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I. INTRODUCTION 

Discovery of biodegradable commodities as one of the 

potential future substitutes of the usual toxic materials have 

encourage both theorist and experimentalist to search for 

more organic material. Because of their non-toxic, non-

carcinogenic and biodegradable nature, natural products 

extracted from different flora and fauna are thought to be 

healthy [1]-[3]. Environmental pollutions result from the 

excess use of potentially toxic metals like lead (Pb) and other 

metals; As, Cd, Hg etc. or essential metals; Cu, Zn, Fe and 

Mn when their intake is excessively elevated. Increase in 

energy demand, depletion of fossil fuels and other global 

warming forced for searching an alternative substitute of 

toxic materials. 

Lawsonia inermis Linn (Family: Lythraceae) commonly 

known as henna is an evergreen medium sized shrub or small 

tree 2-6 m in height, which may be spiny. It is mainly present 

in subtropical and tropical areas and is used as cosmetic and 

textile dye, medicine, fodder, timber, fibers, and fuel in 

different parts of the world. Lawsonia inermis is identified 

among the promising organic candidates to replace toxic and 

expensive solar cell material. The component of the natural 

dye (henna), extracted from the leaves of Lawsonia alba and 

Lawsonia inermis, is 2-hydroxy-1,4-naphthoquinone, 

commonly known as Lawsone. In the cosmetic industry, 

Lawsone has been used as a dye for coloring hair, nails and 

skin [4]. It is also used as a detection reagent for finger marks. 

It is possible to use Lawsone as an electron mediator in 

biochemical fuel cells [9]. Lawsone molecules form a 

polymeric structure through the bonding of O-H···O 

hydrogen. It is a redox active molecule and can be reversibly 

converted by electron/s acceptance or removal to form 

naphthosemiquinone and catechol. The most important 

characteristic of the Lawsone molecule is that it absorbs about 

400-600 nm of visible light. It has been shown theoretically 

that by intermolecular hydrogen bonding there is percolation 

of electron density in lawsone molecules. 

Recently, density functional theory (DFT) method, have 

performed to evaluated chemical properties, Subsequently, 

the study of the electronic and molecular properties is one of 

the greater importance that helps to investigate the 

mechanism of the photo sensitivity of lawsone compounds. 

In order to study electronic properties such as electron affinity 

(EA), hardness (η), softness (S), electronegativity (χ) and 

electrophilic index (ω), density functional theory (DFT) was 

used. It constructs and analyzes the frontier molecular orbitals 

(FMOs) and energy band energies. The Molecular 

Electrostatic Potential (MEP) has shown that using natural 
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bond orbital (NBO) analysis, the reactive site for electrophilic 

and nucleophilic attacks and charge delocalization is 

characterized. State Density (DOS), Projected State Density 

(PDOS) and Orbital Projected State Density (OPDOS) are 

interpreted for occupied and unoccupied orbital molecules 

[37].  

The time-dependent density functional theory (TD-DFT) 

method has been extensively applied in the literature to 

determine the UV-Vis spectral characteristics of several 

organic dye molecules [7]-[12]. Using the TD-DFT method 

[13], [14], various dye sensitizers for DSSC have also 

recently been investigated. In addition, the solvent effect for 

the accurate prediction of transition energies of excited state 

molecules has been successfully explored by the TD-DFT 

calculations [7]. The key principle behind the current 

computational analysis is to gain better insights into the 

lawsone's electronic and spectral characteristics. Various 

derivatives of 1,4-napthoquinone (1,4-NQ) dye have been 

studied by Per Pète et al. [10] using the TD-DFT process. 

Considering different base sets, they studied the absorption 

spectrum of 1,4-NQ dyes and found that the 6-311+G (2d, p) 

basis is sufficient for the theoretical treatment of these dyes. 

