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ABSTRACT 

The study focused on exploring the potential of pristine boron nitride nanocluster (B12N12) as an 

effective adsorbent and sensing material for the removal and detection of Aflatoxin M1 (AFM). Through 

density functional theory simulations, the research revealed promising findings indicating that the 

interaction between AFM and B12N12 is not only experimentally feasible but also exothermic and 

spontaneous. Additionally, the influence of solvent, particularly water, was investigated, with results 

demonstrating that the presence of water does not significantly impact these interactions. Furthermore, 

the impact of temperature on the thermodynamic parameters was considered, with results indicating that 

the adsorption process is more favorable at lower temperatures. The study also utilized frontier 

molecular orbital calculations, which revealed a substantial change in the bandgap of B12N12 during the 

adsorption process of AFM. Specifically, the bandgap was found to increase by 66.727%, from 6.716 

(eV) to 11.197 (eV), indicating significant alterations in the electronic properties of B12N12 upon 

interaction with AFM. Moreover, the investigation included Quantum Theory of Atoms in Molecules 

(QTAIM) and Natural Bond Orbital (NBO) studies, which provided insights into the nature of these 

interactions, indicating a physisorption nature. Overall, the theoretical findings strongly suggest that 

B12N12 has the potential to serve as an excellent adsorbent and sensor for the removal and detection of 

AFM. This research contributes valuable knowledge to the field of nanomaterials and offers a promising 

direction for the development of effective strategies for addressing the challenges associated with AFM 

removal and detection. 
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Introduction 

Aflatoxin M1 (Figure 1, AFM) is a toxic metabolite produced by certain molds, such as 

Aspergillus flavus and Aspergillus parasiticus, which can contaminate food and feed [1]. This 

toxin is of particular concern due to its potential adverse health effects on humans and animals 

[2]. In dairy products, AFM can be present as a result of the ingestion of contaminated feed by 

dairy cows [3]. When cows consume feed contaminated with Aflatoxin B1, they metabolize it 

into AFM, which can then be excreted in their milk [4]. This poses a risk to human health as 

AFM can persist in milk and dairy products [5]. Exposure to AFM has been associated with 

various health risks, including carcinogenicity, hepatotoxicity, immunosuppression, and 

developmental effects [6]. The International Agency for Research on Cancer (IARC) has 

classified AFM as a Group 2B carcinogen, indicating that it is possibly carcinogenic to humans 

[7]. To mitigate the risks associated with AFM contamination, it is crucial to implement good 

agricultural and storage practices to prevent mold growth and mycotoxin production in food and 

feed [8]. Additionally, regulatory measures and monitoring programs are essential to ensure the 

safety of milk and dairy products [9]. In conclusion, AFM toxicity poses significant health 

concerns and underscores the importance of addressing mycotoxin contamination in the food 

supply chain [10]. Efforts to minimize exposure to AFM are essential for safeguarding public 

health and ensuring the safety of dairy products [10]. Therefore, detection and removal of AFM 

are of great importance. Several analytical techniques have been developed for this purpose, 

including high-performance liquid chromatography (HPLC) [11], enzyme-linked immunosorbent 

assay (ELISA) [12], and liquid chromatography-tandem mass spectrometry (LC-MS-MS) [13]. 

The challenges associated with aforementioned methods include high purchase and maintenance 

costs, complexity in method development and optimization, time-consuming analysis, and 

sensitivity to sample preparation [14]. These factors can impact the efficiency and accuracy of 

the analytical process, requiring expertise and careful consideration to overcome these challenges 

[15]. On the other hand, electrochemical sensors can be a good alternative for them owing to 

their upsides such as high sensitivity for detecting low analyte concentrations, selectivity to 

minimize interference, rapid response for real-time monitoring, and cost-effective production and 

operation [16]. They are versatile, stable, and user-friendly, making them valuable for various 

industries as technology progresses [17]. But, the crucial stage in creating an electrochemical 
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sensor involves identifying an electrocatalytic modifier that can selectively interact with the 

specific analyte of interest [18]. Various techniques have also been designed for the removal and 

detoxification of samples from AFM [19]. Among these methods adsorptive removal is 

preferable because of efficiently removing a wide variety of pollutants, such as organic and 

inorganic contaminants, heavy metals, and specific gases [20]. This method can be adapted to 

address specific pollutants, is cost-effective, and environmentally viable [21]. It is applicable in 

industrial and domestic contexts, necessitates minimal upkeep, and provides an effective, 

specific solution for managing contamination issues. However, finding an economic adsorbent 

