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ABSTRACT: In this work, thermodynamic properties (Heat capacity, Entropies, Enthalpy, Gibbs free 

and Thermal energy) and frontier (HOMO, LUMO) molecular orbitals of a derivative 

dithiophosphonates molecule which is [
+
HN(C2H5)3][CH3CHOC6H3(CF3)2)(CH3OC6H4)PS2

-
] in the 

ground state were calculated by using the quantum chemical calculation method such as density 

functional theory (DFT) employing B3LYP and HF levels with the 6-31G(d) basis set. In addition, the 

frontier molecular orbitals analysis of the molecule were researched using computational methods. 

Properties about the charge density distribution of the title compound and its chemical reactivity has 

been investigated with mapping molecular electrostatic potential surface.  

Keywords: DFT, dithiophosphonates, HF, homo, lumo 

 

Ditiyofosfatların Bir Türevinin Elektronik ve Termodinamik Özellikleri 

 

ÖZET: Bu çalışmada, ditiyofosfat moleküllerinin bir türevi olan 

[
+
HN(C2H5)3][CH3CHOC6H3(CF3)2)(CH3OC6H4)PS2

-
] molekülünün taban durumu termodinamik 

özellikleri (Isı kapasitesi, Entropi, Entalpi Gibbs ve Thermal enerji) ve öncü moleküler orbitalleri 

kuantum kimyasal hesaplama tekniklerinden olan yoğunluk fonksiyonel teorisi (DFT) B3LYP  ve 

Hartree-Fock (HF) metodlarıyla, 6-31G(d) baz seti kullanılarak incelenmiştir. Bunlara ek olarak 

bileşiğin öncü moleküler orbitalleri analiz edilmiştir. Bileşiğe ait elektrostatik potansiyel yüzey haritası 

kullanılarak, bileşiğin aktivitesi ve yük yoğunluğu incelenmiştir.  

Anahtar kelimeler: DFT, ditiyofosfat, HF, homo, lumo 
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INTRODUCTION 

Dithiophosphonate and derivative 

molecules are widely used in agriculture and 

industry. For example, they are used to combat 

weeds in agriculture and to prevent oxidation of 

motor oils in industry. Therefore, in recent 

years, studies for the synthesis of 

dithiophosphonate and its different derivatives 

have increased considerably (Solak, 2011). A 

series of diethylphosphonate derivatized 

molecules have been synthesized by 

investigators In the last thirty years (Aragoni et 

al., 2000; Aragoni et al., 2001; Thomas et al., 

2001; van Zyl et al., 2002; Gray et al., 2003; 

Maspero et al., 2003; Gray et al., 2004; Alberti 

et al., 2007; Gataulina et al., 2008; Liu et al., 

2010; Karakus, 2011; Karakus et al., 2011; 

Aydemir et al., 2015; ASIF, 2018; Karakus et 

al., 2018). In some of our prior works (Karakus 

et al., 2004; Karakus, 2011; Karakus et al., 

2011; Karakus et al., 2014), we have 

synthesized dithiophosphonates and their 

derivatives and then examined their properties. 

A derivative of dithiophosphonates compound 

which is 

[
+
HN(C2H5)3][CH3CHOC6H3(CF3)2)(CH3OC6H4

)PS2
-
] was synthesized in the presence of the 

2,4-Bis(4-methoxyphenyl)-1,3,2,4-

dithiadiphosphetane-2,4-disulfide and (R)-1-

[3,5-Bis(trifloromethyl)phenyl]ethanol in 

toluene reaction. The spectroscopic techniques 

such as IR, 
1
H, 

13
C, 

31
P NMR and structural 

examination techniques such as X-ray 

crystallography were used to characterize the 

compound in our previous study. The available 

paper is a progress of our previous studies on 

dithiophosphonates derivates (Karakus et al., 

2014). 

Both experimental and theoretical studies 

on the constructional features of 

dithiophosphonates are seldom found in 

literature. For interpret experimental work,  

there is a need for theoretical studies on the 

electronic and thermodynamic properties of the 

molecule. Ab initio calculation technique of 

quantum chemical calculation methods is widely 

used in studying both physical and chemical 

properties of molecules (Chermette, 1998; 

Corminboeuf et al., 2006; Karabacak et al., 

2008; Sundaraganesan et al., 2008a; 

Sundaraganesan et al., 2008b; Bayrakdar et al., 

2015; Şener et al., 2017).  

