REAFEEBUKNSFY

Tohoku University Repository

Mechanism of unidirectional motions of chiral
molecular motors driven by linearly polarized

pulses

00O OO0 OO0

journal or Journal of Chemical Physics
publication title

volume 119

number 23

page range 12393-12398

year 2003

URL http://hdl.handle.net/10097/46255

doi: 10.1063/1.1621622




JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 23 15 DECEMBER 2003

Mechanism of unidirectional motions of chiral molecular motors driven
by linearly polarized pulses

Kunihito Hoki and Masahiro Yamaki
Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

Shiro Koseki
Department of Material Science, College of Integrated Arts and Sciences, Osaka Prefecture University,
Sakai, Osaka 599-8531, Japan

Yuichi Fujimura®
Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

(Received 28 April 2003; accepted 3 September 2003

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 gropCHO) 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 the mechanisms of unidirectional motion of chiral molecular
motors. It is well known that time-correlated forcg4) can

In recent years, there has been increased interest in theidirectionally drive a ratchet system with asymmetric
study of molecular motors due to their important applicationspotenti;,ll_lo An example of so-called Brownian motors is
to the design of nanostructured deviée3Koumuraetal.  shown in the upper panel of Fig. 1. Here, the time-dependent
reported interesting results of experiments on moleculaeffective potential V(x,t) consisting of ratchet potential
motors®’ Their molecular motors were constructed from Vo(x) and an interaction potentiakf(t) is schematically
chiral aromatic compounds, andcis-trans photo-  shown. The effective potential is characterized by a nonperi-
isomerizations of the compounds induced by both linearlyodic coordinate-dependence. On the other hand, the lower
polarized incoherent UWacuum ultravioletlights and ther-  panel of Fig. 1 shows time-dependent effective potential in
mal energy were the origin of unidirectional motion. Much which the interaction potential is of a periodic nature. This
interest has been shown in chiral molecular motors driven byorresponds to a chiral molecular motor driven by linearly
laser pulses since such motors can in principle be controllegolarized laser pulses. The unidirectional motion cannot sim-
by using laser pulses. In previous studies, we clarified thely be explained from this figure because linearly polarized
roles of molecular chirality and photon helicity in determi- |aser pulses shake the asymmetric potential up and down.
nation of unidirectional rotatiofi A linearly polarized laser Furthermore, we found from contour plots of time evo-
pulse with a strong intensity can rotate a chiral moleculaiutions of instantaneous angular momentum that chiral mo-
motor in an intuitive way. Here intuitive rotation means thatlecular motors can rotate unintuitively as well as intuitively
the direction of rotation is toward a gentle slope of the asymin the case in which the applied laser is in the regime of a
metric potential of a chiral molecule. We have also shownsubthreshold intensity. The origin of such unintuitive rota-
that the motor actions consist of a sequence of pendulum angbns is not known.
true rotational motions after ignition of the motor by apply- Another issue is related to environmental effects. In our
ing a laser pulsé. previous studies, we used an idealized model for molecular

Several issues regarding chiral molecular motors driverimotors, in which environmental effects were not
by laser pulses remain to be clarified. One issue is related teonsidered:® Environmental factors have significant effects
on molecular motors. Analysis of environmental effects from

3Author to whom all correspondence should be addressed; electronic maift micrO_SCODiC pOiI’_]t of _Vie\_N provides information (_:m the
fujimura@mcl.chem.tohoku.ac.jp mechanism by which kinetic energy of the motor is con-
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FIG. 1. Two types of time-dependent effective potenték,t). The poten-

tial consists of a ratchet potentieh(x) and an interaction potential. In the
upper panel, the interaction potential is a nonperiodic one, for simplicity,
given byxf(t). Here,f(t) is a time-dependent term. Brownian motors are
driven by such a nonperiodic interaction potential. In the lower panel, the
interaction potential is a periodic one. A chiral molecular motor driven by a
linearly polarized laser pulse is explained in terms of such a periodic inter-
action (see Fig. 4.
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FIG. 2. (a) A chiral molecular motor with internal rotational coordinai®f

a CHO group and Euler anglé¥(¢,6,x). The Euler angles define the ori-

. . entation in space of the main part of the molecule that includes a five-
verted into heat. So far, environmental effects have bee%embered ring. In this figure; R* represents an alkyl groufb) Potential
studied mainly by using methods of classical molecular dy-energies calculated as a function®bf (S) and(R) motors. Here, a hydro-
namics simulations. Vacek and Michl carried out dynamicsgen atom is substituted for the alkyl groagR". (c) Dipole moments of the
simulations of a molecular propeller mounted in the center of® motor.

