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a b s t r a c t

Phenine Nanotubes (PhNT) are cylinder-shaped molecules synthetized from 1,3,5-trisubstituted ben-
zene ring building blocks that can form tubular segments of different sizes. Small nanotube segments
have been recently synthetized, and efforts are being made to increase the nanotubes’ length by adding
more ‘‘phenine’’ units. To the authors’ best knowledge, a complete characterization of the mechanical
properties of these nanotubes has not yet been accomplished. In this work, Reax and AIREBO forcefields
were used to model armchair and zigzag PhNTs and Molecular Dynamics simulations were employed to
determine their mechanical properties for tensile, compressive, bending and twisting loadings. It was
found that PhNTs have a much lower Young’s modulus (about 30%) and tensile strengths (about 45%)
than carbon nanotubes (CNTs), but can endure longer tensile strains without breaking apart. Although
possessing a lower bending and twisting stiffness than CNTs, PhNT have highly flexible sidewalls due
to their superior porosity, and therefore can withstand higher angles of twist and angles of bend
without breaking bonds. This extra flexibility; extended porosity; possibility for heteroatom doping
and reasonable strength, make PhNTs very promising candidates for a wide range of applications,
such as sensing, ionic transistors or molecular sieving. Finally, a brief study on the application of elastic
continuum shell formulas to predict the critical stress (compression), critical moment (bending) and
critical torque (twisting) is also presented.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The bottom-up design of carbon-based nanotubes with tai-
ored pores in their sidewalls has been a major focus of research.
ince the discovery of carbon nanotubes, CNTs, [1], the intro-
uction of pores with different sizes in the nanotube’s graphenic
alls has been attempted, either through the existence of atomic
acancies [2–4] or by the modification of the nanotube’s car-
on lattice [5]. The insertion of pores in CNTs enables their
se in a vast number of applications, from membrane sepa-
ation components to electrodes in electrochemical secondary
atteries. However, it also degrades their outstanding mechanical
roperties.
The determination of the mechanical behavior of single-walled

NTs still is a demanding task. Computational tools, such as
olecular Dynamics (MD), have long been a preferred method for

his task [6], due to its cost competitiveness, versatility, and no-
able accuracy. For example, M. Sammalkorpi and co-workers [7]
erived a MD-based analytical expression to relate the Young’s
odulus with the defect density in CNTs and determined that the
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tensile strength and critical strain of a CNT decreased by a factor
of 2 when a single vacancy is present. B. Bucior et al. [8] con-
structed models of CNTs with tailored pores and found that the
correct pore size can separate gas mixtures with great efficiency.
Also using MD, S. Rouhi et al. [9] determined that the Young’s
modulus of graphenylene nanotubes (porous lattice) is about half
of that in similar size CNTs.

One popular family of porous carbon allotropes are graphynes.
Graphynes pore’s size can vary according to the length of their
acetylenic links. For example, the intrinsic pores of graphdiyne
can be crossed by H2 molecules and other small molecules and
ions [10]. Recently, tubular graphynes have been synthetized [5].
MD simulations have predicted the mechanical properties of
graphynes using increasingly accurate forcefields. M. Li and co-
workers [11] used the AIREBO forcefield [12] to calculate the elas-
tic modulus (Y=465 GPa), the fracture strength (σ = 66.77 GPa)
and fracture strain (ec = 0.173) of armchair γ -graphynes at 1 K,
while S. Rouhi et al. [13] determined the mechanical properties
of armchair and zig-zag γ -graphdiynes of different diameters
and lengths, also using AIREBO. They found that (i) armchair
γ -graphdiynes have lower elastic modulus (Y∼310 GPa) than
zigzag γ -graphdiynes (Y∼260 GPa) and (ii) their elastic mod-
ulus drops with the increase of either temperature or aspect
ratio (length/diameter). Faria et al. [14] used AIREBO and Reax

forcefields (with two different parameterizations) to study the
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echanical properties of armchair and zigzag γ -graphynes and
-graphdiynes. They conducted a detailed investigation on the
nfluence of angle and bond length on the behavior of strained
anotubes. They pointed out the limitations of each potential
n modeling bond alternation in acetylenic links, and concluded
hat, when this bond alternation is important, the Reax potential
ith parameterization from Chenoweth et al. [15] is the most
ppropriate forcefield.
Very recently, in 2019, K. Ikemoto and co-workers [16] syn-

hetized phenine nanotubes (PhNT) for the first time. The build-
ng blocks of CNTs are sp2 carbon atoms. A PhNT can be ide-
lized as a CNT having each sp2 carbon atom replaced by a
,3,5-trisubstituted benzene ring (a ‘‘phenine’’ building block).
he team of K. Ikemoto and H. Isobe progressed from cyclo-
eta-phenylene (phenine benzene) [17] to phenine corannu-

ene [18] and from there to phenine circulene [19], which finally
ed to the synthesis of a PhNT segment composed of 40 phenine
nits [16]. The fusion of such tubular structures can eventually
riginate nanotubes with different lengths, while doping phenine
nits, for example with nitrogen (pyridine units), may expand the
anotube’s applications range.
The mechanical properties of PhNTs are yet to be explored.

sing MD, Yu et al. [20] studied in detail the cross-sectional
hape of PhNTs and found that, contrary to CNTs, PhNTs exhibit
olygonal cross sections with the number of flat walls depen-
ent on their diameter. They also found that PhNT forests with
quared-section have smother buckling than the CNT circular-
ection forest. They also studied the mechanical properties of
hNTs under uniaxial tension and reached a value Y∼216 GPa
hich varied slightly with the nanotubes’ diameter. The axial
trength (σ = 35–40 GPa) and failure strain (ec = 0.15–0.17)
ere also calculated. Despite this primary work and innovative
esults, Yu and co-workers did not specify the nanotube’s chirality
from the visualization of Fig. 1(b) in [20], it is supposed to be
hNT with armchair configuration). Moreover, the mechanical
roperties of PhNTs subjected to (i) compression, (ii) bending and
iii) torsion, is yet to be investigated.

