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ABSTRACT

Triphenylene-based graphdiyne (TPG) and nitrogen-doped TPG (NTPG) are recently developed two-dimensional
nanomaterials with promising mechanical and electronic potential. The current study presents the first explo-
ration of the hydrogen-functionalized TPG and NTPG nanosheets subjected to a uniaxial tensile loading condition
using molecular dynamics simulations. The developed computational approach introduces a novel random
functionalization scheme to improve the attributed structural stability. The Tersoff potential is employed to
model the intra-layer interactions within the TPG. On the other hand, the interactions at the site of function-
alization are described by the Dreiding force field for C and H atoms, supplemented by the Lennard-Jones (LJ)
potential. The minimization process is applied via the conjugate-gradient technique, and following that, the
system undergoes a canonical ensemble (NVT) simulation at 300 K with a timestep of 0.001 ps. In this step, the
Nose-Hoover thermostat algorithm controlled the fluctuation of thermodynamic parameters, and the structure
surpassed a stable status. The achieved numerical results demonstrate that hydrogen coverage significant
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influences on the mechanical behavior, including failure stress and strain, Young’s modulus and toughness of
TPG as well as NTPG nanosheets. For the both of nanosheets, increasing the hydrogen functionalization from
2.5 % to 10 % results in a consistent decline in mechanical properties. In the X direction, TPG shows a reduction
in ultimate stress from 15.08 GPa to 9.47 GPa, while NTPG drops more sharply from 30.87 GPa to 18.38 GPa. A
similar trend is observed across the Y direction, with TPG decreasing from 11.42 GPa to 9.29 GPa, and NTPG

from 30.35 GPa to 22.69 GPa.

1. Introduction

The exploration of graphene and carbon allotropes has led to
groundbreaking discoveries, including the synthesis of graphdiyne
(GDY), a two-dimensional nanostructure composed of sp? and sp-
hybridized carbon atoms [1-4]. Renowned for its exceptional mechan-
ical strength, flexibility, and tunable electronic properties, GDY has
emerged as a transformative material for applications in gas separation,
catalysis, and biomedicine [5-8]. A significant advancement in this field
is the development of nitrogen-doped GDY (N-GDY), where nitrogen
atoms substitute carbon in the hexagonal lattice, enhancing its elec-
tronic and chemical reactivity [9-11]. This modification broadens
GDY’s utility in energy storage and catalysis while retaining its struc-
tural integrity [12-14].

Nikparsa et al. [15] investigated the maximum stress, strain, Young’s
modulus, and tensile toughness of NTPG nanosheets using classical
molecular dynamics, incorporating factors such as temperature gradi-
ents, random defect densities, and geometric effects. Their results indi-
cate that the NTPG nanosheet exhibits ultimate stresses of 31.24 GPa
and 34.18 GPa, along with ultimate strains of 0.10 and 0.12, in the X and
Y directions, respectively.

Further innovation in the GDY family arose with the experimental
synthesis of triphenylene-based graphdiyne (TPG) by Matsuoka et al.
[16] This material, featuring a unique porous architecture with
extended carbon chains, demonstrates remarkable potential as an anode
for batteries and energy storage systems [17]. Building on this, Kan et al.
[18] pioneered nitrogen-doped TPG (NTPG) through theoretical studies,
revealing enhanced mechanical and electronic properties via molecular
dynamics (MD) and density functional theory (DFT) simulations
[19-21].

Mortazavi et al. [22] investigated the thermal stability, electronic,
mechanical, and optical properties of single-layer TPG and NTPG. They
reported maximum tensile strengths of 8.47 N/m and 7.70 N/m for TPG
and NTPG in the armchair direction, and 11.95 N/m and 10.37 N/m in
the zigzag direction, respectively. Young’s modulus values were found
to be 87.8 N/m (TPG) and 93.4 N/m (NTPG) in the zigzag direction, and
87.9 N/m (TPG) and 92.5 N/m (NTPG) in the armchair direction. The
ultimate strain values for TPG were 0.14 (armchair) and 0.18 (zigzag),
whereas for NTPG, these values were 0.14 (zigzag) and 0.12 (armchair).

Salavati et al. [23] explored the potential of NTPG as an anode
material for Li-ion batteries and extended their investigation to sodium
(Na), potassium (K), magnesium (Mg), and calcium (Ca) storage. Their
results indicated that NTPG nanosheets maintain structural stability
during ion storage, even at temperatures as high as 2000 K. Also,
Hatam-Lee et al. [10] studied the thermal conductivity and mechanical
properties of 15 graphene-based materials, including TPG and NTPG.
They reported Young’s moduli of 189 GPa (X) and 147 GPa (Y) for TPG,
and 251 GPa (X) and 227.2 GPa (Y) for NTPG.

