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Abstract: In the present study, 2-[3-(n-propyl)-4,5-dihydro-1H-1,2,4-triazol-5-one-4-yl]-phenoxyacetic acide 

was optimized by using B3LYP/6-311+G(d,p) basis set. Firstly, IR data of the compound were calculated in gas 

phase by using of 6-311+G(d,p) basis set of B3LYP method and are multiplied with appropriate adjustment 

factors. Theoretical infrared spectrums are formed from the data obtained according to B3LYP method. In the 

identification of calculated IR data was used the veda4f program. Then,
 1

H-NMR and 
13

C-NMR spectral data 

values were calculated according to the method of GIAO using the program package Gaussian G09W Software. 

Experimental data were obtained from the literature. Experimental and theoretical values were inserted into the 

graphic according to equitation of δexp=a+b. δ calc. The standard error values were found via SigmaPlot 

program with regression coefficient of a and b constants. Furthermore, molecular structure, HOMO and LUMO 

energy analysis, electronic transitions,
 
total static dipol moment (μ), the mean polarizability (<α>), the 

anisotropy of the polarizability (Δα), the mean first-order hyperpolarizability (<β>), electronegativity (), 

hardness (), molecular electrostatic potential maps (MEP), and Mulliken charges of 2-[3-(n-propyl)-4,5-

dihydro-1H-1,2,4-triazol-5-one-4-yl]-phenoxyacetic acide have been investigated by using B3LYP level with 

the 6-311+G(d,p) basis set.  

 

Keywords: Phenoxyacetic acide, Hyperpolarizability, Theoretical. 

 

 

Introduction 

 

The development of new heterocyclic organic compounds has received considerable attention due to their 

potential fluorescence applications as chemosensors (Qin et al., 2015), ionic or biological probes (Mecca et al., 

2016; Beytur, 2020) and lighting Technologies (Kido et al., 1995; Sun et al., 2006; Yang et al., 2015; Zhao et 

al., 2017). The biological activities of the Schiff bases in medicinal chemistry are attributed to the presence of 

groups in literature (Sztanke et al., 2013; Alkan et al., 2007; Gürsoy-Kol et al., 2010; Aktaş-Yokuş et al., 2017; 

Bahçeci et al., 2016; Bahçeci et al., 2017; Boy et al., 2021; Koç et al., 2019). Otherwise, Schiff bases have been 

used as insecticides, bacteriocides, fungicides, pesticides (Azam et al., 2007). In the last year, computational 

properties of Schiff bases were examined on a computer (Turhan-Irak et. al., 2018; Beytur et al., 2019; Turhan-

Irak et. al., 2019; Uğurlu et. al., 2020; Beytur et al., 2021). The optimized molecular structure, vibrational 

frequencies, spectroscopic parameters, atomic charges and frontier molecule orbitals (HOMO and LUMO) of 

the 2-[3-(n-propyl)-4,5-dihydro-1H-1,2,4-triazol-5-one-4-yl]-phenoxyacetic acide have been calculated by using 

DFT/B3LYP method with 6-311+G(d,p) basis set. All quantum chemical calculations were carried out by using 

Gaussian 09W (Frisch et al., 2009; Wolinski et. al., 1990) program package and the GaussView molecular 

visualization program (Frisch et. al., 2003). The molecular structure and vibrational calculations of the molecule 

were computed by using Becke-3-Lee Yang Parr (B3LYP) (Becke, 1993; Lee et al.,1988) density functional 

method with 6-311+G(d,p) basis set in ground state. IR absorption frequencies of analyzed molecule were 

http://www.isres.org/
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calculated by two methods. Then, they were compared with experimental data (Çiftçi et al., 2018), which are 

shown to be accurate. Infrared spectrum was composed by using the data obtained from both methods. The 

assignments of fundamental vibrational modes of the title molecule were performed on the basis of total energy 

distribution (TED) analysis by using VEDA 4f program (Jamróz, 2004). Furthermore, molecular structure, 

HOMO and LUMO energy analysis, electronic transitions,
 
total static dipol moment (μ), the mean polarizability 

(<α>), the anisotropy of the polarizability (Δα), the mean first-order hyperpolarizability (<β>), electronegativity 

(), hardness (), molecular electrostatic potential maps (MEP), and Mulliken charges of 2-[3-(n-propyl)-4,5-

dihydro-1H-1,2,4-triazol-5-one-4-yl]-phenoxyacetic acide have been investigated by using B3LYP level with 

the 6-311+G(d,p) basis set. The titled molecule optimized using ab initio Density Functional Theory 

(DFT/B3LYP), (Becke-3-Lee-Yang-Parr (B3LYP) hybrid density functional), and Hartree-Fock (HF) (Figure 

1). 

 

 
Figure 1. The optimized molecular structure of titled molecule with DFT/HF 6-311+G(d,p) level. 

 

 

Method 

 

The molecular structure of the title compound in the ground state is computed by performing both the density 

functional theory (DFT) and Hartree-Fock (HF) (Becke, 1993; Lee, 1998) at 6-311+G(d,p) level. Density 

functional for all studies reported in this paper have been in the following form 

 
VWN
CC

LYP
CC

B
XX

HF
X

LSDA
XXC EaEaEaEaEaE )1()1( 88

00 
 

 

where the energy terms are the Slater exchange, the Hartree-Fock exchange, Becke’s exchange functional 

correction, the gradient corrected correlation functional of Lee, Yang and Parr, and the local correlation 

functional of Vosko, Wilk and Nusair (Vosko et al., 1980). The theoretical geometric structure of the title 

compound is given in Figure 1. Molecular geometry is restricted and the optimized geometrical parameters, of 

the title compound in this study are carried out by using Gaussian 09W program package (Frisch et al., 2009) 

and the visualization parts were done with GaussView program (Dennington et al., 2009) on personal computer 

employing 6-311+G(d,p) basis set. Additionally, harmonic vibrational frequencies for the title compound are 

calculated with these selected methods and then scaled by 0.9516 (Avcı et. al, 2008) and these results were 

compared with the experimental data (Çiftçi et al., 2018). 

 

 

Results and Discussion 
 

Vibrational Frequencies 

 

The 2-[3-(n-propyl)-4,5-dihydro-1H-1,2,4-triazol-5-one-4-yl]-phenoxyacetic acide has 38 atoms and the number 

of the normal vibrations are 108. The observed and calculated vibrational frequencies, the calculated IR 
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intensities and assignments of selected vibrational frequencies for title compound are summarized in Table 1 

and Figure 2. Experimentally (Çiftçi et al., 2018), the investigated titled compound, as expected the IR spectra 

data, The S-H stretching vibration at 3425 cm
-1

, the N-H stretching vibration at 3269 cm
-1

 and two C=O peak at 

and 1710 cm
-1

 range was observed. In addition, C=N stretching vibration at 1652 and 1592 cm
-1

 and COO 

stretching vibrations at 1256 cm
-1

 are occurred. 

 

Table 2. The calculated frequencies values of the molecule. 

Selected Vibrational Types Experimental Scaled DFT 

δ N31N32C1, N33N34C6 (23) 758 765 

ν N31C2, N33C4 (15), N31N32, N33N34 (16) 758 770 

 O38C14, O36C8 (18)  809 799 

δ N31N32C1, N33N34C6 (13) 957 946 

τ C14C13O36C8 (17)  957 980 

 ν N31N32, N33N34 (24), ν N31N32, N33N34 (42), δ H15N31N32 (10)  1067 1053 

δ H30O38C14 (14) 1114 1123 

ν N31C2, N33C4 (19), N31N32, N33N34 (14)     1114 1139 

ν O38C14, O36C8 (18)  1166 1178 

ν N31C2, N33C4 (10)   1166 1180 

ν N31N32, N33N34 (12)   1166 1221 

ν N31N32, N33N34 (10)    1256 1234 

δ H30O38C14 (14) 1256 1304 

 δ H15N31N32 (66) 1425 1330 

ν N32C1, N34C6 (10)  1567 1557 

ν N32C1, N34C6 (54)  1592 1565 

ν N32C1, N34C6 (65) 1653 1578 

ν O35C2 (73)  1710 1697 

ν O37C14 (87) 1710 1721 

ν C3H16, C13H17, C4H18, C4H19, C5H20, C5H21, C5H22 (71)  2870 2897 

ν C9H24, C10H25, C11H26, C12H27 (10) 2920 2989 

ν C9H24, C10H25, C11H26, C12H27 (100) 2965 2995 

ν C9H24, C10H25, C11H26, C12H27 (84)  3012 3023 

ν C9H24, C10H25, C11H26, C12H27 (98) 3025 3039 

ν C9H24, C10H25, C11H26, C12H27 (94) 3042 3057 

ν N31H15 (100) 3269 3498 

ν O38H30 (100) 3425 3567 

 

 
Figure 2. IR spectra simulated with DFT/B3LYP/6-311+G(d,p) level of the titled molecule 

 

 

NMR Spectral Analysis 

 

In nuclear magnetic resonance (NMR) spectroscopy, the isotropic chemical shift analysis allows us to identify 

relative ionic species and to calculate reliable magnetic properties which provide the accurate predictions of 
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molecular geometries (Rani et al., 2010; Subramanian et. al., 2010; Wade, 2006). In this framework, the 

optimized molecular geometry of the molecule was obtained by using B3LYP method with 6-311+G(d,p) basis 

level in DMSO solvent. By considering the optimized molecular geometry of the title compound the 
1
H and 

13
C 

NMR chemical shift values were calculated at the same level by using Gauge-Independent Atomic Orbital 

(GIAO) method. Theoretical and experimental (Çiftçi et al., 2016) values were plotted according to δ exp=a. δ 

calc.+ b, Eq. a and b constants regression coefficients with a standard error values were found using the 

SigmaPlot program. 

 

The (R
2
) values (DFT) for 

1
H NMR (DMSO) and 

13
C NMR (DMSO) chemical shifts in different solvents has 

been found as 0.9962/07837 for the titled compound (Table 2 and Figure 3). In our study, the 
1
H-NMR spectrum 

of compound was observed belong to H15 proton peak at 11.85 ppm because acidic show feature (Yüksek, 

1992). H23 proton was observed at 10.05 ppm. Therotically, in DMSO solvents these values for the mentioned 

proton atoms were found as 7.73 and 10.43 ppm, respectively (B3LYP).  

 

Table 2. The calculated and experimental 
1
H

 
and 

13
C NMR isotropic chemical shifts of the titled molecule. 

No Experim. 
B3LYP/  

DMSO 

Diff. 

/DMSO 
No Experim. 

B3LYP/  

DMSO 

Diff. 

/DMSO 

1C 147,47 155,95 -8,48 15H 11,85 7,73 4,12 

2C 151,78 155,87 -4,09 16H 2,65 2,70 -0,05 

3C 27,24 30,89 -3,65 17H 2,65 2,81 -0,16 

4C 19,41 20,06 -0,65 18H 1,69 1,77 -0,08 

5C 13,96 13,99 -0,03 19H 1,69 1,54 0,15 

6C 149,60 157,84 -8,24 20H 0,96 1,24 -0,28 

7C 122,41 132,00 -9,59 21H 0,96 0,98 -0,02 

8C 157,60 165,07 -7,47 22H 0,96 0,99 -0,03 

9C 121,80 131,15 -9,35 23H 10,05 10,48 -0,43 

10C 126,07 137,25 -11,18 24H 7,92 7,91 0,01 

11C 113,29 130,22 -16,93 25H 7,48 7,66 -0,18 

12C 133,26 141,65 -8,39 26H 7,09 7,52 -0,43 

13C 65,28 73,74 -8,46 27H 7,04 7,74 -0,70 

14C 170,40 179,74 -9,34 28H 4,86 5,02 -0,16 

    29H 4,86 4,42 0,44 

    30H 13,15 6,73 6,42 

 

 
Figure 3. The correlation graphics for 

13
C-NMR (DMSO) and 

1
H-NMR (DMSO) chemical shifts of the titled 

molecule 

 

 

Electronic and Nonlinear Optic Properties 

 

Identifiers derived from the electronic structure of the 2-[3-(n-propyl)-4,5-dihydro-1H-1,2,4-triazol-5-one-4-yl]-

phenoxyacetic acide, which are linked to the electronic structure, are called electronic structure identifiers. Some 

of them are, the Energy of the Highest Occupied Molecular Orbital, Energy of the Lowest Unoccupied 

Molecular Orbital (Figure 4), molecular hardness, chemical softness, electronegativity, chemical potential, 

electrophilicity index, nucleophilicity index and dipole moment (Table 3).  
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ELUMO (B3LYP): -2.0588 eV 

 
EHOMO (B3LYP): -6.4280 eV 

Figure 4. The calculated HOMO-LUMO energies of the molecule according to DFT/B3LYP/6-311+G(d,p level 

 

Table 3. Electronic properties of the molecule 

 
DFT (eV) 

Ionization Potential 6.4280 

Electron Affinity 2.0588 

Electronegativity 4.2434 

electrophilic index 0.0531 

Nucleophilic index -0.6814 

molecular softness 2.1846 

Chemical Hardness 4.3692 

 

The materials having nonlinear activity possess a nonlinear response to the electric fields associated with the 

light of a laser beam. It is well known that the higher values of dipole moment, polarizability, and 

hyperpolarizability are important for more active NLO properties. In this study dipole moment, polarizability 

and first hyperpolarizability of conformer ct of the titled molecule were investigated by using B3LYP method at 

6-311+G(2d,p) basis set. The following formulas are used for calculating the magnitude of total static dipole 

moment (μ), polarizability (α) and first hyperpolarizability (β):  
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1

2 2 2 2
x y z     

 
 

 
1

3
xx yy zz     

 
 

     
2 2 2

xxx yyy zzz yyy xxy yzz zzz xxz yyz                 
 

 

Where, the total static dipole moment (µ), linear polarizability (α) and the first hyperpolarizability (β) using the 

x, y, z components are defined. The energy gap ∆Εg, dipole moment (µ), linear polarizability (α) and the first 

hyperpolarizability (β) values of conformer ct of the titled molecule are investigated as a function of the two 

torsional angle using B3LYP/6-311+G(d,p) level of theory. The calculated results showed that behavior of 

dipole moment (µ), linear polarizability (α) and the first hyperpolarizability (β) values of conformer ct of the 

titled molecule as a function of dihedral angles have the same tendency. It means that these values are 

symmetric with the orthogonal conformation (90º) of the molecules (Govindarajan et al., 2012) (Table 4). 

 

Table 4. Calculated polarization and hyperpolarizability values of the molecule (B3LYP/6-311+G(d,p) 

 B3LYP 

αxx 44.314a.u. 

αyy 33.651 a.u. 

αzz 20.016 a.u. 

α 32.660x10
-24

 esu 

∆α 21.095x10
-24

 esu 

βx 6189.793 a.u. 

βy 346.476 a.u. 

βz -591.377 a.u. 

βxxx 4874.76 a.u. 

βxxy 647.84 a.u. 

βxyy 667.19 a.u. 

βyyy 1006.03 a.u. 

βxxz -515.19 a.u. 

Βxyz -144.36 a.u. 

Βyyz -321.22 a.u. 

βxzz -29.81 a.u. 

βyzz -240.35 a.u. 

Βzzz 230.74 a.u. 

β 6.23x10
-30

 esu 

 

 

Dipole Moment and Total Energy 

 

The energetic behavior of title molecule was investigated in vacum. Dipol moments and total energy values of 

title molecule were calculated by using B3LYP/6-311+G(d,p) level. The calculated dipole moments and total 

energy values are given in Table 5.  

 

Table 5. The calculated dipole moment values of the molecule 

Dipole Moment B3LYP (a.u.) 

μx 1.6261 

μy 0.7175 

μz -1.1089 

μToplam 2.0949 

 

 

Mulliken’s Atomic Charges 
 

The Mulliken atomic charges at the B3LYP/6-311+G(d,p) level of 2-[3-(n-propyl)-4,5-dihydro-1H-1,2,4-triazol-

5-one-4-yl]-phenoxyacetic acide in gas phase are given in Table 6 (Mulliken, 1955).  
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Table 6. Mulliken atomic charges of the molecule 

Atom DFT Atom DFT Atom DFT Atom DFT 

1C -0.2816 11C -0.2652 21H 0.1336 30H 0.2797 

2C 0.4787 12C -0.4546 22H 0.1348 31N -0.2122 

3C 0.3511 13C -0.2777 23H 0.1766 32N -0.1559 

4C -0.4702 14C 0.0532 24H 0.1485 33N -0.1194 

5C -0.5218 15H 0.3325 25H 0.1343 34N -0.0263 

6C 0.0859 16H 0.1623 26H 0.1304 35O -0.3797 

7C 1.0299 17H 0.1851 27H 0.1376 36O 0.0094 

8C -0.6189 18H 0.1588 28H 0.1913 37O -0.2885 

9C -0.2796 19H 0.1559 29H 0.1877 38O -0.2199 

10C -0.2313 20H 0.1451     

 

 

Conclusion  
 

In this paper, the structure of the titled compound is characterized by using FT-IR,
 1

H and 
13

C NMR 

spectroscopic methods. The molecular structures, vibrational frequencies, 
1
H and 

13
C NMR chemicals shifts, 

UV–vis spectroscopies, HOMO and LUMO analyses and atomic charges of 2-[3-(n-propyl)-4,5-dihydro-1H-

1,2,4-triazol-5-one-4-yl]-phenoxyacetic acide synthesized for the first time have been calculated by using 

DFT/B3LYP method. By considering the results of experimental works it can be easily stated that the 
1
H

 
and 

13
C NMR chemical shifts, and vibrational frequencies spectroscopic parameters obtained theoretically are in a 

very good agreement with the experimental data. Also, the electronic structure of titled compound are 

determined electronic structure identifiers such as the Energy of the Highest Occupied Molecular Orbital, 

Energy of the Lowest Unoccupied Molecular Orbital, molecular hardness, chemical softness, electronegativity, 

chemical potential, electrophilicity index, nucleophilicity index and dipole moment. Finally, in this study, The 

nonlinear optical properties of the compound were calculated theoretically. It was found that the molecule 

concerned had a higher hyperpolarizability value than urine (0.77x10
-30

esu). 
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Abstract: 2-Methoxy-4-[(3-p-methylbenzyl-4,5-dihydro-1H-1,2,4-triazol-5-one-4-yl) azomethine] phenyl-2-

methylbenzoate was optimized by using Density Functional Theory (DFT/B3LYP, B3PW91) methods (Frisch et 

al., 2009; Wolinski et. al., 1990). 
1
H-NMR and 

13
C-NMR isotropic shift values were calculated by the method of 

GIAO using the program package Gaussian G09 (Wolinski et al., 1990). Theoretical and experimental values 

were inserted into the grafic according to equatation of δ exp=a+b. δ calc. Experimental data obtained from the 

literature (Yüksek et al., 2018). The standard error values were found via SigmaPlot program with regression 

coefficient of a and b constants. Furthermore, the veda4f program was used in defining of IR data theoretically 

(Jamróz, 2004). Theoretically calculated IR data are multiplied with appropriate adjustment factors (Merrick et 

al., 2007) and the data obtained according to DFT(B3LYP, B3PW91) method are formed using theoretical 

infrared spectrum. Also, dipole moments, the HOMO-LUMO energy, ΔEg, total energy of the molecule, bond 

lengths and Mulliken charges, the molecular surfaces such as molecular electrostatic potential (MEP) and MEP 

contour maps, the total density, the electron density and the electrostatic potential were calculated with same 

method and functions. 

 

Keywords: 1,2,4-Triazol-5-one, DFT, Gaussian G09, HOMO-LUMO. 

 

 

Introduction 

 

Schiff bases are formed by the condensation of activated carbonyl and amino groups. These compounds contain 

an imine group (Puchtler, 1981). Organic compounds derived from 1H-1,2,4-Triazol-5-one have great 

importance in the synthesis of organic substances, pharmaceutical chemistry, medicine, food industry, 

antibacterial, antioxidant, and anti-inflammatory materials (Fan, et al., 2018; Chu, et al., 2019; Samuel, et al., 

2017; Yüksek, et al., 2011; Yüksek, et al., 2020; Murtaza, et al., 2017). Besides, many heterocyclic compounds 

with 1,2,4 triazole derivatives; It has many biological activities such as antioxidant, antifungal, antimalarial, 

anti-analgesic, anticancer, anti convulsant, anti-viral (Zhang, et al., 2017; Ikizler, et al., 1998; Hashem, et al., 

2007; Pandey, et al., 2012; Uddin, et al., 2020; Nilkanth, et. al., 2020; Jarrahpour, et al., 2015; Kotan, et al; 

2020). Recently, the properties such as electronic, geometric, spectroscopic, conductivity and thermodynamics 

of Schiff bases and many organic compounds containing 1,2,4-triazole have been investigated theoretically and 

have taken their place in the literature (Kotan, et al., 2021; Beytur,et al., 2021; Ulaş, et al., 2021). In article in 

the literature, the molecular structure analysis, other all theoretical properties have been studied effectively with 

the Density Function Theory (DFT) method. In this study, all theoretical calculations were performed with the 

DFT (B3LYP and B3PW91) method and the 6-311G(d,p) basis set of Gaussian 09W program (Frisch, et al., 

http://www.isres.org/
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2009) and the obtained results were evaluated. The scaled values (Merrick, et al., 2007) of infrared vibration 

frequencies were reached by using the Veda 4f program (Jamróz, 2004).  

 

Table 1. 
1
H/ 

13
C-NMR(DMSO) isotropic chemical shifts (δ/ppm)  

No Exp. 

B3LY

P/ 

Vacuu

m 

Differ/ 

Vacuu

m 

B3LY

P/ 

DMSO 

Differ 

B3LY

P 

B3PW

91/ 

Vacuu

m 

Differ 

B3PW9

1/ 

Vacuu

m 

B3PW

91 

/DMS

O 

Differ 

B3PW

91/DM

SO 

C1 146.33 152.25 -5.92 153.18 -6.85 146.53 -0.20 147.39 -1.06 

C2 151.24 152.64 -1.4 153.62 -2.38 147.61 3.63 148.51 2.73 

C3 153.53 152.08 1.45 152.79 0.74 147.96 5.57 148.63 4.90 

C4 128.66 133.11 -4.45 132.51 -3.85 128.00 0.66 127.34 1.32 

C5 112.99 125.99 -13 126.08 -13.09 122.02 -9.03 122.03 -9.04 

C6 121.25 126.2 -4.95 126.67 -5.42 122.18 -0.93 122.72 -1.47 

C7 152.42 160.9 -8.48 161.53 -9.11 155.48 -3.06 156.16 -3.74 

C8 139.7 145.8 -6.1 145.82 -6.12 140.36 -0.66 140.42 -0.72 

C9 128.66 133.66 -5 133.98 -5.32 129.61 -0.95 129.90 -1.24 

C10 30.74 34.58 -3.84 34.37 -3.63 30.43 0.31 30.18 0.56 

C11 130.7 138.42 -7.72 138.39 -7.69 133.18 -2.48 133.20 -2.50 

C12 128.09 133.04 -4.95 133.18 -5.09 128.94 -0.85 129.80 -1.71 

C13 128.9 132.43 -3.53 132.86 -3.96 128.55 0.35 128.99 -0.09 

C14 135.66 142.08 -6.42 143.37 -7.71 136.94 -1.28 138.35 -2.69 

C15 128.9 132.83 -3.93 133.06 -4.16 128.88 0.02 129.12 -0.22 

C16 127.99 131.87 -3.88 131.65 -3.66 127.90 0.09 127.68 0.31 

C17 20.53 21.53 -1 21.14 -0.61 18.35 2.18 17.94 2.59 

C18 56.22 59.09 -2.87 59.81 -3.59 55.08 1.14 55.74 0.48 

C19 164.69 170.39 -5.7 171.45 -6.76 165.11 -0.42 166.11 -1.42 

C20 126.43 130.84 -4.41 130.34 -3.91 125.79 0.64 125.26 1.17 

C21 132.72 136.63 -3.91 136.92 -4.20 132.42 0.30 132.75 -0.03 

C22 126.26 129.21 -2.95 129.89 -3.63 125.29 0.97 126.00 0.26 

C23 133.02 137.41 -4.39 138.89 -5.87 133.38 -0.36 134.91 -1.89 

C24 131.86 135.72 -3.86 136.19 -4.33 131.85 0.01 132.33 -0.47 

C25 139.77 151.45 -11.68 151.44 -11.67 146.15 -6.38 146.16 -6.39 

C26 21.06 25.21 -4.15 24.77 -3.71 21.87 -0.81 21.00 0.06 

H27 11.92 7.61 4.31 8.14 3.78 7.71 4.21 8.25 3.67 

H28 9.65 10.71 -1.06 10.68 -1.03 10.93 -1.28 10.89 -1.24 

H29 7.73 8.83 -1.1 8.91 -1.18 9.01 -1.28 9.10 -1.37 

H30 7.3 7.86 -0.56 8.08 -0.78 8.02 -0.72 8.18 -0.88 

H31 7.44 7.68 -0.24 7.86 -0.42 7.86 -0.42 8.04 -0.60 

H32 4.05 4.46 -0.41 4.53 -0.48 4.59 -0.54 4.67 -0.62 

H33 4.05 4.58 -0.53 4.72 -0.67 4.75 -0.70 4.90 -0.85 

H34 7.19 8.12 -0.93 8.31 -1.12 8.28 -1.09 8.48 -1.29 

H35 7.07 7.93 -0.86 8.10 -1.03 8.07 -1.00 8.26 -1.19 

H36 7.07 7.95 -0.88 8.10 -1.03 8.10 -1.03 8.26 -1.19 

H37 7.19 8.19 -1 8.20 -1.01 8.36 -1.17 8.38 -1.19 

H38 2.21 3.14 -0.93 3.16 -0.95 3.23 -1.02 3.26 -1.05 

H39 2.21 2.69 -0.48 2.79 -0.58 2.80 -0.59 2.91 -0.70 

H40 2.21 2.91 -0.7 2.99 -0.78 3.01 -0.80 3.10 -0.89 

H41 3.87 4.15 -0.28 4.19 -0.32 4.48 -0.61 4.66 -0.79 

H42 3.87 5 -1.13 5.08 -1.21 5.07 -1.20 5.15 -1.28 

H43 3.87 4.41 -0.54 4.58 -0.71 4.21 -0.34 4.25 -0.38 

H44 8.09 9.31 -1.22 9.36 -1.27 9.48 -1.39 9.54 -1.45 

H45 7.68 8.07 -0.39 8.26 -0.58 8.24 -0.56 8.43 -0.75 

H46 7.71 8.2 -0.49 8.43 -0.72 8.37 -0.66 8.61 -0.90 

H47 7.46 8.06 -0.6 8.25 -0.79 8.22 -0.76 8.42 -0.96 

H48 2.61 2.7 -0.09 3.44 -0.83 3.61 -1.00 3.56 -0.95 

H49 2.61 3.79 -1.18 2.89 -0.28 3.92 -1.31 3.77 -1.16 

H50 2.61 3.49 -0.88 3.63 -1.02 2.83 -0.22 3.03 -0.42 
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In addition, 
13

C NMR and 
1
H NMR chemical shift values were determined by DFT (B3LYP/B3PW91) method 

and 6-311G(d,p) base set according to GIAO method (Wolinski, et. al., 1990). The results of these spectral 

calculations and the experimental results from the literature (Yüksek, et al., 2018) were compared. Also, all 

theoretical calculations of the molecule have been done. 