In this work, armchair and zig-zag PhNTs having diameter
imilar to those synthetized by K. Ikemoto and co-workers [16]
ut being longer (with six times their length) are modeled by
D, using the Reax forcefield [15] and the AIREBO forcefield [12],

o obtain an accurate description of their mechanical behavior. It
s known that the Reax forcefield tends to slightly overestimate
he elastic modulus and tensile strength in carbon nanostruc-
ures, however it can simulate fracture, bond rupture, buckling
nd other critical instabilities accurately [14,21]. Considering this,
eax is used here to describe bond breaking and structural insta-
ilities mechanisms at 10 K. On the other hand, AIREBO is widely
nown to model with reasonably accuracy the core mechanical
roperties of most carbon nanostructures. In this work, AIREBO
s employed with the purpose of forcefield performance compar-
son with Reax at 10 K and then for predicting the mechanical
roperties of PhNTs at 300 K. In brief, tensile loading is first
pplied to the PhNTs, and the results are compared with those
btained by Yu et al. [20]. Then, the nanotubes are subjected
o compression and their buckling and failure characteristics are
nveiled for the first time. Finally, the nanotubes are subjected to
ending and torsion loadings and the moment–rotation relations
re derived, and the corresponding mechanical properties, such
s the bending and torsional stiffness, are computed. Buckling
nd fracture mechanisms are unveiled for the different loading
ases and the different behaviors between armchair and zig-zag
anotubes are highlighted.
2

2. Computational approach

The PhNTs were modeled according to Fig. 1. The armchair
PhNT shown in Fig. 1(a) has 1888 atoms, 96 pores, length L =

100 Å and radius R = 8.2 Å. The zigzag PhNT represented in
Fig. 1(b) has 1904 atoms, 98 pores, L = 99 Å and R = 8.35 Å. Fig. 1
also shows zoom-in views of the ‘‘phenine’’ unit’s orientation in
both armchair and zig-zag PhNTs. Two carbon nanotubes (CNT)
geometrically similar to these PhNTs are also modeled for com-
parison purposes: (i) an armchair (13,13) CNT with 2132 carbon
atoms, L = 100 Å and R = 8.8 Å, and a zig-zag (22,0) CNT with
2112 carbon atoms, L = 101 Å and R = 8.7 Å.

All MD simulations were performed in the simulation pack-
age LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator [22]. The Reax potential, with the parameterization
proposed by Chenoweth et al. [15] was used to model carbon–
carbon and carbon–hydrogen bonded and non-bonded interac-
tions. Reax is computationally more expensive than AIREBO [12],
which is also considered here. In fact, AIREBO has been used
with success to model sp2 carbon bonding in CNTs subjected to
different mechanical loadings [23–25]. However, since this paper
reports the first study on the mechanical behavior of PhNT’s
under compression, bending and torsion loadings, the Reax po-
tential was selected to perform simulations at 10 K due to its
accuracy to model necking, buckling, kinking, twisting and other
failures that can involve bond break. Reax was implemented with
a timestep of 0.35 fs for compressive and tensile loadings and
0.25 fs for torsional and bending loadings of both PhNTs and
CNTs. These timestep values were within the limits indicated
by Jensen et al. [21] to obtain meaningful results in modeling
mechanical properties of graphenic structures with Reax. AIREBO
was implemented with a timestep of 1 fs at 10 K and 300 K.
The temperature is maintained by employing the Nosé–Hoover
thermostat [26] with a damping parameter of 100 x timestep in
simulations with both forcefields. All simulations were performed
within the context of the microcanonical ensemble (NVT).

The loading is applied to ‘‘fixed’’ atoms (atoms not thermosta-
tized) located at the nanotube edges. They are shown in red in
Fig. 1: (i) 32 atoms per edge in armchair PhNT; (ii) 91 atoms per
edge in zig-zag PhNT; (iii) 52 atoms per edge in armchair CNT; (iv)
66 atoms per edge in zig-zag CNT. Considering the nanotubes are
axially aligned with the z direction, both tensile and compressive
loads are applied by moving the fixed atoms at both edges in
opposite directions at constant strain rate of 6.4 ns−1: both edges
move away in the tensile loading and approach each other in
the compressive loading (see Fig. 2(a)–(b)). The nanotubes were
stretched or shortened by 40 Å at the end of the simulation.

Bending loading was applied by rotating (about the x-axis) the
fixed atoms of both edges of the nanotubes. Then, the nanotubes
were bent by ∼1.5 rad, bringing both ends closer (to avoid axial
tension) at a speed of 0.084 rad ps−1. Twisting loading was im-
posed by rotating (about the z-axis) the fixed atoms of both edges
in opposite directions (clockwise and anticlockwise directions in
top and bottom edges). The opposite rotations of both edges
twisted the nanotubes at a speed of 0.5027 rad ps−1. At the end
of the simulation the nanotubes twisted about ∼6.5 rad. Both
bending and twisting loadings are depicted in Fig. 2(c)–(d).

Non-periodic boundary conditions were considered in the
simulations. The conjugate gradient algorithm was used to op-
timize the initial nanotube configurations, with energy and force
tolerances of 10−12. The nanotubes were then equilibrated for 10
ps at 10 K (or accordingly at 300 K).

In the case of tensile and compressive loadings, the virial
stress method [27,28] was used to compute the total stress using:
σij = SijΩ−1, here Ω is the representative volume and Sij is the
macroscopic stress tensor. Since the value of nanotube thickness,
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Fig. 1. Atomic models of the (a) armchair (left) and (b) zig-zag (right) PhNTs. Zoom-in views of the pore morphology in both nanotubes.
Fig. 2. Loading types: (a) Tension, (b) Compression, (c) Bending, (d) Torsion. ‘‘Frozen’’ atoms in edge boundaries are displayed in red.. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
ecessary for the calculation of Ω , is not yet an established and
onsensual issue among the scientific community, some authors
29,30] suggest bypassing the problem by reporting the Young’s
odulus Y and stress σ in units of force per unit length (N/m).

