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ince the discovery of carbon nano-

tubes (CNTs), extensive studies have

been performed on analogous tubu-
lar nanomaterials, such as boron nitride
nanotubes (BNNTSs)."2 In contrast with me-
tallic or semiconducting CNTs, BNNTSs are
wide-gap semiconductors, whose band
gaps (~5.5 eV) are almost independent of
tube structure.® In addition, although they
have comparable thermal conductivities®
and mechanical properties,®” BNNTs exhibit
better chemical stability and resistance to
oxidation over CNTs.* These advantageous
properties make BNNTs promising materials
for applications in nanoscale electronics
and nanocomposite devices.

Chemical functionalization is a com-
monly used method to enrich the physi-
cal properties of nanotubes. Especially,
chemical functionalization of BNNT has
become a subject of extensive studies.®
It is reported that covalent functionaliza-
tions using adatoms, organic molecules,
and functional groups can effectively
change the electronic structures,®'® mag-
netic properties,'"'? and solubilities'*™
of BNNTs. Noncovalent functionalizations
of BNNTs, which are mediated by weak
interactions rather than covalent bonds,
have also been extensively explored. For
example, the noncovalent functionaliza-
tion of BNNTs with the conjugated poly-
mer PmPV has been achieved experimen-
tally.!> These PmPV-functionalized BNNTs
are soluble in various organic solvents
but insoluble in water. On the basis of
this finding, polymer wrapping technol-
ogy has been developed to purify the
BNNT samples.’ It is noted that not ev-
ery organic molecule can be used for
BNNTs functionalization. Researchers
have spent great efforts searching for
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ABSTRACT The noncovalent functionalization of boron nitride nanotubes (BNNTs) with perylene-derived

molecules has been reported experimentally [Wang et al. J. Am. Chem. Soc. 2008, 130, 8144]. Here we study the

structural and electronic properties for the perylene-derivative functionalized BNNTs using first-principles

calculations. Our calculations highlight the electronic structure modifications of BNNT through the noncovalent

functionalization and demonstrate that van der Waals interactions between the adsorbed perylene derivatives and

host BN layers facilitate the functionalization. We also provide an explanation for the red-shift of optical

adsorption bands observed in experiment and discuss improvements in theoretical calculations of noncovalently

functionalized BNNTs.
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reagents suitable for noncovalent func-
tionalization of BNNTSs.

Very recently, Wang et al.'® reported the
noncovalent functionalization of BNNTSs in
aqueous solution through m-stacking of an
anionic perylene derivative, namely PTAS.
The functionalized nanotubes are soluble in
aqueous solution. Moreover, in UV—visible
absorption spectra, a significant redshift of
the optical bands were observed for PTAS-
functionalized BNNTSs, relative to pristine
PTAS. The authors attribute the redshift to
the strong —r interactions as well as effi-
cient electron transfer between the mol-
ecules and nanotubes. Although Wang et
al. presents a pioneering experimental work
on the noncovalent functionalization of
BNNTSs, some issues are still unresolved. For
example, the easy grafting of BNNTs by
PTAS was found experimentally, but what
is the nature of the interaction between the
two? Especially, the physical origins for the
shift of optical bands, which were also ob-
served in other noncovalently functional-
ized BNNT systems,'>'”8 remain unclear.
These questions merit further theoretical
investigation.
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Figure 1. (a) Atomic structures of PTD and PTAS—K molecules.
C, H, O, and K atoms are represented by black, white, yellow, and
cyan balls respectively. (b) Energetic level diagrams and isosur-
face of charge density for = and =* bands in the respective mol-
ecules. The pseudostate of PTAS—K is indicated by a black
dashed line. The isosurface value is £0.05 eV/A3 (distinguished
by red and blue surfaces). The Fermi energy levels are set at en-
ergy zero, indicated by red dashed lines.

In this study, we model the experimental findings
of Wang et al. with first-principles calculations, and in-
vestigate the structural and electronic properties of
perylene-derivative functionalized BNNTs. On the basis
of our calculations, we conclude that the perylene de-
rivatives are attached to BN layers by van der Waals in-
teractions, which could lead to the effective noncova-
lent functionalization of BNNTSs. Our study also explains
the redshift of the optical adsorption spectra observed
in experiment.

