NANOSYSTEMS: Greshnyakov V.A., Pavlik V.V. Nanosystems:

PHYSICS, CHEMISTRY, MATHEMATICS Phys. Chem. Math., 2026, 17 (4), 432—441.
http://nanojournal.ifmo.ru
Original article DOI 10.17586/2220-8054-2026-17-4-432-441

Structure, mechanical and filtration properties of graphyne compounds of the self-
intercalated type
Vladimir A. Greshnyakov!>¢, Vitaliy V. Pavlik>»?*

!Chelyabinsk State University, Chelyabinsk, Russia
2lmmanuel Kant Baltic Federal University, Kaliningrad, Russia

y.greshnyakov@yandex.ru, °vitaliypavlik@mail.ru

Corresponding author: Vladimir A. Greshnyakov, v.greshnyakov@yandex.ru

PACS 61.50.Ah

ABSTRACT We performed a study of the structure and properties of hybrid carbon compounds based on gra-
phyne layers with a self-intercalated type of crystal lattice using ab initio calculations. It is found that only
compounds based on «a-graphyne-1 and 31-graphyne-2 can have an ordered crystal structure. Calculations
have shown that the most stable a-type phase is tetragonal (I/4mem) self-intercalated «-graphyne-1 with a
density of 1.28 g/cm?, a bulk modulus of 31 GPa, a Young’s modulus from 3 to 107 GPa, which is characterized
by a minimum negative linear compressibility of —11.7 TPa~! along the [001] axis. This makes it a promising
material for use in pressure sensors. Additionally, the I/4mem phase can be used as a selective filter for
hydrogen molecules, the permeability of which can be increased by uniaxial compression or stretching per-
pendicular to [001]. The studied nanostructured phases can be unambiguously identified from the calculated
powder X-ray diffraction patterns.
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1. Introduction

Carbon materials constitute a distinctive class of materials due to the wide variety of physical properties, enabling
their efficient application in electronics, energetics, optics, and medical science [1]. The capacity of carbon materials
to manifest distinct properties while maintaining an identical chemical composition stems from the abundance of poly-
morphic and polytypic variants exhibited by the three main carbon allotropes: diamond, graphite, and carbyne [2-7].
In particular, the polymorphs and polytypes of diamond exhibit outstanding mechanical characteristics, which determine
their applications as wear-resistant and protective coatings [8, 9], along with high thermal conductivity, which is a key
property for materials used in energy conversion systems [10]. In turn, polymorphic varieties of graphene exhibit a high
specific surface area and are widely used, in particular, in the production of ionistors [1]. An even greater change in
the properties of carbon materials is observed when nanostructured compounds contain carbon atoms with different hy-
bridization types [11]. Such carbon compounds are called hybrid. Hybrid phases and nanostructures can be divided
into four groups, each distinguished by the hybridization (coordination) of atoms. The first group includes graphyne and
carbynoid compounds consisting of sp? and sp hybridized atoms [12]. The second group of compounds from sp>+sp>
hybridized atoms is represented by experimentally observed graphite-diamond nanocomposites [13, 14], polymerized ful-
lerites [15, 16], as well as numerous hypothetical nanostructures and phases [17, 18]. Carbynodiamons, carbynocubanes,
and carbynoid crystals with a lonsdaleite-like structure [19] belong to the class of compounds composed of sp*- and
sp-hybridized carbon atoms. The final group of hybrids, which consist of atoms with all three types of hybridization (co-
ordination) in their structure, is represented by graphene layers or tetrahedral carbon frameworks, connected by carbyne
chains [20,21], as well as by polymerized carbynofullerenes [22]. The most promising group for the search for nanostruc-
tured materials with potential use as molecular filters with unique mechanical properties is the group of carbynoid hybrids
(sp>+sp), as it features a wide range of structural varieties of compounds with high porosity resulting from the presence
of linear segments of sp-atoms.

