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Abstract The N-pyrrolidine-N0-(2-chlorobenzoyl)thiourea,

HL, and their Ni(II), Cu(II), and Co(III) complexes (NiL2,

CuL2, and CoL3) have been synthesized and characterized.

The thermal decomposition reactions of all the compounds

have been investigated by DTA/TG combined systems. The

mass spectroscopy technique has been used to identify the

products during pyrolytic decomposition. The pyrolytic final

products have been analyzed by X-ray powder diffraction

method. After comparison of thermogravimetric and mass

results of HL, NiL2, CuL2, and CoL3, the decomposition

mechanism of these compounds have been suggested. The

thermal stability of the Ni(II) and Cu(II) complexes according

to the thermogravimetric curves follows the sequence:

NiL2 \ CuL2. The values of the activation energy, Ea, have

been obtained using model-free (Kissenger–Akahira–Sunose,

KAS, Flyn–Wall–Ozawa, FWO, and Isoconversional) meth-

ods for all decomposition stages. The Ea versus the extent of

conversion, a, plots show that the values of Ea varies as a.

Thirteen kinetic model equations have been tested for

selecting correct reaction models. The optimized value of Ea

and Arrhenius factor, A, have been obtained using the best

model equation. The thermodynamic functions (DH*, DS*,

and DG*) have been calculated using these values.
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Introduction

The first benzoylthioureas were prepared from benzoyl-

chloride, NH4SCN, and amines by Dougles and Dains [1].

The use of N,N-disubstituted-N0-benzoylthioureas as ligands

for transition-metal ions has received considerable attention

because of their applications in separation processes [2–5].

Also, benzoylthiourea derivatives are widely used in a great

number of applications such as in pharmaceutical industry

for potential therapeutic agents as antibacterial [6, 7], anti-

HIV [8], anticancer drugs [9], antidepressants [10] and an-

tihyperlipidemic, antiallergic, antiparasitic, platelet antiag-

gregating, and antiproliferative activities [11]. The thiourea

derivatives have been used extensively and commercially as

herbicides, fungicides, and insecticides agents in the agro-

chemical industries [12, 13]. Recently, benzoylthiourea

derivative complexes have been employed successfully as

catalyst in the palladium-catalyzed Suzuki and Heck reac-

tions because these ligands are thermally stable and insen-

sitive to air and moisture [14–16].

The N-pyrrolidine-N0-(2-chlorobenzoyl)thiourea, HL, and

its nickel Ni(II), copper Cu(II), and cobalt Co(III) complexes

were synthesized and characterized in our previous study [17].

In this study, the thermal behavior and decomposition char-

acteristics of these compounds have been investigated. The

values of the activation energy, Ea, have been calculated by the

KAS, FWO, and Isoconversional integral model-free equa-

tions [18–29]. As many as thirteen model equations have been

tested for the best kinetic models giving the highest linear

regression, the lowest standard deviation and giving the Ea

values in good agreement with those calculated from model-

free KAS and FWO methods. The optimized value of the Ea

and A have been calculated using the best equation. Also, the

other thermodynamic functions (DH*, DS*, and DG*) have

been obtained using these values.
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Experimental

Preparation of ligand (HL) and its metal complexes

All chemicals used for preparation of the ligand and

complexes were provided by Merck. The ligand and its

metal complexes were synthesized according to the liter-

ature [17]. The solution of 2-chlorobenzoyl chloride

(5 9 10-2 mol) in acetone (50 cm3) was added dropwise

to a suspension of potassium thiocyanate (5 9 10-2 mol)

in acetone (30 cm3). The reaction mixture was heated

under reflux for 30 min, and then cooled down to room

temperature. The solution of pyrrolidine (5 9 10-2 mol) in

acetone (10 cm3) was added, and the resulting mixture was

stirred for 2 h. After the mixture was poured into hydro-

chloric acid (0.1 N, 300 cm3), the precipitation in the

solution was filtered and washed with distilled water. Then,

the precipitation was purified by recrystallization from

ethanol:dichloromethane mixture (1:1).

The metal acetate solutions (2.5 9 10-2 mol) in ethanol

(30 cm3) were added dropwise to the solution of the ligand to

secure the ratio of metal:ligand 1:2 for Ni(II), Cu(II), and 1:3

for Co(III) with a small excess of ligand in dichloromethane

(50 cm3) at room temperature. The solid complexes were

recrystallized from ethanol/dichloromethane mixture (1:1).