Functionalization is a powerful strategy for tailoring the mechanical,
electronic, and chemical properties of graphdiyne (GDY) and designing
novel carbon allotropes. Hydrogenated GDY, for instance, exhibits
tunable properties as demonstrated in prior studies [24,25]. Recent
research has confirmed that hydrogen atoms and hydroxyl (OH) groups
significantly influence GDY’s properties. Through molecular dynamics
(MD) simulations of GDY hydrogenation, Autreto et al. [26] identified
preferential hydrogen bonding to butadiynic carbon atoms during GDY
hydrogenation, followed by single-bonded carbons. Tan et al. [27]

confirmed this adsorption hierarchy at low coverage, while Rouhi et al.
[28] observed a reduction in elastic modulus with increasing hydrogen
coverage.

The unique architecture of triphenylene graphdiyne (TPG) and
nitrogen-doped TPG (NTPG), characterized by extended carbon chains,
low density, and nanoscale voids, offers both advantages and challenges
for hydrogen functionalization. These structural features inherently
weaken the bonding network and introduce mechanical instability,
making systematic functionalization computationally demanding. In
this study, we present the first comprehensive molecular dynamics (MD)
investigation of hydrogen-functionalized TPG and NTPG nanosheets
under uniaxial tensile loading. Hydrogen atoms were randomly
distributed across both surfaces to simulate realistic adsorption condi-
tions. Our results demonstrate that increasing the degree of hydrogen
functionalization (from 2.5 % to 10 %) causes a consistent decline in
mechanical properties including Young’s modulus, failure stress, failure
strain, and tensile toughness in both TPG and NTPG. Also in this work
compressive study of the effect of nitrogen doping on the nanosheets,
during increasing the functionalization percentage have been conduct-
ed. These findings offer valuable insights into the mechanical behavior
of covalently modified low-density carbon frameworks and provide a
foundation for guiding the design and application of functionalized TPG-
based nanosheets in nanomechanical and nanoelectronic systems.

The paper is structured as follows: Section 2 details the MD meth-
odology and computational models. Section 3 examines tensile behavior
across functionalization percentages (2.5 %, 5 %, 7.5 %, 10 %), quan-
tifying Young’s modulus, failure stress/strain, tensile toughness, and
failure initiation points. Section 4 concludes with key findings and
implications.

2. Methodology

The simulations were performed by numerically solving Newton’s
equations of motion. For each atom, the force fields were calculated as
the gradients of the potential energy. These forces were then incorpo-
rated into Newton’s equations and iteratively integrated over time using
numerical methods. In this study, the classical molecular dynamics (MD)
method was employed to simulate the behavior of nanostructures. The
simulations were conducted using the LAMMPS code, a widely used
classical molecular dynamics simulation package [29]. The LAMMPS
simulation code has been widely utilized in different studies in recent
years [30-34]. LAMMPS simulations involve accurate modeling the
motions and interactions of all atoms within a structure.

For the energy expressions associated with the modeled TPG nano-
sheet, the Tersoff potential is employed to model intra-layer interactions
within the TPG. On the other hand, the interactions at the site of func-
tionalization are described by the Dreiding force field [37] for C and H
atoms, supplemented by the Lennard-Jones (LJ) potential (implemented
as lj/cut with a cutoff radius of 10 10\). The relevant LJ coefficients for
hydrogen and carbon were derived from Mayo [37]. By combining
Tersoff and Dreiding [35,36], these simulations achieve a balance of
accuracy, computational efficiency, and physical realism tailored to the
hybrid nature of this nanostructure. Also, the same method was applied
for NTPG. In this case, the Tersoff potential suitably described the
interaction between carbon and nitrogen atoms and the
hydrogen-functionalized atoms on the top and bottom surfaces,
described by Dreiding and LJ coefficients. The standard form of the
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Table 1

Mechanical properties of the hydrogen-functionalized TPG nanosheet under
uniaxial tension for three different displacement increments (0.01 A/step,
0.02 A/step, and 0.03 A/step). The table reports the corresponding ultimate
stress and strain values, along with the percentage error relative to the value of
0.02 ;\/step.

Properties Displace Value = 0.03 Displace Value = 0.02 error(%)
Max. Stress (GPa) 10.91 11.42 4.46
Max. Strain 0.071 0.074 4.06
Properties Displace Value = 0.01 Displace Value = 0.02 error(%)
Max. Stress (GPa) 11.77 11.42 2.97
Max. Strain 0.077 0.074 3.89
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Fig. 1. Front views of TPG and NTPG nanosheets: (a) TPG nanosheet with

carbon atoms shown in dark gray; (b) NTPG nanosheet with carbon atoms
shown in dark gray and nitrogen atoms in red.

Table 2
The dimension of the TPG and NTPG nanosheets (A) in the X (length) and Y
(width) directions.

