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ABSTRACT 

The thermal stability of the ligands ( (E)–4- [(2 – (2, 4 – dinitrophenyl)hydrazono)methyl)phenol (L1) and N- (4 
– hydroxybenzaldehyde) – p - fluoroaniline (L2) along their complexes of Co(II), Mn(II), and Ni(II)  were 
profiled by thermo-gravimetric analysis (TGA), different thermal (kinetic and thermodynamics) parameters viz. 
Energy of activation (Ea), Entropy of activation (ΔS), Free energy of activation (ΔG), Enthalpy of activation 
(ΔH) and Frequency factor (A) were calculated using Freeman-Carroll’s and Horowitz-Metzger’s 
approximation methods. The thermal results of the ligands showed that they do not contain crystals of water 
while the complexes contain two molecules of water of hydration. The kinetic parameters revealed that, the 
decomposition reactions of the synthesized compounds followed first order reaction with the rate constant 
values ranging from 0.002-0.129 and the activation energies were 55.22, 76.59, 52.90, 52.88 and 75.23 kJmol-1 
for ( (E)–4- [(2 – (2, 4 – dinitrophenyl)hydrazono)methyl)phenol (L1),  N- (4 – hydroxybenzaldehyde) – p - 
fluoroaniline (L2), Co(II), Mn(II) and Ni(II) complexes respectively which showed that, L2 and Ni(II) complex 
requires extra energy to form activated complex as compared to L1, Co(II) and Mn(II) complexes. On the other 
hand, the frequency factor acquired were 3.56, 5.06, 3.48, 3.50 and 4.97 min-1 for L1, L2, Co(II), Mn(II) and 
Ni(II) complexes accordingly indicating that, more spaces existed in L2 and Mn(II) complexes than L1, Ni(II) 
and Co(II) complexes. Thermodynamics parameters results showed that, the Gibb’s free energy (ΔG) of the 
synthesized compounds were positive indicating that, the decomposition was non-spontaneous, The positive 
values of enthalpy (ΔH) showed that enthalpy is the driving force for the decomposition of the synthesized 
compounds and exothermic in nature. The negative values of entropy (ΔS) indicate the degree of disorder of the 
products formed by the dissociations of the bonds is lower than that of the initial reactants. 
 
Keywords: Kinetics, Thermodynamics, [(E)–4-[(2–(2,4– dinitrophenyl)hydrazonomethyl]phenol,  N- (4 –  

     hydroxybenzaldehyde) – p - fluoroaniline 
INTRODUCTION 

Kinetic and thermodynamics profiling of 
ligands and their complexes is of immense 
significance and interest since they can provide 
mechanistic insights into the molecular interactions 
determining affinity of compounds to its target and 
are useful to guide the compound selection as well 
as the subsequent potency enhancement in drug 
development and discovery (Su and Xu, 2018). The 
breakdown of the bonds in the metal complexes 
provides a means of evaluating the stability of the 
complexes formed by different metal ions and 
ligands (Linkuviene et al., 2018; Malacaria et al., 
2021). Kinetic and thermodynamics profiling of 
ligands and their complexes is useful for the 
preparation of metal complexes possessing pores, 
lattice defect and therefore they act as reactive 
solids (Sodhi and Paul, 2019) and  they also 
provide information about the balance of energetic 
forces driving binding interactions and is essential 
for understanding and optimizing molecular 
interactions (Garbett and Chaire, 2012). Thermal 

behaviour of ligands and their complexes is one of 
the most convenient measures of their reactivity 
and pre-treatment studied at selected isothermal 
temperatures, which can modify the properties of 
the ligands and their complexes in an important 
way by creating imperfections and effect on 
kinetics of decomposition (Papadopoulos et al., 
2015; Cylkowska et al., 2020). The ligands and 
their complexes may result in the modification of 
their thermal behavior, geometry and electronic 
properties which lead to changes in their biological 
functions (Rodica et al., 2010; Masoud et al., 
2022). It is found that many workers studied 
thermal decomposition of ligands and their 
complexes preparing them by different techniques 
(Masoud et al., 2018; Elemo et al., 2019; Ikram et 
al., 2020). The objective of this work is to profile 
the kinetic and thermodynamics parameters which 
Co(II), Mn(II), and Ni(II)-Hydrazones based 
complexes on thermal decomposition. So far, no 
report on the thermal decomposition of Co(II), 
Mn(II), and Ni(II)-Hydrazones based complexes 
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has been documented. Non-isothermal thermo-
gravimetric analysis (TGA) has been widely used 
as a tool to investigate the thermal stability of 
complexes (Gola et al., 2023). Thermo-grams 
obtained, provide the information about the sample 
composition, thermal stability as well as the kinetic 
data relating the chemical changes that occur on 
heating (Sarsensenbekova et al., 2023).  

