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Graphyne and two-dimensional porous carbon-based materials have garnered significant attention due to
their interesting structural characteristics and essential properties for new technological applications. Within
this scope, this work investigates the structural, thermal, electronic, optical, and mechanical properties of a
novel two-dimensional allotrope that combines triangular (T) and hexagonal (H) rings, connected by acetylenic
linkages (graphyne-like), thus named TH-graphyne (TH-GY). This study comprehensively characterizes the
proposed system’'s behavior using density functional theory, ab initio molecular dynamics, and classical
reactive molecular dynamics simulations. Our results confirm the structural stability of TH-GY. AIMD
simulations demonstrate the material's thermal stability at elevated temperatures, while phonon dispersions
indicate its dynamical stability. Electronic band structure calculations show that the system is metallic. The
analysis of optical properties reveals intense activity in the visible and UV regions, with pronounced anisotropy.
A machine learning interatomic potentials model was developed for TH-GY and used to determine the
mechanical behavior of the system, which exhibits Young's modulus ranging from 263 to 356 GPa,
highlighting its flexibility. Classical reactive MD simulations elucidate the fracture behavior of TH-GY, revealing
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1 Introduction

Two-dimensional (2D) carbon-based materials have garnered sig-
nificant interest from the scientific community due to their intrin-
sic properties”” and potential applications in new technologies,’®
depending on their atomic arrangement. Graphene, a 2D sheet of
sp>-hybridized carbon arranged in a honeycomb lattice, remains
this class’s most important and investigated material, particularly
since its synthesis in 2004." It possesses high mechanical strength,
thermal and electrical conductivity, and optical transparency,””
which are crucial characteristics for driving innovations in various
fields, including electronics,®® photonics,'® energy storage,"* and
biomedical applications.> The ability to manipulate graphene at
the atomic scale has led to the development of various nanostruc-
tures and heterostructures, fueling the search for new materials
with specific properties for different applications.** Computational
materials science is fundamental in this endeavor. It provides
insights into the structure-property relationships of 2D
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distinct fracture patterns and mechanical anisotropy.

carbon-based materials and guides their design for the next
generation of new technologies.'*"*

Recent advances in synthesis techniques have expanded the
scope of carbon allotropes beyond graphene, revealing the rich
landscape of graphyne derivatives.'® y-Graphyne, characterized by
sp-hybridized carbon networks with diverse ring topologies,'” offers
promising prospects for tuning electronic, mechanical, and
chemical properties.'® These advances in synthesis processes have
paved the way for exploring new carbon allotropes with distinct
structural motifs and functionalities."®

The rapid expansion of computational methods for predict-
ing the properties of 2D carbon-based materials also represents
a significant pathway for anticipatory materials design.>® Nota-
ble examples include the prediction of biphenylene network,>*
fullerene monolayer,* and y-graphyne,” decades before their
experimental realization.>**® These computational insights
enable researchers to explore vast regions of the materials
landscape, accelerating the discovery of new carbon allotropes
with tailored properties and applications.°

Within the class of carbon-based nanomaterials, those with
porous structural characteristics offer diverse applications,
ranging from gas separation and storage® to catalysis.>> With
high surface area®® and versatility,*® these systems are of
interest for addressing social and environmental challenges
through new technologies.* In this context, we propose a new 2D
porous carbon-based material, TH-graphyne (TH-GY—where T and
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H represent its composition with triangular and hexagonal carbon
rings, respectively), as a promising addition to this growing class of
materials. This system can be helpful in fields such as membrane
technology, energy storage, sensors, and molecular separation.

In this work, we employ density functional theory (DFT), ab initio
molecular dynamics (AIMD), and classical reactive molecular
dynamics (MD) simulations to discuss the electronic and structural
properties of TH-GY. We present its intrinsic characteristics as a new
2D porous carbon allotrope through theoretical investigations. Our
study verifies its structural integrity, indicated by the absence of
imaginary frequencies in the phonon spectrum, as well as its
thermal stability at temperatures up to 1000 K. Regarding its
electronic characteristics, TH-GY exhibits metallic behavior, with
significant optical activity in the visible and ultraviolet ranges, and
a Young’s modulus ranging from 263 to 356 GPa, depending on the
direction of applied strain.

