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Abstract
The structural, nonlinear optical, electronic and thermodynamic properties of andirobin molecule were carried out by 
density functional theory at the B3LYP, WB97XD level and at the Restricted Hartree–Fock level by employing 6–311G(d,p) 
basis set. The obtained values of bond lengths, bond angles, 1H NMR and 13C NMR are in good agreement with experi-
mental values. The dipole moment and first static hyperpolarizability show that andirobin can be applied in nonlinear 
optical devices. HOMO–LUMO energy gap values were found to be greater than 4 eV and lead us to the conclusion that 
this molecule can be used as insulator in many electronic devices. The thermal energy (E), molar heat capacity at constant 
volume (C

v
 ) and entropy (S) were also calculated.
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1 Introduction

Currently, studies on the calculation of the electronic 
and physico-chemical properties of organic systems are 
increasingly developed [1]. The development of increas-
ingly high-performance atomistic simulation tools has 
enabled researchers such as chemists and physicists to 
model molecular structures that can be synthesized in 
laboratories and that can meet the demands of the materi-
als market. Thus, materials can be designed and produced 
in 2D or 3D representations with electrical properties such 
as electrical conductivity and HOMO–LUMO energy gap to 
describe their insulating, semiconducting or conducting 

character. Molecules with a disordered spatial distribu-
tion can be simulated starting from a configuration cor-
responding to a global extremum whose energy is in the 
range of energies containing the local minimum or point 
of stability sought. More and more sophisticated modeling 
methods based on the solution of the Schrödinger equa-
tion such as ab-initio methods, perturbation methods 
and density functional theory allow to explore and obtain 
information from the microscopic states of materials.

Theoretical studies carried out by modeling or numeri-
cal simulations serve as a guide for experimenters by pro-
viding information that is difficult to access experimen-
tally. In general, it is difficult to access the atomic scale 
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experimentally. Modeling therefore makes it possible 
to obtain invaluable predictions of the properties of a 
molecular structure more quickly and at less cost than 
test methods. One of the major challenges of simulations 
based on quantum methods is to determine the proper-
ties of materials, including organic systems derived from 
medicinal plants, at the atomic scale in order to refine 
physical understanding and push back the limits of emerg-
ing technologies.

In Meliaceae, there are several substances whose active 
principle is found more in limonoids. Among them, one 
can findandirobin (systematic name: methyl-2{(1R,2R)-2-
[(1aS, 4S, 4aS, 8aS)-4-(fluran-3-yl)-4a-methyl-8-methylene-
2-oxooctahydrooxireno[2,3-d]isochromen-7-yl]-2,6,6-
trimethyl-5-oxocyclohex-3-en-1-yl}acetate) (Fig.  1) of 
molecular formula  C27H32O7 and a molar mass of 468,54 g/
mol. It is a molecule with anti-inflammatory and analge-
sic properties, as well as anti-plasmodial activity [2, 3].
The crystal structure of andirobin [4] with the labelling of 
the atoms is shown in Fig. 1.This compound crystallizes 
in the space group  P212121 and the lattice dimensions 
of its orthorhombic structure are as follow: a = 88,125 Å 
b = 12,590 Å, c = 21,939 Å. The Nuclear magnetic reso-
nance (NMR) of this compound has also been reported [4, 
5]. Vibrational spectroscopy and nuclear magnetic reso-
nance (NMR) studies of active substances extracted from 
medicinal plants are essential to provide detailed informa-
tion on their structural and vibrational properties [6–9]. 
However, to our knowledge, studies on this compound 
using Hartree Fock and DFT methods have not yet been 
reported in literature.

In this study, have we reported the structural, electronic, 
thermodynamic and nonlinear optical properties of andi-
robin to highlight other fields of application of this organic 
molecule.The paper is organized as follows. In Sect. 2, we 

describe the computational details and the theoretical 
framework related to this study. The results and discussions 
are presented in Sect. 3. The last section is the conclusion.

2  Computational details and theoretical 
framework

2.1  Computational details

Quantum chemical calculations were performed on andi-
robin using HF and DFT methods at the B3LYP and wB97XD 
level with the 6–311G (d,p) basis set as implemented in 
Gaussian 09 W software [10]. This was done in orderto pre-
dict the energies, vibrational frequencies and quantum 
chemical properties of the studied molecular system. No 
geometric restriction was applied during the optimization 
procedure.

