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properties of
of the
thepristine,
pristine,Al-,
Al-, Ga-, and Ge-doped BN
The electronic and adsorption
adsorption properties
BNnanotubes
nanotubes interacted
interacted
5-ﬂuorouracil molecule (5-FU)
(5-FU) were
the gas
gas phase
phaseusing
usingthe
theB3LYP
B3LYP
with 5-fluorouracil
were theoretically investigated in the
theory (DFT)
(DFT) calculations.
adsorption behavior
behavior of
of 5FU
5FU molecule
density functional theory
calculations. ItIt was
was found
found that
that the adsorption
the pristine
pristine (8,
(8, 0)
0) and
and(5,
(5, 5)
5) BNNTs
BNNTs are
5FU molecule
on the
are electrostatic
electrostatic in
in nature.
nature. In
In contrast, the 5FU
molecule (O-side)
(0-side)
the metal-doped
metal-doped BNNTs.
BNNTs. Our
implies strong adsorption on the
Ourresults
resultsindicate
indicatethat
that the
the Ga-doped
Ga-doped presents
high
sensitivity and strong
strong adsorption
adsorption with
with the
the5-FU
5-FU molecule
molecule than
thanthe
theAlAl-and
andGe-doped
Ge-dopedBNNTs.
BNNTs.
high sensitivity
Therefore, it
carrier for
for drug
drug delivery
delivery applications.
Therefore,
it can
can be introduced as a carrier
©
2015 Elsevier
Elsevier Ltd.
Ltd. All
Allrights
rights reserved.
reserved.
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Introduction
1. Introduction
Boron
(BNNTs) isisaa nanostructure
Boron nitride
nitride nanotubes (BNNTs)
nanostructure with
with similar morphology and
and different properties
properties from carbon
carbon nanotubes
nanotubes
(CNTs), being
biomedical ad(CNTs),
beingintroduced
introducedasas aa capable
capable tool
tool for biomedical
high amount
amount of
of bonding energy
energy based
sorption due to its high
based on
on the
previous
TheCNT's
CNT's helicity
helicity and
and central
central layers
layers are
previous reports
reports [1–6].
— . The
different in characteristics,
characteristics, representing
variety of elecelecdifferent
representing aa wide
wide variety
tronic properties,
properties, whereas
whereasBNNTs
BNNTs are
are semiconductor,
semiconductor, regardless of
their
Twofactors
factorsof
ofchemical
chemical inerttheir diameter
diameter and
and chirality
chirality[7,8].
, . Two
ness and structural
structural stability
stability of
of BNNTs
BNNTs made
made these
these materials
materials nontoxic
toxic to
to health
health and
and environment
environment that make their applications more
possible
drug
delivery
process
[9]..
possible for
formedical
medicaluses
usesespecially
especiallyforfor
drug
delivery
process
BNNTs'
BNNTs'own
ownphysical
physicalproperties
propertiesare
aresuited
suited for
for wide
wide range
range of
of applications
an inorganic
inorganicanalog
analogofofCNTs
CNTs [1,10].
[1,10]. 5-Fluorouracil
5-Fluorouracil
plications as an
molecule
ﬂuorinated pyrimidine
pyrimidine analog chemotherchemothermolecule (5-FU)
(5-FU) isis aa fluorinated
apeutic agent
agent using
using as
as solid
solid cancer
cancer treatment
treatment like
like esophagus,
esophagus,
apeutic
stomach, intestines
intestines and carcinoma
carcinoma [11-13].
[11–13]. 5-FU
5-FU is
for
stomach,
is applied for
regional
analytical methods. 5-FU
5-FU has emerged
regional drug delivery by analytical
human breast
breastcancer
cancercells
cells(MCF-7)
(MCF-7)
excellent anticancer activity in human
using
multi-walled carbon
graphite electrode
electrode
using multi-walled
carbon nanotube
nanotube adapted graphite
that
applies cyclic
cyclic voltammetry (CV)
(CV) and
that applies
and potentiometric
potentiometric stripping
*n Corresponding
Corresponding author.
author.
E-mail address: Alireza.soltani46@yahoo.com (A. Soltani).
http://dx.doi.org/10.1016/j.jpcs.2015.06.008
http://dx.doLorg/10.1016/ijpcs.2015.06.008
0022-3697/&
0022-3697/© 2015 Elsevier Ltd.
Ltd. All
Allrights
rights reserved.
reserved.

