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Abstract Because of the potential importance of carbon
nanotubes (CNT) in renewable energy and other fields, molec-
ular orbital ab initio calculations are used to study the relation
between mechanical and electronic properties of such struc-
tures. We estimate a modulus of elasticity of 1.3 TPa and find
out that the mechanism of CNTstructure deformation is depen-
dent on their chirality. Armchair and chiral nanotubes have
ductile deformation fracture while zigzag have both ductile
and brittle; on the other hand armchair nanotubes fracture and
form two caps while chiral nanotubes adopt a helical-structure
conformation. In addition, the energy gap between occupied
and unoccupied molecular orbitals increases when nanotubes
are under plastic deformation. This strong coupling between
mechanical and electrical properties can be used to tune CNT
mechanically to specific electronic bandgaps, affecting directly
their electromagnetic absorption properties.
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Introduction

Despite the great technological development in the past years,
experimental characterization of mechanical properties at the

nanoscale is still challenging because of the small size of the
structures, which makes manipulation, observation, and mea-
surement of applied forces not very accurate [1]. Hence,
quantum mechanical techniques offer the advantage of calcu-
lating in a very precise way, the physical-chemical properties
of molecular systems and provide a good estimation of the
molecular structure, orbitals, and defects of a material under
external forces; most of these properties are difficult to ob-
serve experimentally. Molecular modeling is also important to
get initial or guess parameters for the design of new
nanomaterials and nanodevices. A new nanomaterial in a
mechanical assembly is subject to external forces that stretch,
deform and, if the applied loads are in excess, destroy the
material. Thus, it is important to know whether the material
will be strong enough to resist the loads that it will suffer
during service. For this reason, scientists have focused on the
search and design of tensile tests using several methodologies
and approaches to characterize theMPs of nanostructures such
as carbon nanotubes (CNT). Carbon nanotubes are cylindrical
nanostructures of carbon atoms forming hexagonal rings
(Fig. 1) and they are generally illustrated as the rolling up of
graphene (one-carbon atom thick sheets); according to how
this material is wrapped, they are classified as armchair,
zigzag, and chiral (Fig. 1a–e).

Properties such as the modulus of elasticity (E) of CNT
have been reported using experimental techniques and theo-
retical approaches (Table 1). Experimentally, mechanical
properties of CNTs have been studied primarily using two
microscopy techniques: the transmission electron microscopy
[2], and the atomic force microscopy [3]. Treacy et al. [4]
found, for the first time, a value of 1.8 TPa for the elastic
modulus of CNTusing transmission microscopy by observing
the thermal vibrations, and E was estimated from the frequen-
cies of the first two resonant modes [5]. In 2007, Wong et al.
[2] found a value of 1.28 TPa by using AFM to bendmultiwall
carbon nanotubes, and then measured their deflection as a
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function of the applied force and as a function of the displace-
ment from its equilibrium [2]; E was extracted from the slope
of the deflection versus force curve [3]. Nonetheless, using
atomic force microscopy or transmission electron microscopy
might hamper observing the details of the atomic structures,
deformations, dislocations, crack propagations, and faults at
every point of the stress–strain curve. The identification of
these defects allows further explanation of the changes in the
materials properties of CNTs and plays an important role in
processes such as deformation, annealing, diffusion [6], wid-
ening in this way the number of CNT applications.

Material and thermal properties of CNTs are attributed to
their unique structure of covalent (shared) bonding of sp2

hybridized carbon atoms forming strong σ and π bonds
between carbon atoms [21]. CNT average elastic modulus of

∼1.18 TPa and thermal conductivity [22] of 3500 Wm−1 K−1

are comparable to those of diamond, 1.22 TPa and 3,320
Wm−1 K−1, [23] respectively. On the other hand, Politzer
et al. [24] found that end-substituted zig-zag nanotubes show
a marked gradation of charge along their axes, which could be
of extreme interest to tune their mechanical properties. Later
on, Xiao et al. [25] found that tuning a donor orientation,
relative to the CNT, can significantly enhance the first
hyperpolarizability. CNTs are commonly used in composites
[26] to reinforce materials such as polymers [27], ceramics,
and metals [28].

