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A B S T R A C T   

Density functional theory (DFT) computing was used in this study to examine the feasibility for detecting the 
interaction of nitrogen (Ochra@AlN...N), oxygen (Ochra@AlN...O), and chlorine (Ochra@AlN...Cl) with the 
surface of an aluminum nitride (Al12N12) nanocluster. The DFT/PBE0-D3/aug-cc-pVDZ approach was heavily 
utilised in the computations of the quantum electronic structural characteristics, interaction energies, and 
sensing parameters. Fascinatingly, the results showed that Ochra@AlN...O, with a value of 2.04 eV, possessed a 
higher energy gap, making it the most stable among the spatial orientations. Meanwhile, Ochra@AlN...Cl had the 
lowest energy gap of 1.55 eV, making it the least stable and more reactive compound. More so, the natural bond 
analysis (NBO) analysis indicated that Ochra@AlN...O has the highest energy of perturbation among adsorption 
atoms. However, a decrement was observed in the energy value for Ochra@AlN...Cl, Ochra@AlN...N, and 
Ochra@AlN...O with energy values of 1.55, 1.82, and 2.04 eV, respectively, compared to the energy gap value of 
2.37 eV of the Al12N12 nanocluster. Also, the adsorption study showed that Ochra@AlN...O interaction had the 
greatest negative adsorption energy of -2.466 eV and thus, possesses the fastest recovery time of 3.3E-158 s. The 
recovery time for Ochra@AlN...N was 1.6E-156 s, and the least responsive was Ochra@AlN...Cl with a recovery 
time of 1.94E-86. Ochra@AlN...Cl indicated the fastest response with a time of 1.616 s, followed by 1.757 s for 
Ochra@AlN...N, and the least responsive was Ochra@AlN...O with 1.881 s. Thus, it can be inferred that 
Ochra@AlN...O is the most preferred spatial orientation and interaction site of ochratoxin upon interaction with 
the AlN surface due to its high adsorption energy, stability, perturbation energy, and recovery time. Using the 
aforementioned method, this study provides valuable insights into the interactions of Ochra with the AlN surface 
and its potential as a sensing material.   

1. Introduction 

Ochratoxins are among the most significant mycotoxins produced by 
ochratoxigenic fungi including Penicillium, Aspergillus, Fusarium, Alter-
naria, Trichoderma, and Trichotheium species [1,2]. Tasic and Tasic [3] 
have reported pre- and post-harvest ochratoxin infections alongside 
isocladosporium, ergot alkaloids, cladosporin and emodin mycotoxins 
produced by Cladosporium species. Mycotoxins are the toxic secondary 
metabolites of fungi produced on a wide range of consumable substrates 

in temperate climates [4]. They are odourless, tasteless and colorless 
compounds that occur sporadically in nature [5]. Their presence affects 
the quality of foodstuff, and leads to the development of various diseases 
in consumers, termed mycotoxicoses [4,6]. Nephrotoxic, immunotoxic, 
teratogenic and carcinogenic impacts of ochratoxins to a variety of 
laboratory animals have also been reported [7,8]. Closest to these are 
the highly toxic and potentially carcinogenic aflatoxins which naturally 
co-occur with ochratoxins in spices [9]; and are produced by A. flavus, A. 
parasiticus and A. nomius on spices, due to their processing, 
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environmental and storage conditions [10,11]. They both attract a great 
concern due to their adverse effects and agroeconomic significance, 
accounting for millions of dollars in annual losses worldwide [12]. 
Tiffany, [13] submits that about 25% of the crops globally are 
contaminated by mycotoxins, and around 4.5–5.0 billion individuals are 
at risk of chronic mycotoxins exposure. Risky foods such as dairy 
products, cereals, cocoa, coffee, grapevine, dried fruits and various 
spices remain the culprit ochratoxins exposure routes to humans [14]. 
As such, the IARC has classified O ochratoxins A (OTA) as a probable 
human carcinogen (Group 2B) based on sufficient evidence for carci-
nogenicity in animal and human studies [15]. 

Studies on the qualitative and quantitative detection of ochtratoxins 
with traditional chromatographic methods abound. Ozbey and Kabak, 
[9] investigated the natural co-occurrence of aflatoxins and OTA in 
spices employed widely in the preparation of processed foods in Turkey, 
using high-performance liquid chromatography with fluorescence 
detection (HPLC-FD) after immunoaffinity column (IAC) clean-up. 
There are reports of qualitative and quantitative detection of ochra-
toxins by enzyme linked immunosorbent assay (ELISA), and further 
confirmation with liquid chromatography–tandem mass spectrometric 
(LC-MS-MS) in Indian spices [7]; and in Chinese medicine by LC-MS-MS 
[16]. Lasram et al. [17] extracted ochratoxins from Tunisian red chili 
powder using immunoaffinity columns and quantified by High Perfor-
mance Liquid Chromatography (HPLC). Similarly, Jalili and Jinap, [7] 
and Zareshahrabadi et al. [18] analyzed ochratoxins using a 
high-performance liquid chromatographic-fluorescence detector 
(HPLC-FD), while Naeem et al. [1] conducted further chemical analysis 
for the best fraction via Gas Chromatography-Mass Spectroscopy 
(GC–MS). These approaches present ochratoxin detection limits at levels 
beyond legislation limits of >15 μg/kg [18]. Thus, necessitating effec-
tive quality control procedures and empowerment of food-related lab-
oratories with precise methods of ochratoxin detection. 

In light of this, the aluminum nitride (AlN) nanocage sensors and 
doped derivatives offer a viable and highly sensitive approach owing to 
their exceptional characters, which include high surface/volume ratio 
and sensitive electronic properties [19–21]. Kumar et al. [22] had 
highlighted the use of nanomaterials on diverse sensing principles, with 
advanced nanomaterial-based biosensors (and improved ELISA-based 
nanomaterials) recently being fabricated for point-of-care clinical 
diagnosis [23], environmental monitoring, and food safety [24]. Ap-
plications of these functional nanomaterials currently include their use 
as environmental adsorbents, sensors, antibacterial materials, and sharp 
memory materials [25–27]. Doping as an important and effective 
method for improving the sensing properties changes the 
substrate-sensing properties of the semiconductor nanoparticles by 
altering its energy band structure and morphology. Thus, creating more 
centres for substrate interaction on the metal oxide semiconductor 
nanoparticles surface [28,29]. Aluminum nitride (AlN), as a comple-
mentary metal-oxide semiconductor (CMOS)-compatible material has a 
wide bandgap of 6.2 eV, a broad transparency window covering from 
ultraviolet (UV) to mid-infrared (MIR), and a significant second-order 
nonlinear optical effect. These attributes aid in overcoming the limita-
tions of indirect bandgap of 1.1 eV, transparency wavelength of >1.1 
μm, and insignificant second-order nonlinear optical property of natural 
CMOS, like silicon [30,31]. As such, it makes for their potential appli-
cation in many areas like communication [32], optical ranging [33], 
bio/chemical sensing [34,35], computing [36], and quantum informa-
tion processing [37]. 

