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Abstract

Quantum ignition of intramolecular rotation may be achieved as follows: first, a few-cycle infrared (IR) laser pulse excites the

torsional vibration in an oriented molecule. Subsequently, a well-timed ultrashort ultraviolet (UV) laser pulse induces a Franck–

Condon type transition from the electronic ground to the excited state with approximate conservation of the intramolecular angular

momentum. As a consequence, the torsional motion is converted into a unidirectional intramolecular rotation, with high angular

momentum (�100�h). The mechanism is demonstrated by means of representative laser driven wave packets which are propagated on

ab initio potential energy curves of the model system (4-methyl-cyclohexylidene)fluoromethane.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the first quantum simulations have been
carried out, demonstrating the ignition of unidirectional

intramolecular rotations in chiral molecules by means of

linearly polarized laser pulses in the infrared (IR) fre-

quency domain [1–3]. This approach may serve as al-

ternative to chemical, electrochemical or photochemical

stimuli of molecular rotors [4–9], which is an important

challenge in molecular engineering [10–13].

The design of efficient laser pulses for unidirectional
intramolecular rotations may profit from techniques of

laser control in ultrashort time domains [14–17]. In this

Letter, we shall exploit our new method of laser control

based on few cycle IR+ultraviolet (UV) pulses. As

shown in [18], these pulses allow to create vibrational

momentum in a selective molecular bond, and to exploit

this momentum in order to break the bond by a tran-
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sition from attractive to dissociative potential energy

surfaces of the electronic ground and excited states, re-

spectively. Here we suggest, by analogy, that few-cycle
IR+UV laser pulses should create and transfer intra-

molecular angular momentum from torsional to rota-

tional motions in electronic ground and excited states,

respectively. The method will be demonstrated using

representative laser driven wavepackets which are

propagated on ab initio potential energy surfaces for the

oriented model system, (4-methyl-cyclohexylidene)fluo-

romethane (4MCF).
The model and techniques are presented in Section 2,

the results and the conclusion are in Sections 3 and 4,

respectively.
2. Model and techniques

As a model system we propose the oriented chiral
olefin 4MCF, shown in Fig. 1. The laser pulses should

drive first its torsion and then the intramolecular rota-

tion of the CHF fragment versus the 4-Me(C6H9) frag-

ment along the dihedral angle /. This torsion/rotation
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Fig. 1. The model system (4-methyl-cyclohexylidene)fluoromethane

(4MCF). The molecular rotor is oriented such that the C@C double

bond is along the z-axis, the y-z- plane serves as the mirror plane for

the 4-Me(C6H9)-fragment, the intramolecular torsion/rotation of the

CHF fragment is along the torsional angle /. The figure shows the aR
configuration (/ ¼ 90�). The arrow indicates the torsional rotational

motion induced by the IR+UV laser fields.

Fig. 2. Quantum ignition of the molecular rotor 4MCF simulated by

laser driven wave packets. (a) Snapshots of the densities of the wave

packet W0ð/; tÞ and W1ð/; tÞ moving on the adiabatic (solid) or dia-

batic (dashed) potential energy surfaces V0 and V1 with energies indi-

cated by the horizontal lines. (b) Y -component of the permanent dipole

moment that couples the IR field. (c) Z-component of the transition

dipole moment that couples the UV field.
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is, in reduced dimensionality, described by the time-de-
pendent Schr€odinger equation:

i�h
o

ot
jW0ðtÞi
jW1ðtÞi

� �
¼ Ĥ0;0ðtÞ Ĥ0;1ðtÞ

Ĥ1;0ðtÞ Ĥ1;1ðtÞ

� �
jW0ðtÞi
jW1ðtÞi

� �
; ð1Þ

where the labels 0 and 1 denote the adiabatic electronic

ground (S0) and excited singlet (S1) states, respectively.

Higher electronic excited states are neglected in the

present model. In the adiabatic representation, the ma-
trix elements of the Hamiltonian

Ĥi;jðtÞ ¼ T̂i;j þ V̂i;jdi;j þ Ŵi;jðtÞ ð2Þ
consist of contributions for the kinetic energy, potential
energy, and for the laser–dipole coupling. The kinetic

operator diagonal terms are given by

T̂00 ¼ T̂11 ¼ T̂ ¼ � �h2

2I
o2

o/2
; ð3Þ

where I denotes the reduced torsional moment of inertia

I ¼ 167396mea20, whereas the off-diagonal terms T̂01 and

T̂10 represent the non-Born–Oppenheimer or non-adia-

batic couplings; these are not taken explicitly into ac-
count in the adiabatic limit calculations, but their effects

will be discussed in Section 3. The adiabatic unrelaxed

potential energy surfaces V0 � V00 and V1 � V11 along /,
shown in Fig. 2, are taken from [19], and they have been

calculated using density functional theory (DFT) and its

time-dependent version (TD-DFT), respectively, at

B3LYP/6-311+G(d,p) level of theory. V0 is a symmetric

double well potential supporting two equivalent aS and
aR enantiomers of the chiral olefine located at / ¼ �90�
and / ¼ þ90�, respectively.

