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Rotary motion around a molecular axis has been controlled by simple electron
transfer processes and by photoexcitation. The basis of the motion is intramo-
lecular rotation of a carborane cage ligand (7,8-dicarbollide) around a nickel
axle. The Ni(lll) metallacarborane structure is a transoid sandwich with two pairs
of carbon vertices reflected through a center of symmetry, but that of the Ni(IV)
species is cisoid. The interconversion of the two provides the basis for con-
trolled, rotational, oscillatory motion. The energies of the Ni(lll) and Ni(IV)
species are calculated as a function of the rotation angle.

The smallest nanomachines made to date are
based on changes in molecular bonding. In bio-
logical motors, such as those that power the linear
motion of myosin head in muscle contraction (1,
2) or the rotary motion of F,-adenosine triphos-
phatase (3-5) in bacterial flagella, the hydrolysis
energy of the adenosine triphosphate (ATP) to
diphosphate reaction creates new bonds that can
exert forces that change the shape of the larger
molecule and perform work.

Given the existence of biological motors, the
interest of chemists in designing molecular motors
stems from the challenge not only of making even
smaller nanomachines that perform controllable
motion (6), but also of creating systems that can
be powered with light or electrical energy, rather
than depending on the delivery of ATP. Linear
motors have been developed such as the rotaxane
systems (7—9), in which a shuttle ring component
slides from one physically discrete zone of a rigid
rod to another.
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Assessing a potential molecular motor
based on changes in bonding must include
determining whether the system has well-
defined reactant and product states that are
separated by a considerable energy barrier.
The reasons are twofold. First, there has to be
some way of putting into the molecule energy
that will be recovered later as work. For
photon-driven systems, this would likely be
an excited state; for electrically driven sys-
tems, this could be the formation of an inter-
mediate with a different redox state. Second,
in either case, the product formed must have
a barrier against back reaction, or it is unlike-
ly that the system would exert any force; it
would more likely relax back unproductively
to the reactant configuration.

With these configurations in mind, we reex-
plored a small metal complex with potential as
a two-state rotary machine that could be used,
for example, to open or close a valve or switch.
Examples to date of artificial rotors have been
few. Rotary motion in synthetic arrays is rep-
resented by molecular windmills and turnstiles
in which one component of the molecular de-
vice is capable of freewheeling rotation on a
molecular axis (/0), but such barrier-free unre-
stricted rotation cannot be powered or con-
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trolled. The rotation of a dipolar rotor in a
rotating electric field has been modeled (/1).
Examples in which control is possible are provid-
ed by the interlocked rings of catenanes that
undergo circumrotation by passing through each
other (/2, 13). However, machines with rotary
motion about a rigid molecular axis, controlled by
simple electron transfer processes or by photoex-
citation, have not been previously reported.

The basis of the molecular device reported
here has been known since the discovery (/4)
of the d” Ni(Ill) and d® Ni(IV) commo-bis-
7,8-dicarbollyl metallacarboranes, denoted as
1T (/5) and 1C (16) (Fig. 1), and their
palladium analogs. These complexes are pro-
duced by the coordination of two dicarbollide
ions (/7) (Fig. 1, 2) with a Ni(Il) ion, fol-
lowed by subsequent oxidation. The “sand-
wich” species may undergo rotary motion of
the ligands with respect to each other. This is
analogous to the well-known metallocenes
(18), but those have rotational barriers only of
2 kcal/mol (19.) The present metallacarbo-
ranes have barriers about three times as large,
leading to temperature invariance in their nu-
clear magnetic resonance (NMR) spectra.

The presence of two adjacent CH vertices in
the bonding face of 2 introduces localized re-
gions of reduced negative charge (20) and an
antipodal concentration of negative charge. The
resulting interligand interaction leads to a frans
configuration (15, 17, 21) (such as in 1T) in
most examples of commo-bis-7,8-dicarbollyl
metallacarboranes. One of the few exceptions is
the Ni(IV') species (1C), which is cisoid, with
its pairs of carbon vertices on the same side of
the molecule (14, 15). Nickel rarely appears in
the formal +4 oxidation state in inorganic
structures (22) and never in organometallic
compounds, thereby making 1C quite unusual.

The interconversion of the 1T and 1C
geometries when the nickel oxidation state is
changed provides the basis for the controlled,
rotational, oscillatory motion and can be
achieved electrochemically, by redox reac-
tions, or photochemically. Thus, an oscillato-
ry molecular rotor, providing useful work on
the molecular scale, is plausible, based on the
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controlled 4m/5 rotation of the dicarbollide
ligands coupled to ancillary structures.

Both 1T and 1C maintain their solid-state
structures (15, 16) in solution, as shown by the
large 6.16-D dipole moment measured (/4) for
1C in cyclohexane solution and by the electronic
and infrared spectra of 1T measured in both so-
lution and the solid state. We demonstrated the
quantitative reversibility of the 1T/1C redox cou-
ple with reversible cyclic voltammograms [-0.66
V versus the standard calomel electrode (SCE)].

