Chapter 4

Optical separation of HoPOSD
enantiomers

In this chapter, quantum simulationsfor the optical separation of enantiomerswill
be presented. The model system will be introduced in section 4.1 together with
the criteria for the selection of this model. Previous work for such model system
with emphasisin converting one enantiomer to the other will be outlined in section
4.1.1. The employed coordinates and their justification will be discussed in sec-
tion 4.2. Section 4.3 shows the equilibrium geometry of the H,POSH molecular
system. In section 4.4, the 2D-Hamiltonian will be discussed. In section 4.5, the
potential energy surfaces and the dipole moments are shown. After constructing
the potential energy surfaces and the Hamiltonian, the ground state vibrational
eigenfunctions and eigenvalues are calculated and discussed in section 4.6. Fi-
nally, the design of the laser pulse strategy to separate H,POSD enantiomersin an
oriented racemate will be presented in section 4.7.

4.1 Modd system

The selection of a suitable model system isavery important step in the simulation
of optical separation of enantiomers. Severa criteria should be fulfilled for this
purpose [181, 182]:

a) The molecule should be small enough to be investigated by accurate quantum
mechanical and quantum dynamical methods.

b) For the sake of simplicity, the model system should possess one source of
molecular chirality, otherwise the molecule will have more than two stereo-
isomers.
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c) Preferably, the reaction of interconversion of enantiomers should be simple to
avoid other complicated side reactions.

d) The potentia energy surface must possess two minima separated by a barrier
height, which should be high and broad enough to prevent immediate tunneling
from one enantiomer to the other, see Fig. 4.1.

\_/

Figure 4.1: Schematic double well potential energy curve that represents two
enantiomers separated by a potential barrier

€) The life time of each enantiomer must be much longer than the laser field du-
ration, otherwise, after the preparation of an enantiomer, this might be converted
to the other one right after the laser field application.

f) The molecular transition dipole moment should couple strongly with the laser
field to avoid intense laser fields which might result in photo-ionization or other
undesired processes, which would damage the system. If the coupling is weak -
the transition dipole moment components are small - one has to repeat the laser
pulse sequence to get compl ete conversion of one enantiomer to the other. In this
case, the total employed time should be much smaller than the life time of one
enantiomer (see e)).

g) The employed laser pulses should be available experimentally.

Deuterated phosphinothioic acid, H,POSD, has been chosen as a suitable
model system, see Fig. 4.2.

This molecule possesses axia chirality and it has two stable isomers (atropi-
somers) at ambient temperature. Each enantiomer is converted to the other by
atorsional rotation of the S-D around the P-S bond keeping the H,PO fragment
frozen. The obtained enantiomers are shown in Figure 4.3.

The H,POSD model fulfills the above criteriasince: @) It isasmall molecule
and it can be studied using high level quantum chemical calculations, b) It con-
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Figure 4.2: The model system H,POSD

A

Figure 4.3: The enantiomers of the H,POSD model system

sists of two enantiomers connected by one source of molecular chirality, c) Asa
first approximation, the conversion between the two enantiomers takes place by
only one degree of freedom, i.e. atorsional rotation, which makes the study of
the molecular chirality relatively simple, d) The potential energy surface consists
of two minima separated by a barrier which is high enough to stabilize one enan-
tiomer during the considered time scale, asshownin Figure 4.1, €) Thelifetime of
each enantiomer islong in the context of afemtosecond time domain, see section
4.7. f) The molecule’s transition dipole moment represents a moderate coupling
with thelaser field, for more details see section 4.7. g) The proposed |aser strategy
can be implemented experimentally for chiral molecules[2].
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4.1.1 Review of the previouswork

4.1.2 Laser control to asymmetric synthesis

Laser control of chemical reactions has been established experimentally since the
first pump-probe experiment by Zewail [183, 184]. Theoreticaly, by means of
coherent control Shapiro, Brumer and coworkers have suggested to use linearly
polarized laser pulsesto control molecular chirality. Intheir first attempt, in 1991,
they considered amolecul e of thetype ABC and with C'; symmetry. Thismolecule
can be photo-dissociated into AB + C or A + BC by means of laser pulses where
thefour speciesareall chiral [79]. Later on, they simulate enantiosel ection from a
racemic mixture using a model system with a double well electronic ground state
potential and asinglewell el ectronic excited state potential. They used afour level
simulation with the two enantiomers in the electronic ground state and the other
two levels are in the excited states with different symmetries [185]. Furthermore,
Shapiro and coworkers proposed that achiral light can encode quantum coherences
leading to enantiomeric excess. This procedure can be repeated successively, in
the so-called laser distillation fashion [80].