RESULTS AND DISCUSSIONS

Isolated Perylene Derivative Molecules. Experimentally,
the perylene derivative molecules were dissolved in
the aqueous solution, namely PTAS solution. The PTAS-
functionalized BNNTs (denoted as PTAS—BNNTSs) were
also prepared in this solution. To simulate the experi-
mental results, we should provide the theoretical un-
derstanding to the electronic and optical properties of
PTAS solution at first.

The PTAS solution was prepared by the alkaline hy-
drolysis of PTD molecules (the experimental details can
be found in ref 16). Because the hydrolytic reaction is re-
versible, both reactant PTD and hydrolytic product
PTAS molecules should coexist in the aqueous PTAS so-
lution. To simulate the experimental PTAS solution,
both molecules should then be taken into
consideration.

PTD and PTAS are perylene derivative molecules,
both of which are composed of the alternating
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benzene rings, but they carry different functional
groups. Typically, PTD carries acid anhydride groups,
whereas PTAS has four carboxylate groups at the both
sides. As opposed to the neutral PTD molecules, PTAS
molecules are actually negatively charged anions in the
aqueous solution. Therefore, we employ a neutral mol-
ecule (PTD in Figure 1a) to represent PTD molecules; for
the anionic PTAS, the carboxylic acid potassium salt
(namely PTAS—K in Figure 1a) is taken as an alterna-
tive. The anionic PTAS and PTAS—K are isovalent (equal
number of valence electrons) and almost share the
same bonding configuration. We therefore expect that
PTAS—K is an appropriate representation for experi-
mental PTAS anions.

The electronic structures and isosurface of charge
densities for PTD and PTAS—K molecules are given in
Figure 1b. Both of the molecules are m-electron sys-
tems, with 1 states as their HOMOs and t* states as
LUMO:s. In PTAS—K, there also exists a degenerate state
(indicated by dashed line) between Fermi energy level
and its 7* band. Such a state corresponds to the empty
orbitals of K atoms. Since K atoms are completely ion-
ized in the anionic PTAS, this degenerate state is only a
pseudostate involved in our simulations, one that does
not exist under the experimental conditions. Using LDA
functional, the band gap (w—* gap) values of PTD
and PTAS—K are calculated to be 1.45 and 1.61 eV,
respectively.

From electronic point of view, both PTD and
PTAS—K are m-conjugated molecules. As displayed in
Figure 1b, both 7 and 7* states of the two molecules
are composed of the p, atomic orbitals from C atoms,
which exhibit the Huckel-like delocalized characters.
Compared to PTD, the carboxylate groups in PTAS—K
can provide extra delocalized m electrons (I13), leading
to a larger m—* gap in PTAS—K.

To understand the experimental UV—visible adsorp-
tion spectra for PTAS, the optical adsorption spectra
are simulated in our work. The computational details
of this part of the calculations can be found elsewhere.”®
Figure 2a shows our simulated optical adsorption spec-
tra for isolated PTD and PTAS—K. The main optical
peak for a w-conjugated system, such as PTD and
PTAS—K, should originate from the electronic inter-
band transitions between 7 and * bands. Compared
to experimental spectra, our simulated optical peaks are
lower in energy. This discrepancy comes from the un-
derestimation of the band gaps in LDA or GGA
calculations.?*2! However, in this study we mainly fo-
cus on the relative change of the band gap, we can
therefore expect that the band gap error is largely can-
celed when comparing different systems.

In our simulations, the main profiles for the com-
bined spectrum, which is the superposition of optical
peaks for the isolated PTD and PTAS—K, can well match
the experimental UV—visible adsorption spectrum for
PTAS aqueous solution (Figure 2). We also find that the
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Figure 2. (a) Our calculated optical adsorption spectra for
isolated PTD, PTAS—K, and PTD—BNsheet. (b) The experi-
mental UV—visible adsorption spectra of PTAS—BNNTs and
PTAS aqueous solution. The optical peaks corresponding to
the fingerprint of PTD are indicated by arrows. Note: differ-
ent energy scales are in used in panels a and b.

pseudostate in PTAS—K has no contribution to the op-
tical response of the system, indicating that such a
pseudostate can be neglected. Compared to our simu-
lated spectra, the two main optical peaks experimen-
tally observed can be identified as the fingerprints for
PTD and PTAS—K (anionic PTAS), respectively. In par-
ticular, our calculated energy difference between opti-
cal peaks of PTD and PTAS—K is 0.16 eV, coming quite
close to the experimental value of 0.17 eV.

