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In this work, we comprehensively study the mechanical properties of the newly synthesized monolayer
quasi-hexagonal-phase fullerene (qHPF) membrane [Hou et al, 2022] under uniaxial tension by
using quantum mechanical density-functional-theory (DFT) calculations and molecular dynamics (MD)
simulations with a machine-learned neuroevolution potential (NEP). The elastic properties and fracture
behaviors of monolayer qHPF are found to be strongly anisotropic due to the different properties
between the inter-fullerene C-C single bonds and [2 + 2] cycloaddition bonds. Moreover, the tensile
strength and fracture strain of monolayer qHPF are much smaller than those of any other existing
two-dimensional (2D) carbon crystals. The very small tensile strength or fracture strain is ascribed to
the inhomogeneous deformation of the stretched monolayer qHPF, which originates from the stiffness
difference between the soft inter-fullerene bonds and the rigid intra-fullerene bonds. Compared with
DFT calculations at the ground state, the NEP-based extensive MD simulations predict a much smaller
tensile strength and fracture strain for monolayer qHPF due to their consideration of the effects
of temperature and membrane size. Our work not only reveals the underlying mechanism of the
fracture behaviors of monolayer fullerene networks from an atomistic perspective, but also shows
the effectiveness and accuracy of the NEP approach in determining the mechanical properties of 2D
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materials in the realistic situations.
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1. Introduction

Carbon is one of the most important elements for life on earth
due to its diverse electronic hybridization characteristics. As two
traditional carbon allotropes, diamond and graphite are well rec-
ognized to possess different properties, due to the diverse chem-
ical bonds in their lattice structures. The diversity in the physical
properties of diamond and graphite together with the ability of
carbon to form sp-, sp?-, and sp3-hybridized bonds has inspired
the search for new allotropes of carbon. Within the last few
decades, various low-dimensional carbon materials have been
discovered, which include zero-dimensional fullerene [1], one-
dimensional (1D) carbyne [2], quasi-1D carbon nanotubes [3],
two-dimensional (2D) graphene [4], to name a few. These low-
dimensional carbon materials are reported to have many unique
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properties superior to the convectional diamond and graphite.
For instance, fullerene treated with alkali metals can become
a high-T, superconductor [5]. Carbon nanotube can be either
metallic or semiconducting, depending on its chirality and diam-
eter [6]. Graphene has been experimentally measured as one of
the strongest materials with the Young’s modulus of ~1 TPa and
tensile strength of ~100 GPa [7]. Furthermore, the carbyne with
linear atomic chain was theoretically predicted to have much
higher gravimetric strength and toughness when compared with
graphene and carbon nanotube [8,9]. Owing to these excellent
properties, low-dimensional carbon materials are currently re-
ceiving the most attention from the community of chemistry,
materials science, and condensed matter physics [10,11].

The newly discovered low-dimensional carbon materials also
can serve as building blocks to construct novel carbon superarchi-
tectures, which can be treated as a feasible bottom-up synthesis
approach to obtain new carbon allotropes possibly with superior
properties [12-15]. Both theoretical and experimental studies
indicated that carbon nanotubes under high pressure or treated
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with electron beam welding can be connected covalently to form
polymerized carbon structures, which not only partially retain
some remarkable material properties of carbon nanotubes but
also offer a class of 2D or three-dimensional (3D) structures with
extraordinary structural properties such as ultrahigh porosity
[16,17]. An exceptionally stable carbon honeycomb was reported
recently, which can be treated as the 3D carbon superarchitecture
constructed by the elements of graphene [18,19]. The carbon
honeycomb or 3D graphene is reported to possess high porosity
and accessibility, which is thus proven to have the high storage
capacity for gas molecules [18]. Very recently, by merging cluster
cages of Cgo fullerenes through planar covalent carbon-carbon
bonds, a new 2D carbon material, namely the quasi-hexagonal-
phase fullerene (qHPF) has been fabricated in laboratory suc-
cessfully [20]. This 2D fullerene polymer is reported to have
a moderate bandgap and unique topological structure, both of
which make this new material appealing for applications in 2D
electronic devices [20]. Actually, the synthesis of 2D fullerene
polymers can be dated back to 1995, when Iwasa et al. [21]
reported the rhombohedral phase of Cgy by high pressure syn-
thesis. Since then, many theoretical efforts have been made to
reveal the properties of 2D Cgo polymers, which mainly focus
on their structural stability and electronic properties [22-24].
However, not enough attention has been paid to the mechanics
of 2D Cgp polymers, which should play a key role in determining
the structural integrity of the recently synthesized qHPF [25,26].
Moreover, the mechanical properties of qHPF are also of great im-
portance for the proper functioning of qHPF-based devices, since
the strain engineering is usually an efficient method to mod-
ify the properties of 2D materials [27-31]. Thus, the success of
gHPF-based electronic devices crucially relies on a comprehensive
understanding of the mechanical properties of the component
qHPF.

