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Abstract

Boron-nitrogen nanostructures (molecules and clusters, nanowires, nanotubes; thin films, etc.) have been actively studied
in recent years due to their unique physical and chemical properties. These materials hold promise for applications in
electronic devices, hydrogen storage, nanodots, and high-strength fibres. In this study we performed a systematic search
of B,N,, molecules in a wide area of compositions (0<n, m<10) using the evolutionary algorithm USPEX and DFT
calculations. We identified a diverse set of structural patterns based on molecular size and B/N ratio. By several criteria
(second-order energy differences, fragmentation energies and HOMO-LUMO gaps), we found the most stable (“magic’)
molecules, which can be formed spontaneously and accumulate in significant concentrations and may serve as building
blocks and intermediates for the synthesis and growth of B-N nanoformations. We also revealed that some nitrogen-rich

compounds (BN;, BNy, B;Ns, B,N, and B¢Ny) are both “magic” and release significant energy during their decomposition,

which indicates their possible application as high-energy-density materials (HEDMs).

Introduction

Over the past decade, a substantial body of theoreti-
cal and experimental research has been dedicated to B-N
nanostructures including fullerenes[1-4], nanotubes[5-7],
nanosheets[5, 8], nanowires[7, 9], and molecules.10—12
These systems are promising for applications in electronic
devices, hydrogen storage, biomedical applications and
semiconductor technologies.13—16 (BN), nanostructures
are isoelectronic with their carbon analogues and often
exhibit higher thermal and oxidative stability, making them
attractive for high-temperature applications.17.

Another promising application of B-N molecules lies in
their potential as high-energy-density materials (HEDMs),
owing to the substantial energy release upon decomposition.
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Nitrogen-rich compounds have been extensively inves-
tigated in this context, as they liberate large amounts of
energy when decomposing with the release of inert N»
gas.18 Incorporating other elements can improve their
kinetic stability; for example, metal azides such as Pb(Ns):
are well-known HEDMs.19The inclusion of boron can sta-
bilize nitrogen-rich frameworks while preserving the high
energy release associated with the formation of N2. The BNo
molecule, for instance, has been theoretically predicted and
experimentally synthesized[20], but it is stable only at low
temperatures (below —35 °C)[21], at higher temperatures
undergoing explosive decomposition. The BN+ molecule
has also been suggested as a potential HEDM precursor.22
However, the synthesis and handling of nitrogen-rich B-N
clusters remain challenging due to their extreme sensitivity
to thermal, photonic, and mechanical stimuli. These limi-
tations highlight the importance of theoretical exploration
in identifying viable HEDM candidates within the B-N
system.

Boron-nitrogen molecules B,N,, are being researched
due to their occurrence in the synthesis reactions of men-
tioned nanoformations. For example, B,N, BN,, B;N, BN,
and their anions have been obtained by pulsed laser evapo-
ration.23 However, only molecules with a small number of
atoms (e.g., B3, BN, BN,)[11], or within a narrow range
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(e.g., B,N, (n=1-6))[24], or stoichiometric molecules
(e.g., (BN),, 2 < x < 19)12 have been studied.

Here we report a systematic detailed ab initio investiga-
tion of stable boron-nitrogen B, N,, molecules in a wide range
of compositions (0<n, m<10). We chose this composition
area because it is sufficient to form a systematic picture of
the dependence of the structural and energetic properties of
clusters on composition, while remaining computationally
feasible. We used the global optimization algorithm USPEX
and DFT calculations. We studied the geometric and ener-
getic characteristics of B, N,, molecules, identified the most
stable (“magic”) ones and estimated energy release associ-
ated with the decomposition of each molecule. This allowed
us to determine molecules that can serve as potential inter-
mediate states and building blocks in chemical synthesis of
more complex B-N structures, as well as potential HEDMs.
Thus, in this study we set and pursued two central aims:
systematic mapping of B, N structures and identification of

n-"m
promising HEDM candidates among them.