analysis [14–16].
analysis
[14-16]. Recently,
Recently,Deka
Dekaand
andco-worker
co-workerreported
reported the
the interaction of (10,
(10, 0) and (5,
(5, 5)
5) BN
BN nanotubes functionalized
functionalized with
isoniazid
isoniazid (INH)
(INH)drug
drugmolecule,
molecule,they
theyhave
haveshown
shownthat
that the
the binding
energy of INH
INH upon
BNNT isisslightly
upon (5, 5) BNNT
slightlyconsiderable
considerablethan
than that
that
of (10,
(10, 0)
0) BNNT
BNNT[17].
[17].Pandey
Pandeyetetal.al.demonstrated
demonstratedthe
the adsorption
adsorption of
tryptophane (nonpolar
(nonpolar amino acid),
acid), asparatic
argenine
asparatic acid
acid and argenine
the surface
surface of
of BN
BN nanotubes, indicating
(polar amino acids) upon the
for a strong binding energy with polar
polar amino
amino acids,
acids, asparatic acid
argenine, on the
the tube
tubesurface
surface[1
[1].
Baei and coworker
coworker perand argenine,
]. Baei
formed the adsorption and
and electronic
electronic structure
structure study
study of
of Imidazole
Imidazole
molecule
solvent
molecule functionalized
functionalized(6,
(6, 0)
0) BN
BNnanotube
nanotube in
in gas
gas and solvent
phases. They
adsorption of
of Imidazole molecule has
They found
found that
that the adsorption
no significant
signiﬁcant effects
structure of
of BN
BN nanotube
effects upon
upon the electronic structure
nanotube
[18]. Yang
interaction between boron
[18].
Yangetet al.
al. [19]
[19] introduced
introduced the
the interaction
nitride nanotubes
nanotubes (BNNTs)
(BNNTs) with
of biological
biological molecules
with a variety of
using DFT
DFT calculations.
calculations.Anota
Anotaand
andco-workers
co-workersintroduced
introduced the
the interaction between
between BN
BN nanotubes with
with metformin
metformin drug
drugusing
usingDFT
DFT
[20].
ROL Recently,
Recently,the
the interaction
interaction of
of Uracil
Uracil molecule
molecule with
with ultra-small
investigated by
by Mirzaei
Mirzaei et
et al.
al. [21]. In this
(n, 0) BN
BNnanotubes
nanotubes were investigated
work, we report
report aa systematic
systematic theoretical
theoretical investigation
investigation into
work,
into the
interactions of an isolated 5FU
5FU molecule
molecule(O(0- and
and F-sides)
F-sides) with
with the
BN nanotubes.
Ge-, Ga-,
Ga-, and
and Al-doped (8, 0) zigzag single-walled BN
nanotubes. It
found that
that systems
systems are
arecovalently
covalently functionalized
functionalized with
with 5FU
5FU
was found
its carbonyl oxygen active
drug molecule through
through its
active site
site (O-side)
(0-side) and
is stabilized in comparison
comparison with
withits
itscarbon—fluorine
carbon–ﬂuorine active site (F-
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side). Besides,
effects of 5FU
5FU drug
side).
Besides, we
we studied
studied the effects
drug adsorption
adsorption on
the structural
structural and
and electronic
electronic properties
propertiesof
ofGe-,
Ge-, Ga-,
Ga-, and Al-doped
Al-doped
BNNTs.

2. Computational
Computational methods
methods
First
geometry optimizations,
optimizations,
First principle
principle calculations
calculations of
of all
all the geometry
structures, density
density of
of states
states (DOS),
(DOS), natural
geometric structures,
natural bond orbital
(NBO), and
orbitals (FMO)
(FMO) analyses for 5FU
5FU drug
(NBO),
and frontier
frontier molecular
molecular orbitals
drug
pristine and
and Ge-,
Ge-, Ga-,
Ga-, and Al-doped
Al-doped (8, 0) zigzag
interacted with pristine
BNNT
usingGAMESS
GAMESS software
level of
BNNTare
are performed
performed using
software [22] at the level
density functional
functionaltheory
theory(DFT)
(DFT) with
withB3LYP/6-31G*
B3LYP/6–31G* basis
density
basis set
set [23–
diameter of
of relaxed
relaxed pristine
pristine(8,
(8,0)
0)BNNT
BNNT were
25]. The
The length
length and diameter
9.34 and
and632
6.32A,
Å, respectively.
respectively. The diameter
calculated to be about 934
length of
of the
thepristine
pristine(5,
(5,5)5)BNNT
BNNT are about
about 6.84
6.84 and
and 6.90
6.90 A,
Å,
and length
respectively.
respectively. The
The NBO
NBOcharges
chargeson
onBBand
andNNatoms
atomsin
in the
the nano-cage
nano-cage
1.17 and
and —1.171e1,
1.17|e|, indicating
B–N
are 1.17
indicatingstrong
strongionicity
ionicitynature
nature of
of B-N
bonds. The charge of the
the Ge,
Ge, Al,
Al, and Ga atoms
atoms in
in the
the(8,
(8,0)
0)BNNT
BNNT
about 0.526,
0.526, 0.539,
0.539, and
and 0.494e,
0.494e, respectively.
respectively. Spin multiplicity
are about
molecules were
relevance to its moleof the gas molecules
were set to one with relevance
1 þ
cular orbital
electronic state is 1E+)
Σ ).
cular
orbital of
of ground
ground state (its ground electronic
The adsorption energy (Ead)
(Ead) between the drug molecule
molecule and meThe
tal-doped
BNNTs was
tal-doped BNNTs
wascomputed
computed using
using the
the following expression:
Ea
Eadd =
E5FU/BNNT – [EBNNT ++E5F1.1]
E5FU ]
= E5Fil/BNNT-[EBNNT

[

(1)
(1)

]

Ead ==E5FWAI-BNNT-[EA1-BNNT
E5FU/Al − BNNT – E Al − BNNT ++E5FI.1]
E5FU
Ead

(2)
(2)

[

]

(3)
(3)

[

]

(4)
(4)

Ead
Ead ==E5FU/Ga
E5FU/Ga-−BNNTEGa-−BNNT
E5FU
BNNT –[EGa
BNNT ++E5F1.1]
Ead
Ead ==E5FU/Ge
E5FU/Ge-−BNNTEGe −BNNT
E5FU
BNNT –[EGeBNNT ++E5F1.1]

E5FU/BNNT, E5FU/A1-BNNT,
E5FU/Al–BNNT, E5FU/Ga-BNNT,
E5FU/Ga–BNNT, and
E5FU/Ge–BNNT are
where E5FU/BNNT,
and E5F21/Ge-BNNT
the total
total energies
energies of
of the EBNNT,
EBNNT, EM_BNNT,
EAl–BNNT, EGa-BNNT,
EGa–BNNT, and EGe_BNNT
EGe–BNNT
interacted with
with 5FU
5FU drug molecule, E5F
E5FU
EBNNT, EA1-BNNT,
EAl–BNNT, EEGa-morn
u,, EBNNT,
Ga–BNNT,
EGe–BNNT are the
thetotal
totalenergy
energyofofthe
thepristine
pristine5FU,
5FU,BNNT,
BNNT, AlAl–
and EGe_BNNT
BNNT,
BNNT,Ga–BNNT,
Ga-BNNT,and
andGe–BNNT,
Ge-BNNT,respectively.
respectively.For
For5FU
5FUdrug
drug molemolecule adsorbed
adsorbed upon BN
BN nanotubes,
molecular decule
nanotubes, the
the quantum molecular
scriptors [26]
[26] such as
as ionization
ionization potential
potential (IP),
(IP), vertical
vertical electron
electron
scriptors
affinity
global hardness (ri),
afﬁnity (EA),
(EA), global
(η), global
global softness (S),
(S), electronic
electronic
chemical potential (p),
(μ), electronegativity
electronegativity (x),
(χ), and electrophilicity
electrophilicity
chemical
index (co)
(ω) were calculated.