From a theoretical perspective of atomistic simulations, the
mechanical properties of 2D materials can be predicted by ei-
ther quantum mechanical density-functional-theory (DFT) calcu-
lations or classical molecular dynamics (MD) simulations with an
empirical potential. However, both approaches have their limi-
tations. Although the DFT approach is very accurate, it cannot
consider the effects of membrane size and finite temperature.
The existing empirical potentials cannot fully hold their accuracy
in describing new carbon allotropes such as qHPF synthesized
recently, because most of them are specifically parameterized
for some conventional carbon structures such as diamond and
graphene. Recently, by training against the quantum mechani-
cal DFT data, the machine-learned potentials (MLPs) have been
shown to be a promising on-demand approach to investigate the
mechanical properties of 2D materials. The MLP-driven MD sim-
ulations have been applied to study the negative Poisson’s ratio
of graphene [32], nanoscale tribology of graphene interfaces [33],
and the elastic and fracture properties of monolayer BC;N [34]
and in-plane graphene/borophene junctions [35].

In this paper, using the results from DFT calculations as the
training reference data, we construct an accurate MLP based on
the neuroevolution potential (NEP) framework [36-38] to investi-
gate the mechanical behaviors of monolayer qHPF under uniaxial
tension. Based on DFT calculations and MLP-based MD simula-
tions, the monolayer qHPF is found to be fragile with anisotropic
fracture behaviors. In other words, the tensile strength and frac-
ture strain of monolayer qHPF are much smaller than other ex-
isting 2D carbon allotropes. The very small fracture strain is
attributed to the inhomogeneous deformation in the stretched
monolayer qHPF, in which the local strain of soft inter-fullerene
covalent bonds is much larger than that of the rigid fullerene.
The strongly anisotropic mechanical property of monolayer qHPF
originates from the distinct properties of the inter-fullerene co-
valent bonds in different directions. In addition, the impacts of
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Fig. 1. (a-b) The initial crystal structures of monolayer (a) qHPF and (b) qTPF
constructed using the lattice parameters from Ref. [20]. Here, a and b are
the primitive lattice constants along x and y axes of qHPF, respectively. (c-d)
The ELF of the optimized monolayer (c) qHPF and (d) qTPF. (e) Total energy
evolution of 1 x 2 x 1 supercells of monolayer qHPF at 800 K calculated
by AIMD simulations. The inset shows the structure extracted at the end of
AIMD simulations. For clarity, the 2 x 2 x 1 supercell is presented here. The
VESTA [39] and OVITO [40] packages were used for visualization of ELF and
atomistic structures, respectively.

size, temperature and strain rate on the mechanical properties of
monolayer qHPF are also carefully examined by MLP-based MD
simulations, which should be taken into account in the practi-
cal applications such as the strain engineering of the electronic
property of qHPF.

2. Models and methods
2.1. Atomistic models

Fig. 1(a) show the atomistic model of monolayer qHPF. In
gHPF, each Cg molecule is linked with six neighboring Cgg
molecules with covalent bonds to form a 2D network structure.
There are two types of inter-fullerene bonds in qHPF, wherein the
covalent [2 4 2] cycloaddition bonds are along the [010] direction
and the C-C single bonds are along the [110] and the [110]
directions. In addition to qHPF, another single-crystal fullerene
polymer that is namely quasi-tetragonal-phase fullerene (qTPF)
was also synthesized in the same experiment [20]. However, dif-
ferent from qHPF possessing the stable monolayer structure, the
thinnest qTPF flakes fabricated in experiments are still few-layer.
Thus, monolayer qTPF is expected to be unstable in atmosphere
condition and under room temperature. To prove this deduction,
the monolayer qTPF was also considered in DFT studies. For qTPF,
each Cgp molecule is linked with four neighboring Cso molecules
with two covalent [2 + 2] cycloaddition bonds along the [010]
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direction and two C-C single bonds along the [100] direction. The
initial crystal structures of qHPF and qTPF were obtained from
Ref. [20].

2.2. DFT calculations

All DFT calculations were performed using the VASP pack-
age [41] with the exchange-correlation PBE functional [42]. The
energy cutoff for the projector augmented wave [43] was set as
520eV. A Gaussian smearing with a width of 0.1eV was used.
The energy threshold of electronic self-consistent loop was set
as 1 x 107> eV, while the force threshold of structural optimiza-
tion was set as 1 x 1072 eV/A. The k-point mesh with a density
of 0.25/A was sampled in the in-plane Brillouin zone of the
unit cell. A vacuum spacing of 20 A was added in the direction
perpendicular to the basal plane to isolate the monolayer qHPF
or qTPF. In addition to the static calculations at ground state,
AIMD simulations at finite temperatures were also performed to
verify the thermodynamic stability of monolayer qHPF. In doing
this, a 1 x 2 x 1 supercell of qHPF was simulated within the
NVT ensemble for 10 ps by using the Nosé-Hoover thermostat
at 800K, a time-step of 1fs, and a 1 x 1 x 1 k-point mesh. For
reference datasets used in training and testing of NEP model, we
adopted a higher energy cutoff (650eV) and energy threshold
of electronic self-consistent loop (1 x 1078 eV). In the present
DFT calculations and the following MD simulations, the thickness
of monolayer qHPF was set as 8.78 A for all stress calculations,
which equals the layer separation in bulk gHPF [20].