Instrumentals

The TG/DTA/DTG curves were recorded by a Shimadzu

DTG-60H equipped with DTA and TG units. The thermal

analysis system was used in the temperature range of

273–1450 K. The samples were placed in Pt crucibles, and

a-Al2O3 was used as the reference material. Measurements

were performed using a dynamic nitrogen furnace atmo-

sphere at a flow rate of 50 mL min-1. Different heating

rates were chosen as 5, 10, and 15 �C min-1, and the

sample sizes vary in the mass range of 6–10 mg. Mass

spectra were recorded with an Agilent 5975 C89 GC–MS

spectrometer, along with EI techniques. Microanalyses

were obtained using a Carlo Erba MOD 1106 instrument.

X-ray powder diffraction analysis of the final residues were

made with a Siemens F model diffractometer equipped

with an X-ray generator, Phillips, PW-1010 model ranging

from 20 to 40 kV and 6 to 50 mA while using a fine focus

CuKa radiation (k = 1.5406 Å).

Results and discussion

N-pyrrolidine-N0-(2-chlorobenzoyl)thiourea, HL, and its

Ni(II), Cu(II), and Co(III) complexes have been studied by

thermogravimetric analysis from ambient temperature up

to 1450 K under nitrogen atmosphere. The decomposition

temperature range, DTA peak positions, percentage of

mass losses, and evolved moieties of the decomposition

reactions are summarized in Table 1.

Thermal decompositions

N-pyrrolidine-N0-(2-chlorobenzoyl)thiourea, HL

The TG/DTA/DTG curves of the HL obtained under N2

(nitrogen) atmosphere within the temperature range of

278–1300 K are shown in Fig. 1.

Table 1 Thermoanalytical results of the decomposition reactions of HL, NiL2, CuL2, and CoL3

Sample Stage DTA peak/K TG temp. range/K Mass loss/% Evolved moiety

Exper. Theor.

HL I 455 431–475 22.00 21.95 –HNCS

II 499 475–725 78.00 78.05 –C11 H12NOCl

NiL2 I 523 508–547 33.90 35.30 –C11 H12NOCl

II 566 547–708 33.50 35.00 –C11 H12NOCl

III – 708–1300 19.50 16.35 a

Residue – 13.10 13.35 Ni3S2

CuL2 I 433 300–581 33.70 34.90 –C11 H12NOCl

II 595 549–709 35.40 34.90 –C11 H12NOCl

III – 709–1426 14.94 14.26 a

Residue – 15.96 15.94 CuS

CoL3 I 520 485–548 23.40 24.30 –C11 H12NOCl

II 588 548–757 47.40 48.59 –2C11 H12NOCl

III – 757–1180 19.08 16.98 a

Residue – 10.12 10.13 Co9S8

a Unknown product
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It can be observed from the TG and DTG curves that the

decomposition process of the HL takes place in two stages.

The first decomposition stage occurs in the temperature

range of 431–475 K. In this step, the elimination of HNCS

group resulted in an experimental mass loss of 22.00%

(Calc.:21.95%). The second decomposition is observed in

the temperature range of 475–725 K along with a mass loss

of 78.00% (Calc.:78.05%). At this stage, C11H12NOCl

molecule was broken up and turned into the gas products.

The DTA curve shows two endothermic peaks. The first

between 431 and 475 K with a minimum at 455 K and the

second between 475 and 585 K with a minimum at 499 K,

respectively. The first peak corresponds to melting and then

decomposition of the HL. The melting and the decomposi-

tion of the HL take place at the same temperature range. The

second one corresponds to decomposition of the HL. The

maximum rate of mass loss occurs at 450 and 499 K,

respectively, as indicated by the minimas of the DTG curve.

The suggested decomposition mechanism advanced on the

basis of thermal analysis data correlated to the mass spectral

measurements (see Fig. 2) is illustrated in Scheme 1.
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Bis-[N-pyrrolidine-N0-(2-chlorobenzoyl)thioureato]nickel(II)

complex, NiL2

NiL2 complex undergoes decomposition in three stages. In

the first stage, C11H12NOCl molecule left out NiL2 com-

plex in the temperature range of 508–547 K with a mass

loss 33.90% (Calc.:35.00%). Thus, the intermediate prod-

uct at the first stage was determined as C13H12N3OS2ClNi.