The quantum simulations of selective preparation of enantiomers using
H,POSH started in 1999 the Berlin group, in close cooperation with Fujimura
and coworkers in Sendai (Japan). Together [182], they performed the first quan-
tum model simulation of the selective preparation of enantiomers by means of
optimal, eliptically polarized, infrared picosecond laser pulses. The simulations
were done assuming a preoriented model system and the optimal field was ob-
tained by means of local optimal control theory, cf. Ref. [186, 187, 188]. The un-
derlying mechanism to convert 50%:50% racemic mixture into a pure enantiomer
(100%:0%) involves sequential transitions between the two lowest doublets of de-
localized eigenstates with different + and - symmetries, respectively.

Moreover, it was demonstrated that also linearly polarized laser field can be
used to convert a racemate into a pure enantiomer [89, 90]. The low temperature
limit was considered in the simulations to make sure that only the lowest doublet
of the torsional states are populated. The suggested strategy [89] employs five
laser pulsesin the infrared domain to convert theinitial state, an incoherent super-
position of states representing enantiomers with opposite chiralities, to the final
state, an incoherent superposition of two coherent states (a single enantiomer).

Gonzéalez et a [189], starting from the obtained optimal control pulses, could
design various series of pump-dump laser pulses with analytical shapes for the
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preparation of a single enantiomer, starting from a coherent superposition of pre-
oriented, left and right atropisomers in the electronic and torsional ground state.
Various scenarios of sequential elliptically and/or linearly polarized laser pulses
were devel oped, based on the analysis of the original optimal laser pulse, itsresult-
ing population dynamics and the symmetry selection rules for the laser induced
transitions. Interestingly, for each of the different scenarios, the left or right enan-
tiomer can be prepared selectively by either changing the corresponding left to
right polarization of the elliptical pump and/or dump pulses or using correspond-
ing 180° phase-shifts of the equivalent linear polarized laser pulses.

A different selective preparation of enantiomers from preoriented H,POSH
at low temperature was presented by Hoki and coworkers [91] using a one di-
mensional model and optimal control theory. The optimal electric field consisted
of a sequence of two infrared linearly polarized pulses with the same phases but
with different magnitudes. The optimal electric field transfers the L-form into the
R-form while suppressing the reverse process. A two dimensional model includ-
ing the free rotation around the preoriented torsional axis was considered in Ref.
[190]. Here the selective preparation of enantiomerswas controlled by a sequence
of infrared circularly polarized pulses.

A considerably faster time scale was achieved exchanging theinfrared fivelin-
early polarized laser pulses by sub-picosecond and UV only [92]. Two strategies
were proposed, one using so called w-pulses, cf. [191], and another one using
chirped or adiabatic pulses.

In contrast to previous approaches, which employed at least four pulses, Hoki
and coworkers suggested a series of just two selective intense polarized laser
pulses which transform an oriented, non-rotating racemate into pure enantiomers
[192]. Thefirst "pump” pulse excites exclusively the undesired enantiomer into
an excited, delocalized state. The second ”dump” pulse transforms this excited
state into alocalized excited state of the target enantiomer. The pulses can involve
infrared transitions, likein [192], or electronic excited state transitions[193]. The
fundamental principleisto adjust the photon polarizations of the pulsesin such a
way that there is alarge interaction between the laser and one of the enantiomers,
whilethe interaction with the other enantiomer vanishes. A pump and dump lasers
with 7-pul se area are used to produce the maximum transfer yield of the molecular
handedness.

An important step is made in Ref. [94] where Hoki and coworkers presented
control of molecular handedness in a randomly oriented racemic mixture using
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three polarization components of electric field [194]. One of the three polariza-
tion components is used for orientation of the molecule and then the other two
components are used for controlling chirality using the pump-dump mechanism.
STImulated Raman Adiabatic Passage (STIRAP) method [195] has been ap-
plied to population transfer in a degenerated system [93]. Pure state and mixed
state have been taken into account. For the pure state case, a STIRAP with alin-
early polarized single laser alows an amost complete population transfer from
one enantiomer to the other by adiabatically changing its polarization direction.
For the mixed state, a STIRAP with two linearly polarized laser pulses allows a
selective preparation of pure enantiomer from aracemate, see aso Ref. [92].

4.2 Sedlection of coordinates

The quantum dynamical simulation will be demonstrated, as we mentioned in
section 4.1, for the deuterated phosphinothioic acid (H,POSD) which presents
(transient) axia chirality. Themoleculeis considered to bein the” old, molecul ar”
frame (x,y,z) with the atom P at the origin, the OPS fragment in the x/z-plane and
the O atom in the positive direction of the x-axis; the P-S bond is aong the z-axis
and it isdenoted by r. The chiral coordinateisthe OPSD torsional angle ¢ around
the z-axis, see Fig. 4.4a. In the simulations, one can aso consider the system
in the "new, laboratory” frame (X,Y,Z) with orientation as shown in Fig. 4.4b.
Here the center of mass (c.0.m) of H,PO is considered as the origin, the positive
direction of the Z-axis is passing through the c.o.m of the SD fragment, the O
atom lies in the negative direction of X-axis, r’ is the distance between c.0.m of
H,PO and that of SD and ¢’ is the relative rotation of SD with respect to H,PO,
i.e. the angle between the planes OPS and DSP.

