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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 Nimorazole (NM). 

Through density functional theory simulations, the research revealed promising findings 

indicating that the interaction between NM 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 NM. Specifically, 

the bandgap was found to increase by 70.795%, from 6.716 (eV) to 11.470 (eV), indicating 

significant alterations in the electronic properties of B12N12 upon interaction with NM. 

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 NM. 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 NM removal and detection. 
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Introduction  

The increasing use of antibiotics in the treatment and prevention of bacterial infections has led to 

a concerning environmental issue – their presence in the aquatic environment [1]. This problem 

is primarily attributed to the discharge of effluents from pharmaceutical industries, hospitals, as 

well as the use of veterinary and human medications [2]. The widespread application of 

antibiotics has undoubtedly brought about significant advancements in healthcare by effectively 

combating bacterial infections [3]. However, the unintended consequence of their presence in the 

aquatic environment poses a threat to ecosystems and human health [4]. The discharge of 

antibiotics into water bodies can eventuate to the development of antibiotic-resistant bacteria, 

also known as superbugs [5]. These superbugs can spread through water systems and pose a 

serious risk to public health as they can cause infections that are resistant to common antibiotic 

treatments [6]. Furthermore, exposure of antibiotics to the environment can disrupt the natural 

balance of microbial communities [7]. This disruption can have far-reaching effects on the 

ecosystem, including impacts on nutrient cycling, food webs, and overall ecosystem health [8]. 

In addition to the environmental implications, the presence of antibiotics in water bodies can also 

have direct consequences for aquatic organisms [9]. Studies have shown that exposure to 

antibiotics can negatively impact the growth, reproduction, and survival of various aquatic 

species, including fish and invertebrates [10]. Nimorazole (NM) is indeed a nitroimidazole 

antibiotic that has been widely prescribed for a variety of infections [11]. Its mechanism of 

action involves targeting and inhibiting the growth of certain bacteria and parasites, making it 

effective in treating conditions such as trichomoniasis, giardiasis, and amoebiasis [12]. 

Additionally, NM has shown promise in the treatment of certain types of cancer, particularly 

head and neck cancers [13]. As an antibiotic, NM works by disrupting the DNA synthesis of 

microorganisms, ultimately leading to their death [14]. This makes it a valuable tool in 

combating infections caused by anaerobic bacteria and protozoa [15]. Its broad spectrum of 

activity allows for its use in treating a range of infections, from mild to severe [16]. The 

identification and elimination of NM in environmental samples is crucial due to its role as an 

antibiotic medication [17]. Additionally, the search for a nanocarrier for targeted drug delivery of 

NM is of considerable importance in the field of anticancer research [18]. Both aspects highlight 

the significance of addressing NM in various contexts, from environmental impact to potential 

therapeutic applications [19]. This underscores the need for continued research and development 
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in the detection, removal, and targeted delivery of NM, contributing to advancements in both 

environmental and medical sciences [20]. 

The research on boron nitride nanocage (B12N12) has revealed its potential as a versatile material 

with various applications in the field of wide-gap semiconductors [21]. This nanocage has been 

found to possess several desirable chemical and physical characteristics, making it an ideal 

candidate for addressing environmental and analytical challenges [22]. Studies have shown that 

B12N12 is renowned for its outstanding attributes, such as a low dielectric constant, high thermal 

conductivity, exceptional structural and thermal stability, specific surface area ratio, wide 

bandgap, and superb oxidation resistance [23]. These features establish it as an extremely 

sought-after material for a range of uses in electronics, thermal management, and structural 

purposes [24]. Furthermore, the stability, geometry, and properties of boron nitride fullerenes, 

particularly B12N12, have been extensively evaluated. Among various (BN)n nanoclusters, B12N12 

has emerged as the most stable cluster [25]. This stability further enhances its suitability for 

applications such as environmental remediation and analytical sensing. Several investigations 

have explored the adsorption of different species on the surface of B12N12, including H2S, 

quetiapine, and Norfloxacin [26-28]. These studies have highlighted the potential of boron 

nitride nanocage in addressing environmental and analytical challenges, further supporting its 

utility in diverse applications [29, 30]. The current study aims to investigate the adsorption of 

