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Abstract 

The first objective of the study is based on experimental characterization of the studied compound. The synthetization process of 

C11H8O4 (I) involved the O-acetylation of 6-hydroxycoumarin with acetic anhydride, utilizing diethyl ether as a solvent and 

pyridine as a base. The obtained structure was characterized by both spectroscopic analyses such as ESI-MS, FT-IR, 1H and 13C 

NMR analysis and by single-crystal X-ray diffraction studies. In the latter case, we employed direct methods to solve the 

structure of (I) and subsequently refined to a final R value of 0.054 for 1896 independent reflections. In the structure, C—H···O 

hydrogen bonds connect the molecules into R2
2 (8) dimers, which are linked together by C—H···O interactions, forming layers 

parallel to the bc crystallographic plane. Similarly, the crystal structure is sustained by π–π interactions between neighboring 

rings, with inter-centroid distances lower than 3.8 Å. The second objective of the study is to use theoretical calculation methods 

to analyze the effect of solvent polarity on the energy gap of the boundary molecular orbitals and the overall chemical reactivity 

of coumarin-6-yl acetate in order to provide a better understanding of stability and reactivity. A series of density functional 

theory computations were achieved with B3LYP/6-311++G(d,p) basis set in both gas and solvent phases. In addition to the dipole 

moment, the natural bond orbital charge distribution was estimated in toluene, tetrahydrofuran (THF) and benzene solvents. The 

calculations were conducted utilizing the Gaussian 09 software, and the outcomes exhibited that the solvents have an influence 

on the optimized parameters. Furthermore, dual and local reactivity indices as Fukui functions from the natural bond orbital 

(NBO) charges were estimated in order to have a better comprehension of the electrophilic and nucleophilic regions, as well as 

the chemical activity of (I). The obtained dipole moment in the gas phase is 6.03 Debye and those in the presence of the solvents 

are 7.89, 6.87, 7.51 and 6.83 Debye for water, toluene, THF and benzene, respectively. Additionally, the global chemical 

reactivity parameters exhibit variation contingent on the molecular compound and polarity of the solvents, making this an 

important consideration in the selection of appropriate solvents for a given chemical reaction. The studied compound shows 

higher stability in the benzene solvent evidenced by an EHOMO-ELUMO energy gap of 9.48 eV, while its low stability is observed in 

the gas phase with an EHOMO-ELUMO energy gap of 6.64 eV. 
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1. Introduction 

Coumarin is a sweet-smelling substance naturally present 

in many plants, such as cinnamon and tonka bean. Its deriva-

tives have been identified in various plants that are frequently 

utilized as licorice flavorings. These plants include, but are 

not limited to, fennel, aniseed, and licorice root [1-3]. Cou-

marin has been utilized as a flavoring agent in the food and 

cosmetics industry for a considerable duration. Despite its 

continued employment in the cosmetics industry, its utiliza-

tion has been discontinued in the food industry due to the 

potential for toxic and deleterious effects on the liver [4, 5]. 

However, low exposure to this naturally occurring compound 

is expected and should not present a health risk. The Canadian 

Food Inspection Agency (CFIA) considered it important to 

examine coumarin levels in common products such as ground 

cinnamon, cinnamon-containing products and lico-

rice-flavored products to ensure that they are safe for con-

sumption. The Acceptable Daily Intake (ADI) for coumarin is 

set at 0.1 mg by the European Food Safety Authority (EFSA) 

in 2004 [6]. Furthermore, coumarin derivatives remain a 

significant area of interest for organic and medicinal chemists, 

with a wide range of applications in fragrances, pharmaceu-

ticals, and agrochemicals. They are essential scaffolds for 

numerous therapeutic compounds, including those with an-

timicrobial [7], antioxidant, [8] and anti-inflammatory prop-

erties [9]. In a similar vein, certain noncentrosymmetric 

coumarin derivatives find application in the realm of cut-

ting-edge research in domains such as optical communica-

tions, optical computing, dynamic imaging, and data storage. 

These derivatives offer a plethora of advantageous charac-

teristics, including the phenomenon of photoswitching. Ex-

tensive research has been conducted to identify novel mate-

rials with enhanced nonlinear optical (NLO) properties. This 

research has been conducted either experimentally or guided 

by theoretical calculations, with the objective of synthesizing 

more effective photon-manipulating materials [10-15]. 

In the present work, the first objective is to elucidate the 

synthesized structure through both spectroscopic analyses 

such as ESI-MS, FT-IR, 1H and 13C NMR analysis, and sin-

gle-crystal X-ray diffraction (XRD) studies [16]. The 3D 

structure, as determined by X-ray analysis, has been subjected 

to further analysis through the Multipurpose Crystallographic 

Tool PLATON [17]. The second objective is to investigate 

frontier molecular orbital (FMO) energies and derive global 

reactivity indices in both gas and solvent phases, underpinned 

by density functional theory (DFT) implemented in Gaussi-

an09 [18]. Furthermore, natural bond orbital (NBO) charges 

and Fukui Functions (FFs) were calculated to determine the 

atomic charge distribution for the purpose of identifying 

electrophilic and nucleophilic areas of the Coumarin-6-yl 

acetate using the B3LYP/6-311++G(d,p) basis set of Gaussian 

or the Perdew-Wang (PWC) functional and DND (Dou-

ble-numerical + d-DNP) basis set of the DMol3 module im-

plemented in Materials Studio software [19, 20]. 

2. Experimental and Theoretical 

Methods 

2.1. Synthesis 

The reaction is an O-acetylation of 6-hydroxycoumarin 

with acetic anhydride in the presence of diethyl ether as sol-

vent and pyridine as base. In this reaction, we exploited the 

HSAB theory which recommends that in acylation with an-

hydride or aliphatic acyl groups RCO+, which are known to be 

soft acids, best results are obtained by using soft bases like 

pyridine [21, 22]. 

 
Figure 1. Synthesis of the title compound. Reagents and conditions: Pyridine, Diethyl ether, room temperature, 3 h. 

The synthesis of the studied compound is analogous to the 

method described by Abou et al. (2021) [23]. A 100 mL 

round-necked flask equipped with a water condenser was 

employed in the successive steps of the reaction. The fol-

lowing reagents were introduced successively: dried diethyl 

ether (25 mL), acetic anhydride (0.65 mL; 6.17 mmol), and 
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dried pyridine (2.35 mL; 4.7 molar equivalents). While stir-

ring vigorously, 6-hydroxycoumarin (1 g; 6.17 mmol) was 

added in small portions over 30 minutes. The reaction mixture 

was left to stir at room temperature for 3 hours. The mixture 

was then poured in a separating funnel containing 40 mL of 

chloroform and washed with diluted hydrochloric acid solu-

tion until the pH was 2–3. The organic phase was extracted, 

washed with water to neutrality, dried over magnesium sulfate 

(MgSO4) and the solvent removed. The resulting precipitate 

was filtered off with suction, washed with hexane and re-

crystallized from chloroform to obtain colorless needle-like 

crystals of the title compound: yield 72%; M.p. 371-373 K. 

