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Graphyne nanotubes (GNTs) are nanostructures obtained from rolled up graphyne sheets, in the same way
carbon nanotubes (CNTs) are obtained from graphene ones. Graphynes are 2D carbon-allotropes composed of
atoms in sp and sp? hybridized states. Similarly to conventional CNTs, GNTs can present different chiralities and
electronic properties. Because of the acetylenic groups (triple bonds), GNTs exhibit large sidewall pores that
influence their mechanical properties. In this work, we studied the mechanical response of GNTs under tensile
stress using fully atomistic molecular dynamics simulations and density functional theory (DFT) calculations.
Our results show that GNTs mechanical failure (fracture) occurs at larger strain values in comparison to cor-

responding CNTs, but paradoxically with smaller ultimate strength and Young’s modulus values. This is a
consequence of the combined effects of the existence of triple bonds and increased porosity/flexibility due to the

presence of acetylenic groups.

1. Introduction

Graphene became one of the most studied structures in materials
science since its first experimental realization in 2004 [1]. The advent
of graphene created a renewed interest in the investigation of other 2D
carbon-based nanostructures such as carbon nitride [2], pentagraphene
[3], phagraphene [4] and the so-called graphynes [5], among others.
Proposed by Baughman, Eckhardt and Kertesz in 1987, graphyne is a
generic name for a family of 2D carbon-allotropes formed by carbon
atoms in sp and sp? hybridized states connecting benzenoid-like rings
[5]. The possibility of creating different graphyne structures with dif-
ferent porosities, electronic and/or mechanical properties can be
exploited in several technological applications, such as energy storage
[6,7] and water purification [8,9]. The recent advances in synthetic
routes to some graphyne-like structures [10] have attracted much at-
tention to graphyne, since theoretical calculations have revealed in-
teresting mechanical properties of single-layer [11,12] and multi-layer
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graphyne [13], as well the presence of Dirac cones [14].

Similarly to 2D, quasi-1D carbon structures have also received spe-
cial attention in the last decades. For example, CNTs have been used as
field-emission electron sources [15], tissue scaffolds [16], actuators
[17], and artificial muscles [18]. Because CNTs can be conceptually
seen as graphene sheets rolled up into cylindrical form [19-21], the
same concept has been used to propose graphyne-based nanotubes
(GNTs). Preserving the same CNT (n, m) nomenclature to describe na-
notubes of different chiralities, different GNT families were theoreti-
cally predicted by Coluci et. al. [22-24] (Fig. 1). GNTs exhibit different
electronic properties in comparison to CNTs, for instance, y-GNTs are
predicted to have the same band gap for any diameter [25]. There is a
renewed interest in their electronic properties [26]. Likewise the elec-
tronic behavior and mechanical properties of GNTs also show inter-
esting features [27,28]. For example, molecular dynamics (MD) simu-
lations have shown that, under twisting deformations, GNTs would be
superplastic and more flexible than CNTs, with fracture occurring at
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Fig. 1. (a) Quasi-1D nanotubes and (b) 2D carbon nanostructures. (a) From left
to right: ®a-GNT(4, 4), CNT(11, 11), and y-GNT(4, 4). (b) 2D carbon sheets that
generated the above nanotubes.

angles three times larger than those of CNTs [29]. In another recent MD
work [25] carried out with AIREBO potential, the mechanical proper-
ties of graphynes-based nanotubes of y type (y-GNTs) were predicted to
not be very sensitive to their length and to the strain rate, while the
Young’s modulus (Y) values increase with larger diameters.

Although there is a great interest in the properties of GNTs, a fully
comprehensive investigation of their mechanical properties has not
been yet fully carried out and it is one the objectives of the present
work. In this work we have investigated the behavior of GNTs under
mechanical tensile stress using fully atomistic reactive molecular dy-
namics (MD) and density functional theory (DFT) calculations.

