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Abstract

The results of a theoretical study on quantum control of an axial chirality change reactiésbindphthyl are presented. The chiral change
from the P form to theM form via the third excited electronic state has been considered, the pure enantiomePédbthe being assumed
as the initial state. Asymmetric double-well potential energy surfaces of the groundSgaaed the third excited electronic statg) and the
corresponding transition moment along the reaction coordinate were evaluated using ab initio MO methods. An optimal control theory was appliec
to the chirality change reaction. The results of the quantum control showed that motions of nuclear wavepackets oi§datid fageaction
coordinates were controlled. The mechanism of the quantum control is explained as a sequence of quantum transitiois deti§geand the
control is performed by irradiating a sequence of a pump-dump pulse.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Theoretical studies on quantum control of molecular chi-
rality have been carried out by several grop8—34] In a
Molecular chirality plays important roles in various researchprevious papef35], we presented results of a theoretical study
areas in chemistry and biochemisfty2]. It is well known that  on quantum control of a chiral exchange reaction of difluo-
chiral molecules are selectively manipulated by photoreactionsobenzo|[c]phenanthrene by using infrared laser pulses. In this
of racemic mixtures that are equal mixtures of two chiral formspaper, we present a scenario for quantum control of an axial
by irradiation of circularly polarized laser lighi8]. However, chirality control reaction in I/tbinaphthyl (referred to simply
its enantiomer excess is very low. With recent developmentas binaphthyl in the following discussion) using UV lasers; the
in laser science and technology, much interest has been shownclear wave packet motion on both the ground and electronic
in quantum control of chemical reaction dynamids12]. The  excited states is manipulated by using UV laser pulses. UV laser
effectiveness of quantum control originates from the fact thapulses are better than IR laser pulses for quantum control of
wave functions relevant to reaction dynamics are directly conreaction dynamics especially when a transition state of a chiral
trolled through a coherent interaction between the molecule oéxchange reaction has a high-energy barrier in the ground state.
interest and laser fields. Electric fields of laser pulses can now be In the present study, we investigated an axial-chirality
designed using pulse shaper techniques with an adaptive feeelxchange reaction from tie(or M) form to theM (or P) form
back algorithn]13-17] in binaphthyl. This axial-chirality exchange reaction can also be
considered as an isomerization. The ground and excited state
potential surfaces and the transition moment functions between
mponding author. Tel.: +81 22 795 7715, them were eva_luated _by l_Jsing ab initio molecular orbitgl (MO)
E-mail addresses: shiro@ms.cias.osakafu-u.ac.jp (S. Koseki), methods. The isomerization does not have a symmetric poten-
fujimura@mcl.chem.tohoku.ac.jp (Y. Fujimura). tial energy surface along a reaction path. The potential energy
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Fig. 1. Stationary structures along the isomerization of binaphthyl viaif)Sfop part) and TSfans) (bottom part).

surfaces also have several wells along the reaction path. An optilhe IRC. The stationary structures and their relative energies
mal quantum control theory was applied to molecular-chilarityare in good agreement with the results reported by other groups
exchange reaction that proceeds on such relatively complicatdd7].

potential surfaces. The results showed that the motion of nuclear Thetop part oFig. lillustrates the isomerization paths viathe
wave packets can be controlled by consecutive electronic traris configuration: the transition state &) has G symmetry
sitions, and the transitions are induced by using a pump-dumand has an optical isomer. They are referred to have asgsTEY(
pulse sequence. and TS¢is/M). Accordingly, two paths must exist for the iso-

In Section2, we present results of ab initio MO studies on merization: (1) EQR), for example, climbs up the relatively
binaphthyl. In SectioB, we present results of optimal control of gentle slope of the potential energy curve in the ground state and
the axial-chirality exchange reaction and wave packet analysigjoes through TS¢s/P) to reach EQ¥I) and (2) EQP) climbs

up the very steep slope and goes throughcisB{l) to reach

EQM). This fact indicates that there are at least two important
2. Ab initio molecular orbital studies vibrational motions, rotation around the inter-ring-C bond

and G-H bending motions near the inter-ring-C bond. The

Stationary structures on the potential energy surface of theelection of the isomerization paths depends on which motion is
ground state in binaphthyl were optimized using the RHF/6promoted at the initial stage of reaction. According to the results
31G(d,p) method36]. The equilibrium structures, E®f and  of our previous investigatiof85], it is much easier to control

EQM), are illustrated irFig. 1 The reaction path is defined by the reaction by an optimal laser field when the steeper motion is
the intrinsic reaction coordinate (IRC) at this computational levebromoted first.

