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ARTICLE INFO ABSTRACT
Keywords: Density functional theory (DFT) calculations of the antimalarial drug dihydroartemisinin (DHA)
Dihydroartemisinin functionalized on the carbon nanotube (CNT) were carried out in gas phase and in solution to

Functionalized CNTs

investigate the role of fCNTs as a nanovector for the targeted delivery of the DHA drug and to
Targeted drug delivery

- i predict their chemical descriptors and electronic and nonlinear optical (NLO) properties. The
Reactivity and solubility . R o s . s
Energy gap results of the geometric optimization indicate that the functionalization does not change the
DET molecular structure of DHA. Based on our findings of binding and solvation energies, two ener-
getically stable configurations were identified in 1st (fCNT1-2) and 2nd (2fCNT1-2) functional-
ization. For these stable configurations, the energy gap value goes from 1.52 eV for the (5,5)
single wall pristine CNT to 1.27 eV for the 1st functionalization and to 1.06 eV for the 2nd
functionalization regardless of the considered media; which gives these nanostructures excellent
semiconductor properties. Findings from global reactivity descriptors show that the reactivity of
the functionalized CNT is strongly improved in solvent media and that the stability of DHA de-
creases while its reactivity increases during the functionalization. Thus, the fundamental gap (Ef)
in gas phase decreases from 3.65 eV for the virgin CNT to 3.30 eV for f{CNT2 and to 3.02 eV for
2fCNT2. On the contrary, in water Ef goes from 1.20 eV for the virgin CNT to 0.95 eV for f{CNT2
and to 0.74 eV for 2fCNT2; demonstrating an improvement in the reactivity of our fCNTs as
nanovectors for targeted delivery of DHA drug. Finally, our findings show that these nano-
structures may also have good NLO properties and can be promising materials for NLO
applications.

1. Introduction

The discovery in 1991 of carbon nanotubes by Sumio Iijima [1] generated an unprecedented interest in carbon nanostructures, and
led several research, both fundamental and applied, in the field of nanotechnologies. They have exceptional physical, chemical and
biological properties in many respects and their nanometric size gives them many applications. Due to their exceptional properties,
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which result directly from their structural affiliation with graphite, research laboratories and industries have developed CNT synthesis
methods including temperature sublimation and condensation under an inert atmosphere of graphite carbon [2], approach based on
hemispherical polyarene templates [3] and many other synthesis methods [4,5]. From an electrical and optical point of view, CNTs
depending on their geometry, have the particularity of being able to be either metallic or semiconductor with a gap equivalent to that
of silicon (1.14 eV) or germanium (0.67 eV) [6]. The semiconductor properties of CNTs are attracting a lot of attention in current
research, as they open the way for the development of high-performance field-effect transistors [7-9]. Due to its remarkable optical
properties, CNTs are used for the development of optical and optoelectronic devices [10-13]. In addition to their applications in
electronics and optics, they are also given therapeutic applications. As fact, they are subject of intense research in the pharmaceutical
industry as nanovectors for drug administration and targeted delivery of therapeutic compounds [14,15]. On the other hand, the
possibility of functionalizing their surface by appropriate molecular grafting allows them to very easily cross cell walls such as the
blood-brain barrier [16], and also to circulate in the body with little of interaction to reach the target organs. However, they have
defects such as toxicity and low solubility which limit their application to the biological fields. According to many authors [17],
problems related with the efficient administration of drugs, such as limited solubility, poor biodistribution and tissue damage, can be
super passed by the use of drug delivery systems. Indeed, due to high drug loading capacities and good cell penetration qualities,
surface functionalized CNTs have been proposed as efficient nanovectors for the drug delivery of therapeutic compounds [18-20].

The objective of this work is to functionalize dihydroartemisinin on the carbon nanotube in order to use it as a nanovector for the
targeted treatment of malaria. In fact, according to the World Health Organization (WHO), despite all the advances in research,
409,000 deaths from malaria were still recorded worldwide in 2019 [21]. This is partly attributed to the resistance of the malaria
parasites to certain drugs. Thus, it is urgent to seek targeted treatments with appropriate administration methods. To date, many
theoretical and experimental studies have been carried out on the functionalization of antimalarial molecules on fullerene Cg with
fairly satisfactory results [22-25].

According to Haynes [26], DHA is a molecule isolated from Artemisia annua leaves. As mentioned above, it is one of drugs used to
treat malaria. Moreover, Naderi et al. [27] have recently shown by energetic and structural studies using DFT that the functionalization
of DHA on CNT is possible either directly or through the COOH- and COCl-radicals. Both experimental [28] and theoretical [29] studies
have shown that the functionalization of azomethine ylide on the surface of CNTs is possible. As fact, Georgakilas et al. [30] exper-
imentally showed that azomethine ylide molecules can easily be functionalized on CNT by 1,3-diploar cycloaddition (DC).

The aim of the present work is by functionalization of DHA on the (5,5) single wall carbon nanotube (SWCNT, CgoHzg) using 1,3-DC
reaction of azomethine ylide, to improve the targeted delivery of the DHA drug and model new nanometric compounds for applications
in nanotechnologies. In this research work, the stability of the modeled structure through geometrical optimization, binding energy
and solvation energy were firstly investigated. Secondly, the electronic and nonlinear optical properties and the global reactivity
descriptors of our modeled systems were assessed. Finally, the impact of the functionalization site and the number of functionalization
were analyzed.

