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functional study on the
mechanochemistry of silicon carbide nanotubes

Aabiskar Bhusal, *a Kapil Adhikari ab and Qian Sunc

The constrained geometries simulate the external force (CoGEF) methodmimics the application of external

stress on molecules. Herein, we used the CoGEF method at the hybrid density functional theory level to

investigate the behavior of silicon carbide nanotubes (SiCNTs) under longitudinal stress. When the

SiCNTs are under longitudinal stress, we observe a gradual decrease in the binding energy and the

frontier orbital gap with the applied strain until a critical threshold is reached. Beyond this threshold,

a sudden increase in both parameters occurs, indicating the formation of some kind of stable structure.

The higher binding energy of the larger SiCNTs makes them more resistant to rupture under strain,

suggesting their increased mechanical strength. Additionally, we observed a rapid initial increase of

Young's modulus of SiCNTs and convergence to a constant magnitude with further increase in their

diameter. Therefore, CoGEF analysis provides invaluable insights into the changes occurring in the

structural and electronic properties of SiCNTs when subjected to stress.
1 Introduction

The discovery of carbon nanotubes1 has attracted worldwide
attention to such quasi-one-dimensional structures. Due to
their exceptional mechanical and electrical properties, carbon
nanotubes have become promising materials for various
applications such as composite materials, coatings and lms,
electronics, energy storage, and biomedical engineering.2,3 In
recent years, the scientic community has focused on silicon
carbide nanotubes (SiCNTs) as an alternative to carbon
nanotubes.

SiCNTs are semiconducting materials composed of binary
elements—silicon and carbon atoms—arranged in a tubular
structure.4 There is a signicant energy difference between sp2

and sp3 bond structures in silicon–carbon pairs.5 Consequently,
fabricating SiC nanotubes and at nanostructures like gra-
phene is very challenging. Despite this, there have been
successful attempts to synthesize silicon carbide nanotubes
through various methods, including template-assisted growth,6

chemical vapour deposition,7 and, more recently, microwave
heating techniques.8 SiCNTs offer additional advantages over
their carbon counterparts, including improved reactivity, more
biodegradability and biocompatibility, better stability against
oxidation, and a higher adsorption energy platform for gas
absorption and storage.9,10 Moreover, owing to the partially
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ionic nature of the silicon and carbon bond within SiCNTs, they
possess a highly reactive exterior surface that facilitates sidewall
decoration.11–13 Consequently, they nd more suitability in gas
sensors, drug delivery systems, hydrogen storage, and rein-
forced ceramics.14–18

Mechanochemistry is a relatively new eld of study that
examines how mechanical stress affects a molecule's physical
and chemical properties. Studying the mechanochemical
properties of SiCNTs is important for understanding their
stability under stress and evaluating their suitability for
mechanical applications, such as reinforcing nanocomposite
materials. The mechanochemical behaviour of nanotubes can
be explored by calculating their electronic structures and,
hence, the chemical properties under mechanical stress. This
study presents the mechanochemistry of SiCNTs under simu-
lated external force.

There are two primary approaches to computational mech-
anochemistry, which differ based on how the force is consid-
ered. In the rst approach, force is applied explicitly like in the
ab initio steered molecular dynamics (AISMD),19 external force
explicitly included (EFEI),20 force-modied potential energy
surface (FMPES),19 and enforced geometry optimization (EGO)21

models. In contrast, the constrained geometries simulate
external force (CoGEF)22 method applies force by constraining
the geometry of the considered molecular system. Among these
methods, the CoGEF model, developed by Beyer, has gained
prominence for simulating molecular elongation through con-
strained geometry optimization.22–26

In the CoGEF method, the distance between the two refer-
ence atoms is increased stepwise. Aer each elongation, the
distance between them is xed. Subsequently, the structure is
RSC Mechanochem., 2024, 1, 413–421 | 413
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Table 1 Diameter of the SiC nanotubes

Chiral indices
(n, m) Symbol No of atoms

Diameter
(Å)