In this paper, thermodynamic properties 

and frontier molecular orbitals of the molecules 

were theoretically calculated for the title 

compound. The charge density dispertion and 

chemical reactivity of said title compound were 

investigated by means of molecular electrostatic 

potential surface mapping. 

The article is arranged as follows; 

computational details are given in Part 2. 

Thermodynamic analysis and electronic 

simulation results for the compound considered 

in this paper are given and debated in Part 3. 

Finally, the evaluation of the obtained data is 

given in the last section. 

MATERIAL AND METHODS 

Computational details 

In this paper, the atomic coordinates of the 

structure obtained from the X-ray analysis 

(Karakus et al., 2014) are used as the initial to 

determine the ground state structure of the 

molecule. In order to get complete information 

regarding to the electronic structure properties 

such as Highest Occupied Molecular Orbital 

(HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) energy levels and Molecular 

Electrostatic Potential surface (MEPs) 

calculations  to be studied in this work we have 

carried out quantum chemical computation in 

the frameworks of the Density Functional 

Theory (DFT/B3LYP) and Hatree-Fock (HF) 

methods by utilizing 6-31G(d) basis set. The 

Gaussian 09 package program (Foresman;Frish, 

1996; Frisch et al., 2009) is used for theoretical 
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studies. DFT method which contains hybrid 

functions have been generally preferred because 

of they are express and highly accurate 

calculation techniques for theoretical 

calculations. 

Molecular structure has been optimizedin 

order to achieve most stable conformation of the 

molecule at the level of ab initio methods both 

DFT/B3LYP and HF levels, using the basis set 

of 6-31G(d) with considering C1-symmetry 

group. The ground satate structure scheme of 

our title molecule is given in Figure 1. 

 

 

Figure 1. Optimized geometry of the title molecule with B3LYP/6-31G(d) level.

 

Analysis of the frontier molecular orbitals 

(HOMO-LUMO) provides us with a powerful 

way to understand the transfer of charge between 

levels of molecular energy of the molecule. 

HOMO and LUMO energy levels are calculated 

by DFT/B3LYP and HF methods with the basis 

set of 6-31G(d). Thermodynamic parameters of 

the molecule are determined by means of 

vibration frequency analysis. 

RESULTS AND DISCUSSION   

The chemical structure of the title 

compound has been determined by X-ray 

analysis in our previous work. (Karakus et al., 

2014). The molecular structure of the title 

compound is illustrated in Figure 1. A 

dithiophosphonate bridged methoxyphenyl and 

bis(trifluorophenylethyl) groups and a 

triethylammonium moiety connected by N-H...S 

and C-H...F hydrogen bonds are included in this 

compound, where the bond lengths between 

atoms in the molecules are higly compatible with 

standard values (Allen et al., 1987), and usually 

quite compatible with those in the formerly 

reported molecule. (Solak et al., 2011).  

Thermodynamic Analysis 

The temperature addiction of the 

thermodynamic parametrs such as heat capacity 

at constant pressure (    
 ), entropy (    

 ), 

enthalpy (    
 ), Gibbs’s free energy (  ) and 

thermal energy ( ) for the compound are 

determined by both DFT/B3LYP/6-31G(d) and 

HF/6-31G(d) methods. The temperature 

dependence of them for the compound is listed 

in Table 1,  Figure 2(a), (b), (c), (d) and (e), 

demonstrate the correlation of heat capacity at 

constant pressure (    
 ), entropy (    

 ), 

enthalpy (    
 ), Gibbs’s free energy (  ) and 

thermal energy ( ), respectively, for the methods 

of DFT and HF levels. Table 1 reveals that the 

entropy, heat capacities, and enthalpy changes 

are increasing with temperature between 100 K 

and 700 K due to the fact that the intramolecular 

vibration intensities increases with temperature 

(Bellamy, 1964). The thermodynamics functions 

for the title compound as a function of 

temperatures by utilizing DFT/B3LYP and HF 

methods with 6-31G(d) levels are given as 

follows,
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Figure 2. The correlation graphs between various temperature versus (a) Heat capacity, (b) Entropy, (c) 

Enthalpy, (d) Gibbs free energy and (e) Thermal energy  of the title compound for B3LYP/6-31G(d) and HF/ 6-

31G(d) levels. 
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Table 1. Thermodynamic features at elevated temperatures with using DFT/B3LYP/6-31G(d) and 

HF/6-31G(d) levels, respectively. 