In the following, we shall consider model systems

which are prepared initially as a pure enantiomer, e.g. the

aR enantiomer, in its torsional ground state; pure

enantiomers can be prepared from its racemate in dif-

ferent manners, for instance, by introducing a chiral

catalyst which drives the reaction towards a single en-
antiomer (see [20–22]) or by means of external laser fields
(see. e.g. [19]). In 4MCF, each enantiomer is well sepa-

rated from the opposite one by two high potential energy

barriers of the order of 30 000 hc cm�1 located at / ¼ 0�
and / ¼ �180�. Likewise, V1 is a symmetric double
barrier potential with two minima located at / ¼ 0� and
/ ¼ �180�. The rather narrow energy gaps between the

minima of V1 and the maxima of V0 suggest avoided

crossings corresponding to diabatic potentials ~V1 � ~V11
and ~V2 � ~V22, which cross at / ¼ 0� and / ¼ �180�; for
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further details about the topology of V1 and higher ex-

cited potential energy surfaces, see [19]. The diabatic ~V1
and ~V2 are also indicated in Fig. 2, and they are con-

structed by linear interpolation of the adiabatic poten-

tials V1 and V2, and by setting ~V1 � V1 or V2 and ~V2 � V2
or V1 in the domains of the aR (10�6/6 170�) and aS

(�170�6/6 �10�) enantiomers, respectively.

The laser–dipole interactions are given by

Ŵi;jðtÞ ¼ �~lij �~EðtÞ; ð4Þ

with dipole operators~l00ð/Þ and~l11ð/Þ for the adiabatic
electronic ground and excited states, and transition di-

pole operators ~l01ð/Þ ¼~l10ð/Þ. The relevant compo-

nents for the laser induced dynamics, i.e. ~l00
Y ð/Þ and

~l01
Z ð/Þ are also shown in Fig. 2 [19]. Note that ~l01

Z ð/Þ
coincides with the corresponding ~l01

Z ð/Þ in the diabatic

representation whereas, the relations ~l00
Y ð/Þ � l00

Y ð/Þ or
l11
Y ð/Þ, hold in the domains of the aR and aS enantio-

mers, respectively. (The values of ~l00
Y ð/Þ in the domains

�180�6/6 10� and 170�6/6 180� are irrelevant for

the present application.) The electric field ~EðtÞ is de-

signed as a sequence of intense linearly polarized few

cycle IR+UV laser pulses

~EðtÞ ¼ ~EIRðtÞ þ~EUVðtÞ; ð5Þ

where

~EkðtÞ ¼~�k � EkðtÞ
¼~�k � E0

k cosðxk � ðt � tdk Þ þ gkÞ � skðtÞ; ð6Þ

with polarizations~�k, amplitudes E0
k , carrier frequencies

xk, time delays tdk , phases gk and shape functions skðtÞ
for k¼ IR or UV. For convenience, we employ

skðtÞ ¼ sin2 pðt � tdk Þ
tpk

� �
for tdk 6 t6 tdk þ tpk ; ð7Þ

skðtÞ ¼ 0 else ð8Þ
with total pulse durations tpk . Moreover, for the forth-

coming application, we use the parameters ~�IR ¼~�Y ,
tdIR ¼ 0, and ~�UV ¼~�Z , and tdUV > tpIR, i.e. the IR and

UV laser pulses are Y - and Z-polarized, respectively, and
they do not overlap. The field amplitudes of the pulses

used for quantum ignition correspond to maximum in-

tensities Imax;k ¼ e0 � c � jE
0

k j
2
; the field amplitudes E0

IR and

E0
UV are chosen such that both Imax;IR and Imax;UV are

below the Keldish limit for ionisation [23].

The time-dependent Schr€odinger equation for the

adiabatic potentials is propagated by means of the split-

operator method [24–27] and the fast Fourier Transform

method [28] with periodic boundary conditions, as im-

plemented in the program packageWavepacket [29]. The

initial values are given by

jW0ðt ¼ 0Þi
jW1ðt ¼ 0Þi

� �
¼ jv0;aRi

0

� �
; ð9Þ
where jv0;aRi denotes the torsional ground state of

the aR enantiomer, which is localized in the corre-

sponding aR potential well. The corresponding torsional

eigenfunctions are evaluated by means of the Fourier

Grid Hamiltonian method [30]. The time-dependent
densities in the adiabatic states i¼ 0 and 1 are given by

qið/; tÞ ¼ jh/jWiðtÞij2 ð10Þ
and their populations Pi(t) are obtained as

PiðtÞ ¼
Z p

�p
qið/; tÞd/: ð11Þ

Complementary to the results for the time-dependent

Schr€odinger Eq. (1) in the adiabatic representation, we

shall also present the results for the time-dependent

Schr€odinger equation

i�h
@

@t
j ~W0ðtÞi
j ~W1ðtÞi

� �
¼

~H0;0ðtÞ ~H0;1ðtÞ
~H1;0ðtÞ ~H1;1ðtÞ

� �
j ~W0ðtÞi
j ~W1ðtÞi

� �
;

ð12Þ
based on the diabatic representation, i.e.