 

 

Method 

 

In this study, the Gaussian 09W package program, which is a very comprehensive program, was used. First of 

all, with the B3LYP/6-311G(d,p) basis set of DFT, the most stable low-energy optimized structure of atoms and 

molecules has been established. Each atom of molecule was then given a number. From this optimized structure, 

spectroscopic, thermodynamic, geometric, electronic properties of the molecule were calculated (Frisch et al., 

2009). IR vibration frequency values were calculated with the Veda 4f program (Jamróz., 2004). The 
1
H-NMR 

and 
13

C-NMR isotropic shift values were calculated by the GIAO method using the Gaussian G09 package 

program (Wolinski et al., 1990). These values were compared with the experimental values  (Yüksek, et al., 

2018) and the difference values were found, and these values were δ exp=a+b. δ calc. plotted according to the 

equation. The regression coefficient was found using the Sigmaplot program. The HOMO-LUMO energy, total 

energy, bond angle, bond length, Mulliken atomic charges, dipole moment of the target molecule was 

calculated. In addition, MEP surface maps were visualized. 

 

 

Results and Discussion 
 

Computational Details 

 
Figure 1. The Gaussview structure of the molecule. 

 

 

The Relation between R Values of the Compound 

 

There is such a relationship between R
2
-values of the compound. B3LYP(DMSO): 

1
H: 0.8702, 

13
C: 0.9951; 

B3PW91(DMSO)6-311G(d,p) 
1
H: 0.8674,

13
C: 0.9955;  B3LYP(vacuum): 

1
H: 0.8433, 

13
C: 0.9948; 

B3PW91(vacuum)6-311G(d,p) 
1
H: 0.8403,

13
C: 0.9953. These values for compound were seen in the Table 2. 

Theoretical and experimental carbon/proton chemical shifts ratios between according to R
2
 lineer a correlation 

were observed (Figure 2). 

 

Table 2. The correlation data for chemical shifts 

 
13

C-NMR/ R
2
 

1
H-NMR /R

2
 

B3LYP(DMSO) 0.9951 0.8702 

B3PW91(DMSO) 0.9955 0.8674 

B3LYP 0.9948 0.8433 

B3PW91 0.9953 0.8403 
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Figure 2. The experimental and theoretical 

13
C/ 

1
H-NMR correlation graphs for DFT/(B3LYP, B3PW91) 

methods chemical shifts 

 

 

The Vibration Frequency of the Compound 

 

Theoretically IR values were calculation Veda 4f program and scala values were obtain. The calculated 

harmonic vibrational frequency values were scaled with 0.9671 for B3LYP 3-21 G level, 0.9688 for 6-

311G(d,p) level (Merrich et al., 2007). The positive frequency in the data was found. IR spectrums were drawn 

with obtained values according to DFT method. Theoretically IR values were compare with experimentally IR 

values and found corresponding with each other of values.  

 

Table 3. Significant vibrational frequencies (cm
-1

) 

Experimental IR   Scaled B3LYP  
Scaled 

B3PW91  
Experimental IR  

ν (NH)  3169  3514 3565 

ν (C=O)   1739. 1700  1708. 1664 1737. 1750 

ν (C=N)  1589 1577 1613 

ν (COO)  1231 1248 1259 
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Figure 3. Experimental and theoretical IR spectrums simulated with DFT/(B3LYP, B3PW91) 

 

 

Molecular Geometry 

 

The bond angle and length are geometric parameters of the structure. To calculate these two parameters, 6-311 

G(d,p) basis set and B3LYP and B3W91 functions are used. According to this calculations result, the highest 

bond length is between C(1)-C(10) atoms that this values are 1.49/1.48 Å for B3LYP/ B3PW91 6-311G(d,p). 

Besides, respectively, the bond lengths in the triazole ring N51-N52, N51-C1, C2-O55, C2-N52, N53-C1 are 

calculated 1.37/1.36; 1.29/1.29; 1.21/1.21;1.36/1.36, 1.38/ 1.38 Å for B3LYP 3-21G(d,p)/ 6-311G(d,p) basis 

sets (table 4). In the literature, the N-N, N=C, C=O bond lengths are measured as 1.40 , 1.28, 1.21 Å (Sudha et 

al. 2018). The calculated bond length values are consistent with literature values. 

 

The highest bond angle is between N(52)-C(2)-O(55) atoms, which is 129.86/129.84
0
 for B3LYP/ B3PW91 6-

311G(d,p) basis sets (table 5). The calculated Mulliken atomic charges (Mulliken, 1955) calculated by using the 

B3LYP, B3PW91 method with 6-311G(d,p) basis sets. The electronegative oxygen (O) and nitrogen (N) atoms 

have negative atomic charge values. The carbon atoms surrounded by electronegative atoms have negative 

atomic charge values. The C1 atom surrounded by two electronegative atoms (N51, N53) and C2 atom which is 

surrounded by three electronegative atoms (N52, N53, O55) have negative charges values. All hydrojen atoms 

of the compound (H27-50) have positive atomic charge values (table 6).  
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Table 4. The calculated bond lengths with B3LYP/B3PW91 6-311G(d,p)  

Bond Length B3LYP B3PW91 Bond Length B3LYP B3PW91 

1 C(1)-N(51) 1.297 1.296 35 C(20)-C(21) 1.404 1.401 

2 C(1)-N(53) 1.387 1.383 36 C(23)-H(46) 1.084 1.085 

3 C(1)-C(10) 1.492 1.487 37 C(23)-C(24) 1.390 1.388 

4 N(51)-N(52) 1.379 1.369 38 C(24)-H(47) 1.084 1.085 

5 N(52)-H(27) 1.005 1.005 39 C(24)-C(25) 1.398 1.396 

6 N(52)-C(2) 1.369 1.365 40 C(25)-C(26) 1.508 1.502 

7 C(2)-O(55) 1.216 1.214 41 C(26)-H(48) 1.091 1.092 

8 C(2)-N(53) 1.419 1.414 42 C(26)-H(49) 1.091 1.091 

9 N(53)-N(54) 1.371 1.363 43 C(26)-H(50) 1.091 1.092 

10 N(54)-C(3) 1.285 1.284 44 C(8)-C(9) 1.389 1.387 

11 C(3)-H(28) 1.086 1.088 45 C(9)-C(4) 1.396 1.394 

12 C(3)-C(4) 1.461 1.457 46 C(10)-H(32) 1.093 1.094 

13 C(4)-C(5) 1.405 1.402 47 C(10)-H(33) 1.091 1.092 

14 C(4)-C(9) 1.396 1.394 48 C(10)-C(11) 1.522 1.517 

15 C(5)-H(29) 1.082 1.083 49 C(11)-C(12) 1.394 1.392 

16 C(5)-C(6) 1.379 1.377 50 C(12)-H(34) 1.085 1.085 

17 C(6)-H(30) 1.083 1.084 51 C(12)-C(13) 1.393 1.391 

18 C(6)-C(7) 1.405 1.402 52 C(13)-H(35) 1.085 1.086 

19 C(7)-O(56) 1.357 1.351 53 C(13)-C(14) 1.396 1.394 

20 O(56)-C(18) 1.433 1.425 54 C(14)-C(17) 1.509 1.504 

21 C(18)-H(41) 1.089 1.090 55 C(17)-H(38) 1.095 1.095 

22 C(18)-H(42) 1.090 1.091 56 C(17)-H(39) 1.092 1.092 

23 C(18)-H(43) 1.093 1.093 57 C(17)-H(40) 1.093 1.093 

27 C(7)-C(8) 1.401 1.399 58 C(14)-C(15) 1.399 1.397 

28 C(8)-O(57)  1.396 1.390 59 C(15)-H(36) 1.085 1.086 

29 O(57)-C(19) 1.380 1.373 60 C(15)-C(16) 1.390 1.388 

30 C(19)-O(58) 1.203 1.201 61 C(16)-H(37) 1.085 1.086 

31 C(19)-C(20) 1.487 1.483 62 C(16)-C(11) 1.398 1.395 

32 C(21)-C(22) 1.387 1.385     

33 C(22)-H(45) 1.083 1.084     

34 C(22)-C(23) 1.392 1.390     

 

Table 5. The calculated bond angles with B3LYP/B3PW91 6-311G(d,p)  

Bond Angles B3LYP B3PW91 Bond Angles B3LYP B3PW91 

N(51)-C(1)-N(53) 111.440 111.370 C(4)-C(5)-H(29) 119.157 119.118 

N(51)-N(52)-C(2) 114.366 114.511 H(29)-C(5)-C(6) 120.495 120.560 

N(51)-N(52)-H(27) 120.514 120.497 C(4)-C(5)-C(6) 120.348 120.321 

H(27)-N(52)-C(2) 125.101 124.977 C(5)-C(6)-H(30) 121.362 121.367 

N(52)-C(2)-O(55) 129.862 129.840 H(30)-C(6)-C(7) 117.095 117.063 

O(55)-C(2)-N(53) 128.893 128.963 C(5)-C(6)-C(7) 121.542 121.569 

N(52)-C(2)-N(53) 101.245 101.196 C(6)-C(7)-O(56) 115.798 115.862 

N(51)-C(1)-C(10) 124.504 124.651 C(7)-O(56)-C(18) 120.475 120.156 

C(1)-C(10)-H(32) 106.336 106.336 O(56)-C(18)-H(41) 105.398 105.525 

C(1)-C(10)-H(33) 109.020 108.990 O(56)-C(18)-H(42) 111.480 111.480 

C(1)-C(10)-C(11) 113.862 113.635 O(56)-C(18)-H(43) 110.935 111.599 

C(10)-C(11)-C(12) 120.942 120.965 O(56)-C(7)-C(8) 126.160 126.112 

C(11)-C(12)-H(34) 119.560 119.553 C(7)-C(8)-O(57) 120.043 119.978 

H(34)-C(12)-C(13) 119.566 119.585 C(8)-O(57)-C(19) 118.791 118.560 

C(12)-C(13)-H(35) 119.388 119.406 O(57)-C(19)-O(58) 122.003 122.124 

H(35)-C(13)-C(14) 119.513 119.479 O(57)-C(19)-C(20) 126.651 126.631 

C(13)-C(14)-C(17) 121.265 121.266 C(19)-C(20)-C(21) 119.444 119.395 

C(13)-C(14)-C(15) 117.797 117.778 C(20)-C(21)-H(44) 118.798 118.774 

C(14)-C(17)-H(38) 111.067 111.440 H(44)-C(21)-C(22) 120.094 120.132 

C(14)-C(17)-H(39) 111.415 111.414 C(21)-C(22)-H(45) 120.098 120.120 

C(14)-C(17)-H(40) 111.398 110.981 H(45)-C(22)-C(23) 120.629 120.643 

C(14)-C(15)-H(36) 119.427 119.412 C(22)-C(23)-H(46) 120.281 120.280 

H(36)-C(15)-C(16) 119.345 119.354 H(46)-C(23)-C(24) 119.753 119.747 

C(15)-C(16)-H(37) 119.823 119.875 C(23)-C(24)-H(47) 119.358 119.413 
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H(37)-C(16)-C(11) 119. 459 119. 411 H(47)-C(24)-C(25) 118.530 118.468 

N(53)-N(54)-C(3) 118.850 118.752 C(24)-C(25)-C(26) 118.555 118.614 

N(54)-C(3)-H(28) 121.955 121.928 C(25)-C(26)-H(48) 111.773 111.759 

H(28)-C(3)-C(4) 117.627 117.746 C(25)-C(26)-H(49) 111.494 111.435 

C(3)-C(4)-C(5) 123.074 123.061 C(25)-C(26)-H(50) 109.913 109.945 

 

Table 6. The calculated mulliken charges datas B3LYP/B3PW91 6-311G(d,p) 

Atom DFT B3PW91 Atom DFT B3PW91 

C1 0.354 0.393 H29 0.108 0.121 

C2 0.533 0.576 H30 0.106 0.118 

C3 0.129 0.157 H31 0.102 0.115 

C4 -0.175 -0.217 H32 0.150 0.169 

C5 0 0.003 H33 0.136 0.155 

C6 -0.102 -0.119 H34 0.083 0.094 

C7 0.208 0.218 H35 0.082 0.092 

C8 0.125 0.114 H36 0.084 0.094 

C9 0.084 0.007 H37 0.098 0.112 

C10 -0.157 -0.195 H38 0.127 0.130 

C11 -0.120 -0.139 H39 0.109 0.123 

C12 -0.060 -0.070 H40 0.115 0.143 

C13 -0.076 -0.082 H41 0.124 0.135 

C14 -0.098 -0.110 H42 0.124 0.139 

C15 -0.075 -0.082 H43 0.117 0.133 

C16 -0.036 -0.033 H44 0.115 0.126 

C17 -0.258 -0.288 H45 0.10 0.110 

C18 0.134 -0.175 H46 0.101 0.111 

C19 0.415 0.435 H47 0.091 0.101 

C20 -0.202 -0.233 H48 0.094 0.145 

C21 -0.012 -0.014 H49 0.136 0.109 

C22 -0.094 -0.105 H50 0.127 0.155 

C23 -0.067 -0.073 N51 -0.228 -0.241 

C24 -0.075 -0.084 N52 -0.313 -0.332 

C25 -0.070 -0.078 N53 -0.382 -0.417 

C26 -0.206 -0.245 N54 -0.209 -0.231 

H27 0.249 0.258 O55 -0.390 -0.406 

H28 0.140 0.158 O56 -0361 -0.363 

 

 

MEP Surface Analysis 

 

By looking at the molecular electrostatic potential map, we can identify the electronegative and electropositive 

regions of the molecule. In the MEP map, the red regions were seen in the nucleophilic regions and the blue 

regions were seen in the electrophilic regions. In the MEP shape of this structure, the carbonyl group is around 

red, while the N-H acidic proton is blue around. 

 

 
MEP 
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Figure 4. The calculated MEP and surface contour map of the molecule  

 

 

Frontier Molecular Orbital Analysis 

 

Frontier molecular orbitals (FMO) designated kinetic stability, the electronic transitions, electric and optical 

properties (Fukui, 1982). The HOMO-LUMO energy values was calculated as 4.17/4.20 eV for B3LYP and 

B3PW91 functionals in the 6-311G (d,p) basis set (figure 5). With the HOMO-LUMO energy gap electron 

affinity (A), global hardness (η), electronegativity (χ), chemical potential (µ), softness (S), ionization potential 

(I), chemical potential (Pi), electrophilic index(ω), Nucleophilic index (IP) for the compound was calculated and 

we are seen in table 7. 

 

 
Figure 5. HOMO-LUMO energy of the molecule 6-311G(d,p) 

 

Table 7.  The calculated electronic structure parameters of the molecule 

  

B3LYP 3-21G(d,p) B3LYP 6-311G(d,p) 

      Hatree  ev  Hatree  ev  

   LUMO  -0.0599 -1.62992 -0.06774 -1.84325 

   HOMO  -0.2191 -5.96186 -0.2278 -6.1986 

A  elektron ilgisi  0.0599 1.62992 0.06774 1.84325 

I  İyonlaşma potansiyeli  0.2191 5.96186 0.2278 6.1986 

ΔE  energy gap  0.1592 4.33194 0.16006 4.35534 

χ  electronegativity  0.1395 3.79589 0.14777 4.02093 

Pi  chemical potential  -0.1395 -3.79589 -0.14777 -4.02093 

ω  electrophilic index  0.000774518 0.02108 0.000873766 0.02378 

IP  Nucleophilic index  -0.0111042 -0.30215 -0.01182603 -0.32179 

S  molecular softness  12.5628 341.843 12.4953 340.006 

η  molecular hardness  0.0796 2.16597 0.08003 2.17767 
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Table 8. The calculated dipole moments datas of the molecule 

 μx  μy  μz  μToplam  

B3LYP -1.6296 1.5316     -0.6621   2.3323 

B3PW91 -2.5397     1.9737     -0.8065   3.3160 

 

Table 9. The calculated total energy datas of the molecule 

Energy(a.u.)  B3LYP B3PW91 

 -1525.48470748 -1524.88006830 

 

 

Thermodynamics Properties 

 

Thermodynamics parameters  were calculated with the (B3LYP/ B3PW91) functionals of DFT method at 

298.150 K and under 1 atm pressure and were summarized in the Table 10. 

 

Table 10.  The calculated thermodynamics parameters of the molecule 

Parameters B3LYP B3PW91 

Rotational temperatures (Kelvin)   

A 0.01000      0.01002 

B 0.00226      0.00227 

C 0.00203 0.00204 

Rotational constants (GHZ)   

A 0.20833      0.20877      

B 0.04710      0.04727      

C 0.04225 0.04257 

Thermal Energies E(kcal/mol)   

Translational 0.889 0.889 

Rotational 0.889 0.889 

Vibrational 304.170             305.163             

Total 305.948             306.940             

Thermal Capacity CV(cal/mol-K)   

Translational 2.981 2.981 

Rotational 2.981 2.981 

Vibrational 110.899             110.650             

Total 116.861             116.612             

Entropy S(cal/mol-K)   

Translational 44.242 44.242 

Rotational 37.892 37.879 

Vibrational  

Total 

129.652 

211.786 

128.917 

211.038 

Zero-point correction (Hartree/Particle) 0.456549 0.458187 

Thermal correction to Energy 0.487559 0.489140 

Thermal correction to Enthalpy 0.488503 0.490085 

Thermal correction to Gibbs Free Energy 0.387876 0.389814 

Sum of electronic and zero-point Energies -1525.028158 -1524.421882 

Sum of electronic and thermal Energies -1524.997149 -1524.390928 

Sum of electronic and thermal Enthalpies 

Sum of electronic and thermal Free Energies 

-1524.996205 

-1525.096831 

-1524.389984 

-1524.490254 

Zero-point vibrational energy (Kcal/mol) 286.48894 287.51650 

 

 

Conclusion 
 

All quantum chemical calculations of 2-Methoxy-4-[(3-p-methylbenzyl-4,5-dihydro-1H-1,2,4-triazol-5-one-4-

yl) azomethine] phenyl-2-methylbenzoate compound with B3LYP, B3PW91/6-311G(d,p) sets were 

theoretically investigated. As a result of the comprehensive and comparative calculations based on the optimized 

structure. The R
2
 values for the 

13
C-NMR data of the molecule are 0.9955 in the B3PW91 6-311G (d,p) basic set 

and in the DMSO solvent environment and the closest value to 1 when compared to the other sets. As can be 

seen from the graphs, a deviation was observed in the 
1
H-NMR chemical shift results. The reason for this is the 
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N-H acidic proton in the structure. IR vibration frequencies were calculated theoretically with two different 

methods and the values compared with the experimental values, and it was concluded that the values calculated 

with the comprehensive set B3PW91/6-311G(d,p) were more compatible with the experimental. No negative 

values were found in the theoretical IR data, which showed us that the molecule was stable. Among the energy 

values of the HOMO-LUMO orbitals of the molecule, the highest ΔEg value is 4.20 eV obtained with B3PW91/ 

6-311G((d,p) and this result tells us that the structure is stable. In addition, electron affinity using the HOMO-

LUMO orbital energies, ionization potential, molecular hardness-softness, nucleophilic properties were 

calculated. The thermodynamic values of the molecule were found and, the geometric parameters were 

calculated and the bond lengths were compared with the values in the literature. The obtained data were found to 

be compatible with each other and with the experimental data. In addition, molecular surface maps were created 

and nucleophilic and electrophilic regions of the molecule were determined from the MEP map. 
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Abstract: Novel ABA-type amphiphilic copolymers were prepared using end-groups activated poly (ethylene 

glycol) (PEG) as an initiator of hydrogen-transfer polymerization (HTP). For this purpose, PEG with 1450 Da 

(PEG-1450) was treated with the equivalent amount of sodium hydride to synthesize PEG with dialkoxide end-

groups, namely PEG-dialkoxide. Using the PEG-dialkoxide as a macroinitiator, base-catalysed HTP of 2-

hydroxypropyl acrylate (HPA), and N-isobutoxymethyl acrylamide (BMA) were performed to achieve the novel 

ABA-type block copolymers. The copolymers were obtained with relatively high yields. Characterization of the 

ABA-type amphiphilic copolymers was carried out using FTIR and MALDI mass spectrometry. FTIR spectra of 

the copolymers exhibited some characteristic bands assigning to the functional groups arising from the 

mechanism of HTP. Molar mass distributions of the copolymers from the MALDI mass study pointed out that 

chain extensions by mass in each copolymer were almost equal. Hence, the MALDI mass spectra of the 

copolymers revealed that chain extensions of PEGs by HPA, and BMA units were successfully fulfilled.  

Keywords: ABA-type amphiphilic copolymer, Hydrogen-transfer polymerization, Macroinitiator, 

Poly(ethylene glycol). 

Introduction 

Many novel macromolecules via the extension of polymeric chains (Matyjaszewski, 2003) or coupling reactions 

(He et.al., 2012; Çatıker et.al., 2020; Çatıker et.al., 2019) have been reported by using the approach. Telechelics 

are generally synthesized via living radical polymerization (Frey et. al., 2018) and controlled living radical 

polymerization (Lunn et.al., 2017) because they yield narrow molar mass distribution. Block copolymers can be 

easily generated by using telechelics (Iijima et.al., 1997; Verso et. al., 2008; Boutevin et.al., 2006; Tasdelen 

et.al.,2011). Amphiphilic block copolymers are the most common block copolymer systems that self-assemble 

into different morphologies depending upon the nature of their chemical content (Levit M., et.al., 2020; Lee et. 

al., 2010) size of the blocks (Burguière et.al., 2002; LaRue et.al., 2008) and physical conditions (temperature, 

solvent, pH, electrical field, etc.) (Akiba et.al., 2010 November; Karayianni et. al., 2016; Wang et.al., 2017; 

Yorulmaz-Avşar et.al., 2019). Poly(ethylene glycol) (PEG) is the most common hydrophilic segment (Danafar 
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et.al., 2014; Quadir et.al., 2014) preferred in block copolymers possibly due to its unique physical and 

biocompatible properties. Polymers based on PEG are attractive materials for biomedical, industrial, and 

chemical applications, as PEG has these unique characters (Francolini et.al., 2020; Zarrintaj et.al., 2020). PEG 

units are helpful for hydrophobic polymers to gain hydrophilicity (Zhu et.al., 2012). Hydrogen transfer 

polymerization (HTP) is a useful route that can insert functional groups into the backbone of a macromolecule. 

However, it is necessary to use a monomer with a loose proton(s) and vinyl group to obtain the product via HTP 

(Çatıker et.al., 2018; Iwamura et.al., 2019). The PEG-1450 was treated with the equivalent amount of sodium 

hydride to sodium PEG-dialkoxide salt as shown ref. (Çatıker et.al., 2020). Using the salt as a macroinitiator, 

HTP of 2-hydroxypropyl acrylate (HPA), and N-isobutoxymethyl acrylamide (BMA) were carried out to yield 

PEG based ABA-type amphiphilic copolymers. Structural characterization of the copolymers was achieved 

using FTIR and MALDI-MS spectrometry. 

Experimental 

Materials 

2-hydroxypropyl acrylate (Sigma), N-isobutoxymethyl acrylamide (Sigma), sodium hydride (Merck, 60 % 

dispersion in oil), PEG-1450 (Sigma-Aldrich),  2,5-dihydroxybenzoic acid (DHB) (Sigma-Aldrich, 98 %), and 

formic acid (Sigma-Aldrich, ≥ 99 %) were obtained commercially and used without purification. 

Tetrahydrofuran (Sigma-Aldrich, 99 %) was distilled over sodium mirror.  

Instrumentation 

FTIR spectra of the copolymers were achieved with Shimadzu IRaffinity 1 spectrometer in the range of 600-

4000 cm
-1

. MALDI-MS analyses were performed using a Bruker Rapiflex MALDI-TOF/TOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a smartbeam™ 3D laser. The data were 

acquired in positive ion mode for each sample. DHB solution (20 mg/mL in 1:1, ACN:THF containing 1.0% 

(v/v) formic acid) was used as the matrix.  

Preparation of Sodium PEG-dialkoxide 

Sodium PEG-1450 dialkoxide was obtained by a reaction between PEG-1450 and equimolar NaH at about 45 
o
C 

as the ref. (Çatıker et.al., 2020).  Briefly, a certain amount of PEG-1450 and NaH (two times of PEG-1450 as 

moles) were placed in a round bottom glass balloon under argon flux. The mixture was stirred at 45 
o
C (slightly 

above the melting temperature of PEG-1450) under argon flux until hydrogen gas evolution has stopped. The 

dark brown waxy paste was obtained and then directly used as a macroinitiator for HTP.  

Synthesis of the ABA-type Amphiphilic Copolymers by HTP 

Poly (2-hydroxypropyl propionate-b-ethylene glycol-b-2-hydroxypropyl propionate) [P(HPP-EG-HPP] and poly 

(N-isobutoxymethyl β-alanine-b-ethylene glycol-b-N-isobutoxymethyl β-alanine) [P(BMBA-EG-BMBA] were 

synthesized by HTP of 2-hydroxypropyl acrylate (HPA) and N-isobutoxymethyl acrylamide (BMA) using the 

sodium PEG-1450 dialkoxide as a macroinitiator. Reaction parameters were outlined in Table 1. The specified 

amounts of the monomers given in Table 1 were added into the separate balloons containing the sodium PEG-

dialkoxide as an initiator of HTP. After nitrogen purging, the reaction mixture was stirred until the mixture 

becomes too viscous, or solid. Then, cold excess THF was poured into the reaction mixture to extract the 

purities. The product was filtered and washed with cold THF to remove possible unreacted PEG and monomer 

(HPA or BMA). The percentage yields of the ABA-type block copolymer were determined gravimetrically and 

calculated as 71.3 wt. % and 93.1 wt. %. 

Table 1. Synthesis condition of the ABA-type triblock copolymers through HTP. 

Initiator 

(g) 

Monomer 

(mL) 

Yield 

% (wt.) 

Average Molar Mass 

(Da) 

~ 0.45 (PEG-dialkoxide) 0.40 mL (HPA) 71.3 ~ 3000 

~ 0.45 (PEG-dialkoxide) 0.40 mL (BMA) 93.1 ~ 2500 

https://www.sigmaaldrich.com/catalog/product/sigald/33015?lang=en&region=TR
https://www.sigmaaldrich.com/catalog/product/sigald/33015?lang=en&region=TR
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Results and Discussion 

Synthesis of the ABA-type Block Copolymers 

PEG-1450 was treated with sodium hydride to obtain PEG-dialkoxide salts. Line 1 in Scheme 1 shows the 

reaction pathway for the PEG-dialkoxide macroinitiator. Line 2 and 3 in Scheme 1 show the reaction outlines 

for P(HPP-EG-HPP) and P(BMBA-EG-BMBA) ABA-type block copolymers. The copolymers obtained from 

HTP were extracted with THF to remove unreacted PEG units and by-products. Then, the insoluble fractions 

were dried under vacuum at 40 
o
C. 

