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Abstract
Aspects such as conformational flexibility and chirality play a critical role in bio-
chemical and pharmacological processes. Therefore, a comprehensive understanding
of molecular structure, intra- and intermolecular forces, and chirality is required to
comprehend the interplay between the three-dimensional structure of a biomolecule
and its functionality. Molecular rotational spectroscopy is well suited for the in-
vestigation of the conformational flexibility and chirality of small and medium-
sized molecules and clusters. The high resolution and sensitivity of rotational spec-
troscopy provide highly accurate structure determination and manipulation of chiral
molecules in the gas phase. In this thesis, the analysis of chiral molecules using the
chirped-pulse Fourier transform microwave spectrometer is demonstrated. Part I of
the thesis focuses on the conformational analysis of flexible molecules with broad-
band rotational spectroscopy, while the second part showcases the applicability of
its chirality-sensitive extension, microwave three-wave mixing, to manipulate and
control gas-phase chiral molecules.
In part I, the conformational landscape and internal rotation of six molecules with

increasing structural complexity and flexibility were analyzed based on the recorded
rotational spectra. Starting with the relatively rigid [2,2]-paracyclophane family, the
isolated gas-phase structures of overall four mono-substituted [2,2]-paracyclophanes
were investigated. Thereafter, the rotational spectrum of α-methoxy phenylacetic
acid was used to determine the barrier of methyl internal rotation and to reveal
the influence of intramolecular interactions in determining its conformational space.
Due to the amyl chain, 6-amyl-α-pyrone has a large conformational ensemble com-
pared to the other two molecular systems. The high sensitivity of the microwave
spectroscopy technique facilitated the determination of the gas-phase structures
of aldehyde-substituted [2,2]-paracyclophane, α-methoxy phenylacetic acid, and 6-
amyl-α-pyrone. The conformational analysis of α-methoxy phenylacetic acid and
6-amyl-α-pyrone serves as the basis for future microsolvation studies.
Minor modifications to the COMPACT spectrometer setup enable us to per-

form microwave three-wave mixing experiments and its extension to create enantio-
selective population transfer. In part II, a general approach demonstrating the en-
hancement of enantiomer-selective population transfer by addressing the thermal
population and spatial degeneracy of the rotational levels is presented. The experi-
mental results illustrate an achieved enantiomeric excess of about 40% in a rotational
level of interest using tailored microwave pulses. The subsequent chapter introduces
a non-linear and resonant microwave six-wave mixing approach for the manipulation
of flexible chiral molecules, whose enantiomers are inseparable using conventional
methods, not even in the cold conditions of the supersonic jet, due to their short
racemization times. The experiments were performed with the transiently chiral ben-
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zyl alcohol and successfully demonstrated a transient enantiomeric excess induced in
a particular rotational state. This presented technique could be further extended to
reveal information on the tunnelling rates of such transiently chiral molecules. These
experimental results showcase the high level of chiral control that can be achieved
in gas phase samples using microwave spectroscopy and establish the foundation for
future experiments aiming for chiral purification and high-precision measurements.
Rotational spectroscopy and microwave three-wave mixing offer a promising

toolkit for chemical, structural, and chiral analysis. Broadband rotational spec-
troscopy allows us to extract significant structural and chemical information, in-
cluding details about flexibility and internal dynamics. Microwave three-wave mix-
ing techniques enable us to study, control, and manipulate chirality at the molec-
ular level in the gas phase. Developing an understanding of these phenomena at
the molecular level brings us closer to unraveling the functionality of molecules in
nature.
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Kurzzusammenfassung
Aspekte wie die konformative Flexibilität und Chiralität spielen eine fundamenta-
le Rolle in biochemischen und pharmakologischen Prozessen. Deshalb ist ein um-
fassendes Wissen über die molekulare Struktur, inter- und intramolekulare Kräfte
sowie Chiralität notwendig, um das Zusammenspiel des dreidimensionalen Aufbaus
eines Moleküls und seiner Funktion zu verstehen. Rotationsspektroskopie ist bes-
tens geeignet, um die konformative Flexibilität und Chiralität von kleinen bis mit-
telgroßen Molekülen und Clustern zu erforschen. Das hohe Auflösungsvermögen
und die Empfindlichkeit dieser Technik ermöglichen eine genaue Strukturbestim-
mung und die Manipulation chiraler Moleküle in der Gasphase. In dieser Arbeit
wird die Untersuchung chiraler Moleküle mittels breitbandiger Fourier-Transform-
Mikrowellenspektroskopie dargelegt. Dabei konzentriert sich der erste Teil der Arbeit
auf die konformative Analyse flexibler Moleküle mithilfe der Breitband-Rotations-
spektroskopie, während im zweiten Teil die Anwendung der chiralitätssensitiven Er-
weiterung, das Mikrowellen-drei-Wellen-Mischen, zur Manipulation und Kontrolle
chiraler Moleküle in der Gasphase vorgestellt wird.
In Teil I werden die Konformerenlandschaft und die interne Rotation von sechs

verschiedenen Molekülen mit steigender struktureller Komplexität und Beweglich-
keit auf Grundlage ihrer gemessenen Rotationsspektren analysiert. Zu Beginn wer-
den insgesamt vier monosubstituierte Strukturen aus der Familie der vergleichsweise
starren [2,2]-Paracyclophane isoliert in der Gasphase betrachtet. Danach wird über
die Analyse des Rotationsspektrums von α-Methoxyphenylessigsäure die Barriere
der internen Rotation der Methylgruppe des Moleküls bestimmt und der Einfluss
intramolekularer Wechselwirkungen auf die Konformationsanalyse gezeigt. Aufgrund
der Amylkette hat das Molekül 6-Amyl-α-pyron verglichen mit den anderen beiden
molekularen Systemen eine große Anzahl an Konformeren. Die hohe Empfindlichkeit
der Mikrowellenspektroskopie ermöglicht die Bestimmung der Gasphasenstruktur
von Aldehyd-substituiertem [2,2]-Paracyclophan, α-Methoxyphenylessigsäure und
6-Amyl-α-pyron über Isotopensubstitution in natürlicher Häufigheit. Die Konfor-
merenanalyse letzterer beider Molekülsysteme bildet die Grundlage für zukünftige
Untersuchungen zur Mikrosolvatation.
Kleine Änderungen am COMPACT Spektrometer ermöglichen uns die chira-

litäts-empfindliche Messung von Mikrowellen-drei-Wellen-Mischen und seine Erwei-
terung, dem enantioselektivem Populationstransfer. Im zweiten Teil wird ein all-
gemeiner Ansatz zur Steigerung des enantioselektiven Populationstransfers vorge-
stellt, der sich mit der thermischen Besetzung und der räumlichen Entartung der
Rotationsniveaus befasst. Die experimentellen Ergebnisse zeigen einen erreichten
Enantiomerenüberschuss von ca. 40% in einem Rotationsniveau unter Benutzung
maßgeschneiderter Mikrowellenpulse. Das darauffolgende Kapitel stellt den nichtli-
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nearen und resonanten Ansatz des Mikrowellen-sechs-Wellen-Mischens für die Mani-
pulation flexibler chiraler Moleküle vor, deren Enantiomere sich wegen ihrer kurzen
Razemisierungszeiten durch konventionelle Methoden-sogar unter den kalten Be-
dingungen einer Überschallexpansion-nicht trennen lassen. Die Experimente wurde
mit dem transient-chiralen Benzylalkohol durchgeführt und zeigen die erfolgreiche
Erzeugung eines transienten Enantiomerenüberschusses in einem gewählten Rotati-
onszustand. Eine Erweiterung der vorgestellten Technik kann Aufschluss über die
Tunnelraten in derartigen transient-chiralen Molekülen geben. Die experimentellen
Ergebnisse lassen ein hohes Maß an chiraler Kontrolle erkennen, die durch Mikro-
wellenspektroskopie über Proben in der Gasphase erlangt werden kann. Dies bildet
eine Grundlage für zukünftige Experimente, die Enantiomerenreinheit und Hoch-
präzisionsmessungen zum Ziel haben.
Rotationsspektroskopie und Mikrowellen-drei-Wellen-Mischen bieten vielverspre-

chende Mittel und Wege für chemische, strukturelle und chirale Untersuchungen.
Breitband-Rotationsspektroskopie erlaubt uns, wichtige strukturelle und chemische
Informationen einschließlich Kenntnis zu Beweglichkeit und interner Dynamik zu ge-
winnen. Durch Mikrowellen-drei-Wellen-Mischen können wir Chiralität in der Gas-
phase untersuchen, kontrollieren sowie manipulieren. Indem wir unser Verständnis
solcher Phänomene auf molekularer Ebene vertiefen, können wir die Funktionalität
von Molekülen in der Natur weiter entschlüsseln.
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Chapter 1

Introduction

Conformational flexibility is innately related to the functionality of biomolecules.[1]
Biomolecular functioning is deeply rooted in the events occurring at the molecular
level and is often governed by their smaller structural units. Proteins, for instance,
are made of linear chains of amino acids-only 20 distinct types of which are commonly
found in proteins. These amino acids exhibit significant conformational flexibility
owing to multiple torsional degrees of freedom, enabling the folding and functionality
of proteins.[2] Therefore, an in-depth knowledge of the structure and internal dy-
namics of these molecules is important in understanding their physical and chemical
properties, which can facilitate a better comprehension of the mechanisms behind
their biological activity.
The activities and functions of biomolecules in biochemical and pharmacological

processes are intimately related to their three-dimensional structures. For example,
the three-dimensional structure of hemoglobin, the protein responsible for oxygen
transport in our bloodstream, has helped biologists understand how a large number
of human mutant hemoglobins relate to particular symptoms of diseases.[2] Hence,
the characterisation of biomolecular structures is essential for understanding biolog-
ical processes and developing targeted drugs on that basis.

Various techniques, including X-ray crystallography, electron diffraction, and nu-
clear magnetic resonance (NMR), are employed for studying molecular structures.
X-ray crystallography is widely used for structural studies of large biomolecules like
proteins and viruses.[3–6] It deduces the corresponding structure from patterns of
diffracted X-ray radiation scattered by the electron cloud of molecules in the crystal.
Despite the high resolution of the data obtained from X-ray diffraction experiments
(below 1 Å in some cases) the resolution of the technique is limited by the feasibility
of sample crystallisation and the quality of the crystal. Furthermore, X-ray crystal-
lography is performed in a solid state, which prevents the observation of multiple
conformations due to crystal packing.
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NMR spectroscopy performed in both the solid and liquid phases, is extensively
used for conformational studies. However, its drawback is mainly related to the
timescale of the experiment with respect to the interconversion time between con-
formers. Conformations with low barriers are usually observed as broad peaks,
hindering the distinction of their spectroscopic signatures.[7] Although compara-
tively high-resolution information about biomolecular structures can be obtained
through these techniques, they are limited by the factor that target biomolecules
need to be purified to a certain homogeneity.[8] A further disadvantage of these
techniques is that a solid or liquid environment significantly influences the intrinsic
conformational properties of molecules under investigation, whose effects are diffi-
cult to disentangle. To address this, conformational studies are conducted in the gas
phase, enabling examinations of molecules in isolated, collision-free environments.
The isolated gas phase investigation of molecules allows us to understand the inher-
ent properties of molecules that are otherwise inaccessible.

Supersonic jets, combined with other spectroscopic techniques, offer an ideal collision-
free environment for structural and conformational studies. Gas phase laser spec-
troscopic techniques, such as laser-induced fluorescence and double resonance tech-
niques like UV-UV hole-burning spectroscopy, ion dip infrared and ultraviolet spec-
troscopy (IR-UV), are widely used for the investigation of biomolecules.[9] These
techniques provide precise electronic and vibrational information, and can discrim-
inate between conformers when used in conjunction with high-level ab initio calc-
ulations.[9] However, these gas phase laser spectroscopic techniques are applicable
only to molecules containing a UV-chromophore in their structure.

Rotational spectroscopy, with its high resolution and sensitivity, is well suited for the
characterisation of the three-dimensional structures of molecules in the gas phase.
The molecular rotational spectroscopy technique is one of the most direct methods
for determining the gas-phase structure of molecules due to its relationship with
the molecular moments of inertia. The only requirement of the technique is that
molecules must possess a permanent dipole moment.

The combination of rotational spectroscopy with different vaporisation techniques,
including laser ablation, and breakthroughs such as the development of chirped
pulse Fourier transform microwave (CP-FTMW) spectroscopy have made it pos-
sible to investigate a wide range of molecules. The investigation of biologically
relevant molecules with microwave (MW) spectroscopy includes amino acids,[10–13]
sugars,[14–16] and neurotransmitters.[17–19] The high sensitivity of the technique
allows us to observe the isotopically substituted species of molecules in their nat-
ural abundance, enabling precise determination of molecular structures in the gas
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phase.[20–23] For example, an accurate gas-phase structure of a steroid hormone,
estradiol (shown in Fig. 1.1 chemical analysis), could be determined from its 13C
isotopologues rotational spectra observed in natural abundance in the rotational
spectroscopy experiments.[24]

Rotational spectroscopy, sensitive to minor structural changes, serves as a key ex-
perimental technique for discriminating among several conformers and isotopologues
within a molecular system. One of the early milestones in conformational studies
using MW spectroscopy dates back to 1962 when Hirota presented a potential en-
ergy surface featuring two isomers of propyl fluoride (C3H7F).[25] Real-time spectral
analysis, on-the-fly graphical assignment, as well as automatic assignment and fit-
tings in the present day have significantly accelerated the identification of numerous
molecular species in multi-conformer spectra. The number of conformers that can
be identified in the rotational spectra of complex, flexible molecules has significantly
increased from three[26] or seven[27] to up to thirty[28]. The unambiguous iden-
tification of signatures of molecular components with high-resolution spectroscopy
offers its utility as a chemical analysis tool, capable of identifying the chemical com-
ponents of complex mixtures like essential oils, as illustrated in the chemical analysis
part of Fig. 1.1.

MW spectroscopic studies provide valuable chemical insights into molecules, uncov-
ering not just their conformational and tautomeric preferences, but also the intrica-
cies of their intra- and intermolecular interactions. The conformational landscapes
and structural configurations are influenced by a delicate balance of non-covalent
intramolecular interactions occurring in the spatial vicinity of neighbouring atoms
within the molecule. These interactions include various types such as hydrogen
bonds, halogen bonds, π · · · π stacking, van der Waals interactions, etc. The spec-
troscopic investigations of serotonin[29] and strawberry aldehyde[21] serve as ex-
amples of how the interplay among intramolecular non-covalent interactions shape
the conformational space of molecules. These non-covalent interactions not only
characterise the structural preferences of small structural units but are also critical
in maintaining the three-dimensional structure of large molecules, such as proteins,
nucleic acids, and molecular complexes.

Biomolecular activities predominantly occur in aqueous environments, where water
acts not just as a solvent but as an active participant, significantly influencing molec-
ular structure and functionality. Understanding the role of the subtle non-covalent
interaction forces responsible for solvation requires isolating molecules from the con-
densed phase environment (due to solvent effects), allowing for a gas-phase study
with controlled hydration degrees. Such an environment, involving a limited num-
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ber of water molecules interacting with another molecule (the solute) in isolation, is
called microsolvation. MW spectroscopy employing a supersonic jet as a molecular
source provides a valuable approach to investigate the initial steps of the hydra-
tion process, bridging the gap between the gas-phase and solution-phase behavior
in microsolvated clusters. The complexes of different kinds of biologically important
molecules with water have already been studied, contributing relevant information
about solute-solvent interactions in those systems.[30, 31] Furthermore, it has also
been shown that microsolvation may affect not only the structure of the solute[32]
but also its conformational preferences, as observed for the 12-crown-4 ether.[33]
Microsolvation studies of molecules help gain insights into the fundamental nature
of intermolecular interactions and their influence on intramolecular interactions and
conformational landscapes of structurally flexible molecules.

The information obtained from microwave spectra is multifaceted. The high res-
olution of rotational spectroscopy has been utilised to resolve tunneling splittings in
the spectra resulting from large-amplitude internal motions, such as methyl and hy-
droxyl group internal rotation,[34–37] ammonia inversion,[38] and ring-puckering[39].
In the presence of solvent molecules, the line splittings of molecules are also influ-
enced. Over the years, the scope of rotational spectroscopy has expanded from
fundamental observations, such as structure determination and internal dynamics,
to encompass intermolecular interactions within molecular aggregates, chiral recog-
nition, and applications in astrochemistry, as shown in Fig. 1.1.[Chap 15, [40]] [41]

In the domain of radioastronomy, this technique plays a pivotal role in exploring the
chemical composition of the interstellar medium. More than 300 different molecular
species, including chiral molecules, free radicals, and polycyclic aromatic hydrocar-
bons (PAHs) (illustrated in the astrochemistry part of Fig. 1.1), have been identified
in the interstellar medium (ISM) via radioastronomy through the observation and
assignment of their rotational spectra.[42] The molecular detection in the data col-
lected from radio observatories like the Atacama Large Millimeter/submillimeter
Array (ALMA) and the Herschel space telescope relies on the analysed rotational
spectra obtained in laboratories.[43–46] However, a limitation of rotational spec-
troscopy is the size of the molecule. Recent studies on larger molecules (including
thioether (C20H30S) and androsterone (C19H30O2)) highlight the challenges for the
measurement and analysis of such large-size compounds and their complexes using
this technique (shown in chemical analysis part of Fig. 1.1).[23, 47]

Most biomolecules are chiral, a characteristic that significantly impacts their struc-
ture and functionalities. The phenomenon of chirality is ubiquitous in nature and
has intrigued chemists for over a century. The first significant step in compre-
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hending chirality dates back to the 19th century when J. B. Biot discovered that
organic substances in solution, like tartaric acid, could rotate the plane of linearly
polarised light.[52] In 1848, Louis Pasteur successfully separated enantiomers by
hand-picking individual crystals, conclusively illustrating the distinct properties of
enantiomers.[53, 54] Since Pasteur’s pioneering work, chirality has evolved into a
crucial concept in stereochemistry and biochemistry.

radicals

Microwave 
 spectroscopy

chiral
 molecules 

enantiomeric 
excess

enantiomer 
separation

absolute 
configuration

clusters

 
interactions

internal 
dynamics

structure 
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conformations
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aromatic 

hydrocarbons

Figure 1.1: A glimpse of different applications of microwave spectroscopy. The
pictures in this figure were used from the following references: [23, 24, 48–51].
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The vast majority of organic, biological, and pharmacological compounds are chiral;
they are encoded with a preferred handedness and thus have a stereoselective bias
for specific chemical interactions. For instance, the left-handed enantiomer of the
molecule carvone has the aroma of spearmint, while its right-handed counterpart
emits the fragrance of caraway seeds (depicted in chiral analysis part of Fig. 1.1,).
All living systems are selectively made of left-handed amino acids and right-handed
sugars; this preference is called homochirality of life. Homochirality is considered to
be a signature of life, and unravelling the mystery behind its origins is crucial for
gaining insight into the origin of life. However, the origin of biological homochirality
is a debated topic.[55, 56]

Enantiomers are energetically equivalent, except for a small difference due to the
parity-violating character of the weak force. These enantiomers share almost iden-
tical physical properties, but they often exhibit different chemical and biochemi-
cal behaviours due to stereoselective biases. Thus, beyond the structural analysis,
enantiomer differentiation and separation become key steps in understanding these
enantiomer-based functionalities. In recent years, two distinct approaches, namely
microwave three-wave mixing (M3WM) and chiral tagging (shown in the chiral anal-
ysis part of Fig. 1.1), have been developed for analysing chiral samples using ro-
tational signatures. Chiral tagging capitalises on the well-established concept of
non-covalently bound diastereomer formation, which is also the basis for chirality
recognition. In chiral tag rotational spectroscopy, the sample of interest interacts
with well-characterised chiral tag molecules to form weakly bound complexes, re-
sulting in diastereomers that can be differentiated via their structure (chiral analysis
part of Fig. 1.1).[57, 58]

M3WM relies on the mirror-image character of the electric dipole moment compo-
nents of enantiomers. The difference in the sign of the triple product of the transition
dipole moments of enantiomers (µa[µb × µc]) results in a π radian phase difference
between enantiomers in the free-induction decay.[59, 60] Both chiral tagging and
M3WM techniques can be employed to determine the enantiomeric excess and ab-
solute configuration of enantiomers in complex chiral mixtures.[58] In 2017, the
M3WM technique was extended to achieve enantiomer-selective population transfer
in gas-phase chiral samples.[61–63] The π phase difference between two enantiomers
can be used to selectively enhance the population of one enantiomer in a particu-
lar rotational state while the population of the opposite enantiomer is depleted in
this state but enhanced in the connecting state of the corresponding transition. The
enantiomer shuffling with the tailored microwave pulses has allowed us to manipulate
and control chirality in various types of chiral molecules.[50, 64, 65] The energetic
separation of enantiomers that can be achieved with enantio-sensitive microwave
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spectroscopy is an important step towards spatial separation of enantiomers. On-
the-fly generation of enantiomer separation demonstrated in recent M3WM-based
experiments can facilitate advanced precision spectroscopy measurement, for exam-
ple, aimed at detecting the frequency difference between the two enantiomers arising
from the parity-violation effects.[66]

Historical highlights in the progress of microwave spectroscopy
The use of MW spectroscopy to investigate molecular properties has been an active
area of research for more than seven decades. The emergence of MW spectroscopy
followed World War II, fueled by the advancements in radar technology. Ammonia
was the first molecule to be extensively studied with microwave spectroscopy.[67–69]
The focused research on ammonia led to the development of the MASER (microwave
amplification by stimulated emission of radiation), marking the first experimental
demonstration of stimulated emission.[70, 71] During the 1940s, the widespread
availability of oscillators and detectors led to the development of Stark[72] and
Zeeman-modulators.[73] These instruments were based on the absorption signal,
which is typically less sensitive, leading to the investigation of emission signals.[74]
One of the drawbacks of both types of instruments was their operation at room
temperature, resulting in the distribution of the molecular population over many
rotational and vibrational states, which further results in less intense and more
complex spectra.[75, 76]

A significant milestone in the field of MW spectroscopy occurred when W. H. Fly-
gare combined Balle-Flygare time-domain spectroscopy with a Fabry-Perot cavity
resonator and a supersonic jet.[77] In this setup, similar to the Fourier-transform nu-
clear magnetic resonance spectroscopy technique,[78] a pulse of radiation was used
to excite the molecular transition, and the resulting molecular emission was col-
lected as free-induction decay (FID). The time-domain FID signal was then Fourier
transformed to produce the frequency spectrum. The high sensitivity and resolution
from the Fabry-Perot cavity and low rotational temperatures due to the supersonic
expansion populating mostly lower rotational states resulted in intense and simpli-
fied rotational spectra. The combination of these two techniques enabled the study
of isolated weakly bound clusters in the microwave regime.[79, 80] The resolution of
the instrument was further enhanced by J. U. Grabow and his colleagues through
modifications to the Fourier transform microwave (FTMW) spectrometer’s design,
involving the coaxial arrangement of the molecular beam and the microwave field.
These enhancements significantly improved the utility of the FTMW technique.[81]
Two-dimensional MW spectroscopy was employed in conjunction with various spec-
trometer designs to elucidate coherence pathways, population transfer, and the inter-
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connections between rotational energy levels.[82–85] The major constraint with the
Balle-Flygare FTMW instrument was its operation in small bandwidths (1 MHz) per
acquisition, requiring longer times to acquire a spectrum spanning over several GHz.

The advancement in digital electronics, particularly waveform generators and broad-
band signal digitisers, led to the development of CP-FTMW spectroscopy, adding
a new dimension to the realm of rotational spectroscopy.[86] This technique en-
abled the collection of a rotational spectrum with a bandwidth of more than 10
GHz and with high resolution in a single microwave pulse of the spectrometer. The
method facilitated the measurement of rotational spectra of large molecules and
clusters[87, 88] with several gigahertz bandwidths within tens of microseconds. The
data acquisition time and sample consumption were decreased by a factor of 100 and
30, respectively, compared to a cavity-based spectrometer.[86] Since then, several
CP-FTMW spectrometers have been constructed in different frequency ranges with
different applications.[89–96] The research article by Park et al. in 2016 highlighted
the achievement of the CP-FTMW technique in its first decade.[97]

Outline of the thesis
The work described herein comprises the analysis of the rotational spectra of differ-
ent organic molecules with increasing structural complexity using CP-FTMW spec-
troscopy and its extension to analyse chiral molecules. The chirped-pulse microwave
spectrometer used for measurements is described in Chapter 3. Using the chirped-
pulse microwave spectrometer, different organic molecules with increasing structural
intricacy and flexibility are investigated. The exploration begins with the examina-
tion of the relatively rigid compounds from the [2,2]-paracyclophane (C16H16) fam-
ily substituted with the following functional groups: hydroxy-, aldehyde-, ketone-,
and carboxylic acid in Chapter 4. The intramolecular interactions within these
derivatives of [2,2]-paracyclophane are then presented and extensively compared
with similar molecules. Subsequently, in Chapter 5, a flexible chiral carboxylic acid
α-methoxy phenylacetic acid (C9H10O3) is explored. The influence of intramolecu-
lar interactions on the conformational space and methyl internal rotation barriers
is discussed. Chapter 6 delves into the rotational spectrum of 6-amyl-α-pyrone
(C10H14O2), which, due to the presence of the amyl chain, exhibits greater flex-
ibility compared to the α-methoxy phenylacetic acid and monosubstituted [2,2]-
paracyclophanes. The conformational landscape of 6-amyl-α-pyrone features a more
diverse array of minimum structures compared to the other two molecular systems.
The rotational constants of the assigned calculated minimum structures are pro-
vided in the respective chapter.
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In addition to the conformational analysis and the gas phase structure determi-
nation of flexible molecules using broadband MW spectroscopy, the extension of
the M3WM approach was employed for enantio-sensitive manipulation of chiral
molecules. Chapter 7 presents a general approach for the enhancement of enantio-
selective population transfer using solely microwave pulses. The high level of chiral
control that could be achieved in the gas phase with this technique is demonstrated
with trifluoromethyl oxirane (C3H3F3O).
In chapter 8, a new non-linear and coherent microwave six-wave mixing approach

is proposed for structurally flexible chiral molecules. The experimental demonstra-
tion showcases that the microwave six-wave mixing technique can be used to ma-
nipulate the handedness in a quantum racemic mixture of benzyl alcohol (C7H8O).
The subsequent chapter provides an overview of the theoretical methods utilised
in this study, including an explanation of the rotational Hamiltonian, the principle
of the microwave three- and six-wave mixing approach and a brief introduction to
quantum chemical methods.

9





Chapter 2

Theoretical background

Spectroscopy is the study of the interaction of light with matter.[98] Molecular
spectroscopy is defined as the analysis of the interaction of molecules with electro-
magnetic radiation. The absorption, emission, or scattering of photons from dif-
ferent regions of the electromagnetic spectrum prompts different types of responses
in molecules. For example, infrared radiation has photons with sufficient energy to
induce vibrational motion in molecules, whereas microwave radiation induces molec-
ular rotations.[98] Microwave radiation spans the 1 to 300 GHz frequency range of
electromagnetic radiation and is invisible to the human eye. The interaction of
the molecule with the microwave region causes the molecule’s rotational energy to
change, according to Planck’s relation (E = hν, where h is Planck’s constant and ν is
the frequency). When the molecule interacts with radiation of the correct frequency,
a quantum-mechanically allowed transition occurs, giving rise to a line-shaped ab-
sorption/emission signal corresponding to that frequency in the spectrum. These
lines, or transitions, and their intensities are related to the structural properties of
the molecule that can be calculated.

The interaction of electromagnetic radiation with matter can be understood us-
ing quantum mechanics. According to quantum mechanics, the energy levels of a
system can be obtained by solving the time-independent Schrödinger equation:[98]

Ĥψ = Eψ (2.1)

where ψ is the wavefunction of the energy Hamiltonian operator Ĥ, and E is its
corresponding eigenvalue. For a molecule of N atoms and M electrons, the time-
independent Schrödinger equation is:

Ĥψn(Q1, ...,Qi, ...,QN,q1, ...,qj, ...,qM)
=Enψn(Q1, ...,Qi, ...,QN,q1, ...,qj, ...,qM).

(2.2)
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Here, Qi and qj are vectors describing the position of the i-th nucleus and the j-th
electron, respectively, while ψn and En represent the eigenfunctions and eigenvalues
of the Hamiltonian operator Ĥ, respectively. The Hamiltonian operator Ĥ denotes
the energy operator, which is the sum of the kinetic energy (T̂ ) and potential energy
(V̂ ) terms:[99]

Ĥ = T̂ + V̂ = T̂nuc + T̂elec + V̂elec−elec + V̂elec−nuc + V̂nuc−nuc. (2.3)

where T̂nuc, T̂elec are the kinetic energy operators of nuclei and electrons, respec-
tively. The potential energy part consists of Coulomb’s repulsion term for electrons
and nuclei (V̂elec−elec, V̂nuc−nuc), respectively, and Coulomb’s attraction term between
the positive and negative charges of nuclei and electrons (V̂elec−nuc).

Electronic motions in molecules takes place on time scales of 1 femtosecond which is
faster than the vibrational motions occurring on timescales of 100 femstosecond.[99]
Molecular rotations, on the other hand, take place on picosecond timescales.[99]
These differences in the timescales of various electronic, vibrational, and rotational
motions enable the separation of the distinct motions.

The Born-Oppenheimer approximation separates the electronic and nuclear mo-
tion by exploiting the fact that the nuclei are practically immobile during the fast
electronic movement due to the larger mass of the nuclei compared to that of the
electrons.[100] Within the Born-Oppenheimer approximation, the Hamiltonian can
be evaluated for the electronic part with the nuclei at fixed positions, and the nu-
clear motion can be evaluated by using the averaged electronic potential obtained
from the solution of the electronic part. The electronic structure is then solved as:

Ĥelecψelec(Q,q) = Eelecψelec(Q,q) = (T̂elec + V̂elec−elec + V̂elec−nuc)ψelec(Q,q) (2.4)

where ψelec is the electronic wavefunction, which depends on the position of atoms
and electrons.

The separation of electronic and nuclear motions within the Born-Oppenheimer ap-
proximation leads to the factorisation of the electronic and nuclear wave functions.
The total wavefunction and molecular energy levels are expressed as follows:[99]

ψ = ψelec(Q,q)ψnuc(Q) (2.5)

E = Eelec + Enuc (2.6)

Since the nuclei’s movement during fast electronic motion is assumed to be negligi-
ble and they experience hardly any rotational motion during a vibrational period,
the vibrational motion can be seen as occurring within an average electronic cloud.
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Similarly, the rotational motion occurs at nuclear configurations corresponding to an
average over the vibrational motion. Thus, the average contribution of the fast vibra-
tional motions is included parametrically in the rotational part of the Hamiltonian.
Therefore, the nuclear wavefunction can be further separated into the vibrational
and the rotational motions. The total wavefunction then is:

ψ = ψelec(Q,q)ψvib(Q)ψrot(q) (2.7)

and the overall energy of the molecular system can be written as:

E = Eelec + Erot + Evib (2.8)

In this work, the focus is on the rotational energy of a system in the electronic and
vibrational ground states. Thus, the rotational Hamiltonian and the corresponding
time-independent Schrödinger equation in focus is:

Ĥrotψrot = Erotψrot (2.9)

The subsequent section describes the theoretical aspects of rotational spectroscopy,
discussing solutions for the time-independent Schrödinger equation for different
classes of molecules and their selection rules. Following this discussion, the sec-
tion explores centrifugal distortion effects, internal rotation in molecules, and use of
rotational spectroscopy for determining molecular structures.

2.1 Rotational Spectroscopy

The rotational energy of a molecule, Erot, can be evaluated using quantum mechanics
by using the rigid rotor approximation in a similar way to classical mechanics.[101]
In this approximation, the rotational energy of a molecule can be calculated using
the following equation:[98]

Erot =
1
2
ωtIω = LtI−1L (2.10)

where ω is the angular velocity, I is the moment of inertia tensor and L is the angular
momentum. The inertia tensor of a rigid molecule has a significant contribution only
from the nuclei due to their larger masses compared to the electrons. These nuclei
can then be treated as point particles, each with mass mi at coordinate Qi = (xi,
yi, zi) in a molecular frame using Cartesian coordinates. The inertia tensor in this
coordinate system can be represented as:

I =
N∑
n=0

mi


y2i + z

2
i −xiyi −xizi

−yixi x2i + z
2
i −yizi

−zixi −ziyi x2i + y
2
i

 =

Ixx Ixy Ixz

Iyx Iyy Iyz

Izx Izy Izz

 (2.11)
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The inertia tensor I can be simplified by placing the origin of the axis system at the
center of mass of the rotating body in such a way that the tensor becomes diagonal.
This new molecular axis system is called the principal axis system, where the axes
are denoted as a, b, and c, and it is unique for each rotating system.

In addition to the center of mass condition, the axis system is selected so that
the diagonal elements of I, referred to as principal moments of inertia (Ia, Ib, Ic), are
defined in increasing size as Ia ¬ Ib ¬ Ic. The Cartesian axis system (x, y, z) can
be mapped to the principal axis system (a, b, c) in six possible ways, as tabulated
in Table 2.1.

Table 2.1: Possible identification of principal axis system a, b, c with the Cartesian
axes x, y, z resulting in six different representations. A prolate symmetric top
or a slightly asymmetric prolate top is best described by the Ir representation,
while the IIIr representation is suitable to describe oblate symmetric top or slightly
asymmetric oblate tops.

Ir I l IIr II l IIIr III l

x b c c a a b

y c b a c b a

z a a b b c c

The symmetry of a molecule can lead to the vanishing of one of its three moments of
inertia or the equality of some of the three moments of inertia. Consequently, four
distinct classifications need to be established to categorise molecules in rotational
spectroscopy. Fig. 2.1 shows examples of four classes of molecules.

• Linear top molecules (Ia = 0 and Ib = Ic): These molecules belong to the
C∞υ or D∞h point groups. For example, carbon dioxide (CO2) and carbonyl
sulphide (OCS).

• Spherical top molecules (Ia = Ib = Ic): With all three moments of inertia
equal to each other they belong to the cubic (Oh, Td) or icosahedral (Ih) point
group. Examples are methane (CH4) and sulphur hexafluoride (SF6).

• Symmetric top molecules: In this category, two moments of inertia are
equal, and they possess either a Cn(n > 2)- or S4-axis of symmetry. They can
either be prolate or oblate tops.
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– Prolate tops (Ia < Ib = Ic): These molecules are cigar-shaped, with
the symmetry axis of the molecule along the a-axis. Examples include
chloromethane (CH3Cl) and propyne (C3H4).

– Oblate tops (Ia = Ib < Ic): They have a disc shape, and examples include
ammonia (NH3) and benzene (C6H6).

• Asymmetric top molecules (Ia ̸= Ib ̸= Ic): These molecules have all mo-
ments of inertia different and cover a wide range of molecules. Examples of
these are water (H2O) and phenol (C6H5OH).

carbonyl sulphide (OCS)

Linear top

Ia = 0; Ib = Ic Ia = Ib = Ic Ia < Ib < Ic

Ia < Ib = Ic

Spherical top Asymmetric top

Prolate top Oblate top
Symmetric top

methane (CH4) water (H2O)

ammonia (NH3)chloromethane (CH3Cl)

Ia = Ib < Ic

Figure 2.1: Examples of the four different classes of molecules depending on their
symmetry.

This categorisation leads to different ways of calculating the energies of rotational
levels and to varying patterns of transitions in the rotational spectra. In the principal
axis system, the rotational energy assumes the form:

Erot =
1
2
(Iaω2a + Ibω

2
b + Icω

2
c ) =

L2a
2Ia
+
L2b
2Ib
+
L2c
2Ic

(2.12)

where La, Lb, and Lc are the components of the angular momentum along the
respective principal axis and Ia, Ib, and Ic are the principal moments of inertia. The
quantum mechanical energy can be derived from the classical mechanical version by

15



introducing the angular momentum operator Ĵ. Eq. 2.13 presents the rigid-rotor
Hamiltonian, where ℏ represents the reduced Planck’s constant (ℏ = h/2π):

Ĥrig =
Ĵ2

2I
=
1
2

(
Ĵ2a
Ia
+
Ĵ2b
Ib
+
Ĵ2c
Ic

)
(2.13)

with
Ĵ = r̂× p̂ = −iℏ(r̂×∇) (2.14)

Here, r̂ and p̂ represent the position and momentum operators, respectively, and ∇
is the vector differential operator.

While a molecular axis system (x, y, z ) effectively describes the internal move-
ments of the electrons and the nucleus, it must be related to the laboratory frame
(X, Y , Z) to determine the rotational energy of the molecule. Considering only the
rotational motion, both coordinate systems coincide at the center of mass of the
molecule. The relative orientation of these two coordinate systems is described by
the three Euler angles θ, φ, and χ (see Fig. 2.2). The first two angles θ and φ are
the polar and the azimuthal angles of the molecular z-axis in the laboratory frame
(X, Y , Z), while χ describes the internal orientation of the molecule relative to the
molecular z-axis. Both coordinate systems can be transformed by a direction cosine
matrix described in reference [98]. The direction cosine matrix can be derived using
the description of Euler angles as rotations along these axes:[[98], Chap. 6]

• rotation of X and Y by an angle of φ about Z.

• rotation of X ′ and Z by an angle of θ about Y ′.

• rotation of X ′′ and Y ′ by an angle of χ about z.

The three components of the angular momentum operator Ĵ in eq. 2.13 can be
expressed in terms of the euler angles in the molecular axis system (x, y, z):[[98],
Chap. 6]

Ĵx = −iℏ
[
− cosχ
sin θ

∂

∂φ
+
cosχ cos θ
sin θ

∂

∂χ
+ sinχ

∂

∂θ

]
(2.15a)

Ĵy = −iℏ
[
sinχ
sin θ

∂

∂φ
− sinχ cos θ
sin θ

∂

∂χ
+ cosχ

∂

∂θ

]
(2.15b)

Ĵz = −iℏ
∂

∂χ
. (2.15c)
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The corresponding expressions in the laboratory axis system (X, Y , Z) will be as
follows:[[98], Chap. 6]

ĴX = −iℏ
[
− cosφ cos θ
sin θ

∂

∂φ
+
cosφ
sin θ

∂

∂χ
− sinφ ∂

∂θ

]
(2.16a)

ĴY = −iℏ
[
− sinφ cos θ
sin θ

∂

∂φ
+
sinφ
sin θ

∂

∂χ
+ cosφ

∂

∂θ

]
(2.16b)

ĴZ = −iℏ
∂

∂φ
. (2.16c)

ϕ
χ

Z

z

X

x

Y

y

O

θ

Figure 2.2: Illustration of Euler angles θ, φ, and χ that relate the orientation of
laboratory frame coordinate system (X, Y , Z) to the molecular axis system (x, y,
z). The figure is adapted from reference [98].
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These angular momentum operators satisfy the following commutation relationships.
Their components do not commute with each other but commute with the Ĵ2 oper-
ator:[[98], Chap. 6]

[Ĵx, Ĵy] = −iℏĴz, (2.17a)

[ĴX , ĴY ] = iℏĴZ , (2.17b)

[Ĵ2, Ĵg] = 0, g = x, y, z, (2.17c)

[Ĵ2, ĴG] = 0, G = X, Y, Z, (2.17d)

[Ĵg, ĴG] = 0, g = x, y, z G = X, Y, Z, (2.17e)

with
Ĵ2 = Ĵ2x + Ĵ

2
y + Ĵ

2
z . (2.18)

According to the Heisenberg uncertainty principle, any two variables that do not
commute cannot be measured simultaneously. Thus, only the operator Ĵ2, one of the
operators Ĵg and one of the operators ĴG can be measured simultaneously. The pro-
jections of the total angular momentum on the z- and Z-axes, i.e., Ĵz, ĴZ operators
are chosen in accordance with the spectroscopic literature. The z-axis is assigned to
the principal axis with the highest symmetry using the appropriate representation
in Table 2.1.

From quantum mechanics, commuting operators share a common set of eigenfunc-
tions. Thus, a complete set of eigenfunctions denoted as |JKM⟩ can be found for the
operators Ĵ2, Ĵz, and ĴZ . The derivation of the wavefunction |JKM⟩ is lengthy, but
can be expressed in a closed form, as provided in references [98, 99]. The eigenvalues
for the Ĵ2, Ĵz, ĴZ operators can then be derived with the help of the commutation
relation and the ladder operator Ĵ± = Ĵx ± iĴy:[98, 102]

Ĵ2|JKM⟩ = J(J + 1)ℏ|JKM⟩, (2.19a)

ĴZ |JKM⟩ =MJℏ|JKM⟩, (2.19b)

Ĵz|JKM⟩ = Kℏ|JKM⟩, (2.19c)

with quantum numbers:

J = 0, 1, 2, ......
K = −J,−J + 1, ...., J − 1, J
MJ = −J,−J + 1, ...., J − 1, J ,

where the quantum number J is a measure of the total angular momentum, and the
quantum numbers K and MJ describe the projections of the total angular momen-
tum operator onto the z- and Z-axis, respectively. This knowledge of the angular
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momentum operators and their corresponding eigenvalues can then be used to solve
the rotational Hamiltonian for different classes of molecules. Because rotational
transitions and the corresponding energy levels are mostly in the frequency ranges of
MHz and GHz, the rotational Hamiltonian is usually expressed in units of frequency
rather than units of energy in rotational spectroscopy. The rotational constants A,
B, and C, in units of frequency and with A ­ B ­ C, are:

A =
ℏ
2Ia

, B =
ℏ
2Ib

C =
ℏ
2Ic

(2.20)

The rotational Hamiltonian Ĥrig can be redefined in units of frequency:

Ĥrig = AĴ2a +BĴ2b + CĴ
2
c (2.21)

where the angular momentum operators are now unitless quantities with Ĵg =
Ĵg/ℏ(g = (x, y, z,X, Y, Z)) and Ĵ = Ĵ/ℏ.