2.3. The NEP framework

An MLP based on the NEP framework [36-38] was developed
in this work to study the mechanical behaviors of qHPF under
uniaxial tension. Based on a neural network, the NEP was trained
via the separable natural evolution strategy (SNES) [44] against
the reference dataset including energy, force, and virial values
obtained from DFT calculations. Following the standard Behler-
Parrinello high-dimensional neural network approach [45], the
site energy U; of an atom i is taken as a function of Ng.s descriptor
components with the following form:

Nneu Ndes
Zw“ tanh wa?v)qv b ) — b, (1)
v=1

where Npe, is the number of neurons, w(® and w() are the train-
able weights, b‘® and b") are the bias parameters, and tanh(x) is
the activation function.

In the NEP, the descriptor consists of a set of radial and angular
components. The radial descriptor components ¢, (0 <n <n
are constructed as

=" galry). (2)
J#
where the summation runs over all the neighbors of atom i within
a certain cutoff distance.
For the angular descriptor components, herein we considered
the following many-body terms up to the fourth order [38],
including three- body terms g, (0 <n < n® ,1<I1<P )and
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Here, Yin(0j, ¢;) is the spherical harmonic, which is a function
of the polar angle 6; and the azimuthal angle ¢; for the position
difference vector r;; = r; — r; between atoms i and j.

The radial functions g,(r;) in Eq. (2) are deﬁned as a linear

combination of N® _ + 1 basis functions {fk(r,])},(b"is

bas

R
N, bas

&u(ry) = chkfk i), with (6)

k=0
filry) = [Tk< (rg/r* —1)° — 1) + 1]fc(rij). 7

Here, Ty (x) is the kth order Chebyshev polynomial of the first kind
and f(ry) is the cutoff function defined as

1 Tij . < R
fc(rg)={2[1+cos<ﬂf§)]’ rufrcR, 8)

0, rj > T1¢.
Here, rf is the cutoff distance of the radial descriptor components.
The trainable expansion coefficients c;, depend on n, k and also
the types of atoms i and j. The functions g,(r;) in Eq. (5) have the
similar definition except for the different basis size N{,\as and the
different cutoff distance rA.

During the training process, the total loss function is mini-
mized to optimize the free parameters in the NEP model using
the SNES. The total loss function is defined as a weighted sum of
several individual ones:

L= ALy + Aoly 4+ Ae AU + A;AF + Ay AW 9)

where AU, AF, and AW are the root mean square errors (RMSEs)
of energy, force, and virial, respectively, between the predicted
and the reference values, L; and L, are proportional to the 1-norm
and 2-norm of the training parameters, and Ae, Af, Ay, Aq, Ay are
the weights of the various terms. For more details on the NEP
approach, we refer the readers to the original papers [36-38].

2.4. The MLP-based tensile simulations

In addition to DFT calculations, MLP-based MD simulations
were utilized here to conduct the tensile simulations of the
monolayer qgHPF membrane. All MD simulations were performed
by using the GPumD package (version 3.3.1) [46] with a time step
of 1fs. The periodic boundary conditions were applied along both
planar directions. During the simulations, the system was firstly
relaxed within the isothermal-isobaric (NpT) ensemble at the
target temperature and zero external pressure using the Berend-
sen thermostat and barostat [47] for 100 ps. Afterward, the qHPF
membrane was stretched in the x or y direction with a specific
strain rate. The temperature was controlled using the Bussi-
Donadio-Parrinello thermostat [48], while the target stress along
the lateral direction was controlled at zero using the stochastic
cell rescaling barostat [49]. The effects of size (ranging from 5 nm
X 5nm to 44nm x 44 nm), temperature (ranging from 100K to
800K), and strain rate (ranging from 1 x 107 /s to 1 x 10°/s) on
the mechanical properties were studied.

3. Results and discussion

In this section, the mechanical properties of monolayer
fullerene networks are investigated by aforementioned DFT cal-
culations and MLP-based MD simulations. Specifically, DFT calcu-
lations are majorly employed to reveal the fracture mechanism of
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Fig. 2. (a) The stress-strain curves of monolayer qHPF under uniaxial tension predicted by DFT calculations and NEP-qHPF model. (b) Deformations of inter-fullerene
covalent bonds (C-C single and [2 + 2] cycloaddition bonds) and individual fullerenes with increasing total strain. Here, the local strains of inter-fullerene covalent
bonds were calculated as the ratios of bond length increments to the initial bond lengths as marked in (c). (c-f) The ELFs of four representative structures before

and after the fracture, as labeled in (a).

monolayer fullerene networks at ground state. In MD simulations
with the accurate NEP model, samples with a larger number
of atoms and the dynamics factors such as the temperature
effect and loading rate can be taken into account, which are
demonstrated to play an important role in determining the tensile
strength and fracture strain of monolayer qHPF.

