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TG curves display mostly three steps of thermal decomposition. The first step is due to dehydration fol-
lowed by the elimination of the anions from the complexes. The anhydrous free anion complexes undergo
further decomposition forming metal oxides as final products. The activation energies Ea were evalu-
ated and discussed in accordance with the structure of the complexes, which was assured, by elemental
analyses and IR spectra.
etal complexes
hermal analysis

. Introduction

Schiff bases and related metal ions complexes, with interesting
igational features, have experienced long standing applications in
iological, pharmacological, catalytic, analytical and various other
elds [1–5]. Many authors investigated coordination compounds
ue to their chemical, biological, environmental, ion-exchange and
atalytic importance [6–10]. DTA and TG were used to study the
odes of thermal decomposition of some divalent cobalt, nickel

nd copper complexes of Schiff bases [11,12]. The studies also
ncluded the determination of thermo-kinetic parameters [13].
he stoichiometry of thermal decomposition and the relationship
etween thermal parameters of the complexes were studied by
ome authors [14]. In this work we aim to study the thermal analy-
is (DTA and TG) as well as the kinetic parameters of decomposition
f some complexes prepared from acetylacetonato aniline acetohy-
razone Schiff base.

. Experimental

A mixture of equimolar amount of aniline, ethyl chloro acetate
nd sodium acetate trihydrate in absolute ethanol was refluxed for

h. The reaction mixture was cooled and poured onto ice-water.
he so obtained solid was isolated and crystallized from ethanol to
ive ethyl anilino acetate. A mixture of equimolar amounts of ethyl
nilino acetate and hydrazine hydrate was magnetically stirred. The
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so obtained white solid was isolated, dired dissolved in ethanol and
then treated with acetylacetone. The reaction mixture was refluxed
for 4 h. The solid formed was filtered off, washed several times with
EtOH and dired under vacuum. All the complexes were prepared
by mixing Mn(II), Co(II), Ni(II), Cu(II) salts and the ligand (AAAH) in
(1:1) metal:ligand stoichiometries. The mixtures were stirred for
3 h. The products precipitated were removed by filtration washed
several times with ethanol and dired in vacuo over P2O5. The dif-
ferential thermal analysis (DTA) and thermogravimetric analysis
(TGA) were carried out on a Shimadzu DT-50 and TG-50 thermal
analyzers within the temperature range of 20–800 ◦C at a heat-
ing rate of 10 ◦C/min using highly purified nitrogen gas, free of
any other gases, in the surrounding atmosphere with a flow rate
30 ml/min [15].

3. Results and discussion

The analytical data of the ligand and its complexes with physical
properties are summarized in Table 1.

3.1. IR spectra

The characteristic bands in the IR spectra of the ligand and
its metal complexes are listed in Table 2. The presence of water
molecule in the ligand and complexes are confirmed by the pres-

ence of broad bands at 3422–3345 cm−1 due to �OH of water
molecules associated with the complex and the two weak bands
around 840 and 720 cm−1 which can be assigned to H2O rocking and
wagging modes of vibrations [16]. In the spectra of the complexes
the bands due to �C O (amide I) and �C O (�-diketone) are shifted

dx.doi.org/10.1016/j.tca.2010.05.002
http://www.sciencedirect.com/science/journal/00406031
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Accordingly, the reactions representing the three thermal
decompositions of the metal ion complexes can be represented as
T.I. Kashar / Thermochimi

o higher frequency confirming the coordination of the metals to
oth carbonyl groups [17]. The shift of �C N and �N–N to lower
requency and the shift of �NH to higher frequency confirming the
oordination of azomethine nitrogen to the metal ions [18]. This
esult is in accordance with the expectation that N-coordination to
metal ion having filled �-orbital should result in a shift towards

he lower energy region in the �C N [19]. The presence of coordi-
ated monodentate acetate ions in the copper acetate complex is
onfirmed by the existence of two bands at 1470 and 1326 cm−1

