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Abstract

Graphyne, a novel carbon allotrope, is a two-dimensional
lattice of sp*+sp' hybridization-type carbon atoms, similar
to graphene. The initiation and development of wrinkles in
single-layer graphynes (a-, -, y-, and 6, 6, 12-graphyne)
subjected to in-plane circular shearing are investigated. In
comparison with graphene, wrinkle pattern and profile
characterization in relation to wave number, wavelength
and amplitude of graphynes are extensively explored using
classic molecular-dynamics (MD) simulations. Unlike
graphene, the wave numbers of graphynes increase with
increasing rotational angles; the wavelengths reduce
correspondingly. The amplitudes show an increasing
trend, with some local drops when the rotational angles
increase. The drops occur as the positions of the wave
numbers increase. Graphynes have superior fracture
properties to graphene, despite the densities of graphynes
being far lower. The fracture rotational angles depend on
the percentages of acetylenic linkages in the graphyne
structures: the more acetylenic linkages, the larger the
fracture rotational angles. Meanwhile, acetylenic linkages
also affect the bond length strains of the graphynes during
the wrinkling process. The influences of the temperature
on the fracture rotational angles are also examined to obtain
further insights into the mechanical properties of such

kinds of carbon allotropes. The achieved results can be used
as guidelines for the wrinkling control and potential
applications of graphynes.

Keywords graphyne, circular shearing, wrinkling pattern,
acetylenic linkage

1. Introduction

Due to its excellent mechanical, thermal and electronic
properties, graphene has attracted tremendous research
attention in recent years [1, 2]. Extensive research efforts
have been devoted to exploring the unique characteristics
and potential applications of such kinds of single-layer
carbon nanostructures [3, 4]. Like fullerenes and carbon
nanotubes, graphenes are considered as an sp*-hybridized
carbon material. However, the versatile flexibility of carbon
makes it possible to form three types of hybridization state
(sp?, sp* and sp'). Thus, it is feasible to design a number of
combinations to form different carbon allotropes. Mixed sp?
and sp' hybridization was first proposed by Baughman et
al. [5] in 1987. Graphyne and some macrocyclic subunits
capable of forming this kind of single-layer carbon allo-
trope were discussed. Ten years later, the graphdiyne of the
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same group of (sp*+sp') allotropes was designed by Haley
etal. [6] in 1997. Theoretical predictions and analyses have
been extensively conducted and a series of useful results
have been obtained. The proposed subunits, including
perethynlated dehydroannulenes, expanded radialenes,
radiaanulenes with large, expanded “Platonic” objects, and
alleno-acetylenic macrocycles, will in the near future be
available to serve as precursors for graphyne and graph-
diyne [7]. However, the experimental synthesis of such
kinds of carbon allotrope made little progress until the thin
film of graphdiyne was successfully synthesized on a
copper substrate by a cross-coupling reaction using
hexaethynylbenzene in 2008 [8]. Further experimental
synthesis of graphyne and graphdiyne can be expected,
and potential applications of such kinds of carbon allo-
tropes in polymer solar cells, photocatalysts, and electrics
are already being explored [9-11].

Recent research efforts have also been directed towards the
characterizations of these kinds of carbon allotropes
[12-16]. Cranford et al. [17] utilized classical molecular
dynamics (MD) with ReaxFF force field to explore the
adhesion energy, effective sheet thickness, Young's
modulus and out-of-plane bending stiffness. Their results
showed that graphynes have superior performance to
graphene in many aspects, especially in terms of electronic
properties. Salmalian et al. [18] studied the buckling of
graphynes using molecular-dynamics simulations. They
observed that zigzag graphynes have larger buckling forces
than armchair graphynes, and that sheets with more
acetylenic linkages had smaller critical compressive forces.
Shao et al. [19] explored the temperature-dependent
mechanical properties including Young’s modulus and
strength of graphyne using a first-principle calculation
combined with quasi-harmonic approximation. They
noted that increased temperature was able to reduce the
mechanical properties of graphyne. Zhang et al. [20]
investigated the effects of hydrogenation on the mechanical
properties of graphynes using the MD simulations. They
found that location, distribution and coverage of hydroge-
nation had significant effects on Young’s modulus, fracture
stress and fracture strain. Majidi et al. [21] investigated the