NM on the surface of BN nanocage and assess the impact of various parameters such as the 

presence of solvent and temperature on their interactions. To achieve this, the research utilizes 

IR, NBO, QTAIM, and FMO computations to analyze the interactions. The insights gained from 

this analysis will provide valuable information regarding the potential applications of B12N12 as 

an adsorbent, sensing material, and nanocarrier for the detection, removal, and drug delivery of 

NM. 
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Fig. 1. Optimized structures of NM and B12N12 

Computational Details 

We utilized GuassView 6 [31] and Nanotube Modeler 1.3.0.3 [32] software versions for 

designing the B12N12, NM, and their complexes. After the design phase, we performed geometric 

optimization for each structure. Subsequently, we conducted various computations including 

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

of atoms in molecules (QTAIM) on the optimized structures. The density functional theory 

(DFT) method, specifically the B3LYP/6-31G (d) level of theory, was consistently applied using 

Gaussian 16 [33] software version. The selection of this level of theory was based on its prior 

acceptance and consistency with experimental findings. It has been widely used in the scientific 

community due to its proven reliability in predicting experimental results. This decision was 

made to ensure that the theoretical calculations closely match the actual observations, thereby 

enhancing the validity and applicability of the research findings. [26-30]. The DOS spectra were 

obtained using GaussianSum 3.0 software [34] for analyzing electronic structure, while QTAIM 

computations were done with AIM 2000 [35]. The study conducted computations in both 
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vacuum and aqueous phases using the CPCM [36] solvation method. Temperatures ranging from 

298 K to 398 K were investigated, focusing on drug adsorption onto an adsorbent material. The 

aim was to understand how solvation and temperature influence the process, specifically in 

aqueous environments. This approach provides insights into the thermodynamics of drug 

adsorption and could contribute to improving drug delivery systems in water-based settings [37].  

Drug + Adsorbent → Drug-Adsorbent                                                                                         (1) 

To evaluate the strength of the drug-adsorbent interaction, adsorption energy values (Ead) and 

various thermodynamic parameters were calculated. These thermodynamic parameters include 

the thermodynamic equilibrium constant (Kth), entropy changes (∆Sad), Gibbs free energy 

changes (∆Gad), and adsorption enthalpy changes (∆Had). The calculations of these parameters 

were carried out using equations 2–6 [38]. 

                                                                                         (2) 

                                                                         (3) 

                                                                                                    (4) 

                                                                                                            (5) 

                                                                                                    (6) 

 

Overall, the software tools and computational methods employed in this study allowed for the 

design and analysis of various structures and their complexes. The investigation focused on 

understanding the drug-adsorbent interaction through the calculation of adsorption energy values 

and thermodynamic parameters. The results obtained from these calculations will contribute to a 

better understanding of the adsorption process and provide valuable insights for future drug 

design and development efforts. "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. The variable H encompasses the total energy of the evaluated 
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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 [39-41]. 

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 [42]. 

                                                                                                             (7) 

                                                                                                           (8) 

                                                                                                        (9) 

                                                                                                      (10) 

                                                                                                                             (11) 

                                                                                                                     (12) 

 

 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 NM-Adsorbent complexes are denoted as Eg1 and Eg2, respectively [42]. 

Results and discussion 

Structural Analysis 

The analysis of the initial and optimized structures of NM-B12N12 complexes, as depicted in 

Figure 2, reveals the investigation of interactions at two distinct configurations to ascertain the 

most stable conformer. In the A-Conformer, the nitro group of NM is positioned in a parallel 
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orientation towards the BN nanocage, while in the B-Conformer, the adsorbent is situated in 

close proximity to the morpholine ring of NM in a parallel fashion. The total electronic energy 

values of both conformers are presented in Table 1, indicating that the total electronic energy of 

the A-Conformer is lower than that of the B-Conformer in both vacuum and aqueous phases. 

