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Abstract

Aflatoxin, belonging to the bisfuranocoumarine group of organic compounds, encompasses several species such as aflatoxin 
B1, B2, G1, and G2. In this study, geometry optimizations of these aflatoxins were conducted using density functional theory 
at the B3LYP/6-311G (d, p) level of theory. The computational findings reveal that aflatoxin B1, known for its toxicity, 
exhibits greater instability. Atom in molecule analysis reveals the presence of a partial covalent intra-molecular bond at C6-
O5. Furthermore, the natural bond orbital calculations demonstrate that the structures of the highest occupied molecular 
orbital and the lowest unoccupied molecular orbital are identical for all four studied aflatoxins, albeit with different energies. 
Aflatoxins B1 and B2 are determined to be harder species compared to aflatoxins G1 and G2.

Keywords: Aflatoxin; Atom in Molecule Theory; Density Functional Theory; Natural Bond Orbital

Abbreviations: B3LYP: Becke-Lee-Yang-Parr; BCP: Bond 
Critical Point; CP: Critical Point; LUMO: lowest Unoccupied 
Molecular Orbital; HOMO: Highest Occupied Molecular 
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Introduction

Mycotoxins, which are secondary metabolites, produced 
by fungi such as Penicillium, Fusarium, and Aspergillus, are 
among the most common natural contaminants in food. These 
toxins have the potential to infect agricultural crops, posing 
a significant risk to the food supply. Aflatoxins, famoxides, 
doxinivalenol, ochratoxin, and zearelenone are examples of 
the various types of mycotoxins that exist. These mycotoxins 
pose a significant threat to the health of both humans and 
animals. Importantly, mycotoxins have a higher carcinogenic 
risk compared to other known carcinogens [1,2].

Aflatoxins belong to the group of polyketide mycotoxins 
and are produced by several species within the Aspergillus 
genus. A. flavus spores naturally occur in the air, soil, and 
environment, and can contaminate food products through 
fungal growth. The most significant and biologically active 
aflatoxins studied in this paper are aflatoxin B1 (AFB1), 
aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), and aflatoxin G2 
(AFG2) [3,4]. Figure 1 illustrates the molecular structures 
of these aflatoxins. AFB (1, 2) molecules contain six oxygen 
atoms, while AFG (1, 2) molecules contain seven oxygen 
atoms. The two carbonyl oxygen atoms in these structures 
play a crucial role in interactions with other molecules. AFB1 
and AFG1 have a single bond between the carbon atoms, 
whereas AFB2 and AFG2 possess a double bond, as depicted 
in Figure 2.
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Figure 1: Chemical Structure of (a) Aflatoxins B1 and B2 
(b) Aflatoxins G1 and G2.

Figure 2: Optimized structures of (a) Aflatoxin B1, 
(b) Aflatoxin B2, (c) Aflatoxin G1, and (d) Aflatoxin G2 
calculated by B3LYP/6-311G (d, p) level of theory in the 
gas phase.

Due to their low molecular weight, aflatoxins in their 
unchanged state do not typically induce an immune response. 
Aflatoxins B and G were initially discovered and isolated 
by a group of researchers in England and the Netherlands. 
Aflatoxin B1 (C17H12O6) and G1 (C17H12O7) are two commonly 
studied forms of aflatoxins. Aflatoxins B2 and G2 are 
derivatives of B1 and G1, respectively, and share structural 
similarities with their parent compounds. As a result, their 
spectral properties, such as ultraviolet and infrared spectra, 
exhibit close resemblance to each other [5,6].

In recent years, computational methods have been 
increasingly employed to investigate the characteristics 
of aflatoxin B1. Nicolás-Vázquez and colleagues utilized 
quantum mechanics calculations to elucidate the chemical 
behavior of the lactone ring in aflatoxin B1. Their calculations 
demonstrated that the lactone ring undergoes hydrolysis 
in acidic conditions through two molecular mechanisms, 

thereby diminishing the carcinogenic properties of aflatoxin 
B1 [7].

Molecular dynamics simulations were conducted to 
investigate the binding mechanism between aflatoxin B1 
and smectite, providing insights into their interaction 
[8]. Karabulut, et al. focused on the selective reduction of 
aflatoxin B1 carbonyls and examined the molecular structure 
of aflatoxicol and its impact on toxicity using density 
functional theory (DFT) [9]. Their calculations revealed 
that among the three possible tautomers of aflatoxicol, only 
one tautomer remained stable in both gas and solution 
phases. The electronic properties of aflatoxicol were found 
to be similar to those of aflatoxin B1, which may explain the 
comparable carcinogenicity and toxicity of these compounds, 
as supported by experimental results.