3.1. DFT calculation results

In Fig. 1(c) and (d), we illustrate the electron localization
function (ELF) [50] of both monolayer qHPF and qTPF after the
structural optimization. Here, the value of ELF ranging between
0 and 1 is a spatial function that describes the atomic bond-
ing characteristics of fullerene polymers. The optimized qHPF
is found to retain its covalently bonded 2D network structure,
since electron localization occurs around the center of all bonds,
indicating the dominance of covalent bonding between pairs of
carbon atoms. The lattice constants a and b of qHPF as shown in
Fig. 1(a) are predicted to be 15.91A and 9.16 A, respectively, both
of which are very close to the experimental results (16.00A and
9.17 A). However, although covalent [2 + 2] cycloaddition bonds
connecting neighboring fullerenes in the y direction retain in qTPF
after the structural optimization, the C-C single bonds between
fullerenes in the x direction disappear after this treatment, mak-
ing monolayer qTPF transfer into a series of parallel 1D linear Cg.
This result suggests that the monolayer qTPF is indeed unstable,
which is thus excluded from the present study.

To further validate the thermodynamic stability of monolayer
gHPF, especially when it is used under a relatively high tempera-
ture, AIMD simulations were conducted for the monolayer qHPF.
As shown in Fig. 1(e), the energy fluctuates around a stable aver-
age value during the AIMD simulation. Moreover, the monolayer
qHPF obtained after the AIMD simulation is structurally similar
to its initial configuration without any bond breakage. These

results indicate the thermodynamic stability of the monolayer
gHPF. Thus, only monolayer qHPF was considered in the following
study.

In Fig. 2, we show the stress-strain relations of monolayer
gHPF uniaxially elongated with a small strain increment of 0.5%
each step along x and y directions. In each step, the stress along
the lateral direction (perpendicular to the loading direction) was
released to zero. At the beginning, stress and strain exhibit a
linear relationship, giving the tensile modulus as the slope of
the linear stress-strain curves with strain less than 1%. Thus,
according to Fig. 2, the tensile modulus of monolayer qHPF in
the x direction is predicted as 162.8 GPa, which is much smaller
than 207.0 GPa in the y direction. As the strain grows, the stress-
strain curve experiences a nonlinear response until the ultimate
tensile strength, at which monolayer qHPF reaches its maximum
bearing load. By further loading monolayer qHPF after the tensile
strength, the stress drops to zero abruptly, which indicates the
occurrence of brittle failure. We find that the fracture properties
of monolayer qHPF are also anisotropic. Specifically, the tensile
strength and fracture strain in the y direction are, respectively,
14.1GPa and 8.0%, which are both larger than the values of
8.9GPa and 6.5% in the x direction. Here, the fracture strain is
another important mechanical parameter measuring the defor-
mation capacity of a stretched material before the nucleation of
cracks, which is defined as the strain at the point where the stress
reaches the tensile strength. In Fig. 3, we compare the fracture
properties of monolayer qHPF with some other 2D carbon al-
lotropes and related 2D materials. Both the tensile strength and
fracture strain of the present monolayer qHPF are found to be
much smaller than those of most other 2D materials, indicat-

ing the mechanical fragility of monolayer qHPF under tension.
Notably, this mechanical fragility could also contribute to the
relatively larger ratio of elastic modulus to tensile strength when
compared with other 2D carbon allotropes such as graphene.
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Fig. 3. A comparison of the tensile strength and fracture strain between
monolayer qHPF and other 2D materials including graphene [51,52], h-BN
(hexagonal boron nitride) [53,54], graphyne [55], biphylene network [56],
bophorene [57], silicene [58], Black-P (black phosphorene) [59], Violet-P (violet
phosphorene) [28], and MoS; (molybdenum disulfide) [60]. Here, the hollow and
solid circles denote the DFT results in the armchair and zigzag directions (or the
strongest and weakest directions), respectively. The squares of graphene and h-
BN are experimental results, while the squares of qHPF are results predicted by
MLP-based MD simulations.

In addition to fracture properties, the elastic properties of qHPF
are also investigated (see Section S1 in Supplemental Material).
We find that the monolayer qHPF has a much smaller elastic
modulus but a much higher elastic anisotropy than any other
already synthesized 2D carbon allotropes.

To better explain the fragile property observed in monolayer
gHPF and better reveal its deformation mechanism during the
tension process, in Fig. 2(b) we show the local strain evolution
of inter-fullerene C-C single bonds, [2 + 2] cycloaddition bonds
and individual fullerenes during the tension process in both x and
y directions. In general, a significant inhomogeneous deforma-
tion is observed in the monolayer qHPF, since the elongation of
the inter-fullerene bonds is much larger than that of the intra-
fullerene bonds. This fact explains the very small fracture strain
of monolayer qHPF, because the stretching of monolayer qHPF
majorly results in the elongation of the soft inter-fullerene bonds.
Moreover, the larger tensile strength and fracture strain observed
in the y direction of monolayer qHPF can be attributed to the
effect of stronger [2 + 2] cycloaddition bonds as described above,
since the loading in the y direction is majorly resisted by [2 + 2]
cycloaddition bonds, while the loading in the x direction is mainly
resisted by C-C single bonds.

