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Abstract

Molecules containing a methyl rotor can undergo internal rotation. The methyl's rotation
relative to the molecule's frame leads to complicated splitting patterns in the rotational spectra,
which are challenging to model and interpret. Researchers readily observe these splitting patterns
using microwave spectroscopy, owing to the high resolutions obtainable in a collision-free
environment. Still, molecules containing internal rotors have received less study due to their
complexity. This research studied molecules that have complex internal dynamics. Specifically,
two custom-built microwave spectrometers and high-level quantum chemical calculations enabled
measurements and models of methyl cyanoacetate (MCA), 2-methyl-2-oxazoline (2M20) and 2-
ethyl-2-oxazoline (2E20).

These molecules’ spectra exhibit fine and hyperfine splittings due to the methyl rotor and
the 1*N quadrupole nucleus. These were analyzed to derive their barriers to internal rotation. This
research studied the effects of hyper-conjugative interactions on MCA’s conformational stability
and methyl barrier by comparing the derived barriers to those of similar molecules. For 2M20 and
2E20, this work highlighted that the factors that govern the barriers in methylated molecules
containing a partially unsaturated ring are poorly understood, as there has been little study on such
molecules to date. As such, this work provides the basis for future studies on molecules with
flexible ring systems containing a methyl rotor, which would aid our understanding of these types
of molecules and the development of better computational models for analyzing and predicting their

spectra.
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Chapter 1 — Introduction
1.1. Interstellar Chemistry

The interstellar medium (ISM) is the region of space between planets, which are host to
various conditions influenced by the stellar life cycle (Figure 1.1). New elements are formed by
the fusion of stellar material in the first stages of a star’s gravitational collapse and propelled
outward into space by the shock waves accompanying this collapse. Low-mass stars form the more
commonly found elements (e.g. C, N, O), while high-mass stars lead to supernovae and are

responsible for creating heavier elements.'-2
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Figure 1.1. Diagram showing the lifecycles of Sun-like and massive stars. (Courtesy NASA/JPL-Caltech.)®

Nebulae are formed from the remnants of stellar death, cooling to temperatures of ~10 K
and forming dense molecular clouds. Current theory posits that these clouds are the dominant
source of complex chemistry in space that results from collisional reactions and surface-catalyzed

reactions on interstellar ice and dust grains.2



Astrochemistry concerns itself with the discovery, classification, and reactions of
molecular species in the interstellar medium. The majority of the 241 known different molecules
detected in the ISM before 2021 have been discovered by radio astronomy and range in size from

simple diatomic molecules to buckminsterfullerenes (Ceo, C70).*

Molecules with a strong dipole moment along one or more principal axes are easier to
detect. This is because the strength of detected transition signals from a molecule in rotational
spectroscopy is related to the strength of the molecule’s permanent dipole moment. Studying
molecules with a weak or no dipole moment is possible using an analogue molecule with a single
substitution of a more polar functional group to assess the likelihood of their presence in a given
region of the ISM.> Commonly, the nitrile (C=N) analogue of a molecule is a useful probe, owing
to its large dipole moment which explains its prevalence in the ISM, with ~12% of the molecules
already detected containing this functional group.* As a result, molecules having a nitrile group
are strong candidates for detection in the ISM.

Several cyano-containing five- and six-membered cyclic molecules were recently detected
in the dark molecular cloud TMC-1.° These are the first detections of five- and six-membered rings
in any spectral region since the detection of benzene in 2001.6 The detection of rings are of
significant interest as these types of molecules form the foundational building blocks of
biologically relevant molecules, including sugars. As such, there is a renewed interest in
understanding the chemistry of these types of molecules in an astrophysical environment, as well
as studying the spectra of other cyclic molecules, to facilitate future detections of these class

compounds.®

With technological advancements like the Atacama Large Millimeter/submillimeter Array
(ALMA) and the recently deployed James Webb Space Telescope, many more detections will be

possible which will require the aid of laboratory experiments.
1.2. The Role of Laboratory Experiments in Astrochemistry

Laboratory experiments provide invaluable information that facilitates the identification of
new species in the ISM and provides insight into the astrophysical processes that govern their

environment.



An estimated 90%* of chemical species in the ISM have been detected using radio
astronomy, which deals with spectra in the centimeter, millimeter and submillimeter wavelength
ranges. As such, microwave and mm-wave spectroscopy are valuable techniques that can provide
spectra for direct comparison with the spectra recorded by radio astronomers. These techniques
utilize high-vacuum chambers and low rotational temperatures, which approximate conditions of
common colder ISM regions.” Simulated rotational spectra based on quantum chemical
calculations currently have a relative uncertainty of predicted line positions of 0.1% in the cm-and
mm-wave regions and up to 0.2% in the submm-wave region.2 These uncertainties can lead to
predicted transitions being hundreds of MHz from their actual frequency. This level of uncertainty
is manageable in a laboratory setting where the collected spectra are of isolated compounds or
small mixtures of molecules. However, it is not well suited to discerning individual species in
spectral line surveys obtained from astronomical spectra that may be populated with many
hundreds of species. Thus, accurate experimental rotational parameters obtained from laboratory
studies are crucial for making new identifications in the ISM but also provide the basis for

eliminating transitions due to known species from congested astronomical spectra.

1.3. Methyl Rotors in the Interstellar Medium

To date, methyl-containing molecules make up ~13% of the molecules detected in the
ISM.* Such molecules exhibit unique spectral properties due to the internal rotations of the methyl
group, which can turn relative to the rest of the molecule. This rotation is hindered by a three-fold
symmetric barrier which splits the energy levels into states of A and E symmetry. Depending on
the size of the barrier, this can lead to splittings in high-resolution spectra. An example of a V3

barrier for acetaldehyde is presented in Figure 1.2.
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Figure 1.2. An example of a V3 barrier for the internal rotation of the methyl group in acetaldehyde. Here,
ve IS the principal torsional quantum number and m is the free-internal-rotor quantum number. Reproduced

in part with permission from Kleiner (2019).°

As a result of the splittings, the spectra of molecules containing internal rotors are often
dense, with as much as twice as many potentially observable rotational transitions. As previously
indicated, computationally predicted transitions for any rotational species can have an error up to
hundreds of MHz. Still, in the case of internal rotation, these discrepancies are even more
pronounced. The degree of splitting between the two states is a function of the size of the barrier
to internal rotation. Even minor errors in predictions of these barriers can lead to significant errors
in the estimation of line positions for the two states.!® The ability for calculations to accurately
predict barriers for large-amplitude motions (LAMS), such as internal rotation can vary wildly
based on the complexity of the theory used in the simulations, which further contributes to the

uncertainty in correctly predicting line transitions for these molecules.°

Additionally, the properties of internal rotors, in particular the size and shape of the barriers

to internal rotation, are sensitive to their chemical environment, and in the astrophysical context

4



can act as probes to study the interstellar medium.® Study of one of the simplest rotors, methanol,
has allowed astronomers to use detections to analyze properties of the corresponding molecular
clouds, such as densities and kinetic temperatures.” As a ubiquitous molecule in the ISM,!
methanol which allows for a wide range of astrophysical environments to be studied. Methanol’s
rotation-torsion energies have also enabled the consistency of fundamental physical constants over

time to be studied.!?

Lastly, many biologically relevant molecules contain methyl rotors. As a fundamental goal
of astrochemistry is to understand how these molecules arose in the interstellar medium,
understanding methyl rotors and their properties will be crucial in understanding how they arise in
the interstellar medium and how they interact with other molecular species to form these target

molecules.

The work in this thesis investigates the rotational spectra of molecules of astrophysical
interest with complex internal dynamics using microwave spectroscopy with the aid of quantum
chemical calculations. An overview of the principles of rotational spectroscopy and internal
rotation is included in Chapter 2. The experimental and computational details, including a
description of the two custom-built microwave spectrometers in the van Wijngaarden lab, are
given in Chapter 3. Chapter 4 presents a microwave study of methyl cyanoacetate, including a
discussion on the intramolecular dynamics governing its conformational landscape and their
effects on the V3 barrier for the ground state conformer. Chapter 5 presents a study on two
methylated derivatives of 2-oxazoline and includes a discussion of the significance of the
composition of the ring surrounding the methyl substitution site. Finally, Chapter 6 summarizes

the significant observations found through this work and presents further avenues of investigation.
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Chapter 2 — Rotational Spectroscopy

2.1. Introduction

Rotational spectroscopy focuses on transitions in the electromagnetic spectrum's
microwave or cm-wave region, which correspond to a molecule's rotational transitions. Molecules
which contain a permanent electric dipole moment can be studied by this technique, yielding
highly accurate rotational and centrifugal distortion constants. As the rotational constants relate to
the moments of inertia of the molecule, as will be discussed in this chapter, microwave
spectroscopy is highly sensitive to the molecule's geometry, allowing for the distinction between
varying conformations and isotopologues. Centrifugal distortion constants can additionally
provide insight into the topology of the molecule's vibrational potential of a given vibrational
motion. Additionally, microwave spectroscopy enables analysis of the effects of internal
dynamics, such as internal rotation, which appear as splittings in the spectral peaks.

