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The mechanism of the unidirectional rotational motion of a chiral molecular motor driven by
linearly polarized laser pulses was theoretically studied. A simple aldehyde molecule was adopted
as a chiral molecular motor, in which a formyl group~–CHO! was the rotating part of the motor.
Temporal evolutions of the instantaneous angular momentum averaged over an ensemble of
randomly oriented motors were taken as a measure of the unidirectional motion. The contour plots
of the averaged instantaneous angular momentum were obtained by using a quantum master
equation approach that took into account relaxation effects and a classical trajectory approach. Two
regimes are found in the contour plots. One is an intense laser field regime in which the laser–motor
interaction energy exceeds the asymmetric potential barrier. In this regime, the motors are
unidirectionally driven in the intuitive direction, i.e., the gentle slope of the potential. The other
regime is a subthreshold laser intensity regime in which unintuitive rotational motions also occur.
This unintuitive rotation is found to be a quantum effect, as indicated by contour plots calculated by
taking into account temperature effects. ©2003 American Institute of Physics.
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I. INTRODUCTION

In recent years, there has been increased interest in
study of molecular motors due to their important applicatio
to the design of nanostructured devices.1–5 Koumura et al.
reported interesting results of experiments on molecu
motors.6,7 Their molecular motors were constructed fro
chiral aromatic compounds, andcis–trans photo-
isomerizations of the compounds induced by both linea
polarized incoherent UV~vacuum ultraviolet! lights and ther-
mal energy were the origin of unidirectional motion. Muc
interest has been shown in chiral molecular motors driven
laser pulses since such motors can in principle be contro
by using laser pulses. In previous studies, we clarified
roles of molecular chirality and photon helicity in determ
nation of unidirectional rotation.8 A linearly polarized laser
pulse with a strong intensity can rotate a chiral molecu
motor in an intuitive way. Here intuitive rotation means th
the direction of rotation is toward a gentle slope of the asy
metric potential of a chiral molecule. We have also sho
that the motor actions consist of a sequence of pendulum
true rotational motions after ignition of the motor by appl
ing a laser pulse.9

Several issues regarding chiral molecular motors dri
by laser pulses remain to be clarified. One issue is relate
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the mechanisms of unidirectional motion of chiral molecu
motors. It is well known that time-correlated forcesf (t) can
unidirectionally drive a ratchet system with asymmet
potential.10 An example of so-called Brownian motors
shown in the upper panel of Fig. 1. Here, the time-depend
effective potentialV(x,t) consisting of ratchet potentia
V0(x) and an interaction potential,x f(t) is schematically
shown. The effective potential is characterized by a nonp
odic coordinate-dependence. On the other hand, the lo
panel of Fig. 1 shows time-dependent effective potentia
which the interaction potential is of a periodic nature. Th
corresponds to a chiral molecular motor driven by linea
polarized laser pulses. The unidirectional motion cannot s
ply be explained from this figure because linearly polariz
laser pulses shake the asymmetric potential up and dow

Furthermore, we found from contour plots of time ev
lutions of instantaneous angular momentum that chiral m
lecular motors can rotate unintuitively as well as intuitive
in the case in which the applied laser is in the regime o
subthreshold intensity. The origin of such unintuitive rot
tions is not known.

Another issue is related to environmental effects. In o
previous studies, we used an idealized model for molec
motors, in which environmental effects were n
considered.8,9 Environmental factors have significant effec
on molecular motors. Analysis of environmental effects fro
a microscopic point of view provides information on th
mechanism by which kinetic energy of the motor is co
il:
3 © 2003 American Institute of Physics
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verted into heat. So far, environmental effects have b
studied mainly by using methods of classical molecular
namics simulations. Vacek and Michl carried out dynam
simulations of a molecular propeller mounted in the cente
a square grid that was exposed to a flow of a rare gas fro
supersonic nozzle.11 Spaceet al., showed the feasibility of
creating a measurable concentration gradient of prope
molecules in a solvent by a laser driven photophoresis p
cess by using molecular dynamics simulation.12