The deformation process together with the corresponding ELFs
of monolayer qHPF stretched along x and y directions are illus-
trated in Fig. 2(c-f). Here, structures at the fracture strength point
and shortly after the rupture are shown here as two important
representative statuses. A comparison among the ELFs just before
and after the rupture indicates that monolayer qHPF stretched
along x and y directions should exhibit different cracking charac-
teristics. When stretched along the x direction, only the C-C single
bonds connecting neighboring fullerenes are broken after the
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rupture but the [2 4 2] cycloaddition bonds parallel to the loading
direction are kept intact. After the loading direction shifts to the y
direction, elongations of the straight [2 + 2] cycloaddition bonds
and the inclined C-C single bonds both contribute to the overall
deformation of monolayer qHPF. Since the C-C single bonds are
much weaker than the [2 4 2] cycloaddition bonds, the breaking
of the latter will consequently trigger the breaking of the former.
Thus, both the [2 + 2] cycloaddition bonds and C-C single bonds
are broken in the ruptured qHPF when it is stretched along the
y direction. Based on the above findings, it is expected that the
crack in the monolayer qHPF stretched along the x direction will
show a straight line that is exactly perpendicular to the loading
direction, while the structures stretched along the y direction will
have a more complicated crack growth path making the crack
have a more complicated pattern.

In section S2 (see Supplemental Material), we also show the
strain effect on the electronic band structures of monolayer qHPF.
Due to the splitting of both valence band maximum and con-
duction band maximum near the I" point under tensile strain, a
significant reduction is observed in the band gap of the stretched
monolayer qHPF regardless of the loading direction. However, as
we will discuss later, because DFT calculations usually cannot
consider the effects of temperature and membrane size, this
method will significantly overestimate the fracture property of
monolayer qHPF in the realistic environment. The fracture be-
haviors of the monolayer qHPF membrane stretched at the fi-
nite temperature will be further discussed using extensive MD
simulations as introduced in Section 2.4.

3.2. NEP model for monolayer qHPF

3.2.1. Generation of training and testing datasets

Very recently, some researchers have developed an NEP model
for amorphous carbon [38], which is denoted as NEP-Carbon in
the present work. Nevertheless, its training dataset mainly con-
sists of the crystal diamond and graphite, liquid and amorphous
carbon structures [61]. To accurately describe the mechanical
behavior of the newly synthesized monolayer qHPF, we devel-
oped here a new NEP model, namely, NEP-qHPF. Because the
monolayer qHPF is stable in MD simulations with the NEP-Carbon
model [62], we used this model as a pre-trained model to acceler-
ate the sampling of reference structures. The training and testing
structures of qHPF were obtained from three parts including MD
simulations near the equilibrium state, uniaxial tension based on
MD simulations, and uniaxial tension based on DFT calculations.
All simulations were performed with the primitive cell of qHPF
containing 120 atoms.

For MD simulations near the equilibrium state, we used the
NEP-Carbon model to run NpT simulations by using the Bussi-
Donadio-Parrinello thermostat [48] and the stochastic cell rescal-
ing barostat [49]. Three target pressures including 0GPa, 1GPa,
and —1GPa in both x and y directions were considered. For
each target pressure, we linearly increased the target temperature
from 10K to 1000K during a simulation period of 2500 ps. We
sampled the structures every 50 ps, resulting in 50 structures
obtained for each target pressure. Therefore, 150 structures were
collected in total.

For uniaxial tension based on MD simulations, the simulation
details have been introduced in Section 2.4. Five target tempera-
tures including 100K, 300K, 500K, 700K, and 900K in both x and
y directions were considered. For each temperature, the primitive
cell of gHPF was uniaxially stretched in x and y directions with a
strain rate of 1 x 108/s until fracture. We obtained 100 structures
in total by extracting 10 structures for each uniaxial tension
simulation.

For uniaxial tension based on DFT simulations, the monolayer
qHPF was elongated with a small strain increment of 0.5% each
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Table 1

Hyperparameters for the NEP-qHPF model.
Parameter Value Parameter Value
R 42A rA 3.7A
nR . 10 nh . 8
NR 10 N2 8
Lovex 4 e 2
Nhpeu 50 M 0.1
A2 0.1 Ae 1.0
At 1.0 Ay 0.5
Nbat 240 Npop 50
Ngen 9 x 10°
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Fig. 4. (a) The evolution of various loss functions for the qHPF training dataset
with respect to the generation. (b) Energy, (c) force, and (d) virial calculated
from NEP as compared to the DFT reference data for the training and testing
datasets.

step along the x or y direction. In each step, the stress along
the lateral direction (perpendicular to the loading direction) was
released to zero. In total, 30 structures were obtained after we
extracted 15 structures for each uniaxial tension simulation.

Overall, 280 structures have been obtained in total. Specif-
ically, 240 structures (28800 atoms) of them were randomly
selected to generate the training dataset, while the other 40
structures (4800 atoms) formed the testing dataset. We further
used DFT calculations to obtain the energy, force, and virial data
of these structures, which were taken as the input reference
dataset for NEP-qHPF model training.