2.2. Spectroscopic Spectra Collection 

The spectra were collected using the equipment used by 

abou et al. (2021) [23]. The protocols are the same and are 

described as follows. 

2.2.1. Electrospray Ionization Mass Spectrum 

The analyses were conducted on a 3200 QTRAP spec-

trometer (Applied Biosystems SCIEX) furnished with a 

pneumatically abetted air pressure ionization (API) source for 

ESI-MS+ experiment. The sample in solution was ionized 

under the following conditions: electrospray tension (ISV): 

5500 V; orifice tension (OR): 20 V; nebulizing gas pressure 

(air): 10 psi. The mass spectra (Figures 2 and 3) were attained 

with a quadrupole analyzer. 

2.2.2. ATR-FTIR Spectrum 

The infrared spectrum (Figure 4) was analyzed using a 

Bruker IFS 66/S Fourier Transform Infrared (FTIR) spec-

trometer, which was operated by the OPUS 6.5 software and 

employed the attenuated total reflectance (ATR) technique 

with a germanium tip. The absorption bands in the range 

4000-400 cm-1 are expressed in wavenumber ῡ (cm-1): reso-

lution 1 cm-1, 300 scans. 

2.2.3. NMR Spectra 

1H and 13C-NMR spectra (Figures 5 and 6) were performed 

on a Bruker AMX-400 spectrometer at 300 and 100 MHz 

respectively, utilizing TMS as internal standard (chemical 

shifts in δ ppm, coupling constants J in Hz) and deuterated 

chloroform (CDCl3) as a solvent. 

The 13C spectrum was gained from an APT (Attached 

Proton Test) experiment. 

 
Figure 2. Numbering of carbon atoms used in spectra analysis. 

2.3. Crystal Structure Analysis 

Diffraction intensities for Coumarin-6-yl Acetate were 

measured on Rigaku Oxford Diffraction SuperNova, Dual, Cu 

at zero, AtlasS2 diffractometer [24] utilizing a mirror mono-

chromator and Cu Kα radiation (λ = 1.54184 A) at 298 K. The 

structure was determined by direct methods utilizing SIR 

2014 [25] incorporated in the WinGX [26] program suite. The 

refinement of the resolved structure was made by full-matrix 

least squares method on the positional and anisotropic tem-

perature parameters of the non-hydrogen atoms, using 137 

crystallographic parameters, with SHELXL2014 program 

[27]. All H atoms were placed in calculated positions with 

[C—H = 0.93 Å (aromatic), 0.96 Å (methyl)] and refined 

using a riding model approximation with Uiso(H) constrained 

to 1.2 times Ueq(C-aromatic) or 1.5 times Ueq(C-methyl) of the 

respective parent atom. Data collection, cell refinement and 

data reduction are by CrysAlis PRO [23, 24]. The universal 

crystallographic tool PLATON was utilized to analyze the 

structure and present the results. Specifics information of the 

data acquisition conditions and the parameters of the refine-

ment process are presented in Table 1. 

2.4. Theoretical Computational Procedures 

The optimized structure of the coumarin ester was per-

formed via the density functional theory (DFT) implemented 

in the Gaussian 09W software package developed by Frisch 

and coworkers, using the job type Opt+Freq and restricted 

exchange correlation functional (RB3LYP) as calculation 

method with the 6-311++G(d,p) basis set in the ground state 

due to its accurate computational results on geometric and 

energetic parameters [28]. Subsequent calculations are con-

ducted using the M062X method with the 6-311++G(d,p) basis 

to estimate the electronic properties of this compound, such as 

ionization potential (I), electronic affinity (A), lowest unoc-

cupied molecular orbital (LUMO), highest occupied molec-

ular orbital (HOMO) and energy gap (ΔEg). In addition, 

Koopman's theorem for closed-shell molecules is used to 

compute the various global chemical reactivity descriptors in 

diverse types of solvents. Fukui functions, natural bond or-

bital (NBO) charges, and thermodynamic parameters can be 

calculated and discussed [29-34]. All the output files origi-

nating from the calculations were visualized by the Gaussian 

View 06 program and the module DMol3 implemented in 

Materials Studio software. 

3. Results and Discussion 

3.1. Spectra Analysis 

3.1.1. Interpretation of Electrospray Ionization 

Mass Spectrum 

As illustrated in Figures 3 and 4, the peak observed at m/z 
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205 due to the pseudo-molecular ion [M+H]+ is consistent 

with the molecular weight of 204 g.mol-1, which is in ac-

cordance with the chemical formula C11H8O4. 

ESI-MS m/z 205 ([M+H]+) 

ESI-MS/MS m/z (%): 205 (MH+, 25), 163.2 (100), 135.2 

(4.5), 119.0 (1.8 weak), 107.2 (3.6), 91.2 (1 weak), Figure 3. 

3.1.2. Infrared Spectrum 

For the studied compound, the FTIR spectrum showed 

absorption bands at 3224.1 cm-1 (C-H, aromatic), 2982.7 cm-1 

(C-H, aliphatic), 1741.4 cm-1 and 1672.4 cm-1 for the two 

carbonyls, 1241.4 cm−1 (COC, lactone), and 1086.2 cm-1 

(COC, ester). C=C signals were in the range of 1448.3 

cm−1 to 1639.7 cm−1, (Figure 5) [23]. 

3.1.3. 1H-NMR Spectrum 

The analysis (chemical shifts and coupling constants) of the 
1H NMR spectrum (Figure 6) highlighted five spots, four of 

which were in the range 6-8.5 ppm and due to aromatic hy-

drogens. The three equivalent methyl protons are clearly 

visible at 2.3 ppm. 
1H-NMR (CDCl3, 400 MHz, δ ppm): 7.6 (d, 1H, J = 9.6 Hz, 

H-4); 7.4 (m, 1H, H-5); 7.3 (m, 2H, H-7 and H-8); 6.4 (d, 1H, 

J = 9.6 Hz, H-3); 2.3 (s, 3H, H-12). 

3.1.4. 13C (APT)-NMR Spectrum 

In NMR studies, an APT sequence is employed to detect 

attached protons: CH3 and CH signals are positive, whilst 

CH2 and quaternary carbons signals are negative. 

As illustrated in Figure 7, the APT spectrum of the mole-

cule consists of 11 signals, in line with expectations. Six 

positive peaks were observed, suggesting the presence of five 

aromatic tertiary carbons and the shielded primary carbon of a 

methyl group. In contrast, five peaks were inverted, indicating 

quaternary carbons (C-2, C-6, C-9, C-10 and C-11). 
13C (APT)-NMR (CDCl3, 100 MHz, δ ppm): 169.5 (C-11), 

160.6 (C-2), 151.8 (C-6), 146.9 (C-9), 142.9 (C-4), 125.5 

(C-8), 120.3 (C-7), 119.4 (C-10), 118.1 (C-5), 117.7 (C-3), 

21.2 (C-12). 