A deep understanding of the relation between mechanical
and electronic properties is important to expand the imple-
mentation of CNTs in practical applications; for example, in
energy storage devices, Ren et al. [29] studied twisted multi-

Fig. 1 Longitudinal (left) and
side (right) views of optimized
carbon nanotube structures used
in the current study. (a) CNT(5,5)
(b) CNT(4,4) (c) CNT(8,0) (d)
CNT(10,0) and CNT(6,2). C:
brown, H: yellow

Table 1 Estimations of the mod-
ulus of elasticity (E) using several
approaches. Data from Krishnan
et al. [7], Van Lier et al. [8] Li and
Chou [9] Natsuki et al. [10]
Pantano et al. [11] Gupta et al.
[12] and Wu et al. [13] is taken
from Khoury et al. [14]. Finite
element methods (FEM), high-
resolution transmission electron
microscopy (HRTEM)

Year Authors Method E (TPa)

1996 Treacy et al. [4] Transmission electron microscopy 1.8

1997 Wong et al. [2] Atomic force microscopy 1.28

1998 Krishnan et al. [7] Thermal vibrations 1.30

2000 Van Lier et al. [8] Ab initio 1.14

2003 Li and Chou [9] Structural Mechanics 1.04

2004 Mylvaganam et al. [15] Molecular dynamics 4.88

2004 Natsuki et al. [10] Molecular structural mechanics 1.10

2004 Pantano et al. [11] Continuum shell modeling 4.75

2005 Gupta et al. [12] Hydrostatic pressure 1.22

2006 Wu et al. [13] Molecular mechanics 1.06

2008 Wu et al. [16] STM and magnetic actuation 0.97

2009 Rossie et al. [17] Molecular Mechanics 0.92

2010 Shokrieh et al. [18] Nanoscale Continuum Mechanics 1.04

2011 Arenal et al. [19] HRTEM/AFM 1.11

2012 Rafiee and Heidarhaei [20] Non Linear FEM 1.33
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walled CNTs/MnO2 and found that this composite can be
employed as electrode to create both supercapacitors and
lithium-ion microbatteries, and thus introduced carbon
nanotubes in the field of conventional energy storage systems.
Among CNTs current applications are graphene nanoribbons
[30], drug delivery systems [31, 32], tips for atomic force
microscopy [33], scaffolds for bone growth [34], synthetic
muscles [35], composites [36], coatings [37], solar cells [38],
lasers [39], concretes [40], potent strength fibers [41], and fire
prevention [42].

Recently, we studied the functionalization of carbon
nanotubes with poly(ethylene glycol) for drug delivery appli-
cations [43], the design of self-assembled DNA-CNT [44], the
interactions of DNA and CNTs [45–47], and also the mecha-
nism of the unzipping of CNTs using potassium permanganate
for the potential fabrication of graphene nanoribbons [48].
Here, we extend our understanding of CNTs, by calculating
and studying the relationship between their mechanical and
electronic properties. Although, the measurement of the me-
chanical properties of carbon nanotubes has been the focus of
several research studies, there is still a controversy or doubts
on whether carbon nanotubes are the stiffest materials known
so far. In this study, we calculate the elastic modulus of CNTs,
determine their stress versus strain curve, analyze their defor-
mation structure until fracture, and finally correlate their me-
chanical properties with electronic properties, using ab initio
quantum chemistry calculations.

Methodology

In this work, CNT(n,n), n =4, 5; CNT(n,0), n =8, 10; and
CNT(6,2) are analyzed to calculate their modulus of elasticity;
they are passivated with hydrogen atoms at their dangling
ends to transform the edge carbon atoms into coordination
three sites, and to avoid reconstruction of the atomic structure
after optimization (Fig. 1). First, all the initial geometries are
optimized to a local minimum using the unrestricted
B3PW91/6-31G(d) level of theory [49] as coded in the pro-
gram Gaussian 09 [50]. The hybrid functional B3PW91 has
been tested in several applications involving transition metals
[51–54], graphene systems [55, 56], and transport properties
[57–59], among others. Local minima are tested by
performing second derivative calculations only for optimized
geometries under zero strain. As an initial guess, the highest
occupied molecular orbital (HOMO) and the lowest occupied
molecular orbital (LUMO) are mixed to break the α and β
spatial symmetries. Then, each carbon nanotube is strained
and reoptimized by keeping the hydrogen and carbon atoms
located at the ends fixed at their strained locations. At every
applied strain, the inner atoms adopt their most stable confor-
mation after each optimization. This procedure is repeated
until the CNTs fracture.

