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A B S T R A C T

Two-dimensional (2D) materials are widely applicable in emerging technologies, with graphene remaining
a focal point of interest. Among the computationally designed 2D carbon allotropes is PAI-Graphene (PAI-
G), formed through the lateral polymerization of molecules containing 5- and 6-membered rings, specifically
Polimerized as-Indacene. This study employs reactive molecular dynamics simulations to explore the thermal
and mechanical properties of PAI-G monolayers and nanotubes using the AIREBO-M potential. The results
reveal that the melting point of PAI-G is 3200 K, significantly lower than that of graphene. Anisotropic
behavior in elastic properties is observed in PAI-G monolayers, with similar trends seen in nanotubes of varying
chiralities. The Young’s modulus values for these systems range between 650 and 900 GPa. Furthermore, the
analysis of nanotubes across different diameters unveils a correlation between diameter and elastic constants.
A Machine Learning Interatomic Potential (MLIP) was trained to confirm the appropriateness of the standard
parameterized AIREBO-M potential for describing the thermomechanical behavior of PAI-G.
1. Introduction

Over the past three decades, there has been extensive research on
two-dimensional (2D) materials [1]. In 2004, graphene was successfully
obtained in experiments [2]. This breakthrough marked a significant
turning point, leading to a notable surge in research activity within
the field of nanoscience [3]. Studies on graphene have highlighted
its remarkable properties, including high mechanical strength, light-
ness, transparency, and outstanding electrical and thermal conductivity
[4,5]. These attributes have sparked immense interest in graphene and
positioned it as a promising material for a wide range of applications,
such as electronic devices [6], energy storage systems [7], and sensor
technologies [8]. Following the successful synthesis of graphene, con-
siderable efforts have been directed toward the theoretical proposition
and experimental synthesis of new materials with properties compara-
ble to or even surpassing those of graphene. This concerted endeavor
has led to the discovery and development of various carbon allotropes
exhibiting similar characteristics [9–20].

The large-scale production of these 2D materials is increasingly im-
perative to make their applications globally accessible [1]. In this con-
text, several 2D carbon allotropes, such as 𝛾-graphene [21], monolayer
amorphous carbon [22], biphenylene monolayer [19], and fullerene
network [20], have been synthesized and extensively discussed in
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the literature. The versatile application potential of these materials
across various domains underscores the indispensability of ongoing
investigations in this field [23].

While synthesizing novel materials poses significant challenges,
their theoretical proposals offer valuable insights and potential avenues
for experimental exploration [24,25]. The theoretical proposals consti-
tute the primary focus for the computational modeling of novel struc-
tures [26,27]. Generally, the presentation of a novel computationally
designed structure is intended to contribute to the ongoing discourse
surrounding innovative 2D carbon-based material design [28,29], ac-
knowledging its theoretical nature and potential impact if successfully
synthesized. The importance of experimental validation for the com-
putational proposed materials is fully understood, and the recognition
of the complexity and time-consuming nature of the journey from
theoretical proposal to laboratory synthesis is present. However, opti-
mism about the feasibility of realizing this structure remains, especially
considering the recent advancements in synthesizing biphenylene [19]
and monolayer fullerene [20] networks.

Recently, a novel carbon allotrope was proposed featuring a unique
arrangement of polymerized as-indacene molecules in a zigzag pattern
(PAI-G) [11]. This material falls into the pure crystalline topologi-
cal semimetals category, characterized by anisotropic Fermi velocities
https://doi.org/10.1016/j.mtcomm.2024.109591
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reaching values as high as 7×105 m∕s. PAI-G garners attention for its in-
triguing electronic properties, boasting two ideally located Dirac cones
at the Fermi level. PAI-G exhibits monoatomic thickness and a smooth,
featureless surface. In terms of hybridization, PAI-G exclusively adopts
the sp2 configuration. Furthermore, it maintains its intrinsic metallicity
even after Li/Na adsorption, ensuring favorable conductivities as an
electrode [11]. PAI-G also demonstrates a significantly low open-circuit
voltage (0.342–0.190 V for Li, 0.339–0.233 V for Na) and diffusion
barriers of 0.34 eV for Li and 0.17 eV for Na, suggesting its potential
application as an anode [11,30].

