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Armchair (n, n) single walled boron nitride nanotubes with n = 2–17 are studied by the density functional theory

at the B3LYP/3-21G(d) level combined with the periodic boundary conditions for simulating the ultra long model.

The results show that the structure parameters and the formation energies bear a strong relationship to n. The fitted

analytical equations are developed with correlation coefficients larger than 0.999. The energy gaps of (2, 2) and (3, 3)

tubes are indirect gaps, and the larger tubes (n = 4–17) have direct energy gaps. Results show that the armchair boron

nitride nanotubes (n = 2–17) are insulators with wide energy gaps of between 5.93 eV and 6.23 eV.
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1. Introduction

Carbon nanotubes (CNTs), discovered by

Iijima,[1,2] have received much attention in recent

years due to their great physical and chemical prop-

erties. Boron nitride nanotubes (BNNTs) were

theoretically predicted[3,4] in 1994 and successfully

synthesized[5,6] in 1995. BNNT has a hexagon-like

structure, which was similar to that of CNT. Re-

search showed that the thermodynamic and chemical

performance of single layered BN was much more sta-

ble than that of graphite.[7] Because of its outstand-

ing mechanical properties, BNNT has a higher ther-

mal conductivity, higher chemical stability, and bet-

ter oxidation resistance than CNT.[7−13] Commonly,

CNT has metal or semi-conductive characteristics, but

BNNT showed insulation characteristics with a wide

energy gap from 5.5 eV to 6 eV,[5,14,15] which was inde-

pendent of diameter, chirality, and morphology.[16,17]

Owing to the unique geometrical structure and uni-

form electrical behaviour,[18−20] BNNTs could be used

in super-insulating protective shields of sensor and

nano-electronics, in high strength insulating fibers

in hazardous environments, or in hydrogen storage

medium, sensor, catalyst carrier, and molecule-based

logic gates.[21−24]

The Gaussian-type orbital (GTO) has been de-

veloped and transformed into a crystalline orbital

with periodic boundary conditions (PBC) code by

Bloch function,[25−27] which was first introduced into

Gaussian-03 packages and employed in subsequent

packages.[28] Now only a few theoretical studies on

the ultra long nanotubes have been conducted using

GTO-PBC model.[23] In our recent study, the ultra

long armchair single walled (n, n) CNTs (n = 2–20)

were simulated, and the formation enthalpy and di-

ameter of any (n, n) CNT could be predicted.[29] Bet-

ter fitted formula was desired which could show the

change rules of formation enthalpies and the parame-

ters of the ultra long model of BNNTs. Encouraged

by our earlier work, in the present paper we investi-

gate the single walled armchair (n, n) BNNTs (n = 2–

17) by the density functional theory (DFT) combined

with the periodic boundary condition. The structure

parameters and energies are examined and electronic

properties are obtained.
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2. Calculation method and model

The Gaussian-09 packages[28] were used in the

present work, and the density functional theory

B3LYP combined with 3-21G(d) basis sets and the

periodic boundary condition were employed. The one-

dimensional (1D) PBC approach was used since it is

sufficient for the nanotube model. All the geometries,

energies, and the energy gaps were from the theoreti-

cal optimized structures.

For example, the optimized tube models (in which

a primitive cell is shown as a solid atom) and the cross

section structures of armchair (5, 5) and (6, 6) BNNT

are shown in Fig. 1.
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Fig. 1. Structures of single-walled boron nitride nan-

otubes: (a) (5, 5) tube and (b) (6, 6) tube, where N atoms

are denoted as black balls and B atoms as white balls.

The cross section structures and 1D tube model of each

tube are shown. In the model the primitive cell of tube is

shown as a solid atom.

It is found that there are two different kinds of

chemical bonds: one has a perpendicular (circumfer-

ential) B–N bond length L1 (the subscript 1 denotes

the bond perpendicular to the tube axis) and the other

has an oblique (axial) bond L2 (the subscript 2 de-

notes the bond oblique with respect to the tube axis).

For example, L1 and L2 represent the B1–N2 and the

B1–N3 bond lengths denoted in Fig. 1, respectively.

