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A B S T R A C T 
 

This study focuses on investigating the complexation process between N,N'-
bis(salicylidene)ethylenediamine (Salen) and the metal complex 
[Cu(PDTC)2] in a dimethyl sulfoxide (DMSO) solvent. The kinetics and 
thermodynamics of the substitution reaction were examined. The 
[Cu(PDTC)2] complex and the Salen ligand were synthesized using a reported 
method, and their absorption spectra displayed characteristic peaks 
consistent with previous findings. The kinetics of the Cu(II) complex were 
studied under pseudo-first-order conditions in DMSO, with varying 
concentrations of Salen and a constant concentration of the [Cu(PDTC)2] 
complex. Reactions were carried out at temperatures of 25 °C, 30 °C, and 35 
°C. By conducting temperature-dependent studies, the activation parameters 
(activation energy, activation entropy, and activation enthalpy) were 
determined. The substitution reaction was monitored through absorption 
spectra measurements, revealing a reduction in the absorption peak at 435 
nm and the appearance of a new absorption peak at 360 nm. The rate 
constants obtained for the substitution reactions of salen at 25 °C fell within 
the range of 0.16x10-1 1/min to 5.66x10-1 1/min, which was higher 
compared to previous investigations due to the size of the substituted ligand. 
The reaction was found to follow the first-order kinetics with respect to 
[Cu(PDTC)2] and salen, indicating a second-order overall reaction. Increasing 
temperature resulted in higher values of kobs and k2. The calculated 
activation parameters revealed a positive activation entropy, implying a 
dissociative mechanism, and a positive activation enthalpy, indicating an 
endothermic nature of the substitution reaction.  

  
Introduction 

chiff bases represent a diverse array of 
compounds characterized by the 
presence of a double bond connecting 
carbon and nitrogen atoms. Their 
versatility stems from the numerous 

possibilities for combining various alkyl or aryl 
substituents. These compounds can be found in 
nature or synthesized in the laboratory. Over 
the years, Schiff bases have captivated chemists 
and biochemists due to their intriguing 
properties [1]. S 
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 In the realm of coordination chemistry, Schiff 
bases serve as captivating polydentate ligands, 
exhibiting remarkable biological attributes. 
They have demonstrated antibacterial, 
antineoplastic, antimalarial, antioxidant, and 
antiviral activities [2-6]. Salen ligands, which 
are Schiff base ligands derived from 
salicylaldehyde and ethylenediamine, possess 
N2O2 donor atoms and have been observed to 
form square planar complexes. In the presence 
of additional ligands, square pyramidal and 
octahedral complexes can also be formed [7]. 
Diverse mono-, di-, or trinuclear Salen 
complexes have been synthesized using various 
transition metals, showcasing potential 
applications across a broad spectrum of fields, 
including catalysis, biochemistry, 
electrochemistry, sensors, molecular 
magnetism, and materials science [8-10].  
The increasing interest in diverse chemical 
disciplines has propelled the exploration of 
mixed-ligand complexes, owing to their 
promising potential across various applications 
[11,12]. These complexes entail the 
coordination of more than one type of ligand to 
a singular central metal ion. The inclusion of 
multiple ligands within a complex engenders 
variations in its properties. In the synthesis of 
mixed-ligand complexes, adduct formation 
serves as a prevalent approach, wherein metal 
complexes interact with other Lewis base 
ligands, facilitating an elevation in the 
coordination number of metal ions while 
maintaining a consistent oxidation state [13]. 
Notably, square planar M(II) dithiocarbamates, 
denoted as [M(dtc)2], have exhibited structural 
transformations upon substitution of one 
dithiocarbamate anion with alternative ligands. 
This structural alteration entails the relocation 
of the dithiocarbamate species from its original 
position within the plane to an edge of the 
octahedral framework [14]. 
The substitution of a coordinated ligand with a 
free ligand in solution represents a notable 
phenomenon within the realm of coordination 
chemistry. Chelating ligands, characterized by 
their ability to form multiple bonds with the 
central metal ion, generally exhibit greater 
stability compared to monodentate ligands. 
Furthermore, cyclic ligands featuring the metal 
ion's donor atoms offer even higher levels of 