PAI-G presents a lattice structure composed of 5, 6, and 7 rings of
carbon atoms, which was obtained using an evolutionary algorithm
based on the USPEX code [31]. Another allotrope similar to PAI-G
is PSI-Graphene (PSI-G, Polymerized S-Indacene), which shares the
same types of rings but is arranged differently [32,33]. In addition
to the electronic characteristics explored in PAI-G, a comprehensive
understanding of its thermal and mechanical properties is needed. Such
insights are crucial for the thorough characterization and potential
synthesis of this material in the future.

This study conducted fully atomistic simulations using reactive
molecular dynamics (MD) to investigate the thermal and mechanical
properties of PAI-G. The stress–strain characteristics of monolayers and
nanotubes (with different diameters and chiralities) were discussed. A
heat-ramp protocol was also employed to study its thermal properties.
Our results demonstrate that Young’s modulus of PAI-G varies between
approximately 650 and 900 GPa, with its critical temperature (melting)
at approximately 3200 K, significantly lower than that of graphene. A
Machine Learning Interatomic Potential (MLIP) was trained to confirm
the appropriateness of the standard parameterized potential used for
describing the thermomechanical behavior of PAI-G.

2. Methodology

To characterize the mechanical and thermal properties of PAI-G
monolayers and nanotubes (PAI-GNTs), reactive MD simulations were
conducted using the LAMMPS [34,35] software and the modified Adap-
tive Empirical Reactive Intermolecular Bond Order (AIREBO-M) [36]
potential. Reactive potentials, known for their accuracy in predicting
chemical bond breaking and formation, have been successfully em-
ployed in numerous prior studies to investigate the thermomechanical
properties of 2D carbon-based materials, as presented in these Refs. [10,
37–39].

While the standard AIREBO potential has been widely used for
hydrocarbons to study dynamic bonding processes under ambient con-
ditions [40], its reliance on a Lennard–Jones (LJ) potential for inter-
molecular interactions poses limitations. Specifically, the LJ potential’s
unphysically divergent power-law repulsion can cause AIREBO to falter
when applied to systems under high pressure. To address this issue, the
modified potential, AIREBO-M, replaces the singular LJ potential with a
Morse potential [36]. This modification enhances intermolecular steric
repulsions while preserving the ambient thermodynamics of the origi-
nal potentials to the greatest extent possible. A Machine Learning In-
teratomic Potential (MLIP) was trained to confirm the appropriateness
of the standard parameterized AIREBO-M potential used for describing
the thermomechanical behavior of PAI-G. The supplementary material
presents details on the MLIP simulations.

The thermal and mechanical characteristics of PAI-G were assessed
in two different arrangements: monolayers and nanotubes. For nan-
otubes, variations in diameter and chirality were explored, with the
longitudinal direction aligned parallel to the 𝑧 axis. Periodic boundary
onditions in the 𝑥 and 𝑦 directions for monolayers and in the 𝑧
irection for nanotubes were applied. A vacuum distance of 250 Å was
aintained in all systems to prevent interaction with images in the
on-periodic directions.

Seven distinct types of structures based on PAI-G were analyzed. The
D case, with an area of 1.54 μm2 containing 5712 carbon atoms, was
 M
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Table 1
Structural PAI-GNTs information.

Chirality (𝑚, 𝑛) Length (Å) Diameter (Å) Number of atoms

(0,2) 98.95 4.59 528
(0,5) 98.95 11.47 1320
(0,9) 98.95 20.64 2376
(2,0) 100.88 5.73 672
(4,0) 100.88 11.45 1344
(7,0) 100.88 20.04 2352

derived from a supercell with 14 × 17 × 1 replications of the unit cell,
based on the lattice vectors 𝑎 and 𝑏⃗ (see Fig. 1). Regarding 1D systems,
the structures were categorized into two distinct classes based on their
chiralities. The chiral vector 𝐶ℎ = 𝑚 ⋅ 𝑎1 + 𝑛 ⋅ 𝑏⃗ = (𝑚, 𝑛) is defined by the
number of replications in different directions of the unit cell, where 𝑚
and 𝑛 are integers.

