Field-induced diastereomers for chiral separation
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A novel approach for the state-specific enantiomeric enrichment and the spatial separation of
enantiomers is presented. Our scheme utilizes techniques from strong-field laser physics, specifically
an optical centrifuge in conjunction with a static electric field, to create a chiral field with defined
handedness. Molecular enantiomers experience unique rotational excitation dynamics and this
can be exploited to spatially separate the enantiomers using electrostatic deflection. Notably, the
rotational-state-specific enantiomeric enhancement and its handedness is fully controllable. To
explain these effects, the conceptual framework of field-induced diastereomers of a chiral molecule is
introduced and computationally demonstrated through robust quantum-mechanical simulations on
the prototypical chiral molecule propylene oxide (C3HgO), for which ensembles with an enantiomeric

excess of up to 30 % were obtained.

Chirality is central to many chemical and biological pro-
cesses. Its significance is emphasized by the fact that life
on Earth is based on chiral biomolecules, which are all nat-
urally selected with a single handedness that determines
their functionality. Chiral molecules occur in structural
forms known as enantiomers, which are mirror images of
one another and, therefore, non-superimposable by trans-
lation and rotation. Given that molecular enantiomers
have identical physical properties, neglecting the so-far
unobserved effects of parity-violating weak interactions,
but often strikingly different chemical behaviour, methods
to distinguish and/or separate enantiomers are extremely
important, particularly in areas such as drug design and
pharmacology. Sources of cold chiral molecules in dis-
tinct enantiomeric states could improve measurements of
electroweak interactions [1-3] and studies of collisional
dynamics with chiral molecules [4].

Recently, a number of robust techniques for separat-
ing and purifying enantiomers in the gas phase from
mixed chiral samples have been proposed [5-9]. These
developments are a consequence of the increased preci-
sion and control offered by gas-phase chemistry, which
is providing exciting advances in the analysis and ma-
nipulation of chiral molecules. Sophisticated methods
are now available for establishing the absolute configu-
ration and enantiomeric excess (ee), for example, em-
ploying phase-sensitive microwave spectroscopy [10, 11],
photoelectron circular dichroism [12], Coulomb explo-
sion imaging [13, 14], high-harmonic generation [15], or
attosecond-time-resolved photoionization [16].

Here, we present a novel approach for coherent
enantiomer-specific enrichment of rotational state popula-
tions of chiral molecules coupled to state-specific electric-
field manipulation. Our scheme utilizes an optical cen-
trifuge [17, 18], which is a linearly polarized light pulse
that performs accelerated rotation about the direction
of propagation, in conjunction with a static electric field
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FIG. 1. Field-induced diastereomers of a chiral molecule
interacting with a chiral electric field, i.e., a rotating optical
field in conjunction with a static electric field along the rotation
axis of the optical field.

along the light propagation direction. This yields a chiral
electric field that induces unique rotational excitation
dynamics in the different enantiomers . The rotational-
state-specific enantiomeric enhancement for either the
left- or right-handed enantiomer is fully controllable by
changing the duration of the optical centrifuge pulse, and
it is subsequently transformed into spatial enhancement
using the electrostatic deflector [19].

Similar to classical methods of chiral resolution, where
a pure enantiomer of another chiral agent is introduced to
form diastereomeric complexes with distinct physiochemi-
cal properties, we can create field-induced diastereomers
of a chiral molecule, depicted in Fig. 1, by placing its
enantiomers in a chiral electric field with defined hand-
edness. The symmetry properties of the field-induced
diastereomers are such that both, the molecule and the
field enantiomers, are interconverted by the parity inver-
sion operator P but time inversion 7' interchanges only
the field enantiomers. Hence, two chiral centers emerge in
the presence of the electric field with defined handedness,



shown in the dashed panels in Fig. 1, and as for classical
chemically-bound diastereomers, with distinct energies,
the rotational dynamics of the enantiomers will differ.