Nanosheet Length (&) Width(A)
TPG 184.5 154.5
NTPG 194 167.5
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Fig. 2. The front view of the TPG nanosheet functionalized with 5 % hydrogen,
dark gray atoms represent carbon, while blue atoms indicate hydrogen.

Dreiding force field comprises energy expressions that compute the
potential energy associated with the valence and non-bonded in-
teractions. The potential energy terms are calculated as:

Epotenlial = Evalance + Enonbonded (1)
Evalance = Ebond + Eangle + Etorsion + Einversion (2)
Enonbonded = EvdWaaLs + Eelecl:rostatic + Ehydrogen bond (3)

The potential energy terms related to the bond stretching ( Epona),
bond-angle bending (Egnge), dihedral angle torsion (Ejorsion), and Ejnyersion
are presented:

1
Epond = 5 Ky (R — Ro)? )
1 2
Eangle = 5 CIJK( COSHIJK — COSGJQ) (5)
1
Etorsion = EVJK{I — cos[nx(@ — QSK)]} (6)
Eoerson — — C1( cosp — cos 0)2 7
inversion = o 1 P Py

While K3, Cyx, Vik, C; illustrates the bond energy’s force constant
and angle energy’s force constant, the barrier to rotation, and the
parameter corresponding to the force constant for the inversion term, in
order. The R, Oy, @, and ¢ parameters demonstrate the length of the
bond, bond angle, torsion angle (dihedral angle), and inversion angle
(angle between the JIK plane and IL bond), correspondingly, and the R,
0]9, @%, and ¢ parameters refer to equilibrium values for bond length,
bond angle, torsion angle, and inversion angle, respectively. Addition-
ally, in the rotational potential, the number of minima is discovered by
the periodicity of an integer parameter called n.

The van der Waals (vdW) interaction energy (E,qwaqs) i character-
ized by the L-J pair potential as:

=4[ (]

Which in o the length parameter, called the collision diameter, and
the energy well depth are ¢. To obtain the parameters of cross in-
teractions, Lorentz-Berthelot mixing rules are used as below:
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Fig. 3. A 20 A-wide margin on both edges of the TPG nanosheet excluded from hydrogen functionalization, the dark gray represents carbon atoms and blue,
hydrogen, (a) margin applied along the X-direction, (b) margin applied along the Y-direction.

Cii + 0j
2

The electrostatic and hydrogen bonding energies are explored by:

ErU
5(%) 6(}1:;1;) ]cos“(G’DHA)

In which q, &, rj, D, Rw, Rpa, and Opys parameters have been
presented in detail in [31].

The minimization process is applied via the conjugate-gradient
technique, and following that, the system undergoes a canonical
ensemble (NVT) simulation at 300 K for 0.1 ns and with an integration
time step of 0.001 ps. Employing the time step any numerically instable
behavior of the system was noticed. In this step, the Nose-Hoover
thermostat successfully controlled the thermodynamic fluctuation,
allowing the structure to reach a stable equilibrium status. Following
this, incrementally, a tensile displacement of 0.02 A at each step on the
boundaries. A relaxation process was applied at every step to minimize
stress concentration. To verify that the selected displacement increment
of 0.02 A/step does not significantly influence the mechanical out-
comes, we conducted a sensitivity analysis on a TPG structure

Ojj =

©)]

(10)

Eij=

(1)

Eelectrostatic =

Ehydrogen bond = Dnmp (1 2)

functionalized with 2.5 % hydrogen under uniaxial tension along the Y-
direction. Table 1 compares the maximum stress, maximum strain, and
their relative errors for displacement steps of 0.01, 0.03 A/step to 0.02.
The results demonstrate that the deviations remain within 4.46 %,
indicating that the chosen displacement step produces reliable and
consistent mechanical responses. Based on this analysis, we adopted this
displacement value for all simulations in this study, including those
involving NTPG. Throughout the simulation, until failure occurred, the
values, including potential energy, stress, and strain, were monitored by
[38,39].

To construct the nanosheet models, BIOVIA Materials Studio [40] is
employed. The front views of the unfunctionalized TPG and NTPG
nanosheets are shown in Fig. 1. TPG nanosheet displaying carbon atoms
in dark gray in Fig. 1a; NTPG nanosheet exhibiting carbon atoms in dark
gray and nitrogen atoms in red presenting in Fig. 1b. The total number of
atoms in the TPG and NTPG structures are 4131 and 4685, respectively.
The dimensions of the nanosheets in the X and Y directions are listed in
Table 2. A custom MATLAB script was developed to randomly distribute
hydrogen atoms on both the top and bottom surfaces of the nanosheets,
using a predefined H-C bond length, hydrogen atomic mass, and spec-
ified coverage percentages. In this study, hydrogen functionalization
was applied at 2.5 %, 5 %, 7.5 %, and 10 % of the total number of atoms.
These specific percentages were selected after extensive preliminary
simulations and testing to ensure a representative range of functionali-
zation effect. The selection of the 2.5 %-10 % hydrogen functionaliza-
tion coverage range is supported by both theoretical considerations and
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Fig. 4. A 20 A-wide margin on both edges of the NTPG nanosheet excluded from hydrogen functionalization, the dark gray represents carbon atoms, red shows
nitrogen and blue, displays hydrogen (a) margin applied along the X-direction, (b) margin applied along the Y-direction.

