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ABSTRACT: Graphene’s success has led to the theoretical prediction and
experimental synthesis of various 2D carbon-based allotropes. To explore the
mechanical, structural, electronic, and optical properties of 8-16-4 graphyne, we
employed density functional theory using the GGA/PBE approach, ab initio
molecular dynamics (AIMD), and classical reactive molecular dynamics simulations.
Our AIMD results indicate that this material demonstrates excellent dynamical and
thermal stabilities. It has a formation energy of −8.57 eV/atom and an elastic
moduli of 262.37 GPa. Regarding its band structure, this graphyne analogue is a
semimetal with two Dirac cones. It also exhibits transparency and intense optical
activity in the infrared region. Notably, the band structure of 8-16-4 graphyne
remains practically unchanged at moderate strain regimes. To our knowledge, this is
the first known 2D carbon allotrope to exhibit such behavior.

■ INTRODUCTION
Since the discovery of graphene in 2004,1 there has been a
renewed interest in 2D carbon materials.2−5 Depending on the
synthesis process, they exhibit controllable physicochemical
properties.6,7 Several 2D carbon allotropes have been
proposed,8−18 and a few of them have been already
experimentally realized.19−22 Among the recently synthesized
structures, it is worth mentioning monolayer amorphous
carbon (MAC),19 2D biphenylene network (BPN),20 mono-
layer fullerene network (2DC60),

22 and the multilayer γ-
graphyne.21

MAC and BPN share some properties with graphene, such
as a zero semimetal bandgap and Dirac cones exhibiting linear
dispersion. However, MAC possesses randomly distributed
defects involving five, six, seven, and eight carbon atom rings.
This results in a distinct lattice arrangement compared to
disordered graphene. On the other hand, the BPN lattice
exhibits a periodic arrangement of carbon rings with four, six,
and eight atoms. In contrast, γ-graphyne and 2DC60 exhibit a
small direct bandgap of 0.48 eV21 and a direct semiconducting
bandgap of 1.6 eV,22 respectively.
”Graphynes” encompasses structures where acetylene groups

are inserted into single bonds. The lattice structure of γ-
graphyne can be visualized as graphene expanded uniformly by
incorporating two-carbon acetylenic units between all the
aromatic rings. The prediction of graphyne structures dates
back to 198723. Within this category, there are graphyne-based
molecules known as fullereneynes,24 as well as graphyne-based
nanotubes25 and nanoscrolls,26 which have been extensively
documented in the literature.

2DC60 crystals are created through the covalent bonding of
C60 polymers, forming a planar configuration. This clustering
process forms two stable crystals with closely packed quasi-
hexagonal and quasi-tetragonal phases.22 Both γ-graphyne and
2DC60 address the challenge of lacking a bandgap, which
restricts the usability of other 2D carbon-based materials in
digital electronics applications.
There have been proposals for carbon-based materials, as

well as materials composed of different atomic species, that
exhibit Dirac cones.9,27−30 Examples include S-graphene31 and
6,6,12-graphyne,32 which can feature an additional Dirac point
in their band structure profiles. An external strain applied to
these materials allows for manipulating the Dirac point. The
two Dirac cones merge in moderate strain regimes into a single
cone. When subjected to high strain rates, a transition from
semimetallic to semiconductor behavior occurs, resulting in the
disappearance of the Dirac cones and the opening of a
bandgap.
Preserving optoelectronic properties under external stress is

desirable for applications in flexible electronics. Surprisingly,
no discussion regarding a 2D carbon-based material exhibiting
this property is presented in the literature. Therefore, the
primary objective of this study is to address this research gap
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and provide insights into a material that maintains its
optoelectronic properties even when subjected to external
stress.
This study explores the mechanical, structural, electronic,

and optical properties of 8-16-4 graphyne,33 a 2D carbon-based
material known for its distinctive band structure featuring two
Dirac cones. For the sake of simplicity, we will refer to it as
Sun-Graphyne (S-GY) throughout this paper (see Figure 1).

