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A B S T R A C T   

Adsorption amplitude of the aluminum phosphide (Al12P12) nanocage toward the 2-Mercaptopyr-
idine (MCP) drug was herein monitored based on density functional theory (DFT) calculations. 
The adsorption process through MCP⋅⋅⋅Al12P12 complex in various configurations was elucidated 
by means of adsorption (Eads) energies. According to the energetic affirmations, the Al12P12 
nanocage demonstrated potential versatility toward adsorbing the MCP drug within the investi-
gated configurations and exhibited significant negative adsorption energies up to − 27.71 kcal/ 
mol. Upon the results of SAPT analysis, the electrostatic forces showed the highest contributions 
to the overall adsorption process with energetic values up to − 74.36 kcal/mol. Concurrently, 
variations of molecular orbitals distribution along with alterations in the energy gap (Egap) and 
Fermi level (EFL) of the studied nanocage were denoted after adsorbing the MCP drug. The 
favorable impact of water solvent within the MCP⋅⋅⋅Al12P12 complexes was unveiled and 
confirmed by negative solvation energy (ΔEsolv) values up to − 17.75 kcal/mol. According to 
thermodynamic parameters, the spontaneous and exothermic natures of the considered adsorp-
tion process were proclaimed by negative values of ΔG and ΔH parameters. Significant changes in 
the IR and Raman peaks, along with the appearance of new peaks, were noticed, confirming the 
occurrence of the targeted adsorption process. Furthermore, the adsorption features of the MCP 
drug on the Al12N12 nanocage were elucidated and compared to the Al12P12 analog. The obtained 
results demonstrated the higher preferability of Al12P12 nanocage than the Al12N12 candidate 
towards adsorbing the MCP drug without structural distortion.   
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1. Introduction 

Nanoscale materials have become a technological approach with great potential to be applied in various life aspects [1,2] owing to 
their exceptional properties. In the vast field of nanomaterials, a wide range of structures, including nanocones [3,4], nanotubes [5,6], 
fullerenes [7,8], and fullerene-like [9–13], has been utilized for drug adsorption and biosensor applications [14,15]. The adsorption of 
drug molecules over the exterior surface of fullerene-like structures has a vital role in reducing drug side effects [16]. Along with the 
growing recognition of fullerene-like structures, nanocages have been considered the most proficient ones, addressed by their 
promising physical and chemical properties. 

Within continuing to evolve, inorganic aluminum phosphide (Al12P12) as a fullerene-like nanocage was theoretically studied to 
elucidate its drug-loading efficiency [17]. From the literature, Al12P12 was distinguished by high vibrational frequencies, allowing for 
observing vibrational progressions in photoelectron spectra [18,19]. As promising sensing material, the tendency of the Al12P12 
nanocage to combine with the pyrrole molecule was examined through DFT calculations [20]. In the same vein, the application of the 
Al12P12 nanocage as a catalyst for the hydrogen evolution reaction was earlier addressed with an observable favorability [21]. A 
literature survey also documented the applicability of the Al12P12 nanocage as supercapacitors [22] and high-performance nonlinear 
optical (NLO) materials [23]. Furthermore, the potentiality of the Al12P12 nanocage for detecting guanine molecules was unveiled, 
demonstrating the potential application of Al12P12 as a biochemical sensor [24]. As an essential issue, the role of Al12P12 nanocage in 
drug adsorption and biosensor applications was previously addressed, albeit in an insufficient manner, reporting the potentiality of 
Al12P12 nanocage to adsorb sulfamide drug [25], 4-aminopyridine drug [26], and sorbic acid drug [27]. 

Mercaptopyridine is a thiol compound with C5H5NS chemical formula that contains more than one hetero atom (i.e., S and N 
atoms) [28–30]. Mercaptopyridine derivatives are examples of organosulfur compounds that possess an important role in industry, 
pharmacology, and biology [31]. By dint of such hetero atoms, Mercaptopyridine derivatives gain the π-acidic nature, which imputes 
their promising role in coordination chemistry [32]. In particular, the Mercaptopyridine derivatives are found to be effective as their 
undisputed antimicrobial, antifungal, and alkylation properties [33,34]. Recently, the efficacy of Mercaptopyridine derivatives was 
confirmed against tRNA synthesis and bacterial growth [35]. In a similar vein, Mercaptopyridine derivatives were introduced with 
significant anticancer activity [36]. In this regard, enthralling interest was oriented toward inspecting the adsorption process of 
Mercaptopyridine derivatives over nanomaterials [28,37]. The adsorption behavior of Mercaptopyridine derivatives on the surface of 
Be12O12 and B12P12 nanocages was accordingly demonstrated with further illustration for the capability of doping effect on the 
adsorption process [28,37]. Despite the promising features of aluminum-bearing nanocages, no detailed study unveiled its adsorption 
amplitude toward Mercaptopyridine derivatives, in particular 2-Mercaptopyridine (MCP) anticancer drug. 

