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Abstract: Microwave three-wave mixing has emerged as a novel approach for studying chiral molecules in the gas phase.
This technique employs resonant microwave pulses and is a non-linear and coherent approach. It serves as a robust
method to differentiate between the enantiomers of chiral molecules and to determine the enantiomeric excess, even in
complex chiral mixtures. Besides such analytical applications, the use of tailored microwave pulses allows us to control
and manipulate chirality at the molecular level. Here, an overview of some recent developments in the area of
microwave three-wave mixing and its extension to enantiomer-selective population transfer is provided. The latter is an
important step towards enantiomer separation—in energy and finally in space. In the last section, we present new
experimental results on how to improve enantiomer-selective population transfer to achieve an enantiomeric excess of
about 40 % in the rotational level of interest using microwave pulses alone. )

~

1. Introduction

Molecular chirality is an essential stereochemical property
of molecular systems important in chemistry, biology, and
medicine. Most biomolecules, such as amino acids, nucleic
acids, and sugars, are chiral in nature and exist as a pair of
non-superimposable mirror images called enantiomers.
There is a stereoselective bias for biochemical interactions
in different chemical or biological environments, which also
expresses itself in the homochirality of life, whose origin is
still highly debated to date.'! Although the chemical and
biological behaviors of the two enantiomers can vary
dramatically in a chiral environment, their nearly identical
physical properties, besides the extremely small energy
difference arising from parity violation,* makes it intrinsi-
cally challenging to distinguish and separate them.

A powerful portfolio to differentiate between the
enantiomers of chiral molecules has been developed,
addressing chiral molecules in the solid state, the liquid or
solution phase, and in the gas phase. Among those are X-ray
diffraction, chirality-sensitive gas chromatography, polar-
imetry, and circular dichroism, to name a few.*” In recent
years, gas-phase spectroscopic techniques have emerged that
allow for the analysis of chiral molecules with high
resolution, free of solvent effects, bringing forward the
ability to address the enantiomers of chiral molecules in an
isomer- and conformer-selective way.[g’gl Furthermore, there
is interesting progress to investigate chirality using ultrafast
spectroscopy in the femtosecond to attosecond regime,'*?!
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which gives access to ultrafast dynamics of chiral molecules,
and in particular their electron dynamics.

These gas-phase techniques cover different ranges of the
electromagnetic spectrum and thus address different molec-
ular degrees of freedom. Photoelectron circular dichroism
(PECD) has been shown to be able to differentiate between
the enantiomers in simple chiral mixtures,'*"® also in a
conformer-selective way,'”?! and it can be used to deter-
mine the enantiomeric excess (ee) with high precision.!
This technique can be performed with synchrotron
radiation"*?*?" and nanosecond®?! up to femtosecond
lasers so that also fast processes of the chiral molecules can
be revealed.”™ It was also extended to photoelectron
elliptical dichroism.”! In another type of experiment,
Coulomb explosion imaging of chiral molecules was per-
formed, which allowed for the direct determination of the
absolute configuration by calculating back the original
structure.®**! Recently, the method could be applied to
induce chiral fragmentation of a planar and thus achiral
molecule upon interaction with helical light.***! The out-
come of the fragmentation, namely the observed fragment
enantiomer, depends on the orientation of the molecule
with respect to the light propagation direction and the
helicity of the ionizing light. Moreover, enantioselective
control of chiral molecular rotation using intense ultrashort
laser fields has also been achieved experimentally,® follow-
ing extensive theoretical demonstrations.’”! In addition to
enantiomer differentiation, such gas-phase experiments also
highlight their potential for separating, manipulating, and
controlling chirality.

