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Abstract One-dimensional nanostructures such as nano-

wires and nanotubes are stimulating tremendous research

interest due to their structural, electronic and magnetic

properties. We perform first principles calculation using

density functional theory on the structural, and electronics

properties of BNNTs adsorbed with isoniazid (INH) drug via

noncovalent functionalization using the GGA/PBE func-

tional and DZP basis set implemented in SIESTA program.

The band structure, density of states and projected density of

states (PDOS) plots suggest that isoniazid prefers to get

adsorbed at the hollow site in case of (5,5) BNNT, whereas in

(10,0) BNNT it favours the bridge site. The adsorption

energy of INH onto (5,5) BNNT is smaller than in (10,0)

BNNT which proposes that (10,0) BNNT with a larger radius

compared to (5,5) BNNT is more favourable for INH

adsorption as the corresponding distortion energy will also

be quite lower. Functionalization of (5,5) and (10,0) BNNTs

with isoniazid displays the presence of new impurity states

(dispersionless bands) within the HOMO–LUMO energy

gap of pristine BNNT leading to an increase in reactivity of

the INH/BNNT system and lowering of the energy gap of the

BNNTs. The PDOS plots show the major contribution

towards the dispersionless impurity states is from INH

molecule itself rather than from BNNT near the Fermi

energy region. To summarize, noncovalent functionalization

of BNNTs with isoniazid drug modulates the electronic

properties of the pristine BNNT by lowering its energy gap

with respect to the Fermi level, as well as demonstrating the

preferential site selectivity for adsorption of isoniazid onto

the nanotube sidewalls of varying chirality.

Keywords BNNTs � Isoniazid � DFT � Electronic

structure � Wavefunction

Introduction

In complete analogy to carbon nanotubes (CNT) which are

quasi-one dimensional nanomaterials exhibiting unique

structural based electronic properties depending on the

nanotube diameter and chirality, boron nitride nanotubes

(BNNTs) are wide band gap semiconductors (band gap of

*3.5–5.5 eV) the electronic property of which is indepen-

dent of the nanotube diameter and helicity and wall number

(Rubio et al. 1994; Blase et al. 1994). The BNNTs have been

predicted by theoretical calculations and first synthesized

experimentally (Chopra et al. 1995) using plasma-induced

arc discharge technique. BNNT possesses high mechanical,

thermal and chemical stability in addition to the strong

resistance towards oxidation (Golberg et al. 2001). BNNTs of

high purity and quality are inherently non cytotoxic whereas

CNT are quite cytotoxic suggesting BNNT to be suitable for

biomedical applications compared to CNT (Chen et al. 2009).

The biocompatibility of BNNT is achieved by means of

chemical functionalization (Zhi et al. 2008), with enhanced

solubility for its practical application in nanoelectronics,

biological and biomedical sciences.
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Just as in carbon nanotubes, both covalent (Zhi et al.

2006) and noncovalent functionalization schemes have

been adopted for solubilizing BNNTs (Gou et al. 2010;

Wang et al. 2008). In case of noncovalent functionalization

of BNNT with aromatic molecules, the aromatic ring of the

molecule mitigates the p–p stacking between the two

interacting units (Zhao and Ding 2010). Compared to

covalent functionalization, noncovalent functionalization is

of major theoretical interest because the electronic property

and the delocalized network of the nanotube are retained.

The noncovalent functionalization of BNNTs with flavin

mononucleotides showed strong p–p stacking between

flavin molecule and BNNT sidewall, and fluorescence

spectra demonstrated the nanohybrids to be highly fluo-

rescent in the visible spectra (Gao et al. 2011). Density

functional theory (DFT) study on the noncovalent func-

tionalization of BNNT with benzaldehyde and seven dif-

ferent heterocyclic aromatic molecules showed that weak

interaction between the two interacting units can give rise

to new impurity states within the band gap of pristine

BNNTs suggesting the possibility of carrier doping via

selective adsorption of aromatic rings (Akdim et al. 2009).

The DFT study on noncovalent adsorption of perylene

derivatives on BNNT was carried out along with the sub-

sequent charge transfer from the adsorbed molecule and

BNNT (Gou et al. 2010). The physisorption of nucleobases

on BNNT was studied using DFT (LDA) methodology

(Mukhopadhyay et al. 2010) which explored the potential

biomedical applications of BNNT as the promising candi-

date especially for biosensor devices. Polymer wrapping

facilitates the BNNT dispersion in aqueous solvents and, in

turn, the biocompatibility and its interaction with the

human cells upon internalization. The interaction of DNA/

RNA nucleobases with carbon and BNNTs is basically

governed by the van der Waals interaction and the strength

of the interaction depends on the polarizability of

nucleobases.

