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a b s t r a c t

A new polydentate Schiff base ligand and its metal complexes were synthesized and characterized by
elemental analyses, IR, 1H NMR, electronic, ESR and mass spectra, conductivity and magnetic suscepti-
bility measurements as well as thermal analyses. The free ligand was synthesized by condensation of o-
acetoacetylphenol with salicylaldehyde hydrazone. The analytical and spectroscopic tools showed that
the obtained complexes are mono- and binuclear complexes, which can be generally formulated as: [(L)
M2X2(H2O)m]$nZ; M ¼ Cr, Fe, Ni or Cu, X ¼ OAc or NO3, m ¼ 5 or nil and n ¼ 3, 1.5 or 0.5 and Z ¼ EtOH or
H2O, [(H2L)2M(X)m].nH2O; M ¼ Mn, Zn, or Cd, X ¼ EtOH, H2O or nil, m ¼ 2 or nil and n ¼ 3.5 or 0,
[(HL)2Co2]$0.5H2O and [(H2L)2UO2(H2O)]. The metal complexes displayed octahedral, tetrahedral and
square-planar geometrical arrangements, while uranium complex displayed seven-coordinate. Kinetic
parameters (Ea, A, DH, DS and DG) of the thermal decomposition stages have been evaluated using Coats
eRedfern equations. The molecular structural parameters of the ligand and its metal complexes have
been calculated and correlated with the experimental data such as IR. The antimicrobial activity of the
ligand and its complexes was screened against some kinds of bacteria and fungi. The antitumor activity of
the ligand and its Ni(II) and Cu(II) complexes was investigated against HepG2 cell line.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Schiff bases are considered to be the most important ligands in
coordination chemistry. They are utilized as catalysts, dyes and
pigments, intermediates in organic synthesis and as polymer sta-
bilizers [1]. Furthermore, Schiff bases have been used in the syn-
thesis of a number of industrial and biologically active compounds
such as formazans, benzoxazines, and so on [2].

Schiff bases and their complexes have attracted a great interest
because of their diverse applications including antimicrobial [3,4],
anticancer [5,6], antioxidant [7,8], anti-inflammatory [9], antiviral
[10] and herbicidal [11] activities. Also, some complexes of Schiff
bases have been used as model molecules for biological oxygen
ebl).
carrier systems [12] as well as possessing analytical applications
[13].

Currently, a great interest is being focused on polydentate Schiff
bases. This is due to their ability to formvarieties of complexes with
various stoichiometry, chelating, magnetic and spectral properties
[14].

There is a significant interest to synthesize and characterize
metal complexes with dicompartmental ligands [15]. This is due to
their importance in biomimetic researches of binuclear metal-
loproteins [16], their interesting catalytic properties [17] as well as
their capability to stabilize unusual oxidation states and mixed-
valance compounds. Among them, phenol based macrocyclic
binucleating ligands containing two different compartments have
predominantly received immense consideration as they can bind
two metal centers in close proximity [18].

The aim of the current work is to synthesize and characterize a
new polydentate Schiff base ligand, 3-[(2-hydroxy-benzylidene)-
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hydrazono]-1-(2-hydroxyphenyl)-butan-1-one, and its metal
complexes with chromium(III), manganese(II), iron(III), cobalt(II),
nickel(II), copper(II), zinc(II), cadmium(II) and dioxouranium(VI)
ions. The structures of the ligand and its metal complexes were
characterized by using elemental and thermal analyses, IR, 1H NMR,
electronic, ESR and mass spectra in addition to magnetic suscep-
tibility and conductivity measurements. Molecular modeling was
carried out for the ligand and its complexes on the basis of semi-
empirical PM3 level implemented with Hyperchem 7.52 program
and the results were correlated with the experimental data. The
antimicrobial activity of the ligand and its metal complexes was
screened against Gramepositive bacteria (Staphylococcus aureus
and Bacillus subtilis), Gramenegative bacteria (Salmonella typhi-
murium and Escherichia coli), yeast (Candida albicans) and fungus
(Aspergillus fumigatus). Finally, the antitumor activity of the ligand
and its Ni(II) and Cu(II) complexes was investigated against HepG2
cell line.

2. Experimental

2.1. Reagents and materials

o-Acetoacetylphenol [19] and salicylaldehyde hydrazone [20]
were prepared following the literature procedures. Metal ace-
tates, metal indicators, EDTA disodium salt, ammonium hydroxide
and nitric acid were either BDH or Merck chemicals. Organic sol-
vents were reagent grade chemicals and were used without further
purification.

2.2. Synthesis of the ligand

The new Schiff base (Scheme 1) was prepared by adding o-
acetoacetylphenol (2 g, 11.24 mmol) to salicylaldehyde hydrazone
(1.53 g,11.24mmol), both dissolved in absolute ethanol (40ml). The
reaction mixture was heated under reflux for 6 h and a yellow
precipitate is formed upon cooling the solution to room tempera-
ture. The product was filtered off and washed with few amounts of
ethanol then diethyl ether, air-dried and recrystallized from
ethanol. The yield was 1.8 g (54%). The physical properties and
analytical data of the ligand and its metal complexes are scheduled
in Table 1.

2.3. Synthesis of the metal complexes

A hot 30 mL ethanolic solution of the metal salt was gradually
added to the solution of the ligand (40 mL) in 1:2 (L:M) molar ratio
and the solution was heated under reflux for 7 h during which the
solid complex precipitated. The precipitate was filtered off, washed
with ethanol or methanol then diethyl ether and finally air-dried.
The uranyl complex was prepared in methanol. The following is a
procedure example for the synthesis of the copper(II) complex in
details.

2.3.1. [(HL)Cu2(OAc)2]·0.5H2O, 6
To 0.5 g (1.69 mmol) of the ligand dissolved in 30 mL ethanol,

was added 0.674 g (3.38mmol) of Cu(OAc)2$H2O dissolved in 30mL
ethanol with stirring. The reactionmixture was heated under reflux
for 7 h. The deep brown precipitate was filtered off, washed with
ethanol then diethyl ether and finally air-dried. Yield: 0.4 g (54%).

