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Highlights 

 New thiazolidinone derivative was synthesized and characterized by 
1
H and 

13
C NMR.  

 Its molecular structure has been determined by X-ray crystallography and DFT.  

 To display the intermolecular interactions, the Hirshfeld surface, and RDG were used. 

 B3LYP and CAM- B3LYP functionals were used to study HOMO-LUMO, GRCD, 

and MEP. 

 Thermodynamic properties were calculated. 

 Static and dynamic nonlinear optical parameters were predicted using DFT approach. 
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Abstract 

This paper describes the synthesis of a novel fluorine-substituted thiazolidin-4-one compound, 

(2E,5Z) -3-(4-fluorophenyl) -2-(4-fluorophenylimino) -5-((E)-3-(2-nitrophenyl) allyliden) 

thiazolidin-4-one, abbreviated as F2NTh. Its structure was subsequently characterized by 

Fourier transform infrared (FTIR), 
1
H and 

13
C nuclear magnetic resonance (NMR), UV-

Visible, and single crystal X-ray diffraction (SC-XRD). For a better comprehension of the 

electronic structure of F2NTh, experimental data collected from the X-ray diffraction pattern 

were then compared to theoretical results computed by the density functional theory (DFT) 

using both B3LYP and CAM-B3LYP functionals with a 6-311G (d, p) basis set. Theoretical 

results exhibited a good correlation with those established through the experimental analysis. 

To identify intra- and intermolecular interactions, Hirshfeld surface (HS) and reduced density 

gradient (RDG) analyses were performed. The results, including 2D fingerprint plots, 

indicated that H...H interactions played a major role, accounting for 23.6% of the overall 

intermolecular contacts. To investigate the charge transfer and ascertain the electronic 

properties of F2NTh, frontier molecular orbitals and global and local chemical reactivity 

descriptors were studied. By simulating the molecular electrostatic potential (MEP) and using 

MPA, NPA, ESP, and MC5 atomic charges, reactive sites within the molecule responsible for 

electrophilic and nucleophilic attacks were identified. Some thermodynamic parameters and 

functions (enthalpy, heat capacity, and entropy) obtained from spectroscopic data were also 

examined in the temperature range of 1001000 K. Finally, to test the title molecule in the 

non-linear optical (NLO) domain, the corresponding properties were predicted using B3LYP 

and CAM-B3LYP functionals. The predicted static NLO parameters (μ = 4.93 D, α = 

56.23×10
24

 esu, β = 28×10
30

 esu, and  = 244.98 10
36

 esu) revealed highly promising 

outcomes, exhibiting the molecule's utility in NLO applications. This activity was confirmed 

by the dynamic NLO parameters showing a high third-order response. 

 

Keywords   

Thiazolidin-4-ones, atomic charges, MEP, HS, RDG, dynamic NLO, Fukui, reactivity. 

  

                  



1. Introduction 

Organic heterocyclic molecules play a crucial role in various biological and catalytic activities 

[1-3]. These molecules are designed and optimized to exhibit high catalytic activity, 

selectivity, and stability, making them useful in various fields such as medicine, agriculture, 

and materials science [4-8]. Understanding the factors that influence their catalytic 

performance is essential for further advancements in the field of organic synthesis and 

catalysis [9-13]. Additionally, organic molecules also serve as homogenous and/or 

heterogeneous catalysts in numerous chemical reactions, accelerating the rate of these 

reactions [14-18]. Recently, the interest in non-linear optical materials (NLO) in the scientific 

world has been steadily increasing due to their impact in a wide variety of fields such as 

optical data transmission, optical data storage, optical signal processing, optical 

communication, second harmonic generation, lasers, refractive index modulation, optical 

switching, and optical limiting [19]. NLO includes a range of materials, such as small organic 

molecules, polymers, and inorganic crystals. Among the class of substances that have a 

meaningful NLO potential are thiazolidinone and its derivatives. These molecules exhibit a 

vast array of biological activities in addition to their non-linear optical properties [20, 21]. 

These include anti-cancer agents [22], analgesics and anti-inflammatory agents [23], 

antimicrobials and antiparasitics [24, 25], antivirals [26], anticonvulsants [27] antidiabetics 

[28], and anti-HIV agents [29]. The electronic structure of these molecules gives them 

significant biological potential [30]. Indeed, many studies have shown that the presence of 

heteroatoms within these molecules directly influences the structure, electronic, and optic 

properties, including the charge transfer phenomena that take place throughout the conjugated 

system contained in the thiazolidinones [31, 32]. These give rise to inter- and intramolecular 

interactions that subsequently allow the molecule to be an effective agent with a higher NLO 

effect [20]. The heteroatom in the thiazolidinone molecule is the privileged site of 

electrophilic attack in a state of sp
3
 hybridization and the privileged site of nucleophilic attack 

in a state of sp
2
 hybridization [33]. The high electronic concentration around the heteroatom 

allows for more intermolecular bonds formation. These intermolecular bonds contribute to the 

overall stability and strength of the molecule. Additionally, the high electronic concentration 

also enhances the reactivity of the heteroatom, making the molecule a potential candidate for 

applications in electronic and optical devices. 

In this context, with the aim of investigating the impact of the most electronegative chemical 

element, fluorine, as well as the inductive and mesomeric electronic effects and highly 

attractive character of the nitro group, the synthesis of the novel derivative (2E,5Z)-3-(4-

                  



fluorophenyl)-2-(4-fluorophenylimino)-5-((E)-3-(2-nitrophenyl)allyliden) was performed. 

The thiazolidin-4-one derivative was then characterized using experimental techniques such 

as SC-XRD, FT-IR, 
1
H and 

13
C NMR, and UV-visible spectroscopy. Additionally, we have 

achieved in this work quantum chemical calculations at the ground state of the title molecule. 

The theoretical study was performed by the DFT method using the three-parameter hybrid 

Becke-Yang-part (B3LYP) and the Coulomb attenuated method-B3LYP (CAM-B3LYP) 

functionals along with a 6-311G(d, p) basis set. It is well known that the B3LYP functional 

[34, 35] is the most popular functional used in the quantum chemical literature today that 

usually provides plausible results [36–38]. This functional was found in several works [39, 

40] that, in some cases, failed to reproduce computed spectra similar to the experimental ones 

within the context of studying other interesting parameters. Within this framework, the CAM-

B3LYP functional [41], which is a separate version of B3LYP, has enabled the study of 

certain parameters to be improved, particularly the UV-visible spectra, NLO, and 

thermodynamic predictions [42, 43]. The main improvement of the CAM-B3LYP functional 

is the incorporation of a post-Hartree-Fock correction of coupled cluster theory. This 

correction takes into account electron correlation effects that are not fully accounted for by 

standard DFT functionals such as B3LYP. It improves the accuracy of CAM-B3LYP in 

describing difficult electron correlation phenomena, such as dispersion forces and weak 

interactions. CAM-B3LYP generally includes improved dispersion correction terms compared 

to the standard B3LYP functional. Dispersion strengths are additionally crucial for precise 

modeling of non-covalent interactions like van der Waals interactions. Accurate modeling of 

van der Waals interactions requires understanding the dispersion strengths between the 

interacting species. For optimal results, we used both functionals in theoretical calculations. 

Following the structural analysis, several parameters closely related to the three-dimensional 

structure of F2NTh were determined. Hirshfeld surface analysis and 2D fingerprint plots were 

performed in order to understand and visualize the relative contributions of different non-

bonded contacts in the crystal structure. The reduced density gradient (RDG) analysis was 

used to explore the nature of repulsive and attractive van der Waals interactions. Furthermore, 

to support experimental results and to better understand the electronic, structural, and optical 

properties of the investigated molecule, HOMO and LUMO energies were determined using 

density of states analysis to confirm the charge transfer occurred in the title molecule. 

Thermodynamic properties and global and local chemical reactivity descriptors were also 

calculated. Atomic charges were computed with four different models, including Mulliken 

(MPA), natural population analysis (NPA), Hirshfeld (MC5), and Merz-Kollman (ESP) 

                  



charges, where the advantages and disadvantages of each model were exposed. This 

comparative study of atomic charges allowed us to better interpret the nucleophilic and 

electrophilic behavior of the title compound and to determine the most active molecular sites 

to predict the interactions and reactions that the F2NTh molecule might produce. By the end 

of this study, we confirmed the potential of our molecule in the NLO field by calculating the 

dipole moment (μ), the average mean polarizability (α), the first-order hyperpolarizability (β), 

and the second-order hyperpolarizability (γ) by means of B3LYP and CAM-B3LYP/6-311 G 

(d, p) levels of theory. 

 

2. Experimental and computational approaches 

2.1.  Synthesis of (2E,5Z)-3-(4-fluorophenyl)-2-(4-fluorophenylimino)-5-((E)-3-(2-

nitrophenyl)allyliden)thiazolidin-4-one (F2NTh) 

The title compound was synthesized using the chemical pathways depicted in Scheme 1. 1, 3-

bis-(4-fluorophenyl) thiourea (2) was synthesized by reacting 4-fluorobenzenamine (0.02 

mol) (1) with carbon disulfide (0.01 mol) in dry ethanol (10 ml) and refluxing the mixture for 

6 hours. The resulting compound (2) and ethyl bromoacetate were refluxed for 2 hours in 40 

ml of absolute ethanol to give compound 3-N-(4-fluorophenyl)-2-N’-(4-fluorophenylimino)-

thiazolidin-4-one (3). To a solution of (3) (0.01 mol) in (10 ml) of acetic acid and three 

equivalents of anhydrous sodium acetate CH3COONa was added 2-nitrophenylcinamaldehyde 

(0.01 mol). The solution was refluxed for 4 hours. The reactions were monitored by thin-layer 

chromatography (TLC) using CH2Cl2/CH3CO2C2H5 (9/1) as solvent. The solid obtained was 

filtered and washed with acetone to form (2E, 5Z)-3-(4-fluorophenyl)-2-(4-

fluorophenylimino)-5-((E)-3-(2-nitro phenyl) allylidene) thiazolidin-4-one (4) with 85% 

yield. 

 

                  



 

Scheme 1. Synthesis pathway for F2NTh 

 

2.2. Spectroscopic data 

Yellow solid, mp = 190°C, IR (KBr, cm
-1

): 2840 (C–H), 1720 (C=O), 1681 (C=N), 1571 

(C=C), 1092 (C–N), 1214 (C–F), 505 (C–S). 
1
H NMR, (CDCl3, 300 MHz, δ (ppm), J (Hz)): 

6.64 (dd, 1H, J = 23.5 Hz, C–H), 7.28 (dd, 1H, C–H), 7.40 (dd, 1H, C–H), 7.03-8.13 (m, 11H, 

Ar–H); 9.80 (d, J = 7.6 Hz, 1H, Ar–H). 
13

C NMR, (CDCl3, 300 MHz, δ (ppm)): 122.25, 

122.35, 122.44, 122.56, 127.49, 129.95, 130.02, 130.44, 131.16, 131.27, 132.64, 133.32, 

133.85, 135.47, 136.46, 143.86, 143.89, 147.34, 155.55, 158.44, 161.66, 169.71, 170.58 

(C=O), 171.32. 

 

2.3. Crystallographic insights  

The X-ray data of F2NTh was acquired by Nonius Kappa CCD using graphite monochromatic 

MoK radiation (0.71073 Å), between about 1.53 ≤ θ ≤ 25.67, at ambient temperature (293 

K). Direct methods implemented in the ShelxS [44] program were used to solve the structure. 

The ShelxL program [45] was used for the refinement, using the full matrix least squares 

method on F
2
 with anisotropic thermal motion parameters for all atoms except hydrogen ones. 

The last full-matrix least-squares refinement gave R = 0.05, wR = 0.135, and S = 1.13 with all 

reflections and I ≥ 2σ (I). The molecular 3D structure and packing were produced using the 

ORTEP-3 [46] and Mercury [47] programs. Possible hydrogen bonds were evaluated using 

the PARST program [48]. The Hirshfeld surface (HS) and its related 2D fingerprint plots were 

made using Crystal Explorer 17.5 [49]. Table 1 includes crystal structure data, measurement 

details, and refinement parameters for F2NTh. 
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(1) (2)

Reagents and conditions: (a): CS2 , EtOH, Reflux(6h, 75°C); (b): BrCH2COOEt , EtOH, 
Reflux(2h, 75°C); (c): NO2C6H4C2H2CHO, CH3COOH, CH3COONa, Reflux(4h, 92°C)

(4)
(3)

                  



Table 1 

Experimental conditions and X-ray analysis details for F2NTh. 

