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The adsorption energy of the BMSF-BENZ adsorbed complexes was investigated to 
understand the non-local dispersion interactions, with many other chemical parameters 
related to this subject like HOMO and LUMO, energy gap, and the time needed for the BMSF-
BENZ to be desorbed from the nanotube (recovery time). Our study reveals that Al-CNT is a 
promising adsorbent for this drug as Eads of BMSF-BENZ/Al-CNT complexes are -22.09,               
-38.68, -12.89, -31.01, -27.31, -21.90, and -21.42 kcal/mol in the gas phase on the active 
atoms of the BMSF BENZ (Br, N8, N9, N58, O35, O41, and S), respectively. In addition, the 
spontaneous and favorable interaction between the BMSF BENZ and all nanoparticles was 
confirmed by investigating Gibbs free energy and quantum theory of atoms in molecule 
analysis (QTAIM) so that it can be used as an electrochemical sensor or biosensor. 
Furthermore, to more visualize the nature of intermolecular bonding and the strength of 
interaction between the BMSF-BENZ drug molecule and the nanotube, QTAIM has been 
widely studied in the case of drug delivery purposes.  Al-CNT (4,0) can be extended as a drug 
delivery system and the work function type sensor. 
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1. Introduction 
 

Osteoporosis is a disease characterized by low bone mass 
and the microarchitectural deterioration of bone tissue, leading 
to bone fragility and increased fracture risk [1]. Most of the 
therapies used for the treatment of osteoporosis inhibit bone 
resorption and prevent further bone loss. However, as many 
osteoporosis patients already lost a large amount of bone at 
their diagnosis, agents need agents to stimulate new bone 
formation [2]. 

This approach’s drug and enhancements’ discovery goal is 
to identify a CaSR-antagonist, that is, rapidly absorbed (short 
Tmax) and fairly rapidly eliminated. Based on its overall in vitro 
and physicochemical properties, one of the BMSF-BENZ  
derivatives ((4-Bromo-7-methoxy-1-(2-methoxyethyl)-5-{[3-
(methylsulfonyl) phenyl]methyl}-2-[4-(propane-2-yl)phenyl]-
1H-1,3-benzothiazole) (Figure 1) was selected because it 
showed a sharp PTH-release peak and good properties regar-
ding CaSR receptor [3]. With the increasing development of 

nanoscience, verities of nanostructures such as nanosheets, 
nanotubes, nano-cones, nanocages, or fullerenes have been 
widely studied as potential candidates in different fields [4-8]. 
Among them, nanotubes and nanocages are more suitable 
candidates for drug carriers due to their fewer side effects, 
hydrophobic characteristics, high sensitivity towards drug 
molecules, unique surface properties and atomic structures, etc. 
[9-11]. 

CNTs are considered effective gas sensors since they have 
high surface areas. Two mechanisms were proposed to 
demonstrate the changes in conductance and capacitance for 
these CNTs, essentially for alternative current (AC) charge 
transfers between gas molecules and CNTs that change the 
conductance and quantum capacitance, and the polarization of 
gas, so it can be measured and used as work function sensors 
[12-14]. 

Rakib Hossain et al. investigated the behavior of (chlor-
methine anticancer drug) on the surface of three different 
nanoparticles to understand the adsorption properties of CM 
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drug over these nanoparticles and find a suitable drug delivery 
system. They have investigated the adsorption behavior of CM 
drug with the surface of C24, B12C6N6, and B12N12 nanocages by 
using DFT calculation. It has been observed that the CM 
molecule was adsorbed on the C24 and B12C6N6 nanostructures 
with unfavorable adsorption energy [15]. 

Also, in 2020, Rakib Hossain et al. made a DFT and QTAIM 
investigations of the adsorption of chlormethine anticancer 
drug on the exterior surface of pristine and transition metal 
functionalized boron nitride fullerene. They proved that the f-
BN nanostructures show a better reactivity than the pristine BN 
nanocage with enhanced the dipole moment value enables 
them to perform more intensive interaction with the CM drug 
[16]. 

