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Abstract  

The aim of this study is to investigate the potential and capability of Al-CNT, Si-CNT, and SiC-
NT to detect and adsorb Hydroxychloroquine (C18H26ClN3O) molecular. 
For this purpose, we considered different configurations for adsorbing Hydroxychloroquine drug 
on the surface of Al-CNT, Si-CNT, and SiC-NT nanocluster. 
All considered configurations are optimized using DFT theory at the 6-31G** basis set and M062x 
level of theory, and then from optimized structures, for each nanoparticle, we selected four stable 
models for the adsorption of Hydroxychloroquine from (O, N, N, and Cl) sites on the surface the 
selected nanoparticles. 
The calculated results indicate that the distance between nanocluster and drug from N site is lower 
than from all other locations sites for all investigated nanoparticles, and adsorption of 
Hydroxychloroquine from N site is more favorable especially for the Al-CNT nanotube. 
The adsorption energy, hardness, softness, and fermi energy results reveal that the interaction of 
Hydroxychloroquine with Al-CNT is stronger than Si-CNT, and SiC-NT. 
The results clarify that SiC-NT and Si-CNT are not suitable for Hydroxychloroquine drug 
adsorption because of the low values of Eads, but Al-CNT is an encouraging adsorbent for this 
drug as Eads of Hydroxychloroquine/Al-CNT complexes are (-45.07, -15.78, -45.15, -93.53) 
kcal/mol in the gas phase, and (-43.02, -14.43, -43.86, -88.97) kcal/mol for aqueous solution. The 
energy gap of the Hydroxychloroquine/Al-CNT system is in the range of 2.32 to 3.84 eV.  which 
is in the range of Al-CNT (2.68).  
Besides, the HOMO-LUMO orbitals and electrostatic potential (ESP) plots results show that the 
maximum positive charge is located around the nanocluster surface and the most negative charge 
is located around the adsorption position and Hydroxychloroquine drug surface. 
As well, the appropriate and spontaneous interaction between Hydroxychloroquine drug and all 
nanoparticles was confirmed by investigating the quantum chemical molecular descriptors and 
solvation Gibbs free energies of all atoms. 
Al-CNT can be used as an amperometric sensor to detect the Hydroxychloroquine drug molecule. 
Thus, we propose that the Al-CNT can be a promising candidate as a drug delivery vehicle for 
Hydroxychloroquine drug molecules. 
 
Keywords: COVID-19; Hydroxychloroquine; Drug adsorption; Nanoparticles; Density functional 

theory; Thermodynamic properties; 
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1. Introduction  

In 1955 a drug titled Hydroxychloroquine with the chemical formula (C18H26ClN3O) and the 
chemical structure (2- [4-[(7-chloroquinolin-4-yl) amino]pentyl-ethylamino] ethanol, was 
submitted to the World Medicines Committee, and soon this became The drug is preferred due to 
its excellent safety profile [1], its direct interaction with the DNA of viruses and Plasmodium 
parasites, and the inhibition of heme polymerization. 
These were the main reasons why this drug has been known so quickly [2, 3].  
Also, the immunomodulating activity of hydroxychloroquine is associated with a wide series of 
immune-regulating communities that have been widely discussed in related previous works [4-6]. 
Many scientific works and research have been carried out to use computational methods to screen 
molecules to find inhibitors against SARS-CoV-2 main protease [7]. In the same vein, the present 
work reports the engineering optimization of hydroxychloroquine using the theoretical plane. 
Then, its interaction and behavior were predicted at the same level of theory using frontier 
molecular orbitals, as well as the interaction of the drug compound with different groups of 
nanotubes. This analysis allows us to find the most reactive links against the COVID-19 virus and 
to find a new compound that matches the required drug delivery speed. 
Moreover, the locations of the nucleophilic and electrophilic regions of chloroquine derivatives 
can be clearly predicted by the different colors detected on the particular molecular electrostatic 
potential surfaces. All of these calculations can help a lot in the biological part since the use of 
optimized ligand structures is more accurate in molecular calculations, making the software more 
reliable to use in structure-based drug design. 
With the rapid development of nanoscience, various types of nanostructures such as nanotubes, 
nanoplates, nanocones, and nanoforms have been greatly investigated as potential candidates in 
various fields such as drug delivery compounds [8-12], and it has been found that nanotubes and 
the nanocages are the most Preferred candidates for drug carriers due to their high sensitivity to 
drug particles, fewer side effects, hydrophobic properties, and unique spherical shape, etc.[13-16]. 
Lately, the interactions between nanotubes and ligands became an important issue, and they can 
be used together as drug delivery agents as well as sensors [17-18]. Zigzag type (n,0) nanotubes 
can be preferred for drug delivery studies because of their unique properties. 
The binding energy values of the studied Si and Al bonds suggested that doping of nanotubes 
enhances the reaction mechanism and modifies the structural, chemical, and electronic properties 
of the new complexes [19-20]. As during the doping of Al and Si, fullerenes interact with the bonds 
and the stability of the new complexes will increase, putting the binding energy in the 
chemiluminescence range [21]. 
The promising issue for using SiC nanotubes is that they have a high reactivity property than other 
carbon nanotubes (CNT) that comes because of their high polarity [22, 24]. These individual 
effects of the SiC nano-tube were the crucial advantages for their applications on the basics of 
fabrication of chemical adsorbents, and electronic nanodevices [25-26]. 
Hard and Soft Acids and Bases theory are widely used in chemistry to explain the stability of 
compounds, reaction mechanisms, and pathways, and the terms hard or soft, and acid or base are 
used for chemical species where the term hard applies to small, with High charge states, weakly 
polarizable [27]. 
This theory is used in contexts where qualitative, rather than quantitative, description helps in 
understanding the dominant factors that drive chemical properties and reactions, as many 
experiments have been performed to determine the relative order of transition metal bonds and 
ions in terms of their hardness and softness [28]. 
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Also, Fermi energy is a concept in quantum mechanics that usually refers to the energy difference 
between the highest and lowest states of a single particle occupied in a quantum system of un 
interacted fermions at absolute zero temperature [29]. 
Models of nanoparticles (CNT) with relatively small sizes compared to the size of the drug 
compound were used in this study to investigate the possibility of binding more than one 
nanoparticle to the drug compound at the same time in order to obtain the best-desired results in 
terms of optimal drug delivery and reducing the toxicity rate to the lowest levels. 
The main aim of this study is to investigate the adsorption properties of Hydroxychloroquine drugs 
on the surface of zigzag (6,0) nanotubes as a test case Al-CNT, Si-CNT, and silicon-carbide 
nanotube (SiC-NT) to be used as a suitable delivery vehicle for this drug.  
In this investigation, the evaluation has been done among many structural and electronic properties 
before and after the adsorption of Hydroxychloroquine drugs on these selected zigzag nanotubes. 
Besides, recovery time was also explored to prophesy the nature of interactions between the drug 
molecule and the adsorbents in both gas and water phases. 
 