The chiral vector determines the circumference length of the nan-
otubes and, consequently, the winding direction of the systems. In
this way, the nanotubes are distinguished based on their chiral vector.
PAI-GNT(𝑚, 𝑛) is the nanotube whose winding occurs in the direction
of the vector 𝐶ℎ = (𝑚, 𝑛), and the diameter is 𝑑𝑚,𝑛 = |𝐶ℎ|∕𝜋 =

(1∕𝜋)
√

𝑚2 ⋅ |𝑎|2 + 𝑛2 ⋅ |𝑏⃗|
2
. The nanotube length is determined by the

agnitude of the translational vector 𝑇 = 𝑡1 ⋅ 𝑎 + 𝑡2 ⋅ 𝑏⃗, which is
erpendicular to 𝐶ℎ, i.e., 𝐶ℎ ⋅ 𝑇 = 0, with 𝑡1 and 𝑡2 being integers.

Here, two chiralities and three distinct diameters were chosen. The
btained chiralities are (𝑚, 0) and (0, 𝑛). In this perspective, 𝑑(𝑚,0) =
⋅ |𝑎|∕𝜋 and 𝑑(0,𝑛) = 𝑛 ⋅ |𝑏⃗|∕𝜋, with translational vectors 𝑇(𝑚,0) = 𝑡2 ⋅ 𝑏⃗ and

𝑇(0,𝑛) = 𝑡1 ⋅ 𝑎, respectively. For a better comparison between chiralities,
three similar diameters were chosen in each case, with dimensions
approximately 5, 10, and 20 Å (see Fig. 2). For the length of the
nanotubes, according to the presentation above, 𝑡1 = 11 and 𝑡2 = 14

ere chosen to obtain systems with lengths close to 100 Å. Structural
nformation for the nanotubes is presented in Table 1.

The equations of motion were solved using the Velocity-Verlet
lgorithm, with an integration time step of 0.1 fs [41]. In all simula-
ions, the isobaric-isothermal ensemble with the Nosé–Hoover thermo-
tat [42] was employed to maintain a constant temperature. Initially,

50 ps equilibration process was undertaken to eliminate internal
esidual stress in the structure at 300 K. Following this equilibration
rocess and ensuring zero pressure and thermalization at room temper-
ture, two distinct protocols were executed for heating and strain. To
omprehensively characterize the thermal and mechanical properties
f PAI-G, each simulation was repeated five times with different sets
f initial velocities. The physical characteristics of these systems were
etermined from the averages and errors of the samples.

To analyze how PAI-G responds to temperature changes, we sub-
ected the system to a gradual temperature increase from 300 to 10000

at approximately 4×10−3 K per time step. By calculating the system’s
otal energy and monitoring its temperature, the melting temperature
as determined. Additionally, snapshots of significant moments were

aptured to provide insights into the structural evolution of the system
s temperature rose.

Uniaxial strains are assigned to each system for the tensile loading
imulations of PAI-G. For 2D systems, strains were applied in the 𝑥 and
directions, while for PAI-GNTs, strains were applied in the 𝑧 direction.

n the case of monolayers, the NPT ensemble was employed to allow the
ystem to adjust in directions perpendicular to the strain, accounting for
oisson’s effect. The strain was applied by deforming the simulation
ox at a rate of 10−6 fs−1 until reaching a maximum strain of 50%
f the original structure size in the evaluated direction (a total of 5
illion integration steps). Physical information about the system was

xtracted, including total stress, Young’s modulus, and critical strain
nd stress. Like in the melting case, MD snapshots were also captured
f specific strain moments for visualization using the VMD (Visual

olecular Dynamics [43]) software (Humphrey et al. 1996).
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Fig. 1. Monolayer PAI-G, enlarged for better visualization of its unit cell, which has a rectangular shape and is composed of 24 atoms, defined by the lattice vectors 𝑎 and 𝑏⃗. The
dimensions of the unit cell are |𝑎| = 8.995 and |𝑏⃗| = 7.206 Å.
Fig. 2. Schematic representation of the nanotubes under evaluation, along with their respective dimensions. The upper section of the figure presents the lateral (a) and frontal
(b) views of PAI-GNT(0,5) to examine the edge type of the systems (0, 𝑛) alongside a comparison of the investigated diameters for this chirality (c). The lower section provides
the lateral (d) and frontal (e) views of the PAI-GNT(𝑚, 0) systems alongside a comparison of the investigated diameters for this chirality (f). Additional structural details about the
systems can be found in Table 1.
3. Results

