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Abstract: Using density functional theory, this study explores the properties of C,,H, and BN H_ molecules, which are
the minimal bilayer molecular structures formed by covalently bonded carbon or boron nitride rings. We determined the
structural and energy characteristics of these molecules, calculating values of quantum chemical descriptors that characterize
their reactivity. Additionally, we calculated the infrared and Raman spectra necessary for the identification of the molecules.
Molecular dynamics and reaction coordinate studies were employed to investigate the thermal stability and decomposition
mechanisms. Our results reveal that the diamond-like C ,H, molecule is stable under normal conditions, while its boron
nitride analog, B N H,, remains stable only at cryogenic temperatures. The BN H, molecule exhibited high hardness (almost
twice higher compared to C ,H,), typical for polar boron nitride molecules. The energy gap between the highest occupied and
lowest unoccupied molecular orbitals (HOMO-LUMO) was found to be 1.86 and 4.04 eV for C ;H_and B, N H,, respectively.
The thermal decomposition mechanisms indicate that the C ;H, molecule has an energy barrier of 1.23 eV, while BN H_ has a
lower energy barrier of 0.84 eV, leading to decomposition times of 16 years and 2.5 minutes at 300 K, respectively. This detailed

analysis provides insights into the potential applications and stability of these novel molecular structures.
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1. Introduction

In recent years, materials based on bilayer and multilayer
graphene with covalent interlayer bonds have been synthesized
and actively investigated. The two-dimensional structure of
C,H, which is a “film” of diamond with a thickness of less
than 1 nm and called a “diamane” (Fig. 1a), was predicted and
theoretically investigated by Chernozatonskii et al. in 2009 [1].

In 2017, pressure-induced interlayer bonding in bilayer
graphene was detected using Raman spectroscopy [2].
However, the pressure could not provide sufficient stability
of the diamond-like material [3], therefore, in subsequent
experiments, chemical functionalization of bilayer graphene
using various passivators was used [4]. F-diamane [5] and
H-diamane [6] were successfully synthesized from bilayer
graphene by fluorination and hydrogenation of the connecting
graphene layers at low pressure, respectively. After that, the
use of diamanes in nanotechnology and nanoengineering is
constantly expanding [7]. They are used in electronics due to
the ability to adjust the band gap and conductivity by depositing
functional groups and replacing vacancies in graphene layers
[8]. The excellent mechanical and elastic properties of diamanes

contribute to their wider use. According to recent studies [9,10],
their stiffness constants are compared to those of graphene
and diamond. Diamanes are used in field-effect transistors,
supercapacitors, lithium batteries and other devices [11,12,13].
Functionalization by groups such as hydrogen, fluorine and
chlorine provides diamane with semiconductor properties
suitable for carbon nanoelectronic devices [14,4,15,16].
Fluorinated, chlorinated and hydrogenated diamanes have
high electron and hole mobility, which makes them suitable
materials for transistors and other devices [17,4,18]. Diamanes
can be used in thermoelectric applications due to their thermal
conductivity [11,12,14,15]. In addition, they can be used as the
basis for flexible and transparent optoelectronic devices [4,19],
as well as for nanophotonics applications [1,17].

Recently proposed hexa-tetra-carbon (HTC) [20] is
the hypothetical allotrope related to diamane. It is a bilayer
2D structure consisting of regular hexagonal prismanes C,,
(Fig. 1b). Its stability is confirmed by a significant binding
energy in (—6.86 eV/atom) and the absence of imaginary
vibrational modes in the phonon spectrum [20]. Unlike
graphene, HTC is a semiconductor with a band gap of
2.20 eV [20].
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2. Calculation methods
We considered bilayer molecules C, )H, and BN H, which
include two parallel hexagons connected by three C-C or
B-N interlayer bonds (Fig. 2). To ensure the stability of the
system, all atoms that do not participate in the formation of
interlayer bonds are passivated with hydrogen.

The calculations used the density functional theory (DFT)
with a three-parameter hybrid functional B3LYP [21,22]
with an electronic basis of 6-311G* [23]. This method is
well established for the calculation of carbon [24] and boron
nitride structures [25]. The calculations were performed in
the GAMESS-US software package [26]. This package offers
extensive possibilities for quantum chemical modeling,
including geometry optimization and determination of
the position of the transition state, as well as prediction of
vibrational modes and excited states [27].

To preliminarily determine the thermal stability and
mechanisms of molecular decomposition, we used molecular
dynamics and a non-orthogonal strong bond model [28]
implemented in the NTBM software package [29]. The
simulation was performed within the framework of the NVE
microcanonical ensemble [30,31] with a zero total pulse and
a time step of 0.5 fs. The strong coupling model provides
computational resource savings compared to the time-
consuming First Principles Molecular Dynamics (AIMD)
approach. NTBM achieves a calculation time of about

L

a

1 ns, while AIMD, with comparable computing resources,
provides a “computational experiment” time of about 1 ps
[32]. This makes TBM more efficient for long-term molecular
dynamics. The decomposition path determined in the NTBM
framework was then recalculated with DFT to accurately
determine the energy barrier that defines the stability of the
molecule, as described in our previous work [32].

