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ABSTRACT: The structures, stabilities, and electronic properties of the single-
vacancy-defected fullerenes, C60 and C70, and the single- and double-vacancy-defected
single-walled carbon nanotubes (SWCNTs) were studied within density functional
theory. The isomerization barriers for the single-vacancy-defected C60 on the triplet
potential energy surface (PES) are lower than those on the singlet PES. The symmetric
double-vacancy-defected (10,0) SWCNT is the most stable one among the models
investigated. According to the analyses of frontier molecular orbitals (FMOs), nature
bond orbitals, and local density of states, introduction of vacancy on the SWCNT
decreases the band gap of semiconducting SWCNT, increases the band gap of
conducting SWCNT, destructs the � conjugation of the FMOs, and gives rise to
enhanced chemical activity. © 2009 Wiley Periodicals, Inc. Int J Quantum Chem 109:
3441–3456, 2009
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1. Introduction

S ince the discoveries of fullerenes by Smalley and
coworkers in 1985 [1] and carbon nanotubes by

Iijima in the early 1990s [2], thousands of scientists all

over the world have been attracted to the research
field of fullerenes and carbon nanotubes. Such nano-
systems have interesting properties and promising
applications: for example, fullerenes as superconduc-
tors [3] and HIV protease inhibitors [4], and carbon
nanotubes as chemical sensors [5], nanoscale electron-
ics [6], hydrogen storage materials [7], etc. Recently,
various methods of growing and engineering carbon
nanotubes have become the driving forces to realize
these applications [8].
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Defects exist natively or can be introduced on
carbon nanotubes and fullerenes. Defects on single-
walled carbon nanotubes (SWCNTs) are classified
into topological (containing rings other than hexa-
gons), rehybridization (hybridization of the carbon
atoms between sp2 and sp3), incomplete bonding
defects (vacancies, dislocations, etc.), and doping
with other elements (nitrogen, boron, etc.) [9]. De-
fects on fullerenes can also be categorized similarly.
For example, the most common native defect on
fullerenes, the Stone-Wales defect [10], formed by
rotating the central bond of a pyracylene patch 90°
on the surface, is a topological defect. Even num-
ber-vacancy-defected C60, such as C58, C56, and C54,
can be made through laser irradiation [11]. Odd
number-vacancy-defected C60, such as C59, C57, C55,
and C53, have been produced from the laser desorp-
tion ionization of C60O [12]. Such clusters have
incomplete bonding defects.

Among all kinds of defects on fullerenes and
SWCNTs, vacancy defects have very interesting
properties and applications [13–35]. Vacancies on
defected fullerenes were proposed to serve as the
windows for atoms or small molecules to enter the
cage in endohedral fullerene chemistry [13]. Vacan-
cies on carbon nanotubes can be created by ion or
electron irradiation [14, 15]. It has been shown that
vacancy defects introduce localized electronic states
on SWCNTs for chemical reactions [16] and can
play the role of chemical connectors between two
defected nanotubes [17] and the mediating role in
the substitutional doping of nitrogen on the side-
wall of a SWCNT [16, 18, 19].

Several theoretical studies have been devoted to
investigate the properties of the vacancy-defected
fullerene C60 [20–27]. The structures and stabilities
of all the isomers of C59, C58, and C57 have been
systematically studied with ab initio methods, but
with some disagreements [24–27]. Earlier works
[24, 25] reported that triplet C59(5-8) is the more
stable cluster of the two possible isomers of C59:
C59(5-8) and C59(4-9) [Figs. 1(b) 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 density functional the-
ory (DFT) [25]. However, a recent work [26] found
that singlet is the ground state for both C59(5-8) and
C59(4-9) isomers. More interestingly, Andriotis et al.
studied the single-vacancy-defected C60 in a C60
polymer by using tight-binding molecular dynam-
ics and ab initio methods and found that two out of
the three dangling bonds of the ideal single-va-
cancy defect do not recombine [27]. In this work, we

have explored the isomerization pathways between
these two isomers. For comparison, we also studied
the single-vacancy-defected C70, which is the sec-
ond most abundant fullerene after C60.

