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a b s t r a c t

The molecular parameters have been calculated to confirm the geometry of 3-methyl-5-oxo-N,1-
diphenyl-4,5-dihydro-1-H-pyrazole-4-carbothioamide, HL. The compound is introduced as a new
chelating agent for complexation with Cr(III), Fe(III), Co(II), Ni(II) and Cu(II) ions. The isolated chelates were
characterized by partial elemental analyses, magnetic moments, spectra (IR, UV–vis, ESR; 1H NMR) and
thermal studies. The protonation constant of HL (5.04) and the stepwise stability constants of its Co(II),
Cu(II), Cr(III) and Fe(III) complexes were calculated. The ligand coordinates as a monobasic bidentate
through hydroxo and thiol groups in all complexes except Cr(III) which acts as a monobasic monodentate
omplex
pectra
hermogravimetry

through the enolized carbonyl oxygen. Cr(III) and Fe(III) complexes measured normal magnetic moments;
Cu(II) and Co(II) measured subnormal while Ni(II) complex is diamagnetic. The data confirm a high spin
and low spin octahedral structures for the Fe(III) and Co(II) complexes. The ESR spectrum of the Cu(II)
complex support the binuclear structure. The molecular parameters have also been calculated for the
Cu(II) and Fe(III) complexes. The thermal decomposition stages of the complexes confirm the MS to be the
residual part. Also, the thermodynamic and kinetic parameters were calculated for some decomposition

steps.

. Introduction

Thione compounds and their metal complexes have a notice-
ble antimicrobial activity and the substituents play an important
ole in enhancing the activity [1]. The multicoordination cen-
ers gave the ability to form stable chelates with the essential

etal ions in which the organisms need in their metabolism
2]. Oxygen, nitrogen and sulfur compounds are extensively stud-
ed [3–8] which covered different areas including the effect of
ctive donors and electron delocalization in transition metal com-
lexes as well as the antimicrobial activity. Some have been
ested as fungicides for textile fabrics. Binuclear complexes of
-benzoyl-N′-(2-hydroxyphenyl)thiocarbamide, with Cu(II), Co(II)
nd Ni(II) have been synthesized. The ligand acts as a tri-
entate dibasic donor coordinating through carbonyl oxygen,
hiocarbamido sulfur and deprotonated phenolic oxygen to yield
he metal complexes in which water is replaceable by pyri-
ine or picolines [9]. The complexes of Cu(II), Co(II), Ni(II),

n(II), Cd(II) and Pd(II) with 3-(N-phenylthiocarbamyl)pentan-2,4-
ione, ethyl-�-(N-phenylthio-carbamyl)cyanoacetate and ethyl-�-
N-phenylthiocarbamyl)acetoacetate were prepared and character-
zed [10–12].

∗ Tel.: +20 101645967.
E-mail address: raafetmansour9@yahoo.com.

386-1425/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2009.06.015
© 2009 Elsevier B.V. All rights reserved.

In continuation, 3-methyl-5-oxo-N,1-diphenyl-4,5-dihydro-1-
H-pyrazole-4-carbo-thioamide, (Fig. 1) and their metal complexes
have been studied. The geometries of the complexes are character-
ized by means of spectral, magnetic and thermal measurements.

2. Experimental

2.1. Materials

The metal salts used in this work: CrCl3·6H2O, FeCl3·9H2O,
Ni(OAc)2·4H2O, Co(OAc)2·2H2O and Cu(OAc)2·H2O are of analytical
grade and supplied from Aldrich.

3-Methyl-5-oxo-N,1-diphenyl-4,5-dihydro-1-H-pyrazole-4-
carbothioamide (IUPAC name, Fig. 1) was prepared similar to that
reported earlier [13]. To confirm the purity of the synthesized
ligand, its 1H NMR spectrum (Fig. 2a) in d6-DMSO is recorded.
The peaks observed at 13.052 (s, 1H), [7.877–7.199], 2.782 (s, 3H)
and 2.528 (s, 1H) ppm are mainly due to the NH, (phenyl groups),
CH3 and CH protons, respectively. The molecular modeling of HL is
shown in Fig. 1S.
2.2. Synthesis of complexes

The complexes were prepared by mixing 0.37 g of the ligand
(1 mmol) dissolved in 20 ml EtOH and the required amount of
the metal salt (2 mmol) in 30 ml EtOH and heated under reflux

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:raafetmansour9@yahoo.com
dx.doi.org/10.1016/j.saa.2009.06.015
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Fig. 1. Formula of HL.

n a water bath for 0.5–1 h. In all preparations, the precipitate
as filtered off, washed with ethanol and diethylether and finally
ried in a vacuum desiccator. In the preparation of Cu(II) complex,
u(OAc)2·H2O was dissolved in H2O–EtOH and the precipitate was
ashed with water, ethanol and diethylether, respectively.