3.1. Thermal characterization

To examine how PAI-G monolayers respond to changes in the ther-
mal bath temperature, the total energy and system temperature were
monitored at intervals of 100 fs over a simulation time of 250 ps. The
thermal bath temperature ranged from 300 K to 10000 K. Fig. 3 depicts
the correlation between the temperature over time with the total energy
of the system and the thermal capacity. Green curves represent the total
energy as a function of temperature for five sets of initial velocities. The
total capacity, depicted by orange curves, is represented as a function
of temperature for the same five sets of initial velocities. The system’s
total volume remains constant since the canonical ensemble (NVT) was
employed. Therefore, the heat capacity, defined as 𝐶𝑉 = 𝛿𝑄∕𝑑𝑇 =
(𝜕𝑈∕𝜕𝑇 )𝑉 , was evaluated and normalized.

Fig. 3 shows that the five initial configurations studied exhibit a
convergence to the same behavior. The total energy increases with
3 
temperature, delineating four distinct regimes defined by tempera-
ture ranges: 300 to 2000 K, 2000 to 3000 K, 3000 to 6000 K, and
above 6000 K. Up to 2000 K, PAI-G demonstrates a linear increase
in total energy, indicating no phase change within the system. This
trend illustrates the thermal stability of PAI-G up to this critical tem-
perature, rendering it suitable for various applications subjected to
high-temperature fluctuations. Between 2000 and 3000 K, the melting
process of the system initiates, with the melting temperature defined as
the point where the most significant variation in total system energy
occurs (about 3200 K for all sets of initial velocities). This melting
temperature is considerably lower than the one reported for graphene,
approximately 4510 K [44]. In the 3000 to 6000 K range, the system
exhibits the clustering of fragments that disintegrate as the temperature
increases, leading to a sub-peak in the heat capacity within this region.
Beyond 6000 K, the system displays gas-like characteristics, with the
rise in energy in this new phase reverting to a linear trend.

In line with the variations in the total energy of PAI-G, as presented
in Figs. 3, 4 shows snapshots of the heating process for the PAI-G
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Fig. 3. Total energy (green) and heat capacity (𝐶𝑉 ) (orange) of a PAI-G monolayer as
a function of temperature for the five heating simulations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

monolayer. These selected moments at specific temperatures detail the
entire melting process of the system. Fig. 4(a) depicts the system’s
initial state after the equilibration and thermalization (300 K). At an
order of magnitude above (2140 K, Fig. 4(b)), in terms of system
temperature, PAI-G shows no phase transition with some lattice defects,
remaining reasonably stable in this temperature range. At 2280 K,
Fig. 4(c) displays the system partially melted but still with regions
exhibiting high crystallinity of PAI-G. The melting process of the system
begins at this temperature, and it is concluded at approximately 3200
K, involving the formation of nano-pores in the monolayer and the
appearance of Linear Atomic Chains (LACs), as illustrated in Fig. 4(c).
This trend marks the collapse point of the system, transitioning away
from being a monolayer. Beyond this point, at 8000 K (Fig. 4(d)), LACs
begin to disperse, and the material adopts a carbon gas form.

