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Abstract
Boron-based alloy clusters represent a fertile ground for exploring exotic chemical bonding and inherent
structural fluxionality. Herein, we theoretically investigate the dynamic fluxionality and bonding
characteristics of the three-layered Ba3B8 cluster via quantum chemical calculations, which adopts an
inverted sandwich geometry. The distorted B8 wheel is sandwiched between an upper Ba2 dimer and an
isolated Ba atom at the bottom. Born–Oppenheimer molecular dynamics simulation demonstrates that
the Ba2 dimer rotates unconstrainedly and glides atop the B8 wheel at room temperature (298K). The

rotation barrier is only 0.04 kcal mol-1 at the single-point CCSD(T) level. Chemical bonding analyses

reveal that this system can be formulated as [Ba2]2+[B8]4-[Ba]2+ ionic complex, where the [B8]4- motif
exhibits conflicting aromaticity with 8π/6σ electron delocalized. Strong interlayer electrostatic
interactions (exceeding 15.8 eV) and fully delocalized π/σ electrons in the B8 wheel synergistically
enable the unhindered rotation of the Ba2

dimer. The present Ba3B8 cluster expands the library of subnanoscale molecular rotors and provides a

novel prototype for fluxional clusters featuring conflicting aromaticity.

1. Introduction
As a neighbor of carbon in the periodic table, boron chemistry remains far less developed than that of
carbon. Owing to boron’s inherent electron deficiency, boron clusters adopt distinctive geometric
structures and exhibit unconventional multicenter bonding characteristics. Since the 1980s, researchers
have systematically investigated the structural, electronic, and chemical bonding properties of pure
boron clusters through combined photoelectron spectroscopy (PES) experiments and theoretical
calculations [−]. These studies established that planar or quasi-planar structures prevail in boron clusters
over a wide size range, and their thermodynamic stability is governed by delocalized multicenter π/σ
bonds [6,15]. Accordingly, the chemical bonding concepts such as double aromaticity, antiaromaticity,
multifold aromaticity, and conflicting aromaticity have been proposed to interpret their thermodynamic
stability. Meanwhile, the electron-delocalized nature of boron skeletons also endows boron-based
nanoclusters with prominent dynamic structural fluxionality [16−18].

Boron-based molecular rotors represent a hot topic in the field of nanomachines. In 2010, Huang and co-
workers spectroscopically identified the B19

− cluster, which Merino et al. further identified as a Wankel

motor [10,]. Subsequently, quasi-planar bare boron clusters of B13
+ and B18

2− were also confirmed to
exhibit dynamic fluxionality properties, wherein their peripheral boron ring rotate freely around the inner
core [,]. Intriguingly, the dynamic fluxionality of B13

+ was unambiguously validated via infrared

experiments in 2017 []. Subnanoscale tank treads were reported for elongated boron-based clusters in
the Zhai group, such as B11

0/− and B15
+ [,]. Almost all of these boron rotors exhibit the delocalized π/σ

bonds and possess multifold aromatic character.
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Metal doping has proven to be an effective strategy for discovering novel boron-based nanorotors and
expanding the library of boron-based nanoclusters [−]. Two-layered fluxional metal–boron frameworks
including Mg2B8, M2B8 (M = Zn, Cd, Hg), Mg2BeB8, and MB7Zn2

− (M = Be, Ru, Os) were reported in recent

literature [−], which exhibit dynamic fluxional behavior at the interlayer between metallic units and boron
motifs. Many three-layer sandwich structures with dual dynamic fluxional behavior have been reported,
such as Be6B11

−, Be6B10
2−, Na6B7

−, Na8B7
+, and Rb6Be2B6 clusters [−]. In particular, the Be6B11

− sandwich
exhibits the free rotational motion of the peripheral B11 ring and the central Be6 prism, as well as the
relative rotation between the two Be3 rings [37]. This cluster can be regarded as an earth–moon system
at the nanoscale. Cui et al. also further summarized the structural and electronic criteria for viable
molecular rotors, highlighting fully delocalized π/σ electrons within boron rings or boron wheel motifs as
a core prerequisite [35]. Very recently, Zhai’s group theoretically designed a series of ternary
nanoclusters rotors, including MgTa2B6, CaBe2B7

−, Mg2Be2B7
− clusters, whose rotational motion mimics

miniature atomic clocks [−].