Computational Methodology

To find the optimal structures of boron-nitrogen molecules,
we used the evolutionary algorithm USPEX25-28 (see also
http://uspex-team.org) coupled with DFT, where each can
didate structure was fully relaxed and its total energy was
used in the calculation of the fitness. The global search was
performed under the explicit constraint that the clusters
remain connected, so the geometries are the lowest-energy
connected isomers (global minima in this restricted sense).
Structure relaxations were performed using the spin-polar-
ised PBE functional29 with the VASP code.30 In these cal-
culations, we used the projector augmented wave method31
and 400 eV plane wave energy cutoff. To model the finite
system with a periodic code, the supercell approach was
employed, where periodic images of a molecule were sepa-
rated by a vacuum layer with a thickness of 10 A. Since we
studied isolated molecules, only the I'-point was used for
Brillouin zone sampling. The geometry relaxation was con-
sidered converged when the change in total energy between
two ionic steps was below 10 eV. Van der Waals interac-
tions were not explicitly included, as we focused on isolated
molecular systems. The 25 lowest-energy isomers from
each composition were selected for the final refinement
which was done using the B3LYP hybrid functional[32] and
6-311+G(d, p) basis set33 with the Gaussian 16 package.
Previous studies showed that results of B3LYP/6-311G* cal-
culations of the geometry and energetics are quite accurate
and can be applied to obtain reliable results for B-N mol-
ecules.12, 34, 35 During our calculations, spin multiplici-
ties up to 4 were checked. We also calculated vibrational
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frequencies for each molecule to verify dynamical stabil-
ity by the absence of imaginary frequencies. ELF analysis
shows clear localization of electron density between atoms
in the clusters, confirming that they are genuine covalent
bonds.

Structure and stability of B,N,, molecules

We have found the ground-state structures of B,N,, mol-
ecules with the number of atoms # and m from 0 to 10. The
obtained structures are either identical to or more energeti-
cally favourable to those reported in previous studies: for 41
molecules, we identified the same global minima as previ-
ously found; for 5 molecules, we discovered structures with
lower energy; and, to the best of our knowledge, structures
for 70 compositions were predicted for the first time. A
detailed comparison between our results and literature data
is given in ESI Section S1. The geometries and energies of
all molecules are given in ESI Section S2. The vibrational
spectra for each B-N molecule are given in ESI Table S1.
The ELF plots for several selected clusters are given in ESI
Table S2.

To study the stability of B,N,, molecules we applied two
criteria, which are often used in studies of nanomolecules.
(see, e.g. 36, 37). The first one calculates second-order dif-
ferences over B and N atoms (A? 5 (n, m)and A? ~ (n, m)) and
takes the minimal one (A% ;. (1, m)):

A%2B(n, m) = Epi1, m + En_1, m — 2E,, m,
AQN("H Tn‘) = En, m+1 + Eny m—1 — 2E,, m, (1)
Azmin(n,m) = minA2B(n,m); A2N(n, m),

where E, ,, is the total energy of the molecule containing n
boron atoms and m nitrogen atoms. This quantity character-
ises the resistance against the transfer of one atom between
two identical molecules during their collision. Throughout
this work, molecules with a positive A%_. produce more
intense peaks in mass spectra[38—46], which indicates their
higher stability and abundance. Figure la shows the map
of A? . (n, m) in the composition space, demonstrating the
existence of islands and ridges of stability, corresponding
to magic molecules. The compositional area of unstable
molecules (A% (n, m)<0) is marked in blue. In the fur-
ther analysis of magic molecules we will consider <9 and
m<9, since for the edge compositions (=10 or m=10) we
cannot calculate both second differences A% and A%

As shown in Fig. la, the most stable B-N molecules are
those with a 1:1 stoichiometry - the series (BN),, with a
closed ring-shaped structure and only B-N bonds. B-B and
N-N bonds appear naturally in off-stoichiometric composi-
tions: B-rich clusters with B/N atomic ratio> 1 necessarily
form B-B linkages, whereas N-rich clusters with B/N<1
contain N-N bonds . The stability of (BN), clusters stems
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Fig. 1 Interpolated heatmaps showing the stability of B,N,, molecules using two criteria: (a) second-order differences of energy (A%,,) and (b)
fragmentation energy (Eg,,) into two fragments, both given in eV and shows as a function of 7 and m.

from the strong covalent bonding between boron and nitro-
gen atoms and closed-shell electronic structure. However,
there is one exception from this rule: the B,N, molecule is
unstable due to strained bond angles, yet surprisingly, B,N
with an open-shell electronic structure is a stable one. In
general, series of stable compositions looks like ridges for
B/N>1: BN, (x=3-9), B, N, (x=0—-6), Bg, N, and
Bg N, (x=0—1), and separate islands for B/N<1: N,, N,
N, BN;, BN¢, BNy, B,N, B,Ng, B;Ns, B,N,, B,N,, B,N,,
BsNg, B¢Ny. A more detailed discussion of these molecules
is given below.