 
MATERIALS AND METHODS 

All the chemicals and solvents used for 
the thermo-gravimetric analysis were of analytical 
grade and purchased from JDP Chemicals. They 
were used without additional purification.  

 
Thermo-gravimetric Analysis (TGA) of Co(II), 
Mn(II), and Ni(II)-Hydrazone Based Complexes 

The TGA of Co(II), Mn(II), and Ni(II)-
Hydrazones based complexes was carried using the 
method described by Zaware and Jadhav, (2015) 
with modifications. The ligands and metal 
complexes were analyzed using UW-MSE TA 
Instruments TGA Q50 thermal analyzer at heating 
rate of 5 ℃/min and in air (Nitrogen) atmosphere 
up to 650 ℃. A small sample of about 15 mg was 
loaded into the ceramic crucible in order to avoid 
the effect of mass and heat transfer limitation. The 
atmosphere nitrogen was continuously flowed into 
the inner part of the heating chamber during the 
thermal degradation process. The sample was 
subjected into the pre-adjusted heating program 
from room temperature till to 650℃. The 
respective TGA data were resulted during the 
experiment and the thermograms were recorded 
which revealed changes in the structure and other 
important properties of ligands and metal(II)-
hydrazone based complexes being studied as 
shown in Figure (1-5). 
 
Thermal stability profiling of ligands along their 
complexes of Co(II), Mn(II), and Ni(II) 

The kinetics of degradation of ligands and 
Co(II), Mn(II) and Ni(II) complexes was examined 
as a first-order reaction for the purpose of 
simplification (Klippensteine et al., 2014; 
Vafazadeh and Bagheri, 2015; Stroberg and 
Schned, 2017) in the analysis. The kinetic profiling 
of the individual ligands with their complexes was 
carried out by tracing the following selected 
temperature viz: 150, 200, 250, and 300 ℃ to the 
percentage mass loss axis and the masses lost were 
obtained from which representative graphs for 
Freeman-Carroll (Figure 6) and Horowitz-Metzger 
(Figure 7) methods were plotted to evaluate the 
basic kinetic parameters of the decomposition 
reaction viz: activation energy (Ea), frequency 
factor (A), order of reaction (n),  and the rate 
constant (k). The activation energy (Ea) of the 
ligands and their complexes was calculated from 
the slope �−Ea

2.303R� � of Freeman-Carroll plot 
(Figure 6) while for Horowitz-Metzger (Figure 7), 

the activation energy was determined from the 
slope �Ea

2.303RTs
2� �  (Gul et al., 2018; 

Chaudhary et al., 2019).  
 
RESULTS AND DISCUSSION 

Thermogravimetric analysis of ligands 1 
and 2 alongside their complexes were performed at  
5 ℃ min⁄  and the decomposition patterns with 
thermo-gravimetric (TGA) curve are shown in 
Figure 1-5 with the intent of suggesting the 
existence of lattice/coordinated (water) and at the 
same time profile the kinetic and thermodynamic 
parameters of the ligands with their complexes. 
The thermogram represents the relationship 
between changes in mass on the temperature which 
gives information about the nature of the TG 
curves and percent weight losses at various 
temperatures.  

 
Figure 1: Thermogram of Ligand 1(L1) 

 
 
 

 
 Figure 2: Thermogram of Ligand 2 (L2) 
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Figure 3: Thermogram of Co(II) Complex 

 
 

 
Figure 4: Thermogram of Mn(II) Complex 

 

 
Figure 5: Thermogram of Ni(II) Complex  

 

 
Figure 6: Freeman-Carroll plot of L1, L2, Co(II), Mn(II) and Ni(II) Complexes for the calculation of Activation 

Energy (Ea) and  Pre-exponatial factor (A) 
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Figure 7: Horowitz-Metzger plot of L1, L2, Co(II), Mn(II) and Ni(II) Complexes for the calculation of 

Activation Energy (Ea) and  Pre-exponatial factor (A) 
 

 
Figure 8: Comparison of Gibb’s free energy (∆G), Enthalpy (∆H), Activation energy (Ea) and Entropy (T∆S) of 
ligands, and Metal Complexes using Freeman-Carroll methods to depict the relationship between stability and 

activation energy. 
 