The principle coordinate which should be considered is the torsional angle
¢l¢’ since thisis the coordinate responsible for the interchange of molecular chi-
rality. Upon ultraviolet (UV) irradiation, the molecule undergoes P-S bond frag-
mentation. Aswe will show later, one can make use of this photo-fragmentation
to eliminate one of the enantiomers and keep the other one. The coordinate de-
scribing dissociation isthe P-S bond, r/r’. Therefore the relevant coordinates are
the r and ¢ or equivalently »’ and ¢’. The subsequent quantum chemical calcula
tions generate the potentia energy surfaces and dipole surfaces in terms of r and
¢. In contrast, the coordinates ' and ¢’ are employed to simplify the Hamiltonian
used in the ssimulation of the laser driven dynamics, i.e. because the kinetic cou-
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Figure 4.4: Molecular orientation of H,POSD: (a) Shows the molecule fixed co-
ordinates r and ¢, which describe the P-S distance and the torsional angle OPSD,
respectively. (b) Shows the laboratory coordinates ' and ¢’, which describe the
distance between the centers of masses of the SD and H,PO fragments, and the
corresponding torsional motion between them, respectively

pling vanishesfor those coordinates; for the coordinate transformation see section
4.4 and Appendix D. The remaining degrees of freedom are kept frozen at the
equilibrium geometry.

4.3 Thedectronic structure of H,POSD

The model system, H,POSD, is assumed to be oriented before the optical sepa-
ration of enantiomers takes place. As mentioned in section 4.2, the molecule is
oriented such that the P-S bond is along the positive direction of the z-axisand the
SPO atoms are in the x/z-plane with O atom directed to the positive x-axis, Fig.
4.4a. The chiral coordinate ¢ isthe torsional motion of the D atom around the P-S
bond. The coordinate ¢ is considered as 0° when the D atom is in the x/z-plane
and directed towards the positive x-axis. On the other hand, ¢ becomes 180° when
the D atom isin the x/z-plane and directed to the negative x-axis upon rotation of
the D atom around the P-S bond in certain direction, and ¢ becomes -180° when
the D atom isin the x/z-plane and directed to the negative x-axis upon rotation of
the D atom around the P-S bond in the reverse direction. The molecular geometry
of the H,POSD (Fig. 4.2), taken from Ref. [182], was fully optimized using the
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gradient minimization technique with MP2 at the 6-311+G(2d,p) level of theory
as implemented in the Gaussian98 program package [154]. The global minimum
is characterized by having zero gradient norms and by positive eigenvalues when
diagonalizing the matrix of the second derivatives. The bond lengths and the bond
angles of the equilibrium geometry are shown in table (4.1).

For one enantiomer, the dihedral angle (OPSH), which governs the axia chi-
rality, is 59.5° at equilibrium. This non-zero angle makes the two P-H bonds
dightly different, i.e. the P-H bond which isin the same direction of the S-H bond
is slightly smaller than the one in the opposite direction. On the other hand, the
situation is reversed for the other enantiomer. In the calculation of the potentials
and other properties, the two P-H bonds are averaged to be 1.4A and therefore,
the molecule has C, symmetry in case of 0° OPSH dihedral angle.

Label Bond length (A) L abel Bond angle (°)

P-S 2.115 /(PSH) 93.2
P-O 1.478 Z£(OPS) 118.8
P-H, 1.399 /(H,PO) 116.6
P-H, 1.397 /(H,PS) 96.9
SH 1.337

Table 4.1: The bond lengths (A) and bond angles (°) of the equilibrium geometry
of H,POSH calculated at the MP2/6-311+G(2d,p) level [182].

4.4 Thetwo dimensional (2D) Hamiltonian

The quantum chemical calculations of the two-dimensional model system employ
the torsional angle of S-D around the P-S bond (¢) and the P-S stretch (r), while
the other degrees of freedom are kept fixed at their equilibrium values. If one
employs the same coordinates for the quantum dynamical simulations (neglecting
non-adiabatic couplings), then the Hamiltonian consists of the potential energy
term (V(r, ¢)), which will be discussed in section 4.5, the kinetic energy opera-
tor (T'(r, ¢)) plus aterm T.,,,in, for the kinetic couplings of the r and ¢ degrees
of freedom, and a coupling term (—i;;€(¢)), which describes the interaction with
laser radiation in the semiclassical dipole approximation. The transition dipole
moment vector between the ¢ and j states is given by /i;; = [ij;, and €(t) is the
electric field vector specified in equation (2.107). Then, the Hamiltonian in inter-
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nal bond-angle coordinates, r and ¢, looks like:

H(r,¢) =T(r,0) + V(r,¢) — fiyé(t)

h? 02 h? 92 . S
+ Tcoupling + V(T’> ¢) - :uije(t)v (41)

2mor: 50752
where m is an effective reduced mass of the S and P atoms, and [ is an effective
moment of inertia of the dihedral rotation of the frozen fragments SD and OPH,
around the P-S bond.

