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1. INTRODUCTION

Since the discovery of the single-walled carbon nanotube (SWCNT) [1], experimental and
theoretical investigations on the chemical [2, 3] and physical [4, 5] properties of SWCNTs
have been growing rapidly because of the potential applications [6] of SWCNTSs in molecular
electronics [7], chemical sensor [8], vacuum electronic devices [9], field-emission flat-panel
display [10], catalysis [11], and optics [12].

The SWCNT can be visualized as a roll of graphite sheet and can be metallic and semicon-
ducting nanotubes according to the wrapping vectors (m, n) [13]. Semiconducting nanotubes
can be further classified as narrow-gap and moderate-gap semiconductors. A nanotube is
characterized by its chiral vector (AB as shown in Scheme 1), AB = ma + nb, and a transla-
tion vector in which the nanotube elongates. In the (5,5) nanotube as shown in Scheme 1,
the translation vector is in the y-axis. If n — m = 3¢ (with an integer g), then the nanotube
is metallic; otherwise, the nanotube is semiconducting with a band gap [13b]. There are
further detailed classifications of nanotubes with respect to conductance according to the
“n — m rules” [13]. As rolled one-dimensional graphite sheet, nanotubes display different
electronic properties from those of graphite sheets and fullerenes: the electronic properties
of nanotubes can be controlled by the diameters of the nanotubes because of hybridization
effects [Sa]. The pyramidalization of nanotubes is different from fullerenes, and there exists
m-orbital misalignment between adjacent pairs of conjugated carbon atoms [2a], which ren-
ders different reactivities of nanotubes from fullerenes and among nanotubes themselves
because of different diameters [2a, Se, 14]. Chemical reactions can take place on the sidewall
of nanotubes [15] or at the end of nanotubes [2d, 15j, 15k, 16]. Because of the difficulty in
purifying and manipulating SWCNTS, the electronic structure, chemical reactivity, and possi-
ble 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 [17].

The partial destruction of the nanotube structure through vacancy [18], doping [19], and
distortion [20] can alter the electronic structure and reactivity of nanotubes [18g, 19¢]. In
doping, some carbon atoms on a SWCNT are replaced by different atoms, producing a
hetero-SWCNT (HSWCNT) [19]. Most HSWCNTs are doped with main group elements
[19]; the HSWCNT we study here is doped with precious metal Pt. The substitution of a
metal atom in fullerenes [21] prepares the metal as an active center in chemical reactions
[21e, 22].

A good understanding of the electronic structure of SWCNTs and defected SWCNTs
offers deep insight into the reactivity of SWCNTs and paves the way for a general utiliza-
tion of SWCNTs in chemical reactions. As a pseudo—one-dimensional system with a tube

Scheme 1. Tllustration of possible wrapping of graphite sheet to form the SWCNTs. The structure of the (5,5)
SWCNT is shown on the left. The x-axis is the wrapping direction, the y-axis is the elongation direction, and AB is
the chiral vector.
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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 on the
defect site of the SWCNT, and the products are released from the other end of the SWCNT.
HSWCNTSs can also be used in gas sensors because of the chemical activity of the doped
heteroatoms. B- and N-doped HSWCNTS attracted extensive attentions due to their poten-
tial applications in chemical sensors [19¢] and nanosize electronic and photonic devices with
various electronic properties [23].

For the time being, the synthetic methods for these HSWCNTS, such as thermal treatment
[24] or the chemical vapor deposition [25], can only work under very high temperatures of
hundreds and thousands of degrees and the position where the heteroatom is doped cannot
be controlled with ease. The feasibility of such synthesis under mild conditions has not been
explored theoretically nor reported experimentally.

However, the rapid development of theoretical methods makes computational studies on
the structure and property of SWCNTs possible, shedding light on possible applications
of SWCNTs. However, this does not claim that theoretical approaches will be easy in any
way. The size of SWCNTSs 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 work, we will study the structure of HSWCNTS, electronic properties of SWCNT
clips, capped SWCNTs, SWCNT clip with vacancy defect, and chemical reaction of the
vacancy-defected SWCNT with nitrogen monoxide (NO) gas to explore the feasibility of
synthesis of the HSWCNT from the SWCNT with vacancy.

2. QUANTUM MECHANICAL METHODS
2.1. First-Principles Calculations

Quantum mechanical methods can be carried out for a system by solving the electronic
Schrodinger equation,

H, ¥ = E¥ (1)

under the adiabatic approximation, in which the electronic wave function is restricted to one
electronic surface, and the Born-Oppenheimer approximation that warrants the separation
of the nuclear and electronic motions since the nuclei move much slower than the electrons
[26]. The electronic Hamiltonian H.,

H, = Tc 1 Vnc = Vcc (2)

includes the electronic kinetic energy T, nucleus—clectron attraction V., and electron—
electron interaction V,,. The total Hamiltonian H,,, includes H,, the nuclear kinetic energy
T,, and nucleus—nucleus interaction V,,,

Htol =H.+T,+ Vnn (3)

In most quantum mechanical methods, the nuclei are treated as classical particles and only
the electronic wave function is solved quantum mechanically. If only fundamental physical
constants are used in solving the electronic Schrodinger equation, first-principles calcula-
tion emerges. On the basis of the choice of the basic variational variables, first-principles
calculation has two flavors: wave function-based ab initio methods [26] and electron-density-
based density-functional theory (DFT) [27]. In wave function-based ab initio methods, the
electronic energy of a system can be expressed as

Ec[‘\y] =T, [1]!‘] T Vnc[\p] p Vee[‘p] (4)

In the quasi-independent-particle models, for example, the Hartree-Fock (HF) method [26]
and the Kohn-Sham (KS) method [27], the electronic wave function is approximated by a
single Slater determinant for an N-electron system,
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where ; is the ith spin orbital. Because of the quasi-independent-particle nature, the instan-
taneous multielectron interaction is approximated as if an electron is moving in an average
electron-electron potential because of 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 constructed from the linear combination of atomic orbitals
(LCAOs) [26-28].