ssigned to � asymmetric and � symmetric acetate. The difference
etween the two frequencies is higher than 110 cm−1. These val-
es confirm the presence of monodentate acetate anion [18,20,21]

n the metal complex. A support of this is the presence of �C O of
he free acetate at 1741 cm−1. The presence of �NO3 in the spec-
rum of copper nitrate complex is assigned by the presence of two
ands at 1390 and 1280 cm−1 [22]. On the basis of the above results
he complexes are formed via bonding to both carbonyl groups
nd azomethine nitrogen indicating that the ligand acts as diba-
ic tridentate toward the metal ions. The ligand and its complexes
nder investigation were found to have the following structures:

.2. TG and DTA study

The results of DTA thermal analysis of the prepared ligand AAAH
Table 3) show three endothermic peaks at 75, 120 and 180 ◦C
orresponding to the weight losses of 21.1% due to removal of
our molecules of water. The decomposition steps at 230–280 and
00–460 ◦C with weight losses of 30.3% and 27.9% due to melting

ith decomposition and loss of aniline molecule and nitrogen as
O2 followed by further decomposition

The results of the thermogravimetric analysis of the metal ions
omplexes under study (Table 3 and Fig. 1) show that the divalent
etal ions complexes lost their hydration water below 100 ◦C and
Fig. 1. DTA and TGA curves of copper acetate complex.

loss the coordination water molecules near 230 ◦C. This finds sup-
port from the disappearance of the bands due to various modes of
vibration of water molecules (�H2O at 3400 cm−1, in plane defor-
mation ıH2O at 1350 cm−1 and out of plane deformation �H2O at
975 cm−1) in the spectra of copper acetate complex heated at 200 ◦C
for 3 h in a drying oven as shown in Fig. 2. The IR spectra of 280 ◦C-
heated copper acetate complex show the disappearance of two
acetate group frequencies situated at 1470 and 1326 cm−1 assigned
to asymmetric and symmetric monodentate acetate respectively
[18,20,21]. On the other hand, the IR spectra of 280 ◦C-heated cop-
per nitrate complex show the disappearance the bands due to both
various modes of vibration of water molecules and nitrate group
�NO3 at 1390 and 1280 cm−1 [22]. The TGA of the prepared com-
plexes display decomposition of the organic ligand in two strongly
interacting steps within the range from 290 to 650 ◦C. The first one
is the loss of aniline molecules followed by further decomposition
and formation of the metal oxides. The metal contents were calcu-
lated from the mass of the solid residue and were found to be in
good agreement with the results of the elemental analysis within
satisfactory experimental errors.
Fig. 2. IR spectra of copper acetate complex: (A) original complex; (B) after heating
to 200 ◦C; and (C) after heating to 280 ◦C.
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Table 1
Analytical data of acetylacetonato aniline acetohydrazone (AAAH) and its divalent metal complexes.

Compound formula (M.wt) Colour M.P. (d.p.) (◦C) Calc. (found) (%)

C H N Cl

AAAH(H2L·4H2O) Yellow 235 48.9 7.8 13.2 –
(48.95) (7.12) (12.95) –

[Mn(H2L)Cl2·H2O]·4H2O Pale brown >300 33.8 5.8 9.1 15.36
(34.13) (6.01) (9.0) (15.01)

[Co(H2L)·3H2O]Cl2·3H2O Deep yellow >300 32.17 5.98 8.66 14.64
(32.07) (6.14) (8.31) (14.91)

[Ni(H2L)·3H2O]Cl2·4H2O Yellowish green >300 24.7 4.9 10.89 14.1
(24.74) (4.59) (11.1) (13.92)

[Cu(H2L)·3H2O]Cl2·H2O Brown >300 34.4 5.5 9.3 15.7
(34.5) (5.12) (9.7) (15.49)
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[Cu(H2L)·Ac2·H2O]·H2O Deep green (290)

[Cu(H2L)·3H2O](NO3)2·H2O Brown >300

ollows:

M(H2L)X2 · nH2O]nH2O
−nH2O−→

70–220 ◦C
[M(H2L)X2]

M(H2L)X2]
−2X−→

230–360 ◦C
M(H2L)

(H2L)
further decomposition−→

270–650 ◦C
MO

On the basis of the above results one can conclude the following:

a) Lattice and coordinated water molecules are removed from the
prepared complexes upto 240 ◦C.

b) The anions (acetate, chlorides and nitrate) are removed within
the range of 230–350 ◦C.

c) The prepared complexes undergo further decomposition and
formation of metal oxides within the range of 380–750 ◦C.