Scheme 1. Reaction pathways in the synthesis of PEG-dialkoxide, and novel ABA-type block copolymers. 

Figure 1. FTIR spectra of the ABA-type amphiphilic copolymers. 
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Characterization of the ABA-type Amphiphilic Copolymers 

 

FTIR spectra of the ABA-type amphiphilic copolymers were comparatively given in Figure 1. FTIR spectrum of 

P(HPP-EG-HPP) has characteristic PEG bands as well as ester (1728 cm
-1

) band in the HPP units.  For the FTIR 

spectrum of P(BMBA-EG-BMBA), the characteristic secondary amide (I) (Çatıker et.al., 2018) at about 1650 

cm
-1 

(C=O stretching vibration) and ether about 1095 cm
-1 

(asymmetric C-O stretching vibration) show the 

existence of both repeating units in the products. The FTIR spectra of both THF-insoluble copolymer samples 

include the characteristic bands of PEG, normally known as very soluble in THF. This may be attributed to the 

formation of covalent bonding between the PEG units, and the chain extensions by HTP. The weak bands at 

3472 and 3318 cm
-1

 belong to the OH and NH stretching vibrations in P(HPP-EG-HPP) and P(BMBA-EG-

BMBA), respectively.  The weakness of the bands shows the chain extensions are limited. 

 

MALDI mass spectrum of the P(HPP-EG-HPP) in Figure 2 was acquired and examined to show molar mass 

distribution.  The unimodal mass distribution centered at about m/z 3000 Da may be accepted as another proof 

of the successful chain extension. 

 

 
Figure 2. Wide-range MALDI mass spectra of P(HPP-EG-HPP) 

 

 
Figure 3. An expanded view of m/z the 3050-3250 region of MALDI-MS spectrum of P(HPP-EG-HPP). 
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Figure 3 shows an expanded view of m/z the 3050-3250 region of MALDI-MS spectrum of P(HPP-EG-HPP). 

The indisputable proof of the copolymer formation can be seen when the differences between consecutive 

signals are about m/z 130 and m/z 44 corresponding to the masses of HPP (C6H10O3) and EG (C2H4O) repeating 

units of the copolymer, respectively. MALDI-TOF-MS analyzes of the copolymer sample show that the ABA-

type poly(HPP-EG-HPP) copolymer has been synthesized successfully by confirming the targeted chemical 

structure with high mass accuracy. 

Figure 4. An expanded view of m/z the 2380-2900 region of MALDI mass spectrum of P(BMBA-EG-BMBA) 

block copolymer. 

An expanded view of the m/z 2380-2900 region of the MALDI spectrum of P(BMBA-EG-BMBA) block 

copolymer was also illustrated in Figure 4. The differences between consecutive signals are about m/z 157 and 

m/z 44 corresponding to the masses of BMBA (C8H15NO2) and EG (C2H4O) units in the copolymer, 

respectively. MALDI-TOF-MS analyzes of the ABA-type poly(BMBA-EG-BMBA) copolymer shows that 

chain extension of the PEG-1450 dialkoxide was fulfilled via HTP of isobutoxymethyl acrylamide. 

Conclusion 

The synthesis strategy given in the study to yield ABA-type triblock copolymers is simple and efficient. Results 

of the FTIR and MALDI mass methods prove indisputably the formation of novel ABA-type amphiphilic block 

copolymers.  By a selection of appropriate lengths of PEG and the monomers capable of being involved in HTP, 

it may be possible to obtain well-defined ABA-type triblock copolymers for specific applications. 
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Abstract: In this study, the structural parameters, vibrational frequency, the electronic energy, the dipole 

moment, the highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular orbital 

(LUMO) energy, the polarizability, hyperpolarizability and the potential energy curves (PEC) of 2-

methoxythiophene molecule were calculated at Hartree-Fock (HF) and Density Functional Theory (DFT) with 

B3LYP (Becke 3 Parameter Lee-Yang-Parr) model using the 6-311++(d,p) basis set in gas phase. The potential 

energy curves of the molecule were performed as a function the θ[C3-C2-O-C6] torsion angle varying from 0- 
360º at 10º intervals. The dipole moment value of the molecule was calculated as 1.99 Debye by the 

DFT/B3LYP/6-311++G(d,p) method and as 2.24 Debye by the HF/6-311++G(d,p) method, respectively. The 

obtained vibrational wave numbers were scaled with appropriate scale factors and the assigning of these 

vibrational wavenumbers was made according to the potential energy distribution (PED) using the VEDA 4f 

program. Also, by using HOMO-LUMO energies, energy gap values, ionization energy, electron affinity, 

chemical potential, electronegativity, hardness and softness indices were obtained. The approximate geometry of 

the molecules in three dimensions was drawn in the GaussView 5.0 molecular imaging program, and all 

theoretical calculations were used with the Gaussian 09W package. 

Keywords: 2- methoxythiophene, Vibration analysis, Potential energy curve (PEC), Hartree-Fock, Dipole 

moment  

Introduction 

Thiophene and its substituted thiophene units are one of the important compounds in both organic synthesis and 

materials, and are versatile compounds used in various fields such as organic synthesis and materials science. 

The studies on thiophene having unique electronic and optical properties due to its small band gap and high 

polarizability continue to increase rapidly. The monomer of the thiophenes has been used as building blocks in 

the fields of dyes, pharmaceuticals, agrochemicals. Poly- and oligo thiophenes, which are thiophene forms, are 

used in material chemistry. They have received much attention for their conductivity (Li et al. 2009; Nejati et al. 

2011; Schon et al. 2001) and optical nature affected by external stimuli (Shiraki et al. 2010; Yao et al. 2013) and 

application in field-effect transistors (Bao et al. 1999; Kline et al. 2006), electroluminescent devices (Mehes et 

al. 2016; Shao et al. 2014), and solar cells (Yan et al. 2019; Briseno et al. 2010). Also, they have become very 

important materials in practical applications like field effect transistors (Yang et al. 2016), photovoltaic (Kim et 

al. 2016), chemical sensors (Kim et al. 2016), thermal emission detectors, electrochromic materials (Lv et al. 

2016). In the study on the 2-Methoxythiophene molecule, crystal structure of the molecule was determined 

experimentally using X-ray structure analysis and spectroscopic methods (Blake et al., 1999). The same studies, 

intramolecular and intermolecular geometry of the molecule with thiophenes with oxygen-containing 

substituents were examined. 

The physical and chemical properties of a substance are strongly related to both its geometrical and electronic 

structures. In this work, molecular structure, dipole moment, relative energies, rotational barriers, polarizability, 

http://www.isres.org/
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first static hyper polarizability, potential energy curve, the electronic structure and HOMO-LUMO energies of 

above-mentioned molecule have been studied. Also, by using HOMO-LUMO energies, energy gap values, 

ionization energy, electron affinity, chemical potential, electronegativity, hardness and softness indices were 

obtained. The molecular structure using numbering scheme of 2-Methoxythiophene is given in Figure 1. 

 

 
Figure 1. Molecular structure of 2-Methoxythiophene molecule numbering scheme 

 

 

Method 
 

Quantum-mechanical calculations on the title molecule was performed by the aid of Gaussian 09W program 

package and Gauss view 5.0 molecular visualization programs (Frisch et al., 2010; Dennington et al., 2009) in 

the gas phase. The structural parameters, vibrational frequency, the electronic energy, the dipole moment (μ), 

the highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular orbital (LUMO) 

energy, the polarizability (α), hyperpolarizability (β) and the potential energy curves (PEC) of 2-

methoxythiophene molecule were calculated at Hartree-Fock (HF) and Density Functional Theory (DFT) with 

B3LYP (Becke 3 Parameter Lee-Yang-Parr) (Becke et al., 1988; Lee et al., 1988; Becke, 1993)  model using the 

6-311++(d,p) basis set in gas phase. In order to obtain the best stable structures, Conformational analysis of the 

molecule was performed as a function of dihedral angle which was varied between 0 and 360º with increments 

of 10º both HF/6-311++G (d,p) and B3LYP/6-31++G(d,p)level of theory 

 

 

Results and Discussion 

  
Figure 2. The potential energy curves of 2-Methoxythiophene molecule 
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Conformational Analysis and Torsional Barriers 

 

The dihedral angle was defined as: θ[C3-C2-O-C6]. The dihedral angle θ is the C2-O single bond about which 

internal rotation forms clearly different conformations. The potential energy curves of the title molecule 

performed at both HF/6-311++G (d,p) and B3LYP/6-311G++ (d, p) level is shown Figure 2. The minimum of 

potential energy curves (PEC) was referred to as zero. Rotational barriers at 0º [ΔE0 =E (θ =0º )-E 

(equilibrium)], at 90º [ΔE90 =E (ø=90º )-E (equilibrium)] and at 180º [ΔE180 =E (ø=180º )-E (equilibrium)] 

were calculated by using the energies of the respective optimized structures. The low-energy conformers were 

obtained at = 0 and 360º conformer. Maxima energy conformer were seen at 180º dihedral angle at HF/6-

311++G (d,p) level of theory, but B3LYP/6-311G++ (d, p) level of theory, at 60 and 300º were seen.  

 

 

Molecular Structure  

 

The equilibrium state structures of 2-Methoxythiophene molecule obtained by the HF/6-311++ G (d,p) and 

DFT/6-311++G (d,p) methods are compiled The calculated values of the electronic, dipole moment, 

polarizability, hyperpolarizability, HOMO, LUMO energy and energy gap (ΔEg) at the ground-state equilibrium 

geometry of studied molecules are listed in Table 1. 

 

Table 1. The electronic, HOMO, LUMO energy, dipole moment, polarizability, hyperpolarizability, and energy 

gap (ΔEg) of  2-Methoxythiophene molecule 

B3LYP/6-311++G(d. p) 
Electronic Energy (a.u) μ(D) α(a.u) β(a.u) EHOMO(a.u) ELUMO(a.u)  
-667.623428555 1.99 79,19 234,66 -0.217313 -0.011980 5,587 

HF/6-311++G(d. p) 

-665.258401234 2.24 72,51 176,01 -0.309299 0.037053 9,425 

 

The X-ray crystal structures for studied molecule is available in the literature and (Blake et al., 1999) and the 

calculated parameter studied molecule of both at the B3LYP/6-311++G (d, p) and the HF/6-311++ G (d,p) 

methods in the ground state are tabulated in the Table 2 and findings here.As seen from Table 2, it is found that, 

in the title molecule, dihedral angle between the thiophene and methoxy group is planar and belong to Cs 

symmetry group. 

 

Table 2. Selected structural parameters of 2-Methoxythiophene molecule 

 Bond length (Å)  

Atoms  Exp
a
. DFT HF 

S-C5  1.715(2) 1.7455 1.7376 

S-C2 1.7232(17) 1.7491 1.7349 

C2-O 1.350(2) 1.3488 1.3302 

C2-C3 1.298(2) 1.3686 1.3478 

C3-C4 1.440(3) 1.4342 1.4418 

C4-C5 1.353(3) 1.3603 1.3400 

O-C6 1.433(2) 1.4262 1.4046 

Bond angle (˚) 

C5-S-C2 91.35(9) 90.7238 90.8151 

O-C2-C3 130.79(16) 131.3881 131.1727 

O-C2-S 116.20(12) 116.4168 116.3542 

C3-C2-S 113.01(13) 112.1951 112.4725 

C2-C3-C4 109.11(16) 111.826 111.5949 

C5-C4-C3 114.43(17) 113.6329 113.5237 

C4-C5-S 112.10(15) 111.6222 111.5938 

C2-O-C6 114.42(15) 116.1677 117.5966 

Dihedral angle (˚) 

C3-C2-O-C6 -- 0,01 0.00 

C1-C2-O-C6 -- -179.99 -179.99 

(
a 
ref. Blake et al., 1999) 
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The electron affinity (A), global hardness (η)/softness (S), electronegativity (χ), chemical potential (µ), 

ionization potential (I), chemical potential (Pi) calculated by using HOMO-LUMO energies calculated the 

B3LYP/6-311++G (d, p) for the compound were given in Table 3. 

 

Table 3. Electronic properties of 2-Methoxythiophene molecule 

  property  a.u eV kcal/mol kJ/mol 

  LUMO -0,01198 -0,32598 -7,51749 -31,4535 

  HOMO -0,217313 -5,91324 -136,365 -570,555 

A Electron affinity 0,01198 0,32598 7,51749 31,4535 

I Ionization potential 0,217313 5,91324 136,365 570,555 

ΔE Energy gap  0,205333 5,58725 128,847 539,102 

χ Electronegativity 0,1146465 3,11961 71,941 301,004 

Pi Chemical potential -0,1146465 -3,11961 -71,941 -301,004 

ω Electrophilic index  0,000674715 0,01836 0,42339 1,77146 

IP Nucleophilic index -0,01177035 -0,32028 -7,38593 -30,9031 

S Molecular softness  9,7403 265,04 6112,05 25573,1 

η Molecular hardness  0,1026665 2,79363 64,4235 269,551 

 

Molecular electrostatic potential (MEP) surface values of the optimized geometry of 2-Methoxythiophene 

molecule by the HF/6-311++ G (d,p) and DFT/6-311++G (d,p) methods and the highest occupied molecular 

orbital (HOMO) energy, the lowest unoccupied molecular orbital (LUMO) obtained B3LYP/6-311++G (d. p) 

level of theory are presented Figure 3. 

 

.  

Figure 3. (a)The optimized geometry, (b) Molecular electrostatic (MEP) potential surface (PES) and HOMO-

LUMO surface of 2-Methoxythiophene molecule 

 

 

Vibrational Frequencies  

 

2-Methoxythiophene molecule consist of 13 atoms having 33 normal modes of vibrations. The calculated 

vibrational wavenumbers, FT-IR and FT-Raman intensity of the title compounds are given in Table 4. Also, the 

calculated vibrational assignments of the normal modes were performed on the basis of the Potential Energy 

Distribution (PED) and it has been calculated using the Vibrational Energy Distribution Analysis VEDA 4 
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program (Jamroz, 2004). The molecular structure of the molecule belongs to Cs point group symmetry and It is 

seen, that the group Cs has two species, A’ and A’’. 

 

Table 4. Electronic properties of 2-Methoxythiophene molecule 

 Theoretical wavenumbers (cm
-1

) 

) (  DFT/6-

311++G(d,

p) 

Intensity HF/6-

311++G(d,

p) 

Intensity  

C

s 

Uns

c. 

Sc. IR Ram. Uns

c. 

Sc. IR Ram. Assignments with PED (≥10 %) 

A' 325

0 

311

3 

0,9 139,2 340

0 

308

3 

2,1 123,9 C3H (26)C5H (69) 

A' 322

3 

308

8 

3,5 97,7 337

8 

306

3 

5,3 81,8 C3H (70)C4H (21) 
A' 319

8 

306

3 

7,8 104,6 335

1 

303

8 

10,2 86,8 C4H (75)C5H (21) 

A' 314

4 

301

2 

15,5 103,3 329

4 

298

7 

29,1 99,0 C6H11(46)C6H12(46) 

A

" 

307

2 

294

3 

34,2 58,4 323

6 

293

4 

41,9 40,2 C6H11(50)C6H12(50) 

A' 301

1 

288

5 

52,2 157,0 317

2 

287

6 

48,8 123,4 C6H13(91) 

A' 158

2 

155

5 

110,4 9,7 173

6 

157

4 

118,1 4,3 C2C3(60)OC2(13)HC4C5(17) 

A' 151

4 

148

8 

114,8 86,4 166

0 

150

6 

171,1 104,3 C5C4(46)HC6H(12) 

A' 150

4 

147

8 

10,1 4,0 162

7 

147

5 

12,7 4,5 OC2(10)HC6H(68)HC6OC2(22 

A

" 

148

7 

146

2 

10,4 11,8 161

6 

146

5 

9,0 10,8 HC6H(74)HC6OC2(12)HC6OC2 

(12) A' 146

0 

143

5 

60,0 27,4 159

0 

144

2 

79,5 24,3 C5C4(14)HC6H(70) 

A' 138

3 

136

0 

4,7 6,2 149

8 

135

8 

4,1 7,2 C4C3(19)C2C3C4(14)HC5S(35) 

A' 126

6 

124

4 

7,0 1,5 138

1 

125

2 

12,1 1,3 HC4C5(55)HC5S(12) 

A' 122

5 

120

4 

234,2 2,1 135

8 

123

1 

283,7 3,0 C5C4(10)OC2(35) OC6(11) 

A' 120

4 

118

4 

1,4 5,2 131

2 

118

9 

9,5 5,2 HC6H(20)HC6OC2(31)HC6OC2 

(31) A

" 

116

8 

114

9 

0,7 3,0 128

0 

116

1 

2,5 2,7 HC6H(27)HC6OC2(25)HC6OC2 

(47) A' 110

9 

109

0 

15,5 14,2 120

0 

108

8 

13,1 18,3 HC3C4(26)HC5S(47) 

A' 106

3 

104

5 

16,6 2,0 113

0 

102

4 

45,2 6,4 C4C3(48)HC3C4(30) 

A' 102

1 

100

4 

28,3 3,3 111

6 

101

2 

1,4 2,4 OC6(72)C2C3C4(12) 

A

" 

889 874 0,0 1,0 102

7 

931 0,0 2,6 HC3C2C1(47)HC4C5S(28)HC5SC

2(24) A' 844 830 18,2 7,2 904 820 21,0 5,5 C1S(29)C2C3C4(21)C5C4C3(30) 

A

" 

780 767 20,4 0,8 899 815 24,2 2,0 HC3C2C1(12)HC4C5S(60)C2C3C

4C5(11) A' 745 732 6,4 7,7 811 735 8,3 7,3 C5C4C3(11)SC5C4(33) 

A' 724 712 6,5 12,4 778 705 10,0 12,2 C1S(49)C5C4C3(34) 

A

" 

674 662 81,4 0,0 770 698 99,7 0,0 HC3C2C1(37)HC5SC2(53) 

A

" 

558 548 3,8 1,1 620 562 0,9 1,8 HC5SC2(29)C2C3C4C5(47)OC3S

C2(16) A' 551 542 7,8 3,0 595 539 7,5 2,8 C1S(18)SC5C4(43) 

A

" 

505 496 2,4 0,5 558 506 2,4 0,9 SC5C4C3(49)OC3SC2(31) 

A' 401 394 2,5 7,9 433 392 2,2 5,0 C2C3C4(28)OC2S(25)C6OC2(31) 

A

" 

278 273 0,3 0,3 304 275 0,2 0,3 C2C3C4C5(21)SC5C4C3(29)OC3S

C2(21) A' 234 230 3,0 1,0 253 229 3,2 1,0 OC2S(50)C6OC2(42) 

A

" 

202 198 0,1 1,3 223 202 0,2 0,8 HC6OC2 (56)OC3SC2(16) 

A

" 

82 81 4,7 0,5 93 84 5,5 0,6 C6OC2C3(78) 

 

 

Conclusion  
 

In this study, the structural parameters, vibrational frequency, the electronic energy, the dipole moment (μ), the 

highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular orbital (LUMO) energy, 

the polarizability (α), hyperpolarizability (β) and the potential energy curves (PEC) of 2-methoxythiophene 

molecule were calculated at Hartree-Fock (HF) and Density Functional Theory (DFT) with B3LYP model using 

the 6-311++(d,p) basis set in gas phase. The calculated geometric parameters (bond lengths and bond-dihedral 

angles) of the molecule were compared with the experimental values in the literature (Blake et al., 1999) and 

they were found to be in good agreement. The vibrational frequencies and spectrums were obtained with the 

same methods and levels. All vibrational frequencies were found as positive. It is shown that titled compound 

was stable conclusions here.  

 

The energy band gap, electron affinity (A), global hardness (η)/softness (S), electronegativity (χ), chemical 

potential (µ), ionization potential (I), chemical potential (Pi) properties of title molecule are calculated by using 
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the highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular orbital (LUMO) 

energy. 
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Abstract: In the theoretical study, the 3-ethyl-4-(3-acetoxy-4-methoxy-benzylidenamino)-4,5-dihydro-1H-

1,2,4-triazol-5-one has been optimized using B3LYP/6-311G(d) basis set. 
1
H-NMR and 

13
C-NMR isotropic shift 

values were calculated by the method of GIAO using the program package Gaussian G09. Experimental and 

theoretical values were inserted into the graphic according to equitation of δ exp=a+b. δ calc. The standard error 

values were found via SigmaPlot program with regression coefficient of a and b constants. IR absorption 

frequencies of this compound were calculated with same method. Theoretically calculated IR data are multiplied 

with appropriate adjustment factors and the data obtained according to DFT method are formed using theoretical 

infrared spectrum. The veda4f program was used in defining IR data which were calculated theoretically. The 

thermodynamic parameters, HOMO and LUMO energies, electronic properties, Mulliken atomic charges of 

titled compound has been investigated by using Gaussian 09W program. The spectroscopic data of this 

compound has been calculated by using 6-311G(d) basis set with density functional method (DFT/B3LYP) and 

compared with experimental values. 

 

Keywords: Schiff base, B3LYP, Spectroscopic, Thermodynamic, Mulliken  

 

 

Introduction 

 

Heterocyclic compounds are defined as cyclic compounds consisting of carbon and heteroatom within a ring. 

They exhibit a variety of chemical and biological applications as a result of their structural diversity (Bahçeci et 

al., 2016; Koç et al., 2019; Bahçeci et al., 2017; Beytur et al., 2019; Çiftçi et al., 2018; Beytur et. al., 2021; 

Beytur, 2020; Turhan Irak et. al., 2019; Uğurlu et. al.,, 2020; Boy et al, 2021). The optimized molecular 

structure, vibrational frequencies, UV–Vis spectroscopic parameters, atomic charges and frontier molecule 

orbitals (HOMO and LUMO) of the titled compound have been calculated by using DFT/B3LYP method with 

6-311G(d) basis set. All quantum chemical calculations were carried out by using Gaussian 09W (Frisch et al., 

2009; Wolinski et. al., 1990) program package and the GaussView molecular visualization program (Frisch et. 

al., 2003). The molecular structure and vibrational calculations of the molecule were computed by using Becke-

3-Lee Yang Parr (B3LYP) (Becke, 1993; Lee et. al., 1988) density functional method with 6-311G(d) basis set 

in ground state. IR absorption frequencies of analyzed molecule were calculated. Then, they were compared 

with experimental data, which are shown to be accurate. Infrared spectrum was composed by using the data 

obtained from both methods. The assignments of fundamental vibrational modes of the title molecule were 

performed on the basis of total energy distribution (TED) analysis by using VEDA 4f program (Jamróz, 2004).  

 

http://www.isres.org/
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Figure 1. The optimized molecular structure of titled molecule with DFT 6–311G(d,p) level. 

 

Table 1. The calculated and experimental 
13

C and 
1
H NMR isotropic chemical shifts of the molecule. 

No Experim. DFT/6311(d)/DMSO Diff./DMSO 

1C   153,83 -153,83 

2C   153,81 -153,81 

3C   21,96 -21,96 

4C   7,67 -7,67 

5C   151,70 -151,70 

6C   130,76 -130,76 

7C   129,84 -129,84 

8C   145,67 -145,67 

9C   159,97 -159,97 

10C   113,83 -113,83 

11C   126,30 -126,30 

12C   174,08 -174,08 

13C   20,30 -20,30 

14C   54,33 -54,33 

15H 11,74 6,74 5,00 

16H 2,55 2,49 0,06 

17H 2,60 2,50 0,10 

18H 1,20 0,98 0,22 

19H 1,20 0,92 0,28 

20H 1,20 0,99 0,21 

21H 9,49 9,42 0,07 

22H 7,10 6,75 0,35 

23H 6,98 6,62 0,36 

24H 7,51 7,83 -0,32 

25H 2,45 2,10 0,35 

26H 2,30 1,36 0,94 

27H 2,4 2,01 0,39 

28H 3,86 3,34 0,52 

29H 3,86 3,76 0,10 

30H 3,86 3,47 0,39 

  

 

Method 

 

The molecular structure of the title compound in the ground state (in vacuo) is computed by performing the 

density functional theory (DFT) by a hydrid functional B3LYP functional (Becke’s three parameter hybrid 

functional using the LYP correlation functional) methods (Becke, 1993; Lee et. al., 1988) at 6-311G(d) level. 
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Results and Discussion 
 

NMR spectral analysis 

 

In nuclear magnetic resonance (NMR) spectroscopy, the isotropic chemical shift analysis allows us to identify 

relative ionic species and to calculate reliable magnetic properties which provide the accurate predictions of 

molecular geometries (Rani et al., 2010; Subramanian et. al., 2010; Wade, 2006). In this framework, the 

optimized molecular geometry of the molecule was obtained by using B3LYP method with 6-311G(d) basis 

level in DMSO solvent. By considering the optimized molecular geometry of the title compound the 
1
H and 

13
C 

NMR chemical shift values were calculated at the same level by using Gauge-Independent Atomic Orbital 

(GIAO) method (Table 1). Theoretical and experimental (Bahçeci et al., 2017) values were plotted according to 

δ exp=a. δ calc.+ b, Eq. a and b constants regression coefficients with a standard error values were found using 

the SigmaPlot program. 

 

 
Figure 2. The correlation graphics for 

1
H-NMR (DMSO) chemical shifts of the molecule 

 

 

Vibrational frequencies 

 

The 3-ethyl-4-(3-acetoxy-4-methoxy-benzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one has 38 atoms and 

the number of the normal vibrations are 108. The observed and calculated vibrational frequencies, the calculated 

IR intensities and assignments of selected vibrational frequencies for title compound are summarized in Table 2. 

 

Table 2. The calculated frequencies values of the molecule. 

Selected Vibrational Types Experimental scaled DFT 

ν O36C8, O36C12 (10) 1270 1208 

ν O36C8, O36C12 (22) 1270 1308 

ν N32C1, N34C5 (48) 1605 1644 

ν N32C1, N34C5 (31) 1605 1649 

ν N32C1, N34C5 (37) 1605 1671 

ν O35C2 (73) 1710 1806 

ν O37C12 (88) 1760 1850 

ν N31H15 (100) 3190 3691 
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Figure 3. The correlation graphic for vibrational frequencies

 
of the titled compound. 

 

 

Electronic Properties 

 

  
ELUMO (B3LYP): -37.234 Kcal/mol ELUMO (B3LYP): -136.82 Kcal/mol 

Figure 3. The calculated HOMO-LUMO energies of the molecule according to DFT/B3LYP/6-31G(d) level 

 

Table 3. Electronic properties of the molecule 

 
DFT (kcal/mol) 

Ionization Potential 136.82 

Electron Affinity 37.27 

Electronegativity 87.05 

Chemical hardness 99.55 

 

Table 4. The calculated dipole moment values of the molecule 

Dipole Moment B3LYP (a.u.) 