On the other hand, Rakib Hossain et al. introduced a 
comparative DFT and QTAIM insight study on the adsorption 
behavior of metronidazole (ML) drug molecules on the surface 
of hydrogenated graphene (h-GN), boron nitride (BN), and 
boron carbide (BC) nanosheets in a gaseous and aqueous 
medium, and they observed that ML drug molecule shows 
different interactions phenomena with h-GN, BN and BC 
nanosheets because these adsorbent sheets possess diverse 
structural, thermo-dynamical, electronic and optical properties, 
and realized the electron sharing between the molecules at 
BCPs. In that work, QTAIM analysis indicates the weak 
electrostatic interactions between ML and nanosheets which 
are in excellent agreement with weak physisorption adsorption 
[17]. 

In 2001, Qiao and coworkers reported UV/Vis absorption, 
fluorescence spectra, and dynamic study on interactions of C60 
with eight kinds of aliphatic amines, such as di-ethylamine and 
triethylamine tri-n-amyl amine, propyl ethylamine, n-butyl-
amine, n-heptylamine, dodecyl amine, and ethylenediamine 
[18]. They showed that charge-transfer interactions of C60 with 
aliphatic amines are much stronger than that of C60 with 
aromatic amines, and the products can all emit a strong 
fluorescence at the relatively shorter wavelength around 519 
nm. 

Kushwaha et al. introduced a review study on carbon 
nanotubes as a novel drug delivery system for anticancer 
therapy. They proved that the issues surrounding CNT toxicity 
remain inconclusive, as numerous conflicting studies 
demonstrate both toxic and nontoxic behavior despite several 
drugs delivered using carbon nanotubes. Still, also it is an 
extremely promising application of nano-technology. It is 
definitely worth further research, as the current methods for 
cancer treatment are indiscriminately harmful and only 
partially effective [19]. 

Saleh and coworkers studied on the adsorption of 
metformin (MF) drug on the Si and Al doped (5,5) single wall 
carbon nanotube (SWCNT). They noticed that the nature of MF 
adsorption was high chemisorption. MF drug provided stronger 
adsorption on Al-doped SWCNT than that of the Si-doped one. 
They have proposed that Si-doped (5,5) SWCNT can be 
extended as a drug delivery system instead of Al-doped (5,5) 
SWCNT [20]. 

Bagheri Novir et al. made quantum mechanical studies of 
the adsorption of Remdesivir®, as an effective drug for the 
treatment of COVID-19 on the surface of pristine, COOH-
functionalized, and S-, Si- and Al-doped (5,5) SWCNT. Also, they 
concluded that the Si-doped CNT is the best nano vehicle for 
Remdesivir® drug delivery compared to the pristine CNT and 
the other functionalized and doped CNTs investigated in this 
study because of its better reactivity, better energetic, elect-
ronic, adsorption, and thermodynamic properties [21]. 

Recently, interactions between nanotubes and ligands have 
become an important subject, and they can be used together as 
drug delivery agents and sensors [22-26]. The binding energy 
values of the Al-CNT suggest that doping of nanotube enhances 
the interaction mechanism and alters the structural, chemical, 

and electronic properties of the complexes. When the Al-doped 
atom interacts with the active atoms of the BMSF-BENZ, the 
complexes become more stable, leading the binding energies to 
lie in the range of chemisorption [27]. To the best of the author’s 
acquaintance, there is no previously done comparative investi-
gation about the adsorption of the BMSF-BENZ on Al-CNT (4,0) 
SWCNT or Al-CNT (6,0). Our main objective is to explore the 
adsorption behavior of BMSF-BENZ on the surface of zigzag Al-
CNT (n,0) SWCNT. For this purpose, we have a comparative 
investigation of various structural and electronic properties 
before and after the adsorption of BMSF-BENZ on the nanotube. 
  
2. Computational methods 
 

All calculations were carried out by using Density 
Functional Theory (DFT) with B3LYP and 6-31G(d,p) basis set 
as employed in Gaussian 09 package [28]. In this work, the 
vibrational frequencies for all new complexes with the original 
compounds were analyzed to check the true global minima of 
our predicted Al-CNT Nanotubes. Then, the BMSF-BENZ was 
adsorbed. Adsorption energy, charge transfer analysis, change 
in energy gap, dipole moment, and recovery time were also 
examined to predict the interaction between the drug molecule 
with nanoparticles.  

Electronegativity can be calculated from EHOMO and ELUMO 
using the Equation (1) [29]. 
 
χ = −1

2
 (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻)     (1) 

 
To investigate the effect of BMSF-BENZ on the Fermi level 

energies and work function of the nanotube, Fermi level energy 
was calculated by using the Equation (2) for electronegativity, 
Fermi energy can be estimated such that Ef = -χ [30]. 
 