The name “Sun-Graphyne” is chosen due to its lattice
structure, which is similar to other graphyne variants, and its
unit cell arrangement resembling the shape of a sun
drawing.23,34,35 To investigate the electronic, mechanical, and
optical properties of S-GY, we employed density functional
theory (DFT), as well as ab initio and classical molecular
dynamics (MD) methods. Importantly, 2D systems of similar
complexity have recently been successfully addressed using
AIMD simulations.36−38 Our comprehensive analysis demon-
strates the thermal stability of S-GY even at elevated
temperatures.
The structure of S-GY belongs to a class of graphyne

structures that were designed theoretically. Our starting point
was octa-graphene,39 and we introduced acetylene groups into
the bonds of the square octa-graphene rings. It is important to
note that S-GY differs from another type of graphyne called T-
graphyne (also known as octa-graphyne),40,41 which consists of
a single eight-atom ring. What sets S-GY apart from other
Dirac materials is that its electronic band structure remains
relatively unchanged under moderate strain conditions.

■ METHODOLOGY
DFT Calculations. DFT simulations were employed to

investigate S-GY’s electronic and optical properties. These
simulations were performed using the SIESTA code,42 within
the framework of the generalized gradient approximation
(GGA) with the Perdew−Burke−Ernzenhof (PBE) exchange-
correlation functional.43,44

Norm-conserving Troullier−Martins pseudopotentials45

were used to accurately describe the core electrons in the
calculations. The computations also incorporated van der
Waals (vdw-DFT) corrections to account for the dispersion

forces.46−48 The basis set employed was double-ζ plus
polarization (DZP). A vacuum region of 20 Å was included
to prevent unwanted interactions between periodic images. A
kinetic energy cutoff value of 300 eV was chosen. A k-grid of
10 × 10 × 1 was used for geometry optimizations, while
electronic and optical calculations used a denser k-grid of 30 ×
30 × 1.
In our simulations, we employed the ab initio molecular

dynamics (AIMD) approach to accurately account for S-GY’s
thermal stability at finite temperatures. To maintain a constant
temperature once equilibrium was achieved, we employed a
Nose−́Hoover thermostat.49 The simulations were conducted
using an NVT ensemble with a time step of 1.0 fs, allowing us
to explore the system’s dynamics over a total simulation time
of 2 ps.
For the optical calculations, a standard external electric field

of 1.0 V/Å was applied along the x-, y-, and z-directions.50

Using the Kramers−Kronig relation and Fermi’s golden rule,
we could determine the dielectric constant’s real part (ϵ1) and
imaginary part (ϵ2):
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where Wk is the k-point weight in the reciprocal space, ρij the
dipole transition matrix element, ℏω the photon frequency,
and VΩ the unit cell volume. VB and CB denote the valence
and conduction bands, respectively.16

Once the real and imaginary parts of the dielectric constant
are determined, it becomes possible to calculate other critical
optical coefficients. These include the absorption coefficient
(α), the refractive index (η), and the reflectivity (R):
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Classical MD Simulations. Classical reactive MD
simulations were conducted to explore the fracture patterns,
dynamics, and thermal stability of S-GY. These simulations
provided a detailed understanding of the system’s dynamic
behavior. The Large-scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) code51,52 was used for performing
these fully atomistic MD simulations. A reactive force field was
necessary because fracture involves bond breakage and
formation. Consequently, we employed the Adaptive Inter-
molecular Reactive Empirical Bond Order Potential (AIR-
EBO)53 to accurately capture the bond dynamics during the
simulations.
To solve Newton’s equations of motion, we employed the

Velocity-Verlet Algorithm. The integration time step was set to
0.1 fs, and we used an NPT ensemble with the Nose−́Hoover
thermostat to maintain a constant temperature.54 The