2. Computational methods 

The simulations were executed using the density functional theory (DFT) depending on 6-31G** 
basis set[30] which was performed in Gaussian 09 software package [31]. The 6-31G** levels 
basis set depending on M062X procedure were chosen according to its accuracy in electronic and 
structural properties especially for nanomaterials [32,33]. The vibrational frequencies were also 
analyzed to inspect the true global lowest level of the predicted Al-CNT, Si-CNT, and (SiC-NT).   
Then, the Hydroxychloroquine drug was adsorbed on these three nanoparticles and the chemical 
properties including charge transfer analysis, adsorption energies, dipole moment, energy gap, and 
recovery time were calculated to estimate the interaction between the drug molecule to 
nanoparticles.  
To prophesy the chemical structural stability of the adsorbents and the adsorption energy was 
calculated using the equations below: [34,36]. One of the quantum chemical descriptors of 
hardness (η) is defined as the half of the energy gap between highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) that:  
𝜂 ≅ #

$
	(𝐸()*+ − 𝐸-+*+) ≅

#

$
	(𝐼 − 𝐴)                                                                    (1) 

A and I are known as the affinity of electrons and the ionization potential of the compounds. 
Softness (S) can be calculated from hardness (η) and hard soft acid-base (HSAB) principle is: 
𝑆 = #

3
                                                                                                                       (2) 

Electronegativity was calculated from EHOMO, ELUMO by executing the Equation: 
χ = − #

$
	(𝐸-+*+ +𝐸()*+)                                                                                     (3) 

To calculate the effect of Hydroxychloroquine on the energies of Fermi levels and the work 
functions of the nanotube, Fermi levels energy were calculated by using the equation from 
electronegativity, Fermi energy can be estimated that Ef = -χ 
𝐸6 = 𝐸7898 +

(:;<=>?:@>=>)

$
                                                                                 (4) 

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:  
𝐸ABC = 𝐸DEFGHIJ − K𝐸LALEMNOI +𝐸BPNQR                                                                 (5) 

where   Ecomplex, Enanotube   and Edrug donate the energy of complex composed with nanotube –drug 
and isolated energies of nanotube and drug, respectively. The Eads energy was determined from the 
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summation of interaction energy (Eint) and deformation energies (Edef) of drug (Edef-drug) and 
nanotubes (Edef- nanotube) during the adsorption process. 
𝐸SLM = 𝐸DEFGHIJ − K𝐸LALEMNOI	SL	DEFGHIJ + 𝐸BPNQ	SL	DEFGHIJR                                    (6) 
𝐸BI6 = K𝐸BPNQ	SL	DEFGHIJ −𝐸BPNQR + K𝐸LALEMNO	SL	DEFGHIJ −𝐸LALEMNOIR                 (7) 

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 like entropy (ΔS), the change of Gibbs 
free energy (ΔG), and enthalpy (ΔH), to examine the structural stability by the following equations 
was used [37]: 
∆𝐺 = 𝐺DEFGHIJ −𝐺LALEMNOI − 𝐺BPNQ                                                                              (8) 
∆𝐻 = 𝐻DEFGHIJ − 𝐻LALEMNOI −𝐻BPNQ                                                                             (9) 
 

∆𝑆 = ∆-?∆W

X
                                                                                                                     (10) 

where Hcomplex and  Gcomplex are enthalpy and gibbs free energy of drug adsorbed onto nanotubes, 
Gnano and Hnano are the Gibbs free energy and enthalpy of the nanotubes and Hdrug and Gdrug are the 
enthalpy and gibbs free energy of the drug respectively, T is the room temperature which is equal 
to 298.15 K. 
 
3. Results and discussions  

Three nanotubes, (Al-CNT, Si-CNT, and silicon carbide (SiC-NT)) were considered for 
(C18H26ClN3O) COVID-19 as drug delivery vehicles. 
At first, the nanotubes and (Hydroxychloroquine) molecule were formed using DFT calculations 
in the gas phase. Figure 1 shows the formed geometries of the investigated nanotubes and drug 
molecules with their resultant HOMO, LUMO, and figure 2 illustrate the MEP for the investigated 
drug complex with the nanoparticles before binding. 
 
Compound Optimized Geometry HOMO LUMO 

Drug complex 

   

Al-CNT 
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Si-CNT 

   

SiC-NT 

   
Figure1. Formed structures, HOMO, LUMO for Hydroxychloroquine, Al-CNT, Si-CNT, and SiC-NT.  

 
 

Compound Optimized Geometry MEP 

Drug complex 

  

Al-CNT 

  

Si-CNT 
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SiC-NT 

  
Figure2 Molecular electrostatic potential (MEP) map for Hydroxychloroquine, Al-CNT, Si-CNT, and SiC-NT. The 
red to blue (-0.01 a.u. to 0.01 a.u.) color scheme for MEP surface describes the electron (rich/ insufficient) region of 

the structure's surface respectively. 

 
The vibrational modes of the nano-structures and the drug molecule were examined to verify the 
stability of the structure in the existence of IR. All of the nanotubes vibrational modes had in a 
positive frequency range of (99.08 to 3216.86) cm-1 for Al-CNT and in the range of (128.48 to 
3210.06) cm-1 for Si-CNT, and (57.05 to 3167.20) cm-1 for SiC-NT. 
Furthermore, the HOMO and LUMO energies were also investigated to calculate the energy gap 
of the nanotubes. For Al-CNT, the HOMO levels were existed on C–C bonds over one side of the 
nanotube, whereas LUMO levels exist on the C–C bonds opposite side of the nanotube. In the case 
of the Si-CNT, HOMO levels were also located on one side of the nanotube, while LUMO levels 
were located on almost the entire nanotube. Finally, for the SiC-NT, HOMO levels were found on 
the entire nanotube, but LUMO was located on one side of the nanotube. The predicted energy gap 
of Al-CNT, Si-CNT, and SiC-NT are (2.68, 2.64, and 2.46) eV to understand the reactive location 
of the Hydroxychloroquine molecule with the adsorbents. 
 
