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ABSTRACT

We present details on how the newly introduced technique of chiral rotational spectroscopy can be used to extract
orientated information from otherwise freely rotating molecules in the gas phase. In this technique circularly
polarized light is used to illuminate chiral molecules and shift their rotational levels to yield orientated chirop-
tical information via their rotational spectrum. This enables in particular the determination of the individual,
physically relevant components of the orientated optical activity pseudotensor. Using the explicit example of
(S)-propylene glycol we show how measuring the rotational spectrum of molecules in the microwave domain al-
lows for the recording of a small set of rotational transitions from which the individual polarizability components
can be determined.
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1. INTRODUCTION

Many molecules differ in structure from their mirror image forms, a concept which has been termed ‘chiral’ by
Lord Kelvin.! In particular molecules important for life, such as amino acids and sugars, and also many active
ingredients in medical drugs, are chiral.? The mirror image forms, or enantiomers, of a chiral molecule can have
rather different biological actions; a simple example is ibuprofen, as one enantiomer acts as an anti-inflammatory,
whereas the other is ineffective. Another example is citalopram, which is used in antidepressant drugs; only one
of the enantiomers of citalopram has the desired pharmaceutical effect, while the other is ineffective, while
still causing adverse side effects. In both cases, pharmaceutical companies market racemic (50:50) mixtures
and enantiopure drugs with a reduced dosage as different products. It is therefore easy to understand that
analytic techniques probing the chirality of molecules are highly sought after, especially as in many respects
our ability to probe mixtures and elusive forms of chirality remain incomplete. One particular route to improve
our analytical capabilities is to find ways of evoking an orientated response from the molecule. This is because
well-established, conventional techniques to investigate the chirality of molecules, such as circular dichroism?*
and Raman optical activity®>® only probe the isotropically averaged properties of the molecule. Any method
able to determine orientated properties of a molecule immediately offers a wealth of new information about the
molecule, which is only partially captured in the isotropic properties. At present such orientated information
can only be obtained from samples in the crystalline phase,®” which is not always feasible.

Recently we have introduced a new technique termed chiral rotational spectroscopy,® which promises to enlarge
our capabilities to probe molecular chirality and to analyse molecular mixtures and subtle forms of chirality, by
accessing orientated information. Chiral rotational spectroscopy builds on standard rotational spectroscopy
which probes the discrete rotational energy levels of a molecule typically in the microwave domain.® '? Standard
rotational spectroscopy is unable to distinguish between enantiomers as the rotational levels of the mirror image
forms of a chiral molecule are identical. However, illuminating the molecules with circularly polarized light in
the visible, and therefore far-off resonance in terms of the rotational transitions, evokes an optical response from
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the molecules which depends on the rotational states of the molecule as the chiralities of the molecule and the
light.!3

Based on the ability to determine the individual components of the optical activity pseudotensor, chiral
rotational spectroscopy enables a number of important sensitivities:

1. the ability to measure the enantiomeric excess of a sample of chiral molecules, while giving an incisive
result about the chirality of molecules even for a racemic mixture. It is therefore not necessary to prepare
a sample in which one enantiomer is prevalent, which means that chiral rotational spectroscopy does not
require dissymmetric synthesis or resolution of the sample to be investigated.

2. the ability to probe the chirality of molecules that are only chiral because one or more of the constitut-
ing atoms have been substituted for different isotopes. Traditional techniques often have difficulties in
recognising this subtle form of chirality referred to as isotopic chirality.

3. the ability to distinguish clearly between subtly different molecular forms, which can arise for molecules
with multiple chiral centres, while retaining the analytic capabilities of resolving the individual components
and their chirality.

In this paper we briefly review the theoretical background of chiral rotational spectroscopy in section 2 before
working through the example of (S)-propylene glycol to explain how a set of measured rotational transition
frequencies can be used to gain orientated information about a molecule, including individual components of the
molecule’s optical activity pseudotensor, in section 3. As a caveat it should be noted that chiral rotational spec-
troscopy is a technique to analyse measured rotational spectra to gain orientated information about molecules.
However, in the absence of experimental data, we make use of numerically calculated chiroptical properties in
order to predict required rotational spectra, such that we can explain the general method of extracting the
desired information from the rotational spectrum. The paper ends with a short discussion and outlook on future
work in section 4.

2. THEORY

The detailed theory of chiral rotational spectroscopy is presented in our recent article in Physical Review A.®
Here we summarise the key elements needed to appreciate the example in the next section. We work in the
International System of Units, with ¢y the vacuum permittivity, ¢ the vacuum speed of light and i = h/27 the
reduced Planck constant.

Consider a small, chiral molecule in the gas phase, illuminated for a short time by weak, far off-resonance
circularly polarised light to which it has been adiabatically introduced. Let us assume the molecule to be in a
1S vibronic state and neglect the effects of nuclear spin and translation, for the sake of simplicity.

The illuminating light drives oscillations in the charge and current distributions of the molecule, affecting the
rotation of the molecule whilst shifting its energy in an orientated, chiral manner: to leading order the energy
shift is
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where I, k and o are the intensity, wavenumber and polarisation parameter of the light, with o = 41 for left-
or right-handed circular polarization; X,Y and Z are molecule-fixed coordinates; the constants A, B and C
with A 4+ B 4+ C = 1 are particular to the rotational state of the molecule; axx,ayy and azz are orientated
polarisability tensor components, which are each identical for opposite enantiomers,>* and Bx x, Byy and Bz
are orientated chiroptical response pseudotensor components, which are each of equal magnitude but opposite
sign for opposite enantiomers.'4 1%

When the rotational spectrum of such molecules is measured, typically using microwaves, it appears distorted
due to the light: the light-shifted resonance frequency for a given rotational transition and enantiomer is
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where Afy is the unperturbed transition frequency and AA, AB and AC are differences in the values of A, B
and C for the particular rotational states involved.