2.4. Analytical and physical measurements

Elemental analyses were carried out using Vario El-Elementar at
the Ministry of Defense, Chemical War Department. Analyses of the
metal content followed the decomposition of metal complexes
with conc. nitric acid then metal ions were estimated by EDTA
[21e23]. IR spectra were recorded using KBr discs on FT IR Nicolet
6700 spectrometer. Electronic spectra were recorded for DMF so-
lution or Nujol mulls on a Jasco UVeVis spectrophotometer model
V-550. 1H NMR spectra were recorded at room temperature by
using a Bruker WP 200 SY spectrometer of DMSO-d6, solution and
tetramethylsilane (TMS) as an internal reference. D2O was added to
every sample to test for the deutration of the samples. ESR spectra
of the complexes were recorded at an Elexsys, E500, Bruker spec-
trometer. Mass spectra were recorded at 70 eV on a Gas chro-
matographic GCMSqp 1000 ex Shimadzu instrument. Magnetic
susceptibility values were obtained using Johnson Matthey, Alfa
product, Model No. (MKI magnetic susceptibility balance). Effective
magnetic moments were calculated from the expression
meff. ¼ 2.828 (cM.T)1/2 B.M., where cM is the molar susceptibility
corrected using Pascal's constants for the diamagnetism of all
atoms in the compounds [24]. Molar conductivities were measured
for 10�3 M solution of the solid complexes on the Corning con-
ductivity meter NY 14831 model 441. The TGeDTG measurements
were carried out on a Shimadzu thermogravimetric analyzer in dry
nitrogen atmosphere with a heating rate of 20 ºC/min using the TA-
50 WS1 program.

2.5. Antimicrobial activity

The standardized disc-agar diffusion method [25] was followed
to determine the activity of the synthesized compounds against the
sensitive organisms Staphylococcus aureus (ATCC 25923) and Ba-
cillus subtilis (ATCC 6635) as Gram positive bacteria, Salmonella
typhimurium (ATCC 14028) and Escherichia coli (ATCC 25922) as
Gram negative bacteria and Candida albicans (ATCC 10231) and
Aspergillus fumigatus as fungus strain. The antibiotic chloram-
phenicol was used as reference in the case of Gram-positive bac-
teria, cephalothin in the case of Gram-negative bacteria and
cycloheximide in the case of fungi.

2.6. Antitumor activity

Cell toxicity was monitored on Hep G2 cells by determining the
effect of the test samples on cell morphology and cell viability ac-
cording to literature method [26].

3. Results and discussion

3.1. The ligand

Table 2 records the characteristic IR spectral data of the Schiff
base ligand. The IR spectrum of the ligand showed bands at 3432,
1618 and 1567 cm�1 that may be assigned to n(OeH), n(C]N) and
n( ) þ n( ) groups, respectively [27,28].

Electronic spectral data of the ligand in DMF (Table 3) showed
two bands at 31,746 and 28,571 cm�1. The first band may be due to
p-p* transitions of the azomethine linkage and the aromatic ben-
zene ring. The second band may be assigned to n-p* transitions of
the C]O and C]N groups and/or charge transfer transitionswithin
the molecule.

1H NMR spectral data of the free ligand, dissolved in DMSO-d6,
displayed two signals at 13.3 and 11.1 ppm, which may be assigned
to phenolic OH protons, which were highly de-shielded by attached
oxygen atom (Scheme 1). However, the two signals observed at 10.2
and 6.1 ppmmay be to OH and NH protons in tautomer III (Scheme
1). Those resonated down the field due to highly desheilding effect
fromoxygen and nitrogen atom.Whereas, the signals observed at 9,
8.6 and 2.3 ppm were assigned to CH]N, CH]C and methyl pro-
tons, respectively. The aromatic protonswere observed in the range
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Scheme 1. Tautomeric forms of the Schiff base, H3L, ligand.

Table 1
Analytical and physical data of the Schiff base ligand and its metal complexes.

No. Reaction Complex
[M. F.] [F. W.]

Color Yield (%) M.P. �C Elemental analysis, % Found/(calc.)

C H N M

H3L [C17H16N2O3] [296.33] Yellow 54 182 68.6
(68.91)

5.2
(5.44)

9.7
(9.45)

e

(1) H3L þ Cr(OAc)2$H2O [(L)Cr2(OAc)3(H2O)5]$3H2O
[C23H38N2O17Cr2] [718.55]

Reddish brown 85 >300 38.1
(38.45)

5.0
(5.33)

4.2
(3.9)

14.3
(14.47)

(2) H3L þ Mn(OAc)2$4H2O [(H2L)2Mn(EtOH)2]
[C38H42N4O8Mn] [737.72]

Yellowish brown 45 >300 62.0
(61.87)

5.4
(5.74)

7.9
(7.59)

7.3
(7.45)

(3) H3L þ Fe(NO3) 3$9H2O [(L)Fe2(NO3)3(H2O)5]$1.5H2O
[C17H26N5O18.5Fe2] [708.11]

Pale brown 58 >300 28.64
(28.84)

3.73
(3.7)

9.6
(9.89)

15.6
(15.77)

(4) H3L þ Co(OAc)2$4H2O [(HL)2Co2]$0.5H2O
[C34H29N4O6.5Co2] [715.5]

Pale brown 42 >300 56.7
(57.08)

4.15
(4.09)

8.1
(7.83)

16.3
(16.47)

(5) H3L þ Ni(OAc)2$4H2O [(HL)Ni2(OAc)2]$0.5EtOH
[C22H23N2O7.5Ni2] [552.86]

Deep yellow 66 >300 48.1
(47.8)

4.36
(4.19)

5.3
(5.07)

21.0
(21.24)

(6) H3L þ Cu(OAc)2$H2O [(HL)Cu2(OAc)2]$0.5H2O
[C21H21N2O7.5Cu2] [548.5]

Deep brown 54 292 46.3
(45.99)

4.02
(3.86)

5.5
(5.11)