Figure 1. Schematic representation of the S-GY structure. The square
highlights the symmetric unit cell. The unit cell vectors are |v1⃗| = |v2⃗| =
7.36 Å.
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simulations encompassed a temperature range from room
temperature up to 7000 K while maintaining null pressure.
Before the main simulations, an equilibration period of 200 ps
was performed to eliminate residual stress within the S-GY
lattice.
The systems analyzed in this study had an approximate area

of 104 nm2, encompassing a 14 × 14 × 1 unit cell (comprising
3136 atoms) with periodic boundary conditions. The unit cell,
highlighted in Figure 1, contained 16 carbon atoms. A lattice
constant of 100 Å (vacuum buffer zone) was employed along
the z-direction to prevent any interaction between S-GY and
its periodic images.
In the strain simulations, we focused solely on the x-

direction as it suffices to account for the symmetry of the S-GY
unit cell (refer to Figure 1). To induce strain, we increased the
size of the simulation box with a constant uniaxial strain rate of
10−6 fs−1 at room temperature. This simulation protocol
allowed us to generate stress−strain curves and determine the
material’s elastic properties by examining representative MD
snapshots. We could analyze the fracture patterns and dynamic
behavior of the system.
We employed a heating ramp protocol to assess the thermal

stability of S-GY. The temperature was systematically raised
from room temperature to 7000 K at a constant rate of 2 K/ps.
These simulations were performed under the NVT ensemble
for 1 ns. By analyzing the resulting data, we could estimate the
melting point of S-GY. We utilized the software VMD to
visualize and analyze the MD snapshots and trajectories.55

■ RESULTS
Stability and Structural Properties. Figure 1 illustrates

the optimized lattice structure of S-GY, with its symmetric unit
cell highlighted within a square. The unit cell vectors have
lengths of |v1⃗| = |v2⃗| = 7.36 Å. S-GY is composed entirely of
carbon atoms, arranged periodically, featuring two distinct
eight-atom rings. The bond lengths within these rings are
C C 1.241 2 = Å and C C 1.422 3 = Å for one ring, and
C C 1.423 4 = Å and C C 1.484 5 = Å for the other ring, as
depicted in Figure 1. These bond length values are consistent
with those observed in similar 2D carbon allotropes.56,57

Notably, the formation energy of S-GY is −8.57 eV/atom,
which closely resembles that of graphene (−8.8 eV/
atom).50,58,59

AIMD simulations were conducted to assess the structural
stability of S-GY for a duration of 2 ps at a temperature of 1000
K. Figures 2a and 2b depict the system’s time evolution,
showcasing the temperature and potential energy per atom,
respectively. Figure 2a also presents the representative AIMD
snapshot at the simulation’s conclusion. The figure reveals that
the S-GY structure remains unaltered even under high-
temperature conditions, with minor deviations observed
(such as slight tilting of some rings) due to thermal
fluctuations. The calculated formation energy and AIMD
result collectively indicate the good structural stability of S-GY.
Furthermore, recent advancements in graphyne synthe-
ses35,60,61 suggest the possibility of synthesizing S-GY.
Electronic Properties. Figure 3 showcases the electronic

band structure of S-GY in various conditions: unstrained (3a)
and under biaxial strain (5% strain in 3b and 10% strain in 3c).
A notable observation is two Dirac points along the X → M
and M → Y integration paths, indicating the S-GY electrons’
resemblance to massless Dirac fermions, much like graphene.
These Dirac points are separated by a narrow gap of
approximately 5 meV. Additionally, the symmetry of S-GY is
evident in the isotropic transport channels observed along the
M → Γ or M ← Γ directions.
The electronic band structure of S-GY, as depicted in

Figures 3a and 3b, exhibits remarkable stability even under
moderate strain conditions. Unlike other 2D carbon-based
materials with Dirac cones, no symmetry inversion is observed.
Figures 3b and 3c illustrate the S-GY band structure under
biaxial strains of 5% and 10%, respectively. Interestingly, both
configurations resemble the unstrained case. In contrast, other
graphyne materials can exhibit tunable band structures under
applied stress.32 For instance, at a biaxial strain of 6%, the two
Dirac cones merge into a single cone,32 while a bandgap
emerges at an 8% strain.32 This result differs from our findings,
where the S-GY’s Dirac cone remains stable even at higher
strain values.
In addition to the band structure calculations at the GGA/

