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Covalent-bonded graphyne polymers with high
hardness

Eight covalent-bonded graphyne polymers have been proposed using
the newly developed USPEX and CALYPSO methods based on the first principle
calculations. These polymers are energetically more favorable than the corresponding
graphyne under ambient pressure, and seven of them are more stable than fullerene
Ceo, indicating their existence possibilities. The mechanical and dynamic stabilities of
these crystal structures have been confirmed by calculating their elastic constants and
phonon dispersion curves, respectively. The newly developed variable-cell nudged
elastic band (VC-NEV) simulations show that the graphyne — polymer transformation
exhibits lower energy barrier than the graphite — diamond transformation. Two of the
graphyne polymers have been found to be superhard, and the others are hard
materials. These graphyne polymers possess tunable electronic properties from
metallic to semiconductive.
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INTRODUCTION

Since the advent of fullerene Cgo, Novel carbon alotropes with
fascinating properties are of great interest in both fundamental science and
advanced technology, illustrating their unique significance overwhelmingly. Apart
from the natural graphite and diamond, attractive and aesthetically pleasing carbon
architectures (including fullerene, carbon nanotubes (CNTSs), graphene, graphyne,
and graphdiyne) are developed as revolutionary materials for further radio
frequency logic devices, thermally and electricaly conductive reinforced
composites, sensors, and transparent electrodes. Research regarding exotic carbon
materials with desired and improved properties, such as high hardness, appreciable
mechanical strength, metallicity, and semiconductivity with narrow band gap, is
always apriority.

Hardness governs the technological development of numerous materials. Hard
materials offer a viable strategy towards applications in many fields, including
wear-resistance coating, abrasives, and cutting and polishing tools. Therefore,
designing and synthesizing novel hard and superhard materials are highly
anticipated. These efforts concentrate in two areas, i.e., light element compoundsin
B—C—N-O system with short and strong three-dimensional (3D) covaent bonds
and compounds fabricated by light elements (B, C, N, and O) and heavy transfor-
mation metals with high valence electron densities [1, 2]. Currently, diamond is
known to be the hardest materia in the field of industry. Soft graphite can be
converted to superhard diamond without catalysts at extremely high pressure above
15 GPa with temperature above 1500 °C or above 70 GPa under cold compression
[3-5]. Other carbon allotropes are more readily transformed into superhard carbon
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materials. For instance, fullerene Cgy can polymerize to 3D superhard carbon phase
above 13 GPa; in addition, CNTs are transformed into diamond-like carbon
allotropes at 8.5-9 GPa pressure and further compressed into an sp*-hybridization
bonded superhard carbon phase under 16 GPa [6-9]. Compared with stable
graphite, metastable carbon allotropes are growing into new precursors for syn-
thesizing hard carbon materials under moderate conditions.

Graphyne and graphdiyne are two nonconventional forms of flat carbon net-
works with sp- and sp>hybridized carbon atoms [10, 11]. Graphyne (graphdiyne)
is visually fabricated by replacing partial or entire carbon bonds in graphene by
randomly distributed acetylenic linkages (diacetylenic linkages). The synthesis of
graphyne fragment and large graphdiyne film emphasizes their research signifi-
cance [12, 13]. The introduction of acetylenic linkages softens graphyne, which
results in lower Young's modulus, shear modulus, and layer modulus compared
with graphene, CNTs, and fullerene [14]. Given the strengthening evolutions of
graphite — diamond and fullerene — polymers, graphyne is expected to be
strengthened by stacked into 3D graphite-like graphyne; in this process,
neighboring graphyne layers are joined via Van der Waals force. In addition,
graphyne is aso assumed to be strengthened by polymerization into covalent-
bonded graphyne polymer, where graphyne layers are wrinkled and interlayers are
buckled by covaent bonds. Graphite-like graphyne is softer than graphite but
exhibits the same large elastic anisotropy [15]. Electronically, these materials can
be semimetals, or exhibit doubled Dirac cones, which can be tuned by an electric
field with a narrow gap, or can intrinsically possess narrow band gaps [15-17].
Further investigations show that graphite-like graphyne can act as lithium ion
battery anode [18]. However, covalent-bonded graphyne polymer has been rarely
studied. Recently, two covalent-bonded graphyne polymers are designed theoreti-
cally and are predicted to be hard and brittle; these polymers also exhibit tunable
electronic properties [19, 20]. Considering the diversity of graphyne, more
covalent-bonded graphyne polymers are expected.