effects of formaldehyde on graphyne based on the density
functional theory (DFT). Here, graphynes showed a
semiconducting property in the presence of formaldehyde,
and the high-sensitivity sensors used for the detection of
formaldehyde could be searched using the graphyne
material.

Wrinkling is a ubiquitous characteristic of ultra-thin films.
It has been demonstrated that wrinkles in graphene usually
lead to some remarkable physical properties and great
potential for application in scientific and engineering fields
[22-27]. Much research effort has been dedicated to the
wrinkling behaviour of graphene in recent years. However,
few studies have focused on the wrinkling properties of
graphynes, which may suggest further potential applica-
tions due to the special topographies of this kind of carbon
allotropes. This paper therefore seeks to fill this research
gap. The wrinkling behaviours of annular graphynes under
circular shearing load are explored using MD simulations.
The paper is organized as follows. In Section 2, we intro-
duce the simulation models and methodology in detail.
Section 3 is devoted to the description of wrinkling
morphology and variations of the wrinkling pattern.
Further, the average energy and failure torque are investi-
gated to obtain deep insights into the mechanical properties
of graphynes. In particular, comparisons between graph-
ynes and graphene are conducted to explore the roles that
acetylenic linkages play in hexagonal ring structure.
Finally, conclusions are provided in Section 4.

2. Simulation model and methodology

In this paper, four kinds of graphynes (a-, p-, y-, and 6, 6,
12-graphynes), as well as graphene (shown in Fig. 1) are
adopted to investigate the wrinkling behaviour of such
kinds of monolayer carbon allotropes. These graphynes
differ from one another in the percentage of acetylenic
linkages in their atomic structures (see Table 1). It has been
validated that the presence of acetylenic linkages in
graphynes can affect many of their mechanical properties,
including Young’s modulus, fracture strain, and fracture
stress [28].

(@)

Figure 1. Atomistic models of graphene and four different graphynes: (a) graphene; (b) a-graphyne; (c) f-graphyne; (d) y-graphyne; (e) 6, 6, 12-graphyne
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a p 6,6,12 y
Carbon allotropes graphene
-graphyne -graphyne  -graphyne -graphyne
Acetylenic linkages (%) 100 66.67 41.67 33.33 0

Table 1. Percentage of acetylenic linkages of graphynes and graphene sheets

A succession of MD simulations of wrinkling behaviour of
graphynes was performed, using the open-source software
LAMMPS to conduct computational analyses. The annular
graphynes’ sheets were utilized to explore the wrinkling
properties under circular shearing strain. The outer radius
t, of the annular graphynes was fixed at 9 nm, and three
different outer-to-inner radius ratios (r,/r= 2:1, 3:1, 4:1)
were utilized. The graphynes and graphene simulation
models are shown in Fig. 2, where the outer-to-inner radius
ratiois 3:1. The maximum angular periodicities of graphene
and a-, $-, and y-graphynes are both 60°, while that of 6, 6,
12-graphyne is 90°. The boundary conditions of the
simulations were selected as follows: the blue portion
labelled as “outer” is fixed completely and all DOFs
(Degrees of Freedom) of the atoms are set to zero; the red
portion labelled as “inner” rotates at a constant speed, ,
anti-clockwise; the green portion labelled as “mobile” is
free of constraint. The interactions between carbon atoms
are described using AIREBO potential [29-31], which has
been successfully utilized previously to analyse the
mechanical and thermal properties of carbon-based
nanomaterials, including carbon nanotubes and graphene
[32, 33]. The AIREBO potential is capable of breaking and
forming covalent bonds with associated changes in atomic
hybridization, and thus it provides a powerful method for
modelling complex chemistry in carbon-based nanosys-
tems. In order to avoid the violent increase in the tensile
force when C-C bonds are stretched beyond 1.7 A, the
maximal cut-off parameter of the AIREBO potential was set
as 2.0 A [20, 28, 34]. The atomic models were firstly
optimized to minimize the potential energy of each entire
system. The energy minimization tolerances were chosen
as 10712 eV. Based on the obtained stable models, extensive
MD simulations were conducted using the NVT (constant
number, volume, and temperature) ensemble and the
Nose-Hoover thermostat algorithm [35]. The temperature
was kept constant at 1 K to reduce the influence of thermal
vibrations. The Velocity-Verlet [36, 37] time-stepping
method was employed and the integration time step set as
0.001 ps. The loading angular speed of the inner section was
chosen as w = 0.01 degree/ps.