For a CNT of radius r and length L , the modulus of
elasticity (E=σ/ε) is calculated as the slope in the linear region
of the stress (σ ) versus strain (ε=ΔL /L ) curve. The stress σ
(F /A) is the applied force (F) per cross section area (A=πr2)
of the CNT and ΔL is the change of length of the CNTwhen
the force (F ) is applied along its axis. If the total energy of the
CNT is W, then F =−dW /dL. In this work, the yield strength
(fy) is calculated using an offset of 0.002, the tensile strength
(fT) is calculated as the maximum of the stress–strain curve,
the fracture point (fF) is computed as the last point in the
stress–strain curve (fF, εF), and the toughness (Ω) as

Ω ¼
Z εF

0
σdε

Results and discussion

Mechanical properties

Figure 2 shows the stress–strain curve of CNT(n,n), n =4, 5;
CNT(m,0), m =8, 10; and CNT(6,2). Three behaviors can be
identified in the curve: elastic, plastic, and fracture. Stress is
directly proportional to strain in the elastic region with an
average elasticity modulus of 1.31 TPa (Fig. 2) in good
agreement with those reported in the literature (Table 1).
CNT(8,0) is the stiffest and CNT(5,5) is the most flexible with
E of 1.91 and 0.94 TPa, respectively (Table 2). This difference
is because in the zigzag the stretching affects mainly an
angular bending but a bond stretching in the armchair; this
later bond eventually breaks (Fig. 3). In addition, both ductile
and brittle behaviors are observed in the stress–strain curve;
CNT(4,4), CNT(5,5), CNT(8,0), and CNT(6,2) behave as
ductile materials with plastic deformation whereas CNT(10,
0), which is fractured while it is deformed elastically, behaves
as a brittle material. These behaviors were also observed by
Coluci et al. [60] who also studied the mechanical properties

Fig. 2 Tensile strength ( fT), fracture ( fF) and stress (σ) versus strain (ε)
points for CNT(n,n) with n =4, 5; CNT(m,0) with m =8, 10; and CNT(6,
2). The calculated E are 1.20, 0.94, 1.91, 1.450 and 1.01 TPa, respec-
tively. All structures are optimized geometries at the fracture points
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of carbon nanotubes and found that zigzag and armchair
nanotubes behave as brittle and ductile materials, respectively.
In all of the CNTs structures examined in the current study,
except CNT(10,0), the stress increases to a maximum stress
(fT) and then decreases to the final fracture (fF). CNT(10,0)
stress increases and stops at the maximum point fTof 0.13 TPa
which is equal to fF. However, CNT(4,4), CNT(5,5), CNT(6,
2), and CNT(8,0) experience plastic deformation because they
have a maximum value of fT that differs from its fracture
value, fF (Tables 2).

The fracture of nanotubes goes through three well-defined
steps: flaw formation, flaw propagation, and rupture. Howev-
er, every nanotube structure undergoes different fracture path-
ways, which are chirality dependent (Fig. 2). We re-optimized
the geometries of CNTs at every point of the stress–strain
curve. We find that armchair nanotubes deform and fracture
plastically; once the external stress goes beyond fT, the
nanotubes experience necking , which is confirmed by a de-
crease in the diameters of CNT(4,4), and CNT(5,5) from
0.553 to 0.407 nm and from 0.881 to 0.462 nm, respectively.
Two structures are found for CNT(5,5) at fracture point. The
fracture point structure with the lowest energy forms two well-
defined caps that can be thought as half-fullerenes (hollow
sphere made of carbon atoms) with 16 hexagons, and ten
squares. However, the structure with the highest energy breaks
into four pieces; two of them are rings of carbon dimers and
the other two are conformed of carbon hexagon without
deformation in the radial direction. These fracture point struc-
tures are created by the reorganization of carbon atoms and the
formation of new σ and π -bonds due to the high reactivity of

the carbons from the broken bonds, which finally reconstruct
to a minimum energy conformation. CNT(4,4), which is the
most ductile nanotube with a toughness of 4.32 J/m3×10,10

breaks into four pieces: two rings that are conformed by
carbon dimers and two caps of only hexagons (Fig. 2). Carbon
dimers are formed when running the CNT(4,4) as a closed
shell singlet, which has energy 1084.5 kcal mol-1 lower than
the corresponding triplet.

