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Abstract

The present first principles study entails the adsorption behavior of N, N’, N”-triethylenephosphoramide (TEPA) drug over
the pristine, Si- and Al-doped (5, 5) armchair single-wall carbon and boron-nitride nanotubes (SWCNTs and SWBNNTs).
Density functional theory (DFT) calculations were done via the B3LYP and M06-2X methods with the standard 6-31G**
basis set. The results show that the adsorption of TEPA drug molecule occurred physically on pristine CNT and BNNT and
chemically on Al- and Si-doped CNTs and BNNTSs. Although Si- and Al-doped CNTs and Al-doped BNNT provide stronger
adsorption, the change in the energy gap of the Si-doped BNNT was more pronounced. The lipophilicity calculations indi-
cated that the pure, Si- and Al-doped BNNTs are better candidates for increasing the efficiency of TEPA drug. It has been
predicted that the Si-doped BNNT may be a promising drug delivery agent.
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1 Introduction

Carbon nanotubes (CNTs) have drawn great interests among
scientific and engineering communities because of their
marvelous shape, high stability and excellent conductiv-
ity since their innovation in 1991 [1-5]. Their illustrious
mechanical and electronic properties have introduced them
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as inspirational materials for recent applications such as
fuel storage materials, energy capacitors and nanoelectronic
devices [6, 7]. Low dispersion levels of carbon nanotube in
polar liquids can be attributed to their hydrophobic-hydro-
phobic interactions which is a competitive task for their
applications in nanoscale devices. For example, this special
interaction of the CNTs is an important aspect for the sig-
nificant increase in electrical and thermal conductivities of
liquid suspensions and polymer composites. Many studies
on the construction of functional carbon nanotube compos-
ites were achieved because of their extremely high Young’s
modulus [8], flexibility [9], electrical and thermal conductiv-
ity [10], large aspect ratio (typically ca. 300-1000), bending
strength and chemical inertness. For example, the complexa-
tion of the CNTs with different molecules and structures,
particularly oligonucleotides and proteins have been investi-
gated inside [11] and outside [12, 13] of the nanotubes with
their activities and immunological properties being retained
[14, 15]. Their mechanical features, along with relatively
low density [16], make the CNTs suitable candidates for
weight-efficient structures and so they are intended to be the
ultimate reinforcements in elastomer composites.

Several studies on different physicochemical aspects
were focused on non-carbon nanotube structures. Amongst
these structures, tubules made up of boron-nitride nanotubes

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-020-01677-5&domain=pdf

Journal of Inorganic and Organometallic Polymers and Materials

(BNNTs) were of great importance [17, 18]. BNNTSs are
structurally similar to their carbon-based counterparts and
have many unique properties. For example, BNNTSs have
been introduced as a capable tool for the adsorption of com-
pounds relevant to biomedical applications due to their high
amount of binding energy [19, 20]. Unlike CNTs, BNNTs
are wide bandgap semiconductors, insensitive to chirality
and tube diameter which offer greater applications in elec-
tronic devices and sensors [21, 22]. Recent observations
demonstrated that BNNTSs could be non-cytotoxic, imply-
ing that they may emerge as novel biocompatible ingredients
for therapeutic, biomedical or diagnostic applications [23,
24]. There have been many reports on the adsorption of drug
molecules on different nanostructures with their applications
[25-28]. For example, Kia and co-workers have shown the
interaction of aminolevulinic acid (5-ALA) on the SWCNTs,
Ce, and C,, through density functional theory (DFT) cal-
culations. They indicated that the adsorption of 5-ALA on
these carbon nanostructures is mainly electrostatic in nature
[29]. The structure and electronic properties of BNNTSs func-
tionalized with isoniazid drug molecule were studied by Sai-
kia and co-workers via DFT studies [30]. They found that the
adsorption of isoniazid on the surfaces of (5, 5) and (10, 0)
BNNTs are —0.649 and —0.738 eV, respectively.

