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Abstract A new Schiff base (bis-((E)-2-(4-ethylphenylim-

ino)-1,2-diphenylethanone) containing four active coordi-

nation centers (ONNO) and its metal complexes have been

synthesized and characterized by elemental analyses, spec-

troscopic methods, molar conductance, thermal and mag-

netic measurements. The tetrahedral and square planar

trinuclear Co(II), Ni(II) and Cu(II) complexes (1–3),

respectively, have been prepared by direct reaction, while

the template reaction gives octahedral complexes (4–8) with

different stoichiometries 3:1, 2:1, 1:1 (M:L). The ESR

spectra of solid copper (II) complexes in powder form

showed an axial symmetry with 2B1g as a ground state. The

thermal decomposition mechanisms of metal complexes

were studied. All the thermal decomposition processes

ended with the formation of metal oxide. The thermal study

showed that the complexes with different solvents of crys-

tallization exercise different types of interaction. The kinetic

and thermodynamic parameters have been calculated.

Keywords Benzil � Schiff base � Spectral methods �
Thermal studies

Introduction

Schiff bases comprise an important class of organic com-

pounds with a variety of uses; they have been extensively

employed as ligands in the formation of transition metal

complexes [1]. The chemistry of Schiff base ligands and their

metal complexes is very important due to the wide range of

applications as antibacterial, antifungal, anticancer and cat-

alytic properties [2–6]. In addition, Schiff base complexes

have many applications in biological and industrial systems

[7–19]. The tetradentate Schiff base complexes of the first

row transition metals can serve as models for some biomo-

lecules, such as Schiff base nickel (II) complexes which have

been regarded as models for enzymes such as urease [20, 21].

Benzil (ethanedionediphenyl) and its related compounds

have been extensively used as biologically active complex-

ing agents and analytical reagents [22]. It is employed as a

selective diketones to obtain macrocycles of desired cavity

size and significant reactivity. Metal template condensation

often provides selective routes toward products that are not

obtainable in the absence of metal ion. Template reactions

have been widely used for the synthesis of macrocyclic

complexes, in which transition metal ions are generally used

as the template agent [23, 24]. In this study, we report on the

synthesis and characterization of Co(II), Ni(II) and Cu(II)

complexes of the Schiff base ligand derived from 4,40-
methylenedianiline and benzil by direct reactions, but the

poor yield problem was facing us in the preparation of some

transition and non-transition metal complexes, such as

Co(II), Ni(II), Cu(II), Zn(II) and Cd(II), by using template

reactions, to overcome this problem. The obtained ligand and

its metal complexes were characterized by different analyt-

ical, thermal and spectral methods.

Experimental

Materials and methods

All chemicals were of analytical grade (BDH, Sigma or

Aldrich) and were used as received without further purification.
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Elemental analyses (C, H and N) were performed on a

PerkinElmer 2400 elemental analyzer at Main Defense

Chemical Laboratory. Cobalt (II), nickel (II) and copper

(II) ions of metal complexes were determined by com-

plexometric titration, whereas zinc (II) and cadmium (II)

ions were determined via gravimetric analyses [25].1 Also,

chloride ions were estimated by using Mohr’s method

([25], see Footnote 1). Infrared spectra were recorded on a

Nicolet FTIR spectrophotometer in the range

4000–400 cm-1. The 1H NMR spectra were recorded in

DMSO-d6 on a Varian Gemini 200 NMR spectrometer at

300 MHz. Fast atom bombardment (FAB) mass spectrum

for the ligand was carried out on a Shimadzu Qp-2010 Plus

spectrometer. The electron spin resonance (ESR) spectra

were measured on a Varian E-109c spectrometer equipped

with a field modulation unit at 100 kHz. Measurements

were effected in the X-band frequency 9.71 GHz on a

microcrystalline powder at room temperature; the micro-

wave power was around 10 mW. The electronic spectra

were measured in Nujol mulls using a PerkinElmer

Lambda 4B spectrophotometer. Molar conductivity mea-

surements were taken in DMSO solution 10-3 mol L-1

using a type CD6N Tacussel conductometer. The thermal

analyses (TG/DTG) were carried out by using a Shimadzu

DAT/TG-50 thermal analyzer with a heating rate of

10 �C min-1 under N2 atmosphere with a flowing rate of

20 mL min-1 from the room temperature up to 900 �C
using platinum crucibles. Magnetic susceptibilities were

measured at room temperature by a modified Gouy method

by using a Johnson Matthey magnetic susceptibility bal-

ance. The diamagnetic corrections were calculated using

Pascal’s constants [26]. The effective magnetic moments

were calculated from the equation leff = 2.84(XM
corrt T)1/2.

Melting points were measured by using Stuart melting

point apparatus.

Synthesis of Schiff base, bis-((E)-2-(4-

ethylphenylimino)-1,2-diphenylethanone (L)

A hot ethanolic solution (20 mL) of benzil (20.0 mmol)

was added dropwise to a hot ethanol solution (30 mL) of

4,40-methylenedianiline (10.0 mmol). The reaction mixture

was refluxed for 1 h at 50 �C; few drops of concentrated

H2SO4 were added dropwise to the reactants followed by

reflux for 2 h at 70 �C. The formed precipitate was filtered

off, washed several times with ethanol and dried in a

vacuum desiccator over anhydrous CaCl2 and P2O5. The

structure of the Schiff base ligand based on elemental

analyses and spectral methods is given in Scheme 1.

Synthesis of the Schiff base metal complexes

Complexes (1–3) were prepared by direct reaction between

the Schiff base ligand (L) and Co(II), Ni(II) and Cu(II)

chloride salts, while the corresponding Co(II), Ni(II),

Cu(II), Zn(II) and Cd(II) chloride complexes (4–8) were

prepared by template reaction.

Complexes (1–3) were synthesized by the addition of

(20.0 mmol) of metal chloride dissolved in ethanol to a hot

ethanolic solution of (10.0 mmol) of the ligand, and then

few drops of triethylamine (TEA) were added to the

reactants. The reaction mixture was refluxed for 3 h at

70 �C. The obtained complex was filtered off, washed

several times with ethanol and dried in a vacuum desiccator

over anhydrous CaCl2 and P2O5.

