The relationships between atomic charges and magnetic response properties reflects conductivity of BN nanotubes
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Abstract
In this work, the potential relation between magnetic response properties (isotropic shielding ((iso) and  total atomic magnetizabilities, ((()) with QTAIM atomic charges of boron and nitrogen atoms in (4,4), (5,3) and (7,0) single-walled boron nitride nanotubes (SWBNNTs) are investigated at DFT B3LYP/ 6-31G(d) level of theory using periodic boundary condition (PBC) approach. The results show that a liner correlation exists between atomic charges of B and N in (4,4) and (5,3) BNNTs and the isotropic shielding. The results show a solid correlation between chemical shielding and total-atomic magnetizabilities, ((() in (4,4) BNNT with the lowest conductivity.
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1. Introduction

The quantum theory of atoms in molecules (QTAIM) [1] developed by Richard F.W. Bader and his coworkers, relies on quantum observables such as the electron density ρ(r) and energy densities. A substantial aspect of Bader’s theory is the partitioning of a molecule into submolecular or even atomic regions [2, 3]. Topological characteristics of the gradient of the one-electron density and its critical points (CP) within the bonding area have been employed to explain diverse chemical concepts, [4-15].
Apart from the electron density and its derivatives, QTAIM can break other molecular properties, such as magnetic response properties, into their atomic contributions. The second-rank magnetizability tensor, χ, of a system is represented by induced current density, J(r), in an external magnetic field, B, as equation 1 [16-22].
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Keith and Bader [16,18] have developed several methods for calculating magnetizability tensors [19] and NMR shielding tensors [22]. The magnetizability can be divided into atomic and interatomic contributions
for an atomic basin, [16-19,21,22]. The contribution of the bond magnetizability to the total atomic magnetizability of an atom in polar and ionic systems is negligible because the induced magnetic currents remain localized within atomic basins [23-25]. On the other hand, the contribution of the bond magnetizability to the total magnetizability of molecules with covalent bonds is large [23-26]. The inversely linear relationship between the magnetic shielding integration with magnetizability as presented in equation 2, corresponds [27,28]. 
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where m and B denote the unit magnetic moment and the magnetic field, respectively. The Integrated Magnetic Shielding (IMS) tensor, 
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has dimension of a volume (m3 or ppm m3) that can be obtained by integration of magnetic shielding tensor 
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at the arbitrary position R in an atom provides information about shielding properties of an electronic structure at that point, over a whole space R (Equation 3).
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In organic chemistry it is assumed that NMR chemical shifts reflect primarily the local electron distribution around the atoms in a molecule that is the atomic charge of the molecule. We have been interested to figure out if a simple empirical relationship between the atomic charges, defined within the context of various theories, and the magnetic response properties can be found. Recently, the potential relationships between the 13C chemical shift and atomic charges (Mulliken, NBO, and QTAIM atomic charges) of carbon nanostructures have been studied [29-31].
Our studies suggest that in certain nanostructurs empirical relationships between magnetizabilities, NMR chemical shifts, average number of electron pairs, delocalization index, and molecular energy can be found [32-34]. 
In the present report, the relationship between the atomic charges of a armchair (4,4), chiral (5,3) and zigzag (7,0) single-walled boron nitride nanotube (SWBNNT) (Fig. 1) obtained from QTAIM analyses, and magnetic response properties (isotropic chemical shielding ((iso) and atomic magnetizability) are investigated at B3LYP/ 6-31G(d) level of DFT method with PBC approach.
2. Results and Discussion
Table 1 shows the calculated HOCO, LUCO and band gap of (4,4), (5,3) and (7,0) single-walled boron nitride nanotube (SWBNNTs) with the PBC approach. As can be seen from these data, the band gap of (4,4), (5,3) and (7,0) are 6.112, 5.622 and 5.046 eV, respectively. Therefore, the BNNT (7,0) has more semiconducting property. The large LUMO-HOMO gap is often regarded as a molecule stability criterion.
The results of atomic charges obtained by the QTAIM analysis for (4,4), (5,3) and (7,0) single-walled boron nitride nanotube (BNNT) are shown in Table 2. The NMR properties in isotropic shielding, (iso and total-atomic magnetizabilities, ((() for atomic basins are presented in Table 3. 
Figures 2 and 3 represent the relationship between the isotropic shielding with the atomic charges and total magnetizability computed via QTAIM method. Linear relationships between isotropic chemical shielding with atomic charge and isotropic total atomic magnetizability in armchair (4,4) and chiral (5,3) SWBNNTs are obtained. It is shown that the increasing of isotropic chemical shielding is accompanied with increasing the positive atomic charge in boron atoms. On the other hand, the increasing of isotropic chemical shielding is accompanied with a decreasing of the positive atomic charge in nitrogen atoms. Also the obtained linear relationships between isotropic chemical shielding with atomic charge in QTAIM approach for boron and nitrogen atoms are inverse each other as presented before in armchair (4,4) SWBNNT [28].