(3, 3) N33 72 5.26
(4, 4) N44 96 6.99
(5, 5) N55 120 8.75
(6, 6) N66 144 10.49
(7, 7) N77 168 12.23
(8, 8) N88 192 13.97
(9, 9) N99 216 15.70
(10, 10) N1010 240 17.43

RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 7
:1

9:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
then relaxed along all the degrees of freedom except the con-
strained one. The CoGEFmethod has demonstrated its utility in
the study of mechanochemical properties. For instance, Iozzi
et al.23 used CoGEF to study the mechanochemical properties of
disulde bonds in three molecules of different sizes. Klein
et al.24 used the CoGEF method to study the mechanochemical
reactivity of many mechanophores and found an excellent
match with the available experimental results. Using a combi-
nation of experimental and CoGEF ab initio simulations, Jan-
patompong et al.25 showed remarkable stability of conjugated
olens within phenylene vinylene polymer blocks towards cis–
trans isomerization under signicant elongation. Furthermore,
our prior research utilized the CoGEF approach to investigate
the alterations in electronic behavior induced by stress and
determine the rupture force and Young's modulus of carbon
nanotubes.26 To the best of our knowledge, no study has been
conducted on the mechanochemistry of silicon carbide nano-
tubes using the CoGEF method.

This study delves into the mechanochemistry of silicon
carbide nanotubes with different diameters. Firstly, we calcu-
lated the unconstrained nanotubes' binding energy per atom,
representative bond lengths and bond angles, charge transfer,
and frontier orbital gap. Subsequently, the nanotubes are sub-
jected to stretching following the CoGEF model. The effects of
strain exerted on the binding energy, frontier energy gap, bond
lengths, bond angles and charge transfer are examined. The
structural deformation of SiCNTs is also analyzed with strain.
Furthermore, we computed the maximum threshold force and
strain withstanding capacity of SiCNTs. Finally, we estimated
the evolution of Young's modulus of SiCNTs with their diameter
by linearly tting the stress versus strain plot.
2 Methodology

SiCNTs can be constructed by rolling a SiC sheet similar to
graphene to create a tube-like structure. The chiral vector (Ch)
connecting the two crystallographically equivalent sites in two-
dimensional SiC sheets can dene this rolling process. The
summation of two basis vectors (a1 and a2) denes the chiral
vector and can be represented as Ch = na1 +ma2, where n andm
are integers. The (n, m) index pair describes the geometry of the
nanotube.27 SiCNTs are of three types based on the chiral vector
indices (n, m): armchair, zigzag, and chiral.28 If n = m, it is an
armchair nanotube, while m = 0 represents a zigzag nanotube.
All other (n, m) chiral indices correspond to chiral nanotubes.
Herein, we considered eight armchair SiCNTs with chiral
indices ranging from (3, 3) to (10, 10). These SiCNTs are rep-
resented using the code Nnm. For example, (3, 3) is represented
as N33, (4, 4) is represented as N44, and so forth. Because of the
slight electronegativity difference between the carbon and
silicon atoms within SiCNTs, they exhibit radial buckling
behavior.29 Specically, the more electronegative carbon atoms
tend to radially move outward, while the silicon atoms move
inward, resulting in the formation of two concentric cylinders.
So, the diameters listed in Table 1 represent the average of the
radii of these two cylinders for each SiCNT.
414 | RSC Mechanochem., 2024, 1, 413–421
We considered a nite cluster approximation in which
hydrogen atoms saturate the dangling bonds at the two ends of
the nanotubes to simulate the effect of the innite nanotube.
Density functional theory (DFT) with the Becke-three-param-
eter-Lee–Yang–Parr (B3LYP) hybrid functional30,31 and 6-31G(d)
basis set32 is used. At rst, the optimized geometry of every
nanotube is found. The equilibrium energy and the length are
noted. The equilibrium length of the nanotube is dened as the
distance between the two terminal silicon atoms of each
nanotube. The electronic properties like binding energy per
atom, calculated using eqn (1), and the HOMO–LUMO gap of
nanotubes are compared.