It was also shown that PBE0 offers a reasonably clear 

explanation of the systems' absorption energies [9]-[12]. The 

conductor polarizable continuum model (C-PCM) has been 

found to be very promising, in addition to reflecting the 

solvent effect [9]-[10]. Henna dye has previously been 

investigated in solar cells sensitized to TiO2 dependent dye 

[15]. Since this dye absorbs light at three different 

wavelengths, namely 287, 330 and 458 nm, in the UV-Visible 

range, it can theoretically act as a light-absorbing dye and can 

thus contribute to photo-response extension. We have 

successfully manufactured a lawsone, one of the components 

of the Henna dye, sensitized ZnO photoanode in the current 

investigation and studied their system efficiency. In addition, 

TD-DFT has studied the spectral characteristics of lawsone in 

both vacuum and ethanol. Khalil et al, 2011[27], stated that 

in the UV-vis and near IR region of the solar spectrum, 

Bahrain and Yemani Henna extract experimentally exhibit 

high levels of absorption. The report shows that in terms of 

higher photocurrency and open-circuited voltage and higher 

photovoltaic cell-based performance, Bahraini henna has 

higher light harvesting efficiency than Yemani. May Win et 

al [18] stated that the excitation under solvent solution of 

lawsone was greater than that in the vacuum. Zulkifli et al 

2017 [25] stated that due to its presence of hetroatomics such 

as oxygen and hydrogen, Lawsonia inermis green material 

formed as a corrosion inhibitor for aluminum in the marine 

environment and became active centers for absorption 

process. Mirella et al 2019 [26] stated that the structural 

stability of the compound of lawsone and its derivatives has 

a high excitation and absorption wavelength value that 

demonstrates strong potential application to solar cells. 

The present work offers a detailed DFT study on the photo 

sensitivity of the compound Lawsonia inermis. The study 

covers building compound lawsone, testing stability, 

optimizing the structure with B3LYP at different base sets, 

measuring its electronic properties, infrared spectrum, for 

various mediums and solvents. 

 

 

II. COMPUTATIONAL PROCEDURE 

Using hybrid functional B3LYP, ground state geometry 

optimization of vacuum lawsone is performed with DFT at 

different base sets; STO, 3-21G, 6-31G and 6-311G [9]. In 

order to ensure that the obtained structure is minimal on the 

potential energy surface, the frequency measurement is 

performed with optimized geometry. In addition, this 

optimized geometry is used for the non-equilibrium TD-

DFT/B3LYP/6-311+G(d,p) method of calculating the UV-

Vis spectrum. The solvent effect is implicitly considered in 

the Default, IEFPCM, I-PCM, and SCI-PCM models. The 3-

dimensional mapping of molecular orbitals is achieved using 

the B3LYP/6-311+G(d,p) basis set. At the B3LYP/6-

311+G(d,p) theory stage in vacuum and other solvents, the 

highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energies are 

measured. All the calculations in the present work are 

achieved by programming Gaussian 09 [17]. 

 

III. RESULT AND DISCUSSION  

A. Building and Stability Check 

The structure was built using gauss view and the letter runs 

for stability check at restricted hatree fork (RHF) and basis 

set of 3-21G. The stability was further checked with 

optimized functions and energies were calculated. 

 

 
Fig. 1. Lawsone structure (a) initial structure (b) stable structure (c) 

optimizes and stable structure/ 

 

For the stability check, it was observed that there is 

appearance of some partial bond in the first benzene rings 

which shows that the structure is tightly stable and the 

bonding between the atoms are strong. It was also indicated 

that the energies obtain are -16417.01 eV and -16418.61eV 

for single stability and opt_stability respectively and is an 

indication that the structure is approaching the ground state. 

B. Optimization 

Optimization process helped in determine the best set up 

for preparing the structure and hence produced the best. Fig. 

2 shows the optimization steps for the two media: vacuum 

and that of solvent. For the vacuum medium, it was observed 

that the structure was dropped down by losing energy and 

then later stabilized. However, for the solvent due to its effect, 

(a) (b) 

(c) 
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the structure had increase in energy and then dropped down 

and the stabilized.  

 

 

 
(a) 

 
(b) 

Fig. 2. Energy Optimization steps of Lawsonia inermis (a) Vacuum (b) Medium. 

 

Table 1 is the step by step procedure performed to 

determine the lowest energy of the Lawsonia inermis. The 

procedure was carried from the lowest basis set STO-3G to 

the highest basis set 6-311G. It was observed that the is 

significant effect in time, energy, and dipole moment. 

Quantum Mechanics (QM) based continuum models are so 

popular in determining the solvent effects. Gaussian 09 

contains different model; continuum Polarized Continuum 

Model (CPCM), Polarized Continuum Model (PCM), 

Integral Equation Fourier Polarized Continuum Model 

(IEFPCM), and Integral Continuum Model (I-PCM). These 

models were tested using solvents; Acetonitrile, DMSO, 

Ethanol, Methanol, Nitromethane and Water. Table 2 shows 

the effect of solvent and model on Lawsonia inermis organic 

material. For each model the result of Homo Lumo using 

these solvents were presented and compared with the 

literature. 