The remainder of this chapter contains a brief overview of general rotational spectroscopy
theory®= and internal rotation.*” The interested reader is encouraged to read the detailed accounts

in the references mentioned.
2.2. Moments of Inertia and Rotational Constants

Rotational spectroscopy interacts with each molecule through its moments of inertia.
These moments relate to the masses of the atoms (m) in the molecule and the distances from the

center of mass (r) to the inertial axes (a, b, c) of the molecule by

Ig = Z m;r? 2.1

where the subscript i represents the i atom in the molecule and R = A, B, C denotes the inertial
axes. As these parameters are specific to both the masses of the respective atoms and the
arrangement of these atoms, the moments of inertia are sensitive to the geometry of the molecule
in any given conformation. Thus, by analysis of the rotational spectra, the moments of inertia are
obtained, which can infer molecular structures in an experiment and distinguish between different
possible geometries a molecule can have.

Molecules can be classified with their moments of inertia along the principal rotational axes

as follows:



1. Linear tops such as HCCH with I, = 0,1 = I.

2. Spherical tops such as Pawith [; = Iz = 1.

3. Symmetric tops, which are further classified as prolate tops with I, < Iz = I such as
molecules like CH3CCH and oblate tops with I, = Iz < I such as CsHe.

4. Asymmetric tops, which make up most molecules, with [, < Iz < I.

The rotational energy levels can be expressed by their term value F(J), which differs based on
the above classifications. For the linear top, which is the simplest case, its energy term value is

given as

FOD=BJJ+1) J=01.2,.. 2.2

h
8m2lg

where J is the rotational quantum number and B = is the rotational constant. Non-linear

rotors will have three rotational constants which correspond to the three principal axes, i.e., A =

h h h
—— B=——andC = .
872l 4 8m2lg 8m2lc

For a symmetric top rotor, there is an additional quantum number K representing the
projection of the total rotational angular momentum quantum number J onto the highest symmetry
axis. The term values differ for prolate and oblate symmetric tops, and their quantum number K
takes on the subscripts Ka and K¢ for prolate and oblate tops, respectively. Their term values are
thus

F(J,K))=BJJ+1)+(A—-B)K2 J=012,..; K=0,+1,42,..,4] 2.3
for prolate tops and

FU,K)=BJJ+1D+(C—-B)K? J=01.2,..; K=0,+1,42,..,4] 2.4
for oblate tops.

Asymmetric top molecules are more complex, as their energy terms cannot be derived
analytically from the Schrddinger equation, so their spectra are analyzed with respect to the prolate
and oblate symmetric top limits, which can be seen in Figure 2.1. Their energy levels depend on

three quantum labels Jx_k_, with Ka and K. representing the prolate and oblate limits.

The asymmetry parameter « is defined as
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Figure 2.1. The labelling of the energy levels for an asymmetric top molecule produced by combining

solutions for the prolate (k = -1) and oblate (x = 1) top limits.

For any classification, a given molecule must posses a non-zero dipole moment along any of
the principal axes for a transition to be observed, with AJ = 0, +1. Additionally, as there are three
principal inertial axes, there are three types of transitions corresponding to these axes with

additional selection rules, given as follows:

1. a-type transitions: u, # 0; AK, = +2k and AK, = +2k +
1 for any integer k with the most intense transitions being those with k = 0.

2. Db-type transitions: u;, # 0; AK, = +2k + 1 and AK. = +2k + 1 for any integer k.



3. c-type transitions: p. # 0; AK, = +2k + 1 and AK, = 12k for any integer k.

2.3. Centrifugal Distortion

The energy expressions in the previous sections were derived according to the rigid rotor
model, i.e., that the geometry is unchanged by the effects of the rotation of the molecule. For lower
rotational energy levels, this assumption is sometimes valid, but as the rotational energy increases,
the effects of centrifugal forces acting on the atoms as the molecule rotates become more
significant. As the rotational speed increases, the bond radii and angles change as a result of the
centrifugal forces on the molecule as it rotates exerting an outward force on the atoms, resulting
in a decrease in the energy difference between the rotational levels. Thus, additional terms are
required to correct for the distortion effects that occur at higher J levels. For asymmetric tops, the
quartic centrifugal distortion terms, namely Aj;, A, Ak, 93, and dk, are typically sufficient to
describe these effects although higher order terms (sextic and beyond) are needed for highly

distortable rotors.

2.4. Nuclear Quadrupole Interaction

Molecules containing an atom with a nuclear spin greater than % can exhibit splittings in
their spectral peaks called hyperfine structure, the typical example being a molecule containing a
14N atom which has a nuclear spin of 1. This specific type of hyperfine structure, termed nuclear
quadrupole hyperfine structure, arises from the interaction of a non-spherical nuclear charge with
the electric field gradient produced by the electrons. The coupling of the nuclear spin | and the
molecular rotational angular momentum J is described by the quantum number F, which takes on
the valuesJ + 1, J+1-1,J+1-2,...,]J— | for molecules with a single quadrupolar nucleus.

The energy levels are thusly labeled Jx_x F. Additional selection rules for the hyperfine transitions

are AF =0, +1.

The molecules studied in this thesis all exhibit hyperfine structure from one *N quadrupole
nucleus, along with fine structure due to the presence of an internal rotor, which will be discussed

in the subsequent section.

2.5. Large-Amplitude Motions
Large-amplitude motions (LAMSs) are internal motions in which a molecule can

interconvert (or quantum mechanically tunnel) between equivalent conformations and lead to
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splitting of the energy levels which gives rise to fine structure in the spectrum. There are many
types of LAMs, including internal rotations of a symmetric (e.g., CHs) or asymmetric (e.g., OH,
NHy) rotor, inversion tunnelling such as in the umbrella motion of NH3, and pseudorotation and
puckering in saturated ring systems. The properties of LAMs have been shown to be sensitive to
the electronic structure of the molecule and are often poorly predicted by calculations, making
them good probes for laboratory study of the internal dynamics of the molecule of interest and its
potential energy surface. They can be studied by many methods, but due to its high spectral
resolution, microwave spectroscopy is well suited for determining properties of LAMSs, such as

barrier heights to high degrees of accuracy.

The internal rotation of a methyl rotor is governed by a threefold potential which can be

described as
V.
V() = ?3 (1 — cos3a) 2.7

where V3 is the barrier to internal rotation and o is the angle of rotation of the methyl group,
illustrated below in Figure 2.2. The rotational properties of the methyl rotor are described by its

moment of inertia I, and the rotational constant Fo.

The C3 symmetry of the methyl rotor results in a characteristic splitting into two states, the
A state and the doubly degenerate E state, where A and E are symmetry labels. The selection rules
for the A and E states are that allowed transitions occur between energy states of the same
symmetry, namely, A — A, E —< E, A & E. Typically, a larger V3 barrier is associated with smaller
splittings, with sufficiently high barriers (> 12 kJ mol™) exhibiting no splitting.

11
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Figure 2.2. Potential energy barrier and axis system for acetaldehyde, with v; representing the principal
torsional quantum number and m the free-internal-rotor quantum number. Reproduced with permission
from Kleiner (2019).8

For some molecules containing methyl rotors with Vs barriers in the low to intermediate
range, the geometry of the methyl rotor can experience centrifugal distortion effects in addition to
the distortion effects present in the overall molecule in higher J states and thus require additional
correction terms. The naming convention for these terms differs in different fitting programs, and
as such in this work these will use the original notation described by Hansen et al.®, namely, Dpizy,

Dpizk, and Dpi»..

In studying the rotational spectra of molecules, we aim to discern the structure and internal
dynamics of their molecular systems through the derivation of accurate spectroscopic parameters.
Each molecule’s potential energy surfaces define their system’s dynamics, are unique to the
geometry and provide insights into each system. The following chapter discusses the
instrumentation of the custom-built microwave spectrometers used to obtain the spectra and the
computational tools we use to aid in the interpretation of the spectra, thus facilitating a broader

understanding of the molecules of interest.
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Chapter 3 — Instrumentation and Computation

3.1. The Microwave Experiment

While each molecular species chosen for study presents its unique challenges, the approach
to studying them is generalized as follows. A molecule is chosen for its chemical properties and
purchased from a commercial supplier. Meanwhile, a series of quantum chemical calculations are
conducted to determine the number of stable conformers and to estimate their rotational constants
before measurement. Once the sample has arrived, the chirped pulse (cp) Fourier transform
microwave (FTMW) spectrometer collects a survey scan using the initial estimates from species
present and the spectral predictions of the calculated rotational constants. This survey scan is then
analyzed to improve the accuracy of the rotational frequency estimates. The molecules are
subsequently measured in the Balle-Flygare (bf) FTMW spectrometer using the improved
estimates. These measurements provide accurate line positions and resolve any line splittings
caused by the internal structure. Finally, the spectrum can be fit, and the experimentally determined

spectroscopic parameters are derived.