3.1.5. Heteronuclear Single-Quantum Correlation 

(HSQC) NMR Spectrum 

As illustrated in Figure 8, the HSQC-NMR spectrum dis-

played six peaks demonstrating a strong correlation between 

the primary carbon C-12 and the methyl protons, as well as 

between each tertiary carbon (C-3, C-4, C-5, C-7, C-8) and the 

proton directly attached via 1JC-H scalar coupling. The spots 

obtained through this analysis confirm the previously identi-

fied signals in the 1H and 13C (APT)-NMR spectra. 

3.1.6. Conclusion of Spectra Analysis 

The results of the spectrometric analysis, when superim-

posed, corroborate the molecule illustrated in Figure 2. Other 

investigative methods, including X-ray and theoretical cal-

culations, have been employed to validate this conclusion [35, 

36]. 

 
Figure 3. Electrospray ionization mass spectrum of the studied sample. 
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Figure 4. MS/MS spectrum of the protonated molecular ion peak (MH+) at m/z 205. 

 
Figure 5. Experimental ATR-FTIR Spectrum. 
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Figure 6. Experimental 1H-NMR Spectrum: CDCl3, 300 MHz. 

 
Figure 7. Experimental 13C (APT)-NMR Spectrum: CDCl3, 100 MHz. 
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Figure 8. Experimental HSQC Spectrum: CDCl3, 

1H-NMR 300 MHz; 3C (APT)-NMR 100 MHz. 

3.2. Structural Description 

3.2.1. Structural Commentary 

The structural configuration of the title compound (Figure 9) 

is characterized by a planar conformation of the coumarin ring 

system, as evidenced by the Puckering analysis parameter tau 

(τ=0.7°), which is less than 5°, the maximum value considered 

indicative of an effective planar conformation [17]. 

A thorough analysis of the bond lengths indicates a slightly 

uneven distribution around the pyrone ring. The C2-C3 bond 

length (1.340(2) Å) and the C1-C2 bond length (1.451(2) Å) 

exhibit a shorter and longer deviation, respectively, from the 

expected Car-Car bond length. This finding suggests that the 

electron density is less concentrated in the C2-C3 bond of the 

pyran-2-one ring, which results in the formation of a double 

bond, as reported in other coumarin ester derivatives [37-39]. 

 
Figure 9. An ORTEP view of the title compound (I) with the atomic numbering scheme. Displacement ellipsoids are shown at the 50% 

probability level. 
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Table 1. Crystal data and details of the structure determination. 

chemical formula C11H8O4 Theta range for data collection [°] 7.1 - 76.2 

Formula weight 204.17 Crystal size [mm3] 0.28× 0.28 × 0.04 

Temperature [K] 298 Index ranges -4 ≤ h ≤4; -46 ≤ k ≤ 47; -8 ≤ l ≤ 8 

Wavelength λ [Å] 1.54184 Reflections collected 8017 

Crystal system Monoclinic Absorption coefficient [mm-1] 0.96 

Space group P21/n Theta full [°] 67.684 

Unit cell dimensions  F(000) 424 

a [Å] 3.9039(2) Refinement method Full-matrix least squares on F2 

b [Å] 37.5379(12) Data/restraints/parameters 1712/0/ 136 

c [Å] 6.4621(3) Goodness of fit 1.03 

α [°] 90 Final R indices [F2 > 2.0 σ(F2)] R1 = 0.055, wR1= 0.164 

β [°] 103.726(4) Density calculated [g.cm-3] 1.265 

γ [°] 90 Independent reflections 1896 

Volume [Å3] 919.94(7) Rint 0.032 

Z 4 R indices (all data) 0.0574 

Crystal description plate Δρmax, Δρmin (e Å−3) 0.28, -0.17 

crystal color Colorless (Δ/σ)max < 0.001 

Diffractometer 
SuperNova, Dual, 

Cu at zero, AtlasS2 
Absorption correction 

multi-scan; 

CrysAlisPro 1.171.42.79a (Rigaku Oxford 

Diffraction, 2022) 

Empirical absorption correction using 

spherical harmonics, implemented in 

SCALE3 ABSPACK scaling algorithm. 

 

3.2.2. Supramolecular Features 

The crystal structure reveals the generation of 𝑅2
2(8) 

dimeric units via C—H···O interactions. These dimers are 

linked together by non-classical hydrogen bonds through 

C—H···O, forming chains in the bc plane (Figure 10). 

Similarly, aromatic π-π stacking interactions have been 

observed between adjacent coumarin and pyrone rings, with 

centroid-centroid distances measuring less than 3.8 Å. This 

distance is considered to be the maximum threshold for 

effective π-π interaction [40]. These aromatic interactions 

are present and link the dimers (Figure 11), (Table 3). The 

collective contribution of these molecular interactions is 

instrumental in ensuring the stable assembly of 

three-dimensional crystals. 

For convenience, we have provided a summary of the 

perpendicular distances of Cg(I) on the J ring and the dis-

tances between Cg(I) and the perpendicular projection of Cg(J) 

on the I ring (slip) in Table 3. 

Table 2. Hydrogen-bond geometry (Å, °). 

D—H…A D—H H…A D…A D—H…A 

C2—H5…O2i 0.93 2.51 3.397 (2) 160 

C11—H11C…O4ii 0.96 2.58 3.378 (2) 141 

Symmetry code: (i) 2−x, −y, −z; (ii) -1/2+x, 1/2-y, 1/2+z. 
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Figure 10. A view of the crystal packing, showing C—H···O hydrogen bonds linking molecules into 𝑅2

2(8) dimeric units and their propagation 

into the bc plane. 

 
Figure 11. π···π stacking interactions in the crystal packing. 
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Table 3. Analysis of short ring interactions (Å). Cg1 and Cg3 are the centroids of the pyrone and the coumarin rings, respectively. The dis-

tances between the centroid of ring I and its perpendicular projection on ring J, as well as the distances between the centroid of ring I and 

the perpendicular projection of ring J on ring I (slippage), are reported. 

Cg(I) Cg(J) Symmetry Cg(J) Cg(I)…Cg(J) CgI_Perp CgJ_Perp Slippage 

Cg1 Cg3 1+x, y, z 3.7192(8) -3.4080 (6) 3.4147 (5) 1.474 

Cg2 Cg3 -1+x, y, z 3.7226 (8) 3.4061 (6) -3.4004 (5) 1.515 

Table 4. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2). 