Complexes (4–8) were prepared in a similar way to that

described above, where (20.0 mmol) of a hot ethanolic

solution of benzil was added to (10.0 mmol) of 4,40-
methylenedianiline in 30 mL ethanol. Then, the reaction

mixture was stirred for 30 min at 50 �C, and then

(20.0 mmol) of appropriate metal chloride in 20 mL

ethanol was added dropwise. The reaction mixture was

stirred for 30 min in the presence of few drops of con-

centrated H2SO4. The reaction mixture was refluxed for 3 h

at 70 �C. The formed complex was filtered off, washed

several times with ethanol and dried in a vacuum desiccator

CN N

C CC C

O O

H

H

Scheme 1 Structure of bis-((E)-2-(4-ethylphenylimino)-1,2-diphenylethanone ligand (L)

1 The halide content in the complexes was indirectly determined by

Mohr’s method after the decomposition of the samples in concen-

trated nitric acid by boiling, followed by addition of distilled H2O to

give aqueous solution of metal salt. Then, this solution is neutralized

by sodium bicarbonate before titration.
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over anhydrous CaCl2 and P2O5. The melting point of the

ligand is 184 �C.

Results and discussion

Analytical data

All the solid metal complexes are colored, stable at room

temperature, non-hygroscopic and partially soluble in most

organic solvents, such as chloroform, methanol, ethanol,

acetonitrile and DMF, and freely soluble in DMSO. The

molar conductance values (8–29 X-1 cm2 mol-1) of the

metal complexes in DMSO solution (10-3 mol L-1) at

room temperature (Table 1) revealed that all complexes

(except 4) are non-electrolytes, indicating that chloride

ions are directly coordinated to metal ions [27–30, 39],

while the value of Co(II) complex (4) (59 X-1 cm2 mol-1)

typified 1:1 electrolyte [27]. The analytical data (Table 1)

revealed that the direct reaction method gave complexes

(1–3) with chemical formula [M3(L)Cl6]�mEtOH�nH2O,

where M=Co(II), Ni(II) and Cu(II), m = (0.5, 0, 0) and

n = (7.5, 12.25, 6), respectively. However, the template

reaction (1MDA:2benzil:2metal) produced complexes with

different stoichiometries (1L:3M), (1L:2M) and (1L:1M).

Co(II) complex (4) is formed with chemical formula

[Co3(L)Cl5(H2O)7]�Cl�4.5EtOH, while Ni(II) complex (5)

has a chemical formula [Ni2(L)Cl4(H2O)4]�2EtOH. More-

over, the sandwich Cu(II), Zn(II) and Cd(II) complexes (6–

8) are formed with chemical formula [M2(L)2Cl4]-

mEtOH�nH2O, where M=Cu(II), Zn(II), Co(II); m = (0.25,

0, 0.25) and n = (13, 13.5, 10.5), respectively.

Mass spectra of Schiff base ligand

Fast atom bombardment mass spectrum (FAB-MS) of the

ligand (L) was carried out and investigated. The signal

appears at m/z = 582 amu and is due to the formation of

the molecular ion (C41H30N2O2)? for the ligand. This

confirms the proposed formula and agrees well with the

elemental analyses for the ligand.

Infrared spectra

The infrared spectrum of the Schiff base ligand (Table 2)

lists the most useful assignments for bands diagnostic to

the mode of coordination of the ligand. The spectrum of the

ligand (Fig. 1) displays the fundamental bands of aromatic

rings m(CH), ring bending, p-disubstituted and monosub-

stituted benzene rings deformation characterized by 3065,

1509, (864, 814) and 761 cm-1, respectively [30–34].

While the bands at 1325 and 1073 cm-1 are due to the in-

Table 1 The analytical and physical data of Schiff base ligand (L) and its metal complexes

No. Compound FW Elemental analyses

Found/(Calcd.) %

Ka

Color C H N Cl M

L 582.71 84.22 5.63 4.52 – – –

C41H30N2O2 Buff (84.51) (5.20) (4.81) – –

1 [Co3(L)Cl6]�0.5EtOH�7.5H2O 1130.66 44.73 4.48 2.32 18.85 15.62 8

C42H48N2O10Co3Cl6 Light brown (44.62) (4.28) (2.48) (18.84) (15.64)

2 [Ni3(L)Cl6]�12.25H2O 1192.48 41.75 4.66 2.73 17.94 14.68 13

C41H54.5N2O14.25Ni3Cl6 Light brown (41.30) (4.61) (2.35) (17.86) (14.77)

3 [Cu3(L)Cl6]�6H2O 1094.30 44.90 3.86 2.14 19.84 17.32 16

C41H42N2O8Cu3Cl6 Dark brown (45.00) (3.87) (2.56) (19.46) (17.39)

4 [Co3(L)Cl5(H2O)7]�Cl�4.5EtOH 1305.93 46.47 5.59 2.63 16.52 13.61 59

C50H71N2O13.5Co3Cl6 Blue (45.99) (5.48) (2.50) (16.31) (13.54)

5 [Ni2(L)Cl4(H2O)4]�2EtOH 1006.31 53.98 5.05 3.13 13.87 11.22 12

C45H50N2O8Ni2Cl4 Yellowish brown (53.71) (5.01) (2.78) (14.11) (11.66)

6 [Cu2(L)2Cl4]�0.25EtOH�13H2O 1680.14 58.89 5.23 3.65 8.55 6.59 24

C82.5H87.5N4O17.25Cu2Cl4 Brown (58.98) (5.25) (3.33) (8.45) (7.56)

7 [Zn2(L)2Cl4]�13.5H2O 1681.39 58.57 5.47 3.32 8.18 7.84 17

C82H87N4O17.5Zn2Cl4 Buff (58.58) (5.22) (3.33) (8.45) (7.78)

8 [Cd2(L)2Cl4]�0.25EtOH�10.5H2O 1732.90 57.71 4.39 2.91 7.98 12.34 29

C82.5H82.5N4O14.75Cd2Cl4 Buff (57.18) (4.80) (3.23) (8.19) (12.97)

a X-1 cm2 mol-1
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plane CH deformation of phenyl ring and m(N-phenyl) [32],

also the bands at 2927, 1449, 1189, 1121 and 761 cm-1 are

due to stretching, scissoring, wagging, twisting and rocking

vibration modes of methylene group, respectively [32]. The

spectrum shows weak and medium bands at 1672 and

(1603, 1564 cm-1) assignable to m(C=O) [35–37] and

stretching vibration of azomethine groups including the

m(C=C) of benzene rings, respectively [31, 38]. The weak

nature of these bands may be due to the combination of

aromatic m(C=C) bands. The spectrum shows bands at 691

and (636, 605 cm-1) due to d(C=O) and c(C=O), respec-

tively. This confirms the presence of carbonyl group in the

skeleton of the ligand.