The remaining part of this paper is organized as follows. In Section 2, we present the methodology used and the computational
details. Section 3 contains the presentation and discussion of our findings. Summary and conclusion are given in Section 4.

2. Methodology

DFT method was used in this work to investigate the reactivity, electronic structure properties and NLO properties of the DHA
(C15H2405) covalently bound to (5,5) CNT using 1,3-DC of azomethine ylide (CoHsN). The functionalization was done on one site,
fCNT, then on two sites, 2fCNT. The calculations were performed in gas phase, then in water and chloroform media using the Gaussian
09D quantum chemical software [31]. The preparation of the calculation files and the visualization of the optimized structures were
achieved with the aid of the GaussView 6.0 software [32]. Our findings were based on the B3LYP, B3PW91 and CAM-B3LYP functional.
The 6-311G(d) basis set was used for this purpose. According to Ejuh et al. [33,34] and Tadjouteu Assatse et al. [35], B3LYP is as an
efficient and precise functional for the prediction of molecular structures and the determination of the energies. As regards the
B3PWO91 functional, due to the consideration of gradient corrections, it is one of the most efficient in calculations taking into account
energy; it allows an accurate determination of electronics properties with a small mean absolute deviation from the experimental
values [36]. Regarding to the CAM-B3LYP functional, it takes into account long-range interactions and should lead to good values of
the nonlinear optical parameters.

Simulations began by the geometric optimization of our molecules, followed by determining the stability of the modeled system by
calculating the binding energies using the following equations:

E,1 =E(fCNT) — E(C 5H305) — E(CNTfCoHyN) + Egsse.1 1)
E,, =E(2fCNT) — 2E(Cy5H,305) — E(CHyNfCNTfC,HyN) + Epssi2 (&)

where E(fCNT) and E(2fCNT) represent the total electronic energies of the functionalized carbon nanotube once and twice, respec-
tively. E(C15H230s) is the electronic energy of the dihydroartemisinin radical (DHA — H). E(CNTfC2H4N) is the electronic energy of the
functionalized carbon nanotube with the azomethine ylide functional group, and E(CoH4NfCNTfC2H4N) the electronic energy of the
carbon nanotube functionalized twice with the azomethine ylide functional group. Epssg1 and Epssg 2 are the basis set superposition
errors (BSSE) energies. They were assessed using the counterpoise method of Boys et al. [37].

Solvation energies of f{CNTs and 2fCNTs were assessed by geometrically optimizing our molecular systems in gas phase and in
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solvent media using the conductor polarizable continuum model (CPCM) coupled to the universal Solvation Model based on Density
(SMD) [38]. The difference between these optimization energies is the Gibbs free energy of solvation.

The linear and nonlinear optical parameters such as dipolar moment (p), polarizability (o) and anisotropy (Aa), first-order
hyperpolarizability (8) of our modeled systems were assessed using equations available in the literature [39]. The molar refrac-
tivity (MR), which is a measure of the volume occupied by either a unique atom or a group of atoms, was calculated as follows MR =
“Nja [40,41] where Ny is the Avogadro’s constant and a the average polarizability [39]. Finally, the HOMO-LUMO energy gap (Eg)
was assessed and the global reactivity descriptors were evaluated using the vertical approximation for ionization potential (IP) and
electron affinity (EA) [42]. The ionization potential and electron affinity were assessed by the finite difference method [43]. Thus, the
fundamental gap, which connecting the ionization potential and the electron affinity is given by [44]

E =IP — EA 3

The chemical potential

Fig. 1. Optimized structures of studied molecules in gas phase obtained using B3LYP functional. Blue atoms denote nitrogen, reds for oxygen, grays
for carbon and whites for hydrogen.
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Uep= — (IP+EA) /2 “@
and the electronegativity y = — yup, were assessed. The chemical hardness
n=(IP—EA)/2 )

the chemical softness [45].
S=1/n (6)
the electrophilicity index [46].

o =pg, /2 @)

and the nucleophilicity index

v=1/w (€))

were also evaluated. Finally, the electronic charge transfer

ANy = = pep/n =200 /x ®

which is the maximum amount of electronic charge that an electrophile system can accept [43], was assessed. The maximum amount of
charge transfer between DHA and functionalized CNTs denoted ECT (electrophilicity-based charge transfer) is given by

ECT= (ANmax)fCNn - (ANWIX)DHA (10

Thus, if ECT > 0, f{CNTs acts as electron acceptor and if ECT < 0, f{CNTs acts as electron donor [47].

3. Results and discussion
3.1. Optimized structures

Fig. 1 shows the graphical representations of the optimized structures of dihydroartemisinin and (5,5) single-wall pristine carbon
nanotube (CNT) as well as DHA covalently bound to CNT using 1,3-DC reaction of azomethine ylide. Several functionalization sites
were considered and the corresponding nanostructures are denoted f{CNT1 and fCNT2 for the first functionalization and, 2fCNT1,
2fCNT2, 2fCNT3, 2fCNT4 for the second functionalization. The optimization was carried out in gas phase and in solvent media. We did
not observe a negative frequency after optimization. Some optimized geometry parameters such as bond lengths and bond angles of
our investigated molecules, calculated using B3LYP in gas phase, can be found in the supplementary material (S). From Table S1, a
significant variation in C-C bond lengths around the functionalization site is observed when moving from virgin CNT to functionalized
CNT. As fact, in the pristine CNT the C31-C32 bond length is 1.4248 A compared to the G31-C32 bond length of 1.6794 A in the fCNT
and to 1.6852 A in the 2fCNT. Likewise, in the functionalized CNT the C32-C33 bond length is 1.5065 A compared to the C32-C33
bond length of 1.4392 A in the pristine CNT. The differences are less than 0.05% as soon as one moves away from the functionalization
site. Similar observations can be made on the C-C-C and C-C-H bond angles of the virgin CNT and the functionalized CNT reported in
Table S3. According this table, the maximum difference is of the order of 5.58% when moving from the pristine CNT to fCNT and of
5.96% when moving from the pristine CNT to 2fCNT; thus leading to distortions of the carbon nanotube around the functionalization
site. As shown in Fig. 1 for 2fCNTs, these local distortions are more localized and increase by approximately 1.72 times when the
functionalization takes place on the ends of the carbon nanotube (2fCNT2 case).