Chemical formula C24H15F2N3O3S 

CCDC reference no 2287992 

Molecular weight (g.mol
-1

) 463 

Temperature (K) 293 

Crystal dimensions (mm) 0.58 × 0.21 × 0.2 

Radiation wavelength, MoKα (Å) 0.71073 

Crystal System Monoclinic 

Space group, Z P21/c, 4 

a (Å) 13.780 (2) 

b (Å) 7.872 (11) 

c (Å) 20.422 (3) 

β (°) 104.974 (4) 

V (Ǻ
3
) 2140.3 (5) 

Density g.cm
-3

 1.448 

μ (mm
-1

) 0.21 

F (000) 956 

 range for data collection [1.53 -25.67] 

Limits of (h, k, l) –15≤ h ≤16, –9≤ k ≤9, –24≤ l ≤24 

No. of measured, independent and observed [I ≥ 2σ(I)] 

reflections 
24125, 4050, 3039 

Rint 0.039 

R [F2 > 2s(F2)], wR(F
2
), S 0.0504, 0.1679, 1.130 

Refinement parameters 258 

Δρmin, Δρmax -0.379, 0.557 

 

2.4. Spectral measurements and computational details 

The electronic absorption spectrum was registered on a Shimadzu UV-2600 Pc- 

spectrophotometer with a quartz cell of 1 cm using chloroform as solvent. The IR spectrum 

was obtained on a KBr tablet on a JASCO FT/IR 4210 Fourier Transform Infrared 

Spectrometer. 
1
H and 

13
C NMR were collected on a BRUKER AC DPX-200 spectrometer 

(300 MHz) using chloroform as a solvent and tetramethylsilane (TMS) as a standard inert 

reference. 

All DFT calculations on F2NTh were performed using the Gaussian 09 software [50] and 

Gauss-View molecular visualization software [51]. Using the X-ray data, the initial structure 

was obtained, which was subsequently optimized by the DFT method with both B3LYP and 

CAM-B3LYP functionals using the 6-311G (d, p) basis set. The corresponding calculated 

vibrational frequencies were assigned by using the potential energy distribution (PED) with 

the VEDA 4 program [52]. The 
1
H and 

13
C NMR chemical shifts were determined using the 

standard gauge independent atomic orbital (GIAO) method [53], referring to the TMS. 

Through the Multiwfn software [54], RDG scatter plots were generated. In addition, the 3D 

isosurfaces were visualized by the VMD software [55]. The study and calculation of 

thermodynamic parameters as well as the plots versus temperature were established using the 

Kisthelp 2019 program [56]. 

                  



 

3. Results and interpretation 

3.1. Structure description 

According to the results of the SC-XRD analysis, the F2NTh crystallized in a monoclinic 

system and belonged to the P21/c space group with four entities in the unit cell (Z = 4). The 

cell dimensions are given in Table 1. The title molecule is defined by its (E, Z) configuration, 

indicating the 3D distribution of the bonds and groups in the compound. The 3D-X-ray 

structure of the title compound as well as the optimized structure are shown in Fig. 1. (a) and 

(b), respectively. The X-ray and computed geometrical parameters (bond lengths, bond 

angles, and dihedral angles) for non-hydrogen atoms are reported in Table 2. As can be seen 

in Table 2, experimental and theoretical results are consistent; note that the CAM-B3LYP 

functional gives a slightly closer result to the X-ray outcomes than the B3LYP [57]. It can 

clearly be observed that experimental and theoretically established SC bond values are quite 

close and correspond to the reported values in the literature [58]. Whereas we noticed S1C10 

[1.750 (3) Å (X-ray), 1.766 Å (B3LYP), and 1.760 Å (CAM-B3LYP)]. Due to the 

conjugation of our molecule, we noted that the experimental and theoretical C=N double bond 

length is significantly shorter compared to the C–N single bond length. An average value of 

1.42 Å for C–N was obtained for both X-rays and the two functionals, which is in good 

accordance with the reference value [59]. The bond length of O3=C11 was found to be 1.21 Å 

according to X-rays diffraction and 1.20 Å according to the theoretical calculation methods 

(B3LYP and CAM-B3LYP). The result turns out to be rather close to the value mentioned in 

the literature (1.22 Å) [60]. The C–C bond length in the fluoro-phenyls is in the range of 

[1.371.39 Å], which is slightly smaller than the given value in previous works [61]. From the 

C–C bond length of the previous aromatic rings (para-fluoro-phenyls), we noted that these 

latter are not perfect hexagons; similar works have supposed that the fluorine substitution, 

especially in the para position, is the cause of this phenomenon [62]. In our case, we can 

confirm this proposal by the fact that the two fluorine atoms of the title molecule participate 

in intermolecular interactions with the hydrogen atoms (C24–H24…F1 = 2.60 Å and C17–

H17…F2 = 2.63 Å). These interactions have a direct effect on the lengths of the adjacent C–C 

bonds belonging to phenyl rings through repulsion and steric gene effect. For the F–C bond 

lengths, the common value cited in the literature is 1.36 Å [63]. This value is greater than the 

theoretical values for F1–C16 and F2–C22 (1.352 Å and 1.349 Å, respectively, at B3LYP) 

and (1.346 Å and 1.342 Å respectively at CAM-B3LYP). On the other hand, the 

                  



corresponding experimental values for the two previous bonds are 1.347 (2) Å and 1.332 (2) 

Å, respectively.  

The C–C–C bond angles within the phenyl rings were in the range of [120º (X-ray); 119º to 

120º (for both B3LYP and CAM-B3LYP)], a finding that is almost identical to that reported 

values in the literature (120°) [64]. A deviation from the normal sp
2
 hybridization angle was 

observed for the C–N–C bond angles, possibly due to the presence of the non-bonding 

nitrogen doublet [65]. The corresponding values that we obtained for C–N–C were [119.51º 

(15) (X-ray), 119.022º (B3LYP), and 119.571º (CAM-B3LYP)].  

Torsion angles linking the four segments of the molecule allow us to interpret and compare 

the planarity in relation to each other. For example, the dihedral angle for C8–C9–C10–S1 

was equal to 6.1º, C5–C6–C7–C8 (- 29.4º), C12–N3–C13–C14 (- 68.6º), and C12–N2–C19–

C20 (78.4º). These values show that the nitro-phenyl and the thiazole ring are considerably 

deviated from each other, while the fluoro-phenyls are practically perpendicular to the 

thiazole ring. However, the allylidene moiety remains the closest group to the thiazole plan. In 

fact, the R
2
 correlation values obtained by the B3LYP and CAM-B3LYP functionals are 

(0.988, 0.971, and 0.997) for the B3LYP and (0.985, 0.980, and 0.999) for the CAM-B3LYP 

level, corresponding to bond lengths, bond angles, and dihedral angles, respectively. These 

plots confirmed the good consistency of computed and experimental results and demonstrated 

that, as shown in Fig. 2, the results generated by CAM-B3LYP for geometric parameters are 

closer to experimental ones than the B3LYP level. We can summarize that our results are 

reasonably close and pleasing compared to similar studies carried out and published before 

[66]. 

 

Table 2  

Selected geometrical parameters by SC-XRD and DFT for F2NTh. 

Bond lengths (Å)   X-ray 
6-311G(d, p) 

B3LYP CAM-B3LYP 

S1–C10 1.750(3) 1.766 1.760 

S1–C12 1.775(3) 1.809 1.792 

N1–O2 1.223(4) 1.223 1.214 

N1–O1 1.223(3) 1.225 1.216 

N1–C1 1.437(3) 1.481 1.475 

F1–C16 1.347(2) 1.352 1.346 

O3-C11 1.213(3) 1.209 1.203 

N2–C11 1.379(4) 1.403 1.394 

N2–C12 1.397(3) 1.395 1.392 

N3–C12 1.258(4) 1.262 1.255 

N3–C13 1.432(3) 1.407 1.408 

F2–C22 1.332(2) 1.349 1.342 

C13–C18 1.3732(12) 1.401 1.393 

C14–C15 1.3732(12) 1.392 1.386 

                  



C7–C8 1.343(4) 1.351 1.338 

C7–C6 1.488(3) 1.464 1.468 

C8–C9 1.438(4) 1.436 1.442 

C19–C20 1.3755 1.392 1.386 

C23–C24 1.3756 1.390 1.384 

C1–C2 1.3922 1.392 1.385 

C1–C6 1.3922 1.411 1.401 

Bond angles (º) X-ray B3LYP CAM-B3LYP 

C10–S1–C12 91.44(13) 091.21 091.19 

O2–N1–O1 123.2(3) 124.49 124.59 

O2–N1–C1 117.9(3) 117.30 117.34 

O1–N1–C1 119.0(2) 118.20 118.06 

C11–N2–C19 121.5(2) 121.10 121.25 

C14–C13–C18 120.0 119.03 119.30 

C14–C13–N3 120.38(15) 121.81 121.04 

C15–C14–C13 120.0 120.56 120.47 

C14–C15–C16 120.0 118.99 118.93 

F1–C16–C17 120.13(14) 119.08 119.05 

C17–C18–C13 120.0 120.66 120.51 

N3–C12–S1 126.2(2) 126.55 126.11 

C20–C19–C24 120.0 121.88 120.51 

C19–C20–C21 120.0 119.96 119.94 

C22–C21–C20 120.0 118.77 118.71 

F2–C22–C23 120.03(12) 118.90 118.87 

C21–C22–C23 120.0 122.13 122.18 

C2–C1–C6 120.0 122.51 122.65 

C2–C1–N1 116.93(13) 115.68 115.87 

C3–C2–C1 120.0 119.89 119.69 

Dihedral angles (º) X-ray B3LYP CAM-B3LYP 

C12–N3–C13–C14 −68.6(3) −64.063 −73.12 

N3–C13–C14–C15 −176.3(2) −176.91 −177.58 

C13–C14–C15–C16   0.00   0.013   0.11 

C14–C15–C16–F1   179.8(2) −179.88 −179.94 

F1–C16–C17–C18 −179.8(2) −179.57 −179.72 

N3–C13–C18–C17   176.3(2)   177.59   177.98 

C8C9–C10–C11 −176.7(3)   179.64   179.73 

C8–C9–C10–S1   6.1(4) −0.30 −0.26 

C12–S1–C10–C9   173.8(3)   179.10   179.11 

C12–N2–C11–O3 −176.9(3)   179.60   179.29 

C19–N2–C11–C10   177.1(2) −179.82 −179.68 

S1–C10–C11–O3 −178.9(2) −179.10 −178.84 

C9–C10–C11–N2 −176.3(3) −179.13 −179.04 

C13–N3–C12–N2   177.1(2)   177.15   178.11 

C13–N3–C12–S1 −4.7(4) −4.39 −2.98 

C19–N2–C12–S1 −179.91(16)   179.18   179.01 

C10–S1–C12–N3 −173.1(3) −177.97 −178.42 

N2–C19–C20–C21   178.42(12)   179.30   179.42 

F2–C22–C23–C24   178.68(13) −179.84 −179.81 

C21–C22–C23–C24   0.00 −179.71   0.37 

N2–C19–C24–C23 −178.42(12) −178.84 −178.91 

O2–N1–C1–C6   155.5(2)   156.92   157.75 

O1–N1–C1–C6 −25.9(3) −24.10 −23.12 

C6–C1–C2–C3   0.00   0.87   0.68 

C4–C5–C6C7 −179.60(14) −178.39 −178.81 

N1–C1–C6–C5   176.56(19)   178.71   178.96 

C2–C1–C6–C7   179.58(15)   177.16   178.96 

 

                  



 
 

Fig. 1. 3D structure of F2NTh [A] by SC-XRD, and [B] calculated using B3LYP/6-

311G(d,p).  

 

                  



 

Fig. 2. Correlation plots of experimental and computed geometrical parameters for F2NTh. 

 

 

3.2.  IR and NMR spectroscopy 

3.2.1. IR spectral analysis  

Infrared spectroscopy is an efficient approach for the determination of functional groups in 

organic molecules. The title molecule was characterized by Fourier transform infrared (FT-

IR) spectroscopy, and the theoretical vibrational frequencies were estimated. The F2NTh 

molecule has 104 vibration modes. The computed vibrational assignments of the standard 

modes were carried out on the basis of the potential energy distribution (PED) and presented 

                  



in Table 3. The theoretical frequency values are considerably higher than the experimental 

ones. In this context, the errors have been reduced by the scaling factor of 0.967 for the 

B3LYP/6-311G (d,p) level of theory. The theoretical and experimental FT-IR spectra 

obtained were overlaid for a better comparison and are given in Fig. 3. The B3LYP functional 

seems to have given more similar results to the experimental spectrum than those established 

by CAM-B3LYP [67]. Due to this rationale, we have exclusively presented the theoretical 

outcomes achieved at the B3LYP level. 