Similarly, the models contain two different kinds of

bond angles: one is α1 that is the angle of a perpen-

dicular bond combining with an oblique bond, and the

other is α2 that is the angle consisting of two adjacent

oblique bonds: one is α1 (NBN) and α1 (BNB) that

are angles N2–B1–N3 and B1–N2–B4, the other is α2

(NBN) and α2 (BNB) that are angles N3–B1–N3′ and

B4–N2–B4, which are denoted in Fig. 1.

CNT[29] has a smooth sidewall and contains a

unique tube diameter, comparatively the sidewall of

BNNT is not smooth, showing a wave structure.

There exist two kinds of distances between two op-

posite atoms in the same cross section. The shorter

distance is defined as the inner diameter (D1) and the

larger distance as the outside diameter (D2). D1 and

D2 pass through the centre of the cross section for the

tubes with an even number n but not for those of odd

number n. For example, D1 and D2 are the distances

of B1-to-N5 and N2-to-B6 for (5, 5) tube (Fig. 1(a)),

and D1 and D2 are the distances of B4-to-B6 and N3-

to-N5 for (6, 6) tube (Fig. 1(b)). a represents the

translation vector of the primitive cell described in

Fig. 1.

3. Results

3.1. Structure parameters

The relations between structure parameters and

n are shown in Fig. 2. The values of bond length

(L), bond angle (a), tube diameter (D), the transla-

tion vector (a), and the Mülliken atomic charges for

B and N atoms are listed in Table 1.

As shown in Fig. 2(a), it is found that the per-

pendicular B–N bond length L1 is always longer than

the oblique bond length L2. Both bond lengths of L1

(BN) and L2 (BN) decline with increasing n. The dif-

ference between L1 (BN) and L2 (BN) decreases with

increasing n. L1 and L2 tend to their minimums of

0.1463 nm and 0.1462 nm when n = 17. The BNNT

has an arched hexagon structure compared with the

BN sheet, the difference between the bond lengths

was due to the π-bond formed by a certain sp3 hy-

brid along the tube axial direction. The perpendic-

ular bond (L1) is about 0.0037 nm longer and the

oblique one (L2) is about 0.0037 nm longer than the

C–C bond length of pristine (n, n) CNT[29] for n ≥ 4.

Their larger differences are found to be 0.012 nm (L1)

longer and 0.0022 nm (L2) shorter for n = 2, and

0.022 nm (L1) and 0.0029 nm (L2) longer for n = 3.

For the convenience of estimating the parameters

for other tubes, L1 (BN) could be fitted to Eq. (1)

or Eq. (2). The correlation coefficient (R) is 0.9992

or 0.9994, predicting that the fitting is accurate. L2

(BN) could be fitted to Eq. (3) by least square method

with R = 0.9993.
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Fig. 2. Structure parameters of (n, n) single-walled boron nitride nanotubes optimized by B3LYP/3-21G (d) method.

Panel (a) shows the perpendicular bond (L1,BN) and the oblique bond (L2,BN) changing with n. Panel (b) exhibits

the bond angles of α1,BNB and α1,NBN changing with n. Panel (c) indicates the inner diameter (D1) and the outside

diameter (D2) changing with n. Panel (d) displays the translation vector a (for a primitive cell) changing with n.

L1(BN) = 0.003799/(n1 + n2 + n3 + n4 + n5)

+ 0.14600 nm

(2 ≤ n ≤ 32, R = 0.9992), (1)

L1(BN) = 0.007830/n1.4 + 0.14611 nm

(2 ≤ n ≤ 32, R = 0.9994), (2)

L2(BN) = 0.011069/n2 + 0.14616 nm

(2 ≤ n ≤ 32, R = 0.9993). (3)

As shown in Fig. 2(b), the curve of α1 (BNB) is

below that of α1 (NBN). The values of α1 (BNB) and

α1 (NBN) increase and their difference decreases with

the increase of n. α1 (NBN) and α1 (BNB) tend to

119.95◦ and 119.78◦ respectively when n = 17. The

bond angle is about 0.25◦ larger than the C–C–C bond

angles of pristine (n, n) CNT for n ≥ 4. The larger

differences were found to be 4.84◦ and 1.84◦ larger for

n = 2 and n = 3, respectively.

