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Abstract

The way the bonding and reactivity of armchair carbon nanotubes depends on the curvature of the nanotube has been investigated
using density functional theory. To understand the nature of the interaction between atoms in the nanotube, the Wiberg bond
index, natural bond order analysis, and topological electron density analysis have been performed. All these tools confirm that the
bonds in the hydrogen-capped carbon nanotubes considered here are primarily covalent. As the diameter of the nanotube
decreases and its curvature increases, the covalency (bond order) decreases, a conclusion that is supported by the increase of
the bond lengths and also the decrease of the electron density and the energy density along the bond paths as the curvature
increases. To shed light on the orbital contribution in bond formation and the most effective interaction between donor bonding
orbital and acceptor antibonding orbital, analysis of natural bond orbitals is carried out. We have observed that the higher the
nanotube diameter is, the higher the energy gap.

Keywords Density functional theory - Curved surface - Bonding analysis - Electron density analysis - Natural bond orbital

analysis - Chemical reactivity

Introduction

Besides their fundamental interest, carbon nanotubes (CNT)
[1] are potentially useful for modern technologies like chem-
ical sensors, field-effect transistors, and energy conversion/
storage devices [2—5]. For many of these applications, it is
essential that homogenous CNTs, with a narrow range of chi-
ralities and sizes, are available. Of special relevance to this
paper, the curvature of a CNT has significant effect on its
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properties. For instance, double layer capacitance increases
with decreasing radius of the CNT [6], affecting the total ca-
pacitance of the system. The electronic properties, energetics
[7], adsorption, and catalytic activity of CNTs also varies with
their chiralities and diameter [8]. Depending on the chiralities
of the carbon nanotube, nearly two-thirds of them exhibit
semiconducting characteristics, while the other third have me-
tallic character. Single-walled carbon nanotubes (SWCNTSs)
with metals put inside them are used in designing magnetic
data storage devices, nanoscale switches, carbon nanotube
field effect transistors (CNTFETs), p-n junction diodes among
other nanoelectronic devices [9-11]. Nanotube chirality is
responsible for defining the diameter, curvature, structural,
and electronic properties [ 12—15]. The possibility of designing
and manipulating its properties by controlling the shape, size,
and constituent particles make carbon nanotubes one of the
most versatile materials. They have attracted great interest
because of their unique physical (elasticity, stiffness, and de-
formation) [16], chemical properties [17—-19], and extraordi-
nary electronic properties [20]; hence they are believed to be
of great potential for next generation nanoscale electronic de-
vices [9]. Electrons can be conducted in the nanotubes without
any scattering, owing to its 1-D nature [21]. This absence of
scattering is known as ballistic transport and it permits the
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nanotube to conduct electrons without dissipating heat. The
breadth and importance of potential applications make CNT a
very active area of research, with many new challenges and
opportunities for studying the chemistry of these systems. In
order to control the electronic properties of CNTs and the
functioning CNT-based devices, researchers have tried to
characterize and control the chirality and size of the CNT.

The chirality of a CNT is uniquely characterized by a pair
of nonnegative integers, (n,m), which describe how one “rolls
up” a graphene sheet to form the seamless cylindrical surface
of an infinite-length CNT. CNTs can be considered hollow
conjugated polyaromatic macromolecules essentially with an
inert interior and a reactive exterior that is sensitive to the way
the parameters (n,m) describe how the graphene sheet is rolled
up. Nanotubes can be classified as armchair (n=m), zigzag
(n#m), and chiral (m=0). Among these, armchair (n,n)
SWCNT are the most thermodynamically stable [22]. The
electronic structure of finite-length short armchair nanotubes
[23, 24] computed using ab initio and semiempirical quantum
computational methods has been reported, and it is found that
energy gap is oscillatory in nature with respect to the tube
length. Further, the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO),
and the band-gap oscillate with respect to tubular diameter and
length [25]. Scanning tunneling microscope experiments
prove that armchair carbon nanotubes are metallic [17, 18].
Confinement of electrons along the tube axis affects the elec-
tronic properties, opening up an appreciable band gap in very
short nanotubes. Previously, it has been reported that electron-
ic properties like the energy gap and chemical reactivity pa-
rameters of (n,n) CNT (n =3-6) are sensitive to the varying
length and diameter of CNT [29] and that these parameters
can be systematically tuned by adjusting the length and diam-
eter of the tube. However, no computational studies of chem-
ical reactivity descriptors have been reported for CNT with
large diameters.