Vacancies on carbon nanotubes have also been
studied recently [14–19, 28–35] for their effect on
the conductance [28–30], the mechanical properties
[32, 33], and the electronic properties [16, 19, 31] of
carbon nanotubes. During the process of vacancy
creation on carbon nanotubes, energetic electrons
produce mostly single vacancies, whereas heavy
ion irradiation produces mostly multivacancies
[14]. Removing one or more carbon atoms from a
carbon nanotube first produces ideal (but unstable)
vacancies [see Figs. 2(a) and (d)]. Ajayan et al. have
shown that carbon nanotube responds to the loss of
the carbon atoms by surface reconstruction, result-
ing in vacancy-related point defects [15]. The nature
of single vacancies and their related point defects
has been studied systematically by Lu et al. with
tight-binding method [35]. Double and triple vacan-
cies and related defects have been studied by
Mielke et al. [32] and Sammalkorpi et al. [33]. In
these studies, however, the ground states of the
defected nanotubes were not mentioned and the
structural information has some contradictions. Lu
and Pan reported that the symmetric 5-1DB (one
pentagon and one dangling bond) defects [Fig. 2(c)]
do not exist for the armchair-type SWCNT [35].
Even with the symmetric 5-1DB defect geometry as
the starting structure, the asymmetric 5-1DB defect
[Fig. 2(b)] was obtained [35]. However, the symmet-
ric 5-1DB defect on the (5,5) SWCNT was shown to
be stable by Mielke et al. [32]. To resolve such
discrepancy, we have investigated the electronic
properties of the single- and double-vacancy-de-
fected SWCNTs (Figs. 2 and 3) with density func-
tional methods.

2. Computational Details

Because of icosahedral (Ih) symmetry, all the car-
bon atoms are equivalent in C60. While in C70, there
are five different types of symmetrically distinct
carbon atoms, thus resulting in many possibilities
for vacancy. For simplicity, we only considered the
situation that the missing carbon atom is located in
the pentagon at the pole of C70. Geometry optimi-
zations were performed with the hybrid DFT
method, B3LYP [36, 37], with the standard 6-31G(d)
basis set, and were followed by single-point calcu-
lations with B3LYP/6-311G(d). Natural bond or-
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FIGURE 1. Structures of the single-vacancy-defected C60 and C70 with partial charges of the important carbon atoms.
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bital (NBO) analysis [38] has been performed to
determine the partial charge distribution and bond-
ing 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 po-
tential energy surfaces (PESs).

The (5,5) and (10,0) SWCNTs were chosen to
represent typical conducting armchair and semi-
conducting zigzag SWCNTs, respectively. Becke’s
(B) [39] exchange functional and Perdew’s (PW91)
[40] correlation functional based on the generalized
gradient approximation combined with the 6-31G
basis set were employed in geometry optimization
and property prediction. With periodic boundary
conditions (PBCs), the unit cells contain 100 and 120
carbon atoms for the (5,5) and (10,0) SWCNTs, re-
spectively. The integrations of k space are achieved
by using the default numbers of k points, 27 and 26
for the (5,5) and (10,0) SWCNTs, respectively.

Spin-restricted and spin-unrestricted calcula-
tions were carried out for the singlet and triplet
electronic states, respectively. In light of previous
numerical tests [41], the convergence criteria of all
calculations were set very tight (e.g., 10�8 for the
density convergence) so that the calculations are

fully converged. All calculations were performed
with the Gaussian 03 package [42].

