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THESIS ADVISOR : PROF. SUKIT LIMPIJUMNONG, Ph.D. 94 PP.

DFT/CARBON NANOTUBES/TDDFT

In this thesis, reported the theoretical study of hydrazine doped single-walled
carbon nanotube (SWCNT), the calculation was carried out by using first-principle
calculation based on the density functional theory (DFT) corrected by the van der
Walls (vdW) interaction. The DFT was used to carry out the periodic boundary
condition (PBC) geometry optimization which hydrazine formed the hydrogen bond
network (HBN). The electronic band structures are classified according to three
group, first, the impurity state below the maximum valence state (ISBMVS), second,
the impurity state close to the maximum valence state (ISCMVS) and, third, the DS.

The reduced density gradient (RDG) approach and the Bader charge analysis
were used to reveal the hydrazine molecule which cause DS to occur. We found that
the case of DS occurrence, it depends on both HBN and configuration of a hydrazine
molecule; the molecule a H atom of both side of itself point to a N atom of another
molecule (a N atom of itself could pointed by a H atom of another molecule). The
condition for electron charge transfer was considered based on projected density of
state (PDOS) of each molecule.

The nuclear magnetic resonance (NMR) chemical shifts (6) for noncovalent
interaction of hydrazine doped SWCNT was studied computationally using gauge-

including projector-augmented plane-wave (GIPAW) DFT. The *C NMR § for the
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case of DS occurrence was described. To confirm the configuration which obtained
DS we found *C NMR & shifts to a lower frequency (4 ppm) for N-H---m interaction
when compare to pristine SWCNT, and shifts to a higher frequency for the case of
vdW interaction. The local structure signature of "H NMR 3 of a hydrazine molecule
which cause DS to occur was used to identify electronic band structure. For 'H NMR
8 of hydrazine molecules, when HBN occurrence the 'H NMR 3§ shifts to a higher
frequency when compare to isolated hydrazine (Gauche), and more shifts to a higher
frequency (10 ppm compare to TMS) for the molecule that satisfied the condition DS
to occur.

The absorption spectra will be calculated by using time-dependent density
functional theory (TDDFT). The DS in physisorption of hydrazine doped SWCNT is
a cause for change the optical transition of £;; and photon absorption energy. When
hydrazine caused the degenerate band of SWCNTs to split into nondegenerate bands
((-),(+)), the optical transitions also changed. In the case of DS occurrence the dark
excitons changed to bright excitons are the optical transitions from HOMO-0(+) —

LUMO+3(+) and HOMO-0(-) — LUMO+3(-).
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CHAPTER I

INTRODUCTION

1.1 Introduction

Thin conducting film (TCF) electrodes are important parts of photovoltaic (PV)
devices and other optoelectronic devices; utilizing as p-type (hole-collecting electrode)
and n-type (electron-collecting electrode) semiconductors. Currently, transparent
conducting oxides (TCO) play a major role in such devices. Typical TCO materials are
In203, SNO- or ZnO, which are normally doped into n-type by dopants. Today, the most
commercialized n-type TCO material is indium tin oxide (ITO) with tin of about 10
wt%. Early report of a p-type TCO semiconductor was on NiO in 1997 (Kodama et al.,
1997). Concurrently, the discovery of p-type conductivity in CuAIO, (Kawazoe et al.,
1997) led to the studies of many Cu(l) based delafossites that are simultaneously
transparent and (p-type) conducting, such as CuScO2, CuYO,, CulnO2, CuGaO; and
CuCrOs.. Beside oxides for TCF materials, carbon nanotubes (CNTs) have been studied.
CNTs have covalent bonding which does not suffer from electromigration a common
problem that leads to the failure in thin metal conductors. In addition, CNTs are
thermally stable and highly resistant to chemical damage. Therefore, CNTs that are
flexible and transparent organic material is a potential candidate to replace conventional

ITO in the next generation optoelectronic devices. Because CNTs films are flexible,



they can be used in flexible organic light emitting devices (FOLEDs). (Mistry et al.,

2011; Sohn and Han, 2011).

Single-walled carbon nanotubes (SWCNTS) can be used in nanotube electronics
devices (McEuen et al., 2002; Komarov and Mironov, 2004), energy storage devices
(Rashidi et al., 2010), memory devices (Cui et al., 2002), chemical sensors (Kong et
al., 2000), biotechnology (Bekyarova et al., 2005), and coatings and films (Kaempgen
et al., 2005; Han and Zettl, 2003). The n-type and p-type semiconductors are the
foundation of diodes, and the diode is mandatory in electronic devices. Because the
transparent oxide such as ZnO (n-type) and CuAIO> (p-type) are not flexible (Ohta and
Hosono, 2004), they have limited use in flexible electronic devices (Zhang et al., 2006;
Unalan et al., 2008; Mirri et al., 2012). For such purpose, CNTSs that are transparent
and highly conductive are produced (Wu et al., 2004; De Volder et al., 2013). The
potential applications of CNTs are photovoltaic devices (Gabor et al., 2009; Barkelid
and Zwiller, 2013), diodes (Mueller et al., 2010; Jena et al., 2008) and thermoelectric
materials (Freeman et al., 2012; Nonoguchi et al., 2013), and other optoelectronic
devices (Rana et al., 2014; Xia et al., 2010; Champlain, 2011). Chemical doping with
Boron (B) dopant (Williams et al., 2007) results in the hybridization of C and B (Bai
and Zhou, 2007) atoms which leads to the sp® preference. It is a challenge to maintain
sp? hybridization (physisorption) B-doped CNTs for the flexible properties. The
physisorption doping process of poly(ethylene imine) (PEI) (Shim et al., 2001; Kong
and Dai, 2001) is unstable in air and transforms the material from n-type
semiconductors to intrinsic semiconductors (Tomohiro et al., 2014). The theoretical
study of hydrazine (N2H4) and water (H20) doped SWCNT shows n-type behavior (Yu

et al., 2011). The experimental results of SWCNT doped by the amine group (R-NH3;



hydrazine, methylamine, ethylenediamine and polyethylenimine), also showed that
hydrazine is an effective n-type dopant for SWCNT on the basis of its conductivity and
optical transparency. However, it is unstable in air (Mistry etal., 2011). To characterize
the role of water molecules, synchrotron transient photoelectron spectroscopy was used
to study C-N bonds (Wang et al., 2013). The absorption and luminescence of SWCNT
depends on the chiral index of SWCNT (Weisman and Bachilo, 2003; Avouris et al.,
2008). When an intrinsic semiconductor is transformed to an n-type or a p-type
semiconductor, its absorption changes which could affect its optoelectronic properties
(Mu et al., 2013; Liu et al., 2012).

Experimentally, the amine group were used to dope CNTSs by various doping
processes. The adsorption of organic molecules on SWCNT under ambient conditions
was done by exposing the sample to the vapor of the molecules. This leads to n-type
SWCNT (Kong and Dai, 2001). SWCNT submerged in a 20 wt% solution of PEI in
methanol also turned into an n-type semiconductor (Shim et al., 2001). The SWCNT
soaked in hydrazine in a helium glove box also shown n-type property (Mistry et al.,

2011).

A monolayer of water molecules and hydrazine molecules covering the surface
of SWCNT is necessary for the donor states (DS) to form (Chakrapani et al., 2007).
Water is somehow necessary for the charge to transfer from hydrazine to SWCNT
(Desai et al., 2010). To understand DS of hydrazine-doped SWCNT by computation,
hydrazine molecules were added one-by-one onto the SWCNT surface (Yu et al.,
2011). However, in that particular case, there was no DS formed. DS only formed after
water was added to hydrazine and SWCNT; indicating that water is necessary for the

DS to form in hydrazine-doped SWCNT.



In this study we found that SWCNT doped purely with hydrazine could also
have DS without the aid of water; providing that the hydrazine is properly binding with
SWCNT in a specific manner. The configuration of hydrazine which causes the
occurrence of DS is investigated. Understanding how DS occurs will help designing n-

type SWCNT that is stable in air.

1.2 Research objectives

A problem of flexible transparent conducting film based on SWCNT is that they
are unstable in air. An understanding of the charge transfer mechanism of
intermolecular interactions may be useful in modifying and solving this problem. The
purpose of this thesis is to investigate hydrazine doped SWCNT to understand the
mechanisms that leads to the conduction. Following properties will be studied: the
electronic band structures, the *3C nuclear magnetic resonance (NMR) chemical shifts
and the Ultraviolet-visibility (UV-Vis) spectroscopic parameters. The later two
properties, i.e., 3C NMR chemical shifts and UV-Vis spectroscopic parameters can be

used for comparison with experiments to confirm the theoretical models.

1.3 Scope and limitations

The computations will be carried out by using first-principle calculations based
on the density functional theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham,
1965) by the plane wave method (Callaway, 1955) that was implemented in the

Quantum ESPRESSO package (Paolo et al., 2009). The form of exchange correlation



energy in Kohn-Sham is treated according to the Perdew-Burke-Ernzerhof (PBE)
approach (Perdew et al., 1996). The van der Waals (vdW) interaction is described by
the post Hartree-Fock (post-HF) method (Barone et al., 2009). The NMR chemical
shifts will be calculated by using the gauge-including projector augmented-wave
(GIPAW) approach (Mauri et al., 1996; Pickard and Mauri, 2001). The absorption
spectra will be calculated by using time-dependent density functional theory (TDDFT)

by the Liouville-Lanczos approach (Malcioglu et al., 2011).

The mechanisms and spectroscopic spectra of hydrazine doped SWCNTs will
be investigated. The calculated **C NMR chemical shifts can be used to compare with
actual experimental measurements to confirm the geometry of the atomic models and
the associated electronic band structure states. The intermolecular interaction will be
described by using reduced density gradient (RDG) of the electron densities to describe
noncovalent interactions (NCI) between hydrazine and SWCNTSs. The optical transition

of hydrazine doped SWCNTs will be described by using TDDFT.

The limitations of this study are the size of the system that can be studied and
the accuracy of the computations. Both factors are due to the current computational
limits and available computational tools. Regarding the size, current computational
resources can deal with the system size of the order of 100 atoms. Regarding the
accuracy, currently first principles calculations are calculating only the ground states
and many-body interactions are simplified using DFT and exchange-correlation
interactions terms. The dynamical properties are limited to the accuracy of the quantum
Monte Carlo theory which we use the CASINO package implemented in the Quantum

ESPRESSO suite (https://vallico.net/casinogmc/).



CHAPTER 11

COMPUTATIONAL METHODS

2.1 Research Methods

The calculations were carried out by using the Quantum ESPRESSO suite with
the Rappe Rabe Kaxiras Joannopoulos method. The calculations are based on density
functional theory with pseudopotentials plane-wave approach. To allow computations
of large systems the ultra-soft version of pseudopotentials is employed with the Perdew-
Burke-Ernzerhof exchange-correlation function. The Bader charge analysis was
calculated by using the Projector Augmented-Wave (PAW) method with PBE
exchange-correlation function. The plane-wave energy cutoff for the plane-wave basis
sets was set to 30 Ry for electronic band structure calculations, structural optimization
and TDDFT calculations, 45 Ry for NMR calculations (GIPAW) and 55 Ry for Bader

charge analysis.