The bond lengths of the DHA and the DHA covalently bound to CNT are reported in Table S2. From this table, we observe that the
C-C and C-O bond lengths varies slightly when we move from DHA to fCNT. The difference is found between 0.028% and 0.500% for
C-O bond and between 0% and 0.065% for C-C bond. This difference is 0.007% for the O-O bond length. We have also recorded in
Table S2 the experimental values of the bond lengths of the DHA drug obtained at 103(2) K by Jasinski et al. [48]. Comparing our
predicted values with the experimental values, we notice a good agreement with deviations ranging from 0.03% to 2.17%. As regards
the DHA bond angles, they are given in Table S4. From this table, one can observe that just like the bond lengths, the value of C-C-C,
C-C-H, C-C-0, C-0-0 and C-O-H angles varies slightly when moving from DHA to fCNT. The maximum variations obtained are of the
order of 1.684% for C-O-H, 1.074% for C-C-H, 0.462% for C-C-C, 0.235% for C-C-O and 0.165% for C-O-O. As for the bond lengths,
there is a fairly good agreement between our calculated values of the bond angles and the experimental values [48] with deviations
ranging from 0.06% to 6.16%. In view of the above results, it can be concluded that functionalization does not change the molecular
structure of DHA.

3.2. Energy analysis and solubility of the modeled systems

The binding energies in gas phase and in water and chloroform media of DHA covalently bound to CNT were assessed using Egs. (1)
and (2) for the first and second functionalization, respectively. The results are collected in Table 1. Binding energy is released when the
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DHA drug associates in a targeted way with virgin CNT, thus leading to a lowering of the overall energy of the nanostructure. Lower is
the binding energy, more stable is the nanostructure. As shown in Table 1, except for 2fCNT3 and 2fCNT4 configurations which have
positive binding energies obtained using B3LYP functional in the gas phase and in solvent media, the binding energies of the other
configurations are negative in all three media. This means that the functionalization of DHA on CNT is energetically favorable. Ac-
cording to Table 1, with regard to the first functionalization, the f{CNT2 configuration is the most stable whatever the considered media
and the calculation method, thus demonstrating a strong interaction between DHA and CNT. In addition, one can see that, in the
solvent media, the binding energies are higher in comparison to the gas phase and they are generally lower in chloroform than in
water; thus meaning that this drug is more stable in chloroform. Several experimental works were carried out [49-51] to improve the
solubility of DHA in water, which is the most suitable solvent for the delivery of this antimalarial drug.

Regarding the 2nd functionalization, it improves the stability by at least 62% when we move from fCNT2 to 2fCNT2 regardless of
the considered media and the calculation method. While it is unfavorable when moving from fCNT1 to 2fCNT1 under the same
conditions. According to Table 1, the stability of the investigated nanostructures increases when moving from B3LYP to B3PW91
whatever the media. However, the binding energy values of the 2fCNT3 configuration in gas phase decrease by approximately 20.87
times when we move from B3LYP to B3PW91. This is not in agreement with the work carried out by Novikov et al. [52] on the effect of
DFT-functional on the calculation of binding energies of carbon [n,5] prismanes. According to the authors, the binding energies ob-
tained for the long [n,5] prismanes with the efficient length of ~150 A within the B3LYP and B3PW91 functionals can differ by a factor
of 1.1. Furthermore, 2fCNT3 is not stable in aqueous solution, therefore this configuration is not suitable for the delivery of two DHA.
Finally, the 2fCNT4 configuration is the least stable in the gas phase and the optimization and binding energy calculations in solution
did not converged.

The Gibbs free energies of solvation of DHA, CNT and fCNTs are summarized in Table 2. Gibbs’ free energy of solvation provides a
measure of the solubility of a substance in a solvent. According to Zhou et al. [53], to cross biological barriers, therapeutic molecules
should be easily soluble in water. Thus, drugs with the lowest Gibbs free energy of solvation are the most soluble. As can be seen in
Table 2, the solvation energies of f{CNTs are all negative, thus allowing to conclude from a thermodynamic point of view that the
process is spontaneous. Moreover, as the Gibbs free energy of solvation of DHA and fCNTs are less than —12 kcal/mol, these thera-
peutic molecules can be considered as quality drugs, as predicted by Zafar et al. [54]. In addition, the solvation energies in Table 2
show that the use of f{CNTs as nanovectors for drug administration and targeted delivery of therapeutic compounds improves the
solubility of this drug and that increasing the functionalization sites also enhances the solubility of the molecule. Finally, just like for
the relative stability of the f{CNT2 and fCNT1 configurations, the fCNT2 configuration is more soluble than the f{CNT1 configuration.
The same is true for the 2fCNT2 and 2fCNT1 configurations. Furthermore, compared to fullerene Cgg, functionalized CNT are more
soluble in water than functionalized fullerene [25].