Another high-resolution gas-phase technique that will be
central to this article is based on rotational spectroscopy and
covers slower time scales and employs long-wavelength
microwave radiation to excite molecules to quantized
molecular rotational motions—microwave three-wave mix-
ing (M3WM).[4I Since its first experimental implementa-
tion in 2013,**! this M3WM technique, as a coherent,
resonant, and non-linear approach, has showcased its
capability and potential to control and manipulate chiral
molecules. Microwave three-wave mixing has also inspired
several theoretical studies and proposals on enantiomer
differentiation and separation using optical fields.***! In the
following, we will discuss M3WM in more detail (Section 2)
and then focus on its extension to generate enantiomer-
selective population transfer. Using this extended transfer
scheme, enantiomer excess in a rotational state of interest
can be generated “on the fly” for a racemic starting sample
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of chiral molecules, which will be highly relevant for
advanced experiments with chiral molecules, such as evalu-
ating the frequency difference between the two enantiomers
arising from parity violating weak interactions or enantiom-
er-selective collision studies.*! The M3WM approach can be
applied not only to permanently chiral molecules (e.g.,
carvone!®!) but also to transiently chiral species, such as
benzyl alcohol,*”) where enantiomers can racemize due to
quantum tunneling forming a racemic mixture, which is
impossible to separate via conventional chemical methods.
After reviewing some of the recent theoretical and exper-
imental developments to improve enantiomer-selective pop-
ulation transfer, we report new experimental results to
improve the efficiency of that scheme by the inclusion of a
rapid adiabatic passage (RAP)- or a n-pulse.

2. Chiral analysis using high-resolution microwave
spectroscopy

The analysis of chiral molecules with high-resolution micro-
wave spectroscopy has developed into a powerful tool
during the last years with different research applications and
directions."**?! One particularly strong point is that the
technique can be applied to the analysis of complex (chiral)
mixtures due to its high resolution and fingerprint character
for each molecule.”>>! Once the rotational spectrum of a
molecule is recorded, it can be unambiguously identified via
its rotational transitions in later experiments. The narrow
line widths on the order of 15-100 kHz (depending on the
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respective setup and frequency range applied) while cover-
ing several GHz of bandwidth in a single acquisition
emphasize the potential of broadband rotational spectro-
scopy to record and identify several species at the same
time. This was highlighted recently for the chiral analysis of
essential oils, for example, which consist of numerous,
structurally often very similar chiral compounds.””

Recently, two different approaches to analyse chiral
samples using rotational spectroscopy have been developed:
microwave chiral tagging®! and microwave three-wave
mixing."*) In microwave chiral tagging, the sample of
interest interacts with a well-characterized chiral tag mole-
cule to form weakly bound complexes, resulting in diaster-
eomers that can be differentiated via their structure.*-
By performing two different types of measurements, one
with a racemic sample of the chiral tag molecule and one
with an enantioenriched sample of known handedness for
the tag, the excess enantiomer of the unknown sample as
well as its corresponding enantiomeric excess can be
determined with impressive statistics.[*543!:3-57]

While chiral tagging is experimentally more straightfor-
ward and thus promising as a routine application in chiral
analysis, M3WM can additionally be applied to control and
manipulate chiral molecules, which is the central part of this
article.

2.1. Microwave three-wave mixing

M3WM is based on the mirror-image character of the two
enantiomers of a chiral molecule, which results in opposite
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signs of the triple product of their transition dipole moments
(- (i, x d.)) within the molecular principal axis
system.“*#>381 Furthermore, according to the selection rules
for pure rotational transitions, each rotational transition of a
molecule only depends on one particular dipole-moment
component within the molecular principal axis system, i.e.,
Uas Uy, OF u.. The corresponding transitions are then
denoted as a-, b-, and c-type transitions, respectively.

It is thus possible to selectively address the two
enantiomers of a chiral molecule by generating an excitation
cycle consisting of three rotational transitions, where each
rotational transition involves only one of the three dipole-
moment components in one particular direction of the
laboratory frame (Figure 1). The molecular ensemble is
excited by two consecutive resonant microwave pulses, for
example polarizing an a- and a b-type transition, respec-
tively, which are linearly polarized in two perpendicular
directions of the laboratory frame. The first resonant pulse
is optimized to fulfill the Rabi flip angle of n/2, correspond-
ing to maximum coherence between the rotational states
involved. The Rabi flip angle (O,;) is defined as the
product of the Rabi frequency, £z, and the pulse duration
of the microwave pulse, 7:

/u .