Based on the classification scheme presented in [12], hybrid sp?+sp nanostructured compounds are categorized into
four structural groups, exhibiting crystallographic dimensionality from OD to 3D (Fig. 1). The first group of quasi-zero-
dimensional compounds, labeled [0D, 2-3], includes spherical-shaped molecules known as carbynofullerenes [23]. The
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second group [1D, 2-3] contains graphyne nanotubes, which were first predicted theoretically [2,24] and later successfully
synthesized experimentally [25]. The third group of layered [2D, 2-3] compounds is represented by graphyne layers, the
study of which also followed the path from theoretical prediction [26] to successful synthesis [27] through the devel-
opment of numerous methods for producing graphyne compounds with varying morphologies and degrees of structural
ordering [28]. Three-dimensional phases with hinged and chiral structures belong to the fourth group of [3D, 2-3] hybrid
compounds [29]. Among these structural groups, the last two are particularly notable because graphyne layers show the
greatest potential as selective filters and electrodes in ion batteries [30], while three-dimensional carbynoid phases with
a hinged structural type demonstrate unusual mechanical properties, namely, an increase in their linear dimensions or
cross-sectional areas under hydrostatic compression [31]. The filtration applications of conventional nanostructures and
carbynoid crystals are severely constrained because external mechanical stresses induce only minor changes in pore size
in covalently bonded materials. The development of novel carbon materials with self-intercalated crystal lattices [32]
exemplified by yne-diamonds (diamondiynes) that combine covalent and van der Waals interactions [33, 34], represents a
viable pathway forward. Hybrid interpenetrating nanostructures featuring this mixed type of interatomic bonding could
enable the development of carbon compounds that exhibit significant structural changes under external stress, thereby
allowing control over the filtration properties of the porous material. Thus, the aim of the present work is to conduct an
ab initio investigation of the structure, stability, mechanical properties, and filtrational characteristics of self-intercalated
hybrid compounds.

FI1G. 1. Hybrid carbon nanostructures and three-dimensional phases

2. Models and computational methods

The structure of self-intercalated phases was obtained by interlocking of crystal lattices of two types of structural
precursors. The first type of precursors is graphyne layers, while in addition to “graphyne-1" (G1) layers, graphyne
layers with four-atom carbyne chain fragments (G2) were examined as structural precursors for self-intercalated phase
formation, and their variants are shown in Fig. 2. Formation of self-intercalated phases was carried out on the basis of
graphyne layers of one structural type using the method described in [35] in the range of angles from 60 to 90°. The
second type of precursors are three-dimensional sp>+sp carbon phases constructed by implantation of chain carbon units
into the structure of three-dimensional graphites. Implantation of chains into the structure of three-dimensional graphites
in this work was carried out by analogy with the formation of a-graphyne layers based on hexagonal graphene, therefore
the compounds obtained in this way are three-dimensional hybrid phases of the a-type. In this work, three phases named
bct-Cig, sh-Cay-1 and sh-Coy-11 (Fig. 2), were considered as precursors of the second type, which were formed on the basis
of three-dimensional graphites bct-4, 6(3)-1-06a and H-6, respectively [36—38]. The choice of these phases was due to
the presence of flat units with low internal stresses in their structure. The mutual penetration of three-dimensional hybrid
phases was carried out in such a way that the closest distances between atoms of adjacent sublattices were maximized.

The calculation of structural parameters and properties of crystalline phases and nanostructures was performed using
the density functional theory (DFT) method implemented in the Quantum ESPRESSO software package [39]. The initial
structures of the layered and three-dimensional precursors were calculated using the generalized gradient approximation
(GGA) in the PBE formulation [40], using parameters from references [41,42]. Further calculations of three-dimensional
phases comprising interlocked sublattices were carried out using the vdW-DF exchange-correlation functional, which cor-
rectly accounts van der Waals interactions [43]. Standard ultrasoft pseudopotential was used to account for the influence
of nuclei and core electrons. For calculations in the Brillouin zone, a kinetic energy cutoff of 46 Ry was used, along
with k-grids of 6x6x6 or 4x4x4 (if the number of atoms is at least 120). Relaxation of the structure of the phases was
performed until the force acting on each atom fell below 1.5 meV/A and the pressure fell below 0.3 kbar. As a result of the
relaxation of the 2H graphite structure with this set of parameters, the calculated interplanar distances dgg2 are equal to
3.51 A, which is less than 5 % higher than the experimentally determined value [1], suggesting that the vdW-DF method
is capable of adequately calculating the structures of hybrid carbon compounds with covalent-van der Waals bonding. In
addition, the calculated parameters of the crystal lattices of 3C diamond (3.582 A) and hexagonal graphene (2.463 A)
differ by less than 0.5 % from the experimental values [1] and practically coincide with the values calculated within
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FIG. 2. Structural precursors of self-intercalated phases

the DFT-GGA method in [44]. Structural data of the most stable self-intercalated phases is provided in Supplementary
materials file.