The HF approximation is not capable of describing highly correlated systems, in which
the instantaneous electron—electron interaction is crucial to describe correctly the electronic
structure. High-level theories, such as multiconfiguration self-consistent field (MCSCF) [29],
multireference configuration interaction (MRCI) [30], or coupled-cluster (CC) methods [31],
are then necessary for treating the electron correlation more accurately. However, the pro-
hibitive computing resource requirements of such high-level methods prevent their general
application in large systems [26]. Even for the HF approximation, the system size that can
be treated is still moderate, because the computational cost formally scales as the fourth
power of the number of basis functions. High-level theory, such as CC, scales even worse
with respect to the system size. One solution to reduce the computing cost is developing
linear-scaling methods. Another way is reducing the computing requirements by approximat-
ing the most time-consuming aspect of the calculation, evaluating the two-electron integrals.
This latter approximation results in semiempirical methods [26].

2.2. Semiempirical Quantum Mechanical Methods

In the HF approximation, the electron—electron interaction is evaluated through the
operator V.,
1

|x; —rjl

V=22 (6)

PN

which results in the two-electron integrals. By linear combination of atomic basis functions
{¢,}, the molecular orbitals {y;} can be written as

i = z CsiPa (7)

Following the variation principle, the HF equation can be derived directly from Egs. (1),
(2), and (5) as a pseudo—one-electron eigenequation:

Fy,=ex (8)

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

FC = SCe 9)

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

N
F=h+3} (J,-K) (10)

where J; is the Coulomb operator and K, is the exchange operator for two-electron interac-

tions, respectively. Most of the CPU time is spent in calculating the two-electron integrals
due to the two-electron operators J; and K; [26].
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In semiempirical methods [26¢—26¢], only valence electrons are considered explicitly; the
core electrons are implicitly included in the nuclear part by reducing the nuclear charge. The
evaluation of the two-electron integrals for valence electrons is simplified by the introduc-
tion 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 approximation in semiempirical methods is the zero differential overlap (ZDO)
approximation, in which all the products of basis functions of the same electron on dif-
ferent atoms are neglected. The remaining integrals are parameterized and fitted through
benchmarking with available experimental data. Different semiempirical methods emerged
depending on how the approximations in the neglect of two-clectron integrals and in the
fitting of parameters are made [26c-26e]. Among all variants of the ZDO approximation,
the complete neglect of differential overlap (CNDO) method [32] is the crudest approxima-
tion. 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 (INDQ) method [33] and the neglect of diatomic differential overlap (NDDO) meth-
ods [32] (MNDO [34], AM1 [35], and PM3 [36]) emerged with much-improved accuracy. In
this work, the PM3 method is employed in combined quantum chemical calculations.

2.3. 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 correlation effects into
the HF approximation, high-level theory has to pay a big price in terms of computational
cost. However, the electron-density-based DFT has a favorable scaling factor [26, 27]: 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 exchange-correlation functionals
in DFT [27].

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

E, [p] = T[p] + E,clp] + Jlp] + Ex:[p] (11)

where p is the single-electron density. 7;[p] is the electronic kinetic energy, E .[p] is the
nuclear—electron attraction, J[p] is the electron—electron Coulomb interaction, and E[p]
is the exchange and correlation energy. The E,[p] term can be split into two pieces: the
exchange energy E, [p] and the correlation energy E.[p].

The E..[p] functionals are mainly modeled in three ways: the local-density approximation
(LDA), the generalized gradient approximation (GGA), and the hybrid approach [27, 37].
In the LDA, the energy of a system depends on the local value of the electron density [27].
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 [27d]. 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 [38]. Such a
hybrid approach of mixing the exact exchange further improves the prediction accuracy of
DFT method in physical and chemical applications [38].

However, the system size and scaling factor of computational cost limit the application of
quantum mechanical methods in the studies of nanoparticles. To overcome this difficulty, the
ONIOM model [39] has been developed to be a compromise of the computational feasibility
and accuracy.

2.4. 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 theory, while the surroundings (the rest of the chemical system) can be treated
with low-level theory [39, 40]. This embedding approach requires relatively low computing
resources and still keeps the essential environmental effects exerted on the active site by the
surroundings [40].
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The ONIOM model [39] is a popular one among many methods [40] suitable for such
applications. The basic formula for ONIOM can be written as [39],

Ei = Epy, — Eyp + By, (12)

where E,,, is the total energy of the system, Ey, is the energy of the real system at low-level
theory, Eyy is the energy of the model system (the active site) at low-level theory, and Eyy, 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 [39]. The 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 usually molecular
mechanics. In molecular mechanics [26], the electronic structure of the system is not explic-
itly considered. The interatomic interactions are divided into bond, angle, torsion angle, and
weak interactions, including the van der Waals interaction. Such interactions are parameter-
ized through fitting to the available experimental data or any high-level quantum mechanical
calculation results. Depending on the fitting procedure, different parameterizations give rise
to various force fields for the interatomic interactions. The most popular force fields are
Amber [41], Charmm [42], MM3 [43], UFF [44], and so on [26].

3. SINGLE-WALLED CARBON NANOTUBES

3.1. Models and Computational Details

The model for the SWCNT used in present work is the metallic armchair (5,5) SWCNT. Two
different models are chosen for a finite-length (5,5) SWCNT: the hemispherically capped
nanorod and the hydrogen saturated open-end SWCNT. The caps in the hemispherically
capped nanorod are half spheres of a fullerene. The open ends of the SWCNT were found to
be active centers in many reactions, e.g., the oxidation of the SWCNT [2d], and the structure
of the open ends goes through bond-distance reconstruction [3i]. No end-localized state has
been found near the Fermi energy for the open-end SWCNT [3i]. On the contrary, the caps
in capped nanorod were predicted to be important to the electronic property of the nanorod
[3d]. The caps host some localized electronic states [4a, 45], because of the relatively unstable
pentagons presented there [46]; however, there is no significant contributions to the highest-
occupied molecular orbital (HOMO) and the lowest-unoccupied molecular orbital (LUMO)
of the nanorods from the caps [3c]. The differences in curvature and 7 bonding distinguish
the chemical properties of fullerenes and SWCNTSs [2a] and thus divide the nanorod into at
least two regions: the caps and the sidewall.