The spectra of complexes (1–3) reveal that the medium

m(C=O) ligand band (1672 cm-1) showed a change in its

shape and position (Fig. 1). On the other hand, the d(C=O)

ligand band (691 cm-1) shifted to lower values via

(31–38 cm-1), whereas the weak c(C=O) (636 cm-1) was

absent in Co(II) and Ni(II) complexes and shifted to lower

frequency by 19 cm-1 in Cu(II) complex (Table 2). While

the second c(C=O) ligand band (605 cm-1) appeared as a

strong feature in complexation to suggest its combination

m(M–O) [30, 39–41], the m(C=N) ligand band (1564 cm-1)

shifted to higher frequency by (18–33 cm-1) in metal

complexes (1–3) with the appearance of new weak bands in

range (514–524 cm-1) which are suggested to m(M–N)

[7, 30, 42, 43]. According to the above arguments, the

ligand binds with the metal ions via carbonyl oxygen and

azomethine nitrogen atoms. It was noted that m(N–phenyl),

CH2 rocking and p-disubstituted benzene ring bands

(Table 2) suffered change in shape and position upon

complexation. This consideration supported another evi-

dence for the participation of the nitrogen atom of the

azomethine groups in chelation.

The spectra of complexes (4–8) which were prepared by

template reaction display bands at ranges (1664–1677),

(687–714), (609–652) and (574–584 cm-1) assignable to

m(C=O), d(C=O), c(C=O) and m(M–O), respectively

[30, 35–38, 40]. The spectra of benzil and the prepared

Schiff base ligand showed c(C=O) at (636–639) and

605 cm-1. The first band undergoes red/blue shift by

(12–26) and (5–27 cm-1), respectively, whereas the second

one displayed shift to lower frequency at (21–31 cm-1)

upon complexation. This indicates participation of the

oxygen atoms of carbonyl groups of benzil moiety in

coordination [30, 40, 41].

The different modes of vibration of NH2 were disap-

peared with the appearance of two bands at (1586–1615)

and (1553–1577 cm-1) ranges, due to m(C=N) which cor-

responding to bands at 1564 and 1603 cm-1 in the pre-

pared ligand [7, 38]. It is obvious from comparing the

m(C=N) band of the free ligand with that of the metal

complexes, the first band showed blue/red shift by (14–17)

and (5–12 cm-1) upon complexation with Co(II), Ni(II),

Zn(II) and Cu(II) salts, respectively, whereas the second

band disappeared in Co(II) complex (4) and showed slight

shift with Ni(II), Cu(II) and Zn(II) complexes. The spec-

trum of Cd(II) complex (8) showed m(C=N) as a splitted

band with negative shift at (11–32 cm-1). The above

observation suggests that the nitrogen atom of azomethine

groups involved in chelation, and this also supported by the

appearance of band in range (503–524 cm-1), assignable to

m(M–N) [30, 42, 43]. In addition to carbonyl and azome-

thine bands, the spectra of complexes gave bands corre-

sponding to CH vibrations of aromatic rings and methylene

group [31, 32]. This indicates that the complexes contain

MDA and benzil moieties. The above arguments point to

that the condensation takes place in presence of metal and

few drops of concentrated H2SO4 with the formation of

metal complexes.

1H NMR of Schiff base and metal complexes (7, 8)

1H NMR spectrum of the Schiff base ligand in DMSO-d6

reveals multiple signals at d (6.84–7.23 ppm) assigned to

protons of aromatic rings [40, 43], while the singlet signal

at d 3.83 ppm is due to –CH2 protons. The spectra of Zn(II)

and Cd(II) complexes (7, 8) show the resonance of aro-

matic protons in range d (6.35–6.94 ppm) and –CH2 signal

at d (3.62–3.65 ppm), respectively, which considered

upfield shift compared to free ligand. This observation

confirms the IR discussion which suggests that the aromatic

rings strongly affected upon chelation.

Molecular modeling study of the Schiff base ligand

Molecular modeling studies using (MM?) calculations

[44–46] are performed to determine a better understanding

of geometrical structure of the investigated ligand. The

3500 3000 2500 2000 1500 1000 500

Wavenumbers/cm–1

Tr
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itt
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/%
Complex (3)

Complex (2)

Complex (1)

Ligand

Fig. 1 IR spectra of the ligand, [Co3(L)Cl6]�0.5EtOH�7.5H2O (1),

[Ni3(L)Cl6]�12.25H2O (2) and [Cu3(L)Cl6]�6H2O (3)
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molecular mechanisms (MM?) have enormous applica-

tions in the field of coordination chemistry [45, 46]. The

molecular modeling of the ligand, Table 3 and Fig. 2,

showed some of the important bond lengths and numbering

of the ligand Skelton. It was observed that the stability

order decreases in this direction:

C(18)=O(44) & C(19)=O(45) [ N(14)=C(16) & N

(15)=C(17) [ C(4)–N(14) & C(8)–N(15) [ C(16)–C

(18) & C(17)–C(19) & C(19)–C(35)

Electronic spectra and magnetic moments

The tentative assignments of the significant electronic

spectral bands of the Schiff base ligand (L) and its metal

complexes in Nujol mulls are presented in Table 4. The

electronic spectrum of the ligand (L) exhibits three strong

absorption maxima at 252, 296 and 328 nm which are

assigned to electronic transitions between bonding and

anti-bonding orbitals (p - p*) of phenyl rings as well as

carbonyl and azomethine groups [47–49]. In addition to

these, two low intense bands appear at 468 and 515 nm due

to the electronic transitions from the lone pair of electrons

on the heteroatom nitrogen of (C=N) to the anti-bonding p*

orbital and (n - p*) electronic transitions of the entire

conjugate system of the ligand [30]. In metal complexes,

the p - p* transition of the phenyl ring shifts slightly and

remains almost constant, whereas the p - p* and n - p*

of (C=N) and (C=O) groups shift toward lower frequency

due to the change in the electron density of the ligand upon

complexation [48, 49]. Also, the spectra of metal com-

plexes show bands at 483–510 nm which may be attributed

to ligand to metal charge transfer (LMCT) and Cl ? M

charge transfer transitions [50–54]. These shifts of bands

indicate to bonding of the ligand to the metal ions.