The order, n and the energy of activation E* of the decomposition
teps were determined using the Coats–Redfern equation [23,24]
n the form:

n

[
1 − (1 − ˛)1−n

(1 − n)T2

]
= M

T
+ B for n /= 1 (1)

n
[−ln(1 − ˛)

T2

]
= M

T
+ B for n = 1 (2)

here M = −E*/R and B = ln AR/˚E*; E*, R = gas constant, A = pre-
xponential factor and ˚ is the heating rate (10 ◦C min−1).
The correlation factor, r, is computed using the least squares
ethod for Eqs. (1) and (2). The curves were plotted for values of n

anging from 0 to 1. The values of n, which gave the best linear plot
as chosen as the order parameter for the decomposition stage of

nterest and the heat of activation was calculated from its slope.

able 2
mportant IR bands of acetylacetonato aniline acetohydrazone (AAAH) and its divalent m

Complex �(( �NH �C O (amide

AAAH(H2L·4H2O) 3422 (br) 3290 (w) 1662 (s)
[Mn(H2L)Cl2·H2O]·4H2O 3390 (br) 3210 (w) 1649 (m)
[Co(H2L)·3H2O]Cl2·3H2O 3386 (br) 3235 (w) 1603 (s)
[Ni(H2L)·3H2O]Cl2·4H2O 3392 (br) 3243 (w) 1649 (s)
[Cu(H2L)·3H2O]Cl2·H2O 3348 (br) 3227 (w) 1624 (s)
[Cu(H2L)·Ac2·H2O]·H2O 3379 (br) 3251 (w) 1648 (m)
[Cu(H2L)·3H2O](NO3)2·H2O 3345 (br) 3217 (w) 1632 (m)

: sharp peak; m: medium; w: weak; br: broad.
43.9 5.8 9.0 –
(44.0) (5.11) (8.81) –
30.7 4.9 13.8 –
(30.51) (4.7) (14.01) –

The other activation kinetic parameters (�H*, �S*, �G*) were
computed using the standard equations [12]

�H∗ = E∗ − RT,

�S∗ = R
[

ln
(

Ah

KT

)]
and

�G∗ = �H∗ − T�S∗

where K is Boltzmann constant and h is the Plank’s constant. The
necessary values of the temperature were taken from the middle
of the step and then converted to Kelvin.

The order and the kinetic parameters of the ligand and its com-
plexes are listed in Table 4 from which it is clear that:

(a) The negative values of �S* for the dehydration step indicate
that the complex is more activated than the reactant and/or
the thermal decomposition reaction is slower than normal
[25]. This can be explained on the premise that the degra-
dation step involves simultaneous processes. The first one is
the volatilization of the water molecules from the solid com-
plex with positive entropy (�S*) followed by the formation
of a more ordered anhydrous complex with negative entropy
(−�S*) value. The determined value is the resultant of the
two processes [26]. The second step is the loss of the anion
molecules with negative entropy change (�S*). The third step
corresponding to the decomposition of the ligand also has a
negative entropy change.

(b) There are no obvious trends in the values of E* or the activation
enthalpy �H*. However, the values of �G* increase for subse-
quent decomposition stages of a given complex with increasing

the order of the decomposition stage which means that the
rate of decomposition for the second stage is slower than for
the first one [27]. Actually, the values of �G* of the complexes
increase from first step to second step and then decreased to
the third step indicating that the rate of decomposition of the

etal complexes.

