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Abstract: After we thoroughly surveyed first-principles theoretical methods commonly employed in
the studies of carbon nanotubes, we highlighted the performance of such ab inito methods
on the electronic properties and reactivities of perfect, vacancy-defected, and hetroatom-
doped single-walled carbon nanotubes. We have found that a rich chemistry can take
place at the vacancy defect and doping sites of nanosystem: this very fact will enable
experimental scientists to produce novel functionalized nanosize materials with much
higher level of precise control of the manufacturing process
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16.1. SCOPE

In light of the rapid progress in experimental and theoretical studies of carbon nan-
otubes, it is very difficult, if not impossible, to write a comprehensive book chapter
on the research of carbon nanotubes. Thus, we concentrate on the electronic struc-
tures of doped and vacancy-defected single-walled carbon nanotubes (SWCNTs),
which have been our major focus in this field [1].

We will first review the properties of SWCNTs and the theoretical methods
to study SWCNTs. Then, we report some results from the studies of the elec-
tronic structures of perfect SWCNTs, vacancy-defected fullerenes and SWCNTs,
and doped SWCNTs, and from modeling of gas adsorptions on doped SWCNTs
and chemical reactions involving vacancy-defected SWCNTs.
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16.2. INTRODUCTION

The discovery of SWCNT [2, 3] has spurred extensive experimental and theoretical
investigations on the chemical [4–17] and physical [18–30] properties of SWCNTs
due to the potential applications [31] of SWCNTs in molecular electronics [32–34],
chemical sensor [35–37], vacuum electronic devices [38], field emission flat panel
display [39], catalysis [40], optics [41–44], and hydrogen storage materials [45].

According to the wrapping vectors (m,n) [46, 47], a SWCNT, visualized as a roll
of graphite sheet, can be classified as metallic and semiconducting. If n – m = 3q
(with an integer q), the nanotube is metallic; Otherwise, the nanotube is semi-
conducting with a narrow or moderate band gap [47]. As rolled one-dimensional
graphite sheets, nanotubes display different electronic properties from those of plane
graphite sheet and fullerenes: the electronic properties of nanotubes can be con-
trolled by the diameters of the nanotubes due to hybridization effects [23]. The
pyramidalization of nanotubes is different from fullerenes and there exists π-orbital
misalignment between adjacent pairs of conjugated carbon atoms [4], which renders
different reactivity of nanotubes from fullerenes and among nanotubes themselves
because of different diameters and chiralty [4, 27, 48]. Chemical reactions can take
place on the sidewall of nanotubes [49–61] or at the end of nanotubes [7, 58, 59, 62].
Due to the difficulty in purifying and manipulating SWCNTs, the electronic struc-
ture, chemical reactivity, and possible applications of SWCNTs are waiting for
further investigation. Especially, the reactivity of SWCNTs is still not clear in spite
of numerous attempts and it deserves further studies [63].

Partial destruction of the nanotube structure through vacancy insertion [64–72],
doping [73–77], or distortion [78–83] can alter the electronic structure and reac-
tivity of nanotubes [70, 75]. Upon doping, some carbon atoms on a SWCNT are
replaced by different atoms, producing a hetero SWCNT (HSWCNT) [73–77]. Most
HSWCNTs are doped with main group elements [73–77]; the HSWCNT we stud-
ied here is doped with metals Pt, Ni, Pd, Sn, or chalcogens Se and Te. It has been
shown that the substitution of a metal atom in fullerenes [78–87] renders the metal
as an active center in chemical reactions [88–90]. A good understanding of the elec-
tronic structure of SWCNTs and defected SWCNTs offers deep insight into the
reactivity of SWCNTs and paves the way for general utilizations of SWCNTs in
chemical reactions. As a pseudo-one-dimensional system with a tube structure, a
SWCNT with defect can sever as a catalyst for gas- and liquid-phase reactions: the
reactants are fed from one end of an open SWCNT, the reaction is catalyzed at the
defect site of the SWCNT, and the products are released from the other end of the
SWCNT. HSWCNTs can also be used in gas sensors due to the chemical activity
of the doped heteroatoms. B- and N-doped HSWCNTs attracted extensive atten-
tion due to their potential applications in chemical sensors [75], nanosize electronic
and photonic devices with various electronic properties [91]. For the time being, the
synthetic methods for these HSWCNTs, such as thermal treatment [92] or chemical
vapor deposition [93], can only work under very high temperatures of hundreds and
thousands of degrees and the position where the heteroatom is doped cannot be con-
trolled with precision. The feasibility of such synthesis under mild conditions has
not been explored theoretically nor reported experimentally [94].
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On the other hand, the rapid development of theoretical methods makes compu-
tational studies on the structure and property of SWCNTs possible, shedding light
on possible applications of SWCNTs. However, this does not claim that theoretical
investigations will be easy in any way. The size of SWCNTs lies between small
molecule and bulky particle in the range of the so-called nanosize, which is too
big for accurate quantum mechanical treatment (for capturing quantum effect) and
too small for bulky calculations (for macroscopic properties). The quantum effect of
nanosize particles is important in studying their properties; this very fact necessitates
the application of quantum mechanical treatment for nanosize materials.

In this book chapter, we will report the structures of HSWCNTs and electronic
properties of perfect and vacancy-defected SWCNTs. We will use such knowledge
to study gas adsorptions on HSWCNT and reaction of ozone (O3) with a vacancy-
defected SWCNT to gauge the reactivities of these nanosystems, and to simulate
chemical reaction of a vacancy-defected SWCNT with nitrogen monoxide (NO) to
explore the feasibility of synthesis of an N-doped HSWCNT.

16.3. THEORETICAL METHODS

16.3.1. First-Principles Calculations

Quantum mechanical calculations can be carried out for a system by solving the
electronic Schrödinger equation:

Heψ = Eψ , (16-1)

under the adiabatic approximation, in which the electronic wavefunction is restricted
to one electronic surface, and under the Born-Oppenheimer approximation that war-
rants the separation of nuclear and electronic motions because the nuclei move much
slower than the electrons [95–99]. The electronic Hamiltonian He,

He= Te + Vne + Vee, (16-2)

includes the operators for electronic kinetic energy Te, nucleus-electron attraction
Vne, and electron-electron interaction Vee. The total Hamiltonian Htot of the system
includes He and the operators for nuclear kinetic energy Tn and nucleus-nucleus
interaction Vnn,

Htot = He + Tn + Vnn. (16-3)

In most quantum mechanical methods, the nuclei are treated as classical par-
ticles and only the electronic wavefunction is solved quantum mechanically. If
only fundamental physical constants are used in solving the electronic Schrödinger
equation, first-principles calculations emerge. Based on the choice of the basic vari-
ational variables, first-principles calculations have two flavors: wavefunction-based
ab initio methods [95–99] and electron-density-based density-functional theory
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(DFT) [100–103]. In wavefunction-based ab initio methods, the electronic energy
of a system can be expressed as,

Ee[ψ ] = Te[ψ ] + Vne[ψ ] + Vee[ψ ]. (16-4)

In the quasi-independent-particle models, e.g. the Hartree-Fock (HF) method
[95–99] and the Kohn-Sham (KS) method [100–103], the electronic wavefunction
is approximated by a single Slater determinant for an N-electron system,

ψ = 1√
N!

∣∣∣∣∣∣∣∣∣

χ1 (1) χ2 (1) · · · χN (1)
χ1 (2) χ2 (2) · · · χN (2)

...
...

. . .
...

χ1 (N) χ2 (N) · · · χN (N)

∣∣∣∣∣∣∣∣∣

, (16-5)

where χ i is the ith spin orbital. Because of the quasi-independent-particle nature,
the instantaneous multi-electron interaction is approximated as if an electron is
moving in an average electron–electron potential due to other electrons in the
system. The variational HF (or KS) equation is solved self-consistently with a
basis set representation for molecular orbitals (MOs), which are usually con-
structed from the linear combination of atomic orbitals (LCAOs) [95−104]. The HF
approximation is not capable of describing highly correlated systems, in which the
instantaneous electron–electron interaction is crucial to a correct description of the
electronic structure. High-level methods, such as multiconfiguration self-consistent
field (MCSCF) [105], multireference configuration interaction (MRCI) [106], or
coupled-cluster (CC) methods [107], are then necessary for treating electron correla-
tion more accurately. However, the prohibitive computing resource requirements of
such high-level methods prevent their general applications in large systems [95–99].
Even for the HF approximation, the system size that can be treated is still moder-
ate, since the computational cost formally scales as the fourth power of the number
of basis functions. Other high-level methods, such as CC, scale even worse with
respect to the system size. One solution to reduce the computing cost is devel-
oping linear-scaling methods. Another way is reducing the computational cost by
approximating the most time-consuming step of the calculation, the evaluation of
two-electron integrals. This latter approximation results in semiempirical methods
[95–99].

16.3.2. Semiempirical Quantum Mechanical Methods

In the HF approximation, the electron-electron interaction is evaluated through the
operator Vee,

Vee =
N∑

i

N∑

j>i

1∣∣ri − rj
∣∣ , (16-6)
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which results in two-electron integrals. Through linear combination of atomic basis
functions {ϕa}, molecular orbitals {χ i} can be written as,

χi =
∑

a

caiϕa, (16-7)

where {cai} are the MO coefficients. Following the variation principle, the HF
equation can be derived directly from Eqs. (16-1), (16-2), and (16-5) as a pseudo
one-electron eigen-equation:

Fχi = εiχi, (16-8)

where F is the Fock operator. In the atomic basis function representation, the HF
equation is recasted as the Roothaan-Hall equation,

FC = SCε, (16-9)

where F is the Fock operator matrix, C is the MO coefficient matrix, and S is the
overlap matrix, respectively. The Fock operator F could be written as a sum of one-
electron operator h and two-electron operators,

F = h +
N∑

j

(Jj − Kj), (16-10)

where Jj is the Coulomb operator and Kj is the exchange operator for two-electron
interactions, respectively. Most of the CPU time is spent in calculating the two-
electron integrals due to the two-electron operators Jj and Kj [95–99].

In semiempirical methods [97−99], only valence electrons are taken into account
explicitly; the core electrons are implicitly included in the nuclear part by reduc-
ing the nuclear charge. The evaluation of the two-electron integrals for valence
electrons is simplified by the introduction of parameters. To further reduce the
computational cost, only a minimum number of basis functions are introduced to
describe the motion of electrons in semiempirical methods. The basic approxima-
tion in semiempirical methods is the zero differential overlap (ZDO) approximation,
in which all the products of basis functions of the same electron on different atoms
are neglected. The remaining integrals are parameterized and fitted through bench-
marking with available experimental data. Different semiempirical methods can be
designed depending on how the approximations in the neglect of two-electron inte-
grals and in the fitting of parameters are made [97−99]. Among all variants of the
ZDO approximation, the complete neglect of differential overlap (CNDO) method
[108–110] is the crudest approximation. In the CNDO method, only Coulomb
one-center and two-center two-electron integrals remain. With more refined ZDO
approximation, the intermediate neglect of differential overlap (INDO) method
[111] and the neglect of diatomic differential overlap (NDDO) methods [108–110]
(including MNDO [112], AM1 [113], and PM3 [114, 115]) came with much
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improved accuracy. In present work, the PM3 method is employed in combined
quantum chemical calculations.

16.3.3. Density-Functional Theory

In conventional ab initio methods, the computational cost scales formally at least as
the fourth power of the number of basis functions. To incorporate electron correla-
tion effects into the HF approximation, high-level methods have to pay a big price in
terms of computational cost. On the other hand, the electron-density-based DFT has
a favorable scaling factor [95–103]: the third power of the number of basis functions
in the KS scheme, and more importantly, the electron correlation effects are taken
into account through correlation functionals in DFT [100–103].

In DFT, the electronic energy is expressed as a sum of various energy density
functionals,

Ee[ρ] = Ts[ρ] + Ene[ρ] + J[ρ] + Exc[ρ], (16-11)

where ρ is the single electron density, Ts[ρ] is the electronic kinetic energy, Ene[ρ] is
the nuclear-electron attraction energy, J[ρ] is the electron–electron Coulomb interac-
tion energy, and Exc[ρ] is the exchange and correlation energy. Exc[ρ] can be further
split into two pieces: the exchange energy Ex[ρ] and the correlation energy Ec[ρ].