TEPA (N, N’, N”-triethylenephosphoramide) is an
alkylating agent that belongs to a family of pentavalent
phosphorus compounds containing aziridinyl moieties that
have been applied against various solid tumors as an active
antiproliferative agent [31, 32]. TEPA is very unstable for
clinical use because of its low lipophilicity (Log P = —0.62)
whereas the more stable and lipophilic sulfur-substituted
compound, Thiotepa (N, N', N”-triethylenethiophosphora
mide) was utilized clinically for more than 30 years (Log
P=0.57). However, the main disadvantage of the latter
drug therapy is the high absorption level of this drug into
the bloodstream which can result in bone marrow depres-
sion, leading to leukopenia, thrombocytopenia and anemia
[33-35]. TEPA is the proposed metabolite of the alkylating
anticancer agent Thiotepa, first represented in 1960 [36].
This anticancer system is metabolized in the liver after oxi-
dative desulfuration by the action of the cytochrome P450
enzyme system and, most commonly used in the treatment
of breast and bladder papillary cancer [34, 37, 38]. TEPA
has a half-life of 2—7 times longer than that of the Thiotepa
and is assumed to participate significantly in its antineo-
plastic activity [39, 40]. In addition, TEPA can be further
metabolized non-enzymatically to monochlorotepa that
has an alkylating activity significantly lower than that of
TEPA [40]. This metabolite detected in the urine of patients
treated with Thiotepa and may also be based on the chemical
destruction of TEPA.

Concerning the advantages of TEPA over Thiotepa and
the side effects of Thiotepa, it is necessary to find new

@ Springer

possible ways of using TEPA in the human body. In previ-
ous reports, studies have indicated that the increase in the
lipophilicity of TEPA molecule increases the drug activity
[33-35]. Therefore, the adsorption of TEPA on the CNTs
and BNNTSs were studied using DFT calculations to investi-
gate the changes in lipophilicity and its stability for its utili-
zation in the human body. The potentials of TEPA for drug
delivery via nanotubes were also investigated in this work.

2 Computational Methods

First-principles computations for TEPA molecule interacted
with the pristine, Al- and Si-doped (5, 5) CNTs and BNNTs
have been performed using Gaussian 03 package [41] at
the level of DFT with B3LYP/6-31G** level of the theory
[42, 43]. For a weakly interacting system, dispersion forces
become significant. Therefore, accurate estimates of binding
energies are calculated via dispersion corrected functional.
For this purpose, the adsorption energies have been investi-
gated using M06-2X/6-31G** level of the theory [44, 45].
The adsorption energies (E,;) of the TEPA molecule on the
nanotubes were computed using the following equations:

Euq = Ergpajent — [Ecnr + Ergpal ¢h)
E.i = Ergpa JAI-CNT — (Esi—cnt + Erepal 2)
Ey= ETEPA/Si—CNT — [Esi_ent + Erepal 3)
Ei = Ergpa /BNNT — (Egnnr + Erepal “4)
Eq= ETEPA/AI—BNNT — [Egr—gnnr + Erepal (®)]
E.q = Ergpa /Si—BNNT — (Esi_gnnr + Ergpal 6)

where Ergpa/ont Etepasai-ont Etepassi—ont Etepa/snn
Ergpa/ai—snnt and Erppassi—pnnt are the total energies of the

CNT, AI-CNT, Si-CNT, BNNT, AI-BNNT and Si-BNNT
interacted with TEPA molecule. Etgps, Ecnts Ear—onts
Egi_cnt Egnnts Ealopnnt and Eg;_gnnr are the total ener-
gies of the lone TEPA, CNT, AI-CNT, Si-CNT, BNNT, Al-
BNNT and Si-BNNT, respectively.