The interaction of the enantiomers with a chiral elec-
tric field is described by the following time-dependent
potential,
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Here, €(t) cos(wt) describes the linearly polarized carrier
ac field of the optical centrifuge with the pulse envelope
function €(t) and angular frequency w and the acceleration
of the centrifuge circular rotation 3. eq. is the dc field
strength. The electric field tensors p, (v = 2,y,2), a =
(Czz +oyy +az2)/3 and Ao = (20, — gz — ozyy)/\/g are
the permanent dipole moment, average static polarizabil-
ity, and the static polarizability anisotropy, respectively, in
the principal axis of inertia molecular frame. The symbol
Dq(;l])k* denotes the complex-conjugated Wigner D-matrix,

A = pUr_pthr and 8 = pUr L ptr The
quahtum numbers & and m corfespond to the pfojection,
in units of A, of the total angular momentum J onto the
molecule-fixed z axis and laboratory-fixed Z axis, respec-
tively. The full expression for the interaction potential is
listed in the supplementary material.

The handedness of the chiral field in (1) is defined by
the relative signs of the dc field ¢4, and the § exponent,
i.e., the direction of rotation of the optical centrifuge.
Replacing one enantiomer with another changes the V°¢
and V9¢ contributions in (2) and (3) as this changes
the sign of one component of the permanent molecular
dipole moment as well as two components of the molecular
polarizability tensor [20, 21].

This enantiomer-specific effect can be explained using
a minimal model of a molecule as a three-level system of
rotational states coupled by the dc and optical centrifuge
fields. An example of two such three-level systems is
shown in Fig. 2 for Raman transitions from the ground
state |Jrr,m) = |0go, 0) to the excited states |2g9, —2)
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FIG. 2. Minimal model of the enantiomer-differentiating tran-
sitions in a chiral molecule. A system of three-rotational states
originating from the ground state is coupled to the static elec-
tric field and optical centrifuge, for instance, by the molecular
electric dipole moment i, and the polarizability parameters
Acw and a,, or, alternatively, by pe, Aa, and ., see (1)—~(3).

Here, Aa(t) = Ace?® and aap (t) = ozabe%BtZ, a,b=z,y, 2.
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and |29, —2), and from the ground to the |2gg, —2) and
|211, —2) states. Note that 7 = 0,1 indicate the parity of
the rotational wave function defined as (—1)7. Assuming
that the different enantiomers are related by inversion
along the molecular z axis leads to a sign change in the
molecular dipole moment g, and the polarizabilities oy,
and oy, between the different enantiomers. For simplicity,
different interaction terms in (2) and (3) are abbreviated
in Fig. 2 with the corresponding molecular polarizability
Ac, 0., 0y, and dipole moment jiz, pt, symbols.

We consider one transition band formed by the ground
state |Ogo, 0) and the two excited states |2p9, —2) and
|210, —2) that, for simplicity, are assumed to have equal
energy F relative to the ground state. When the an-
gular acceleration of the centrifuge is relatively slow,
population transfer into both excited states, shown
in Fig. 2 with the green and red colored upward ar-
rows, will overlap in time: The optical centrifuge cre-
ates a superposition of states |¢g) = cos(xt)|0gg,0) +
Aate®t|2q9, —2) + az.te'®t |21, —2), with the phase an-
gle x = e/ Aa? + a2, and ¢ = 0.5(ae? — E). The sign
change of «,, between enantiomers only changes the
phase of |g) by 7, but does not alter any transition
probabilities. Note that we have also omitted the state
superposition coefficients, which depend on the field pa-
rameters. This behaviour of the enantiomers in an optical
field with twisted polarization has been described and
investigated previously [20-22], mainly for determining
the enantiomeric excess in mixtures.