The two custom-built FTMW instruments in the van Wijngaarden lab are different and
used at different stages of the experimental process. However, their noteworthy commonalities are
presented here for the sake of brevity. First, the liquid samples are placed in a bubbler, which is
either used to form a 1% mixture in an inert carrier gas (typically neon) if the vapour pressure is
sufficiently high or is in-line to bubble the carrier gas through it before its introduction into a 300
L stainless steel vacuum chamber. A pulsed solenoid nozzle with an orifice of 1 mm in diameter
provides pulses of the sample into the chamber, where the pressure differential behind the nozzle
(~10% Torr) and the chamber (~10 Torr) forms a supersonic jet and cools the sample to rotational
temperatures of ~2 K. A microwave excitation pulse is then broadcast into the chamber. If the
molecules have rotational transitions corresponding to the frequency range of the pulse, the dipole
moments of the molecular sample align with the polarizing pulse and macroscopically polarize the
sample. After the pulse dissipates, the free induction decay (FID) signals corresponding to the loss
of this polarization are detected in the time domain. These signals are then processed with a fast

Fourier transform (FFT) to convert the spectra into the frequency domain.
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3.2. Supersonic Jet Expansion

Supersonic jet expansion occurs in the FTMW spectrometers due to the carrier gas, the
pressure differential between the sample inlet and the chamber, and the size of the orifice that
separates the two.! The high pressure behind the nozzle and the small orifice ensures that many
collisions will occur as the sample passes through the nozzle, wherein there is a transfer of energy
from the molecular sample to the inert carrier gas which cools the rotational temperatures of the
molecular sample to ~2 K. As the gas mixture undergoes adiabatic expansion, it accelerates due to
the difference in pressure, and the mean velocity of the gas is much greater than the speed of sound.
After a few mm of travel the gas mixture stops expanding because its molecules no longer collide

and are moving at a uniform speed.

Sample introduction through supersonic expansion has many advantages. It allows for
higher resolution peaks, as line broadening is virtually eliminated due to Doppler and pressure
broadening. Additionally, the low rotational temperatures result in an enrichment of the lower
rotational levels, which helps to reduce the complexity of the spectra. The low rotational
temperatures can lead to the observation of fewer conformational species. This occurs when the
barrier to interconversion between two conformers is low. In this case the higher energy conformer

relaxes to the lower energy conformer and is not present in the resulting spectra.?

3.3. Chirped Pulse FTMW Spectrometer
The chirped pulse FTMW spectrometer®* uses a broadband technique that allows the
collection of a wide range of frequencies simultaneously in the range of 8-18 GHz. This is made
possible by mixing a “chirp”, a rapid linear frequency sweep generated by an arbitrary waveform
generator, with the continuous microwave radiation from a microwave synthesizer. The chirp can
sweep a band of £3 GHz around the center frequency. This allows recording of spectra in 6 GHz
segments. The chirped microwave pulse is then amplified and broadcast into the vacuum chamber
through a high gain horn antenna. At the same time, a pulsed solenoid valve delivers the sample
perpendicularly to the direction of the excitation pulse. The microwave pulse polarizes the sample,
and after it dissipates, a second high gain horn antenna located on the other side of the chamber
detects the molecular emission. The resulting FIDs are then digitized by an oscilloscope after
amplification and downconversion. The signal then undergoes an FFT to convert the spectrum to
the frequency domain. A 10 MHz Rubidium standard is the reference clock for all the timing events
15



in the experiment, which results in phase coherent FIDs suitable for averaging together to reduce
the signal-to-noise ratio of the time domain signal before FFT. Often, single spectra are each the

result of averaging millions of FIDs. The schematic provided in Figure 3.1 illustrates the cp-

FTMW spectrometer.
microwave .
synthesizer ﬁ pulsed nozzle
mixer excitation signal emission FID FFT
=
antenna ) antenna
chirp
arbitrary waveform
generator L J'
[ il
U .
[ il
diffusion pump
o uIJ A, lﬂ“d N

frequency domain spectrum

Figure 3.1. A simplified schematic of the cp-FTMW spectrometer. Further detail can be found in reference
3.

The essential advantage of the cp-FTMW spectrometer is in its efficiency, as the collection
of spectra for a given study over the entire spectral range of the instrument can be completed in a
few days’ time. The speed comes at the cost of the resolving power found in the companion
technique described in the next section. This lack of resolution results in typical linewidths of 200
kHz, which does not resolve line splitting due to nuclear quadrupole coupling or internal rotation.
However, this method allows for spectral patterns to be identified rapidly, including initial
assignments of conformers or minor isotopologues that may be present, making this technique an

ideal starting point for investigating a species.

3.4. Balle-Flygare FTMW Spectrometer
The Balle-Flygare FTMW spectrometer®® is a narrowband (< 1 MHz) instrument that
collects high resolution spectra of individual rotational transitions and operates in a frequency
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range of 4-26 GHz. The high resolution is possible because of a Fabry-Pérot cavity, which consists
of two spherical concave mirrors with a variable separation of approximately 70 cm built within
the vacuum chamber. One of the mirrors is fixed in place while a servo motor is affixed to the
other, allowing operators to tune the distance between them to a given frequency. When tuned, the
cavity forms a resonator and traps the microwave signal. An L-shaped wire hook antenna in the
stationary mirror connected to a diode detector can verify the cavity's resonance, while a second
antenna in the movable mirror is used to broadcast the excitation signals and receive the emission
signals from the molecules. A simplified circuit diagram is given in Figure 3.2 and is described

below.

The sample is introduced by a pulsed solenoid nozzle which is mounted slightly below the
center of the movable mirror. An excitation signal is produced by mixing a continuous-wave signal
generated by a microwave synthesizer with the output of a radiofrequency generator, which is
broadcast to the sample via the L-shaped antenna in the movable mirror, while two single pole,
double throw (SPDT) switches are used to generate an excitation pulse and protect the detection
circuit from the pulse. Once the excitation pulse is complete, the detection circuit is activated via
the same SPDT switches, and the transient emission signal is amplified and downconverted prior
to digitization. An FFT is then used to convert the time-domain signal into the frequency domain.
The signal appears as a Doppler doublet due to the coaxial arrangement of the nozzle with the
microwave pulse. As the pulse timings in the experiment are all referenced to a 10 MHz system
clock produced by the radiofrequency generator, the resulting signals are phase coherent and can

be co-added to enhance the signal-to-noise ratio of the emission signal.
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Figure 3.2. A simplified circuit diagram of the bf-FTMW spectrometer. This instrument is described in

more detail in reference 5.

The linewidths using this technique (~7 kHz FWHM) are superior to that of the cp-FTMW,
but the narrow bandwidth results in an emission spectrum with a ~1 MHz window, and as such
collecting spectra for each transition in the range of the instrument is time-consuming, taking
weeks or even months to collect what could be collected on the cp-FTMW in a matter of days. The
high resolution of the bf-FTMW is necessary, however, to resolve the complex peak splittings that

occur due to internal effects such as those discussed in this work.

3.5. Computational Methods

Computational chemistry is used at every stage of the experiment to aid in the
understanding of the properties of the species of interest. Quantum chemical calculations
performed using Gaussian 16 are done to obtain optimized geometries, probe the potential energy
surface (PES) of the molecule, and predict rotational constants for all potential conformers. In this
thesis, these calculations were conducted using MP28 and density functional theory (DFT) methods
such as B3LYP-D3(BJ)**! with Dunning’s aug-cc-pVTZ*? basis set.

For molecules with at least one rotatable bond, it is necessary to determine how many

geometric configurations are possible.
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When there are only one or two rotatable bonds, this can be accomplished using a series of
single point energy calculations in a relaxed geometry scan in which a variable, in this case the
dihedral angle of the rotatable group in relation to the frame of the molecule, is stepped
incrementally while allowing for a full geometry optimization to be performed at each point. The
relative energy at each point can then be plotted to identify possible geometric arrangements that
correspond to a minimum on the potential energy surface. The geometries that correspond to any
minima are then re-optimized and verified to be true minima using vibrational frequency analyses.
An estimation of the rotational constants for any given conformer is obtained from the results of
the geometry optimizations. The predicted constants are used in tandem with open-source spectral
fitting software!®® to generate predicted spectra and as a first guess to fit the corresponding

transitions that are measured experimentally.