2. Methodology
2.1. Molecular dynamics simulations

Fully atomistic reactive MD simulations were carried out to predict
the tensile stress/strain behavior of CNTs, a-GNTs, and y-GNTs (Fig. 2).
These simulations were performed using the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) [30] code with the
reactive Force Field (ReaxFF) [31]. ReaxFF is a classical reactive po-
tential suitable for studying fracture mechanics and breaking/forma-
tion. There are many ReaxFF parameter sets, in the present work we
used the parametrization described in [32]. In contrast with more
standard force fields, ReaxFF can describe breaking and bond forma-
tion. Its parameters are obtained from first-principles calculations of
model structures and/or experimental data [31]. ReaxFF has been
successfully used in the study of mechanical properties of nanos-
tructured systems similar to those studied here [33,11,34,29,35,36].

In order to evaluate the effectiveness of ReaxFF and its para-
meterizations in the simulations that we run, several stretching tests in
carbon nanotubes were carried out considering different sets of para-
meters (see Supplementary material) and they were compared to the
literature. The Mattsson’s set of parameters [32] showed to be adequate
for our purpose, as we obtained a satisfactory stress-strain curve and
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Fig. 2. Schematic of the tensile stress/strain simulations for: (a) a-GNT; (b)
CNT, and; (c) y-GNT. The arrows indicate the stretching (axial) direction.

consequently good values for critical strain, ultimate strength and
Young’s modulus.

In order to eliminate any residual stress present on the structures,
we carried out an energy minimization followed by a NPT thermali-
zation before starting the tube stretch (tensile) processes. The tensile
calculations were performed by stretching the nanotubes until fracture
within NVT ensemble at room temperature (300 K). A chain of three
Nosé-Hoover thermostats was used to control initial oscillations of the
temperature [37]. We used a constant engineering tensile strain rate
e = 10%/fs so that the nanotube length L evolves as L(t) = Lo(1 + €t),
where L, is the initial nanotube length. This strain rate is small enough
to provide enough time to tube structural stabilization/reconstruction.

We considered 8 nanotubes of each type (CNT, «-GNT, and y-GNT),
equally distributed between armchair and zigzag geometries. We also
calculated the mechanical properties of CNTs with similar geometrical
characteristics of the studied GNTs for comparison purposes. The se-
lected CNTs (n, 0), and (n, n) cases were n = 11, 14, 25, 50. In order to
have GNTs with similar diameters, we chose (n, 0) and (n, n) with
n=4,5,9, 18, for both a-GNTs and y-GNTs (Table 1).

During the stretching process we calculated the virial stress along
the stretching direction z (o;), as defined by [38,39]:

N

O =0p =V Z (Mievi Vi, + T i)
k=1 (@]

where V = Ah = Lonid,h is the volume (considering a hollow cylinder)
of the nanotube with d; being its diameter, N the number of atoms, m
the mass, v the velocity, r the position, f the force per atom, respec-
tively. We adopted the standard graphene thickness value of h = 3.34 A
(graphite interlayer distance) in all our calculations.

From the linear regime of each stress-strain curve we obtained the
Young’s modulus values, which are defined as:
y=2%,

124 2
where ¢, = (L — Ly)/L, is the applied strain along the z-direction (na-
notube periodic axis) and g, is the tensor component of the virial stress
along the z-direction. We also calculated the normalized Young’s
modulus values (Y, = Y/p) accordingly to the density of each structure
(o = m/(Lomd, h)).
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Table 1
Geometry information (N = number of atoms, d; =nanotube diameter and L = nanotube length) of the studied nanotubes in our present work.

CNT N d; (A) LA a-GNT N d; (A) L (A) 7-GNT N d; (A) L (A)
(11,0) 352 8.61 34.08 (4,0) 192 8.82 36.00 (4,0) 288 8.71 35.54
(14,0) 448 10.96 34.08 (5,0) 240 11.00 36.00 (5,0) 360 10.89 35.54
(25,0) 800 19.57 34.08 9,0) 432 19.85 36.00 9,0) 648 19.60 35.54
(50,0) 1600 39.14 34.08 (18,0) 864 39.70 36.00 (18,0) 1296 39.19 35.54
11,11) 616 14.92 34.43 4,49 320 15.28 34.64 4,49 480 15.10 34.20
(14,14) 784 18.98 34.43 (5,5 400 19.10 34.64 (5,5 600 18.86 34.20
(25,25) 1400 33.90 34.43 9,9 720 34.38 34.64 9,9) 1080 33.94 34.20
(50,50) 2800 67.80 34.43 (18,18) 1440 68.75 34.64 (18,18) 2160 67.89 34.20