The second decomposition stage at which the C11H12NOCl

left out this intermediate product was observed in the

temperature range of 547–708 K. The mass loss of this

elimination was about 33.50% (Calc.:35.30%). The inter-

mediate yield determined in the second stage was

Ni(SCN)2. At the final stage which occured in between 708

and 1300 K, some unknown products left out. After all

these eliminations, it was determined that the final product

was Ni3S2 (JCPDF File No: 76-1870) with a mass loss of

13.10% (Calc.:13.35%) and with a yellowish-bronze color.

There are two endothermic peaks observed in the DTA

curve: the first one is in between 516 and 532 K with a

minimum peak point at 523 K, the second one is in

between 532 and 608 K with a minimum peak point at

566 K, respectively. The first endothermic effect corre-

sponds to the melting point of NiL2 complex at 523 K. The

rate of the mass loss is found to be maximum at 533 and

578 K for the first and second stages of the decomposition,

respectively, as indicated by the minimas of the DTG

curve. The DTA/TG/DTG curves of the NiL2 complex are

presented in Fig. 3. The decomposition mechanism of the

NiL2 complex is suggested with the help of TG and XRD

results and is illustrated in Scheme 2. The X-ray diffraction

pattern of the end product as Ni3S2 is shown in Fig. 4.

Bis-[N-pyrrolidine-N0-(2-chlorobenzoyl)

thioureato]copper(II) complex, CuL2

The TG/DTA/DTG curves of CuL2 complex are shown in

Fig. 5. The TG curve indicates that it is thermally stable up

to 300 K, and the decomposition starts beyond this tem-

perature as shown by the first mass loss stage in the TG

curve. At the first stage which occurs in between 300 and

581 K, CuL2 decomposes with a mass loss of 33.70%

(Calc.:34.90%). In the second stage, the mass loss of

35.40% (Calc.:34.90%) is observed in between 549 and

709 K. The C11H12NOCl group leaves out not only in the

first stage but also in the second stage. In the third stage

observed in between 709 and 1426 K, some unknown

products break off. The final product with black color was

identified by X-ray diffraction pattern shown in Fig. 6 as

CuS (JCPDS File No: 65-7111). In the DTA curve of CuL2

complex, the exothermic peak is observed as well as the

endothermic peak. The exothermic peak lies in between

417 and 480 K with a peak maxima at 433 K and the

endothermic one takes place in between 550 and 650 K

with a minimum peak point at 595 K, respectively. These

endothermic and exothermic peaks correspond to the

decomposition of the CuL2 complex. In contrast to the

NiL2 complex, the endothermic peak which corresponds to

the melting point of the CuL2 complex is not observed in

DTA curve, because the decomposition and the melting of

the CuL2 complex take place at the same temperature range

and the time. The maximum rates of mass loss as indicated

by the minimas of the DTG curve are found to be at 470 K

for the first stage and 600 K for the second one. The

expected decomposition mechanism is given in Scheme 2.
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Tris-[N-pyrrolidine-N0-(2-chlorobenzoyl)

thioureato]cobalt(III), CoL3

It was determined from the TG and DTG curves shown in

Fig. 7 that the CoL3 complex decomposes in three stages.

In the first stage which occured in between 485 and 548 K

along with 23.40% (calc. 24.30%) mass loss because of the

elimination of C11H12NOCl group from the CoL3 complex.

The second decomposition stage takes place in the tem-

perature range of 548–757 K along with the mass loss of

47.40% (calc. 48.59%). The elimination of two moles of

C11H12NOCl group occurs in this stage. At the final

decomposition stage which occurred in the temperature

range of 757–1180 K, the mass loss is 19.08% (calc.

16.98%) because of the elimination of some unknown

products. The X-ray diffraction studies show that the

residual black solid was Co9S8 (JCPDS File No: 65-6801)

which corresponds to a mass of 10.12% (calc. 10.13%) of

the complex (see Fig. 8). The expected decomposition

mechanism is given in Scheme 2. There are three endo-

thermic peaks observed in the DTA curve: the first one is in

between 476 and 505 K with a minimum peak point at

500 K, the second one is in between 505 and 568 K with a

minimum peak point at 520 K, and the third one is in

between 564 and 603 K with a minimum peak point at

588 K. The first endothermic effect corresponds to the
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Fig. 6 X-ray powder diffraction pattern of CuS (JCPDS File No:

65-7111)
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melting point of the CoL3 complex at 500 K. The other

endothermic peaks correspond to the decomposition of the

CoL3 complex. The rate of the mass loss is found to be

maximum at 508 and 587 K for the first and second stages

of the decomposition, respectively, as indicated by the

minimas of the DTG curve.

