Chapter 5

Enantio-selective laser control
of (4-methyl-cyclohexylidene)-
Huoromethane

5.1 Introduction

In the previous chapter a simple model system, the molecule H,POSH, was used to develop
several laser control mechanisms intended to purify a racemate of preoriented molecules.
The advantages of such a model were discussed in detail in section 4.2, based on certain
criteria enumerated by (a) to (f). Yet, as mentioned in section 4.2, the model system can
be improved, especially in terms of its experimental availability (criterion (f)) and the
lifetime of its enantiomers (criterion (d)). These two criteria become crucial if an exper-
iment is to be carried out. The proposed experiment presented in section 4.8 demands
stable enantiomers that can be synthesized and purified by chemical means; HyPOSH is,
in this sense, an unfavorable molecule since its enantiomers racemize immediately at room
temperature and its reactivity with Oxygen is spontaneous. Therefore, a new model sys-
tem, (4-methyl-cyclohexylidene)fluoromethane, shown in figure 5.1, is introduced in this
chapter. The chapter starts discussing the advantages of this system and continues with
one-dimensional dynamical simulations for enantio-selective laser control. Later, a second
degree of freedom is introduced and finally the requirement of using pre-oriented molecules
is discussed, demonstrating an approach to partially overcome this restriction.



5.2 Model system 111

H.C
3 ‘\\H

R)-()-1 F

Figure 5.1: (R)-(—)-(4-methyl-cyclohexylidene)fluoromethane 1

5.2 Model system

The two enantiomers of (4-methyl-cyclohexylidene)fluoromethane or 4-Me(CgHg)CHF,
also called F-methylene-p-(eq)methyl-cyclohexane, are shown in figure 5.2. The molecule
possesses a chiral axis specified by the terminal carbon atom of the ethylene group with
two different substituents, namely fluorine and hydrogen, and by the carbon atom in the
4-position of the cyclohexane ring connected to a hydrogen and a methyl group. The two
pairs of substituents at the opposite ends of this chiral axis form two perpendicular planes.
By exchanging the substituents either on the terminal carbon of the ethylene group or
on the ring carbon atom at the 4-position the opposite enantiomer is formed. Since the
substitution of the hydrogen and the methyl group would require to break and reform
bonds it will not be further considered. Therefore, to obtain the respective opposite
chiral form the hydrogen and fluorine atom have to exchange places e.g. by rotation
around the C=C double bond. Since this rotation requires to break the double bond?,
the energy barrier between the S- and R-form is so high that the molecules form stable
enantiomers at room temperature, i.e. no spontaneous racemization occurs. Therefore,
pure enantiomers of 4-Me(CgHg)CHEF' can be observed by experimental methods, making
the molecule satisfactory in terms of criterion (d).

!The energy difference between a C=C double bonds and a C-C single bond is about 300 KJ/mol [12].
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Figure 5.2: Enantiomers of (4-methyl-cyclohexylidene)fluoromethane; left of the mirror
the (aR)-form and right of the mirror the (aL)-form.

Further, this model system was chosen such that its pure enantiomeric forms can be
synthesized from available chemicals, fulfilling criterion (f). The here described three-step
synthesis of (R)-(—)-(4-methyl-cyclohexylidene)fluoromethane 1, shown in scheme 5.3,
can be found in reference [142]. It starts from the purchasable achiral 4-methylcyclohexanone
2. In the first step a, buthyllithium forms under metal-halogen exchange with trifluo-
rochloroethylene a nucleophil that attacks the carbon of the ketone group forming the
lithium alcoholate of 4-methyl-1-trifluorovinyl-cyclohexanol. Then, the alcoholate is hy-
dolyzed at the difluoro-substituted terminal carbon of the double bond to the free car-
bonic acid. After acidification, a water molecule is eliminated yielding a racemic mixture
of (4-methyl-cyclohexylidene)fluoroacetic acid 3. The racemate is re-crystallized with
(5)-(—)-a-phenethylamine to give, after acification, the pure (.S)-(—)-fluoroacetic acid 3.
The (R)-enantiomer of 3 is obtained analogously by re-crystallization with (R)-(—)-a-
phenethylamine.

In the second step b, the fluoroacetic acid 3 is oxidized with bromine under elimination
of carbondioxide yielding (4-methyl-cyclohexylidene)bromofluoromethane 4. Finally, in
the third step ¢ the (4-methyl-cyclohexylidene)bromofluoromethane 4 reacts with magne-
sium forming a Grignard which is afterwards methanolyzed to give the desired product 1.
The last two steps of the reaction b and c are stereospecific, hence, the respective S-form of
the product is produced starting from the (R)-(—)-(4-methyl-cyclohexylidene)fluoroacetic
acid. The pure (R)-(—)-(4-methyl-cyclohexylidene)fluoromethane 1 is a colorless liquid
(bp 115-116°) with the specific rotation [a]** = —38.6°. A circular dichroism (CD) spec-
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trum of the deuterated species can be found in ref. [142].
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Figure 5.3: Synthesis of (R)-(—)-(4-methyl-cyclohexylidene)fluoromethane, step a to ¢
are explained in the text, see also refs. [143, 142].

The choice of the new model system was made such that the knowledge gained
from previous results, using Ho,POSH, could be used as a basis for further investiga-
tions, i.e. a model system not possessing a chiral axis would have been disadvantageous.
4-Me(CgHg)CHF allows as HoPOSH an one-dimensional interconversion between both
enantiomers by a torsional motion around its chiral axis. The disadvantage of H,POSH is
the small (but still adequate) difference in the moment of inertia between the “moving”
SH-fragment and the “fixed” HyPO-fragment. Investigations including the coupled mo-
tion of both fragments proved that enantio-selectivity can still be obtained if circularly
polarized laser pulses are used, see section 4.6.5. In the case of 4-Me(CgHg)CHF the
torsional motion of the F and H around the C=C double bond can be considered to be
decoupled from the cyclohexyl ring because of the high mass of the ring.

5.3 One-dimensional model simulations

5.3.1 Quantum chemical results

In analogy to HoPOSH, 4-Me(CgHo)CHF is assumed to be pre-oriented, here with its
C1=C; double bond, along the space-fixed z-axis, as depicted in figure 5.4. The F and
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the H atom lie in the xz-plane while the cyclohexane ring is split symmetrically by the
yz-plane with the carbon at the 4-position of the ring and the carbon of the methyl group
lying in the yz-plane?. The torsional motion of F and H around the C;=C, double bond
is described by the angle ¢, keeping the rest of the molecule fixed in space. The F and the
H atom rotate in the same direction around the space-fixed z-axis never changing their
relative position, i.e. the distances rp, ry and angles ap, ay, as defined in figure 5.4 are
constant. All degrees of freedom of the rest of the molecule are kept frozen. For ¢ = 0° H
and F are in the yz-plane with F pointing in +y direction and H pointing in -y direction.
Then, the molecule has C's symmetry (o,.) and hence, it is achiral. This is also true for
¢ = £180° where the H-atom is pointing in —y direction.

Figure 5.4: Sketch of 4-Me(CgHy)CHF pre-oriented in the space-fized coordinate system.
The angle ¢ describes the one-dimensional torsional motion of F and H around the C=C
double bond.

The geometry of the molecule has been optimized at MP2/6-311+G(d,p) level of
theory. To obtain a symmetric structure for the 4-methyl-cyclohexylidene fragment, which
ensures a symmetric double well potential for a non-relaxed PES, in practice, first both
enantiomers have been optimized separately. Their geometries were built such that the
following five atoms were lying in the yz-plane (see fig. 5.4): C;, Cq, the carbon atom at
the 4-position of the ring and its axial hydrogen, the carbon of the methyl group and one
hydrogen connected to it. Then, the coordinates of all other atoms of the cyclohexane
ring and of the methyl group were averaged from the geometry of the S- and the R-form
yielding a symmetric structure with respect to the yz-plane. Relevant bond distances and
angles of the optimized S-form and of the respective averaged geometry are illustrated in
figure 5.5.

2The axial hydrogen atom on the carbon at the 4-position of the ring and one hydrogen of the methyl
group also lie in the yz-plane.
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Figure 5.5: Left: Optimized geometry of (S)-4-Me(CgHg)CHF at MP2/6-3114+G(d,p)
level of theory; the optimized geometry of the R-form is the exact mirror image of the one
shown. All bond distances are in A and angles (only shown for the carbon frame including
the F and H at the double bond) are in degrees. Right: Symmetrized geometry (except
for F and H at the double bond) of the same molecule with averaged bond distances,
angles and dihedrals from the S- and R-form.

The unrelaxed PES along the torsional angle ¢ has been calculated using DFT and
TD-DFT for the ground and the electronic excited states, respectively. In particular, the
hybrid functional B3LYP with a 6-311+G(d,p) basis set, as implemented in GAUSSIAN
98 package [66], was employed with the averaged geometry, depicted in fig. 5.5 (right).
Figure 5.6 shows the obtained potential energy curves Vy(¢) and V() of the electronic
ground state Sy and the electronic first excited singlet state S;. Vj possess two minima at
¢ = —90° and +90° corresponding to the L- (left) and R-(right)enantiomer, respectively.
The two minima are separated by two potential barriers at ¢ = 0° and ¢ = +180°,
both being of similar height (30803 cm™! vs. 30855 cm™'). The electronic excited state
potential V; has minima where Vj has its maxima.

The adiabatic curves in fig. 5.6 show the following distinctive features: i) The PESs Vj
and V] nearly coincide at ¢ = 0° and ¢ = +180°, ii) the maxima of the excited potential
V1 are not exactly at ¢ = £90°, where Vj has its minima, and iii) the course of the
curve Vi is unsymmetric and rather flat between +60° and +120°. These phenomena
can be understood by taking a close look at the molecular orbitals (MOs) involved in the
electronic Sy — S; transition at different torsional angles. Table 5.1 lists the dominant
electronic transitions for the Sy, S, and S5 states at ¢ = 0°,£90° and £180°, as well as
the MOs involved in those transitions. Figures 5.7 to 5.9 show the relevant orbitals for
¢ = 0°,+£90° and 180°, respectively.
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Figure 5.6: Potential energy curves Vy and Vj of the electronic ground state Sy and the
first electronic excited singlet state S; along the torsional angle ¢ of 4-Me(CgHgo)CHF
calculated at B3LYP/6-3114+G(d,p) level of theory. The Fisher projections along the
chiral axis specify the configuration of the molecule at the respective extrema of V| at
¢ =0° and ¢ = £90°.
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A

Figure 5.7: The HOMO (orbital 35) and LUMO (orbital 36) of (S)-4-Me(CgHg)CHF at
the torsional angle ¢ = —90° as obtained from TDDFT calculations.

Figure 5.8: The HOMO (orbital 35) and the LUMO (orbital 36) of 4-Me(CgHy)CHF at
the torsional angle ¢ = +180° as obtained from TDDFT calculations.

Figure 5.9: The HOMO (orbital 35) and the LUMO (orbital 36) of 4-Me(CgHy)CHF for
the torsional angle ¢ = 0° as obtained from TDDFT calculations.
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angle ¢ 0° +90° +180°
ex. state || transition/Cl-coeff. | transition/ClI-coeff. | transition/CI-coeff.
Sy 35— 36 /0.73 35— 36/ 0.59 35— 36 /0.37
35 —37/0.29
Sa 35— 37/ 0.68 35— 36 /0.27 35— 37 /0.67
35— 37/ 0.56
Ss 34 — 36 / 0.52 35— 38 /0.38 35— 38 /0.68
35 — 38 / 0.40 35 —39 /0.57

‘ orbital number H ¢=0°©@ ‘ ¢ = +£90° ©® ‘ ¢ = +£180° © ‘

34 (HOMO-l) occ +0cH - -
35 (HOMO) 2py AO C2 TC1Co twisted TCLCo
36 (LUMO) || 2p. AO C, T 0y twisted 75 ¢,
37 (LUMO+1) Ryd. s Ryd. s Ryd. s
38 (LUMO+2) Ryd. p Ryd. p Ryd. p
30 (LUMO-13) - Ryd. p -

Table 5.1: Top: Dominant electronic transitions for Sy, Se and S35 at ¢ = 0°,£90° and
+180° of 4-Me(CgHo)CHF calculated at B3LYP/6-311+G(d,p) level of theory. Bottom:
Molecular orbitals for ¢ = 0°,4£90° and £180°, (a) orbitals in fig. 5.9, (b) orbitals in
fig. 5.7, (c) orbitals in fig. 5.8.

For the minimum energy configuration of the molecule at ¢ = £90° the S; state is
characterized by a dominant electronic transition from the orbitals 35 (HOMO) to orbital
36 (LUMO), see fig. 5.7, which corresponds to a w7* transition. Besides, there is a small
contribution from the HOMO to the orbital 37 which corresponds to a Rydberg of s-
type orbital. Therefore, the S; state is characterized by a valence-Rydberg mixing. This
mixing is also found in the second excited state S;. Hence, a differentiation betweeen
the 7 — 7* and the @ — Ryd. s state is difficult and the adiabatic curves calculated
by TD-DFT might not give the correct energies of the excited states S; and S, around

= 490°. The unsymmetric course of V; between +120° and +60° cannot easily be
understood from the 7 — 7* excitation. It might be caused by avoided crossings with
So. Figure 5.10 shows the PESs of Sy, Sy and S3 calculated by TD-DFT. The potential
curve of So shows the same unsymmetric behavior around its minima as S; around its
maxima. In figure 5.10 dashed lines sketch the proposed course of the diabatic PES of S,
and Sy considering two crossings around ¢ = £90°. The excitation Sy — S3 is assigned
to a m — Ryd.p transition.
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Figure 5.10: Adiabatic potential energy curves (solid line) along ¢ for the electronic
excited singlet states Si, Sy and Sy obtained at B3LYP/6-311+G(d,p) level of theory.
Around ¢ = £90° the curves of S; and S, show a typical behavior of avoided crossings.
The dashed lines represent the assumed diabatic curves.