2.5%

5%

7.5%

Fig. 5. Top views of the TPG nanosheet with randomly distributed hydrogen atoms at 2.5 %, 5 %, 7.5 %, and 10 % coverage on both the top and bottom surfaces,
carbon atoms is shown with dark gray and hydrogen, with blue.
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Fig. 6. Top views of the NTPG nanosheet with randomly distributed hydrogen atoms at 2.5 %, 5 %, 7.5 %, and 10 % coverage on both the top and bottom surfaces,

carbon atoms is shown with dark gray, nitrogen with red and hydrogen, with blue.

experimental evidence. Preliminary simulations revealed that TPG and
NTPG nanosheets maintain structural stability within this range,
whereas coverages exceeding 10 % lead to high chance instability due to
the conversion of sp? to sp® bonds, resulting in local distortion and
mechanical weakening. Besides, the experimental studies confirm that
the 2.5 %-10 % range is feasible and practical for TPG and NTPG,
reinforcing the validity of our simulation results [41-43].

Hydrogen adsorption on the TPG and NTPG nanosheets turn sp or sp*
carbon bonds into sp® C-H bonds, disrupting n-conjugation and opening
band gaps. The lattice is weakening by these localized sp® sites; The
hydrogenated C-C bonds are weaker, so denser hydrogen functionalized
regions reduce stiffness and fracture at lower strain. Theoretical studies
on graphene-family and carbon nanostructures consistently show that
mechanical strength is significantly reduced by perturbing local elec-
tronic structure and that hydrogen passivation is a consequence of
altering hybridization (sp?—sp?). In result, functionalizing near nano-
sheet edges and boundaries is avoided in practice, since hydrogen at
those boundary sites would magnify fracture risk [44,45]. In our study,
we observed that applying hydrogen functionalization near the bound-
aries of the nanosheets led to instability and, in some cases, structural
collapse. This behavior was particularly evident when hydrogen atoms
were randomly distributed on both the top and bottom surfaces of the
porous nanosheets. Through multiple test simulations, it is determined
that, for the given nanosheet size and physical conditions, leaving a 20
A-wide margin on both edges, free of hydrogen functionalization,
significantly improved the structural integrity under tensile loading.
Accordingly, in the direction of the applied tensile strain, this unfunc-
tionalized boundary region was preserved. This strategy enhanced the
mechanical stability of the nanosheets and allowed them to better
withstand and simulate the tensile stress conditions.

Fig. 2. Front view of a TPG nanosheet with 5 % hydrogen coverage,
shown without the 20 A hydrogen-free margins. Carbon atoms are in
dark gray and hydrogen in blue. The structure collapses after minimi-
zation and early tensile loading due to hydrogenation near the bound-
aries, which induces local strain and instability. This highlights the need
for excluding functionalization at the edges to preserve structural
integrity during simulation. To ensure structural integrity and minimize
edge effects during mechanical testing, a 20 A-wide margin was applied
to both edges of the TPG and NTPG nanosheets, excluding these regions
from hydrogen functionalization. This margin was systematically
applied in two orientations: along the X-direction and Y-direction, as
illustrated in, Figs. 3 and 4. For the TPG nanosheets (Fig. 3), the struc-
tural representation shows carbon atoms in dark gray and hydrogen
atoms in blue, with the protected edge regions clearly demarcated in
both Fig. 3.a X-direction and Fig. 3.b Y-direction configurations. Simi-
larly, for the NTPG nanosheets (Fig. 4), carbon atoms are displayed in
dark gray, nitrogen atoms in red, and hydrogen atoms in blue, with the

same 20 A margin protocol applied along the X and Y-direction. This
edge exclusion strategy prevents potential artifacts arising from
boundary conditions and ensures that the hydrogen functionalization
occurs only within the stable interior regions of the nanosheets, thereby
providing more reliable mechanical property assessments under tensile
loading conditions.

The 20 A hydrogen-free boundary margin methodology employed in
this study represents a generalizable approach for investigating func-
tionalized 2D materials while preserving their intrinsic mechanical
properties. This methodology is particularly valuable for porous 2D
materials where edge sensitivity can significantly impact mechanical
response characterization [46-49].