𝐸𝐸𝑓𝑓 = 𝐸𝐸HOMO + (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿−𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿

2
)     (2) 

 
Several calculations were executed to calculate the total 

energies of the molecules depending on the position of the 
nanotube attached to the drug molecule. The adsorption 
energies of drug on the surfaces of the nanotubes were obtained 
by Equation (3) [31,32]. 
 
𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − �𝐸𝐸𝑛𝑛𝑎𝑎𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐 + 𝐸𝐸𝑎𝑎𝑑𝑑𝑛𝑛𝑑𝑑�   (3) 
 
where Ecomplex, Enanotube and Edrug donate the energy of the 
complex composed with nanotubes drug and isolated energies 
of nanotube and drug, respectively. The Eads energy was 
determined from the summation of the interaction energy (Eint) 
and deformation energies (Edef) of the drug (Edef- drug) and 
nanotubes (Edef- nanotube) during the adsorption process [33]. 
 
𝐸𝐸𝑖𝑖𝑛𝑛𝑛𝑛 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − �𝐸𝐸𝑛𝑛𝑎𝑎𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐 𝑖𝑖𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐸𝐸𝑎𝑎𝑑𝑑𝑛𝑛𝑑𝑑 𝑖𝑖𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� (4) 
 
𝐸𝐸𝑎𝑎𝑐𝑐𝑓𝑓 = �𝐸𝐸𝑎𝑎𝑑𝑑𝑛𝑛𝑑𝑑 𝑖𝑖𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑎𝑎𝑑𝑑𝑛𝑛𝑑𝑑� + �𝐸𝐸𝑛𝑛𝑎𝑎𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐 𝑖𝑖𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −
𝐸𝐸𝑛𝑛𝑎𝑎𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐�       (5) 
 
where Enanotube in complex, Edrug in complex are the energies of nanotube 
and drug with their geometries in the complex, respectively.  

The thermodynamical parameters were also investigated 
such as changes of Gibbs free energy (ΔG), entropy (ΔS), and 
enthalpy (ΔH), to check the structural stability [30] by using the 
Equations (6-8) [34]. 
 
∆𝐺𝐺 = 𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐺𝐺𝑛𝑛𝑎𝑎𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐 − 𝐺𝐺𝑎𝑎𝑑𝑑𝑛𝑛𝑑𝑑   (6) 
 
∆𝐻𝐻 = 𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐻𝐻𝑛𝑛𝑎𝑎𝑛𝑛𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐 − 𝐻𝐻𝑎𝑎𝑑𝑑𝑛𝑛𝑑𝑑   (7) 
 
∆𝑆𝑆 = ∆𝐻𝐻−∆𝐺𝐺

𝑇𝑇
     (8) 
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Figure 1. Optimized geometries, HOMO, LUMO of the BMSF-BENZ drug, Al-CNT. 
 
where Gcomplex and Hcomplex are the Gibbs free energy and the 
enthalpy of drug adsorbed upon nanotubes, Gnano and Hnano are 
the Gibbs free energy and enthalpy of the nanotubes and Gdrug 
and Hdrug are the Gibbs free energy and enthalpy of the drug 
respectively. T is the room temperature equal to 298.15 K. 

Quantum Theory of Atoms in Molecules (QTAIM) analysis 
based on Bader’s [35] has evaluated by MULTIWFN program 
[36] in order to understand the nature of interactions between 
drug molecule and Al-CNT material. Density of States (DOS) 
analysis has also been obtained by MULTIWFN 3.7 program 
[37]. Recovery time has studied to predict the desorption 
process of the drug molecule from Al-CNT surfaces when the 
adsorbents in the gas phase. 
 
3. Results and discussions  
 
3.1. Optimized geometry of the adsorbents 
 

An adsorbent nanotube of zigzag Al-doped SWCNT (n,0) 
was considered for the BMSF-BENZ drug as an osteoporosis 
disease drug delivery vehicle. Initially, the nanotube and BMSF-
BENZ molecule were optimized using DFT calculation in a gas 
media. The optimized geometries of adsorbent Al-CNT and drug 
molecules with their corresponding HOMO, LUMO are shown in 
Figure 1. 