Since nanotube chirality/diameter plays an important role
in their widespread applications in the field of
nanoelectronics, understanding of the effect of chirality/
diameter on the chemical structure and bonding properties of
CNTs is critical. The bonding nature exhibited by transition
metals (TM) doped fullerene [26] has predicted that TM-C
bonds in these systems show partial covalent character and
that the covalent character increases slightly as we move to-
ward higher atomic number within the 3d-block. Studies of
the confinement of noble gases within BN-doped carbon
nanotubes show that they also exhibit pure or partial covalent
character [27]. The bonding nature of C—C bond and C-M
bond (M =metal) at planar surface (e.g., graphene) reflects
that in the limit of infinite CNT radius, these interactions are
covalent [28]. To the best of our knowledge, however, no
investigation of the bonding character at the curved surface
of CNTs has been reported. This is the topic of the current
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study. Specifically, we considered a number of armchair nano-
tubes with variable curvature. The highest curvature system
we considered is the (5,5) CNT, whereas the lowest curvature
nanotube system is the (20,20) CNT. We also considered a
planar graphene ribbon (GR) that is not curved at all and can
represent an ideal nanotube with infinite diameter and zero
curvature. To characterize the bonding character, we used
electron density analysis (EDA), the Wiberg bond index
(WBI), natural population analysis (NPA), and natural bond
orbital analysis (NBO).

Computational details

All quantum chemical calculations were performed using
Kohn-Sham density functional theory as implemented in
Gaussian 09 [30]. All the structures are fully optimized with-
out symmetry constraints. The frequency calculation shows
that these structures have no saddle point. We used Becke—
Lee—Yang—Parr (BLYP) semi local functional [31, 32],
Becke’s three parameters Lee-Yang-Parr hybrid functional
(B3LYP) [31, 32], and meta exchange-correlation hybrid
functional (M06-2X) [33] along with 6-31G(d) basis set. In
order to understand the nature of chemical bonding, the elec-
tron density analysis (EDA) [34] of the electron density and
the local energy at bond critical points developed by Bader in
the context of the quantum theory of atoms in molecules is
employed. We performed EDA using the Multiwfn software
[35].

The ionization potential (/) and electron affinity (A) can be
approximated using Koopmans’ theorem [36].

I = —Enomo (1)
A =-Erumo (2)

The global reactivity parameters [37], such as electronega-
tivity (x) [38—40], chemical potential (1), chemical hardness

(M) [41], and electrophilicity index (w) [42, 43], are then cal-
culated using the given relations:

I+ A
H=" :_T (3)
n=1I1-A (4)
u?
w = (5)

where Y is the electronegativity of the system.

Results and discussion

A detailed investigation was done to observe the structural
properties, bonding nature, and chemical reactivity parameters



J Mol Model (2018) 24: 249

Page 30of 11 249

at the curved surface of a CNT. To see how the bonding and
reactivity of the CNT changes, the nanotube diameter is in-
creased (~7.5-27.5 A), keeping its length fixed (~8 A),
starting from the (5,5) armchair CNT and concluding with
our “largest” CNT, a graphene ribbon with infinite diameter
and zero curvature. To avoid dangling bonds, surface atoms
are terminated by H atoms. Optimized geometries of some
representative structures are shown in Fig. 1. The geometries
of the remaining structures are provided in Fig. S1 and coor-
dinates of all the structures are given in Table S1 of the
supporting information. Our study mainly concentrated on
the bonds perpendicular to tube axis (C3—-C11, C5-C13,
C7-C15) and bonds parallel to the tube axis (HI-C2, C2—
C3, C3-C4, C4-C5). There are some other bonds along the
tube axis which have been ignored as the structure is symmet-
ric about the center of the tube.

