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Abstract.* A theoretical study of the detection limit 
concept of copper traces in aqueous solution by using two 
thiosemicarbazides derivatives as ligands: 4-ethyl-3-
thiosemicarbazide and thiosemicarbazide has been 
thoroughly investigated. The study was carried out 
experimentally by adsorptive stripping voltammetry. The 
quantum chemistry calculations, carried out at the  
6-31G(d) basis set in conjunction with local spin density 
approximation method (LSDA), implemented in Gaussian 
09 program package, show the existence of a very strong 
relationship between the total energy of copper complexes 
and the detection limit; thus, the more stable complex has 
the lower detection limit value. The obtained results are in 
a good agreement with the experimental findings.  
 
Keywords: thiosemicarbazide, detection limit, selectivity, 
Fukui indices, DFT calculations. 

1. Introduction 

Trace elements are defined as essential elements in 
small quantities. Their lack or excess may result in 
malfunctioning of human and animal body. These trace 
elements may have direct severe consequences on both the 
metabolic and physiologic processes of the organism and 
lead to fatal diseases [1]. For instance, copper is one of the 
most important trace elements with biological significance 
to the cardiovascular disease patient [2]. The ability of 
copper to easily attach and accept electrons explains its 
importance in oxidative reduction processes and in 
disposing and removing free radicals from the organism.   

Electrochemical techniques are of considerable 
importance in analysis due to their high degree of 
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sensitivity, accuracy, precision and selectivity, as well as 
large linear dynamic range, with relatively low-cost 
instrumentation [3, 4]. Their applications cover many 
fields such as environment, metal industry, pharmaceutics, 
clinical medicine and food industry. The concept of 
continuously changing the applied potentials to the 
electrode-solution interface and the resulting measured 
current is the basic principle of the most useful electro-
analytical techniques [5]. Among the latter, polarography 
is a special case of voltammetry where the working 
electrode is a dropping mercury electrode. This technique 
is based on current measurement as a function of voltage 
[6]. Electrochemical stripping analysis is the most popular 
analytical technique used for the determination of trace 
element species. The stripping voltammetry technique 
involves two main steps. The first step is a controlled 
potential electrolysis sufficient to deposit the analyte on 
the electrode. The second step consists of the application 
of a voltage scan to the electrode that causes an 
electrolytic dissolution. The current generated by 
voltammetric stripping is directly proportional to the 
concentration of the analyte in the solution. Adsorptive 
stripping voltammetry is quite similar to anodic and 
cathodic stripping voltammetry methods [7]. This 
technique can be employed in the trace analysis of a wide 
variety of organic and inorganic analytes [8]. 

In electroanalysis, there has been a considerable 
interest of the detection limit. Nowadays, voltammetry 
represents a refined technique that offers wide limits of 
detection and is used for trace analysis [9]. When a ligand 
comes to coordinate with a metal ion, there happens a 
great change in the global energy between the ligand and 
the metal complex. In the framework of the DFT method, 
the energies of the frontier molecular orbitals, the energy 
band gap, electronegativity, chemical potential, global 
hardness, and global softness are important tools to 
understand the reason for low detection limit in 
electroanalysis. In the present paper we use the DFT 
method to provide a relevant insight into molecular 
electronic properties of organometallic complexes, their 
formation and stability. As far as we have been able to 
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ascertain, the DFT study of metal trace analysis by 
polarography technique and, in particular, the study of the 
concept of the limit of detection has not been reported. 
This concept has been defined as an analyte concentration 
that yields a signal in the measurement instrument which 
is significantly different from that obtained for the blank 
[10, 11]. 

The study includes the DFT calculations of copper 
reaction with two thiosemicarbazides (TSC) derivatives 
ligands in a manner to elucidate the importance of the 
relationship between the stability of the complex and the 
detection limit in electroanalysis which can provide the 
scientific researches with a novel way for prediction and 
can be considered as a complementary experimental 
result. As a comparative study between our recent publi-
cation work on copper complex with 4-ethyl-3-thio-
semicarbazide (ETSC) realized in the same conditions of 
another research on copper-thiosemicarbazide complex, a 
detection limit of 0.001 ng·ml-1 was measured lower than 
when thiosemicarbazide was used as ligand (0.007 ng·ml-1) 
[12, 13]. 