with high reusability is still a big challenge [21]. On the other hand, The B12N12 (Figure 1) 

nanocluster is a fascinating structure with potential applications in various fields [22-24]. This 

nanocluster consists of 12 boron and 12 nitrogen atoms, forming a unique and stable 

arrangement [25-27]. The properties of the B12N12 nanocluster make it an intriguing subject for 

scientific research and technological advancements [28]. The B12N12 nanocluster is a fascinating 

topic in the field of nanotechnology because of its distinctive characteristics [29]. Its stability, 

electronic configuration, and reactivity hold great potential for use in catalysis, electronics, and 

material science applications [30]. Exploring and controlling these properties has the potential to 

drive significant progress in this field [31]. In this respect, we investigated the performance of 

B12N12 nanocage as adsorbent and sensing material for the removal and detection of AFM by 

DFT simulations. 

 

Fig. 1. The optimized structures of BN Nanocage and AFM (yellow: carbon, pink: oxygen, 

white: hydrogen, blue: nitrogen, red: boron) 
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Computational Details 

The B12N12, AFM, and their combinations were designed using GaussView 6 [32] and Nanotube 

Modeler 1.3.0.3 [33] software versions, and then geometric optimization was performed for each 

structure. Subsequently, the optimized structures underwent various computations, including 

infra-red (IR) spectra, frontier molecular orbital (FMO), natural bond orbital (NBO), and 

quantum theory of atoms in molecules (QTAIM). The density functional theory (DFT) method, 

particularly the B3LYP/6-31G (d) level of theory, was consistently applied using Gaussian 16 

[34] software version. This level of theory was chosen due to its prior acceptance and consistent 

alignment with experimental findings, as well as its proven reliability in predicting experimental 

results. This selection was made to ensure that the theoretical calculations closely correspond to 

the actual observations, thereby enhancing the validity and applicability of the research findings 

[26-30]. The DOS spectra were acquired using GaussSum 3.0 software [35] to analyze electronic 

structure, while QTAIM computations were carried out with AIM 2000 [36]. The study 

conducted computations in both vacuum and aqueous phases employing the CPCM [37] 

solvation method. Temperatures varying from 298 K to 318 K were examined, focusing on 

adsorbate adsorption onto an adsorbent material. The goal was to comprehend how solvation and 

temperature impact the process, particularly in aqueous environments. This approach offers 

insights into the thermodynamics of adsorbate adsorption and could potentially contribute to 

enhancing adsorbate delivery systems in water-based settings [38]. The following process was 

scrutinized: 

Adsorbate + Adsorbent → Adsorbate-Adsorbent                                                                    (1) 

We assessed the adsorbate-adsorbent interaction by calculating adsorption energy values (Ead) 

and various thermodynamic parameters, including the thermodynamic equilibrium constant (Kth), 

entropy changes (∆Sad), Gibbs free energy changes (∆Gad), and adsorption enthalpy changes 

(∆Had) using equations 2–6 [39]. The following formulas were used for calculation of the 

aforementioned parameters: 

                                                                     (2) 
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                                           (3) 

                                                           (4) 

                                                           (5) 

                                                                                                    (6) 

In the aforementioned equations, the variable E represents the total electronic energy for each 

structure being studied. EBSSE, on the other hand, denotes the basis set superposition correction 

that was carried out for estimating the basis set error. The variable H encompasses the total 

energy of the evaluated materials along with the thermal correction of enthalpy. Similarly, G 

symbolizes the total energy plus the thermal correction of the Gibbs free energy, as described in 

reference. R refers to the constant of the ideal gas, while S represents the thermal correction 

entropy for the structures under investigation. Lastly, T corresponds to the temperature, as 

outlined in reference [40-42]. These equations, specifically equations 7–12, are utilized for the 

computation of several crucial properties. The bandgap (Eg), chemical hardness (η), chemical 

potential (µ), maximum charge capacity (ΔNmax), and electrophilicity (ω) of frontier molecular 

orbitals are all calculated using these equations [43]. 

                                                                                                             (7) 

                                                                                                           (8) 

                                                                                                        (9) 

                                                                                                      (10) 

                                                                                                                             (11) 

                                                                                                                     (12) 
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 In the given equations, ELUMO represents the energy of the lowest unoccupied molecular orbital, 

while EHOMO represents the energy of the highest occupied molecular orbital. The bandgaps of 

the Nano-adsorbent and AFM-Adsorbent complexes are denoted as Eg1 and Eg2, respectively 

[43]. 