3.1. Hydroxychloroquine adsorption on Al-CNT  

To find appropriate adsorbents for Hydroxychloroquine drug, different chemical properties were 
investigated like electronic, adsorption properties and the geometric properties, etc. of 
Hydroxychloroquine/Al-CNT complexes. 
Initially, the Hydroxychloroquine drug molecule was adsorbed on different locations of the Al-
CNT with the best adsorption in junction of aluminum atom to O, N, and Cl atoms of the 
Hydroxychloroquine molecule. 
Regarding to Hydroxychloroquine adsorbed complex, the geometric shape of the Al-CNT remains 
steady and the bond lengths of C–C had a slight change approximately ~ 0.035 Å at the close 
adsorption site leading to a chemical interaction between Hydroxychloroquine and Al-CNT with 
a confirmation of  the adsorption energy and a change in electronic properties analysis. 
Hydroxychloroquine drug molecule was adsorbed on the Al-CNT with adsorption energy values 
(-45.98, -15.78, -45.15, and -93.53) kcal/mol at the minimum distance of 2.4 Å at the 6-31G** 
level of theory as mentioned in Table1. 
 

Table 1. In gas phase, the adsorption energy (Eads) for the new complexes (kcal/mol), (d) is the minimum distance 
(Å) between the Hydroxychloroquine molecule, and the adsorbents, dipole moment DM (Debye), and the recovery 
time τ (in seconds). The recovery time was calculated in UV light under vacuumed conditions using a frequency of  

3×1016 sec-1. at room temperature. 

structure distance (d) 
dipole moment 

(DM) 
recovery time (τ) 

in seconds 
adsorption energy 

(Eads) 
Hydroxy/Al(O) 1.90 19.04 2.93*1016 -45.07 
Hydroxy/Al(Cl) 2.45 10.88 1.19*10-5 -15.78 
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Hydroxy/Al(N) 2.06 12.83 3.75*1016 -45.15 
Hydroxy/Al(N) 1.84 12.49 9.72*1019 -93.53 
Hydroxy/Si(O) 1.92 30.36 4.38 -23.38 
Hydroxy/Si(Cl) 4.21 8.15 8.07*10-7 -14.18 
Hydroxy/Si(N) 2.04 17.99 24.9 -24.41 
Hydroxy/Si(N) 2.04 18.15 1.59*10-5 -15.95 

Hydroxy/SiC(O) 1.95 17.96 4.44*103 -27.49 
Hydroxy/SiC(Cl) 2.35 60.81 7.33*1018 -48.28 
Hydroxy/SiC(N) 2.15 68.26 1.52 -22.75 
Hydroxy/SiC(N) 2.37 87.34 2.06*10-4 -17.47 

 
In the case of the Hydroxychloroquine /Al-CNT structure, the electronic parameters like EHOMO, 
ELUMO, Eg, and Fermi level energies have a noticeable change.  
The values of EHOMO and ELUMO of Al-CNT before the adsorption of molecules were  
(-4.83 and -2.15) eV and after adsorption of Hydroxychloroquine, (-4.10, -4.14, -4.31, -6.04) eV 
for HOMO and (-1.73, -1.82, -1.88, -2.20) eV for LUMO in sequential.  
The Hydroxychloroquine drug molecule had a significant small effect on the HOMO / LUMO 
energy level except when it was combined with the nitrogen atom with the energy gap of 3.84 eV. 
The symmetric Frontier molecular orbital (FMO) map is shown in Fig. 3. 
To understand the sensing mechanism of the nanotubes on the drug molecule, the variation of the 
ΔEg gap during the adsorption process is taken into account by the following equation: 
 
%∆𝐸𝑔 = 100𝑥(∆𝐸𝑔2 − ∆𝐸𝑔1)/∆𝐸𝑔1																																																																																												(11)	
 
Where ∆Eg1 and ∆Eg2 are the ∆Eg values of pristine NTs and complex, respectively. 
Chemical sensors are related to the difference of the electrical conductance after absorbing the 
drug on the electron exchange between the drug and sensor. Therefore, the sensitivity of the drug 
on NTs is based on HOMO and LUMO energies. 
 

Table 2. HOMO energy (EHOMO) eV, LUMO energy (ELUMO) eV, HOMO/LUMO energy gap (Eg), Fermi energy 
(EF) eV, hardness, softness, and Φ of the complexes. %Δ Eg and %ΔΦ represent the percentage of bandgap and 

work function of the complex with respect to the studied NTs, respectively.  
 

Structures 
EHOMO 
(eV) 

ELUMO 

(eV) 

Energy 
gap 

(ΔEg) 
%ΔEg 

Fermi level 
(Ef ) (eV) 

Hardness 
(η) 

Softness 
(S) 