Recently, Wei and Liu, [19] prepared Al-doped nitride nanocage for 
the adsorption of ibuprofen through electrostatic mechanism in both 
water and gas phases. They demonstrated a significant AIN 
HOMO-LUMO gap decrease after ibuprofen adsorption, submitting that 
the AlN nanocage would serve as a function-type sensor selectively 
identifying the ibuprofen molecule in the presence of environmental 
pollutants. More so, Zhang et al. [38] demonstrated the function-type 
sensor capacity of AlN nanocage for acetaminophen detection in the 

presence of methanol and other pollutants. Several authors have tried to 
elucidate the adsorption behavior and electronic response of AlN 
nanotube and nanocage via quantum chemical density functional theory 
(DFT) calculations in various sensor applications. DFT calculations have 
wholistically become popular for the investigation of suitable sensor 
materials as well as evince other electronic properties. These include 
detections for halothane gas [39], anticancer drug [40], arsine gas [41], 
and in Li-ion batteries [42]; with Seif et al. [43] previously reporting a 
DFT calculation of the electric field gradient (EFG) sensors at the sites of 
aluminum and nitrogen nuclei. In this study, DFT was utilized to 
calculate the electronic structure and energetics of the ochratoxin and 
Al12N12 clusters’ binding interactions, thus providing a better under-
standing of the binding mechanism. It is worth mentioning that DFT 
helps to predict the distribution of electron density in molecules and 
solids, providing insights into the molecular structures and chemical 
properties of materials. Furthermore, DFT was also explored to evaluate 
various theoretical parameters such as bond length, which are critical in 
predicting the reactivity and sensitivity of the ochratoxin and Al12N12 
clusters. The insights gained from DFT calculations seeks to design and 
develop new materials with desirable properties [44–47] that could 
detect ochratoxin. To effectively study the interaction between these 
molecules, density functional theory approach was utilized at 
PBE0/aug-cc-pvdz computational method. 

2. Computational method 

All geometry optimization was performed in this work within the 
circumference of density functional theory using GaussView 6.0.16 and 
Gaussian 16 software [48]. Ground-state structural analysis was carried 
out using the perdew-Burke-Ernzehof (PBE0) functional with the 
aug-cc-pvdz method [49]. To select the appropriate DFT approach, it is 
important to consider the atomization energies of the constructed sys-
tems and how the atomization energies can be improved for a large 
database of small complexes, as well as capturing the minute atomic 
interactions. In an attempt to meet this need, the above level of 
computational theory was employed. All the optimized files generated 
from Gaussian 16 software were visualized using the chemcraft program 
v1.6. The natural bond orbital (NBO) calculation was conducted using 
the NB03.1 software [50], embedded in the Gaussian program. Multiwfn 
software [51], originpro [52], and visual molecular dynamics (VMD), 
which are all excellent molecular graphics software, were optimally 
utilized to conduct QTAIM, molecular orbital visualization, density of 
state (DOS), and Recovery/Response time of the adsorbate and adsor-
bent species with respect to their different interaction sites. To effec-
tively evaluate the adsorption energies of the isolated complexes, Eq. (1) 
[53–55] was employed to calculate the exact adsorption energies 
involved and carefully compared with the obtained calculated thermo-
dynamic stability of the interacting species to probe the feasibility of the 
interaction process. 

The highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) was used to determine the energy gap 
of the studied compounds defined in Eq. (1). 

Egap(eV) = ELUMO (eV) − − EHOMO (eV) (1) 

Where ELUMO (eV) is the energy of the LUMO, EHOMO (eV) is the 
energy of the HOMO, and Egap is the energy gap, all in electron volts. 
The quantum chemical descriptors, including chemical hardness (η), 
global softness (σ), chemical potential (μ), and electrophilicity index (ω), 
were exhaustively utilized by applying Koopman’s theorem [56], Eqs. 
(2) to (5). All results computed for the second-order stabilization energy 
are presented in Table 5 and were extracted based on the highest E2 
values, with E2 expressed mathematically as Eq. (6). The adsorption 
energies for the studied interactions have also been calculated using Eq. 
(7), with consideration given to the basic set superposition error (BSSE). 
The values of the calculated adsorption energy for the respective in-
teractions are presented in Table 1. The RDG analysis is calculated by 
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employing Eq. (8). 

η = EHOMO − ELUMO

2
(2)  

σ =
1
2η =

1
EHOMO − ELUMO

(3)  

μ =
EHOMO + ELUMO

2
(4)  

ω =
μ2

2η (5)  

E2 = ΔEij = qi
F(i, j)2

εj − εi
(6)  

Eads = ECOMPLEX − − (ESURFACE +EGAS) + BSSE (7)  

RDG =
1

2(3π2)
1
3

|Δρ(r)|

ρ(r)
4
3

(8) 

For Eq. (8), qi is the donor orbital occupancy, εj, εi are the diagonal 
elements of (orbital energies), Fij is the off-diagonal NBO Fock Matrix 
element. Also, for Eq. (7), ECOMPLEX is the energy of the complex, ESUR-

FACE is the energy of the surface and EGAS represent the energy of the gas 
respectively. Also, for Eq. (8), ρ(r) and ∇ρ(r)stand for the electron 
density and gradient of the electron density. 