3. Results and Discussion

3.1. VACANCY-DEFECTED FULLERENES

There are two types of bonds in C60, the shorter
double bonds and the longer single bonds, which
were predicted to be 1.395 and 1.453 Å at the
B3LYP/6-31G(d) level of theory, respectively, in
good agreement with experiment (1.390 and 1.453
Å, respectively) [43]. The good performance of the
B3LYP/6-31G(d) method in treating C60 gives us
confidence in its application in the present study.
The structures of C60 and C70 with ideal single
vacancy and related point defects are shown in
Figure 1, with important carbon atoms labeled nu-
merically. In C59, C1 forms a bond with C5 or C8
leading to the C59(5-8) isomer (5 and 8 denoting the
newly formed pentagon and octagon), or C5 forms
a bond with C8 leading to the C59(4-9) isomer (4 and
9 denoting the newly formed rectangle and non-
agon). In C69, C1 forms a bond with C5 or C8

FIGURE 2. Structures of the ideal single and double vacancies and related defects on the (5,5) SWCNT.
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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 the
nonagon for the (4-9)-type defects or in the octagon
for the (5-8)-type defects.

Important bond lengths are tabulated in Table I.
In comparison with the HF/3-21G and B3LYP/3-
21G results [24] for the C59(4-9) isomer, our B3LYP/
6-31G(d) calculations predict shorter bond lengths
for most bonds due to the larger basis set used.
Table II lists the total and cohesive energies of the
isomers predicted at the B3LYP/6-311G(d)//
B3LYP/6-31G(d) level of theory. According to the
cohesive energies, the single-vacancy-defected C70
is more stable than the single-vacancy-defected C60.
For the C59(4-9) isomer, the singlet state is 0.82
kcal/mol more stable than the triplet state. For the
C59(5-8) isomer, the triplet state is 3.39 kcal/mol
more stable than the singlet state. For the C69(4-9)
isomer, the singlet state is 2.32 kcal/mol lower in
energy than the triplet state. For the C69(5-8) isomer,

the triplet state is 2.57 kcal/mol lower in energy
than the singlet state. Thus, the triplet C59(5-8) and
C69(5-8) isomers are the most stable isomers for C59
and C69, respectively. However, one has to bear in
mind that the small spin contamination in the spin-
unrestricted calculations (see Table II) may artifi-
cially stabilize the triplet state over the closed-shell
singlet state. Given such small energy differences,
we can only conclude that the singlet and triplet
electronic states of C59 and C69 have similar stabil-
ities within the present DFT treatment.

For singlet C59(4-9), the dangling carbon atom C1
forms single bonds with C2 and C11. The bond
lengths of C1OC2 and C1OC11 are both 1.441 Å
because of Cs symmetry. Based on the NBO analy-
sis, there are two 2-center � NBOs involving C1:
�(C1OC2) � 0.668 C1 (sp2.33) � 0.745 C2 (sp2.09) and
�(C1OC11) with the same bonding character. There
are two lone-pair-type NBOs for C1: one is an sp1.50

hybridized orbital with 1.79 electrons and the other
one is a pure p orbital with 0.36 electrons. The

FIGURE 3. Structures of the ideal single and double vacancies and related defects on the (10,0) SWCNT.
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partial charges of the carbon atoms in the non-
agon are shown in Figure 1(g) for the singlet and
triplet C59(4-9). C1 has �0.08 charge and its two
neighbors 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 neighbors also
have larger negative charges (�0.13). The rele-
vant frontier molecular orbitals (FMOs) of singlet
C59(4-9) are shown in Figures 4(a)–(d). Quite in-
terestingly, there is nearly no electron population
on C1 in the highest occupied molecular orbital

(HOMO). The first orbital below the HOMO
(HOMO–1) is mainly the lone-pair sp1.50 hybrid-
ized orbital. The lowest unoccupied molecular
orbital (LUMO) is mainly the lone-pair p un-
hybridized orbital. (Hereafter, we will use
HOMO–n and LUMO�m to denote the nth mo-
lecular orbital below the HOMO and the mth
molecular orbital above the LUMO, respectively.)
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,

TABLE I ______________________________________________________________________________________________
Bond lengths (in Ȧ) of the single-vacancy-defected C60 and C70, calculated at the B3LYP/6-31G(d) level of
theory.