μx 1.6480 

μy 3.0189 

μz -1.1653 

μToplam 3.6315 
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Table 5. Mulliken atomic charges of the molecule 

Atoms DFT Atoms DFT Atoms DFT 

1C 0.4347 14C -0.4626 27H 0.2375 

2C 0.5819 15H 0.3700 28H 0.2210 

3C -0.4685 16H 0.2321 29H 0.2337 

4C -0.6179 17H 0.2312 30H 0.2128 

5C -0.0602 18H 0.2200 31N -0.4961 

6C -0.0146 19H 0.2083 32N -0.2064 

7C -0.2260 20H 0.2198 33N -0.3734 

8C 0.2083 21H 0.2580 34N -0.2106 

9C 0.2731 22H 0.2099 35O -0.3945 

10C -0.2712 23H 0.2182 36O -0.3552 

11C -0.1566 24H 0.2104 37O -0.3158 

12C 0.3912 25H 0.2409 38O -0.3334 

13C -0.6885 26H 0.2387   

 

Table 6. The thermodynamic properties of the titled compound 

Rotational temperatures (Kelvin) B3LYP 

A 

B 

C 

0.0290 

0.0052 

0.0046 

Rotational constants (GHZ)  

A 

B 

C 

0.6041 

0.1092 

0.0948 

Zero-point vibrational energy (Kcal/Mol) 186.0992 

Thermal correction to Energy 0.3182 

Thermal correction to Enthalpy 0.3191 

Thermal correction to Gibbs Free Energy 0.2432 

Sum of electronic and zero-point Energies -1062.9562 

Sum of electronic and thermal Energies -1062.9346 

Sum of electronic and thermal Enthalpies -1062.9336 

Sum of electronic and thermal Free Energies -1063.0095 

Thermal Energies E(Kcal/mol)  

Translational 

Rotational 

Vibrational 

Total 

0.889 

0.889 

197.886 

199,663 

Thermal Capacity CV(Cal/Mol-Kelvin  

Translational 

Rotational 

Vibrational 

Total 

2.981 

2.981 

72.515 

78.477 

Entropy S (Cal/Mol-Kelvin)  

Translational 

Rotational 

Vibrational 

Total 

43.033 

35.196 

81.502 

159.732 

 

 

Conclusion 
 

The 
1
H and 

13
C NMR chemicals shifts, vibrational frequencies, HOMO and LUMO analyses and atomic charges 

of 3-ethyl-4-(3-acetoxy-4-methoxy-benzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one have been calculated 

by using DFT/B3LYP method. 
1
H NMR chemical shifts parameters were obtained theoretically are in a very 

good agreement with the experimental data. Mulliken atomic charges of the titled compound have been 

investigated by the same basis set. Thermodynamic properties of analyzed molecule were calculated. 
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1
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Abstract: The molecule was studied with the method Density Functional Theory (DFT) using two different 

the basis sets (6-311G(d,p)/ 3-21G) in the Gaussian 09W program. First, the most stable three-dimensional 

shape of the molecule was determined with the GaussView5.0 program (Dennington et al., 2009). Based on the 

structure of this optimized molecule,"spectroscopic properties"(FT-IR, 
13

C/ 
1
H-NMR), the electronic properties 

(electron affinity (A), ionization potential (I), electronegativity (χ), chemical hardness and softness, electrophilic 

and nucleophilic index), HOMO-LUMO energies and ΔEg energy, the geometric properties (bond length and 

angle) ve the thermodynamic properties (thermal energy (E), thermal capacity (CV), entropy (S)) were 

calculated with DFT/ 6-311G(d,p) and 3-21G. In addition, the total energy of the molecule, mulliken atomic 

charge values, dipole moment, molecular electron potential (MEP), total density and contour surface maps were 

determined. The electrophilic and nucleophilic regions of  the structure were confirmed. Theoretical calculations 

of 
13

C/ 
1
H-NMR isotropic shift values were performed in gas phase and solvent (DMSO) acording to GIAO 

method and regression analyzes were by compare with experimental values of computational data. R
2 

values 

were calculated and regression graphs were created. FT-IR (Infrared) vibration frequency values were calculated 

from the Veda4f program. The theoretical vibration frequency values were compared with the experimental IR 

values. Experimental data obtained from the literature.  
 

Keywords: 1,2,4-Triazole-5-one, Giao, Mep, Homo-Lumo. 

 

 

Introduction 

 

Compounds containing the 4,5-dihydro-1H-1,2,4-triazol-5-one ring are antimicrobial (Turan-Zitouni et.al., 

2005; Bayrak et.al., 2010), antitumor, anti-HIV (Ikizler et.al, 1998), antifungal (Sancak et.al.,2010), 

anticancinogenic (Guzeldemirci et. al., 2010), inflammation preventive (Aytac et.al.,2009), antiviral (Hashem 

et.al., 2007), antioxidant (Gürsoy-Kol et.al., 2016), with biological properties (Chohan et.al., 2010), with 

pharmacological properties (Kucukguzel et.al., 2000), antimycobacterial (Klimeová et.al., 2004) have been 

reported in many different studies. Quantum chemical calculations have been used commonly to theoretically 

estimate the structure, electronic properties, thermodynamics, spectroscopy of molecular systems. (Yüksek 

et.al., 2005) Theoretical calculations investigated for the molecule were calculated with the Gaussian 09 

quantum chemistry program (Frisch et.al., 2009) on an equipped computer. Assential calculations were carried 

out using the Density Functional Theory DFT method with the restricted B3LYP (Kohn et.al., 1996; Becke  

http://www.isres.org/
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Figure 1. The Gaussview structure of the molecule. 

 

Table 1. 
1
H/ 

13
C-NMR(DMSO) isotropic chemical shifts (δ/ppm)  

No Deneysel 
B3LYP 3-

21G/DMSO 

Fark/DM

SO 

B3LYP/6-

311G/DMSO 

Fark/DM

SO 

C1 146.93 134.70 12.23 153.21 -6.28 

C2 152.66 133.71 18.95 153.76 -1.10 

C3 151.26 135.39 15.87 153.80 -2.54 

C4 135.22 117.53 17.69 139.83 -4.61 

C5 120.69 104.81 15.88 124.31 -3.62 

C6 130.27 112.28 17.99 133.90 -3.63 

C7 125.08 106.36 18.72 127.88 -2.80 

C8 151.03 138.43 12.60 157.70 -6.67 

C9 128.13 107.23 20.90 130.42 -2.29 

C10 165.19 151.77 13.42 168.33 -3.14 

C11 126.25 111.24 15.01 129.95 -3.70 

C12 131.89 115.09 16.80 136.54 -4.65 

C13 125.47 109.90 15.57 129.77 -4.30 

C14 133.08 116.84 16.24 138.65 -5.57 

C15 130.84 115.30 15.54 136.02 -5.18 

C16 140.20 127.13 13.07 151.59 -11.39 

C17 21.23 22.78 -1.55 25.07 -3.84 

C18 26.62 25.14 1.48 30.52 -3.90 

C19 18.85 19.28 -0.43 23.17 -4.32 

C20 13.46 10.90 2.56 12.14 1.32 

H21 11.88 6.71 5.17 8.06 3.82 

H22 9.77 10.05 -0.28 10.88 -1.11 

H23 7.77 7.70 0.07 9.00 -1.23 

H24 7.60 7.10 0.50 8.45 -0.85 

H25 8.12 6.78 1.34 8.18 -0.06 

H26 7.79 8.38 -0.59 8.31 -0.52 

H27 7.43 8.14 -0.71 9.38 -1.95 

H28 7.62 6.96 0.66 8.26 -0.64 

H29 7.47 7.12 0.35 8.44 -0.97 

H30 7.45 7.01 0.44 8.29 -0.84 

H31 2.61 2.86 -0.25 3.53 -0.92 

H32 2.61 2.85 -0.24 3.67 -1.06 

H33 2.61 2.07 0.54 2.94 -0.33 

H34 2.66 1.93 0.73 2.98 -0.32 

H35 2.66 2.88 -0.22 3.93 -1.27 

H36 1.69 1.60 0.09 2.59 -0.90 

H37 1.69 1.39 0.30 2.41 -0.72 

H38 0.95 0.74 0.21 1.52 -0.57 

H39 0.95 0.67 0.28 1.49 -0.54 

H40 0.95 0.70 0.25 1.71 -0.76 
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et.al., 1993; Becke et.al., 1988) level of theory, using 6-31G(d,p) basis sets, for all atoms (Kotan et.al., Beytur et 

al., 2019). In this study, IR absorption frequencies of analyzed molecules were calculated Then, they were 

compared with experimental data (Ulufer, 2002), which are shown to be accurate. 

 

 

Method 

 

In this study, the Gaussian 09W package program, which is a very comprehensive program, was used. First of 

all, with the B3LYP/6-311G(d,p) and 3-21G(d,p) basis sets of Density Functional Theory, the most stable low-

energy optimized structure of atoms and molecules has been established. Each atom was then given a number. 

From this optimized structure, all geometric, electronic, thermodynamic and spectroscopic theoretical values of 

the molecule were calculated (Frisch et al., 2009). IR vibration frequency values were calculated with the Veda 

4f program (Jamróz., 2004). The 
1
H-NMR and 

13
C-NMR isotropic shift values were calculated by the GIAO 

method using the Gaussian G09 package program (Wolinski et al., 1990). These values were compared with the 

experimental values (Ulufer, 2002) and the difference values were found, and these values were δ exp=a+b. δ 

calc. plotted according to the equation. The regression coefficient and standard error values of constants a and b 

were found using the Sigmaplot program. The dipole moment, HOMO-LUMO energy, total energy, bond angle, 

bond length, mulliken atomic charges of the target molecule were calculated. In addition, MEP surface maps 

were determined. 

 

 

Results and Discussion 
 

Computational Details 
 

The Relation between R Values of the Compound 

 

There is such a relationship between R
2
-values of the compound. B3LYP/3-21G(d,p) (DMSO): 

1
H: 0,8768, 

13
C: 

0,9946; B3LYP/6-311G(d,p) (DMSO):
 1

H: 0,8956,
13

C: 0,9978. These values for compound were seen in the 

table 2. Theoretical and experimental carbon/proton chemical shifts ratios between acording to a, b values, R
2
 

lineer a correlation were observed. 

 

Table 2. The correlation data for chemical shifts 

 
13

C-NMR/ R
2
 

1
H-NMR /R

2
 

3-21G(d,p) 0.9946 0.8768 

6-311G(d,p) 0.9978 0.8956 

 

  

N

N
N

CH3CH2CH2

O

H

N=CH

O C

O
CH3
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Figure 2. The experimental and theoretical 

13
C/ 

1
H-NMR correlation graphs for B3LYP 6-311G(d,p) and 

B3LYP 3-21G(d,p) DMSO chemical shifts 

 

 

The Vibration Frequency of the Compound 

 

Theoretically IR values were calculation veda 4f program and scale values were obtain. The calculated 

harmonic vibrational frequency values were scaled with 0.9671 for B3LYP 3-21 G level, 0.9688 for 6-

311G(d,p) level (Merrick et al., 2007). The positive frequency in the data was found. IR spectrums were drawn 
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N
N
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with obtained values according to DFT method. Theoretically IR values were compare with experimentally IR 

values and found corresponding with each other of values.  

 

Table 3. Significant vibrational frequencies (cm
-1

) 

Experimental IR   Scaled B3LYP 3-21G  
Scaled B3LYP 

6-311G  
Experimental IR  

ν (NH)  3169  3514 3565 

ν (C=O)   1739. 1700  1708. 1664 1737. 1750 

ν (C=N)  1589 1577 1613 

ν (COO)  1231 1248 1259 

 

 
 

 
 

 
Figure 3. Experimental and theoretical IR spectrums simulated with B3LYP 3-21G(d,p) and B3LYP 6-

311G(d,p)  
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Molecular Geometry  

 

The molecular geometric parameters such as bond angles, mulliken atomic charges, bond lengths calculated by 

using the and B3LYP functional in DFT method with 3-21G(d,p)/ 6-311G(d,p) basis set and data are 

summarized in Table 4-6. According to this result, the highest bond length is between C(18)-C(19) atoms that 

this values are 1.555/1.544 Å for B3LYP 3-21G(d,p)/ 6-311G(d,p). Besides, respectively, the bond lengths in 

the triazole ring N41-N42, N41-C1, C2-O45, C2-N43, N43-C1 are calculated 1.43/1.38; 1.31/1.29; 

1.23/1.21;1.43/1.42, 1.39/ 1.39 Å for B3LYP 3-21G(d,p)/ 6-311G(d,p) basis sets (table 4). In the literature, the 

N-N, N=C, C=O bond lengths are measured as 1.404, 1.280, 1.212 Å (Sudha et al. 2018).  

 

The calculated bond length values are consistent with literature values. The highest bond angle is between 

H(21)-N(42)-C(2) atoms, which is 126.510/125.116
0
 for B3LYP 3-21G(d,p)/ 6-311G(d,p) basis sets (table 5). 

The calculated Mulliken atomic charges (Mulliken, 1955) calculated by using the B3LYP method with 3-

21G(d,p) and 6-311G(d,p) basis sets. The electronegative oxygen (O) and nitrogen (N) atoms have negative 

atomic charge values. The carbon atoms surrounded by electronegative atoms have negative atomic charge 

values. The C1 atom surrounded by two electronegative atoms (N41, N43) and C2 atom which is surrounded by 

three electronegative atoms (N42, N43, O45) have negative charges values. All hydrogen atoms of the 

compound (H22-H40) have positive atomic charge values (table 6).  

 

Table 4. The calculated bond lengths with B3LYP 3-21G/ B3LYP 6-311G(d,p)  

Bond Length 
B3LYP 

3-21G 

B3LYP 

6-311G 
Bond Length 

B3LYP 

3-21G 

B3LYP 

6-311G 

1 C(1)-N(41) 1.316 1.296 27 C(6)-C(7) 1.394 1.395 

2 C(1)-N(43) 1.397 1.391 28 C(7)-H(25) 1.081 1.082 

3 C(1)-C(18) 1.482 1.490 29 C(7)-C(8) 1.397 1.389 

4 N(41)-N(42) 1.438 1.380 30 C(8)-O(46) 1.409 1.392 

5 N(42)-H(21) 1.008 1.005 31 C(8)-C(9) 1.395 1.390 

6 N(42)-C(2) 1.376 1.368 32 C(9)-H(26) 1.077 1.081 

7 C(2)-O(45) 1.237 1.215 33 O(46)-C(10) 1.399 1.378 

8 C(2)-N(43) 1.433 1.420 34 C(10)-O(47) 1.229 1.203 

9 N(43)-N(44) 1.410 1.369 35 C(10)-C(11) 1.480 1.488 

10 C(18)-H(34) 1.093 1.092 36 C(11)-C(12) 1.404 1.403 

11 C(18)-H(35) 1.094 1.093 37 C(11)-C(16) 1.415 1.416 

12 C(18)-C(19) 1.555 1.544 38 C(12)-H(27) 1.079 1.080 

13 C(19)-H(36) 1.094 1.093 39 C(12)-C(13) 1.389 1.387 

14 C(19)-H(37) 1.096 1.095 40 C(13)-H(28) 1.083 1.083 

15 C(19)-C(20) 1.541 1.530 41 C(13)-C(14) 1.396 1.392 

16 C(20)-H(38) 1.095 1.093 42 C(14)-H(29) 1.084 1.083 

17 C(20)-H(39) 1.096 1.094 43 C(14)-C(15) 1.393 1.392 

18 C(20)-H(40) 1.094 1.093 44 C(15)-H(30) 1.084 1.084 

19 N(44)-C(3) 1.297 1.284 45 C(15)-C(16) 1.401 1.399 

20 C(3)-H(22) 1.084 1.086 46 C(16)-C(17) 1.518 1.508 

21 C(3)-C(4) 1.465 1.466 47 C(17)-H(31) 1.093 1.091 

22 C(4)-C(5) 1.403 1.403 48 C(17)-H(32) 1.093 1.091 

23 C(4)-C(9) 1.403 1.400 49 C(17)-H(33) 1.093 1.091 

24 C(5)-H(23) 1.081 1.082     

25 C(5)-C(6) 1.391 1.386     

26 C(6)-H(24) 1.083 1.083     

 

 

MEP Surface Analysis 

 

Electrophilic and nucleophilic regions of the molecule were determined by drawing the MEP map of the 

molecule with the 3-21G(d,p) and 6-311G(d,p) basic sets of B3LYP method. Different values of electrostatic 

energy are indicated by different colors. Red means there is very negative electrostatic energy, blue means there 

is very positive electrostatic energy. When the MEP map is examined, the region of N41, N46, O45 and O47 

atoms and are in red, the region of H21 acidic proton atom is in blue, while the around of C-H atoms are in 

yellow-green. 
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Table 5. The calculated bond angles with B3LYP 3-21G/ B3LYP 6-311G(d,p)  

bond angle 
B3LYP  

3-21G 

B3LYP  

6-311G 
bond angle 

B3LYP  

3-21G 

B3LYP  

6-311G 

N(41)-C(1)-N(43) 112.039 111.165 C(5)-C(6)-H(24) 120.150 120.008 

N(41)-N(42)-H(21) 119.515 120.460 C(5)-C(6)-C(7) 120.358 120.530 

H(21)-N(42)-C(2) 126.510 125.116 H(24)-C(6)-C(7) 119.493 119.462 

N(42)-C(2)-O(45) 101.250 130.065 C(6)-C(7)-H(25) 121.563 121.519 

O(45)-C(2)-N(43) 127.934 128.755 H(25)-C(7)-C(8) 118.556 119.202 

N(43)-C(1)-C(18) 125.203 108.324 C(7)-C(8)-O(46) 113.865 116.550 

C(1)-C(18)-H(34) 107.770 106.623 O(46)-C(8)-C(9) 125.611 122.292 

C(1)-C(18)-H(35) 108.687 108.559 C(8)-C(9)-H(26) 119.801 120.225 

C(1)-C(18)-C(19) 111.816 114.179 C(8)-O(46)-C(10) 125.652 120.495 

H(34)-C(18)-H(35) 109.318 107.958 O(46)-C(10)-O(47) 122.921 122.433 

H(34)-C(18)-C(19) 109.937 110.061 O(47)-C(10)-C(11) 110.229 126.390 

H(35)-C(18)-C(19) 109.268 109.261 C(11)-C(12)-H(27) 118.461 118.795 

C(18)-C(19)-H(36) 108.054 108.942 H(27)-C(12)-C(13) 120.779 120.062 

C(18)-C(19)-H(37) 108.236 107.580 C(12)-C(13)-H(28) 120.122 120.094 

C(19)-C(20)-H(38) 110.738 111.651 H(28)-C(13)-C(14) 120.403 120.619 

C(19)-C(20)-H(39) 110.470 111.194 C(13)-C(14)-H(29) 120.173 120.292 

C(19)-C(20)-H(40) 110.817 111.651 H(29)-C(14)-C(15) 119.809 119.778 

H(38)-C(20)-H(39) 107.841 107.392 C(14)-C(15)-H(30) 119.705 119.350 

H(39)-C(20)-H(40) 108.331 107.780 H(30)-C(15)-C(16) 118.630 118.527 

H(38)-C(20)-H(40) 108.548 107.844 C(11)-C(12)-C(13) 120.760 121.143 

C(1)-N(43)-C(2) 109.324 108.324 C(12)-C(13)-C(14) 119.475 119.287 

N(43)-N(44)-C(3) 117.283 119.222 C(16)-C(17)-H(31) 111.133 111.684 

N(44)-C(3)-H(22) 122.331 122.094 C(16)-C(17)-H(32) 111.136 111.550 

H(22)-C(3)-C(4) 117.887 117.792 C(16)-C(17)-H(33) 109.644 109.908 

C(3)-C(4)-C(5) 119.627 122.481 H(31)-C(17)-H(32) 106.312 105.889 

C(3)-C(4)-C(9) 117.901 117.927 H(31)-C(17)-H(33) 109.268 108.853 

C(4)-C(5)-H(23) 118.869 119.110 H(32)-C(17)-H(33) 109.274 108.825 

C(4)-C(5)-C(6) 119.627 120.005    

C(4)-C(9)-C(8) 119.226 119.558    

H(23)-C(5)-C(6) 119.998 120.885    

Table 6. The calculated mulliken charges datas B3LYP 3-21G/ B3LYP 6-311G(d,p)  

Atom 
3-21G  

B3LYP 

6-311G 

B3LYP 
Atom 

3-21G  

B3LYP 

6-311G 

B3LYP 

C1 0.660 0.342 H25 0.206 0.106 

C2 0.948 0.534 H26 0.245 0.112 

C3 0.109 0.133 H27 0.213 0.111 

C4 -0.055 -0.173 H28 0.193 0.098 

C5 -0.174 -0.015 H29 0.196 0.100 

C6 -0.183 -0.103 H30 0.191 0.098 

C7 -0.192 -0.056 H31 0.226 0.131 

C8 0.301 0.152 H32 0.225 0.133 

C9 -0.211 -0.010 H33 0.184 0.093 

C10 0.710 0.436 H34 0.221 0.133 

C11 -0.113 -0.215 H35 0.227 0.138 

C12 -0.165 -0.003 H36 0.212 0.129 

C13 -0.185 -0.094 H37 0.193 0.111 

C14 -0.173 -0.067 H38 0.201 0.113 

C15 -0.179 -0.076 H39 0.188 0.104 

C16 0.029 -0.071 H40 0.189 0.109 

C17 -0.587 -0.206 N41 -0.342 -0.216 

C18 -0.429 -0.199 N42 -0.594 -0.313 

C19 -0.384 -0.239 N43 -0.626 -0.374 

C20 -0.554 -0.287 N44 -0.319 -0.207 

H21 0.353 0.250 O45 -0.521 -0.387 

H22 0.263 0.144 O46 -0.601 -0.374 

H23 0.208 0.108 O47 -0.490 -0.325 

H24 0.196 0.100    
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Figure 4. The calculated MEP molecular surface of the molecule  

 

 

 

Frontier Molecular Orbital Analysis 

 

Frontier molecular orbitals (FMO) designated kinetic stability, the electronic transitions, electric and optical 

properties (Fukui, 1982). HOMO-LUMO energy values of compound was calculated with three computational 

levels and these values are 4.33/4.35 eV for B3LYP 3-21G(d,p) and 6-311G (d,p) basis sets (figure 4). Using 

HOMO-LUMO energy gap electron affinity (A), global hardness (η), electronegativity (χ), chemical potential 

(µ), softness (S), ionization potential (I), chemical potential (Pi), electrophilic index(ω), Nucleophilic index (IP) 

for the compound was calculated and are showed in table 7. 

 

 
Figure 5. HOMO-LUMO energy of the molecule 6-311G(d,p) 
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Table 7.  The calculated electronic structure parameters of the molecule 

  

B3LYP 3-21G(d,p) B3LYP 6-311G(d,p) 

      Hatree  ev  Hatree  ev  

   LUMO  -0.0599 -1.62992 -0.06774 -1.84325 

   HOMO  -0.2191 -5.96186 -0.2278 -6.1986 

A  elektron ilgisi  0.0599 1.62992 0.06774 1.84325 

I  İyonlaşma potansiyeli  0.2191 5.96186 0.2278 6.1986 

ΔE  energy gap  0.1592 4.33194 0.16006 4.35534 

χ  electronegativity  0.1395 3.79589 0.14777 4.02093 

Pi  chemical potential  -0.1395 -3.79589 -0.14777 -4.02093 

ω  electrophilic index  0.000774518 0.02108 0.000873766 0.02378 

IP  Nucleophilic index  -0.0111042 -0.30215 -0.01182603 -0.32179 

S  molecular softness  12.5628 341.843 12.4953 340.006 

η  molecular hardness  0.0796 2.16597 0.08003 2.17767 

 

Table 8. The calculated dipole moments datas of the molecule 

 μx  μy  μz  μToplam  

3-21G 0.1418     1.0885     -0.0173 1.0979 

6-311G 0.5782     1.3859     0.1582   1.5100 

 

Table 9. The calculated total energy datas of the molecule 

Energy(a.u.)  B3lyp 3-21G  B3lyp 6-311G 

 -1212.1405 -1219.1562 

 

Table 10. The calculated thermodynamics parameters of the molecule 

Rotational temperatures (Kelvin) B3LYP/3-21G  B3LYP/6-311G  

A 0.02219      0.02099 

B 0.00307      0.00308 

C 0.00275 0.00288 

Rotational constants (GHZ)   

A 0.46236      0.43735 

B 0.06401      0.06409 

C 0.05740 0.05997 

Thermal Energies E(kcal/mol)   

Translational 0.889               0.889 

Rotational 0.889               0.889 

Vibrational 249.967              247.611 

Total 251.744              249.389 

Thermal Capacity CV(cal/mol-K)   

Translational 2.981              2.981 

Rotational 2.981              2.981 

Vibrational 85.689              87.156 

Total 91.651             93.118 

Entropy S(cal/mol-K)   

Translational 43.570 43.570 

Rotational 36.491 36.501 

Vibrational 

Total 

92.706 

172.767 

98.410 

178.482 

Zero-point correction (Hartree/Particle) 0.377112 0.372743 

Thermal correction to Energy 0.401180 0.397426 

Thermal correction to Enthalpy 0.402125 0.398370 

Thermal correction to Gibbs Free Energy 0.320037 0.313568 

Sum of electronic and zero-point Energies -1211.763415 -1218.783521 

Sum of electronic and thermal Energies -1211.739346 -1218.758837 

Sum of electronic and thermal Enthalpies 

Sum of electronic and thermal Free Energies 

-1211.738402 

-1211.820489 

-1218.757893 

-1218.842695 

Zero-point vibrational energy (Kcal/mol) 236.64133 233.89962 
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Thermodynamics Properties 

 

Thermodynamics parameters were calculated with (B3LYP) functional in the both two basis set of  DFT method 

at 298.150 K and under 1 atm pressure (Table 10). 

 

 

Conclusion 
 

In this work, spectroscopic, electronic and geometric parameters of molecule are calculated by B3LYP 

functional of DFT method with the 3-21G(d,p) and 6-311G (d,p) basis sets at the program package Gaussian 

G09W. FT-IR vibrational frequencies and spectrums were obtained. The FT-IR data was found positive. This 

result showed that the structure of the compound was stable. The chemical shifts in the calculations FT-IR and
 

1
H/

13
C-NMR vibrational frequencies are found to be compatible with the experimental data. Theoretical and 

experimental carbon chemical shifts ratios between according to R
2 

lineer a correlation was observed, but there 

is a slight deviation in the H-NMR correlation graph. The reason for this deviation is the N-H acidic proton 

(H21) in the molecule. Obtained spectroscopic parameters are compared with experimental data and with each 

other. In addition, the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 

(HOMO), bond angles, bond lengths, mulliken charges, ELUMO-EHOMO energy gap (ΔEg), electronic parameters, 

thermodynamics properties, dipole moments, total energy were calculated with different basis sets such as 3-21 

G(d,p)/ 6-311G(d,p) basis set. Result, obtained all data basis set were compared and these values were 

consistent with each other. The closest results to the experimental values are the results obtained with the 6-311 

G(d,p) base set. 
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Abstract: Schiff's bases are significant compound for organic chemistry. In the last year, computational 

properties of Schiff bases were examined on a computer. In this study, we investigated theoretical features of 2-

methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl] phenyl benzoate with B3LYP/6-

311G(d) basis set. All quantum chemical calculations were carried out using the Gaussian09W program package 

and the Gauss View molecular visualization program. The IR vibrational frequency values of the titled 

compound were calculated using B3LYP/6-311G(d) basis set. The vibrational spectral analysis was carried out 

using infrared spectroscopy in the range 4000-400 cm
-1

 for titled compound. The IR vibrational frequency 

values were defined using the veda4f software. The 
1
H-NMR and 

13
C-NMR spectral values of the titled 

compound were calculated utilizing the B3LYP/6-311G(d) basis set. To determine the 
1
H-NMR and 

13
C-NMR 

isotropic shift values, the gauge independent atomic orbital (GIAO) methodology was used. The UV-vis spectral 

calculations in the ethanol solvent of the titled compound were performed via the same basis set. TD-DFT 

computations in ethanol solvent were used to identify the UV-Vis spectral analyses. In addition, dipole 

moments, LUMO-HOMO, total energy, and electronic properties; ELUMO-EHOMO energy gap (ΔEg), 

electronegativity (χ), electron affinity (A), global hardness (η), softness (σ), ionization potential (I), 

thermodynamics properties; (thermal energies (E), thermal capacity (CV), entropy (S) were calculated.  