In the present study, we proposed eight novel carbon allotropes by the recently
developed ab initio evolutionary algorithm USPEX and CALYPSO, which are
designed for crystal structure prediction [21, 22]. These materials are covalent-
bonded graphyne polymers that are formed via layer by layer folding and buckling
perpendicular to the graphyne layer. This transformation mechanism is similar to
that of graphite — diamond. However, the energy barriers of the transformation
from graphite-like graphynes at zero pressure are 0.12-0.34 eV/atom, which are
lower than that of graphite — diamond. These cova ent-bonded graphyne polymers
are energetically more favorable than the corresponding graphyne and most of
them are even more stable than fullerene Cg. The mechanical and dynamic
stabilities are confirmed by elastic constants and phonon dispersion curves,
respectively. Electronic band structure calculations indicate that covalent-bonded
graphyne polymers possess tunable electronic properties from semimetalic to
semiconductive properties with large band gaps. Covalent-bonded graphyne
polymers show remarkably appreciable mechanical properties, such as high
hardness, high Young's modulus, and high bulk modulus. Superior properties
suggest their promising applications in various fields, including microelectronic
devices, energy storage, wear-resistant coating, abrasives, and cutting and
polishing tools. Our research broadens our understanding of designing and
synthesizing hard and superhard materials; moreover, our research provides
insights into the significance of graphyne.
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CALCULATION METHODS

Crystal structure prediction methods, USPEX and CALY PSO, are employed to
design reasonable carbon alotropes [21, 22]; these methods have been successfully
applied to construct various valid carbon polymorphs [23-26]. Structural searches
were conducted up to 24 atoms/cell within the 0 GPa to 25 GPa pressure range.
Structural  relaxations were performed using the CASTEP code [27]. The
Vanderbilt ultrasoft pseudopotential was used at the chosen plane-wave cutoff
energy of 310 eV [27]. Structura relaxation is completed when the maximum
energy change, the maximum force, the maximum stress, and maximum ionic
displacement are less than 5.0-10°° eV/atom, 0.01 eV/A, 0.02 GPa, and 5.0-10* A,
respectively. The exchange correlation terms were treated using the method de-
scribed by Ceperley and Alder as parametrized by Perdew and Zunger (CA-PZ)
form of loca density approximation (LDA) [28, 29]. A k-point separation
(270.04 A™) was assigned to generate a k-point grid using the Monkhorst-Pack
grid parameters [30]. The linear response method [31, 32] and finite displacement
method [27] were used to calculate the phonon frequencies of semiconductive and
metallic carbon allotropes, respectively. The variable-cell nudged elastic band
(VC-NEB) method provides a broad way to find minimum energy path and
investigate the activation pathways between the given initial and end phases for a
phase transformation process; the VC-NEB is used in estimating the transformation
energy barrier under ambient pressure [33].

