L� ����������!
Loss of organic part

243–820
�
C

½MnCO3�

According to elemental analyses data, interpretation of IR

spectra, thermal analyses, conductivity, electronic spectra and
magnetic susceptibility measurements, it may be concluded
that the metal ions coordinated to the Schiff base (HL�) via

the azomethine nitrogen atom and the oxygen of the deproto-
nated hydroxyl group in case of (1:1) (M:L) NiAHL and
CoAHL complexes, so the ligand behaves as a monobasic

bidentate, Scheme 2. On the other hand, Cu(II) and Mn(II)
ions were bonded to L2� ligand through the two C‚N groups
and the two oxygen of the deprotonated hydroxyl groups to
form binuclear (2:1) (M:L) complexes in which the ligand acts

as dibasic tetradentate, Scheme 3.
Scheme 2 The proposed structures of (a

Scheme 3 The proposed structures of (a

Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
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3.5. Geometrical parameters of the ligand

The optimized structure of the ligand is shown in Fig. 4 with
numbering of the atoms. The energies of the ground state
and the dipole moment computed by B3LYP/3-21G for H2L

are presented in Table 5.
The computed energy gap Eg (ELUMO � EHOMO) is an

important stability indicator that helps to characterize the
chemical reactivity and kinetic stability of the molecule

(Rakha et al., 2014). As the Eg decreases the reactivity
increases and the amount of electronic charge transfer from
the ligand to the central metal ion increases i.e. it easily

offers electrons to an acceptor. Low value of energy gap is
also due to the groups that enter into conjugation (Rakha
et al., 2014). Accordingly, the ligand L2� is more reactive

than HL�, as reflected from the energy gap values, by
0.215 eV (5.8 kcal). Thus, L2� ligand can act as a
) NiAHL and (b) CoAHL complexes.

) Cu2AL and (b) Mn2AL complexes.

spectroscopic studies, thermal analysis and biological activity of supramolecular
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H2L 

HL-

L2-

Figure 4 The optimized geometry, vector of dipole moment and numbering system for H2L using B3LYP/3-21G.
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tetradentate ligand and interacts with two metal ions to
form binuclear metal complexes in case of Cu2AL and
Mn2AL. From the computed net charge on the active cen-

ters, Table 6, noting that the most negative centers are
O7, O35, N9 and N17 hence, the ligand bonded through
these active centers.
Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
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3.6. Geometrical parameters of the complexes

Tables 5–8 give the values of the energies, dipole moment,
energy gap, energy of HOMO and LUMO, net charge on
active centers, bond lengths and bond angles of all the

complexes under study.
spectroscopic studies, thermal analysis and biological activity of supramolecular
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Table 5 Ground state properties of the ligand and its metal complexes using B3LYP/3-21G for ligand and B3LYP/LANL2DZ for

complexes.

Parameter HL� L2� NiAHL CoAHL Cu2AL Mn2AL

ET, au �1858.061 �1857.408 �2342.060 �2317.599 �2564.309 �2563.290
EHOMO, au �0.0777 0.0282 �0.1603 �0.1710 �0.1025 �0.1108
ELUMO, au 0.0490 0.1470 �0.0870 �0.0825 �0.0631 �0.0698
Eg, eV

a 3.446 3.231 1.994 2.407 1.071 1.115

l, D 4.061 6.236 9.576 9.052 3.829 10.080

a Eg = ELUMO � EHOMO.

Table 6 The net charge on active centers of ligand and its complexes.

Center HL�1 L2� NiAHL CoAHL Cu2AL Mn2AL

O7 �0.694 �0.575 �0.380 �0.379 �0.679 �0.771
N9 �0.529 �0.514 �0.354 �0.309 �0.569 �0.486
N17 �0.554 �0.544 �0.455 �0.420 �0.564 �0.570
O35 �0.646 �0.551 �0.456 �0.366 �0.683 �0.705
M1 0.342 0.294 0.826 0.205

M2 0.803 0.291

M1(H2O)

MAO13 �0.684 �0.707
MAO14 �0.684 �0.679
MAO16 �0.509 �0.474
MAO68 �0.978
MAO67 �0.889
MAO81 �0.916
MAO65 �0.903
M1(OH)�

MAO15 �0.630 �0.638
MAO72 �0.991
M2(H2O)

MAO65 �1.015
MAO74 �0.945
MAO72 �0.908
MAO63 �0.928
M2(OH)

MAO68 �1.025
L fi M1 1.658 1.706 1.174 1.795

L fi M2 1.197 1.709
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In addition, Figs. 5 and 6 represent the optimized geometry,
numbering system and the vector of the dipole moment for
metal complexes using B3LYP/LANL2DZ. In complexes of

CoAHL and NiAHL, the metal coordinates with N9 and O7
while in Cu2AL and Mn2AL with N9, O7, N17 and O35.

