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Abstract: In this research the interaction between oxygen molecules and the outside and inside surfaces of pristine and

Ge-doped (4,4) armchair and (6,0) zigzag models of aluminum phosphide nanotubes (AlPNTs) was systematically inves-

tigated using density function theory. Structural parameters, adsorption energy, quantum parameters, HOMO/LUMO

orbitals, and nuclear quadrupole resonance (NQR) parameters were calculated for all models of AlPNTs. The aim of this

work was to investigate the effects of Ge doping and O2 adsorption on the electrical and structural parameters of (4,4)

armchair and (8,0) zigzag models of AlPNTs. The results revealed that adsorption energies for all models were negative

with exothermic chemical bonding. By doping Ge in spite of the B52 site of (4,4) armchair and (6,0) zigzag models the

adsorption energy increased significantly from pristine values and therefore Ge doping increased the reactivity of the

nanotubes to O2 adsorption. The NQR results showed that in AlPNTs Al atoms at the edges of nanotubes played a

significant role in determining the electronic behaviors of AlPNTs and the average values of CQ (27Al) and ηQ for the

O2 attached on (4,4) armchair and (6,0) zigzag AlPNTs were higher than those of the pristine model. Analysis of the

electronic properties indicated that adsorption of O2 reduced the energy gap of AlPNTs. Quantum molecular results

showed that the global hardness (η) of Ge-doped models was smaller than that of other models.
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1. Introduction

Since the discovery and synthesis of single-walled carbon nanotubes and boron nitride nanotubes [1–3], much

research has been done on the properties and applications of new nanotubes made from the other elements of

the third and fifth groups of the periodic table of elements by experimental technique and theoretical approach.

These materials have unique and fascinating electrical, optical, chemical, thermal, and optoelectrical properties,

and have wide potential applications [4–12]. Moreover, many experimental and theoretical investigations have

been carried out on the tubular properties and the potentially very large adsorptive capacity of nanotubes, mak-

ing them promising candidates for use in gas storage and gas sensor applications [13–15]. Recent investigations

show that these novel materials can be used for studying different kinds of physisorption and chemisorption, in

chemical sensors, and in electronic devices for various gases such as H2 , O2 , O3 , Cl2 , CO, NO, NH3 , N2O,

NO2 , and H2O [16–20]. The detection of oxygen gas is important in confined spaces such as mines, pressure

vessels, and aircraft where people work or travel. O2 detectors are also used in order to detect oxygen in some

chemical manufacturing processes. So far, a few O2 sensors based on nanotubes have been developed [21–23].
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The effects of oxygen adsorption on single wall nanotubes of zigzag and armchair models with relatively large

diameters have already been reported experimentally and theoretically [24–26]. The results show that the pro-

cess of oxygen adsorption on nanotubes can be exothermic or endothermic [27–30]. Some of these studies have

focused on the physisorption of O2 , while others have considered both physisorption and chemisorption [31–33].

Following our previous work on the structures and electrical and NMR parameters of SiC-doped aluminum

phosphide nanotubes (AlPNTs), Ga-doped boron phosphide nanotubes (BPNTs), Al- and N-doped BPNTs,

and Ge- and As-doped BPNTs [34–37], in the present research we investigated the sensitivity of undoped and

Ge-doped AlPNTs toward O2 molecules using density functional theory. The structural parameters, adsorption

energy, quantum parameters, HOMO/LUMO orbitals, and NQR parameters for adsorption of O2 on the outside

and inside of undoped and Ge-doped (4,4) armchair and (6,0) zigzag models of AlPNTs were calculated.

2. Computational methods

The structural and electrical properties of adsorption of O2 gas on the outer and inner surfaces of pristine and

Ge-doped (4,4) armchair and (6,0) zigzag models of AlPNTs (see Figures 1 and 2) were investigated by density

function theory, at B3LYP level of theory, and 6-31G(d) base set using the Gaussian 03 set of programs [38,39].

In this work, we considered four models (A–D) for adsorption of O2 gas on the surface of nanotubes: Model

A shows the vertical adsorption of O2 gas on the outer surface of AlPNTs, Model B indicates the vertical

adsorption of O2 gas on the inner surface of AlPNTs, Model C shows the parallel adsorption of O2 gas on the

outer surface of AlPNTs, and Model D demonstrates the parallel adsorption of O2 gas on the inner surface of

AlPNTs (see Figures 1 and 2). After optimizing the structures of all the considered nanotubes in this study,

we calculated the adsorption energy (Eads) of oxygen on the pristine and Ge-doped AlPNTs models as follows:

Model D Model C            Model B 

 

Model A        

Figure 1. 2D views of O2 adsorption on the (4,4) armchair model of AlPNTs for A–D models.

Model  D Model  C Model  B Model  A  

Figure 2. 2D views of O2 adsorption on the (6,0) zigzag model of AlPNTs for A–D models.

