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Molecular motors or machines driven by external fields are
important in the design of functional molecular deviéesOptically
driven molecular motors are particularly interesting because optical
fields have actively controllable parameters, such as central photon

frequency, pulse duration, and polarization. One of the main issues 1600

in the design of such molecular motors is how to drive them in §1200

desired directions by means of lasers. It has been shown that the :g 800

direction of rotation of chiral molecular motors driven by linearly 400

polarized laser pulses without any optimization procedure depends O \ntuitive direction < — = Unintuitive direction
on their chirality. The direction of rotation of a chiral molecular b _0'5 O 0'5 /
motor is toward its gentle slope of the asymmetric potefitiaht ' ol xrad '

is, toward the intuitive direction (see Figure 1). There is no guiding rigyre 1. A chiral molecular motor,R)-2-chloro-5-methylcyclopenta-2,4-
principle for driving a motor in a predesired direction, for example, dienecarbaldehyde, and the potential function of the internal rotation of
intuitive or unintuitive direction. the aldehyde group. The intuitive (unintuitive) rotational direction indicated
by an arrow means that its rotation is toward the gentle (steep) slope of the

In this paper, we show on the basis of a quantum control theory potential.

that chiral molecular motors can be effectively driven in predesired
directions by applying linearly polarized laser pulses with optimized
electric fields. The theory of quantum control is well-known as an
effective method for design of control scenarios for chemical
reaction dynamics, and quantum control experiments combined with
a genetic algorithm have been carried 8at>

For this purpose, consideR)-2-chloro-5-methylcyclopenta-2,4-
dienecarbaldehyde as a simple model for chiral molecular motors,
as shown in Figure 1. The aldehyde group is its engine driven by
laser pulses propagating in tkeelirection, and the dihedral angle
O'-C?—-C8—H,* a, is a dynamic variable. The direction of thé-C
C® bond is set to be parallel to the spatially fixedaxis. , , . , ,
Intramolecular mode couplings associated withwere omitted. 0 50 100 150 200 250 300
This can be verified in the zero-order approximation because there t/ps
are relatively large frequency differences between vibrational and Figure 2. (a) Instantaneous angular momentui(t)l] of the chiral
rotational frequencies. This molecule can be fixed on a surface to Mlecular motor driven by controlled laser pulses: (a) rotation in the

. . intuitive direction and (b) rotation in the unintuitive direction. Note that

prevent its molecular rotatiéh'®or at a space by external forces,  ine iniitive rotation is driven earlier than in the unintuitive rotation.
such as an electric field.

The Hamiltonian of the molecular motor in a laser pulse of intuitive (unintuitive) rotation since the intuitive (unintuitive)
electric fieldE(t) is expressed within the dipole approximation as  rotation is in the minus (plus) direction (see Figure 1).
H(t) = Hu — p(a)-E(). Here,Hy is the molecular Hamiltonian Figure 2 shows the quantum mechanical expectation values of
that consists of the kinetic energy operator and the internal rotational instantaneous angular momentum of the molecular mait¢yC
potential functionV(a). u(a) is the dipole moment functionv/(o) defined asW(t)| — ihd/do| W (t)Jwhich were obtained by applying
andu(a) were evaluated by using an ab initio MO method. The the locally optimized method. The sign and absolute quantity of
quantum number of the highest excited bound state was estimatedhe expectation value correspond to the direction of the angular
to ben = 53 by solving the eigenvalue problem f;. momentum and its magnitude, respectively. Figure 2 clearly

The time evolution of the molecular stat(t), was evaluated indicates that rotational directions of the motor are controlled well
by solving the time-dependent S¢dioger equation. In locally at the final time of 300 ps. We s@¥/(t;)0= (|6600— i|65|1k/§ as
optimized control theory? E(t) is determined from the expression  the target state for an intuitive rotation an@g+ i|651v'2 as
E(t) = —2AImIW(t)Wu|P()L] whereA is a regulation parameter  that for an unintuitive rotation. Her¢g50and |66Jare eigenstates
of the laser intensity, and the operatd, is a target operator whose  whose frequencies are equal to each other within 0.00Z.¢Fhus,

0y ) 5

o0y ) 7

expectation value gives the maximum value at a final titme, these states are practically degenerate in our observation time and
Consider now quantum ignition of the motor from the ground correspond to those with rotational quantum numbers £33.

state|0to the internal rotational stafen[] wheremis the rotational Figure 3a (3b) shows time frequency resolved spectra of the

qguantum number. The final state should iee< 0 (m > 0) for electric fields,Sw, t), by which the motor is driven in the intuitive

7300 = J. AM. CHEM. SOC. 2005, 127, 7300—7301 10.1021/ja0437757 CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

120
80

40

120

-1

80

w/cm

40

4] 50 100 150 200 250 300
t/ps

Figure 3. Time frequency resolved spectra of electric fields of laser pulses
obtained by using a locally optimized control method: (a) that for the
intuitive direction of rotation and (b) that for the unintuitive direction.
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This is related to the fact that the intuitive rotation is a favorable
motion when laser pulses are used without any optimization
procedure. The time difference between these two opposite rotations
corresponds to the frequency difference between coherently excited
eigenstates of the doorway state. This means that the direction of
rotation is determined by the phase of a coherent superposition of
the rotational eigenstates created by controlled electric fields. The
time required to change the direction of rotations is given by the
inverse of the frequency difference between a pair of eigenstates.
The relation between the phase of rotational eigenstates and
rotational direction can be seen in papers on microwave-kicked
diatomic molecules and ratchéts.

In conclusion, we have shown on the basis of a quantum control
theory that a sequence of linearly polarized, chirped laser pulses
of far-IR frequencies can drive predirectional rotational motions
of a chiral molecular motor under an idealized condition. Generation
and processing of far-IR electric fields are now a hot research
subject in THz laser science and technoléylosed loop control
procedures combined with a pulse shaper working in the far-IR
spectral ranges are required to perform laboratory quantum control
of a chiral molecular motor in an optimal and efficient fashiéri#
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Figure 4. Time-dependent population in anth angular momentum state,

|ICm(t)|% () intuitive rotation and (b) unintuitive rotation. The former is
characterized by negative valuesrafat the final time, and the latter is

characterized by positive values.

(unintuitive) direction indicated in Figure 2a (2b). The designed
electric fields are of terahertz (THz) pulses with far-infrared
(far-IR) central frequencies. The pulses consist of a sequence of
chirped pulses. Note that time difference in the pulse tail end
between Figures 3a and 3l ~ 220 and 250 ps, respectively.
Results of the detailed analysis will be presented elsewhere.

To clarify the mechanism of unidirectional rotations driven by
the controlled laser pulses, we examined when unidirectional motion
begins, that is, when a nonstationary rotational stpigf)C] is
created,|W(t)0= ZCy(t)|mC] with only negative (positive) values
of min the intuitive (unintuitive) rotational direction.

Figure 4 shows the distribution of time-dependent coefficients,

|Cn(t)|2. We can see two dynamic stages; the first stage expresses

pendulum motions that are characterized by both negative and
positive values ofn, and the other stage expresses unidirectional

motions that are characterized by negative or positive values whose

maximum amounts to nearlyn ~ 40. We can see from Figure 4
that the intuitive rotation begins earlier than the unintuitive rotation.
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