The second criterion is based on the fragmentation
energies for all possible fragmentation channels into two
fragments B,N,, — BN, + B, /N, ;, with 0<k<n and
0<i<m:

Efrag(n, m, k, 1) = E(k, 1) + E(n — k, m — 1) — E(n, m), (2)

among which we consider the lowest one:

Efrag(n, m) = mink,lE frag(n,m, k,1) 3)

If A2_. >0, then molecules can be formed in significant
quantities, and depending on whether the Eg,, is positive
or negative, this molecule will be preserved or decomposed
over time. The higher Eg,, the more resistant the B,N,,
molecule is to breakup. Heat map of Ey,, is shown on Fig.
1b. The complete set of fragmentation energies and fission
products of all molecules is given in ESI Section S3.

As one can see from Fig. 1b, B,N,, molecules with m<n
have large positive values of Ej;,,. In this case, a correla-
tion is observed between A? . and Ef,g: molecules with
a positive A%, usually have higher values of Ef,e than
those with neighbouring compositions. As for nitrogen-rich
compounds, molecules with m=n+1 (B,N,,) have near-
zero values of Ef,,, and for molecules with m>n+2 Eg,,
is mostly negative (the exceptions are N,, N3, BN;, BN,,
B,N,, B,Ns, B,Ng, B;Ns, B;N¢). The nitrogen-rich mole-
cules with Ef;,, < 0 are susceptible to fragmentation, result-
ing in the emission of an N, molecule - a diatomic molecule
with a strong triple bond, which is known for its inertness
and resistance in various chemical and environmental con-
texts. The energy release process of decomposition of these
molecules will be discussed in more detail below .

Two circumstances make a molecule magical: (1) closed-
shell electronic structure (a necessary conditions of which is
an even number of electrons), (2) closed-shell atomic struc-
ture Indeed, usually molecules with an even total number
of electrons are more stable than their neighbors with an
odd number. Molecules with odd numbers of electrons also
can be magic, especially when they have closed-shell (e.g.
symmetric) atomic structure. In the case of B-N molecules,
compositions with an even total number of atoms will have
an even number of electrons. As a consequence, the stability
map of B-N molecules (Fig. 1a) has a nearly checkerboard
topology. This expectation holds with many exceptions: not
all molecules with an even number of electrons are stable, as
indicated by A% ;, <0, while a number of molecules with an
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odd number of electrons are magic: B,N, B,N;, B,Ny, BsNg,
BgNy, BgN, BgN, (which often exhibit high symmetry).

We also plotted the map of the optimal spin multiplici-
ties of B,N,, molecules. Molecules with an even number
of electrons have possible multiplicities of 1 or 3 (see Fig.
2a), whereas molecules with an odd number of electrons
have only multiplicity of 2 (multiplicity of 4 is energetically
favourable only for a single nitrogen atom). From the litera-
ture, it is already known that the multiplicity of 3 is charac-
teristic for some pure boron clusters (B,, B¢, Bg).47 In the
current work, we have found that molecules with formula
B,. N, x=0-7 (with the exception of x=2), BN, B,N, and
BN also have a preferable multiplicity of 3 - none of these
are magic. For comparison, the energy differences between
singlet and triplet states for triplet-favored cases are given
in ESI Table S3.

We also calculated the energy gaps between the high-
est occupied and lowest unoccupied molecular orbitals
(HOMO-LUMO gaps, E,) of the B,N,, molecules and
plotted their map (see Fig. 2b). As electronic polarisation
is related to excitation of electrons into unoccupied orbit-
als, the HOMO-LUMO gap characterises the polarizability
of molecules. Large HOMO-LUMO gap indicates closed-
shell electronic structure and relatively high chemical inert-
ness, i.e. is indicative of chemical stability. We can see from
Figs. 1a and b and 2b, that E£,(n, m) roughly correlates with
A? (1, m) and Efap(n, m).