Atom x y z Ueq 

O1 0.5293 (3) 0.08275 (3) 0.03878 (15) 0.0436 (3) 

O2 0.6298 (4) 0.03526 (3) −0.13667 (18) 0.0603 (4) 

O3 0.7013 (3) 0.79975 (19) 0.76450 (16) 0.0434 (3) 

O4 0.61611 (4) 0.21027 (3) 0.6250 (2) 0.0677 (4) 

C1 0.6875 (4) 0.04991 (4) 0.0338 (2) 0.0429 (4) 

C2 0.9057 (4) 0.03680 (4) 0.2330 (2) 0.0446 (4) 

C3 0.9557 (4) 0.05577 (4) 0.4134 (2) 0.0415 (4) 

C4 0.7911 (4) 0.09011 (3) 0.4138 (2) 0.0348 (3) 

C5 0.5812 (4) 0.10251 (3) 0.2228 (2) 0.0360 (3) 

C6 0.4105 (4) 0.13520 (4) 0.2078 (2) 0.0420 (4) 

C7 0.4547 (4) 0.15620 (4) 0.3872 (2) 0.0414 (4) 

C8 0.6686 (4) 0.14433 (3) 0.5779 (2) 0.0367 (3) 

C9 0.8354 (4) 0.11183 (4) 0.5949 (2) 0.0376 (3) 

C10 0.8350 (4) 0.19810 (4) 0.7676 (2) 0.0424 (4) 

C11 0.8240 (5) 0.21674 (5) 0.9701 (3) 0.0575 (5) 

Table 5. Experimental and DFT/ RB3LYP/6-311++G(d,p) calculated bond lengths in (Å) for compound (I). 

Bond X-Ray Calc.(gas) Bond X-Ray Calc.(gas) Bond X-Ray Calc.(gas) 

O1—C5 1.375 (2) 1.366 C5—C4 1.390 (2) 1.404 C8—C9 1.375 (2) 1.380 

O1—C1 1.383 (2) 1.391 C4—C9 1.403 (2) 1.406 C9—C4 1.403 (2) 1.406 

O3—C10 1.358 (2) 1.374 C3—C2 1.340 (2) 1.350 O2—C1 1.204 (2) 1.207 

O4—C10 1.192 (2) 1.202 C4—C3 1.441 (2) 1.440 C10—C11 1.494 (2) 1.502 

O3—C8 1.407 (2) 1.398 C6—C7 1.379 (2) 1.387 C1—C2 1.451 (2) 1.456 

C5—C6 1.389 (2) 1.394 C7—C8 1.388 (2) 1.397    

 

 

http://www.sciencepg.com/journal/sjc
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_table_head_A
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_tableA_col_1
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_tableA_col_1
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_tableA_col_1
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_tableA_col_1
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_tableA_col_1
file:///C:/Users/Dr%20AKOUN/Desktop/Indonesian%20Journal/Redaction/shelx%20_geom_extra_tableA_col_1
file:///C:/Users/Dr%20AKOUN/hp/Desktop/DJANDE/MOLECULE%20A/shelx%20_atom_site_label
file:///C:/Users/Dr%20AKOUN/hp/Desktop/DJANDE/MOLECULE%20A/shelx%20_atom_site_label
file:///C:/Users/Dr%20AKOUN/hp/Desktop/DJANDE/MOLECULE%20A/shelx%20_atom_site_label
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx%20_geom_extra_tableB_col_1
file:///C:/Users/pc/Downloads/shelx _geom_extra_tableA_col_1
file:///C:/Users/pc/Downloads/shelx _geom_extra_tableA_col_1
file:///C:/Users/pc/Downloads/shelx _geom_extra_tableA_col_1


Science Journal of Chemistry  http://www.sciencepg.com/journal/sjc 

 

21 

Table 6. Experimental and DFT/ RB3LYP/6-311++G(d,p) calculated bond angles (°) for compound (I). 

Bond angle X-Ray Calc.(Gas) Bond angle X-Ray Calc.(Gas) Bond angle X-Ray Calc.(Gas) 

C5—O1—C1 121.72 (11) 122.85 O1—C5—C4 121.53 (12) 121.37 C2—C3—C4 120.19 (13) 120.71 

C10—O3—C8 117.99 (11) 119.20 C6—C5—C4 121.99 (13) 121.10 O2—C1—O1 116.16 (14) 115.87 

C8—C9—C4 119.07 (12) 119.82 C6—C7—C8 119.46 (13) 119.75 O2—C1—C2 126.91 (14) 126.22 

C5—C4—C9 118.47 (13) 118.72 C3—C2—C1 121.76 (14) 121.76 O1—C1—C2 116.93 (13) 115.87 

C5—C4—C3 117.86 (12) 117.44 C9—C8—C7 122.06 (13) 121.12 O4—C10—O3 123.35 (14) 123.52 

C9—C4—C3 123.67 (12) 123.83 C9—C8—O3 117.82 (12) 117.67 O4—C10—C11 125.86 (15) 125.72 

C7—C6—C5 118.95 (13) 119.49 C7—C8—O3 119.99 (13) 121.09 O3—C10—C11 110.79 (13) 110.76 

O1—C5—C6 116.48 (12) 117.53       

Table 7. Experimental and DFT/ RB3LYP/6-311++G(d,p) calculated dihedral angles (°) for compounds (I). 

Dihedral angles X-Ray Calc.(Gas) Dihedral angles X-Ray (I) Calc.(Gas) 

C8—C9—C4—C5 0.5 (2) 0.17 C6—C7—C8—C9 −1.0 (2) -0.23 

C8—C9—C4—C3 179.43 (13) -179.89 C6—C7—C8—O3 −176.70 (13) -176.10 

C1—O1—C5—C6 179.51 (13) -179.97 C10—O3—C8—C9 123.21 (15) 120.51 

C1—O1—C5—C4 −1.0 (2) -0.090 C10—O3—C8—C7 −60.88 (19) -63.48 

C7—C6—C5—O1 −179.67 (13) 179.82 C1—C2—C3—C4 0.1 (2) -0.08 

C7—C6—C5—C4 0.9 (2) -0.06 C5—C4—C3—C2 0.1 (2) 0.05 

C9—C4—C5—O1 179.35 (12) 179.98 C9—C4—C3—C2 −178.86 (14) -179.89 

C3—C4—C5—O1 0.3 (2) 0.04 C5—O1—C1—O2 −178.57 (14) -179.99 

C9—C4—C5—C6 −1.2 (2) -0.15 C5—O1—C1—C2 1.2 (2) 0.05 

C3—C4—C5—C6 179.74 (13) 179.91 C3—C2—C1—O2 178.99 (17) -179.91 

C5—C6—C7—C8 0.2 (2) 0.25 C3—C2—C1—O1 −0.8 (2) 0.04 

C4—C9—C8—C7 0.6 (2) 0.02 C8—O3—C10—O4 −4.4 (2) -0.41 

C4—C9—C8—O3 176.43 (12) 176.03 C8—O3—C10—C11 175.44 (13) 179.69 

 

3.3. Theoretical Calculations 

In this study, we will compare the geometrical parameters 

obtained from theoretical calculations to those originating 

from x-ray crystallography to check their agreement before 

estimating the chemical reactivity descriptors. 

3.3.1. Comparison of Geometrical Parameters 

The geometrical parameters of (I) obtained from theo-

retical calculations are then confronted with those yielded 

from the X-ray crystallographic study. The comparison 

demonstrates a high level of consistency between bond 

lengths and bond angles, as evidenced by root mean square 

deviations (RMSD) of 0.01 Å for bond lengths and 0.67° 

for bond angles (Tables 5 and 6). Additionally, analysis of 

the calculated torsion angles confirms the planarity of the 

coumarin moiety (Table 7). 

