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Abstract: Metal-doped boron clusters provide a fertile platform for the rational design and exploration of boron-based nanorotors, of-
fering new opportunities to research molecular dynamics and rotational behaviors. Based on first-principles calculations, we theoreti-
cally investigated B,Mg,M (M = Li, Na, K) ternary boron-based nanoclusters at the PBE0/6-311+G(d) level. The results show that
the global minimum structure of B,Mg,M (M = Li, Na, K) adopts a three-dimensional layered structure, where the Mg, unit under-
goes free rotation above the B; wheels with an ultralow rotational barrier of 0.53 kcal-mol” at the CCSD(T) level, representing a new
three-dimensional boron-based nanorotors. Natural bond orbital (NBO) analysis indicates that these system can be characterized as a
[Mg,]*"[B,]* [M]" charge-transfer complex, primarily stabilized by electrostatic interactions. Chemical bonding analyses reveal that
the B;Mg,M structures possess 66 and 6n double aromaticity, where the delocalized electrons facilitate structural fluxional behavior.
Born-Oppenheimer molecular dynamics simulations at 400 K confirm the fluxional behavior, demonstrating complete rotational cy-
cles.
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Fig. 1 Optimized global minimum (GM) (a) and transition state
(TS) (b) structures of B,Mg,Li cluster at CCSD(T)/6-311+G(d)//
PBE0/6-311+G(d) level. Both top and side-views are depicted
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Fig. 2 Bond distances (a) (b), Wiberg bond indices (c) (d),

and nature charge (e) (f) of the global minimum structure
(GM) and transition state structure (TS) of cluster B,Mg,Li at
the PBE0/6-311+G* level, with bond distances indicated in A
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Fig.3 Canonical molecular orbitals of GM B;Mg,Li cluster at the PBE0/6-311+G(d) level
(a) Seven 2¢c-2¢ B-skeleton 6 CMOs along the periphery; (b) Three delocalized 6 CMOs; (c¢) Three delocalized 1 CMOs; (d) One 2c¢-
2e 6 CMOs for Mg-Mg
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Fig. 4 AdNDP bonding patterns of the B,Mg,Li GM and TS structures with occupation numbers (ONs)
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Side view

Top view

(a) D, CH, (1) (b) C,,B.Mg.Li (2)
ICSS iso.=+4 ICSS is0.=£2
5 I BMgLi bk R (1CSS—zz) KX IC-
SSTH

(CHh s o A A BRI, B 6 BRI . )
Fig. 5 The iso-chemical shielding surfaces (ICSS-zz) dia-
gram and its iso-values of the B,Mg,Li cluster
(The green areas represent the de-shielding regions, while the

yellow areas denote the shielding regions. )

W 0 25 AR i AR R o A 4 A% 44 R X B, Mg.Na Al
BMg.K (1) 155 51t WL 2% 5 28 LAY e s 17 . H
T4 s A RS RN, #8 2% Li B+ Na Jii -+
MK 088 22 2 W 2205, 4518 0.53 .
0.53 F10.72 keal * mol ',

BEl6 Kk B MgLi gt it B (R Mg, BRITEF 15 B,
i LIRS Ess )
Fig. 6 Structural evolution of the B,Mg,Li cluster (illustrat-
ing the clockwise rotation of the Mg, unit suspended above the
B, wheel)
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Fig. 7 Simulated (a) IR and (b) Raman spectra of B,Mg,Li
cluster at PBE0/6-311+G* level
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