Table 1: Thermoanalytical data and Decomposition Temperature for Ligands and Complexes 
Compounds Decomposition 

Steps 
Temperature 
Range (℃) 

Species Degraded Weight Loss 
(%) 

    Found  Cal. 
 L1 1 60-194 -OH and two -NO2       10.8     
 2 194-390 Two side benzene rings along 

with (-CH2) groups 
      69.2     

 L2 1 67-190 -OH and –F       11.3   
 2 190-360 Two side benzene rings along 

with (-CH2) groups 
      68.8     

Co(II) 
Complex 

1 61-149 Two H2O molecule        11.2   

 2 149-188 -OH, -F and two -NO2        14.1  
 3 188-376 Four side benzene rings along 

with (-CH2) groups 
       69.5   

Mn(II) 
Complex 

1 22-100 Two H2O molecule       03.0   

 2 100-197 -OH, -F and two -NO2       11.7    
 3 197-389 Two side benzene rings along 

with (-CH2) groups 
       68.3     

Ni(II) 
Complex 

1 85-150 Two H2O molecule        04.0     

 2 150-190 -OH, -F and two -NO2        11.8    
 3 190-380 Two side benzene rings along 

with (-CH2) groups 
        68.3    
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Table 2: Rate of Change of Weight with Temperature obtained from TGA of Ligands and Complexes in 
Nitrogen for Freeman-Carroll Method 
Compouds �𝐝𝐝𝐝𝐝 𝐝𝐝𝐝𝐝� � 𝐰𝐰𝐫𝐫 �𝐝𝐝𝐖𝐖𝐫𝐫

𝐝𝐝𝐝𝐝� �
𝐖𝐖𝐫𝐫
�  

𝐓𝐓 (K) 𝟏𝟏
𝐓𝐓

 (𝐊𝐊−𝟏𝟏) 
𝐥𝐥𝐥𝐥𝐥𝐥 �

�𝐝𝐝𝐖𝐖𝐫𝐫
𝐝𝐝𝐝𝐝� �

𝐖𝐖𝐫𝐫
� � 

𝐋𝐋𝟏𝟏 03.00 
04.00 
13.50 
46.00 
57.00 

66.20 
65.20 
55.70 
23.20 
12.20 

0.0453 
0.0614 
0.2424 
1.9828 
4.6721 

423 
473 
523 
573 
623 

0.00236 
0.00211 
0.00191 
0.00175 
0.00161 

-1.344 
-1.212 
-0.616 
0.297 
0.670 

𝐋𝐋𝟐𝟐 0.50 
12.50 
16.50 
48.00 
63.50 

68.30 
56.30 
52.30 
20.80 
05.30 

0.0073 
0.2220 
0.3155 
2.3077 
11.9811 

423 
473 
523 
573 
623 

0.00236 
0.00211 
0.00191 
0.00175 
0.00161 

-2.137 
-0.654 
-0.501 
0.363 
1.079 

Co(II) 03.00 
07.00 
18.00 
34.50 
60.50 

66.50 
62.50 
51.50 
35.00 
09.00 

0.0451 
0.1120 
0.3495 
0.9857 
6.7222 

423 
473 
523 
573 
623 

0.00236 
0.00211 
0.00191 
0.00175 
0.00161 

-1.346 
-0.951 
-0.457 
-0.006 
0.828 

Mn(II) 06.00 
10.75 
37.00 
54.50 
61.00 

62.30 
57.55 
31.30 
13.80 
07.30 

0.0963 
0.1868 
1.1821 
3.9493 
8.3562 

423 
473 
523 
573 
623 

0.00236 
0.00211 
0.00191 
0.00175 
0.00161 

-1.016 
-0.729 
0.073 
0.597 
0.922 

Ni(II) 01.00 
3.50 
23.00 
53.25 
61.50 

67.30 
64.80 
45.30 
15.05 
06.80 

0.0149 
0.0540 
0.5077 
3.5382 
9.0441 

423 
473 
523 
573 
623 

0.00236 
0.00211 
0.00191 
0.00175 
0.00161 

-1.827 
-1.268 
-0.294 
0.549 
0.956 

Key: dw
dt�  = rate of change of weight with time.  wr  = Wc-W Wc = weight loss at completion of reaction.  

W = fraction of weight loss at a particular temperature.  
 
Table 3: Rate of Change of Weight with Temperature obtained from TGA of Ligands and Complexes in 
Nitrogen for Horowitz –Metzger Method 
Compouds  𝐖𝐖𝐂𝐂 𝐰𝐰𝐫𝐫  𝐖𝐖𝐂𝐂