Bond

C59(4-9) C59(5-8) C69(4-9) C69(5-8)

Singlet Triplet Singlet Triplet Singlet Triplet Singlet Triplet

C1OC2 1.441 1.407 1.526 1.526 1.434 1.407 1.483 1.463
C1OC5 1.530 1.528
C1OC8 1.451 1.494
C1OC11 1.441 1.407 1.495 1.421 1.434 1.407 1.446 1.488
C2OC3 1.389 1.398 1.462 1.477 1.382 1.391 1.370 1.372
C3OC4 1.479 1.479 1.448 1.458 1.469 1.470 1.448 1.452
C4OC5 1.396 1.401 1.420 1.399 1.397 1.403 1.410 1.419
C5OC6 1.453 1.454 1.378 1.357 1.454 1.453 1.457 1.472
C6OC7 1.431 1.428 1.435 1.466 1.430 1.426 1.442 1.452
C7OC8 1.453 1.454 1.426 1.411 1.454 1.453 1.418 1.397
C5OC8 1.599 1.608 1.582 1.591
C8OC9 1.396 1.401 1.488 1.468 1.397 1.403 1.375 1.358
C9OC10 1.479 1.479 1.440 1.378 1.469 1.470 1.431 1.459
C10OC11 1.389 1.398 1.427 1.456 1.382 1.391 1.416 1.401

TABLE II ______________________________________________________________________________________________
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.

Model

Etotal (Hartree) Esa
a (kcal/mol) �Eb (kcal/mol)

Singlet Triplet Singlet Triplet Singlet Triplet

C60 �2286.5888 159.27
C59(4-9) �2248.2431 �2248.2418 (2.05)c 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 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.
b �E � Esa (perfect fullerene) � Esa (defected fullerene).
c The values in the parentheses are the �S2� values.
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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 C5OC4 and C5AC6
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. Two
NBOs represent the double bond of C5AC6:

FIGURE 4. Frontier molecular orbitals of singlet C59(4-9) (a–d), triplet C59(5-8) (e–i), singlet C69(4-9) (j–m), and triplet
C69(5-8) (n–p). HOMO–u (x) is the uth molecular orbital below the HOMO with orbital energy x eV. LUMO�w (y) is the
wth molecular orbital above the LUMO with orbital energy y eV. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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�(C5OC6) � 0.684 C5 (sp1.51) � 0.729 C6 (sp1.82) and
�(C5OC6) � 0.720 C5 (sp99.99) � 0.729 C6 (sp99.99),
and the other � NBO represents the single bond of
C5OC4: �(C5OC4) � 0.685 C5 (sp1.62) � 0.729 C4
(sp2.17). There are also two lone-pair-type NBOs for
C5: one is a sp3.57 hybridized orbital with 0.947
electrons in � spin and the other one is an almost
pure p orbital with 0.062 electrons in � spin. The
�-spin FMOs are shown in Figures 4(e)–(i). The
HOMO–4 and the HOMO contain the lone-pair p
unhybridized orbitals [Figs. 4(f) and (h)]. The or-
bital energy of the �-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 �-spin LUMO of
triplet C59(5-8) is �3.77 eV, slightly lower than that
of perfect C60 (�3.68 eV). The orbital energy of the
�-spin HOMO of triplet C59(5-8) is �6.10 eV, higher
than that of perfect C60 (�6.40 eV). The orbital
energy of the �-spin LUMO of triplet C59(5-8) is
�4.41 eV, lower than that of perfect C60 (�3.68 eV).
Thus, the �-spin HOMO-LUMO gap (2.01 eV) and
the �-spin HOMO-LUMO gap (1.69 eV) are both
smaller than that of perfect C60 (2.72 eV).