The spatial distribution of the stress during the stretching was cal-

culated using the von Mises stress o¥, defined as: Table 2
- - - - - Critical strain (g.) and ultimate strength (US) values for CNTs, - and y-GNTs.
(af — ak)? + (ak — oK) + (af — ak)* + 6(())? + (65)? + (X))
of = J 1z e u D 3 2 = S CNT & US(GPa) «-GNT ¢ US(GPa) 7-GNT &  US(GPa)
3) (11,0) 0.16 122 (4,00 0.24 45 4,00 0.14 81
(14,00 0.14 111 (5,00 0.24 49 (5,00 012 68
(25,00 0.14 118 9,00 0.25 46 (9,00 0.13 79
2.2, DFT calculations (50,0) 0.3 115 (18,00 0.25 45 (18,00 0.14 81
o . (11,11) 0.18 166 4,4) 018 44 4,4 011 47
In order to test the reliability of the MD results and also to validate (14,14) 0.16 170 5,5 018 44 (5,5  0.09 48
them, we also carried out a systematic study of a- and y-GNTs under (25,25) 0.17 167 9,9 0.19 45 9,9 011 48

uniaxial strain using DFT methods [40,41], as implemented in the
SIESTA (Spanish Initiative for Electronic Simulations with Thousands of
Atoms) code [42,43]. The Kohn-Sham orbitals were expanded in a
double-¢ basis set composed of numerical pseudoatomic orbitals of fi-
nite range enhanced with polarization orbitals. A common atomic
confinement energy shift of 0.02 Ry was used to define the cutoff radii
of the basis functions, while the fineness of the real space grid was
determined by a mesh cutoff of 400 Ry [44]. For the exchange-corre-
lation potential, we used the generalized gradient approximation (GGA)
[45]. The pseudopotentials were modelled within the norm-conserving
Troullier-Martins [46] scheme in the Kleinman-Bylander [47] factor-
ized form. Brillouin-zone integrations were performed using a Mon-
khorst-Pack [48] grid of 1 x 1 x 8 k-points. All geometries were fully
optimized for each strain value until the maximum force component on
any atom was less than 0.01 eV/A. For each strained structural geo-
metry relaxation, the SCF convergence thresholds for electronic total
energy were set at 10™%eV.

Periodic boundary conditions were imposed, with perpendicular
lattice vectors a, and a, large enough (~40 A) to simulate vacuum and
avoid spurious interactions between periodic images. Similar to MD
methodology, each strain level is defined as ¢, = (L — L¢)/L,, where L,
and L hold for the relaxed and strained nanotube length, respectively.
Again, the graphyne nanotube was treated as a rolled membrane with
thickness h equal to 3.34 A and area equals to 7d; Lo, where d; is the
nanotube diameter. In the DFT study, the axial stress component o, is
related to the strain component ¢, with the static relation
o, = (1/V)(0U/0¢;), where V = Lnd,h is the volume of the strained
nanotube membrane.

3. Results

The obtained critical strain (¢.) and the ultimate strength (US) MD
values for the studied nanotubes are presented in Table 2. The complete
structural failure (fracture) of both zigzag-alligned CNTs and y-GNTs
occurred around similar .. On the other hand, different ¢. were ob-
served for armchair CNTs and y-GNTs. Especially, a-GNTs showed the
highest ¢, values for both zigzag and armchair nanotubes. We attributed
these differences to the large pore size (see Fig. 1), notably for «-GNTs,
and the characteristic bonding between acetylene groups in GNTs.
y-GNTs have hexagonal rings bonded to each other by acetylene groups
that are not present in CNTs. This type of arrangement on GNTs

(50,50) 0.18 166 (18,18) 0.18 44 (18,18) 0.12 49

significantly affects their mechanical properties.