3.2.2. NEP model training and validating

We employed the cpuMD package (version 3.3.1) [38,46] to
train the NEP-qHPF model with the hyperparameters listed in
Table 1. The hyperparameters used here for the NEP-qHPF model
are generally consistent with those for the NEP-Carbon model
[38] except for the following three modifications. First, the five-
body descriptor components as defined in Ref. [38] have not been
included. Second, we have increased the regularization weights,
£1 and ¢, from 0.05 to 0.1, which can help to increase the robust-
ness of the potential in MD simulations. Third, we have increased
the virial weight, A, from 0.1 to 0.5, which is expected to increase
the accuracy of NEP-qHPF in predicting the mechanical properties
of monolayer qHPF.

Fig. 4(a) shows the evolution of various loss functions for the
qHPF training dataset with respect to generations. The training
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Fig. 5. Force calculated from (a) NEP-Carbon, (b) Tersoff, (c) REBO, and (d) LCBOP
as compared to the DFT reference data for the test dataset.

has been performed for 9 x 10° generations with all loss functions
being completely converged. The corresponding energy, force,
and virial predicted by NEP-qHPF are compared against the DFT
reference values in Fig. 4(b)-(d), respectively. The RMSEs for train
and test datasets are presented. For the purpose of comparison, in
Fig. 5 we also evaluate the accuracy of the previous NEP-Carbon
model and some popular empirical potentials for the carbon sys-
tem including the Tersoff potential [63,64], REBO potential [65],
and LCBOP potential [66] by comparing their predicted forces for
the test dataset against the DFT reference values. It can be clearly
seen that our NEP-qHPF model with RMSE of 206.2 meV/A shows
the highest accuracy among all the potentials. Moreover, the NEP-
gHPF model can also well reproduce the tensile curves predicted
by DFT calculations as shown in Fig. 2. The force RMSE of the
previous NEP-carbon model is 636.3 meV/A, which is less accu-
rate than the NEP-qHPF model but is still much more accurate
than the empirical potentials. For all empirical potentials, most
parts of predicted forces deviate from the parity line and the
corresponding RMSEs are larger than 2000 meV/A.

In Table 2 we compare the lattice constants and inter-fullerene
bond lengths predicted by different potentials. The two NEP mod-
els show a much higher accuracy than the empirical ones in
predicting both the lattice constants and inter-fullerene bond
lengths. Moreover, the inter-fullerene bond lengths predicted by
the NEP-qHPF model perfectly agree with the DFT values. To
further check the reliability of the NEP-qHPF model in the tensile
simulations at finite temperatures, we compare the distribution
in the latent space [67] for structures under tensile loading ob-
tained from MD simulations and the training structures in Fig. 6.
Following the definitions in Ref. [38], the high-dimensional latent
space can be effectively reduced by PC analysis. It can be seen that
all stretched structures sampled from MD simulations are totally
within the region spanned by the training dataset, indicating
the reliability of NEP-qHPF in describing the fracture behaviors
of monolayer qHPF. From the above findings, we expect that
the high accuracy of the NEP-qHPF model can lead to a reliable
prediction of the mechanical properties of qHPF as discussed in
the remainder of this paper.
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Table 2

Extreme Mechanics Letters 58 (2023) 101929

Equilibrium lattice constants and inter-fullerene bond lengths of monolayer qHPF predicted by the various potentials
and DFT calculations. Here, a and b are the lattice constants along the x and y directions, respectively. [; and I, are
the lengths of the C-C single bonds and the [2+2] cycloaddition bonds, respectively.

Approach a (A) b (A) I; (A) I, (A)
DFT 1591 9.16 1.61 1.61
NEP-qHPF 15.88 9.19 1.61 1.61
NEP-Carbon 15.88 9.18 1.55 1.59
Tersoff 16.51 9.47 1.52 1.61
REBO 15.92 9.25 1.51 1.61
LCBOP 16.28 9.25 1.50 1.41

2.0
Train data set
15 Tension along x direction
’ Tension along y direction
1.0
o~
g 0.51
0.0
—0.51
-1.0 T T T T
-1 0 1 2
PC1

Fig. 6. Distribution of training structures and structures under tension in the 2D
PC space (spanned by PC 1 and PC 2) as reduced from the latent space using the
PYNEP package [38]. Here, structures under tension were sampled from tensile
simulations of monolayer qHPF containing 960 atoms at 300K with a strain rate
of 1 x 108/s along x and y directions.

3.3. MLP-based MD simulation results

3.3.1. Size effect

Using extensive MLP-based MD simulations, in Fig. 7(a) we
show the strain-stress curves of the monolayer qHPF uniaxially
stretched along x and y directions with a strain rate of 1 x 108/s
at room temperature of 300 K. Here, five square monolayer qHPF
membranes with different sizes of 5nm x 5nm (containing 1800
atoms), 11nm x 11nm (10080 atoms), 22 nm x 22nm (40320
atoms), 33nm x 33nm (90720 atoms), and 44nm x 44nm
(containing 161280 atoms) were considered to study the size
effect on the mechanical behaviors of the monolayer qHPF. As for
each tensile test, five independent simulations were conducted to
reduce the uncertainty from the thermal perturbation. In general,
we find that the elastic moduli, tensile strength, and fracture
strain in the x direction of monolayer qHPF are all smaller than
those in the y direction, regardless of the membrane size. This
finding is consistent with the DFT results in Fig. 2.