2.2  Theoretical framework

The calculated Raman activities ( Si ) were converted into rela-
tive Raman intensities (Ii ) using the relation given as follow 
[11]:

where f is a normalization factor for all peak intensities, 
�0 represents the wavenumber of the exciting laser, �i is 
the wave number of the i vibrational mode, c stands for 
the speed of light, h and kB are the Planck and Boltzmann 
constants, and T represents the temperature.

The HOMO and LUMO energies were used to determine 
the chemical potential, electronegativity, electrophilicity 
index, maximum charge transfer and chemical hardness, 
which are known as very important global reactivity descrip-
tors and are calculated as follows [12]:
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Fig. 1  The crystal structure of andirobin
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Electrophilicity index

Maximum charge transfer

The optimized form of our molecule obtained using the 
above parameter was then used to determine NLOs prop-
erties and also by applying the formulas below which can 
also be found in the literature [13–15].
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3  Results and discussions

3.1  Optimized geometric structure

The optimized structure of our molecule with the 
adopted atomic labelling scheme is shown in Fig.  2. 
The total electronic energies obtained respectively 
using RHF, B3LYP and wB97XD with 6–311 G(d, p) are 
ERHF = − 1565.38830231 hartree,EB3LYP = − 1575.019289 har-
tree and EWB97XD = − 1574.56299017 hartree. Furthermore, 
no imaginary frequency was observed after optimization 
of our system. This led us to the conclusion that the opti-
mized molecular systems are stable at all the levels and 
basis set used. From the above result we can conclude that 
the andirobin molecule is more stable with the functional 
B3LYP.

3.2  Structural properties

The optimized structural parameters such as bond lengths 
and bond angles of title molecule obtained using RHF, 
B3LYP and wB97XD level with the 6–311 G (d, p) basis set 
are given in the Table 1. The general analysis of all bond 
lengths and angles in comparison with the available 
experimental data is shown in Figs. 3 and 4 respectively. 
From Table 1, it can be observed that the calculated bond 
lengths and angles obtained at the level and at the basis 
set mentioned above are very close to the experimental 

values [4].We can also notice that these values are slightly 
higher than their corresponding experimental values. Fur-
thermore, we observed that the values of bond lengths 
obtained at B3LYP are slightly greater than those obtained 
at the RHF and wB97XD level. These differences are found 
between 0.0044 Å and 0.0086 Å for C–O, 0.0009 Å and 
0.0169 Å for C–C and 0.1154 Å and 0.1466 Å for C–H. The 
bond angles of the andirobin molecule are slightly differ-
ent when we move from one method to another. It can be 
seen that the C–C–C bond angle varies from 105.1554° to 
128.265°, from 105.2159° to 128.6359° and from 105.475° 
to 128.0052° respectively at the B3LYP, RHF and WB97XD 
level of theory. It can be seen in Fig. 3 that the curves for 
the C–O and C–C bonds coincide with each other, whereas 
a shift is observed for the curves of the C–H bond. This is 
due to the fact that the bond lengths obtained by 

Fig. 2  The optimized structure of the andirobin molecule
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Table 1  Comparison between 
geometric, experimental 
and calculated parameters 
by B3LYP, RHF and wB97XD 
with 6–311 G(d,p) basis set of 
andirobin

Methods Experimen-
tal Values [4]