The successful examples mentioned above indicate that, in addition to strong electrostatic interactions,
multiple π/σ aromaticity within the boron layer plays a vital role in multilayer molecular rotors. Whether
boron layer exhibiting conflicting or antiaromatic character can also facilitate structural fluxionality
remains an open question requiring systematic exploration. Inspired by the Ca3B8 molecular rotor
reported by Guo’s group [], herein we computational explore the potential energy surfaces (PESs) of the
Ba3B8 cluster, which is a three-layered inverse-sandwich structure with conflicting aromaticity. The
distorted heptacoordinate B8 wheel is sandwiched by an upper Ba2 dimer and an individual Ba atom at
the bottom. Born-Oppenheimer molecular dynamics (BOMD) simulations reveal that the Ba2 dimer can

freely rotate with respect to the boron framework at the room temperature. Ba3B8 cluster can be

formulated as [Ba2]2+[B8]4−[Ba]2+ complex, due to the obviously charge transfer from the Ba3 to B8 motif.
Bonding analysis reveals Ba3B8 cluster has 8π/6σ delocalized electrons, leading to a conflicting-aromatic

system. This system establishes a prototypical molecular rotor stabilized by conflicting aromaticity and
offers valuable guidelines for the rational design of molecular rotors in future studies.

2. Methods
Global-minimum structural searches were implemented via the unbiased Coalescence Kick (CK)
algorithm [,], supplemented by manual structure construction. CK algorithm has been widely used for
boron clusters and metal-doped boron clusters. In total, over 3,000 stationary points were probed at
B3LYP/Lanl2dz level. The candidate low-lying isomers were then fully reoptimized at the B3LYP-D3/def2-
TZVP level. Frequency calculations were also performed at the same level to confirm that the reported
structures represent true minima on the potential energy surface, while transition states (TS) possess
exactly one imaginary vibrational mode corresponding to the target rotational mode. To acquire accurate
energetics for low-lying isomers and TS structure, single point CCSD(T)/def2-TZVP energy calculations
were carried out on the top five most stable geometries []. Comparative calculations were also
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conducted at the PBE0-D3/def2-TZVP level to check for consistency of different functionals in terms of
structures and energetics. The def2-TZVP basis set was selected as a practical triple-zeta basis of
broadly validated accuracy for molecular calculations involving both main-group and transition-metal
elements.

The natural bond orbital (NBO) analysis was conducted at the B3LYP/def2-TZVP level to obtain the
Wiberg bond indices (WBIs) and natural atomic charges, using the NBO 6.0 program []. Chemical
bonding was illustrated using the canonical molecular orbital (CMO) analysis and adaptive natural
density partitioning (AdNDP) []. AdNDP is an extended version of NBO analyses, which can describe the
bonding in a molecule with n-center two-electron (nc-2e) bonds, which is suitable for description of the
molecules featuring the multicenter bonds. Born-Oppenheimer molecular dynamics (BOMD) simulations
were performed at PBE/DZVP-GHT level by means of the CP2K program []. The simulations were
performed adiabatically, the initial velocity was not fixed but related to the temperatures considered, and
the box size is 13 × 13 × 13 Å. The CMO and AdNDP data were visualized using the GaussView 5.0.9 and
Molekel 5.4.0.8 programs [], respectively. Nucleus independent chemical shifts (NICSs) were calculated
at the B3LYP/def2-TZVP level to assess the systems’s π/σ aromaticity []. The magnetically induced ring
current maps were generated using the anisotropy of current induced density (ACID) program [,]. Orbital
compositions decomposition were completed using the Multiwfn 3.8 []. All the electronic structure
calculations were accomplished using the Gaussian 09 package [].