All the calculations are performed with the Gaussian 03 quantum chemical package [47].
Becke’s exchange functional (B) [38] and Perdew’s correlation functional (PW91) [48] of the
GGA type are employed in structure optimization and property prediction. Pople’s 6-31G
Gaussian basis set [49] is used for the carbon atoms and the relativistic 19-¢lectron Los
Alamos National Laboratory effective core pseudopotential (LANL2DZ) [50] and its cor-
responding valence-electron basis set (3s3p2d) are used for the Pt atom. The geometries
of the open-end (5,5) SWCNTs, with and without vacancy defect, are optimized with PM3.
Partial charge analysis within natural bond orbitals (NBOs) [51] and molecular orbitals are
calculated with the BPW91 functionals and with the 6-31G basis set for all structures.

3.2. The Unsubstituted SWCNT Rod

Figures 1 and 2 display the geometries, density of states (DOS), and local density of states
(LDOS) of two (5,5) SWCNT rods, Cy with Ds, symmetry and Cig with D5y symmetry,
respectively. The overall DOS and LDOS of these two SWCNT rods are very similar. The
most noticeable feature of the DOS of C,,, is the separation of peaks at 5.2 eV, where it
is continuous for C,g. The similarity of the DOS and LDOS of Cj5 and Cig is expected,
because only one additional circular cis-polyene chain does not change the electronic struc-
ture significantly from C,;, to C,g,. Previous studies also found the similarity in the HOMO-
LUMO gaps of the (5,5) SWCNT rods C,, and Cyg [3d]. The HOMO-LUMO gaps of the
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Figure 1. The density of states and local density of states for the nanorod C,q with Dy, symmetry. HOMO
(—4.61 eV) is the highest-occupied molecular orbital and LUMO (—4.26 cV) is the lowest-unoccupied molecular
orbital. L1, L2, L3, and L4 are the local density of states for each specified layer of Cyy, as outlined on the structure.

(5,5) SWCNT rods C,5, and Cg, are smaller than that of the longer open-end (5,5) SWCNT
segment (this will be elaborated in next section). The LDOS shows the contribution of a par-
ticular group of atoms to the overall DOS. Figures 1 and 2 display the LDOS of cis-polyene
chains in C,;y and Cg along the SWCNT axis and the LDOS of the cap (a hemisphere
of Cy). 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.
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Figure 2. The density of states and local density of states for the nanorod Ciy, with Ds; symmetry. HOMO
(—4.60 eV) is the highest-occupied molecular orbital and LUMO (—4.23 eV) is the lowest-unoccupied molecular
orbital. L1, 1.2, L3, and L4 are the local density of states for each specified layer of Cg, as outlined on the structure.
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The contributions to the HOMO, the LUMO, and other occupied FMOs from the caps are
not significant; the contributions to the HOMO and the LUMO of C,; and Cyg, are from
the sidewall of the SWCNTs. The conspicuous contributions to the DOS 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 as indicated in Figs. 1 and 2.

The MOs give detailed information about the contributions of the LDOS from each layer
to the DOS of the SWCNT rod. The occupied and unoccupied FMOs for SWCNT rods C,4,
and C,g, are plotted in Figs. 3 and 4, respectively. The highest four occupied MOs of C,,, and
C,y are delocalized 7r orbitals with contributions from the sidewall of the SWCNT rod. The
occupied MOs with major contributions from the caps lie about 1 eV below the HOMO, as
also manifested by the LDOS of the cap in Figs. 1 and 2. The HOMO and the LUMO have
sole contributions from the sidewall of the SWCNT. The lowest two unoccupied MOs of C,4,
and C,g, are 7 orbitals delocalized on the sidewall of the SWCNT rod, and these unoccupied
MOs are followed by four (two two-fold degenerated MOs) localized MOs on the caps. The
patterns of the HOMO and the LUMO in C,,, are different from their counterparts in Cyg,.
Such pattern change was observed for the shorter SWCNT rods before [3c].

From the MOs, one can infer that, when reacting with strong electron acceptors, the
SWCNT rods C,7, and C,g, will donate electrons from the sidewall of the SWCNT rod to
the electron acceptors. According to the NBO analysis, when C,,; and C,y accept electrons,
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 C,,, and C,g, 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 of the SWCNT rod [52]. The delocalized MOs on the
sidewall of the SWCNT rod extend to the ridge of the five-membered rings of the caps.

Al

LUMO+3 (-3.63 eV)

LUMO+4 (-3.53 eV) LUMO+5 (-3.53 eV)

Figure 3. The frontier molecular orbitals of the nanorod C,,, with Dy, symmetry. HOMO-n (p eV) is the nth
orbital below the HOMO with orbital energy p eV. LUMO + m (g eV) is the mth orbital above the LUMO with
orbital energy g eV.
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Figure 4. The frontier molecular orbitals of the nanorod Cg with Dy, symmetry. HOMO-n (p eV) is the nth
orbital below the HOMO with orbital energy p eV. LUMO+m (g €V) is the mth orbital above the LUMO with
orbital energy g eV.

The five-membered ring regions have 6-6 (between 6-membered and 6-membered rings)
and 6-5 (between 6-membered and 5-membered rings) CC bond alternation similar to that
in Cy,. The atoms on the last layer of L4 (layer II in Figs. 1 and 2) have the largest negative
charges in C,g and large negative charges in C,. In chemical reactions, this layer is reactive
toward electron acceptors and can be treated as bridge between the sidewall and the cap of
the SWCNT rod. The middle layers of the sidewall of the SWCNT rod have positive charges.
From the MOs of C,, and C,g, one can infer that the MOs on the caps are localized and
the geometric (topological) role of the caps can be the dominant factor in the determination
of the electronic properties of the SWCNT rods.

3.3. The Pt-Doped SWCNT Rods

The NBO partial charge analysis indicates that the five atoms connecting to the top five-
membered ring cap have largest negative charges and the atoms of next layer (layer I in
Fig. 1) have largest positive charges in Cy5. The caps can be chemical reaction centers.
Substitution of the cap carbon atoms by the other elements will change the chemical selec-
tivity and sensitivity of the SWCNT rod in catalytic reactions and atomic force microscopy
applications.