The effect of temperature on the structural stability of the three-dimensional phase with the lowest specific energy
was investigated using the molecular dynamics method at temperatures up to 550 K over a period of 7 ps with a timestep
of At =1 fs. The calculations were performed using a doubled unit cell along with a 3x3x3 k-point grid. Molecular
dynamics modeling using a 1x1x2 supercell was also used to investigate the motion of Hy molecules within the crystal
lattice of the most stable self-intercalated phase.

To investigate the mechanical properties of the most stable self-intercalated phase, simulations of hydrostatic com-
pression and uniaxial mechanical stimulus along the principal crystallographic directions were performed. The bulk
modulus By and its derivative By, were calculated using the Vinet equation [45]:

O L e e oI [ R

where P is the pressure; V) and V' are the volume of the phase at zero pressure and under hydrostatic pressure P, respec-
tively. The bulk modulus of 2H-graphite, calculated using equation (1), is 48.8 GPa, which exceeds the experimentally
determined value (34 GPa [1]) by 43.5 %. The calculated value of the bulk modulus of graphite exhibits a significant
discrepancy with respect to the experimental value, but demonstrates closer agreement with experimental data compared
to the value of ~285 GPa obtained by the authors of paper [46]. For 3C diamond, the Vinet equation yields a bulk modulus
of 438.4 GPa, which is in excellent agreement with the experimental value of 446.1 GPa [47].
The Young’s modulus (Y) was calculated using the following formula:
_F/S
AU
where F' is the tensile force magnitude; S is the cross-sectional area whose normal vector is aligned with force application
direction; Al/I is the relative change in crystal length along the force axis. The calculated Young’s modulus values for
2H-graphite under uniaxial tension along the zigzag and armchair directions demonstrate close agreement, with an average
value of 0.88 TPa. This value is in good agreement with the experimental data reported in references [48, 49], which lie
within the range from 0.92 to 1.1 TPa. Under uniaxial tension along the [001] direction, the calculated Young’s modulus
is 23.9 GPa, which is 34 % lower than the experimental value (36.5 GPa [50]), as a result of the elevated calculated value
dooz (3.51 A) in comparison with the experimental measurement [1].
Linear compressibility (/') can be determined as

1/ 0l
Ki=—; (ap)T’ 3)

where [ is the the value of the unit cell parameter (I = a, b, ¢); T is the temperature.
The possibility of experimental identification of three-dimensional nanostructured carbon phases was investigated
using the powder X-ray diffraction pattern simulation for characteristic chromium K, -radiation (Acrxo = 2.2909 A).
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3. Results and discussion

Calculations using the density functional theory method showed that the most stable are the self-intercalated (SI),
phases from the aG1 and 51G2 layers, the total energies of which are lower than the total energies of the isolated layers
by 0.043 and 0.029 eV/atom, respectively. The structure of the three-dimensional self-intercalated phase 3D-SI-aGl
consists of flat aG1 layers (Fig. S1) and is characterized by a tetragonal unit cell (symmetry spacegroup I/4mcm)
containing 32 atoms (Fig. 3a). The lattice parameters of 3D-SI-aG1 are a = 8.460, ¢ = 6.980 A. The density of this
phase is 40.8 % lower than the calculated density of 2H-graphite and amounts to 1.28 g/cm®. The crystal structure of
3D-SI-aG1 contains three nonequivalent atomic positions (Table S1). The SI phase based on 31G2, in which the layers
are wave-like curved (Fig. S2), also has an ordered crystalline structure (Fig. 3b). The body-centered crystal lattice of
the 3D-SI-81G2 phase belongs to the Ibam space group, which features a thombic unit cell with a basis of 120 atoms.
The lattice parameters are a = 14.33, b =24.16, ¢ =7.426 A. The density of 3D-SI-51G2 is 0.93 g/cm3, which is 56.9 %
lower than the calculated density of 2H-graphite. The atomic positions in the 3D-SI-51G2 lattice correspond to eight
nonequivalent crystallographic positions (Table S2). Three-dimensional self-intercalated phases based on other structural
types of graphyne layers may be unstable, since interlocking of two such layers leads to an increase in total energy of
0.12 eV/A (for one-dimensional nanostructures).