In this regard, the current work aimed to unveil the adsorption behavior of 2-Mercaptopyridine (MCP) drug on the surface of the 
aluminum phosphide (Al12P12) nanocage for the first time. A thorough understanding of the adsorption process was obtained by 
conducting various DFT calculations, including electrostatic potential analysis (ESP), noncovalent interaction (NCI) index, symmetry- 
adapted perturbation theory (SAPT), and quantum theory of atoms in molecules (QTAIM). Thermodynamic parameters were evaluated 
to elucidate the nature of the adsorption process. For more implementations, Infrared (IR) and Raman spectra were illustrated for the 
isolated nanocage along with the investigated complexes. The electronic properties were assessed for the investigated MCP⋅⋅⋅Al12P12 
complexes. The effect of water solvent on the adsorption process was also investigated for all the studied complexes. An additional 
comparative elucidation for the efficiency of Al12P12 nanocage with Al12N12 analog toward adsorbing the MCP drug was then per-
formed. In that spirit, the optimization and adsorption energy calculations were executed for the MCP⋅⋅⋅Al12N12 complexes and 
compared to MCP⋅⋅⋅Al12P12 analogs. This work would be an efficient linchpin toward evolving the applications of Al12P12 nanocage in 
drug adsorption and biosensor applications. 

2. Computational Methods 

Herein, the competence of aluminum phosphide (Al12P12) nanocage to adsorb 2-Mercaptopyridine (MCP) drug was studied by 
M06-2X/6-311+G** density functional methods [38]. Geometry optimization of the MCP⋅⋅⋅Al12P12 complex within several configu-
rations was first executed. Afterward, frequency calculations were implemented to ensure if they were true minima or not. Electrostatic 
potential (ESP) analysis, relying on the optimized systems, was examined to determine the positive and negative potentials on the 
molecular surface. Regarding ESP, the molecular electrostatic potential (MEP) maps were analyzed and graphed with 0.002 au 
electron density envelop value [39]. A comprehensive analysis of the ESP was executed by utilizing the Multiwfn 3.7 software to assess 
the values of the surface electrostatic potential extrema (Vs,min/Vs,max) [40]. 

The relative potentiality of the Al12P12 nanocage to adsorb the MCP drug was examined based on the adsorption energy (Eads) 
values. All calculated Eads values were treated with the counterpoise corrected (CC) method to eliminate the basis set superposition 
error (BSSE), as given by equation (1). 

Eads =EMCP•••Al12P12 − (EMCP +EAl12P12 ) + EBSSE (1)  

In equation (1), the energies of MCP⋅⋅⋅Al12P12 complexes and isolated MCP drug and Al12P12 nanocage were represented by 
EMCP•••Al12P12 and EMCP and EAl12P12 , respectively. The analysis of symmetry-adapted perturbation theory (SAPT) was executed at the 
SAPT0 level to unveil the physically meaningful components that controlled the adsorption process using PSI4 package [41]. The total 
SPAT0 energy (ESAPT0) was assessed as the sum of its main components, namely, electrostatic (Eelst), exchange (Eexch), induction (Eind), 
and dispersion (Edisp), as illustrated in equations (2)–(6) [42]. 
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ESAPT0 =Eelst + Eexch + Eind + Edisp (2)  

where: 

Eelst =E(10)
elst (3)  

Eexch =E(10)
exch (4)  

Eind =E(20)
ind,resp + E(20)

exch− ind,resp + δE(2)
HF,resp (5)  

Edisp =E(20)
disp + E(20)

exch− disp (6) 

Afterward, quantum theory of atoms in molecules (QTAIM) analysis was applied to all studied configurations. In accordance with 
QTAIM, the bond paths (BPs) and bond critical points (BCPs) were generated; meanwhile, the topological features were calculated. 
Further, noncovalent interaction (NCI) index was executed, and 3D NCI plots were generated. Consequently, the 3D NCI plots were 
visualized according to (λ2)ρ values with a color scale starting from blue (− 0.035 au) to red (0.020 au). Within the context of Multiwfn 
3.7 software [40], QTAIM and NCI calculations were performed. 

Frontier molecular orbitals (FMOs) theory was applied to illustrate the alterations in the electronic characteristics of the nanocage 
and drug. Following FMOs, the distributions of the highest occupied and the lowest unoccupied molecular orbitals (HOMO and LUMO, 
respectively) were mapped for isolated systems along with their corresponding complexes. Further, the energies of HOMO and LUMO 
levels (EHOMO and ELUMO, respectively) were computed before and after the MCP adsorption process. According to EHOMO and ELUMO 
values, Fermi level (EFL) [43] and energy gap (Egap) [44] were accordingly calculated as given by equations (7) and (8). 