In going from ¢ = 90° to ¢ = 0° or £180° the double bond twists until the p-orbitals
are perpendicular to each other. Thereby, 7- and 7*-orbital of the double bond formally
become identical, besides a change in phase. For ¢ = +180°, the HOMO (orbital 35) and
the LUMO (orbital 36) are such a twisted 7- and 7*-orbital, respectively, see fig. 5.8. The
S; state can then be considered a m7* excitation (see table 5.1). Since these two orbitals
(35 and 36) are equivalent, the character of their electronic wave functions become almost
identical at ¢ = +180° causing Sy and S; to be energetically almost degenerate. Orbitals
37 and 38 are assigned to Rydberg orbitals of s and p character, therefore, Sy and Ss
correspond to pure Rydberg transitions.

The results for ¢ = 0° are similar to those found for ¢ = +180°. Orbitals 35 and 36 can
be considered also twisted 7- and 7*-orbitals, where one of the perpendicular p-orbitals
is dominant. Indeed, the HOMO (orbital 35) mainly consists of the 2p,-orbital at Cs,
while the LUMO (orbital 36) is characterized by a 2p, AO at the C; atom, see fig. 5.9%.
The Sy — 57 transition is then assigned to a w7* transition. The S state, in contrast,
has Rydberg character, see tab. 5.1. In case of S3 two transitions are involved, namely a
Rydberg and a ¢ — 2p, transition.

3A close look at the twisted MOs at ¢ = 180° in fig. 5.8 reveales that also at that angle the 2p,-orbital
at Cy dominates the twisted 7-HOMO while for the twisted 7*-LUMO the 2p,-orbital at C; dominates.
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Since the torsional motion around the C=C double bond of 4-Me(CgHy)CHF is anal-
ogous to the long studied cis-trans isomerization of ethylene it is worth to compare the
here obtained results with those for ethylene. Ethylene is known to posses many low-lying
excited states of Rydberg character which cannot easily reproduced by ab initio calcu-
lations without extensive electron correlation and basis sets containing diffuse functions.
In their most recent calculations [144], Ben-Nun and Martinez reported that in ethylene
the m — 7" excited state (valence state V) lies above several Rydberg excited states de-
pending on the basis set and level of electron correlation used. CASSCF with a basis
set augmented with diffuse functions predicts low-lying Rydberg excited states near the
ground state equilibrium geometry, while at the twisted geometry the lowest excited state
was found to have pure valence character and the Rydberg states are higher in energy.
At larger twisting angles Ben-Nun and Martinez also found that the energy of the ionic
state Z of ethylene begins to decrease, and at ¢ = 0° this state is strongly coupled to
the V state, including a strongly avoided crossing around 4-10°. In this region, a conical
intersection between the V and the Z state was found [144].

The ab initio results obtained for 4-Me(CgHg)CHF are in reasonable accordance with
those found for ethylene. At the twisted geometry (¢ = 0°/ 4 180°) the lowest excited
state S; was found to have pure valence character, while Sy and S3 could be assigned to
Rydberg states much higher in energy. Considering the diabatic PES proposed in figure
5.10, the order of the excited states S; and S, would exchange at ¢ = £90° raising the
valence state above the Rydberg state.

Based on the absorption and CD spectrum of 4-Me(CgHg)CHF in the gas phase
Gedanken et. al [142] assigned the energetically lowest electronic excitation to a m — 3s
Rydberg transition 48840 cm™! and the second excitation at 51180 cm~! to the 7 — 7*
excitation. As depicted in figure 5.10 the proposed diabatic curves of S; and Sy could
cross twice around the equilibrium geometry of the ground state changing the energetic
order of these states. The energy obtained from TDDFT at ¢ = £90° for S; is 47370
em ™! which is only 3% off the experimental value, and the energy for S, at the same angle
is 49960 cm~! which is 2% off the experimental value.

In conclusion, the adiabatic curves obtained for 4-Me(CgHg)CHF from TDDFT are
probably not able to entirely describe the correct energetic characteristics of the low-lying
electronic excited states. This is due to the incapability of the currently implemented
TDDEFT to describe double excitations and therefore, take into account the ionic state.
In this case, only multiconfigurational methods like CASPT2/CASSCF can correctly de-
scribe the system. However, 4-Me(CgHg)CHF has a large number of electrons (70) which
restricts a CASSCF calculation to a rather small basis set and a limited active space
which cannot adequately describe the valence and Rydberg states. Therefore, TDDFT is
a good compromise between computational costs and reliability of the results.
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Figure 5.11: Components of the dipole moment along ¢ of the electronic ground state Sy
as obtained from DFT calculations. The dotted lines mark the equilibrium geometries for
the L- and R-enantiomers.
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Figure 5.12: Components of the electronic transition dipole moment along ¢ for transitions
between Sy and S; as obtained from TDDFT calculations. The dotted lines mark the
equilibrium geometries for the L- and R-enantiomers.
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The dipole moment /i as a function of ¢ has been calculated at the same level of
theory as used for the PES. In figure 5.11 the components of the dipole moment p2°
py” and p2° of the electronic ground state along ¢ are shown. It is important to note
that p2” is anti-symmetric with respect to ¢ = 0° while pf’ and p° are symmetric.
The discontinuities around ¢ = 0° and +180° are due to the incapability of TD-DFT to
describe the ionic state. However, since transitions only take place within the region from
approximately ¢ = +120° to £60°, these artifacts do not effect the dynamical simulations.
The components of the electronic transition dipole moments py', po' and p2" along ¢ are

illustrated in figure 5.12: 2" is the anti-symmetric component, whereas )" and p' are
symmetric with respect to ¢ = 0°.

5.3.2 One-dimensional Hamiltonian and its torsional eigenstates

In analogy to the model H,POSH (section 4.4), the one-dimensional Hamilton operator
H of 4-Me(CgHy)CHF describing the concerted torsional motion of F and H around the
space-fixed z-axis is given for each electronic state ¢ by:

R 02

g o
2lpy 0¢?

+ Vi(9), (5.1)

where [ry is the moment of inertia defined as
[FH :mpr%—i—mm“?q (52)

with mp and my being the mass of the F and H atom, respectively. The distances rg
and rg of the respective atom to the z-axis, as sketched in figure 5.4, are calculated by

TH = RclH . Sin(lSOO — OéH>
rr = Rep-sin(180° — ap), (5.3)

with Ro, g and Re,p being the C1-H and C;-F bond distances.

The torsional eigenfunctions and eigenenergies of the electronic ground and first ex-
cited state are obtained as solution of the TISE (cf. section 4.4) using the Hamilton
operator (5.1). The numerical calculations were carried out on a grid of 1024 points by
applying the FGH method, as implemented in gmbound [131], using the moment of inertia
Iry = 167395.73 mea? obtained from the averaged geometry. Qualitatively, the eigen-
functions ’@BQ of Sy do not differ from the ones of the HyPOSH one-dimensional model
system, but because of the barrier height (ca. 30800 cm™!) the number of doublets below
the barrier increases drastically from six (three doublets) in case of HoPOSH to several
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hundreds in case of 4-Me(CgHg)CHF. The energy splittings of the doublets of more than
the 250 energetically lowest states is smaller than the numerical precision of 11 significant
figures. For example, for the lowest doublet of eigenstates ’¢8i>, the splitting is smaller
than the numerical error of 107 cm™! corresponding to tunneling time longer than 30
ms. Clearly, the tunneling times for the localized wave functions ‘\I/UL / R> cannot be cal-
culated accurately on this level of theory. In fact, they are so long that the enantiomers
of 4-Me(CgHg)CHF do not racemize at room temperature. In the S; state also doublets
of eigenstates are found. Since the two minima at ¢ = 0° and ¢ = +180° are not identical
the eigenfunctions ‘q)qu j[> are either localized in the central well or in the outer well. The
torsional eigenenergies for Sy and S; are listed in table 5.2.

So S S
EY, | energy [em™!] || El (i/0) | energy [em™!] | E!, (i/0) | energy [cm™!]
0+ 94.5328 0+ (o) 32995.2 125+ (1) 47109.1
0— 94.5328 1+ (4) 33074.7 126 — (o) 47125.8
1+ 283.682 2— (o) 34168.6 127 — (7) 471727
1— | 283.682 3 (4) 34387.3 | 128+ (i) |  47225.1
2+ | 472.931 4+ (o) 35167.8 | 129+ (0) |  47250.6
20— | 472.931 5+ (4) 35375.8 | 130— (i) |  47269.1
3+ 662.195 6 — (o) 35860.0 131+ (2) 47309.1
3— | 662.195 7— (i) 36010.1 | 132 — (i) | 473482
4+ | 851.439 8 + (o) 36395.0 | 133 (0) |  47372.3
4— 851.439 9+ (7) 36527.4 134 + (4) 47387.4
o+ 1040.64 10 — (o) 36857.7 135 — (@) 47426.8
o— 1040.64 11— (4) 36979.6 136 + (7) 47466.6
6+ | 1229.79 12+ (0) | 372464 | 137+ (0) |  47490.1
6— | 1229.79 134 () | 373570 | 138—(i) | 47507.0
7+ 1418.90 14 — (o) 37601.6 139 + (4) 47547.7
7— | 1418.90 15— (i) | 377024 | 140— (i) |  47588.8
8+ 1607.95 16 + (o) 37918.8 141 — (o) 47603.0
8— 1607.95 17 + (i) 38013.3 142 + (o) 47630.4

Table 5.2: Torsional eigenenergies for the Sy and S; state of the model system 4-
Me(CgHg)CHEF. The energies of eigenfunctions localized in the central well (¢ = 0°)
of V; are labelled by (i) (inner well) while those localized in the outer well (¢ = £180°)
are denoted by an (o) (outer well).

Because of the height of the potential barriers, laser control using the enantio-selective
pump-dump mechanism via an intermediate state within the electronic ground state po-
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tential is impossible in practice. Hence, the electronic excited state S; becomes mandatory
for the purification of the racemic mixture of enantiomers, as presented in the following
section.

5.3.3 One-dimensional dynamical simulations

In the proposed experiment, introduced in section 4.8, the first step is an enantio-selective
pump pulse transferring one chiral part of the initial population to an intermediate state so
that the two initially energetically degenerate enantiomers of the racemic mixture become
energetically separated. The electronic excited state S; of 4-Me(CgHg)CHF is a good
choice for the intermediate state since it is energetically well separated (> 30000 cm™1)
from the populated states in the electronic ground state. After enantio-selective excitation
of one enantiomer to the excited state by a single linearly polarized UV laser pulse,
different subsequent scenarios can be conceived:

(a) An enantio-selective dump pulse transfers the population of the electronic excited
state back to the ground state but selectively into the potential well of the desired
enantiomer, e.g. to |¥i.) or |U;g) as in the case of HoPOSH. Then, the racemic
mixture is 100% purified.

(b) The population in the electronic excited state is allowed to relax back to the ground
state!. If this decay is non-selective, i.e. population is evenly distributed to both
potential minima of Sy, then a scheme analogous to the laser distillation proposed
by Shapiro et. al [58] could be designed, repeating enantio-selective pump and uns-
elective decay until the racemate is completely purified.

(c) Taking advantage of the energetical difference of both enantiomers after the asym-
metric photo-excitation, a subsequent laser pulse could transfer the population of
the intermediate state to a dissociative state eliminating there the undesired enan-
tiomer, as proposed for HoPOSD in ref. [130].

In the following, two laser control simulations are presented that investigate the first
step of the discussed scenarios. The dynamical simulations are based on the solution of
the TDSE (cf. section 4.5); for the interaction with the laser field the semi-classical dipole-
approximation is assumed. All simulations are carried out on a grid of 1024 points using
the split operator method as implemented in the FORTRAN program gmpropa [133] with
a time step of 0.01 fs. At initial time ¢, the system is prepared as an incoherent mixture of

4e.g. by spontaneous relaxation or via a conical intersection.
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the L- and R-enantiomer in the lowest doublet of torsional eigenstates (cf. section 4.5.2)
at low temperature (below 60K):

1

1
p(to) = 5por + 5 por. (5.4)

The first laser control simulation is shown in figure 5.13 with laser pulse parameters
listed in table 5.3. An enantio-selective linearly polarized laser pulse is designed to excite
exclusively the R-enantiomer |Wgr) to the torsional eigenstate ‘(13%35_> in the electronic
excited state S7, while leaving the L-enantiomer |¥.) unaffected.