Results and Discussion 

 

Structural analysis 

The initial and optimized structures of the AFM-B12N12 complexes are depicted in Figure 2. The 

investigation aimed to determine the most stable configuration by studying the AFM interaction 

with B12N12 across three different conformers. In the A-Conformer, the adsorbent was positioned 

in close proximity to the carbonyl groups of AFM. Moving on to the B-Conformer, the adsorbent 

assumed a parallel orientation with respect to the furan rings of AFM. Finally, in the C-

Conformer, B12N12 was inserted in a parallel fashion towards the benzene ring of AFM. These 

variations in conformers allowed for a comprehensive exploration of the interaction between 

AFM and B12N12, shedding light on the potential configurations that result in the most stable 

complex formation. After the geometrical optimizations, it is evident from the optimized 

structures that there are no significant structural deformations observable. This implies that the 

nature of interactions can be attributed to physisorption [44].  

The lack of noticeable changes in the structures indicates that the interactions are primarily 

governed by physical forces such as van der Waals interactions, rather than chemical bonding 

[45]. This suggests that the molecules or atoms involved in the interactions are attracted to each 

other due to temporary dipoles or induced dipoles, rather than forming strong covalent or ionic 

bonds [46]. The absence of structural deformations further supports the idea that the interactions 

are predominantly of a physical nature, with no major rearrangements or distortions occurring in 

the molecular or atomic structures [47].   
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Table 1. The calculated values of total electronic energy, adsorption energy, zero-point energy 

(ZPE), maximum and minimum IR frequency, and dipole moment 

NO Total 

electronic 

energy  

(a.u) 

Adsorption 

energy 

 (kcal/mol) 

Zero-point energy 

(kcal/mol) 

νmin 

(cm-1) 

νmax 

(cm-1) 

AFM (Vacuum) -1159.81512 --- 193.1 38.9 4231.7 

AFM (Water) -1159.82134 --- 193.6 39.2 4329.9 

B12N12 (Vacuum) -938.54305 --- 93.6 369.8 1653.6 

B12N12 (Water) -938.54616 --- 95.9 371.2 1650.0 

A-Conformer (Vacuum) -2098.41576 -26.7 287.8 15.2 3780.6 

A-Conformer (Water) -2098.40843 -20.4 288.9 16.9 3781.2 

B-Conformer (Vacuum) -2098.39321 -17.7 291.8 8.3 4234.5 

B-Conformer (Water) -2098.38912 -14.9 288.1 9.1 4236.7 

C-Conformer (Vacuum) -2098.42309 -32.8 289.2 8.5 4319.6 

C-Conformer (Water) -2098.41908 -30.4 290.3 11.0 4321.7 

 

The electronic energies in Table 1 indicate that the C-Conformer is the most energetically 

favorable, suggesting it may have a lower energy state and greater stability compared to other 

conformers [48]. The negative adsorption energies obtained indicate that the interaction of 

B12N12 with AFM is indeed feasible from an experimental standpoint [49]. Furthermore, the 

impact of water as a solvent on the adsorption energy values was investigated, and the resulting 

negative values suggest that these interactions are also viable in an aqueous environment [48]. 

The data presented in Table 1 also includes the minimum and maximum IR frequencies. It is 

evident from the results that no negative frequency was observed, indicating that all of the 

structures analyzed are indeed true local minimums [47]. 
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Fig. 2. The initial and optimized structures of AFM-B12N12 complexes (yellow: carbon, pink: 

oxygen, white: hydrogen, blue: nitrogen, red: boron) 

Thermodynamic parameters 

The results in Table 2 show the variations of ∆Had, ∆Gad, Kth, and ∆Sad with temperature. It is 

evident that the interaction between AFM and B12N12 is spontaneous, exothermic, reversible, and 

thermodynamically feasible [45]. The negative values of ∆Had and ∆Gad, along with the small 
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values of Kth for both conformers, support this conclusion. Surprisingly, the presence of water as 

the solvent does not significantly affect these thermodynamic parameters [44].  

Table 2. The calculated thermodynamic parameters in the temperature ranges of 298-308 K at 

10° intervals in both vacuum and aqueous phases 

NO ΔHad 

(kcal/mol) 

ΔGad 

(kcal/mol) 

ΔSad 

(cal/mol) 