On the other hand, fracture of zigzag CNTs takes place
without any significant deformation of the structure in the
radial direction (Fig. 2); these nanotubes distort only in the
direction of the applied stress or axial direction and start
cracking in several parts along the axis when they are strained
21 % of their length (Fig. 2).

Chiral fracture occurs in three stages. First, C-C bonds
that are located parallel to the direction of the applied stress
are broken, increasing their length from 0.142 nm to
2.11 nm, ending in a spiral-shaped conformation which
can be thought as the wrapping of two carbon chains. Next,
as stretching continues, carbon atoms displace in the direc-
tion of the applied stress, and finally, fracture results with
the formation of two caps with topological defects (ten
hexagons, two pentagons, and two triangles) that are sepa-
rated by the two carbon chains, in helix conformation and
sp3 hybridization (Fig. 2).

The mechanical properties obtained from the strain–stress
curves (Fig. 2) yield higher toughness (3.94×1010 J/m3) for
armchair than for zigzag (2.58×1010 J/m3) and chiral (2.48×
1010 J/m3) carbon nanotubes (Table 2). This behavior is con-
sistent with the fact that armchair nanotubes are deformed in
both, axial (along the applied stress) and radial directions;
however, zigzag and chiral are deformed in the axial direc-
tion only (Fig. 3). Therefore, nanotubes that are deformed in
axial and radial directions absorb higher energy and thus
they have better chances for crack propagation and
microvoid coalescence (mechanism of fracture in ductile
materials). Armchair nanotubes deform and fracture plasti-
cally; once the external stress goes beyond fT, the nanotubes
experience necking , which is confirmed by a decrease in the
diameters of CNT(4,4), and CNT(5,5) from 0.553 to
0.407 nm and from 0.881 to 0.462 nm, respectively, as is
shown in the inset Fig. 1.

Table 2 Young modulus (E), yield strength ( fy), tensile strength ( fT),
fracture ( fF), and toughness (Ω) of CNTs. All mechanical properties are
in TPa except for Ω which is J/m3

CNT CnHn Point group E fy fT fF Ω (×1010)

(4,4) C95H16 D4d 1.20 0.07 0.19 0.13 4.32

(5,5) C100H20 D5d 0.94 0.04 0.02 0.06 3.56

(8,0) C96H16 C1 1.91 0.02 0.15 0.14 2.78

(10,0) C100H20 C2V 1.50 0.05 0.13 0.13 2.37

(6,2) C100H16 D2 1.01 0.06 0.15 0.28 2.48

Fig. 3 The direct effect of a
longitudinal stress on an (a)
armchair and (b) zigzag CNTs
correspond to angular bending
and bond stretching, respectively
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Electronic properties

To understand the mechanical behavior of carbon nanotubes,
frontiers orbitals are calculated using molecular orbital theory.
Figure 4 displays the molecular orbital spectra of all nanotubes
used in the current study with their corresponding frontier
orbital shapes at points from the elastic region, fy, fT and fF.
CNT(4,4) HOMO lies at −4.25 eV and has a delocalized
orbital that is perpendicular to the stretching direction, while
CNT(5,5) HOMO lies at −4.48 eV and has a delocalized
orbital along the pulling direction. Delocalization of frontier
orbitals is due to the overlapping of the p atomic orbitals that

Fig. 4 Occupied (blue) and
unoccupied (red) molecular
orbital energy spectra at three
points from plastic region: fy, fT,
and fF. of (a) CNT(4,4) including
three points from elastic region 0,
0.01, and 0.04, (b) CNT(5,5)
including two points from elastic
region 0 and 0.002 (c) CNT(8,0)
including two points from elastic
region 0 and 0.01 (d) CNT(10,0)
at three points from elastic region
0, 0.003, and 0.03. (e) CNT(6,2)
including two points from elastic
region 0 and 0.001

Table 3 HOMO-LUMO gaps (HLG) of CNTs for the three points of the
elastic region (HLGn with n=0, 1, 2), as well as for the yield strength
(HLGfy), tensile strength (HLGfT), and fracture (HLGF)