Let us consider here two steps involved in the 
formation of Cu(CH5N3S)2

2+ ion: 
Step 1: Cu2+ + CH5N3S → Cu(CH5N3S)2+ 

Step 2: Cu(CH5N3S)2+ + CH5N3S → Cu(CH5N3S)2
2 

In the same manner, we can consider two steps 
involved in the formation of Cu(C3H9N3S)2

2+ ion: 
Step 1: Cu2+ + C3H9N3S → Cu(C3H9N3S)2+ 

Step 2: Cu(C3H9N3S)2+ + C3H9N3S →  
→ Cu(C3H9N3S)2

2+ 

2. Theoretical 

2.1. Materials and Methods 

The present study has been done using the Density 
Functional Theory (DFT) with the LSDA method [14], in 
conjunction with 6-31G(d) basis set, implemented in 
Gaussian 09 program package [15]. Density Functional 
Theory (DFT) is one of the most commonly used quantum 
mechanical method. This method is based on determining 
functionals that relate the electronic density to the energy. 
Full geometry optimizations followed by frequency 
calculations at the same level of theory were performed 
for all the stationary points. The Fukui indices were 
calculated using the FDA approximation. We noted that 
the cationic and anionic systems, required in the 
calculations of local indices, were kept at the same 
geometry of the neutral system. The electronic popu-
lations were computed using both MK (Merz-Singh-
Kollman) and NPA (natural population analysis) [16]. 

2.2. Global Reactivity Indices 

Rigorous definitions of well-known qualitative 
chemical concepts such as electronegativity χ [17] and 
hardness η [18] have been given from the standpoint of 
conceptual density functional theory (DFT) [19, 20]. The 
general definition of electronegativity is cited as the 
negative of chemical potential [21]. For an N-electron 
system with total energy E and external potential, it is 
defined as: 

( )r

E
N υ

χ µ ∂ = − = − ∂ 
     (1) 

where µ is the Lagrange multiplier associated with the 
normalization constraint of DFT [19, 22]. 

Thus, hardness η [23] is the corresponding second 
derivative: 

2

( )( ) rr

E
N N υυ

µη
 ∂ ∂ = =   ∂ ∂  

    (2) 

Using a finite difference method, χ and η  may be 
calculated as [19]: 

2
I Aχ +

=            (3) 

I Aη = −          (4) 
where I and A are the ionization potential and electron 
affinity, respectively.  

On the basis of Koopmans’ theorem [24], the latter 
equations can be developed as: 

2
HOMO LUMOε ε

χ
+

==   (5) 

LUMO HOMOη ε ε= −    (6) 
where εHOMO and εLUMO are the energies of the highest 
occupied and lowest unoccupied molecular orbitals, 
respectively. 

Parr et al. [19] defined the electrophilicity index as: 
2

2
µω
η

=                         (7) 

This quantity is basically a measure of the 
electrophilic power of a given system. Domingo’s group 
has proved, after some previously given and studied 
definitions [25], that the nucleophilic character of a 
molecule is in good conjunction with the feasibility to 
remove electron-density. Thus, the nucleophilicity is then 
attributed as the negative value of the gas phase ionization 
potentials IP:  

N IP= −        (8)               
Consequently, high (low) nucleophilicities 

correspond to low (high) ionization potentials.  
To put in evidence a practical nucleophilicity 

descriptor, Domingo’s group used Kohn-Sham’s highest 
occupied molecular orbital (HOMO) energies obtained 
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giving rise to a relative empirical nucleophilicity  index N 
defined as [25, 26]:  

( ) ( )HOMO Nu HOMO TCEN ε ε= −       (9) 
This nucleophilicity scale is referred to 

tetracyanoethylene (TCE) taken as a reference since it 
presents the lowest HOMO energy [25]. 

2.3. Local Reactivity Indices  

Local quantities describe the reactivity of each site 
in a molecule toward a given attack. For instance, Fukui 
function is defined as [27]: 

( )

( )( )
( )r N

rf r
N rυ

ρ δµ
δυ

 ∂ = =   ∂   
           (10) 

where ρ(r) is the electronic density of a system, N is the 
number of electrons and υ(r) is a constant external 
potential.  

Yang and Mortier [28] introduced the condensed 
form of the Fukui function. Their calculation method is 
based on the finite difference approximation (FDA) 
resulting to the formula: 

Nucleophilic attack [ ]( 1) ( )k k kf N Nρ ρ+ = + −      (11a) 

Electrophilic attack [ ]( ) ( 1)k k kf N Nρ ρ− = − −     (11b) 
where ρk(N), ρk(N-1) and ρk(N+1) are the gross electronic 
populations of the site k in neutral, cationic, and anionic 
systems, respectively.  