In Fig. 7(b)-(d) we show the tensile modulus, tensile strength
and fracture strain extracted from the stress-strain curves by
averaging the corresponding results of five independent simu-
lations. It can be seen that the tensile modulus of monolayer
gHPF is almost independent of the membrane size. The values
of tensile modulus in x and y directions are 161.9 4+ 1.2 GPa and
224.6 &+ 2.1GPa, respectively. The tensile modulus of monolayer
gHPF extracted from the present MD simulations is close to that
obtained in the above DFT calculations. In contrast, the tensile
strength and fracture strain obtained from the present MLP-based
MD simulations are greatly smaller than those extracted from
DFT calculations. For instance, for the monolayer qHPF mem-
brane with a length of 33 nm, the tensile strengths in x and y
directions predicted from MD simulations are 3.8 4+ 0.1 GPa and
8.1 £ 0.1GPa, respectively, which are only 42.6% and 55.1% of
the corresponding results extracted from DFT calculations (see

Fig. 2). The fracture strains of this membrane are predicted to be
2.46 £+ 0.04% and 3.68 & 0.07% in x and y directions, respectively,
which are only 37.8% and 46.0% of the corresponding DFT values.
The much smaller tensile strength and fracture strain predicted
from MLP-based MD simulations can be attributed to the tem-
perature and size effects, both of which are absent in previous
DFT calculations. The thermal fluctuations at the finite temper-
ature can accelerate the breaking of some C-C bonds and thus
fracture of monolayer qHPF. Moreover, as the membrane length
grows, the breaking probability of the C-C bonds due to thermal
fluctuations increases, which results in the decrease of the tensile
strength and fracture strain. Indeed, as shown in Fig. 7(c)-(d),
both the tensile strength and fracture strain decrease when the
membrane length increases from 5 nm to 33 nm. However, when
the membrane length further grows from 33nm to 44nm, no
significant changes are observed in both the tensile strength
and fracture strain, irrespective of the loading direction. In other
words, the size effects on the fracture properties of monolayer
gHPF become insignificant when its length is larger than 33 nm.

3.3.2. Strain rate effect

We also investigate the effect of strain rate on the mechan-
ical properties of monolayer qHPF at room temperature. The
stress-strain curves of the monolayer qHPF membrane having
the length of 33nm x 33 nm obtained under the tension with
the strain rate ranging from 1 x 107 /s to 1 x 10°/s are shown in
Fig. 8(a). As shown in Fig. 8(b), the strain rate shows a small effect
on the tensile modulus of monolayer qHPF. However, Fig. 8(c)
and (d) indicate a significant enhancement effect of the strain
rate on both the tensile strength and fracture strain of mono-
layer qHPF. For instance, the tensile strengths in x and y di-
rections increase from 3.6 £ 0.1GPa to 4.2 £ 0.0GPa and from
7.1 £0.2GPa to 9.0 + 0.1GPa, respectively, when the strain rate
grows from 1 x 107/s to 1 x 10°/s. The enhancement effect of
strain rate on the fracture properties can be understood by the
following reason. The atoms of monolayer qHPF at a higher strain
rate have less time to respond to the loading. Thus, there is a less
chance for the atoms to overcome the energy barrier and trigger
the breaking of bonds, which results in a larger tensile strength
and fracture strain. Theoretically, the tensile strength and strain
rate can be represented by oy = Ce™ [68], where oy, €, m, and
C denote the rate-independent tensile strength, strain rate, the
strain-rate sensitivity, and a constant, respectively. As shown in
Fig. 8(c), our MD simulation results agree well with this theo-
retical prediction. Specifically, we find that the tensile strength
in the y direction is more sensitive to the strain rate. Moreover,
the rate-independent tensile strength along x and y directions are
extrapolated to be 3.58 GPa and 7.09 GPa, respectively.

3.3.3. Temperature effect

In the above discussion we find that due to the thermal fluc-
tuation, the mechanical properties of monolayer qHPF should
be dependent on the temperature. To further investigate the
temperature effect, the uniaxial tensile simulations were con-
ducted at eight different temperatures ranging from 100K to
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800K for the monolayer gHPF membrane with the size of 33 nm due to the so-called thermally induced softening effect widely ob-
X 33 nm. Similarly, five independent simulations were conducted served in many other 2D materials [69-71]. The tensile strength
at each temperature with the same strain rate of 1 x 108/s. The and fracture strain are found to similarly decrease as the tem-
obtained strain-stress curves at different temperatures are shown perature grows. This is because covalent bonds in monolayer
in Fig. 9(a), based on which the tensile moduli, tensile strengths qHPF exhibit a more significant thermal fluctuation at a higher
and fracture strains at different temperature were evaluated. temperature. In other words, the high atomic kinetic energy and