Linear top molecules are considered a special case of symmetric-top molecules with
A = 0 and B = C. Thus, the rotational Hamiltonian in Ir representation gets
reduced from eq. 2.21 to:

Ĥrig = BĴ2 (Linear) (2.22a)
Erig = BJ(J + 1) (2.22b)

as Ĵa = 0 for a linear molecule.

The rotational Hamiltonian of a prolate symmetric-top molecule employing the Ir

representation (for B = C and with the principal axis a as the highest symmetry
axis) is given as:

Ĥrig = AĴ2a +B(Ĵ
2
b + Ĵ2c) = BĴ2 + (A−B)Ĵ2a (prolate), (2.23)

while for an oblate symmetric top we use the IIIr representation (where A = B),
then the rotational Hamiltonian takes the form:

Ĥrig = BĴ2 + (C −B)Ĵ2c (oblate). (2.24)

It is important to note that the choice of representation does not impact the eigen-
states and eigenfunctions. However, assigning the z-axis to the principal axis with
the highest symmetry greatly simplifies the computation of the Hamiltonian.
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In the case of a symmetric top, the Hamiltonian is a function of the Ĵ2 and Ĵ2z
operators. Consequently, the eigenfunctions of the angular momentum, represented
as |JKM⟩, also serve as eigenfunctions of the symmetric-top Hamiltonian, and the
eigenvalues are given as Erig. These corresponding energy levels are (2J +1) degen-
erate in MJ and twofold degenerate in K in the absence of any external field. The
energy eigenvalues for symmetric-top molecules are independent of theMJ quantum
number as given below:[98]

Erig = BJ(J + 1) + (A−B)K2a (prolate) (2.25a)
Erig = BJ(J + 1) + (C −B)K2c (oblate), (2.25b)

where K2a and K
2
c are described in the next paragraph. The rigid-rotor Hamiltonian

for an asymmetric top cannot be solved analytically since Ĵz does not commute with
Ĥrig. But it can be solved numerically by choosing the appropriate representation
such as Ir and IIIr representations for near-prolate (A ≫ B > C) and near-
oblate (A > B ≫ C) asymmetric tops, respectively. The rotational Hamiltonian
for asymmetric top is determined by knowing their asymmetry, which is measured
by Ray’s asymmetry parameter, κ, and depends on the rotational constants of the
molecules.[98]

κ =
2B − A− C
A− C

(2.26)

A molecule is considered as fully asymmetric when κ = 0. As the value of κ ap-
proaches -1 or +1, the molecules are identified as prolate (B = C) or oblate sym-
metric (A = B) top respectively (depicted in Fig. 2.3). The asymmetric top Hamil-
tonian employing the Ir representation gives the following non-vanishing elements
for the energy matrix:[99]

⟨JKM |Ĥrig|JKM⟩ =
1
2
(B + C)(J(J + 1)−K2) + AK2 (2.27)

⟨JKM |Ĥrig|JK ± 2M⟩ =
1
2
(B − C)

√
(J(J + 1)−K(K ± 1))(J(J + 1)− (K ± 1)(K ± 2))

(2.28)

Here, K is not a suitable quantum number anymore for labelling the energy levels
for an asymmetric top. Thus, two pseudo-quantum numbers Ka and Kc using the
King-Hainer-Cross notation (JKaKc) are introduced.[103] They denote the limiting
cases of prolate and oblate symmetric-top molecules, respectively (shown in Fig.
2.3). The energy-level ordering can also be extracted from the Ka and Kc values:
Ka −Kc difference gives the position in the energy-level ordering ranging from −J
to +J . This energy level scheme for an asymmetric top molecule is illustrated in
Fig. 2.3.
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Figure 2.3: Rotational energy levels of an asymmetric-top molecule. On the left,
the quantum numbers for the prolate symmetric top are given and the right y-
axis shows the quantum numbers for the oblate top limit case. The asymmetric-
top energy levels are labelled using two different schemes: the King-Hainer-Cross
notation JKaKc and labelling Jτ , where τ = Ka−Kc ranges between −J and J and
represents the energy ordering of a certain energy level within a J-stack. The energy
levels are not to scale. The figure is adapted from reference [101, 104].

2.1.1 Selection rules

The rotational Hamiltonian discussed above gives us information on the energy for
the rotational levels, but it does not provide information on whether a transition is
allowed or forbidden. A rotational transition is permitted if the transition dipole
moment integral is non-vanishing.

⟨J ′K ′M ′|µ̂α|J”K”M”⟩ ≠ 0. (2.29)

Here µ̂α(α = a, b, or c) is the projection of the electric dipole moment on the prin-
cipal axes. The integral is non-vanishing when J” = ±1. Therefore rotational
transitions are only allowed for ∆J = 0, ±1. The transitions with ∆J = −1, and
+1 constitute the P- and R-branch, while ∆J = 0 forms the Q-branch transitions.
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Due to the high degree of symmetry, spherical tops cannot be studied by MW
spectroscopy as they lack an overall permanent electric dipole moment. Taking
the transition dipole moments into account, the selection rules for pure rotational
spectra are:[98]

• Linear tops:

∆J = ±1 ∆MJ = 0,±1

• Symmetric tops:

∆J = ±1 ∆MJ = 0,±1 ∆K = 0

• Asymmetric tops:

∆J = 0,±1 ∆MJ = 0,±1.

In asymmetric tops, ∆MJ = 0 is forbidden for Q-branch (i.e., ∆J = 0) transi-
tions.[105] The non-vanishing dipole moment components along the principal axes
in the case of asymmetric tops give rise to an additional set of selection rules for the
pseudo-quantum number Ka and Kc. These rotational transitions can be classified
into three different types based on which principal axis induces the rotation and
which dipole moment component µ = (µa, µb, µc) is responsible for the rotation as
summarised in Table 2.2.

Table 2.2: Different types of rotational transitions in an asymmetric top molecule
and their selection rules for the pseudo quantum numbers Ka and Kc.

rotational transition type dipole ∆Ka ∆Kc

a-type µa 0, ±2, .... ±1, ±3, ....
b-type µb ±1, ±3, .... ±1, ±3, ....
c-type µc ±1, ±3, .... 0, ±2, ....
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2.1.2 Centrifugal distortion effects

In the previous section, rigid rotor approximation was used to calculate the rota-
tional energy of molecules. However, in reality, real molecules are not rigid and
undergo distortions due to various factors such as molecular vibrations, internal
rotations, and centrifugal forces which distort their equilibrium geometry. Since
vibrations occur on a much faster timescale than the rotation of a molecule, they
can be parametrically included in the Hamiltonian. Thus, in practice, a different
set of rotational constants is used for each normal vibrational mode. On the other
hand, internal rotation and centrifugal distortion alter the angular momentum of
the molecule, and they cannot be treated as effectively as vibrational motions. The
theory for internal rotation is covered in the next section, while the effects of cen-
trifugal distortion are discussed here.

The energy attributed to centrifugal distortion constitutes only a minor portion
of the overall rotational energy. Therefore, these effects can be adequately ad-
dressed by including higher-order terms of the angular momenta in the rigid rotor
Hamiltonian.[106][[101], Chap. 8]

Ĥcd = Ĥrig +
ℏ4

4

∑
αβγδ

ταβγδĴαĴβĴγ Ĵδ +O(6) + · · · , (2.30)

where α, β, γ and δ can take any value of x, y, and z in the molecular-axis system.
The parameters ταβγδ are related to the force constants within a molecule. This
means that weak bonds will have smaller force constants and the bonds will exhibit
more deviation from their equilibrium values compared to the stronger bonds.[107]
The sum in eq. 2.30 will have 81 components (34), but Watson demonstrated that
due to symmetry properties and commutation relations, these 81 components can
be reduced to five determinable linear combinations of fourth-order corrections.[101,
108] Watson proposed two possible combinations of the terms giving rise to A (asym-
metric) and S (symmetric) reduced Hamiltonian. The A-reduction scheme is best
suited for most of the asymmetric-top molecules, while the S -reduced Hamiltonian
is most suited for symmetric and slightly asymmetric-top molecules.
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In Watson’s A reduction scheme, the rotational Hamiltonian includes the five quartic
centrifugal distortion coefficients ∆J , ∆JK , ∆K , δJ , and δK :[[101], Chap. 8]

Ĥ
(A)
cd =

1
2
(B(A) + C(A))Ĵ2 +

[
A(A) − 1

2
(B(A) + C(A))

]
Ĵ2z +
1
2
(B(A) − C(A))(J2x − J2y)−

∆JJ4 −∆JKJ2J2z −∆KJ4z − 2δJJ2(J2x − J2y) + δK

[
J2z(J

2
x − J2y) + (J

2
x − J2y)J

2
z

]
+O(6) + · · · ,

(2.31)

where ∆J is always positive since it already has a negative sign included in the
rotational Hamiltonian (eq. 2.31). The quartic distortion constants have typically
much smaller values than the rotational constants (A, B, C) by three to six orders
of magnitude, but they become crucial for high-resolution measurements and rota-
tional spectra with high J and K states. The rotational constants are influenced
by the order of the correction and the type of reduction employed, denoted by the
superscript in the Hamiltonian (eq. 2.31). The complete S -reduction Hamiltonian
with the corresponding energy matrix elements is provided in reference [[101], Chap.
8].

The effect of centrifugal distortion on the observed spectra is to shift the rota-
tional transitions to a lower frequency from the values predicted for a rigid rotor.
The effects are usually within a few kHz for transitions with J ¬ 10, but are more
significant (in order of MHz or more) for higher J transitions.[109] The main advan-
tage of centrifugal distortion terms lies in their ability to provide a more accurate
description of the rotational Hamiltonian. It is also possible to estimate the disso-
ciation energies of complexes from the centrifugal distortion effects as reported by
Gou et al.[110, 111]
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2.1.3 Internal rotation

Some flexible molecules exhibit line splittings in their rotational spectrum as a result
of large amplitude motion (LAM). These LAMs encompass internal rotation (like
methyl group internal rotation in α-methoxy phenylacetic acid);[34] inversion;[38]
ring-puckering;[39] proton tunneling[112]. LAMs with an amplitude on the order
of a bond length convert the molecule from one equivalent configuration to another
configuration via tunneling. Typically, these motions arise from shallow double or
multi-well potentials and result from coupling between conventionally well-isolated
vibration and rotational degrees of freedom in molecules. Such motions connect sev-
eral equivalent structures in the potential energy well, which results in interaction
between localised states and the formation of a new set of eigenstates, lifting the
energy degeneracy.

The present work explores the LAM arising from the internal rotation of a methyl
group (CH3), which has a C3-symmetry. Due to this symmetry, the rotation of the
methyl top results in three equivalent minima and another three equivalent transi-
tion states in the potential energy surface along the internal rotation coordinate of
the methyl top (Fig. 2.4). The internal rotation Hamiltonian for a methyl group
rotation with potential barrier V(α) is given as:[[101], Chap. 12]

Ĥψ(α) =
[
−F ∂2

∂α2
+ V (α)

]
ψ(α) = Eψ(α), (2.32)

where α is the angle of the internal rotation and F is the reduced rotational constant
for the methyl top. Due to the symmetry properties of the methyl top, the methyl
internal rotation is 2π/3 periodic. Thus, the potential V (α) can be expanded in the
following way:

V (α) =
V3
2
(1− cos 3α) + V6

2
(1− cos 6α) + · · · (2.33)

The V3 and V6 terms represent the three-fold and six-fold barriers, respectively.
Usually, in the first approximation to solve the problem, only the first term is con-
sidered, as V3 term is dominating (V3 ≫ V6), and higher-order terms are neglected.
In the scope of this thesis, only three-fold barriers are considered. The shape of such
potential is illustrated in Fig. 2.4. The internal rotation Hamiltonian (eq. 2.32) for
only a three-fold barrier gets reduced to:

Ĥψ(α) =
[
−F ∂2

∂α2
+
V3
2
(1− cos 3α)

]
ψ(α) = Eψ(α). (2.34)

25



Torsion angle (rad)

E
ne

rg
y

2π/3 π 4π/3π/30

A states
E states

ν=0

ν=1

ν=2

V
3

V
3

Figure 2.4: Schematic representation of the potential energy function of an inter-
nal rotor with C3v-symmetry. The levels are labelled according to their torsional
quantum number v. The torsional sublevels are denoted as A and E in blue and
orange, respectively.

The above rotational Hamiltonian can be solved analytically for two limiting cases:

• Very low barriers : V3 →0 (free rotation, Fig. 2.5)
The eigenfunctions (ψm(0)(α)) and energy eigenvalues (Em(0)) for this case
have the following form: [[101], Chap. 12]

ψm
(0)(α) = Ameimα (2.35)

Em
(0) = Fm2, (2.36)

where the quantum number m can be 0, ±1, ±2, · · · due to the ψm(0)(α) =
ψm
(0)(α + 2π) boundary conditions. The free rotor states given by quantum

number m, are doubly degenerate except for the state m=0.

• Very high barriers: V3 →∞ (infinite barrier, Fig. 2.5)
In this case, the internal rotation involves only small oscillations within the
potential well so the potential can be expanded in cos 3α around small values
of α in a Taylor series:[[101], Chap. 12]

cos 3α = 1− 9
2
α2 +

27
8
α4 + ... (2.37)
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If the expansion is truncated after the quadratic term (α2), the well-known
harmonic oscillator wavefunctions serve as a solution for the rotational Hamil-
tonian, which gives the following energy eigenvalues:[[101], Chap. 12]

Ev
(∞) =

√
3V3F

(
v +
1
2

)
(2.38)

where v can take integer values 0, 1, 2,... And the energy depends on the v
quantum number. Each of the vibrational sublevels is now triply degenerate,
which corresponds to independent vibrations in each well of the potential.

For an intermediate barrier, tunnelling through the barrier becomes possible, caus-
ing the triply degenerate vibrational sublevels to split into a non-degenerate level
labelled A (with the quantum number σ = 0) and doubly degenerate levels denoted
with the symmetry label E (with the quantum number σ = ±1). The new quantum
number σ defines the symmetry of the corresponding torsional wavefunction. The
Schrödinger equation for such a barrier is solved by using the Mathieu equation,[113]
for which the solutions are given by the Fourier series:[[101], Chap. 12]

ϕvσ(α) = |vσ⟩ =
∞∑
k=−∞

A
(v)
k e
i(3k+σ)α. (2.39)

The calculated eigenvalues and the coefficients A(v)k are described in reference [[101],
Chap. 12]. Fig. 2.5 shows the energies of the internal rotor as a function of the
barrier height V3. As V3 approaches 0, the energies are doubly degenerate and match
the energy of the free rotor. Conversely, for V3 →∞, the energies become threefold
degenerate and converge with the energies of a harmonic oscillator.

The splitting of energy levels into A and E components causes each transition to
appear as a doublet (or A-E splittings) in the spectrum. The spacing between the
two components in the spectrum depends on the V3 barrier height and on the mass
of the rotating group. An additional selection rule arises for the methyl group in-
ternal rotation, where only transitions between states of the same symmetry are
permitted: A← A, E ← E.
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Figure 2.5: The energy levels of a methyl rotor as a function of the barrier height
of V3, with the reduced rotation constant F = 160 GHz. The energies are twofold
degenerate in the limit V3 → 0, coinciding with the energies of a free rotor (quantum
number m, eq. 2.36), as seen in the inset. Conversely, as V3 → ∞, the energies
become threefold degenerate, converging to the energies of a harmonic oscillator
(quantum number v, eq. 2.38). The figure is adapted from reference [104].

2.1.4 Molecular structure

MW spectroscopy is one of the most widely applicable and accurate methods for
structure determination. The structure information is encoded in the principal mo-
ments of inertia Ia, Ib, and Ic, which are derived from the rotational constants A,
B, and C. It is not possible to determine a complete molecular structure just from
the rotational constants of the parent molecule: additional information from iso-
topologues is necessary. The high sensitivity of MW spectroscopy allows for the
observation of rare isotopic species in their natural abundances. The most com-
monly observed isotopes are 13C (1.1% relative to the 12C), 15N (0.4% of 14N), 18O
(0.2% of 16O) with sufficient signal-to-noise ratio (SNR). In some cases, if SNR is
not enough, isotopically enriched samples can be used. Each isotopologue has a
unique set of rotational constants as a result of the change in moment of inertia
on the isotopic substitution of the nuclei in the molecule. There are two methods
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of constructing structures using the isotopic data: the effective structure and the
substitution structure.[114, 115]

2.1.4.1 Equilibrium structure

The equilibrium structure, re, represents the distance between the nuclei with hypo-
thetical vibrationless effects and corresponds to a minimum energy structure in the
potential energy surface. The equilibrium rotational constants and the rotational
constants in different vibrational states are correlated by:

Ae = Aν+
3N−6∑
i

αi(νi+
di
2
), Be = Bν+

3N−6∑
i

αi(νi+
di
2
) Ce = Cν+

3N−6∑
i

αi(νi+
di
2
)

(2.40)
where αi are the rotation-vibration interaction constants and di accounts for the
vibrational degeneracy.[[101], Chap. 13] The re structure is hard to obtain directly
from experiments but can be obtained for diatomics, triatomics, and a few symmetric
molecules.

2.1.4.2 Effective structure

The effective structure of a molecule represents the structure in a certain vibrational
state.[116] In the majority of MW spectroscopy structures, the effective structure
is determined for the ground vibrational state, and thus, is called r0 structure. In
this method, the structural parameters such as bond lengths, bond angles, and
dihedral angles are fit in a least-squares manner to get a good agreement with the
experimentally obtained rotational constants for all the available isotopic species.
During the fitting procedure, certain structural parameters can be kept fixed at
constant values if their coordinates are already known or fixed to calculated values.
In this thesis, the STRFIT program was used to determine the effective structure
of the molecule.[117]

2.1.4.3 Substitution structure

The substitution structure, rs, is based on the changes in the moments of inertia
upon isotopic substitution assuming that the internuclear distances are unchanged
upon substitution. This structure determination method is based on the applica-
tion of Kraitchman equations.[118] The moments of inertia of the parent molecule
(Ia, Ib, Ic) and the isotopologue (I ′a, I ′b, I ′c) in the principal axis system can then
reveal the coordinates of the substituted atom. The Kraitchman equations for de-
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termining the coordinates of the atom in asymmetric top molecules are:[[101], Chap.
13]

|a| =
[
∆Pa
µ

(
1 +

∆Pb
Ia − Ib

)(
1 +

∆Pc
Ia − Ic

)]1/2
(2.41)

|b| =
[
∆Pb
µ

(
1 +

∆Pc
Ib − Ic

)(
1 +

∆Pa
Ib − Ia

)]1/2
(2.42)

|c| =
[
∆Pc
µ

(
1 +

∆Pa
Ic − Ia

)(
1 +

∆Pb
Ic − Ib

)]1/2
(2.43)

where Pi are the planar moments of inertia, which can be defined for each i as:

Pa =
1
2
(Ib + Ic − Ia), Pb =

1
2
(Ic + Ia − Ib), Pc =

1
2
(Ia + Ib − Ic). (2.44)

The reduced mass for the isotopic substitution, µ is given by:

µ =
M∆m
M +∆m

(2.45)

where M is the total mass of the molecule and ∆m is the change in mass as a
result of isotopic substitution. The change of the moments of inertia upon isotopic
substitution leads to a partial cancellation of the rovibrational contribution. The
rs structure gives an intermediate structure between the effective structure, r0 and
the equilibrium structure, re. The rs method gives only the absolute values for each
atomic coordinate as shown in eq. 2.41-2.43. Thus, further information on signs for
the coordinates of each atom is obtained from a priori assumptions on the molecular
structure, for instance from quantum-chemical calculations. The method can yield
imaginary coordinates when the substituted atom is close to or on an inertial axis.
In those cases, coordinates are assigned to be zero with respect to the relevant axes.
The coordinates of the isotopically substituted atoms are calculated in this way with
the KRA programme in this thesis.[117] The experimental gas-phase structure can
then be built atom by atom.
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2.2 Quantum-chemical calculations

The advancements in computational capabilities coupled with the development of
efficient numerical methods and approximations have made it possible to perform in-
creasingly accurate quantum-chemical calculations on increasingly large molecules.
Spectroscopic parameters such as rotational constants and dipole moment compo-
nents, obtained through quantum-chemical calculations, are used to assist in the
assignment of rotational spectra. The following section gives a brief description of
the quantum-chemical methods used to optimise structures and to obtain their en-
ergy and rotational parameters, in this work. All the calculations were performed
with the ORCA 4.2 program suite.[119, 120]

Most of the molecules presented in this work are flexible and offer a rich confor-
mational space. The presence of multiple functional groups in flexible molecules
results in a non-trivial landscape of possible conformations. To efficiently navi-
gate and explore this conformational space, CREST (Conformer-Rotamer Ensem-
ble Sampling Tool) program was used.[121] CREST utilises metadynamics simu-
lations in conjunction with the semiempirical tight-binding quantum mechanical
method GFN-xTB (short for Geometries, vibrational Frequencies, and Noncovalent
interactions-eXtended Tight Binding).[121–123]. In this work, CREST was used
as an automated conformational search tool to explore and screen the low-energy
chemical structures by generating a conformational ensemble with significant com-
putational efficiency. The screened structures in an energy window of 6 kcal/mol
were further refined by optimising their geometries using density functional theory
(DFT), as shown in Fig. 2.6.

Structural optimisations were performed with the B3LYP functional within the
DFT functional. The B3LYP (Becke’s three-parameter, Lee-Yang-Parr) functional
is a hybrid functional, which uses a linear combination of the exact Hartree-Fock
functional with the electron-electron and exchange-correlation to describe the sys-
tem.[124, 125]
A further correction was made for dispersion correction (D3) along with Becke-
Johnson (BJ) damping to better account for intramolecular dispersion interactions.[126,
127] Additional single-point energy calculations were also performed with the wave-
function based coupled cluster singles doubles perturbative triple (CCSD(T)) method
coupled with the domain-based local pair natural orbital (DLPNO) method.[128–
132] Coupled-cluster-based methods like DLPNO-CCSD(T) are known for high ac-
curacy and reasonable computational cost in computing the reliable energies of
molecules.[133]
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Two different basis sets, def2-TZVP and aug-cc-pVTZ, were employed to model the
orbitals of the molecules. The def2-TZVP basis set represents a polarized triple zeta
basis set, where def stands for default in TURBOMOLE 2.0[134, 135] and TZVP
stands for valence triple-ζ polarization. On the other hand, augmented-cc-pVTZ
(augmented-correlation-consistent polarized valence-only Triple-ζ) is a Dunning-
type basis set that includes correlation correction polarized valence triple ζ func-
tions and is augmented by diffuse functions[136]. The Dunning-type basis set was
used with the DLPNO-CCSD(T) method, while def2-TZVP was employed with the
B3LYP-D3(BJ) method.

The optimised structures were then checked for real minima structures and ac-
counted for zero-point corrected energies through harmonic frequency calculations.
Systematic dihedral scans were performed to explore the interconversion pathways of
conformers and determine methyl internal rotation barriers. To understand the in-
tramolecular interactions stabilising the conformers and characterise different forces
in the molecular systems, wavefunction files were generated by Atoms In Molecules
(AIM)[137] calculations in ORCA. These files were used for making non-covalent in-
teraction (NCI) plots[138] to visualise the attractive and repulsive type interactions
present in the molecular systems.

The optimised structures were visualised and analysed using UCSF Chimera[139]
and MOLDEN[140] graphical programs, allowing for the examination of molecular
structures and related data such as bond distances, bond angles, and dihedral angles
as well as NCI plots.
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2.3 Spectral analysis

The optimised geometries of conformers and the subsequent comparison of their pre-
dicted rotational parameters such as rotational constants and electric dipole moment
components with the experimental ones is a good guide to conformation assignment.
The PGOPHER program was used for simulating and fitting molecular spectra.[141]
The initial assignments of structures were performed in PGOPHER using a recur-
rent fit based on Watson’s A reduction Hamiltonian (as mentioned in eq. 2.31 in
section 2.1) in Ir representation. These initially fitted rotational parameters were
refined using the SPFIT/SPCAT suite of programs developed by Pickett.[142]

The CORSCL program was used to obtain the rotational constants of monosub-
stituted isotopologues of the molecule. Isotopic data were subsequently used for
experimental structure determination by using the KRA program (KRAitchman
structure, rs substitution structure) and STRFIT (STRucture FITing, r0 structure)
program.[117] Line splittings due to methyl internal rotational were fitted using the
XIAM program as developed by Hartwig and Dreizler.[143, 144] All of these spec-
tral fitting programs except PGOPHER are listed and available on the Programs
for ROtational SPEctroscopy (PROSPE) website, providing a comprehensive toolkit
for spectral analysis and structure determination.[117] The conformational analysis
was supported with self- and group-written Python scripts that were also written
for sorting conformations based on their relative energies and rotational parame-
ters. Fig. 2.6 provides a workflow for the conformational and experimental analysis
performed in part I of the thesis.
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2.4 Microwave three-wave mixing

The subsequent section discusses how rotational spectroscopy can be extended for
chiral analysis. Broadband rotational spectroscopy cannot differentiate between the
mirror images, i.e., enantiomers of chiral molecules, due to their nearly identical
rotational constants and magnitudes of electric dipole moment components. How-
ever, recent advancements in the field of rotational spectroscopy have enabled us to
differentiate enantiomers and study various types of chiral molecules. Two differ-
ent approaches have been developed for analysing chiral molecules using rotational
spectroscopy: M3WM and microwave chiral tagging (Fig. 1.1).[57, 60]

In the microwave chiral tagging method, the sample of interest interacts with a
known enantiomer of a chiral tag molecule, forming weakly bound complexes that
result in diastereomers with distinguishable structures and thus different rotational
constants.[57, 145] By conducting two different types of measurements, one with a
racemic sample of the chiral tag molecule and another one with an enantio-enriched
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 statistical accuracy.[51, 58, 146]

3

1

2

y
x

z(a) (b)

μa

μb

drive

twist 

listen, 
chiral signal

[μa.(μb×μc)] -[μa.(μb×μc)]

μc

Figure 2.7: (a) The signs of the triple product of transition dipole moments of
enantiomers are opposite. (b). A generalised microwave three-wave mixing scheme
consisting of drive transition, twist transition, and listen signal. Three states |1⟩,
|2⟩, and |3⟩ are connected by, e.g., a-type (blue), b-type (red) and c-type (green)
transitions. MJ sublevels are omitted here for clarity.
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M3WM on the other side is a coherent, non-linear, resonant approach to differen-
tiate enantiomers and can additionally be applied to control and manipulate chiral
molecules.[60–62, 65] This work focuses on the application of M3WM in manipulat-
ing chiral molecules.

Even though the enantiomeric pair has the same rotational constants and dipole
moment component magnitudes, the scalar triple product of the transition dipole
moments µa, µb, and µc flips signs between enantiomers since the dipole moments
are mirrored, as depicted in Fig. 2.7(a).[147]

[µa ·
(
µb × µc

)
]R = −[µa ·

(
µb × µc

)
]S (2.46)

This fact is exploited to differentiate enantiomers by a combined resonant excitation
of rotational energy levels that are connected by a-, b-, and c-type dipole-allowed
transitions in a M3WM approach.[59, 60] The scheme consists of a closed loop of
three rotational transitions involving all three transition dipole moments (µa, µb,
and µc) as shown in Fig. 2.7(b). In an excitation and detection scheme, the two
transitions of a closed loop are excited simultaneously or sequentially (Fig. 2.10(a)),
and the signal of the third transition (called as listen transition) is recorded, where
the molecule itself is acting as a sum or difference frequency generator. The FID of
the recorded signal at the frequency of the listen transition has a phase difference
of π radians between opposite enantiomers and allows for their differentiation.

For any chiral molecule to be investigated with M3WM, it needs to satisfy the
following condition:

• The molecule should be an asymmetric rotor, as this type of molecule has the
components of the electric dipole moment along all the three principal axes
of inertia: a, b, and c. All three dipole moment components of the molecule
should be non-zero, i.e., µa ̸= 0, µb ̸= 0, µc ̸= 0).

In the subsequent section, a two-level system coupled by an external resonant elec-
tromagnetic field is described as the main model for the interaction of molecules
with external radiation. This model will then be used to elucidate the concept of
M3WM as detailed in section 2.4.2.∗

∗The theory in the upcoming sections is based on the work done by Dr. Denis Tikhonov, which
is yet to be published.
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Figure 2.8: Two-level system with |k⟩ and |l⟩ transition. |k⟩ is the initial state of
the system.

2.4.1 Two-level system

The discussion in this section is focused on the interaction of molecules with elec-
tromagnetic fields by considering the two-level system. The unperturbed molecu-
lar Hamiltonian Ĥ0 has two stationary states |n⟩, for which the solutions of the
Schrödinger equation are:

Ĥ0|n⟩ = ℏωn|n⟩ (2.47)

where ℏωn is the energy of the state
∣∣∣n⟩. To account for interaction, the unperturbed

rotational Hamiltonian is extended by the time-dependent interaction term V̂ (t),
which is defined as:

V̂ (t) = −µ · E0 cos (ωt+ ϕ). (2.48)

Here V̂ (t) is the operator for interaction energy with ω = 2πν as the angular
frequency of the pulse and phase ϕ. Any arbitrary time-dependent wavefunction for
two states |m⟩ and |n⟩ can be written as:[148]

|ψ(t)⟩ =
∑
n

cn · exp(−iωnt)|n⟩ (2.49)

where cn is the time-dependent coefficient of the expansion. The initial state of
the system before the interaction is provided by the coefficient cn(0) = cn(0) at
t = 0 and the time evolution of the state after the interaction for time duration τ
(t = τ + t′ ­ τ) is described as:

|ψ(t)⟩ =
∑
n

cn(τ) · exp(−iωnτ) · exp(−iωnt′)|n⟩. (2.50)

After the electromagnetic wave passes, there will be a new set of initial condition
coefficients

{
cn(τ) · exp(−iωnτ)

}
n
. The time-dependent Schrödinger equation has

the form:
−iℏ ∂

∂t
|ψ⟩ = ˆH(t)|ψ⟩ = Ĥ0|ψ⟩+ V̂ (t)|ψ⟩ (2.51)
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On substituting the wavefunction |ψ(t)⟩, defined in eq. 2.49, into the previous
equation, it simplifies to:

iℏ
∑
n

ċn exp(−iωnt)⟨m|n⟩ =
∑
n

cn · exp(−iωnt)⟨m|V̂ (t)|n⟩

= −
∑
n

cn · E0 · exp(−iωnt)·cos(ωt+ ϕ) · ⟨m|µ̂|n⟩

(2.52)

here ⟨m|µ̂|n⟩ = µmn are the transition dipole moments, which is assumed to be real
(µmn = µnm). The transition dipoles to the same states are zero, i.e., µmm = 0 this
simplifies the eq. 2.52 to:

iċn = −
∑
n

Ω|n⟩→|m⟩ · exp(iω|m⟩→|n⟩t) · cos(ωt+ ϕ) · cn (2.53)

where Ω|m⟩→|n⟩ is defined as the Rabi frequency, (Ω|m⟩→|n⟩ = Ω|n⟩→|m⟩):

Ω|m⟩→|n⟩ =
µmn · E0

ℏ
, (2.54)

with the transition angular frequencies as

ω|m⟩→|n⟩ = ωm − ωn =
Em − En

ℏ
= 2πν|m⟩→|n⟩, (2.55)

that are related to the normal transition frequencies ν|k⟩→|l⟩. The eq. 2.53 can be
used to model the interaction of the molecule with a single frequency pulse in time
0 ¬ t ¬ τ .

When the pulse is resonant with one of the transitions, the angular frequency of
the pulse is equal to the transition frequency. ω = |ω|k⟩→|l⟩| = |ω|l⟩→|k⟩|, as shown in
the two-level system in Fig. 2.8. In the rotating-wave approximation (RWA), the
non-resonant terms that give rise to fast oscillations can be neglected. On apply-
ing the RWA, the two cases of ω|k⟩→|l⟩ > 0 (Ek < El) and ω|k⟩→|l⟩ < 0 (Ek > El)
(illustrated in Fig. 2.8) will then be described by:

iċk ≈ −
Ω|l⟩→|k⟩
2
exp (+isk→lϕ) · cl (2.56a)

iċl ≈ −
Ω|l⟩→|k⟩
2
exp (−isk→lϕ) · ck (2.56b)

where sk→l = sign (ω|k⟩→|l⟩), meaning s|k⟩→|l⟩ = 1 if ω|k⟩→|l⟩ > 0 and s|k⟩→|l⟩ = −1 if
ω|k⟩→|l⟩ < 0.
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The eqs. 2.56a and 2.56b of the two-level system are exactly solvable, and the
complete solution for them is:

ck(t) = cos
(
Ω|l⟩→|k⟩
2

t

)
· ck(0) − i exp(+isk→lϕ) sin

(
Ω|l⟩→|k⟩
2

t

)
· cl(0) (2.57a)

cl(t) = cos
(
Ω|l⟩→|k⟩
2

t

)
· cl(0) − i exp(+isk→lϕ) sin

(
Ω|l⟩→|k⟩
2

t

)
· ck(0). (2.57b)

This two-level model can describe the evolution of the multistate system driven by
the resonant pulses and will be used in the next sections on three-level system and
enantiomer-selective population transfer.

The resonant excitation of a system induces a macrosopcic dipole moment, this ob-
servable is given by the polarisation operator, P̂. For the two-level system (|k⟩−|l⟩),
the polarisation operator P̂kl depends on the dipole moment operator and the co-
herence between the two states |k⟩ and |l⟩. The induced polarisation from initial
states |k⟩ and |l⟩ at time t+ τ , will be the same but opposite in phase.

⟨ψk|P̂kl|ψk(t+ τ)⟩ = −µkl · sin (Ω|k⟩→|l⟩τ) · sin (ω|k⟩→|l⟩t+ ω|k⟩→|l⟩τ + ϕ) (2.58a)
⟨ψl|P̂kl|ψl(t+ τ)⟩ = µkl · sin (Ω|k⟩→|l⟩τ) · sin (ω|k⟩→|l⟩t+ ω|k⟩→|l⟩τ + ϕ) (2.58b)

where |ψk⟩ and |ψl⟩ are the solution for states |k⟩ and |l⟩ with initial conditions
(c(0)k = 1 and c

(0)
l = 0) and (c

(0)
l = 1 and c

(0)
k = 0), respectively. The induced

macroscopic dipole moment is directly proportional to the population difference
between the two states:

⟨Pkl⟩ = Nl⟨ψl|P̂kl|ψl⟩+Nk⟨ψk|P̂kl|ψk⟩
= −(Nk −Nl)µkl · sin(Ω|l⟩→|k⟩τ) · sin(ω|k⟩→|l⟩t+ ω|k⟩→|l⟩τ + ϕ).

(2.59)

where Nk and Nl are the number of molecules in state |k⟩ and |l⟩, respectively.

In experiments, the resulting macroscopic dipole moment is measured in a specific
direction, say n1, then the measured signal intensity is given as:

Iobs ∝
(
n1 · ⟨Pkl⟩

)
= −(Nk−Nl) · (n1 · µkl) · sin(Ωmax|l⟩→|k⟩ cos(θ)τ)·

sin(ω|k⟩→|l⟩t+ ω|k⟩→|l⟩τ + ϕ̃),
(2.60)

where ϕ̃ denotes the phase of the pulse and Ωmax|l⟩→|k⟩ is the condition of maximum
Rabi frequency. The Rabi frequency (eq. 2.54) depends not only on the electric field
but also on the orientation of molecules in space. The orientational dependence of
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the Rabi frequency is because the electric field inducing the transition must have a
well-oriented dipole moment.

Ω|k⟩→|l⟩ =
µkl · E0

ℏ
=

Ωmax|k⟩→|l⟩︷ ︸︸ ︷
µkl · E0

ℏ
· (

cos θ︷ ︸︸ ︷
n|k⟩→|l⟩ · n0), (2.61)

Here E0 = (E0 · n0) and µkl = (µkl · n|l⟩→|k⟩) are the electric field polarisation and
transition dipole moment with n0 and n|k⟩→|l⟩ directions, respectively, in the labora-
tory frame. At θ = 0°, the condition for maximum Rabi frequency given as Ωmax|l⟩→|k⟩
is satisfied.

In experiments, the rotational transition for a two-level system is optimised by
measuring its so-called nutation curve. The nutation curve represents the signal
intensity of the rotational transition monitored as a function of different pulse du-
rations. Each of the rotational transitions can be optimised for a maximum signal
either by varying the electric field strength or the pulse duration. Varying electric
field strength can be more complicated than optimising the pulse duration, so the
pulse duration of each transition of the pulse sequence is optimised in the experi-
ments. Each rotational transition can be optimised for either a π/2 or π condition.

Ω|k⟩→|l⟩ · τ =
µkl · E0

ℏ
τ =

π

2
or π (2.62)

Density-matrix formalism
Another approach to describe the interaction of a two-level system with the resonant
radiation is using the density-matrix formalism introduced by von Neumann. The
mixed quantum states can be described best with the density-matrix formalism. A
thorough treatment of this formalism is detailed in reference [149] and only the main
results and properties are stated here. The diagonalised density operator is defined
as:

ρ̂ =
∑
n

pn|ψn⟩⟨ψn|, (2.63)

where pn is the probability of encountering a single quantum system of the mixture
in the state |ψn⟩. This operator can also be expressed in a matrix representation
using a convenient set of n basis sets.[149] This density matrix is a n×n Hermitian
matrix with a tr(ρ) =1, i.e., the sum of all the diagonal elements is one. The
diagonal elements of the matrix indicate the probability of finding the system in the
respective state, while the off-diagonal elements describe the coherences between the
two states. The density matrix encapsulates all information about the statistical
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ensemble, including the expectation values of observables, which are given by the
trace of the product of the observable operator with the density matrix (⟨Ô⟩ =
Tr(ρ̂Ô)). The density matrix operator for states |k⟩ and |l⟩ mentioned in Fig. 2.8
is denoted as:

ρ̂ =

ρkk ρkl

ρlk ρll

 (2.64)

and the Hamiltonian operator describing the unperturbed system is given by:

Ĥ0 =

Ek 0
0 El

 (2.65)

The time evolution of the density matrix ρ̂ is governed by the Neumann equation:

iℏ
∂ρ̂(t)
∂t
=
[
Ĥ(t), ρ̂(t)

]
(2.66)

with ˆH(t) = Ĥ0+V̂ (t) (eqs. 2.48, 2.51) The time evolution of the Neumann equation
yields:

ρ̇kk = iΩcosωt(ρlk − ρkl) (2.67a)
ρ̇ll = −iΩcosωt(ρlk − ρkl) (2.67b)

ρ̇kl = iω0ρkl − iΩcosωt(ρll − ρkk) (2.67c)
ρ̇lk = −iω0ρkl + iΩcosωt(ρll − ρkk) (2.67d)

with the Rabi frequency Ω (eq. 2.61). The frequency ω0 is the resonant frequency
of the two-level system. Before the time evolution of the density matrix is derived,
the Hamiltonian can be simplified by applying the RWA, that is, nonresonant terms
are eliminated. The resulting simplified equations are called optical Bloch equations
and are given as:

ρ̇kk = i
Ω
2
(ρlkeiωt − ρkle−iωt) (2.68a)

ρ̇ll = −i
Ω
2
(ρlkeiωt − ρkle−iωt) (2.68b)

ρ̇kl = −iδρkl − i
Ω
2
eiωt(ρll − ρkk) (2.68c)

ρ̇lk = iδρkl + i
Ω
2
e−iωt(ρll − ρkk), (2.68d)

41



with the detuning δ = ω−ω0. The time dependence of these density matrix elements
of a two-level system can be visualised using Bloch vector R = (u, v, w):[150]

R =


u

v

w

 =


ρkle
iωt + ρlke−iωt

i(ρkleiωt − ρlke−iωt)
ρkk − ρll

 (2.69)

which lies inside the Bloch sphere depicted in Fig. 2.9. The north and south poles
of the Bloch sphere represent the two states |k⟩, |l⟩, respectively. The vertical com-
ponent w corresponds to the population difference of the two-level system.

The temporal evolution of the vector R is then given by:

∂R
∂t
= Λ×R (2.70)

with the driving vector Λ

Λ =


Ω

0

δ

 (2.71)

Thus, the Bloch vector R processes around the driving vector, Λ. For a pure state
two-level system, it is assumed that all the population is initially in the ground state.
In the case of a π-pulse, the Bloch vector R is rotated by 180°, and the population
gets transferred to the upper state |l⟩, while a π/2-pulse rotates the vector R by 90°
into the uv-plane and generates a maximum coherence.

Molecular transitions can be probed with various experimental techniques, such as
transient emission and fast passage excitation. In transient emission, molecules are
excited by a short pulse, and a damped emission signal, known as FID, is measured
in the time domain. A maximum coherence results in a maximum emission signal,
achieved by applying a π/2 pulse, where the length of the pulse is chosen such that
Ω · τ = π/2. In contrast, a π-pulse leads to population inversion and a vanishing
emission signal.

A π-pulse leads to incomplete population transfer due to the velocity distribution
of the molecules in the experiments, as Doppler shifts decrease the excitation prob-
ability. In contrast to the constant frequency in π- or π/2-pulses, the fast passage
excitation can more robustly transfer population, as in this case, the frequency of
the excitation radiation is swept over the molecular resonance in a short time. An
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Figure 2.9: Schematic representation of the Bloch sphere with a Bloch vector R,
which describes the two-level system with states |k⟩ and |l⟩ denoted at the north
and south poles of the Bloch sphere. The projection of R on the w-axis gives the
population difference.

example of fast passage excitation is a rapid adiabatic passage (RAP) pulse, where
the term rapid in RAP refers to a pulse duration shorter than the lifetime of the
excited state. The RAP pulse has a strong coupling effect due to a large Rabi
frequency (Ω), and the Bloch vector R can smoothly follow the driving vector Λ,
leading to complete population inversion.