3.2.1.1.  Aromatic ring vibrations 

The literature has shown that absorption of aromatic C-H stretching mode is typically 

anticipated in the region of 30003100 cm
1 

[68, 69], which is approximately consistent with 

our results, that are around 2840 cm
1

 experimentally and 3085 cm
-1

 theoretically. The 

carbon-carbon stretching vibrations were determined experimentally and through B3LYP/6-

311G (d, p) calculations. The observed C-C stretching vibrations in the FT-IR spectrum 

appeared at 1121, 1295, 1571, and 1633 cm
1

, while the calculated values were 1088, 1262, 

1554, and 1589 cm
1

. The CCC in-plane bending bands were observed in the IR spectrum at 

646 and 695 cm
1

, which closely matched the calculated values of 632 and 678 cm
-1

 with 

intensities of 30% and 22%, respectively. These findings are in excellent accordance with 

previously published research [70]. 

3.2.1.2. Nitro group vibrations 

Asymmetric stretching vibrations of substituted nitrobenzene occur in the range of 1380-1560 

cm
-1 

[71]. In the FT-IR spectra of the titled compound, a distinct peak at 1343 cm
-1

 is 

observed, which is assigned to the asymmetric stretching vibrations of the NO2 group. This 

value closely corresponds to the B3LYP/6-311 G (d, p) level calculation result of 1311 cm
-1

. 

Additionally, the anticipated N-C stretching vibration between the nitrogen of the nitro group 

and the carbon of aromatic ring 1 was predicted to be 1092 cm
-1

 through B3LYP calculation, 

and it was found to be 1063 cm-1 in the FT-IR spectrum. 

3.2.1.3. Carbon–oxygen vibrations 

Depending on the type of stereoisomerism of the molecule, (C=O) stretching frequencies are 

commonly observed in the field of 1600-1800 cm
-1 

[72]. A strong band was identified at 1721 

cm
-1

 in the experimental spectrum as carbonyl (C=O) stretching vibration, corresponding to 

the calculated one at the B3LYP level with a value of 1698 cm
-1

 and 73% PED. 

 

3.2.1.4. Carbon–sulfur vibrations 

                  



The single bond C–S stretching vibration of the thiazole ring is reported in the literature [73] 

in the region of 500-700 cm
-1

. This agrees well with the obtained peak in the FT-IR spectrum 

at 506 cm
-1

, as well as the calculated value by B3LYP/6-311 G(d, p) level at 477 cm
-1

. 

Additional vibration modes have been found corresponding to out-of plan bending, which 

have values of 436 and 469 cm
-1

. These have been assigned to asymmetric and symmetric 

out-of-plan bending, calculated by the B3LYP level of theory. On the other hand, the 

observed values in the FT-IR spectrum are 427 and 466 cm
-1

. 

3.2.1.5.  Carbon–Nitrogen vibrations 

Usually, the vibrational modes in the region of 16401690 cm
-1

 are referred to as stretching 

vibration bands of the imine group (C=N) [74]. In the current section, C=N stretching 

vibrations (linked to the thiazole ring) were identified in the middle region of the FT-IR 

spectrum at 1681 cm
-1

 and reported at 1639 cm
-1

 by the B3LYP level. It may also be 

discerned from our experimental results that an asymmetric stretching vibration band of C–N 

belonging to the thiazole ring is obtained at an average of 1370 cm
-1

 and reported theoretically 

at 1325 cm
-1

. The out-of-plan and twisting mode vibrations of the C–N attached to the 

thiazole ring were noticed at 581 and 599 cm
-1 

as asymmetric vibrations at the B3LYP level 

and the FT-IR spectrum, respectively.   

3.2.1.6.  Carbon-Fluorine vibrations 

The aromatic C–F stretching vibrations are anticipated to be in the region of 1000-1400 cm
-1 

[75]. According to the calculation performed by B3LYP level, the stretching vibration of C–F 

has a value corresponding to 1220 cm
-1

 with a 46% PED; this value fits to 1214 cm
-1

 in the 

FT-IR spectrum and fits well with the above-mentioned interval. 

 

Table 3 

Experimental and calculated wavenumbers (cm
-1

) of F2NTh. 

Mode FT-IR  
B3LYP/6-311G (d, p) 

Assignments with PED (≥10 %) 
Unscaled Scaled IIR 

104  3211 3124 2.44 υs CH (96%) (ring 1) 

103  3200 3114 0.68 υs CH (94%) (ring 3) 

102  3198 3112 0.92 υs CH (94%) (ring 3) 

101  3189 3103 4.25 υs CH (88%) (ring 2) 

100  3187 3101 2.62 υs CH (88%) (ring 2) 

99  3186 3100 3.78 υs CH (40%) + υs CH (49%) (ring 1) 

98  3185 3099 0.15 υas CH (40%) (ring 3) + υs CH (59%) (ring 3) 

97  3185 3099 9.03 δs HCC (59%) (ring 2) + υas CH (32%) (ring 1) 

96  3184 3098 10.60 υas CH (32%) (ring 1) + υs CH (62%) (ring 1) 

95  3178 3092 6.50 υas CH (65%) (ring 3) + υs CH (34%) (ring 3) 

94  3173 3087 2.17 υas CH (33%) (ring 2) + υs CH (65%) (ring 2) 

93 2840 3171 3085 9.48 υas CH (21%) (ring 2) + υs CH (65%) (ring 2) 

92 2755 3162 3077 2.00 υas CH (30%) (ring 1) + υCH (70%) (ring 1) 

91  3148 3063 1.83 υs C9H9 (92%) 

                  



90  3130 3045 4.53 υs C8H8 (91%) 

89 1721 1745 1698 130.77 υs OC (73%) (thiazol) + υs NC (thiazol) (10%) 

88 1682 1684 1639 915.11 υs NC (thiazol) (68%) 

87  1647 1603 66.22 υs C7C8 (28%) + υs CC (10%) (ring 1) 

86  1642 1598 38.25 υas CC (11%) (ring 3) + υs CC (38%) (ring 3) 

85  1638 1594 27.54 υs CC (36%) (ring 2) 

84 1633 1633 1589 46.89 υas C7C8 (22%) + υs CC (14%) (ring 1) 

83  1628 1584 9.39 υas CC (29%) (ring 3) + υs CC (23%) (ring 3) 

82  1622 1578 69.37 υs CC (thiazol) (53%) 

81  1611 1568 6.15 υas CC (17%) (ring 2) + υs CC (34%) (ring 2) 

80 1571 1597 1554 250.89 υas CC (21%) (ring 1) + υs CC (23%) (ring 1) + δs HCC (11%) 

(ring 1) 

79  1554 1512 250.89 υas O1N1 (37%) + υs O2N1 (36%) 

78  1538 1496 257.13 δs HCC (32%) (ring 3) + δas HCC (27%) (ring 3) + δs CCC (10%) 

(ring 3) 

77  1530 1489 233.48 δas HCC (33%) (ring 2) + δs HCC (24%) (ring 2) 

76 1499 1500 1460 4.5889 δs HCC (51) (ring 1) 

75  1468 1446 13.12 υas CC (13%) (ring 1) + δas HCC (36%)(ring 1) + δs HCC (19%) 

(ring 1) 

74  1442 1403 0.41 υas CC (21%) (ring 3) + υs CC (20%) (ring 3) 

73 1436 1435 1396 3.62 υas CC (23%) (ring 2) + υs CC (24%) (ring 2) 

72 1418 1371 1334 226.15 δas H9C9C8 (10%) + δs HCC (29%) (ring 1) 

71 1369 1362 1325 389.15 υas NC (20%) (thiazol) + υs NC (23%) (thiazol) + δs HCC (12%) 

(ring 1) 

72 1343 1348 1311 174.83 υas O1N1 (52%) + δH8C8C7 (11%) + δs O2N1O1 (10%) 

69  1339 1303 30.88 υs C7C8 (15%) + δs H8C8C7 (26%) + δas HCC  (12%) (ring 1) 

68  1326 1290 100.47 υas CC (10%) (ring 1) + υs CC (16%) (ring 1) + δs H8C8C7 (12%) 

+ δsHCC  (13%) (ring 1) 

67  1324 1288 12.32 υs CC (21%) (ring 3) + δas HCC (12%) (ring 3) + δs HCC (12%) 

(ring 3) 

66  1313 1278 3.02 υs CC (22%) (ring 3) + δas HCC (16%) (ring 3) + δs HCC (14%) 

(ring 3) 

65 1314 1312 1277 3.08 δas HCC (44%) (ring 2) + δs HCC (39%) (ring 2) 

64  1301 1266 72.17 υas CC (16%) (ring 1) + δH9C9C8 (24%) + δs HCC (10%)  

(ring 1) 

63 1295 1297 1262 1.46 υas CC (37%) (ring 2) + υs CC (48%) (ring 2) 

62  1288 1253 53.64 υas NC (13%) (thiazol) + υs NC (22%) (thiazol) 

61 1272 1280 1245 26.47 υs CC (12%) (ring 1) + δs H8C8C7 (15%) 

60  1259 1225 285.66 υas CC (10%) (ring 3) + υs FC (48%) (ring 3) 

59 1214 1254 1220 111.15 υs FC (46%) (ring 2) + δas HCC (11%) (ring 2) 

58  1236 1203 3.42 υas CC (11%) (ring 1) + υas CC (13%) (ring 1) + υs CC (19%) (ring 

1) + δs HCC  (10%)(ring 1) 

57  1198 1166 134.55 υs C8C9 (17%) 

56 1184 1188 1156 44.45 δas HCC (17%) (ring 1) + δs HCC (52%) (ring 1) 

55  1178 1146 66.83 υs C8C9 (14%) + δs HCC (24%) (ring 3) 

54  1174 1142 186.29 δs HCC (56%) (ring 3) 

53  1172 1140 89.83 δs HCC (65%) (ring 2) 

52  1157 1126 105.94 υs CC (11%) (ring 1) + υs NC (12%) (thiazol) 

51 1149 1153 1122 73.82 υNC  (12%) (thiazol) 

50 1120 1118 1088 12.41 υas CC (12%) (ring 3) + υs CC  (14%) (ring 3) + δas HCC (33%) 

(ring 3) + δs HCC (30%) (ring 3) 

49  1115 1085 11.01 υas CC (12%) (ring 2) + υs CC  (13%) (ring 2) + δas HCC (30%) 

(ring 2) + δs HCC (38%) (ring 2) 

48 1092 1093 1063 8.10 υas NC (12) (ring 1) + δas HCC (14) (ring 1) + δs CCC (20) (ring 1) 

47  1067 1038 3.50 υs CC (22%) (ring 1) 

46  1062 1033 36.02 υs CC (13%) (ring 1) + υsCC (17%) (thiazol) 

45  1029 1001 6.27 δs CCC (15%) (ring 3) + δas CCC (58%) (ring 3) 

44  1023 995 2.99 δs CCC (70%) (ring 2) + δas CCC (16%) (ring 2) 

43 1012 1015 988 3.21 τs HCCC (54%) (ring 1) + τas CCCC (16%) (thiazol) 

42  1002 975 42.24 τs HCCC (39%) (ring 1) + τas HCCC (32%) (ring 1) + τas HCCC 

                  



(12%) (thiazol) 

41 991 990 963 1.37 τas HCCC (37%) (ring 1) + τs HCCC (55%) (ring 1) 

40 976 968 942 0.36 τs HCCC (73%) (ring 2) 

39  967 941 0.12 τas HCCC (53%) (ring 3) + τs HCCC (20%) (ring 3) 

38  948 922 1.93 τas HCCC (20%) (ring 3) + τs HCCC (50%) (ring 3) 

37  947 921 2.27 τas HCCC (36%) (ring2) + τs HCCC (12%) (ring 2) + τas CCCC 

(27%) (ring 2) 

36 934 941 916 0.41 τas HCCC (64%) (thiazol) + τs HCCC (23%) (ring 1) 

35 899 913 888 0.77 τas HCCC (11%) (ring 1) + τs HCCC  (54%) (ring 1) 

34 880 879 855 6.72 τas H8C8C7C6 (15%) +τas HCCC (35%) (ring 1) 

33  877 853 27.62 δs ONO (20%) 