This method for reporting Y and critical strength (σc), is adopted
ere. Note that Y is calculated in the linear (elastic) domain of
he stress–strain curve (σ vs ε) that corresponds to the quadratic
(parabolic) zone of the energy–displacement curve (see Figure
S.1, S.2 and S.3 in Supplemental Material, in the average range of
−0.015 < εz< 0.055). For comparison purposes, the tensile Young’s
modulus (YT) is also calculated using only the data in the positive
strain range 0 < εz< 0.055. In case of bending, the moment M is
calculated as the derivative of the potential energy with respect
to the bending angle: M = ∂E/∂θ . In the case of twisting, the
torque is calculated as the derivative of the potential energy with
respect to the twist: T = ∂E/∂φ.
3

3. Results and discussion

3.1. Tensile and compressive behavior of PhNTs

Stress–strain curves obtained for tensile and compressive load-
ing of armchair and zigzag PhNTs at 10 K, using the Reax potential
and the AIREBO potential are respectively presented in Fig. 3(a)–
(b) and in Fig. 4(a)–(b). Stress–strain curves for identical loading
of armchair and zigzag CNTs are also presented in both Figures
(dashed lines) enabling a comparison between the mechanical be-
havior of PhNTs and CNTs from the perspective of both potentials.
In addition, the stress–strain curves for CNTs and PhNTs under
tensile loading reported in the work of Yu et al. [20] are also de-
picted in Fig. 3(a), Fig. 4(a) and Fig. 5(a) (red curves) allowing the
validation of our implementation of the AIREBO potential. Stress–
strain curves obtained for tensile and compressive loading of
armchair and zigzag PhNTs at 300 K with AIREBO are presented in
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Table 1
Young’s modulus (Y in N/m), Tensile Strength (σT in N/m), Compressive Strength (σC in N/m), failure strain (εz) and critical strain (εc) of PhNTs at 10K modeled by
he Reax potential. The variation percentage of these properties with respect to those of similar CNTs is also shown.
Structure YT Y % Tension Compression

σT % εz % σC % εc %

CNT (armchair) 431 424 – 69.2 – 0.167 – 10.7 – 0.028 –
CNT (zig-zag) 394 417 – 61.7 – 0.165 – 13.2 – 0.034 –
PhNT (armchair) 150 126 −70% 31.0 −55% 0.196 +17% 3.6 −66% 0.036 +29%
PhNT (zig-zag) 110 105 −75% 37.4 −39% 0.212 +28% 2.7 −80% 0.050 +47%
Table 2
Young’s modulus (Y in N/m), Tensile Strength (σT in N/m), Compressive Strength (σC in N/m), failure strain (εz) and critical strain (εc) of PhNTs at 10K modeled by
he AIREBO potential. The variation percentage of these properties with respect to those of similar CNTs is also shown.
Structure YT Y % Tension Compression

σT % εz % σC % εc %

CNT (armchair) 268 264 – 35.4 – 0.172 – 15.5 – 0.047 –
CNT (zig-zag) 302 295 – 30.1 – 0.139 – 19.0 – 0.062 –
PhNT (armchair) 88 84 −68% 9.0 −75% 0.119 −31% 4.4 −71% 0.074 +57%
PhNT (zig-zag) 75 67 −77% 6.2 −79% 0.089 −36% 4.4 −77% 0.106 +72%
Table 3
Young’s modulus (Y in N/m), Tensile Strength (σT in N/m), Compressive Strength (σC in N/m), failure strain (εz) and critical strain (εc) of PhNTs at 300K modeled by
he AIREBO potential. The variation percentage of these properties with respect to those of similar CNTs is also shown.
Structure YT Y % Tension Compression

σT % εz % σC % εc %

CNT (armchair) 249 258 – 35.1 – 0.174 – 13.5 – 0.044 –
CNT (zig-zag) 273 284 – 27.2 – 0.122 – 15.5 – 0.049 –
PhNT (armchair) 83 80 −69% 8.0 −77% 0.107 −39% 4.6 −66% 0.078 +78%
PhNT (zig-zag) 68 61 −78% 4.8 −82% 0.075 −39% 4.4 −72% 0.098 +101%
l
a
c

Fig. 5(a)–(b) showing the mechanical behavior of these nanotubes
at room temperature. Table 1 resumes the mechanical properties
(Young’s modulus, tensile strength, compressive strength, and
critical strain) computed for these nanotubes with the Reax
forcefield at 10 K. Tables 2 and 3 present the same properties
but calculated with the AIREBO potential at 10 K and 300 K,
respectively. It should be noted that these Tables show both the
Young’s modulus calculated exclusively from linear regression in
the tensile region (YT), and the Young’s modulus obtained from
linear regression fitted on the elastic compressive and tensile
regions (Y) (see Figure S.1–S.3 from Supplemental Information
section).

As expected, there are only minor differences between tensile
stress–strain curves for both CNTs and PhNTs from the work of Yu
et al. [20] and our work since both are modeled by the AIREBO
potential. The most notable differences are in the failure strains
(see Fig. 4(a)), which are lower in our work (−15% for CNTs
nd −25% for PhNTs). Beside possible variations in the modeling
trategy of both works also the larger diameter of armchair CNTs
nd PhNTs modeled here may explain the slightly different results
RCNT(Ref20) and RPhNT(Ref20) are equal to 8.1 Å).

Regarding tensile and compressive loading, results show that
i) the AIREBO and Reax potentials clearly model nanotubes dif-
erently, (ii) both potentials agree that PhNTs are weaker than
NTs (lower Y and tensile strength) but according to Reax PhNTs
re more flexible (higher failure strain) than CNTs, (iii) tempera-
ure slightly degrades the mechanical properties of both types of
anotubes although this effect is less pronounced in PhNTs.
In tensile loading, Reax predicts increasingly higher stresses

or the same strains, when compared to AIREBO for both PhNTs
nd CNTs (see Fig. 3(a) and 4(a)). For example, Reax predicts a
ensile strength of 31.0 N/m and 37.4 N/m for armchair PhNT
nd zigzag PhNT respectively, while AIREBO predicts a tensile
trength of 9.0 N/m and 6.2 N/m for the same nanotubes. In
ase of CNTs the same trend is present (see Tables 1 and 2).
he Young’s modulus predicted by Reax for CNTs and PhNTs are
lso similarly higher than those predicted by AIREBO. However,
4

while Reax predicts similar failure tensile strains for both CNTs
(εz≈0.17), armchair CNTs have higher failure tensile strains than
zigzag CNTs according to AIREBO (εz≈0.17 and εz≈0.14, respec-
tively). For PhNTs, Reax predicts much higher fracture tensile
strains than AIREBO (almost twofold in the case of armchair,
and more than twofold in the case of zigzag). From Tables 1–2
and Figs. 3(a)–4(a) it can be found that the Reax potential may
overestimate the tensile stress which leads to an overestimation
of the mechanical properties of the nanotubes: Reax predicts
Y=1285 GPa for armchair CNT and Y=1177 GPa for zig-zag CNT
when it is generally accepted that the Y of CNTs is slightly less or
equal to 1TPa. On the other hand, it is known that Reax gives a
better description of bond rupture in structures with multiple C-
hybridizations or with multiple elements bonded to C (in this case
we have sp2 carbons atoms bonded to each other and to hydrogen
in a highly porous structure).