2 Methodology

We combined classical and first-principles computational
approaches to investigate the structural, thermal, electronic,
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optical, and mechanical properties of TH-GY. Fig. 1(c) presents
the system’s lattice structure. DFT calculations, including
AIMD, were conducted using the CASTEP code within the
Biovia Materials Studio software.’®?” We employed the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE)*® and Heyd-Scuseria-Ernzerhof hybrid
(HSE06)*° functionals to describe the exchange-correlation
effects accurately. Norm-conserving pseudopotentials were
used to account for electron-nucleus interactions and electro-
nic self-consistency was achieved using the iterative non-linear
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.***!
The plane wave basis set with an energy cutoff of 500 eV
ensured accurate electronic structure calculations, with con-
vergence criteria set for energy and forces of 1.0 x 10~ eV and
1.0 x 107 eV A™, respectively. Structural relaxation employed
periodic boundary conditions, ensuring minimal residual
forces and pressure below 0.01 GPa. To avoid interaction
between TH-GY layers, the vacuum space was set to 10 A in
the out-of-plane direction. Phononic characteristics were ana-
lyzed using a linear response method. Electronic and optical
calculations utilized a k-point grid of 15 x 15 x 1 for the PBE
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Fig. 1 Schematic representation of the motivation and structure of TH-GY. The system is based on the recently synthesized biphenylene network (a),
with hexagons kept intact, acetylenes inserted horizontally, and diacetylenes inserted vertically (b). The structure formed by these changes is TH-GY (c).
In its unit cell (d), seven different types of bonds can be identified: those exclusive to the hexagons (dy), exclusive to the triangles (d7), triangle—hexagon
connections (dy7), the central bonds of the horizontal acetylene (dnc) and vertical diacetylene (d,c), and the supporting bonds of the horizontal acetylene
(dhe) and vertical diacetylene (dyc). A side view of the system is presented at the bottom of the figure, showing that TH-GY is a planar material.
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method and 5 x 5 x 1 for the HSE06 method, respectively. The
partial density of states (PDOS) was calculated at the HSE06
level using a k-point grid of 20 x 20 x 1. Optical properties were
explored under an external electric field using complex dielec-
tric constant calculations.”” To investigate the thermal stability
of TH-GY, AIMD simulations were conducted at a temperature
of 1000 K. A Nosé-Hoover thermostat*® was employed for
precise temperature control, with a fixed time step of 1.0 fs
during a total simulation duration of 5 ps in a canonical (NVT)
ensemble. In these calculations, a 2 x 2 x 1 supercell with 48
atoms was considered. This methodology is consistent with
studies in the literature.***>

The mechanical behavior of TH-GY was investigated through
classical reactive molecular dynamics simulations using the
LAMMPS (large-scale atomic/molecular massively parallel
simulator) software.*®

A reactive force field specifically developed for TH-GY was
obtained from a moment tensor potential (MTP),*” fitted to
investigate mechanical properties with the assistance of the
MLIP package.*® AIMD simulations were conducted again, with
the same parameters described for this protocol, utilizing the
Vienna ab initio simulation package (VASP).*’ The training
dataset for the MLIPs was prepared using stress-free and
uniaxially strained supercells under various temperatures.
Notably, this approach has recently been successfully employed
to generate MLIPs.”*">® An MTP with a cutoff distance of 3.5 A
was trained using the two-step passive training approach, as
considered in recent studies.’®™>*

The velocity Verlet algorithm integrated Newtons equations
of motion with a time step of 0.05 fs,>® while thermalization
and stress relief were achieved through thermostat and NPT
simulations for 100 ps.>® Elastic properties and fracture pat-
terns were assessed at 300 K, with the TH-GY sheet stretched
using a constant engineering tensile strain rate of 107° fs™ ™.