32 863 858 835 38.33 τas HCCC (17%) (ring 3) + γas FCCC (10%) (ring 3) 

31  855 832 20.89 τas HCCC (29%) (ring 2) + τs HCCC (28%) (ring 2) + γas FCCC 

(10%) (ring 2) 

30  848 825 46.06 δs O2N1O1 (23%) + δs CCC (10%) (ring 1) 

29 828 827 805 1.58 τas HCCC (24%) (ring 1) + τas HCCC (20%) (ring 2) + τs HCCC 

(53%) (ring 2) 

28  822 780 4.81 τas HCCC (29%) (ring 3) + τs HCCC (55%) (ring 3) 

27 800 819 797 42.68 δas OCC (10%) (thiazol) + τs HCCC (13%) (ring 3) 

26  804 782 14.98 τas HCCC (32%) (ring 1) + τs HCCC (19%) (ring 1) + γs OCON 

(27%) (ring 1) 

25 786 800 778 5.22 υs FC (14%) (ring 3) +  υas CCC (11%) (ring 3) 

24  765 744 15.29 τs HCCC (23%) (ring 1) + γas OCON (20%) (ring 1) 

23 751 755 735 24.20 γas ONCC (68%) (thiazol) 

22 735 727 707 2.15 τas CCCC (52%) (ring 2) + τs CCCC (12%)  (ring 2) 

21 718 718 699 16.02 τas CCCC (10%) (ring 1) +τas OCON (13%) (ring 1) 

20 707 715 696 8.49 τas CCCC (21%) (ring 1) + τCCCC (14%) (ring 3) 

19 695 697 678 2.44 δas O2N1O1 (11%) + δs CCC (22%) (ring 1) 

18 674 661 643 10.65 δas CCC (11%) (ring 2) 

17  656 638 8.19 δs CCC (10%) (ring 2) 

16 646 650 632 0.40 δas CCC (30%) (ring 3) + δs CNC (26%) (thiazol) 

15  625 608 2.34 δs CNC (12%) (thiazol) 

14 610 611 595 4.76 τs NCNC (15%) (thiazol) 

13 599 597 581 4.47 τas NCNC (41%) (thiazol) + γas CCCN (11%) (thiazol) 

12  574 559 3.07 δs ONC (18%) (ring 1) + δs CCC (10%) (ring 1) 

11  552 537 80.59 δs CCN (16%) (thiazol) 

10 543 540 525 36.51 τas HCCC (11%) (ring 3) + γs FCCC (23%) (ring 3) + γas NCCC 

(14%) (ring 3) 

09 532 522 508 11.48 τas CCCC (28%) (ring 2) 

08 505 490 477 5.70 υs SC (23%) (thiazol) + δs OCC (10%) (thiazol) 

07 469 479 466 8.60 γs SCCC  (14%) (thiazol) 

06  448 436 4.95 υas FCC (10%) (ring 2) 

05 436 439 427 0.73 δas NCC (11%) (ring 3) + δs FCC (23%) (ring 3) + γas SCCC 

(11%) (ring 3) 

04  433 421 0.61 τas HCCC (20%) (ring 3) +τas CCCC (15%) (ring 3) + τs CCCC 

(54%) (ring 3) 

03  432 420 1.87 τs CCCC (44%) (ring 2) 

02  425 414 12.93 δas ONC (12%) (ring 1)  

01  405 394 0.13 υs NC (19%) (ring 1) + δs CCC (10%) (ring 1) 

ν: stretching; s: symmetric; as: asymmetric; γ : out of plan; τ: twisting; δ: bending. Ring 1: C1/C6; ring 2: 

C13/C18, ring 3: C19/C24. 

 

                  



 

Fig. 3. Experimental and theoretical IR spectra of F2NTh. 

 

3.2.2. 1
H and 

13
C NMR chemical shifts 

It is known that NMR crystallography combines both theory and experiment to obtain 

previously inaccessible information on the structure and behavior of organic molecules. This 

combination of experimental and calculated chemical shifts for a structural model is used to 

confirm the crystal structure [76]. The 
13

C and 
1
H NMR chemical shifts of the title compound 

were predicted using the Gauge-Inclusive Atomic Orbital (GIAO) [53] at the B3LYP/6-311G 

(d,p) level of theory. Table 4 provides calculated chemical shifts considering the 

tetramethylsilane (TMS) alongside the experimental results as a reference, with chemical 

shielding at 32.50 ppm (
1
H) and 184.48 ppm (

13
C) for B3LYP/6-311G (d,p). As anticipated, 

the 
13

C NMR chemical shifts were found to vary in the range of 122 to 171 ppm. For the first 

benzene ring carbons (ring 1), the carbons C2, C3, and C5 have close chemical shifts ranging 

between 130.02 and 131.27 ppm for the experimental spectrum and from 132.66 to 135.61 

ppm for the theoretical calculations. This could probably be due to their similar molecular 

environment. On the other hand, the chemical shift of the C1 linked directly to the electron-

attractant NO2 group with both an inductive and mesomeric effect is more important, having 

an experimental value of 158.44 ppm and a theoretical value of 156.82 ppm. The carbon C4 

of the same ring has a chemical shift from the experimental spectrum of 143.89 ppm to a 

theoretical value of 140.83 ppm. This high value compared to the rest of the carbons 

constituting ring 1 can be explained by the hydrogen bonding formed between C4–H4 and 

oxygen O3 (C4–H4…O3), thus increasing the polarity of this bond and varying the 

polarization of the carbon C4. Regarding the NMR results of the thiazole ring, the two 

carbons C11 and C12 of the ring have high chemical shift values due to their proximity to the 

                  



heteroatoms of the ring (nitrogen and oxygen), with a chemical shift for C11 in the average of 

170.58 and 170.71 ppm for the experimental and theoretical spectra, respectively. For C12, 

the experimental and theoretical shifts are 161.56 and 157.27 ppm, respectively. It should be 

noted that the experimental and theoretical shifts of C11 are largely higher than those of C12 

because the linked oxygen atom O3 to C11 acts as a nucleophile and strongly participates in 

the intermolecular interactions of the title molecule, thus polarizing the bond and increasing 

the shift of the carbon C11. This statement will be soon confirmed in the MEP analysis, 

atomic charges, and Fukui functions sections, where we will study more precisely the 

nucleophilic and electrophilic behavior of F2NTh atoms and be able to relate them to NMR 

results. We can also explain the reason that makes the theoretical values slightly different 

from the experimental ones by the fact that the molecule is in its isolated state in the gas 

phase. For the three carbons (C7, C8, and C9) of the allylidene bridge, we found chemical 

shift values within the norms of the literature [37], except for carbon C7 (δ = 147.34 ppm for 

experimental and δ = 148.00 ppm for theoretical shift), which has a higher shift than the 

others due to its close position to the nitrophenyl ring. In the two remaining fluoro-phenyl 

rings (ring 2 and ring 3), we found the same behavior and chemical shifts of the carbons 

constituting these two rings due to their similar structure, except for the two carbon atoms 

linked to the fluorine ones: C16 (δ = 169.71 ppm  for experimental and δ = 169.57 ppm for 

theoretical shift) and C22. Table 4 shows that C22 holds the highest experimental and 

theoretical chemical shifts (δexp = 171.32 ppm and δtheo = 172.33 ppm). These significant 

values are due to the direct connection of the considered atom with the F1 atom, which is 

more active in the molecule than the F2 atom. This reactivity is due to the involvement of the 

F1 atom in the intermolecular interactions compared to the F2 atom. 

Regarding the 
1
H NMR results, the chemical shifts of the aromatic ring protons are in good 

agreement with those previously published [59, 69], where the observed values in the 

experimental spectrum ranged from 6.64 to 9.80 ppm and those established by B3LYP/6-

311G (d, p) ranged from 7.31 to 8.70 ppm. 

  

                  



 

Table 4  

Experimental and calculated 
1
H and 

13
C-NMR isotropic chemical shifts (ppm) using 

B3LYP/6-311G (d,p) for F2NTh  

Atoms Chemical shifts Atoms Chemical shifts 
13

C Experimental Theoretical 
1
H Experimental Theoretical 

C1 158.44 156.82 H2 9.80 8.70 

C2 130.02 132.66 H3 7.95 7.98 

C3 131.27 135.51 H4 8.02 8.18 

C4 143.89 140.89 H5 8.03 8.22 

C5 131.16 134.80 H7 8.01 8.10 

C6 143.86 140.33 H8 7.28 7.40 

C7 147.34 148.00 H9 7.90 7.94 

C8 130.44 133.39 H14 6.64 7.31 

C9 135.47 137.53 H15 7.40 7.49 

C10 132.64 135.61 H17 7.71 7.60 

C11 170.58 170.71 H18 7.03 7.51 

C12 161.66 157.25 H20 7.98 8.04 

C13 155.55 152.11 H21 7.80 7.66 

C14 127.49 126.00 H23 8.75 7.66 

C15 122.44 121.21 H24 7.85 7.87 

C16 169.71 169.57    

C17 122.56 121.95    

C18 129.95 129.69    

C19 136.46 139.01    

C20 133.85 137.44    

C21 122.25 121.02    

C22 171.32 172.33    

C23 122.35 121.13    

C24 133.32 136.79    

 

3.3. UV-Visible spectral analysis 

The absorption or emission of radiation by organic molecules is the key to the interpretation 

of charge transfer phenomena within the molecule. Using the TD-DFT method with the 

B3LYP and CAM-B3LYP functionals, some properties of the excited states occurring in the 

F2NTh molecule were determined. The experimental UV spectrum of the title compound was 

measured in the region of 200-600 nm using chloroform as a solvent. According to the 

literature, the CAM-B3LYP calculation functional would be a correction of B3LYP for a 

more reliable result and for the study of certain parameters and could lead to theoretical 

spectra that are more aligned with experimental ones [77]. Among these parameters is the 

UV-visible analysis, which can be clearly observed in Fig. 4 which represents the 

superposition of the three UV spectra: B3LYP, CAM-B3LYP, and the experimentally 

measured spectrum. In addition, vertical excitation energy, oscillator strength (f), transition 

wavelength (λ), and atomic orbital contributions were determined by TD-DFT using the 

B3LYP and CAM-B3LYP functionals and are collected in Table 5. It can be seen from Fig. 4 

that the experimental spectrum has two ultraviolet peaks at 270 and 365 nm; there are also 

                  



two peaks for CAM-B3LYP that are slightly close to the experimental ones at 289 and 346 

nm. On the other hand, for B3LYP, the two peaks appeared at 369 and 450 nm, also in the 

ultraviolet range and fairly close to the visible range. The computed results for oscillator 

factor strength and atomic orbital contributions for both B3LYP and CAM-B3LYP 6-311 G 

(d, p) levels were as follows: λ = 369 nm, f  = 0.594 corresponding to HOMO-1→ LUMO 

(14%) and HOMO-2→LUMO+1 (83%); also λ = 450 nm, f = 0.511 corresponding to  

HOMO→LUMO (97%) for B3LYP. However, for CAM-B3LYP, reported results were λ = 

289 nm, f = 1.189, corresponding to HOMO→LUMO+1 (67%) and λ = 346 nm, f = 0.097, 

corresponding to HOMO→LUMO (83%). The experimental bands measured at 270 and 365 

nm have been assigned to n–π* and π–π* transitions. Finally, for the UV analysis, it can be 

stated that experimental results and those of the CAM-B3LYP calculation are in good 

agreement [77]. 

 

Fig. 4. Experimental and theoretical UV-Vis spectra for F2NTh. 

  

                  



 

Table 5 

Electronic transitions computed by TD-DFT method (MO Contribution ≥ 10 %). 

Electronic 

transitions 

B3LYP CAM-B3LYP 

λ (nm) 
Energy 

(eV) 

Osc. 

Stren. 

(f) 

MO Contributions λ (nm) 
Energy 

(eV) 

Osc. 