The geometry of metal complexes has been observed

from electronic spectra and their magnetic moment values.

The spectrum of Co(II) complex (1) displays high intense

band at 700 nm and a shoulder band at 644 nm assigned to
4A2(F) ? 4T1(F) (t2) and 4A2(F) ? 4T1(P) (t3) transition,

respectively. This confirms tetrahedral structure for cobalt

(II) complexes [55, 56, 66]. Cobalt (II) complex (4) exhi-

bits three bands located at 630, 580 and 515 nm charac-

terized to 4T1g(F) ? 4T2g(F) (t1), 4T1g(F) ? 4A2g(F) (t2)

and 4T1g(F) ? 4T1g(P) (t3) transitions, respectively. This

supports high-spin octahedral geometry around cobalt (II)

ion [57–61]. The magnetic moment values for complexes

(1, 4) (Table 4) are gathered with the d–d electronic tran-

sitions to suggest the tetrahedral and octahedral geometry

for complexes (1,4), respectively [55–61]. The lower

magnetic moment values (3.84, 4.1 BM) for Co(II) com-

plexes (1,4) indicate anti-ferromagnetic coupling of spins

of Co(II) ions.

The nickel (II) complex (2) shows one band at 693 nm

which may be attributed to 3T1(F) ? 3T1(P) transition

indicating tetrahedral geometry around Ni(II) ion, and this

is confirmed by its magnetic moment value (2.98 BM)

[57, 62, 65–67]. The electronic spectrum of Ni(II) complex

(5) exhibits two bands at (800, 710) and 462 nm ascribed to
3A2g(F) ? 3T1g(F) (t2) and 3A2g(F) ? 3T1g(P) (t3) tran-

sitions, respectively. The t2 transition appears as doublet;

this is due to the forbidden transition to 1Eg level that

interacts with 3T1g(F) level and also due to spin–orbit

coupling [56]. These transitions and magnetic moment

value (3.49 BM) are consistent with octahedral structure of

nickel (II) ion [30, 61–63].

[Cu3(L)Cl6]�6H2O complex (3) have two bands at 690

and 556 nm for 2B1g ? 2Eg and 2B1g ? 2A1g electronic

transitions, respectively, and the magnetic moment value

(0.8 BM) is typified with square planar structure around

Cu(II) ions [52–54, 61–63, 65]. Moreover, the electronic

spectrum of Cu(II) complex (6) showed two bands at 694

and 584 nm and assigned to 2B1g ? 2B2g and 2B1g ? 2Eg,

respectively. The magnetic moment value for this complex

(1.56 BM) is gathered with the d–d transitions to establish

the distorted octahedral geometry [30, 48, 50, 51, 61, 64].

The relatively low values of magnetic moment of com-

plexes (1–6) indicate the metal–metal interaction [53, 54].

The proposed chemical structures for the synthesized

metal complexes (based on elemental analyses and spectral

methods) are represented in Scheme 2.

Table 3 Important bond lengths characterized for Schiff base ligand

Bond Bond length/Å Bond Bond length/Å

C(4)–N(14) 1.2601 C(18)–C(16) 1.3510

C(8)–N(15) 1.2600 C(17)–C(19) 1.3510

N(14)=C(16) 1.2600 C(18)=O(44) 1.2079

N(15)=C(17) 1.2600 C(19)=O(45) 1.2080

C(18)–C(32) 1.3510 C(19)–C(33) 1.3510

O(45)

C(19) N(15)

C(33)

C(17) C(8) C(4)

N(14)

C(16)

C(32)
C(18) O(44)

Fig. 2 Molecular modeling for Schiff base ligand
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Thermal studies

The thermoanalytical data describe the thermal decom-

position pathway of metal complexes, give simulations

about the decomposition mechanism and identify the dif-

ferent types of solvent of crystallization. Thermal behavior

of the ligand and its metal complexes has been studied by

using TG and DTG analyses, and the results are listed in

Table 5 and represented in Fig. 3.

The TG curve pattern of the ligand (C41H30N2O2)

reveals that the thermal stability is up to 184 �C, and

insignificant mass loss (0.6 %) below 100 �C caused by

evaporation of residual solvent (0.25 H2O) from the sam-

ple. The TG and DTG curves profile indicates that the

thermal decomposition of the ligand comprises of mainly

three steps within (184–270), (270–381) and (381–872 �C)

temperature ranges (Table 5). The decomposition starts

with the elimination of two carbonyl groups, and this was

confirmed with the disappearance of the carbonyl group

stretching from infrared spectrum of the arrested material

after heated up to 270 �C (Fig. 4). The modeling structure

of the ligand (Fig. 2; Table 3) shows that the C(16)–C(18),

C(17)–C(19), C(19)–C(35) and C(18)–C(32) bonds are

more lengthen than the other bonds; this is another evi-

dence of the suggested mechanism for the starting thermal

decomposition pathway for the ligand (Scheme 3). This

step is followed by loss of three phenyl moieties (C18H12).

The first and second steps are characterized by well-defined

DTG peaks at (Tmax = 228, 328 �C), respectively, and

proceed in a sharp temperature range, and this reveals that

the mass loss process proceeds fast. After that, the

decomposition of the rest organic material occurs smoothly

Table 4 Electronic spectral data and magnetic moment values of Schiff base ligand and its metal complexes

No. Compound Electronic spectral bands/nm Assignments leff. (BM) (per metal ion)

L 468, 515 n - p* –

252,296,328 p - p* –

1 [Co3(L)Cl6]�0.5EtOH�7.5H2O 700 4A2(F) ? 4T1(F) 3.84

644 4A2(F) ? 4T1P)

428,468,512 LMCT

252,296,312 Intraligand transition

2 [Ni3(L)Cl6]�12.25H2O 693 3T1(F) ? 3T1(P) 2.98

434,510 LMCT

250,289,310 Intraligand transition

3 [Cu3(L)Cl6]�6H2O 690 2B1g ? 2Eg 0.80

556 2B1g ? 2A1g

434,476,514 LMCT

254,292,320 Intraligand transition

4 [Co3(L)Cl5(H2O)7]�Cl�4.5EtOH 630 4T1g(F) ? 4T2g(F) 4.1

580 4T1g(F) ? 4A2g(F)

