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Abstract Density functional theory calculations were

performed to investigate representative models of (6,0)

zigzag and (4,4) armchair gallium phosphide nanotubes

(GaPNTs). Nuclear magnetic resonance properties includ-

ing isotropic and anisotropic chemical shielding parameters

(CSI and CSA) were calculated for 69Ga and 31P atoms of

the optimized structures. The calculated CS parameters

indicated that the P atoms detect slight changes of elec-

tronic environment in the GaPNT structures, but the

changes for the Ga atoms are more significant. Moreover,

armchair GaPNTs could be considered a more reactive

material than the zigzag model for interactions with other

atoms or molecules.
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Introduction

Nuclear magnetic resonance (NMR) properties including

isotropic and anisotropic chemical shielding parameters

(CSI and CSA), which are among the most important ele-

ments to study the properties of matter, could be well

reproduced by quantum calculations [1, 2]. Earlier studies

indicated the usefulness of calculations of CS parameters

for the investigation of properties of nanotubes [3, 4].

Indeed, due to the electronic complexity of nanotubes,

performing experimental NMR measurements on these

materials is a formidable task; therefore, calculations of

these parameters are advantageous [4]. Studies on various

types of carbon nanotubes (CNTs) have revealed that these

materials are metals or semiconductors depending on the

tube diameter and chirality, which makes their synthesis for

specific applications difficult [5]. On the other hand, such

tubular structures consisting of counterpart atoms of the

third and fifth groups of elements are always viewed as

semiconductors, independent of any restricting factors [6].

Among the new family of nanotubes, the structures of

nitride compounds of atoms of the third group of elements,

e.g., boron nitride (BN), have been investigated more often

than phosphide compounds, e.g., boron phosphide (BP)

[7–15].

Wu et al. [14] reported successful synthesis and the

optical properties of gallium phosphide nanotubes (GaP-

NTs), which are suggested for future applications in

optoelectronics due to their novel semiconducting behav-

iors. Other nanostructures of GaP counterparts, e.g.,

nanowires and nanocrystals, have also been investigated

[16, 17]; however, to date, no more attention has been paid

to characterization of the properties of GaPNTs. In this

work, we investigated representative structures of (6,0)

zigzag and (4,4) armchair GaPNTs (Fig. 1) by performing

density functional theory (DFT) calculations of NMR

properties of the optimized structures. In two recent con-

tributions, we have shown that the properties of boron

phosphide nanotubes (BPNTs) and aluminum phosphide

nanotubes (AlPNTs), which belong to the category of

phosphide compounds of atoms of the third group, could be

well investigated by using calculated CS parameters

[12, 13]. In this work, we employ these useful parameters

to study the properties of GaPNTs.
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Results and discussion

Figure 1a, b shows the (6,0) zigzag and (4,4) armchair

structures of the investigated GaPNTs, where the optimized

bond lengths are shown for selected, representative bonds.

Comparing the Ga–P bond lengths with those of the Al–P

and B–P bonds from earlier studies indicates that the

average Ga–P bond length value (*2.29 Å) is close to that

for Al–P bonds (*2.31 Å) [13] but notably longer than

that for B–P bonds (*1.89 Å) [12]. Previous studies have

proposed that longer bond lengths of nanotubes could yield

better surfaces for interactions with other atoms or mole-

cules [18], so the longer bond lengths of GaP and AlP

nanotubes make them better than BP nanotubes as com-

ponents of interacting systems.

Calculated NMR properties, consisting of CSI and CSA

parameters for 69Ga and 31P atoms of the optimized (6,0)

GaPNTs, are presented in Table 1. In agreement with

earlier studies [12, 13], the calculated CS parameters for

atoms of the zigzag GaPNT could be divided into layers

based on similarities of their values for the atoms of each

layer. Since the CS parameters originate from the elec-

tronic sites of the atoms, they could be related to the

electronic environments that each atom detects in the

nanotube structure. Based on this trend, different electronic

environments are observed for the 69Ga and 31P atoms of

the zigzag GaPNT. The layers of 69Ga atoms, with the

exceptions of the Ga3 and Ga11 layers, have similar values

of the CSI parameter, which means that the average elec-

tronic densities at the sites of these atoms are similar.

However, different values of the CSA parameter indicate

that the orientations of the CS tensors are not similar for the

Ga atoms of the mentioned layers. Among the layers of Ga

atoms, the properties of atoms of the Ga7 and Ga9 layers

are similar, whereas those of other layers are different. The

values of the CSA parameter for atoms of the Ga1 layer,

which makes the Ga tip, and the Ga11 layer, which is close

to the P tip of zigzag nanotubes, are the largest among the

Ga atom layers. This trend may show that atoms of the Ga1

and Ga11 layers are more appropriate for interactions with

other atoms or molecules. Among the layers of 31P atoms,

the atoms of the P12 layer, which makes the P tip of zigzag

nanotubes, have the largest value of the CSI parameter and

the smallest value of the CSA parameter. These results

indicate no similarities for the layers of P atoms in the

zigzag GaPNT, for which different values of the CS

parameters are observed for different layers of P atoms.