RESULTSAND DISCUSSION

Fabricated graphyne aternatively contains neighboring benzene rings because
of the position and ratio of acetylic linkage (—-C=C-) inserted into graphene. For
convenience, graphyne without neighboring benzene rings is named a, B, y-
graphyne [10] and others are named g-graphyne [34]. The phase transformations of
6,6,6-graphyne, 10,10,10-graphyne, 14,14,14-graphyne, 18,18,18-graphyne, g-
graphyne-I, and g-graphyne-ll are analyzed (Figs. 1 and 2, Table 1). Under
appropriate pressure or other external dynamics, 2A graphite-like 10,10,10-
graphyne (see Fig. 2, c) is wrinkled and buckled perpendicular to the graphyne
layers, thereby forming a monaoclinic carbon structure with 16 atoms in a unit cell
(dubbed mC16-carbon, as shown in Fig. 1, a). The sp-hybridized carbon atoms in
10,10,10-graphyne (marked gray spheres in Fig. 2, c) are polymerized to sp*
hybridized atoms in mC16-carbon, whereas the original sp*-hybridized atoms in
the graphyne (marked black spheres) transform into sp’-hybridized atoms after
polymerization. Three kinds of bonding modes are present (i.e., sp’—sp®, sp™—sp°,
and sp>-sp°) in mC16-carbon. Two sgz—sg)z bonds with lengths of 1.409 A and
1.379 A are alittle shorter than the sp°—sp® bond in graphene (1.42 A). The equal
length of sp®~sp> bonds (1.564 A) approaches to that in diamond (1.54 A); whereas
the length of sp?~sp® bonds (1.484 A) is measured between these bonds. Similar
polymerization changes occur in oP12-carbon and hP12-carbon from g-graphyne-
Il and 6,6,6-graphyne, respectively. However, in g-graphyne-1 — tP6-carbon [35],
half sp>hybridized atoms in graphyne transform into sp*-hybridized atoms and the
rest are preserved in the continuous benzene ring chains. By contrast, the sp-
hybridized atoms in graphyne exclusively change into sp>hybridized atoms.
Hence, tP6-carbon contains only sp~sp® and sp*—sp® bonds. One graphyne is
readily assembled into diverse covalent-bonded graphyne polymers because of
different wrinkling and buckling manners of graphyne layers. The hP16-carbon
[36] and ol 16-carbon are both 18,18,18-graphyne products. In two polymorphs, the
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initial sp-hybridized carbon atoms transform into sp>-hybridized atoms, and the
initial sp>hybridization transforms into sp*-hybridization. The differences between
these hybridized atoms originate from the different wrinkles of graphyne sheet
before the interlayer buckling. According to the same principle, 14,14,14-graphyne
can aternatively transform into either oC12-carbon or 0C24-carbon.
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Fig. 1. Optimized crystal structures of covalent-bonded graphyne polymers perpendicular to the
graphyne layer. Plate (a) 3x1x3 supercell of mC16-carbon, (b) 2x1x2 supercell of oP12-carbon,
(c) 1x2x2 supercell of tP6-carbon, (d) 2x2x1 supercell of hP12-carbon, (€) 3x3x1 supercell of
hP16-carbon, (f) 2x2x1 supercell of ol16-carbon, (g) 2x2x1 supercell of oCl2-carbon, (h)
2x2x1 supercell of 0C24-carbon. The gray spheres represent the carbon atoms transformed from
the sp-hybridized atoms in corresponding graphyne, and the black ones represent the carbon
atoms transformed from the sp®hybridized atoms in graphyne. The polymers (e.g., mC16-
carbon) are named after the crystal system (monoclinic), space group (C2/m), and carbon atom
number in aunit cell (16).
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Fig. 2. Optimized crystal structures of graphynes. Plate (a) g-graphyne-Il, (b) g-graphyne-l, (c)
10,10,10-graphyne, (d) 14,14,14-graphyne, (€) 6,6,6-graphyne, (f) 18,18,18-graphyne. The gray
spheres represent the sp-hybridized carbon atoms, and the black ones represent the sp>hybridized
atoms.