PBE level, we have also conducted calculations for unstrained

Figure 2. System’s time evolution is depicted in parts (a) and (b), showcasing the temperature and potential energy per atom, respectively. The
final configuration of S-GY is captured in the representative AIMD snapshot in panel (b). The simulation encompassed a total time of 2 ps,
maintaining a temperature of 1000 K.
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S-GY using the HSE06 method (see the Supporting
Information). The results obtained from the HSE06
calculations exhibit a similar band structure configuration to
that of the GGA/PBE calculations. Expressly, the HSE06
calculations confirm the presence of two Dirac cones in S-GY
without indicating a gap opening in the material.
To gain further insights into the band configuration of S-GY,

we analyzed the impact of bilayer interactions on its electronic
properties, as depicted in Figure 4. It is evident from this figure
that the prominent electronic characteristics resemble those
observed in the monolayer case but with the addition of two
extra Dirac cones. These additional cones signify the
contribution of the extra layer to the overall electronic
properties of S-GY.

Optical Properties. Figure 5 illustrates the variation of
optical coefficients with photon energy in the 0−20 eV range

under an external electric field polarized along the x- and y-
directions. The absorption spectrum (Figure 5a) begins near 0
eV, primarily attributed to π to π* transitions, as inferred from
the density of states (see the Supporting Information). This
behavior aligns with the semimetallic nature of S-GY,
possessing a small electronic bandgap of 5 meV, as previously
mentioned. Notably, several absorption peaks span from the
infrared to ultraviolet regions. The maximum intensity of
absorption reaches approximately 3 × 105 cm−1 for photon
energies up to 12 eV, which subsequently increases to 5 × 105
cm−1 for higher photon energies. Notably, a single peak
emerges within the visible region at 1.9 eV. Moreover, the
isotropic optical properties along the x- and y-directions are
observed in S-GY, aligning with its topological characteristics.
Figure 5b displays the refractive index, where the exception

is its value at zero photon energy. The peak intensity
corresponds to the 1 eV peak, while η exhibits a slight
decrease at 2 eV, remaining nearly constant across the
remaining spectra. Similarly, Figure 5c demonstrates the
reflectivity of S-GY, with the maximum intensity observed
between 1 and 2 eV. The reflectivity activity is confined to the
infrared region and diminishes to values close to zero for
photon energies exceeding 3 eV. These findings suggest that
incident light on S-GY is predominantly absorbed, indicating
its transparency as a material.
The optical analysis was also conducted for the bilayer

configuration, and as anticipated, there are no significant
distinctions in the optical activity compared to the monolayer
case, as depicted in Figure 6. However, the bilayer
configuration exhibits higher light absorption values, reaching
approximately 8 × 105 cm−1 (see Figure 6a). The behavior of R
and η is similar between the two systems (see Figures 6b and
6c, respectively), except for null photon energy.
We examined the spatial patterns of the frontier crystalline

orbitals, specifically the lowest unoccupied crystalline orbital
(LUCO) and the highest occupied crystalline orbital
(HOCO). These results are illustrated in Figures 7a and 7b,

Figure 3. S-GY electronic band structure for the unstrained (a) and
with (b) 5% and (c) 10% of applied biaxial strain.

Figure 4. Electronic band structure configuration for the S-GY
bilayer.

Figure 5. (a) Absorption coefficient, (b) refractive index, and (c)
reflectivity as a function of photon energy for the S-GY monolayer.
E∥X and E∥Y denote the polarization direction for the externally
applied electric field.
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respectively. Both crystalline orbitals extend across the lattice,
indicating electronic delocalization and corroborating the small
bandgap value.

Mechanical Properties. Figure 8 presents the stress−
strain curve for the uniaxial tensile loading in the x-direction.