3. Results

3.1. Global minimum structure and transition-state
structures
Unbiased global PES searches combined with B3LYP-D3, PBE0-D3, and benchmark CCSD(T) calculations
confirm that the Cs, (1A′) geometry represents the global minimum (GM) of Ba3B8 cluster. Alternative low-

lying isomers are provided in Fig. S1 (ESI†). At all three theoretical levels, the Cs, (1A′) structure is

consistently the GM structure. The nearest competitor turns out to be 1.24 kcal mol−1 higher in energy at
CCSD(T) level. It is worth noting that the CCSD(T) method is the most reliable approach for boron-based
nanoclusters. The third low-lying isomer featuring a B8 ring exhibits markedly inferior thermodynamic
stability. The other inverse-sandwich structure contains a B8 ring rather than a B8 wheel, and is 12.64

kcal mol−1 less stable than the GM. Therefore, the GM Cs (1A′) is confirmed to be the true minimum on

the potential energy surface of the Ba3B8 cluster.

As illustrated in Fig. 1(a), the GM inverse-sandwich is composed of a distorted heptacoordinate B8

wheel, being sandwiched by an upper Ba2 dimer and an individual Ba atom at the bottom. The Ba3

component is divided into the Ba2 and Ba units. Overall, the GM Ba3B8 cluster has a diameter of 3.24 Å
for B8 wheel and a height of 5.16 Å, forming a subnanoscale inverse sandwich. Upon twisting the Ba2
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dimer relative to the B8 wheel, a TS structure of Ba3B8 cluster is researched (Fig. 1(b)). The TS lies only

0.06 kcal mol−1 higher in energy than the GM at the B3LYP level, which is refined to 0.04 kcal mol−1 at the
single-point CCSD(T). The negligible energy difference between the GM and TS hints the dynamic
fluxional character of the Ba3B8 cluster.

3.2. Bond distances, Wiberg bond indices, and Natural
atomic charges
To understand the thermodynamic stability of the GM Ba3B8 cluster, we reviewed the structural
parameters as given in Fig. 2. Given the structural similarity between GM and TS geometries, the
following analysis focuses primarily on the GM Ba3B8. Peripheral B−B bond distances along the B8 wheel
range from 1.54 to 1.57 Å (Fig. 2(a)). According to the recommended covalent radii, the upper limits of
single B−B and double B=B are 1.70 and 1.56 Å, respectively []. For further reference, a typical B=B
double bond is 1.51 Å []. The corresponding WBIs values for peripheral B−B bonds span 1.32 ~ 1.57
(Fig. 2(b)). Thus, the peripheral B−B bonds in GM Ba3B8 cluster are beyond single bond, indicating the
presence of both Lewis-type σ bonds and delocalized π/σ bonds. The Ba−Ba distance within the Ba2

dimer is 3.96 Å, which is close to the recommended distance of Ba−Ba single bond (3.92 Å). The
calculated WBI is 0.90, confirming its authenticity as a single bond. The interlayer Ba−B distances span
2.86 ~ 3.24 Å with extremely small WBIs of 0.02 ~ 0.19, indicating the relatively weak covalent bonding
between the Ba2/Ba subunits and boron wheel. Such weak interlayer covalency is a critical structural

prerequisite enabling the dynamic fluxional of the GM Ba3B8 cluster.

Natural atomic charges for GM Ba3B8 cluster are presented in Fig. 2(c). Boron possesses an
electronegativity of 2.04, whereas barium exhibits a far lower value of merely 0.89. The substantial
electronegativity difference between Ba and B governs the atomic charge distribution within the Ba3B8

cluster. The B atoms each carry a negative charge from −0.32 to −0.56 |e|. The B8 wheel has a collective

negative charge of −3.29 |e|, which can be approximately regarded as the B8
4− charge state. The Ba2

dimer carries a total positive charge of + 1.78 |e| and the bottom isolated Ba atom has + 1.53 |e|. The
pronounced charge transfer from Ba3 unit to the B8 wheel rationalizes the ionic formulation [Ba2]2+[B8]4−

[Ba]2+. The bond distances, WBIs, and natural atomic charges for TS (Fig. S2, ESI†) are nearly identical to
those of GM. Quantitatively, the B−B bond distances for GM and TS differ by less than ± 0.01 Å, and the
corresponding B−B WBIs vary within ± 0.11. Meanwhile, both the Ba−Ba bond distance and WBI remains
unchanged. Such negligible changes are in good agreement with a low rotational energy barrier.