In this study, we calculated the geometry and the electronic configurations at
the ground state to explain the properties of the systems. Firstly, we calculated the cell
optimization of SWCNTSs. Then we calculated the ionic optimization and, finally, we
calculated the electronic optimization. The optimized electronic configuration can be
used to calculate the bands, density of state (DOS), **C NMR chemical shifts and
absorption spectra. For the hydrazine doped SWCNT we repeat similar steps with the

starting SWCNT structure from the converged pure SWCNT. The procedures described



above are shown in Figure 2.1, with tags according to terminologies in the Quantum
ESPRESSO package, i.e., vc-relax is a variable cell relaxation that is used for cell
optimization, relax is used for ionic optimization, and scf is a self-consistent field used

for electronic optimization.

ve-relax (SWCNTs)

|
relax (SWCNTs,
hydrazine doped
SWCNTs)

A 4
scf (SWCNTs,
hydrazine doped
SWCNTs)

r A h 4
DOS, bands NMR (SWCNTs, Absorption spectra
(SWCNTs, hydrazine hydrazine doped (SWCNTs, hydrazine
doped SWCNTs) SWCNTs) (GIPAW) doped SWCNTSs)
(TDDFPT)

Figure 2.1 Schematic diagram of the calculation procedures.

2.2  Density functional theory

Density functional theory (DFT) is a ground-state theory in which the emphasis

is on the charge density as the relevant physical property.



2.2.1 The Hohenberg and Kohn theorem

The ground-state energy and all electron properties of the many electron wave-
functions in the presence of an external potential can be determined from the electron
density, n(7). When the coulomb-interacting particles move in an external potential
V..t (1) , the ground-state energy can be obtained by minimizing the energy functional.
The ground-state of many electron wave-functions can be written as (Hohenberg and

Kohn, 1964),

E,[n(P)] = [ Vere (n(@)dr + F[n(P)], (2.1)

where V,,.(7) is an external potential generated by the nuclei acting on the electrons.
F[n(r)] is an universal functional of electron density, independent of the external
potential V,,.(7). The functional F[n(r)] includes all kinetic and electron-electron

interaction terms.
2.2.2 Kohn and Sham equation

Kohn and Sham (Kohn and Sham, 1965) proposed that the Hohenberg and Kohn

expression can be written as,

B = [ Vere D@7 + 5 [ “2ED dd + T[] + Eeeln (), 22)

where = ff "(r)"(r')d d#', is the electron-electron Coulomb energy, which is called

e
Hartree energy. T, [n(7)] is the kinetic energy of a non-interacting system with the same
density. E,.[n(7)] is the exchange-correlation energy. Thus the Kohn-Sham (KS)-

effective potential can be written as,



- - ! ’ SExc[n(7
Veff (r) = Vext(r) t+e f 741(T3| d*r % (2.3)

The one-particle Schrédinger equation or Kohn-Sham equation can be written as,

[~ 202 4 Vo, D) = i (). (2.4)
The electron density of the system is given by,
n(@) = T [P, (2.5)
where N is the number of electrons.
2.2.3 The local density approximation (LDA)

To solve the one-particle Schrodinger equation, E,.[n(r)] must be
approximated. The most basic approximation of E,.[n(r)] is the local density
approximation (LDA), which is derived from a homogeneous electro gas model. The
local density approximation for the exchange correlation energy can be written as

(Kohn, 1999),
ExIn@)] = [n() €xc[n(@)]d® (2.6)

where €,.[n(7)] is the exchange correlation energy per particle of homogeneous

electron gas with the density n(7).
2.2.4 The generalized gradient approximation (GGA)

The generalized gradient approximation (GGA) is introduced to treat the
variations of electron density in space. The exchange-correlation energy E,. Is a

function of the local electron density, n(r) and their gradients |Vn(7)| (Kohn, 1999),

Exd*In@®)] = [ fIn(®,Vn@n@d°r. (2.7)
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2.2.5 Van der Waals (vdW) interaction

The DFT with the LDA and semilocal GGA is not only successful in numerous
applications for individual molecules and dense solids, it has also been developed, for
instance, in order to include nonlocal effects, such as the vdW force (Rydberg et al.,
2000). The vdW force between two atoms or two molecules arises from interaction
induced dipole moments, because of the electron densities. However, vdW forces are
non-classical and non-local interactions that need a proper treatment for electronic
dynamic correlation. This can be achieved by the so-called post Hartree-Fock (post-
HF) method (Barone et al., 2009). For the dispersion-corrected DFT (DFT-D)

approach, the energy can be written as,

Eprr—p = Eppr + Eaisp, (2.8)
1 L o6 .=
Eqisp = =5 2ij Ceij XalTi + Rl faamp(|7ij + R|)], (2.9)
A = |fu+§| -1
faamp(|7ij + R|) = S - {1 + exp [—d : (T - 1)]} , (2.10)

where 7;; = (7; — 1) is the atom-atom distance vector, R(= ld + mb + n¢c) are lattice
vectors, Sg is a functional-dependent scaling parameter, d is a parameter that tunes the
steepness of the damping function and Cy;; is the coefficient computed for each pair of

atoms, 7 is vdW radii of the atom pairs (1, = 7; + 19;).
2.2.6 Gauge including projector augmented wave method (GIPAW)

The nuclear magnetic moment (i;) is related to the nuclear spin fl of the nucleus

by
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i =vl; (2.11)
where v is the gyromagnetic ratio, a constant of a given type of nucleus. The applied

magnetic field is generated Eext and is taken to be along z of the laboratory frame of

reference, i.e. B = (0,0,B,,;) in the w = yB equation. The frequency with the g;

precesses about this field is defined as w, the Larmor frequency: (Duer, 2005)

wo = —VBext- (2.12)
The hamiltonian A for a nuclear spin in a static field is

H=—0"Buy (2.13)

where fi is the nuclear magnetic moment operator and Eext is the magnetic field applied
in the NMR experiment. This hamiltonian is often referred to as the Zeeman

hamiltonian. The /i can be written in term of the nuclear spin operator I

~

fi = yhl. (2.14)

The applied field is taken to be along z, so combining Equation (2.13) and (2.14), we

have
H = —yhl,B,,,. (2.15)

If we consider B as the field at the nucleus due to the presence of an externally applied

field Eext we can express Zeeman hamiltonian (Equation (2.15)) as (Bonhomme et al.,

2012):

H = —y;hl,(1 — 5)Bey:. (2.16)
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The shielding tensor can equivalently be written as a second derivative of the electronic

energy of the system:

5 = 92E
T aﬁiaﬁext.

(2.17)

The change in resonant frequency, a normalized chemical shift is reported: (v, is the

resonance frequency of reference)

§ = Lsample ~ Vref (2.18)

Vref

The magnetic shielding and chemical shift are related by:

§ = Lref Msample, (2.19)

1—0'ref
For all but very heavy elements, | o,.¢| <« 1 and so:
d ~ Oref — Osample - (2-20)

The ab initio computation of NMR chemical shifts in condensed matter systems
is calculated by using periodic boundary conditions (PBC) through an extension of
Blochl’s projector augmented-wave (PAW) approach which is called the gauge-
including projector augmented-wave (GIPAW) approach and it was introduced by
Mauri et al. (Mauri et al., 1996; Pickard and Mauri, 2001). The GIPAW is implemented

in the Quantum ESPRESSO package (Paolo et al., 2009) with a uniform external field
Eext applied to a sample which induces an electronics current density, fin(F). The

current produces an induced magnetic field, B;,, (7). If B, is small enough a condition

is realized in the NMR experiment, so

Ein(F) = _g(F)Eext’ (2.21)
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where '(7) is the magnetic shielding tensor. With NMR spectroscopy, it is possible to

measure the symmetric part of &'(#) or more often its trace,
o(F) = ;Tr[3()] (2.22)
at the position of the nonzero spin nuclei. For a periodic system,
FF) = Y 5(G) 7 (2.23)

is a bulk property. The induced field §in(F) tensor is calculated from the induced

current using the Biot-Savart Law (Ren et al., 2013):

Ln(r) . _fd ]m( A'—AT (2-24)

-7|3

where c is the speed of light. For non-periodic conditions, Ein(é = O) = 4na)(1,§ext,
0(0) = —4may,, where o is the diagonal tensor that depends on the macroscopic
shape, x, is the magnetic volume susceptibility tensor. For CNT with a cylindrical
shape, a,, = ay, = 1/2 and a,, = 2/3, where the tube axis is along the z direction

(Marques et al., 2006). The chemical shift changes (Ad;,quce) INduced by a magnetic
field is calculated by using the negative value of the isotropic shielding constants of
Oiso 1N the same positions as for molecules in an empty nanotube. o, is calculated

from the diagonalized symmetric part of the magnetic shielding tensor &'(7):
Ainduce = —0iso (r) =— %TT[E(F)] (2.25)

2.2.7 Time dependent density functional perturbation theory (TDDFPT)

The perturbation induces a transition from the initial N-electron ground state

|N) to the final state |N - 1,m E). The final state is represented by a system with the
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photoelectron with momentum k and the sample in the excited state m with N-1
electrons. The energy conservation, it is required that the photon energy w is equal to
the Kinetic energy of the photoelectron E;; minus the electron removal energy, E,, =

E(N) —E(N —1,m);, o= E; — E,. The photoemission matrix elements set to a

constant &, so the total photocurrent written as;

Jp(@) = |2 X6 (B — w — Ey) (2.26)

for series of delta peaks in correspondence to the energies E; of the one-particle
Hamiltonian. The photoemission spectrum is hence described by the density of

occupied (occ) state:
DOS(E; — w) = X768 (Ez — w — Ey), (2.27)
evaluated at the energy Ez — w (Marques et al., 2012).

Time-dependent density functional theory (TDDFT) is a powerful method for
the numerical simulation of optical spectra in a variety of molecular systems, which
uses the Liouville-Lanczos method. This is a method that allows for the full-spectrum
of a system to be calculated over a broad frequency range (Malcioglu et al., 2011). In
the dipole approximation, the response of the molecular system to the electromagnetic
radiation (V' (7, w) = —E(w) -7) is described by the dynamical polarizability
tensor, a;;(w), whose elements are defined as the dipole moment linearly induced along
the i-th Cartesian direction by perturbing electric fields of unit strength, polarized along
the j-th axis, and oscillating at the frequency w. The absorption coefficient is essentially

the product of frequency times the imaginary part of the diagonal element (or trace) of
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the polarizability. The polarizability of a system of interacting electrons can be

expressed as:
a;;(w) = Tr(%p’;(w)), (2.28)

where carets indicate quantum mechanical operators, X; is the i-th component of the
dipole (or position) operator, ﬁ’j(w) = pj(w) — p0 is the response density matrix
p;j(w) being the one electron density matrix of the system perturbed by an external
homogeneous electric field of unit strength polarized along the j-th Cartesian axis and
oscillation at frequency w, and p° is its unperturbed counterpart. The relationship
between dipole moment (y;), polarizability («;;) and electric field (E;) can be written
as,

Uy Axx  Oxy Axz E

(#y) = (ayx Ayy ayz) Ey ; (2.29)

1253 Uzx Azy Az E,

for the balance of force, —m,w3x = eE, and the dipole moment is,

2

Mm:iaEzaE (2.30)

Each electron has an intrinsic harmonic oscillator frequency (Hartree units: A =1; e =

1; me = 1.). The polarizability for all electrons is,

E@Oz%ﬁuwgzzuﬁ fi (2.31)

_EO)Z_(DZ'

The quantity f; is the oscillator strength which is a classical formalism, f;; is
proportional to the intensity of a transition i — j. Thus, Y.; f;; = 1, the spectroscopic

oscillator strengths defined as,
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foy = 2 (B = E) (KW RIW)I2 + (WolPIWHI + [(Wol2I¥)I). (2:32)



CHAPTER 11l

LITERATURE REVIEWS

3.1 Single-walled carbon nanotubes (SWCNTY5)

It is convenient to specify a general carbon nanotube with a tubule diameter d,

and the chiral angle 8, which are shown in Figure 3.1. The chiral vector Eh is defined
in terms of the integers (n,m) and the basis vectors a, and a, of the honeycomb lattice.