Next, a detailed analysis of the geometric features of B-N
molecules was conducted. Considering ground-state struc-
tures of B,N,, molecules in the whole compositional area
(n, m=0-10), we identified six main structural classes and
marked them on the map in the Fig. 3 by different colors:

(a)lo 0.10 (b?o

94 0.09
8 - ¢ 0.08
7 o 0.07
0.06
- 0.05
- 0.04
- 0.03
- 0.02

- 0.01

- 0.00

(a) dense nets are marked by deep green color, (b) nets with
holes or perforated nets — by red color, (c) ring structures —
by purple color, (d) double rings — by light green, (e) rings
with rods — by orange color and (f) rods — by blue color. On
the right side of Fig. 1 we also show structures of the most
stable (magic) molecules of each structural class.

The dense-net structure (Fig. 3a) is characteristic of mol-
ecules in which boron predominates and for pure boron
clusters. Furthermore, with the addition of nitrogen atoms,
the structure becomes less dense and transforms into a
perforated net structure (Fig. 3b). With further addition of
nitrogen, ring (Fig. 3¢) and double-ring structures (Fig. 3d)
appear, among which ring (BN), compounds have the high-
est stability. Relatively stable BgN, and BgN5 molecules
consist of two rings connected through a common segment
composed of boron atoms. With further addition of nitro-
gen, ring structures grow rod-like protrusions, consisting of
2 or 3 atoms of nitrogen (Fig. 3¢). Depending on the partial
charge of the group, N2 form species such as pernitrides and
diazenides, Ns - azides. For example, the compound BNy,
which contains three Ns groups, is referred to as boron tri-
azide. Thus, when the number of boron atoms is low and the
number of nitrogen atoms is in great excess, structures with
pure nitrogen rod-like fragments are formed (Fig. 31).

This classification is helpful for the determination of
building blocks or intermediate states for the synthesis of
more complex B-N formations and nanostructured materi-
als. Dense and perforated nets may fill the space without
large voids. This is why they are more appropriate to be
building blocks. In addition, perforated nets attract addi-
tional interest due to the possibility of their doping (placing
extra atoms in the holes) and the resulting creation of new

0.20

- 0.10

- 0.05

- 0.00

Fig. 2 Electronic characteristics of B,N,, (n, m=0-10) molecules: (a) Multiplicity map (green — M=1, purple — M=2, orange — M =3, blue —

M=4), magic molecules (A?

min
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>0) are marked with asterisks. (b) Interpolated heatmap of HOMO-LUMO gaps
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color, f) rods — blue color. Magic molecules (A%, ;> 0) are marked with

purple color, d) double rings — light green, e) rings with rods — orange

magnetic 2D materials. Rings and double rings have closed
structure, which makes them more inert and less prone to

react, so they can also act as relatively stable nucleation

units for BN sheets or fullerene-like structures. In contrast,

rods and rings with rods have at least one terminal atom,

which makes them highly reactive — they can significantly
modify their structure upon interacting with other particles
and may behave as edge or growth units attached to larger
BN domains. Both rods and rings, due to their geometry,
cannot fill space densely and are interesting only as interme-

diate states in chemical reactions.

We also inspected the planarity of all obtained molecules
(see the planarity classification map ESI Figure S1). We
found that the majority of molecules in the studied range
of compositions (105 out of 118) are planar, and only 13
molecules are non-planar: B, By, By, B3;Ng, B,N;, BNy,
BNy, BoNy, BN, B;(N,, B,(N,, N5 and N,,. B-N non-pla-
nar structures tend to twist into a helix (for example, B;,N,)
or adopt a convex cap-like shape when there is a significant
predominance of boron atoms in the structure (for example,

asterisks.; (b) structures of magic molecules of each structural type.
Boron (B) is marked by green, nitrogen (N) - by grey

more attractive as relatively stable molecular precursors for
2D B-N materials.