The two excited states |29, —2) and |21, —2) are cou-
pled to each other by virtue of the induced dipole in-
teraction with the rapidly oscillating field of the optical
centrifuge, a.e2 = piPdeq, and the permanent dipole
interaction with the dc field, ipyeq.. This quasi-static
interaction, depicted with the red and blue colored double-
headed arrows in Fig. 2, creates the superposition of

states |1g) = cos(xt)|0go, 0) + 0.5cu.t2ce’? |29, —2) +



0.5Aat?ce 9219, —2), with the coefficient ¢ ~ |u"deq +
ipy€de] and the phase angle 6 = atan2(uyeqc/p ).
Note that this expression was obtained by truncating the
exponential time-evolution operator at the second-order

expansion term and is only valid for short timescales.

The probability for the molecule to be, for ex-
ample, in the |2) = |2g0,—2) state is Pp
Aae*®t 4 0.50,,t%cer/s
ing on the enantiomer and the phase angles g and
fs for the R and S-enantiomers, respectively, which
are related via 6r = —0s + sign(pyedc)m. The ex-
plicit expression for this probability can be derived as
Py o ejt?(Aa? — Aaa.piyeact) + O(t?). Similarly, the
probability of being in the |3) = |219, —2) state is given
by Py o egt?(a2, + Aaog. piyeact) + O(t1). Here, the
product of the mutually orthogonal polarizability and
permanent dipole moment a4, is independent of the
choice of molecular axes, but changes sign between enan-
tiomers, which gives rise to different populations of the R
and S-enantiomers in the |2gg, —2) and |219, —2) states.

with the sign of a,. depend-

Given the field configuration, i.e., the sign of the dc
field +eq. and the direction of centrifuge rotation %3,
with +8 = £t in the above equations, the sign of the
total product a,.py€qct is determined by the absolute
structure of the molecule in the chosen reference system.
The molecular electric dipole moment and polarizabil-
ity tensor can be obtained from an electronic structure
calculation for a molecule of interest. Thus, given the
field configuration it is possible to predict the handed-
ness of the enantiomeric enhancement of the rotational
state populations. The handedness can be reversed by
inverting the direction of either the dc field or the cen-
trifuge rotation, see Fig. 1. Indeed, for the R-enantiomer
of propylene oxide in the principal axes system p,, = 0.69,
azr = —0.94, and Aa = —6.26, with all quantities in a.u.,
giving Ps(R) < P2(S) and Ps(R) > P3(S) for positive
€dc and S. This result is further confirmed by numerical
simulations, vide infra.

From the expressions for Py and Ps, it is clear that a
stronger dc field increases the enantiomeric enhancement.
However, it also induces strong Stark repulsion in the
excited states, which is neglected in our simple model,
and hence decouple the two excited states in the superpo-
sition |1g) produced by the optical centrifuge. A simple
condition has been derived in the supplementary material
to put an upper bound on the dc field for excited states
of interest. In principle, the use of a stronger dc field
for higher rotational excitations will improve the enan-
tiomeric enhancement in the state populations, however,
the difficulties associated with spatially separating high-.J
states with inhomogeneous electric fields must be taken
into consideration.

To quantitatively investigate the proposed scheme, full-
dimensional quantum-mechanical simulations were per-
formed for the prototypical chiral molecule propylene
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FIG. 3. Temporal evolution of the rotational state populations
for the lowest-energy excited state pair for J =2 and J =8
for the R (blue) and S (red) enantiomers of propylene oxide,
for a dc field of 10 kV /cm. The enantiomeric excess ee of the
rotational-state populations is shown beneath each population
plot. ee is plotted only for times when the population of either
of the enantiomers in the final state is greater than 1 % of the
initial population in |Ogg, 0) at ¢ = 0. The shaded gray regions
indicate corresponding populations greater than 10 %.