3. Results and discussion 

3.1. Geometry and structural analysis 

The selected bond distances and bond angles for the optimized ge-
ometry of the studied interactions were carried out using the GaussView 
program, employing the DFT/PBE0/ aug-cc-pvdz level of theory. The 
selected bond distances and angles are presented in Table S1 of the 
supporting information for the aluminum nitride surface and Table S2 
for the molecule after interaction with Ochratoxin. It can be deduced 
from Table S1 that the bond distances around the studied surface (AlN) 
are identical, with bond distances N1-Al17 (1.9336 Å), N1-Al23 (1.9336 
Å), N9-Al18 (1.9020 Å), Al14-Al19 (2.4704 Å), and Al15-Al22 (2.4699 Å). 
The selected bond angles for the aluminum nitride surface also have 
equal bond angles, as observed in Table S1, with N1-Al24-N10 having a 
bond angle of 130.400◦, N5-Al13-N6 with a bond angle of 130.4180◦, N6- 
Al13-N8 with a bond angle of 95.8430◦, N7-Al19-Al18 with a bond angle of 
115.170◦, and Al14-Al18-Al24 with a bond angle of 113.9130◦, 
respectively. 

After interacting the aluminum nitride surface with Ochra, the 

obtained bond distance is observed to be relatively smaller than the 
bond distances observed when it was interacted with chlorine, nitrogen, 
and oxygen atoms. The observed bond distances, as presented in 
Table S2 of the supporting information, show that the bond distance for 
C1-C2 follows an increasing order of Ochra (1.395 Å) < Ochra@AlN..N 
(1.40428 Å) < Ochra@AlN..Cl (1.40506 Å) < Ochra@AlN..O (1.41725 
Å), with a mean bond distance of 1.40541 Å. The bond distance for C10- 
N39 follows an increasing order of Ochra (1.36905 Å) < Ochra@AlN..Cl 
(1.33981 Å) < Ochra@AlN..O (1.36754 Å) < Ochra@AlN..N (1.44956 
Å), with a mean bond distance of 1.38149 Å. For the bond distance of 
C17-Cl46, a similar pattern is observed, with Ochra (1.71974 Å) <
Ochra@AlN..N (1.75945 Å) < Ochra@AlN..O (1.76654 Å) <

Ochra@AlN..Cl (1.77376 Å), with a mean bond distance of 1.75487 Å. 
For C14-C20, the observed bond distances after interaction follow an 
increasing order of Ochra (1.39506 Å) < Ochra@AlN..N (1.42134 Å) <
Ochra@AlN..Cl (1.42156 Å) < Ochra@AlN..O (1.46206 Å), with a mean 
bond distance of 1.42501 Å. Finally, the bond distance for C20-O45 is 
observed to follow an increasing pattern of Ochra (1.355 Å) <
Ochra@AlN..O (1.281 Å) < Ochra@AlN..N (1.3410 Å) < Ochra@AlN.. 
Cl (1.342 Å), with a mean bond distance of 1.3297 Å. Following the 
trend of results in the bond distances, it is observed that the interaction 
Ochra@AlN..N has shorter bond distances followed by Ochra@AlN..O 
and Ochra@AlN..Cl, respectively. Visualization of the optimized AlN 
nanocage after interaction with Ochra@Cl, Ochra@N and Ochra@O is 
depicted as Fig. 2. 

3.2. Different adsorption configurations of ochratoxin on Al12N12 
nanocage 

To ascertain the most stable adsorption configurations, different 
orientations of Ochratoxin on the aluminum nitride (AlN) nanocage 
were explored. From these orientations, three different adsorption sites 
have been identified and visualized in Fig. 2. Each adsorption site on the 
Ochratoxin molecule was found on the Chlorine, Nitrogen, and Oxygen 
atoms, denoted as site 1, 2, and 3, respectively, in Fig. 2. The calculated 
adsorption energies obtained from different adsorption configurations, 
indicated as site 1 (on Chlorine), site 2 (on Nitrogen), and site 3 (on 
Oxygen), are shown in Table 1 with units of measurement in atomic 
units (a.u) and electron volts (eV). Therefore, it can be deduced that the 
adsorption energy is the most essential mechanism for sensing that 
provides important clues on the adsorption of any adsorbate on the 
adsorbent material via the indicator: EAd < 0 or EAd > 0, denoting 
chemisorption and physisorption phenomena. The greater the negative 
values of the adsorption energy, the better its sensing ability [57]. It can 
also be observed from Table 1 that the adsorption energies calculated for 
the interactions, considering the basic set superposition error (BSSE) 
formed in the different systems, follow an increasing trend of: N1 < C1 <
O1, corresponding to the adsorption energies of − 0.7730 eV < − 1.8390 
eV < − 2.1121 eV. From this investigation, it can be categorically re-
ported that the least and greatest adsorption energies are in N1 and O1 
interactions, respectively. This implies that the O1 interaction of site 1, 
with the greatest adsorption energy, portrays better sensing perfor-
mance than interactions obtained from site 1 and site 2 in the adsorption 
of the Ochratoxin molecule on the Aluminum nitride nanocage. In all 
cases, the adsorption phenomena are best described as chemisorption 
(Fig. 1). 

3.3. Solvation energy 

Using the polarizable continuum model (PCM), this study investi-
gated the polar (water) solvent influence on the interaction between 
ochratoxin and Cl, N, and O doped clusters of AlN. To this effect, the 
structural systems were again reoptimized in the solvent and tabulated 
the calculated parameters as shown in Table 1. The stability of the 
investigated complexes in the solvents (water) is confirmed with the 
negative values for the solvation energies (Esolv.) calculated utilizing Eq. 

Table 1 
The calculated adsorption energies in atomic units (au) and electron Volt (eV) 
for the three systems.  

Interactions @Chlorine 
Interaction 

@Nitrogen 
Interaction 

@Oxygen 
Interaction 

Adsorption Energy (a.u) − 0.0681 − 0.044 − 0.0906 
Adsorption Energy (eV) − 1.8534 − 1.1973 − 2.4658 
BSSE (eV) 0.0005 0.0156 0.0130 
Eadcorrected (eV) − 1.8390 − 0.7730 − 2.1121 
Enthalpy of Adsorption 

ΔfH0 (kcal/mol) 
− 98.95 − 38.29 − 97.19 

Entropy of Adsorption (S) 
(kcal/mol) 

0.28 0.28 0.27 

Gibbs free energy of 
formation ΔrG0 (kcal/ 
mol) 

− 19.80 − 23.85 − 82.0814 

Solvation energy (kcal/ 
mol) 

− 26.02 − 25.57 − 28.29  
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(9). 