The vibrational modes for the new complexes and the 
original compounds were investigated to verify the structural 
stability in the presence of IR. All compounds give vibrational 
modes in a positive frequency range of 9.49, 9.58, 9.53, 4.65, 
5.03, 2.87, 7.97 cm-1 as a minimum value, and 3248.12, 3248.10, 
3244.93, 3243.82, 3245.85, 3222.02, 3224.24 cm-1 as a maxi-
mum value for the active atom binding Br, N8, N9, N58, O35, O41, 
and S with Al-CNT nanotube. Furthermore, the HOMO and 
LUMO energies were also calculated to find the energy gap of 
nanotubes. HOMO levels are located on C-C bonds throughout 
one side of the nanotube, whereas LUMO levels were located on 
the C-C bonds opposite side of the nanotube. The predicted 
energy gap of Al-CNT 1.76, 1.73, 1.75, 1.52, 1.76, 1.75 and 1.74 
eV for all locations, respectively. 
 
3.2. BMSF-BENZ adsorption on Al-CNT nanotube 
 

To find suitable adsorbents for BMSF-BENZ, we have tried 
to investigate different properties such as geometric, electronic, 
and adsorption properties, etc., of BMSF-BENZ/Al-CNT 
complexes. Initially, the BMSF-BENZ was adsorbed on different 
adsorption sites of the Al-CNT nanotube and found the 
preferable adsorption site at the Al atom where the Br, N8, N9, 
N58, O35, O41, and S atoms of the BMSF-BENZ get close to the 
surface of the Al-CNT nanotube. In the case of the BMSF-BENZ 
adsorbed complex, the geometry of the Al-CNT remains 

unchanged, and bond lengths of C-C varied about ~0.03 Å at the 
nearby adsorption site. It claims that there is an interaction 
between BMSF-BENZ and Al-CNT nanotubes, and it was 
confirmed by adsorption energy and changes in electronic 
properties analysis. BMSF-BENZ drug molecule was adsorbed 
on the Al-CNT nanotube with adsorption energy about -22.09, -
38.68, -12.89, -31.01, -27.31, -21.90 and -21.42 kcal/mol at a 
minimum distance of about 2.54, 2.01, 2.17, 2.03, 1.95, 1.96 and 
2.48 Å at the B3LYP method as shown in Table 1. In order to 
analyze the adsorption and desorption process together, the 
charging Q (e) values of Al-CNT by adsorption process and the 
recovery time were obtained in vacuum UV light conditions 
with frequency 3×1016 s-1 at room temperature for the different 
complexes in the gas phase have given in Table 1. 

In order to understand the nature of the interactions of 
BMSF-BENZ drug on Al-CNTs, Topology Analysis based on 
Bader’s quantum theory of atoms in molecules method has been 
employed with the MULTIWFN program [36]. It has applied the 
N58/Al-CNT complexes with the negative adsorption energy and 
extended recovery time values given in Table 1. The nature of 
intermolecular interactions between the drug and Al-CNT is 
determined by topology parameters which are calculated in 
terms of electron density at critical bond points (BCPs) using 
QTAIM analysis and given in Table 2.  The N58/Al-CNT complex 
was selected as a good sample to demonstrate that it has 
reasonably strong interactions causing the highest percentage 
variation of band gap given in Table 3.     

In QTAIM analysis, mostly, the electron density of ρ(r) and 
Laplacian ∇2ρ(r) characteristics are widely used to understand 
the bonding interactions nature. However, the total energy 
density of H(r) and the ratio of |V(r)|⁄(G(r)) are more 
remarkable parameters on bonding characteristics. It has been 
noted that for weak and medium-strength hydrogen bonding 
and Van der Waals interactions due to ∇2ρ(r) > 0, H(r) > 0, 
|V(r)|⁄(G(r) < 1. The strong hydrogen bonds as the 
intermediate type of interaction related to ∇2ρ(r) > 0, H(r) < 0, 
(1 < |V(r)|)⁄(G(r) < 2. The covalent bonding characteristics 
correspond to ∇2ρ(r) < 0, H(r) < 0, |V(r)|⁄(G(r) > 2. 