3.2. Mechanical characterization

We now discuss the mechanical properties of PAI-G and PAI-GNTs.
Fig. 5 illustrates the stress–strain curves for PAI-G monolayers. Stress
is computed as 𝜎𝑥,𝑦 =

∑

𝑖 𝑆𝑥𝑥,𝑦𝑦∕𝑉2𝐷, where 𝑆𝑥𝑥,𝑦𝑦 = −𝑚𝑣2𝑥𝑥,𝑦𝑦 −𝑊𝑥𝑥,𝑦𝑦
represents the stress tensor for each atom 𝑖 along directions 𝑥 or 𝑦.
Here, the first term denotes the kinetic energy contribution of atom
𝑖, and 𝑊𝑥𝑥,𝑦𝑦 signifies the virial contribution from interatomic inter-
actions [38]. The effective volume of the system, denoted as 𝑉2𝐷, is
determined by 𝑉2𝐷 = 𝑙𝑥 ⋅ 𝑙𝑦 ⋅ 𝑑0, with 𝑙𝑥 and 𝑙𝑦 representing the box
dimensions in the 𝑥 and 𝑦 directions, respectively, and 𝑑0 denoting the
thickness of the system. For consistency with graphene, we set 𝑑0 = 3.5
Å [45].

In Fig. 5, the stress–strain curves with uniaxial stress applied in the
𝑥 and 𝑦 directions are depicted in Figs. 5(a) and 5(b), respectively.
In both cases, the abrupt transition between the elastic and plastic
regimes is observed near the total fracture of the system. Furthermore,
the consistency of the model applied here is evident in the parity of
the curves concerning the different initial velocity configurations. In
Fig. 5(a), with strain applied in the 𝑥 direction, a linear regime is
observed up to a strain close to 10% of the length of the structure
in that direction. This initial linear behavior confirms the absence of
material roughness and the presence of atoms out of the plane in the
dimensions investigated here. In this linear region, between 0 and
1%, a fit was performed to obtain the Young’s modulus (𝑌 ) of the
𝑀
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Table 2
Elastic constants for strains in 𝑥 and 𝑦 of PAI-G.

Strain direction 𝑌𝑀 (GPa) 𝜎𝐶 (GPa) 𝜀𝐶 (%)

𝑥 706.60 ± 70.76 83.91 ± 1.49 13.64 ± 0.38
𝑦 815.20 ± 35.42 94.48 ± 0.96 14.10 ± 0.26

material in this direction. For strain in the 𝑥 direction, PAI-G exhibits
𝑌𝑀 = 706.60 ± 70.76 GPa, which corresponds to approximately 75% of
Young’s modulus of graphene [46]. This case’s critical stress 𝜎𝐶 occurs
at 83.91 ± 1.49 GPa, along with the critical strain 𝜀𝐶 of approximately
13.64 ± 0.38%.

Fig. 5(b) shows the results for the strain applied in the 𝑦 direction.
The system behaves similarly to the case of the 𝑥 direction. Still, it
appears stiffer, with 𝑌𝑀 = 815.20 ± 35.42 GPa. Its fracture occurs
with a smaller strain at 𝜀𝐶 = 14.10 ± 0.26%, with critical stress of
𝜎𝐶 = 94.48±0.96 GPa. This slight additional stiffness can be understood
from the bonds involving both directions of PAI-G, which has a more
significant number of bonds with closer alignment to the 𝑦 direction
than the 𝑥 direction, generating higher stress for an equivalent strain
in this direction. Similar to the 𝑥 direction, strain in 𝑦 in only one case
involves the formation of LACs after the system’s collapse, with total
rupture around 15%. Detailed information on the elastic constants of
PAI-G is presented in Table 2.

Figs. 6 and 7 illustrate representative MD snapshots for the stress–
strain interplay in 𝑥 and 𝑦 directions presented in Fig. 5, respectively.
To better elucidate the stress distribution in the system, the von Mises
tensor (𝜎𝑖VM) was used as it provides local information about the
accumulated stress. The 𝜎𝑖VM for atom 𝑖 is defined as:

𝜎𝑖VM =
√

(𝜎𝑖𝑥𝑥 − 𝜎𝑖𝑦𝑦)2 + (𝜎𝑖𝑦𝑦 − 𝜎𝑖𝑧𝑧)2 + (𝜎𝑖𝑥𝑥 − 𝜎𝑖𝑧𝑧)2 + 6
(

(𝜎𝑖𝑥𝑦)2 + (𝜎𝑖𝑦𝑧)2 + (𝜎𝑖𝑧𝑥)2
)

2
,

(1)

where 𝜎𝑖𝑥𝑥, 𝜎𝑖𝑦𝑦, and 𝜎𝑖𝑧𝑧 are the normal stress components, and 𝜎𝑖𝑥𝑦, 𝜎𝑖𝑦𝑧,
and 𝜎𝑖𝑧𝑥 are the shear stress components. The VM stress helps to reveal
the regions that accumulate stress and, consequently, the first bond to
break.