Table 1. Parent graphyne, space group (S.G.), cell parameters (C.P.),
and atomic Wyckoff positions of covalent-bonded graphyne polymers

Structure | Graphyne | S.G. | C.P, A | Atomic positions
tP6-carbon g-graphyne-| P42/mmc  a=2563 4i (-1.000, -1/2, -0.612)
c=5.929 2f (<12, 1/2, -1.250)

oCl12-carbon  14,14,14-graphyne  Cmcm a=5.875 8g (-0.205, -0.284, 1.250)
b=6.195 4c (-1.000, -0.572, 3/4)

c=2443
hP12-carbon 6,6,6-graphyne P6/mmm a=6.155 6k (0.258, 1.000, 1/2)
c=2476 6j (0.608, 0.608, 2.000)
oP12-carbon g-graphyne-l1 Pmma a=2567 2e (3/4,-2.000, 0.617)
b=2488 2e (3/4,-1.000, 0.042)

c=11.267 2e (3/4,-1.000, 0.303)
2f (3/4, —2.500, 0.539)
2f (3/4, -1.500, 0.231)
2f (3/4,-1/2,0.112)
hP16-carbon  18,18,18-graphyne P63/mmc a=6.777 12k (0.450, 0.550, 0.914)

c=4.219 4f (1/3, 2/3, 0.433)
ol16-carbon  18,18,18-graphyne  Immm a=10474 4f (-0.642, 1/2, 0)

b =5.853 8n (-0.730, 0.705, 0)

c=2454 4e (-0.563, 1/2, 1/2)
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Table 1. (Contd.)

mC16-carbon  10,10,10-graphyne  C2/m a=5.144 8j (—0.244, 0.318, -0.087)
b=4.241 8j (0.909, 0.337, 0.629)
c=7.997

B = 144.369°

0C24-carbon  14,14,14-graphyne  Cmcm a=6.974 16h (-0.328, —0.213, 0.586)
b=6.485 8f (-1/2,-0.121, 0.433)
c=4.195

For a theoretically designed crystal structure, structural stability is the first
property that needs to be researched among other properties. We have checked the
mechanical and dynamic stabilities of those covalent-bonded graphyne polymers
by calculating their elastic constants and phonon dispersions, respectively. For a
mechanically stable crystal structure, its independent elastic constants should
satisfy the generalized Born stability criteria [37]. The calculated elastic constants
C;; (Table 2) of the eight structures clearly meet the mechanical stability criteria,
which suggests their mechanical stabilities at ambient pressure. The appearance of
imaginary phonon frequency means that the structure cannot exist at ambient
pressure. The phonon curves of all covalent-bonded graphyne polymers (except the
previously proposed tP6-carbon, oC12-carbon, and hP16-carbon) are summarized
in Fig. 3. No imaginary phonon frequency is evidently detected in the whole
Brillouin zone for the five novel structures, which demonstrates the dynamic
stabilities of those carbon polymorphs.
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Fig. 3. Simulated phonon dispersion curves of (a) hP12-carbon, (b) oP12-carbon, (c) ol16-
carbon, (d) mC16-carbon, and (€) 0C24-carbon at ambient pressure.
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Fig. 3. (Contd.)

Table 2. Simulated elastic constant (C;j), bulk modulus (B), shear modulus
(G), and B/G value of carbon allotropes under ambient pressure

Structure | Ci, GPa |B, GPa| G, GPa | B/G

diamond Cy1 =1092.4, Cyy = 595.6, C;, = 135.6 454.5 545.6 0.83

tP6-carbon C11=740.9, C33=1196.2, Cyy =114.1, Cgg = 341.1 175.9 1.94

64.6, C12 =440, Clg =99.3, C]_g =0
0oC12-carbon  Cy; =488.9, C», =360.3, C33=1192.7,Cyy = 304.3 2317 131
274.2, Cs5 = 316.0, Cgs = 291.7, Cy, = 287.8,
C13=84.4,C»3=56.5

hP12-carbon  Cy; = 641.8, C33=1102.3, Cyy = 264.2,C, = 339.8 266.6 1.27
2474, C13=505