 

Keywords: Schiff base, Gaussian09W, GIAO, UV-vis, HOMO-LUMO  

 

 

Introduction 

 

Heterocyclic organic compound having three nitrogen atoms in the five-membered ring have been extensively 

studied for their applicability in various areas such as biological, chemical and pharmaceutical applications 

(Alkan et al., 2007; Aytac et al., 2009; Aktaş-Yokuş et al., 2017; Boy et al., 2021; Çiftçi et al., 2018; Gürsoy-

Kol et. al., 2010; Turhan-Irak et. al., 2019). There has recently been an increase in studies on heterocyclic 

organic compound in relation to corrosion inhibitors, optical sensors, theoretical, highly selective polymer 

membrane electrodes, highly thermal stability, modern technology (nonlinear optical materials), various 

coordination complexes, homogenous catalysis and biological probes (Bahçeci et al., 2016; Bahçeci et al., 2017; 

Beytur et al., 2019; Koç et al., 2019; Beytur et. al., 2021; Beytur, 2020; Uğurlu et. al., 2020). Also, several 

articles reporting the synthesis of some N-arylidenamino-4,5-dihydro-1H-1,2,4-triazol-5-one compounds and 

derivatives have been published (Yüksek et al., 2004; Turhan-Irak, 2017). 

 

In this paper, the optimized molecular structure, vibrational frequencies, spectroscopic parameters, atomic 

charges and frontier molecule orbitals (HOMO and LUMO) of the 2-methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-

1H-1,2,4-triazol-4-yl)-iminomethyl] phenyl benzoate have been calculated by using DFT/B3LYP method with 

6-311G(d) basis set. All quantum chemical calculations were carried out by using Gaussian 09W (Frisch et al., 

http://www.isres.org/
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2009; Wolinski et. al., 1990) program package and the GaussView molecular visualization program (Frisch, 

Nielson & Holder, 2003) (Figure 1). The molecular structure and vibrational calculations of the molecule were 

computed by using Becke-3-Lee Yang Parr (B3LYP) (Becke, 1993; Lee et al.,1998) density functional method 

with 6-311G(d) basis set in ground state. IR absorption frequencies of analyzed molecule were calculated by 

two methods. Then, they were compared with experimental data (Gürbüz et al., 2021), which are shown to be 

accurate. The assignments of fundamental vibrational modes of the title molecule were performed on the basis 

of total energy distribution (TED) analysis by using VEDA 4f program (Jamróz, 2004). Furthermore, molecular 

structure, HOMO and LUMO energy analysis, total energy, and electronic properties; ELUMO-EHOMO energy gap 

(ΔEg), electronegativity (χ), electron affinity (A), global hardness (η), softness (σ), ionization potential (I), 

thermodynamics properties; (thermal energies (E), thermal capacity (CV), entropy (S) were calculated. 

 

 
Figure 1. The optimized molecular structure (Gaussview Appearance) of 2-methoxy-6-[(3-methyl-5-oxo-4,5-

dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl]phenyl benzoate with DFT/B3LYP 6-311G(d) level. 

 

 

Method 
 

The molecular structure of the title compound in the ground state is computed by performing both the density 

functional theory (DFT) (Becke, 1993; Lee, 1998) at 6-311G(d) level. Density functionals for all studies 

reported in this paper have been in the following form 

 
VWN
CC

LYP
CC

B
XX

HF
X

LSDA
XXC EaEaEaEaEaE )1()1( 88

00 
 

 

where the energy terms are the Slater exchange, the Hartree-Fock exchange, Becke’s exchange functional 

correction, the gradient corrected correlation functional of Lee, Yang and Parr, and the local correlation 

functional of Vosko, Wilk and Nusair (Vosko et al., 1980). The theoretical geometric structure of the title 

compound is given in Figure 1. Molecular geometry is restricted and the optimized geometrical parameters of 

the title compound in this study are carried out by using Gaussian 09W program package (Frisch et al., 2009) 

and the visualization parts were done with GaussView program (Dennington et al., 2009) on personal computer 

employing 6-311G(d) basis set. Additionally, harmonic vibrational frequencies for the title compound are 

calculated with these selected methods and then scaled by 0.9516 and 0.9905, respectively (Avcı et. al., 2008) 

and these results were compared with the experimental data (Gürbüz et al., 2021). 

 

 

Results and Discussion 
 

Analysis of Vibrational Modes 

 

The number of potentially active fundamentals of non-linear molecule which have N atoms is equal to (3N-6) 

apart from three translational and three rotational degrees of freedom. The title molecule contains 42 atoms and  
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Table 1. The calculated frequencies values of the 2-methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-

4-yl)-iminomethyl] phenyl benzoate. 

Selected Vibrational Types Experimental Scaled DFT 

τ HNNC (50)  442 

τ HCCC (10), τ CCOC (23)  522 

δ OCN (12), δ CCO (12), δ COC (20)  563 

τ OCCC (35), τ CCCC (22)  592 

δ OCN (16), δ CCC (12)  639 

τ HCCC (14), τ ONNC (24)  688 

τ HCCN (21), τ ONNC (41) 712 719 

ν NC (16), CC (10), δ CNN (36)  762 

τ HCCC (30), τ ONNC (36), τ CCCC (11) 783 776 

δ OCO (15), δ COC (12), τ CCOC (11)  837 

ν OC (26), δ HCC (11), δ CCC (22)  1025 

ν NC (13), ν NN (52)  1060 

ν CC (17), ν OC (15), δ HCC (19)  1069 

δ HCC (11), τ HCCN (49),  τ HCCC (14)  1073 

ν NC (34), NN (17), δ OCN (12)  1182 

ν NN (10), δ NCN (14), δ CNN (11), τ HCCN (19)  1217 

ν CC (10), ν OC (17) 1259 1257 

ν NN (12), τ HCCN (21)  1301 

δ HCC (72), τ HCCN (13)  1333 

ν NC (15), δ HCN (14),  τ HCCN (33)   1355 

δ HNN (64), τ HCCN (12)  1377 

ν NC (14), δ HCN (11), τ HCCN (16)  1441 

τ HCOC (12), τ CCCC (12)  1458 

ν NC (47),  ν CC (13) 1592 1588 

ν NC (58) 1608 1600 

ν OC (75), ν NC (11) 1700 1739 

ν OC (87) 1744 1742 

ν CH (95)  2899 

ν CH (90)  2958 

ν CH (100)  3066 

ν CH (94)  3085 

ν CH (96)  3096 

ν NH (100) 3190 3549 

 

 
Figure 2. IR spectra simulated with DFT/B3LYP/6-311G(d) level of the 2-methoxy-6-[(3-methyl-5-oxo-4,5-

dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl]phenyl benzoate 
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120 normal vibration modes have C1 symmetry (Table 1). Experimentally (Gürbüz et al., 2021), the 

investigated 2-methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl] phenyl benzoate, 

as expected the IR spectra data, the N-H stretching vibration at 3190 cm
-1

 and two C=O peak at 1744 and 1700 

cm
-1

 range was observed. In addition, C=N stretching vibration at 1608 and 1592 cm
-1

 and COO stretching 

vibrations at 1259 cm
-1

 are occurred. Theoretically and experimentally (Gürbüz et al., 2021), the calculated 

vibrational frequencies for the compound are summarized in Table 1. Furthermore, the experimental IR (Gürbüz 

et al., 2021) and simulated spectra by using B3LYP/6-311G(d) levels of the titled compound under investigation 

are given in Figure 2.  

 

 

NMR Spectral Analysis 

 

The isotropic chemical shift analysis allows us to identify relative ionic species and to calculate reliable 

magnetic properties in nuclear magnetic resonance (NMR) spectroscopy which provide the accurate predictions 

of molecular geometries (Wade, 2006; Rani, et al., 2010; Subramanian et al., 2010). For this purpose, the 

optimized molecular geometry of the 2-methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-

iminomethyl] phenyl benzoate was obtained by using B3LYP method with 6-311G(d) basis level in DMSO 

solvent. By considering the optimized molecular geometry of the titled compound, the 
1
H and 

13
C NMR 

chemical shift values were calculated at the same level by using Gauge-Independent Atomic Orbital method 

(Table 2). Theoretically and experimentally values (Gürbüz et al., 2021) were plotted according to δ exp=a. δ 

calc.+ b, Eq. a and b constants regression coefficients with a standard error values were found using the 

SigmaPlot program. The correlation graphics are given Figure 3 and the linear correlation data of the 2-

methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl] phenyl benzoate by considering 

the results are given in Table 2. Therefore, the (R
2
) values (DFT) for 

1
H NMR (DMSO) and 

13
C NMR (DMSO) 

chemical shifts in different solvents has been found as 0.8252 and 0.9971 for the compound (Figure 3). In our 

study, the 
1
H-NMR spectrum of the titled compound was observed belong to H19 proton peak at 11.76 ppm 

because acidic show feature (Yüksek, 1992; Yüksek et al., 2005; Yüksek et al., 2006, Gürbüz et al., 2021). H20 

protons were observed at 9.90 ppm. Theoretically, DMSO solvent these values for the mentioned proton atoms 

were found as 6.61 and 9.73 ppm, respectively. In Table 2, the biggest 
13

C chemical shift value of the molecule 

are observed at 164.28 ppm for the C11 carbon atom double bounded to the oxygen in carbonyl group 

(Anderson et al., 2004). DMSO solvent the calculated ppm values (DFT) for C11 carbon atom were 

theoretically found as 168.64 ppm. Additionally, due to the electronegative property of nitrogen atoms in 

molecule, the experimental NMR chemical shift values for C1 and C2 carbon atom the bounded to nitrogen 

atoms in 1,2,4-triazol ring and C3 carbon atom with sp
2
 hybrid are observed at 148.84, 152.03, and 144.62 ppm, 

respectively.  

 

Table 2. The calculated and experimental 
1
H

 
and 

13
C NMR isotropic chemical shifts of the 2-methoxy-6-[(3-

methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl] phenyl benzoate 

No Experim. 
DFT/6311(d)  

DMSO 

Diff./ 

DMSO 
No Experim. 

DFT/6311(d)  

DMSO 

Diff./ 

DMSO 

1C 148.84 150.27 -1.43 19H 11.76 6.61 5.15 

2C 152.03 153.29 -1.26 20H 9.90 9.73 0.17 

3C 11.32 12.43 -1.11 21H 7.36 6.63 0.73 

4C 144.62 147.85 -3.23 22H 7.43 7.15 0.28 

5C 128.65 132.85 -4.20 23H 7.65 7.52 0.13 

6C 139.49 146.77 -7.28 24H 8.17 8.10 0.07 

7C 151.63 157.65 -6.02 25H 7.57 7.40 0.17 

8C 115.84 115.76 0.08 26H 7.79 7.56 0.23 

9C 127.64 130.06 -2.42 27H 7.6 7.4 0.20 

10C 118.74 118.08 0.66 28H 8.17 7.88 0.29 

11C 164.28 168.64 -4.36 29H 3.81 3.44 0.37 

12C 127.67 131.79 -4.12 30H 3.81 3.29 0.52 

13C 130.42 134.05 -3.63 31H 3.81 3.66 0.15 

14C 129.56 131.98 -2.42 32H 2.11 2.05 0.06 

15C 134.76 138.43 -3.67 33H 2.11 2.1 0.01 

16C 129.56 131.70 -2.14 34H 2.11 1.7 0.41 

17C 130.42 134.52 -4.10     

18C 56.71 54.02 2.69     
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Figure 3. The correlation graphics for 

13
C-NMR (DMSO) (a) and 

1
H-NMR (DMSO) (b), chemical shifts of the 

2-methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl]phenyl benzoate. 

 

 

UV–visible Spectroscopy 

 

The title molecule allow strong π→π* and σ→σ* transitions in UV–vis region with high extinction coefficients 

(Silverstein, et al., 1991). The absorption wavelengths (λ) excitation energies, and oscillator strengths (f) of UV–

vis absorption spectroscopy of the titled  compound has been calculated in ethanol solvents by using TD–

DFT/B3LYP method (Figure 4 and Table 3). 

 

 
Figure 4. Simulated UV-Visible spectra with DFT/B3LYP/6-311G(d) level of the 2-methoxy-6-[(3-methyl-5-

oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl]phenyl benzoate. 

 

Table 3. The experimental and calculated absorption wavelength (λ), excitation energies and oscillator strengths 

(f) the -methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl] phenyl benzoate. 

λ (nm)Exp/B3LYP 
Uyarma Enerjisi (eV) 

B3LYP 
f (osilatör gücü) B3LYP 

296/320.76 3.8653 0.2186 

256/313.82 3.9208 0.1456 

214/300.66 4.1237 0.0127 

 

 

Frontier Molecular Orbital Analysis 

 

The energies of two important molecular orbitals of the title molecule; the second highest and highest occupied 

MO’s (HOMO), the lowest and the second lowest unoccupied MO’s (LUMO) (Figure 5) were calculated by 

using DFT/B3LYP method with 6-311G(d) level and are presented in Table 4. The energy gap of the title 

molecule was calculated at DFT/B3LYP level, which reveals the chemical reactivity and proves the occurrence  

(b) (a) 
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ELUMO (B3LYP): -2.1042 eV ELUMO (B3LYP): -6.0168 eV 

Figure 5. The calculated HOMO-LUMO energies of the molecule according to DFT/B3LYP/6-31G(d) level 

 

Table 4. The calculated HOMO-LUMO energies of the 2-methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-

triazol-4-yl)-iminomethyl]phenyl benzoate according to DFT/B3LYP/6-311G(d) levels 

Electronic properties B3LYP Electronic properties B3LYP 

I; Ionization Potential (eV) 6.1159 χ; Electronegativity (eV) 3.9307 

A; Electron Affinity (eV) 1.7456 Total Energy (a.u.) -1215.7066 

η; Chemical Hardness (eV) 4.3703 ∆E; Energy Gap (eV) 4.3703 

S; Molecular Softness (eV) 2.1852 Pi;  chemical potential -3.9307 

 

Table 5. The thermodynamic properties of the -methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-

iminomethyl] phenyl benzoate 

Rotational temperatures (Kelvin) B3LYP 

A 

B 

C 

0.0117 

0.0067 

0.0045 

Rotational constants (GHZ)  

A 

B 

C 

0.2435 

0.1396 

0.0937 

Zero-point vibrational energy (Kcal/Mol) 201.6304 

Thermal correction to Energy 0.3444 

Thermal correction to Enthalpy 0.3453 

Thermal correction to Gibbs Free Energy 0.2656 

Sum of electronic and zero-point Energies -1215.3853 

Sum of electronic and thermal Energies -1215.3622 

Sum of electronic and thermal Enthalpies -1215.3613 

Sum of electronic and thermal Free Energies -1215.4410 

Thermal Energies E(Kcal/mol)  

Translational 

Rotational 

Vibrational 

Total 

0.889 

0.889 

214.329 

216.106 

Thermal Capacity CV(Cal/Mol-Kelvin  

Translational 

Rotational 

Vibrational 

Total 

2.981 

2.981 

80.719 

86.680 

Entropy S (Cal/Mol-Kelvin)  

Translational 

Rotational 

Vibrational 

Total 

43.470 

35.866 

88.472 

167.808 
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of eventual charge transfer. The HOMO is located almost over the carbon atoms, oxygen atoms and also slightly 

delocalized in hydrogen atom and the LUMO is mainly delocalized in carbon atoms of benzene ring. The energy 

gap (energy difference between HOMO and LUMO orbital) is a critical parameter in determining molecular 

electrical transport properties (Fukui, 1982). 

 

 

Conclusion 
 

In this paper, the structure of the -methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-iminomethyl] 

phenyl benzoate is characterized by using FT-IR, 
1
H, 

13
C NMR and Uv-Vis spectroscopic methods. The 

molecular structures, vibrational frequencies, 
1
H and 

13
C NMR chemicals shifts, UV–vis spectroscopies, HOMO 

and LUMO analyses and atomic charges of -methoxy-6-[(3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-4-yl)-

iminomethyl] phenyl benzoate obtained have been calculated by using DFT/B3LYP method. By considering the 

results of experimental works it can be easily stated that the 
1
H

 
and 

13
C NMR chemical shifts, and vibrational 

frequencies spectroscopic parameters obtained theoretically are in a very good agreement with the experimental 

data. Also, the electronic structure of titled compound is determined electronic structure identifiers such as the 

Energy of the Highest Occupied Molecular Orbital, Energy of the Lowest Unoccupied Molecular Orbital, 

molecular hardness, chemical softness, electronegativity, chemical potential, electrophilicity index, 

nucleophilicity index and dipole moment. Finally, in this study, the thermodynamic properties of the compound 

were calculated theoretically.  
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Abstract: In this study, the geometry optimization of Chalcone (E)-3-(Furan-2-yl)-1-Phenylprop-2-en-1-one 

molecule was performed at Density Functional Theory (DFT) with Becke-3-Lee-Yang-Parr (B3LYP) the hybrid 

functional using the 6-311++G(d,p) basis set in the gas phase. The highest occupied molecular orbital (HOMO) 

energy, the lowest unoccupied molecular orbital (LUMO) energy, the polarizability (α), and hyperpolarizability 

(β) values of title molecule were calculated DFT/B3LYP/6-311++G(d,p) method in the ground sate. The 
1
H and 

13
C NMR spectroscopy values of the molecule were calculated at DFT/B3LYP method using dıfferent basis sets 

such as 6-31G, 6-31+G, 6-31G(d) and 6-311+(2d,p) and the calculated 
1
H and 

13
C NMR values were compared 

with the experimental values in the literature. The equilibrium state (ground state) dipole moment values of the 

molecule were calculated as 3.33 Debye by B3LYP/6-311++ G(d,p) method. The electronic energy, dipole 

moment, polarizability and hyperpolarizability of the title molecule are analyzed and reported. The calculated 

geometric parameters (bond lengths and bond-dihedral angles) of the molecule were compared with the 

experimental values in the literature and they were found to be in good agreement The approximate geometry of 

the molecules in three dimensions was drawn in the GaussView 5.0 molecular imaging program, and all 

theoretical calculations were used with the Gaussian 09W package program.  

 

Keywords: Chalcone (E)-3-(Furan-2-yl)-1-Phenylprop-2-en-1-one, Dipole moment, HOMO, LUMO, 

Polarizability 

 

 

Introduction 

 

Chalcones are found in various types of plants such as vegetables, fruits, tea and soy, and consist of two 

aromatic rings are linked by a three carbon α, β-unsaturated carbonyl system. Chalcones possess many 

biological activities such as antidiabetic (Hsieh et al. 2012; Maly et al. 2006), antiviral (de Campos-Buzzi et al. 

2006; Kozlowski et al. 2007), antitumor (Kumar et al. 2003), antibacterial (Nielsen et al. 2004;Farooq et al. 

2020), anti-inflammatory (Herencia et al. 1998) antifungal (Valla et al. 2006),as well as non-biological 

applications in solar dyes, chemosensors (Hu et al. 2013), photo-conductors (Girgis et al. 2018), and 

optoelectronic devices (Xiao et al. 2013).The these compounds are an intermediate for the synthesis of divers 

heterocyclic compounds like isoxazole (Kaur et al. 2013), pyrazolhine(Reddy et al. 2016), thiazine (Badshah et 

al. 2016), indazole  pyrimidine  valuable in pharmaceutical industries. Crystal structure of Chalcone (E)-3-

(Furan-2-Yl)-1-Phenylprop-2-en-1-one molecule (1) were determined experimentally using X-ray structure 

analysis and spectroscopic methods (Vázquez-Vuelvas et al., 2015) but molecular properties such as electronic 

energy, non-linear optic of title molecule have not been determined. 

 

In this work, molecular structure, dipole moment, polarizability, first static hyper polarizability, the electronic 

structure and HOMO-LUMO energies of above-mentioned molecule have been studied. The calculated 

geometric parameters (bond lengths and bond-dihedral angles) of the molecule were compared with the 

http://www.isres.org/
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experimental values in the literature and they were found to be in good agreement 
1
H NMR and 

13
C NMR 

chemical shifts calculations have been performed. Also, the energy band gap of Chalcone (E)-3-(Furan-2-Yl)-1-

Phenylprop-2-en-1-one molecule is calculated by using the highest occupied molecular orbital (HOMO) energy, 

the lowest unoccupied molecular orbital (LUMO) energy. The molecular structure using numbering scheme of 

the compound (1) is given in Figure 1  

 

 
 

Figure 1. Molecular structure of Chalcone (E)-3-(Furan-2-Yl)-1-Phenylprop-2-en-1-one molecule numbering 

scheme 

 

 

Method 

 

The quantum mechanics calculations on the isolated of Chalcone (E)-3-(Furan-2-yl)-1-Phenylprop-2-en-1-one 

molecule were performed by the aid of Gaussian 09W program package and Gauss view 5.0 molecular 

visualization programs (Frisch et al., 2010; Dennington et al., 2009) in the gas phase. The geometric parameters 

of 3-bromo-4-(2-pyridyl) thiophene molecule in the equilibrium state were optimized at DFT with Becke’s three 

parameter hybrid functional (B3) (Becke, 1988) and combined with gradient corrected correlation functional of 

Lee–Yang–Parr (LYP) (Lee et al., 1988; Becke, 1993) and employing 6-311++G (d,p) basis set (Francl et al., 

1982; Rassolov et al., 2001). After optimization, at optimized structures of the title compound obtained 

B3LYP/6-311++G (d,p) level of theory, dipole moment (μ), polarizability (α), hyperpolarizability (β) based on 

finite field approach and energy differences of ELUMO –EHOMO were calculated in the same as level of theory. 

The 
1
H and 

13
C NMR chemical shifts were calculated by GIAO approach by using B3LYP level of theory with 

different basis sets.  

 

 

Results and Discussion 
 

Firstly, the geometric parameters of the title compound in the ground state were optimized at DFT-B3LYP level 

of theory using 6-311++G (d, p) as basis set. The optimized geometry of the title molecule performed at 

B3LYP/6-311G++ (d, p) level with atoms numbering is shown Figure 1. The optimized geometry and 

Molecular electrostatic potential (MEP) surface values of title molecule obtained B3LYP/6-311++G (d. p) level 

are presented Figure 2 (a) and (b) 

 

 
Figure 2. (a)The optimized geometry, (b) Molecular electrostatic (MEP) potential surface (PES) of Chalcone 

(E)-3-(Furan-2-Yl)-1-Phenylprop-2-en-1-one molecule. 
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The calculated values of the electronic energy, dipole moment, polarizability, hyperpolarizability, using the 

highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular orbital (LUMO) energy 

and energy gap (ΔEg) at the ground-state equilibrium geometry of studied molecule are listed in Table 1. As 

seen from Table 1, the equilibrium state (ground state) dipole moment values of the molecule were calculated as 

3.33 Debye by B3LYP/6-311++ G(d,p) method. The energy band gap was obtained as 3,83 eV by using HOMO 

and LUMO energy.  

 

Table 1. The electronic, HOMO, LUMO energy, dipole moment, polarizability, hyperpolarizability, and energy 

gap (ΔEg) of Chalcone (E)-3-(Furan-2-Yl)-1-Phenylprop-2-en-1-one molecule 

DFT/B3LYP/6-311++G (d,p) 

Electronic Energy (a.u) μ (D) α (a.u) β(a.u) EHOMO (a.u) ELUMO (a.u) ΔΕg(eV) 

-651.993113415 3.33 183,58 2289,05 -0.232847 -0.092067 3,830 

 

The X-ray crystal structures for studied molecule is available in the literature and (Vázquez-Vuelvas et al., 

2015) and the calculated parameter studied molecule of both at the B3LYP/6-311++G (d, p) method in the 

ground state are tabulated in the Table 2. and findings here. The polarizability, hyperpolarizability of title 

molecule are calculated as 183,58 a.u and 2289,05 a.u, respectively and studied molecule was found to have a 

high hyperpolarizability value. 

 

Table 2. Selected structural parameters of Chalcone (E)-3-(Furan-2-Yl)-1-Phenylprop-2-en-1-one molecule 

 Bond length (Å)  Bond angle (˚) 
Atoms             DFT Exp

a
.  Atoms      DFT Exp

a
. 