The geometric changes that are observed in the ligand moi-
ety itself are interesting. Thus, most of bonds show elongation

upon complexation with the metal ions. From the analysis of
the data calculated for the bond lengths, Table 7, one can con-
clude that C8AN9, C3AO7, C24AN17 and C29AO35 bond

lengths become longer in all complexes, as the coordination
takes place via N atoms of the (C‚N)azomethine and the oxygen
of the deprotonated hydroxyl groups (El-Gammal, 2010). This

finding is due to the formation of the MAO and MAN bonds
which make the CAO and CAN bonds weaker (El-Gammal,
2010). The bonds between M and the ligand sites in the com-

plexes i.e. MAN and MAO are long, 1.874 Å for NiAN9,
1.800 Å for NiAO7, 1.924 Å for CoAN9, 1.846 Å for
CoAO7, 1.862 Å for CuAN9, 1.921 Å for CuAO7, 1.902 Å
Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
Schiff base complexes. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.10
for Mn-N9 2.151 Å for MnAO7, 1.850 Å for CuAN17,
1.931 Å for CuAO35, 2.018 Å for MnAN17 and 2.215 Å for
MnAO35 compared to the typical MAX bond lengths which

have the values CuAO 1.62 Å, CuAN 1.66 Å and NiAN
1.44 Å (Armelao et al., 2010). The long MAO and MAN
bonds in the complexes mean that the ionic character of these
bonds is small. Also, the charge on the metal ion in the com-

plex is much less than 2 in Co(II), Ni(II), Cu(II) and Mn(II).
Hence, the comparison between the calculated
B3LYP/LANL2DZ and the typical M(II)AN and M(II)AO

is not very precise. The bond angles of the Schiff base moiety
are altered relatively upon coordination but the angles around
the metal vary upon changing the metal center. This change

affects the other angles, Table 8, which are reduced or
increased on complex formation as a consequence of bonding.
The bond angles confirm that the NiAHL, CoAHL and

Mn2AL complexes are distorted octahedral with two water
molecules occupying the axial positions and the other water
molecule and the OH� or Cl�, required to complete the
spectroscopic studies, thermal analysis and biological activity of supramolecular
16/j.arabjc.2015.07.008

http://dx.doi.org/10.1016/j.arabjc.2015.07.008


Table 7 The optimized bond length, Å, for ligand using

B3LYP/3-21G and for complexes using B3LYP/LANL2DZ.

Bond

length (Å)

HL� L2� NiAHL CoAHL Cu2AL Mn2AL

C10AC11 1.403 1.408 1.431 1.400 1.421 1.575

C10AN9 1.402 1.410 1.449 1.413 1.424 1.533

C8AN9 1.255 1.266 1.404 1.330 1.320 1.422

C4AC8 1.476 1.465 1.408 1.420 1.424 1.471

C3AC4 1.413 1.462 1.425 1.426 1.449 1.518

C3AO7 1.321 1.238 1.318 1.331 1.320 1.406

C11AN17 1.406 1.411 1.500 1.393 1.421 1.517

C24AN17 1.264 1.270 1.609 1.479 1.324 1.490

C24AC25 1.464 1.458 1.494 1.446 1.421 1.499

C25AC29 1.442 1.467 1.402 1.406 1.448 1.489

C29AO35 1.268 1.233 1.406 1.403 1.321 1.414

MAN9 1.874 1.924 1.862 1.902

MAO7 1.800 1.846 1.921 2.151

MAN17 1.850 2.018

MAO35 1.931 2.215

M(H2O)

MAO13 2.889 2.254 3.385 2.013

O14 2.065 2.099 2.095

O16 1.975 1.926 2.112

M(OH)

MAO15 1.740 1.798 1.852

M2(H2O) 2.319

MO51 2.044

MO63 2.388

MO72 2.186

M2(OH) 1.839

Table 8 The optimized bond angles, degrees, for ligand using

B3LYP/3-21G and for complexes using B3LYP/LANL2DZ.