                                                   Gibbs Total energy 

T (K) B3LYP HF B3LYP HF B3LYP HF B3LYP HF B3LYP HF 

100 63.78 52.08 138.94 109.29 3.97 2.91 -9.92 -8.02 325.54 345.84 

150 84.48 73.85 169.62 135.35 7.79 6.16 -17.65 -14.14 329.26 348.99 

200 103.24 92.68 197.04 159.73 12.59 10.42 -26.83 -21.52 333.96 353.15 

250 121.48 110.75 222.54 182.81 18.31 15.61 -37.33 -30.09 339.58 358.24 

298.15 138.91 127.72 245.78 204.13 24.67 21.45 -48.61 -39.41 345.85 363.98 

300 140.21 128.36 247.25 204.93 26.25 21.69 -49.10 -39.79 346.96 364.22 

350 157.21 145.53 269.81 226.32 32.45 28.64 -61.98 -50.57 353.53 371.07 

400 173.99 162.01 292.17 247.10 40.84 36.43 -76.03 -62.41 361.81 378.76 

450 189.58 177.55 313.81 267.33 50.03 45.02 -91.18 -75.27 370.91 387.26 

500 203.86 191.98 334.74 287.00 59.97 54.37 -107.40 -89.13 380.75 396.50 

550 216.83 205.27 354.98 306.12 70.60 64.40 -124.65 -103.96 391.27 406.44 

600 228.58 217.43 374.53 324.68 81.83 75.07 -142.89 -119.74 402.41 417.01 

650 239.22 228.56 393.42 342.69 93.63 86.33 -162.09 -136.42 414.11 428.16 

700 248.88 238.73 411.65 360.15 105.94 98.11 -182.22 -154.00 426.32 439.85 

 

               
                                                               (1) 

                     
                                                             (2) 

             
                                                                (3) 

                
                                                                 (4) 

             
                                                              (5) 

             
                                                                  (6) 

                                                                            (7) 

                                                                          (8) 

                                                                             (9) 

                                                                           (10) 
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The regressions factors (  ) of these 

observed relations of the thermodynamic 

functions versus temperature are all not less than 

0.999. For example, the regression values of the 

thermal energy for the methods of DFT and HF 

are found as 0.9998. These above equations are 

used to estimate the values of the any 

thermodynamic parameters for any  

temperature. All the thermodynamics data 

obtained from theoric calculation supply 

beneficial predictions for further work on the 

molecule. These data can be used to calculate 

other thermodynamic energy parameters using 

the second law of thermodynamics (Zhang et al., 

2010). 

Frontier molecular orbital analysis 

The molecular orbital (MO) is a 

considerable concept in chemistry and molecular 

orbital theory is widely used to describe 

chemical behavior. MO is used as a set of tools 

to explain chemical behavior, such as reactivity, 

kinetics and global and local chemical reactivity 

parameters (Nasiri et al., 2018). It also provides 

to construct the description of other phenomenon 

involving molecular electronic structure 

containing charge-transfer processes, photo 

excitation, magnetism and molecular electronics. 

The most important frontier molecular orbitals 

(FMOs) such as Lowest Unoccupied and Highest 

Occupied Molecular Orbital (LUMO-HOMO) 

are major role in determining the behavior of 

compounds at the molecular level (Kosar and 

Albayrak, 2011). At the same time, the 

difference between these HOMO and LUMO 

orbital energies is called energy gap. This energy 

gap is directly related to the chemical activity 

and stability of the molecule (Lewis et al., 1994). 

The HOMO and LUMO orbitals represent the 

ability of molecules to donate and acceptor 

electrons, respectively. (Taslı et al., 2015). The 

HOMO and LUMO molecular orbital energies 

are performed with using DFT/B3LYP and HF 

levels with the basis set of 6-31G(d) for the 

compound in this study. The dispersions, energy 

levels and 3D desing of the HOMO and LUMO 

orbitals for the material of the compound via 

DFT/B3LYP level is shown in Figure 3(a). 