In this paper, we focus on the mechanisms of unidir
tional motions of chiral molecular motors driven by line
polarized laser pulses. In Sec. II, we briefly describe a th
retical method; the instantaneous angular momentum a
aged over an ensemble of randomly oriented motors is
rived from a quantum master equation approach that ta
into account environmental effects. In Sec. III, we pres
contour plots of the instantaneous angular momentum
show how unidirectional motions depend on laser inten
and central frequency. We discuss the mechanism of un
rectional motions in terms of a rotational wave packet c
ated by intense laser pulses. Two regimes were found in
contour plots: an intense laser field regime and a subthr
old laser intensity regime. In the intense laser field regim
the laser–motor interaction energy exceeds the asymm
potential barrier. The motors are unidirectionally driven
the intuitive direction. In the subthreshold laser intensity
gime, unintuitive rotational motions due to a quantum eff
occur.

II. THEORY

As a model system of a real quantum molecular mo
we selected a chiral aldehyde molecule shown in Fig. 2~a!.
The internal rotation of the formyl group CHO around t
C2– C3 bond is characterized by an asymmetric potential

FIG. 1. Two types of time-dependent effective potentialV(x,t). The poten-
tial consists of a ratchet potentialV0(x) and an interaction potential. In th
upper panel, the interaction potential is a nonperiodic one, for simplic
given byx f(t). Here, f (t) is a time-dependent term. Brownian motors a
driven by such a nonperiodic interaction potential. In the lower panel,
interaction potential is a periodic one. A chiral molecular motor driven b
linearly polarized laser pulse is explained in terms of such a periodic in
action ~see Fig. 4!.
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ergy as shown in Fig. 2~b!. The dihedral angle between th
O1– C2– C3 and C2– C3– R4 planes is the dynamical variabl
for the motor.

The model system has the essential properties of a t
cal molecular motor; that is, the potential energy surface
asymmetric, and the dipole moment vector varies to so
extent along the dihedral angle because of the electron
tivity of the O1 atom.8 Rotational constants of the whol
molecule are of the order of a few GHz~see Sec. III!. Since
the energy spectrum of whole molecular rotation is de
compared to that of the internal rotation, we consider a s
ation in which the whole molecular rotational state is e
pressed in terms of a mixed state consisting of many ro
tional levels. Under this situation, the whole molecu
rotation can be treated based on classical statistics. Effec
the molecular rotation within several tens of picoseconds
be ignored under low temperature conditions, or molecu
motors are considered to be isotropically imbedded in a g
in a way that does not prevent the aldehyde group from tu
ing freely. Since we ignore the molecular rotations, we ch
the axis of internal rotation rather than the principal axis
the moment of inertia as thez axis in a molecular fixed
frame.

The coordinates of the motor are defined in Fig. 2~a!,
where theZ axis is the direction of the electric field in
spatially fixed frame. The Hamiltonian of the molecular m
tor in the electric field of the laserE(t) is expressed within
the semiclassical representation of matter and radiation fi
interactions as

,

e

r-

FIG. 2. ~a! A chiral molecular motor with internal rotational coordinatea of
a CHO group and Euler anglesV~f,u,x!. The Euler angles define the ori
entation in space of the main part of the molecule that includes a fi
membered ring. In this figure,2R4 represents an alkyl group.~b! Potential
energies calculated as a function ofa of ~S! and~R! motors. Here, a hydro-
gen atom is substituted for the alkyl group2R4. ~c! Dipole moments of the
~R! motor.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Hj~ t !52
\2

2I

]2

]a2
1Veff

j ~ t ! ~j5S or R!. ~1!