The frontier molecular orbital (MO) energies including 

highest-occupied molecular orbital (HOMO), lowest – 

unoccupied molecular orbital (LUMO) and energy gap of 

lawsone were calculated at different condition as shown in 

Table 2. The result of vacuum was first calculated and the 

Homo, Lumo and Energy gap were -7.48175369 eV, -

3.50590706 eV and 3.98eV. For the medium, the Homo, 

Lumo and energy gap at I-PCM were -7.311139 eV, -

3.515159 eV and 3.79eV as shown in Fig. 3. Also, it was 

observed that there is shift in the MO due to the solvent effect 

as shown in Fig. 4 a, b. The shift narrows the energy gap and 

hence electrons can easily move to the valance band. 

The frontier molecular orbital (MO) energies including 

highest-occupied molecular orbital (HOMO), lowest – 

unoccupied molecular orbital (LUMO) and energy gap of 

lawsone were calculated at different condition as shown in 

Table 2. The result of vacuum was first calculated and the 

Homo, Lumo and Energy gap were -7.48175369 eV, -

3.50590706 eV and 3.98eV. For the medium, the Homo, 

Lumo and energy gap at I-PCM were -7.311139 eV, -

3.515159 eV and 3.79eV as shown in Fig. 3. Also, it was 

observed that there is shift in the MO due to the solvent effect 

as shown in Fig. 4 a, b. The shift narrows the energy gap and 

hence electrons can easily move to the valance band. 

 
 

TABLE1: OPTIMIZATION AT DIFFERENT BASIS SET AND RB3LYP 

S/N Basis Set 
Energy 

(a.u.) 

Energy 

(eV) 

Dipole_moment 

(Debye) 

Time 

(min) 

1 STO-3G -602.4469754 -16393.3801845 0.3583 24.48 

2 3-21G -606.9655218 -16516.3358156 0.3741 29.17 

3 6-31G -610.1624536 -16603.3285641 0.8219 35.15 

4 6-311G -610.3110385 -16607.3717574 0.8311 89.48 

 
TABLE 2: THE HIGHEST OCCUPIED MOLECULAR ORBITAL ENERGIES (𝐸𝐻𝑂𝑀𝑂), THE LOWEST UNOCCUPIED MOLECULAR ORBITAL ENERGIES (𝐸𝐿𝑈𝑀𝑂), THE 

ENERGY GAP ∆𝐸 = (𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂)OF LAWSONE COMPUTED AT THE 𝐵3𝐿𝑌𝑃/6 − 311 𝐺(𝑑, 𝑝)  
Model CPCM PCM IEFPCM I-PCM 

Ref 
Solvent Homo Lumo 𝐸𝑔 Homo Lumo 𝐸𝑔 Homo Lumo 𝐸𝑔 Homo Lumo 𝐸𝑔 

Acetonitrile -7.430 -3.586 3.843 -7.43 -3.57 3.861 -7.432 -3.571 3.861 -7.311 -3.515 3.79 
[18] 

4.09eV 

DMSO -7.429 -3.597 3.842 -7.43 -3.57 3.859 -7.431 -3.572 3.859 -7.311 -3.515 3.79 
[19] 

3.06eV 

Ethanol -7.431 -3.584 3.847 -7.43 -3.57 3.865 -7.434 -3.569 3.865 -7.311 -3.515 3.79  
Methanol -7.430 -3.586 3.844 -7.43 -3.57 3.862 -7.433 -3.570 3.862 -7.311 -3.515 3.79  

Nitrometha

ne 
-7.430 -3.586 3.843 -7.43 -3.57 3.857 -7.432 -3.571 3.851 -7.311 -3.515 3.79  

Water -7.428 -3.588 3.840 -7.43 -3.57 3.857 -7.430 -3.573 3.857 -7.311 -3.515 3.79  
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Fig. 3. Lawsonia inermis energy gap at different medium. 

 

 
(a) 

 
(b) 

Fig. 4. Molecular Orbital of Lawsone at (a) vacuum (b) Medium. 