3.3. Electronic properties analysis

The frontier molecular orbitals of the studied molecules are shown in Figs. 2 and 3. They provide qualitative information about the
susceptibility of electrons to jump from the HOMO level to the LUMO level. Regions with high electron density are shown in red, while
those with low electron density are shown in green. The total electron density maps of DHA, CNT and fCNTs were also evaluated and
are shown in Fig. 2 for the DHA drug and the pristine CNT, and in Fig. 3 for the f{CNTs. Indeed, molecular electrostatic potential (ESP)
map is a suitable method to investigate the charge distribution of the molecular complex. Regions with high electron density are shown
in red and yellow, while regions with low electron density are shown in blue. From Fig. 2, we can conclude that oxygen atoms of DHA
might be considered as the active site for the interaction with the nitrogen atom belonging to the azomethine ylide functional group.
Indeed, the functionalization takes place by establishing a bond between the nitrogen atom belonging to the azomethine ylide
functional group and the oxygen atom labeled 43 of the drug DHA.

As shown in Fig. 3, the frontier molecular orbitals of the studied nanostructures are mainly localized on the nanotube. Indeed, the
HOMO orbitals are hardly disturbed during the functionalization. While in the case of LUMO, a weak distribution of charges towards
the azomethine ylide functional group was observed. However, the functionalization of DHA on CNT through azomethine ylide, still
impacts the HOMO-LUMO energy gap of CNT. One important measure of the chemical stability of a molecule is the HOMO-LUMO
energy gap; thus, if a molecule has a small or zero HOMO-LUMO gap, it may be chemically reactive [55]. The energy gap (Eg) of
the investigated molecules is given in Table 3 for DHA, pristine CNT and for the stable configurations f{CNT1-2 and 2fCNT1-2; while the
values of Egomo, ELumo and Eg of the less stable nanostructures 2fCNT3-4 are summarized in Table S5 of the supplementary material.

Table 1

Binding energy (kcal/mol) for fCNTs in gas phase and in solvent media.
Media Gas phase Water Chloroform
Nanostructures/Methods B3LYP B3PWI1 B3LYP B3PW91 B3LYP B3PWI1
fCNT1 —35.552 —35.811 —32.398 —32.737 —33.106 —33.427
fCNT2 —42.380 —53.644 —33.669 —47.822 —34.256 —49.381
2fCNT1 —9.967 —20.671 —3.246 —13.818 —4.812 —15.419
2fCNT2 —96.083 —98.201 —66.070 —87.129 —55.401 —89.949

2fCNT3 —4.307 —89.900 2.002 —7.301 0.521 —8.819
2fCNT4 2.358 —7.410 - -
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Table 2

Solvation energy (kcal/mol) for DHA, CNT and fCNTs in water and chloroform media.
Solvent Water Chloroform
Molecules/Methods B3LYP B3PW91 B3LYP B3PWO91
DHA —16.932 —16.896 —7.590 —7.545
CNT —20.046 —22.072 —-12.732 -13.918
fCNT1 —33.624 —35.569 —18.833 —19.942
fCNT2 —34.561 —36.053 —19.186 —20.080
2fCNT1 —47.351 —49.141 —25.023 —26.033
2fCNT2 —48.817 —50.440 —25.505 —26.472
2fCNT3 —49.195 —51.077 —25.496 —26.530

*f‘i{:“
d |

CNT - HOMO CNT - LUMO CNT - ESP

Fig. 2. HOMO-LUMO molecular orbitals and molecular electrostatic potential (ESP) map of DHA and virgin CNT in gas phase obtained using
B3PWO1 functional.

The electronic sensitivity and the electrical conductivity (¢) of a material are governed by its energy gap through the relation o exp( —
E; /2kpT), where kg is the Boltzmann constant and T the absolute temperature [56]. Therefore, the decrease in Eg leads to an increase
of the electrical conductivity, reactivity and sensitivity. The values of Eg in Table 3 show that the functionalization of DHA on CNT
improves drug reactivity and sensitivity and CNT conductivity, and the functionalization on several sites further reduces the value of
the HOMO-LUMO gap. On the other hand, the value of the energy gap hardly varies when moving from the gas phase to solution. This
shows that the conductivity, sensitivity and reactivity of the studied systems hardly changes from gaseous phase into solution.
Shakerzadeh et al. [57] in their work have shown that the functional B3PW91 leads to good results of the energy gap. Our findings
reveal very slight differences when we move from B3LYP to B3PW91; the results obtained by the two methods can therefore be used
indifferently. Thus, the reduction of energy gap in the gas phase is at least 5.8% and 16.9% when moving from virgin CNT to f{CNT1 and
from virgin CNT to fCNT2, respectively regardless of the calculation method; for the 2nd functionalization, this decrease is at least
5.5% and 16.0% when we move from fCNT1 to 2fCNT1 and from fCNT2 to 2fCNT2, respectively. However, as shown in Table S5 of the
supplementary material, the less stable 2fCNT3-4 configurations rather lead to an increase of the Eg. Finally, we can conclude that the
two most stable configurations f{CNT2 and 2fCNT2 allow the energy gap to go from 1.52 eV for the virgin CNT to 1.27 eV for fCNT2 and
to 1.06 eV for 2fCNT2. This last value is comparable to the silicon gap [6] which is an excellent semiconductor. Furthermore, our
predicted Eg value of the pristine (5,5) SWCNT agrees with that 1.56 eV reported in the literature [53].

