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In this work, we employ density functional theory (DFT) to explore the structure of boron clusters doped
with two zinc atoms (BsZn, or Zn,B). The results show that the most stable structure is a Zn, motif
standing over a B, wheel, which is 0.89 eV lower in energy compared to the classical inverse-sandwich
structure for B;TM, (TM = transition metal) clusters. The characteristics of these systems are evaluated
by the IR spectra to guide plausible experimental realization. In addition, density of states, and bonding
characteristics were evaluated. Our results denote the formation of an intermediate Zn-Zn bond order
given by the key electron-acceptor nature of the B; motif, leading to a depopulation of antibonding
Zn—-Zn orbitals and population of the respective bonding orbitals. Thus, the evaluation and use of more
electron-deficient supporting ligands may trigger a quest for the design of plausible structures featuring
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1. Introduction

In the last decade, extensive theoretical and experimental
research has been devoted to boron clusters. These clusters
possess distinctive structural and electronic properties, as well
as unique chemical bonding, which have attracted significant
attention from the scientific community.”” Due to their
electron-deficient nature, boron clusters are a focal point in
materials science and nanotechnology. This electron deficiency
enables them to form a wide range of stable and metastable
structures, making them highly versatile building blocks for
various applications. Introducing dopants into these clusters
with other elements can greatly alter their electronic, magnetic,
and chemical properties, opening up possibilities for a wide
range of applications.> While significant advances have been
achieved in the experimental and theoretical investigation of
transition-metal-doped boron clusters in recent years, studies
on boron clusters doped with two transition metals are still in
their early stages.” In 2006, Zhai et al. studied the electronic
structure and chemical bonding of a binary Au,B, cluster and
found that the ground-state structure of B;Au, ™ (B;H, ) can be
viewed as adding two Au (H) atoms to the terminal B atoms of a
higher-lying planar isomer of B, . In 2014, Li and coworkers
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larger Zn-Zn elusive bond orders in stable species.

reported a joint experimental and theoretical study on the
Ta,B, '° clusters and found that the most stable structures of
both the neutral and anion are Dg, bipyramidal structures.’
Wang and colleagues studied lanthanide-doped boron clusters,
Ln,B, (n =7, 9) and discovered inverse sandwich motifs within
this series of chemical elements.® In particular, studies on
M,-doped boron clusters M,B5 involving alkaline earth metals
(M = Be, Mg, Ca) as well as first-row transition metals (M = Sc, V,
Fe, Co, Ni) also showed similar structures including enhanced
reactivities.” '® Moreover, boron clusters and alloys have been
proposed for various potential applications, such as building
blocks for supramolecular assemblies, hydrogen storage,
hydrophilic substances, and protective coatings against corro-
sion, among others.***?

Recently, Yue et al. investigated the fluxional and dynamic
behavior of the Al,Bg cluster, which was determined by two
isolated Al atoms situated above and below the Bg wheel.™
Subsequently, Rodriguez-Kessler studied the Al,B; cluster and
identified the classical inverse sandwich structure, which con-
trasts with the Al,-supported Bg wheel structure pattern
observed in Al,Bg.'® In addition, Merino et al. discussed the
exploration of TM,B,” and TM,Bg (TM = Zn, Cd, Hg), denoting
a boron centered wheel, involving a fluxional behavior of the
TM, motif ascribed as molecular stirrers.*® In order to complete
the series of TM, doped B, cluster, in this work, we have
calculated the structure and stability of the Zn,B; cluster. The
results show that B,Zn, is formed by two metals lying above a
boron centered B, wheel, depicting a similar structure to
related anionic clusters.'® In particular, the Zn-Zn distance is
in striking contrast to the 4.680 A in the isolated neutral
dimer,"”*® where the formation of highly elusive Zn-Zn bonds
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has been realized only after the report by Resa et al. in 2004,
triggering efforts to understand and increase the libraries of
species featuring Zn-Zn direct bonds.'®?° In this report, we set
out to explore the structural, vibrational, and electronic proper-
ties of neutral B,Zn,, providing insights into the requirements
to induce the formation of a direct Zn-Zn bond and the role of
the B, wheel acting as a ligand. Besides, we evaluated the global
minimum and related high-lying isomers by using a modified
basin-hopping (MBH) structure search approach, where the
bonding characteristics were estimated via energy decomposi-
tion analysis (EDA), leading to the characterization of the
Zn-Zn bonding scheme. Our results provide a beneficial back-
ground encouraging further design of plausible species leading
to the formation of Zn-Zn bonds.