Adsorption of the Perylene Derivative Molecules on BN Tubes.
In this section, we start our analysis by briefly review-
ing some experimental details for preparation of PTAS-
functionalized BNNTs. In experiments, the diameter of
BNNTSs synthesized using CVD method is on the order of
tens of nanometers.'® Moreover, the thermogravimet-
ric analysis (TGA) results show that the amount of the
perylene derivative molecules attached on BNNTSs is
very small, indicating the attached molecules are iso-
lated. In this context, the PTAS—BN tube system can be
well modeled using the supercell approach. Owing to
the fact that the diameters of BNNTSs are really large,
with negligible curvature effect, we employ a planar BN
sheet as the prototype for the experimental large-size
BN tube.

To understand the interaction between perylene de-
rivative molecules and BNNTSs, the adsorption of PTD
and PTAS—K on BN sheet should be simulated. As it is
discussed above, both PTD and PTAS—K are
m-conjugated molecules, having similar structural and
electronic properties. Experimentally, it has also been
observed that two optical peaks corresponding to the
fingerprints of PTD and PTAS—K (anionic PTAS) were al-
most shifted equally in energy. The above findings
may indicate that PTD and PTAS—K share the same na-
ture of interaction with BN nanotubes. Therefore, in
the following discussion, the PTD-functionalized BN
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Figure 3. (a) Atomic structures (top and side views) and (b)
binding energy curves for the adsorption of a PTD molecule
on a BN sheet. The binding energies are calculated using
LDA (squares) and GGA functionals (circles), respectively. In-
set: A close view to the binding energy minimum. Light-
blue (dark-blue) balls represent B(N) atoms.

sheet (denoted as PTD—BNsheet) is taken as a repre-
sentative example for a detailed analysis.

For the adsorption of a planar PTD molecule on the
BN sheet, we find that the most stable adsorption con-
figuration is a structure where the center of benzene
ring in PTD molecule is placed right on the top of a B(N)
atom in the BN sheet (See Figure 3a). Such a stacking
configuration is structurally similar to other m-stacking
systems, such as bilayer graphene nanonribbons.??

To evaluate the interaction within molecule—sheet
system, we simulate the binding energy for the adsorp-
tion of PTD molecule on BN sheet. For the noncova-
lent functionalization system, usually two subsystem
(such as PTD and BN sheet) interact with each other
through the van der Waals interactions. Because of the
nonlocal nature of the van der Waals interaction, such
an interaction cannot be precisely described by either
LDA or GGA functional.?® Therefore the interaction be-
tween PTD and BN sheet should be computed with par-
ticular care. In our calculation, the localized atomic-like
orbital is employed as the basis set. When calculating
the interaction between PTD molecule and BN sheet,
the basis between isolated molecule, sheet, and the
complete PTD—BNsheet system are not the same: the
basis for the complete PTD-sheet system is usually
larger, which can lead to an unphysical energy lower-
ing of the system, and therefore gives a wrong binding
energy.?* In our calculation, this kind of basis set super-
position error (BSSE) has been corrected using the
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counterpoise method,? as the correct binding energy
is given by the following relation:

Epinding = E(BNsheet + PTD) — [E(BNsheet +
PTD,.,) + E(BNsheet, .. + PTD)] (1)

ghost: ghost

The “ghost” subsystems correspond to the addi-
tional localized basis centered at the atomic position
of the PTD or BN sheet, but without any atomic poten-
tial. By including these “ghost” subsystems, the correct
binding energy is defined as the DFT total energy differ-
ence between the complete system and the two
subsystems.

To calculate the binding energy between PTD
and BN sheet, we perform the constrained geom-
etry relaxation by fixing the spacing between PTD
and BN sheet, while their planar coordinates are fully
relaxed. Figure 3b displays the calculated binding
energy for PTD—BNsheet as a function of the
molecule—sheet separation, with the adsorption
configuration shown in Figure 3a.

The binding energy curves obtained from LDA and
GGA functional calculations are completely different:
LDA predicts a binding ground state between PTD and
BNsheet, with the equilibrium distance of 3.15 A and
binding energy of —1.23 eV. Its binding energy curve
exhibits the Lennard-Jones like characters, and equilib-
rium distance is within the bond length range of typical
van der Waals bond, indicating PTD molecule adsorbs
on BN sheet mainly through the van der Waals interac-
tions. However, within GGA calculations, there is almost
no effective binding between PTD and BN sheet.

