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Abstract
Objectives: Functionalization which is the addition of an external group shows
a significant variation in the electron density of a material. To study the impact
of chirality and diameter on the Density of States (DOS), different types of
carbon nanotubes are sidewall functionalized with electron withdrawing func-
tional groups. The main objective of this work is to investigate how function-
alization affects the DOS of nanotubes as a function of chirality and nanotube
diameter. Methods: This study has been done by Density Functional Theory
(DFT) calculations which are a quantum mechanical approach for solving the
Schrödinger equation and studying the electronic properties of different mate-
rials. DFT calculation is performed on different types of carbon nanotubes
with the help of Quantum Espresso software to find its density of states. DFT
uses pseudopotential and plane-wave basis sets to represent the electronic
wave functions. The DOS of functionalized CNT is compared with that of the
pristine CNT. Findings: This research aims to examine how chirality affects a
sidewall functionalized CNT. A comparison was also made between two dis-
tinct functional groups. The metallic CNT is converted into semiconducting
CNT and vice-versa when an external group is attached at its vicinity since
functionalization modifies its electronic structure. DOS of armchair and chiral
carbon nanotubes functionalized with NH2and OH groups on the side wall is
compared with its pristine form for the first time. In this study, different groups
are adhered to the surface of (4, 4), (4, 2) and (4, 1) CNTs. The diameter and
chirality of the CNT have been identified to have a substantial influence on the
calculation of the DOS. Novelty: An electron withdrawing group is attached
to the surface of a carbon nanotube which shows variation in its electronic
properties by significantly modifying its density of states. Fermi level shifts and
themetallic nanotubes are observed to behave as semi-metallic and vice-versa
on functionalization. The curvature effect in the case of small diameter nan-
otubes hinders the electronic properties of the carbon nanotubes, which can
be overcome by functionalization.
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1 Introduction
Carbon Nanotubes are rolled-up graphene sheets that are predicted to be metallic or
semiconducting in nature.The electronic properties of the carbon nanotubes depend on
their diameter and helicity of the arrangement of graphitic rings within their walls. Its
distinctive atomic configuration, mechanical, optical and electrical properties (1) make
it appealing for a variety of applications in fluids (2–4), sensors (5), drug delivery (6) etc.
Defect and covalent sidewall functionalization, as well as noncovalent exohedral and
endohedral functionalization, are all potential outcomes of functionalization which is
the attachment of an exogenous group (7,8) to a material, a carbon nanotube in this case.

When functionalized, the physiochemical characteristics of carbon nanotubes are
altered, resulting in a partial charge at the vicinity of carbon nanotubes (9–11). Band
structures in crystalline solids are of great interest to both experimental and theoretical
researchers for their utility in describing a variety ofmaterial properties, including well-
known phenomena such as optical absorption and thermal and electronic transport (12).
In band structure Density of states (DOS) corresponds to the number of allowed
electron energy states per unit energy interval around an energy E. Density of
states in the vicinity of Fermi level of SWCNT indicates the nanotube’s metallic or
semiconducting nature (13) i.e. it describes the Fermi level and energy gap. Eg, the
Energy gap is the difference between the highest occupied molecular orbital (HOMO)
& the lowest unoccupiedmolecular orbital (LUMO). So the energy gap is a major factor
in the determination of electrical conductivity in amaterial (14).TheDOS shows the van
Hove singularities caused by one-dimensional structure of CNTs.

The electronic properties of CNTs are due to the sp2-hybridized carbon atoms and
delocalized π network, perpendicular to the nanotube surface. An applied electric field
shows changes in carbonnanotube’s electronic properties (15,16). In graphene, the carbon
atoms have four valence electrons that occupy 2s and 2p orbital (2s2 2p2). As carbon
atoms form graphene, three atomic orbital 2s, 2px and 2py are hybridized to form three
sp2 hybrid orbital in the same plane, while 2pz orbital remains perpendicular to another
orbital.The hybridized orbital is responsible for threeσ bonds between adjacent carbon
atoms, and the 2pz orbital results in π bonds out of the plane of the graphene sheet.The
electronic band structure of CNTs can be derived from the graphene electronic band
structure.