Physical and chemical properties of these adsorp-
tion systems were analyzed using the quantum molecular
descriptors. The descriptors were defined by the following
equations:
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where ionization potential (—=Eygyo) and electron affinity
(—ELumo) of a molecule were indicated as I and A respec-
tively. Based on Koopmans’ approximation, / and A can
be expressed as —Ey0and —E; 0 respectively. p and y
are chemical potential and electronegativity. Equation (9)
expresses the global hardness () according to the Koop-
mans’ theorem. Softness (§) and electrophilicity index ()
are specified using the Egs. (10) and (11), respectively [46,
47]. The log P values were computed using ALOGPS 2.1
software in web service www.vcclab.org, to predict their
lipophilicities.

3 Results and Discussion

Figure 1 shows the molecular electrostatic potential (MEP)
plot of the pristine TEPA molecule. As in this figure, the
partial negative charges are mainly localized over the oxygen
atom as oxygen has the highest electronegativity (y = 3.5)
within the molecule as compared with nitrogen (y = 3.0)

Fig. 1 Computed electrostatic potentials on the molecular surfaces of
a bare TEPA molecule. (The color scheme for MEP surface is red-
electron rich or partially negative charge; blue-electron deficient or
partially positive charge; light blue-slightly electron deficient region;
yellow-slightly electron rich region, respectively) (Color figure online)

and phosphorus (y = 2.2) atoms. The partial negative charge
region hence becomes a favorable site for interaction with
electron withdrawing and positive parts of the nanotubes.
Herein, we discussed the optimized structures and geometry
parameters of the pristine, Al- and Si-doped (5, 5) CNTs and
BNNTs in the interaction with the TEPA molecule (Figs. 2
and 3). When one TEPA molecule is adsorbed toward the
(5, 5) BNNT, the length of B-N bonds of this complex was
slightly increased from 1.45 A in the pristine nanotube to
1.46 A. During the adsorption, the interaction of boron
with oxygen causes the boron atoms in BNNT to have addi-
tional partial covalent bond. The bond addition will alter its
default sp*>-hybridization with three other nitrogen atoms in
BNNT into a quasi sp’-hybridization as seen by the displace-
ment of boron atom from the BNNT surface. This boron
displacement is seen through the lengthen B-N bond and
the non-zero dipole moment value (5.33 Debye) of TEPA/
(5,5) BNNT due to the broken symmetry of BNNT structure
which initially has zero dipole moment (DM).

The interaction of TEPA over BNNT (Tables 1 and 2)
results in a weak interaction with the adsorption energies of
—0.007 using the B3LYP and —0.292 eV using the M06-2X
functional. With the comparison of the results obtained
using the two applied functionals, it can be deduced that
dispersion has a critical role in the TEPA adsorption over
the pristine BNNT [48]. In addition, the calculated charge
transfer analysis in the TEPA/(S, 5) BNNT complex is about
0.029 and 0.028 electrons at the B3LYP and M06-2X func-
tionals, respectively. Furthermore, we used the Al- and Si-
doped (5, 5) BNNT: for the adsorption of TEPA drug. For
doping, a boron atom of BNNT is replaced with a Si or Al
atom. The bond lengths were then measured and found to
be 1.76 and 1.73 A for N-Al and N-Si, respectively. After
the optimization at the M06-2X functional and at the B3LYP
functional, N—Al and N-Si bonds were measured to be 1.79
and 1.75 A, respectively. The bond length calculated using
the B3LYP functional is 1.83 A for N-Al bond as reported
by Soltani et al. [49]. The DM value for pristine Si-doped
(5, 5) BNNT was calculated as 0.19 Debye, while the DM
value of TEPA/Si-doped (5, 5) BNNT was about 4.61 Debye
on M06-2X functional. These results indicate an increase in
polarization after TEPA adsorption. For a better understand-
ing of the adsorption properties of TEPA molecule attached
to Si-doped (5, 5) BNNT, the charge analysis data were
studied. It was found that charge transfer from the TEPA
molecule to the Si-doped (5, 5) BNNT was about 0.069
and 0.058 electrons at the B3LYP and M06-2X functionals,
respectively, implying insignificant charge transfer between
TEPA molecule and Si-doped (5, 5) BNNT.