If necessary, further quantum chemical calculations are conducted to rationalize what is
observed experimentally. This includes non-covalent interaction (NCI)'® analysis to calculate
attractive and repulsive intramolecular forces that contribute to the relative stability of one
conformation over another. Also used are natural bond orbital (NBO)' calculations to analyze

orbital interactions.

The following chapters utilize the methods described herein to study the internal dynamics
of several molecules containing a methyl rotor, for which the high resolution of the instruments

allowed the identification of the complex splitting patterns that resulted.
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Chapter 4 — Methyl Cyanoacetate
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4.1. Introduction

Methyl cyanoacetate (H3CO(CO)CH2CN) (MCA) was chosen to study as a candidate for
future astronomical searches owing to the prevalence of cyano-containing species in the ISM and
the detection of methyl acetate (HsCO(CO)CHs) in Orion in 2013.1 No prior studies of the pure
rotational spectrum of MCA have been conducted in any spectral region. In contrast, its vibrational
spectrum has been extensively studied in gas-phase,? solution,* liquid,>*%>" and crystalling®3®
forms as well as using matrix isolation techniques.®® These previous studies, some aided by
theoretical studies,>*®1° indicate that MCA can take on four possible geometric arrangements
through the rotation about the single bond within the ester fragment (H3CO-C=0) and about the
single bond which governs the orientation of the terminal cyano group (O=C-CH,CN). The methyl
group of the ester fragment can adopt a syn or anti arrangement with respect to the carbonyl group,
though the syn conformation was calculated to be more stable by ~45 kJ mol* (HF/6-31G*).” The
orientation of the cyano fragment relative to the carbonyl, assuming a syn orientation of the ester
moiety, has been found to be either syn or gauche relative to the carbonyl group.?° The theoretical
components of these studies indicate that the energy difference between these two conformers is
relatively small, ranging from 0.174 kJ mol™* & — 3.92 kJ mol*,2 with most predicting that the syn
conformer is the most stable.>*-° The energy ordering from the theoretical calculations was used

to guide the interpretation of the experimental IR and Raman spectra, for which spectral features
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of only the syn form or a mixture of the syn/gauche conformers were identified depending on
sample phase and temperature. Higher level calculations (B3LYP/6-31++G(d,p)), however,
indicate that the gauche form is not a minimum, but a transition state, with the two minima
occurring when the cyano fragment is syn or anti with respect to the carbonyl, with the anti form
more stable by 1.10 kJ mol*.%0

Given the discrepancies in the experimental and theoretical results which support a (O=C-
C-C) dihedral angle between 110°® and 180°° (with most ~140-145°)>"8 and with the
disagreement between whether this conformer is more or less stable than the syn orientation,
additional investigation was undertaken. This study employed the use of high-level quantum
chemical calculations (B3LYP-D3(BJ)/aug-cc-pVTZ) along with microwave spectroscopy to
conclusively determine the ground state geometry as well as to obtain the rotational spectroscopic
parameters of conformer | and those related to the internal methyl rotor by resolving splittings
arising from the *N quadrupole nucleus and the A/E splitting due to the rotor. Additional
calculations were used to rationalize the energy ordering of the four possible conformers of MCA,
namely natural bond orbital (NBO) and non-covalent interaction (NCI) calculations. With the most
stable form unambiguously confirmed, this study forms the basis for a future identification of
MCA in the ISM.

4.2. Computational Methods

A two-dimensional potential energy surface (PES) of MCA was derived at the B3LYP-
D3(BJ)/cc-pVTZ level of theory by stepping the two rotatable bonds (6 and ¢, see Figure 4.1) in
10° increments and obtaining a single point energy calculation at each point, allowing all other
parameters to relax. The PES, shown in Figure 4.1, indicated the presence of four unique minima,
two low-energy structures with the angle 6 = 0° which corresponds with the O-CHs bond oriented
syn to the carbonyl group and two much higher energy forms in which 6 = 180° (anti). Two of the
minima, where ¢ # 0°, were found to have mirror images, with ¢ = £170° for the low energy (0 =
0°) conformer and ¢ = £115° for the high energy conformer.
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Figure 4.1. Potential energy surface of MCA calculated at the B3LYP-D3(BJ)/cc-pVTZ level of theory as
a function of dihedral angles 6 and ¢ defined above. The colour gradient represents the relative energy in
kJ molt. Minima correspond to four unique conformers with the enantiomer pair la/lb defined as the global

minimum geometry.

The structures identified in the PES were reoptimized at the B3LYP-D3(BJ)/aug-cc-pVTZ
level of theory along with harmonic frequency analyses at the same level of theory, where the
resulting structures (Figure 4.2) were confirmed to be true minima. These calculations also yielded
estimated rotational constants, dipole moments, and zero point corrected relative energies for each

conformer, which are shown in Table 4.1.
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Figure 4.2. Possible geometries of MCA optimized at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory.
Conformers I and 111 both have a mirror image where ¢ = 190.1° for Ib and ¢ = 244.9° for Illb.

Table 4.1. Calculated spectroscopic parameters for the conformers of MCA obtained at the B3LYP-

D3(BJ)/aug-cc-pVTZ level of theory.

Conformer la/b Conformer |1 Conformer Illa’/b  Conformer IV

IMHz 5068 9525 3770 6225

1839 1406 2265 1626

1376 1244 1595 1310

Ma /Debye 2.34 4.62 0.21 4.86
Hb 0.60 3.12 2.06 4.80
e 0.45 0.00 3.33 0.00
Energy @ /kJ mol* 0 14 29.8 34.8
Population ® 63.9% 36.1% 0.0% 0.0%

3 Relative zero-point energy corrected. ® Boltzmann population at 298 K.
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Additional scans were conducted at both the B3LYP-D3(BJ) and MP2 levels of theory

using the aug-cc-pVTZ basis set to visualize the relaxation pathway between the two most stable

conformers of MCA by stepping the angle ¢ in 20 increments of 10°, given in Figure 4.3. Scans
of the methyl rotor for the two lower energy conformers were done similarly by stepping the C-O-

C-H dihedral to determine the barrier to internal rotation, shown in Figure 4.4.
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Figure 4.3. Potential energy curve for the interconversion of conformers | and Il of MCA calculated at the

B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. The inset shows the details around minima at 169.9° and

190.1° corresponding to conformers la and Ib.
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Figure 4.4. Potential energy curve for the methyl internal rotation of conformer | calculated at the B3LYP-

D3(BJ)/aug-cc-pVTZ level of theory, where 0° is referenced to the H atom antiperiplanar to the carbonyl
group.

For the two most stable conformers of MCA, a non-covalent interaction (NCI) analysis
was performed using the NCIPLOT program to visualize the intramolecular interactions present
in each conformer. For all conformers, natural bond orbital (NBO) calculations including deletion
of all antibonding and Rydberg-type orbitals were conducted using the NBO 7.0 program at the
B3LYP-D3(BJ)/aug-cc-pVTZ level of theory to determine the second-order perturbation energies
which correspond to different charge transfer interactions and to differentiate between the Lewis
(steric/electrostatic interactions) and non-Lewis (hyperconjugation) contributions to the full

electronic energy.

4.3. Experimental
Methyl cyanoacetate (99%) was purchased from Alfa Aesar and used without further
purification. The sample is liquid at room temperature (m.p. -23°C) but is not particularly volatile
(b.p. 204°C), so to facilitate its conversion to the gas phase, ~2 mL of sample was placed in a
stainless steel reservoir (%" internal diameter) seated in a band heater and mounted in the vacuum
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chamber ~10 cm upstream from a General Valve Series 9 pulsed nozzle with a 1 mm diameter
orifice, where it was heated to ~80°C prior to the introduction of the inert carrier gas (neon) before
the expansion. The rotational spectrum of MCA was collected using both instruments described in
Chapter 3.

4.4. Spectral Analysis

While four conformers of MCA were predicted by the calculations (Table 4.1), only
conformers | and Il are expected to be readily populated at room temperature. Conformer 1 is
predicted to be more stable by 1.4 kJ mol™, corresponding to a relative Boltzmann population of
64% at room temperature, or approximately 62% at 80°C (the temperature of the liquid sample)
where conformer |1 is slightly enriched. The dihedral scans (Figure 4.1 and Figure 4.3) indicate
that conformer I is an enantiomeric pair, with the terminal cyano group rotated out of the plane of
the backbone by £10.1°, corresponding with minima at ¢ = 169.9° and 190.1°. The conversion
pathway between la/lb is plotted in the inset of Figure 4.3, which is essentially barrierless at both
B3LYP-D3(BJ) and MP2 levels of theory using the aug-cc-pVTZ basis set, as the zero-point
energy was found to lie above the transition state at ¢ = 180°, implying that a large-amplitude

motion about the ¢ angle is present.