Our findings on the PTD—BNsheet are similar to
other van der Waals adsorption systems. For instance,
the geometry of graphite is correctly described by LDA
calculations, only its interlayer binding energy is under-
estimated by 50%. Whereas GGA calculations fail to pre-
dict the binding ground state for graphite at all.?6 Com-
pared to GGA functional, LDA can be used as a
reasonable approximation for the van der Waals inter-
action systems through fortuitous cancelations of errors
between exchange and correlation energy.?’2 In light
of this finding, we expect that LDA calculations are able
to predict the physical properties of PTD—BNsheet sys-
tem qualitatively right. Therefore in our work, by using
LDA calculations, we mainly focus on the binding trend
between PTD and BN system, rather than the accurate
values for their interaction energy.

In the next step, we preform the fully structural re-
laxations for PTD—BNsheet system without geometri-
cal constraint. In the optimized structure, the planar
molecule and BN sheet display a structural buckling,
with the atoms around the adsorption area moving
slightly outward from the molecule or sheet surface
(Figure 3a). Moreover, the binding energy of the sys-
tem further goes down (—1.47 eV by LDA calculations).
The structural buckling and the large magnitude of the
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Figure 4. (a) Atomic structure (top view) for adsorption of a
PTD molecule on a (10, 0) BNNT. (b) The simulated binding
energy curves for the adsorption of a PTD molecule on
BNNTS with different radii and a BN sheet. The binding en-
ergies are calculated using LDA functionals. Inset: a close
view to the binding energy minimum.

binding energy within the molecule—sheet system in-
dicates that the interaction between PTD and BN sheet
is extraordinarily strong. Such a finding can provide a
natural explanation to the experimental result that the
perylene derivative molecules can be easily attached on
BNNTs.

In the above discussions, we employ a planar BN-
sheet to represent the experimental BNNT samples, ne-
glecting the curvature effect. But under the real experi-
mental environment, due to the presence of the small-
radius tubes orinhomogeneity of the tube morphology,
there may exist strong curvature effect in experimental
BNNT samples. To address this issue, we extend our in-
vestigation to the adsorption of PTD on BN tubes with
different radii, where the curvature effect on the inter-
action between PTD and BN tubes will be discussed.

A series of zigzag tubes (n = 8, 10, 12, 15) are em-
ployed in the present work. By using the LDA calcu-
lations with BSSE correction, we examined the inter-
action between PTD molecule and BN tubes. After
structural optimization, it is found that stacking con-
figurations between PTD and BNNTs are similar to
that of PTD—BNsheet system (displayed in Figure
4a). Following the procedure that was employed on
PTD—BNsheet, the binding energy between PTD
and BNNTSs are simulated. Figure 4b presents our
simulated binding energy curves for the adsorption
of PTD on various BNNTs and BN sheet. It is clear
that, as the tube radius increases, the interaction be-
tween PTD and BN systems are enhanced, with the
increase of equilibrium separation distance and
binding energy between PTD and BN tubes. More-
over, as the tube radius approaches to the infinity,
the binding energy would approach the binding en-
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valence bands, and the effective
band gap of PTD—BNsheet is calcu-
lated to be 1.315 eV (at I" point),
smaller than that of the isolated
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Figure 5. Band structures for (a) an isolated BN sheet and (b) the PTD—BNsheet.

individual PTD and BN sheet. Such
a finding can lead to an important
experimental consequence: the
electronic properties of BNNT sys-
tems can be effectively modified
through noncovalent functionaliza-
tion by perylene derivative
molecules.

For an adsorbate-surafce sys-
tem, the nature of its electronic
properties should primarily depend

HOMO-1

The LUMO and HOMO energy levels of an isolated PTD molecule are indicated by  on the alignment of 1 orbitals with

red lines (L and H) in panel a. (c) Isosurface plots of the squared wave functions
at the I' point for LUMO, HOMO, and HOMO-1 (the first energy band below HOMO)
of PTD—BNsheet. The isosurface value is =0.05 eV/A? (distinguished by red and

blue surface).

ergy of PTD on BNsheet. For all the BN tubes we con-
sidered, their interaction energy curve exhibits the
same Lennard-Jones like characters. Our findings
clearly indicate that the curvature effect of the BN
tubes can only modify the intensity of their interac-
tion between PTD molecule, while the nature of the
interaction remain unchanged—it is still the van der
Waals interaction. In this way, the physical proper-
ties between PTD—BNNTs and PTD—BNsheet are
qualitatively the same. Therefore, in the following
discussion, we will restrict our investigation to the
PTD—BNsheet system only.