Stren. (f) 
MO Contributions 

S0→S1 450.12 2.221 0.511 H→L (97%) 345.89 3.584 0.097 H→L (83%) 

S0→S2 399.99 2.500 0.034 H-1→L (84%) 

H→L+1 (14%) 

305.78 4.054 0.016 H-11→L (17%) 

H-11→L+1(17%) 

H-9→L (16%) 

H-9→L+1 (13%) 

H-6→L (13%) 

S0→S3 368.71 2.712 0.594 H-1→L (14%) 

H-2→L+1 (83%) 

288.76 4.293 1.189 H→L+1 (67%) 

S0→S4 346.27 2.887 0.021 H-2→L (94%) 277.61 4.466 0.075 H-1→L (44%) 

H-1→L+1 (21%) 

S0→S5 334.86 2.986 0.089 H-1→L+1 (87%) 270.78 4.578 0.002 H-13→L (24%) 

H-13→L+1(21%) 

H-11→L+1(10%) 

S0→S6 325.91 3.068 0.029 H-9→L (25%) 

H-6→L (29%) 

255.40 4.854 0.053 H-8→L (11%) 

H-7→L (10%) 

H-2→L (28%) 

S0→S7 306.87 3.258 0.062 H-5→L (18%) 

H-4→L (12%) 

H-3→L (47%) 

254.46 4.872 0.069 H-8→L (16%) 

H-2→L (32%) 

H-2→L+1(10%) 

S0→S8 302.93 3.301 0.017 H-8→L (12%) 

H-7→L (10%) 

H-5→L (42%) 

H-4→L (13%) 

249.07 4.978 0.086 H-6→L (51%) 

S0→S9 298.94 3.345 0.001 H-4→L (40%) 

H-3→L (43%) 

242.97 5.102 0.070 H-5→L (33%) 

H-3→L (13%) 

S0→S10 296.45 3.373 0.008 H-2→L+1 (91%) 241.47 5.134 0.032 H-1→L+5 (17%) 

H→L+4 (15%) 

 

 

3.4.  Hydrogen bonding, Hirshfeld surface and RDG analysis 

3.4.1. Hydrogen bonding 

In recent decades, interest in studies of systems, including H-bonds, has increased [78]. 

Hydrogen bond donation plays a more prominent role. These bonds occur between a 

hydrogen atom and an electronegative atom, such as oxygen, fluorine, or nitrogen. 

Understanding hydrogen bonding helps researchers analyze the structure, stability, and 

reactivity of molecules, as well as their physical and chemical properties. The electron density 

of the molecules' heteroatoms influences the strength of hydrogen bonding connections 

between the constituent molecules. The CF bond is recognized for its ability to serve as a 

hydrogen bond acceptor [79]. The nonlinear optical properties of materials can also be 

affected by hydrogen bonding. This phenomenon occurs due to the strong dipole-dipole 

interactions between hydrogen atoms and electronegative atoms. These interactions can 

enhance the material's ability to exhibit optical nonlinearity, making it useful in various 

                  



applications such as optical switches and frequency converters [80]. Numerous hydrogen 

bonds are present in the title molecule, according to a supramolecular study. The most 

important H-bonds, present in the title compound are C4–H4…O3 and C17–H17…F1 with a 

bond length equal to 2.22  Å and 2.60 Å, respectively, in which the carbon (C) atom acts as a 

donor while oxygen (O) and fluorine (F) act as acceptors. The stability of the molecular 

packing in the unit cell is supported by these intermolecular interactions. As found in X-ray 

data, H-bonds occurring within the title compound are listed in Table 6 and are shown in Fig. 

5.  

 

Table 6 

Hydrogen bonds observed in the F2NTh by X-ray diffraction (Å, º) 
D–H…A D–H (Å) H…A (Å) D…A (Å) D–H…A (º) Symmetry 

C24–H24…F1 0.93 2.60 3.492 (2) 160.7 -x+1, y-1/2, -z+1/2 

C14–H14…N3 0.93 2.86 3.521 (3) 129.1 -x+1, y-1/2, -z+1/2 

C17–H17…F1 0.93 2.60 3.372 (3) 141.0 -x+1, -y+1, -z 

C17–H17…F2
 
 0.93 2.63 3.442 (3) 146.3 x, -y+3/2, z-1/2 

C7–H7…O3
 
 0.93 2.78 3.489 (4) 133.6 -x, y-1/2, -z+1/2 

C9–H9…O1 0.93 2.65 3.516 (4) 154.6 -x, y+1/2, -z+1/2 

C20–H20…O1
 
 0.93 2.78 3.474 (3) 132.6 x, y+1, z 

C21–H21…O3
 
 0.93 2.89 3.740 (3) 153.0 x, y+1, z 

C21–H21…O2 0.93 2.65 3.043 (3) 105.8 -x, y+3/2 

C20–H20…O2 0.93 2.77 3.103 (3) 102.3 -x, y+3/2 

C24–H24…F1 0.93 2.97 3.623 (3) 128.5 x, -y+1/2, z+1/2 

C4–H4…O3 0.93 2.22 3.078 (3) 152.4 x, -y-1/2 

C5–H5…F2 0.93 2.78 3.517 (3) 136.8 x, -y+1/2, -1/2 

 

 

Fig. 5. Crystal packing of F2NTh in the unit cell. 

 

3.4.2. Hirshfeld surface analysis 

The Hirshfeld surface (HS) analysis provides surface features common to several kinds of 

                  



interactions among molecules [81]. It constitutes an efficient tool for understanding the 

contribution that each intermolecular interaction generates [82]. The molecular HS in the 

crystal structure was established on the basis of the electron density distribution, calculated as 

the sum of the electron densities of spherical atoms [83]. A weight function Wa (r) offers a 

description of each atom from the framework of the theoretical description of the Hirshfeld 

surface: 

𝑤𝑎 (𝑟) = 𝜌𝑎
𝑎𝑡/ ∑ 𝜌𝑎

𝑎𝑡

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

(𝑟) 

Where ρ
a
at(r) represent the averaged spherical electron density of the respective atoms [84]. 

Dipole interactions via hydrogen bonds are crucial for stabilizing the structures, so according 

to these hydrogen bonds, the 2D fingerprint plot for the Hirshfeld isosurface indicates two 

distances for each point: de, which represents the distance from the point to the closest nucleus 

external to the surface, and di, which represents the distance from the closest nucleus internal 

to the surface [85]. The following equation describes the dnorm (normalized contact distance), 

which is determined from the de, di, and interior/exterior Vander Waals radii of atoms (ri
vdw

 

and re
vdw

): 

𝑑𝑛𝑜𝑟𝑚  =  
𝑑𝑖 − 𝑟𝑖

𝑣𝑑𝑤

𝑟𝑖
𝑣𝑑𝑤 +

𝑑𝑒 − 𝑟𝑒
𝑣𝑑𝑤

𝑟𝑒
𝑣𝑑𝑤    

The HS analysis, combined with the study of hydrogen bonding in thiazolidinone molecules, 

enables us to visualize and quantify the various intermolecular interactions on the total surface 

of the molecule. This leads us to a deeper understanding of the stability, structure, and energy 

implications occurring within the molecule. The HS analysis and 2D fingerprint plots are key 

tools for providing information on the nature of intermolecular interactions and the 

arrangement of molecules in the crystal structure [86]. Different regions of the HS represent 

specific types of interatomic interactions, such as hydrogen bonding, van der Waals 

interactions, and steric collisions. By analyzing these regions, we can gain an overview of the 

dominant forces that govern the arrangement and stability of molecules in the crystal lattice. 

2D fingerprint diagrams allow the identification of the most important interactions and their 

contributions, including hydrogen bonds and close van der Waals contacts. For interpreting 

HS, a color system is used; the latter enables us to state that when established contact is 

shorter than the Vander Waals radii, the point is colored red. On the other hand, the contacts 

approaching the Vander Waals interval value are colored white. Lastly, blue is used for longer 

contacts. The dnorm surface is illustrated using the red-blue-white color scheme in Fig. 6, in 

addition to shape index and curvedness maps. The three-dimensional HS derived from the 

                  



title compound structure is represented in Fig. 7, where dnorm is mapped over the range of 

0.398 (blue) to 1.569 (red), with a total volume of 525.81 Å
3
 and a surface area of 472.64 

Å
2
. The distribution of these surfaces reveals the regions that are exposed to both strong and 

weak interactions. The two-dimensional fingerprint maps are shown in Fig. 8. These plots can 

be used to define the nature of the intermolecular contacts between the atoms inside and 

outside the molecule. They also provide the percentage contribution of each contact type to 

the total HS [19]. For the title molecule, the two-dimensional fingerprint plot indicates that 

H…H makes the most contacts, forming 23.6% of HS. The rest of the fingerprint map is made 

up of O…H/H…O (17.8%), F…H/H…F (14%), C…C (4.2%), O…C/C…O and N…H/H…N 

(both 3.6%), and S…C/C…S (2.8%) contact areas. Remarkably, the molecular structure is 

stabilized by π-π stacking intermolecular interactions, which are indicated by red and blue 

triangles on the shape index surface (Fig. 6). Due to the presence of aromatic ring carbon 

atoms inside the surface, the blue triangles have convex areas, whereas the red triangles have 

concave areas. 

 

 

Fig. 6. dnorm HS, Curvedness and shape index maps for F2NTh.  

 

                  



 

 

Fig. 7. Molecular HS map showing intermolecular interactions of F2NTh. 

 

 

Fig. 8.  2D fingerprint plot for F2NTh revealing the contribution of each interaction to the 

total HS. 

 

                  



3.4.3. Reduced density gradient (RDG) analysis 

The RDG methodology, based on electronic density, aims to reveal the nature of non-covalent 

interactions, including steric effects, H-bonds, and van der Waals interactions [87]. These 

weak interactions are fundamental for the comprehension of the exploration of many 

biological systems and represent an essential tool for understanding how molecules interact 

with each other [88]. By conducting the RDG study, we will be able to visualize the regions of 

strongest electronic interactions, which may be essential for understanding preferred 

interaction sites. In addition, the strength of these interactions can be quantified, helping us to 

assess their relative importance compared with other intermolecular forces. These previous 

interactions and their graphic representation are obtained from the following equation [89]:  

   (𝑟) =
 | 𝜌(𝑟)|

 (  𝑟 )
 
 𝜌

 
 (𝑟)

  

where ρ(r) and  ρ(r) are the electron density and the gradient of ρ(r) at the point r, 

respectively. The different forms of interaction and their strengths were identified using the 

λ2 value. The graphical representation of ρ(r) versus sign (λ2) ρ informs us usefully about the 

strength and nature of interactions. The non-bonding interactions are denoted by the large 

positive values of sign (λ2)ρ. On the other hand, the presence of attractive interactions is 

denoted by the large negative sign of (λ2)ρ as the dipole-dipole or hydrogen bonding. The van 

der Walls interactions (weak interactions) appear when the value of (λ2)ρ is close to zero 

[90]. The 2D scatter plot was obtained by generating the graph of the RDG versus sign (λ2)ρ. 

The identification of various interactions occurring in F2NTh was achieved and represented in 

Fig. 9. Notably, a larger value than zero indicates bonding, while a value lower than zero 

indicates nonbonding [91]. As can be seen in the figure, the threshold value for the RDG 

scatter plots is set from -0.05 to 0.05, and the range of the RDG isosurface is from -0.035 to 

0.02 a.u. It can also be observed in the figure that the red area indicates the strong repulsive 

interactions that are commonly observed in the barycenter of the aromatic rings, in our case 

the nitrophenyl, fluorophenyl, and thiazole rings. The brownish-green area indicates the 

presence of intermediary van der Walls interactions, weak interactions that are mostly due to 

H…H contacts; at last, strong attraction is marked by the blue area. The RDG scatter plots 

indicate that the blue region spans between 0.80 and 1.20 a.u., while the red and green regions 

span from 0.035 to +0.020 a.u. This observation can be explained by the fact that the strong 

hydrogen bonds are almost non-existent in F2NTh and can be confirmed by the established 

distances of the H-bonds using SC-XRD given in Table 5. Notably, the most significant 

                  



hydrogen bonding is the C4–H4…O3 bond with a length of 2.22 Å. This can also be 

confirmed by referring to the 2D scatter plot, where we can see that the blue spots 

symbolizing the presence of strong H-bonds are almost non-existent too.  

 
Fig. 9. Scatter density and 2D isosurface plots showing weak and strong interactions of 

F2NTh. 

 

3.5.  Frontier molecular orbitals and density of state analysis 

Frontier molecular orbitals' (FMO’s) are the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO). These orbitals have the property of exchanging 

electrons; HOMO represents the ability to yield an electron, and LUMO represents the ability 

to receive an electron. They also have an essential contribution in the study of the optical 

properties of the molecule, as well as in quantum chemistry and the UV spectrum [92]. In 

addition, they inform us about the chemical stability and reactivity of organic molecules [93]. 

