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study geometric features of these objects, we performed systematic structure prediction of B,Cy, clusters in a wide
area of compositions (n, m = 0-12) using the evolutionary algorithm USPEX and first-principles calculations. We
found that all obtained structures of B,C,, clusters are planar or nearly planar and can be grouped into four
classes: linear and ring-shaped structures, dense nets and nets with small holes (perforated nets). In addition,
using several criteria (second-order energy differences, fragmentation energy and HOMO-LUMO gaps), we found

the most stable (“magic”) clusters and determined the compounds that can serve as potential building blocks or
intermediates in synthesis of B-C nano-sized materials.

1. Introduction

Boron-containing clusters have recently attracted growing attention
from the scientific community due to their structural complexity, unique
bonding, and potential applications in nanotechnology and materials
science. Among such systems, boron carbides stand out for their
exceptional combination of properties, which make them the material of
choice for a wide range of applications. They are distinguished by high
melting point, exceptional hardness, and low specific weight. Bulk boron
carbides can be used in ballistic armor, as refractory and abrasive ma-
terials, high-temperature semiconductors, ceramic materials in nano-
electronics or in flat-panel displays [1,2]. Low-dimensional B-C mate-
rials (fullerene-like nanoclusters, nanowires, nanotubes, thin films, etc.)
are also actively studied in recent years. They possess even more inter-
esting physical properties than bulk structures and may have a wider
range of applications. For example, B-C nanowires demonstrated higher
Seebeck coefficient and power factor than the bulk samples [3]; they are
potential candidates as cathode materials [4,5]. B-C thin films are good
candidates for nuclear applications due to their chemical inertness
combined with the high neutron absorption capability of '°B.[6] B-C
nanotubes are interesting as possible drug delivery vehicle for the anti-
cancer medicine melphalan (Mel).[7] Boron-carbon nanoclusters have
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gained attention due to their potential roles in the synthesis of B-C
materials.[8] Therefore, determination of their atomic geometry and
stability is crucial for study and modeling of the material formation
processes.

Carbon and boron, despite being neighbors in the Periodic Table,
exhibit distinct structural chemistries: neutral boron clusters remain
planar up to Byg,[1,9,10] while carbon clusters form linear structures up
to Cy and ring structures up to Cig.[11] Doping boron clusters with
carbon atoms may induce structural transitions from planar to linear
configurations as carbon content increases. Theoretical studies of bor-
on-carbon clusters showed that they are characterized by structural
diversity: they can be linear, ring-shaped, net-shaped, etc. For the
following compositions of B — C clusters: B,,Cp, (n=0-5,m =0-5);[12]
BuCm (m=1-4,n=4-8),[13] B4C,[14] BC4,[15] B,C (n=1-7),[16]
C.Band C;By (n=4 — 10),[17] B3Cy (1 = 1 — 8),[18] B5C4[19] and B4Cs,
[20] BsC, (n=1-7),[18] B,Ca (n =3 -8),[21] BgC1[22] and B,C, (n =
1 — 13)[23] the geometries, electronic structures, bonding properties,
and relative stabilities were investigated by density functional theory
(DFT) calculations. As one can see, these studies were conducted for only
specific compositions or small compositional ranges. Here we report a
systematic investigation of stable boron-carbon B,,C, clusters in a wide
area of compositions (0 < n, m < 12) using the global optimization
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Fig. 1. Heat maps showing the stability of B,C,, clusters using two criteria: (a) second-order differences of energy (AZ;,) and (b) fragmentation energy (Efrag) in eV as

a function of n and m. Regions of instability are marked in blue color.

algorithm USPEX and DFT calculations. We studied their geometric and
energetic characteristics, identified the most likely “magic” clusters,
analyzed their geometries and identified clusters that are potential
building blocks or intermediate states in chemical synthesis of more
complex B-C structures. Obtained in our study stable atomic configu-
rations can provide a foundation for comprehending the structure of B-C
objects, predicting the course of chemical reactions involving them,
improving existing production technologies, and explaining their
growth processes in experimental settings.