Exc[ρ] is mainly modeled in three ways: the local-density approximation (LDA),
the generalized gradient approximation (GGA), and the hybrid approach [100–103,
116]. In the LDA, the energy of a system depends on the local value of the electron
density [100–103]. In the GGA, the energy of a system depends not only on the
local value of the electron density but also on the gradients of the electron density
of different orders [103]. While in the hybrid DFT, the exact exchange defined in
terms of the KS orbitals (just like the one used in the HF approximation defined
in terms of the HF orbitals) is admixed with the approximate exchange functional
[117]. Such a hybrid approach of mixing the exact exchange further improves the
predicative accuracy of DFT method in physical and chemical applications [117].

However, the system size and scaling factor of computational cost limit the appli-
cation of quantum mechanical methods in the studies of nanoparticles. To overcome
this difficulty, the ONIOM model [118] has been developed to be a compromise of
the computational feasibility and accuracy.

16.3.4. ONIOM Model

In most cases, chemical reactions are localized in the proximity of the active site.
Such a localized nature of chemical reactions legitimizes an accurate treatment
of the active site with high-level method while the surroundings (the rest of the
chemical system) can be treated with low-level theory [118–123]. This embedding
approach requires relative low computing resources and still keeps the essential
environmental effects exerted on the active site by the surroundings [119–123].
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The ONIOM model [118] is a popular one among many methods [119–123]
suitable for such applications. The basic formula for ONIOM can be written as
[118],

Etotal = ERL − EML + EMH, (16-12)

where Etotal is the total energy of the system, ERL is the energy of the real system
at low-level theory, EML is the energy of the model system (the active site) at low-
level theory, and EMH is the energy of the model system at high-level theory. The
gradient and the second-order derivatives of the total energy with respect to the
nuclear coordinates can be calculated in a similar manner with the help of link atoms
[118]. A link atom is a buffer atom in the model system replacing the actual atom in
the real system connected to the model system.

For very large systems, the low-level theory for the overall real system is usu-
ally molecular mechanics. In molecular mechanics [95–99], the electronic structure
of the system is not explicitly considered. The interatomic interactions are divided
into bond, angle, torsion angle, and weak interactions (including the van der Waals
interactions). Such interactions are parameterized through fitting to the available
experimental data or any high-level quantum mechanical predictions. Depending on
the fitting procedure, different parameterizations give rise to various force fields for
the interatomic interactions. Amber [119–124], Charmm [125], MM3 [126], and
UFF [127] are the most popular force fields among many [100–103].

16.3.5. Molecular Dynamical Simulations

A normal quantum mechanical study on the potential energy surface (PES) inves-
tigates the reaction pathway for a particular reaction channel involving stationary
points on the PES. What we can get from such a study is the structures, proper-
ties, and energetics of the stationary points from which we can calculate reaction
energies, barriers, and rates. On the other hand, molecular dynamics (MD) involv-
ing propagation of nuclei in molecules on the PES by solving Newton’s equation
of motion provides rich information about reactivity and dynamics of the system,
so that the motions of the component atoms during the propagation and the instant
interactions among atoms can be revealed. Though the PES can be obtained by fit-
ting to experimental or computational data, the fitting is not a trivial task even if
the necessary data are available. Theoretical MD simulation, an alternative means
to study molecular propagation and chemical reactions, provides complementary
information about the thermodynamical and dynamical properties and microscopic
motions of nuclei in a chemical reaction.

The force field, which confines the nuclear motions, is important as it dicates
the quality of the MD simulation. Despite that empirical force fields have gained
wide popularity in MD simulations of large systems in biology [128, 129], solid
state physics, and surface science [130], high-quality force field from quantum
mechanics is necessary for accurate description of quantum effects. Therefore,
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quantum mechanical MD (QMMD), in which the force field is computed quantum
mechanically, is a natural choice for this purpose [131−136].

For large systems, a dilemma arises: modeling quantum effects is important
but accurate quantum mechanical methods cannot handle such large systems with
present computational facility. To overcome this obstacle, we utilize the ONIOM
model [118], in which the most important forces are computed by quantum mechan-
ical method and the remaining system is described by molecular mechanical force
fields.

16.4. SINGLE-WALLED CARBON NANOTUBES

SWCNT could be either end-capped or with open end during fabrication [38, 137].
With spherical curvature, the capping ends can have different electronic structure
from that of the sidewall of the SWCNT and modify the electronic properties of the
SWCNT around the ends [18, 68]. We studied two models for SWCNT: one with
hemispherical capping ends (a SWCNT rod) and the other with open ends saturated
by hydrogen atoms (a SWCNT clip). The model for SWCNT is (5,5) SWCNT.

16.4.1. Perfect SWCNT Rods

The caps in the hemispherically capped nanorod are half spheres of a fullerene,
which vary as the diameter and the structure of the SWCNT change [17, 22, 64].
The caps in capped nanorod were predicted to play an important role in the
electronic property of the nanorod [11]. The caps host some localized electronic
states [18, 138], because of the relatively unstable pentagons presented there [139].
However, the caps do not contribute significantly to the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the
nanorods [10]. Differences in curvature and π bonding distinguish the chemical
properties of fullerenes and SWCNTs [4] and thus divide the nanorod into at least
two regions: the caps and the sidewall.

Using Gaussian 03 quantum chemical program package [140] and Pople’s 6-31G
Gaussian basis set [141–144], we studied two nanorods: C170 with D5h symmetry
and C180 with D5d symmetry. The geometries of these nanorods were optimized
by GGA-type DFT based method (BPW91) with Becke’s exchange functional (B)
[145] and Perdew’s correlation functional (PW91) [146, 147]. Natural bond orbitals
(NBOs) [148] were calculated to estimate partial charges of atoms. The structures,
density of states (DOS), and local density of states (LDOS) of the two nanorods are
shown in Figure16-1.

The overall DOS and LDOS of these two SWCNT rods are very similar. The
most noticeable feature of the DOS of C170 is the separation of peaks at 5.2 eV
whereas it is continuous for C180. The similarity of the DOS and LDOS of C170
and C180 is expected, since only one additional circular cis-polyene chain does not
change the electronic structure significantly from C170 to C180. Previous studies
also found the similarity in the HOMO-LUMO gaps of the (5,5) SWCNT rods,



Electronic Properties and Reactivities of Carbon Nanotubes 429

 (a) C170  (b) C180

HOMO LUMO
HOMO LUMO

 (c) C200H20

HOMO LUMO

Figure 16-1. (a) The density of states and local density of states for the nanorod C170 with D5h sym-
metry. The HOMO has orbital energy −4.61 eV, and the LUMO has orbital energy −4.26 eV. (b) The
density of states and local density of states for the nanorod C180 with D5d symmetry. The HOMO has
orbital energy −4.60 eV, and the LUMO has orbital energy −4.23 eV. (c) The density of states and local
density of states for the open-end (5,5) SWCNT segment C200H20 with D5 symmetry. The HOMO has
orbital energy −3.93 eV, and the LUMO has orbital energy −3.52 eV. L1−L5 are the local density of
states for each specified layer as outlined on the structures. This figure is adopted from Refs. [94, 180]

C170 and C180 [11]. The HOMO-LUMO gaps of the (5,5) SWCNT rods C170 and
C180 are smaller than that of the longer open-end (5,5) SWCNT segment (this will
be elaborated in the next section). The LDOS shows the contribution of a partic-
ular group of atoms to the overall DOS. Figure 16-1a and b display the LDOS of
cis-polyene chains in C170 and C180 along the SWCNT axis and the LDOS of the
cap (a hemisphere of C60). The shapes of the LDOS of different layers are similar
at the frontier molecular orbital (FMO) region, which indicates the delocalization
of the FMOs of the SWCNT rod. The contributions to the HOMO, the LUMO, and
other occupied FMOs from the caps are not significant; major contributions to the
HOMO and the LUMO of C170 and C180 are from the sidewall of the SWCNTs.
Figure 16-1a and b clearly indicate that the conspicuous contributions to the DOS
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of the SWCNT rod from the LDOS of the caps lie about 1.0 eV below the HOMO
and 0.5 eV above the LUMO.

MOs give detailed information about the contributions of the LDOS from each
layer to the DOS of the SWCNT rod. Some occupied and unoccupied FMOs for
SWCNT rods C170 and C180 are plotted in Figure 16-2. The highest four occupied
MOs of C170 and C180 are delocalized π orbitals with contributions from the side-
wall of the SWCNT rod. The occupied MOs with major contributions from the caps
lie about 1.0 eV below the HOMO, as also manifested by the LDOS of the cap in
Figure 16-1. The HOMO and the LUMO have sole contributions from the sidewall
of the SWCNT rod. The lowest two unoccupied MOs of C170 and C180 are also π

orbitals delocalized on the sidewall of the SWCNT rod, and the next four unoccu-
pied MOs are two two-fold degenerated localized MOs on the caps. The patterns
of the HOMO and the LUMO in C170 are different from their counterparts in C180.
Such pattern change was also observed for shorter SWCNT rods before [10].

From the MOs, one can infer that, when reacting with strong electron accep-
tors, the SWCNT rods C170 and C180 will donate electrons from the sidewall to the

Figure 16-2. The frontier molecular orbitals of (a) the nanorod C170 with D5h symmetry, (b) the
nanorod C180 with D5d symmetry, and (c) the open-end (5,5) SWCNT segment C200H20. HOMO−n
(p eV) is the nth orbital below the HOMO with orbital energy p eV. LUMO+m (q eV) is the mth orbital
above the LUMO with orbital energy q eV. This figure is adopted from Refs. [94, 180]
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electron acceptors. According to the NBO analysis, when C170 and C180 accept elec-
trons, the first four electrons will go to the middle of the sidewall of the SWCNT rod,
and any extra (up to eight) electrons will go to the caps. From the MOs of C170 and
C180, one cannot see clearly the separation of the cap from the sidewall, though there
are some gradual geometric changes from the cap to the sidewall [149]. The delo-
calized MOs on the sidewall extend to the ridge of the pentagons of the caps. The
pentagon regions have 6–6 (between two hexagons) and 6–5 (between a hexagon
and a pentagon) CC bond alternation similar to that in C60. The atoms on the last
layer of L4 (in Figure 16-1a and b), bridge between the sidewall and the cap of the
SWCNT rod, have the largest negative charges in C180 and large negative charges
in C170. In chemical reactions, this layer is reactive toward electron acceptors. The
middle layers of the sidewall have positive charges.

16.4.2. Open-End SWCNT Segment

Open-end SWCNTs and end-capped SWCNTs with vacancy defects of the similar
length can have very different electronic structures and reactivity. To understand
such differences, we studied an open-end (5,5) SWCNT segment C200H20, which
has 200 carbon atoms, saturated with 20 hydrogen atoms at the two open ends
(Figure 16-1c). The same method and basis set used for C170 and C180 were
employed to study C200H20. The HOMO-LUMO gap of the C200H20 segment
(0.41 eV) is larger than those of the SWCNT rods, C170 (0.35 eV) and C180
(0.37 eV). Both of the HOMO and the LUMO are destabilized when compared
with those of C170 and C180, in spite that the C200H20 segment is longer than the
SWCNT rods C170 and C180. The stabilization effect of the hemispherical caps
to the SWCNT rod is evident from the comparison of MO energies of the open-
end SWCNT segments and SWCNT rods. The bands in the DOS of C200H20
(Figure 16-1c) shift to higher energy regions than those of the SWCNT rod C180
(Figure 16-1b). The LDOS of the circular cis-polyene chains of C200H20 are very
similar. Figure 16-2c shows that each layer contributes roughly equally to the FMOs
and there is no localized state on C200H20. The HOMO and the LUMO of short (5,5)
SWCNT segments with open ends were studied before and showed alternating nodal
pattern [10], which is not observed here for longer (5,5) SWCNT segments.

Overall, the hemispherical fullerene caps introduce localized states and stabilize
the SWCNT rod.