a square grid that was exposed to a flow of a rare gas from a

supersonic nozzI¥. Spaceet al, showed the feasibility of ergy as shown in Fig.(®). The dihedral angle between the

creating a measurable concentration gradient of propellebl_cz_cg and C—C3— R planes is the dvnamical variable
molecules in a solvent by a laser driven photophoresis prof- P y

) . . or the motor.
cess by using molecular dynamics simulattén. . . .
. ) - The model system has the essential properties of a typi-
In this paper, we focus on the mechanisms of unidirec-

. . . . : cal molecular motor; that is, the potential energy surface is
tional motions of chiral molecular motors driven by linear

polarized laser pulses. In Sec. II, we briefly describe a theoz_asymmetnc, and the dipole moment vector varies to some

retical method: the instantaneous angular momentum aVeextent along the dihedral angle because of the electronega-

. : {|V|ty of the O' atom® Rotational constants of the whole
aged over an ensemble of randomly oriented motors is de- .
. f molecule are of the order of a few GHgee Sec. Il Since
rived from a quantum master equation approach that take

: . e energy spectrum of whole molecular rotation is dense
into account environmental effects. In Sec. Ill, we presen . : . .

. compared to that of the internal rotation, we consider a situ-

contour plots of the instantaneous angular momentum tQ,. . . ) :

S : . .. ation in which the whole molecular rotational state is ex-

show how unidirectional motions depend on laser intensity

. . . pressed in terms of a mixed state consisting of many rota-
and central frequency. We discuss the mechanism of unidiz TR
. . . . tional levels. Under this situation, the whole molecular
rectional motions in terms of a rotational wave packet cre- . . .
. . .~ rotation can be treated based on classical statistics. Effects of
ated by intense laser pulses. Two regimes were found in th

) . . : fhe molecular rotation within several tens of picoseconds can
contour plots: an intense laser field regime and a subthrestj-

. . . . , .~ be ignored under low temperature conditions, or molecular
old laser intensity regime. In the intense laser field regime

4 ) motors are considered to be isotropically imbedded in a glass
the laser—motor interaction energy exceeds the asymmetric

i . e . . In a way that does not prevent the aldehyde group from turn-
potential barrier. The motors are unidirectionally driven in.

the intuitive direction. In the subthreshold laser intensity re-"9 fre_ely. S_mce e ighore the molecular rotatl_ong, we c_hose
) o . . the axis of internal rotation rather than the principal axis of
gime, unintuitive rotational motions due to a quantum effect . . L .
oceur the moment of inertia as the axis in a molecular fixed
' frame.
The coordinates of the motor are defined in Figa)2
where theZ axis is the direction of the electric field in a
As a model system of a real quantum molecular motorspatially fixed frame. The Hamiltonian of the molecular mo-
we selected a chiral aldehyde molecule shown in Fig).2 tor in the electric field of the laseE(t) is expressed within
The internal rotation of the formyl group CHO around the the semiclassical representation of matter and radiation field

C?—C® bond is characterized by an asymmetric potential eninteractions as

Il. THEORY
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in which E,, denotes thath eigenstate of the quantum motor,
and g is relaxation time froom=1 to 0. This is a simple
extension of the two-state model to the multistate system of
the motor. The quantum master equation, @&g. was solved

h? o aﬁ F<_ En+1—En

Here, | is the moment of inertia of the molecular motor.
Effective interactionvgﬁ(t) is expressed within the dipole
approximation as