The electronic structures of singlet C69(4-9) and
triplet C69(5-8), particularly around the vacancy de-
fect (as shown in Figs. 1 and 4), are very similar to
those of singlet C59(4-9) and triplet C59(5-8), respec-
tively. Both HOMO-LUMO gaps are smaller than
that of C70.

A few years ago, Andriotis et al. studied the
single-vacancy-defected C60 in a C60 polymer by
using tight-binding molecular dynamics and ab in-
itio methods [27]. In their study, two out of the
three dangling bonds of the ideal single-vacancy
defect do not recombine. About �0.5 charges were
predicted to reside on the three carbon atoms with
dangling bonds and the spin polarization occurs at
the � 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 dan-
gling bond and the two recombined carbon atoms.
The spin polarization mainly localizes at the re-
maining 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 envi-
ronments modeled by Andriotis et al. (in a C60
polymer) [27] and us (in gas phase). More refined
theoretical treatment should be carried out to con-
firm the findings of Andriotis et al. [27].

More interestingly, these clusters with defect can
be actually treated as carbenes. A carbene is a di-
valent carbon atom with four valence electrons, and

its two nonbonding electrons can either lead to a
singlet state or a triplet state. The simplest carbene
is methylene. If methylene is linear, it will have two
degenerate p orbitals, and each of the two nonbond-
ing 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 perpendic-
ular to the bent methylene is called “p,” and the
other orbital is called “�” that hybrids with the s
orbital and becomes stabilized. The more s charac-
ter this � orbital has, the bigger will be the energy
gap between the � and p orbitals. If the �-p energy
gap is big, the two nonbonding electrons will prefer
to stay in the � orbital with opposite spins, thus
becoming a singlet carbene. If the �-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.

Our results indicate that the singlet carbene pre-
fers 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 the bigger bond angle in the
hexagon of the defect site, whereas the singlet car-
bene prefers the smaller bond angle in the pentagon
of the defect site. Another reason is due to elec-
tronic effects. For example, according to NBO anal-
yses, the � orbitals of the carbenes of C59(4-9) and
C59(5-8) are sp1.50 and sp3.57 hybridized, respec-
tively. Thus, the �-p energy gap of the carbene of
C59(4-9) is larger than that of C59(5-8). On the other
hand, the p orbital of the carbene of C59(5-8) forms
a � bond with one of its neighbor carbon atoms,
while this is not the case 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 �-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
were further explored. The relative energies, the
structures of transition states, and the imaginary
vibrational modes are shown in Figure 5. The en-
ergy 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 re-
verse barrier is 54.50 kcal/mol. The barrier between
singlet C59(5-8)L (L denoting C1OC3 bond forma-
tion) and singlet C59(5-8)R (R denoting C2OC3
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/
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mol. The barrier between triplet C59(5-8)L and trip-
let C59(5-8)R is 38.87 kcal/mol. Clearly, the isomer-
ization takes place more feasibly on the triplet PES.
Under the influence of strong external field or irra-
diation during the vacancy defect creation [11, 12,

14], such isomerization can occur easily. Both the
relative energies of C59(4-9) and C59(5-8) and the
isomerization barrier between C59(4-9) and C59(5-8)
ensure that C59(5-8) is the major product during the
formation of C59.

FIGURE 5. (a and b) 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) 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. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Vertical and adiabatic values of the electron ion-
ization 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 III. The
vertical electron affinity (VEA) or vertical detach-
ment affinity is defined as the energy difference
between the neutral cluster and its anion both at the
equilibrium geometry of the anion [44]. The adia-
batic electron affinity (AEA) or simple electron af-
finity is defined as the energy difference between
the neutral cluster and its anion at their own equi-
librium geometries [44]. The vertical ionization po-
tential (VIP) is defined as the energy difference
between the cation and its neutral cluster both at
the equilibrium geometry 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 be-
tween 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 neu-
tral clusters and their corresponding anionic and
cationic clusters are close to one another.