‘ property /parameter ‘ UV pump pulse ‘
dominant transition |B)_) — |Plss_)
transition dipole matrix (D)_| " |@135_)
element/eay -4.3343 -107!
coupled to laser field E?
field amplitude E?/GVm™ 0.06
phase 7, /° 0
dominant transition |80, ) — [®1s5_)
transition dipole matrix (D), | pl |@145_)
element/eay -2.3898 -107°
coupled to laser field E?
field amplitude EY/GVm™ -10.9
phase 7, /° (10.0)@
frequency w/2mc - cm™! 47329
duration t¢,/ps 2.0
total field amplitude E°/GVm ™! 10.9
intensity I;,/TWcm ™2 31.537
polarization angle «/° -89.7

Table 5.3: Laser pulse parameters for the control pulse depicted in figure 5.13. (a) The
phase increases the enantio-selectivity slightly.
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Figure 5.13: Enantio-selective photo-excitation of the R-enantiomer of 4-Me(CgHo) CHF
to the Sy state. Top panel: Envelope function of the linearly polarized UV pulse (pa-
rameters are given in table 5.3). Middle panel: Population dynamics of affected torsional

cigenstates in Sg and S1 (v £ = |, );S1,v+ = |®..)). Bottom panel: Localization

v v
of the wave packet in Sy and population of the intermediate state ‘@}35) as a function

of time. Population and localization are given in percentage.
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The amplitudes E? and E? of the two components of the linearly polarized UV laser
pulse differ by more than a factor hundred. This is due to the large difference in the
transition dipole matrix elements (see table 5.3) and can be understood by looking at
the components of the electronic transition dipole moment p2' and p9 in fig. 5.12. The
perpendicular transition from Sy to Sy at ¢ &~ 90° is induced by a laser field that couples to
a very small ! and to a relatively large u2! (=~ -1.75 Debye) in the Franck-Condon region,
see fig. 5.12. The intermediate state |(I>%35_> is chosen because it was the energetically
lowest eigenstate in Sy with a sufficient large overlap with the initial wave function |Wg)
in the Franck-Condon region, causing an adequate transition dipole moment element
(0| 10}, |Plas- ). However, because of the small value of (®f, | 9! |®{s;_) the intensity
of the laser field is rather high. Here an IR excitation prior to the UV excitation could
create a wave packet that allows to choose a different intermediate state in S; with higher

transition dipole matrix elements. This will be discussed later in this section.
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Figure 5.14: Densities as a function of time for the asymmetric photo-excitation of 4-
Me(CgHg)CHF. The electronic ground state Sy starts initially with a racemic mixture
oo + %pOR. The enantio-selective laser pulse excites |Wog) to the intermediate state
r@%35_> in the electronic excited state S;. (adapted from [130])
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As shown in figure 5.13, almost 95% of the population of |Wyg) is transferred to the
electronic excited state S; and only ~ 2% of |Wqy) is also excited. The selectivity of the
UV pulse can be increased slightly by introducing a phase of n,, = 10° (see table 5.3) which
causes the electric field to become eliptically polarized. Figure 5.14 shows the densities of
the wave function |Wq,) and |¥gr) as a function of time illustrating the efficiency of the
asymmetric photo-excitation.

After the UV pulse an L-selective dump pulse could now transfer the population of
|®155_) toe.g. |¥y.) as discussed in scenario (a). This subsequent reaction is only possible
if the lifetime of the population in S; is long enough for the second laser pulse to take
place. The same must hold if the subsequent pulse is used to transfer the population
to a dissociative state. It is known that electronic excited states of olefins often decay
very fast — within the order of few hundred femtoseconds — via conical intersections to
the electronic ground state [145, 146, 147, 148]. In ab initio calculations on ethylene
including torsion and pyramidalization Ben-Nun and Martinez localized S;/Sy conical
intersections for a pyramidalized twisted geometry [144]. If 4-Me(CgHg) CHF shows S; /Sy
conical intersections scenario (b) could be applied providing the decay is unselective and an
even population transfer to both wells of Sy occurs. Since the problem of pyramidalization
seems to play a major role in olefinic systems, it will be discussed in more detail in section
5.4.

In general, the described enantio-selective photo-excitation can be applied to any chiral
molecule, because it only requires an intermediate state which can be reached by a single
linearly polarized laser pulse. The only condition of the presented simulation is the need
of a sufficient coupling between the initial state and the electronic excited intermediate
state to garantee efficient population transfer. This is not always the case and hence, a
modification of the photo-excitation scheme is presented in the following.

The basic concept of enantio-selective laser pulses derived in section 4.7.1 was based
on the fact that the laser pulse is polarized such that it only interacts with the desired
chiral form of the pre-oriented racemic mixture of molecules while the interaction with
the opposite form vanishes, see eqns. (4.56) and (4.57). So far always a transition from a
localized state to a pure eigenstate and vice versa was considered. Obviously eqns. (4.56)
and (4.57) are also true for a transition to a localized state |\IIUL/R> different from the
initial state ‘\IIOL/R>, ie.:

(Wor| fi[Tyr) - E° = 0
(Wop| B Wur) - E° # 0, ©=1,23,...

provided |¥og) is to be excited by the laser®. Using the definition for |¥,r) and the fact
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that p2' has — symmetry and ugl has + symmetry, equation (5.5) is rewritten following
the selection rule (4.19):

1
7 um\[
= = (R () B 0 (00 + [o0)

({25 | + (206 [) £2 - (|20) +|®.2))

= B ((@0, |00 ) + (] |80,))
1
= (@R 00,) + (@[ ]0)) 5.7

In the Sy the energy splitting AFE, of more than the 250 energetically lowest eigenstates
’<I> i> is negligible. Therefore, the following transition dipole elements are approximately
equal:

(Do | 1’ |@5-) ~ (@0 | |@0,) :
(Do |1y |®0,) ~ (PO_|wy [y_). (5.9)
Using equs. (5.8) and (5.9) the expression (5.7) simplifies to
B2 (0. 02 ) = D (o, | 2 [a2.). (510

For the R-enantiomer the interaction with the laser should not vanish, see condition (5.6),
hence, the following expression for sin?-shaped laser pulses is derived using (5.8) and (5.9)
as well as (5.10) and by introducing the relation (4.62) of the Rabi frequency and the pulse
area for m-pulse transitions:

- E2<¢> +W ‘CI)O >+E2'<@+‘“yo‘® +>—

2mh
= 2-B)- (90| u |85,) = =—. (5.11)
p

Then, the amplitude of each component of the linear polarized enantio-selective laser
pulse is given by

o mh mh
B = mTenhG ~ W emn, .
h mh
B0 — _ 4l ~ _ 5.13
v <<I> +|,u DY), <®8—|N9:0|(D2+>tp 19

SNote that (Ugg|ji|W1z) and (Wor|ji|¥1R) are equal zero.
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provided |Wogr) is to be excited to |¥,g) (v > 0). Similarly, for |¥q.) to be pumped to
an energetically higher localized state |V, ) the components of the laser pulse amplitudes
become:

mh mh
E, = ~ (5.14)
! (P04 | 11 ®0 )ty (PO | Y| PI_) 1,
mh Th
E; = ~ (5.15)
<(I)8+} 1 ]CI)S_> tp <(D(0]—| 119° ‘CI>8+> tp

with £+ (@0, | p @) = B (2| 1y [@7,).

In figures 5.15 (top) the result of a R-selective IR pulse on 4-Me(CgHo) CHF is shown.
The localized state |Wgg) is excited to a manifold of excited doublets from |¥g) to |¥gr)®
creating a wave packet travelling between ¢ = 77° and 103°. The laser pulse is optimized
for the transition |Wor) — |¥1g), but because of the harmonicity of the potential well
for small torsional quantum numbers v, higher doublets up to |Wgg) are also populated,
cf. fig. 5.16 and tab. 5.4. The L-enantiomer |¥.) is affected by less than 1% and small
torsional motion is observed (see oscillations of the density poy, in fig. 5.15).

Following the IR pulse, a subsequent enantio-selective UV laser pulse pumps the pop-
ulation of the coherent superposition of R-states |U9.(t,)) (= So_, ¢, |WUur)) to the
electronic excited state S, as depicted in fig. 5.15 (bottom). This UV pump pulse is
short and hence, broad enough in frequency to cover most of the populated R-localized
states. Further, the pulse is optimized” such that the wave packet in the right well is ex-
cited when it reaches its turning point at ¢ ~ 77°, there the coupling to the state {(ID%QB +>
is maximal. While the wave packet in Sy moves towards higher angles (to the right) the
laser pulse connects it also to higher states in Sy, mainly to [®ly_), [®15, ) and |®]s,_),
but also to energetically close states, e.g. [Pl ), [P35 ), |Plss_ ), |Plags ) [Plas)
| @139, ) and |®},,_)®. The population in the left well of Sy is virtually not affected by
this second pump pulse: about 1.5% of the population of |¥q.) is excited temporarily to
Sy but returns before the UV laser pulse is switched off (cf. fig. 5.15). The wave packet
created in the electronic excited state S; moves primarily towards the left, i.e. towards
¢ = —90°, as depicted in 5.15 (bottom). At t = 7500 fs a subsequent laser pulse could
dump the wave packet to the left well of the electronic ground state, thereby satisfying
scenario (a). For scenario (b) the condition of unselective decay to the electronic ground
state would not be fulfilled, if the wave packet will relax primarily into the well which is
along its path. If relaxation were included into the model simulations, a scenario could be
designed where such a selective decay could be used to obtain the desired enantiomer. Of

6|Wgg) is populated less than 1%.
"The envelope of the laser field has its maximum.
8The states |<I>%29+>, !@%337> and |<I>}37+> are localized in the outer minima at ¢ = +180°.
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course, also scenario (c¢) can be applied to the here discussed results. A subsequent pump
pulse could excite the wave packet from S; to a dissociative state eventually destroying
the R-enantiomer.
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Figure 5.15: Densities as a function of time for a sequence of an IR and UV enantio-
selective pump pulses on 4-Me(CgHg) CHF. Top: Effect of the first IR pulse on the densities
por. and pogr in the electronic ground state Sy (left) and the electronic excited state S;
(right). Bottom: Effect of the UV excitation induced by the second laser pulse.

In figure 5.16 the envelopes of the laser pulse components of the complete laser pulse
sequence as well as the population dynamics are shown, table 5.4 lists the respective laser
parameters. For the IR pulse the field amplitudes E) and EY differ by a factor 50 due
to the dipole matrix elements. Again a look at the curves of p)’ and p2° in fig. 5.11
gives some explanation. While ugo changes by about 1 Debye within 77° < ¢ < 103°, u%°
stays almost constant. Since the coupling with an anti-symmetric dipole component is
necessary for an enantio-selective laser pulse, and the value of (®J. |u2” |®9_) is small,
the high value of EY cannot be diminished unless longer laser pulses are employed.
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Figure 5.16: Selective excitation of the R-enantiomer of 4-Me(C¢Hg)CHF by using a
sequence of an IR and an UV laser pulse. Top panel: Envelope of the linearly polarized IR
and UV pulse (parameters are found in table 5.3). Bottom panel: Population dynamics
in percentage of the affected localized states in Sq (vL/R = |\IJUL/R>) and the overall
population of S; (S1 = > [®L.)) as a function of time. Note the different time scales
used for the IR and UV laser pulses.

The transition dipole matrix element (U§5(t,, )| u2' [®1y5, ) for the UV transition is
about five times larger than the one of the previous simulation, see tab. 5.3. Still, the
amplitude EY is even higher than previously. This is due to the short duration of the laser
pulse needed to cover most of the populated R-localized states. Therefore, an increase of
the pulse duration would make the control less effective even though it decreases the high
laser intensity. Here the quasi-harmonicity of V makes laser control difficult because a
pure eigenstate cannot be reached by the IR excitation. In comparison with the direct
UV excitation the here presented mechanism is even less effective: less than 80% of the
R-enantiomer is electronically excited by the UV pulse (see fig. 5.16). In the following
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section the model system is extended by a second degree of freedom. The new degree of
freedom offers the possibility for a modified laser control mechanism with more effective
transitions by less intense laser pulses.

‘ property /parameter ’ IR pump pulse ‘ UV pump pulse ‘
dominant transition |Wor) — Z; 1 6o [Yor) ZNS ey |[Yor) — S1
(transition) dipole matrix (P | 19| @Y j[> (W (tpy)| 12" [P1as,)
element /eay 30.080 - 1073 —0.22920
coupled to laser field E) EY
field amplitude E?/GVm™ 0.231 0.68
phase 7;/° 0 0
(transition) dipole matrix (00| 2 |7 :F> (WOR(tp )| 1O |Plass )
element/eay —0.66107 - 1073 —0.010102
coupled to laser field EY E?
field amplitude E?/GVm™! 10.5 -15.6
phase 7;/° 0 0
frequency w;/2mc - em™! 189.15 46652(@
duration t,,/ps 7.0 0.35
total field amplitude EO/GVWF1 10.5 15.6
intensity Ir,/TWem™2 29.265 64.598
polarization angle a/° 88.7 -87.5

Table 5.4: Laser pulse parameters for the IR+UV laser pulse sequence depicted in figure
5.16. (a) The transition frequency was initially chosen as the energetic difference between
the wave packet in the ground state [U)5(t,,)) and |1y, ).

5.4 Two-dimensional model including pyramidaliza-
tion

5.4.1 Quantum chemical results

So far all dynamical simulations for 4-Me(CgHg)CHF were based on a one-dimensional
model reduced to the direct reaction path between the two enantiomers. Although this
simplification is an instructive approximation, a second degree of freedom will offer a
better understanding of the efficiency and restrictions of the investigated laser control.
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Ethylene, as the simplest model of a C=C double bond undergoes pyramidalization
after m — 7 excitation, as first noticed by Salem and coworkers [149, 150]. This pyrami-
dalization indicates a hybridization change of one carbon atom from sp? to sp3. Ab initio
calculations have proven that pyramidalization plays an important role on the ethylene dy-
namics in the valence state [151]. After excitation to the valence state the ethylene begins
to twist around the C=C bond and subsequently one of the methylene units pyramidalizes
leading directly to a conical intersection [144, 152]. The ionic state (m — 7*)? is responsi-
ble for the stabilization of the pyramidalized geometry of ethylene in the electronic excited
state [144]; formally it can be described as a localized negative charge stabilized at the
sp? hybridized pyramidalized methylene group and a sp? hybridized positively charged
unpyramidalized methylene group. This pyramidalized state of the C=C double bond
should be even more favorable for the cyclohexylidene derivative, since the fluorine stabi-
lizes a formal negative charge on the C; atom due to its high electronegativity. Therefore,
the pyramidalization coordinate is an obvious extension of the one-dimensional model of

4—M€(C6H9)CHF

Figure 5.17 shows a sketch of the part of 4-Me(CgHy)CHF that undergoes twisting
and pyramidalization. Both terminal substituents F and H at the C; carbon are formally
rotated together in the same direction either around the laboratory fixed z-axis for twisting
or for pyramidalization around a fictive axis P which is perpendicular to the z-axis®,
cf. fig. 5.17. For § = 0° the original one-dimensional torsion is obtained by changing ¢;

for 6 = £90° the F and H atoms are in the xy-plane, cf. fig. 5.4.