In this section, the global and local 

chemical reactivity parameters (Nasiri et al., 

2018), which play an important role in 

understanding the reactivity of the molecule, 

were calculated by using HOMO and LUMO 

orbital energies. Thus, Frontier molecular orbital 

energies (eV), Ionisation potential I (eV), 

electron affinity A (eV), global electronegativity 

 (eV), total hardness  (eV), global softness (S) 

and global electrophilicity  (eV) of the 

compound are performed by using both 

B3LYP/6-31G(d) and HF/6-31G(d) levels, 

respectively. Also, they are listed in Table 2. As 

shown in Table 2, the energy differences 

between the HOMO and LUMO energy levels of 

the compound considered in this work for the 

methods of DFT and HF are found as 3.601 eV 

and 9.981 eV, respectively. A molecule is known 

as soft if it has a low energy vacancy and is 

known as hard if it has a wide energy vacancy 

(Karabacak et al., 2014). The chemical hardness 

value is 5.087 eV for. This molecule is harder 

than some similar molecules (Bayrakdar et al., 

2015; Muthu et al., 2015). 
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Table 2. FMOs molecular orbital energies (eV), Ionization potential I (eV), electron affinity A (eV), global 

 global electrophilicity ω (eV) of the title 

compound are calculated by using both DFT/B3LYP/6-31G(d) and HF/6-31G(d) levels, respectively. 

 

Parameters B3LYP HF 

           -1.425 2.507 

           -5.026 -7.474 

                3.601 9.981 

I      5.026 7.474 

A      1.425 -2.700 

       -3.226 -2.387 

      1.801 5.087 

S        0.278 0.098 

       9.369 15.388 

 

Analysis of molecular electrostatic potential 

Molecular electrostatic potential map 

(MEP) is one of the powerful methods for 

determining the relative polarity of compounds 

(Reed;Weinhold, 1985). MEP diagrams are used 

to understand the reactivity of compounds, in 

that Negative sites on the map are considered 

nucleophilic centers, while positive sites are 

considered potential electrophilic centres 

(Chidangil et al., 1998). The molecular 

electrostatic potential (MEP) at any R point in 

the space around a molecule (in atomic units) 

can be calculated by the following formula; 

     ∑
  

|  ⃗⃗ ⃗⃗  ⃗   |
 ∫

 (  ⃗⃗⃗⃗ )

|  ⃗⃗⃗⃗    |
    

 ,            (10) 

in this equation,    is represent charge over the 

A nucleus localized in region  at    and       is 

represent the electronic density function of the 

molecule, also    is expressed the imaginary 

integration variable. The potential contributions 

attributed to the nuclei and the electrons are 

expressed by the first and second terms, 

respectively. 

 

Figure 3. (a) 3D graphics of the frontier orbitals of compound, (b) The molecular electrostatic 

potential surface of title compound by using DFT/6-31G(d) level. 
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The map of the MEP surface is much quite 

for explication of the nucleophilic and 

electrophilic reactions for the work of hydrogen 

bonding interactions and biological identification 

process (Koşar et al., 2010). MEP maps is 

consist of color codes, which this colors 

expressed by mapping electrostatic potential 

onto the total electron density. The blue colored 

regions on the map show positive potential 

values while the red colored regions show 

negative potential values. Also, green colored 

regions define zero potential surfaces. MEP 

maps for the title compound at the level of  

DFT/B3LYP/6-31G(d) is shown in Figure 3 (b).  

The MEP surfaces with red and blue colors 

indicate the high and lowest electron density, 

respectively. In addition, the electron density and 

MEP surfaces are quite successful methods in 

explaining hydrogen bonding interactions 

(Miertuš et al., 1981; Okulik;Jubert, 2005). 

CONCLUSION 

Electronic properties of the compound are 

presented for the first time by using DFT and HF 

calculations in this work. Computational 

chemistry methods are beneficial, fast and cheap 

tools used for identification structure of the 

chemical compounds. As a result, the results 

obtained this study can be summarized as 

follows; 

1- The thermodynamic properties and the 

values of the HOMO-LUMO orbitals in the 

ground state of the compound are calculated 

by using DFT and HF methods which are 

theoretical calculation techniques. 

2- Relations between statistical 

thermodynamics and temperature have been 

investigated.  In Fig. 2(a), (b), (c) and (e), 

the heat capacity of the molecule, entropy, 

enthalpy and thermal energy increase with 

temperature, while in Fig. 2(d), Gibbs 

energy decreases with increasing 

temperature. 

3-  Frontier molecular orbital analysis shows 

that charge transfer takes place within the 

molecule. The charge density distribution 

and chemical reactivity of the compound 

were investigated via the MEP map. The 

MEP map has shown that the negative 

potential region is localized on 

electronegative atoms and positive potential 

regions are localized on hydrogen atoms. 
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