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Abstract

The aim of this research is studying the effects of Ge-doped on CO adsorption on the outer and

inner surfaces of (6, 0) zigzag model of boron nitride nanotube (BNNTs) by using DFT theory.

For this purpose, eight models of CO adsorption on the surfaces of BNNTs are considered. At

first step, all structures were optimized at B3LYP and 6-31G (d) standard base set and then the

electronic structure, adsorption energy, HOMO - LUMO orbitals, gap energy, quantum molecu-

lar descriptors, and NQR parameters were determined. The bond lengths neighborhood sites of

Ge-doped of BNNTs at all models were increased and the bond angles decreased. The small ad-

sorption energy value and large interaction distance show that the adsorption of CO on BNNTs is

weakly physical adsorption due to weak Van der Waals interaction. Our calculated results show

that the adsorption of CO on the surface of undoped models is more favorable than Ge-doped

models. The NQR parameters of the first layer in all the models are larger than those other lay-

ers.

Keywords: Boron nitride nanotube; density function theory; adsorption CO; Ge-doped; NQR.

Introduction

Since after the theoretically investigation of

boron nitride nanotube in 1994, this nanotube

was successfully synthesized experimentally

in 1995 [1,2]. BNNTs have received great

interest due to some essential properties such

as their excellent chemical and thermal sta-

bilities, mechanical properties, and potential
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applications in chemical sensors and semi-

conductor properties with almost the same

band gaps of 5.5 eV [3-9]. The slight positive

charge of B and slight negative charge of N

made the polarity and ionicity of the BNNTs

larger than CNTs [10,11]. In the recent years,

the detection of CO gas has been important

for environmental researches because when

the concentration of CO gas increases, it is

dangerous for human body. For environmen-

tal safety and industrial control, several theo-

retical and experimental researches have re-

ported CO adsorption on surfaces of novel

materials [12-19].

Following our early researches [20-22],

in the present work, we study the CO adsorp-

tion on the surfaces of undoped and Ge-

doped BNNTs by using DFT theory because

the previous works on the CO adsorption

have indicated that the CO gas cannot be ad-

sorbed on pure single-walled CNTs and

BNNTs [23-26]. That is, we are motivated to

do a theoretical study on the effect of Ge-

doped on the adsorption of CO on the surface

of BNNTs. Our study can help the research-

ers working on gas sensor or filter develop-

ment.

Computational methods

In this project, the electronic structure, prop-

erties and NQR parameters of the CO adsorp-

tion on the (6,0) zigzag BNNTs are calcu-

lated by using  the B3LYP level of theory

and standard 6-31G (d) base set and using the

Gaussian 03 set of programs [27-29]. At first

step, we optimized eight (a-h) models of the

CO adsorption on the outer and inner surface

of undoped and Ge-doped of BNNTs. ( Fig-

ure 1).

The adsorption energy (Eads) of (CO) on

the surfaces of undoped and Ge-doped

BNNTs is calculated by Eqs. 1:

)( COBNNTsCOBNNTsads EEEE   (1)

Where EBNNTs-CO, EBNNTs and ECO are the

electronic energy of the BNNTs–CO, BNNTs

and CO respectively. The structures of HO-

MO and LUMO orbital and the gap energy

between (Egap = ELUMO - EHOMO) are deter-

mined by the same level theory. From HO-

MO and LUMO energy, we calculate the

quantum molecular descriptors involving

electronic chemical potential (μ), global

hardness (η), electrophilicity index (ω), glob-

al softness (S), The maximum amount of

electronic charge, ∆N and electronegativity

(χ) [30-33] of the nanotubes by using Eqs. (2-

8).

2/)( AI  (2)

x (3)

 2/2 (4)

2/)( AI  (5)
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2/1S (6)

HOMOLUMOgap EEE  (7)




N
(8)

Where I (-EHOMO) is the ionization poten-

tial and A (-ELUMO) the electron affinity of

the molecule. The nuclear quadruple coupl-

ing (CQ) and asymmetry parameters (ηQ) are

determined by Eqs. 9 and 10. The standard Q

values for 14N and 11B are 20.44 and 40.59

mb respectively [34].