Adsorption energies for TEPA adsorption on Si-doped
BNNT were calculated to be —0.209 eV and —0.574 eV
in the B3LYP and M06-2X functionals, respectively. The
nearest distances between TEPA and Si-doped BNNTSs at
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Fig.2 Optimized configurations for the BNNT, TEPA/BNNT, Al-doped BNNT, TEPA/Al-doped BNNT, Si-doped BNNT and TEPA/Si-doped
BNNT at the M06-2X method

the B3ALYP and M06-2X methods were obtained as 2.77 and and —2.530 eV with the nearest adsorbent-adsorbate dis-
2.89 A, respectively. Adsorption energies for TEPA adsorp-  tances of 1.83 and 1.82 A via B3LYP and M06-2X func-
tion on Al-doped BNNT were calculated to be —2.110 eV tionals, respectively. Comparisons of the TEPA adsorption
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Al-doped (5, 5) CNT Tepa/Al-doped (5, 5) CNT

Si-doped (5, 5) CNT Tepa/Si-doped (5, 5) CNT

Fig.3 Optimized configurations for the CNT, TEPA/CNT, Al-doped CNT, TEPA/Al-doped CNT, Si-doped CNT and TEPA/Si-doped CNT at
the M06-2X method
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energies on the Si- and Al-doped BNNT indicate that dis-
persion calculation is a significant factor in the adsorption
calculations [48]. The higher adsorption energies of Al-
doped BNNT is attributed to its ability as Lewis acid site in
accepting a lone pair of electrons from oxygen atom at its 3p
empty orbital. Based on B3LYP and M06-2X functionals,
0.331 and 0.330 electrons were respectively transferred from
the TEPA to the Al-doped BNNT after the adsorption. In a
study, the adsorption values of propargylamine-based sul-
fonamide over the pristine, Si, and Al-doped BN nanotubes
were calculated to be —0.13, —0.65, and — 1.25 eV, respec-
tively [49]. Their results indicated that Si and Al-doped BN
nanotubes have stronger interaction with the sulfonamide
than that of the pristine BN nanotube. Compared to the pure
(5, 5) BNNT, the adsorption of the TEPA bindings on the
Si- and Al-doped BNNTs were known to be stronger com-
pared to that of the bare BNNT which may be related to the
electronic properties and reactivity of the Al and Si atoms
in the outer sidewalls of the BNNT.

In Fig. 3, we calculated the interaction of a TEPA drug
molecule with the pristine, Si- and Al-doped (5, 5) CNT
using the B3LYP and M06-2X functionals. For the TEPA/
CNT complex, the adsorption energy and distance are
—0.432 eV and 2.85 10%, respectively at the M06-2X func-
tional. The results indicate that the interaction of TEPA
with CNT was stronger than that of the BNNT. The dipole
moment value increased from zero Debye in the pure CNT to
0.99 Debye in the TEPA/CNT complex. The C-Si and C-Al
bonds in the pristine Si- and Al-doped CNTs were slightly
increased from 1.78 to 1.85 A to 1.79 and 1.91 A after the
adsorption processes, respectively at the M06-2X functional,
which are in well accordance with the previous reports [50,
51]. The dipole moment value for TEPA drug molecule
interacting with the Si- and Al-doped CNTs are 14.12 and
11.82 Debye, denoting an increase in dipole moment value
after the adsorption process. Computed adsorption ener-
gies of TEPA/Si-doped CNT and TEPA/Al-doped CNT
were — 1.816 eV and —2.463 eV at the M06-2X functional
(see Table 1), which explain the chemisorption of the drug
towards the tubular wall of the Si- and Al-doped CNTs. The
closest distances of the TEPA and Si- and Al-doped CNTs
were 1.76 and 1.83 A, and the charge transfers from the
TEPA to the Si- and Al-doped CNTs were obtained to be
0.380 and 0.307 electron, respectively. The re-hybridization
of dopant atoms from sp” to sp’® may be the key factor for
the chemisorption of TEPA on the Si- and Al-doped CNTs.
Compared to the pure (5, 5) BNNT, the adsorption of the
TEPA exhibits stronger bindings towards Si- and Al-doped
CNTs.