HOMO and LUMO energies may also allow us to characterize the reactivity and kinetic 

stability of molecules [94]. In addition, the charge transfer properties of the molecule are 

determined by the difference in energy between HOMO and LUMO [95]. The energy gap is a 

useful resource for the comprehension of the spectroscopic and chemical properties of organic 

                  



molecules [96]. The amplitude of the energy separating HOMO and LUMO computed using 

the B3LYP functional with the 6-311G (d, p) basis set is 3.086 eV and 5.830 eV by the CAM-

B3LYP functional. The value of the energy gap using the B3LYP level is relatively low in 

comparison with that obtained using the CAM-B3LYP level of theory and with other 

molecules [59, 97], which indicates that the structure of the title compound is sufficiently 

stable and promotes its application as a non-linear optical material. Moreover, this relatively 

minor HOMO-LUMO energy gap explains the fact that a possible charge transfer interaction 

is occurring within the molecule [98]. It is common that molecules with a small boundary 

orbital gap are easily polarized, exhibit high chemical reactivity, and can be considered soft 

molecules [99]. Furthermore, various studies show that the HOMO, LUMO, and energy gap 

can be important quantum descriptors in determining the correlation in various chemical and 

biochemical systems [100]. The distribution of HOMO and LUMO orbitals with their 

corresponding energies is shown in Fig. 10. The first point that can be noticed from the 

represented figure is that the distribution of the two orbitals follows the conjugation plan in 

the title compound; the HOMO orbital is delocalized on both the thiazole ring and the 

fluorophenyl fragment (C13/C18). Whereas, the LUMO orbital is located on the nitrophenyl 

and allylidene fragments, which indicates that the charge transfer takes place from the 

fluorophenyl aromatic fragment to the nitrophenyl fragment. It can be explained by the fact 

that the NO2 group is strongly attractive by the inductive and mesomeric effects and that the 

fluorine atom is a donor through its non-bonding doublets by the mesomeric effect. Other 

molecules with nearby structures have found a similar charge transfer result as the title 

compound using the same level of calculations [91, 97]. The density of states (DOS) is 

extensively used to describe the electronic behavior of molecular materials [101]. The FMO 

distribution was verified by partial DOS spectra performed using the B3LYP/6-311 G (d, p) 

basis set by the GaussSum program [102]. Fig. 11 illustrates the DOS drawing, in which red 

and green lines indicate the occupied orbitals. The DOS diagram is usually the result of the 

combined effect of the donor and acceptor groups on the delocalization of electrons. 

                  



 

Fig. 10. HOMO and LUMO plot of F2NTh using the B3LYP functional. 

 

 

Fig. 11. Partial DOS diagram of F2NTh using the B3LYP functional. 

 

3.6. Global and local chemical reactivity descriptors  

3.6.1. Global chemical reactivity descriptors (GCRD) 

The calculation of Global Chemical Reactivity Descriptors (GCRD) parameters highlights the 

correlation between chemical reactivity and molecular structure; they can also describe the 

                  



stability of organic molecules [74]. GCRD parameters (ionization potential (I), electron 

affinity (A), electronegativity (χ), chemical potential (P), chemical hardness (η), chemical 

softness (s), electrophilicity index (ω), and hyper-hardness ()) were calculated through the 

use of HOMO and LUMO energy values and are listed in Table 7 using the following 

equations [103]: 

I = - EHOMO, A = - ELUMO, χ = 
(     )

 
 , P = −

(𝐼 𝐴)

 
, η =  

(𝐼−𝐴)

 
, s = 

 

 η
, ω = 

𝑃2

 η
 

 =  ELUMO - 2EHOMO + EHOMO-1 

Where I = EHUMO and A = ELUMO are the ionization potential and electron affinity, 

respectively. The global electrophilicity index (ω) informs us about the electrophilic behavior 

of the molecule, with a reasonably high value of 7.88 eV for B3LYP and 4.17 eV for CAM-

B3LYP. The low chemical hardness (η) of 1.54 eV for B3LYP and 2.92 eV for CAM-B3LYP 

may indicate that charge transfer is taking place within the molecule. The stability of the title 

molecule is confirmed by the negative value of the chemical potential, which is of the order of 

4.61 eV for B3LYP and 4.65 eV for CAM-B3LYP. The chemical stability can also be 

confirmed by the positive value of the hyper-hardness parameter () [19, 20], which is valued 

at +2.69 eV for B3LYP and +5.46 eV for CAM-B3LYP. 

 

Table 7  

Calculated quantum chemical molecular descriptors for F2NTh 

Parameters (eV) EHOMO ELUMO ΔE I A  χ P η s ω  

B3LYP 6.157 3.071 3.086 6.16 3.07 4.61 −4.61 1.54 0.32 7.88 2.69 

CAM-B3LYP 7.564 1.734 5.830 7.56 1.73 4.65 −4.65 2.92 0.17 4.17 5.46 

 

3.6.2. Fukui functions (FF)  

The most commonly used local reactivity parameters are the Fukui functions, which are 

typically employed to characterize the nucleophilic and electrophilic reactivity of chemical 

entities. They also describe a molecular system's electronic behavior and help in the 

investigation of molecular stereoselectivity [104]. Their definition is given as the derivative of 

the electron density versus the charge in the electron number density, keeping the positions of 

the nuclei unchanged [105]. The general Fukui function is expressed by [106]: 

 (𝑟) = (
 𝜌(𝑟)

  
)  (𝑟)   

where 𝜌(𝑟), N and  (𝑟) are the electronic density, number of electrons, and external potential 

extended by the nucleus, respectively. To study the tendency of each atom in the molecule, 

                  



with a numerical value indicating the capacity of the atoms to be reactive sites, we used Fukui 

functions calculated according to the following equations [107]: 

   = qk (N+1) ˗ qk (N)  

  − = qk (N) ˗ qk (N˗1) 

        =  
   (   )      (   )

 
  

Where ƒk
+
 represents nucleophilic attack, ƒk

−
 electrophilic attack, and ƒk

0
 is the free radical 

attack, in these equations; qk is the atomic charge at the kth atomic site in the neutral (N), 

cationic (N+1) and anionic (N-1) chemical entities. From the natural bond orbital charges, it 

was able to calculate the values of the Fukui functions [108]. To investigate the local 

electrophilic indices, the global electrophilicity indices (ω) and Fukui indices (ƒk
+
, ƒk

−
) were 

linked together according to the following equations [109]:  

ωk
+
 = ωfk

+
   for nucleophilic attack 

ωk
˗
 = ωfk

˗
   for electrophilic attack 

The results associated with the Fukui functions for the atoms of the title molecule are reported 

in Table 8. Atoms with a high value of softness ΔSk are very susceptible to radical attacks 

[110]. In this context, we have calculated the values of this parameter in order to confirm the 

presence of atoms that can be exposed to this sort of interaction. According to Table 9, the 

low calculated local softness values indicate a poor possibility of susceptible sites to radical 

attacks and can be explained by the fact that our system is conjugated and influenced by the 

electronics effect (mesomeric) resulting from the conjugation of our system, which is more 

predominant than the electronegativity effect. Then, it can be presumed that the atoms are 

more susceptible to electrophilic and nucleophilic attacks, leading us thereafter to calculate 

more parameters to confirm this fact. These additional parameters, which are important to 

differentiate between electrophilic and nucleophilic attacks and predict the important reactive 

sites of the molecule [111], are the dual (Δfk ) and multiphilic (Δωk ) descriptors. They have 

been calculated based on the following equations [74]: 

Δfk  = [fk
+

(r) ˗ fk
+

(r)] 

Δωk = ω (fk
+
 ˗ fk

+
)
 
=

 
ω Δfk  

Where the positive values of (Δf) and (Δω) confirm the elctrophilic character of the reactive 

molecular sites and promote nucleohilic attacks. The negative values of these last parameters 

show the nucleophilic character of the reactive molecular sites and favor electophilic attacks. 

Based on this statement, we deduced from the calculated results of Table 8 that the 

nucleophilic sites are O1, O2, O3, N1, C1, C2, C3, C4, C5, C6, C8, C10, C11, C19, and C20 

                  



atoms, while the electrophilic sites are the S1, F1, F2, N2, N3, C7, C9, C12, C13, C14, C15, 

C16, C17, C18, C21, C22, C23, and C24 atoms. 

 

Table 8 

Local reactivity descriptors calculated by B3LYP/6-311G (d, p for F2NTh. 

Atoms 
Fukui functions (eV) Local electrophilicity index (eV) Local softness (eV) 

fk
- fk

+ fk
0 Δfk ωk

- ωk
+ Δωk Sk

- Sk
+ ΔSk 

S1 0.0506 0.1186 0.0846 0.0680 0.3988 0.9347 0.5358 0.0164 0.0385 0.0220 

F1 0.0145 0.0419 0.0282 0.0274 0.1144 0.3305 0.2161 0.0047 0.0136 0.0089 

F2 0.0153 0.0188 0.0170 0.0034 0.1208 0.1480 0.0272 0.0049 0.0061 0.0011 

O1 0.0585 0.0051 0.0318 -0.0534 0.4613 0.0402 -0.4210 0.0190 0.0016 -0.0173 

O2 0.0815 0.0324 0.0570 -0.0491 0.6424 0.2555 -0.3869 0.0264 0.0105 -0.0159 

O3 0.0564 0.0386 0.0475 -0.0178 0.4444 0.3041 -0.1403 0.0183 0.0125 -0.0057 

N1 0.0199 0.0023 0.0111 -0.0176 0.1573 0.0181 -0.1392 0.0064 0.0007 -0.0057 

N2 -0.0065 0.0092 0.0013 0.0157 -0.0512 0.0727 0.1239 -0.0021 0.0029 0.0051 

N3 0.0393 0.0605 0.0499 0.0211 0.3096 0.4765 0.1668 0.0127 0.0196 0.0068 

C1 0.0200 0.0181 0.0190 -0.0019 0.1581 0.1425 -0.0155 0.0065 0.0058 -0.0006 

C2 0.0541 0.0401 0.0471 -0.0140 0.4265 0.3158 -0.1106 0.0175 0.0130 -0.0045 

C3 0.0795 0.0568 0.0681 -0.0227 0.6266 0.4474 -0.1791 0.0258 0.0184 -0.0073 

C4 0.0716 0.0300 0.0508 -0.0415 0.5642 0.2369 -0.3273 0.0232 0.0097 -0.0134 

C5 0.0404 0.0230 0.0317 -0.0173 0.3184 0.1819 -0.1365 0.0131 0.0074 -0.0056 

C6 0.0248 -0.0134 0.0056 -0.0383 0.1956 -0.1062 -0.3018 0.0080 -0.0043 -0.0124 

C7 0.0557 0.0824 0.0690 0.0267 0.4388 0.6495 0.2107 0.0180 0.0267 0.0086 

C8 0.0590 0.0207 0.0399 -0.0382 0.4650 0.1636 -0.3013 0.0191 0.0067 -0.0124 

C9 0.0566 0.0749 0.0658 0.0183 0.4462 0.5906 0.1444 0.0183 0.0243 0.0059 

C10 0.0352 0.0063 0.0208 -0.0289 0.2779 0.0501 -0.2278 0.0114 0.0020 -0.0093 

C11 0.0382 0.0128 0.0255 -0.0254 0.3012 0.1011 -0.2000 0.0124 0.0041 -0.0082 

C12 0.0109 0.0125 0.0117 0.0015 0.0863 0.0986 0.0122 0.0035 0.0040 0.0005 

C13 -0.0169 -0.0046 -0.0108 0.0123 -0.1337 -0.0364 0.0973 -0.0055 -0.0015 0.0040 

C14 0.0010 0.0412 0.0211 0.0402 0.0078 0.3252 0.3173 0.0003 0.0134 0.0130 

C15 0.0215 0.0552 0.0384 0.0337 0.1697 0.4353 0.2656 0.0069 0.0179 0.01094 

C16 0.0092 0.0304 0.0198 0.0212 0.0726 0.2398 0.1672 0.0029 0.0098 0.0068 

C17 0.0264 0.0615 0.0440 0.0350 0.2086 0.4843 0.2757 0.0086 0.0199 0.0113 

C18 0.0206 0.0612 0.0409 0.0405 0.1625 0.4821 0.3196 0.0067 0.0198 0.0131 

C19 -0.0057 -0.0193 -0.0125 -0.0135 -0.0455 -0.1521 -0.1065 -0.0018 -0.0062 -0.0043 

C20 0.0046 -0.0009 0.0018 -0.0056 0.0369 -0.0078 -0.0448 0.0015 -0.0003 -0.0018 

C21 0.0272 0.0306 0.0289 0.0033 0.2147 0.2410 0.0262 0.0088 0.0099 0.0010 

C22 0.0088 0.0099 0.0093 0.0011 0.0693 0.0782 0.0089 0.0028 0.0032 0.0003 

C23 0.0261 0.0322 0.0292 0.0061 0.2061 0.2541 0.04804 0.0084 0.0104 0.0019 

C24 0.0003 0.0100 0.0052 0.0096 0.0029 0.0789 0.0759 0.0001 0.0032 0.0031 

 