Structural properties

We start by discussing how the bond lengths and angles
change as the CNT diameter increases. For the sake of sim-
plicity, the H1-C2 bond, one parallel (C2—C3) bond and one
perpendicular (C7—C15) bond with respect to the tube axis are
used as probes of changes in the bond lengths with increasing
tube diameter. Figure 2a clearly shows that all three bond
lengths decrease monotonically with an increase in diameter,
as might be expected based on the decreasing ring-strain as the
CNT diameter increases. Though the change in bond lengths
are not large, they give a hint about the bonding in these
CNTs. Specifically, as the diameter increases, the strain pro-
duced due to the curvature between any two atoms decreases
appreciably by shortening their bond distances and heading
toward the flat unstrained GR, as can be observed from
Fig. 2a. The change in functional (B3LYP to M06-2X) does
not induce any significant change in bond lengths. However, a
very small change (~1%) in bond lengths was observed for the
BLYP functional compared to B3LYP and M06-2X functional
(Table S2 of the supporting information). It is further found
from Fig. 2b, that there is also a noticeable change, taking
place in dihedral angle, C6—C5—C13—C12 of these systems
and its variation is clear from small diameter (5,5) CNT
(163.108° in the case of BLYP, 163.209° using B3LYP, and
163.283° for M06-2X functional) to planar GR (180.000°)
with decreasing curvature.

Bonding analysis

To gain further insight into the nature of bonding, we per-
formed natural population analysis (NPA) [44] and Wiberg
bond index (WBI) [45] on representative bonds in the CNTs.
The WBI values and NPA charges are tabulated in Table S3 of
the supporting information. The WBI values of a particular
bond indicate the extent of covalent character. For all these

considered systems, WBI values of parallel and perpendicular
bonds with respect to tube axis show that all these bonds are
nearly covalent in nature [46]. The change in WBI values for
H1-C2, C3-C4, and C3-Cl11 bonds is not very large.
However, for the C7-C15 bond the WBI decreases a bit more
as the curvature increases. The magnitude of WBI also gives
an indication about the bond order. If the magnitude of WBI is
near one than it corresponds to a single bond and if the value is
higher than one, then it is generally referred to as a double
bond. The calculated WBI values reflect that H1-C2 is a sin-
gle bond and the other three bonds (C3—C4, C3—C11, and C7-
C15) have partial-double bond character, with the C7-C15
bond having the strongest double-bond character. The NPA
charges on different atoms does not change significantly.
However, for the C7 and C15 atoms, the charge on these
atoms decreases with increase of curvature and thus charge
density decreases along the C7-C15 fragment, which ensures
the fall of covalent type interaction in this fragment.

Electron density analysis

To provide a clearer picture about the nature of the bonding in
CNTs, electron density analysis (EDA) were performed
[47, 48]. EDA is an especially useful technique for investigat-
ing the electronic properties of a molecular system, and espe-
cially for visualizing chemical reactions and the nature of in-
teratomic interactions. In EDA, with the help of gradient vec-
tor field [49], the topological analysis of charge density was
performed. The ridgeline of maximum charge density be-
tween two atoms is called the bond path and represents the
atomic interaction line [50]. The point along this line where
Vp (1) is zero is called the bond critical point (BCP). In order
to determine the strength of the interaction between two
atoms, quantities such as the electron density p (r.), the
Laplacian of electron density V?p (r.), and the local electron
energy density H (r.) (which consists of two parts: local kinet-
ic energy density G (r.) and local potential energy density V
(r)) can be calculated at the BCP. Though interactions in
molecules are electrostatic in nature, based on the magnitudes
of their topological descriptors one can classify the types of
interaction. There are two types of interaction: open-shell and
closed-shell interaction. The open-shell interaction results in
strong covalent bonds, whereas typically weaker interactions
are observed for closed-shell interactions. The energy terms of
the charge density are related to its Laplacian at the BCP and
are computed using the relations:

1
FIZe) =2G (re) +V (re) (6)
and
H(re) =G (re) +V (ro) (7)
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Fig. 1 Optimized geometries of
() (5,5); (b) (10,10); (¢) (15,15)
CNT, and (d) GR

(a) (5,5) CNT

(c) (15,15) CNT
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Fig. 2 Variation in (a) bond length; (b) dihedral angle; of (n,n) CNT (n=5-10, 12, 15, 20) and GR at B3LYP/6-31G(d) level

If V2 p (r.) and H (r.) are both less than zero, then the
interaction is termed as an open-shell interaction, and in that
case electron density is concentrated along the bond path,
resulting in a covalent bond between the participating atoms.
However, for a closed-shell interaction, V2p (r.) and H (r,) are
both greater than zero which indicates that the nature of inter-
action may be ionic or van der Waals type. Partial covalent
character is often attributed to bonds with V2 (r,) greater than
zero and H (r.) less than zero.

Here we focus on the difference between the bonding na-
ture at the curved surface and that of the planar sheet. The
topological charge density analysis of CNT and GR are tabu-
lated in Table S4 and Table S5 of the supporting information
and the corresponding graphical representation of V?p (r,) is
shown in Fig. 3. For all these systems, the magnitude of both
V?p (r.) and H (r,) are negative at BCPs for all the bonds we
considered, which confirms that these bonds are of purely
covalent character (open-shell interaction); this reinforces the
interpretation from the WBI calculation. Interestingly, the de-
gree of covalent character varies from bond to bond in
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Fig. 3 Variation of Laplacian of electron density of different bonds of
(n,n) CNT (n=5-10, 12, 15, 20) and GR at B3LYP/6-31G(d) level

different systems. For a particular structure, the degree of co-
valency is highest for the H1-C2 bond, whereas the C3—C11
bond exhibits the least covalent nature. Among the considered
bonds, the variation is significant for perpendicular bonds
compared to parallel bonds. In the case of HI-C2 and C2—
C3 bonds, the degree of covalent character is highest for the
planar GR system and it decreases to a slight extent as we
increase the curvature of the system, but for other bonds along
the axis, variation is not very remarkable. However, a signif-
icant change in the extent of covalent character was observed
for C7-C15 and C3—C11 bonds. The effect of curvature on
these two bonds results in strong decrement in covalent na-
ture, as measured by a decrease in density at the BCP, along
with a decrease in the magnitude of the (negative) Laplacian
and energy density at the BCP. In order to check the effect of
length on bonding character of GR, two longer systems were
considered, one 35 A in length and the other 48 A in length
apart from the previously considered GR of length 22 A. The
increase in length of GR does not affect much about the extent
of covalent character of the selected bonds, but a slight in-
crease in covalent character is noted for the C3—C11 perpen-
dicular bond.

The contour plot of V?p (r,) is provided in Fig. 4 in which
the green-colored portion represents regions where the charge
density is depleted (i.e., v? p (r.) >0), while the blue-colored
portion represents regions where the charge density region
accumulates (i.e., V> p (o) <0). The associated bond paths
and interatomic surfaces are also plotted.