22.8
(23.17)

(7) H3L þ Zn(OAc)2$2H2O [(H2L)2Zn]
[C34H30N4O6Zn] [656.01]

Pale yellow 46 214 62.6
(62.25)

4.7
(4.61)

8.9
(8.54)

9.8
(9.96)

(8) H3L þ Cd(OAc)2$2H2O [(H2L)2Cd(H2O)2]$3.5H2O
[C34H41N4O11.5Cd] [802.13]

Yellow 44 >300 50.69
(50.91)

4.8
(5.15)

7.3
(6.93)

13.9
(14.01)

(9) H3L þ UO2(OAc)2$2H2O [(H2L)2UO2(H2O)]
[C34H32N4O9U] [878.69]

Brick red 80 >300 46.75
(46.48)

4.0
(3.67)

6.06
(6.38)

a
(27.09)

a Not determined.
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of 6.8e7.9 ppm. Based on 1H NMR spectral data, it was concluded
that the ligand exists as tautomers II and III in solution (Scheme 1).

The mass spectrum of the ligand (Fig. 1) showed the molecular
ion peak atm/z 296 confirming formulaweight (F.W 296.33), which
was proposed on the basis of micro-analytical data. The mass
fragmentation outline, shown in Scheme S1 (Supplementary ma-
terial), supported the suggested structure of the ligand.



Table 2
Characteristic IR spectral data (cm�1) of the Schiff base, H3L, ligand and its metal complexes.

No. Compound / complex IR Spectra (cm�1)

nOH (Phenolic þ H2O) nC ¼ N n þ n N nM-O nM-N Other bands

H3L 3432 1618 1567 1483 e e e

1 [(L)Cr2(OAc)3(H2O)5]$3H2O 3407 1607 1539 1451 580 436 1687; nas(COO�), 1576; ns(COO�); (monodentate OAc�)
2 [(H2L)2Mn(EtOH)2] 3400 1623 1540 1486 548 422
3 [(L)Fe2(NO3)3(H2O)5]$1.5H2O 3307 1609 1545 1451 600 494 1384, 1152; n(NO3

�) (monodentate)
4 [(HL)2Co2]$0.5H2O 3392 1610 1540 1470 587 491
5 [(HL)Ni2(OAc)2]$0.5EtOH 3421 1607 1541 1470 502 422 1574; nas(COO�), 1500; ns(COO�); (bidentate OAc�)
6 [(HL)Cu2(OAc)2]$0.5H2O 3246 1609 1534 1466 501 419 1586; nas(COO�), 1507; ns(COO�); (bidentate OAc�)
7 [(H2L)2Zn] 3240 1620 1530 1484 548 421
8 [(H2L)2Cd(H2O)2]$3.5H2O 3408 1623 1544 1470 502 471
9 [(H2L)2UO2(H2O)] 3432 1621 1551 1492 501 436 917; n(O]U]O)

Table 3
Electronic spectra, magnetic moments and molar conductivity data of the Schiff base, H3L, ligand and its metal complexes.

No. Complex UVeVisiblea,b (cm�1) Magnetic moments (B.M.) Conductancea U�1 cm2 mol�1

m compl
d
. meff

e
.

H3L 31746 (0.35), 28571 (0.2) e e e

1 [(L)Cr2(OAc)3(H2O)5]$3H2O 18484, 16611c 5.6 3.9 8.9
2 [(H2L)2Mn(EtOH)2] 21277, 17301c e 3.6 1.6
3 [(L)Fe2(NO3)3(H2O)5]$1.5H2O 16556c 8.3 5.9 4.8
4 [(HL)2Co2]$0.5H2O 16611c 5.9 4.3 2.0
5 [(HL)Ni2(OAc)2]$0.5EtOH 20080, 16584c 5.1 3.78 1.7
6 [(HL)Cu2(OAc)2]$0.5H2O 19685, 15337c 2.3 1.97 1.7
7 [(H2L)2Zn] 23585c Diam. Diam. 1.8
8 [(H2L)2Cd(H2O)2]$3.5H2O 23753c Diam. Diam. 2.1
9 [(H2L)2UO2(H2O)] 23641, 21505 shc Diam. Diam. 1.5

a Solutions in DMF (10�3 M).
b Values of εmax are in parentheses and multiplied by 10�4 (L mol�1cm�1).
c Nujol mulls.
d mcompl. is the total magnetic moments of all cations in the complex.
e meff. is the magnetic moment of one cationic species in the complex.
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3.2. Metal complexes

The synthesized metal complexes of Cr(III), Mn(II), Fe(III), Co(II),
Ni(II), Cu(II), Zn(II), Cd(II) and UO2(VI) ions with H3L in the molar
ratio 1:2 (L: M) possess characteristics colours with generally high
decomposition temperatures (>300 �C) due to the coordination
bonds (Table 1). They were found to be sparingly soluble in most
organic solvents, but were soluble in DMF and non-hygroscopic.
The obtained results of elemental analyses (C, H, N) are in good
agreement with the calculated values of the proposed formulae.
The magnetic moment values-recorded at room temperature for
complexes-compete favorably with the calculated spin only mag-
netic values in most cases. The conductivity values of the metal
complexes are very low, thus suggesting non-electrolytic character
of the metal complexes.
3.2.1. IR spectra
The infrared spectral assignments of H3L compared to its metal

complexes are presented in Table 2. Comparison of the infrared
spectrum of H3L with the spectra of the metal complexes showed
significant variation in the chromophoric absorption bands as a
result of coordination. The broad band around 3432 cm�1, which
was assigned to n(OH) stretching modes in H3L was observed in the
spectra of complexes coupled with increased broadness in the
range 3255e3447 cm�1. This observation was attributed to the ef-
fect of coordination of the oxygen atom of the OH group after
deprotonation and/or coordinated or uncoordinated water mole-
cules associated with the complexes. The strong band at 1567 cm�1,
attributed to n( ) þ n( ) vibrational stretching mode in H3L,
appeared in the spectra of the metal complexes at lower wave
number. The intensities of the peaks were reduced as a result of
coordination, which reduced the vibrational force of CO group upon
coordination [27,28]. This interpretation is further emphasized by
the negative slope of the linear relationship of n C]O versus n M-O
as shown in Fig. 2, n M-O/cm