α1 (NBN) and α1 (BNB) could be fitted to Eq. (4)

with R = 0.99996 and Eq. (5) with R = 0.9995, re-

spectively

α1(NBN) = −61.0422/n2 + 119.9764◦

(n ≥ 2, R = 0.99996), (4)

and

α1(BNB) = −17.1391/n2 + 119.9840◦

(n ≥ 2, R = 0.9995). (5)

In addition, α2 (NBN) and α2 (BNB), with an-

gles 119.55◦ and 119.97◦, are almost equal for n ≤ 17.

They also increase with n and tend to the value of

120◦.

As shown in Fig. 2(c), D1 and D2 only have a

little difference in a range from 0.0001 nm to 0.03 nm.

The sidewall of CNT with nonpolar bond of C–C is

uniform and smooth while that of BNNT is buckled

tubular structure due to the polar bond of B–N. In

practice, the difference between D1 and D2 decreases

with increasing n. D1 and D2 are larger than the

unique diameter (D) of CNT[29] with differences of

about 0.035 nm or 0.040 nm for the same n except

that the inner diameter of (2, 2) BNNT (0.2808 nm)

is slightly smaller than that of CNT (0.2814 nm).

The fitted formula (DCNT = 0.13530n +

0.01094 nm, n ≥ 2, R = 0.99995)[29]) for CNTs and

the value of 0.2814 nm for n = 2 have been found in

previous studies. D1 and D2 could be fitted to Eq. (6)

and Eq. (7) with R being 0.99998 and 0.99996, respec-
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tively

D1 = 0.13935n+ 0.00392 nm

(n ≥ 2, R = 0.99998), (6)

D2 = 0.13859n+ 0.01593 nm

(n ≥ 2, R = 0.99996). (7)

The trend of translation vector a is described in

Fig. 2(d). a decreases with the increase of n. The

maximum of a was 0.25743 nm for n = 2 whereas

the minimum of a was 0.25319 nm for n = 17. The

translation vector a of BNNT is larger than that of

CNT for the same n except n = 2 (a = 0.26084 nm

for (2, 2) CNT).[29] The a can be fitted to Eq. (8) with

R = 0.9992

a = 0.02947/n2.8 + 0.25322 nm

(n ≥ 2, R = 0.9992). (8)

The Mülliken atomic charges for B and N atoms

(denoted as Mülliken (B) and Mülliken (N)) are shown

in Table 1. As expected, the Mülliken atomic charge of

the B atom is always positive and that of the N atom

is always negative due to the electronegativities of 2.04

and 3.04 (on the Pauling scale) for B and N atoms,[30]

respectively. The conclusion can be drawn that the B

atom is an electron donor whereas the N atom is an

electron acceptor in a B–N atom pair. When n varies

from 2 to 17, the absolute values of Mülliken atomic

charge for B and N atoms are equal for the same value

of n, and increase from 0.811e to 0.953e.

Table 1. Values of the following structure parameters of (n, n) single-walled boron nitride nanotube at PBC-B3LYP/3-

21G(d) level of theory: the perpendicular bond of L1 (BN) and the oblique bond of L2 (BN), bond angles of α1 (NBN),

α1 (BNB), and α2 (NBN), the inner diameter (D1), the outside diameter (D2), and the translation vector (a) of the

primitive cell. Mülliken (B) and Mülliken (N) are the Mülliken atomic charges for B and N atoms, respectively.

n
L1 (BN) L2 (BN) α1 (BNB) α1 (NBN) α2 (NBN) D1 D2 a Mülliken (B) Mülliken (N)