Natural bond orbital (NBO) analysis

NBO analysis [51] is a method to determine the most impor-
tant Lewis structure (s) for describing a molecule. It gives
useful information for studying intra- and inter-molecular in-
teractions between filled and virtual orbitals of various bonds.
Bonding concepts like the type of bond orbitals, their
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(12,12) CNT
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<« Fig. 4 Contour plots of Laplacian of electron density of (n,n) CNT (n=
5-10, 12, 15, 20) and GR at a particular plane obtained using B3LYP/6-
31G(d) level. The green region depicts the area having V2 p (r.) >0, and
the blue region depicts the area having V2 p (ro) <0

occupancies, the accumulation of electron density in the atoms
participating in the bonding, the atomic hybrid orbitals that
contribute to each natural bond orbital (NBO) and their rela-
tive contribution, and the amount of s and p character present
in each atomic hybrid orbital (e.g., sp*) are presented in Table
S6 and Table S7 of the supporting information. For the (5,5)
CNT, the H1-C2 bonding orbital, with 1.9777 electrons has
38.32% H character with s hybrid and the C atom contributes
61.68% of the bonding orbital in the sp>*® hybrid.
Unsurprisingly, the orbital contribution by the H atom is fully
s in character, whereas the carbon orbital has predominantly p
character (70.81%), consistent with a near sp3 character of the
carbon atoms at the edge of the CNT. The magnitudes of
polarization coefficients are 0.6190 and 0.7854, and their sizes
signify the importance of the two hybrids in the bond forma-
tion. The contribution of the C atom to the NBO is higher, so
the bond is polarized somewhat toward the carbon atom. This
may be due to an electronegativity difference between two
participating elements. For C7-C15, there are two bonding
orbitals: one associated with the single bond and other linked
to the double bond. By symmetry, both orbitals have equal
electron density concentration at C7 and C15 atoms. The
bonding orbitals have 64.20 and 99.52% p character for both
the C atoms related to the single and double bond respectively.
The increase in diameter introduces slight changes in various
parameters of NBOs. Specially, for C7=C15 bonding orbital,
p character increases with an increase in diameter, and in the
case of GR it has 99.95% p character.

The second order perturbation theory of the Fock matrix
calculation was used to investigate the most effective donor-
acceptor interactions in NBO analysis and measure the delo-
calization of the electron density or hyperconjugation. The
interaction results in loss of occupancy due to concentration
difference between the NBOs of the idealized Lewis structure
and empty non-Lewis orbitals. The stabilization energy (E®)
corresponding to delocalization of i — j for each interaction is
given by:

F2(i, )

E(Z)ZAEU:‘II‘E E
J i

(8)

where ¢, is donor orbital occupancy, £; and E; are energies of
diagonal elements, and F(i, ) is off diagonal Fock matrix ele-
ment. The most important acceptor—donor second order per-
turbation energies (in kcal mol ') of some selected bonds are
listed in Table 1. The highest value of stabilization energy
indicates strong interaction between electron donors and ac-
ceptors (i.e., the extent of conjugation is high). For the studied

systems, the most significant interaction is observed for bond-
ing orbital 7t (C7—-C15) — antibonding orbital 7t* (C5-C6 or
C13—C14) as the stabilization energy is highest for this inter-
action. The magnitude of E® increases sharply for all selected
interactions as we move from smaller diameter to larger diam-
eter. However, the increment of E® is significant for 7t (C7—
C15) — v* (C5-C6 or C13—C14) interaction. The increase in
stabilization energy results from the intermolecular charge
transfer between donor orbital and acceptor orbital. This inter-
action may arise due to enhanced electron density in the anti-
bonding orbital, weakening the corresponding bond. Among
all considered interactions of different systems, the 7t (C2—C3)
to 7t* (C5—C6 or C13—C14) interaction is most prominent as it
possesses the highest stabilization energy.