In the next stage, we investigated the electronic ener-
gies of TEPA for the most stable adsorption configuration
upon the CNTs and BNNTSs. The energies of HOMO (the
highest occupied molecular orbital) and LUMO (the lowest

unoccupied molecular orbital) were also investigated using
DFT calculations. The HOMO orbitals in the pure, Si- and
Al-doped BNNT complexes illustrate that the electrons
are located upon the TEPA molecule, while the LUMO
orbitals of these complexes are situated upon the B and
N atoms of the tubes. The HOMO and LUMO of TEPA
molecule interacting with the pure, Si- and Al-doped CNTs
are located upon the C—C orbitals (see Figs. 4 and 5). The
HOMO and LUMO orbitals are often associated with the
ability to donate and accept an electron, respectively [49].
The obtained values of HOMO and LUMO energies of the
studied complexes are presented in Tables 1 and 2.

The obtained values of energy gap (E,) for pristine CNT
and BNNT are 1.70 and 6.35 eV on the B3LYP functional
and 3.10 and 8.88 eV on the M06-2X functional, respec-
tively, which is in a good agreement with the previous
reports [52, 53]. The E, of the BNNT slightly reduces from
8.88 eV in the pristine tube to 8.79 eV in TEPA-adsorbed
form at the M06-2X functional, so that the energy gap differs
negligibly between the two species. The value of E, after
adsorption process was increased from 7.41 eV in Al-doped
BNNT to 8.74 eV in TEPA/Al-doped BNNT. This event
shows that although the Al-doping significantly improves
the interaction between TEPA and BNNT, it largely reduces
the electronic sensitivity of the systems [54—57]. However,
the result for the Si-doped BNNT was slightly different in
which the E, of the Si-doped BNNT decreased after TEPA
adsorption. This decrement in the E, exponentially enhances
the electrical conductivity of the whole adsorbent-adsorbate
complex that can be converted to an electrical signal for a
better detection of the TEPA drug by the Si-BNNT [58].
However, unlike the Al-doping, the Si-doping enhances the
sensitivity of the BN nanotube towards the TEPA drug. The
energy band gap values of the pure, Si-, and Al-doped CNTs
were unchanged after the adsorption of TEPA as the LUMOs
at C-C orbitals were not involved as the chemisorption site
for TEPA. This result suggests the adsorption of TEPA has
no significant effect on the electronic properties of the pure,
Si- and Al-doped (5, 5) CNTs.

The total density of states (TDOS) and projected den-
sity of state (PDOS) plots of the pure BNNT, Al-doped
BNNT, Si-doped BNNT, pure CNT, Al-doped CNT and
Si-doped CNT interacting with the TEPA molecule in the
states A, B, C, D, E, and F are depicted in Fig. 6. PDOS
plots of first (tube) and the second (drug) fragments are
shown as red and blue colors of the specified complexes.
The vertical lines indicate the Ep position and edge of the
valence band. According to Fig. 6 for all the calculated
states, the new states favor increasing the band gap of the
Al- and Si-doped BNNTs and CNTs. Different states of
the PDOS exactly represent a dependency of the electronic
structure of the interaction systems to the spectral adsorp-
tion position and orientation of the TEPA interaction with
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HOMO-Tepa/Si-doped BNNT
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"a{Mw

LUMO-Tepa/Si-doped BNNT

LUMO-Tepa/Al-doped BNNT

Fig.4 Molecular orbitals of the HOMO and LUMO on the pristine, Si- and Al-doped (5, 5) BNNT loaded with TEPA at the M06-2X method

the pure and doped BNNTSs and CNTs. Figure 5 shows
significant changes in the energy of the donor state in C,
D, E, and F configurations. By the PDOS plots, it can be
understood that the HOMO and LUMO states of the doped
BNNTs and CNTs states were significantly altered upon

