Chapter 4

Enantio-selective laser control
mechanisms for the model system

H,POSH

4.1 Outline of the chapter

The investigations on laser control for the selective preparation of enantiomers starts with
the choice of an appropriate model system. This chapter introduces the reader to the first
molecular model system HoyPOSH (section 4.2) for which two fundamental laser control
schemes for the purification of a racemate were developed, namely, the so-called “park-
ing” mechanism (section 4.6) and the enantio-selective pump-dump mechanism (section
4.7). Before the laser driven dynamics are considered (section 4.5) the potential energy
curves along the reaction path have to be obtained (section 4.3) and the time-independent
Schrédinger equation for the model has to be solved (section 4.4). The chapter finishes
with considerations for an experimental setup to proof the success of the theoretically
obtained laser control schemes (section 4.8).
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4.2 Choice of a model system

The choice of a molecular model system for the purpose of this work must be based on
certain criteria (a-c). (a) The molecule needs to be chiral, but there should be only one
molecular source of chirality within the molecule. More than one chiral center results in
more than two stereo-isomers (two or more diastereomeric pairs of enantiomers) making
the model unnecessarily complicated. There are different types of chiral elements that
may be used for a model system. The choice influences the reaction path transforming
the enantiomer from one configuration to the other. In order to transform a chiral center,
e.g. a carbon atom with four different substituents, from its R-forms into its S-form or
vice versa, at least one chemical bond has to be broken and reconnected on “the other
side” of the molecule. The description of such a reaction path is rather complicated since
it includes dissociation as well as bond formation plus the movement of two fragments
relative to each other. Therefore, criterion (b) is the desire to develop a chiral model
system in such a way that the reaction path transforming both enantiomers into each
other is easy to be described by means of quantum dynamics. A chiral axis allows to
simplify the reaction path to a relative torsional motion of two fragments of the molecule
around the chiral axis. Molecules with chiral axis form only stable enantiomers (called
atropisomers'), i.e. the time for the transformation from one stereo-isomer to the other
is longer than the time for the observation or reaction, if the torsional barrier for the
chiral axis is high enough. This torsional barrier depends on the molecular fragments the
molecule consists of. Substituents with large steric expansion may hinder the torsional
motion at room temperature. Such substituents usually consist of many atoms or of atoms
with high atomic number. However, criterion (c¢) is to keep the molecular model system
“small” enough to be described by the means of quantum mechanics. The more electrons
are included in the quantum chemistry calculations the larger is the computational effort.
Therefore, the model system should not consist of more atoms than needed to investigate
the problem and if possible of light atoms.

There are more criteria (d-f) which are more difficult to fulfill but they intend to make
the model more realistic in terms of an experiment: (d) As discussed in section 3.4 the
lifetime of an enantiomer depends on the tunneling time of its corresponding localized
wave function tunneling between both minima of the double well potential. The potential
barrier between both minima controls this tunneling time and hence, the lifetime of the
enantiomers; the higher this barrier is, the longer the lifetime. To monitor the successful
preparation of a pure enantiomer by means of spectroscopy the lifetime of the enantiomer
should be sufficiently long (at least 100 ps). Therefore, the potential barrier must be

Tsomers that can be separated only because rotation about a single bond is prevented or greatly
slowed are called atropisomers (for a review see ref. [124])
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high enough to support a localized wave packet that does not tunnel so fast that the
enantiomer described by this wave packet cannot be observed by experimental methods.
(e) In order to have sufficient control over the molecular system a strong coupling of the its
dipole moment with the laser field is necessary, especially along the reaction path. Weak
couplings with the laser field lead to high laser intensities that may lead to ionization or
dissociation of the molecule. Therefore, the dipole moments should undergo a sufficiently
large change (£ 1 Debye or more) along the path from one enantiomer to the other.
(f) Finally, the model system should have similarities with experimentally commonly
used ones or, at least, with molecules which are experimentally easily available. Only
then the results from theoretical calculations may motivate experimentalists to carry out
experiments based on these results.

In this chapter the first model system to describe the purification of a racemate by
laser pulses will be discussed. It is a rather simple model, yet convenient for developing
laser control mechanisms. Unfortunately, it gives little possibilities for experimental in-
vestigation. In the following chapter 5 a more complicated model will be presented, which
allows more connections between theory and experiment.

The model system chosen first is the thiophosphinic acid HoPOSH. This molecule is
chiral because it has a chiral axis along its P-S bond. Below room temperature is forms
two stable conformers (atropisomers) as shown in figure 4.1. Each of them is the mirror
image of the other, still they are not identical molecules. The two conformations shown in
figure 4.1 are the minimum energy configuration of both enantiomers. A torsional motion
of the H around the P-S bond, keeping the HyPO-group fixed, converts one enantiomer
into the other.

Figure 4.1: Enantiomers of the HoPOSH molecule

This model system fulfills criteria a-c: (a) It is chiral with one single chiral element,
namely a chiral axis. This allows a simple reaction path (b): a one-dimensional motion
(the torsion of the terminal Hydrogen relative to the rest) describes the conversion be-
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tween both enantiomers. Since the molecule only consists of six atoms with an overall
of 42 electrons, it is possible to calculate its potential energy surfaces with a bearable
computational effort, in accordance with criterion (c).

Since criteria (d) and (e) depend on the barrier height of the potential energy curve
and on the dipole moments, respectively, they will be discussed in more detail in the
following section. Here, suffice it to say that both criteria are fulfilled; (d) because the
potential barrier is about 500 cm~! allowing sufficiently long tunneling times, at least
for the lowest doublet of eigenstates; and (e) because the change of at least two dipole
moment components along the reaction path are sufficiently large to allow strong coupling
with the laser field.

For the case of HyPOSH criterion (f) is only partly fulfilled. Thiophosphinic acid
can be synthesized in the laboratory, still it is a rather difficult substance to handle
because it is very reactive. It cannot be handled in an air environment because it will
instantaneously react with oxygen eventually forming SO, and H3PO,4. The preparation
of a pure enantiomer of H,POSH by experimental means seems to be impossible since
there is no known way to synthesize it via a stereo-specific reaction or to isolate it from
a racemic mixture. At room temperature HoPOSH is not chiral because the states above
the potential barrier are also populated making the molecule on a time average achiral.
Therefore, the chosen model system is not the best choice for an experiment; it covers
in most but not in all parts the behavior of “realistic” chiral molecules. This problem is
overcome in chapter 5 where a more “realistic” model system will be presented.

4.3 Potential energy curves for Sy and S;

In all calculations the model system HoPOSH is assumed to be oriented with its P-S bond
along the z-axis while the OPS fragment lies in the xz-plane as shown in figure 4.2. The
dihedral angle OPSH, called ¢, is used to describe the torsional motion of the terminal
hydrogen around the P-S bond. The angle ¢ is defined such that it is zero if the fragment
OPSH is in the xz-plane with the terminal hydrogen pointing in positive x-direction. This
is called the cis-conformation of the molecule in analogy to the nomenclature of cis-trans
stereo-isomers. If the terminal hydrogen is pointing in negative x-direction still being
in the xz-plane, it is called the trans-conformation, with the angle ¢ being either —180°
or +180° depending on the direction of torsion starting from the cis-conformation. The
cis- and trans-conformations of HoPOSH, calculated by MP2 at the 6-311G(2d,p) level
of theory, are shown in figure 4.3. At ¢ = 0° and +180°, respectively, the molecule has
Cs-symmetry with the OPSH fragment in the mirror plane. Hence, these conformations
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are achiral. The two stable chiral forms of the molecule are at ¢ = —59.5° corresponding
to the L-enantiomer and at ¢ = +59.5° corresponding to the R-enantiomer. Their relaxed
geometries, depicted in figure 4.4, are optimized by MP2 using the 6-311G(2d,p) basis
set. In order to obtain a symmetric double well potential curve along ¢ from ab initio
calculations a symmetric geometry (with respect to the xz-plane) for the non-moving parts
of the molecule is required as reference. This symmetric geometry is derived by taking
the arithmetic average of the P-H bond distances as well as of the HPS-angles of both
relaxed geometries in fig. 4.4.

x

@)

/H/\
. > 7
P—S (p\,

y

A
H"/
H

Figure 4.2: Model system H,POSH fixed in the x,y,z-coordinate system

The unrelaxed potential energy curves along the angle ¢ for the electronic ground state
So and the first electronic excited singlet state S; are calculated by means of (TD-)DFT
(see section 2.2.7) using the symmetric geometry of the L-enantiomer of the electronic
ground state as a reference [125].2 Except for the torsional dihedral angle ¢ all geometrical
parameters are frozen, with the P-H bond length and HPS angle fixed to the values of the
symmetric geometry. Both singlet states were calculated at the B3LYP/6-311+G(2d,p)
level of theory. The resulting energy curves Vy(¢) and Vi(¢) are shown in Figure 4.5.
The Newman projection of the two enantiomers correspond to the minima at —65° and
+65° of the electronic ground state. The central potential barrier of Vj at ¢ = 0° has
a height of 519.4 cm™!, while the other barrier at ¢ = £180° is 984.1 cm™! high. The
electronic excited potential energy curve Vi(¢) has a single minimum where Vj(¢) has its
lower potential barrier. For the Sy potential, there are three doublets below the barrier
with torsional states labeled v = 0, 1 or 2, according to increasing eigenenergies, and +
or — depending on the symmetry of the corresponding eigenfunction. In the S; potential,

2In former calculations (see ref. [61, 126, 127, 128, 129]) the hydrogens of the phosphino group were
allowed to relax along ¢ to maintain the local symmetry of the phosphino group. The potential energy
curve of the electronic ground state was calculated at the MP2/6-311G(2p,d) level of theory.
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the eigenstates are just labeled by v, implying + or — symmetries for even and odd values
of v.

Figure 4.3: Geometries of the cis- (left) and trans- (right) conformation of HoPOSH
optimized at MP2/6-311G(2d,p) level of theory. Bond lengths are given in Angstroms;
the angles next to the P-H bonds are measured along HPS.

Figure 4.4: Geometries for the L (left) and R (right) configuration of HoPOSH optimized
at MP2/6-311G(2d,p) level of theory. Bond lengths are given in Angstroms; the angles
next to the P-H bonds are measured along HPS. The corresponding symmetric geometry
the P-H bond distances are 1.398 A and the HPS angles are 99.7°.
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Figure 4.5: The model system HyPOSH with its ground state Sy and first singlet excited
state S; potential energy curves (V;) along the torsional i.e. OPSH dihedral angle (¢).
¢ = 0° and ¢ = £180° correspond to the cis- and trans-conformations, respectively.
Torsional levels for each potential are shown on the right. (adapted from [125])
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A CIS/6-3114+G(2d,p) optimization of the minimum energy configuration of the mole-
cule in the S; state, confirmed by a normal mode analysis, was performed in order to
check the geometrical changes induced after electronic excitation of the molecule. A
significant elongation of the P-S bond from 2.12 A in Sy to 2.81 A in S; was found. This
is an indication for a weakly bounded relaxed excited singlet state involving electrostatic
and/or polarization interactions between the HoPO and SH fragments.> This result,
together with the fact that the S; wave function is composed of Rydberg transitions from
the lone pairs of the oxygen and sulfur to the phosphorus atom, calls for the use of diffuse
functions in the basis set. Therefore, the augmented basis set 6-3114+G(2d,p) has been

used in all the ab initio calculations®.

The dipole moment of the molecule in the electronic ground state 7% (¢) as well as the
electronic transition dipole moment between Sy and S, i°(¢) are calculated using (TD)-
DFT with the same functional (B3LYP) and split-valence basis set (6-311+G(2d,p)) as for
the PES. The components 3 (¢), u5(¢) and p2°(¢) of the permanent dipole moment are
shown in figure 4.6, the ones of the transition dipole moment p0'(¢), ) (¢) and pd'(¢)
in figure 4.7. The respective components are plotted versus the torsional angle ¢ and
are either symmetric or anti-symmetric with respect to the OPS mirror plane, i.e. with
respect to ¢ = 0°. While u°,u2° and p)' are symmetric with respect to ¢ = 0°, py,
pot and 9 are anti-symmetric. The symmetry of the (transition) dipole components is
of great importance for the laser control with polarized light. In section 4.6.1 it will be
explained in detail how the symmetry of the (transition) dipole components influences the
selectivity of a laser pulses. The variation of the dipole components along ¢ is large for
py and p°, thus causing strong couplings with the x- and y-components of a polarized
laser field, satisfying criterion (e). The z-components of the dipole moment g, shows very
little variation along ¢ and, therefore, will not be used for laser control. In the case of
the transition dipole components the variation along ¢ is rather small (=~ 0.6 Debye) for

all three components, but still large enough to allow a reasonable coupling with the laser
field.

