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Abstract

Systematic structure prediction of Al,B,, clusters (0<n, m<16) was performed to explore their structural diversity, stabil-
ity, and combustion-related properties. The predicted low-energy structures exhibit distinct structural motifs determined
by the topology of the boron subnetwork, ranging from isolated boron atoms embedded in aluminum frameworks to
dense and perforated boron networks with increasing boron content. The stability of Al B, clusters was analyzed using
criteria adopted in nanocluster studies. In particular, the predicted enhanced stability of Al;; and Al,,B is consistent with
available experimental mass-spectrometric data. Fragmentation analysis indicates that mixed Al,B,, clusters typically dis-
sociate through the loss of a single aluminum atom. At the nanoscale, pure boron and boron-rich Al,B,, clusters exhibit
higher Gibbs free energies and specific energy of combustion than aluminum clusters, in contrast to bulk behavior. Smaller
clusters exhibit larger energy output because of their higher fraction of reactive surface atoms, and this size dependency
becomes less pronounced for aluminum-richer compositions.

Introduction

The development of high-energy-density fuels is a key chal-
lenge for next-generation propulsion and power systems.
One promising approach is the incorporation of metal or
metalloid nanoclusters into conventional liquid hydrocar-
bon fuels [1]. Due to their small size, nanoclusters possess
a large fraction of surface atoms, which makes them highly
reactive and allows for faster and more complete oxida-
tion during combustion. This often results in increased heat
release, shorter ignition delay, and faster flame propaga-
tion [2]. Among the various candidates, it is aluminum and
boron that are the most widely explored. Their relatively
low ignition temperatures, high heats of combustion, and
compatibility with liquid-fuel formulations make them espe-
cially effective in improving the performance of traditional
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hydrocarbon fuels [3]. Both elements belong to group 13
and are isoelectronic, having three valence electrons, yet
they exhibit different bonding characteristics and physical
behavior. Aluminum has relatively diffuse valence orbitals,
which give rise to delocalized, weakly directional metal-
lic bonding, hence, it has a relatively low surface energy:
breaking metallic bonds and forming surfaces is energeti-
cally inexpensive, and dangling bonds are not strongly
penalized. Boron, in contrast, forms strongly directional,
2-center and multicenter covalent bonds and behaves as a
frustrated semiconductor. In such systems, dangling bonds
are energetically costly, leading to high surface energies and
pronounced surface reconstruction.

These electronic differences govern the structural chem-
istry of aluminum and boron and are directly reflected in
their preferred cluster geometries. Small aluminum clusters
favor compact, highly symmetric structures, most notably
the icosahedral Al,; “magic” cluster, and icosahedral motifs
are also common in aluminum-based quasicrystals. In con-
trast, crystalline boron consists of hollow B,, icosahedra
arranged in complex networks, yet such units are absent
in small free boron clusters, which instead adopt planar or
quasi-planar structures over a wide size range [4]. Another
important distinction lies in bond strengths. A single B-B
bond (3.08 eV) [5] is significantly stronger than a single
Al-Al bond (1.37 V) [5] due to its covalent nature.
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From an energetic perspective, boron has long been con-
sidered as one of the most promising energetic additives for
hydrocarbon fuels due to its exceptionally high gravimet-
ric (=58 MJ/kg) and volumetric (=131 MJ/L) combustion
energy densities [3]. Its combustion releases large amounts
of heat and can significantly increase the flame temperature,
thereby improving the thermal efficiency and thrust of pro-
pulsion systems. However, the practical utilization of boron
remains challenging. Although boron has a higher energy
density than aluminum, its practical use is hindered by the
rapid formation of a dense, B,0; layer that blocks oxygen
diffusion to the boron core, leading to incomplete combus-
tion and the generation of solid oxide particles that ulti-
mately reduce performance and can cause nozzle clogging
[6, 7]. As a result, boron suffers from long ignition delays,
incomplete oxidation, and reduced overall energy release
[8]. These limitations hinder its direct use in propulsion sys-
tems despite its outstanding theoretical energy content.

Aluminum, in contrast, ignites at lower temperature
and exhibits faster oxidation kinetics under combustion
conditions than boron, which together with its high heat
of combustion (~31 MJ/kg) makes it an effective additive
and ignition promoter in propellants and explosives [9].
When aluminum and boron are combined, the rapid igni-
tion of aluminum can slow down the growth of the surface
B,0; layer and partially disrupt the existing oxide film. As
a result, oxygen gains easier access to the boron, enabling
more complete oxidation and, consequently, more complete
boron combustion [5]. Such mixed clusters or composite
additives retain high theoretical energy density of boron
while benefiting from superior ignition and oxidation char-
acteristics of aluminum, making Al-B materials attractive
candidates for next-generation high-energy fuels.

