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Abstract: 
In this work, we study the structural properties of Ortho-Vanillin (OVA) and micro solvated molecule [OVA + 

(H2O)3 -OVAH] as a theoretical investigation. An intra-molecular hydrogen bond exists between hydrogen of 

hydroxyl group and oxygen of benzaldehyde group in both OVA and OVAH molecules. The ground (S0) / excited 

(S1) electronic properties of both molecules were computed using density functional theory (DFT) / time-

dependent density functional theory (TDDFT) by employing B3LYP/cc-pvDZ basis set by using GAMESS 

program. The stability of the molecules has been investigated using the natural bond orbital (NBO) analysis. 

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

energies have been calculated and the electronic properties like energy gap, ionization potentials, electron 

affinities, chemical potential, chemical hardness, softness, electrophilic index which are depends on HOMO-

LUMO energies were determined. The molecular electrostatic potential (MEP) of both molecules was computed 

in order to predict the relative reactivity of nucleophilic and electrophilic attack. And also, both OVA and OVAH 

molecules exhibits Excited-State Intramolecular Hydrogen atom transfer (ESIHT) mechanism. 
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I. Introduction 
A comprehensive investigation of hydrogen bonds is significantly crucial for grasping the 

photophysical properties of various organic compounds with electron donor and acceptor mechanisms at ground 

and excited states 1,2,3,4. The EFP approach provides a polarizable QM-based force field for characterizing 

intermolecular interactions. To explore the micro solvation effect on biological or organic molecules, the 

EFP1/DFT approach was explicitly customized for solvation and interfaced with the polarizable continuum 

model (PCM)5,6. Moreover, the EFP1/TDDFT approach has been promoted for describing the electronically 

excited states of molecules that have been solvated 5,7,8,9. To understand the electrical, molecular, structural, and 

photophysical properties of organic and biological molecules, time-dependent density functional theory 

(TDDFT) simulations are performed in excited states. In the excited state, hydrogen transfer and molecular 

structural refashioning occur inside the molecule.  

The ESIPT/ESIHT process in certain chemical and biological molecules is demonstrated by the 

redesign of hydrogen bond anatomy brought about by the micro solvation effect10. The photophysical properties 

of biologically active compounds are linked to their intra-molecular charge transfer (ICT) and ESIPT/ESIHT 

characteristics11. 

OVA is trisubstituted benzene with -CHO, -OH and -OCH3 groups across first, second and third 

positions having intra-molecular hydrogen bond O9-H10∙∙∙∙∙O11=C7 across hydroxyl and benzaldehyde groups. 

OVA mainly exists in vanillin and other plant extracts, such as Pinus koraiensis fruit, Helichrysum genus, oak 

(Quercus)12,13,14,15. OVA has already been widely applied in food, beverage, pharmacy, and cosmetics16. Several 

benzaldehydes are identified having potent antifungal activity against strains of Aspergillus fumigatus, A. 

flavus, A. terreus and Penicillium expansum, fungi that are causative agents of human invasive aspergillosis 

and/or are mycotoxigenic. OVA showed the highest antifungal activity17. OVA was tested for its cytotoxic and 

nuclear factor kappa-B (NF-κB) inhibitory activities in cultured A375 human melanoma cells and also OVA 

deserves further evaluation as potential anticancer drugs18. OVA is an isomer of the well-known food 

supplement vanillin and was studied in different malignancies including colon, ovarian and lung cancer and 

melanoma 19,20,21. OVA have phenolic –OH, which is responsible for the free radical scavenging activity and it is 

a more effective quencher of DPPH (1,1-diphenyl-2 picrylhydrazyl) radical because it donated an electron to 
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DPPH more easily21. OVA is the main metabolite and it has documented anti-inflammatory and antioxidative 

properties22. 

 

II. Computational Calculations 
The OVA and OVAH molecules were modelled using Avogadro 23 molecular modelling package and 

optimized with MMFF94s24 force field.  Using the generated coordinates of the molecules from the Avogadro 

package, all required calculations have been performed using the NBO.625 unified GAMESS26,27 software suite. 

