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The transfer of everyday objects, even complex ones such as
machines, to the molecular level marks the ultimate limit of
miniaturization. Many such analogies are known in chemistry,
for example molecular containers, molecular sieves, and
molecular switches. “Molecular motors” appears to be a very
attractive term that has been taken up by biophysicists,
referring to the biological molecular machines that are the
essential agents of movement in living organisms. These
biological molecular motors are typically complex protein
assemblies[1] and hence are based on a very generous
interpretation of the term “molecular”.

In 2010, the groups of Wang and Boldyrev found that the
lowest energy form of B19

� is a beautiful ring structure with
two planar p-aromatic systems nested inside each other.[2] The
inner fragment, a pentagonal six-atom group sharing two
p electrons, is surrounded by a periphery of thirteen boron
atoms that share a further ten p electrons (Figure 1 a). More
recently, Jim�nez-Halla and colleagues reported that B19

� is
a “molecular Wankel motor”.[3] The structure of the B19

�

double-ring allows the nearly barrier-free rotation of inner
and outer rings with respect to each other. In-plane internal
rotation was initially discovered in borocarbon wheels by
Erhardt et al. ,[4] though none of the reported forms are the
lowest energy structures.[5]

In 1988, Anderson and co-workers found that the mass
distribution of Bn

+ clusters from laser ablation showed
numerous “magic numbers” in the range n = 1–20. In
particular, collision-induced dissociation experiments indicat-
ed the presence of two “magic” clusters: B5

+ and B13
+.[6]

Anderson and co-workers originally postulated that B13
+

had a filled icosahedral structure. However, in 1996 Ricca
and Bauschlicher reported a planar C2v form as the ground
state structure of B13

+, with an inner triangle enclosed in a ten-
atom ring.[7] In 1998 Schleyer and co-workers confirmed the

findings of Ricca and Bauschlicher in their re-examination of
various structures of B13

+.[8] They were first to predict the
fluxional behavior of the C2v global minimum-energy struc-
ture of B13

+. In 2000, Fowler and Ugalde concluded that the
B13

+ structure has a planar C2v geometry containing an inner
triangle, and exhibited exceptional p-aromatic character.[9]

The fluxional behavior of B13
+ has been described by

Martinez-Guajardo et al. as the almost free rotation of the
inner B3 moiety inside the peripheral B10 ring.[10] Therefore,
B13

+ should be considered to be a molecular Wankel motor.
Despite their fluxional properties, B19

� and B13
+ cannot be

compared with biological molecular motors, as it is unclear if
the boron systems could ever work. The fundamental ques-
tion that needs to be answered is: How can one trigger the
rotation of such a system, or, what is the starter for a molecular
Wankel motor?

Zhang and co-workers have proposed a plausible solution
to this problem: They suggest to trigger the rotation of the
outer ring in B13

+ with respect to the inner triangular moiety
by applying an external laser field.[11] Without an external
field, the barrier that the B13

+ system must overcome in order
to rotate is 0.25 kcal mol�1, and because of symmetry the
rotation may occur in both directions with the same proba-
bility. If an electric field is applied in the plane of the
molecule, perpendicular to the C2 axis, the symmetry of the
system is broken, and the system prefers to rotate unidirec-
tionally: one direction is essentially barrier-free, while the
opposite direction is hindered by an increased barrier; in the
case of an external electric field of 2.6 � 109 V m�1 the barrier,
0.81 kcal mol�1, is prohibitively high at low temperatures.[11] A
constant motion could be driven by the application of
circularly polarized light of a reasonable frequency.

Figure 1. Structures of the global energy minima of B13
+ (left) and B19

�

(right). All atoms are boron atoms; the inner and outer ring systems
are in different shades of gray.
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In order to exploit this important finding for a free
molecule in the gas phase one needs an additional trigger: the
rigid molecule could simply align itself in such way that its
dipole axis coincides with the applied electric field, and no
rotation of its rings with respect to each other would be
possible. Zhang et al. have also found an appealing solution to
this problem: The frequency of the polarized light must be
chosen such that the rotation of the outer ring in B13

+ is in
resonance, thus that the outer ring rotates faster than the
reorientation of the rigid molecule to align its dipole moment
with the external field.