515 4T1g(F) ? 4T1g(P)

483 LMCT

252,286,316 Intraligand transition

5 [Ni3(L)Cl4(H2O)4]�2EtOH 800,710 3A2g(F) ? 3T1g(F) 3.49

462 3A2g(F) ? 3T1g(P)

445,504 LMCT

245,279,328 Intraligand transition

6 [Cu2(L)2Cl4]�0.25EtOH�13H2O 694 2B1g ? 2B2g 1.56

584 2B1g ? 2Eg

468,502 LMCT

252,288,312 Intraligand transition

7 [Zn2(L)2Cl4]�13.5H2O 428,468,506 LMCT Diamagnetic

252,296,319 Intraligand transition

8 [Cd2(L)2Cl4]�0.25EtOH�10.5H2O 432,468,506 LMCT Diamagnetic

252,296,319 Intraligand transition
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Scheme 2 Structure of Schiff

base metal complexes
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Table 5 Thermal decomposition of Schiff base ligand and its metal complexes

No. Compound TG range DTG peak Mass loss/% Assignment TS

Temperature/�C Temperature/�C Found Calcd. Temperature/�C

L�0.25H2O 26–184 55f 0.60 0.78 Loss of 0.25 mol of H2Oa 184

184–270 228h 9.26 9.54 Loss of 2COd

270–381 328f 38.67 38.88 Loss of C18H12
d

381–872 660h 50.57 49.79 Loss of C20.5H18N2
d

At 872 0.75 1.02 0.5Cr

1 [Co3(L)Cl6]�0.5EtOH�7.5H2O 26324 39f 10.68 10.80 Loss of 0.5 mol of EtOH and 5.5 mol of

H2Oa?b
324

73f

166h

324–582 455r 51.83 51.96 Loss of C27H22N2 and 3Cl2
d

582–652 – – –

652–810 746e 6.58 6.38 Loss of 5C and 6H2
d

810–839 – – – –

839–897 879f 2.29 2.12 Loss of 2Cd

At 897 28.62 28.73 Co3O4 ? 7Cr

2 [Ni3(L)Cl6]�12.25H2O 26–369 43e 15.31 15.11 Loss of 10 mol of H2Oa 369

369–588 442r 51.18 51.15 Loss of C27H22N2, 1.25 mol of H2O and

3Cl2
d

588–641 – – – –

641–899 691f 5.23 5.63 Loss of 4.75C and 5H2
d

At 899 28.28 28.11 3NiO ? 9.25Cr

3 [Cu3(L)Cl6]�6H2O 23–222 44f 4.18 4.12 Loss of 2.5 mol of H2Oa 222

222–283 253c 27.94 27.92 Loss of C21H15N2 and 0.5 mol of H2Od

283–379 332c 34.65 34.65 Loss of 13C, 5H2 and 3Cl2
d

379–450 409f 2.26 2.47 Loss of 1.5 mol of H2Od

450–600 – – – –

600–898 679f 4.69 4.77 Loss of 3C, 3.5H2 and 0.5H2Od

At 898 26.28 26.17 3CuO ? 4Cr

4 [Co3(L)Cl5(H2O)7]�Cl�4.5EtOH 23–193 39g 5.64 5.29 Loss of 1.5 mol of EtOHb 350

157e

193–350 333c 7.34 7.21 Loss of 1.25 mol of EtOH and 0.5Cl2
b

350–561 399c 55.55 55.34 Loss of C27H22N2, 5 mol of H2O,

1.75 mol of EtOH and 2.5Cl2
d

509e

561–899 743h 6.80 7.74 Loss of 7.5C and 6.0 H2
d

At 899 24.66 24.42 Co3O4 ? 6.5Cr

5 [Ni2(L)Cl4(H2O)4]�2EtOH 25–327 40g 9.09 9.16 Loss of 2 mol of EtOHb 327

170f

327–499 436r 58.48 58.49 Loss of C27H22N2, 4 mol of H2O and 2Cl2
d

499–719 517e 15.67 15.72 Loss of 12.5 C and 4H2
d

685g

At 719 16.76 16.63 2NiO ? 1.5Cr

6 [Cu2(L)2Cl4]�0.25EtOH�13H2O 22–237 45f 10.99 10.87 Loss of 0.25 mol of EtOH and 9.5 mol of

H2Oa?b
237

164f

182f

203g

220g

237–391 267h 19.75 19.79 Loss of C26H20
d

360f

391–703 458e 59.87 59.87 Loss of C56H40N4O2, 2Cl2 and 3.5 mol of

H2Od

666h

At 703 9.38 9.46 2CuOr
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within the gradually over wide temperature range, sug-

gesting that the decomposition proceeds slowly. The esti-

mated total mass loss for the ligand is consistent with the

calculated total mass loss at the observed decomposition

steps within temperature range (26–872 8C) as shown in

Table 5.

The isostructural trinuclear [Co3(L)Cl6]-

0.5EtOH�7.5H2O complex (1) and [Ni3(L)Cl6]�12.25H2O

complex (2) largely exhibit the similar thermal behavior,

indicating isothermal character at room temperature. The

TG curves showed mass loss in range (26–369 �C),

assigned to complete desolvation and partial dehydration.

After that, the TG curves display mass loss in range

(51.18–51.83 %) within range (324–588 �C) (Table 5),

corresponding to thermal degradation of the most part of

the ligand (release of bis-((E)-N-benzylidenebenzenamine)

along with dechlorination (C27H22N2 ? 3Cl2). This pro-

cess was associated with strong broad DTG peaks at

(Tmax = 455, 442 �C) for Co(II) and Ni(II) complexes,

respectively, suggesting the overlapping of more than one

decomposition process. This is obviously clear from the

DTG curve of Co(II) complex (1) which recorded under

atmospheric air and gave the same decomposition products

obtained under N2 atmosphere as shown in Fig. 3. The TG

curves show some stability within range (582–652 �C) and

then followed by successive small mass loss leading to the

formation of (Co3O4 ? 7C) and (3NiO ? 9.25C) as final

products [34, 67]. The X-ray diffraction pattern (XRD) of

the obtained (Co3O4 ? 7C) (Fig. 5) was confirmed with

ASTM card number (3-65-3103) and infrared spectrum of

the final residue (Fig. 6) which shows two bands at

(649.47, 548.89 cm-1), assigned to m(M–O) [7, 41]. It is

obviously clear that the final residues resulted from the

decomposition of Co(II) complex (1) under nitrogen or

atmospheric air and Ni(II) complex (2) are evident that the

oxygen atoms of the ligand as well as lattice water mole-

cules are responsible for the formation of metal oxide; two

or one molecule of lattice water contributed in the forma-

tion of (Co3O4 ? 7C) or (3NiO ? 9.25C), respectively.