In Fig. 6(a), the PAI-G is strained in the 𝑥 direction by 1%. This
material supports stress without bond breakings until 13% of strain, as
illustrated in Fig. 6(b). In Fig. 6(c), one can note that at 14% of strain,
the system fractures rapidly into two parts, leading to the formation
of highly tensioned LACs, ultimately resulting in the total fracture of
the system at 20% of strain, as depicted in Fig. 6(d). The fracture
propagates perpendicularly to the direction of the applied strain. This
fracture process is consistent with the trend for the stress–strain curves
presented above. It is worth mentioning that the fracture process in
the 𝑥 direction is analogous when the tensile loading is applied in the
𝑦 direction, as shown in Figs. 7(a–d).

The same stretching process was applied to study PAI-GNTs. The
stress in the nanotubes is calculated similarly to the 2D systems, with
𝜎𝑧 =

∑

𝑖 𝑆𝑧𝑧∕𝑉1𝐷. Once again, the first and second terms correspond
to the kinetic energy contribution and the virial contribution in the 𝑧
direction. However, the effective volume of the system should not take
into account the inner part of the tube, so 𝑉1𝐷 = |𝐶ℎ| ⋅ |𝑇 | ⋅ 𝑑0 in each
case.

The six different nanotubes studied here were discussed in the
previous section, and their structural characteristics are presented in
Table 1. In this way, Fig. 8 shows the different simulations (distinct
initial velocity configurations) for all PAI-GNTs investigated here. In
the case of PAI-GNT(0, 𝑛) systems, the translation vector 𝑇(0,𝑛) is parallel
to the lattice vector 𝑎, which also corresponds to the strain direction.
Thus, it is expected that for nanotubes with a larger diameter, the
stress–strain characteristics and the elastic constants will approach the
case of 2D strain in 𝑥 due to the decrease in system curvature. The
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Fig. 4. Representative MD snapshots of the temperature variation in a PAI-G monolayer. Panels (a) to (d) depict the system at temperatures of 300, 2140, 2280, and 8000 K,
respectively.
Fig. 5. Stress–strain curves of PAI-G with uniaxial strain in the (a) 𝑥 direction and (b) 𝑦 direction.
same trend holds for PAI-GNT(𝑚, 0) nanotubes, whose strain direction
is the vector 𝑇(𝑚,0) ∥ 𝑏⃗, which resembles, in larger diameters, PAI-G
monolayers subjected to strain in 𝑦.

In Fig. 8(a), the case PAI-GNT(0,2) system is presented. With a
diameter close to 5 Å, this system exhibits significant curvature, with
greater angle variation between atoms than PAI-G. Additionally, there
5 
are Van der Waals (VdW) interactions between its inner walls. These
factors contribute to a system with lower stability than tubes with
larger diameters or the 2D topology. It can be observed that the stress–
strain curve pattern is similar to the case of 2D strain in the 𝑥 direction,
as discussed above. However, plateaus are presented after the critical
strain, denoting the constant bond reconstructions imposed by the small
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Fig. 6. Representative MD snapshots for the tensile loading simulation of PAI-G in the 𝑥 direction. Panels (a) to (d) show 1, 13, 14, and 20% strain levels, respectively. The color
coding corresponds to the von Mises stress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Representative MD snapshots for the tensile loading simulation of PAI-G in the 𝑥 direction. Panels (a) to (d) show 1, 14, 15, and 20% strain levels, respectively. The color
coding corresponds to the von Mises stress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Materials Today Communications 40 (2024) 109591 
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Fig. 8. Stress–strain relationship for the PAI-GNT(𝑚, 𝑛) systems studied here with different chiralities, (𝑚 ≠ 0 ∧ 𝑛 = 0) (a–c) ∨(𝑚 = 0 ∧ 𝑛 ≠ 0) (d–f), and diameters. Different colors
in each panel represent different initial configurations used under the same conditions. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Table 3
Elastic constants of PAI-GNTs.