16.5. VACANCY-DEFECTED FULLERENES AND SWCNTS

Removal of one carbon atom from different positions of the capping ends of a
SWCNT rod results in different vacancy-defected SWCNTs. For simplicity, we
studied single-vacancy-defected fullerenes C59 and C69 (originated from C60 and
C70, respectively), as models for the end caps of SWCNT rods. For vacancy-
defected SWCNT with defects at the middle of the sidewall, (5,5) and (10,0)
SWCNTs were employed as models.
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16.5.1. Vacancy-Defected Fullerenes

Defected C60 (and possibly C70) with odd number of vacancies have been produced
through laser desorption ionization of C60O [150]. Vacancies on defected fullerenes
were proposed to serve as the windows for atoms or small molecules to enter
the cage in the endohedral fullerene chemistry [151]. Vacancy-defected fullerene
C59 has been investigated theoretically [152−159] but with some contradictory
results [156−159]. It was reported [156, 157] that triplet C59(5-8) [with a pentagon
adjacent to an octagon] is more stable than C59(4-9) [with a tetragon adjacent to
a nonagon] (Figure 16-3b and c). The initial singlet C59(4-9) isomer transforms
into the singlet C59(5-8) structure during a geometry optimization based on spin-
unrestricted DFT method [157]. However, Ribas-Ariño and Novoa [158] found
that both C59(5-8) and C59(4-9) have singlet ground states. Using tight-binding
molecular-dynamics and ab initio methods, Andriotis et al. studied single-vacancy

Figure 16-3. Structures of the single-vacancy defected C60 and C70 with partial charges of the important
carbon atoms
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defected C60 in a C60 polymer and found that two out of the three dangling bonds
of the ideal single-vacancy defect do not recombine [159]. Thus, we reexamined the
electronic properties of C59(5-8) and C59(4-9) to resolve these controversies and to
explore the isomerization pathways between these two isomers. To compare with the
C60 system, we also study the vacancy-defected C70. Structurely, C70 has one more
hexagonal belt between two hemispheres of C60, and vacancy-defected C70 might
have some similar properties to vacancy-defected C60 but with different structures.

The hybrid DFT method, B3LYP [117, 160], with the standard 6-31G(d) basis
set was used for geometry optimizations. Single-point calculations at the B3LYP/6-
311G(d) level of theory were performed with the B3LYP/6-31G(d) optimized
geometries. NBO analysis [148] was performed to determine the partial charge dis-
tribution and the bonding characters of these systems. B3LYP/6-31G was employed
to study the isomerization between C59(5-8) and C59(4-9) on the singlet and triplet
PESs. Spin-unrestricted calculations were carried out for the singlet and triplet
electronic states, and spin-restricted calculations were also done for the singlet elec-
tronic states. In light of recent numerical tests [161], the convergence criteria of all
calculations were set very tight (e.g., 10−8 for the density convergence) to ensure
full convergence.

The two types of bonds in C60, the shorter double bonds and the longer single
bonds, are predicted to be 1.395 and 1.453 Å at the B3LYP/6-31G(d) level of theory,
respectively, in good agreement with the experimental data (1.390 and 1.453 Å,
respectively) [162]. The structures of C60 and C70 with an ideal single vacancy and
related point defects are shown in Figure 16-3, in which important carbon atoms
are labelled numerically. In C59, C1 forms a bond with C5 or C8 leading to the
C59(5-8) isomer (5 and 8 denoting the newly forming pentagon and octagon), or C5
forms a bond with C8 leading to the C59(4-9) isomer (4 and 9 denoting the newly
forming tetragon and nonagon). In C69, C1 forms a bond with C5 or C8 leading to
the C69(5-8) isomer, or C5 forms a bond with C8 leading to the C69(4-9) isomer. In
each isomer, there is one unsaturated carbon atom in a pentagon for the (4-9)-type
defects or in a hexagon for the (5-8)-type defects.

In comparison with the HF/3-21G and B3LYP/3-21G results for the C59(4-9)
isomer [156], the B3LYP/6-31G(d) calculations predict shorter bond lengths for
most bonds due to the larger basis set used. Table 16-1 lists the total and cohesive
energies of the isomers computed at the B3LYP/6-311G(d)//B3LYP/6-31G(d) level
of theory. According to the cohesive energies, the triplet C59(5-8) and C69(5-8) iso-
mers are the most stable isomers for C59 and C69, respectively. However, the small
spin contamination in the spin-unrestricted calculations may artificially stabilize the
triplet state over the closed-shell singlet state. With such small energy difference,
the singlet and triplet electronic states of C59 and C69 have similar stabilities within
present DFT treatment.

Reference [158] reported a higher spin-contamination in the spin-unrestricted
calculation of singlet C59(5-8) and the transformation of the open-shell singlet
C59(4-9) structure into the open-shell singlet C59(5-8) structure. We will focus on
the singlet and triplet potential energy curves for the isomerization of these two
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Table 16-1. Energies of C60, C59(4-9), C59(5-8), C70, C69(4-9), and C69(5-8) at the B3LYP/6-
311G(d)//B3LYP/6-31G(d) level of theory

Etotal (Hartree) Esa
c (kcal/mol) �Ed (kcal/mol)

Model S (R/U)a T (U)a S (R/U) T (U) S (R/U) T (U)

C60 −2286.5888 – 159.27 – – –
C59(4-9) −2248.2431 −2248.2418 (2.05)b 156.76 156.75 2.51 2.52
C59(5-8) −2248.2690 −2248.2744 (2.05) 157.04 157.09 2.23 2.18
C70 −2667.7857 – 160.16 – – –
C69(4-9) −2629.4433 −2629.4396 (2.04) 158.05 158.02 2.11 2.14
C69(5-8) −2629.4629 −2629.4670 (2.05) 158.23 158.27 1.93 1.89

a R: Spin-restricted; U: Spin-unrestricted; S: Singlet; T: Triplet.
b The values in the parentheses are the 〈S2〉 values.
c The stability energy per atom, defined as Ets/n, where Ets is the energy difference between the isolated
carbon atoms and the cluster and n is the total number of carbon atoms in the cluster.
d �E = Esa (perfect fullerene) − Esa (defected fullerene).

structures. For singlet C59(4-9), the dangling carbon atom C1 forms single bonds
with C2 and C11. The bond lengths of C1−C2 and C1−C11 are both 1.441 Å
because of Cs symmetry. Based on the NBO analysis, there are two 2-center σ NBOs
involving C1 and two lone-pair-type NBOs for C1. The partial charges of the car-
bon atoms in the nonagon of singlet and triplet C59(4-9) are shown in Figure 16-3g.
C1 has +0.08 charge and its two neighbours have −0.10 charges in the singlet case,
whereas in the triplet case, C1 has a much larger positive charge (+0.25) and its two
neighbours also have larger negative charges (−0.13). The relevant FMOs of singlet
C59(4-9) are shown in Figure 16-4A. Quite interestingly, there is nearly no electron
population on C1 in the HOMO. The first orbital below the HOMO (HOMO−1)1

is mainly the lone-pair sp 1.50 hybridized orbital. The LUMO is mainly the lone-
pair p unhybridized orbital. The HOMO energy of singlet C59(4-9) is −6.15 eV,
higher than that of perfect C60 (−6.40 eV). The LUMO energy of singlet C59(4-9)
is −4.22 eV, lower than that of perfect C60 (−3.68 eV). Thus, the HOMO-LUMO
gap is only 1.93 eV, smaller than that of perfect C60 (2.72 eV).

For triplet C59(5-8), the dangling carbon atom C5 forms a single bond with C4
and a double bond with C6. The bond lengths of C5−C4 and C5=C6 are 1.399
and 1.357 Å, respectively. The point group of triplet C59(5-8) is C1. Based on the
NBO analyses, there are three 2-center NBOs involving C5 and two lone-pair-type
NBOs for C5. The alpha-spin FMOs are shown in Figure 16-4B. The HOMO con-
tains the lone-pair p unhybridized orbitals (Figure 16-4Bc). The orbital energy of
the alpha-spin HOMO of triplet C59(5-8) is −5.78 eV, higher than that of perfect
C60 (−6.40 eV). The orbital energy of the alpha-spin LUMO of triplet C59(5-8)

1Throughout the text, HOMO−n and LUMO+m denote the nth molecular orbital below the HOMO and
the mth molecular orbital above the LUMO, respectively.
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Figure 16-4. (A) Frontier molecular orbitals of singlet C59(4-9); (B) alpha-spin frontier molecular
orbitals of triplet C59(5-8); (C) frontier molecular orbitals of singlet C69(4-9); (D) alpha-spin frontier
molecular orbitals of triplet C69(5-8). HOMO−n (p) is the nth molecular orbital below the HOMO with
orbital energy p eV. LUMO+m (q) is the mth molecular orbital above the LUMO with orbital energy q eV

is −3.77 eV, slightly lower than that of perfect C60 (−3.68 eV). The orbital energy
of the beta-spin HOMO of triplet C59(5-8) is −6.10 eV, higher than that of per-
fect C60 (−6.40 eV). The orbital energy of the beta-spin LUMO of triplet C59(5-8)
is −4.41 eV, lower than that of perfect C60 (−3.68 eV). Thus, the alpha-spin
HOMO-LUMO gap (2.01 eV) and the beta-spin HOMO-LUMO gap (1.69 eV) are
both smaller than that of perfect C60 (2.72 eV).

For singlet C69(4-9), the dangling carbon atom C1 forms single bonds with C2
and C11. The bond lengths of C1−C2 and C1−C11 are both 1.434 Å because of
Cs symmetry. The partial charges of the carbon atoms in the nonagon are shown
in Figure 16-3i for singlet and triplet C69(4-9). C1 has +0.14 charge and its two
neighbours have −0.09 charges in the singlet case, whereas in the triplet case,
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C1 has +0.26 charge and its two neighbours have −0.13 charges. The relevant FMOs
in singlet C69(4-9) are shown in Figure 16-4C. The LUMO (Figure 16-4Cd) con-
tains the lone-pair unhybridized p orbital. The HOMO energy of singlet C69(4-9)
is –6.22 eV, slightly higher than that of perfect C70 (−6.34 eV). The LUMO energy
of singlet C69(4-9) is −4.37 eV, lower than that of perfect C70 (−3.67 eV). Thus,
the HOMO-LUMO gap is only 1.85 eV, smaller than that of perfect C70 (2.67 eV).

For triplet C69(5-8), the dangling carbon atom C8 forms a single bond with C7
and a double bond with C9. The bond lengths of C8−C7 and C8=C9 are 1.397
and 1.358 Å, respectively. The HOMO contains the lone-pair p unhybridized orbital
of C1 (Figure 16-4Dc). The orbital energies of the alpha- and beta-spin HOMO
of triplet C69(5-8) are higher than that of C70 while the orbital energies of LUMO
are lower than C70. Thus, the alpha-spin HOMO-LUMO gap (2.15 eV) and the
beta-spin HOMO-LUMO gap (1.44 eV) are both smaller than that of perfect C70
(2.67 eV).

Andriotis et al. studied the single-vacancy defected C60 in a C60 polymer by using
tight-binding molecular-dynamics and ab initio methods [159]. In their study, two
out of the three dangling bonds of the ideal single-vacancy defect do not recombine,
about +0.5 charge resides on the three carbon atoms with dangling bonds, and the
spin polarization occurs at the σ dangling bonds. In our study of the isolated single-
vacancy defected C60, two out of the three dangling bonds do recombine. Only
about +0.2 charge accumulates at the carbon atom with dangling bond and the two
recombined carbon atoms. The spin polarization mainly localizes at the remaining
carbon atom with dangling bond for both triplet C59(5-8) and triplet C59(4-9). The
different conclusions might be caused by the different environments modeled by
Andriotis et al. (in a C60 polymer) [159] and by us (in gas phase). More refined
theoretical treatment should be carried out to confirm the findings of Andriotis et al.
[159].

It is interesting to recognize that these vacancy-defected fullerenes can be actu-
ally treated as carbenes. A carbene is a divalent carbon atom with four valence
electrons, and its two nonbonding electrons can lead either to singlet state or to
triplet state. The simplest carbene is methylene. If methylene is linear, it will have
two degenerate p orbitals, and each of the two nonbonding electrons will occupy
one of these two p orbitals with the same spin, thus yielding a triplet ground state.
If methylene is bent, the degeneracy of these two p orbitals is destroyed. The orbital
perpendicular to the bent methylene is called “p”, and the other orbital is called “σ”
that hybrids with the s orbital and becomes stabilized. The more s character this σ

orbital has, the bigger the energy gap between the σ and p orbitals will be. If the σ–p
energy gap is big, the two nonbonding electrons will prefer to stay in the p orbital
with opposite spins, thus becoming a singlet carbene. If the σ–p energy gap is small,
the two nonbonding electrons will prefer to stay in different orbitals with the same
spin, thus producing a triplet carbene.