The above comparisons demonstrate that the theoretical 

calculations are in good alignment with the crystallographic 

predictions based on solid-state structure. Therefore, the 

calculated structure can be utilized to compute the chemical 

properties of (I) in solid state. 

3.3.2. Molecular Electrostatic Potential (MEP) 

Electrostatic interactions in a range of chemical systems 
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have been extensively described by the MEP [41]. The 

force exerted on a positive test charge (a proton) positioned 

above the charge cloud produced by the molecule's elec-

trons and nuclei at any given time is known as the molec-

ular electrostatic potential. Equation (1) was utilized to 

compute the values for the current system as previously 

mentioned [42]. 

𝑉(𝑟) =  ∑
𝑍𝐴

|𝑅𝐴−𝑟|𝐴 − ∫
𝜌(𝑟′)𝑑3𝑟′

|𝑟′−𝑟|
             (1) 

Where ZA denotes the charge of nucleus A situated in RA, 

whilst ρ(r') signifies the electron density function of the 

molecule and r' serves as the dummy integration variable. 

Figure 12 shows the color visualizations of the calculations' 

outcomes in the gaseous state of (I) and in various solvents. 

Blue coloration indicates higher positive potential, which is 

advantageous for nucleophilic attack, while red coloration 

indicates higher negative potential, which is advantageous for 

electrophilic attack. The figure shows two possible locations 

for electrophilic attack on the compound in gaseous and sol-

vent media. The negative regions are concentrated on the 

oxygen atoms O2 and O4, with maximum values of -0.0574 

a.u. (gas), -0.0721 a.u. (water), -0.0692 a.u. (THF), -0.0640 

a.u. (benzene), and -0.0651 a.u. (toluene). The presence of the 

intermolecular C2—H5⋅⋅⋅O2 [2−x, −y, −z] and 

C11—H11C⋅⋅⋅O4 [−1/2+x, 1/2−y, 1/2+z] hydrogen bonds is 

thus confirmed. As for the remaining atoms in the coumarin 

nucleus, their light blue environment suggests that they con-

stitute electropositive weakening areas. 

 
Figure 12. MEP map (in atomic units) calculated using DFT/ RM062X /6-311++G(d,p). 
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3.3.3. Reactivity Descriptors 

(i). Global Descriptors 

A number of theoretical descriptors, which are related to 

the conceptual DFT, are utilized in order to determine chem-

ical reactivity forecasts. These include electronegativity (χ), 

which indicates a molecule's ability to retain its electrons; 

global softness (σ), which indicates a system's resistance to 

changes in its electron number; and the overall electrophilicity 

index (𝝎), which indicates a molecule's electrophilic power. 

The least vacant molecular orbital energy (ELUMO) is also of 

significance in this regard, as it describes the sensitivity of the 

molecule to nucleophilic attack, whilst the highest occupied 

molecular orbital energy (EHOMO) is important in terms of its 

description of the molecule's sensitivity to electrophilic attack. 

The following equations are utilized to calculate these pa-

rameters [43]: 

∆𝐸𝑔 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂            (2) 

𝐼 = −𝐸𝐻𝑂𝑀𝑂                (3) 

𝐴 = −𝐸𝐿𝑈𝑀𝑂                (4) 

𝜒 = −𝜇 = −
𝐸𝐿𝑈𝑀𝑂+𝐸𝐻𝑂𝑀𝑂

2
         (5) 

𝜂 =
𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂

2
              (6) 

𝜔 =
𝜇2

2𝜂
                   (7) 

𝜎 =
1

2𝜂
                    (8) 

Table 8 presents the results of the calculated energetic pa-

rameters, which demonstrate that compound (I) in these 

mixtures are stables. However, compound (I) in the benzene 

solvent is the most stable with an energy gap value of 9.48 eV, 

whereas (I) in the gas phase remains the least stable with the 

lowest energy gap value of 6.64 eV [44]. This is also backed 

up by the fact that Gaussian did not identify any negative 

frequencies in its frequency calculation. 

Table 8. Global reactivity descriptors calculated with the DFT/ M062X/6-311++G(d,p) method. 

 Gas Water THF Benzene Toluene 

ELUMO (eV) -1.48 -1.51 0.74 0.75 -1.51 

EHOMO (eV) -8.12 -8.24 -8.72 -8.73 -8.20 

I (eV) 8.12 8.24 8.72 8.73 8.20 

A (eV) 1.48 1.51 -0.74 -0.75 1.51 

𝜒 (eV) 4.80 4.88 3.99 3.99 4.86 

 (eV) -4.80 -4.88 -3.99 -3.99 -4.86 

𝜂 (eV) 3.32 3.37 4.73 4.74 3.35 

 (eV-1) 0.151 0.149 0.106 0.105 0.149 

ω (eV) 3.470 3.531 1.683 1.679 3.523 

ΔEg (eV) 6.64 6.73 9.46 9.48 6.69 

 

For convenience, Table 8 also shows the overall chemical 

reactivity indices. From these results, it can be seen that 

compound (I) in gaseous phase has the lowest overall hard-

ness value (η = 3.32eV). It can therefore be considered as the 

softest of the series. In contrast, compound (I) in water gives 

the highest value of electronegativity (χ = 4.88 eV) and elec-

trophilicity index (ω = 3.531 eV), indicating that it is more 

electron accepting than the Coumarin-6-yl acetate derivative 

in other solvents. 
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Figure 13. Calculated HOMO and LUMO orbital distributions and energy levels for the molecule (I) in solvents. 

(ii). Local Descriptors and Dual Descriptors 

Various indices have been used to distinguish between the 

reactive behaviors of the atoms that make up a molecule. 

These are local and dual descriptors of reactivity at the local 

level. In this case, the Fukui function (𝑓𝑘
+, 𝑓𝑘

−) [45], the local 

softness (𝜎𝑘
+, 𝜎𝑘

−), the local electrophilic power (𝜔𝑘
+, 𝜔𝑘

−), 

and the dual descriptors have been used to elucidate the elec-

trophilic and nucleophilic selectivity of the molecule. It is 

essential to note that the Fukui function 𝑓𝑘
+ quantifies reac-

tivity when the molecule is subjected to nucleophilic attack, 

whereas the Fukui function 𝑓𝑘
−  elucidates the electrophilic 

reactivity of a specific site. The uppermost Fukui function 

value is attributed to the greatest active location. The con-

densed indices 𝜎𝑘
+ and 𝜔𝑘

+ indicate a site's capacity to gain 

electron density through nucleophilic attack, while the de-

scriptors 𝜎𝑘
− and 𝜔𝑘

− reflect a site's ability to produce elec-

tron density through electrophilic attack. In terms of the dual 

descriptor, it is an effective tool for forecasting efficiency and 

identifying issues related to regioselectivity. In fact, a positive 

dual descriptor indicates a position that is probably to accept 

electron density, making it further electrophilic. Contrarywise, 

a negative double descriptor suggests a location capable of 

generating electron density, reinforcing its nucleophilic 

character. A site with a dual descriptor value near zero indi-

cates an equal ability to accept and provide electronic density. 