Due to the symmetric nature of the S-GY lattice along the x-
and y-directions, its mechanical properties are isotropic.
S-GY demonstrates a nearly linear elastic region when

exposed to strain values up to 40%. Beyond this point, it
suddenly transitions into a fractured configuration, charac-
terized by zero stress, after reaching a critical strain (ϵC) of
40.86%, as shown in Figure 8. The ultimate stress represents
the tensile stress corresponding to the critical strain. The
ultimate stress value (σC) for S-GY is 94.40 GPa, which is
significantly lower than that of graphene (approximately
228.72 GPa62).
For calculating Young’s modulus (YM), we considered a

stress of 2%, resulting in a value of 262.37 GPa (or 87.6 N/m if
we assume a structure thickness of 3.34 Å) for S-GY. This
value is significantly lower than that of graphene and other
similar 2D carbon-based structures.62,63 Specifically, when
comparing S-GY’s Young’s modulus with those of other
graphyne structures, it is approximately half that of γ-graphyne,
the same as that of β-graphyne, and twice that of α-graphyne.64
These differences can be attributed to the high porosity of S-
GY.
We also obtained the stress−strain curve for DFT

calculations up to 8% of strain (see the Supporting
Information) to compare with the MD predictions. It is
essential to acknowledge that the differences between DFT and
MD predictions stem from the inherent nature of these
approaches. Classical reactive MD simulations heavily rely on
the chosen interatomic potential to describe atomic
interactions, which can significantly impact the accuracy of
predictions. Mortazavi and colleagues have implemented
machine-learning interatomic potentials to address the
limitations associated with this dependency.65−68 Here, we
opted for the widely used AIREBO potential, which has
demonstrated reasonable accuracy in various systems.
Furthermore, we aimed to illustrate the fracture patterns in
the S-GY structure under uniaxial tensile strain, making
classical reactive MD appropriate for this purpose.
We also examined the fracture patterns and dynamics of S-

GY. Figures 9a−9f present several representative MD snap-
shots that capture critical moments in the stress dynamics. The
color scheme indicates the von Mises stress per atom along the
structure, which offers valuable insights into the fracture
dynamics.62

Figure 9a represents the S-GY structure at 0.0% strain, while
Figure 9b depicts it at 15.0% strain. Remarkably, the structural
integrity of S-GY remains intact up to a strain of 35%, as shown
in Figure 9c. However, beyond this critical point, at 40.90%
strain (as depicted in Figure 9d), the lattice experiences the
first bond breakage. Subsequently, an abrupt, brittlelike
fracture occurs with rapid and linear crack propagation along
the perpendicular direction of the stretch at 40.91% strain (see
Figure 9e). This process leads to the separation of the S-GY
lattice into two parts, connected by linear atomic chains
(LACs), at 40.93% strain, as illustrated in Figure 9f. The
fracture initiation starts from the acetylene bonds. For a more
comprehensive understanding of this process, refer to video 1
in the Supporting Information.
Melting Point. The melting point analysis was conducted

using a heating ramp protocol. Figure 10 displays the variation
of total energy (black curve) and heat capacity (CV, shown in
blue) as a function of temperature. The total energy exhibits a
quasi-linear increase within the temperature range of 300−
2100 K, followed by a quasi-parabolic behavior from 2100 to

Figure 6. (a) Absorption coefficient, (b) refractive index, and (c)
reflectivity as a function of photon energy for the S-GY bilayer. E∥X
and E∥Y denote the polarization direction for the externally applied
electric field.

Figure 7. Spatial distribution for the (a) LUCO and (b) HOCO.

Figure 8. Stress−strain curve for S-GY as a function of the uniaxial
applied strain along the x-direction.
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5500 K. Subsequently, the total energy shows another quasi-
linear increase for temperatures ranging from 5500 to 7000 K.

The most prominent peak in the CV curve corresponds to a
melting point of approximately 2800 K (refer to Figure 10).
During the initial stage of heating (300−2100 K), the S-GY
lattice remains intact. However, at 2800 K, the thermal
vibrations induce structural changes, leading to the melting
process during the second heating stage (2100−5500 K). It is
worth noting that the melting point of S-GY (2800 K) is lower
than that of monolayer graphene (4095 K),69 monolayer
amorphous carbon (3626 K),62 and biphenylene network
(4024 K).63 The final stage of the heating process (5500−7000
K), characterized by a significant change in the slope of the
total energy curve, corresponds to the complete structural
disintegration of S-GY, leading to its conversion into a gas
phase.
Lastly, Figure 11 displays illustrative MD snapshots from the

heating ramp simulation of S-GY, covering temperatures
ranging from 2100 to 7000 K. In Figure 11a, the influence
of thermal vibrations becomes evident as it induces alterations

Figure 9. Representative MD snapshots for the S-GY subjected to a strain applied along the x-direction.