EFL =EHOMO +
ELUMO − EHOMO

2
(7)  

Egap =ELUMO − EHOMO (8) 

The quantum mechanical descriptors, namely, ionization potential (IP), electron affinity (EA), chemical potential (μ), global 
hardness (η), global softness (S), electrophilicity index (ω), and work function (Φ) [45], were computed for the MCP and Al12P12 
molecules as well as their corresponding complexes, as given by equations (9)–(15). 

IP ≈ − EHOMO (9)  

EA ≈ − ELUMO (10)  

η=ELUMO − EHOMO

2
(11)  

μ=
ELUMO + EHOMO

2
(12)  

s=
1
η (13)  

ω=
μ2

2η (14)  

Φ=VeL(+∞) − EFL (15) 

The vacuum level electrostatic potential is presented as Vel(+∞) and is presumed to be nearly zero. Further, the attractive nature of 
the Al12P12 nanocage toward the adsorption of MCP drug was elucidated by means of electrical conductivity as given by equation (16). 

σ α Exp
(
− Egap

kT

)

(16)  

In equation (16), the electrical conductivity, energy gap, Boltzmann’s constant, and temperature are represented by σ, Egap, k, and T, 
respectively. A further illustration of the impact of the adsorption process on the electronic nature was illustrated by generating total 
and partial density of states (TDOS and PDOS, respectively) plots using GaussSum software [46]. The effect of water solvent on the 
adsorption process was established by employing the polarizable continuum model (PCM). For the optimized complexes in the water 
medium, the adsorption energies (Esolvent

ads ) were calculated. By means of total energies in water and gas phases, the solvation energy 
(ΔEsolv) of the complex could be computed as explained in equation (17). 

ΔEsolv =Esolvent − Egas (17)  
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In an effort to better estimate the favorability of the considered adsorption process, the thermodynamic parameters were computed by 
performing frequency calculations. Accordingly, the Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) changes were evaluated 
from equations (18) and (19). 

ΔM =MMCP•••Al12P12 − (MMCP +MAl12P12 ) + EBSSE (18)  

ΔS= − (ΔG − ΔH) /T (19)  

where the quantity of ΔG and ΔH are presented as ΔM. As well, the G/H descriptors of the optimized complexes, MCP drug, and Al12P12 
nanocage are introduced as MMCP•••Al12P12 , MMCP, and MAl12P12 , respectively. T represents temperature with a value of 310.15 K. Based 
on frequency calculations, IR and Raman spectra were generated for all optimized complexes. The desorption process was examined 
for all considered complexes in terms of recovery time that could be assessed according to equation (20). 

t= v− 1 exp( − ΔEads /KT) (20)  

where the attempt frequency of 10− 18 s− 1 is represented by ν− 1 [47], and K refers to the Boltzmann’s constant. 
Additional comparative elucidation between the adsorption proficiency of the Al12P12 and Al12N12 nanocages toward MCP drug 

was herein established. Geometrical optimization was performed for the MCP⋅⋅⋅Al12N12 complex within different configurations. 
Adsorption energy was then calculated for the optimized structures of the MCP⋅⋅⋅Al12N12 complex. All DFT calculations were employed 
with the aid of the Gaussian 09 package [48]. All visualizations were accomplished using the Visual Molecular Dynamics (VMD) 
program [49]. 

3. Results and discussion 

3.1. ESP analysis 

Upon geometry optimization calculations, the obtained structures were subjected to ESP analysis. The optimized monomers are 
displayed in Fig. 1, as previously recommended in the literature [50]. ESP surface was investigated by generating maps of MEP and 
extracting the maximum and minimum electrostatic potential (Vs,max and Vs,min, respectively) values. Regarding ESP analysis, the 

Fig. 1. Optimized geometries and MEP maps of the (a) MCP drug and (b) Al12P12 nanocage. Vs,min/Vs,max values are given by kcal/mol.  
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electrophilic sites are characterized by blue color along with positive electrostatic potential extrema, while red color and negative 
electrostatic potential extrema are ascribed to the nucleophilic sites. Fig. 1(a and b) displays MEP maps and Vs,min/Vs,max values for the 
optimized structures of the MCP and Al12P12. 

In the optimized structure of the nanocage, the Al–P bond length was found to be 2.27 and 2.32 Å between hexagonal-hexagonal 
and hexagonal-tetragonal rings, respectively. The obtained Al–P bond lengths were endorsed by a previous study [25]. Further, the 
optimized Al12P12 nanocage showed 98.92◦ and 130.27◦ bond angles for P–Al–P in tetragonal and hexagonal rings, respectively. 