3.2. VACANCY-DEFECTED SWCNTS

Perfect (5,5) and (10,0) SWCNTs were studied for
comparison with defect SWCNTs. Removal of a
single atom yields a 12-membered ring on both the
(5,5) and (10,0) SWCNTs [Figs. 2(a) and 3(a)]. After
surface reconstruction, a pentagon and a nonagon
(contains an unsaturated carbon atom) appear in
two different ways: one is asymmetric [Figs. 2(b)

and 3(b)] and the other is symmetric [Figs. 2(c) and
3(c)] [33]. There are also two ways to lose two
adjacent carbon atoms on both the (5,5) and (10,0)
SWCNTs, resulting in 14-membered rings [Figs.
2(d) and (f), 3(d) and (f)]. After surface reconstruc-
tion, two pentagons and one octagon appear in
symmetric [Figs. 2(e) and 3(e)] and asymmetric
[Figs. 2(g) and 3(g)] patterns. No dangling bond is
present for the double-vacancy defects. The ener-
gies and important bond lengths of these isomers
are shown in Tables IV–VI.

The (5,5) SWCNT 1 asym. isomer [Fig. 2(b)] is
more stable than the (5,5) SWCNT 1 sym. isomer
[Fig. 2(c)]. The ground state of the (5,5) SWCNT 1
asym. isomer is singlet, whose energy is 2.26
kcal/mol lower than that of the triplet state.
While the ground state of the (5,5) SWCNT 1 sym.
isomer is triplet, whose energy is 9.66 kcal/mol
lower than that of the singlet state. One should
notice that 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, respec-
tively. However, for the asymmetric isomers, the
bridges are typical COC single bonds, with bond
distances 1.579 and 1.565 Å for the singlet and
triplet cases, respectively. The different defect
structures of the (5,5) SWCNT 1 asym. and the
(5,5) SWCNT 1 sym. isomers ensure the larger
stability of the (5,5) SWCNT 1 asym. isomer. Our
finding of the (5,5) SWCNT 1 sym. isomer agrees
with the previous predictions [32] very well: the
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 [35].

For further definite confirmation, we carried out
calculations on 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 atoms. 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 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 the single-vacancy-de-
fected (5,5) SWCNT is without a doubt.

TABLE III _____________________________________
The vertical electron affinity (VEA), the adiabatic
electron affinity (AEA), the vertical ionization
potential (VIP), the adiabatic ionization potential
(AIP) of C59(4-9), C59(5-8), C69(4-9), and C69(5-8).

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

All energies are in eV.
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The (5,5) SWCNT 2 asym. isomer [Fig. 2(g)] is
more stable than its symmetric counterpart. For the
(5,5) SWCNT 2 asym. isomer, 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)

TABLE IV _____________________________________________________________________________________________
Energies calculated at the BPW91/6-31G level of theory for the single- and double-vacancy-defected and
perfect (5,5) and (10,0) SWCNTs.

System

Etotal (Hartree) Esa
a (kcal/mol) �Eb (kcal/mol)

Singlet Triplet Singlet Triplet Singlet Triplet

(5,5) SWCNT �3810.0481 169.20
(5,5) SWCNT 1 asym. �3771.7310 �3771.7274 (2.02)c 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 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.
b �E � Esa (perfect SWCNT) � Esa (defected SWCNT).
c The values in the parentheses are the �S2� values.

TABLE V ______________________________________________________________________________________________
Bond lengths (in Ȧ) of the single- and double-vacancy-defected (5,5) SWCNTs.

Bond

(5,5) 1 asym. (5,5) 1 sym. (5,5) 2 asym. (5,5) 2 sym.