�1 ¼ 32361e20.65 n C]O/cm
�1 , r ¼ 0.99, n ¼ 6

points except Fe(III), Zn(II), Cd(II) and UO2(VI) complexes, which
means strong red shift of the stretching frequencies of nC]O, with
the shortness of M-O bond length (strong interaction). The azo-
methine group n(C]N) band, which appeared as a medium peak at
1618 cm�1 in the spectrum of the ligand, appeared at slightly lower
wave number for all complexes except for Mn(II), Zn(II), Cd(II) and
UO2(VI)-complexes. This indicates the involvement of the azome-
thine group in chelation in all complexes except those of Mn(II),
Zn(II) and Cd(II) and UO2(VI) ions [27,28]. This finding was sup-
ported by linear relationship of n C]N versus n M-N, n M-

N ¼ 67188e41.512 n C]N, r ¼ 0.95, n ¼ 5 points except 2, 4, 7, 8 and
9. The negative slope emphasized that the ligand coordinated with
the metal ion via the azomethine group, n(C]N). However, d(CeN)
deformation mode for all complexes was affected by coordination
by shifting to much lower wave number when compared to that of
the ligand due to the coordination, except for Mn(II), Zn(II), Cd(II)
and UO2(VI)-complexes, which display blue shift to higher wave
number. The coordination modes of anions could be assigned from
the extra vibrational bands; Cr(III)-complex 1 showed new bands at
1687 and 1576 cm�1, which may be assigned to nasym(COO�) and
nsym(COO�), respectively of the acetate group with band difference
(Dn ¼ 111 cm�1), suggesting the monodentate nature of the acetate
anion [29e31]. However, the acetato complexes 5 and 6 showed
new bands in the ranges 1574e1586 and 1500e1507 cm�1 with
differences (74 and 79 cm�1) recognized to bidentate fashion of the



Fig. 1. Mass spectra of A: H3L ligand, B: [(HL)Ni2(OAc)2]$0.5EtOH (5) and C: [(H2L)2UO2(H2O)] (9).
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Fig. 2. Relation between n(C]O) with n(M - O) of metal complexes.
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acetate group [32,33]. In complex 3, the new bands observed at
1384 and 1152 cm�1, may be assigned to themonodentate nature of
the NO3

� anion [34,35]. The dioxouranium(VI) complex 9 showed a
strong band at 917 cm�1, which may be assigned to the n3(UO2)
[29,36e38]. The value of n3 is used to calculate the force constant
(F) of (O]U]O) by the method of McGlynn and Smith [39]. The
calculated force constant for the complex is found to be
6.942 mdyn/Å. The UeO distance is also calculated by substitution
in Jones relation [40]. The value of RUeO is found to be 1.736 Å. The
calculated FUeO and RUeO values are consistent with the reported
range for the uranyl complexes [28,41]. The assignment of the
proposed coordination sites is further supported by the appearance
of new bands between 501 and 601 cm�1 and 419-494 cm�1, which
can be assigned toM - O andM - N bands, respectively [31,34,37,42].

3.2.2. Conductivity measurements
Themolar conductivity values of the present metal complexes at

room temperature (Table 3) are in the range 1.5e8.9 U�1 cm2mol�1

indicating for the non electrolytic nature of all complexes [43]. This
finding is consistent with the infrared spectral data that showed the
coordinated nature of acetate and nitrate anions.

3.2.3. Electronic spectra and magnetic moment measurements
Electronic spectra of the present metal complexes were exam-

ined for DMF solutions and/or Nujol mulls for sparingly soluble
complexes. Comparison of the spectrum of the free ligand with its
complexes showed the appearance of the bands of the ligand in all
complexes with a slight blue or red shift in addition to new bands,
which are listed in Table 3.

The electronic spectrum of the Cr(III) complex 1 showed two
bands at 18,484 and 16,611 cm�1, which may be assigned to 4A2g(F)
/ 4T1g(F) and 4A2g(F) / 4T2g(F) transitions, respectively in an
octahedral geometry [44]. Whereas the third band, which is due to
4A2g(F) / 4T1g(P) transition, lies in the range of the ligand transi-
tions that predicted at 35,666 cm�1. The ligand field parameters of
the current Cr(III) complex have been calculated using
TanabeSugano diagrams B (579 cm�1), 10Dq (1737 cm�1) and b
(0.56). The effective magnetic moment of the complex 1 is 3.9 B.M.,
which is consistent with the spin-only value for three unpaired
electrons (3.87 B.M.) [45].

In case of Mn(II) complex 2 (d5) high spin, spin allowed d-
d transition is not expected due to the fact that such transitions are
Laporte and spin forbidden. Thus, for Mn(II) complex, the in-
tensities of transition from ground state to the state of fourefold
multiplicity are very weak as compared with the ligand. However,
the spectrum of the complex showed aweak band and a shoulder at
21,277 and 17,301 cm�1, respectively. They were assigned to 6A1g/
4T1g(4G) and 6A1g / 4T2g(4G) transitions, respectively in an octa-
hedral geometry [46,47]. The magnetic moment of the complex is
3.6 B.M. The lower value may be due to antiferromagnetic inter-
action [48]. The spectral data provide the ligand field parameters: B
(960 cm�1), 10Dq (3487 cm�1) and b (0.97).

The electronic spectrum of the Fe(III) complex 3 showed one
band at 16,556 cm�1, within the range reported for octahedral
complexes [49e51]. As a result of the strong charge transfer band,
shadowing from UV-region to the visible region, it was difficult to
recognize the type of the ded transition [52]. The effective mag-
netic moment of the Fe(III) complex is 5.9 B.M., which is consistent
with the presence of five unpaired electrons in the Fe(III) ion in an
octahedral geometry [45].