@ Springer

their interactions with TEPA, suggesting that the TEPA
drug was chemically adsorbed (chemisorption) upon the
outer surfaces of the doped BNNTSs and CNTs that con-
sequently result in a charge transfer between the doped
nanotubes and TEPA drug.
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HOMO-Tepa/Al-doped CNT

LUMO-Tepa/Al-doped CNT

Fig.5 Molecular orbitals of the HOMO and LUMO on the pristine, Si- and Al-doped (5, 5) CNT loaded with TEPA at the M06-2X method

Figure 7 shows the electron density (ED) maps of Al-
and Si-doped BNNTs and CNTs interacting with the TEPA
molecule. The charge transfers occurring from the TEPA
to doped BNNTs and CNTs near the adsorption sites were
mainly due to the strong chemical interactions in the states
C,D, E and F [59, 60]. The covalent bonding relates to the

overlapping of molecular orbitals and electrons primarily
agglomerated at the center of the bond as shown in the states
C, D, E and F. As it is shown in the Fig. 7, the electron
charge density distribution is obviously centralized around
the Al and oxygen atoms of the complex indicating a signifi-
cant overlapped charge density which is in agreement with
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Fig.6 PDOS plots of TEPA interacting with BNNT (a), CNT (b), Al-doped BNNT (c), Si-doped BNNT (d), Al-doped CNT (e), and Si-doped

CNT (f)

the covalent interaction between drug and doped nanotubes,
leading to the chemical adsorption and high binding energy
of the TEPA drug towards the doped BNNTs and CNTs. For
TEPA/Si-doped BNNT system (State E), the oxygen atom
partially overlapped with Si atom in Si-doped BNNT. The

@ Springer

oxygen atom chemisorption was also noted to be facilitated
by the partial interaction of B atom as B atom has similar
role with Al atom as Lewis acid site due to its one empty
valence orbital. In comparisons with other adsorption sys-
tems with direct interaction of O and Al atoms, these partial
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Fig.7 ED plots of TEPA interacting with Al-doped BNNT (c), Al-doped CNT (d), Si-doped BNNT (e) and Si-doped CNT (f)

interactions in TEPA/Si-doped BNNT system would cer-
tainly have a weaker binding energy as evident by its smaller
adsorption energy. Electron deficient hydrogen atoms of
N-CH; group in TEPA were also noted to form hydrogen
bonds via their interactions with the lone pair electrons of
nitrogen atom in the Si-doped BNNT.

The quantum molecular descriptors (QMDs) for the stud-
ied adsorption configurations at the M06-2X/6-31G* level
of theory are shown in Table 3. The values of 1) for the (5,5)
CNT, AI-CNT, Si-CNT, (5,5) BNNT and Si-BNNT were
negligibly changed by the adsorption of TEPA. These results
are in good agreement with the E, trend of the nanotubes
on TEPA adsorption. TEPA/Si-BNNT is more interested in
changes under electrical field conditions compared to the
pristine nanotube [61]. The values of A and I for TEPA/
Si-BNNT, TEPA/AI-BNNT, TEPA/Si-CNT and TEPA/AI-
CNT were noted to be smaller than that of their adsorption
configurations using pristine BNNT and CNT. This indicates

the higher stability of the Si- and Al-doped complexes as
compared to the pristine nanotube complexes. The values of
o and x were noted to be reduced after TEPA adsorption,
indicating a decline in the reactivity of systems or it could be
interpreted as the adsorption system reaching a more stable
state in resisting chemical changes [62].