Singlet Triplet Singlet Triplet Singlet Triplet Singlet Triplet

C1OC2 1.463 1.466 1.435 1.431 1.426 1.436 1.442 1.441
C1OC5 1.846 1.871 1.687 1.664
C1OC9 1.579 1.565
C1OC11 1.534 1.517
C1OC12 1.475 1.462 1.541 1.528
C1OC14 1.447 1.451 1.498 1.511
C2OC3 1.435 1.462 1.541 1.528
C3OC4 1.430 1.442 1.421 1.422 1.451 1.457 1.414 1.414
C4OC5 1.402 1.394 1.435 1.431 1.435 1.444 1.442 1.441
C4OC8 1.534 1.517
C5OC6 1.399 1.388 1.541 1.528 1.430 1.427 1.498 1.511
C6OC7 1.441 1.446 1.458 1.458 1.430 1.431 1.476 1.461
C7OC8 1.459 1.458 1.444 1.443 1.447 1.451 1.498 1.511
C8OC9 1.480 1.492 1.374 1.377 1.426 1.436 1.441 1.441
C8OC12 1.687 1.664
C9OC10 1.439 1.448 1.374 1.377 1.464 1.456 1.414 1.414
C10OC11 1.424 1.421 1.444 1.443 1.451 1.457 1.414 1.414
C11OC12 1.427 1.427 1.458 1.458 1.435 1.444 1.442 1.441
C12OC13 1.430 1.427 1.498 1.511
C13OC14 1.430 1.431 1.476 1.461
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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 the
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.

Direct band gaps of the perfect (5,5) SWCNT,
singlet (5,5) SWCNT 1 asym. and 2 asym. isomers
are 0.06, 0.11, and 0.30 eV, respectively. According
to the density of states (DOS) plots [Figs. 6(a)–(c)],
one can see that single- and double-vacancy defects
introduce electronic states near the Fermi level. In-
troduction of vacancy defect in the perfect (5,5)
SWCNT creates small band gap in the defected
SWCNT and changes the DOS of the (5,5) SWCNT
especially around the Fermi level. However, the
essential electronic structure remains basically the
same in the vacancy-defected (5,5) SWCNTs.

According to the DOS [Figs. 6(a) and (b)] and the
FMO analysis [Figs. 7(a)–(c)] of the singlet (5,5)
SWCNT 1 asym., we found that vacancy defects
severely destruct the � conjugated system of the
(5,5) SWCNTs and create localized electronic states
around the nonagon. For the (5,5) SWCNT 2 asym.
system [Figs. 7(d)–(f)], the HOMO and the LUMO

are extended � bonds around the octagon and show
weaker localization with respect to that of the (5,5)
SWCNT 1 asym. system.

For the (10,0) SWCNT with vacancy defect, the
(10,0) SWCNT 1 sym. isomer [Fig. 3(c)] is more
stable than its asymmetric counterpart [Fig. 3(b)].
The ground state of the (10,0) SWCNT 1 sym. iso-
mer is singlet, 8.34 kcal/mol lower in energy than
the triplet state. The ground 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, respec-
tively. However, the bridging bonds for the asym-
metric isomers are much longer, with bond dis-
tances 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 counterpart. 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 bridging 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 the perfect (10,0)
SWCNT decreases the cohesive energy per carbon
atom by 1.37, 1.10, 1.18, and 0.76 kcal/mol for the

TABLE VI _____________________________________________________________________________________________
Bond lengths (in Ȧ) of the single- and double-vacancy-defected (10,0) SWCNTs.

Bond

(10,0) 1 asym. (10,0) 1 sym. (10,0) 2 asym. (10,0) 2 sym.