From the estimated spectral parameters calculated in Table 4.1, the ground state rotational
spectrum of conformer | should exhibit strong a-type patterns. The predicted spectrum was
simulated using the PGOPHER?!! software and the most intense lines in the experimental
broadband spectrum were readily assigned to conformer I. This assignment was further supported
by the observation of less intense b-type transitions. While there is a non-zero predicted pc dipole
moment (0.45 D), no c-type transitions were observed, which is consistent with a barrierless

interconversion between the la/lb minima on the PES that averages this contribution to zero.

Higher resolution measurements on the bf-FTMW spectrometer revealed complex splitting
patterns owing to both the N quadrupole nucleus and the A/E splitting of the methyl internal

rotor, with an example of a strong a-type transition shown in Figure 4.5.
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Figure 4.5. Sample Balle-Flygare spectrum detailing the splitting patterns due to the **N hyperfine structure
and the internal rotation of the methyl group for a single rotational transition. The labels are for the F’- F”
quadrupole hyperfine components. Note that this spectrum comprises smaller segments collected with

different excitation frequencies, each averaging 50 cycles.

The XIAM program®2 was used to fit the A and E states simultaneously, which allowed for
the determination of the V3 barrier, the angle between the rotor a-axis and the principal inertial a-
axis of the molecule (3), the rotational constant of the methyl top (Fo), as well as the rotational,
quartic centrifugal distortion and **N quadrupole coupling constants, all of which are summarized
in Table 4.2. The centrifugal distortion constant Dk was not well-determined in the fit and thus
was fixed to the theoretical value, resulting in a fit of 153 lines with a rms standard deviation of
2.4 kHz.
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Table 4.2. Spectroscopic parameters for conformer | of MCA.?

XIAM B3LYP-D3(BJ)/ MP2/
aug-cc-pVTZ aug-cc-pvVTZ
A /IMHz 5069.2803(10) 5068 5083
B 1842.95524(23) 1839 1851
1383.81674(17) 1376 1388
D; IkHz 0.5087(19) 0.571 0.581
Dik 1.102(12) 3.59 5.22
Dk [2.07] 2.07 0.247
di -0.1769(20) -0.234 -0.230
dz -0.0458(14) -0.118 -0.151
Aaa IMHz -1.1924(16) -1.3607 -1.1187
Abb~Ycc -2.765(5) -3.184 -2.596
V3 /kJ mol* 4.579(6) 2.6255° 4.50°
Fo IGHz 160.34(22) 157.43 157.44
o /rad 0.4829(7) 0.4213 0.4150
No. of lines 153
ot /kHz 24

a Watson’s S-reduced Hamiltonian (1" representation). ° Fixed to the calculated value. ¢ Relative zero-
point energy corrected. ¢ Root-mean-square deviation of the fit.

Despite the sizeable dipole moments predicted for conformer 11 in Table 4.1, no transitions
consistent with conformer Il were observed. Additionally, even with the prior heating, the high
boiling point of MCA resulted in signal intensities that were not sufficient to assign transitions due

to minor isotopologues in natural abundance.

4.5. Discussion
The agreement of the experimentally derived spectroscopic constants for MCA in Table
4.2 with the quantum chemical estimates confirm that the observed rotational spectrum is of
conformer I. The expected ground state structure, which is an expectation value over the LAM
about ¢, differs from the equilibrium geometry (corresponding to points la and 1b in Figure 4.1).
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This is likely the origin of the discrepancies in some of the theoretical and experimental centrifugal
distortion constants in Table 4.2, as the theoretical constants are based on harmonic estimates

which would not account for this motion.

The heavy atom backbone of MCA lies largely in the ab-inertial plane, and thus the planar
moment P can provide some insight into the relationship between the ground state and
equilibrium geometries. A study by Bohn et al.™® of the contributions of CH3 and CH. groups to
Pcc for otherwise planar molecules showed that a relatively common value of 1.45-2.15 amu A? is
contributed for each methyl or methylene group in the molecule. For conformer Il of MCA, using
the predicted rotational constants given in Table 4.1, Pcc is 3.13 amu A?, and thus Pee/n (where n
is the number of CHz and CH. groups present in the molecule) is 1.57 amu AZ2. This is in the range
reported for several formates (1.55-1.63 amu A?)'3, which is the closest structural equivalent to
MCA reported in the data for that compilation. For conformer | of MCA, the P value based on
computational estimates is 3.66 amu A2, which suggests only minor contributions to the second
moment when the cyano group is rotated out of the ester plane by +10.1°. The experimental value
of Pec, however, is 4.36 amu AZ, which suggests that the ground state heavy atom backbone is less
planar as a result of these contributions. The flatness of the PES in ¢ about the global minima
(1a/lb, Figure 4.3) helps to rationalize discrepancies in the literature as to the orientation of the
cyano group in this conformer of MCA based on calculations using lower levels of theory and
basis sets.245-1° The near agreement of the theoretical and experimental rotational constants (Table
4.2) and larger than expected value of Pcc in this work suggest that the effective ground state
geometry of conformer | of MCA is likely best characterized as having the cyano fragment oriented
between the gauche and anti position relative to the carbonyl group but closer to the latter, which

we term near anti.

The lack of observed transitions for conformer Il indicates that this conformer is not
metastable in the supersonic jet and thus undergoes relaxation to the lowest energy conformer.
This process, termed conformational cooling, has been shown to occur when the barrier to
interconversion is less than ~5 kJ mol™ in an empirical study of many molecular systems.'* The
interconversion pathway for MCA shown in Figure 4.3 indicates an estimate of only 2.00 kJ mol
1 (B3LYP-D3(BJ)/aug-cc-pVTZ) for this barrier, which by the empirical guideline would suggest
that the relaxation is facile. Additionally, as conformer | was the only conformer observed in the
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rotational spectra, this unambiguously confirms that this is the lowest energy conformer of MCA,
validating the theoretical results of the quantum chemical calculations performed here. This is in
agreement with a prior B3LYP/6-31++G(d,p) calculation® and with a previous study of the gas-
phase IR spectrum of MCA.2 Further insight on the relative stability of conformer Il is given in
previous IR and Raman studies of MCA in condensed phases,>® where it was shown that
conformer Il was the most abundant or the only form present depending on the sampling
conditions. While not consistent with the results of the present study, it is noted that the syn
conformer is more polar, with a dipole moment over double that of conformer | (7.74 D and 3.39
D, respectively), which suggests that the syn form becomes increasingly more stable when entering
a condensed phase. This has been shown in matrix isolation studies of MCA, which examined
conformational cooling effects as a function of deposition conditions.®® As well, while conformer
Il was not detected in this study, since the publication of this first microwave spectrum, additional
research was carried forth by Batra et al.*> on MCA with a similar instrumental setup. Surprisingly,
they were able to successfully identify conformer Il and confirmed that this is the higher energy
form. Using their reported rotational constants, we were able to locate a few very weak transitions
in our original data, but our spectrum still supports that relaxation to conformer | which speaks to

differences in the conditions of the supersonic jets in the two experiments.

The experimental barrier to internal rotation was derived using the XIAM program through
a global fit of both A- and E-state transitions and found to be 4.579(6) kJ mol™, which is nearly
twice as large as the ZPE-corrected estimate calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ level
of theory (2.63 kJ mol™?) but is well estimated at the MP2/aug-cc-pVTZ level (4.50 kJ mol™?). The
experimental V3 barrier for MCA is ~10% smaller than that of methyl acetate (V3 = 5.0797(7) kJ
mol? for the methyl ester).’® Given that methyl rotors are highly sensitive to the electronic
environment of the molecule,'’ this difference in the V3 barrier suggests that the cyano fragment
has a small influence on the electronic structure of MCA at the methyl substitution site. To study

this effect further, NCI and NBO analyses were conducted.

The NCl isosurfaces (Figure 4.6), calculated for conformers I and 11, map the attractive and
repulsive intramolecular interactions at play. Both conformers have similar contacts between the
hydrogens of the methyl group and the carbonyl oxygen due to the syn orientation of the methyl
ester relative to the carbonyl, but an additional long-range contact is shown in the near anti
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arrangement of the cyano fragment in conformer | between the cyano group and the oxygen of the
ester. In Figure 4.6, this is seen in the NCI plot by the slight blue tinge on the isosurface between
these two groups. This stabilizing effect is somewhat offset by a repulsive component (shown by
the red tinge on the isosurface) which is associated by the formation of a 4-membered ring from
the weak interaction. The balance between these two interactions is thus what governs the relative

energies of conformers I and II.

strong
attractive

weak
van der Waals
v v
strong
| ] repulsive

Figure 4.6. NClI isosurfaces (s = 0.05, colour scale of -0.02 < p < 0.02 au for the SCF densities) for the two

most stable conformers of MCA.