However, clusters of mixed compositions (Al,B,,) have
not been investigated properly until now. The experimental
study of these clusters is a difficult task, therefore, it is advis-
able to start by identifying the most promising of them at the
fundamental level. Only a few studies analyzed the structure
and properties of certain neutral Al B, clusters of special
composition: AL,B, (n+m < 7) [10] and AIB, (n=0-20)
[11, 12]. Thus, most existing studies are limited to exam-
ining only a small number of fixed compositions, whereas
multicomponent clusters, which are of greater interest for
practical applications, may have unexpected stoichiometries
very different from those of solid phases.

In this work, we conduct a systematic study of Al B,,
nanoclusters in a wide compositional range (0<n<16,
0<m<16). We utilize global optimization methods in con-
junction with density functional theory (DFT) calculations
to determine ground-state structures. We also investigate
the reactive (energetic) characteristics of Al-B clusters,
including combustion energy that indicates their potential
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energy release upon oxidation, and identify the most stable
(“magic”) compositions to elucidate the structure—stability
relationships.

Computational methods
The structures of Al B,, clusters were determined using
an evolutionary variable-composition global optimization
algorithm implemented in the USPEX code [9, 10]. To
ensure efficient and reliable structure prediction, the com-
putational procedure consisted of several steps. First, the
USPEX search was performed using an evolutionary algo-
rithm in combination with the ab initio VASP code [13, 14],
which employs the projector-augmented wave method [15]
and the Perdew-Burke-Ernzerhof (PBE) exchange-correla-
tion functional [16], taking spin polarization into account.
Global optimization requires a very large number of
structural relaxations across the full Al,B,, compositional
space, hence, the PBE functional with PAW potentials was
selected at the search stage because of its robustness and
computational efficiency in screening a large number of
candidate structures. Subsequently, the 10 lowest-energy
isomers from each composition were selected for further
refinement using the GAUSSIAN software, applying the
B3LYP hybrid functional and the 6-311G+(d, p) basis set,
using spin multiplicity corresponding to the lowest energy
state [17]. This level of theory is more appropriate for the
final structural and energetic analysis of finite molecular
clusters. We calculated the vibrational frequencies in all
obtained structures and verified that each possesses 3N-6
positive frequencies. For each ground state structure we
calculated Gibbs free energy at T=300 K, computing parti-
tion functions related to vibrations, translations, rotations,
and electronic configurations.

Regarding the stability of Al,B,, molecules, we use the
same criteria as previously used [18-25], based on their
ground-state energies E(n, m). In the first criterion, we con-
sider stability of a cluster with respect to the nearest com-
positions obtained by adding or removing one Al or one B
atom. The corresponding measures of stability are written
as follows:

A% E(n,m) = E(n+1,m)+ E(n —1,m) — 2E(n,m) (1a)

ALE(n,m) = E(n,m+1) + E(n,m — 1) — 2E(n, m) (1b)

Then, we characterize the degree of stability of the molecule
by the minimum of these values: A% . =min{A?, E, A’3E}.
Molecules with a positive A% . are referred to as “magic”,
drawing an analogy to “magic” clusters in nanoscience
and “magic” nuclei in nuclear physics. It is observed that
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“magic” nanoclusters are more abundant than others, which
was confirmed in a number of studies [4, 18-23, 25].

Another criterion is stability with respect to fragmenta-
tion. To this end, we consider all possible channels of frag-
mentation of a given molecule for the decomposition into
two fragments:

Al,B,, = Al,By + Al,,_,Bp—p,where 0 <a <m,0<b<n (2)

The fragmentation energy of each reaction is found as:

Eftrag2(n,m,a,b) = E(a,b) + E(n —a,m —b) — E(n,m) 3)

We are looking for the decomposition into the most stable
fragments, hence, we calculated the minimal value of all
fragmentation energies (and if it is negative, the cluster will
be unstable with respect to fragmentation):

Efrag,Q(nam) = mina,bEfragQ(namvaab) (4)

We additionally analyze the energetics of eclementary
composition-changing processes involving the addition or
removal of a single atom. The corresponding energies were
calculated as:

AE‘add/rem(nv WL) = min(EaddAl(na 771),
EaddB(n, m)) — min(ErsmAl(n, m), EmmB(n, m))

©)

where
Eoag™(n,m) = E(n+1,m) — E(n,m) — E(1,0) (6)
EaddB(n, m)=FE(m,m+1)— E0,1) — E(n,m) (7

Erem(n,m) = E(n — 1,m) + E(1,0) — E(n,m) (8)

EremB(n, m) = E(n,m—1)+ E(0,1) — E(n,m) 9)

Results and discussion
Structure and stability of nanoclusters

We explored the ground-state structures of Al B,, clusters
within a broad compositional range of 0<n, m<16. The xyz
coordinates of all optimized ground-state structures are pro-
vided in ESI Section S2.