As shown in Figs. 5, 7, and 9, replacing one carbon atom with a Pt atom in the end
five-membered ring, the next layer, or the middle of the sidewall of C,; results in three
Pt-doped SWCNT rods: C,gPt(ce) (cap-end-doped), C,qPt(c) (cap-doped), and C,gPt(w)
(wall-doped), respectively. DFT calculations at the BPW91/6-31G level of theory predict
C,,Pt(ce) to be the most stable: the total energy of CPt(c) is 0.8 kcal/mol higher than
that of C,gPt(ce) and C,,Pt(w) is 17.9 kcal/mol above C,sPt(ce). Evidently, the cap-doped
SWCNT is more stable than the wall-doped SWCNT due to the relaxation of the constraint
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Figure 5. The density of states and local density of states for the Pt cap-end-doped nanorod C,Pt(ce) with C,
symmetry. HOMO (—4.51 eV) is the highest-occupied molecular orbital and LUMO (—4.21 eV) is the lowest-
unoccupied molecular orbital. L1, 1.2, L3, L4, L5, L6, L7, L8, and L9 are the local density of states for each specified
layer of C,4Pt(ce) as outlined on the structure.

on the cap through doping. The total energy of triplet electronic state of Pt-doped nanorod
is found to be higher than that of the singlet: the ground state of Pt-doped nanorod is
singlet. Moreover, present studies find that the change of structure and reactivity through
the doping of Pt in SWCNT is localized at the doping site.

3.3.1. C,¢ Pt(ce)

Figures 5 and 6 display the structure, DOS, LDOS, and MOs of C,,,Pt(ce). The Pt-C (of
the cap end) bond distances are about 2.01 A and the other Pt—C bond distances are about
1.96 A. Clearly, the Pt atom points outwards along the translational direction of the SWCNT,
The distortion of the SWCNT rod due to the doping of Pt is localized in the pentagons and
hexagons around Pt. The overall DOS of C,¢,Pt(ce) is similar to that of the SWCNT Cy7 with
Dy, symmetry. The doping of Pt produces more peaks around the FMO region of the DOS
due to the introduction of the 5d orbitals of Pt and induces electronic structure changes of
the cap with the Pt-doping. The LDOS of L1 and L2 in Fig. 5 clearly indicate such changes in
the electronic structure. L1 (the LDOS of Pt) in Fig. 5 manifests the contribution of Pt to the
DOS of the Pt-doped SWCNT rod. The LDOS of the remaining layers in Fig. 5 are similar.
The FMOs in Fig. 6 reveal details of the electronic structure of C,gPt(ce). The HOMO of
CigoPt(ce) is similar to that of C,;, except for some significant contributions from Pt and
its neighboring carbon atoms in C,4Pt(ce). The effect of Pt on the electronic structure of
CigoPt(ce) is also reflected in occupied MOs: the HOMO-1, the HOMO-5, the HOMO-6,
and the HOMO-7. The HOMO-1 has some major contributions from the 5d orbitals of Pt,
which form d-p 7 bonds with the carbon atoms in the next layer. The geometric distortion
in Cy4Pt(ce) induces single- and double-CC bond alteration around Pt, which is reflected
in the HOMO-5 as the strong 7 bonding around the cap with doping. The symmetry of
the 7 bonds in the HOMO-7, the HOMO-6, and the HOMO-5 (corresponding to the
HOMO-7, the HOMO-6, and the HOMO-5 in C ) is destroyed in C,4Pt(ce), resulting
in the concentration of 7 bonding on one end cap as shown in Fig. 6. The LUMO in
CigoPt(ce) is very similar to that in the SWCNT rod C,,. The LUMO+1 in C,4 corresponds
to the LUMO+3 (with contribution from Pt) in C,4Pt(ce). The two unoccupied MOs, the
LUMO+1 and the LUMO+2, in C,Pt(ce) are mainly from the 5d orbitals of Pt, and
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LUMO+3 (-3.67 eV)

LUMO+4 (-3.57 eV) LUMO+5 (-3.57 eV)

Figure 6. The frontier molecular orbitals of the Pt cap-end-doped nanorod C,4,Pt(ce) with C, symmetry. HOMO-n
(p V) 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 g eV.

the contribution to these two unoccupied MOs from the cap without doping diminishes.
According to the MOs of C,Pt(ce), one notices that the reactive center in CigoPt(ce) is
around the doping site of Pt. The Pt atom can donate electrons to electron acceptors and the
empty 5d orbitals can accept electrons from electron donors, for example, in reaction with
gases such CO, NH;, and NO. NBO partial charge analysis indicates that Pt transfers about
0.80 (0.40 from 6s and 0.40 from 5d) electrons to the nearby carbon atoms: the electronic
configuration of Pt is essentially [core]5d®°6s"%, The carbon atom connecting to Pt at the
second layer from the doped cap end has the largest negative charge, —0.22.

The DOS and LDOS of each layer of C,4Pt(c) as shown in Fig. 7 are very similar to those
in C,¢Pt(ce). The structure of Cy4Pt(c) is also similar to that of C,Pt(ce), except for the
doping regions around Pt. The Pt-C bond distance between Pt and the carbon atom in the
top pentagon is 1.97 A; the other two equivalent Pt-C bond distances are 2.00 A. The long
Pt—C bonds make the carbon atom of the top pentagon connected to Pt slightly point out of
the pentagon as shown in Fig. 7. The FMOs of C;Pt(c) as shown in Fig. 8 are very similar to
those of C,,Pt(ce) in Fig. 6. The noticeable difference is that Pt contributes to the HOMO
in C,Pt(c) more than it does in C,4Pt(ce), which should enhance the reactivity of the Pt-
doping site in Cy4Pt(c). The electronic configuration of Pt is essentially [core]5d®53650-%.
The 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.
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Figure 7. The density of states and local density of states for the Pt cap-doped nanorod C,4Pt(e) with C, symmetry.
HOMO (—4.48 eV) is the highest-occupied molecular orbital and LUMO (—4.25 eV) is the lowest-unoccupied
molecular orbital. L1, 1.2, L3, L4, L5, L6, L7, L8, and L9 are the local density of states for each specified layer of
C,Pt(c) as outlined on the structure.

