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Based on experimental results, we obtain five types of single-walled carbon nanotube (SWNT) clusters
with different chirality indices and diameters using density functional theory (DFT). We then obtain
the corresponding SWNTs by using periodic boundary conditions. Studies of the stability and elec-
tronic properties show that the stability of the novel SWNTs is independent of the chirality index and
relates only to the tube diameter; larger diameters correspond to more stable SWNTs. The electronic
properties all show metallic characteristics independent of the chirality indices and tube diameters,
thereby promoting the application of metallic-type SWNTs.
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1 Introduction

Materials with at least one dimension in the range
1–100 nm are called nanomaterials. Recently, carbon
nanotubes (CNTs) have become regarded as quasi-
one-dimensional nanomaterials with broad application
prospects arising from their unique structures and
physicochemical properties [1, 2]. The arrangements of C
atoms in the honeycomb grids on the surfaces of single-
walled CNTs (SWNTs) have helicity [3]. Because of the
helicity and the significant differences in electronic states
induced by varying diameters, SWNTs can show either
metallic or semiconducting electronic properties [4–6].
Metallic SWNTs (m-SWNTs) have become typical model
systems for studying various quantum phenomena in
quasi-one-dimensional solid-state systems [7], including
single-electron conduction, Luttinger liquids, weak delo-
calization effects, ballistic transmission, and quantum in-
terference. Semiconductive SWNTs (s-SWNTs) are used
to build new types of nanoelectronic devices such as
transistors, logic devices, memory devices, and sensing
devices [8]. In addition, the superb tensile strength of
SWNTs permits their use as reinforcing fibers and poly-
meric additives for various structural materials. Further-

more, because they have high specific surface areas and
strong absorption features, SWNTs can also be used as
hydrogen storage and energy storage materials [3]. The
thermodynamic properties of CNTs and their compati-
bility with biological systems have inspired widespread
interest in CNT applications in the field of cancer diag-
nosis and treatment [9].

At present, SWNTs obtained using various experimen-
tal methods implemented by macroscopic preparation
show both metallic and semiconductive properties, which
prevents the useful application of the CNTs [10, 11].
However, in the last two decades, SWNTs with pure
single-type electronic properties have been obtained by
controlling their structures during experimental prepa-
ration or by separating m-SWNTs and s-SWNTs com-
pletely [11–14].

In experiments, Yang’s group has achieved the high-
purity preparation of (12, 6) and (16, 0) SWNTs by con-
trolling the structure of the catalyst through chemical va-
por deposition (CVD), with purities reaching 92% and
79.2%, respectively [3, 15, 16]. In 2008, Tanaka et al.
first proposed an agarose gel electrophoresis method to
separate s-SWNTs and m-SWNTs, obtaining 95% and
70% purities, respectively [11]. Liu et al. successfully re-
alized the simultaneous separation of m- and s-SWNTs
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and diameter-selective SWNTs enrichment by gel chro-
matography [14]. Yahya et al. exploited a gel agarose
microbead filtration technique to achieve 70% m-SWNTs
and > 95% s-SWNTs [13].

In theoretical studies, Terrones et al. proposed a
chirality- and diameter-independent m-SWNTs family
with ordered pentagonal, hexagonal, and heptagonal
metal sheets [17, 18]. Based on penta-graphene, Zhang
et al. obtained SWNTs of almost purely semiconducting
natures by using a five-membered carbocyclic ring as the
structural unit [19].

So far, the issue of obtaining SWNTs with single-type
electronic properties remains fundamentally unsolved.
Therefore, it is of great practical significance to explore
or prepare SWNTs with single-type electronic properties,
both theoretically and experimentally, to enable the ef-
fective application of SWNTs [20].

In 2013, Algara-Siller et al. used electron-beam engi-
neering to obtain double-walled carbon nanoribbons by
cutting double-layer graphene for the successful prepa-
ration of SWNTs [21]. In 2016, Xu et al. used the same
method to cut bilayer boron nitride (BN) nanosheets
and connected two BN nanoribbons at the cutting edges
to obtain the smallest (3, 3) BN nanotubes yet reported
[22]. The greatest advantages of nanotube electron-beam
engineering are the controllability and repeatability of
the preparation process [22].