The visualized MEP maps plotted in Fig. 1(a and b) showed nucleophilic (i.e., negative) and electrophilic (i.e., positive) regions 
around the molecular surfaces of MCP/Al12P12 systems using red and blue colors, respectively. For the MCP drug, two negative red- 
colored sites were detected above N and S atoms with Vs,min values of − 33.4 and − 20.3 kcal/mol, respectively. Further, in the case of 
Al12P12 nanocage, positive blue-colored regions were observed around Al atoms, while negative ones were over the P atom. As nu-
merical evidence, the Vs,max for Al and Vs,min for P were found to be 60.9 and − 8.4 kcal/mol in the Al12P12 nanocage, respectively. 

3.2. Adsorption process 

To pursue the targeted adsorption process, the MCP drug-loading step over the surface of the Al12P12 nanocage was executed. 
Geometry optimization was performed for the MCP⋅⋅⋅Al12P12 complex at all possible adsorption sites (Figure S1), giving three pref-
erable configurations, namely, A, B, and C (Fig. 2(a–c)). Upon frequency calculations, no imaginary frequencies were found for those 
three configurations, confirming that the selected structures were true minima. Adsorption energy (Eads) values were then assessed for 
the optimized complexes, as illustrated in equation (1). Table 1 summarizes the obtained energetic values along with the MCP⋅⋅⋅Al 
equilibrium distances. 

According to the enrolled data in Table 1, the preferable adsorption process of the MCP drug over the Al12P12 nanocage was verified 
by short equilibrium distances (d) and negative adsorption energy (Eads) values. Thus, it was endorsed that the MCP drug was favorably 
adsorbed on the exterior surface of the Al12P12 nanocage, which agrees with previous studies [51,52]. Evidently, the negative 
adsorption energy (Eads) values of the MCP⋅⋅⋅Al12P12 complex within the investigated configurations decreased as follows A > B > C. 
Comparatively, the MCP⋅⋅⋅Al12P12 complex within configuration A was found with a shorter equilibrium distance than other inves-
tigated configurations (see Fig. 2 and Table 1) and accordingly showed the highest negative Eads with a value of − 27.71 kcal/mol. 
Conspicuously, adsorption energy values showed a reverse correlation with equilibrium distances. Numerically, the MCP⋅⋅⋅Al equi-
librium distances within the configurations A, B, and C of the MCP⋅⋅⋅Al12P12 complex were 2.05, 2.07, and 2.55 Å, along with Eads 
values of − 27.71, − 26.41, and − 13.90 kcal/mol, respectively. 

3.3. SAPT calculations 

SAPT analysis has been considered a dependable energy decomposition analysis method that dissects the total energy into its main 
physical components. For the studied MCP⋅⋅⋅Al12P12 complexes, SAPT energies were evaluated using equations (2)–(6), and the ob-
tained energetic components were extracted (Fig. 3). 

As shown in Fig. 3(a–c), electrostatic energy (Eelst) had the highest attractive contributions to the adsorption process with values up 
to − 74.36 kcal/mol. Further, the dispersion (Edis) and induction (Eind) components were also noticed with preferable negative values. 
In contrast, an unfavorable contribution was exhibited by exchange forces (Eexch). For example, the Eelst, Eexch, Edis, and Eind values 
were − 73.70, 89.60, − 26.92, and − 22.34 kcal/mol for the MCP⋅⋅⋅Al12P12 complex within configuration A. 

3.4. QTAIM and NCI calculations 

QTAIM is a comprehensive topology interpretation tool to reveal the character of the intermolecular interactions within 

Fig. 2. Optimized structures of the MCP⋅⋅⋅Al12P12 complex within (a) configuration A, (b) configuration B, and (c) configuration C.  
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Table 1 
Calculated values of adsorption (Eads) energy of the optimized MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C. 
The equilibrium distances (d) are in Å, and the energetic values (Eads) are in kcal/mol.  

Complex Configuration d Eads 

MCP⋅⋅⋅Al12P12 A 2.05 − 27.71 
B 2.07 − 26.41 
C 2.55 − 13.90  

Fig. 3. Graphical illustration of total SAPT0 energy components, including electrostatic (Eelst), dispersion (Edisp), induction (Eind), and exchange 
(Eexch), of the MCP⋅⋅⋅Al12P12 optimized complex within (a) configuration A, (b) configuration B, and (c) configuration C. The computed energetic 
quantities are in kcal/mol. 