12)(  hQqeMHZC zzQ (9)

10)(/)(  QxxyyzzzzyyxxQ qqqqqq 
(10)

Result and discussion

Geometrical and structural parameters

Figures 1 and 2 indicate the (a-h) models of

CO adsorption on the outer and inner surface

of undoped and Ge-doped (6, 0) zigzag

BNNTs. The calculated geometrical parame-

ters, bonding energies, and electronic proper-

ties and quantum molecular descriptors are

listed in Tables 1 and 2 respectively.

Table 1. Structural propertis of (a-h) models undoped and [Ge-doped] of ( 6, 0) zjgzag BNNTs. ( Figures 1 and 2).In each column first

value is for undoped and second value is for Ge-doped.

Bondlength(Å) Pristine Model(a) Model(b) Model(c) Model(d) Model(e) Model(f) Model(g) Model(h)

B42 /Ge -N32

B42/Ge -N33

B42/Ge -N52

N32-B22

N32-B41

N33-B23

N33-B43

N52-B62

N52-B63

1.46

[1.87]

1.46

[1.87]

1.46

[1.82]

1.46

[1.44]

1.46

[1.45]

1.46

[1.44]

1.46

[1.45]

1.46

[1.45]

1.46

[1.45]

1.46

[1.87]

1.46

[1.82]

1.45

[1.82]

1.45

[1.44]

1.46

[1.45]

1.45

[1.44]

1.46

[1.45]

1.46

[1.45]

1.46

[1.45]

1.46

[1.85]

1.46

[1.85]

1.45

[1.81]

1.45

[1.44]

1.46

[1.45]

1.45

[1.44]

1.46

[1.45]

1.46

[1.46]

1.46

[1.46]

1.48

[1.88]

1.48

[1.88]

1.45

[1.83]

1.46

[1.44]

1.48

[1.46]

1.46

[1.44]

1.48

[1.46]

1.46

[1.46]

1.46

[1.46]

1.48

[2.06]

1.48

[2.06]

1.45

[1.89]

1.46

[1.50]

1.48

[1.50]

1.46

[1.50]

1.48

[1.50]

1.46

[1.44]

1.46

[1.44]

1.47

[1.88]

1.47

[1.88]

1.45

[1.83]

1.45

[1.44]

1.47

[1.46]

1.45

[1.44]

1.47

[1.46]

1.48

[1.46]

1.48

[1.46]

1.48

[1.89]

1.48

[1.89]

1.45

[1.82]

1.46

[1.45]

1.48

[1.46]

1.46

[1.45]

1.48

[1.46]

1.47

[1.46]

1.47

[1.46]

1.46

[1.84]

1.46 1.85]

1.45

[1.81]

1.45

[1.44]

1.46

[1.45]

1.45

[1.44]

1.46

[1.45]

1.46

[1.46]

1.46

[1.46]

1.46

[1.87]

1.46

[1.86]

1.45

[1.82]

1.45

[1.44]

1.46

[1.45]

1.45

[1.44]

1.46

[1.45]

1.46

[1.45]

1.46

[1.45]
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Bond angel(0)

N33-B42/Ge-N32

N33-B42/Ge-N52

N32-B42/Ge-N52

B42/Ge-N32-B22

B42/Ge-N32-B41

B42/Ge-N33-B23

B42/Ge-N33-B43

B42/Ge-N52-B63

B42/Ge-N52-B62

117[101]

120 [104]

120 [104]

119 [109]

112 [118]

119 [109]

112 [118]

119 [120]

119 [120]

118

[101]

120

[104]

120

[104]

118

[109]

111

[118]

118

[109]

111

[118]

118

[120]

118

[120]

118

[103]

120

[106]

120

[106]

118

[109]

111

[117]

118

[109]

111

[117]

118

[119]

118

[119]

120

[105]

119

[103]

119

[103]

117

[108]

111

[120]

117

[108]

111

[120]

118

[120]

118

[120]

119 [71]

119 [89]

119 [89]

117[112]

111[126]

117[112]

111[126]

118[124]

118[124]

119

[105]

119

[103]

119

[103]

117

[108]

113

[120]

117

[108]

113

[120]

188

[120]

118

[120]

119

[105]

119

[102]

119

[102]

117

[108]

113

[120]

117

[108]

113

[120]

188

[120]

118

[120]

118

[103]

120

[106]

120

[106]

118

[109]

111

[117]

118

[109]

111

[117]

118

[119]

118

[119]

118 [101]

120 [104]

120 [104]

118 [109]

