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ABSTRACT 

The synthesis processes of nanomaterials have been rapidly growing and have made it possible to 

achieve new materials such as heterogeneous structures that exhibit new and attractive phenomena and 

physical properties. To achieve desirable properties, it is necessary to chemically modify these materials. 

In this research, the structural and chemical properties of armchair and zigzag carbon nanotubes and 

boron-carbon-nitrogen (BCN) composite nanotubes were first examined, and the changes in the 

structural and chemical properties of the boron-carbon-nitrogen (BCN) composite nanotubes due to the 

addition of pyridine were studied. The initial structure of the compounds was drawn using ChemOffice 

software. The optimization of the structures and the calculation of parameters were performed in 

Gaussian 09 based on density functional theory calculations at the B3LYP/3-21G theoretical level. The 

results showed that boron-carbon-nitrogen composite nanotubes are more stable than carbon nanotubes, 

and doping with pyridine resulted in greater stability of the pyridine-doped composite nanotubes. Zigzag 

nanotubes are slightly more stable than armchair ones. This study shows that the stability, activity, and 

reactivity of BCN composite nanotubes have changed with doping with pyridine and under the influence 

of the structural changes made, and by altering the chemical and structural properties of BCN composite 

nanotubes, their application in various electrical, chemical, and medical industries can be modified or 

improved. 
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Introduction  

In the last decade, extensive research has been conducted on the application of nano-adsorbents 

in water and wastewater industries [1]. Generally, these nanoparticles are divided into carbon 

nanotubes, polymeric adsorbents, zeolites, and metal oxide nanoparticles [2]. Carbon nanotubes 

have a high specific active surface area and an easy reuse method. Metal oxide nanoparticles 

have suitable selectivity for the adsorption of toxic compounds and heavy metals [3]. Polymeric 

adsorbents are reusable, and zeolites have a high specific surface area and adsorption capacity 

[4]. Pollutants are adsorbed onto the active surfaces of nano-adsorbents, which is a surface 

phenomenon and is carried out by physical forces or sometimes weak chemical bonds in the 

adsorption process, depending on various factors such as temperature, pressure, pollutant 

concentration, contact time, and particle size [5]. The research interest in the synthesis of 

nanomaterials has been rapidly growing and has enabled the achievement of new materials such 

as heterostructures [6]. These heterostructures often exhibit new and intriguing phenomena and 

physical properties that do not exist in their separate components [7]. Currently, the precise 

growth or assembly of such heterostructures remains a significant challenge [8]. The way 

complex heteronanotubes form has largely remained unknown, which is the motivation for the 

present study [9]. To enhance the properties of materials to achieve desirable characteristics, it is 

necessary to chemically modify them [10]. It is noted that doping in graphite or carbon 

nanotubes has been used to create boron-carbon-nitrogen nanostructures [11]. Doping boron and 

nitrogen in carbon nanotubes can be an effective way to tune the bandgap of materials [12]. 

Carbon has found numerous applications in the fields of sensors, energy storage, electrocatalysis, 

and hydrogen storage due to its unique properties such as surface area, pore characteristics, 

conductivity, and chemical and thermal stability [13]. However, sometimes the properties of 

pristine carbon are not sufficient to meet the requirements of a specific application [14]. 

Heteroatom doping may not only increase the surface area, improve porosity, and enhance 

oxidation and reduction activity, but also increase stability [15]. Currently, the co-doping of 

boron and nitrogen heteroatoms and the formation of boron-carbon-nitrogen composite 

nanotubes have gained significant popularity as it has been shown to be an effective method for 

enhancing the properties of porous carbon by influencing its physicochemical, electrochemical, 

and electrical properties, thereby expanding its applications [16]. Based on the aforementioned 

points, the objectives of this research can be summarized as follows: 
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1- Investigation of the structural and chemical properties of boron-carbon-nitrogen (BCN) 

composite nanotubes of chair and zigzag types 

2- Study of the changes in the structural and chemical properties of boron-carbon-nitrogen 

(BCN) composite nanotubes due to the addition of pyridine 

3- Determining the relationship between the structure and performance of boron-carbon-nitrogen 

(BCN) composite nanotubes due to pyridine doping using density functional theory calculations 