Using both potentials, the value of Y for PhNTs is clearly lower
than that of their CNTs counterparts: Y of CNTs, using Reax, is
close to 420 N/m (difference in YT is higher) while that of PhNTs is
in average about 110 N/m (drop of about 70%–75%); with AIREBO
the Y of CNTs is lower for armchair (Y=264 N/m) than for zig-zag
(Y=295 N/m) but also drops by 68%–77% for PhNTs. Irrespectively
of forcefield, armchair PhNTs have between 20%–25% higher Y
than zig-zag PhNTs.

In fact, PhNTs elastic properties are close to Graphdiyne nan-
otubes (GDYNTs). Using an identical tensile loading method and
forcefield (Reax with parameterization by Chenoweth et [15]), but
for slightly longer nanotubes, the authors [14] found Y= 156 N/m
for armchair GDYNTs and Y=141.5 N/m for zig-zag GDYNTs. In
the case of armchair nanotubes, these values are close to the YT
calculated and shown in Table 1.

The tensile strength (σT) of PhNTs was also found to be much
ower than the σT of CNTs (drop between 39% and 55% with Reax
nd between 75 and 77% with AIREBO). However, with Reax,
ontrary to CNTs, zig-zag PhNTs have a higher σT than armchair
ones (increase of 20%). The failure strain, with this potential, is
also notably higher for PhNTs than for CNTs (rise between 17%
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Fig. 3. Stress–strain variation for armchair (green curve) and zig-zag (blue curve) PhNTs and comparison with armchair (green dashed curve) and zig-zag (blue
dashed curve) CNT of similar dimensions for (a) tensile and (b) compressive loadings using the Reax potential at 10 K. Tensile stress–strain variation for CNTs and
PhNTs with diameters of 16.2 Å from the work of Yu et al. [20] are also shown in Fig. 3(a).. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
Fig. 4. Stress–strain variation for armchair (green curve) and zig-zag (blue curve) PhNTs and comparison with armchair (green dashed curve) and zig-zag (blue
dashed curve) CNT of similar dimensions for (a) tensile and (b) compressive loadings using the AIREBO potential at 10 K. Tensile stress–strain variation for CNTs
and PhNTs with diameters of 16.2 Å from the work of Yu et al. [20] are also shown in Fig. 4(a).. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Fig. 5. Stress–strain variation for armchair (green curve) and zig-zag (blue curve) PhNTs and comparison with armchair (green dashed curve) and zig-zag (blue
dashed curve) CNT of similar dimensions for (a) tensile and (b) compressive loadings using the AIREBO potential at 300 K. Tensile stress–strain variation for CNTs
and PhNTs with diameters of 16.2 Å from the work of Yu et al. [20] are also shown in Fig. 5(a).. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
and 28%), which means that they can endure longer stretching
without failure. Contrary to Reax, AIREBO predicts lower tensile
strains for PhNTs than for CNTs (between 31%–36% lower, see
Tables 1 and 2).
5

In compression, Reax systematically predicts lower stress for
identical strains when compared to AIREBO. With Reax, armchair
PhNTs present a higher compressive strength than zigzag Ph-
NTs (33% higher) while for AIREBO armchair PhNTs present an
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Fig. 6. Stress distribution in tensile loading of (a) armchair PhNT and (b) zigzag PhNT, immediately before (1) and after (2) rupture.
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identical compressive strength than zig-zag, but between 22%–
62% higher than that calculated by Reax. It is noted that both
PhNTs are much weaker in compression than the CNTs (between
66% and 80% weaker for both potentials). Similarly to tension
with Reax (but contrary to tension with AIREBO), PhNTs under
compression can endure longer strains without buckling, since
their critical strains are higher than CNTs (between 29% and 47%
with Reax, and between 57%–72% with AIREBO).

Table 3 shows the mechanical properties of PhNTs calculated
for tensile loading and compressive loading with the AIREBO
potential at 300 K, while the respective stress–strain curves are
represented in Fig. 5(a)–(b). It is notable that the effect of increas-
ing the temperature is a slight deterioration of the Y (−2.2% in
rmchair CNT, −3.7% in zigzag CNT, −4.8% in armchair PhNT and
.0% in zig-zag PhNT); of the tensile strength (average decline
etween 1%–23%; of the compressive strength (average decline
etween 0–18.5%); of the failure strains (average decline be-
ween 1–18.6%) and of critical strains (average decline between
.8%–26%).
Bond rupture mechanisms obtained using the Reax potential

t 10 K are shown next. Fig. 6 shows the stress distribution in
rmchair PhNT (Fig. 6(a)) and zigzag PhNT (Fig. 6(b)) before ten-
ile failure (case 1) and immediately after tensile failure (case 2).
n tensile loading, the armchair lattice configuration is spatially
earranged in such a manner that there is a set of bonds closely
ligned with the direction of the imposed load. These bonds con-
ect the phenine units and can be seen as forming longitudinal
tress lines (yellow chains) along the length of the nanotube.
aturally, these yellow bond chains act like a set of longitudinal
trings that carry most of the tensile load, as can be seen in
ig. 6(a1). The bonds in red are transversally compressed due to
oisson’s effect. The rupture of the bonds of these longitudinal
hains leads to fracture of the PhNT, as seen in Fig. 6(a2).
6

The detailed first bond rupture mechanism is shown is Fig. 7.
ne of the bonds in the longitudinal chains, where local stress is
igher, breaks, leading to an immediate stress drop in neighbor
arbon atoms. This precipitates more bond breaking in adjacent
ongitudinal stress chains. Fig. 7(a1) (a2) and (a3) depict stresses
nd strains involved in this bond breaking.
In case of zigzag PhNTs, the tensile loading is more distributed

s it is observed in Fig. 6(b1). The tensile loading results now
n a network of yellow and orange bond chains that are ten-
ioned. This diamond-shaped network of tensioned bonds turns
he zigzag PhNTs more flexible than the armchair PhNT (lower
) but also turns it more resistant than armchair PhNT because it
as higher tensile strength σT and slightly higher failure strain εz.
rom the stress–strain curves of Fig. 3(a), it can be observed that
he ‘‘activation’’ of these tensile bond chains explains the sudden
ardening of the zig-zag PhNT (blue curve) for strains above 0.1
εz> 0.1).