This study aimed to investigate the structural properties 
of aflatoxins B1, B2, G1, and G2, as previous research 
has predominantly focused on aflatoxin B1 with fewer 
computational studies conducted on aflatoxin B2, G1, and 
G2. To achieve this objective, various methods including 
density functional theory, natural bonding orbital (NBO) 
program, and the theory of atom in molecule (AIM) were 
employed. These methods were utilized to calculate the 
electronic and thermodynamic properties of the aflatoxins 
and analyze their intramolecular bonds. By employing these 
computational approaches, a comprehensive understanding 
of the structural characteristics of aflatoxins B1, B2, G1, and 
G2 was achieved, shedding light on their unique properties 
and potential interactions.

Computational Details

To achieve the optimal structure of the aflatoxin 
composition, it is crucial to obtain the most stable structure 
with a global minimum. While Monte Carlo methods and 
molecular dynamics are commonly employed to search for 
global minima, there is no guarantee that these methods 
will always lead to the global minimum. Therefore, it 
is advantageous to utilize various algorithms and pre-
optimization techniques with other software [10-12].

The initial structure of the aflatoxins under investigation 
was obtained from x-ray crystallography data. Subsequently, 
the most stable conformers were optimized using the B3LYP 
(Becke–Lee–Yang–Parr) version of DFT method with the 
6-311G (d, p) basis set. All calculations were performed 
using the Gaussian 03 program [13]. The chosen basis set 
contains an appropriate number of basis set functions 
to accurately reproduce experimental data [14,15]. The 
absence of negative frequencies in the normal mode analysis 
confirms that the optimized structures correspond to real 
minimum stationary points on the potential energy surfaces. 
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Visualizations of the optimized structures were generated 
using Gauss View 5.0 [16].

For further analysis, the Natural Bond Orbital (NBO) 
version 3.1 [17] was employed to perform NBO analysis. 
Additionally, the AIM2000 software [18,19] was utilized for 
Quantum Theory of Atoms in Molecules (QTAIM) analysis. 
These analyses provide valuable insights into the electronic 
and intramolecular bonding properties of the studied 
aflatoxins.

Results and Discussions

Energies and Geometries

The optimization of the aflatoxin structures provides 
valuable information regarding their three-dimensional 
arrangement. Figure 2 illustrates that the optimized 
structures of the studied aflatoxins are non-planar, and the 
orientation of the pentagon ring varies among them.

Table 1 presents the distances between selected atoms 
and the bond lengths of specific bonds in the aflatoxin 
molecules. It is evident that in AFB (1, 2), the distance 
between the oxygen atoms of the carbonyl groups (O1 and 
O2) is greater compared to AFG (1, 2). Additionally, the bond 
length between O1 and C1 in AFB (1, 2) is longer than that 
in AFG (1, 2). This suggests that O1 is more strongly bound 
to its pentagonal ring, allowing the two oxygen atoms (O1, 
O2) to be more spatially separated and interact with other 
molecules more effectively. On the other hand, the bond length 
between O2 and C2 is less influenced by the adjacent ring.

Furthermore, there is a possibility of forming an 
intermolecular bond between the O6 and C5 atoms, which 
will be further discussed in the AIM analysis. Interestingly, 
the distance between O6 and C5 in AFB (1, 2) is greater 
than in AFG (1, 2), indicating a weaker intermolecular bond 
between these atoms in AFB (1, 2).

Species O1-O2 O1-C1 O2-C2 C3-C4 O6-C5

AFB1 3.0919 1.2069 1.1929 1.3271 2.8029
AFB2 3.0929 1.2071 1.1931 1.5278 2.8018
AFG1 2.8351 1.1984 1.1929 1.3271 2.7461
AFG2 2.8349 1.1985 1.1932 1.5278 2.7449

Table 1: Atomic distances and bond lengths (in Å ) of 
understudied aflatoxins at the B3LYP/6-311G (d, p) level of 
theory in the gas phase. The numbering of atoms in this table 
is based on Figure 1.

Thermodynamic Properties

The thermodynamic properties of the studied aflatoxins 
were computed using the B3LYP/6-311G (d, p) level of theory 
at the standard conditions of 298.15 K and 1 atmospheric 
pressure. The calculated thermodynamic properties are 
summarized in Table 2. Based on the reported results, it is 
observed that aflatoxin B1, which is known to be more toxic 
according to previous studies [3], exhibits higher instability 
compared to the other aflatoxins. Additionally, it is noted that 
the dipole moment of AFB2 is weaker than that of the other 
aflatoxins.