3. Results
Results and
and discussion
First
electronic properFirst of
of all,
all, we
we discussed
discussed the
the structural and electronic
ties
of the zigzag (8, 0) single-walled
single-walled BN
BN nanotubes
ties of
nanotubes coupled
coupled to
5-ﬂuorouracil (5FU)
(5FU) molecule
5-fluorouracil
molecule (see Fig. 1).). The
The optimized
optimized structure
structure
pristine BNNT
BNNT has
of the pristine
has the
the B–N
B-N bond
bond length 1.45 Å
A while
while the
the B–
BN–B
N–B–N angles
angles are
are118.96°
118.96° and
and119.93°,
119.93°, respectively.
respectively. The
N-B and N-B-N
presented
work are
are in
in agreement
agreement with
with previous
previous
presented results
results in
in this work
reports provided
provided by
by Li
Li and Ahmadi
Ahmadi [26,27].
[26,27]. The
The dipole
dipole moment
(DM) for an isolated
isolated(8,
(8,0)
0)BNNT
BNNT is 11.44
value (DM)
11.44 Debye,
Debye, suggesting
suggesting a
hydrophilic
hydrophilic property
property for
for this
this tube.
tube. Whereas
Whereas the dipole moment
5FU molecule
value for 5FU
molecule is 3.90 Debye.
Debye. Therefore,
Therefore, the
the selection of a
polar 5FU
5FU molecule
molecule exhibits
exhibits how
how the
the polarity of a molecule can be
useful
reactivity of tube. The DOS
useful in the reactivity
DOSplot
plotreveals
revealsthat
that the
the en(Eg) of (8, 0) BNNT
ergy gap (Eg)
BNNTisisabout
about5.69
5.69eV,
eV,whereas
whereas BN
BNnanotube
nanotube
has
an energy
energy gap
gap of
of5.5
5.5eV,
eV, complying
complying with previous
previous results
results
has an
[28,29].
As shown in Fig. 1,, the
the negative
negative value
value of
of 5FU
5FU adsorption
, . As
upon BNNT
BNNT ( 
eV)
typically
physisorption
—0.13
0.13
eV)
typicallyindicates
indicatesfor
for aa physisorption
process with the
the interaction
interactiondistance
distanceof
of3.17
3.17 A,
Å, having
having an
an electron
transfer about 0.039
0.039 electron
electron calculated
calculated by
by the
theNBO
NBO population
population
charge analysis ((Fig. 1).
). This
This result
result implies
implies that
that this interaction is

should be
be considered
considered as
as aaphysisorption.
physisorption. Likewise,
Likewise, the
weak and should
5FU is
length of C-O
C–O bond
bond of
of 5FU
5FU is
5FU
is slightly
slightly deformed
deformed so
so the
the length
from 1.216
1.216 Å
pure model
model to
to1.218
1.218 A
Å after
slightly elongated from
A in
in the
the pure
the
adsorptionprocess.
process.The
The value
value of
of dipole
dipole moment
momentfor
for5FU-BNNT
5FU–BNNT
the adsorption
complex is 12.73
12.73 Debye
Debyeimplying
implyingrelatively
relativelyweak
weakbinding
binding with
with the
the
tubular
wallof
of(8,
(8,0)
0)BNNT.
BNNT.
tubular wall
As shown
Fig. 2,
calculated the interaction
interaction of
of 5FU
5FU moAs
shown in Fig.
2, we calculated
lecule with
with (5,
(5,5)
5)BNNT
BNNT at
at the
theB3LYP/6-31G*
B3LYP/6-31G* level
For
level of
of theory. For
5FU/(5, 5)
5FU/(5,
5) BNNT
BNNTcomplex,
complex,the
thebinding
bindingenergy
energyand
and distance
distance are