2. Computational details

Calculations performed in this work are carried out by using
density functional theory (DFT) as implemented in the Orca
quantum chemistry package.>® The exchange and correlation
energies are addressed by the PBEO functional in conjunction
with the Def2TZVP basis set.>>>® Atomic positions are self-
consistently relaxed through a quasi-Newton method employ-
ing the BFGS algorithm. The SCF convergence criteria for
geometry optimization are achieved when the total energy
difference is smaller than 10~% a.u., by using the TightSCF
keyword in the input. The van der Waals interactions are
included in the exchange-correlation functionals with empiri-
cal dispersion corrections of Grimme DFT-D3(BJ). The total
density of states (DOS) and partial density of states (PDOS) for
clusters and complexes were obtained by using the Multiwfn
program.>* The IR spectra are obtained by standard diagonali-
zation of the Hessian matrix by using the NumFreq keyword in
the input.

3. Results

The structures of the B,Zn, clusters are obtained using a
modified basin-hopping (MBH) structure search method over
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Fig. 1 Potential energy surface obtained by a modified basin hopping
(MBH) for B;Zn, clusters.
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Fig. 2 Lowest energy structures for the B;Zn, clusters. For simplicity, the
isomers are denoted by 7M2.y (y = 1-6).2° For each structure, the relative
energy (in eV) and isomer label are given.

seven generations, as illustrated in Fig. 1. The MBH modified
basin-hopping method (MBH) includes random exchanges of
atomic species along with standard random perturbations to
explore efficiently all possible combinations in the binary
alloy."®?® The results show that the lowest energy structure
for the B,Zn, cluster is a Zn,-bicapped B, wheel 7M2.1. This is
in contrast to previous reports on B,;M, clusters with early
transition metals (M = Sc, Ti, V, Cr), which found inverse
sandwich structures like the 7M2.4 isomer, to represent
the most stable structure. For 7M2.2, we found a peripheral
Zn,-doped B, structure with a relative energy of 0.62 eV (Fig. 2),
while the 7M2.3 and 7M2.4 isomers have relative energies of
0.79 and 0.89 eV, respectively.

According to the structures found, we explore the thermo-
dynamic stability of the clusters by using molecular dynamics
MD simulations as implemented in the Orca code. The default
velocity Verlet algorithm in the NVT ensemble at the PBE/
def2-SVP level of theory is set. A timestep of 0.5 femtoseconds
and initial velocities according to a temperature of 300 K are
used. Temperature is maintained at 300 K using a Berendesen
thermostat.”® The simulations are performed for a time of 1 ps
with 0.5 fs of time step. The behavior of the mean square
displacement (msd) as a function of time allows us to deter-
mine the average bond-length variations during MD simula-
tion, which is evaluated as

(msd) = [ri(1) = ri(0)]? (1)

N
=1

=]~

1

where r(t) is the position vector in the i-th atom at the time
t and N is the total number of atoms in the system. The (msd)
parameter allows us to rationalize the dynamical behavior of
the clusters.””*® In a rigid system, the (msd) parameter
remains constant, where in a non-rigid system the (msd) shows
variations as a function of time. Upon evaluating the 7M2.1 and
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Fig. 3 Temperature (T) and mean square displacement (msd) during
molecular dynamics simulation for 7M2.1 and 7M2.2 clusters at 300 K.

7M2.2 structures, we found that the clusters exhibit fluxional
behavior, which is more pronounced in 7M2.1 (Fig. 3).