Species Eele
ZPE (a.u*) G(a.u.) H(a.u.) S(cal.mol-1.K-1) μ(Debye)

AFB1 -1106.3655 -1106.4121 -1106.3466 138.059 8.2512
AFB2  -1107.5750 -1107.6221 -1107.5558 139.596 7.8513
AFG1 -1181.5997 -1181.6470  -1181.5802 140.748 9.2389
AFG2 -1182.8092 -1182.8570 -1182.7894 142.452 8.9194

*Atomic unit: 1 au = 627.5095 Kcal. mol−1

Table 2: Corrected electron energy values and thermodynamic properties of the studied species at B3LYP/6-311G (d, p) level of 
theory in the gas phase.

Natural Bond Orbital (NBO) Analysis

The NBO analysis is a method that involves converting 
the wave function into its constituent parts. This analysis 
allows for the determination of natural atomic orbitals, 
natural hybrid orbitals, natural bond orbitals, and natural 
local molecular orbitals, which are then used for population 
analysis and NBO energy analysis. Natural bond orbitals 
are special vectors derived from the density matrix, formed 
by the first and second blocks. The central blocks describe 

internal and nonbonding orbitals, while the two-block 
consists of bonding and nonbonding orbitals [20-22].

Table 3 presents the electronic properties of the studied 
aflatoxins, including the lowest unoccupied molecular orbital 
(LUMO) and its energy (ε LUMO), as well as its occupation 
number. It also includes the highest occupied molecular 
orbital (HOMO) and its energy (ε HOMO), along with its 
occupation number. Other properties such as ionization 
energy (I), electron affinity (A), chemical hardness ( )η , 
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electronic chemical potential ( )µ , electrophilicity index ( )ω , 
and softness (S) are also provided.

The electrophilicity index ( )ω , introduced by Parr, et 
al. [23-26], and is a descriptor used to quantify the global 
electrophilic nature of a molecule on a relative scale. Chemical 
hardness, electronic chemical potential, and softness are 
universal reactivity descriptors [27,28]. The stability of a 
chemical species can be related to its hardness, where soft 
molecules have a small energy band gap between the LUMO 

and HOMO, while hard molecules have a larger gap [29,30].

Based on the results in Table 3, it can be observed that 
despite the structural and reactivity differences among the 
aflatoxins, their HOMO and LUMO orbitals have the same 
characteristics but with different energy levels. Additionally, 
the band gap for AFG1 and AFG2 (6.5) is smaller than that of 
AFB1 and AFB2 (6.6). This suggests that AFB1 and AFB2 are 
harder species compared to AFG1 and AFG2, as indicated by 
the higher energy band gap.

Electronic Properties Formula AFB1 AFB2 AFG1 AFG2
Lowest Unoccupied Molecular 

Orbital LUMO BD1
*(2) C6-C7 BD*(2) C6-C7 BD*(2) C6-C7 BD*(2) C6-C7

Occupation Number of LUMO - 0.4789 0.4803 0.4766 0.4785

Energy of LUMO (eV) LUMOε -0.0707 -0.068 -0.1551 -0.1333

Highest Occupied Molecular 
Orbital HOMO LP(2)O1 LP(2)O1 LP(2)O1 LP(2)O1

Occupation Number of HOMO - 1.8611 1.8655 1.8309 1.8311

Energy of HOMO (eV) HOMOε -6.7022 -6.6968 -6.6478 -6.626

Band gap (eV)
( )L HE −∆ 6.6315 6.6288 6.4927 6.4927

Ionization Energy(eV) ( )I HOMOε= − 6.7022 6.6968 6.6478 6.626

Electron Affinity (eV) ( )A LUMOε= − 0.0707 0.068 0.1551 0.1333

Chemical Hardness (eV) ( )
2

I A
η

−
= 6.6668 6.6628 6.5702 6.5593

Electronic Chemical Potential (eV) ( )1
2

A
η

− +
= -3.3864 -3.3824 -3.4014 -3.3796

Electrophilicity Index (eV) 2µω
η

=
1.7202 1.7171 1.7609 1.7413

Softness (1/eV) 1S
η

= 0.1499 0.1501 0.1522 0.1525

BD*, 2-Center Antibonding Orbital
LP is Valence Lone Pair
Table 3: Calculated electronic properties for the studied species at the B3LYP/6-311G (d, p) level of theory in the gas phase.
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Figures 3 & 4 depict the HOMO and LUMO orbitals of 
the studied aflatoxins, illustrating that the HOMO and LUMO 
orbitals are the same across all aflatoxins.