The GNTs and CNTs structural failure (fracture) processes can be
better understood following the evolution of the von Mises stress dis-
tributions from the MD snapshots of the tensile stretch (Figs. 3-5). From
these Figures it is possible to observe high stress accumulation lines (in
red) along the bonds parallel to the externally applied strain direction.
These lines are composed of single and triple bonds in the armchair
a-GNTs and only by double bonds in the zigzag a-GNTs (Fig. 3).
Fracture patterns of a-GNTs indicate that bond breaking evolves in-
itially from the single bonds for armchair nanotubes (highlighted rec-
tangle of Fig. 3(b)) until complete fracture (Fig. 3(c)). As in the arm-
chair case, the zigzag a-GNT presents high stress accumulation along
the chain of double bonds (as those are parallel to the nanotube main
axis — see Fig. 3(f)), with bond breaking starting from these bonds
(highlighted in Fig. 3(g)). Fig. 3(d), (e) show the covalent bonds of an
armchair a-GNT before and after applying strain along the nanotube
main axis. The initial hexagonal shape of the pore changes to a more
rectangular-like shape (red dashed rectangle in Fig. 3(d)). This evolu-
tion patterns are consequences of the high tube flexibility, and it is
responsible for the significant differences in the critical strain for
armchair and zigzag a-GNTs. Similar behavior was reported for gra-
phyne membranes [49]. Because the pores of zigzag a-GNTs (Fig. 3(j))
are more flexible, they exhibit larger critical strain than armchair
a-GNTs (Fig. 3(e)). The instants of the complete fracture are shown in
Fig. 3(h).

Similar results were also observed for armchair/zigzag y-GNTs
(Fig. 4) and and CNTs (Fig. 5). Fig. 4(d), (e), (i), (j) show how the
aromatic ring and the neighboring acetylene groups change during
stretching. For the armchair y-GNT, the six acetylene chains work as
stress transmitter to the aromatic ring until the ring fracture. For the
zigzag y-GNT the fracture pattern is different with the fracture occur-
ring on the single bonds of the acetylene groups. For CNTs (Fig. 5), the
stress is highly accumulated on the zigzag chains along the direction of
the nanotube main axis, as in GNTs. The fracture starts from the bonds
parallel and nearly parallel to the nanotube main axis for the zigzag and
armchair CNTs, respectively. Because CNTs lack the acetylene chains,
the structure is more rigid, the stress is accumulated directly on the
hexagonal rings, the critical strains are smaller, and the ultimate
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Fig. 3. Representative MD snapshots of a tensile stretch of the armchair (4, 4) (top) and zigzag (4, 0) (bottom) @« — GNT. (a, f) Lateral view of the strained nanotube
colored accordingly to the von Mises stress values (low stress in blue and high stress in red). (b, g) Zoomed view of the starting of bond breaking. (c,h) MD snapshot of
the nanotube just after fracture. Diagrams showing the ring dynamics of the armchair ((d) and (e)) and zigzag ((i) and (j)) a-GNT can also be seen.

strength value is larger.

The stress-strain curves for a-GNTs, y-GNTs, and CNTs with similar
diameters (Fig. 6) are characterized by the existence of linear (elastic)
and plastic regimes, where the bonds start to break until reaching a
complete fracture, which is characterized by an abrupt stress drop. The
Young’s modulus values of the nanotubes studied here are presented in
Table 3. The obtained Young’s modulus of the (25, 25) and (25, 0) CNTs
were 995 GPa and 821 GPa, respectively, in good agreement with the
average value 1020 GPa of single-walled CNTs obtained by Krishnan
et al. [50]. As expected from the dynamics of the pore shape, y-GNTs
exhibit higher Young’s modulus values when compared to a-GNTs ones.
The average Young’s modulus values of the (5, 5) y-GNT calculated here
was 465 GPa, which is in agreement with a recent study, developed
with the use of (AIREBO) potential, in which the obtained Young’s
modulus value was 466 GPa [25,28].

The normalized Young’s modulus Y, are presented in Table 3. While
the a-GNTs values are small, the corresponding ones of y-GNTs and
CNTs are comparable, indicating that when the density is taken into
account, in spite of their porosity, it is still possible to have graphyne
structures with relative high Y, values. This is clearly evidenced for the
case of (9, 0) y-GNT, which possesses an even higher Y, in comparison
to conventional CNTs.