Fig. 4. QTAIM and 3D NCI diagrams of the MCP⋅⋅⋅Al12P12 complex within (a) configuration A, (b) configuration B, and (c) configuration C. Bond 
paths are presented by lines, while bond and ring critical points are characterized by red and yellow circles. 3D NCI isosurfaces are plotted using a 
0.50 au value of reduced density gradient and colored from blue (− 0.035 au) to red (0.020 au) according to the sign (λ2)ρ values. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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MCP⋅⋅⋅Al12P12 complexes [53]. Considering QTAIM, bond paths (BPs) and bond critical points (BCPs) were generated, and topological 
features were calculated (Fig. 4 and Table 2). Considering the topological features, Laplacian (∇2ρb), electron density (ρb), local 
potential electron energy density (Vb), total energy density (Hb), kinetic electron density (Gb), and negative ratio of potential, and 
kinetic electron energy density (− Gb/Vb) were computed and are gathered in Table 2. Along with QATIM, noncovalent interactions 
(NCI) index analysis provides a method to illustrate the origin of interactions between chemical species. 3D NCI isosurfaces and 2D 
reduced density gradient (RDG) graphs were plotted for the inspected complexes (Fig. 4 and S2, respectively). 

From Fig. 4(a–c), QTAIM diagrams revealed the occurrence of the adsorption of the MCP drug over the Al12P12 nanocage via the 
displayed bond paths (BPs) and bond critical points (BCPs). According to the Hb, ∇2ρb, ρb, and − Gb/Vb values listed in Table 2, the 
partial covalent and electrostatic natures were confirmed for the MCP⋅⋅⋅Al12P12 complex within all the investigated configurations. 
Furthermore, the obtained values of ∇2ρb and ρb were directly correlated with the adsorption energy (see Table 1), which agrees with a 
previous study [54]. For instance, ∇2ρb values of the MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C were 0.2689, 0.2425, 
and 0.0730 au, and the analogical Eads values were − 27.71, − 26.41, and − 13.90 kcal/mol, respectively. As per the above discussion, 
the studied MCP⋅⋅⋅Al12P12 interactions could be classified as partial covalent and electrostatic. 

According to 3D NCI isosurfaces, the potentiality of Al12P12 nanocage toward adsorbing MCP drug was obviously illustrated via the 
colored isosurfaces between the drug and nanocage (Fig. 4(a–c)). It was important to underline that the alteration in color and size of 
the 3D NCI isosurfaces was consistent with the energetic pattern. As shown in Figure S2, 2D NCI spikes were denoted at sign (λ2)ρ 
values lower than 0.01 au, indicating the occurrence of attractive interactions within the studied complexes, which is in line with a 
previous study [55]. 

3.5. Electronic parameters 

To sufficiently demonstrate the electronic parameters of the MCP drug and Al12P12 nanocage, frontier molecular orbitals (FMOs) 
theory was applied. According to FMOs, the energies of the molecular orbitals, including the highest occupied molecular orbitals 
(EHOMO) and the lowest unoccupied molecular orbitals (ELUMO), were computed before and after the adsorption process. The Fermi 
level (EFL) and energy gap (Egap) were further calculated according to equations (7) and (8), respectively. In the essence of FMOs 
method, visual representations of HOMO and LUMO energy levels before and after the adsorption of MCP drug were generated and are 
visualized in Figs. 5 and 6, respectively. Further, the calculated values of EHOMO, ELUMO, EFL, and Egap are gathered in Table 3. 

Notably, HOMO and LUMO orbitals were distributed over electronegative and electropositive regions, respectively. As shown in 
Fig. 5(a), HOMO orbitals were located above N and S atoms of the MCP drug, while LUMO levels were observed around the H and C 
atoms. Turning to the Al12P12 nanocage, the HOMO and LUMO orbitals were generally accumulated around P and Al atoms, 
respectively (Fig. 5(b)). 

Following the adsorption process of the MCP drug over the Al12P12 nanocage, the distribution patterns of HOMO and LUMO were 
noticeably altered (see Fig. 6(a–c)), reflecting the adsorbing ability of Al12P12 nanocage toward the MCP drug. Interestingly, the HOMO 
and LUMO orbitals were localized around the Al12P12 nanocage in all studied complexes. Further, the redistribution of HOMO and 
LUMO levels after the adsorption process of the MCP drug illustrated the occurrence of charge transfer within the studied complexes, 
which is in line with the earlier reported results in the literature [56]. 

By analyzing data in Table 3, changes in EHOMO, ELUMO, EFL, and Egap values after the adsorption of the MCP drug were noted, 
demonstrating the occurrence of the adsorption process. For instance, EHOMO values were found to be − 7.77 and − 7.24/–7.29/–7.48 
eV for the isolated Al12P12 nanocage and its corresponding complex with MCP drug within configurations A/B/C, respectively. As well, 
the Egap values diminished upon the adsorption process, which in turn increased the conductivity (see equation (16) in the Compu-
tational Methods). Illustratively, Egap of Al12P12 nanocage was found to be 4.72 eV and decreased to 4.70, 4.66, and 4.61 eV for 
MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C, respectively. Such conductivity increase confirmed that the Al12P12 
nanocage is a promising electrochemical biosensor for MCP drug. Obviously, the EFL value of Al12P12 nanocage was changed upon the 
MCP drug-loading process from − 5.41 eV to − 4.89/–4.96/–5.18 eV for configurations A/B/C. 