] -~
ol Z

Figure 5.17: Sketch of twisting along ¢ and pyramidalization along @ for the pre-oriented
4—MG(C6H9)CHF

Figures 5.18 and 5.19 depict the unrelaxed two-dimensional PES for the ground
(Vo(o,0)) and first excited state (Vi (¢, 0)), respectively, calculated at B3LYP /6-3114+G(d,p)
level of theory. As in the 1D calculations the averaged geometry shown in fig. 5.5 was
used as reference geometry. The PESs are constructed from 324 points retrieved from

9For ¢ = £90° it is the x-axis.
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ab initio calculations. To obtain smooth two-dimensional surfaces Akima’s surface fitting
method SURF!Y| as implemented in the IMSL mathematical library [153], was used.

Both PESs possess an inversion center at ¢ = 0°,6 = 0°, with the pyramidalization
angle 0 defined positive for a specific direction of the rotation around the molecule fixed
axis P, see fig. 5.17. The electronic ground state potential V; has two equivalent minima
at ¢ = £90°,0 = 0° corresponding to the L- and R-enantiomers. The potential V; shows
two minima at ¢ = 0°,0 = 0° and ¢ = £180°,0 = 0°, respectively, centered in valleys
along 6, see fig. 5.19. After excitation of (5)-4-Me(CgHy)CHF to the S; state the double
bond will undergo torsion, but not necessarily pyramidalization.

The permanent dipole moment as a function of ¢ and # was calculated at the same level
of theory as the PES. The components of the permanent dipole moment %, pu) and p2°
are shown in figures 5.20, 5.21 and 5.22. The corresponding electronic transition dipole
moment, components 1", py" and p9' are found in figures 5.23, 5.24 and 5.25. Since the
PESs possess an center of inversion all components of dipole and transition dipole moments
are either symmetric or anti-symmetric with respect to inversion at ¢ = 0°,6 = 0°. This
behavior is labeled by g (gerade) if the function is symmetric with respect to inversion
and u (ungerade) if it is anti-symmetric with respect to ¢ = 0°,60 = 0°, i.e. if the the sign
of the function is changed. Therefore, u%°, u2 are ungerade and all other components
(g, p2° and pg' and pl') are gerade.

The one-dimensional potential curves for Sg and Sy, as well as the components of the
permanent and of the electronic transition dipole moment along ¢, as used in section 5.3,
can be obtained from figures 5.18 to 5.25 as cuts along 6 = 0°.

10The algorithm of SURF returns values of a bivariate interpolant to scattered data in plane; it utilizes
piecewise quintic polynomials on a triangular mesh.
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Figure 5.18: PES (top) and contour plot (bottom) of the electronic ground state Sq of
4-Me(CgHg)CHF as a function of the torsion angle ¢ and the pyramidalization angle 6,
calculated at B3LYP/6-311+G(d,p) level of theory. Equicontour lines Vy(¢,6) = Ey +
iAE, i=1-16, Ey/em™" = 37, AE /em™" = 2427.
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Figure 5.19: PES (top) and contour plot (bottom) of the electronic first excited singlet
state Sy of 4-Me(CgHg)CHF as a function of the torsion angle ¢ and the pyramidalization
angle 0, calculated at B3LYP/6-311+G(d,p) level of theory. Equicontour lines V;(¢,0) =
Ey +iAFE, i=1-16, Ey/cm ™ = 30569, AE/cm™! = 1793.
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Figure 5.22: 2D-surface (top) and contour plot (bottom) of the z-component pu% of the
permanent dipole moment of 4-Me(CgHg)CHF as a function of the torsion angle ¢ and the
pyramidalization angle #, calculated at B3LYP /6-3114+G(d,p) level of theory. Equicontour
lines p%°(¢, 0) = pio + iApu, i=1-16, p9/Debye = 0.217, Ap/Debye = 0.214.
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Figure 5.23: 2D-surface (top) and contour plot (bottom) of the x-component p2' of the
electronic transition dipole moment of 4-Me(CgHg)CHEF as a function of the torsion angle
¢ and the pyramidalization angle 6, calculated at B3LYP/6-311+G(d,p) level of theory.
Equicontour lines u° (¢, 0) = po+iAu, i=1-16, uy/Debye = —0.368, Au/Debye = 0.0460.
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Figure 5.24: 2D-surface (top) and contour plot (bottom) of the y-component ' of the
electronic transition dipole moment of 4-Me(CgHg)CHF as a function of the torsion angle
¢ and the pyramidalization angle 6, calculated at B3LYP/6-311+G(d,p) level of theory.
Equicontour lines 11! (¢, 0) = po+iAp, i=1-16, p19/Debye = —0.649, Ap/Debye = 0.0416.
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Figure 5.25: 2D-surface (top) and contour plot (bottom) of the z-component p%' of the
electronic transition dipole moment of 4-Me(CgHg)CHEF as a function of the torsion angle
¢ and the pyramidalization angle 6, calculated at B3LYP/6-311+G(d,p) level of theory.
Equicontour lines % (¢, 0) = po + iApu, i=1-16, jo/Debye = —3.422, Ap/Debye = 0.178.
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5.4.2 Derivation and eigenstates of the 2D-Hamiltonian for cou-
pled torsion and pyramidalization

To obtain the eigenfunctions and eigenenergies for the torsion-pyramidalization the TISE
has to be solved. The PES has been calculated along two degrees of freedom, i.e. the
angles ¢ for the torsion and 6 for the pyramidalization. It is convenient to express the
kinetic energy operator also in terms of these curvilinear coordinates. This results in
a complex expression for the kinetic operator of the Hamiltonian because torsion and
pyramidalization are coupled degrees of freedom. In the following, the kinetic operator is
derived.

¢

Figure 5.26: Sketch of the oriented molecule 4-Me(CgHg)CHF for ¢ = 0°,60 = 0° in the
laboratory fixed coordinate system (top) and a view in +y-direction (bottom left) and
in +z-direction for defining the rotation angles 6 and ¢, cf. text. The torsional motion
of H and F along ¢ is always around the C;=C; double bond, and hence, around the
space-fixed z-axis, independent of 6. The pyramidalization along 6 is a rotation of H and
F around an axis (previously called P) perpendicular to the z-axis. This axis goes through
C; and lies in plane with H and F; therefore, its position depends on ¢ (for ¢ = 0° it is
the y-axis). The symbol ® represents a vector that is perpendicular to the page, pointing
away from the reader.
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First, the Cartesian coordinate vectors of the F and H atom of the pre-oriented
molecule have to be expressed in terms of the angles ¢ and 6. The vectors ¥r and
Ty describe the F and H atom in the space-fixed coordinate system centered at C;. For
¢ =0°and § = 0° F and H are in the yz-plane with F pointing in positive y-direction, as
shown in figure 5.26; then ©r and 7y are given as:

T $=0° 0 0

ZfF = yr o=0° RClF . sm(180 — OéF) = Trp (516)
Zp - —Reyp - cos(180 — ap) —rh
TH $=0° 0 0

fH = Y o=0° _RclH : sm(180 — OCH) = —TH s (517)
ZH - _RClH : COS(180 - OéH) —T}{

where Re,p and Re g are the bond distances between the respective atoms and ap and
ay are defined as the angles between the respective atom and the C=C double bond.
To obtain a general expression of ¥r and &'y, for any angle ¢ and 6, the coordinates in
equations (5.16) and (5.17) are transformed first by a clockwise rotation around the y-axis
and then by a clockwise rotation around the z-axis, as shown in fig. 5.26:

cos¢ —sing 0 cos# 0 sinf 0
Ir = sing cos¢p 0 |- 0 1 0 . rE
0 0 1 —sinf 0 cosf —rh
—rpsin¢ — ri cos ¢siné
= 7'} COS ) — ' sin ¢ sin 6§ (5.18)
—rhcos 6
cos¢p —sing 0 cosf 0 sind 0
Iy = sing cos¢p 0 |- 0 1 0 | —ry
0 0 1 —singd 0 cosf —rhy
T sin ¢ — 17y cos ¢sin f
= —rg cos¢ — rysingsing | . (5.19)
—r’y cosf

The torsional angle ¢, measured from the space-fixed y-axis, is defined for —7m < ¢ < 7;
¢ is positive for a clockwise rotation around the z-axis. The angle for pyramidalization
0, measured from the space-fixed z-axis, is defined for —m < 0 < 7; 0 is positive for a
clockwise rotation around the y-axis for ¢ = 0°. The vectors Zp and Zy in eqns. (5.18) and
(5.19) are functions of the angles ¢ and 6 and represent the bonds between the respective
atom and the center of the Cartesian coordinate system at Cj.

The kinetic operator of the molecular Hamiltonian for 4-Me(CgHo)CHF is derived
from the formalism used by Luckhaus for torsion-inversion dynamics in hydroxylamine
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[154]. The derivation of this formalism for a general internal motion of molecules can be
found in the work of Meyer and Giinthard [155, 156]. The Hamiltonian used by Luckhaus
is given as [154]:!!

H=10"p )(CT 5 )_1 ( g ) Fulgngon ) + V(g g, ), (5.20)

07,
Cog =Y ma(En X 22) 22, (5.21)

. 0qj

or, 07,

k= Me—=—" ) 5.22
oo ; dq;  Oqw ( )

A AT A
(J P ) = (J337Jy7JZ>p17p27"')7 (523)
for generalized vibrational coordinates ¢; with momenta p; = —ih(9/Jq;). In equation

(5.20) the tensor consists of the tensor of inertia I with elements /.3, the Coriolis coupling
matrix C with elements C,; and its transpose C', and the matrix g with elements g;.
J is the total angular momentum operator, €, (o = x,y, z) are the unit vectors along the
coordinate axes, and 7, is the Cartesian coordinate vector of the atom a, all referring
to the molecule fixed center of mass coordinate system. V is the potential energy in
terms of the coordinates ¢; and w is the pseudo potential, a "purely quantum mechanical’
mass-dependent contribution to the potential energy!?

In the system 4-Me(CgHg)CHF the cyclohexane ring including the methyl substituent
is much heavier than the F and H atom at C;, hence, the molecule can be approximated
to be fixed while F and H undergo torsion and pyramidalization. For an infinite heavy
molecular frame the tensor of inertia I becomes infinite and the rotational blocks I and
C can be neglected; then, equation (5.20) simplifies to

~ 1
H= ipTg p+u(q1,q2,...) +V<Q1,QQ,...) (524)
with the pseudo potential u given as
1 0 [ 1 9n(g)

E - — —_— 5.25
U(QDC]% ~ 4 a { 8qk + ( )

1 9n(lg)) . 9In(g])
— Bl o1 ZSY 5.26

UNote that in formula (9) of ref. [154] the units of H are not given correctly and u is missing the factor
h? /2
12For a derivation of the pseudo potential see e.g. ref. [157].
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where |g| is the determinant of the matrix g and gj_k1 are the elements of the inverse matrix.
Then, the molecular Hamilton operator for torsion-pyramidalization of the CFH-group for

each electronic state 7 reads as follows

ﬂ:

Do
Do

(ﬁ(ﬁ?ﬁ@) g_l (

N | —

where g and g~! are defined as

9eo
9oo

Yoo

and

B
by = —ifi—.
Po o0

+u(e,0) + Vi(e,0),

(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

The elements of the matrix g are obtained applying eqn. (5.22) for the Cartesian coor-
dinate vectors ¥r and Zg, which refer to the molecule fixed center of mass coordinate

system!? centered at C;, as depicted in fig. 5.26:

0fr O0Tp 0Ty 0%y
o = Mg gty By
= mpry +mgry + (mprgz + er’Hz) sin? 6 (5.32)
0fr O0Tp 0y 0%y
geo = mF%W mHa—¢'W—
0rp O0%p 0y 0%y
9oy = mFW.a—qﬁ—'_mHW.@—qb
= (mprpry —myrygry) cos (5.33)
0rp O0%F 0y 0%y
goo = mFWW mHWW
= mprht + myry” (5.34)

13Since the molecule is considered to be fixed in space at the C; atom, molecule fixed and space fixed

coordinate system are the same in terms of the vectors Zr and Z'py.
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For the elements of the inverted matrix g=! the following four terms are derived:

1
g = @ . (mFT}:Q + mHT/H2) (5.35)
1
g” = ¢% = _E (mprers — myrgrty) cos (5.36)
1
¢ = i (mprd +mpr + (mpr's” +mpgrly”) sin? 0) (5.37)
g

with the determinant |g| being

2 2 12 12 2 2 12 2 92 12
lg| = mirpry” + memyry Ty + memyrery” + mygrnry
2 2.9 .

—  (mprers —myryry)® cos® 0 + (mpry” + mgrly”)?sin 6 (5.38)

It is interesting to note that the coupling term ¢’ disappears in the case of two identical
substituents at Cy, e.g. in ethylene. The coupling term ¢%° also vanishes for § = +90°,
but it is maximal at the equilibrium configuration § = 0°.