For the strain calculation as a function of the applied
deformation, we computed the stress tensor for each atom i,
given by S,, = —mv,> — W,, divided by the volume, where a can
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be x or y, depending on the evaluated direction. Here, m is the
atom’s mass, v, is the velocity in the corresponding direction,
and W represents the virial contribution due to intra- and
intermolecular interactions.>” Since it is a two-dimensional
system, the volume is given by V = L,L,h,, where h, corresponds
to the system’s thickness, and L, and L, denote the lengths in
the x and y directions, respectively. Given that it is a monolayer
system, A, was considered to be 3.35 A, corresponding to the
graphene thickness.”® The strain is dependent on the system
size, defined as &y, = (Lyy — Lx,’)/Lx,’, where L, ,° is the initial
length of the system in the evaluated direction after the
equilibration steps.

3 Results

The motivation behind constructing TH-GY is similar to the
approach to derive y-graphyne from graphene.”” Fig. 1 illus-
trates the logical sequence of this construction from panels (a)
to (c). By maintaining the hexagons intact, acetylene and
diacetylene were introduced along the x and y directions,
respectively. The choice to insert diacetylene in the y direction
was made to preserve the intrinsic sp-type bonding character-
istic, as the outermost carbon atoms were part of the triangular
ring, resulting in sp> hybridized bonds. Similar strategies for
creating new carbon allotropes based on known systems are
commonly reported in the literature.***° Recently, Jenkins et al.
proposed THD-C, which incorporates acetylene between con-
secutive chains in the biphenylene network, preserving not only
the hexagonal ring but also the rectangular one.®® In another
study, Ullah, Menezes, and Silva proposed a tolanene carbon
allotrope,®” following the same perspective of connecting
biphenylene blocks via acetylenes, investigating its electronic
and structural properties, and lithium diffusion.

Fig. 1(d) shows the unit cell of TH-GY. From the optimiza-
tion calculations discussed, the lattice vectors of the system are
a=7.02 A and b = 9.13 A, with lattice angles « = § = y = 90°,

—38.031 r T T T
(b)
T —38.032
=}
&
Fri
=
% —38.033
g
o
€3]
S —38.034
—38.035 . . . L
0 1 2 3 4 5
Time [ps]

Fig. 2 Calculations regarding the stability of TH-GY: vibrational phonon-mode dispersion (a) and time evolution of the total energy at 1000 K during five
ps of simulation (b). The presented structures correspond to the front and side views at the simulation instant.
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confirming its crystalline structure within the space group
Pmmm (D2H-1). The unit cell, composed of 12 atoms, exhibits
diagonal symmetry in the xy plane and features seven distinct
bond lengths. For the bonds unique to the triangular and
hexagonal rings, the lengths are dy = 1.48 A and dy; = 1.44 A,
respectively. The bond length between hexagon and triangle is
dur = 1.16 A. The central bond lengths for acetylene and
diacetylene are dnc = 1.21 A and d,c = 1.28 A, respectively.
Finally, the bonds connecting the sp-hybridized pairs are
dns = 1.40 A and dyc = 1.42 A for acetylene and diacetylene,
respectively. The formation energy of TH-GY is —8.0 eV per
atom, which falls within the range of values reported for other
2D carbon allotropes.?