Esolv = ET.sol − Egas (9)  

where the ET.sol represents the total energy of the system in the solvent 
phase, and Egas represents the total energy of the system in the gaseous 
phase. As can be seen from the results obtained, the solvation energy of 
the decorated clusters increased on adsorption of ochratoxin. Overall, 
the energy values are maximum in the gas phase and minimum in water 
which confirms their solubility in the polar solvent compared to the gas 

phase and their ability to sense ochratoxin efficiently. Substantially, in 
their other of superiority, it can be reported that AIN-Ochra@O inar-
guably demonstrates more solubility potentials in water (− 28.29 kcal/ 
mol) than AIN-Ochra@Cl and AIN-Ochra@N. It is worth mentioning 
that the effect of solvation in the studied systems greatly agrees with the 
adsorption energies earlier discussed. 

3.4. Reactivity and stability descriptors 

The highest occupied molecular orbital (HOMO), lowest unoccupied 
molecular orbital (LUMO), and energy gap (Egap) are all reported in 
electron volts (eV) [58] for the studied molecules. The electronic 
properties, such as the global descriptor parameters, were calculated to 
understand the stability and reactivity of the studied molecules [59]. 
The stability and reactivity of the studied compounds Ochra@AlN..Cl, 
Ochra@AlN..N, and Ochra@AlN..O were obtained from the results. It 
was divulged that upon the interaction of Ochra on the surface of AlN, a 
slight drift in the stability of the complexes was observed, which could 
be attributed to the various interaction sites of the investigated mole-
cules. The results further explicated that the adsorption of ochra on the 
aluminum nitride nanocluster influenced the nucleophilicity, electro-
philicity, and stability of the studied complex before and after interac-
tion. As such, the energy gap, which is obtained from the difference in 
the energy value of the HOMO and LUMO for the adsorbed compounds, 
was observed to follow a decreasing trend from 2.37 eV to 1.55 eV. 
However, it is evident that the Ochra@AlN..Cl interaction is likely to be 
unstable, as elucidated by the low energy gap of 1.55 eV. Meanwhile, the 
results explicated that the stability of the molecule was applauded upon 
interaction via the oxygen site at Ochra@AlN..O compound with an 
energy gap of 2.04 eV, suggesting that the aforementioned compound is 
likely to possess a comparably high interaction process as well as sta-
bility potency with a high tendency to release electrons. Before the 
adsorption of Ochra gas, the AIN surface was observed to possess an 
energy gap of 2.37 eV, which is comparatively higher than the energy 
gap of 2.23 eV observed for Ochratoxin gas. The visualization of the 

Fig. 1. Optimized AlN Nanocage Structure Investigated at the DFT/PBE0 
Method with aug-cc-pvdz Basis Set for Interactions with Ochra@C, Ochra@N, 
and Ochra@O Molecules. 

Fig. 2. Optimized structure of the studied systems at DFT/PBE0/ aug-cc-pvdz basis set: Respectively, (A) represents the optimized structure of AlN-OCHRA@N 
interaction system, (B) represents the optimized structure of AlN-OCHRA@O interaction system, and (C) represents the optimized structure of AlN-OCHRA@Cl 
interaction system. 
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HOMO and LUMO was captured and depicted in Fig. 3 for a clearer view 
of the individual participating molecular orbitals as well as electronic 
transitions between the studied adsorbed compounds. Thus, it is obvious 
that the adsorption of ochra gas is more favorable and stable at the 
oxygen site of ochra than at the chlorine and nitrogen sites, respectively. 

3.5. Natural bond orbitals analysis 

Natural bond orbital analysis is an important method that provides 
useful insights into understanding intermolecular and intramolecular 
bonding. It has also proven to be an efficient tool for interpreting charge 
transfer and hyperconjugative interactions in a molecular system. The 
stabilization of the molecular system arises from the donor-acceptor 

interaction, referred to as the delocalization of electron density be-
tween the occupied Lewis type (bond or lone pair) and the formally 
unoccupied (antibonding or Rydberg) non-Lewis orbitals [60]. Herein, 
the second-order perturbation energy E2 value of the Fork Matrix is 
considered, which corresponds to the interaction (donor-acceptor) sta-
bilization energy, a basis for understanding the strength of the in-
teractions. Furthermore, a larger E2 value indicates a more intense and 
higher donating ability from the donor to the acceptor, which in turn 
leads to a greater extent of conjugation of the whole system. The sta-
bilization energy associated with the delocalization of electrons between 
filled (i) and vacant (j) was computed using the PBEPBE/aug-cc-pvdz 
level of theory to elucidate the inter- and intramolecular hybridization 
and the delocalization of electron density within the system. 

Fig. 3. Exploring Ochratoxin Adsorption on Aluminum Nitride Nanocage: Visualization of Diverse Adsorption Sites: Respectively, (A) represents the optimized 
structure of AlN-OCHRA@Cl system, (B) represents the optimized structure of AlN-OCHRA@O system, and (C) represents the optimized structure of AlN-OCHRA@N 
system. Visualization of the HOMO-LUMO isosurface for the studied systems including the IP, EA and energy gap values. 
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From the results shown in Table 3, it is observed that the second- 
order perturbation energy in AlN (cage) shows one major transition 
(σ→σ*) between σ N12 – Al21 → σ* N12 – Al19, σ N12 – Al20 → σ* N12 
– Al19, σ N9 – Al4 →* N12 – Al19, having energies of 5.55 kcal/mol, 
5.54 kcal/mol, 5.33 kcal/mol, respectively, indicating stabilization by 
σ→σ* transition within the nanocage. The molecule (ochratoxin), 
comprising three major transitions, reveals energies at 1298.33 kcal/ 
mol, 668.44 kcal/mol, 536.18 kcal/mol, 280.40 kcal/mol, 271.17 kcal/ 
mol, between πC17 – C18 → πC19 – C20, σ C16 – C17 → πC17 – C18, 
πC19 – C20 → σC18 – C19, σ C17 – C18 → πC19 – C20, πC14 – C16 → 
πC10 – O42 interactions, respectively, showing the highest donating 
ability by π→π as a result of its highest E2 value. Upon adsorption at 
different points, a difference in the transition of atoms was observed. 
Adsorption of the molecule on the nanocage at chlorine (Ochra@AlN.. 
Cl) gives one major σ→σ* transition, giving values of 5829.64 kcal/mol, 
15.29 kcal/mol, 12.68 kcal/mol, 8.19 kcal/mol. At nitrogen, it reveals 
lone pair transitions with energies of 144.42 kcal/mol, 120.84 kcal/mol, 
87.12 kcal/mol, 63.34 kcal/mol, and 56.86 kcal/mol. Also, adsorption 
at oxygen gives similar transitions as nitrogen with lesser energies of 
12.50 kcal/mol, 10.55 kcal/mol, 8.54 kcal/mol, 8.49 kcal/mol, 7.14 
kcal/mol. From all observations of the different adsorption points of the 
molecule, Ochra@AlN..Oxygen gives the highest energy, indicating an 
intensive molecular interaction, electron delocalization, and a high level 
of conjugation among the studied adsorption points. 