Φ %ΔΦ 

- Hydroxy- -6.80 -0.11 6.69 - -3.45 3.34 0.29 3.45 - 
- Al-CNT -4.83 -2.15 2.68 - -3.49 1.34 0.74 3.49 - 
- Si-CNT -4.94 -2.30 2.64 - -3.62 1.32 0.75 3.62 - 
- SiC-NT -5.42 -2.95 2.46 - -4.18 1.23 0.81 4.18 - 
1 Hydroxy/Al(O) -4.10 -1.73 2.37 -11.38 -2.91 1.18 0.84 2.91 -16.53 
2 Hydroxy/Al(Cl) -4.14 -1.82 2.32 -13.16 -2.98 1.16 0.85 2.98 -14.67 
3 Hydroxy/Al(N) -4.31 -1.88 2.42 -9.63 -3.09 1.21 0.82 3.09 -11.38 
4 Hydroxy/Al(N) -6.04 -2.20 3.84 43.32 -4.12 1.92 0.52 4.12 17.93 
5 Hydroxy/Si(O) -4.14 -1.86 2.28 -13.83 -3.00 1.14 0.87 3.00 -17.14 
6 Hydroxy/Si(Cl) -4.85 -2.03 2.82 6.84 -3.44 1.41 0.70 3.44 -4.97 
7 Hydroxy/Si(N) -4.15 -1.85 2.29 -13.26 -3.19 1.14 0.87 3.19 -17.08 
8 Hydroxy/Si(N) -4.25 -1.93 2.31 -12.36 -3.09 1.15 0.86 3.09 -14.57 
9 Hydroxy/SiC(O) -5.01 -2.54 2.46 0.08 -3.78 1.23 0.80 3.78 -9.72 
10 Hydroxy/SiC(Cl) -4.78 -2.17 2.61 5.79 -3.47 1.30 0.76 3.47 -16.93 
11 Hydroxy/SiC(N) -5.01 -2.75 2.26 -8.39 -3.88 1.13 0.88 3.88 -7.14 
12 Hydroxy/SiC(N) -5.75 -3.18 2.57 4.25 -4.47 1.28 0.77 4.47 6.76 
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The calculated results for the hardness showed that the new compounds became less hard than the 
original drug compound, where the highest value was obtained when the drug compound was 
bonded with ( ِAl-CNT) through the nitrogen atom and the value of (1.92), on the other hand, the 
highest value of softness was obtained when the drug compound was bonded With (SiC-NT) 
through the nitrogen atom as well with a value of (0.88), and this confirms the superiority of (Al-
CNT) in bonding with the drug compound, excluding the rest of the nanoparticles used[38]. 
On the other hand, the calculated results for the value of the Fermi energies varied according to 
the type of nanoparticle used, but it was noticed that the value of the Fermi energy when using 
(Al-CNT) through the nitrogen atom has increased significantly than the rest of the other new 
compounds and the value of (4.12) eV, which confirms the occurrence of a stronger bond of this 
complex is better from the others new complexes[39]. 
The percentage change values of ∆Eg for each complex are given in Table2. As reported energies 
of EHOMO and ELUMO and energy gap (ΔEg), the electronic properties of all studied NTs were 
affected by the adsorption of the Hydroxychloroquine drug. The decreasing order of percentage 
change values is obtained for complex1, complex2, complex3, complex5, complex7, complex8, 
and complex 11 while increasing is for other complexes. The highest increased percentage value 
of %43.32 is calculated for complex4 which has the largest minimum adsorption energy (-93.53 
kcal/mol) in Table 1. 
The other calculated quantity is the work function required to remove single electron from Fermi 
level is calculated by the variation of the work function during the adsorption process is defined 
as ΔΦ. The percentage value of %ΔΦ can be deduced as the percentage value of %ΔEg using the 
Eq. (11).  The calculated percentage values of ΔΦ for each complex are also given in Table 2. It is 
clear that the highest value is obtained for complex4 with a value of %17,92. As a result, the values 
given in Table 2 show that complex 4 can be used as an amperometric sensor to detect the 
Hydroxychloroquine drug molecule. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To comprehend the charge transferring between the drug molecules and nanotubes, and to envisage 
charge density distribution around the complexes, the electrostatic potential map of the molecules 

Figure 3. Energy gap between HOMO and LUMO for  Hydroxychloroquine drug , Si-CNT, Al-CNT, and SiC-NT, with  all  investigated location 
regarding to the position of the nanotube ((1) Hydroxy/Al-CNT (O), (2) Hydroxy/Al-CNT (Cl) (3) Hydroxy/Al-CNT(N) (4) Hydroxy/Al-CNT(N), 
(5)Hydroxy/Si-CNT(O), (6) Hydroxy/Si-CNT(Cl), (7) Hydroxy/Si-CNT(N), (8)Hydroxy/Si-CNT(N), (9) Hydroxy/SiC-NT(O), (10) Hydroxy/SiC-

NT(Cl), (11) Hydroxy/SiC-NT(N), (12) Hydroxy/SiC-NT(N) 
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was inspected. The MEP map illustrates the nucleophilic (positive) region pointed by the blue 
color and the electrophilic (negative) region pointed by the red region and the neutral region of the 
complexes. Figures 1 and 4 are shown the MEP of the drug molecule by suggesting nanotubes and 
their complexes. 
For the Hydroxychloroquine drug molecule, electron densities were highly concentrated around O 
and N atoms, and for the Al-CNT, positive, negative, and neutral regions were regularly distributed 
throughout the whole tube where electron distribution was found around C–C bonds, and the 
electron lack was found at the hexagonal and pentagonal rings.  
After Hydroxychloroquine molecule was adsorbed on the Al-CNT, the electron-deficient (blue) 
region on the Hydroxychloroquine molecule was less than before causing the molecule to get a 
neutral (white) region which means the charge transfer from the nanoparticles to the drug 
molecule. 
 

 Compound HOMO LUMO ESP 

Hydroxy/ 
Al(O) 

    

Hydroxy/ 
Al(Cl) 

    

Hydroxy/  
Al(N) 

    

Hydroxy/  
Al(N) 

    

Hydroxy/  
Si(O) 

    

Hydroxy/  
Si(Cl) 
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Hydroxy/  
Si(N) 

    

Hydroxy/  
Si(N) 

    

Hydroxy/  
SiC(O) 

    

Hydroxy/  
SiC(Cl) 

    

Hydroxy/  
SiC(N) 

    

Hydroxy/  
SiC(N) 

    
Figure 4. Frontier molecular orbital (HOMO and LUMO) for all investigated complexes. The given iso value is 

0.02 electron/bohr3. 

 
Recovery time (desorption time) is the value of time desired for the drug to be desorbed from the 
adsorbents with a significant parameter that is used for sensors and drug delivery systems. This 
parameter is directly connected to the energy of adsorption, where the high adsorption interaction 
requires a high desorption time and vice versa.  
Recovery time (𝜏) is calculated using the equation [40]: 
 
𝜏 = #

a
𝐸𝑥𝑝(?:cde

fX
)                                                                                               (12) 

 
Where T, K, and ϑ are the temperature, Boltzmann’s constant and the attempted frequency, 
respectively. (~2 × 10-3 kcal/mol K). 
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Hydroxychloroquine molecule seems to be adsorbed on the Al-CNT with high adsorption energies; 
a different recovery time (table 1) was obtained under the conditions of UV light with frequency 
ν ~ 3*1016 s-1 at room temperature.  
Thus, a small distance between the adsorbate and the adsorbent, with high adsorption energy and 
a large value of charge transfer from the nanotube to Hydroxychloroquine drug molecule 
demonstrates that Al-CNT is suitable for Hydroxychloroquine drug carrier.   
The values varied between the active atoms in the new complexes, and the greatest amount was 
found through combination the nanotube with the Hydroxychloroquine molecule through the 
nitrogen atom. 
 