To provide further clarity on the random distribution of hydrogen
atoms on the nanosheet surfaces, Figs. 5 and 6 present comprehensive
top views of representative configurations at various functionalization
levels. Fig. 5 displays the TPG nanosheet with randomly distributed
hydrogen atoms at 2.5 %, 5 %, 7.5 %, and 10 % coverage levels, where
the structures are oriented along the X-direction with carbon atoms
shown in dark gray and hydrogen atoms in blue. The progressive in-
crease in hydrogen coverage is clearly visible across the four configu-
rations, demonstrating the systematic nature of the functionalization
process while maintaining the random spatial distribution of hydrogen
atoms across the nanosheet surface. Similarly, Fig. 6 shows the corre-
sponding top views for NTPG nanosheets under identical functionali-
zation conditions, with carbon atoms displayed in dark gray, nitrogen
atoms in red, and hydrogen atoms in blue. These visual representations
illustrate how the hydrogen atoms are uniformly dispersed across both
the top and bottom surfaces of the nanosheets.

In addition, with the aid of VMD (Visual Molecular Dynamics) soft-
ware [50,51], coordinate data suitable for LAMMPS simulations were
generated. OVITO (Open Visualization Tool, [52]) was also used for
visualization and monitoring of the tension distribution across the
nanosheets. All results presented in this study represent the average
values obtained from five independent simulation runs for each level of
hydrogen functionalization in the uniaxial loading direction.

Mechanical properties including failure stress, failure strain, Young’s
modulus, and tensile toughness were evaluated and analyzed. Stress—
strain curves were plotted up to the point of structural failure for each
configuration. Young’s modulus was extracted by calculating the slope
of the linear portion of the stress—strain curve up to 3 % strain. Tensile
toughness was obtained as the area under the stress-strain curve, while
the drop in stress was used to identify the failure stress and strain. The
values presented in this study represent the average results from five
random distributions of hydrogen atoms.
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Fig. 7. Stress-strain curve for TPG nanosheet applying H- functionalization
3. Results and discussion

In this section, the mechanical properties of TPG, NTPG under
random hydrogen functionalization are discussed. These properties,
derived from the stress-strain relationship, include ultimate stress, ul-
timate strain, elastic modulus, and tensile toughness. The nanosheets
were subjected to uniaxial tensile loading. All simulations in this study
were conducted using molecular dynamics. The hydrogen functionali-
zation was applied at concentrations of 2.5 %, 5 %, 7.5 %, and 10 % of
the total number of atoms in each structure.

Fig. 7 presents the stress-strain curves for the TPG nanosheet under
hydrogen functionalization at concentrations of 2.5 %, 5 %, 7.5 %, and

(b)

(2.5 %, 5 %, 7.5 %, and 10 %): (a) in the X direction; (b) in the Y direction.

10 %. As shown in Fig. 7a, the nanosheet is subjected to tensile tension
in the X-direction. With increasing hydrogen functionalization, the ul-
timate stress and strain of the nanosheet decrease, indicating that the
material becomes weaker and less capable of withstanding external
forces. This leads to failure at lower stress levels. The introduction of
hydrogen atoms weakens the bonds within the nanosheet, significantly
compromising its structural integrity. Fig. 7b illustrates the stress-strain
curve for the TPG nanosheet under hydrogen functionalization when
tensile tension is applied in the Y-direction. As the degree of function-
alization increases, the maximum stress and strain values decline,
resulting in earlier failure. The hydrogen functionalization introduces
defects into the porous structure of the nanosheet, further weakening the
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(d

Fig. 8. Depicts the failure location of the TPG nanosheet under tensile loading in the X direction. (a) to (c) illustrate the stress distribution and the progression of
failure during the application of tension in the X direction. (d) shows the nanosheet immediately after failure, highlighting the structural breakdown caused by the

applied tension.
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Fig. 9. Depicts the failure location of the TPG nanosheet under tensile loading in the Y direction. (a) to (c) illustrate the stress distribution and the progression of
failure during the application of tension in the Y direction. (d) shows the nanosheet immediately after failure, highlighting the structural breakdown caused by the

applied tension.

bonds and reducing its overall integrity.

Fig. 8 illustrates the tension distribution in the 2.5 % H-functional-
ized TPG nanosheet along the X-direction. As depicted in Fig. 8a,
hydrogen functionalization introduces defects into the porous nano-
sheet. These defects, caused by bond weakening and structural va-
cancies, lead to a continuous but rapid decline in the nanosheet’s stress
and strain performance. However, due to the inherent stretchability of
the nanosheet, it can sustain tension until reaching its ultimate stress
and strain, as shown in Fig. 8b and c, respectively. While the bonds
surrounding the defects exhibit higher endurance, the nanosheet ulti-
mately undergoes failure, as illustrated in Fig. 8d.