The calculated QTAIM parameters for the complex 
structure of N58/Al-CNT are illustrated in Table 2, and the 
interaction between the drug and Al-CNT is also shown in 
Figure 2. The computed molecular topographical map of the 
BMSF-N58/Al-CNT complex with critical points and atom labels 
is also illustrated in Figure 2. From the computation results 
given in Table 2, there are four typical interactions between the 
drug and Al-CNT. The interaction of N41 and Al26 atoms can be 
classified as intermediate interaction as the semi-covalent 
character due to ∇2ρ(r) > 0, H(r) < 0, (1<|V(r)|)⁄(G(r) < 2 rule. 
The other three QTAIM parameters correspond to weak 
hydrogen bonding interactions because the topology 
parameters reveal only the electrostatic nature of those bonds. 
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Table 1. The adsorption energy (Eads) for B3LYP functional in kcal/mol, the minimum distance between BMSF-BENZ molecule, and adsorbents (d) in Å, Bond 
length between active atoms of the nanotubes after adsorption of BMSF-BENZ drug for the different complex in gas phase, the QAl-CNT denotes the charge values 
of Al-CNT in e and recovery time (τ) in sec. 
Structure d Eads Bond location Bond length after adsorption Q Al-CNT (e) τ (sec) 
BMSF-BENZ - - - -  - 
Al-CNT - - - -  - 
Br/Al-CNT 2.54 -22.09 Al-C1 1.92 -0.2804 0.537 

Al-C2 1.94 
Al-C3 1.94 

N8/Al-CNT 2.01 -38.68 Al-C1 1.94 -0.3382 1.77×1012 

Al-C2 1.97 
Al-C3 1.98 

N9/Al-CNT 2.17 -12.89 Al-C1 1.92 -0.1734 9.92×10-8 
Al-C2 1.95 
Al-C3 1.96 

N58/Al-CNT 2.03 -31.01 Al-C1 1.93 -0.2566 6.71×106 
Al-C2 1.97 
Al-C3 1.96 

O35/Al-CNT 1.95 -27.31 Al-C1 1.93 -0.2113 1.75×104 
Al-C2 1.95 
Al-C3 1.95 

O41/Al-CNT 1.96 -21.90 Al-C1 1.92 -0.1999 6.94×101 
Al-C2 1.95 
Al-C3 1.95 

S/Al-CNT 2.48 -21.42 Al-C1 1.93 -0.2971 3.05×10-1 

Al-C2 1.96 
Al-C3 1.95 

 
Table 2. The QTAIM parameters of the selected N58/Al-CNT complex at the BCPs. Electron density (𝜌𝜌(𝑟𝑟)), Laplacian of electron density (∇2𝜌𝜌(𝑟𝑟)) , the kinetic 
electron density (G(r)), potential electron density (V(r)), total electron energy density (H(r)), the ratio |𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵|/𝐺𝐺𝐵𝐵𝐵𝐵𝐵𝐵 . 
Structure BCP Drug/Al-CNT 𝝆𝝆𝑩𝑩𝑩𝑩𝑩𝑩 𝛁𝛁𝟐𝟐𝝆𝝆𝑩𝑩𝑩𝑩𝑩𝑩 𝑮𝑮𝑩𝑩𝑩𝑩𝑩𝑩 𝑽𝑽𝑩𝑩𝑩𝑩𝑩𝑩 𝑯𝑯𝑩𝑩𝑩𝑩𝑩𝑩 |𝑽𝑽𝑩𝑩𝑩𝑩𝑩𝑩|/𝑮𝑮𝑩𝑩𝑩𝑩𝑩𝑩 
N58/Al-CNT N41-Al26 0.0527998 0.2739379 0.0688833 -0.0692820 -0.398775×10-3 1.0057880 

H57-C17 0.0081556 0.0245705 0.0049469 -0.0037512 0.0011957 0.7582931 
H74-C25 0.0019901 0.0049537 0.9144×10-3 -0.5904×10-3 0.324009×10-3 0.6456693 
H93-H39 0.8760×10-6 0.950×10-5 0.1389×10-5 -0.4039×10-6 0.985723×10-6 0.2907847 

 

 

Figure 2. The computed molecular topographical map of BMSF-N58/Al-CNT complex with all critical points. Atomic and bond critical points are presented by 
atom labels and orange spheres, respectively. The cage and ring critical points due to green and yellow circles. The lines are bond paths. 

 
The quantum descriptors of BMSF-BENZ /Al-CNT complex 

structures denoted by Equations (1-4) are calculated and given 
in Table 3. In the BMSF-BENZ/Al-CNT structure, the electronic 
parameters such as EHOMO, ELUMO, Eg, and Fermi level energies 
have a noticeable change. The values of EHOMO and ELUMO of Al-
CNT nanotubes before the adsorption of molecules are -4.63 
and -2.88 eV, and after adsorption of BMSF-BENZ drug are 
mentioned in Table 3. The sensors are related to the variation 

of their electrical conductance after drug adsorption due to the 
electron exchange between the drug and sensor. On this line, 
the CNT sensitivity to the drug is based on the changing of 
HOMO and LUMO energies with ΔEg. 