I) �C O (�-diketone) �C N �N–N �M–O

1641 (s) 1603 (m) 1155 (m) –
1622 (s) 1589 (s) 1178 (m) 514 (m)

1602 (m) 1594 (m) 1179 (m) 515 (m)
1612 (s) 1579 (s) 1165 (m) 524 (m)

1619 (m) 1587 (s) 1161 (m) 498 (m)
1621 (s) 1591 (s) 1166 (m) 502 (m)

1602 (m) 1582 (w) 1178 (m) 517 (m)
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Table 3
Thermal analysis data of acetylacetonato aniline acetohydrazone (AAAH) and its divalent metal complexes.

Complex DTA Peaks TGA Peaks Assignment

Wt. of
sample mg

Temp. Peak Wt. of
sample (mg)

Temp. Wt. calcd. Loss% found

AAAH(H2L·4H2O) 2.42 75, 120, 180 Endo 5.54 50–220 22.5 21.1 Loss of four water molecules and rearrangement
270 Endo 250–400 28.8 30.3 Loss of one aniline
450 Exo 400–600 28.8 27.9 Due to loss of nitrogen as NO2 and further

decomposition.

[Mn(H2L)Cl2·H2O]·4H2O 2.98 70, 180 Endo 8.01 50–200 19.5 20.1 Loss of four lattice and one coordinate water molecules
330, 380, 470 Exo 250–560 35.3 33.9 Loss of one aniline and two HCl molecules
590 Exo 570–800 26.4 26.4 Further decomposition and formation of MnO2 as

stable form

[Co(H2L)·3H2O]Cl2·3H2O 3.2 70, 150, 200 Endo 2.53 70–200 22.4 21.7 Loss of three lattice and three coordinate water
molecules

280, 330 Exo 240–450 34.2 35.5 Loss of two HCl and one aniline molecules
430, 590 Exo 550–800 29.1 30.2 Further decomposition and formation of CoO as stable

form

[Ni(H2L)·3H2O]Cl2·4H2O 4.31 80, 140 Exo 3.15 50–150 14.3 12.9 Loss of four lattice water molecules
180, 330 Exo 160–350 25.2 27 Loss of the coordinate water and two HCl molecules
420, 550 Endo 400–760 45.6 44.3 Loss of one aniline molecule followed by further

decomposition and formation of NiO as stable form

[Cu(H2L)·3H2O]Cl2·H2O 1.37 80, 180, 220 Endo 2.07 50–260 15.9 16.2 Loss of one lattice and three coordinate water
molecules

280 Exo 300–510 36.4 36.5 Loss two HCl and one aniline molecules
450, 570 Exo 520–800 30.2 28.9 Further decomposition and formation of CuO as stable

form

[Cu(H2L)·Ac2·H2O]·H2O 1.92 70, 190, 230 Endo 3.23 50–270 7.8 8.2 Loss of one lattice and one coordinate water molecules
300, 385 Exo 280–480 45.2 44.9 Loss two acetate and one aniline molecules
600 Exo 500–800 29.9 28.3 Further decomposition and formation of CuO as stable

form

[Cu(H2L)·3H2O](NO3)2·H2O 2.48 70 Endo 2.41 50–220 14.2 14.9 Loss of one lattice and three coordinate water
molecules

220, 275, 360 Exo 250–400 42.6 41.8 Loss two nitrate and one aniline molecules
460 Exo 410–800 27.6 26.8 Further decomposition and formation of CuO as stable

form
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Table 4
Kinetic parameters of decomposition of acetylacetonato aniline acetohydrazone (AAAH) and its divalent metal complexes.