111 [118]

118 [109]

111 [118]

118 [120]

118 [120]

Geometrical parameters show that the

bond length B42–N32, B42–N33 and B42–N52 of

all Ge-doped models increase from 1.46 Å to

1.87 Å. By C O adsorption, the bond length

of B42-N32 and B42–N33 of (d) model of Ge-

doped inrease from 1.48 Å to 2.06 Å, and on

the other models, the bond length slightly

increases. The bond angles of <N33–B42/Ge-

N32, <N33–B42/Ge–N52 and <N32–B42/Ge–N52

of (d) model of Ge-doped decrease signifi-

cantly from 119o to 71o, 89o and 89o respec-

tively. These results lead to change in hybri-

dization from SP2 to SP3 at the B–N bonds. In

addition, the bond angles close to CO regions

indicate some difference in comparison to the

pristine model reflecting some structural de-

formations. The calculated adsorption energy

of all models is given in Table 2.

The results show that the CO adsorption

energy is exothermic in all of the models. On

the other hand, the adsorption energy of (a)

undoped model is -15.24 Kcal/mol and,

therefore, this model is more favourable than

those other models. With doping of Ge, the

adsorption energy of all the models decreases

from undoped models. The small adsorption

energy values and large interaction distance

from the CO with BNNTs complex indicated
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that CO adsorption is weakly physical due to

the weak Van der Waals interaction between

the nanotube and CO.

Table 2. Quantum molecular descriptors of (a-h) models of undoped and Ge-doped of BNNTs (Figure 1)

Adsorption CO on undoped BNNTS

pristine Model

(a)

Model

(b)

Model

(c)

Model

(d)

Model

(e)

Model

(f)

Model

(g)

Model (h)

E(ads)/Kcal/mol - -15.24 -11.97 -14.69 -14.69 -14.97 -14.97 -11.97 -11.97

E(HOMO)/eV -6.34 -6.69 -6.67 -6.72 -6.72 -6.70 -6.70 -6.67 -6.66

E(LUMO)/eV -1.66 -1.80 -1.77 -1.82 -1.82 -1.81 -1.85 -1.77 -1.77

E(gap)/eV 4.68 4.89 4.90 4.90 4.90 4.89 4.85 4.90 4.89

η/ev 2.34 2.44 2.45 2.45 2.45 2.44 2.44 2.45 2.44

S/(eV)-1 0.21 0.20 0.20 0.20 0.20 0.20 0.21 0.20 0.20

µ/eV -4 -4.24 -4.22 -4.27 -4.27 -4.25 -4.27 -4.22 -4.21

X/eV 4 4.24 4.22 4.27 4.27 4.25 4.27 4.22 4.21

ω/eV 3.42 3.69 3.63 3.72 3.72 3.69 3.76 3.63 3.62

∆N 1.71 1.74 1.72 1.74 1.74 1.74 1.76 1.72 1.72

Adsorption CO on Ge-doped BNNTS

E(ads)/Kcal/mol - -0.27 -0.54 -2.45 -3.54 -2.45 -2.45 -0.54 -0.27

E(HOMO)/eV -5.96 -5.96 -5.21 -5.93 -5.93 -5.93 -5.98 -5.21 -5.96

E(LUMO)/eV -1.69 -1.68 -1.80 -1.70 -1.70 -1.70 -1.74 -1.80 -1.67

E(gap)/eV 4.27 4.28 3.41 4.23 4.23 4.23 4.28 3.41 4.29

η/eV 2.13 2.14 1.70 2.11 2.11 2.11 2.14 1.70 2.14

S/(eV)-1 0.23 0.23 0.29 0.24 0.24 0.24 0.23 0.29 0.23

µ/eV -3.82 -3.82 -3.50 -3.81 -3.81 -3.81 -3.86 -3.50 -3.81

X/eV 3.82 3.82 3.50 3.81 3.81 3.81 3.86 3.50 3.81

ω/eV 3.42 3.41 3.59 3.44 3.44 3.44 3.48 3.59 3.38

∆N 179 1.78 2.06 1.81 1.81 1.81 0.90 2.06 1.78
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(a)                            (b)                                      (c) (d)

(e)                                (f)                                 (g)                                    (h)

Figure 1. 2D views of CO adsorption on the (6, 0) zigzag model of BNNTs For Models (a-h):