A unit cell of carbon nanotube is shown in Figure 3.1 with the rectangle bounded by
the vector C,, and T, where T is the 1D translation vector of the nanotube. The vector T

is normal to C}, and extends from the origin to the first lattice point B in the honeycomb
lattice. The carbon nanotube behaves like the rolled-up cylinders of a graphene sheet of
sp? bonded carbon atom (Dresselhaus et al., 1995). When n = m called armchair (n,n),
when m = 0 called zigzag (n,0) and when n = m called chiral (n,m). They are metallic
nanotubes when mod(n-m,3) = 0, and semiconducting nanotubes when mod(n-m,3) =

1 or 2 (Liu et al., 2012), and the definition can be written as,

-~ N -~ = N - 2m+n 2n+m
Ch = naq + maz,T = t1a1 + tzaz, tl = _d B tz = — p y
R R

(3.1)

d: the highest common of (n,m)

dr: the highest common of (2n+m,2m+n)

dr = dif n - m not a multiple of 3d
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dr = 3dif n - ma multiple of 3d

Figure 3.1 The 2D graphene sheet is shown along with the vectors which specify the

chiral nanotubes.

3.2 Hydrazine

Hydrazine is a polymeric amine group (R-NH2) with a molecule formula of
N2Ha, which is a colorless, flammable liquid and a highly toxic inorganic compound.
Its boiling point is 114 °C and the dipole moment is 1.85 D (Debye, 1D = 3.336x10

Coulomb.meters). Hydrazine is a polar molecule with 2 lone pair electrons, the gauche
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conformation is the most stable form of hydrazine in the gas phase (Daff and de Leeuw,

2011).

3.3 Hydrazine doped SWCNTs

The CNTs and TCFs are both p-type and n-type, flexible and non-flexible TCFs.
Most non-flexible TCF are doped with elements, while most flexible TCF are doped
with organic molecules. Dopants for the non-flexible TCFs are, for example, Ag and
Ni which are used for doping SWCNTSs as p-type TCF (Oh et al., 2012). Dopants for
flexible TCFs are, for example, nitric acid which is used for doping SWCNTSs as p-type
TCFs (Shin et al., 2009), while dopants, such as hydrazine, methylamine,
ethylenediamine and polyethylenimine are used for doping n-type TCFs. The amines
group (hydrazine, methylamine, ethylenediamine and polyethylenimine) was used for
doping SWCNTSs to make the physisorbed hydrazine an effective dopant for SWCNTSs
when used in an inert environment, then used a combination of Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) and nuclear magnetic resonance (NMR) to
investigate the mechanisms underlying the interaction of amines with the SWCNT
network: the film of SWCNT was soaked in 4 M hydrazine overnight in a helium
glovebox and then the film was exposed to the air as reported by Mistry et al. (Mistry

etal., 2011).

Theoretical investigation, for a sparse matter vdW force plays an important role
in numerous physical, chemical and biological systems (Rydberg et al., 2000). The
vdW interaction of organic molecule-metal junctions and the adsorption of thiophene

on Cu(111) were studied by Sony et al. (Sony et al., 2007), and the polyethylene and
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graphite crystals were studied by Barony et al. (Barone et al., 2009). To confirm the
configuration of hydrazine doped SWCNTSs, the 13C NMR chemical shifts were used as
reported by Mistry et al. (Mistry et al., 2011). The relationship between diameter,
electronics structure and *C NMR chemical shifts of SWCNTs were studied by
Engtrakul et al. (Engtrakul et al., 2012) and the *C NMR chemical shifts of
functionalized SWCNTs were studied by Zurek et al. (Zurek et al., 2007). The
intermolecular form of hydrazine physisorbs on the surface of SWCNTs is a
noncovalent interaction (NCI), which behave according to van der Waals (vdW), steric
clashes (SC) and hydrogen bonds (HBs). Various kinds of NCI were investigated using
the reduced density gradient (RDG) approach (Ren et al., 2013; Johnson et al., 2010;
Contreras-Garcia et al., 2011). UV-vis is a property of optical transition in SWCNTSs,
for example (r — =*) was studied by Movlarooy et al. and Saidi and Norman
(Movlarooy et al., 2010; Saidi and Norman, 2014). The n-n interaction can be
employed to open the band gap of graphene, SWCNTSs, and graphene oxide as studied
by Zhang and Shao (Zhang and Shao, 2014). The electron-electron interaction shifts
the optical resonance energies by the same amount for both metallic and
semiconducting nanotubes, and this shift increases monotonically with the nanotube
diameter as was studied by Liu et al. (Liu et al., 2012). The definition of RDG can be

written as,

_ 1 |vn@)|
S = 2(372)1/2 n(7)4/3

(3.2)



CHAPTER IV

RESULTS

4.1 Configurations

In this study the intermolecular interaction is a noncovalent interaction, the
configuration of intermolecular interaction is important for electronic band structure
state, because it induce the electron charge transfer that can or cannot inject the electron
into the SWCNT. Then we focused on relevant configuration for each electronic band

structure state.
4.1.1 Configurations and electronic band structures

A pristine (8,0) SWCNT with 3 primitive cells (96 C atoms) is used and placed
in a tetragonal cell with a and b equal to 21.0083 A, and c/a equal to 0.6086. The
diameter of the pristine SWCNT is 6.3591 A. The electronic band gap of the pristine
SWCNT is 0.596 eV (0.60 eV; Ref. (Spataru et al., 2004)). The vdW (Rydberg et al.,
2000) was corrected by the post Hartree-Fock (post-HF) (Barone et al., 2009) method.
The charge transfer analysis was analyzed by using the Bader charge analysis (Bader et
al., 1987; Tang et al., 2009; Henkelman et al., 2006). The intermolecular interaction
was described by using the RDG approach to investigate the NCI (Johnson et al., 2010;
Contreras-Garcia et al., 2011). The atomic force was less than 2x10* Ry/a.u. for pure

SWCNT, and were less than 4x102 Ry/a.u. for doped SWCNTSs.
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The electronic band structures are classified according to three groups, first, the
impurity state below the maximum valence state (ISBMVS), second, the impurity state
close to (below) the maximum valence state (ISCMVS) and, third, the DS as shown in

Figure 4.2d, 4.3d and 4.4d, respectively.

The electronic band structure state is shown in Table 4.1. The hydrazine doped
SWCNT which is transformed from intrinsic to n-type semiconductors was investigated
by using the Bader charge analysis to analyze the charge transfer. The charge transfer
mechanism was explained by using the RDG of NCI and the projected density of state
(PDOS) was used to consider the molecular orbital in terms of the atomic orbital. The
electronic band structure of the ISBMVS is shown in Figure 4.2d. There are two
impurity states (ISs) at -3.8857 and -3.8972 eV (blue solid line) and no electron is
injected into the SWCNT (Table 4.3; -0.00(27) e unit). The distance between H and
C atoms is 2.67 A which is not close enough to obtain the HB. Instead, it is the vdW
region as shown in Figure 4.8a. The electronic band structure of the ISCMVS is shown
in Figure 4.3d, the configuration of two hydrazine molecules doped SWCNTS is shown
in Figure 4.3b. The shortest distance between C and H atoms is 2.50 A, the distances of
the hydrazine hydrogen bond network (HBN) is 2.16 A. When the HBN occurs, the
distance between C and H atoms is shorter than in the case of a hydrazine molecule
(2.67 A). This is the cause for the shifting of 1S to -3.2777 eV (close to maximum
valence state). The blue planar between molecules represents the HB is shown in Figure
4.3a and the HB in the blue region is shown in Figure 4.8b. The electronic band
structure of the DS is shown in Figure 4.4d, the configuration of 3 hydrazine molecules

doped SWCNTSs is shown in Figure 4.4b. The shortest distance between C and H atoms
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is 2.43 A. The distances of the hydrazine HBN are 1.99 and 2.01 A. The DS is -2.5678
eV, and the blue planar between molecules represents the HB is shown in Figure 4.4a

and the HB in the blue region is shown in Figure 4.8c.

The hydrazine molecules which cause the formation of DS. The H atoms are
point to the N atoms of another molecule. Consider the DS depend only on the
configuration of a hydrazine molecule which cause DS to occur. We removed hydrazine
molecules and remained only the res3 hydrazine molecule in model P-hyd-3, the DS
moved to ISCMVS and the binding energy is positive (0.0289 eV; Eint = -0.1641 eV).

Therefore, the formation of DS it depends on both HBN and configuration (Figure 4.5).
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(c) P-LUMO (d) Intrinsic

Figure 4.1 Pristine (8,0) SWCNT (a), (b) HOMO, (c) LUMO and (d) electronic band

structure.
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Figure 4.2 Doped SWCNT model P-hyd-1, (a) no common HB (N-H---N) interactions,

(b) N-H---m interactions, (c) orbital shapes of electronic band structure state (d).
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(8,0)(3)-N,H,(2)

(c) P-hyd-2 (d) P-hyd-2, ISCMVS

Figure 4.3 Doped SWCNT model P-hyd-2, (a) common HB (N-H---N) interactions, (b)

N-H---w interactions, (c) orbital shapes of electronic band structure state (d).
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() P-hyd-3 (b) P-hyd-3

P-hyd-3

(8,0)(3)-N,H,(3)

(c) P-hyd-3 (d) P-hyd-3, DS

Figure 4.4 Doped SWCNT model P-hyd-3, (a) common HB (N-H---N) interactions, (b)

N-H---w interactions, (c) orbital shapes of electronic band structure state (d).
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(@) P-hyd-3-res3 (b) Change-side

P-hyd-3-res3 P-hyd-3-CS

r
(8,0)(3)-N,H,(1) (8,0)(3)-N,H,(3)

(c) P-hyd-3-res3 (d) Change-side

Figure 4.5 Supplement data (a) P-hyd-3 model remained only res3, (b) P-hyd-3-CS

model H point to N of res3, (c) and (d) are electronic band of (a) and (b) respectively.