Based on these insights from a thorough theoretical
analysis we can expect the experimental realization of the
smallest molecular motor that is known to date. It remains to
be explored whether these findings—achieved for boron
clusters—can be transferred to real systems, for example, by
the incorporation of similar multiple rings into two-dimen-
sional materials such as graphene. As fluxionality is not
restricted to B13

+ and B19
� , the proposed electromagnetic

starter of the B13
+ wankel motor may also serve as a starter for

exploring these fascinating phenomena in nanotechnological
systems. Finally, this starter is unique to molecular motors
because it does not need electronic excitation, that is, it

operates adiabatically. This helps to reduce energy dissipa-
tion.

Received: August 2, 2012
Published online: September 11, 2012

[1] W. Junge, D. J. Muller, Science 2011, 333, 704.
[2] W. Huang, A. P. Sergeeva, H.-J. Zhai, B. B. Averkiev, L.-S. Wang,

A. I. Boldyrev, Nat. Chem. 2010, 2, 202.
[3] J. O. C. Jim�nez-Halla, R. Islas, T. Heine, G. Merino, Angew.

Chem. 2010, 122, 5803; Angew. Chem. Int. Ed. 2010, 49, 5668.
[4] S. Erhardt, G. Frenking, Z. F. Chen, P. V. Schleyer, Angew.

Chem. 2005, 117, 1102; Angew. Chem. Int. Ed. 2005, 44, 1078.
[5] L. M. Wang, W. Huang, B. B. Averkiev, A. I. Boldyrev, L. S.

Wang, Angew. Chem. 2007, 119, 4634; Angew. Chem. Int. Ed.
2007, 46, 4550.

[6] L. Hanley, J. L. Whitten, S. L. Anderson, J. Phys. Chem. 1988, 92,
5803.

[7] A. Ricca, C. W. Bauschlicher, Chem. Phys. 1996, 208, 233.
[8] F. L. Gu, X. M. Yang, A. C. Tang, H. J. Jiao, P. v. R. Schleyer, J.

Comput. Chem. 1998, 19, 203.
[9] J. E. Fowler, J. M. Ugalde, J. Phys. Chem. A 2000, 104, 397.

[10] G. Mart�nez-Guajardo, A. P. Sergeeva, A. I. Boldyrev, T. Heine,
J. M. Ugalde, G. Merino, Chem. Commun. 2011, 47, 6242.

[11] J. Zhang, A. P. Sergeeva, M. Sparta, A. N. Alexandrova, Angew.
Chem. 2012, 124, 8640; Angew. Chem. Int. Ed. 2012, 51, 8512.

Angewandte
Chemie

10227Angew. Chem. Int. Ed. 2012, 51, 10226 – 10227 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1126/science.1210238
http://dx.doi.org/10.1038/nchem.534
http://dx.doi.org/10.1002/ange.200461970
http://dx.doi.org/10.1002/ange.200461970
http://dx.doi.org/10.1002/anie.200461970
http://dx.doi.org/10.1002/ange.200700869
http://dx.doi.org/10.1002/anie.200700869
http://dx.doi.org/10.1002/anie.200700869
http://dx.doi.org/10.1021/j100331a052
http://dx.doi.org/10.1021/j100331a052
http://dx.doi.org/10.1016/0301-0104(96)00068-7
http://dx.doi.org/10.1002/(SICI)1096-987X(19980130)19:2%3C203::AID-JCC13%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1096-987X(19980130)19:2%3C203::AID-JCC13%3E3.0.CO;2-I
http://dx.doi.org/10.1021/jp991957v
http://dx.doi.org/10.1002/ange.201202674
http://dx.doi.org/10.1002/ange.201202674
http://dx.doi.org/10.1002/anie.201202674
http://www.angewandte.org