Chirality (𝑚, 𝑛) 𝑌𝑀 (GPa) 𝜎𝐶 (GPa) 𝜀𝐶 (%)

PAI-GNT(0,2) 657.17 ± 29.08 56.50 ± 3.64 10.68 ± 0.61
PAI-GNT(0,5) 785.09 ± 4.82 78.32 ± 0.76 13.33 ± 0.18
PAI-GNT(0,9) 807.86 ± 6.46 79.63 ± 1.45 13.10 ± 0.33
PAI-GNT(2,0) 808.74 ± 5.54 78.90 ± 0.58 13.31 ± 0.13
PAI-GNT(4,0) 872.20 ± 1.97 88.21 ± 0.85 13.77 ± 0.32
PAI-GNT(7,0) 891.62 ± 11.59 89.96 ± 1.56 13.71 ± 0.34

tube diameter. Despite still being a ductile fracture, unlike PAI-G, the
transition between elastic and collapsed states is still abrupt.

Regarding the elastic constants of PAI-GNT(0,2), 𝑌𝑀 for this diam-
eter is 657.17 ± 29.08 GPa. This error in calculating 𝑌𝑀 is attributed
to the system’s unstable characteristics, and it is 20% lower than the
average value for the 2D system. Similarly, the average critical stress
is ⟨𝜎𝐶 ⟩ = 56.60 ± 3.64 GPa, also about 20% less than the 2D case. The
system’s critical strain is slightly smaller than the one for the 2D case,
supporting a strain of 10.68± 0.61%. This trend occurs due to the small
degree of atomic reorganization in 1D systems. The PAI-GNT(0,5) and
PAI-GNT(0,9) nanotubes are depicted in panels (b) and (c) of Fig. 8.
The discussion for the smaller diameter case (PAI-GNT(0,2)) extends to
these cases. However, as the diameter increases, the system approaches
the 2D case. Note that the plastic regime decreases considerably from
PAI-GNT(0,2) to PAI-GNT(0,5) and, consequently, to PAI-GNT(0,9).

In Fig. 8, panels (d) to (f), the stress response of nanotubes to longi-
tudinal strain for chiralities (𝑚, 0) is presented, indicating structurally
the same strain direction as PAI-G in the 𝑦 direction. Similar to the
(0, 𝑛) tubes, the PAI-GNT(2,0), with a smaller diameter, exhibits higher
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instability, with plastic strain in some initial sets. Due to its topological
characteristics, its elastic constants are relatively distant from PAI-G
(strained in 𝑦). Young’s modulus is 808.74± 5.54 GPa, while the critical
stress is around 78.90 ± 0.58 GPa, and the critical strain is 13.31 ± 0.13
%. This configuration has the highest standard deviation among all
analyzed systems. This trend is because some initial configurations form
distinct plastic strain regions. Figs. 8(e) and 8(f) show systems with
the same chirality but a larger diameter. Among those studied here,
PAI-GNT(4,0) has elastic characteristics quite close to those of the PAI-
G sheet. The mean values of 𝑌𝑀 , 𝜎𝐶 , and 𝜀𝐶 are 872.20 ± 1.97 GPa,
88.21 ± 0.85 GPa, and 13.77 ± 0.32 %, respectively, with considerably
low errors. None of these values deviates more than 10% from the 2D
topology. In the case of PAI-GNT(7,0), the characteristics are similar to
PAI-G. All elastic constants are detailed in Table 3.

To illustrate the complete strain process of the nanotubes discussed
above, Figs. 9 and 10 show the representative MD snapshots for the PAI-
GNT(0,5) and PAI-GNT(4,0) systems, respectively. These systems were
chosen to represent the intermediate diameters studied here, covering
both chiralities. In Fig. 9(a), the system with 1% strain is depicted,
where the lack of tension (VM stress) along the entire nanotube can
be verified. In contrast, Fig. 9(b) shows the system at its critical stress
(𝜎𝐶 ), i.e., just after starting the plastic strain regime at 13% of strain. In
Fig. 9(c), the first bond breaks at 13.2% of strain. PAI-GNT(0,5) rapidly
undergoes a complete fractured form at 15.5% of strain, as illustrated
in Fig. 9(d).