of theory. The total energies of the low-lying electronic states
along the IRC were calculated on the basis of the more rellablg
MCSCF + FOCl level of theory, where the MCSCF active Spac@?elatlve energies (kcal/mol) of stationary structures
includes four occupied and four vacant orbitals close in energy

to the HOMO and LUMO. The total energies are plotted against EQ TSéis) TS{rans)
the dihedral angl€, — C1 — C| — C, at each point along the Symmetry C2 C2 C1

IRC in Fig. 2 (seeScheme 1L The transmon moments among ’\RA'é';CF % 32-85 23-25
these states were also computed at this level of thdakye 1 MOSCE +FOC 0 8.6 26.4

shows the relative energies of the stationary structures along



260 K. Hoki et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 258-263

20000 ~ 30000 one path along the chirality exchange reaction via flaes
configuration. The molecular symmetry, @isappears some-
65000 - ~ER000 where before it reaches Ti&{ns) and, after it passes through
TS(rans), the molecular symmetry appears before it reaches
EQ. As aresult, the potential energy curve of the ground state is
55000 L 15000 symmetric about T3fans) (see the top part dfig. 2). Itis also
very interesting that the TSrgns) is the point of the chirality
g 000 change reaction.
-8y i We now assume that the dihedral anGle— C1 — C; — C,
ant sl 5000 (see Scheme ) is the reaction coordinate for the chiral-
o ity exchange reaction. Accordingly, the equilibrium structures,
2 3 EQ(P) and EQM), appear ap ~ 90° ==/2, and TS(cid) and
Rotational Angle [radian] TS(cisM) have¢ =426.4, while ¢ =180 =x for TS(rans).
As stated above, since it is easier to control the chiral-
ity exchange reaction when the steeper motion is promoted
2 AW first, the path EQ®)— TS(cis/M) or EQM)— TS(cis/P)
should be employed instead of the path BR{ TS(cis/P) or
= ) EQM) — TS(cis/M) (see the broken line labeled &§ in the
— top part ofFig. 2). Namely, the reaction path is assumed to be

o4 - EQEP) <« TS(cis/P) < EQM) — TS(rans) — EQ(P)
and/or

EQM) <« TS(cis/M) < EQ[®P) — TS(rans) — EQM).

it ‘ . . . , These two paths have potential energy curves depicted by a solid
3 2 - 0 ! 2 3 line in the top part ofig. 2 Along this path, several electroni-
Rotational Angle [radian] cally excited states were calculated at the MCSCF + FOCI level
Fig. 2. Potential energy curves of low-lying states obtained using theOf theory, and the transition moments between the ground state
MCSCF + FOCI method (top part). Absolute values of transition dipole momentand these excited states were also computed using these wave
vectors for the excitation frorflp (middle part). Ther, y andz components of  functions. The largest transition moment is obtained for the exci-
the transition moment vector frofia to S5 (bottom part). tation from the ground state to the third excited sftésee the
middle part ofFig. 2).
The bottom part ofig. 1shows the isomerization paths via ~ The character of the third excited stateis described here:
the trans configuration: in finding the true transition state, it is since binaphthyl has two naphthalene rings, all ofittwbitals
revealed that the £ (planar) optimized structure has three imag- can be said to be quasi-degenerate. Therefore, when the present
inary frequencies, so that this is not the transition state. e Cdiscussion employs the naphthalenerbitals themselves, both
optimized structure is also not the transition state because dife firstand second excited stat&sandsS,, have a combination
two imaginary frequencies. Finally, an asymmetrical structurepf the excitations from the highest occupied molecular orbitals
TS (trans), is proved to be the true transition state for the chiral-(HOMOs) to the next-lowest unoccupied molecular orbitals
ity exchange reaction via theans configuration. Surprisingly, (NLUMOSs) and those from the next-highest occupied molec-
even though TSfans) has two naphthalene rings with different ular orbitals (NHOMOSs) to the lowest unoccupied molecular
structures, it does not have an optical isomer: its mirror imagerbitals (LUMOs). Both the third and fourth excited stat&s,
completely overlaps the original one. Therefore, there is onlyand S4, have excitation from the HOMOs to LUMOs as their
main configuration. This reverse energetic order is caused by
the fact that naphthalene belongs to alternant conjugated hydro-
carbons and its lowest excited state has a linear combination
of HOMO-NLUMO and NHOMO-LUNO single excitations,
instead of HOMO-LUMO excitation. This is the reason why
't S3 (or 1) is energetically close t§4 (or S2) along the whole

60000 Failed

50000+

Relative Energy [em']

45000~

40000

— Jul

Transition Dipole Moment [Debye]

/ 8 Ci\ //C?—‘—Ci\' chirality exchange reaction path.
4 C1 E C1‘ Cd‘
- —C/ \C ‘—C/ ; 3. Optimal control of chirality exchange reaction and
Vi e i\ Vi ? <\° wave packet analysis
5 Csg Cs Cs'
\C :C/ \C :C/, We consider a molecular chirality change from PR
6 7 7 6