.3. Physical measurements

Partial elemental analyses (C, H and N) were performed on a
erkinElmer, Series II CHNS/O 2400 Analyzer at the Microanalytical
nit of Cairo University. Cu(II), Co(II), Ni(II), Fe(III) and Cr(III) anal-
ses were carried out complexometrically. The IR spectra, as KBr
iscs, were carried out on a Mattson 5000 FTIR Spectrophotome-
er (400–4000 cm−1) at Mansoura University, Egypt. The electronic
pectra, as Nujol mull and DMF solution, were recorded on a
V2 Unicam UV/vis at Mansoura University, Egypt. The magnetic
oment values were evaluated at room temperature (25 ± 1 ◦C)

sing a Johnson Matthey magnetic susceptibility balance. The ther-
al studies were carried out on a Shimadzu thermogravimetric

nalyzer at a heating rate of 10 ◦C min−1 under nitrogen gas. The
SR spectrum of Cu(II) was obtained on a Bruker EMX Spectrometer
orking in the X-band (9.78 GHz) with 100 kHz modulation fre-

uency. The microwave power and the modulation amplitude were
et at 1 mW and 4 G, respectively. The low field signal was obtained
fter four scans with a 10-fold increase in the receiver gain. Pow-
er ESR spectra were obtained in 2 mm quartz capillaries at room

emperature (25 ± 1 ◦C). All molecular calculations were carried out
y HyperChem [HyperChem 7.51 Version, Hypercube Inc., Florida,
SA, 2003]. The molecular geometry of the ligand and its Fe(III) and
u(II) complexes is first optimized at molecular mechanics (MM)

Fig. 2. 1H NMR spectra of (a) ligand and (b) [Ni2(L)3(OAc)].
a Part A 74 (2009) 259–264

level. Semi-empirical method PM3 is then used for optimizing the
full geometry of the system using Polak–Ribiere (conjugate gra-
dient) algorithm and Unrestricted Hartee-Fock (UHF) is employed
keeping RMS gradient of 0.01 kcal/Å mol.

2.4. Procedure for the pH-metric titration

The pH-metric measurements were carried out with Hanna
Instrument 8519 digital pH meter. All titration were preformed
at room temperature. The experimental procedure involves the
pH-metric titration of the following solutions against standard-
ized free carbonate sodium hydroxide solution (1 × 10−3 mol dm−3)
and 20% (v/v) ethanol–water solution at constant ionic strength
(1 mol dm−3).

• Solution a: 2.5 ml HCl (0.01 mol dm−3) + 1 ml KCl (1 mol dm−3) +
5 ml ethanol.

• Solution b: 2.5 ml HCl (0.012 mol dm−3) + 1 ml KCl
(1 mol dm−3) + 5 ml ethanol + 5 ml HL (0.002 mol dm−3).

• Solution c: solution b + 5 ml (0.001 mol dm−3) metal ions.

The above solutions were completed to 25 ml with redistilled
water. The n̄A is calculated applying Irving and Rossotti equations
[14]:

nA = Y + (V1 − V2)([A] + [B])
(V0 + V2)TL

where Y is the ionizable proton(s) of the ligand, V1 and V2 are the
volumes of alkali required to reach the same pH in HCl and in the
ligand curves, respectively, V0 is the initial volume of the mixture,
TL is the ligand concentration in the initial volume, [A] and [B] are
the concentrations of HCl and NaOH, respectively. The n− and pL
values were evaluated by:

n̄ = (V3 − V2)([A] + [B])
(V0 + V2)n̄ATM

(1)

pL = log
1 + K1[H+] + K1K2[H+]2 + K1K2K3[H+]3

TL − n̄TM
· V3 + V0

V0
(2)

where V3 is the volume of alkali required to reach the desired pH
in the complex solution and TM is the initial concentration of the
metal ion.