As shown in Fig. 9(b), when the temperature increases from mobility at the high temperature can cause a more deviated
100K to 800K, the tensile modulus in x and y directions of distance between carbon atoms as depicted in Fig. 10. Once some
monolayer qHPF, respectively, decrease from 163.2 £ 0.5 GPa to inter-fullerene bonds break due the serious thermal fluctuation
146.3 = 4.2GPa and from 230.7 £0.4GPa to 190.2 + 5.8 GPa at the high temperature, the fracture is initiated immediately
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Fig. 10. A comparison among the atomic trajectories of inter-fullerene covalent
bonds in qHPF at different temperatures.

followed by the catastrophic failure of the entire monolayer qHPF.
Comparing the temperature effect on the fracture properties in
x and y directions, the tensile strength and fracture strain in
the y direction is more sensitive to the temperature change. For
example, at a relatively low temperature of 100K, the tensile
strength in the y direction is 11.85 £ 0.11GPa as about twice
as 5.64 £ 0.03GPa in the x direction. However, due to its more
sensitivity to the temperature change, the tensile strength in
the y direction decreases to 1.86 +0.07 GPa at 800K that is
comparable to the value (1.57 £ 0.06 GPa) in the x direction at
the same temperature. Similarly, although at the temperature of
100K the fracture strain in the y direction is about 45.1% larger
than that in the x direction, the fracture strains in these two
direction are found to extremely close to each other at 700K.
Furthermore, as the temperature keeps growing to 800K, the
fracture strain in the x direction eventually turns to be much
larger than its counterpart in the y direction.

In Fig. 11, we show the atomic strain distributions in the
monolayer qHPF stretched along x and y directions just before
and after fracture. From Fig. 11(a), it can be found that the defor-
mation of monolayer qHPF under the tension in the x direction
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Fig. 11. The snapshots sampled at specific strains before and after fracture of
qHPF with a size of 33nm x 33nm under tension at 100K. The atoms in
the snapshots were colored based on their atomic volumetric strains using the
OVITO package [40]. The strain in (a, b) is the component in the x direction
of qHPF stretched along the x direction, while the result in (c, d) is the strain
component in the y direction of qHPF stretched along the y direction. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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majorly originates from the elongation of the inter-fullerene C-C
single bonds, where the largest atomic strain is often observed.
Similarly, as shown in Fig. 11(c), the elongation of [2 + 2] cycload-
dition bonds majorly contributes to the deformation of monolayer
gHPF under the tension in the y direction. These findings fur-
ther prove the significant inhomogeneous deformation of the
stretched monolayer qHPF, irrespective of the loading direction.
Moreover, as shown in Fig. 11(b) and (c), the crack of the qHPF
membrane stretched along the x direction exhibits a straight-
line pattern that is parallel to the loading direction, while edges
of the crack of the membrane stretched along the y direction
could have a more complicated zigzag pattern. The different crack
patterns of monolayer qHPF stretched along different directions
are consist with the results predicted in the above DFT calcu-
lations. Finally, it is worth mentioning that due to the thermal
fluctuation, the monolayer qHPF utilized at a finite temperature
possesses a fracture strain much smaller than that predicted from
above DFT calculations as shown in Fig. 2 at the absolute zero
temperature. Actually, as shown in Fig. 3, due to the effect of
some factors in reality such as the size and temperature effects,
the tensile strength and fracture strain of 2D materials measured
in experiments are generally smaller than those predicted from
DFT calculations. These practical factors actually can be taken into
account in MLP-based MD simulations, which also hold the accu-
racy comparable to DFT calculations. Indeed, the tensile strength
and fracture strain of monolayer qHPF predicted from MLP-based
MD are generally smaller than their DFT calculation results (see
Fig. 3). Thus, as shown in Fig. S2 (see supplemental material),
when the strain engineering is used to modify the electronic
properties of monolayer qHPF in practice, it is necessary to strictly
keep the applied strain smaller than the fracture strain.

4. Summary and conclusions

In summary, we have constructed an accurate MLP based on
the efficient NEP approach for the monolayer qHPF. Compared
with both the DFT and empirical potentials approaches, the NEP
model is superior in determining mechanical behaviors of the
monolayer qHPF under uniaxial tension, because it can consider
the effects of membrane size and finite temperature in the real
environment. The mechanical properties including tensile modu-
lus, tensile strength and fracture strain of monolayer qHPF are
found to be strongly anisotropic, which is due to the distinct
properties of different inter-fullerene bonds. Most notably, it is
found that the tensile strength and fracture strain of monolayer
gHPF are much smaller than any other existing 2D carbon crys-
tals. This mechanical fragility originates from the inhomogeneous
deformation of the stretched monolayer qHPF, since the soft
inter-fullerene bonds and the rigid fullerenes have different siff-
nesses. Overall, this work not only provides an atomistic insight
into the mechanical anisotropy and fracture behaviors of mono-
layer gHPF, but also demonstrates the effectiveness and accuracy
of machine-learned NEP-based MD simulations in simulating the
mechanical behaviors of 2D materials with considering more
realistic factors such as size and thermal effects.
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