Kth 

A-Conformer-Vacuum-298 -25.4 -12.0 -45.2 6.1×10+08 

A-Conformer-Vacuum-308 -25.0 -10.6 -45.8 3.2×10+07 

A-Conformer-Vacuum-318 -24.5 -9.2 -46.4 2.0×10+06 

A-Conformer-Water-298 -3.2 -12.0 -43.8 6.1×10+08 

A-Conformer-Water-308 -2.7 -10.3 -44.4 1.9×10+07 

A-Conformer-Water-318 -2.3 -8.6 -45.2 7.9×10+05 

B-Conformer-Vacuum-298 -17.7 -5.6 -40.8 1.2×10+04 

B-Conformer-Vacuum-308 -17.3 -4.6 -41.4 1.9×10+03 

B-Conformer-Vacuum-318 -16.8 -3.7 -42.0 3.3×10+02 

B-Conformer-Water-298 -15.0 -2.8 -43.3 1.2×10+02 

B-Conformer-Water-308 -14.5 -2.4 -42.8 4.8×10+01 

B-Conformer-Water-318 -14.1 -1.9 -43.4 2.1×10+01 

C-Conformer-Vacuum-298 -31.5 -18.1 -43.9 1.7×10+13 

C-Conformer-Vacuum-308 -31.0 -17.3 -44.5 1.8×10+12 

C-Conformer-Vacuum-318 -30.6 -16.5 -45.1 2.2×10+11 

C-Conformer-Water-298 -29.1 -18.1 -42.3 1.7×10+13 

C-Conformer-Water-308 -28.7 -16.8 -42.9 7.8×10+11 

C-Conformer-Water-318 -28.2 -15.5 -43.5 4.2×10+10 
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Additionally, the impact of temperature on the adsorption process indicates that lower 

temperatures favor the interactions [43]. The negative ∆Sad values imply that the adsorption 

process is unfavorable in terms of entropy, suggesting a decrease in disorder during the 

interactions. This could be due to the aggregation that occurs during complex formation [44]. 

Overall, these findings provide valuable insights into the thermodynamics of the AFM-B12N12 

interaction and highlight the importance of considering temperature and entropy effects in such 

systems [45]. 

QTAIM and NBO Studies 

As the presented data in Fig. 3 show clearly, at A, B, and C conformers 2, 4 and 2 bond critical 

points (BCPs) have been observed after geometrical optimizations between AFM and the 

adsorbent. The relevant data to these BCPs are given in Table 3. As can be observed, the values 

of G ÷ (−) are bigger than 1 which implies the BCPs have a non-covalent nature except the 

O7…B and O3…B BCPs in A and C conformers because G ÷ (−) values are 0.791 and 0.776 

indicating the partly covalent nature of the BCPs [46]. Furthermore, the NBO results of the same 

BCPs that are given in Table 4 also confirms the aforementioned results because the values of 

E(2) are low in most BCPs but in the cases of O7…B and O3…B this parameter increased 

significantly indicating more energy is required for the breaking of those bonds in comparison to 

others [47, 48]. 

Fig. 3. The BCPs between AFM and BN nanocage 
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Table 3. BCPs data (in a.u.) from QTAIM in molecular analysis 

 BCPs Rho(r)  G(r) H(r) v(r) E(A…B)=/2 G ÷ (−) bond type 

A-Conformer 
O6….N 0.006 0.041 0.008 0.003 -0.005 -1.673 1.470 non-covalent 

O7….B 0.103 0.538 0.183 -0.048 -0.231 -72.489 0.791 partly covalent 

 B-Conformer 

C8….N 0.003 0.018 0.003 0.001 -0.002 -0.661 1.553 non-covalent, 

O2…...N 0.003 0.022 0.004 0.002 -0.002 -0.706 1.703 non-covalent 

H29….N 0.000 0.002 0.000 0.000 0.000 -0.039 2.179 non-covalent 

H35….N 
0.000 0.001 0.000 0.000 0.000 -0.024 2.257 non-covalent 

 C-Conformer 
C25….N 0.010 0.052 0.010 0.003 -0.007 -2.338 1.374 non-covalent 

O3…..B 0.099 0.475 0.167 -0.048 -0.215 -67.375 0.776 partly covalent 

 

Table 4. NBO analysis of BCPs 

  BCPs Donor NBO (i) Acceptor NBO (j) E(2) kcal/mol 

A-Conformer 
O6….N 42. LP (   1) O   6 /248. BD*(   1) N  54 - B  58 0.22 

O7….B CR (   1) O   7 /166. LP*(   1) B  57 4.17 

B-Conformer 

N51....C 160. LP (   1) N  51 /200. BD*(   2) C  15 - C  21 0.14 

O2…..N 
134. LP (   1) O   2 /244. BD*(   1) N  51 - B  56 0.07 

135. LP (   2) O   2 /244. BD*(   1) N  51 - B  56 0.15 

C-Conformer 
H25….N 

21. BD (   1) C  10 - H  25 /235. BD*(   1) B  46 - N  60 0.05 

169. LP (   1) N  60 /190. BD*(   1) C  10 - H  25 3.42 

O3…..B 137. LP (   2)O   3 /147. LP*(   1) B  38 272.94 

 