As regards the fundamental gap (Ey), its values are collected in Table 3. In the case of organic molecules, it is important to point out
that the fundamental gap generally differs from the HOMO-LUMO electronic gap [44]. In fact, the fundamental gap given by Eq. (3),
connects the ionization potential (IP) and the electron affinity (EA) and is also related to the chemical hardness (i7) by the relation Ef =
25. Therefore, in terms of electronic transition, the fundamental gap is well suited to describe the reactivity of a compound [25]. As can
be seen in Table 3, just like for the energy gap, the functionalization of DHA on CNT reduces the fundamental gap which hardly
depends on the calculation method. The decrease of E¢ in gas phase is at least 5.0% and 9.5% when moving from virgin CNT to fCNT1
and from CNT to fCNT2, respectively. For the functionalization on two sites, this decrease is at least 4.8% and 8.3% when we move
from fCNT1 to 2fCNT1 and from fCNT2 to 2fCNT2, respectively. However, unlike Eg, there is a strong decrease of Ef when we move
from the gas phase to solvent media. The variation in water is at least 68%, 71%, 69% and 75% for f{CNT1-2 and 2fCNT1-2,
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Fig. 3. HOMO-LUMO molecular orbitals and ESP map of our stable therapeutic nanostructures (fFCNT1-2 and 2fCNT1-2) in gas phase obtained using
B3PWO1 functional.

respectively. These decreases in chloroform are at least 54%, 56%, 54% and 59% for f{CNT1-2 and 2fCNT1-2, respectively. Similar
observations are valid in the case of virgin CNT when moving from gas phase to solution; and to a lesser degree for DHA. Thus, the two
most stable configurations f{CNT2 and 2fCNT2 allow in the gas phase to reduce the fundamental gap from 3.65 eV for the virgin CNT to
3.30 eV for fCNT2 and to 3.02 eV for 2fCNT2; while in water Ef goes from 1.20 eV for the virgin CNT to 0.95 eV for f{CNT2 and to 0.74
eV for 2fCNT2.

3.4. 4- Global reactivity descriptors

The values of the global reactivity descriptors of the studied molecular systems such as ionization potential (IP), electron affinity
(EA), chemical potential (ucp), chemical hardness (1)), electrophilicity index (o), electronic charge transfer ANy, and electrophilicity-
based charge transfer (ECT) obtained using B3LYP and B3PW91 functional in gas phase and in solvent media were assessed using Egs.
(4)-(10) and are summarized in Table 3. The ionization potential is related to the ability to cross the blood-brain barrier [58], while
electron affinity is use for the study of optimal bioavailability [59]. The value of IP of the investigated systems increases when we move
from gas phase to solution, while the value of EA decreases at the same level, thus leading to a decrease of the fundamental gap when
moving from gas phase to solution. However, the values of IP decrease during functionalization while that of EA increases. In addition,
the values of IP of DHA are quite high and fall within the range of values given in literature for the majority of drugs, 6 eV < IP < 9 eV
[60]; while the EA values are all negative whatever the considered media and fall within the range of values —2 eV and +3 eV for most
drugs [60].

The chemical hardness gives an account of the resistance of a compound against the modification of its electronic structure and
allows to explain the reactivity and the stability of a compound. The higher 1 is, the more stable and less reactive the compound is.
According to the results in Table 3, pcp and n decrease during the functionalization of DHA on CNT whatever the considered media,
thus showing that the stability of DHA decreases while its reactivity increases.