‘We show experimentally and theoretically that
the 1C and 1T interconversion acts as a rotating
molecular machine. Photoexcitation induces geo-
metrical changes similar to those caused by elec-
trochemical reduction. Reduction places an elec-
tron in the lowest unoccupied molecular orbital
(LUMO); photoexcitation removes an electron
from the highest occupied molecular orbital
(HOMO) and places it in the LUMO.

Direct spectroscopic evidence for photon-
driven rotation is provided by resonance Raman
spectroscopy (23—25). The largest distortions
are associated with the very intense low-
frequency bands at 63 cm™! and 198 cm™!. On
the basis of density functional theory (DFT)
calculations, the 63 cm™! band is associated
with the rotational motion (i.e., a dicarbollide-
dicarbollide torsional normal coordinate), and
the 198 cm™! band is assigned as a metal-
dicarbollide elongation (i.e, a symmetric
stretch along the ligand-metal-ligand normal
coordinate). These distortions, excited by pop-
ulation of the lowest energy excited electronic
state, produce a corkscrew motion that simul-
taneously rotates the ligands and elongates the
metal-ligand bonds. Excited-state DFT calcula-
tions show that the minimum energy corre-
sponds to a rotation of 130°, which is near to
that of the ground-state transoid configuration
of the Ni(III) bis-dicarbollide species.

The luminescence spectrum of Ni(IV)
provided further supporting evidence for
photon-driven rotation. The emission band was
markedly red-shifted from the corresponding
absorption band and contains a large (>2000
cm™!) energy gap (Fig. 2). This is consistent
with a process wherein the molecule absorbs a
photon, relaxes to its minimum energy config-
uration in the excited state by rotating, and then
emits from this new configuration (26).

To understand the rotatory operation of the
molecule (Fig. 1), DFT (27, 28) was used to
calculate the molecular and orbital energies of
the unsubstituted (where hydrogen is attached
to the four carbon vertices: R!, R%, R3, and R*
represent H) species as a function of the rota-
tional angle o.. Time-dependent DFT (28) was
used to compute the vertical electronic excita-
tion. Hartree-Fock calculations (29) yielded
qualitatively similar results. The energetics
driving the machine are shown in Fig. 3. The
Ni(IV) species has a stable cisoid position
(144°) and a maximum at the transoid position
(0°), whereas Ni(Ill) is stable at the transoid

Fig. 1. llustration of
rotor configurations of
Ni(IV) (1€) and Ni(ll1)
(1T) and the structural
modules from which
they are constructed.
Structure 1T is defined
with rotation angle o =
0°. The diastereomers
obtained by substitution
of R for H at a single
carbon vortex of the 7,8
llgands are meso (R' =
R* = H, RZ = R® =
substituent) and dl
(R" = R® = H,R =

R* = substltuent and
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R = R* = H

d and [ assignments

[n°-C,BgH4]”
7,8-Dicarbollide ligand, 2

F ‘ . CHorCR
e
‘ o BH

are arbitrary). 1C 1T
3.5 m 709
B es4NIIV)* = 30
3.0 = g
! E m
i~ T
25 = 5 "] 3
° 3
G s =20 2
§ 20 Ni (V) H
- L
e ¢ T T T T 1 i
-§ 200 150 100 50 (4 50 = 15 ;,"
< 1.5 = Rotational Angle (a°) £
g
1.0 = 0 &
0.5 = Energy Gap =5
-
0.0 . =
30 25 15 10

Wave Number (cm-1) (thousands)

Fig. 2. Absorption (left) and emission (right) spectra of the Ni(IV) compound with R' = R? = R3 = R* =
H. Inset: The calculated energies of the ground and excited electronic states as a function of rotation
angle. After absorption of a photon (left arrow), the molecule rotates and then luminesces (right arrow).

configuration (0°). On excitation of Ni(IV), the
excited-state potential has a minimum at 0°
(Fig. 2, inset). The operation of the molecular
machine can also be understood in terms of the
orbital-energies Walsh correlation diagram for
the Ni(IV) species (Fig. 3), which shows that
the HOMO has a minimum at the cisoid con-
figuration and a maximum near the transoid
configuration. In the minimum energy config-
uration, this MO is bonding between the two
rings’ dicarbollide ligands. The strongly anti-
bonding LUMO has a nodal plane through the
nickel atom, bisecting the metal axle.
Electrochemical reduction of the Ni(TV) com-
pound placed an electron in the LUMO. A portion
of the driving force for the rotation is explained by
the stabilization of this orbital as the ligands rotate
to the transoid configuration. The calculated total
energy of the reduced molecule decreased by ~4