In addition to the cohesive energy suggesting that TH-GY is
a stable and feasible system, Fig. 2(a) presents the vibrational
spectrum of the system. A small dispersion of imaginary
frequencies near the I' point is observed, with a maximum
magnitude of 0.1 THz, corresponding to a slight residual
compressive strain in the material along the I' — X path. This
behavior is commonly observed in other carbon-based systems,
including graphene multilayers, and can be easily removed
with a slight system deformation.®® All other frequencies in
TH-GY are real, indicating the overall stability of the nanoma-
terial’s lattice dynamics. In addition to the system’s dynamic
stability, the nanomaterial exhibits an isolated dispersion
around approximately 65 THz, primarily planar, resulting from
vibrations in the dyc and d,c bonds, which are common in
systems with sp-type bonds.’"°>®* Besides this isolated fre-
quency, the maximum dispersion in TH-GY, approximately
49 THz, is close to that reported for biphenylene network.®?
Finally, the absence of a discernible gap between acoustic and
optical modes implies significant phonon scattering, poten-
tially leading to shorter phonon lifetimes and moderate ther-
mal conductivity.

Fig. 2(b) provides insights into the thermal stability of
TH-GY through AIMD simulations conducted at 1000 K. Using
2 x 2 x 1 supercells with 48 atoms, the time evolution of the
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total energy was monitored. The constant, flat pattern observed
throughout the simulation suggests no reconfiguration of the
lattice, bond breaking, or reconstruction within the material.
The inset panels further confirm the structural integrity of the
nanomaterial and its current form, as no significant changes
are observed in the lattice configuration. Additionally, the
energy fluctuations are considered negligible, and the system
remains essentially flat.

The band structure of TH-GY reveals a distinctive metallic
nature of the nanomaterial, as shown in Fig. 3(a). Overlapping
bands near the Fermi level characterize this nature. This result
indicates a higher ease of electronic delocalization and con-
duction through the material. The absence of a bandgap in the
electronic structure suggests that TH-GY exhibits significantly
high electrical conductivity. However, transport calculations on
the material still need to be performed to substantiate this
claim accurately. Thus, the nanomaterial is a promising candi-
date for applications requiring high charge carrier mobility,
such as transparent conductive coatings and electrodes in
electronic devices. Although slight discrepancies in energy
dispersion are observed between the PBE and HSE06 calcula-
tions, attributed to the known tendency of PBE to underesti-
mate energy levels, both methods closely align in defining the
metallic trend exhibited by TH-GY.

Complementing the electronic band structure, Fig. 3(b) pre-
sents the partial density of states (PDOS) of TH-GY, providing
further insights into its electronic properties. The PDOS reveals
the distribution of electronic states across different energy
levels, highlighting the contributions of specific atomic orbitals
to the overall electronic structure of the nanomaterial. The
PDOS exhibits pronounced peaks around 3 eV for the atoms
forming the junction between hexagonal and triangular rings,
particularly from the p orbital. At approximately 3 eV, the
highest concentration of states is related to the third atom of
the triangular rings and the atoms between the triangular rings,
i.e., the center of the diacetylene, with another concentration of
states around —3 eV. Near the Fermi level, there are smaller

<.
0.2

0.6
PDOS [a.u.|

0.0 0.4 0.8 1.0 1.2

Fig. 3 Electronic band structure (a) was obtained using the PBE (blue curve) and HSEO6 (red curve) methods. Partial density of states (PDOS) (b), where
the unit cell of TH-GY is highlighted along with the colors representing electronic symmetry.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 8684-8691 | 8687



PCCP

contributions from these states. The significant contributions
of the carbon p orbitals to the electronic states near the band
edges further reinforce the metallic behavior observed in the
band structure, highlighting the importance of electronic delo-
calization and strong n-bonding interactions in TH-GY.

Complementing the electronic band structure, Fig. 3(b) pre-
sents the partial density of states (PDOS) of TH-GY, providing
further insights into its electronic properties. The PDOS reveals
the distribution of electronic states across different energy
levels, highlighting the contributions of specific atomic orbitals
to the overall electronic structure of the nanomaterial. The
PDOS exhibits pronounced peaks around 3 eV for the atoms
forming the junction between hexagonal and triangular rings,
particularly from the p orbital. At approximately 3 eV, the
highest concentration of states is related to the third atom of
the triangular rings and the atoms between the triangular rings,
i.e., the center of the diacetylene, with another concentration of
states around —3 eV. Near the Fermi level, there are smaller
contributions from these states. The significant contributions
of the carbon p orbitals to the electronic states near the band
edges further reinforce the metallic behavior observed in the
band structure, highlighting the importance of electronic delo-
calization and strong n-bonding interactions in TH-GY.