𝐖𝐖𝐫𝐫
�  𝐓𝐓 (K)  𝛉𝛉 𝐥𝐥𝐥𝐥 �𝐖𝐖𝐂𝐂

𝐖𝐖𝐫𝐫
� � 

𝐋𝐋𝟏𝟏 03.00 
04.00 
13.50 
46.00 
57.00 

66.20 
65.20 
55.70 
23.20 
12.20 

0.0453 
0.0614 
0.2424 
1.9828 
4.6721 

423 
473 
523 
573 
623 

-200 
-150 
-100 
-50 
0.00 

-5.3970 
-2.7904 
-1.4172 
0.6845 
1.5416 

𝐋𝐋𝟐𝟐 0.50 
12.50 
16.50 
48.00 
63.50 

68.30 
56.30 
52.30 
20.80 
05.30 

0.0073 
0.2220 
0.3155 
2.3077 
11.9811 

423 
473 
523 
573 
623 

-200 
-150 
-100 
-50 
0.00 

-4.9199 
-1.5051 
-1.1534 
0.8363 
2.4833 

Co(II) 03.00 
07.00 
18.00 
34.50 
60.50 

66.50 
62.50 
51.50 
35.00 
09.00 

0.0451 
0.1120 
0.3495 
0.9857 
6.7222 

423 
473 
523 
573 
623 

-200 
-150 
-100 
-50 
0.00 

-3.0989 
-2.1893 
-1.0513 
-0.0144 
1.9054 

Mn(II) 06.00 
10.75 
37.00 
54.50 
61.00 

62.30 
57.55 
31.30 
13.80 
07.30 

0.0963 
0.1868 
1.1821 
3.9493 
8.3562 

423 
473 
523 
573 
623 

-200 
-150 
-100 
-50 
0.00 

-2.3403 
-1.6777 
0.1673 
1.3735 
2.1230 

Ni(II) 01.00 
3.50 
23.00 
53.25 
61.50 

67.30 
64.80 
45.30 
15.05 
06.80 

0.0149 
0.0540 
0.5077 
3.5382 
9.0441 

423 
473 
523 
573 
623 

-200 
-150 
-100 
-50 
0.00 

-4.2064 
-2.9188 
-0.6779 
1.2636 
2.2021 
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Table 4: Kinetic Activation Parameters for Non-isothermal Ligands along Complexes by TGA in Air using 
Freeman-Carrol Method 
Compounds Trendline 

equation 
𝐑𝐑𝟐𝟐 Kinetics Parameters 

   𝐄𝐄𝐚𝐚 
(kJ/mol) 

A 
× 𝟏𝟏𝟏𝟏𝟑𝟑 

(𝐦𝐦𝐦𝐦𝐦𝐦−𝟏𝟏) 

Reaction Order 
(n) 

Rate constant 
(k) 

L1 −2884x + 5.177 0.906 55.22 3.65 0.71 0.086 
L2 −4000x + 7.422 0.959 76.59 5.06 0.87 0.002 

Co(II) Complex −2763x + 4.996 0.936 52.90 3.48 0.70 0.128 
Mn(II) Complex −2762x + 5.350 0.966 52.88 3.50 0.73 0.129 
Ni(II) Complex −3929x + 7.277 0.978 75.23 4.97 0.86 0.003 
Key: Ea  = Activation energy, n = Order of reaction and A = pre-exponential factor 
 
 
Table 5: Kinetic Activation Parameters for Non-isothermal Ligands along Complexes by TGA in Air using 
Horowitz-Metzger Method 
Compounds Trendline 

equation 
𝐑𝐑𝟐𝟐 Kinetics Parameters 

   𝐄𝐄𝐚𝐚 
(kJ/mol) 

A ×  𝟏𝟏𝟏𝟏𝟒𝟒 
(𝐦𝐦𝐦𝐦𝐦𝐦−𝟏𝟏) 

Reaction 
Order (n) 

Rate constant 
(k) 

L1 0.0081x + 1.99 0.975 60.45 1.50 0.69 0128 
L2 0.0099x + 2.53 0.947 73.40 5.15 0.93 0.036 

Co(II) Complex 0.0078x + 1.55 0.978 58.13 3.78 0.44 0.505 
Mn(II) Complex 0.0075x + 2.32 0.984 56.88 5.52 0.94 0.929 
Ni(II) Complex 0.0105x + 2.56 0.976 79.67 2.26 0.84 0.005 
 
 
Table 6: Thermodynamics Parameters for Non-isothermal Ligands along Complexes by TGA in Air using 
Freeman-Carrol Method 
Compounds ΔH  (kJmol-1) ΔG (kJmol-1) ΔS (Jmol-1) β 

L1 50.04 288.42 -0.383 -1.057 
L2 71. 41 309.79 -0.383 -1.061 

Co(II) Complex 47.72 286.10 -0.383 -1.056 
Mn(II) Complex 47.70 286.08 -0.383 -1.056 
Ni(II) Complex 70.05 308.43 -0.383 -1.061 
 
Thermal decomposition results of the ligands 
and their Co(II), Mn(II) and Ni(II) complexes  

Thermal decomposition is a chemical 
decomposition caused by heat. The decomposition 
temperature of the ligands and their complexes is 
the temperature at which the ligands and their 
complexes decompose.     