These different excitation schemes can be employed to prepare the system in partic-
ular ways. For example, M3WM makes use of a π/2-pulse to first create a maximum
coherence in a set of rotational states, which is then transferred using a π-pulse to
the second set of rotational states of the M3WM scheme. This results in a chiral
signal at the frequency of the third transition closing the M3WM triad. These pulse
schemes are also applied to create coherent enantiomer-selective population transfer,
explained in the section 2.5. The Bloch equations, originally derived for a two-level
system, can be extended to three-level or more complex energy-level systems.
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2.4.2 Three-level system

The two-level system detailed above will now be employed to understand the three-
level system. For the three-level system, |1⟩ → |2⟩ → |3⟩ (shown in Fig. 2.7(b)),
the transitions |1⟩ ↔ |2⟩ and then |2⟩ ↔ |3⟩ are excited sequentially (Fig. 2.10(a)),
as mentioned in section 2.4. The initial state of the system at time t = 0 is:

|ψ1(0)⟩ = exp (−iφ1) · |1⟩, (2.72)

with φ1 as the initial phase. Each microwave pulse of the three-level scheme is
optimised prior to performing M3WM experiments for following conditions:

• The first resonant pulse called drive pulse (Fig. 2.7(b)) is optimised for the
π/2-condition for the rotational transition |1⟩ → |2⟩ to create the maximum
coherence between the two initial rotational states (condition: π2 = Ω1 ·τ1, Fig.
2.10(b)). Ω1, τ1 is the Rabi-frequency and pulse duration of the drive pulse.

• The second pulse, the so-called twist pulse (Fig. 2.7(b)), is optimised for π
condition to transfer the coherence from states |2⟩ and |1⟩ to states |1⟩ and |3⟩
(condition: π = Ω2 · τ2, Fig. 2.10(b)). Ω2, τ2 is the Rabi-frequency and pulse
duration of the twist pulse.

The resonant excitation of the drive pulse with frequency ω1 (ω|1⟩→|2⟩) and phase ϕ1
for a duration τ1, yields a new state after time t (t = τ1):

|ψ1(t = τ1)⟩ = cos
(
Ω1τ1
2

)
|1⟩−i exp(−is1ϕ1 − iω|1⟩→|2⟩τ1) · sin

(
Ω1τ1
2

)
· |2⟩, (2.73)

where Ω1 =
E1·(n1·µ12)

ℏ , with E1 and n1 as the intensity and the polarisation of the
first pulse, and s1 = sgn(ω|1⟩→|2⟩). On applying the twist pulse to resonantly excite
the |2⟩ → |3⟩ transition with frequency ω|2⟩→|3⟩ and ϕ2 for a time τ2, a new state is
yielded at time t = τ1+τ2+τfree where, τfree is the time for which the FID is collected:

|ψ1(t = τ1 + τ2 + τfree)⟩ =cos
(
Ω1τ1
2

)
|1⟩−i exp(−is1ϕ1 − iω|1⟩→|2⟩τ1)·

sin
(
Ω1τ1
2

)
· cos

(
Ω2τ2
2

)
|2⟩

+ exp(−is1ϕ1 − iω|1⟩→|2⟩τ1 − is2ϕ2 − iω|2⟩→|3⟩(τ2 + τfree))

· sin
(
Ω1τ1
2

)
sin

(
Ω2τ2
2

)
|2⟩

(2.74)
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Figure 2.10: (a) Pulse sequence of the excitation-detection scheme of microwave
three-wave mixing along with the FID that has a phase difference of π between
the two enantiomers. (b) The coherence created with different pulses is shown via
the Bloch sphere. The first sphere depicts the rotational states connected via the
drive transition. Upon excitation with a π/2 pulse, coherence is created between
the rotational states |1⟩ and |2⟩. The second sphere depicts the coherence transfer
(ρ12 → ρ13 ) achieved when the twist pulse is employed with π conditions between
the rotational states |2⟩ and |3⟩. The listen signal collected at the third transition
is depicted by the third sphere on the most right, which shows the π-shifted phase
between the enantiomers.

Here, Ω2 =
E2·(n2·µ23)

ℏ is the Rabi fequency of the twist pulse with E2, n2 as the
intensity and the polarisation of the twist pulse, and s2 is sgn(ω|2⟩→|3⟩). The pulse
sequence (|1⟩ → |2⟩ → |3⟩) induces a macroscopic dipole moment at the frequency
of the so-called listen transition (connecting the rotational levels |3⟩ and |1⟩) and is
given by the polarisation operator, P̂|1⟩→|3⟩. The induced polarisation is:

⟨ψ1(τfree)|P̂13|ψ1(τfree)⟩ = −µ|1⟩→|3⟩ sin (Ω1τ 1) · sin
(
Ω2τ 2
2

)
· cos (ω|1⟩→|3⟩τfree + s1ϕ1 + s2ϕ2 + Φ),

(2.75)
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where Φ is the total phase accumulated during the excitation cycle. The induced
polarisation (eq. 2.75) has a sign change for the two enantiomers as the sign of the
electric dipole moment flips between them.

While the cycle |1⟩ → |2⟩ → |3⟩ is excited, at the same time, an alternative excita-
tion cycle (|1⟩ ← |2⟩ → |3⟩) can start with state |2⟩ instead of |1⟩. The polarisation
for the alternate cycle will be same in magnitude but opposite in phase to the signal
from the cycle |1⟩ → |2⟩ → |3⟩. So, the total resulting signal depends on the popu-
lation difference between the two initial states (|1⟩ and |2⟩ with N1 and N2 numbers
of molecules, respectively) as in the case of two-level system (eq. 2.59).

⟨P̂|1⟩→|3⟩⟩ = (N1 −N2) · ⟨ψ1|P̂|1⟩→|3⟩|ψ1⟩ (2.76)

The resulting signal intensity depends on the population difference between the ini-
tial states of the M3WM cycle. Thus, a larger listen signal in experiments can be
achieved with a large population difference between the initial states of the M3WM
experiments. The intensity of the chiral signal recorded at the listen signal, IM3WM is
the projection of total induced polarisation, P|1⟩→|3⟩ onto the polarisation direction
n3, in which the listen signal is recorded (IM3WM = n3 · ⟨P̂|1⟩→|3⟩⟩). In experiments,
the polarisation directions of drive (n1), twist (n2), and induced polarisation (n3)
are orthogonal to each other in order to have a maximum signal intensity for the
listen signal.

Density matrix formalism for a three-level system
The density matrix formalism, as explained in section 2.4.1, can also be further
extended for the three-level system to understand M3WM theory.

ρ̂ =


ρ11 ρ12 ρ13

ρ21 ρ22 ρ23

ρ31 ρ32 ρ33

 (2.77)

The time evolution of the density matrix elements can be obtained by using Neu-
mann equations as were used for the two-level system in eq. 2.67a-2.67d:

iℏ
∂ρ̂(t)
∂t
=
[
Ĥ(t), ρ̂(t)

]
(2.78)

to give the chiral signal as:

P|1⟩→|3⟩(τfree) ∝ ee · |µ12µ23µ13| · cos
(
ω|1⟩→|3⟩τfree +

π

2
µ12µ23µ13
|µ12µ23µ13|

)
. (2.79)
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where ee is the enantiomeric excess described in the next paragraph. A detailed
derivation for this expression can be found in reference [151].

Enantiomers are identical in nature except for the change in the sign of their triple
product of dipole moment components. Due to which everything in eq. 2.75 is same
except of sign of the term [µa · (µb × µc)] for R- and S-forms of enantiomers. This
leads to an equivalent intensity for the chiral signal for the two enantiomers, but
with opposite phase signals observed in FID. The total signal intensity is then given
as:

Itot(τfree) =

ee︷ ︸︸ ︷
(NR −NS)
NR +NS

·⟨IM3WM(τfree)⟩ (2.80)

with NR and NS being the amounts of the R and S enantiomers in the experiment,
respectively. The difference between the amounts of the two enantiomers is referred
to as enantiomeric excess (ee). Since the overall signal intensity in M3WM is di-
rectly proportional to the ee, the technique can be employed to determine the ee in
any chiral mixture. For a racemic sample, no net M3WM signal is obtained, and
a nonzero net signal arises only if one of the enantiomers is in excess. Normalising
the signal amplitude of the target chiral sample with that of a sample with known
ee gives us the ee of the target sample.

Due to the different arrival times of the incoming fields (drive and twist) at the
interaction region, the phase relationships and timings between drive, twist, and
listen fields must be carefully taken into account for a precise determination of the
absolute configuration. These aspects are explored and discussed in reference [152].
An alternative approach for determining the absolute configuration involves com-
paring the phases of a sample with a known absolute configuration to the sample
where the handedness needs to be determined.

The M3WM technique has been applied to different chiral molecules since its first
demonstration on 1,2-propanediol (C3H8O2).[153, 154] In this work, this was ap-
plied to differentiate the two enantiomeric forms of 2-trifluoromethyl oxirane by
comparing them with an enantiopure measurement of the same sample (Chapter 7).
Further details on experimentally implementing the M3WM technique are provided
in section 3.2.2 of Chapter 3.
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2.5 Enantiomer-selective population transfer

In addition to enantiomer differentiation, an extension of M3WM has showcased its
capabilities to manipulate and control chiral molecules to achieve energetic enantio-
separation at the molecular level. The cyclic population transfer (PT) process based
on the sign difference of the triple product of the enantiomers has been proposed
as a way to isolate particular enantiomers in a chosen quantum state by optical
means.[147, 155, 156] The same idea could be exploited to achieve enantiomeric en-
richment by performing PT processes with three rotational energy levels of M3WM.
The phase difference of the two enantiomers generated for the FID at the chiral
listen signal on excitation of the drive and twist pulse (depicted in Fig. 2.10(a)) of
the M3WM cycle can be used to selectively enhance the population of one enan-
tiomer in a particular rotational state while depleting the population of the second
enantiomer in this state, which is consequently enhanced in the other connecting
state of the corresponding transition. This enantio-selective population transfer is
achieved by introducing a third pulse to the M3WM scheme, the so-called transfer
pulse, which is resonant to the frequency of the listen transition, i.e., involving states
|1⟩ and |3⟩ as shown in Fig. 2.11, which results in direct excitation of this transition.
This direct excitation interferes with the phase-dependent listen signal induced by
the M3WM scheme and converts the coherence into a longer-lived population in the
states |1⟩ and |3⟩.[61, 62, 65, 155–157] Depending on the phase of the transfer pulse
with respect to the M3WM scheme or the time delay in between, constructive or
destructive interference between the two paths can be achieved.

Thus, the evolution of the population in the connected rotational states varies ac-
cording to the relative phase of the transfer pulse. The interference between the
chiral signal generated on excitation of the drive and twist pulses with the transfer
pulse transfers populations into the rotational state |1⟩ and |3⟩ in an enantio-selective
manner. The induced enantiomeric enrichment in these two rotational states can be
probed with different readout schemes:

• probe transition for enantio-enriched samples (Fig. 2.11(a))[61, 62] or

• chiral signal intensity of the listen transition in additional M3WM cycle[65]
(Fig. 2.11(b)).

The read-out method (Fig. 2.11(a)) using the probe transition was utilised to
measure the coherent enantiomer-selective population transfer created in carvone
(C10H14O), for example, by Pérez et al.[62]. A M3WM probe cycle was employed
to measure the state-specific enantiomeric enrichment created in a transiently chiral
molecule, cyclohexyl methanol (C7H14O).[65] The discussion in this section will be
focused on using the M3WM cycle as a probe to determine the induced enantiomeric
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Figure 2.11: Rotational energy diagram for creating enantiomer-selective popula-
tion transfer generated in rotational states |1⟩ and |3⟩ (lower left energy level cycle
in (a) and (b)). (a) and (b) represent two different energy level schemes for probing
the generated enantio-selective population transfer as described in the text. The
MJ sublevels of the rotational states are omitted here for clarity.

enrichment in the rotational states |1⟩ and |3⟩.

The derivation for the two- and three-level systems discussed in the previous sections
2.4.1, 2.4.2 can then be applied to understand the cyclic PT process.† For |ψ0⟩ as
the initial state of the system at time t = 0, the initial wavefunction of the system
can be defined as:

|ψ0(t = 0)⟩ = |ψ(0)⟩ =
5∑
k=1

c
(0)
k |k⟩. (2.81)

Here, k = 1, 2, 3, 4, 5 denotes the rotational states. The pulse conditions of the PT
process and of the M3WM probe sequence have the same pulse conditions as in the
M3WM experiment.

• Pulse #1 is the drive transition connecting the rotational states |1⟩ and |2⟩
and is optimised for the π/2-pulse condition to create a maximum coherence.
Ω1, ω|1⟩→|2⟩, τ1, and φ1 are the Rabi-frequency, angular frequency, time dura-
tion, and phase of the pulse #1, respectively.

†The theory in the upcoming sections is based on the work done by Dr. Denis Tikhonov that
is yet to be published.
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• Pulse #2 is the twist transition connecting the rotational states |2⟩ and |3⟩.
The twist pulse is optimised for π-conditions to transfer the initial coherence
into coherence between rotational levels |1⟩ and |3⟩. Ω2, ω|2⟩→|3⟩, τ2, and φ2 are
the Rabi-frequency, angular frequency, time duration, and phase of the pulse
#2, respectively.

• Pulse #3 is the direct excitation applied at the frequency of the chiral signal
generated on the excitation of pulses #1 and #2, and is optimised for a π/2
condition. This so-called transfer pulse converts the coherence of rotational
states |1⟩ and |3⟩ into a population difference between these states. The in-
terferance of the chiral signal and direct excitation can be maximised using
the π/2 condition for the transfer pulse #3. Ω3, ω|1⟩→|3⟩, τ3, and φ3 are the
Rabi-frequency, angular frequency, time duration, and phase of the transfer
pulse, respectively.

• Pulse #4 is the drive transition of the M3WM probe cycle, which connects
the rotational states |3⟩ and |4⟩. This pulse is called the second drive and is
optimised for the π/2-pulse condition as in the PT cycle. The second drive
pulse creates a coherence of enantiomer population between rotational states
|3⟩ and |4⟩ generated in rotational level |3⟩ from the PT cycle. Ω4, ω|3⟩→|3⟩, τ4,
and φ4 are the Rabi-frequency, angular frequency, time duration, and phase of
the pulse #4, respectively.

• Pulse #5 is the twist transition of the M3WM probe cycle and connects the
rotational states |4⟩ and |5⟩. This pulse is called the second twist and is opti-
mised for the π-pulse condition to transfer the coherence between |3⟩ and |4⟩
to rotational levels |4⟩ and |5⟩. Ω5, ω|4⟩→|5⟩, τ5, and φ5 are the Rabi-frequency,
angular frequency, time duration, and phase of the pulse #5, respectively.

• The resulting chiral signal is collected at the frequency of the listen transition
|3⟩ to |5⟩ for time τfree. The measured signal has a phase difference of π between
enantiomers in their FID.

The system evolves in the same manner as in the case of a three-level system on
applying the drive and twist pulse and prepares the population of enantiomers in
the rotational state |3⟩. When the transfer pulse (pulse #3) is applied, it transfers
some of the population from the state |1⟩ to state |3⟩, and some of the population
from the state |3⟩ to |1⟩. The time evolution of the wavefunction at time τ3, i.e.,
after the transfer pulse (pulse #3) is applied, is given as:

|ψ3(τ3)⟩ =
3∑
k=1

C
(3)
k︷ ︸︸ ︷

c
(3)
(k)(τ5) exp (−iω|1⟩→|k⟩τ5) |k⟩+ 0 · |4⟩+ 0 · |5⟩ (2.82)
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The enantiomeric population created in the rotational state |3⟩ is then probed with
the additional M3WM sequence by sequentially applying the second drive (pulse
#4) and twist (pulse #5) (Fig. 2.11(b)). The coefficients of pulses #1 and #2
can be omitted since they do not contribute to the M3WM probe sequence. The
resulting wavefunction of sequential excitation of all the five pulses (pulses #1–#5)
will have relevant contributions only from the states |3⟩ and |5⟩:

|ψ(τfree)⟩ = exp (−iω|1⟩→|3⟩τfree) · (C(5)3 |3⟩+ C
(5)
5 exp (−iω|3⟩→|5⟩τfree)|5⟩+ · · · )

(2.83)

where C(5)3 and C
(5)
5 are the coefficients for the state |3⟩ and |5⟩ after applying pulse

#5. The five-pulse sequence (|1⟩ → |2⟩ → |3⟩ → |4⟩ → |5⟩) induces a macroscopic
oscillating dipole moment; this observable is given by the polarisation operator, P̂35:

P̂35 = µ̂35 · (|3⟩⟨5|+ |5⟩⟨3|) (2.84)

where |3⟩⟨5|+ |5⟩⟨3| is the off-diagonal element of the density matrix operator that
shows the coherence between these two states. The created macroscopic dipole will
be proportional to the amplitude of the M3WM:

P35 ∝

AM3WM︷ ︸︸ ︷
µ35 sin (Ω4τ4) sin

(Ω5τ5
2

)
· cos(ω|3⟩→|5⟩τfree + ϕ4 − ϕ5 + φM3WM)

(2.85)

Here, AM3WM and φM3WM is the amplitude and the phase of the signal accumu-
lated during the M3WM sequence. At optimal conditions the terms from pulse#1-
pulse#3 are 1. The chiral M3WM signal from the probe cycle can be maximised
(|AM3WM| →max) by using the optimised pulse conditions for the second drive (pulse
#4, π/2 condition) and second twist (pulse #5, π condition) transition. The result-
ing signal in the time domain has an amplitude part and a phase part, where the
phases of the PT sequence (i.e., pulse #1-#3) control the amplitude of the signal
while the phases of the M3WM probe sequence (i.e., pulse #4 and #5) control the
total phase of the signal. The resulting signal is as well influenced by the population
difference between the initial rotational states, as for the M3WM cycle (eq. 2.76).

The enantiomer population in the state |3⟩ varies with the phase of the transfer
pulse and can be tracked with the parameter ∆w(PT )|1⟩→|3⟩. The parameter ∆w

(PT )
|1⟩→|3⟩

shows the increase in number of molecules in the rotational states |3⟩ due to the PT
sequence and is at the optimal pulse conditions of pulses #1-#3:

∆w(PT )|1⟩→|3⟩ =
1
2
(1 + sin (ϕ3 − ϕ1 + ϕ2 − ω|1⟩→|2⟩τ1)). (2.86)
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Eq. 2.86 implies that the additional population in the state |3⟩ will oscillate between
1 and 0 due to the PT process. The value 1 implies that all the molecules from state
|1⟩ are transferred to state |3⟩, and 0 means there are no new molecules in state
|3⟩. By scanning the phase of the transfer pulse (pulse #3) of the PT sequence, a
sinusoidal oscillation of the enantiomers is observed for the rotational states |1⟩ and
|3⟩ (Fig. 2.12).

Assuming that only the rotational state |1⟩ was initially populated. The change
in population of the two enantiomers for rotational state |3⟩ after the PT process is:

∆w(PT )R,|3⟩ =
1
2

[
1 + sin (ϕ3 − ϕ1 + ϕ2 + φPT)

]
,

∆w(PT )S,|3⟩ =
1
2

[
1− sin (ϕ3 − ϕ1 + ϕ2 + φPT)

]
.

(2.87)

The enantiomeric population is transferred oppositely in phase in the rotational
states |1⟩ and |3⟩. By scanning the phase of the transfer pulse (pulse #3), while
assuming that ϕ1 + ϕ2 + φPT = 0, the populations of the two enantiomers are op-
positely transferred to the rotational states |1⟩ and |3⟩, and the chiral separation is
achieved. A visualisation of the variation of the enantiomer population as a function
of the phase of the transfer pulse (ϕ3) is depicted in Fig. 2.12.

In experiments, the two factors that affect the efficiency of the PT process are the
thermal population and the spatial degeneracy of the rotational states involved. The
spatial degeneracy is described by the quantum number MJ , representing the pro-
jection of the total angular momentum onto the laboratory frame. In the absence
of the external field, each rotational level is (2J +1)-fold degenerate in MJ (section
2.1). Due to this, a simple three-level system of a M3WM scheme involving J > 0
will have several open M3WM cycles, which curbs the efficiency of the process. For
example, a M3WM cycle involving the three lowest rotational states |000⟩, |101⟩ and
|111⟩ will have seven rotational states in total and three active M3WM cycles.

This spatial degeneracy was omitted in the previous section for the simplification
of the three-level system problem. There have been theoretical proposals on how to
account for this spatial degeneracy, but so far, most of the experiments on M3WM
and enantiomer-selective population transfer have not accounted the effects of this
spatial degeneracy.[105, 158] Recently, a control theory has been formulated by
Leibscher et al. to predict pulse sequences for complete control over these MJ -
substates.[105] Their simulations imply the existence of M3WM protocols that en-
able complete enantiomer-selective population transfer, even in the presence of MJ -
degeneracy. They demonstrate that using circularly polarised microwave radiation,
the enantiomer-selective enrichment can be enhanced from 6% to 8% in carvone by
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Figure 2.12: A visualisation of enantiomer population variation in rotational state
|3⟩ as a function of the phase of the transfer pulse. When enantiomer R is increas-
ingly populated in the state |3⟩, the S-enantiomer is depopulated in that state.

involving all the MJ substates. The reported increase from 6% to 8% is still limited
by the thermal population.

The overall M3WM signal, and consequently the achieved population transfer, de-
pends on the population difference between the initial rotational states (eq. 2.76),
which is influenced by the rotational temperature of around 1-2 K achieved in the
experiments. Enantiomer-selective population transfer was experimentally demon-
strated for the first time with a buffer-gas cooled (Trot=7-10 K) sample of 1,2-
propanediol, where an enantiomeric enrichment of 0.6% could be achieved.[153] Soon
after, the efficiency of population transfer was enhanced by an order of magnitude
in carvone with the use of molecular jets (Trot=1-2 K).[62] However, the achieved
enantiomeric enrichment in these experiments is still limited by the initial thermal
population of the rotational states.

This limitation can be tackled by using controlled schemes to deplete the initial ther-
mal population and increase the population differences between the initial states.
Different approaches have been proposed to enhance this population contrast, such
as using a vibrationally excited state or depleting the population of a rotational
level involved in the M3WM scheme via electronic excitation.[157, 159] One sug-
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gested method is using a three-level scheme involving two infrared pulses and one
microwave pulse and addresses the thermally unoccupied rotational level in the ex-
cited vibrational state, thus enabling coupling between fully coherent states.[160–
162] Another method suggests depleting the thermal population of the initial ro-
tational state by using a UV excitation.[157] This was demonstrated recently with
1-indanol (C9H10O), in which the population of a rotational level involved in the
PT scheme was depleted through electronic excitation S0 to S1.[157] This resulted
in a significant enhancement of the PT efficiency, with the enantiomeric enrichment
measured using laser-induced fluorescence. It is important to note that the demon-
strated approach can be applied only to a subset of chiral molecules containing a
UV chromophore.

In an alternative approach, the undesired thermal population can be exchanged
to a higher rotational state prior to the population transfer process by using con-
trolled microwave pulses. This can be realised by applying a π-pulse or a RAP-pulse
as discussed at the end of section 2.4.1. These pulses can create a larger population
contrast in the initial rotational states of the PT cycle either through population in-
version or via complete population transfer between the two states.[50, 163] Chapter
7 presents the results on the effect of depleting thermal population with a preceding
RAP- or a π-pulse before the PT cycle.
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2.6 Microwave six-wave mixing

Chiral molecules are often considered that at least one chemical bond should break
within the molecule to convert one enantiomer into its mirror image. However, there
are many aspects of molecular chirality that go beyond this consideration. Another
form of chirality can be, for example, atropisomerism, where the two mirror images
can convert to each other without breaking chemical bonds but just by hindered
internal rotation around single bonds. This kind of chirality arising from the spatial
arrangement of a conformer with a low barrier between the two enantiomers is called
transient chirality.[164, 165] These transiently chiral molecules can periodically in-
terconvert between two enantiomeric forms via tunneling motions depending on the
racemisation barrier. If the barrier height is low then the energy levels may split
into two vibrational components (symmetric and antisymmetric) and lead to the
observation of doublets in the rotational spectrum.[166] These kinds of internal dy-
namics provide us with information about the tunneling rates and potential energy
surface of the molecular systems as mentioned in section 2.1.3. These permanently
and transiently chiral molecules can be classified into four cases according to their
racemisation barrier, as shown in Fig. 2.13.

• Case 1: Chiral molecules with an infinitely high barrier between enantiomeric
pairs are referred to as permanently chiral molecules. Most of the chiral
molecules such as carvone, 1,2-propanediol, and styrene oxide (C8H8O) have
a stereogenic center and are permanently chiral on the timescales of our ex-
periments. Their enantiomers can be separated by conventional separation
techniques and enantiopure samples can be produced. M3WM, along with
the chiral tag rotational spectroscopy, can be employed on such chiral molec-
ular systems to sense their chirality and determine ee in complex chiral mix-
tures.[49, 57, 58, 60, 167]

• Case 2: When the torsional stereomutation barrier connecting the two mir-
ror images is low enough, enantiomers periodically interconvert between one
another at room temperature (RT=298 K) through rotation of some torsional
angle (first case of transient chirality in Fig. 2.13). The racemisation bar-
rier for such a class of molecules is typically around 5-15 kJ/mol or even less.
These chiral molecules exist in racemate form and cannot be separated at
room temperature. With the cold conditions of a supersonic expansion, enan-
tiomers can be isolated in their potential wells. Cyclohexyl methanol, and
propofol (C12H18O) with a racemisation barrier of 15 kJ/mol and 10 kJ/mol,
respectively are examples of this class of transiently chiral molecule. The two
enantiomers of cyclohexyl methanol have an opposite dipole moment compo-
nent sign along the b-axis of molecular rotation, while the sign of the a- and
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c-axis dipole moment components remains unchanged between enantiomers.
Due to racemisation at room temperature, M3WM cannot be directly used to
sense chirality on this class of molecules. But the chiral conformers could be
kinetically stabilised in their potential wells in supersonic expansion upon cool-
ing to Trot=1-2 K. This way, they can be treated as case 1, and the PT process
can be employed to first create state-selective enrichment of chiral conform-
ers in a particular rotational state, which can be then measured with another
M3WM cycle.[65] The theory for this kind of PT process was demonstrated in
the previous section 2.5.

• Case 3: When the racemisation barrier decreases further such that the enan-
tiomeric pairs tunnel from one enantiomeric form to another and cannot be
separated even at the experimental timescales, they are also referred to as
transiently chiral molecules (second case of transient chirality in Fig. 2.13).
Examples of such class of transiently chiral molecules are benzyl alcohol
(C6H5CH2OH) and benzyl mercaptan (C6H5CH2SH), which have barriers of
about 3.3 and 3.1 kJ/mol, for the enantiomeric forms arising due to concerted
rotation of the CH2OH or CH2SH and OH or SH groups in the plane above the
phenyl ring.[36, 168] These molecules can have two minima on the potential
energy surface with each minimum corresponding to a certain enantiomer, sep-
arated by an achiral transition state, as shown in Fig. 2.13.[36] Each stationary
state of such molecules is of a specific parity with respect to the inversion oper-
ation denoted as (|±⟩). These stationary states are the positive and negative
combinations of the non-stationary localised wavepackets of the R- and S-
enantiomers with a chosen parity (|±⟩ = 1√

2
(|R⟩ ± |S⟩)). For such transiently

chiral molecules, a specific enantiomeric state can be achieved by generating a
coherent superposition of the states (|±⟩) with opposite parity.[169, 170] Such
an approach to create a coherent superposition state for rotational states of an
asymmetric rotor has been proposed by Hirota.[59, 171] Chapter 8 presents an
experimental demonstration of an approach to induce transient ee in a tran-
siently chiral molecule, benzyl alcohol, with the theoretical framework of the
approach discussed below.[64]

• Case 4: Another group of chiral molecules are those with state-dependent
chirality, for example, molecules that have achiral electronically excited states
or those that are achiral in their vibronic ground state but become chiral when
excited to vibrational modes. An example of this class of chiral molecules is
carbonyl chlorofluoride (COFCl), which is planar in the vibronic ground state.
In the first vibrational mode, however, the molecule performs an umbrella-type
motion, changing its handedness on the timescale of the motion. Tikhonov
et al. recently suggested how the chiral vibrational dynamics of an achiral
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molecule such as carbonyl chlorofluoride can be investigated in the gas phase.
[172]

The work presented in this thesis focuses on structurally flexible molecules such as
benzyl alcohol, which exhibit transient chirality (case 3) and have low racemisation
barriers. Two enantiomers of benzyl alcohol can interconvert into each other even
at cryogenic temperatures due to quantum tunnelling. These kinds of transiently
chiral molecules have each rotational energy level split into two tunneling states, |+⟩
and |−⟩, which correspond to the linear combinations of the two enantiomer forms,
R and S, as illustrated in Fig. 2.14. Each tunnelling state carries the signature of
both enantiomers. As shown in Fig. 2.14(a) the two enantiomers of benzyl alcohol
differ in the orientation of the CH2OH group, arising from the concerted rotation of
this group in the plane above the phenyl ring.[36]
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Figure 2.14: (a) The schematic of the potential energy surface of benzyl alcohol
is shown with energy on the y-axis as a function of large amplitude motion coor-
dinates. The two enantiomeric forms of benzyl alcohol are depicted with vibronic
ground states with opposite parity denoted as |±⟩. |R⟩ and |S⟩ states represent
the localised wavepackets of particular chirality. ϵ± represents the energy differ-
ence between the two tunneling states, which is experimentally determined to be
492.816(2) MHz in benzyl alcohol arising from a barrier with a height of about 280
cm−1.[36] (b) Microwave six-wave mixing approach to induce transient enantiomeric
excess. Each rotational level is marked as |J±⟩ (for example, J = 1, 2) with J as
the total angular momentum and ± indicates the parity of the torsional state. Each
microwave transition is labelled #1-#5 according to the order of the pulse sequence
and color indicates the polarisation direction of the excitation pulse. A chiral signal
is coherently induced by the excitation of five microwave pulses. MJ sublevels of
rotational states are omitted here for clarity.
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The concerted rotation of CH2OH and OH groups changes the sign of the electric
dipole-moment component along the b-axis in the principal axis system. The cor-
responding b-type rotational transitions occur between the two tunneling states of
opposite symmetry (interstate transitions). Due to these interstate transitions a
closed M3WM loop cannot be formed, as it does not satisfy symmetry conditions.
Thus, both M3WM and the related microwave population transfer schemes become
impossible to be applied to such transiently chiral molecules.

Instead, five resonant excitation pulses are needed, where the first three pulses cre-
ate a chiral wavepacket and the second two probe it, similar to the PT scheme
probed with the M3WM cycle. The five-pulse sequence induces a chiral response
in the form of a listen transition at the sixth rotational transition, which closes
the loop. Such an energy scheme is presented in Fig. 2.14(b), and the theoret-
ical details for this are discussed in the section below. This microwave six-wave
mixing (M6WM) approach consists of a closed cycle of six rotational transitions
|1−⟩ → |2−⟩ → |3+⟩ → |1+⟩ → |2+⟩ → |3−⟩ as illustrated in Fig. 2.14(b). ±
superscript to the |k±⟩ rotational state denotes the parity of the torsional state of
the molecule.

The following section is based on the supplementary information provided in ref-
erence [64]. As described in the section 2.4.1, the wavefunction for any two-level
system at time t = 0 is given as:

|ψ(t)⟩ = exp (−iEkt/ℏ)ck(t)|k⟩+ exp (−iElt/ℏ)cl(t)|l⟩. (2.88)

The simplified Schrödinger equations after applying RWA will be similar to eqs.
2.56a, 2.56b. The solutions for equations eqs. 2.56a, 2.56b with initial conditions
|ck(t = 0)|2 = 1 and |cl(t = 0)| = 0 will be:

ck(t) = exp (iφ
(0)
k ) · cos

(
Ωklt
2

)
(2.89a)

cl(t) = −i exp (iφ(0)k − isk→lϕ) · sin
(
Ωklt
2

)
(2.89b)

where φ(0)k is the initial phase of the state |k⟩ at (t = 0). The final state after the
interaction with an external resonant field for time (t = τ) is:

|ψ(t)⟩ = exp iφ(0)k ·

 exp (− iEkt

ℏ
)
· cos

(Ωklτ
2

)
|l⟩ − i exp

(
− isk→lϕ−

iEkt

ℏ
)
·

sin
(Ωklτ
2

)
|k⟩


(2.90)
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with the condition sk→l = sign (ωk→l) (going down in energy), meaning sk→l = 1 if
ωk→l > 0 and sk→l = −1 if ωk→l < 0 (going up in energy).

By applying this wavefunction form to the sequence of the pulses in the M6WM
scheme, one can follow the evolution of the system, starting with the initial state,
|1−⟩. The five subsequent microwave pulses that transfer the population between
rotational states labelled |k±⟩ are:

• Pulse #1 (|1−⟩ → |2−⟩) is an intrastate transition with Rabi frequency Ω1 and
duration τ1, ω1 = ω|1−⟩→|2−⟩ and phase of the pulse as ϕ1 with s1 = s1−→2− =
+1 (as it goes from a lower state to higher state).

• Pulse #2 (|2−⟩ → |3+⟩) is an interstate transition with Rabi frequency Ω2 and
duration τ2, ω2 = ω|2−⟩→|3+⟩ and phase of the pulse as ϕ2 with s2 = s2−→3+ =
−1 (as it goes from a higher state to a lower state).

• Pulse #3 (|3+⟩ → |1+⟩) is an intrastate transition with Rabi frequency Ω3 and
duration τ3, ω3 = ω|3+⟩→|1+⟩ and phase of the pulse as ϕ3 with s3 = s3+→1+ =
−1.

• Pulse #4 (|1+⟩ → |2+⟩) is an intrastate transition with Rabi frequency Ω4 and
duration τ4, ω4 = ω|1+⟩→|2+⟩ and phase of the pulse as ϕ4 with s4 = s1+→2+ =
+1.

• Pulse #5 (|2+⟩ → |3−⟩) is an interstate transition with Rabi frequency Ω5 and
duration τ5, ω5 = ω|2+⟩→|3−⟩ and phase of the pulse as ϕ5 with s5 = s2+→3− =
−1.

The condition of orthogonal polarisations and different dipole-type rotational tran-
sitions of all three microwave pulses in the case of M3WM also has to be satisfied for
the M6WM process. The excitation of this energy scheme as described above and
represented in Fig. 2.14(b) induces a macroscopic polarisation for the |3−⟩ → |1−⟩
listen transition with the frequency ω = ω|3−⟩→|1−⟩. Similarly, on evaluating the
wavefunctions sequentially using eq. 2.88, the final state we obtain after applying
the five microwave pulse sequence is:

|ψ⟩ =exp
(
iφ
(0)
|1−⟩ −

iE|1−⟩t

ℏ
)
·
[ c|1−⟩︷ ︸︸ ︷
cos

(Ω1τ1
2

)
|1−⟩

c|3−⟩︷ ︸︸ ︷
−i exp (−iωt+ iΦ)

5∏
k=1

exp (−iskϕk) sin
(
Ωkτk
2

)
|3−⟩+ · · ·

(2.91)
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with Φ as the total phase accumulated during the cycle. The polarisation operator
for the observable in this M6WM for the macroscopic dipole moment created at the
listen transition (|3−⟩ → |1−⟩) will be:

P̂3−1− = µ1−3− · (|1−⟩⟨3−|+ |3−⟩⟨1−|). (2.92)

The macrosopcic polarisation created by the excitation five-pulse sequence oscillates
with amplitude A at the frequency of the listen transition (ω).

⟨P̂3−1−⟩ ∝

∝A︷ ︸︸ ︷
−µ3−1− · sin(Ω1τ1) ·

( 5∏
k=2

sin
(
Ωkτk
2

))
· sin (ωt+

5∑
k=1

skϕk − Φ) (2.93)

The five resonant microwave pulses are optimised for the following conditions to
obtain the maximum listen signal :

• Pulse #1 (Ω1τ1 = π/2) as it will maximise sin (Ω1τ1).

• Pulse #2 and all the other pulses #3-#5 are π-pulses to maximise the sin(Ωkτk/2)
terms.

The π/2-condition for pulse #1 splits the population in state |1−⟩ into two equal
parts, one part of the population is left in |1−⟩ till the end of the experiment, and
the other half is transferred from |2−⟩ to |3−⟩ using the pulses #2-#5.

The two enantiomeric forms are interchangeable due to quantum tunnelling in our
experimental timescale, so the molecule will exist in the |±⟩ state. On applying the
first three pulses of the sequence, it creates a 50/50 superposition of |+⟩ and |−⟩
states. This result can be illustrated by the ee observable, which is the difference
between the amounts of R and S enantiomers. The êe observable is given by the
operator:[173–175]

êe = |R⟩⟨R| − |S⟩⟨S| = |+⟩⟨−|+ |−⟩⟨+| (2.94)

which is the coherence between the |±⟩ states. The ee for the rotational state |1⟩ in
M6WM experiments will be:

⟨ee⟩ = ⟨ψ3|êe|ψ3⟩ = −

∝|ee|︷ ︸︸ ︷
sin (Ω1τ1)

( 3∏
k=2

sin
(
Ωkτk
2

))
· sin (ω|1+⟩→|1−⟩t+ Φ′ −

3∑
k=1

skϕk)

(2.95)

where the |ψ3⟩ is the wavefunction after the excitation of the first three pulses
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(pulses #1-#3). After the first three pulses, the resulting state is an oscillating chi-
ral wavepacket, which oscillates at the tunneling frequency ω|1+⟩→|1−⟩ between the
tunneling state |1+⟩ → |1−⟩ with the amplitude |ee|.

Due to quantum tunneling the created chiral wavepacket does not have persistent
chirality and keeps interconverting between the two enantiomers. The amount of
enantiomeric excess created with the pulses #1-#3 then can be measured by excit-
ing pulses #4 and #5 that in turn create a coherent signal at the listen transition
(|3−⟩ → |1−⟩), which allows us to probe the magnitude of the ee created using the
polarisation operator, P̂3−1−(eq. 2.93). Thus, a quantum racemate of two intercon-
vertible enantiomers can be steered to create a transient enantiomeric enrichment
at a rotational level of interest by using the M6WM approach. An experimental
demonstration of this approach is presented in Chapter 8.
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Chapter 3

Experimental details

With a background in the theory of rotational spectroscopy and its application in
investigating flexible and chiral molecules, the following chapter provides a detailed
description of the experimental setup and operating principles of the CP-FTMW
spectrometer used in this thesis. This spectrometer was employed to investigate the
conformational flexibility of molecules and perform chiral analysis. The spectrometer
covers a frequency range of 2-18 GHz. The instrument employs supersonic expan-
sion as a molecular source to efficiently cool down the rotational and other degrees
of freedom, facilitating the investigation of molecules with complex conformational
landscapes. The chapter is organised as follows: Section 3.1 discusses the supersonic
expansion and its advantages for studying weakly bound clusters and conformational
cooling, section 3.2 lays out the basic framework of CP-FTMW spectroscopy, and
in section 3.2.1 the setup of the CP-FTMW spectrometer is described. The modi-
fications to the spectrometer to perform chirality-sensitive M3WM experiments are
detailed in section 3.2.2.

3.1 Supersonic expansion

Supersonic expansion is used to study molecules in the gas phase.[176–179] A su-
personic jet is formed when a gas expands from a high-pressure region, P0, to a
low-pressure region, PB, through an orifice (often mm or sub-mm diameter) or noz-
zle. In the first stage of the supersonic expansion, atoms and molecules are cooled
adiabatically to convert the random thermal motion of the static gas into a di-
rected mass flow in the expanding gas. This conversion of internal energy into
directed motion cools the translational motion, resulting in very low translational
temperatures. These translational temperatures are determined by the width of the
velocity distribution; the narrower the velocity distribution, the colder the trans-
lational temperature. Therefore, the molecules are translationally cold, but still
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moving at supersonic speeds. The number of collisions decreases dramatically due
to the reduction in molecular density with an increase in the distance x from the
nozzle exit. As a result, at some point after the first stage of expansion, no inter-
actions occur between atoms and molecules. This allows us to investigate isolated
molecules and obtain their spectra in a collision-free environment. Two-body col-
lisions between carrier gas atoms and the molecules under study in the early stage
of expansion also cool down their vibrational and rotational temperatures, popu-
lating the lower energy levels. Higher population in low-energy states increases the
intensity of observed transitions relative to a high-temperature experiment, which
in turn simplifies the spectrum. Moreover, the three-body collisions that occur very
close to the nozzle result in the formation of weakly bound complexes, which can
be investigated in experiments. The parameters that govern the collision rate and
the formation of complexes are the stagnation pressure, temperature, and nozzle
diameter. These advantages of supersonic expansion have led to the combination
of the supersonic jet with various spectroscopic techniques, such as laser and MW
spectroscopy, enabling the study of complex molecules, weakly bound complexes,
and molecular interactions.[176–180]

Properties of supersonic expansion

The primary characteristics of supersonic jets, focusing on the properties of atomic
beams, are outlined below. The expansion is treated as an atomic beam due to
the low concentration of the sample in comparison to the seeded carrier gas, which
is usually an inert atomic gas.[181] The most common carrier gases used for such
techniques are helium (He), neon (Ne), and argon (Ar). For ideal monoatomic gases,
the velocity distribution inside the high-pressure reservoir follows the Maxwell-
Boltzmann distribution and is given as:

P (v) = 4π
(

m

2πkBT0

)3/2
v2 exp

− mv2

2kBT0

 (3.1)

where m, kB and T0 represent the atomic mass, the Boltzmann constant and the
temperature of the nozzle, respectively. Fig. 3.1 shows the velocity distribution of
Ne at different temperatures using eq. 3.1. Depending on the relationship between
the mean free path length of the atoms, λ (which is the distance travelled before
encountering collision), and the diameter of the orifice, D, two different types of
beams can be distinguished: effusive and supersonic beams.