It

Oravi = Qgapi - T =

:r ‘

where u denotes the transition dipole moment for the
rotational transition, E is the electric field amplitude. This
n/2 pulse transfers the population difference between the
two states |1) and |2) into coherence, and the associated
transition is denoted as drive transition in Figure 1. As
discussed in more detail below, it is advantageous to start
with a large population difference of the two rotational
states |1) and |2) connected by the drive transition, which
will result in large coherence and which is supported by the
usage of a supersonically expanded pulsed jet. Using neon
as a carrier gas, rotational temperatures (7,,,) around 1-2 K
are routinely achieved.® However, even at these low
temperatures the population difference between levels |1)

4 12> Twist
Coherence transfer
{ z
Drive — 3
Coherence | |,
pLLS i
2
M. - Listen Y
" Chiral signal X
—’H)

Figure 1. Generalized microwave three-wave mixing scheme consisting
of drive transition (a-type, /2-pulse, blue excitation), twist transition
(b-type, m-pulse, red excitation), and listen signal (c-type, green
detection). M, degeneracies of the rotational energy levels are omitted
here for clarity.

Angew. Chem. Int. Ed. 2023, 62, €202219045 (4 of 11)

Minireviews

Angewandte

intemationaldition’y) Chemie

and |2) is still rather small due to the inherently small
energy difference between rotational levels, so that thermal
population is one of the limiting factors for efficient M3WM
(and its extension to enantiomer-selective population trans-
fer, see below).

The second pulse, the so-called twist pulse (Figure 1), is
linearly polarized orthogonally to the direction of the drive
pulse and is optimized for n conditions to transfer the
coherence between states |1) and |2) induced by the n/2
drive pulse to the pair of states |3) and |1). This results in a
molecular signal for this third transition, denoted as listen
transition, which is linearly polarized in the third, mutually
orthogonal direction. Note that this listen transition connect-
ing states |3) and |1) is not directly excited by a resonant
transition but is induced via the three-wave mixing scheme.
The molecular signal at the frequency of the listen transition
is recorded in form of a free-induction decay (FID) in the
time domain that can be recorded in a phase-sensitive
manner. The corresponding FID exhibits an opposite phase
of n radians (180°) for the two enantiomers, which arises
from the discussed opposite sign of the triple product of the
three transition-dipole moments (i, - (i, X {.)), and it is the
key to differentiating between the two enantiomers of chiral
molecules via M3WM. The absolute phase provides infor-
mation about the absolute configuration via the sign of
(#, - (fp x f.)), while the calibrated intensity of the M3WM
signal allows for the determination of the enantiomeric
excess of the sample.[**>%6 The former requires thorough
knowledge of the timings of the excitation pulses and the
listen signals traveling through the different electronic
components of the instrument, which has been experimen-
tally validated.®® For a racemic sample, the two chiral
signals destructively interfere so that no net signal is
obtained at the frequency of the listen transition. As such,
the technique is sensitive even to small ee values on the
order of a few percent. Furthermore, M3WM is powerful to
analyze also complex mixtures of chiral molecules because
of its fingerprint character.”**>*>! The handedness of the
different chiral components can be analyzed simultaneously
without any perturbations from the other chiral molecules in
the sample, as shown in the case of essential oils.’**!

2.2. Enantiomer-selective population transfer using microwave
three-wave mixing schemes

The phase difference of the two enantiomers generated for
the FID of the listen transition can be used to enantiomer-
selectively enhance the population of one enantiomer in a
particular rotational state (and to deplete it in the connect-
ing state of this transition), while the population of the
second enantiomer will be depleted in this state but
enhanced in the connecting state of the corresponding
transition.***"1 This enantiomer-selective population trans-
fer is achieved by introducing a third pulse to the M3WM
scheme, a so-called transfer pulse, which is resonant to the
frequency of the listen transition, i.e., involving states |1)
and |3), and which results in a direct excitation of this
transition (Figure 2(a)). This direct excitation interferes with
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Figure 2. (a) Rotational energy level diagram for creating enantiomer-selective population transfer in the rotational levels | 1) and | 3) highlighted in
bold. The created enantiomeric enrichment in the states | 1) and |3) can be measured with any transitions connecting either state | 1) or state |3).
(b) Schematic of the Hamburg COMPACT spectrometer with relevant components and polarizations employed for performing M3WM or
population transfer experiments. (c) Simulated enantiomer-selective population transfer for the R- and S-enantiomers in rotational states | 1) and
|3). Three pulses were applied subsequently (I: drive, I1: twist, IlI: transfer), which enriched the R-enantiomer population in state | 1) while the

population of the S-enantiomer is enriched for state |3).