Red-Shift of the Adsorption Spectra. In experiments, a red-
shift of the absorption band for PTAS—BNNTSs relative
to that of PTAS solution has been observed (Figure 2b).
Such an experimental finding surprisingly suggests
that the electronic properties of BNNTs can be effec-
tively modified by the noncovalent functionalization.
In our work, to reveal the effect of PTD adsorption on
the electronic properties of BN system, the electronic
band structure for PTD—BNsheet has been calculated
and presented in Figure 5. For comparison, the band
structures for an isolated BN sheet and PTD molecule
are also given.

As shown in Figure 5a, an isolated BN sheet is a di-
rect band gap semiconductor, while the HOMO and
LUMO of the isolated PTD molecule are located at the
band gap region of the BN sheet. The HOMO level of the
isolated PTD molecule and BN sheet are discrete in en-
ergy. In particular, after the adsorption of PTD molecule
on the BN sheet, the HOMO of the system falls into the

www.acsnano.org

respect to the Fermi level.?® There-
fore, in order to deeply understand
electronic properties of the
PTD—BNsheet system, its energy
bands around the Fermi level (shown in Figure 5¢) are
carefully examined. The LUMO of PTD—BNsheet corre-
sponds to a flat energy band, which is 0.60 eV above of
Fermi level. Its spatial charge distribution is almost iden-
tical to that of the isolated PTD molecule. The HOMO
of PTD—BNsheet locates at the valence bands maxi-
mum (VBM), about 0.70 eV below Fermi level. Espe-
cially, the HOMO band corresponds to the 1 states that
are both localized on PTD molecule and BN sheet. In
fact, such a mixed-state character does not imply any
hybridization between the orbitals from substrate and
molecule, as it is in the case of a chemisorption
process.?®3° Moreover, for the energy bands below
HOMO, such as HOMO-1 band shown in Figure 5c, the
corresponding T states are localized at BN sheet only,
but their spatial distribution are changed. Such a charge
redistribution could lead to change in the dispersion
of the corresponding energy bands (energy bands be-
low VBM, Figure 5b). Consequently, the mixing state
and charge redistribution characters within the
PTD—BNsheet strongly demonstrate that the adsorp-
tion of PTD molecule on the BN sheet should be quali-
fied as the physisorption. Similar electronic property
features are also found in PTD-functionalized BN tubes
(see the Supporting Information for a detailed analysis).
In particular, a small down shift of molecule orbitals
is also observed in PTD—BNsheet, indicating there is a
net transferred charge from PTD molecule within the
molecule—sheet system. This finding is further con-
firmed by our mulliken population analysis results, that
the carbon atoms will lose their 7 electrons after PTD is
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adsorbed on BN sheet. The amount of the transferred
charges are calculated to be 0.596 C (that is 0.025 C per
carbon atom, by LDA calculations). Actually, the fea-
ture of orbital mixing as well as the net transferred
charge are also found in other physisorbed systems,
such as multiwalled CNTs'32 and BNNTs.?

In this study, the observed charge transfer could be
rationalized by the charge redistribution characters
within the PTD—BNsheet system. For a van der Waals
interaction system, its ground state electronic charge
must be redistributed to produce the required force be-
tween the adsorbate and substrate 3* This charge redis-
tribution can lead to the change on the physical quan-
tities of the whole system, such as interface dipoles and
work functions, etc.?® In the present case, the change
of the physical quantities are reflected on the net trans-
ferred charge within the PTD—BNsheet system. Com-
pared with the chemisorbed systems, where the pro-
nounced transferred charge is induced by strong
hybridization of orbitals, the charge transfer within a
physisorbed system is usually small,>* which is ignored
in most cases. However, in the present study, it is found
that the charge transfer within PTD—BNsheet system
is significant, which is crucial to determine the elec-
tronic properties of the perylene derivative molecules
functionalized BNNTSs. Typically, since the 1 electrons
have been transferred from PTD, the energy level of the
7 band of PTD will go down and finally locate at the
same energy range with 1 bands of BN sheet. In this
way, compared to the isolated PTD molecule, the
amount of m electrons localized at PTD within the
molecule—sheet system are smaller. Therefore, the less
effective coupling of the  electrons within the PTD
molecule will finally lead to a smaller band gap (w—m*
electronic gap) of the system.