The effusive beam is formed when the mean free path length λ is larger than the
diameter of the orifice, (λ≫ D). In this case, atoms do not encounter any collisions
with other atoms during the expansion through the pinhole; as a result, no energy
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Figure 3.1: The Maxwell-Boltzmann velocity distribution of neon atoms calculated
at different temperatures. This figure is taken from reference [182].

is transferred, and there is no cooling. The velocity distribution of an effusive beam
follows the Maxwell-Boltzmann distribution. While these beams are not cold, they
do provide a non-interacting environment to probe the conditions inside the reser-
voir. They are utilised to obtain equilibrium constants and thermodynamic data for
gas-phase reactions even at elevated temperatures.[183]

In contrast, supersonic beams are formed when the orifice diameter is much larger
than the mean free path length (D ≫ λ). In this limiting case, the internal and
external degrees of freedom of atoms and molecules undergo efficient cooling due to
several collisions between the atoms. Due to the collision energy transfer that takes
place in the first stage of the expansion, the atomic beam is more confined and the
velocity distribution is much narrower compared to the Maxwell-Boltzmann velocity
distribution at the reservoir temperature, even though the mean velocity is higher.

The terminal velocity of the beam can be estimated by assuming the expansion
to be isentropic and adiabatic. For such an expansion, the sum of the enthalpy H
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and the kinetic energy of the directed mass flow is conserved and both the enthalpy
and the directed mass flow are dependent on the distance x from the expansion.

H(x) +
1
2
mv2(x) = const. (3.2)

If the enthalpy is converted into a directed mass flow, then the terminal velocity
of the atoms for an ideal monoatomic gas depends only on the temperature of the
reservoir T0 and the mass of the atoms (m) as follows:

v =

√
5kBT0
m

(3.3)

However, in reality, the expansion is not completely isentropic or adiabatic, and the
mean velocities of the ensemble of atoms do not always reach the terminal velocity.
This can be estimated by making approximations for a real system. As gas mix-
tures in the supersonic expansion contain only a small percentage of the molecule,
the carrier gas can be used to calculate the terminal velocity of the gas mixture in
the expansion. For He, Ne, and Ar, terminal velocities of about 1760 m/s, 790 m/s,
and 560 m/s, respectively, are achieved during the expansion at T0 = 300 K.

The different stages of the supersonic expansion have varying velocities, pressures,
and temperatures, which depend on the ratio of the specific heat and the local Mach
number. The most common way to describe the different areas of the expansion pro-
cess is by using the Mach number, M , which is defined as:

M =
v

c
(3.4)

where v is the velocity of the atomic beam at a specific position, and c is the
local speed of sound. The supersonic expansion can be described in terms of the
speed of the sound because the propagation of sound in a gas can also be treated
as an adiabatic and nearly isentropic process. Fig. 3.2 highlights the different
expansion zones according to the Mach number value. In the nozzle, which is the
pre-expansion area, the gas is in a stagnation state, and this state is defined in terms
of the temperature T0 and the pressure P0. In this pre-expansion area, the collision
frequency is higher, and therefore the speed of sound is much faster than the velocity
of the atomic beam, leading to a small Mach number value (M ≪ 1). As the atomic
beam proceeds towards expansion, the pressure difference between the high-pressure
and the low-pressure regions accelerates the gas. With the decreasing volume of the
reservoir, the random motion converges to a directed motion, and a Mach number
of 1 (M = 1) is achieved at the orifice. The decrease in particle density and collision
frequency, coupled with an increase in the flow area, leads to an increase in the
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mean velocity. At this point, the Mach number M increases beyond unity, and
the expansion is then referred to as a supersonic expansion. The expansion has a
barrel shape and shock wave formed at the boundaries due to collision with the
warmer background gases as the atomic gas expands through a point source (Fig.
3.2). The barrel shock wave has a parabolic shape centred on the jet axis, opening
from the expansion orifice. The second shock zone begins where the barrel shock
zone ends. This central shock wave is the Mach disk and appears in supersonic
processes occurring in supersonic aircraft or bullets. The shock waves are defined
as thin, non-isentropic regions that modify the direction of the supersonic flow and
reduce the Mach number values to less than 1. The volume of the limiting zone is
further subdivided into regions with collisions that maintain equilibrium, followed
by a collision-less flow region. The collision-less zone, where the density is so low
that no more interactions take place, is called the zone of silence, as marked in Fig.
3.2. In this region, the speed of sound in the expanding gas drops down to nearly
zero. The zone ends when the expanding molecules reach the Mach disk, and their
velocities are randomised again by collisions. The length of the silence zone depends
on D and on the difference in pressure between the two areas, inside the reservoir
or nozzle and the vacuum chamber, and is given by:

xM = 0.67D

√
P0
PB

(3.5)
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Figure 3.2: Schematic drawing of the pulsed valve with the supersonic expansion
propagating through the nozzle. The different areas of the supersonic expansion are
labelled on the basis of their Mach number M .
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The experimental performance is affected by the pumping speed, which defines the
ultimate pressure PB in the vacuum chamber. In the experimental setup presented
in this thesis, a pressure of approximately 10−6 mbar is reached, and low rotational
temperatures of 1-4 K are attained using Ne as carrier gas. These low rotational
temperatures populate only low-energy rotational states, leading to simplified molec-
ular spectra with more intense rotational transitions when compared to conditions
at room temperature.

As a result of the collisions happening during the first stages of the supersonic
expansion, it is possible to observe different conformational cooling effects in ex-
periments with different carrier gases. Conformational relaxation in the supersonic
expansion is a result of the binary collisions of the molecules with the carrier gas.
The choice of carrier gas influences the vibrational temperature due to different
cooling behaviours, which in turn affects conformational relaxation. Heavier carrier
gases, such as Ar (and Kr), provide more efficient cooling compared to lighter car-
rier gases (such as Ne and He), because they have more effective binary collisions
with high-energy conformers. If the conformers are connected by energy barriers
lower than the energy transferred by the binary collisions, then the higher energy
conformer relaxes into the lower energy conformer. Thus, the rotational spectra ob-
tained with Ar could exhibit less complexity (due to fewer numbers of conformers)
than the same experiment repeated with He or Ne carrier gas due to conformational
relaxation. However, if the barrier to the interconversion of the conformers or iso-
mers exceeds about 4-5 kJ/mol, conformational relaxation becomes less likely, at
least not in expansions with any of these four gases as carriers.[184]

As already mentioned in this section, the binary collisions cool down the vibra-
tional and rotational degrees of freedom, reaching low temperatures, simplifying
the spectrum and contributing to the conformational relaxation. Meanwhile, three-
body collisions are responsible for the formation of weakly bound complexes and
clusters. Weakly bound clusters can also be formed and stabilised because of the
translational temperature or the low velocity spread. The weak molecular clusters
can be destroyed through additional two-body collisions, but they can be investi-
gated in the isolated environment if they reach this area. The ratio of three-body
collisions to binary collisions is proportional to the number density of atoms, n0,
and the diameter of the orifice, D. The total number of two-body and three-body
collisions occurring during the expansion varies according to n0D and n20D, respec-
tively.[181] The experimental conditions are optimised according to the motivation
of the study; for example, higher backing pressure is used to investigate clusters or
complexes. Consequently, low-pressure and large-diameter orifices are preferred to
observe fewer clusters in the experiment.
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For the experiments presented in this work, generally, the supersonic expansion
is created using Ne as a carrier gas at stagnation pressures of 1-5 bar, resulting in
rotational temperatures of 1-3 K. Considering the possibilities of inter-conversion of
conformers in cases of rich conformational landscapes of molecules, additional ex-
periments can be performed with He or Ar to observe different cooling effects from
the carrier gases (Chapter 5).

3.2 Chirped-pulse Fourier transform microwave
(CP-FTMW) spectroscopy

CP-FTMW spectroscopy is based on an efficient linear fast-passage excitation to
excite the molecular sample. This is achieved through a linear frequency sweep, as
such frequency sweeps are efficient in polarising molecular samples, as demonstrated
by McGurk et al.[185] The frequency sweeping has to be faster than the relaxation
time of the excited states, and this is typically 1-4 µs long. This allows us to detect
the molecular signal in the absence of the polarising radiations. The electric field
waveform for a linear chirp is:[86]

E(t) = E0 exp(i(ω0t+ αt2/2)). (3.6)

where E0 is the amplitude of the electric field and remains constant across the chirp,
and α is the chirp rate defined as:

α =
ωf − ω0
tpulse

(3.7)

with ω0, ωf as the initial and final frequency of the chirped pulse, respectively, and
tpulse as the pulse length. The intensity of the emitted molecular signal is propor-
tional to the transition frequency ω, the square of the transition dipole moment µ2,
the amplitude of the exciting electric field E0, the population difference of the two
states involved in the transition ∆N0, and the inverse square root of the chirp rate
α:

S ∝ ω · µ2 · E0 ·∆N0 ·
√
π

α
(3.8)

These are the factors that govern the design, construction, and operation of any
CP-FTMW spectrometer. The home-built 2-18 GHz COMpact-Passage Acquired
Coherence Technique (COMPACT) spectrometer[94] as shown in Fig. 3.3 is based
on the design proposed by Grabow.[150]
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The linear frequency sweep chirps of 2-8 GHz are well-suited to investigate larger
molecules with large moments of inertia, leading to small rotational constants and
transitions lying in the lower frequency region of the spectrum. The spectrometer
is also extendable to a higher frequency range (up to 18 GHz) and a longer band-
width (2–12 GHz) by making small changes in the electronic equipment. Further,
the spectrometer could be modified to perform microwave experiments for chiral-
ity detection using a three-wave mixing approach, as proposed by Hirota.[59] The
next sections provide detailed information on the 2-8 GHz COMPACT spectrometer
(shown in Fig. 3.3) and its modification to perform chirality detection experiments.

Horn antenna

LNA

Figure 3.3: The Hamburg COMPACT spectrometer, which operates in the 2-18
GHz frequency region. The main components of the setup are labelled here.
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3.2.1 The COMPACT (2-8 GHz) spectrometer

The COMPACT spectrometer covers a frequency range of 2–8 GHz. The heart of
the spectrometer is a Tektronix 7122A arbitrary waveform generator (AWG), which
is used to create the microwave chirps. The AWG can be operated in either inter-
leave or dual-channel mode with 24 GS/s and 12 GS/s sampling rates, respectively.
For broadband measurements, the AWG is operated in interleave mode (24 GS/s)
with a Nyquist frequency up to 12 GHz. A 4 µs short sweep chirp is created using
the AWG and amplified with an adjustable travelling wave tube amplifier (Amplifier
Research 300T2G8, (TWT)) with an output power of 300 W to polarise the molecu-
lar ensemble on a time scale faster than the dephasing of the rotational signal which
is typically around 10 µs. Two digital data channels (Marker1 and Marker2) of the
AWG are used as separate marker channels to control the trigger and timings in
the experiment. One marker (Marker1) triggers the digital delay generator (DDG,
Stanford Research Systems Model DG645) that controls the timings of the amplifiers
and the protection switches. The second marker (Marker2) of the AWG provides
the trigger pulse to the digital oscilloscope to initiate the data collection. Another
digital pulse generator, referred to as the master delay generator, triggers the AWG
and valve driver.

After excitation and amplification, the chirped pulse is transmitted into a 163 cm
long cylindrical vacuum chamber operating at a pressure of 10−6 mbar (while puls-
ing) using a high-gain dual-polarised horn antenna (Q-Par Angus WBHDP2-17#
HGDual Polarised). The molecules of interest seeded either in a rare gas or its mix-
ture are supersonically expanded into the vacuum chamber using the pulsed valve
(Parker General Valve, Series 9) with a diameter of around 1 mm. The valve is
mounted on the top of the vacuum chamber and is perpendicular to the horn an-
tennas. Generally, Ne is used as a backing gas at a stagnation pressure of 1–5 bar.
Depending on the vapor pressure, melting point, and boiling point of the molecule
either a gas mixture (typically 0.1–0.5% of molecule in the inert gas) can be pre-
pared or the sample can be heated to bring the molecules into the gas phase. Solid
or liquid samples are usually transferred to the gas phase by placing the samples
in the reservoir equipped with a heating system. The heater is positioned close to
the reservoir to heat the sample directly, as marked in Fig. 3.2. The maximum
temperature for heating the sample is limited to 180 °C, in the present setup.

The supersonically expanded molecular jet interacts with the perpendicular mi-
crowave chirped pulse broadcast via an excitation horn antenna with linear polari-
sation to polarise the molecular ensemble. The polarised molecular ensemble starts
to decay when the chirped pulse is stopped. The decay of the macroscopic dipole
moment is collected in the form of FID by a receiving horn antenna (QWH-DL-
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2-18-N-SG-R) mounted on the opposite side with respect to the excitation horn
antenna. The signal is then amplified via a low-noise amplifier (Miteq Amplifier
AMF-5F-0200080-15-10P) and digitised using the 100 GS/s oscilloscope adjusted to
a 25 GS/s digitisation rate for the broadband measurement of 2-8 GHz frequency
range. The high-power excitation pulses during the molecular excitation are blocked
by a PIN diode limiter (Aeroflex ACLM-4535) and a solid-state single pole single
throw switch (SPST, Advanced Technical Materials S1517D) to protect the low-
noise amplifier (LNA) and the oscilloscope. The FID can be collected typically for
10-50 µs, and in our experiment it is recorded for 40 µs. After collecting the FID,
a fast Fourier transformation is performed using a Kaiser-Bessel window to obtain
the spectrum in the frequency domain. Since the resolution is mainly determined
by the length of the FID, a resolution of 25 kHz and an accuracy in frequency mea-
surement better than 10 kHz are obtained in experiments with the collection of 40
µs of the FID. Other time-domain filters, such as rectangular and Gaussian window-
ing functions are also available to improve the baseline resolution of the spectrum.
For example, the Gaussian function was employed in experiments with the M6WM
technique applied to transiently chiral benzyl alcohol, as described in Chapter 8.

The most crucial devices of the experimental setup, i.e., microwave and trigger
sources, as well as detectors for molecular emission signals, are phase-locked using a
10 MHz Rb quartz oscillator (Stanford Research FS 725) to ensure phase stability
while averaging the FIDs of many acquisitions. This ensures all the electromagnetic
waves travelling through AWG, amplifier, oscilloscope, and delay generator in the
experiment are synchronised in each measurement.

The experiment begins with the start of the master delay generator, which is trig-
gered internally and controls the valve driver and AWG (Fig. 3.4). The valve
operation starts at time t0 and remains open for tvalve as the molecules expand for
texp. Typically, in an experiment using Ne carrier gas, texp is about 1.1–1.2 ms,
and it varies when different carrier gases are used. After the expansion time, the
molecules reach the interaction region, and the chirped-pulse excitation sequence is
initiated with the AWG trigger from the master delay generator. Marker1 of AWG
then provides the external trigger to the second delay generator (second DDG, Stan-
ford Research Systems Model DG645), which controls the timings of the TWT and
the protection switch involved in the excitation sequence. The chirped-pulse exci-
tation begins with the opening of the protection switch for time tprot followed by
a short delay. After this short delay, the TWT amplifier is turned on for a time
period of tamp and amplifies only for the time the chirped pulse (tpulse) is emitted,
usually with some pre-buffer time to account for the ramp-up time of the TWT.
The protection switch remains open all the time the TWT amplifier amplifies so
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Figure 3.4: The scheme illustrates the timings of the devices and their triggers
for the COMPACT spectrometer. The timings presented here are not to scale. The
experiment begins with the start of the valve operation at time t0 and is opened for
tvalve time. The next step of the experiment continues with the start of the chirped-
pulse excitation sequence when the expanded jet reaches the interaction zone after
time texp. The excitation sequence begins with the start of the protection switch and
travelling wave tube amplifier after a short delay. This is followed by the emission
of a 4 µs long microwave chirp. The free-induction decay is then collected for 40 µs
after a buffer time of about 0.5 µs to prevent the detection of any spurious signals
from the excitation pulse.

that tprot > tamp > tpulse. Finally, the AWG is triggered to fire the microwave pulse,
which triggers the oscilloscope via its second marker channel to record the FID for
a time, tsignal. A 0.5 µs buffer time is kept between the excitation pulse and the
signal recording on the oscilloscope so that the excitation signal does not interfere
with the recorded signal. Each experiment together with all the buffer timings takes
about 52 µs.

The experiment uses the fast-frame approach, which reduces sample consumption
and measurement time significantly, as several excitation-FID cycles can be recorded
for each gas pulse. In this approach, for each gas pulse of about 600 µs, eight mi-
crowave chirped pulses (also called frames) of 4 µs length can be broadcast for
excitation in a series with a 45 µs time gap between two consecutive chirps for
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collecting 40 µs of FID and 1 µs buffer time for the electronics. The acquired FID
acquisitions are co-added and then subsequently averaged in the time domain. With
the COMPACT spectrometer, the fast-frame setup can be performed together with
a repetition rate of 9 Hz for the operation of the valve (meaning eight gas pulses).
This, in combination with eight excitation chirps (or eight frames) per pulse train,
results in an effective repetition rate of 72 Hz in experiments. This allows us to
acquire approximately 4-6 million acquisitions in 24 hours of measurement and is
often enough to give a signal-to-noise ratio (SNR) sufficient to observe rare isotopo-
logues such as 13C and 18O in their natural abundances. One of the limitations to
achieve the repetition rate is the pumping speed of the pumping system. The oil
diffusion pump (Leybold DIP12000, pumping speed 12 000 1/s) is connected to one
of two ISO-K 500 flanges from the bottom of the vacuum chamber. The diffusion
pump is backed by a booster (Leybold Trivac D40B ATEX vacuum pump), and a
mechanical pump (Leybold WAU251 RUVAC pump).

The spectrometer can also be extended to perform measurements in the 8-18 GHz
frequency range by using a 40 W solid-state amplifier (SSA, Mercury Systems,
L0618-46-T680) that operates in the 8-18 GHz frequency range along with a fre-
quency doubler. Further details on the extended frequency range of the COMPACT
spectrometer can be found in reference [89].

3.2.2 Modifications of the general setup for microwave three-
wave mixing experiments

The experimental setup described in the previous section is employed to perform
broadband measurement to record the rotational spectra of different molecular sys-
tems and to also perform chiral tag rotational spectroscopy experiments for chiral
analysis, as outlined in the section 2.4 of Chapter 2. The general setup of the 2–8
GHz COMPACT spectrometer can also be used for performing M3WM experiments
(described in section 2.4.2 of chapter 2) with minor modifications to the experimen-
tal setup.

M3WM is based on high-resolution rotational spectroscopy in the gas phase. It
makes use of the geometrical orientation of the three dipole moment components
within a chiral molecule as shown in Fig. 2.7(a). In an excitation and detection
scheme consisting of a triad of three rotational transitions (as depicted in inset of
Fig. 3.5), two transitions are excited simultaneously or sequentially, and the signal
of the third transition, termed listen transition is recorded. The excitation of the
first pulse of the triad known as the drive pulse transfers the population difference
between the two rotational levels into a coherence. The resonant excitation of drive
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pulse creates a superposition state of the two rotational states. The second mi-
crowave pulse, called as twist pulse, is broadcast orthogonally to the drive pulse.
This transfers existing coherence between the rotational states of the drive transition
into coherence between the rotational states of the third transition that closes the
M3WM triad. On applying this pulse sequence to a molecular ensemble, it generates
a molecular response at the frequency of the third transition in a polarisation di-
rection mutually orthogonal to the drive and twist pulses. The FID recorded at the
listen transition has a phase difference of π radians between opposite enantiomers
and allows for their differentiation (Fig. 3.5).
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Figure 3.5: Scheme of the modified COMPACT setup used for the microwave
three-wave mixing experiment. Drive and twist pulses are both generated by the
AWG and amplified with different amplifiers and broadcast by a dual-polarised horn
antenna; the chiral signal is collected by the receiving horn antenna and digitised
using the oscilloscope. The excitation and detection scheme of microwave three-wave
mixing with the free-induction decay that has a phase difference of π between the
two enantiomers is shown in the inset box. Red, blue, and green colors represent
the polarisation directions of microwave fields in the laboratory frame.

The preparation of M3WM experiments involves identifying a set of three rotational
transitions forming a closed loop within the frequency range of the chirality-sensitive
spectrometer. This requires information on the rotational energy levels and transi-
tion intensities obtained from their respective rotational spectrum. M3WM cycles is
typically arranged so that the strongest transition is chosen for the listen transition.
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For M3WM experiments, the AWG is used in dual-channel mode to generate the
drive and twist excitation pulses of the M3WM scheme from separate channels of
the AWG and then amplified using different amplifiers depending on the frequency
of the two exciting transitions. The rotational transitions in the frequency range
of 2-8 GHz can be amplified with a TWT amplifier or with a 3 W SSA (2-8 GHz,
Mini-Circuits AMPLIFIER ZVE-3W-83+). The rotational transitions in the 2-6
GHz frequency range can also be amplified with a 50 W SSA (2-6 GHz, AAMCS-
AMP-2000M-6000M-50dB-47dBm-01). The transitions covering the 8-12 GHz fre-
quency range can be pre-amplified, doubled, and then amplified further with a 40
W SSA. Each of the exciting microwave pulses of the M3WM scheme is optimised
in a single-photon excitation experiment before the three-wave mixing experiments
to achieve the optimal conditions for the maximum M3WM signal. Nutation curves
are performed, where each exciting pulse is investigated for the signal intensity as
a function of pulse duration, and they are optimised for either a π/2 or a π pulse
condition (eq. 2.62) as mentioned in section 2.4.2 of Chapter 2.

In the M3WM experiment, the drive transition is optimised for π/2-condition, while
the twist transition is optimised for a π-condition. The optimised pulse durations
determine the pulse sequence which can have drive and twist microwave pulses ap-
plied either simultaneously or sequentially. This subsequently dictates the timings
of the amplifiers and the protection switch on the second delay generator.

In the modified COMPACT setup for M3WM experiments, the drive pulse is ap-
plied in the z-polarisation (or x-polarisation) direction using the same excitation
horn antenna used in broadband experiments. The twist pulse is broadcast orthog-
onally to the drive pulse in the y-polarisation direction using a second horn antenna
(1-10 GHz) fixed on the side flange and positioned perpendicular to the excitation
(polarised in the x- or z-direction) and emitter horn antenna. The aligned electric
dipole polarisation induced by the interaction of the molecular jet with the drive
and twist pulses of the three-wave mixing scheme starts to oscillate at the frequency
of the listen transition in the third mutually orthogonal polarisation direction. The
listen signal is collected via the receiver horn antenna and then amplified and digi-
tised using a fast oscilloscope, like in broadband experiments. The FID collected
with the digital oscilloscope has a phase difference of π for two enantiomers at the
listen frequency. These modifications to the experimental setup of the COMPACT
spectrometer enabled the identification of enantiomers in chiral mixtures, such as
thyme oil and peppermint oil, using rotational spectroscopy.[49, 186]
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3.2.3 Additional modifications for enantiomer-selective pop-
ulation transfer experiments

The technique of M3WM has been extended further to perform enantiomer-selective
population transfer experiments, as explained in section 2.5 of Chapter 2. The phase
difference of π in the FID of the listen transition can be utilised to selectively pop-
ulate one enantiomer in a particular rotational state while depleting the population
of the other enantiomer in that state but enhancing it in the connecting state of
the corresponding rotational transition. By applying a direct excitation at the fre-
quency of the listen transition, which interferes with the phase-dependent listen sig-
nal generated from the M3WM cycle, the coherence difference between enantiomers
is transferred into a population difference and enantiomer-selective population trans-
fer is achieved.

The experimental approach for the enantio-selective population transfer experiments
has already been demonstrated by Pérez et al.[62, 65] using the modified COMPACT
setup. In this work, the COMPACT setup was modified to create enantio-selective
population transfer in trifluoromethyl oxirane.[50] The experiment is set up accord-
ing to the frequencies involved in the energy scheme and the pulse sequence. Fig.
5(b) of the manuscript attached in Chapter 7 shows the energy scheme used to
achieve and enhance enantiomer-selective population transfer in the trifluoromethyl
oxirane molecular system. The schematic of the experimental setup used for this
experiment is depicted in Fig. 3.6(c).

The AWG is used in dual-channel mode to generate five different microwave excita-
tion pulses with optimised durations, which are then amplified using three different
amplifiers. According to energy scheme in Fig. 5(b) of the manuscript in Chapter
7[50], the two drive pulses #1, #4 and the preceding pulse #6 are in the 6-9 GHz
range and thus have to be amplified and doubled before being amplified with the 40
W SSA. The twist pulses #2 and #5 are low-frequency rotational transitions and are
amplified using a 300 W TWT amplifier. The transfer pulse #4 was amplified with
a 3 W SSA. Each of these microwave excitation pulses are initially optimised with
the corresponding amplifiers by measuring the nutation curves. This optimisation
can be done either via direct excitation of that pulse or via a M3WM experiment.
In this energy scheme, pulses #1, #3, #4 were optimised by a single-photon exper-
iment, while pulse #2 was optimised via a M3WM experiment. The nutation curve
plots for all five pulse involved in the enantiomer-selective population transfer of
trifluoromethyl oxirane are provided in the supplementary information of the article
attached in Chapter 7. The optimised pulse durations are then used to determine
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the optimal pulse sequence, which dictates the timings of amplifiers, switches con-
nected to amplifiers, and the protection switch on the second delay generator.
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Figure 3.6: (a) Energy scheme for creating enantiomer-selective population transfer
as demonstrated for trifluoromethyl oxirane in Chapter 7. (b) Pulse scheme for the
corresponding energy scheme depicted in (a). Pulse durations are not scaled. (c)
Schematic of the experimental setup to perform enantiomer-selective population
transfer experiments discussed in section 2.5 of Chapter 2. Here, both channels of
the AWG are used to create a five-pulse sequence that is broadcast in three different
polarisations using dual-polarised horn antennas. The pulse sequence from channel
1 of the AWG is fed through the single pole double throw switch, to amplify with
different amplifiers and broadcast them in orthogonal polarisations (e.g. x, or z).
Red, blue, and green colors represent the polarisation directions of microwave fields
in the laboratory frame. The free induction decay is collected in the orthogonal
direction of excitation.
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As the polarisation direction of pulse #3 must be orthogonal to the pulses #1 and
#4, a single pole double throw switch (SPDT) with a switching speed of up to 25
ns was used to feed the signals into the respective amplifiers. The switch receives
a single input from the AWG, and its two outputs are subsequently connected to
a 40 W amplifier (for pulses #1, #4) and a 3 W amplifier (for pulse #3). Two
marker channels (Marker1 and Marker2) of channel 2 of the AWG are then used
to trigger the output of the switch through TTL pulses. In this way, two sets of
pulses, pulses #1 and #4, and pulse #3, are amplified with two different amplifiers
and broadcast orthogonally into a vacuum chamber using a single channel of the
AWG. Pulses #1, #4, and #6 are applied in x-polarisation, pulses #2, #5 in y-
polarisation, and #3 in the z-polarisation direction same as in which FID is collected.
Thus, a five-microwave pulse sequence could be excited to create and enhance the
efficiency enantiomer-selective population transfer in trifluoromethyl oxirane using
the COMPACT spectrometer. The results for these experiments are provided in
Chapter 7. A similar experimental setup could be employed to induce chirality in
a transiently chiral molecule, benzyl alcohol, using a M6WM approach described
in section 2.6 of Chapter 2. The details on the experimental setup for performing
M6WM experiments on benzyl alcohol is provided in reference [64].
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Part I: Conformational flexibility
in molecules investigated with
broadband rotational spectroscopy

Increasing structural flexibility
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Chapter 4

[2,2]-Paracyclophane: A bridged
benzene dimer

Cyclophanes are strained organic molecules that contain aromatic ring(s) as well as
aliphatic unit(s) that bridge the aromatic unit(s).[187] The aromatic rings provide
rigidity to their structure while the aliphatic units give flexibility.[187] Cyclophanes
play an important role as hosts in host-guest chemistry, being able to encapsulate
the guest between the two aromatic rings and assembly.[188–190] Due to their pecu-
liar structural properties, they also have wide applications in material science with
interesting photophysical and optoelectronic properties.[191–194]

[n]-orthocyclophane [n]-metacyclophane [n]-paracyclophane

[2,2]-orthocyclophane [2,2]-metacyclophane [2,2]-paracyclophane

Figure 4.1: Different types of cyclophane molecules are categorised based on the
relative position of the aliphatic units, as adapted from reference [187]. Here, [n]
represents the number of methylene groups in the aliphatic bridge. The lower row
illustrates the three different possible configurations of cyclophane with two benzene
rings bridged via an ethylene group.

83



Cyclophanes can be classified into three classes according to the relative position of
the aliphatic units. The prefixes ortho, meta, or para represent the relative position
of the attachment to the aromatic systems, while [n] indicates the number of methy-
lene groups in the aliphatic bridge. For example, cyclophanes with two benzene rings
can be connected by an ethylene bridge at three different positions giving rise to
three cyclophane configurations: [2,2]-orthocyclophane, [2,2]-metacyclophane, and
[2,2]-paracyclophane, as shown in Fig. 4.1.[187] Several classes of cyclophanes con-
sisting of two or more aromatic systems and aliphatic bridges have been reported in
the literature.[187] Out of this, [2,2]-paracyclophanes have particularly gained a lot
of attention from researchers ever since their discovery by Brown and Farthing[195]
followed by its first synthesis by Cram and Steinberg.[196] [2,2]-Paracyclophanes
and their derivatives gained popularity among chemists due to their unusual photo-
physical and optoelectronic properties arising from their unique three-dimensional
structure.[197]

[2,2]-Paracyclophanes consist of two co-facially stacked benzene units, the “decks”,
connected by the ethylene chains, the “bridges”. The ethylene bridge causes the aro-
matic carbons to bend out of the benzene plane, giving rise to a unique “bent and
battered” planar chiral structure of [2,2]-paracyclophanes, as shown in Fig. 4.2(a).
The two stacked benzene rings have a maximum distance of 3.09 Å between them,
which is even shorter than the distance of 3.4 Å between the graphite planes.[198]
The co-facial stacking of aromatic rings at such close proximity leads to transan-
nular π-π strain in the rings with a strain energy of about 31 kcal/mol.[199] This
strain forces the two benzene rings to bend out of their inherent planarity and also
leads to the lengthening of the C-C ethylene bond to 1.63 Å compared to 1.54 Å in
ethane.

(a) (b)

1.63

13º

3.092.78

Figure 4.2: (a) [2,2]-Paracyclophane illustrating the strain and structural parame-
ters (Å) obtained from X-ray diffraction analysis. This figure also displays transan-
nular distances (in Å) and benzene ring deformations. The aromatic ring distance
is 3.09Å. (b) Two different side views of [2,2]-paracyclophane are presented to illus-
trate the structural distortions. Figure is adapted from reference [198].
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The distortion abnormalities in [2,2]-paracyclophanes, deviating from normal aro-
matic planarity due to transannular strain, correlate with their properties and un-
usual reactivity behaviour. Thus, it becomes important to investigate the connec-
tivity and the relative position of the aromatic units in [2,2]-paracyclophanes. Most
of the recent work on [2,2]-paracyclophanes so far has been focused on the synthesis
of functionalised [2,2]-paracyclophanes and its derivatives to find their applications
in asymmetric synthesis, energy materials, and polymer coatings.[197]. The sub-
stitution of a functional group on one or both of the benzene rings results in a
planar chirality, while substitution on the ethylene bridge results in central chirality
in [2,2]-paracyclophanes. These planar chiral paracyclophanes have been utilised
in preparing chiral auxiliaries or chiral ligands for regioselective synthesis in syn-
thetic organic chemistry and organometallic chemistry.[200] [2,2]-Paracyclophane
has demonstrated its versatility as tectons for structured polymers and supramolec-
ular chemistry.[197] The progress in the area of [2,2]-paracyclophane chemistry have
revolved around synthesising functional materials for diverse applications, emphasis-
ing the understanding of their structure-reactivity relationships and decoding their
physical-chemical properties.[201] Therefore, it is essential to discern their accurate
structures and gain information on their intramolecular interactions and internal
dynamics.

In this study, the conformations of a series of substituted [2,2]-paracyclophanes are
examined in the gas phase while also analysing their intramolecular interactions.
CP-FTMW spectroscopy (as described in section 3.2 of Chapter 3) was used to de-
termine the accurate gas-phase structure of monosubstituted [2,2]-paracyclophane.
The main molecule from this family of compounds, [2,2]-paracyclophane, cannot
be investigated by rotational spectroscopy due to its lack of a permanent electric
dipole moment. However, through the substitution of different functional groups
on the aromatic rings or the introduction of heteroatoms such as oxygen, nitro-
gen, or halogens, a strong dipole moment can be induced, which makes the [2,2]-
paracyclophane molecules observable by MW spectroscopy. Monosubstituted [2,2]-
paracyclophanes, investigated here, can be synthesised through electrophilic aro-
matic substitution that inserts functional groups either in a single step (e.g. CHO,
COR) or by quenching their lithium derivative prepared from bromide with various
electrophiles, thereby leading to the incorporation of other chemical groups such
as OH, COOH.[197] The distorted structure and steric effects within the electronic
rings increase the basicity or nucleophilicity of the [2,2]-paracyclophanes, thus facili-
tating the electrophilic substitutions and making [2,2]-paracyclophanes an attractive
synthon.
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The rotational spectra and quantum-chemical calculations of four structural ho-
mologues of [2,2]-paracyclophanes with different electrophilic substituents: hydroxy
(OH), aldehyde (CHO), ketone (RCO), and carboxylic acid (COOH) groups are
presented here. This investigation sheds light on the conformational arrangement
of these mono-substituted [2,2]-paracyclophanes. The subsequent section briefly
outlines the experimental and computational methodologies used in this study.
This is followed by the spectroscopic assignments of different conformers of [2,2]-
paracyclophane derivatives and a discussion of the overall findings in a comparative
manner.

pcp-CHO pcp-(tBu)-CO pcp-(tBu)-CHOH pcp-COOH

(a) (b) (c) (d)

Figure 4.3: The four derivatives of [2,2]-paracyclophane investigated in this work:
pcp-CHO, pcp-(tBu)-CO, pcp-(tBu)-CHOH, and pcp-COOH.

4.1 Experimental and computational details

The four derivatives of [2,2]-paracyclophanes, pcp-CHO (C17H16O), pcp-(tBu)-CO
(C21H24O), pcp-(tBu)-CHOH (C21H26O), and pcp-COOH (C17H16O2) (Fig. 4.3),
synthesised by the research group of Prof. Stefan Bräse, were used without any fur-
ther purification for measuring their rotational spectra. All the samples are white
solid powders, with melting points ranging from 70°C to 180°C. The structures of
these derivatives are shown in Fig. 4.3.

All measurements were performed with the COMPACT spectrometer, which is de-
tailed in Chapter 3 and special aspects of these particular measurements are de-
scribed in the following. The molecules were seeded into a carrier gas to generate
a supersonic expansion using a pulsed nozzle (Parker General valve) operated at a
repetition rate of 6 GHz. The substituted aldehyde and ketone species were heated
up to 75°C and 80°C, respectively, while the hydroxy and carboxylic acid derivatives
were heated to about 180°C. Ne was used as a carrier gas at a stagnation pressure of
2 bar to generate the supersonic expansion with the sample molecules diluted in it.
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After the supersonic expansion into the vacuum chamber, the molecular ensemble
was polarised with a 4 µs amplified chirped pulse spanning 2-8 GHz of the frequency
range. Following excitation, 40 µs of the FID of the macroscopic ensemble of the
polarised molecules were recorded using a oscilloscope. This yielded a frequency res-
olution of 25 kHz in the rotational spectra obtained by Fourier transformation using
a Kaiser-Bessel window function. For pcp-CHO, pcp-(tBu)-CO, and pcp-(tBu)-
CHOH, 2.1, 1.2, and 1.4 million FIDs, respectively, were coadded and averaged to
obtain the final rotational spectrum. Only 700 thousand acquisitions could be ac-
quired for pcp-COOH after several tries, due to difficulties in getting it into the gas
phase.

The analysis of the experimental spectra was supported by quantum-chemical calcu-
lations performed with ORCA.[119, 120] Fig. 2.6 illustrates the workflow employed
for this and subsequent conformational analysis work presented in this thesis. The
minimum energy structures were predicted by employing the GFNn-xTB method
CREST[121] and were then optimised using ORCA[120] at the B3LYP-D3(BJ)/def2-
TZVP level of theory.[124–127, 134, 202] All the structures were confirmed to be real
minima by harmonic frequency calculations and were sorted by their relative energy
including zero-point energy corrections. The different interactions in the paracyclo-
phane moiety and its derivatives were explored by performing non-covalent inter-
actions (NCI) analysis calculations.[138, 203] Potential energy scans varying some
dihedral angles were also performed to explore the conformational relaxation pos-
sibilities for the hydroxy-substituted paracyclophane. The interconversion barriers
were calculated at the same level of theory, i.e., B3LYP-D3(BJ)/def2-TZVP.

The assignment of the species in a rotational spectrum is guided by the rotational
constants and dipole moments obtained from quantum-chemical structures. This
method of guided assignment of molecular species has given good results for large
molecules[47] and clusters, such as studies on the sevoflurane trimer.[204] The ex-
perimental spectra were initially assigned using a recurrent fit based on Watson’s A-
reduction Hamiltonian in the Ir representation as implemented in PGOPHER.[141,
205] These initial rotational parameters were refined with Pickett’s SPFIT/SPCAT
program suite.[142]
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4.2 Results

The subsequent section presents a conformational analysis of each monosubstituted
[2,2]-paracyclophane and the gas-phase structures identified in experiments, this is
followed by an investigation into intramolecular interactions.

4.2.1 Aldehyde-substituted [2,2]-paracyclophane, pcp-CHO

Two conformers with different arrangements for the aldehyde group were predicted
from quantum-chemical calculations (Fig. 4.4(a)), with one of them being signif-
icantly more stable and populated than the second conformer (Table 4.1). The
experimental spectrum of pcp-CHO is presented in the positive trace (black) of Fig.
4.4(b). Table 4.1 lists the computed and experimentally determined rotational con-
stants of both of these conformers.

The rotational spectrum for the most stable conformer, pcp-CHO-1, shows pre-
dominantly a-type transitions, as µa is the largest dipole-moment component as
provided in Table 4.1. In the final fit, a-, b- and c-type rotational transitions were
assigned and fitted. The observed rotational lines range from J = 2 to J = 10, with
a maximum Ka of 8 in the experimental spectrum of the pcp-CHO-1 conformer.
The second lowest conformer, with a predicted relative energy of 4.5 kJ/mol (pcp-
CHO-2), was also observed. The rotational spectrum for this conformer is rich with
plenty of characteristic patterns, although with overall weak intensity. These pat-
terns consist of four rotational transitions, out of which the two lines in the middle
are either a-type or c-type transitions, while the outside lines are b-type transitions
(baab or bccb).[109]

The sufficient SNR of the rotational spectrum of the dominant conformer, pcp-CHO-
1, allowed the observation of the rotational spectra of all of its singly-substituted
13C isotopologues in natural abundance (1.1%) for the most intense rotational tran-
sition (i.e., 61,5 − 51,4 with a SNR of 900:1) and many other transitions. Table 1 in
the appendix summarises the experimentally determined rotational parameters of
the seventeen singly substituted 13C isotopologues and their comparison with the
parent species. The atom positions of these carbon atoms with respect to the center
of mass of the molecule were derived using the Kraitchman equations described in
section 2.1.4.3. This facilitated the construction of the so-called substitution struc-
ture, rs, of the [2,2]-paracyclophane moiety displayed in Fig. 4.5, compared with
the equilibrium structure, re, obtained from the quantum-chemical calculations at
the B3LYP-D3(BJ)/def2-TZVP level of theory.
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pcp-CHO-1
ΔErel = 0.0 kJ/mol
ΔEZPE = 0.0 kJ/mol

pcp-CHO-2
ΔErel = 4.5 kJ/mol
ΔEZPE = 4.4 kJ/mol
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Figure 4.4: (a) Molecular structures of both conformers of pcp-CHO optimised
at the B3LYP-D3(BJ)/def2-TZVP level of theory, along with their relative energies
without (black) and with zero-point energy correction (red) in kJ/mol. (b) The
upper trace is the experimental rotational spectrum of pcp-CHO in the 5150-5355
MHz region, while the lower traces are the simulations based on the experimentally
fitted rotational parameters presented in Table 4.1. The most stable conformer,
pcp-CHO-1, is represented in red and pcp-CHO-2 in blue. For the simulations,
a rotational temperature of 3 K gave the best match between the simulated and
experimental intensities for both conformers.
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Table 4.1: Relative energies and experimental rotational parame-
ters of pcp-CHO conformers are tabulated. Relative energies and
predicted parameters reported here are obtained at the B3LYP-
D3(BJ)/def2-TZVP level of theory. The experimental parameters
are obtained by fitting in Watson’s A-reduction scheme using the
SPFIT program.

Parameters
pcp-CHO-1 pcp-CHO-2

calc. expt. calc. expt.