This suggests that the formation of the A-Conformer is more energetically favorable than the B-

Conformer [43]. Furthermore, the calculated adsorption energies, also tabulated in Table 1, 

demonstrate negative values, signifying that the interaction of NM with B12N12 is experimentally 

feasible, and the presence of water as a solvent does not significantly impact the interactions 

[44]. Additionally, the calculated IR frequencies provided in Table 1 reveal that no negative 

frequency was obtained, implying that all scrutinized structures represent true local minimums 

[45]. 

Moreover, the dipole moment of NM was approximately 2.9 (Debye), but post-interaction with 

the BN nanocage, this parameter significantly increased [46]. This enhancement suggests that 

NM-B12N12 complexes exhibit improved solubility in polar solvents and enhanced 

biocompatibility of NM after adsorption on the nano-adsorbent. These findings contribute to a 

deeper understanding of the behavior and properties of NM-B12N12 complexes, shedding light on 

their potential applications and implications in various fields [47]. 

Table 1. The calculated values of total electronic energy, adsorption energy, zero-point energy 

(ZPE), maximum and minimum IR frequency, and dipole moment 
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Fig. 2. The initial and optimized structures of NM-B12N12 complexes 

 

Thermodynamic parameters 

The calculated values of ∆Had, ∆Gad, Kth, and ∆Sad as a function of temperature are depicted in 

figures 3-6, respectively.  The findings reveal that the interaction of NM with B12N12 is 

characterized by spontaneity, exothermicity, two-sidedness, and thermodynamic feasibility. This 

is supported by the negative values of ΔHad and ΔGad, as well as the negligible values of Kth 

observed for both conformers [48]. Interestingly, the presence of water as the solvent did not 

exert a significant influence on these thermodynamic parameters. Furthermore, the influence of 

temperature on the adsorption process was evaluated, indicating that the interactions are more 
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favorable at lower temperatures [43]. Notably, the negative values of ∆Sad suggest that the 

adsorption process is unfavorable in terms of entropy, signifying a decrease in chaos during the 

interactions [44]. This phenomenon may be attributed to the aggregation that occurs during the 

formation of complexes [45]. 

Fig. 3. ∆Had values as a function of temperature in the range of 298-398 K at 10° intervals in 

both vacuum and aqueous phases 
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Fig. 4. ∆Gad values as a function of temperature in the range of 298-398 K at 10° intervals in 

both vacuum and aqueous phases 
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Fig. 5. Log Kth values as a function of temperature in the range of 298-398 K at 10° intervals in 

both vacuum and aqueous phases 

 

Fig. 6. ∆Sad values as a function of temperature in the range of 298-398 K at 10° intervals in both 

vacuum and aqueous phases 

 

QTAIM and NBO Studies 

As the presented data in Fig. 7 show chlearly, at A and B conformers 3 and 4 bond critcal points 

(BCPs) have been observed after geometrical optimizations berween NM 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 O3…B and N4…B 

BCPs in A and B conformers because G ÷ (−) values are 0.869 and 0.680 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 
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BCPs but in the cases of O3…B and N4…B this parameter increased significantly indicating 

more energy is required for the breaking of those bonds in comparison to others [47, 48]. 

 

Fig. 7. The BCPs between NM and BN nanocage 

 

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  

H19….N 0.002 0.009 0.002 0.001 -0.001 -0.317 1.632 non-covalent 

O3…B 0.100 0.697 0.205 -0.031 -0.236 -74.153 0.869 partly covalent 

O2.. .N 0.014 0.071 0.016 0.001 -0.015 -4.717 1.093 non-covalent, 

B-Conformer 

H23…N 0.020 0.092 0.020 0.003 -0.017 -5.350 1.173 non-covalent 

N4…B 0.101 0.269 0.127 -0.060 -0.187 -58.654 0.680 partly covalent 

H25…N 0.011 0.059 0.012 0.003 -0.009 -2.735 1.345 non-covalent 

H28…N 0.010 0.052 0.010 0.003 -0.007 -2.347 1.373 non-covalent 

 