To determine the stability of the studied SI phases based on graphyne layers, sublimation energies (Ey,,) were cal-
culated as the difference between the total energy of atoms in a particular phase and the energy of isolated carbon atoms.
The calculated Eq, values for the SI phases based on aG1 and S1G2 layers are 7.855 and 7.859 eV/atom, respectively.
The Eg of the self-intercalated phases based on aG1 and S1G2 are higher than those for the graphite-like phases based
on layers of the same structural types by 3 and —11 meV/atom, respectively. This indicates an increased stability of the SI
phase based on aG1 with respect to the graphite-like phase from graphyne layers of the same structural type. However,
in addition to phases consisting of covalently unbonded aG1 layers, three-dimensional hybrid a-type phases are likely
candidates for formation during synthesis; the formation method for these phases is described in the methodology section
of this work. By analogy with layered compounds, three-dimensional a-type phases should have a porous structure, which
leads to the possibility of decreasing the total energy of the lattices of these phases during their mutual penetration. There-
fore, in this work, the structural and energy characteristics of three new SI phases bct-C1¢ (P4do/nnm), sh-Coy-1 (P6422)
and sh-Cqyy-1II (P6422) were also calculated, the unit cells of which are shown in Fig. 3c-e, respectively. The calculations
showed that the mutual penetration of the sh-Co4 and bct-Cig lattices in the SI-sh-Coy-11 and SI-bct-Ci g structure, indeed,
leads to a decrease in the total energy of these phases by 14-43 meV/atom, respectively. However, despite the presence of
additional interactions between the sublattices in the three new SI phases, the sublimation energies of these phases range
from 7.674 to 7.821 eV/atom, which is lower than the sublimation energy of 3D-SI-aG1. Thus, the phase of interpenetrat-
ing a/G1 layers has the highest stability in comparison with the layered and covalently bonded three-dimensional (isolated
and self-intercalated) a-type hybrids. It is also worth noting that the sublimation energies of the SI phases considered in
this article are more than 32 meV/atom higher than the calculated value of Ej,, of yne-diamond (daimondiyne), which is
a carbon phase of the SI sublattices of J-carbynodiamond-2.

FIG. 3. Geometrically optimized structures and unit cells of 3D-SI-aGl1 (a), 3D-SI-51G2 (b), SI-sh-
Coy-1 (¢), SI-bct-Cyg (d), SI-sh-Coy-1II (e) (atoms belonging to each nonequivalent position are high-
lighted in the same color)

To assess layer deformations in the structure of hypothetical phases, graphs of distributions of interatomic distances
(Fig. 4) and angles between carbon-carbon bonds (Fig. 5) were constructed for isolated graphyne layers and their corre-
sponding self-intercalated phases. During the structural relaxation of 3D-SI-aGl1, the layers in it undergo weak deforma-
tions manifested as changes in the angles of interatomic bonds. This is evidenced by the splitting of the initial maxima
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in the bond angle distribution within the isolated layer structure (Fig. 5), with minimal changing of the maxima of the
interatomic distance distribution across the length range from 2.40 to 2.62 A (Fig. 4). The interlocking of oGl layers
leads to the emergence of new peaks in the N = f(R) diagram within the 3.5 — 4.0 A range (Fig. 4), which correspond to
distances between covalently unbound atoms of adjacent layers.
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FI1G. 4. Interatomic distance distribution in graphyne monolayers and 3D-SI phases

