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Abstract We report a density functional theory study on the
electronic structure properties of pristine and phosphorous-
doped (6,0) and (4,4) single-walled BC3 nanotubes (BC3NTs).
We examine the usefulness of local reactivity descriptors to
predict the reactivities of different carbon/boron atomic sites on
the external surface of the tubes. Electrostatic potentials VS(r)
and average local ionization energies ĪS(r) are computed on the
surface of the investigated BC3NTs. A general feature of the
systems considered here is that themagnitudes of negative VS(r)
associated with carbon atoms tend to be stronger when the boron
atom is substituted with a phosphorous atom. In order to verify
the surface reactivity pattern based on the chosen reactivity
descriptors, we calculated the reaction energies for the interaction
of an H+ ion or H radical with external surface of the (6,0) and
(4,4) BC3NTs. It is clear that, for each nanotube studied,
the reaction energies correlate well with the values of VS(r)
and ĪS(r).

Keywords BC3 nanotubes . Electrostatic potential . Average
local ionization energies . Reaction energies

Introduction

In recent years, carbon nanotubes (CNTs) have stimulated
remarkable research interest in many scientific fields due to
their outstanding mechanical and electronic properties [1–6].

Their perfect hollow structures have excited chemists to ren-
ovate traditional adsorption and catalysis materials and, actu-
ally, it has been proved that they can significantly promote the
adsorption of energy molecules [7, 8] and modulate molecular
reactivity and selectivity [9, 10]. Modification of the proper-
ties of CNTs by controllably placing defects or hetero-atoms
brings along tremendous technological implications, which
justifies the number of experimental and theoretical investi-
gations focused on this topic [11–15]. It was found that
doping CNTs with other elements like B can efficiently
tailor their electronic and mechanical properties [16], which
might lead to some novel applications. Therefore, carbon-
based nanotubes such as BC3 have also been reported
theoretically [17–19] and synthesized experimentally
[20–22]. Like CNTs, BC3 nanotubes (BC3NTs) can be
formed structurally by rolling a BC3 sheet along the chiral
vector. However, on BC3NTs, there are only B–C and C–C
chemical bonds and the less stable B–B bonds are excluded
[23]. According to theoretical results [24], the formation
energies of pure CNTs are slightly greater than those of
BC3NTs, as compared to a graphene layer, it is easier to
roll a BC3 sheet into a tube.

The possible use of CNTs and other carbon-based
nanotubes as detectors for gas molecules attracts much atten-
tion at present due to the high values of adsorbing area and
sensitivity of such materials to adsorbed molecules [25–27].
By means of suitable chemical doping, CNTs can exhibit
different electronic properties in gas sensitivity and hydrogen
storage, which will broaden the nanotube’s application fields
to a great extent [28–30]. However, these interactions, such as
physical adsorption, are attributed mainly to electrostatic ef-
fects [31, 32]. In order to provide some insightful information
into the origin of physisorption processes, it is essential to
characterize in detail the local reactivity descriptors. Previous-
ly, Politzer and co-workers have developed several statistical-
ly defined quantities that provide clear insights into the
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chemical reactivity and regioselectivity of molecules based on
local reactivity indexes [33, 34]. These local indexes include
the magnitudes of electrostatic potential, V(r ), and average
local ionization energy, Ī(r ), at each point on the molecular
surface. Recent studies [35–38] indicate that different subsets
of these indexes can be used to develop analytical representa-
tions of good accuracy for a variety of solution, liquid and
solid phase properties that depend upon noncovalent interac-
tions. Moreover, this approach was applied to interactions in a
group of CNTs, boron–nitride nanotubes (BNNTs) and sili-
con–carbide nanotubes (SiCNTs) as well as fullerenes
[39–43]. A qualitative correlation with free energies of solva-
tion indicated that the BNNTs should have considerably great-
er water solubilities [40]. Recently [44], the relative reacti-
vities of various carbon atomic sites of zigzag and armchair
CNTs, either with and without a Stone-Wales defect, have
analyzed using the local ionization energies ĪS(r ). For the
(5,5) armchair CNT, it was revealed that the lowest ĪS(r ),
predicted to indicate the most reactive carbon, is for one that
shares five-, six- and seven-membered rings. Leszczynski and
co-workers [45] indicated that the minimum values of ĪS(r )
correlate well with the computed reaction energies for the
addition of a second chlorine radical on the external surface
of monochloro-(5,5) armchair single-walled carbon nanotubes
(SWCNTs).