To further characterize the B,Zn, clusters, we have calcu-
lated the infrared (IR) spectrum, which serves as a guide for
future experimental studies.?**° For the most stable configura-
tions 7M2.1 and 7M2.2, we found dispersed peaks in the
regions of 57.92-1141.60 cm ' and 78.81-1428.16 cm ',
respectively, as shown in Fig. 4. However, 7M2.2 presents a
more symmetrical spectrum with a main peak in 826.25 cm ™,
while in 7M2.1, the main peak is situated at 1127.62 cm ™. The
high-intensity peaks correspond to the stretching vibrations of
the central B atom toward the B, wheel, whereas other vibra-
tional modes represent distortions of the B atoms, as depicted
in Table S4 (ESIT).

To get insight into the electronic properties of the clusters,
the total density of states (TDOS) for the 7M2.1 and 7M2.2
clusters is depicted in Fig. S2 (ESIt). For 7M2.1, the PDOS
shows more dispersed states, while for 7M2.2 it shows more
localization near the HOMO state. The HOMO-LUMO gap for
the 7M2.1 and 7M2.2 clusters amounts to 3.43, and 3.75 eV,
respectively. The inverse sandwich structure exhibits a smaller
gap of 2.07 eV (see Table S3, ESIt). Additionally, the ionization
energy of the clusters ranges from 7.40 to 8.27 eV, indicating
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Fig. 4 IR spectra for 7M2.1 and 7M2.2 clusters obtained at the PBEO/
Def2-TZVP level.
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Table 1 Energy decomposition analysis of the relative energy (AE eiener)
between B,Zn, isomers. Values in eV

Rel.

ene. AEE\ISITH AEEellsl::cr AEgl!gncr AE]r:)ei]sFi)ner AEelectronic AEsteric
7M2.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7M2.2 0.62 —16.05 5.91 10.73 0.03 16.67 —16.05
7M2.3 0.79 1.62 —0.81 —0.04 0.02  —0.83 1.62
7M2.4 0.89 —-6.62 —0.16 7.67 —0.01 7.51 —6.62
7M2.5 1.15 —19.24 7.19 13.18 0.02 20.39 —19.24
7M2.6 1.44 —-1.72 0.28 2.87 0.01 3.16 —-1.72

their exceptional electronic stability. Based on this analysis, the
most stable clusters are less reactive compared to the higher-
energy isomers.

In order to evaluate the factors governing the stabilization of
the global minimum (7M2.1) in relation to high-lying isomers,
energy decomposition analysis (EDA) was performed as imple-
mented in the ADF2024 code,®" where the relative energy is
dissected in different meaningful terms given by the repulsive
Pauli (AE{S}E{}“}, orbital interaction (AES}lE“e’), electrostatic

relEner relEner) 32
b

contribution (AFgsa ), and dispersion term (AEmis,
which accounts for electronic (AEgsa® + AEGH™" + AERy)
and steric (AEpa") contributions (Table 1). The obtained
results exhibit several differences between isomers where
despite the lesser steric repulsion provided in 7M2.2, a desta-
bilization of the electronic terms, mainly given by the electro-
static character, ensures 7M2.1 as the global minimum. For
7M2.3, the stabilizing electronic contribution is similar to
7M2.1; however, introducing a slightly larger destabilizing
steric repulsion. For 7M2.4, 7M2.5, and 7M2.6, the situation
is similar to 7M2.2, thus denoting that the decrease in electro-
nic stabilizing contribution is the main factor in determining
the global minimum.

For the inverse sandwich isomer, the atomic radii of Zn
(1.22 A)** are larger to be placed above the B, ring, which
involves an available radius of 1.0 A (BSia™meter _ gradii = 1 gog —
0.84 A = 0.969 A), which leads to a destabilization of the
structure by steric factors (Table 1). In addition, the evaluation
of the aromatic properties of 7M2.4 unravels an antiaromatic
character (Fig. 5), in line with the electronic destabilization
mostly given by the decrease in orbital interactions (Table 1),
which are key features to enable electronic delocalization in the
overall structure. In this framework, an induced central shield-
ing region is indicative of an aromatic behavior, whereas a
central deshielding region accounts for an antiaromatic
behavior.>** For 7M2.4, a central deshielding region is found,
which is indicative of an antiaromatic behavior, also noted for
both bare B structures. In contrast, 7M2.1 exhibits a decrease
in the parent antiaromatic behavior of B,, leading to more
aromatic characteristics, as noted by the shielding region at the
center of the structure (blue color).

