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Y. Fujimura et al. beschreiben auf den folgenden Seiten die Synthese
eines chiralen molekularen Motors. Die Rotation dieses Motors wird
durch das koh�rente elektromagnetische Feld eines nichthelicalen
Laserpulses angetrieben und erfolgt in nur einer Drehrichtung.
Rechnungen auf der Basis von klassischer Mechanik und Quanten-
mechanik erkl�ren das Ph�nomen.
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Molecular Motors

Chiral Molecular Motors Driven by a Nonhelical
Laser Pulse**

KunihitoHoki,MasahiroYamaki, andYuichi Fujimura*

The field of molecular motors and machines is one of the most
rapidly advancing research areas in applied chemistry.[1–4] It is
expected that this area will play an important role in the
advent of nanoscience and nanotechnology. Most of the
molecular motors reported to date have been made from
chiral molecules that have asymmetric potentials. Further-
more, these motors are driven by concentration gradients that
are created by thermal and chemical forces, or by the time-
correlated forces of electromagnetic radiation.[5–9] Light-
driven molecular motors are particularly interesting because
their rotational directions, as well as their torque, can be
controlled by utilizing the properties of light, such as photon
polarization, frequency, and pulse shape.[10,11] For example, a
grid-mounted molecular dipolar rotor, driven by a circularly
polarized electric field, has been theoretically studied on the
basis of classical molecular dynamics.[6] It should be noted that
if helical light fields, such as circularly polarized lasers are
used, the chirality of the molecular motors is unnecessary.[12]

Interesting experiments regarding nonhelical-light-driven
chiral molecular motors have recently been reported;[8,9]

such motors consist of an alkene with two chiral centers.
cis–trans Isomerization that is induced by linearly polarized
visible or UV light generates repetitive unidirectional rota-
tion around a central carbon–carbon double bond, which is
followed by thermally induced cis–trans isomerization; the
latter blocks reverse rotation. In those experiments, the rate-
determining step of the motor action is the thermally
controlled isomerization, which is an incoherent process.[8,9]

To the best of our knowledge, there are only a few reports on
molecular motors driven by using the coherent properties of
radiation fields. Investigation of molecular motors driven by
the coherent properties of electromagnetic fields is therefore
required.

In this communication, on the basis of both quantum and
classical mechanical calculations, we explain how a chiral
molecular motor is unidirectionally driven by a nonhelical
coherent light pulse. For this purpose, 2-chloro-5-methyl-
cyclopenta-2,4-dienecarbaldehyde was chosen (Figure 1),
which is a simple, chiral molecular motor. In this communi-
cation, chiral molecules with an R formation are called (R)-

motors, and those with an S formation are termed (S)-motors.
The dihedral angle a between the O1–C2–C3 and C2–C3–H4

planes is set to be variable of the internal rotation of the CHO
group around the C2�C3 bond.

Figure 1 shows the potential energy of the (R)-motor as a
function of a. This chiral molecule has several properties that
are essential for a molecular motor. First, the potential energy
V(a) is asymmetric, as shown in Figure 1. The potential is
most stable at a=�0.26 rad. The potential slope is gentle
between a=�0.26 and �1.3 rad, and in contrast is steep
between a=�0.26 and 1.3 rad.

Secondly, the components of the dipole moment vector
m(a) vary greatly with different values of a because of the
electronegativity of the O1 atom. The difference between the
maximum and minimum of the components of the dipole
moment vector is nearly 4 D.[12] Dipole interactions with
electric fields of a few GVm�1 compare to a potential barrier
height of 1600 cm�1. The values of V(a) and m(a) were
calculated using an ab initio MO method.[13]

Thirdly, the rotational constants are 1.97, 1.16, and
0.79 GHz. Thus, the effects of molecular rotation with periods
of a few hundred picoseconds can be safely ignored, since the
molecular-motor dynamics of interest occur within several
tens of picoseconds.

The Hamiltonian of the molecular motor in a laser field
E(t) is expressed as:

hðtÞ ¼ � �h2

2 I
@2

@a2 þ Vða; tÞ ð1Þ

Here, I is the moment of inertia of internal rotation. The
total potential including the molecule–radiation field inter-
action V(a,t) is expressed within the dipole approximation as:

Vða; tÞ ¼ VðaÞ�mðaÞ � EðtÞ ð2Þ

Figure 1. The potential energy of an (R)-motor as a function of the
internal rotation coordinate a. The (R)-motor is also shown. The CHO
group around the C2�C3 bond is considered as the engine of the
motor, which is driven by a linearly polarized laser pulse.
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The time evolution of the molecular state, Y(t), is
estimated by solving the time-dependent Schr;dinger equa-
tion:

i �h
@

@t
YðtÞ ¼ hðtÞYðtÞ ð3Þ

As a measure of molecular-motor action, we introduce a
quantum mechanical expectation value of the angular
momentum operator of the internal rotation, h‘(t)i, defined
as:

h‘ðtÞi ¼
Z2p

0

daYðtÞ*
�
�i �h

@

@a

�
YðtÞ ð4Þ

Here, the sign and absolute quantity of the expectation
value correspond to the direction of the angular momentum
and its magnitude, respectively.