4. Discussion

4.1. Dynamic Structural Fluxionality
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According to vibrational frequency analysis, the GM Ba3B8 cluster has a soft vibrational mode of 14.9

cm−1 at B3LYP level (Fig. S3, ESI†). This soft mode corresponds to the rotation of the Ba2 dimer relative

to the B8 wheel. To further confirm this mode, vibrational frequency calculations were also performed at

the PBE0 level, identifying a soft mode at 22.2 cm−1. Following this mode, a TS structure (Cs, 1A′) is

reached with a soft imaginary vibrational mode, which is 20.7i and 29.2i cm−1 at the B3LYP and PBE0
levels, respectively.

The dynamic structural evolution of the GM Ba3B8 cluster is illustrated in Fig. 3, assuming that the Ba2

dimer rotates counterclockwise around the distorted B8 wheel. Starting from GM1, the Ba2 dimer
undergoes a counterclockwise rotation of approximately 12.6° around the B8 wheel, generating the first
TS1 structure. After traversing the energy barrier at TS1, the Ba2 dimer rotates another 12.6° to reach
GM2. The structural evolution pathway from GM2 to GM3 is identical to that observed from GM1 to GM2.

Overall, the from GM1 to GM3, the Ba2 dimer rotates by approximately one B−B bond (or 50.4°).
Repeating this process seven times returns each atom to its initial position.

Born-Oppenheimer molecular dynamics (BOMD) simulations confirmed the above dynamic behavior [51].
The simulations were done at selected temperatures of 298, 500, and 600 K, at the PBE/DZVP level,
starting from the equilibrium GM geometry with random velocities assigned to the atoms. During the
simulations, the GM Ba3B8 cluster maintains sandwich structural integrity without fragment dissociation.
As expected, the Ba2 dimer floats above the B8 wheel with unconstrained rotation. The simulation was
done for 50ps. An extracted short movie from a simulation of over 30 ps at 298 K is present in the
Supporting Information.

4.2. Chemical Bonding and Conflicting Aromaticity
To elucidate the thermodynamic stability and structural fluxionality of the GM Ba3B8 cluster, it is
essential to conduct a detailed chemical bonding analysis. Canonical molecular orbitals (CMOs) of the
GM are presented in Fig. 4, which are categorized into four subsets based on atomic orbital (AO)
contributions. Among the 15 valence CMOs, only the HOMO in subset (d) originates primarily from Ba 6s
AO, which has a major component of 89.4% from the Ba2 dimer. It can be defined as a Ba–Ba σ bond.
The remaining CMOs are primarily attributable to the distorted B8 molecular wheel. Subset (c) includes 7
CMOs, composed of B 2s/2p AOs, which follow the orbital building principles with 0 up to 3 nodal
planes. These CMOs represent seven two-center two-electron (2c-2e) peripheral B−B σ bonds on the B8

wheel.

Subset (b) contains three delocalized σ orbitals on the B8 wheel. Among them, HOMO−9 is completely

delocalized and bonding, while the HOMO−4/HOMO−5 are partially bonding/anti-bonding orbitals. The
6σ electron counting satisfies the (4n + 2) Hückel rule, rendering σ aromaticity. Subset (a) shows four
delocalized π orbitals. HOMO−2, HOMO−3, and HOMO−8 have minor orbital contribution from the Ba3

unit (6.70%, 9.99%, and 9.86%). However, HOMO−1 has 36.3% contribution from the Ba3 unit and 63.6%
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from B8 wheel, with the former showing strong 5d/6s hybridization. This unique orbital prevents the Ba2

dimer from slipping off the B8 wheel, which physically anchors the Ba2 dimer atop the B8 wheel, yet
without hindering the rotor motion. The four delocalized π orbitals are intrinsically delocalized and
cannot be transformed to Lewis-type bonds, which renders π antiaromaticity according to the (4n + 2)
Hückel rule. The 6σ-aromatic/8π-antiaromatic nature of the B8 wheel gives rise to conflicting aromaticity,

which is fully consistent with the formal [B8]4− charge state.