The results indicate that the singlet carbene prefers to stay in the pentagon and
the triplet carbene prefers to stay in the hexagon of the isomers of C59 and C69.
One reason for this scenario is that the triplet carbene prefers bigger bond angle in
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the hexagon of the defect site, whereas the singlet carbene prefers the smaller bond
angle in the pentagon of the defect site. Another reason is due to different electronic
effects in C59(4-9) and C59(5-8) [163]. From the NBO analyses, we know that the
σ orbitals of the carbenes of C59(4-9) and C59(5-8) are sp1.50 and sp3.57 hybridized,
respectively. This means that the σ–p energy gap of the carbene of C59(4-9) is larger
than that of C59(5-8). On the other hand, we find that the p orbital of the carbene
of C59(5-8) forms a π bond with one of its neighbour carbon atoms, whereas this is
not true for the carbene of C59(4-9). This effect can lower the energy of the p orbital
of the carbene of C59(5-8), thus leading to a smaller σ–p energy gap, which also
explains the larger stability of triplet C59(5-8) and triplet C69(5-8).

The isomerization pathways of C59(4-9) and C59(5-8) isomers on the singlet
and triplet PESs are further explored. The relative energies, the transition-state
structures, and the imaginary vibrational modes are shown in Figure 16-5. The
energy of triplet C59(5-8) is set as the reference zero-point. The barrier of singlet
C59(4-9) transforming into singlet C59(5-8) is 35.69 kcal/mol and the reverse bar-
rier is 54.50 kcal/mol. The barrier between singlet C59(5-8)L (L denoting C1−C3
bond-formation) and singlet C59(5-8)R (R denoting C2−C3 bond-formation) is
49.45 kcal/mol. The barrier of triplet C59(4-9) transforming into triplet C59(5-8)
is 17.49 kcal/mol and the reverse barrier is 41.69 kcal/mol. The barrier between
triplet C59(5-8)L and triplet C59(5-8)R is 38.87 kcal/mol. Clearly, the isomerization
takes place more readily on the triplet PES. Under the influence of strong exter-
nal field or irradiation impact during the vacancy defect creation [150, 164–167],
such isomerization can take place feasibly. Both the relative energies of C59(4-9)
and C59(5-8) and the isomerisation barrier between C59(4-9) and C59(5-8) make
C59(5-8) the major component during C59 formation.

Vertical and adiabatic values of the electron ionization and affinity energies
(without the zero-point correction) for ground-state C59(4-9), C59(5-8), C69(4-9),
and C69(5-8) are shown in Table 16-2. The vertical electron affinity (VEA) or
vertical detachment affinity is defined as the energy difference between the neu-
tral cluster and its anion both at the equilibrium geometry of the anion [168].
The adiabatic electron affinity (AEA) or simple electron affinity is defined as the
energy difference between the neutral cluster and its anion at their own equilibrium
geometries [168]. The vertical ionization potential (VIP) is defined as the energy
difference between the cation and its neutral cluster both at the equilibrium geom-
etry of the neutral cluster. The adiabatic ionization potential (AIP) is defined as the
energy difference between the cation and its neutral cluster at their own equilibrium
geometries.

The VEA and AEA of the C59(4-9) and C69(4-9) clusters are smaller than those
of the C59(5-8) and C69(5-8) clusters, whereas the VIP and AIP of the C59(4-9)
and C69(4-9) clusters are larger than those of the C59(5-8) and C69(5-8) clusters.
The differences between the VEA and the AEA and between the VIP and the AIP
for all these clusters are very small, indicating that the optimized geometries of the
neutral clusters and their corresponding anionic and cationic clusters are close to
one another.
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Figure 16-5. (a) and (b) are the isomerization pathway profiles of the single-vacancy defected C60 on
the singlet and triplet potential energy surfaces, respectively (energies are in kcal/mol). (c) Ideal single
vacancy on C60; (d)−(i) are structures of the transition states (numbers are the atom distances in Å and
the blue arrows represent the imaginary vibrational modes). In (f) and (i), L denotes the bond formation
between C1 and C3, thus leading to a pentagon on the left. In (e) and (h), R denotes the bond formation
between C2 and C3, thus leading to a pentagon on the right

Table 16-2. The vertical electron affinity (VEA), the adiabatic electron
affinity (AEA), the vertical ionization potential (VIP), and the adiabatic
ionization potential (AIP) of C59(4-9), C59(5-8), C69(4-9), and C69(5-8).
All energies are in eV

Cluster VEA AEA VIP AIP

C59(4-9) 3.42 3.32 7.36 7.29
C59(5-8) 3.68 3.34 6.92 6.79
C69(4-9) 3.66 3.55 7.35 7.30
C69(5-8) 3.91 3.61 7.06 6.95
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16.5.2. Vacancy-Defected SWCNTs

16.5.2.1. Vacancy-Defected (5,5) and (10,0) SWCNTs

Vacancies on carbon nanotubes have also been studied recently [1, 64–72, 94,
165–167, 169–175], including the effect of vacancies on the conductance [65, 66,
171], the mechanical properties [173, 174], and the electronic properties [1, 94, 172]
of carbon nanotubes. During the process of vacancy creation on carbon nanotubes,
energetic electrons produce mostly single vacancies, whereas heavy ion irradia-
tion produces mostly multi-vacancies [165–167]. Removing one or more carbon
atoms from a carbon nanotube first produces ideal (but unstable) vacancies (see
Figure 16-6a and d). Ajayan et al. have shown that carbon nanotube will respond
to the loss of carbon atoms by surface reconstruction, resulting in vacancy related
point defects [64]. The nature of single vacancies and their related point defects
has been studied systematically by Lu et al. with tight-binding method [70]. Double
and triple vacancies and related defects have been studied by Mielke et al. [173] and
Sammalkorpi et al. [174]. In these studies, however, the ground states of the defected
nanotubes are not mentioned and the structural information has some inconsisten-
cies. For example, Lu and Pan reported that the symmetric 5-1DB (one pentagon
and one dangling bond) defects (Figure 16-6c) do not exist for the armchair-type
SWCNT [70]. Even with the symmetric 5-1DB defect geometry as the initial guess,
the asymmetric 5-1DB defect (Figure 16-6b) was obtained easily [70]. However,
the symmetric 5-1DB defect on (5,5) SWCNT was shown to be stable by Mielke
et al. [173]. To resolve such discrepancy, we investigated the electronic properties
of single- and double-vacancy defected SWCNTs with density functional methods.
(5,5) and (10,0) SWCNTs were chosen to represent typical armchair and zigzag
SWCNTs, respectively. BPW91 with the 6-31G basis set are employed in geometry
optimization and property prediction. The SWCNTs are modeled by imposing peri-
odic boundary conditions (PBCs). The unit cells contain about 100 and 120 carbon
atoms for (5,5) and (10,0) SWCNTs, respectively. The integrations of k space are
achieved by using the default numbers of k points, 27 and 26 for (5,5) and (10,0)
SWCNTs, respectively.

Perfect (5,5) and (10,0) SWCNTs are studied for comparison with defect
SWCNTs. Removal of a single atom yields a dodecagon on both (5,5) and (10,0)
SWCNTs (Figures 16-6a and 16-7a). After the surface reconstruction, a pentagon
and a nonagon (contains an unsaturated carbon atom) appear in two different ways:
one is asymmetric (Figures 16-6b and 16-7b) and the other is symmetric (Figures
16-6c and 16-7c) [174]. There are also two ways to lose two adjacent carbon atoms
on both (5,5) and (10,0) SWCNTs, resulting in tetradecagons (Figures 16-6d, f,
16-7d, and f). After the surface reconstruction, two pentagons and one octagon
appear in the symmetric (Figures 16-6e and 16-7e) and asymmetric (Figures 16-6g
and 16-7g) patterns. No dangling bond is present for the double-vacancy defects.
The energies of these isomers are shown in Table 16-3.

The (5,5) SWCNT 1 asym. isomer (Figure 16-6b) is more stable than the (5,5)
SWCNT 1 sym. isomer (Figure 16-6c). The ground state of the (5,5) SWCNT 1
asym. isomer is singlet, while the ground state of the (5,5) SWCNT 1 sym. isomer
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Figure 16-6. Structures of the ideal single and double vacancies and related defects on the (5,5) SWCNT

is triplet. The bridging bonds of the pentagon and the nonagon in the (5,5) SWCNT
1 sym. isomers are very weak: 1.846 and 1.871 Å in length for the singlet and triplet
cases, respectively. However, for the asymmetric isomers, the bridges are typical
C−C single bonds, with bond distances 1.579 and 1.565 Å for the singlet and triplet
cases, respectively. These results agree with the predictions of Mielke et al. [173]
very well: single-vacancy defected (5,5) SWCNT does have the symmetric 5-1DB
defect, which was not found by Lu et al. with tight-binding method [70].

A finite model of the (5,5) SWCNT 1 sym. isomer, which has the same number of
carbon atoms as in the PBC model and whose two open ends are capped by hydrogen
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Figure 16-7. Structures of the ideal single and double vacancies and related defects on the (10,0)
SWCNT

atoms, was studied for comparison. In this finite model, the bridging bonds of the
pentagon and the nonagon are 1.639 and 1.649 Å in length for the singlet and triplet
cases, respectively, which are shorter than their counterparts in the PBC model. This
is simply due to the relaxation of the constraint at the two open ends of the finite
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Table 16-3. Energies calculated at the BPW91/6-31G level of theory for all the related defects of
the single- and double-vacancy defected (5,5) and (10,0) SWCNTs and the perfect (5,5) and (10,0)
SWCNTs

Etotal (Hartree) Esa
c (kcal/mol) �Ed (kcal/mol)

System S (R/U)a T (U)a S (R/U) T (U) S(R/U) T (U)

(5,5) SWCNT −3810.0481 – 169.20 – – –
(5,5) SWCNT 1 asym. −3771.7310 −3771.7274 (2.02)b 167.85 167.83 1.35 1.37
(5,5) SWCNT 1 sym. −3771.6790 −3771.6944 (2.02) 167.52 167.62 1.68 1.58
(5,5) SWCNT 2 asym. −3733.6917 −3733.6744 (2.02) 168.23 168.12 0.97 1.08
(5,5) SWCNT 2 sym. −3733.5905 −3733.5735 (2.01) 167.58 167.48 1.62 1.72
(10,0) SWCNT −4572.2690 – 170.31 – – –
(10,0) SWCNT 1 asym. −4533.9033 −4533.9102 (2.02) 168.94 168.98 1.37 1.33
(10,0) SWCNT 1 sym. −4533.9535 −4533.9402 (2.02) 169.21 169.14 1.10 1.17
(10,0) SWCNT 2 asym. −4495.8388 −4495.8144 (2.00) 169.13 169.00 1.18 1.31
(10,0) SWCNT 2 sym. −4495.9168 −4495.9041 (2.00) 169.55 169.48 0.76 0.83

a R: Spin-restricted; U: Spin-unrestricted; S: Singlet; T: Triplet.
b The values in the parentheses are the 〈S2〉 values.
c The stability energy per atom, defined as Ets/n, where Ets is the energy difference between the isolated
carbon atoms and the cluster and n is the total number of carbon atoms in the cluster.
d �Ef = Esa (perfect SWCNT) − Esa (defected SWCNT).

model. The energy of the triplet isomer is 14.10 kcal/mol lower than that of the
singlet isomer, which agrees with the results of the PBC model. Thus, the existence
of the symmetric 5-1DB defect on single-vacancy defected (5,5) SWCNT is without
a doubt.