3More recent calculations using CASSCF(14,12)/ANO-L have proven that the molecule dissociates in
the Sy state into its HoPO and SH fragments [130]. Two-dimensional unrelaxed calculations taking the
elongation of the P-S bond into account are performed currently by M. F. Shibl (FU-Berlin).

4in contrast to the 6-311G(2d,p) basis employed in former calculations, see ref. [61, 126, 127, 128, 129).
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Figure 4.6: Components p°, p)° and p2° of the permanent dipole moment of H,POSH

versus the torsional angle ¢ (adapted from [127]).
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Figure 4.7: Components p', p)' and p?" of the electronic transition dipole moment
between the electronic states Sy and S; of HoPOSH along the angle ¢ for the torsional
motion of the H around the P-S bond (adapted from [125]). (Note that o' ~ u2" close

to the minimum energy configuration at ¢ = 60°, see discussion in section 4.7.2.)
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4.4 The Hamiltonian of the 1D model system and its
torsional eigenstates

The potential energy curves Vy(¢) and V;(¢) are the basis for the quantum dynamical
simulations. In the one-dimensional (1D) model system all degrees of freedom of the
H>POSH molecule are fixed except for the torsional motion of the terminal hydrogen
around the P-S bond. This hydrogen is assumed not to affect the atoms of the H,PO
fragment during its rotation. Since the moment of inertia of the HyPO fragment around
the P-S bond is much larger than the one of the SH fragment, as a first approximation
the HyPO fragment is considered to be fixed to its position during the motion of the
terminal hydrogen.> Then, the following Hamilton operator can be used to describe the

1D motion: 2 g
H($) =T(9) + V(9) = —57 55 + V(9). (4.1)

The moment of inertia I is calculated from the mass of the H-atom attached to the sulfur
and the perpendicular distance r of this hydrogen to the P-S axis (see figure 4.8):

I =mpyr* =1.796 amu(A)? = 11687.87 m.a’
r = Rgpy - sin(180° — ),

with Rgy = 1.337 A and o = 93.16° .

H
o T

P

Figure 4.8: Sketch for the calculation of the moment of inertia 1

In order to solve equation (4.1) numerically and to obtain the torsional eigenfunctions
and eigenenergies the Fourier-Grid-Hamiltonian technique [88, 89] (discussed in section
2.2.8) using a space discretization of 256 grid points was applied by using the program
gmbound [131]. Figure 4.5 in section 4.3 shows the torsional eigenstates |®%,) and |®))
of Vy from v = 0+ to v = 2— (in the electronic ground state Sp) and of V; for the states
v =0 to 5 (in the electronic excited state S;). The first six torsional eigenfunctions of Sy
are depicted in figure 4.9, the eigenfunctions of S; are not shown since their functional

5Tn section 4.6.5 the motion of the HyPO fragment will be introduced into the model.
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behavior is for small v analogous to the eigenfunctions of a harmonic oscillator. In Table
4.1 the exact energies obtained for the first ten torsional states in So (EJ, to E}_) and in
S1 (E} to EJ) are listed.

S() Sl
EY, | eigenvalue [cm™!] | E! | eigenvalue [cm ™|
0+ 95.9457 0 42426.2
0— 95.9740 1 42850.4
1+ 281.144 2 43257.3
1— 282.136 3 43644.3
2+ 438.048 4 44009.0
2— 450.910 5 44348.5
3+ 5958.136 6 44563.5
3— 609.968 7 44619.9
4+ 693.026 8 44657.5
4— 767.122 9 44658.5

Table 4.1: Torsional eigenenergies for the electronic ground and first singlet excited state
of the model system H,POSH

As discussed in section 4.3 the potential barrier at ¢ = 0° separating the two minima
causes an energy splitting of the torsional eigenstates leading to energy doublets below this
barrier. For the Sy potential, there are three doublets v = 0, 1,2 of torsional eigenstates
EY, and torsional eigenfunction ‘®8i> with + and — depending on the their symmetry
with respect to inversion at ¢ = 0°. The torsional eigenfunctions in the S; potential |®})
and their eigenenergies E! are just labeled by v, implying + or — symmetries for even
and odd values of v.

The pure L-enantiomer and R-enantiomer are presented by the localized wave func-
tions |®,z) and |®,g), respectively, embedded in the left and right potential wells of Sy
[30], as shown in figure 4.10. They are constructed as superpositions of two torsional
eigenstates in the electronic ground state |®Y,) and |®Y_) with + and — symmetry, as
defined in eqn. (3.1) (see section 3.4).

The lifetime of a pure enantiomer depends, via the tunneling time, on the energy
splitting of the eigenstates within the doublets, see eqn. (3.2). The energy splitting
increases with increasing energy since the barrier gets smaller and tighter allowing more
interaction between the eigenstates in both wells. In table 4.2 the tunneling times 7,
defined as the whole oscillation period L — R — L, are listed®.

6Compare with the values of 630, 20.9 and 1.88 ps respectively obtained with the MP2 potential [61].
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Figure 4.9: Torsional eigenfunctions |®),) to |®J_) in the electronic ground state of
H>POSH; with + symmetry: |<I>8+>, CD(1)+>, <I>8+> (top panel), and with — symmetry:
|<I>8_> , }@?_>, (138_> (bottom panel). Their eigenenergies are indicated by the lines at
¢ = +£180°.
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Figure 4.10: Localized wave functions |Vy.) and | Vo) of HyPOSH, as defined in eqn. (3.1).
|Wor) (top panel) describes the pure L-enantiomer in the energetically lowest doublet of
the torsional eigenstates |®J, ) and |®)_), cf. fig. 4.9; |¥or) (bottom panel) describes the
respective pure R-enantiomer.



4.5 Laser driven dynamics 63

doublet v | AE? [em™!] | 7, [ps]
0+ /0— 0.0283 1180
1+ /1—- 0.992 33.6
21 /2 12.9 2.5

Table 4.2: Energy splitting of the doublets v and the resulting tunneling times 7,

The tunneling times are important for the laser control mechanism. If, for example,
for the preparation of a pure enantiomer the third doublet |<I>gi> is used as intermediate
state, the wave packet in this intermediate state will tunnel within 1.29 ps from one well to
the other. Hence, a laser pulse that transfers the population from this intermediate state
to the final state must be shorter than the lifetime of the localized wave packet in ‘Cbgi>
to prevent that the localization is lost. In the following sections, different mechanisms to
prepare pure enantiomers will be presented giving more detailed informations about the
role of the tunneling times.

4.5 Laser driven dynamics

4.5.1 The time-dependent Hamiltonian

All quantum dynamical simulations that describe an ensemble of distinguishable molecules,
i.e. a mixture of enantiomers, are based on the solution of the Liouville-von Neumann
equation for the time dependent density matrix p(t) of the wave function:

mag—gf) - [H(t),p(t)] (4.2)
The time dependent Hamilton operator is given by
_( THVl9) - E(t) - @*(¢) ~E(t) - i (¢)
wo = (TRt o e ) 49

where T is the kinetic energy operator, and Vo(¢) and V;(¢) are the ground and excited
molecular potentials, respectively. The coupling with the laser field is treated in the
semi-classical dipole approximation including the dipole moments *(¢) of the electronic
states Sp and S;” and the electronic transition dipole moment i”/(¢). In cases where

"Since unrelazed potential energy curves are employed ji'! is set equal to %°.
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only the electronic ground state Sy is considered, the Hamiltonian H(t) simplifies to

T+ V(o) — E(t) - ii(0).

4.5.2 Initial state — Final state

The initial density at time ¢ = 0 is given by a thermal Boltzmann distribution

ot = 0) = p(T) = < PooéT) P11(ET) ) 7 (4.4)

where the density of the electronic ground state pgg is given as

poo(T) = Z 80, exp(—Eg://{?BT) (80,

(4.5)

with Q being the partition function and kg the Boltzmann constant. The density pgg is
composed of the densities of the localized torsional eigenstates with energies below the
barrier, and those of the delocalized states above the barrier, see eqn. (3.5):

O EO
poo(T Z |q> €:L‘p sz;:/kBT i’ n Z |CD exp Ui/kBT <q> ‘ (4.6)
v>3

Because the splitting of the doublets is much smaller than the energy differences between
two doublets the exact eigenenergies EY, of the states ‘(I) i> can be approximated by the
average energies EO of the enantiomer states defined in eqn. (3.1). Then, the densities
of the localized torsional states below the barrier |<I>Oi> can be written in terms of the
densities of localized L- and R-wave functions ’CIIUL / R>, cf. eqn. (3.6):

poo(T) =~ 22: ‘q)o ) eﬁp(—Eg/kBT ‘ n Z ‘q) exp (—E°/kgT) (@0 |
© Q
+ Z ‘<I> 6a:p Si/k’BT <q) ‘ (4.7)
v>3

= por(T) + por(T) + pdel(T)a

For a case of low temperature (say below 40 K) all Boltzmann weights are negligible
except those of the energetically lowest doublet ‘¢8¢>> which are approximately equally
populated since the states are almost energetically degenerate. Using this approximation,
the initial state of all calculations at t = 0 is defined as the sum of the L- and R-densities,
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representing a racemic mixture of the molecular model system:
1
poolT = 0) ~ = (|00,) (0] +[.) (2)|)

= %(|\1/0L> (Wor| + [Wor) <‘110R!)
1 1

= §pOL(T) + EPOR(T)' (4.8)

The density of the electronic excited state p1; is zero at the initial time. With this initial
state the solution of the Liouville-von Neumann equation (4.2) can be written in terms
of an incoherent mixture of two time dependent densities

p(0) = 5 (1o (1) (ou (1)) + [%0- (1)) (¥0_()])

= 2 (1900 0) (Bon )]+ [Bon(t)) (Wor(1)) w9
where
_ (195, (1)
|\I’0j:<t)>_< ’\Pé(t» > (4‘10)

is a vector composed of the wave function for the electronic ground state ¥, (¢)) and for
the electronic excited state |¥}(¢)), starting from the initial state

oslt = 0) = (150, (a11)

with either 4+ or — parity, respectively, whereas

[Wor/r(t)) = < Nﬁ;{{g;i)) > (4.12)

is the corresponding vector of the localized L- or R-wave functions, starting from the

initial state
[Worlt = 0)) = ( o) ) | (4.13)

with either L or R, respectively. These vectors Wi (t)) or [¥or/r(t)) are solutions of the
TDSE:

O W) = HOs()  or (4.14)
S [Wowalt)) = H (1) Vo (1) (4.15)

Therefore, the solution of the original ansatz using the Liouville-von Neumann equation
can be simplified by solving the TDSE either in the basis of torsional eigenstates (4.14)
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starting from a 50%:50% incoherent superposition of the states }@8 +> and }@8_>, or of
the localized L- and R-states starting from a 50%:50% incoherent superposition of the
states |Wor) and |WYor).

The final state or target state of the laser driven dynamics is designed either as the
pure L- or pure R-enantiomer:

plt=t5) = Y |Wur) Purlty) (Tor| = pr or

v=0
2

plt=t5) = D |Wur) Purlty) (Vor| = pr. (4.16)

v=0

To accomplish this, a laser pulse sequence must be designed to convert the initial racemate
selectively and if possible completely, i.e. by 100%, into the desired L- or R-enantiomer
(32, Por(ty) — 1or 32 Pyr(t;) — 1). Here, it is important to note that no laser
control can be designed to localize a racemic mixture exclusively in the lowest doublet,
i.e. the target density |Wor) 1 (Wor| or [Yogr) 1 (¥ogr| cannot be reached starting from the
inititial state (4.8). This restriction is based on the fact that the maximum value of the
population in the target state at time ¢; cannot exceed the maximum value of the initial
population distribution p(t = 0) in a control system without any dissipative process, as
shown by Gross et al. [132]. Hence, a target state involving not only ground v = 0 but
also excited doublets v = 1,2 has to be chosen, as specified in eqn. (4.16).