Eb ¼ aEðSiÞ þ bEðCÞ þ cEðHÞ � EðSiaCbHcÞ
aþ bþ c

(1)

Here a, b, and c are the numbers of Si, C, and H atoms,
respectively. E(Si), E(C) and E(H) are the ground state energies of
silicon, carbon and hydrogen, respectively. E(SiaCbHc) is the
total energy of the considered nanotube.

The CoGEF calculations of the nanotubes are carried out by
stretching the constrained terminal silicon and carbon atoms at
both ends (Fig. 1) in increments of 0.01 Å. The reaction coor-
dinate is considered along the z-direction. Each successive
constrained structure is optimized geometrically. The force
experienced by the nanotube is computed by dividing the
change in energy (DE) by the change in length (DL) along the z-
direction of the nanotube relative to the unconstrained struc-
ture. This process is repeated until the magnitude of the force
drops, indicating the formation of stable structures. The
maximum force obtained is considered the rupture force, which
brings about the mechanochemical transformation of the
nanotube. Besides, the electronic properties of stretched and
constrained nanotubes are compared. All the quantum
mechanical calculations are done in the Gaussian 09 (ref. 33)
suite of programs.

3 Results and discussion
3.1 Unconstrained nanotubes

3.1.1 Electronic properties. Fig. 2 shows the variation of the
binding energy per atom (B.E./atom) and the Highest Occupied
Molecular Orbital–Lowest Unoccupied Molecular Orbital
(HOMO–LUMO) gap with the diameter of SiCNTs. It is evident
that B.E./atom increases with the nanotubes' diameter,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Silicon carbide nanotube. The atoms inside the green band are constrained. White – hydrogen, blue – carbon and yellow – silicon.

Fig. 2 B.E./atom and HOMO–LUMO gap as a function of the diameter
of SiC nanotubes.
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although it tends to saturate aer a certain point. The nano-
tubes with small diameters exhibit lower binding energies,
which can be attributed to the increased strain caused by the
curvature of their walls. As the diameter increases, the curvature
decreases, leading to a strain reduction and higher B.E./atom.
Besides, the binding energy of larger nanotubes approaches
a saturation point with a magnitude similar to the zero-
curvature graphene-like structure.

In the case of the smallest SiCNT considered, i.e. N33, each
atom has a binding energy of 5.96 eV. We can observe a rapid
increase in binding energy in N44, N55, and N66, which
signies a notable enhancement in the stability of these two
nanotubes compared to N33. However, when the size of the
nanotube surpasses that of N66, the binding energy gradually
increases. It ultimately levels off at approximately 6.10 eV per
atom.

The difference in the energies of the two frontier orbitals, i.e.
HOMO–LUMO gap, determines the stability and conductivity of
a molecular structure. It approximates the band gap of innite
nanotubes. In this study, we have used the nite cluster
approximation, so this measure only gives the approximate
value of the band gap of nanotubes. Also, the B3LYP functional
used slightly overestimates the band gap.34 We are primarily
© 2024 The Author(s). Published by the Royal Society of Chemistry
interested in the qualitative comparison of the band gap of SiC
nanotubes of different diameters, so it suffices for our discus-
sion. Overall, the HOMO–LUMO gap rst slightly decreases, and
then increases, and nally decreases slightly with respect to the
diameter of the nanotubes. The N44 SiCNT has the lowest
HOMO–LUMO gap of 3.25 eV, whereas the N66 SiCNT has the
maximum HOMO–LUMO gap of 3.48 eV. Interestingly, similar
to B.E./atom, the HOMO–LUMO gap reaches a plateau as the
nanotube diameter increases, i.e. beyond N66 SiCNT. The
HOMO–LUMO gap of all the nanotubes is quite similar and
approximately 3.3 eV, indicating their wide HOMO–LUMO gap
semiconducting nature. This is in contrast to carbon nanotubes
of armchair conguration, which exhibit metallic characteris-
tics.35 Similar to the binding energy, the saturation point
observed in the HOMO–LUMO gap signies that the larger
nanotubes approach the limiting value of the HOMO–LUMO
gap of graphitic silicon carbide sheets.