3.2. Hydroxychloroquine adsorption on Si-CNT  

To investigate further properties of different nanostructures with the drug molecule, the previous 
nanotube Al-CNT was replaced with the Si-CNT. The optimized Si-CNT shows good stability of 
the structure which was confirmed by calculating the energy.   
Four different locations on the drug depend on the active atoms (O, Cl, N,N) which were confirmed 
to be more stable site of adsorption for the Hydroxychloroquine molecule. The 
Hydroxychloroquine drug molecule was adsorbed at (1.92, 2.21, 2.04, 2.04). Å distance on the 
surface of Si-CNT with adsorption energies (-23.38, -14.18, -24.41, -15.95) kcal/mol on (O, Cl, 
N,N) atoms respectively using the 6-31G** basis set. 
From the adsorption energy values, there was a noticeable interaction between 
Hydroxychloroquine and Si-CNT in a physisorption range [41]. The bond length at the adsorption 
position before and after adsorption of the Hydroxychloroquine drug is mentioned in table 4. Thus, 
Hydroxychloroquine drug slightly distorted the geometry of Si-CNT which implies a slight 
interaction between Hydroxychloroquine and this nanotube. For the Si-CNT, there was another 
change in the values of HOMO, LUMO, and Energy gap (table 2), and also a slight change in 
energy gap after the adsorption. 
Similarly, the energy gap of Hydroxychloroquine has a variation after adsorption between the drug 
and the nanoparticles; therefore, the change in energy gap is responsible for the interaction between 
the drug and the nanoparticles. Because of the weak values of Eads, Si-CNT is not suitable to be 
used as a drug delivery vehicle regarding Hydroxychloroquine drug. MEP map shows that the 
most amount of charge was located on the nanotube except in the case of combining with the 
oxygen atom.  
Unlike Hydroxychloroquine drug adsorption on the Al-CNT, the recovery time has been found for 
the Si-CNT to be very short except in the case when the nanotube was added to the nitrogen atom, 
where the recovery time was (24.9) sec, which can be considered as an acceptable value to desorb 
drug from Si-CNT surface by comparing with those obtained for other locations of complex/Si-
CNT. 
All the information regarding the adsorption properties of the drug over the Si-CNT was mentioned 
in table 1. 
 
3.3. Hydroxychloroquine adsorption on SiC-NT  

In order to enclose all the circumstances surrounding the chemical properties, another nanoparticle, 
SiC-NT , was introduced to Hydroxychloroquine drug. 
The Hydroxychloroquine drug molecule was adsorbed on the optimized SiC-NT and it prefers to 
be adsorbed again at the active atoms on the drug (O, Cl, N, N) where the atoms of the 
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Hydroxychloroquine molecule gets close to the nanotube with a minimum adsorption distance of 
(1.95, 2.35, 2.15, 2.37) Å.  
The Hydroxychloroquine drug molecule was adsorbed on the optimized SiC-NT on the preferred 
active atoms on the drug (O, Cl, N, N) where the atoms of the Hydroxychloroquine molecule gets 
close to the nanotube with a minimum adsorption distance of (1.95, 2.35, 2.15, 2.37)Å.  
So, there was an interaction between the Si atom of SiC-NT and the active atoms of the 
Hydroxychloroquine drug molecule through the adsorption process.  
In the Hydroxychloroquine/SIC-NT complex, there was no change in the bond lengths at the close 
adsorption site of the SiC-NT. The calculated adsorption energy was found to be  
(-48.28, -22.75, -17.47) kcal/mol for the investigated frequency. In Si-CNT, the values of 
absorbance energy were not enough to consider this nanoparticle as a suitable drug delivery 
vehicle, and the recovery time obtained was much larger than other nanotubes used as shown in 
table1. 
The electronic properties of SiC-NT were significantly affected by the adsorption of 
Hydroxychloroquine drug molecules. For Hydroxychloroquine/SiC-NT complex, the HOMO and 
LUMO energies of SiC-NT had a slight shift from other nanotubes (Table2).  
Consequently, the HOMO and LUMO levels became unstable after the adsorption of the 
Hydroxychloroquine molecule on the SiC-NT. At the same time, Fermi energy levels, energy gap, 
and work function before and after the Hydroxychloroquine drug molecule adsorption changed. 
The total density of states (TDOS) and PDOS, OPDOS diagrams of the complex structure of 
Hydroxychloroquine compounds interacting with Al-CNT was selected to plot in Figure 5 because 
the significant %∆Eg values are given in Table 2, each was also calculated to better understanding 
the stability of system. The change in Eg by DOS analysis can be confirmed as shown in Figure 5 
by the MULTIWFN program [42]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The stability of the complex's thermodynamic properties, thermodynamic parameters, Gibbs free 
energy (ΔG), the change in enthalpy (ΔH), and entropy (ΔS) were evaluated by equations (9–11) 
and the values were mentioned in Table 3. Positive values of ΔH and ΔG indicate that the reaction 
has an exothermic and spontaneous processes, and vice versa[43]. 
 

Table 3. (ΔG) Gibbs free energy (kcal/mol), (ΔH) enthalpy (kcal/mol), (ΔS) entropy (kcal/mol.K), the minimum 
and the maximum frequencies (cm-1) for the different complex at gas phase. 