To evaluate the lipophilicity of the generated complexes,
their log P values were computed using ALOGPS 2.1 soft-
ware to predict their stability and solubility in the body
(Table 4). It has been pointed out that lipophilicity is an
important factor for biochemical, pharmacological and envi-
ronmental processes in quantitative structure—activity rela-
tionship (QSAR) studies [63, 64]. Studies on TEPA-adsor-
bent systems indicated that the increase in the lipophilicity
(0 <« logP <« 2) could increase the efficiency of this drug
[33]. The log P values reveal that the pure, Si-, and Al-doped
CNTs can be the most toxic molecules with the greatest log
P values (~7.2). These results also render the CNT based
adsorbents not to be in the proper range of increasing the
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Table 3 Quantum molecular descriptors for TEPA interacted with nanotubes in M06-2X method

TEPA/AI-BNNT TEPA/Si-BNNT

(5,5)CNT AI-CNT Si-CNT (5,5 BNNT ALI-BNNT Si-BNNT TEPA/(5,5) CNT TEPA/AI-CNT TEPA/Si-CNT TEPA/(5,

TEPA

Entry

5) BNNT

6.27
-1.02

7.56
-1.18

7.80
- 0.99

4.61
1.68
1.46
—3.15

4.57
1.68
1.45
-3.12

5.22
2.11
1.56
—3.67

6.61
—0.90

7.93
0.51
3.71
—-4.22

7.96
-0.92

5.27
2.31
1.48
-3.79

5.01
2.08
1.46
—3.54

5.29
2.18
1.55
-3.74

8.46

—3.08

I(eV)

A (eV)
n(eV)
u(eV)
S (eV)
o (eV)

3.65
—2.63

4.37
-3.19

4.40
—3.40

3.75
—2.86

4.44
—3.52

5.77
-2.69

1.82
0.95
2.63

2.18
1.16
3.19

2.20
1.32
3.40

0.73
3.38
3.15

0.72
3.37
3.12

0.78
4.32
3.67

1.88
1.09
2.86

1.85
2.40
4.22

222
1.39
3.52

0.74
4.85
3.79

0.73
4.29
3.54

0.78
4.50
3.74

2.88
0.63

2.

69

X (eV)

Ionization potential (I), vertical electron affinity (A), hardness (n), chemical potential (u), softness (S), electrophilicity (o) and electronegativity ()

drug efficiency. On the other hand, the lipophilicity of the
TEPA/(5, 5) BNNT, TEPA/Si-BNNT and TEPA/AI-BNNT
were higher as compared to TEPA and remain in the opti-
mum range of 0 <« logP < 2. Thus, this is a good indicator
of the potential of these carriers to be used in the body for
the increase in the efficiency of TEPA molecule inside the
body.

4 Conclusions

Herein this study, we reported on the adsorption, electronic
and structural properties of the pure, Si-, and Al-doped (5,
5) BNNTs and CNTs with a TEPA drug molecule using DFT
calculations. It was found that TEPA has a weak adsorp-
tion energy with the pure BNNT and CNT. The adsorption
energy values of TEPA drug in the interaction with the
Si-doped CNT, Al-doped CNT, Si-doped BNNT and Al-
doped BNNT were calculated to be — 1.81, —2.46, —0.57
and —2.53 eV, respectively. Charge transfer calculation
reveals the occurrence of charge transfer from TEPA drug
molecule to the applied adsorbents. Although the Si- and
Al-doped CNTs and Al-doped BNNT are great adsorbents,
the sensitivity of TEPA drug is understood to be more on
the Si-doped BNNT compared to other studied adsorbents.
The lipophilicity calculations indicated that the BNNTs are
better candidates, as compared to CNTs, for increasing the
efficiency of TEPA drug. The calculated results revealed that
the Si-doped BNNT can be a reliable adsorbent to be used as
a TEPA drug delivery carrier and can increase the efficiency
of TEPA molecule in the body.
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Table 4 log P values for

Ent TEPA TEPA/  TEPA/AI-CNT TEPA/Si-CNT TEPA/(5, TEPA/  TEPA/Si-BNNT
TEPA and TEPA adsorption ntry 55 ' b I '
complexes CI;IT BNNT
logP -0.57 7.27 7.26 1.15 1.48 1.27
—0.62[35]
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