eVeV
and
respectively.
There
—0.11
0.11
and2.97
2.97Å,A,
respectively.
Thereis isobserved
observedthat
that in
in the
5FU/(5, 5)
5FU/(5,
5) BNNT
BNNTsystem,
system,the
thedecreasing
decreasingofofbinding
bindingenergy
energy on
on the
surface of
nanotube indicating
indicating that 5FU
5FU molecule
molecule cannot
cannot sigsigsurface
of nanotube
niﬁcantly
undergoes weakly
weakly phynificantly be
be adsorbed
adsorbed upon
upon this site and undergoes
der Waals
Waals forces.
forces. Our
sical adsorption owing to van der
Our result shows
that
the 5FU
5FU molecule
that the
molecule is
is bound
bound to
to the
the armchair BNNT
BNNTweaker
weaker than
than
5FU molecule
zigzag BNNT,
BNNT,and
andthe
theenergy
energydifference
difference between
between 5FU
molecule and
and
(5, 5) BNNT
BNNT is
(8, 0)
0) BNNT.
BNNT. The
is slightly
slightly smaller
smaller than (8,
The dipole
dipole moment value
value for
for (5,
(5, 5)
5) BNNT
BNNT is
is increased
increased from 0.006 Debye
Debye in
in the
pure (5,
(5, 5)
5) BNNT
BNNT to 5.08
5.08 Debye in
in the
the5FU/(5,
5FU/(5, 5)
5)BNNT
BNNT complex.
Besides,
5FU molecule
Besides, this
this result
result reveals
reveals that
that the 5FU
molecule added
added to (5, 5)
BNNT
BNNTleads
leadsto
toincrease
increase of
of the
the polarization.
To improve
conditions, we
we have
have used
used the
theGe,
Ge, Ga,
Ga,
To
improve the
the adsorption
adsorption conditions,
Al-doped (8, 0) BNNTs,
BNNTs, improving
and Al-doped
improvingthe
the sensitivity
sensitivity of
of tube
tube to
5FU molecule.
the Al- and
5FU
molecule.In
Inprevious
previouswork,
work,we
wewere
werereported
reported that
that the
Ga-doped can improve the
the sensitivity
sensitivity of
of BNNT
BNNT to gas molecule
molecule
Ga-doped
[30].
addition,we
wewere
wereinvestigated
investigated the
the substitution
substitution effects
effects of
PK InInaddition,
Al, Ga,
skeleton of
of BN
BN naone B atom by an Al,
Ga, and
and Ge
Ge atoms
atoms in the skeleton
notube on the
the adsorption
adsorption of
of 5FU
5FU molecule.
molecule. The
The bond
bond lengths are
1.823, 1.835,
1.823,
1.835, and
and 1.876
1.876Å,
A,respectively,
respectively,after
afterthe
the optimization
optimization of
5FU/Ge-, Ga-,
5FU/Ge-,
Ga-, and
and Al-doped
Al-doped BNNT
BNNTsystems,
systems,the
the Al–N,
Al-N, Ga–N,
Ga-N, and
Ge–N bond
longer than those of the pristine
pristine models
models
Ge-N
bond length
length are
are longer
(1.822, 1.804,
(1.822,
1.804, and
and 1.758
1.758 Å).
A).The
Thecalculated
calculatedadsorption
adsorption energies
energies of
the 5FU
5FU (0-side)
(O-side) upon
upon the
theGe-,
Ge-,Ga-,
Ga-,and
andAl-doped
Al-dopedBNNTs
BNNTs are

1.50, and
1.86 eVeV
and
the
—0.53,
0.53,—1.50,
and—1.86
and
thedistances
distancesbetween
betweenthe
the molecule
dopant atoms
atomsare
are2.59,
2.59,2.01,
2.01,and
and1.88
1.88A,
Å, respectively.
respectively.
lecule and dopant
The net electron
electron transfer
transfer from
from the
the 5FU
5FU to the
the Ge-,
Ge-, Ga-,
Ga-, and
and AlAlThe
BNNTs are
doped BNNTs
are about
about 0.067,
0.067, 0.299,
0.299, and
and 0.674
0.674 electrons,
electrons, respectively,
for 5FU
5FU
tively, revealing
revealing considerable
considerable charge
charge transfer
transfer founded for
molecule
the interaction
interaction with
withAl-doped
Al-dopedBNNTs
BNNTs in compared
compared
molecule in the
the GeGe- and
andGa-doped
Ga-doped BN
BN nanotubes.
nanotubes. Calculations
Calculations of
with the
of the
bond length and
and NBO
NBO charge
Al- and
charge analysis
analysis indicates
indicates that
that the AlGa-doped BN
5FU molecule
molecule are
are
Ga-doped
BN nanotubes
nanotubes interacting
interacting with
with 5FU
than the
theGe-doped
Ge-dopedBNNT
BNNT ((Fig. 3).
stronger than
). Accordingly,
Accordingly,the
the chemisorption of 5FU
5FU on the Al-,
Al-, Ga-,
Ga-, and Ge-doped
Ge-doped BN
BN nanotubes
leads to the rehybridization of dopant atoms transferring from sp
sp22
to spa.
sp3. In comparison with
with pure
pureBNNTs,
BNNTs, the
the adsorption processes
5FU represents stronger
stronger binding
binding towards
towards Ge-,
Ge-, Ga-,
Ga-, and AlAlof the 5FU
BNNTs, this
doped BNNTs,
thiscan
canbe
beattributed
attributed to
to the
the catalytic reactivity and
the incomparable
incomparable properties
properties of the
the stabilized
stabilized Ge-,
Ge-, Ga-,
Ga-, and AlAlBN nanotubes.
doped BN
nanotubes. The
The binding
binding energy values for the F atom of
5FU molecule
Ge-, Ga-,
Ga-, and Al-doped
Al-doped BN
BN nano5FU
molecule interacted
interacted with Ge-,
tubes
are—
 0.46, —
 0.72,
1.07 eV,
tubes are
0.72,and
and 
—1.07
eV,respectively,
respectively,showing
showing that
that
the
adsorption value
value for
for 0
O atom
atom of
of 5FU
5FU is
the F
the adsorption
is much
much stronger
stronger than the
of molecule.
molecule. The
The intermolecular interactions between
between 5FU
5FU
atom of
Al-, Ga-,
and Al-,
Ga-, and
and Ge-doped
Ge-doped BN
BNnanotubes
nanotubesare
are similar
similar to
to the
the intermolecular
hydrogenbonding,
bonding,especially
especiallythe
theFFatom
atomof
of5FU.
5FU. Zhao
termolecular hydrogen
Han [31
[31]] have
hydrogen bonding
electronic
and Han
have shown
shown hydrogen
bonding in
in the electronic
excited state on
on internal
internal conversion
conversion (IC),
(IC), electronic spectral shifts
(ESS), photoinduced
electron transfer
transfer (PET),
(PET), fluorescence
ﬂuorescence
(ESS),
photoinduced electron
(FQ), intramolecular
(ICT), and
quenching (FQ),
intramolecular charge
charge transfer (ICT),
and metalto-ligand charge transfer
transfer (MLCT).
(MLCT). Their
Theirresults
resultsshowed
showedthe
the nature
nature
hydrogen bonding
of hydrogen
bonding by
by delineating
delineating the
the interaction
interaction between hyphotons, thereby
thereby providing
providing a basis
basis for exciteddrogen bonds and photons,
hydrogen bonding
bonding studies
studies in
in photophysics,
photophysics, photochemistry,
photochemistry,
state hydrogen
photobiology. Also,
Also, Zhang
theoretically
and photobiology.
Zhang and
and Zhao
Zhao [32]
[32] have theoretically
shown modification
modiﬁcation of n-type organic semiconductor
shown
semiconductor performance
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A
(8,0) BNNT
CID

Eg

O

11 .1 111110H111[ILfi

5
Energy (eV)

B
5FU-BNNT

Eg

°

111111111

01 11 111

-10

5
Energy (eV)

Fig. 1. Optimized
Optimizedstructures
structuresofof(8,
(8,0)0)BNNT
BNNT and
and SFU/BNNT
5FU/BNNT complex
Fig.1.
complexand
andtheir
their density
density of
of states.
states.