To further quantify the effects governing the stability of the conformers of MCA, NBO
calculations were conducted to decompose the full electronic energy of each conformer (AEtotar)
into its Lewis (AELewis) and non-Lewis (AEnon-Lewis) type contributions, which are summarized in
Table 4.3. Here, steric and electrostatic effects are represented in the AE_ewis portion, while the
AEnon-Lewis portion represents stabilizing hyperconjugative orbital interactions. The NBO results
summarized in Table 4.3 show large values of AELewis for conformers 111 and 1V (which both
feature an anti arrangement of the methyl ester relative to the carbonyl), indicating a large
destabilizing influence relative to conformers | and Il. From inspection of the geometries of the
conformers of MCA in Figure 4.2 and the nature of the occupied orbitals, the origin of this
destabilization may be due to the antiparallel alignment of the C=0 and C-O bonds as previous
studies have suggested,’”® or possibly due to repulsion between the lone pairs on the ester and

carbonyl oxygens.
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Table 4.3. Relative energies of the Lewis (AEiewis, Steric/electrostatic) and non-Lewis (AEnon-Lewis,
hyperconjugative) interactions, in kJ mol?, for the four conformers of MCA obtained from the NBO
calculations at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory.

AE Lewis AEnon-Lewis
I 6.9 -8.5
I 0.0 0.0
i 31.7 -3.7
v 35.0 -1.2

The results in Table 4.3 can also provide further insight into the relative energy ordering
of conformers I and 11. The larger value of AE_ewis for conformer I indicates a larger destabilization
due to steric effects than conformer 1. However, this is accompanied by a greater stabilization due
to hyperconjugative effects (reflected in the larger negative value for AEnon-Lewis) When the cyano
fragment is oriented near anti to the carbonyl. Comparing the second order perturbation
corrections to the energies of conformers I and 11 from the NBO results, the nature of the stabilizing
influences becomes clearer. For example, the orbital interaction characterized as LP(O-
ester)—n*(C=N) is only found in conformer I and was found to stabilize its geometry by 0.89 kJ
mol . Additionally, hyperconjugative effects involving the LP(O-ester)—n*(C=0) interaction are
present in both conformers but were found to contribute an additional 2.16 kJ mol™ to conformer
| compared to conformer I1. The donation of additional electron density from the lone pairs on the
ester oxygen to other regions of the molecule is consistent with the decreased V3 barrier found in

this work for MCA when compared to that of methyl acetate.®

4.6. Conclusions

Using microwave spectroscopy with high-level quantum chemical calculations, the global
minimum geometry of MCA, labelled conformer | here, was conclusively shown to have the
methyl and cyano fragments oriented syn and near anti, respectively, to the carbonyl group. This
determination settles a decades-long discrepancy in the literature, which indicated that the lowest
energy conformer of MCA had a syn/syn orientation of these fragments, termed conformer I1 here,
consistent with earlier theoretical studies.?>*5° The ground state geometry is highly averaged over

a large-amplitude motion involving the cyano fragment moving out of the plane of the heavy atom
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backbone of the molecule. This averaging, resulting in a relative flatness of the PES associated

with the C-C-C=0 dihedral angle, likely contributed to the challenges in establishing the global

minimum geometry of MCA. Through NBO calculations, it was found that increased

hyperconjugative interactions such as LP(O-ester)—n*(C=N) and LP(O-ester)—n*(C=0) are

responsible for the slight balance in favour for conformer | over conformer Il, calculated to be 1.4

kJ mol* (B3LYP-D3(BJ)/aug-cc-pVTZ). The experimentally derived spectroscopic constants and

parameters associated with the methyl rotor serve as groundwork to investigate MCA in the

millimetrewave region and may lead to its detection in astronomical sources.
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Chapter 5 — 2-methyl- and 2-ethyl-2-oxazoline
5.1. Introduction

Methyl-substituted 2-oxazoline derivatives such as 2-methyl-2-oxazoline (2M20) and 2-
ethyl-2-oxazoline (2E20) are primarily used in the formation of polymers, as they can readily
undergo a ring-opening reaction that allows for the production of well-defined polymers, the
composition of which is readily tunable by the use of varying initiating and terminating reagents.*-
* These polymers have promising applications in forming biomaterials and as green alternatives to
oil-based polymers.! Along with these applications, the molecules exhibit complex internal
dynamics that arise from their electronic properties. Thus, their study on a fundamental level

allows for an exploration of these dynamics.

Their parent compound, 2-oxazoline, has been studied using microwave, millimetre-wave,
infrared, and Raman spectroscopy,®® with most of its attention focused on the conformation of the
heavy atom backbone of the ring. While initially thought to be planar, it was found that the ring
was puckered with a barrier to planarity of only 49(8) J mol.® Furthermore, this planarity was
found to be poorly captured by most quantum chemical methods, with only calculations done using

the MP2 method yielding a puckered structure.®

The electronic environment of a methyl rotor has been known to play a role in the size and
shape of its barrier to internal rotation.” Previous studies on methyl-substituted aromatic
heterocyclic molecules have found significant differences in these barriers based on the position
of the methyl substituent in the ring,®° and also based on the conformations of other groups on
the ring.!* While there have been many studies looking at these systems on aromatic heterocyclic

molecules, very little has been done for methyl rotors on partially saturated heterocyclic rings.

In this study, rotational spectroscopy was used to probe the internal dynamics of 2M20
and 2E20 for the first time, revealing complicated spectra that featured torsional splittings due to
the hindered rotation of the methyl group and hyperfine structure due to the presence of a N
nucleus. Analysis of these splittings led to the determination of the V3 barriers for 2M20 and one
conformer of 2E20, aided by high-level quantum chemical calculations. The barrier heights were
compared with previous studies of other methylated five-membered heterocycles in order to draw

insight into the factors that influence their V3 barriers.
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5.2. Computational Methods

As a first step, ab initio calculations were carried out to determine predicted geometries,
rotational constants, conformational preferences and parameters related to the methyl internal
rotors. Both 2M20 and 2E20 contain a partially unsaturated 5-membered ring, and so the heavy
atom backbone of the ring can either take on a planar configuration or a puckered configuration.*2
Additionally, for 2E20, the ethyl side chain can also rotate, leading to further possibilities for
conformational arrangements. Potential energy surface (PES) scans were conducted to determine
the conformation of the ring for both molecules and the conformational preference of the ethyl
side chain for 2E20. The PES for 2E20, shown in Figure 5.1, showed that the ethyl fragment can
lie syn to the double bond in the ring or tilted £115° in a gauche conformation, leading to a mirror

image pair.
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Figure 5.1. Conformational landscape for 2E20 calculated by stepping the dihedral angle of the ethyl
fragment relative to the double bond in the ring at the B3LYP-D3(BJ)/aug-cc-pVVTZ level of theory. The
energy difference that separates conformers I and II (AE) is 1.49 kJ mol™, while the energy barriers for
the interconversion between the mirror images for conformer IT (AE;) and the interconversion between

conformers I and II (AE3) are 7.59 kJ mol™ and 3.86 kJ mol™, respectively.
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The geometries (given in Figure 5.2) were then optimized and verified to be true minima
using frequency analyses. Since the parent molecule, 2-oxazoline,® displayed a strong dependency
of the geometry on the level of theory, calculations were done using both DFT methods (B3LYP-
D3(BJ)/aug-cc-pVTZ) and ab initio methods (MP2/aug-cc-pVTZ) which are summarized in Table
5.1.

Figure 5.2. Equilibrium structures for 2M20 (left), 2E20-1 (center) and 2E20-11 (right) calculated at the
B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. Note that 2E20-11 exists as a mirror image pair, with the
terminal methyl tilted +115° out of the plane.

Table 5.1. Calculated parameters for 2M20 and both conformers of 2E20, calculated at the B3LYP-
D3(BJ)/aug-cc-pVTZ (labeled DFT here) and MP2/aug-cc-pVTZ levels of theory.

2M20 2E20-1 2E20-11
DFT MP2 DFT MP2 DFT MP2

IMHz 7799.6 7778.0 6503.3 6467.3 6098.5 6047.6
3425.3 3444.5 1885.9 1908.9 1906.4 1937.0
2490.5 2507.6 1516.6 1533.4 1620.1 1643.0

Ha /Debye  0.71 0.79 0.94 1.04 0.47 0.53
Mo 1.10 1.10 0.74 0.69 1.25 1.28
e 0.00 0.03 0.00 0.05 0.06 0.09
Vs? /kImol?*  4.29 4.62 9.39 10.39 10.78 11.59
Energy 2 0 0 1.93 1.58
Population ® 68.5% 65.4% 31.5% 34.6%

3 Relative zero-point energy corrected. ® Boltzmann population at 298 K.
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Finally, since both molecules contain a methyl rotor, additional PES scans were calculated
to estimate the barriers to internal rotation (shown below in Figure 5.3), which enabled a prediction
of the degree of peak splitting possible due to the methyl rotor. All calculations were carried out

using Gaussian Rev. C.01.%3
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Figure 5.3. Internal rotation potential energy scan for 2M20 (black), 2E20-I (red) and 2E20-I1 (blue)
calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory.