The local descriptor values are calculated using the following 

equations [46-49]: 

𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁)            (9) 

𝑓𝑘
− = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1)             (10) 

𝜎𝑘
+ = 𝜎𝑓𝑘

+                 (11) 

𝜎𝑘
− = 𝜎𝑓𝑘

−                 (12) 

𝜔𝑘
+  = 𝜔𝑓𝑘

+                (13) 

𝜔𝑘
−  = 𝜔𝑓𝑘

−                (14) 

𝜂𝑘
+ = 𝜂𝑓𝑘

+                 (15) 

𝜂𝑘
− = 𝜂𝑓𝑘

−                 (16) 

Where: 

𝑞𝑘(𝑁) is the electron population of the atom k in the neu-

tral molecule. 

𝑞𝑘(𝑁 + 1) is the electron population of the atom k in the 

anionic molecule. 

qk(N − 1) is the electron population of the atom k in the 

cationic molecule. 

The values of the dual descriptors are obtained through the 

subsequent equations [50-52]. 

∆𝑓 = 𝑓𝑘
+ − 𝑓𝑘

−              (17) 

∆𝜎 = 𝜎𝑘
+ − 𝜎𝑘

−              (18) 

∆𝜔 = 𝜔𝑘
+ − 𝜔𝑘

−             (19) 

All the results are summarized in tables 9-12 below 
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Table 9. NBO charges for (I) computed with DFT/ RM062X/6-311++G(d,p) method in gas and solvent phases. 

Atoms 

(I) in gas phase (I) in water (I) in tetrahydrofuran (THF) 

q(N) q(N-1) q(N+1) q(N) q(N-1) q(N+1) q(N) q(N-1) q(N+1) 

O1 -0.53336 -0.46999 -0.31181 -0.53639 -0.20537 -0.32012 -0.53563 -0.47618 -0.31842 

O2 -0.56065 -0.39709 -0.38437 -0.63017 -0.13050 -0.41971 -0.61698 -0.45751 -0.41318 

O3 -0.58162 -0.55533 -0.29229 -0.57929 -0.27335 -0.29221 -0.58658 -0.57051 -0.29603 

O4 -0.57973 -0.55064 -0.29714 -0.62658 -0.30323 -0.31862 -0.61039 -0.59029 -0.31042 

C1 0.77962 0.74965 0.34921 0.79262 0.34976 0.32145 0.79033 0.76789 0.32745 

C2 -0.30309 -0.18428 -0.34109 -0.31474 0.04652 -0.31964 -0.31245 -0.16755 -0.32442 

C3 -0.11439 -0.12996 -0.25830 -0.09152 -0.09878 -0.29738 -0.09644 -0.10713 -0.29016 

C4 -0.14627 -0.04456 -0.06660 -0.14306 0.08937 -0.05036 -0.14343 -0.02250 -0.05277 

C5 0.35491 0.47528 0.12460 0.35158 0.36138 0.10857 0.35223 0.48672 0.11184 

C6 -0.22437 -0.21621 -0.13673 -0.22777 -0.12955 -0.12445 -0.22677 -0.22181 -0.12674 

C7 -0.19454 -0.12251 -0.26101 -0.19893 0.00942 -0.24761 -0.19814 -0.10453 -0.25041 

C8 0.28574 0.43492 0.16657 0.28051 0.30544 0.16885 0.28301 0.41843 0.16947 

C9 -0.19124 -0.21069 -0.21340 -0.18776 -0.14883 -0.21011 -0.18824 -0.20544 -0.21095 

C10 0.83414 0.83262 0.41574 0.85488 0.43029 0.42756 0.85026 0.85070 0.42499 

C11 -0.68336 -0.68734 -0.33992 -0.68700 -0.34308 -0.34353 -0.68512 -0.68437 -0.34249 

Table 9. Continued. 

Atoms 

(I) in benzene (I) in toluene 

q(N) q(N-1) q(N+1) q(N) q(N-1) q(N+1) 

O1 -0.53436 -0.19076 -0.31548 -0.60952 -0.19175 -0.58218 

O2 -0.59137 -0.10870 -0.40012 -0.69016 -0.09898 -0.58218 

O3 -0.58792 -0.27062 -0.29643 -0.65029 -0.27263 -0.58575 

O4 -0.59214 -0.28372 -0.30178 -0.69248 -0.29096 -0.61261 

C1 0.78555 0.33982 0.33826 0.92877 0.33413 0.74432 

C2 -0.30818 0.02414 -0.33297 -0.34388 0.03413 -0.45571 

C3 -0.10521 -0.10344 -0.27590 -0.03853 -0.10174 -0.28178 

C4 -0.14464 0.07342 -0.05837 -0.17075 0.07665 -0.12881 

C5 0.35367 0.35840 0.11716 0.40352 0.35440 0.31055 

C6 -0.22525 -0.11956 -0.13078 -0.22442 -0.12234 -0.25998 

C7 -0.19600 -0.00791 -0.25553 -0.16227 -0.00285 -0.32170 

C8 0.28538 0.32426 0.16892 0.30069 0.31554 0.28041 

C9 -0.18950 0.32426 -0.21160 -0.15429 -0.15038 -0.27529 

C10 0.84209 0.42322 0.42038 0.97617 0.42385 0.83905 

C11 -0.68346 -0.34198 -0.34129 -0.61559 -0.34330 -0.68410 
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Table 10. Reactivity descriptors calculated with natural charges for compound (I). 