stability. Among the extensively studied 
chelating ligands, Salen-type ligands have 
garnered significant attention. These ligands 
form robust and inert complexes with a diverse 
range of transition metal ions [15,16]. While the 
structural aspects of mixed ligand complexes 
involving Salen Schiff bases have been 
extensively explored in solid-state 
investigations, limited information is available 
concerning their kinetics in solution [17]. 
The stability of a complex can be characterized 
by two key aspects: thermodynamic stability 
and kinetic stability. Thermodynamic stability 
pertains to the free energy change (∆G) 
associated with the formation of a complex, 
which relies on factors such as bond energy, 
stability constant, and redox potentials of the 
complex. On the other hand, kinetic stability 
refers to the rate of ligand substitution, 
influenced by parameters like activation energy, 
reaction mechanism, and intermediate 
complexes involved in the process. Complexes 
can exhibit either lability, indicating rapid 
ligand substitution, or inertness, denoting 
resistance to ligand exchange [18]. 
Several methodologies are employed to 
investigate the stability, kinetics, and 
thermodynamics of complex formation. 
Spectroscopic techniques, including UV-Vis, IR, 
and NMR spectroscopy, enable the examination 
of complex properties. Electrochemical 
techniques, such as cyclic voltammetry and 
potentiometry, provide insights into the 
behaviour of complexes. Calorimetric 
techniques, such as differential scanning 
calorimetry, offer valuable information 
regarding complex formation. Computational 
techniques, such as density functional theory, 
facilitate the exploration of complex structure, 
bonding, electronic properties, thermodynamic 
parameters, and reaction pathways. By 
employing these diverse methods, researchers 
can obtain comprehensive knowledge about 
complex characteristics [18-23]. 
This study presents a novel investigation into 
the complexation process between N,N'-
bis(salicylidene)ethylenediamine (Salen) and 
the metal complex [Cu(PDTC)2] in a dimethyl 
sulfoxide (DMSO) solution. The kinetics analysis 
revealed higher rate constants for the 
substitution reactions of Salen with the 
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 [Cu(PDTC)2] complex, attributed to the size of 
the substituted ligand. Monitoring the reaction 
through absorption spectra measurements 
confirmed the formation of a new complex. In 
addition, temperature-dependent studies 
demonstrated an increase in rate constants with 
rising temperature. Moreover, the calculated 
activation parameters indicated a dissociative 
mechanism and an endothermic nature of the 
substitution reaction. These findings contribute 
valuable insights into the kinetics and 
thermodynamics of the complexation process, 
thereby enhancing our understanding of 
substitution reactions in coordination 
chemistry. 
Drawing upon our previous investigations into 
Salen-type ligands, the present study aims to 
delve into the intricacies of the complexation 
process involving N,N′-
bis(salicylidene)ethylenediamine (Salen) and 
the metal complex [Cu(PDTC)2] within a 
dimethyl sulfoxide (DMSO) solution. Our 
primary focus lies in scrutinizing both the 
kinetics and thermodynamics of the 
substitution reaction that takes place. 

Experimental 

Used chemicals  

Analytical grade Copper(II) acetate 
(Cu(CH3COO)2.H2O), ethylenediamine, 
pyrrolidine dithiocarbamate, and 
salicylaldehyde obtained from Merck were 
employed to synthesize the ligands and 
complexes. The dimethyl sulfoxide (DMSO) 
utilized in the study was also of analytical grade 
and was used without any supplementary 
purification measures. 

Preparation and reagents 

The [Cu(PDTC)2] complex and the Salen ligand 
were synthesized using a previously reported 
method [24]. The absorption spectra of the 
[Cu(PDTC)2] complex displayed two distinct 
peaks at 435 and 679 nm, consistent with the 
published spectra [25]. 
The spectrophotometric kinetic measurements 
were conducted utilizing an Agilent Cary 60 UV-
Vis Spectrophotometer. The absorbance within 
the visible spectrum, specifically within the 

charge transfer transition band, was monitored. 
The obtained curves were subsequently 
analyzed employing Excel and KaleidaGraph 
software. 

