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Abstract: Boron-based binary cluster Mg2B8 is shown to

adopt a compass-like structure via computational global
searches, featuring an Mg2 dimer as the needle and a

disk-shaped B8 molecular wheel as baseplate. The nano-
compass has a diameter of 0.35 nm. Born–Oppenheimer

molecular dynamics simulations indicate that Mg2B8 is

structurally fluxional with the needle rotating freely on the
baseplate, analogous to a functioning compass. The dy-

namics is readily initiated via a ultrasoft vibrational mode.
The rotational barrier is only 0.1 kcal mol@1 at the single-

point CCSD(T) level. Chemical bonding analysis suggests
that the cluster compass can be formulated as [Mg2]2+

[B8]2@ ; that is, the baseplate and the needle are held to-

gether primarily through ionic interactions. The baseplate
is doubly aromatic with p and s sextets. The bonding pat-

tern provides a dilute, continuous, and delocalized elec-
tron cloud, which underlies the dynamics of the nanocom-

pass.

Nanomachines are a fantastic dreamland of pursuit in chemis-

try, materials science, and nanoscience and nanotechnolo-
gies.[1, 2] Boron-based nanoscale rotors represent a fast expand-

ing topic in the field lately. In particular, a series of molecular
Wankel motors (notably B19

@ and B13
+)[3–8] and subnanoscale

tank treads (B11, B11
@ , and B15

+)[9–11] were reported, owing to
the electron deficiency of boron, which gives rise to (p and s)

aromaticity, antiaromaticity, and conflicting aromaticity,[12–19] as
well as structural fluxionality.[3–11] Boron features a flatland of

planar or quasi-planar (2D) clusters up to at least 40 atoms for

Bn
@ ,[19] unlike any other element in the periodic table. Conse-

quently, it seems impractical to uncover or design three-di-

mensional (3D) fluxional nanosystems solely using boron.

To this end, boron-based doped or mixed clusters come into
play. Popov et al. reported two half-sandwich clusters, RhB12

@

and CoB12
@ , suggesting that complexation with a metal atom

can reduce the rotational barrier.[20] Likewise, Liu et al. designed

a metal doped molecular Wankel motor, IrB12
@ .[21] Li et al. com-

puted a metal-centered tubular rotor, B2-Ta@B18
@ , in which a B2

dimer rotates almost freely relative to a drum-shaped Ta@B18

motif with an energy barrier of 1 kcal mol@1.[22] Very recently,
Zhai and co-workers discovered a coaxial triple-layered Be6B11

@

cluster with dual dynamic modes of revolution and rotation,
mimicking the earth-moon system at the subnanoscale.[23]

Herein we report on the design of a boron-based Mg@B alloy
cluster, Mg2B8, the unique dynamics of which apes that of a

compass. The nanocompass has a diameter of 3.5 a. The mech-

anism behind structural fluxionality is elucidated via in-depth
bonding analysis.

To locate the global minimum (GM) of Mg2B8, we performed
global searches using the Coalescence Kick (CK) algorithm.[24, 25]

Our choice of the present system benefits from two prior com-
putational studies[26, 27] on relevant binary clusters, although dy-

namic fluxionality is either not recognized or not possible in

those systems.[28] For the Mg2B8 cluster in this work, a total of
3000 stationary points were probed on the potential energy

surface in the CK global searches. Low-lying isomers were sub-
sequently reoptimized at the PBE0/6-311 + G* level. Top iso-

mers are presented in the Supporting Information (Figure S1),
and the top three isomers were further benchmarked at

single-point CCSD(T)/6-311 + G*//PBE0/6-311 + G* level[29, 30] for

accurate energetics. The PBE0 and CCSD(T) data are highly
consistent, firmly establishing the Cs (1A’) structure as the GM

of Mg2B8 cluster, as illustrated in Figure 1 a. The GM has a
nearly planar B8 wheel with an Mg2 unit sitting on the top. The
closest competitor, D8h (1A1g), has an eight-membered B ring,
with the Mg@Mg axis being perpendicularly oriented. It is

0.23 eV higher in energy at single-point CCSD(T), suggesting
that the GM is reasonably well-defined. The energetics of Cs

versus D8h isomers in Mg2B8 and its isovalent Be2B8 species[27] is

an interesting issue, which leads to the favorable Cs structure
for Mg2B8 but not for Be2B8 (Figure 2),[31] the latter cluster

being thus nonfluxional.
The GM of Mg2B8 cluster has uniform peripheral and radial

B@B bond distances of 1.55–1.56 and 1.78–1.80 a, respectively

(Figure S2 a), at PBE0 level, indicative of a circular B8 wheel.
Out-of-plane distortion of the wheel amounts to 0.17 a only.