AdNDP bonding analysis fully reproduces the above bonding picture [50]. As shown in Fig. 5 (a), the
scheme completely recovers seven peripheral Lewis-type B−B σ bonds and one Ba−Ba σ bond in Ba2

dimer. The occupation numbers (ONs) are greater than 1.90 |e|. The delocalized π/σ bonds are also
reproduced. The σ sextet can be strictly partitioned as 8c-2e σ bonds in the B8 wheel, whereas three out
of the four delocalized π orbitals can be fully classified as 8c-2e π bonds. The remaining one π orbital is
finally defined as an 11c-2e bond owing to the non-negligible contribution of the Ba3 unit. Overall, GM

Ba3B8 cluster is a conflicting aromatic system with 8π/6σ delocalized electrons. Its bonding

characteristic is reminiscent of the B8
2− cluster, which is a double aromaticity system with 6π/6σ

electrons. Compared with the B8
2− cluster, the B8

4− motif possesses two additional π electrons, thereby

rendering it 8π antiaromatic. The AdNDP scheme of TS structure for Ba3B8 cluster has been analyzed,
which is similar to that of GM Ba3B8 (Fig. S4, ESI†).

NICS calculations [53] were carried out to independently evaluate the aromatic character (Table S2,
ESI†). The large negative values of NICSzz(0) and NICSzz(1) represent σ and π aromaticity, respectively.
NICSzz(0) at the B3 triangle center are strongly negative values, confirming that the GM Ba3B8 cluster is

indeed σ aromaticity. The NICSzz(1) value is computed at 1 Å above the center of B3 triangle. Notably, a
distinctly positive value is observed for only one of the boron triangles, which suggests a certain degree
of antiaromatic character. The sign changes of NICSzz(1) values for the other B3 triangular can be
attributed to the effect of the heavy atom Ba. It should be emphasized, however, that the antiaromaticity
of the Ba3B8 cluster is primarily established on the basis of the four delocalized π orbitals, which
represent the fundamental criterion for aromaticity evaluation in boron-based nanoclusters.

To confirm the antiaromatic characteristic of the Ba3B8 cluster, the ring current calculations were
performed using the AICD (anisotropy of the induced current density) program [54,55]. The AICD
calculations were decomposed into σ and π contributions by selecting occupied σ-type and π-type
molecular orbitals separately. Figure 6 displays the total ring current of the system (Fig. 6 (a)) as well as
the σ and π electrons contributions to the ring current (Fig. 6(b) and 6(c)). It can be observed that σ
electrons induce diatropic currents, which verifies the σ aromatic character of the Ba3B8 cluster. In

contrast, the π current density map (Fig. 6(c)) exhibits a counterclockwise ring current, revealing π
antiaromaticity of this system. These current density maps further confirm the conflicting aromatic
nature of the Ba3B8 cluster.
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We briefly discuss some aspects of the Ba3B8 molecular rotor. First, the Ba3 component is not stacked
into a triangle but is divided into Ba2 dimer and an isolated Ba atom. Such a distribution pattern
promotes interlayer charge transfer. Second, in the previously reported three-layer sandwich-type rotor,
strong charge transfer originating from metal to boron motifs, endowing the boron ring or boron wheel
with double π/σ aromaticity (such as Na6B7