In Fig. 10(a), PAI-GNT(4,0) is depicted with 1% strain. This system
is stiffer than the ones with the (0, 𝑛) chirality. Fig. 10(b) presents the
system at the critical stress, about 13.77% of strain. After this critical
value, the plastic strain region takes place. The nanotube is separated
into two fragments by a LAC at 17%, as depicted in Fig. 10(c). At 20%
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Fig. 9. Representative MD snapshots for the tensile loading simulation of PAI-GNT(0,5). Panels (a) to (d) show 1.0, 13.0, 13.2, and 15.5% strain levels, respectively. The color
coding corresponds to the von Mises stress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Representative MD snapshots for the tensile loading simulation of PAI-GNT(4,0). Panels (a) to (d) show 1.0, 13.77, 17.0, and 20.0% strain levels, respectively. The color
coding corresponds to the von Mises stress. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
of strain, the LAC is broken, and the nanotube is considered fractured,
as shown in Fig. 10(d).

Finally, to further characterize the mechanical response of PAI-G,
Fig. 11 presents the evolution of the relative quantity of C–C bonds
with sp1, sp2, and sp3 hybridizations for strains in the 𝑥 (Fig. 11(a)) and
𝑦 (Fig. 11(b)) directions. These characteristics were also obtained for
nanotubes, but curvature did not significantly alter the hybridization of
C–C bonds. It can be observed that the system is primarily composed
of C–C bonds with sp2 hybridization without the application of strain,
as reported in the original PAI-G proposal article [11]. With increas-
ing strain, a conversion of sp2-type bonds to sp3-type bonds occurs,
stemming from increased bond length due to strain and a change
in the 120◦ angle typical of sp2 hybridization. In Fig. 11(a), where
the system is strained in the 𝑥 direction, almost 45% of the sp2-type
bonds are converted into sp3-type bonds before the lattice fracture. In
Fig. 11(b), with strain in the 𝑦 direction, around 50% of sp2-type bonds
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are converted to sp3 ones. In both cases, as they result from a direct
transition from elastic to complete rupture, the bonds return to their
original state before strain. Around 4% of the system’s hybridization
remains in sp3 due to the rearranged bonds in the fracture region.
Throughout the strain process, the presence of sp1 bonds is practically
nonexistent. Still, they do exist in forming LACs in a relatively small
(relative) quantity. Overlapping points are observed as different initial
velocity configurations are presented.

4. Conclusion

In summary, fully atomistic simulations were conducted to investi-
gate the thermal and mechanical characterization of monolayers and
nanotubes of PAI-Graphene, a recently proposed allotrope. The study
involved simulations of system heating to obtain the energetic response
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Fig. 11. Relative number of sp1 (cross point), sp2 (triangular point), and sp3 (circular point) C–C bond hybridizations for PAI-G strained in the (a) 𝑥 and (b) 𝑦 directions.
,

of PAI-G and examine the mechanical response by applying uniaxial
strain to the materials in flat and tubular shapes.

Results indicate that PAI-G has a higher melting point than graphene
approximately 3200 K. When strained in the 𝑥 direction, the monolayer
of PAI-G exhibits Young’s modulus of 706 GPa. In contrast, in the
𝑦 direction, it demonstrates a stiffer behavior, with Young’s modulus
of 815 GPa. The fracture of these systems is ductile, with critical
strain values of 13% and 14% for strains in the 𝑥 and 𝑦 directions,
respectively. The maximum stress at the moment of strain reaches 83
GPa and 94 GPa for strains in the 𝑥 and 𝑦 directions, respectively.

Regarding nanotubes, the smaller the diameter, the less rigid the
system, with Young’s modulus ranging from 650 GPa to 895 GPa. The
larger the diameter, the closer the mechanical response of the system
is to the monolayer. Additionally, it was found that the C–C bond
hybridization of PAI-G is predominantly sp2, with conversion to sp3

during the strain process and before the lattice fracture.
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