Furthermore, we examined the two types of optimized bond
lengths of SiCNTs: the bond perpendicular to the axis of the
nanotube, labeled “Bond a”, and the slanted bond, labeled
“Bond b” (Fig. 1). The variation of these bond lengths with the
SiCNT diameter is illustrated in Fig. 3(a). Overall, both of the
bonds decrease monotonically with the size of nanotubes.
Initially, both considered bond lengths exhibit a sharp decline
before reaching a plateau. This decrease suggests heightened
ionicity within the Si–C bonds of SiCNTs.36 To elucidate this, we
performed a Mulliken charge analysis of the neighboring
silicon and carbon atoms. For this, we considered the two
adjacent carbon and silicon atoms in the nanotube central
region to mitigate the inuence of their ends on our change
analysis. A charge transfer parameter is introduced as the
difference in the Mulliken charges between these two atoms to
quantify their charge displacement. The variation of charge
transfer with the diameter is shown in Fig. 3(b). It's evident that
as the nanotube size increases, the charge transfer—thus the
ionicity of SiCNT bonds—also increases. This increase in the
ionicity of Si–C bonds in larger nanotubes results in shorter and
stronger bonds, consequently leading to an elevation in their
binding energy.
RSC Mechanochem., 2024, 1, 413–421 | 415
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Fig. 3 Variation of (a) bond lengths and (b) charge transfer with the diameter of SiCNTs.
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Such electronic charge transfer from silicon to carbon atoms
in SiCNTs leads to a highly reactive outer wall towards foreign
adsorbate. This reactivity makes the SiCNTs attractive for
various applications, including developing harmful gas detec-
tors. By utilising pure SiCNTs or metal-functionalized SiCNTs, it
might be possible to build highly sensitive gas sensors,14,18,37,38

thereby helping in industrial safety and environmental moni-
toring. In addition, due to the higher charge transfer (Fig. 3(b))
and the larger surface area in bigger nanotubes, they might be
more suitable for constructing gas sensors.

In addition, we measured two bond angles, “Angle a” and
“Angle b”, at the opposite corners of the hexagon of each opti-
mized nanotube (Fig. 1). “Angle a” features a silicon atom, while
“Angle b” features a carbon atom at its vertex. The change of
these angles with the diameter is shown in Fig. 4. In contrast to
the bond lengths, both of these angles increase monotonically
with the diameter of the SiCNTs. There isn't much variation
observed in “Angle a” across different nanotube sizes. In
contrast, “Angle b” exhibits a sharp initial increase followed by
a gradual plateau in larger nanotubes. For instance, in the case
of N33 SiCNT, its value is 111.83°, whereas it jumps to 119.32°
in the case of N1010 SiCNT. The smaller angle of “Angle b” can
be attributed to the higher radial buckling of smaller nano-
tubes. It pushes the carbon atoms out of the plane, forming
a pyramidal shape with the carbon atom at its apex and three
Fig. 4 Bond angles as a function of the diameter of SiCNTs.

416 | RSC Mechanochem., 2024, 1, 413–421
other silicon atoms forming its base.39 Both of these angles tend
to converge around 120° for larger nanotubes due to the
reduced curvature of the wall.

The frontier orbital electron density cloud of the smallest
and biggest SiCNTs considered drawn at an isovalue of 0.02 e−

Å−3 is shown in Fig. 5. In N33, molecular orbitals exhibit
signicant overlap between neighboring atoms due to the
higher curvature, indicating higher sp3 hybridization. In
contrast, the local structure is almost at in the case of N1010
due to its small curvature. There is almost no orbital overlap
due to reduced hybridization.
3.2 CoGEF analysis

3.2.1 Electronic properties. The relationship between the
binding energy per atom and the applied longitudinal strain for
SiCNTs with different diameters is presented in Fig. 6. We can
observe that as the nanotube strain increases, the binding
energy per atom steadily decreases. At rst, this decrease is
gradual, indicating a gradual weakening of the interatomic
bonds within the nanotube structure. However, as the strain
continues to increase, the binding energy per atom experiences
a rapid decline. This signies a more pronounced destabiliza-
tion of the nanotube's atomic structure.