The (5,5) SWCNT 2 asym. isomer (Figure 16-6g) is more stable than its symmet-
ric counterpart. The energy of the singlet state is 10.86 kcal/mol lower than that of
the triplet state. The ground state of the (5,5) SWCNT 2 sym. isomers is also singlet,
whose energy is 10.67 kcal/mol lower than that of the triplet state. The bond lengths
of the bridging bonds of the (5,5) SWCNT 2 sym. isomer are 1.687 Å, longer than
those of the (5,5) SWCNT 2 asym. isomer (1.534 Å). The removal of one or two
carbon atoms from perfect (5,5) SWCNT decreases the cohesive energy per carbon
atom by 1.35, 1.58, 0.97, and 1.62 kcal/mol for the (5,5) SWCNT 1 asym., 1 sym.,
2 asym., and 2 sym. systems, respectively. Apparently, the (5,5) SWCNT 2 asym.
isomer is the most stable one.

According to the FMO analysis (Figure 16-8A and B) of the singlet (5,5)
SWCNT 1 asym. and 2 asym. systems, we can see that vacancy defects severely
destruct the π conjugated system of (5,5) SWCNTs. Vacancy defects also create
localized electronic states, which are clearly shown by the HOMO and the LUMO
of the (5,5) SWCNT 1 asym. system around the nonagon. However, for the (5,5)
SWCNT 2 asym. system, the HOMO and the LUMO are extended π bonds around
the octagon and show no obvious localization.

The (10,0) SWCNT 1 sym. isomer (Figure 16-7c) is more stable than its asym-
metric counterpart (Figure 16-7b). The ground state of the (10,0) SWCNT 1 sym.
isomer is singlet, 8.34 kcal/mol lower in energy than the triplet state. The ground
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Figure 16-8. Frontier molecular orbitals of (A) the (5,5) SWCNT 1 asym. cluster, (B) the (5,5) SWCNT
2 asym. cluster, (C) the (10,0) SWCNT 1 sym. cluster, and (D) the (10,0) SWCNT 2 sym. cluster.
HOMO−n (p) is the nth molecular orbital below the HOMO with orbital energy p eV. LUMO+m (q)
is the mth molecular orbital above the LUMO with orbital energy q eV

state of the (10,0) SWCNT 1 asym. isomer is triplet, 4.33 kcal/mol more stable
than the singlet state. The bridging bonds of the symmetric isomers are 1.560
and 1.530 Å in length for the singlet and triplet states, respectively. However, the
bridging bonds for the asymmetric isomers are much longer, with bond distances of
1.761 and 1.751 Å for the singlet and triplet states, respectively.

The (10,0) SWCNT 2 sym. isomer is more stable than its asymmetric counter-
part. The energies of the symmetric and asymmetric isomers in their singlet states
are 8.16 and 15.31 kcal/mol lower than their triplet states, respectively. The bridg-
ing bonds for symmetric and asymmetric isomers are around 1.511 and 1.620 Å
in length, respectively. The removal of one or two carbon atoms from perfect (10,0)
SWCNT also decreases the cohesive energy per carbon atom by 1.37, 1.10, 1.18, and
0.76 kcal/mol for the (10,0) SWCNT 1 asym., 1 sym., 2 asym., and 2 sym. isomers,
respectively. Among them, the (10,0) SWCNT 2 sym. isomer is the most stable
one. According to the FMO analysis of these two systems (Figure 16-8C and D),
we can see that vacancy defects also severely destruct the π conjugated system of
(10,0) SWCNT. The LUMO of the (10,0) SWCNT 1 sym. system obviously has
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some major contributions from the defect site. Somehow, the localization of the
electronic state is not as obvious as that on (5,5) SWCNT.

16.5.2.2. Vacancy-Defected (5,5) SWCNT Clip

Removal one carbon atom from (5,5) SWCNT clip C200H20 results in a vacancy-
defected SWCNT clip C199H20 with the 5-1DB defect. The existence of the 5-1DB
defects may provide a possible new way to functionalize the sidewall of the
SWCNT. The semiempirical MNDO-PM3 method was initially employed to opti-
mize the geometries of C200H20 and C199H20, and the geometries were then fully
optimized within BPW91/6-31G. The geometric effect due to different methods on
the structure is negligible [1, 94].

The structure, DOS, and LDOS of C199H20 are shown in Figures 16-9a and b.
The removal of one carbon atom from the SWCNT relaxes the geometric con-
strain in the curved sidewall of the SWCNT and stabilizes the HOMO and the
LUMO, as indicated in Figure 16-9. The HOMO-LUMO gap of C199H20 (0.39 eV)
is slightly smaller than that of C200H20 (0.41 eV). The LDOS of different regions in
C200H20 corresponding to the vacancy in C199H20 are plotted to better understand
the effect of creating vacancy defect to the electronic structure of the SWCNT. The
contribution to the HOMO and the LUMO from the region of the vacancy defect

Figure 16-9. The density of states and local density of states of (a) the open-end vacancy-defected (5,5)
SWCNT segment C199H20 and (b) C200H20. (c)−(f) are the frontier molecular orbitals of the open-end
vacancy-defected (5,5) SWCNT segment C199H20. HOMO is the highest occupied molecular orbital,
and LUMO is the lowest unoccupied molecular orbital with orbital energy −3.72 eV. HOMO−n (p eV)
is the nth orbital below the HOMO with orbital energy p eV. L1−L4 are the local density of states for
each specified group of atoms as outlined on the structures. This figure is adopted from Ref. [94]
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in C199H20 (L1 in Figure 16-9a) is much stronger than that of the corresponding
region in C200H20. There are localized states at the vacancy defect region in the
HOMO and the LUMO. The π MOs in C199H20 is destructed to a large degree by
the vacancy defect with respect to the MOs of C200H20. The vacancy defect region
divides C199H20 into two parts at the middle nonagon through the direction perpen-
dicular to the SWCNT axis; this division is clearly manifested by the occupied MOs
from the HOMO−2 to the HOMO, especially by the HOMO−2 and the HOMO−1.
The HOMO consists of lone-pair electrons from the dangling carbon atom bonding
to two carbon atoms and the π bonds of the other carbon atoms of the nonagon. The
LUMO has dominant contributions from the nonagon especially from the dangling
carbon atom. However, only half of the SWCNT contributes to the LUMO. The
MOs of C199H20 indicate that the vacancy defect region will be the active center in
chemical reactions.

16.6. DOPED SWCNTS

The vacancy defects in both fullerene and SWCNT create new active centers.
Another way to create active center is replacing one carbon atom with another atom
such as B, N, or a metal atom, resulting in HSWCNT.

16.6.1. B- and N-Doped SWCNTs

The doping of B or N strongly modifies the electronic structure of SWCNT par-
ticularly near the Fermi level [73–77, 176], and enhances the non-linear optical
coefficients [177] and the sensitivity and selectivity of carbon nanotube, thus broad-
ening its potential application as chemical sensor [75]. Because of the electron
deficient nature of B, there are prominent acceptor-like peaks close to the Fermi
level of B-doped carbon nanotube [73], thus significantly enhancing the conduc-
tivity of carbon nanotube. Like the fullerene counterpart, the electron deficiency
of B-doped carbon nanotube makes such carbon nanotube useful in hydrogen stor-
age [178]. Structurely, the doping of B takes para position in a hexagon in carbon
nanotube [73]. On the other hand, the doping of N in carbon nanotube adopts
pyridine-like structure and brings donor-like peaks close to the Fermi level because
of the electron abundance in N [176]. In different situations, N-doped carbon nano-
tube can be either n-type or p-type (with vacancy) device [76]. However, the mecha-
nism of formation [179], detailed structure [73–77], and applications of such doped
carbon nanotubes [94, 177] await for further investigations.

16.6.2. Ni-, Pd-, and Sn-Doped SWCNTs

Studies on metal-doped carbon nanotubes are rather sparse [1, 180, 181]. For the
main group elements (such as B, N, and O) whose electronic structures and sizes
are similar to those of carbon, their dopings to carbon nanotubes do not greatly dis-
tort the structures of carbon nanotubes. However, due to their large atomic radii
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and partially occupied d orbitals, transition metal atoms have different bonding
to carbon from those of the main group elements. For example, a carbon atom
at the middle of the clip can be replaced with a metal atom from either outside
(exo-doped) or inside (endo-doped) of the tube. Hence, two questions naturally
arise: which one of the exo- and endo-doped conformations is more stable for metal-
doped HSWCNT and what are the electronic structures and reactivities of these
doping sites? To answer these questions, Pd-, Ni-, and Sn-doped HSWCNTs were
studied with quantum mechanic methods. A (5,5) SWCNT with 70 carbon atoms
saturated with 20 hydrogen atoms at two ends was chosen for the modeling.

Geometry optimizations and frequency predictions on these HSWCNTs were
carried out with B3LYP/LANL2MB [182]. The energies and electronic properties
were refined with B3LYP/LANL2DZ [182]. The model and optimized structures for
these HSWCNTs are shown in Figure 16-10. Major bond distances and relative ener-
gies of these HSWCNTs are listed in Table 16-4. The doping metal atom essentially
bonds to three carbon atoms in both endo- and exo-doped HSWCNTs. All exo-
doped HSWCNTs are more stable than their corresponding endo-doped HSWCNTs.
All bond distances between the doping metal atom and the bonded carbon atoms
are much longer than any C−C bond, thus resulting in much distorted geometry
around the doping site and different electronic structures for endo- and exo-doped
HSWCNTs. Except for the Ni- and Pd-endo-doped HSWCNTs, the doping metal
atoms have large amount of positive charges. The doping metal atoms are always
more positively charged in the endo-doped HSWCNTs than in the corresponding
exo-doped HSWCNTs.

The difference in electronic structures between the endo- and exo-doped
HSWCNTs and among different HSWCNTs is illustrated by the HOMO and the
LUMO of these HSWCNTs, shown in Figure 16-11. The metal atoms in all these
HSWCNTs serve as both electron acceptors and donors because of their partially
occupied d orbitals, except for Sn-doped HSWCNTs.

Figure 16-10. The structures of undoped (5,5) SWCNT and Ni-, Pd-, Sn-, Se-, and Te-doped (5,5)
HSWCNTs



Electronic Properties and Reactivities of Carbon Nanotubes 447

Table 16-4. Data for metal-doped (5,5) HSWCNTs. The doping atom and its neighboring three carbon
atoms are donoted by X, C1, C2 and C3 as in Figure 16-11, where the latter two carbon atoms are
symmetrically equivalent to each other. Energy is in eV; distance is in Å

X Conformation Relative energy X−C1 distance X−C2(C3) distance Partial charge on X

Ni exo 0.00 1.905 1.851 0.310
endo 1.63 1.791 1.847 −0.004

Pd exo 0.00 2.066 2.009 0.195
endo 2.55 1.937 2.022 −0.104

Sn exo 0.00 2.184 2.145 0.643
endo 4.29 2.112 2.111 0.501

Se exo 0.00 2.121 2.032 0.797
endo 3.77 2.083 1.988 0.578

Te exo 0.00 2.268 2.163 0.987
endo 4.83 3.013 2.260 0.496

Figure 16-11. The highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular
orbitals (LUMOs) of metal-doped (5,5) HSWCNTs
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16.6.3. Chalcogen Se- and Te-Doped SWCNTs

Chalcogen Se- and Te-doped HSWCNTs were studied by the same method. The
structures, the HOMO, and the LUMO of these HSWCNTs are shown in Figures
16-10 and 16-11. Relative energies, bond distances, and charges for the doping
atoms are listed in Table 16-4. Se and Te are positively charged in both the exo- and
endo-doped HSWCNTs. The HOMOs in all these HSWCNTs are localized around
the doping site. The LUMOs of Se-doped HSWCNTs and Te-exo-doped HSWCNT
are delocalized along the tube.

16.6.4. Pt-Doped SWCNTs

From above, we conclude that the exo-doped HSWCNT is more stable than the
endo-doped HSWCNT and there exists localized electronic states at the doping
site. Such conclusion could be also true for HSWCNT rods if the doping site is
at the middle of the sidewall [1, 180]. However, the hemispherical caps of SWCNT
rod have different curvature from that of the sidewall, thus can have different elec-
tronic structure and reactivity [10, 11, 17, 138]. To appreciate such difference in the
electronic structure and reactivity, Pt-doped HSWCNT rods originated from (5,5)
SWCNT were studied with BPW91/LANL2DZ.