FMO Analysis 

The DOS spectra of B12N12 and its complexes with NM are presented in Figure 8. It can be 

observed that the bandgap of BN nanocage is 6.716 eV. However, when AFM is adsorbed on its 

surface, the bandgap increases to 9.545 eV, 11.142 eV, and 11.197 (eV) in A, B, and C 

conformers respectively, representing an incrementing of approximately 42.132%, 65.917% and 

66.727%. The bandgap of a compound is inversely related to its electrochemical conductivity. A 

molecule with a narrow bandgap exhibits higher conductivity compared to a compound with a 

wider bandgap [43]. Therefore, significant changes in the bandgap can serve as an analytical 

signal for the detection of the desired analyte, in this case, AFM. In this regard, B12N12 appears 
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to be a suitable sensing material for the detection of AFM as its bandgap gets wider significantly 

when AFM adsorbs on B12N12 surface [44]. Additional molecular orbital parameters such as 

chemical potential, chemical hardness, electrophilicity, and maximum transferred charge were 

also calculated and are reported in Table 5. The negative values for the chemical potential 

indicate that all of the studied structures are thermodynamically stable [45]. The chemical 

hardness of AFM is 5.568 eV, and when it interacts with B12N12, this parameter experiences a 

slight decrease in the case of A-Conformer and a negligible increase in the cases of B and C 

Conformers. Chemical hardness is inversely proportional to chemical reactivity, meaning that a 

compound with lower chemical hardness is more reactive than one with a higher value [46]. 

Therefore, it can be inferred that the chemical reactivity of AFM complexes with BN did not 

experience a remarkable change in comparison to the pure AFM without any nanocage. The 

calculated values of electrophilicity and maximum transferred charge are also provided in Table 

3. Both indices indicate the tendency of a molecule to absorb electrons. It is evident from the 

table that both indices for AFM show a significant increase after interaction with BN nanocluster 

[47]. Thus, it can be concluded that AFM complexes with B12N12 are more electrophilic than 

pure AFM without any nanostructures [48, 49]. 

Table 5. The calculated FMO parameters for AFM, B12N12, and their complexes 

 

 

NO EHOMO (eV) ELUMO (eV) Eg (eV) %ΔEg η (eV) µ (eV) ω (eV) ΔNmax 

(eV) 

AFM -6.37 4.77 11.14 --- 5.57 -0.80 0.06 0.14 

B12N12 -7.96 -1.24 6.72 --- 3.36 -4.60 3.15 1.37 

A-Conformer -6.53 3.01 9.55 42.13 4.77 -1.76 0.32 0.37 

B-Conformer -6.39 4.76 11.14 65.92 5.57 -0.81 0.06 0.15 

C-Conformer -6.76 4.43 11.20 66.73 5.60 -1.17 0.12 0.21 
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 Fig. 4. DOS spectrums of B12N12, AFM and their complexes  

Conclusion 

This study focused on investigating the potential of pristine boron nitride nanocluster (B12N12) as 

an effective adsorbent and sensing material for the removal and detection of Aflatoxin M1 

(AFM). The results indicated that the interaction between AFM and B12N12 is not only 

experimentally feasible but also exothermic and spontaneous, suggesting that B12N12 holds 

promise as an adsorbent for AFM. In addition to exploring the interaction in a vacuum, the study 

also investigated the influence of solvent, particularly water, on these interactions. The results 

showed that the presence of water does not significantly impact the interactions between AFM 

and B12N12, further supporting the potential effectiveness of B12N12 as an adsorbent in aqueous 

environments. Furthermore, the study considered the impact of temperature on the 
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thermodynamic parameters of the adsorption process. The findings revealed that the adsorption 

process is more favorable at lower temperatures, indicating that temperature can play a 

significant role in the efficiency of AFM removal using B12N12. Frontier molecular orbital 

calculations were also employed to analyze the electronic properties of B12N12 during the 

adsorption process of AFM. The results demonstrated a substantial change in the bandgap of 

B12N12, indicating significant alterations in its electronic properties upon interaction with AFM. 