The ground and first excited state optimisation of OVA and OVAH molecules were carried out at the level of 

DFT 28,29,30,31,32 / TDDFT 33,34 with B3LYP35,36 hybrid functional by employing cc-pVDZ basis set37. Based on 

optimized ground state geometry, absorption energies were computed using TDDFT / cc-pVDZ / B3LYP / PCM 

/ EFP138,39,40   method. Natural charges were calculated both in ground and first excited states by using NBO.6 

method. Molecular orbitals, Molecular electrostatic potential maps were plotted using wxMacMolPlt  41 by using 

log file which is obtained from GAMESS software. 

 

III. Results And Discussion 
Molecular geometrical parameters at S0 and S1 states 

The optimized structural parameters like bond lengths and bond angles of OVA and OVAH molecules 

at ground (S0) and excited state (S1) were computed from DFT/TDDFT/B3LYP/ cc-pVDZ and are listed in 

Table-1, in accordance with the atom numbering scheme given in Figure:1-2.  In OVA molecule, intra-

molecular HB O9-H10∙∙∙∙∙O11=C7 ( 1.698 A0 ) in S0 state alters as O11-H10∙∙∙∙∙O9=C5 (1.519A0 ) in the S1 

state. In OVAH molecule, intra-molecular HB O9-H10∙∙∙∙∙O11=C7 ( 2.134 A0 ) in S0 state alters as O11-H10∙∙∙∙
∙O9=C5 (1.822A0 ) in the S1 state. When OVA excited to S1 state, the bond lengths C2-C3/ C4-C5/ C5=C6/ O8-

C16/ C7=O11/ O9-H10/ C6-C1/ C3-H14 increased by 0.044/ 0.014/0.037/ 0.009/0.089/0.524/0.034/0.002 A0, 

whereas bond lengths C1=C2/ C3=C4/ C6-O8/ C5-O9/ C7-H12/ C16-H17/ C16-H18/ C16-H19/C2-H13 

decreased by 0.03/0.017/ 0.023/0.057/0.022/0.001/0.003/0.002/0.001 A0. The bond angles between the 

respective atoms decrease / increase in the range (0.3-6.50) / (0.2-3.20). 

The optimized structural parameters of OVAH molecule are changed due to the effect of micro 

solvation. The bond lengths C2-C3 / C5=C6 / C6-O8/ O8-C16/ C7-H12 increased by 0.001 / 0.002 / 0.011 / 

0.002 / 0.005 A0, whereas bond lengths C1=C2/ C4-C5/ C5-O9/ C7=O11/ O9-H10/ C6-C1 decreased by 0.002 / 

0.001 / 0.005 / 0.013 / 0.009 / 0.003 A0. The bond lengths C16-H17, C16-H18, C16-H19, C1-H15, C2-H13 and 

C3-H14 are unaltered. The bond angles between the respective atoms decrease / increase in the range (0.3-3.20) 

/ (0.2-10.90).  When OVAH excited to S1 State, the bond lengths C2-C3/C4-C5/C5=C6/O8-C16C7=O11/O9-

H10/C6-C1/C3-H14  increased by 0.045/0.015/0.037/0.006/0.098/0.836/0.035/0.002A0, whereas bond lengths 

C1=C2/C3=C4/C6-O8/C5-O9/C7-H12/C16-H17/C16-H18/C16-H19/C2-H13 decreased by 0.028/0.016/0.03/ 

0.06/0.0280.001/0.003/0.002/0.001 A0 and bond length C1-H15 remains unaltered. The bond angles between 

the respective atoms decrease / increase in the range (0.1-5.80) / (0.7-15.60). 

 

 
a)                                                                                                              (b) 

Figure-1: Optimized equilibrium molecular structures of OVA molecule at (a) S0 (b) S1 states. 
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a)                                                                                              (b) 

Figure-2 : Optimized equilibrium molecular structures of OVAH molecule at (a) S0 (b) S1   states. 

 