In this work, we report the results of density functional
theory (DFT) calculations on the surface reactivity of repre-

sentative models of zigzag (6,0) and armchair (4,4) BC3NTs.
The reactivities of different carbon/boron atoms in the
BC3NTs were examined using the computed surface electro-
static potentials, VS(r ) and average local ionization energies
ĪS(r ). Our major question is aimed at understanding the influ-
ence of tube chirality as well as the phosphorous-doping effect
on the surface reactivity of the BC3NTs. The relative reactiv-
ities of the carbon/boron atoms will be verified via calculated
reaction energies for a single hydrogen atom and H+ cation
chemisorptions on the external surfaces of the tubes.

Computational aspects

All quantum chemistry calculations were carried out with the
DFT framework as implemented in the GAMESS suite of
programs [46]. We performed DFT calculations employing
the B3LYP hybrid functional and the 6-31G* standard basis
set to investigate the electronic structure properties of the
representative (6,0) zigzag and (4,4) armchair BC3NTs
(Fig. 1). Both ends of the truncated BC3NTs were capped
with hydrogen atoms to saturate dangling bonds. The B3LYP/
6-31G* optimized structures were used to compute the VS(r )
and ĪS(r ) quantities over grids covering both the inner and
outer 0.001 au surfaces of the tubes. The surface electrostatic
potentials and ĪS(r ) quantities were computed at the same
level using the WFA code of Bulat et al. [33].

Fig. 1 Structure and atomic
numbering scheme for a pristine
(6,0) BC3NT and b pristine (4,4)
BC3NT
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The electrostatic potential V(r ) that the electrons and nu-
clei of a molecule create at any point r in surrounding space is
given by [47]:

V rð Þ ¼
X

A

ZA

RA−rj j−
Z

ρ r0ð Þdr0
r0−rj j ð1Þ

in Eq. (1), ZA refers to the charge on nucleus A, located at RA,
and ρ (r ) stands for the molecule’s electronic density. V(r ) in a
given point can be positive or negative, depending upon
whether the contribution of the nuclei or that of the electrons
is dominant there. In using V(r ) to predict interactive tenden-
cies, they are generally computed on the surface of the mol-
ecule and the results are labeled VS(r ). We take this to be the
0.001 electrons/bohr3 contour of the electronic density ρ (r ),
according to Bader et al. [45]. VS(r ) is suitable for
noncovalent interactions, which are essentially electrostatic
in nature. More especially, the electrostatic potential maxima
(VS,max) indicate the sites favored for a nucleophilic attack,
whereas the minima (VS,min) correspond to the sites suscepti-
ble for an electrophilic attack [47]. In contrast to V(r ), the
average local ionization energy, Ī(r ), is interpreted as a means
of estimating the sites of the more reactive electrons in a
molecule, and is given by [48, 49]:

I rð Þ ¼

X

i

ρi rð Þ εij j

ρ rð Þ ð2Þ

Here, ρ i(r ) is the electronic density of the i
th occupied atomic

or molecular orbital and ε i is its energy. Ī(r ) gives the average
energy required to remove an electron at the point r, with the
focus being on the point in space rather than on a particular
orbital. Like VS(r ), the computed Ī(r ) are evaluated on the
molecular surface and labeled ĪS(r ). The minima of ĪS(r ),
ĪS,min, correspond to the least tightly held electrons, which
should be the sites most reactive to electrophilic or to free
radical attack [48, 49].