Virtual rata. —

(5,5) BNNT

O

A

Eg

5
Energy (eV)

5FU- (5,5) BNNT

O
Eg

I II 11111

I

5
Energy (eV)
Fig. 2.
structures of
of (5,
(5, 5)
5) BNNT
BNNT and
BNNT complex
Fig.
2. Optimized structures
and 5FU/(5,
SRNS. 5) BNNT
complexand
andtheir
their density
density of
of states.

different positions
of perylene diimides by substitution in different
positions by hydrogen bonding. Their
Their results
results showed
showed the hydrogen bonds formed
imide positions
positions are
are responsible
responsible for
for the
thelarge
large mobility.
mobility. Our
Our
at the imide

results indicating
adsorbed on
metalresults
indicating that
that the
the 5FU
5FU can
can be
be adsorbed
on the metalBN nanotube
–π stacking
stacking interactions
doped BN
nanotube via
via the π
K—K
interactions with
with mod[33].
erate adsorption energy 133].
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B

D

E

F

B
UiC13
Fig.
Optimized configurations
conﬁgurations for
for the
the5FU
5FU molecule
molecule upon
uponthe
theAl-,
Al-,Ga-,
Ga-,and
andGe-doped
Ge-dopedBNNTs.
BNNTs.
Fig. 3.
3. Optimized

In
appreciate the
the most
most stable
stable adsorption
adsorption configuraconﬁguraIn order to appreciate
tions
5FU upon
applied nanotubes,
nanotubes, we representing
representing the
tions of 5FU
upon the applied
highest
occupied molecular
molecular orbital
(HOMO) and
highest occupied
orbital (HOMO)
and lowest
lowest unoccupied molecular
molecular orbital (LUMO)
(LUMO) plots
occupied
plotsfor
forthe
the most energetic

conﬁgurations summarized
summarizedininTable
Table1.1.The
TheHOMO
HOMO and
andLUMO
LUMO vaconfigurations
lues in
pristine BN
BN nanotube
6.54 and -0.85
 0.85eV,
eV, relues
in the pristine
nanotubeare
are-6.54
spectively. After
process, the
the HOMO
HOMO value slightly
spectively.
After the
the adsorption process,
increased to
 6.08eV,
eV, while
while the
the LUMO
LUMO value
this system
system
increased
to -6.08
value in
in this

Table '1
1
Table
(Ead), HOMO
HOMO and
(Eg), and Fermi
Fermi level (E
units of
of eV.
eV.
The calculated
calculated adsorption energies (Had
and LUMO
LUMOenergies,
energies, energy
energy gap (Eg),
(EF)
All parameters
parameters are in units
F) of systems. All
Conﬁguration
Configuration

Ead (eV)
Had

EHOMO (eV)
EHOm0

ELUMO (eV)
ELum0

E
Egg (eV)

ΔE
AEgg (%)

EF (eV)
EF

DM (Debye)
Dm

0) BNNT
BNNT
(8, 0)
BNNT/5FU
5) BNNT
BNNT
(5, 5)
BNNT/5FU
Al–BNNT
Al-BNNT
Al–BNNT/5FU
Al-BNNT/5FU
Ga–BNNT
Ga-BNNT
Ga–BNNT/5FU
Ga-BNNT/5FU
Ge–BNNT
Ge-BNNT
Ge–BNNT/5FU
Ge-BNNT/5FU

–

0.13
-0.13
–

0.11
-0.11
–

1.86
-1.86
–

1.50
-1.50
–

0.53
-053


6.54
-654

6.46
-6.46

6.40
-6.40

6.31
-631

6.53
-653

6.08
-6.08

6.53
-653

5.99
-5.99

5.84
-5.84

5.33
-533


0.85
-0.85

1.39
-139

0.09
-0.09

0.05
-0.05
-1.40

1.40

2.90
-2.90

1.84
-1.84

3.13
-3.13

0.79
-0.79

1.74
-1.74

5.69
5.07
6.31
631
6.26
5.13
3.18
4.69
2.86
5.05
3.59
359

–

10.89
-10.89
–
0.8
–

38.01
-38.01
–

39.02
-39.02
–

28.91
-28.91


3.69
-3.69

3.92
-3.92

3.24
-3.24

3.18
-3.18

3.96
-3.96
-4.49

4.49

4.18
-4.18

4.56
-456

3.31
-331

3.53
-353

11.45
12.73
0.00
5.08
11.80
19.13
11.69
16.37
1637
1151
11.51
13.42
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LUMO-5FU/A1

LUMO-5FU/Ga

LUMO-5FLJ/Ge
Charge distributions
distributionsofofHOMO
HOMO and
andLUMO
LUMO orbitals
orbitalsfor
forthe
the5FLI/A1
5FU/Al-,
Ga-,
Ge-doped
BNNTs complexes.
-. Ga
-, and Ge
-doped BNNTs
complexes.
1-10M0-5FINGe

Fig. 4.