Kinetic analysis

The non-isothermal thermogravimetry is used to determine

apparent kinetic parameters of the thermal decomposition

reactions (the reaction order, n, the activation energy, Ea,

and frequency factor, A).

In our kinetic study for HL and its metal complexes such

as NiL2, CuL2, and CoL3 compounds, the KAS, FWO, and

Isoconversional equations [20–24] were used to determine

the activation energy, Ea, of the decomposition reactions, a,

for the conversion degree varying in the range of 0.1–1.0 in

a step of 0.1.

The kinetic equations are described as following:

KAS equation:

ln
b
T2
¼ ln

AR

g að ÞEa

� Ea

RT
ð1Þ

FWO equation:

ln b ¼ AEa

Rg að Þ

� �
� 5:3305� 1:05178

Ea

RT
ð2Þ

Isoconversional equation:

� ln t ¼ ln
A

g að Þ �
Ea

RT
ð3Þ

where b is the heating rate (K min-1), A is the pre-expo-

nential factor (min-1), R is the gas constant

(8.314 J mol-1 K-1), and T is the absolute temperature,

K.According to the aforementioned equations, the plots of

lnb versus 1/T, lnb/T2 versus 1/T and -lnt versus 1/T give

parallel lines for each a value. The activation energies can

be calculated from the slopes of every straight line with

linear correlation coefficient, r. The activation energies, Ea,

of the decomposition process calculated under the non-

isothermal conditions are given in Table 2.

KAS and FWO equations have been re-arranged to find

the kinetic triplet, Ea, A, g(a) [30–32]. These methods are

known as ‘‘composite method I’’ and ‘‘composite method

II’’ in literature [33, 34].

Modeling KAS equation (Composite Method I, C.M I):

ln
g að Þ
T2
¼ ln

AR

bEa

� Ea

RT
ð4Þ

Modeling FWO equation (Composite Method II, C.M II):

ln g að Þ ¼ AEa

bR

� �
� 5:3305� 1:05178

Ea

RT
: ð5Þ

The plots of ln[g(a)/T2] versus 1/T (in model fitting with

KAS method) and ln g(a) versus 1/T (in model fitting with

FWO method) give parallel lines for each a value at single

b value. Different kinetic model functions are given in

Table 3. The Ea and A values have been calculated for each

model functions, g(a). The best kinetic model function

giving activation energies in good agreement with those

obtained using model-free KAS and FWO methods and

also has the highest regression analysis and the lowest

standard deviation. The changes of the entropy, DS*,

enthalpy, DH*, and Gibbs free energy, DG*, for the

activated complex can be calculated using the

thermodynamic equations;

Table 2 The values of the activation energy, Ea, of the decomposi-

tion processes

Compounds Stage FWO

method

KAS

method

Isoconversional

method

Ea/kJ mol-1 Ea/kJ mol-1 Ea/kJ mol-1

HL I 84.99 81.31 103.61

II 51.61 45.05 59.27

NiL2 I 127.80 125.43 133.00

II 96.44 88.42 95.05

III 34.66 16.95 25.59

CuL2 I 131.79 131.32 132.76

II 101.63 96.43 98.89

III 59.84 42.85 50.10

CoL3 I 112.77 110.06 110.06

II 98.51 94.04 94.77

III 86.06 76.88 81.68

Table 3 Different kinetic model functions for evaluation of the

kinetic

Reaction model Code g(a)

1 Power law P4 a1/4

2 Power law P3 a1/3

3 Power law P2 a1/2

4 Power law P2/3 a3/2

5 One-dimensional diffusion D1 a2

6 Mampel (First order) F1 -ln(1 - a)

7 Avrami-Erofeev A4 -[ln(1 - a)]1/4

8 Avrami-Erofeev A3 -[ln(1 - a)]1/3

9 Avrami-Erofeev A2 -[ln(1 - a)]1/2

10 Three-dimentional diffusion D3 [1-(1 - a)1/3]2

11 Contracting sphere R3 1-(1 - a)1/3

12 Contracting cylinder R2 1-(1 - a)1/2

13 Two-dimensional diffusion D2 (1-a) ln(1 - a) ? a

1326 F. M. Emen, N. Külcü
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A ¼ ðkTavg:=hÞeDS�=R ð6Þ

DH� ¼ Ea � RTavg: ð7Þ

DG� ¼ DH� � Tavg:DS� ð8Þ

where Ea is the activation energy which is calculated from

slope of modeling method curves for the most suitable

model, k is the Boltzmann constant, h is the planck’s

constant, and Tavg. is average reaction temperature.