The interlocking of crystal lattices of 31G2 layers results in their corrugated deformation, which is accompanied by
multiple splitting and displacement of the maxima in the distribution of bond angles and interatomic distances within the
range of 3.3 to 4.0 A. At the same time, the distances between adjacent layers in the three-dimensional phase structure shift
towards smaller values, starting from the value ~ 3.38 A (see Fig. 4). It should be noted that the covalent bond lengths in
the structure of the both phases are close to the corresponding bond lengths in isolated layers, as can be observed in the
graphs from Fig. 4 in the interatomic distance range from 1.2 to 1.6 A.
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F1G. 5. Distribution of bond angles in graphyne monolayers and 3D-SI phases

Since the sublimation energy of the 3D-SI-aG1 phase is 0.784 eV/atom lower than the corresponding energy of
hexagonal graphene, it is necessary to study the thermal stability of the crystal lattice of the new phase. Molecular
dynamics simulations of the annealing process at 550 K for 7 ps demonstrated that the structure of the 3D-SI-aG1 phase
is thermally stable, since no bond ruptures or formation of new covalent bonds within layers and between adjacent layers
are observed (Fig. 6). At the same time, the structural elements of this tetragonal phase in the form of aG1 layers undergo
significant deformations and bend in a wave-like manner. This particular type of deformation behavior was observed in
the works [32,35] during the calculation of the phase structure via molecular mechanics methods and simulation of its
thermal annealing at 400 K.

Theoretical investigation of volumetric compression of 3D-SI-aG1 revealed that the calculated bulk modulus of this
phase is lower than that of hexagonal graphite and diamond (Fig. 7a), with the B value calculated by the Vinet equation
being 31.0 GPa and its first pressure derivative being 2.28. During hydrostatic compression, both parameters a and b
of the 3D-SI-aG1 unit cell demonstrate identical nonlinear decreases as pressure increases (Fig. 7b). This indicates
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F1G. 6. Plot of the total energy versus time for 3D-SI-aG1 phase within thermal annealing simulation at 550 K

the preservation of the tetragonal symmetry of the phase and also the positive values of linear compressibilities K|,
and K3. The maximum value of linear compressibility K, is observed in the region of P < 2.5 GPa and amounts to
18.2 TPa~!. The unit cell parameter ¢ of the 3D-SI-aG1 phase exhibits nonlinear increase under volumetric compression,
demonstrating the presence of a rare mechanical property in the crystalline compound — negative linear compressibility

K. The minimum value of K. = —11.7 TPa~! is observed at minimum pressure.
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F1G. 7. Dependences of the relative volume (a) and unit cell parameters (b) versus pressure for the
3D-SI-aGl1 phase under hydrostatic compression

Simulation of stretching of 3D-SI-aG1 along the [001] direction revealed that the Young’s modulus of this phase
in the elastic deformation region is 106.6 GPa. This value is less than 11 % lower than the calculated values for the
[100] crystallographic direction of the graphite-like phase composed of aG1 layers [51], and is 4.4 times higher than the
calculated Young’s modulus value for 2H graphite under stretching in the [001] direction. The Poisson’s ratios associated
with 3D-SI-aGl stretching along the [001] direction, calculated relative to the [100] and [010] directions, are equal to
0.89. During the uniaxial stretching of the 3D-SI-aG1 phase in the elastic deformation region along the [001] direction,
an increase in its density by 2.5 % is observed. This result is consistent with the negative linear compressibility K. and is
typical for materials exhibiting this property [31]. Under uniaxial stretching up to relative elongation £ = 0.022 along the
[100] and [010] directions, the 3D-SI-aG1 hybrid phase deforms according to Hooke’s law, when the Young’s modulus
reaches the value of 3.1 GPa. The Poisson’s ratios during stretching of 3D-SI-aG1 along the [100] direction range from
0.01 (u2) to 0.98 (/LZ). These values are close to the Poisson’s ratio values of thin anisotropic rods of single-crystal
graphite, calculated based on experimentally determined elastic constants [52]. In uniaxial compression, the functional
dependencies of the unit cell parameters a and c on pressure can be adequately approximated by third- and second-order
polynomials, respectively, as follows:

a=-1117-10"3-P3+3.154- 1072 . P2 —3.333- 10! - P 4 8.464,

c=—8874-107%. P2 —5.749- 102 . P + 6.979,
where [a] = [c] = A; [P] = GPa.