According to Saini and others, the amidogen (NH2) group’s electronegative character
and nitrogen atom carrying a lone pair of electrons are what generate the charge
fluctuation on the carbon atoms (17). The charge variation is observed via DFT
calculations (between DOS in states/eV and energy in eV) using Quantum Espresso
(QE) software (18). To observe the charge variation, the hydroxyl (OH) group, which is
likewise an electronegative group and has a propensity to absorb electrons, is added
to the surface of the CNT. Since hydroxyl and amidogen are both highly reactive
and electron withdrawing molecules, they could be used as reactive sites for attaching
different functional groups. Recently, numerousOH functionalized hydrogenatedCNTs
had a medication called doxorubicin bonded to their surfaces, demonstrating how
functionalization alters amaterial’s electronic configuration, as reported byKarimzadeh
and others. (14)
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For the first time, the density of states of armchair- and chiral-shaped carbon nanotubes functionalized with a single NH2
or OH group on the side wall are contrasted with those of the materials’ unaltered forms in this work to see the effect of
single functional group. Different groups are affixed to the surfaces of carbon nanotubes (4, 4), (4, 2), and (4, 1), and the DOS
is computed and compared with the pristine forms using DFT.When a functional group is connected to the right kind of CNT,
DOS is significantly altered. We notice that the CNT’s chirality, length, and diameter all play a very significant impact on how
the DOS is determined.

2 Methodology

2.1 Computational details
The density of states of carbon nanotubes can be calculated using a variety of theoretical frameworks and computational
techniques, including the tight binding approximation, density functional theory (DFT), and empirical potential methods.
In solid-state physics, the density functional theory (DFT) is frequently employed and is ideal for the scenario of weak overlap
of atomic wave functions in an insulating crystal.

DFT is extensively used in solid-state physics and performs best when atomic wave functions in an insulating crystal have a
weak overlap. The DFT states that the relationship between the coefficient n and m will determine the conducting qualities of
various CNT structures. i.e.,−→C h = n−→a 1+m−→a 2, this relates two crystallographic equivalent sites. Here a1 & a2 are unit vectors.

|−→a 1|= |−→a 2|=
√

3acc

Where acc is the distance between the nearest neighbor C-atoms. Here acc = 1.418 A considered for nanotube formation.
The diameter of CNT is

dt =

√
3acc

√
n2 +nm+m2

π
A

Whereas the Energy band gap is
0.7

diameter
eV

Where, diameter is in nanometer (nm)
And tangent of the chiral angle θ is

tanθ =

√
3m

[2n+m]

If (n−m,3| = 0, 1, 2, then |1| and |2| shows semiconducting behavior and |0| SWCNTs are metallic in nature at room
temperature and exhibit a small chirality dependent energy-gap. The small energy-gap corresponds to quasi-metallic
conduction at lower temperature.Theminimum value of the energy gap is 0, which corresponds top = 2n

3 . If n is not an integer
multiple of 3 then p− 2n

3 = 1
3
(19).

If there is a significant variation in electro-negativity between the constituents, the band shape will change significantly as a
result of the redistribution of electron energy. As a result, the screening electrons are largely assigned to low-lying band states,
causing the DOS curve to dip to a minimum. If the constituents of the intermetallic compound supply electrons in the same
energy range, their wave functions will be extensivelymixed, enhancing the bond strength and suggesting a transfer of electrons
to a lower energy range, resulting in a pseudo gap. The pseudo gap is a significant depression on the DOS curve close to Fermi
level.