Here, I is the moment of inertia of the molecular moto
Effective interactionVeff

j (t) is expressed within the dipol
approximation as

Veff
j ~ t !5Vj~a!2mj~a!"E~ t !, ~2!

whereVj(a) is the asymmetric potential energy function
the molecular motor, andmj(a) is the dipole moment vector
The inner product,mj(a)"E(t), depends on the Euler angle
V~f,u,x!. The asymmetry in the potential originates fro
molecular chirality, for example,Sor R. The superscriptj is
explicitly indicated in Eqs.~1! and~2! since nuclear motions
associated with chiral change are not taken into account
the internal rotation is defined within each chiral molecu
In this paper, we call a molecular motor constructed from
~S! enantiomer and that constructed from an~R! enantiomer
an ~S! motor and~R! motor, respectively.

Consider that the motor system interacts with bathB and
that the total Hamiltonian is described by

HT
j ~ t !5Hj~ t !1HB1HI

j , ~3!

whereHB is the Hamiltonian of bathB, andHI
j is the inter-

action between the system and bathB. We assume that the
system and the bath are separable. Within this approxi
tion, dynamics of the motor system is described by its
duced density matrixrj(t) that is obtained from the tota
density matrixrT

j (t) by taking the trace over the bath var
ables asrj(t)5TrB$rT

j (t)%.
In this paper, we adopt a Lindblad-type equation as

equation of motion of the reduced density operatorrj(t),13,14

i\
]

]t
rj~ t !5@Hj~ t !,rj~ t !#1

i

2 (
n

$@An
jrj~ t !,An

j†#

1@An
j ,rj~ t !An

j†#%. ~4!

The above differential equation has desirable properties a
equation of motion of the density operator. That is,~i! Eq. ~4!
is linear forrj(t), ~ii ! rj(t) retains essential properties of th
density operator: Hermitian, positive definite, and trace
equal to unity, and~iii ! Eq. ~4! has a semi-group property o
the typei\(d/dt)rj(t)5Ljrj(t), whereLj is a linear map-
ping of operators.

The initial staterj(t50) is in thermal equilibrium, that
is, the canonical distribution without electric field at tem
peratureT. The time-dependent Hamiltonian and the sta
satisfy the periodical boundary condition of 2p. The second
term in the right-hand side of Eq.~4! denotes the relaxation
effects originating from interactions between motors a
bath modes of their environment. In this paper, we set
interaction operatorAn

j to un11&jan
j^nu1un&jbn

j^n11u,
(n50,1,...). Only inelastic scattering processes were ta
into account and elastic interactions were ignored. Here
qualitatively discuss relaxation effects, both the interact
parametersan andbn were assumed to be given by
Downloaded 04 Nov 2009 to 130.34.135.83. Redistribution subject to AIP
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En112E0

E12E0
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in which En denotes thenth eigenstate of the quantum moto
and t0 is relaxation time fromn51 to 0. This is a simple
extension of the two-state model to the multistate system
the motor. The quantum master equation, Eq.~4!, was solved
by means of the split operator and a finite difference meth
with a fast Fourier transform algorithm using 256 grids fora.

In order to quantitatively discuss the dynamics of m
lecular motors in a quantum mechanical way, we now int
duce an angular momentum operator of the internal rota
2 i\(]/]a). An expectation value of the angular momentu
operator at timet, l j(t), is defined as

l j~ t !5E
2p

p

da8E
2p

p

daH 2 i\
]d~a82a!

]a
rj~a,a8,t !J ,

~5!

whererj(a,a8,t) denotesrj(t) in the coordinate represen
tation. In this paper,l j(t) is called the instantaneous angul
momentum.

The instantaneous angular momentum of an ensemb
randomly oriented motors,^ l j(t)&, is expressed by averagin
l j(t) over all of the Euler anglesV~f,u,x! as

^ l j~ t !&V5
1

8p2 E0

2p

dfE
0

p

duE
0

2p

dx l j~ t !sinu. ~6!

The linearly polarized electric field has a symmetry arou
the Z axis or Euler anglef. Twofold integral calculus was
carried out by using the trapezoidal rule with 16 grid poin
for u and 64 grid points forx.