A/MHz1 702.4 703.45372(19) 627.1 628.42855(21)

B/MHz 468.4 466.28972(11) 491.1 488.907724(89)

C/MHz 408.8 407.45446(12) 419.9 419.43526(14)

∆J/kHz - 0.0119(10) - 0.02158(70)

∆JK/kHz - 0.0215(31) - -

∆K/kHz - - - 0.0387(37)

δJ/kHz - - - -0.00808(57)

δK/kHz - 0.0762(48) - 0.0887(50)

µa/D2 -3.0 Y -1.5 Y

µb/D -0.5 Y 2.0 Y

µc/D 1.2 Y 2.4 Y

N 3 - 196 - 184

σ/kHz - 6.8 - 6.4

∆Erel(kJ/mol) 4 0.0 - 4.5 -

∆EZPE(kJ/mol) 0.0 - 4.4 -
1A, B, and C are the rotational constants, and ∆J , ∆JK , ∆K , δJ , and δK are
the quartic centrifugal constants in Watson’s A-reduction scheme. 2 Y and N in-
dicate whether the respective type of rotational transition was observed or not.
3 N denotes the number of fitted transitions, and σ is the root-mean-square
deviation of the fit. 4∆E rel, ∆EZPE are the calculated (B3LYP-D3(BJ)/def2-
TZVP) relative energies without and with zero-point energy (ZPE) correction,
respectively.
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This structural information was then corroborated by fitting the effective ground
state structure, r0 using STRFIT program available at PROSPE (as mentioned in
section 2.1.4.2 of Chapter 2).[117] The r0 parameters are indicated in blue in Fig.
4.5. Table 2 summarises the rs and r0 parameters such as bond lengths and angles,
compared with the re. The SNR was not sufficient to observe the rotational spectra
of the 18O isotopologues (0.2%) in natural abundance or any other rare isotopologue
for the conformer pcp-CHO-2.
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Figure 4.5: An overlay of the experimentally determined rs (inner spheres) struc-
ture with respect to calculated re equilibrium geometry is displayed. The bond
lengths and bond angles for the rs structure are shown in blue, for the r0 in black
and for re in grey.

4.2.2 Ketone-substituted [2,2]-paracyclophane, pcp-(tBu)-
CO

It was then interesting to explore how the structural arrangement of the carbonyl
group changes on substituting an alkyl group in place of a hydrogen atom. A
ketone-substituted [2,2]-paracyclophane with a tert-butyl group on the carbonyl
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carbon (Fig. 4.3) was measured with the COMPACT spectrometer. Only one
conformer was predicted from quantum-chemical calculations within the threshold
of 10 kJ/mol, while the next two conformers were found to be 20 kJ/mol higher in
energy. The most stable conformer pcp-(tBu)-CO-1 is expected to be more stable
than the other two conformers due to the stabilising interaction of the carbonyl
group with the ethylene hydrogen atoms.
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6 4
3-
5 3
2 734-625

6 4
2-
5 3
3

6 4
2-
5 3
2

6 4
3-
5 3
3

pcp-(tBu)-CO-1
ΔErel = 0.0 kJ/mol
ΔEZPE = 0.0 kJ/mol

Figure 4.6: (a) Optimised geometry of the experimentally observed conformer of
pcp-(tBu)-CO obtained at the B3LYP-D3(BJ)/def2-TZVP level of theory along with
its relative energy without (black) and with zero-point energy correction (green) in
kJ/mol. (b) An excerpt of the rotational spectrum of pcp-(tBu)-CO is displayed.
The top trace is the experimental spectrum while the bottom trace represents the
simulation based on fitted rotational parameters at a temperature of 3 K.

Some spectral patterns compatible with pcp-(tBu)-CO-1 conformer were observed
in the experiment. A section of the experimental rotational spectrum of pcp-(tBu)-
CO is presented in Fig. 4.6(b) in black. Plenty of characteristic bccb patterns
were observed and guided the initial assignment for the ketone derivative. These
patterns consist of two c-type lines in the middle, while the outside lines are b-
type transitions. The rotational transitions ranging from J=3 to J=23 with a
maximum Ka of 13 are fitted. The experimentally determined rotational constants
from SPFIT/SPCAT are tabulated in Table 4.2 along with the computed parameters
obtained at the B3LYP-D3(BJ)/def2-TZVP level of theory.
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Table 4.2: Experimental rotational parameters of
the pcp-(tBu)-CO-1 conformer along with the pre-
dicted parameters and relative energy obtained at
the B3LYP-D3(BJ)/def2-TZVP level of theory are
listed. The experimental parameters are obtained
in Watson’s A-reduction scheme using the SPFIT
fitting program.

Parameters
pcp-(tBu)-CO-1

calc. exp.

A/MHz1 506.5 511.186015(60)

B/MHz 255.7 253.035291(38)

C/MHz 221.1 219.190469(34)

∆J/kHz - 0.003823(88)

∆JK/kHz - -0.00769(25)

∆K/kHz - 0.03018(29)

δJ/kHz - 0.000307(27)

δK/kHz - -

µa/D2 0.3 Y

µb/D 2.0 Y

µc/D 1.7 Y

N 3 - 792

σ/kHz - 5.9

∆Erel(kJ/mol) 4 0.0 -

∆EZPE(kJ/mol) 0.0 -
1A, B, and C are the rotational constants, and ∆J , ∆JK ,
∆K , δJ , and δK are the quartic centrifugal constants. 2 Y
and N denote whether the respective type of rotational tran-
sition was observed or not. 3 N signifies the number of fitted
transitions while σ is the root-mean-square deviation of the
fit. 4 ∆E rel, ∆EZPE are the relative energies without and
with zero-point correction, respectively.
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4.2.3 Hydroxy-substituted [2,2]-paracyclophane, pcp-(tBu)-
CHOH

The conformational landscape and structure of a hydroxy analogue, pcp-(tBu)-
CHOH, was also explored with rotational spectroscopy. The group provides some
flexibility to the molecules, and in this case, three different rotamers, (anti (a),
gauche(+) (gp), gauche(-) (gm)) are identified within a threshold of 10 kJ/mol
from quantum-chemical calculations, which are shown in Fig 4.7.

The pcp skeleton is the same for the three rotamers, which differ only in the ori-
entation of the hydroxy group. The pcp-(tBu)-CHOH-gm conformer is the global
minimum; pcp-(tBu)-CHOH-a is calculated to be essentially isoenergetic; and on
the basis of its relative energy, the other rotamer pcp-(tBu)-CHOH-gp could also
be populated in our experiments.

Out of these three low-energy isomers, only the most stable conformer, pcp-(tBu)-
CHOH-gm rotamer with a hydroxy group in gauche(-) orientation have been identi-
fied in the experiment, as shown in Fig. 4.8. The observation of only the pcp-(tBu)-
CHOH-gm conformation can be explained by conformational relaxation processes
between the conformers.

36

35

20
19

pcp-(tBu)-CHOH-gm
ΔErel = 0.0 kJ/mol

 ΔEZPE = 0.0 kJ/mol

pcp-(tBu)-CHOH-a
ΔErel = 0.7 kJ/mol
ΔEZPE = 0.6 kJ/mol

pcp-(tBu)-CHOH-gp
ΔErel = 4.2 kJ/mol
ΔEZPE = 4.2 kJ/mol

Figure 4.7: Optimised structures of the three conformers of pcp-(tBu)-CHOH
obtained at the B3LYP-D3(BJ)/def2-TZVP level of theory along with their relative
energies without (black) and with zero-point energy correction (green) in kJ/mol.
The group dihedral angle ∠θ (H36-O35-C20-C19) that gives rise to the three different
rotamers of pcp-(tBu)-CHOH is labelled on the pcp-(tBu)-CHOH-gp conformation.
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Table 4.3: Experimental and calculated rotational parameters of pcp-(tBu)-
CHOH rotamers along with their relative energies predicted at the B3LYP-
D3(BJ)/def2-TZVP level of theory.

Parameters
pcp-(tBu)-CHOH-gm pcp-(tBu)-

CHOH-a
pcp-(tBu)-
CHOH-gp

calc. exp. calc. calc.

A/MHz1 512.7 518.28485(30) 517.0 515.2

B/MHz 249.7 248.176996(80) 249.8 249.5

C/MHz 217.2 214.382062(73) 216.4 216.8

∆J/kHz - 0.00441(27) - -

∆JK/kHz - -0.0160(14) - -

∆K/kHz - 0.5583(13) - -

δJ/kHz - - - -

δK/kHz - 0.0487(60) - -

µa/D2 1.2 Y -1.6 -0.6

µb/D -0.8 Y - 1.0 -0.6

µc/D 0.1 N -0.4 1.4

N 3 - 169 - -

σ/kHz - 6.4 - -

∆E rel/(kJ/mol)4 0.0 - 0.7 4.2

∆EZPE/(kJ/mol) 0.0 - 0.6 4.2
1A, B, and C are the rotational constants and ∆J , ∆JK , ∆K , δJ , and δK are the quar-
tic centrifugal constants. The errors given here for the measured values are the standard
errors. 2 Y and N indicate if the respective types of rotational transitions were observed
or not. 3 N is the number of lines included in the fit and σ is the standard deviation of
the fit. 4 ∆E rel, ∆EZPE are the relative energies without and with zero-point correction,
respectively.
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Figure 4.8: A portion of the experimental rotational spectrum of pcp-(tBu)-CHOH
is shown. The upper experimental trace in black is compared with a simulated spec-
trum of the most stable conformer pcp-(tBu)-CHOH-gm based on fitted rotational
parameters. A rotational temperature of 3 K gives the best match between the
simulated and the experimental intensities.

The possible relaxation pathways can be understood from the potential energy curve
for the dihedral angle ∠θ(H36-O35-C20-C19) (marked in Fig. 4.7), as the rotation
of the hydroxy group connects the three rotamers. The potential energy barriers
predicted at B3LYP-D3(BJ)/def2-TZVP level of theory range from 3 to 4.8 kJ/mol
(Fig. 4.9). The collisions of the Ne carrier gas atoms with the higher-energy con-
formers can transfer enough energy to overcome the conversion barrier and induce
relaxation into the most stable structure, pcp-(tBu)-CHOH-gm.[184] The SNR of
approximately 50:1 for the most intense rotational transitions did not permit the
observation of transitions originating from 13C (1.1%)- or 18O (0.2%)-isotopologues
of pcp-(tBu)-CHOH-gm to enable its structure determination.
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gm
0.0 kJ/mol

gp
4.2 kJ/mol

a
0.6 kJ/mol

3.2 kJ/mol

1.9 kJ/mol

4.8 kJ/mol

pcp-(tBu)-CHOH-gp

pcp-(tBu)-CHOH-a

pcp-(tBu)-CHOH-gm

36
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θ = -53.5º

θ = 180.0º

θ = 82.7º

Figure 4.9: Potential energy scan for the dihedral angle ∠θ(H36-O35-C20-C19) to
investigate the relaxation pathways between the three conformers. The curve was
computed at the B3LYP-D3(BJ)/def2-TZVP level of theory. The arrows indicate
the energy barrier between the conformers. The relative zero-point corrected energy
determined at the B3LYP-D3(BJ)/def2-TZVP level of theory is given for all three
conformers. The three different orientations, a, gp, and gm, of the hydroxy group
are depicted with their respective dihedral angles.

4.2.4 Carboxylic acid substituted [2,2]-paracyclophane, pcp-
COOH

Two conformers were identified for the COOH functionalised [2,2]-paracyclophane,
pcp-COOH, from calculations (Fig. 4.10). The rotational spectrum for pcp-COOH
had an overall weak signal, and it was difficult to recognise any kind of characteristic
transition patterns unlike in other substituted [2,2]-paracyclophane molecules. After
meticulous investigation, a few rotational transitions belonging to pcp-COOH-1 con-
former could be recognised. The experimental rotational parameters of the lowest
energy isomer, pcp-COOH-1, obtained by fitting some of these rotational lines, are
presented in Table 4.4. Many weak rotational transitions remain in the spectrum,
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which may come from fragmentation of the sample or impurities from the synthesis
process. Due to experimental challenges, only 700k acquisitions could be collected.
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(b)

pcp-COOH-1
ΔErel = 0.0 kJ/mol
ΔEZPE = 0.0 kJ/mol

pcp-COOH-2
ΔErel = 4.1 kJ/mol
ΔEZPE = 4.0 kJ/mol

717-616 707-606

818-717
808-707

Figure 4.10: (a) Molecular structures of two different conformers of pcp-COOH
optimised at the B3LYP-D3(BJ)/def2-TZVP level of theory along with their relative
energies without (black) and with zero-point energy correction (green) in kJ/mol.
(b) The upper trace is the experimental spectrum of pcp-COOH in the 3966-5830
MHz region, while the lower trace is the simulation based on the fitted rotational
parameters obtained at a rotational temperature of 3 K. The most stable conformer
pcp-COOH-1 is represented in green.
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Table 4.4: Relative energies and rotational parameters of
pcp-COOH predicted at the B3LYP-D3(BJ)/def2-TZVP
level of theory are given here. The experimental and cal-
culated rotational parameters were obtained with the SP-
FIT fitting program.

Parameters
pcp-COOH-1 pcp-COOH-2

calc. exp. calc.

A/MHz1 596.6 597.31366(47) 613.8

B/MHz 423.9 422.31638(30) 412.2

C/MHz 358.0 356.24851(34) 361.8

∆J/kHz - 0.01323(10)

∆JK/kHz - - -

∆K/kHz - - -

δJ/kHz - - -

δK/kHz - - -

µa/D2 -1.6 Y -0.6

µb/D -0.8 N 1.1

µc/D 0.5 Y 1.4

N 3 - 20 -

σ/kHz - 4.0 -

∆E rel/kJ/mol4 0.0 - 4.1

∆EZPE/kJ/mol 0.0 - 4.0
1A, B, and C are the rotational constants and ∆J , ∆JK , ∆K , δJ ,
and δK are the quartic centrifugal constants in Watson’s A-reduction
scheme. 2 Y and N mean if the respective type of rotational tran-
sitions were observed or not. 3σ is the standard deviation of the fit
and N indicates the number of lines included in the fit. 4 ∆E rel,
∆EZPE are the relative energies without and with zero-point correc-
tion, respectively at the B3LYP-D3(BJ)/def2-TZVP level of theory.
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4.2.5 Intramolecular interactions

The exploration of intramolecular interactions within [2,2]-paracyclophane and its
derivatives involved NCI analysis. The NCI analysis gives information about attrac-
tive and repulsive interactions present in the [2,2]-paracyclophane molecules. The
sign of the Laplacian of the electron density (∇2ρ), provides information on the
different types of interactions.[138, 203] This Laplacian has contributions from all
the three principal axes of maximal variation, which have three eigenvalues λi of the
electron density of the Hessian matrix. The second eigenvalue λ2 then helps to dis-
cern between different types of non-covalent interactions such as hydrogen bonding,
dispersion and steric interactions. When λ2 is negative, it indicates the presence of
strong attractions, while values around 0 reveal weak attractions, respectively. A
positive value of λ2 implies repulsive interactions.

pcp-CHO-1

pcp-COOH-1

pcp-(tBu)-CO-1

pcp-(tBu)-CHOH-gm

pcp

-0.0350.02
sign(λ2)ρ

strong 
attraction

weak
attraction

strong 
repulsion

0.0

Figure 4.11: NCI analysis of the [2,2]-paracyclophane and its four derivatives in-
vestigated in this work. Optimised structures of the most stable conformations of
the monosubstituted [2,2]-paracyclophanes were used as inputs for the NCI anal-
ysis; the sign of λ2 distinguishes the different types of interactions. A doughnut-
shape weak attractive interaction is observed between stacked benzene rings in [2,2]-
paracyclophanes and its substituted species.
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The NCI plots of [2,2]-paracyclophanes and its four substituted forms showcase
a doughnut-shaped π · · · π interaction surface between the two co-facially stacked
benzene rings, as shown in Fig. 4.11. The transannular strain in these substi-
tuted and non-substituted pcp lengthens the CH2-CH2 bond distances and bends
the benzene units out of the plane, making them non-planar. The doughnut-shaped
inter-ring interactions are affected only slightly by different substitutions on the
[2,2]-paracyclophane and have a common repulsive interaction near the ethylene
bridge. An additional CH· · ·O interaction is present in all the derivatives, of similar
length and strength. Some secondary interactions, such as CH· · · π, are also present
in the ketone- and hydroxy-substituted paracyclophane due to the presence of the
tert-butyl group. The presence of intramolecular OH· · · π interaction between the
hydroxy group and the π · · · π interaction surface of paracyclophane moiety could
be a possible reason for the higher stability of the pcp-(tBu)-CHOH-gm conformer
compared to its isoenergetic pcp-(tBu)-CHOH-a conformer.

4.3 Discussion

The intramolecular interactions of the aldehyde-substituted [2,2]-paracyclophane
can be compared with a structurally similar benzaldehyde-benzene complex as pre-
sented in Fig. 4.12. The complex of benzene with benzaldehyde has a parallel-
displaced structure, similar to the benzene dimer.[206] The structure of the benza-
ldehyde-benzene complex resembles the second most stable conformer of pcp-CHO
with respect to the aldehyde functional group. In both of these species, the carbonyl
oxygen points toward the hydrogen atom of the benzene at the meta-position. Due
to this, a very weak intramolecular CH· · ·O interaction is present between the CH
and the carbonyl oxygen in both structures. A similar CH· · ·O interaction between
the carbonyl oxygen and ethylene hydrogen is present in the most stable conformer
of aldehyde substituted [2,2]-paracyclophane, i.e., pcp-CHO-1 conformer (Fig. 4.12).
The CH· · ·O interaction in the pcp-CHO-1 conformer is stronger than the CH· · ·O
interaction in the pcp-CHO-2 conformer and benzaldehyde-benzene complex, due
to the short distance of 2.4 Å between the ethylene hydrogen and oxygen atom
in the pcp-CHO-1 compared to the other species. Both the benzaldehyde-benzene
complex and the pcp conformers have weak π · · · π attractions between the benzene
rings, with some additional repulsive interactions near the ethylene bridge unit in
[2,2]-paracyclophanes.
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Figure 4.12: Comparison of NCI plots of aldehyde-substituted [2,2]-
paracyclophane with a structurally similar benzaldehyde-benzene complex obtained
at the B3LYP-D3(BJ)/def2-TZVP level of theory. The transannular π · · · π interac-
tions in pcp-CHO are weak attractions between the stacked benzene rings and repul-
sive near the ethylene bridge connecting the two aromatic rings. The benzaldehyde-
benzene complex has a parallel-displaced structure with weak π · · · π interactions
between the benzene rings.

To understand the effect of the ethylene bridge on benzene rings in the series of
substituted paracyclophanes, NCI analysis of [2,2]-paracyclophane can be compared
with similar molecular systems, such as the benzene dimer and pyrene dimer (Fig.
4.13). The benzene dimer resembles the [2,2]-paracyclophanes without the bridge
that maintains the co-facial stacking, while the benzene-benzaldehyde can be com-
pared directly to pcp-CHO (Fig. 4.12). The pyrene dimer was chosen since it can
model larger systems, such as graphite and graphene bilayers. Graphite is a lay-
ered material composed of sheets of hexagonally arranged sp2-hybridised carbon
atoms, forming a planar network. These layers are not co-facially stacked; instead,
they have a slight displacement from one another, which gives graphite its slippery
texture. Graphene layers are held together by weak van der Waals forces.

For the benzene dimer, several isomers are possible. It has been demonstrated
that the conformation with both rings exactly overlapping, as in paracyclophanes,
is a saddle-point structure.[207] A minimum structure arises from a shift of the up-
per benzene with respect to the center of the bottom one, i.e., a parallel-displaced
structure as reported by Podeszwa et al.[207] However, this minimum structure of
the benzene dimer is not observed in MW spectroscopy experiments due to its non-
polar nature.[206, 208] Instead, the tilted T-shaped structure is observed.[206, 208]
The discussion here is focused on the parallel-displaced geometry due to its struc-
tural similarity with [2,2]-paracyclophanes. Similarly, the pyrene dimer also has a
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parallel-displaced structure with aromatic rings not exactly facing each other. The
NCI analysis of benzene and pyrene dimers (Fig. 4.13) reveals pure π · · · π inter-
actions between the two planes with a similar nature as depicted in the benzene-
benzaldehyde complex (Fig. 4.12).

[2,2]-paracyclophaneparallel-displaced benzene 
dimer

pyrene dimer

si
gn

(λ
2)
ρ

Figure 4.13: NCI plots for the parallel-displaced isomer of the benzene dimer,
[2,2]-paracyclophane, and the displaced pyrene dimer obtained at the B3LYP-
D3(BJ)/def2-TZVP level of theory.

A remarkable property of [2,2]-paracyclophanes is the proximity between the two
aromatic rings. The experimental inter-annular distance between the benzene units
in the case of the aldehyde-substituted [2,2]-paracyclophane (3.118(58) Å, Fig. 4.5)
is 0.31 Å shorter than the standard van der Waal distance between the graphite
layers.[197] It is also shorter than the computed distances between the two aromatic
rings in the benzene dimer and benzene-benzaldehyde complex, with distances of 3.5
Å and 3.6 Å, respectively. Due to the short distance in [2,2]-paracyclophane deriva-
tives, in principle, a large repulsion force between the two aromatic rings arising
from the overlap between the two π clouds could be expected. However, attractive
forces between the two rings can be identified in the four derivatives studied, with
just a small repulsive area in the region close to the ethylene chains due to the
steric hindrance. The mix of attractive and repulsive forces with the transannular
strain due to the ethylene groups in [2,2]-paracyclophanes can provide a basis for
the correlation between their properties.

However, the presence of transannular strains in paracyclophanes is still an ongoing
discussion. Some theoretical or in-silico studies report the lack of this strain and
conclude its absence due to the influence of both ethylene bridges and the distortion
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of the benzene rings to quasi-boat conformation.[209] Recent articles report its pres-
ence and explain the co-facial stacking of the benzene rings in close proximity as a
reason for it.[197] The accurate experimental structure determined in this work, sup-
ported by the NCI computations, suggests the presence of such transannular strains.

It is also interesting to observe the possible changes in the Mulliken atomic charges
of the carbon atoms in both the benzene dimer and [2,2]-paracyclophanes, to get
insights into their electronic structure arrangement. To gain insights, natural bond
orbital computations were carried out at the same level of theory, i.e., B3LYP-
D3(BJ)/def2-TZVP, focusing on the carbon atoms situated at the edges of the ben-
zene ring (C5, C8, C11, and C14 as marked in Fig. 4.12). These four carbon
atoms have an atomic charge of about +0.17 in [2,2]-paracyclophane, while all the
other carbon atoms in the [2,2]-paracyclophane have negative charges, as could be
expected. In the benzene dimer, all the carbon atoms have a negative charge of
about -0.12. This effect represents an electron deficit in the C5, C8, C11, and C14
carbon atoms of the [2,2]-paracyclophane. Due to the ethylene bridge that holds
both aromatic rings, those four carbon atoms are pushed away from the plane of the
aromatic ring affecting the resonance of the electrons in the ring. The determined
experimental structure of the aldehyde-substituted [2,2]-paracyclophane in this in-
vestigation allowed us to calculate the deviation of these edge carbon atoms (C5, C8,
C11, and C14) from the benzene plane. These carbon atoms have a deviation from
planarity by an angle between 4° (C8 and C11) and 8° (C5 and C14), as mentioned
in Table 5 in appendix.

The experimentally determined C-C bond lengths of the aldehyde-substituted [2,2]-
paracyclophane determined in the gas phase are compared with the X-ray structure
of [2,2]-paracyclophane in Table 4.5. Interestingly, the experimental data from both
X-ray crystallography and microwave investigation agree well, which points to small
crystal packing effects in the solid phase.[209] Additionally, the ground-state struc-
ture determined from MW spectroscopy provided information on the interannular
distance, for example C7-C12 bond distance is determined to be 3.118(58) Å (ac-
cording to the labelling in Fig. 4.12).
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Table 4.5: Comparison of bond lengths obtained from X-ray diffraction studies
on [2,2]-paracyclophane and r0, rs structure determination method employed on
pcp-CHO-1 conformer. The carbon atom numbers are according to the labelled
pcp-CHO-1 conformer in Fig. 4.12.

Bond distances X-ray data (in Å) r0 structure (in Å) rs structure (in Å)

C9-C10 1.580(1) 1.584(47) 1.5837(48)

C10-C11 1.508(1) 1.516(69) 1.5112(68)

C11-C12 1.400(1) 1.400(85) 1.365(11)

C12-C13 1.392(1) 1.391(76) 1.4073(38)

C7-C12 3.09 3.118(58) 3.1100(39)

4.4 Summary

CP-FTMW spectroscopy was employed to investigate the MW spectra of four struc-
tural homologues of monosubstituted [2,2]-paracyclophanes. The good agreement
between quantum-chemically predicted and experimentally determined rotational
parameters led to the identification of the observed species as the low-energy forms
of respective substituted [2,2]-paracyclophanes. These low-energy forms are sta-
bilised by the CH· · ·O interaction formed between the carbonyl/hydroxy oxygen of
these derivatives and the hydrogen atom of the [2,2]-paracyclophane ethylene bridge.
The hydroxy substituted [2,2]-paracyclophane exhibits more flexibility compared to
the rigid aldehyde, ketone, and carboxylic acid substituted [2,2]-paracyclophanes.
To explore the conformational landscape of pcp-(tBu)-CHOH, a dihedral scan for
the rotation of the hydroxy group was performed, revealing the barriers for the inter-
conversion of the three rotamers of pcp-(tBu)-CHOH and suggesting that relaxation
processes can be expected in experiments. Further, the presence of intramolecular
OH· · · π interaction in the pcp-(tBu)-CHOH-gm conformer also suggests its higher
stability than its isoenergetic conformer, pcp-(tBu)-CHOH-a, pointing to gm as a
preferred arrangement for the hydroxy group in the gas phase.

In experiments, both predicted isomers of pcp-CHO were detected, showing strong
rotational transitions for the lowest energy conformer, pcp-CHO-1. The observa-
tion of carbon-13 isotopic species of pcp-CHO-1 facilitated its accurate structure
determination in the gas phase. The r0 structure of pcp-CHO-1 revealed a proxim-
ity of 3.118(58) Å between the stacked benzene rings, akin to the 3.09 Å distance
obtained from the solid-state structure of [2,2]-paracyclophane. The comparison of
the gas-phase structure of paracyclophane moiety determined from this study on
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pcp-CHO-1 and the solid-state structure of [2,2]-paracyclophane, indicates that the
presence of a functional group, such as aldehyde does not substantially alter the
paracyclophane moiety. Additionally, the r0 structure of pcp-CHO-1 indicates a
4°and 8° deviation of edge carbon atoms (C5, C8, C11, and C14, as marked in Fig.
4.12) from the benzene ring plane.

NCI analysis of [2,2]-paracyclophane and all of its four monosubstituted species
reveals a doughnut-shaped transannular interaction between co-facially stacked ben-
zene rings, along with an additional CH· · ·O interaction present only in the deriva-
tives. Notably, derivatives with a tert-butyl group, like pcp-(tBu)-CHO and pcp-
(tBu)-CHOH-gm, exhibit an additional CH· · · π interaction between the methyl
group of tert-butyl and the aromatic ring backbone.
The investigation of structural similarities between [2,2]-paracyclophane and

parallel-displaced benzene dimer led to an observation regarding the influence of
ethylene bridges, compelling the decks to stack over each other. NCI analysis com-
paring benzene (parallel-displaced) and pyrene dimers with [2,2]-paracyclophane
revealed a mix of attractive and repulsive interactions in the latter, whereas weakly
attractive π · · · π interactions were present in the former dimers. Mulliken atomic
charge analysis on [2,2]-paracyclophane predicted a positive atomic charge on the
four edge carbon atoms (C5, C8, C11, and C14) held by the ethylene bridge, sug-
gesting that the resonance of the electrons in the benzene ring is affected by the
presence of the ethylene bridge.

The large size and structural complexity of [2,2]-paracyclophane and its structural
homologues once more tested the limits of rotational spectroscopy. The characterisa-
tion of conformations and interannular interactions of substituted [2,2]-paracyclophane
can aid in understanding the chemical properties of the paracyclophane derivatives,
which can be valuable for fine-tuning them for specific applications for example in
asymmetric synthesis and material science.
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Chapter 5

The many forms of α-methoxy
phenylacetic acid in the gas phase:
flexibility, internal dynamics, and
their intramolecular interactions

The conformational flexibility in chiral molecules is particularly interesting, as most
of the biomolecules are chiral in nature. An example of such a molecule is α-methoxy
phenylacetic acid (AMPA), a methoxy-derivative of mandelic acid (C8H8O3). Man-
delic acid is one of the simplest aromatic chiral molecule. It is an important molecule
with wide applications in the cosmetic industry.[210] The conformational landscape
of mandelic acid has been investigated before, and four isomers were described.[211]
Exploring the conformational landscape of AMPA extends this prior work, given
AMPA’s additional degree of molecular flexibility compared to mandelic acid, offer-
ing insight into how functional groups sequentially contribute to molecular flexibility.
AMPA plays a significant role in the stereochemical analysis of sulfoxides due to its
ability to form strong adducts with sulfoxide functional groups.[212] Another in-
teresting property of AMPA is that it finds applications in organic chemistry and
pharmaceutical industry as a starting material for the synthesis of organic com-
pounds with different biological activities like neuroprotective anticonvulsants.[213,
214]

It is intriguing to explore how the relative orientation of the functional groups con-
tribute to the formation of intramolecular interactions and their importance for
the stabilisation of conformers. The first aim of this study was to investigate the
conformational landscape of AMPA, paving the pathway for future investigations
involving its complexes with different solvent molecules, such as dimethyl sulfoxide.
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This chiral carboxylic acid comprises two functional groups at the chiral center,
offering distinct binding sites for intra- and intermolecular interactions. Due to
the structural flexibility introduced by the methoxy and carboxylic acid groups,
it is expected to observe several structural forms of AMPA in both monomer and
microsolvation experiments stabilised by intramolecular interactions. The second
objective of this investigation was to understand the role of intramolecular interac-
tions in shaping AMPA’s conformational space. Broadband rotational spectroscopy,
as described in Chapter 3 was used to explore the conformational space of AMPA,
as this is a powerful technique for acquiring precise and high-resolution structural
details of gas-phase molecules. The specific experimental and computational details
of the study are provided in experimental and computational methods section of
the manuscript. The findings of the investigation are presented in the results and
discussion section of the manuscript. The effect of the carrier gas on the relative
population of conformers during experiments was also explored, along with calcu-
lations on conformational relaxation trajectories to interpret observations, which
are discussed in the conformational relaxation part of results and discussion section.
The internal dynamics of the molecule, primarily arising from the methyl rotor, were
also explored.
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The many forms of alpha-methoxy phenylacetic
acid in the gas phase: flexibility, internal
dynamics, and their intramolecular interactions†

Himanshi Singh, ab Pablo Pinacho, *a Daniel A. Obenchain, c

Marı́a Mar Quesada-Moreno d and Melanie Schnell *ab

We present a rotational spectroscopy study of alpha-methoxy phenylacetic acid in the gas phase. This

acid is a derivative of mandelic acid and is used in various organic reactions. The conformational

landscape of alpha-methoxy phenylacetic acid was explored to gain insight into its intramolecular

dynamics. A rich rotational spectrum was obtained using chirped-pulse Fourier transform microwave

spectroscopy in the 2–8 GHz range. Five conformers out of six calculated low-energy forms were

identified in the spectrum, and the assignment of the 13C singly substituted isotopologues for the

lowest-energy conformer led to its accurate structure determination. Splitting patterns were analyzed

and attributed to the internal rotation of a methyl top. The analysis of the non-covalent interactions

within the molecule highlights the subtle balance in the stabilization of the different conformers.

We thus provide high-level structural and intramolecular dynamics information that is also used to

benchmark the performance of quantum-chemical calculations.

Introduction
Carboxylic acids are an important group of molecules in
organic chemistry. Within this family of molecules, chiral
carboxylic acids can be found in a myriad of molecules involved
in biological processes.1 Mandelic acid (Fig. 1a) is an example
of a chiral carboxylic acid used in the cosmetic industry, among
other applications, to cure skin problems such as acne and
pimples.2 The presence of a phenyl ring, a hydroxy group, and a
carboxylic acid group attached to the chiral center provides
different possibilities for intra- and intermolecular inter-
actions. These functional groups offer great binding sites for
solute and solvent interactions, which are also of crucial
importance to understand their biological activities. Further-
more, the relative orientation of these groups also gives rise to a

rich conformational landscape. It becomes important to study
such molecules to identify the conformations that they can
present, characterize their structures, analyze the interconver-
sion pathways between the possible conformers, and evaluate
their intra- and intermolecular interactions. Among different
structurally sensitive experimental approaches, rotational
spectroscopy is a valuable technique to address these challenges
and perform the structural analysis of molecules. The study of
such molecules in the gas phase provides detailed information
about each conformation and allows us to characterize intra-
molecular interactions that stabilize the conformers.3–7 The
accurate spectroscopic information on the structures and their

Fig. 1 Schematic structures of (a) mandelic acid (C8H8O3) and (b) alpha-
methoxy phenylacetic acid (AMPA; C9H10O3). The chiral centre is high-
lighted with an asterisk.
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interactions allows benchmarking quantum-chemical calcula-
tions that help improve their performance.8

Alpha-methoxy phenylacetic acid (AMPA, C9H10O3) is a
derivative of mandelic acid (Fig. 1b) that serves as an NMR
shift reagent and helps in the determination of enantiomeric
purity.9 It presents two strong electron-withdrawing groups,
namely a methoxy group and a carboxylic acid group together
with a phenyl ring, making it highly flexible and giving rise to
different kinds of intramolecular interactions. The complexation
of the carboxylic acid group of AMPA with sulfoxide functional
groups gives rise to strongly bound adducts, resulting in its use
in the stereochemical analysis of sulfoxides.9 The phenylacetic
acid group present in AMPA is an important moiety in many
numerous pharmaceutical drugs such as atropine, camylofin,
and phenacemide. Thus, the characterization of this group on
the basis of AMPA can serve to model the internal dynamics
of these kinds of drug molecules. Furthermore, studying AMPA
helps in understanding the effect of solute–solvent interactions
on the IR and VCD spectra in different solvents as reported
by a recent study.10 In that study, six conformations of the
AMPA monomer were predicted from quantum-chemical calcu-
lations. Although the monomeric conformers of AMPA could
not be observed directly in experiments, dimers arising
from the complexation with the non-polar solvents were
observed.10 A detailed conformational analysis of AMPA is an
important starting point to characterize its ability to interact
with other molecules and predict the possible geometry
changes. Here, we have investigated the monomer conformers
of AMPA and unraveled its internal dynamics in the absence of
further interactions in the gas phase using rotational
spectroscopy.

Rotational spectroscopy is a powerful tool to obtain the
structural information of molecules in the gas phase with high
precision and resolution.11,12 The development of chirped-
pulse instruments revolutionized the field of rotational
spectroscopy.13 Using chirped-pulse Fourier-transform micro-
wave (CP-FTMW) spectroscopy, it is possible to record the
rotational spectra of complex, flexible molecular systems over a
broad frequency range in a single experiment.14 The experiments
are complemented by high-level quantum-chemical calculations
and supported by spectral assignment programs. From a broad-
band rotational spectrum, it is possible to extract information
about the structure and internal dynamics of isolated molecules
and clusters. Some recent studies on biologically relevant mole-
cules by CP-FTMW spectroscopy demonstrate its capabilities to
investigate terpenes,3–7,15–18 monosaccharides,19 amino acids,20

drugs,21,22 and micro-solvated complexes.23–27 As a remarkable
example, a study on citronellal5 highlights the rich conforma-
tional landscape of a flexible molecule evaluated by broadband
rotational spectroscopy.

The results presented in this work discuss the observed
conformations, their structural similarities, the stabilization
interactions, and the conversion pathways that are of interest to
better understand and benchmark systems with rich conforma-
tional space arising from high flexibility, using AMPA as a
model system. This study can also serve as an important basis

for future work on solute–solvent interactions of carboxylic
acids with different solvents.

Methods
Computational methods

The conformational landscape of AMPA was explored in two
stages. First, a conformational search was performed by a semi-
empirical method using the GFN-xTB code.28 Several conformers
were obtained, and their geometries were optimized using the
B3LYP29–31 (Becke, three-parameter, Lee–Yang–Parr) exchange–
correlation functional along with Grimme’s D3 dispersion
corrections,32 and Becke–Johnson (BJ) damping,33 combined
with the def2-TZVP basis set,34 using the ORCA program.35,36

Second, a complementary stepwise manual search for the
orientation of the functional groups was performed. The chiral
centre of AMPA has three functional groups, a phenyl ring, a
carboxylic acid group (COOH), and a methoxy group (OCH3)
(Fig. 1b). The individual orientations of these functional groups
are responsible for the conformational flexibility of AMPA and
characterize the naming scheme for different conformers as
shown in Fig. 2.

In addition to the geometry optimizations at the B3LYP-
D3(BJ)/def2-TZVP level of theory, single-point energy calculations
at the DLPNO-CCSD/aug-cc-pVTZ level of theory were performed.
Frequency calculations at the B3LYP-D3(BJ)/def2-TZVP level of
theory were also performed to validate whether the equilibrium
structures were real minima and to obtain the zero-point cor-
rected relative energies. Systematic scans of some coordinates
were carried out at the B3LYP-D3(BJ)/def2-TZVP level of theory to
explore the relaxation pathways between the conformers,
employing the ORCA35,36 and Gaussian program packages.37

Non-covalent interaction (NCI)38,39 analysis was performed
to help identify the weak intramolecular interactions involved
in the stabilization of the conformers and to characterize and
visualize the forces.

Experimental methods
The rotational spectrum of AMPA was recorded using a broad-
band compact-passage acquired coherence technique (COM-
PACT) spectrometer in the 2–8 GHz frequency range.40

A sample of 99% purity purchased from Thermo Fischer
Scientific was used for experiments without further purifica-
tion. AMPA is a white crystalline solid at room temperature with
a melting point of around 69–71 1C and a boiling point of
around 165 1C according to the information of the supplier.
The sample was heated in a reservoir at ca. 120 1C and mixed
with neon as a carrier gas at a stagnation pressure of 2 bars.
Additional experiments were performed under similar condi-
tions using helium and argon as carrier gases to explore the
conformational landscape of AMPA. The mixture was then
supersonically expanded using a pulsed valve into a vacuum
chamber at a repetition rate of 8 Hz. A microwave chirp pulse of
4 ms duration generated using an arbitrary waveform generator
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and amplified using a 300 W traveling wave tube amplifier was
broadcast into a vacuum chamber using a horn antenna to
polarize the molecular ensemble. The molecular signal was
collected in the time domain as a free-induction decay (FID) of
the macroscopic dipole moment of the molecular ensemble. The
application of the fast Fourier transformation results in the
rotational spectrum in the frequency domain. A detailed descrip-
tion of the experimental setup can be found elsewhere.40 A
recent data acquisition scheme, the ‘fast frame setup’ option
of a digital oscilloscope, was employed.41 Eight back-to-back
excitation chirps were performed on each gas pulse, and the
subsequent eight FID acquisitions were then co-added and
averaged. The use of the fast frame setup decreases the measure-
ment time and the sample consumption rate, resulting in an
effective repetition rate of 64 Hz. The final spectrum with Ne as a
carrier gas was obtained by coadding 4.3 million FIDs. For
spectra with He and Ar, 3.8 and 3.5 million FIDs, respectively,
were coadded. All the spectra recorded using a COMPACT
spectrometer had a resolution of around 25 kHz and an accuracy
in the frequency measurement better than 15 kHz.

The initial assignment of experimental lines to rotational
transitions was performed through a recurrent fit based on
Watson’s A-reduction Hamiltonian in the Ir representation as
implemented in PGOPHER.42,43 These initially fitted rotational
constants (A, B, and C) and quartic centrifugal distortion
constants (DJ, DK, DJK, dJ, and dK) were then refined using the
SPFIT/SPCAT programs developed by Pickett.44 The observed
line splittings in two of the conformers due to a large amplitude
motion of AMPA were analysed using the XIAM program.45 This
applies the so-called r-axis method where r is a dimensionless
vector that accounts for the interaction between the overall
rotation and internal rotation.46 For experimental structure

determination, we used the KRA, EVAL, and STRFIT programs
as available on the PROSPE website.47

Results and discussion
AMPA is a highly flexible molecule due to the possible config-
urations of the three functional groups and generates a rich
conformational space (Fig. S1 and S2, ESI†). The spatial orien-
tation of the methoxy group (dihedral angle t, C13–O12–C7–C8)
is observed to be either almost perpendicular or almost parallel
with respect to the plane of the phenyl ring. The dihedral angle
y(O10–C8–C7–O12) can range from 01 to 3601, being either cis or
trans with respect to the OCH3 group. Finally, the hydroxyl (OH)
group of carboxylic acid, defined by the dihedral angle f(H11–
O10–C8–C7), can rotate to be pointing either towards (in) the
OCH3 group or away from it (out). The combination of these
possibilities produced eight minimum energy structures where
the groups can be in perpendicular (perp) or parallel (par), cis
or trans, and in or out configurations, respectively, as shown in
Fig. 2. For example, the conformer cis-in-perp has the dihedral
angle y in cis, with the hydrogen of the OH group pointing
towards the OCH3 group (in), and OCH3 is almost perpendi-
cular to the phenyl ring. Table S1 of the ESI† lists the values of
the three dihedral angles; t, y, and f that characterize the
different configurations for all eight conformers. The stepwise
investigation revealed that one conformer, trans-in-perp, out of
the eight possible structures was missed in the search by xTB.
Six out of the eight conformations (Fig. 2) were found to be
within a threshold of around 6 kJ mol!1 as listed in Table 1.
Both the B3LYP and DLPNO-CCSD levels of theory predict a
similar energy ordering of conformers, with the only exception
of cis-in-par and cis-out-par. To obtain more accurate relative

Fig. 2 Molecular structures of AMPA optimized at the B3LYP-D3(BJ)/def2-TZVP level of theory along with their relative zero-point corrected energies in
kJ mol!1. These structures were used as inputs for the non-covalent interaction (NCI) analysis; the sign of l2 obtained from this analysis distinguishes the
different types of interactions.
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energies, we added the zero-point correction term from
the B3LYP-D3(BJ)/def2-TZVP calculations to the single point
energies obtained at the DLPNO-CCSD/aug-cc-pVTZ level of
theory (Table 1). The structures of the eight different confor-
mers of AMPA with their NCI analysis and zero-point corrected
relative energies obtained at the B3LYP-D3(BJ)/def2-TZVP level
are shown in Fig. 2.