Bond

angle (�)
HL� L2� NiAHL CoAHL Cu2AL Mn2AL

<C10 N9

C8

125.9 120.0 118.9 120.0 119.8 122.5

<N9 C8

C4

118.9 125.9 128.8 125.9 126.1 129.2

<C8 C4

C3

118.4 120.7 119.8 122.3 121.8 129.6

<C4 C3

O7

120.5 124.6 121.5 122.3 122.8 123.3

<C10

C11 N17

118.1 121.3 144.9 136.3 120.5 124.0

<N17

C24 C25

124.8 119.0 123.3 123.9 126.8 138.9

<C24

C25 C29

122.3 121.8 132.8 124.1 122.9 129.3

<C25

C29 O36

125.5 125.0 115.3 118.1 122.6 119.7

<N9

MO7

96.7 95.8 94.8 107.9

<N17

MO35

96.4 107.8
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coordination number of the metal, at the equatorial positions
to give octahedral geometry, while Cu2AL complex shows

square planar geometry.
Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
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The values of the dihedral angles around metal ion in the
complexes are far from 0.0� or 180� which indicate that the
metal ion is not in the same plane of the donating sites. All

the studied complexes are polar as it is evident from the mag-
nitude of their dipole moments, Table 5. As the energy gap of
the studied complexes decreases, the reactivity of the com-

plexes increases. The reactivity of the complexes under study
follows the order Cu2AL > Mn2AL > NiAHL > CoAHL.

Table 6 presents the net charge on active centers of the

ligand and the studied metal complexes and the amount of
charge transferred from the ligand to the central metal ions
i.e. L fi M. The results of Table 6 show that in NiAHL and
CoAHL complexes, Ni12 and Co12 ends up with a net charge

of 0.342 e and 0.294 e, respectively, indicating that the two
metal ions received 1.658 e and 1.706 e from their surrounding
donating sites of the ligand (O7 and N9). In case of Cu2AL

and Mn2AL the charge density increases on the donating
atoms after complexation indicating that there is an electron
back–donation from the metal ion to the donating sites.

These findings are further confirmed by comparing the values
of the calculated charge on the donating sites in both the com-
plexes and the free ligand.

So theoretical calculations confirm the results obtained
from the above mentioned tools of analysis that the metal ions
coordinated to the Schiff base (HL�) via the azomethine nitro-
gen atom (N9) and the oxygen of the deprotonated hydroxyl

group (O7) in case of (1:1) (M:L) NiAHL and CoAHL com-
plexes and the ligand behaves as a monobasic bidentate,
Fig. 5. For binuclear (2:1) (M:L) complexes one metal is coor-

dinated with N9 and O7 and the other metal ion with N17 and
O35 indicating that the ligand acts as dibasic tetradentate,
Fig. 6.
3.7. Biological activity

The main aim of the production and synthesis of any antimi-

crobial compound is to inhibit the causal microbe without
any side effects on the patients. In addition, it is worthy to
stress on the basic idea of applying any chemotherapeutic
agent which depends essentially on the specific control of only

one biological function and not multiple ones.
In testing the antibacterial activity of the compounds under

investigation we used more than one tested organism to

increase the chance of detecting antibiotic principles in tested
compounds. The antibacterial activity of the Schiff base
(H2L) and its metal complexes against S. aureus and B. subtilis

(G+) bacteria and P. aeruginosa and E. coli as (G�) bacteria
were tested, Fig. 7, to inhibit the causal microbe without any
side effects on the patients.

The biological activity of the ligand and its metal complexes

were also compared with Ampicillin (Antibacterial agent) as a
standard. In the present study the ligand, NiAHL and Cu2AL
showed no biological activity towards these types of bacteria,

and in other words, they gave no inhibition zone diameters val-
ues. The two complexes CoAHL and Mn2AL showed a bio-
logical activity towards S. aureus and B. Subtilis (G+) and P.

aeruginosa and E. coli (G�) bacteria with inhibition zone diam-
eters ranging from 11–15 and 20–22 mm/mg sample, respec-
tively, Fig. 7. The Mn2AL Complex has the highest

antimicrobial activity among the complexes, almost close to
that of the standard, Table 9.
spectroscopic studies, thermal analysis and biological activity of supramolecular
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Co-HL 

Ni-HL 

Figure 5 The optimized geometry, numbering system and vector of the dipole moment for NiAHL and CoAHL complexes using

B3LYP/LANL2DZ.
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The lipid membrane that surrounds the cell favors the
passage of only the lipid-soluble materials, so lipophilicity is
an important factor controlling antibacterial activity. This

finding suggests that chelation can facilitate the ability of such
complexes to cross the cell membrane and can be explained by
Tweedy’s Chelation Theory (Dharmaraj et al., 2001). On

chelation, the polarity of the metal ion will be reduced because
of partial sharing of its positive charge with donor groups and
the delocalization of p-electrons over the whole chelate ring
will be increased. This enhances the lipophilicity of the com-

plex which favors its penetration through the lipid membrane
and blocks the metal binding sites in the enzymes of
microorganisms.