oP12-carbon C11=773.6,Cx» =1215.0, C33=1159.4, Co, = 389.9 314.2 124

544.2, Cs5=114.4, Cg5 = 221.2,C1, = 6.2, Ci3=

73.8, C23 =151.3

hP16-carbon C11=254.0,Cy3=764.2,Cy, = 2008, C,= 2075 103.4 201
197.8, Ci3 =717

ol 16-carbon C11=4154,C,=217.1,C33=9221,Cyy= 2199 127.7 1.72
153.0, Cos = 247.7, Ces = 49.4, Cyp = 217.9,
C13=65.3,C;3=56.0
mC16-carbon Ci; =643.1, Cy, = 1143.8, C33 = 579.4, 3475 290.5 1.20
Cyy=314.2,Cs5=367.1, Cgs = 359.5,Cy, =
150.5, C13=289.0, C15 = 191.5, Cy3 = 70.7, Cy5
=735, C35 =107.6, C46 =171.8
0C24-carbon  Cy; = 617.1, Cpp = 1826, C5 = 10090, Coy = 2256 1782  1.27
149.3, Cs5 = 392.2, Cg = 133.4, Cy, = 216 .4,
C13=149.0,C3=422

Thermodynamic stability can be estimated by comparing the energy of pro-
posed structures with existed structures (Fig. 4). At ambient pressure, graphite is
the most stable carbon alotrope, and fullerene Cgg is metastable with higher energy
(0.39 eV/atom) relative to graphite. As the diacetylenic linkage is introduced, 2A
graphite-like graphdiyne possesses the highest energy with 0.90 eV/atom higher
than graphite. 2A graphite-like g-graphyne-l, g-graphyne-l1, 6,6,6-graphyne, and
10,10,10-graphyne are energetically more favorable than graphdiyne. Our proposed
covaent-bonded graphyne polymers are energeticaly more stable than
corresponding graphynes. All polymers except the recently proposed tP6-carbon
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have higher energetic stabilities than Cgp, and 0C12-carbon possesses the lowest
energy. Given the low energies of our designed covalent-bonded graphyne
polymers, such polymers are highly recommended to be synthesized from
graphyne or from some other high energy carbon allotropes.
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Fig. 4. Calculated ground-state energies of covalent-bonded graphyne polymers and the corre-
sponding 2A graphite-like graphyne relative to graphite, Cgo, and graphdiyne.

Synthesis of metastable carbon phases depends on two important aspects of the
transformation process, i.e., the energies of the initial and final states and the trans-
formation energy barrier [38]. Although the energies of covalent-bonded graphyne
polymers are lower than that of the corresponding graphynes, a critical issue in
rationalizing such phase transformation is pertinent to the transformation energy
barrier. The transformation is estimated through the recently developed VC-NEB
method.

Graphite is the most stable carbon allotrope at ambient pressure. Extremely
high pressure and temperature are demanded to transform graphite into diamond
because of the high energy barrier. Recent theoretical calculations illustrate that
metastable carbon precursors (e.g., CNTs) more readily transform into novel
carbon phases with fascinating properties under moderate pressure conditions
because of the lower energy barrier [38]. This understanding can be generalized to
the high energy graphyne. In the current study, 2A graphite-like graphynes are
employed in calculating the phase transformation energy barrier under ambient
pressure (Fig. 5). The bidirectional energy barrier from g-graphyne-I to tP6-carbon
is 0.249 eV/atom, and 0.349 eV/atom for the reverse process. The former is lower
than the 0.26-0.33 eV/atom from graphite to diamond and the latter is higher than
0.288 eV/atom for the reverse process [38-39]. This finding indicates that tP6-
carbon is easier to be obtained and quenched under appropriate pressure. The 6,6,6-
graphyne — hP12-carbon transformation encounters the highest energy barrier of
0.339 eV/atom. This value is comparable with that of graphite — diamond.
Although oC12-carbon is energetically more stable than oC24-carbon, the latter is
easier to be obtained because the energy barrier of 14,14,14-graphyne — 0C24-
carbon is lower than that of 14,14,14-graphyne — oCl12-carbon. Similarly,
energetically inferior hP16-carbon possesses lower phase transformation energy
barrier than ol 16-carbon from 18,18,18-graphyne.
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Fig. 5. Bidirectiona energy barrier curves from 2A graphite-like graphynes to covalent-bonded
graphyne polymers at ambient pressure. Inserts show the electron density profiles corresponding
to the curve peaks.