 Structure  ∆G ∆H ∆S Vmin Vmax 
- Hydroxy- - - - 18.21 3819.36 

Figure 5. TDOS and PDOS plots for complex structure of N-BMSF-BENZ /Al-CNT. The dashed line shows the HOMO 
energy level. Where frag. 1 (CNT), frag.2 (Hydroxychloroquine) drug, frag. 3 (Hydroxychloroquine/CNT complexes) 
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- Al-CNT - - - 99.08 3216.86 
- Si-CNT - - - 128.48 3210.06 
- SiC-NT - - - 57.05 3167.20 
1 Hydroxy/Al(O) -2.51 -25.55 -0.04 14.63 3717.25 
2 Hydroxy/Al(Cl) -5.49 -17.23 -0.03 8.08 3815.80 
3 Hydroxy/Al(N) -43.32 -60.04 -0.05 13.18 3820.02 
4 Hydroxy/Al(N) -24.97 -26.19 -0.05 10.10 3817.20 
5 Hydroxy/Si(O) -14.03 -27.32 -0.04 9.60 3664.50 
6 Hydroxy/Si(Cl) -2.008 36.87 0.13 13.55 3706.77 
7 Hydroxy/Si(N) -25.73 -43.37 -0.05 12.57 3803.40 
8 Hydroxy/Si(N) -18.80 -35.24 -0.05 13.92 3812.99 
9 Hydroxy/SiC(O) -19.39 -34.19 -0.04 11.81 3673.18 
10 Hydroxy/SiC(Cl) -57.07 -71.49 -0.04 13.73 3653.35 
11 Hydroxy/SiC(N) -24.55 -42.77 -0.06 11.81 3777.66 
12 Hydroxy/SiC(N) -5.47 -21.45 -0.05 -6.83 3700.08 

 
The calculated values of ΔH and ΔG were negative for all new complexes at all investigated 
nanotubes, meaning these new complexes were exothermic and spontaneous. 
ΔS with negative values indicate that the complex is ordered [44]. That's why the thermodynamic 
parameters show that the investigated nanotubes are more appropriate by evaluating the 
thermodynamic stability for Hydroxychloroquine drug delivery. 
As a method to ensure structural stability, and by using a specific infrared (IR) spectroscopy on 
the studied Hydroxy/CNT complexes, the results of the frequencies of the new complexes showed 
that the frequency range has changed from (3819.36) cm-1 in the case of hydroxychloroquine to 
varying values ranging between (3653.35) cm-1 as a minimum and (3820.02) cm-1 as a maximum 
value (table 3), where this value was recorded at the complex (Hydroxy/Al-CNT(N)), which 
proves that the intensity of the frequencies has changed to higher values than it was, and therefore 
these values indicate an acceptable interaction intensity between the nanoparticles and the drug 
compound, especially when the interaction between the drug compound and (Al-CNT) was at the 
nitrogen atom.[45] 
On the other hand, the positive values of the vibrations indicate that the reaction is stable with 
minimal waste energy.[45] 
 
3.4 Aqueous solution effect  

The results of aqueous solution were researched understanding the importance the real 
environment for the adsorbate-adsorbent complexes. More optimization for only stable complexes 
in water was done with the same methods.  
Once more, adsorption energy, EHOMO and ELUMO energies, energy gap, dipole moment, etc. were 
calculated using the same equations illustrated in the computational section. It was noticed that all 
adsorption energies had negative values just like the gas phase leading to confirm that there is an 
exothermic and attractive reaction happen in the water media. A weak interaction was measured 
between the Hydroxychloroquine drug and the Si-CNT and SiC-NT confirmed by the adsorption 
energies (table 5). Fig. 6 clarifies the bar diagram of adsorption energy in the gas and water phases. 
 

Table 4. Bond length between active atoms of the nanotubes before and after adsorption of Hydroxychloroquine 
drug in gas and water phases 

Structure 
Bond 

location 
Bond before 
adsorption 

Bond after 
adsorption/ 
Gas phase 

Bond after 
adsorption/ 
Water phase 

Nanoparticle structure 

Al/Hydroxy(O) Al-C25 1.88 1.91 1.91  
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25 

35 
45 

35 

25 

45 

16 

14 

4 

Al-C35 1.88 1.91 1.92 

Al-C45 1.88 1.91 1.92 
     

Al/Hydroxy(Cl) 

Al-C25 1.88 1.90 1.90 

Al-C35 1.88 1.90 1.91 

Al-C45 1.88 1.90 1.90 
     

Al/Hydroxy(N) 

Al-C25 1.88 1.93 1.93 

Al-C35 1.88 1.92 1.94 

Al-C45 1.88 1.92 1.93 
     

Al/Hydroxy(N) 

Al-C25 1.88 1.99 1.94 

Al-C35 1.88 1.99 1.99 

Al-C45 1.88 1.99 1.99 
 

Si/Hydroxy(O) 
Si-C25 1.88 1.92 1.92 

 

Si-C35 2.07 1.84 1.84 
Si-C45 1.83 1.84 1.85 

     

Si/Hydroxy(Cl) 
Si-C25 1.88 1.87 1.87 
Si-C35 2.07 1.84 1.83 
Si-C45 1.83 1.83 1.84 

     

Si/Hydroxy(N) 
Si-C25 1.88 1.93 1.94 
Si-C35 2.07 1.85 1.86 
Si-C45 1.83 1.85 1.86 

     

Si/Hydroxy(N) 
Si-C25 1.88 1.92 1.92 
Si-C35 2.07 1.85 1.85 
Si-C45 1.83 1.84 1.85 

 

SiC/Hydroxy(O) 
Si-C14 1.76 1.76 1.76 

 

Si-C16 1.76 1.76 1.76 
Si-H4 1.4 1.4 1.47 

     

SiC/Hydroxy(Cl) 
Si-C14 1.76 1.75 1.76 
Si-C16 1.76 1.76 1.76 
Si-H4 1.4 1.4 1.47 

     

SiC/Hydroxy(N) 
Si-C14 1.76 1.76 1.76 
Si-C16 1.76 1.76 1.76 
Si-H4 1.4 1.4 1.47 

     

SiC/Hydroxy(N) 
Si-C14 1.76 1.76 1.76 
Si-C16 1.76 1.76 1.76 
Si-H4 1.4 1.4 1.47 

 
Table 5. In water phase, the adsorption energy (Eads) for the new complexes in (eV), (d) is the minimum distance 

(Å) between the Hydroxychloroquine molecule, and the adsorbents, dipole moment DM (Debye), and the recovery 
time τ (sec). The recovery time was calculated in UV light under vacuumed conditions using a frequency of 3×1016 

s-1 at room temperature. 