With an aim of expanding the domain of BNNT for drug

delivery applications, we have carried out systematic study

on the noncovalent functionalization of BNNT with iso-

niazid antitubercular drug molecule. The interest in theo-

retical study of INH antitubercular drugs stems from the

fact that tuberculosis is one of the most deadly infectious

diseases, with a death toll of over 2 million lives per year

(Dessen et al. 1995). About 70–90 % people suffering from

AIDS die due to tuberculosis and new drug resistant strains

of Mycobacterium tuberculosis usually resists treatment of

the disease. Isoniazid forms one of the most potent anti-

tubercular drugs effective against M. tuberculosis which

functions in combination with pyrazinamide, rifampicin

and ethambutol drugs (Scroeder et al. 2002; Favila et al.

2007). Since SWNT as well as MWNTs have been widely

explored both experimentally and theoretically in cancer

chemotherapy through this work, we have proposed a new

strategy of using BNNTs as carrier module in tuberculosis

chemotherapy by which target-specific delivery of antitu-

bercular drugs at specific receptor sites within the body can

be envisaged retaining the toxicity and physiological

characteristics of the therapeutics. In case of CNT, pre-

liminary studies show pristine nanotubes to be toxic while

functionalized SWNTs exhibit good biocompatibility

within the body. The adsorption, distribution, metabolism,

excretion, and toxicity of BNNT are highly dependent on

the extent of functionalization, coating and length of the

tube (Helland et al. 2007). Through this work, we intend to

address the following issues: (1) the stable geometry and

adsorption energies for noncovalent interaction of isoniazid

onto (5,5) and (10,0) BNNT sidewalls; (2) modulation in

electronic properties of pristine nanotube on adsorption of

drug molecule in terms of variation in band structure,

density of states (DOS), Fermi energy; (3) wavefunction

plots corresponding to the electronic charge distribution in

drug-nanotube system in terms of HOMO and LUMO

orbitals, (4) charge transfer between isoniazid drug mole-

cule and BNNT via non-covalent functionalization at both

the parallel and perpendicular orientations of adsorption.

Computational details

The ab initio spin polarized total energy DFT calculations

have been adopted in this study. The generalized gradient

approximation (GGA) within the Perdew Burke Ernzerhof

(PBE) is used to describe the exchange correlation energy

(Pewdew et al. 1996). As it is well known that local density

approximation (LDA) produces electronic densities more

homogeneous than the exact ones which leads to the

overestimation of the binding energy values more pre-

dominant in case of weakly bound systems it is believed

that for molecular systems, GGA significantly improves the

binding (adsorption) energy values. Although conventional

DFT methods like LDA and GGA cannot account for

dispersive interactions like p–p stacking and van der Waals

interaction, yet we can get a qualitative generalized over-

view towards the noncovalent functionalization of organic

therapeutic molecules with BNNTs of varying chirality

indices and diameter. Troullier Martins type pseudopo-

tentials (Troullier and Martins 1991) in the Kleinman–

Bylander form (Kleinman and Bylander 1982) and DZP

basis set are used to describe the valence state wavefunc-

tion in the reciprocal space within a plane–wave cutoff of

300 Ry. The radial part of the basis function is described

using the zeta function. To sample the Brillouin Zone (BZ),

a set of 60 Monkhorst–Pack (Monkhorst and Pack 1976)

special k-points are used along the nanotube axis with a

vacuum separation of about 20 Å to avoid the lateral
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interactions between the replicating periodic supercell

images. The conjugate gradient (CG) method is employed

to perform the geometry optimization and the system is

relaxed until the residual forces of all the atoms are con-

verged below 0.03 eV/Å.