3.3.3. C,gPt(w)

Figures 9 and 10 display the DOS, LDOS of each layer, and MOs for C,,Pt(w). The DOS
of C,4Pt(w) around the FMO region is different from those of C,Pt(ce) and CyePt(c). The
contribution to the DOS of C,4Pt(w) around the FMO region from Pt increases in compari-
son of those of C,qPt(ce) and C,Pt(c). The LDOS of Pt indicates that Pt makes significant
contribution to the DOS at FMO region in C,4,Pt(w). The doping of Pt on the sidewall of
the SWCNT also changes the LDOS of the neighboring carbon layers significantly, which is
manifested by a comparison of the LDOS of L2 and L3 in Fig. 9 and those of L1 and L2 of
C, in Fig. 1. The LDOS contribution from each layer is also depicted by the FMOs shown
in Fig. 10. From the HOMO-1 to the LUMO+3, Pt has significant contributions to each
MO. The HOMO-LUMO gap (0.53 eV) of C,,Pt(w) is larger than those of C,4 (0.35 eV),
C 0 Pt(ce) (0.30 V), and C,,Pt(c) (0.23 eV). In various chemical reactions, Pt will serve as
catalytic centers, since it can accept and donate electrons. The electronic configuration of Pt
is [core]5d%%36s%*. 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 this Pt-C bond distance is 2.01 A.
The partial charges of the other two equivalent carbon atoms connecting to Pt are —0.10,
and these two equivalent Pt—C bond distances are 1.95 A.

3.4. The SWCNT Segment C,y,Hy

The other way to change the regioselectivity or reactivity of the SWCNT is creating active
center through vacancy defects. The open-end SWCNTs and the end-capped SWCNTs
with vacancy defects of the similar length can have very different electronic structures and
reactivity. A (5,5) SWCNT segment with open ends is studied to understand such differ-
ences. The (5,5) SWCNT segment studied, CyyyH,, has 200 carbon atoms, saturated with
20 hydrogen atoms at the open ends, as shown in Fig. 11. The HOMO-LUMO gap of the
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LUMO+4 (-3.56 eV) LUMO+5 (=3.39 eV)

Figure 8. The frontier molecular orbitals of the Pt cap-doped nanorod C,,Pt(c) with C, symmetry. HOMO-n
(p eV) is the nth orbital below the HOMO with orbital energy p eV. LUMO+m (g eV) is the mth orbital above
the LUMO with orbital energy g eV.

CyyoHyy segment (0.41 V) is larger than those of the SWCNT rods, C,5, (0.35 ¢V) and Cyg
(0.37 eV). Both of the HOMO and the LUMO are destabilized when compared with those
of C5, and C,g, even though the C,H,, segment is longer than the SWCNT rods C,,, and
C,g- 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 C,H,, as shown in Fig. 12 shift to higher-energy regions than those
of the SWCNT rod C,g, as shown in Fig. 2. The LDOS of the circular cis-polyene chains of
C,yH,, are very similar. Each layer contributes roughly equally to the FMOs, and there is
no localized state on C,,H,, as shown in Fig. 11. The HOMO and the LUMO of the short
(5,5) SWCNT segments with open ends were studied before and showed alternating nodal
pattern [3c], which is not observed here for the longer (5,5) SWCNT segments.

3.5. The Vacancy-Defected SWCNT Segment C,g4H,,

Removing one carbon atom from the middle of the sidewall of Cyy,Hy, results in the vacancy-
defected SWCNT C,40H,, as shown in Fig. 13. The removal of one carbon atom from the
SWCNT relaxes the geometric constrain in the curved sidewall of the SWCNT and stabilizes
the HOMO and the LUMO, as indicated in Figs. 12 (for C,;,H,,) and 14 (for C,gH,). The
HOMO-LUMO gap of C,gH,, (0.39 eV) is slightly smaller than that of Cyy H,, (0.41 €V).
The LDOS of different regions in CyyH,, corresponding to the vacancy in C,gH,, are
plotted in Fig. 15 for better understanding the effect of creating vacancy defect to the elec-
tronic structure of the SWCNT. The contribution to the HOMO and the LUMO from the
region of the vacancy defect in C,gH,, (L1 in Fig. 13) is much stronger than that of the
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Figure 9. The density of states and local density of states for the Pt wall-doped nanorod C,Pt(w) with C, symmetry.
HOMO (—4.46 ¢V) is the highest-occupied molecular orbital and LUMO (—4.26 eV) is the lowest-unoccupied
molecular orbital. L1, L2, L3, L4, and L5 are the local density of states for each specified layer of C,,Pt(w) as
outlined on the structure.

corresponding region in CyyH,y (L1 in Fig. 15). The FMOs of C,gH,, in Fig. 14 reveal
details of the contributions from different sites to the DOS of CgH,,. The HOMO and the
LUMO of C,gH,, obviously have dominant contributions from the vacancy defect region.
The 7 MOs in C,gH,, is destructed to a large degree by the vacancy defect with respect to
the MOs of C,yH,, shown in Fig. 12. The vacancy defect region divides C,9H,, into two
parts at the middle nine-membered ring through the direction perpendicular to the SWCNT
axis; this division is clearly manifested by the occupied MOs from the HOMO-3 to the
HOMO, especially by the HOMO-2 and the HOMO-1. The HOMO consists of lone-pair
electrons from the dangling carbon atom bonded only to two carbon atoms and the 7 bonds
of the other carbon atoms of the nine-membered ring. The LUMO has dominant contribu-
tions from the nine-membered ring especially from the dangling carbon atom, but only half
of the SWCNT contributes to the LUMO. The MOs of C,yH,, indicate that the vacancy
defect region will be the active center in chemical reactions.

4. CHEMICAL REACTION OF NO WITH
THE VACANCY-DEFECTED SWCNT

4.1. Model Selection and Computational Details

The nine-membered ring at the vacancy defect region contributes significantly to the HOMO
and the LUMO of C,yoH,, as shown in Fig. 16. The HOMO and the LUMO of C,4,H,, mani-
fest that the vacancy defect region is an active site. According to the convention [18a], the
vacancy defect as shown in Fig. 17 is called the 5-1DB (one pentagon and one dangling
bond) defect. The dangling bond (DB) denotes that the carbon atom pointing out of the
sidewall of C,eH,, is directly bonded to only two neighboring carbon atoms and the unused
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HOMO-7 (-5.81 V)
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HOMO-4 (-5.64 €V)

LUMO+3 (-3.63 eV)

LUMO+4 (-3.58 eV) LUMO+5 (-3.52 eV)

Figure 10. The frontier molecular orbitals of the Pt wall-doped nanorod C,gPt(w) with C, symmetry. HOMO-n
(p eV) is the nth orbital below the HOMO with orbital energy p eV. LUMO-+m (g eV) is the mth orbital above
the LUMO with orbital energy g eV.

sp* hybridized orbital on this carbon atom has a lone pair of electrons. This carbon atom
directly bonded to only two neighboring carbon atoms is named as the dangling carbon atom.