Total atomic magnetizability is related to summation of electronic current density in atomic basin as well as between adjacent atomic basins and therefore in this study is shown with increasing the isotropic chemical shielding (summation of diamagnetic and paramagnetic shielding), the total atomic magnetizability in (4,4) [28] and (5,3) SWBNNTs is reduced linearly as presented in equation 2. 
There is no linear relationship between isotropic chemical shielding and isotropic total atomic magnetizability for boron atoms of (5,3) SWBNNT. Besides, there is no relationship between isotropic chemical shielding and isotropic total atomic magnetizability in zigzag (7,0) SWBNNT.

Interestingly, the only nanotube in which a linear relationship between the charges and magnetic response properties can be found is the (4,4) BNNT that has the highest band gap. The relationship between the charges and magnetic response properties in (5,3) BNNT is rather far from linearity. Finally, in (7,0) BNNT no clear relationship between the charges and magnetic properties is verified.
The presence of the relationship between atomic charges and magnetic response properties can be interpreted in favor of a rather localized electron density in the (4,4) BNNT. The picture of a more localized atomic charge in (4,4) BNNT can be also obtained from the atomic charges themselves. In fact, the difference between the charges of B and N atoms in the (4,4) BNNT is the most among the studied boron nitride nanotubes. In addition (4,4) BNNT has the lowest delocalization index, DIm between its atoms compared to the other studied systems (Table 4). Therefore, the most important factor that determines the magnetic response properties of the (4,4) BNNT is atomic charges, i.e. the local distribution of electron density, as it is expected by chemical community.
On the other hand, as the band gap decreases in (5,3) and (7,0) BNNTs and the electron exchange between neighboring atomic basins, i.e. the delocalization index, DIm increases, the magnetic response properties, isotropic chemical shift and atomic magnetizability, no longer correlate with atomic charges. Therefore, we propose that among BNNTs studying the relationship between the atomic charges and magnetic response properties mirrors the conductance of the system. This relationship may hold true for other BN nanostructures as well as other families of semi-conducting nanomaterials, e.g. metal oxides or metal sulfides. 
Methods and Computations

In this study, the geometries of (4,4), (5,3) and (7,0) SWBNNTs (Fig.1) have been optimized with hybrid density functional theory (DFT) B3LYP method and the 6-31G(d) basis set [35-38] based on PBC approach [39-41].

The harmonic vibrational frequencies of the fully optimized structures have been calculated to confirm the stationary points as a local minima with all positive frequencies. The atomic charges obtained from QTAIM. The electronic properties of nanotubes have been described by Highest Occupied Crystal Orbital (HOCO) and Lowest Unoccupied Crystal Orbital (LUCO) in their local minima structures.

The isotropic chemical shielding ((iso) and magnetizability of elements corresponding to the optimized nanotubes are calculated using the gauge including atomic orbitals (GIAO) method [42,43] at B3LYP/6-31G(d) level using Gaussian 09 suite of programs [44].
The nature of bonding between boron and nitrogen atoms in SWBNNTs were analyzed using the Quantum Theory of Atoms in Molecules, QTAIM [45] by dividing the systems into its subsystems [45,46], using the AIMAll [47] suite of programs on wavefunctions that were obtained from the B3LYP/6-31G(d) computations. WFX files obtained from NMR calculations without PBC approach were on the local minimum structures by the Gauge Including Atomic Orbital (GIAO) method [47-52] at the aforementioned level of theory were used for assessing atomic energy, atomic charge, localization and delocalization indices, and the second-rank magnetizability tensor. All obtained magnetizabilities are directly tabulated in the AIMAll output (.sum file). The accuracy of the integration process by the Proaim or Promega first-order integration was guaranteed by keeping the atomic integral of the Laplacian of each atomic basin below 3(10−4 atomic units. Furthermore, the sum of the electronic energies and charges of all subsystems in a molecule, i.e., topological atoms, were compared with the total electronic energy and charge of each molecule in order to ensure that errors in the QTAIM related integrations were below the chemical accuracy, e.g., 1 kcal.mol−1 for total electronic energy.
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