Bond angles and Bond lengths OVA-S0 OVA-S1 OVAH -S0 OVAH-S1 

C1-C2=C3 119.9 119.0 119.6 118.9 

C2-C3=C4 119.9 122.9 121.0 123.3 

C3=C4-C5 120.5 120.2 119.8 119.9 

C4-C5=C6 119.1 116.0 118.4 115.6 

C5=C6-C1 119.3 122.5 120.7 123.3 

C6-C1=C2 121.3 119.5 120.5 118.9 

C1-C6-O8 125.9 123.5 125.5 123.9 

C6-O8-C16 118.0 120.5 118.2 121.0 

O8-C6-C5 114.8 114.0 113.8 112.8 

C6-C5-O9 118.5 121.4 115.3 121.1 

C5-O9-H10 105.9 99.4 116.8 101.2 

C4-C5-O9 122.4 122.6 126.3 123.2 

C5-C4-C7 118.9 118.5 122.0 120.2 

C4-C7=O11 124.5 120.5 126.0 123.9 

O11-C7-H12 119.5 116.7 120.3 114.9 

C7-C4=C3 120.6 121.3 118.1 119.9 

C1=C2 1.412 1.382 1.410 1.382 

C2-C3 1.381 1.425 1.382 1.427 

C3=C4 1.416 1.399 1.416 1.400 

C4-C5 1.416 1.430 1.415 1.430 

C5=C6 1.423 1.460 1.425 1.462 

C6-O8 1.359 1.336 1.370 1.340 

O8-C16 1.418 1.427 1.420 1.426 

C5-O9 1.336 1.279 1.331 1.271 

C7=011 1.234 1.323 1.221 1.319 

O9-H10 0.995 1.519 0.986 1.822 

C6-C1 1.393 1.427 1.390 1.425 

C7-H12 1.116 1.094 1.121 1.093 

C16-H17 1.098 1.097 1.098 1.097 

C16-H18 1.106 1.103 1.106 1.103 

C16-H19 1.105 1.103 1.105 1.103 

C1-H15 1.090 1.090 1.090 1.090 

C2-H13 1.091 1.090 1.091 1.090 

C3-H14 1.093 1.095 1.093 1.095 

Table-1: Selected bond angles – A (°) and bond lengths-r (A0) of OVA and OVAH molecules at S0 and S1 

states. 
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Natural bond orbital (NBO) analysis 

Charge transfer interactions between OVA and OVAH molecules can be understood in a detailed 

manner using natural bond orbital (NBO) analysis. Intramolecular charge transfer takes place to provide 

stability to a structure in a given environment. Natural charge analysis for both OVA and OVAH molecules at 

ground and excited states using DFT / TDDFT / B3LYP / cc-pVDZ with NBO 6.0 package which incorporate 

with GAMESS-US software and are tabulated in Table-2. 

 

Atom number OVA-SO OVA-S1 OVAH-SO OVAH-S1 

C1 -0.2796 -0.27752 -0.28230 -0.27655 

C2 -0.2467 -0.25681 -0.24874 -0.25823 

C3 -0.20306 -0.05493 -0.20288 -0.05549 

C4 -0.24858 -0.28404 -0.24098 -0.27278 

C5 -0.37534 0.35875 0.36901 0.35737 

C6 0.27983 0.35305 0.26908 0.33981 

C7 0.40166 0.18996 0.40118 0.19815 

C8 -0.27162 -0.44729 -0.55306 -0.4713 

O8 -0.52144 -0.68074 -0.72967 -0.72468 

O9 -0.66460 0.50728 0.62418 0.57106 

O11 -0.58313 -0.64904 -0.57014 -0.63343 

H10 0.50626 0.18571 0.13224 0.18231 

H12 0.15268 0.23707 0.23326 0.23625 

H13 0.23402 0.23010 0.23081 0.22918 

H14 0.23155 0.23573 0.23532 0.23504 

H15 0.23669 -0.27922 -0.27160 -0.27722 

H17 0.22100 0.22879 0.22090 0.23232 

H18 0.18985 0.20078 0.18880 0.19892 

H19 0.18996 0.20237 0.19458 0.20126 

Table-2: Natural charges on different atoms of OVA / OVAH molecules at S0 and S1 states. 

 

The natural charges on atoms of OVA and OVAH molecules alters due to the effect of micro solvation. 

Natural charges on C1/C2/O8/O9/H10/H19  increased by -0.0027e/ -0.0019e / -0.0317e / -0.0651e / 0.1179e / 

0.0046e. whereas natural charges on  C3 / C4 /C5 /C6 /C7 /O11/ H12 /H13 / H14/ H15/H17/H18  decreased by -

0.0002e / -0.0076e / 0.0063e / 0.0107e / 0.0005e /-0.013e / 0.0205e / 0.0007e /0.008e /0.0014e /0.0001e 

/0.0011e. Due to photo-excitation, the natural charges on atoms of OVA molecule changes. The charges on 