Beyond a certain threshold strain, a noteworthy phenom-
enon occurs. The binding energy per atom abruptly increases,
indicating the collapse of the nanotube and the formation of
a new structure. This sudden increase in binding energy
signies transitioning from a strained and weakened state to
a more favourable and energetically stable conguration.

To provide a specic example, consider the N55 SiCNT. The
binding energy per atom of the unconstrained structure is
calculated to be 6.09 eV. As the strain is applied, the binding
energy per atom gradually decreases, reaching a minimum
value of 5.57 eV when the strain magnitude reaches 0.23.
However, further straining of the nanotube leads to its ultimate
breakage and the subsequent formation of a new structure. This
newly formed structure exhibits an increased binding energy
per atom, measured to be 5.85 eV.

Fig. 7 illustrates the correlation between the HOMO–LUMO
gap and applied strain across SiCNTs of varying diameters. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The electron density clouds of the frontier orbitals in (a) N33 and (b) N1010 unconstrained SiCNTs.

Fig. 6 Variation of B.E/atomwith a strain of SiC nanotubes of different
diameters.

Fig. 7 Variation of the HOMO–LUMO gap with a strain of SiC nano-
tubes of different diameters.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ndings reveal a consistent pattern: as the nanotubes undergo
elongation, the HOMO–LUMO gap decreases. Consequently,
the energy required for electron transition decreases, resulting
in enhanced conductivity and a shi towards more metallic
behavior in the nanotubes. Notably, a signicant change occurs
at around 0.14 strain, manifesting as a remarkable shi in the
slope of the HOMO–LUMO gap. It signies that the gap expe-
riences a substantial and rapid decrease, akin to the behaviour
observed for binding energy. This point could mean the end of
the elastic limit for the nanotubes, potentially prompting
structural alterations that result in such a dramatic shi in
electronic properties. Chen et al.39 also observed a similar
signicant change in the slope of the HOMO–LUMO curve when
examining the N44 SiCNT under uniaxial tensile strain. Once
a stable conguration is established beyond a certain strain
threshold, the gap rapidly reverts almost to its unconstrained
value. This implies that the escalation of the applied strain
destabilizes the nanotubes, prompting them to exhibit
increasingly metallic characteristics. Interestingly, the gap
increments beyond the threshold strain in N33 and N44 nano-
tubes appear relatively minor compared to nanotubes with
larger diameters.

The graph presented in Fig. 8 shows the displacement of
charge within the nanotubes subsequent to applying varying
degrees of strain. The transfer of charge increases when the
nanotube is progressively strained. This phenomenon indicates
that the more electronegative carbon atom tends to accumulate
a greater negative charge from the less electronegative silicon
atom as the strain on the nanotube increases. Similar to the
HOMO–LUMO gap, the charge transfer also starts to show
a parabolic relationship at around 0.14 strain. Beyond this,
when the strain approaches approximately 0.20, the charge
transfer starts to decline. When the nanotubes ultimately yield
RSC Mechanochem., 2024, 1, 413–421 | 417
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Fig. 8 Charge transfer between Si and C in the central region of
nanotubes under different strains.
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and fracture, there is a pronounced and steep decline in the
charge transfer. This remarkable drop indicates a loss of the
previously enhanced charge transfer mechanism, likely due to
the structural disruption caused by the nanotubes breaking
under strain. From these observations, it can be inferred that
Fig. 9 The electron density clouds of the frontier orbitals in N66 SiCNT

Fig. 10 Change in (a) stress and (b) force experienced by the nanotubes

418 | RSC Mechanochem., 2024, 1, 413–421
the strength of the outer wall decoration of SiC nanotubes can
be increased by subjecting them to an external force.