3.6. Mulliken & Natural Population analysis 

The natural population analysis of the charges present in this study 
has been calculated using the Mulliken population analysis [61] and the 
DFT/PBE0/aug-cc-pvdz method. The investigation of atomic charges 
was performed because it affects the dipole moment, polarizability, 
electronic structure, and other molecular properties of the system [62]. 

The Mulliken atomic charge can describe how charges are distributed 
among the various sub-shells of the molecular orbitals. The charges 
obtained in this study are presented in Table S3 of the supporting in-
formation. The results indicate that the sum of Mulliken charges for the 
nitrogen interaction ranges from -2.72691 to 4.182332 a.u. For the 
Chlorine interaction, the sum of Mulliken charges ranges from 
-1.330065 to 2.546474 a.u. Finally, for the Oxygen interaction, the 
Mulliken charges range from -0.794900 to 1.947370 a.u. The target 
atom of the chlorine interaction, Cl, has a charge of 0.01005 a.u. The 
nitrogen interaction shows that all the nitrogen atoms had negative 
atomic charge values, except one with a charge value of 3.505274 a.u. 
All the oxygen atoms are observed to have negative atomic charges, with 
-0.581467 a.u. as the highest negative atomic charge. Fig. 4 depicts the 
visualization of the Mulliken and natural population charges. It can be 
deduced that the positively charged centers in each interaction are the 
most susceptible sites for electron donation, i.e., nucleophilic attacks. 
However, the trend of results indicates that the most negatively charged 
centers are the most susceptible sites for the electrophilic ones. 

3.7. Visual study of weak interactions 

3.7.1. QTAIM analysis 
It is a known fact that atoms are characterized by different sets of 

attributes, varying between relatively small gaps [63]. Hence, not only 
structural investigations but also microelectronic investigations may be 
biased in gaining complete insights into intra and inter-molecular in-
teractions of a given system. The Atoms in Molecule (AIM) hypothesis 
enables scientists to explore and gain insights into the various in-
teractions in molecular structures by utilizing the Bond Critical Points 
(BCPs) [64]. The BCPs are points where the first derivative of the density 
of all electrons dematerializes [65]. The bond critical point is normally 
denoted at the bond path by a dot irrespective of the nature of the bond. 

Fig. 4. Graphical representation of the Mulliken & Natural Population analysis for the studied systems: Respectively, (A) represents the Mulliken & Natural Pop-
ulation analysis of AlN-OCHRA@O, (B) represents the Mulliken & Natural Population analysis of AlN-OCHRA@N, and (C) represents the Mulliken & Natural 
Population analysis of AlN-OCHRA@Cl. 
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These points can be situated at the middle of different interconnecting 
bonds, forming a kind of ring shape called Ring Critical Point (Rcp), 
liaising two adjoining atoms [66]. AIM methodology is one of the most 
valuable and useful approaches to gaining complete insights into 
non-hydrogen and hydrogen bonding interactions [67]. Topological 
parameters have been used to classify and arrive at various conclusions 
in the Quantum Theory of Atoms in Molecule (QTAIM). The topological 
parameters, such as electronic charge density V(r), energy density H(r), 
Hamiltonian kinetic energy K(r), density of all electrons ρ(r), Laplacian 
of electron density ∇2ρ(r), Lagrangian kinetic energy G(r), electron 
localization function (ELF), have been computed and presented in 
Table 4. Also, -G(r)/V(r) has been calculated for all studied systems at 
BCPs to gain more insights into the covalent, partial covalent, and 
non-covalent nature of interactions. As such, the results obtained are 
carefully presented in Table 4. Classification into covalent, partial co-
valent, and non-covalent can be achieved by simultaneously considering 
the directions of charge density ρ(r) as well as electron density ∇2ρ(r) of 
the interaction. As such, when ∇2ρ(r) > 0 and H(r) > 0, it depicts a 
non-covalent interaction. However, partial covalent interaction is easily 
pinpointed when ∇2ρ(r) > 0 and H(r) < 0. It is observed that an inter-
action is categorized as non-covalent interaction when ∇2ρ(r) < 0 and H 
(r) < 0, respectively. The results in Table 4 explained that the positive 
directions of the charge density ρ(r) and electron density resulting in 
∇2ρ(r) > 0 and H(r) > 0 suggest the presence of non-covalent interac-
tion between all the studied compounds. The binding energy between 
each critical point of interaction for ochratoxin@AlN...Chlorine, 
ochratoxin@AlN...Nitrogen, and ochratoxin@AlN...oxygen studied 
compounds elucidates that the interaction process of ochratoxin with 
Al12N12 nanocluster at chlorine, nitrogen, and oxygen sites were very 
stable. As such, the highest binding energy of − 166.19 and − 108.57 
kcal/mol was observed at H51–N2 and O69–N5 bond critical points for 
ochratoxin@AlN...Nitrogen molecule. Perusing the interaction process, 
it was observed that the most effective intermolecular interaction 
occurred at N2-H62…O69 BCP with a binding energy of − 61.72 kcal/mol 
for ochratoxin@AlN...oxygen compound suggesting that the surface 
interacted more favorably and stably at the oxygen site than at the ni-
trogen and chlorine site with low binding energy of − 33.29 and − 34.95 
kcal/mol at Ochra@AlN...N and Ochra@AlN...Cl molecules respectively 
which contributed chiefly to the outstanding stability of Ochra@AlN...O 
compound. Thus the adsorption via the oxygen site is comparably 
preferable owing to the excellent hydrogen bonding intermolecular 
interaction exhibited by the said system as well as excellent energy gap 
and adsorption energy as reported earlier from previous electronic 
studies. 