The electronic spectrum of the Co(II) complex 4 showed one
band at 16,611 cm�1, which may be assigned to 4A2(F) / 4T1(P)
transition in a tetrahedral geometry [53e55]. The effective mag-
netic moment of the complex is 4.3 B.M., which is close to the usual
range for tetrahedral Co(II) complexes (4.4e4.8 B.M.) [45].
The electronic spectrum of the Ni(II) complex 5 showed two
bands at 20,080 and 16,584 cm�1, which may be assigned to the
3T1(F) / 3T1(P) transition in a tetrahedral geometry [44]. The
effectivemagnetic moment of the Ni(II) complex is 3.78 B.M., which
lies in the range (3.2e4.1 B.M.) reported for tetrahedral geometry
[45].

The electronic spectrum of the Cu(II) complex 6 showed two
bands at 19,685 and 15,337 cm�1, which may be assigned to 2B1g/
2Eg and 2B1g / 2A1g transitions in a square-planar geometry [56].
The effective magnetic moment of the Cu(II) complex is 1.97 B.M.,
which is consistent with one unpaired electron (d9) [57]. X-band
ESR spectrum of the Cu(II) complex, Fig. 3, was recorded in the solid
state at 25 �C. The spectrum exhibits one broad band with g ¼ 2.15
and the profile of the spectrum points to a square-planar geometry
[58e61].

The electronic spectra of Zn(II) 7 and Cd(II) 8 complexes showed
bands at 23,585 and 23,753 cm�1, respectively, which may be
attributed to charge transfer transitions. The complexes are
diamagnetic as expected.

The electronic spectrum of the dioxouranium(VI) complex 9
showed two bands at 23,641 and 21,505 cm�1. The higher energy
bandmay be attributed to electronic transitions from apical oxygen
atoms to f orbitals of the uranium(VI) ion and the lower energy
band is due to charge transfer transition from equatorial ligand to
the uranium(VI) ion [27]. The complex is diamagnetic as expected.

3.2.4. Thermal analysis
Thermal gravimetric analysis (TGA) is a precious technique to

explore the nature of associated water or solvent molecules to be
either in the inner or outer coordination sphere of the metal ion
[62,63]. TGA and DTA data obtained for some of the current com-
plexes (3e6 and 9), as representative examples, within the tem-
perature range from ambient temperature up to 800 �C in an inert
atmosphere, are listed in Table 4. The results of thermal analysis of
these complexes (Table 4) are in good agreement with the theo-
retical formulae as suggested from elemental analyses.

In case of complex 3, three decomposition stages were observed
in the temperature range 32e265 (Scheme 2), which correspond to
the loss of one and half non-coordinated water, two coordinated
water and three coordinated water molecules in addition to a nitric
acid molecule, respectively (weight loss; Calc./Found%; 3.81/3.69,
5.08/5.31 and 16.52/16.28%, respectively).

The thermogram of complex 5 showed two weight losses in the
ranges 30e150 �C and 150e328 �C which correspond to half sol-
vated ethanol and an acetic acid molecules (weight loss; Calc./
Found%; 4.16/4.34 and 10.85/10.95%, respectively).

For complexes 4, 6 and 9, only one decomposition stage was
interpreted. For complexes 4, 6, the decomposition stage was



Fig. 3. X-band ESR spectrum of [(HL)Cu2(OAc)2]$0.5H2O (6).

Table 4
Thermal analyses data of some metal complexes of the Schiff base ligand.

Complex Temperature range (
�
C) % Wt. loss found/(calc.) Lost fragment (No. of molecules)

[(L)Fe2(NO3)3(H2O)5]$1.5H2O (3) 32e90 3.69/(3.81) 1.5H2O (hyd.)
90e140 5.31/(5.08) 2H2O (coord.)
140e265 16.28/(16.52) 3H2O (coord.) þ 1 HNO3

[(HL)2Co2]$0.5H2O (4) 30e125 1.28/(1.26) 0.5H2O (hyd.)
[(HL)Ni2(OAc)2]$0.5EtOH (5) 30e150 4.34/(4.16) 0.5 EtOH (solv.)

150e328 10.95/(10.85) 1 AcOH
[(HL)Cu2(OAc)2]$0.5H2O (6) 32e126 1.79/(1.64) 0.5H2O (hyd.)
[(H2L)2UO2(H2O)] (9) 108e210 1.73/(2.05) 1H2O (coord.)
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observed in the ranges 30e125 �C and 32e126 �C, corresponding to
the loss of half non-coordinated water molecule (weight loss; Calc./
Found%; 1.26/1.28 and 1.64/1.79% for complexes 4 and 6, respec-
tively). In complex 9, the decomposition stage was observed in the
[(L)Fe2(NO3)3(H2O)5].1.5H2O 32-90 oC

140-265 C
o

- 1.5H2O -2H2O

-3H2O, -HNO3

90-140 Co[(L)Fe2(NO3)3(H2O)5]

[(L)Fe2(NO3)3(H2O)3][(L)Fe2(NO3)2]

Scheme 2. Thermal degradation pattern of complex (3), [(L)Fe2(NO3)3(H2O)5]$1.5H2O.

Table 5
Temperatures of decomposition and kinetic parameters of some complexes.

Compound Step n order T (K) A (S�1)

[(L)Fe2(NO3)3(H2O)5]$1.5H2O 3 First 1 344 34.1834
Second 0.5 393 50.760
Third 0.66 478 31.611

[(HL)2Co2]$0.5H2O 4 First 0.33 367 33.739
[(HL)Ni2(OAc)2]$0.5EtOH 5 First 1 357 26.637

Second 0.66 539 16.891
[(HL)Cu2(OAc)2]$0.5H2O 6 First 1 336 30.504
[(H2L)2UO2(H2O)] 9 First 1 460 19.717
range 108e210 �C, corresponding to the loss of one coordinated
water molecule (weight loss; Calc./Found%; 2.05/1.73%). The acti-
vation parameters of the various decomposition stages were
determined from the TG thermograms using the Costs-Redfern
equations [64] in the following forms:

ln
h
1� ð1� aÞ1�n

.
ð1� nÞT2

i
¼ M=Tþ B for ns1 (1)

ln
h
� lnð1� aÞ

.
T2

i
¼ M=Tþ B for n ¼ 1 (2)

where M ¼ -E/R and B ¼ ln AR/Ф E; E, R, A and Ф are the heat of
D E (kJ mol�1) DH (kJ mol�1) DS (kJ mol1K�1) DG (kJ mol�1)

35.318 32.457 �0.224 77.159
48.530 45.263 �0.223 87.501
29.924 25.950 �0.228 109.214
23.740 20.689 �0.226 82.850
24.950 22.001 �0.227 80.559
19.688 15.205 �0.235 126.544
28.816 26.023 �0.226 75.888
18.030 14.210 �0.232 106.776
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activation, the universal gas constant, pre-exponential factor and
heating rate, respectively.