The charges can be calculated using the population 
analysis currently used (Mulliken, natural, electrostatic, 
etc.). Eqs. (11a) and (11b) have been applied to a variety 
of systems in order to look for reactivity trends [29, 30].  

3. Results and Discussion 

Thiosemicarbazide compounds are of particular 
interest since they hold three atoms of nitrogen and one 
atom of sulphur in each molecule. The complexation 
phenomenon on the metal (copper) ion is closely related 
to these heteroatoms. 

Our aim in this work is to give a deeper insight of 
the substituent effect on the detection limit and its 
relationship to the stability of the studied compounds  
(Fig. 1) by means of DFT-based reactivity indices. 

In order to rationalize the local reactivity, we have 
calculated the Fukui indices fk

– using the labelling shown 
in Fig. 2.  

The results are given in Table 1 and 2. The Fukui 
indexes, fk

–, corresponding to electrophilic attack are 
calculated using two types of population analysis: Merz-
Singh-Kollman (MK) and natural population analyses 
(NPA) to have a good view of the most reactive sites of 
the studied compounds. 

The analysis of the local nucleophilicity indices 
given in Table 2 shows that the central nitrogen atom and 
the sulphur atom for both cases of thiosemicarbazide 
derivatives are characterized by the highest values of the 
local nucleophilicity indices. As a result, N, O, and C 
atoms of two studied molecules are the most reactive 
centers, which involve a greater ability to bind to the 
metal surface. Consequently, the analysis based on the 
static DFT-based indices, correctly predicts the 
regioselectivity of these complexes in a good agreement 
with experiments.  

 

 

 

 
a) b) 

Fig. 1. Molecular structures of TSC (a) and ETSC (b) 

  
a) b) 

Fig. 2. Atoms labelling for TSC (a) and ETSC (b)

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua



DFT Theoretical Study of Some Thiosemicarbazide Derivatives with Copper    23 

Table 1 

Fukui (f-) and DFT-based (Nk) indices of the selected atoms for the thiosemicarbazide using NPA population 
analyses at HF/3-21G level of theory 

Atom k f+ f– Nk 
C1 0.30571 -0.06124 -0.02723 
S2 0.31910 0.75428 0.33538 
N3 0.02841 0.05756 0.02559 
N5 0.02874 0.02703 0.01202 
N8 0.04371 0.06111 0.02717 

 
Table 2 

Fukui (f-) and DFT-based (Nk) indices of the selected atoms for 4-ethyl-3-thiosemicarbazide using NPA 
population analyses at HF/3-21G level of theory 

Atom k f+ f– Nk 
C1 0.30530 -0.04350 -0.02163 
S2 0.30029 0.79170 0.39360 
N3 0.02649 0.02075 0.01032 
N4 0.04277 0.03670 0.01825 
N6 0.02662 0.03272 0.01627 
C10 -0.01812 -0.01573 -0.00782 
C11 -0.00938 -0.00439 -0.00218 

 

 
 

TSC ETSC 

HOMO 

  

LUMO 

  

HOMO-1 

  

LUMO+1 

  
Fig. 3. Calculated HOMO, HOMO-1, LUMO and LUMO+1 molecular orbitals  

of the studied molecules at the LSDA/6-31G level of theory 
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On the other hand, the distribution of electron 
density of frontier molecular orbitals of the 
thiosemicarbazide derivatives is crucial when talking 
about such reactions. The HOMO does not provide a good 
proof and evidence of this region reactivity. However, the 
HOMO-1 (Fig. 3) is important in the area containing five 
nitrogens. Its visualization shows a large distribution on 
the sulfur atom followed by the other nitrogen atoms. 
Therefore, we can conclude that this area is the region of 
reactive centers that transfer electrons from sulphur and 
nitrogen atoms to the copper surface. 

The electronegativity χ has been proven to be a 
useful parameter in chemical reactivity theory. When two 
systems, in this case, copper and the thiosemicarbazide 
derivatives are joined, electrons will flow from the lower χ 
value (thiosemicarbazide derivatives) to the higher χ value 
(Cu) until the equalization of chemical potentials. TSC 
presents a slightly larger χ value of 2.144 eV with respect 
to 4-ethyl-3-thiosemicarbazide, that has only 2.136 eV 
(Table 3).  

The electrophilicity index ω is another important 
parameter that indicates the tendency of the molecule to 

accept electron(s). We note here (Table 3) that two studied 
thiosemicarbazide derivatives show the electrophilicity 
value of 0.18 eV. Thus, the unoccupied d-orbitals of the 
Cu atom can accept electrons from these molecules to 
form a coordinate bond. The studied molecule can accept 
electrons from the Cu atom with its anti-bonding orbitals 
to form a back-donating bond. These donation and back-
donation processes strengthen the interaction of 
thiosemicarbazide derivatives with the metal ion. In 
addition, both the theoretical and experimental trends go 
in concomitant. 