The trinuclear square planar [Cu3(L)Cl6]�6H2O complex

(3) has thermal decomposition pattern that differs from that

of Co(II) and Ni(II) complexes (1, 2). The estimated TG

mass loss (4.18 %) up to 222 �C is reasonable for the

removal of 2.5 mol of H2O. The rest of H2O molecules are

associated with the decomposition of the material [68]. The

DTG curve displays well-defined splitted peaks at

(Tmax = 253, 332 �C); those two peaks refer to two sub-

sequent decomposition processes. The TG curve shows

Table 5 continued

No. Compound TG range DTG peak Mass loss/% Assignment TS

Temperature/�C Temperature/�C Found Calcd. Temperature/�C

7 [Zn2(L)2Cl4]�13.5H2O 25–283 51f 14.07 14.47 Loss of 13.5 mol of H2Oa 283

176e

254e

283–376 358c 19.88 19.77 Loss of C26H20
d

376–675 452c 54.82 54.66 Loss of C54H40N4O2 and 2Cl2
d

610f

652f

At 675 11.23 11.10 2ZnO ? 2Cr

8 [Cd2(L)2Cl4]�0.25EtOH�10.5H2O 28–277 139e 10.37 10.02 Loss of 0.25 mol of EtOH and 9 mol of

H2Oa?b
277

245e

277–364 325c 19.76 19.70 Loss of C26H20 and 0.5 mol of H2Od

364–896 431c 55.46 55.46 Loss of C56H40N4O2, 2Cl2 and one mol of

H2Od

587c

At 896 14.41 14.82 2CdOr

a Dehydration
b Desolvation
c Strong
d Decomposition
e Medium
f Weak
g Very weak
h Broad
r: Final redidue
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sharp decomposition at 222 �C with mass loss 27.94 % up

to 283 �C, corresponding to elimination of (C21H15-

N2 ? 0.5H2O), and then followed by TG mass loss

34.65 % up to 379 �C, consistent with the removal of

(13C ? 5H2 ? 3Cl2). The last step was associated with

small mass loss (2.26 %) and weak DTG peak at

Tmax = 409 �C, due to loss of 1.5 mol of H2O. The TG

curve displays no mass loss up to 600 �C. After that, it

undergoes mass loss (4.69 %) at Tmax = 679 �C, leaving

3CuO ? 4C as a final product [30, 34, 65–67].

The TG curve of the octahedral [Co3(L)Cl5(H2O)7]-

Cl�4.5EtOH complex (4) displays mass loss (5.64 %) up to

193 �C, assigned to the removal of 1.5 mol of EtOH, followed

by TG mass loss (7.34 %) at (Tmax = 333 �C) up to 350 �C,

*: Mass of sample 
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Fig. 3 TG/DTG curves of the

Schiff base ligand and its metal

complexes

Spectroscopic studies and thermal decomposition for…

123



equivalent to elimination of (ionic chloride ? 1.25EtOH)

(Table 5). After that, the thermal decomposition begins at

350 �C; the DTG curve displays a strong broad peak at

(Tmax = 399 �C) associated with a medium one at

(Tmax = 509 �C). This step was associated with TG mass loss

(55.55 %) up to 561 �C, corresponding to the removal of

(C27H22N2 ? 5 mol of H2O ? 1.75 mol of EtOH ? 2.5Cl2).

After that, the TG curve profile shows a small mass loss

(6.80 %) up to 899 �C at Tmax = 743 �C (Table 5). Finally,

the TG curve of this complex shows complete decomposition

for the organic ligand ended with the formation of (Co3-

O4 ? 6.5C) as a final product [67]. The X-ray diffraction

pattern (XRD) of the obtained (Co3O4 ? 6.5C) (Fig. 7) was

confirmed with ASTM card number (3-65-3103) [67] and

infrared spectrum of the final residue (Fig. 8) which shows

two bands at (650, 539 cm-1), attributed to m(M–O) [7, 41].

The TG curve profile of binuclear octahedral Ni(II)

complex (5) [Ni2(L)Cl4(H2O)4]�2EtOH has the same ther-

mal decomposition behavior of trinuclear Co(II) and Ni(II)

complexes (1,2), with the exception of releasing water of

crystallization. The TG curve displays mass loss (9.09 %)
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Fig. 4 IR spectrum of the Schiff base ligand after heated up to

270 �C. a Before heating; b after heating
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up to 327 �C, corresponding to complete desolvation. This

step is followed by TG mass loss (58.48 %) up to 499 �C
with (Tmax = 436 �C), consistent with the removal of

(C27H22N2 ? 4 mol of H2O ? 2Cl2) (Table 5). This step

is followed by TG mass loss (15.67 %) up to 719 �C with

DTG peaks at (Tmax = 517 and 685 �C), due to elimination

of (12.5C ? 4H2 gas). The thermal decomposition pattern

ended with the formation of (2NiO ? 1.5C) as a final

product [34].

According to the above arguments, the trinuclear tetra-

hedral Co(II), Ni(II) complexes (1, 2), trinuclear octahedral

Co(II) complex (4) and binuclear octahedral Ni(II) com-

plex (5) start thermal decomposition by breaking bonds

between coordinated nitrogen atoms and the metal along

with the C–C bond of benzil moiety and dechlorination.

The metal still bonded with oxygen atoms of carbonyl

groups of the ligand and some of lattice or coordinated

water to produce metal oxides contaminated with carbon as

final products. The thermal decomposition mechanism of

Co(II) complex (1) is shown in Scheme 4, as an example

for the above-mentioned complexes.