keal/mol during this 144° rotation. The intrinsic
uncertainties in the methods of calculation are a
few kcal/mol. The calculated energy change is an
underestimate; experimentally (with NMR), only
a single static configuration was observed. A large
average torque of 8 X 10° Nm/mol was associat-
ed with this rotatory motion. Oxidation of the
Ni(Ill) compound to its Ni(TV) counterpart re-
quired ~64 kcal/mol, which was followed by a
recovery of ~2.8 kcal/mol on rotation to the
Ni(IV) ground state, giving an efficiency of
~4.2% (not including solvation effects). Photo-
excitation of the Ni(IV) compound removed an
electron from the HOMO and placed it in the
LUMO. This excitation provides a portion of
the driving force for rotation, which is related to
that resulting from electrochemical placement
of an electron in the LUMO. An additional
increment of driving force resulted from the
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Fig. 3. Calculated energies as a function of rotation angle for R' = R? = R® =
R* = H. (A) Total energies of the Ni(lll) and Ni(IV) compounds. The
minimum in the Ni(lll) energy occurs at the transoid and that in Ni(IV) at the
cisoid configuration. (B and C) Energies of the (B) LUMO and (C) HOMO of

loss of the electron from the HOMO with its
minimum at the cisoid configuration. In addi-
tion, placement of the electron in the antibond-
ing LUMO is expected to cause an increase in
the ligand-ligand distance, as is evidenced by
the strong enhancement of the symmetric
stretching mode in the resonance Raman spec-
trum. The time-dependent DFT calculation cor-
roborates these results in terms of the total
energy of the excited states.

Although the parent Ni(III)/(TV) metallacar-
borane couple (1T/1C; where R!, R?, R3, and
R* are H) cannot effectively rotate more than
41/5 about its rotational axis, the direction of
this rotation should depend on stereochemical
interactions of organic substituents if present on
the carbon vertices (Fig. 1). If each of the
dicarbollide ligands has one CH (R is H) and
one CR (R is an organic substituent such as
methyl, CH,), the resulting ligand asymmetry
will produce two diastereomeric sets of substi-
tuted Ni(IIT)/Ni(IV ) couples. These diastereo-
mers are designated d/ (one enantiomer of ar-
bitrary configuration selected for discussion
with R! and R?® as H and R? and R* as an
organic substituent) and meso (R' and R* as H
and R? and R? as an organic substituent).

One-electron oxidation of the depicted
Ni(IIT) enantiomer (1T) allowed the upper di-
carbollide ligand to rotate either clockwise or
counterclockwise with respect to the lower di-
carbollide ligand. A 4w/5S rotation in a clock-
wise direction achieved the cisoid Ni(IV) struc-
ture 1C. An additional clockwise 27/5 motion
generated an isomeric cisoid structure with the
R groups of the two ligands in close contact.
This interligand R-R repulsion would destabi-
lize this 671/5 rotational isomer with respect to
the first-formed 41/5 isomer. Counterclockwise
rotation of the upper ligand could only have
proceeded to the extent of 27/5 before the two
substituent R groups come into close contact,
thereby preventing further rotation and the for-
mation of the stabilized 1C cisoid structure.
Thus, the ground state—to—ground state rotation

www.sciencemag.org SCIENCE VOL 303 19 MARCH 2004
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of the selected enantiomer, resulting from con-
version of Ni(Il) to Ni(IV), occurred by the
4r/5 clockwise rotation pathway. The enantio-
mer of this Ni(IV) species would preferentially
rotate counterclockwise. Both processes would
be reversed upon one-electron reduction of the
corresponding Ni(IV) enantiomers. Oxidation
of the meso-Ni(IIl) isomer provides equal prob-
ability of 47/5 rotation in a clockwise or coun-
terclockwise direction. Thus, no preferential di-
rection of rotation is possible, as expected for
an achiral reactant proceeding to an achiral
product. Reduction (oxidation), with motion, of
the d- and /- enantiomers of 1C (1T) should
proceed at different rates with an enantiomeri-
cally enriched chiral reductant (oxidant).

This metallacarborane “nanowagger,” when
actuated by electrical or light energy, under-
went large-amplitude rotational motion and
thus exhibited two important criteria for bot-
tom-up construction of a nanomachine. If one
of the dicarbollide ligands were covalently
bonded to a surface to prevent its rotation and
the unencumbered ligand were made to rotate, a
complete machine could be synthesized. If two
or more individual motors with identical rota-
tional properties are linked to each other along
their rotational axes, the resulting “ganged” ro-
tor assembly will be capable of delivering uni-
directional rotation in multiples of 4/5, by
successive oxidation or reduction of the com-
ponent nickel centers. Potential applications of
the circular motion include modifying, on com-
mand, the properties of a surface or molecule to
which the device is attached and blocking and
opening specific regions on a surface, such as
pores or reactive sites. Operation of the nano-
wagger is not limited to physiological pH in
aqueous media; it could function in a variety of
environments, including organic and inorganic
liquids, gases, and vacuum.
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