Fig. 9 provides a comprehensive visualization of the mechanical
failure process in a 5% hydrogen-functionalized TPG nanosheet

subjected to tensile loading along the Y-direction. The figure illustrates
the progressive evolution of stress distribution and structural degrada-
tion through four distinct stages of the failure mechanism. In the initial
stage (Fig. 9a), the stress distribution is relatively uniform across the
nanosheet, with localized stress concentrations beginning to develop
around hydrogen functionalization sites, which act as structural weak
points due to the disruption of the pristine carbon network. As the
tensile load continues to increase (Fig. 9b), these stress concentrations
intensify and begin to propagate, leading to the initiation of bond
breaking in regions of highest stress density. The hydrogen functional-
ization sites serve as nucleation points for crack formation, as the
sp® hybridization of carbon atoms bonded to hydrogen atoms creates
local distortions in the otherwise planar sp? carbon framework.
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Fig. 10. Stress-Strain curve for NTPG nanosheet applying H- functionalization (2.5 %, 5 %, 7.5 %, and 10 %): (a) in the X direction; (b) in the Y direction.

The progression of failure becomes more pronounced in Fig. 9c,
where significant structural damage is evident as cracks propagate
through the nanosheet in a non-uniform manner. The final stage
(Fig. 9d) shows the nanosheet immediately after complete failure,
highlighting the catastrophic structural breakdown caused by the
applied tension. The failure pattern exhibits characteristics of brittle
fracture during the tensile tension in the Y direction.

Fig. 10 illustrates the stress-strain curves for the NTPG nanosheet
under hydrogen functionalization at concentrations of 2.5 %, 5 %,
7.5 %, and 10 % of the total number of atoms. Fig. 10a shows the
nanosheet subjected to tensile tension in the X-direction. As the
hydrogen functionalization increases, the failure stress and strain of the

nanosheet decrease, leading to failure at lower stress levels. Similar to
the TPG nanosheet, the introduction of hydrogen atoms weakens the
bonds within the NTPG nanosheet, compromising its structural integ-
rity. Fig. 10b illustrates the stress-strain curve for the NTPG nanosheet
under hydrogen functionalization when tensile tension is applied in the
Y-direction. As the degree of functionalization increases, the maximum
stress and strain values decline, resulting in earlier failure. Similar to the
TPG nanosheet, hydrogen functionalization introduces defects into the
porous structure of the NTPG nanosheet, further weakening the bonds
and reducing its overall integrity.

Fig. 11 shows the tension distribution for the NTPG nanosheet under
tensile tension in the X-direction with 5 % hydrogen functionalization
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Fig. 11. Presents the stress distribution of the NTPG nanosheet under tensile loading in the X direction. (a) NTPG under tension displacement just before the ultimate

failure, (b) NTPG just after the ultimate failure.
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Fig. 12. Presents the stress distribution of the NTPG nanosheet under tensile loading in the Y direction: (a) NTPG under tension displacement just before the ultimate

failure; (b) NTPG just after the ultimate failure.

Table 3

The hydrogen functionalization including (2.5 %, 5 %, 7.5, and 10 %), elastic
modulus, ultimate stress, ultimate strain, and toughness for the TPG nanosheet
in the X and Y directions.

Table 4

The hydrogen functionalization including (2.5 %, 5 %, 7.5, and 10 %), elastic
modulus, ultimate stress, ultimate strain, and toughness for the NTPG nanosheet
in the X and Y directions.

X Direction

X Direction

H-Functionalization =~ Young’s Failure Failure Tensile H- Young’s Failure Failure Tensile

(%) Modulus Stress (GPa) Strain Toughness Functionalization Modulus Stress Strain Toughness
(GPa) (GPa) (%) (GPa) (GPa) (GPa)

2.5 132.82 15.0779 0.1019 0.96 2.5 309.73 30.87 0.083 1.52

5 118.3 13.4407 0.0988 0.7414 5 299.48 23.99 0.059 0.83

7.5 114.13 11.3213 0.0973 0.6542 7.5 229.49 23.6 0.056 0.73

10 81.72 9.4702 0.0962 0.5217 10 193.04 18.38 0.042 0.43

Y Direction Y Direction

H-Functionalization ~ Young’s Failure Max Tensile H- Young’s Failure Max Tensile

(%) Modulus Stress (GPa)  Strain Toughness Functionalization =~ Modulus Stress Strain Toughness

(GPa) (Gpa) (%) (GPa) (GPa) (GPa)

2.5 129.4714 11.4173 0.0744 0.5518 2.5 220.06 30.3473 0.1301 1.95

5 122.0288 10.7735 0.0733 0.4866 5 217.4 29.6153 0.0772 1.18

7.5 124.0559 10.125 0.0683 0.4135 7.5 197.81 25.1943 0.0653 0.86

10 121.7373 9.2948 0.0673 0.3425 10 180.16 22.6918 0.057 0.68

applied. Fig. 11a illustrates the tension distribution just before ultimate
failure. Due to hydrogen functionalization, defects and vacancies occur
in the nanosheet, weakening the bonds and reducing its structural
integrity. Fig. 11b depicts the nanosheet immediately after failure.
Fig. 12 displays the tension distribution for the NTPG nanosheet under
tensile tension in the Y-direction with 2.5 % hydrogen functionalization
applied. Fig. 12. a shows the tension distribution just before ultimate
failure. The failure initiates from the upper-right vacancy, a

10

consequence of hydrogen functionalization, and continuously propa-
gates to other vacancies in the nanosheet, ultimately leading to complete
failure as shown in Fig. 12b.