The derivation of the pseudo potential u was performed using the software package
Mathematica 3.0 [158]. Since |g| does not depend on ¢, all terms of the pseudo potential
with derivatives 0/0¢ of the determinant become zero and u simplifies to

_ W0 [ y0n|g] h?dln|g| 40ln|g|
“(‘9)_?%@ 26 )*3_2 20 ¢ o0

(5.39)

parameter value
Reyr 1.3552 A
Revn 1.0849 A

aF 122.30°
OH 125.48°
mg 18.998 amu
my 1.0080 amu

Table 5.5: Geometric parameters (from MP2/6-311G(d,p)) used to calculate g=* and u.

For the numerical simulations it is convenient to present g=! and u in terms of the

geometric parameters of 4-Me(CgHo)CHF. In table 5.5 the bond distances and angles,
as obtained from the geometry optimization (see section 5.3.2), are listed. With the
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calculated distances (in at. un., i.e. in ag)

re = Reyp-sin(180° — ap) = 2.165, (5.40)
s = Reyp-cos(180° — ap) = 1.368, (5.41)
ry = Reym-sin(180° — ay) = 1.669, (5.42)
"y = Reyg - cos(180° — ay) = 1.190, (5.43)
the matrix elements (in at. un., i.e. in —) are:
el
1
g% = — - 67442 (5.44)
8|
1
g = ¢" = Tl 98928 cos 0 (5.45)
1
¢ = R (167404 + 67442 sin? ) (5.46)
g
with the determinant |g| (in at. un., i.e. in m2ag)
lg| = 1.1290 - 10" — 98928* - cos® § + 674427 - sin” 6, (5.47)

and the pseudo potential (in at. un., i.e. in Fj):

0) —71.037 + 70.619 - cos(20) + 8.8951 - cos(46) + 0.54137 - cos(66)
Uu =

(1.1290 - 1010 — 989302 - cos?(f) + 674442 - sin?(f))3
In figure 5.27 the pseudo potential is plotted as a function of the pyramidalization angle
0; u is constant with respect to the torsional angle ¢. For the numerical solution of the

Schrodinger equation the pseudo potential is added to each potential V;(¢, ). The effect
of u on the PES is rather small (1E} ~ 200000 cm™1).

-10%.  (5.48)

u
0. 00025/
0. 0002
0. 00015
0. 0001

0. 00Q05

- 000005+

Figure 5.27: Pseudo-potential u as described in equation (5.48) for —7/2 < 6 < +7/2, in
Ej.
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From eqn. 5.27 one obtains for the kinetic operator the following expression:

T = = (Psg” Do + Psg”’ Do + Pog"Ps + Pog”’ Do) -

N —

In T the factors ¢’% do not commute with the partial kinetic energy operator py because all
¢’* depend on the angle §. Therefore, the split operator method discussed in section 2.3.2
cannot be applied to solve the Schrodinger equation, and the second order differencing
(SOD) method (see section 2.3.3) is used. The action of the partial kinetic operator on
the wave function ¥ (¢, #) has to be evaluated in momentum space, while the action of the
factors ¢ on W is determined in position space. Hence, several Fourier transformations
(FT) are needed to evaluate the kinetic operator for a given wave function. The following
scheme has been applied:

1. FT of the total wave function ¥ (¢, ) to momentum space:
U(6,6) = ¥(py, po) (5.49)

2. Duplication of the wave function U(py, pg) to two separated wave functions:

V(P Do)
/!
U (pg, po) (5.50)
N
Wy(ps,pe)

3. Calculation of the action of p; on U,;(ps, pp) in momentum space:

DoVs(Ps:pe) = Wiy(ps, Do) (5.51)
ﬁ9w9<p¢7p9) = \D/@(p¢ap9) (552)

4. Inverse FT of W) (py, pg) to position space:

iFT

U (po,po) — Wi(,0) (5.53)
U (pg,po) 0 Uy(,0) (5.54)

5. Calculation of the action of all matrix elements ¢’* on W’ (pg, pe) in position space:

9”0 (0.0) + g*" (o,
9" (0,0) + g Ty(0,

) = Yun(a,0) (5.55)

0
0) = Wyu(p,0) (5.56)
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6. FT of U,;(¢,0) to momentum space:

FT

Woo(0,60) — Vso(ps,po) (5.57)
Wos(6,0) 5 Wou(ps, po) (5.58)

7. Calculation of the action of p; on VU, (pg, pg) in momentum space:

DeVeoo(Pg,P0) = Wip(Des Do) (5.59)
PoVos(Ps o) = Wou(ps, Do) (5.60)

8. Inverse FT of W, (py, pg) to position space:

1FT

Wig(ps, o)~ Wip(0,0) (5.61)
Wpo(psipe) 5 Wh(0,0) (5.62)

9. Summation of the wave functions W', (¢,0) to obtain the total wave function in
position space:

W(¢,0) = 5 (W0, 0) + Wiy (0,0)) (5.63)

In position space the action of the potential energy operator V; (= Vi(¢, 6) + u(6)) of the
electronic state ¢ has to be calculated by multiplication with the wave function ¥(¢, 6).
Then the effect of the complete Hamiltonian on the total wave function is obtained.
Altogether, seven Fourier transformations are necessary.

The solution of the TISE yields the eigenenergies and two-dimensional eigenfunctions.
The numerical solution was obtained by the FGH method [131] (section 2.2.8) using a
total of 4096 grid points, i.e. 128 grid points along ¢ and 32 along 6. Eigenenergies and
eigenfunctions which are important for the dynamical simulations are listed in table 5.6
and shown as contour plots in figure 5.28, respectively. The energetically low eigenfunc-
tions of the electronic ground state Sy can be distinguished in terms of the two degrees of

freedom. They are labeled by two quantum numbers ‘@8w( g /u)> with v =0,1,2, ... for the

torsional degree of freedom and w = 0,1, 2, ... for the pyramidalization. The symmetry
of the eigenfunctions with respect to the center of inversion at ¢ = 0°,6 = 0° is denoted
by g for symmetric functions and v for anti-symmetric functions. The eigenstates of S;

<I>11),( g/u)) BT€ denoted by a single quantum number v’; since a distinction between tor-

sional and pyramidalizational degree of freedom is not possible for energetically high lying
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states'®. The localized functions corresponding to the L- and R-enantiomer are defined
analogously to those of the one-dimensional model system:

1 0 0
|\PUUJL> = % (‘(I)Uwg> + ‘(DU’LUU>) (564)
|\I[va> - ! (‘q)gwg> - ’q)gwu>) : (565)

Sl

2

0
vw(g/u)

V(L) R)> are depicted in figure 5.29. As in the one-dimensional case doublets of eigen-
states are formed in both potential wells of 1f. Since the energy splittings of the first
50 doublets is smaller than the numerical error, no tunneling times can be computed. A
pure enantiomer is stable even at room temperature, cf. section 5.

For the eigenfunctions ’@ > shown in fig. 5.28 the corresponding localized functions

eigenstate vw(g/u) | energy [em™?] || eigenstate vw(g/u) | energy [cm™?]
00g 493.408 0lg 1240.65
00u 493.408 0lu 1240.65
10g 622.911 60g 1280.19
10u 622.911 60u 1280.19
20g 756.731 11g 1376.20
20u 756.731 11u 1376.20
30g 887.194 70g 1410.40
30u 887.194 70u 1410.40
40g 1017.81 21g 1506.98
40u 1017.81 21u 1506.98
50g 1149.44 80g 1542.31
50u 1149.44 80u 1542.31

Table 5.6: Eigenenergies of the first 22 torsion-pyramidalization states of the Sy state of
4-Me(CgHy)CHF. The eigenstates are denoted by the first quantum numbers v for the
torsion and second quantum numbers w for the pyramidalization; g and u are used for
the symmetry with respect to the center of inversion at ¢ = # = 0°. The corresponding
eigenfunctions of selected states are shown in figure 5.28.

14The energetically low lying eigenstates would be labeled in accordance with the electronic ground

state as ‘<I)1

vw(g/u) ) but they do not play any role in the dynamical simulations.
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Figure 5.28: Contour plots of the eigenfunctions
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Figure 5.29: Contour plots of the localized functions ‘\I/,,w(L/R)> of Vp for the 2D-model
4-Me(CgHy)CHF as defined in eqns. (5.64) and (5.65). The first quantum number v corre-
sponds to the torsion along ¢, the second quantum number w denotes the pyramidalization
along 6.
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5.4.3 2D-dynamics using IR and UV laser pulses

The goal of the following laser control is to break the energetic degeneracy of both enan-
tiomers of the racemate by exciting selectively one stereoisomer to the electronic excited
state. Here the same laser control strategies as used for the 1D model shall be applied
introducing modifications due to the second degree of freedom, i.e. the pyramidalization.
The pyramidalization does not directly convert one chiral form into the other and hence,
enantio-selectivity could be reduced by excitating this degree of freedom. Nevertheless,
the pyramidalization allows an alternative path for an IR excitation possibly overcoming
the problem of the harmonicity of the PES along the torsional degree of freedom. In the
following, a modified laser control mechanism taking advantage of the pyramidalizational
degree of freedom is presented.

At initial time t = 0 ps the system is prepared in the lowest doublet of eigenstates as
an incoherent mixture of the L- and R-enantiomer corresponding to a racemic mixture
(cf. section 5.3.3):

1 1

p(t=0)= §p00L + §PO0R- (5.66)

Note that this low temperature approximation is still valid even though the temperature
must be lower than in the 1D case because the energy gap to the first excited doublet
is smaller for the 2D than for the 1D model system (130 cm™! vs. 190 cm™'), i.e. the
coupling with the pyramidalization decreases the energy differences between the torsional
doublets in the 2D model.

All the following dynamical simulations solving the TDSE have been carried out on a
grid of 4096 points using the SOD propagation scheme, as implemented in gmpropa [133],
with a time step of 0.01 fs. Figure 5.30 shows a sequence of two pump pulses that selec-
tively excite the L-enantiomer to the electronic excited state S;. The first pump pulse is
designed to induce population transfer from |¥goz) to [Woiz), i.e. to excite one quantum
of pyramidalization in the L-enantiomer. Because of the harmonicity of the potential
Vb in the regime of energetically low torsional eigenstates, an excitation to the first ex-
cited torsional doublet |¥1o7) would cause the wave packet to climb the ladder of torsional
eigenstates creating a travelling wave packet, as in the one-dimensional model simulations,
making laser control more demanding (see discussion in section 5.3.3). After the IR excita-
tion, the L- and R-enantiomers are no longer degenerate. A subsequent enantio-selective
UV laser pulse pumps the L-enantiomer to the electronic excited state S; with no effect
on the R-enantiomer. The parameters of this pulse were initially adjusted to transfer all
population from W) selectively to the target state |<I>%384g>. This target state was cho-
sen because the transition dipole elements | (@0, | 10! [®1sg4,) | and [ (@, | p2" [Plsss,) |
are large compared to neighbouring states in Sy. Still, after further optimization the UV
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laser pulse transfers population also to other torsion-pyramidalization states in V7, such
as ‘(I)%37Gg>’ @%354g>7 |®%364g>7 |Ps010) |q)%3699> and |P]s5,,) (listed in decreasing amount
of population), as well as others which have 1% or less of the population.

© o o
w H O
I

population
o ©O
N
I

(=)
o

3500 7000 10500 14000
t/fs

Figure 5.30: Asymmetric excitation of the L-enantiomer of 4-Me(CgHg)CHF to the elec-
tronic excited state S; by a sequence of two linearly polarized enantio-selective laser
pulses. Top: Envelope of the IR and UV laser fields; Bottom: Population dynamics of
the affected localized states ’\I/va /r) (£ vwL/R) and of the overall population in S;.
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7 ps, and at final time after the second L-selective UV

pump pulse t = 14 ps for the torsion-pyramidalization model of 4-Me(CgHg)CHF. During

the first IR excitation no population is transferred from the electronic ground state Sg to

the electron

ic excited state S;.
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Figure 5.31 shows snapshots of the density of both enantiomers at initial time ¢ = 0
ps, after the first IR excitation (¢ = 7 ps) and at the final time ¢ = 14 ps. After
the second laser pulse at t = 14 ps the R-enantiomer is still in its initial state |Woor),
while the L-enantiomer is almost completely'® transfered to S; where a superposition of
energetically high lying torsion-pyramidalization states are populated, as shown in fig.
5.31 (bottom right). Since the wave packet prepared in S; is delocalized over a large area
of the potential, it is rather challenging to dump this population selectively to the ground
state in order to purify the initial racemate, cf. scenario (a) of section 5.3.3. However,
relaxation, e.g. via conical intersections, offers a possiblity for the purification of the
racemate by laser distillation, see scenario (b).

‘ property /parameter ‘ IR pump pulse ‘ UV pump pulse ‘
dominant transition U0, — [0, ,) |08, ) — S
(transition) dipole égog/u’ g’ <I>glg/u <<I>81g‘ pot ]\111(10.5ps)>(a)
matrix element/eaq 19.641 - 1073 —88.213-107°
coupled to laser field By E°
field amplitude EY/GVm™! 0.301 0.0955
(transition) dipole <<1>gog | 120 D9, /g> (@9, | 10 |9 (10.5ps)) @
matrix element/eaq 1.5167 - 1073 —2.4375-107°
coupled to laser field E? E°
field amplitude E?/GVm™! 3.9 3.2
frequency w;/2mc - em™! TAT.7 46274.0
duration t,/ps 7.0 7.0
phase 7;/° 0.0 0.0
pulse delay t,/ps 0.0 7.0
total field amplitude EO/GVWT1 3.91 3.20
intensity Ij,/TWem™2 4.058 2.718
polarization angle a/° 85.6 88.3

Table 5.7: Laser pulse parameters for the laser pulse sequence depicted in figure 5.30. (a)
The transition dipole matrix elements are given for the optimized laser pulse parameters,

i.e. for a transition between ‘(I)gm / g> and the wave function in S; at the maximum of the
UV laser pulse |W!(t=7ps+3.5ps)).