3.7.2. Reduced density gradient (RDG) 
The reduced density gradient, commonly referred to as non- 

convalent interaction, provides well detail explanations on weak inter-
molecular interaction between two or more interacting molecules [57]. 
Electrostatic contacts, pi (π) effect, van der Waals forces, and the hy-
drophobic effect all serve as strong cues that there are multiple di-
mensions involved in the study of weak interactions [68]. An isosurface 
with colored infill elucidates more on these aforementioned types of 
interaction [69]. The deep blue color indicates the presence of a strong 
force of attraction, whereas the green isosurface indicates the presence 
of van der Waals force of interaction and low electron density [70]. By 
utilizing the RDG and the signλ2(r) ρ(r) < 0, NCI analysis can be used to 
visualize the region and the type of weak interactions [71]. The signλ2 
(r) ρ(r) < 0 contains the points that signify strong interaction while I n 
the ssignλ2(r) ρ(r) ≈ 0 region, weak van der Waals interactions are 
detected. Conversely, if the points in signλ2(r) ρ(r) > 0, it is likely that 
the interactions are repulsive and as such it often fraternized with a red 
isosurface map [72]. The sort, potency, and area of an interaction can 
also be determined by combining the electron density ρ(r) and the sec-
ond eigenvalue of the electron density Hessian matrix (λ2) as calculated 
using Eq. (8) in the methodology section. When scrutinizing these 

interactions, it is paramount to take into consideration that the deep 
blue iso-surface of the investigated interactions (Ochra@AlN...Cl, 
Ochra@AlN...O, and Ochra@AlN...N) suggests the presence of a strong 
force of attraction, which is identified presence by the hydrogen bond 
interaction. Thus, the depth of the blue color confined by the RDG iso-
surfaces and the respective spike peaks of the three interactions, which 
vary from − 0.02 to − 0.05, are remarkably similar. However, it is 
thought that the aforementioned interactions may experience a very 
weak van der Waals contact. Ochra@AlN...O evenly, on the other hand, 
was observed to exhibit a weaker form of interaction. But it must be 
demonstrated that the van der Waals interactions and attraction be-
tween the three interactions are considerably lower than those discov-
ered inside the enclosed surfaces. This results from the spatial 
arrangement of the atoms, which raises the energy in the surfaces. 
However, the existence of nonbonding interactions does affect the shape 
and reactivity of ions. As such, the presence of scant van der Waals 
contact indicates a loss of equilibrium with a corresponding increase in 
the adsorption energy between the studied molecules. The green color of 
the 3D RDG maps, however, shows that almost all interactions have little 
intermolecular interactions. Visualization for the Non-Covalent Inter-
action of Ochra on AlN surface at Cl, N, and O interaction sites are 
clearly delineated in Fig. 6. 

3.8. Density of states (DOS) 

The density of state of a molecule, explicates the exact proportion of 
states that are yet to be occupied by the studied complex at each energy 
intervals. An isolated system such as molecules in gas or solvent phase is 
observed to possess different distribution of electronic densities like the 
spectra density. Density of state is essential for determining the carrier’s 
concentration as well as energy distribution or contribution of each 
fragment to the stability of the studied adsorbed compounds. Thus, DOS 
is represented as a distribution by a probability density function as such 
is the average over the space and time domains of the various states 
occupied by the compounds of interest. Per se, all information related to 
the dispersion relations of the various properties of a system is well 
explicated at the DOS plot [73]. However, the properties of each orbitals 
at each energy range is clearly shown in Fig. 7 The total density of state 
(TDOS) map, partial density of state, as well as the overlap partial 
density of state (OPDOS) of aluminum nitride nanocluster interaction 
with ochra at oxygen, nitrogen and chlorine sites (ochra@Al12N12....O, 
ochra@Al12N12.....N, ochra@Al12N12....Cl) were plotted using Multiwfn 
and origin software’s as shown below (see Fig. 7). The obtained result 
suggests that ochra fragment gave the highest contribution at the highest 
occupied molecular orbital (HOMO) level from − 0.4 to − 0.7ev for 
ochra@Al12N12...O system which is observed to differ at 
ochra@Al12N12...N and ochra@Al12N12...Cl compounds where ochra 
fragment only dominated from − 0.5 to − 0.6ev. Whereas the highest 
contribution observed from − 0.5 to − 0.3ev at the HOMO region was 
dominated by Al12N12 fragment for ochra@Al12N12...Cl and 
ochra@Al12N12...N molecules respectively. Ochra fragment was seen to 
also dominate at the lowest unoccupied molecular orbital for 
ochra@Al12N12...O compound which is in tandem with the energy gap 
(Eg) of 2.04Ev from Table 4, depicting that ochra fragment played a key 
role in stabilizing the said molecule which is not the case for other 
systems with a corresponding low Eg of 1.55 and 1.82ev for 
ochra@Al12N12...Cl and ochra@Al12N12....N compounds respectively. 
Similar trend was observed at the LUMO region for ochra@Al12N12...Cl 
and ochra@Al12N12....N system, where Al12N12 fragment contributed 
more to the stability of both compounds from − 0.2 to 0.2ev respectively. 
Hence, the slight shift at the LUMO region from ochra@Al12N12...Cl to 
ochra@Al12N12....O is responsible for the molecular stabilization of the 
studied nanoclusters. 
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3.9. Sensor mechanism 

The mechanisms of sensing represent those parameters that charac-
terized the potency and performance of sensor devices. Many parame-
ters such as fraction of electron transfer, chemical conductivity, energy 
gap, work function (φ), Fermi energy level, recovery and response time 
have been selected based on their ability to validate the performance 
any sensing system. In this present study, the sensing performances of 
the studied systems are presented in Table 5: 

3.9.1. Electrical conductivity 
The ability and capability to move electron from valence band to 

conduction band can be related with electrical conductivity of that 
studied system [74,75]. Furthermore, the electrical conductivity is 
dependent on the movement of electron from the combining power 
(valence) to the conduction band. The Mathematical expression showing 

the relationship between the electrical conductivity and adsorption 
energy are given in Eq. (8). Since the relationship is inverse, it indicates 
that the difference in electronic properties of Ochra@AlN...Chlorine, 
Ochra@AlN...Nitrogen and Ochra@AlN...Oxygen can direct effect 
changes in resistivity and indirect in the electrical conductivity. 

σ = AT2/3e(Eg/2KT) (8)  

where σ, A, K and T denote the electrical conductivity, constant, 
Boltzmann constant and temperature respectively. To compute the 
sensing response, Eq. (9) is applied and related with resistivity. 