Table 3 summarizes the mechanical properties of TPG nanosheets in
the X and Y directions, including first failure stress, first failure strain,
Young’s modulus, and tensile toughness. Table 4 presents the corre-
sponding properties for NTPG.

In Table 3, as the degree of hydrogen functionalization increases in
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Fig. 14. Ultimate strain values for hydrogen functionalization percentages of
2.5 %, 5%, 7.5 %, and 10 % in TPG and NTPG under uniaxial tensile loading.
The TPG results are shown in red for the X direction and blue for the Y direc-
tion, while the NTPG results are represented in yellow for the X direction and
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the X direction, Young’s modulus decreases. For example, at 7.5 %
functionalization, Young’s modulus is 114.13 GPa, compared to
118.3 GPa at 5 %. Both the first failure stress and ultimate failure stress
also decline with increased functionalization. At 10 %, these values drop
to 9.47 GPa and 0.096 GPa, respectively, while at 2.5 % they are
15.08 GPa and 0.10 GPa. Tensile toughness also decreases, from
0.96 GPa at 2.5 % to 0.65 GPa at 7.5 %. A similar trend is observed in
the Y direction. From 2.5 % to 10 % functionalization, ultimate stress,
ultimate strain, Young’s modulus, and tensile toughness decrease by
approximately 2.12 GPa, 0.007, 7.73 GPa, and 0.21, respectively.

In Table 4, for NTPG under tensile loading in the X direction, the
ultimate stress shows a reduction of approximately 12.49 GPa from
2.5 % to 10 % functionalization. Failure strain also decreases slightly,
with a difference of 0.041 between 2.5 % and 10 %. Young’s modulus
follows a similar trend for instance, it is 309.73 GPa at 7.5 %, compared
to 299.48 GPa at 5%. Toughness also declines with increasing

11
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functionalization, with values of 1.52 and 0.73 (in GPa) at 2.5 % and
7.5 %, respectively. The Y direction exhibits the same general trend.
From 2.5% to 10 % functionalization, the ultimate stress, ultimate
strain, Young’s modulus, and tensile toughness decrease by approxi-
mately 7.65 GPa, 0.0731,39.9 GPa and 1.27 GPa, respectively.

Our molecular dynamics results show that hydrogen functionaliza-
tion dramatically weakens both materials. In all cases, increasing H
coverage from 2.5 % to 10 % results in a monotonic decrease in Young’s
modulus, failure stress, failure strain, and toughness for both TPG and
NTPG.

Previous studies have shown that nitrogen doping significantly en-
hances the stiffness and strength of triphenylene-graphdiyne (TPG).
Mortazavi et al. [22] predicted that N-doped TPG (NTPG) remains
elastically stiff and can sustain high tensile stress, exhibiting linear
elastic behavior with considerable strength [22]. In line with this,
Hatam-Lee et al. [10] reported much higher Young’s moduli for NTPG
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(approximately 251 GPa in X and 227 GPa in Y) compared to TPG
(~189 GPain X and 147 GPain Y). Nikparsa et al. [15] similarly showed
that NTPG monolayers can withstand ultimate stresses of 31-34 GPa
and failure strains of around 0.10-0.12. Collectively, these works
demonstrate that NTPG is substantially stronger and stiffer than TPG
under tensile loading, due to the reinforcing effect of nitrogen doping.

Fig. 13 shows the maximum stress values for TPG and NTPG nano-
sheets under various levels of hydrogen functionalization (2.5 %, 5 %,
7.5 %, and 10 %) in both directions. At 2.5 % hydrogen functionaliza-
tion, the TPG nanosheet has a maximum stress of 15.08 GPa in the X
direction and 11.42 GPa across the Y direction. In contrast, NTPG rea-
ches 30.87 GPa (X) and 30.35 GPa (Y), showing a clear enhancement.
The absolute increases are 15.79 GPa in X and 18.93 GPa in Y compared
to TPG. These results confirm that nitrogen doping significantly re-
inforces the tensile strength of the graphdiyne lattice, particularly in the
Y direction. Among all cases, the 2.5 % functionalized NTPG (X) shows
the highest stress value, while the TPG (Y) exhibits the lowest. Addi-
tionally, hydrogen functionalization has a more intense weakening ef-
fect on NTPG than on TPG, indicating a steeper decline in strength with
increasing functionalization.