In order to characterize the electrostatic potential quantita-
tively over the entire molecular surface, several statistically
defined global quantities may be useful, among which are the
following [50]:

(1) The positive, negative and overall average potentials on
the surface:

V
þ
S ¼ 1

m

X

i¼1
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V −
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Here, the summations are over the m positive and n neg-
ative points of a square surface grid, with V

þ
S and V

−
S being

their averages.
(2) The average deviation of VS(r ):

Π ¼ 1

mþ n

Xmþn

i¼1

VS rið Þ−VS

���
��� ð4Þ

Π is interpreted as an indicator of the internal charge
separation in any molecule and is present even in molecules
that have zero dipole moments [51].
and (3) The total variance of VS(r ), σtotal

2:

σ2
total ¼ σ2
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Results and discussion

The finite-size pristine and P-doped models of the represen-
tative (6,0) zigzag and (4,4) armchair BC3NTs are illustrated
in Fig. 1. In order to investigate the effect of phosphorous
impurity on the electronic properties of the pristine BC3NTs,
three different doping configurations were considered. Model
PB7 stands for the P-doped BC3NT, in which one boron atom
(at the site of B7) is substituted by a single P atom.Models PC6
and PC8 stand for the P-doping at the sites of C6 and C8,
respectively. The criterion for doping only one atom was
intended to keep only a traceless concentration of dopant in
the investigated structures of BC3NTs. In the following sec-
tions, we will compare different models of pristine and P-
doped BC3NTs from structural and surface reactivity proper-
ties points of view and show how these individual parameters
can be used to ascertain the relative reactivity trends in the
pristine/P-doped BC3NTs.

(6,0) zigzag BC3NTs

The structure and numbering scheme of pristine and P-doped
zigzag BC3NTs are illustrated in Figs. 1 and 2. For the pristine
(6,0) zigzag nanotube, the nonequivalent lengths for B–C and
C–C bonds are 1.57 and 1.42 Å, respectively. Geometry
optimizations reveal that the shape of the cross-section of
the P-doped nanotubes changes from circular to slightly oval.
The tube diameter at the defect site is about 5.6 Å, and the
phosphorus atom protrudes outwardly from the nanotube
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surface. In each P-doped tube studied, phosphorus preserves
its sp3 character, and bonds with tetrahedral-like configura-
tions, with bond angles close to 101°. The P–C and P–B bond
distances are about 1.85 and 1.87 Å, which are quite large
compared to 1.42 Å for C–C sp2 bonds. The larger bond
lengths, combined with the difference in bond angles, force
P to protrude from the nanotube surface, displacing also the
positions of the first- and second-neighbors out of the plane
(see Fig. 2).

Recent studies have proven electrostatic potential quanti-
ties to be suitable parameters with which to study the elec-
tronic structure of different nanotubes [39–45]. The computed
surface electrostatic potentials of the (6,0) BC3NTs are
presented in Fig. 2. For each zigzag BC3NT model studied,
Table 1 also gives the positive and negative surface areas, AS

+

and AS
−, and the properties of the surface electrostatic poten-

tial as discussed in “Computational aspects”. In the case of the
pristine (6,0) BC3NT, the electron-donating hydrogens cause

the outer carbon surfaces to become negative, with VS,min

about −12 kcal mol−1. The inside of the tube is positive, with
maxima VS,max about +1 kcal mol−1. However, the overall
Vs(r ) surface is negative, AS

−>AS
+. The most negative re-

gions are associated with the capped carbon sites (C1 and
C12), the VS,min are about −12 kcal mol−1, i.e., weaker than
those of zigazag (6,0) CNT [42]. Looking at Fig. 2a, it is
evident that the most positive regions are associated with the
hydrogen atoms located at tips; the VS,max are about 21 kcal
mol−1, greater that those of ethylene (ca. 11 kcal mol−1) and
benzene (ca. 12 kcal mol−1). These positive outer surfaces are
due to the electronic charge withdrawn from hydrogens by
carbon atoms. We note that there are also weak positive
regions above boron atoms. These VS,max represent attractive
channels for the approach of a nucleophile to the surface of a
zigzag BC3NT. The value of Π, which implies an internal
charge separation, is calculated to be 7 kcal mol−1, which is in
good agreement with reported values for pristine (5,5) and