O1—C13  1.3568 1.3627(17) C2-C1-C7 118.77 118.43 (11) 
O1—C10 1.3739 1.3628(15) C6-C1-C7 123.55 122.76 (12) 
C1—C2 1.4028 1.3855 (19) O2-C7-C8  121.14 120.74 (12)  

C1—C6 1.4017 1.3857 (18) O2-C7-C1 119.87 119.78 (12)  
C1—C7 1.5032 1.4882 (17) C8-C7-C1  118.98 119.44 (11) 

O2—C7 1.2256 1.2218 (15) C8-C9-C10 126.31  
C7—C8 1.4801 1.4664 (18) C8-C9-H9 119.96 116,30 

C9—C8  1.3485 1.3308 (17) C10-C9-H9 117.96 116,30 

C9—C10 1.4305 1.4236 (18) C9-C8-C7 120.16 121.16 (12)  
C10—C11 1.3740 1.3468 (18) C9-C8-H8 119.86 119,40 

C11—C12 1.4247 1.407 (2)  C7-C8-H8 119.96 119,40 
C6—C5  1.3934 1.3840 (19) C11-C10-C9 131.60 131.84 (12)  

C12—C13 1.3625 1.327 (2) O1-C10-C9 119.35 118.76 (11)  

C2—C3 1.3891 1.377 (2) C10-C11-C12 106.91 107.32 (12) 
C5—C4 1.3931 1.364 (2) C5-C6-C1  120.53 120.15 (14) 

C4—C3 1.3963 1.366 (2    
Dihedral angle (˚) 

C2-C1-C7-O2 10.01  19.4 (2) C9-C10-C11-C12 -179.94 -176.65 (14) 
C6-C1-C7-O2 -169.05  -159.66 (14) C6-C5-C4-C3 -0.43 -0.1 (2) 

C2-C1-C7-C8 -169.00  -158.15 (13) C5-C4-C3-C2 -0.40  -0.7 (3) 

C6-C1-C7-C8 11.00  22.74 (19) C10-C11-C12-

C13 

0.01 -0.29 (17) 
C10-C9-C8-

C7 

-179.21  -176.31 (13)  C1-C2-C3-C4 0.50 0.7 (3 

O2-C7-C8-C9 2.77  -5.4 (2)  C8-C9-C10-O1  0.02 -3.2 (2)  
C1-C7-C8-C9 -177.84  172.14 (12) C11-C12-C13-O1 -0.02 -0.03 (18) 

C6-C1-C2-C3 -0.49  0.0 (2) C13-O1-C10-C11 -0.02 -0.50 (16) 

C7-C1-C2-C3  -179.59 -179.11 (14) C13-O1-C10-C9  179.94 177.07 (12) 
C2-C1-C6-C5 0.03 -0.7 (2) C8-C9-C10-C11  179.96 173.72 (14) 

C7-C1-C6-C5 179.07  178.37 (13) O1-C10-C11-C12 0.01 0.49 (16) 
C1-C6-C5-C4 0.43  0.8 (2) C10-O1-C13-C12  0.02 0.33 (17) 

(
a
ref Vázquez-Vuelvas et al., 2015) 

 

 
1
H and 

13
C NMR Chemical Shift 

 

The 1H NMR and 13C NMR chemical shifts of Chalcone (E)-3-(Furan-2-Yl)-1-Phenylprop-2-en-1-one 

molecule are calculated using the gauge-independent atomic orbital method (GIAO method) and the hybrid 

three-parameter B3LYP density functional in combination with different basis sets such as 6-31G, 6-31+G and 

6-31+G(d)   basis sets in gas phase and in solvents (DMSO). The calculated 
1
H and 

13
C chemical shielding 
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values calculated B3LYP/6-31G, B3LYP/6-31+G and B3LYP/6-31+G(d) are given in the Table 3. Also, the 

value 
13

C NMR chemical shifts are carried regression analyses and the results were indicated linear correlation. 

The calculated R
2
 (6-31+G(d)) have been 0.9906 (gas phase) and 0.9962 (DMSO) for 13C-NMR chemical shifts 

values. These results show that there is a good agreement between the experimental values and the theoretical 

values. 

 

Table 3. The calculated 1H-NMR and 13C-NMR isotropic chemical shifts 

(ppm) for title molecule. 

DFT/B3LYP 

No Exp
a
. 6-31G 

6-31+G 

6-31+G 

6-31G 

6-31G+(d) 

  GAS DMSO GAS DMSO GAS DMSO 

C7 189.95 181,48 183,24 183,54 185,92 178,64 181,17 

C10 151.69 150,29 149,37 154,40 153,60 149,66 148,94 

C13 144.98 140,91 143,81 143,39 146,80 139,50 143,16 

C1 138.16 135,05 135,03 138,01 138,21 134,50 134,65 

C4 132.82 127,43 129,44 129,08 131,64 126,74 129,32 

C9 130.72 125,79 127,58 127,93 130,04 126,00 127,97 

C2 128.47 125,67 125,19 127,66 127,40 125,92 125,26 

C6 128.47 124,42 125,18 126,24 127,26 123,71 125,23 

C3 128.47 123,55 124,91 125,17 127,11 123,21 124,90 

C5 128.47 123,27 124,80 125,07 126,99 122,57 124,70 

C8 119.30 115,41 118,99 117,70 120,57 113,78 118,01 

C11 116.33 115,34 115,02 116,26 117,57 113,27 113,09 

C12 112.74 111,08 112,67 111,62 113,67 108,01 109,91 

R
2
  0.9915 0.9958 0.9885 0.9939 0.9906 0.9962 

H1 8.04 8,51 8,36 8,67 8,54 8,45 8,33 

H7 8.04 7,89 7,92 8,03 8,10 7,69 7,75 

H6 7.61 7,85 7,91 7,82 7,92 7,37 7,48 

H10 7.58 7,82 8,06 7,98 8,25 7,96 8,22 

H5 7.52 7,57 7,84 7,72 8,02 7,46 7,75 

H2 7.52 7,51 7,69 7,54 7,74 7,45 7,62 

H3 7.49 7,45 7,72 7,63 7,92 7,51 7,78 

H4 7.47 7,44 7,69 7,55 7,82 7,43 7,68 

H8 6.72 6,65 7,00 6,82 7,20 6,56 6,92 

H9 6.51 6,51 6,79 6,66 6,96 6,41 6,66 

 

 

Conclusion  
 

In this work, the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 

(HOMO), bond lengths, electronic parameters, dipole moments and total energy values of Chalcone (E)-3-

(Furan-2-Yl)-1-Phenylprop-2-en-1-one molecule were calculated by DFTB3LYP level with the 6-311++G(d,p) 

basis set. The 1H NMR and 13C NMR chemical shifts of Chalcone (E)-3-(Furan-2-Yl)-1-Phenylprop-2-en-1-

one molecule are calculated using the gauge-independent atomic orbital method (GIAO method) and the hybrid 

three-parameter B3LYP density functional in combination with different basis sets such as 6-31G, 6-31+G and 

6-31+G(d)   basis sets in gas phase and in solvents (DMSO). As seen from Table 1, the value 
13

C NMR 

chemical shifts are carried regression analyses and the results were indicated linear correlation. The calculated 

R
2
 (6-31+G(d)) have been 0.9906 (gas phase) and 0.9962 (DMSO) for 

13
C-NMR chemical shifts values. 
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Abstract: All theoretical calculations of 3-n-propyl-4-[2-(4-methoxybenzoxy)-3-methoxy] benzylidenamino-

4,5-dihydro-1H-1,2,4-triazol-5-ones has been performed with B3LYP/B3PW91 functions of DFT method using 

the 6-311G(d,p) basis set (Frisch et al., 2009; Wolinski et. al., 1990). Firstly, optimized to achieve the most 

stable form of the molecule. Then, the veda4f program was used in defining Infrared (IR) data (Jamróz, 2004). 

The standard error values were found via the Sigma plot with regression coefficient of a and b constants. The 

vibrational frequency values of this molecule have been calculated by using 6-311G(d,p) basis set with DFT 

(B3LYP/ B3PW91) methods. Then, these values are scaled with appropriate scala factors (Merrick et al., 2007). 
1
H-NMR and 

13
C-NMR spectral values according to GIAO method (Wolinski et al., 1990) was calculated using 

Gaussian G09W program package in DMSO solvent and in gas phase. Theoretical spectral values of molecule 

were compared with experimental values. Experimental data obtained from the literature (Alkan et al., 2014). In 

addition, electronic properties (electronegativity (χ), global hardness (η), electron affinity (A), ionization 

potential (I), softness (σ), thermodynamics properties (heat capacity CV
0
, entropy S

0
 and enthalpy H

0
), HOMO-

LUMO energy, ELUMO-EHOMO energy gap (ΔEg), geometric properties (bond angles, bond lengths), dipole 

moments, Mulliken atomic charges, total energy of the molecule were calculated. Finally, the molecular 

surfaces such as the electron density, molecular electrostatic potential (MEP), contour and the total density maps 

were designated.  

 

Keywords: B3LYP, B3PW91, DFT, HOMO-LUMO, MEP. 

 

 

Introduction 

 

The 1,2,4-triazole and its derivatives are important heterocyclic compounds. They are also present in the 

structure of Schiff bases, which contain a (-C=N-) azomethine group in their structure and, are generally 

synthesized by the condensation of primary amines with an aldehyde or ketone. The Schiff bases containing 

1,2,4-triazole are very active in terms of showing biological activity. In particular, they show antitubercular 

(Amim, et al., 2017), antibacterial (Kotan, 2021) , antitumor (Demirbaş, et al., 2002),  antioxidant (Yüksek, et 

al., 2011; Manap, et al., 2020), analgesic (Rana, et al., 2012), antifungal (Dharmaraj, et al., 2001), anti-

inflammatory (Shukla, et al., 2014) and anticancer properties (Uddin, et al., 2020). The Schiff bases are 

important molecules in the pharmaceutical and medicinal fields. In recent years, many theoretical studies for 

Schiff bases containing 1,2,4-triazole have been carried out (Kotan, et al., 2020; Yüksek, et al., 2017; Kotan, et 

http://www.isres.org/
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al., 2021; Beytur, et al., 2021). Gaussian 09W program was used for quantum chemical calculations. First, the 

optimization process was carried out to reach the most stable state of the molecule, then the atoms of the 

molecule were numbered. From this optimized structure, all electronic, thermodynamic, spectroscopic and 

geometric theoretical values of the molecule were calculated (Frisch et al., 2009). IR vibration frequency values 

were calculated with the Veda 4f program (Jamróz., 2004) and the vibration frequency data were multipled with 

definite scala factor (Merrich, et al., 2007) The 
1
H-

13
C/ NMR isotropic shift values were calculated by the GIAO 

method using the Gaussian G09 package program (Wolinski et al., 1990). These values were compared with the 

experimental values (Alkan, et al., 2002) and the difference values were found, and these values were δ 

exp=a+b. δ calc. plotted according to the equation. The bond length, HOMO-LUMO energy, total energy, bond 

angle, mulliken atomic charges, dipole moment of the molecule were calculated. In addition, MEP surface maps 

were determined. 

 

 

Method 
 

The 1,2,4-triazole and its derivatives are important heterocyclic compounds. They are also present in the 

structure of Schiff bases, which contain a (-C=N-) azomethine group in their structure and, are generally 

synthesized by the condensation of primary amines with an aldehyde or ketone. The Schiff bases containing 

1,2,4-triazole are very active in terms of showing biological activity. In particular, they show antitubercular 

(Amim, et al., 2017), antibacterial (Kotan, 2021) , antitumor (Demirbaş, et al., 2002),  antioxidant (Yüksek, et 

al., 2011; Manap, et al., 2020), analgesic (Rana, et al., 2012), antifungal (Dharmaraj, et al., 2001), anti-

inflammatory (Shukla, et al., 2014) and anticancer properties (Uddin, et al., 2020). The Schiff bases are 

important molecules in the pharmaceutical and medicinal fields. In recent years, many theoretical studies for 

Schiff bases containing 1,2,4-triazole have been carried out (Kotan, et al., 2020; Yüksek, et al., 2017; Kotan, et 

al., 2021; Beytur, et al., 2021). Gaussian G09W program was used for quantum chemical calculations. First, the 

optimization process was carried out to reach the most stable state of the molecule, then the atoms of the 

molecule were numbered. From this optimized structure, all electronic, thermodynamic, spectroscopic and 

geometric theoretical values of the molecule were calculated (Frisch et al., 2009). IR vibration frequency values 

were calculated with the Veda 4f program (Jamróz., 2004) and the vibration frequency data were multipled with 

definite scala factor (Merrich, et al., 2007) The 
1
H-

13
C/ NMR isotropic shift values were calculated by the GIAO 

method using the Gaussian G09 package program (Wolinski et al., 1990). These values were compared with the 

experimental values (Alkan, et al., 2014) and the difference values were found, and these values were δ 

exp=a+b. δ calc. plotted according to the equation. The bond length, HOMO-LUMO energy, total energy, bond 

angle, Mulliken atomic charges, dipole moment of the molecule was calculated. In addition, MEP surface maps 

were determined. 

 

 

Results and Discussion 
 

Theoretical Study 
 

 
Figure 1. The minimized energy optimized structure of the molecule.   
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Table 1. 
1
H/ 

13
C-NMR(DMSO) isotropic chemical shifts (δ/ppm)  

No Experimental B3LYP/Vacuum Difference B3PW91/Vacuum Difference 

C1 147.28 152.53 -5.25 146.91 0.37 

C2 152.13 152.32 -0.19 147.29 4.84 

C3 148.89 149.45 -0.56 145.22 3.67 

C4 127.82 133.94 -6.12 129.05 -1.23 

C5 118.58 118.90 -0.32 114.92 3.66 

C6 127.42 128.80 -1.38 124.76 2.66 

C7 115.65 113.57 2.08 109.72 5.93 

C8 151.74 157.90 -6.16 152.42 -0.68 

C9 139.71 148.41 -8.7 142.98 -3.27 

C10 164.42 166.49 -2.07 161.58 2.84 

C11 120.7 125.40 -4.7 120.48 0.22 

C12 132.67 138.09 -5.42 134.19 -1.52 

C13 114.82 109.64 5.18 105.91 8.91 

C14 163.93 169.31 -5.38 163.6 0.33 

C15 114.82 120.49 -5.67 116.52 -1.7 

C16 132.67 136.93 -4.26 132.79 -0.12 

C17 56.6 54.25 2.35 50.36 6.24 

C18 56.1 54.25 1.85 50.69 5.41 

C19 26.97 31.53 -4.56 27 -0.03 

C20 19.17 25.35 -6.18 20.66 -1.49 

C21 13.8 14.62 -0.82 11.18 2.62 

H22 11.8 7.41 4.39 7.5 4.3 

H23 9.9 11.19 -1.29 11.38 -1.48 

H24 7.55 8.57 -1.02 8.76 -1.21 

H25 7.39 7.92 -0.53 8.09 -0.7 

H26 7.31 7.36 -0.05 7.54 -0.23 

H27 8.1 9.00 -0.9 9.18 -1.08 

H28 7.13 7.33 -0.2 7.52 -0.39 

H29 7.13 7.76 -0.63 7.92 -0.79 

H30 8.1 9.11 -1.01 9.28 -1.18 

H31 3.8 4.58 -0.78 4.3 -0.5 

H32 3.8 4.24 -0.44 4.21 -0.41 

H33 3.8 4.14 -0.34 4.66 -0.86 

H34 3.88 4.28 -0.4 4.35 -0.47 

H35 3.88 4.26 -0.38 4.77 -0.89 

H36 3.88 4.69 -0.81 4.33 -0.45 

H37 2.48 2.95 -0.47 3.07 -0.59 

H38 2.48 3.47 -0.99 3.57 -1.09 

H39 1.6 2.03 -0.43 2.12 -0.52 

H40 1.6 2.68 -1.08 2.77 -1.17 

H41 0.88 1.59 -0.71 1.66 -0.78 

H42 0.88 1.68 -0.8 1.76 -0.88 

H43 0.88 1.87 -0.99 1.94 -1.06 

 

 

The Relation between R Values of the Compound 

 

There is such a relationship between R
2
-values of the compound.  B3LYP(vacuum): 

1
H: 0.8749, 

13
C: 0.9945; 

B3PW91(vacuum)6-311G(d,p) 
1
H: 0.8722,

13
C: 0.9955. These values for compound were seen in the table 2. 

Theoretical and experimental carbon/proton chemical shifts ratios between according to R
2
 lineer a correlation 

was observed (Figure 2). 

 

Table 2. The correlation data for chemical shifts 

 
13

C-NMR/ R
2
 

1
H-NMR /R

2
 

B3LYP/ Vakum 0.9945 0.8749 

B3PW91/ Vakum 0.9955 0.8722 
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Figure 2. The experimental and theoretical 

13
C/ 

1
H-NMR correlation graphs for DFT/(B3LYP, B3PW91) 

methods chemical shifts 

 

 

The Infrared Analysis 

 

The IR vibration frequencies were calculated theoretically with the Veda 4f program and the scaled values were 

obtained by multiplying 0.915 for B3LYP/ 6-311G(d,p) and 0.9905 for B3PW91/ 6-311G(d,p).The using these 

values were created theoretical IR spectrum graphs and were listed in Table 3.  

 

Table 3. Significant vibrational frequencies (cm
-1

) 

vibrations Scaled B3LYP  
Scaled 

B3PW91  
Experimental IR  

ν (NH)  3503 3664 3198 

ν (C=O)  1720,1718 1812, 1808 1735, 1708 

ν (C=N)  1580 1611 1603 

ν (COO)  1255 1245 1253 
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Figure 3. Experimental and theoretical IR spectrums simulated with DFT/(B3LYP, B3PW91) 

 

 

Molecular Geometry  

 

To calculate these two structure parameters, 6-311 G(d,p) basis set and B3LYP and B3PW91 functions are used. 

According to this calculations result, the highest bond length is between C(19)-C(20) atoms that this values are 

1.54/1.54 Å for B3LYP/ B3PW91 6-311G(d,p). Besides, respectively, the bond lengths in the triazole ring N44-

N45, N46-N47, N44-C1, C2-O48, C2-N46, N46-C1, N47=C3 are calculated 1.38/1.37; 1.37/1.36; 1.29/1.29; 

1.21/1.21; 1.42/ 1.42; 1.28/ 1.28 Å for B3LYP 6-311G(d,p) basis sets (table 4).  

 

Table 4. The calculated bond lengths with B3LYP/B3PW91 6-311G(d,p)  

Bağ Açıları B3LYP B3PW91 Bağ Açıları B3LYP B3PW91 

N(44)-C(1)-N(46) 111.27 111.18 H(26)-C(7)-C(8) 120.41 120.35 

N(44)-N(45)-H(22) 120.48 120.46 C(7)-C(8)-O(49) 125.37 125.35 

H(22)-N(45)-C(2) 125.07 124.95 O(49)-C(17)-H(31) 111.48 111.50 

N(45)-C(2)-O(48) 129.98 129.99 O(49)-C(17)-H(32) 111.21 111.26 

O(48)-C(2)-N(46) 128.45 128.90 O(49)-C(17)-H(33) 105.69 105.81 

N(45)-C(2)-N(46) 101.16 101.10 C(7)-C(8)-C(9) 118.99 118.97 

N(44)-C(1)-C(19) 124.77 124,93 C(8)-C(9)-O(50) 118.84 118.80 

C(1)-C(19)-C(20) 113.60 113.51 C(9)-O(50)-C(10) 118.07 117.68 

C(1)-C(19)-H(37) 106.65 106.65 O(50)-C(10)-O(51) 122.62 122.70 

C(1)-C(19)-H(38) 109.02 108.94 O(50)-C(10)-C(11) 125.96 125.88 

C(19)-C(20)-C(21) 113.60 112.17 C(10)-C(11)-C(16) 123.09 123.10 

C(19)-C(20)-H(39) 108.74 108.75 C(10)-C(11)-C(12) 117.87 117.80 

C(19)-C(20)-H(40) 109.08 109.04 C(11)-C(12)-H(27) 118.60 118.54 

C(20)-C(21)-H(41) 111.32 111.34 H(27)-C(12)-C(13) 120.33 120.42 

H(42)-C(20)-C(21) 111.68 111.30 C(12)-C(13)-H(28) 119.45 119.46 

H(43)-C(21)-C(22) 111.05 111.10 H(28)-C(13)-C(14) 121.08 121.07 

H(41)-C(21)-H(42) 107.67 107.63 C(13)-C(14)-O(52) 124.52 124.44 

H(42)-C(21)-H(43) 107.64 107.66 C(13)-C(14)-C(15) 119.80 119.80 

H(41)-C(21)-H(43) 107.69 107.60 C(14)-O(52)-C(18) 118.80 118.47 

C(1)-N(46)-C(2) 108.29 108.28 O(52)-C(18)-H(34) 111.42 111.46 

N(46)-N(47)-C(3) 119.92 118.92 O(52)-C(18)-H(35) 111.41 111.46 

N(47)-C(3)-H(23) 122.29 122.30 O(52)-C(18)-H(36) 105.71 105.83 

H(22)-C(3)-C(4) 118.22 118.40 H(34)-C(18)-H(36) 109.33 109.23 

C(3)-C(4)-C(5) 122.21 122.15 H(35)-C(18)-H(36) 109.34 109.23 

C(3)-C(4)-C(9) 119.08 119.07 H(34)-C(18)-H(35) 109.52 109.50 

C(4)-C(5)-H(24) 118.62 118.54 C(14)-C(15)-H(29) 118.34 118.36 

C(4)-C(5)-C(6) 120.16 120.13 H(29)-C(15)-C(16) 121.40 121.41 

C(5)-C(6)-H(25) 119.98 119.99 C(15)-C(16)-H(30) 120.04 120.05 

C(5)-C(6)-C(7) 120.93 120.91 H(30)-C(16)-C(11) 119.56 119.56 

H(25)-C(6)-C(7) 119.08 119.08    

C(6)-C(7)-H(26) 119.69 119.71    

 

In the literature, the N-N, C=O N=C bond lengths are measured as 1.40, 1.21, 1.28, Å (Sudha et al. 2018). The 

calculated bond length values are consistent with literature values. The highest bond angle is between N(45)-
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C(2)-O(48) atoms, which is 129.98/129.99
0
 for B3LYP/ B3PW91 6-311G(d,p) basis sets (table 5). The 

calculated Mulliken atomic charges (Mulliken, 1955) calculated by using the B3LYP, B3PW91 method with 6-

311G(d,p) basis sets. The electronegative oxygen (O) and nitrogen (N) atoms have negative atomic charge 

values. The carbon atoms surrounded by electronegative atoms have negative atomic charge values. The C1 

atom surrounded by two electronegative atoms (N44, N46) and C2 atom which is surrounded by three 

electronegative atoms (N45, N46, O48) have negative charges values. All hydrogen atoms of the compound 

(H22-43) have positive atomic charge values (table 6).  

 

Table 5. The calculated bond angles with B3LYP/B3PW91 6-311G(d,p)  

bond length B3LYP B3PW91 bond length B3LYP mPW1PW91 

C(1)-N(44) 1.29 1.29 C(7)-C(8) 1.39 1.39 

C(1)-N(46) 1.39 1.39 C(8)-O(49) 1.35 1.35 

C(1)-C(19) 1.48 1.48 O(49)-C(17) 1.42 1.41 

N(44)-N(45) 1.38 1.37 C(17)-H(31) 1.09 1.09 

N(45)-H(22) 1.00 1.00 C(17)-H(32) 1.09 1.09 

N(45)-C(2) 1.36 1.36 C(17)-H(33) 1.08 1.09 

C(2)-N(46) 1.42 1.42 C(8)-C(9) 1.40 1.40 

C(2)-O(48) 1.21 1.21 C(9)-O(50) 1.38 1.38 

N(46)-N(47) 1.37 1.36 C(4)-C(9) 1.39 1.39 

C(19)-H(37) 1.09 1.09 O(50)-C(10) 1.38 1.38 

C(19)-H(38) 1.09 1.09 C(10)-O(51) 1.20 1.20 

C(19)-C(20) 1.54 1.54 C(10)-C(11) 1.47 1.47 

C(20)-H(39) 1.09 1.09 C(11)-C(12) 1.39 1.39 

C(20)-H(40) 1.09 1.09 C(12)-H(27) 1.08 1.08 

C(20)-C(21) 1.53 1.52 C(12)-C(13) 1.38 1.39 

C(21)-H(41) 1.09 1.09 C(13)-H(28) 1.08 1.08 

C(21)-H(42) 1.09 1.09 C(13)-C(14) 1.40 1.40 

C(21)-H(43) 1.09 1.09 C(14)-C(15) 1.40 1.40 

N(47)-C(3) 1.28 1.28 C(15)-H(29) 1.08 1.08 

C(3)-H(23) 1.08 1.08 C(15)-C(16) 1.38 1.38 

C(3)-C(4) 1.46 1.46 C(16)-H(30) 1.08 1.08 

C(4)-C(5) 1.40 1.40 C(14)-O(52) 1.35 1.35 

C(5)-H(24) 1.08 1.08 O(52)-C(18) 1.42 1.42 

C(5)-C(6) 1.38 1.38 C(18)-H(34) 1.09 1.09 

C(6)-H(25) 1.08 1.08 C(18)-H(35) 1.09 1.09 

C(6)-C(7) 1.39 1.39 C(18)-H(36) 1.08 1.10 

C(7)-H(26) 1.08 1.08    

 

Table 6. The calculated mulliken charges datas B3LYP/B3PW91 6-311G(d,p) 

Atom B3LYP B3PW91 Atom B3LYP B3PW91 Atom B3LYP B3PW91 

C1 0.337 0.379 C19 -0.179 -0.222 H37 0.130 0.149 

C2 0.530 0.572 C20 -0.232 -0.278 H38 0.133 0.153 

C3 0.143 0.172 C21 -0.297 -0.336 H39 0.116 0.134 

C4 -0.143 -0.176 H22 0.249 0.257 H40 0.130 0.150 

C5 -0.139 -0.033 H23 0.156 0.176 H41 0.105 0.119 

C6 -0.032 -0.102 H24 0.103 0.116 H42 0.104 0.119 

C7 -0.090 -0.119 H25 0.095 0.104 H43 0.112 0.127 

C8 -0.107 0.225 H26 0.109 0.124 N44 -0.221 -0.244 

C9 0.213 0.156 H27 0.111 0.121 N45 -0.313 0.333 

C10 0.164 -0.171 H28 0.109 0.125 N46 -0.375 -0.409 

C11 0.465 0.497 H29 0.107 0.119 N47 -0.209 -0.233 

C12 -0.251 -0.290 H30 0.112 0.123 O48 0.385 -0.402 

C13 -0.022 -0.024 H31 0.109 0.123 O49 -0.348 -0.390 

C14 -0.138 -0.155 H32 0.118 0.132 O50 -0.387 -0.336 

C15 0.189 0.197 H33 0.133 0.144 O51 -0.326 -0.343 

C16 -0.095 -0.110 H34 0.116 0.130 O52 -0.341 -0.349 

C17 -0.131 0.005 H35 0.133 0.144    

C18 0.005 -0.175 H36 0.115 0.128    
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MEP Surface Analysis 

 

The molecular electron potential map allows us to identify the electronegative and electropositive atoms of the 

molecule. When we look at the MEP map, we see different colors because of the electron distribution. The 

nucleophilic regions with high electron density are in red, and the regions with low electron density, that is, 

electrophilic regions, are in blue. The region where the carbonyl group and other oxygens are located in the 

molecule is red in color because of its high electron density, while the surrounding of the N-H acidic proton is 

blue and were shown in Figure 4.  

 

 
 

 
MEP 

    

Figure 4. The calculated MEP and surface contour map of the molecule  

 

 

Frontier molecular orbital analysis 

 

Frontier molecular orbitals (FMO) identified optical and electric properties, kinetic stability, the electronic 

transitions (Fukui, 1982). The HOMO-LUMO energy values was calculated as 4.37/4.37 eV for B3LYP and 

B3PW91 functionals in the 6-311G(d,p) basis set (figure 5).  