2. Computational methodology

To find the most stable structures of boron—carbon clusters, we used
the evolutionary algorithm USPEX [24-27] (see also http://uspex-team.
org) coupled with DFT calculations. Structure relaxations were per-
formed using the spin-polarized PBE functional [28] with the VASP code
[29]. In these calculations, we used the projector augmented wave
method [30] and 400 eV plane wave energy cutoff. The supercell
method was employed, where periodic images of a cluster were sepa-
rated by a vacuum layer with a thickness of 10 A to ensure that the
interaction between periodic images of the clusters is negligible. The
final refinement was done for 25 lowest-energy isomers of each
composition using the B3LYP hybrid functional [31] and 6-311 + G(d, p)
basis set [32] with the Gaussian 16 [33] code. Previous studies showed
that results of B3LYP/6-311G* calculations of the geometry and ener-
getics are quite accurate and can be applied for studying of B-C clusters
[14-19,34-37]. During our calculations, spin multiplicities up to 4 were
checked. We also calculated the vibrational spectra for each molecule to
verify dynamical stability by the absence of imaginary frequencies.

3. Results and discussion

We have found the ground-state structures of B,C, clusters with the
number of atoms n and m from O to 12. The obtained structures are
either identical to or more energetically favorable than those reported in
previous studies: for 61 clusters, we identified the same global minima
as previously found; for 16 clusters, we discovered structures with lower
energy; and, to the best of our knowledge, structures for 91 compositions
were predicted for the first time [8,11-23,34,38-42]. A detailed com-
parison between our results and literature data is given in ESI Tables S1
and S2. The geometries and energies of all clusters are given in ESI

Section S1.

To study the stability of B,C, clusters we applied two criteria, which
are often used in studies of nanoclusters [43,44]. The first one calculates
second-order energy differences with respect to the number of B and C
atoms (Azg (n, m) and A2C (n, m)) and takes the minimal one (Azmin (n,

m)):

A}Z} (n7 m) = En+1,m + En—l‘m - 2En.m
Aé(’h m) = En.m+l + En,mfl - 2En.m (1)
A2,.(n,m) = min{ A}(n,m); AZ(n,m) }
where E, n is the total energy of the cluster containing n boron atoms
and m carbon atoms. This quantity characterizes the resistance towards
the transfer of one atom of each type between two identical clusters
during their collision. Clusters having a positive A2, are called “magic”
— they are easier to form and can be obtained in higher concentrations.
Previously in a series of studies it has been shown that clusters with high
values of A%, produce higher peaks in mass spectra [45-48], which
indicates their higher stability and abundance. Fig. 1a shows the heat
map of AZin(n, m), demonstrating the existence of “islands” of stability,
corresponding to the magic clusters. The compositional area of unstable
clusters (Aﬁ,m(n, m) < 0) is marked in blue. In the further analysis of
magic clusters we will consider n < 11 and m < 11, since for the edge
compositions (n = 12 or m = 12) both second differences A% and A% can’t
be calculated together.

The second criterion is related to the calculation of the fragmentation
energies for all possible fragmentation channels into two fragments
B.Cn — BxC; + By kCrywith0 <k <nand 0 <l <m:

Efrgg(n,m, k,1) = E(k,l)+E(n —k,m—1)— E(n,m) )

among which we consider the lowest one:
Ejrag(n,m) = mii{ Eag(n, m. k, 1) } ©)

The higher Ef,g, the more resistant the B,Cp, cluster is to fragmentation.
Heat map of Ef,g is shown on Fig. 1b. The complete set of fragmentation
energies and fission products of all clusters is given in ESI Table S3. As
one can see from Fig. 1, there is a noticeable correlation between the
criteria related to Eq. (1) and Eq. (3). Clusters with a positive A,Z,,in
usually have larger values of Ef,g than those with neighboring compo-
sitions. At first glance, one can notice the following series of stable


http://uspex-team.org/
http://uspex-team.org/

M. Fedyaeva et al.

HOMO-LUMO gaps

(@)