Fig. 2 Computed surface electrostatic potentials [ VS(r) ] and average
local ionization energies [ ĪS(r)] for different models of (6,0) BC3NTs.
Color range (in kcal mol−1) for VS(r): red >12.7, 4.6<yellow<12.7, −3.6
<green<4.6, and blue <−3.6. Color range for IS(r) (in eV) is: red>12.6,

11.3<yellow<12.6, 9.9<green<11.3, and blue<9.9. The black and blue
points refer to surface maxima and minima, respectively. a Pristine, b
PB7, c PC6 and PC8
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(6,1) CNTs [39]. On the other hand, the greater variation in the
surface potential of the pristine BC3NT can be seen in the
magnitude of σ2

total, which is distinctly larger than those of
closed CNTs [40].

The results in Table 1 indicate that the evaluated surface
quantities detect the effects of P-doping in the investigated
structures. Moreover, the obtained magnitudes of surface min-
ima reveal that the surface reactivities of the PC6 and PC8
zigzag BC3NTs are smaller than those of PB7 doped one. This
trend means that the surface reactivity of the PB7 model of
zigzag BC3NT detects more changes with respect to the PC6
and PC8 due to the phosphorous impurity. In the PB7 model,
where one B atom is replaced by a single P atom, the negative
regions associated with the carbon atoms are stronger than
before, −12.6 vs −11.8 kcal mol−1, while the positive ones of
the inner surfaces are notably weaker. A general feature of the
systems considered here is that the magnitudes of VS,min

associated with carbon atoms tend to be stronger when carbon
atoms are substituted with phosphorous atoms. In comparison
with the pristine tube, the VS,max parameter for hydrogen
atoms of the doped models do not detect any significant
changes, while the VS,max parameters associated with the
boron atoms are changed slightly. The lesser variation in the
surface potential of the PC8 model can be seen in the magni-
tude of σ2

total, which is now slightly smaller than for the PB7
and PC6. It should be noted in Fig. 2 that there are some
negative spots; these are all associated with the doped phos-
phorous atom, and range from −1 to −19 kcal mol−1. The
relatively larger surface potentials associated with the P atom
can be attributed to its relatively larger atomic size.

Another local property that has often been used to study
surface reactivity is the ĪS(r ), defined by Eq. (2). Figure 2a

presents the ĪS(r ) plotted on the 0.001 au molecular surface of
the pristine (6,0) BC3NT. As is evident, there are many ĪS,min

and ĪS,max on the surface of the pristine tube; these are asso-
ciated mainly with carbon and boron atoms, respectively.
Looking at Fig. 2a, it is evident that the carbon itself has very
reactive electrons, as depicted by the relatively low ĪS,min

values. The lowest of these are associated with the carbon
framework as those located at the tips; these ĪS,min have values
about 7.8 eV (Table 2). These sites, thus, correspond to the
least tightly held electrons, which should be the sites most
reactive to electrophilic or to free radical attack. A particularly
noteworthy observation is that the highest ĪS,max are associated
with the hydrogen atoms, with ĪS,max between 12.8 and
13.2 eV. These calculated ĪS,max values are slightly less than
those of pristine (6,0) CNT (ca. 13.6 eV) and BNNT (ca.
14.2 eV) [42].

A quick look at the results of Table 1 indicates that the ĪS(r )
parameters detect the presence of dopant in zigzag BC3NT
structures. Our results reveal that the phosphoros impurity
tends to activate the surface toward electrophilic/radical at-
tack. In the model PB7, the value of ĪS,max reduces by a
magnitude of 0.4 eVwith respect to the pristine tube (Table 1).
This is due to the lower ionization energy of the phosphorous
atom compared to carbon. The calculated ĪS,max values of the
PB7, PC6 and PC8 models are 7.4, 8.0 and 8.2 eV, respectively.
This different reactivity pattern between the BC3NT doped at
B7, C6 and C8 sites can be attributed to the different contri-
bution of electron pairs of the P atom to form a delocalized
conjugated system with the adjacent sp2-hybridized network.
According to Fig. 2, the ĪS(r ) results suggest that activation of
adjacent carbon/boron sites are quite localized for the each
tube. Such a localized effect upon reactivity is consistent with