129



REZAEI-SAMETI and KAZEMI/Turk J Phys

Model A-HOMO                                                                  Model A-LUMO Model B-HOMO Model B-LUMO  

Model C-HOMO                                                                Model C-LUMO  Model D-HOMO  Model D-LUMO 

Figure 3. Comparisons the HOMO and LUMO structures of adsorption O2 gas on surface of (4,4) armchair AlPNTs

for A–D models.

Model A-HOMO                                                                  Model A-LUMO Model B-HOMO Model B-LUMO  

Model C-HOMO                                                                Model C-LUMO  Model D-HOMO  Model D-LUMO 

Figure 4. Comparisons the HOMO and LUMO structures of adsorption O2 gas on surface of (6,0) zigzag AlPNTs for

A–D models.

Eads = EAlPNTs−O2 − (EAlPNTs + EO2) +BSSE, (1)

where EAlPNTs−O2 is obtained from the scan of the potential energy of the AlPNTs–O2 complex, EAlPNTs is

the energy of the optimized AlPNTs structure, EO2 is the energy of an optimized O2 , and BSSE stands for base

set superposition errors. Quantum molecular descriptors, i.e. electronic chemical potential (µ), global hardness

(η), electrophilicity index (ω), energy gap, global softness (S), and electronegativity (χ), of nanotubes were

calculated as follows:
Egap = EHOMO − ELUMO (2)

η = (I −A)/2 (3)

µ = −(I +A)/2 (4)

χ = −µ (5)
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ω = µ2/2η (6)

S = 1/2η, (7)

where I (-EHOMO) is the ionization potential and A (-ELUMO) is the electron affinity of the molecule. The

electrophilicity index is a measure of the electrophilicity power of a molecule [40–42]. The quadrupole coupling

constants (CQ) and asymmetry parameters (ηQ) are measured by nuclear quadrupole resonance (NQR) .CQ

refers to the interaction energy of the nuclear electric quadrupole moment, (eQ), and the electrical field gradient

(EFG) tensors at the site of a quadrupole nucleus. Quantum chemical calculations yield principal components

of the EFG tensor, qii , in atomic unit 1 au = 9.717365 × 1021 V m−2 , with qzz > qyy > qxx . Eqs. (8) and (9)

are used to relate the calculation of EFG tensors with the measurable parameters of CQ and ηQ . The standard

Q value as reported by Pyykkö [43] is (Q 27Al) =146/61 mb.

CQ(MHZ) = e2Qqzzh
−1 (8)

ηQ = |(qxx − qyy)/qzz| (qzz > qyy > qxx)0 < ηQ < 1 (9)

3. Results and discussion

3.1. Structure parameters

In this project, all the representative adsorption structures of the models (A–D) were successfully optimized

by DFT method, at the theoretical level of B3LYP, and the basis set of 6-31G (d), and the results are shown

in Figures 1 and 2. The optimized results show that the average bond length (Al–P) was 2.33 Å, which is in

agreement with other studies [34,44]. The comparison of results revealed similar bond lengths for equivalent

positions in the pristine and Ge-doped models of AlPNTs. However, in the Ge-doped region, this similarity

was interrupted. In all the models, by doping of the B52 site in (4,4) armchair and (6,0) zigzag AlPNTs with

Ge atom the bond length of the atoms of the neighbor of the doped region increased while their bond angle

decreased. On the other hand, the adsorption of O2 gas on the outer and inner surfaces of AlPNTs slightly

changed the bond length and bond angle of the neighbors of the adsorbing position.

The adsorption energy (Eads) was calculated by using Eq. (1) and the results of the adsorption models

(A–D) are summarized in Tables 1 and 2. The adsorption energies indicated that the chemical interaction

between the O2 molecules and the AlPNTs was weak and its bond character was physisorption. For all models,

the calculated adsorption energies were negative with exothermic chemical bonding. The low energy gain was

an indication of a physisorption process. For each tube molecule, it can be seen that the adsorption energies of

the interactions for the A, B, C, and D models of pristine (4,4) armchair AlPNTs were about –31.90, –33.81,

–33.10, and –33.84 kcal/mol, respectively, and for these models of pristine (6,0) zigzag AlPNTs were about –

26.16, –26.41, –25.80, and –26.91 kcal/mol, respectively. The results showed that by doping Ge in all models the

adsorption energy significantly increased from pristine values and therefore adsorption of O2 gas on the surface

of Ge-doped nanotubes was more favorable than that of pristine ones. The comparison of results showed that

the adsorption energies for the outer and inner surfaces of the nanotubes were nearly the same. The comparison

results of adsorption energy between AlPNTs and silicon nanotubes [45,46] showed that the adsorption of O2

gas on the surface of AlPNTs was better than that on silicon nanotubes and was exothermic.
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Table 1. Quantum parameters of O2 adsorption on undoped and Ge doped (A–D) models (4,4) armchair model
AlPNTs.