Chemical reactivity parameters

The energy gap between the frontier molecular orbitals
(highest occupied molecular orbital, HOMO and lowest
unoccupied molecular orbital, LUMO) is an important fac-
tor for stability and chemical reactivity analysis. It is ex-
perimentally verified that infinite-length single-walled
armchair CNTs and GR are metallic in nature [15,
52, 53], a conclusion supported by Huckel theory [22]. In
this paper, we studied relatively short CNT and GR with
the ends saturated by hydrogen atoms, hence we expect
appreciable nonzero band gap for these structures. The
band gap in hydrogen terminated CNT and GR arises due
to quantum confinement and crucial effect due to edges
[54, 55]. Though GR possesses a small band gap, its mag-
nitude decreases with increase in length of GR [54, 55].
The molecular orbital energies (Egyomo and Epyno) and
chemical reactivity parameters [37-43, 56], such as n, p,
and w, are listed in Tables 2 and 3. For (20,20) CNT the
energy gap is highest (Table 3), and it decreases gradually
with an increase in curvature or decrease in diameter irre-
spective of functional used. The large energy difference
between HOMO and LUMO indicates the system is reluc-
tant to accommodate any extra electron in LUMO nor it is
susceptible to losing an electron from HOMO. For (5,5)
armchair CNT, the DFT calculation by Zhou et al. [57]
for the three-unit cell predicted the HOMO-LUMO gap to
be 1.56 eV, and this is in good agreement with our result
obtained using B3LYP functional (1.554 eV) for the same
type of CNT. A DFT study by Galano [29] predicted very
small HOMO-LUMO gaps for three-unit cell (4,4), (5,5),
and (6,6) CNTs as 0.25, 0.55, and 0.82 eV respectively
calculated at the PM3 level of theory, i.e., the gap increases
with increasing diameter. Our calculation shows the same
trend not only for (5,5), (6,6) CNTs, but also for other
CNTs. In our work the magnitude of the HOMO-LUMO
gap is quite high for B3LYP and M06-2X functionals, and
this difference is due to the different levels of theory used

@ Springer
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Table 1 Second order
perturbation theory analysis of System Donor NBO (i)
Fock matrix of (n,n) CNT (n=5-
10, 12, 15, 20) and GR associated

Acceptor NBO (j) E® (kcal mol ") E (j)-E (i) (au)

B3LYP MO06-2X B3LYP MO06-2X

with some selected donor-
acceptor interactions calculated (5.5) CNT BD(1) H1-C2
using B3LYP and M06-2X BD(1) C2-C3