4.1.2 Electron charge transfer

The condition for electron charge transfers of hydrazine doped SWCNTSs was
analyzed by using the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of molecules, and the PDOS was used to

analyze the molecular orbital in terms of the atomic orbital of each molecule. The
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charge transfer mechanism was analyzed by using the HOMO energy of hydrazine
molecules to dope the SWCNTSs. With regard to the ISBMVS, the HOMO energy of
molecules (green DOS) is lower than the HOMO energy of SWCNTSs (blue dashed
line), therefore no charge transfer (Table 4.3) is shown in Figure 4.9a (P-hyd-1).
However, for ISCMVS, the HOMO energy of molecules is lower than the HOMO
energy of SWCNTSs, therefore no charge transfers from molecules to SWCNTSs as
shown in Figure 4.9b (P-hyd-2). With regard to DS, the HOMO energy of molecules is
higher than the HOMO energy of SWCNTSs, therefore, there is a charge transfer from
the molecules (res3) to the SWCNTSs (Leenaerts et al., 2008) as shown in Figure 4.9c
and 4.9d (P-hyd-3), and most of the HOMO is p orbital of res3 molecule which cause
the res3 molecule to donate more electrons which shows a similar trend to the electron

charge as shown in Table 4.3.

Table 4.1 Calculated electronic band structure state (EBSS) and band gap, of pristine
SWCNT and hydrazine doped SWCNTs. Abbreviations: VBM = valence band

maximum, CBM = conduction band minimum, DS = donor state.

Model ~ SWCNT (96 C atoms)  NoH4 EBSS Band gap (T, eV)

Pristine 1 0 Intrinsic? 0.596
P-hyd-1 1 1 ISBMVS? 0.587
P-hyd-2 1 2 ISCMVS? 0.582
P-hyd-3 1 3 DSP 0.422

4Band gap = CBM - VBM

®Band gap = DS - VBM
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Figure 4.6 Noncovalent Interaction (NCI) plot (b) of pristine (8,0) SWCNT (a), and (d)

of gauche N2Hj4 (c).
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Figure 4.7 Noncovalent Interaction (NCI) plot (b) of N-H---t (a) interaction, and (d) of

N-H---N (c) interaction.

The Figures 4.6 and 4.7, the color scale is -2.00 < p < 2.00 a.u. and isosurface

is s = 0.3 a.u.. The blue region from -0.06 to -0.02 a.u. of sign(42)p is hydrogen bond
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(HB) region. The green region is -0.02 < sign(42)p < 0.02 is dispersion interaction

(vdW) region, and sign(42)p > 0.02 is steric clashes (SC) region.
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1 1 3 [ BT
E 0.8: -_g 0-8'
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(a) vdW (b) HB, N-H--7
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o4t
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sign(?LZ)p (a.u.)
(c) HB, N-H---1t

Figure 4.8 The intermolecular interaction, vdW interaction (a) of model P-hyd-1, the

N-H---N (HB) (b) and N-H---x (¢) interaction of model P-hyd-2 and P-hyd-3.



33

@ Total-DOS wl — SWCNT-HOMO |
E o | HTTE A
= [ i
S re43 l :: St :
Ke] o 3 Qor L
& I E ok [
— I ] ~r I
8 Il 3 8 b Mh
I l ]
Q Lasaslaaial 1 1 1 L IM 1 Q : 1 L L Mnl il L
-12-11-10-9 -8 -7 -6 -5 -4 -3 -2 -1 8 -7 6 5 -4 -3 -2 -1
E(eV) E(eV)
(2) ISBMVS (b) ISCMVS
P-hyd-3 P-hyd-3
:@__ ................. T NITl'IlohIﬂO o :@ _ . .: . . I,
‘c :_ — Fermidoped = [ — SWCNT-HOMO |
Sk rest | | ] 5 [ - Fermi-doped I
L E res2 g ] . [ — res3-(s+p) [
'E - rh b -E - — res3-s I
=18 | 1l b G | —res3-p [
~r | [l J ~l — res3-p-N109 I
Nt | 1l E N —res3-p-N110 I
(@] 1 1 I or 1 I
ot 1 ' 1 1 i . ar N |
8 -7 6 5 -4 -3 -2 - -3
E(eV) E(eV)
(c) DS (d) DS

Figure 4.9 DOS (PDOS) of hydrazine molecules with doped SWCNTSs (arb. units).

4.1.3 Configuration and Interaction Energy

The stability of hydrazine doped SWCNT as n-type semiconductor was
considered by based on interaction energy. The gauche conformation is a most stable
of a hydrazine molecule in the gas phase (Agusta et al., 2010; Daff and de Leeuw, 2011;
Tafreshi et al., 2014). Our models most of hydrazine molecules in hydrazine doped
SWCNT are gauche conformer. The interaction energy between hydrazine molecules
and SWCNTs is polar H---m interaction, that comparable or even larger than common

HB (Du et al., 2013) shown in Table 4.2. The interaction energy between a hydrazine
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molecule and SWCNT in P-hyd-1 model is vdW interaction (-0.1589 eV) it comparable
to HB interaction in N2Hs---N2H4 model (-0.1909 eV) in interaction strength, this model
is a case of ISBMVS. The P-hyd-2 model, the molecules and SWCNT interactions are
transforms from vdW interactions to H---x interactions, it consists of 1 H--N, 1 H---x
and 3 vdW interactions shown in Figure 4.3a and 4.3b respectively, the interactions
strength ratio (ISR; E;sg = EZ%_/E&!,) is 1.6897, this model is a case of ISCMVS. In
the case of DS, P-hyd-3 model it consists of 2 H---N, 3 H---x and 2 vdW interactions
shown in Figure 4.4a and 4.4b respectively, the ISR is 1.8693. The covering interaction
of hydrazine molecules on the surface of SWCNT in model P-hyd-3 higher than P-hyd-

2, in term of ISR.

For common polar HB (N-H---N), N being attached to a H atom as an electron
acceptor and N bearing lone electron pairs as an electron donor (Cheng et al., 2003)
shown in Figure 4.3a, the interaction is point-to-point interaction. The most stable N-
H---w of R2NH is T-shaped (Ottiger et al., 2009; Ren et al., 2009; Du et al., 2013), the
interaction could happen at any position of n-orbital (HOMO of pristine SWCNT is nt-
orbital parallel to SWCNT axis). Our models are R-NH>, two polar H atoms could point
to any position of w-orbital (Du et al., 2013), and HOMO of hydrazine doped SWCNT
could occur charge transfer from hydrazine molecules to SWCNT, most of charge from
a hydrazine molecule which satisfied the condition of occur DS shown in Figure 4.4c

and 4.9c.
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Table 4.2 Calculated binding energy and interaction energy in eV for intermolecular

interaction of hydrazine doped SWCNTS.

(Eko - = -14868.4259; EL9,, = -603.8406; ELY, = -466.2458); binding energy,
Epin = Eswent—nzna — ESScnt — nEESy,, N is a number of hydrazine molecule;

interaction  energy,  Ein: = Eswenr-nama — E.st?/l?gﬁlT — E}SHs — ERSHs — ERSH;

model __ rall all all

_ rall all all _ _
EISR - EH"'ﬂ'/EH---N’ EH---;r - ESWCNT—N2H4 - Lswcnt N2H4» EHWN - EN2H4

ELSL, — EXSSE, — ELNSS3,; Bond lengths in A; P = pristine.

Model Ebin Ebin/NN2H4 Eint E& E&, Eisr
80-113,(P) i i i i i i
P-hyd-1 -0.1734 -0.1734 -0.1589 -0.1589 - -
P-hyd-2 -0.5561 -0.2781 -0.5032 -0.3161 -0.1871 1.6897
P-hyd-3 -0.8473 -0.2824 -1.0486 -0.6832 -0.3655 1.8693

Ebin  Ebin/MH-bond  Ein™" Eint Length Length
N2H4--N2H4 -0.3561  -0.1781  -0.3757° -0.3664 2.1226 2.1250
HoNH2N---HO  -0.2312  -0.2313 - -0.2469 2.1676 -
H20---H20 -0.2428  -0.2428 -0.2216° -0.2456 1.8742 -
N2H4---N2Hg -0.1838  -0.1838 Fig.2d -0.1909 2.1674 -
2 hydrogen bonds interaction of the N2Ha---N2Ha

b(Ref. (Ju and Xiao, 2002)) DFT B3LYP/6-311G* (V1) calculation of the NoHa---N2Ha4

‘(Ref. (Xu and Goddard, 2004)) GGA PBEPBE calculation of the H>0---H20
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Table 4.3 Calculated Bader charge analysis of hydrazine and SWCNT in e? unit.
Relative to hydrazine(SWCNT) = Bader(model) - Bader(N2Hs-isolated, pristine

SWCNT); (N2Hz-isolated = 13.9993; P = 383.9975; ResX(N2Ha).

Model Resl Res2 Res3 Total-N2Hs - Res3  SWCNT
80-113,(P) - - - - 0.00(00)
P-hyd-1 - - 0.00(22) 0.00(00) -0.00(27)
P-hyd-2 - -0.01(43) 0.02(94) -0.01(43) -0.00(94)
P-hyd-3 -0.03(23) -0.03(22) -0.19(77) -0.06(45) 0.26(73)
P-hyd-3 Res3

H H N N H H
0.53(16) 0.58(98) 5.77(03) 5.76(74) 0.59(13) 0.55(12)

4.2  NMR chemical shifts (8)

The calculated NMR 6 was used to confirm the configuration of intermolecular

interaction and that values can compare to experimental results. This study was

described the intermolecular interaction of each electronic band structure state

associated NMR & values.
4.2.1 3C NMR chemical shifts (8)

The 3C NMR chemical shifts (8) of pristine SWCNTs and hydrazine doped
SWCNTs is 8502y (C) = orus(C) — agwent(C), where TMS is tetramethylsilane
(orys(C) =165.78; Ref. (Pickard and Mauri, 2001) =179.17 ppm)) and ¢ is a shielding
constant. The 3C NMR & experimental result of hydrazine doped SWCNTs found a

shift to a higher frequency by 8 ppm (paramagnetic shift) and the broadening of the
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main peak (Mistry et al., 2011) as the SWCNTSs change from an intrinsic to an n-type

semiconductor.

The 3C NMR & peaks of doped SWCNTSs have a width of ~10 ppm (117 to
127). The average shifts are slightly varied as shown in Figure 4.10. We selected 5 of
C atoms that are the closest to the H atom of the N-H---xt interaction of each interaction
(orange peak Figure 4.11a, 4.12a, 4.13a; orange C atoms Figure 4.11b, 4.12b, 4.13b).
In the case of vdW interaction and ISBMVS (P-hyd-1), 2*C NMR § shifts to the higher
frequency as shown in Figure 4.10b and 4.11a. In the case of HB interaction and
ISCMVS (P-hyd-2), *C NMR § shifts to a lower frequency, but remained close to the
position of 3C NMR § of pristine SWCNT as shown in Figure 4.10c and 4.12a. In the
case of HB interaction and DS (P-hyd-3), *C NMR & largely shifts to a lower
frequency. The lowest 13C NMR & was shifted by 4 ppm when compared the pristine

SWCNT as shown in Figure 4.10d and 4.13a.