EQM) via theS3 state of binaphthyl, since the excitation from
Scheme 1. So to S3 has a large transition moment compared with those from
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So to other electronically excited states. For simplicity, we omit |

effects of nonadiabatic coupling between these two states. An
electric field vector of laser pulses is assumed to be parallelto &
the x-axis. >
The time evolution of binaphthyl expanded in terms of the =
ground and excited electronic states is determined by the time- =
- . o
dependent Scbdinger equation,
%a<%@n>_< hg ﬂm@ﬂ@)
ot )\ = E(t h
Ve(o, 1) Meg(d’) ) e 70000 | ]
,t
« Vo@D (1) = |
Ve(o, 1) § 0000
E

Here, ige(¢) is x component of the transition dipole moment
vector,E(?) is thex component of the electric field vector of the
laserWq(¢.t,) ande(g,t,) are nuclear wave packetsin tfigand

S3 states, respectively, ang andi. are nuclear Hamiltonians in 1.0 f—|-="""

the So andSs states, respectively. The nuclear Hamiltoniags
andhe is written ashg = —(h?/21)(8%/34%) + V() andh, = . o
—(R?/21)(3%/0¢2) + Ve(¢) respectively, wherg corresponds to % 0.5
a dihedral angle between two naphthyl rinfj§=350 amuA2) §
is the moment of inertia, andy (¢) andVe(¢) are the potential e 0.4
energy functions ofp andSs states shown in the top Fig. 2,
respectively. 021
In the optimal quantum control theof32], the optimal elec- 00 L { |
tric field E(z) is determined by the expression 0.0 0.5 1.0 1.5 2.0 25 3.0
E@) = —Alm < XOluly() >. 2) 1oy

. . . L . Fig. 3. The optimal electric field of laser pulses designed by a quantum control
whereA is a W?'Qh“”g faCtO_r' Herq,X(t)> Sa.tISfIQS the t_|me' procedure (top part). Time—frequency resolved spectrum of the optimal electric
dependent Scbdinger equation whose Hamiltonian is given asfield (middle part). Time propagation of populatioRg(s) and Pe(t) (bottom

H ® part).

%ﬁm@>=ﬁmw@>, (3)
ot in the population indicates the validity of the quantum control
with the final condition at=# | X(#:)>= W|W¥(1)>. Wisthe target  procedure.
operator. The middle and bottom parts iRig. 4 show the wave
The optimal electric field:(r) was derived by using a mono- packet propagation on the reaction path in faestate and
tonically convergent iteration algorithm developed by Zhu andhat in theSg state, respectively. The top part Big. 4 shows
Rabitz[13]. We set the ground eigenstate as the initial state anthe control mechanism in which a sequence of pump—-dump
tr = 3 ps as the final time of quantum control. We set a projectiorpulses is operative. This figure clearly indicates that the
operator consisting of the lower 30 eigenstates of theME s  pump and dump pulses effectively control the chirality change
the target operatal, which makes the wave packet localized reaction on the two asymmetric potential surfaces. We can
near the equilibrium position of the EM). see that the optical transitions induced by the pump and
The top part oFig. 3shows the optimal electric field designed dump pulses satisfy the Franck-Condon principle, i.e., the
for the molecular chirality change reaction from BQ(to nuclear wave packets are transferred on the two electronic
EQM) via theSs state in binaphthyl. The electric field consists states under the condition of their nuclear position and linear
of asequence of pump—dump pulses as showigid. The mid-  momentum.
dle part ofFig. 3shows a time-frequency resolved spectrum of It should be noted that this high yield obtained in the
the optimal electric field. The frequency range of the designegresent chirality control is brought about within the adiabatic
electric field is located between 50,000 and 65,000t@nd  approximation. Inclusion of nonadiabatic couplings into
corresponds to the energy gap betwSgmandSs. The bottom the reaction scheme reduces its yield. Quantum control of
part ofFig. 3shows the time evolution of populatidty(r) inthe  photochemical reactions that takes into account nonadiabatic
So state andPq(?) in the S3 state. We can see from the bottom couplings has been presented elsewljd8=-40] It would be
part of Fig. 3that the population is transferred betwegrand  interesting to apply the quantum control method that takes into
S3 many times and that 89% of the population is localized neamccount nonadiabatic couplings to the present chirality change
EQM) at the final times =3 ps. Such an effective localization reaction.



262 K. Hoki et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 258-263

~ sao00 P | | | \ = the initial state. In a racemic mixture of tiM andP forms in
= o : which the molecular chirality changes from #éorm to theM
S 64000 - TN - - .
= L i form while theM form is maintained through the laser control,
2 60000 B a quantum control of molecular chirality can be achieved by
§ = T using two-dimensional polarizations of an electric field with a
g 1000 p . pre-oriented conformatiof27,28,30,31]
& 8000
g 4000
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