The tetragonal phase composed of self-intercalated layers of aG1 has extended pores in the form of channels along the
c-axis in its structure (see Fig. 3a), which are presumably capable of serving as accumulation sites or diffusion pathways
for small molecules or metal ions. In the tetragonal unit cell there are four pores with a radius of 3.15 A at the following
positions: (0, 0, 0), (0.5, 0.5, 0), (0, 0, 0.5), (0.5, 0.5, 0.5). Therefore, the maximum possible filling of the lattice with
hydrogen cannot exceed 25 atomic percent (2.1 mass percent). Density functional theory calculations have shown that
when an Hy molecule moves along the center of the 3D-SI-aG1 channel in the [001] direction, the system’s energy
changes sinusoidally (Fig. 8a). A unit cell with a doubled ¢ parameter contains four positions of the Hy molecule with
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minimal energy, corresponding to the pore positions. Shortest transition between minimal energy positions requiring an
energy of 0.080 eV. This value is close to the energy barrier height for hydrogen molecule diffusion (0.05 eV) through
the largest rings in the y1G2 layer [53]. Direct investigation of Hy molecule trajectories in a 3D-SI-aG1 supercell
using molecular dynamics simulations has shown that the hydrogen molecule is capable of moving along the channel at
temperatures above room temperature. The trajectory of the molecule’s motion represents an irregularly shaped spiral
(Fig. 8b). This makes diffusion of molecules containing atoms of elements from the second period and higher practically
impossible. The hydrogen permeability of the 3D-SI-aG1-based material can be controlled via uniaxial compression,
which should lead to a decrease in pore diameters. In particular, at pressure of ~8 kbar (Psy component), the structure
of the phase undergoes a 13.9 % compression along the a axis and this deformation results in a substantial decrease
(53 %) in the AE value (0.037 eV). The dependence of the energy barrier height AF on the value of a/aq under uniaxial
compression of 3D-SI-aG1 along the [100] direction is a fourth-order polynomial:

AE = —572.0 - 2* + 2117 - 23 — 2935 - 22 + 1807 - = — 416.9,

where x = a/ag. Calculations of the diffusion energy barrier for a larger molecule, such as methane, have shown that the
value of this barrier (0.20 eV) is 2.5 times higher than AE for a hydrogen molecule (Fig. 8a).

F1G. 8. (a) Dependence of the potential energy of the Hy molecule versus its position along the channel
axis in the crystal lattice of the 3D-SI-aG1 phase (the value of the ¢ parameter of the supercell is
13.96 A). (b) Standard trajectory of Hy molecule movement within the structure of the 3D-SI-aGl
phase at 7" > 400 K (the diffusion path of the molecule is marked in green)

The possibility of identifying new three-dimensional phases was investigated through the analysis of simulated pow-
der X-ray diffraction patterns (Fig. 9), for which structural parameters were obtained from ab initio calculations. The
X-ray patterns were calculated for the weighted average of the chromium K,,-series radiation, as for characteristic radi-
ation with a shorter wavelength, the maxima of phases with large crystal lattice parameters shift to the region of small
diffraction angles, which leads to difficulties in detecting such materials. The calculated diffraction angles of the most
intense maxima of the layer phase from y1G1 deviate from the experimentally observed values [27] by only 0.2°. In
the case of hexagonal graphite, the calculated value of the diffraction angle characteristic of coherent scattering of radi-
ation on the (002) crystal faces differs from the experimental value [54] by only 1.7°. The most intense maximum for
3D-SI-aGl corresponds to the (110) crystal face with diffraction angle of 20 = 22.1°. The presence of this maximum is
not sufficient for unambiguous identification of 3D-SI-aG1, since the maxima of phases aG1 and v1G1 layered phases
with AB stacking deviate from the position of this maximum by less than 0.1°. However, the 3D-SI-aG1 phase can be
identified by maxima for the (200), (211), and (220) crystal faces, which correspond to diffraction angles of 31.4, 40.3,
45.0° and do not overlap with maxima of other phases with relative intensity exceeding 5 %. The most intense maximum
of 3D-SI-/31G2 corresponds to the diffraction angle of 10.9°, which differs from the angle of the most intense maximum
of the graphite-like phase composed of S1G2 layers by less than 0.5 %, therefore these phases are indistinguishable in
the region of small diffraction angles. The identification of 3D-SI-31G2 can be performed based on the (110) diffraction
maximum, which has the second highest intensity at a diffraction angle of 18.6°, as this maximum does not overlap with
the high-intensity maxima of 2H-graphite, layered graphynes, and 3D-SI-aG1.