Table 1 Computed surface electrostatic potentials and average local ionization energy of (6,0) and (4,4) BC3NTsa,b,c

Nanotube AS
+ AS

−

V
þ
S

V
−
S

σ2
total Π VS,max VS,min Ī S,max Ī S,min

(6,0)

Pristine 271 283 8.0 −6.0 68 7.0 21.1 −11.8 13.2 7.8

PB7 274 286 8.0 −5.8 69 7.0 19.7 −18.8 13.4 7.4

PC6 291 272 7.8 −5.6 66 6.8 22.4 −14.1 13.4 7.6

PC8 289 272 7.7 −5.4 63 6.6 21.3 −14.1 13.5 7.6

(4,4)

Pristine 395 363 7.7 −4.5 54 6.2 21.1 −11.7 14.0 8.6

PB7 404 359 7.7 −4.5 54 6.2 22.0 −16.8 14.0 7.5

PC6 404 307 7.8 −4.5 55 6.3 21.5 −13.1 14.0 7.6

PC8 408 356 7.6 −4.4 53 6.2 21.4 −13.9 14.0 7.8

AS
+ and AS

− are referred to the positive and negative surface area, respectively

All AS
+ and AS

− values in Å2 , whereas the evaluated V
þ
S , V

−
S , σ2

total, Π, VS,max and VS,min quantities in kcal mol−1

ĪS,max and ĪS,min values in eV
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what was found earlier in the case of the Stone–Wales defect-
containing [44] and chlorinated (5,5) armchair SWCNT [45].

(4,4) armchair BC3 nanotubes

Using B3LYP/6-31G* method in GAMESS, we have been
able to converge all-electron DFT structures, with optimiza-
tion of all structural degrees of freedom. Figure 3 indicates the
optimized structures for the different models of armchair (4,4)
BC3NT. The structural effects of P-doping of the metallic
armchair (4,4) BC3NT, are very similar to that of the zigzag
nanotube. The results indicate that the B–C bonds of the
pristine armchair nanotube are slightly longer than those
found in the zigzag one, being 1.42 Å for diagonal and
1.43 Å for tangential bonds. Similar to the zigzag case, doping
with phosphorus causes a significant distortion in the armchair
tube. However, the effects of P-doping on the geometries of
the armchair models are less pronounced than those of the
zigzag models. Parallel to the data of the zigzag BC3NTs, the
results indicate that phosphorus preserves its sp3 character,
and bonds with tetrahedral-like configurations, with bond
angles close to 98°. For each P-doped model considered, the
distortion of the nanotube structure is limited primarily to the
first-neighbors, with only a small displacement for the second-
neighbors, while the third-neighbors are almost unchanged.
The tube diameter at the defect site is about 6.8 Å, and the

phosphorus atom protrudes outwardly from the nanotube. For
a given doped configuration, the C–P and B–P bonds of the
armchair tube are slightly shorter than those found in the
zigzag one.

The evaluated surface VS(r) quantities for the optimized
structure of pristine (4,4) BC3NTare listed in Tables 1. Unlike
the zigzag nanotube, the entire surfaces, both inner and outer,

are now positive AS
+>AS

−, but only weakly so: V
þ
S = 7.7 kcal

mol−1 and V
−
S = − 4.5 kcal mol−1. On the outer lateral surfaces

of the tube, the positive regions above the borons are stronger
than the negative ones of the carbons. One can see that the
most positive regions are associated with boron atoms located
at the tips—the VS,max are about 21 kcal mol−1, greater that
those of pristine (6,0) BNNT [42]. Note that there are also
weak positive regions above and below the rings, due to the
delocalized π electrons, as well as some strong ones associated
with the hydrogen atoms. These VS,max values correspond to
the attractive channels for the approach of a nucleophile to the
surface of the nanotube. According to Fig. 3a, the most neg-
ative VS,min values of the pristine (4,4) BC3NT are associated
with the capped carbons, and are fully consistent with the
known tendency of electrophiles to react with these sites. Note
also that, for the pristine armchair tube, the dominant theme,
especially in side walls, is near-zero weakness and softness,
showing relatively little variation (σ2

total =54 kcal mol−1) and
small Π value.