The rupture mechanism for zigzag PhNT under tensile load-
ng, which differs from the case of armchair tensile loading, is
epresented in Fig. 8. Bond rupture occurs when a new bond
s formed between the two non-adjacent carbon atoms that are
lose neighbors to the carbon atom that connects two longitu-
inally adjacent phenine units (represented in yellow, heavily
tressed, in Fig. 8(a1) and (a2)). Since these two non-adjacent
arbon atoms are brought closer due to the deformation of the
henine unit, they establish a bond which (due to the sp2 prefer-
ble conformation) induces the two adjacent bonds in the interior
f the phenine unit to break. This mechanism is shown in detail
n the sequence (a1)–(a2)–(a3) of Fig. 8, where the stresses and
trains at the onset of bond breaking are also depicted.
Fig. 9 shows the stress distribution in armchair PhNT (Fig. 9(a))

nd zigzag PhNT (Fig. 9(b)) before compressive buckling (case 1)
nd immediately after compressive buckling (case 2) calculated
y the Reax forcefield. The most stressed bonds in compressive
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Fig. 7. First bond rupture mechanism in tensile loading of armchair PhNT with representation of local stress. The black arrow point to the C–C bond that connects
two phenine units and that is about to break. The sequence (a1)(a2)(a3) shows the bond rupture mechanism and respective stress and strains associated.
Fig. 8. First bond rupture mechanism in tensile loading of zigzag PhNT with representation of local stress. The black arrow points to the C–C bond that emerges
connecting two non-adjacent carbon atoms inside the phenine unit leading to the break of two neighbor C–C bonds inside that phenine unit. The sequence (a1)(a2)(a3)
shows the bond rupture mechanism and respective stress and strains associated.
Fig. 9. Stress (σz) distribution in compressive loading of a) armchair PhNT and b) zigzag PhNT, before critical strain (1) and after buckling (2).
oading coincide with those that are also the most stressed in
ensile loading, particularly those belonging to aromatic rings.

Analogously to tensile loading, the bonds directly aligned with
he direction of compression are the most compressed ones.
7

Compressive load distribution remains more efficient in zigzag
PhNTs since more bonds are strained along the diamond-shape
network. This is translated into a higher critical strain for zigzag
PhNTs (ε = 0.050) than for armchair PhNTs (ε = 0.036).
c c
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Fig. 10. Variation of Bending Moment/Torque with the Angle of Bend/Twist for armchair PhNT (green curve) and zig-zag PhNT (blue curve) and comparison with
armchair CNT (green dashed curve) and zig-zag CNT (blue dashed curve) of similar dimensions at 10 K and using the Reax forcefield for (a) bending deformations
and (b) twisting deformations.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 11. Variation of Bending Moment/Torque with the Angle of Bend/Twist for armchair PhNT (green curve) and zig-zag PhNT (blue curve) and comparison with
armchair CNT (green dashed curve) and zig-zag CNT (blue dashed curve) of similar dimensions at 10 K and using the AIREBO potential for (a) bending deformations
and (b) twisting deformations.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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However, zigzag PhNTs have lower critical stress (σC = 2.7 N/m)
than armchair PhNTs (σC = 3.6 N/m) because the side walls
of the zigzag PhNT show very small waves (see Fig. 9(b1)) that
trigger a smooth buckling — note also that the Young’s modulus
of zigzag PhNT is also proportionally lower than that of armchair
PhNT (105 N/m vs. 126 N/m).

3.2. Bending and twisting of phenine nanotubes

In this section, the bending and twisting behaviors of armchair
and zigzag PhNTs modeled with the Reax and the AIREBO poten-
tial are presented. The bending moment was obtained from the
first derivative of potential energy w.r.t the angle of bend and is
represented in Fig. 10(a) for armchair and zig-zag PhNTs as well
as for CNTs of identical chirality modeled by the Reax potential at
10 K. In Figs. 11(a) and 12(a), similar results are presented for the
same nanotubes but modeled with the AIREBO potential at 10 K
and 300 K, respectively.

In case of both PhNTs and CNTs at 10 K under bending, the
Reax potential predicts a higher bending stiffness and a higher
bending moment than the AIREBO potential. On the other hand,
Reax predicts a slightly lower critical angle of bend (except for
zigzag PhNT) when compared to AIREBO. The exact differences
between the two potentials can be clearly seen in Tables 4 and
5. PhNTs show a lower bending stiffness (around 80% less, inde-
pendently of the potential employed) when compared to CNTs, so
they are much easier to bend than CNTs, due their porosity. The
8

slopes of the ascending path of curves in Fig. 10(a) and Fig. 11(a)
show this evidence.

However, PhNTs tolerate higher angles of bend without bond
rupture than CNTs: armchair CNTs buckle abruptly at θc = 0.19
ad (Reax) or θc = 0.26 rad (AIREBO) and zigzag CNTs buckle at
c = 0.21 rad (Reax) or θc = 0.28 rad (AIREBO) while PhNTs only
uckle at θc = 0.33 rad (armchair) and at θc = 0.36 rad (zigzag)
ith Reax and at θc = 0.39 rad (armchair) and at θc = 0.23 rad
zigzag) with AIREBO, as can be seen from Tables 4 and 5.

The Young’s modulus can be computed from the elasticity
ormula Y = M/(Iχ ), where χ is the angle of bend per unit of
ength of the nanotube (χ = θ/L, usually designated as curvature)
nd I is the second moment of area of the nanotube cross-section
I = πR3t +

1
4πRt3), where R and t are the nanotube’s radius and

thickness (for consistency with the literature, we have adopted
t = 0.34 nm [24]. The Young’s modulus Yb was computed from
the initial ascending path (elastic) of each M(θ ) curve. These data
are shown in Tables 4 and 5, as well as the bending stiffness
K = ∂M/∂χ = YI .

The values of Young’s modulus Yb obtained from the bending
tests are lower than those calculated from tensile and compres-
sive loading tests (Y ), being more sensitive to the nanotubes’
chirality, with exception for Yb for zig-zag PhNT for AIREBO which
is 31% higher than Y .