B,N,, molecules as potential HEDMs

This section focuses on exploring the potential use of B,N,,
molecules as HEDMs. Understanding the energies of mol-
ecules across the entire compositional range allows us to
estimate the energy released during the decomposition of
each molecule. We will consider two processes: (1) decom-

position of a given molecule into an arbitrary number of

B,oN). Notably, there is no clear relationship between the

composition and planarity of the molecules. . For example,

the B,N,; molecule is planar, while the neighbouring B,N,

molecule possesses non-planar structure resembling a cap,
and both of them are magic. Planarity in B-N clusters pro-
motes m-delocalization and can enable aromatic stabiliza-
tion (consistent with Hiickel’s 4n+2 criterion for planar

rings), as exemplified by borazine (B;N;). This correlates

with higher thermal stability and lower intrinsic reactivity,

whereas distorted or nonplanar geometries lose this stabili-
zation and are less practical. Planar B-N rings are therefore

AEmuiti—frag(n, m, k, x1, ...
#(E(n, m) — E(z1, y1) —

BnNm - BmlNyl + B.’b2Ny2 + ...+ szNyka

y Th—1, Y1, -+

fragments, and (2) the decomposition of the corresponding
molecular crystal into more stable compounds, where we
employ a simplified approach by considering only isolated
B,N,, molecules without including condensed-phase effects
or packing density.

(1) First, we calculate the maximum energy that can be
obtained from a given molecule by breaking it down into
smaller fragments. To accomplish this, we consider decom-
position into an arbitrary number (k) of fragments:

“4)

where expressions x;+x, + ... + x; =n and y;+y, + ... +
v, = m should be satisfied. The energy release associated
with this reaction, normalised by the molar mass of original
molecule, is found as:

k) = 1/M(BaNy)
coo — Elzg, wr),

)
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Fig. 4 Interpolated heatmaps showing (a) AE,, i, - €NEIgY release
in fragmentation reactions into the most favourable set of smaller mol-
ecules and (b) AE, ., height above the convex hull, where E is the
free energy of each molecule in ¢V as a function of n and m. AE,

multi—frag
and AE, ., are normalised by the molar mass of the original mol-
where M(B,N,,) is the molar mass of the B,N,, molecule
and E is the free energy of the molecule. We are looking
for the decomposition into such fragments that the released
energy reaches a maximum, so it can be found as follows:

AEmulti—frag(n7 m) = MaTk, z1, -5 xk—1s yly -+ yk—1 (6)
AEmultiffrag(ny m, k, X1, ..., Thoy, Y1, -, yk71)~
The value Of AE|, ;oo €ssentially shows how much energy

can be obtained from a given compound per unit mass. The
higher this value, the more promising the molecule is as a
high-energy density material (HEDM).

Figure 4a displays the interpolated heat map of
AE,  iti—frag(n, m). The pattern of the AE, ; ¢,, roughly
coincides with the pattern of Eg,,, taken with the opposite
sign: the values of AE ; 4, are higher for molecules with
stoichiometry of N/B=>1. The highest values of AE, i frag
are reached for pure nitrogen molecules. Magic molecules
Ng» Ng, BN;, BN, BN, BNy, B,Ng, B;Ns, B,N,, B,N-,
BNy, BsNg, BcN, have the potential to be experimentally
obtained and have reasonably high AE| i fae-

(2) Secondly, we aim to estimate the amount of energy
released during the decomposition of a molecular crystal
composed of the corresponding molecules into the most
stable compounds. To this end, we calculate the formation

energy for each compound B, N,, using the formula:

AFEform = [E(BpyNm) — E(B)xn — E(N)*m]/(n + m), @)

@ Springer

ecule. Magic molecules (A
HEDMs are marked with asterisks. The most promising ones (that

>0) which can be chosen as potential

min

release a substantial amount of energy, AE,

release” 1 MJ/kg) are marked
by fat asterisks

where E(B,N,,) is the free energy of the B,N,, compound,
and E(B) and E(N) are the energies per atom of the most sta-
ble pure boron and pure nitrogen compounds—specifically,
the B, cluster and molecular nitrogen (N,), respectively.
We then plot the energy of formation AE; . as a function of
the elemental composition x=m/(n+m) and determine the
convex hull of all these points. The points lying on the con-
vex hull correspond to thermodynamically stable phases,
and the height above the convex hull (AE}) indicates the
decomposition energy of a given compound.