Table 2 Calculated reaction en-
ergies for a single hydrogen atom
andH+ ion adsorption on different
sites of pristine (6,0) and (4,4)
single-walled BC3 nanotubes
(BC3NTs)

Site VS,min(kcal mol−1) Ī S,min (eV)
ΔEH radical:

int kcal mol−1
� �

ΔEHþ ion:

int kcal mol−1
� �

(6,0) BC3NT

C1 −11.8 7.8 −81.5 −236.4
C3 −10.1 8.6 −49.2 −200.5
C4 −10.4 8.7 −46.6 −212.2
C5 −8.2 9.0 −37.1 −180.0
C6 −11.3 8.5 −49.1 −218.8
C8 −8.3 9.0 −37.1 −185.3
C9 −10.5 8.7 −46.6 −214.4
C11 −11.5 8.0 −69.3 −220.2
C12 −11.8 7.8 −81.5 −236.4

(4,4) BC3NT

C1 −11.6 8.6 −74.4 −225.3
C2 −10.6 8.8 −66.7 −209.4
C4 −8.8 9.2 −44.6 −190.1
C5 −8.5 9.4 −40.4 −178.9
C6 −8.0 9.5 −36.2 −170.3
C8 −8.8 9.3 −44.1 −188.2
C9 −10.1 9.0 −49.8 −200.5
C10 −10.1 8.9 −52.5 −204.0
C12 −11.7 8.6 −76.1 −228.7
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The computed VS(r ) on the side of the P-doped BC3NTs
are quite different than those of the pristine one. Comparison
with the VS,min of the pristine (4,4) nanotube indicates that the
surface reactivity of the pristine tube is modified slightly after
the phosphorus insertion. As in the case of pristine model, the
overall surface is predominantly positive for the all P-doped
models. We note that, due to the P-doping at boron or carbon
site, the negative regions associated with adjacent carbon
atoms are stronger than before. This notable increase in VS,min

values of carbon atoms regarding the pristine model indicates
the stronger tendency of the carbon atoms of the dopedmodels
to be susceptible to nucleophilic attack than those of the
pristine one. Moreover, the most negative VS,min value of
PB7, predicted to indicate the most reactive site, is associated
with the phosphorous atom with VS,min=−16.8 kcal mol−1.
The corresponding VS,min values of PC6 and PC8 models are
calculated to be −10.8 and −8.8 kcal mol−1, respectively. On

the other hand, the positive regions above the borons are
stronger than before, at 21.4 to 22.0 kcal mol−1. However,
comparing the P-substituted models of zigzag and armchair
BC3CNTs indicates that the properties of zigzag models de-
tect the effects of P-doping more than armchair ones.

More interesting are the average local ionization energies
on the armchair BC3NTs surfaces. Of primary interest are the
magnitudes and locations of the lowest values of ĪS(r ), the
local minima ĪS,min. These reveal the least tightly held, most
reactive electrons, which should be the sites most favored to
electrophilic or to free radical attack. For the pristine armchair
tube, the lowest ĪS,min are associated with capped carbon
atoms, as can be seen very clearly in Fig. 3a. Moreover, a
particularly interesting finding is that the sites of the lowest
ĪS,min in the pristine BC3NT are associated with the highest
occupied molecular orbital (HOMO) [52]. This emphasizes
the complementarity of the use of both frontier molecular

Fig. 3 Computed VS(r) and average ĪS(r) for different models of (4,4)
BC3NT. Color range (in kcal mol−1) for VS(r) is: red >12.7, 4.6<yellow <
12.7, −3.6<green <4.6, and blue<−3.6. Color range for IS(r) (in eV) is:

red >12.6, 11.3<yellow <12.6, 9.9<green <11.3, and blue <9.9. The
black and blue points refer to surface maxima and minima, respectively.
a Pristine, b PB7, c PC6 and PC8
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orbital approach and ĪS,min to predict the reactivity of BC3NT.
The evaluated ĪS,max values in Fig. 3a are about 14 eVand are
associated mostly with hydrogen and boron atoms.