3. Results and discussion

The ability of 3-methyl-5-oxo-N,1-diphenyl-4,5-dihydro-1-H-
pyrazole-4-carbothioamide to form bimetallic complexes with
Co(II), Ni(II), Cu(II) ions and monometallic with Cr(III) and Fe(III) is
mainly related to the existence of numerous coordination groups.
The isolated metal complexes have been investigated by physical
and spectroscopic studies. Stoichiometric ratios of the complexes
are 2:3 or 1:3 (M:L) and the compositions are shown in Table 1.
Most solids are insoluble in common organic solvents and solu-
ble in DMF and DMSO. All complexes have melting points in the
range 185–259 ◦C. The steric hindrance due to the large size of
the ligand molecule may give lower stability and decreases the
melting.

3.1. pH-metric studies

The proton–ligand formation constant and the formation con-

stants of its metal complexes have been determined [15,16]. The
values of the average number of protons (nA), the average number
of ligand molecules attached per metal ion (n) and the free ligand
exponent (pL) were calculated at different pH values. Plotting of n̄A
versus pH gave the proton–ligand formation curve which is suitable
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Table 1
Elemental analyses and formula weights of the ligand and its metal complexes.

Compound, formula, F.W. Color m.p. (◦C) %Found (Calcd.)

C H N M

HL, C17H15N3OS, 309.396 Yellow 193 65.2 (66.0) 4.9 (4.9) 13.4 (13.6) –
[Cu2(L)3(OAc)], C53H45N9O5S3, 1111.31 Green 202 57.9 (57.3) 4.1 (4.1) 11.9 (11.4) 11.6 (11.4)
[Co2(L)3(OAc)(H2O)4], C53H53N9O9S3, 1174.15 Brown 185 55.0 (54.2) 4.8 (4.5) 10.6 (10.7) 9.9 (10.0)
[Ni2(L)3(OAc)], C53H45N9O5S3, 1101.65 Brown 259 57.9 (57.8) 4.7 (4.1) 11.6 (11.4) 10.9 (10.7)
[Cr(L)3(H2O)3], C51H48N9O6S3, 1031.21 Green 186 59.7 (59.4) 4.0 (4.7) 11.7 (12.2) 5.8 (5.3)
[Fe(L)3], C51H42N9O3S3, 981.01 Dark brown 211 61.2 (62.4) 4.6 (4.3) 13.1 (12.9) 5.1 (5.7)

Table 2
Assignments of the IR spectral bands of the ligands and their complexes.

Compound �OH �NH �CH �C O �C N �C N* ıOH �C S �C–S �M–O �M–S

HL – 3126 3022 1641 1591 – – 790 – – –
[Cu2(L)3(OAc)] 3413 – – – 1594 1562 1391 – 616 455 (s) 375
[Co2(L)3(OAc)(H2O)4] 3408 – – – 1593 1563 1394 – 615 490, 435 375
[ 1593
[ 1595
[ 1594
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Ni2(L)3(OAc)] 3388 – – –
Cr(L)3(H2O)3] – 3130 – –
Fe(L)3] 3406 – – –

or the calculation of the ligand constant (log K1); the value (5.04)
s due to thione proton. The stability constants of the complexes
ave been calculated by half method. The data reveal that Cr(III),
e(III) and Co(II) gave 1:1, 1:2 and 1:3 ratios while Cu(II) gave 1:2
nd 1:3. The overall stability constants of the complexes reveal the
ollowing order:

e (11.75) > Cr (11.7) > Co (11.45) > Cu (7.07)

.2. IR spectra

The IR bands of the coordination sites of the ligand (Table 2)
howed that it may coordinates through the hydroxyl and thiol
roup in all complexes except [Cr(L)3(H2O)3] in which the ligand
cts as a monodentate through the enolized carbonyl atom. The
ollowing remarks may support this behavior:

i. The disappearance of the bands due to �(NH), �(CH), �(C O) and
�(C S) with the appearance of �(OH), �(C N*), ı(OH) and �(C–S)
at 3388–3408, 1549–1563, 1390–1394 and 616–625 cm−1 indi-
cating the formation of C–OH and C–SH with liberating the SH
proton. In [Cr(L)3(H2O)3], the spectrum showed the disappear-
ance of �(CH) and �(C O). The �(NH) and �(C S) bands are
observed at 3130 and 790 cm−1 similar to those observed in the
ligand spectrum.