The upper black traces in Fig. 3 show two portions of the
rotational spectrum (Ne-seeded) recorded using a COMPACT
spectrometer. The experimental spectra are plotted against
coloured traces, which represent the simulations of the observed
conformers of AMPA using the experimentally fitted rotational
constants. The typical energy threshold for observing conformers
in our experiments is 6 kJ mol!1. For example, the fifteen
conformations of citronellal were observed within this energy
window.5 Each conformation has distinct rotational constants
and dipole-moment components, giving rise to unique spectral
signatures that allow differentiating them based on the rotational
fingerprint and the type of spectrum observed. These distinct
patterns of rotational transitions led to the identification of five
conformers out of the six structures predicted in the above-
mentioned energy window. All the experimentally determined

sets of rotational constants can be assigned to a corresponding
AMPA conformer as shown in Table 2.

The most intense transitions correspond to the low-energy
conformers cis-in-perp and trans-out-par, due to their higher
population. The rotational spectrum of the lowest energy con-
former, cis-in-perp, shows all three a-, b- and c-type rotational
transitions, while the second-lowest energy conformer, trans-out-
par, presents only b- and c-type transitions, in good agreement
with their predicted dipole-moment components as shown in
Table 1. No transitions were observed for the third conformer, cis-
in-par (vide infra). The rotational transitions of cis-out-par, the
fourth most stable conformer, are in general weaker than those of
the higher energy conformers, trans-out-perp and cis-out-perp.
Based on the zero-point corrected relative energies, the fourth
conformer should be more intense, so this effect could be
explained by the relatively low values of the dipole-moment
components for cis-out-par.

Conformational relaxation

As mentioned, one of the predicted isomers, cis-in-par, could not
be identified in the experimental spectrum. The explanation for
the non-observation of the cis-in-par conformer could be its

Table 1 Quantum chemical rotational parameters (B3LYP-D3(BJ)/def2-TZVP) predicted for the eight conformers of AMPA

Parameters cis-in-perp trans-out-par cis-in-par cis-out-par trans-out-perp cis-out-perp trans-in-par trans-in-perp

Ae/MHza 1436.0 1615.7 1612.9 1632.5 1365.0 1373.8 1660.7 1450.3
Be/MHz 691.7 633.5 662.9 643.7 702.1 697.5 628.1 697.6
Ce/MHz 582.8 571.3 540.3 562.8 605.9 605.8 562.2 580.1
ma/Db !1.6 0.1 !0.2 0.5 !1.8 1.4 !3.1 !5.1
mb/D 4.6 1.1 3.7 !0.8 0.0 1.4 !1.1 1.8
mc/D !0.8 1.5 !0.8 !0.4 !2.0 0.4 !2.4 !2.0
DErel/kJ mol!1 c 0.0 3.9 4.5 5.4 5.8 6.3 19.5 22.2
DEZPE/kJ mol!1 0.0 3.0 4.9 4.7 5.0 5.7 18.1 20.9
DErel-CC/kJ mol!1 d 0.0 1.5 3.9 2.5 3.9 4.0 18.9 22.4
DEZPE-CC/kJ mol!1 e 0.0 0.6 4.3 1.8 3.1 3.4 17.6 21.1

a Ae, Be, and Ce are the equilibrium rotational constants in MHz. b ma values (a = a, b, and c) are the values of the electric dipole-moment
components in Debye. c DErel and DEZPE are the calculated (B3LYP-D3(BJ)/def2-TZVP) relative energies without and with the zero-point energy
(ZPE) correction, respectively. d DErel-CC values are single point relative energies at the DLPNO-CCSD/aug-cc-pVTZ level of theory. e DEZPE-CC values
are the single point relative energies (DLPNO-CCSD/aug-cc-pVTZ) corrected with the zero-point energy term from the frequency calculations at the
B3LYP-D3(BJ)/def2-TZVP level of theory.

Fig. 3 Parts of the 2–8 GHz rotational spectrum of AMPA with the labelling scheme of the rotational transitions as J 0
K 0aK

0
c
 J 00

K 00aK
00
c

. The top part shows

the experimental spectrum and the bottom part represents the simulations using the fitted rotational parameters for AMPA conformers (Table 2).
The relative intensities are based on the predicted dipole moment components (Table 1).
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conversion to a lower energy structure in the course of the
supersonic expansion (Fig. 4).

Interestingly, each conformer of AMPA is connected to three
other conformers by a change in the arrangement of one
dihedral angle as shown in Fig. S3–S9 of the ESI.† These
motions can be understood by performing systematic scans
between the conformers, which give us the interconversion
barriers for the conformer relaxation. In the case of the missing
conformer (cis-in-par), the suggested relaxation pathway con-
verts it into the lowest energy form by a change of the dihedral
angle t(C13–O12–C7–C8) (Fig. 4). This motion is predicted to be
hindered by a barrier height of about 2.4 kJ mol!1 at the B3LYP-
D3(BJ)/def2-TZVP level (3.6 kJ mol!1 at the DLPNO-CCSD/aug-
cc-pVTZ level of theory), which is lower than the estimated
barrier cut-off of 4.2 kJ mol!1 for conformer relaxation in a Ne-
seeded supersonic expansion (Fig. 4).48,49 Thus, the non-
observation of this conformer is consistent with its conversion
into the lowest energy form.

A two-dimensional scan (Fig. 4) for the t(C13–O12–C7–C8) and
y(O10–C8–C7–O12) coordinates shows the pathways and the
relationships between several of the conformers. A second
two-dimensional scan connecting the other four conformers

is provided in Fig. S5 in the ESI.† The conformational relaxa-
tion pathways for the other detected conformers are hindered
by potential barriers higher than 6 kJ mol!1 (Fig. S4–S9 of the
ESI†), which prevent relaxation, in good agreement with the
experimental observation of these conformers. Additional
experiments were performed with He and Ar as carrier gases
to explore their effect on the AMPA conformer relaxation path-
ways and are presented in Fig. S10 of the ESI.† In the experi-
mental rotational spectra recorded using the three different
carrier gases, the same five conformers were observed, and cis-
in-par was always missing, even in the spectrum obtained with
He as the carrier gas, where collisional relaxation processes are
less efficient. The observation of the same five conformers
regardless of the carrier gas demonstrates a selective relaxation
of cis-in-par into cis-in-perp with all three different carrier gases
and confirms the non-relaxation of the higher energy forms.

Internal rotation

A spectral fine structure due to a large amplitude motion was
observed: some of the transitions for cis-in-perp and trans-out-
par were split into doublets (Fig. 5), which were attributed to
the methyl top internal rotation. Here, the methyl group inter-
nal rotation gives rise to three-equivalent minima represented
by a periodic function that describes how it varies with the

Table 2 Experimental rotational parameters for the five conformers of
AMPA obtained using the fitting program SPFIT. For cis-in-perp and trans-
out-par, only the A-state components were considered for this fit. The
internal rotation barriers V3 of the methyl top of cis-in-perp and trans-out-
par conformers were obtained using the fitting program XIAM considering
both A and E states

Parameters cis-in-perp trans-out-par cis-out-par

A/MHza 1436.68000(29)d 1619.14743(43) 1636.37884(58)
B/MHz 692.06967(12) 635.06285(26) 647.17771(31)
C/MHz 583.21822(12) 570.21890(26) 560.19412(28)
DJ/kHz 0.07892(78) 0.0723(20) 0.1470(25)
DJK/kHz 0.3036(19) 0.1427(38) —
DK/kHz !0.0684(64) — —
dJ/kHz 0.00462(13) 0.00456(19) —
dK/kHz !0.4362(24) 0.867(10) 2.977(36)
a/b/cb Y/Y/Y N/Y/Y Y/Y/Y
V3/kJ mol!1 8.263(9) 7.552(2) —
Nc 248 167 54
s/kHz 7.8 9.8 8.6

Parameters trans-out-perp cis-out-perp

A/MHz 1368.69142(41) 1375.55303(71)
B/MHz 703.73277(28) 697.96749(45)
C/MHz 605.92022(23) 606.05148(44)
DJ/kHz 0.0458(25) 0.0468(79)
DJK/kHz 0.4479(61) 0.333(10)
DK/kHz !0.323(16) !0.0764()
dJ/kHz 0.0059(11) —
dK/kHz !0.532(17) —
a/b/c Y/N/Y Y/Y/Y
V3/kJ mol!1 — —
N 87 59
s/kHz 7.9 8.3

a A, B, and C are the rotational constants. DJ, DJK, DK, dJ and dK are the
quartic centrifugal distortion constants. b Y and N indicate whether a,
b, or c type of rotational transitions were observed or not, respectively.
c N is the number of fitted transitions. s is the root-mean-square
deviation of the fit. d Standard error in parentheses in units of the last
digit.

Fig. 4 Two-dimensional scan for the t(C13–O12–C7–C8) and y(O10–C8–
C7–O12) coordinates (top), showing the pathways between cis-in perp,
cis-in-par, trans-in-perp, and trans-in-par. The surface was calculated at
the B3LYP-D3(BJ)/def2-TZVP level of theory using steps of 101 for t and 201
for y. The lower graph shows a one-dimensional scan for the t(C13–O12–
C7–C8) coordinate, which connects cis-in-par and cis-in-perp. The curve
was predicted at the B3LYP-D3(BJ)/def2-TZVP level of theory using steps
of 101. The barrier of around 2.4 kJ mol!1 explains the non-observation of
cis-in-par.
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coordinate for the motion. The expansion term arising due to
the three-fold symmetry of the methyl group depends on the
barrier height parameters V3 and V6 with a major contribution
from V3,11 while the term V6 was not needed to obtain high-
quality fits using XIAM, as presented in Table S3 of the ESI.†
Each rotational energy level has two torsional sublevels denoted
as the non-degenerate level A and a double degenerate level E,
resulting in doublets in the rotational spectrum.

Quantum-chemical calculations were performed to obtain
an approximation for the theoretical barrier for the methyl top
internal rotation. The V3 barrier depends on the position of the
CH3 group and its neighboring environment as well as the
bond characters. The V3 barriers for all observed AMPA con-
formers were calculated to be between 7 and 9 kJ mol!1 (B3LYP-
D3(BJ)/def2-TZVP level of theory). The methyl internal rotation
scans at the DLPNO-CCSD/aug-cc-pVTZ level of theory were
also performed for the two lowest energy conformers cis-in-perp
and trans-out-par, which predicted barrier heights of 8.1 and
7.7 kJ mol!1, respectively. The predicted internal rotation
barriers at the B3LYP-D3(BJ)/def2-TZVP level of theory for the
two lowest energy conformers are shown in Fig. 6, while the
others are presented in Fig. S11 of the ESI.† The moderately
high V3 barrier for the AMPA conformers makes most of the A
and E state lines to appear blended in our spectrum. We could
only resolve the splitting from transitions involving energy
levels with Ka higher than 4, which are split into doublets
spanning around 200–300 kHz. These components were ana-
lyzed and fitted using the XIAM program.45

The internal rotation barrier obtained from the experimental
splittings for cis-in-perp (8.263(9) kJ mol!1)) is higher compared
to that for trans-out-par (7.552(2) kJ mol!1). This could be due
to a CH" " "p interaction between the methyl group and the phenyl
ring in cis-in-perp, which likely influences the rotation of the
methyl top (vide infra). The computed barrier heights at the
DLPNO-CCSD/aug-cc-pVTZ level for both conformers are in better

agreement with the experimental values than those using B3LYP-
D3(BJ)/def2-TZVP.

Experimental structure

In the rotational spectrum with Ne as the carrier gas, we observed
a signal-to-noise ratio of 500 : 1 for the strongest transition, 60,6–
51,5 of the most stable conformer, cis-in-perp, with an intensity of
780 mV. This allowed us to observe the rotational spectra of all of
its singly-substituted 13C isotopologues in natural abundance
(1.1%) and to derive its experimental structure. Table S2 in the
ESI† summarizes the experimentally determined rotational para-
meters for the nine 13C isotopologues and those of the parent
species. The atom coordinates of these carbon atoms with respect
to the center of mass of the molecule were derived using
Kraitchman’s equations,50 allowing us to build the so-called
substitution structure, rs, atom by atom. This method provides
only the absolute values for the atomic coordinates, so the signs
were taken from the calculations. A comparison between the
equilibrium structure re obtained from quantum-chemical calcu-
lations at B3LYP-D3(BJ)/def2-TZVP and the experimental structure
rs is displayed in Fig. 7, showing a remarkable agreement
between them.

Alternative structural information was obtained by fitting the
effective ground state structure, r0. The r0 structure was deter-
mined by performing a least-square fit of certain structural
parameters using the rotational constants from all the observed
species. The r0 parameters are shown in blue in Fig. 7. Table S4 in
the ESI† summarizes the experimental structural r0 and rs para-
meters, such as the bond lengths and angles, in comparison with
the re parameters. The signal-to-noise ratio was not sufficient to
observe the rotational spectra of the 18O isotopologues in natural
abundance (0.2%) or any rare isotopologue for the other isomers
of AMPA.

Intramolecular interactions

The relative stability of the conformers can be further analyzed
by investigating the intramolecular interactions present in
AMPA. Fig. 2 shows the results of non-covalent interaction

Fig. 5 Section of the rotational spectrum of AMPA to illustrate the fine
structure of the spectrum for cis-in-perp due to the internal rotation of the
methyl top. The lower traces represent the simulations using the fitted
rotational parameters from XIAM. The labelling of the rotational transitions
follows the J 0

K 0a ;K
0
c
 J 00

K 00a ;K
00
c

scheme, where b-type transitions are shown

in red and c-type transitions are shown in violet.

Fig. 6 Methyl internal rotation scan for cis-in-perp and trans-out-par
performed at the B3LYP-D3(BJ)/def2-TZVP level of theory.
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(NCI) plots, which help in visualizing and characterizing
the different attractive and repulsive interactions present in
the different AMPA conformers. The sign of the Laplacian of the
density, r2r, is a widely used tool to distinguish between
different types of interactions. This Laplacian has contributions
from all the three principal axes of maximal variation, which
have three eigenvalues li of the electron density of the Hessian
matrix. The second eigenvalue l2 then helps in discerning
between different types of non-covalent interactions such as
hydrogen bonding, dispersion, and steric interactions. When
l2 o 0, it indicates the presence of strong attraction, while
values around 0 reveal weak attraction. The positive values of
l2 imply repulsive interactions.38

The cis-in-perp and cis-in-par conformers present the cis
configuration together with the hydrogen atom from the car-
boxylic acid group pointing towards (in) the oxygen of the
methoxy group. A moderately strong O–H" " "O intramolecular
hydrogen bond is formed with bond lengths of 1.9 and 2.0 Å in
cis-in-perp and cis-in-par, respectively. In the trans-in-par and
trans-in-perp conformations, although the hydrogen atom from
the carboxylic acid group is also pointing inwards, the intra-
molecular interaction is formed with the p-cloud of the benzene
ring, O–H" " "p. In principle, that is also a stabilizing interaction
based on the NCI plots, however, in order to form it, the
carboxylic acid group is tilted from its preferred position,
resulting in two high-energy conformations (Fig. 2).

Another stabilizing interaction is formed between one
hydrogen atom of the phenyl ring and the lone pair of the
oxygen atom of the OCH3 group. This CH" " "O interaction is
present in the eight isomers of AMPA and seems to be of
similar strength regardless of the par–perp configuration of
the OCH3 group. There is another CH" " "O interaction, in this
case between the hydrogen atom from the OCH3 group and the
lone pair of the oxygen atom from the carboxylic acid group.
This interaction also seems to be stabilizing, but is only
possible in conformers that are in par configuration since only
for those conformers the methoxy group is in the correct
orientation to establish the contact. However, the conformers
with the OCH3 group in the perp disposition have a possibility

of an alternative interaction. This is a long-range CH" " "p
interaction, bringing further stability to conformers in perp
configuration. Finally, it is worth mentioning that a repulsive
interaction is present in all the conformers of AMPA and occurs
between two oxygen atoms opposed to each other. Regardless of
the conformations, there is always a slight destabilization force
between the oxygen from the methoxy group and one for the
oxygen atoms from the carboxylic acid group.

As mentioned above, the interactions also influence the
internal rotation barrier of the conformers. The experimental
barrier height for cis-in-perp is slightly higher than that for
trans-out-par due to the presence of the CH" " "p interaction
between the methyl group and the phenyl ring. Fig. S11 in the
ESI† shows the theoretical barrier heights for the cis-out-par,
trans-out-perp, and cis-out-perp conformers. The theoretical
calculations predict barriers to be slightly higher for the con-
formers in the perp configuration compared with those in par,
in good agreement with the effect of the CH" " "p interaction.
The presence of these interactions helps in explaining the
energy ordering of the different conformers of AMPA and their
internal dynamics.

Conclusions
We report new experimental and theoretical insights into the
conformational landscape for the monomer of alpha-methoxy
phenylacetic acid. We have successfully used broadband rota-
tional spectroscopy and quantum-chemical calculations to
probe its rich conformational space and internal dynamics.
We experimentally identified and characterized five conforma-
tions out of six predicted low-energy structures, together with
an accurate structure determination for the lowest energy
conformer. The conformers are related to others via changes
of the cis–trans, in-out, and perp-par configurations. The ana-
lysis of the interconversion pathways can explain why one
conformer is not present in our experimental spectrum, regard-
less of the carrier gas used. The conformers are stabilized by
non-covalent intramolecular interactions, and have been ana-
lysed to understand their energy order. Such intramolecular
interactions govern the conformational landscape and influ-
ence the internal dynamics of AMPA, highlighting the impor-
tance of studying such interactions in detail. Both the DLPNO-
CCSD/aug-cc-pVTZ and the B3LYP-D3(BJ)/def2-TZVP levels of
theory seem to be good quantum-chemical methods to describe
molecular systems such as AMPA, as is demonstrated by our
detailed comparison with structural information from rota-
tional spectroscopy. The present study forms the basis for
future investigations about the micro-solvation of AMPA to
understand solute–solvent interactions and to learn how solva-
tion will affect the internal dynamics of similar molecules.

Author contributions
Himanshi Singh: investigation, formal analysis, writing – ori-
ginal draft, and writing – review and editing. Pablo Pinacho:

Fig. 7 Comparison of the calculated re (outer semi-transparent structure)
and experimentally determined rs substitution (black inner spheres) struc-
tures of cis-in-perp. The bond lengths and angles for the rs structure are
shown in black, for r0 in blue, and for re in gray.

PCCP Paper

Pu
bl

ish
ed

 o
n 

19
 O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

eu
tsc

he
 E

le
kt

ro
ne

n-
Sy

nc
hr

ot
ro

n 
(D

ES
Y

) o
n 

9/
25

/2
02

3 
10

:4
6:

08
 A

M
. 

View Article Online



This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 27312–27320 |  27319

conceptualization, investigation, formal analysis, and writing –
review and editing. Daniel A. Obenchain: formal analysis and
writing – review and editing. Marı́a Mar Quesada-Moreno:
investigation and writing – review and editing. Melanie Schnell:
conceptualization, funding acquisition, project administration,
and writing – review and editing.

Conflicts of interest
The authors declare no conflicts of interest.

Acknowledgements
We thank Prof. Dr. Christian Merten for bringing this molecule
to our attention. This work was supported by the collaborative
linkage grant ‘‘Extreme light for sensing and driving molecular
chirality (ELCH)’’, SFB1319, of the Deutsche Forschungsge-
meinschaft. Parts of the computations were performed by using
the European XFEL and DESY funded Maxwell computational
resources operated at Deutsches Elektronen-Synchrotron DESY,
Hamburg, Germany. The benchmarking aspect of this work was
profited from the environment provided by the local research
training group BENCH (DFG -389479699/GRK2455). P. P. would
like to thank the Alexander von Humboldt Foundation for a
postdoctoral fellowship. M. M. Q. M. thanks Fundación Alfonso
Martı́n Escudero for a postdoctoral grant and Junta de Anda-
lucı́a for a postdoctoral contract (DOC_01282).

Notes and references
1 C. Min and D. Seidel, Chem. Soc. Rev., 2017, 46, 5889–5902.
2 S. Dayal, K. D. Kalra and P. Sahu, J. Cosmet. Dermatol., 2020,

19, 393–399.
3 H. V. L. Nguyen, H. Mouhib, S. Klahm, W. Stahl and

I. Kleiner, Phys. Chem. Chem. Phys., 2013, 15, 10012–10018.
4 D. Schmitz, V. A. Shubert, T. Betz and M. Schnell, Front.

Chem., 2015, 3, 15.
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Chem., 2013, 24, 1163–1170.

18 C. Medcraft and M. Schnell, Z. Phys. Chem., 2016, 230, 1–14.
19 E. J. Cocinero, A. Lesarri, P. Écija, Á. Cimas, B. G. Davis,
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5.1 Summary and outlook

The article presents a gas-phase investigation of the chiral molecule, AMPA, using
broadband rotational spectroscopy. Five different conformers of AMPA were de-
tected in the experiments, out of six low-energy structures predicted from quantum-
chemical calculations. The conformational relaxation processes of the molecule were
explored in three different carrier gases (He, Ne, and Ar) as different conformers are
related to each other by distinct motions of the methoxy group and the carboxylic
acid group. The analysis of the conversion pathways explained the non-observation
of the third most stable conformer in the experimental conditions, as it relaxes into
a lower energy structure. Line splittings attributed to the methyl group internal ro-
tation were analysed and fitted for the two most stable conformers using the XIAM
program. Furthermore, all singly substituted 13C-isotopologues were identified and
an accurate experimental structure for the lowest energy conformer was determined.
The non-covalent intramolecular interactions play an important role in determining
the energy ordering of the conformers of AMPA and influence their internal dynam-
ics. This conformational analysis forms the foundation for further investigations into
solute-solvent interactions, exploring how solvation affects the internal dynamics of
AMPA.
Electron-withdrawing groups like the carboxylic acid, and the methoxy group of-

fer favourable binding sites for solute-solvent interactions. As previously mentioned
in Chapter 3, CP-FTMW spectroscopy coupled with supersonic expansion, provides
a favourable environment to elucidate the accurate structures of weakly bound com-
plexes isolated in the gas phase.

To model a broader range of solute-solvent interactions of AMPA, different solvent
molecules were considered. As a first complex partner, water (H2O) was chosen
because of its small size and its double hydrogen bond donor-acceptor capability.
Dimethyl sulfoxide (DMSO, C2H6OS) and phenol (Ph, C6H6O) were also selected
to cover different interaction possibilities, such as CH· · ·O and π · · · π interactions.
To explore different conformations of the AMPA complexes, a similar workflow for
conformational searches and optimisations of conformers was followed, as depicted
in Fig. 2.6. Initial conformational searches of the complexes were performed with
CREST; this was followed by refinement of structures through optimisation at the
B3LYP-D3(BJ)/def2-TZVP level of theory. The optimised geometries of the most
stable structures of complexes of AMPA with water, DMSO, and Ph obtained at
the B3LYP-D3(BJ)/def2-TZVP level of theory are depicted in Fig. 5.1. All three
solvent molecules prefer different conformations of AMPA during complexation de-
tailed in the next paragraph.
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trans-out-par-W cis-in-par-DMSO cis-in-perp-Ph

Figure 5.1: Most stable geometries of AMPA complexes with water (W), dimethyl
sulfoxide (DMSO), and phenol (Ph). Water and DMSO prefer the trans-out-par, cis-
in-par conformations of AMPA, respectively, while phenol complexes with the cis-
in-perp conformation. These geometries were obtained at the B3LYP-D3(BJ)/def2-
TZVP level of theory.

Initial investigations of optimised structures of AMPA complexes reveal that water
prefers to bind to AMPA’s second most stable structure, trans-out-par, while DMSO
interacts with the cis-in-par conformation, previously unobserved in monomer exper-
iments. In the trans-out-par-W complex, water positions itself between the hydroxyl
and carbonyl groups, forming a six-membered hydrogen bond network. Meanwhile,
in the cis-in-par-DMSO complex, the methyl group of DMSO engages in CH· · · π
interactions atop the benzene ring. Additionally, the sulfoxide group of DMSO
interacts with AMPA’s hydroxyl group, forming an intermolecular OH· · ·O interac-
tions and disrupting the intramolecular hydrogen bond of cis-in-par conformation of
AMPA. The cis-in-perp-Ph complex has its two benzene rings in a parallel-displaced
orientation similar to the parallel-displaced geometry of the benzene dimer.[206]
These displaced phenyl rings engage in π · · · π interactions, along with intra- and
intermolecular hydrogen bonds between the hydroxyl group of phenol and the car-
boxylic acid group of AMPA.
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The preliminary conformational analysis of AMPA complexes from calculations
shows distinct conformational preferences in the presence of solvent molecules. The
rotational spectra for these complexes have already been obtained and will be exam-
ined in the future. The next step also involves analysing how these solvent molecules
influence the line splittings observed in the rotational spectra of the two most stable
conformers of AMPA, caused by methyl internal rotation. Additionally, it would be
interesting to explore and identify the solvent interactions with alternate conforma-
tions of AMPA.

The quantum-chemical calculations of AMPA complexes indicate how intra- and
intermolecular hydrogen bonding influences the conformational landscape of AMPA
in diverse solvent environments. AMPA thus becomes a valuable model for explor-
ing the interplay between different functional groups in solute-solvent interactions
and serves as an ideal system for modeling the internal dynamics of drug molecules
containing the phenylacetic acid moiety. This study and analysis of complexes with
AMPA serve as a continuation of our research on the monomer, expanding our
understanding of its interactions with solvents.
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Chapter 6

Conformational flexibility in a
bio-renewable chemical,
6-amyl-α-pyrone

Fossil fuels, including coal, oil, and natural gas, currently serve as the backbone
of our global economy, supplying approximately 80% of the world’s energy.[215]
However, they are non-renewable resources diminishing rapidly, which has prompted
the exploration of alternative and renewable fuel sources. In this respect, biomass,
being renewable by nature, offers an ideal alternative to fossil fuels.

Starch, sugars, triglycerides, and lignocellulose are the general classes of raw
materials derived from biomass used for producing biofuels and chemicals. Among
these, plant-based lignocellulosic biomass, composed of lignin, cellulose, and hemi-
cellulose, stands out as the most abundant and cost-effective alternative for biofuel.
Significant efforts are in progress to develop novel processes that allow the con-
version of lignocellulosic biomass and its derivatives into long-chain and branched
hydrocarbon chemicals and fuels.

In one such strategy, Dumesic and coworkers proposed the synthesis of C9 linear
ketones from biomass-derived building blocks such as levulinic acid as feedstock us-
ing catalysts.[216, 217] Later, Alam and coworkers suggested another novel strategy
of producing unsaturated or saturated linear ketones from biomass-derived precur-
sors using an inexpensive catalyst with a simplified process compared to the previous
methods requiring integration of several steps.[218] The proposed method is based
on the ring-opening and decarboxylation of a flavouring agent, 6-amyl-α-pyrone
(6PP), obtained from the fermentation of sugarcane bagasse.[218, 219] The reaction
yields non-2-ene-4-one, a C9 linear ketone, with a high yield (95% conversion) when
performed in the aqueous phase in the absence of any catalyst. These unsaturated
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ketone products can then be hydrogenated and can react with other biomass mate-
rials such as furanics, to yield longer hydrocarbons like C14 or C15, either via aldol
condensation or hydroxy alkylation pathways.[220, 221] This makes 6PP a potential
biomass-derived platform molecule for synthesising a myriad of interesting products
to be used as fuels, chemicals, polymers, and pharmaceuticals (Fig. 6.1). In an
alternative bio-based route, 6PP can undergo catalytic hydrogenation to produce
another industrially important chemical, δ-decalactone, which is largely used in the
perfume and food industries (Fig. 6.1). Furthermore, 6PP is used in the food and
beverage industry as a flavour enhancer, due to its characteristic coconut aroma.

Given the wide range of potential applications for 6PP, understanding its stabil-
ity, reactivity, and physicochemical properties becomes crucial. These aspects are
closely linked to its structural characteristics, particularly the conformations it can
adopt and their associated intramolecular forces. In this work, the conformational
space of 6PP is explored. This exploration not only aids in understanding its struc-
tural properties but can also shed light on its interactions with other molecules.

fermentation ring-opening

hy
dr

og
en

at
io

n

ca
ta

ly
tic

6-amyl-α-pyrone (6PP)

non-2-ene-4-one

petrochemical 
precursors

δ-decalactone

polymer 
precursors

perfume 
industry

biomass

Figure 6.1: 6-amyl-α-pyrone (6PP) can be synthesised from the fermentation of
the sugarcane bagasse. It acts as a precursor for the synthesis of other industrially
relevant chemicals such as δ-decalactone and non-2-ene-4-one. These chemicals find
their application in the food and perfume industries and as precursors for petro-
chemicals and polymers. The coconut aroma of 6PP makes it a good flavouring
agent in the food and beverage industry.
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Structurally, 6PP is an unsaturated lactone with two double bonds within the lactone
ring and a pentyl linear chain attached at the carbon adjacent to the ring oxygen, as
shown in Fig. 6.2. The pentyl substituent on the lactone ring contributes to its high
flexibility and offers a rich conformational landscape. MW spectroscopy is a robust
spectroscopic technique for gas phase structure determination and conformational
analysis. The technique is well-suited for the study of multi-conformer systems due
to its inherent high precision and resolution. Some of the recent MW spectroscopy
investigations of flexible molecular systems include fruit esters,[222, 223] macrocy-
cles,[224, 225] and monterpenes[226–228].

This study employs CP-FTMW spectroscopy to explore the conformational flexi-
bility of 6-amyl-α-pyrone under the cold conditions of a molecular jet. The ensuing
section provides a brief overview of the experimental and computational methodolo-
gies used in this study, followed by results section which elaborates on the identified
conformations of 6PP, their structural similarities, and how they are energetically
ordered.

6.1 Experimental and computational details

A sample of 6PP was purchased from TCI Chemicals (Europe) and used without
purification. It is an orange-brown liquid with a boiling point of 286 °C. The rota-
tional spectrum was obtained in the 2-8 GHz frequency range using the COMPACT
spectrometer, described in Chapter 3. Only a concise overview of specific experi-
mental parameters is provided here.

The molecules were introduced into a supersonic expansion using a pulsed noz-
zle operating at a repetition rate of 8 Hz. The sample was initially heated to 50
°C, gradually increasing to 160 °C to optimise the signal intensity for 6PP. The
molecules were seeded into a constant flow of Ne carrier gas at a stagnation pressure
of 2 bar to generate a cold molecular jet. The molecules in the expanded supersonic
jet interact with a 4 µs long microwave chirp pulse spanning from 2 to 8 GHz. The
latter chirp was generated using an AWG in interleave mode and amplified with a
300 W TWT amplifier. The amplified microwave pulse was broadcast using a dual-
polarisation horn antenna. It then interacts with the molecules in the supersonic
jet, oriented perpendicular to the microwave field. After the halt of the chirped
pulse, the polarised molecular ensemble undergoes relaxation, which is measured in
the form of a FID in the time domain using the oscilloscope. A 40 µs segment of the
FID was Fourier transformed with a Kaiser-Bessel window resulting in a resolution
of 25 kHz. A total of 3.7 million FID recordings were co-added and averaged to
obtain the final spectrum.
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The experimental analysis was supported by the quantum-chemical calculations
performed using the program package ORCA.[119, 120] A rich conformational land-
scape arises due to the flexible pentyl chain attached to the pyrone ring result-
ing in several energy-stable structures. The conformational space of 6PP was ex-
plored in two stages, as shown in Fig. 2.6. Initially, a semi-empirical search was
performed using the conformational sampling program xTB[229] and CREST.[121]
The conformational ensemble was then refined by re-optimising structures using the
B3LYP functional,[124, 202, 230] including Grimme’s D3 dispersion correction[127]
and Becke-Johnson(BJ) damping,[126] combined with the def2-TZVP basis set.[134]
The optimised conformers were then tested for real minima structures and to obtain
zero-point corrected energies through harmonic frequency calculations at the same
level of theory. In addition to the geometry optimisations and harmonic frequency
calculations at the B3LYP-D3(BJ)/def2-TZVP level of theory, single-point energy
calculations at the DLPNO-CCSD/aug-cc-pVTZ[128, 136] level of theory were per-
formed to obtain more accurate energies. Furthermore, dihedral scans were carried
out to explore the possibility of relaxation in the conformers that can interconvert
into each other.

6-amyl-α-pyrone (6PP)

7

8

6
4

5 3

2

1α

β

γ

δ

9

10
11 12

Figure 6.2: Schematic structure of 6PP (C10H14O2). The carbon atoms that
define the four dihedral angles-∠α (C1-C2-C3-C4), ∠β (C2-C3-C4-C5), ∠γ (C3-C4-
C5-C6), and ∠δ (C4-C5-C6-C7), which determine the conformational space of 6PP,
are labelled. The same atom numbering is used for all conformers.

6.2 Results and discussions

The molecule exhibits conformational flexibility arising from the various possible
configurations of four C-C single bonds in the linear pentyl chain attached to the
pyrone ring as depicted in Fig. 6.2. The three torsional angles of this saturated
pentyl side chain can be in gauche (60°(g), -60°(g ’)) or trans(t) orientations, result-
ing in approximately twenty-seven different conformations. These torsional angles
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are defined as ∠α (C1-C2-C3-C4; g/g’/t), ∠β (C2-C3-C4-C5; G/G’/T ), and ∠γ
(C3-C4-C5-C6; g/g’/t), as marked in Fig. 6.2. The conformers are named based
on the conformational arrangements of these three dihedral angles. The most sta-
ble conformation of 6PP, as predicted by calculations, is tTg’-A, with α, β, and γ
angles of 179°, 178°, and -62°, respectively. The orientation of the pentyl side chain
with respect to the plane of the pyrone ring produces two more possibilities for each
conformer. The pentyl chain can be either perpendicular or within the plane of the
pyrone ring with C1 and Cs symmetry, as observed for tTt-A and tTt-B conforma-
tions, respectively, and as shown in Fig. 6.3.

tG'g'-A
 0.9 kJ/mol
2.1 kJ/mol

tTt-B
3.5 kJ/mol
2.7 kJ/mol

tTt-A
 1.2 kJ/mol
1.8 kJ/mol

tTg'-A
ΔErel = 0.0 kJ/mol
ΔEZPE = 0.0 kJ/mol

gTg'-A
 2.6 kJ/mol
3.4 kJ/mol

g'Tg'-A
 2.1 kJ/mol
3.4 kJ/mol

Figure 6.3: Optimised geometries of six conformations of 6PP obtained at the
B3LYP-D3(BJ)/def2-TZVP level of theory. Relative energies and zero-point cor-
rected energies are provided in black and green colour, respectively.

127



The dihedral angle ∠δ(C4-C5-C6-C7) in conformer tTt-A is 113.5°, while for its
rotamer tTt-B, the same dihedral angle is 0.4°. The conformer tTt-A is predicted to
be lower in energy than tTt-B, as depicted in Fig. 6.3.

Due to the different possibilities for these four dihedral angles, more than twenty-
seven different structures are obtained from calculations. Out of these optimised
geometries, nineteen conformations were found to be within a relative energy thresh-
old of around 6 kJ/mol, as shown in Fig. 1 of the appendix and are listed in Table
6. Optimised structures of the six most stable conformers are provided in Fig. 6.3
along with their relative and zero-point corrected energies obtained at the B3LYP-
D3(BJ)/def2-TZVP level of theory. It is observed that the four lowest energy struc-
tures have a preference for trans orientation for the first torsional ∠α, while the
fifth and sixth stable conformers favour trans configuration for the dihedral ∠β.
Table 6.1 presents the rotational parameters of the six low-energy conformations
of 6PP, along with their relative zero-point corrected energies obtained from cal-
culations at the B3LYP-D3(BJ)/def2-TZVP level of theory. Single-point relative
energies obtained at the DLPNO-CCSD/aug-cc-pVTZ level of theory based on the
DFT-optimised structures with and without the zero-point corrected energy terms
obtained from the frequency calculations with the DFT method are also listed. Both
methods predict the tTg’-A conformer as the global minimum and an energy gap of
around 1.8 kJ/mol to the next conformer. The relative zero-point corrected energy
ordering of conformers is slightly shuffled for the two levels of theories but with small
differences in values starting from the second conformer tTt-A.

The predicted rotational parameters from quantum-chemical calculations were then
used to identify different conformers of 6PP in the experimental spectrum. The
positive trace in Fig. 6.4 represents a part of the experimental spectrum of 6PP.
It exhibits a plethora of rotational transitions, which reflect the complex conforma-
tional landscape of 6PP. The calculated structures have sizeable µa and µb dipole-
moment components and are expected to show predominantly a- and b-type spectra,
which was used to guide the assignment. The spectral assignments were performed
using two fitting programs. The initial fits were done using PGOPHER, followed
by refinement with the SPFIT/SPCAT program, employing Watson’s A-reduction
Hamiltonian in Ir representation.[141, 142, 205]

Due to the strong b-type dipole-moment component of the most stable conformation
of 6PP, tTg’-A, the b-type R-branch transition pattern could be easily identified and
assigned to the tTg’-A conformer. The observed rotational transitions range from
J = 2 to J = 14 with a maximum Ka of 6 in the experimental spectrum of the
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Expt.
g'Tg'-A
gTg'-A
tG'g'-A
tTg'-A
tTt-A

Figure 6.4: An excerpt of the experimental rotational spectrum of 6PP. The top
black trace is the experimental spectrum while the bottom coloured traces are the
simulated spectra obtained using experimentally fitted rotational parameters at a
rotational temperature of 3 K for the six assigned species.

tTg’-A conformer. The most intense rotational transition in the experimental spec-
trum is observed at 7180.65 MHz for the 717 − 606 rotational transition of tTg’-A
isomer with a SNR ratio of 1800:1. The singly substituted 13C-isotopic species at
the predicted frequency shifts with respect to the parent species were observed with
a good SNR. All ten singly-substituted 13C-isotopologues of the tTg’-A conformer
were identified in their natural abundance (≈1.1%) and the determined rotational
constants are collected in Table 7. The observation of the 13C-monosubstituted
isotopic species of the most stable conformer of 6PP allowed the derivation of the
atomic coordinates of the carbon atoms with respect to the center of mass of the
molecule using Kraitchman’s equations, and the subsequent determination of the
so-called substitution structure, rs of the carbon framework.[118] Fig. 6.5 presents
a comparison between the equilibrium structure (re) obtained from calculations at
the B3LYP-D3(BJ)/def2-TZVP level of theory and the experimental structure (rs)
of 6PP, showing good agreement.
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Figure 6.5: An overlay of the experimentally determined substitution structure,
rs (inner spheres), on the equilibrium structure, re (semi-transparent structure, ob-
tained at the B3LYP-D3(BJ)/def2-TZVP level of theory), for the tTg’-A conformer
of 6PP.

Four more conformers of 6PP, i.e., tTt-A, tG’g’-A, g’Tg’-A, and gTg’-A were as-
signed in the rotational spectrum. Conformers tTt-A, g’Tg’-A, and gTg’-A primarily
showed b-type spectra, while the tG’g’-A conformation showed an a-type spectrum.
Table 6.1 summarises the experimentally fitted rotational constants along with the
centrifugal distortion constants obtained from fits using Pickett’s SPFIT/SPCAT
program suite.[142]

Rotational transitions corresponding to the rotamer of tTt-A of 6PP, i.e., tTt-B
could not be identified in the spectrum analysis. The reason for its non-observation
could be its conversion to a lower energy structure tTt-A during the supersonic ex-
pansion. As the two conformers differ by the orientation of the pentyl chain with
respect to the pyrone, a torsional angle scan of ∠δ(C4-C5-C6-C7) was performed to
determine the interconversion barrier for this motion. This motion is predicted to
be hindered by a barrier height of about 4.4 kJ/mol (depicted in Fig. 6.6) at the
B3LYP-D3(BJ)/def2-TZVP level of theory. This computed interconversion barrier
for the tTt-B conformation of 6PP is almost the estimated cut-off of 4.2 kJ/mol
for conformer relaxation in a Ne-seeded supersonic expansion.[34, 184, 231] Thus,
it could be expected that the tTt-B conformer relaxes into tTt-A, a lower energy
structure of 6PP.
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Figure 6.6: Potential energy profile calculated by scanning of the ∠δ(C4-C5-C6-
C7) dihedral angle at the B3LYP-D3(BJ)/def2-TZVP level of theory to explore the
relaxation barrier of tTt rotamers of 6PP. The relative zero-point corrected energies
of the two rotamers at the B3LYP-D3(BJ)/def2-TZVP level of theory are given and
the arrows indicate the barrier between rotamers. Both conformers are depicted
with their respective dihedral angles.