For (5,5) SWCNT rod C170, the NBO partial charge analysis indicates that the
five atoms connecting to the top pentagon of the cap have the largest negative
charges and the atoms of the next layer have the largest positive charge. Thus,
the caps can be chemical reaction centers. Substitution of the carbon atoms in the
cap by other elements will change the chemical selectivity and sensitivity of the
SWCNT rod in catalytic reactions. Replacing one carbon atom with a Pt atom
in the end pentagon, in the next layer, or on the sidewall of C170 results in three
Pt-doped SWCNT rods: C169Pt(ce), C169Pt(c), and C169Pt(w). Single-point calcu-
lations at the BPW91/6-31G level of theory predict C169Pt(ce) is the most stable
nanorod: the total energies of C169Pt(c) and C169Pt(w) are 0.8 and 17.9 kcal/mol
higher, respectively. Evidently, the cap-doped SWCNTs are more stable than the
wall-doped SWCNT, because of the relaxation of the constraint on the cap through
doping. The total energy of the triplet electronic state of the Pt-doped nanorod is
found to be higher than that of the singlet, i.e. the ground state of the Pt-doped
nanorod is singlet.

Figure 16-12 displays the structures, DOS, and LDOS of the cap-end-doped
C169Pt(ce), the cap-doped C169Pt(c), and the wall-doped C169Pt(w). Their FMOs
are shown in Figure 16-13. The shapes of the LDOS of different layers are similar
at the FMO region, which indicates the delocalization of the FMOs of the HSWCNT
rods.

The Pt−C bond distances at the cap end are 2.01 Å and the other Pt−C bond
distances are 1.96 Å. Clearly, the Pt atom points outward along the translation direc-
tion of the SWCNT rod. The distortion of the SWCNT rod due to the Pt-doping is
localized on the pentagons and hexagons around Pt. The overall DOS of C169Pt(ce)
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Figure 16-12. (a) Density of states and local density of states for the Pt cap-end-doped nanorod
C169Pt(ce) with Cs symmetry. The HOMO has orbital energy −4.51 eV, and the LUMO has orbital
energy −4.21 eV. (b) Density of states and local density of states for the Pt cap-doped nanorod C169Pt(c)
with Cs symmetry. The HOMO has orbital energy −4.48 eV, and the LUMO has orbital energy −4.25 eV.
(c) Density of states and local density of states for the Pt wall-doped nanorod C169Pt(w) with Cs sym-
metry. The HOMO has orbital energy −4.46 eV, and the LUMO has orbital energy −4.26 eV. L1−L9
are the local density of states for each specified layer of atoms as marked on the structures. This figure is
adopted from Ref. [180]

is similar to that of C170 with D5h symmetry. The doping of Pt produces more peaks
in the DOS in the FMO region due to the introduction of the Pt 5d orbitals and the
induced electronic structure change in the doped cap.

The HOMO of C169Pt(ce) is similar to that of C170, except for the significant
contributions from Pt and its neighboring carbon atoms in C169Pt(ce). The effect of
Pt on the electronic structure of C169Pt(ce) is also reflected in several other frontier
occupied MOs [1, 180]. The HOMO−1 has some major contributions from the Pt
5d orbitals, which form d-p π bonds with the carbon atoms in the next layer. The
geometric distortion in C169Pt(ce) induces single and double CC bond alteration
around Pt, which is reflected in the strong π bonding around the doped cap in the
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Figure 16-13. Relevant frontier orbitals of the Pt wall-doped nanorods: (a) C170 with D5h symmetry, (b)
C169Pt(ce) with Cs symmetry, (c) C169Pt(c) with Cs symmetry, and (d) C169Pt(w) with Cs symmetry.
LUMO+1 (q eV) is the first orbital above the LUMO with orbital energy q eV. This figure is adopted
from Ref. [180]

HOMO−5 [180]. The LUMO of C169Pt(ce) is very similar to that of C170. The
next unoccupied MO, the LUMO+1 (and the LUMO+2), of C169Pt(ce) is mainly
from the 5d orbitals of Pt, and the contribution to this unoccupied MOs from the
un-doped cap diminishes. According to the MOs of C169Pt(ce), it is quite clear that
the reactive center in C169Pt(ce) is around the location of Pt.

The Pt atom can donate electrons to electron acceptors and its empty 5d orbitals
can accept electrons from electron donors, e.g. in reaction with gases like H2, C2H4,
CO, NH3, NO, etc. The NBO analysis indicates that Pt transfers about 0.80 electrons
(0.40 electrons from 6s and 0.40 electrons from 5d) to the nearby carbon atoms:
the electronic configuration of Pt is essentially [Xe]5d8.606s0.60. The carbon atom
connecting to Pt in the second layer from the doped cap end has the largest negative
charge, –0.22.

The DOS and the LDOS of each layer of atoms of C169Pt(c) are very similar to
those of C169Pt(ce). The structure of C169Pt(c) is also similar to that of C169Pt(ce),
except for the region around Pt. The FMOs of C169Pt(c) are very similar to those
of C169Pt(ce) [180]. The noticeable difference is that Pt contributes to the HOMO
of C169Pt(c) more than it does in C169Pt(ce), which enhances the reactivity of Pt
in C169Pt(c). The electronic configuration of Pt is essentially [Xe]5d8.636s0.60. The
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partial charge of Pt is 0.77 and the carbon atom connecting to Pt in the top pentagon
has the largest negative partial charge, –0.25.

The DOS of C169Pt(w) around the FMO region is different from those of
C169Pt(ce) and C169Pt(c): the contribution to the DOS at the FMO region from Pt
has noticeably increased in C169Pt(w). The LDOS of Pt indicates that Pt contributes
significantly to the DOS at the FMO region in C169Pt(w). The introduction of Pt on
the sidewall of the SWCNT also drastically changes the LDOS of its neighboring
carbon layers, as vividly demonstrated by the comparison of the LDOS of L2 and
L3 with L1 and L2 of C170 in Figure 16-12 and the HOMO and the LUMO in Figure
16-13. From the HOMO−1 to the LUMO+3, Pt has significant contributions to each
MO [180]. The HOMO-LUMO gap (0.53 eV) of C169Pt(w) is larger than those of
C170 (0.35 eV), C169Pt(ce) (0.30 eV), and C169Pt(c) (0.23 eV). In chemical reac-
tions, Pt will serve as various catalytic centers with flexible oxidation states capable
of accepting and donating electrons. The electronic configuration of Pt is essentially
[Xe]5d8.636s0.54. The partial charge of Pt is 0.83. The partial charge of the carbon
atom connecting to Pt in the symmetric plane is –0.18 and the partial charges of the
other two equivalent carbon atoms connecting to Pt are –0.10.

In summary, the doping of Pt in SWCNT significantly changes the local elec-
tronic structure of the HSWCNT especially around the doping site, thus creating
new chemical active center.

16.6.5. Gas Adsorptions on Pt-Doped SWCNTs

Doping of Pt enhances both the electron accepting and donating capacities of the
doped nanorod, changes the chemical reactivity and regioselectivity of the SWCNT,
and broadens the field of the applications of the SWCNT rods in such areas as gas
sensors [183]. Present studies have found that the change of structure and reactivity
through the doping of Pt in the SWCNT is localized at the doping site. Adsorptions
of C2H4 and H2 on the Pt atom of the three Pt-doped SWCNTs reveal the different
reactivity of the Pt-doped SWCNTs. The relative stability of the Pt-doped SWCNTs
and the adsorption energies of C2H4 and H2 on the Pt-doped SWCNTs are collected
in Table 16-5. Figure 16-14 shows the bond distances at the adsorption site.

Table 16-5. The relative stabilities of the Pt-doped nanorods and the adsorption energies of C2H4 and
H2 on the Pt-doped nanorods. The minus sign indicates the release of the heat of formation upon the
adsorption [180]. All energies are in kcal/mol

Adsorbate Level of theory C169Pt(ce) C169Pt(c) C169Pt(w)

None BPW/6-31G 0.0 0.8 17.9
B3LYP/Lanl2mb 0.0 2.4 28.6
B3LYP/Lanl2dz 0.0 3.3 26.3

C2H4 B3LYP/Lanl2mb −22.4 −23.5 −19.2
B3LYP/Lanl2dz −20.6 −22.2 −14.7

H2 B3LYP/Lanl2mb −2.1 −2.3 −10.7
B3LYP/Lanl2dz −2.8 −3.0 −10.9
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Figure 16-14. The relevant bond distances (in Å) of the adsorptions of C2H4 and H2 on the Pt atom
in the Pt-doped nanorods (C169Pt). The Pt atom is in purple. The C=C bond distances in the C2H4
adsorption and the HH bond distances in the H2 adsorption are in black. The PtC bond distances between
Pt and the carbon atoms of C2H4 in the C2H4 adsorption and the PtH bond distances in the H2 adsorption
are in blue. The PtC bond distances between Pt and its nearest carbon atoms of the SWCNT are in red.
The numbers in parentheses are the PtC bond distances of the isolated C169Pt without adsorption, the
C=C bond distance in the isolated free C2H4, and the H−H bond distance of the isolated free H2. This
figure is adopted from Ref. [180]

As exemplified by the Pt−C bond distances, there is no significant structural
change at the Pt-doped region for the adsorption of H2 on the two cap-doped
SWCNT rods. These two cases are physisorptions according to the H−H bond
distance and the distances between H2 and the SWCNT rod (Figure 16-14) and
the adsorption energies (Table 16-5). On the other hand, the adsorption of H2 on the
Pt atom in the middle of the nanorod C169Pt(w) is a chemical one. Obviously, the
H−H bond is broken and the two hydrogen atoms form chemical bonds with Pt with
bond lengths of ca 1.70 Å. The distance between the two hydrogen atoms is 2.29 Å.
This chemisorption releases about 10.0 kcal/mol energy, which is nearly five times
of those energies (about 2.0–3.0 kcal/mol) released by the adsorption of H2 on the
Pt atom at the end cape of the SWCNT rods. The interaction between H2 and Pt in
the two physisorptions is mainly the electron transfer from the bonding orbital of H2
to the empty 5d orbital of Pt [180]. Though the two hydrogen atoms in the adsorp-
tion on C169Pt(w) are separated, the interaction between these two hydrogen atoms
remains strong, as revealed by the MO overlaps between them [180]. The strong
bonding between Pt and H indicates the possibility of more H2 can be adsorpbed on
Pt, which opens a new path in search of hydrogen storage material.

The adsorption of C2H4 on the Pt atom in the three Pt-doped nanorods is
physisorption with C−Pt distances ca 2.30 Å. As the adsorption site changes
from the end-capes of C169Pt(ce) and C169Pt(c) to the middle of the sidewall of
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C169Pt(w), the CC bond distance in C2H4 gets longer, and Pt−C bond distances
between C2H4 and Pt get shorter, perhaps indicating the strength of the interaction
between C2H4 and the Pt-doped SWCNTs in this ascending order: C169Pt(ce)
< C169Pt(c) < C169Pt(w). However, this conclusion based on structure analysis alone
does not agree with the data in Table 16-5: the adsorption energy of C2H4 is the
smallest on C169Pt(w) and the largest on C169Pt(c). The trend of the adsorption
strengths of C2H4 on the Pt-doped SWCNTs is the compromise of the weaken-
ing of the C=C double bond in C2H4, the electrostatic attraction between the two
carbon atoms of C2H4 and Pt, and the repulsion between the C2H4 and the SWCNT
rod. It is also interesting to note that the geometries of the adsorptions of C2H4 on
the Pt atom at the end-cap of the Pt-doped SWCNTs are very similar to those on the
Pt-doped fullerene, C59Pt [88], which should possess similar adsorption strengths.

Overall, the adsorptions of H2 and C2H4 get stronger as the adsorption site
changes from the hemispheric cap to the sidewall of the SWCNT rod, as manifested
by the relevant MOs [180] and the adsorption energies, reflecting different chemical
activity on different sites.

16.7. CHEMICAL REACTIONS OF VACANCY-DEFECTED SWCNTs

MO and LDOS analyses reveal that the vacancy defect on SWCNT is chemical
active. Particularly, the carbon atom with dangling bond of the 5-1DB defect is the
active center. The modelings of the reactions of vacancy-defected (5,5) SWCNT clip
with NO [94] and O3 [184] provide strong evidence for the reactivity of the vacancy
defect. Recent modeling of H2 adsorbed at the vacancy in vacancy-defected (12,0)
SWCNT revealed that after overcoming a potential barrier, H2 is strongly adsorbed
on the carbon atom with dangling bond [185].