Our investigations show that the graphyne is still in graphite-like model with in-
ter-layer distance of 1.9-2.2 A at the energy barrier peak (insertsin Fig. 5). Similar
results are aso observed in the transformation of graphite — diamond and
CNTs — 3D polymers [38]. Interestingly, the graphene layer is always plain before
bonding in graphite — diamond transformation, but the graphyne layer is wrinkled
at the barrier peak. This finding further confirms that graphyne is more easily
deformed than graphene because of the presence of acetylenic linkages.

Covalent-bonded graphyne polymers possess tunable densities that ranged from
the 1.9 g/cm® of hP16-carbon (which approaches to that of graphite) to 3.3 g/cm®
of oP12-carbon (which is close to that of diamond). Therefore, these polymers will
show various properties.

Graphite is semimetallic, whereas diamond is semiconductive with a large band
gap. Theoretical simulations demonstrate that graphynes are either semiconductive
or semimetallic [4043]. Covaent-bonded graphyne polymers readily show more
abundant electronic properties relative to graphyne (Fig. 6). The hP12-carbon and
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ol16-carbon are semiconductive, whereas the corresponding 6,6,6,-graphyne and
18,18,18-graphyne are metallic, which is similar to the change from graphite to
diamond. However, the other 18,18,18-graphyne production, hP16-carbon, inherits
the metallic properties, and similar phenomena happens on 0C12-carbon and 0oC24-
carbon. The tP6-carbon, oP12-carbon, and mC16-carbon show analogous metallic
properties with the parent graphynes. The oC12-carbon and ol 16-carbon notably
possess rather narrow band gaps of just 0.29 and 0.57 eV, respectively. This
finding is significant in various applications, such as high-speed nanoelectronics,
transparent electrodes, and chemical sensors.
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Fig. 6. Caculated electronic band structures of (a) tP6-carbon, (b) oCl12-carbon, (c) hP12-
carbon, (d) oP12-carbon, (€) hP16-carbon, (f) ol16-carbon, (g) mC16-carbon, and (h) oC24-
carbon at ambient pressure.
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Graphene is known to be one of the strongest materials with an ultrahigh in-
plane Young's modulus of ~1TPa [44]. However, the introduced acetylenic
linkages soften graphyne, which results in decreased Young's modulus, shear
modulus, and bulk modulus (i.e., the so-called layer modulus) to half of that of
graphene [14]. For the newly designed covaent-bonded graphyne polymers
(Table 3), the Young's modulus that is quasi-horizontal to the graphyne layers
change greatly from 102.2 to 768.9 GPa; this parameter closely depends on the
ratio of acetylenic linkages in the parent graphyne and the wrinkle vertical to the
graphyne layers. The Y oung's modulus quasi-vertical to the graphyne sheet is sig-
nificantly high, and that of al covaent-bonded graphyne polymers (except tP6-
carbon and hP16-carbon) possess the Y oung’s modulus of about 1 TPa.

Table 3. Simulated Young’s modulus quasi-horizontal (Y;)
and quasi-vertical (Y,) to the graphyne sheet, and Vickers hardness (Hy)
of carbon allotropes

Structure | v,GPa | Y,GPa | Hy,GPa

tP6-carbon 731.0 731.0 16.8
0C12-carbon 190.8 11779 319
hP12-carbon 545.5 1096.6 36.4
oP12-carbon 768.9 1195.2 422
hP16-carbon 99.6 741.5 11.1

ol 16-carbon 102.2 907.2 154
mC16-carbon 436.9 1105.9 416
0C24-carbon 106.6 972.1 27.6