Figure 10. Total energy (black) and heat capacity (CV, blue) values as
a function of temperature for the S-GY monolayer.

Figure 11. Representative MD snapshots for the heating ramp simulations (melting process) for S-GY at (a) 2100, (b) 2800, (c) 4200, (d) 4900,
(e) 4000, and (f) 7000 K.
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in the lattice morphology, resulting in numerous C−C bond
breakages and reconstructions. Nevertheless, the general
structural configuration remains comparable to the S-GY
topology. Complete amorphization of the lattice transpires at
2800 K, as depicted in Figure 11b.
In the temperature range of 3500−5000 K, we note the

emergence of graphene-like domains within the S-GY
structure. These domains consist of lattice fragments
composed of six-membered rings, as depicted in Figures
11c−11e. As the temperature surpasses 5000 K, the entire
lattice undergoes complete atomization, rendering it into a
gaseous phase, as demonstrated in Figure 11f. This process can
be comprehensively understood by referring to video 2 in the
Supporting Information.

■ CONCLUSIONS
We comprehensively investigated the mechanical, structural,
electronic, and optical properties of a 2D carbon allotrope here
called Sun-Graphyne (S-GY), specifically the 8-16-4 graphyne
structure. S-GY is characterized by an intriguing arrangement
of carbon atoms, featuring two eight-atom carbon rings within
its all-carbon structure. Our study employed a combination of
DFT calculations and reactive MD simulations.
To assess the thermal and structural stability of S-GY, we

performed AIMD simulations. The results confirm that S-GY
exhibits remarkable stability, maintaining its structural
morphology up to 1000 K. Furthermore, the DFT formation
energy of S-GY was found to be −8.57 eV/atom, comparable
to that of graphene (−8.8 eV/atom). These findings provide
strong evidence supporting the structural stability of S-GY.
Electronic structure calculations have provided insights into

the unique properties of S-GY, revealing it to be a semimetal
material with a narrow band gap of approximately 5 meV.
Notably, its electronic band structure exhibits two Dirac cones
and manifests isotropic transport channels. These Dirac cones
signify that the electrons in S-GY behave as massless Dirac
fermions, similar to the behavior observed in graphene.
A striking characteristic of S-GY is its electronic band

structure, which is unaltered even under moderate strain
regimes. This exceptional stability of the electronic band
structure under strain is a distinct feature of S-GY among 2D
carbon allotropes. Unlike similar carbon-based materials with
Dirac cones, S-GY does not undergo symmetry inversion
under strain.
S-GY exhibits isotropic optical properties within the plane.

Its reflectivity is predominantly confined to the infrared region
and progressively diminishes to nearly zero as photon energies
exceed 3 eV. The incident light on its surface is almost entirely
absorbed, indicating its high transparency.
Regarding mechanical properties, S-GY exhibits a quasi-

linear elastic region for strain values up to 40%. Beyond this
point, it undergoes an abrupt transition to a fractured state,
characterized by null stress, at a critical strain of 40.86%. The
ultimate stress value and Young’s modulus for S-GY are
measured at 94.40 and 262.37 GPa, respectively. These values
are significantly smaller than those of graphene62 but
comparable to other known graphyne structures.64 These
values are also considerably lower than those of similar 2D
carbon-based structures, which can be attributed to the
inherent porosity of S-GY.
The melting point of S-GY is lower than that of monolayer

graphene (4095 K),69 monolayer amorphous carbon (3626
K),62 and biphenylene network (4024 K).63 As the temper-

ature increases between 3500 and 5000 K, the S-GY melting
process tends to form graphene-like domains.
Given the recent advancements in graphyne synthesis, S-GY

showcases distinct properties and holds potential for synthesis.
We hope this study can stimulate further studies for this
remarkable new structure.
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