III. RESULTS AND DISCUSSION

In order to accurately evaluate properties of chiral m
lecular motors, we selected 2-methyl-cyclopenta-2
dienecarbaldehyde, in which a hydrogen atom is substitu
for the alkyl group, -R, shown in Fig. 2~a!.15 Rotational con-
stants of the whole molecule are 1.97, 1.16, and 0.79 GH8

The potential energies and dipole moments of the chiral m
lecular motor were calculated using theGAUSSIAN 98package
of programs.16 The 6-31G(d) basis set in the MP2 metho
was used. The potential energy was calculated at every d
dral angle, O1– C2– C3– H4, while all of the other internal
coordinates were fully optimized. Figure 2~c! shows the
three components of the dipole moment vector as a func
of a, which were calculated in the molecular fixed Cartes
coordinatesxyz. Here thez axis is set to be heading from C3

to C2, and thex axis is set to be heading to H4 and is at a
right angle to thez axis. We note from a symmetric consid
eration that thosex and y components are expressed in
good approximation by a sinusoid function, i.e.,mS(a)
5m cos(a)ex2m sin(a)ey for the ~S! motor and mR(a)
52m cos(a)ex2m sin(a)ey for the ~R! motor. Here,m is
nearly 2 D, the internal rotation axis is parallel to the m
lecular fixedz axis, andex andey are unit vectors ofx andy,
respectively.

Figure 3 shows the temporal behaviors of the instan
neous angular momentum̂l R(t)&V(^ l S(t)&V) of the ~R! ~~S!!
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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motors in the case in which there exist relaxation proces
For comparison, the temporal behaviors
^ l R(t)&V(^ l S(t)&V) in the case in which there is no relaxatio
process are shown as well. The electric field of the la
pulse is:E(t)5 f (t)cos(vt)eZ for 0<t<t f and E(t)50 for
t f,t. Here, t f530 ps, its central frequencyv is set to be
2.3431013rad/s (124 cm21), and pulse envelope functio
f (t) is set to beE0 sin2(pt/tf) with E053.4 GV/m. We can
see that unidirectional rotational motion is maintained ev
if the laser pulse is turned off in the case in which there is
relaxation process. This means that a part of time-depen
density forms a rotating wave packet.8 It should be noted tha
the rotational direction of the~S! motor is opposite to that o
the~R! motor and the direction of rotation of both the moto
is toward the gentle slope of each potential. This indica
that the direction of rotation of motors can be controlled
changing molecular chirality.17,18

Figure 3 also shows the effects of relaxation
^ l j(t)&V . The relaxation time from the first excited state
the ground state,t0 , was taken to be a relaxation paramet
In these simulations, we ignored ultrafast inertial effects,
suming that the modeled system was weakly fluctuati
Such a situation can be realized in the case in which mo
are surrounded by solvent cage molecules or imbedded
rigid solvent under low temperature conditions.19 It is well
known that internal rotation of a substituent that is chem
cally bonded to an aromatic ring of a molecule is subjec
to relaxation due to inelastic interactions between its s
stituent and solvents or intramolecular interactions in a s
vent. The magnitudes of such relaxations have been m
sured by spectroscopic techniques such as electron
resonance.20 In Fig. 3, we can see strong dependence ont0 .
This is mainly because effective relaxation times were ta
to be proportional to the excess energy of the internal ro
tion in the present relaxation model. Therefore, the mag

FIG. 3. Temporal behaviors of the instantaneous angular momentum
randomly oriented~R! motors,^ l R(t)&V , denoted by a solid line, and thos
of ~S! motors,^ l S(t)&V , denoted by a dotted line atT5150 K. t0 denotes
the relaxation time from the first excited state (n51) to the lowest state
(n50).
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tude of the effective relaxation time in the 54th quantu
state just over barrier heightV0 is shorter than that oft0 by
about two orders of magnitude, for example,;5 ps for t0

5100 ps. One of the methods for continuously driving m
lecular motors under such a relaxation condition is to
quentially apply intense laser pulses to the motor in orde
recover the rotational energy loss and accelerate the rota
The results shown in Fig. 3 were obtained by application
only one intense pulse.