To investigate the interaction of isoniazid drug molecule

with BNNTs two nanotubes of varying chirality namely,

armchair (5,5) and zigzag (10,0) BNNTs each comprising

of 100 and 120 atoms, respectively, are adopted in the

simulation. The isoniazid adsorption onto the two nano-

tubes was studied for two modes of adsorption, namely the

parallel and perpendicular orientations. For the parallel

orientation of adsorption, the interaction was studied for

four basic adsorption sites: (a) hollow, (b) bridge, (c) B top

and (d) N top sites; the pictorial description of which is

given in Fig. 1. The band structure, DOS, projected density

of states (PDOS) and wavefunction of the isosurface cor-

responding to HOMO and LUMO are also calculated using

the SIESTA method. The adsorption energy is defined as

Eads = E(complex) - E(BNNT) - E(INH), where E(complex) is

the total energy of the system (BNNT ? INH). A more

negative Eads value denotes more favourable interaction

between the drug-nanotube systems.

Results and discussion

Structural properties and adsorption energies

Figure 1 depicts the four basic adsorption sites: (A) hollow,

(B) bridge, (C) N top and (D) B top sites for the stacking

interaction of INH onto (5,5) and (10,0) BNNTs, respec-

tively. As observed from the figure, in the hollow site

(A) the pyrazine ring is placed directly above the BN ring

of the BNNT, whereas in the bridge site of adsorption

(B) the pyrazine ring is placed between the BN bonds

represented by the black square of the Fig. 1. The B top

and N top sites denote the positions where the pyrazine ring

is placed above these two sites i.e. immediately above the

black squares.

The optimized geometry of isoniazid (Fig. 2a) suggests

it to be a planar molecule with the amine group projecting

out of the molecular plane. It is a p electronic system with

the p states contributed from the HOMO and the p* states

the corresponding LUMO.

The band gap of isoniazid is calculated as 3.331 eV. The

p and p* states in isoniazid are basically composed from

the pz atomic orbitals of C atom of the pyrazine ring and

the carboxyl group can provide the extra delocalized p
electrons leading to an enhanced conjugation within the

drug molecule. The optimized geometries of pristine (5,5)

and (10,0) BNNT are shown in Fig. 2b, c, respectively.

Five unit cells of (5,5) BNNT and four unit cells of (10,0)

BNNT are taken for the study to investigate its interaction

with INH at both parallel and perpendicular adsorption

sites. The B–N bond length is calculated to be 1.45 Å after

complete structure relaxation.

The four initial positions for adsorption of INH onto the

outer sidewall of (5,5) and (10,0) BNNTs are considered

namely B top, N top, hollow and bridge sites, followed by

the perpendicular adsorption to determine the most

favourable orientation. The geometries corresponding to

the most preferred site of parallel adsorption of INH onto

(5,5) are shown in Fig. 3a (front view) and b (side view)

and for INH/(10,0) BNNT the adsorption orientation is

shown in Fig. 3d, e, corresponding to the front and side

views. The perpendicular adsorption of INH onto (5,5) and

(10,0) BNNTs is shown in Fig. 3c, f, respectively.

To evaluate the preferred interaction, we calculated the

adsorption energy of INH onto the two individual nano-

tubes. The values for the adsorption energies are provided

in Table 1 for INH/(5,5) BNNT, and for INH/(10,0)

BNNTs it is given in Table 2 along with their corre-

sponding distance of interaction.

In case of parallel adsorption of INH onto (5,5) BNNT,

the preferred site of adsorption is the hollow site (Fig. 3a)

having an adsorption energy (Eads = -0.649 eV) and in

(10,0) BNNT it is the bridge site (Fig. 3d) with the

adsorption energy (Eads = -0.738 eV) which may be due

to the nature of the two different nanotubes. Since neither

LDA nor GGA functional can accurately predict the van

der Waals interaction (dispersive interaction), the results

corresponding to the adsorption energy and HOMO–

LUMO gap are rather qualitative but can account for the

trend in the interaction of the drug molecule on the nano-

tube sidewalls. The high HOMO–LUMO gap of INH

molecule suggests it to be quite stable. After adsorption of

INH onto (5,5) BNNT the HOMO–LUMO gap signifi-

cantly reduces, implying an increase in reactivity of the

INH/(5,5) BNNT system. However, for the perpendicular

adsorption of INH, the lowering of the energy gap is by

0.08 eV. This also justifies the fact that the parallel

adsorption of INH onto (5,5) BNNT is more favoured. The
Fig. 1 The four basic adsorption sites of INH onto (5,5) and (10,0)