The comparative study of the relative stabilities of 
the formed complexes, i.e. copper-di-TSC and copper-di-
ETSC (Fig. 4) provides a clear idea about the relationship 
between the detection limit and the complex stability. 
From the energy values presented in Fig. 4 and Table 4, 
we can see that the copper-di-4-ETSC is more stable 
energetically and thermodynamically than copper-di-TSC. 
In addition, the detection limit is 0.007 and 0.001 ng·ml-1 
for copper-di-TSC and copper-di-ETSC, respectively. So, 
we can see that the more stable the complex, the less its 
detection limit. 

 
Table 3 

HOMO and LUMO energies, global reactivity indices µ, η, ω and N for the thiosemicarbazide  
and 4-ethyl-3-thiosemicarbazide at HF/3-21G level of theory 

Substrate HOMO(au) LUMO(au) µ, a.u η, a.u ω, eV N, eV Gap, a.u 
TSC -0.3188 0.1612 -0.0788 0.4799 0.18 0.44 0.4800 

ETSC -0.3168 0.1598 -0.0785 0.4766 0.18 0.50 0.4766 
 

Copper-di-TSC Copper-di-ETSC 

 
  

E = -2826.02 a.u E = -2981.57 a.u 
 

Fig. 4. Molecular structures of copper-di-TSC and copper-di-ETSC complexes at the LSDA/6-31G level of theory 
 

Table 4 

Values of energy, enthalpy, free energy, and entropy calculated in the gas phase at LSDA/3-21G level of theory 
 E, a.u H, a.u G, a.u S, J·K-1·mol-1 

Cu2+ -1630.20 -1630.20 -1630.22 166.03 
TSC -598.34 -598.25 -598.29 324.95 

ETSC -676.11 -675.97 -676.01 378.92 
Copper di-TSC -2826.02 -2825.88 -2825.93 484.25 

Copper di-ETSC -2981.57 -2981.30 -2981.37 595.57 
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As it is indicated in Table 4, the entropy value of 
copper di-ETSC is somehow larger than that of copper di-
TSC. Thus, the former complex shows a high disorder 
with respect to the latter due to the substituent effect of 
ethyl. This clearly proves that the stability of complexes 
dependss on the nature of central atom and ligands [31]. 

4. Conclusions 

In the present study, we have performed some 
quantum chemical calculations at LSDA/6-31G(d) method 
on two thiosemicarbazide derivatives to investigate the 
structural and electronic properties, on theone hand, to 
elucidate the reactivity and selectivity of the molecules 
centers and on the other hand, to find a relationship between 
the detection limit and the energetic stability of the formed 
complexes. We have found that the selective centers are N, S 
and central C of the closing region (when bonding with 
copper) for both the thiosemicarbazide and 4-ethyl-3-thio-
semicarbazide where the atom S presents the highest ability 
for the copper electrophilic attack. The calculated energies 
show that the copper-di-ETSC is more stable energetically 
and thermodynamically than the copper-di-TSC, which is in 
the same trend of their respective detection limits.  
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ТЕОРЕТИЧНІ ДОСЛІДЖЕННЯ ДЕЯКИХ 

ПОХІДНИХ ТІОСЕМІКАРБАЗИДУ З МІДДЮ  
З ВИКОРИСТАННЯМ ТЕОРІЇ ФУНКЦІОНАЛА 

ГУСТИНИ 
 
Анотація. Проведені теоретичні дослідження виявлення 

слідів міді у водному розчині з використанням двох похідних 
тіосемікарбазидів як лігандів: 4-етил-3-тіосемікарбазиду і 
тіосемікарбазиду. Експериментальні дослідження проведені за 
допомогою адсорбційної інверсійної вольтамперометрії. 
Квантово-хімічні розрахунки виконані на базі 6-31G(d) у 
поєднанні з методом апроксимації локальної спінової щільності 
та реалізовані в пакеті програм Gaussian 09. Доведено наявність 
значної залежності між сумарною енергією комплексів міді та 
межею виявлення: чим стабільніший комплекс, тим нижча 
межа виявлення. Отримані результати добре узгоджуються з 
експериментальними висновками. 

 
Ключові слова: тіосемікарбазид, межа виявлення, 

селективність, індекси Фукуї, теорія функціонала густини. 
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