The correlation coefficient, r, was computed using the least
square method for different values of n ¼ 0, 0.33, 0.5, 0.66, 1 by
plotting the left ehand side of Eq. (1) or (2) versus 1000/T. The n
values which gave the best fit (rz 1). From the intercept and linear
slope of such stage, the A and E values were determined. The other
kinetic parameters DH, DS and DG were computed using the re-
lationships; DH ¼ E � RT, DS ¼ R[ln(Ah/kT)-1] and DG ¼ DH - T DS,
where k is the Boltzmann's constant and h is the Plank's constant.
The kinetic parameters are listed in Table 5. The following remarks
can be pointed out: (1) the positive values of DH* mean that the
decomposition processes are endothermic. (2) The energy of acti-
vation values Ea for the second step of decomposition of complex 5
are lower than the first stage indicating that the rate of decompo-
sition for this stage is higher than the first stage. In case of complex
3, the second step of decomposition is higher than the first step.
This confirms that the rate of decomposition for this stage is lower
in the second step [65]. (3) The DS* values for complexes are found
to be negative. This indicates that the activated complex is more
ordered than the reactants and/or the reactions are slow [66]. (4)
The values of DG* are relatively low and of positive sign indicating
the autocatalytic effect of metal ions on thermal decomposition of
the complexes and nonespontaneous processes [67].
3.2.5. Mass spectra
The mass spectra and the molecular ion peaks confirmed the

proposed formulae of the complexes. Complexes 4, 5, 7 and 9 were
chosen for mass spectral studies. Fig. 1 depicts the mass spectra of
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Scheme 5. Suggested structure of the 2:2; L:M Co(II) complex.
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complexes 5 and 9. Complexes 4 and 5 showed the molecular ion
peaks at m/z 707 and 530, respectively which agree very well with
the formula weights of the non-hydrated or non-solvated com-
plexes; [(HL)2Co2] (F. Wt ¼ 706.5) and [(HL)Ni2(OAc)2] (F.
Wt ¼ 529.86). This confirms the proposed structures of these
complexes as 2:2 and 2:1; M:L complexes, respectively. Complexes
7 and 9 showed the molecular ion peaks at m/z 656 and 879,
respectively which agree very well with the calculated formula
weights of the complexes [(H2L)2Zn] (F. Wt ¼ 656.01) and
[(H2L)2UO2(H2O)] (F. Wt ¼ 878.69), confirming their 1:2; M:L
stoichiometry.

In the light of the preceding interpretation of different analytical
and spectral data, the proposed structures of the metal complexes
are represented in Schemes 3e5.
3.2.6. Molecular orbital calculations
The molecular structures were elucidated on the basis of the

spectral, molar conductance, magnetic susceptibility and TGA data
which indicated that the geometry of complexes were of octahe-
dral, tetrahedral and square-planar conformations. Geometrically
optimized structures of the free ligand and its metal complexes
were obtained except uranyl-complex (9). Furthermore, the utility
of quantum chemical descriptors such as heat of formation, dipole
Table 6
Structural parameters of the metal complexes.

No. Complex Total energy Dipol moment Hea

H3L �79886.47 1.726 �26
1 [(L)Cr2(OAc)3(H2O)5]$3H2O �180006.20 6.166 �76
2 [(H2L)2Mn(EtOH)2] �196828.09 5.903 �20
3 [(L)Fe2(NO3)3(H2O)5]$1.5H2O �215213.04 6.555 �10
4 [(HL)2Co2]$0.5H2O �194938.05 8.960 �56
5 [(HL)Ni2(OAc)2]$0.5EtOH �167569.91 6.037 �62
6 [(HL)Cu2(OAc)2]$0.5H2O �174102.06 4.164 �37
7 [(H2L)2Zn] �159645.19 3.258 31.1
8 [(H2L)2Cd(H2O)2]$3.5H2O �174434.66 3.385 1.80
9 [(H2L)2UO2(H2O)] 38.3227 2.594 e
moment, hydration energy and frontier molecular orbitals (energy
of the highest occupied molecular orbital and energy of the lowest
unoccupied molecular orbitals) collected in Table 6 in elucidating
the structure of complexes. Table 7 lists selected bond lengths of
the optimized structures of the ligand and its metal complexes. It is
well established that HOMO accounts for the electron donating
ability while LUMO characterizes the ability to accept electron [36].
Also, high HOMO energy value infers that the molecule or ligand
can easily release electrons to the unoccupied orbital of the metal
ion, indicating strong binding affinity [36]. From the frontier mo-
lecular orbital approximation, high LUMO energy value infers that
the molecule can easily accept electrons from the occupied orbital
of the ligand, indicating strong binding affinity,
nC]O/cm�1 ¼1508.5e27.86 ELUMO/eV, r¼ 0.98, n¼ 4 points, except
complexes 1, 2, 4 and 8. The negative slope emphasized that, in-
crease the stability of the complex accompanied by the elongation
of C]O (hypsochromic shift of the vibrational frequency).
Furthermore, EHOMO ¼ �6.351e0.0039 nM-N/cm�1, r ¼ 0.98, n ¼ 5,
except complexes 1, 3 and 7, the negative slope indicates that
increasing of EHOMO relevance to weak stability of complex lead to
red shift of the vibrational frequency of M - N bond.