ii. The appearance of �(OH) strong is due to the enolization of the
CH proton adjacent to the carbonyl group with the existence of

the OH protonated. The appearance of ı(OH) is a further support
for the enolization.

ii. The appearance of �(M–O) and �(M–S) at 450–470 and
340–390 cm−1 [17] indicates the chelation through oxygen and
sulfur atoms.

able 3
agnetic moments and electronic spectral bands of the complexes.

omplex �eff (BM) State d–d transition (cm−1)

L – DMF
Cu2(L)3(OAc)] 1.28 DMF 20,000; 17,575; 15,850; 14,180
Co2(L)3(OAc)(H2O)4] 1.92 DMF 18,940; 18,100; 16,950; 16,300
Ni2(L)3(OAc)] 0.00 DMF 20,240; 18,380; 17,570; 17,000; 14
Cr(L)3(H2O)3] 4.22 DMF 24,500, 15,870
Fe(L)3] 6.18 DMF 20,100; 18,140; 16,950; 16,470
1555 1390 – 625 490, 425 350
1553 1393 790 – 470, 390 –
1549 1393 – 620 460 340

iv. The appearance of two bands at 530 and 490 cm−1 in the
spectrum of [Cr(L)3(H2O)3] is due to �(M–OH2) and �(M–O),
respectively.

v. The two bands at 1507–1496 and 1429–1426 cm−1 in the Co(II),
Ni(II) and Cu(II) complexes with difference ca. 75 cm−1 may sup-
port the bidentate nature of the acetate group [18].

vi. The broad bands at ∼3408, ∼1650, ∼840, ∼590 cm−1 in
[Co2(L)3(OAc)(H2O)4] and [Cr(L)3(H2O)3] are attributed to the
�(OH), ı(H2O), �r(H2O) and �w(H2O) vibrations of the coordi-
nated water [19].

3.3. Magnetic and spectral studies

The magnetic moments and the electronic spectral bands of the
studied metal complexes are given in Table 3. [Cr(L)3(H2O)3] and
[Fe(L)3] have magnetic moments of 4.22 and 6.18 BM in the range
reported for the existence of three and five unpaired electrons. The
Co(III) and Cu(II) complexes measured subnormal values than that
reported for three and one unpaired electrons. The value measured
for the Co(II) complex (1.92 BM) may indicate low spin octahedral or
a square-planar geometry while the value measured for the Cu(II)
complex (1.28 BM) indicates Cu· · ·Cu interaction. The zero moment
for the Ni(II) complex indicates it is a square-planar structure.

The solution electronic spectra of the ligand and its complexes
were included in Table 3. The bands recorded at 37,315, 32,260,
27,930 and 26,180 cm−1 in the ligand spectrum may be due to the
� → �* and n → �* transitions of NHC S and C N groups [20].
These bands are shifted in the spectra of all complexes to lower

wavenumbers while the other bands to some extent changed or
disappeared. The band at 22,000–26,000 cm−1 in the spectra of
complexes may be due to LMCT.

The electronic spectrum of [Cr(L)3(H2O)3] in DMF solution
showed two broad absorption bands centered at 15,870 (�2)

Ligand and charge transfer transitions (cm−1) Supposed structure

37,315; 32,260; 27,930; 26,180
24,000; 22,560; 21,280 Square-planar
25,000; 21,960; 20.660 Low spin octahedral

,500 22,220; 21,000 Square-planar
37,310; 32,260; 27,930 Octahedral
22,200 Octahedral
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Table 4
Decomposition steps and removing species of the complexes.