The thermograms of the L1 and L2 are 
presented in Figure 1 and 2. The two thermograms 
demonstrate a continuous weight loss signifying 
decomposition by fragmentation with increase in 
temperature (Burkanudeen et al., 2016). A cautious 
analysis of the thermogram of the two ligands 
shows that, the decomposition occurred in two 
steps which imply that, the two ligands did not 
contain water molecules (lattice/crystal) due to 
decomposition (Grivel, 2014).  L1 is stable up to 60 
℃ while L2 is stable up to 67 ℃. The slight 
difference in their stability could be attributed to 
the differences in the functional groups attached to 
the ligands (Ni et al., 2014). The thermogram of L1 
showed the first step slow decomposition between 
60 to 194 ℃ corresponding to 10.8 % loss which 

may be attributed to (-OH) and two (-NO2) groups 
linked with ligand (Lyu et al., 2021) while the 
thermogram of L2 showed the first step slow 
decomposition between 67 to 190 ℃ corresponds to 
11.3 % loss which may be attributed to (-OH) and -
F groups linked with ligand. A significant 
difference in the initial decomposition temperature 
and mass loss behaviour of the two ligands is 
apparently due to the branched chain and the 
crystalline nature of the two ligands under the 
condition of interface conversion of higher 
molecular compound to lower one (Andriianova et 
al., 2020).  The second step of decomposition starts 
from 194-390 ℃ for L1 which represents the 
degradation of two side benzene rings along with (-
CH2) which correspond to 69.2 % while the 
thermogram of L2 showed and the second step 
decomposition from 190- 360 ℃  corresponding to 
68.8 % loss of two side benzene rings along with -
CH2 groups. The thermal degradation by increasing 
temperature may be due to the increasing strain, 
instability and cross linking of molecule by 
increasing thermal vibration. To decrease the strain 
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and to maintain stability, the ligands and 
complexes undergoes degradation. The synthesized 
ligands and complexes were half decomposed at 
210 ℃  observed from thermal data. The 
decomposition is due to pyrolysis of straight chain 
linked structure of ligands and at 390 ℃, 
degradation process occurs up to final level leaving 
behind the remaining moieties. 

The thermogram of the Co(II), Mn(II), and 
Ni(II) complexes represented in Figure 3-5 shows 
that, their thermal decomposition occurred in three 
steps indicating that, the complexes contains water 
molecules. The gradual weight loss due to loss of 
water molecules is observed in the temperature 
range of 22-85 ℃ which demonstrate that, the 
water molecules eliminated from the complexes 
were crystal (lattice) water (Ahamed et al., 2014). 
According to Nikolaev et al. (1969), water 
eliminated below 150 ℃  can be considered as 
lattice or crystal water and the one eliminated 
above 150 ℃  may be due to coordination to the 
metal ion. The TG curves indicate that above 149 
℃, the dehydrated product of Co(II) complex start 
to loss mass with partial evaporation of the ligand 
which corresponds to 14.1 % while Mn(II) 
dehydrated product begins losing mass at 100 ℃ 
which was11.7 % and dehydrated Ni(II) complexes 
losses 11.8 % at the beginning which correspond to 
a temperature of 150 ℃.  In the final temperature 
range of 188-389℃, all the ligands of the three 
complexes were lost and the final products are 
metal oxides (Li and Zhong, 2014).  

Thermal kinetic and thermodynamics profiling 
of the ligands and their Co(II), Mn(II) and 
Ni(II) complexes   

Thermograms of ligands alongside their 
complexes are shown in Figure 1-5. An 
examination of thermograms showed two 
decomposition steps while their complexes 
depicted three decomposition steps in the 
temperature range 0 ℃ to 650 ℃. The differences 
in the number of steps of decomposition of ligands 
and their complexes confirmed the complexation of 
the ligands and metal salts as suggested by the 
electronic spectra. It is also detected that all the 
thermograms of the ligands and their complexes 
were curved indicating that, the decomposition 
reactions followed first order kinetics with the 
gradient of the curves in the order of 𝐋𝐋2 < Ni(II) 
complex < 𝐋𝐋1 Co(II) complex < Mn(II) complex 
suggesting the speed of the decomposition which 
could be attributed to the number of electron 
releasing (-OH, -NR2) or withdrawing groups (-F, -
NO2) which increased or lowered the electron 
density at the reactive centers hence increases or 
decreases the thermal stability (Elemo et al., 2019; 
Andriianova et al., 2020). 