The laser parameters of the pulse sequence are summarized in table 5.7. The duration
of the UV pulse (7 ps) is much longer than the one of the UV laser used in the last 1D

15Less than 2% of the population is left in the left popential well of Vj.
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calculation, see tab. 5.4 (section 5.3.3). Note that the long pulse durations for the IR
and UV pulse allow much lower laser intensities than obtained for the 1D simulations.
A long pulse duration for the UV pulse is possible because the population of a single
eigenstate is transferred and not of a wave packet covering many eigenstates. Here the
pyramidalizational degree of freedom offers an alternative route for asymmetric excitation
without destroying the enantio-selectivity of the laser control. This modified enantio-
selective IR-UV excitation is also very effective: more than 96% of the population of the
L-enantiomer is pumped to Sq, see fig. 5.30.

It is also interesting to note that the IR light is propagating in z-direction while the UV
light propagates perpendicular to it, i.e. in y-direction. This will become more important
in the next section, where the effect of the orientation of the model system on the laser
control is discussed.

5.5 Molecular orientation

An important assumption for both model systems presented in this work is the need of a
defined molecular orientation with respect to the laser field. Although there are several
ways to orient molecules, e.g. by intense laser fields [159, 160, 161, 162], experiments
are usually based on a randomly oriented ensemble of molecules. Therefore, the effect
of the molecular oriention on the selectivity of the enantio-selective laser control shall be
investigated in the following.

In an oriented one-dimensional model system the conversion from one enantiomer to
the other is described by the torsional angle ¢, with ¢ = —90° corresponding to the L-
form and ¢ = 90° to the R-form. Since the two enantiomers are mirror images of each
other, they can be oriented in the laboratory frame (X,Y, Z) such that their respective
permanent dipole moments ji* and i are given in molecule fixed coordinates (x,v, 2) by

L L
" Hx Mz

fo=-90°) = @g"=| u | =1 and (5.67)
Hz Mz
PR o

Ae=90°) = @g=\{ puy | = n, |, with (5.68)
Hz Mz

pe = —h (5.69)

provided ji" is transformed to fi* by a reflection at the Y Z-plane, cf. fig. 5.4. This

corresponds to the + and — symmetry of the components of the dipole moment along ¢:
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as — symmetry with respect to the achiral conformation of the model system at

(¢) b
= 0°, while p,(¢) and p.(¢) have 4+ symmetry.

Ly
¢
Assuming a 1:1 mixture of both chiral forms, the electric field vector E, = ( Ex )

Ey
of a laser pulse propagating in Z-direction may be chosen linearly polarized such that its

interaction with %' is non zero while its interaction with 7% vanishes, cf. eqns. (5.5)
and (5.6):
Ey- @™ # 0 (5.70)
Ey- it = 0, (5.71)

in order to excite selectively only the L-enantiomer from |Uqr) to |¥y.). Here i°’ and

f°'E are the transition dipole vectors for the desired transition |‘I’0L/R> — |\I/1L/R> and
are defined in general in molecular coordinates as:
. (Wor] pa () [Worr) et
ﬁvv = <\IJ’UL| My( ) |\Ijv’L> = ﬂZU,L (572)
(Wor| p2(9) [Worr) pek
. (o] 12() | W) e
A= | (Werl iy (9) Wwrr) | = m ] (5.73)
( ) [ Worr) o

for a transition |V,;) — |W,p) or |W,g
definition of |V,.) and |¥,g) (cf. eqn. 3

— |Uyg) (v # v'), respectively. Using the
) and the selection rules (cf. eqn. 4.19), u®"'*

and p2'" are expressed as
/ 1
I b= 2 (Pot| o [Pur—) + (P i [Py 1)) & (Pot | iz [Por—) (5.74)
VU 1
Hoy "= 5 (o] iz [ Por—) + (Lo | [Py s)) = — (P | i [Por—) (5.75)
since (Pyy| pty [Po—) = (Py_| ptz |Pyry) for doublets v, v" where + and — states are en-

ergetically degenerate. From equations (5.74) and (5. 75) one sees that p?"'t = —pU'k,

On the other hand, the y-component as well as the z- component of the transition dipole
vector are equal for the L- and R-enantiomer, i.e. pi," = = iy "Roand pv't = 'R | since

oy (@) and pi.(¢) have + symmetry.

Condition (5.71) means that the electric field vector Ez must be perpendicular to the
transition dipole vector i to suppress an excitation of the R-enantiomer. In figure
5.32 (left) the projection of %L and % onto the X'Y-plane is sketched for the special

01L/R| = MOIL/R| i.e. i and "% are perpendicular to each other in the XY-
~01L

plane. The L-selective linearly polarized electric field vector Ey is parallel to g°** since

case |u
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it must be perpendicular to ji°'F to suppress any interaction with the R-enantiomer. But
after the molecule has been rotated by 90° counter-clockwise around the Z-axis the exact
opposite result is obtained, see fig. 5.32 (right). Now the laser field EZ is perpendicular
to i°'F and, hence, it interacts with the R-form by transferring population from |¥gg)
to |¥1g) without effecting the L-form. The same result can be achieved by a rotation of
the molecule around the Y-axis by 180° or by a rotation around the X-axis by 180°, see

fig. 5.33.

o 1Y Lo _oir 1Y
|2 [ |2
® A v
> E;
< — < \;,
X E, X
ot
®Z M ®Z

Figure 5.32: Left: Projection of the transition dipole vectors %Y and "%, as defined
in eqns. (5.72) and (5.73), onto the XY-plane of the laboratory fixed coordinate system
for the special case | ot Bl = ot % The electric field vector E, of the laser pulse
is polarized such that it induces a transition from |Wqz) to |¥y,) without effecting the
R-enantiomer. Right: The molecules has been rotated by 90° counter-clockwise around
the Z-axis; now the enantio-selective laser pulse excites the R-enantiomer from |Wog) to

|1 ) while [W¥qr) is not affected.

o 1Y o ©7 tY
|2 |2
v, A
) > ) E;
X B, X <
7 )
~01L ~ 01R
®7 H K

Figure 5.33: Projection of the transition dipole vectors ji°*" and ji®'# onto the XY -plane,
as used in fig. 5.32 (left). Left: After rotation of the molecule by 180° around the Y-axis
the originally L-selective laser field E; excites the R-enantiomer from |Wog) to |Vqg).

Right: The same effect is obtained after rotation of the molecule around the X-axis by
180°.
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Considering an ensemble of randomly oriented molecules, it becomes clear that no
matter how the enantio-selective laser pulse is polarized, on the average, it will interact
with the same amount of R- and L-enantiomers leaving their 1:1 ratio in a racemic mixture
untouched. However, if the molecules are oriented e.g. in the positive Z-direction, as
shown in fig. 5.4, but allowing all possible orientations with respect to the X- and Y-axis,
i.e. the molecules are aligned along the Z-axis pointing in the same direction'®, then
enantio-selectivity can be maintained by introducing an additional subsequent enantio-
selective laser pulse. Before the effect of the second laser pulse is discussed, it is convenient
to make several assumptions:

a) The control sequence consists of two subsequent enantio-selective laser pulses which
propagate perpendicular to each other. In analogy to the results in section 5.4.3,
the first laser pulse is an IR pulse propagating in Z-direction, and the second is an
UV pulse propagating in Y -direction.

b) All molecules are aligned along the Z-axis of the laboratory frame pointing in the
same direction, specifically in the positive Z-direction, as shown in fig. 5.4. In the
following the molecules are referred to oriented along the Z-axis.

c) Let the angle x represent all possible orientations of the enantiomers in the racemic
mixture around the Z-axis. Specifically, x is defined zero for the case where the
first enantio-selective pulse E interacts with the enantiomers such that the product
E- "2 becomes zero, i.e. for a 100% effective L-selective |[Wo) — |¥; ) excitation.
Then, the electric field vector E becomes perpendicular to %" at two specific
angles, xy and y 4 180°. In the example shown in fig. 5.32 this is the case at

x = 90° and xy = 270°. In general, the orientation angle x for which the product

Ez - i®F equals zero depends on the relation of | ™| to |uy"*'"|. For simplicity
01L/R| _ | OLL/R, .
|z " = |y 7| is assumed.

d) The subsequent UV laser pulse Ey is designed to selectively excite the L-enantiomer
from |Wy) to an eigenstate |[®L.) = |e) of the electronic excited state Si. The
pulse is optimized such that its electric field vector is perpendicular to the respective

transition dipole vector 'f¢ at y = 0° fulfilling the condition:
Ey - # 0 (5.76)
Ey - ji*fe = 0, (5.77)

16 Alignment is the defined order of the molecular geometry with respect to a space-fixed axis, while
orientation also includes a defined direction with respect to the space-fixed axis. Therefore, the molecules
here are oriented with respect to the Z-axis, but not with respect to the X- and Y-axis. In order to
distinguish between molecules oriented with respect to all three axis and those oriented with respect to
only one specific axis, the later case will be called orientation along the specific axis or unidirectional
orientation, which is equivalent to an unidirectional alignment.
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i.e. inducing a 100% population transfer from |¥;) to |e). Here i'%¢ and ji*f*® are
defined in the molecule fixed coordinate system analogously to eqn. (5.72):

. (Wor| 0 (¢) |l ) poke
ot = [ (W pdt(9) |Phy) | = | wite (5.78)
<‘I’uLW21(¢) (I)%u:t> MgLe
(Wor| 12 (¢) | DL ) pae
N RO T e I (5:79)
v Y w=t Yy )
<‘1’vR|Mgl(¢) q)gui> MZRE

for a transition from ‘\I/U L/ R> to ’@Li> assuming a different transition frequency as
for the transition from |¥o.) to |¥;1). The z-component of the transition dipole
vector is defined to have — symmetry while the z- and y-component have 4+ symme-
try. Hence, pbl® = —pvfe while ,uZLe = MZRE and pte = pvfe. In figure 5.34 (left)
the projection of the transition dipole vectors ' and ji*®¢ onto the X Z-plane of
the laboratory fixed coordinate system for y = 0°, i.e. the pre-oriented molecule,
as well as the electric field vector Fy are shown; for simplicity the special case

;L/Re| — |MiL/R€\ (# |p;L/Re]) is considered.

In order to illustrate the effect of the second enantio-selective laser pulse, four special
cases for the orientation of the molecules, namely y = 0/360°, 90°, 180° and 270°, are
considered:

X:

0/360°:

The molecules are pre-oriented. Then, the first L-selective laser pulse transfers the
population of [Wor) to |Uy.) (fig. 5.32 left), and the second pulse transfers |¥;) to
le) (fig. 5.34 left) leaving |Wor) completely populated.

180°:

The molecules have been rotated around the Z-axis by xy = 180°. Then, the enantio-
selectivity of the second laser pulse is switched from L to R because Ey becomes
parallel to jitf* and perpendicular to il see figure 5.34 (right). These rotated
molecules are still interacting with the first laser pulse as desired, i.e. population
is selectively excited from [¥oz) to [Wy,)'". Hence, the second laser pulse has for

X = 180° neither an effect on |¥y,) nor on |Yog).

90°:
The molecules have been rotated counter-clockwise around the Z-axis by 90°, as

1"Not shown, but can easily be derived from fig. 5.32 (left).
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shown in fig. 5.32 (right). Then, population is transferred from |Wog) to |¥;x) by
the first laser pulse. The second laser pulse propagating in Y-direction, however,
will not interact with the z- and z-components of i'%¢ and i'#¢ any more, i.e. with
their projections onto the Y Z-plane of the laboratory frame, see figure 5.35 (left).

The laser field Ey interacts with the projections of the rotated transition dipole

vectors onto the X Z-plane, i.e. with their y- and z-components. Since ,u;Le =
¢ and plte = plfe the projection of 7' and ' onto the X Z-plane of the

laboratory frame are after the rotation the same vector ji'%/%¢ as shown in fig.

5.35 (middle), and thus, the laser field cannot differentiate between the L- and R-
form. Therefore, since the first pulse transfers population only to |¥g), Ey will
transfer this population to |e). The amount of population excited to S; depends on
how effective Ey interacts with f'E/Be ie. it depends on the components of the
transition dipole vector ™/ and i/

270°:

The molecules have been rotated counter-clockwise by 270° around the z-axis. Then,
the first laser pulse will selectively excite [¥og) to |¥1g). The amount of population
the second laser field Ey transfers to |e) depends again only on its interaction with

jill/Be e with the components py”/™ and pi™/™, see fig. 5.35 (right).