Complex Temperature range (◦C) Species removed Found (Calcd.), %

[Cu2(L)3(OAc)]

166–265 –(OAc + 3PhN + Ph) 36.2 (36.8)
266–334 –(2Ph + 3Me + 2C4HN2O 35.4 (34.7)
335–604 –C4HN2O 8.0 (8.4)
605–750 –2CuS + S 20.3 (20.0)

[Co(L)3(OAc)H2O)4]

185–254 –(4H2O+OAc + 3Me + PhN) 23.0 (22.8)
271–366 –(PhN + Ph + C4HN2O) 24.2 (22.3)
367–465 –PhN 8.9 (7.8)
466–616 2Ph + C5H2N4O 25.2 (25.9)
617–750 2CoS + S + 3C 20.2 (21.3)

[Ni2(L)3(OAc)]

225–267 –OAc + PhN + Ph + 3Me 24.6 (24.7)
268–300 –2PhN + Ph + C4HN2O 32.0 (31.9)
301–514 –Ph + 3C 10.0 (10.2)
515–564 –C2H2N4O2 9.7 (10.4)
565–800 –2NiS + S + 3C 23.7 (22.7)

[Fe(L)3]

179–259 –2Ph 15.3 (15.7)
260–343 –2Ph 14.6 (15.7)
344–479 –2Ph + 3Me + N3 25.7 (24.6)
480–619 –C3H3N6O3 18.0 (17.4)
620–750 –FeS + 2S + 9C 25.0 (26.5)

240–288 –3H2O 5.9 (5.2)
289–356 –2PhN 17.2 (17.7)
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g|| (2.14) > g⊥ (2.06) > 2.0023. This observation with a weak ESR
[Cr(L)3(H2O)3]
357–420
421–467
468–533
544–700

nd 24,500 (�3) cm−1 attributed to the 4A2g → 4T1g (P) (�2) and
A2g → 4T2g (F) (�3) transitions in an octahedral geometry. The
igand field parameters (Dq = 750 cm−1, B = 790 cm−1 and ˇ = 0.86)
upport the proposed geometry.

The electronic spectrum of the Cu(II) complex showed four
ands in the range 14,180–20,000 cm−1. The band at 20,000 cm−1

s corresponding to the 2B1g → 2Eg transition in a square-planar
eometry [21]. The presence of the other bands may be due to the
istortion of the planar geometry due to Cu· · ·Cu interaction or to
he presence of S and O sites having different polarities (Fig. 3). Its

olecular modeling is shown in Fig. 2S.
The electronic spectrum of the Fe(III) complex showed three

ands at 22,200, 21,100 and 18,140 cm−1 due to the 6A1g → 4T1g,
A1g → 4T2g and 6A1g → 4T1g transitions in a high spin octahedral
eometry [22]. Its structure is shown in Fig. 4 and its molecular
odeling is drawn as in Fig. 3S. The HOMO and LUMO values are
8.288 and −1.632 eV.

The magnetic moment value of the Co(II) complex (1.92 BM)

ndicate a low spin octahedral or a square-planar geometry. In
ts electronic spectrum, the bands at 18,940, 16,300, 21,960 and
5,000 cm−1 are assignable to the d–d and charge transfer transi-
ions. The first two bands suggest a low spin octahedral structure
ather than a square-planar [23].

Fig. 3. Structure of Cu(II) complex.
–PhN + 3Me 12.6 (13.2)
–2Ph + 3C 19.0 (18.4)
–Ph + C9H3N6O3 31.1 (31.3)
–CrS + 2S 14.2 (14.4)

In the spectrum of Ni(II) complex, the bands at 22,220, 21,000,
20,240, 18,380, 17,570, 17,000 and 14,500 cm−1 are assignable to
charge transfer and d–d transitions. The bands at 20,240 and
18,380 cm−1 may be due to the 2B2g → 2A1g and 1A1g → 2A2g tran-
sitions in a square-planar structure [24]. Further support for the
square-planar configuration comes from its 1H NMR spectrum
(Fig. 2b) which is recorded and compared with that of the ligand.
A fruitful observation is the appearance of a peak due to the CH3
group of acetate at 3.343 ppm.