B3LYP RHF wB97XD

Bond lenghts (Å)
(R1) O1-C8 1.44 1.41 1.43 1.45
(R2) C10-O1 1.43 1.40 1.42 1.44
(R3) O2-C16 1.46 1.44 1.45 1.47
(R4) O2-C19 1.35 1.32 1.34 1.34
(R5) C19-O3 1.20 1.18 1.20 1.20
(R6) O4-C31 1.35 1.34 1.35 1.36
(R7) O4-C33 1.36 1.34 1.35 1.35
(R8) O5-C26 1.22 1.19 1.21 1.22
(R9) O6-C32 1.35 1.32 1.34 1.34
(R10) O6-C34 1.44 1.42 1.43 1.45
(R11) O7-C32 1.21 1.19 1.20 1.19
(R12) C8-C9 1.54 1.53 1.53 1.52
(R13) C8-C10 1.47 1.45 1.46 1.47
(R14) C8-C12 1.50 1.50 1.50 1.50
(R15) C9-C13 1.56 1.55 1.55 1.55
(R16) C9-C16 1.56 1.55 1.55 1.54
(R17) C9-C17 1.54 1.54 1.53 1.54
(R18) C10-C19 1.50 1.50 1.50 1.49
(R19) C11-C12 1.54 1.54 1.53 1.53
(R20) C11-C14 1.60 1.59 1.58 1.59
(R21) C11-C15 1.55 1.55 1.54 1.55
(R22) C12-C23 1.33 1.32 1.33 1.32
(R23) C13-C15 1.53 1.53 1.53 1.52
(R24) C18-C14 1.57 1.57 1.57 1.57
(R25) C14-C21 1.55 1.55 1.54 1.55
(R26) C14-C22 1.51 1.51 1.50 1.51
(R27) C16-C24 1.50 1.50 1.49 1.50
(R28) C18-C20 1.57 1.57 1.56 1.56
(R29) C18-C25 1.55 1.55 1.54 1.53
(R30) C20-C26 1.54 1.53 1.54 1.52
(R31) C20-C28 1.54 1.54 1.53 1.53
(R32) C20-C29 1.55 1.55 1.54 1.55
(R33) C22-C27 1.34 1.32 1.33 1.32
(R34) C24-C30 1.44 1.45 1.43 1.41
(R35) C24-C31 1.36 1.34 1.36 1.35
(R36) C25-C32 1.52 1.51 1.51 1.50
(R37) C26-C27 1.47 1.48 1.47 1.46
(R38) C30-C33 1.36 1.34 1.35 1.33

Bond angles (◦)
(A1) C16, O2, C19 122.32 123.86 122.35 120.06
(A2) C31, O4, C33 106.75 107.08 106.87 106.10
(A3) C32, O6, C34 115.87 117.39 115.53 116.50
(A4) O1, C8, C9 115.19 115.06 115.41 115.22
(A5) O1, C8, C12 115.12 115.14 115.64 114.37
(A6) O1, C10, C19 115.22 114.36 114.99 116.20
(A7) O2, C16, C9 110.52 110.47 110.78 111.37
(A8) O2, C16, C24 105.44 105.24 105.64 105.46
(A9) O2, C19, C10 117.07 116.88 117.10 118.41
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Table 1  (continued) Methods Experimen-
tal Values [4]

B3LYP RHF wB97XD

(A10) O3, C19, C10 122.25 121.75 122.16 122.50
(A11) O5, C26, C20 121.84 122.32 122.22 121.80
(A12) O5, C26, C27 121.06 120.80 121.06 122.10
(A13) O4, C31, C24 110.82 111.20 110.83 110.90
(A14) O6, C32, C25 111.31 111.67 112.19 111.10
(A15) O7, C32, C25 125.36 125.03 124.74 125.40
(A16) O4, C33, C30 110.57 110.92 110.74 110.20
(A17) C9, C8, C10 117.17 117.42 116.95 116.97
(A18) C9, C8, C12 113.91 113.90 113.55 116.10
(A19) C10, C8, C12 124.38 124.39 124.70 122.08
(A20) C8, C9, C13 107.78 107.58 107.86 108.47
(A21) C8, C9, C16 106.40 106.29 106.32 107.38
(A22) C8, C9, C17 109.37 109.57 109.37 108.80
(A23) C13, C9, C16 111.88 112.18 111.82 108.19
(A24) C13, C9, C17 109.97 109.79 110.07 111.46
(A25) C16, C9, C17 111.28 111.28 111.25 112.39
(A26) C8, C10, C19 118.33 117.71 117.77 119.00
(A27) C12, C11, C14 115.56 116.04 114.76 116.50
(A28) C12, C11, C15 109.02 108.44 108.96 108.14
(A29) C14, C11, C15 113.03 113.51 113.49 115.45
(A30) C8, C12, C11 113.89 113.91 113.70 115.96
(A31) C8, C12, C23 120.40 120.25 120.47 121.50
(A32) C11, C12, C23 125.14 125.22 125.19 122.20
(A33) C9, C13, C15 114.07 114.06 113.68 113.28
(A34) C11, C14, C18 108.53 108.43 109.90 105.89
(A35) C11, C14, C21 109.61 109.99 108.85 108.42
(A36) C11, C14, C22 108.98 109.12 107.68 111.20
(A37) C18, C14, C21 112.30 112.23 111.92 113.42
(A38) C18, C14, C22 109.95 109.84 110.77 109.93
(A39) C21, C14, C22 107.43 107.19 107.58 108.03
(A40) C11, C15, C13 112.60 112.41 111.82 115.89
(A41) C9, C16, C24 116.15 116.41 114.87 115.22
(A42) C14, C18, C20 116.28 116.38 115.93 115.81
(A43) C14, C18, C25 113.21 113.01 113.05 113.03
(A44) C20, C18, C25 112.02 111.94 110.85 112.02
(A45) C18, C20, C26 109.26 108.66 109.31 105.59
(A46) C18, C20, C28 109.46 109.33 110.23 110.00
(A47) C18, C20, C29 115.93 116.49 114.76 114.23
(A48) C26, C20, C28 108.69 108.84 108.43 109.90
(A49) C26, C20, C29 105.16 105.22 105.48 105.80
(A50) C28, C20, C29 108.09 108.05 108.38 108.20
(A51) C14, C22, C27 125.60 125.91 126.08 125.40
(A52) C16, C24, C30 128.27 128.64 128.01 130.00
(A53) C16, C24, C31 126.11 126.20 126.36 125.20
(A54) C30, C24, C31 105.61 105.12 105.64 104.80
(A55) C18, C25, C32 113.52 113.91 113.06 113.70
(A56) C20, C26, C27 116.97 116.77 116.56 115.90
(A57) C22, C27, C26 123.52 123.14 122.70 123.90
(A58) C24, C30, C33 106.25 105.67 105.92 108.00
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simulation are slightly greater than those obtained experi-
mentally. Indeed, the tuning factor 