In order to understand the sensing mechanism of the Al-
CNT to drug, the percentage variation of % ∆𝐸𝐸𝑑𝑑 gap during the 
adsorption process is taken into account by the following 
equation: 
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Table 3. Calculated HOMO energy (EHOMO), LUMO energy (ELUMO), HOMO-LUMO energy gap (Eg), Fermi level energy (Ef), and Ø of the studied complexes. All data 
are in the unit of eV. 
Structure EHOMO ELUMO Eg %ΔEg Ef Ø %ΔΦ 
Benzimidazole -5.40 -0.88 4.52 - -3.14 3.14 - 
Al-CNT -4.63 -2.88 1.74 - -3.76 3.76 - 
Br/Al-CNT -4.28 -2.52 1.76 1.29 -3.40 3.40 -9.47 
N8/Al-CNT -3.59 -1.85 1.73 -0.14 -2.72 2.72 -13.29 
N9/Al-CNT -4.08 -2.32 1.75 0.96 -3.20 3.20 17.38 
N58/Al-CNT -3.97 -2.45 1.52 -12.31 -3.21 3.21 0.41 
O35/Al-CNT -4.23 -2.47 1.76 1.29 -3.35 3.35 4.31 
O41/Al-CNT -4.07 -2.32 1.75 0.95 -3.19 3.19 -4.59 
S/Al-CNT -3.94 -2.20 1.74 0.17 -3.07 3.07 -3.87 

 

 
 

Figure 3. Energy gap between HOMO and LUMO for BMSF-BENZ drug, Al-CNT nanotube, with all investigated locations regarding to the position of the nanotube 
on the drug. 
 
%∆𝐸𝐸𝑑𝑑 = 100𝑥𝑥(∆𝐸𝐸𝑑𝑑2 − ∆𝐸𝐸𝑑𝑑1)/∆𝐸𝐸𝑑𝑑1    (9) 
 
where ∆𝐸𝐸𝑑𝑑1 and ∆𝐸𝐸𝑑𝑑2 are the ∆𝐸𝐸𝑑𝑑values of CNT and complex 
structure, respectively. The percentage change values, of % ∆𝐸𝐸𝑑𝑑 
for each structure are given in Table 3.  

The corresponding frontier molecular orbital map is shown 
in Figure 3, and The Frontier molecular orbital (HOMO and 
LUMO) of all investigated complexes is shown in Figures 4 and 
5. Thus, the BMSF-BENZ drug molecule was significantly 
affecting the HOMO energy level and LUMO energy level as 
shown in Table 3.  

As reported energies of EHOMO and ELUMO and energy gap (Eg) 
in Table 3, some electronic properties of Al-CNT are affected 
weakly by the adsorption of the BMSF-BENZ drug. The 
decreasing order of percentage change values are obtained for 
the interactions of N8 and N58 atoms of the BMSF-BENZ drug 
with Al-CNT as -0.14%, -12.31%, but for other atoms of Br, N9, 
O35, O41, and S are about 1.29, 0.96, 1,29, 0.95, and 0.17% by 
increasing, respectively. 

It is known that the lower Eg values indicate higher 
electrical conductivity, reactivity, and sensitivity. Therefore, 
decreasing the Eg through adsorption of the BMSF-BENZ drug 
molecule indicates that the Al-CNT can detect the drug. Thus, 
among all studied geometries of complex structures, the highest 
variation value of %∆Eg has been obtained by the N58 atom of 
the BMSF-BENZ interacts with Al-CNT nanotube. 

According to the values of percentage variation of the work 
function of %Φ, the structure corresponding to N9/Al-CNT has 
the highest value of 17.38% by increasing the conduction 
electrons. That complex structure can be used as a work 
function type sensor because of the short recovery time of 
9.92×10-8 sec given in Table 1. The Br/Al-CNT complex 
structure has the decreasing percentage variation value of 
9.47% in the work function. The Br/Al-CNT complex structure 
may candidate as a work function sensor too with the 
reasonable recovery time of 0.537 sec.  The increasing variation 
of the work function for O35/Al-CNT complex structure is about 

4.31%. However, it has long recovery time of 17500sec. The 
O41/Al-CNT and S/Al-CNT complex structures have the 
percentage variation values of 4.59 and 3.87% by decreasing 
the work function, respectively. Those complex structures are 
considered as work function type sensors with short recovery 
time values of 0.694 sec and 0.305 sec for O41/Al-CNT and S/Al-
CNT, respectively.  