Vgﬂ(t)=V§(a)—ﬂ§(a)-E(t), ) b)_/ means of th(_a split operator anq a finit(_a differenc_e method
with a fast Fourier transform algorithm using 256 grids dor
whereVé(«) is the asymmetric potential energy function of !N order to quantitatively discuss the dynamics of mo-

the molecular motor, angté(«) is the dipole moment vector, '€cular motors in a quantum mechanical way, we now intro-
The inner productué(a)-E(t), depends on the Euler angles duce an angular momentum operator of the internal rotation
Q(¢,0,x). The asymmetry in the potential originates from —ifi(dlda). An exgecta_tlon v_alue of the angular momentum
molecular chirality, for exampleS or R The superscripgis ~ OPerator at time, 1%(t), is defined as

explicitly indicated in Eqs(1) and(2) since nuclear motions ; T 98(a’ —a) ; ,
associated with chiral change are not taken into accountand 15()=| da’ [ daj—ift———p (a,a’ ),

the internal rotation is defined within each chiral molecule. N i 5)
In this paper, we call a molecular motor constructed from an ; ) o )

(S enantiomer and that constructed from @) enantiomer ~Wherep®(a,a’,t) denotesp*(t) in the coordinate represen-

an (S) motor and(R) motor, respectively. tation. In this paperé(t) is called the instantaneous angular
Consider that the motor system interacts with agnd ~ momentum.
that the total Hamiltonian is described by The instantaneous angular momentum of an ensemble of
randomly oriented motorg| ¢(t)), is expressed by averaging
HE(t) =HE(t) + Hg+ HE, (3) 1£(t) over all of the Euler angle€(¢,6,x) as
2 T 2
whereHg is the Hamiltonian of batlB, andHl§ is the inter- <|§(t)>ﬂzi2 dd’f dgf dx 14(t)sin 6. (6)
action between the system and b&hWe assume that the 8w Jo 0 0

system and the bath are separable. Within this approximarpe jinearly polarized electric field has a symmetry around
tion, dynamics of the motor system is described by its réyhe 7 axis or Euler anglep. Twofold integral calculus was
duced density matrip*(t) that is obtained from the total caried out by using the trapezoidal rule with 16 grid points
density matr|Xp$(t) by taking the trace over the bath vari- to; g and 64 grid points fory.
ables agé(t) =Trg{p(1)}.
In this paper, we adopt a Lindblad-type equation as thq“_ RESULTS AND DISCUSSION

equation of motion of the reduced density operatt), >4

In order to accurately evaluate properties of chiral mo-

4 i ; ot lecular motors, we selected 2-methyl-cyclopenta-2,4-
'ﬁﬁpg(t):[Hg(t)'Pé(t)H E; {[A(1),AL] dienecarbaldehyde, in which a hydrogen atom is substituted
for the alkyl group, -R, shown in Fig.(8).1° Rotational con-
+AL, p(t)ALTL (4)  stants of the whole molecule are 1.97, 1.16, and 0.79 &Hz.

The potential energies and dipole moments of the chiral mo-

The above differential equation has desirable properties as decular motor were calculated using theussIAN 98package
equation of motion of the density operator. ThatisEq.(4)  of programs® The 6-31G¢l) basis set in the MP2 method
is linear forp®(t), (ii) p%(t) retains essential properties of the was used. The potential energy was calculated at every dihe-
density operator: Hermitian, positive definite, and trace isdral angle, 3—C?>—~C3*—H?, while all of the other internal
equal to unity, andiii) Eq. (4) has a semi-group property of coordinates were fully optimized. Figure(c2 shows the
the typei# (d/dt) pé(t) = L5p%(t), whereL?f is a linear map- three components of the dipole moment vector as a function
ping of operators. of a, which were calculated in the molecular fixed Cartesian

The initial statep(t=0) is in thermal equilibrium, that coordinatesxyz Here thez axis is set to be heading fron?C
is, the canonical distribution without electric field at tem-to C?, and thex axis is set to be heading to*tand is at a
peratureT. The time-dependent Hamiltonian and the statesight angle to thez axis. We note from a symmetric consid-
satisfy the periodical boundary condition ofr2The second eration that thosex and y components are expressed in a
term in the right-hand side of E@4) denotes the relaxation good approximation by a sinusoid function, i.qu>(«)
effects originating from interactions between motors and= u cos@)e,— u sin(a)g, for the (S motor and pR (@)
bath modes of their environment. In this paper, we set the= — u cos@)e,— u sin(@)e, for the (R) motor. Here,u is
interaction operatorAé to |n+1)¢a,é(n|+|n)¢b,é(n+1|, nearly 2 D, the internal rotation axis is parallel to the mo-
(n=0,1,...). Only inelastic scattering processes were taketecular fixedz axis, ande, ande, are unit vectors ok andy,
into account and elastic interactions were ignored. Here, toespectively.
qualitatively discuss relaxation effects, both the interaction  Figure 3 shows the temporal behaviors of the instanta-
parameters, andb, were assumed to be given by neous angular momentufh(t)) o ((15(t)) ) of the (R) ((S))
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FIG. 3. Temporal behaviors of the instantaneous angular momentum of