Figure 4 shows the effective potential and rotation
wave packets of the~R! motor at several Euler spatial con
figurations to qualitatively understand its unidirectional m
tion. The creation of rotational wave packets and detai
analysis of their time evolution are discussed elsewher21

The Euler angleu was set to be 0.5p, which gives the maxi-
mum overlap between the dipole moment vector and
photon polarization. The amplitude of the electric field w
set to be the same as that in Fig. 3. The rotational w
packet was initially localized around the stable configurati
a.0. It can be seen from Fig. 4 that the initial rotation
wave packet at the configurationx50 at vt5p or x5p at
vt50 moves toward the left-hand side with a gentle slo
when the wave packet is shaken by a strong pulsed laser
the other hand, Figs. 4~c! and 4~d! show that the rotationa
wave packet shaken by a pulsed laser at the configura
x560.5p cannot obtain sufficient angular momentum
cross the potential barrier after the laser pulse is turned
The origin of the unidirectional motion is the asymmetry
the rotational potential. The laser acts as an accelerator o
molecular motor. The initial angular momentum is lar
enough to determine the rotation toward the gentle slope
the rotational potential after the application of the las
pulse.

We now examine the dependence ofv and E0 on the
molecular motors. Figure 5 shows contours of the angu

of
FIG. 4. A schematic view of a localized rotational wave packet on
effective potential energy function of the~R! motor fixed at specified Euler
anglex and timevt. The effective potential is constructed from the intern
rotation potential and the time-dependent periodic interaction of the ch
motor.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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momentum att530 ps in the case in which there is no r
laxation process. In Fig. 5, the absolute values of the ang
momentum larger than;0.1 \, which mainly result from
averaging over orientations of motors, are persistent and
due to instantaneous fluctuations because such absolute
ues can be seen at a time longer than 30 ps. It can be se
Fig. 5 that the contours can be divided into two regions.
dividing line is denoted by a broken line. There also exi
such a dividing line in other time domains. The critical val
of E0 is nearly 2.4 GV/m, which corresponds to the lase
motor interaction energy whose magnitude is 1650 cm21.
The interaction energy is equal toV0 to a good approxima-
tion. In the region above the dividing line, the sign of t
greater part of the angular momentum^ l R(t)&V is negative,
i.e., motors rotate toward the gentle potential energy side
this region, the magnitude of the laser–motor interaction
greater than that of the internal rotational potential bar
2mE0.V0 , ensuring nonresonant forced rotation. On t
other hand, in the region below the dividing line, unintuitiv

FIG. 6. Temporal behaviors of~R! motors in a regime of medium intensit
in which 2mE0,V0 is satisfied. Here,E052.2 GV/m andv5114.0 cm21.
The other parameters are the same as those in Fig. 3. The solid line de
^ l R(t)&V calculated using the quantum master equation, and the dotted
denoteŝ l R(t)&V calculated using classical mechanics. The solid line in
cates unintuitive rotation, while the dotted line indicates no rotation after
laser pulse is turned off.

FIG. 5. ~Color! Contour plots of the angular momentum in units of\ of
randomly oriented~R! motors^ l R(t)&V as a function of central frequencyv
and amplitudeE0 of a laser pulse att530 ps and atT5150 K. The same
envelope form of the electric field as that of previous one,f (t), is adopted.
The broken line denotes a threshold dividing intuitive and nonintuitive
tations. The red zone above the dividing line indicates highly intuitive ro
tions.
Downloaded 04 Nov 2009 to 130.34.135.83. Redistribution subject to AIP
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reverse rotations toward the steeper potential energy side
cur, although the initial angular rotation is toward the gen
side as shown in Fig. 6.