In quantum chemical modeling of chemical reactions, fairly large set of basis functions
is necessary for a good characterization of the potential energy surface (PES). However,
because of the large size of the SWCNT clip, calculations with large basis sets are very
time consuming. The relatively localized nature of the HOMO and the LUMO of C;gHy,
rationalizes the application of the ONIOM model [39] in the study of chemical reactions
involving C,gH,,. Within the ONIOM model, to simulate the active vacancy defect site
(the orange nine-membered ring in Fig. 17[a]), we use high-level theory to treat a model
system CyHg (as shown in Fig. 17[b]) whose hydrogens are the link atoms to replace the
carbon atoms connected to the nine-membered ring. In the actual ONIOM model used in
this work, the high-level theory is chosen to be the DFT method with the B3LYP [38, 53]
exchange-correlation functional and the 6-31G(d) basis set whose good performances have
been demonstrated in numerous chemical modeling before [54], and the low-level theory
is based on the molecular mechanical description with the UFF force field [44] to capture
the essential environmental effects exerted on the vacancy defect region by the surrounding
carbon atoms. To validate this ONIOM model, we analyze the electronic structures of both
C,99Hy, and CyHg based on single-point DFT calculations at the B3LYP/6-31G level of the-
ory. The HOMO and the LUMO of CyyH,, and CyHj are plotted in Fig. 16. The similarity
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Figure 11. The density of states and local density of states for the open-end (5,5) SWCNT segment C,, H,, with
D; symmetry. HOMO (-3.93 eV) is the highest-occupied molecular orbital and LUMO (—3.52 ¢V) is the lowest-
unoccupied molecular orbital. L1, L2, L3, L4, and L5 are the local density of states for each specified layer of
CyyHyy as outlined on the structure.

of these FMOs between C,90H,, and CyHj corroborates the selection of the CyHy active-site
model for C,oH,, in chemical reactions.

All the stationary points on the PES are located with ONIOM(B3LYP/6-31G(d):UFF),
and the nature of these stationary points are verified through computing the Hessians, the
second-order derivative of the total energy with respect to the nuclear coordinates. A local
minimum has all positive eigenvalues for the Hessian, and a transition state has one and
only one negative eigenvalue. The connection of a transition state to two local minima along
the intrinsic reaction coordinate is revealed by the eigenvector of the negative eigenvalue or
the imaginary frequency in the vibrational analysis. Single-point calculations are performed
at the B3LYP/6-31G level of theory based on the optimized geometry within the ONIOM
model. The partial charge analysis is carried out with the NBO analysis [51]. In the following
discussion, partial charge analysis and energetics are based on the B3LYP/6-31G single-point
calculations.

4.2. Chemical Reaction of NO with the Vacancy-Defected
SWCNT Segment C,4H,,

Partial charge analysis indicates that the dangling carbon atom has the largest positive charge
and the oxygen atom in NO has a negative charge, as shown in Fig. 18. The specific confor-
mation of the dangling carbon atom stretching out of the sidewall of the SWCNT facilitates
the attack of NO to this carbon atom. Both of the partial charge and geometric structure
of the 5-1DB defect and the partial charges on NO indicate that it is the oxygen atom in
NO initially attacking the dangling carbon atom, C1, where the electrostatic attraction acts
as the driving force for the initial reaction.
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LUMO+4 (-2.48 eV) LUMO+5 (248 eV)

Figure 12. The frontier molecular orbitals of the open-end (5,5) SWCNT segment Cypolyy. HOMO-n (p eV) is
the nth orbital below the HOMO with orbital energy p eV. LUMO+m (g eV) is the mth orbital above the LUMO
with orbital energy g eV.

Indeed, we locate the initial transition state (TS1) with O of NO attacking the dangling
carbon atom, C1, as shown in Fig. 18(c). In TSI, the C1-O bond distance is 1.70 A. The
imaginary vibrational mode clearly indicates the attacking of O to C1. The bond distances of
NO and the 5-1DB ring are slightly elongated in TS1. The initial NO-attacking reaction is
quite feasible because its barrier is only 8.6 kcal/mol. Such a mild reaction barrier is mainly
due to the electrostatic attraction in TS1 and the strong MO overlaps between O and C1 in
the HOMO-7, the HOMO-18, and the HOMO-19 as shown in Fig. 18.

After overcoming the initial reaction barrier, the system reaches the first intermediate,
LM1, in which NO forms a bridge connecting C1 and C2, as shown in Fig. 19(a). In LML, the
most noticeable geometric change is the elongation of the C2-C3 bond. Comparing to the
short bond distance of 1.55 A in TS1, the C2—C3 bond distance gets longer in LM1, becoming
1.69 A and nearly reaching the broken limit of a single CC bond. LM1 is 19.1 kcal/mol more
stable than the reactants, thus the initial reaction is exothermic. The release of the heat
of formation of the initial reaction facilitates the consequent reaction step after forming
LM1, when the loose C2-C3 bond exposes itself as the reactive center in the newly formed
NO-(5-1DB) eight-membered ring, which is flexible enough to allow some distortions.

The next step is the tautomerization of LM1 occurring at the C2-C3 region and the
N atom begins to form a bond with C3, as the system reaches the transition state, TS2, after
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Figure 13. The density of states and local density of states of the open-end vacancy-defected (5,5) SWCNT seg-
ment C,yHy,. HOMO (—4.11 eV) is the highest-occupied molecular orbital and LUMO (=3.72 eV) is the lowest-
unoccupied molecular orbital. L1, L2, L3, and L4 are the local density of states for each specified group of atoms
of C,4H,, as outlined on the structure.

overcoming a reaction barrier of 12.2 kcal/mol (as shown in Fig. 19[b]). The heat released
during the initial reaction (19.1 kcal/mol) is more than enough to surmount this reaction
barrier. In TS2, the C2—C3 bond is slightly shortened by 0.04 A, comparing with the structure
of LM1. The distance between N and C3 is 1.94 A, indicating a N-C3 bond formation motion
at TS2. After breaking the C2-C3 bond, the system reaches the second intermediate, LM2,
as shown in Fig. 19(c).