3.4. ESR spectrum of the Cu(II) complex

The spin Hamiltonian parameters and the G value of the solid-
state [Cu2(L)3(OAc)] are calculated. Its ESR spectrum displayed
axially symmetric g-tensor parameters indicating the ground state
is dx2 − y2. The value of G (=g|| − 2)/(g⊥ − 2) is 2.3 indicating a con-
siderable exchange interaction [25]. The spectrum (Fig. 5) showed
absorption band at 14,140 G is consistent with a square-planar
geometry [26,27]. A forbidden magnetic dipolar transition is also
observed at half-field (ca. 1600 G, g ≈ 4.0), but the intensity is very
weak. The present ESR spectrum is similar to the ESR spectra of

Fig. 4. Structure of Fe(III) complex.
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Fig. 5. ESR spectrum of [Cu2(L)3(OAc)].

he binuclear Cu(II) complexes [28]. The appearance of the half-
eld signal confirms that the complex has a binuclear unit and that

here exists a magnetic interaction between the two Cu(II) ions.
The spectrum (Fig. 4) exhibits broad single line, nearly isotropic

ignal centered at g = 2.06 which is attributable to dipolar broaden-
ng and enhanced spin lattice relaxation [29]. The line broadening
s probably due to insufficient spin-exchange narrowing toward the
oalescence of four copper hyperfine lines to a single line. Note that,
he same kind of powder ESR line shape has also been observed for

any square-planar dimeric Cu(II) complexes with a considerably
trong intradimeric spin-exchange interaction.

The g||/A|| ratio measured from the ESR spectrum may be consid-
red as an empirical index for tetrahedral distortion; values lower
han 135 cm have been observed for square-planar structures. The
alue measured here is 142.6 cm is closed to those observed for
istorted complexes.

Molecular orbital coefficients, ˛2 and ˇ2, were calculated using
he following equations [30]:

A|| = −PK − 4ˇ2p

7
− (ge − g||)P − 3

7
(ge − g⊥)P

A⊥ = −PK + 2ˇ2p

7
− 11

14
(ge − g⊥)P

g0 − g|| = 8˛2ˇ2�

E

here P = 136 G (the dipolar interaction constant between magnetic
oment of the electron and vanadium nucleus), � = 170 cm−1 and
is the d–d band and k is the Fermi contact term. The value of ˇ2 is
uch lower than ˛2. The ˇ2 (0.57) compared to ˛2 (0.64) indicates

hat the in-plane � bonding is more covalent than the in-plane �-
onding. Its molecular modeling shown in Fig. 5 has the HOMO
nd LUMO energies −7.699 and −2.452 eV, respectively. The Cu–Cu
istance is calculated to be 3.772 Å.

.5. Thermal analysis

The stages of decomposition, temperature range, decomposition
roduct as well as the found and calculated weight loss percentages
f the complexes are given in Table 4.

The TGA curves of [Co(L)2(OAc)(H2O)4] and [Ni(L)2(OAc)] are
imilar and showed the first decomposition step beginning at 185

◦
nd 225 C, respectively. The lower temperature in case of Co(II) is
ue to the elimination of 4H2O. A plateau obtained at 600–800 ◦C

s referring to 2MS + 3C + S as a residual part.
The TG curves of [Cr(L)3(H2O)3] and [Fe(L)3] were compared.

he first step in [Cr(L)3(H2O)3] with weight loss of 5.9 (Calcd. 5.2%)
a Part A 74 (2009) 259–264 263

at 240–288 ◦C is corresponding to the removal of the coordinated
water. The step in [Fe(L)3] (179–259 ◦C) represents the beginning of
the complex decomposition. The residue at 800 ◦C in Cr(III) complex
was CrS + 2S while in the Fe(III) complex was FeS + 2S + 9C.

3.6. Kinetic data

The expression for the thermal decomposition of a homoge-
neous system has the following general form:

d˛

dt
= K(T)g(˛) (3)

where ˛ represent the reaction extent of the component of the
sample being degraded, defined by:

˛ = wo − wt

wo − w∞
(4)

wo, wt and w∞ are the weights of the sample before the degra-
dation, at temperature t and after total conversion, respectively.
K(T) is the rate coefficient that usually follows the Arrhenius equa-
tion. The differential conversion function, g(˛) may present various
functional forms but its most commonly form for solid-state reac-
tions is g(˛) = (1 − ˛)n, where n is the reaction order, assumed to
remain constant during the reaction [31,32]. At a certain heating
rate ˇ = dT/dt, we have:

d˛

(1 − ˛)n = A

ˇ
exp

(
− E

RT

)
dT (5)

where E and A are the activation energy and the Arrhenius pre-
exponential factor, respectively. A number of pyrolysis processes
can be represented as a first order reaction. Particularly, the degra-
dation of a series of H3EPTS complexes was suggested to be first
order, therefore we assume n = 1 for the remainder of the present
text. Under this assumption, the integration of Eq. (5) leads to:

ln(1 − ˛) = − A

ˇ

∫ T

To

exp
(

− E

RT

)
dT (6)