3. Results and discussions

The graphynes and graphene sheets with different outer-
to-inner radius ratios show similar initial and development
wrinkling characteristics. For simplification, we take a-
graphyne with outer-to-inner radius ratio approximately
equal to 3 as an example to explore the wrinkling process,
where the rotation angle 6 is increased from 0° to 20°. The
influences of the geometric parameter, i.e., the outer-to-
inner radius ratio, on the wrinkling behaviour is discussed

Wrinkling Behaviour of Annular Graphynes under Circular Shearing Load Using Molecular Dynamics Simulations
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Figure 2. Simulation diagrammatic sketch of annular graphyne and
graphene sheets: (a) a-graphyne (4037 atoms); (b) f-graphyne (5251 atoms);
(c) y-graphyne (6181 atoms); (d) 6, 6, 12-graphyne (6314 atoms); (e) graphene
(8752 atoms)

in detail in section 3.2. It is observed that the annular a-
graphyne sheet remains flat initially, before the rotation
angle is increased to 0.68° (initial wrinkling angle). When
the in-plane shearing strain exceeds the initial wrinkling
angle, wrinkles are generated on the annular sheet. Unlike
the wrinkle development on the rectangular graphene
sheet under in-plane shearing strain [24], there is no
obvious wrinkle development in these studies. The
wrinkles suddenly appear throughout the annular sheet,
mainly due to the fixed constraint conditions on the inner
and outer sides. When the circular in-plane shearing strain
reaches 11.7° (fracture rotational angle), the carbon-carbon
bond breaks and the annular sheet enters the fracture
process.

3.1 Wrinkle pattern

For simplicity without loss of generality, the annular a-
graphyne sheet under a rotation angle of 6° was chosen
to investigate the wrinkling patterns without carbon bond
breaking. The wrinkling contour is shown in Fig. 3(a); the
circumferential section at the maximum wrinkle crest, i.e.,
radius of 4.5 nm, is shown by the broken circular lines
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labelled as “L”. The wrinkling profiles are shown as
sinusoidal forms plotted in Figs. 3(b) and (c). Consider-
ing the non-smooth inner boundary, each wrinkle is
similar to another but has different geometrical scales,
and the wave crest is an approximate mirror image of the
wave trough; thus, the wave crest was utilized to study
the variation of the wrinkling pattern. In order to show
individual wrinkles intuitively, a typical wrinkle label-
led as “leaf” was extracted, as shown in Fig. 3(a), with the
corresponding shape in the longitudinal direction (the
direction along 1) plotted in Fig. 3(d) and the ampli-
tude normalized by the maximum out-of-plane displace-
ment (labelled as “top” in Fig. 3(d)). The wrinkling pattern
is related to the bending energy and stretching energy
stored in the graphynes and graphene. The closer the
sections are to the inner radius, the higher their bend-
ing energy, as a result of their prominent curvature. The
wrinkling pattern presents decay along the longitudinal
direction and indicates a transition from bending to
stretching. Hence, from the shape of each wrinkle there
is an interchange of bending energy and stretching
energy, which is in good agreement with previous
research results obtained for annular graphene [38, 39].