3.7. Molecular electrostatic potential (MEP) analysis 

The MEP is well identified as the interaction between the molecular charge distribution 

(electrons and nuclei) and the positive unit charge at any point in space surrounding the 

molecule. The electrostatic potential experimentally determined using X-ray diffraction as 

well as by calculation remains one of the most commonly used techniques for predicting the 

reactivity of molecules [112]. Mathematically, MEP can be defined by the following 

equation: 

V( r⃗) =  ∑
Z 

|R⃗⃗⃗ − r⃗|
 

 − ∫
ρ(r′⃗⃗⃗)

|r′⃗⃗⃗ −  r⃗|
 dr′⃗⃗⃗ 

                  



Where ZA is the nucleus charge, which is located at RA, and ρ(r') is the electron density. To 

describe the reactive sites for electrophilic and nucleophilic attacks of the investigated 

molecule, the MEP map for F2NTh is illustrated in Fig. 12. The range of the limits for total 

electron density is over 5.34210
-2

 to +5.34210
-2

 a.u. As can be seen in Fig. 12, the 

possible sites for electrophilic attacks are the oxygen atoms O1, O2, and O3. The blue regions 

(positive areas) are located on the hydrogen atoms of the phenyl rings, indicating a possible 

site for nucleophilic attacks. It can also be seen that the yellow color covers the two fluorine 

atoms F1 and F2, indicating a relatively negative potential that can be explained by the H-

bonds formed with the fluorine atoms. The neighboring regions close to the sulfur atom are 

positive due to the surrounding electropositive atoms [66]. These sites can give us information 

about susceptible regions to intermolecular interactions and evidence of biological activity 

[113]. 

 

Fig. 12. MEP map calculated using B3LYP. 

 

3.8. Population atomic charge analysis (MPA, NPA, MC5, ESP) 

The distribution of electron density within a molecule is identified via population atomic 

charge analysis. This research provides important additional knowledge on the molecule's 

chemical composition and electrical structure. Furthermore, it is possible to determine areas 

of high and low electron density by calculating atomic charges, which can explain the 

molecule's reactivity and binding behaviors. Population atomic charge analysis is also 

essential for understanding intermolecular interactions and anticipating the activity of 

compounds in various environments. This analysis provides valuable insights into the 

electronic structure and chemical properties of the molecule [114]. The calculation of atomic 

                  



charges is crucial in the application of quantum chemical calculations in molecular systems. 

Atomic charges can affect dipole moment, electronic structure, molecular polarizability, NLO 

properties, and acid-base behavior [115]. They can also play an important role in describing 

electron distribution in organic molecules. Among the oldest methods of calculating charges, 

Mulliken’s method [116] remains the fastest and least expensive at the same time, but due to 

the lack of deficiencies it represents, such as the dependence on the basis set [117], other 

methods have been introduced, such as NPA (natural population analysis), MC5 (Hirshfeld 

charges), and ESP (Merz-Kollman charges). Natural population analysis (NPA) is known to 

be a more reliable approach as it considers the impact of electron density and the polarization 

effect [118]. The Hirshfeld approach has the advantage of being able to eliminate randomness 

in the choice of promolecule and enhance the magnitude of the charges. Therefore, the 

resulting Hirshfeld charges correlate well with the atomic charges obtained from the 

electrostatic potential [119]. Merz Kollman charges provide the best potential and moments; 

their disadvantage is a low dependence on the way the molecule is oriented [120]. Based on 

these atomic charge descriptions, we performed the charge analysis using the B3LYP/6-311G 

(d, p) level for comparative purposes, with the aim also of confirming the electrostatic 

potential (electrophilic ornucleophilic sites) of the title molecule studied in previous sections. 

Thereafter, for a better comparison, the obtained results have been reported in Table 9 and 

plotted in Fig. 13. As anticipated, most negative charges were located on the O, N, and F 

(except N1 of the nitro group) atoms for all four calculated types of atomic charges. 

Otherwise, the electrophilic regions were located on the C6, C8, C10, C15, C17, C21, and 

C23 atoms. The remaining carbons of the title molecule and S1 and N1 hold positive charges. 

Furthermore, the atomic charges support the presence of hydrogen bonds (C–H…O) and (C–

H…F)  which is the case for the most important hydrogen bonds determined in the 

experimental section (hydrogen bonding) that occur with the oxygen and fluorine atoms 

(C21–H21…O2, C21–H21…O3, C24–H24…F1 and C17–H17…F2). Atomic charges also 

confirmed π-π stacking interactions occurring in the aromatic rings. The electrophilic and 

nucleophilic regions of the MEP surface show similar results to the charge analysis especially 

by MPA and NPA, which were subsequently verified by the Fukui indices. According to Fig. 

13, we noticed that the MPA, NPA and ESP models gave similar results as well as a close 

distribution of atomic charges, except for the MC5 charges model, which represents a quite 

different plot. These differences between the three MPA, NPA, and ESP charge models and 

the MC5 model are due to different approaches in the estimation of the atomic charges [121]. 

It can be deduced from this study that the title molecule is considered to have a significant 

                  



electrophilic character previously determined with a high value of the electophilicity index 

(ω) of 7.875 eV. 

  

                  



 

Table 9 

Calculated atomic charges by MPA, NPA, ESP and MC5 models for F2NTh  

Atoms MPA NPA MC5 ESP 

S1   0.233   0.277 −0.029 −0.151 

F1 −0.235 −0.350 −0.108 −0.214 

F2 −0.228 −0.345 −0.101 −0.211 

O1 −0.264 −0.380 −0.194 −0.398 

O2 −0.256 −0.378 −0.201 −0.412 

O3 −0.320 −0.570 −0.266 −0.475 

N1   0.145   0.513   0.263   0.695 

N2 −0.495 −0.493 −0.018 −0.223 

N3 −0.326 −0.504 −0.157 −0.517 

C1   0.112   0.084   0.026   0.011 

C2   0.103 −0.176   0.023 −0.206 

C3   0.021 −0.187   0.027 −0.080 

C4   0.045 −0.166   0.033 −0.118 

C5   0.034 −0.173   0.022 −0.157 

C6 −0.011 −0.055   0.008   0.123 

C7   0.106 −0.137   0.021 −0.292 

C8 −0.004 −0.202   0.015 −0.090 

C9   0.154 −0.169   0.040 −0.025 

C10 −0.414 −0.246 −0.032 −0.190 

C11   0.526   0.676   0.179   0.567 

C12   0.222   0.371   0.117   0.391 

C13 −0.012   0.123   0.037   0.363 

C14   0.062 −0.213   0.001 −0.150 

C15 −0.013 −0.260   0.002 −0.316 

C16   0.240   0.417   0.086   0.381 

C17 −0.015 −0.259   0.003 −0.290 

C18   0.065 −0.192   0.003 −0.229 

C19   0.086   0.136   0.038   0.206 

C20   0.117 −0.165   0.017 −0.199 

C21 −0.021 −0.263   0.008 −0.266 

C22   0.252   0.437   0.097   0.389 

C23 −0.018 −0.262   0.010 −0.275 

C24   0.107 −0.165   0.023 −0.170 

 

                  



 

Fig. 13.  The 3D-graphic representation of the attribution of MPA, NPA, MC5 and ESP 

charges to F2NTh atoms 

 

 

3.9.  Thermodynamic parameters 

The theoretical calculation of the thermodynamic properties of the title compound at 298.15 K 

was established from the predicted harmonic frequencies. Among the parameters that have 

been calculated are zero-point vibrational energy, rotational constants, rotational 

temperatures, thermal energy, molecular capacity at constant volume, entropy, zero-point 

correction, thermal correction to energy, thermal correction to enthalpy, and thermal 

correction to Gibbs free energy. The theoretical calculated values using B3LYP and CAM-

B3LYP functionals with a 6-311G (d, p) basis set are listed in Table 10. We noticed in the 

results that values obtained from the two levels of theory are approached, except for the 

molecular capacity at constant volume, where we found a value of 105.120 cal.mol
-1

.K
-1

 for 

the B3LYP and 86.025 cal.mol
-1

.K
-1

 for the CAM-B3LYP. An apparent difference was also 

noticed in the entropy values, which are about 186.170 Cal.mol
-1

.K
-1 

and 157.273 Cal.mol
-1

.K
-

1 
for the B3LYP and CAM-B3LYP, respectively. Thermodynamic functions such as entropy 

(S), constant heat capacity (Cp), and enthalpy variation (ΔH = HT - H0) for a temperature 

range between 100 and 1000 K were calculated and reported in Table 11. The collected data 

indicate a consistent increase in heat capacities, entropies, and enthalpies as the temperature 

rises. Table 11 further illustrates that the calculated results using both B3LYP and CAM-

B3LYP exhibit a similar evolution. Notably, the values obtained from the B3LYP consistently 

surpass those obtained from the CAM-B3LYP. The above results are of great interest for 

                  



predicting the directions of chemical reactions according to the second law of 

thermodynamics [65, 122]. Fig. 14 shows the evolution of the thermodynamic parameters 

calculated with temperature. It should be noted that the same plots were obtained for B3LYP 

and CAM-B3LYP functionals. 

 

Table 10 

Thermodynamic parameters of F2NTh calculated at 298.15 K in the ground state. 

Thermodynamic parameters 6-311G (d, p) 

B3LYP CAM-B3LYP 

Zero-point vibrational energy (Kcal.mol
-1

) 214.344 213.505 

Rotational constant (GHZ) 

0.138 

0.052 

0.039 

0.140 

0.056 

0.041 

Rotational temperature (Kelvin) 

0.006 

0.002 

0.001 

0.006 

0.002 

0.001 

Energy (Kcal.mol
-1

) 

Total 

Translational 

Rotational 

Vibrational 

231.389 

0.889 

0.889 

229.611 

227.372 

0.889 

0.889 

225.594 

Molecular capacity at constant volume (Cal .mol
-1

.K
-1

) 

Total 

Translational 

Rotational 

Vibrational 

105.120 

2.981 

2.981 

99.158 

86.025 

2.981 

2.981 

80.063 

Entropy (Cal.mol
-1

.K
-1

) 

Total 

Translational 

Rotational 

Vibrational 

186.170 

44.287 

38.245 

103.638 

157.273 

44.287 

38.128 

74.858 

Zero point correction (Hartree/Particle) 

Thermal correction to Energy 

Thermal correction to Enthalpy 

Thermal correction to Gibbs Free Energy 

0.341 

0.368 

0.369 

0.281 

0.340 

0.362 

0.363 

0.288 

 

Table 11 

Calculated thermodynamic parameters for F2NTh at different temperatures 

T (K) 
B3LYP/6-311G (d, p) CAM-B3LYP/6-311G (d, p) 

Cp (J/molK) S (J/molK) ΔH (KJ/mol) Cp (J/molK) S (J/molK) ΔH (KJ/mol) 

100 335.70 613.97 19.68 188.806 496.43 12.40 

200 595.87 924.69 66.00 316.74 665.47 37.52 

298.15 862.61 1212.23 134.74 449.15 816.56 75.09 

300 867.90 1218.01 139.26 451.77 819.57 75.99 

400 1114.14 1502.36 238.69 574.07 966.76 127.44 

500 1316.56 1773.56 360.61 674.70 1106.08 190.07 

600 1476.77 2028.34 500.59 754.45 1236.43 261.68 

700 1603.37 2265.87 654.84 817.55 1357.66 340.40 

800 1704.73 2486.83 820.43 868.13 1470.25 424.78 

900 1787.19 2692.54 995.16 909.31 1574.96 513.72 

1000 1855.22 2884.47 1177.39 943.32 1672.58 606.40 

 

                  



 
Fig. 14. The evolution curve of thermodynamic properties of F2NTh versus the temperature 

using B3LYP and CAM-B3LYP functionals. 

 

3.10.  NLO analysis  

Fluoro-substituted organic molecules containing one or more fluorine atoms in their structure 

are a very important class of materials. These substitutions can significantly alter the 

properties and reactivity of the organic compound. Fluorine's high electronegativity leads to 

considerable electronic polarization within the molecule under study. More specifically, the 

presence of two fluorine atoms results in a significant dipole moment, giving rise to an 

unequal distribution of electrical charges [123, 124]. This polarity can also influence the 

polarizability and hyperpolarizability parameters, making the molecule more sensitive to 

electric field changes. 