 

        
Figure 5. HOMO-LUMO energy of the molecule 6-311G(d,p) 
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Table 7.  The calculated electronic structure parameters of the molecule 

  

B3LYP B3PW91 

    Hatree eV Hatree eV 

  LUMO -1,6767 -45,6242 -1,7184 -46,7589 

  HOMO -6,0537 -164,725 -6,097 -165,904 

A elektron ilgisi 1,6767 45,6242 1,7184 46,7589 

I İyonlaşma potansiyeli 6,0537 164,725 6,097 165,904 

ΔE energy gap  4,377 119,101 4,3786 119,145 

χ electronegativity 3,8652 105,175 3,9077 106,331 

Pi chemical potential -3,8652 -105,175 -3,9077 -106,331 

ω electrophilic index  16,34784446 444,836 16,71543608 454,839 

IP Nucleophilic index -8,4589902 -230,175 -8,55512761 -232,791 

S molecular softness  0,4569 12,4335 0,4568 12,4289 

η molecular hardness  2,1885 59,5506 2,1893 59,5724 

 

Table 8. The calculated dipole moments datas of the molecule 

 μx  μy  μz  μToplam  

B3LYP -1.9556     1.5362     0.3083   2.5059 

B3PW91 2.0727     5.5753     -1.7611        6.2033 

 

Table 9. The calculated total energy datas of the molecule 

Energy(a.u.)  B3LYP B3PW91 

 -1408.9372 -1408.3805 

 

Table 10.  The calculated thermodynamics parameters of the molecule 

Parameters B3LYP B3PW91 

Rotational temperatures (Kelvin)   

A 0.00889      0.00897      

B 0.00409      0.00410      

C 0.00300 0.00301 

Rotational constants (GHZ)   

A 0.18520      0.18695      

B 0.08532      0.08553      

C 0.06241 0.06273 

Thermal Energies E(kcal/mol)   

Translational 0.889               0.889               

Rotational 0.889               0.889               

Vibrational 273.264              274.209              

Total 275.041             275.986             

Thermal Capacity CV(cal/mol-K)   

Translational 2.981              2.981              

Rotational 2.981              2.981              

Vibrational 99.719             99.395             

Total 105.680             105.356             

Entropy S(cal/mol-K)   

Translational 43.925 43.925 

Rotational 37.031 37.014 

Vibrational  

Total 

114.189 

195.145 

113.691 

194.631 

Zero-point correction (Hartree/Particle) 0.409861 0.411456 

Thermal correction to Energy 0.438306 0.439812 

Thermal correction to Enthalpy 0.439251 0.440756 

Thermal correction to Gibbs Free Energy 0.346531 0.348281 

Sum of electronic and zero-point Energies -1408.527436 -1407.969093 

Sum of electronic and thermal Energies -1408.498990 -1407.940737 

Sum of electronic and thermal Enthalpies 

Sum of electronic and thermal Free Energies 

-1408.498046 

-1408.590766 

-1407.939793 

-1408.032268 

Zero-point vibrational energy (Kcal/mol) 257.19173 258.19228 
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Thermodynamics Properties 

 

Thermodynamics parameters were calculated with the (B3LYP/ B3PW91) functionals of DFT method at 

298.150 K and under 1 atm pressure and were summarized in the Table 10. 

 

 

Conclusion 
 

In this theoretical study, which supports all the experimentally obtained parameters, all the theoretical properties 

of the substance recorded in the literature have been studied. As a result, the experimental spectroscopic values 

of the molecule and the theoretical values obtained with the B3LYP and B3PW91 functions were compared. We 

observed that in all spectral calculation results, the values of both functions are very close to each other and to 

the experimental one. We were also able to find electrophilic and nucleophilic regions from the MEP map. 

Finally, we visualized the HOMO-LUMO orbitals of the molecule and calculated the energy gaps between 

them. 
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Abstract: In this study, we reported a combined experimental and theoretical study on 3-n-propyl-4-(3-

cinnamoyloxybenzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one compound. The title compound was 

prepared and characterized by Uv-Vis, FT-IR spectra, 
1
H and 

13
C NMR. UV-visible absorption spectra and the 

stimulation contributions in UV-visible transitions were obtained with TD-DFT/B3LYP and TD-FF methods 

and 6-311G(d) polarizer set based on optimized structure. Calculated absorption wavelengths (λ), oscillator 

power (f) and excitation energies were compared with experimental values. The calculated IR data of compound 

were calculated in gas phase by using of 6-31G(d) basis set of B3LYP and HF methods and are multiplied with 

appropriate scala factors. Theoretical infrared spectrums are formed from the data obtained according to B3LYP 

method. In the identification of calculated IR data was used the veda4f program. The molecular geometry, gauge 

including atomic orbital (GIAO), Experimental and theoretical values were inserted into the graphic according 

to equitation of δexp=a+b. δ calc. The standard error values were found via SigmaPlot program with regression 

coefficient of a and b constants. Obtained results indicate that there is a good agreement between the 

experimental and theoretical data. Also, HOMO-LUMO analyses properties, Mulliken’s atomic charges, dipole 

moment and total energy of the title compound in the ground state were investigated by using Hartree-Fock 

(HF) and density functional theory (DFT/B3LYP) methods with 6-31G(d) basic set.  

 

Keywords: 1,2,4-Triazol-5-one, DFT, Hartree-Fock, HOMO-LUMO, Gaussian G09  

 

 

Introduction 

 

Intense studies have been carried out in recent years on many properties of heterocyclic compounds (Aktaş 

Yokuş et al., 2017; Bahçeci et al., 2016; Bahçeci et al., 2017; Beytur et al., 2019; Koç et. al., 2019; Beytur et. 

al., 2021; Beytur, 2020; Uğurlu et al., 2020). Triazole is an unsymmetrical heterocyclic organic compound 

having three nitrogen atoms in the five-membered ring. 1,2,4-Triazole and derivatives are reported to possess a 

broad spectrum of biological activities such as antimicrobial, antifungal, antitumor, anti-HIV, antiviral, 

anticancer, anti-inflammatory, analgesic and antioxidant properties (Alkan et al., 2007; Boy et al., 2021; Bayrak 

et al., 2010; Çiftçi et al., 2018; Gürsoy-Kol et. al., 2010; Güzeldemirci et. al., 2010; Hashem et al., 2007; 

Tozkoparan et al., 2007; Turhan-Irak et. al., 2019). Also, several articles reporting the synthesis of some 1,2,4-

triazol-5-one compounds and derivatives have been published (Bahçeci et al., 2002; Yüksek et al., 2005; 

Yüksek et al., 2006).  

 

In this paper, 3-n-propyl-4-(3-cinnamoyloxybenzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (PTC) was 

obtained from the reaction of compound (PT) with 4-cinnamoyloxybenzaldehyde (C) (Vasavado et. al., 2003) 

http://www.isres.org/
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which was synthesized by the reaction of 4-hydroxybenzaldehyde with cinnamoyl chloride by using 

triethylamine (Scheme 1). 

 

OC

O

H

H

OHC

PT PTC

+
-H2O

AcOH

HN

N

N

NH2

O

HN

N

N

N

O
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O

H

H

CH

C

Scheme 1. Synthesis method of compound PTC 

 

 

Method 

 

Synthesis 

 

The compound PT (10 mmol) was dissolved in acetic acid (20 mL) and treated with 3- 

cinnamoyloxybenzaldehyde (C) (10 mmol). The mixture was refluxed for 2 hour. Several recrystallizations of 

the residue from ethanol gave pure compound 3-n-propyl-4-(3-cinnamoyloxybenzylidenamino)-4,5-dihydro-1H-

1,2,4-triazol-5-one (PTC) was preparated. m.p. 195 °C; Yield 97 %. IR: (NH) 3166; C=CH 3064; C=O 1709; 

C=C 1633; C=N 1611; COO 1203; 1,3–disubstituted aromatic ring 846 and 721; monosubstituted aromatic ring 

763 and 681 cm
-1

. 
1
H NMR (400 MHz, DMSO-d6): δ 0.97 (t, 3H, CH2CH2CH3; J=7.60 Hz), 1.70 (sext, 2H, 

CH2CH2CH3; J=7.60 Hz ), 2.67 (t, 2H, CH2CH2CH3; J=7.20 Hz ), 6.94 (d, 1H, =CH; J=16.00 Hz), 7.40-7.43 

(m, 1H, ArH), 7.48-7.51 (m, 3H, ArH), 7.61 (t, 1H, ArH; J=8.00 Hz ), 7.70-7.72 (m, 1H, ArH), 7.75-7.77 (m, 

1H, ArH), 7.83-7.85 (m, 2H, ArH), 7.92 (d, 1H, =CH; J=16.00 Hz), 9.78 (s, 1H, N=CH), 11.90 (s, 1H, NH). 
13

C-NMR (100 MHz, DMSO-d6): δ 13.46 (CH2CH2CH3), 18.84 (CH2CH2CH3), 26.62 (CH2CH2CH3), 116.99 

and 146.76 (CH=CH), 128.70 (2C); 129.01 (2C); 130.96; 133.82 (Monosubstitued Ar-C), 120.26; 124.90; 

125.55; 130.26; 135.21; 151.26 (1,3-Disubstitued Ar-C), 146.91 (Triazole C3), 150.93 (N=CH), 152.66 

(Triazole C5), 164.84 (COO). UV [Etanol, max, nm (, L.mol
-1

.cm
-1

)]: 286 (18657), 264 (18187), 224 (16199). 

 

 

Computational Properties 

 

The molecular structure of the title compound in the ground state is computed by performing both the Density 

Functional Theory (DFT) and Hartree-Fock (HF) (Becke, 1993; Lee, 1998) at 6-31G(d) level. The theoretical 

geometric structure of the compound PTC is given in Figure 1. Molecular geometry is restricted and the 

optimized geometrical parameters, of the title compound in this study are carried out by using Gaussian G09 

program package (Frisch et al., 2009) and the visualization parts were done with GaussView program 

(Dennington et al., 2009) on personal computer employing 6-31G(d) basis set. Additionally, harmonic 

vibrational frequencies for the title compound are calculated with these selected methods and then scaled by 

0.9516 and 0.9905, respectively (Avcı and Atalay, 2008) and these results were compared with the experimental 

data. 

 

 
Figure 1. The optimized molecular structure of titled molecule PTC with DFT/HF 6–31G(d) level 
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Results and Discussion 
 

UV–visible Spectroscopy 

 

The title molecule allow strong π→π* and σ→σ* transitions in UV–vis region with high extinction coefficients 

(Silverstein, et al., 1991). The experimental absorption wavelengths of the compound PTC in ethanol solvent 

have been observed at 300, 262 and 214 nm. The absorption wavelengths (λ) excitation energies, and oscillator 

strengths (f) of UV–vis absorption spectroscopy of the compound PTC has been calculated in ethanol solvents 

by using TD–DFT/B3LYP and TD–HF method (Figure 2 and Table 1). 

 

 
 

 
Figure 2. UV-Visible spectra experimental and simulated with DFT/B3LYP/6-31G(d) and HF/6-31G(d) levels 

of the compound PTC, respecvtively. 

 

Table 1. The experimental and calculated absorption wavelength (λ), excitation energies and oscillator strengths 

(f) the compound PTC. 

λ 

(nm)B3LYP/HF 

Uyarma Enerjisi (eV) 

B3LYP/HF 

f (osilatör gücü) 

B3LYP/HF 

346.29/240.22 3.5804/5.1614 0.0125/0.8667 

313.54/228.79 3.9543/5.4192 0.4849/0.4176 

301.36/213.21 4.1142/5.8151 0.2077/0.0198 

 

 

Analysis of Vibrational Modes 

 

The vibrational spectra of substituted benzene derivatives have been greatly investigated by various 

spectroscopic, since the single substitution can have a tendency to put greater changes in vibrational 

wavenumbers of benzene (Turhan-Irak et. al., 2017; Beytur et al., 2019; Uğurlu et. al., 2020). In other words, 

molecular system of benzene is greatly affected by the nature of substituents. The number of potentially active 

fundamentals of non-linear molecule which have N atoms is equal to (3N-6) apart from three translational and 

three rotational degrees of freedom. The molecule contains 48 atoms and 138 normal vibration modes have C1 

symmetry (Table 2 and Figure 3). 
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Table 2. The calculated frequencies values of the titled compound (PTC). 

Selected Vibrational Types B3LYP HF Selected Vibrational Types B3LYP HF 

τ  HNNC, τ  NNCN 630 640 ν NC, δ HCN, τ  HCCN 1332 1351 

τ  CCCO, τ  OCOC 665 676 δ NNC 1350 1385 

τ  HCCC, τ  CCCC 671 680 δ HCH, τ  HCCC 1462 1462 

τ  HCCC, τ  OCOC 690 695 ν NC, ν CC 1589 1615 

τ  ONNC 693 713 ν NC, ν CC 1593 1620 

δ OCO, δ COC 729 750 ν NC 1615 1670 

τ  HCCC, τ  CCCC, τ  OCOC 750 759 ν CC, δ HCC 1631 1703 

δ CCC 754 771 ν OC 1740 1761 

ν NC, δ CNN 774 781 ν OC, ν NC 1754 1788 

τ  HCCC, τ  CCCC 784 805 ν CH 3075 3024 

ν NN, δ NNC, δ NCC 818 828 ν CH 3105 3046 

τ  HCCN, τ  HCCC 1098 1097 ν CH 3118 3048 

ν CC, ν OC, δ OCO 1118 1103 ν NH 3540 3520 

ν OC, δ HCC 1140 1108    

 

 

 
Figure 3. IR spectra experimental and simulated with DFT/B3LYP/6–31G(d) levels of the compound PTC. 
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NMR Spectral Analysis 

 

In the NMR spectroscopy, the isotropic chemical shift analysis allows us to identify relative ionic species and to 

calculate reliable magnetic properties in nuclear magnetic resonance (NMR) spectroscopy which provide the 

accurate predictions of molecular geometries (Rani, et al., 2010; Subramanian et al., 2010; Wade, 2006). For 

this purpose, the optimized molecular geometry of the compound PTC was obtained by using B3LYP and HF 

methods with 6-31G(d) basis level in DMSO solvent. By considering the optimized molecular geometry of the 

compound PTC the 
1
H and 

13
C NMR chemical shift values were calculated at the same level by using Gauge-

Independent Atomic Orbital method (Table 3). Theoretically and experimentally values were plotted according 

to δ exp=a. δ calc.+ b, Eq. a and b constants regression coefficients with a standard error values were found 

using the SigmaPlot program. The correlation graphics are given Figure 4 and the linear correlation data of the 

compound PTC by considering the results are given in Table 3. 

 

Table 3. The calculated and experimental 13C and 1H NMR isotropic chemical shifts of the compound PTC 

(with respect to TMS, all values in ppm). 

Nucleus 
Experi- 

mental 
B3LYP 

B3LYP/ 

DMSO 
Different 

Different 

/DMSO 
HF 

HF/ 

DMSO 
Different 

Different 

/DMSO 

C1 146,91 151,37 152,81 -4,46 -5,90 145,62 147,56 1,29 -0,65 

C2 152,66 151,83 152,62 0,83 0,04 145,39 146,10 7,27 6,56 

C3 150,93 154,94 155,30 -4,01 -4,37 148,49 149,06 2,44 1,87 

C4 135,21 139,59 139,02 -4,38 -3,81 130,57 130,05 4,64 5,16 

C5 125,55 131,57 130,85 -6,02 -5,30 125,66 125,11 -0,11 0,44 

C6 151,26 155,23 154,99 -3,97 -3,73 144,23 143,54 7,03 7,72 

C7 124,40 126,41 127,50 -2,01 -3,10 121,15 122,09 3,25 2,31 

C8 130,26 132,54 133,78 -2,28 -3,52 125,36 126,37 4,90 3,89 

C9 120,26 124,64 124,89 -4,38 -4,63 119,23 119,72 1,03 0,54 

C10 164,84 166,16 167,57 -1,32 -2,73 156,83 158,68 8,01 6,16 

C11 116,99 120,07 119,32 -3,08 -2,33 108,25 107,41 8,74 9,58 

C12 146,76 152,73 154,13 -5,97 -7,37 147,63 149,12 -0,87 -2,36 

C13 133,82 137,76 136,93 -3,94 -3,11 128,15 127,06 5,67 6,76 

C14 129,01 137,87 138,39 -8,86 -9,38 130,15 130,77 -1,14 -1,76 

C15 128,70 132,51 132,86 -3,81 -4,16 124,54 124,51 4,16 4,19 

C16 130,96 134,70 136,13 -3,74 -5,17 128,05 129,34 2,91 1,62 

C17 128,70 132,24 132,75 -3,54 -4,05 124,30 124,42 4,40 4,28 

C18 129,01 129,53 129,84 -0,52 -0,83 123,02 123,61 5,99 5,40 

C19 26,62 39,01 38,61 -12,39 -11,99 24,03 23,69 2,59 2,93 

C20 18,54 29,60 29,72 -11,06 -11,18 14,32 14,46 4,22 4,08 

C21 13,46 25,93 25,42 -12,47 -11,96 13,02 12,55 0,44 0,91 

H22 11,90 6,98 7,46 4,92 4,44 6,19 6,62 5,71 5,28 

H23 9,78 10,14 10,08 -0,36 -0,30 9,58 9,55 0,20 0,23 

H24 7,71 7,81 7,81 -0,10 -0,10 7,26 7,39 0,45 0,32 

H25 7,41 7,23 7,47 0,18 -0,06 7,12 7,39 0,29 0,02 

H26 7,61 7,67 7,93 -0,06 -0,32 7,38 7,67 0,23 -0,06 

H27 7,76 8,30 8,40 -0,54 -0,64 8,12 8,26 -0,36 -0,50 

H28 6,94 6,70 6,86 0,24 0,08 6,19 6,37 0,75 0,57 

H29 7,92 8,06 8,10 -0,14 -0,18 7,96 8,01 -0,04 -0,09 

H30 7,83 7,61 7,77 0,22 0,06 7,36 7,56 0,47 0,27 

H31 7,50 7,72 7,90 -0,22 -0,40 7,35 7,53 0,15 -0,03 

H32 7,49 7,66 7,88 -0,17 -0,39 7,42 7,66 0,07 -0,17 

H33 7,50 7,72 7,92 -0,22 -0,42 7,32 7,59 0,18 -0,09 

H34 7,85 8,19 7,38 -0,34 0,47 7,95 8,10 -0,10 -0,25 

H35 2,67 3,07 3,17 -0,40 -0,50 2,18 2,30 0,49 0,37 

H36 2,67 3,12 3,22 -0,45 -0,55 2,20 2,34 0,47 0,33 

H37 1,70 2,33 2,28 -0,63 -0,58 1,52 1,45 0,18 0,25 

H38 1,70 2,33 2,28 -0,63 -0,58 1,52 1,45 0,18 0,25 

H39 0,97 1,46 1,53 -0,49 -0,56 0,75 0,83 0,22 0,14 

H40 0,97 1,45 1,52 -0,48 -0,55 0,74 0,83 0,23 0,14 

H41 0,97 1,67 1,67 -0,70 -0,70 1,06 1,06 -0,09 -0,09 

 

 



International Conference on Basic Sciences and Technology (ICBAST), November 04-07, 2021, Antalya/Turkey 

 

84 

Electronic Properties 

 

The energies of two important molecular orbitals of the molecule; the second highest and highest occupied 

MO’s (HOMO), the lowest and the second lowest unoccupied MO’s (LUMO) were calculated by using 

DFT/B3LYP and HF methods with 6-31G(d) level and are presented in Figure 4. The energy gap of the title 

molecule was calculated at DFT/B3LYP and HF level, which reveals the chemical reactivity and proves the 

occurrence of eventual charge transfer. The HOMO is located almost over the carbon atoms, oxygen atoms and 

also slightly delocalized in hydrogen atom and the LUMO is mainly delocalized in carbon atoms of benzene 

ring. The energy gap (energy difference between HOMO and LUMO orbital) is a critical parameter in 

determining molecular electrical transport properties (Fukui, 1982). The HOMO-LUMO energy gap of the title 

molecule is found to 0.11445/0.3863 a.u. obtained at DFT/HF method with 6-31G(d) levels. 

 

  

ELUMO (B3LYP) : -0,07249 Hatree ELUMO (HF) : 0,07049 Hatree 

  
EHOMO (B3LYP) : -0,21698 Hatree EHOMO (HF) : -0,31579 Hatree 

Figure 4. The calculated HOMO-LUMO energies of the molecule according to DFT/B3LYP/6–31G(d,p) and 

HF/B3LYP/6-311G(d,p) levels 

 

 

Dipole moment and total energy  

 

The energetic behavior of title molecule was investigated in vacum. Dipol moments and total energy values of 

title molecule were calculated by using B3LYP/6-31G(d), HF/6-31G(d) level. The calculated dipole moments 

and total energy values are given in Table 4. 

 

Table 4. The calculated dipole moment values of the molecule 

Dipole Moment B3LYP (a.u.) HF (a.u.) 

μx 1.3544 2.5992 

μy 3.1952 4.3845 

μz 2.9544 3.8141 

μToplam 4.5576 6.3661 

 

 

Mulliken’s Atomic Charges 

 
The Mulliken atomic charges at the HF/6-31 G(d) and B3LYP/6-31 G(d) level of compound 3 in gas phase are 

given in Table 7 (Mulliken, 1955). The electronegative N42, N43, N44, N45, O46, O47 and O48 atoms of 

compound PTC have negative atomic charge values. The Mulliken atomic charges (DFT/HF) of the mentioned 

atoms were calculated as -0.519 -0.659, -0.338/-0.348, -0.428 /-0.637, -0.311/-0.312, -0.540/-0.656, -0.549/-

0.707 and -0.479/-0.568 a.u., respectively. The C1, C2, C3, C6, C10 and C13 carbon atoms bounded to the 

mentioned electronegative atoms in the molecule under study have positive atomic charge values. The values of 
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the positive charges of the mentioned carbon atoms were found as 0.556/0.627, 0.825/1.059, 0.037/0.094, 

0.350/0.406, 0.618/0.811 and 0.166/0.016 a.u., respectively. Therefore the C1 atom surrounded with two 

electronegative N43 and N44 atoms, the C2 atom surrounded with the electronegative N42, N45 and O46 atoms 

and the C10 atom surrounded with two electronegative O47 and O48 atoms have the highest positive charge 

values. In the compound PTC the atomic charges of all hydrogen atoms have positive values. 

 
Table 4. Mulliken atomic charges of the molecule 

 
DFT HF  DFT HF  DFT HF 

C1 0.556 0.627 C17 -0.131 -0.204 H33 0.139 0.209 

C2 0.825 1.059 C18 -0.170 -0.202 H34 0.137 0.212 

C3 0.037 0.094 C19 -0.323 -0.352 H35 0.170 0.200 

C4 0.117 -0.032 C20 -0.251 -0.312 H36 0.169 0.199 

C5 -0.199 -0.231 C21 -0.447 -0.486 H37 0.154 0.181 

C6 0.350 0.406 H22 0.355 0.418 H38 0.153 0.181 

C7 -0.159 -0.223 H23 0.212 0.290 H39 0.144 0.159 

C8 -0.142 -0.204 H24 0.167 0.236 H40 0.143 0.159 

C9 -0.155 -0.190 H25 0.144 0.224 H41 0.149 0.171 

C10 0.618 0.811 H26 0.139 0.212 N42 -0.519 -0.659 

C11 -0.215 -0.347 H27 0.152 0.234 N43 -0.338 -0.348 

C12 -0.146 -0.120 H28 0.153 0.222 N44 -0.428 -0.637 

C13 0.166 0.016 H29 0.171 0.247 N45 -0.311 -0.312 

C14 -0.186 -0.215 H30 0.143 0.216 O46 -0.540 -0.656 

C15 -0.131 -0.203 H31 0.140 0.210 O47 -0.549 -0.707 

C16 -0.123 -0.192 H32 0.139 0.210 O48 -0.479 -0.568 

 

 

Conclusion  
 

In this paper, 3-n-propyl-4-(3-cinnamoyloxybenzylidenamino)-4,5-dihydro-1H-1,2,4-triazol-5-one (PTC) was 

synthesized from the reaction of compound (PT) with 4-cinnamoyloxybenzaldehyde (C). The structure of the 

titled compound is characterized by using 1H, 13C NMR, FT-IR and UV spectroscopic methods. The molecular 

structures, vibrational frequencies, 1H and 13C NMR chemicals shifts, UV-vis spectroscopies, HOMO and 

LUMO analyses and atomic charges of 3-ethyl-4-(4-cinnamoyloxybenzylidenamino)-4,5-dihydro-1H-1,2,4-

triazol-5-one molecule (PTC) synthesized for the first time have been calculated by using DFT/B3LYP and HF 

methods. By considering the results of experimental works it can be easily stated that the 
1
H and

 13C
 NMR 

chemical shifts, vibrational frequencies, and UV spectroscopic parameters obtained theoretically are in a very 

good agreement with the experimental data. 
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Abstract: Using viable microbial cultures within hydrocarbon reservoirs so as to enhancement of oil recovery 

through metabolic activities is exactly what we recognize as Microbial enhanced oil recovery (MEOR). In 

similar with many other process in industries, there are some cons and pros following with MEOR. The creation 

of sulfides such as hydrogen sulfide as a result of injecting the sulfate-containing seawater into hydrocarbon 

reservoirs in order to maintain the required reservoir pressure, leads to produce and growth of Sulfate Reducing 

Bacteria (SRB) approximately near the injection wells, turning the reservoir into sour, however SRB is not 

considered as the only microbial process stimulating the formation of sulfides. Along with SRB, 

thermochemical sulfate reduction or thermal redox reaction (TSR) is also known to be highly effective at 

resulting in having extremely concentrated zones of 𝐻2S in the reservoir fluids eligible to cause corrosion. 

Owing to extent of the topic, more information on formation of 𝐻2S are going to be put finger on. Besides, 

confronting the undesirable production of sulfide species in the reservoirs can lead to serious operational, 

environmental and financial problems in particular the transporting pipelines. Consequently, conjuring up 

reservoir souring control strategies on the way production of oil and gas is the only way to prevent possible 

damages in terms of environment, finance and man power which requires determining the compound’s 

reactivity, origin and partitioning behavior. This article is going to provide a comprehensive review on progress 

made in this field and the possible advent of new strategies in this technologically advanced world of petroleum 

industry. 

 

Keywords: Corrosion, Hydrogen sulfide, NRB, Reservoir souring, SRB 

 

 

Introduction 

 

Deployment of microorganisms in purpose of enhancing oil recovery is not considered as a newly developed 

assessment in this field (Rashedi, 2014; Chilingarian et. al., 1989; Patel et. al., 2015; Nmegbu, 2014). In 1926, 

the effect of bacteria on mineral oil were tested and reported by Beckmann, consequently he observed the high 

efficiency of bacterial enzymes in order to be used for enhance oil recovery methods (Chilingarian et. al., 1989; 

Zobell, 1973; Nerurkar et. al., 2012). In oil microbiological studies, six principles were targeted respectively: 

Beginning of the rebirth of organic compounds in sediments and oils, the degradation of hydrocarbons, 

hydrocarbons enhanced recovery from reservoirs, modification of hydrocarbon products at initial production or 

reproduction, reduction of disturbing microorganisms and eventually biological purging of product or crude oil 

(Rashedi, 2014; Zobell, 1973). Putting effort into enhancing oil recovery in microbial way is done by injecting 

sulfate-containing seawater into reservoir for maintaining the requiring pressure of oil reservoirs in order to 

recover oil from depleted wells (Ekemini et. al., 2019; Basafa et. al., 2019; Nmegbu et. al., 2014). Regarding the 

injection of seawater, resuscitation of thiosulfate into sulfide could be expecting in the reservoirs (Little, 2013). 