Structure 
Distance (d) 

In Å 
Dipole Moment (DM) 

In Debye 
Recovery time (τ) 

In seconds 
Adsorption energy (Eads) 

In eV 
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Hydroxy- - 11.94 - - 
Al-CNT - 9.30 - - 
Si-CNT - 126.20 - - 
SiC-NT - 13.30 - - 

Hydroxy/Al(O) 1.88 46.53 1.64*10-06 -43.02 
Hydroxy/ Al(Cl) 2.42 21.41 1.92*1017 -14.43 
Hydroxy/Al(N) 2.04 33.46 3.45*1019 -43.86 
Hydroxy/Al(N) 1.86 25.68 47.79 -88.97 
Hydroxy/Si(O) 1.89 75.26 6.37*10-10 -24.01 
Hydroxy/Si(Cl) 4.51 16.69 14921.06 -9.14 
Hydroxy/Si(N) 2.002 48.53 2.04*10-05 -25.66 
Hydroxy/Si(N) 2.007 44.54 3.33*10-17 -14.77 

Hydroxy/SiC(O) 1.95 68.51 1.73*1018 -22.48 
Hydroxy/SiC(Cl) 2.35 185.22 2.04692 -45.25 
Hydroxy/SiC(N) 2.08 223.89 1.21*10-06 -21.08 
Hydroxy/SiC(N) 4.27 241.51 1.19*1016 -13.38 

 
The negative value of adsorption energies in water shows an attractive and exothermic reaction 
occurs. The change in adsorption energy is: 
∆𝐸gEH.?QAC = 𝐸ABC(𝑤𝑎𝑡𝑒𝑟) − 𝐸ABC(𝑔𝑎𝑠)                                                                           (13) 
where ΔESol-gas is the difference between the adsorption energy of drug adsorbed complexes in the 
gas and water phase. Values of ΔESol-gas are mentioned in table 6. 
 

Table 6. ΔESol-gas for all investigated complexes in kcal/mol 
 Structure Eads Gas phase Eads Water phase ΔESol-gas 

1 Hydroxy/Al(O) -45.006 -43.028 1.977 
2 Hydroxy/Al(Cl) -15.783 -14.437 1.346 
3 Hydroxy/Al(N) -45.153 -43.866 4.555 
4 Hydroxy/Al(N) -93.534 -88.978 1.286 
5 Hydroxy/Si(O) -23.387 -24.016 -0.628 
6 Hydroxy/Si(Cl) -14.184 -9.148 5.035 
7 Hydroxy/Si(N) -24.418 -25.660 -1.241 
8 Hydroxy/Si(N) -15.953 -14.775 1.177 
9 Hydroxy/SiC(O) -27.493 -22.488 5.005 
10 Hydroxy/SiC(Cl) -48.283 -45.256 3.026 
11 Hydroxy/SiC(N) -22.757 -21.087 1.670 
12 Hydroxy/SiC(N) -17.476 -13.387 4.088 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. A comparison between the adsorption energy of the new complexes in the gas and water phases. 
A. (1).Hydroxy/Al-CNT(O), (2).Hydroxy/Al-CNT (Cl) (3).Hydroxy/Al-CNT(N) (4).Hydroxy/Al-CNT(N),  

(5).Hydroxy/Si-CNT(O), (6).Hydroxy/Si-CNT(Cl), (7).Hydroxy/Si-CNT(N), (8).Hydroxy/Si-CNT(N), (9).Hydroxy/SiC-NT(O), 
(10).Hydroxy/SiC-NT(Cl), (11).Hydroxy/SiC-NT(N), (12).Hydroxy/SiC-NT(N) 

B. Over all energy deference between gas and water phase for all investigated complexes. 
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Thus, the adsorption energies for Hydroxy/SiC-NT, Hydroxy/Al-CNT, and Hydroxy/Si-CNT in 
water have fewer negative values than in the gas phase. It was noticed that only in combining the 
Si-CNT with the drug in (N, and O), the energy was much that we got in the gas phase. 
The percentage changes in values for %∆Eg of each complex and the values of energies of EHOMO 
and ELUMO and energy gap (Eg) were given in Table 7. 
The electronic properties of all studied NTs were affected by the adsorption of the 
Hydroxychloroquine drug. The decreasing order of percentage change values is obtained for 
Hydroxy/Al-CNT(N), Hydroxy/Si-CNT(O), Hydroxy/Si-CNT(N), Hydroxy/Si-CNT(N), 
Hydroxy/SiC-NT(O), Hydroxy/SiC-NT(Cl), Hydroxy/SiC-NT(N) complexes, while increasing 
for other complexes. The highest increased percentage value is calculated for Hydroxy/Al-
CNT(N), which has the largest minimum absorption energy -0.15 kcal/mol. 
 

Table 7. HOMO energy (EHOMO) eV, LUMO energy (ELUMO) eV, HOMO/LUMO energy gap (Eg), Fermi energy 
(EF) eV, Hardness, Softness, and Φ of the investigated complexes. %Δ Eg and %ΔΦ represent the percentage of 

bandgap and work function of the complex with respect to the studied NTs, respectively. 
Structures EHOMO 

(eV) 
ELUMO 

(eV) 
Energy gap 

(ΔEg) 
%ΔEg 

Fermi level 
(Ef ) (eV) 

Hardness 
(η) 

Softness 
(S) 

Φ %ΔΦ 

Hydroxy- -7.01 -0.43 6.57 - -3.72 3.28 0.30 3.72 - 
Al-CNT -4.97 -1.98 2.99 - -3.48 1.49 0.66 3.48 - 
Si-CNT -5.06 -2.10 2.96 - -3.58 1.48 0.67 3.58 - 
SiC-NT -5.85 -2.44 3.40 - -4.15 1.70 0.58 4.15 - 

Hydroxy/Al(O) -4.86 -1.78 3.08 3.08 -3.32 1.54 0.64 3.32 -4.51 
Hydroxy/Al(Cl) -4.87 -1.86 3.00 0.45 -3.37 1.50 0.66 3.37 -5.96 
Hydroxy/Al(N) -4.81 -1.82 2.98 -0.15 -3.31 1.49 0.66 3.31 -4.63 
Hydroxy/Al(N) -5.96 -1.98 3.97 32.67 -3.97 1.98 0.50 3.97 14.20 
Hydroxy/Si(O) -4.65 -1.94 2.70 -8.69 -3.30 1.35 0.73 3.30 -7.89 
Hydroxy/Si(Cl) -5.10 -2.04 3.05 3.06 -3.57 1.52 0.65 3.57 -0.37 
Hydroxy/Si(N) -4.58 -1.94 2.63 -11.07 -3.26 1.31 0.75 3.26 -8.84 
Hydroxy/Si(N) -4.62 -1.94 2.68 -9.59 -3.28 1.34 0.74 3.28 -8.27 