16.7.1. Computational Details and Model Selection

The electronic state of the 5-1DB vacancy is localized in vacancy-defected (5,5)
SWCNT according to the MO and LDOS analyses. Such localization enables the
treatment of the vacancy within the ONIOM model [94, 118, 184]. To validate the
modeling selection, a single-point calculation of the nonagon of the 5-1DB defect
capped by hydrogen atoms, C9H8 (shown in Figure 16-15b), was carried out at the
B3LYP/6-31G level of theory. Figure 16-15 clearly shows that the HOMO and the
LUMO, the most important MOs in chemical reactions according to Fukui frontier
orbital theory [186], of C199H20 are very close to those of C9H8. Hence, the C9H8
model can be used to represent most of the chemical properties of the 5-1DB defect
on the SWCNT [94].

A two-layered ONIOM model was used for the system. The nonagon of the
5-1DB defect and NO molecules were included in the high layer, which was treated
at the B3LYP/6-31G(d) level of theory [94]. All other carbon atoms were set in the
low layer, treated by UFF. The spin-unrestricted DFT method was applied to open-
shell species. Partial charges shown in Figure 16-15b indicate that the carbon atom
with dangling bond is the active center.
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Figure 16-15. (a) The top view of the 5-1DB defect on the (5,5) SWCNT, where the nonagon is chosen
as the high layer and the other carbon atoms are chosen as the low layer in a two-layered ONIOM model;
(b) The nonagon (with partial charges) of the 5-1DB defect capped by hydrogen atoms; (c) The LUMO
ofC199H20; (d) The LUMO of C9H8; (e) The HOMO of C199H20; (f) The HOMO of C9H8. The figure
is adopted from Ref. [94]

16.7.2. Chemical Reaction of NO with Vacancy-Defected SWCNT

The reaction of NO with C199H20 proceeds in two steps: attacking of the first NO to
the tube network and extracting of the oxygen atom of the first attacking NO by the
second attacking NO. The major structures of the active site in the reaction and rela-
tive energies of the stationary points on the reaction path are shown in Figure 16-16.

The active carbon atom C1 has the smallest steric hindrance and is the
most chemically reactive center. The partial charges of NO are distributed as
N(+0.181)−O(−0.181), whereas the active carbon atom has a +0.149 partial charge.
When NO is far away from C1, the electrostatic effect should be the dominant fac-
tor controlling the initial reaction. A transition state (TS1) for the O-end attacking
mode is found for two possible attacks with N or O attacking the active carbon atom.
The bond length of C2 and C3 in TS1 is 1.55 Å, a typical single C−C bond. The
distance between O and C1 is 1.70 Å. The energy barrier is only 8.6 kcal/mol, which
means the initial attacking is very feasible, mainly due to the strong electrostatic
attraction and molecular orbital overlap between O and C1. At this stage, the pen-
tagon of the 5-1DB defect still exists, and there are 0.052 electrons transferred from
the SWCNT to NO. From the shapes and energies of the FMOs of TS1, NO and
the SWCNT with the 5-1DB defect, the orbital interaction for TS1 can be viewed
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Figure 16-16. Reaction profiles and geometries of the transition states, intermediates, and finally prod-
uct of the reaction of NO molecules with C199H20. The units of energy and bond length are in kcal/mol
and Å, respectively. The active carbon atom is labeled as Carbon 1, and other two important carbon atoms
are labeled as Carbons 2 and 3. The nitrogen atoms are in blue, and the oxygen atoms are in red. (a) is
the reaction profile of NO with 5-1DB defected (5,5) SWCNT and (b) is the reaction profile of NO with
LM3. (e) and (f) are the HOMO and the LUMO of C199NH20, respectively. This figure is adopted from
Ref. [94]

as the single occupied molecular orbital of NO interacting with the HOMO of the
SWCNT with the 5-1DB defect [94].

After overcoming the initial reaction barrier, the system reaches the first inter-
mediate, LM1, with a bridge conformation. The oxygen atom is still chemically
bounded to C1, and the nitrogen atom begins to form chemical bond with C2. When
O approaches C1, N also approaches C2, with an in-phase orbital overlap. In LM1,
the pentagon begins to open, and the C2−C3 bond is nearly broken with an elon-
gated bond length 1.69 Å. The energy of LM1 is 19.1 kcal/mol lower than that of
the reactants: the initial reaction is exothermic. Due to the breaking of the C2−C3
bond, C3 in LM1 becomes a new active center because it has one dangling bond.
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System can easily overcome an energy barrier of 12.2 kcal/mol from LM1 reach-
ing a transition state, TS2, which is smaller than the energy released from the
initial reaction (19.1 kcal/mol). After crossing TS2, system reaches LM2 forming
a hexagon of five carbon atoms and one nitrogen atom. The formation of LM2
is highly exothermic: the system releases 85.5 kcal/mol. Such a big amount of
energy release is enough for the system to overcome TS3 with reaction barrier
of 41.1 kcal/mol. TS3 connects to the two intermediates that have either O or N
bounded to C1. The forward intermediate is LM3. In LM3, one can see that N forms
single bonds with C1, C2, and C3, and also with O. The oxygen atom sticks out of
the sidewall of the nanotube. The energy of LM3 is 90.0 kcal/mol lower than that of
the reactants and is only 2.4 kcal/mol higher than LM2, indicating that LM3 is quite
stable. In the end of the first step, the net reaction of NO with C199H20 is that NO
inserts its N into the defect site with the initial attack of O toward the active carbon
atom. This reaction is highly thermally feasible.

The relatively long bond distance between N and O (1.41 Å) indicates that O is
not strongly bounded to N, so this N−O bond may be easily broken upon proper
attack from another NO molecule in the NO excess environment. The attack of a
second NO toward LM3 (C199H20NO) proceeds.

The N end of the second NO attacks C1 and O1 (the oxygen atom of the first NO)
to reach TS4. The distance between C1 and N2 (the nitrogen atom of the second NO)
in TS4 is 1.61 Å; the C1−N1 (the nitrogen atom of the first NO) bond elongates to
1.58 Å; and the distance between N2 and O1 is 2.55 Å. The electrostatic attraction
between N2 and O1 stabilizes TS4, whereas the electrostatic repulsion between C1
and N2 counterbalances this attraction. The overall interaction of these two reactants
renders the reaction barrier for TS4 to be only 3.7 kcal/mol: this reaction is very
facile.

A complex of NO2 with C199H20N forms following TS4. In the complex, NO2
bonds to C199H20N through a long ionic N2−C1 bond with a bond length of 1.64 Å,
and the interaction between the oxygen atom (O1) of NO2 and the nitrogen atom
(N1) of C199H20N is very weak with a bond distance of 2.64 Å. In an experiment set-
ting, NO2 can be removed from the surface of the SWCNT by a flow of Ar gas [35].
The formation of the final product releases 78.3 kcal/mol energy from the reaction
of the second NO with C199H20NO. The reverse reaction barrier of 82.0 kcal/mol
makes the reverse reaction kinetically virtually impossible under normal conditions.
In short, the second NO extracts the oxygen atom from C199H20NO, forming NO2
and the N-substitutionally doped SWCNT through a one-step reaction.

The doped N stays slightly above the sidewall surface of the SWCNT in the
N-substitutionally doped (5,5) SWCNT (C199NH20) (Figure 16-16c), because of
the longer σ C−N bonds and the asymmetric sp3 hybridization of N. The HOMO-
LUMO gap is only 0.62 eV, which is much smaller than those of C200H20 and
C199H20 (1.38 and 1.12 eV, respectively). Thus, the N-substitutionally doped (5,5)
SWCNT has much enhanced conductivity. Substitutional doping of N destructs the
conjugated π system of C200H20 and introduces localized electronic states (Figures
16-16e and 16f) like what the 5-1DB defect does to perfect SWCNT, but to a less
degree.
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16.7.3. Chemical Reaction of O3 with Vacancy-Defected SWCNT

The net reaction of NO with a vacancy-defected (5,5) SWCNT (C199H20) is the
insertion of N into the defect site to form an N-doped HSWCNT. Is it possible to
produce O-doped HSWCNT with reaction of O3 with vacancy-defected open-end
SWCNT segment C119H20? What is the product of such reaction? Reaction of O3
with C119H20 was studied similarly hereafter [184].

Static potential energy curves for possible reaction pathways of the reaction were
explored with a 2-layered ONIOM[B3LYP/6-31G(d):AM1] model, in which the
5-1DB nonagon (Figure 16-17a) and O3 were chosen as the high layer and the
rest part was the low layer. In order to identify the most possible reaction path on
the static PES, QMMD-based atom-centered density matrix propagation (ADMP)
method [133–136] was employed in MD simulations for the reaction of O3 with
C119H20. The successful application of ADMP in chemical reactions [187] ensures
the reliability of our MD simulation studies at 300 K with time step 0.25 fs and
fictitious electronic mass 0.1 au. A 2-layered ONIOM/ADMP scheme was applied
for the QMMD simulation [188]. The partition of the ONIOM model in the ADMP
calculations was the same as that of the static quantum mechanical calculations,
except that the UFF force field was used for the low layer to save computational
time.

In the 5-1DB nonagon, C1 is the active carbon atom and is the major contributor
to the HOMO and the LUMO of the vacancy-defected SWCNT [180]. The out-of-
plane geometry and the large positive charge of C1 make it more reactive toward
the attacking reagents. The bond lengths and the bond orders indicate that around

Figure 16-17. Geometries of the reaction center of the transition states, intermediates, and finally prod-
uct of the reaction of O3 with the active carbon atom of C119H20. The units of energy and bond length
are in kcal/mol and Å, respectively. The oxygen atoms are in red. This figure is adopted from Ref. [184]
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the 5-1DB defect site, the C2−C3, C4−C5, C6−C7, and C8−C9 bonds have some
significant π bond characters. In fact, these four bonds have similar bond lengths
to the other aromatic C=C double bonds on the sidewall of the SWCNT. Thus,
the attacking of O3 on C1 and these four bonds in the nonagon were studied as
prototype reactions of O3 with the 5-1DB defect site. The ADMP simulations will
be presented at the end to verify the reaction pathway.

16.7.3.1. Reaction of O3 with the Active Carbon Atom

The structures of the initial intermediate (aComplex) and the initial attacking transi-
tion state on C1 (aTS1) are shown in Figure 16-17b. In aComplex, O3 and C1 form
a tetragon. The electrostatic attraction between C1 and O1 and between C1 and O3
stabilizes aComplex [184], whereas the electrostatic repulsion between C1 and O2
counteracts with this attractive stabilization. In aTS1, O3 and C1 form a more com-
pact tetragon than the one in aComplex. The imaginary vibrational mode shows the
shortening of the C1−O1 bond and elongating of the O1−O2 bond, indicating the
attacking of O1 to C1 and the breaking of the O1−O2 bond, i.e. the dissociation of
O3. Based on the NBO analysis of aTS1, the partial charges of O1, O2, O3, and C1
are −0.21, 0.22, −0.21, and 0.14, respectively. So, there are 0.20 electrons trans-
ferred from the SWCNT to O3, and the electrostatic interaction scheme in aTS1
is qualitatively the same as that in aComplex. Following the imaginary vibrational
mode forward, C1 indeed captures O1 and the outgoing singlet O2 (1�g) can be
immediately quenched into a triplet O2 (3�g–). The C1−O1 bond is very strong
with a bond length of 1.209 Å, close to a typical carbonylic C=O double bond.
The structure of the product (aProduct) is shown in Figure 16-17b. The energies of
aComplex and aTS1 are 5.9 and 0.3 kcal/mol lower than the reactants, respectively.
The forward reaction barrier is only 5.6 kcal/mol for aComplex, and the effective
forward reaction barrier of the overall reaction is very close to zero, only −0.3
kcal/mol. The overall energy released from the reaction is −128.0 kcal/mol. Thus,
the reaction of O3 with C1 is highly exothermic and facile.