Kinetic study 

The kinetics of the Cu(II) complex were 
investigated utilizing pseudo-first-order 
conditions in dimethyl sulfoxide (DMSO), with 
an excess of Salen acting as the solvent. The 
concentration of the [Cu(PDTC)2] complex was 
maintained at a constant value of 1 x 10-4 M, 
while the concentration of Salen was 
systematically altered. The reactions were 
performed at three distinct temperatures: 25 °C, 
30 °C, and 35 °C. 
The data obtained from the experiment was 
analyzed using the linear least-square method. 
To determine the first-order rate constant (kobs), 
Equation (1) [26] was employed for the 
evaluation: 
ln (At - A∞) = ln (A0 -  A∞) – k.t                             (1) 
The absorbance at the beginning of the reaction 
(A0), at time t (At), and at the end of the reaction 
(A∞) were used in Equation (1) to determine the 
rate constant (k). The slope of the ln(At-A∞) 
versus time plot provided the rate constant. 

Thermodynamic study 

The kinetics of the reaction were investigated 
by conducting temperature-dependent studies 
in increments of 5 °C, ranging from 25 °C to 35 
°C. Through this investigation, the kinetic 
activation parameters, such as the activation 
energy (Ea), activation entropy (ΔS‡), and 
activation enthalpy (ΔH‡), were determined. 
The rate constants obtained at various 
temperatures were fitted to both the Arrhenius 
Equation and the Eyring Equation [27] to 
evaluate these activation parameters:  

𝑙𝑛𝑘 =  
−𝐸𝑎

𝑅
 (

1

𝑇
)  +  𝑙𝑛𝐴                                            (2) 

ln(
kx

Tx𝑘𝑏
) = 

−∆H
+
+

R
 x 

1

T
+ 

∆S
+
+

R
                                        (3) 

Where,  
k is the rate constant, T is the temperature in 
Kelvin, kB is Boltzmann constant (1.380649×10-

23 J/K), h is Planck constant (6.63×10-34 J/Hz), A 
is the pre-exponential factor or Arrhenius factor 
or frequency factor, ΔH‡ is the activation 
enthalpy, R is the gas constant (8.314 J/mol.K),
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  and ΔS‡ is the activation entropy. A plot of ln k 
versus 1/T gives a straight line, whose gradient 
and intercept can be used to determine Ea and 
A. 
Furthermore, through the construction of a plot 
of ln(k.h/T.kB) against 1/T, the slope and 
intercept of the resulting linear relationship can 
be ascertained. The slope corresponds to -
ΔH‡/R, while the intercept is equivalent to 
ΔS‡/R. Hence, this linear representation of the 
Eyring Equation enables the determination of 
both the activation enthalpy and the activation 
entropy for the reaction. In addition, the Gibbs 
free energy of formation can be calculated using 
the subsequent equation (4) [20]: 
ΔG‡ = ΔH‡ – TΔS‡                                                      (4) 

Results and Discussion  

Electronic absorption spectral study 

Cachapa et al. [25] have documented the 
synthesis and characterization of copper(II) 
complexes containing bis(dithiocarbamato) 
ligands. The coordination environment around 
the copper(II) ions is described as a distorted 

square-pyramid. In the DMSO solvent, the 
copper(II) complex displays three notable 
absorption bands. The most prominent band at 
273 nm is likely attributed to the ligand. The 
band observed at 438 nm corresponds to a 
(σ(S) → Cu(II)) ligand-to-metal charge transfer 
within a planar CuS4 chromophore. 
Furthermore, the band at 630-650 nm 
(shoulder) signifies a d-d transition. 
In a separate study by Elsherif et al. [28], the 
complexation reaction between salen and Cu(II) 
was investigated in five different nonaqueous 
solvents. The free salen ligand exhibits an 
absorption maximum (λmax) at approximately 
320 nm, which varies depending on the solvent. 
Upon chelation with Cu(II) ions, the absorption 
maxima (λmax) are shifted to 355-370 nm, 
depending on the specific employed solvent. 
To monitor the substitution reaction between 
the [Cu(PDTC)2] complex and the Salen ligand, 
absorption spectra in the range of 300-600 nm 
were measured (Figures 1 (a, b, and c)). The 
substitution reaction leads to a reduction in the 
absorption peak at 435 nm, accompanied by the  

 

Figure 1. Absorption spectra of [Cu(PDTC)2]: (a) before substitution, (b) after substitution, and (c) after 
various times
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 appearance of a new absorption peak at 360 nm 
[29]. Notably, Figure 1c indicates two isosbestic 
points, located at 330 nm and 400 nm, 
indicating the formation of a new complex 
resulting from the reaction between the copper 
complex and salen. 