Pure clusters of aluminum [26, 27] and boron [28-30]
were studied in detail before, also by our group [4]. In
addition, mixed metal-boron clusters have attracted con-
siderable attention because incorporation of metal atoms

can substantially modify the structural motifs, stability of
boron frameworks [31-36]. However, compared with other
metal-boron systems, aluminum-boron clusters have been
explored only for relatively small sizes and/or restricted
compositions: AlB,, (m=0-20) [11, 12], ALB,, (n+m < 7)
[10, 37]. For the compositions overlapping with previous
works, the symmetries and structural motifs obtained in
the present study are generally consistent with the reported
ground-state structures. A detailed comparison of cluster
symmetries with previous studies is provided in ESI Table
S1. All structures agree with the literature data except for
one case - Al;B5. For this composition, the symmetry of our
ground-state structure differs from that reported previously;
however, we identified a higher-energy isomer with the
same symmetry as the literature structure, lying 0.215 eV
above our ground state. The ground-state structures of
numerous Al,B,, (up to 0<n, m<16) clusters were found for
the first time. The ground-state structures of Al,B,, nanoclu-
sters can be classified into several distinct classes based on
the structural characteristics of the boron fragments within
each cluster (Fig. 1). Al-rich Al,B,, nanoclusters (m<4 and
n+m>7) form Ist class (Fig. 1a). The clusters have a non-
planar structure: an aluminum framework with a small iso-
lated boron fragment inside. As the boron content increases,
boron replaces aluminum, starting from the inner sites and
moving outward, while the atomic arrangement remains
fixed.

The second class of Al B, (Fig. 1b) nanoclusters is
defined by dense boron fragments that form well-organized
nets. Unlike Al-rich clusters, the boron atoms interact
closely, forming continuous or semi-continuous networks
that resemble fragments of larger boron sheets. Depend-
ing on the aluminum environment, the boron fragments are
planar, quasi-planar (exhibit a nearly planar geometry with
slight deviations). There are exceptions with non-planar
boron motifs with 5<m<7. Notably, these boron networks
correspond to the ground states of pure boron clusters [4].
Planar and quasi-planar nets are forming hexagonal or dis-
torted hexagonal patterns, akin to borophene-like structures
[38]. Structures along the diagonal n+m=22 exhibit pro-
nounced layered motifs, reminiscent of those found in bulk
aluminum boride AIB,. However, unlike the planar boron
layers observed in the bulk phases, the boron-rich fragments
in these clusters adopt curved, nonplanar geometries.

As the boron concentration increases, aluminum atoms
become embedded within the dense boron networks, dis-
placing boron fragments and causing deviations from ideal
compact structures (dense networks). Here gaps and irreg-
ularities appear, as if the once-unbroken sheet has been
stretched and torn apart in places. This leads to the forma-
tion of a distinct class (class 3, Fig. 1c) of Al,B,, clusters we
call perforated networks. It is worth noting that chain-like
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Fig. 1 Classification of Al,B,, clusters into four categories based on
their structural topology, illustrated using representative examples with
A?_..>0: (a) Al-rich nanoclusters, (b) nanoclusters with dense net-
works, (¢) nanoclusters with perforated networks, and (d) small AI-B

structures formed by boron in structures with n+m > 24
are generally energetically unfavorable — previous stud-
ies consistently show boron’s tendency to form tubular,
cage-like and core-shell configurations. These perforated
networks can be considered as transition states from dense
nets to tubular or cage-like boron structures, such as B
(Dyy) or the highly symmetric B,, (D,o4) [4]. However, in
this case, the incorporation of aluminum appears to stabi-
lize such unconventional boron fragments by providing a
metallic framework that supports the existence of perforated
networks. Such structural modifications significantly impact
the local stability of the clusters.

Most of the small Al B,, clusters (n +m < 6 and m<4) are
categorized as class 4, (Fig. 1d) they adopt a planar arrange-
ment, with the exception of Al,B, and Al;B,, where boron
atoms are repelled by aluminum, leading to a distorted
geometry.

The stability of binary nanoclusters, characterized by
A? . and Epe, can be effectively visualized using 2D heat-
maps (Fig. 2). In Fig. 2a, red regions indicate highly stable
magic clusters, while blue areas represent unstable compo-
sitions where A% . <0. Light blue regions correspond to
unstable molecules, where —0.4 eV<A? . <0.