In March 2017, Liu et al. successfully fabricated
graphene-like nanoribbons periodically embedded with
four- and eight-membered rings for the first time [23]. By
scanning tunneling spectroscopy and density functional
theory (DFT), they found that four- and eight-membered
rings as topological defects effectively changed the elec-
tronic properties of the nanoribbons and confirmed that
non-six-membered rings also effectively controlled the
structures of the nanobelts [23].

By considering the above related theoretical and ex-
perimental studies, and from the isomer perspective,
we assume that via electron-beam engineering, novel
SWNTs with different diameters and embedded with pe-
riodic four- and eight-membered rings can be prepared
by cutting bilayer graphene-like nanoribbons of prede-
termined widths. Therefore, in this study, we have in-
vestigated new isomers of SWNTs with periodically em-
bedded four- and eight-membered rings, with the intent
to obtain SWNTs with single-type electronic properties
and provide new ideas for the experimental preparation
of SWNTs with single-type electronic properties.

2 Methods and details

In previous studies, researchers used the GAUSSIAN03
package with B3LYP/3-21G methods to study CNTs

with six-membered rings, and obtained theoretical re-
sults consistent with reported experimental results [24,
25]. Therefore, in this study we calculate the related
properties of the novel SWNTs using B3LYP/3-21G
methods to optimize the calculation of tubular clusters.
Because the PBEPBE functional is more suitable for
large systems, PBEPBE/6-31G is chosen to calculate the
electronic properties of the novel SWNTs under periodic
boundary conditions (PBC). Here, we note that during
the calculation, we always consider the computational
efficiency and accuracy of our method.

The energy band structures of the SWNTs are calcu-
lated by selecting 240 K-points and the electronic den-
sity of states (DOS) are calculated while the full width
at half maximum (FWHM) is 0.3 eV. During the calcula-
tion processes, the convergence criterion is 10−6 atomic
units (a.u.).

As indicated in a recent work [20], SWNTs compris-
ing six-membered rings can be viewed as curled graphene
sheets having six-membered rings as the structural unit.
Thus, the novel SWNTs can be regarded as the curl-
ing of graphene embedded with periodic four- and eight-
membered rings. As shown in Fig. 1, the chirality in-
dices of the novel SWNTs are similar to those of six-
membered-ring SWNTs [20], defined as Ch = na1+ma2.
In this case, the lengths of the base vectors a1 and a2

are different and perpendicular to each other, unlike six-
membered ring chirality indices. In particular, the four-
and eight-membered rings with different distributions in
the tube walls yield five types of novel SWNTs, rep-
resented as (n, 0), (0,m), (n, n), and (n,m) (n > m,
n < m), respectively. The corresponding tubular clusters
are denoted as [n, 0], [0,m], [n, n], and [n,m] (n > m,
n < m).

Because the coordination number of each C atom is
three, if the coordination numbers of C atoms at the
tube end are not satisfied, the corresponding tubular C

Fig. 1 Graphene periodically embedded with four- and
eight-membered rings and chirality indices.
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clusters will be unstable [26–30]. Therefore, this study
adopts H passivation, in which H atoms are attached to
the C atoms at the tube end, to optimize and calculate
the frequency, and to obtain stable configurations with
no imaginary-frequency distributions in the tubular C
clusters.

3 Results and discussion

3.1 Novel SWNT clusters periodically embedded with
four- and eight-membered rings

In this study, we obtain the five stable tubular clus-
ter types of [n, 0], [0,m], [n, n], and [n,m] (n > m,
n < m) without any imaginary frequencies. Among
them, n and m vary from 0 to 6. Figure 2 shows the
structural characteristics of tubular clusters; the four-
and eight-membered rings in [n, 0] are distributed pe-
riodically along the busbars (Straight line on the pipe
wall which parallel to the axis). In [n, 0], [n, n − 1], and
[m−1,m], the four- and eight-membered rings show spi-
ral distributions along the pipe wall. The distribution
of four- and eight-membered rings in [n, n − 1] is a left-
handed spiral, while that in [n, n] and [m−1,m] is right-
handed. In addition, the helicity values of [m−1,m] and
[n, n− 1] are larger than that of [n, n].