Complex Step n r T (K) Coats–Redfern equation

E* (kJ mol−1) �H* (kJ mol−1) �S* (kJ mol−1 K−1) �G* (kJ mol−1)

AAAH(H2L·4H2O) 1st 0.5 0.9769 418 0.103146 −3.45191 −0.17448 69.48131
2nd 0.33 0.9961 670 18773.43 −5.52925 −0.06991 41.3115

[Mn(H2L)Cl2·H2O]·4H2O 1st 1 0.994 387 52.56761 −3.21476 −0.12332 44.50991
2nd 0.66 0.9871 639 0.04492 −5.27925 −0.17786 108.3747
3rd 1 0.9958 963 660.5979 −7.99516 −0.09471 83.2115

[Co(H2L)·3H2O]Cl2·3H2O 1st 0.66 0.9829 400 24.71155 −3.32267 −0.12932 48.40439
2nd 0.66 0.9862 630 0.055325 −5.20904 −0.17625 105.8277
3rd 1 0.991 868 0.350384 −7.20651 −0.15825 130.152

[Ni(H2L)·3H2O]Cl2·4H2O 1st 1 0.9562 407 97.22802 −3.38034 −0.11779 44.5604
2nd 0.66 0.9965 649 0.06369 −5.36061 −0.17483 108.1052
3rd 0.66 0.9942 881 2.287629 −7.25186 −0.14253 118.319

[Cu(H2L)·3H2O]Cl2·H2O 1st 0.66 0.9856 484 30880.2 −3.95001 −0.06848 29.19349
2nd 1 0.981 601 325.55 −4.99011 −0.10451 57.8199
3rd 0.66 0.9651 880 0.008083 −7.27859 −0.18946 159.442

[Cu(H2L)·Ac2·H2O]·H2O 1st 1 0.9907 477 355.6942 −3.95988 −0.10569 46.45593
2nd 1 0.9451 594 883.056 −4.92949 −0.09631 52.28115
3rd 0.5 0.9901 840 0.097953 −6.93396 −0.16911 135.119
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[
[24] A.S.A. Zidan, A.I. El-Sayed, M.S. El-Meleigy, A.A. Aly, O.F. Mohammed, J. Therm.
[Cu(H2L)·3H2O](NO3)2·H2O 1st 1 0.992 408
2nd 0.66 0.988 620
3rd 0.33 0.9908 879

third stage is higher than that of the first and second ones. This
indicate that in the first step, the free part of the chelated lig-
and may be subject to partial decomposition then in the other
step the remainder part is degraded and finally form the repre-
sentative metal oxide. This can be attributed to the structural
rigidity of the chelating ligands, which requires more energy
for its rearrangement to get the correct order compared with
the activated complex [12].

(c) The activation energy E* values calculated by
Coats–Redfern method are shown to follow the order
Cu(II) > Mn(II) > Ni(II) > Co(II) which is not perfectly in agree-
ment with the electropositive character of the metal ions.
The activation energies increase with increasing the ionic
radius, thus confirming that the stability of the complexes
of the ligand increases in the same direction of increasing
ionic radius. This discrepancy in the trend can be explained
by the presence of the free benzene ring of the aniline part of
the complexes which may cause an induced strong electron
delocalization over the whole complex molecule. This high
induced electron delocalization is a major contribution and
affects the stability of the complex. As the ionic radius of the
metal ion increases, the delocalization along the azomethine
group increases and the stability of the complex increases in
the same direction.

From the data of thermal analysis curves and the calculated
inetic parameters of the decomposition of the prepared complexes
how that the thermal stability of the metal complexes depends
ssentially on the nature of both the central metal ions and the
igand.

. Conclusion
The foregoing results and discussion indicate that the thermal
egradation of the metal complexes under study proceeds in three
teps. The first one is the dehydration of the complexes followed by
he elimination of different anions. The anhydrous anion-free com-
lex undergoes decomposition to the metal oxide (MO) through the

[
[

[

42.213 −3.38516 −0.10208 38.26429
0.044483 −5.1219 −0.17819 105.3585
0.000405 −7.29716 −0.21434 181.1085

loss of aniline molecules followed by further decomposition. The
energy of activation of the thermal decomposition as determined
from the rate of reaction depends on the nature of the metal ions
being in the order Cu(II) > Mn(II) > Ni(II) > Co(II).
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