An initial examination of the stability maps reveals dis-
tinct diagonal stability trends at n+m = 6, 12, 16, 18, 20,
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Al-B NCs with dense nets
Al-B NCs with perforated nets

Al-rich NCs
small Al-B NCs

nanoclusters. Blue and green spheres represent aluminum and boron

atoms, respectively. (e) Schematic classification of Al B,, nanoclus-

ters, where the composition space is divided into four regions accord-
ing to structural characteristics. Stars indicate “magic” stoichiometries

and 22, particularly visible in the A%, map. Clusters along
these diagonals exhibit closed-shell electronic structures
and are predominantly associated with dense boron nets. For
instance, clusters on the n+m = 6 diagonal transition from
pure 3D-shaped Al to planar B¢, where boron atoms gradu-
ally replace aluminum, ultimately forming a separate boron
sheet. Analogously, along the n+m =12, 16, and 18 diago-
nals, clusters evolve from pure aluminum to Al-rich compo-
sitions, then to structures with dense boron nets, and finally
to pure boron clusters. In contrast, clusters along the n+m
=20 and 22 diagonals are mainly composed of dense boron
nets, which progressively transition into perforated boron
structures. The upper right triangle of the A>_. map (where
n+m > 24), which primarily includes Al B, clusters with
perforated boron nets, displays a negative A”_. value. This
is due to the chain-like arrangement of boron in these struc-
tures, a configuration not typically associated with stable
boron frameworks. However, when the aluminum content
decreases to four or five atoms, some perforated nets tran-
sition to a planar geometry, thereby gaining local stability.
Notably, several clusters exhibit “magic” stability despite
having an odd number of electrons, which is often associ-
ated with high structural symmetry, as in B; (D5;,), B5 (C,,),
AlBg (C7,), Al,B; (D7), Als (Dsy), Al15B (Dsy), Al 5 (1) and
Al By (C,) (Fig. S2, ESI). However, magic behavior is not
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Fig. 2 Interpolated heatmaps of (a) A%, and (b) Efag () HOMO-
LUMO gap (in eV) for Al,B,, nanoclusters as functions of n and m.
Regions of structural instability are highlighted in blue. The dashed

exclusively symmetry-driven, since several clusters without
symmetry also display enhanced stability, including A;B ,
(Cp), Al;pBy; (Cy), Aly3B g (C)), and Al3By, (Cy).

Al}; is a well-known magic aluminum cluster due to its
highly symmetric Ih icosahedral structure and closed-shell
character. Its enhanced stability and characteristic electronic
configuration have also been confirmed experimentally by
mass spectrometry [39]. However, the stability descriptors
shown in Fig. 2a and b characterize local stability within
the two-dimensional AI-B compositional space rather than
the absolute stability of an isolated composition. Thus, the
larger A%, value of Al;3B in Fig. 2a and the larger frag-
mentation energy of Al;,B in Fig. 2b indicate that these
clusters are even more stable with respect to neighboring
compositions or competing fragmentation channels. This
does not contradict the magic character of Al;; but rather
indicates that neighboring Al-rich Al-B clusters can exhibit
stronger local stabilization according to the specific crite-
ria used here. The high stability of Al,,B is also consistent
with the available experimental mass-spectrometric data
[40, 41]. Additionally, these clusters are highly resistant to
decomposition as reflected in high values of the energy of
fragmentation (Table S2, Sect. 1 of ESI). To further charac-
terize the stability of the predicted clusters, we additionally
analyzed the energetics of elementary composition-chang-
ing processes involving the addition or removal of a single
atom (Fig. S3). This analysis complements the fragmenta-
tion criterion by identifying the energetically most accessi-
ble elementary change in cluster composition. Interestingly,
throughout the entire composition range, the most favorable
elementary process corresponds to the addition of a boron
atom, whereas all single-atom removal processes remain
energetically unfavorable.

Efrag, €V

reference lines indicate “magic” nanoclusters located along the diago-
nalsn+m=26,12, 16, 18, 20, and 22

We have used a third criterion, the HOMO-LUMO gap.
Fig. 2c shows interpolated heatmaps of gaps for Al,B,, nano-
clusters. This gap is a key factor in determining the electronic
properties of a cluster, such as its electronic polarisability (and,
hence, reactivity). Nanoclusters with a wide HOMO-LUMO
gap are typically less reactive and thus more easily survive
interactions with other molecules. The largest HOMO-LUMO
gaps are observed for the Bg and AlB; clusters. This enhanced
gap can be attributed to their high structural symmetry.