The dependencies of Ea versus a are very important for

determination of the multi-step kinetics. A significant

variation of Ea with a indicates that decomposition process

is kinetically complex [30–32].

The activation energies, Ea, for all the compounds were

calculated using the above mentioned three model-free

methods and showed a similar tendency for the a-depen-

dence in each stage. The Ea versus a for HL based on the

FWO, KAS, and Isoconversional methods are shown for

decomposition stage one and stage two in Fig. 9a and b,

respectively. In stage I, the Ea values calculated using the

Isoconversional method are greater than those calculated

using either FWO or KAS methods. The results of the

FWO and KAS methods are quite similar. The average Ea

values are 84.99, 81.31, and 103.61 kJ mol-1 calculated

using the FWO, KAS, and Isoconversional methods,

respectively. Further, it seems in Fig. 9a that the Ea

decreases with two different slopes depending on the a.

Therefore, it is concluded that the decomposition occurs at

least in two steps.

In stage II, the activation energies of the HL calculated

using the FWO, KAS, and Isoconversional methods show

quite similar behaviors. The Ea values obtained using the

Isoconversional method are higher than those of obtained

using FWO and KAS methods similar to the stage I.

However, in contrast to the stage I, the Ea values remain

relatively constant in the conversion degree range of

0.1–0.9 and decrease drastically at a = 0.9. Therefore, it is

concluded that there is only one dominant kinetic process.

The Ea values are 51.61, 45.04, and 59.27 kJ mol-1 cal-

culated in the a range of 0.1–0.9 using the FWO, KAS, and

Isoconversional methods (see Fig. 9b).

The a dependent Ea of NiL2 complex calculated using

the FWO, KAS, and Isoconversional methods are shown

for all decomposition stages in Fig. 10a, b, c, respectively.

The activation energy values of NiL2 complex calculated

by the FWO, KAS, and Isoconversional methods show

similar a-dependent behavior for each stage.

In stage I, the Ea values calculated using the Isocon-

versional method are slightly higher than those calculated

using the FWO and KAS methods. The Ea increases up to

a = 0.2. Finally, for a[ 0.9, the Ea increases again (see

Fig. 10a). The activation energy decreases as the
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conversion degree, a, increases indicating that the decom-

position contains at multi-steps. The average Ea values are

127.80, 125.43, and 128.75 kJ mol-1 for the FWO, KAS,

and Isoconversional methods, respectively.

In stage II, the Ea values calculated by the FWO, KAS,

and Isoconversional methods are quite similar to each other

and remain approximately constant up to a = 0.6 beyond

which they show a slight decrease up to a = 0.7, a sharp

increase between 0.7 B a B 0.8, and a sharp decrease

afterwards (see Fig. 10b). Therefore, it was concluded that

the decomposition contains only one step up to a = 0.6,

but between 0.6 B a B 1.0 the decomposition contains

more than one step. The average Ea values are 96.44,

88.42, and 93.30 kJ mol-1 for the FWO, KAS, and Iso-

conversional methods, respectively.

In stage III, in contrast to stages I and II, Ea values cal-

culated using the FWO, KAS, and Iso-conversional methods

differ from each other. The Ea values calculated by the FWO

method are greater than those calculated by the Isoconver-

sional method which, in turn, are greater than the values

obtained by the KAS method. However, all of the Ea values

calculated by these three methods show quite similar a
dependency: the Ea values increase up to a = 0.4 and

approximately remain stable at a C 0.4 (see Fig. 10c). The

average Ea values are 34.66, 16.95, and 75.73 kJ mol-1

calculated by the FWO, KAS, and Isoconversional methods,

respectively.

The a dependent Ea of CuL2 complex calculated using

the FWO, KAS, and Isoconversional methods are shown

for all decomposition stages in Fig. 11a, b, c, respectively.