 

Fig. 5 shows the electronic Density of State of Lawsonia 

inermis at vacuum and medium. It was found that due to the 

solvent effect there are more P-configuration than in the 

vacuum and this resulted in the narrowing the energy band 

gap and hence electron transport occurs easily. Also, at 

energy range between -10 eV to -15 eV, there is change in 

electron population due to the solvent effect as observed in 

the figure. Solvent effect shows promising performance in the 

production of Lawsonia inermis as organic solar cell. 

Infrared spectroscopy (IR) is the qualitative aspects of 

infrared spectroscopy are one of the most powerful attributes 

of this diverse and versatile analytical technique. And is a 

type of absorption spectroscopy that is used to determine the 

functional groups present (or absent) in a molecule. It was 

observed that there is observed that there is great effect due 

to the solvent presence as shown in the Fig. 5 below. This 

causes the shift in the presence of the functional group as 

shown in table 3. It was observed that model plays vital role 

in the shifting of the peaks and increase of intensity of the 

functional group. These functional group were also observed 

by [24], and [21]-[23]. 
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Fig. 5. Electron density population of Lawsonia inermis (a) Vacuum (b) Medium. 

 

 

Fig. 6. Infrared Spectrum of Lawsonia inermis (a) Vacuum (b) Medium. 
 

TABLE 3: INFRARED SPECTROSCOPY OF LAWSONIA INERMIS IN VACUUM AND IN MEDIUM USING I-PCM MODEL AND ETHANOL SOLVENT  
Vacuum Medium 

Ref. 
Frequency (cm-1) Intensity Functional Group Frequency (cm-1) Intensity Functional Group 

984.34 114.1365 C—C 
C—H 

Stretching 

982.77 212.9143 C—C 
C—H 

Stretching 

[24] 
1059.29 2.2440 1058.63 6.0600 

1112.21 38.6115 C—C 
H—H 

Scissoring 

1112.78 60.3881 C—C 
H—H 

Scissoring 

 
1147.90 25.7803 1148.43 73.1739 

1163.84 280.2769 H—O 
C—H 

wagging 

1161.81 499.3928 H—O 
C—H 

wagging 

 
1312.84 128.8067 1310.95 267.1073 

1338.57 86.7909 

C—C 

Wagging 

H—C 
Stretching 

1338.43 122.3134 

C—C 

Wagging 

H—C 
Stretching 

 

1367.83 19.6303 

C—C 

Stretching 
H—H 

Wagging 

1370.39 52.2840 

C—C 

Stretching 
H—H 

Wagging 

 

1453.37 7.7334 

H—C 
Scissoring 

C—C—O 

Stretching 

1465.41 15.5976 

H—C 
Scissoring 

C—C—O 

Stretching 

 

1501.03 0.2087 

H—C—H 

Wagging 

C—C—C 
Stretching 

1501.03 5.1182 

H—C—H 

Wagging 

C—C—C 
Stretching 

 

1615.55 92.4578 

C—C 

Wagging 
O==C 

Stretching 

1585.11 189.3699 

C—C 

Wagging 
O==C 

Stretching 

 

1626.96 227.7197 Complete 
Stretching 

Of structure 

1603.68 498.455 Complete 
Stretching 

Of structure 

 1655.18 159.4843 1616.31 310.4045 

1671.05 47.4606 1643.33 174.2988 

3680.40 61.7739 
O—H 

wagging 
3677.22 146.5735 

O—H 
wagging 
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IV. CONCLUSION 

Density functional theory studies was carried out to study 

the potential promising of Lawsonia inermis as organic solar 

cell. The study detailed the step by step procedure of stability, 

optimization and, IR studies of the lawsone structure using 

Gaussian09 software. In the studies the energies obtained for 

the ground state using B3LYP/6-311G was found to be -

16607.3717574 eV at 89.48 min. It was found that due to the 

effect of solvent, the studied found that the material can and 

will be used as solar cell candidate. Also, it was reported 

solvent effect narrows the band gas to 3.79 eV which lags by 

0.29eV as reported by [18] and leads by 0.73 as reported by 

[19]. This narrowing in the band gas was as a result of 

exchange in the molecular orbital in the Homos as shown in 

Fig. 4 a, b. However, for the IR studies shows that shifting 

and increasing in the intensity was due to effect cause by 

solvent and model as well.  
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