In Fig. 7 we present the stress-strain curves obtained from DFT
calculations for some a-GNTs, y-GNTs, and CNTs superimposed with
the same curves obtained from MD simulations. As we can see from the
Figure, there is a good agreement between the methods, especially re-
garding the linear regime (Young’s modulus vales) and ultimate
strength (US) values, although there is a tendency of larger values from
DFT results.

The a-GNTs are predicted to have the lowest Young’s modulus value
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Fig. 4. Representative MD snapshots of a tensile stretch of the armchair (4, 4) (top) and zigzag (4, 0) (bottom) y — GNT. (a, f) Lateral view of the strained nanotube
colored accordingly to the von Mises stress values (low stress in blue and high stress in red). (b, g) Zoomed view of the starting of bond breaking. (c, h) MD snapshot
of the nanotube just after fracture. Diagrams showing the ring dynamics of the armchair ((d) and (e)) and zigzag ((i) and (j)) y-GNT can also be seen.

when compared to y-GNTs and the corresponding CNTs. We also ob-
tained similar fracture patterns from both MD and DFT methods which
bond breaking evolves initially, for example, from the single bonds for
a-GNTs (see Supplementary material). Interestingly, a-GNTs become
stiffer as they are stretched. The values of Young’s modulus for a-GNTs
are almost twice from the unstrained configuration (171 GPa and
80 GPa for (4,4) and (4,0), respectively) to strained configuration of
g, = 0.18 — 0.24. Also, the large flexibility of a-GNTs leads to critical
strains up to 40% of their original length and considerable toughness
values, as can be seen in Table 4.

In Fig. 8 we plot the ultimate strength (US) as a function of the
Young’s modulus values for CNTs, y-GNTs and a-GNTs, for DFT and MD
results. As we can see from this Figure, there is a good agreement be-
tween DFT and MD results as the structures occupy different niche
values. With relation to these aspects, conventional CNTs perform
better as they possess the highest Young’s modulus and ultimate

strength values, followed by y-GNTs with intermediate values and lastly
by «-GNTs with lower values.

Despite our study was focused in first-order elastic properties and
fracture behavior, we have performed non-linear analysis of our stress-
strain curves. Since the graphyne nanotubes studied here in our paper
are typical 1D nanomaterials, the higher-order elastic modulus tensor C
is, by definition, very simple. Following the nomenclature used in [13],
the Ci1, Ci11, Ci111, Ci1111 coefficients are respectively the second-order
elastic constants (SOEC), third-order elastic constants (TOEC), fourth-
order elastic constants (FOEC), and fifth-order elastic constants
(FFOEC) values. Therefore, the stress-strain curves of graphyne nano-
tubes were fitted with a non-linear polynomial relation up to 4th order
of strain:

B

2

2, Y3, 0 4
g + & + —¢

o(GPa) = ag, + al PR 4
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Fig. 5. Representative MD snapshots of a tensile stretch of conventional CNTs (armchair (11, 11) (top) and zigzag (11, 0) (bottom)). (a, d) Lateral view of the strained
nanotube colored accordingly to the von Mises stress values (low stress in blue and high stress in red). (b, €) Zoomed view of the starting of bond breaking. (c, f) MD

snapshot of the nanotube just after fracture.
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Fig. 6. Stress-strain curves obtained for CNTs ((25, 25) and (25, 0), green color), a-GNTs ((9, 9) and (9, 0), red color), and y-GNTs ((9, 9) and (9, 0), blue color) at 300

K.

Coefficients (a, 8, y, 8) of Eq. (4) are the non-linear elastic constants
(SOEC, TOEC, FOEC and FFOEC, respectively) of such 1D system. The
results of the non-linear elastic constants are grouped in SOEC, TOEC,
FOEC and FFOEC and listed in Table 5 in units of GPa.