Hydroxy/SiC(O) -5.59 -2.32 3.26 -4.07 -3.95 1.63 0.61 3.95 -4.70 
Hydroxy/SiC(Cl) -5.45 -2.13 3.31 -2.70 -3.79 1.65 0.60 3.79 -8.61 
Hydroxy/SiC(N) -5.37 -2.32 3.04 -10.53 -3.85 1.52 0.65 3.85 -7.19 
Hydroxy/SiC(N) -5.95 -2.48 3.47 1.90 -4.21 1.73 0.57 4.21 1.63 

 

To check the solubility of the Hydroxychloroquine adsorbed on SiC-NT, Al-CNT, and Si-CNT 
complexes in the solvent, the solvation Gibbs free energy (ΔGSol) is calculated by performing the 
following equation [46]: 
∆𝐸gEH = 𝐺(oPNQ?LALE)gEH. − (𝐺(LALE)gEH. + 𝐺(oPNQ)gEH.)                                                          (14) 
 
where G(Drug-nanotubes)Sol, G(nanotubes)Sol, and G(Hydroxychloroquine )Sol are the Gibbs free energy of the 
Hydroxychloroquine adsorbed complexes-adsorbents and Hydroxychloroquine drug, respectively. 
The values of (ΔGSol) for our studied complexes for the interaction of Hydroxychloroquine drug 
with Al-CNT, Si-CNT, and SiC-NT are shown in table 8. 
The negative values of (ΔGSol) detect the spontaneous adsorption phenomenon, thus the adsorption 
of Hydroxychloroquine drug on these nanoparticles is more favorable because a spontaneous and 
appropriate adsorption behavior is clear. 
 

Table 8. (ΔG) Gibbs free energy (kcal/mol), (ΔH) enthalpy (kcal/mol), (ΔS) entropy (kcal/mol.K), the minimum 
and the maximum frequencies (cm-1), for the different complex in water phase. 

Structure  ∆G ∆H ∆S Vmin Vmax 
Hydroxy- - - - 28.16 3806.85 
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Al-CNT - - - 104.16   3232.90 
Si-CNT - - - 127.46 3222.65 
SiC-NT - - - -26.13 3154.75 

Hydroxy/Al(O) -35.48 -49.32 -0.046 14.97    3692.39 
Hydroxy/Al(Cl) -4.36 -15.91 -0.038 9.89 3803.48 
Hydroxy/Al(N) -42.30 -60.03 -0.059 14.52 3802.21 
Hydroxy/Al(N) -24.81 -25.37 -0.048 12.34 3806.69 
Hydroxy/Si(O) -12.95 -29.77 -0.052 -7.01 3657.85 
Hydroxy/Si(Cl) 3.42 42.26 0.130 15.65 3685.51 
Hydroxy/Si(N) -27.40 -44.93 -0.058 9.89 3776.27 
Hydroxy/Si(N) -22.36 -34.70 -0.041 6.60 3810.20 

Hydroxy/SiC(O) -14.86 -29.79 -0.050 14.13 3656.72 
Hydroxy/SiC(Cl) -55.39 -72.69 -0.058 11.23   3646.44 
Hydroxy/SiC(N) -26.04 -43.17 -0.057 11.94   3774.13 
Hydroxy/SiC(N) -30.7 -30.4 0.001 8.26 3607.09 

 

A substantial investigation for solvent effect on the complex which is directly related to the 
solubility of a complex is the dipole moment property, where the high value of the dipole moment 
refers to the higher reactivity, conductivity, and solubility in a polar media such as water [47].  
The Dipole Moment (D.M) value of Hydroxychloroquine molecule in water was 11.94, which 
indicates a polar molecule, and after it was adsorbed on SiC-NT, Al-CNT, and Si-CNT, the dipole 
moments values which were obtained in gas phase, nearly doubled in the water phase. The values 
of D.M are mentioned in table1 for gas phase and also in water phase (Table 5). 
Once again, the results of vibration in the aqueous state showed that the values of frequencies 
increased in the new compounds than they were before adsorption, especially for the compound 
( ِHydroxy/Al-CNT(N)), which proves the validity of the results in the gas state, in addition to the 
fact that the interaction is stable and with the lowest value of energy expended, since these 
frequencies came with a positive value 
 
4. Conclusions 

To predict an appropriate drug delivery method for the Hydroxychloroquine drug, an investigation 
was performed on the adsorption behavior of Hydroxychloroquine drug on the surface of Al-CNT, 
Si-CNT, and SiC-NT by using DFT calculation.  It was noticed that the Hydroxychloroquine 
molecule was adsorbed on the surface of the nanotube with different adsorption energy depending 
on the closest distance between the active atom on the drug (O, Cl, N1, and N2), and the doped 
atom on the nanotube (Al, Si, and SiC).  
Energies of HOMO/LUMO, energy gap, and the energies of Fermi levels had a slight change after 
the adsorption of the Hydroxychloroquine drug on the nanoparticles. The calculated parameters 
such as small charge transfer, large adsorbent-adsorbate distance, and low adsorption energy imply 
a weak interaction of Si-CNT and SiC-NT towards Hydroxychloroquine drug molecule MEP 
analysis. 
Nevertheless, in the case of the Al-CNT, the Hydroxychloroquine drug prefers to be adsorbed with 
an adsorption energy of (-45.07, -15.78, -45.15, -93.53) kcal/mol in the gas phase, and  
(-43.02, -14.43, -43.86, -88.97) kcal/mol for water, which is considered more appropriate for the 
drug delivery system.  
Likewise, Gibbs's free energy for aqueous solution evidence that Hydroxychloroquine/Al-CNT 
configuration shows spontaneous and appropriate adsorption in water than 
Hydroxychloroquine/Si-CNT and Hydroxychloroquine/SiC-NT complexes. Thus, we propose that 
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the Al-CNT can be a promising candidate as a drug delivery vehicle for Hydroxychloroquine drug 
molecules. 
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