Ligands and complexes underwent 
thermal degradation during the experiment and 
their reaction rate was represented by the following 
equation: 

Freeman-Carroll differential method 
(Zaware and Jadhav, 2015) in 1958 was developed 
(1) by differential method. 

 Ze−Ea RT⁄ =  
�−dx

dt� �
xn
�            (1) 

The logarithmic form of equation (1) is differentiated with respect to dt
dx� , x and T to get  

 Eadt
RT2� = dIn�−dx

dt� � − ndInx           (2) 
Integrating equation (2) and rearranging 
 Eadt RdT2Inx⁄ =  [(dIn[−dx dt⁄ ]) dInx⁄ ] − n             (3) 
 ([−Ea R⁄ ]∆[1 T⁄ ]/∆Inx) = ([(dIn[−dx dt⁄ ])] dInx⁄ ) − n (Sharma et al., 2017)     (4) 
This may be written in the form 
 log[(dw dt⁄ ) wr⁄ ] =  −Ea 2.303R(1 T⁄ ) + logZ⁄  (Zaware and Jadhav, 2015)    (5) 
 
Where w = mass loss, wr  = wc-w, wc  = maximum 
mass loss. It follows from Equation (2) that a plot 
of [(dw dt⁄ ) wr⁄ ] against (1 T⁄ ) gives a straight 
line with a slope equal to   −Ea 2.303R⁄  and 

intercept equal to log Z  (Tonbul and Yurdakoc, 
2001). 
Hugh H. Horowitz and Gershon Metzger in 1962 
derive an Equation 

 ln �1 − (1 − α)1−n

n − 1� � = ln �zRTs
2

φEa
� � − Ea

RTS
+ θEa

RTm
2   for n ≠ 1        (6) 

 ln ln �𝑊𝑊∞ 𝑊𝑊𝑟𝑟
� � = Eaθ

RTm
2�  for n = 1          (7) 

where θ = T − Tm              (8) 
A plot of ln �W∞

Wr
� �  versus θ will give a straight line, the slope of which is equal to Ea 2.303R⁄ Ts

2 from which 
E and A can be calculated by taking R = 8.314 J∙mol-1∙K-1, β = 5°C∙min-1 (Kulkarni et al., 2019). 
 A = Ea

RTm
2  βexp � Ea

RTm
�          (9) 

 where Ea = activation energy from graph 
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The kinetic parameters obtained using 
Freeman-Carroll and Horowitz-Metzger plots are 
presented in Tables 4 and 5 respectively which 
were observed to be in conformity and hence the 
parameters obtained via Freeman-Carroll plot were 
selected for discussion in this work. The values of 
activation energy (Ea) obtained were 55.22, 76.59, 
52.90, 52.88 and 75.23 kjoules for L1, L2, Co(II), 
Mn(II), and Ni(II) complex respectively which 
were positive relatively small values activation 
energy (Ea) demonstrating that  the rate of the 
decomposition increased with increasing 
temperature and the ‘‘apparent’’ rate constant of 
the overall decomposition defined by Arrhenius 
behaviour will increase as temperature was 
increased which is a signal that the decomposition 
of the ligands alongside their complexes had no 
complex mechanism (Iorungwa et al., 2019) and 
the relatively higher values of activation energy of 
L2 and Ni(II) complex explained the extra energy 
needed by L2 and Ni(II) complex as compared to 
L1, Co(II) and Mn(II) complex to undergo 
decomposition which was confirmed by small mass 
loss by L2 and Ni(II) complex as shown in Table 6 
signifying that a higher activation energy prevented 
the formation of activated complex (Piskulich et 
al., 2019). The values of Ea of the ligands and their 
complexes are in the order of Mn(II) < Co(II) 
complex < L1< Ni(II) < L2. The difference in the 
values of Ea (Activation energy) of the ligands was 
due to the differences in the nature of chemical 
bonds (Dafa, 2023)  while for the complexes was 
because of the decrease in their ionic radius as the 
smaller size of ions allowed a closer approach of 
ligands (Al-Awadi et al., 2008). Therefore, for 
isostructural M(II) complexes, the Ea values were 
found to increase in the order of Mn <Co < Ni.  