Singlet Triplet Singlet Triplet Singlet Triplet Singlet Triplet

C1OC2 1.432 1.438 1.456 1.473 1.447 1.470 1.432 1.444
C1OC5 1.761 1.751
C1OC9 1.560 1.530
C1OC11 1.641 1.604 1.511 1.477
C1OC12 1.520 1.528 1.447 1.446
C1OC14 1.456 1.457 1.429 1.440
C2OC3 1.419 1.416 1.437 1.437 1.483 1.469 1.452 1.435
C3OC4 1.421 1.421 1.432 1.439 1.478 1.494 1.432 1.444
C4OC5 1.460 1.452 1.404 1.393 1.434 1.445 1.429 1.440
C4OC8 1.640 1.604 1.512 1.477
C5OC6 1.485 1.493 1.404 1.393 1.413 1.408 1.431 1.428
C6OC7 1.452 1.458 1.432 1.439 1.422 1.425 1.431 1.428
C7OC8 1.423 1.422 1.437 1.437 1.456 1.457 1.429 1.440
C8OC9 1.400 1.385 1.456 1.473 1.447 1.471 1.432 1.444
C9OC10 1.384 1.372 1.447 1.446 1.483 1.469 1.453 1.435
C10OC11 1.444 1.448 1.424 1.423 1.478 1.494 1.432 1.444
C11OC12 1.470 1.472 1.424 1.423 1.434 1.445 1.429 1.440
C12OC13 1.413 1.408 1.431 1.428
C13OC14 1.422 1.424 1.431 1.428
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(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. Band
gaps of the perfect (10,0) SWCNT, singlet (10,0)
SWCNT 1 sym. and 2 sym. isomers are 0.74, 0.27, and
0.03 eV, respectively. According to the DOS plots in
Figures 6(d)–(f), we concluded that the single-vacancy
defects introduce electronic states near the Fermi level
and the double-vacancy defects bring electronic states

across the Fermi level, enhancing the conductivity of
the (10,0) SWCNT. Similar to the (5,5) SWCNT, the
introduction of vacancy defects does not change the
essential electronic structure of the (10,0) SWCNT ac-
cording to the band structure and DOS. Also, va-
cancy defects destruct the � conjugated system of
the (10,0) SWCNT as revealed by the FMOs
shown in Figures 7(g)—(l). The LUMO of the
(10,0) SWCNT 1 sym. system obviously has some

FIGURE 6. The change of the density of states after introducing vacancy defects on the (5,5) SWCNT (a–c) and the
(10,0) SWCNT (d–f).
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major contributions from the defect site. How-
ever, the localization of the electronic state is not
as obvious as that on the (5,5) SWCNT near the
Fermi level, possibly because of its larger band
gap than that of the (5,5) SWCNT.

4. Conclusion

Within DFT, we have studied the structures, sta-
bilities, and electronic properties of the single-va-

FIGURE 7. Frontier molecular orbitals of the (5,5) SWCNT 1 asym. cluster (a–c), the (5,5) SWCNT 2 asym. cluster
(d–f), the (10,0) SWCNT 1 sym. cluster (g–i), and the (10,0) SWCNT 2 sym. cluster (j–l). HOMO (p) is the highest occu-
pied molecular orbital with orbital energy p eV. LUMO (q) is the lowest unoccupied molecular orbital with orbital en-
ergy q eV. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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cancy-defected C60 and C70 and the single- and
double-vacancy-defected SWCNTs in detail. We
found that vacancy defects decrease the HOMO-
LUMO gaps of C60 and C70. The isomerization of
the single-vacancy-defected C60 takes place more
readily on the triplet PES than on the singlet PES.
Among the isomers of the (5,5) SWCNT with va-
cancy defects, the singlet (5,5) SWCNT 2 asym.
isomer is most stable. The symmetric single-vacan-
cy-defected (5,5) SWCNT does exist, albeit not very
stable. The symmetric singlet double-vacancy-de-
fected (10,0) SWCNT is the most stable double-
vacancy-defected SWCNT. Vacancy defects un-
avoidably destruct the � conjugation of the FMOs
and thus enhance their chemical activity. On the
other hand, vacancy defects on the SWCNTs might
have completely opposite effects on the band gap
of different SWCNTs: on the conducting (5,5)
SWCNT, the band gap is increased, whereas on the
semiconducting (10,0) SWCNT, the band gap is
decreased.
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