Hardness is one of the fundamental mechanical properties of materials. Several
theoretical models, such as the microscopic model based on bond resistance and
the macroscopic model based on Pugh’s modulus ratio, have been addressed to
measure material hardness [1, 45, 46]. Bond resistance model [45] presents
difficulties in estimating the hardness of complex crystals (such as the covalent-
bonded graphyne polymers) because of numerous planar sp*-hybridization bonds.
Vickers hardness is calculated using the modified macroscopic model, i.e., Hy =
0.92k"¥'G*"® where k is equal to G/B, G represents shear modulus and B
represents bulk modulus [1, 46]. The oP12-carbon and mC16-carbon are superhard
materials with hardness higher than 40 GPa. Although these materials exhibit less
hardness than diamond, they show better ductility. The ratio B/G has been widely
used to check the ductility/brittleness of a crystal. Pugh [47] proposed that high
(low) B/G value is associated with ductility (brittleness), and the critical value is
1.75. All covaent-bonded graphyne polymers are more ductile than diamond (see
Table 2), and tP6-carbon and hP16-carbon are ductile materials.

Raman spectroscopy is commonly used as a fingerprint in identifying a phase
transformation. This method has been widely used in investigating CNT
deformation and polymerization under pressure. In the current study, oP12-carbon,
hP16-carbon, and ol 16-carbon are provided to explain transformation using Raman
spectroscopy. The nature of graphyne triple bond (bonds Il and VI in Fig. 7) is
characterized by the uniqgue Raman spectrum with the eigenfrequency of
approximately 2200 cm* (marked squares), whereas these of graphite and diamond
are 1582 cm* and 1332 cm™, respectively. In the g-graphyne-Il — oP12-carbon
transformation, triple bonds (bond 11) are polymerized into single bonds (bond 1);
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this process results in the eigenfrequency redshift to 1762 cm ™ (marked triangles).
In 18,18,18-graphyne — hP16-carbon, the triple bonds (bond VI) exclusively
change into single bonds (bond I11) with the eigenfrequency in graphyne redshift to
1597 cm™, which approaches to that of graphite. However, the triple bonds in
18,18,18-graphyne are changed into two kinds of single bonds in ol 16-carbon, i.e.,
the bonds IV and V. The length of bond 1V is 1.33 A, which is a little shorter than
that of graphite (1.42 A) and corresponds to the Raman peak at 1775.4 cm . By
contrast, the bond V (1.40 A) is similar to graphite and corresponds to the Raman
peak at 1430.9 cm ™.
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Fig. 7. Simulated Raman spectra and corresponding crystal structures of oP12-carbon, g-
graphyne-11, hP16-carbon, ol16-carbon, and 18,18,18-graphyne. The sticks in the circle of gra-
phyne represent triple bonds, and the sticks in the circle of covalent-bonded graphyne polymers
represent the single bonds converted from the triple bonds in parent graphyne.
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CONCLUSIONS