In this study, we employ a simplified approach by con-
sidering only isolated B,N,, molecules and neglecting the
weak intermolecular van der Waals interactions. This sim-
plification allows us to estimate the energies of formation
without performing complex structure predictions of the
corresponding molecular crystals. Consequently, for the
value of E(B,N,,) we took the free energy of a single mol-
ecule B,N,, . For pure boron we select B, the largest boron
cluster considered here, which has the lowest energy per
atom. For nitrogen, we use the N, molecule. The calculated
convex hull for all considered B,N,, molecules is presented
in Fig. S1, ESI Figure S2. The compounds lying on the con-
vex hull are B, B;(No, N».

Finally, decomposition energy per mass is calculated as
follows:

AE‘release = A-Eh * (’I’L + m) / M<B71Nm) (8)
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The interpolated heatmap of AE, ., is shown in Fig. 4b. As
example which illustrates that our approximation is reliable
and can be effectively applied for estimating the energetic
properties of high-energy-density materials we can give
well-known HEDM material trinitrotoluene. The height
above the convex hull for trinitrotoluene (4.203 MJ/kg) is
in close agreement with its experimental decomposition
energy (4.190 MJ/kg), which indicates that our approxima-
tion is reliable. Based on the data presented in Fig. 4a and b,
we observe that the eleven B-N molecules BN;, BN, BN,
BN,, B,Ng, B;Ns, B,Ng, B,N,, B,Ng, BsNg and BN, are
promising candidates for HEDMs. These are stable magic
molecules (marked by large asterisks in Fig. 4) that release
a substantial amount of energy, AE, ... 1 MJ/kg.

Visible light possesses energies up to 3.3 eV, followed
by a UV ‘tail’ in the spectrum. Molecules with HOMO-
LUMO gaps up to about 4 eV will be highly sensitive to
light. Molecules with larger values of HOMO-LUMO gaps
(>4 eV) will possess higher photochemical and kinetic sta-
bility. This leaves only five promising HEDM molecules:
BN;, BNy, B;Ns, B,Ng, BN, Interestingly, BNs and BNo
have already been theoretically predicted and subsequently
synthesised under low-pressure gas-phase conditions, for
example, by the reaction of BCls with HNs[48, 49]. Main
characteristics of the five most promising HEDM molecules
among B,N,, (0<n, m<10) are presented in ESI Table S4.
The energy release (AE,..s.) for BN; molecule is 8.74 MJ/
kg, for BNy —4.70 MJ/kg, for B;Ns —3.91 MJ/kg, for B;Ng
—4.06 MJ/kg and for B{Ng—2.29 MJ/kg, which is ~209%,
~112%, ~93%, ~97% and ~55% of the heat of detona-
tion of trinitrotoluene (4.19 MJ/kg), respectively. Relative
to other modern molecular HEDMs — including ICM-101
(oxadiazole)[50], TKX-50 (high-nitrogen salt)51 and neu-
tral N4[52] (observed only at cryogenic temperature) — our
B—N molecules exhibit comparable energy release per
mass.

Conclusions

We have predicted the optimal structures of B,N,, mol-
ecules in a wide range of compositions (r, m=0-10) using
the evolutionary algorithm USPEX and DFT calculations.
Six principal structural motifs were identified — rods, rings
with rods, rings, double rings, dense and perforated nets.
Stability was determined using two main criteria: the sec-
ond-order energy difference (A’E) and fragmentation energy
(Efag), and the results were presented as maps in the compo-
sitional space. Based on their geometric and energetic char-
acteristics, we propose a subset of molecules that are likely
to serve as intermediates in the synthesis of more complex
B-N species. Preferred multiplicities and HOMO-LUMO

gaps were also determined for each molecule, providing
a basis for further studies of magnetic and optical proper-
ties. Our approach to identifying novel high-energy-den-
sity materials focuses on species that are both stable (i.e.,
“magic”) and capable of releasing significant energy upon
decomposition. For the B-N system, promising candidates
are BN;, BNy, B;Ns, B,Ng and B¢Ny. We hope these results
will motivate future experimental efforts toward the synthe-
sis and application of new B—N molecules.
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