Since not only the energetically lowest doublet, but also excited doublets are populated
at final time ¢;, the lifetime of the prepared pure enantiomer will also depend on the
tunneling times of these excited doublets. The energy splitting of the lowest doublet ‘®8i>
is 0.0283 cm ™! which corresponds to a tunneling time of 1180 ps for a pure enantiomer
localized only in this doublet (see table 4.2). This time is long enough for spectroscopically
monitoring the pure enantiomer in an experiment fulfilling criterion (e) from section 4.2.
The tunneling times for the next higher doublet is 33.6 ps, hence, the part of the wave
function localized in this doublet will tunnel in 16.8 ps to the other well causing a partial
racemization of the pure enantiomer. For the doublet v = 2 the energy splitting is already
12.9 em~! causing a tunneling time of 2.59 ps; this results in a very short lifetime of the
corresponding enantiomer ‘\112 R/ L> making the spectroscopically monitoring more difficult.
Therefore, an adequate target state should, in case of the here presented model system,
include only the doublets v = 0 and v = 1, i.e. the density at final time should be
% PoL + % p1r. Figure 4.11 shows the initial and the desired final state (here, as an example,
the pure L-enantiomer).
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Figure 4.11: The initial state $po; + $por at time ¢ = 0 (top) presenting a incoherent
50%:50% mixture of both enantiomers forming a racemate, and the desired final state
%pOL + %pm at final time t; corresponding to a pure L-enantiomer (bottom).
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Throughout this work the localizations of the time-dependent wave function on the L-
or R-states P,/r of Sy and the corresponding laser driven populations of the torsional
eigenstates P!, are given by

Poryr(t) = ‘<‘PUL/R | \Ilgi(t)>’2 (4.17)

and )
, (4.18)

(1) = [(@he | Wha(t)

respectively.

The laser driven dynamics are simulated by wave packet propagations applying the
split operator (see section 2.3.2) as implemented in the program gmpropa [133]. The
propagations were carried out on a grid of 256 points (see section 2.3.1) in time steps
of At = 0.25 fs, or At = 0.1 fs if the electronic excited state was included into the
calculations.®

In the following sections, different laser control mechanisms for the purification of a
racemate are described for the one-dimensional model system HoPOSH. Extensions of the
model system, taking overall rotations of the molecule into account as well as a possible
experimental proof of the successful preparation of pure enantiomers by laser pulses are
also discussed.

4.6 The “parking” mechanism

4.6.1 Selective preparation of a localized wave packet

The first simulation of a quantum model system, i.e. HoPOSH, demonstrating the selective
preparation of a pure enantiomer by ultra-short laser pulses starting from a racemic
mixture was presented by Fujimura et al. in [128]. The laser control used in ref. [128§]
is based on the so-called parking mechanism. The mechanism was historically derived
from previous work by Fujimura et al. [61] using the local control method as well as by
Gonzdlez et al. [127] using analytical laser pulses. In both references the simulations
started from a coherent superposition of the L- and R-enantiomers corresponding to the
pure torsional ground state |®q ), which is, strictly speaking, not equivalent to a racemic
mixture. However, the careful analysis of the enantio-selective laser control achieved by

81n either case, smaller time steps did not affect the calculated results.
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the local control method allowed to derive several control mechanisms based on analytical
laser pulses (for a detailed discussion see refs. [127, 126]). Further investigations by Leal
et al. [129] on the deuterated species HoPOSD gave a better insight into the effect of
the tunneling times for intermediate states and introduced a simplified control scheme
that is partly used in the here presented parking mechanism. In the following, first this
simplified mechanism will be briefly discussed; then, the parking scheme is introduced.

Probably the simplest way to convert the pure state |, ), corresponding to a coherent
superposition of L- and R-enantiomers, into the localized state “Ifg L/ R> corresponding to
a pure L- or R-enantiomer, using linearly polarized laser pulses is the pump-dump scheme
depicted in figure 4.12. The pump pulse induces a transition from the initial state ‘@8 +>
to an intermediate state, here |<I>g_>, transferring only half of the initial population. The
subsequent dump pulse deexcites the population from the intermediate state to the other
state of the energetically lowest doublet |®87>, thus forming selectively the target localized
state, here |Wqp).

2— T+ N — 1

3 E,

0O- —— ‘T—— —=-—
O+ o @ -
pumpP dump
pulse pulse

Figure 4.12: Selective transitions of a simple pump-dump scheme for the preparation of
the localized state |Wq,) starting from an initial pure state }@8 +> via the intermediate
state |®)_), using linearly polarized laser pulses (see ref. [129]). The 100% or 50%
populations of the states v+ (= ‘<I>gi>) are denoted by half and complete filled boxes,
respectively.

Both subpulses in fig. 4.12 are linearly polarized, but their polarization vectors are
orthogonal to each other. Each subpulse connects two states of specific symmetry obeying
the selection rules. The selection rule determines a transition to be allowed if the squared
absolute value of the transition dipole moment vector fi,, is unequal zero:

ﬁvv’ == <(I)v‘ ,J |<I>v’> s |ﬁvv/|2 7& 0. (419)

If the condition (4.19) is not fulfilled the corresponding transition cannot be induced by
a laser pulse and this transition is said to be forbidden. Since the molecule is considered



70 Enantio-selective laser control mechanisms for the model system H,POSH

to be fixed in space the (transition) dipole moment can only undergo changes along the
torsional degree of freedom. Thus, the components of the (transition) dipole moment
pd, pe’ and p (see fig. 4.6), or for electronic transitions pd', py" and p2' (see fig. 4.7),
respectively, are either symmetric or anti-symmetric with respect to inversion at ¢ = 0°.
Hence, depending on the symmetry of eigenstates involved in the transition only certain
polarization directions of the laser field are able, i.e. allowed in terms of the selection rule

(4.19), to induce the transfer of population.

Following the selection rules the first transition shown in figure 4.12 must be coupled by
a dipole moment component with — symmetry since the affected states |®(, ) and [®J_)
are of different symmetry. For the same reason the second pulse, the dump pulse, has
to be coupled to a dipole moment component with + symmetry since the affected states
’@8_> and |<I>8_> are of the same symmetry. Looking at the dipole moment components
of HoPOSH in fig. 4.6 one realizes that the pump pulse must be y-polarized while the
dump pulse must be x-polarized for a laser propagating in z-direction.

The sequence of laser pulses used in the simulation together with the laser parameters,
the resulting population dynamics and localization of the wave packet are illustrated
in figure 4.13. The first linearly polarized pulse, E,(t), transfers close to 50% of the
population of the initial state ‘@8 +> to ’<I>87> whereas the second pulse, E,(t), deexcites
the population of |®J_) to |®]_), thus forming the target localized state [¥oy).

The amount of localization of the target state |Wqz) depends on its tunneling time,
on the tunneling time of the intermediate wave packet (3 |®§, ) + 3 [®3_)), on the pulse
duration of the dump pulse and on the relative phase n = n, —n,, i.e. the phase difference
between the phase-locked pump and dump pulse. The wave packet which is formed in the
energetically lowest doublet during the dump pulse consists of a coherent superposition
of the states }@8 L) to |(I>8_> and, once formed, it starts to tunnel through the central
barrier since it is not a stationary state of the system. Therefore, the duration of the
dump pulse in comparison with the tunneling time of the prepared localized wave packet
influences the level of localization of the wave packet at the end of the pulse. If, for
example, the tunneling time is much shorter than the duration of the dump pulse, the
prepared wave packet will tunnel back and forth through the barrier a couple of times
until the interaction with the laser has ended.
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Figure 4.13: Selective preparation of the L-enantiomer of HoPOSH by two linearly polar-
ized laser pulses using the pump-dump scheme shown in fig. 4.12. Panel (a) and (b) show
the electric field components E, and E,. Panel (c) depicts the time-evolution of the pop-
ulation dynamics of the eigenstates involved in the mechanism (P, = v+), and panel (d)
shows the time-evolution of the localization as defined in eqn. 4.17 (P,z/r = vL/R). The
laser parameters are E) = 0.61 GV/m, E) = 1.76 GV /m, w, = 373.36 cm ™', w, = 372.70
cm™ !, n, = 0° n, = 25° and the time durations are ¢, = 7 ps for both pulses. (adapted
from ref. [129])
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If, on the other hand, the dump pulse is very short compared with the tunneling time,
which is true for the here presented model system (1180 ps vs. 7 ps), then the tunneling
time of the target doublet has almost no effect on the level of localization?. In this
case the tunneling time of the intermediate wave packet which has been neglected in the
previous discussion becomes important for the localization of the target state. Since the
intermediate wave packet is higher in energy than |¥q;) its tunneling time is shorter than
the one of |¥q) and therefore, its effect on the localization is even bigger than the effect of
the tunneling time of Wy, ). As mentioned above, the pulse duration of the dump pulse in
comparison with the tunneling time, now the one of the intermediate state is considered,
defines the amount of localization after the dump pulse. But during the laser interaction
the intermediate state ’@8_> is depopulated and hence, the intermediate wave packet is
decreasing in energy and increasing in tunneling time until it reaches the target state.
In conclusion all dynamical effects due to the tunneling of the wave packet at a certain
time of the control sequence are very difficult to control. In practice, only the relative
phase 1 between the two subpulses is used to affect the localization of the prepared wave
packet. If a given pump-dump sequence is creating a wave packet completely localized
in one potential well, then the same pulse sequence with a relative phase changed by +
will produce a wave packet in the other well. Hence, the selectivity of preparing the pure
L- or R-enantiomer can be controlled by optimizing the relative phase 1 between both
pulses. Since the required phase depends on dynamic factors which are difficult to predict
for a molecular model system!®, the relative phase has to be optimized by hand for a
given pump-dump sequence.

This simple pump-dump scheme to prepare selectively a localized wave packet starting
from a pure state is an important step for the parking mechanism introduced in the
following section, which is used for the purification of a real racemate, i.e a incoherent
superposition of the L- and R-enantiomer.

4.6.2 The structure of the five-step parking scheme

The parking mechanism was derived from previous investigations on the preparation of
localized states, eventually allowing the selective purification of a “true” racemic mixture
[128]. This, and the following section, will explain the parking mechanism and present
results of its application to the HbPOSH model system using different intermediate states
in the electronic ground and in the electronic excited state. Different types of laser control
using analytical laser pulses, as well as STIRAP are also discussed.

9This is true for the energetically lowest doublet, differences for the first excited doublet being a target
state will be discussed later.
0For an approximated approach in case of a three-level A system without tunneling see ref. [125].
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For the selective preparation of either the pure L- or the pure R-enantiomer from a
racemate the selective transitions induced by the five sequential linearly polarized sub-
pulses of the so-called the “parking” mechanism are illustrated in figure 4.14.

30/31 —c:»— i —— — —|:|— B S— f — /2
| ' [ps]
SO 1- —/—— B e e B B s e B B o e B — -
1+ ——+ S i — S — S e— - s 17
0- o — B e— - - - 590
0+ ——— " - - - -
1 2 3 4 5
pump- -dump

Figure 4.14: Selective transitions between the torsional states vE (= |<I>g . )) of the elec-
tronic ground state Sy and intermediate states of either Sy or the electronic excited state
S1 induced by a sequence of five linearly polarized laser pulses. 7/2 are the life times of
the localized states |\IIUL/R>.

The amplitudes of the five subpulses depend, as shown in eqn. (2.99), on the laser pulse
duration and on the value of the transition dipole matrix element. In an ideal case, the
subpulses transfer either 100% or 50% of the population from one state to another. In case
of 100% population transfer the pulses are called w-pulses because their laser parameters
can be derived from the m-pulse theory (see section 2.4.1) for two-level systems. If only
half of the population is transfered between two states then the laser pulse inducing this
transition is called a half-w-pulse. Then, the laser pulse amplitude is about half the value
of a m-pulse in the approximation of a two-level system. In any case, m and half-m pulses
are used to simplify the problem; in general, every subpulse must be optimized for the
“real” molecular multi-level system.

A key step of the mechanism sketched in figure 4.14 is to transfer completely the
population of one of the initial states (for instance |®J_)) to a torsional state higher in
energy, the so-called “parking” step. The “parked” population should not be affected by
any of the sequential pulses which will follow (steps 2-3). Then, the population in the
remaining [P, ) state undergoes a pump-dump mechanism (second and third step) by
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a sequence of a half-r followed by a m-pulse. These two-pulse sequence is equivalent to
the simple pump-dump mechanism discussed in the previous section. First, the half-7-
pulse pumps half the population to an intermediate excited state which must be different
from the “parking” state. The pump pulse and also the following dump pulse must be
optimized in such a way that they do not affect the “parked” population. Next, a m-pulse
dumps completely the population in the intermediate state to the unpopulated partner
of the lowest doublet, i.e. to the unpopulated state, here |<I>8_>, in the lowest doublet
of torsional states of Sp. In this way a coherent superposition of [®],) and |®f_) with
equal populations is created. The phase of the dump pulse 7 is chosen such that the wave
packet is localized in either the left or in the right well of the double minimum potential
curve Vg [127].