Ey Ey

K X K
K 'y 4 "y
—1Le — 1Re l11Re —1Le

Tl

vZ Z

Figure 5.34: Left: Projection of the transition dipole vectors it and % onto the X Z-
plane of the laboratory fixed coordinate system for a pre-oriented one-dimensional model
system. The electric field vector Fy of the laser pulse is polarized such that it induces a

~

transition from |Wy.) to Sy (= |e)) without affecting the R-enantiomer. Right: After the
molecule is rotated around the Z-axis by 180°, the enantio-selective laser pulse excites
the R-enantiomer from |U,g) to |e) without affecting |Wyy).
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X °Y °Y
Ey Ey
—1Re —1Le 41L/Rev N —1L/Re
o U i u
v Z v Z v Z

Figure 5.35: Left: Projection of the interaction dipole vectors ji'*¢ and j'fe
and pi™/"), as used in fig. 5.34 (left),

right: Projection of the transition dipole vector i**/%¢ onto the X Z-plane (u,

1Le _ ,,1Re
and /J“z - :uz

XY-plane (composed of the components /L;l,;L/ he

after counter-clockwise rotation of the molecule by 90° around the Z-axis. Middle and
) which interact with the laser field Ey after counter-clockwise rotation

1Le

of the molecule by 90° (middle) or 270° (right) around the Z-axis.

orientation 1% pulse E, (IR) 2nd pulse Ey (UV)
angle x || [Wor) = [U1z) | [Wor) = [Wig) || [Pir) — le) | [Pir) — |e)
0° 100% - 100% -
90° - 100% a%") a%")
180° 100% - - 100%
270° - 100% b%") b%")

onto the

Table 5.8: Dominant transition induced by a sequence of two enantio-selective pump
pulses with respect to the orientation of the molecules. The orientation angle y is given
for a counter-clockwise rotation of the molecules around the Z-axis. The table holds
for a model system as discussed in the text. The amount of population transferred by
the transitions marked by *) depends on the y- and z-component of the transition dipole
vector jitl/fe see fig. 5.35.

Table 5.8 summarizes the effect of the two sequent enantio-selective linearly polarized
laser pulses for the four discussed molecular orientations. The net effect of the first laser
pulse is that |¥o.) and |Wgr) are excited to the same extent and, hence no selectivity
is achieved (see tab. 5.8). After the second laser pulse an overall enantio-selectivity is
obtained if the total amount of population transferred from |U,g) to |e) of the molecules
oriented at x = 90° and 270° together is different than the population transferred from
|Wyr) to |e) at x = 0°, i.e. if a+ b # 100 (see table 5.8). Since the amount of population
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/Re

transferred by the UV pulse at x = 90°/270° depends only on the components ugl/L and

1t/ F of the transition dipole vector i'L/Fe (see fig. 5.35 middle and right) the amount
of the enantiomeric excess obtained in S; in a real molecular model system is difficult to

predict.

Averaged over all orientation angles, also the second laser pulse would excite |¥;) and
|W1R) to |e) by the same extent if |¥;) and |V ) were completely populated after the first
pulse, see tab. 5.8. But the maxima of the interaction Ey - io\L/R along y do not coincide
with the ones of the second pulse, see e.g. x = 180°. Therefore, a laser pulse sequence
consisting of two enantio-selective laser pulses should produce enantiomeric excess in S;
in an ensemble of molecules oriented along the Z-axis. Yet, how much population is
enantio-selectively transferred to S; at the orientation angles not given in table 5.8 can
only be calculated using a molecular model system.

But before numerical simulations are discussed, it is interesting to consider also the
case in which the molecules are oriented along the Y-axis instead along the Z-axis. The
dominant transitions induced by the sequence of the two enantio-selective pump pulses
are listed in table 5.9 for four orientation angles. Note that the two pairs of columns
with the dominant transitions are exchanged accordingly, in comparison to table 5.8.
Now the efficiency of the first IR pulse depends on the amount of population transferred
at x = 90° and 270° (marked by *) in tab. 5.9). Nevertheless, also for an ensemble of
molecules oriented along the Y-axis enantiomeric excess in S; should be achieved by the
sequence of the two enantio-selective laser pulses, as long as ¢+ d # 100 (cf. tab. 5.9).

orientation 1 pulse E, (IR) ond pulse By (UV)
angle x || [Wor) = [Wiz) | [Wor) = [Wig) || [W1n) — le) | [Wir) — )
0° 100% - 100% -
90° %) %" - 100%
180° - 100% 100% -
270° d%") d%”) - 100%

Table 5.9: Dominant transition induced by a sequence of two enantio-selective pump
pulses with respect to the orientation of the molecule. The rotation angle y is given for
a counter-clockwise rotation of the molecule around the Y-axis. The table holds for a
model system as discussed in the text. The effectiveness of the transitions marked by *)
depends on the y- and z-component of the transition dipole vector fF0M/%.

The dominant transitions induced by the sequence of the two enantio-selective pump
pulses in a racemic mixture of enantiomers oriented along the X-axis are summarized in
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table 5.10. A rotation around the X-axis is not favorable for the suggested laser pulse
sequence because at y = 180° the first and the second laser pulse will excite selectively
population from |Wog) via |¥U1g) to |e) compensating for the excess of L-population in S;
obtained at y = 0°. Besides, at y = 90° and 270° the laser pulses can, unlike in the cases
of molecular orientation along the Y- or Z-axis, still differentiate between the L- and R-
form of the molecules. At these orientation angles the projections of the transition dipole
vectors ji°'" and ji°'F onto the XY-plane do not coincide to one single vector. Also the
projections of f'%¢ and ji*f*® onto the Y Z-plane are different vectors at x = 90/270°. For
both laser pulses the reason is that the projection vectors depend on the anti-symmetric
x-components of the respective transition dipole vectors at xy = 90/270°. Therefore, the

transitions marked by *) and " in table 5.10 cannot cause any enantiomeric excess.

orientation 1 pulse E; (IR) o pulse By (UV)
angle x || [Wor) — [V1z) | [Wor) — |Wig) | [W1z) — |e) | V1) — le)
0° 100% - 100% -
90° e%") %) g% h% ™)
180° - 100% - 100%
270° %) e%") h%™) g%

Table 5.10: Dominant transition induced by a sequence of two enantio-selective pump
pulses with respect to the orientation of the molecule. The rotation angle x is given for
a counter-clockwise rotation of the molecule around the X-axis. The table holds for a
model system as discussed in the text. The effectiveness of the transitions marked by ™)
depends on the z- and z-component of the transition dipole vectors %% and i°#. The
effectiveness of the transitions marked by * depends on the z- and y-component of the

transition dipole vectors g'f¢ and jitfe.

In order to test the predictions made for molecules oriented along the Z-axis the two-
dimensional model system 4-Me(CgHg)CHF, as described in section 5.4.3, is used. The
first enantio-selective pump pulse of the control sequence excites the system from |¥or)
to |Woiz) at x = 0°. Note that for a pre-oriented molecule (xy = 0°) this transition
was optimized to ~100% population transfer. To describe the different orientations of the
model the laser field is rotated (together with the laboratory coordinate system) clockwise
around the z-axis of the molecular frame, which is equivalent to a counter-clockwise
rotation of the molecule with respect to the Z-axis of the laboratory frame. The rotation
angle x describes the orientation of the laser field with respect to the molecule. For y = 0°
the molecule is fixed in the laboratory coordinate system as shown in fig. 5.26. For an
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arbitrary angle y the electric field vector EO° (x) is given in molecular coordinates as:

cosy —siny 0 E° EJ cos x — E sin x
E°(x)=| siny cosy 0 EY | = Elsiny+ Elcosy |. (5.80)
o o 1)\ & E?

In the case of the IR pulse propagating in Z-direction E% one obtains (in at. un., i.e. in
E},/eap) using the parameters from table 5.7:®

. 7.58 cos x — 0.585 sin x
EY%(x) = | 7.58siny+0.585cosy | -107°. (5.81)
0.0

To scan all possible orientations E% is rotated along x in steps of x = 2.5°. For each y
a quantum wave packet propagation is carried out (SOD, 4096 grid points, 0.01 fs/step,
qmpropa [133]) starting each time from a racemic mixture of |WUqo.) and |Wgog). In figure
5.36 (top) the population of the initial states |Ugoz) (plain line) and |Woor) (dashed line)
after the first IR laser pulse is plotted versus the orientation angle y.

At x = 0° the L-selective laser pulse E%(OO) depopulates [Woor,) completely leaving
|Woor) untouched. As expected at x = 180° the same result is obtained because E%(180°)
and 797 are perpendicular. In order to determine the angle y at which E%(y) becomes
perpendicular to °'* the parameters from table 5.7 are used; the transition dipole vector

[ is defined, in accordance with eqn. (5.72)1 (in at. un., i.e. in eay):

(Woor| 13° [Porr) (Poog| 113° |Poru)
A = (Woorl 1y [Porr) | = | (Poog 115° [Porg)
(Woor| 12° [Worr) (Poog| 122° | Po1g)
(Pooul g |Porg) 1.52
= (Poou| 1) [Pora) | = 196 | -107°. (5.82)
<(I)00u| M(;O |(I)01u> 14].
The respective interaction vector %' has a negative xz-component (u® = —1.52 .
— —7‘58 g 7-58
-3 0 o\ _ .1Nn—3 0 o) — .
107 eag). For E%(171.2°) = < 0.585 ) 107 Ej,/eaq and for E%(351.2°) ( 0585 >

1073 Ey/eay, the scalar product E°(y) - fi®*F equals zero. Accordingly, at x = 171° and
351° in figure 5.36 (top) |Woor) is almost completely depopulated while |¥oo) keeps ap-
proximately its initial population of 0.5. This means, if the curve for [¥qo) is shifted by

181 Ep/eap = 514.22 GV/m
9Note that for simplicity here the superindices vv’ of the transition dipol vector ﬁ””/L indicate a change

only in one quantum number, i.e. O1F = 00011,
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Figure 5.36: Top panel: Population of the initial state |Wgor) (plain line) and |[¥oor)

(dashed line) versus the orientation angle x (in steps of 2.5°) after the first enantio-

selective IR pump pulse depicted in fig. 5.30. Bottom panel: The curve for the population

of |Wgor) is shifted by 9° to coincide with the curve for the population of |Wgr) (see text).
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~ 49° then it should coincides with the curve for |Ugog). Figure 5.36 (bottom) shows the
two almost coinciding curves. Although these curves give no information about how much
|Wo1r) or [Woir) or other states are populated, they show, as predicted, that an L-selective
laser pulse optimized for a certain molecular orientation will be not enantio-selective for
an ensemble of molecules oriented along the Z-axis (cf. tab. 5.8): The integrals under the
|Woor)- and |Woor)-curves, using the values of the calculated points, give a ratio of 1:0.99.
It is also important to note that both curves in fig. 5.36 (bottom) are almost perfectly
symmetric with respect to y = 0/180°, as expected from the theoretical example discussed
before.

For the pre-oriented molecule (y = 0°) the IR laser pulse was choosen to be a =-
pulse, i.e. to cause a 100% population transfer from |Woor) to |Woiz), see the derivation
in section 5.3.3. With the values from eqns. (5.81) and (5.82) the pulse area A, as defined
in eqn. (2.98), can be calculated as a function of y. For A = 2n+ 1)m (n = 0,1,2...)
a full population transfer should be induced by the laser pulse. If the pulse area A is
an even multiple of 7 then no population transfer should occur, see section 2.4.1. Figure
5.37 shows the calculated pulse area A(y) = E%(x) - gL/E . tp/2 in units of m of the
IR laser pulse as a function of the orientation angle x. The solid curve calculated from
%1 is shifted by ~ —9° with respect to the dashed curve calculated from ji°'f. The
horizontal lines at A/m ~ 1 and A/m =~ 2 mark the value for which approximately a 17-
or 2w-transition, respectively, is induced by the laser field. Table 5.11 lists the calculated
values of A for the orientation angles y marked in fig. 5.37 by arrows. The solid lined
arrows mark the orientation angle x at which the pulse area A for the interaction with the
L-enantiomers reaches 7w or 27; the dashed lined arrows mark the respective 7 or 27-pulse
interaction with the R-enantiomers.

At x = 0/360° and 180° the dashed line for the interaction with the R-enantiomer
reaches zero while the solid line for the L-enantiomer has the value of approximately 7,
marked by solid lined arrows in fig. 5.37. The opposite result is found for y = 171° and
351°, marked by dashed lined arrows. At y =~ 162° and y = 342° a m-pulse transition
is induced in the L-enantiomer and a 2m-pulse transition, i.e. no population transfer,
in the R-enantiomer. Note that at these angles |Wqg.) is almost depopulated while the
population of |Uyr) stays almost unchanged, see fig. 5.36. The opposite result is found
at xy = 9° and 189°, see figures 5.37 and 5.36. This investigation can be continued towards
the maxima of the curves in fig. 5.37 resulting in higher even or odd w-pulse areas for L-
and R-enantiomers. The oscillation of the |¥goz)- and |¥gog)-curves in fig. 5.36 around
x = 0/360° and x = 180° can be explained by the resulting alternating even and odd
m-pulse transitions, cf. tab. 5.11.
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Figure 5.37: The area A(x) = E%(x) - i/ - 1,/2 of the first IR laser pulse in units of 7
calculated for the values given in eqn. (5.81) and (5.82). The two horizontal lines mark
the value for which ~ 100% and ~ 0%, corresponding to a 7w and 27w-pulse, population
transfer from ’\IIOOL /R> to ’\1101 I /R> is accomplished. The solid and dashed lined arrows
mark the angles y for the L- and R-selective transitions listed in tab. 5.11, respectively.

orientation angle x | [Woor) — [Voiz) | [Yoor) — [Yoir) |

0/360° T -
9° 2 s
90° 6.4 6.57
162° T 2m
171° - s
180° T -
189° 27 s
270° 6.4m 6.57
342° s 2
351° - s

Table 5.11: The area A(y) of the first IR laser pulse calculated for the values given in
eqn. (5.81) and (5.82) for the orientation angles y marked by arrows in fig. 5.37. Note
that 17 refers to the exact value of A(x = 0°) which is 1.067.
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In general, the more x increases the stronger the interaction of Eg with i°'%/% becomes

since the increasing value of the y-component |E2(X)| is multiplied with the relatively high

value of 5 “/" (see eqn. 5.82), which means that £% and i°'%/F become parallel. These

intense laser pulses excite the population not only to |\I/01 L /R> but also to higher states
’\IIOQL/R>, \IlogL/R> and |\I/04L/R>. As a consequence, the curves in fig. 5.36 show broad
minima around y = 90° and y = 270°. It is important to note that not only the curves
in fig. 5.37 reach their maxima around xy = 90° and 270°, but that at exactly these angles
the interaction with the R-enantiomer is slightly stronger than with the L-enantiomer
(6.57 vs. 6.47), see tab. 5.11 and dotted vertical lines in fig. 5.37. This will become more
important for the effect of the second laser pulse.