Model D Model C Model B Model A Pristine Property 

Ge-doped Undoped Ge-doped Undoped Ge-doped Undoped Ge-doped Undoped Ge-doped Undoped  

–37.08 –33.84 –38.22 –33.1 –37.24 –33.81 –38.24 –31.90 ––– ––– Eads/kcal mol–1 

–6.32 –6.52 –6.59 –6.50 –5.81 –6.51 –6.58 –6.60 –5.95 –6.29 EHOMO/ev 

–3.01 –3.99 –2.98 –3.66 –3.88 –3.99 –3.03 –5.18 –2.88 –2.93 ELUMO/ev 

3.31 2.53 3.61 2.83 1.93 2.52 3.55 1.42 3.07 3.36 Egap/ev 

6.32 6.52 6.59 6.50 5.81 6.51 6.58 6.60 5.95 6.29 I/ev 

3.01 3.99 2.98 3.66 3.88 3.99 3.03 5.18 2.88 2.93 A/ev 

–4.66 –5.26 –4.78 –5.08 –4.84 –5.25 –4.81 –5.89 –4.41 –4.61 μ/ev 

0.30 0.39 0.27 0.35 0.51 0.39 0.28 0.70 0.32 0.29 S/ev 

6.57 10.94 6.38 9.09 9.14 10.95 6.51 14.36 6.35 6.34 W/ev 

1.65 1.26 1.80 1.41 0.96 1.26 1.77 0.71 1.53 1.68 η/ev 

4.66 5.26 4.78 5.08 4.84 5.25 4.81 5.89 4.41 4.61 X/ev 

Table 2. Quantum parameters of O2 adsorption on undoped and Ge doped (A–D) models of (6,0) zigzag AlPNTs.

Model D Model C Model B Model A Pristine Property 

Ge-doped Undoped Ge-doped Undoped Ge-doped Undoped Ge-doped Undoped Ge-doped Undoped  

–34.67 –26.91 –29.18 –25.8 –31.91 –26.41 –29.95 –26.16 ––– ––– Eads/kcal mol–1 

–6.54 –6.53 –5.44 –6.54 –6.66 –6.56 –6.77 –6.64 –5.85 –6.40 EHOMO/ev 

–3.43 –3.98 –3.61 –3.85 –3.52 –4.21 –3.66 –4.26 –3.33 –3.41 ELUMO/ev 

3.11 2.54 1.83 2.68 3.14 2.35 3.11 2.37 2.52 2.99 Egap/ev 

6.54 6.53 5.44 6.54 6.66 6.56 6.77 6.64 5.85 6.40 I/ev 

3.43 3.98 3.61 3.85 3.52 4.21 3.66 4.26 3.33 3.41 A/ev 

–4.98 –5.26 –4.52 –5.20 –5.09 –5.38 –5.21 –5.45 –4.59 –4.90 μ/ev 

0.32 0.39 0.54 0.37 0.31 0.42 0.32 0.42 0.39 0.33 S/ev 

7.98 10.86 9.17 10.0 8.26 12.32 8.75 12.52 8.36 8.03 W/ev 

1.55 1.27 0.91 1.34 1.57 1.17 1.55 1.18 1.26 1.49 η/ev 

4.98 5.26 4.52 5.20 5.09 5.38 5.21 5.45 4.59 4.90 X/ev 

3.2. Quantum molecular descriptor

To understand the nature of the interaction between O2 gas and pristine and Ge-doped (4,4) armchair and

(6,0) zigzag models of AlPNTs, the highest occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) in the (A–D) undoped and Ge- doped models of AlPNTs were calculated, and all

structures’ results are given in Figures 3 and 4. The electronic charge density of the HOMO orbital in A and

B models of (4,4) armchair AlPNTs was located at the fourth layer of nanotubes. The density of the HOMO

orbital in C and D models of (4,4) armchair and A–D models of (6,0) zigzag models was located at the first layer

on the phosphorus atoms of nanotubes and corresponded to the lone pair of electrons on phosphorus atoms.

However, the electronic charge densities of the LUMO orbital in all models of (4,4) armchair and (6,0)

zigzag models of AlPNTs were located on the B sites of nanotubes around the O2 adsorption position (see

Figures 3 and 4). The energy gap between the HOMO and LUMO orbital (Egap) of the nanotube was calculated

by Eq. (1) and the results are given in Tables 1 and 2. The energy gap of the nanotube can evaluate the reactivity

of the chemical adsorption and electronic property of two species. Therefore, the Egap of the intrinsic pristine

(4,4) armchair and (6,0) zigzag models of AlPNTs were found to be 3.36 and 2.99 eV, respectively. By doping
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with Ge the Egap of armchair and zigzag models decreased significantly to 3.07 and 2.52 eV, respectively.