From Table 5, we can see that TOECs and FFOECs are all negative
while all FOECs are positive, except in the case of a-GNT(4,4) within
DFT framework and y-GNT(4,4) within MD framework. This behavior is
similar to that was found by Peng et al. [13] in the study of 2D gra-
phyne stretched membranes. As discussed before, the DFT stress strain
curves show that y-GNT tubes will soften when the strain is larger than
an ideal strain. From the view of electron bonding, this is due to the
bond weakening and breaking and determined by the negative TOECs

and FFOECs values, since the negative values of TOECs and FFOECs
ensure the softening of those graphyne tubes under large strain beyond
ideal strains. In the case of a-GNT(4,4), the DFT stress-strain curves
show that there is a local hardening before the softening close to the
rupture. We suggest that those effect are not observed a-GNT(4,4)
within MD framework due to temperature effects.

4. Conclusions
We investigated the structural and mechanical properties of gra-

phyne tubes (GNTs) of different diameters and chiralities, through fully
atomistic reactive molecular dynamics and DFT calculations. We also
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Table 3

Young’s modulus (Y) and normalized Young’s modulus (Y;) values for CNTs, a- and y-GNTs.
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CNT Y (GPa) GPa.m3 a-GNT Y (GPa) GPa.m3 7-GNT Y (GPa) GPa.m3
e ( kg ) Y"( kg ) Y"( kg )
(11,0) 710 0.3185 (4,0) 80 0.0711 (4,0) 581 0.3386
(14,0) 811 0.3662 (5,0) 77 0.0680 (5,0) 525 0.3061
(25,0) 821 0.3699 9,0) 75 0.0668 9,0) 657 0.3831
(50,0) 881 0.3956 (18,0) 70 0.0621 (18,0) 633 0.3684
1,11 953 0.4298 4,49 171 0.1518 4,49 430 0.2530
(14,14) 998 0.4553 (5,5) 157 0.1414 (5,5) 465 0.2761
(25,25) 995 0.4532 9,9 145 0.1285 9,9) 463 0.2742
(50,50) 911 0.4137 (18,18) 149 0.1325 (18,18) 472 0.2842
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Fig. 7. Stress-strain curves obtained from DFT and MD calculations for con-
ventional CNTs, a-GNTs and y-GNTs.

Table 4
Toughness (7) for different nanotubes calculated
from DFT calculations.

Young Modulus (GPa)

Fig. 8. Ultimate Strength (US) values as function of the Young’s modulus values
for different structures. CNTs, y-GNTs and a-GNTs are respectively in black,
blue and red. Filled (open) symbols hold for MD (DFT) results.

Table 5

Non-linear elastic constants (in units of GPa) obtained for all simulated systems.
Validation of continuum description of stress-strain curves are indicated by the
maximum strain used (¢;"™) in the non-linear fitting which is close to the ob-
served critical strain ().

Chirality 7 (GJ/m®)
a-GNT (4,0) 7.68
a-GNT (4,4) 7.38
7-GNT (4,0) 9.63
7-GNT (4,4) 5.58

CNT (7,7) 15.99
CNT (11,0) 15.87
CNT (20,0) 13.93
CNT (12,12) 14.00

considered conventional carbon nanotubes (CNTs), for comparison
purposes. Our results show that the complete structural failure (frac-
ture) of both zigzag-alligned CNTs and y-GNTs occurred around similar
critical strain values ((¢.)), but quite distinctly for armchair CNTs and
y-GNTs. In particular, a-GNTs showed the highest (¢.) values for both
zigzag and armchair nanotubes. With relation to the fracture patterns,
under stretch the stress accumulation occur along lines of covalent
bonds parallel to the externally applied strain direction. These lines are
composed of single and triple bonds in the armchair a-GNTs and only
by double bonds in the zigzag «-GNTs. Similar results were obtained for
¥-GNTs. The stress-strain curves for a-GNTs, y-GNTs, and CNTs with
similar diameters are characterized by the existence of linear (elastic)
and plastic regimes, where the bonds start to break and propagate until
reaching a complete fracture. But in contrast to CNTs, graphyne na-
notubes exhibit significant diameter-dependent structural transitions