For the sake of avoiding the coupling term (Twuplmg) in the dynamical simu-
lations, instead of the internal bond-angle coordinates » and ¢, one can use »’ and
¢', see Fig. 4.4b, for which the kinetic couplings vanish (for more details see Ap-
pendix D). Now, analogously to the situation of having two non-linear interacting
molecules [196], H,POSD is considered to be composed of two fragments: the
H, PO fixed in the space and the SD rotating around an axis connecting the center
of masses of these two fragments. The positive direction of the Z-axis passesfrom
the center of mass, c.0.m, of the rigid part OPH, to the c.o.m of the other rigid
part SD. Then, the transformed coordinate ' is given by the distance between the
c.0.m of both fragments, and ¢’ isthe relative rotation of SD with respect to OPH,
or the angle between the planes OPS and DSP (see Fig. 4.4b). Using these new
coordinates, ' is decoupled from other degrees of freedom, and it is possible to
write the kinetic energy operator as[196]:

—h? 92 —h? 02

(', ¢') = 4.2
(', ¢) 5752 T3 Ton orms, 07 (4.2)
with m’ isthe reduced mass of the SD and OPH, fragments,
m! = —SDTOPH, (4.3)
msp + MopH,
and I o pyr, 1Sthe reduced moment of inertia, see Appendix E,
Isplopm,
Ispopm, = 71— (4.4)

Isp + lopm,
The corresponding potential energy surfaces 1/ and transition dipole surfaces /i,
are then calculated from the original V; and /i, as described in Appendix D.

4.5 Potential energy surfacesand dipole moments

The electronic ground and first excited singlet potential energy surfaces, Vy(r, ¢)
and Vi(r, ¢), are the basis for constructing the molecular Hamiltonian, as dis-
cussed in the previous section. The unrelaxed electronic ground Vi (r, ¢) and first
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excited singlet state V; (r, ¢) potential energy surfaces (Fig. 4.5a,b) have been cal-
culated using the ab initio multiconfigurational method of complete active space
self-consistent field (CASSCF) [197], as implemented in the MOLCA$4.3 quan-
tum chemical software package [198]. Except for  and ¢, al the geometrical
parameters are frozen at their equilibrium geometry. Because the ground and the
excited states are degenerate at the asymptotic region, both roots have been cal-
culated with state averaging (SA) of equal weights. The active space considered
is 14 electrons correlated in 12 active orbitals, including the lone pairs of oxy-
gen and sulfur atoms, the bonding/antibonding o/c* pairs of the P-S and P=0O
bonds, and Rydberg orbitals. Within such active space, the lowest singlet state
was found to be mainly a HOMO-LUMO transition, exciting an electron from
the lone pair of the S atom to an antibonding P-S orbital (ng-0}_g excitation).
The SA-CASSCF calculations were made with the ANO-L basis set of the size
(17s12p5d) primitives contracted to [4s3p2d] for the P- and S-atoms, (14s9p4d)
contracted to [4s3p2d] for the O-atom, and (8s4p) contracted to [3s2p] for the
H-atoms, summing to atotal number of 114 contracted basis functions. The elec-
tronic transition dipole moment surfaces have been obtained at the same level of
theory as the PES.

The PES 1}, in the electronic ground state S, has two stable configurations at
(¢,7) =(—1.0rad, 4.1a,) and (1.0rad, 4.1a,) which correspond to L and R enan-
tiomers of the H,POSD molecule, respectively. There exist a transition state at
(¢,7) = (0.0rad, 4.1a,), with a barrier height of ca. 400 cm~!. In contrast, the
singlet excited state S; surface is repulsive along the P-S bond coordinate and
therefore does not have any stable configuration at the employed level of theory,
see Fig. 4.5a,b. The Franck-Condon vertical excitation energy at the (L) or (R)
configurations is 5.81 eV. The repulsive character of the PES V; aong the P-S
bond stems from the main configuration (ns-o5_g) contributing to the first ex-
cited singlet state, in which an electron is promoted to an antibonding orbital. The
X, y and z components of the transition dipole surfaces jiy (r, ¢) are shownin Fig.
4.6a,b,c. The x and z components are anti-symmetric with respect to ¢ while the
y component is symmetric.