H2S is a toxic, corrosive, hazardous and explosive gas, procreating remarkable operational and health risks 

http://www.isres.org/
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which makes those in charge of enhancing oil recovery unable to avoid financial and environmental damages 

(Kögler et. al., 2021). 

 

The idea behind this biological damage could be announced the creation and spread of SRB known as sulfate-

reducing bacteria which by making physical and chemical changes at oil in reservoirs, increases the production 

of oil along with some unwanted influences on reservoir leading to souring which has no outcome except 

acidifying the atmosphere dominant over the reservoir and corrosion of transporting pipelines (Rashedi, 2014). 

As a matter of fact, the reduction of sulfate to sulfide is the main cause of chemically and biologically mediated 

reactions resulting in formation of various reduced sulfur compounds, consequently the souring of reservoir 

takes place (Holubnyak et. al., 2011; Basafa et. al., 2019; Patel et. al., 2015; Quraishi et. al., 2021).  

 

Along with sulfides, other species such as Sulfite, Thiosalts and polysulfide are all along with sulfide in 

reservoir (Basafa et. al., 2019). The average oxidation state of these Sulfur species only ranges between Sulfate-

Sulfur (+ 6) and Sulfidic-Sulfur (− 2) which means they are usually referred to as intermediate sulfur species 

(fig.1) (Basafa et. al., 2019; Little, 2013). As is obvious, these intermediate sulfur species could affect the 

treatment approaches for soured reservoirs due to having implications in microbial and chemical process. 

Appearing in different oxidation–reduction is what can be done by reduced sulfur species leading to react with 

other species in reservoir (Basafa et. al., 2019; Little, 2013). 

 

As a result, in order to get by these possible damages, some strategies must be used to reduce and finally stop 

the extent of sulfide species. In this paper, some of the most effective strategies to stop spreading the sulfide are 

going to be reviewed and discussed which are expected to be using biocides, NRB and a newly researched way, 

using molybdate as Inhibitor of biogenic hydrogen sulfide produce by Sulfate-Reducing Bacteria (SRB) )Al-

Tamimi et. al., 2017(. 
 

 
 

Figure 1. The biological sulfur cycle with roles of bacteria identified. Solid lines indicate aerobic reactions, 

dashed lines indicate anaerobic reactions, and dotted lines indicate both aerobic and anaerobic activity (Barton 

et. al., 2017). 

 

Controlling these harmful process requires knowing some primitive information about souring and consequently 

corrosion like their being a function of pressure, pH, composition and reservoir temperature, hence while the 

conditions at reservoir changes within unit operations and other reasons, these specific compounds could 

degrade to corrosion leading to turning up of some problematic situation such as health and manpower hazards, 

equipment’s damage and decline of effectiveness of produced water and other treatment systems (Basafa et. al., 

2019; Ibrahem et. al., 2012) 

 

In this case, the injection of nitrate into an oil reservoir to boost the growth of nitrate reducing bacteria (NRB), 

could be considered as a cost-effective and ordinary strategy to inhibit microbial sulfate reduction by several 

mechanisms (Kögler et. al., 2021). Besides, employment of biocides, chemical compounds used to disinfect, 

decontaminate and sterilize materials (Surfaces or objects) in order to eliminate microbiological degradation 
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processes, as an inhibitor is getting common in oil industries (Okoro, 2014). As stated earlier, another inhibition 

method exists known as Inhibition of microbial sulfate reduction by molybdate which has received much less 

intention in compare with the other strategies even with having more advantages in various fields related to 

reservoirs (Jesus et. al., 2015). The objective of this study is to evaluate the efficiency of implementing the 

stated souring control strategies in different situation in purpose of managing the activity of sulfur reducing 

bacteria (SRB) and other process namely TSR so as to prevent the taking place of corrosion with transporting 

pipelines and other supplements used to get to oil and gas and The reader is directed to recent reviews 

discussing these topics (Gieg et. al., 2011; Jesus et. al., 2015; Sugai et. al., 2015). 

 

 

Discussion 
 

Reservoir Souring and Thermochemical Sulfate Reduction 

 

The highly concentrated Aggregation of hydrogen sulfide present in many oil and gas fields is thought to 

levitate from the oxidation of petroleum hydrocarbons by sulfate-reduction reactions occurring at temperatures 

above 250C. However sulfate derived from seawater or the dissolution of solid calcium sulfide is able to be 

reduced by a great amount of chemical and organic compounds known as polar aromatic, saturated 

hydrocarbons and alcohols (Lin et. al., 2020; Goldstein et. al., 1991). This thermal-related reaction is known as 

thermochemical sulfur reduction(TSR) considered to be responsible for bulk of these reduction-related reactions 

leading to get the reservoirs soured, significantly in deep and high temperatures (Goldstein et. al., 1991). 

Thermochemical Sulfate Reduction is fully known in the field and experiments have been led to survey the 

reactions engaged with this process, any possible products, and the impact of temperature, various types of 

oxidants, the presence of different sulfur species and metal cations, and the effect of pH on the rate of 

Thermochemical Sulfate Reduction (Goldstein et. al., 1991; Basafa et. al., 2019; Singhapetcharat et. al., 2018). 

 

Besides Thermolysis aquathermolysis of aromatic thiophene-type organosulfur compounds similar to thiophene 

and aliphatic organic sulfides such as tetrahydrothiophene in heavy oil are also in ability to produces 𝐻2S. The 

amount of 𝐻2S produced by thermal way of decomposition of oil is symmetric to the sulfur content of the oil 

and is usually measured at a number less than 5% in reservoir (Basafa et. al., 2019). The most available sulfur 

species present at bitumen are sulfide, Polysulfide, Thiols, disulfides, benzothiophenes, dibenzothiophenes and 

thiophenes while disulfides and Thiols are the most reactive ones, on the other hand the Benzothiophenic 

compounds are considered as the most stable (Basafa et. al., 2019; Barton et. al., 2017; Nourani et. al., 2007; 

Sugai et. al., 2015). Some oxidative and reductive dissolution of metal sulfides under specific circumstances like 

acidic atmosphere may lead to production of sulfate ions and naturally 𝐻2S during employment of steam 

injection and water flooding as an asset to enhance the pressure of reservoir (Basafa et. al., 2019). 

 

Oxidative dissolution reaction: 

 

                                                       MS + 4𝐻2O + xO →𝑀2++ S𝑂42−− +8𝐻+ + xR                                              (1) 

 

Reductive dissolution reaction:  

 

                                                      MS + 2𝐻++ yR → 𝑀2++ 𝐻2S + yO                                                                  (2) 

 

The MS in all Oxidative dissolutions and Reductive dissolutions is indicator of sulfide mineral where M is 

coined the metal base, O and R are oxidized and reduced compounds in the redox reaction, respectively. The 

acidic components all come from the injection of water or the bio degradation of injected biocides and scale 

inhibitors and corrosion. Pyrite and pyrrhotite, known as some Iron sulfides, are common metal sulfide minerals 

associated with reservoirs forming under reducing conditions (Basafa et. al., 2019; Li et. al., 2011) 

 

How things get done is that Pyrite is oxidized to sulfate and hydrogen reduces the pH of the environment 

surrounding. When PH values are lower than 7, Pyrite oxidation by dissolved oxygen may produce 

Tetrathionate and sulfate on the contrary, at higher pH values, more than 7, thiosulfate and sulfite are considered 

as the major reaction products (Basafa et. al., 2019; Goldstein et. al., 1991; Lin et. al., 2020; Correia et. al., 

2021). The most favorable decomposition reactions for pyrite at low pH values to be exact less than 7 and under 

reducing conditions, generating 𝐻2S are (Okoro et. al., 2015): 

 

                                                     Fe𝑆2 + 2𝐻+→𝐹𝑒2+ + 𝐻2S + 𝑆0                                                                                                                    (3) 
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                                                     Fe𝑆2 + 4𝐻+ + 2R → 𝐹𝑒2+ + 2𝐻2S + 2R                                                              (4) 

 

Under some conditions, pyrite is turned into sulfate and sulfide, as, in the presence of an oxidant, it is become to 

elemental sulfur (Okoro et. al., 2015): 

 

                                                    Fe𝑆2 + 4 O𝐻− → 13𝐹𝑒3𝑂4 + 116𝑆2− + 16 S𝑂42− + 2𝐻2O                                    (5) 

 

                                                   Fe𝑆2 + 2O → 𝐹𝑒2+ + 2𝑆0 + 2O                                                                           (6) 

 

 

Sulfate Reducing Bacteria (SRB) 

 

The turning up of SRB, is considered as a common problem during the injection of sea water into reservoir in 

order to increase the pressure of reservoir as a known method of enhanced oil recovery. SRB are anaerobic 

microbes having most accompaniment with microbial corrosion, reservoir plugging, deterioration of product 

quality, and decrease in the permeability of pores of underground petroleum reservoirs (Okoro et. al., 2015; 

Little, 2013). They are diverse groups of anaerobic microbes present everywhere and zero in on producing 𝐻2S 

by using sulfate ion as the final electron receiver although enormous amount of different organic matters such as 

format, acetate, propionate, pyruvate, lactate, butyrate and ethanol can play the role as the electron donors for 

SRB (Little, 2013; Naresh et. al., 2015; Tatar, 2018). An outstanding amount of these bacteria, by using 𝐻2 or 

some organic compounds are able to reduce nitrate, sulfite, thiosulfate and fumarate (Little, 2013). The 

following reaction was assumed to occur in the reservoir into which the water containing the SRB was injected 

(Suga et. al., 2020): 

 

                       𝐶2𝐻5OH + 12 S𝑂4
2−

→ C𝐻3COO
−
 + 12 H𝑆−

 + 12 𝐻+
 + 𝐻2O                             (7) 

 

These bacteria have already departed from diverse zones including seawater containing a compactness of 25 

mM. However, the amount of seawater’s oxygen is above thermocline ranges from 5 to 10 ppm, anaerobic 

microbes settled at anaerobic microniches stay alive until the return of formation’s normal conditions (Little, 

2013; Ibrahem et. al., 2015). 

 

If the rate of aerobic breathing at the biofilm is more than the rate of oxygen infiltration, the biofilm-iron area 

can turn into anaerobic and embark on creating an opportunity for production of sulfide species with help of 

sulfate reducing bacteria (Little, 2013). In fact, metabolic activity of SRB causes the accumulation of sulfide 

near the iron species. Due to studies done in the recent years, many mechanisms have been found to be related 

to SRB detrimental activities: Cathodic Depolarization due to Dehydrogenase enzyme, anodic Depolarization, 

formation of iron sulfides, sulfide-induced stress cracking or hydrogen blister. These reactions are discussed to 

be involved in sulfate reducing bacteria process (Little, 2013; Jesus et. al., 2015): 

 

                                                    4 Fe → 4 𝐹𝑒2+
 + 8 𝑒−

                                                                                                                                (8) 

 

                                                   8 𝐻2O → 8 𝐻+
 + 8 O𝐻−

                                                                             (9) 

 

                                                   8𝐻+
+8𝑒−

→ 8 H                                                                                         (10) 

 

                                                   S𝑂4

2−
+ 8H → 𝑆2− + 4𝐻2O                                                                        (11) 

 

                                                        𝐹𝑒2+ +𝑆2−
→ FeS                                                                                       (12) 

 

                                                   4 Fe + S𝑂4
2− + 2𝐻2𝑂3 → Fe (OH) 2 + FeS + 2O𝐻−

                                                       (13) 

 

These reactions are known as Cathodic Depolarization, stating that sulfate reducing bacteria omit the 

accumulated hydrogen’s hydrogenase (Hase+) at cathode (Little, 2013). In 1985, Hamilton studied 𝐻2S 

reduction as a cathodic reaction and the role of FeS as a low hydrogen overvoltage. Afterwards, it was revealed 

that Desulfovibrio which doesn’t form hydrogenase (Hase+) as a result of Cathodic Depolarization, can 

stimulate the corrosion rate (Hamilton et. al., 1985). 

 

Regarding the investigation done in field of SRB corrosion, sulfate reducing bacteria mostly have been based on 

Desulfovibrio although it was revealed that the presence of Desulfobacterium is dominant at a marine 

environment and grows faster than Desulfovibrio species (Little, 2013). 
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Figure 2. A general overview of SRB and other process involved in. 

 

As a result, the SRB’s blemishing activities to the reservoir and environment along with drilling equipment has 

to be stopped in the most proportional ways due to studies have been done during recent years. As far as the 

microbial enhanced oil recovery method keeps on going, the production of SRB is expected to be continued so 

taking advantages of MEOR method could be feasible by prompting big changes on the way controlling SRB 

activities (Basafa et. al., 2019; Ekemini et. al., 2019; Ibrahem et. al., 2015). 

 

 

Sulfur Chemistries and The Catalyzers  

 

When the reservoir fluids flow from injection well to production well, production of intermediate sulfur species 

could be expecting owing to microbial and chemical reactions occurring at reservoir (Basafa et. al., 2019). What 

makes these compounds complex is their dependence over some factors like PH, Temperature along with the 

presence of other sulfur species, metals, and microorganisms (Chen et. al., 2018). 

 

 
Figure 3. Most common inorganic and organic sulfur compounds ions and functional group 

 

In terms of chemical views, these compounds are divided into three major groups; the first group are rich in 

acidic properties and include Carbonyl sulfide, Aryl, Carbon disulfide and Thiols (Rabbani, 2010). The second 

group is chemically neutral however they are not stable at high temperatures and this group has been made up of 

Sulfur and Polysulfur (Rabbani, 2010). The third group not only is neutral but also have shown resistance and 

stability at high temperatures. Thiophene is an example compound of the last discussed group. Major parts of 

these compounds under redox conditions, produce H2S like the reaction of Thiocarbamat and reduction of 

Thioter (Rabbani, 2010): 
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                                                        RC𝑆2R + 3𝐻2𝑂 → R𝐶𝑂2 H + 2𝐻2S + ROH                                                  (14) 

 

                                                        RSR → 2RH + 𝐻2S                                                                                                              (15) 

 

Non-organic sulfur compounds mostly flash around as Insoluble metal or soluble sulfate. There are some 

incomplete redox reactions involving 𝐻2S, sulfur dioxide, or even sulfate which are likely the reason why the 

sulfur oxyanions are generated in places with low temperature. Partial re oxidation of 𝐻2S to sulfur may occur in 

some aerobic environments, where molecular 𝑂2 is present, and in high temperature anaerobic environments, 

excess sulfate may act as the role of the oxidant. Intermediate sulfur species are able to be reduced to sulfide. 

Some of the sulfate reducers can reduce the sulfur compounds like sulfite, Thiosalts and sulfur (Rabbani, 2010, 

Basafa et. al., 2019; Hiorth et. al., 2007). Electrochemical detection and Ion chromatography with a glassy 

carbon electrode chemically modified with palladium particles have shown the highly potential ability to 

catalyze sulfide oxidation over vast potential and pH ranges and thus, could discover dissolved ions in all 

aqueous solutions. 

 

 

Hydrogen Embrittlement in Pipelines Transporting Sour Hydrocarbons  

 

In order to achieve a good integrity management, knowledge of damage mechanisms is very important. In the 

recent years many studies have been done on hydrogen embrittlement (HE) and how effects on load carrying 

steel. As ASTM F2078 states, HE is defined as “a permanent loss of ductility in a metal or alloy caused by 

hydrogen in combination with stress, either externally applied or internal residual stress”. However, the 

interaction of Hydrogen with metals under stress is very complex and many different mechanisms are proposed 

(Gabetta et. al., 2018; Nmegbu et. al., 2014). Diffused Hydrogen, for instance, not only can be associated to 

embrittlement but also to enhanced ductility. Three conditions are required to cause cracking - potentially 

developing to failure: presence of water solution, Tensile stresses and material susceptibility (Gabetta et. al., 

2018). In particular, the first two i.e. the nature of the flow wetting the pipe wall and the working factors of line 

pipe material when in service, commonly act as triggers for cracking, while the root cause remains the line pipe 

material susceptibility (Gabetta et. al., 2018; Nmegbu, 2014). Don’t forget that the presence of 𝐻2S and other 

sulfur species in hydrocarbons can be in charge of the general and localized corrosion. Laminations are a 

significant threat to the integrity of the pipeline and due to the presence of 𝐻2S in the fluid, it is reported several 

laminar features (Gilliland, 1976). 

 

In presence of wet 𝐻2S in the fluid, however, it is possible to observe blisters. From blisters, cracks may 

propagate in the steel. An estimate of crack growth rate for these defects can be useful to assess the integrity of 

pipelines. 𝐻2S has a great tendency to react with minerals rich in iron such as siderite (𝐹𝑒𝐶𝑂3 ), hematite (𝐹𝑒22𝑂3 

), and magnetite (𝐹𝑒3𝑂4 ) as shown in the coming part (Hosseini noosheri, 2016): 

 

                                                           𝐹𝑒𝐶𝑂3 + 𝐻2S → 𝐻2𝑂 + 𝐶𝑂2 + 𝐹𝑒𝑆                                                       (16)  

 

                                                          𝐹𝑒22𝑂3 + 3𝐻2S → 3𝐻2𝑂 + 𝐹𝑒𝑆2 + 𝐹𝑒𝑆                                                 (17)  

 

                                                        𝐹𝑒3𝑂4 + 4𝐻2S → 4𝐻2𝑂 + 𝐹𝑒𝑆2 + 2𝐹𝑒𝑆                                                   (18) 

 

As a matter of fact, Temperature, pressure, and pH influence the solubility of iron-rich minerals. So, that 

changes the amount of adsorbed hydrogen sulfide which has no outcome expect the reservoir souring and 

corrosion following with transport pipes embrittlement (Gilliland, 1976; Hosseini noosheri, 2016; Anon, 1988). 

 

 

Souring Control Strategies and Treatments  

 

Underestimating the spontaneous process leading to formation of 𝐻2S and other intermediate sulfur species 

following with reservoir souring and other hazardous consequences like environmental, human and financial 

problems, can be considered as irreparable mistake in long term. Putting finger on seeking effective solutions in 

recent years, has ended up with some highly effective strategies to anticipate and stop the reservoir from 

destructive souring anymore. Controlling the microbial oilfield souring activities is done by several a number of 

various methods. 
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One of the most common ways of controlling the reservoir souring is injection of biocides to the top side and 

injection water mostly known as biocides treatments. The efficiency of biocides has been proved in both studies 

and operations. The possible obstacles on the way using the biocides are considered as high costs of using, the 

rate of toxic and eventually its efficiency at operational environments. 

 

What is exactly done by biocides is inhibition of microbial growth and activity special in those reservoirs where 

souring is bounded to the zone surrounding the injecting well. The determination of these compounds effects at 

reservoir environment due to the sulfate reducing bacteria’s desire to grow in biofilm environment and 

formation’s matrix is extremely tough thus, biocide compounds are hardly able to contact them. Besides, 

another trouble flashing around in biocide treatment is the SRB’s resistivity against the biocides during injecting 

the biocides (Rabbani, 2010; Hubert et al). As the surveys demonstrate, it could be inferred that deployment of 

these compounds is not usually considered cost-effective and has no outcome except wasting time and energy 

(Rabbani, 2010; Udosoh et. al., 2020). In order to make sure that the biocides efficiency is in the most 

proportional way, some qualitative tastings are required to be done (Little, 2013). By normal water treatments, 

the reduction of bacteria to less than 1000 at m liter could be possible in (Table 1). 

 

Morris and his colleagues gathered comprehensive information from 33 places of natural gas stations about 

biocides and corrosion inhibitors (Little, 2013; Berben et. al., 2017) (Table 2). In the coming tables, normal 

water treatments and the active biocides and the numbers they have been used are respectively going to be 

shown in coming tables. 
 

Table 1. Conventional water treatments. 

Suggest Technical 

Information 

Precautions Operating Range Water 

Imptrovement 

 - - - Oxidizing biocide 

Injecting from 

some various 

points. 

PH, amount of 

ammonia FE and 

MN. Temperature 

of water. 

- PH 6.5 to 7.5 

evacutaions 

restrictions 

approved By EPA. 

Chlorine. 

2.5 times more 

effective than 

chlorine for 

controlling mud 

PH, amount of 

Ammonia FE and 

MN. Temperature 

of water 

Very volatile 

compounds 

PH to 8.7 

restrictions 

approved By EPA 

Chlorine dioxide 

- - - - Non-oxidizing 

biocide 

Can be used at 

water no minerals 

Suspended solids Needs to fine sieve Low flow Ultraviolet light 

 

Table 2. Active biocide components and the number of their usages 

Active component Number of uses 

Glutaraldehyde 9 

Quarter ammonium compounds (QAC) 3 

Acrolein 1 

Isothiazolin 1 

Diamine acetates (Cocodiamine) 1 

Carbamates 1 

Methylene-bis-thiocyanate 1 

 

According to Table 1, glutaraldehyde is a non-oxidizing biocide providing the cell’s death by cell proteins 

denaturation (Little, 2013). Glutaraldehyde is soluble in water and insoluble in oils and is incompatible with 

alkaline substances or strong acids. Quaternary Ammonium compounds are able to dissolve the lipid and lead to 

cells vitals leak (Little, 2013). As an effective inhibitor, Quaternary Ammonium compounds form some 

protective films on inner surface and reduce the contacts with oxidizers. The rate of efficiency has a direct 

relation to consumption and the local conditions. The major usages of these compounds are at closed systems 

like extraction tubes and gas-liquid separators. Acrolein is a carbon compound including aldehyde and vinyl 

(Little, 2013). The biocide activity is resulted from both. As the researches indicate, vinyl is the most reactor 

and toxic. Acrolein is effective removal of sulfide which creates complex reactions and sulfuric compounds with 

𝐻2S and metal sulfides (Little, 2013; Gabetta et. al., 2018). Isothiazoline is a complex compound containing 

nitrogen and oxygen, mostly used at industrial complexes such as water-cooled air-conditioning systems and oil 

reservoir injecting systems however Isothiazoline gets inactive by 𝐻2S thus is not effective at sour environment. 
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Diamine acetates have 2 Amine groups. The experiments done in purpose of determining the efficiency have 

shown the inefficiency of Diamine acetates at controlling microbial corrosion at fluids and on surface of carbon 

steel (Little, 2013). Biocides are highly hazardous to oilfield workers and the environment involved in and is 

hard to inject very deep into reservoir, making the treatment of SRB distant from all injection well challenges 

(Basafa et. al., 2019; Haiyan et. al., 2020). 

 

An alternative treatment for reservoir souring is nitrate injecting at the injection well or at the production well in 

the produced water. In contrast with the biocide treatment, nitrate is able to flow readily into an oil-bearing 

formation, consequently shift the corrosive microbial activity from SRB to nitrate reducing bacteria (NRB). The 

idea behind injecting nitrate-containing seawater is to stimulate nitrate-reducing bacteria in charge of reduction 

of nitrate to nitrite (Basafa et. al., 2019). Based on researches done on nitrate and nitrite’s effect on SRB, the 

general activities of sulfur reducing bacteria (SRB) stops while the density of nitrite reaches to a level of 2 ppm 

whereas a density of nitrate above 100 ppm had no remarkable impact on the growth rate of SRB (Rabbani, 

2010) [figure 4]. Due to instability of nitrite behavior as a result of potential difference of redox occurred after 

adding nitrate to sulfate reducing bacteria (SRB) containing seawater (Rabbani, 2010). More importantly, the 

SRB are very sensitive to redox leading to their habitant only available in reduction environments. The ways the 

NRB is able to effect on SRB are divided into two ways: 1- direct inhibition as in presence of nitrate, 2- indirect 

inhibition based on difference at redox potential. Chemical reaction of nitrite with 𝐻2S demonstrates that the high 

value of nitrite to nitrate, is considered necessary in order to have optimal inhibition sulfate-reducing-bacteria 

(SRB) in sour hydrocarbon reservoirs in particular at the time the formation’s PH is close to 7 or even less than 

7 (Rabbani, 2010; Fan et. al., 2018). 

 

 
Figure 4. Impact of nitrate on the oil field sulfur cycle. 

 

In comparison with other two strategies for controlling reservoir souring, using molybdate as an inhibitor to 

activity of sulfate-reducing bacteria, is less expensive along with having no significant side effects to subsurface 

environment, besides, most biocides are non-specific and cannot be used to stop sulfate reducing bacteria (SRB) 

if the growth of other microbial species is desirable. (Kögler et. al., 2021; Chilingar et. al., 1985). Deployment 

of Molybdate as a particular inhibition was first done by Peck in 1959 and already applied to prevent microbial 

sulfide genesis in sediments yet in recent years, its function as inhibitor to sulfate-reducing bacteria has been 

tested and proved. Molybdenum is an important chemical element for biological systems, including the 

anaerobic sulfate-reducing bacteria (Kögler et. al., 2021). It is used by these microbes in the synthesis of 

enzymes in charge of catalyzing reduction reactions, and it plays a key role in carbon, nitrogen, and sulfur 

cycles although the high concentration of molybdenum could be harmful for the environment due to its effect on 

development of microorganism (Kögler et. al, 2021). Looking over how this process is done, reveals that the 

molybdate ion can operate as a functional analog sulfate that can move into the bacteria so as to make it 

deprived of sulfur reducing compounds while the process of cellular respiration is being executed (Kögler et. al., 

2021). Therefore, this acts as an ion specific metabolic inhibitor that limits sulfate reduction while is toxic to 

these microorganisms (Kögler et. al., 2021). In the studies done earlier, the most efficiency of molybdate has 

been proved to be resulted at 0.04 to 0.2 mM to fully stop the growth of pure cultures of SRB in a culture 

medium low in sulfate 5 mM (480 mg L-1) (Kögler et. al., 2021; Guo et. al., 2015 ). 

 

 

Conclusion 
 

The presence of intermediate sulfur species within the reservoir formed as a result of detrimental microbial 

activities may lead to operational, personnel, financial and environment irreparable damages. Not only do these 
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sulfur compounds form toxic and corrosive compound of 𝐻2S, but also impress the total reactivity and quality of 

the existing fluids in reservoir. Needless to say that as the rate of these corrosive and souring compounds rise in 

the reservoirs, the cost of final product decreases. In order to prevent more harms on the way microbial 

enhanced oil recovery scientists have come to obtain the ability to control the Phenomenon of reservoir souring 

resulting in corrosion by various strategies. Sulfate-reducing bacteria (SRB) is targeted as the common enemy of 

all strategies designed for coming over the activity of SRB and as stated earlier although the utilization of both 

biocides and nitrate-reducing bacteria have put the process of controlling the reservoir souring in a highly 

advanced way, but the comparisons between using molybdate and biocides and NRB as inhibitors to activity of 

SRB has brought out an awareness to the operators using these strategies as their inhibitors. Molybdate has been 

less impressed by the operators unlike its being cost-effective and providing less side effects. 

 

Above all, the mentioned souring control strategies are all rich in pros and cons which made the able to be used 

at different and proportional circumstances compatible with the atmosphere dominant over the reservoir. On the 

whole, all available techniques in order to detect and get by the activity of SRB and other factors must be 

deployed in order to prevent further disorders in reservoirs leading to souring and corrosion and the production 

which is going to be delivered to the markets. All these methods must be done quick and reliable due to the 

rapid changes that could occur during the analysis of sulfur species. 
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