2.2 Software Used

2.2.1 Visual Molecular Dynamics (VMD) Software
A computer tool for molecular modeling and visualization called Visual Molecular Dynamic allows users to view and interact
with three-dimensional molecular structures (20). It is primarily designed as a tool for viewing and analyzing the outcomes of
molecular dynamics simulations. Additionally, it has capabilities for working with volumetric data, sequence data, and arbitrary
graphical objects. The atomic structure in VMD can be in a number of different file types, including PDB and XYZ. During
the simulation, VMD displays the dynamic behavior, tracks conformational changes, and examines several carbon nanotube
parameters (such as temperature, pressure, and energy). Figure 1 shows a (4, 4) CNT with 80 carbon atoms and a C-C bond
length of 1.418 Å.
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Fig 1. (4,4) CNT created using VMD software

2.2.2 VESTA Software
VESTA (version 3.5.8) is a widely used software package for visualizing, analyzing, and modeling crystal structures. In VESTA,
a number of tools are available for analyzing their qualities and creating images suitable for publication (21). VESTA can
automatically determine the space group symmetry of the crystal structure in order to produce symmetry-unique atoms. In
VESTA software, crystal data structures can be imported and exported from a variety of file types. It serves as a link between
different program by importing the XYZ file format from VMD and exporting it to BURAI in CIF format [Figure 2].

Fig 2. (4, 4) CNT’s .CIF file created using VESTA Software

2.2.3 Quantum Espresso (QE) Software
Quantum Espresso (QE) is a comprehensive set of Open-Source computer tools for calculating electronic-structure data and
modeling nanoscale materials. Its underpinnings include the density-functional theory (DFT), pseudopotentials, and plane
waves (22). A variety of exchange correlation functionals, including as hybrid functionals, the local density approximation
(LDA), and the generalized gradient approximation (GGA), are supported by Quantum Espresso. At limited temperatures, it
investigates the dynamical behavior of atoms and molecules. Plane waves, pseudopotentials, density-functional theory (DFT),
and other concepts serve as its foundations. The pseudopotentials used are obtained from the Quantum Espresso software
library.
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Fig 3. (a) Pristine CNT (b) NH2 functionalized CNT (c) OH functionalized CNT

2.2.4 BURAI
It is the GUI (Graphical User Interface) of Quantum Espresso that finds the density of states (DOS) and band structure other
than the optimization, molecular dynamics (MD) and Self-Consistent Field (SCF) calculations of the material used. In order
to construct and simulate various cell topologies and evaluate their electrical properties, BURAI software has been employed.
CNT is functionalized with different functional groups with the help of BURAI software as shown in (Figure 3) to find out
the DOS. Functional groups NH2 and OH are used to functionalize the CNT on the side wall. The side wall is appropriate for
functionalization as compared to the end wall functionalization as it provides a large number of available sites for attachment
of the external group. Both the external groups attached are electron withdrawing in nature and are therefore expected to
significantly modify the DOS of the pristine CNT. The plane-wave pseudopotential method and the ultrasoft pseudopotential
were employed in the calculations of BURAI software.

The flowchart describes the methodology used in this work (Figure 4).

Fig 4. Methodology to find the DOS of CNT

3 Results
Using theVMDsoftware, identical carbonnanotubes of various (n,m) indices are produced.Density functional theorywas used
to examine the effects of different chiralities on the density of states in carbon nanotubes.The energy density is calculated using
the generalized gradient approximation (GGA) with the PBE functional, one of numerous exchange-correlation functionals
available in DFT. Approximation and functional are chosen to increase the accuracy. As shown in (Figure 4) of technique
section, the density of states (DOS) vs. energy is calculated for several types of pristine and functionalized carbon nanotubes.

In (Table 1 ), a list of the DOS for various types of CNT is provided. The table also includes other important information,
such as the number of atoms, diameter, chiral angle, and energy gap etc. The length of each CNT utilized in the calculation is
10 Å. The band gap energies calculated for CNTs (4, 4), (4, 2), and (4, 1) are, respectively, 1.295 eV, 1.7 eV, and 1.958 eV. Each
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of these CNTs has had its side wall functionalized with an NH2 or OH group. The carbon atoms atomic radius of 0.75 Å and
bond width of 1.0 Å was used in all of these computations on SWCNTs. In the DOS graphs, a vertical line drawn at 0 eV serves
as a representation of the Fermi level. The Fermi level’s left and right sides, respectively, are home to the valence band (VB) and
conduction band (CB).