The frontier orbitals in N66 SiCNT drawn at an isovalue of
0.02 e− Å−3 under the inuence of various strains are depicted
in Fig. 9. In their unconstrained state, these molecular orbitals
are primarily concentrated around the periphery of the nano-
tube. However, upon applying strain, these orbitals relocate
towards the central region of the nanotube. So, we can conclude
that straining lowers the frontier energy gap (Fig. 7) and causes
a migration of the frontier orbitals towards the central area.
This shi makes the central region more reactive compared to
the rim region.

3.2.2 Rupture force. Fig. 10(a) shows the relationship
between strain and stress, while Fig. 10(b) illustrates the force
experienced by SiCNTs of varying diameters. The stress–strain
prole demonstrates an initial linear increase in stress experi-
enced by the nanotubes. However, at approximately 0.14 strain,
the curve diverges from linearity, assuming a parabolic shape.
This deviation could signify the nanotubes surpassing their
elastic limit, prompting structural alterations. Besides, we can
observe that when the strain on the nanotubes increases, the
at different strains: (a) 0, (b) 0.17, and (c) 0.24.

with strain applied.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Change of bond lengths and angles as a function of the strain
applied to N66 SiCNT.
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force experienced by the nanotubes also rst increases linearly
and transitions to a parabolic trend at higher strain. This
increase in force continues until a critical point is reached, at
which the nanotube undergoes structural failure and transforms
into a stable conguration. This critical point is characterized by
a sudden decrease in the force exerted on the nanotube.

Additionally, the nanotubes exhibit a signicant initial surge
in their maximum strain-withstanding capacity at the breaking
point. However, as the size of the nanotubes increases, this
capability gradually diminishes until it ultimately levels off and
remains constant (Fig. 11(a)). The maximum force experienced
by the nanotube at this breaking point along the CoGEF path is
referred to as the rupture force. The magnitude of the rupture
force is inuenced by the stability of the nanotube structure,
which, in turn, depends on the nanotube's diameter. Nanotubes
with larger diameters exhibit higher stability. Consequently,
these larger-diameter nanotubes experience higher rupture
forces than their smaller-diameter counterparts (Fig. 11(b)). For
instance, the least stable SiCNT, N33, exhibits the lowest
rupture force of 11.69 nN. In contrast, the most stable structure,
N1010 SiCNT, experiences a signicantly higher rupture force of
73.78 nN. This disparity in rupture forces highlights the impact
of the nanotube diameter on their structural stability and
resistance to mechanical strain.

3.2.3 Structural deformation. We examined the changes in
two bond lengths and bond angles as the N66 nanotube
approached fracture (Fig. 12). Initially, “bond a,” aligned along
the circumferential direction, remains relatively stable at lower
strains but experiences a slight decrease at higher strains.
Conversely, “bond b,” which is slanted to the tubular axis,
consistently elongates as the nanotube is stretched along its axis.
Both angle measurements, “a” and “b,” steadily decrease from
their optimized values of approximately 120 degrees as strain
increases. This trend indicates the displacement of silicon and
carbon atoms out of the plane due to strain-induced deformation.

In Fig. 13, we illustrate the structural evolution of the N66
SiCNT at strains of 0.16 and 0.24. As strain is applied, the
honeycomb-like structure of the nanotube becomes distorted.
At a strain of 0.26, the nanotube fractures near its midpoint,
forming two stable clusters. Notably, bonds at the ends of
fractured sections lose their characteristic hexagonal
Fig. 11 Variation in the (a) max strain and (b) rupture force of SiC nanot

© 2024 The Author(s). Published by the Royal Society of Chemistry
honeycomb pattern, adopting a square geometry instead.
Therefore, the breaking strain brings about a signicant change
in the nanotube's structural integrity and geometry.