~Hi;jðtÞ ¼ ~Ti;jdi;j þ ~Vi;j þ ~Wi;jðtÞ; ð13Þ
with diagonal kinetic energy operators ~Ti;i ¼ T̂, (cf. Eq.

(3)), and the diabatic potentials and dipole couplings as
discussed above, cf. Fig. 2. The off-diagonal diabatic

potential couplings ~V01 ¼ ~V10 are neglected in the dia-

batic limit. The results for the solution of Eq. (1) or (12)

then correspond to two limiting cases: the perfectly

adiabatic or the perfectly diabatic molecular dynamics,

implying 0% or 100% curve crossing at the avoided

crossing of the adiabatic potentials, respectively. These

limits should serve as references for the dynamics with
probabilities of curve crossings between such limits.
3. Results

The ultrashort IR+UV laser fields are shown in

Fig. 3a, and their effects on the aR-enantiomer are

demonstrated in Figs. 2a and 3b–d. Due to the strong
harmonicity of the potential wells, the IR pulse induces

a coherent torsion of the CHF moiety of 4MCF in the

electronic ground state by ladder climbing [31]. The

corresponding torsional wave packet W0ð/; tÞ oscillates

then around the equilibrium value h/i ¼ 90�, with in-

creasing amplitudes between 54� and 126� (see Fig. 3b).

Simultaneously, the torsional angular momentum os-

cillates (with p/2 phase shift) around the equilibrium
value hlzi ¼ 0�h, with increasing amplitude (see Fig. 3c).

As seen in Fig. 2a , at the end of the IR laser pulse, the

wave packet has been coherently shifted from the equi-

librium position at h/i ¼ 90� to the turning point

(hlzi ¼ 0�h) located at h/i ¼ 126�. Then, it swings back

towards the opposite turning point at h/i ¼ 54�, thus
gaining maximum torsional angular momentum,
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Fig. 3. Quantum ignition of the molecular rotor 4MCF simulated by

laser driven wave packets. (a) IR and UV laser pulses. The IR field has

parameters: E0
IR ¼ 3 GV/m, (Imax;IR ¼ 2:39 TW/cm�2), xIR ¼ 189:15

cm�1, tpIR ¼ 2950 fs and gIR ¼ 0. The UV field has parameters:

E0
UV ¼ 3 GV/m, xUV ¼ 47100 cm�1, tpUV ¼ 40 fs, gUV ¼ 0, and

tdUV ¼ 2955 fs. (b) Time evolution of the mean torsional (before the

UV pulse) and rotational (after the UV pulse) angle /. Solid and da-

shed lines represent adiabatic and diabatic representations, respec-

tively. (c) Time evolution of the mean angular momentum. Solid and

dashed lines are like in (c). (d) Time evolutions of the populations in

the electronic ground state (solid) and singlet excited state, S1 (dashed).
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hlzi � 100�h as it passes through the equilibrium poten-

tial well of V0 (cf. Fig. 3b and c). At this moment
(t ¼ 2975 fs), the ultrashort UV laser pulse has the
maximum amplitude (Fig. 3a), and the wave packet

W0ð/; tÞ is transferred nearly vertically from the elec-

tronic ground state to the excited singlet state with al-

most 100% efficiency (see Fig. 3d). As a consequence, the

wave packet created in the V1 state, W1ð/; tÞ, possesses
the same torsional angular momentum as in the V0 state
(hlzi � 100�h). The associated kinetic energy is large en-

ough, such that subsequently, the wave packet W1ð/; tÞ
moves along / in a unidirectional manner (here towards

smaller values of /), overcoming all potential barriers of

V1 (see Fig. 2a ). Close inspection of W1ð/; tÞ shows that
the wave packet is slightly accelerated or slowed down

as it runs down or climbs the potential slopes of V1,
respectively. As a consequence, the mean angular mo-

mentum jhlzij � 110�h even exceeds the value transferred

by the UV pulse (�100�h).
The preceeding results have been obtained for the

limit of perfectly adiabatic wave packet dynamics. The

results for the case of perfectly diabatic wave packet

dynamics are also collected in Fig. 3b and c. Obviously,

both types of wave packet dynamics agree until the wave
packet reaches the avoided-crossing at / ¼ 0�. Subse-
quently, the adiabatic wave packet W1ð/; tÞ moving on