In the fourth and fifth steps the “parked” population is deexcited to create another
coherent superposition of torsional states in the first excited doublet of Sy. Each half
of the “parked” population is dumped to the two torsional states of the first excited
doublet, |®Y, ) and |P)_), thus creating a coherent 50%:50% superposition of |9, ). This
can be done either by a sequential process using a half-r-pulse followed by a m-pulse, or by
simultaneous deexcitation via two pulses of different polarization with area equal to 7.1t
In the former case the area of the pulses for the overall transition is larger (1.57 versus
7). In the last case, since both pulses are acting at the same time, the overall transition
is faster, but the competing transitions make the process more sensitive to the individual
field amplitudes. Again the localization will depend on the choice of the relative phase n
between both pulses, in an analogous way as in the second and third steps. In any case,
if the wave packets in the lowest and first excited doublets of Sy are both localized on the
same side of the central barrier of Sy, the localization, as defined in Eq. (4.17), is equal to
one. Then the racemate is completely purified, and either the left or the right enantiomer
is prepared.

4.6.3 Laser control by means of IR pulses using the “parking”
mechanism

The “parking” state (step 1) as well as the intermediate state for the pump-dump sequence
(step 2 and 3) can be either a torsional eigenstate in the electronic ground state [128] or
a torsional state in the electronic exited state [125]. In Figure 4.15 the result for the

"Tn the case of simultaneous deexcitation the Rabi frequency of the overall transition is the effective
Rabi frequency Q = Q;(t) + Qa(t), whose area must be equal to an odd multiple of 7 for full population
transfer. Since we require 4 (t) = Q2(¢) for a balanced transfer to both final levels, the areas of each
individual pulse must be 4; = Ay = 7/2.
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“parking” mechanism via torsional states in the electronic ground state is illustrated for
the selective preparation of the L-enantiomer from a racemate. The laser parameters
of the subpulses shown in figure 4.15 are summarized in table 4.3. At the end of the
laser pulse sequence, the total population of the L-enantiomer is close to 1, while the
population of the R-enantiomer is close to zero; the remaining small fraction corresponds
to the population of delocalized torsional states.

‘ parameter H pulse 1 ‘ pulse 2 ‘ pulse 3 ‘ pulse 4 ‘ pulse 5 ‘

EV[GV/m] || 0.0 00 | 176 | 008 | 00
EV[GV/m] | 1446 | 0611 | 0.0 0.0 | 017
w [em™! 352.75 | 373.36 | 372.7 160.0 161.0
ty [ps] 7 7 7 7 7
ta [ps) 0 7 14 21 28
n [degree] 0 0 25 0 180

Table 4.3: Laser parameters of the five subpulses as pictured in fig. 4.15.

The laser field always propagates along the z axis, that is, parallel to the P-S bond
of the pre-oriented molecule. Using the techniques discussed previously (see also [134])
the laser field has been constructed from five linearly x- or y-polarized subpulses which in
accordance with the symmetry selection rules induce nearly perfect state selective torsional
transitions. Specifically, the dipole components )’ and pf) have 4+ and — symmetry (see
fig. 4.6), respectively; thus the interacting linearly z- and y-polarized subpulses induce
transitions only between states with identical or opposite symmetries, respectively.

As seen in figure 4.15 the first, y-polarized subpulse transfers almost completely the
population of the initial state |®q_) into the excited state |®s,), the “parking” state,
without influencing the population of the other initial state |®qy). Next, the second and
third y- and x- polarized subpulses transfer the initial population of the other initial
state |Pg,) into the ground state of the L-enantiomer, |y ), while leaving the ”parked”
population of state |®oy) unaffected. This is achieved by first transferring half of the
initial population of |®¢,) into the excited state |®5_) and subsequently to |®g_), which
then interferes coherently with the remaining fraction of |®¢, ) leading to the formation of
the target state of the L-enantiomer |Wqz). Finally, the "parked” population of |®5.) is
dumped into the excited (v = 1) state of the L-enantiomer |V, ), by means of the fourth
and fifth subpulses which create the corresponding coherent superposition of states |®;,)
and |®;_), respectively, without influencing the population of |¥gp).
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population

localization

Figure 4.15: Selective preparation of the L-enantiomer from a pre-oriented racemate of
the model H,POSH, by means of a sequence of five linearly polarized laser pulses. Top
panel: Electrical field of the linearly z- or y-polarized pulses. Middle panel: Population
dynamics of the torsional states }@gi> (labeled v+) as induced by the subpulses. Bottom
panel: Resulting localized populations P,;, and P,g of the doublets v = 0,1,2 and the
total populations P, and Pg of the L- and R-enantiomer; marginal populations of more
excited delocalized levels are not shown.(top and bottom panels are adapted from ref.

[128])
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The net effect is the conversion of the undesirable R-portion of the racemate from
its torsional ground state to the L-enantiomer in its first torsional excited state, while
keeping the initial fraction of the desired enantiomer in its torsional ground state. This
is accomplished by converting the incoherent population of two initial states (the race-
mate) into an incoherent superposition of two coherent states (the L-enantiomer), where
the coherences in each of the doublets are introduced by the second to fifth subpulses.
After the end of the pulses, the pure enantiomer will tunnel back and forth towards the
opposite enantiomer. Therefore, the enantiomer selectivity remains only during half of
the tunneling time (7;/2). This time is long enough, however, for subsequent laser control
or reactions which may stabilize the pure enantiomer, see e.g. refs. [52, 49].

Tunneling is also present during the laser pulse, but it will not destroy the final
localization because it is exceedingly slow for [Wq) (1180 ps). Moreover, the more rapid

tunneling of the wave packet created in the intermediate parking states ‘@g . /27> as well

as in the first excited doublet ‘(I)(l) iy

third and fifth laser pulse (see table 4.3).

> was considered by choosing a proper phase for the

4.6.4 Laser control by means of UV pulses

The “parking” state (step 1) as well as the intermediate state for the pump-dump sequence
(step 2 and 3) can also be chosen to be torsional eigenstates in the electronic excited state
S1. Figure 4.16 illustrates the selective preparation of the L-enantiomer by a sequence
of five linearly polarized 7 and half-7 laser pulses inducing transitions between torsional
states in Sy and 57, with the corresponding evolution of the population dynamics and
localization dynamics.

The first laser pulse of the sequence shown in fig. 4.16 is the "parking” pulse. In
principle, any torsional state of the S; state can act as a “parking” state. In practice,
however, a clever choice of the "parking” state as well as other intermediate states is
needed. This involves a careful examination of the coupling between the torsional eigen-
states of Sy and Sy, i.e. the matrix elements involving the electronic transition dipole
moment (@} | 7" (¢) | 9. ), to identify the most optically active transitions, which allow
to use lower intensities, avoiding thus other unwanted transitions. It is for this reason
that y- and z-linearly polarized pulses are used. The laser pulse parameters of all five
subpulses shown in Fig. 4.16 are summarized in table 4.4.
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’ parameter H pulse 1 ‘ pulse 2 ‘ pulse 3 ‘ pulse 4 ‘ pulse 5 ‘

EY[GV/m] || 00 0.0 100 | 245 0.0
EV[GV/m] | 1L2 | 16.0 0.0 0.0 6.80
w [em™! 43138.5 | 43580.0 | 43480.0 | 42950.0 | 42965.0
tp [fs] 750 200 500 500 500
tq [ps] 0 750 950 1450 1950
n [degree] 0 0 114 0 201

Table 4.4: Laser parameters of the five subpulses as depicted in fig. 4.16

The ”parking” pulse transfers completely the population from the state |®§_) to |®1).
The second and third laser pulses create the first coherent superposition |®§,) = |Wo)
in the lowest doublet of Sy. The third excited torsional state in Sy, |®1), is used as an
intermediate state for this pump-dump sequence. This intermediate state is energetically
higher than the ”parking” state to prevent competing transitions which would dump
the "parked” population to other excited torsional states of Sy, for instance above the
barrier. This process, population and depopulation of the intermediate state |®1), takes
place in less than 1000 fs and in the meantime, the population of the “parking” state is
not affected. After the third pulse (=1500 fs) both states |®f,) and |®{_) are populated
almost evenly by 0.25 each. As shown in fig. 4.16 the localization of |¥ ) has reached
almost 0.75.

The last two pulses will create another coherent superposition in [®9,) = |¥;;). The
first pulse induces a 50% transition from the “parking” state |®3) to |®Y,) state. The
second pulse dumps the remaining 50% population from the “parking” state to the state
|®Y_) creating thus a 0.25 to 0.25 superposition in the doublet |®Y, ). The localization of
the system increases then to almost 1 (cf. Fig. 4.16).

The overall duration of the five laser pulse sequence is less than 2.5 ps, more than
a factor 10 shorter in comparison with the IR scheme in the previous section. Using
torsional states of the electronic excited state as “parking” states as well as intermediate
states in the parking pulse scheme allows to apply much shorter laser pulses, which should
compete more efficiently against side effects like IVR than long IR pulses. Furthermore,
all transition frequencies are in the UV domain which is experimentally much easier to
apply than the IR laser pulses used in the previous simulation.
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Figure 4.16: Selective preparation of the L-enantiomer using the parking strategy. Top
panel: Electric field components £, and FE, versus time; shown are only the envelope
functions. Middle panel: Resulting laser driven population dynamics P, as defined in
eqn. 4.18, labeled as S;, vt. Bottom panel: Time evolution of the population, as defined
in eqn. 4.17, localized on the left (L/solid line) and right (R/dashed line) sides of the
potential. (adapted from ref. [125])
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Figure 4.17: Selective preparation of the L-enantiomer by an adiabatic strategy based
on the parking mechanism. Top panel: Electric field components E, (solid line) and E,
(dashed line) versus time (only the envelope functions are shown). The pulse parameters
are for pulse 1) EY = 20.6 GV/m, t, = 2 ps and A = 9- 107" a.u. (approximately
82 cm™'/ps, see eqn. 2.97), 2) E) = E} = 5.1 GV/m and t,, = t,. = 4.25 ps [not
including the constant period of 750 fs in E,(t)], 3) E) = 7.2 GV/m and E} = 8.26
GV/m, t, =25psand A = —8-107? a.u. (~ 73 cm™!/ps). Middle panel: Resulting laser
driven population dynamics P!, as defined in eqn. 4.18; labeled as Si,v(+). Bottom
panel: Time evolution of the population, as defined in eqn. 4.17, localized on the left
(L/solid line) and right (R/dashed line) sides of the potential, and in delocalized states
(D-long dashed line) (adapted from ref. [125]).
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The parking mechanism uses pulses with minimum area, such that the theoretical
pulse area of the overall process is 4712, This provides results at the shortest possible
time or with the lowest intensity requirements. However, population inversion via 7-pulses
is rather sensitive to the exact value of the pulse area, and therefore, the scheme is not
particularly robust under changes in the intensity or time width of the pulses. Hence, a
possible extension of the parking mechanism using 7 pulses is to substitute the previous
transitions by adiabatic counterparts, such that the method gains stability with respect
to changes in the pulse width and intensity at the expense of increasing the area of the
pulses. This extension of the parking mechanism, derived in cooperation with I. R. Sol4,
was successfully applied to the HoPOSH model system [125], as shown in figure 4.17.

Figure 4.17 illustrates the sequence of linearly polarized pulses based on the parking
mechanism, with the corresponding evolution of the population dynamics and localization.
Since the adiabatic transitions simply replace the 7 or half-r transitions of the multiple-7
pulse scheme, the time-dependent localization in both strategies follows the same dynamic
pattern. However, the adiabatic scheme can be considered as a three-step process, as
schematically pictured in fig. 4.18.
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Figure 4.18: Selective transitions of the extended three-step parking mechanism induced
by linearly polarized chirped laser pulses and a half-STIRAP passage.

The m-pulse of the first-step (or ”"parking” step) of the parking mechanism is substi-
tuted by a linearly polarized linearly chirped pulse!®. The parking pulse fully transfers

12The global area can be reduced slightly by using simultaneous deexcitation for the fourth and fifth
step of the process.