To complete the quantum characterization of TH-GY, the
optical properties were investigated considering a stand-
ard external electric field of 1.0 V A~ along the x and z
directions.®® Using the Kramers-Kronig relation in conjunction
with Fermi’s golden rule, the real ¢; and imaginary ¢, parts of
the dielectric constant are obtained from the following equa-
tions:

L _(*, o)
(@) =1+ -P| do/Z22) 1
e1(w) +TE Jo dww/Z,wZ’ 1
and
4n? 5
e(w) = Vow? § § Wilpyl~0 (e — e — fiw), @)
QW VB jeCB &

where P is the Cauchy principal value, W; is the k-point weight
in reciprocal space, p; is the dipole transition matrix element,
o is the photon frequency, and Vg, is the unit cell volume. VB
and CB refer to the valence and conduction bands,
respectively.®®

Once the real and imaginary parts of the dielectric constant
are obtained, other relevant optical coefficients, such as the
absorption coefficient («) and reflectivity (R), can be derived as
follows:

a@g:\Ewﬂa%wy+@%w»”%wmwﬂ”i 3)

and

(1 (0) + ita(0)) *=1]

(e1(w) + iga (@) > +1

MM—{ (4)

Based on the expressions presented above, Fig. 4 discusses
the optical properties of TH-GY. This nanomaterial exhibits
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Fig. 4 Absorption coefficient (a) and reflectivity (b) as a function of
photon energy for TH-GY.

strong activity in the visible range and, notably, in the infrared
(IR) when the field is oriented along the y direction (E||Y). In
this context, Fig. 4(a) shows an absorption coefficient varying
from 1.2 x 10° cm™ ' t0 0.6 x 10 ° cm ™" from IR to ultraviolet
(UV) when E||Y. Additionally, TH-GY exhibits considerable in-
plane anisotropy concerning its overall optical properties. The
absorption coefficient when the field is oriented along the
x direction (E||X) remains approximately constant, around
0.3 x 107> cm™ " across the visible range up to UV. The metallic
nature of the nanomaterial corresponds to absorption coeffi-
cients on the order of 1.0 x 10> cm™ . The initial absorption
peaks for light polarized along E||X and E||Y are located in the
infrared and visible spectra (with peaks around 1.3 eV for the
x direction and 2.3 eV for the y direction), respectively. This
behavior differs from that reported for graphene.®” Notably, the
peak around 1.3 eV aligns with those found in y-graphyne,®®
suggesting analogous behaviors among these carbon-based
materials concerning their absorption properties in the IR.

The mechanical properties and fracture behavior of TH-GY
were systematically investigated through classical reactive
molecular dynamics simulations using an ML interatomic
potential trained explicitly for the nanomaterial. This study
provided insights into its structural integrity and fracture
patterns under tensile loading in the x and y directions (see
Fig. 1). Using a 15 x 11 x 1 supercell of TH-GY with dimensions
of 105.15 x 100.42 A% and containing 1980 carbon atoms, with
periodic boundary conditions and employing the isothermal-
isobaric (NPT) ensemble, we explored the stress-strain
dynamics along the x and y directions, as illustrated in
Fig. 5. The resulting stress-strain curves revealed distinct
mechanical responses between the x and y directions, indica-
tive of the material’s anisotropic behavior. TH-GY exhibited a
critical strain of 12.0% (9.5%), critical stress of 29.33 GPa
(44.76 GPa), and Young’s modulus of 188.1 GPa (245.38 GPa)
in the x (y) directions. Additionally, the porous structure of
TH-GY contributed to its significantly lower Young’s modulus
compared to y-graphyne® and THD-C,*" making it less resis-
tant to external stress, though with a greater Poisson’s ratio
effect.