Consider the *C NMR o contribution part that shown in Table 4.4. The
paramagnetic contribution (the disdortion of the ground electronic state can be
described by mixing excited electronic states into the original ground state), in the case
of vdW interaction and ISBMVS (P-hyd-1), the o shifts with the different (A =
0p(C) — Omoaer(€)) 0.78 ppm. In the case of HB interaction and ISCMVS (P-hyd-2),
the o shifts with the A are -0.02, 0.62 and -0.36 ppm. In the case of HB interaction and
DS (P-hyd-3), the o shifts with the A are -1.51, -0.76 and 0.45 ppm. In the case of DS
occurrence more mixing excited electronic states into the original ground state (A = -

1.51), Therefore, the *C NMR A largely shifts to a lower frequency.
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4.2.2 H NMR chemical shifts ()

The *H NMR & (SEMS(H) = orys(H) — onya(H); arys(H) =29.90; Ref.
(Pickard and Mauri, 2001) = 30.76 ppm) is used to identify DS of hydrazine doped
SWCNTs as shown in Figure 4.14. The DS takes place when the shift of 'H NMR § of
hydrazine molecules is higher than 10 ppm. In the cases of ISBMVS and ISCMVS,
there are no *H NMR & shifts that are higher than 10 ppm. The H atom associated with
each IH NMR § peak is labeled in Figure 4.14b. The hydrazine molecules which cause
the formation of DS give higher *H NMR §. In addition, the H atoms associated with
these peaks (H atom with label 111 and 114 in Figure 4.14b) are pointing toward the N
atom of another molecule. This could be an important signature of the local structures

that lead to the formation of DS of hydrazine doped SWCNTSs.

Table 4.4 Calculated the o (ppm) of C atoms that are closest to the H atom of the N-

H---rt interaction of each interaction.

Model C# Core Bare Dia Para P-occ-occ  P-LR-QR Total

P 57 20051 -4470 234 -104.38 -1.97 -8.60 43.19
P-hyd-1 57 200.51 -45.94 234 -104.38 -1.97 -8.60 41.18
P-hyd-2 57 200.51 -4503 2.34 -104.36 -1.99 -8.60 42.88
P 59 200.51 -44.67 234 -104.34 -1.98 -8.60 43.27
P-hyd-2 59 200.51 -46.22 234 -104.94 -1.97 -8.61 41.09
P 90 20051 -4470 234 -104.38 -1.97 -8.60 43.20
P-hyd-2 90 200.51 -4457 234 -104.02 -1.98 -8.60 43.69
P 55 20051 -44.67 234 -104.34 -1.98 -8.60 43.27
P-hyd-3 55 200.51 -42,66 235 -102.83 -1.96 -8.58 46.82
P-hyd-3 57 200.51 -4352 235 -103.62 -1.96 -8.58 45.18
P-hyd-3 59 200.51 -4526 234 -104.79 -1.96 -8.60 42.24

Core contribution (Core) + Bare contribution (Bare) + Diamagnetic contribution (Dia)
+ Paramagnetic contribution (Para) + Paramagnetic US occ-occ (P-occ-occ) +

Paramagnetic US L-R Q-R (P-LR-QR) = Total (Total).
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Figure 4.10 *C NMR & of hydrazine doped SWCNTSs of each interaction and electronic

band structure, frequency (arb. units).
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Figure 4.11 Selected 3C NMR & (a) and selected C atom (b) of vdW interaction of

hydrazine doped SWCNT, frequency (arb. units), P-hyd-1.

P-hyd-2
—=—=g
N-H..n(C) N2 .77
Average shift: 123.72
— Pristine tube: 122/55 8“% 2.50
| 2.68% W
¥°2.18
125 120

3¢ chemical shift (ppm)
(a) HB, ISCMV'S (b) HB, ISCMVS

Figure 4.12 Selected 3C NMR § (a) and selected C atoms (b) of HB interaction of

hydrazine doped SWCNT, frequency (arb. units), P-hyd-2.
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4.3  Ultraviolet-visibility (UV-Vis) spectroscopic

The calculated photon absorption energy (PAE) and optical transitions of each
electronic band structure state will be described, the degenerate band split into
nondegenerate band from the induced of hydrazine doped SWCNT, and in the case of

DS occurrence the dark exciton has changed to bright exciton will be described.
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4.3.1 Photon absorption energy of IS and DS

The UV-Vis experimental results of hydrazine doped SWCNTSs do not seem to
change their PAE as the samples change from intrinsic semiconductors to n-type
semiconductors. However, there is a decrease in photon absorption intensity when

compares to pristine SWCNTSs (Mistry et al., 2011).

The PAE was considered on the basis of band-to-band transitions (Bassani and
Parravicini, 1989) and selection rules (Griffiths, 2005; Rohlfing and Louie, 2000;
Hiroshi, 2012) of single-electron eigen states. The calculated optical transition
(Davidson-like algorithm (Ge et al., 2014)) of pristine SWCNTSs shows the E11 exciton
composed of band-to-band transitions between the HOMO (H-0) band and the
LUMO+3 (L+3) band, both bands are double degenerate, there are four singlet excitons
formed between them, a dipole-allowed E1; state and three dark states: two degenerate
states and one single state, which is the same as the transition (Mu et al., 2013) studied
by Mu et al. (2013), the orbital shapes of the initial and final states related to the
transitions are shown in Figure 4.16. Our calculated PAE of E11 is 1.278 eV (shown in
Figure 4.15 and Table 4.5) which is in a good agreement with Ref. (Spataru et al., 2004)
(1.39 eV). For IS, ISBMVS (P-hyd-1) our calculated PAE shows a slight change to
higher energy of only 0.001 eV compared to the pristine SWCNTSs. This is consistent
with Ref. (Saidi and Norman, 2014) (SW, DV), Ref. (Konabe and Watanabe, 2011) (1S)
and Ref. (Mu et al., 2013) ((8,0)+0). For ISCMVS (P-hyd-2) our calculated PAE shows
a slight change to lower energy of only -0.005 eV compared to the pristine SWCNTSs,
which consistent with Ref. (Mu et al., 2013) ((8,0)+O; chemisorption). The change of

our calculated PAE associated with the split of degenerate band split into nondegenerate
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band which induced from hydrazine molecules (physisorption). For DS, the PAE
changes slightly, i.e., for P-hyd-3 the PAE changes to higher energy by only 0.013 eV
in comparison to pristine SWCNTSs, to our knowledge, there is no computational values

reported for DS occurrence in (8,0) SWCNT.

The PAE of Ex are shows in Table 4.6, our calculated for pristine SWCNT is
1.647 eV good agreement with calculation of Ref. (Saidi and Norman, 2014) (1.51) and
Ref. (Muetal., 2013) (1.79), for doped SWCNTSs in the case of IS (ISBMVS, ISCMVS)
the PAE slight changes to lower energy (-0.003, -0.005 eV). The case of DS occurrence

the PAE a large change to lower energy with value 0.021 eV.

4.3.2 Optical transition of IS and DS

The PAE is associated with the optical transition. The optical transitions of E11
are shows in Table 4.7. We listed the calculated Eigen energies near the band edge are
shows in Table 4.8. For the pristine SWCNT, we listed the occupied levels and
unoccupied levels as H (HOMO, highest occupied molecular orbital) and L (LUMO,
lowest unoccupied molecular orbital) with increasing index number as the level is
moved away from the band edge. In addition, we also put the label (-) and (+) for levels
with non-degeneracies in doped SWCNTSs. When hydrazine caused the degenerate band
of SWCNTSs to split into nondegenerate bands ((-),(+)), the optical transitions also
changed. For the ISCMVS (P-hyd-2), bright excitons of E11 (dipole-allowed) are the
optical transitions from H-0(+) — L+3(-) and H-0(-) — L+3(+), and dark excitons
(dipole-forbidden) are the optical transitions from H-0(+) — L+3(+) and H-0(-) —
L+3(-), the bright and dark excitons in this case are same transitions as O doped (8,0)

SWCNT (chemisorption) was reported by Ref. (Mu et al., 2013), the bright exciton has
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slightly change in PAE compared to pristine SWCNT (-5 meV). For the ISBMVS (P-
hyd-1) and DS (P-hyd-3), bright excitons of E1; are the optical transitions from H-0(+)
— L+3(-) and H-0(-) —» L+3(+), and dark excitons changed to bright excitons are the
optical transitions from H-0(+) — L+3(+) and H-0(-) — L+3(-), the orbital shapes of
the initial and final states related to the transitions are shown in Figure 4.18, 4.19, 4.20
and 4.21, the bright excitons has slightly change to higher energy in PAE compared to
pristine SWCNT (1 and 13 meV respectively). The components of dipole polarizability
(;;) shown in Figure 4.15, the main component is from a,, which tube axis is along

the z direction.

The optical transitions of E»» are shows in Table 4.6, the bright excitons of
pristine SWCNT are the transitions (principle components) from H-1(A) — L+2(B)
and H-1(B) — L+2(A), the orbital shapes of the initial and final state related to the
transition are shown in Figure 4.17. The hydrazine caused the degenerate band of
SWCNTSs to split into nondegenerate bands, the optical transitions also changed, for all
doped SWCNT the bright excitons transitions are from H-1(+) — L+2(-) and H-1(-) —

L+2(+).
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Figure 4.15 Calculated photon absorption energy of (a) pristine (8,0) SWCNT, (b)-(d)
doped SWCNT. The corresponding optical transition states, band structures, and
density of states are shown on the right (e)-(h). The z axis is defined along the tube

direction.
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Figure 4.15 Calculated photon absorption energy of (a) pristine (8,0) SWCNT, (b)-(d)
doped SWCNT. The corresponding optical transition states, band structures, and
density of states are shown on the right (e)-(h). The z axis is defined along the tube

direction (Continued).

(a) HOMO; (A, B; n) (b) LUMO+3; (A, B; &, n*)

Figure 4.16 Relevant molecular orbitals for Ei11 (A11, B11) optical transition of the

pristine (8,0) SWCNT; (c), (e) the dipole-allowed transition and (d), (f) the dipole

forbidden.
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(c) H-0(A) —» L+3(A); dipole-allowed; (d) H-0(A) — L+3(B); dipole-forbidden;

T—>T T—>7T*,T—>n

E
G
f

(e) H-0(B) — L+3(B); dipole-allowed; (F) H-0(B) — L+3(A); dipole-forbidden;
T— T T—>T5,T—>7

Figure 4.16 Relevant molecular orbitals for Ei11 (Ai1, B11) optical transition of the

pristine (8,0) SWCNT; (c), (e) the dipole-allowed transition and (d), (f) the dipole

forbidden (Continued).
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(c) H-1(A) - L+2(B); dipole-allowed; (d) H-1(A) — L+2(A); dipole-forbidden;

> T—>n T—>T

Figure 4.17 Relevant molecular orbitals for E2> (A2, B2o) optical transition of the
pristine (8,0) SWCNT; (c), (e) the dipole-allowed transition and (d), (f) the dipole

forbidden.
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(e) H-1(B) —» L+2(A); dipole-allowed; (f) H-1(B) — L+2(B); dipole-forbidden;

T —>nnT—>mn T— T

Figure 4.17 Relevant molecular orbitals for Ex (A2, B2 optical transition of the
pristine (8,0) SWCNT; (c), (e) the dipole-allowed transition and (d), (f) the dipole

forbidden (Continued).
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(c) H-0(+) — L+3(-); dipole-allowed,; (d) H-0(+) — L+3(+); dipole-allowed:;

T—>n*T—>n T—>1n

Figure 4.18 Relevant molecular orbitals for E11 (A11) optical transition of the doped

(8,0) SWCNT P-hyd-1 model; (c) and (d) the dipole-allowed transition.
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(c) H-0(-) > L+3(+); dipole-allowed; (d) H-0(-) — L+3(-); dipole-allowed;

T—>T*T—>n T—>T

Figure 4.19 Relevant molecular orbitals for E11 (B11) optical transition of the doped

(8,0) SWCNT P-hyd-1 model; (c) and (d) the dipole-allowed transition.
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(c) H-0(+) — L+3(+); dipole-allowed,; (d) H-0(+) — L+3(-); dipole-allowed;

T—>n*T—>n T—>T

Figure 4.20 Relevant molecular orbitals for E11 (A11) optical transition of the doped

(8,0) SWCNT P-hyd-3 model; (c) and (d) the dipole-allowed transition.
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(c) H-0(-) = L+3(-); dipole-allowed,; (d) H-0(-) — L+3(+); dipole-allowed,;

T—>T*T—>n T—>T

Figure 4.21 Relevant molecular orbitals for E11 (B11) optical transition of the doped

(8,0) SWCNT P-hyd-3 model; (c) and (d) the dipole-allowed transition.
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Table 4.5 E11 Photon absorption energy (PAE) in eV of pristine and doped SWCNTSs.