Atoms 

Local descriptors Dual descriptors 

𝒇−  𝒇+  𝝈−  𝝈+  𝜼−  𝜼+  𝝎−  𝝎+  ∆𝒇  ∆𝝈  𝚫𝝎  

O1 -0.06337 0.22155 -0.00957 0.03345 -0.21039 0.73555 -0.21989 0.76878 0.28492 0.04302 0.98867 

O2 -0.16356 0.17628 -0.02470 0.02662 -0.54302 0.58525 -0.56755 0.61169 0.33984 0.05132 1.17924 

O3 -0.02629 0.28933 -0.00397 0.04369 -0.08728 0.96058 -0.09123 1.00398 0.31562 0.04766 1.09520 

O4 -0.02909 0.28259 -0.00439 0.04267 -0.09658 0.93820 -0.10094 0.98059 0.31168 0.04706 1.08153 

C1 0.02997 -0.43041 0.00453 -0.06499 0.09950 -1.42896 0.10400 -1.49352 -0.46038 -0.06952 -1.59752 

C2 -0.11881 -0.038 -0.01794 -0.00574 -0.39445 -0.12616 -0.41227 -0.13186 0.08081 0.01220 0.28041 

C3 0.01557 -0.14391 0.00235 -0.02173 0.05169 -0.47778 0.05403 -0.49937 -0.15948 -0.02408 -0.55340 

C4 -0.10171 0.07967 -0.01536 0.01203 -0.33768 0.26450 -0.35293 0.27645 0.18138 0.02739 0.62939 

C5 -0.12037 -0.23031 -0.01818 -0.03478 -0.39963 -0.76463 -0.41768 -0.79918 -0.10994 -0.01660 -0.38149 

C6 -0.00816 0.08764 -0.00123 0.01323 -0.02709 0.29096 -0.02832 0.30411 0.0958 0.01447 0.33243 

C7 -0.07203 -0.06647 -0.01088 -0.01004 -0.23914 -0.22068 -0.24994 -0.23065 0.00556 0.00084 0.01929 

C8 -0.14918 -0.11917 -0.02253 -0.01799 -0.49528 -0.39564 -0.51765 -0.41352 0.03001 0.00453 0.10413 

C9 0.01945 -0.02216 0.00294 -0.00335 0.06457 -0.07357 0.06749 -0.07690 -0.04161 -0.00628 -0.14439 

C10 0.00152 -0.4184 0.00023 -0.06318 0.00505 -1.38909 0.00527 -1.45185 -0.41992 -0.06341 -1.45712 

C11 0.00398 0.34344 0.00060 0.05186 0.01321 1.14022 0.01382 1.19172 0.33946 0.05126 1.17790 

Table 11. Reactivity descriptors calculated with natural charges for compound (I).in water. 

Atoms 

Local descriptors Dual descriptors 

𝒇−  𝒇+  𝝈−  𝝈+  𝜼−  𝜼+  𝝎−  𝝎+  ∆𝒇  ∆𝝈  𝚫𝝎  

O1 -0.33102 0.21627 -0.04932 0.03222 -1.11554 0.72883 -1.16883 0.76365 0.54729 0.08155 1.93248 

O2 -0.49967 0.21046 -0.07445 0.03136 -1.68389 0.70925 -1.76433 0.74313 0.71013 0.10581 2.50747 

O3 -0.30594 0.28708 -0.04559 0.04277 -1.03102 0.96746 -1.08027 1.01368 0.59302 0.08836 2.09395 

O4 -0.32335 0.30796 -0.04818 0.04589 -1.08969 1.03783 -1.14175 1.08741 0.63131 0.09407 2.22916 

C1 0.44286 -0.47117 0.06599 -0.07020 1.49244 -1.58784 1.56374 -1.66370 -0.91403 -0.13619 -3.22744 

C2 -0.36126 -0.0049 -0.05383 -0.00073 -1.21745 -0.01651 -1.27561 -0.01730 0.35636 0.05310 1.25831 

C3 0.00726 -0.20586 0.00108 -0.03067 0.02447 -0.69375 0.02564 -0.72689 -0.21312 -0.03175 -0.75253 

C4 -0.23243 0.0927 -0.03463 0.01381 -0.78329 0.31240 -0.82071 0.32732 0.32513 0.04844 1.14803 

C5 -0.0098 -0.24301 -0.00146 -0.03621 -0.03303 -0.81894 -0.03460 -0.85807 -0.23321 -0.03475 -0.82346 

C6 -0.09822 0.10332 -0.01463 0.01539 -0.33100 0.34819 -0.34681 0.36482 0.20154 0.03003 0.71164 

C7 -0.20835 -0.04868 -0.03104 -0.00725 -0.70214 -0.16405 -0.73568 -0.17189 0.15967 0.02379 0.56379 

C8 -0.02493 -0.11166 -0.00371 -0.01664 -0.08401 -0.37629 -0.08803 -0.39427 -0.08673 -0.01292 -0.30624 

C9 -0.03893 -0.02235 -0.00580 -0.00333 -0.13119 -0.07532 -0.13746 -0.07892 0.01658 0.00247 0.05854 

C10 0.42459 -0.42732 0.06326 -0.06367 1.43087 -1.44007 1.49923 -1.50887 -0.85191 -0.12693 -3.00809 

C11 -0.34392 0.34347 -0.05124 0.05118 -1.15901 1.15749 -1.21438 1.21279 0.68739 0.10242 2.42717 
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Table 12. Reactivity descriptors calculated with natural charges for compound (I).in toluene. 

Atoms 

Local descriptors Dual descriptors 

𝒇−  𝒇+  𝝈−  𝝈+  𝜼−  𝜼+  𝝎−  𝝎+  ∆𝒇  ∆𝝈  𝚫𝝎  

O1 -0.41777 0.02734 -0.06225 0.00407 -1.39953 0.09159 -1.47180 0.09632 0.44511 0.06632 1.56812 

O2 -0.59118 0.10798 -0.08809 0.01609 -1.98045 0.36173 -2.08273 0.38041 0.69916 0.10417 2.46314 

O3 -0.37766 0.06454 -0.05627 0.00962 -1.26516 0.21621 -1.33050 0.22737 0.4422 0.06589 1.55787 

O4 -0.40152 0.07987 -0.05983 0.01190 -1.34509 0.26756 -1.41455 0.28138 0.48139 0.07173 1.69594 

C1 0.59464 -0.18445 0.08860 -0.02748 1.99204 -0.61791 2.09492 -0.64982 -0.77909 -0.11608 -2.74473 

C2 -0.37801 -0.11183 -0.05632 -0.01666 -1.26633 -0.37463 -1.33173 -0.39398 0.26618 0.03966 0.93775 

C3 0.06321 -0.24325 0.00942 -0.03624 0.21175 -0.81489 0.22269 -0.85697 -0.30646 -0.04566 -1.07966 

C4 -0.2474 0.04194 -0.03686 0.00625 -0.82879 0.14050 -0.87159 0.14775 0.28934 0.04311 1.01934 

C5 0.04912 -0.09297 0.00732 -0.01385 0.16455 -0.31145 0.17305 -0.32753 -0.14209 -0.02117 -0.50058 

C6 -0.10208 -0.03556 -0.01521 -0.00530 -0.34197 -0.11913 -0.35963 -0.12528 0.06652 0.00991 0.23435 

C7 -0.15942 -0.15943 -0.02375 -0.02376 -0.53406 -0.53409 -0.56164 -0.56167 -1E-05 0.00000 -0.00004 

C8 -0.01485 -0.02028 -0.00221 -0.00302 -0.04975 -0.06794 -0.05232 -0.07145 -0.00543 -0.00081 -0.01913 

C9 -0.00391 -0.121 -0.00058 -0.01803 -0.01310 -0.40535 -0.01377 -0.42628 -0.11709 -0.01745 -0.41251 

C10 0.55232 -0.13712 0.08230 -0.02043 1.85027 -0.45935 1.94582 -0.48307 -0.68944 -0.10273 -2.42890 

C11 -0.27229 -0.06851 -0.04057 -0.01021 -0.91217 -0.22951 -0.95928 -0.24136 0.20378 0.03036 0.71792 

 

The local and dual descriptors of compound (I), calculated 

at the M062X /6-311++G(d,p) level, indicate that the carbon 

atom C1 of compound (I) in water, in a sp2 hybridization state, 

is the preferred site for electrophile attack, with a Δω value of 

-3.22744. Based on the aforementioned level of calculation, a 

nucleophilic attack is predicted to occur on the O2 atom with a 

value of Δω = 2.50747. These local and dual descriptors re-

sults refine those obtained with Fukui functions, thanks to 

their precision [28]. 