Table 4 presents the natural charges of the important 
atoms in aflatoxins B1, B2, G1 and G2, obtained using the 
B3LYP/6-311G (d, p) level of theory. From Table 4, it can be 
observed that the partial charge of O1 is greater than that of 
O2. Additionally, as indicated in Table 3, the HOMO orbital 
is primarily located on the O1 atom. Therefore, the O1 atom 
exhibits a higher tendency to react with other molecules 
based on its higher partial charge and its involvement in the 
HOMO orbital.

Figure 3: LUMO structures of (a) Aflatoxin B1, (b) Aflatoxin 
B2, (c) Aflatoxin G1, and (d) Aflatoxin G2 calculated by 
B3LYP/6-311G (d, p) level of theory in the gas phase

Figure 4: HOMO structures of (a) Aflatoxin B1, (b) Aflatoxin 
B2, (c) Aflatoxin G1, and (d) Aflatoxin G2 calculated by 
B3LYP/6-311G (d, p) level of theory in the gas phase.

Atom AFB1 AFB2 AFG1 AFG2
O1 -0.5328 -0.5342 -0.5349 -0.5357
O2 -0.5241 -0.5232 -0.5227 -0.5239
O3 -0.5251 -0.5318 -0.5238 -0.5261
O4 -0.5411 -0.5669 -0.5417 -0.5664
O5 -0.5268 -0.5355 -0.5275 -0.5352
O6 -0.5217 -0.5234 -0.5297 -0.5302
O7 - - -0.5475 -0.5479

Table 4: Natural charges of selected atoms in the studied 
aflatoxins determined by NBO at the B3LYP/6-311G (d, p) 
level of theory in the gas phase.

Atoms in Molecules (AIM) Analysis

In AIM theory, critical points (CPs) are points where 
the gradient of the electron density becomes zero. There 
are four categories of critical points, which are determined 
by the values of the hessian matrix of the electron density. 
The hessian matrix contains the second derivatives of the 
electron density with respect to various coordinate axes, and 
its eigenvalues and eigenvectors are denoted as follows:

Here, iλ represents the eigenvalues and ui represents 
the eigenvectors for the ith critical point. Each critical point 
is characterized by its degree and symbol (r, s), where r is 
the number of non-zero eigenvalues and s is the sum of the 
algebraic signs of the eigenvalues. For example, a bond critical 
point (BCP) typically exists between adjacent nuclei and is 
represented as (1, 3). This critical point has two negative 
eigenvalues 1 2 0λ λ≤ ≤ and one positive eigenvalue 3 0λ >
. Table 5 provides a breakdown of critical points based on the 
values of r and s.

The trajectory of electron density starting from a BCP 
and ending at each nucleus is referred to as the pathway. The 
molecular graph consists of a network of bond paths, which 
are closely related to the chemical bonding network in the 
molecule’s equilibrium geometry. The electron density along 
the bond path at the BCP reaches its lowest value, indicating 
a strong chemical bond.

The electron density ( )rρ is often used to describe the 
strength of chemical bonds. Higher values of ( )rρ correspond 
to stronger bonding. The Laplacian of the electron density 

( )2( )rρ∇  is the sum of the second derivatives of the 
electron density along the coordinate axes at a given point 
r. The Laplacian values provide information about bond 
characteristics. A negative value of ( )² rρ∇  and high values 
of ( )rρ indicate covalent bonding, while a positive value of 

( )² rρ∇ and low values of ( )rρ are associated with closed-
shell interactions, including ionic, coordinate, hydrogen, and 
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van der Waals bonds. In systems involving hydrogen bond 
interactions, rare gas dimers, or ion systems, the electron 
density is approximately one hundredth of an atomic unit, 
and the Laplacian is positive.

Figure 5 shows the critical points of electron density 

distribution and the gravitational pathways, where an 
intermolecular bond between the O6 and C5 atoms is 
indicated by an arrow. Table 5 summarizes the values of 
electron density ( )( )rρ , electron density Laplacian ( )2( )rρ∇ , 
total energy ( )( ) , 2H r V G ratio, and ellipticity (ε ) at the BCP 
for the studied aflatoxins.

Figure 5: Molecular graphs of (a) Aflatoxin B1, (b) Aflatoxin B2, (c) Aflatoxin G1, and (d) Aflatoxin G2 calculated by B3LYP/6-
311G (d, p) level of theory in the gas phase. (The red point represents the Bond Critical Point, and the pathways are indicated 
by dashed lines).