5.3. Experimental

Commercial samples of 2M20 (Alfa Aesar, 99%) and 2E20 (Sigma-Aldrich, >99%) were
purchased and used without further purification. The rotational spectra of both molecules were
collected using chirped-pulse (cp) and Balle-Flygare (bf) Fourier-transform microwave (FTMW)
spectrometers, the details of which have been previously described.***® The samples were placed
in glass bubblers and seeded into a neon carrier gas to be delivered to the instrument. The

broadband spectra were first collected using the cp-FTMW from 7 — 19 GHz to make preliminary
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assignments, after which the assigned lines were recollected with the higher resolution bf-FTMW
spectrometer to resolve splittings due to the nuclear hyperfine structure due to N and A/E

splittings due to the internal rotors.

5.4. Spectral Analysis

The calculations for 2M20 revealed dipole moments along the a- and b-inertial axes of
0.71 D and 1.10 D, respectively (B3LYP-D3(BJ)/aug-cc-pVTZ), indicating that the spectrum
should present with strong a- and b-type transitions. The spectrum was simulated in PGOPHER®
using the calculated rotational constants (Table 5.1), from which the transitions of 2M20 were

assigned. As with 2-oxazoline, the spectrum of 2M20 was dominated by Q-branch transitions.®

The complex splitting patterns due to the internal rotor and the N quadrupole nucleus
were resolved by measurements taken with the bf-FTMW spectrometer. The resulting 212 lines
were fit using the XIAM program?’ to determine the rotational spectroscopic parameters and the
parameters relating to the internal rotor with a rms deviation of 2.6 kHz. Unlike with MCA, the
addition of the higher order terms Dpiz; and Dpizk were required to obtain a fit with an error within
experimental accuracy, which account for the coupling between the internal rotation and the
overall rotation of the molecule.!® In addition, the minor $3C and N isotopologues were assigned
and fit following a similar procedure as the parent species. These experimentally determined

constants for both the parent species and the minor isotopologues are summarized in Table 5.2.
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Table 5.2. Spectroscopic constants and internal rotation parameters derived for 2M20 and its observed minor isotopologues.*® See Figure 5.2 for

atomic numbering for 2M20.

Parent Bc1 13C3 1Bc4 15N5 13Cé

A /MHz 7747.7085(5) 7746.84796(29) 7679.5268(3) 7680.81047(27) 7589.1844(7) 7747.73085(26)
3425.67485(18) 3415.58179(29) 3381.1500(4) 3378.9691(3) 3425.7399(6) 3322.17858(19)

C 2489.91616(16) 2484.49560(27) 2459.4257(3) 2458.37018(26) 2473.3482(7) 2434.77304(19)

As JKHz 0.239(5) 0.215(12) 0.203(15) 0.204(13) 0.202(28) 0.208(10)

A 1.13(4) [1.13] [1.13] [1.13] [1.13] [1.13]

Ax 1.08(9) [1.08] [1.08] [1.08] [1.08] [1.08]

& 0.0613(19) 0.059(3) 0.063(4) 0.064(3) 0.061(7) [0.0613]

o 0.36(4) [0.36] [0.36] [0.36] [0.36] [0.36]

Yaa IMHz 2.0103(9) 2.0184(17) 1.9846(15) 2.0393(21) 2.0093(21)

b~ e -4.5261(17) -4.510(4) -4.491(4) -4.544(4) -4.523(4)

Vs /kImol!  5.3779(4) 5.37964(28) 5.3756(4) 5.37522(28) 5.3836(21) 5.3810(7)

Fo IGHz [159.6] [159.6] [159.6] [159.6] [159.6] [159.6]

Fe 167.8 167.8 167.7 167.7 167.6 167.8

5 /rad 3.119(11) 3.112(6) 3.083(4) 3.108(5) 3.112(28) 3.120(11)

Dpi2s /GHz 3.1(6)x10° [3.1x109] [3.1x109] [3.1x109] [3.1x107] [3.1x107]

Dpizx -7.15(27)x10"* [-7.15x10"] [-7.15x10"] [-7.15x10"] [-7.15x10] [-7.15x10]

N 212 59 69 59 20 44

o /kHz 2.6 2.2 24 25 2.3 2.3

aWatson’s A-reduced Hamiltonian (1" representation). ® Values in square brackets fixed to calculated values. ¢ Derived. ¢ Root-mean-square deviation of the fit.
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The conformational landscape of 2E20 varied slightly compared with 2M20, as there are
two possible conformations the molecule can take, however, the procedure followed that of 2M20.
For both conformers of 2E20, the spectrum was dominated by strong a- and b-type transitions.
From the predicted spectra, the strongest lines were readily assigned to 2E20-I, and by scaling the
experimentally determined constants, the 13C and >N minor isotopologues were identified as well.
Once these lines had been removed from the spectrum, the remaining strong lines were assigned
to conformer Il. Unlike conformer I, the intensities of these transitions were insufficient as to be
able to assign minor isotopologues. As with 2M20, the hyperfine splittings for both conformers
were resolved using the bf-FTMW spectrometer. The splittings due to the internal rotation,
however, were only partially resolved for 2E20-1 for certain transitions as the predicted barrier is
nearly double that of 2M20. The differences in the splitting patterns for 2M20 and 2E20-I are
given below in Figure 5.4. For 2E20-11, which had an even larger predicted barrier, no splittings
were resolved. Both conformers were fit with XIAM,!" the results of which are given in Table 5.3
and Table 5.4.
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Figure 5.4. (above) The 111-000 transition for 2M20, detailing the large separations between A- and E-
state hyperfine components. (below) The 523-514 transition for 2E20-I.
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Table 5.3. Experimentally determined spectroscopic parameters for 2E20-I and its observed minor isotopologues.®” See Figure 5.2 for atomic

numbering for 2E20-I.

Parent Bc1 13C3 13C4 1’N5 13C6 Bcr

A /MHz 6447.78018(17) 6445.8741(5) 6432.0597(5) 6360.61396(25)  6358.7314(8) 6410.906(5) 6433.3942(7)
1892.0575(5)  1891.83695(11) 1864.14953(16) 1873.74493(18) 1891.95551(20)  1873.75904(15)  1843.20450(12)

C 1520.5039(5) 1520.25633(11) 1501.61158(12) 1503.83944(15) 1515.43441(20) 1506.64395(15)  1488.02805(12)

A; /kHz 0.1382(11) 0.1363(10) 0.1334(15) 0.1484(15) 0.1376(18) 0.1397(14) 0.1389(10)

Ask [-0.01005] [-0.01005] [-0.01005] [-0.01005] [-0.01005] [-0.01005] [-0.01005]

Ax [1.498] [1.498] [1.498] [1.498] [1.498] [1.498] [1.498]

83 0.0313(9) 0.0263(13) 0.0324(15) 0.0325(20) 0.0274(24) 0.0256(17) 0.0333(14)

o [0.1671] [0.1671] [0.1671] [0.1671] [0.1671] [0.1671] [0.1671]

Yo IMHz 1.0871(10) 1.0805(12) 1.091(3) 1.122(6) 1.109(3) 1.047(3)

b~ e -3.6021(20) -3.628(5) -3.580(5) -3.663(7) -3.602(12) -3.543(12)

Fo IGHz [161.1] [161.1] [161.1] [161.1] [161.1] [161.1] [161.1]

Fe 165.6 165.6 165.6 165.6 165.6 165.6 165.6

Vs /kImolt  10.88(6) [10.88] [10.88] [10.88] [10.88] [10.88] [10.88]

8 Irad 2.40(3) [2.40] [2.40] [2.40] [2.40] [2.40] [2.40]

N 284 33 36 33 12 32 28

od /kHz 2.8 18 2.8 2.7 14 2.2 1.8

aWatson’s A-reduced Hamiltonian (1" representation). ® Values in square brackets fixed to calculated values. ¢ Derived. ¢ Root-mean-square deviation of the fit.
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Table 5.4. Experimentally observed spectroscopic constants for 2E20-11.2°

XIAM

A /IMHz  6060.0318(3)

B 1914.10980(20)
1622.97356(14)

A; /kHz 0.3004(20)

Ak 2.357(8)

Ak [1.410]

8, 0.0128(17)

ok [1.109]

Yaa IMHz  2.1642(16)

Wob~ Ycc -4.687(3)

N 102

c° IkHz 3.7

2 Watson’s A-reduced Hamiltonian (I
representation). ® Values in square brackets
fixed to calculated values. ¢ Root-mean-
square deviation of the fit.