11

N W s 0o

=

0 1 2 3 4 5 6 7 8 9 10 11 12

Computational Materials Science 257 (2025) 113952

Multiplicity

8 9 10 21 12

Fig. 2. Maps of a) HOMO-LUMO gaps of B,Cp, clusters (n, m = 0 — 12), b) spin multiplicities (purple — 1, green — 2, orange — 3). Magic clusters are marked

with asterisks.

compositions: B3 4Cy (x = 0 — 3), B4Coy (x =0 — 6), Bg.2,Cgx (x =0 —
4), BgCoyx (x = 0 — 3), B1gC3yx (x = 0 — 3), B19C3x11 (x = 0 — 3). The
structures of clusters from these families are given in ESI Fig. S1.

Usually, clusters with an even total number of electrons are more
stable than those with an odd number, because of the closed-shell
electronic structure. In the case of B-C clusters, compositions with an
odd number of boron atoms have an odd total number of electrons, while
those with an even number of boron atoms — even total number of
electrons. Indeed, the majority of magic B,Cp, clusters have an even
number of B atoms, the best example of which is the B4Co, series (x =
0-6). However, there are cases where clusters with an odd number of
electrons are also magic, which may result from a closed structural shell.
This is observed in clusters of pure boron (B3 and Bs) and is in agreement
with literature .[41] We also found many magic binary B,C,, clusters
with an odd number of electrons: B;Cy, B1Cg, B3Cs, B3Cy, B3C11, B;Cy,
B7C10, BoC7, B11Cs.

To evaluate the effects of temperature, we recalculated the corre-
sponding stability maps at temperatures of 500 K and 1000 K (see ESI
Fig. S2), using the Gibbs free energy instead of the internal energy in
Egs. (1-3). The overall features of the landscapes remained nearly
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unchanged.

We also calculated the energy gaps between highest occupied and
lowest unoccupied molecular orbitals (HOMO-LUMO gaps, Eg) of the
B;Cn clusters and drew the corresponding heat map (see Fig. 2a). As
electronic polarization is related to excitation of electrons into unoc-
cupied levels, the HOMO-LUMO gap characterizes the polarizability of
clusters. Large HOMO-LUMO gap is often related to closed-shell elec-
tronic structure and relatively high chemical inertness, both of which
are indicative of stability. Indeed, as we can see from Fig. 1a, 1b and 2a,
the behavior of Eg(n, m) roughly correlates with Aﬁﬂn(n, m) and Efrag(n,
m), which means that we can use HOMO-LUMO gaps as an indirect in-
dicator of clusters’ stability.

We also plotted the map of the optimal spin multiplicities of B,Cy,
clusters (n, m = 0-12). Clusters with an even number of electrons have
possible multiplicities of 1 or 3 (see Fig. 2b), whereas clusters with an
odd number of electrons have only multiplicity of 2 (multiplicity of 4 is
energetically unfavorable). From the literature, it is already known that
a multiplicity of 3 is characteristic for some pure boron (By, B, Bg) and
carbon clusters (Cy, C4, Cg, Cg) [11]. In the current work, we have also
found a number of B-C clusters with a preferable multiplicity of 3: BoCa,

B10C7

G

B.Cy

Fig. 3. Geometric classification map of B,Cp, (n, m = 0 — 12) clusters, on which clusters with different types of structures are shown in various colors: linear — green,
ring-shaped - purple, dense nets — red, perforated nets — blue. Magic clusters are marked with asterisks. On the right side, examples of clusters of each geometry type

are provided. Boron (B) is marked by green, carbon (C) — by brown color.
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Fig. 4. Planarity classification map of B,C,, (n, m = 0 — 12) clusters, on which clusters with different types of structures are shown in various colors: planar — green,
non-planar - purple. Magic clusters are marked with asterisks. On the right side, examples of planar and non-planar clusters are provided. Boron (B) is marked by

green, carbon (C) — by brown.
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Fig. 5. Structures of B,Cj, clusters (n, m = 0 — 12), which are potential intermediate particles during synthesis processes: (a) linear, (b) ring shaped, (c) dense nets and
(d) perforated nets or building blocks for nano-sized B-C structures: (c) dense nets and (d) perforated nets. Boron (B) is marked by green, carbon (C) — by brown.