BNNTs: A hollow, B bridge, C N top and D B top sites
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adsorption energy of INH onto (5,5) BNNT is smaller than

in (10,0) BNNT whereas the behaviour of adsorption is

similar which suggests that (10,0) BNNT with a larger

radius compared to (5,5) BNNT is more favourable for

INH adsorption as the corresponding distortion energy will

also be quite lower in (10,0) BNNT. Thus, the radius of the

nanotube can play a significant role in the adsorption and

interaction of small organic aromatic molecules with

nanotube sidewalls. Since BNNT is ionic in character,

more electrons get distributed over the N atoms compared

Fig. 2 Optimized structures of

a isoniazid, b five unit cells of

(5,5) and c four unit cells of

(10,0) BNNT

Fig. 3 Optimized structures corresponding to the stable geometries

of INH adsorbed onto (5,5) BNNT at the hollow site: a front view,

b side view c perpendicular orientation of adsorption, d front view of

INH adsorbed onto (10,0) BNNT at the bridge site, e side view for the

same and f the perpendicular adsorption
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to B atoms. Hence on adsorption of aromatic ring onto

BNNT sidewall, the ring-like delocalized electron near the

molecular plane tends to minimize the electronic repulsion

between the BNNT, so that the centre of the ring prefers to

be over the hollow site which is the case in INH/(5,5)

BNNT system.

The negative values of adsorption energies correspond-

ing to INH adsorption onto (5,5) and (10,0) BNNT suggest

that the adsorption to be exothermic and experimentally

feasible from the energetic perspective and INH molecule

is stabilized by the BNNT surface. Adsorption of INH onto

(10,0) BNNT displays a similar lowering of HOMO–

LUMO energy gap as observed in case of (5,5) BNNT. The

lowering of the energy gap in both the studied (5,5) and

(10,0) BNNTs shows that functionalization increases the

reactivity (lowers the stability) of the pristine nanotubes.

Although GGA underestimates the binding energy values

and HOMO–LUMO energy gap for noncovalent function-

alization, the basic mechanism and the physical essence

behind the interaction do not change, because of which

GGA methodology can be used for validating our study.

Electronic band structure, DOS and PDOS analysis

The electronic band structure of isoniazid, (5,5) BNNT,

(10,0) BNNT is shown in Fig. 4, and the corresponding

INH/(5,5) BNNT and INH/(10,0) BNNT systems displayed

in Figs. 6 and 7, respectively. In (5,5) BNNT, the Fermi

level of the semiconducting nanotube is calculated to be

-3.344 eV (Fig. 4b) which upon adsorption of isoniazid

gets lowered as given in Table 1. The HOMO–LUMO gap

in (5,5) BNNT is calculated as 4.93 eV at the C point. In

pristine (5,5) BNNT, the HOMO and LUMO states are

equally dispersed with respect to the Fermi level (Fig. 4b),

whereas in pristine (10,0) BNNT (Fig. 4c) the HOMO

states are more close to the Fermi level compared to the

LUMO such that it can easily contribute electronic states

above the Fermi level. The LUMO on the other hand is

located far away from the Fermi region. Although spin

polarized calculations were initially performed, the up and

down spin electronic states are the same as observed from

the figure, the pristine BNNTs, INH molecule are found to

be spin unpolarized.

The DOS and PDOS plots of pristine (5,5) and (10,0)

BNNTs are displayed in Fig. 5. The DOS plots and the

band gap are in agreement with the band structure plots of

pristine (5,5) and (10,0) BNNTs. The PDOS plots for

(10,0) BNNT (Fig. 5b) show that the B2p orbitals have the

major contribution towards the PDOS in the conduction

band region above the Fermi level, whereas in the valence

band region N2p orbitals constitute the major states. The

N2s and B2s orbitals are very low lying electronic states

and do not have any major contribution. The same holds in

case of (5,5) BNNT as observed in Fig. 5c, d. The PDOS

plots for both the studied BNNTs suggest that the elec-

tronic states in the valence band region are basically from

the N2p orbitals and in the conduction band region it is

from the B2p orbitals.