3.2 Thermodynamic stability

The stability of the cluster structure can be determined
by the relationship between the structure and temper-
ature (as in molecular dynamics methods), or by the
frequency of intrinsic vibrations. The structure is sta-
ble only if it does not disintegrate with increasing tem-
perature. In order to further investigate the stability of
the SWNT clusters, we check the thermodynamic sta-
bility using parameters including the internal energy

(ET ), entropy (S), and constant-volume heat capacity
(CV ) of the clusters based on structural optimization and
frequency calculation without any imaginary frequency.
Figure 3 shows that, as the temperature increases, ET

and S increase continuously, which agrees with the laws
of thermodynamics and indicates that our calculated re-
sults are reliable. In particular, CV reaches the Dulong–
Petit limit as the temperature increases; after this limit,
CV is independent of temperature. This result indicates
that the structure does not disintegrate with increas-
ing temperature, i.e., the structure is thermodynamically
stable.

3.3 Novel SWNTs

Figure 4 shows the novel SWNTs obtained by PBC and
their smallest repeating units, which are selected from
the corresponding tubular clusters. The PBEPBE/6-31G
method is selected to optimize these structures.

As predicted in the theoretical results, non-hexagonal
C rings induce changes in the local density of π-
electron, electronic structures, and magnetic properties
of graphene-like nanoribbons [31–33]. To study the in-
fluence of four- and eight-membered C rings, we have
performed DFT calculations to further investigate the
effects of four- and eight-membered rings on the geo-
metric structures and electronic properties of the novel
SWNTs. As shown in Fig. 4, our results are consistent
with those in Ref. [2]; with the absence of hexagonal sym-
metry (Fig. 4) [34], the C–C bonds in the non-hexagonal
rings are shortened or lengthened in the range 1.39–1.52
Å, while the C–C–C angles vary within the range 89◦–
145◦.

3.4 Formation energy of novel SWNTs

According to the method of electron-beam engineering,
the novel SWNTs can be successfully prepared by cutting

Fig. 2 The [3, 0], [0, 3], [3, 3], [3, 2], and [2, 3] novel single-walled carbon nanotube clusters.
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Fig. 3 Here, (a–e) for [3, 0], [0, 3], [3, 3], [3, 2], and [2, 3], with changing the thermodynamic quantities at different
temperatures, respectively.

double-layer graphene-like nanoribbons of predetermined
width with embedded four- and eight-membered rings.
Therefore, we calculate the formation energies of the
SWNTs corresponding to the double-layered graphene-
like nanoribbons as [35, 36]

Eformation =
ET (SWNTs)− 2ET (nanoribbons)

k
.

Here, ET (SWNTs) is the energy of one repeating unit
of the SWNT, ET (nanoribbons) is the energy of one
repeating unit in the nanoribbon, k is the number of
C atoms in one repeating unit of the SWNT, and k/2
is the number of C atoms in one repeating unit of the

nanoribbon. As shown in Table 1, the energy of a single
SWNT or double-walled nanoribbon is negative, and the
energy of the SWNT is always lower than that of the
corresponding double-walled nanoribbon. The formation
energy of the novel SWNTs is negative, indicating that
forming SWNTs from nanoribbons is an easy exothermic
reaction.

3.5 Energy stability of novel SWNTs

The average binding energy (Eb) of the novel SWNTs is
defined as the average energy released when C atoms are
incorporated into the SWNTs. A greater energy release
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Fig. 4 The structures, bonds, and angles of repeat unit.

Table 1 Formation energy of the novel SWNTs.