The density of states (DOS) diagram of the complex 
structure of N58 atom of the BMSF-BENZ interacting with Al-
CNT was selected to plot in Figure 6 because of the significant 
% ∆𝐸𝐸𝑑𝑑 values given in Table 3, each was also calculated in order 
to better understand the stability of the system. The change in 
Eg by DOS analysis can be confirmed as shown in Figure 6 by 
MULTIWFN program [37]. 

It is clear in Figure 6 that the bandgap of the complex is 
getting narrow concerning the Eg of Al-CNT. An important 
parameter used for gas sensors and drug delivery systems is the 
recovery time or the desorption time, which predicts the 
amount of time required to desorb the drug from the 
adsorbents. This parameter is exponentially related to the 
adsorption energy, and high adsorption interaction needs a 
high desorption time, and low interaction requires a low 
desorption time. The recovery time is calculated by the 
Equation (10) [38]. 
 
𝜏𝜏 = 1

𝜗𝜗
𝐸𝐸𝑥𝑥𝐸𝐸(−𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴

𝐾𝐾𝑇𝑇
)                       (10) 

 
where temperature and the attempt frequency are defined by T 
in K and ϑ, respectively. K is Boltzmann’s constant  
(~2×10-3 Kcal/mol.K). 

As the BMSF-BENZ molecule seems to be adsorbed on the 
Al-CNT nanotube with maximum adsorption energy, a different 
recovery time (Table 1) was obtained in vacuum UV- light 
conditions with frequencies of 3×1016 sec-1 at room 
temperature. When the adsorption energy is more than 1 eV 
(23.061 kcal/mol)  (in magnitude),  a  strong  chemical  interac- 
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Figure 4. The Frontier molecular orbital (HOMO and LUMO) of Br/Al-CNT, N8/Al-CNT, N9/Al-CNT, N58/Al-CNT and O35/Al-CNT. The considered iso value is 0.02 
electron/bohr3. 
 
tion between adsorbate and adsorbent is considered to occur, 
and the adsorption process is then levelled as chemisorption. 
Therefore, the more negative the adsorption energy, the more 
strongly the system is connected, representing a higher stable 
system. Therefore, for drug delivery and drug sensor devices, 

the adsorption process between drug molecules and 
adsorbents is expected to negatively value adsorption energy. 
In drug delivery systems, the adsorbent must have a strong 
interaction with the drug. However, for drug sensor devices, 
there should be a lower energy interaction [39].  
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Figure 5. The Frontier molecular orbital (HOMO and LUMO) of O41/Al-CNT and S/Al-CNT. The considered iso value is 0.02 electron/bohr3. 

 

 
 

Figure 6. TDOS and PDOS plots for complex structure of N58-BMSF-BENZ /Al-CNT. The dashed line shows the HOMO energy level. 
 

On this line, the adsorption process for Br/Al-CNT, O41/Al-
CNT and S/Al-CNT complexes are physisorption with the lower 
Eads energy values of -0.958, -0.949, -0.929 eV than 1 eV, 
respectively. By combining the corresponding recovery time 
values of those complexes in Table 1 with the percentage 
variation of work function given in Table 3, it has been 
evaluated that those complexes can be used as an ampermetric 
drug sensor applications of BMSF-BENZ drug molecule on Al-
CNT nanotube.  

Despite this most stable and sensible interaction, the N9 
atom of the BMSF-BENZ molecule and Al-CNT nanotube suffer 
from a considerable short recovery time. However, the strong 
interactions with considerable negative adsorption energies for 
the complex structures of N8/Al-CNT, N58/Al-CNT and O35/Al-
CNT have obtained as -1.677, -1.345 and -1.184 eV. Those 
values indicate that the adsorption process of N8/Al-CNT, 
N58/Al-CNT and O35/Al-CNT complexes are in chemisorption 
nature with the desorption time values of 1.77×1012, 6.71×106 
and 1.75×104 sec, respectively. Among them, the complex of 

O35/Al-CNT can be extended as drug delivery system with 
reasonable recovery time of 12 days.  