Prospects of Al-B nanoparticles in application of
high energy density materials

We investigated the potential of Al,B,, clusters as high-
energy-density additives to organic fuels. We examined the
combustion of any cluster leading to the most stable oxides
of aluminum and boron. To better approximate real condi-
tions, we consider the process at 300 K and ambient pres-
sure, using Gibbs free energy.

We calculated the energy output obtained from burning a
given cluster in an oxygen atmosphere, leading to the for-
mation of stable products — Al,O; and B,0;. We assume
that each cluster reacts with O,, producing Al,O and B,0,
with the corresponding stoichiometric coefficients:

3 1 1
Al,B,, + Z(n + m)Og— > 571A1203 + imB203

The energetic output of the combustion reaction can be cal-
culated as follows:
(n+m)G(02)] = —A,G(AL,B,,)

1
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Fig. 3 Interpolated heatmaps of (a) Gibbs free energies of combustion, A G and (b) specific combustion energy, A O for Al,B,, nanoclusters. Stars

highlight “magic” compositions of corresponding systems

where G is the Gibbs free energy of the corresponding
compound.

The Gibbs free energies of combustion of Al,B,, nano-
clusters are presented as an interpolated two-dimensional
heatmap (Fig. 3a). Here, A,G(Al,B,,) is taken with the
opposite sign of the Gibbs free energy change, so that larger
positive values correspond to more exothermic combustion.
Figure 3b illustrates the specific combustion energy:

A.Q(Al,Bm) = A.G(Al,B,,)/M(AL,B,,)

where M(Al,B,,) is the molar mass of the Al B,, cluster. This
quantity characterizes how intensely a given cluster “burns”
per unit mass and allows direct comparison between clus-
ters of different compositions. In boron-rich systems, actual
oxidation can be limited by the formation of a B,0; surface
layer, whereas Al incorporation may facilitate oxidation by
promoting aluminum borate formation and reducing diffu-
sion-related limitations [42—44].

Pure boron clusters exhibit larger values of the Gibbs free
energy of combustion (A,G) than aluminum clusters, which
is in contrast to their bulk phases, in which aluminum com-
bustion releases more energy: A .G(Al,05)=1690.96 kl/
mol, A.G(B,03;)=1288.12 kJ/mol. This reverse behaviour
at the nanoscale occurs due to dangling B-B bonds, making
the surface energy of boron clusters very high.

@ Springer

Owing to the lower atomic masses of boron B-rich Al,B,,
nanoclusters exhibit the highest specific combustion energy,
A,Q (Fig. 3b). In addition, smaller clusters display enhanced
values of A Q, reflecting the increased fraction of under-
coordinated surface atoms. However, the present analysis
is limited to the thermodynamics of the initial clusters and
final combustion products and does not include the full reac-
tion pathways reaction or kinetic barriers.

Conclusions

In this work, we performed a systematic investigation of
Al-B nanoclusters containing up to 32 atoms. Despite the
isoelectronic nature of aluminum and boron, it is shown
that their structural chemistry differs significantly both
from each other and from that of mixed Al-B clusters. Pure
aluminum clusters are prone to have delocalized covalent
bonding (for large clusters and solids becoming metallic),
whereas boron clusters tend to form multicenter directional
covalent bonds. The structural motifs of Al-B clusters are
determined by the interplay between directional B-B bond-
ing and metallic interactions involving Al atoms. As a
result, a structural evolution is observed from aluminum-
rich globulal clusters to dense boron networks. Our analy-
sis has uncovered numerous magic Al-B clusters, and we
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find that fragmentation predominantly occurs through the
loss of aluminum atoms, indicating stronger bonding within
boron-rich frameworks. The clearest signature of stability is
found for families of clusters satisfying the relation n+m =
6,12, 16, 18, 20, and 22, corresponding to closed electronic
shells. However, additional stabilization is also observed for
clusters with an odd number of electrons when they possess
closed atomic shells due to high structural symmetry.

The combustion energetics reveal a pronounced nanoscale
effect: boron-rich clusters exhibit higher Gibbs free energies
of combustion and higher specific combustion energies than
aluminum clusters, in contrast to the behavior observed in
the bulk. This effect is associated with the low atomic mass
of boron as well as the increased contribution of surface
energy to the energetic characteristics of boron-containing
clusters at the nanoscale. Accordingly, nanostructured cova-
lently bonded materials, such as aluminum—boron clusters,
may be of interest as high-energy additives to energetic
mixtures due to the enhanced contribution of surface energy
and their distinct structural chemistry compared to single-
element clusters.
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