(0, 2) (0, 3) (0, 4) (0, 5) (0, 6)

ET (SWNTs)/eV −20692.5 −31053.1 −41411.2 −51768.1 −62124.4

ET (nanoribbons)/eV −10342.6 −15521.6 −20697.7 −25874.5 −31052

k 20 30 40 50 60

Eformation (eV·atom−1) −0.3678 −0.3299 −0.39422 −0.38074 −0.33824

corresponds to greater SWNT stability. The formula is

Eb =
kE(C)− E(Ck)

k
.

Here, E(C) represents the C atom energy, and E(Ck)
represents the energy of the novel SWNT, respectively.
Because of the base vector |a1| > |a2|, the relationship
between the diameter values d of the novel SWNTs are as
follows: d(n,n) > d(n,0) > d(0,m) and d(n,n) > d(n,n−1) >
d(m−1,m) when m = n > 2. However, when m = n = 2,
an abnormality occurs: d(n,0) > d(n,n−1) > d(m−1,m),
possibly because the novel (n, n − 1) and (m − 1,m)
SWNTs with small diameters possess too many folds. It
can be seen from Fig. 5 that the Eb of SWNTs with equal
chirality indices is increased as the diameter d increases
and finally stabilizes, that is, for SWNTs of the same chi-
rality indices, larger diameters correspond to more sta-
ble SWNTs. The Eb of SWNTs with different chirality
indices is increased with increasing tube diameter, ap-

Fig. 5 The average binding energy of novel SWNTs varies
with n or m.

proaching the same stable value as that for equal-indices
SWNTs. In other words, for SWNTs with different chi-

Xiao-Ning Wang, Front. Phys. 13(4), 136106 (2018)
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rality indices, the SWNTs also increase in stability with
larger diameters. This indicates that the preparation of
larger-diameter novel SWNTs is more easily achieved be-
cause of their improved stability.

3.6 Electronic properties of novel SWNTs

The PBEPBE/6-31G functional is chosen to calculate
the electronic properties of SWNTs by using PBC.
Among them, the energy band structures of the novel
SWNTs are calculated by selecting 240 K-points, and
the electronic DOS is calculated when the FWHM is 0.3
eV.

Table 2 shows the highest occupied crystal orbital
(HOCO)/lowest unoccupied crystal orbital (LUCO) en-
ergies, indirect band gap, and minimum direct band gap
for the novel SWNTs. As shown in Table 2, the novel
SWNTs have very small or zero energy gaps and exhibit
metallic properties.

Table 2 Electronic properties of the novel SWNTs.

HOCO LUCO Indirect Min direct

SWNT (eV) (eV) gap (eV) Gap (eV)