3.3.4. Thermodynamic Parameters 

The thermodynamic properties or parameters value (ΔS, 

ΔH and ΔG) provides insight into the spontaneity, random-

ness, and exothermic or endothermic nature of a process. To 

achieve these parameters, we need to know the entropy, en-

thalpy and free energy of the different compounds (reactants 

and products) of the synthesis reaction. For this reason, we 

have computed these standard thermodynamic quantities or 

parameters namely entropy S, heat capacity Cp, the enthalpy 

H and the free energy G from 25 K to 1000 K in steps of 25 K 

with the Perdew-Wang (PWC) functional and DND (Dou-

ble-numerical + d-DNP) basis set of the DMol3 module im-

plemented in Materials Studio software. The results are 

summarized in table 13 and plotted in figure 14. 

Table 13. PWC/DND calculated of standard thermodynamic quantities (S(Cal.K-1.mol-1), Cp(Cal.K-1.mol-1), H((kcal.mol-1), G(kcal.mol-1)) for 

compound (I). 

T(K) S Cp H G 

25 55.757 11.433 103.617 102.223 

50 65.087 15.67 103.959 100.705 

75 72.048 18.801 104.391 98.987 

100 77.864 21.798 104.898 97.112 

125 83.064 24.956 105.482 95.099 
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T(K) S Cp H G 

150 87.907 28.308 106.148 92.962 

175 92.533 31.822 106.899 90.706 

200 97.018 35.452 107.74 88.336 

225 101.407 39.149 108..672 85.856 

250 105..724 42.868 109.697 83.266 

275 109.984 46.563 110.815 80.57 

298.15 113.882 49.932 111.932 77.768 

300 114.192 50.198 112.025 77.768 

325 118.35 53.741 113.324 74.861 

350 122.459 57.169 114.711 71.85 

375 126.516 60.463 116.182 68.738 

400 130.52 63.613 117.733 65.525 

425 134.467 66.614 119.361 62.213 

450 138.356 69.464 121.063 58.802 

475 142.185 72.165 122.833 55.295 

500 145.952 74.721 124.67 51.693 

525 149.657 77.138 126.568 47.998 

550 153.299 79.422 128.525 44.211 

575 156.877 81.582 130.538 40.334 

600 160.393 83.624 132.603 36.368 

625 163.846 85.556 134.718 32.315 

650 167.238 87.385 136.88 28.176 

675 170.568 89.119 139.087 23.953 

700 173.839 90.763 141.336 19.648 

725 177.052 92.323 143.624 15.262 

750 180.207 93.806 145.951 10.796 

775 183.306 95.216 148.314 6.252 

800 186.35 96.557 150.711 1.631 

825 189.341 97.835 153.141 -3.065 

850 192.28 99.053 155.603 -7.836 

875 195.168 100.215 158.094 -12.679 

900 198.007 101.324 160.613 -17.594 

925 200.798 102.383 163.159 -22.579 

950 203.542 103.395 165.732 -27.633 

975 206.24 104.362 168.329 -32.755 

1000 208.894 105.288 170.949 -37.945 
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Figure 14. Thermodynamic property curves with entropy in cal/mol, heat capacity in cal/mol.K, enthalpy and free energy in kcal/mol. 

4. Conclusion 

In this paper, spectroscopic and X-ray crystallographic 

methods were used to solve and refine the molecular structure 

of the title compound (I). The intermolecular interactions 

present in the structure, the geometrical parameters as well as 

the conformations were analyzed using the versatile crystal-

lographic tool Platon [17]. The resulting bond lengths, bond 

angles, and torsion angles were confronted to the corre-

sponding calculated data. The comparatively analysis showed 

no substantial differences between the experimental and the-

oretical structures. Furthermore, we conducted an investiga-

tion into the molecular electrostatic potential and HO-

MO-LUMO analysis for Coumarin-6-yl acetate utilizing 

DFT/ M062X /6-311++G(d,p) calculations. The MEP maps 

highlighted the nucleophilic sites around the oxygen atoms 

O2 and O4 and are materialized by the zones marked in red 

color (negative potential zone), while positive potential sites 

were found in proximity to the hydrogen atoms. This infor-

mation provides insight into the regions where intra- and 

intermolecular interactions could potentially be observed. 

Furthermore, the reactivity descriptors of (I) were estimated 

via PWC/DND methods. The overall descriptors show that 

compound (I) in the benzene solvent demonstrates optimal 

stability, exhibiting an energy gap value of 9.48 eV. In con-

trast, compound (I) in the gaseous phase exhibits the lowest 

energy gap value (ΔEg = 6.64 eV), indicating that it is the 

least stable among the five mixtures of (I) with the solvents. In 

addition, the local and dual descriptors of compound (I) in-

dicate that the carbon atom C1 of compound (I) in water is the 

optimal site for electrophile attack, with a Δω value of 

-3.22744. Based on the aforementioned level of calculation, it 

is predicted that a nucleophilic attack will occur on the O2 

atom with a value of Δω = 2.50747 that seem to the best pre-

vision because of the best accuracy of the method [28]. These 

findings, derived from the electrophilic or nucleophilic attack 

zone approach, will facilitate precise regulation of chemical 

reactions, thereby enabling the realization of desired molec-

ular structures. The standard thermodynamic quantities or 

parameters namely entropy S, heat capacity Cp, the enthalpy 

H and the free energy G have also been performed from 25 K 

to 1000 K in steps of 25 K. The obtained results at 298.15K 

and 1 Pa are S = 113.882 Cal.K-1.mol-1, Cp = 49.932 

Cal.K-1.mol-1, H = 111.932 kcal.mol-1 and G = 77.768 

kcal.mol-1. 

Abbreviations 

ESI-MS ElectroSpray Ionization Mass Spectrometry 

FT-IR Fourier Transform Infrared Spectroscopy 
1H NMR Proton Nuclear Magnetic Resonance 
13C NMR Carbon-13 (C13) Nuclear Magnetic 

Resonance 

B3LYP Becke, 3-parameter, Lee–Yang–Parr 

THF TetraHydroFuran 

NBO Natural Bond Orbital 

HOMO Highest Occupied Molecular Orbital 

LUMO Lowest unoccupied molecular orbital 

CFIA Canadian Food Inspection Agency 

ADI Acceptable Daily Intake 

EFSA European Food Safety Authority 

NLO Non-Linear Optical 

XRD X-ray Diffraction 

3D Three-Dimensional 

FMO Frontier Molecular Orbitals 

FF Fukui Function 

PWC Perdew-Wang 

DND Double-numerical + d 

TMS Tetramethylsilane 

DFT Density Functional Theory 

HSQC Heteronuclear Single-Quantum Correlation 
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ATR Attenuated Total Reflectance 

APT Attached Proton Test 

CDCl3 Deuterated Chloroform 

RMSD Root Mean Square Deviations 

MEP Molecular Electrostatic Potential 
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