Upon adsorption of isoniazid onto (5,5) BNNT at the

hollow site, the band structure plots show the presence of

new dispersionless bands comprising mainly from the

interaction of INH with the nanotube around 2.52 and

Table 1 Adsorption energies

(eV), Fermi energy (eV),

equilibrium distance of

interaction (Å) and HOMO–

LUMO energy gap (eV) of

INH/(5,5) BNNT system

System Adsorption

energy (eV)

Distance of

interaction (Å)

Fermi

energy (eV)

HOMO–LUMO

gap (eV)

(5,5) BNNT -3.344 4.928

INH -3.662 3.331

INH/(5,5) BNNT bridge -0.539 3.169 -4.774 3.173

INH/(5,5) BNNT hollow -0.649 3.138 -4.857 3.174

INH/(5,5) BNNT N top -0.601 3.166 -4.801 3.205

INH/(5,5) BNNT B top -0.566 3.226 -4.771 3.163

INH/(5,5) BNNT perp site -0.098 2.957 -4.420 3.251

Table 2 Adsorption energies

(eV), Fermi energy (eV),

equilibrium distance of

interaction (Å) and HOMO–

LUMO energy gap (eV) of

INH/(10,0) BNNT system

System Adsorption

energy (eV)

Distance of

interaction (Å)

Fermi

energy (eV)

HOMO–LUMO

gap (eV)

(10,0) BNNT -5.129 3.932

INH -3.662 3.331

INH/(10,0) BNNT bridge -0.738 3.311 -4.848 3.049

INH/(10,0) BNNT hollow -0.702 3.185 -4.769 3.026

INH/(10,0) BNNT N top -0.691 3.158 -4.803 3.139

INH/(10,0) BNNT B top -0.655 3.243 -4.760 3.069

INH/(10,0) BNNT perp site -0.391 2.663 -4.200 2.442
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3.36 eV in the conduction band and -0.61 eV in the

valence band region of (5,5) BNNT system (Fig. 6 top). It

is quite interesting to note here that in INH/(5,5) BNNT

system the electronic states coming from the valence band

region moves up with respect to the Fermi level and the

conduction band electronic states move more deeper in the

energy band structure. Similar trend is observed for all the

studied modes of adsorption of INH onto (5,5) BNNT

including the perpendicular orientation of adsorption. For

clarity, we have only shown the band structure, DOS, and

PDOS plots of INH/(5,5) SWNT system with INH adsor-

bed at the hollow site (Fig. 6 top) and INH adsorbed at the

perpendicular site (Fig. 6 bottom), respectively.

The band structure, DOS and PDOS plots of INH

adsorbed onto (5,5) BNNT at the bridge, N top and B top

sites are given in the Supporting Information (SI, Figs. S1–

S3). It is observed that for the parallel orientation of

adsorption of INH onto (5,5) BNNT the band structure,

DOS, and PDOS plots are almost same and the newly

formed dispersionless bands are situated in the same

energy regions. The valence band region corresponding to

the HOMO moves upward with respect to the Fermi level

and the conduction band region also shows a relative shift.

For the perpendicular adsorption of INH onto (5,5) BNNT

(Fig. 6 bottom), the effect of INH adsorption on the elec-

tronic structure of BNNT is quite different with a single

dispersionless band at *2.53 eV in the conduction band

region and three dispersion less bands in the region of -0.5

to -1.25 eV of the valence band region are observed.

Therefore, the band gap decreases in comparison to the

pristine (5,5) BNNT by 3.25 eV. Thus, in case of INH

adsorbed onto (5,5) BNNT (parallel configuration), three

impurity states are found within the HOMO–LUMO gap

two in the conduction band and one in the valence band

region (Fig. 6 top). However, for the perpendicular

adsorption of INH onto (5,5) BNNT (Fig. 6 bottom), the

pattern is just the reverse with one impurity state in the CB

region and two new impurity states in the VB region close

to the Fermi level.

In pristine (10,0) BNNT, the band gap is calculated to be

3.932 eV at the C point (Fig. 4c). The parallel adsorption

of isoniazid onto (10,0) BNNT demonstrates the presence

of dispersionless bands at 2.39 eV in the conduction band

region and -0.65 and -0.848 eV in the valence band

region which is accountable from the isoniazid molecule

(Fig. 7a). For all the studied orientations of adsorption of

INH onto (10,0) BNNT, the bridge site is preferred for

adsorption. In pristine (10,0) BNNT, the Fermi energy

level is situated close to the valence band region. Upon

adsorption of INH, the HOMO–LUMO gap reduces to

*3.02 eV (Table 2). For INH adsorbed onto (10,0) BNNT

at the parallel orientation of adsorption (Fig. 7 top), two

Fig. 4 The band structures of isoniazid molecule (a), pristine (5,5) BNNT (b) and pristine (10,0) BNNT (c). The Fermi energy level is set to zero

and indicated by the red dash line. The up and down arrows denote the up and down spins, respectively
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impurity states are present within the HOMO–LUMO