Name of Critical 
Point Symbol

1λ  2λ  3λ  (r, s)

Cage Critical Point CCP + + + (3, +3)
Ring Critical Point RCP - + + (3, +1)
Bond Critical Point BCP - - + (3, -1)
Non-Nuclear Point NNP - - - (3, -3)

Table 5: Classification of Critical Points Based on their Types.

In Table 6, the small values of ρ(r) and the positive 
sign of the Laplacian indicate that the electron density is 
concentrated in the interaction region between the O6 and 
C5 nuclei, suggesting a closed-shell interaction for the O6-
C5 molecular bond. Furthermore, by comparing the values 
of ρ(r) for this bond in different aflatoxin types, it can be 
concluded that the O6-C5 bond is stronger in aflatoxins AFG 
(1, 2) compared to the others.

The electron energy density, represented by the 
Hamiltonian, is negative for collective interactions, with the 
absolute value indicating the dominance of potential energy 

in the covalent character of the interaction. The quantities 
V(r) and G(r) represent potential energy and kinetic energy, 
respectively, and the ratio 2V G  is always positive. If this ratio 
is greater than 1, it indicates a negative Laplacian ( )( )² rρ∇

and a covalent interaction. If the ratio falls between 0.5 and 
1, it implies a positive Laplacian and a negative Hamiltonian 
(H(r)), indicating a partial covalence interaction. When the 
ratio is less than 0.5, both the Laplacian and Hamiltonian are 
positive, suggesting a non-covalent interaction. Therefore, 
for the O6-C5 interaction, the ratio falls within the range of 
0.5-1, indicating a partial covalence bond.

Regarding the C1-O1, C2-O2, and C3-C4 bonds, they 
exhibit covalent couplings, with the C3-C4 bond being 
weaker due to its lower ρ(r) value. The ellipticity values (ε
) indicate the proximity of curves perpendicular to the bond 
path, with a higher ε value suggesting a higher percentage 
of π-type bond participation. In the case of the O6-C5 
interaction, the ε value is greater than for other bonds, 
indicating a higher degree of π-type bond character and 
participation [31,32].
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Aflatoxin BCP ( )*rρ ( )*² rρ∇ ( )*H r ε
2
V
G

AFB1

C1-O1 0.4135 -0.0585 0.6958 0.0541 4.0429
C2-O2 0.4313 -0.1215 0.743 0.1203 4.0853
C3-C4 0.3499 -1.0442 0.4131 0.4254 7.4337
O6-C5 0.0123 0.0549 -0.0021 1.8102 1.6429

AFB2

C1-O1 0.4123 -0.0672 0.6931 0.0539 4.0497
C2-O2 0.4308 -0.1205 0.7416 0.1194 4.0847
C3-C4 0.2473 -0.5687 0.1998 0.0279 8.9293
O6-C5 0.0125 0.0559 -0.0021 1.9248 1.6441

AFG1

C1-O1 0.4258 -0.1422 0.7297 0.1133 4.1024
C2-O2 0.4311 -0.1193 0.7429 0.1202 4.0837
C3-C4 0.3479 -1.0311 0.4082 0.4257 7.4262
O6-C5 0.0188 0.0759 -0.0027 0.3701 1.6674

AFG2

C1-O1 0.4257 -0.1432 0.7295 0.1132 4.1032
C2-O2 0.4309 -0.1213 0.7423 0.1199 4.0852
C3-C4 0.2473 -0.5686 0.1998 0.0279 8.9297
O6-C5 0.0189 0.0763 -0.0027 0.3706 1.6673

All values are in atomic units (1 au = 627.5095 kcal. mol−1).
Table 6: Topological Characteristics of Selected Critical Points in the Studied Aflatoxins.

Conclusions

This study provided insights into the structural 
properties of aflatoxin B1, B2, G1, and G2 using computational 
methods. The results indicated that aflatoxin B1, known for 
its toxicity, is less stable compared to the other aflatoxins. The 
O1 atom in aflatoxin B1 and B2 exhibited higher reactivity 
and attachment to the pentagonal ring, along with a greater 
charge. This suggests that it has a stronger interaction with 
other substances.

The bond length between O1 and C1 atoms was found to 
be longer in aflatoxin B1 and B2. The AIM analysis revealed 
the presence of an intermolecular bond between C5 and O6, 
indicating a partial covalence bond. The natural bond orbital 
analysis showed that the energy and structure of HOMO 
and LUMO were the same for all four aflatoxins studied. 
Additionally, the larger energy band gap in aflatoxin B1 
and B2 indicated that they are harder species compared to 
aflatoxin G1 and G2. These findings contribute to a better 
understanding of the structural and electronic properties of 
aflatoxins and their reactivity.
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