Abbreviations: P = pristine, SW = Stone-Wales, DV = diatom vacancies, SV = single

vacancy, IS = impurity state, DS = donor state, ISBMVS = impurity state below the

maximum valence state, ISCMVS = impurity state close to the maximum valence state,

Shift = (PAE-doped) - (PAE-pristine).

Model (E11)
PAE PAE Initial Final
Source System  pristine  doped Shift state state
Exp.2 P (8,0) 1.598 - - - -
LDAP P (8,0) 1.39 - - - -
PBE® SW (7,00 0.89 0.88 -0.01 - -
DV 97,00 0.89 0.81 -0.08 - -
TB-BSEY 1S(20,0) 0.637 0.623  -0.014 - -
GW+BSE® P (8,0) 1.53 - - H-0 L+3
O (8,0) 1.53 1.45 -0.08 H-0(+) L+3(-)
O (8,0) 1.53 1.62 0.09 H-0(-) L+3(+)
2H (8,0) 1.53 1.27 -0.26 Statey State>
SV (8,0) 1.53 0.97 -0.56 - -
SW (8,0) 1.53 1.35 -0.18 - -
Present
P (8,0) Intrinsic ~ 1.278 - - H-0(A) L+3(A)
P (8,0) Intrinsic ~ 1.278 - - H-0(B) L+3(B)
P-hyd-1 ISBMVS  1.278 1.279 0.001 H-0(+)  L+3(+);L+3(-)
P-hyd-1 ISBMVS 1278 1.279 0.001 H-0(-)  L+3(+);L+3(-)
P-hyd-2 ISCMVS  1.278 1.273 -0.005 ~ H-0(+) L+3(-)
P-hyd-2 ISCMVS = 1.278 1.273 ~ -0.005  H-0(-) L+3(+)
P-hyd-3 DS 1.278 1.291 0.013 H-0(+)  L+3(+);L+3(-)
P-hyd-3 DS 1.278 1.291 0.013 H-0(-)  L+3(+);L+3(-)

& Ref. (Weisman and Bachilo, 2003); Experimental measurement of the pristine (8,0)

SWCNT; ° Ref. (Spataru et al., 2004); LDA calculations of the pristine (8,0) SWCNT

¢ Ref. (Saidi and Norman, 2014); PBE calculations of 3 units supercell of the (7,0)

SWCNT:; ¢ Ref. (Konabe and Watanabe, 2011); Tight-binding+BSE calculations of the

(20,0) SWCNT; © Ref. (Mu et al., 2013); GW+BSE, PBE calculations of the pristine

(8,0) SWCNT
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Table 4.6 E2> Photon absorption energy (PAE) in eV of pristine and doped SWCNTSs.
Abbreviations: P = pristine, SW = Stone-Wales, DV = diatom vacancies, SV = single
vacancy, IS = impurity state, DS = donor state, ISBMVS = impurity state below the
maximum valence state, ISCMVS = impurity state close to the maximum valence state,

Shift = (PAE-doped) - (PAE-pristine).

Model (E2)
PEA PAE Initial Final

Source System pristine doped Shift state state
Exp.2 P (8,0) 1.878 - - - -
LDAP P (8,0) 1.51 - - - -
PBE® SW (7,0) 2.19 2.40 0.21 - -

DV (7,0) 2.19 2.29 0.10 - -
GW+BSE® P (8,0) 1.79 - - H-1 L+2
Present
P (8,0) Intrinsic 1.647 - - H-1(A) L+2(B)
P (8,0) Intrinsic 1.647 - - H-1(B) L+2(A)

P-hyd-1  ISBMVS  1.647 1644  -0003 H-1(+)  L+2(9)
P-hyd-1  ISBMVS  1.647 1644 -0003 H-1(-)  L+2(%)
P-hyd-2  ISCMVS  1.647 1642  -0005 H-1(+)  L+2(")
P-hyd-2  ISCMVS  1.647 1642  -0005  H-1(-)  L+2(+)
P-hyd-3 DS 1647 1626  -0.021  H-1(+)  L+2()
P-hyd-3 DS 1647  1.626  -0.021  H-1()  L+2(+)

8 Ref. (Weisman and Bachilo, 2003); Experimental measurement of the pristine (8,0)

SWCNT

b Ref. (Spataru et al., 2004); LDA calculations of the pristine (8,0) SWCNT

¢ Ref. (Saidi and Norman, 2014); PBE calculations of 3 units supercell of (7,0)
SWCNT

¢ Ref. (Mu et al., 2013); GW+BSE, PBE calculations of the pristine (8,0) SWCNT
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Table 4.7 Electric dipole allowed (di-al) and forbidden (di-fo) optical transitions of

pristine and doped (8,0) SWCNTSs. Abbreviations: P = pristine, DS = donor state,

ISBMVS = impurity state below the maximum valence state, ISCMVS = impurity state

close to the maximum valence state.

Model System  Euig, di-al E11, di-fo

P (8,0) Intrinsic  H-0(A) —> L+3(A) H-0(A) — L+3(B)
P (8,0) Intrinsic H-0(B) —» L+3(B) H-0(B) — L+3(A)
P-hyd-1 ISBMVS H-0(+) » L+3(+) -

P-hyd-1 ISBMVS H-0(+) »> L+3(-) -

P-hyd-1 ISBMVS H-0(-) > L+3(+) -

P-hyd-1 ISBMVS H-0(-) > L+3(-) -

P-hyd-2 ISCMVS H-0(+) — L+3(-) H-0(+) — L+3(+)
P-hyd-2 ISCMVS H-0(-) > L+3(+) H-0(-) > L+3(-)
P-hyd-3 DS H-0(+) — L+3(+) \

P-hyd-3 DS H-0(+) — L+3(-) -

P-hyd-3 DS H-0(-) - L+3(+) =

P-hyd-3 DS H-0(-) - L+3(-) -
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Table 4.8 Calculated Eigen energies in eV at the I'-point of the pristine (8,0) SWCNT
and doped (8,0) SWCNTs, model, P-hyd-1, P-hyd-2 and P-hyd-3. To aid identification
of the energy levels, the labels are shown. The Fermi energy (Es) of each system is also
shown. Label abbreviations: L = lowest unoccupied molecular orbital, H = highest

occupied molecular orbital.

Energy (eV)

P Label P-hyd-1 Label P-hyd-2 Label P-hyd-3 Label
-1.8549 L+3(A) -1.8694 L+3(+) -1.8999 L+3(+) -1.7321 L+3(+)
-1.8549 L+3(B) -1.8749 L+3(-) -1.9063 L+3(-) -1.7354 L+3(-)
-1.9938 L+2(A) -2.0102 L+2(+) -2.0402 L+2(+) -1.8781 L+2(+)
-1.9941 L+2(B) -2.0181 L+2(-) -2.0466 L+2(-) -1.8914 L+2(-)
-2.1142  L+1(A) -2.1171 L+1(+) -2.1416 L+1(+) -1.9897 L+1(+)
-2.1142 L+1(B) -2.1545 L+1(-) -2.1912 L+1(-) -2.0328 L+1(-)
-2.5034 L+0 -2.5252 L+0 -2.5571 L+0 -2.3996 L+0
-2.9736 Et -2.9922 Es - Es -2.4755 =
-3.0989 H-0(A) -3.1122 H-0(+) -3.1395 H-0(+) -2.5678 DS-0
-3.0989 H-0(B) -3.1234 H-0(-) -3.1491 H-0(-) -2.9897 H-0(+)
-3.5996 H-1(A) -3.6146 H-1(+) -3.2777 1S-0 -2.9944 H-0(-)
-3.6005 H-1(B) -3.6157 H-1(-) -3.5279 IS-1 ~ -3.4675 H-1(+)
-4.7058 H-2(A) -3.8857 IS-0  -3.6431  H-1(+) -3.4739 H-1(-)
-4.7058 H-2(B) -3.8972  IS-1 = -3.6483 H-1(-) -4.0102 1S-1

-4.7142 - -4.7195 H-2(+) -4.1028 IS-2  -4.1746 IS-2
-4.7142 - -4.7226  H-2(-) -4.4571 IS-3  -4.4412 IS-3
-4.7142 - -4.7306 - -4.7460 H-2(+) -4.5144 IS-4

47142 - 47321 - 47542 H-2(-) -45766 H-2(+)
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4.3.3 Native defect in SWCNTs

The adsorption at defect sites produces a large electronic response that affects
and sometimes even dominates the SWCNT capacitance and conductance sensitivity
(Robinson et al., 2006). SWCNT defects can be classified into four main groups: (1)
topological (introduction of ring sizes other than hexagons), (2) rehybridization (ability
of C atom to hybridize between sp? and sp®), (3) incomplete bonding defects (vacancies,
dislocation) and (4) doping with other element than C (Charlier, 2002). The defect
formation energy Eor is defined as Efor = Eqet — Ep + Ny, where Eqer is the total energy
of SWCNT with a defect, Ep is the total energy of a pristine SWCNT, n (+) is number
of C atom being removed from the defect, s is chemical potential (total energy of
pristine SWCNT divide by number of C atoms of pristine) (Padilha et al., 2011)). The
three lowest formation energy defects are Stone-Wales (SW, topological), diatom-

vacancy (DV) and single-vacancy (SV) (Kabir and Van Vliet, 2016; Zhou et al., 2014).

For the zigzag (n,0) semiconducting SWCNT, (7,0) SWCNT is the smallest
diameter SWCNT. The (5,0) is metallic because of curvature effect induced
hybridization between o-n bands. There are two series of zigzag semiconducting
SWCNT which mod(m-n,3) equal to 1 or 2. The (8,0) SWCNT is the smallest diameter
semiconduction SWCNT with mod(m-n,3) equal to 2. The UV-vis depends on chiral
index (n,m) and mod(m-n,3) value (Weisman and Bachilo, 2003; Saidi and Norman,
2014). The signature of defect and UV-vis of (7,0) SWCNT was previously studied by

Saidi and Norman (Saidi and Norman, 2014).