C2/C4/C6/O9//H10/O11/H12/H13/C16/H17/H18/H19 increased by -0.01e/-0.0354e /0.0733e/ 0.0161e /0.001e 

/-0.0659e /0.033e /0.0031e /-0.0076e / 0.0078e /0.0109e /0.0124e. whereas charges on C1/ C3/ C5/ C7/ O8/ 

H14/H15 decreased by -0.0021e /-0.1482e /0.0165e /0.2117e /-0.0741e /0.0015e / 0.001e. Due to photo-

excitation, the natural charges on atoms of OVAH molecule also changes. The charges on C2 /C4 /C6 /O11 

/H12 /H13 /H17 /H18 /H19 increased by -0.0095e/-0.0418e/-0.0707e/-0.0633e /0.0501e / 0.003e/ 0.0114e/ 

0.0101e/0.0067e. whereas charges on C1 / C3 /C5 /C7 /O8 /O9 /H10 /H14 /H15 decreased by -0.0037e/ -

0.1474e /0.0116e /0.203e /-0.0818e /-0.005e /0.0531e / 0.0016e /0.0003e. 

 

Molecular orbitals 

The molecule's ability to donate and receive electrons is characterized by its HOMO and LUMO 

energies. Molecular orbitals are important for electrical and optical characteristics, luminescence, 

photochemical reactions, UV-VIS, quantum chemistry, pharmacological investigations, and understanding 

biological mechanisms. Furthermore, MOs aid in anticipating the most reactive site of the given molecule. The 

prominent molecular orbitals called LUMO and HOMO of OVA and OVAH molecules are computed by DFT / 

TDDFT / B3LYP / cc-pVDZ methods and are illustrated in Figures 3-4. 
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HOMO(-5.8232eV) LUMO(-1.7959eV) 

Figure-3: The molecular orbitals of OVA molecule. 

 

 
HOMO(-5.7688eV) LUMO(-1.4966eV) 

Figure-4: The molecular orbitals of OVAH molecule. 

 

The chemical reactivity parameters of OVA and OVAH molecules such as chemical potential (μ), 

electronegativity(χ), chemical hardness (η), electrophilicity index (ω) and softness (S) were also carried out with 

the help of energy of HOMO and LUMO orbitals and tabulated in Table-3. 

 

Chemical reactivity parameters OVA OVAH 

Ehomo(eV) -5.8232 -5.7688 

ELumo(eV) -1.7959 -1.4966 

Ionisation Potential (IP) 5.8232 5.7688 

Electron affinity (EA) 1.7959 1.4966 

∆ Egap(eV) =  EH -EL 4.0273 4.2722 

Chemial potential(μ)= - (IP+EA)/2 -3.8095 -3.6327 

Eectronegetivity(χ) = -  μ 3.8095 3.6327 

Hardness(η) =(IP-EA)/2 2.0136 2.1361 

Electrophilic index(ω) = μ 2/2η 3.6035 3.0889 

Softness(S)=1/2η 0.2483 0.2340 

Table-3: Chemical reactivity parameters of OVA and OVAH molecules 

 

It is observed that, the OVAH molecule have the highest energy gap 4.2722 eV compare to OVA 

molecule which has energy gap of 4.0273eV. which means that increase of the HOMO-LUMO energy gap in 

OVAH molecule decreases reactivity of the compound that leads to increase in the stability of the molecule. 

And also lower the ionization potential of OVAH molecule, easier is to remove an electron from a molecule. So, 

OVAH molecule is less polarizable and is associated with a low chemical reactivity, high kinetic stability and is 

also termed as hard molecule. And also, OVAH has lowest value of the Ionisation potential (IA =5.7688 eV), so 

that it will be the better electron acceptor. The Chemical hardness value of OVAH molecule is 2.1361eV is 

greater as compare with OVA molecule which is having 2.0136eV Thus, OVAH molecule is found to be more 

reactive than OVA molecule. The softness value of OVAH molecule is 0.2340eV is lesser as compare with OVA 

molecule which is having 0.2483eV. Thus, OVAH molecule is found to be more reactive than OVA molecule. 
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Molecular electrostatic potential (MEP) 