signiﬁcantly reduced
reduced to
to—
 2.9
significantly
2.9 eV.
eV.After
Afterthe
theadsorption
adsorption of molecule,
the energy gap value is reduced from 5.69 eV
eV in
in the
the pure
pure model to
5FU–(8, 0)
0) BNNT
BNNT complex.
HOMO
5.07 eV in 5FU-(8,
complex. As
Asshown
shown in Fig. 4,, the
the HOMO
5FU molecule
with AlAl- and
and Ga-doped
Ga-dopedBNNTs
BNNTs are
of 5FU
molecule interacted
interacted with
are lothe N
N atoms
atoms of
of tube,
tube, while
while the
theLUMO
LUMO of
cated upon the
of these complexes
the aromatic
aromatic ring
ring of
of drug
drug molecule.
molecule. For
For
plexes are located upon the
BNNT system,
5FU/Ge-doped BNNT
system, the
the HOMO
HOMOisislocated
located on
on the
the N and Ge
vicinity to
molecule and
located on the C-C
C–C
atoms vicinity
to drug
drug molecule
and also
also is
is located
while its
itsLUMO
LUMO is
on 5FU
5FU molecule.
orbitals of molecule while
is situated on
Localization
Localizationof
ofelectron
electron density
density in
in HOMO
HOMOexhibits
exhibitsthat
that the
the partiis more
more nucleophilic
nucleophilic whereas
whereasthe
theLUMO
LUMO is electrophilic
cular site is
nature 134].
[34].
in nature
the energies
energies of
of HOMO
HOMO in the Ge-,
Ge-,
The DOS
DOSplots
plots revealed
revealed that
that the
and Al-doped
Al-doped BNNTs
BNNTs are increased
increasedfrom
from—5.84,
5.84, —
 6.53,
Ga-, and
6.53, and
and
6.53
 5.33, —5.99,
 5.99, and —6.08
 6.08 eV
adsorption
—6.53 eV
eV to
to —533,
eVafter
after the
the adsorption
processes, whereas
whereas the
theenergies
energiesofofLUMO
LUMO are reduced
from —0.79,
 0.79,
reduced from
1.4,
and —1.84
 1.84 eV to
to —1.74,
 1.74, —3.13,
 3.13, and
 2.90
—1.4, and
and —
2.90 eV,
eV, respectively
respectively
(see Table
Table 1).
that the
theenergy
energylevels
levelsofofLUMO
LUMO
1). These
These results imply that
reduced while
while the
the energy
energy levels
levels of
of HOMO
HOMO are slightly
slightly inare reduced
creased due to the adsorption processes along
along with
with the
the decrement

in energy of Fermi
Fermi level
level for
for all
all systems,
systems, demonstrating
demonstrating that
that the
Fermi
valence level
level of
of the material.
material. As
As
Fermi level
level changes
changes over
over the
the valence
Fig. 3, upon the
the interaction
interaction of
of 5-fluorouracil
5-ﬂuorouracil molecule
molecule
shown in Fig.
the Ge-,
Ge-, Ga-,
Ga-, and
and Al-doped
Al-doped BNNTs,
BNNTs, the
with the
the electronic
electronic properties
properties
tube undergoes
undergoes significant
signiﬁcant changes.
changes. The
The DOS
DOS plots revealed
revealed
of tube
pure Ge-,
Ge-, Ga-, and AlAl5.05, 5.13,
5.13, and
and 4.69
4.69 eV
eVenergy
energy gaps
gaps for
for the
the pure
doped BNNTs,
BNNTs, respectively,
doped
respectively,showing
showing aa low
low conductivity.
conductivity. After
After the
the
5-ﬂuorouracil molecule
the Ge-,
Ge-, Ga-,
Ga-, and AlAladsorption of 5-fluorouracil
molecule upon the
dopedBNNTs,
BNNTs, Eg
Eg is reduced with the
the energies
energies of
of about
about 3.59,
3.59, 2.86,
2.86,
doped
3.18 eV,
of 1.46,
1.46, 2.27,
2.27, and
and 3.18
eV, respectively.
respectively. Therefore,
Therefore, the
the changes of
Eg occurred
occurred for
for Ge-,
Ge-, Ga-,
Ga-, and
andAl-doped
Al-dopedBNNTs,
BNNTs, respec1.51 eV
eV in Eg
tively,
sensitive toward
tively, implying
implyingthat
that the
the systems
systems are
are more sensitive
toward the
5-ﬂuorouracil adsorption
This result
shows a sigsig5-fluorouracil
adsorption (see Fig. 5).). This
result shows
niﬁcant
nificant increase in electrical conductivity of
of the
the system,
system, computed
computed
as follows [35]:

⎛ −E g ⎞

expr)
σ∝
⎜
⎟
a
a exp
2kT ⎠
⎝ 2kT

(5)
(5)
is the
the electric
electric conductivity
conductivity of
system and k is
where as is
of the system
is the
Boltzmann's
smaller
Boltzmann's constant.
constant. According
Accordingto
to the
the above equation, smaller
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Fig. 5. DOS
DOSplots
plots for
for the
the applied systems.
(Eg) values
energy gap (Eg)
values lead
lead to the larger electric conductivity at a
DOS plots
given temperature. These results of the DOS
plots reveal
reveal that
that the
5FU with
on the
the Ga-,
Ga-, Ge-,
Ge-, and
adsorption of 5FU
with the
the preferable
preferable O
0 site on
Al-doped BNNTs
Al-doped
BNNTshave
haveundergone
undergonedistinct
distinct changes
changes in
in compared
that of
of the
thepure
pureBNNT.
BNNT. We
doping of
of Ga
Ga
with that
We are
are ﬁnding
finding that
that the doping
BN nanotube
atom in BN
nanotube is
is caused
caused more
more sensitivity
sensitivity of
of the
the adsorbate
adsorbate to
the presence
presence of
of 5FU
5FU drug
changes in
energy gap
gap
drug with
with the changes
in the energy
(6.Eg=
(ΔEg ¼ —39.02
 39.02 eV)
withthe
theAl
Al( (—38.01
 38.01 eV)
eV) in
in comparison
comparison with
eV) and Ge
atoms.
(
—28.01
28.01eV)
eV)
atoms.Chi
Chiand
andZhao
Zhaointroduced
introducedthat
that Al-doped
Al-doped graphene can be expected to be aa suitable
suitable sensor
sensor for
for H2CO
H2CO detection
detection
[36]. The
136].
The calculated
calculated Fermi
Fermilevels
levelsofofthe
the semiconducting
semiconducting nanotube
nanotube
the adsorption
adsorption processes
processes for
for pristine;
pristine;Al-,
Al-, Ga-, and Ge-doped
after the
BNNTs are
3.69, 
3.96, 4.18,
3.31 eV,
BNNTs
are 
—3.69,
—3.96,
—4.18,and
and 
—331
eV, respectively.
respectively. The
values of Fermi
mentioned systems
systems are
are —3.92,
 3.92,
Fermi level
level in
in the above mentioned
4.49,
 3.53 eV,
—4.49, 4.56,
—4.56,and
and —3.53
eV, respectively.
respectively. This
This ﬁnding
finding reveals
that the
the5FU
5FU molecule
molecule has
has strong
strongreactions
reactionswith
withdoped-BNNTs,
doped-BNNTs,
resulting in a specific
speciﬁc hybridization
hybridization between
between the respective orbitals of adsorbate and adsorbent.
adsorbent. The
The DOS
DOS plots
plots represented
represented that
the
5FU/Ga-, Ge-,
the 5FU/Ga-,
Ge-,and
and Al-doped
Al-doped BN
BNnanotubes
nanotubes near
near the Fermi level
adsorption processes.
processes.
are affected upon the adsorption
We have
have calculated
calculated the
electron density
We
the total
total electron
density plots
plots of
of the
5FU drug
Ga-,
electronic density for 5FU
drug molecule
molecule interacted
interacted with the Ga-,
Ge-, and Al-doped BNNTs
BNNTs implying
Ge-,
implyingthat
that itit is
is chemically
chemically adsorbed
upon the
the doping
dopingatoms.
atoms.As
As shown
shownin
inFig.
Fig. 6, the
the 5FU drug
drug molecule
to the
theGa-,
Ga-, Ge-,
Ge-, and
and Al-doped
Al-doped BNNTs
BNNTs that
is coupled to
that have effected
electronic charge distribution of dopant atoms of tube; so,
on the electronic
considerable charge
drug
considerable
chargetransfer
transfertakes
takes place
place between
between the
the drug

molecule and nanotube. As
As shown in Table
Table 2,
2, the
the global
global hardness
generally diminished
adsorption systems
systems as
as 5FU
5FU
is generally
diminished for
for all three adsorption
adsorbed on Al,
Al, Ga,
Ga, and
and Ge-doped
Ge-doped BNNTs
BNNTs where
biggest
adsorbed
where the biggest
revealed at
at5FU/Al-doped
5FU/Al-doped BNNT
BNNT system
change is revealed
system (from
(from 2.56
2.56 to
1.59 eV)
1.59
eV)conﬁrming
confirmingby
byaareasonable
reasonabledecrease
decreasein
in the
the value
value of
of energy gap presuming
presuming good reactivity along with
with low
low stability
stability for
for AlAlBNNT compared
complexes. These conclusions
doped BNNT
compared with
with other complexes.
the increased
increasedresults
resultsofofelectron
electronaffinity
afﬁnityfor
forAl-BNNT
Al–BNNT
along with the
1.40 to
(from 1.40
to 2.90
2.90 eV)
eV)suggested
suggestedthat
that there
there can be easily picks
picks up
electrons from
from 5FU
5FU molecule. The electrophilicity
indexof
of 5FU/Ga5FU/Gaelectrons
electrophilicity index
BNNT is
doped BNNT
is 7.27
7.27eV,
eV,exhibiting
exhibitinggreater
greater change
change in comparison
the pristine
pristinetube
tube(3.73
(3.73eV).
eV). The
The high value of electrophilicity
with the
index indicates higher electrophilic character of the molecule [37]..
However,
thermodynamic feasibility
feasibility
However, in
in order
order to
to investigate the thermodynamic
5FU adsorption
and doped
doped BN
BN nanotubes,
of the 5FU
adsorption upon
upon the pristine and
and enthe changes
changes of enthalpies (AHad),
(ΔHad), free energies (AGad),
(ΔGad), and
tropies (ASad)
(ΔSad) of
most stable
stable configurations
conﬁgurations are computed
computed
of the most
frequency calculations according
following equafrom the frequency
according to the following
tions:

Δ
Had =
H5FU/BNNT –H5FU –HBNNT
AHad
= H5FU/BNNT—H5FU—HBNNT

(6)
(6)

Δ
Sad ==S5FU/BNNT—S5FU—SBNNT
S5FU/BNNT –S5FU –SBNNT
ASad

(7)
(7)

Δ
G ad =
G5FU/BNNT –G5FU –G BNNT
AGad
= GsFumorr-G5Fu-GBNnrr

(8)
(8)

Calculated values
Sad, Δ
Had, and
Gad for
conﬁgurafor the configuraCalculated
values of
of Δ
ASad,
AGad
AHad,
and Δ
tions are
are reported
reportedin
inTable
Table 3.
3. The calculations on Al- and
and Ga-doped
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B

A

5FU/Al-doped BNNT

5FU/Ga-doped BNNT

C

5FU/Ge-doped BNNT
Fig. 6. Isosurfaces
total electron
electrondensity
densityfor
forthe
the5FU/Al-,
5FU/Al-,Ga-,
Ga-, and
andGe-doped
Ge-dopedBNNTs
BNNTs complexes.
Fig.
Isosurfaces of
of the total

Table 2
Table
of complexes. All
The calculated
calculated quantum molecular descriptors of
All parameters
parameters are in
units of
of eV.
eV.