) S FIG. 4. A schematic view of a localized rotational wave packet on the
randomly orientedR) motors,{IR(t)),, , denoted by a solid line, and those . i h ) o
of (S motors,(I(t))q, denoted by a dotted line &t=150 K. 7, denotes effective potential energy function of tH&) motor fixed at specified Euler

the relaxation time from the first excited state=(1) to the lowest state anglt_ex and timewt. The effgctlve potential is cgns_tru_cted frqm the |nterngl
(n=0). rotation potential and the time-dependent periodic interaction of the chiral

motor.

motors in the case in which there exist relaxation processesude of the effective relaxation time in the 54th quantum
For  comparison, the  temporal behaviors  of state just over barrier height, is shorter than that of, by
(IR1))o({(I5(t))q) in the case in which there is no relaxation about two orders of magnitude, for exampte5 ps for 7,
process are shown as well. The electric field of the laser 100 ps. One of the methods for continuously driving mo-
pulse is:E(t) = f(t)coswt)e, for O<t=<t; andE(t)=0 for  lecular motors under such a relaxation condition is to se-
t;<t. Here,t;=30ps, its central frequency is set to be quentially apply intense laser pulses to the motor in order to
2.34x 10"rad/s (124 cm?), and pulse envelope function recover the rotational energy loss and accelerate the rotation.
f(t) is set to beE, sir(wt/ty) with Eq=3.4GV/m. We can The results shown in Fig. 3 were obtained by application of
see that unidirectional rotational motion is maintained everonly one intense pulse.
if the laser pulse is turned off in the case in which there isno  Figure 4 shows the effective potential and rotational
relaxation process. This means that a part of time-dependentave packets of théR) motor at several Euler spatial con-
density forms a rotating wave packat should be noted that figurations to qualitatively understand its unidirectional mo-
the rotational direction of th€S) motor is opposite to that of tion. The creation of rotational wave packets and detailed
the (R) motor and the direction of rotation of both the motors analysis of their time evolution are discussed elsewhere.
is toward the gentle slope of each potential. This indicateShe Euler angled was set to be 04, which gives the maxi-
that the direction of rotation of motors can be controlled bymum overlap between the dipole moment vector and the
changing molecular chirality/*8 photon polarization. The amplitude of the electric field was
Figure 3 also shows the effects of relaxation onset to be the same as that in Fig. 3. The rotational wave
(I(1))q . The relaxation time from the first excited state to packet was initially localized around the stable configuration,
the ground statez,, was taken to be a relaxation parameter.a=0. It can be seen from Fig. 4 that the initial rotational
In these simulations, we ignored ultrafast inertial effects, aswave packet at the configuration=0 at wt= or y= at
suming that the modeled system was weakly fluctuatingmt=0 moves toward the left-hand side with a gentle slope
Such a situation can be realized in the case in which motor&hen the wave packet is shaken by a strong pulsed laser. On
are surrounded by solvent cage molecules or imbedded inthe other hand, Figs.(d) and 4d) show that the rotational
rigid solvent under low temperature conditiofidt is well ~ wave packet shaken by a pulsed laser at the configuration
known that internal rotation of a substituent that is chemi-y==*0.57 cannot obtain sufficient angular momentum to
cally bonded to an aromatic ring of a molecule is subjectedross the potential barrier after the laser pulse is turned off.
to relaxation due to inelastic interactions between its subThe origin of the unidirectional motion is the asymmetry of
stituent and solvents or intramolecular interactions in a solthe rotational potential. The laser acts as an accelerator of the
vent. The magnitudes of such relaxations have been meanolecular motor. The initial angular momentum is large
sured by spectroscopic techniques such as electron spanough to determine the rotation toward the gentle slope of
resonancé’ In Fig. 3, we can see strong dependencergn  the rotational potential after the application of the laser
This is mainly because effective relaxation times were takempulse.
to be proportional to the excess energy of the internal rota- We now examine the dependence wfand E, on the
tion in the present relaxation model. Therefore, the magnimolecular motors. Figure 5 shows contours of the angular
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FIG. 5. (Color) Contour plots of the angular momentum in units7obf FIG. 7. (Color) Contour plots of the angular momentum in units7obf