However, it is noted that the magnitude of the changes of

the CS parameters is smaller for the P layers than for the

Ga layers. The values of the CSA parameter indicate that

atoms of the P2 and P10 layers could be considered as the

best P atoms for interactions with other atoms or molecules

among the available layers of P atoms of the zigzag GaP-

NTs. Comparing the results of the zigzag models of GaPNT

and BPNT indicates that the CS parameters for P atoms are

similar; however, significant differences are observed for

the CS parameters for P atoms of the zigzag models of

GaPNT and AlPNT [12, 13]. Larger values of the CS

parameters for P atoms of zigzag AlPNTs than for P atoms

of zigzag GaPNTs are observed.

Table 2 shows the calculated NMR properties (CSI and

CSA parameters) for the optimized structure of the (4,4)

armchair GaPNT (Fig. 1b). As for the zigzag model, the

results indicate that the CS parameters of the armchair

model also could be divided into layers due to similarities

of their values for atoms of each layer. The values of the

CSI parameter indicate that Ga atoms of the Ga1 and Ga3

Fig. 1 Two-dimensional (2D) views of a the (6,0) zigzag model and b the (4,4) armchair model of the investigated GaPNTs. The Ga atoms are

denoted by odd numbers and the P atoms are denoted by even numbers. Average bond length values (Å) are shown

Table 1 NMR properties for the (6,0) zigzag GaPNT

69Ga

atoms

CSI

(ppm)

CSA

(ppm)

31P

atoms

CSI

(ppm)

CSA

(ppm)

Ga1 1,531 294 P2 404 300

Ga3 1,484 64 P4 397 245

Ga5 1,532 146 P6 390 264

Ga7 1,532 125 P8 384 259

Ga9 1,533 124 P10 416 313

Ga11 1,422 357 P12 420 158

See Fig. 1a
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layers have similar electronic densities, but different den-

sities are observed for Ga atoms of other layers.

Interestingly, similar values of the CSA parameter are

observed for atoms of the Ga5 and Ga7 layers, indicating

that the orientations of the CS tensors at the sites of these

atoms are similar. The observed largest values of the CSA

parameter for atoms of the Ga1 layer, which makes the tip

of the armchair nanotube, indicate it as the best layer for

interactions with other atoms or molecules among the Ga

atoms. Slight changes of the CS parameters are observed

for the P atoms of different layers in the structure of

armchair GaPNT. This trend means that the P atoms of

armchair GaPNT detect slightly different environments in

which the atoms of the P4 layer could be considered as the

best layer of P atoms for interactions with other atoms or

molecules. In comparison with zigzag GaPNTs, the values

of the CS parameters for Ga and P atoms of the armchair

model are larger, which means that the armchair model

could be more reactive than the zigzag model of GaPNT.

Moreover, comparing the results of CS parameters for P

atoms of armchair GaPNT, AlPNT, and BPNT indicates

that the P atoms detect significantly different electronic

environments in the three types of III-P nanotubes, with the

value of the CS parameters differing between the men-

tioned structures [12, 13].

Conclusions

DFT-calculated CS parameters for (6,0) and (4,4) models

of GaPNT indicate that the structure of nanotubes could be

divided into layers based on similarities of the CS param-

eter values for atoms of each layer. The CS parameters for

the layers of P atoms exhibit only slight changes, but

notable changes are observed for the layers of Ga atoms.

Moreover, comparison of the results for the zigzag and

armchair models indicates that the armchair model could

be considered as a more reactive material for interactions

with other atoms and molecules due to the larger values of

the CS parameters than for zigzag GaPNT.

Computational details

The representative structures of the (4,4) armchair and the

(6,0) zigzag single-walled GaPNTs (Fig. 1) were investi-

gated by DFT calculations employing the B3LYP

exchange functional and the 6-31G* standard basis set. The

formula for both nanotubes is Ga36P36, in which the tips are

saturated by hydrogen atoms to avoid dangling effects [4,

19]. All geometrical coordinates were allowed to relax

during the optimization process, and the CS parameters

were subsequently calculated for the optimized structures.

To calculate the CS parameters for the 69Ga and 31P atoms,

the gauge-included atomic orbital (GIAO) approach was

employed [20]. The calculated CS tensors in the principal

axes system (PAS) were converted to the isotropic CS

(CSI) and anisotropic CS (CSA) parameters using Eqs. 1

and 2 [1]. It is important to note that the CS parameters

could be experimentally measured by NMR spectroscopy;

however, the complexity of the electronic environment of

nanotubes makes NMR experiments on these materials

almost impossible [4]. Tables 1 and 2 show the evaluated

NMR properties, consisting of the absolute values of the

CSI and CSA parameters for 69Ga and 31P atoms of (6,0)

zigzag and the (4,4) armchair models of GaPNT (Fig. 1).

The Gaussian 98 package [21] was used to perform the

DFT calculations of this study.

CSI ppmð Þ ¼ 1

3
r33 þ r22 þ r11ð Þ; ð1Þ

CSA ppmð Þ ¼ r33 �
1

2
r22 þ r11ð Þ; r33 [ r22 [ r11ð Þ: ð2Þ
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