Figure 2b shows values for h‘(t)i calculated for an (R)-
motor driven by a linearly polarized laser pulse in the
Z direction at the low-temperature limit.[14] The envelope of
the electric field of the pulse used is shown in Figure 2a. For
simplicity, the body of the molecular motor was fixed at a
space: the direction of the C2�C3 bond is parallel to the z axis,
and the angle between the C3�H4 bond, projected onto the
yz plane and the z axis is 0.1p, at which angle the laser pulse
strongly interacts with the motor. Figure 2b shows that the
direction of rotation is unidirectional, as suggested by the
gentle slope of the potential shown in Figure 1. Furthermore,

Figure 2b shows that the temporal behavior of the motor can
be divided into three regimes: ignition, acceleration, and free
rotation. In the ignition regime, the dynamics of the motor are
characterized by the large amplitude vibration of a pendulum
motion. In the second regime, the motor begins rotating
unidirectionally and is accelerated by the applied laser pulse.
The magnitude of h‘(t)i follows the pulse envelope, as is
qualitatively shown by comparing Figure 2a and b. Between
the second and third regimes, such relationships start to break
down. In the third regime, in which the driving laser pulse
decreases in intensity and is eventually turned off, h‘(t)i
becomes a constant value (with some fluctuation) and the
motor is in a steady state.

So far only the (R)-motor has been discussed. The (S)-
motor can be considered similarly, as the potential energies of
the (S)- and (R)-motors are mirror images of each other, with
respect to a reflection plane located at a= 0. The unidirec-
tional motions of the (S)- and (R)-motors are opposite to each
other. We obtained a value for h‘(t)i of 9.4 @ 1011 rads�1 after
the laser pulse (tf< t).

To clarify the origin of the unidirectional motion shown in
Figure 2b, the results can be presented based on Newton's
laws of motion.[15] The initial ensemble was set to be a
canonical ensemble at T= 150 K. In Figure 2c, the solid line
shows the ensemble-averaged angular momentum, h‘(t)icl.
The temporal behavior of h‘(t)icl is similar to that shown in
Figure 2b, except for its smaller magnitude, which arises
mainly a result of temperature effects. To highlight the
important role of the asymmetric shape of the potential, the
dotted line in Figure 2c shows h‘(t)icl for an achiral molecule,
where a chlorine atom is substituted for the methyl group of
the chiral molecule. In the case of the achiral molecule,
unidirectional internal rotation is not created after the laser
pulse is turned off. This indicates that the unidirectional
internal rotation of the molecule driven by a linearly
polarized laser pulse originates from molecular chirality.
Figure 3 shows one of the classical trajectories of the
molecular motor. Here, the values for a(0) (�0.27 rad) and
the angular momentum ‘(0) (7.1 �h) were set as initial
conditions. Figure 3 shows that the motor dynamics consist
again of three regimes (ignition, acceleration, and rotation),
and that the motor begins moving unidirectionally toward
negative values of the asymmetric potential, a(t), with a
gentle slope near 13 ps, followed by a pendulum motion. The

Figure 2. a) The electric field of a laser pulse that is linearly polarized
to the z axis Ez(t)=E0 sin

2 (pt/tf )cos(wt) for 0< t< tf and Ez(t)=0 for
tf< t. Here, tf=30 ps, E0=3.4 GVm�1, and w=124 cm�1; b) temporal
behavior of the quantum-mechanically averaged angular momentum,
h‘(t)i ; c) temporal behavior of the averaged angular momentum based
on classical mechanics, h‘(t)icl. The solid line shows the angular
momentum of an (R)-motor, and the dotted line shows that of an
analogous achiral molecule.

Figure 3. The classical trajectory of a chiral molecular motor, driven by
a linearly polarized laser pulse.
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shoulder appearing between 12 and 13 ps originates from
climbing the “potential hump” located near a= 1.3 rad.

In conclusion, the unidirectional rotation of chiral molec-
ular motors driven by a nonhelical laser pulse has been
explained on the basis of both quantum mechanical and
classical mechanical calculations. The origin of the unidirec-
tional rotation lies in both the asymmetric potential of chiral
molecules and time-correlated forces created by laser–
molecule interactions.[16] The results obtained in this study
serve as a theoretical basis for the control of molecular motors
with pulsed lasers. A further study of molecular motors taking
into account damping effects will be presented elsewhere.
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