(

acc =
Valexp−Valth

Valexp
× 100

)

 

is between [− 15.7; 0.98]. In Fig. 4, there is a strong coinci-
dence of the curves for the angles C–C–H, C–C–C, C–O–C 
and O–C–C. On the other hand, the curves obtained for 
the angles H–C–H, O–C–H and O–C–O are offset from each 
other. This can be explained by the fact that most of the 
experimental values are slightly higher than those 
obtained by simulations. The tuning factor is included in 
the ranges [0.25, 3.04] for H–C–H, [0.31, 7.28] for O–C–H 
and [− 1.98, 0.85] for O–C–O.

Experimentally, andirobin was found to crystallize 
in an orthorhombic structure. After optimization of our 
molecular structure, we found that the bond length and 
bond angles are closed to the experimental results. We can 
therefore conclude that the optimized geometrical struc-
ture of andirobin is close to the experimental results. In 
this case, the lattice parameters vary slightly with optimi-
zation, and therefore, the optimized molecular structure 
will crystallize in the orthorhombic structure.

Table 1  (continued) Methods Experimen-
tal Values [4]

B3LYP RHF wB97XD

(A59) O2, C19, O3 120.67 121.36 120.74 119.00
(A60) O6, C32, O7 123.29 123.24 123.06 123.40
Total energy (hartree) − 1575.019289 − 1565.38830231 − 1574.56299017

Fig. 3  Variation of the bond lengths calculated by B3LYP, wB97XD and RHF. The experimental data [4] are also illustrated for comparison
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3.3  Vibrational frequencies and assignments

Vibrational frequency analysis is a useful and important 
method used to estimate different movements of atoms 
and groups of atoms present in a molecular structure. The 
vibrational frequencies were calculated in this work from 
the optimized geometry of the title compound using RHF, 
B3LYP and WB97XD level with 6–311G (d,p) basis set. The 
experimental and computed vibrational frequencies, IR 
and Raman Intensities and their probable assignments 
with PED are presented in Table 2. The experimental and 
simulated vibrational spectra of andirobin are shown in 
Fig. 5.

The FT–IR absorption spectra (experimental Fig. 5) of and-
irobin [9] samples showed about eight intense absorbance 
bands ranging from 4000 to 500  cm−1. The result showed 

the stretching vibration at 1738.7  cm−1 and 1667.8  cm−1 
attributed to C=O and C=C, respectively. On the other hand, 
the bending vibration at 1244.5  cm−1is a characteristic of 
the C–O bonds present in the andirobin molecule. Further-
more, for the stretching vibration bands, we observed val-
ues of 2978.2  cm−1, 3127.5 and 3450.0  cm−1characteristic 
of chromophores Csp3-H, Csp2-H and O–H. While the 
zone corresponding to bending vibrations showed 
bands of mean intensity at 1030.5  cm−1, 821.2  cm−1 and 
611.4  cm−1attributable to the chromophores CO (primary 
alcohol), C=C (vinylidene) and C=C (disustituated alkene).