However, the negative slope of the relationship of the calculated
heat of formation (DHf) versus nC]N; DHf/
kcal.mol�1 ¼ �59636 þ 36.68 nC]N/cm�1, r ¼ 0.96, n ¼ 5, except
complexes 3, 6, 7 and 9, the positive slope refers to that more
positive heat of formation (less stable) accompanied by less extent
of red shift of the vibrational frequency of nC]N.

Furthermore, the linear correlation between the calculated
dipole moment (m) versus the vibrational frequency of nM-O, m/
D ¼ �10.66 þ 0.029 nM-O/cm�1, r ¼ 0.95, n ¼ 5 except complexes 2,
4 and 7, the positive slopes put forward increase of the m values was
accompanied by increasing the M - O bond strength.

3.3. Biological activity

3.3.1. Antimicrobial activity
The Schiff base ligand and its metal complexes were screened

for antimicrobial activity against Gram positive bacteria (S. aureus;
Gþ1 and B. subtilis; Gþ2), Gram negative bacteria (S. typhimurium;
G-1 and E. coli; G-2) and fungi (C. albicans; F1 and A. fumigates; F2)
and the results are listed in Table 8. The ligand is active against
A. fumigatus only. It showed higher activity, which is comparable to
that of cycloheximide. Against S. aureus and E. coli, all complexes
are inactive except the Cr(III) complex, which showed a lower ac-
tivity towards S. aureus. Against B. subtilis, some complexes are
active and the order of activity is:
Cu(II) > Ni(II) > Fe(III) > Cr(III) > Cd z UO2(VI). Against
S. typhimurium, three complexes are active and the order of activity
is: Ni(II) > UO2(VI) > Cd(II). Against C. albicans, most of the com-
plexes are active and the order of activity is:
Ni(II) > UO2(VI) > Fe(III) > Cr(III) > Cd(II) > Zn(II) > Cu(II) > Co(II).
t of formation Energy HOMO Energy LUMO Egap ED

.107 �8.959 �0.616 8.343 e

6.350 �7.831 �1.322 6.509 100119.73
6.971 �7.963 �0.699 7.264 116941.62
64.90 �8.545 �1.269 7.276 135326.57
2.556 �8.266 �2.041 6.225 115051.58
2.290 �7.997 �1.179 6.818 87683.44
7.890 �8.022 �0.982 7.040 94215.59
97 �8.511 �0.734 7.777 79758.72
3475 �8.196 �0.899 7.297 94548.19

e e e �79924.79



Table 7
Selected bond lengths of the optimized structures of transition metal complexes.

Atoms Charges of atoms in complexes

H3L1 Cr Mn Fe Co Ni Cu Zn Cd UO2

C-Oa1 1.354 1.360 1.360 1.360 1.339 1.343 1.313 1.299 1.286 1.356
C¼Oa1 1.226 1.363 1.364 1.361 1.283 1.276 1.269 1.261 1.252 1.499
C-Oa2 e e 1.360 e 1.331 e e 1.299 1.310 1.355
C¼Oa2 e e 1.234 e 1.344 e e 1.260 1.220 1.505
C-O(OAc)bi e e e e e 1.344 1.321 e e e

C-O(OAc)bi e e e e e 1.276 1.256 e e e

C¼N1 1.299 1.513 e 1.541 1.365 1.317 1.317 e e e

C¼N2 e e e e 1.316 e e e e e

C-Ob1 1.368 1.357 e 1.363 1.370 1.361 1.355 e e e

C-Ob2 e e e e 1.354 e e e e e

M-Oa1 e 1.910 1.852 1.899 1.905 1.840 1.859 1.953 2.211 2.145
M¼Oa1 e 1.906 1.858 1.895 2.029 1.856 1.894 2.035 2.204 2.155
M-Oa2 e e 1.871 e 1.911 e e 1.954 2.211 2.141
M¼Oa2 e e 2.214 e 1.907 e e 2.034 2.209 2.148
M-O(NO3) e e e 1.905 e e e e e e

M-O(OAc)mo e 1.904 e e e e e e e e

M-O(OAc)bi e e e e e 1.869 1.921 e e e

M-O(OAc)bi e e e e e 1.850 1.901 e e e

M-N1 e 1.924 e 1.906 1.869 1.856 1.973 e e e

M-N2 e e e e 1.883 e e e e e

M-Ob1 e 1.898 e 1.916 1.841 1.842 1.899 e e e

M-Ob2 e e e e 1.840 e e e e e

M-OH2O,EtOH e 1.905 2.252 1.907 e e e e 2.206 2.152
M-OUO2 e e e e e e e e e 2.155

1-(C-Oa1, C¼Oa1): O atoms of o-acetoacetylphenol in all complexes.
2-(C-Oa2, C¼Oa2): O atoms of o-acetoacetylphenol in 1:2 and 2:2; M:L complexes.
3-(C-Ob1, C-Ob2): O atoms of salicylaldehyde hydrazone in case of 2:1 and 2:2; M:L complexes.
4-(N1, N2): bonded N atoms to metal in 2:1 and 2:2; M:L complexes.
5-(M-Oa1, M¼Oa1): O atoms of o-acetoacetylphenol in all complexes.
6-(M-Oa2, M¼Oa2): O atoms of o-acetoacetylphenol in 1:2 and 2:2; M:L complexes.
7-(M-Ob1, M-Ob2): O atoms of salicylaldehyde hydrazone in case of 2:1 and 2:2; M:L complexes.
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Finally, four complexes are active against A. fumigatus and the order
of activity is: Fe(III) > UO2(VI) > Ni(II) > Zn(II) with promising ac-
tivity of the Fe(III) complex.

It was interest in elucidating the microbial activity to find a
correlation of Frontier orbitals energy HOMO, LUMO and Egab, with
Table 8
Antimicrobial activity of the Schiff base ligand and its metal complexes.

Organism Meana of zone diameter, nearest whole mm.