6-Amyl-α-pyrone is structurally similar to methyl hexanoate (MHO) in terms of
the pentyl side chain attached to an ether carbon atom. 6PP is a pyrone with the
alkyl pentyl chain attached to the carbon atom next to the oxygen inside the pyrone
ring. In contrast, MHO is an aliphatic ester with a pentyl carbon chain attached
to the methyl ester at the carbonyl carbon atom. MHO also exhibits significant
conformational flexibility, featuring an ensemble of approximately 36 different con-
formers,[223] which is similar to what is observed in the case of 6PP. The most stable
conformers of MHO and 6PP, observed experimentally, exhibit C1 symmetry, as de-
picted in Fig. 6.7. These structures differ primarily in terms of two dihedral angles
given as (O12-C6-C5-C4, as indicated in Fig. 6.5) and (C6-C5-C4-C3) which is -146°
and 66.5° in MHO and -61° and 62° in 6PP, respectively. Of the five conformers of
6PP detected in experiments, none of the structurally identical MHO conformers
were reported in the microwave investigation by Dang et al.[223] Furthermore, there
is no consistent trend observed in the energy ordering of conformers in MHO and
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6PP. Hence, it would be intriguing to compare an aliphatic form of 6PP in which the
ketone group is attached next to the ether oxygen, and examine the energy ordering
of its conformers. This comparison will provide valuable insights into the influence
of the aliphatic and aromatic functional groups on the conformational flexibility of
the alkyl chain.

tTg'-A
6-amyl-α-pyrone (6PP)

Conformer I
Methyl hexanoate (MHO)

Figure 6.7: The most stable conformer of 6PP (6PP-tTg’-A) and methyl hexanoate
(MHO-conformer I). The optimised geometry of MHO is taken from the reference
[223].

6.3 Summary and outlook

The broadband rotational spectrum of 6-amyl-α-pyrone, a potential biomass molecule,
revealed five out of nineteen predicted low-energy conformers of 6PP in the cold en-
vironment of a supersonic jet. The results from quantum-chemical calculations agree
well with the experiments, confirming the same global minima. The most intense
rotational spectrum for the dominant conformer tTg’-A led to its easier assign-
ment and accurate structure determination of the carbon backbone of the molecule.
The absence of the second rotamer of tTt, i.e., tTt-B in the rotational spectrum
could be explained by its relaxation into a more stable structure, tTt-A. The differ-
ences in relative energy ordering of conformers obtained from optimisation at the
B3LYP-D3(BJ)/def2-TZVP level of theory, and single-point energy calculations at
the DLPNO-CCSD/aug-cc-pVTZ level of theory demand benchmarking methods
for such structurally flexible molecules. Due to the richness of the experimental ro-
tational spectrum, the presence of more conformers can be expected. Consequently,
the search for these conformers will be continued. Furthermore, it is possible that
certain high-energy conformers may undergo relaxation into their lower-energy struc-
tures, for which dihedral scans will be performed.
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The strcutural and conformational insights into 6PP presented here lay the ground-
work for further studies of 6PP, particularly in understanding its interactions with
solvent molecules. This is especially significant considering its potential as a bio-
renewable platform precursor molecule. For example, 6PP offers a sustainable ap-
proach for the synthesis of another industrially important chemical, δ-decalactone
(DDL), as illustrated in Fig. 6.1.[232] DDL is reported as an emerging monomer for
producing high-quality polymers like polyurethanes and polyamides.[233, 234] Re-
cently, Alam and co-workers demonstrated the production of DDL through catalytic
transfer hydrogenation (CTH) of 6PP over a Pd/C catalyst, using formic acid as
an in situ hydrogen source.[232] The CTH reaction, conducted in different solvents
under similar conditions, resulted in significant variation in 6PP conversion and
DDL yield, ranging from 6% to 79%.[232] These yield variations during CTH can
be attributed to numerous reasons, such as the dielectric constants of the solvents
or dispersive interactions during micro-solvation of 6PP. The dielectric constants
and solvent-accessible surface area (SASA) of the reactant play a crucial role, where
solvents with low dielectric constants and low SASA values are expected to yield
better results, as seen in the case of cyclohexane.[232] In addition to electronic ef-
fects, dispersive interactions of solvent molecules with both the reactants and the
catalyst surface may also influence the reaction yield.

The possible orientations of solvent molecules concerning the pyrone ring and amyl
chain of 6PP are contingent upon the solvent type and the conformational arrange-
ment of 6PP. The isolated gas-phase investigations of 6PP with solvent molecules
offer insights into the preferred conformations of 6PP during complexation, which
can significantly differ from the reaction conditions in liquid phase, largely influenced
by the solvent effects. For the sake of clarity, the term ‘solvent effects’ primarily
refers to changes induced by the solvent in chemical reactivity including reaction
rate, reaction pathways, and yields.[235]

As mentioned in the Chapter 3, CP-FTMW spectroscopy is suitable for studying
weakly bound complexes isolated in the gas phase. In this study, a polar protic sol-
vent, ethanol, and a nonpolar solvent, cyclohexane, were selected, with one yielding
the best results and the other producing moderate results in the CTH reaction. To
explore different conformations of 6PP-complexes, a workflow similar to Fig. 2.6
was performed. Firstly, a conformational search of the complexes was conducted
using CREST. Subsequently, structures were refined through optimisation at the
B3LYP-D3(BJ)/def2-TZVP level of theory. Fig. 6.8 illustrates the most stable
structures of 6PP with ethanol and cyclohexane solvents obtained from optimisa-
tion at the B3LYP-D3(BJ)/def2-TZVP level of theory. Both low-energy complexes
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of 6PP with ethanol and cyclohexane are formed with its most stable structure, tTg’-
A. The acidic proton of ethanol forms a hydrogen bond with the carbonyl oxygen
atom of 6PP, with methyl group interacting with the ether oxygen (as depicted in
Fig. 6.8). Conversely, nonpolar cyclohexane lacks any acidic hydrogen like ethanol
and does not establish hydrogen bonding with 6PP. Instead, cyclohexane assumes a
parallel displaced position on top of the pyrone ring, interacting with the carbonyl
oxygen and pyrone ring. The optimised structures of the most stable 6PP com-
plexes suggest that a probable reason for the lower yield observed with the ethanol
compared to the cyclohexane as solvent in the CTH reaction could be due to the
presence of hydrogen bond interactions in 6PP-ethanol, which might be hindering
the hydrogenation process. Preliminary analysis of 6PP-complexes from quantum-
chemical calculations predicts the observation of the most stable conformations of
these complexes in experiments.

(tTg'-A)-ethanol (tTg'-A)-cyclohexane

Figure 6.8: The optimised structures of the most stable 6PP-ethanol and cyclo-
hexane complexes, formed with the lowest energy conformer of 6PP (tTg’-A), were
obtained at the B3LYP-D3(BJ)/def2-TZVP level of theory. Side front view and
back view are shown.
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The rotational spectra for these complexes have already been acquired and will be
analysed as the next step. Exploring whether other conformations of 6PP partici-
pate in complexation and whether this induces any structural changes in the 6PP
monomer will be of further interest. Future work in this study could involve inves-
tigating the intermediate product of the CTH reaction, massoia lactone. Massoia
lactone is structurally similar to 6PP but features one less double bond in the pyrone
ring. Like 6PP, massoia lactone exhibits significant structural flexibility, resulting
in a similarly complex conformational landscape. Analysing the solute-solvent in-
teractions of massoia lactone with the chosen solvents for the 6PP-complexes will
provide deeper insights into the role of solvent interactions in the CTH reaction of
6PP.

Further studies concentrating on longer hydrocarbon chain analogs of 6PP could
offer insights into the impact on conformational space and structural alterations in
6PP. Suhm et al. characterised the critical chain length at which a stretched hydro-
carbon nanorod prefers either the all-trans configuration or adopts a hairpin struc-
ture, aligning both ends of the carbon chain to maximise their interaction through
conformational bending.[236] Similar characterisation involving varying lengths of
alkyl chains in 6PP could determine the thresholds at which these hydrocarbon
chains fold/curl to interact with the pyrone ring. This exploration will be crucial
in understanding how the stability and reactivity of 6PP change with increasing
hydrocarbon chain length and its implication for potential applications of 6PP as
biomass-derived platform molecule.
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Part II: Molecular chirality
investigated with microwave

spectroscopy
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Chapter 7

Enhancing enantiomer-selective
population enrichment by
depleting the thermal population

Most biomolecules are inherently chiral, and their chirality significantly influences
their stereochemistry in biochemical interactions. The distinct chemical and bio-
logical behaviors exhibited by enantiomers are a consequence of the subtle parity-
violating energy difference between them. Hence, reliable methods are required that
enable enantiomer differentiation, separation, and determination of the enantiomeric
excess in chiral mixtures.

However, broadband rotational spectroscopy cannot differentiate enantiomers from
their rotational spectrum because of their identical rotational constants. In the
past decade, the development of M3WM[59, 60] has expanded the capabilities of
MW spectroscopy to differentiate enantiomers. The M3WM approach has devel-
oped into a powerful tool for chiral analysis, allowing for the determination of the
ee and the absolute configuration of chiral molecules,[60, 154, 237] even in complex
chiral mixtures[49]. Further extended M3WM pulse sequences have been used to
achieve enantiomer-selective population transfer in specific rotational states, i.e., the
separation of the enantiomers in terms of energy. These experiments enable us to
manipulate and control chiral molecules in the gas phase, representing an important
step towards enantiomer separation, purification, and precision spectroscopy.

Enantiomer-selective population transfer was experimentally demonstrated for the
first time with a buffer-gas cooled (Trot=7-10 K) sample of 1,2-propanediol, where
a 0.6% enantiomeric enrichment could be achieved.[153], which was enhanced by an
order of magnitude in carvone with the use of a molecular jets (Trot=1-2 K).[62]
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However, the achieved enrichment is limited by the thermal population and spatial
degeneracy (MJ -states) of the rotational levels involved in the scheme. These limita-
tions can be circumvented by employing an energy level scheme involving low-lying
rotational energy levels and by using controlled microwave or laser pulse schemes to
maximise the population contrast between the initial states.

In this study, 2-trifluoromethyl oxirane (C3H3F3O, TFO) was used as a model
molecule to demonstrate the enhancement of the enantiomer-specific enrichment
by depleting the initial thermal population at the relevant rotational energy level
with a π-pulse or a fast chirp in the RAP regime. The effects of the tailored mi-
crowave pulses on the induced ee in particular rotational energy levels of TFO are
discussed in section 2.3 of the article. The minireview highlights the development in
the area of M3WM in the past decade and its extension to control and manipulate
chiral molecules in sections 2.1 and 2.2, respectively.
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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.[1] 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,[2,3] 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.[4–7] 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.[8,9] Furthermore, there
is interesting progress to investigate chirality using ultrafast
spectroscopy in the femtosecond to attosecond regime,[10–13]

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,[14–18] also in a
conformer-selective way,[19,20] and it can be used to deter-
mine the enantiomeric excess (ee) with high precision.[21]

This technique can be performed with synchrotron
radiation[16,22–27] and nanosecond[28,29] up to femtosecond
lasers so that also fast processes of the chiral molecules can
be revealed.[30] It was also extended to photoelectron
elliptical dichroism.[31] 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.[32,33] Recently, the method could be applied to
induce chiral fragmentation of a planar and thus achiral
molecule upon interaction with helical light.[34,35] 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,[36] follow-
ing extensive theoretical demonstrations.[37–39] 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).[40,41] Since its first experimental implementa-
tion in 2013,[41,42] 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.[43,44] 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.[45] The M3WM approach can be
applied not only to permanently chiral molecules (e.g.,
carvone[46]) but also to transiently chiral species, such as
benzyl alcohol,[47] 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 π-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.[7,48–52] 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.[53,54] 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

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.[55]

Recently, two different approaches to analyse chiral
samples using rotational spectroscopy have been developed:
microwave chiral tagging[48] and microwave three-wave
mixing.[7,41] 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.[7,48,52]

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.[48,49,51,56,57]

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
ð~ma � ð~mb �~mcÞÞ within the molecular principal axis
system.[40–42,58] 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.,
ma, mb, or mc. 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 π/2, correspond-
ing to maximum coherence between the rotational states
involved. The Rabi flip angle VRabið Þ is defined as the
product of the Rabi frequency, WRabi, and the pulse duration
of the microwave pulse, t:

VRabi ¼ WRabi � t ¼
m � E

�h
� t

where m denotes the transition dipole moment for the
rotational transition, E is the electric field amplitude. This
π/2 pulse transfers the population difference between the
two states j1i and j2i 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 j1i and j2i 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 (Trot) around 1–2 K
are routinely achieved.[59] However, even at these low
temperatures the population difference between levels j1i

and j2i 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 π conditions to transfer the
coherence between states j1i and j2i induced by the π/2
drive pulse to the pair of states j3i and j1i. 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 j3i and j1i 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 π radians (180°) for the two enantiomers, which arises
from the discussed opposite sign of the triple product of the
three transition-dipole moments ð~ma � ð~mb �~mcÞÞ, 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
ð~ma � ð~mb �~mcÞÞ, while the calibrated intensity of the M3WM
signal allows for the determination of the enantiomeric
excess of the sample.[42,53,60,61] 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.[53,60] 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.[7,42,54,59] 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.[54,55]

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.[46,62–67] 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 j1i
and j3i, and which results in a direct excitation of this
transition (Figure 2(a)). This direct excitation interferes with

Figure 1. Generalized microwave three-wave mixing scheme consisting
of drive transition (a-type, π/2-pulse, blue excitation), twist transition
(b-type, π-pulse, red excitation), and listen signal (c-type, green
detection). MJ degeneracies of the rotational energy levels are omitted
here for clarity.
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the phase-dependent listen signal induced by the M3WM
scheme and converts the coherence into longer-lived pop-
ulation in states j1i and j3i. 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 j1i and j3i, and chiral
separation in energy is achieved.
This scheme has first been demonstrated using a buffer-

gas cooled sample,[65] where 0.6% enantiomeric enrichment
was achieved (at Trot �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.[46] The effect was detected by determining the

intensity change of an additional rotational transition as a
probe involving either state j1i or state j3i, 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.[46,53,68]

Note that the handedness of the enantiomer enriched in
a particular state (state j1i or state j3i) 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° (π 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-

Figure 2. (a) Rotational energy level diagram for creating enantiomer-selective population transfer in the rotational levels j1i and j3i highlighted in
bold. The created enantiomeric enrichment in the states j1i and j3i can be measured with any transitions connecting either state j1i or state j3i.
(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 j1i and
j3i. Three pulses were applied subsequently (I: drive, II: twist, III: transfer), which enriched the R-enantiomer population in state j1i while the
population of the S-enantiomer is enriched for state j3i.
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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,[65] and state-selective enantiomer
enrichment on the order of a few percent could be achieved
using our molecular jet.[46] 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.[66] CHM consists of two chiral conformers of
opposite handedness; its interconversion is hindered by a
barrier of about 15 kJmol� 1 as computed at the MP2/6-311
+ +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 π 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 j3i 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

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 MJ.

[69, 70] 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 JKaKc and is (2 J+1)-fold degenerate; the values
of the MJ quantum number range from -J, -J+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 MJ substate
exists.[67,71] As theoretically derived in Ref. [71] using control
theory applied to asymmetric tops, circularly polarized
microwave radiation can increase the achieved enantiomer-

Figure 3. (a) Relevant rotational energy levels of cyclohexyl methanol (CHM) applied for state-specific enantiomeric enrichment. The rotational
levels are denoted using the JKaKc notation for an asymmetric top. The first set of triad creates an enantiomer-dependent population difference in
the j202i and j101i 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 j202i 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 j202i 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 allMJ 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 Trot �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 S0 to the S1 state
was demonstrated as shown in Figure 4, resulting in a
significant efficiency increase.[67] 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 MJ-degeneracy and

the thermal population.[69,70] These limitations can be circum-
vented respectively by employing an energy level scheme
involving low-lying rotational levels, such as the j000i 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 π-pulse regime on the
Bloch sphere; or ii) a microwave chirp in the rapid adiabatic
passage (RAP) regime.[72]

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.[66] A
fast chirp in the RAP regime or a π-pulse (#6) is applied to
invert the undesired thermal population in state j110i with
the j211i 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 j110i and j000i states. The following
excitations of all three microwave pulses in the population
transfer cycle induce an enantiomer-specific enrichment in
states j101i and j000i, 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 π-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 π/2 or π conditions on the Bloch sphere by recording the
corresponding nutation curves. The results are presented in

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 I). Further downstream, three microwave pulses with mutually
orthogonal polarizations are applied for enantiomer-selective population transfer (step II). 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 III). (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
Commons Attribution 4.0 International license permission.
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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 nL (6061.06 MHz) yielded the created
enantiomeric excess as a function of phase for the transfer
pulse #3 (�3), 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 j101i from the racemic TFO mixture can be quantita-
tively determined using the following equation:

ee101 ¼
IL : g

1
2 : ½hIR;Li:gR þ hIS;Li:gS�

� 100%

where IL is the molecular response at the listen frequency
(nL) when performing the enantiomer-selective population

transfer experiment with the racemic TFO sample, hIR;Li,
and hIS;Li are the mean signal intensities at nL 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 (n3), 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, g, gR, and gS are the normalization
factors, which are the inverse of the mean intensity of the
transfer transition (n3) 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 j101i rotational state from the racemic TFO
sample are summarized in Figure 6(a) as a function of �3.
The red, blue, and black curves show the results with and
without the preceding π- or RAP-pulse. Two maxima at �3=
90° and 270° were consistently observed in all experiments,
corresponding to the maximum enantioenrichment in the
j101i state. They are assigned to S- and R-TFO, respectively,
by comparing the signal phases at nL 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 j000i, an
enantiomeric excess of about 13% is obtained in the j101i
state, which is twice of that reported with carvone (about
6% in the j202i state).

[46] With the implementation of the
preceding π- or RAP-pulse prior to the population transfer

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 JKaKc 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 j000i and j101i 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 (nL) 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 π-pulse. (c) Optimized pulse sequence in the time
domain associated with the energy-level scheme in (b). Pulse #6 refers to either a π-pulse or a RAP-pulse of 4 MHz bandwidth.
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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 Universität Berlin.[73] For this, we implemented the
energy scheme for the population transfer cycle including all
MJ 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.[74] The ee in the rotational state j101i 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 �3 from 0° to 360°, as performed in the experi-
ments. Figure 7 presents the simulated enantiomeric excess
for the rotational state j101i 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.

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.[7,42,54,59] 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

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 (�3), 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 �3 =90° and 270° correspond to the maximum
selective population transfer of the two enantiomers in the j101i 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 π- or a RAP-pulse. (b) Portions of the free-induction decays
(FIDs) at the listen frequency (nL) in the time domain with and without the preceding π-pulse when �3 =90° and 270°. The phases of the obtained
chiral signal at 90° and 270° show a shift of π radians, indicating the two different enantiomers in excess.

Figure 7. The simulated enantiomeric excess obtained for the rotational
level j101i is plotted as a function of the phase of the transfer pulse #3,
�3, using the program package QDYN.[73] The black curve represents
the enantiomeric excess without a preceding pulse, while in red and
blue the enantiomeric excess with either a preceding π- or RAP-pulse is
shown.

Angewandte
ChemieMinireviews

Angew. Chem. Int. Ed. 2023, 62, e202219045 (9 of 11) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202219045 by D

E
SY

 - Z
entralbibliothek, W

iley O
nline L

ibrary on [26/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



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 oil.[55]

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.[67] 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 π- 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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7.1 Summary and outlook

This minireview showcases the latest advancements in the field of M3WM and its ap-
plication to enantiomer-selective population transfer. The most recent experiments
aimed at enhancing the previously achieved enantiomeric enrichment are presented.

In particular, the effect of tailored microwave pulses on enantiomer-selective popu-
lation enrichment is demonstrated for TFO. Using low-lying rotational states, i.e.,
starting with |000⟩ in our scheme, an ee of approximately 13% for TFO could be
achieved in a specific rotational state, which is twice the previously achieved ee of
6% for carvone.[62] This effect could be further enhanced by reducing the thermal
population before the population transfer process using tailored microwave pulses.
As demonstrated, the thermal population could be depleted by exchanging the un-
wanted thermal population to a connected higher state prior to the population
transfer process, either with a fast chirp in the RAP regime or a π-pulse. Both of
these microwave pulses have similar effects on the enantiomer-selective population
transfer, resulting in an enantiomeric enrichment of about 40%. This is illustrated
in Fig. 6(a) of the manuscript, where two maxima at 90° and 270° represent the
maximum ee obtained in the experiments for S- and R-TFO, respectively. These re-
sults demonstrate the high level of control that can be achieved with high-resolution
rotational spectroscopy and gas-phase samples.

In the future, the incoherent thermal population of rotational levels in the vibra-
tional ground state can be overcome by addressing the thermally unoccupied rota-
tional levels in the excited vibrational state by using IR pulses. Excitation schemes
such as two IR and one microwave pulse (2IR + MW) instead of three microwave
pulses in M3WM will provide an improved starting point for conducting enantiomer-
selective population transfer experiments using microwave fields.[159] The combina-
tion of IR and microwave radiation will allow enantio-selective excitation for C2
chiral molecules for which pure M3WM spectroscopy is not possible.
As outlined in section 2.5, the enantiomeric enrichment in the enantiomer-selective

population transfer process is also restricted by the (2J+1) degeneracy in the MJ
quantum number. The theoretical demonstration by Leibscher et al. illustrates
an enhancement in enantiomer-selective enrichment from 6% to 8% in carvone by
addressing theMJ substates using M3WM schemes involving circularly polarised mi-
crowave pulses.[105] This effect could be further augmented by depleting the thermal
population. Their findings suggest that through the depletion of thermal population
and the utilisation of M3WM consisting of circularly polarised microwave pulses,
nearly 100% enantio-selectivity can be achieved.[105]
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These advanced pulse schemes presented to gain higher control over chiral molecules
aim to generate samples of well-controlled quantum states and handedness. A sam-
ple prepared in this manner states an ideal starting point for further sophisticated
molecular physics experiments, including precision measurements and chiral pu-
rification. Furthermore, it is important to extend the application of M3WM and
its potential to create state- and enantiomer-controlled samples to various classes
of molecules, including those with quadrupole hyperfine structure. Many chiral
molecules, especially those relevant for investigating PV effects, contain quadrupolar
nuclei, resulting in hyperfine structure. Therefore, exploring M3WM and enantiomer-
selective population transfer experiments in such classes of chiral molecules, requir-
ing specialised pulse sequences, holds substantial interest.
These experiments on attaining complete control through advanced pulse se-

quences and cooling techniques to achieve enantiomer- and quantum-state controlled
species will help to enter the resolution regime of PV and unravel the parity-violating
characteristics of weak interactions in mirror-image molecules.
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Chapter 8

Manipulating chirality in a
molecular quantum racemate with
microwave fields

Many chiral molecules that have been studied using the M3WM approach possess a
stereogenic center, making them permanently chiral during the timescales of our ex-
periments. An example of such a chiral molecule is TFO, which was investigated in
the previous chapter 7. On the other hand, flexible molecules without a stereogenic
center can acquire chirality due to the spatial arrangement of their conformers, re-
sulting in transient chirality. This category includes molecules that can be kinetically
stabilised as two enantiomers through cooling in a supersonic expansion due to a
sufficiently high interconversion barrier, such as cyclohexyl methanol,[65] as well as
molecules with lower interconversion barriers enabling a change of their handedness
upon tunneling, exemplified by benzyl alcohol (BA)[36]. Section 2.6 of chapter 2
outlines the different cases for permanently and transiently chiral molecules as the
barrier height between the two enantiomers decreases (Fig. 2.13).

MW spectroscopy enables not only the detection of chirality but also the manip-
ulation of population of the chiral molecules using tailored microwave pulses, as
discussed in the preceding chapter. Pérez et al. demonstrated the state-specific
enantiomeric enrichment of chiral conformers by applying an enantiomer-selective
population transfer technique on kinetically trapped chiral conformers of cyclohexyl
methanol.[65] In this work, flexible molecules with low barriers that can change their
handedness via quantum tunneling through the barrier and can no longer be isolated
in a cold supersonic jet are addressed. An approach based on M3WM can be de-
vised to induce chirality in structurally flexible molecules, such as BA, as discussed
in section 2.6 of chapter 2.
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The two enantiomers of BA differ in the orientation of the CH2OH group by ro-
tation around a C-C single bond (Fig. 2.14), resulting in energy splittings that can
be observed with our experiments. Each energy level is split into two tunneling
states, where each state is a positive and negative linear combination of the two
enantiomers, R and S. The transiently stabilised enantiomers of BA have opposite
signs of the µb dipole moment component in the principal axis system. The b-type
rotational transitions occur between the two tunneling states of opposite symme-
try. These interstate transitions make both M3WM and related population transfer
schemes inapplicable, as a set of three rotational transitions cannot form a closed
cycle due to symmetry considerations.

Therefore, a more complex six-level energy scheme needs to be developed for BA
instead. An experimental demonstration of a microwave six-wave mixing (M6WM)
approach to induce and probe the enantiomeric enrichment in a chosen rotational
state of BA in the gas phase is presented in this chapter. Fig. 1b of the manuscript
depicts the rotational level scheme of BA used in the experiments. Fig. 2 illustrates
the modified COMPACT spectrometer setup for the M6WM experiments. Each of
the rotational transitions within the energy level scheme was optimised by measur-
ing the nutation curves provided in the supplementary information. The optimised
five microwave pulse sequence is presented in Fig. 3, along with the experimental
results. The results section of the article elaborates on the principle of the M6WM
approach and experimental findings.
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Inducing transient enantiomeric excess in a
molecular quantum racemic mixture with
microwave fields

Wenhao Sun 1,2, Denis S. Tikhonov 1,2, Himanshi Singh 1,2,
Amanda L. Steber1,2,3, Cristóbal Pérez 1,2,3 & Melanie Schnell 1,2

Chiral molecules with low enantiomer interconversion barriers racemize even
at cryogenic temperatures due to quantum tunneling, forming a racemic
mixture that is impossible to separate using conventional chemical methods.
Here we both experimentally and theoretically demonstrate a method to
create and probe a state-specific enantiomeric enrichment for such molecular
systems. The coherent, non-linear, and resonant approach is based on a
microwave six-wave mixing scheme and consists of five phase-controlled
microwavepulses. Thefirst threepulses induce a chiralwavepacket in a chosen
rotational state, while the consecutive two pulses induce a polarization for a
particular rotational transition (listen transition) with a magnitude propor-
tional to the enantiomeric excess created. The experiments are performed
with the transiently chiral molecule benzyl alcohol, where a chiral molecular
response was successfully obtained. This signal demonstrates that enantio-
meric excess can be induced in a quantum racemic mixture of a transiently
chiral molecule using the developed microwave six-wave mixing scheme,
which is an important step towards controlling non-rigid chiral molecular
systems.

Chirality is an ubiquitous and fundamental phenomenon in nature. A
chiral molecule has a pair of enantiomers, which are non-
superimposable mirror images of each other. They share almost all
physical properties, but often possess distinct functionality in chemi-
cal reactions and biological activity with chiral environments. For
instance, enantiomers of chiral drugs often exhibit different effec-
tiveness and toxicity1. As molecular chirality plays an essential role in
many fundamental aspects of physics, chemistry, and biology, great
efforts have been made to characterize, differentiate, and manipulate
chiralmolecules. Besides the traditionalmethods in chemistry, such as
chromatography2 and capillary electrophoresis3, various chiroptical
techniques using circularly polarized radiationhavebeendeveloped to
determine the absolute configuration and enantiomeric excess (ee) of
a chiral sample, such as vibrational circular dichroism (VCD)4,5 and

photoelectron circular dichroism (PECD)6,7. Recently, the microwave
three-wave mixing (M3WM) approach, which is a resonant, coherent,
and non-linear spectroscopic technique, became a new methodology
for chiral differentiation and quantification8,9. The chiral sensitivity
arises from the mirror symmetry of the electronic structures of
enantiomers, making the triple products of their three electric dipole-
moment components (μa ⋅ [μb ×μc]) equal in magnitude but opposite
in sign, which can be interrogated using a combination of selected
rotational transitions.

In addition to chiral analysis, the M3WM technique showcased its
capability to achieve chiral separation at the molecular level10–13.
Through the interference between the chiral sensitiveM3WMpath and
a direct excitation path, enantiomers can be selectively enriched in
chosen rotational states. As the sample is studied in the gas phase with
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cold molecular sources (e.g. buffer-gas cooling and supersonic jets),
this technique can be applied not only to molecules with permanent
chirality, such as 1,2-propanediol10 and carvone11 but also to molecules
that exhibit transient chirality, such as cyclohexylmethanol (CHM)12,
which are impossible to separate via conventional separation techni-
ques, such as chromatography. However, when it comes to molecules
that can interconvert their handedness via quantum tunneling through
a large-amplitude motion (LAM), the enantiomers can no longer be
isolated in a cold supersonic jet, where the molecules are cooled to a
rotational temperature (Trot) of a few Kelvin14. The sample naturally
appears as a racemic mixture during the jet expansion. These mole-
cules have two (ormore)minima on the potential energy surface. Each
minimumcorresponds to a certain enantiomer, separatedby anachiral
transition state (Fig. 1). The stationary states of suchmolecules are of a
specific parity with respect to the inversion operation that we will
denote as ∣± i. They are the positive and negative combinations of the
non-stationary localized wavepackets with a chosen parity
(∣± i= 1ffiffi

2
p ð∣Ri± ∣SiÞ). A specific enantiomeric state of such a molecule

thus can be achieved by generating a coherent superposition of the
states ∣± i with opposite parity15–18. Such an approach has been pro-
posed for rotational states of asymmetric rotors19,20; however, to date,
no experimental demonstration has been reported.

Herein, we present both theoretical and experimental demon-
stration of inducing enantiomeric excess from a racemic mixture of a
transiently chiral molecule, benzyl alcohol (BA), in the gas phase. This
molecule undergoes a LAM, corresponding to a concerted rotation of
the CH2OH and OH groups in the plane above the phenyl ring. This
tunneling motion with a barrier of about 280 cm−1 transfers one
enantiomer into the other one (see Fig. 1)21. It changes the sign of
the electric dipole-moment component along the b-axis in the inertial
principal axis system (PAS). The corresponding b-type rotational
transitions occur between the two tunneling states of opposite sym-
metry. Because of these interstate transitions, both microwave three-
wave mixing8,22–24 and the related microwave population transfer
schemes become impossible10,11,22, as three rotational transitions can-
not form a closed cycle due to symmetry considerations. Instead, five
resonant excitation pulses are needed to induce the chiral response in
the form of a “listen” transition in a suitable system of six rotational
levels (see Fig. 1). This chiral response is not directly excited, and its
amplitude is dependent on the enantiomeric excess of the sample. By
detecting a listen (L) signal with non-zero intensity, we demonstrate
that this microwave six-wave mixing (M6WM) scheme is feasible to
create a transiently chiral ensemble of BA molecules in the rotational

state of interest, despite a fast interconversion of the two enantiomers
via the tunneling motion. In the following, we first provide the theo-
retical derivation of the M6WM scheme, followed by the experimental
implementation and demonstration.

Results
Principle of the M6WM approach
We will start with an introduction of the M6WM scheme, which con-
sists of five sequential resonant pulses. They correspond to a closed
loop of six transitions that connect six states ( J ±KaKc

) in the following
sequence: ∣1�01

�! ∣2�11
�! ∣2+

02

�! ∣1+01
�! ∣2+

11

�! ∣2�02
�
, as illu-

strated in Fig. 1. Here, JKaKc
denote the asymmetric rotor rotational

statewith Jbeing the total angularmomentumquantumnumber,Ka/Kc

being the projections of this momentum onto the a-/c- principal axes
of the molecule, respectively, and ± indicating the parity of the tor-
sional state of the molecule. For a theoretical description, the
sequence of pulses is treated as a set of subsequent two-level Rabi
oscillations (a detailed derivation is given in the Supplementary
Information). After applying the five excitation pulses, a macroscopic
polarization P, which oscillates with amplitude A at the frequency of
the ∣2�02

�! ∣1�01
�
listen transition (νL), is coherently induced:

P2�02!1�01
/ �μ2�02!1�01

� sinðΩ1τ1Þ �
Y5
k = 2

sin
Ωkτk
2

� � !zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{/ A

� sin 2πνLt �Φ+
X5
k = 1

skφk

 !
:

ð1Þ
where μ2�02!1�01

is the transition dipole moment for the induced listen
transition ∣2�02

�! ∣1�01
�
, Ωk =

μkEk
_ is the Rabi frequency of the k-th

pulse in the M6WM sequence, where the vector Ek describes its field
strength and polarization direction, and μk denotes the transition
dipole moment of the transition induced with it25,26, τk and φk are the
pulse duration and phase, and Φ is the starting phase of the listen
signal.

Equation (1) demonstrates the optimal conditions for the obser-
vation of the coherently induced polarization P2�02!1�01

, the amplitude
of which depends on the Rabi frequency. The first pulse is resonant to
the ∣1�01

�$ ∣2�11
�
intrastate transition. This pulse should be a π/2-pulse

(Ω1τ1 =π/2), which drives the population difference between the ∣1�01
�

and ∣2�11
�

rotational states into coherence. The other four pulses
transfer this coherence to the final state ∣2�02

�
via the pathway

∣2�11
�! ∣2+

02

�! ∣1+01
�! ∣2+

11

�! ∣2�02
�
, and they should be π-pulses

(Ωkτk =π for k = 2,…, 5). As a result, a final coherence at the listen

Fig. 1 | Double-well potential and rotational level scheme. a Schematic repre-
sentation of the enantiomer interconversion mechanism in benzyl alcohol (BA).
The ∣± i states denote the vibronic ground statewithopposite parity. The ∣Ri and ∣Si
states represent the localized wavepackets of a particular chirality. ξ is the large
amplitudemotion coordinate. ϵ± corresponds to the energy differencebetween the
two tunneling states, which is experimentally determined to be 492.816(2)MHz for
BA arising from a barrier with a height of about 280 cm−121. b Rotational level
scheme of BA used in our experiment. Each rotational level is marked as J ±KaKc

,

where J is the total angularmomentum, Ka and Kc are the projections of the angular
momentum onto the molecular axes a and c, and ± indicates the parity of the
torsional state.M sublevels of the rotational states are omitted here for clarity29.
The arrows indicate the transitions involved. Each transition is labeled with its
frequency (inMHz) and its order in the sequence of the pulses (in parentheses). “L”
indicates the “listen” transition, which is not directly excited by the pulse scheme
but coherently induced.
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transition is obtainedwith amaximumamplitude (A), whenΩkτk equals
to π/2 for pulse #1, and π for pulse #2 – #5. The directions of the
transition dipolemoments (a-/b-/c-types aremutually orthogonal) also
provide the required polarization directions of the pulses. There are
three groups of pulses that need to beorthogonal to eachother: pulses
#1 and #4, pulses #2 and #5, and pulse #3, which is also indicated by
the color scheme in Fig. 1b. The latter pulse (#3) should have the same
polarization as the listen transition that is being collected.

The absolute phase of P2�02!1�01
depends on specific aspects of the

experimental setup, such as the durations and phases of the five
excitation pulses, delays between them, and cable lengths27. When the
phase of pulse #k (φk) is varied, the phase of P2�02!1�01

changes
accordingly, with a linear factor sk = ± 1. The factor sk equals +1, when
the transition goes up in energy (k = 1, 4), or equals −1, when the
transition goes down in energy (k = 2, 3, 5), as described in more detail
in the Supplementary Information.

M6WM spectroscopy
The experiment was carried out using a modified broadband Fourier
transform microwave spectrometer, as shown schematically in Fig. 2.
Themolecular sample of BA was introduced into the vacuum chamber
via supersonic jet expansions using neon as carrier gas. In the jet, the
molecules were rapidly cooled to a Trot of ~1–2 K via BA-neon collisions
so that a substantial population difference was generated in the rota-
tional states of interest. The ensemble of molecules was sequentially
polarized with the five microwave pulses. In order to spatially broad-
cast the pulses in three mutually orthogonal planes, two dual-
polarization horn antennae were installed at 90∘ in the vacuum
chamber. After polarization, the decay of the induced macroscopic
polarization at νL was received by a third horn on the detection side,
digitized, and averaged on a fast digital oscilloscope.

Prior to the M6WM experiments, the pulse durations for the π/2
or π conditions were determined for each pulse by measuring the
corresponding nutation curve. The collected nutation curves are
provided in the Supplementary Section 2.2, and the optimized pulse
sequence is presented in Fig. 3a. The determined pulse durations are
approximate to the effective π/2 or π conditions averaged over M

subsets of the rotational states28–30. Afterwards, we performed a
series of M6WM experiments, in which the phase of one excitation
pulse (φk) was systematically varied at a time in steps of 18∘ from0∘ to
360∘ to evaluate the phase behavior of the M6WM signal at νL. The
other remaining four pulses were kept unchanged in the scans. At
each phase being scanned, 20,000 FIDs were collected and averaged
at the frequency of the listen transition, νL = 5283.64MHz. Each scan
was carried out repeatedly five times, allowing us to assess the
repeatability of the observations. The results are summarized
in Fig. 3b.

Analysis of the M6WM signal
According to Eq. (1), the molecular response induced from theM6WM
cycle, SM6WM, at the frequency νL of the listen transition 2�02 � 1�01,
should have a constant amplitude (AM6WM) over the five sets of scans,
and its phase (φM6WM) should be correlated with the phases of the five
pulses. In each scan, the phase of one pulse (φ) was varied from 0∘ to
360∘, whereas the phase of the other four pulses remained
fixed. The induced polarizations can, thus, be expressed as
AM6WM sinð2πνLt �Φ0 + skφkÞ, whereΦ0 combines the starting phaseΦ
in Eq. (1) and the phases of the phase-invariant pulses in the pulse
sequence. Hence, SM6WM should have a linear phase dependence onφk

with the coefficient sk. In scans #1 and #4, sk = +1; in scans #2, #3, and
#5, sk = −1. However, as shown in Fig. 3b, the observations in the
experiments exhibit unanticipated phase dependence patterns. The
signal intensities at νL are not constant, and the phases are not linearly
correlated with φk.

With careful examinations that are described in the Supplemen-
tary Section 2.4, we analyzed that the observed signal at νL was a result
of the interference between the expected SM6WM signal and pertur-
bation signals at νL (Sc2 and Sc3) when applying pulses #2 and #3. The
presence of Sc2 and Sc3 is presumably attributed to off-resonance
excitations due to the power leakage in the electronic circuit. The two
perturbation signals hadconstant amplitudes (Ac2 andAc3) throughout
the experiments, and their phases (φc2 and φc3) were positively and
linearly dependent on the phase of pulses #2 and #3, respectively, as
shown in Supplementary Figs. 18 and 19 in the Supplementary

Fig. 2 | Schematic diagram of the state-specific enantiomeric enrichment
experiment. The BA molecular sample seeded in neon with a stagnation pressure
of about 3 bar is supersonically expanded into a vacuum chamber via a solenoid
valve pulsing at 6Hz. Five excitation pulses are generated from the two channels of
the arbitrarywaveformgenerator (AWG). The pulse sequence from channel 1 (CH1)
is fed through the designated outputs of a single-pole-double-throw (SPDT) switch.
Blue, red, and green colors represent the polarization directions of the microwave

fields in the laboratory frame, which match the color code in the rotational level
scheme as provided in Fig. 1. Each branch is equipped with a solid-state amplifier
(SSA). The amplifiedmicrowave pulses are sequentially broadcast in the designated
polarization directions to interact with the molecular jet using two dual-
polarization horn antennae. The free induction decay (FID) of the resulting mole-
cular response is collected in the z-polarization direction by a receiver horn and
averaged by a fast digital oscilloscope.
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Information. The phase dependence coefficients of φc2 and φc3 are
denoted as sc2 and sc3. In scan #2, where the phase of pulse #2 (φ2) was
scanned, φc2 positively and linearly varied with φ2, while φc3 was
independent of φ2. Therefore, sc2 = + 1, and sc3 = 0. Likewise, φc3

changed along with φ3 in scan #3 and sc3 = + 1, whereas φc2 did not
(sc2 = 0). In the other three scans, both φc2 and φc3 remained constant
(sc2 = 0, and sc3 = 0), as φ2 and φ3 were not varied. With a clear
understanding of the different phase dependencies of φc2, φc3, and
φM6WM, we were able to perform a least-squares fit on each set of the
scan to decompose the observed pattern and extract the SM6WM signal.
The molecular response from each scan is fitted independently as a
sum of the individual interfering signals, where the total listen signal
amplitude (A) and the total phase (Φ) are given by the following
expressions:

A2 =
PN

m= 1

PN
n= 1 AmAn cosðsmφk +ϕm � snφk � ϕnÞ

tanðΦÞ=
PN

m= 1
Am sinðsmφk +ϕmÞPN

m= 1
Am cosðsmφk +ϕmÞ

8><
>:

: ð2Þ

Here, N is the number of interfering signals, φk is the scanned phase,
Am, An, ϕm, and ϕn are the amplitudes and the starting phases of the
individual components, which are fitted to the observed experimental
signals, sm and sn are the associated phase dependence coefficients.

The square of the listen signal amplitude (A2) and the tangent of the
listen signal phase (tanðΦÞ) are fitted simultaneously. The details on
the procedure and the scripts used for the fitting are given in
the Supplementary Information.

As in scans #2 and #3, the phases of all three interfering compo-
nents have different phase dependencies onφk (i.e., in scan #2: sc2 = + 1,
sc3 = 0, and s2 = − 1; in scan #3: sc2 = 0, sc3 = + 1, and s3 = − 1), they can be
explicitly separated in the fit, as shown in Fig. 4. However, in the other
three scans (#1, #4, and #5), as both Sc2 and Sc3 are phase-invariant,
these two co-excited signals cannot be meaningfully separated. The
sumof them is fitted as one phase-invariant signal instead. In each scan,
the least-squares fit is obtained over the five repeats, and the experi-
mental uncertainty is derived at each phase point as well. The fit results
are summarized inTable 1 and are presented in Fig. 3b togetherwith the
experimental observations. The signal component with the anticipated
phase dependence is assigned to SM6WM, and it has a consistently con-
stant amplitude of 13–14μV throughout the five scans, clearly demon-
strating the feasibility of the approach. In Fig. 3b, the curves based on
the complete least-squares fits are represented using colored lines,
while the simulations of the sum of Sc2 and Sc3 are plotted with gray
lines, where the M6WM components are excluded. In this manner, the
signal patterns with and without the presence of SM6WM are revealed,
and detailed demonstrations are further provided in Fig. 4.