the phase-dependent listen signal induced by the M3WM
scheme and converts the coherence into longer-lived pop-
ulation in states |1) and |3). Depending on the phase of the
transfer pulse with respect to the M3WM scheme or the
time delay in between, constructive or destructive interfer-
ence between the two paths can be achieved, which is
opposite for the two enantiomers as simulated in Figure 2(c)
for the energy scheme shown in Figure 2(a). Thus, the
populations of the two enantiomers are oppositely trans-
ferred to the rotational states |1) and |3), and chiral
separation in energy is achieved.

This scheme has first been demonstrated using a buffer-
gas cooled sample,®! where 0.6 % enantiomeric enrichment
was achieved (at T,, ~10 K ) and then, shortly after, it was
realized for molecular jets with low rotational temperatures
of 1-2 K, which allowed for an enhancement of the observed
enantiomer-selective population transfer of one order of
magnitude.*” The effect was detected by determining the

Angew. Chem. Int. Ed. 2023, 62, €202219045 (5 of 11)

intensity change of an additional rotational transition as a
probe involving either state |1) or state |3), respectively, as
a function of the phase of the transfer pulse. The experi-
ments for molecular jets were performed using the chirped-
pulse Fourier transform microwave spectrometer COM-
PACT, modified for M3WM experiments (see Figure 2(b)),
as reported elsewhere.[**%*%

Note that the handedness of the enantiomer enriched in
a particular state (state | 1) or state |3)) only depends on the
relative phase of the transfer pulse with respect to the pulses
of the M3WM scheme. By changing one of the phases of the
pulses involved by 180° (m radians), the type of enriched
enantiomer for a respective energy level will be exchanged,
while all other experimental conditions remain the same.
Such experiments are thus not only of interest in their own
rights, but they also deliver well-controlled starting samples
for further advanced experiments on chiral molecules that
depend on quickly changing the handedness of the enan-
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tiomer without changing the experimental conditions, such
as precision experiments, because systematic effects can be
minimized.

In the first experiments, enrichment of one selected
enantiomer in a particular rotational state (and the corre-
sponding depletion of the other enantiomer) has been
demonstrated for enantioenriched or even enantiopure
samples as starting points,'”! and state-selective enantiomer
enrichment on the order of a few percent could be achieved
using our molecular jet." In a follow-up experiment, we
used cyclohexyl methanol (CHM) to demonstrate that this
method can also generate an ee starting from a racemic
sample.® CHM consists of two chiral conformers of
opposite handedness; its interconversion is hindered by a
barrier of about 15 kJmol™! as computed at the MP2/6-311
+ 4+ G(d,p) level of theory. At room temperature, the two
enantiomers can rapidly interconvert, while they are stabi-
lized at the cold conditions of a supersonic expansion. As
such, they present an ideally racemic molecular ensemble to
start with. Using an optimized enantiomer-selective popula-
tion transfer scheme, state-specific enantiomeric excess
starting from this racemic sample could be generated in a
controlled way. Again, the enriched enantiomer could be
switched and controlled by a n phase change of one of the
pulses involved.

For these experiments, another read-out scheme needed
to be applied to demonstrate the enantiomer selectivity of
the approach and the resulting ee generated from a racemic
sample. Instead of determining the intensity of a transition
connecting to one of the states involved in the transfer
process, we added a M3WM cycle to the population transfer
scheme, starting from state |3) as shown in Figure 3(a).
Since M3WM shows zero signal for a racemic mixture, the
achieved ee could be sensitively detected. As shown in

a
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Figure 3(b), two maxima at the transfer-pulse phases of 126°
and 306° were obtained, which could be shown to be
corresponding to different enantiomers. The absolute con-
figuration of the two maxima can in principle be determined
with careful phase calibration as mentioned previously in
Section 2.1, however, this is not a straightforward procedure.