(2, 0) −4.6375 −4.9356 −0.2981 0.0019

(3, 0) −4.1990 −4.5422 −0.3432 0.0008

(4, 0) −4.4441 −4.4346 0.0095 0.0095

(5, 0) −4.3015 −4.6288 −0.3272 0.0001

(6, 0) −4.4007 −4.4275 −0.0268 0.0148

(0, 2) −4.7475 −4.6541 0.0934 0.3344

(0, 3) −3.9535 −5.0382 −1.0848 0.0003

(0, 4) −4.0044 −5.0519 −1.0475 0.0008

(0, 5) −3.8576 −5.0710 −1.2134 0.0004

(0, 6) −3.8869 −5.0167 −1.1298 0.0004

(2, 2) −4.1311 −4.8403 −0.7092 0.0020

(3, 3) −3.9619 −4.4956 −0.5337 0.0044

(4, 4) −3.9096 −4.8644 −0.9548 0.0003

(5, 5) −3.8721 −4.8574 −0.9853 0.0002

(6, 6) −3.8537 −4.8504 −0.9967 0.0004

(2, 1) −4.4255 −4.7134 −0.2878 0.0007

(3, 2) −4.0666 −4.4254 −0.3588 0.0002

(4, 3) −4.1788 −4.6651 −0.4863 0.0001

(5, 4) −4.4816 −4.5206 −0.0390 0.0000

(6, 5) −4.3750 −4.3993 −0.0242 0.0003

(1, 2) −4.3558 −4.4554 −0.0997 0.0003

(2, 3) −4.4151 −4.5674 −0.1523 0.0004

(3, 4) −4.4388 −4.5727 −0.1339 0.0001

(4, 5) −4.4506 −4.4477 0.0029 0.0029

(5, 6) −4.3854 −4.4880 −0.1026 0.0001

Figure 6 shows the band structures of the novel
SWNTs with the Fermi level (EF ) at 0 eV. From Fig. 6,
we can see that, for novel SWNTs in the Brillouin zone,
besides (0, 2) and (4, 5), the valence bands and the con-
duction bands intersect near EF , thus showing metal-
lic properties. Furthermore, because the (0, 2) and (4, 5)
SWNTs have very small indirect and direct band gaps,
respectively, at room temperature, the electron can eas-
ily gain more energy and jump to the conduction band;
thus, these SWNTs can also be regarded as metallic in
properties. The valence bands and conduction bands
near EF of SWNTs with the same chirality indices con-
verge toward the EF gradually as the diameter is in-
creased.

To further investigate the electronic properties of the
novel SWNTs, we calculate the DOS of the novel SWNTs
when EF is set to 0 eV. It can be seen from Figure 7 that
within the diameter range of our study, except SWNTs
(5, 6) and (6, 5), for small diameters such as (0, 2), (2, 1),
and (1, 2), the main orbital electrons near EF are s-
orbital, which means that almost no p-orbital electrons
are present in the energy band near EF . However, for
larger diameters, p-orbital electrons are major contrib-
utors near EF , while the contribution of s-orbital elec-
trons approaches zero. Only some peaks appear below
−5 eV and above 5 eV. Thus, these results indicate that
no s-orbital electrons are in the energy bands near EF

in large-diameter SWNTs.
The DOS is the refinement of the band structure.

Moreover, Figure 7 shows that the DOS near the EF

is not zero, which is consistent with the results of
band structure, and further demonstrates that the novel
SWNTs are all metallic.

4 Summary

Inspired by the SWNTs obtained from double-layer
graphene or double-layer BN nanosheets by electron-
beam engineering and by the successful preparation of
graphene-like nanoribbons embedded with periodic four-
and eight-membered rings, we explore the stability and
electronic properties of novel SWNTs embedded with pe-
riodic four- and eight-membered rings in order to pro-
vide a guide for experimental preparation. Similar to
six-membered ring SWNTs, these novel SWNTs can be
regarded as curls of graphene embedded with periodic
four- and eight-membered rings along different chirality
indices. Based on this perspective, we first study the five
novel SWNTs with different chirality indices and tube
diameters. Using hydrogen passivation, a stable con-
figuration satisfying thermodynamic requirements with-
out imaginary frequencies is obtained. Secondly, ac-
cording to the periodicity of the tubular clusters, novel
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Fig. 6 The (2, 0), (6, 0), (0, 2), (0, 6), (2, 2), (6, 6), (2, 1), (6, 5), (1, 2), (4, 5), and (5, 6) band structures.

SWNTs are obtained by the PBC method with the small-
est repeating units, which are intercepted from the cor-
responding tubular clusters. Research on the stability
and electronic properties indicates that the stability of

the novel SWNTs is unrelated to the chirality indices,
but is related to the SWNT diameter. Larger diameters
correspond to more stable novel SWNTs. We also find
that the electronic properties of the novel SWNTs are

Xiao-Ning Wang, Front. Phys. 13(4), 136106 (2018)
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Fig. 7 The state density distribution of (0, 2), (1, 2), (2, 1), (2, 0), (4, 5), (6, 0), (5, 4), (5, 6), (6, 5), and (6, 6). Prepresents
the p-orbital electron distribution, S represents the s-orbital electron distribution, Trepresents the total electron distribution,
respectively.
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independent of both the chirality indices and diameter;
all the novel SWNTs show metallic properties. Our re-
sults provide a theoretical reference for the experimental
preparation of SWNTs with single-type electronic prop-
erties. This would provide better selection for the re-
search of quantum phenomena in quasi-one-dimensional
solid-state model systems and promote the application
of m-SWNTs.
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