functional BD(2) C7-C15
BD(2) C7-C15

(6,6) CNT BD(1) HI-C2
BD(1) C2-C3

BD(Q2) C7-C15

BD(2) C7-C15

(7,7) CNT BD(1) HI-C2
BD(1) C2-C3

BD(2) C7-C15

BD(Q2) C7-C15

(8,8) CNT BD(1) HI-C2
BD(1) C2-C3

BD(2) C7-C15

BD(2) C7-C15

(9,9) CNT BD(1) HI-C2
BD(1) C2-C3

BD(Q2) C7-C15

BD(2) C7-C15
(10,10)CNT  BD(1) HI-C2
BD(1) C2-C3

BD(Q2) C7-C15

BD(2) C7-C15

(12,12) CNT  BD(1) HI-C2
BD(1) C2-C3

BD(2) C7-C15

BD(2) C7-C15

(15,15)CNT  BD(1) HI-C2
BD(1) C2-C3

BD(2) C7-C15

BD(2) C7-C15

(20200 CNT  BD(1) HI-C2
BD(1) C2-C3

BD(2) C7-C15

BD(2) C7-C15

GR BD(1) HI-C2
BD(1) C2-C3

BD(2) C7-C15

BD(2) C7-C15

BD'(1) C74-C75 430 455 1.14 121
BD(1) C3-C4 421 424 131 1.39
BD'(2) C5-C6 16.69 20.82 0.33 0.38
BD(2) C13-C14 16.68 20.81 0.33 0.38
BD"(1) C90-C91 435 459 1.14 121
BD'(1) C3-C4 427 430 131 139
BD'(2) C5-C6 17.29 21.57 0.33 037
BD(2) C13-C14 17.30 21.56 0.33 037
BD'(1) C106-C107 439 4.62 1.14 122
BD'(1) C3-C4 431 434 1.32 1.40
BD"(2) C5-C6 17.68 22.06 0.33 037
BD(2) C13-C14 17.69 22.09 0.33 037
BD"(1) C122-C123 443 4.66 1.14 1.22
BD'(1) C3-C4 433 436 1.32 132
BD"(2) C5-C6 17.97 22.41 0.33 0.37
BD'(2) C13-Cl4 17.98 22.42 0.33 0.37
BD(1) C138-C139 444 4.67 1.15 1.22
BD'(1) C3-C4 436 438 1.32 1.40
BD"(2) C5-C6 18.18 22.62 0.33 037
BD(2) C13-C14 18.18 22.63 0.33 0.37
BD'(1) C154-C155 4.46 470 1.15 1.22
BD'(1) C3-C4 437 439 1.32 1.40
BD"(2) C5-C6 18.33 22.84 0.33 037
BD'(2) C13-C14 18.33 22.86 0.33 037
BD'(1) C186-C187 450 470 1.15 122
BD'(1) C3-C4 439 442 1.32 1.40
BD"(2) C5-C6 18.54 23.10 0.33 037
BD"(2) C13-C14 18.55 23.10 0.33 0.37
BD"(1) C234-C235 453 473 1.15 1.23
BD'(1) C3-C4 441 4.44 1.32 1.40
BD"(2) C5-C6 18.76 23.32 0.32 0.37
BD(2) C13-C14 18.76 23.33 0.32 037
BD'(1) C309-310 456 477 1.15 123
BD'(1) C3-C4 441 444 1.32 1.40
BD"(2) C5-C6 18.94 23.52 0.32 037
BD(2) C13-C14 18.94 23.51 0.32 0.37
BD'(1) C45-C46 463 4.84 1.15 123
BD'(1) C3-C4 444 4.46 1.32 1.40
BD"(2) C5-C6 19.31 23.88 0.32 037
BD'(2) C13-C14 19.33 23.90 0.32 121

BD (1/2) = single/double bonding orbital, BD* (1/2) = single/double antibonding orbital

for calculation. However, in the case of the BLYP func-
tional, the gap is relatively small compared to the other two
functionals used here. With an increase in diameter, hard-
ness (1) of the studied systems increases, whereas electro-
philicity index (w) decreases. All functionals follow the

@ Springer

same trend; however, magnitude of n (or w) is quite high
(or low) for the M06-2X functional with respect to BLYP
and B3LYP functionals. Therefore, these systems obeyed
two fundamental principles: maximum hardness principle
(MHP) [58-60] and minimum electrophilicity principle
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Table 2 The molecular orbital

energies (Epomo and Er umo) of Systems Enomo (eV) Erumo (eV)

(n,n) ONT (1 =5-10, 12, 15, 20)

and GR calculated using BLYP, BLYP B3LYP M06-2X BLYP B3LYP M06-2X

B3LYP, and M06-2X functionals
(5,5) -3.523 —4.164 =5.190 —2.847 -2.610 -2.073
(6,6) -3.615 —4.249 =5.271 -2.817 —2.590 -2.067
(7,7 -3.677 —4.307 —5.327 —2.800 —2.580 —2.065
(8,8) =3.720 —4.350 —=5.370 -2.791 —2.572 —2.061
9,9) -3.753 —4.382 —5.404 —2.784 —2.567 —2.057
(10,10) =3.777 —4.405 —5.430 —2.779 —2.564 —2.057
(12,12) -3.812 —4.441 —5.468 —2.773 —2.561 —2.055
(15,15) —3.845 —4.475 —5.504 —2.770 —2.557 —2.054
(20,20) —3.873 —4.506 —5.537 =2.770 —2.557 —2.056
GR —3.384 —3.668 —4.019 —3.383 -3.517 —3.607
GR one half —3.388 —3.643 —3.945 —3.387 —3.553 —3.700
GR two -3.390 —3.632 —3.912 —3.389 —3.568 —3.738