3.6. Global indices of reactivity 

To deeply investigate the effect of the adsorption process on the reactivity indices of the MCP drug and Al12P12 nanocage, the 
ionization potential (IP), electron affinity (EA), global hardness (η), chemical potential (μ), global softness (S), electrophilicity index 
(ω), and work function (Φ) were calculated using equations (9)–(15), respectively. The obtained descriptors for isolated systems and 
their corresponding complexes are collected in Table 4. 

Table 2 
QTAIM topological features of the MCP⋅⋅⋅Al12P12 optimized complex within configurations A, B, and C, including Laplacian (∇2ρb), electron density 
(ρb), local potential electron energy density (Vb), total energy density (Hb), kinetic electron density (Gb), and the negative ratio of kinetic and potential 
electron energy density (− Gb/Vb). All parameters are in au.  

Complex Configuration ∇2ρb ρb Vb Hb Gb –Gb/Vb 

MCP⋅⋅⋅Al12P12 A 0.2689 0.0529 − 0.0729 − 0.0028 0.0701 0.9613 
B 0.2425 0.0505 − 0.0671 − 0.0032 0.0639 0.9518 
C 0.0730 0.0344 − 0.0345 − 0.0081 0.0264 0.7646  
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Fig. 5. The distribution of HOMO and LUMO of (a) MCP and (b) Al12P12 molecular surfaces.  

Fig. 6. The distribution of molecular orbitals (HOMO and LUMO) of the MCP⋅⋅⋅Al12P12 optimized complex within (a) configuration A, (b) 
configuration B, and (c) configuration C. 

Table 3 
Calculated EHOMO, ELUMO, EFL, and Egap values of the MCP and Al12P12 before and after the adsorption process. The computed energies are given in eV.  

System Configuration EHOMO (eV) ELUMO (eV) EFL (eV) Egap (eV) 

MCP  − 7.74 − 0.22 − 3.98 7.52 
Al12P12  − 7.77 − 3.05 − 5.41 4.72 
MCP⋅⋅⋅Al12P12 A − 7.24 − 2.54 − 4.89 4.70 

B − 7.29 − 2.63 − 4.96 4.66 
C − 7.48 − 2.87 − 5.18 4.61  
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From data presented in Table 4, noticeable changes in global indices of reactivity values were found for the isolated MCP/Al12P12 
systems and their corresponding complexes. As numerical evidence, IP values were 7.77 and 7.24/7.29/7.48 eV for the Al12P12 
nanocage before and after the adsorption process within A/B/C configurations, respectively. It was intriguing to note that the 
decrement in IP values was consistent with EHOMO values (see Table 3). 

Notably, a decrement in η values was observed upon the adsorption of the MCP drug over the Al12P12 nanocage, indicating the 
occurrence of the adsorption process. For example, η values were 2.36 and 2.35/2.33/2.31 eV for Al12P12 nanocage and MCP⋅⋅⋅Al12P12 
complex within A/B/C configurations, respectively. 

3.7. DOS analysis 

The density of state (DOS) analysis was executed to demonstrate the effect of the MCP adsorption process on the electronic 
properties of the Al12P12 nanocage by generating total and partial DOS (TDOS and PDOS, respectively). TDOS and PDOS diagrams were 

Table 4 
Global indices of reactivity for the MCP and Al12P12 molecules and their corresponding complexes.  

System Configuration IP (eV) EA (eV) μ (eV) η (eV) S (eV− 1) ω (eV) Φ (eV) 

MCP  7.74 0.22 − 3.98 3.76 0.27 2.10 3.98 
Al12P12  7.77 3.05 − 5.41 2.36 0.42 6.20 5.41 
MCP⋅⋅⋅Al12P12 A 7.24 2.54 − 4.89 2.35 0.43 5.08 4.89 

B 7.29 2.63 − 4.96 2.33 0.43 5.28 4.96 
C 7.48 2.87 − 5.18 2.31 0.43 5.81 5.18  

Fig. 7. TDOS diagrams of (a) isolated Al12P12 nanocage, along with MCP⋅⋅⋅Al12P12 complex within (b) configuration A, (c) configuration B, and (d) 
configuration C. 
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extracted for the isolated nanocage and its corresponding complexes (Fig. 7 and S3, respectively). 
As evident in Fig. 7(a–d), TDOS diagrams declared observable changes in the electronic characteristics of the Al12P12 nanocage 

after the adsorption of the MCP drug. It was noticed that the displacement of HOMO and LUMO peaks could be a consequence of the 
MCP adsorption. Figure S3 addressed the existence of a significant overlap between the PDOS of Ns/Np/Ss/Sp and Als/Alp orbitals 
relevant to the drug and nanocage, respectively. These findings highlighted the contributions of the s- and p-orbitals to the occurrence 
of the adsorption process. 