The frequency factor (A) can be visualized 
as the frequency of correctly oriented collisions 

between reactant particles (Sbirrazzouli, 2020). The 
frequency factor (logA) values can be used to 
predict space or volume in the reacting molecules 
(Vyazovkin, 2021). The A obtained in this study 
were 3.56, 5.06, 3.48, 3.50, and 4.97 for L1, L2, 
Co(II), Mn(II), and Ni(II) complex in that order. 
The values demonstrate that, the frequency of 
collisions in L2 and Mn(II) complex was more  than 
the frequency of collision in L1, Co(II) and Ni(II) 
complex due to spaces or volume in between the 
reacting molecules (Al-Moameri et al., 2017; 
Wang et al., 2018). In theory, with decreasing the 
value of Ea, the value of logA increased and 
elevated value of Ea indicates higher stability. 
Nevertheless, there lie some inbuilt physical and 
chemical factors which may cause a departure from 
this trend. Higher value of Ea and lower value of A 
favours the reaction to proceed slower than normal 
(Triyono, 2010; Bartocci et al., 2019; Wang et al., 
2021). The decomposition reaction of the ligands 
and the complexes, judging from the R2 values 
followed the first order reaction (n) with R2 values 
closed to unity while the values of the rate constant 
(k) obtained showed that as activation energy 
increase, the rate constant decreases and therefore 
the rate of reaction decreases as can be seen in 
Table 4 and 5. 

The thermodynamics parameters of the 
thermal decomposition of the ligands and their 
complexes viz: the enthalpy (∆H), the Gibbs free 
energy (∆G) and the entropy change (∆S) were 
obtained from Freeman-Carroll plot by using 
equations: 10, 11 and 12 are presented in Table 4. 

 
Enthalpy 

The enthalpy of the thermal 
decomposition in this study was obtained by using 
Equation (10): 

 
 ∆H = Ea − RT  (Singh et al., 2020)        (10) 
 
Gibbs Free Energy 

Gibbs free energy is also known as free 
enthalpy, and it represents the total increase in 
energy of the system for the formation of the 

activated complex and was obtained from the 
following Equation (11) to determine the feasibility 
and spontaneity of the thermal degradation process. 

 
∆G = Ea + RTm × ln �KB×Tm

h×A
�    (Palmy et al., 2021)         (11)

where ∆G is the Gibbs free energy; A = frequency 
factor, (min-1); KB = Boltzmann constant (1.38x10-

23 J/K); Ea = activation energy (kJ/mol); h = Planks 
constant (J∙s); R = universal gas constant (J∙K -1 
∙mol-1) and Tm = temperature of maximum 
decomposition in (K).    

Entropy 
The entropy which is thermodynamics 

parameter that indicates the degree of disorder of 
the ligands and their complexes was determined in 
this study via the equation (12):  

 
∆S = ∆H−∆G

Tm
      (Valapa et al., 2014)         (12) 

Where ∆G  = change in internal energy (kJ/mol); 
∆H = enthalpy change (kJ/mol); Tm = Temperature 
of maximum decomposition in (K) and ∆S = 
entropy change  

The enthalpy is the thermodynamic 
property that represents the total heat content of a 
system at constant pressure when the only work 
done is pressure-volume. For this study, enthalpy 
means the total energy consumed by the ligands 
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and their complexes for their conversion into 
various products (Singh et al., 2020). The enthalpy 
(∆H) for ligands and their complexes in this study 
were 50.04, 71.41, 47.72, 47.70 and 70.05 kJmol-1 
for L1, L2, Co(II), Mn(II), and Ni(II) complex 
respectively and were all  observed to be positive 
which showed that for decomposition reaction, 
energy was absorbed during the reaction i.e 
endothermic (Ohia et al., 2013). The enthalpy of L2 
was found to be greater than L1. This implies that, 
the total energy comsumed by L2 to be splitted into 
the various components parts was more than the 
energy consumed by L1 this could be due to the 
extra stability of L2 which could be as a result of 
the increasing strength of hydrogen bonding which 
is in the Oder of S < Cl < N < O < F. The more 
electronegative the element, the higher the chances 
of hydrogen bonding (Housecroft and Sharpe, 
2005) and the more the energy needed to break the 
chemical bond present in the individual ligands 
(Batsanov, 2022). The stability of complexes 
increased with decrease in the size of the metal ion. 
For M(II) ions, the general trend in stability for 
complexes known as Irving-Williams series Mn(II) 
< Co(II) < Ni(II).  

Gibbs free energy is also known as free 
enthalpy, and it represents the total increase in 
energy of the system for the formation of the 
activated complex (radical formation from the 
ligands and their complexes) (Palmy et al., 2021) 
and is obtained in this study from Equation (12). 
The Gibbs free energy (∆G) values were 288.42, 
309.79, 286.10, 286.08 and 308.43 kJmol-1 for L1, 
L2, Co(II), Mn(II), and Ni(II) complex respectively 
and were all  viewed to be positive. The positive 
values of the Gibbs free energies indicated that the 
process requires a contribution of energy for it to 
occur (non-spontaneous process), taking into 
account that ∆G means a total increase in the 
energy of the system for the formation of the 
activated complex (Kim et al., 2010). On the 
contrary, the values of entropies for both ligands 
and complexes were found to be -0.383 kJoule for 
all the ligands and their complexes. The negative 
values of entropies, indicates that the degree of 
disorder of the products formed through 
dissociation of bonds is lower than that of the 
reactants. The low ∆S at the rate of 5 ℃ /min 
means that the ligands and complexes only 
underwent some physical and chemical changes, 
until it reached a state close to its thermodynamic 
equilibrium. Ligands and complexes have little 
reactivity and it took a long time to form an 
activated complex. Moreover, a high ∆S means that 
the reactivity will be high, and it will take less time 
to form the activated complex; this happens when 
the heating rate is lower (Kennedy and Hodzic, 
2021). 