One of the possible methods for the synthesis of self-intercalated-type crystals is chemical carbonization of polymers,
which can lead to the removal of non-carbon atoms and the partial formation of triple carbon-carbon bonds [55]. Another
potential method of synthesis involves the polymerization of molecular precursors (monomers) with structural elements
of graphyne layers [56] on a substrate with rectangular or trapezoidal protrusions. In this case, it is possible to form a
three-dimensional self-intercalated phase through mutual penetration of graphyne layers into each other at the edges of the
substrate material protrusions. The porosity of the forming hybrid phase should be determined by the distance between the
protrusions. The synthesis of self-intercalated graphyne phases from molecular precursors can probably also be realized
by their polymerization to form thin films on flat substrates in the presence of metal atoms. It is assumed that metal atoms
can stabilize the structure of the films by preventing the binding of carbyne chains at low temperatures, in analogy with
the mechanism of stabilization of the structure of carbynoid molecular crystals stable up to ~130°C [19]. For example,
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Fig. 10 shows a scheme of the formation of a 3D-SI-aG1-type film from C4H4Brs molecules in the presence of stabilizing
Au atoms film structure at the initial stage of growth.

4. Conclusions

In this paper, the results of quantum-mechanical modeling of the structure and properties of graphyne compounds
with covalent-van der Waals type of interatomic bonds of various crystallographic dimensions, which can be treated as
self-intercalated, are presented. Ab initio calculations have shown that the most stable of the quasi-one-dimensional
self-intercalated compounds are nanostructures based on a-graphyne-1 and $1-graphyne-2. It was found that a hybrid
phase of interlocking a-graphyne-1 layers, designated 3D-SI-aG1, should be more stable than the layered phase of a-
graphyne-1 and has the highest probability of formation among self-intercalated phases based on a-type hybrid precursors.
According to calculations, 3D-SI-aG1 has a tetragonal crystal lattice (I /4mcm) formed by a-graphyne-1 layers, the
shape of which is close to the shape of flat isolated layers. The three-dimensional self-intercalated phase of 51-graphyne-
2 layers, designated as 3D-SI-31G2, according to calculations, should be more stable than an isolated S1-graphyne-2
monolayer, but less stable than a graphite-like phase with AB packing of layers of the same structural type. The 3D-
SI-81G2 phase is characterized by orthorhombic symmetry (Ibam) and consists of wave-curved layers. The densities
of 3D-SI phases based on graphyne layers range from 41 to 57 % of the graphite density. The tetragonal phase should
be the most stable, as its structure does not break down at least up to 550 K, which is close to the temperature limit of
~v1-graphyne-1 [27].

Modeling of volumetric compression for the tetragonal phase 3D-SI-aG1 has demonstrated that the material has an
elastic modulus value of 31.0 GPa. Furthermore, this phase should exhibit negative linear compressibility along the c
axis, with the minimum value (—11.7 TPa~') observed at low pressures. Under uniaxial strains up to 19 %, the structure
of 3D-SI-aG1 remains stable, with Young’s moduli of this phase ranging from 3.1 to 106.6 GPa. A material based on the
3D-SI-aGl1 phase can be used as a selective filter in hydrogen energetics, since the energy barrier to hydrogen penetration
through pores is more than 2.5 times lower than the corresponding value for larger molecules. One of the unique features
of this compound is that the energy barrier for hydrogen diffusion can be significantly reduced by 53 % over increasing
the external stress applied perpendicular to the [001] axis to a relatively low value of ~8 kbar.
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A mechanism for the formation of thin films based on 3D-SI-aG1 is proposed, resulting from the polymerization
of CgH4Bry monomers in the presence of gold atoms. Since the studied nanostructured phases can be considered as a
set of interlocked graphyne layers with the structure similar to isolated layers, the most accurate identification of hybrid
self-intercalated phases is possible using X-ray diffraction analysis and high-resolution electron microscopy.
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