CNT HLG0 HLG1 HLG2 HLGfy HLGfT HLGF

(4,4) 1.26 1.39 1.61 1.14 2.52 2.40

(5,5) 1.70 1.67 – 1.15 2.31 2.30

(8,0) 1.76 1.76 – 1.75 2.01 1.95

(10,0) 1.87 1.87 1.84 0.27 1.73 1.73

(6,2) 1.60 1.60 – 0.28 1.08 1.80
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do not participate in the bonds. As stretching of CNT(4,4) and
CNT(5,5) occurs from 0 to 0.04 and from 0 to 0.002, respec-
tively, their HOMO-LUMO gap increases from 1.26 eV to
1.61 eV and decreases from 1.70 eV to 1.67 eV (Table 3),
respectively. Their molecular orbitals stay delocalized on the
CNT surface as a consequence of the stability of armchair
CNTs under elastic stretching, and the flexibility of the
carbon-carbon bonds.

Plastic deformation leads to the breaking of the delocalized
orbitals; HOMO and LUMO localize according to the formed
carbon-carbon bonds and their HLGs at fy decrease from 1.26
to 1.14 eV, and from 1.70 to 1.15 eV (Table 3) for CNT(4,4)
and CNT(5,5), respectively. At fT, there is a breaking of the π-
bonds of the CNT(n, n); the HOMO is on top of the CNT and
then, loss of the π-bonds takes place once the necking starts.
At fT, the HLGs increase up to 2.52 and 2.31 eV (Table 3) for
CNT(4,4) and CNT(5,5), respectively. At fracture (f F),
CNT(4,4) HOMO is localized at the bottom of the nanotube
while the LUMO is localized at the top of it. The CNT(5,5)
HOMO is delocalized in every cap formed at fracture.

On the other hand, zigzag HOMOs are partially delocalized
and doubly degenerate. CNT(8,0) HOMO is at the bottom of
the nanotube, while CNT(10,0) HOMO is at the upper part.
As the nanotube is pulled apart from 0 to 0.01, CNT(8,0)
HOMO is located at the upper part of the nanotube, and after
f y, it migrates to the ends of the nanotube (Fig. 4c). Neverthe-
less, when CNT(10,0) is stretched from 0.003 to f y, its HOMO
does not change its position and it is always kept at the ends of
the nanotubes. CNT(8,0) HOMO is localized in the middle
part of the nanotube at the fracture point while its LUMO stays
at the ends of the nanotube. CNT(6,2) HOMO stays in the
upper part and its LUMO in the lower part of the nanotube
from 0 to 0.001. However, when it reaches fy, both HOMO
and LUMO split into two parts and then they localize in the
middle part of the nanotube at fT. Finally, at fF, CNT(6,2)
HOMO and LUMO are localized in the two helical carbon
chains and caps as is observed in Fig. 4(e).

Consequently, the relation between mechanical and elec-
tronic properties reveals that carbon nanotubes that are
stretched and deformed up to their tensile strength can be
suitable materials for the fabrication of solar cells with ab-
sorptions in the range of 1.26–2.52 eV as deduced from the
calculated HOMO-LUMO gaps. Also, because of the cou-
pling of mechanical and electrical properties, it may be possi-
ble to control the adsorption of solar light from low to high
energy by manipulating the stretching of the nanotubes.

Conclusions

Carbon nanotubes have an elastic modulus of 1.3 TPa obtain-
ed using ab initio calculations. Armchair and chiral nanotubes
have ductile deformation fracture while zigzag ones have both

ductile, and brittle. Armchair nanotubes break forming two
caps while chiral nanotubes adopt a helical-structure confor-
mation at fracture. HOMO-LUMO energy gaps of all the
nanotubes decrease at yield strength and then increase after
their tensile strength. Thus, deformed CNT(n,n) with n =4,5;
CNT(m,0) with m =8 and 10; and CNT(6,2) can be suitable
materials for the fabrication of solar cells with electromagnetic
absorption in the range of 1.26–2.52 eV. The energy gap
increase between occupied and unoccupied molecular orbitals
when nanotubes are under plastic deformation explains a
strong coupling between mechanical and electrical properties
that can be used to tune CNT mechanically to specific elec-
tronic bandgaps, controlling directly their electromagnetic
absorption properties.
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