Covalent-bonded graphyne polymers with high hardness have been designed by
employing crystal structure methods, USPEX and CALYPSO, based on the first
principle calculations. Our research suggests graphyne as a novel precursor to
synthesize hard and superhard carbon materials. As the variety of graphynes and
phase transformation processes, results in there are various mechanically and
dynamically stable covalent-bonded graphyne polymers with different densities.
Covaent-bonded graphyne polymers are energetically more stable than
corresponding graphynes, moreover, most of polymers are even more stable than
fullerene Cg at ambient pressure. The phase transformation from graphite-like
graphyne to covalent-bonded graphyne polymer encounters lower energy barrier
than that from graphite to diamond. This finding suggests that more moderate
pressure is required in graphyne — polymers than that of graphite — diamond
transformation. Covalent-bonded graphyne polymers are either semiconductive or
metallic with high hardness, Young's modulus, and bulk modulus. This finding
indicates promising applications of covalent-bonded graphyne polymers in
microelectronic devices, energy storage, wear-resistance coating, abrasives, and
cutting and polishing tools.
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3anpononosano sicim KoganeHmuo-36' A3aHux nonimepis epagana, ompuma-
HUX 32 00NOMO2010 HewjodasHo po3poobnenux memoodie USPEX i CALYPSO, sacnosanux na pos-
PpaxyHkax 3 nepwux npunyunis. Lfi nonimepu enepeemuuno Oinvus 6u2ioHi, Hidic I0NOGIOHI epa-
Ganu nio ammocgepnum muckom, i cim 3 Hux € Oinbwr cmabinbnumu, Hige gynepen Ceo, o
6KA3ye Ha Modcaugicme ix ichyeamns. Mexaniuna | OunamiuHa cmabinbHiCMb MAKUX
KpUCMANIYHUX CIPYKIMYD NiOMEEPONHCYIOMbCS POZPAXYHKOM IX NPYIHCHUX KOHCIAHM | KPUBUMU
ducnepcii  ¢ononie 6ionosiono. Hewooasno 30itichene MOOen08anHs 3MIHHOI  KOMIDKU
30Y001CeHOT NPYHCHOIO 30HU NOKA3AIO0, WO NEPEMBOPEHHS epadan — nouimep 6i06y6acmvcsa npu
6inbuL HUZLKOMY enepeemuduHoMy bap’ epi, Hidic nepemeopenns spagim — armas. Becmanosneno,
wo o0sa noaimepa epagpana € HAOmMeepouMuU, a iHwi — meepoumu mamepianamu. Lfi norimepu
epagana maomv  eNeKmpoOHHI  8IACIUBOCMI, WO 3MIHIOIOMbCA  6I0 MeMmAaniyHux 00
HanienposiOHUKOBUX .

Knrouosi cnoea. nonimepu cpagana, meepdicms, eneKmpoHHi Xxapakmepu-
CIMUKU.

IIpeonodicenvl 6ocemb KOBANEHMHO-CEAZANHBIX NOIUMEPOS epadand, nory-
ueHHbIX ¢ nomowblo Heoasno paspabomannvix memooos USPEX u CALYPSO, ocrosanmnbix na
pacuemax u3 nepevix NPUHYUNOs. Imu noaumepsl dHepeemuiecku bojee 8bic0OHbl, YeM COOm-
semcmeyowue pagansl npu AMMOCHepHoM OasleHul, U CeMb U3 HUX ABNAIOMCS 6onee cma-
ounvrvimu, yem gynepen Ceo, UMoO yKA3bI8AEM HA 603MONCHOCHIL UX CYUjecmeosanus. Mexaru-
yeckas u OUHAMUYECKAs CMAOUILHOCTb MAKUX KDUCMATIUYECKUX CIPYKIYD NOOMEEPIHCOAION-
€S pAcuemom ux ynpyeux KOHCmMaum u Kpugblmu oucnepcuu poHonos coomgemcemeenno. Hedas-
HO OCYyuecmeleHHoe MOOeIUPOBare NepemMerHOl A4eliKy 6030YHCOeHHOU YNpy20il 30Hbl HOKA3A-
710, YUMo npeepawjenue epadarn — NOIUMep NPOUCXo0Uum npu Oonee HUSKOM IHepeemuiecKom
bapvepe, uem npespawenue epagum — aimas. Ycmawoeneno, ymo 06a noaumepa epagaua
ABNAIOMCA C6EPXMEEPOLIMU, 4 Opyaue — MEepobiMu Mamepuairamu. Imu noaumepsvl spagdana
UMEION INEKMPOHHbBLE CBOUCNEA, USMEHAIOWUECS OM MEMANTUYECKUX 00 NOIYNPOBOOHUKOBHIX.

Kniouesvie cnoga. nonumepel epagpana, meepoocms, d1eKmMpoHHbIE XAPAK-
mepucmuxu.
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