The Ea values of CuL2 complex calculated by the FWO,

KAS and Isoconversional methods show similar a-depen-

dent behavior for each stage.

In stage I, the Ea values calculated using these three

methods are quite similar except for the one calculated by

Isoconversional method at a = 0.1. The Ea values slightly
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increase as a increases up to 0.7 and then starts to decrease

(see Fig. 11a). Therefore, it was concluded that the

decomposition occurs at multi-steps. The average Ea values

are 131.79, 131.32, and 132.76 kJ mol-1 for the FWO,

KAS, and Isoconversional methods, respectively.

In stage II, the Ea values calculated using the three

methods slightly differ from each other whereas they show

quite similar a-dependent behavior. The Ea values decrease

with increasing a up to a = 0.8 (see Fig. 11b), and then

start to increase, indicating that the decomposition occurs

in more than one step. The average Ea values are 101.60,

96.45, and 98.90 kJ mol-1 for FWO, KAS, and Isocon-

versional methods, respectively.

In stage III, the Ea values calculated using the three

methods slightly differ from each other whereas they show

quite similar a-dependent behavior, the same as stage II.

Table 4 The activation energy, Ea, values which calculated Composite Methods

Composite model I Composıte model II

Compounds Stage Model R2 SD Ea/kJ mol-1 R2 SD Ea/kJ mol-1

HL I A2 0.980 1.4 91.10 0.990 5.03 95.08

II A2 0.985 4.85 47.92 0.985 0.49 63.88

I A2 0.968 14.89 131.69 0.962 21.82 138.90

NiL2 II A3 0.959 19.20 104.25 0.987 17.09 111.03

III A2 0.987 0.42 34.54 0.990 8.3 41.76

I A2 0.970 1.06 142.7 0.985 0.73 143.68

CuL2 II A2 0.982 6.13 100.11 0.978 9.82 106.92

III A2 0.980 5.2 49.02 0.965 2.54 64.5

I A2 0.980 25.81 120.7 0.980 4.23 129.77

CoL3 II A2 0.960 5.58 109.84 0.972 7.5 119.47

III A2 0.981 3.82 84.82 0.960 8.29 98.21

Table 5 The thermodynamic parameters for all decomposition stages

Compounds Stage Method Model Ea/kJ mol-1 ln A/kJ mol-1 DH*/kJ mol-1 DS*/J mol-1 DG*/kJ mol-1

HL I C.M I A2 91.10 9.52 87.32 -200.72 178.65

C.M II A2 95.08 7.87 91.30 -214.42 188.86

II C.M I A2 47.92 9.63 43.77 -200.57 191.38

C.M II A2 63.88 8.75 59.73 -207.89 163.47

NiL2 I C.M I A2 131.69 9.88 127.34 -198.88 231.35

C.M II A2 138.90 8.575 134.55 -209.73 244.24

II C.M I A3 104.25 9.54 99.54 -202.36 214.08

C.M II A3 111.03 7.545 106.32 -218.95 230.25

III C.M I A2 34.54 10.87 26.22 -196.04 222.26

C.M II A2 41.76 8.46 33.45 -216.08 249.53

CuL2 I C.M I A2 142.7 9.52 139.10 -200.30 225.83

C.M II A2 143.68 7.61 140.08 -216.18 233.69

II C.M I A2 100.11 9.57 95.16 -202.53 215.36

C.M II A2 106.92 7.893 101.97 -216.47 230.77

III C.M I A2 49.02 10.13 41.12 -202.02 233.04

C.M II A2 64.5 8.688 56.60 -213.75 259.66

CoL3 I C.M I A2 120.7 9.35 116.37 -203.24 222.05

C.M II A2 129.77 7.279 125.45 -220.46 240.09

II C.M I A2 109.84 9.58 104.95 -202.35 223.93

C.M II A2 119.47 7.682 114.58 -218.13 242.84

III C.M I A2 84.82 10.39 76.51 -200.03 276.54

C.M II A2 98.21 8.968 89.90 -211.85 301.75
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The Ea values decrease very fast with increasing a up to

a = 0.3 and then increase quite slightly up to a = 0.7 (see

Fig. 11c). The average Ea values are 59.85, 42.85, and

50.93 kJ mol-1 for the FWO, KAS, and Isoconversional

methods, respectively.