D. Fouejio et al. Heliyon 9 (2023) 12663

Table 3

Electronic and global reactivity descriptors of DHA [25], CNT and fCNTs in gas phase and in solvent media.
CNT
Media Gas phase Water Chloroform
Descriptors/Methods B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW9I1
Eg (eV) 1.524 1.524 1.524 1.523 1.523 1.521
1P (eV) 5.529 5.621 4.444 4.568 4.658 4.772
EA (eV) 1.877 1.971 3.235 3.366 2.946 3.068
E¢ (eV) 3.652 3.649 1.209 1.201 1.712 1.704
pcp (eV) —3.703 —3.796 —3.840 —-3.967 —3.802 —-3.920
n (eV) 1.826 1.825 0.605 0.601 0.856 0.852
» (eV) 3.756 3.948 12.191 13.102 8.443 9.017
ANmax 2.028 2.080 6.350 6.605 4.442 4.600
Eg (eV) 7.035 7.222 7.015 7.205 7.021 7.211
1P (eV) 8.753 8.725 7.246 7.229 7.552 7.533
EA (eV) —1.799 —2.001 —0.033 —0.223 —0.423 —0.616
Ef (eV) 10.552 10.726 7.279 7.453 7.975 8.149
pep (eV) —3.477 —3.362 —3.607 —3.503 —3.564 —3.458
n (eV) 5.276 5.363 3.640 3.726 3.988 4.074
o (eV) 1.146 1.054 1.787 1.647 1.593 1.468
ANpax 0.659 0.627 0.991 0.940 0.894 0.849
Eg (eV) 1.435 1.426 1.436 1.426 1.436 1.426
1P (eV) 5.266 5.339 4.314 4.424 4.501 4.601
EA (eV) 1.797 1.883 3.194 3.321 2.890 3.006
Ef (eV) 3.469 3.456 1.120 1.102 1.611 1.595
pcp (eV) —3.532 -3.611 —3.754 —-3.873 —3.695 —3.804
n (eV) 1.734 1.728 0.560 0.551 0.806 0.797
» (eV) 3.596 3.772 12.588 13.606 8.475 9.071
ANpax 2.036 2.089 6.706 7.027 4.587 4.770
ECTpna-fonT 1.377 1.462 5.715 6.087 3.693 3.921
ECTcnrfonT 0.008 0.009 0.356 0.421 0.145 0.169
Eg (eV) 1.267 1.265 1.275 1.273 1.273 1.271
1P (eV) 5.244 5.338 4.275 4.399 4.465 4.581
EA (eV) 1.940 2.036 3.319 3.452 3.017 3.141
Ef (eV) 3.304 3.303 0.956 0.947 1.448 1.440
pcp (eV) —3.592 —3.687 -3.797 —-3.925 —-3.741 —3.861
n (eV) 1.652 1.651 0.478 0.474 0.724 0.720
» (eV) 3.904 4.116 15.077 16.264 9.666 10.354
ANpax 2.174 2.233 7.941 8.287 5.168 5.363
ECTpna-fonT 1.515 1.606 6.950 7.347 4.274 4.514
ECTenT-foNT 0.146 0.152 1.592 1.682 0.726 0.763
Eg (eV) 1.356 1.343 1.353 1.339 1.353 1.340
1P (eV) 5.024 5.082 4.191 4.291 4.352 4.442
EA (eV) 1.723 1.797 3.154 3.276 2.834 2.943
Ef (eV) 3.301 3.286 1.037 1.016 1.518 1.498
pcp (eV) -3.373 —3.439 —-3.672 —3.784 —3.593 —3.692
n (eV) 1.651 1.643 0.518 0.508 0.759 0.749
o (eV) 3.447 3.600 13.010 14.094 8.505 9.100
ANpax 2.044 2.094 7.085 7.450 4.734 4.929
ECTpna-font 1.385 1.467 6.094 6.510 3.840 4.080
ECTcnr-font 0.015 0.013 0.735 0.844 0.292 0.329
Eg (eV) 1.064 1.058 1.071 1.065 1.069 1.063
1P (eV) 5.027 5.099 4.146 4.258 4.318 4.420
EA (eV) 1.995 2.078 3.392 3.518 3.080 3.195
Ef (eV) 3.032 3.021 0.753 0.740 1.238 1.225
pcp (eV) —3.511 —3.589 —-3.769 —3.888 —3.699 —3.808
n (eV) 1.516 1.511 0.377 0.370 0.619 0.612
» (eV) 4.065 4.262 18.858 20.433 11.053 11.836
ANpax 2.316 2.375 10.007 10.510 5.977 6.217
ECTpna-fonT 1.657 1.748 9.016 9.570 5.083 5.368
ECTcnrfoNT 0.288 0.295 3.657 3.905 1.535 1.617

The electronegativity y is the negative chemical potential, and there is always a transfer of electron from less electronegative
compound to a more electronegative one. The amount of charge transfer between DHA and fCNTs (ECTpya.fcnt) Was assessed based on
ANnax- All ECTpya-fenT Values in Table 3 are positive, indicating that the respective f{CNTs act as electron acceptors and DHA acts as
electron donor; therefore, the charge flows from drug to fCNTs. Likewise, except for 2fCNT3-4, the charge transfer from pristine CNT to
fCNTs are all positive, showing that the carbon nanotube behaves as an electron donor (the charge transfer occurs spontaneously from
CNT to fCNTs). The values of  in Table 3 also show that the reactivity of the modeled nanostructures is strongly improved in solvent
media and that it is important in water than in chloroform. Therefore, f{CNTs are excellent electrophiles in aqueous solution.
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In order to better understand the charge transfer between DHA drug and fCNTs, natural bond orbital (NBO) was carried out in gas
phase and in water. The increase of the natural atomic charges of the atoms close to the functionalization site when moving from the
gas phase into water remains low of the order of 5% for the nitrogen atom and of the order of 1.6% for the oxygen atom involved in the
functionalization. We have therefore decided to present the NBO analysis in the aqueous media suitable for DHA drug delivery. The
values of natural atomic charges of some atoms close to the functionalization site are summarized in Table 4. Based on the natural
atomic charges distribution of DHA alone, the charge of the oxygen atom labeled 43 involved in the functionalization is —0.736 e. This
charge reduces to —0.457 e after functionalization. Thus, there was indeed a charge transfer from the drug to the fCNTs. Moreover, as
can be seen in Table 4, the natural atomic charges distribution is the same on the two functionalization sites. Finally, from the NBO
calculation we found that the distribution of natural atomic charges in the investigated functionalized nanostructures is ranged from
—0.629 e to +0.595 e for f{CNT1 and 2fCNT1, from —0.629 e to +0.437 e for f{CNT2 and 2fCNT2, and for the DHA drug, it is ranged
from —0.736 e to +0.595 e.