S =
|R2 − R1|

R1
=

⃒
⃒
⃒
⃒
R2

R1

⃒
⃒
⃒
⃒ − 1 (9) 

Where the resistivity of the adsorbent and the adsorbate is denoted 
by R1 and R2 respectively. From the inverse relationship between re-
sistivity and conductivity, it can be deduced that the system with greater 

Fig. 6. Graphical representation of non-covalent interaction of Ochra on Al12N12 surface at Cl, N and O sites respectively. Note: (A) represents the non-covalent 
interactions of AlN-OCHRA@O system, (B) represents the non-covalent interactions of AlN-OCHRA@N system, and (C) represents the non-covalent interactions 
of AlN-OCHRA@Cl system. 
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adsorption or interaction energy often accompany low resistivity [71, 
72]. 

S =

⃒
⃒
⃒
⃒
σ2

σ1

⃒
⃒
⃒
⃒ − 1 = e(|Eg|/2KT) (10) 

The electrical conductivities of the surfaces and studied systems are 
designated by σ1 and σ2 from the Eq. (10). The key factors in Eq. (10) is 
the band gap (Eg). This indicates that the greater the band gap, the lesser 
the conductivity of a material. One can observe from Table 2 of the FMO 
analysis section that: AlN and Ochra with energy gaps of 2.37 eV and 
2.8923 eV respectively has relatively greater resistivity. Whereas, the 
least resistivity is found in the Ochra@AlN...Chlorine system of energy 
gap value 1.5538 eV. Other lower resistivity is observed in 
Ochra@AlN...Oxygen and Ochra@AlN...Nitrogen systems with energy 
gap values of 1.7987 eV and 2.0436 eV respectively. To conclude from 
Table 5, that, Ochra@AlN...Chlorine with the least resistivity (greater 
conductivity) possess better sensing attribute than its studied 

counterparts at room temperature of 300 K. From Fig. 8, as the tem-
perature of the system increases above room 300 K, the electrical con-
ductivity increases from 1000 K for all the interaction but this is more 
significant for Ochra@AlN...O followed by Ochra@AlN...N and least for 
Ochra@AlN...Cl 

3.9.2. Recovery and response time 
As one of the essential parameters in sensor designs, the interaction 

strength of an adsorption process can be determined by the recovery 
time. The sensing response time of a sensor is directly related to the 
adsorption energy and gives information on how fast a surface can 
respond on interacting with the absorbate in this case the ochratoxin and 
produce electrical signal that can be measured by appropriate electronic 
device. The Mathematical relation between the adsorption energy and 
recovery (τ) and response time (S) are depicted in Eqs. (11) and (12) as: 

τ = V − 1
0 e− Ead/KT (11) 

Fig. 7. Graphical representation of the Density of states (DOS) for the studied interaction: (A) represents the non-covalent interactions of AlN-OCHRA@Cl system, (B) 
represents the non-covalent interactions of AlN-OCHRA@N system, and (C) represents the non-covalent interactions of AlN-OCHRA@O system. 

Table 2 
FMO table for the studied compound calculated at DFT/PBE0/ aug-cc-pvdz method.  

Systems HOMO(eV) LUMO(eV) IP(eV) EA(eV) µ(eV) Х(eV) Ƞ(eV) Eg(eV) σ(eV) ω(eV) 

Ochratoxin − 5.99 − 3.81 5.96 3.73 − 4.84 4.84 1.12 2.23 0.89 13.09 
AIN_CAGE − 5.71 − 3.27 5.77 3.40 − 4.59 4.59 1.19 2.37 0.84 12.44 
Ochra@AlN..Cl − 5.17 − 3.54 5.09 3.54 − 4.31 4.31 0.78 1.55 1.28 7.21 
Ochra@AlN..N − 5.17 − 3.27 5.19 3.37 − 4.29 4.29 0.91 1.82 1.09 8.37 
Ochra@AlN..O − 5.17 − 3.27 5.25 3.21 − 4.23 4.23 1.02 2.04 0.98 9.14  
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Table 3 
Natural orbital table for the studied nanocage and interaction calculated at DFT/ 
PBE0/ aug-cc-pvdz method.  

Transitions Donor(i) Acceptor(j) E2 Kcal/ 
mol 

E(j)-E(i) 
a.u 

F(i,j) a. 
u 

AlN σ N12 – 
Al21 

σ * N12 – 
Al19 

5.55 0.59 0.051  

σ N1 – 
Al17 

σ * N1 – Al24 5.55 0.59 0.051  

σ N12 – 
Al20 

σ * N12 – 
Al19 

5.54 0.59 0.051  

σ N9 – 
Al14 

σ * N12 – 
Al19 

5.33 0.59 0.050  

σ N12 – 
Al20 

σ * N11 – 
Al21 

5.32 0.59 0.050 

Ochra π *C17 – 
C18 

π *C19 – C20 1298.33 0.95 1.525  

σ C16 – 
C17 

π *C17 – C18 668.44 1.19 0.885  

π *C19 – 
C20 

σ *C18 – C19 536.18 0.29 0.718  

σ C17 – 
C18 

π *C19 – C20 280.40 2.15 0.779  

π *C14 – 
C16 

π *C10 – O42 271.17 0.01 0.087 

Ochra@AlN.. 
Cl 

σ N1 – 
Al24 

σ * N2 – Al21 5829.64 0.08 0.602  

σ N1 – 
Al23 

σ * N7 – Al14 15.29 0.35 0.066  

σ N1 – 
Al23 

σ * N7 – Al19 12.68 0.29 0.055  

σ N1 – 
Al21 

σ * N1 – Al24 8.19 0.51 0.058 

Ochra@AlN.. 
N 

Lp (1) N3 Lp*(1) Al21 144.42 0.50 0.234  

σ N5 – 
Al13 

Lp*(1) Al21 120.84 0.18 0.136  

Lp* (1) 

Al14 

Lp*(1) Al15 87.12 0.01 0.059  

Lp* (2) 

Al14 

Lp*(1) Al21 63.34 0.15 0.088  

Lp(1) N3 σ*N10 – Al16 56.86 0.72 0.184 
Ochra@AlN.. 