Fig. 13 shows a visual representation of the bending defor-
mation of PhNTs at two different angles of bend calculated from
Reax. It can be observed that the armchair PhNT shows a greater
number of kinks than zigzag PhNT for an angle of bend around
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Fig. 12. Variation of Bending Moment/Torque with the Angle of Bend/Twist for armchair PhNT (green curve) and zig-zag PhNT (blue curve) and comparison with
armchair CNT (green dashed curve) and zig-zag CNT (blue dashed curve) of similar dimensions at 300 K and using the AIREBO forcefield for (a) bending deformations
and (b) twisting deformations.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 13. Visual representation of bending loading of a) armchair PhNT and b) zig-zag PhNT, near the critical angle of bend (1) and after the critical angle of bend
(2) with Reax at 10 K. Bonds aligned with a straight longitudinal line are colored green, so that after bending, the colored bonds can give a 3D perception of the
deformation of PhNTs resulting from bending.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Table 4
Bending Stiffness (K ) in eV um, bending Young’s modulus (Yb) in GPa, tensile compressive Young’s modulus (Y) in GPa (obtained from Table 1 but considering a
anotube thickness of 0.34 nm), maximum Bending Moment (Mmáx) in eV rad−1 and critical angle of bend (θc) in rad, of PhNTs and similar length and diameter
arbon nanotubes for bending mechanical tests using the Reax potential at 10 K. The Young’s modulus obtained from bending are compared with that obtained from
ensile-compressive tests, while Mmáx and θc are compared between CNTs and PhNTs.
Structure K Yb Y % (Yb/Y ) Mmax % θc %

CNT (armchair) 5.234 1058 1285 −18 203.07 – 0.19 –
CNT (zig-zag) 4.820 1024 1177 −13 184.42 – 0.21 –
PhNT (armchair) 1.072 286 448 −36 66.31 0.33 +78
PhNT (zig-zag) 1.249 305 327 −7 62.2 0.36 +70
Table 5
Bending Stiffness (K ) in eV um, bending Young’s modulus (Yb) in GPa, tensile compressive Young’s modulus Y ) in GPa (obtained from Table 2 but considering a
anotube thickness of 0.34 nm), maximum Bending Moment (Mmáx) in eV rad−1 and critical angle of bend (θc) in rad, of PhNTs and similar length and diameter
arbon nanotubes for bending mechanical tests using the AIREBO potential at 10K. The Young’s modulus obtained from bending are compared with that obtained
rom tensile-compressive tests, while Mmáx and θc are compared between CNTs and PhNTs.
Structure K Yb Y % (Yb/Y) Mmax % θc %

CNT (armchair) 3.068 620 800 −23 99.59 – 0.26 –
CNT (zig-zag) 2.500 531 901 −41 88.67 – 0.28 –
PhNT (armchair) 0.540 144 262 −45 36.61 −63 0.39 +48
PhNT (zig-zag) 0.404 99 75 +31 32.74 −63 0.23 +15
9
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Table 6
Bending Stiffness (K ) in eV um, bending Young’s modulus (Yb) in GPa, tensile compressive Young’s modulus (Y ) in GPa (obtained from Table 3 but considering a
anotube thickness of 0.34 nm), maximum Bending Moment (Mmáx) in eV rad−1 and critical angle of bend (θc) in rad, of PhNTs and similar length and diameter
arbon nanotubes for bending mechanical tests using the AIREBO potential at 300 K. The Young’s modulus obtained from bending are compared with that obtained
rom tensile-compressive tests, while Mmax and θc are compared between CNTs and PhNTs.
Structure K Yb Y % (Yb/Y ) Mmax % θc %

CNT (armchair) 2.624 530 744 −29 102.92 – 0.24 –
CNT (zig-zag) 2.617 556 815 −32 97.62 – 0.27 –
PhNT (armchair) 0.542 145 249 −42 38.20 −63 0.26 +9
PhNT (zig-zag) 0.514 125 68 +85 42.97 −56 0.20 −27
i

d
I
l
t
d
t
s

3

m
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0.5 rad. The latter tends to preserve the cylindrical shape of the
nanotube, with the kinks formed close to the ends (edges) of the
PhNT.

Similarly to the tensile and compressive behavior, also the
ending behavior of nanotubes at 300 K (calculated with AIREBO)
egrades when compared to the bending behavior at 10 K. This
an be concluded form the observation of Table 6 and comparing
t to Tables 4 and 5. The bending stiffness of armchair CNT and
igzag PhNT are lower at 300, but K of zigzag CNT and armchair
hNT have very small increases. In general, the maximum bend-
ng moment also decreases for all nanotubes, with exception to
rmchair CNT which shows a very mild increase. The critical angle
f bend is lower at 300 K for the considered nanotubes, most
vidently for the phenine nanotubes.
In the case of twisting, the torque T is calculated as the first

erivative of potential energy w.r.t the angle of twist φ. The
variation T (φ) is represented in Fig. 10(b) (Reax) and in Fig. 11(b)
(AIREBO) for armchair and zig-zag PhNTs and also for armchair
and zig-zag CNTs (dashed lines). It is easily seen in Fig. 10(b), and
also in Fig. 11(b) that the slopes of ascending paths of T (φ) curves
re much more pronounced for CNTs than for PhNTs, which is
xpected due to the high porosity of the latter. Likewise, the
aximum torsional strength (see Tables 7 and 8) is also much
igher for CNTs than PhNTs. The difference in these properties
etween CNTs and PhNTs are more notable from the results of
IREBO.
With Reax torque is somewhat higher than with AIREBO. CNTs

xhibit a huge drop in torque after the peak (corresponding to
he ovalization of the nanotubes’ sidewalls and consequent loss
f torsional stiffness) but can maintain a more or less constant
orque during twist (they do not tear apart for φ < 6 rad). PhNTs
o not show such brittle behavior: their torsional stiffness is
uch lower and torque slowly decreases with increasing twist,
eaning that although ovalized they retain some torsional stiff-
ess (see Fig. 10(b). With AIREBO the twisting behavior of CNTs
as a clearer trend (similar in both configurations): torque in-
reases until maximum torque (Tmax = 0.074 eV/rad atom) and
hen slightly drops (0.39 rad < φ < 0.9 rad) and then tends to
teadily increase until ultimately drop at φ = 4.56. The trend can
e explained by the sudden decrease in torsional stiffness when
he nanotubes’ sidewalls ovalize. Contrary to Reax, AIREBO pre-
ict that this ovalization slightly increases torque, which means
hat further twisting increases the tubes’ now very low torsional
tiffness. With Reax zigzag PhNT has a critical angle of twist (φc =

.754 rad) slightly lower than the CNTs (φc = 0.854 rad), but the
rmchair PhNT has the highest critical angle of twist (φc = 1.250

rad). AIREBO predicts lower critical angles of twist for the CNTs
and armchair PhNT but a slightly higher critical angle of twist for
zigzag PhNT (see Table 8).