3. Results and discussion
3.1. Structural and energy characteristics

The interlayer bonds C-C and B-N in the molecules under
consideration have lengths of 1.39 and 1.44 A, respectively.
Note that in diamane [1] and bornitrane [33] the lengths of
the corresponding C-C and B-N bonds are 1.52 and 1.49 A,
respectively. The length of the interlayer C-C bond in the
C,,H, molecule varies from 1.44 to 1.57 A, while in graphene
it is 1.42 A [34]. The length of the C-H bond in the C_H,
molecule is 1.08 A, which is close to the corresponding value
for benzene [35]. The interlayer bond in the molecule (1.39 A)
is substantially shorter than that in diamane (1.52 A, Table 1)
or carbon double layers (1.57 A) [36].Inthe B N H molecule,
the B-N bond length in the layers is 1.48-1.50 A, while in
the two-dimensional bornitrane structure this value is 1.57 A
[33]. The length of the B-H and N-H bonds is 1.18 and 1.02 A,

respectively. Data on bond lengths are collected in Table 1.

Fig. 1. The structure of bilayer diamond-like 2D materials: diamane (a) and hexa-tetra-carbon (b).

P

b

Fig. 2. (Color online) The structure of the molecular analogues of diamane (a) and bornitrane (b). Grey, white, green and purple balls

represent C, H, B and N elements, respectively.
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Table 1. Bond lengths (A) in diamanes, bornitranes and their molecular analogues.

Interlayer Intralayer
Diamane l..=1.52 I.c=1.53
Diamane molecule l..=1.39 l..=1.44-1.57; 1. ;;=1.09
Bornitrane Iy =149 Iy n=1.57
Bornitrane molecule Iy =1.44 Iy =1.49-1.51; 1, , =1.19; [\ ,; =1.02

To estimate the energies of the C_ H  and BNH,
molecules associated with their stressed skeletons, we
compared these molecules with other systems composed of
the same atoms (Fig. 3). The results show that the molecules
we study have moderate stress energy, since their energies are
comparable to those of other known systems. Nevertheless,
the energy of the molecules in question is several electron
volts higher than the corresponding unstressed hydrocarbon

and hydrogenated BN-fullerene, as shown in Fig. 3.

3.2. Electronic structure and quantum chemical
descriptors

In this study, density functional theory was used to analyze
electronic properties and calculate a number of parameters,
including electron affinity (EA) [37], first ionization potential
(IP) [37], chemical hardness (1) [38] and softness (S) [37],
chemical potential (u) [39], electronegativity (x) [40, 41] and
electrophilicity index (w) [39]. These parameters are related
to the electronic structure of the system. The chemical
potential, hardness and electronegativity are determined by
the following equations:

(&) |
4= ). (1)
_YOE| _1fon
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OE
—u=- = 3
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where E and v denote the electronic energy and the constant
external potential of the N-electronic system. As follows

E
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Fig. 3. (Color online) Energy characteristics of diamane molecules C
represent C, H, B and N elements, respectively.
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from Eq. (2), chemical hardness is a measure of resistance
to a change in the chemical potential when the number of
electrons changes, that is, it characterizes the ability of the
system to resist the exchange of charge with the environment
[37]. Electronegativity characterizes the ability of an atom
in a molecule to attract electrons to itself. Koopmans
theorem for closed-shell molecular systems was used to
calculate these parameters [42]. According to this theorem,
the ionization potential and electron affinity can be defined
as negative values of the energies ¢, of the highest occupied
molecular orbital (HOMO) and ¢, of the lowest unoccupied
molecular orbital (LUMO). Electron affinity refers to the
ability of molecular systems to accept one electron from
a donor, while ionization potential refers to the ability of
molecular systems to lose electrons. Thus, the application of
the finite difference approximation and Koopmans' theorem
leads to the following expression for the chemical potential:

1 1
u:—E(IP+EA):E(8L+aH). (4)
In addition, the hardness can be calculated as
1 1
T]_E(SL_SH)=5AHL’ (5)

where AH =¢ —¢, — the HOMO-LOMO gap, which is
defined as the energy gap between the highest occupied
molecular orbital and the lowest unoccupied molecular
orbital. The maximum electronic charge that the system
can accept is AN __=-u/n [39]. Softness is the inverse of
hardness [37]:

s=L. (6)
2n
E eV
0+ @ @+ w4a -6BN+3H,
—38.41¢ -B6N5H6
L
[
—43.97¢ © -B12N12Hy;/2-Fulle
. )8
b

H, (a) and bornitrane BN _H, (b). Grey, white, green and purple balls
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The concept of electrophilicity was proposed by Parr and
his colleagues, and the electrophilicity index is defined as
[39]:

o=t @)

The corresponding values of the quantum chemical
descriptors for C H, and BN H, are shown in Table 2.
According to the data presented in Table 2, the BN H,
molecule has almost twice the hardness compared to C H,,
which is typical for polar boron nitride molecules. The energy
gap between the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO) is 1.86 eV for C, H, and
4.04 eV for BN H,. Figure 4 shows the density distribution
of the electronic states for both molecules. From the partial
density of the electronic states in Fig. 4 it can be seen that
carbon makes the main contribution to the HOMO and
LUMO orbitals of diamane. For bornitrane, two elements,
boron and hydrogen, contribute to the HOMO and LUMO
orbitals.