energy gap one in close proximity to the HOMO of BNNT

and the other lying around 2.5 eV in the CB region and

another dispersionless band at 3.35 eV, respectively. In the

adsorption of INH onto (10,0) BNNT at the perpendicular

site (Fig. 7 bottom), three new dispersionless bands are

found within the band gap of (10,0) BNNT around -0.5 to

-1.5 eV in the valence band region. Likewise, in the

conduction band region around 1.80 eV, a new disper-

sionless band is formed which is also due to the adsorbed

INH molecule. For the perpendicular orientation of

adsorption, the conduction band (LUMO) moves down

with respect to the Fermi level whereas the HOMO level

also shifts relative to the Fermi energy. Thus, the band and

DOS plots of INH/BNNT systems suggest that there is a

significant interaction between the HOMO and LUMO

orbitals of INH and the valence and conduction bands of

pristine (5,5) and (10,0) BNNT although the extent of

interaction is quite different for the two nanotube studied.

It is, therefore, expected that charge transfer should pref-

erably occur between the INH molecule and nanotube

sidewall. The adsorption of INH onto both (5,5) and (10,0)

BNNT is predicted to induce new impurity states within the

band gap of pristine BNNT resulting in the reduced band

gap of the INH/BNNT system. The Mulliken charge pop-

ulation analysis was also carried out to validate the above

findings and it is shown that in (5,5) BNNT/INH system the

charge transfer is almost negligible. The DOS plots confirm

the presence of new dispersionless impurity states in the

valence and conduction band regions within the HOMO–

LUMO gap of (5,5) and (10,0) BNNT. On the other hand,

the projected DOS (PDOS) plots can provide a detailed

understanding to the individual species contribution in the

Fermi energy region. The new introduced states in INH/

(5,5) BNNT and INH/(10,0) BNNT are mainly ascribed to

the adsorbed INH drug molecule in the vicinity of the

Fermi energy and BNNT has contributions in the valence

and CB regions away from the Fermi level. Hence INH

serves as the basic active unit which relates to the electron

mobility upon interaction with BNNT.

Wavefunction analysis

To understand the electronic properties of INH/BNNT

system the energy bands around the Fermi level are

examined with the help of the wavefunction plots

Fig. 5 a The DOS plot of (10,0) BNNT, b the PDOS plot of (10,0) BNNT, c DOS plot of (5,5) BNNT and d PDOS plot of (5,5) BNNT. The

Fermi level is set to zero. For the PDOS plots, only the up spin contributions have been shown
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corresponding to the HOMO and LUMO at the C points.

The wavefunction plots for INH/(5,5) BNNT system is

shown in Fig. 8 and INH/(10,0) BNNT system is displayed

in Fig. 9. In INH/(5,5) BNNT system with INH adsorbed at

the hollow site (Fig. 8a), the HOMO has major contribu-

tion from the INH molecule with partial contribution from

the nanotube sidewall at the closest proximity of the drug

molecule. On the other hand, the LUMO plot (Fig. 8b) is

distributed or rather delocalized between the INH molecule

and BNNT sidewall, exhibiting electronic charge density to

be delocalized between the interacting groups. For the

perpendicular adsorption of INH onto (5,5) BNNT, the

HOMO states (Fig. 8c) are basically localized onto the

drug molecule, whereas the LUMO is partially distributed

onto the nanotube sidewall (Fig. 8d) in close vicinity to the

INH molecule. However, in INH adsorbed onto (5,5)

BNNT at the B top site, the LUMO is delocalized onto the

INH and BNNT, however, it does not imply any hybrid-

ization between the orbitals of the interacting groups as

opposed to chemisorption. The wavefunction plots for

INH/(5,5) BNNT at bridge, N top and B top sites are shown

in the Supporting Information (SI, Fig. 2). The wavefunc-

tion plots corresponding to the HOMO and LUMO

show that INH contributed significant components in the

Fig. 6 Top the band structure (a), DOS (b), PDOS (c) plots of INH

adsorbed onto (5,5) BNNT at the hollow site, and bottom the band

structure (a), DOS (b) and PDOS (c) plots of INH adsorbed onto (5,5)

BNNT at the perpendicular site. The Fermi energy level is set to zero

and indicated by the red dash line. The up and down arrows denote

the up and down spins, respectively
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adsorption onto both (5,5) and (10,0) BNNT in the vicinity

of the Fermi level region which is validated from the band

structure and PDOS plots.