We also observed that the calculated harmonic vibra-
tional frequencies are bigger than those obtained experi-
mentally. Similar results have also been found byothers co-
workers [16, 17]. However, we observe that the IR curves of 

Fig. 4  Variation of the angles calculated by B3LYP, wB97XD and RHF. The experimental data [4] are also illustrated for comparison



Vol:.(1234567890)

Review Paper SN Applied Sciences           (2021) 3:768  | https://doi.org/10.1007/s42452-021-04749-4

the RHF, B3LYP and wB97XDmethods with the 6–311 G(d,p) 
basis set are slightly offset from each other. This difference 
is mainly due to the fact that the RHF does not take into 
account the electronic correlation unlike the B3LYP and 
wB97XD.

3.4  Vibrational study of functional groups

3.4.1  C–H Vibration

In literature, it is known that C–H stretching vibrations in 
alkanes and aromatic structures are located in the regions 
of 2850–3000  cm−1 and 3000–3100  cm−1, respectively [18]. 
From Fig. 5, the FT–IR bands for C–H stretching vibrations 
are observed at 2978   cm−1. This value is in agreement 
with experimental data in the literature [19, 20]. Using 
the Hartree–Fock and DFT methods, we observed CH 
stretching vibrations at 3050.51–2912.7  cm−1,while the 
in-plane and out-of -plane bending vibrations involving 

CH bonding were observed between 1049 and 988  cm−1 
and 775–593  cm−1.

3.4.2  C=O Vibration

The C=O bond in the ester gives rise to characteristic bands 
in the IR spectrum covering the spectral range from 1730 to 
1750  cm−1 [20]. In the andirobin molecule, we observe a C=O 
stretching vibration in the frequency range 1838–2021  cm−1 
in good agreement with the experimental data. In-plane 
and out-of-plane bending vibrations are observed in the 
frequency ranges 1545–533  cm−1and 1463–859  cm−1 for 
infrared spectra.

3.5  NMR Study

The GIAO (Gauge Invariant Atomic Orbitals) method [21–23] 
was used to predict the 1H and 13C chemical shifts at the RHF, 
B3LYP and wB97XD levels with the 6–311 G (d, p) basis set. 

Table 2  Comparison between infrared and Raman frequencies calculated by the RHF, B3LYP and wB97XD methods for andirobin

μ: stretching, μsym: symmetric stretching, μasym: asymmetric stretching, δ: Flexion

RHF B3LYP wB97XD Intensity

Frequencies IR Frequencies IR Frequencies IR

3440.51 1.6372 3282.35 0.2875 3304.47 0.3632 �(C–H) furan
3421.46 1.0049 3267.41 0.3968 3290.30 0.4710 �(C–H)
3412.03 0.1027 3257.63 0.0943 3281.77 0.0339 �sym(C–H)
3376.28 13.7192 3221.13 11.264 3252.74 9.0315 � sym(CH)
3329.34 4.3825 3177.10 7.0447 3213.71 4.7337 � sym(CH)
3309.03 28.0356 3160.14 16.1540 3197.78 4.7578 �(C-H) + � sym(C–H)
3295.72 6.5214 3140.08 5.2622 3195.15 2.6611 � asym(C–H)
3284.90 28.2614 3124.52 19.0971 3189.40 11.8999 � sym(C–H)
3272.72 11.8533 3089.31 11.8867 3170.96 6.6206 �(C–H)
3258.83 30.1146 3113.15 17.3067 3164.93 7.8378 � sym(C–H)
3235.76 19.9841 3096.67 16.5451 3164.37 4.5421 � sym(C–H)
3186.15 23.0332 3041.79 12.6074 3150.05 14.0794 � sym(C–H)
3183.37 19.3625 3039.03 15.2018 3148.46 25.7896 � sym(C–H)
3174.73 26.4816 3033.97 22.2810 3145.85 12.1334 � sym(C–H)
2021.02 628.6489 1823.77 438.8536 1809.58 280.8891 �(O–C) + �(O–C–C) + �(H–C–C)
1972.90 266.1451 1791.26 186.7560 1737.24 6.7040 �(O–C) + �(H–C–C)
1964.12 383.3138 1747.67 257.0083 1732.49 12.6819 �(C–O) + �(H–C–C)
1849.15 5.4678 1694.33 8.4959 1670.17 4.6104 �(H–C–H) + �(C–C)
1838.11 11.0471 1680.56 17.4432 1567.17 28.3066 �(C–C–H) + �(C–C)
1792.86 6.3720 1626.02 3.3831 1498.69 15.0107 �(C–C) + �(O–C–H)
1688.90 42.3500 1533.81 25.7481 1495.08 14.5884 �(C–C) + �(O–C–H)
1633.28 12.4096 1512.91 11.6690 1451.63 9.1101 �(C–H)
1624.42 3.6765 1526.39 10.7939 1442.87 27.3968 �(C–H)
1612.68 44.2483 1472.15 17.4611 1424.65 17.2955 �(C–H)
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The TMS (Tetramethylsilane) was used to convert chemical 
shielding to chemical shift. The following equation was used 
for this purpose:

where i is the atom type. The experimental and calcu-
lated values of 13C and 1H chemical shift are presented in 
Tables 3 and 4. The positions of the atoms were numbered 
as in Fig. 1. From Table 3, it can be observed that RHF pro-
vides results of 13Cchemical shift, which are very close to 
the experimental values than those obtained using B3LYP 
and wB97XD with the exception of the carbon atoms 
directly linked to the oxygen atoms. The same observation 

(11)�i(ppm) = isotropic
(

TMSi
)

− isotropic(i)

is made for the 1H chemical shift as shown in Table 4. For 
more clarity, we show the experimental 13C NMR and 1H 
NMR spectra of andirobin obtained by Sidjui et al. [9] and 
represented respectively in Figs. 6 and 7. The experiment 
and calculations were carried out in a chloroform solvent. 
The comparison between the experimental and theoreti-
cal calculations is shown in Figs. 1 and 2 for the 13C and 1H 
NMR respectively.

The following figures show the comparison between 
the experimental [9] and calculated values of 13C and 1H 
chemical shift. The regression line was plotted for each 
method using the equation �cal = a�exp + b , where a and 
b are given in Figs. 8 and 9.The values of  r2 show that our 

Fig. 5  Experimental data [9] 
and calculated infrared spectra 
of andirobin with B3LYP, 
wB97XD and RHF methods
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results are close to experimental results. The linear correla-
tion coefficient calculated as R-square found in Figs. 8 and 
9 also confirms this.

3.6  Electronic properties

3.6.1  Frontier molecular orbitals

The molecular mechanism of the reactivity of the mol-
ecule can be described by the frontier molecular orbitals; 
these are two particular types of molecular orbitals: HOMO 
(Highest Occupied Molecular Orbital) and LUMO (Lowest 
Unoccupied Molecular Orbital) [24]. The HOMO–LUMO 
energy gap and the global reactivity descriptors of the 

molecule are given in Table 5. The values of these param-
eters were determined using B3LYP, wB97XD and RHF 
methods with the 6–311 G(d,p) basis set. Figure 10 shows 
the atomic compositions of the frontier molecular orbit-
als. In this Fig. 10, the red color stands for surfaces of high 
electron density and the green color stands for surfaces 
of low electron density. From the data obtained using the 
three methods, we find that the HOMO binds to the furan 
group while the LUMO is located on a ring comprising 
the C=O and C=C bonds which means that the electron 
transfer would take place from the furan group to the C=O 
and C=C groups. The energy gap of the andirobin (5.06 eV) 
obtained by B3LYP is lower than that obtained using RHF 
(11.89 eV) and wB97XD (9.11 eV) methods with 6–311 G(d, 
p) basis set. In addition, from Table 5, we observe that η 
decreases from the RHF method to the wB97XD and B3LYP 
method which means that the molecule is more reactive 
with the B3LYP. This can also be confirmed by a decrease 
in the energy gap and an increase in softness as well as 
by the value of the electrophilicity index which increases. 
The gap being greater than 4 eV, it can be concluded that 
andirobin can be used as an insulator for the design of 
electronic devices.

Table 3  Experimental [9] and  calculated13C NMR chemical shift �
(ppm) of andirobin at the RHF, B3LYP and wB97XD method with 
6–311 G(d,p) basis set