This suggests that B12N12 has the potential to serve as a sensing material for the detection of 

AFM, in addition to its role as an adsorbent. Moreover, Quantum Theory of Atoms in Molecules 

(QTAIM) and Natural Bond Orbital (NBO) studies provided insights into the nature of these 

interactions, indicating a physisorption nature. This further supports the potential of B12N12 as an 

effective adsorbent for AFM removal.Overall, the theoretical findings strongly suggest that 

B12N12 has the potential to be an excellent adsorbent and sensor for the removal and detection of 

AFM. This research contributes valuable knowledge to the field of nanomaterials and offers a 

promising direction for the development of effective strategies for addressing the challenges 

associated with AFM removal and detection. 

References  

1. [1]  Dutta, J., and Mala, A. A., Water Sci Technol 2020, vol.  82 , p.  401. 

https://doi.org/10.2166/WST.2020.335. 

2. [2]  Du, C., Zhang, Z., Yu, G., Wu, H., Chen, H., Zhou, L., Zhang, Y., Su, Y., Tan, S., 

Yang, L., Song, J., and Wang, S., Chemosphere 2021, vol. 272, p. 129501. 

https://doi.org/https://doi.org/10.1016/j.chemosphere.2020.129501. 

3. [3]  Mangla, D., Annu, Sharma, A., and Ikram, S.,  J Hazard Mater 2022, vol.  425, p. 

127946.  https://doi.org/https://doi.org/10.1016/j.jhazmat.2021.127946. 

4. [4]  Ahmed, M. B., Zhou, J. L., Ngo, H. H., and Guo, W., Sci Total Environ 2015, vol.  

532, p.  112. https://doi.org/https://doi.org/10.1016/j.scitotenv.2015, 05.130. 

5. [5]  Yu, F., Li, Y., Han, S., and Ma, J., Chemosphere 2016, vol. 153, p.  365. 

https://doi.org/https://doi.org/10.1016/j.chemosphere.2016.03.083. 

6. [6]  Juela, D. M., Sep Purif Technol 2022, vol. 284, p. 120286. 

https://doi.org/https://doi.org/10.1016/j.seppur.2021.120286. 

7. [7]  Nguyen, L. M., Nguyen, N. T. T., Nguyen, T. T. T., Nguyen, T. T., Nguyen, D. T. 



International Journal of New Chemistry, 2023, 11 (4), 299-316                          Ashtari Mahini et al 

  
 

 313  

C., and Tran, T. Van., Environ Chem Lett 2022, vol. 20 , p. 1929. 

https://doi.org/10.1007/s10311-022-01416-x. 

8. [8]  Li, M., Liu, Y., Zeng, G., Liu, N., and Liu, S., Chemosphere 2019, vol.  226, p.  

360. https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.03.117. 

9. [9]  Eniola, J. O., Kumar, R., and Barakat, M. A., Environ Sci Pollut Res 2019, vol.  

26 , p. 34775. https://doi.org/10.1007/s11356-019-06641-6. 

10. [10]  Zhou, L., Li, N., Owens, G., and Chen, Z., Chem Eng J 2019, vol. 362, p.  628. 

https://doi.org/https://doi.org/10.1016/j.cej.2019.01.068. 

11. [11]  Chierentin, L., and Salgado, H. R. N., Crit Rev Anal Chem 2016, vol.  46 , p.  22. 

https://doi.org/10.1080/10408347.2014.941456. 

12. [12]  Stein, G. E., Am J Med 1987, vol. 82 , p. 18. https://doi.org/10.1016/0002-

9343[87]90613-9. 

13. [13]  Holmes, B., Brogden, R. N., Richards, and D. M. Norfloxacin., Drugs 1985, vol.  

30 , p. 482. https://doi.org/10.2165/00003495-198530060-00003. 

14. [14]  Hooper, D. C., and Wolfson, J. S., Antimicrob Agents Chemother 1985, vol. 28 , p. 

716. https://doi.org/10.1128/aac.28.5.716. 

15. [15]  Wang, C., Sabbaj, J., Corrado, M., and Hoagland, V., Scand J Infect Dis Suppl 

1986, vol. 48, p. 81. 

16. [16]  Nix, D. E., and DeVito, J. M., Clin Pharm 1987, vol. 6 , p. 105. 

17. [17]  Rahman, N., Ahmad, Y., and Hejaz Azmi, S. N., Eur J Pharm Biopharm 2004, 

vol.  57 , p.  359. https://doi.org/https://doi.org/10.1016/S0939-6411[03]00192-9. 

18. [18]  Lee, H.-B., Peart, T. E., and Svoboda, M. L., J Chromatogr A 2007, vol.  1139 , p. 

45. https://doi.org/https://doi.org/10.1016/j.chroma.2006.11.068. 