(a) Vertical adsorption of CO gas on the outer surface of BNNTs via oxygen head

(b) Vertical adsorption of CO gas on the inner surface of BNNTs via oxygen head

(c) Vertical adsorption of CO gas on the outer surface of BNNTs via carbon head

(d) Vertical adsorption of CO gas on the inner surface of BNNTs via carbon head

(e) Parallel adsorption of CO gas on the outer surface of BNNTs via oxygen head

(f) Parallel adsorption of CO gas on the inner surface of BNNTs via oxygen head

(g) Parallel adsorption of CO gas on the outer surface of BNNTs via carbon head

(h) Parallel adsorption of CO gas on the inner surface of BNNTs via carbon head

Molecular orbital (MO) and Quantum mo-

lecular descriptor

Figures 2 and 3 display the calculated struc-

ture of HOMO and LUMO orbital of CO ad-

sorption on the surfaces of considered (a-h)

undoped and Ge-doped models BNNTs.

The electronic charge density of HOMO

orbital in (c, d, e, and f) models is located at

the first layers of nanotube (Figure 2). How-

ever, the electronic charge densities of LU-

MO orbital in all models are located on B

sites of nanotubes. The gap energy between

HOMO and LUMO orbital (Egap) of the na-

notube can evaluate the reactivity of the

chemical adsorption and electronic property

of two species. Therefore, the Egap of the in-
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trinsic undoped and Ge-doped (6, 0) BNNTs

are found to be 4.68 and 4.27 eV respectively

(see Table 2). The Egap on (b, g) Ge-doped

models of BNNTs decreases to 3.41 eV. The

decrease of gap energy can prove that the

chemical activity of complex BNNTs/CO has

been increased and hence the chemical stabil-

ity of the nanotube will be decreased. The

quantum molecular descriptors of the nano-

tubes are calculated by Eqs (2-8) and the re-

sults are given in Table 2. The global hard-

ness (η) is defined as a resistance to deforma-

tion in the presence of an electric field that

can be increased with stability and can be

decreased in reactivity of the species. The

average of global hardness for (a-h) undoped

models of BNNTs is 2.40 eV and for (a-h)

Ge-doped models of BNNTs are 1.92 eV.

The results indicate that the global hardness

(η) of (b, g) Ge-doped models are smaller

than those other models. However, the global

softness (S), electronegativity (χ) of (b, g)

models are larger than other models. These

results demonstrate that electrons will flow

from a definite occupied orbital in a Ge atom

of BNNTs and will go into a definite empty

orbit in a CO. The electrophilicity index (ω)

of (a-h) Ge-doped models is lower than all

undoped models. Therefore, maximum flow

of electron takes place from the Ge atom (as

donor atom) to nanotube (as acceptor spe-

cies) and supplies the structural stability and

reactivity of nanotube complex.

(a1) (a2) (b1) (b2)

(c1) (c2) (d1) (d2)
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(e1) (e2) (f1) (f2)

(g1) (g2)                                  (h1)                                  (h2)

Figure 2. The HOMO and LUMO structures of CO adsorption on the (a-h) undoped of (6, 0) zigzag

model of BNNTs (See Figure 1), index 1 is used for HOMO and index 2 for LUMO orbital.

(a1)                                (a2)                             (b1)                                   (b2)
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(c1)                              (c2)                        (d1)                                     (d2)

(e1)                             (e2)                                (f1) (f2)

(g1)                          (g2)                                  (h1)                             (h2)

Figure 3. The HOMO and LUMO structures of CO adsorption on the (a-h) Ge-doped of (6, 0) zigzag

model of BNNTs (See Figure 1), index 1 is used for HOMO and index 2 for LUMO orbital.

NQR Parameters

The NQR parameters for all models at the

sites of various 11B and 14N atoms are calcu-

lated by Eqs. 9-10 and results are summa-

rized in Tables 3 and 4. The results reveal

that the calculated NQR parameters are not

similar for various nuclei; hence, the elec-

trostatic environment of the BNNT is not
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equivalent throughout the lengths of the na-

notube models.

The results of Table 3 reveal that the

asymmetry parameters (ηQ) for B sites of the

first layers of (a-h) undoped models are al-

most constant. However, the ηQ values for B

nuclei on other layers are slightly changed.

The ηQ values for N nuclei (Table 3) of the

second layer in all the models except for (c

and d) models are significantly increased.