randomly orientedR) motors(IR(t)), as a function of central frequeney randomly orientedR) motors(IR(t)),, at T=150 K, which were calculated
and amplitudeE, of a laser pulse at=30 ps and aff =150 K. The same using classical mechanics.

envelope form of the electric field as that of previous dif¢), is adopted.

The broken line denotes a threshold dividing intuitive and nonintuitive ro-

tations. The red zone above the dividing line indicates highly intuitive rota-

tions. reverse rotations toward the steeper potential energy side oc-

cur, although the initial angular rotation is toward the gentle
side as shown in Fig. 6.
Figure 6 shows temporal behaviors @) motors in a
regime of medium laser intensityuE,<V,. We can see in
aIfig. 6 that reverse rotations, i.e., unintuitive rotations, occur
. . . : JHst after the transient forward rotation around the pulse peak
averaging over orientations of motors, are persistent and n o . L L
. . CPndItIOI"I at 15 ps. This type of unintuitive motion is due to
due to instantaneous fluctuations because such absolute val- ; .
. a quantum effect. To clarify this, contour plots of the angular
ues can be seen at a time longer than 30 ps. It can be seen In

Fig. 5 that the contours can be divided into two regions. Its’r:r:omentum based on classical mechanics are also shown in

R . . X
dividing line is denoted by a broken line. There also exists g. 7, where(l (1)) was obtained by solving the classical

such a dividing line in other time domains. The critical valueequatlon of motions. Here, for simplicity, reaxation effects

of E, is nearly 2.4 GV/m, which corresponds to the laser_Vere omitted. The initial distribution was set to be a canoni-
0 X ' cal distribution at temperatur&= 150 K. The results of the

motor interaction energy whose magnitude is 1650 tm . . e
The interaction energy is equal i, to a good approxima- classical treatment show that there is no unidirectional rota-
tion under the same condition as that used in solving the

tion. In the region above the dividing line, the sign of the : e
greater part of the angular momentyff(t))q, is negative, guantum master equation witlh=cc. On the other hand, the

i.e., motors rotate toward the gentle potential energy side. In
this region, the magnitude of the laser—motor interaction is
greater than that of the internal rotational potential barrier
2uEq>V,, ensuring nonresonant forced rotation. On the 10 05 00 05
other hand, in the region below the dividing line, unintuitive,

momentum at =30 ps in the case in which there is no re-
laxation process. In Fig. 5, the absolute values of the angul
momentum larger than-0.1 %, which mainly result from

angular momentum (/)

= 04

= T 7] —

2 021 E

g 0.0 pr== e e e E

S 02+ ’ - =

= 04— | | | — oF

E 0 10 20 30 40

5 time (ps)
FIG. 6. Temporal behaviors ¢R) motors in a regime of medium intensity 115 120 125 130 135
in which 2uEy<V, is satisfied. HereE,=2.2 GV/m andw=114.0 cm. A
The other parameters are the same as those in Fig. 3. The solid line denotes @ (cm-!)

(IR(t))q, calculated using the quantum master equation, and the dotted line

denotes(IR(t))q, calculated using classical mechanics. The solid line indi- FIG. 8. (Color) Contour plots of the angular momentum in units7obf
cates unintuitive rotation, while the dotted line indicates no rotation after therandomly orientedR) motors (I¥(t))q at T~0 K, which were quantum
laser pulse is turned off. mechanically calculated.
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same intuitive rotation as that obtained by the quantum masef other molecular systems, bringing about a change in the
ter equation is reproduced in the case in which conditiorshapes or assemblies of the systems, should also be consid-
2uEq>V, is satisfied, as can be seen in Fig. 7. If there is ncered.

relaxation effect, the unintuitive rotation persists after the

laser pulse is turned off. In the presence of relaxation proACKNOWLEDGMENTS
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