The values for overall stability (logβ) were 
-1.057, -1.061, -1.056, -1.056 and -1.061 for L1, 
L2, Co(II), Mn(II) and Ni(II) complexes 
respectively. The negative overall stability 

indicated the decomposition stability of the ligands 
and their complexes with L2  and Ni(II) complex 
having overall decomposition stability which was 
lowere than L1, Co(II) and Mn(II) complexes 
demonstrating that, L2  and Ni(II) complex were in 
a reduced amount of decomposition reactivity than 
L1, Co(II) and Mn(II) complexes (Sukarni et al., 
2018). This result concured with the higher 
activation energy (76.59 and 75.23 KJ/mol) and the 
lower rate constant (0.002 and 0.003) of L2  and 
Ni(II) complex as compared to higher activation 
energy (55.22, 52.90 and 52.88 KJ/mol) and rate 
constant (0.086, 0.128 and 0.129) of  L1, Co(II) and 
Mn(II) complexes indicating the strength of 
hydrogen bond in the individual ligands and the 
binding strength of the ligands and metal 
ions(Geoffrey, 2010). 

 
Comparison of the Kinetic Parameters with 
Structure and Thermal Stability 

The activation energies (Ea) of the ligands 
and the complexes vary in the range 55.75 to 78.23 
kJ∙mol−1. The corresponding values of pre-
exponential factor (A) of these complexes come in 
the range 3.09 to 4.92 min−1 while the respective 
values of Gibb’s free energy entropy of ligands and 
their complexes fall in the range 286.08 to 309.79 
kJmol-1and the entropy of activation (ΔS) for both 
ligands and their complexes was -0.383 J∙mol−1.  

Based on the activation energies obtained 
from the thermal decomposition of the ligands and 
their complexes; L2 and Ni(II) complex were found 
to be highly stable respectively, while Mn(II) 
complex was found to be least stable. The negative 
value of the entropy of activation also indicates that 
the activated complexes are more ordered than 
reactants. Even though there is common entropy of 
activation (ΔS) present in all the ligands and their 
complexes, there is a variation in the different 
kinetic parameters. This variation could be due to 
the effect of structure (Nature of bonds and group 
of atoms present in the structure) on the thermal 
decomposition of the complexes. Hence, the 
structures play an important role on the thermal 
decomposition kinetic and thermodynamics 
parameters of the ligands and their complexes 
(Elemo et al., 2019). 

CONCLUSION  
Thermal stability (kinetic and 

thermodynamics) profiling of ligands L1 , L2 and 
their metal complexes of Co(II), Mn(II) and Ni(II) 
were carried out. The kinetic profiling results 
revealed that, the decomposition reactions of the  
ligands and their complexes followed first order 
reaction and the activation energy obtained showed 
that, L2 and Ni(II) complex requires extra energy to 
form activated complex as compared to L1, Co(II) 
and Mn(II) complexes. Meanwhile, the results of 
frequency factor showed that, more spaces or 
volume could exist in L2 and Mn(II) complexes 
than L1, Ni(II) and Co(II) complexes. 
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Thermodynamics parameters results of the study 
showed that, the Gibb’s free energy (ΔG) of the 
ligands their complexes were positive indicating 
that, the process required a contribution of energy 
for it to occur (non-spontaneous process), taking 
into account that ΔG means a total increase in the 
energy of the system for the formation of the 
activated complex. The obtained positive values of 
enthalpy (ΔH) showed that enthalpy is the driving 
force for the decomposition of the ligands and their 
complexes. However, the negative values of 
entropy (ΔS) indicate the degree of disorder of the 
products formed by the dissociations of the bonds 
is lower than that of the initial reactants (ligands 
and their complexes). Furthermore, an extremely 
low entropy value shows that only certain physical 
and chemical changes occur in the ligands and their 
complexes. Consequently, if the enthalpy is low, 
the entropy must have a high negative value to 
favor the reaction. This indicates that the evolution 
of the reaction will not only depend on energy 
(enthalpy), since it will also depend on the 
molecular configuration that is reached (changes in 
entropy).  
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