As has been discussed in section 4.4 the kinetic energy operator has a com-
plex form in terms of these internal coordinates. For the sake of ssmplicity one can
transform the internal coordinates » and ¢ into others whose kinetic energy oper-
ator has a simpler form, i.e. the kinetic coupling is negligible, see Appendix D.
The torsional angle ¢ does not change for large values of ' and ¢’ upon transfor-
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Figure 4.5: Contour plots of the potential energy surfaces of H,POSD cal culated
at SA-2-CASSCF(14,12) level of theory as a function of the torsion angle ¢ (in
radians) and the distance r (in a() between the fragments H,PO and SD. Panels
(a@)/(c) and (b)/(d) are for the first electronic singlet excited state V;/V} (S;) and
the electronic ground state Vo/Vj (So), respectively. The contour lines are drawn
from 0.01 eV until 0.2 eV at regular intervals of 0.01 for 14; and from 3 eV until
6.2 eV at regular intervalsof 0.1 for V;; the zero energy islocated at the minimum
of the S, surface.
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Figure 4.6: Contour plots of the x- (@), y- (b), z- (c), X- (d), Y- (e) and Z- (f)
components of the transition dipole moment of H,POSD, as a function of the
torsion angle ¢ (in radians) and the distance r (in a¢) between the fragments H, PO
and SD. The lines are drawn from -0.08 to 0.08 in intervals of 0.01 for the x-/X-
component, from -0.06 to 0.06 in intervals of 0.01 for the y-/Y-component and
from -0.05to 0.05 in intervals of 0.01 for the z-/Z-component (in e a).
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mation from old coordinates to new ones. Moreover, distance » does not change
much upon transformation for large values of »’ and ¢', see Fig. 4.7. Asshownin
Fig. 4.7 (top), the vertical lines are tilted for small values of »’ and ¢/, while they
become straight for larger values of ' and ¢'. Further, the horizontal lines are a
bit curved around ¢’ = 0 and small values of r/, while they become straight for
larger values of 1’ along ¢’ as shown in Fig. 4.7 (bottom).
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Figure 4.7: Contour plots of ¢ versusthe new coordinates, ¢’ and »’, (upper panel)
and r versus the new coordinates, ¢’ and r’, (lower panel).

From this coordinate transformation one can get the potential energy surfaces
in terms of the new coordinates ' and ¢’ as shown in Fig. 4.5c,d. Also, one
can get the X, Y and Z components of the transition dipole moments in terms
of the new coordinates ' and ¢" as shown in Fig. 4.6d,e,f. Therefore, the new
potential energy surfaces, in the new coordinates, as well as the new transition
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dipole moments, in the new coordinates, can be used in the quatum dynamical
simulations.

4.6 Vibrational eigenfunctions

Having defined the 2D-Hamiltonian using the calculated potential energy sur-
faces, one can solve the time independent nuclear Schrodinger equation, Eq.
(2.18), to get the vibrational eigenfunctions. For this purpose, one may use the
Fourier-Grid-Hamiltonian technique [132, 131] discussed in section 2.4.1. A
space discretization of 256 grid points for the dissociation degree of freedom »’
and 32 grid points for the chira coordinate ¢’ were used making a total of 8192
grid points. The vibrational eigenfunctions are calculated using the QMBOUND
program implemented in the WAVEPACKET package [199]. These vibrational
eigenfunctions are calculated for the electronic ground state .S, potential energy
surface which isabound state. On the other hand, the el ectronic excited state S, is
repulsive and has no stable configuration in the electronic excited state, therefore
one can not calculate bound vibrational eigenfunctions. The lowest 18 eigenfunc-
tions and the corresponding eigen-energies for the electronic ground state S, are
shown in Table 4.2.

The lowest eigen-energies appear in doublets due to the splitting resulting
from the potentia barrier at ¢’ = 0° which separates the two minima. In the
electronic ground state Sy, there are three doublets (v = 0,1,2), under the bar-
rier, corresponding to the eigenvalues £ ..+, and eigenfunctions g ,,,+,— With
+ and - depending on their symmetry with respect to reflection at ¢ = 0°. Here w
represents the quantum number corresponding to the stretching degree of freedom
r" and v represents the quantum number corresponding to the torsional degree of
freedom ¢’. The subscript O indicates the electronic ground state S,. Since the
energy gaps between the eigenstates for the stretching coordinate is quite large,
the first vibrational excited stretching mode appears after four doublets of tor-
sional modes, see Table 4.2. The vibrational eigenfunctions o oo, %0,00—» ¥0.10+
Yo.10—, Y011+ and g 11— are shownin Figs. 4.8(a-f), respectively.
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Eigenfunction Eigenvalue (eV)

10,00+ 2.9477 - 10792
¥o,00— 2.9479 - 10792
Yoois 47586 - 10-02
Yo,01— 4.7665 - 1002
0,024 6.3044 - 1092
0,02 6.4121 - 10792
Y003+ 7.4889 . 102
Do.0s 7.9672 - 10792
V0,104 8.0212 - 102
to,10— 8.0258 . 1092
Yoous 8.7952 . 102
¥o,04— 9.5411- 1072
Po,11+ 0.8215 - 1092
Yo,11- 9.8437 - 1072
Yooss 1.0350 - 10~
Do.05— 1.1077 - 10
Po,12+ 1.1340- 10
o,12— 1.1493- 10 ™