The former B@B distances are markedly shorter than single
bond (upper limit : 1.70 a),[32] whereas the latter ones are

longer than single bond. Nonetheless, all these distances are
virtually identical to those in bare D7h B8

2@ molecular wheel
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(1.55 versus 1.79 a),[12] hinting that the B8 wheel in Mg2B8 clus-
ter is probably relevant to the gas-phase B8

2@ cluster. The Mg@
Mg distance is 2.68 a, shorter than those of Mg@Mg covalent
bonds containing Mg in oxidation state “ + 1” in LMg@MgL
compounds (2.82–2.94 a),[33@36] which suggests that the Mg2

unit in Mg2B8 should carry a substantial amount of positive
charges (vide infra). Note that the recommended distance of
Mg@Mg single bond is 2.78 a.[32] On the other hand, the Mg@B
distance between the Mg2 dimer and B8 wheel is as large as
2.42 a, hinting relatively weak Mg@B bonding (single bond:
2.24 a).

Wiberg bond indices (WBIs) from natural bond orbital (NBO)
analysis support the above assignments (Figure S3 a). WBIs for
peripheral B@B bonds are 1.34–1.37, indicating delocalized
bonding beyond a two-center two-electron (2 c–2 e) s bond.
Similarly, radial B@B bonds have WBIs of 0.50–0.56, suggesting

delocalized bonding within the B8 wheel. The Mg@Mg bond
has a WBI of 0.85, which is close to a single bond and compa-

rable to that in Mg2Cl2 (WBI: 0.94). Not surprisingly, NBO analy-

sis reveals that the Mg atoms each carry a positive charge of
0.70 je j (Figure S4), confirming that the Mg2B8 nanocompass is

best described as [Mg2]2 +[B8]2@. In line with the formula, the
WBIs for Mg@B links are negligibly small (0.11–0.13), which are

far weaker than other bonds in the cluster, offering possibility
for a dynamic and fluxional system.

Vibrational frequency analysis indicates that the GM of
Mg2B8 has a soft mode of 10.3 cm@1 at PBE0 level (Figure S5).

This mode corresponds to the rotation of Mg2 dimer on the B8

wheel, in which seven peripheral B atoms move in phase tan-

gentially, countering the direction of two Mg atoms. Following
the mode, a transition state (TS) is located; see Figure 1 b. The

TS structure also has Cs symmetry, with a soft imaginary mode
of 5.1i cm@1. These soft modes for rotation are independently
checked and confirmed at the TPSSH level as well, which

should facilitate nearly free rotation of Mg2 on the B8 wheel.
Born-Oppenheimer molecular dynamics (BOMD) simulations
vividly confirm this idea. The simulations were done at temper-
atures of 200, 400, and 600 K, at the PBE/DZVP level,[37] starting

from the equilibrium GM geometry with random velocities as-
signed to the atoms. During the simulations, the Mg2 and B8

fragments in Mg2B8 always maintain their identities (that is,

structural integrity), and yet they do rotate with respect to
each other as anticipated, even at 200 K (well below room

temperature), akin to a functioning compass. An extracted
short movie from a simulation of over 50 ps at 600 K is pre-

sented as an example in the Supporting Information. The
movie covers a time span of roughly 10 ps.