The TG and DTG curves profile of Cu(II), Zn(II) and

Cd(II) complexes (6–8) indicates that they have nearly

similar thermal decomposition pathway. It is obvious from

the curves that the dehydration and/or desolvation process

takes place into two steps. However, the rest of the H2O

molecules are lost along with the decomposition process as

indicating from TG mass loss (Table 5). After that, the

decomposition of Cu(II), Zn(II) and Cd(II) complexes

begins at 237, 283 and 277 �C, respectively. The thermal

degradation processes completed through two continuous

steps, and all ended with the formation of metal oxide as a

final product [30, 34, 65–67]. The first decomposition step

of Cu(II), Zn(II) and Cd(II) complexes is characterized by

DTG peaks at Tmax = (267,360, 358 and 325 �C) with

estimated mass losses 19.75, 19.88 and 19.76 %, respec-

tively. Those mass losses are equivalent to the removal of

two molecules of unstable diphenylmethane moieties

(C26H20), leaving two molecules of unstable octahedral

sandwich complexes. This is followed by TG mass loss

59.87, 54.82 and 55.46 % for Cu(II), Zn(II) and Cd(II)

complexes, respectively, assignable to pyrolysis of the rest

of the organic material as well as the release of two mol of

chlorine gas, in addition to the removal of the rest of the

H2O molecules in case of Cu(II) and Cd(II) complexes.

The X-ray diffraction pattern (XRD) of the obtained resi-

due (2CuO) (Fig. 9) was confirmed with ASTM card

number (89-2531). According to the above thermal

decomposition data, the sandwich complexes (6–8) start

decomposition with the removal of two mol of diphenyl-

methane followed by dechlorination as well as the

decomposition of the five membered chelate ring with the

formation of metal oxide. The proposed thermal decom-

position mechanism for complexes (6–8) is represented in

Scheme 5.

Kinetic and thermodynamic studies

The thermodynamic and kinetic parameters of the ligand

and its metal complexes were calculated [30, 69, 70, 71]

and collected in Table 6.
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Fig. 6 IR spectrum of Co3O4 as a final product of the thermal

decomposition of Co(II) complex (1)
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Fig. 7 XRD pattern of Co3O4 as a final product of the thermal

decomposition of Co(II) complex (4)
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Fig. 8 IR spectrum of Co3O4 as a final product of the thermal

decomposition of Co(II) complex (4)
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In order to demonstrate the influences of the structural

properties of the chelating moiety and the type of the metal

ion on the thermal behavior of the metal complexes, the

values of activation energy DE* and the order of the

reaction for the various decomposition stages were calcu-

lated through the analysis of the DTG curves. The reaction

order (n) can be determined from the relation [72]:

ð1 � amÞ ¼ n1=1�n

where am is the decomposed substance fraction at the

maximum development of reaction.

The activation energy (DE*) can be calculated by using

the initial rate method [30, 69]. The plot of (lnI) versus

(1/T) for the low-temperature peak is a straight line with a

slop equals to (-E*/R) [70, 71], where I represents the

intensity of DTG or DTA peak. Also, the kinetic parame-

ters (DH, DS* and DG) were calculated using these

relations:

DH = DE* - RT; DS* = RT ln(Ah/KT); DG = DH -

TDS*, where K, h, R, A and T are Boltzmann’s, Planck’s and

gas constants, frequency factor and absolute temperature,

respectively.

Considering the TG/DTG curves and kinetic parameters,

some remarks and conclusions were obtained as follows:

• The observed higher thermal stability of Ni(II) complex

(2) (369 �C) than the corresponding for Co(II) complex

(1) may be ascribed to the increased number of water of

crystallization that show vital role in lattice forces

[29, 65]. This is because the presence of crystallized

water molecules keeps the structure less flexible due to

inter- and intrahydrogen bonds [73]. Moreover, the

activation energy value of complexes increases as the

thermal stability increases. So, DE* value for the initial

decomposition for Ni(II) complex (2) is higher than that

the corresponding DE* for Co(II) complex (1), Table 6,

and this may be due to the lower ionic radii of Ni(II)

26–324 °CDesolvation

324–582 °C

–C27H22N2 and 3Cl2
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Scheme 4 Proposed thermal decomposition mechanism for Co(II) complex (1)
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Fig. 9 XRD pattern of CuO as a final product of the thermal

decomposition of Cu(II) complex (6)
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ion than that of Co(II) ion [50, 74]. Also, all the

decomposition processes of Ni(II) complex proceed

through second-order reaction, whereas Co(II) complex

proceeds through first-order reaction (Table 6).

• The higher thermal stability of the octahedral Co(II)

complex (4) than the tetrahedral Co(II) complex (1)

may be due to the ionic character of complex (4) and

the stronger interaction between Co(II) ion and NO3Cl2
chromophore in octahedral Co(II) complex [75]. Also,

all the decomposition processes of Co(II) complexes

(1,4) occur through first-order reaction (Table 6).

• Sandwich complexes (6–8) are isothermal, while Zn(II)

complex (7) has higher thermal stability comparing to

Cu(II) (6) and Cd(II) (8) complexes. This may be due to

22–283 °C

237–391 °C
–C26H20 for complexes (6,7)

loss of organic material + 2Cl2 + zH2O

364–896 °C
2MO + yC

Desolvation
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C N O
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–C26H20 and 0.5H2O for complex(8)

Scheme 5 Thermal decomposition mechanism for Schiff base metal complexes (6–8)
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Table 6 Kinetic and thermodynamic parameters of the thermal decomposition of the Schiff base ligand and its metal complexes

No. Compound Temperature

range/�C
DTG peak n DE*/

kJ mol-1
DH*/

kJ mol-1
A/s-1 -DS*/

kJ mol-1 K-1
DG*/

kJ mol-1Temperature/�C

L 184–270 228b 1.31 207.36 203.49 259.33 0.2113 301.76

270–381 328a 1.29 324.16 321.40 340.87 0.2106 391.31

381–872 660e 1.84 250.25 245.59 157.51 0.2206 369.37

1 [Co3(L)Cl6]�0.5EtOH�7.5H2O 26–324 39c 1.71 127.71 125.33 271.90 0.2070 184.53

73c 1.29 222.87 220.50 457.13 0.2035 278.51

166e 1.00 111.24 108.46 154.08 0.2146 180.12

324–582 455f 1.22 147.05 143.69 118.48 0.2209 232.95

652–897 746b 1.16 531.52 527.89 315.98 0.2156 622.11

879c 1.03 965.39 962.56 518.88 0.2125 1035.23

2 [Ni3(L)Cl6]�12.25H2O 26–369 43c 1.93 102.25 99.84 207.63 0.2093 160.55

369–588 442f 1.87 372.79 370.21 322.91 0.2125 436.29

588–899 691c 1.57 827.92 825.42 542.34 0.2106 888.82

3 [Cu3(L)Cl6]�6H2O 23–222 44c 1.71 142.45 140.01 302.32 0.2062 200.65

222–450 253a 1.48 233.98 231.45 279.38 0.2111 295.63

450–898 332a 1.04 278.59 275.92 286.27 0.2121 343.99

409c 0.98 872.15 869.63 970.73 0.2029 931.11

679c 1.10 825.05 820.88 548.55 0.2104 926.52

4 [Co3(L)Cl5(H2O)7]�Cl�4.5EtOH 23–193 39d 1.06 220.77 218.18 539.52 0.0202 225.10