3.5. 5- Nonlinear optical properties

Some linear and nonlinear optical parameters of our studied systems such as those enumerated in the methodology section were
assessed in gas phase using B3LYP, B3PW91 and CAM-B3LYP functional. The values of these parameters are given in Table 5. These
properties have been investigated due to their importance in pharmacology [61,62], in biomedical field [63] and in biomedical im-
aging [64]. According to Ejuh et al. [65] spatial structure and electronic distribution govern interactions between drugs and biological
molecules. Thus, the polarity of a molecule comes from the non-homogeneous distribution of its electronic cloud. As regards the
polarizability, it measures the ease with which the electronic cloud of a molecule can be deformed under the effect of an electric field or
under the effect of another molecule. Therefore, the dipole moment and polarizability provide information about charge distribution
within the molecule and thus affect solvation and membrane permeability on the molecule [65]. According to Erol Eroglu and Hasan
Tritkkmen [66], the dipole moment or polarizability is the main factor in inhibition activity, the activity increasing with the dipole
moment. In addition, drugs with greater dipole moment are less well absorbed [67]. From Table 5, it is observed that, except for the
least stable configuration (2fCNT4), the dipole moments values of the DHA covalently bound to CNT are within the range of values 3 D
and 5 D of most drugs given in literature [68]; which implies that our therapeutic nanostructures have high absorption and are actively
transported. Further, the dipole moment of all our nanostructures are higher than that of DHA, demonstrating that the functionali-
zation of DHA on CNT improves the polarity of the whole system which is appropriate property for drug delivery in biological systems
[69]. Furthermore, since polarizability is a representation of molecular hydrophobicity [70], it is the main factor influencing the
binding affinity of the drug [65]. Therefore, the large values of the polarizability of our stable therapeutic nanostructures show that
they have excellent binding affinity. As regards the hyperpolarizability, nonlinear optical properties have applications in the second
[71,72] and third harmonics generation [63] (SHG and THG), in drug delivery imaging [72-74], in the pharmaceutical and bio-
pharmaceutical field [61,62,64]. NLO imaging is thus a technology with great potential for pharmaceutical analysis. According to
several authors [75-77], NLO is more established in the biomedical than pharmaceutical field.

From Table 5, we observed that, except for the first-order hyperpolarizability which varies greatly when moving from B3LYP or
B3PWO91 to CAM-B3LYP, all the parameters vary slightly with the calculation method, whatever the investigated system. Indeed,
unlike the functional B3LYP and B3PW91, the CAM-B3LYP takes into account long-range interactions and should lead to good values of
the hyperpolarizability, which explains the strong variations observed.

Regarding the functionalization of DHA on CNT, we found that it strongly improves NLO properties. Indeed, for the first-order
hyperpolarizability, the increase is of the order of 432.6%, 519.9% and 98.6% for f{CNT1 obtained using B3LYP, B3PW91 and
CAM-B3LYP, respectively; and of the order of 737.3%, 943.6% and 291.1% for f{CNT2 obtained respectively with the same functionals.
Comparing to the virgin nanotube, the first-order hyperpolarizability goes from O to higher or lower values depending on the
calculation method. Concerning the dipole moment, CNT shows no polarity, however, the dipole moment increases significantly after
functionalization due to the change of its electronic density. As regards the polarizability, the increase is at least 400% when moving
from DHA to fCNT1,2 whatever the functional, while it is at least 34% when comparing with the virgin nanotube at the same levels.
Similar behavior was observed with anisotropy of polarizability. From Table 5, we can also observe that whatever the functional used,

Table 4
The value of natural atomic charges (in e units) of some atoms close to the functionalization site of our stable therapeutic nanostructures in water
media obtained using B3PW91 functional.

fCNT1 2fCNT1 fCNT2 2fCNT2

Atom Charge Atom Charge Atom Charge Atom Charge Atom Charge Atom Charge
C31 —0.075 C31 —-0.075 C21 —0.074 C1 —0.248 C1 —0.248 C51 —0.244
C32 —0.074 C32 —-0.074 Cc22 —0.075 C2 —0.244 c2 —0.244 C52 —0.248
C81 -0.171 C81 —0.167 C137 —0.233 c87 —0.233 C137 —0.188 C81 —0.188
N82 —-0.199 N82 —0.200 C139 —0.168 C89 —0.186 C139 —0.186 N82 -0.211
C83 -0.167 C83 —0.174 Cl144 0.437 C94 0.437 C144 0.437 C83 —0.186
097 —0.620 097 —-0.621 0145 —0.447 095 —0.457 0145 —0.458 097 —0.622
C98 0.438 98 0.437 N152 —0.200 N102 —-0.211 N152 —-0.211 C98 0.437
Cc99 —0.233 C99 —0.233 0160 —0.619 0110 —0.622 0160 —0.622 C99 —0.233
0107 —0.447 0107 —0.447 Cl167 —-0.170 C117 —0.189 C167 —0.188 0107 —0.458
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Table 5
Dipole moment p (D), average polarizability ag ( x 10~2* esu), anisotropy of polarizability Aa ( x 10~2* esu), total value of the first-order hyper-