Table 3. NQR parameters of CO adsorption at different (a-h) models ( Figure 1) undoped of (6, 0) zigzag

BNNTs

Pristine Model(a) Model(b) Model(c) Model(d) Model(e) Model(f) Model(g) Model(h)

NQR parameters B-atom

η CQ η CQ η CQ η CQ η CQ η CQ η CQ η CQ η CQ

Layer

1

0.3

0

3.9

6

0.1

1

2.5

3

0.1

1

2.5

4

0.0

8

2.4

7

0.0

8

2.4

7

0.1

1

2.5

4

0.09 2.4

9

0.1

1

2.5

3

0.1

1

2.5

3

Layer

2

0.0

9

2.6

0

0.0

7

2.5

9

0.0

7

2.5

8

0.1

1

2.6

9

0.1

1

2.6

9

0.0

5

2.5

5

0.11 2.6

9

0.0

7

2.5

8

0.0

7

2.6

0

Layer

3

0.0

7

2.5

4

0.0

9

2.6

6

0.0

9

2.6

6

0.0

9

2.6

7

0.0

9

2.6

7

0.1

3

2.7

6

0.10 2.6

8

0.0

9

2.6

6

0.0

9

2.6

6

Layer

4

0.1

1

2.4

7

0.2

8

3.9

2

0.2

8

3.9

2

0.2

8

3.9

2

0.2

8

3.9

3

0.2

9

3.9

3

0.28 3.9

3

0.2

8

3.9

2

0.2

8

3.9

2

NQR parameters N-atom

η CQ η CQ η CQ η CQ η CQ η CQ η CQ η CQ η CQ

Layer

1

0.3

4

1.8

2

0.8

4

4.1

7

0.8

4

4.1

7

0.6

5

4.5

2

0.6

5

4.5

2

0.8

3

4.2

2

0.79 4.3

1

0.8

4

4.1

7

0.8

4

4.1

8

Layer

2

0.0

3

1.9

2

0.0

7

1.9

2

0.0

7

1.9

2

0.1

1

2.1

2

0.1

1

2.1

2

0.2

5

2.0

9

0.37 2.0

1

0.0

7

1.9

1

0.0

7

1.9

1

Layer

3

0.0

4

2.0

5

0.0

9

1.7

6

0.0

9

1.7

7

0.0

8

1.8

6

0.0

8

1.8

6

0.0

9

2.0

3

0.00

1

2.0

8

0.0

9

1.7

7

0.0

9

1.7

6

Layer

4

0.6

9

4.6

7

0.4

5

1.5

9

0.4

5

1.5

9

0.4

5

1.5

7

0.4

5

1.5

7

0.4

2

1.6

7

0.46 1.5

6

0.4

4

1.5

9

0.4

4

1.5

8

The results in Table 4 show that the ηQ

values of B nuclei of first layers for all (a-h)

Ge-doped models are constant and the other

layers slightly change. The nuclear quadru-

pole coupling (CQ) values for B nuclei of the

first layer in all models are larger than those
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other layers. It is notable that the CQ values

for N nuclei of the first layers of (a, b, g, and

h) undoped models are smaller than other

models. This trend is in agreement with the

changes in the structural properties and quan-

tum descriptors of the BNNTs/CO complex.

Table 4. NQR parameters of CO adsorption at different (a-h) models (Figure 2) Ge-doped of (6, 0) zig-

zag BNNTs

Pristine Model(a) Model(b) Model(c) Model(d) Model(e) Model(f) Model(g) Model(h)

NQR parameters B-atom

η CQ η CQ η CQ η CQ η CQ η CQ η CQ η CQ η CQ

Layer

1

0.1

1

2.5

2

0.1

1

2.5
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Conclusion

In this research, we performed density func-

tional theory (DFT) to calculate the structural

parameters, quantum descriptors and NQR

parameters to investigate the effects of Ge-

doped on CO adsorption on BNNTs. The

bond lengths of (a-h) Ge-doped models in-

crease and the bond angles decrease because

of the change in the hybridization of atoms to

SP3 hybridization. The computational results
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show that the interactions between CO and

BNNTs in all models are also physorption

and CO adsorption of the undoped model is

more favorable than a Ge - doped model. The

NQR parameters of the first and second lay-

ers of all models are significantly changed.
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