2.3. Enhancing enantiomer-selective population transfer

Recent studies, both of theoretical and experimental nature,
are focusing on increasing the efficiency of this approach. It
depends on the difference in the thermal population as well
as the spatial degeneracy of the rotational states involved,
which is described by the quantum number M, Phase
variations due to field inhomogeneities are also a challenge,
which can be circumvented to a good extent by using low
excitation frequencies with wavelengths of several centi-
meters, so that field inhomogeneities are reduced. For
example, a frequency at 5 GHz corresponds to a wavelength
of about 6 cm. In the following, a short summary of the
proposed and demonstrated improvement schemes will be
given.

Each rotational energy level of an asymmetric top is
denoted by Jx.k. and is (2 J+1)-fold degenerate; the values
of the M, quantum number range from -/, -/+1, ..., J-1, +J.
As a consequence, a simple pulse scheme as described above
for M3WM (Figure 1) will result in several open cycles,
reducing its efficiency. This effect is minimized for M3WM
cycles involving J=0, for which only one M, substate
exists.”7! As theoretically derived in Ref. [71] using control
theory applied to asymmetric tops, circularly polarized
microwave radiation can increase the achieved enantiomer-

Intensity uv)

9053.25
9053.30
9053.35

Feqy, 9053.45
'eng, Y 90!
M,
2,

3.50
9053.55
9053.60

Figure 3. (a) Relevant rotational energy levels of cyclohexyl methanol (CHM) applied for state-specific enantiomeric enrichment. The rotational
levels are denoted using the Jy, . notation for an asymmetric top. The first set of triad creates an enantiomer-dependent population difference in
the | 2,) and | 1q,) rotational energy levels by varying the relative phase of the transfer pulse at 4720.08 MHz. This results in an opposite
enantiomeric excess in both levels. The achieved enantiomeric excess in the rotational state |2,) is then probed by the second cycle (M3WM)
shown on the right. (b) The amplitude of the molecular signal of the listen signal at 9053.41 MHz was monitored as a function of the transfer
pulse phase (0°-360° in 18° steps, 100,000 averages). Two maximal signals were observed, for the transfer pulse phases 126° and 306°,
respectively. These two maxima correspond to the two enantiomers selectively populating or depopulating the | 2y,) rotational level, creating an
enantiomeric excess (ee). Figure adapted from Ref. [66] with permission. Copyright 2018 American Chemical Society.
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selective enrichment from 6 % to about 8 % by including the
cycles involving all M, substates.

Since the overall M3WM signal and thus also the
achieved population transfer via destructive or constructive
interference between the M3WM signal and a direct
excitation pulse depend on the population difference
between the states involved, this is an important factor to
consider. Because of the small energy difference between
rotational states, the population difference is often also
rather small, even at the cold conditions of a supersonic jet
with rotational temperatures on the order of 7,,, ~1-2 K or
in a buffer-gas cell with temperatures around 8-10 K.

A large population difference can be achieved by
involving a vibrational transition to a vibrationally excited
state, as proposed in Ref. [70]. Recently, the population
depletion of a rotational level involved in the M3WM
scheme via electronic excitation from the S, to the S, state
was demonstrated as shown in Figure 4, resulting in a
significant efficiency increase.”? Furthermore, the read-out
was achieved via state-selective laser-induced fluorescence
(LIF). This approach is predominantly applicable to the
subset of chiral molecules that contain a UV chromophore,
and it is thus an interesting additional tool for controlling
chiral molecules.

In the following, we describe and demonstrate a general
approach to significantly increase the efficiency of enantiom-
er-selective population transfer solely via rotational excita-
tions, so that the additional requirement of a UV chromo-
phore is not needed.