Carbon nanotubes 

Carbon nanotubes are formed from cylindrical tubes made up of a hexagonal arrangement of 

carbon atoms and can be formed by rolling a layer of carbon atoms (graphene). Carbon 

nanotubes are bonded together with a diameter of about 1 nanometer, which can be converted 

into materials several meters long [17]. Carbon nanotubes have exceptional mechanical, thermal, 

electrical, optical, and electrochemical properties, as well as high strength, high flexibility, and 

lightweight as their main features, providing extraordinary performance [18]. Carbon nanotubes 

can be constructed in two main forms: single-walled carbon nanotubes, which consist of a tube 

of graphene with a diameter of less than 1 nanometer, and multi-walled carbon nanotubes 

(MWCNT) made up of many concentric graphene nanotubes with diameters greater than 100 

nanometers [19]. Therefore, the diameter of carbon nanotubes varies from a few nanometers for 

single-walled carbon nanotubes to several tens of nanometers for multi-walled carbon nanotubes 

[20]. However, the length of carbon nanotubes is primarily in the micron range. Carbon 

nanotubes have high thermal conductivity, high electrical conductivity, high flexibility (can be 

significantly bent without damage), low thermal expansion coefficient, very high tensile strength, 

and high elasticity [21]. In addition, carbon nanotubes are good electron field emitters. These 

features make carbon nanotubes highly desirable for nanoelectronic applications, thus creating a 

high demand for reliable and simple synthesis methods for the materials [22]. 

Boron Nitride Nanotubes 

Boron Nitride Nanotube (BNNT) is one of the most promising nanotubes with superior 

electrical, mechanical, and physical properties compared to carbon nanotubes. Boron nitride is a 

synthetically produced crystalline compound that has a structural analog to graphite, where 
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boron and nitrogen atoms alternately replace carbon atoms. The structure of boron nitride sheets 

is shown in Figure (1). In this figure, the blue spheres represent boron atoms and the gray 

spheres represent nitrogen atoms [23]. Boron and nitrogen atoms are bonded to each other in a 

hexagonal arrangement. As shown in Figure (2), boron nitride nanotubes can be easily obtained 

by rolling boron nitride sheets. The direction of the nano sheet rolling determines the structure of 

the chair, zigzag, and chiral nanotube. 

 

Fig. 1. BN nanosheet 

 

Fig. 2. Boron nitride sheet rolling to obtain boron nitride nanotubes 

The effect of doping on carbon materials 

In carbon materials, significant changes in physical and chemical properties can be achieved 

through chemical substitution. Carbon is known for forming composites and can be doped with 

various materials including polymers, metal oxides, metal sulfides, metal nitrides, metal-organic 

frameworks (MOFs), etc. Doping carbon materials with heteroatoms has been shown to lead to 

improved properties as a result of increased conductivity, defect creation, enhanced porosity, and 

tuning the interlayer spacing in carbon. In recent years, numerous reports have highlighted the 
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advancement of carbon materials for various applications, including energy applications, sensor 

applications, and photovoltaic applications. 

Boron-carbon-nitrogen nanotubes 

Boron nitride nanotubes have a structure similar to carbon nanotubes, and their difference is that 

only nitrogen and boron atoms are alternately replaced with carbon atoms. The lattice mismatch 

between boron nitride nanotubes and carbon nanotubes is about 0.79%. This small lattice 

difference allows for the design of heterostructured materials by combining these two 

nanostructures. Currently, there are generally two ways to form heteronanotubes by combining 

boron nitride nanotubes and carbon nanotubes. One way is to stack them to form coaxial van der 

Waals bilayer heteronanotubes with CNT@BNNT, meaning a single-walled carbon nanotube 

wrapped with CNT@BNNT. Single-walled boron nitride nanotubes show higher thermal 

stability, chemical inertness, and mechanical strength compared to carbon nanotubes. The other 

method combines carbon nanotubes and boron nitride nanotubes to form covalent 

heteronanotubes along or perpendicular to the tube axis. Covalent heteronanotubes along the 

tube axis, which exhibit tunable electronic properties based on stoichiometry, were prepared by 

covalently doping carbon nanotubes with boron nitride nanotubes. 