Figure 6 shows temporal behaviors of~R! motors in a
regime of medium laser intensity, 2mE0,V0 . We can see in
Fig. 6 that reverse rotations, i.e., unintuitive rotations, oc
just after the transient forward rotation around the pulse p
condition at 15 ps. This type of unintuitive motion is due
a quantum effect. To clarify this, contour plots of the angu
momentum based on classical mechanics are also show
Fig. 7, wherê l R(t)&V was obtained by solving the classic
equation of motions. Here, for simplicity, relaxation effec
were omitted. The initial distribution was set to be a cano
cal distribution at temperatureT5150 K. The results of the
classical treatment show that there is no unidirectional ro
tion under the same condition as that used in solving
quantum master equation witht05`. On the other hand, the

tes
ne
-
e

FIG. 7. ~Color! Contour plots of the angular momentum in units of\ of
randomly oriented~R! motors^ l R(t)&V at T5150 K, which were calculated
using classical mechanics.

FIG. 8. ~Color! Contour plots of the angular momentum in units of\ of
randomly oriented~R! motors ^ l R(t)&V at T;0 K, which were quantum
mechanically calculated.

-
-
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same intuitive rotation as that obtained by the quantum m
ter equation is reproduced in the case in which condit
2mE0.V0 is satisfied, as can be seen in Fig. 7. If there is
relaxation effect, the unintuitive rotation persists after t
laser pulse is turned off. In the presence of relaxation p
cesses, e.g., in the case oft05100 ps, the rotation disappea
at t520 ps, which is similar to that shown in Fig. 3. Th
quantum behaviors are diminished because the magnit
of ^ l R(t)&V are small compared with those in the intuitiv
case shown in Fig. 3 by a factor of 6–8. Therefore, to o
serve such quantum behaviors, the molecular system sh
be placed under a condition in which the relaxations have
significant contribution.

Results of simulations of temperature dependence
contour plots of angular momentum further support
speculation that unintuitive motions are due to quantum
fects in a regime of medium laser intensity. Figure 8 sho
the contour plots quantum mechanically calculated un
low temperature conditions atT;0 K, where the initial den-
sity operator is expressed in terms of the pure ground in
nal rotational stateu0&^0u. Here we notice that area of unin
tuitive motions increases in size compared with those aT
5150 K shown in Fig. 5.

In summary, we have clarified the mechanism of uni
rectional motion of randomly oriented chiral molecular m
tors driven by linearly polarized laser pulses by analyzing
contour plots of the instantaneous angular momentum a
aged over their orientations. The instantaneous angular
mentum was estimated by using a quantum master equa
approach and a classical approach of a trajectory calcula
The internal rotation of a chiral aldehyde molecule was c
sidered as a simple system of a chiral molecular motor
which a formyl group~–CHO! was the rotating part of the
motor. In an intense laser field regime, unidirectional ro
tional motion occurs in the intuitive direction of the gent
potential side. In a subthreshold laser intensity regime,
unintuitive rotational motion, which is due to quantum e
fects, occurs. Such unidirectional motions have qualitativ
been explained in terms of rotational wave packets on
effective potential created by an intense laser pulse: the w
packet is impulsively rocking up and down by linearly p
larized intense pulses and driven in an intuitive manner. I
sub-intensity regime, the wave packet may split into t
parts: one that moves in an intuitive direction and the ot
that moves in an unintuitive direction.

Finally, it should be noted that the kinetic energy of un
directional rotation created by a laser pulse was directly c
verted to thermal energy through motor–bath couplin
without any work. The possibility of converting the kinet
energy of motors into that of other systems, e.g., propel
molecules, should be considered in future works. The po
bility of converting the kinetic energy into potential energi
Downloaded 04 Nov 2009 to 130.34.135.83. Redistribution subject to AIP
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of other molecular systems, bringing about a change in
shapes or assemblies of the systems, should also be co
ered.
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