It is notable that with the adsorption of O2 in pristine model A and Ge-doped (4,4) armchair model B the

Egap significantly decreased to 1.43 and 1.93 eV, respectively. In the Ge-doped (6,0) zigzag model C the Egap

significantly decreased to 1.83 eV, and in the other models the Egap decreased and increased slightly from

original values. The decline in the energy gap can prove that the chemical activity of complex AlPNTs/O2 has

increased and hence the chemical stability of the nanotube will decrease.

The quantum molecular descriptors of all adsorption models (4,4) armchair and (6,0) zigzag AlPNTs

were calculated by Eqs. (3)–(7) and the results are given in Tables 1 and 2. Global hardness (η) is defined as

a resistance to deformation in the presence of an electric field that can increase with stability and can decrease

with the reactivity of the species. The average global hardness for pristine (4,4) armchair was 1.68 eV and 1.49

eV for (6,0) zigzag models and for Ge-doped models it was 1.53 and 1.26 eV. The results indicated that the

global hardness (η) of Ge-doped models was lower than that of other models.

The calculated results showed that with adsorption of O2 gas on the surface of nanotubes the global

hardness of the pristine model A and model B of Ge-doped (4,4) armchair significantly decreased to 0.71 and 0.96

eV, respectively. Moreover, the global hardness of models A and B of undoped and model C of Ge-doped (6,0)

zigzag significantly decreased from the original values. The comparison of the results showed that by doping

of Ge and adsorbing O2 gas the global hardness decreased and therefore the stability of nanotube decreased,

which can increase the reactivity of the species.

However, the electronegativity (χ) of A, B, and D models of undoped armchair and zigzag is larger than

that of other models. These results demonstrate that electrons will flow from a definite occupied orbital in a Ge

atom of AlPNTs and will go into a definite empty orbital in O2 gas. The electrophilicity index (ω) of Ge-doped

models of (4,4) armchair and (6,0) zigzag models was lower than that of all undoped models. Therefore, the

maximum flow of electrons takes place from the Ge atom (as donor atom) to nanotube (as acceptor species),

which supplies the structural stability and reactivity of the nanotube complex.

3.3. NQR parameters of 27Al

In this work, to study the effect of Ge doping and O2 adsorption on the (4,4) armchair and (6,0) zigzag models

of AlPNTs, the NQR parameters at the sites of various 27Al nuclei were calculated and the results are given in

Tables 3 and 4. The NQR parameters were divided into four layers based on the likeness of the calculated EFG

tensors in each layer. The results revealed that the calculated NQR parameters were not similar for various

nuclei; hence, the electrostatic environment of AlPNTs was not equivalent in length in both nanotube models.

A quick look at the results revealed that the values of CQ (27Al) in the first layer of all armchair and zigzag

models were largest among other layers. The Al atoms placed at the first layer played a significant role in

determining the electronic behavior of nanotubes. The electrostatic environment of the first layer was stronger

than that of the other layers.

The comparison of results showed that in all adsorption models from the first to the second layers CQ

values significantly decreased from original values. A significant reduction was also observed for CQ of model

D of undoped and Ge-doped (4,4) armchair and model B of undoped and model C of Ge-doped (6,0) zigzag

AlPNTs.
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4. Conclusion

The aim of this work was to study the effects of Ge doping and O2 adsorption on structural parameters,

HOMO/LUMO orbital, quantum parameters, and NQR parameters of (4,4) armchair and (6,0) zigzag models

of AlPNTs. The structural and electrical properties were investigated by density function theory, at B3LYP level

of theory, and 6-31G(d) base set using the Gaussian 03 set of programs. The structural parameters revealed

that the bond lengths (Al–P) of the neighborhood of doping and adsorbing sites increased and bond angles

(Al–P–Al) decreased. The adsorption energy of O2 for undoped models was in the range of –26.16 to –33.90

kcal/mol and for Ge-doped models it is in the range of –29.95 to –38.22 kcal/mol. The results showed that the

Eads of model C of Ge-doped (4,4) armchair and model B of Ge-doped (6,0) zigzag AlPNTs configurations was

–38.22 and –31.91 kcal/mol, respectively, which are thermodynamically the most stable, and in both of them

the distance of O2 with nanotubes was 1.504 Å. Due to adsorption of O2 on the surface of nanotubes whether

in undoped (A–D) models or in Ge-doped AlPNTs Egap was significantly reduced. The results revealed that

the values of CQ (27Al) were largest in the first layer of all models compared with those of other layers. NQR

results showed that in all adsorption models CQ values from the first to the second layers significantly decreased

from original values, which in turn indicated reduction of the electrostatic property.
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