Nuclei Calculated �(ppm) Experi-
ment �
(ppm)RHF wB97XD B3LYP

C8 58.825275 72.1877 77.4143 67.8
C9 35.220875 43.6673 47.3966 38.6
C10 48.459275 58.0134 61.0948 77.4
C11 43.219275 54.0043 56.499 48.8
C12 148.589175 153.7904 155.6258 138.9
C13 28.492975 34.6573 36.6703 29.5
C14 38.627775 47.7159 52.7752 43.1
C15 19.874875 24.9355 27.0265 21.3
C16 67.287475 77.4367 81.8547 55.5
C17 19.404175 22.5538 22.9991 14.6
C18 36.839375 48.3799 50.4954 42.8
C19 165.438075 169.7997 171.3369 166.7
C20 41.433675 49.9498 53.6616 46.1
C21 19.957375 24.0433 23.4051 20.2
C22 159.709075 162.858 164.2847 153.5
C23 126.978075 129.177 127.7691 122.3
C24 126.053975 129.7618 131.3856 119.8
C25 30.256375 35.653 36.2744 31.5
C26 199.269975 205.4942 207.5041 203.7
C27 129.626675 133.9158 135.3459 125.7
C28 22.543375 26.6395 26.4744 22.7
C29 21.179575 26.1283 25.8516 22.5
C30 115.380475 117.7129 118.6176 109.7
C31 145.054675 146.2504 148.1928 140.9
C32 177.144775 181.8408 184.2684 174.3
C33 146.749175 149.2961 150.6662 143.2

Table 4  Experimental [9] and  calculated1H NMR chemical shift �
(ppm) of andirobin at the RHF, B3LYP and wB97XD method with 
6–311 G(d,p) basis set

Nuclei Calculated �(ppm) Experi-
ment �
(ppm)RHF wB97XD B3LYP

H35 3.13935 3.6019 3.6937 3.97
H36 2.04655 2.2351 2.6963 2.39
H37 0.56755 0.7542 1.0249 1.60
H38 1.37525 1.7454 1.9293 1.16
H39 1.30255 1.5244 1.7389 1.90
H40 1.95615 2.0312 2.6714 1.73
H41 4.94455 5.6571 5.8662 5.41
H45 2.22555 2.6919 3.0549 2.62
H49 6.93735 7.1027 7.4193 7.07
H50 5.56125 5.862 5.8088 5.30
H51 5.41655 5.8363 5.6708 5.2
H52 2.00905 2.5359 2.6614 2.44
H53 1.72775 2.6979 2.3135 2.28
H54 6.08425 2.4126 6.3678 5.99
H61 6.60765 6.9032 6.8907 6.27
H62 7.33725 7.5707 7.6155 7.33
H63 7.39645 7.6535 7.7025 7.34
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3.6.2  Atomic charge analysis of andirobin

The atomic charge analysis plays an important role in the 
study of molecular systems because atomic charges have 
an effect on dipole moment, molecular polarizability, elec-
tronic structure and many other molecular properties of 
the system [24]. It also makes it possible to predict the 
types of bonds that may [25] be formed.

The natural atomic charge values calculated from the 
Mulliken population analysis of andirobin using the DFT 
and HF methods are illustrated in Fig. 11.

We notice that all the hydrogen and oxygen atoms have 
a positive charge and a negative charge, respectively. On 
the other hand, the carbon atoms do not all have the same 
sign charge; this is due to the presence of C–H and C–O 
bonds. The presence of these different signs of the charge 
makes it possible the formation of intramolecular and 
intermolecular interactions through the C–H, C=C, C=O 
and O–H bonds which are the different functional groups 
of the molecule.

3.7  Thermodynamic properties

Thermodynamics parameters of andirobin were calculated 
using B3LYP, wB97XD and RHF methods with 6–311 G(d,p) 
basis set and are listed in Table 6. The total energy of a mol-
ecule is the sum of the translational, rotational, vibrational 
and electronic energies:

The difference between the values calculated by two 
methods is marginal. Relationships between partition 
functions and various thermodynamic functions have 
been used to evaluate the partition function due to the 
degrees of freedom of translation, rotation and vibration 
of the movements of the molecule [25]. The thermody-
namic parameters such as energy (E), Molar heat capacity 
at constant volume (Cv ) and entropy (S) were calculated 
for andirobin at room temperature using RHF, B3LYP and 
wB97XD methods. The calculated values can be found in 
Table 6. We observed from this table that the total energy 

(12)E = Et + Er + Ev + Ee

Fig. 6  Experimental data 13C NMR spectrum of andirobin  (CDCl3) [9]
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(E) of the molecule decreases slightly when we move 
from the RHF to wB97XD and B3LYP.We also found that 
the heat capacity at constant volume (Cv ) and the entropy 
(S) are higher at the B3LYP/6-311G (d,p) level. This can be 
explained by the fact that the vibrational part of these 
parameters are higher with B3LYP.To our knowledge, no 
thermodynamic property had yet been studied on the 
andirobin molecule to compare our results.