13For a linearly chirp pulse the frequency changes with time, it does not have to match exactly the
resonance of the transition to ensure full population transfer; instead the frequency sweep should span
the resonant frequency. The pulse area of such pulses is limited to a minimum value for the so-called
adiabatic passage (for a more detail discussion refer to [135]). However, the pulse area can be increased
without damaging the passage.
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the population of |®)_) to the torsional state |®}) in 2 ps. The sum of the second and
third steps together is equivalent to half population transfer in a 3-level A system as used
for stimulated Raman adiabatic passage (STIRAP) which is in general a paradigm for
full population transfer in this type of systems. Therefore, a half-STIRAP process that
transfers only 50% of population in a A system was developed [125]. The second and
third step are substituted by this half-STIRAP process using a Stokes y-polarized pulse
preceding the pump z-polarized pulse. The half-STIRAP process drives approximately
50% of the population of |, ) to the other member of the doublet |®(_) in 5 ps. The
two-photon Raman transition is mediated by the state |®}) and does not interfere with
the parking state. This intermediate state is barely populated (less than 4%) during the
laser action.

The fourth and fifth steps are implemented together by using two chirped pulses of
different polarizations that drive the population from the parking state |®1) to an almost
even coherent superposition of |7, ) and [®_), which is localized on the left well of Sj.
Since here both transitions compete in the passage, the Rabi frequencies must be exactly
equal for obtaining a localized state with 50% population in each member. Besides, since
both overlapped subpulses have the same pulse duration, different amplitudes are required
to balance the dipole moments, so that both competing transitions have the same Rabi
frequency.

The overall adiabatic process implies a global area of approximately 447 to be shared
between 5 pulses. This is eleven times larger than the minimum area of the multiple-7
strategy discussed before. Since the maximum field amplitude is limited to avoid com-
peting processes in the excitation, the minimum time is fixed by the area requirements.
The results presented in fig. 4.17 provide almost the minimum time for adiabatic selec-
tion, which is 9.5 ps. Although this time is close to the tunneling rates from the first
excited doublet (71/2 = 16.8 ps), since only the last step involves populating this doublet,
the localization is not severely spoiled in the adiabatic strategy. Nevertheless, the adi-
abatic scheme has other advantages, as the larger stability with respect to variations in
the amplitude, width and frequency of the pulses. However, perfect localization demands
controlling the time duration or the relative amplitude of the pulses. In principle, in
molecules with higher internal barriers the tunneling rates should be larger and, there-
fore, the time limitations are smaller. In those cases the advantages of the adiabatic
scheme may become more relevant. Also in the adiabatic strategy one excitation path
involves a half-STIRAP process which is used to localize the population in the ground
torsional doublet. Since this Raman step involves only little population in the torsional
state of the electronic excited potential (it is a dark state) it is less sensitive to the in-
stability of this potential which has just recently be shown to be repulsive along the P-S
bond [130], see also section 4.8.
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4.6.5 Extensions of the model including coupled overall rotation
and internal torsions

In the previous sections the model system was assumed to be pre-oriented, i.e. non-
rotating, allowing only the terminal hydrogen to rotate around the P-S bond. This im-
plies that the HoPO fragment is not influenced by the torsional motion of the terminal
hydrogen, i.e. no coupling between the SH and H,PO fragments exists. This approxima-
tion is valid as long as the two fragments differ very much in mass so that the motion
of the single hydrogen does not affect the rest of the molecule. Specifically, in the case
of the HoPOSH the moment of inertia (with respect to the z-axis) of the HyPO-fragment
(Ig,po = 1.80amu) is 15 times larger than that of the SH-fragment (Isy = 30.7amu).
Still, since a coupling between the SH and the HoPO-fragment could reduce the enan-
tiomer selectivity of the parking mechanism, free molecular rotations around the P-S bond
will be introduced to the model. In this extension the molecule is considered to be in the
electronic ground state Sy without any electronic transitions taken place.

2 S ““““““
/ y
P%X h

o~ S

Figure 4.19: The model system, HoPOSH, with the SH and HsPO fragment carrying out
rotational and torsional motions around the oriented P-S bond.

For the extended model system including overall rotation of the molecule, H,POSH
is assumed to be pre-oriented with its torsional axis, i.e. its P-S bond, along the space-
fixed z-axis, in accordance with the previous model. Further, the molecule is considered
to consist of two fragments, namely SH and HoPO, as sketched in Figure 4.19, which
may rotate around the common axis, the P-S bond. For this two-dimensional model, all
degrees of freedom are neglected except the torsional motion of the two fragments relative
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to each other where ¢ is the torsional angle, i.e. the OPSH dihedral angle!. Equivalent
negative and positive values of ¢ correspond to opposite configurations of the L- and
R-enantiomers, respectively.

The corresponding moments of inertia with respect to the space-fixed z-axis are for
the SH-fragment I, = 1.80 amu A? and for the HyPO-fragment I, = 30.7 amu Az Then,
the reduced I, and the total I; moments of inertia are defined as

I
I, = Ll
Iy
[t - Il+[2 (420)

with I, = 1.70 amu A? and I, = 32.5 amu A? for H,POSH.

The rotational angle of the SH-fragment around the z-axis is called ¢, and the rota-
tional angle of the HyPO-fragment is accordingly denoted by ¢s, as sketched in Figure
4.19. The torsional angle ¢ and the complementary angle of the overall rotation 6 are
related to 1, s by

¢ = p1— 2
I Iy
- 1 2 4.21
L%+L@ (4.21)

By definition, the domains of ¢; and @, are cyclic (modulo 27), implying also cyclic
boundary conditions for ¢, but in general non-cyclic lower (1) and upper (u) bounds for
6 depending on ¢ (for details see ref. [136]):

-1 <¢; <7 mod 27
-1 <@y <7 mod 27
-1 <¢ <7 mod 27
9) <6 <u(o) (1.22)
Cyclic boundary conditions for 6
—r<0<m7 mod 27 (4.23)

are obtained only for the special case of equivalent fragments (I; = I3), or in the limits
where I /I, — 1 or Iy/I; — 0 or

20 (4.24)

4The distance between the fragments, i.e. the P-S bond length (2.115 A) is kept fixed during the
torsional /rotational motion.
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implying 7 L 0 and, hence, 6 — 9. Since for HoPOSH [; is much smaller than I,
relation (4 24) and, therefore, also relation (4.23), are fulfilled approximately.

For the torsional and rotational motion the molecular model Hamiltonian is set up as:

I:Imol = -i-+\7
B2 92 R 92
= _2—[18901 2[26 9 2 +‘/0(901 902)
B2 92 R 92
= Lo aroe @)
= H,p + Hyp (4.25)

These expressions for the molecular Hamiltonian in terms of ¢; and ¢ or ¢ and 6 are
equivalent, but they imply different ways for indicating the couplings of the torsional and
rotational motions, either via the potential Vj(p; — ¢2), or via the boundary condition
(4.22) for 6 depending on ¢. For the potential V5(¢) = Vo(p1 — ¢2) the one-dimensional
ab initio PES of the electronic ground state Sy from ref. [61], calculated at MP2/6-
311G(2d,p) level of theory, is used.!®

The molecular eigenfunctions [¥,,) of the model Hamiltonian (4.25) are obtained as
solutions of the TISE H,,, |V,) = E, |¥,) subject to the cyclic boundary conditions
(4.22):

|‘I’n(9017 902» = “I’n(% + 2, 802>> = "I’n(%; P2 + 277)> (426)
and the normalization
(W, W) =1 (4.27)
with scalar product
(Upn| W) / dwl/ dpa W, (01, 02) W1, 02).- (4.28)

Since 1 and @9 are coupled via the potential Vo(p; — ¢2), no simple analytic solution
for the TISE can be derived. In general, the solution has to be obtained numerically (for
details see ref. [136]). However, a simple approximate solution valid for H,POSH, because
I} < Iy, i.e. close to the limit (4.24) implying the approximate boundary condition (4.23),
exists. This approximate solution (indicated by a tilde) is obtained by solving the TISE
in terms of the coordinates ¢ and 6,

~ h? 02 n* o2 -
50.0)) = |~2r 3 3 o+ 1) [8a06.0))

B, 0,0, 9)> , (4.29)

15This potential differs only slightly from the previously discussed PES of the one-dimensional model
shown in fig. 4.5.

[Flrot + Htor]
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with rigorous and approximate boundary conditions for ¢ and 6, respectively,

0,(6,0)) =

U, (¢ + 2r, 9)> ~ ’\i’n((b, 0+ 27r)> (4.30)
and corresponding approximate normalizations
(¥

Equations (4.29)-(4.31) imply the approximate separation of the torsional (¢) and overall
rotational (f) motions. Thus, the corresponding eigenfunctions are written as products

7,)~ /_: dd)/_z 40 T (6, 0)F, (6, 0) — 1 (4.31)

[U0ei(6,0)) = [ 00(6,0)) = [€,2(0)) - O (6) (4:82)

The torsional eigenfunctions |®,4 (¢)) in eqn. (4.32) are, in accordance with the previously
used 1D-model, solutions of the torsional Schrodinger equation

h* 0?

EM%Q=PZ§E+%@M%QM=EM%AM (4.3

with eigenenergies F, ., illustrated in figure 4.5'® and the torsional quantum numbers
vt = 0+,0—,14,1—,24+,2—, ... with + and — for symmetric and anti-symmetric eigen-
functions with respects to inversion at ¢ = 0°.

Likewise, the approximate overall rotational wave functions |0 ,,(0)) satisfy the rota-
tional Schrodinger equation

n* 9?

lzlrot |@M(9)> = _2—[75%

|@M(9>> = En |@M(0)> ) (4-34)

implying the analytical solutions for the eigenenergies

h2M*>
Er = 4.35
M= (4.35)
and the eigenfunctions
1 .
Oyp(0)) = M0, 4.36
with M = ... —2,—1,0,1,2,... . For M # 0, the eigenstates are degenerate.

16The eigenenergies shown in fig. 4.5 are based on I; instead of the reduced moment of inertia I,. used
for the 2D model.
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The resulting products of torsional eigenfunctions |®,.(¢)) and rotational eigenfunc-

tions |©,(6))
[Fusr(9,6) ) = [9,5(0)) - [©21(6))
v=01,2 ..  M=.-2-1012, .. (4.37)
are exact (M = 0) or approximate (M # 0) eigenfunctions of Hy,, with eigenvalues

h2M?
21,

Eprn = Eou + (4.38)

For the present model system where [; /I, < 1, the approximate complex eigenfunctions
’\ifviy M> and eigenenergies Evi, u, which satisfy the TISE together with the approximate

boundary conditions (4.30) and normalization (4.31), should be similar to the correspond-
ing exact solutions of the TISE, which satisfy the rigorous boundary condition (4.26) and
normalization (4.27):

|\Ijn> = |\Ilvi,M> ~ ‘\ijvi,M>; (439)
E, = Epyu~ Ev:l:,Ma (4.40)
with n = 0,1,2,...,, v = 0,1,2,... and M = ..., —2,—-1,0,1,2.... For M = 0, the ap-

proximations (4.39) and (4.40) become exact due to the absence of rotational/torsional
coupling. These approximations, involved in expressions (4.39) and (4.40) are a conse-
quence of the approximate validity of the cyclic boundary condition (4.23), due to the
very small ratio of the moments of inertia I/l < 1 for the present system; this implies
that the |U,1 r)’s should have "good” torsional and rotational quantum numbers v and
M, respectively. Hence, in analogy to the localized torsional functions |®,g), |®,r), from
the exact complex |W,; p) and |V,_ 5r) localized wave functions |V, pr) and [V,p )
(M =—-2,-1,0,1,2,...) can be constructed for the L- and R-enantiomers, respectively:

1
Woram) = 5 ([Woyr) + Voo ar))

1
V2

Sl

|‘IIUR,M> = <|\I[v+,M> - ‘\I]vf,M» (441>

In practice, the wave functions |W,4 p/) and energies E,; ps were calculated by diag-
onalizing the molecular Hamiltonian H,,.i by means of basis functions which satisfy the
rigorous boundary conditions (4.26) and normalizations (4.27). In figure 4.20 the result-
ing torsional /rotational eigenenergies as well as their approximated values derived from
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(4.38) are shown. As expected, exact and approximate values differ very little and show
no significant effect on the dynamical simulations.
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Figure 4.20: Accurate (symbols) and approximate (continuous lines) values of the torsional
(v+ or v—) and rotational (M) energies E,1 ps of the model HoPOSH. Note the different

scales for v = 0,1 and 2. (adapted from ref. [136])
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For the wave packet propagation the TDSE has to be solved numerically. The propa-
gation starts from a racemate:

1

1
Prac(T — 0) = [Woy0) 3 (Woso| +[Wo-0) 5 (Wo- o

1 1
= [Yoro) 5 (Yorol + [Yoro) 3 (Wor,ol

= poro(T) + poro(T). (4.42)

Here it is important to note that the initial temperature T' of the system has to be much
lower than in the 1D model to fulfill the initial condition (4.42), because the rotational
excitation from M =0 to M = £1 costs less than 1 cm™ (see figure 4.20).