3.2.4 Young's modulus. Young's modulus (Y) is a quanti-
able measure of a material's stiffness or elasticity. It charac-
terizes the amount of mechanical stress needed to induce
a given level of material deformation. It can be determined by
taking the second derivative of total energy (E) with respect to
the strain (3) applied (eqn (2)).

Y ¼ 1

V0

v2E

v32

�
�
�
�
3¼0

(2)

where V0 is the volume of an unconstrained optimized
nanotube.

A nanotube can be considered a hollow cylinder, with V0 =

2pLRdR, where L, R, and dR are an unconstrained nanotube's
length, radius, and thickness. To address the ambiguity
surrounding the denition of dR, we decided to utilize an
alternative approach proposed by Hernández et al.40 This
approach considers Young's modulus independent of dR, and
the new modulus so dened is termed effective Young's
modulus (Ys) as shown in eqn (3).

Ys ¼ 1

So

v2E

v32

�
�
�
�
3¼0

(3)
ubes with diameter.
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Fig. 13 Deformation of the N66 SiCNT structure with different strains.
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where So is the surface area and Ys is the product of standard
Young's modulus (Y) and thickness (dR) i.e. Ys = YdR. So,
effective Young's modulus can be calculated by tting the total
energy versus strain curve with a cubic polynomial.

The evolution of effective Young'smodulus with the diameter of
SiCNTs is shown in Fig. 14. It can be observed that the effective Ys
of SiCNTs increases with the increase in the diameter. Notably, for
smaller SiCNTs, Ys has a pronounced and rapid increase. However,
as the diameter of the nanotube increases, Ys becomes insensitive
to further changes in the diameter. This trend can be attributed to
the increase in the binding energy of the SiCNTs, due to a decrease
in strain caused by the curvature effect. For instance, the smallest
nanotube, N33, exhibits the minimum Ys value of 0.137 TPa m. As
we move to slightly larger nanotubes, such as N55, Ys plateaus at
Fig. 14 Variation of Young's modulus as a function of the diameter of
SiCNTs.

420 | RSC Mechanochem., 2024, 1, 413–421
around 0.16 TPam. Our results are in excellent agreement with the
magnitude of Ys obtained by Baumeier et al.41 employing DFT with
self-interaction corrected pseudopotentials. The difference
between our ndings and theirs is minimal, amounting to a mere
3% at most. In contrast, Zhang et al.,42 using molecular dynamics
simulation, reported a similar trend but slightly higher Ys values
than our result. This might be because they used an empirical
potential that didn't consider the curvature effect.
4 Conclusions

In this study, we studied the mechanochemistry of SiCNTs of
different diameters using the CoGEF method. Initially, we
investigated the inuence of the size of unconstrained nano-
tubes on their stability and electronic properties. We observed
that the binding energy and frontier orbital gap of uncon-
strained SiCNTs exhibit an increasing trend as the diameter
increases. Furthermore, larger nanotubes exhibited smaller
bond lengths and higher Mulliken charge transfer, suggesting
an increased ionicity in the silicon and carbon bonds, high-
lighting their potential in gas sensing applications. When
subjected to stretching, the binding energy and HOMO–LUMO
gap of nanotubes decrease gradually until reaching a critical
threshold strain, signifying their breakage. When the strain is
further increased, they abruptly increase, indicating the
formation of a stable structure. Both angles “a” and “b”
decrease as strain is applied, while bond “a” remains nearly
constant and bond “b” steadily increases. The honeycomb
structure formed by the bonds of the nanotubes undergoes
distortion under strain. Beyond the breaking point, the bonds at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the fracture end form a square-shaped geometry. The higher
binding energy in the case of larger nanotubes makes them
capable of withstanding greater force; hence, they have a large
rupture force. The increase in the ionicity of Si–C bonds within
strained nanotubes makes them more conducive to outer wall
decoration. Additionally, Young's modulus swily increases
initially and then converges to a constant magnitude as the
diameter increases.
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