/nm /nm /(◦) /(◦) /(◦) /nm /nm /nm /e /e

2 0.1498 0.1490 104.78 115.75 119.55 0.2808 0.3082 0.2574 0.811 –0.811

3 0.1478 0.1473 112.94 118.02 119.57 0.4210 0.4243 0.2546 0.878 –0.878

4 0.1472 0.1468 116.05 118.84 119.68 0.5611 0.5728 0.2539 0.899 –0.899

5 0.1470 0.1466 117.52 119.24 119.78 0.7017 0.7021 0.2536 0.913 –0.913

6 0.1468 0.1465 118.27 119.49 119.83 0.8406 0.8476 0.2535 0.923 –0.923

7 0.1466 0.1464 118.74 119.63 119.87 0.9794 0.9778 0.2534 0.931 –0.931

8 0.1465 0.1463 119.03 119.73 119.88 1.1191 1.1244 0.2533 0.936 –0.936

9 0.1465 0.1463 119.18 119.78 119.91 1.2689 1.2702 0.2533 0.941 –0.941

10 0.1464 0.1463 119.37 119.82 119.92 1.3984 1.4028 0.2533 0.943 –0.943

11 0.1464 0.1463 119.50 119.84 119.93 1.5243 1.5307 0.2532 0.945 –0.945

12 0.1464 0.1462 119.57 119.88 119.94 1.6755 1.6784 0.2532 0.947 –0.947

13 0.1463 0.1462 119.62 119.90 119.95 1.8160 1.8168 0.2532 0.950 –0.950

14 0.1463 0.1462 119.68 119.92 119.96 1.9555 1.9588 0.2532 0.950 –0.950

15 0.1463 0.1462 119.72 119.93 119.96 2.0940 2.0941 0.2532 0.952 –0.952

16 0.1463 0.1462 119.75 119.94 119.97 2.2344 2.2371 0.2532 0.952 –0.952

17 0.1463 0.1462 119.78 119.95 119.97 2.3731 2.3742 0.2532 0.953 –0.953

The optimized structures are distorted for a thin

tube of n ≤ 4, which are shown in Fig. 3. The cross

section structure of a (2, 2) tube is a parallelogram

formed from four atoms as shown in Fig. 3(a). The

length and the width (i.e., the length of perpendicular

bond) are 0.2536 nm and 0.1498 nm respectively. As a

result, the sidewall of the (2,2) BN–NT is an obviously

serrated structure as reported.[31−33] The length of di-

agonal exactly equal to the outside diameter of tube

(D2 = 0.3082 nm) is in good agreement with the ex-

periment data (0.3 nm) of the thinnest single walled

CNT[34] (regarded as (2, 2) tube in theoretical calcula-

tion). The cross sections of (3, 3) and (4, 4) tubes look

like a hexagon and an octagon as shown in Figs. 3(b)

and 3(c), respectively. Results show that the curva-

ture may not be ignored for a small tube. The tubes

resemble cylinders for the large tubes (n ≥ 5).
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Fig. 3. Cross sections and primitive cell structures of (n, n) single-walled boron nitride nanotubes for little tube

optimized by B3LYP/3-21G(d) method (bond length: nm, bond angle: ◦). N atoms are denoted as black balls and B

atoms as white balls. Panel (a) is for a (2, 2) tube, panel (b) for a (3, 3) tube, and panel (c) for a (4, 4) tube.

3.2. Energy

The optimized energy of a primitive cell contain-

ing 2n B–N pairs for (n, n) BN–NTs is denoted as En.

The energy for 1-mol B or N atom is defined as ∆En

[∆En = (En/2n)]. ∆En decreases with the increase

of n as shown in Fig. 4(a). ∆En has the high val-

ues of −79.247962 a.u. (n = 2) and −79.278532 a.u.

(n = 3). For n = 7–17, the values are between

−79.301288 a.u. and −79.304647 a.u. with a little dif-

ference of 0.003359 a.u. ∆En can be fitted to Eq. (9)

with the correlation coefficient R = 0.9995 for n ≥ 2

∆En = 0.23104/n2 − 79.30501 a.u. with

R = 0.9995 for n ≥ 2. (9)
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tween (b) ∆fH
θ
m and n.