Table 4.2: The eigenvalues (in €V) corresponding to the first eighteen eigenfunc-
tions in the electronic ground state V;,. Subindices indicate the quantum numbers
corresponding to the electronic state (in this case, ground state), the stretching
degree of freedom »/, the torsional degree of freedom ¢’ and symmetry.
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Figure 4.8: The two dimensional eigenfunctions calculated in the electronic
ground state (Sy) of H,POSD with + or - symmetries with respect to inversion

at ¢' =0 @) Yo,00+ 5 b) Yo00- 5 C) Vo104 5 d) Yo10- 5 €) Vo145 ) Yo11-. The
corresponding eigenenergies are shown in Table 4.2.
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The pure L-/R-enantiomers are represented by the localized wave functions
Yo,wvr,r €Mbedded in the left and the right potential minima with respect to ¢’
= 0° of the electronic ground state Sy. They are constructed as superpositions of
two eigenstatesin the electronic ground state S (1o v+ and 1o .,—) With different
parities[69] as shownin Fig. 4.9.
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Figure 4.9: The two dimensional localized wave functions for the left (v 00z)
and right (v 00r) enantiomers of H,POSD as defined in Egn. (4.5). These wave
functions are calculated for the first doublet, 1 oo+ and oo (Figs. 4.8a and
4.8b, respectively), in the electronic ground state.

The energy splittings, AE ,, of the first three doublets under the barrier are
calculated and collected in Table 4.3 with the corresponding tunneling time. The
tunneling time, 7, isdefined asthe whole oscillation period L-R-L and isinversely
proportional to the energy splitting:

_h
AFEy,
Asshown in Table 4.3 the energy splittingsincrease with increasing energy where

(4.6)

Ty

the potential barrier getstighter allowing more interaction between the eigenstates
in each well.
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Doublet AE? (cm™') To

0+/0- 0.02 1.8ns
1+/1- 0.64 51.6 ps
2+/2- 8.69 3.8ps

Table 4.3: The energy splittings (in cm~1) of the first three doublets and the cor-
responding tunneling times for the model H,POSD.

In order to keep enantiomer selectivity and have enough time to further treat
the separated enantiomer, the laser pulse duration should be much shorter than the
tunneling time. This is an important criterion which should be fulfilled. In the
next section we will see how to separate enantiomers in an pre-oriented racemate
using photo-dissociation.

4.7 Separation of enantiomers in a pre-oriented
racemate

The laser-driven time evolution of the system is simulated by means of molecular
wave packets, calculated as solutions of the Liouville-von Neumann equation,
Egn. (2.131), for the time-dependent density matrix p(t) = |¢(t))(1(t)|, see
section 2.5. The total Hamiltonian H(t) is written as H(t) = H,,u + W(t) =
T+V+W (t). Thelaser field 17 (¢) should betail ored to excite asingle enantiomer
from the initial racemic state, which is given by,

p(t =0) = prac(T) (4.7)

which represents aracemic mixture at temperature T. Considering the limit of low
T, theinitia racemic mixture can be written as an incoherent superposition of the
lowest doublet of eigenstates [89]: (cf. Egs. (2.128) and (2.129))

1 1
prac(T — 0) =~ §|1/10,00+><¢0,00+\ + 5\%,00—)(%,0047 (4.8)

where [10,00+) and (1000 | States are the vibrational eigenfunctions in the elec-
tronic ground state obtained as solutions of the time independent Schrodinger
equation, Eqg. (2.9), with symmetry + or - for the torsional motion (see Table
4.2).

Equation (4.8) can be aso written in terms of the localized states as follows:

1 1
Prac(T — 0) ~ §|¢0,00L><¢0,00L| + §|¢0,00PL><¢0,00R|7 (4.9)
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where |1 0oz) and (10,00r| COrrespond to L- or R-enantiomersin the lowest dou-
blet states, and in general, are defined as coherent superpositions of the tor-
siona eigenstates of different parity as mentioned in section 4.6 [69] (cf. EQs.
(2.129) and (2.130)). In the absence of dissipation, the laser driven time evolu-
tion of aracemic mixture can be described with two independent time-dependent
Schrodinger equations for the L and R enantiomers,

50 ( o002 (1)) ) _ < T+ Vo —finélt) ) ( 000 (1)) ) (4.10)
M\ |y 00(1)) —fhoet) T+ W [¥1,00L(t))
and
mﬁ < 1%0,00r(1)) ) _ < [+ Vo —Aﬁmg(t) ) ( |Y0,00r (1)) ) (@11
Ot \ |100r(t)) —jie(t) T,+WVi [V1,00r (1))
At initial time, t=0,
( |[%0,00L (1) ) _ < |%0,002.(0)) ) (4.12)
U100 (1) 0
( [%0,00r(t) ) _ ( 1%0,00r(0)) ) ' (4.13)
[¥1,00r(1)) 0