Quantitatively, the rotational barrier is almost zero at the

PBE0 level. It is refined to 0.1 kcal mol@1 at single-point
CCSD(T). Figure 3 illustrates the structural evolution of the

Mg2B8 nanocompass in action, assuming that the Mg2 needle
rotates clockwise. At starting structure GM1, the Mg9Mg10

needle floats on B8 baseplate, with the central B8 atom serving
as fulcrum and the Mg9@B6 and Mg10@B3 links being the

shortest. As Mg9 moves clockwise following the soft mode (by

12.88), the Mg9@Mg10 axis becomes perpendicular to the B6@
B7 link in baseplate and aligned perfectly with the radial B8@
B3 link, generating the first TS structure (TS1–2). Going down
the barrier, GM2 is reached with the Mg9Mg10 needle rotating

by another 12.88. GM2 can be viewed as a reflection of GM1 via
the B8@B3 axis. The evolution from GM2 to GM3 is closely in

the spirit of that from GM1 to GM2. GM3 is a reflection of GM2

via the B8@B7 axis, whereas in TS2–3 the Mg9Mg10 needle
aligns with the radial B8@B7 link. Overall, from GM1 to GM3, the

Mg9Mg10 needle rotates by one peripheral B@B link (or 51.48).

Figure 1. Optimized structures of a) Cs (1A’) global minimum (GM) and
b) Cs (1A’) transition state (TS) of the Mg2B8 cluster at PBE0/6-311+ G* level.
Both top- and side-views are presented.

Figure 2. Comparison of the energetics of two typical isomeric structures of
Mg2B8 and Be2B8. The two isovalent clusters have distinct global-mini-
mum (GM) structures. Relative energies are shown in eV at PBE0/6-311 + G*
level, with corrections for zero-point energies (ZPEs).

Figure 3. Structural evolution of Mg2B8 cluster during the dynamic rotation
of Mg2 dimer with respect to the B8 baseplate. The Mg2 dimer is assumed to
rotate clockwise in the presentation.
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Repeating the above process for 7 times and every atom in

the cluster restores its exact initial position.

To rationalize the dynamics of Mg2B8 as a nanoscale com-
pass, it is essential to perform chemical bonding analysis. Can-

onical molecular orbitals (CMOs) of the GM are depicted in
Figure 4, which are sorted into four subsets. Of the 14 CMOs

(28 valence electrons) in the system, only HOMO is Mg 3s
based (Figure 4 b), defining an Mg@Mg s bond for the Mg2

needle. Its corresponding antibonding CMO (that is, the

LUMO) is empty due to intramolecular charge transfers of 2
electrons from Mg2 to B8, resulting in an [Mg2]2 +[B8]2@ complex

as stated earlier, which compensates for the electron-deficiency
of boron and in the meantime strengthens Mg-Mg interaction.

Intuitively, the Mg2@B8 ionic interaction in the system is antici-
pated to be quite strong, because there exist two ionic bonds
formally. Thus, dynamic fluxionality of Mg2B8 nanocompass is

not due to “weak” Mg2@B8 interaction. Nevertheless, it is a
complicated technical issue to quantify the strength of this in-
teraction. As an estimate, we manually separate the Mg2 and
B8 fragments to a large distance of 10 a (at which ionic inter-

action decreases substantially) and do a single-point PBE0/6-
311 + G* calculation. The energy difference (4.79 eV), with re-

spect to the GM structure, is largely attributable to Mg2@B8

ionic interaction. We stress that the above estimate is qualita-
tive rather than quantitative.

All other CMOs of Mg2B8 are attributable to the [B8]2@ wheel.
Shown in Figure 4 a are seven s CMOs that are primarily com-

posed of B 2s based atomic orbitals (AOs) from the peripheral
ring, with from 0 up to 3 nodal planes along the series. This

subset represents seven localized 2 c–2 e s bonds. The three

CMOs in Figure 4 d form a p sextet akin to that in benzene,
rendering p aromaticity to Mg2B8. Likewise, three delocalized s

CMOs (Figure 4 c) show one-to-one correspondence to those
of p sextet. This s sextet cannot be transformed to Lewis ele-

ments, making it imperative to claim s aromaticity. Thus, the
Mg2B8 cluster is doubly aromatic owing to its p and s sextets.