Table 3
Table
Calculated thermodynamic
data[AH,
[ΔH, AG
ΔG (kcal/mol),
Calculated
thermodynamic data
(kcal/mol), and
and ΔS
AS (kcal/mol)]
(kcal/mol)] and
and miniminimum and maximum
maximum vibrational
vibrational frequencies (cm-1)
(cm  1) for
for the studied systems.

Configuration
Conﬁguration

I (eV)

A (eV)

pη (eV)

µμ (eV)

S (eV)

xχ (eV)

ω (eV)
ro

Structure

al
ΔHad
ad

ΔGad
AGad

ΔS
AS./
ad

υmin
Omin

υmax
Omax

(8, 0)
0) BNNT
BNNT
BNNT/5FU
Al–BNNT
Al-BNNT
Al–BNNT/5FU
Al-BNNT/5FU
Ga–BNNT
Ga-BNNT
Ga–BNNT/5FU
Ga-BNNT/5FU
Ge–BNNT
Ge-BNNT
Ge–BNNT/5FU
Ge-BNNT/5FU

6.54
654
6.46
6.53
653
6.08
6.53
653
5.99
5.84
5.33
533

0.85
1.39
139
1.40
2.90
1.84
3.13
0.79
1.74

2.84
2.53
253
2.56
256
1.59
159
2.34
234
1.43
2.52
252
1.79


3.69
-3.69

3.92
-3.92

3.96
-3.96

4.49
-4.49

4.18
-4.18

4.56
-4.56

3.31
-331

3.53
-3.53

0.17
0.19
0.19
0.31
031
0.21
0.35
035
0.19
0.28

3.69
3.92
3.96
4.49
4.18
4.56
456
3.31
331
3.53
353

2.39
239
3.03
3.06
6.34
634
3.73
7.27
2.18
3.48

5FU
0) BNNT
BNNT
(8, 0)
5FU/(8, 0)
0) BNNT
BNNT
Al-doped BNNT
BNNT
Al-doped
Ga-doped
BNNT
Ga-doped BNNT
5FU/Al-dopedBNNT
BNNT
SW/Al-doped
5FU/Ga-doped
BNNT
5FLI/Ga-doped BNNT

–
–

2.58
-2.58
–
–

42.07
-42.07

32.95
-32.95

–
–
8.36
836
–
–

28.87
-28.87

20.95
-20.95

–
–

36.69
-36.69
–
–

41.58
-4158
-40.27

40.27

116.99
57.94

2.80
-2.80
56.66
55.16
16.10
10.02

3644.30
364430
3560.47
3643.39
364339
3560.53
3560.90
3620.96
3622.33
362233

that
of AH
ΔH is owing to
to the
the entropic
entropiceffect
effect 138].
[38].
that of

BNNTs
impliedthat
thatthe
the changes
changes of
of ASad,
BNNTs implied
ΔSad, AHad,
ΔHad, and Δ
Gad have
AGad
negative values, whereas
thesevalues
valuesfor
forthe
theGa-doped
Ga-dopedBNNT
BNNT are
whereas these
40.27,
 32.95, and
and -20.95
 20.95kcal/mol
kcal/mol and about
41.58, 
42.07,
-40.27, -32.95,
about 
-41.58,
-42.07,
 28.87kcal/mol
kcal/molfor
forthe
theGa-doped
Ga-dopedBNNT,
BNNT, respectively.
respectively. The
The
and -28.87
results indicating that the
the adsorption
adsorption of
of 5FU
5FU toward AlAl- and GaGaBNNTs are
doped BNNTs
arethermodynamically
thermodynamically notable
notable in
in comparison with
the
pristine BNNT
BNNT and
upon AlAlthe pristine
and the
the 5FU
5FUshow
show aa strong
strong adsorption
adsorption upon
G in
BNNT. However,
doped BNNT.
However,the
theless
lessvalue
value of
of Δ
AG
in comparison
comparison with

Conclusions
4. Conclusions
In
summary, we
investigated the structural
structural and
and electronic
electronic
In summary,
we investigated
properties
5FU drug
molecule through
properties of
of 5FU
drug molecule
through interaction
interaction with
with the
pristine; Al-,
Al-, Ga-,
Ga-, and
and Ge-doped
Ge-doped BN
BNnanotubes
nanotubes based
based on
on the
the ﬁrstfirstprinciple density functional theory calculations.
calculations. It
It was
was found
found that
that
the 5FU
5FU can
can be
be physically
physically adsorbed
adsorbed upon
upon the wall of (8, 0) and (5,
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BN nanotubes
energy values
values of -0.13
0.13 and
and -
0.11eV,
eV,
5) BN
nanotubes with
with the energy
0.11
respectively.
5FU molecule
respectively. The
The adsorption
adsorption energy values of 5FU
molecule in
in the
interaction with
Ge-, Ga-,
Ga-, and
and Al-doped
Al-doped BN
BN nanotubes
nanotubes are
interaction
with the Ge-,
calculated to
0.53, 
1.50, and
and -1.86
 1.86eV,
eV, and
and the
the changes
changes of
calculated
to be
be 
- 0.53,
-1.50,
energy gap
 38.01eV,
eV,
energy
gap in
in these
these systems
systemsare
are - 28.01,
28.01,39.02,
-39.02, and -38.01
respectively.
properties and
andNBO
NBO charge
respectively. The
The results
results of
of adsorption properties
analysis exhibited that substitution
substitution of
of Al
Al and Ga
B
Ga atoms
atoms with the B
atoms of BN
BNnanotube
nanotube improves
improves the
the interaction
interaction energies
energies between
the 5FU
5FU molecule
molecule and
BN nanotubes.
nanotubes. The
The obtained results
results
and the BN
that the
theGa-doped
Ga-doped BNNT
BNNT can
shown that
can be
be reliable
reliable to
to perform
perform as
as a
carrier for 5FU
molecule in drug delivery.
5FU molecule
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