(MEP) [61]. Among the CNTs considered in this work, the ~ Conclusions

(20,20) CNT is the most stable nanotube because it has the
highest 1) value. We expect it to be very difficult to polarize
such a system because the maximum hardness principle
(MHP) is related to the minimum polarizability principle
(MPP) [62]. In order to polarize such a system more energy
has to be supplied for excitation, and consequently it
shows low reactivity profile. Chemical potential (or elec-
tronegativity) decreases (or increases) for larger diameter
CNTs implying the fact that if two CNTs with different
diameters but equal length interact with each other, then
the electron will always flow from the lower diameter
nanotube to the higher diameter nanotube since the chem-
ical potential of the lower diameter nanotube is higher. The
theoretically calculated chemical reactivity parameters for
three-unit cells of (5,5) and (6,6) CNTs are in close accor-
dance with previous theoretical findings [29, 57].

Table 3
BLYP, B3LYP, and M06-2X functionals

A systemetic study has been performed to investigate the ef-
fect of curvature on bonding and various electronic properties
of carbon nanotubes (CNT). The Wiberg bond index (WBI)
reflects that all selected bonds are purely covalent in character,
aresult that is confirmed by the negative values of V*p (r.) and
H (r.) at the bond critical points (BCPs) of all the bonds we
studied. The reduction (becoming more negative) of Vzp (ro)
and H (r.) and the increase of p (r.) with increasing CNT
diameter confirms that as the bond strain in the CNT decreases
the covalency increases. This is confirmed by the shortening
of the bonds in the CNTs and a natural bond order analysis.
Interestingly, perpendicular bonds show greater higher-
double-bond character than the parallel bonds. This may be
because the effects of truncating the CNT (the boundary ef-
fects) are least significant when one considers bonds that are

Chemical hardness (1), chemical potential (1), and electrophilicity index (w) of (n,n) CNT (n=5-10, 12, 15, 20) and GR calculated using

Systems n V) u(eV) w (eV)
BLYP B3LYP MO06-2X BLYP B3LYP MO06-2X BLYP B3LYP MO06-2X

(5,5) 0.676 1.554 3.117 —3.185 —3.387 —3.632 7.503 3.691 2.115
(6,6) 0.798 1.659 3.204 -3.216 —3.420 —3.669 6.480 3.525 2.101
7,7 0.877 1.727 3.262 -3.239 —3.444 —3.696 5.981 3.454 2.094
(8,8) 0.929 1.778 3.309 —3.256 —3.461 -3.716 5.706 3.369 2.086
9,9) 0.969 1.815 3.347 —3.269 —3.475 -3.731 5.514 3.327 2.079
(10,10) 0.998 1.841 3.373 —3.278 —3.485 —3.744 5.383 3.299 2.077
(12,12) 1.039 1.880 3413 —3.293 -3.501 -3.762 5218 3.260 2.073
(15,15) 1.075 1.918 3.450 —3.308 -3.516 -3.779 5.090 3.223 2.070
(20,20) 1.103 1.949 3.481 -3.322 -3.532 -3.797 5.003 3.200 2.070
GR 0.001 0.151 0412 —3.384 —3.593 -3.813 5725.728 42.747 17.644
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perpendicular to the boundary. The bond order of the C7-C15
and C3—C11 bonds decreases noticeably with increasing cur-
vature, which is consistent with the decreasing accumulation
of electron density along the bond path (BP) for these systems.
NBO analysis indicates that, for most of the systems we con-
sider, the 7t — 7t* interaction between donor orbital C7-C15
and acceptor orbital C5—C6 or C13—C14 is significant and has
a higher stabilization energy than other interactions. Among
the considered nanotubes, chemical reactivity parameters in-
dicate that hardness increases and electrophilicity decreases
with the increase of tube diameter, i.e., stability of nanotubes
increases with the increase of diameter or decrease of curva-
ture of the nanotube.
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