In LM2, N simultaneously bonds to C2 and C3 with bond distances 1.39 A and 1.40 A,
respectively. The distance between C2 and C3 in LM2 is 2.39 A, which clearly indicates no
strong bonding between C2 and C3. The formation of LM2 is highly exothermic. The system
releases 85.5 kcal/mol energy descending from TS2. This large amount of energy release
enables the system to undergo further reaction steps even to break strong covalent bonds.
When N substitutes O on Cl, the system reaches the third transition state, TS3, located
41.1 keal/mol above LM2 (as shown in Fig. 19[d]).

In TS3, the distances between O and C1 and between N and C1 are 1.98 A and 2.14 A,
respectively. This structure of TS3 clearly indicates that it connects two intermediates with
either O or N bonded to C1. One of these two intermediate is LM2 with O bonded to C1,
and the other intermediate is LM3 with N bonded to C1 (as shown in Fig. 19[e]). In LM3,
the N atom concurrently bonds to C1, C2, C3, and O, filling in the original vacancy defect.
According to the relative energies of these stationary points, the reaction from LM2 to LM3
is thermodynamically highly facile.

Overall, when C 4 H,, reacts with NO, NO attacks the dangling carbon atom of the 5-1DB
defect. After going over a small reaction barrier, the system reaches an intermediate (LM1)
with NO bridging across C1 and C2 in the 5-1DB ring and releases about 19.1 kcal/mol of
energy. Following the insertion of N into the C2-C3 bond of the 5-1DB ring, the system
undergoes a pseudo-SN2 reaction, in which the N atom replaces the O atom bonded to
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LUMO+4 (-2.72eV) LUMO+5 (-2.57 eV)

Figure 14. The frontier molecular orbitals of the open-end vacancy-defected (5,5) SWCNT segment CoqHy.
HOMO-n (p eV) is the nth orbital below the HOMO with orbital energy p eV. LUMO+m (g eV) is the mth
orbital above the LUMO with orbital energy g eV.

C1 and the O atom flips up, pointing outwards from the sidewall of the nanotube. The net
reaction is the insertion of the N end of NO into the vacancy defect with the initial attack of
the O end of NO to the dangling carbon atom. This reaction is highly exothermic with a net
energy release of 90.0 kcal/mol, indicating that the repairing of vacancy-defected SWCNT
with NO is thermodynamically and kinetically feasible.

4.3. Chemical Reaction of NO with C,, H,,NO

According to the structure of LM3, N bonds to the four atoms C1, C2, C3, and O with
single-bond distances. The unpaired electron mainly stays on the O atom, which makes LM3
reactive for further reactions with NO. The elongated NO bond distance in LM3 reveals
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Figure 15. The density of states and local density of states of the open-end (5,5) SWCNT segment CyyH,, with
D, symmetry. HOMO (—3.93 eV) is the highest-occupied molecular orbital and LUMO (—3.52 eV) is the lowest-
unoccupied molecular orbital. L1, L2, L3, and L4 are the local density of states for each specified group of atoms
of Cyy,H,, as outlined on the structure.

the feasibility to break this NO bond under appropriate attacks from another gas molecule,
e.g., a second NO. NBO analysis indicates that the O atom in LM3 has the largest negative
charges and C1 has the largest positive charge, as shown in Fig. 20(a). If the second NO
attacks LM3, the electrostatic attractions will lead the O atom in NO to attack C1 and lead
the N atom in NO to attack the O atom in C,oH,NO. Accordingly, the transition state

(b) LUMO of CyHg (-2.75 eV)

(c) HOMO of CjggHyq (—4.35 eV) (d) HOMO of CgHg (~4.90 eV)

Figure 16. The highest-occupied molecular orbital (HOMO) and the lowest-unoccupied molecular orbital (LUMO)
of Cg0H,, and CoHy.
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(a) (b)

Figure 17. (a) The two-layered ONIOM model (orange carbon atoms are set as the high layer, and grey carbon
atoms are set as the low layer); (b) the nine-membered ring of the 5-1DB defect capped with hydrogen atoms.

for the second NO attack, TS1’, is located. The partial charges and bond distances of the
5-1DB region in TS1" are shown in Fig. 20. In TS1’, electrons flow from C,9H;NO to NO
according to the partial charge analysis shown in Fig. 20(b). The charge distribution of the
C,99HNO fragment in TS1’ essentially maintains the same as that in LM3.

However, not like the above analysis of the second NO attack, in TS1’, the N atom in
NO attacks both C1 and the O atom of C,q,H, NO. The clectrostatic attraction between
the N atom in NO and the O atom of C,yH,,NO stabilizes TS1’, whereas the electrostatic
repulsion between C1 and the N atom in NO counterbalances this attraction. The overall
interaction of these two reactants renders the reaction barrier to be only 3.7 kcal/mol. The
energies released from the previous steps (90.0 kcal/mol for the overall first-NO reaction and
38.7 kcal/mol for the last step in the reaction of NO with C,gH,,) are more than sufficient
to overcome this reaction barrier. NO bonds to C,40H, NO loosely in TS1". The distances
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0,026 =008 =
Active Carbon
M /J
(a) NBO charges in CgoH, (b) NBO charges of NO (c) relevant bond distances in TS1 (AE = 8.6)

(h) HOMO-18 of TS1 (-6.49 eV) (i) HOMO-19 of TS1 (-6.54 eV)

Figure 18. Partial charges of CH,, and NO, bond distances (in A) of the 5-1DB defect region of the initial
(ransition state, TS1, for NO reacting with C,,H,,. Relative energy (in kcal/mol) of TS1 with respect to NO and
C,9H,, from DFT calculations at the B3LYP/6-31G level of theory and the frontier molecular orbitals relevant to
the interaction between NO and C,goHy,.
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Figure 19. The relevant bond distances (in A) of the 5-1DB defect region in the stationary points, LM1, TS2, LM3,
TS3, and LM3 along the reaction of NO with C,4H,,, and their relative energies (in kecal/mol) with respect to NO
and C,yH,, from DFT calculations at the B3LYP/6-31G level of theory.

between the N atom in NO and the O atom of C,4oH,)NO and between the N atom in NO
and C1 of CyyH,,NO is 2.55 A and 1.61 A, respectively.