Several approximations for evaluation of the thermo kinetic
parameters A and E from a single thermogravimetric experiment
were carried out at a given heating rate. Two methods that differ on
the way of resolving Eq. (6) are compared using the TGA data of the
studied complexes. The Coats–Redfern [33] relation is as follows:

ln
[
− ln(1 − ˛)

T2

]
= ln

(
AR

ˇE

)
− E

RT
(7)

A plot of ln[−(ln(1 − ˛))/T2)] versus 1/T gives a straight line
whose slope (E/R) and the pre-exponential factor (A) can be deter-
mined from the intercept.

The Horowitz–Metzger relation is as follows:

ln[−ln(1 − ˛)] = E�

RT2
s

(8)

where � = T − Ts, Ts is the DTG peak temperature, T is the temper-
ature corresponding to weight loss Wt. A straight line should be
observed between ln[−ln(1 − ˛)] and � with a slope of E/RT2

s . The
other thermodynamic parameters can be calculated by [34]:

�H = E − RT; �S = R ln
hA

kBT
; �G = �H − T�S (9–11)

In order to assess the influence of the structural properties of
the ligand and the type of the metal on the thermal behavior of

the complexes, n and E of the various decomposition stages were
determined using the Coats–Redfern [33] and Horowitz–Metzger
[35] methods (Table 5). In both methods, the lift side of Eqs. (7)
and (8) are plotted against 1000/T and �, respectively (Fig. 5). From
the results, the high values of the energy of activation reveal high



264 R.M. El-Shazly / Spectrochimica Acta Part A 74 (2009) 259–264

Table 5
Kinetic and thermodynamic parameters of the thermal decomposition of Fe(III) and Cr(III) complexes.

Compound Step (◦C) Coats–Redfern eqn. Horowtiz–Metzger eqn. �S* �H* �G*

R n E r n E

[Fe(L)3]

1st
493

0.9972 0.00 79.9 0.9966 0.00 89.10 −180.00 75.80 164.50
0.9988 0.33 89.9 0.9983 0.33 98.90 −158.00 85.50 163.40
0.9997 0.66 100.4 0.9994 0.66 109.80 −134.10 96.30 16.40
1.000 1.00 11.25 0.9999 1.00 122.3 −113.90 108.40 164.50
0.9978 2.00 154.30 0.9988 2.00 164.9 −15.90 150.20 158.00

3rd
688

0.9857 0.00 72.50 0.8959 0.00 82.60 −224.60 66.80 221.30
0.9912 0.33 83.40 0.9906 0.33 93.60 −228.40 77.70 234.80
0.9952 0.66 95.40 0.9941 0.66 105.70 −210.00 89.70 234.20
0.9977 1.00 109.30 0.9967 1.00 119.40 −212.90 103.60 250.10
0.9988 2.00 158.10 0.9992 2.00 168.00 −110.10 152.40 228.10

[Cr(L) (H O) ] 2nd

0.9684 0.00 89.20 0.9712 0.00 97.10 −195.90 84.30 200.30
0.9763 0.33 104.00 0.9777 0.33 111.30 −167.80 99.10 198.40
0.9880 0.66 120.30 0.9832 0.66 127.30 −139.80 115.40 198.20

9877
9960

E the b

s
T
c
t
s
v
t
a
t
[

A

t

R

[

[
[

[
[
[
[

[

[

[

[
[
[

[
[
[

[
[

[

[

[

[

3 2 3
592 0.9881 1.00 138.80 0.

0.9968 2.00 205.70 0.

, �H* and �G* are in kJ mol−1, �S* in J mol−1; the underlined values of r represent

tability of such chelates due to their covalent bond character [36].
he positive sign of �G for the different decomposition steps indi-
ates that the free energy of the final residue is higher than that of
he initial compound, and hence all decomposition steps are non-
pontaneous processes. The negative �S values are due to the high
alue of mid point temperature of the decomposition step (T) and
he low value of pre-exponential factor (A). Applying Eq. (10) for T
nd A, negative values were obtained indicating more ordered for
he activated complex than the reactants or the reaction is slow
37].

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.saa.2009.06.015.
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