Suppose now that this frequency (A f,) has been measured for both circular polarizations (¢ = 1 and o = —1).
The centred average (§f,) of the measured frequencies (Afy; and Af_;) yields a certain combination of the
orientated polarisability tensor components ax x, ayy and azz and hence orientated, achiral information about
the molecules:
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This is the achiral component of the light-induced shift in the resonance frequency. The difference (df.) of
the measured frequencies (Afy; and Af_;) yields a certain combination of the orientated chiroptical response
pseudotensor components Bx x, Byy and Bzz and hence orientated, chiral information about the molecules:
Ik
ofe =Afr1—Af1 = [AABxx + ABByy + ACBzyz]. (4)
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The is the ‘chiral splitting’ in the light-shifted resonance frequency: the separation between the resonance
frequencies measured for opposite circular polarizations. Similarly for a given circular polarization and opposite
enantiomers. The splitting can be seen in a single spectrum if both enantiomers are present, which is how the
chirality of molecules in racemic mixtures can be probed using our technique.®

In the next section we show how axx, ayy, azz, Bxx, Byy and Bz can be determined individually from
0fa and §f., assuming the isotropic sums @ = (axx + ayy + azz)/3 and B = (Bxx + Byy + Bzz)/3 to be
known.

3. EXAMPLE

In order to determine the individual components axx, ayy and agzz of the polarisability tensor and the
individual components Bxx, Byy and Bzz of the chiroptical response pseudotensor we need knowledge of
the isotropic sums & and B as well as the values of §f, and df. for two different rotational transitions. We
label rotational transitions as J., , . < Jr , with J € {0,1,...} determining the magnitude of the rotor angular
momentum, 7 € {0,...,+J} labelling the rotor energy and m € {0, ..., +J} determining the z component of the
rotor angular momentum (quantised parallel to the direction of propagation of the light)% 121 for a particular
rotational state.

Let us consider the transitions 2_; 9 <= 1_; 9 and 1_; ¢ < 0, for example. We find

2_170 — 1_170 : AA = —%, AB = %, AC = —3*15;
(5)
1_170 — 0070 : AA = 1%, AB = 71*15, AC = 71*15.

The situation is illustrated in Fig. 1 for a particular molecule.

A set of linear equations for ax x, ayy and azz can now be constructed:

0fa(21 0 119) = ﬁocﬁ {—335 axx + %7 ayy — % Oézz] , (6)
dfa(1-1,0 < 000) = @ {125 axx — T15’ ayy — %5 azz} (7)
together with o = %axx + ayy + azz is solved by
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ayy = a4+ 47T€I[)0h [146fa (2210 < 1-1,0) +40fo(1_1,0 < 09,0)] 9)
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Figure 1. Rotational Spectra — Rotational lines for an enantiopure sample of the lowest energy conformer of (S)-
propylene glycol for the rotational transition 2_1,0 < 1_1,0 in (a) and 1_1,0 < 00,0 in (b). The spectra show the lines
without illumination (grey) as well as the difference for illumination with left-handed (blue) and right-handed (red)
circular polarization. The graphs show the achiral frequency shift 0 f, and the chiral splitting ¢ f. for illumination with
an intensity of I =2 x 102 kgs™® = 2 x 105 W (cm) ™2 at a wavelength of A = 27/k = 532 nm.



A similar set of linear equations for Bxx, Byy and Bzz can also be constructed:

0fe(2-10 ¢+ 1-10) = we[::h [—335 Bxx + %7 Byy — % Bzz} , (11)
§fe(1-10 + 0gp) % [125 XX — %, Byy — %5 BZZ] (12)
together with B = %(BXX + Byy + Bzz) is solved by
Bxx = B+ 7TGIOl:hﬁldfa(171,0 < 00,0), (13)
Byy = B+ meqch (140 fo (21,0 < 1-1,0) + 40 fa(1_1,0 < 00,0)] (14)
By, = B-To%Ny [6fa(2-1.0 ¢ 1_10) + 6fa(1_1.0 + 00,0)] - (15)

This shows how measurements of light-shifted rotational transition frequencies can be used to extract orientated
information about a molecule in the form of the individual components axx, ayy and azz of the polarisability
tensor and the individual components Bx x, Byy and Bz of the chiroptical response pseudotensor.

However, care has to be taken so select the rotational transitions as some choices may result in linear
dependent equations and hence do not give a solution for the individual components. Also in practice, reducing
the number of measurements will improve the overall performance of our technique when implemented.

4. DISCUSSION AND OUTLOOK

We have shown how the measurement of a couple of rotational transition frequencies, shifted by the illumination
with left and right circular polarized light, can be used to determine orientated information about a molecule
which is otherwise accessible only for molecules in the crystalline phase. In particular our technique is able to
determine the individual components of the orientated polarisability tensor and chiroptical response pseudotensor,
both of which are highly sought after, as they reveal a wealth of information about the structure, chirality and
optical response of the molecule which is only partially encoded in their isotropic sum.

Access to these individual components enables a set of new sensitivities for our technique, as the ability to
determine the chiral character of a sample even if it is a racemic mixture, as well as the sensitivity to isotopic
and other subtle forms of chirality.

In the future we will develop our technique, while continuing to look into the properties of orientated infor-
mation, in particular in connection with the emergence of chirality from an achiral molecule by a small shift in
the molecules mass distribution as occurs in an isotopic substitution.
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