For the calculation of mechanical properties, the shear modu-
lus is computed from the elasticity formula G = T/(Jα), where α
is the angle of twist per unit of length of the nanotube (α = φ/L)
and J is the torsional constant (J = 2πR3t +

π
2 Rt

3), where R and t
re the nanotube’s radius and thickness. For consistency with the
iterature, we have adopted t = 0, 34 nm [24]. The shear modulus
G was computed from the initial ascending path (elastic) of each
10
(Tφ) curve. These data are shown in Table 7 (Reax) and Table 8
(AIREBO), as well as the torsional stiffness KT = ∂T/∂α = GJ .

When modeled with Reax, the torsional stiffness KT of PhNTs
is lower that of CNTs (drops of 83% and 68% for armchair and
zigzag), which means that PhNTs porosity allows an increased
flexibility to torsion loading. In fact, the shear modulus of arm-
chair CNTs is 4.5 times that of armchair PhNTs, while the shear
modulus of zigzag CNTs is 2.6 times that of zigzag PhNTs. With
AIREBO the torsional stiffness of PhNTs is also much lower than
that of CNTs (drops of 91% and 85% for armchair and zigzag). The
shear modulus of armchair CNTs is more than 8 times that of
armchair PhNTs, while the shear modulus of zigzag CNTs is more
than 5 times that of zigzag PhNTs.

Armchair PhNTs exhibit several differences in their mechanical
properties when compared to zigzag PhNTs. Reax predicts that
zigzag PhNTs are stiffer and slightly harder to twist than armchair
PhNTs, but that these fail for higher angles of twist (almost
double), see Table 7. AIREBO predicts zigzag PhNTs to be only
slightly stiffer than armchair PhNTs but that both fail for similar
angles of twist, see Table 8.

The effect of temperature in twisting can be observed in Ta-
ble 9, where the mechanical twist properties of the nanotubes
calculated from AIREBO at 300 K are shown. With exception for
armchair CNT, generally G, KT, Tmax, and the critical angle of
twist degrade with temperature. However, armchair CNT shows
a 10% improvement in G and KT, while zigzag PhNT shows a 21%
ncrease in the critical angle of twist.

In Fig. 14 it can be clearly seen that the armchair lattice en-
ures much more twisting without rupture than the zigzag one.
n Fig. 6 it was observed that tensile loading was mainly stressing
ongitudinal chains of atoms that connected the structure along
he length of the tube. While in tensile loading, these chains were
etrimental to achieving higher failure tensile strains, in twisting
hey are responsible for allowing higher critical angles of twist,
ince they permit more twisting without bond breaking.

.3. Assessment of elastic buckling formulas

Since the earlier works on the buckling behavior of CNTs,
any works have been published about the application of shell
uckling formulas to the prediction of critical loads and mo-
ents [31] To a minor extent, the authors have contributed to

he current state-of-the-art [32–34] In this work, we apply the
lastic buckling formulas based on thin-shell theories (Donnell–
anders) to estimate the (i) critical stress σc (compression), (ii)

critical momentMc (bending) and (iii) critical torque Tc (twisting),
nd evaluate their accuracy. According to Silvestre [32–34] the
ollowing formulas are given

σc =
Y√

3
(
1 − ν2

) t
R

(1)

Mc = K

√
1 − ν2
√
3

t
R2 (2)

Tc = KT
0.236Y(

2
)0.75 (

t
R

)1.5

(3)

GR 1 − ν
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Table 7
Shear Modulus (G) in TPa, Torsion constant (J) in nm4 , Torsional Stiffness (KT) in eV um, maximum Torque (Tmax) in eV/rad and critical angle of twist (φc) in rad,
f PhNTs with comparison (in percentage) to similar length and diameter CNTs for twisting mechanical tests modeled with the Reax potential at 10 K.
Structure G J KT % Tmax % φc %

CNT (armchair) 0.308 1.64 2.933 – 271.1 – 0.854 –
CNT (zig-zag) 0.312 1.56 2.852 – 259.0 – 0.854 –
PhNT (armchair) 0.069 1.25 0.506 −83 64.9 −73 1.250 +46
PhNT (zig-zag) 0.116 1.36 0.911 −68 75.3 −68 0.754 −12
Table 8
Shear Modulus (G) in TPa, Torsion constant (J) in nm4 , Torsional Stiffness (KT) in eV um, maximum Torque (Tmax) in eV/rad and critical angle of twist (φc) in rad,
f PhNTs with comparison (in percentage) to similar length and diameter CNTs for twisting mechanical tests modeled with the AIREBO potential at 10 K.
Structure G J KT % Tmax % φc %

CNT (armchair) 0.363 1.64 3.451 – 157.6 – 0.377 –
CNT (zig-zag) 0.293 1.56 2.677 – 140.1 – 0.461 –
PhNT (armchair) 0.042 1.25 0.305 −91 34.4 −75 0.880 +133
PhNT (zig-zag) 0.051 1.36 0.406 −85 44.2 −65 0.859 +86
Table 9
Shear Modulus (G) in TPa, Torsion constant (J) in nm4 , Torsional Stiffness (KT) in eV um, maximum Torque (Tmax) in eV/rad and critical angle of twist (φc) in rad,
f PhNTs with comparison (in percentage) to similar length and diameter CNTs for twisting mechanical tests modeled with the AIREBO potential at 300K.
Structure G J KT % Tmax % φc %