The time dependent populations are given, in analogy to the 1D-model, by

Pos o (t) = [(Wor ar| Wouo(t))]?, (4.43)

with |Woso(t)) being the time-dependent wave function in the electronic ground state
potential Sy. Likewise, the populations of the states representing the L- or R-enantiomers
are obtained

2

Pyr/rv = }<‘1’vL/R,M| ‘1’01,0(75»‘ : (4.44)

The overall populations of the L- or R-enantiomers are obtained by summing up all the
populations of the torsional /rotational states of the left or right enantiomers, respectively,

Pryr =Y Puru (4.45)
v M

The laser driven wave packet dynamics are simulated by means of the TDSE using
the Hamiltonian I:I(t) = Hyo — Ei(t) - i in the semi-classical dipole approximation.
For molecular control circularly polarized laser pulses are employed instead of linearly
polarized fields, as used for the 1D model. The circularly right (+) or left (—) polarized
laser pulses Eii(t) propagate along the z-axis and are given by

Eii(t) = E? - sin? <M) - (cos[w;(t —tg,) + i), £ sinfw;(t — tq,) + nil, O)T . (4.46)

Pi

The components of the dipole moment [ in the laboratory fixed frame (x,y) can be
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expressed in terms of molecular fragment fixed coordinates (z1,y;) or (z2,¥s):

o pa(r, ) )

B < fy (P15 02) (447

_ < COS (P — Sin (o ) < ,LLxQ(sOl ) ) (4 48)
Sin g €OS Py fys (1 — P2 ‘

_ < cos(pp —sin > < ey (P2 — @1 ) (4.49)
sing;  cos g iy, (P2 ‘
112(9, 0) >

( et ) (4.50)

¥1
where the subindices 1 and 2 label the SH-fragment and the HyPO-fragment, respectively.
The two transformations from the laboratory fixed to the molecular fragment fixed com-
ponents of the dipole moment /i are equivalent since

( par (92 — 1) ) _ ( cos(ip2 — 1) —sin(p2 — 1) ) ( Has (1 — p2) ) o @s)

Loy (P2 — 1) sin(ps — 1) cos(py — 1) Lo (01 — 2)

=

)
)
)
)

In practice, the expression in terms of the coordinates of the heavier fragment, i.e. the
components fi,, and fi,,, is used. The induced transitions from torsional/rotational states
| Wy ) to Wyt ar) are evaluated in terms of the dipole transition matrix elements. Two
contributions, one for absorption (ab) and one for emission (em) processes are distin-
guished:

<in,M\Eii : ﬁ|‘1’v'i,M'> = <‘Pvi,M|Eiib . /j“lfv’i,M’> + <\Pvi,M’Eiim : m‘l’v/i,M/>
1 t— 14,
= —§EZQ - sin? <77T( d’)>

Pi
% {ei[wi(t—tdi)+ni] <\I[Ui,M|ﬂi|\Ilv/i’M/>

+ e WU (W | fr [ W ) } (4.52)
where the dipole operators /i are given in laboratory-fixed coordinates, fi+ = p.(¢1, p2)+

ity (1, 2) = €592 (1, (01 — gig) + ipy, (@1 — @2)). The fiy |V,y ar) are cigenstates of the
angular momentum operator L, = —ih% along the z-axis, with eigenvalues (M + 1)h:

Lofis |Won ) = A(M £ 1) fiy [Uys ) . (4.53)

The dipole matrix elements (V,1 ar|fis | Wy 4 ) in eqn. (4.52) vanish unless M = M’ +1
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(for details see [136])'7. This implies the rotational selection rules

M = M'+1 for absorption with left/right polarized light
M = M’ F1 for emission with left /right polarized light (4.55)
i.e. right polarized light induces absorption and emission processes which decrease or

increase the rotational quantum numbers M by —1 or +1, respectively, and vice versa for
left polarized light.

For the transitions between states with different torsional quantum numbers the same
selection rules apply as for the 1D-model, i.e. transitions between states v and v’ with
the same symmetries 4+ or —, are mediated by g, (= p2 in fig. 4.6), whereas transitions
between states with opposite symmetries 4+, — are mediated by p,, (= #20 in fig. 4.6).

Based on the experience with the laser control of the simpler non-rotating model
system a new “parking” mechanism was designed with extensions for the overall rotation
of the molecule. In practice, this extended mechanism was developed by making a ”learned
guess” for a series of laser pulses similar to that of the non-rotating model [128], but
taking into account the selection rules (4.55) for the rotational transitions in the present
torsional /rotational model. Together with a suitable choice of individual laser-dipole
transition elements for the transitions involved, the laser parameters were optimized for
each of the individual transitions, until the optimal series of laser pulses for the overall
series of transitions were obtained!®.

The resulting series of four circular polarized pulses which drives the initial density,
representing a model racemate of oriented HoPOSH molecules at low temperature, to a
(nearly) pure R-enantiomer, is illustrated in Figure 4.21. Also shown are the correspond-
ing population dynamics of the dominant levels |¥, 1 5/) as well as the populations Pr and
Pr, which specify the localizations of the wave packet. The corresponding parameters,
the polarizations, and the dominant transitions induced by the pulses, are listed in table
4.5.

TIn case of the approximate solution one obtains e.g.:

(Wrt1(6,0)| 1 (6, 0) B0/ (6,6) )
= (01(0)] e |O a1/ (0)) (Pt (9)] L1y (9) F ifiyy (0) [Purs) (4.54)
where (O] e |On) = Sarar+1-

18Some subpulses were first obtained from the local control method (see section 2.4.3) and afterwards
optimized by hand.
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Figure 4.21: Top panel: Electrical field amplitudes F, and E, of the circular polarized
laser pulses. Middle panel: Resulting populations of the dominant torsional /rotational
levels (quantum numbers are given as v+, M). Bottom panel: Localizations, i.e. total
populations P;, and Pg of the L- and R-enantiomers. (adapted from ref. [136])
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Figure 4.22: Dominant transitions between torsional /rotational eigenstates of HoPOSH
as induced by the laser pulse sequence shown in Figure 4.21. The letters (. and r. stand
for left and right circularly polarized laser pulses. (adapted from ref. [136])

The resulting dominant populations of states |V, ) before and after the individual
pulses are also indicated schematically in Figure 4.22. Accordingly, the first laser pulse
(¢ = 1) transfers most of the population of |[Woy ) into | W14 4+1). This population is kept
nearly constant during the second laser pulse (i = 2) — it is "parked” in level |Uq; 41).
The second pulse transfers approximately one half of the population of the states |¥o_ )
via |Ws_ 41) into |¥o4 o). The intermediate populations of Wy 1) are rather small, nev-
ertheless the transition via |Wo_ ;) is implied by the carrier frequency, polarization, and
the duration of the second laser pulse. The net effect of the second laser pulses is therefore
ca. 50% transfer from |Uy_ ) back to |W¢, o), thus creating a coherent superposition of
the levels [Wo, o) and |Wg_ ) which is different from the initial incoherent preparation of
the racemate in the same states. The new coherence arises from the manipulation of one of
the initial eigenstates, i.e. |¥q_ o), by means of coherent laser pulses. On the other hand,
the initial incoherence in the two initial eigenstates, |V o) and |¥o_ o) or, alternatively,
|Woro) and |Wor ) is not lost — it has been transferred into incoherent populations of the
“parking” state |Uy4 ;1) and of the coherent lowest (v = 0, M = 0) doublet of states,
|Woi0) and |¥o_ o). The third (¢ = 3) and fourth (i = 4) laser pulses leave that coherent
torsional /rotational ground state doublet of states nearly uneffected, allowing its coher-
ent tunneling (see fig. 4.21) until most of its population is localized in the ground state
of the R-enantiomer, |Uggo). Simultaneously, the third pulse transfers ca. 50% of the
population of the “parking” state |Uy4 1) into |Us_ o), whereas the fourth pulse transfers
that population from |Wy_ ) into |W¥y_ 44), thus creating a coherent superposition in the
first torsionally (v = 1) and rotationally (M = +1) excited doublet of states, |¥ 1) and
|W1_ 41). The net effect of the third and fourth laser pulses is thus: population transfer
from the “parking” state |¥;; 1) into a coherent superposition of the doublet of states,
|Wyt 41) and |Wy_ 41), while leaving the ground state doublet of states uneffected. As
anticipated in section 2.4.1, the field strengths of the individual laser pulses correspond



Table 4.5: Parameters of the series of laser pulses, preparing the R-enantiomer of HbPOSH from a racemate.

pulse field pulse delay carrier pulse | polari- dominant
number | amplitude | duration | time | frequency | phase | zation rot./tor. trans.
i E;/(V/m) | ti/ps | t,/ps | wi/hcem™ | n; (/1) | vk, M 2 o', M
5107 20 0 198.00 | —m/2 | 1 04,0 % 14,41
2 5108 20 20 38357 | —7w/2| 1 0—,02 (2—, +1)
04,0
3 9107 20 40 185.03 0 r 1+, +1 L4 2—,0
4 2107 30 60 182.99 0 r 2— 08 1—,+1
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roughly to m-pulses.

The coherences in the doublets v = 0 and v = 1 allow tunneling which, ultimately,
yield simultaneous localizations in the two torsional /rotational ground and excited states,
|Woro) as well as Wk +1). The sum of these populations at the end of the series of laser
pulses is the overall, close to 90% population of the right enantiomer. The origin for the
ca. 10% missing population in the target R-enantiomer, is the result of mainly the first
laser pulse. Close inspection of Fig. 4.21 indicates that this pulse does not only transfer
population from |Wo; o) into |¥i4 1), but to some significant (ca. 10%) extent also
from [Wo_ ) into (mainly) |¥;_ 1) but also into |¥;; 11). These simultaneous transfers
of populations, not only from |[W¥o; o) but also from |¥,_,), are a consequence of the
near degeneracy of the initial and final states which are depopulated or populated during
the first laser pulse. The more efficient transfer from |Wq ) to V14 41), in comparison
with the transfers from |Uy_ ) to |Uy_ 1) or [Wi4 11), is, indeed, a consequence of the
corresponding different dipole transition matrix elements.

As anticipated, the rotational selection rules (4.55) are satisfied during the various
absorption (pulses ¢ = 1,2,3) and stimulated emission (i = 2,4) processes by means of
left (i = 1,2) and right (i = 3,4) circular polarized laser pulses. If all the right circular
polarizations are changed into left polarizations, and vice versa, then the left enantiomer
is prepared instead of the right one.

In conclusion, this extended model system allowing overall molecular rotation proved
that the enantio-selectivity is somewhat reduced, i.e. to only 90% instead of ~ 100%, and
requires circularly polarized laser pulses instead of linearly polarized pulses. From the
experimental point of view, this might imply some restrictions to the available frequency
domains of current circularly polarized lasers. However, the parking mechanism is a very
general control scheme to purify a racemate of a pre-oriented non-rotating or rotating
molecules with axial chirality. In the following sections, an even simpler control mechanism
will be introduced.

4.7 The enantio-selective pump-dump mechanism

4.7.1 Derivation of a simplified control scheme

The parking mechanism has proven to be efficient to prepare pure enantiomers from a
racemic mixture of pre-oriented non-rotating and even rotating HoPOSH atropisomers.
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Different modifications of this control scheme, as adiabatic passages or circularly polarized
pulses for rotating molecules, have been successfully applied in the previous sections. Still,
further simplifications of the mechanism are possible. In the following, another control
scheme, the so-called enantio-selective pump-dump mechanism, is derived based on the
knowledge gained from the parking mechanism. Note that the enantio-selective pump-
dump mechanism has been suggested independently, without the present derivation from
the parking mechanism, by Fujimura and Hoki [137].

The parking mechanism can be simplified in several ways. In the previous sections the
pump-dump sequence of steps 2 and 3 (section 4.6.4 and 4.6.5) as well as the dump-dump
subpulses 4 and 5 (section 4.6.4) were replaced by single laser pulses. In both cases the
single pulse can be constructed, in a sense, by overlapping the two subsequent subpulses.
In oder to retain the enantio-selectivity of the two subpulses, the respective single pulse
must be polarized in a specific way. In order to get an idea how the polarization of these
pulses has to be chosen in case of the non-rotating model system, it is helpful to take a
close look at the relative phases of the subpulses of the parking mechanism.