Gram - positive bacteria Gram -

Staphylococcus
aureus (ATCC 25923)

Bacillus subtilis
(ATCC 6635)

Salmon
typhim
14028)

Sample Concentration

1 mg/ml 0.5 mg/ml 1 mg/ml 0.5 mg/ml 1 mg/m

H3L e e e e e

[(L)Cr2(OAc)3(H2O)5]$3H2O (1) 7 L 8 L 9 L 8 L e

[(H2L)2Mn(EtOH)2] (2) e e e e e

[(L)Fe2(NO3)3(H2O)5]$1.5H2O (3) e e 16 I 14 I e

[(HL)2Co2]$0.5H2O (4) e e e e e

[(HL)Ni2(OAc)2]$0.5EtOH (5) e e 17 I 14 I 16 I
[(HL)Cu2(OAc)2]$0.5H2O (6) e e 28 H 25 H e

[(H2L)2Zn] (7) e e e e e

[(H2L)2Cd(H2O)2]$3.5H2O (8) e e 9 L 7 L 9 L
[(H2L)2UO2(H2O)] (9) e e 9 L 7 L 11 L
Controlc 35 26 35 25 36

e ¼ No effect.
L: Low activity ¼ Mean of zone diameter �1/3 of mean zone diameter of control.
I: Intermediate activity ¼ Mean of zone diameter �2/3 of mean zone diameter of contro
H: High activity ¼ Mean of zone diameter >2/3 of mean zone diameter of control.

a Calculated from 3 values.
b Identified on the basis of routine cultural, morphological and microscopical characte
c Chloramphenicol in the case of Gram-positive bacteria, cephalothin in the case of G
the biological activity of the screened organisms yielding: EHOMO/
eV¼�7.715e0.0495 Gþ2, r¼ 0.975, n¼ 4, except complexes 3 and
9. The negative slope refers to decreasing the biological activity
toward Gram positivewith the increasing of EHOMO, which is related
to weak stability of complexes.
negative bacteria Yeasts and Fungib

ella
urium (ATCC

Escherichia coli
(ATCC 25922)

Candida albicans
(ATCC 10231)

Aspergillus fumigatus

l 0.5 mg/ml 1 mg/ml 0.5 mg/ml 1 mg/ml 0.5 mg/ml 1 mg/ml 0.5 mg/ml

e e e e e 31 H 27 H
e e e 19 I 16 I e e

e e e e e e e

e e e 21 I 17 I 34 H 29 H
e e e 9 L 7 L e e

13 I e e 27 H 23 H 23 H 20 H
e e e 11 L 9 L e e

e e e 12 I 9 L 10 L 7 L
7 L e e 15 I 12 I e e

8 L e e 21 I 18 I 25 H 20 H
28 38 27 35 28 37 26

l.

ristics.
ram-negative bacteria and cycloheximide in the case of fungi.



Table 9
Antitumor activity of the Schiff base ligand and its nickel(II) and copper(II)
complexes against HepG2 cell line.

Compound IC 50 (mg/ml)

H3L 113
[(HL)Ni2(OAc)2]$0.5EtOH (5) 89.1
[(HL)Cu2(OAc)2]$0.5H2O (6) 120
Doxorubicin 0.47

IC 50 ¼ inhibition concentration 50%.
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However, Egap, which is related to stability of complexes, is
linearly correlated with the biological activity toward the current
microorganism: Egap/eV ¼ 6.248 þ 0.1114 F1, r ¼ 0.99, n ¼ 5, except
complexes 3, 4, 7 and 9 and E gap/eV ¼ 6.248 þ 0.11136 Gþ2,
r¼ 0.98, n¼ 4, except complexes 3 and 9. The positive slope reveals
that the biological activity is enhanced towards Gram positive and
fungi with increasing the stability of the complex.
3.3.2. Antitumor activity
The anticancer activity of the Schiff base ligand and its Ni(II) and

Cu(II) complexes was determined in vitro against human cancer cell
line liver Carcinoma (HEPG2). Table 9 schedules the values of IC50,
compared with the standard drug doxorubicin. The ligand and its
complexes showed lower activity and the order of activity is as
follows: Ni(II) complex > H3L ligand > Cu(II) complex. The differ-
ence in activity of the complexes indicates that the type of ion may
be the reason for the different anticancer activity [68].
4. Conclusion

A new Schiff base ligand was synthesized and characterized.
Reactions of the ligand with chromium(III), manganese(II), iron(III),
cobalt(II), nickel(II), copper(II), zinc(II), cadmium(II) and dioxour-
anium(VI) ions yielded mono and binuclear complexes that were
characterized by elemental and thermal analyses, spectroscopic
methods (IR, electronic, ESR and mass spectra), molar conductivity
and magnetic moment measurements. Mononuclear complexes
(with 1:2; M:L molar ratio) were obtained in case of manganese(II),
zinc(II), cadmium(II) and dioxouranium(VI) ions while binuclear
complexes (with 2:1; M:L molar ratio) were obtained in case of
chromium(III), iron(III), nickel(II) and copper(II) ions and with 2:2;
L:M in case of cobalt(II) ion. The outer compartment of the ligand is
used in coordination in mononuclear complexes. In addition to the
outer compartment, the azomethine nitrogen and phenolic oxygen
are involved in coordination in binuclear complexes. Different
geometrical structures were proposed for metal complexes such as
octahedral structure for Cr(III), Mn(II), Fe(III) and Cd(II) complexes,
tetrahedral for Co(II) and Ni(II) complexes, square-planar for Cu(II)
complex while in Zn(II) and dioxouranium(VI) complexes, the
metal ions are tetra- and hepta-coordinate, respectively. Kinetic
parameters of the thermal decomposition stages have been eval-
uated using CoatseRedfern equations. The molecular parameters of
the ligand and its metal complexes have been calculated and
correlated with the experimental data. The antimicrobial activity of
the ligand and its complexes was investigated. The antitumor ac-
tivity of the ligand and its Ni(II) and Cu(II) complexes was investi-
gated against HepG2 cell line.
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.molstruc.2017.01.012.
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