The adsorbate-adsorbent distance with the adsorption 
energy and a reasonable amount of charge transfer from the  
BMSF-BENZ molecule to the nanotube demonstrates that 
combining the drug with the complex is possible in all locations 
of the active atoms of the BMSF-BENZ molecule. The charge 
transfer from BMSF-BENZ molecule to the Al-CNT nanotube for  
Br, N8, N9, N58, O35, O41, S atoms of BMSF-BENZ molecule are 
0.2804, 0.3382, 0.1734, 0.2537, 0.2113, 0.1999, 0.2971 e-, 
respectively, indicates the most significant charge transfer 
occurs from N8 atom belonging to BMSF-BENZ molecule to the 
Al-CNT nanotube. 

To understand the thermodynamic stability of the comp-
lexes, we also investigated the thermodynamic parameters such 
as the change in enthalpy (ΔH), Gibbs free energy (ΔG), and 
entropy (ΔS) by using Equations (6-8), and the values are 
mentioned in Table 4.  
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Table 4. The change of Gibbs free energy (ΔG) in kcal/mol, change of enthalpy (ΔH) in kcal/mol, and change of entropy (ΔS) in kcal/mol.K, minimum and 
maximum frequency in cm-1 for the different complexes in gas phase. 
No Structure ∆G ∆H ∆S vmin vmax 
1 Br/Al-CNT -11.00 -22.71 -0.03 9.49 3248.12 
2 N8/Al-CNT -34.06 -48.30 -0.04 9.58 3248.10 
3 N9/Al-CNT -9.44 -23.28 -0.04 9.53 3244.93 
4 N58/Al-CNT -29.65 -41.78 -0.04 4.65 3243.82 
5 O35/Al-CNT -21.20 -32.61 -0.03 5.03 3245.85 
6 O41/Al-CNT -17.66 -30.02 -0.04 2.87 3222.02 
7 S/Al-CNT -12.32 -25.93 -0.04 7.97 3224.24 
 

The positive values of ΔH and ΔG represent that the reaction 
process is endothermic and non-spontaneous. In contrast, the 
negative values of ΔH and ΔG indicate the reaction is an 
exothermic and spontaneous process [40]. 

The obtained data of ΔH and ΔG were negative values in all 
investigated complexes, i.e., these complexes are thermo-
dynamically stable, and the more negative value of ΔS means 
the more ordered complex. Therefore, the thermodynamic 
parameters predict that the investigated complexes are more 
favorable and thermodynamic stable for BMSF-BENZ drug 
delivery. 
 
4. Conclusions 
 

To find a suitable delivery method for the BMSF-BENZ drug, 
we have investigated the adsorption behavior of the BMSF 
BENZ drug on the surface of Al-CNT by using DFT calculation. It 
has been observed that the BMSF-BENZ molecule was adsorbed 
on the nanostructures with different adsorption energy 
depending on the location of the nanotube to the active atoms 
of the drug. The HOMO energy, LUMO energy, HOMO-LUMO 
energy gap, and Fermi level energies were after adsorption of 
the BMSF-BENZ drug on the nanoparticles’ nanoparticles 
adsorbing BMSF-BENZ on the Al-CNT nanotube. The BMSF-
BENZ drug was adsorbed on the Al-CNT nanotube with an 
adsorption energy of -22.09, -38.68, -12.89, -31.01, -27.31,              
-21.90, and -21.42 kcal/mol in the gas phase at the B3LYP 
method, which is more favorable for the drug delivery system 
and work function type sensor applications. Br/Al-CNT, O41/Al-
CNT and S/Al-CNT complexes are physisorption nature to be 
used work function type drug sensor, while O35/Al-CNT can be 
extended as drug delivery system. Furthermore, the Gibbs free 
energy demonstrates that BMSF-BENZ /Al-CNT configuration 
shows spontaneous and favorable adsorption energy. 
Therefore, we could suggest that the Al-CNT nanotube would be 
a promising drug delivery vehicle for BMSF-BENZ drug 
molecules. QTIAM analysis was carried out for N58/Al-CNT 
complex and found that The interaction of N41 and Al26 atoms 
can be classified as intermediate interaction as the semi-
covalent character due to ∇2ρ(r) > 0, H(r) < 0, (1 < |V(r)|)⁄(G(r 
< 2) the rule and this is most stable and sensible for the 
interaction N8 atom of BMSF-BENZ molecule, but Al-CNT 
nanotube suffers from a considerable recovery time.  
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