Nanotube SOEC ()  TOEC (B) FOEC () FFOEC () g
CNT(11,0)-DFT 1016.21 —5317.03 17730.05 —228023.99 0.22
CNT(7,7)-DFT 1048.51 —-7174.16 65476.32 —701708.82 0.22

y-(4,0)-DFT 469.51 —450.39 30111.25 —962105.16 0.18
y-(4,4)-DFT 498.24 —2429.72 34641.83 —691508.93 0.17
a-(4,4)-DFT 33.62 3335.77 —35642.25 131374.36 0.30
a-(4,0)-DFT 77.13 —963.66 48210.28 —479692.13 0.22
v-(4,0)-MD 516.43 —8464.34 425043.55 —6667006.00 0.14
y-(4,4)-MD 195.40 12351.78 —358263.30 4398955.07 0.11
a-(4,4)-MD 125.30 —2263.14 101451.39 —914086.19 0.18
a-(4,0)-MD 178.09 —6582.69 164428.52 —1364723.00 0.24

after threshold (e.). With relation to the Young’s modulus values, as
expected CNTs exhibit larger values than graphyne nanotubes, but
when these values are density normalized (Y,), the graphyne and CNTs
values are comparable, indicating that in spite of their porosity, it is still
possible to have graphyne structures with relative high Y, values.

Data availability

The data required to reproduce the work reported in the manuscript
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gmail.com.
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01. Stress-strain curves using several ReaxFF sets.

Several stretching tests in conventional and graphyne carbon nanotubes were carried out

considering different sets of ReaxFF parameters.
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Figure 1. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-2013 [1]

parameters.
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Figure 2. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-CHO [2]

parameters.
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Figure 3. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-Mattsson [3]

set of parameters.
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Figure 4. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-Budzien [4]

set of parameters.
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Figure 5. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-FC [5] set of

parameters.
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Figure 6. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-FeOH [6]
set of parameters.
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Figure 7. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-Muller [7]

set of parameters.
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Figure 8. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) ReaxFF-RDX [8] set of

parameters.
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Figure 9. Stress strain curve of a-GNT(4,0), CNT(11,0) and g-GNT(4,0) using ReaxFF-VOCH [9]

set of parameters.

Table 01. Comparison between different ReaxFF set of parameters

ReaxFF set 4-GNT(4,0) v-GNT(4,0) CNT(11,0)
YM. | Critical |US(GPa)| YM. | Critical |US(GPa)| YM. | Critical | US (GPa)
(GPa) | gtrain (GPa) | gtrain (GP2) | gtrain
(%) (%) (%)

Ref.[1] 102.1 28.2 45.0 310.8 45.7 59.0 429.5 32.9 130.0
Ref.[2] 96.5 22.0 38.6 662.8 20.0 74.3 1018.0 | 24.5 109.9
Ref.[3] 80.0 24.0 45.0 581.0 14.0 81.0 710.0 16.0 122.0
Ref.[4] 79.8 31.8 55.3 567.9 21.2 91.5 681.9 19.1 158.5
Ref.[5] 77.6 34.5 58.5 547.7 20.2 94.6 859.5 20.3 193.0
Ref.[6] 74.6 36.2 71.1 524.6 17.0 90.0 708.7 20.4 191.9
Ref.[7] 78.1 34.66 58.5 547.7 20.1 94.6 859.5 20.3 193.0
Ref.[8] 79.3 27.2 48.0 559.5 20.4 86.4 667.5 19.5 155.0
Ref.[9] 102.4 43.6 35.6 652.6 21.2 63.3 1011.9 | 24.7 110.7




02. Bond Length Evolution

In order to illustrate how the bonds behave during the stretch process, we calculated the average
bond length considering 5 simple and triple bonds randomly selected in the direction of the applied
strain as a function of the strain for the (9,9) a-GNT (MD framework) and (4,4) a-GNT (DFT
framework) as one can observe in Figure 10a and 10b respectively. It is possible to see that the
simple bonds stretch much more than the triple ones, what makes the fracture start at the simple
bonds. After the fracture, there is a significative relaxation of simple bonds stretching.
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Figure 10: Average bond length evolution of simple and triple bonds in ®-GNT(9,9) nanotubes
whitin MD framework (a) and a-GNT(4,4) whitin DFT framework (b).
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