Fig. 14 presents the ultimate strain values for TPG and NTPG nano-
sheets under various hydrogen functionalization levels. The results
reveal anisotropic behavior. In the X direction, TPG exhibits superior
ductility at 2.5 % H-functionalization with a strain of 0.1019, surpassing
NTPG (X) at 0.083 by roughly 23 %. Conversely, in the Y direction, ni-
trogen doping enhances ductility: NTPG (Y) reaches 0.1301, compared
to TPG (Y) at 0.0744. Except at 2.5 %, TPG (X) consistently shows the
highest strain, while NTPG (X) presents the lowest.

Fig. 15 displays the Young’s modulus values for both nanosheets
across different hydrogen functionalization levels. At 2.5 % functional-
ization, TPG shows 132.82 GPa (X) and 129.47 GPa (Y), whereas NTPG
reaches 309.73 GPa (X) and 220.06 GPa (Y), reflecting significant im-
provements due to nitrogen doping. These enhancements highlight how
nitrogen atoms strengthen nanosheet stiffness, especially in the X di-
rection where atomic bonding is more efficient. Among all cases, NTPG
(X) exhibits the highest stiffness, while TPG (X) presents the lowest
(except at 2.5 %, where TPG (X) is slightly higher than TPG (Y)).

Fig. 16 illustrates the tensile toughness values for TPG and NTPG. At
2.5 % hydrogen functionalization, TPG has toughness values of 0.96 (X)
and 0.552 (Y), while NTPG exhibits 1.52 (X) and 1.95 (Y). Nitrogen
doping thus results in substantial improvements, an increase of 0.56 in
the X direction and 1.398 in the Y direction. While TPG shows higher
toughness in the X direction, NTPG displays greater toughness in the Y
direction. Furthermore, hydrogen functionalization leads to a sharper
decline in toughness for NTPG than for TPG, but overall, NTPG (Y) re-
mains the toughest and TPG (Y) the least.

The incorporation of nitrogen atoms into the NTPG structure
fundamentally alters its electronic and bonding properties compared to
TPG. Nitrogen, with its additional valence electron, introduces sites of
heightened reactivity within the NTPG lattice. This increased reactivity
makes NTPG more susceptible to hydrogen attachment during func-
tionalization, leading to stronger or more extensive bonding between
hydrogen and the nitrogen-doped sites. As a result, the structural
integrity and mechanical properties of NTPG are more severely
compromised under hydrogenation compared to TPG, which exhibits a
more stable and gradual response due to its uniform carbon-based
composition [53-55].

4. Conclusion

The presented research study carried out the first MD investigation of
hydrogen-functionalized TPG and NTPG under tensile loading, revealing
the impact of functionalization on the attributed mechanical perfor-
mance. Based upon the proposed computational approach, which in-
cludes a novel hydrogen-free boundary margin, it was possible to
improve the stability of modeled structures as well as to prevent the
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premature failure. The extracted numerical results demonstrated that
hydrogen coverage considerable influences on the mechanical behavior,
including failure stress and strain, Young’s modulus, and toughness of
TPG as well as NTPG nanosheets. Specifically, it was observed that:

e At 2.5% hydrogen functionalization, the TPG nanosheet has a
maximum stress of 15.08 GPa across the X direction and 11.42 GPa
along with the Y direction. In contrast, NTPG reaches 30.87 GPa in X
direction and 30.35 GPa across the Y axis, showing a clear
enhancement. These results confirm that nitrogen doping signifi-
cantly reinforces the tensile strength of the graphdiyne lattice,
particularly in the Y direction.

The results revealed anisotropic behavior for the both TPG and NTPG
nanosheets. In the X direction, TPG exhibits superior ductility at
2.5 % hydrogen functionalization with a strain of 0.1019, surpassing
NTPG (X) at 0.083 by roughly 23 %. Conversely, in the Y direction,
nitrogen doping enhances ductility: NTPG (Y) reaches 0.1301,
compared to TPG (Y) at 0.0744. Except at 2.5 %, TPG (X) consis-
tently shows the highest strain, while NTPG (X) presents the lowest.
It was found that increasing hydrogen functionalization from 2.5 %
to 10 % leads to a consistent decline in all mechanical properties for
both TPG and NTPG. Despite NTPG exhibiting superior mechanical
performance compared to TPG at low functionalization levels
reaching up to 30.87 GPa ultimate stress and 309.73 GPa Young’s
modulus its mechanical properties deteriorate more rapidly with
increased hydrogen coverage. For instance, NTPG’s tensile toughness
in the X direction drops from 1.52 GPa at 2.5 % to 0.43 GPa at 10 %,
while TPG shows a smaller decline from 0.96 GPa to 0.52 GPa. These
insights provide a foundation for optimizing functionalized 2D car-
bon materials for flexible electronics, energy storage, and nano-
mechanical applications.
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