Computational Methods 

In this research, the effect of doping pyridine in boron-nitride-carbon composite nanotubes of 

armchair and zigzag types was investigated. This study aims to analyze the impact of the 

presence of pyridine on the structural and electronic properties of these nanotubes. These effects 

were examined using computational quantum mechanics methods and DFT (Density Functional 

Theory) studies. In this research, by obtaining optimized structures, the total energy of each 

compound was calculated, and electrical conductivity, dipole moment, and structural parameters 

were determined. Then, in order to determine the activity and reactivity of these optimized 

structures, NMR calculations were performed on them. Based on the conducted research, the 

effect of such impurities in boron-nitride nanotubes has not been investigated so far, and little 

work has been done to enhance the mentioned properties in these nanotubes. In conducting this 

research, the software Nanotube Modeler, ChemOffice, and Gaussian 09 were used. In order to 

carry out this research, the investigated structures include pure carbon nanotubes in two types of 
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armchair and zigzag, combined boron-nitride-carbon nanotubes in two types of armchair and 

zigzag, and combined boron-nitride-carbon nanotubes doped with pyridine in two types of 

armchair and zigzag. were considered. The initial optimization of the designed structures was 

done by the MM2 molecular mechanics method and the initial usable matrix was obtained in 

Gossin 09 program. Then, in order to obtain the final optimized structure, i.e. the structure with 

the lowest energy value, the calculation method of density dependence theory was used at the 

theoretical level B3LYP/3-21G, and the final structures with the lowest energy level were 

obtained. By performing density dependence theory calculations at the B3LYP/3-21G theoretical 

level, on the resulting structures, the energy values of each of the structures, the energy 

difference of HOMO and LUMO orbitals, dipole moment, bond energy, electrical conductivity 

and spatial effects of the compounds are determined and analyzed. was analyzed. Also, by 

performing NMR calculations, the values of isotropy and anisotropy of these structures were 

checked. 

Results and Discussion  

After obtaining the optimized structures, in order to check the amount of electron density and the 

activity of nanotubes, chemical shift calculations (NMR) were performed on each of the 

optimized structures with the GIAO-B3LYP/3-21G calculation method and the isotropic values 

and the anisotropy of different atoms and layers were determined and adjusted in their respective 

tables. In NMR calculations, the isotropy values of each atom, the electron density, and the 

anisotropy values also show the activity and reactivity. The increase in the isotropy values of the 

atoms indicates the increase in the electron density and the increase in the anisotropy values is 

also a sign of the increase in the reactivity of the compound. In investigating the effect of 

pyridine doping on combined boron-carbon-nitrogen nanotubes, by performing calculations 

based on density dependence theory, the following results were obtained. All the data obtained 

from these calculations for the studied armchair and zigzag nanotubes are compared in the 

graphs below. As seen in graph (3), boron-carbon-nitrogen composite nanotubes are more stable 

than carbon nanotubes. Pyridine doping has made doped composite nanotubes more stable. 

Zigzag nanotubes are slightly more stable than armchair nanotubes. By decreasing the bond 

energy, the length of the bonds will be shorter and as a result, the stability of the compound will 

increase. Based on graph (4), bond energy in combined boron-carbon-nitrogen nanotubes is 
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lower than carbon nanotubes. Pyridine doping has caused the doped composite nanotubes to have 

lower binding energy, and this decrease in binding energy in zigzag type nanotubes is slightly 

more than armchair type and confirms the trend of energy changes.  

The lower the value (Eg), the higher the electrical conductivity of the nanotube. According to 

graph (5), it is clear that the amount of electrical conductivity in zigzag boron-carbon-nitrogen 

composite nanotubes has decreased compared to carbon nanotubes, while in armchair boron-

carbon-nitrogen composite nanotubes, the electrical conductivity has decreased compared to 

carbon nanotubes. Carbon has increased. Pyridine doping in zigzag type nanotubes has reduced 

the electrical conductivity, but no significant change was observed in the electrical conductivity 

of armchair type nanotubes compared to the composite nanotube. In the gas phase, if the dipole 

moment is the only factor determining the stability of a compound, a form of the molecule with a 

lower dipole moment can be more stable than a form with a higher dipole moment.  According to 

graph (6), the dipole moment in zigzag type nanotubes is less than armchair type and as the total 

energy calculations showed, zigzag type nanotubes are more stable than armchair type. After 

pyridine doping in different places, the dipole moment did not change much in zigzag nanotubes, 

but the dipole moment showed more changes in armchair nanotubes. In other words, in armchair 

type nanotubes, the location of pyridine has an effect on the amount of dipole moment and the 

stability of the composition. The less a molecule has destabilizing spatial effects, the more stable 

its structure will be. If spatial effects are the only influencing factor in the stability of the 

structure, the compound with a shorter average bond length will be more stable. According to 