In order to design a laser pulse which selects a single enantiomer out of an ori-

)
)
)

ented racemic mixture, the direction of the polarization vector of thelaser field has
to be chosen conveniently [193, 94]. Specifically, excitation of a selected enan-
tiomer will be suppressed if the electric field is perpendicular to the corresponding
dominant transition dipole matrix element. In contrast, the interaction for the op-
posite enantiomer can be maximized if these two vectors are parallel [193, 94].
For instance, to excite the R enantiomer, but not the L one, to some final vibronic
eigenfunction v, fi;, and €(t) should satisfy:

™y

<@Z)f|/j/01 |¢0,00L> :
<¢f|ﬁ61|¢0,00R> :

(t) =0
(t) £ 0 (4.14)

™y

where 10,00, @and 1 0or represent theinitial L and R enantiomers defined in egns.
(4.5). In the present molecular system, however, the repulsive excited state poten-
tial V' does not support any bound eigenfunctions ), but a continuum of states. In
the praxis, therefore, the numerical implementation of therule givenin egn. (4.14)
for dissociative states is cumbersome to apply. Instead, let us use an aternative
approach. The strategy is shown schematically in Fig. 4.10. Thefirst rectanglein
the left hand side represents the symmetric Z-component of the transition dipole
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while the second one represents the antisymmetric Y-component of the transition
dipole in the dominant domains of the initial wave functions, cf. Fig. 4.6. The se-
guel rectangle represents the left and right enantiomers. The approximate values
of the transition dipole moments in the domain of the wave functions are +-0.04
for the Z-component and 0.02 for the Y-component, see Fig. 4.10. The ideais
to find the values of the amplitude of the laser field (Z- and Y-components) such
that the amount of one enantiomer is maximized after its multiplication by the
laser field operator with its Z- and Y-components, while that of the other one is
minimized after its multiplication by the laser field operator with its Z- and Y-
components, see the right hand side of Fig. 4.10. From Fig. 4.10, one can see
that the approximate values of the Z-component of the transition dipoles in the
domain of the wave functions are twice that of the Y-component of the transition
dipoles. Therefore, we started with afield whose Y-component amplitudeistwice
its Z-component amplitude with different sign. These values can be optimized to
get the maximum amount of one enantiomer and minimize the other.

J J ihAusAt
7% iz gy e s W 174
-0.04 0.02
&) ) (®) (R) =
E=S £ + &y —
o ol el |o)-
0.04 0.02 o
\\_ r ../ L o,
-28;

Figure 4.10: Schematic diagram representing the employed strategy for separation
of enantiomers vialaser pulse control.

Let us consider a scenario where we start from one of the enantiomers, e.g.
the R-one, egn. (4.5b). Using low laser intensities such that the populationin V7
remains small in comparison with the onein V; , and inserting egn. (4.5b) into
egn. (4.11), the change A1 0or = Y1,00r(t + At) — 11 00r(t) after asmall time
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step At is approximately given by,

At _ At -
Ay gor =~ _%Nloe(t)w0,00R(t =0) + E(Tn + V) ¥1,00r(2)

= Aty 00r,e T AP1,00R,e- (4.15)

Thefirst term of the right hand side represents the creation (c) of the wave packet
in the excited state, while the second one accounts for its evolution (€). Control
can be exerted at the time the wave packet is created, and thus, we call this first
term Aty gor,., Whereas the evolution term is compactly written as Ay gog.e-
Using two components of the electric field which couple to the symmetric (1)
and antisymmetric (u,) components of ,J’ , the control term of egn. (4.15) can be
expanded as,

At
Awl,OOR,c = _E(MINYEY + Mlloz€Z)1/10,00R(t = 0)- (4-16)

Similarly,
At
Awl,OOL,c = _E(Mioyw + M/102€Z)1/10,00L(t = 0)- (4.17)

Then, the ratio between the electric field components ¢y and ¢, can be cho-
sen such that the transition dipole interactions (i) €y + pfyz€2) for exam-
ple, minimizes the increments (A1 oor.| A1,00z,c), Ut constructively enhances
(A1 00rc| A1 00r,c). Thisisillustrated in Fig. 4.11. Specifically, Fig. 4.11a
and 4.11b show the initial localized wavefunctions 1o oo (t = 0) and v gor(t =
0), respectively (cf. egn. (4.5)), Fig. 4.11c and 4.11d show the products
Yo.00rL(t)pWyez and g oor(t) ez, and Fig. 4.11e and 4.11f show the analogous
products v oo () py-€y @nd v oo () 1€ 2, respectively.