3.2 Wrinkle profile

The wrinkling pattern can be characterized by the wave
number, wavelength and amplitude. In this framework the
differences in wrinkling pattern between graphene and
graphynes were analysed. It was found that the wave
numbers of graphene remain constant, i.e., 9, from the
wrinkling initiation to the first bond breaking, which is
consistent with previous research [38]. It must be pointed
out that the ratios of outer-to-inner radius can affect the
wave number. The wave numbers change to 10 for radius
ratio 2:1, and 6 for radius ratio 4:1. The wave numbers of
graphene remain constant for the specified radius ratios,
but, on the contrary, the wave numbers of graphynes with
the radius ratio 3:1 show an increasing trend with increas-
ing shearing load, as shown in Fig. 4. It can be seen that the
a-graphyne has the smallest initial wave number of 4, while
the others have the wave number 5. With increasing
shearing load, the wave numbers increase corresponding-
ly. However, the increases are not linear and smooth. The
wave number curves generally suddenly jump to a value
and remain constant for a while, repeating this procedure
until the maximum wave numbers are reached during the
wrinkling process. This behaviour is totally different to that
of graphene, although the influences of the radius ratio on
the initial wave numbers are similar. That is to say,
increases in outer-to-inner radius ratios reduce the initial
wave numbers of the graphynes. The reason for these
changes in wave numbers with the graphynes may lie in
that fact that mixed sp? and sp! hybridization leads to lower
bond strength and out-of plane stiffness than sp? hybridi-
zation. For the specified radius ratio 3:1, the maximum
wave number of a-graphyne is the same as that of gra-
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phene. p-graphyne has the smallest maximum wave
number, 7. y- and 6, 6, 12-graphynes have a maximum
wave number of 8. It can also be seen that the initial
wrinkling angle of graphene is larger than those of the
graphynes. a-graphyne has the smallest initial wrinkling
angle; the other graphynes have almost the same initial
wrinkling angles, between those of graphene and a-
graphyne. It must be pointed out that the maximum wave
number remains constant with increasing circular in-plane
shearing load. For a specific annular sheet, the wave
numbers are inversely proportional to the wavelengths.
Thus, the wavelengths, A, of such kinds of carbon allotropes
demonstrate a trend in opposition to that of the wave
numbers, as shown in Fig. 5 (a). The final wavelengths of
graphene and a-graphyne are both approximately 3.12 nm,
measured at the L circumferential section. f-graphyne has
the largest final wavelength of 4.0 nm; those of y- and 6, 6,
12-graphynes are both 3.5nm. Fig. 5(b) shows the wrinkling
amplitude changes in relation to the circular shearing load.
It can be seen that the wrinkling amplitudes of graphene
linearly increase approximately from 0.08 nm to 0.26 nm,
with rotational angles increasing from 1.9° to 7.2°. Howev-
er, the graphynes show increasing trends with some local
drops. In general, the rates of increase for the graphynes are
lower than for graphene. Comparing the change in wave
numbers with that in amplitude, we can see that the
wrinkling amplitudes drop at the point where the wave
numbers increase. This is because the topography recon-
struction changes the potential energy distribution of the
carbon allotropes. When the wave numbers remain
constant, the wrinkling amplitudes of graphynes also
approximately linearly increase in relation to the rotational
angles. However, due to the non-continuous changes in the
dihedral angle in the adjacent hexagonal ring, the ampli-
tudes of graphynes and graphene do not strictly increase
with the rotational angles. In order to obtain further
insights into the properties of such kinds of carbon allo-
tropes, the relationship between percentages of acetylenic
linkages and the initial wrinkling angles, as well as
wrinkling amplitudes, was explored. It was observed that
the more acetyleniclinkages there are, the smaller the initial
wrinkling angle (a=0.68, p=0.97, 6, 6, 12=1.12, y=1.31,
graphene=1.8). Although there are some abnormal points,
we can still conclude that the more acetyleniclinkages there
are, the larger the wrinkling amplitudes. We can also see
that a-graphyne is the softest material, which is in agree-
ment with the research conducted by Ducere et al. [40].