3.8. Solvent effect 

To unveil the effect of water solvent on the MCP drug adsorption process, the geometries of isolated MCP, Al12P12, and their 
corresponding complexes were optimized in a water medium. The favorability of the adsorption process within the MCP⋅⋅⋅Al12P12 
optimized complexes in water was then estimated by means of adsorption (Esolvent

ads ) and solvation (ΔEsolv) energy values (see equation 
(17) in the Computational Methods). Table 5 provides the computed values of Esolvent

ads and ΔEsolv for the MCP⋅⋅⋅Al12P12 complex within 
configurations A, B, and C. 

As listed in Table 5, Esolvent
ads and ΔEsolv energies exhibited negative values, demonstrating that the studied adsorption process occurs 

favorably in the water medium. More preferential Esolvent
ads with a value of − 29.17 kcal/mol was ascribed to the MCP⋅⋅⋅Al12P12 complex 

within configuration A, which was consistent with the Eads pattern in the gas phase (Table 1). Inspecting substantial negative ΔEsolv 
values, further preferability of the adsorption process in the water medium was denoted more plainly compared with the gas phase. 

3.9. Thermodynamic parameters 

To ascertain the thermodynamic favorability of the MCP drug adsorption process, thermodynamic parameters, including Gibbs free 
energy (ΔG), enthalpy change (ΔH), and entropy change (ΔS), were computed according to equations (18) and (19) and are sum-
marized in Table 6. 

Table 6 provides insight into the spontaneous nature of the considered adsorption process within the investigated complexes ac-
cording to negative values of ΔG. As well, the exothermic nature was also confirmed through negative values of ΔH that ranged from 
− 12.64 to − 26.00 kcal/mol. Plainly, substantial negative ΔG and ΔH values were noticed for configuration A compared with other 
modeled configurations, which fits a similar pattern to that of the adsorption energy values (see Table 1). For instance, ΔG and ΔH 
values were found to be − 13.41 and − 26.00 kcal/mol for MCP⋅⋅⋅Al12P12 complex within configuration A, respectively. In comparison, 
small negative values for ΔS were denoted for the MCP⋅⋅⋅Al12P12 complex within all the considered configurations. In conclusion, the 
thermodynamic parameters demonstrated the exothermicity and spontaneity of the adsorption process of the MCP drug on the Al12P12 
nanocage. 

3.10. IR and Raman spectra 

Infrared (IR) and Raman spectra are informative techniques for detecting changes in chemical structures by identifying their 
functional groups. IR and Raman spectra of the Al12P12 nanocage and the MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C 
were generated and are depicted in Fig. 8. 

As shown in Fig. 8(a–d), the IR spectra were noticed with an obvious change in the stretching bends of the Al12P12 nanocage after 
the adsorption of the MCP drug. For the MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C, new peaks were observed, affirming 
the effectiveness of the MCP adsorption over the Al12P12 nanocage. Turning to Raman spectra, significant differences were detected for 
Al12P12 nanocage after contact with the MCP drug. The emerging changes in the IR and Raman spectra ensured the promising 
application of Al12P12 nanocage in the adsorption process of MCP drug within the investigated configurations. 

3.11. Recovery time 

The recovery time (τ) is paramount for assessing the difficulty of releasing the drug from the nanocage surface. Herein, τ of the 
MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C were computed (see equation (20) in the Computational Methods) and 
showed values of 3.22 × 107, 3.91 × 106, and 6.10 × 10− 3 μs, respectively. Notably, the longest recovery time was obtained for 
configuration A, which exhibited the most favorable adsorption energy (Eads = − 27.71 kcal/mol). While configuration C had a short 
recovery time, ensuring the feasibility of separating the drug from the nanocage surface. The obtained correlation between the longer 

Table 5 
Adsorption (Esolvent

ads ) and solvation (ΔEsolv) energies for the MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C in the water medium. All 
values are in kcal/mol.  

Complex Configuration Esolvent
ads (kcal/mol) ΔEsolv (kcal/mol) 

MCP⋅⋅⋅Al12P12 A − 29.17 − 17.75 
B − 25.69 − 15.57 
C − 13.94 − 16.12  
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Table 6 
Gibbs free energy (ΔG), enthalpy change (ΔH), and entropy change (ΔS) of MCP⋅⋅⋅Al12P12 complex within configurations A, B, and C. All parameters 
are in kcal/mol.  