(7), the average bond length in zigzag-type nanotubes is less than that in armchair-type, and in 

accordance with the results of total energy calculations, zigzag-type nanotubes are more stable 

than armchair-type. As can be seen in graph (8), in zigzag type nanotubes, the isotropy values of 

carbon atoms doped with pyridine compared to the combined boron-carbon-nitrogen nanotubes 

have increased, and the anisotropy values of carbon atoms have decreased, and the greatest 

changes in isotropy and the anisotropy of Zig-BCN-PY1 has occurred. As seen in chart (9), in 

zigzag-type nanotubes, there has been little change in the isotropy and anisotropy of nitrogen 

atoms in the doped nanotubes compared to the boron-carbon-nitrogen composite nanotube. As 

seen in chart (10), in armchair-type nanotubes, the highest amount of variation in the isotropy 

and anisotropy of carbon atoms compared to the boron-carbon-nitrogen composite nanotube 
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occurs in the doped composition Arm-BCN-PY1. The anisotropy of carbon atoms in doped 

compositions has decreased compared to the boron-carbon-nitrogen composite nanotube. As can 

be seen in the graph (11), in armchair type nanotubes, the greatest amount of changes in the 

isotropy and anisotropy of nitrogen atoms compared to the combined boron-carbon-nitrogen 

nanotube have occurred in the doped Arm-BCN-PY3 composition.  

 

Fig. 3. Comparison of total energy in zigzag and armchair nanotubes 

 

Fig. 4. Comparison of Bond Energy in Zigzag and Armchair Type Nanotubes 
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Fig. 5. Comparison of Electrical Conductivity in Zigzag and Armchair Nanotubes 

 

Fig. 6. Comparison of Dipole Moment in Zigzag and Armchair Nanotubes 

 

Fig. 7.  Comparison of Bond Length in Zigzag and Armchair Nanotubes 
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Fig. 8. Comparison of isotropy and anisotropy of carbon atoms in zigzag nanotubes 

 

 

Fig. 9. Comparison of Isotropy and Anisotropy of Nitrogen Atoms in Zigzag Type Nanotubes 
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Fig. 10. Comparison of Isotropy and Anisotropy of Carbon Atoms in Armchair Type Nanotubes 

 

 

Fig. 11. Comparison of Isotropy and Anisotropy of Nitrogen Atoms in Armchair Type 

Nanotubes 
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Conclusion 

The rapid advancements in the synthesis of nanomaterials have enabled the development of 

novel heterogeneous structures with unique and appealing physical properties. To tailor these 

properties for specific applications, chemical modification of these materials is essential. This 

research focused on examining the structural and chemical characteristics of armchair and zigzag 

carbon nanotubes, as well as boron-carbon-nitrogen (BCN) composite nanotubes. Additionally, 

the influence of pyridine doping on the structural and chemical properties of BCN composite 

nanotubes was investigated. The initial molecular structures were designed using ChemOffice 

software, while structural optimization and parameter calculations were conducted using 

Gaussian 09, employing density functional theory (DFT) with the B3LYP/3-21G theoretical 

level. The findings revealed that BCN composite nanotubes exhibit greater stability compared to 

carbon nanotubes, and the incorporation of pyridine further enhanced their stability. Among the 

studied configurations, zigzag nanotubes demonstrated slightly higher stability than armchair 

nanotubes. The study highlights that pyridine doping and the resulting structural modifications 

significantly impact the stability, activity, and reactivity of BCN composite nanotubes. These 

changes suggest that by altering their chemical and structural properties, BCN composite 

nanotubes can be optimized for improved performance in various applications across electrical, 

chemical, and medical industries. 
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