19.  [19]  Argekar, A. P., Kapadia, S. U., and Raj, S. V., Anal Lett 1996, vol.  29 , p.  1539. 

https://doi.org/10.1080/00032719608001503. 

20. [20]  Shi, T., Fu, H., Tan, L., and Wang, J., Mikrochim Acta 2019, vol. 186 , p. 362. 

https://doi.org/10.1007/s00604-019-3440-7. 

21. [21]  Goyal, R. N., Rana, A. R. S., and Chasta, H., Bioelectrochemistry 2012, vol.  83, 

p.  46. https://doi.org/https://doi.org/10.1016/j.bioelechem.2011.08.006. 

22. [22]  Privett, B. J., Shin, J. H., and Schoenfisch, M. H.,  Anal Chem 2010, vol.  82 , p.  

4723. https://doi.org/10.1021/ac101075n. 



International Journal of New Chemistry, 2023, 11 (4), 299-316                          Ashtari Mahini et al 

  
 

 314  

23. [23]  Wang, Y., Xu, H., and Zhang, J., Li, G., Sensors 2008, vol.  8, p.  2043. 

https://doi.org/10.3390/s8042043. 

24. [24]  Hamnca, S., Phelane, L., Iwuoha, E., and Baker, P.,  Anal Lett 2017, vol.  50 , p. 

1887. https://doi.org/10.1080/00032719.2016.1261876. 

25. [25]  Xu, Q., Liu, X., Yang, G., Wang, D., Wu, Y., Li, Y., Huang, X., Fu, Q., Wang, 

Q., Liu, Y., Li, X., and Yang, Q.,  J Hazard Mater 2020, vol.  392, p. 122336. 

https://doi.org/https://doi.org/10.1016/j.jhazmat.2020.122336. 

26. [26]  de Souza, D. I., Dottein, E. M., Giacobbo, A., Siqueira Rodrigues, M. A., de 

Pinho, M. N., and Bernardes, A. M., J Environ Chem Eng 2018, vol.  6 , p.  6147. 

https://doi.org/https://doi.org/10.1016/j.jece.2018.09.034. 

27. [27]  Yu, H., Zhang, X., Zhao, M., Zhang, L., Dong, H., and Yu, H.,  Catal Today 

2019, vol.  327, p. 308. https://doi.org/https://doi.org/10.1016/j.cattod.2018.04.034. 

28. [28]  Sarvestani, M. R. J., and Doroudi, Z.,  J Water Environ Nanotechnol 2020, vol.  5 

, p. 180. https://doi.org/10.22090/JWENT.2020.02.008. 

29. [29]  Zhang, J., and Dong, Y., J Hazard Mater 2008, vol.  151 , p. 833. 

https://doi.org/https://doi.org/10.1016/j.jhazmat.2007.11.046. 

30. [30]  Wan, Y., Liu, X., Liu, P., Zhao, L., and  Zou, W., Sci Total Environ 2018, vol., 

639, p. 428. https://doi.org/https://doi.org/10.1016/j.scitotenv.2018.05.171. 

31. [31]  Yang, Y., Zhong, Z., Li, J., Du, H., and Li, Z., J Hazard Mater 2022, vol.  430, p.  

128500.  

32. [32]  Silva, J. G. A. B. Gaussian Handbook. 2001. 

33. [33]  Melchor, S., and Dobado, J. A., J Chem Inf Comput Sci 2004, vol.  44 , p.  1639. 

https://doi.org/10.1021/CI049857W. 

34. [34]  Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. a., 

Cheeseman, J. R., Scalmani, G., Barone, V., Petersson, G. a., Nakatsuji, H., Li, X., 

Caricato, M., Marenich,  a. V., Bloino, J., Janesko, B. G., Gomperts, R., Mennucci, B., 

Hratchian, H. P., Ortiz, J. V., Izmaylov,  a. F., Sonnenberg, J. L., Williams, Ding, F., 

Lipparini, F., Egidi, F., Goings, J., Peng, B., Petrone, A., Henderson, T., Ranasinghe, D., 

Zakrzewski, V. G., Gao, J., Rega, N., Zheng, G., Liang, W., Hada, M., Ehara, M., 

Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, O., 

Nakai, H., Vreven, T., Throssell, K., Montgomery Jr., J. a., Peralta, J. E., Ogliaro, F., 



International Journal of New Chemistry, 2023, 11 (4), 299-316                          Ashtari Mahini et al 

  
 

 315  

Bearpark, M. J., Heyd, J. J., Brothers, E. N., Kudin, K. N., Staroverov, V. N., Keith, T. a., 

Kobayashi, R., Normand, J., Raghavachari, K., Rendell,  a. P., Burant, J. C., Iyengar, S. 