Complex Configuration ΔG ΔH ΔS 

MCP⋅⋅⋅Al12P12 A − 13.41 − 26.00 − 0.042 
B − 12.35 − 24.90 − 0.042 
C − 0.89 − 12.64 − 0.039  

Fig. 8. Infrared radiation (IR) and Raman spectra of (a) isolated Al12P12 nanocage along with MCP⋅⋅⋅Al12P12 complex within (b) configuration A, (c) 
configuration B, and (d) configuration C. 
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recovery time and the higher negative adsorption energy values coincided with the literature [57,58]. 

3.12. Al12N12 vs Al12P12 nanocages 

To provide a comparative insight into the potentiality of the Al12P12 nanocage with its relative aluminium-based nanocage, the 
Al12N12 nanocage was adopted as a candidate for adsorbing MCP drug. For the Al12N12 nanocage, an MEP map was generated (Fig. 9 
(a)). 

As shown in Fig. 9(a), the Al12N12 nanocage showed a strong electrophilic character compared to Al12P12 nanocage. Numerically, 
the blue (positive) regions above Al atoms were found with Vs,max value of 101.2 kcal/mol, while red regions around N atoms showed 
Vs,min with a value of − 35.5 kcal/mol. Obviously, the negativity of N atoms of Al12N12 is higher than P atoms of the Al12P12 analog. 
Quantitatively, the Vs,min values of N and P atoms were − 35.5 and − 8.4 kcal/mol. 

As a point of comparison, the MCP⋅⋅⋅Al12N12 complex was optimized within all plausible configurations at the same level of theory 
utilized for the MCP⋅⋅⋅Al12P12 counterpart (Figure S4). The preferable structures are displayed in Fig. 9(b). Based on the optimized 
complexes, the adsorption energies were calculated. 

According to the results, the MCP⋅⋅⋅Al12N12 complexes were denoted with negative adsorption energies values up to − 76.42 kcal/ 
mol. From a comparative point of view, the Eads values for the MCP⋅⋅⋅Al12N12 complex within the modeled configurations were found to 
be more negative than their counterparts of the MCP⋅⋅⋅Al12P12 complex. Unlike the MCP⋅⋅⋅Al12P12 complex, the MCP⋅⋅⋅Al12N12 complex 
within configuration B exhibited the most negative Eads value of − 76.42 kcal/mol. Inspecting the optimized structure of configuration 
B revealed that the MCP drug was distorted by hydrogen transfer to the Al12N12 nanocage (Fig. 9(b)). Thus, the desorption process 
would not be feasible, leading to an incomplete MCP adsorption on the Al12N12 nanocage. These results revealed the lower proficiency 
of the Al12N12 nanocage toward adsorbing MCP drug compared with the Al12P12 analog. 

Fig. 9. (a) Optimized structure of Al12N12 supplemented by the graphed MEP map, and (b) optimized structures of the MCP⋅⋅⋅Al12N12 complex 
within configurations A, B, and C. 
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4. Conclusion 

The versatility of the Al12P12 nanocage to engage in the adsorption of the 2-Mercaptopyridine (MCP) drug was examined within 
configurations A, B, and C by utilizing DFT calculations. The ESP analysis revealed the existence of notable nucleophilic sites over the N 
and S atoms of the MCP drug. In comparison, eminent electrophilic sites were observed over the Al atoms in the Al12P12 nanocage. The 
obtained findings highlighted the most negative adsorption energy in the case of the MCP⋅⋅⋅Al12P12 complex within configuration A, 
with a value of − 27.71 kcal/mol. Upon SAPT results, the electrostatic forces were announced to be the dominant force beyond the 
adsorption process. In the framework of FMO analysis, superb changes in the distribution of HOMO and LUMO patterns were observed 
for the Al12P12 nanocage compared to its complexes with the MCP drug. Alteration in EHOMO and ELUMO upon the adsorption process 
reflected the origin of major changes in electronic features such as energy gap (Egap) and Fermi level (EFL). As well, the spontaneous and 
exothermic natures were accentuated by calculating the thermodynamic parameters. Significant negative solvation energy values were 
observed, confirming the further preferentiality of the adsorption process in water solvent more than in the gas phase. Short recovery 
time values ensured the ability of the Al12P12 nanocage to desorb the loaded MCP drug within the MCP⋅⋅⋅Al12P12 complex. The 
noticeable potentiality of the Al12P12 nanocage toward adsorbing MCP drug was recognized with higher proficiency compared with the 
Al12N12 analog. In comparison to the Al12P12 nanocage, the lower applicability of the Al12N12 nanocage toward drug adsorption was 
addressed owing to the occurrence of structural distortion. 
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