Kinetic studies of the substitution reaction  

The kinetics investigation of the substitution 
reaction between the [Cu(PDTC)2] complex and 
the salen ligand was conducted at temperatures 
of 25 °C, 30 °C, and 35 °C. According to the 
literature [30,31], it has been observed that 
copper complexes with PDTC and salen undergo 
a gradual weight loss as the temperature 
increases, indicating decomposition. In the 
initial stage, up to 100 °C, the mass loss ranged 
from 3% to 4.2%. [30,31]. The advancement of 
the reaction was monitored by observing the 
decline in absorbance at 435 nm, which 
corresponds to the maximum absorption of the 
initial complex. The reduction in absorption of 

the complex over time at 435 nm is depicted in 
Figure 2. 
The determination of rate constants was carried 
out at different temperatures and various 
concentrations of the salen ligand by plotting 
ln(At-A∞)/(A0- A∞) against time, as illustrated in 
Figures 3 (a, b, and c). In this representation, At 
represents the absorbance at time t, A∞ denotes 
the absorbance after the reaction has reached 
completion, and A0 signifies the initial 
absorbance. The slope of the linear plot yielded 
the estimated rate constants, designated as kobs, 
as presented in Table 1. In accordance with 
previous investigations [32-35], the rate 
constants for substitution reactions involving 
chloride ions and amine ligands typically fall 
within the range of 0.48x10-1 1/min to 9.00x10-1 
1/min. In the present study, the obtained values 
at 25 °C ranged from 0.16x10-1 1/min to 
5.66x10-1 1/min. The higher rate constants 
observed for salen can be attributed to the size 
of the substituted ligand, as the substitution of 
larger ligands tends to be favored. 

 

Figure 2. Complex absorption ([Cu(PDTC)2]) at 360 nm and 435 nm against time 

Table 1. Pseudo first-order rate constants for the reaction of [Cu(PDTC)2] with different concentrations of 
salen in DMSO and various temperatures 

[salen], 
M 

kobs (1/min)* k2 
(x103) 
(1/M. 
min)* 

4.76x10-5 6.98x10-5 9.09x10-5 1.11x10-4 1.30x10-4 1.50x10-4 

25 oC 0.016±0.001 0.026±0.001 0.046±0.002 0.061±0.003 0.095±0.005 0.133±0.007 1.131±0.06 

30 oC 0.079±0.004 0.127±0.006 0.170±0.009 0.179±0.009 0.220±0.011 0.286±0.014 1.860±0.09 

35 oC 0.178±0.009 0.202±0.010 0.256±0.013 0.343±0.017 0.444±0.022 0.566±0.028 3.854±0.19 

mean±SD (Three replicates) 
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Figure 3. The pseudo first- order plots of ln [At-A∞/ Ao-A∞] vs. time for the complex at: (a) 25 oC, (b) 30 oC, 
and (c) 35 oC 

The observed linearity of the plot provides 
strong evidence that the reaction follows first-
order kinetics with respect to [Cu(PDTC)2]. In 
addition, a plot of ln(kobs) against ln[salen] (as 
shown in Figure 4) also exhibits a linear 
relationship, with a slope of 1.00, indicating that 
the reaction is first order with respect to salen. 
Consequently, the overall reaction is 
determined to be second order. This implies 
that the rate of the reaction is dependent on the 
concentrations of both the salen ligand and the 
substrate, which is consistent with findings 
reported in other studies [33-36]. Therefore, 
the rate equation (5) for the reaction is deduced 
to be as follow:  

-
d[Cu(PDTC)2]

dt
 = k2[Cu(PDTC)2] [salen]                (5) 

The information provided in Table 1 was 
utilized to construct a plot of kobs against [salen], 
enabling the determination of k2 values at each 

temperature. These calculated k2 values are 
presented in Table 1. The corresponding plots 
illustrating these results are depicted in Figure 
5.               