Table 4. NBO analysis of BCPs 

  BCPs Donor NBO (i) Acceptor NBO (j) E(2) kcal/mol 
A-Conformer  H19….N 126. LP (   1) N   4 /330. BD*(   1) C   9 - H  19 0.800 

O3…B (   1) O   3 /133. LP*(   1) B  50 4.5 

O2….. .N (   1) N  45 /314. BD*(   1) O   3 - B  50 0.440 
B-Conformer H23……N 56. BD (   1) N  38 - B  44 /332. BD*(   1) C  11 - H  23 0.560 

N4……B 86. CR (   1) N   4                 /245. RY*(   3) B  39                     2.08 

H25……N 50. BD (   2) N  35 - B  40 /334. BD*(   1) C  12 - H  25 1.75 
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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 NM is adsorbed on its 

surface, the bandgap increases to 8.496 eV, and 11.470 eV in A, and B conformers respectively, 

representing an incrementing of approximately 26.514%, and 70.795%. 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, NM. In this regard, B12N12 appears to be a suitable sensing 

material for the detection of NM as its bandgap gets wider significantly when NM 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 NM is 6.037 eV, 

and when it interacts with B12N12, this parameter experiences a slight decrease in all of the 

complexes. 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 NM complexes with BN nanoclusters exhibit higher chemical 

reactivity compared to pure NM 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 NM show a 

significant increase after interaction with BN nanocluster [47]. Thus, it can be concluded that 

NM complexes with B12N12 are more electrophilic than pure NM without any nanostructures. 

Overall, the analysis of the DOS spectra and molecular orbital parameters suggests that B12N12 

nanoclusters has unique properties when interacting with NM, making them potential candidates 

for sensing applications or other relevant fields [48]. 

50. BD (   2) N  35 - B  40 /334. BD*(   1) C  12 - H  25 1.75 

H28……N 
50. BD (   2) N  35 - B  40 /337. BD*(   1) C  13 - H  28 1.61 
49. BD (   1) N  35 - B  40 /337. BD*(   1) C  13 - H  28 0.59 
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Fig. 8. DOS spectrums of B12N12, NM and their complexes  

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

 

 

Conclusion 

The study undertaken was focused on the exploration of the potential of pristine boron nitride 

nanocluster (B12N12) as an adsorbent and sensing material for the removal and detection of NM 

using density functional theory simulations. The results obtained from the simulations indicated 
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that the interaction between NM and B12N12 is not only feasible but also exothermic, suggesting 

spontaneity in the process. Furthermore, the impact of water as a solvent on these interactions 

was carefully examined, revealing that its presence has minimal effect on the adsorption and 

detection capabilities of B12N12.  In addition, the study delved into assessing the influence of 

temperature on the thermodynamic aspects of the interactions. The findings showed that lower 

temperatures favor the adsorption process, providing valuable insights for potential practical 

applications. Moreover, frontier molecular orbital calculations revealed a significant change in 

the bandgap of B12N12 during the NM adsorption process, with the bandgap increasing by 

70.795% from 6.716 (eV) to 11.470 (eV). This finding holds significant implications for the 

material's potential as an effective adsorbent and sensor for NM removal and detection. 

Furthermore, analysis through Quantum Theory of Atoms in Molecules (QTAIM) and Natural 

Bond Orbital (NBO) studies indicated that the interactions between B12N12 and NM demonstrate 

physisorption characteristics. This understanding adds a layer of insight into the nature of the 

interactions, contributing to the comprehensive assessment of B12N12's potential in addressing the 

crucial need for effective NM removal and detection. In conclusion, the theoretical findings 

derived from this study strongly imply that boron nitride nanocluster (B12N12) holds great 

promise as an effective adsorbent and sensor for the removal and detection of NM. The 

implications of this research are significant, as it highlights the promising application of B12N12 

in addressing the critical need for advancements in NM removal and detection, thereby 

contributing to progress in this important area of study. 
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