polarizability pr ( x 1073° esu) and molar refractivity MR (esu.mol 1) of DHA [25], CNT and fCNTs in gas phase.
CNT DHA
Methods/Parameters B 0o Ax Br MR 1 oo Ax Br MR
B3LYP 0 96.162 14.450 0 242.608 2.557 25.649 8.152 1.949 64.711
B3PWI1 0 95.835 14.260 0 241.783 2.540 25.428 8.035 2.052 64.153
CAM-B3LYP 0 92.387 18.697 0 233.084 2.641 24.876 7.504 1.505 62.760
fCNT1 fCNT2
B3LYP 4.411 131.445 33.566 10.378 331.625 3.012 131.480 27.875 16.316 331.712
B3PW9I1 4.686 130.839 33.575 12.722 330.094 3.065 130.751 27.165 21.417 329.873
CAM-B3LYP 4.204 124.026 30.404 2.990 312.907 2.899 124.261 25.225 5.888 313.499
2fCNT1 2fCNT2
B3LYP 2.443 167.048 69.939 1.051 421.447 3.605 165.827 44.250 4.207 418.366
B3PWI1 2.401 166.133 69.953 1.305 419.138 3.645 164.922 44,169 5.449 416.084
CAM-B3LYP 2.824 156.839 58.081 0.025 395.690 3.747 156.733 38.046 0.485 395.424
2fCNT3 2fCNT4
B3LYP 2.543 170.955 97.601 0.801 431.304 7.138 167.697 40.148 13.287 423.085
B3PW91 2.514 170.034 97.769 1.018 428.980 7.587 166.910 39.887 15.966 421.098
CAM-B3LYP 2.589 161.270 87.217 0.636 406.870 7.071 157.685 37.194 4.261 397.825

fCNT2 gives the best values of NLO parameters than fCNT1 and the anisotropy of polarizability decreases by at least 20% when we
move from fCNT1 to fCNT2.

Concerning the second functionalization, Table 5 demonstrates that except for 2fCNT4, the first-order hyperpolarizability de-
creases in the cases of 2fCNT1-3. This decrease is of the order of 89.9%, 89.7% and 99.2% for B3LYP, B3PW91 and CAM-B3LYP,
respectively when moving from fCNT1 to 2fCNT1; around 74.2%, 74.6% and 91.8% when we move from fCNT2 to 2fCNT2 and
around 92.3%, 92.0% and 78.7% when moving from fCNT1 to 2fCNT3. However, the first-order hyperpolarizability increases in the
order of 28.0%, 25.5% and 42.5% obtained using B3LYP, B3PW91 and CAM-B3LYP, respectively when we move from fCNT1 to
2fCNT4. Regarding the polarizability and regardless of the functional used, the increase is about 26.5%, 26.1%, 30.0% and 27.1%
obtained for 2fCNT1, 2fCNT2, 2fCNT3 and 2fCNT4, respectively. For the anisotropy of polarization, the increase is at least 91%, 51%,
187% and 19% obtained at the same levels. Finally, Table 5 shows that the best values of NLO parameters are obtained for 2fCNT2 and
2fCNT4. But as we reported above 2fCNT4 suffers from being less stable.

Regardless of the second or the first functionalization, the large values of NLO parameters of the studied nanostructures are greater
than those of urea [78] which is the reference molecule for the NLO properties. As a result, these therapeutic nanostructures may also
have excellent NLO applications including SHG and THG [63,71,72].

4. Conclusion

We performed in gas phase and in solution, DFT calculations of DHA covalently bound to (5,5) CNT using 1,3-DC of azomethine
ylide in order to assess the role of f{CNTs as a nanovector for the targeted delivery of the DHA drug and to predict their electronic and
NLO properties.

From our findings of binding energies and Gibbs free energy of solvation, two energetically stable configurations f{CNT1-2 in 1st
functionalization and four other 2fCNT1-4 in 2nd functionalization including two energetically stable 2fCNT1-2 and two less stable
2fCNT3-4 were identified. Binding energies also revealed that fCTNs are more energetically stable in chloroform than in water.
Furthermore, the results of the geometric optimization indicate that the functionalization does not change the molecular structure of
DHA. Based on the solvation energies, the use of f{CNTs as nanovectors for drug administration and targeted delivery of therapeutic
compounds improves the solubility of DHA drug and the increasing of the functionalization sites also improves the solubility of the
drug. Furthermore, since solubility is a parameter that significantly influences drug bioavailability, 2nd functionalization contributes
more effectively to targeted drug delivery. Finally, the fCNT2 and 2fCNT2 configurations are the most stable and most soluble.

Regarding the HOMO-LUMO gap, we noted that for the most stable configurations, the value of Eg goes from 1.52 eV for virgin CNT
to 1.27 eV for the 1st functionalization and to 1.06 eV for the 2nd functionalization regardless of the considered media; thus giving
these nanostructures excellent semiconductor properties and promising materials in the manufacture of optoelectronic devices. On the
contrary, the fundamental gap varies with the media. Thus, we found that the two most stable configurations allow in the gas phase to
reduce the fundamental gap from 3.65 eV for the virgin CNT to 3.30 eV for fCNT2 and to 3.02 eV for 2fCNT2; while in water E goes
from 1.20 eV for the virgin CNT to 0.95 eV for f{CNT2 and to 0.74 eV for 2fCNT2 and in chloroform E¢ goes from 1.70 eV for the virgin
CNT to 1.44 eV for the 1st functionalization and to 1.23 eV for the 2nd functionalization.

From the chemical hardness values, we found that, during the functionalization of DHA on CNT, the stability of DHA decreases
while its reactivity increases whatever the considered media. Based on the values of the electrophilicity index we can also conclude
that the reactivity of the modeled nanostructures is strongly improved in aqueous solution.

Based on the high values of the first hyperpolarizability of the investigated nanostructures, greater than those of urea [78], these
therapeutic nanostructures are promising materials for NLO applications. Finally, the size of the carbon nanotube certainly has an
impact on the results presented here. It would therefore be interesting to investigate the effect of the size of CNT on the properties of the
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investigated nanostructures.
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