Theoretical calculation methods have proven useful for the prediction of polarization and 

hyperpolarization, avoiding the costly experimental synthesis work necessary for the 

measurement of optic nonlinear (NLO) properties. The estimation of the total dipole moment 

(μ), the mean polarizability (α), and the first and second hyperpolarizabilities (β and ) allows 

a better understanding of the relationship between molecular structure and NLO properties 

[125]. Recently, organic molecules with conjugated π-electrons have received considerable 

attention because of their eventual applications as non-linear optical materials [82]. The NLO 

phenomenon can be defined as an interaction between the electromagnetic field and the 

                  



material that will subsequently create new fields differing in their diffusion properties. A 

molecule with high dipole moment, polarizability, and hyperpolarizability values is more 

active in NLO. The Taylor series expansion has been used to calculate the total energy (E) of 

the material in the presence of an intensive electric field [126]. The following equation 

provides the total energy: 

    lkjiijklkjiijkjiijii FFFFFFFFFFEFE 
!4

1

!3

1

!2

1
0  … 

where the indices (i,j,k) denote the various components of the cartesian coordinate system 

(x,y,z). E(0) represents the energy of the compound in the absence of an external electric field 

F. i is the electric dipole moment, and Fi indicates the i
th

 cartesian component of the applied 

electric field. ,  and  are the linear mean polarizability, and first- and second-order 

hyperpolarizabilities, respectively. The molecular dipole moment (μ), mean polarizability 

(〈 〉), the anisotropy of the polarizability   , and first- and second-order hyperpolarizabilities 

(β and ) were calculated using the following equations: 

 = ( 𝑥
 +  𝑦

 +  𝑧
 )

 
 ⁄
 

〈 〉 =  
 ⁄ ( 𝑥𝑥 +  𝑦𝑦 +  𝑧𝑧) 

  =  − / (( 𝑥𝑥 −  𝑦𝑦)
 

+ ( 𝑦𝑦 −  𝑧𝑧)
 

+ ( 𝑧𝑧 −  𝑥𝑥) +   𝑥𝑥
 )

 / 

 

 𝑡𝑜𝑡 = ( 𝑥
 +  𝑦

 +  𝑧
 )

 
 ⁄
 

where 

 𝑥 = ( 𝑥𝑥𝑥 +  𝑥𝑦𝑦 +  𝑥𝑧𝑧);  𝑦 = ( 𝑦𝑦𝑦 +  𝑦𝑥𝑥 +  𝑦𝑧𝑧);  𝑧 = ( 𝑧𝑧𝑧 +  𝑧𝑥𝑥 +  𝑧𝑦𝑦) 

   =
 

 
      +      +      +  (     +      +      )  

The values of polarizability (α), and first and second hyperpolarizabilities (βtot, ) are reported 

in atomic units (a.u.), so the calculated values have been converted to electrostatic units (esu) 

(α : 1 a.u = 0.148×10
-24

 esu, β : 1 a.u = 8.639×10
-33

 esu, and for : 1 a.u = 5.037×10
-40

 esu).  

 

 

3.10.1. Static NLO properties 

The values of NLO parameters were predicted using B3LYP and CAM-B3LYP functionals 

with the 6-311G (d, p) basis set, and the results are assembled in Table 12. The dipole 

moment of a molecule is an essential feature describing the movement of charge through 

molecules [127]. The calculated dipole moment (μ) values are 4.93 and 5.09 Debye obtained 

                  



with B3LYP and CAM-B3LYP functionals, respectively. The direction of the dipole moment 

vector differs depending on the positive and negative charge centers. For the title molecule, 

this direction is shown in Fig. 15. As can be seen, the vector is directed from the fluoro-

phenyl (ring 2) to the nitro-phenyl (ring 1), which confirms the charge transfer discussed 

above. As can be seen from Table 12, the final predicted values of 〈 〉 are 56.232 and 53.143 

10
24

 esu by B3LYP and CAM-B3LYP, respectively. For βtot, the two functionals give 

predicted values of 28.0 and 13.4 10
30

 esu. From the above results, we noticed that the 

theoretical calculated (βtot) values for F2NTh using the two levels of theory are much greater 

than those of urea, which is considered a prototype molecule used in the study of the NLO 

properties of molecular systems [128]. Moreover, to assess the higher-order nonlinearity of 

the investigated molecule, the static second hyperpolarizability () values are computed. The 

two values, 244.98 and 137.47 10
36

 esu obtained by B3LYP and CAM-B3LYP, 

respectively, are rather different. However, that obtained with B3LYP functional is quite 

large. Therefore, the above results serve as validation of the title compound's strong NLO 

behavior. 

 

Table 12 

Calculated static NLO parameters for F2NTh (μ, Debye; α and , 10
24

 esu; βtot, 10
30

 

esu; γ, 10
36

 esu). 
Dipole moment B3LYP CAM-B3LYP 

µx   0.653   0.810 

µy   1.675   1.675 

µz 0.728 0.744 

µ (D)   4.93   5.09 

α (0, 0) B3LYP CAM-B3LYP 

αxx 79.625 71.200 

αyx 11.468 11.964 

αyy 32.374 32.725 

αzx 11.695 11.639 

αzy 4.287 3.427 

αzz 56.697 55.502 

α 56.232 53.143 

 50.35 44.65 

β||(0,0,0) B3LYP CAM-B3LYP 

βxxx   35.600   15.893 

βyxx   16.030   9.836 

βyxy   7.246   5.286 

βyyy   2.848   2.194 

βxxz 0.218 0.951 

βyxz 0.387   0.257 

βyyz   0.353   0.993 

βzxz   0.236 1.496 

βzyz 0.968 1.481 

βzzz   0.744   0.022 

βtot   28.00   13.40 

                  



γ||(0,0,0,0) B3LYP CAM-B3LYP 

γxxxx 669.751 297.726 

γyyyy 23.358 15.831 

γzzzz 78.812 69.876 

γxxyy 69.750 37.333 

γxxzz 142.427 103.757 

γyyzz 14.282 10.852 

γ 244.98 137.47 

 

 

Fig. 15. The dipole moment direction of the title compound. 

 

3.10.2. Dynamic NLO properties 

Nowadays, for photonic devices, compounds with greater frequency-dependent NLO 

responses are of huge interest. In this section, we performed frequency-dependent calculations 

for our compound to further describe its NLO activity using the two functionals B3LYP and 

CAM-B3LYP. The corresponding findings are gathered in Table 13. As is well known, the 

frequency-dependent hyperpolarizabilities include the prediction of the electro-optic Pockels 

effect (PE), which corresponds to α (ω, ω) and β||(ω,ω,0), and the second harmonic 

generation phenomenon (SHG), which corresponds to β||(2ω,ω,0) at  = 911.3 nm. Likewise, 

the dc-Kerr effect (quadratic electro-optical Kerr effect) and dc-SHG are associated with 

γ||(ω;ω,0,0) and γ||(2ω; ω, ω, 0). Using both B3LYP and CAM-B3LYP functionals, α (ω, ω) 

values are 59.928 and 55.687 1024
 esu, respectively. As can be seen in Table 13, the 

components of the dynamic polarizability tensor have almost similar values, which makes it 

possible to have a value by B3LYP closer to that by CAM-B3LYP. The third-order NLO 

response, expressed by the second-order hyperpolarizability, is also predicted at 911.3 nm, 

                  



which includes the electro-optic dc-Kerr effect (EOKE) and the electric field-induced second 

harmonic generation (EFISHG). The most important value of γ||(2ω;ω,ω,0) (56281.510
36

 

esu) is obtained by B3LYP functional. 

 

Table 13 

Calculated dynamic NLO parameters for F2NTh (α and , 10
24

 esu; βtot, 10
30

 esu; γ, 

10
36

 esu), ( = 911.3 nm). 
Parameters  B3LYP  CAM-B3LYP 

Polarizability α (ω, ω)  α (ω, ω) 

αxx 87.514  76.027 

αyx 13.594  13.447 

αyy 33.464  33.646 

αzx 13.891  13.347 

αzy 3.996  -3.114 

αzz 58.807  57.387 

α 59.928  55.687 

 58.09  49.59 

First-order 

hyperpolarizability 
β||(ω,ω,0) β||(2ω,ω,0) β||(ω,ω,0) β||(2ω,ω,0) 

βxxx 65.236 1197.74   23.42   68.05 

βyxx 26.334 390.267   13.15   29.81 

βyxy 11.692 147.734   7.04   14.97 

βyyy 4.703 64.071   2.98   6.96 

βxxz 0.433 74.199 1.20   1.98 

βyxz 0.534 19.563   0.26   1.48 

βyyz 0.182 32.047   1.07   4.34 

βzxz 0.779 39.274 1.84 3.17 

βzyz 0.833 11.514 1.63 2.22 

βzzz 0.538 7.1526 0.36 1.65 

βtot 50.05 885.22 19.32 54.26 

Second-order 

hyperpolarizability 
γ||(ω;ω,0,0) γ||(2ω;ω, ω ,0) γ||(ω;ω,0,0) γ||(2ω;ω, ω ,0) 

γxxxx 1353.33 212026.0 445.13 1425.08 

γyyyy 41.167 4136.99 21.03 51.94 

γzzzz 101.987 496.62 86.37 158.38 

γxxyy 152.193 26065.3 57.15 180.62 

γxxzz 230.181 2922.77 145.95 292.96 

γyyzz 22.242 54.174 13.01 23.77 

γ 452.30 56281.5 194.121 541.935 

 

 

4. Conclusions 

In summary, new fluorine-substituted thiazolidi-4-none, namely, (2E, 5Z)-3-(4-fluorophenyl)-

2-(4-fluorophenylimino)-5-((E)-3-(2-nitrophenyl)allyliden) thiazolidin-4-one (F2NTh) was 

synthesized and characterized by several experimental spectroscopic techniques. SC-XRD has 

been employed to determine the crystalline structure of F2NTh, which crystallized in the 

monoclinic P21/c space group. The geometry of F2NTh was optimized by using B3LYP and 

CAM-B3LYP functionals with the 6-311G(d,p) basis set. The calculated geometrical 

                  



parameters were compared with experimental ones, showing a good agreement between both 

results. Along with the experimental characterization, the IR vibrational frequencies and 

NMR chemical shifts were calculated, assigned, and discussed. The findings revealed that the 

predicted and experimental chemical shift values, in general, were consistent. Furthermore, 

the structural study has shown the existence of some intermolecular interactions in the crystal 

packing of the title compound. These interactions are dominated by C–H⋅⋅⋅O and C–H⋅⋅⋅F 

hydrogen bonds. Using the Hirshfeld surface and its corresponding two-dimensional 

fingerprint, all the intercontacts were identified and their contributions calculated. Thus, the 

H⋅⋅⋅H contact interactions represent the most significant contribution to the HS of the title 

molecule, with 23.6%. The nocovalent and Van der Waals interactions were also investigated 

using RDG analysis. The considerable charge transfer interactions occurring within the 

molecule are explained by the computed HOMO-LUMO energy gap (3.086 eV with B3LYP 

and 5.830 eV with CAM-B3LYP) and the global chemical reactivity descriptors quantum 

parameters, which further support molecular stability. Hence, Fukui parameters indicate that 

fluorine atoms were identified as electrophilic sites. This last statement was confirmed by the 

MEP distribution, in which the elctrophilic sites are located on the fluorine and oxygen atoms 

and the nucleophilic sites are located on the hydrogen atoms of the phenyl rings. To describe 

the electron distribution throughout the title molecule, MPA, NPA, MC5, and ESP atomic 

charges were estimated. The findings of this analysis suggested that the title molecule is 

considered to have a significant electrophilic character, as confirmed by the high value of the 

electophilicity index of 7.875 eV. The theoretical UV-visible spectrum was computed using 

the TD-DFT method with both B3LYP and CAM-B3LYP functionals, and then it was 

compared against the experimental spectrum. The most intense peaks are assigned to n–π* 

and π–π* electronic transitions, and the experimental results are close to those of the CAM-

B3LYP calculation. Thermodynamic properties were theoretically investigated and discussed. 

Finally, the static and dynamic NLO properties were investigated by calculating the electric 

dipole moment (), polarizability (), and first and second hyperpolarizability ( and ) using 

the B3LYP and CAM-B3LYP functionals. The obtained results revealed that, in comparison 

to previously studied materials, F2NTh exhibits significant NLO behavior. 

 

Supplementary crystallographic data 
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