3. A general approach for enhancing
enantiomer-selective population transfer using
rotational excitation

As mentioned, the efficiency of enantiomer-selective pop-
ulation transfer is mainly limited by the M,-degeneracy and
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the thermal population.®®” These limitations can be circum-

vented respectively by employing an energy level scheme
involving low-lying rotational levels, such as the |0,,) rota-
tional state, and by using controlled microwave pulse
schemes to maximize the population differences between
the initial states. The latter can be realized by exchanging
the unwanted thermal population to a connected higher
state prior to the population transfer experiment via: i) a
resonant rotational excitation in the n-pulse regime on the
Bloch sphere; or ii) a microwave chirp in the rapid adiabatic
passage (RAP) regime.™

Here, we have explored the effect of both pulses on the
enantiomer-selective population transfer for the molecule 2-
trifluoromethyl oxirane (TFO), as demonstrated in Figure 5.
Figure 5(b) illustrates the energy level scheme for achieving
enantiomer-selective population transfer with TFO, which is
adapted from the above-mentioned experimental scheme to
separate the chiral conformers of cyclohexyl methanol.! A
fast chirp in the RAP regime or a n-pulse (#6) is applied to
invert the undesired thermal population in state |1,,) with
the |2,,) rotational level, which is less populated. In this
manner, the efficiency of the population transfer cycle can
be enhanced, as it is proportional to the population differ-
ence between the |1,) and |0y) states. The following
excitations of all three microwave pulses in the population
transfer cycle induce an enantiomer-specific enrichment in
states |1y;) and |0y), which are opposite for the R- and S-
enantiomers. The enantioenrichment is controlled by vary-
ing the phase of the transfer pulse and read out with a probe
cycle. The enhancement of the achieved enantioenrichment
is quantitatively assessed by directly comparing the results
obtained with and without the n-pulse or RAP pulse. The
experimental details are provided in the Supporting Infor-
mation and are briefly described as follows.

Prior to performing the population transfer experiments,
the durations of each of the excitation pulses were optimized
for n/2 or n conditions on the Bloch sphere by recording the
corresponding nutation curves. The results are presented in

(a) pulsed : multipass horn : (b) (c) 110}
valve SKmmer e antennae ‘ £ sit PMT L] b-type
: i ; ; By 1663.693 MHz
: a-type X o : c-type 101}
: ) | =g/ b= s A—— 3641.378MHZ  4.4ype o)
b-type B B 5 2077.686 MHz
. | 5 000}
] I ctype UV laser T g
; Y ~80mw | ° ) [322)
y i od i d i d i d, ~ <1MHz: v btype
l__ 010m . 007m 0.10m 027 m 9314181 Mhz
zrt—k |
ITI T Ir: |T| 10024130 MHz -
v 2] " J2 v 5609.935 MHz
time scheme I I I [212)

Figure 4. (a) Experimental setup, where jet-cooled 1-indanol is injected into the vacuum chamber through a pulsed valve. The molecules travel
through a multi-pass zone where they interact with the UV depletion laser (step ). Further downstream, three microwave pulses with mutually
orthogonal polarizations are applied for enantiomer-selective population transfer (step 11). The molecules are interrogated by the same UV laser in
the detection region, where the total laser-induced fluorescence intensity is measured with a photomultiplier tube (PMT) (step Il1). (b) Energy
scheme consisting of electronic excitation and emission processes. The most stable conformer of 1-indanol is depicted together with the inertial
axis system. (c+d) Energy-level schemes for two population-transfer cycles involved for 1-indanol. Figure is taken from Ref. [67] with Creative
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Figure 5. (a) Molecular structure of 2-trifluoromethyl oxirane (TFO) illustrating both enantiomers. (b) Rotational energy-level scheme for the
coherent enantiomer-selective population transfer of TFO. The rotational levels are denoted using the Jy,. notation. The color code indicates the
polarization directions of the applied linearly polarized microwave fields (shown in Figure 2(b)). The population transfer cycle consisting of
transitions #1, #2, and #3 creates an enantiomer-selective population difference between the |0y) and | 1y;) rotational levels. The selectivity can be
controlled by varying the relative phase of the transfer pulse #3 at a frequency of 4241.42 MHz. This enantiomer enrichment is read out with a
M3WM cycle (probe cycle) consisting of transitions #4, #5, and the listen transition (v,) at 6061.06 MHz. Pulse #6 is the preceding pulse applied
to enhance the enantioenrichment, either as a rapid adiabatic passage (RAP) chirp or as a wt-pulse. (c) Optimized pulse sequence in the time
domain associated with the energy-level scheme in (b). Pulse #6 refers to either a mt-pulse or a RAP-pulse of 4 MHz bandwidth.