Table 1. Density of Sates (DOS) calculations for different types of Pristine and Functionalized Carbon Nanotubes

CNT No. of
atoms

Diameter
of CNT (Å)

Energy
Gap (eV)

Chiral
angle (ø)

Type of
Nanotube

DOS at fermi level (States/eV)
P-CNT NH2-CNT OH-CNT

(4,4) 80 5.412 1.295 30◦ metallic 24.7 9 7.8
(4,2) 56 4.132 1.695 0◦<ø<30◦ semiconducting 16.7 19.7 17.8
(4,1) 56 3.58 1.958 0◦<ø<30◦ metallic 29 12.4 11.5

For various types of CNTs in their pristine and functionalized forms, the change in DOS (Table 1) can be observed. It has
been found that the functional group dramatically alters the CNT’s original electrical structure by significantly modifying its
density of states on functionalization.

Fig 5. (DOS) of (a) (4, 4) CNT, (b) (4, 2) CNT and (c) (4, 1) CNT in Pristine and Functionalized forms

4 Discussion
We compare the outcomes in the cases of pristine, OH functionalized, and NH2 functionalized CNT as follows in order to
quantify the impact of functional group on the density of states of the carbon nanotubes:

• Case1: The metallic features of (4, 4) pristine CNT are shown by the density of states curve in (Figure 5(a)). The Fermi
level shifts and the electrical behavior of CNT is seen when amidogen (NH2) or hydroxyl (OH) groups are introduced on
the side wall of it. According to the substance’s altered behavior, the peak changes, and functionalized CNT loses some of
its metallic characteristics as seen in the DOS. According to the DOS listed in (Table 1), this is the case. In this instance,
NH2 and OH are both seen to exhibit a comparable behavior because of their electronegative nature.

• Case 2:The Fermi level in (4, 2) CNT has been moved to a lower level in the DOS plot, as shown by (Figure 5(b)). A gap
between the valence band (VB) and conduction band (CB) shows that the material is semiconducting. By functionalizing
it with an electronegative group, it becomes metallic.The DOS curves for the NH2 and OH groups both show remarkably
minimal fluctuation outside of the Fermi level. The OH group functionalized CNT exhibits less states at the Fermi level
when the two functionalized CNTs are compared.
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• Case 3: According to the equations in the methodology section, the (4, 1) pristine CNT should behave like a metal,
however as seen in (Figure 5(c)), the Fermi level shifts to the left and it displays semiconducting behavior because of the
curvature effect. The curvature effect is observed when the diameter of the CNT is less than 4Å. With the exception of at
the Fermi level, the outcomes for NH2 and OH groups when bound to the surface of a CNT are fairly comparable. This is
consistent with the pattern of functionalization shown in the (4,4) CNT instance.

Based on the explanation above and the conclusions discussed above, it is clear that the chirality and diameter of the CNT are
crucial factors in the DOS calculations. Therefore, picking the appropriate kind of CNT for a certain application will be vital.

5 Conclusion
It has been shown that the density of states considerably alters when groups like NH2 and OH are functionalized onto carbon
nanotubes of different chirality (chiral or armchair). While a chiral CNT can be metallic or semiconducting, armchair CNTs
are metallic in nature and exhibit high DOS at the Fermi level. Different groups are attached to the surfaces of CNTs (4, 4), (4,
2), and (4, 1) in this work. The CNT’s chirality has been found to have a substantial impact on how the DOS is calculated. The
DOS is decreased by the NH2 group’s enhancement of the CNT’s electronic structure. In contrast, because the oxygen atom is
more electronegative than the nitrogen atom, the OH group reduces the DOS of the CNT more than the NH2group.

The curvature effect of the small diameter CNT, however, prevents the same functionalization from having the same effect
on the DOS when the CNT diameter is less than 4 Å. This suggests that when a CNT is functionalized with an external group,
it changes the electronic properties of the pristine CNT, specifically the HOMO and LUMO of the structure, which changes the
energy gap. Although it would be intriguing to know how electron giving groups will affect the CNT’s DOS, the current work
primarily focuses on electron withdrawing groups. DWCNT can also be used to look into the impact of functionalization on
the DOS.
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