The relative phase n between the second and third (n = n3 — 72) as well as between
the fourth and the fifth (n = ns — n4) linearly polarized subpulses of the original parking
sequence (see fig. 4.14) defines the localization of the prepared wave packet in the lowest
and first excited doublet of torsional eigenstates, respectively. This relative phase has to
be chosen such that the prepared wave packet is preferably localized completely left or
right of the central potential barrier at the end of the pulse sequence. If for instance, the
relative phase between the two respective subpulse is changed by +m, then, the respective
opposite localized wave packet will be created. The selectivity of these enantio-selective
subpulses is, therefore, controlled by their relative phases. However, the choice of the
relative phase is also based on the tunneling times of the respective doublet of eigenstates
[129]. After the second subpulse, the prepared wave packet starts to tunnel back and forth
through the central barrier of the system. Thus, the end of the second pulse ’defines’ the
localization of the wave packet and, therefore, 77 has to be chosen accordingly to accomplish
high selectivity.

Because of the selection rules the two subpulses causing enantio-selective transitions
have different polarizations. In the case of the fourth and the fifth subpulses which
induce transitions to the torsional eigenstates |®1,) and |®;_), the subpulses could easily
be overlapped, adjusting their amplitudes, as discussed in section 4.6.2. Then, the two
transitions creating a localized wave packet are induced simultaneously and since only
during the pulse duration of this single pulse the wave packet can tunnel through the
barrier, the relative phase n has to be re-optimized for L/R-selectivity. For n # 0 or
n # =£m the superposition of the two subpulses of different polarization will cause a
circularly polarized pulse, as used in section 4.6.5 and in refs. [127, 129, 138] to create



4.7 The enantio-selective pump-dump mechanism 97

localized wave packets starting from a pure eigenstate of the system. If 7 is set zero or
a multiple of 7 then a single linearly polarized laser pulse is obtained. The electric field
vector E () of the pulse will be polarized in the plane perpendicular to its direction of
propagation; the direction of this vector depends on the amplitudes of its two components
or on its polarization angle . The amplitude of the components are adjusted to the
transition dipole matrix elements of the desired transitions for a given pulse duration (see
section 2.94). Such a linearly polarized laser pulse can also create a localized wave packet
from a pure eigenstate. Therefore, the fourth and five laser pulse of the parking mechanism
could be replaced by such an enantio-selective linearly polarized pulse (decreasing the
number of pulses from five to four).

If a linearly polarized laser pulse can selectively create a localized wave packet from
a pure eigenstate then also the opposite should be possible, i.e. the enantio-selective
transfer of the population of a localized wave function to a pure eigenstate. This would
allow to further simplify the laser control: The population of the undesired enantiomer
is directly transferred to a pure eigenstate and, from there a localized wave packet is
selectively created in the desired well of the potential. Before such an enantio-selective
conversion of one enantiomer into the other and its implementation for the preparation
of pure enantiomers is further discussed, the dependence of the polarization angle o of a
linearly polarized laser pulse on the localization of the wave packet prepared from a pure
eigenstate is derived.

The enantio-selectivity of a linearly polarized pulse is controlled by the direction of
the polarization vector of the laser which is determined such that there is the largest
interaction between the laser and the L- or R-enantiomer, while the interaction with
the respective opposite form vanishes [137]. Specifically, the direction of the electric
field vector E° has to be chosen such that E° multiplied by the transition dipole matrix
elements between the pure state |®,+) and the desired localized state |W¥,;) or |W,g)
becomes zero for the undesired localized state and not zero for the target state:

—

(o] 1| Uor) - B° = 0 and (4.56)
(Dps| fi|Wur) - E° # 0 witho=0,1,2,... and v # w, (4.57)

in case |W,.) is the desired target state. Since these conditions depend, via the dipole
moment fi, on the orientation of the molecule, they only hold if - and R-enantiomers
are pre-oriented from the beginning such that they are exact mirror images of each other
at the moment of the interaction with the laser pulse. This is implied by the initial
conditions of the here used model system starting from a pre-oriented racemic mixture
1por + 3por in the limit of low temperature.

If the laser field is propagating along the z-axis its polarization vector will be in the
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x-y-plane and eqn. (4.56) becomes

Eg AP | pz [Vor)  + E;B AP | 1y [Vur) =0 =

B @l it (100) = 190)) = —E§ (sl —(1900) = [0,)) (058

V2
using the definition for the localized state |¥,g). To fulfill the conditions (4.56) and (4.57)
the components of the dipole moment (u, and p,) have to be of different symmetry with
respect to inversion at ¢ = 0°. If u, has + symmetry (u, = p+) and p, has — symmetry
(fty = p—), then expression (4.58) simplifies based on the selection rules (4.19) to:

1 1
iﬁ CEY (D] g | D) = iﬁ EY (| e D) (4.59)

where EY is the laser field component that couples with py and E° the one that couples
with p_. If, for example, |®,) is the initial pure state, then based on the selection
rules EY connects it via p; with the |®,.) component of the localized state |¥,g) and

E° connects the same pure state via p_ with the other component of the localized state
D).

In analogy of eqn. (4.59) condition (4.57) for the desired target state |V, ) is rewritten
by changing the sign of the superposition of eigenstates in (4.58) according to the definition
of |\Iij>:

| 1 0
NoR EL Qo] 1y | Py) + N E2 A Pys| po [Pog) =

with (¢) being the Rabi frequency and s(t) the envelope function of the laser pulse. The
enantio-selective transition based on condition (4.60) is designed essentially as a m pulse
for 100% population transfer from the pure state |®,+) to the desired localized state,
here |W,), or wvice versa. For this purpose, the transition frequency is approximated as

the energy difference between the pure state |®,+) and the energy of the localized state
|\II'UL>19:

40, (4.60)

hw = Fys — By, (4.61)

where F,+ denotes the energy of the pure state which may have either + or — symmetry
and E,; is the average energy of the v doublet forming the L-enantiomer. In case
of very high potential barriers between the wells corresponding to the two enantiomers,
the energetical lower doublets are formed by almost energetically degenerate eigenstates.

Then, the approximated energy of these doublets, F,r, becomes exact. Moreover, for a ™

Ywhich is the average energy of the eigenstates |V, ) and |¥,_)
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pulse the amplitudes of the laser field must be chosen such that the complete pulse area
A becomes T

A= / Y )t = = (4.62)

Based on expression (4.59) in both simultaneous transitions from the initial pure state
|®,+) 50% of its population is transferred to |®,,) and 50% to |®,_). Hence, the in-
dividual Rabi frequencies €2, and €)_ for each component of the laser field have to be
equal:

Q) = Q. (1) with (4.63)
1 0

Qu(t) = h—\/i'E+'3(t)'<q)wi‘M+|q)vi>a (4.64)
1 0

Qt) = G B s (Ruslp [0ur)  and (4.65)

QA1) = Qu(t)+Q(1) £0 (4.66)

for preparing the target state |¥,.). Since the individual pulse areas A, and A_ of Q
and Q_, as defined in eqn. (4.62), have to be each 7/2 for an overall 7 transition, the
following expressions are obtained for the amplitudes of the laser field components E¢
and E°:

2mh
EY = (4.67)
! V2 (o 11 | D) tp
o 2mh

T V2 (@l @050 o

for preparing the target state |¥,z). The |W,pg) state is not reached, since E9 and EY are
chosen such that eqn. (4.63) and hence, also condition (4.56) holds. For the |¥,g) to be
prepared, the following expression must be true:

Q) = £Q.(t) FQ_(t) #0, with (4.69)
Q(t) = —Q_(t) (4.70)
and therefore,
21h
EY = &+ (4.71)
" \/§ <(I)w:|:| Mt |<I>v:|:> tp
0 21h

(4.72)

F :
V2 (Do - |Pug) B,

An enantio-selective laser pulse with the parameters (4.67) and (4.68) or (4.71) and (4.72)
for the selective preparation of a localized state ‘\IIUL / R> corresponding to a pure enan-
tiomer starting from a pure state |®,+) can also be used vice versa, as anticipated above,
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i.e. to select only the desired localized state from an incoherent superposition of |V, )
and |V,gr) and transfer its population entirely to any pure state |®,4).

eigenstate representation:

wt T—F+ — [ —
/ Q,
_Qp [9)
1— — Q — d \ —_-
1+ —+ p T—1 —_-
O_ — —_- - —_- -
O+ — - -

localized state representation:

wt{—31 — B ——
Qp
e
L ——= ——=+ 1R —r ——+ B R —
oL - -ssssm- OR R m— T —

Figure 4.23: Transitions between torsional eigenstates |®,.) (top panel) and localized
states “IJDL / R> (bottom panel) of HoPOSH as induced by a linearly polarized laser pulse
sequence consisting of an R-selective pump pulse (with Rabi frequency €2,) and of a
subsequential L-selective dump pulse (£24) for the preparation of the pure L-enantiomer
from a racemate.

Thus, a combination of an enantio-selective pump and an enantio-selective dump pulse
can be used to purify a racemic mixture by converting e.g. |Ugg) to |¥y) via a pure state
|®,1) used as intermediate state [137]. Figure 4.23 illustrates the induced transitions of
the enantio-selective pump-dump scheme in the torsional eigenstate representation and
in the localized state representation for the preparation of a pure L-enantiomer.

The choice of the pure state |®,+) as intermediate state is crucial for the success of
the laser control. In the following section two applications of the enantio-selective pump-
dump mechanism are presented, using a torsional eigenstate in the electronic ground or
excited state as intermediate state, respectively.
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4.7.2 Application of the enantio-selective pump-dump mecha-
nism using IR or UV pulses

The results of the quantum dynamical simulations of the laser induced transformation
of the pre-oriented, non-rotating racemate of HoPOSH into pure enantiomers based on
the enantio-selective pump-dump mechanism are shown in figures 4.24 and 4.25. The
laser pulse parameters and relevant (transition) dipole matrix elements are listed in Table
4.6. Specifically, figures 4.24 and 4.25 show the results using IR or UV pulses which
induce transitions between torsional states in the electronic ground state, or between the
electronic ground and excited states, respectively. In case of the IR pulses EE)r = E? and
E° = E) since py = p® and p_ = pi)’. For the UV transitions B, = E) and E_ = E
because puy = pf)! and p_ = pd".

In table 4.6 the total field strength of the pulse ¢ is defined as:

B = /(D)2 + (B2, (4.73)
and the polarization angle « of the linearly polarized pulses is given by:
EO
tana; = —. (4.74)
I

Close inspection of Figures 4.24 and 4.25 shows that the populations of the five states
shown in the middle and bottom panels add up to 1 almost perfectly, i.e. all other states
are nearly irrelevant. This confirms the efficiency of the enantio-selective pump-dump
mechanism explained in the previous section, except for marginal deviations caused by
competing excitations of slightly interfering states.

Both IR (Figure 4.24) and UV (Figure 4.25) laser pulses induce the same overall pump-
dump mechanism: The first pulse transfers exclusively the undesired enantiomer (here:
R, i.e. |Wpr)) into an excited intermediate state. The subsequent second pulse dumps
the population of the intermediate state into local state |Wy) of the target enantiomer,
without any significant effect on |Wqr). Irrespective of this overall similarity, there are
also several significant differences between the IR and UV pump-dump mechanisms, which
should have important consequences for the experimental implementations. These concern
the laser frequencies, the choice of the intermediate states, the laser pulse durations, the
field strength, and the polarizations.