Similarly, for INH adsorbed onto (10,0) BNNT, the

HOMO and LUMO plots for adsorption at the bridge site

and perpendicular sites are shown in Fig. 9. The HOMO

and LUMO plots for the other adsorption sites are given in

the Supporting Information (SI, Fig. S8). For INH/(10,0)

BNNT at the bridge site, the HOMO is highly delocalized

around the INH molecule with partial localization of the

electron density onto the nanotube sidewall at the close

vicinity of the INH molecule. The LUMO, however, is

more centred on the INH molecule with no major contri-

bution from the (5,5) BNNT sidewall (Fig. 9b).

For the perpendicular adsorption of INH on to (10,0)

BNNT, the HOMO (Fig. 9c) and LUMO (Fig. 9d) are

delocalized throughout the INH molecule with almost no

contribution from the BNNT. Thus, for both (5,5) and

(10,0) BNNTs, the adsorption of INH results in the delo-

calization of the electron density mostly onto the INH

Fig. 7 Top the band structure (a), DOS (b) and PDOS (c) plots of

INH adsorbed onto (10,0) BNNT at the bridge site, and bottom the

band structure (a), DOS (b) and PDOS (c) plots of INH adsorbed onto

(10,0) BNNT at the perpendicular site. The Fermi energy level is set

to zero and indicated by the red dash line. The up and down arrows
denote the up and down spins, respectively
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molecule with partial contributions coming from the

nanotube. The same trend is observed for the other studied

sites of adsorption of INH onto (5,5) and (10,0) BNNTs

shown in the Supporting Information (SI, Figs. S7, S8).

Compared to INH/(5,5) BNNT system, in case of INH/

(10,0) BNNT, the charge localization over (10,0) BNNT is

more prominent after adsorption of INH. The wavefunction

and the PDOS plots collectively show that within the Fermi

level region the electronic states and the contribution to the

charge density are from the INH molecule itself, which

justifies the study.

Conclusion

In conclusion, we have studied the structure and electronic

properties of the noncovalent functionalization of (5,5) and

(10,0) BNNTs with INH antitubercular drug molecule

based on density functional calculations. Upon adsorption

of INH onto (5,5) BNNT, the hollow site is preferred for

adsorption (adsorption energy of -0.649 eV) whereas in

(10,0) BNNT, the bridge site is preferred at an adsorption

energy value of -0.738 eV. The inter-planar distances

between INH and BNNT sidewall are about 3.175 eV for

(5,5) BNNT and 3.218 eV corresponding to (10,0) BNNT.

The perpendicular adsorption is the least preferred as the

interaction is not very significant with minimum p–p
stacking between the pyrazine ring of INH and BNNT

sidewall. The trend in the adsorption with respect to the

thermodynamic favourability is as follows:

INH hollow site[ INH N top[ INH B top[ INH bridge

site[ INH perpendicular INH=ð5;5ÞBNNT systemð Þ

INH bridge site[ INH hollow site[ INH N top[ INH

B top[ INH perpendicular INH=ð10;0ÞBNNT systemð Þ

The functionalization of BNNT with INH brings about

noticeable influence in the electronic property of BNNT

and introduces new dispersionless bands (impurity or

coupling states) within the HOMO–LUMO gap of pristine

BNNT, resulting in the lowering of the energy gap and

increase in reactivity of the system. The new impurity

states are close to the Fermi level corresponding to the

VBM (HOMO) of BNNT and also the CB region (LUMO)

which is basically contributed from the INH molecule

rather than the BNNT. The DOS and projected DOS

(PDOS) plots clearly suggest that INH contributes towards

the dispersionless bands in the Fermi level region and

BNNT are low lying states having contribution away from

Fig. 8 Isosurface of the

wavefunction of the HOMO and

LUMO derived from the bands

at the C point, a HOMO of INH/

(5,5) BNNT with INH at the N

top site, b corresponding

LUMO, c HOMO of INH/(5,5)

BNNT with INH at the

perpendicular site, and d the

corresponding LUMO
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the Fermi region. Our studies thus contribute towards the

basic understanding of the noncovalent functionalization of

BNNT with antitubercular therapeutic molecules and how

their subsequent adsorption with the semiconducting

nanotubes can modify the electronic properties of the

BNNT and can be foreseen as the good option for band gap

engineering of the otherwise wide band gap nanotubes.

This work supported with experimental studies can have

significant impetus in tuberculosis chemotherapy.
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