Figures S2-S8 of the Supporting Information, and the
optimal pulse conditions and durations are summarized in
Table S2. The optimal five-pulse sequence for our exper-
imental setup with a preceding pulse (pulse #6) is depicted
in Figure 5(c). The pulses were fed in the respective
mutually orthogonal polarizations using the dual-polarized
horn antennas of the set-up shown in Figure 2(b). The color
code in Figure 5 refers to the individual laboratory-fixed
axes. The experiments were carried out with the racemic
TFO sample, and the chiral signal of the probe cycle at the
listen frequency v, (6061.06 MHz) yielded the created
enantiomeric excess as a function of phase for the transfer
pulse #3 (¢5), at a frequency of 4241.42 MHz, varied from 0°
to 360° in steps of 18°, while keeping the phases of pulse #1
and #2 constant.

More than 15,000 FID acquisitions were collected and
averaged for each transfer phase. To assess the reproduci-
bility of the observations, each set of experiments was
repeated three times, which are provided in Figures S9-S11
in the Supporting Information. The same experiments were
also performed with the enantiopure R- and S-TFO samples,
which are used as the references with 100 % ee.

By comparison with the results from the enantiopure
samples, the induced enantiomeric excess in the rotational
state |1;,) from the racemic TFO mixture can be quantita-
tively determined using the following equation:

ee;, =1 L.y x 100 %
3 - [re)vr + Isi)-vs]

where I; is the molecular response at the listen frequency
(v,) when performing the enantiomer-selective population
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transfer experiment with the racemic TFO sample, (Iz,),
and (I, ) are the mean signal intensities at v, averaged over
all phase steps throughout the population transfer experi-
ments using the enantiopure R- and S-TFO samples. As the
gas mixtures of racemic, R-, and S-TFO are prepared
separately for the experiments, the respective concentrations
of TFO are different. In each experiment, the mean signal
intensity of the transfer transition (v;), which has the same
polarization as the listen transition, is proportional to the
concentration of TFO in the gas mixture and independent of
the enantiomeric excess, thus it is used to normalize the
results. In this equation, y, y, and yg are the normalization
factors, which are the inverse of the mean intensity of the
transfer transition (v;) obtained with racemic, R- and S-TFO
samples, respectively, as summarized in Table S3 in the
Supporting Information.

The overall results describing the created enantiomeric
excess in the |1y) rotational state from the racemic TFO
sample are summarized in Figure 6(a) as a function of ¢s.
The red, blue, and black curves show the results with and
without the preceding n- or RAP-pulse. Two maxima at ¢; =
90° and 270° were consistently observed in all experiments,
corresponding to the maximum enantioenrichment in the
| 1o;) state. They are assigned to S- and R-TFO, respectively,
by comparing the signal phases at v, with that obtained
from the enantiopure samples, as shown in Figure S12 in the
Supporting Information. Benefiting from the population
transfer cycle starting with the ground state |Qgy), an
enantiomeric excess of about 13 % is obtained in the |1)
state, which is twice of that reported with carvone (about
6% in the |2y,) state).* With the implementation of the
preceding n- or RAP-pulse prior to the population transfer
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Figure 6. (a) The enantiomeric excess obtained for racemic TFO by applying the pulse sequence shown in Figure 5(c) is plotted as a function of the
phase of the transfer pulse (¢;), which was varied from 0° to 360° in steps of 18°. For each phase step, 15,000 FIDs were averaged and repeated
three times. The errors are calculated from the three repeated experiments. The two maxima at ¢; =90° and 270° correspond to the maximum
selective population transfer of the two enantiomers in the |14,) rotational level. The black curve shows the enantiomer excess produced without
any preceding pulse. The red and blue curves show the results with either a preceding mt- or a RAP-pulse. (b) Portions of the free-induction decays
(FIDs) at the listen frequency (v,) in the time domain with and without the preceding wt-pulse when ¢; =90° and 270°. The phases of the obtained
chiral signal at 90° and 270° show a shift of & radians, indicating the two different enantiomers in excess.

process, the induced ee is further improved to about 40 %,
increasing the enantiomeric excess by about a factor of
three.