The optical properties for PTD-functionalized BN
sheet are also investigated. Figure 2a plots the simu-
lated optical adsorption spectrum for PTD—BNsheet.
The red shift of its adsorption band relative to that of
PTAS solution is found in our simulation (the corre-
sponding experimental optical peaks are indicated by
arrows in Figure 2b). Although our simulations are
qualitatively consistent with the experimental findings,
the absolute energy is underestimated: in our simula-
tion, the optical band is shifted by 0.147 eV, which is
smaller than the experimental result 0.435 eV (~102

COMPUTATIONAL MODELS AND METHODS

Our first principle calculations are preformed using SIESTA
code,** 38 which implements a density functional method by
means of a numerical linear combination of an atomic-like or-
bital basis set.3 The electron exchange-correlation potential is
treated within the local density approximation (LDA), with Per-
dew and Zunger parametrization.*’ For a cross check, we also
carry out our calculations with GGA in the form of PBE.*! Stan-
dard norm-conserving Troullier—Martins pseudopotentials*? are
used to describe the interaction between ionic cores and local-
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nm).'® As discussed above, LDA calculations could only
be used as the reasonable approximation to describe
the van der Waals interactions. To precisely predict the
physical properties of PTD—BNsheet system, one needs
to employ more accurate van der Waals (vdW) density
functional.® It is expected that the interaction energy
between PTD and BN sheet predicted by this functional
will be stronger, and the system may characterize a
smaller molecule—sheet separation.?® The larger inter-
action energy and smaller separation will probably lead
to more mixing orbitals and transferred charge be-
tween PTD and BN sheet. Consequently, within the
vdW functional calculations, the corresponding optical
band should be red-shifted by a larger energy, which
will be much closer to experimental results. Even so, the
underlying physics revealed by LDA calculations for
the perylene derivative molecules functionalized BNNTs
proposed in this work should not be changed. There-
fore, our calculations can still provide reasonable theo-
retical support to experiments.

CONCLUSIONS

First-principles calculations have been performed
to study the structural and electronic properties for
the perylene derivative molecules functionalized
BNNTSs. Two kinds of perylene derivative molecules,
namely PTD and PTAS—K molecules are considered in
our calculations. By simulating the adsorption of the
PTD molecule on the hexagonal BN sheet and BN tubes,
it is suggested that the experimental noncovalent func-
tionalization of BNNTs with PTAS molecules is achieved
through the van der Waals interactions between the ad-
sorbate and BN substrate. In particular, our calcula-
tions indicate that the physical adsorption of the PTD
molecule on the BN sheet can modify the electronic
states around the Fermi level. Furthermore, it is illus-
trated that the net transferred charge within the
PTD—BNsheet system could provide the explanation
to the experimentally observed red-shift of the optical
adsorption bands. Our simulations show qualitatively
the same trend with the experimental measurements.
Further theoretical studies on the perylene derivative
molecules functionalized BNNTs using the more accu-
rate van der Waals functionals are awaited to confirm
our results.

ized pseudoatomic orbitals. Split-valence double-{ plus polariza-
tion basis (DZP) ensures a good computational convergence
with respect to the basis set. The real-space integration is per-
formed on a regular grid corresponding to a plane-wave cutoff
of 200 Ry. Mulliken population analysis is used to calculate the
number of electrons occupied on each atomic orbitals.

To simulate the interaction between PTD and BNsheet, a 8 X
8 X 1 BN sheet supercell, with a vacuum of 20 A along the z direc-
tion is employed. Such a supercell is large enough to ensure negli-
gible interactions between the periodic images. The Brillouin zone
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is sampled using the Monkhorst—Pack special k-point scheme*?
with a 8 X 8 X 1 mesh for structural optimization and total en-
ergy calculations. For PTD—BNtube systems, the zigzag BN tubes,
which consist of five times of primary unit cell along the axial direc-
tion are employed in our calculation. Periodical boundary condi-
tion is imposed along the axial direction of BNNT, and a vacuum re-
gion (at least 20 A'is assumed between the tubes in their lateral
direction. A set of six Monkhorst—Pack special k points along the
tube axis is used. The conjugate gradient (CG) algorithm is adopted
to fully relax the structures until the residual force acting on each
atom is no more than 0.02 eV/ A.
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