The bonding picture is faithfully borne out from adaptive

natural density partitioning (AdNDP),[38] an extension of the

NBO analysis. As shown in Figure 5, AdNDP clearly recovers
one 2 c–2 e Mg@Mg s bond for the Mg2 needle, as well as

seven peripheral 2 c–2 e B@B s bonds and delocalized p and s

sextets for the B8 baseplate. The p and s double aromaticity

provides delocalized, continuous electron cloud in the nano-
compass, which underlies its dynamics. In such a unique bond-

ing situation, any individual Mg@B bond or radial B@B bond

does not exist. Instead, the B8 baseplate serves as a uniform,
circular disk of p and s cloud, on which the Mg2 needle slides

freely. Nucleus-independent chemical shifts, NICS and NICSZZ,
are calculated for Mg2B8 as an additional criterion for aromatici-

ty (Table S1). The large negative values are consistent with the
assessment of p and s double aromaticity. Furthermore, the
HOMO–LUMO gap is calculated to be 3.38 eV at PBE0/6-311 +

Figure 5. AdNDP bonding pattern for the Cs (1A’) GM of Mg2B8 cluster. Occu-
pation numbers (ONs) are shown.

Figure 4. Canonical molecular orbitals (CMOs) of the Cs (1A’) GM structure of Mg2B8 cluster. a) Seven CMOs for localized B@B s bonds in the periphery of B8

wheel. b) One s bond within the Mg2 unit, as well as the LUMO. c) Three delocalized s CMOs. d) Three delocalized p CMOs. Subsets in c) and d) render the
Mg2B8 cluster (p and s) double aromaticity.
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G*, demonstrating the electronic robustness of Mg2B8 nano-
compass. The CMO and AdNDP patterns of the TS structure

are similar to those of the GM, except for a spatial shift of elec-
tron cloud (Figures S6 and S7). Indeed, the geometries of Mg2

needle and B8 baseplate virtually do not change from GM to
TS (within 0.01 a), neither do the NBO charges (within 0.04 je j)
and WBIs (within 0.02). In particular, the WBIs for Mg@B links
are 0.11–0.13 for GM versus 0.12–0.13 for TS, which are ex-
tremely weak and remain constant during dynamic motions.

This explains why the rotational barrier is negligible, because it
is the variation of WBIs between GM and TS that governs the

barrier height.
Interestingly, BOMD simulations show that the Mg2 needle

floats on B8 baseplate, and yet there seems to be an anchor
point for the needle. The “mysterious” anchor point is in the

middle of Mg2, which connects the needle to the central B

atom in baseplate. The connection is executed partly by
HOMO and HOMO–8 (Figure 4), in which the downward and

upward tips in electron cloud, respectively, help configure and
optimize the geometry of Mg2B8 cluster, ensuring that the Mg2

needle does not slip away from the baseplate during dynamic
motions. Indeed, orbital component analysis indicates that

HOMO–8 contains 20 % of Mg 3s contribution.

In conclusion, we have demonstrated that boron-based
binary cluster, Mg2B8, is structurally fluxional and behaves like a

nanocompass, which consists of a wheel-like B8 baseplate and
an Mg2 needle. It gains stability due to intramolecular charge

transfers that lead to the [Mg2]2+[B8]2@ formula, as well as p

and s sextets for double aromaticity in B8 baseplate. The bond-

ing pattern helps lubricate the structural dynamics of the

nanocompass, with a near zero energy barrier for rotation. The
Mg2B8 nanocompass is intriguing, as is its bonding mechanism.

We anticipate other nanocompass clusters and fluxional nano-
systems to be designed and fabricated in the forthcoming

years.

Methods Section

Global-minimum searches were carried out using the unbiased CK
method[24, 25] at the density-functional theory (DFT) level. Low-lying
isomers were then fully reoptimized and their relative energies
evaluated at PBE0/6–311 + G*, using the Gaussian 09 package.[39]

Vibrational frequencies were calculated at the same level to ensure
that the reported structures are true minima. To obtain accurate
energetics for top isomers and the TS structure, further calculations
were done at single-point CCSD(T)/6–311 + G*//PBE0/6–311 + G*
level.[29, 30] Chemical bonding was elucidated via CMO analysis and
AdNDP,[38] the latter being done at PBE0/6-31G. NBO bond indices
were obtained at PBE0/6–311G* level. NICS data were calculated at
PBE0/6–311 + G*. BOMD simulations were accomplished using the
CP2K software package.[37] The visualization of AdNDP results was
realized using the Molekel 5.4.0.8 program.[40]
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