First, the laser frequencies are obviously different for the IR versus UV pump-dump
mechanisms. Experimentally available laser pulse frequencies go down to about 500 cm™*
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Figure 4.24: Transformation of the model H,POSH racemate into pure L-enantiomers by
means of IR enantio-selective pump-dump laser pulses. Top panel: Envelopes of the laser
pulses (E, = E, and E, = E_). Middle panel: Populations of the five most important
torsional states ‘<I>8+>, |CI>8_>, ®?+>, |(I>(1]_> and the delocalized intermediate state ‘@g+>
(labeled 0+,0—,...). Bottom panel: Populations of the local states |Wor), |Vor), |¥1L),
|W1R) (labeled 0L, OR, ...) and of the intermediate state |9, ). (adapted from ref. [139])
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Figure 4.25: Transformation of the model HoPOSH racemate into pure L-enantiomers
by means of UV enantio-selective pump-dump laser pulses. Top panel: Envelopes of
the laser pulses (E, = E; and E, = E_). Middle panel: Populations of the five most
important torsional states |®J, ), |®J_), |99, ), |®J_) and the excited intermediate state
|®1) (labeled S0,0+;S0,0—;...). Bottom panel: Populations of the local states |¥q),
|Wor), |¥1), |¥1r) (labeled 0L, 0R, ...) and of the intermediate state |®}). (adapted from
ref. [139])



Table 4.6: Dominant transitions, (transition) dipole matrix elements, and pump-dump laser pulses for the transfor-
mation of the HoPOSH model racemate into pure enantiomers. (adapted from ref. [139])

701

| property /parameter H IR pump | IR dump || UV pump ‘ UV dump |
dominant transition |®0,) — |29,.) | [®9,) — @) || [®94) — ‘@é(_) |®1) — |29,)
(transition) dipole matrix (D0, | p @9, ) | (@9 p0 (@9, ) || (@O, |plt|®L) | (@I pOt|DY,)
element/eaq —6.7582-1073 | —89.581-1073 +29.929 - 1073 | —42.244-1073
coupled to laser field E? (IR x) E? (IR x) EY(UV,z) E° (UV,2)
field amplitude E? /GVm ™! 1.25 0.10 3.82 —2.62
frequency w;/2mc - em™! 343.90 156.51 44252.35 44066.66
phase 7;/° 0 0 0 0
dominant transition o)) — |09 |89, ) — [@_ |PO_) — [®F [®5) — [@7_)
(transition) dipole matrix <<I>8_| u |<I)(2)+> <<I>(2)+| p%° ‘@?_> <<I>8_| p9t ’<I>2> <<I)%‘ pdt |<I>(1J_>
element/eay +7.1303 - 1073 —55.517-1073 —29.945-1073 +43.854-1073
coupled to laser field E° (IR,y) E° (IRy) E?(UV.y) E%(UV.,y)
field amplitude E? /GVm ™! 1.185 0.145 3.82 2.62
frequency w;/2mc-em ™t 343.90 156.51 44252.35 44066.66
phase 7);/° 0 41 0 0
duration t,, /ps 7.0 7.0 0.5 0.5
total field amplitude E?/Gmel 1.7224 0.1761 5.4023 3.7052
intensity® I, /TWem ™2 0.78748 0.0082317 7.7469 3.6441
polarization angle a;/° +43.47 +55.41 +45 -45

-0 . - .
2The intensity is proportional the quare of the amplitude I = & -c- |E |2, In general, intensities higher than 10 TWem ™2 may cause

dissociation or ionisation of the molecules [134].

HSOJ%H Wa1sAs [9pow 2y} JOj SWSIUBYDIIW [0JIUOD JISE| SAI}DD[3S-01IUEUT
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[140].2° Hence, the IR laser pulses presented here cannot be realized experimentally
nowadays. Second, the choice of the intermediate excited states |®,+) for IR transi-

tions in the electronic ground state e.g. }(I>8+> — ‘<I>2dt> — ‘(I)(l)+>, or ‘(I)iu(i)> for UV

transitions via electronic excited state e.g. |®),) — ‘@}U( i)> — @7, ) is based on condi-

tions (4.67-4.72) for 7 pulses. Accordingly, the most efficient sequential IR or UV pulses
should be associated with the largest products of (transition) dipole matrix elements,
(9, 19 |00, (30| 120, ) or (0, | u® @, )c(0L_| i |80,), respectively. This
criterion yields | ) as intermediate state for IR transitions i.e. the pump pulse excites
the first torsional overtone, followed by the dump transition to the fundamental excited
torsional state. The corresponding matrix elements differ by approximately one order of
magnitude (see Table 4.6), calling for much stronger field strengths of the pump pulses
than for the dump pulses, see Figure 4.24 and Table 4.6. Alternatively, one may also
use |<I>g_> as intermediate state, whereas higher excited states are not recommended be-
cause they would require even higher overtone excitations with higher intensities due to

smaller transition dipole matrix elements. The same criterion yields

CDé(_)> as interme-
diate state for the UV transition. This may be interpreted as a consequence of preferably
near-vertical Franck-Condon type transitions between the initial, intermediate, and final
states. An important difference between the IR and UV transitions is, therefore, that
the intermediate state in UV transitions carries more torsional quanta (five) than for the
IR transition (two). As a consequence, the density of states close to the intermediate
state is much higher for UV than for IR transitions. Therefore, the selectivity of the IR
laser pulses should be better than for the UV transitions, which could excite also near
resonant, non-torsional states. However, the electronic excited state S; has recently been
found to be repulsive along the P-S coordinate with a dissociation time of the order of
100 fs [130]. Hence, most of the population of the intermediate state |®$) in S; will be
destroyed by dissociation within the time of the dump pulse. This decreases the efficiency
of the pump-dump mechanism via an intermediate state in the S; but also opens up the
opportunity for intentional destroying of the undesired enantiomer (for further discussion
see the next section).

Third, the required laser pulse durations and field strength turn out to be longer
and higher for IR laser pulses than for UV pulses. This is again a consequence of the
corresponding products of (transition) dipole matrix elements which are smaller for IR
than for UV pulses. For the selected excited intermediate states one gets e.g. (see Table
4.6):

0|90, % (0| [00)] < [(0, | [03) (@[l |00} (475)

2Laser pulses with frequencies below 500 cm™! can be generated in thin GaSe crystals by optical
rectification of ultrashort laser pulses [141]. However, the energies of these far-infrared pulses are only of
the order of pJ.
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The conditions (4.67—4.72) for m-pulses then imply that the corresponding products of
laser field durations times field strengths should be larger for IR than for UV pulses. For
example, the applications shown in figures 4.24 and 4.25 use 7 ps versus 0.5 ps pulse
durations for IR versus UV pump pulses, respectively, with similar field strengths.

Forth, the polarizations of the IR versus UV pump and dump pulses are also different.
In most cases, linearly polarized pulses achieve high enantiomer selectivities, but for the
IR dump pulse a phase shift of 41° (see Table 4.6) implying an elliptically polarization
is found to be more efficient. For the present linearly polarized pulses (n = 0 in Table
4.6), the polarization angles «; are determined by eqn. (4.74) as arctan of the ratios of
the 4+ and — (transition) dipole matrix elements which are associated with the transitions
between two doublet states ‘(138 +> or |<I>8_> (and likewise ‘(I)(f +> and |<I>(1)_>) and the excited
intermediate state. From Table 4.6, the resulting polarization angles are close to —45°
and +45° for the UV pump and dump pulses, i.e. the UV pump and dump laser pulses
have near orthogonal polarizations, see also the discussion in ref. [137]. A systematic
investigation of UV transitions via other, less efficient intermediate states reveals, however,
that this near orthogonal polarization is not a general rule. Instead it may be interpreted
as a consequence of the incidental near coincidence of the transition dipole functions ,ugl
and 9 close to the near vertical UV-transitions involved, see figure 4.7. In contrast,
the polarization angles for the most efficient IR pump and dump pulses are +43.47 and
+55.41 (see Table 4.6), i.e. they are non-orthogonal.

The enantio-selective pump-dump mechanism has in the previous simulations proven
to be a very effective way for the purification of a racemate of oriented molecules. In com-
parison with the parking mechanism it has several advantages. First, no “parking” state is
needed where the “parked” population has to “wait” unaffected until it is deexcited. In a
real system this is a restriction to the feasibility of the laser control since the choice of this
“parking” state is crucial for the success of the experiment. Second, the overall duration
of the complete pulse sequence is much shorter in case of the enantio-selective pump-
dump scheme preventing IVR. Third, the number of subpulses to control the molecule is
decreased drastically, from five subpulses in the parking scheme to two in the enantio-
selective pump-dump, and therefore, the effectiveness of the laser control is increased. In
summary, the enantio-selective pump-dump mechanism is an excellent approach towards
an experimental realization of laser pulse controlled racemate purification.

In the following section an experimental proof for the simulated purification of a
racemic mixture of pre-oriented HoPOSH molecules by ultra-short laser pulses based on
the enantio-selective pump-dump mechanism will be suggested.
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4.8 A proposed experimental proof

So far different laser control mechanism to convert a racemate into a pure enantiomer have
been suggested. All simulations have proven that these control schemes can successfully
be applied to the model system HoPOSH. The real proof would be, of course, a successful
experiment in a laboratory. Among the difficulties to realize the purification of a racemate
by laser control is the probing of the prepared pure enantiomer: the density of molecules in
the gas phase, e.g. a molecular beam, is very low for using circular dichroism spectroscopy
and standard pump-probe as well as IR/UV spectroscopy cannot discriminate between
two enantiomers. Hence, an experimental setup showing that the racemate is purified is
needed. In figure 4.26 a series of experiments is sketched for this purpose.?

Each experiment starts from pre-oriented HoPOSH molecules at low temperature un-
der the influence of a single enantio-selective pump pulse, i.e. the first step of the previ-
ously discussed enantio-selective pump-dump scheme. This single laser selectively excites
one mirror form of the molecules (leaving the other one untouched) so that the chiral pair
is no longer energetically degenerate. Based on energetic criteria, a sequential reaction can
then distinguish the L- from the R-enantiomer, for instance dissociating one enantiomer.
In this situation it is possible to discriminate the excited enantiomer from the untouched
enantiomer by employing mass spectroscopy. In case of a racemic mixture, see first case
in figure 4.26, peaks of fragments and the molecular peak of the untouched molecules will
appear in the mass spectrum after photo-ionization. No information about which chiral
form has been dissociated can be obtained from this single experiment. Therefore, two
more experiments have to be carried out starting from the pure L- and R-enantiomer,
each time employing the same enantio-selective (here L-selective) pump-pulse followed by
dissociation. In case of pure R-enantiomers the enantio-selective pulse has no effect on
the molecules and hence, no dissociation should take place. The mass spectrum should
thus show no fragments of dissociated molecules but a higher molecular peak in compar-
ison with the first experiment. In case of only pure L-enantiomers the opposite effect
should be observed. Since the enantio-selective pump pulse now excites all molecules, all
of them should be dissociated in the subsequent reaction, showing peaks for the produced
fragments but no molecular peak in the mass spectrum. The combination of these three
experiments allows the laboratory identification of the prepared enantiomer and hence,
proofs that the enantio-selective laser pulse was successful.

21 Fruitful discussions with J. Thieke are acknowledged.
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Figure 4.26: A proposed experimental proof for the success of enantio-selective laser
pulses. An enantio-selective excitation eliminates the energetically degeneracy of the two
enantiomers. The products of a subsequent photo-destruction of the energetically excited
undesired form can be detected by e.g. mass spectroscopy. The detected products of the
shown three experiments proof indirectly the success of the of the enantio-selective laser
pulse (adapted from ref. [130]).

Of course, the experiments proposed in fig. 4.26 characterize a perfect scenario which
can never be accomplished in a laboratory. In order to perform mass spectroscopy the
molecules are usually ionized initiating subsequent fragmentation of the ionized species.
Thus, in each experiment peaks of all kinds of fragments will appear in the mass spectrum.
Nevertheless, if these experiments are carried out carefully, the comparison of the three
mass spectra should give the desired information. If the enantio-selective laser control is
unsuccessful all three mass spectra should be almost identical.

Still, more obstacles have to be surpassed before the proposed experiment can be car-
ried out. For the chosen model system HoPOSH the electronic excited state S; has indeed
been found to be dissociative by recent ab initio calculations carried out by Shibl and
Gonzdlez [130]. Therefore, a single enantio-selective pump pulse could excite the desired
enantiomer from a racemate to the excited state where it will dissociate within a certain
time.?? This enantio-selective excitation can also be done in a two step mechanism dis-

22Further investigations using a 2D model system are currently performed by M. F. Shibl, L. Gonzélez
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cussed in the next chapter (see ref. [130]). However, the proposed experiments require
that the initial species do not racemize quickly, i.e. stable enantiomers could be prepared
by chemical means before the laser control experiment. Here, the chosen model system
H>POSH is not an ideal candidate since its torsional barrier is so low that no pure enan-
tiomer can be isolated at room temperature. Even at very low temperature it is doubtful
that a pure enantiomer could be prepared in a laboratory by chemical means. Hence, a
molecules which forms stable enantiomers and which can be synthesized by an enantio-
selective chemical reaction or purified by chemical means is required.?® In the following
chapter, a new model system is introduced which is more appropriate for a plausible
experiment. The enantio-selective excitation briefly introduced in this section will be
discussed in more detail deriving a modification of the enantio-selective laser control.

and J. Manz.
Z3Hence, a molecule that also satisfying criteria (d) and (f) for the choice of a “good” model system
(see section 4.2) is desired.