In this study we studied the pristine SWCNT and native defects in SWCNT by

first principles calculations. We focused our attentions on the semiconducting (8,0)
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SWCNT which has mod(m-n,3) equal to 2. The photon absorption energy and optical
transitions associated with native defects are studied. The pristine SWCNT and
defected semiconducting SWCNT are classified by using photon absorption energy and
optical transitions. To obtain converged spectra, 2500 Lanczos iterations for pristine

SWCNT and 5000 for defect SWCNTSs were used.

In this work, in additional to the pristine (8,0) SWCNT, three native defects in
the (8,0) SWCNT are studied. To study defects, a supercell approach with a supercell
containing 3 primitive cells, resulting in a 96 C atoms cell, is used. To avoid spurious
interactions between SWCNTSs in the repetitive cells, a large a and b parameter of 21 A
is used. This leaves sufficient empty space between the neighboring SWCNTSs as the
diameter of the pristine SWCNT is only 6.36 A. The defects in the (8,0) SWCNT

included in this work, as schematically illustrated in Figure 4.22, are:

(1) Asingle vacancy defect (SV) where a C atom is removed from the supercell.
After an ionic optimization, the neighboring C atoms relax to form a five-
member ring and a nine-member ring with a dangling bond (Nongnual and
Limtrakul, 2011), shown in Figure 4.22(b).

(2) A diatom vacancy defect (DV) where two adjacent C atoms with the C-C
bond parallel with the SWCNT axis are removed from the supercell. After
an ionic optimization, the neighboring C atoms relax to form two five-
member rings and an eight-member ring in the (5-8-5) structure as shown in
Figure 4.22(c).

(3) A Stone-Wales defect (SW) where one (n/2) C-C bond, which the axis

parallel to SWCNT axis (6 = 0), is twisted by 90° such that the four adjacent
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six-member rings turn into two five-member rings and two seven-member
rings. This SW defect is reported to be the lowest energy defect (Kabir and
Van Vliet, 2016). After an ionic optimization, the resulting pentagon-

heptagon pair (5-7-7-5) structure is shown in Figure 4.22(d).

For all of models, we calculated the geometry and the electronic configurations at the
ground state to explain the properties of the systems. First, we calculated the cell
optimization of each model system including the pristine SWCNT as well as the three
defected SWCNTs. All atoms in the supercell are allowed to relax until the atomic
forces on each atom become less than 2.3x10* Ry/a.u. The optimized electronic
configuration can be used to calculate the band structures, density of states (DOS) and

finally optical absorption spectra.
3.3.4 Electronic structures of native defect in SWCNTSs

The calculated electronic levels of the pristine (8,0) SWCNT as well as those
from the three defects (SV, DV, and SW) studied are shown in Table 4.9. We listed the
calculated Eigen energies near the band edge. For the pristine SWCNT, we listed the
occupied levels and unoccupied levels as H (HOMO, highest occupied molecular
orbital) and L (LUMO, lowest unoccupied molecular orbital) with increasing index
number as the level is moved away from the band edge. In addition, we also put the
label (A) and (B) for levels with degeneracies. For the defected SWCNT, we listed the
occupied levels and unoccupied levels as oc (occupied) and vi (virtual) with increasing
index number as the level is moved away from the band edges. Er indicates the Fermi

level of the system.
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Table 4.10 tabulates the calculated formation energies and electronic band gaps
of the pristine (8,0) SWCNT and defected SWCNTSs. The formation energies of defects
are 2.38, 3.19 and 5.10 eV for SW, DV, and SV, respectively. The band gap of the
pristine (8,0) SWCNT is 0.60 eV which is in great agreement with the value 0.60 eV
reported in Ref. (Spataru et al., 2004). The calculated electronic band gap of SW defect
SWCNT is 0.74 eV which is slightly larger than the electronic band gap of pristine
SWCNT due mainly to the shift up of the lowest unoccupied level (vi+0). The band
gaps of both SV and DV are smaller than the pristine one with the values 0.43 eV and
0.08 eV, respectively. The lowering of the bang daps of these vacancy defects are due

to the downward shift of the lowest unoccupied level (vi+0).
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(c) DV (d) SW

Figure 4.22 Schematic illustration of the structure of (a) pristine (8,0) SWCNT, (b)
Single vacancy (SV) defect, (c) Diatom-vacancy (DV) defect and (d) Stone-Wales

(SW) defect.
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Figure 4.23 Calculated photon absorption energy of (a) pristine (8,0) SWCNT, (b)-(d)

defected SWCNT. The corresponding optical transition states, band structures, and

density of states are shown on the right (e)-(h). The z axis is defined along the tube

direction.
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Figure 4.23 Calculated photon absorption energy of (a) pristine (8,0) SWCNT, (b)-(d)
defected SWCNT. The corresponding optical transition states, band structures, and
density of states are shown on the right (e)-(h). The z axis is defined along the tube

direction (Continued).

4.3.5 Optical transitions of native defect in SWCNTSs

In order to obtain the photon absorption spectra from the calculated electronic
levels, we have to determine the optical transition between electron Eigen states. The
photon absorption energies are determined on the basis of band-to-band transitions
(Bassani and Parravicini, 1989) and selection rules (Griffiths, 2005; Rohlfing and
Louie, 2000; Hiroshi, 2012) of single-electron Eigen states. The calculated optical
transition (Davidson-like algorithm (Ge et al., 2014)) of pristine SWCNTSs shows the
E11 exciton composed of band-to-band transitions between the highest occupied
molecular orbital H-0 band and unoccupied molecular orbital L+3 band. Because both
bands are double degenerate, there are four singlet excitons formed between them, a

dipole-allowed Ei: state and three dark states: two degenerate states and one singlet
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state. This is previously described by Mu et al. (Mu et al., 2013) Our calculated PAE
of E11 for pristine (8,0) SWCNT is 1.28 eV which is in a reasonable agreement with
Ref. (Spataru et al., 2004) (1.39 eV) and Ref. (Mu et al., 2013) (1.53 eV). The orbital
shapes of the initial and final states related to the transition are shown in Figure 4.24
and 4.25. Similarly analysis shows the E» excitation in pristine (8,0) SWCNT
composed of the band-to-band transitions between the lower occupied orbital H-1 to
the unoccupied orbital L+2. Our calculated PAE of E2. for pristine (8,0) SWCNT is
1.65 eV which is in a reasonable agreement with Ref. (Spataru et al., 2004) (1.51 eV)
and Ref. (Mu et al., 2013) (1.80 eV). Note that the values from Ref. (Mu et al., 2013)
are consistently higher than our values, due to the difference in computational approach
used. The GW results are not suffered from the so-called DFT band gap
underestimation. The optical transitions of pristine (8,0) SWCNT and defected (8,0)

SWCNTSs are shown in Table 4.11.

For the single vacancy defect, our calculated bright excitons of the optical
transitions (principle components) for E11 process are from oc-1 — vi+0 and for Ez.
from oc-0 — vi+5. The orbital shapes of the initial and final states related to the
transition as well as the combined plot of initial and final states are shown in Figure
4.26. For the diatomic vacancies defect, our calculated bright excitons of the optical
transitions for E11 process are from oc-2 — vi+0 and for Ez> from oc-0 — vi+6. The
orbital shapes of the initial and final states related to the transition as well as the
combined plot of initial and final states are shown in Figure 4.27. For the Stone-Wales
defect, our calculated bright excitons of the optical transitions for E1; are from oc-2 —

vi+0 and for E»» from oc-2 — vi+1. The orbital shapes of the initial and final states
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related to the transition as well as the combined plot of initial and final states are shown
in Figure 4.28. The components of the dipole polarizability () are shown in Figure
4.23. The main component is from s, because of SWCNT is a one-dimensional

material with the tube axis align along the z-axis.

P p
o Qo

“ﬂ‘-

() HOMO-0(A) (b) LUMO+3(A)

(c) H-0(A) — L+3(A); dipole-allowed  (d) H-0(A) — L+3(B); dipole-forbidden

Figure 4.24 Relevant molecular orbitals for E11 (A11) optical transition of the pristine

(8,0) SWCNT; (c) the dipole-allowed transition and (d) the dipole forbidden.
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(c) H-0(B) — L+3(B); dipole-allowed ~ (d) H-0(B) — L+3(A); dipole-forbidden

Figure 4.25 Relevant molecular orbitals for E11 (B11) optical transition of the pristine

(8,0) SWCNT; (c) the dipole-allowed transition and (d) the dipole forbidden.
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(c) occ-1 — virt+0; dipole-allowed; Ex1 (d) occ-0 — virt+5; dipole-allowed; E2>

Figure 4.26 Relevant molecular orbitals for E1: and E22 optical transitions of the single
vacancy defect, SV, in (8,0) SWCNT; (c) the dipole-allowed E1: transition and (d) the

dipole-allowed E2, transition.
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(c) occ-2 — virt+0; dipole-allowed; E11 (d) occ-0 — virt+6; dipole-allowed; E2>

Figure 4.27 Relevant molecular orbitals for E11 and E2. optical transitions of the diatom
vacancy defect, DV, in (8,0) SWCNT; (c) the dipole-allowed E1; transition and (d) the

dipole-allowed E2, transition.
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(c) occ-2 — virt+0; dipole-allowed; E11 (d) occ-2 — virt+1; dipole-allowed; E2»

Figure 4.28 Relevant molecular orbitals for E11 and E22 optical transitions of the Stone-
Wales defect, SW, in (8,0) SWCNT; (c) the dipole-allowed E1: transition and (d) the

dipole-allowed E2, transition.
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Table 4.9 Calculated Eigen energies in eV at the I'-point of the pristine (8,0) SWCNT
and defected (8,0) SWCNTs, namely, single vacancy (SV), diatom vacancy (DV), and
Stone-Wales (SW). To aid identification of the energy levels, the labels are shown in
column 2 and 6 for pristine SWCNT and defected SWCNTSs, respectively. The Fermi
energy (Es) of each system is also shown. Label abbreviations: L = lowest unoccupied
molecular orbital, H = highest occupied molecular orbital, vi = virtual state, oc =

occupied state.

Energy (eV)

Pristine Label SV DV SW Label
-1.8549  L+3(A) -1.8237  -1.7286  -1.7278  vi+6
-1.8549  L+3(B) -1.9233  -1.7743  -1.8264  vi+5
-1.9938 L+2(A) -1.9974 -1.8421 -1.9499 Vi+4
-1.9941  L+2(B) -2.1308  -2.0785  -1.9791  vi+3
-2.1142  L+1(A) -2.1456  -2.1597  -2.0618 = vi+2
-2.1142  L+1(B) -2.5243  -25758  -2.1141  vit+l
-2.5034 L+0 -2.5787  -2.8449  -2.3953  vi+0
-2.9736 Et -2.8933  -2.8655  -3.0492 Es

-3.0989  H-0(A) -3.0096  -2.9202  -3.1382 oc-0
-3.0989  H-0(B) -3.1901  -3.4555  -3.2263 oc-1
-3.5996  H-1(A) -3.5878  -3.5635  -3.3053 oc-2
-3.6005  H-1(B) -3.6829  -3.7678  -3.5676 oc-3
-4.7058  H-2(A) -4.2628  -4.0381  -4.3094 oc-4
-4.7058  H-2(B) -4.3894  -45168 -4.6384 oc-5
-4.7142 - -4.7028  -4.6575  -4.6545 oc-6

-4.7142 - -4.7187  -4.6913  -4.6807 oc-7
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4.3.6 Photon absorption spectra of native defect in SWCNTSs

The photon absorption spectra can be used to identify the pristine SWCNTSs as
well as native defects in them. This is because the photon absorption spectra are related
to the electronic band structure states of pristine and defects in semiconducting
SWCNT. As previously mentioned, in this study we focused our attentions on the
pristine (8,0) SWCNT and three types of defects in the pristine (8,0) SWCNTSs, i.e., SV,

DV and SW defects using a supercell approach (Saidi and Norman, 2014).