oxide (C3HgO). The computational approach is based
on highly accurate variational procedures capable of sup-
porting high-resolution spectroscopy [23-25]; details are
provided in the supplementary material. The optical cen-
trifuge pulse was applied for a maximal duration of 140 ps
with the peak amplitude of the field ¢y = 1 x 107 V/cm,
chirp rate § = (271'0)2 0.1 em 2, and carrier frequency
of the field w = ¢/(27 - 800 nm). The pulse envelope was
modeled using a half Gaussian profile with a 140 ps half-
width-at-half-maximum and a 1.5 ps smooth-cut applied
at the beginning and the end of the truncated pulse. Sev-
eral values for the dc field strength eq. = 1...30 kV/em
were investigated and optimal results were obtained for
€de = 5...10 kV/cm. Finite-initial-temperature effects
were modeled by averaging over the individual quantum
wavepackets originating from different initial rotational
states according to Boltzmann statistics. Calculations
were performed for rotational temperatures of T < 1 K,
with T' 5 1 K directly achievable through supersonic ex-
pansion, whereas effective temperatures T' < 0.5 K are
representative of state-selected molecular beams [19].
The dynamics of the enantiomers in a chiral field with
€dc = 10 kV/cm are depicted by the time evolution of
the rotational-state populations for the coupled pairs of
the |2g9, —2) and |21, —2) states and the |8qq, —8) and
|10, —8) states, see Fig. 3. The initial rotational temper-
ature was set to T; = 0 K, i.e., all wavepacket population
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FIG. 4. (a) Deflection profiles and enantiomeric excess ee as a
function of the vertical transverse beam position y, calculated
for two release times from the optical centrifuge ¢ = 20 ps and
100 ps, for the R (blue) and S (red) enantiomer of propylene
oxide, for an initial rotational temperature of T; =0 K. y = 0
corresponds to the center of the undeflected molecular beam
and the deflector’s field strength increases in the negative y
direction, down to y ~ —3 mm [26]. (b) Enantiomeric excess
ee as a function of the deflection coordinate y, computed at
release times #; = 20 ps and 44 ps for finite initial rotational
temperatures of T; = 0.2 K and 1 K, respectively. ee is plotted
only for deflection positions y at which the ratio between the
column density for either of the enantiomers and the total
column density at ¥y = 0 mm is greater than 1 %. Filled areas
show ratios greater than 10 %.

started in the rovibrational ground state |0gg, 0). The opti-
cal centrifuge excited the molecules via AJ =2, Am = -2
rotational Raman transitions and a significant amount
of the wavepacket population for the R-enantiomer was
transferred into the |21, —2) state at time t ~ 30 ps and
into the |81g, —8) state at ¢ & 100 ps. This produced an ex-
cess of the R-enantiomer in the population of these states,
while an excess of the S-enantiomer is evident in the pop-
ulation of the |29, —2) and |8gg, —8) states. To quantify
the population difference, the time evolution of the enan-
tiomeric excess ee = (p(R) — p(S))/(p(R) + p(S)) - 100 %
of the respective rotational state populations p(R) and
p(S) is shown in Fig. 3. As expected, the enantiomeric
enhancement is more pronounced at higher rotational
excitations, owing to the smaller energy gap between the
|800, —8) and |819, —8) states. Furthermore, the absolute
handedness of the enantiomeric excess in these states con-
firms the predictions of the simplified three-level model,
vide supra.

The enantiomeric enhancement in the rotational state
populations can be converted to spatial enrichment by
releasing the molecules from the optical centrifuge at opti-
mal times before entering the electrostatic deflector, where
molecules are spatially dispersed depending on their rota-
tional state. The rotational state populations of the R and
S-enantiomers were extracted from quantum-mechanical
simulations for different durations ¢; of the optical cen-
trifuge pulse. Then, their deflection profiles were simu-
lated [27, 28] for a typical experimental setup [26], details
are provided in the supplementary material. The resulting
vertical beam profiles are shown in Fig. 4 for beams with
initial rotational temperatures of T; = 0,0.2,1 K.