S., Tomasi, J., Cossi, M., Millam, J. M., Klene, M., Adamo, C., Cammi, R., Ochterski, J. 

W., Martin, R. L., Morokuma, K., Farkas, O., Foresman, J. B., Fox, D. J. G16_C01. 

2016, p Gaussian 16, Revision C.01, Gaussian, Inc., Wallin. 

35. [35]  O’Boyle, N. M., Tenderholt, A. L., and Langner, K. M.,  J Comput Chem 2008, 

vol.  29 , p. 839. https://doi.org/10.1002/JCC.20823. 

36. [36]  Arabi, S., Int. J. New. Chem 2023., Vol. 11(1), p. 48. doi: 

10.22034/ijnc.2023.2004410.1341 

37. [37]  Rezaei Sameti, M., & Barandisheh Naghibi, M., Int. J. New. Chem 2023., Vol. 

11(1), p. 15. doi: 10.22034/ijnc.2023.2010699.1358 

38. [38]  Tayebi-Moghaddam, S., Aliakbari, M., & Tayeboun, K., Int. J. New. Chem 2023., 

Vol. 11(2), p. 82. doi: 10.22034/ijnc.2023.709090 

39. [39]  Akbari Lasboo, F., Karimian, M., Movahed, F., & Ghoreishi Amin, N., Int. J. 

New. Chem 2023.,11(1), p. 1. doi: 10.22034/ijnc.2023.708952 

40.  [40]  Mahmoudzadeh, G., & kouchakzadeh, G. Int. J. New. Chem 2023., Vo. 11(1), p. 

34. doi: 10.22034/ijnc.2023.2007984.1352 

41. [41] Bichan, N. G., Mozgova, V. A., Ovchenkova, E. N., Gruzdev, M. S., and Lomova, 

T. N., Russ J Inorg Chem 2023. https://doi.org/10.1134/S0036023623600892.  

42. [42]  Nelyubin, A. V, Sokolov, M. S., Selivanov, N. A., Bykov, A. Y., Klyukin, I. N., 

Zhdanov, A. P., Zhizhin, K. Y., and Kuznetsov, N. T., Russ J Inorg Chem 2022, vol.  67 , 

p. 1751. https://doi.org/10.1134/S003602362260109X. 

43. [43]  Avdeeva, V. V, Kubasov, A. S., Golubev, A. V, Nikiforova, S. E., Malinina, E. 

A., and Kuznetsov, N. T., Russ J Inorg Chem 2023. 

https://doi.org/10.1134/S0036023623601502. 

44. [43]  Ghiasi, R., and Rahimi, M., Russ J Inorg Chem 2022, vol.  67 , p. 158. 

https://doi.org/10.1134/S0036023622602161. 

45. [45]  Alizadeh, R., Kalateh, K., Ebadi, A., Ahmadi, R., and Amani, V., Acta 

Crystallogr Sect E Struct Reports Online 2009, vol.  65, p. 1250 . 

https://doi.org/10.1107/S1600536809038215. 

46. [46]  Kalateh, K., Ebadi, A., Ahmadi, R., Amani, V., and Khavasi, H. R., Acta 



International Journal of New Chemistry, 2023, 11 (4), 299-316                          Ashtari Mahini et al 

  
 

 316  

Crystallogr Sect E Struct Reports Online 2008, vol.  64 , p. 1353. 

https://doi.org/10.1107/S1600536808032510. 

47. [47]  Ahmadi, R., Kalateh, K., Ebadi, A., Amani, V., and Khavasi, H. R.,Acta 

Crystallogr Sect E Struct Reports Online 2008, vol.  64 , p. 1266 

https://doi.org/10.1107/S1600536808028894. 

48. [48]  Shahzad, H., Ahmadi, R., Adhami, F., and Najafpour, J., Eurasian Chem 

Commun 2020, vol. 2 , p. 162. https://doi.org/10.33945/SAMI/ECC.2020.2.1. 

49. [49]  Jalali Sarvestani, M. R., and Ahmadi, R., Asian J Nanosci Mater 2020, vol.  3 , p. 

103. https://doi.org/10.26655/AJNANOMAT.2020.2.2.  

 

 

HOW TO CITE THIS ARTICLE 

Fatemeh Ashtari Mahini, Pedram Niknam Rad, “Aflatoxin M1 Interaction with B12N12 Nanocage: 

DFT Studies” International Journal of New Chemistry., 2023; 10(4), 299-316. DOI: 

10.22034/ijnc.2023.713326 

 