 
 

Figure 4. The plots of Logkobs vs. LogC in DMSO 
solvent at different temperatures 
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Figure 5. The plots of kobs vs. [salen] in DMSO and 
different temperatures 

Temperature dependence rates of reaction 

The investigation of the reaction was conducted 
within a temperature range of 25-35 °C (±0.1 
°C). It was observed that both kobs and k2 
increase with rising temperature, as 
summarized in Table 1. The activation 
parameters, namely Ea, ΔS‡, ΔH‡, and ΔG‡, were 
determined from the respective standard linear 
Arrhenius (lnk vs. 1/T) and Eyring plots 
(ln(k/T) vs. 1/T), exhibiting satisfactory 
correlation coefficients of 0.986 and 0.985, 
respectively. The resulting Arrhenius and 
Eyring plots are displayed in Figures 6 and 7, 
while the calculated activation parameters, 
including ΔG‡, ΔH‡, ΔS‡, and Ea, are provided in 
Table 2. Specifically, the values obtained were 
55.80 kJ/mol, 90.91 kJ/mol, 0.118 kJ/mol.K, and 
93.43 kJ/mol for ΔG‡, ΔH‡, ΔS‡, and Ea, 
respectively. The positive value of activation 
entropy (ΔS‡) suggests a dissociative 
mechanism for this substitution reaction [37]. 
Furthermore, the positive value of ΔH‡ indicates 
the endothermic nature of the substitution 
reaction. The findings presented in Table 2 
indicate that the reaction exhibited 
characteristics of being nonspontaneous, 
endothermic, and causing a slight increase in 
disorder within the system. The positive value 
of the free Gibbs energy (55.80 kJ/mol) suggests 
that the reaction required external energy input 
to proceed and was not in a state of equilibrium. 
Moreover, the positive change in enthalpy 

(90.91 kJ/mol) indicates that the reaction 
absorbed heat from the surroundings, resulting 
in an increase in the system's internal energy. 
The change in entropy (0.118 kJ/mol) was small 
but positive, indicating a slight increase in the 
number of possible system configurations. 
However, this increase was not sufficient to 
counterbalance the unfavorable enthalpy 
change. The reaction's activation energy was 
determined to be high (93.43 kJ/mol), 
indicating the presence of a significant energy 
barrier that needed to be overcome for the 
reaction to take place [38-40]. 
 
 

 

Figure 6. Arrhenius plot for the substitution reaction 

 

 
 

Figure 7. Eyring plots for the substitution reaction 
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 Table 2. Thermodynamic parameters of the substitution reaction 
Activation parameters* Ea 

kJ/mol 
ΔG‡ 

kJ/mol 
ΔH‡ 

kJ/mol 
ΔS‡ 

kJ/K.mol 
Values 93.43±4.68 55.80±2.79 90.91±4.55 0.118±0.006 

mean±SD (Three replicates) 

Conclusion 

The present study focused on investigating the 
complexation process between N,N'-
bis(salicylidene)ethylenediamine (Salen) and 
the metal complex [Cu(PDTC)2] in a dimethyl 
sulfoxide (DMSO) solution. Kinetics analysis 
revealed higher rate constants for the 
substitution reactions of Salen with the 
[Cu(PDTC)2] complex, primarily attributed to 
the size of the substituted ligand. Absorption 
spectra measurements were conducted to 
monitor the reaction, confirming the formation 
of a new complex. Temperature-dependent 
studies demonstrated an increase in rate 
constants as the temperature rose. The 
activation parameters, including ΔG‡, ΔH‡, ΔS‡, 
and Ea and the values were of 55.80 kJ/mol, 
90.91 kJ/mol, 0.118 kJ/mol.K, and 93.43 kJ/mol 
for ΔG‡, ΔH‡, ΔS‡, and Ea, respectively. The 
positive value of the activation entropy (ΔS‡) 
suggests a dissociative mechanism for the 
substitution reaction. In addition, the positive 
value of ΔH‡ indicates the endothermic nature 
of the substitution reaction. It is worth noting 
that the rate constants obtained in this study at 
25 °C ranged from 0.16x10-1 1/min to 5.66x10-1 
1/min, which aligns with the typical range of 
rate constants for substitution reactions 
involving chloride ions and amine ligands. 
These findings provide valuable insights into 
the kinetics and thermodynamics of the 
complexation process, contributing to a better 
understanding of substitution reactions in 
coordination chemistry. 
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