3.3 Energy and torque

In order to further investigate the mechanical properties of
the graphynes and graphene, the average potential energy
and resultant torque were recorded during the computa-
tional analyses. The obtained results are shown in Fig. 6.
We can see that the average potential energy quadratically
increases with the increasing rotational angles until the
fracture points. After the fracture points, the energy curves
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Figure 5. (a) Wavelength and (b) amplitude of graphynes and graphene in
show sharp drops, except for that of a-graphyne; there relation to increasing rotational angles
follow a series of small increases and small drops, because
the breaking and rearrangement of bonds exist simultane- is higher than for the graphynes. Of the graphynes, a-

ously. The critical average potential energy of the graphene graphyne has the largest critical average potential energy.
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The fractural shearing loads of graphene and g-, 6, 6, 12-,
and y-graphynes are almost the same, while a-graphyne
has the largest fracture shearing load. This is mainly due to
the higher percentage of acetylenic linkages. The torque of
graphene increases linearly with the increasing rotational
angles before the initial wrinkling position. After wrinkling
generation, the torque retains linearity in relation to the
circular shearing load but the slope ratio is slightly reduced.
When the rotational angle reaches the fracture point, the
torque drops suddenly to a low value. The torque of
graphynes linearly changes with the rotational angles and
the slope ratio changes at the initial wrinkling positions.
However, the slope ratio of graphynes increases after the
initial wrinkling angles, which is different to the behaviour
of graphene. The fracture torque of graphene is higher than
for the graphynes; the fracture torque of a-graphyne is the
smallest. The values of the other carbon allotropes 8-, 6, 6,
12-, and y-graphynes are between those of the graphene
and a-graphyne, with slight discrepancies among them.
The fracture shearing loads show the opposite changes. It
can be seen that the fracture shearing loads of graphene and
graphynes are correlative with the percentage of acetylenic
linkages. The more acetylenic linkages, the higher the
fracture shearing load. Since covalently bonded graphynes
can be mechanically considered as an atomistic spring-
system [17], the elastic constants of sp' hybridization are
larger than for sp? hybridization, and therefore graphynes
with a higher percentage of acetylenic linkages have a
larger fracture shearing load. That the structural linearity
of sp' hybridization does not suffer from fluctuation arising
from cis-trans isomerization [18] may be a further interpre-
tation. Furthermore, the potential energy and torque
undergo sharp drops at the fracture rotational angle, except
in the case of a-graphyne. The difference stems from the
fact that a-graphyne experiences only small structural
changes rather than dramatic configuration changes at the
fracture point M. After the highest torque point N, the a-
graphyne sheet loses its geometry, such that the dramatic
configuration change occurs. A dynamic balance is main-
tained between torsion energy and bond-breaking energy,
so the potential energy of a-graphyne is relatively stable
from point M to point N.