To study the reactive behaviour of OVA and OVAH molecules, MEP is computed at its outer surface 

both at ground and excited states by DFT / TDDFT / B3LYP / cc-pVDZ methods.  MEP of OVA and OVAH 

molecules can be used for better interpretation of its interactions with other molecules, particularly for the 

prediction of protonation sites. The different colours on the surface which represent various values of the 

electrostatic potential. Red, green and blue colours indicate the regions of most electronegative(electron-rich), 

neutral and most positive electrostatic potential(electron-insufficient) respectively. As can be seen from the 

MEP, it was clear that best area (blue) is restricted on the H molecules, which can show a conceivable site for 

nucleophilic attack. In the intermediary, electrostatic potential areas (red) were basically limited over the O9, 

O11 and O8 atoms, demonstrating the most good site for electrophilic attack. It is clear from figures (4) 

likewise the zero electrostatic surface potential (green hues) in the focal point of OVA and OVAH molecules. It 

is observed that the total charge on aldehyde / Hydroxy / methoxy groups of “OVA” and “OVAH” molecules are 

“0.1527e / -0.1583e / -0.1922e” and “0.2333e / -0.1055e / -0.2204e” at S0 state, and that in   S1 state are 

“0.2371e / -0.1735e / -0.0945e” and 0.2363e / -0.1536e / -0.116e. The net charge on benzene ring in OVA and 

OVAH molecules are “-1.0735 e, -0.1615e” and “-0.3368e, -0.1779e” in “S0, S1” states. MEP of OVA and 

OVAH molecules are depicted in the Figures 5-6 

 

 
a)                                                                                     (b) 

Figure-5 : Molecular electrostatic potential with charges on different groups for OVA molecule at 

(a) S0 (b) S1 states 

 

 
a)                                                                                       (b) 

Figure-6 : Molecular electrostatic potential with charges on different groups for OVAH molecule at (a) S0 

(b) S1 states 

 

ESIHT process: 

In both OVA and OVAH molecules, excited state intra-molecular hydrogen transfer mechanism is 

observed. In OVA molecule, intra-molecular HB O9-H10∙∙∙∙∙O11=C7 in S0 state alters as O11-H10∙∙∙∙∙O9=C5 in 

the S1 state. In OVAH molecule, intra-molecular HB O9-H10∙∙∙∙∙O11=C7 in S0 state alters as O11-H10∙∙∙∙
∙O9=C5 in the S1 state. i.e., The Hydrogen atom (H10) transfer from the hydroxyl group to benzaldehyde group 
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at S1 state due to photo-excitation of OVA and OVAH molecules. In OVA molecule, the total charge of 

hydroxyl group is -0.1583e and that of aldehyde group is 0.1527e in the ground state. But in S1 state, the total 

charge of hydroxyl group is -0.1735e and that of aldehyde group is 0.2371e. i.e., the charge on H10 increased 

by 0.0010e and that on O11 increased by -0.0659e due to photo-excitation of OVA molecule. In OVAH 

molecule, the total charge of hydroxyl group is -0.1055e and that of aldehyde group is 0.2333e in the ground 

state. But in S1 state, the total charge of hydroxyl group is -0.1536e and that of aldehyde group is 0.2363e. i.e., 

the charge on H10 increased by 0.0531e and that on O11 increased by -0.0603e due to photo-excitation of 

OVAH molecule. 

 

IV. Conclusion 
In the present work, the structural geometrical parameters, Molecular orbitals and molecular 

electrostatic potentials of OVA and OVAH molecules have been studied using DFT / TDDFT method with 

B3LYP/ cc-pVDZ basis set. The stability of both molecules arising from hyper-conjugative interaction and 

charge delocalization has been analysed using NBO analysis. The molecular electrostatic potential of OVA and 

OVAH molecules showed suitable regions to attack for electrophilic and nucleophilic substances. The HOMO 

and LUMO analysis is used to determine the charge transfer within the molecules and the HOMO–LUMO 

energy gap shows the chemical activity of the molecules. It is observed that, the higher value of HOMO and 

LUMO energy gap in OVAH molecule showed that the molecule has less chemical reactivity and polarizability. 

Electrophilicity index(ω) informs about the binding ability of OVA and OVAH molecules with biomolecules. 

The lower value of electrophilicity index of OVAH molecule showed that it has less binding capacity.  While, 

the higher value of chemical hardness(η) with low negative value of chemical potential(μ) means that the 

OVAH molecule is a hard molecule with less polarizability. The ESIHT study on OVA and OVAH molecules 

contributes to the ongoing research on the biological and chemical activity of the molecules. 
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