3.8  Non‑linear optical properties

Materials with appropriate nonlinear responses to incident 
light can be exploited to modify propagation characteris-
tics such as the frequency, amplitude or phase of trans-
mitted electromagnetic radiation. These materials make it 
possible to adapt the nature of light to particular applica-
tions [26, 27]. Currently, many studies are being done on 
the determination of the non-linear optical properties of 
organic molecules. Indeed, organ systems generally have 

excellent electrical response properties such as hyperpo-
larizability and polarizability at the microscopic level. The 
large values of the non-linear responses may be due to 
the very rapid response or relaxation time of the material, 
as well as to the movement of π electrons in electronic 
clouds between the donor and acceptor groups. In this 
context, some parameters of nonlinear optical properties 
(NLO) such as dipole moment (µ), mean polarizability ( �0 ), 
anisotropy (∆α), first order hyperpolarizability ( �0 ) were 
calculated in this work with the RHF, B3LYP and wB97XD 
level using 6–311 G(d,p)basis set by applying the relations 
(7–10) mentioned above. Table 7 shows these values.We 
observe that �0 , ∆α and �0 increase when we move from 
RHF to wB97XD and from wB97XD to B3LYP. It is also noted 
that these values increase as the energy gap decreases. We 
can therefore conclude that the increase of these values 
( �0 , ∆α and �0 ) improves the reactivity of our system. This 
can be explained by the strong dynamics of charge carriers 
within these structures. The large �0 values of andirobin 

Fig. 7  Experimental  data1H NMR spectrum of andirobin  (CDCl3) [9]
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with B3LYP suggest that the interaction of light or other 
electromagnetic fields polarizes the charge distribution 
and modifies the propagated field. The calculated values 
of polarizability ( �0) and first static hyperpolarizability ( �0) 
obtained from Gaussian output are in atomic units. These 
values were then converted into electrostatic unit (esu) 
for comparison (for �0 : 1 a.u = 0.1482 × 10−24 esu, for �0 : 1 
a.u = 8.6393 ×10−33esu ) [17]. For a given molecule, when 
these values (µ and β) are greater than those of urea 
( � = 3.8851Dand �0 = 372.8 ×  10−33esu) [17, 28, 29], the 

molecule has good active NLO properties. Similarly when 
we compare the values of µ and �0 of andirobin with the 
experimental values of urea, our values are much higher 
than those of urea. We can conclude that, in addition to 
its insulating character, the andirobin molecule can also 
have applications in the field of nonlinear optics, especially 
in the development of many technologies such as optical 
information processing, telecommunications, integrated 
optics, optical computers and laser technology [14, 30–32].
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Fig. 8  Comparison of experimental [9] and theoretical 13C chemical shifts of andirobin calculated at the RHF, B3LYP and wB97XD levels with 
6–311 G(d,p) basis set
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4  Conclusion

This study has allowed us to characterize the structural, 
nonlinear optical, electronic and thermodynamic proper-
ties of andirobin. We have found that with regard to the 
structural properties, the parameters of the optimized 
geometrical structure (bond lengths and bond angles) 
obtained by numerical computations correspond correctly 
to those found experimentally. A good agreement with 
the experiment was also found for 1H NMR and 13C NMR. 
Concerning the electronic properties obtained, andirobin 
is an insulator because its energy gap is greater than 4 eV. 
Moreover, the nonlinear optical properties reveal that and-
irobin is a polar molecule (μ ≠ 0). Similarly, the value of the 
first order hyperpolarizability is higher than that of urea, 
which allowed us to say that andirobin is a molecule that 

Table 5  Overall reactivity indices of andirobin obtained by RHF, 
wB97XD and B3LYP methods with 6–311 G(d,p) basis set

Molecular properties RHF WB97XD B3LYP

EHOMO(eV) − 9.01 − 8.68 − 6.63
ELUMO(eV) 2.89 0.43 − 1.57
Gap energy Egap(eV) 11.89 9.11 5.062
Ionization potential(I)(eV) 9.01 8.68 6.63
Electron affinity (A)(eV) − 2.89 − 0.43 1.57
Chemical potential ( μ) − 3.06 − 4.12 − 4.10
Absolute hardness ( η) 5.95 4.56 2.53
Electronegativity ( χ) 3.06 4.12 4.10
Electrophilicity ( ω) 0.79 1.87 3.32
Maximum charge transfer ( ΔNmax) 0.51 0.91 1.62

Fig. 10  HOMO and LUMO 
orbitals of andirobin for B3LYP, 
wB97XD and RHF methods
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can be used for nonlinear optical applications. Therefore, 
our results obtained on the andirobin molecule indicate 
that this compound is a potential candidate for the emer-
gence of the technology in many devices.
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