B,Cg, B2Cy2, B4C1, B4Cs, B1¢Cg, however, none of them are magic.

Next, a detailed analysis of the geometric features of B-C clusters was
conducted. Considering ground-state structures of B,Cp, clusters in the
whole compositional area (n, m = 0-12), we identified four main ge-
ometry types: linear and ring-shaped structures, dense nets and nets
with holes (perforated nets). Fig. 3 displays a map on which clusters with
different geometry types are marked by different colors: linear clusters
(rods) are marked by green, ring-shaped by purple, dense and perforated
nets — by red and blue, respectively. Rings have closed structure, which
makes them more inert and less prone to react. In contrast, rods have at
least two terminal atoms, which makes them highly reactive — they can
significantly modify their structure upon interacting with other parti-
cles. Both rods and rings, due to their geometry, apparently can’t fill
space densely. On the contrary, dense and perforated nets may fill the
space without large voids. That is why they are more suitable as building
blocks of larger nanoformations. In addition, perforated nets attract
additional interest due to the possibility of their doping (placing extra
atoms in the holes) and the resulting creation of new magnetic 2D
materials.

We also inspected the planarity of all obtained clusters. Fig. 4 shows
a compositional map on which planar and non-planar clusters are

highlighted by different colors (green for planar and purple for non-
planar). We found that the majority of clusters in the studied region
are planar, while non-planar structures are generally located in
compositional area with a large number (>8) of boron atoms. However,
no clear relationship between the clusters’ stoichiometry and their
planarity was established. For example, the BoCg cluster is planar, while
the neighboring BoCy cluster possesses non-planar structure, resembling
a cap (see Fig. 4). Thinking about using the B,C, clusters as building
blocks, one can suggest that planar ones are more favorable. Filling the
space by non-planar clusters can lead to larger stresses in the resulting
larger structures, adversely affecting their stability and likelihood of
formation.

The performed classification is crucial from the standpoint of
determination of building blocks (dense and perforated nets) or inter-
mediate states (all types of structures) for the synthesis of more complex
B-C formations. Our final analysis identified clusters that are particu-
larly suitable for this purpose: they should be magic and possess planar
structures. Further we selected configurations with higher symmetry
because usually they are more energetically favorable and are prefered
in nature and in synthetic systems. The chosen clusters are shown in
Flg 5: Cz, Cg, C5, C7, B1C4 (linear, Flg 53), CIO, B1C6, B1C9, B2C5, B2C6,
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B2C9, B3C5, B4C4, B4C6, B4C8, B4C10, B4C12 (I‘il‘lg Shaped, Fig. 5b), B10C1,
B7Ci, BeCa, B4Co, B3Cs, B2Ca, B2C1, B1Cy (dense nets, Fig. 5¢), B11Cio,
B10Ce, BgC12, BgCo, BgCg, B7C10, BcCs (perforated nets, Fig. 5d).

4. Conclusions

We have predicted the atomic structures of B,C,, clusters in a wide
range of compositions (n, m = 0 — 12) using the evolutionary algorithm
USPEX and DFT calculations. The stability of all clusters was determined
using two main criteria: the second-order energy difference (A2E) and
fragmentation energy (Efag), and was presented in the form of heat
maps. Preferable multiplicities and HOMO-LUMO gap values were also
determined for each cluster, which can be used in further studies of
magnetic and optical properties. We analyzed the atomic structures of
all obtained clusters: found planar/non-planar geometries and identified
four main geometry types — linear, ring-shaped, dense and perforated
nets. As a result, we have proposed the set of clusters, which, due to their
energetic and geometric properties, may serve as building blocks or
intermediate states in the chemical synthesis of complex B-C formations.
The diverse structural motifs and stability patterns revealed in this study
can serve as a foundation for the design of novel boron-carbon-based
nanostructures. These findings may also facilitate the exploration of
larger clusters, charged species, doped systems, or assemblies with
specific target properties, making them promising candidates for future
applications.
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