Fig. 3 | M6WM spectroscopy of BA. a The experimental M6WM pulse sequence,
where the colors of the microwave pulses match the laboratory frame as in Fig. 2.
The durations correspond to an optimized π/2-pulse for pulse #1 and π-pulses for
pulses #2 – #5. 40μs of FID for the frequency of the listen transition (νL) was
recorded after the five excitation pulses, the duration of which is not to scale.bThe
resulting phase dependence patterns in amplitude (top) and phase (bottom) at the
listen transition (νL). Theywere obtained by individually scanning the phases of the
corresponding pulses (φk) andmeasuring the respective amplitude and phase of νL
at 5283.64MHz. Here, “phase of νL” denotes the arctangent of the tangent of the

phase. The experimental results are represented in blackwith error bars. The errors
are calculated from a set of five repeatedmeasurements, in which each phase point
was an average of 20,000 FIDs. In the least-squares fits, the amplitudes and the
phases (in tangent) are fitted simultaneously. The overall fit for each set is repre-
sented in the color that matches the polarization of the corresponding microwave
pulse whose phase was varied in the experiment. The gray line in each panel is the
simulated amplitude or phase by excluding the M6WM component from the
complete fit as discussed in the main text.

Article https://doi.org/10.1038/s41467-023-36653-3

Nature Communications |          (2023) 14:934 4



Discussion
By analyzing the observed interference patterns, we have shown that a
signal with a non-zero amplitude at the listen transition (νL) can be
attributed to our phase-controlled M6WM excitation scheme.
The amplitude of this signal (SM6WM) is constant (13–14μV) and the
phase of it (φM6WM) is dependent on the phaseφk of the k-th pulsewith
the linear factor sk. For scans #2 and #3, all three interfering compo-
nents (SM6WM, Sc2, and Sc3) are explicitly disentangled, and the fitting
results of the two scans show good agreement. As φ3 or φ2 is rotated
through 360∘, the amplitudes of thesewave components stay constant,
and their phases exhibit different dependencies onφ3 orφ2, which are
presented in the lower traces of Fig. 4a, c. In scan #3, SM6WM and Sc3
have similar amplitudes, but their phases rotate with φ3 in opposite
directions. As a result, there are two in-phase and two out-of-phase
interference coincidences, as demonstratedwith the four time-domain
snapshots in Fig. 4b, leading to two maxima/minima in the experi-
mentally observed intensity profile (see Fig. 4a). The two unequal
minima and maxima are attributed to the interference with the phase-
fixed Sc2 component. In contrast, in scan #2, the phase of Sc3 is

independent of φ2, while the phase of SM6WM varies with φ2. This
results in only one in-phase and out-of-phase interference for the
SM6WM and Sc3 signals, one minimum and maximum in the experi-
mental intensity profile, as shown in Fig. 4c and d, respectively. The
presence of Sc2 makes the intensity profile slightly asymmetric.

To understand why the signal SM6WM observed in the experiment
is a sign of induced chiral dynamics, we need to compute the ee
obtained during the pulse sequence. The signed ee is an observable
that can be expressed via the following operator16–18:

êe= ∣Ri Rh ∣� ∣Si Sh ∣= ∣+ i �h ∣+ ∣�i +h ∣ : ð3Þ

The pulse sequence and the experiment itself resemble the
population transfer experiment followed by a M3WM cycle as a
probe of the induced enantiomeric excess as we performed ear-
lier on cyclohexylmethanol (CHM)12. For a discussion of the
results obtained in the current work, it is useful to compare it
with the observations on CHM, where CHM is racemic at room
temperature prior to the study, and transient chirality is

Fig. 4 | Illustration of the interference patterns. Left: experimentally observed
interference patterns and the simulations based on the least-squares fits, when
scanning the phase of pulse #3 (a) and pulse #2 (c). The upper traces show the
experimental results together with the overall fit with regard to the intensity and
phase at the frequency of the listen transition νL, respectively. The errors are cal-
culated from a set of five repeated measurements, as mentioned for Fig. 3. The
amplitudes and phases of the individual interfering wave components are pre-
sented in the lower traces. In each subplot of the phase part, the phase on the y-axis

denotes the arctangent of the tangent of the phase. Right: interpretations of the
interference in the time domain at four specific phases of φ3 (b) and of φ2 (d). The
upper traces in panels b and d show the total listen signal in the time domain with
the observed amplitude and phase, whereas the lower traces exhibit the three time-
domainwave components on the basis of the least-squaresfit and the experimental
pattern. SM6WM (colored dashed line) represents the signal induced from the
M6WM scheme. Sc2 (black dashed lines) and Sc3 (black dotted lines) are the co-
excited signals together with pulses #2 and #3, respectively.
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stabilized in the supersonic jet expansion. The barrier between
the enantiomers of CHM is high enough (~15 kJ/mol) to quench
the tunneling interconversion of the enantiomers within the time
scale of the experiment. Therefore, both the R and S forms of
CHM are present in equal amounts in a gas jet and cannot be
converted to each other, leading to ∣ee∣ = 0 as a starting condition.
In the experiments on CHM, we first performed a population
transfer for a set of rotational states, creating a non-zero ∣ee∣ in
two particular rotational states. This ∣ee∣ was then probed by
performing an additional M3WM experiment starting from these
rotational states.

According to this analogy, in the present study with BA, the first
three pulses of the M6WM sequence are analogous to the population
transfer part of the experiment, which should induce a non-zero ∣ee∣ in
a specific rotational state. The last two pulses and the induced coher-
ence for the listen transition act as a chiral probe of this enantiomeric
enrichment. To elucidate this, one needs to calculate the ∣ee∣ in the
system in the rotational state ∣101

�
after three pulses starting, naturally,

with a racemic sample. This quantity is given by the operator
êe101 = ∣1

+
01

�
1�01
�

∣+ ∣1�01
�
1+01
�

∣. The explicit calculation (see Supplemen-
tary Information for details) shows that after the first three pulses, the
resulting state ∣ψ

�
will be an oscillating chiral wavepacket, with an

amplitude proportional to ∣ee∣:

ψ
�

∣êe101 ∣ψ
� / sinðΩ1τ1Þ

Y3
k = 2

sin
Ωkτk
2
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� sin 2πν ± t +
X3
k = 1

skφk �Φ0
 !

:

ð4Þ

The frequency of the R↔ S interconversion is simply a tunneling fre-
quency ν ± = ðE1�01

� E1 +01
Þ=h = ϵ± =h (see Fig. 1). Due to the quantum

tunneling, the created chiral wavepacket does not have a persistent
chirality. However, the polarization induced by theM6WMexperiment
(Eq. (1)) is proportional to the total magnitude of the ∣ee∣ induced by
the first three pulses. The probed SM6WMwith an amplitude of 13–14μV
indicates that a non-zero ∣ee∣ was created in the rotational state ∣101

�
,

and the M6WM approach allows us to measure the magnitude of the
induced enantiomeric enrichment.

In conclusion, our experiment successfully steered a quantum
racemic mixture of two interconvertible enantiomers off-equilibrium
in the rotational state of interest by exploiting five microwave radia-
tion pulses from three mutually orthogonal polarizations. This result
demonstrates that transient enantiomeric excess can be induced in a

quantum tunneling system with a suitable pulse sequence of resonant
microwave fields. This provides an approach for manipulating mole-
cular chirality in flexible molecules like BA.

Methods
Sample preparation
The commercial sample of benzyl alcohol (BA) was purchased
from Sigma-Aldrich and used without further purification.
Experiments were performed using a modified Fourier transform
microwave (FTMW) spectrometer in Hamburg, as reported
elsewhere12, and a sketch is provided in Fig. 2. The commercially
available sample of BA was placed in an internal sample reservoir
close to the solenoid nozzle valve (Parker General Valve, Series 9)
and maintained at 70 °C. The sample vapor was seeded by a neon
buffer gas with a stagnation pressure of ~3 bar and supersonically
expanded into the vacuum chamber via the pulsed valve operat-
ing at 6 Hz. The adiabatic expansion efficiently cooled the gas-
phase sample to a Trot of ~1–2 K. For each gas pulse, the molecular
ensemble was polarized with a series of eight pulse sequences,
and 40 μs of FID were recorded following each excitation and
averaged on an oscilloscope. After Fourier transformation, the
typical frequency resolution of the spectrum is about 25 kHz,
giving a full-width at half maximum (FWHM) linewidth of
about 60 kHz.

Optimal pulse conditions
To achieve the optimal condition of the proposed M6WM scheme for
the population transfer, pulse #1 should be aπ/2-pulse, while the other
four pulses (#2 – #5) should be π-pulses. Therefore, nutation curves
were performed for each excitation pulse to investigate the evolution
of the signal amplitude over the pulse duration in a single-photon
excitation experiment. Of them, the power of pulses #1 and #4, #2 and
#5, and #3 was amplified to 40W, 50W and 3W, respectively, using
solid-state amplifiers (SSA), matching the setup in the subsequent
M6WM experiment. The resulting nutation curves are shown in Sup-
plementary Fig. 8, and the obtained optimal durations are summarized
in Table 1.

M6WM experiments
To achieve a state-specific enantiomer enrichment, the proposed
M6WM experiment was carried out. Using the results of the nutation
curves, the five pulses with optimal durations were generated with a
two-channel arbitrarywaveformgenerator (AWG),wherepulses #1, #3,
and #4 are from channel 1 (CH1), and pulses #2 and #5 are from
channel 2 (CH2), as illustrated in Fig. 3a. As thepolarizationdirectionof
pulse #3 needs to be orthogonal to pulses #1 and #4, a single pole
double throw (SPDT) pin-diode switch was utilized to feed the signals
into the dedicated SSAs. After amplification, the microwave pulses
were broadcast into the vacuum chamber to interact with the mole-
cules from three orthogonal polarization directions via two dual-
polarization horn antennae. In order to explore the phase dependence
of the signal induced from theM6WMscheme, thephaseof each signal
in the pulse sequence was systematically changed in steps of 18°. The
free induction decays (FIDs) of the molecular response were recorded
and averaged in the time domain and Fourier transformed into the
frequency domain after applying a Gaussian window function. Each
phase scan was repeated five times, in which 20,000 FIDs were aver-
aged for each phase point. More details can be found in the Supple-
mentary Information.

Data availability
All the data that support the findings of this study are available within
the main text and the Supplementary Information file, and also avail-
able from the corresponding author on request.

Table 1 | Pulse sequence parameters and the fit results of
phase scans

Pulse parameters SM6WM Sc2 Sc3

# ν, MHz τ,
μs

Ω ⋅ τ Type sM6WM AM6WM,
μV

sc2 Ac2,
μV

sc3 Ac3,
μV

1 9178 0.2 π
2 c +1 14 – – 0 10

2 4373 1.2 π b −1 14 +1 2 0 14

3 5293 1.6 π a −1 13 0 3 +1 14

4 9231 0.6 π c +1 14 – – 0 11

5 3459 2.0 π b −1 13 – – 0 7

"#” denotes the pulse number for which the phase is being scanned, ν is the frequency of the
pulse, τ is thepulse duration, and “type” shows the type of the rotational transitionexcited by the
pulse, as well as the direction of the pulse polarization in the laboratory frame. The s are the
dimensionless phase dependence coefficients, and the fitted signal amplitudes are denoted by
AM6WM, Ac2, and Ac3, where the subscripts indicate the source of the νL signal. Details on the
fitting procedures are in the Supplementary Information. Note that in scans #1, #4, and #5 the
sum of Sc2 and Sc3 are fitted, and the corresponding results are shown in the Sc3 columns.
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Code availability
The Python scripts used in this study are provided in the Supplemen-
tary Information.
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8.1 Summary and outlook

The article provides a demonstration of the M6WM approach for inducing transient
chirality in a molecular quantum racemic mixture. M6WM is a non-linear, coher-
ent, and resonant technique used for performing enantio-selective population transfer
in a set of selected rotational states. The process entails five phase-controlled mi-
crowave pulses, with the initial three pulses creating a chiral wavepacket in a specific
rotational state and the following two pulses inducing a polarisation at the listen
transition, the magnitude of which is proportional to the created ee.

During the experiment, the phase of each microwave pulse in the scheme was scanned
to monitor the signal intensity of the listen transition. In each phase scan, the signal
intensity at the listen transition displayed a pulse-phase dependence, which is the
result of signal interference. The observed interference pattern was fitted indepen-
dently as the sum of three individual interference signals: one from the M6WM
cycle and two from direct excitation from two amplifiers used in the experiment.
The fitting procedures provided information about the amplitude and phase of the
listen transition, which is summarised in Table 1 and presented in Fig. 3b of the
manuscript. The M6WM signal at the listen transition exhibited an amplitude of
13-14 µV in the five scans.

The excitation of the first three pulses generates an ee in the rotational state |1−01⟩.
Due to quantum tunneling, the chiral wavepacket with ee oscillates and does not
have persistent handedness. However, the polarisation induced by the M6WM ex-
periment is proportional to the ee induced by the excitation of the first three pulses,
as expressed in eq. 2.95 of Chapter 2. Thus, the last two microwave pulses of the
M6WM scheme and the induced coherence for the listen transition act as a chiral
probe for the enantiomeric enrichment. The probed M6WM signal with an ampli-
tude of 13-14 µV indicated that a non-zero ee was created in the rotational state
|1−01⟩ of BA. This outcome illustrates that a transient ee can be induced in a quan-
tum tunneling system with a suitable pulse sequence of resonant microwave fields.
This study successfully demonstrated how molecular flexibility can be exploited to
steer the handedness of chiral molecules.

The approach can be extended to other molecules, such as benzyl mercaptan,[168]
to explore different tunneling dynamics and timescales. This involves accounting
for various systematic effects, such as reducing the interference with the direct ex-
citation pulses in this level scheme. Future experiments could involve real-time
measurements of tunneling rates in transiently chiral molecules with slower tunnel-
ing rates. By introducing a time delay between the first (pulses #1-#3) and second

168



(pulses #4-#5) set of microwave pulses of the M6WM approach used with BA,
tunneling rates can be determined in experiments and thus dynamical information
for chiral molecules can be accessed. This information will contribute to a better
characterisation of chiral molecules and prove useful for high-precision experiments
aiming at determining the energy difference between enantiomers due to PV.
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Chapter 9

Summary and outlook

The stability, reactivity, and physicochemical properties of a molecule are closely
intertwined with its structural characteristics, particularly the conformations it can
adopt. The functionality of biomolecules is governed not only by conformational
flexibility but also by intra- and intermolecular interactions. Hence, knowledge of
molecular structure, their intramolecular dynamics, and chirality becomes essential
for developing an understanding of their reactivity and functionalities. MW spec-
troscopy is a highly sensitive technique for chemical and chiral analysis, allowing the
study of the structure, internal dynamics and chirality of molecules (Fig. 1.1).

The primary focus of this thesis was to study flexible chiral molecules using the
high-resolution CP-FTMW spectroscopy. The measurement principle was presented
and implemented on various types of molecular systems, showcasing its inherent po-
tential in determining molecular structures, as well as in enantiomer differentiation
and separation. In the first part of this thesis, the conformational analysis of various
molecules with increasing structural flexibility was explored using broadband rota-
tional spectroscopy. Different derivatives of [2,2]-paracyclophane were characterised
in Chapter 4, followed by an examination of the conformational panorama of a chi-
ral carboxylic acid, α-methoxy-phenylacetic acid (Chapter 5), and 6-amyl-α-pyrone
(Chapter 6), a potential biomass candidate.

Even though there is very limited conformational flexibility in monosubstituted
[2,2]-paracyclophanes, they remain an intriguing class of molecules due to their
unique transannular interactions arising from the co-facial stacking of benzene rings
bridged by an ethylene chain. [2,2]-Paracyclophane could not be characterised, due
to its lack of a permanent electric dipole-moment component. Therefore, monosub-
stituted derivatives were investigated, including aldehyde-, ketone-, hydroxy-, and
carboxylic acid-substituted [2,2]-paracyclophanes. Rotational spectra were obtained
for all four of them, with some experimental challenges in the case of carboxylic
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acid-substituted [2,2]-paracyclophane. The analysed experimental rotational spec-
tra, along with their experimentally fitted rotational parameters, are provided in
the section 4.2 of Chapter 4.

Two conformers in the case of aldehyde-substituted and only the most stable confor-
mations of ketone-, hydroxy-, and carboxylic acid-substituted [2,2]-paracyclophanes
were observed in the experimental spectra. The hydroxy-substituted [2,2]-paracyclo-
phane exhibited more flexibility than the other derivatives due to the presence of
the hydroxy group at the stereogenic center (Fig. 4.7). Quantum-chemical calcu-
lations predicted the three rotamers (gp, gm, and a) of hydroxy-substituted [2,2]-
paracyclophane below 5 kJ/mol (as indicated in Table 4.3), but only the most stable
conformation, pcp-(tBu)-CHOH-gm, was detected in the spectrum (Fig. 4.8). This
observation could be attributed to the cooling behaviour in the supersonic expan-
sion and the low interconversion barriers for the pcp-(tBu)-CHOH-a and pcp-(tBu)-
CHOH-gp rotamers to the observed gm conformation of hydroxy-substituted [2,2]-
paracyclophane (Fig. 4.9). The accurate experimental structure of the aldehyde-
substituted [2,2]-paracyclophane was determined, as depicted in Fig. 4.5, due to the
observation of all singly substituted 13C isotopologues of the most stable conforma-
tion (pcp-CHO-1) in the rotational spectrum. The determined gas-phase structure
of the [2,2]-paracyclophane moiety from aldehyde-substituted [2,2]-paracyclophane
was in good agreement with the solid-state structure obtained from X-ray crystallog-
raphy studies on [2,2]-paracyclophane (comparison is presented in Table 4.5).[209]

The NCI analysis of the four derivatives revealed the presence of doughnut-
shaped transannular interactions between the stacked benzene rings of attractive
nature near the aromatic carbons and the repulsive nature close to the bridging
ethylene carbons. Additionally, CH· · ·O interactions were observed between the
oxygen atom of the substituted functional group and the ethylene hydrogen atoms,
as illustrated in Fig. 4.11.

In the next chapter, a chiral carboxylic acid, AMPA, was explored with CP-FTMW
spectroscopy. Compared to the singly substituted [2,2]-paracylophanes, AMPA ex-
hibits higher flexibility. The rich conformational space of AMPA arises from the
possible configurations of the methoxy and carboxylic acid groups present at the
chiral center highlighted in Fig. 1b of the manuscript presented in Chapter 5. The
conformers are related to each other via the parallel-perpendicular orientation of the
methoxy group to the plane of the phenyl ring, and cis-trans configurations of the
hydroxyl group with respect to the methoxy group. Furthermore, the rotation of the
hydroxyl group either towards the methoxy group or away from it gives rise to in-out
configurations and extends the conformational space leading to eight different struc-
tures of AMPA. Among the six predicted low-energy structures, five stable structures
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were identified and characterised in the experiments. The third-lowest energy con-
former (cis-in-par) was not observed in the experiments. The reason for its absence
could be its conversion to a lower-energy structure (cis-in-perp) in the course of the
supersonic expansion using Ne as carrier gas (Fig. 4 of the manuscript). For the
two most stable conformers, line splittings due to methyl internal rotation were ob-
served. The experimental barrier heights for the cis-in-perp and trans-out-par were
determined to be 8.263(9) kJ/mol and 7.552(2) kJ/mol, respectively. The higher
barrier for the cis-in-perp conformer, compared to the trans-out-par conformer, is
due to the CH· · · π interactions between the methyl group and the phenyl ring in the
cis-in-perp conformation. These intramolecular interactions do not only influence
the internal dynamics of the molecule but also govern the conformational landscape
of AMPA. The higher stability of the cis-in-perp and cis-in-par conformers, in com-
parison to the other structures, can be attributed to the presence of a moderate
intramolecular hydrogen bond between the hydroxyl group and the oxygen atom of
the methoxy group, as illustrated in Fig. 2 of the manuscript attached in Chapter 5.

In Chapter 6, 6PP was examined, which has a higher degree of flexibility in con-
trast to the [2,2]-paracyclophane derivatives and AMPA. The amyl chain attached
to the pyrone ring increases the flexibility and results in a more complex conforma-
tional space. Quantum-chemical calculations predicted nineteen conformers below
6 kJ/mol (Fig. 6.3, Fig. 1 of appendix), only five conformers have been identified
in the experimental rotational spectrum so far, as shown in Fig 6.4. The rotational
spectrum and the experimentally obtained rotational constants of the five observed
conformers of 6PP are reported in Fig. 6.4 and Table 6.1. Out of the six low-energy
conformers predicted by calculations (Fig. 6.3), the fourth lowest-energy conformer,
tTt-B could not be identified in the experiments. The absence of tTt-B conformer
could be attributed to relaxation in the supersonic expansion with a Ne carrier gas
and a low interconversion barrier of tTt-B conformer to the observed rotamer, tTt-A,
as depicted in Fig. 6.6. A comparison of the calculated and experimental rotational
constants showed a good match (Table 6.1). Furthermore, the calculations predict
that for the four lowest energy conformers of 6PP, the trans configurations for the
∠α, ∠β dihedral angles of the amyl chain are preferred.

Future work related to the conformational flexibility of molecules studied in this
thesis will focus on analysing solute-solvent interactions. Understanding these in-
teractions holds crucial importance in both biology and physical organic chemistry,
as solute-solvent interactions play a central role in controlling solubility, molecular
structure, and functioning of the molecules in solvent environments. As discussed
in the last sections of Chapter 5 and 6, the rotational spectra for the complexes
of AMPA and 6PP have been recorded. Preliminary analysis of AMPA complexes
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from quantum-chemical calculations predicts the different conformational prefer-
ence during complexation with various solvent molecules. In the case of 6PP, dis-
tinct types of interactions arise upon complexation with both protic and nonpo-
lar solvent molecules, suggesting their potential role in the CTH reaction of 6PP
to produce DDL. These gas phase investigations of complexes of AMPA and 6PP
will aid in understanding the influence of solvent molecules on the conformational
space, intramolecular interactions and internal dynamics of this and similar kinds
of molecules.

The second part of this thesis focused on controlling and manipulating chiral molecules
using MW spectroscopy. While broadband MW spectroscopy is effective at identi-
fying the conformers and isotopologues, it cannot differentiate between enantiomers
as they share identical moments of inertia and thus have identical rotational spec-
tral features with only small differences arising from PV effects. In order to identify
enantiomers and perform chiral analysis using MW spectroscopy, a M3WM approach
was proposed by Hirota[59] and experimentally demonstrated with the buffer-gas
Fourier transform microwave spectrometer by Patterson et al.[60]. M3WM is an
electric dipole allowed method, where two rotational transitions of a triad are ex-
cited, which results in a chiral molecular response at the listen transition closing the
triad. M3WM has been extended to achieve coherent enantiomer-selective popula-
tion transfer by applying a transfer pulse in the direction of the listen transition and
resonant to its frequency. Depending on the phase of the transfer pulse, one enan-
tiomer is selectively promoted to a particular rotational state while the population
of the opposite enantiomer is depleted in this state but enhanced in the connecting
state of the corresponding transition. In this thesis framework, the objective was to
enhance the efficiency of enantiomer-selective population transfer from previously
reported results.

The two factors hampering the efficiency of enantiomer-selective population transfer
are the thermal population and the spatial degeneracy characterized by MJ quan-
tum number. Tailored microwave pulses (RAP-pulse and a π-pulse) were used to
reduce the thermal population in energetically higher states. Initiating the popu-
lation transfer from the ground-state enabled an enantiomeric excess of 13% in the
|101⟩ rotational state of TFO (Fig. 6(a) of the article provided in Chapter 7), which
was twice of that reported for carvone (about 6% in |202⟩ rotational state). Ap-
plying a preceding π or a RAP-pulse before the population transfer process further
improved the induced enantiomeric excess to about 40%, a threefold enhancement
compared to without any preceeding pulse. Both tailored microwave pulses exhib-
ited similar effects on the efficiency of the enantiomer-selective population transfer.
The experiments demonstrated a higher level of control that could be achieved over
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chiral molecules using high-resolution MW spectroscopy and gas-phase samples.

M3WM and its extended approach, as employed in the previous chapter, are ap-
plicable for sensing and controlling chirality in permanently and transiently chiral
molecules separable under the cold conditions of the supersonic jet. However, for
flexible chiral molecules such as BA with low enantiomer interconversion barriers,
even at cryogenic temperatures, racemisation occurs due to quantum tunneling,
forming a quantum racemate that cannot be separated via conventional chemical
methods. In such class of chiral molecules, M3WM and related population transfer
schemes are inapplicable, as a closed three-cycle loop cannot be formed due to in-
terstate rotational transitions that do not satisfy symmetry conditions. Therefore,
a more complex M6WM scheme is developed, which is detailed in the subsequent
Chapter 8.

M6WM is a non-linear, coherent, and resonant approach to generate a transiently
chiral ensemble of molecules at a specific rotational level of interest. The M6WM
technique involves the excitation of five resonant microwave pulses to induce a chiral
response in the form of a listen transition in a suitable system of six rotational lev-
els. Experimental demonstration of the M6WM scheme on BA showcased a probed
M6WM signal of 13-14 µV, indicating a non-zero enantiomeric excess created in
the |101⟩ rotational level of BA. These experimental results showcase how molecular
flexibility can be exploited to steer the handedness of chiral molecules. The future
extension of the M6WM approach could involve real-time measurement of the tun-
neling rates in transiently chiral molecules with slow tunneling motions, providing
access to dynamical information about chiral molecules.

The demonstrated quantum-controlled chiral separation through the extended M3WM
and M6WM approaches highlights the potential of MW spectroscopy in gaining
control over molecular degrees of freedom through cooling techniques and advanced
pulse sequences. The high resolution and precision obtained with these pulse schemes
bring us a step closer for performing precision spectroscopy experiments aimed at
determining the frequency difference between enantiomers, and addressing funda-
mental questions about the origin of homochirality of life.
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Table 2: Experimentally determined bond distances of conformer pcp-CHO-1 de-
termined using effective structure r0-, and substitution structure rs-method in com-
parison with the equilibrium re-values obtained from quantum-chemical calculations
at B3LYP-D3(BJ)/def2-TZVP level of theory.

Bond distance r0(Å) rs(Å) re(Å)

r(O1-C2) 1.214(92) - 1.2

r(C3-C2) 1.482(54) 1.568(28) 1.5

r(C3-C4) 1.38(14) 1.219(33) 1.4

r(C3-C8) 1.418(58) 1.317(30) 1.4

r(C4-C5) 1.40(13) 1.607(30) 1.4

r(C5-C6) 1.418(66) 1.3924(43) 1.4

r(C7-C6) 1.41(14) 1.3876(94) 1.4

r(C7-C8) 1.39(12) 1.3980(77) 1.4

r(C8-C9) 1.511(45) 1.5081(33) 1.5

r(C10-C9) 1.584(47) 1.5837(48) 1.6

r(C11-C10) 1.516(69) 1.5112(68) 1.5

r(C12-C11) 1.400(85) 1.365(11) 1.4

r(C13-C12) 1.391(76) 1.4073(38) 1.4

r(C14-C13) 1.406(61) 1.4085(36) 1.4

r(C15-C14) 1.395(53) 1.3961(23) 1.4

r(C16-C15) 1.38(14) 1.3653(82) 1.4

r(C16-C11) 1.406(72) 1.432(14) 1.4

r(C14-C17) 1.518(42) 1.5611(98) 1.5

r(C18-C17) 1.615(56) 1.587(17) 1.6

r(C18-C5) 1.493(49) 1.4603(88) 1.5

r(C7-C12) 3.118(58) 3.1100(39) 3.1

r(C3-C16) 3.099(58) 3.151(18) 3.1

r(C6-C13) 3.111(36) 3.1085(21) 3.1

r(C4-C15) 3.105(59) 3.172(13) 3.1

182



Table 3: Experimentally determined bond angles of conformer pcp-CHO-1 deter-
mined using effective structure r0-, and substitution structure rs-method in compar-
ison with the equilibrium re-values obtained from quantum-chemical calculations at
B3LYP-D3(BJ)/def2-TZVP level of theory.

Bond angles r0(°) rs(°) re(°)

∠(O1-C2-C3) 126.37(4) - 126.9

∠(C2-C3-C4) 115.20(47) 103.07(24) 116.0

∠(C2-C3-C8 123.58(32) 124.11(15) 123.8

∠(C3-C4-C5) 121.69(47) 115.82(14) 121.9

∠(C4 –C5-C6) 116.05(49) 112.08(71) 116.2

∠(C5-C6-C7 ) 120.08(33) 120.41(18) 120.7

∠(C6 –C7-C8) 121.42(30) 121.69(18) 121.5

∠(C8-C3-C4) 120.70(47) 131.34(19) 119.7

∠(C3-C8-C7) 116.28(45) 113.87(68) 116.2

∠(C4-C5-C18) 123.58(66) 131.65(13) 120.9

∠(C5-C18-C17) 112.60(19) 113.01(26) 112.9

∠(C9-C8-C3) 123.19(31) 125.55(77) 123.6

∠(C7-C8-C9) 119.30(38) 119.84(26) 118.9

∠(C8-C9-C10) 112.42(21) 112.15(13) 112.4

∠(C9-C10-C11) 112.57(21) 111.82(35) 112.5

∠(C10-C11-C12) 120.59(48) 121.92(11) 121.4

∠(C10-C11-C16) 121.37(70) 120.33(76) 120.2

∠(C11-C12-C13) 120.45(35) 120.62(42) 120.5

∠(C11-C16-C15) 121.44(35) 121.43(50) 120.9

∠(C12-C13-C14) 120.86(31) 120.48(19) 120.9

∠(C12-C11-C16) 116.55(76) 116.58(56) 117.0

∠(C13-C14-C15) 117.26(25) 117.09(12) 117.0

∠(C13-C14-C17) 120.36(76) 119.41(25) 120.4

∠(C14-C15-C16) 120.34(30) 120.34(15) 120.5
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Bond angles r0(°) rs(°) re(°)

∠(C14-C17-C18) 112.75(18) 113.56(23) 113.1

∠(C6-C5-C18) 119.28(41) 115.44(11) 121.7

∠(C15-C14-C17) 120.99(36) 121.65(31) 121.2
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Table 4: Experimentally determined dihedral angles of conformer pcp-CHO-1 de-
termined using effective structure r0-, and substitution structure rs-method in com-
parison with the equilibrium re-values obtained from quantum-chemical calculations
at B3LYP-D3(BJ)/def2-TZVP level of theory.

Dihedral angles r0(°) rs(°) re(°)

∠(O1 -C2 -C3 -C4) 165.71(53) - 126.9

∠(O1 -C2 -C3 -C8) -5.99(67) - -5.9

∠(C2 -C3 -C4 -C5) -171.42(35) -169.42(43) -171.4

∠(C2 -C3 -C8 -C7) -173.33(44) -176.23(11) 173.5

∠(C2 -C3 -C8 -C9) 19.43(52) 13.74 (19) 19.4

∠(C3 -C4 -C5 -C6) -15.68(54) -15.18(12) -15.7

∠(C3 -C4 -C5 -C18) 152.22(41) 153.67(12) 151.7

∠(C3 -C8 -C7 -C6) -16.00(70) -18.25(99) -16.0

∠(C3 -C8 -C9 -C10) 67.57(41) 70.10(89) 68.0

∠(C4 -C5 -C6 -C7) 14.95(47) 15.50(30) 15.0

∠(C4 -C5 -C18-C17) -91.45(43) -85.52(14) 92.2

∠(C5 -C6 -C7 -C8) 0.88(68) 0.47(48) 0.9

∠(C5 -C18-C17-C14) 11.17(65) 4.22(21) 12.6

∠(C6 -C7 -C8 -C9) 151.76(37) 152.40(25) 151.8

∠(C7 -C8 -C3 -C4) 15.41(62) 20.10(26) 15.2

∠(C7 -C8 -C9 -C10) -99.30(52) -99.38(37) -98.8

∠(C8 -C9 -C10-C11) 19.38(42) 20.45(63) 19.4

∠(C9 -C10-C11-C12) 68.73(29) 68.96(30) 69.1

∠(C9 -C10-C11-C16) -96.83(44) -98.30(73) -96.7

∠(C10-C11-C12-C13) -151.81(27) -152.04(20) -151.8

∠(C10-C11-C16-C15) 151.72(47) 152.17(44) 152.3

∠(C11-C12-C13-C14) -0.54(46) -1.18(49) -0.5

∠(C11-C16-C15-C14) 0.24(58) 0.69(40) -0.2

∠(C12-C13-C14-C17) 152.94(29) 150.82(45) 152.9
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Dihedral angles r0(°) rs(°) re(°)

∠(C12-C11-C16-C15) -14.39(48) -15.75(57) -14.1

∠(C13-C14-C17-C18) -92.09(42) -87.12(12) -92.1

∠(C15-C14-C17-C18) 74.09(51) 76.95(11) 74.0

∠(C16-C15-C14-C17) -152.75(37) -150.42(42) -152.5

∠(C13-C12-C11-C16) 14.42(39) 15.67(63) 14.4

∠(C9-C8-C3-C4) -151.83(37) -149.93(18) -152.0

∠(C5-C4-C3-C8) 0.53(62) -3.26(28) 0.6
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Table 5: Dihedral angles obtained from r0 structure that were used to calculate
the deviation of four edge carbon atoms (C5, C8, C11, and C14) from the benzene
ring.

Dihedral angle r0(°) Deviation (r0°) re(°) Deviation(re°)

∠(C3-C4-C6-C8) 4.43(21) 4.04 4.41 4.9

∠(C3-C4-C6-C7) -0.39(35) - 0.46 -

∠(C7-C6-C3-C5) -172.52(35) 7.48 -172.63 7.4

∠(C3-C4-C7-C5) 171.83(34) 8.17 171.84 8.2

∠(C7-C6-C4-C8) -4.83(26) -4.44 -4.87 -5.3

∠(C16-C15-C13-C11) -4.19(21) -4.04 -4.05 -3.7

∠(C16-C15-C13-C12 ) 0.15(2.7) - 0.32 -

∠(C12-C13-C16-C14) 173.14(31) 6.86 173.22 6.8

∠(C16-C15-C12-C14) -172.86(35) 7.14 -172.66 7.3

∠(C12-C13-C15-C11) 4.35(1.6) 4.2 4.37 4.1
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B 6-amyl-α-pyrone
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Figure 1: Optimised geometries of nineteen conformers within threshold energy of
6 kJ/mol obtained at the B3LYP-D3(BJ) /def2-TZVP level of theory.
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1434.88818(33)

B
/M
H
z

468.097834(76)
460.10119(18)

462.882008(88)
465.86064(12)

C
/M
H
z

451.062150(74)
443.84722(24)

446.03454(12)
448.96008(13)

∆
J /kH
z

0.16025(25)
[
0.160279105]

[
0.160279105]

[
0.160279105]

∆
J
K
/kH
z

-0.5548(14)
[-0.554822339]

[-0.554822339]
[-0.554822339]

∆
K
/kH
z

1.8845(74)
[
1.866904945]

[
1.866904945]

[
1.866904945]

δ
J /kH
z

0.02928(11)
[-0.029264238]

[
0.029264238]

[
0.029264238]

δ
k /kH
z

1.348(12)
[
1.344064074]

[
1.344064074]

[
1.344064074]

N
b

314
30

39
46

σ
/kH
z

6.5
6.2

5.2
5.9

a
A
,
B
,
and
C
are
the
rotational

constants
and
∆
J ,
∆
J
K
,
∆
K
,
δ
J ,
and

δ
K
are
the
quartic

centrifugalconstants.
T
he
errors

given
here
for
the
m
easured

values
are
the
standard

errors.
b
N
is
the
num
ber
of
lines
included

in
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fit
and

σ
is
the
standard

deviation
of
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fit.
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211L. Kolesniková, “The conformational panorama of mandelic acid”, in Interna-
tional Symposium on Molecular Spectroscopy (2019).

208

https://doi.org/10.1002/ijch.201100099
https://doi.org/10.1002/ijch.201100099
https://doi.org/10.1246/bcsj.20180259
https://doi.org/10.1246/bcsj.20180259
https://doi.org/10.1002/anie.201904863
https://doi.org/10.1002/anie.201904863
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/https://doi.org/10.1021/ja100936w
https://doi.org/https://doi.org/10.1021/ja100936w
https://doi.org/10.1021/acs.jpclett.2c00671
https://doi.org/10.1021/acs.jpclett.2c00671
https://doi.org/10.1016/0022-2852(77)90364-2
https://doi.org/10.1002/anie.201300653
https://doi.org/10.1021/jp064095o
https://doi.org/10.1021/jp064095o
https://doi.org/10.1063/1.465035
https://doi.org/10.1002/cphc.200200597
https://doi.org/10.1002/cphc.200200597
http://www.medical-technologies.eu/upload/phenolic_acids_-_przybylska.pdf
http://www.medical-technologies.eu/upload/phenolic_acids_-_przybylska.pdf
https://doi.org/10.15278/isms.2019.TJ07
https://doi.org/10.15278/isms.2019.TJ07


212C. Min and D. Seidel, “Asymmetric Brønsted acid catalysis with chiral carboxylic
acids”, Chemical Society Reviews 46, 5889–5902 (2017).

213H. Alhendawi, E. Brunet, E. R. Payán, and H. Alkahlout, “Novel optically active
2D materials based on λ-zirconium phosphate and chiral monocarboxylic acids:
Synthesis and characterization”, Journal of Inclusion Phenomena and Macrocyclic
Chemistry 99, 217–226 (2021).

214D. E. Brenneman, G. R. Smith, Y. Zhang, Y. Du, S. K. Kondaveeti, M. J. Zdilla,
and A. B. Reitz, “Small Molecule Anticonvulsant Agents with Potent In Vitro
Neuroprotection”, Journal of Molecular Neuroscience 47, 368–379 (2012).

215EESI- Environmental and Energy Study Institute, https://www.eesi.org/
topics/fossil-fuels/description, Accessed: 2023-10-11.

216J. C. Serrano-Ruiz, D. Wang, and J. A. Dumesic, “Catalytic upgrading of levulinic
acid to 5-nonanone”, Green Chemistry 12, 574–577 (2010).

217D. M. Alonso, J. Q. Bond, J. C. Serrano-Ruiz, and J. A. Dumesic, “Production
of liquid hydrocarbon transportation fuels by oligomerization of biomass-derived
C9 alkenes”, Green Chemistry 12, 992–999 (2010).

218M. I. Alam, S. Gupta, A. Bohre, E. Ahmad, T. S. Khan, B. Saha, and M. A.
Haider, “Development of 6-amyl-α-pyrone as a potential biomass-derived platform
molecule”, Green Chemistry 18, 6431–6435 (2016).

219A. S. Ramos, S. B. Fiaux, and S. G. F. Leite, “Production of 6-pentyl-α-pyrone
by trichoderma harzianum in solid-state fermentation”, Brazilian Journal of Mi-
crobiology 39, 712–717 (2008).

220J. N. Chheda, G. W. Huber, and J. A. Dumesic, “Liquid-Phase Catalytic Pro-
cessing of Biomass-Derived Oxygenated Hydrocarbons to Fuels and Chemicals”,
Angewandte Chemie International Edition 46, 7164–7183 (2007).

221M. Balakrishnan, G. E. Arab, O. B. Kunbargi, A. A. Gokhale, A. M. Grippo,
F. Dean Toste, and A. T. Bell, “Production of renewable lubricants via self-
condensation of methyl ketones”, Green Chemistry 18, 3577–3581 (2016).

222H. V. L. Nguyen, M. Andresen, andW. Stahl, “Conformational sampling and large
amplitude motion of methyl valerate”, Physical Chemistry Chemical Physics 23,
2930–2937 (2021).

223N.-N. Dang, H.-N. Pham, I. Kleiner, M. Schwell, J.-U. Grabow, and H. V. L.
Nguyen, “Methyl Internal Rotation in Fruit Esters: Chain-Length Effect Observed
in the Microwave Spectrum of Methyl Hexanoate”, Molecules 27, 2639 (2022).

224E. Burevschi, I. Peña, and M. E. Sanz, “Medium-sized rings: conformational pref-
erences in cyclooctanone driven by transannular repulsive interactions”, Physical
Chemistry Chemical Physics 21, 4331–4338 (2019).

209

https://doi.org/https://doi.org/10.1039/C6CS00239K
https://doi.org/https://doi.org/10.1007/s10847-021-01043-z
https://doi.org/https://doi.org/10.1007/s10847-021-01043-z
https://doi.org/https://doi.org/10.1007/s12031-012-9765-x
https://www.eesi.org/topics/fossil-fuels/description
https://www.eesi.org/topics/fossil-fuels/description
https://doi.org/10.1039/B923907C
https://doi.org/10.1039/C001899F
https://doi.org/10.1039/C6GC02528E
https://doi.org/10.1590/S1517-83822008000400022
https://doi.org/10.1590/S1517-83822008000400022
https://doi.org/10.1002/anie.200604274
https://doi.org/10.1039/C6GC00579A
https://doi.org/10.1039/D0CP06057G
https://doi.org/10.1039/D0CP06057G
https://doi.org/10.3390/molecules27092639
https://doi.org/10.1039/C8CP07322H
https://doi.org/10.1039/C8CP07322H


225E. Burevschi and M. E. Sanz, “Seven Conformations of the Macrocycle Cyclodo-
decanone Unveiled by Microwave Spectroscopy”, Molecules 26, 5162 (2021).
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