From the results in Table 1, it is apparent that the surface
reactivity of the BC3NT exhibits dramatic changes before and
after doping with the P atom. What is notable, however, is the
significant reduction in ĪS,min of the three neighboring carbons
in the PB7 model. These carbons are accordingly activated
relative to pristine BC3NT, which can presumably be attributed
to their having acquired some radical character. The remaining
interior carbons, however, retain approximately the ĪS,min that
they had in the pristine tube. In addition, the significant de-
crease in the ĪS,min value of the PB7 model regarding the pristine
model stands for the stronger tendency of its phosphorous site
to attract electrophilic/free radical attack than those of PC6 and
PC8 models. So we believe that doping BC3NTs with P may be
a good method for improving their surface reactivities. For the
doped PC6 or PC8 models, the P impurity can also significantly
improve the tube’s surface reactivity and it allows their surface
properties to be controlled.

Interaction energies

In order to verify the surface reactivity pattern based on the
chosen reactivity descriptors discussed above, we have

calculated the reaction energies for the interaction of an H+

ion or H radical with external surface of the (6,0) and (4,4)
BC3NTs. The evaluated reaction energies (at the B3LYP/6-
31G* level of theory) are listed in Table 2. It is clearly seen that,
for each nanotube studied, the reaction energies predict the
reactive sites as that of the VS,min and ĪS,min values. As antici-
pated, according to reaction energies, the capped carbon atoms
are highly reactive sites for atomic hydrogen chemisorptions.
The interaction energies become more negative (more stabiliz-
ing) as VS,min increases (indicating increasing reactivity). The
strongest interaction, however, is with the capped carbon
atoms. Figures 4 and 5 show the correlation between the
calculated interaction energies with the predicted VS,min and
ĪS,min values at the sites of carbon atoms. We found an accept-
able correlation for each case, indicating that VS,min and ĪS,min
provide an effective means for rapidly and economically
assessing the relative reactivities of finite-sized BC3NTs.

Conclusions

This work investigated the geometries and electronic structure
of pristine and P-doped (6,0) zigzag as well as (4,4) armchair
BC3NTs. Geometry optimizations indicated that the shape of
the cross-section of P-doped nanotubes changes from circular
to slightly oval, and the phosphorus atom protrudes outwardly

Fig. 4 Correlation between the calculated interaction energies (B3LYP/
6-31G*) and predicted VS,min values of pristine a (6,0) and b (4,4)
BC3NTs

Fig. 5 Correlation between the calculated interaction energies (B3LYP/
6-31G*) and predicted ĪS,min values of pristine a (6,0) and b (4,4)
BC3NTs

4884 J Mol Model (2013) 19:4877–4886



from the nanotube surface. Moreover, the phosphorus atom
still tends to form sp3 bonding, and doping with phosphorus
causes large distortions in the nanotubes. For each nanotube
studied, surface electrostatic potentials and average local ion-
ization energies were calculated. It is found that the charac-
teristic surface patterns and evaluated surface quantities are
influenced considerably by P-doping. Due to P-doping at the
boron or carbon sites of pristine BC3NTs, the negative regions
associated with carbon atoms are stronger than before. Fur-
thermore, the phosphorous atom in the all P-doped model
tends to activate the carbon site toward electrophilic or to free
radical attack. However, comparing the P-substituted models
of zigzag and armchair BC3CNTs indicate that the properties
of zigzag models detect the effects of P-doping more than
armchair models. An acceptable correlation between the cal-
culated interaction energies with the predicted VS,min and
ĪS,min values at the sites of carbon atoms was found. This
indicates that VS(r ) and ĪS,min provide an effective means for
rapidly and economically assessing the relative reactivities of
finite-sized BC3NTs.
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