In Fig. 4 a, deflection profiles are shown for two op-
timal release times ty = 20 ps and 100 ps for an initial
T, = 0 K. Here, the difference in the profiles for the R and
S-enantiomers are largely caused by the enhanced popula-
tion of the |2¢0, —2) or |8gg, —8) state in the S-enantiomer,
which both have stronger Stark shifts than the respective
|210, —2) and |819, —8) states, which produced an excess
of the R-enantiomer. Consequently, the S-enantiomer is
more strongly deflected toward the larger dc field, i.e., in
the negative y direction. Since population of the |29, —2)
or |8gg, —8) state in both enantiomers is larger than that
of the |219, —2) or |89, —8) state (see Fig. 3), deflection
enhances the concentration of S-enantiomers in the lower
part of the deflected molecular beam, i. e., on the left-hand
side of the plot.

The spatial enantiomeric excess for different values of
the dc field is illustrated for T; = 0 K below the deflection
profilesin Fig. 4 a, and for 7; = 0.2 and 1 Kin Fig. 4 b. An
optimal dc field between 4. = 5 and 10 kV fem for T; = 0
and 0.2 K provides maximal enantiomeric enrichment of
about 30%. The profile for T; = 0.2 K is similar to that
for T; = 0 K and is mostly dominated by the dynamics of
the |2q9, 0) and |21, 0) states with the absolute molecular
intensity scaled by the corresponding thermal Boltzmann
factor. The enhancement diminishes for stronger dc fields
of eg. = 30 kV/em due to the decoupling of the |2qq,0)
and |21, 0) states caused by strong Stark repulsion. For
higher initial temperatures, excitation with the optical
centrifuge leads to a more spectrally broadened rotational
wavepacket. For T; = 1 K the wavepackets are composed
of a large number of rotational states, with each state
reaching its largest ee in population at a different time ;.
This significantly reduces the enantiomeric excess to 6 %.
In addition, since many states with higher £ quanta are
initially populated, they exhibit smaller repulsive shifts
and, therefore, display an increased ee at stronger dc fields.
This is evidenced by the unexpected rise of enrichment
at egc = 30 kV/em for T; = 1 K. The results of Fig. 4
calculated for different release times 0 < ty < 100 ps
are shown through animated videos for different initial
temperatures T; in the supplementary material [29-38].

In the presented scheme for the spatial separation of
enantiomers, the enantiomeric enhancement is associated



with the distinct rotational excitation dynamics of the
field-induced diastereomers of a chiral molecule placed in
a chiral field of defined handedness. The chiral field is
created by the combination of an optical centrifuge laser
pulse with a dc field parallel or antiparallel to the light’s
propagation direction. The enhancement of rotational
state populations can be exploited to spatially separate
the R and S enantiomers using electrostatic deflection
techniques. This has been confirmed through robust nu-
merical simulations for propylene oxide. A simple three-
state model was established to explain these effects in a
similar manner to microwave three-wave mixing [5, 6], i.e.,
as interference of the three-photon pathways in molec-
ular enantiomers. The enantiomer-differentiating effect,
captured, e.g., by Aa — ag piy€dct or oz, — Aapyeact,
originates in the coupling of the odd-parity molecular
polarizability a,, with the chiral field, which is both
time- and parity-odd. In comparison to microwave three-
wave mixing, the presented approach can offer higher
degrees of population transfer, possibly up to 80 %, see
Fig. 3, which is achieved by the combination of ultracold
deflected molecular beams and a focused high-intensity
chirped laser field to drive Raman-type transitions in a
three-level system.

Furthermore, our scheme can clearly distinguish be-
tween right-handed and left-handed enantiomers and, in
principle, is applicable to any chiral molecule. The im-
plementation generally requires optimization of the laser
parameters and dc field strength [24, 39-41]. Given that
only modest rotational excitation is sufficient, application
of the optical centrifuge to larger molecules should not
be overly problematic.
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