This journal is © the Owner Societies 2025
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Fig. 5 Stress—strain curves of TH-GY with uniaxial strain in the x- (red)
and y-direction (blue), using reactive MD with MLIP.

Exploring the fracture patterns of TH-GY, Fig. 6 provides a
comprehensive visual representation of the fracture process
under stress in the x and y directions at 300 K, with zero
pressure in the direction perpendicular to the deformation.
These conditions align with what is typically expected in
experiments conducted on 2D materials, where one of the in-
plane directions is left free to better understand the nanoma-
terial’s mechanical response in the deformation direction and
account for temperature effects (in this case, ambient tempera-
ture). The color gradient in the molecular dynamics snapshots
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corresponds to von Mises (VM) stress per atom, calculated

from the expression:

i
Ooym =

with Aaxyi = Oyt — oyyi, Aayzi = ayyi — 0,2, Aoyt = 0y — 0,7, where
Oxxy Oyy, and o, are the normal stress components, and
Oy Oys, and oz, are the shear stress components. The VM
offering crucial insights into the initiation and propagation of
fractures. Initially, the lattice exhibited elastic behavior, with no
structural failure observed. However, beyond critical strains,
TH-GY underwent a sudden transition to complete fracture,
accompanied by crack propagation along the direction opposite
to the applied stress.

In Fig. 6, stress accumulation under deformation in the
x direction occurs both in the acetylenes parallel to the direc-
tion of deformation and in the hexagons. In contrast, for
deformation in the y direction, due to the rigid nature of the
triangular rings, stress accumulates primarily in the sp-bonded
linkages of the diacetylene, with the hexagons not experiencing
significant stress in this case. In both directions, linear atomic
chains (LACs) were formed after and near the lattice’s fracture
region, indicating the plastic stage’s onset during tensile load-
ing. These fracture patterns provide valuable insights into the
mechanical behavior of TH-GY and offer a basis for under-
standing its structural stability and fracture mechanisms under
external stress conditions.

(c) (d)
Y ‘, 7 Y Y Y Y “r Y N Y Y Y a4
= S NS000088

19808080880 RSST728888

Stress VM [GPa]

Stress VM [GPa]

Fig. 6

Illustrations of TH-GY deformation along the x- and y-directions are presented. Panels (a) to (d) showcase deformations of 0%, 1%, 12.0%, and

12.1% along the x axis, respectively, while panels (e) to (h) portray deformations of 0%, 1%, 9.5%, and 9.6% along the y axis, respectively. Atom coloring

corresponds to von Mises stress distribution.
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4 Conclusion

In conclusion, our study provides a comprehensive investiga-
tion into the properties of TH-graphyne, a novel porous 2D
carbon allotrope. Using computational techniques, including
DFT, AIMD, machine learning-based interatomic potential
training, and classical reactive MD simulations, we have eluci-
dated the structural stability, electronic behavior, thermal
characteristics, optical properties, and mechanical response
of TH-graphyne. Our results confirm the structural integrity
of the nanomaterial, with DFT optimizations and AIMD simu-
lations demonstrating its stability under various environmental
conditions. Electronic band structure calculations reveal the
metallic nature of TH-graphyne, with Young’s modulus ranging
from 263 to 356 GPa, indicating its lower mechanical strength
compared to other two-dimensional allotropes with only sp?
hybridization due to its high porosity. Optical properties ana-
lysis shows intense UV activity and pronounced anisotropy,
suggesting potential for tailored optical applications. Addition-
ally, classical reactive MD simulations provide insights into the
fracture behavior of TH-graphyne, highlighting its mechanical
anisotropy and fracture patterns. Overall, our findings under-
score the promising properties of the investigated porous
two-dimensional system and its potential for applications in
electronics, optoelectronics, and structural materials, paving
the way for further exploration and utilization of this intriguing
carbon allotrope.
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