The a-dependent Ea of CoL3 complex calculated by the

three methods is shown for all decomposition stages in

Fig. 12a, b, c.

In stage I, the Ea values calculated using the FWO,

KAS, and Isoconversional methods are quite similar. The

Ea values decrease up to a = 0.3 and then increases.

Finally, the Ea values decrease in the range of 0.4 B a B

1.0 (see Fig. 12a). Therefore, it was concluded that the

decomposition occurs at multi-steps. The average Ea values

are 112.77, 110.06, and 110.96 kJ mol-1 for the FWO,

KAS, and Isoconversional methods, respectively.

In stage II, the Ea values calculated using the FWO

method are greater than those calculated using the KAS

and Isoconversional methods while they show quite similar

a-dependent behavior. The Ea values decrease with

increasing a up to a = 0.1, and then slightly increase as a
increases up to 0.8. Finally, the Ea values increase very fast

in the range of 0.8 B a B 1.0 (see Fig. 12b). Therefore, it

is concluded that the decomposition occurs in more than

one step. The average Ea values are 98.51, 94.04, and

95.77 kJ mol-1 for the FWO, KAS, and Isoconversional

methods, respectively.

In stage III, the Ea values calculated by the three

methods slightly differ from each other while they show

quite similar a-dependent behavior. The Ea values remain

stable up to a = 0.4, and then decrease very fast with

increasing a up to a = 0.8, beyond which they remain

more or less constant (see Fig. 12c). Therefore, it was

concluded that the decomposition occurs only in one step

up to a = 0.4, but it contains multi-steps in the range

0.4 B a B 1.0. The average Ea values are 88.06, 76.88, and

81.68 kJ mol-1 for the FWO, KAS, and Isoconversional

methods, respectively.

The kinetic parameters (Ea and A) can be also obtained

using re-arranged KAS and FWO equations. The reaction

models have been investigated using thirteen kinetic model

equations, and the most suitable models have been selec-

ted. General Integral Isoconversional equation which can

be seen in Eq. 3 is only applicable to isothermal data [30].

This equation is not examined in the model-fitting studies.

The Ea values, standard deviations, SD, and regression

analysis, r2, values which calculated with Composite

Methods are given in Table 4. The best model equations

have been determined as A2 and A3. These model equa-

tions correspond to nucleation and growth mechanism [30,

31]. The other thermodynamic parameters which have been

calculated from the best model equations are presented in

Table 5.

The activation energies of NiL2 and CuL2 complexes are

expected to increase proportionally to the decrease in their

ionic radius (rNi
2?=72 pm, rCu

2?=70 pm) [35]. NiL2 and CuL2

complexes have a square-planar geometry and show simi-

lar decomposition steps. A smaller size of Cu(II) permits a

closer approach of the ligand as compared to Ni(II). Hence,

the Ea value for the CuL2 complex is higher than that of

NiL2 complex [36, 37]. The same behaviors are also true

for the Ea values of the second and third stages with respect

to the FWO, KAS, and Isoconversional methods. The

thermal stability of the CuL2 complex is greater than that of

the NiL2 complex according to the TG curves.

Conclusions

Thermal behavior of N-pyrrolidine-N0-(2-chlorobenzoyl)-

thiourea, HL, and their Ni(II), Cu(II), and Co(II) metal com-

plexes were studied by DTA/TG/DTG analysis under nitrogen

atmosphere in the temperature range of 298–1450 K. The final

products were identified as Ni3S2, Cu1.96S, and Co4S3 by XRD

analysis. The pyrolytic decomposition mechanism of the HL,

NiL2, CuL2, and CoL3 compounds were suggested depending

on the thermogravimetric and mass results. The suggested

thermal decomposition mechanism of N-pyrrolidine-N0-(2-

chlorobenzoyl)thiourea and its metal complexes are summa-

rized in Schemes 1 and 2. The values of the activation energy,

Ea, of the thermal decomposition reactions were calculated by

the FWO, KAS, and Isoconversional methods for all decom-

position stages. The Ea vs a graphics of all compounds show

that the Ea varies differently in each stages of every com-

pounds. Therefore, it is concluded that the decompositions

contain multi-step process. The thirteen kinetic model equa-

tions have been examined for selecting the best model-fitting

equations. The optimized value of Ea and A have been cal-

culated using the best model equation. The DH*, DS*, and

DG* have been obtained using these values.
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