CNT (armchair) 0.400 1.64 3.807 – 140.5 – 0.272 –
CNT (zig-zag) 0.242 1.56 2.090 – 125.7 – 0.398 –
PhNT (armchair) 0.036 1.25 0.268 −93 26.5 −79 0.712 +162
PhNT (zig-zag) 0.041 1.36 0.324 −85 38.2 −66 1.047 +163
Fig. 14. Visual representation of twisting loading of (a) armchair PhNT and (b) zig-zag PhNT, at critical angle of twist (maximum torque) (1) and after the critical
angle of twist (2) (with Reax at 10 K). Bonds aligned with a straight longitudinal line are colored green, so that after the imposition of twisting loading, the colored
bonds can give a 3D perception of the twisted deformation of PhNTs.. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
where the several variables were provided before in Tables 1 to 9.
The generally accepted Poisson ratio ν = 0.20 of graphene
nd carbon X-enes was adopted, as well as the equivalent shell
hickness t = 0.66 Å proposed by Yakobson et al. [35] and widely
pplied [31]. The application of these simple elastic buckling
ormulae to the CNTs and PhNTs studied in this work, leads to
he values of critical stress σc (compression), critical moment Mc

(bending) and critical torque Tc (twisting), shown in Table 10, for
the Force Fields (FF) and temperatures (T) considered.
11
Overall, the elastic buckling formulas provide a fair qualitative
measure and trend of the critical variables. In case of compres-
sion, the MD-to-analytical critical stress ratio varies between 55%
and 155%, the worst and best cases being those of Reax-10K
(40% difference in average) and AIREBO-300K (20% difference
in average), respectively. In compression, there is no noticeable
difference between the errors associated to CNTs and PhNTs, but
we may conclude that the analytical predictions are much higher
than those given by MD when Reax-10K is adopted. Conversely,
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Table 10
Values of critical stress σc (in N/m), critical moment Mc (in eV) and critical torque Tc (in eV), obtained from elastic buckling formulas and MD, for different Force
ields (FF) and temperatures (T).
Force field
temperature

Structure σC MC TC

MD (1) MD (2) MD (3)

Reax
10 K

CNT (armchair) 10.7 18.7 203 252 271 347
CNT (zig-zag) 13.2 18.6 184 238 259 337
PhNT (armchair) 3.6 6.0 66.3 59.5 64.9 94.9
PhNT (zig-zag) 2.7 4.9 62.2 66.9 75.3 80.9

AIREBO
10 K

CNT (armchair) 15.5 11.7 99.6 147.9 157.6 216
CNT (zig-zag) 19.0 13.2 88.7 123.3 140.1 238
PhNT (armchair) 4.4 4.0 36.6 30.0 34.4 62.6
PhNT (zig-zag) 4.4 3.1 32.7 21.6 44.2 52.3

AIREBO
300 K

CNT (armchair) 13.5 11.4 102.9 126.5 140.5 211
CNT (zig-zag) 15.5 12.7 97.6 129.1 125.7 217
PhNT (armchair) 4.6 3.8 38.2 30.1 26.5 61.1
PhNT (zig-zag) 4.4 2.8 43.0 27.5 38.2 47.3
the analytical predictions are always lower than those given by
MD when AIREBO-10K and AIREBO-300K are considered.

In case of bending, the MD-to-analytical critical moment ratio
aries between 67% and 156%. Overall, the analytical predictions
airly agree with those of Reax-10K (13% difference in average),
egardless of the nanotube type (CNT and PhNT). In case of
IREBO-10K and AIREBO-300K, the formula overestimates the
ritical moments of CNTs (25% difference in average) while it
nderestimates the critical moments of PhNTs (40% difference in
verage).
In case of twisting, the MD-to-analytical critical torque ratio

aries between 45% and 93%. The predictions are slightly better
or the case of Reax-10K (23% difference in average) than for
IREBO-10K and AIREBO-300K (35% difference in average). It is
een that the formula always overestimates the critical torque of
NTs and PhNTs, performing better in case of zig-zag PhNTs and
orst for armchair PhNTs.

. Conclusions

The mechanical properties of armchair and zig-zag PhNTs,
ith identical diameter to those recently synthetized, were ob-
ained in this work using MD with the Reax forcefield and the
IREBO forcefield. The Reax forcefield allowed an accurate in-
estigation of the bond breaking and rupture mechanisms at
0 K, while AIREBO permitted the obtention of more accurate
echanical properties at 10 K and at 300 K. Both potentials were
ompared and discussed.
The Reax potential predicts higher stress for identical strains

hen compared to AIREBO. Thus, the Young’s modulus of nan-
tubes were between 30% and 38% lower with AIREBO, while the
ensile strengths were between 48% and 83% lower. The failure
trains of CNTs were 2% higher for armchair and 16% lower with
igzag for AIREBO, but with this potential, PhNTs were found
o be significantly (between 40 and 58%) lower than with Reax.
ompressive strengths were found to be between 22 and 62%
igher with AIREBO, while critical strains calculated with AIREBO
lmost doubled with AIREBO.
With both potentials, the Young’s modulus of PhNTs were

ound to be around 70% lower than that of CNTs, while the
endency in armchair configurations for having higher elasticities
s similar in CNTs and PhNTs alike for Reax. For AIREBO zigzag
NTs have higher elasticities than armchair. In both potentials
he failure strain was found to be higher for PhNTs than for CNTs,
eaning that they can endure longer stretching without breaking
part. PhNTs are much weaker to compression than CNTs but can
ndure longer strains without buckling, as their critical strains are
12
higher than CNTs (between 29% and 47% with Reax and between
57% and 72% with AIREBO. Temperature degrades the mechanical
properties of both CNTs and PhNTs independently of the potential
used.

PhNTs revealed a lower bending stiffness (much lower with
AIREBO) when compared to CNTs, but it was found that they
can tolerate higher angles of bend without bond rupture. The
shear modulus and torsional stiffness of PhNTs are much lower
than those of CNTs, which means that PhNTs porosity induces
an increased flexibility on the nanotubes’ sidewalls. On the other
hand, the critical angle of twist for PhNTs is slightly higher than
for CNTs.

As expected, the Young’s modulus, shear modulus, torsional
stiffness and bending stiffness of PhNTs are lower those of CNTs.
But notably, PhNTs can be compared, in terms of strength, to
other carbon allotrope nanotubes such as graphdiynes, but with a
more stretchable and flexible carbon lattice. These extra flexibility
and extended porosity of PhNTs, makes them very promising
candidates for a wide range of applications, such as sensing, ionic
transistors, or molecular sieving.

Furthermore, the available and simple elastic buckling formu-
las developed for (continuum) shells are a direct and straight-
forward way to evaluate the order of magnitude of the critical
stresses, critical moments and critical torques of CNTs and PhNTs,
giving a first approach to these values. However, the differences
involved between the analytical predictions and the values given
by MD are sometimes too high, a fact that must always be
accounted for when using continuum formulas.
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