According to the imaginary vibrational mode of TS1’, the major motion along the intrinsic
reaction coordinate is the extraction of the O atom from C4H,NO by the second NO.
Following the vibrational mode of the imaginary frequency, a complex of NO, with C,4oH;)N,
CPLX, is located. The major bond distances of the 5-1DB region of TS1" and CPLX involved
in the O-atom extraction are shown in Fig. 20(d). In CPLX, NO, bonds to C,yH,,N through
a very long, weak N-C1 bond with bond length 1.64 A. In CPLX, the interaction between
the extracted O atom of NO, with the N atom in C,,H,,N is even weaker, with a very
long bond distance, 2.64 A, whereas the bonding between the N atom in CjoHoyN with C1,
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(c) TS1' (AE=3.7) (d) CPLX (AE =-78.3)

Figure 20. Partial charges of the 5-1DB defect region in LM3 and in the transition state, TS1', for the second NO
reacting with C,,H,,NO, bond distances (in A) of the 5-1DB defect region of TS1’ and the corresponding product,
CPLX, and relative energies (in kcal/mol) of TS1” and CPLX with respect to the sum of the energies of NO and
C,40H;,NO from DFT calculations at the B3LYP/6-31G level of theory.
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C2, and C3 is enhanced in term of their shorter bond distances. The formation of the final
product releases 78.3 kcal/mol energy from the reaction of the second NO with C,gH;NO.
In the final step of the formation of C4H,N, the forward reaction barrier is 3.7 kcal/mol
and the reverse reaction barrier is 82.0 kcal/mol. It is unlikely that the final complex will
climb over such a big reaction barrier (82.0 kcal/mol) to reverse the reaction.

5. CONCLUDING REMARKS

5.1. The Pt-Doped SWCNT Rods and Vacancy-Defected
SWCNT Segments

Within DFT, the electronic structures and chemical reactivities of the SWCNT rods C,,, and
C,q, the Pt-doped SWCNT rods C,4Pt(ce), C,4Pt(c), and C,sPt(w), and the (5,5) SWCNT
segments with open ends and vacancy defect have been studied in detail. According to the
analysis, we have reached the following conclusions:

1. The hemispherical caps stabilize the SWCNT rods and the SWCNT rods have smaller
HOMO-LUMO gaps than those of the SWCNT segments with open ends. Indeed
localized states exist on the hemispherical caps in the SWCNT rods, as confirmed by
the DOS, the LDOS, and the FMOs. The circular cis-polyene chain between the cap
and the sidewall of the SWCNT is active in chemical reactions according to the MO
analysis.

2. The ground state of the Pt-doped SWCNT rod is singlet.

3. The doping of Pt in the SWCNT rod results in localized states at Pt, thus rendering Pt
as an active center in chemical reactions, which is particularly true for the wall-doped
SWCNT, C,4Pt(w). The Pt-doped SWCNT rod with Pt at the end of the cap, C,4Pt(ce),
can be used as a chemical sensor, since the doping of Pt enhances the sensitivity of
the cap in the interaction with the substrate due to the Pt 5d orbitals and the charge
transfer from Pt to carbon atoms. In Pt-doped SWCNT rod, Pt is essentially acting as
Pt*, because of the charge transfer of about one electron from Pt to the carbon atoms.

4. The vacancy in the defected SWCNT with open ends creates a localized active center at
the defect site and enhances the chemical reactivity and regioselectivity of the open-end
defected SWCNT.

Present DFT studies reveal that the hemispherical caps stabilize the SWCNT segments
and that doping and vacancy defects produce localized active centers, thus enhancing the
chemical reactivities of the SWCNT segments (with open ends or hemispherical caps). Our
studies point to new directions for future applications of the SWCNT segments in catalysis,
chemic sensor, and nanotube chemistry.

5.2. Chemical Reactions of NO with C,gH,,

Within the ONIOM model, we have explored the possible pathway for the reaction of NO
with the vacancy-defected SWCNT segment C,4H,,, analyzed the energetics of the reaction
and reached the following conclusions:

1. With the aid of MO and partial charge analysis, we have identified the dangling carbon
atom in the 5-1DB defect is the reactive center.

2. The initial reaction of NO with C,ysH,, is quite feasible. Along the reaction, the energy
released from a previous step is more than enough for the system to overcome the
next reaction barrier: the reaction is self-accelerating. The first product formed from
the reaction of NO with C,oH,, is stable and reactive because of the dangling oxygen
atom bonded to N.

3. When the second NO reacts with C,q0H,,NO, NO extracts the O atom bonded to N
in C,90H,,NO, thus forming a NO,-C,yH, N complex. The energy released from the
reaction of the first NO with C,oH,, is sufficient for the reaction of the second NO
with C,9H,,NO to overcome its reaction barrier. This reaction of the second NO with
C,990HNO is also highly exothermic.
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In summary, with DFT, we have studied the geometric and electronic structures of the
SWCNT nanorods and segments, the Pt-dope SWCNT nanorods, the vacancy-defected
SWCNT segment, and the reactions of NOs with the vacancy-defected SWNCT segment
C,9eH,,. We have found that the doping of Pt in the SWCNT rods enhances the reactivity of
the SWCNT rods and suggest a new way to fabricate chemical sensors. The vacancy site of
the vacancy-defected SWCNT segment is an active center. The reaction of NOs with C,g9H,,
is quite feasible. The N end of the first NO inserts into the 5-1DB defect site; the second NO
extracts the O atom bonded to N in C,yH,,NO. These reactions are thermally self-catalyzed
reaction. The new reaction mechanism provides a novel way to repair the damaged SWC-
NTs and introduces a new method to fabricate the heteroatom-doped SWCNT at specific
site under mild conditions. We believe that our theoretical investigation provides a necessary
guidance for the future SWCNT functionalization.
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