Based on the allowed optical transitions (Table 4.11) and the calculated Eigen
energy of each state (Table 4.9), the photon absorption energies are shown in Table
4.12. For the E11 optical transition, we obtained the photon absorption energies (PAE)
associated with SV, DV, and SW of 0.85, 0.73, and 0.94 eV, respectively. These PAEs
are all smaller than the calculated PAE of pristine (8,0) SWCNT of 1.28 eV. Because
the relative energies are expected to be more accurate than the absolute PAE due to the
well-known DFT band gap underestimation, we calculate the relative PAE (label as
‘Shift’ in Table 4.12) associated these defects relative to that of pristine PAE value.
The characteristic PAE for the E11 optical transition of SV, DV, and SW defects are
expected at 0.43, 0.55, and 0.34 eV below the PAE of pristine SWCNT. These relative
PAEs are compared favorably with the calculated values in Ref. (Mu et al., 2013) which
expects the E1x PAEs of SV and SW at 0.56 and 0.18 eV below the PAE of pristine

SWCNT.

For the E2, optical transition (Table 4.13), to our knowledge, there is no
computational values reported for SV, DV, and SW defects in (8,00 SWCNT.

Therefore, our values could serve as the first prediction for further experimental
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identification of these defects. We obtained the PAE associated with SV, DV, and SW
of 1.14,1.22, and 1.24 eV, respectively. These are all smaller than the calculated PAE
of pristine (8,0) SWCNT of 1.65 eV. Therefore, the characteristic PAE for the E2.
optical transition of SV, DV, and SW defects are expected to see at 0.51, 0.43, and 0.41

eV below the PAE of pristine SWCNT.

Table 4.10 Calculated formation energies and band gaps of the pristine (8,0) SWCNT
and defected (8,0) SWCNTs, namely, single vacancy (SV), diatom vacancy (DV), and
Stone-Wales (SW). The band gaps are calculated from the lowest unoccupied state

minus the highest occupied state in Table 4.9.

System Band gap Efor

(I'; eV) (eV)
Pristine (8,0) 0.60 0.00
SV 0.43 5.10
DV 0.08 3.19

SW 0.74 2.38
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Table 4.11 Electric dipole allowed (di-al) and forbidden (di-fo) optical transitions of

pristine and defected (8,0) SWCNTSs. Abbreviations: P = pristine, SW = Stone-Wales,

DV = diatom vacancies, SV = single vacancy.

System E11, di-al E11, di-fo
P H-0(A) — L+3(A) H-0(A) — L+3(B)
P H-0(B) — L+3(B) H-0(B) — L+3(A)
SV oc-1 — vi+0 -
DV 0c-2 — Vi+0 -
SW 0c-2 — Vvi+0 -
E», di-al E2», di-fo
P H-1(A) — L+2(B) H-1(A) — L+2(A)
P H-1(B) — L+2(A) H-1(B) — L+2(B)
SV 0c-0 — vi+5 -
DV 0c-0 — vi+6 -
SW 0c-2 — Vi+l -
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Table 4.12 Ei; Photon absorption energy (PAE) in eV of pristine and defected

SWCNTSs. Abbreviations: P = pristine, SW = Stone-Wales, DV = diatom vacancies,

SV =single vacancy, IS = impurity state, Shift = (PAE-defect) - (PAE-pristine).

Model (E11)
PAE PAE Initial Final
Source System  pristine defect  Shift state state
Exp? P (8,0) 1.598 - - - -
LDAP P (8,0) 1.39 - - - -
PBE® SW (7,00 0.89 0.88 -0.01 - -
DV (7,00 0.89 0.81 -0.08 - -
TB-BSEY 1S(20,0) 0.64 062  -0.02 - -
GW+BSE® P (8,0) 1.53 - - H-0 L+3
O (8,0) 1.53 1.45 -0.08 H-O(+) L+3(-)
O (8,0) 1.53 1.62 0.09 H-O(-) L+3(+)
2H (8,0) 1.53 1.27 -0.26 State; State
SV (8,0) 1.53 0.97 -0.56 - -
SW(8,0) 1.53 1.35 -0.18 - -
Present P (8,0) 1.28 - - H-0(A) L+3(A)
P (8,0) 1.28 - - H-0(B) L+3(B)
SV (8,0) 1.28 0.85 -0.43 oc-1 vi+0
DV (8,0) 1.28 0.73 -0.55 oc-2 vi+0
SW (8,00 1.28 0.94 -0.34 0c-2 vi+0

& Ref. (Weisman and Bachilo, 2003); Experimental measurement of the pristine (8,0)

SWCNT

b Ref. (Spataru et al., 2004); LDA calculations of the pristine (8,0) SWCNT

¢ Ref. (Saidi and Norman, 2014); PBE calculations of 3 units supercell of (7,0)

SWCNT

dRef. (Konabe and Watanabe, 2011); Tight-binding+BSE calculations of the (20,0)

SWCNT

¢ Ref. (Mu et al., 2013); GW+BSE, PBE calculations of the pristine (8,0) SWCNT
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Table 4.13 Ez Photon absorption energy (PAE) in eV of pristine and defected

SWCNTSs. Abbreviations: P = pristine, SW = Stone-Wales, DV = diatom vacancies,

SV =single vacancy, IS = impurity state, Shift = (PAE-defect) - (PAE-pristine).

Model (E2)
PAE PAE Initial Final
Source System  pristine defect  Shift state state
Exp? P (8,0) 1.878 - - - -
LDAP P (8,0) 1.51 - - - -
PBE® SW (7,00 219 2.40 0.21 - -
DV (7,00 219 2.29 0.10 - -
GW+BSE® P (8,0) 1.79 - - H-1 L+2
Present P (8,0) 1.65 - - H-1(A) L+2(B)
P (8,0) 1.65 - - H-1(B) L+2(A)
SV (8,0) 1.65 1.14 -0.51 oc-0 Vi+5
DV (8,0) 1.65 1.22 -0.43 oc-0 Vi+6
SW(8,0) 165 124 -041 oc-2 vi+l

& Ref. (Weisman and Bachilo, 2003); Experimental measurement of the pristine (8,0)

SWCNT

b Ref. (Spataru et al., 2004); LDA calculations of the pristine (8,0) SWCNT

¢ Ref. (Saidi and Norman, 2014); PBE calculations of 3 units supercell of (7,0)

SWCNT

¢ Ref. (Mu et al., 2013); GW+BSE, PBE calculations of the pristine (8,0) SWCNT



CHAPTER V

CONCLUSIONS

5.1 Configurations

This is a theoretical study report of pure hydrazine doped single-walled carbon
nanotubes (SWCNTSs) which obtained donor state (DS) in the electronic band structure.
The density functional theory (DFT) corrected by van der Walls (vdW) interaction is
important for calculation that form the hydrogen bond network (HBN), which cause for
charge transfer form hydrazine molecules to SWCNT. The DS occurrence, it depends
on both HBN and configurations of a hydrazine molecule; this molecule a H atom of
both side of itself pointing to a N atom of another molecule (a N atom of itself could
pointed by a H atom of another molecule). For the hydrazine gas phase doped SWCNT
it cannot occur DS, it is a vdW interaction and the electronic band structure state is
impurity state below the maximum valence state (ISBMVS). When HBN occurrence,
the intermolecular interaction is a noncovalent interactions (NCI), it consists of vdW,
N-H---w and N-H---N interactions, and the electronic band structure state are impurity

state close to the maximum valence state (ISCMVS) and DS.
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5.2 NMR chemical shifts (8)

The DFT study on the nuclear magnetic resonance (NMR) chemical shift (5) of
hydrazine doped SWCNT and obtained the DS. To confirm the configuration which
obtained DS we found 3C NMR § shifts to a lower frequency (4 ppm) for the case of
N-H---w interaction when compare to pristine SWCNT, and shifts to a higher frequency
for the case of vdW interaction. For *H NMR & of hydrazine molecules, when HBN
occur the *H NMR & shifts to a higher frequency when compare to isolated hydrazine
(Gauche), and more shifts to a higher frequency (10 ppm compare to TMS) for a
molecule that satisfied the condition to occur DS. The signatures of *H NMR § could

use to identify the DS in electronic band structure state.

5.3 Ultraviolet-visibility (UV-Vis) spectroscopic

The TDDFT study on the photon absorption energy (PAE) of pristine and doped
SWCNTSs. The PAE for E11 of pristine SWCNT is 1.278 eV. For doped SWCNTSs, in
the case of impurity state (IS) occurrence both of ISBMVS and ISCMVS the PAE are
1.279 and 1.273 eV, have a slight change with values 1 and -5 meV compare to pristine
SWCNT, respectively. In the case of DS occurrence the PAE is 1.291 eV has a slight
change with value 13 meV compare to pristine SWCNT, this signature use to identify
DS (n-type) in doped SWCNTSs. For E2 in the case of DS occurrence the PAE change

to lower energy with value 21meV compare to pristine SWCNT.

The physisorption of hydrazine doped SWCNT is a cause for change the optical

transition of E11 peak of PAE. When hydrazine caused the degenerate band of SWCNTs
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to split into nondegenerate bands ((-),(+)), the optical transitions also changed. In the
case DS occurrence the dark excitons changed to bright excitons are the optical
transitions from HOMO-0(+) —» LUMO+3(+) and HOMO-0(-) —» LUMO+3(-), the
bright exciton has slight change in photon absorption energy that change to higher

energy with value 13 meV compare to pristine SWCNTSs.

We have calculated the photon absorption energies of pristine and defected (8,0)
single-walled carbon nanotubes (SWCNT) using time dependent density functional
theory based on the electronic structures obtained from the density functional theory
corrected by the van der Waals (vdW) interactions. Our calculated E1; and E2; PAE of
pristine SWCNT are 1.28 eV and 1.65 eV, respectively. These values are in a
reasonable agreement, albeit lower due to the well-known DFT band gap
underestimation, with the GW calculations (1.53 eV and 1.79 eV) and experimental
values (1.598 eV and 1.878 eV). Because the band gap underestimation is expected to
be systematic, we calculated the relative PAE of the three defects, namely single
vacancy (SV), diatom vacancy (DV), and Stone-Wales (SW) with respect to the PAE
of pristine SWCNT. For E11 optical transition, our calculated characteristic PAE of SV,
DV, and SW defects are 0.43, 0.55, and 0.34 eV below the PAE of pristine (8,0)
SWCNT. For E2. optical transition, our calculated characteristic PAE of SV, DV, and
SW defects are 0.51, 0.43, and 0.41 eV below the PAE of pristine (8,0) SWCNT. These
PAE predictions can be used to identify defects in (8,0) SWCNT. The detail of the
defect formation energies, Eigen states, density of states and photon transition

characteristics are also provided.
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