V1 is slower than the diabatic one ~W1ð/; tÞmoving on fV1 ,
due to the deeper wells of ~V1 compared to those of V1.
Clearly, the faster diabatic wave packet rotates with

even larger torsional angular momentum values (�180

�h) than the adiabatic one. These limits of adiabatic vs.

diabatic dynamics serve as a reference for the interme-
diate cases, 110�h6 jhlzij6 180�h.
4. Conclusions

The present model simulations demonstrate that

quantum ignition of unidirectional intramolecular ro-

tation is possible in two steps: first, a few-cycle intense
IR laser pulse excites the torsional motion of one mo-

lecular fragment against the rest of the molecule; second,

a well-timed ultrashort UV laser field transfers the sys-

tem from the electronic ground state into an excited

state such that the torsional motion is converted into

unidirectional intramolecular rotation. The second step

exploits approximate conservation of torsional and in-

tramolecular angular momentum in a near-vertical
Franck–Condon type of transition.

In summary, the IR+UV laser fields serve to create

torsional angular momentum and convert it into uni-

directional rotational angular momentum, respectively.

These effects are analogous to the creation and transfer

of vibrational momentum which is used to induce se-

lective bond breaking in e.g. HOD by means of intense

few cycle IR+UV fields [18]. The present mechanism
shares some common aspects with those of the group of

Feringa and co-workers [5]; in particular, the present

path from the configuration of the aR enantiomer to the
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aS enantiomer is analogous to the cis–trans isomeriza-

tion of [5]. Their isomerization is driven by incoherent

vis (UV) light, and thermal energy is applied to prevent

reversal rotation. In contrast, the present mechanism

achieves unidirectionality by means of coherent IR laser
pulses. Obviously, the directionality of the molecular

rotor can be controlled e.g. by choosing appropriate

time delays of the UV laser relative to the phase of the

torsion induced by the IR field.
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Fig. 4. Maintainance of unidirectional intramolecular rotation after quantum

shows the effects of laser pulses (E0
UV ¼ 8:4 GV/m, xUV ¼ 40625 cm�1, tpUV ¼

on the rotational wavepackets W0ðtÞ and W1ðtÞ, which are illustrated by sn

energy surfaces V 0 and V 1 of the electronic ground and excited states, respect

energies. Specifically, snapshot a) shows the situation as prepared by IR+UV

the wavepackets is in the attractive domain of the electronic excited state a

original intramolecular rotation would be �trapped� as torsional motion in the

rotation is maintained due to the sequential dump-pump-dump-etc UV laser

domains of the potential energy surfaces in the electronic ground and excite
Quantum ignition of an intramolecular rotation may

be exploited as initial step in order to drive a molecular

rotor by laser light. After that, the unidirectional rotation

has to be maintained in an efficient way such that a mo-

lecular machine could work. By analogy to macroscopic
or biological machines, this second task requires per-

manent supply of energy. The most primitive solution to

this problem is permanent repetition of the sequential

IR+UV laser pulses, corresponding to perpetual re-start
-120 -60 0 60 120 180
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t=20283 fs

t=20405 fs

(b)

(d)
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ignition by a series of ultrashort UV laser pulses. The model simulation

10 fs, gUV ¼ 0) fired at times, t2 ¼ 20186 fs, t3 ¼ 20273 fs, t4 ¼ 20395 fs

apshots of the the corresponding densities embedded in the potential

ively. The base lines of these wavepackets indicate their mean potential

quantum ignition, at the time t ¼ 20186 fs where the dominant part of

nd with total energy below the potential barrier of V 1, such that the

electronic excited state. Nevertheless, the unidirectional intramolecular

pulses which induce well-timed transitions from attractive to repulsive

d states.
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of the molecular rotor. A more efficient scheme is indi-

cated by the mechanism illustrated in Fig. 4: After igni-

tion of the unidirectional intramolecular rotation, it is

maintained by a series of ultrashort UV pulses which

induce sequential electronic transitions between the
electronic ground and excited states. These pulses are well

timed such that whenever the wavepacket representing

rotational motions slows down due to attractive forces of

the present domain of the potential energy surface, e.g. in

the electronic excited state, it is re-accelerated by a

transfer to the corresponding repulsive domain of the

other potential energy surface, e.g. in the electronic

ground state, and vice versa. Another possibility of
maintaining unidirectional intramolecular rotations even

in dissipative environments is implied by the approach of

Korolkov and Paramonov [32], i.e. dissipative loss of

rotational energy and angular momentum can be com-

pensated by permanent re-excitations by continuous

wave lasers which induce transitions from torsional to

more excited intramolecular rotational states.
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