−, Na8B7
+). Nevertheless, the present Ba3B8 cluster

represents a unique molecular rotor with [Ba2]2+[B8]4−[Ba]2+ ionic configurations, which induces 8π/6σ
conflicting aromatic behaviors in the middle B8 wheel. This system demonstrates that conflicting-

aromatic boron motifs can also support fluxional behavior, provided that strong interlayer electrostatic
stabilization maintains the structural integrity of the three-layer framework. Third, it is generally
considered that weakly bound clusters tend to display fluxional behavior. However, the GM Ba3B8 cluster
cannot be categorized as a weakly bound cluster. Lastly, the Ba2 dimer does not slip away from B8 disk.
This is ascribed to the HOMO−1 orbital in Fig. 4. The π bond involves a contribution of 18.5% from center
B atom, which effectively anchors the Ba2 dimer on the B8 disk.

4.3. Interaction energies
To quantify the interlayer binding strength between the Ba2/Ba and the central B8 wheel in GM Ba3B8

cluster, we artificially displaced Ba2/Ba and B8 wheel to a separation of 10 Å and single-point energies
were calculated at B3LYP/def2-TZVP. The energy difference, with respect to the GM structure, reaches
15.8 eV, demonstrating exceptionally strong electrostatic interactions. We stress that the above estimate
is qualitative rather than quantitative. This massive electrostatic binding stabilizes the three-layer
architecture, while the weak covalent Ba–B bonds are non-negligible for the dynamic fluxionality of the
Ba3B8 cluster. Whereas most boron-based nanorotors reported to date rely on double aromaticity to
stabilize the middle boron layer, the Ba3B8 system unambiguously illustrates that conflicting aromaticity
(8π/6σ) can also sustain dynamics fluxionality, on the premise that the middle boron layer retains
structural rigidity and hosts strong interlayer electrostatic interactions.

5. Conclusions
In conclusion, we have theoretically investigated a unique three-layer inverse sandwich molecular rotor,
Ba3B8, composed of a distorted B8 wheel, a Ba2 dimer at the top, and an isolated Ba atom at the bottom.

Natural atomic charge analysis reveals that the system can be described as [Ba2]2+[B8]4−[Ba]2+ ionic

complex, wherein the central B8 wheel exhibits 8π/6σ conflicting aromaticity. This unique bonding
pattern endows the system with remarkable structural fluxionality, facilitating nearly free rotation of the
Ba2 dimer around the distorted B8 wheel at room temperature. In contrast to previously reported boron-
based molecular rotors stabilized by double aromaticity, the Ba3B8 cluster represents an exceptional
case featuring conflicting aromaticity. This work enriches the family of boron nanoclusters and provides
new strategies for designing molecular machines with distinctive electronic structures.
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Figure 1

Optimized structures of (a) Cs (1A¢) global minimum (GM) and (b) Cs (1A¢)  transition state (TS) of the

Ba3B8 cluster at the B3LYP/def2-TZVP level. Both top- and side-views are presented. The B atoms are
illustrated in red color and Ba in brown.
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Figure 2

Calculated (a) bond distances (in Å), (b) Wiberg bond indices (WBIs), and (c) natural atomic charges (in
|e|) for GM Ba3B8 cluster at B3LYP/def2-TZVP level.

Figure 3

Structural evolution of Ba3B8 cluster during the dynamic rotation of Ba2 dimer with respect to the B8

baseplate. The Ba2 dimer is assumed to rotate anticlockwise in the presentation.
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Figure 4

Canonical molecular orbitals (CMOs) of the Cs (1A¢) GM structure of Ba3B8 cluster. (a) Four delocalized
π CMOs. (b) Three delocalized σ CMOs. (c) Seven CMOs for localized B-B σ bonds in the periphery of B8

wheel. (d) One σ bond within the Ba2 dimer.
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Figure 5

Chemical bonding pattern of GM (Cs, 1A¢) on the basis of adaptive natural density partitioning (AdNDP)

analysis. ONs are indicated.
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Figure 6

Total ring current (a), σ ring current (b), and π ring current maps for Ba3B8 cluster calculated at an

isosurface value of 0.05. Both top and side‑view representations are shown.
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