The formation enthalpy (∆fH
θ
m) of BN–NT ob-

tained using atomic reaction method is exhibited in

Fig. 4(b). ∆fH
θ
m is calculated from Eq. (10) (the cor-

relation coefficient R = 0.9995). The values of ∆fH
θ
m

are −106.45 kJ·mol−1 (n = 2) and −186.71 kJ·mol−1

(n = 3). Similar to ∆En, the values of ∆fH
θ
m are be-

tween −250.47 kJ·mol−1 and −255.27 kJ·mol−1 with

a little difference of 3.8 kJ·mol−1 when n = 11–17

∆fH
θ
m = 606.58894/n2 − 256.22593 kJ ·mol−1

(n ≥ 2, R = 0.9995). (10)

In previous investigation,[29] the formation en-

thalpy of (n, n) SWCNT was predicted to follow a

formula [∆fH
θ
m = 409.47/n2 + 8.63 kJ·mol−1 (R =

0.9997, n ≥ 2)]. It is found that the enthalpy of BN–

NT with a negative value is far lower than that of

CNT. It could be inferred that BN–NT is more stable

than CNT. The difference between corresponding val-

ues is 215 kJ·mol−1 (n = 2). The difference tends to

an invariable value of about 263 kJ·mol−1 (n ≥ 12).

3.3. Energy gap

The energy gap (Eg) is the difference in energy be-

tween the lowest unoccupied crystal orbital (ELUCO)

and the highest occupied crystals orbital (EHOCO).

These values vary with n as shown in Figs. 5(a) and

5(b). Compared with band structure of pristine (n, n)

CNT, where the energy gaps show metal (n ≥ 3) and

semiconductor properties (n = 2, 3).[29] Results show

that the armchair boron nitride nanotubes (n = 2–

17) are insulators with a wide energy gap. The values

of Eg are 5.930 eV (n = 2) and 6.064 eV (n = 3)

and between 6.194eV and 6.235 eV (4 ≤ n ≤ 17).

Clearly, The results are close to the previous theoreti-

cal and experimental values[5,14,15] with a slight differ-

ence of 0.2 eV–0.3 eV. The value of EHOCO is between

−6.684 eV and −6.426 eV, and the value of ELUCO is

between −0.754 eV and −0.192 eV.
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Some band structure examples are shown in Fig. 6

where the five highest occupied (solid curves) and the

five lowest unoccupied (dashed curves) bands are plot-

ted. The k point of wave vector k is default in the

present work. Γ point is the centre of the first Bril-

louin zone and the distance of Γ point to X point is

half the width of the Brillouin zone. However, all the

bands exhibit some degree of quasi-degeneration. It

is interesting that (2, 2) and (3, 3) boron nitride nan-

otubes have indirect gaps (i.e., the maximum of the

valence band and the minimum of the empty band are

not at the same k point). It is clearly shown that the

models for n being 5, 10 or 17 each have a direct band

gap (i.e., the maximum of the valence band and the

minimum of the empty band are at the same k point).
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Fig. 6. (colour online) Band structures of the most stable BNNT nanotubes optimized with PBC-B3LYP/3-21G(d)

method. The solid curves are for the five highest occupied bands and the dashed ones for the five lowest unoccupied

bands. The location indicated by an arrow is the minimum of the LUCO or the maximum of the HOCO band. Panel

(a) is for the band structure of (2, 2) BNNT tube, panel (b) for the band structure of (3, 3) BNNT tube, panel (c) for

the band structure of (4, 4) BNNT tube, panel (d) for the band structure of (5, 5) BNNT tube, panel (e) for the band

structure of (10, 10) BNNT tube, and panel (f) for the band structure of (17, 17) BNNT tube.

4. Conclusion

The ultra long armchair (n, n) single-walled boron

nitride nanotubes (n = 2–17) are studied using the

density functional theory combined with the periodic

boundary conditions. The structure parameters, en-

ergies and energy gaps are examined with B3LYP/3-

21G(d) method.
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It is found that the perpendicular bond is always

longer than the oblique bond (axial B–N bond). The

bond angle (included between a parallel bond and an

oblique bond) of NBN is always larger than that of

BNB. The structure parameters and n are strongly

related. For the convenience of estimating the param-

eters of (n, n) single-walled boron nitride nanotubes

for any tube, the bond length and bond angle can be

well fitted with R > 0.9992. The energy and the for-

mation enthalpy can be predicted with a correlation

coefficient of 0.9995.

The energy gaps of (2, 2) and (3, 3) tubes are both

indirect gaps, and the larger tubes (n = 4–17) are all

direct energy gaps. Results show that the armchair

boron nitride nanotubes (n = 2–17) are insulators

with wide energy gaps between 5.93 eV and 6.23 eV.
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