Note the different signs of the lobes of the wave function due to the opposite
symmetries of ;i and pz. Finally, Fig. 4.11g and 4.11h show the resulting wave
functionsfor v ooz (1ty €y + 1ye2) and g gor (s €y + p5€2). Thelaser parame-
ters used correspond to alinearly polarized laser field with componentse ; =2 GV
m~! and ey = 1.75 1. The corresponding maximum intensity is 7,,,, = 4.3 TW
cm—2. Apparently, the increment A oz . iS dmost negligible while Ay gor..
has been enhanced constructively. Analogous polarizations could be used to min-
imize Ay gor, - iInthiscase afield of ey =-1.75 e, would be needed. Therefore,
control of the polarization of the electric field allows the excitation of just one
enantiomer, whereas the other enantiomer remains in its ground state (A gor

or A1 gor,c = 0).
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Figure 4.11: Constructive and destructive interferences of the v oo, (t) and
Yo,00r(t) wave functions with transition dipole interactions. The contours in (a)
and (b) show thelocalized 1 ooz, (t = 0) and ¢y gor(t = 0) initial wave functions,
respectively. The contoursin (c) and (d) show the corresponding wave functions
after multiplication with the Z-component of the dipole moment (seelabel), e ; =2
GV m~!. The contoursin (€) and (f) show the wave functions after multiplication
with the Y-component of the dipole moment (see label), ey =3.5GV m~t. The
contoursin (g) and (h) show the corresponding wave functions after multiplication
with the appropriate sum of dipole interactions (see label).
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After having considered the effect of the laser pulse during the time increment
At, equivalent to the case of a §-pulse, one can proceed to apply the strategy
described above to excite one enantiomer from a racemic mixture using the entire
laser pulse. As an example, the resulting selective photo-excitation of the R-
enantiomer from a racemate is demonstrated in Fig. 4.12, showing snapshots of
the L and R wave packets in the electronic ground state S, at ¢t = 0 fs, and in
the electronic excited state S; after 95 fs. The laser parameters obtained in the
previous instructive example serve as areference for the case considered now, i.e.
we employ the same laser components, e, =2 GV m~! and ¢y, = 3.5 GV m!,
and the remaining laser parametes are w = 5.884 eV, t,, = 100 fsand = 0°. Since
the P-S bond breaking occurs on a fs scale, short pulses have been used. The
polarization angle resulting from the ¢y and ¢, components, which is defined as
Q0 = arctan(ey [ez), is 29 °. Due to the weak transition dipole couplings the
population excited to the singlet state is about 2%, in accord with the assumption
underlying egn. (4.15); stronger pulses could invert more population to the S
state. From the excited population, Fig. 4.13 illustrates how the R-enantiomer is
successfully excited to the S; singlet state by a factor of ca. 20 more efficiently
than the L-enantiomer, hence demonstrating the selectivity of the applied laser
pul ses.

The singlet state is strongly repulsive, and therefore, after 95 fs the R-
enantiomer has dissociated completely (cf. Fig. 4.12a), never returning back to
the reactant in its electronic ground state in gas phase. Notice that the photodisso-
ciation path followed by the wave packet istilted dueto the achiral nature of the S
PES, which possesses a single minimum along the torsional reaction coordinate;
as a result the dissociating fragments rotate with respect to each other. By virtue
of this ultrafast photodissociation process we have therefore optically resolved
the racemic mixture, eliminating the R-enantiomer by a factor of 20 against the
L-enantiomer. Similar to the distillation approaches suggested in refs. [81, 200], it
should be possible to resolve compl etely the L-enantiomer from aracemic sample
In an iterative manner.

In order to achieve maximum separation, the populations of the L- and R-
enantiomers in the electronic excited state can be related to the number of the
employed shots by the following equation:

Prp (1= Pr(R)N

P~ (- PD)Y (.18

where Py and Py, are the R- and L-enantiomeric populations, respectively; Pr(R),
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Figure 4.12: Photofragmentation induced in the R-enantiomer of the model
H,POSD, while the L-counterpart stays in the electronic ground state Sy. ()
Probability density in the S; state at t = 95 fs. (b) Probability density of the
racemic mixture at initial time in the electronic ground state S|,.

P;(L) are the R- and L-enantiomeric populations at the end of the pulse, respec-
tively, and IV isthe number of the employed shots. Therefore, with the popul ations
of both R- and L-enantiomers at the end of the pulse (Fig. 4.13), one can calcu-
late the number of shots needed to achieve maximum separation. Accordingly,
the populations of the L- and R-enantiomers in the electronic excited state ob-
tained from the laser pulses employed imply that ca. 300 shots will be necessary
to achieve more than 99% enantiomeric separation, see Fig. 4.14.
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Figure 4.13: Enantiomeric purity as a function of time. The solid line is the
population of the R-enantiomer transferred to the dissociative V; state, the dashed
line is the population of the L-enantiomer.
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Figure 4.14: The distillation process of R-enantiomer with respect to L-
enantiomer after 300 shots. The curve represents arelation between the population
ratio (R/L), in V; state, as afunction of number of shots, see Eq. 4.18.
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