157b 0.90 77.74 74.99 107.96 0.0362 90.58

193–350 333a 1.34 189.23 1186.82 1652.07 0.0139 1195.26

350–561 399a 1.78 258.92 1256.24 1487.26 0.0182 1268.44

509b 1.01 588.01 585.44 479.22 0.0288 607.99

561–899 743e 1.33 634.15 631.13 381.53 0.0329 664.56

5 [Ni2(L)Cl4(H2O)4]�2EtOH 25–327 40d 2.07 239.91 237.51 584.19 0.0196 243.64

170c 1.05 115.65 112.56 159.10 0.0333 127.31

327–499 436f 1.40 206.98 203.81 174.14 0.0364 229.64

499–719 517b 0.81 731.23 728.81 605.01 0.0269 750.12

685d 1.01 672.45 699.66 435.21 0.0313 699.66

6 [Cu2(L)2Cl4]�0.25EtOH�13H2O 22–237 45c 1.77 84.06 81.60 165.85 0.2113 144.14

164c 1.32 778.91 776.60 1652.71 0.1948 831.73

182c 1.17 500.12 497.83 834.41 0.2008 553.25

203d 0.80 963.29 960.95 1915.87 0.1943 1015.74

220d 1.68 527.31 524.97 788.29 0.2020 581.92

237–391 267e 1.32 359.58 357.07 438.48 0.2076 419.76

360c 0.88 462.02 459.33 476.01 0.2082 526.79

391–703 458b 1.12 241.64 238.84 198.16 0.2167 311.87

666e 0.58 558.52 554.85 364.41 0.2137 649.10

7 [Zn2(L)2Cl4]�13.5H2O 25–283 51c 1.35 55.14 52.65 102.92 0.0343 63.76

176b 0.84 120.44 117.64 163.63 0.0332 132.53

254b 1.44 717.06 714.35 1053.77 0.0189 724.36

283–376 358a 1.11 622.86 619.97 676.40 0.0242 635.23

376–675 452a 1.90 508.17 505.27 447.00 0.0288 526.14

610c 1.23 687.96 684.87 491.84 0.0296 711.03

652c 0.60 1715.01 1712.66 1339.55 0.0217 1732.73
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the decrease in electronegativity of metal ion, where the

difference in electronegativity between the metal ion

and the donor atoms of the ligand (N and O atoms) will

decrease, producing higher ionic character for metal–

ligand bond and higher thermal stability for this

chelate. In addition, the coordinated Schiff base ligand

starts to decompose in the second stage for complexes

(6–8) and the calculated activation energy values

(Table 6) are found to be 359.58, 622.86 and

289.89 kJ mol-1, respectively. This reflects the higher

thermal stability of Zn(II) complex which is shown by

its high decomposition temperature (283 �C) than that

observed for Cu(II) and Cd(II) complexes.

• The change of entropy values (DS*) of complexes

(1–8) for the thermal decomposition steps (Table 6)

showed that the transition states are more ordered, i.e.,

in a less random molecular configuration than the

reacting complexes. Also, the fraction appeared in the

calculated order of the thermal reactions (n) confirmed

that the reactions proceeded in complicated mecha-

nisms [68].

Electronic spin resonance (ESR) spectral studies

The X-band ESR spectra of Cu(II) complexes (3, 6) were

recorded on powder sample at room temperature (Fig. 10).

The ESR spectra of those complexes were found to be

axially symmetric with two g values, gk = (2.24, 2.23),

g\ = (2.08, 2.07), respectively (Table 7). The observed gk

values for these complexes are greater than ge (2.0023),

indicating that (dx2-y2)1 is the ground state for Cu(II) ions

configuration, i.e.,4(a1g)2(b2g)2(b1g)1, which is character-

ized to square planar or distorted octahedral geometry

[77, 78]. The calculated gav values (2.13, 2.12) and the

observed gk values (2.24, 2.23), which are \2.3, suggest

the high covalent character of metal–ligand bond with

distorted symmetry [52–54]. In axial symmetry,

Table 6 continued

No. Compound Temperature

range/�C
DTG peak n DE*/

kJ mol-1
DH*/

kJ mol-1
A/s-1 -DS*/

kJ mol-1 K-1
DG*/

kJ mol-1Temperature/�C

8 [Cd2(L)2Cl4]�0.25EtOH�10.5H2O 28–277 139b 1.11 117.56 114.37 175.94 0.2129 196.13

245b 1.26 231.68 228.86 281.50 0.2109 300.36

277–364 325a 1.18 289.89 287.23 303.18 0.2115 354.91

364–896 431a 1.26 365.71 362.88 322.05 0.2124 435.08

587a 1.32 593.56 590.53 431.23 0.2116 667.76

a Strong
b Medium
c Weak
d Very weak
e Broad
f Broad strong
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Fig. 10 ESR spectra of [Cu3(L)Cl6]�6H2O (3) and [Cu2(L)2Cl4]-

0.25EtOH�13H2O (6)

Table 7 ESR parameters of the Schiff base copper(II) complexes

Complex gk g\ gav. G

(3) 2.24 2.08 2.13 3.16

(6) 2.23 2.07 2.12 3.36

gav. = (2 g\ ? gk)/3
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G = (gk - 2.0023)/(g\ - 2.0023), where G measures the

exchange interaction between the metal centers in a poly-

crystalline solid. The calculated G values for complexes

(3, 6) are 3.16 and 3.36, respectively, suggesting the cop-

per–copper exchange interaction in the solid complexes

[79]. These results are in agreement with the magnetic

moment values for complexes (3, 6) (Table 4).
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