3.4 Bond length

In order to obtain further insights into the mechanical
behaviours of such kinds of carbon allotropes, the varia-
tions of bond lengths during the wrinkling process were
analysed to examine the influences of the acetylenic
linkages on the properties of the graphynes. Bond lengths
located at points A, B, C, D and E, as shown in Fig. 1, were
chosen for the computational analyses. These bonds are the
first to break under the circular shearing loads. The bond-
length strain is defined as the relative elongation ratio; the
changes in the bond lengths are shown in Fig. 7. We can see
that the bond length strains commonly increase with
increasing circular shearing loads. Graphene has the larger
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bond-length strains than any of the graphynes. a- and f3-
graphynes only have slightly different bond-length strains,
both slightly larger than those of y- and 6, 6, 12- graphynes.
The bond-length strains of graphene and a-graphyne
quadratically increase approximately with increasing
rotational angle, while the other graphynes show an almost
linear relationship between the bond-length strains and the
shearing loads. The reason is that there are three types of
bonds in the graphynes and graphene, i.e., single, double
and triple carbon-carbon bonds, and the single bond is not
as stiff as the others. Among all the single bonds, those
connecting the benzene rings and the acetylene groups are
more fragile than others; this is because triple bonds can
further weaken adjacent single bonds. This is confirmed by
the fracture behaviour of y- and 6, 6, 12-graphynes, where
the bond-breaking occurs at the acetylenic linkages, not the
benzene ring. The bonds connecting benzene rings and
acetylenic linkages are the most vulnerable in the carbon
allotropes, and the fracture generally happens at these
positions.
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Figure 6. (a) Average atomic energy and (b) torque of graphynes along with
graphene in relation to the rotational angles
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3.5 Effect of temperature

It is well known that temperatures have a significant
influence on the mechanical properties of carbon-based
nanomaterials [41-43]. Thus, it was also necessary to
investigate the effects of temperature on the fractural
rotational angles of graphene and graphynes for potential
applications. The computational conditions were the same
as in the previous simulations, with variations only in
temperature. Fig. 8 shows the relationship between the
fracture rotational angles and temperature. It can be seen
that a-graphyne and graphene have the largest and
smallest fracture rotational angles at a temperature of 1 K,
respectively. The fracture rotational angles of the other
graphynes are located between the extreme values. By
increasing the temperature up to 300 K, the fracture
rotational angle is decreased, approximately linearly. The
decline rate of graphene is lower than for y-graphyne, and
thus the two corresponding curves cross over at the
temperature of 180 K. The fracture rotational angle of a-
graphyne decreases from 11.7° to 9.6°, reducing by a ratio
of 17.9%. The graphene shows fracture rotational angle
reduction from 7.1° to 6.8°, corresponding to a decrease
ratio of 4.2%. -, y- and 6, 6, 12-graphynes have almost the
same decrease ratio of 5.5%. This indicates that the temper-
ature changes have a significant influence on the acetylenic
linkages. The increased temperatures enlarge the thermal
vibration of the atoms and thus increase the thermal
energy, which reduces the fracture strain energy for the
carbon allotropes.

4. Conclusions

The wrinkling behaviours of annular graphynes under
circular shearing load at the inner edge have been investi-
gated utilizing classic molecular-dynamics simulations.
The generation and development of wrinkling patterns on
the graphynes have been explored to obtain keys to
enabling techniques for potential applications. It was found
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that the graphynes have a sinusoidal profile at the circum-
ference located at the maximum crest. Wrinkling-profile
characterization in terms of wave number, wavelength and
amplitude was conducted, and it was demonstrated that
the wave number of graphene remains constant in the
special outer-to-inner radius ratio during the wrinkling
process, while that of the graphynes increases with the
increasing rotational angles.

The average potential energy and torque of such kinds of
carbon allotropes have also been explored to obtain further
insights into the mechanical properties of graphynes. It has
been established that the introduction of acetylenic linkag-
es will generally reduce the fractural potential energy of
graphynes. The more acetylenic linkages there are, the
larger the reduction in the fracture potential energy. The
influence of acetylenic linkages on fractural torque is the
same as for fractural potential energy. The bond-length
change ratios of the graphynes during the wrinkling
process are also related to the percentages of acetylenic
linkages. It has been demonstrated that graphene has a
greater bond-length ratio than any of the graphynes. The
bond-breaking commonly occurred at the connection
between the acetylenic linkage and the benzene ring.
Increased temperature generally reduced the fractural
rotational angles, and the fractural rotational angle reduc-
tion of graphene was smaller than for graphynes. This
indicates that the acetylenic linkages are more sensitive to
temperature changes. The achieved research results
contribute to advanced knowledge of graphynes for their
potential application.
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