In other words, the chelates may disturb the respiration
process of the microbial cells. This will lead to the inability
of the microbial cells to synthesize their own proteins that

restrict further growth of the organism. Accordingly, this
demonstrates the enhancement of antibacterial activity as a
function of chelation. The variation in the activity values of
Please cite this article in press as: Sherif, O.E., Abdel-Kader, N.S. DFT calculations,
Schiff base complexes. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.10
different compounds against different organisms depends on
either the impermeability of the cells of the microbes or on
the differences in ribosomal structures of microbial cells

(Dros et al., 1998). On the other hand, the NiAHL and
Cu2AL complexes have no biological activities. This may be
due to lower permeability of these complexes through the

microbial cell membrane indicating the decrease of their pene-
tration through the lipid membrane. Hence, they could neither
block the enzyme’s active site nor inhibit the growth of the
microorganisms.

The biological activity of the prepared complexes can be
correlated with ground state properties. In spite of, the higher
reactivity of Cu2AL complex which can be explained in terms

of the energy gap, it has no biological activity. It is found that
Mn2AL complex has higher antimicrobial activity than that of
the free ligand and the other complexes. Mn2AL complex has

the highest dipole moment among the complexes as shown in
Table 5. This finding may be one of the reasons for the highest
biological activity of this complex.
spectroscopic studies, thermal analysis and biological activity of supramolecular
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Mn2-L 

Cu2-L 

Figure 6 The optimized geometry, numbering system and vector of the dipole moment for Mn2AL and Cu2AL complexes using B3LYP/

LANL2DZ.

Figure 7 The antibacterial activities of Schiff base and its complexes.
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Table 9 Biological activity of H2L ligand and its metal complexes.

Tested microorganism H2L NiAHL CoAHL Cu2AL Mn2AL Standard Ampicillin

Gram positive bacteria

Staphylococcus aureus 0.0 0.0 11 0.0 20 18

Bacillus subtilis 0.0 0.0 15 0.0 21 20

Gram negative bacteria

Pseudomonas aeruginosa 0.0 0.0 14Ra 0.0 22 17

Escherichia coli 0.0 0.0 13 0.0 21 22

a R = Repellent (not complete inhibition).
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4. Conclusions

In this work the Schiff base ligand was prepared from conden-

sation reaction of o-phenylenediamine and 6-formyl-7-hydro
xyl-5-methoxy-2-methylbenzopyran-4-one and its complexes
with metal ions Mn(II), Co(II), Ni(II) and Cu(II) are synthe-

sized and characterized. It is concluded from analytical and
spectral data that the Schiff base acts as monobasic bidentate
ligand and coordinates to the central metal ions Ni(II) and
Co(II) complexes via the azomethine nitrogen atom and depro-

tonated phenolic oxygen anion with 1:1 (M:L) stoichiometry.
In 2:1 (M:L) binuclear metal chelates the Schiff base behaves
as a dibasic tetradentate ligand, coordination occurring via

the two azomethine nitrogen atoms and the two deprotonated
phenolic oxygen anions. The mass spectra of the complexes
confirm their molecular formulae. FTIR spectral and electrical

conductance showed that the OH� or Cl� is bound to the cen-
tral metal ions in the coordination sphere to complete the coor-
dination number of the metal. The theoretical calculation
shows that the four active centers are O7, O35, N9 and N17.

In case of NiAHL, CoAHL and Mn2AL complexes, two water
molecules occupy the axial positions and the other water
molecule and the OH� or Cl� at the equatorial positions to

give octahedral geometry. The binuclear Cu2AL shows square
planar geometry. All the studied complexes are polar as it is
evident from the magnitude of their dipole moments. The

reactivity of the metal complexes follows the order
Cu2AL >Mn2AL > NiAHL > CoAHL. Atomic charge cal-
culations indicate an electric charge donated from the ligand to

the metal LM as well as back-donation from the metal ion to
the donating sites. Moreover, the antibacterial activities of
the prepared complexes were studied. Mn2AL complex showed
the highest biological activity among the other complexes

toward S. aureus and B. Subtilis (G+) and P. aeruginosa and
E. coli (G�) bacteria.
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