16.7.3.2. Reaction of O3 with the C8−C9 Bond (Position 1)

The attack of O3 on C8−C9 bond first forms an initial intermediate, P1Complex, and
goes through a transition state, P1TS1 (Figure 16-18). P1Complex was reported as a
π-complex in previous matrix spectroscopic and theoretical studies of ozonization
of certain alkenes [189, 190]. The complex is stabilized by the interaction of the
π-type HOMO and LUMO on alkenes and O3. P1Complex is 4.3 kcal/mol more
stable than the reactants, whereas P1TS1 lies 2.4 kcal/mol above the reactants. In
the first intermediate P1LM1, the C8−C9 bond length is 1.663 Å, longer than those
of P1Complex (1.438 Å) and P1TS1 (1.483 Å), due to the rehybridization of C8 and
C9 from sp2 to sp3. The binding energy of P1LM1 is −27.2 kcal/mol (relative to the
reactants), and the reaction of O3 with C8−C9 is exothermic.

Two different pathways were found for the forward decomposition of P1LM1. In
the first pathway, the system climbs through the transition state P1TS2, by breaking
the O2−O3 bond (2.164 Å) and forming the C1−O3 bond (1.781 Å), with an
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Figure 16-18. Geometries of the reaction center of the transition states, intermediates, and finally prod-
uct of the reaction of O3 with the C8−C9 bond (position 1) on the nonagon of C119H20. The units of
energy and bond length are in kcal/mol and Å, respectively. The oxygen atoms are in red. This figure is
adopted from Ref. [184]

activation barrier 35.3 kcal/mol. After overcoming P1TS2, O1 and O2 dissociate
as a singlet O2, the C9−O3 bond breaks, and O3 forms a carbonylic C=O double
bond with C1, and yields the same product aProduct as in the reaction of O3 on C1.
The second decomposition pathway goes through another transition state P1TS2′
and forms an epoxy adduct P1epo89. The imaginary vibrational mode clearly shows
the breaking of the O1−O2 and C9−O3 bonds. The activation barrier from P1LM1
to P1TS2′ is 42.9 kcal/mol, which is 7.6 kcal/mol higher than that of the first decom-
position pathway. Contrast to the high exothermicity of the first decomposition
pathway (−61.5 kcal/mol relative to P1LM1), the second decomposition pathway is
endothermic (17.5 kcal/mol with respect to P1LM1). Therefore, the first decomposi-
tion pathway is kinetically and thermodynamically much more favourable than the
second decomposition pathway. However, the high reaction barrier (35.3 kcal/mol)
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from P1LM1 to the products makes this reaction pathway uncompetitive to the
dissociation pathway on the active atom.

16.7.3.3. Reaction of O3 with the C6−C7 Bond (Position 2)

The structures of P2Complex, P2TS1, and P2LM1 in the course of O3 attacking the
C6−C7 bond are shown in Figure 16-19. P2Complex is also a π-complex according
to its structure. The imaginary frequency mode of P2TS1 mainly shows the attacking
of O1 to C6 and the stretching of the C5−C6 bond. In the primary ozonide P2LM1,
the C5−C6 bond (1.719 Å) is nearly broken. With respect to the energy of the
reactants, P2Complex lays 4.5 kcal/mol lower, whereas P2TS1 stays 6.4 kcal/mol
higher. Thus, the forward reaction barrier from P2Complex is 10.9 kcal/mol, which

Figure 16-19. Geometries of the reaction center of the transition states, intermediates, and finally prod-
uct of the reaction of O3 with the C6−C7 bond (position 2) on the nonagon of C119H20. The units of
energy and bond length are in kcal/mol and Å, respectively. The oxygen atoms are in red. This figure is
adopted from Ref. [184]
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is 5.3 kcal/mol higher than that of the reaction on C1. The binding energy of P2LM1
is −24.2 kcal/mol, thus the reaction of O3 with C6−C7 is also exothermic.

There are two different decomposition or isomerization pathways of P2LM1. The
first pathway needs to overcome a 28.5 kcal/mol activation barrier and reaches
the transition state P2TS2, in which O3 attacks C8 and breaks the O2−O3 bond.
After passing P2TS2, the system relaxes to P2LM2 by releasing nearly 5 kcal/mol
energy. P2LM2 is 23.6 kcal/mol less stable than P2LM1. P2LM2 can isomerize to
P2Product through another transition state, P2TS3, by overcoming a small barrier of
2.5 kcal/mol. In P2TS3, O1 begins to migrate from C6 to C1. In P2Product, O1 forms
bond with C1 and O2 forms bond with C6: O1 and O2 thus coalesce into a bridge
between C6 and C1. P2Product is 79.2 kcal/mol more stable than the reactants.

Another isomerization pathway of P2LM1 is going through the transition state
P2TS2′, in which O1, O2, O3, C6, and C7 are almost in the same plane. There is
virtually no energy cost from P2LM1 to P2TS2′. After passing P2TS2′, the system
goes to the endo-primary ozonide P2LM2′, whose energy is only 0.5 kcal/mol lower
than that of the exo-primary ozonide P2LM1. The isomerization continues moving
forward to overcome a 24.8 kcal/mol barrier and reaches P2TS3′, in which C5−C6
is almost broken (1.862 Å). The imaginary vibrational mode in P2TS3 shows the
breaking of the O3−C7 and O1−O2 bonds and the attacking of O1 to C5. Once
overcoming this barrier, the system yields the final product P2Product′, which is
159.8 kcal/mol more stable than the reactants. Even though, the 24.6 kcal/mol reac-
tion barrier from P2LM2′ to the final products renders this pathway unfavorable
compared to the dissociation on the active atom.

16.7.3.4. Reaction of O3 with the C4−C5 Bond (Position 3)
P3Complex, in the course of O3 attacking the C4−C5 bond (Figure 16-20), is also a
π-complex according to its structure. The imaginary vibrational mode of transition
state right after P3Complex, P3TS1, clearly indicates the concerted attacking of O1
to C4 and O3 to C5 and shows the stretching of the C4−C5 bond. The reaction bar-
rier for the reaction on C4−C5 is 19.3 kcal/mol. After overcoming this barrier, the
system goes to P3LM1, which is not a primary ozonide. In P3LM1, the C4−C5 bond
(2.982 Å) is totally broken, and O1, O2, and O3 form a bridge between C4 and C5.
P3LM1 is 46.8 kcal/mol below the energy of the reactants. It is thermodynamically
more stable than the primary ozonides P1LM1 and P2LM1.

There are two isomerization pathways of P3LM1. The first one goes through
P3TS2, by breaking of the O1−O2 bond with a barrier only 7.7 kcal/mol. After
crossing P3TS2, the system goes to P3Product, which is 51.5 kcal/mol more stable
than the reactants. Another pathway goes through P3TS2′, in which O3 attacks C1
and simultaneously breaks the bond with O2 with a barrier of only 8.9 kcal/mol. The
product, P3Product′, in which O3 bridges C1 and C5, is 100.5 kcal/mol more stable
than the reactants. In spite of the exothermicity of this reaction pathway, the first
reaction barrier from P3Complex to P3LM1 is much higher than the corresponding
reaction barrier from aComplex to aTS1.
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Figure 16-20. Geometries of the reaction center of the transition states, intermediates, and finally prod-
uct of the reaction of O3 with the C4−C5 bond (position 3) on the nonagon of C119H20. The units of
energy and bond length are in kcal/mol and Å, respectively. The oxygen atoms are in red. This figure is
adopted from Ref. [184]

16.7.3.5. Reaction of O3 with the C2−C3 Bond (Position 4)

No π-complex for the reaction on the C2−C3 bond has been found (Figure 16-21).
In P4TS1, the O1−C2 bond is 1.498 Å, which is much shorter than those in the
previous initial-reaction transition states. The reaction barrier is 17.3 kcal/mol. The
primary ozonide P4LM1 is only 6.2 kcal/mol more stable than the reactants and is the
least stable primary ozonide. A dissociation pathway for P4LM1 has an activation
barrier 23.5 kcal/mol. The system goes through P4TS2, in which O1 begins to break
the bond with O2 and attack C1 at the same time and O2−O3 tends to leave as
singlet O2. After overcoming P4TS2, O2−O3 indeed dissociate from the system
and O1 migrates from C2 to C1, yielding the same final product (aProduct) as that
in the reaction on C1. The initial reaction barrier is too high for the system to reach
P4LM1 in comparison with the initial reaction barrier of the dissociation at the active
carbon atom.

16.7.3.6. Ab initio Molecular Dynamics Studies

Above, static quantum mechanical studies have found five different reaction posi-
tions of O3 on the nonagon of the 5-1DB defect site. Among all the reaction
pathways, the reaction of O3 with the active carbon atom C1 is most probable, as it
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Figure 16-21. Geometries of the reaction center of the transition states, intermediates, and finally prod-
uct of the reaction of O3 with the C2−C3 bond (position 4) on the nonagon of C119H20. The units of
energy and bond length are in kcal/mol and Å, respectively. The oxygen atoms are in red. This figure is
adopted from Ref. [184]

is a one-step reaction with the lowest initial attacking barrier. This reaction pathway
is much more kinetically favorable than other alternatives.

To verify the static quantum mechanical studies of the reactions of O3 around the
5-1DB defect, ADMP-based AIMD simulations were carried out at 300 K. Initially,
an O3 molecule was placed above the center of the nonagon so that all reactive
sites around the 5-1DB defect have equal chance to interact with the incoming O3
molecule. The dynamical simulation results ratify the spontaneous dissociation of
O3 on C1 to be the most probable reaction process [184]. The change of potential
energy of the system during the simulations is shown in Figure 16-22. In less than
50 fs, the system quickly overcomes a ca. 20 kcal/mol barrier and releases a large
amount of heat (about 160 kcal/mol), during which one oxygen atom is captured
by the active carbon atom C1, forming a carbonylic C=O bond, and the other two
oxygen atoms leave as O2. This mechanism is consistent with the scenario from
the static quantum mechanical study discussed above, despite the differences in the
energies due to the different methods used for the low layer of the 2-layered ONIOM
model.

In summary, among the five possible reactive positions of the nonagon of the
5-1DB defect in the vacancy-defected (5,5) SWCNT, the most favorite reaction
takes place on the active carbon atom, through a one-step process, in which the
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Figure 16-22. The relative potential energy (in kcal/mol) for the system during the ADMP simulation
of 1 ps at 300 K. The insert is the relative potential energy for the first 100 fs. This figure is adopted from
Ref. [184]

active carbon atom captures an oxygen atom from O3 and the remaining two oxy-
gen atoms dissociate away as O2. ADMP dynamical simulation at 300 K confirms
the fast spontaneous dissociation of O3 on the 5-1DB defect.

16.8. CONCLUSIONS AND OUTLOOKS

Electronic properties and reactivities of perfect, defected, and doped SWCNTs have
been reviewed based on the theoretical works from us and other groups.

Without defect, a SWCNT with open ends has delocalized electronic structure.
Hemispherical caps stabilize SWCNT rods and decrease the HOMO-LUMO gap of
SWCNT rod from that of SWCNT segment with open ends. The DOS, LDOS, and
FMOs further confirm the existence of localized states on the hemispherical caps in
the SWCNT rods. The circular cis-polyene chain between the cap and the sidewall
of a SWCNT rod is active in chemical reactions according to the MO analysis.

Introduction of vacancy defect brings localized active center to SWCNT (either
with open ends or with hemispherical caps) and fullerens. Vacancy defects on
SWCNTs also decrease the HOMO-LUMO gaps, destruct the π conjugated
system of the FMOs, and enhance their chemical activity. The chemical reactiv-
ity of the vacancy defect can be utilized to functionlize SWCNTs and to broaden
the applications of SWCNTs in electronic devices, hydrogen storage, chemical sen-
sor, catalysts, and optical materials. Reactions of NO and O3 with vacancy-defected
(5,5) SWCNT showcase such novel functionlizations.



Electronic Properties and Reactivities of Carbon Nanotubes 465

Doping of hetero-atom to SWCNT results in new active center. Depending on the
nature of the doping atom, the doped HSWCNT can have very different properties.
The adsorption of gas molecules on HSWCNT reveals different chemical activity of
the doping site. Such doped HSWCNT can be utilized as catalyst, chemical sensor,
and hydrogen storage material because of its chemical sensitivity, reactivity, and
selectivity.

Our studies point to new directions for future applications of HSWCNTs in catal-
ysis, chemical sensor, surface science, and nanotube chemistry. Certainly, more
sustained research efforts should be carried out to deepen our understanding of the
wonders of carbon nanotubes.
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