The EDA analysis of the Zn,-B, interaction denotes an
energy of —2.78 eV, which is mostly provided by the stabilizing
contribution of the orbital interaction (55.0%, Table S1, ESIf),
and from the electrostatic character (43.8%), which involves a
sizable Zn, — B, net charge transfer of 0.60 e, involving a

Phys. Chem. Chem. Phys., 2025, 27, 3583-3587 | 3585
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Fig. 5 Induced magnetic field under a perpendicular field (BI'Y), showing
an antiaromatic character for both bare B, structures, and the inverse
sandwich 7M2.4, given the formation of a deshielding region at the center
of the structure. Color code: blue: shielding/red: deshielding. Isosurface
values set at + 3.0 ppm.

&

bonding between Zn, and m-orbitals of B, (Fig. S1, ESI}).
Interestingly, the charge transfer in turn leads to a reorganiza-
tion of the population of ©-Zn, orbitals (Table S2, ESIY),
resulting in 1.94 e in o, 0.81 e in ¢*, and population of the
initially unoccupied n-Zn, of 0.61 e. Such a charge reorganiza-
tion in the B, supported Zn, dimer increases the bonding
contribution (n-Zn,) and decreases the antibonding character
(c*-Zn,), resulting in a Mayer bond order®*®*” of 0.50, denoting
the formation of a formal Zn-Zn bond weaker that a single
bond. For the related anionic counterpart, Zn,B,, the Zn,-B,
interaction energy amounts to —2.88 eV, with a Zn, — B; net
charge transfer of 0.33 e, where the incoming electrons reside
mainly at the B, motif. The population of Zn, based orbitals in
the anionic species is of o-Zn, 1.92 e, c*-Zn, 0.92 e, n-Zn,
0.79 e, denoting a similar situation to the neutral counterpart,
with a calculated Zn-Zn Mayer bond order of 0.33. Based on the
net bonding electrons of c- and n-Zn, orbitals, the resulting
Zn-Zn bond order is given by 64.8% from c- and 35.2% from
n-character in the neutral Zn,B,, and of 55.9% and 44.1%
respectively, for the anionic counterpart. Thus, the role of B,
as an electron-acceptor motif acting as a ligand for the Zn,
dimer ensures the depopulation of the antibonding character,
and increases the population of bonding orbitals, leading to the
formation of an intermediate Zn-Zn bond, in both neutral and
anionic counterparts.
electron-deficient supporting ligands may be able to increase
the Zn-Zn bond order, encouraging the quest for the formation
of single or larger Zn-Zn bond orders.

Hence, the introduction of more

4 Conclusions

In this work, we employed density functional theory (DFT) to
explore the structure of boron clusters doped with two zinc
atoms (B,Zn, or Zn,B,). The results showed that the most
stable structure is a B,-supported Zn, dimer, which is 0.89 eV
lower in energy compared to the classical inverse-sandwich
structure adopted in B,TM, (TM = transition metal) clusters.
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The characteristics of these systems are evaluated by the IR
spectra, density of states, and bonding analyses. The formation
of the Zn-Zn intermediate bond order is given by the electron-
acceptor characteristics of the B, motif, leading to a depopula-
tion of antibonding Zn-Zn orbitals, and, population of the
respective bonding orbitals, highlighting the role of both
o- and n-Zn, orbitals, in the resulting bond order. Interestingly,
in the light of such findings, the quest for the design and
feasible characterization of Zn-Zn bonded structures may be
triggered by the use of more electron-deficient supporting
ligands, as a key factor towards obtaining larger Zn-Zn elusive
bond orders in stable species.
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