O 
Lp (1) N2 Lp*Al23 12.50 0.35 0.060  

Lp (1) N2 σ∗ N2 – Al23 10.55 0.47 0.064  
σN2 – Al23 Lp* Al20 8.54 0.41 0.055  
σN2 – Al23 Lp* Al21 8.49 0.42 0.055  
σN3 – Al23 Lp* Al17 7.14 0.41 0.050  

Table 4 
Values of the topological parameters of the BCPs of Ocha@AlN...Oxygen, Ocha@AlN...Nitrogen, Ocha@AlN...chlorine interaction obtained from the QTAIM analysis.  

Interaction Bond BCP ρ(r) ∇2ρ(r) G(r) K(r) V(r) H(r) G(r)/ 
V 

(E.P) S ELF ALIE Ψorbital RDG 

ochra@AlN...Cl Al22 – Cl70 173 0.16 0.25 0.79 0.17 − 0.97 − 0.17 0.82 0.54 0.11 0.58 − 0.36 0.55  
BE(EAl—Cl) − 34.95 kcal/mol              
H47 – N2 105 0.11 0.34 0.69 − 0.16 − 0.54 0.16 1.29 0.05 0.48 0.50 0.60 0.55  
BE(EH—N) − 23.75 kcal/mol              
N4 – H55 148 0.18 0.65 0.14 − 0.27 − 0.11 0.26 1.24 0.16 0.63 0.54 − 0.43 0.16  
BE(EK—N) − 39.32 kcal/mol             

Ocha@AlN...N N4 – N63 161 0.15 0.53 0.11 − 0.20 − 0.91 0.20 0.12 0.37 0.55 0.53 0.97 0.49  
BE(EN—N) − 33.29 kcal/mol              
N4 – C29 157 0.15 0.27 0.74 0.66 − 0.80 − 0.66 0.92 1.93 0.10 0.53 0.11 0.51  
BE(EN—C) − 31.78 kcal/mol              
H51 – N2 151 0.75 0.22 0.46 − 0.99 − 0.36 0.99 1.28 0.66 0.31 0.52 − 0.43 0.33  
BE(EH—N) − 166.19 kcal/ 

mol              
O69 – N5 139 0.49 0.17 0.37 − 0.63 − 0.30 0.63 1.2 0.09 0.12 0.49 0.31 0.56  
BE(EH—N) − 108.57 kcal/ 

mol             
Ocha@AlN...O Al20 – C25 104 0.22 0.68 0.18 0.88 − 0.19 − 0.88 0.95 0.25 0.69 0.83 − 0.1026 0.31  

BE(EAl—C) − 48.33 kcal/mol              
N2 – H62 … 
O69 

119 0.28 0.11 0.25 − 0.18 − 0.23 0.18 1.08 0.02 0.84 0.59 − 0.11 0.52  

BE(EN—H…O) − 61.72 kcal/mol              

Table 5 
Electrical conductivity, Response time and Recover time of Different interaction 
of the Ochratoxin with AlN surface at room temperature 300 K.   

Electrical conductivity 
(S/m) 

Response time 
(s) 

Recovery time 
(s) 

Ochra@AlN... 
Cl 

5.6E 4 1.616 1.6E-156 

Ochra@AlN... 
N 

5.2E 4 1.757 1.94E-86 

Ochra@AlN... 
O 

4.8E 4 1.881 3.3E-158  

Fig. 8. Plot illustrating the effect of Temperature on the Electrical Conductivity 
on Ochra@AlN system. 
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S = e(|ΔEg|/2KT)− 1 (12) 

Where K designates the Boltzmann constant which approximately 
equals to. ~ 2.0 × 10− 3 kcal/mol., V0 is the attempt frequency equiv-
alent to 10^12 for a first order interaction and T is the temperature, 
Table 1 of the adsorption study shows that Ochra@AlN-N interaction is 
with the least negative adsorption energy of − 0.7730 eV and thus, 
possess fastest recovery time of 1.94E-86 s, followed by 1.6E-156 s for Cl 
and the least being 3.3E-158 s for Ochra@AlN-O. Fig. 9(a) indicates the 
effect of temperature on the recovery time of different spatial interaction 
of Ochratoxin on AlN surface. As the temperature increase, the recovery 
time for all the interactions fluctuates around the same mean value 
except for Ochra@AlN...N with much faster recovery time below room 
temperature. Similarly, from Fig. 9(b), the response time indicates 
decreased as the adsorption energy increase. The spatial orientation of 
Ochra@AlN...Cl indicates to have the fastest response with a time of 
1.616 s, followed by 1.757 s for Ochra@AlN...N and the least responsive 
being 1.881 s for Ochra@AlN...Cl. in the same order, increase in tem-
perature increases the response time which is more significant for 
Ochra@AlN...O, Ochra@AlN...N and Ochra@AlN...Cl as the most 
responsive. 

4. Conclusions 

The PBE0 functional has been utilized using the aug-cc-pvdz basis set 
to study the adsorption behavior of the interaction named Ochra@AlN, 
Ochra@AlN..N and Ochra@AlN..O, respectively, on the AlN nanocage. 
Notable observations from the study reveal that the Ochra@AlN..N 
interaction has shorter bond distances than Ochra@AlN..O and 
Ochra@AlN..Cl, making it more stable compared to the other studied 
interactions. The adsorption study reveals that the Ochra@AlN..O 
interaction obtained a higher adsorption energy and exhibits better 
sensing performance than Ochra@AlN..N and Ochra@AlN..Cl, respec-
tively. Investigation of the electronic properties shows that 
Ochra@AlN..O, with an energy gap value of 2.04 eV, possesses a higher 
energy gap after doping, making it the most stable among the com-
pounds. The natural bond orbitals reveal that Ochra@AlN..O gives the 
highest second-order perturbation energy and high electron delocal-
ization with a high level of conjugation among the studied interactions. 
The electrical conductivity showed that Ochra@AlN..Cl obtained the 
least resistivity (greater conductivity) and possesses better sensing 

attributes than its studied counterparts, followed by Ochra@AlN..O and 
Ochra@AlN..N, respectively. The investigation of the recovery time 
showed that the Ochra@AlN..O system has the greatest negative 
adsorption energy of − 2.466 eV and thus possesses a higher recovery 
time, and temperature changes above room temperature have no effect. 
From all indications, it can be concluded that the adsorption of the 
Ochratoxin gas on the aluminum nitride is strong in all the studied gases, 
with Ochra@AlN..O possessing a higher sensing attribute than its 
studied counterparts. 
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