The second laser pulse was optimized to transfer selectively the population in |Wy)
to the electronic excited state S;, specifically to the target state |<I>%384g>, see section 5.4.3.
The laser field propagating in Y-direction is also written in terms of the orientation angle
X as (in at. un., i.e. in Ej,/eay)

. 6.22 cos x
Ed(x)=[ 6.22siny | -107° (5.83)
0.186

€ €

The transition dipole vectors interacting with EY are denoted fi*r® and 7, where the
e stands for the target state |®{sg,,), and are they defined as in eqns. (5.78) and (5.79).
For [i'%¢ one obtains using the numerical values from tab. 5.7 (in at. un., i.e. in eag):

. <‘1’01L|M%1 <I>i?}amg> 1 <q)81u|/i§1 <I>;‘13849>
g = <‘I’01L‘Mgl (I)}384g> V2 <(I)019W%1 q)%384g>
(Worr| ;) (I)1384g> <(D019’Nz q)1384g>

—2.44

1
= — [ —-231 |-107° (5.84)

V2 —88.2

The respective interaction vector fi'f* has a positive z-component (uiRe = 4244 -1073
at. un.). Note that the values in eqn. (5.84) are derived from the wave packet in S; at
the peak of the second laser pulse |¥!(# = 10.5ps)) and not from the original target state
| ®1354,), See section 5.4.3.

As for the first IR laser pulse 144 simulations along x in steps of 2.5° were carried out
using the laser field calculated by equation (5.83). For each x the quantum dynamical
simulations started at the end of the first IR laser pulse. The overall population in S; at
the end of the second laser pulse versus the orientation angle x is plotted in figure 5.38

(top).
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At x = 0° almost all population of |¥q;y) is pumped to S; while the R-enantiomer is
uneffected.2 At x = 180° the z-component of E% has changed its sign (see eqn. 5.83)
and hence, the product EO - 7€ becomes zero. Neither the population in [¥g;,) nor in
|Woor) will be touched by this laser field, and therefore, both curves in fig. 5.38 (top)
reach zero — as predicted above (see tab. 5.8).

In figure 5.38 (bottom) the curve of the R-enantiomer is shifted by -13°, because at
this angle E?/ - itF¢ equals zero. Since the shifted curves do not coincide the amount of
enantiomeric excess created by the laser pulse sequence can already be anticipated from
figure 5.38 (bottom). The intergrals under the curves of fig. 5.38, using the values of the
calculated points, yield that 10% more population of the R-enantiomer (1:0.9 for R:L) is
excited to Sy, mainly due to the region around x = 90°.

To understand how this enantiomeric excess in S; is achieved it is necessary to look
at the pulse area of the UV laser pulse. Figure 5.39 shows the pulse area A(x) = E?/ (x) -
M/ Re ¢, /2 in units of 7 as a function of y calculated for the values in eqns. (5.81) and
(5.82). Solid and dashed curves are used for interaction with the L- and R-enantiomer,
respectively. The solid horizontal line marks the value of A = 7, the dot-dashed lines mark
the value of approximately 47 and 57. Solid and dashed lined arrows mark the angles at
which a w-pulse transition for the L- and R-enantiomer, respectively, is expected. In table
5.12 the calculated values of A are listed for several orientation angles. The two curves in
fig. 5.39 are shifted by ~ 13° which confirms the results found in fig. 5.38 (bottom). The
reason is that at xy = 193° the L-enantiomer is excited leaving the R-form untouched,

while at 347° the opposite effect is found (see arrows in fig. 5.39).

As derived before, at x = 90° and 270° only the y- and the z-component of the UV
laser field E (see eqn. 5.83) interact with the transition dipole vector f/5e (cf. fig. 5.35
middle and right) and because 1, = 1,7 and pl" = pl*, no enantio-selectivity can
be achieved at either angle. Figure 5.36 proves that at these angles (see dotted vertical
lines) no selectivity can be expected since both curves cross. At y = 90° the pulse area
becomes approximately 57 (see tab. 5.12) which means that the population of both |¥g;r,)
and |Wor) should be transferred completely to the target state. At the angle x = 270° a
~ 4m-pulse is found, see fig. 5.39, hence no population should be excited. Still, population
is transferred to Sy at y = 270°, see fig. 5.38. Therefore, most of the transferred population
at x = 270°, and then also at y = 90°, is probably due to the effect of high laser intensity,
beyond the limit of the theory for m-pulses. However, at exactly y = 90° more population
of the R-enantiomers is excited to Sy, see fig. 5.38. At this angle (and also at 270°) the
first IR laser pulse interacts slightly stronger with the R-enantiomer than with the L-
enantiomer, as shown in figures 5.36 (top) and 5.37, and hence, |Wqor) was depopulated

20Many states in S; are populated, not only the target state ’@%3849% see section 5.4.3.
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orientation angle x/degree

selective IR and UV pump pulse depicted in fig. 5.30. Bottom panel: The curve for the

enantiomer (dashed line) in Sy versus x (in steps of 2.5°) after the sequence of the enantio-
population of R-enantiomer is shifted by -13° (see text).

Figure 5.38: Top panel: Total population of the L-enantiomer (plain line) and the R-
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more than |Woor). As a concequence, at x = 90° more R-population is transferred to S;
by the second UV laser pulse, see fig. 5.38 (top). At y = 270° one would expect the same
effect which would increase the enantiomeric excess in Sy in favor of the R-enantiomer.
However, the population excited to S; is almost equal for both enantiomers confirming

the effect of high laser intensity.

Ey iRty /2n

Figure 5.39: The area A(x) = E%(x) - Z"2/B¢ . ¢,/2 of the second UV laser pulse in units
of 7 calculated for the values given in eqn. (5.83) and (5.84). The plain horizontal line
marks the value for which ~ 100%, corresponding to a 7 pulse, population transfer from
’\IIOI L/ R> to 57 is accomplished. The two horizontal dot-dashed lines correspond to a pulse
area of approximately 47 and 57. The solid and dashed lined arrows mark the angles y
for the L- and R-selective transitions listed in tab. 5.12.

‘ orientation angle ‘ |Woiz) — Si ] |Woir) — S1 ‘

0/360° T -
90° o om
180° - T
193° s -
270° 4 41
347° - T

Table 5.12: The area A(x) of the second UV laser pulse calculated for the values given in
eqn. (5.83) and (5.84) for the orientation angles marked by arrows in fig. 5.39. Note that
17 refers to the exact value of A(x = 0°) which is 1.037.
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Table 5.13 summarizes the transitions induced by the laser pulse sequence at four
orientation angles. Note that not only these four angles x contribute to the enantiomeric
excess in S; found. However, the table stresses two important effects of the laser control:
a) At x = 180° no population is transferred to Sy, and b) At x = 90/270° the UV laser
pulse cannot differentiate between the L- and R-enantiomer. The consequences are: a)
While at y = 0° the population transfer for the L-enantiomer is almost 100%, at y = 180°
no population of the R-enantiomer is excited to S;.2! b) Since at y = 90/270° the first
laser pulse cannot excite the population of both enantiomers by the same extent, at these
angles the second laser pulse creates an enantiomeric excess in Sy, as predicted by the
theory.

orientation 15 pulse EY (IR) 2nd pulse £Y (UV)
angle [Woor) = |Voir) ‘ [Woor) — [Yoir) || |Yoiz) — Si ‘ [Woir) — 51

0° T - T -
90° 6.4m 6.57 5%3 57
180° T - - T
270° 6.4 6.57 47 47

Table 5.13: The pulse area A for the enantio-selective IR+UV laser pulse sequence as
a function of the orientation angle y for the case of molecules being oriented along the
Z-axis.

The effects a) and b) depend on the axis along which the molecules are oriented.
Therefore, it is interesting to investigate these effects for the case where the molecules are
oriented along the Y- or the X-axis and thereby test the predictions made in tables 5.9
and 5.10. For this purpose, the pulse area A is calculated for the four orientation angles
x = 0°,90°,180° and 270°.

For the case of molecules being oriented along the Y-axis the laser fields of both pulses
are rotated clockwise around the y-axis:

cosy 0 siny EY E? cos x + E?sin x
E°(x) = 0 1 0 E) | = EY : (5.85)
—siny 0 cosy EY —E?%sin y + EY cos x

With the values of the transition dipole vectors from eqns. (5.82) and (5.84), A is calcu-
lated and listed in table 5.14. As predicted in tab. 5.9 the first pulse cannot differentiate
between the L- and R-form of the molecules at y = 90° and xy = 270°. However, the

21This could not be expected for a sequence of parallel propagating laser pulses.
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slight difference in enantio-selectivity (17.367 vs. 17.397) of the UV pulse at these angles

would cause an enantiomeric excess of the R-enantiomer in S;.

orientation 15 pulse E9 (IR) 22 pulse £9 (UV)
angle x [Woor) = |Woir) | [Woor) = |[Yoir) || [Woir) = S1 | [Yoir) — S
0° s - s -
90° 0.04~ 0.047 17.36m 17.397
180° - s s -
270° 0.967 0.967 17.367 17.397

Table 5.14: The pulse area A(x) for the enantio-selective IR+UV laser pulse sequence as
a function of the orientation angle y for the case of molecules being oriented along the
Y-axis. Note that 17 refers to the exact value of A(x = 0°) which is 1.067 for the IR
pulse and 1.037 for the UV pulse.

For the case of orientating the molecules along the X-axis the electric field vectors of
both pulses are rotated clockwise around the z-axis:

1 0 0 B EY
E°(x)=| 0 cosxy —siny E) | = | Ejcosx — Elsiny |. (5.86)
0 siny cosy EY E)sinx + EY cos x

The pulse area A is calculated for four cases, see table 5.15, using the values of the
transition dipole vectors in eqns. (5.82) and (5.84). As expected from tab. 5.10, the
transitions induced at y = 0° and 180° bring no change to the initial racemic mixture
eliminating effect a). At y = 90° and 270° there is a preference for one chiral form for
both pulses, see tab. 5.15. However, since the effect at y = 90° and 270° are opposite, no
enantiomeric excess will be achieved in S; at these angles destroying the effect b).

orientation 1° pulse EY (IR) 27 pulse EY (UV)
angle x [Woor) = |Yoi) | [Woor) = |[Yoir) || [Woir) = S1 | [Yoir) — Si
0° T - s -
90° 0.54m 0.467 0.347 0.627
180° - T - T
270° 0.46m 0.54m 0.627 0.34m

Table 5.15: The pulse area A for the enantio-selective IR+UV laser pulse sequence as
a function of the orientation angle x for the case of molecules being oriented along the
X-axis. Note that 17 refers to the exact value of A(x = 0°) which is 1.067 for the IR
pulse and 1.037 for the UV pulse.



5.5 Molecular orientation 179

In summary, the predictions made using a simplified model for molecules oriented
along the X-, Y- or Z-axis were confirmed by the numerical simulations based on the
model system 4-Me(CgHg)CHF. A sequence of two perpendicular propagating enantio-
selective laser pulses was applied to a racemate of molecules oriented along the Z-axis.
Even though this laser pulse sequence was originally optimized for a racemic mixture of
pre-oriented molecules (see section 5.4.3), an enantiomeric excess of 10% was created in the
electronic excited state of the unidirectionally aligned but randomly oriented molecules.
The polarization directions of both laser fields are almost 90° (cf. tab. 5.7) corresponding
to a polarization nearly in z-direction. This causes the graphs for the L- and R-enantiomer
in figures 5.36 and 5.38 to be shifted only by a few degrees making chiral discrimination
very sensitive with respect to the orientation angle y. A close look at figures 5.37 and
5.39 also reveals that if the laser pulses were optimized at y = 0° to couple to transition
matrix elements with higher values the maxima of the curves could possibly be reduced
drastically suppressing very high laser intensities (see previous discussion). Therefore,
the here applied laser pulse sequence can be considered a rather unfavorable case for an
essemble of molecules oriented along the Z-axis. However, the positions of the maxima
of the A(x)-curves depend both on the laser parameters and on the axis along which
the molecules are oriented, cf. tables 5.14 and 5.15. From the results obtained in this
section it can be anticipated that the choice of the laser induced transitions as well as
the axis along which the molecules are oriented are decisive for the success of creating
enantiomeric excess. Therefore, it would be interesting to investigate laser excitations
with more favorable laser-dipole couplings and, by doing that, also estimate the effect
of the relative polarization direction between both perpendicular propagating laser fields
on the enantio-selectivity. In this sense, this approach could also be tested for control
mechanisms including sequences of parallel propagating laser pulses.

Note that, the here presented model simulation differs from the purification of a race-
mate of unidirectionally oriented, but rotating HoPOSH molecules by means of circularly
polarized laser pulses, see section 4.6.5. While in the case of rotating HoPOSH molecules
the inital state of the calculation is characterized by the quantum state M = 0 represent-
ing all possible molecular orientations of a single molecule around its chiral axis, here an
essemble of molecules oriented along a specific laboratory fixed axis with different orienta-
tion around this axis is considered. Further, the quantum simulations of HoPOSH include
the overall rotation of the molecules as a degree of freedom, while in the here presented
model simulations the overall rotation, i.e. a coupling to the cyclohexyl ring, is neglected.