Table 2. Quantum chemical descriptors of the reactivity of diamane
C _H_(a) and bornitrane B N H_(b) molecules.

12776 67676

Eiono €V | Ejpnor €V | 1, eV [ 1, eV [S, eV w, eV | x, eV
C,,Hy -4.74 -2.88 |[-3.81| 093 | 0.54 | 7.80 | 3.81
BNH,| -6.76 =272 | -4.74| 2.02 | 0.25 | 5.56 | 4.74
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Fig. 4. (Color online) Density of states (DOS) and partial density
of states (PDOS) for the molecules of diamane C H, (a) and
bornitrane BN H_(b).
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3.3. Spectral characteristics

For experimental confirmation of the molecules in question,
their spectra are important, so we calculated the infrared (IR)
(Fig. 5) and Raman spectra (Fig. 6). IR spectroscopy allows
us to study the vibrational states of molecules, while Raman
spectroscopy provides information about the polarizability
of molecules.

In the IR spectrum, the peak at 304 cm™ reflects the
C-C bond interlayer vibrations for C ,H,, while the band at
958 cm™! indicates the C-C bond vibrations in the layers. In
the Raman spectrum, the peak at 3090 cm™ corresponds
to C-H bond vibrations. For BN H,, the peak at 1034 cm™'
in the IR spectrum corresponds to the B-N bond interlayer
vibrations, while the peak at 1232 cm™ characterizes the
interlayer bond vibrations.

3.4. Thermal stability and decay mechanisms

Molecular dynamics at a temperature of T=1500 K revealed
the mechanism of decomposition of the diamane molecule,
shown in Fig. 7a. A similar mechanism was adopted for the
BN molecule (Fig. 7b). The elevated temperature T=1500 K
provides decay during the simulation time. Note that at
room temperature, the molecule lifetime is macroscopic and
unachievable for atomistic simulation. In our previous work
[43], it was shown that the process of HTC decomposition
begins with the rupture of interlayer bonds. Unlike HTC,
interlayer bonds are not destroyed for the diamane molecule.
The decomposition of the molecules in question is initiated
by the rupture of the interlayer bond (C-C or B-N), after
which the sequential destruction of other interlayer bonds
occurs. As a result of the decomposition of the diamane
molecule, tricarboxylic fragments are formed (Fig. 7a), and
bornitrane turns into a flat polycyclic molecule (Fig. 7b).

The calculation of the energy of the system when moving
along the reaction coordinate by the NEB method is shown
in Fig. 8. After the rupture of the first interlayer bond C-C
or B-N, the decomposition process becomes irreversible, and
the energy of each of the molecules decreases by more than
1 eV as aresult of the decomposition. The height of the energy
barrier preventing decomposition determines the stability
of the corresponding molecules. The C ,H, molecule has an
energy barrier of 1.23 eV, which is close to the previously
obtained value for the most stable prismanes [44]. The barrier
for and BN _H, was 0.84 eV, which is significantly less than
the value of 1.4 eV for the well-known fullerene B, N, [45].

The decomposition time of molecules can be estimated
using Arrhenius’ law:

t=t, -exp[kl;j, (8)

where ¢ ~10""* s — a typical phonon period. Substitution of
U=1.23 eV for the diamane molecule and U,=0.84 eV for
bornitrane at a temperature of 300 K leads, respectively, to
times ¢ =16 years and ¢, = 2.5 min. Thus, the diamane molecule
is stable under normal conditions, and the bornitrane
molecule can only be studied at cryogenic temperatures. We
do not consider mechanical stability here because the studied
molecules are assumed to be in a gaseous phase.
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Fig. 6. Raman spectra for a molecule C,,H, (a) and BN H, (b).
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Fig. 7. (Color online) The main stages of decomposition for a molecule C,,H, (a) and BN H, (b). Grey, white, green and purple balls
represent C, H, B and N elements, respectively.
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Fig. 8. (Color online) Dependence of the energy of the system on the break length of the interlayer bond of molecules C H, (a) and
BN _H._ (b). Grey, white, green and purple balls represent C, H, B and N elements, respectively.
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3. Conclusion

Bilayer 2D materials with covalent interlayer bonds open
up new possibilities in 2D nanoelectronics and other fields.
Their properties differ significantly from traditional 2D
materials, and the ability to rotate layers relative to each
other adds another degree of freedom useful for adjusting
their properties. Recently, molecular analogues of bilayer
moire graphene have been synthesized, which has spurred
interest in such molecules. In this work, we investigated the
minimal bilayer molecules C_H, and BN H,, analyzing
their structural, energy and spectral characteristics, as
well as thermal stability and decomposition mechanisms.
The obtained data can be further generalized to islands
of growing bilayer materials during their synthesis. In
the future, we plan to investigate molecular models of 2D
graphene materials of larger size and establish the influence
of shape and size on their characteristics.
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