In addition to the experiments, we simulated the
enantiomeric enrichment in TFO using the QDYN program
package developed by the group of Prof. Christiane Koch at
the Freie Universitit Berlin.”” For this, we implemented the
energy scheme for the population transfer cycle including all
M; states and the thermal population of the rotational states
at a rotational temperature of 2 K. While using the
experimentally determined pulse durations, the electric field
strengths of all the pulses were optimized as shown in
Table S4 of the Supporting Information. For each enantiom-
er, the initial thermal population was then numerically
propagated with the optimized pulses, employing the Cheby-
shev expansion.’ The ee in the rotational state |1, can be
then obtained by subtracting the final populations of both
the enantiomers in this state.

The phase dependence of the ee is simulated by scanning
the phase ¢; from 0° to 360°, as performed in the experi-
ments. Figure 7 presents the simulated enantiomeric excess
for the rotational state |1,,) with and without any preceding
pulse. These simulated results agree qualitatively well with
our experimental observations. The obtained quantitative
differences between experiments and simulations can be
accounted to differences in external factors such as different
microwave field strengths used in the simulations than in
our experiments.

Angew. Chem. Int. Ed. 2023, 62, €202219045 (9 of 11)
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Figure 7. The simulated enantiomeric excess obtained for the rotational
level | 1¢,) is plotted as a function of the phase of the transfer pulse #3,
@3, using the program package QDYN."? The black curve represents
the enantiomeric excess without a preceding pulse, while in red and
blue the enantiomeric excess with either a preceding nt- or RAP-pulse is
shown.

4. Conclusions

The recent developments of chirality-sensitive techniques
using gas-phase samples hold great promise for investigating
and controlling chirality on different time scales and with
different resolution. Approaches based on rotational spec-
troscopy can address chiral molecules even in complex chiral
mixtures due to its fingerprint character.”*>*>*! With the
recent development of the microwave three-wave mixing
(M3WM) technique, which is a resonant, non-linear, and
coherent approach, microwave spectroscopy can now be
used to differentiate between enantiomers and to determine
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their respective enantiomeric excess in complex chiral
mixtures. The resonant nature of the technique has estab-
lished a robust method to detect individual chiral compo-
nents in mixtures such as peppermint o0il.”!

Advanced developments of M3WM demonstrate its
ability to manipulate and control chiral molecules at the
molecular level in the gas phase. Quantum-state separation
of enantiomers and chiral purification are some of the
ongoing challenges of chiral research. The ability to generate
samples for which the excess enantiomer can be controlled
and switched “on the fly” will be highly useful for advanced
experiments with state-selected chiral molecules, such as
chiral collisions or precision spectroscopy. A first step in
that direction is discussed in section 2.2., where we have
discussed how tailored microwave pulses can be used not
only to read out the handedness of chiral molecules but also
to promote enantioseparation. With the concept of coherent
enantiomer state-selective population transfer, a particular
enantiomer can be enhanced in a chosen rotational state
compared to the other handedness. Recent work focuses on
how to overcome the obstacles towards enhancing this state-
specific enantioselective population transfer, which we
summarize in section 2.3. of this minireview.

The effect of thermal population as a major factor can
be reduced prior to the enantiomer separation and leads to
significant enhancement in enantiomer enrichment. A recent
work shows the use of a UV laser for depleting the target
rotational state prior to the population transfer process and
measuring the enantiomer enrichment with laser-induced
fluorescence.””! Here, we provide new experimental results
for an enhanced enantiomer-selective population transfer
scheme, which is based solely on microwave pulses, which
makes it a general approach. With the usage of tailored
microwave pulses such as n- and RAP-pulses, the effect of
thermal population could be reduced and the enantiomeric
excess achieved for a set of chosen rotational states could be
increased by a factor of three compared to experiments
without a population-inversion pulse, resulting in samples
with 40 % enantiomeric excess of a chosen enantiomer in a
specific rotational state starting from a racemic sample.
These latest experiments on controlling the composition of a
chiral sample in certain rotational states impressively
demonstrate the level of control that can be achieved with
high-resolution rotational spectroscopy and gas-phase sam-
ples.
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