5.5. Discussion

The observation of *3C and *N minor isotopologues for 2M20 and 2E20-1 allowed for the
derivation of their Kraitchman®® substitution (rs) structures. These were determined using Kisiel’s
KRA program,?® with the relative signs of the coordinates obtained by comparison to the calculated
coordinates (B3LYP-D3(BJ)/aug-cc-pVTZ). The Kraitchman coordinates along with their Costain
errors?t were used with the EVAL program?® to derive the internal parameters relating to the
carbon and nitrogen sites. These parameters are given for both molecules in Table 5.5 and Table
5.6, along with their calculated values. The numbering schemes for both molecules is given above
in Figure 5.2.
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Table 5.5. Experimentally determined substitution (rs) structure for 2M20.

I's

B3LYP-D3(BJ)
laug-cc-pVTZ

MP2
faug-cc-pVTZ

C3-C4 1A 1.540(4) 1.546 1.535
C4-N5 1.487(28) 1.469 1.473
N5-C1 1.276(21) 1.266 1.277
C1-C6 1.491(4) 1.485 1.484
C3-C4-N5 /° 104.6(6) 104.7 104.5
C4-N5-C1 105.2(10) 107.1 105.9
N5-C1-C6 123(3) 127 127
C6-C1-N5-C4 -179(9) 180 176
C1-N5-C4-C3 5(15) 0 10
Table 5.6. Experimentally determined rs structure for 2E20-I.
rs B3LYP-D3(BJ) MP2
laug-cc-pVTZ laug-cc-pVTZ

C3-C4 1A 1.538(5) 1.546 1.535
C4-N5 1.497(13) 1.469 1.473
N5-C1 1.242(10) 1.266 1.277
C1-C6 1.534(9) 1.491 1.488
C6-C7 1.525(4) 1.523 1.520
C3-C4-N5 ° 104.88(26) 104.7 104.4
C4-N5-C1 103.5(7) 107.2 105.9
N5-C1-C6 123.8(9) 127.3 126.9
C1-C6-C7 113.5(4) 113.7 112.8
C6-C1-N5-C4 -179(5) 180 177
C1-N5-C4-C3 4(6) 0 11

As with 2-oxazoline,® the estimated geometries for the ring structure in 2M20 and 2E20-

| were sensitive to the computational method chosen, with B3LYP predicting a planar heavy atom
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backbone and MP2 predicting a puckered structure. A scan of the C1-N5-C4-C3 dihedral angle
for 2M20 at the MP2/aug-cc-pVTZ level of theory shows a symmetric double well potential with
equivalent minima at £11° (Figure 5.5), whose transition state at 0° has a predicted geometry
wherein all other dihedral angles are at 0° as well. The transition state structure was reoptimized
at the same level of theory. Through frequency analyses, the barrier to planarity was determined
to be below the zero-point energy for either of the minima. The ground state and transition state
structures for 2E20-1 were optimized with frequency analyses using the same level of theory,
which also showed that the transition state lay below the zero-point energy for the minima. The
experimentally derived C1-N5-C4-C3 dihedral angles for 2M20 (Table 5.5) and 2E20-I (Table
5.6) lie partially between the DFT and MP2 values. However, as the intensities of the 0
isotopologues for both molecules were not intense enough to be fitted, the rs structures cannot tell
whether the oxygen lies in the same plane as the other atoms in the ring or not. As is evident, the
errors associated with these geometric parameters are significant, due to the significant Costain
errors obtained from the Kraitchmann coordinates, which are known to occur in molecules with
untreated vibrational effects consistent with low-lying LAMs.?? Attempts to determine a semi-
experimental structure using the STRFIT program? resulted in substantial rms values, likely due
to the ground state structure lying somewhere between the DFT (planar ring backbone) and MP2
(puckered ring) equilibrium structures. This unaccounted-for motion of the ring structures would
also contribute to the discrepancies between the calculated and experimental centrifugal distortion
constants, as the calculated values are derived from the harmonic frequencies, which would not
correctly account for the out-of-plane puckering of the ring represented by the potentials derived
here. This was similarly observed in methyl cyanoacetate, as described in this thesis’ previous

chapter.
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Figure 5.5. Potential energy curve for the ring puckering of 2M20 calculated at the MP2/aug-cc-pVTZ

level of theory. The dashed line represents the zero-point energy of the two equivalent minima.

The experimentally derived V3 barriers for 2M20 and 2E20-1 were 5.3779(4) kJ mol™ and
10.88(6) kJ mol?, respectively. When comparing these values with the zero-point energy-corrected
barrier heights obtained from calculations (Table 5.1), the barrier for 2M20O was underestimated
by 20% by the B3LYP method and by 14% using MP2, whereas for 2E20-1 these underestimates
were smaller, with B3LYP predicting a barrier 14% smaller and MP2 predicting one at just 5%
smaller. This follows what was observed with MCA, wherein the barrier height predicted using
MP2 was much more closely aligned with experimental values than the barrier predicted by
B3LYP. The observation that the barrier height was more poorly predicted for 2M20 than 2E20-
| is indicative of a trend seen in other compounds containing methyl rotors, where lower torsional
barriers are poorly predicted by calculations.?® By extrapolation of the discrepancies seen between
the calculated and experimental Vs barriers for 2E20-1, we can estimate that the true barrier for
2E20-I1 is likely above 12 kJ mol, for which the predicted A- and E-state transitions are entirely
superimposed. This supposition is further supported by the lack of resolvable splitting seen in the

experimental spectra for 2E20-11.

The sensitivity of the V3 barrier to electronic structure becomes apparent when comparing
barrier heights for methyl substituents on other small heterocycles, as shown in Figure 5.6.

Aromatic heterocycles had consistently lower barrier heights than the partially unsaturated
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heterocycles studied in this work. In particular, the barrier height for 2M20 (5.38 kJ mol™) is
nearly double that of 2-methyloxazole (3.01 kJ mol™),® and the barrier height for 2E20-1 (10.88
kJ mol™) is over three times as large. From hyperconjugative models based on small aliphatic
molecules with a single double bond such as propene, aldehydes, and ketones, the interactions of
the m¢y,orbitals with the  orbitals of the double bond have a destabilizing effect that contributes
to the V3 potential.?* As such, a possible explanation of the smaller barriers in aromatic compounds
is that this destabilization effect is minimized when compared to the partially unsaturated systems
in 2M20 and 2E20.

C?/CH@ QTCHs @H/CH3 @/CHs C?/CH?, C?J

0.41 kJ mol’! 3.01 kJ mol’! 3.35 kJ mol’! 4.94 kJ mol™! 5.38 kJ mol’! 10.88 kJ mol™!

3

Figure 5.6. Comparison of Vs barriers in (a) 2-methylthiazole,?® (b) 2-methyloxazole? (c) 2-
methylpyrrole,® (d) 2-methylfuran,!! (e) 2M20 (this work), and (f) 2E20-I (this work).

Additionally, the electronic properties of the two neighbouring ring sites of the methyl-
substituted carbon site have a notable effect. For the methylated oxazoles, the V3 barrier when the
methyl is between the two heteroatoms (3.01 kJ mol?) is much lower than when it is in the 4- (5.14
kJ mol™) or 5- (5.72 kJ mol™?) positions on the ring.2 A similar effect was demonstrated with 2-
and 3-methylpyrrole, where 2-methylpyrrole had a slightly higher barrier (3.35 kJ mol™)°® than 3-
methylpyrrole (2.94 k] mol™?).2% In aromatic ring systems, this discrepancy is thought to be a result
of the two adjacent sites to the methyl substitution site contributing a V3 potential to the barrier
opposite in phase.?* Namely, if the electronic density on the directly adjacent sites to the methyl
substitution site are of a similar magnitude, the V3 contributions have a cancellation effect that
results in a lower barrier.?* It is unclear whether this principle holds in the case of a non-aromatic
ring system as in 2M20 or in the case of the methyl rotor being one site removed from the ring as

in 2E20-1, but it is a possible contributing factor to the much larger barrier seen in 2E20-1.

5.6. Conclusions
The microwave spectra of 2M20 and both conformers of 2E20 were analyzed for the first

time using FTMW spectroscopy in conjunction with high-level quantum chemical calculations,
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allowing for the determination of their rotational constants, centrifugal distortion constants,
nuclear quadrupole coupling constants and parameters related to the hindered internal rotor of the
terminal methyl groups. While the singly substituted *C and °N minor isotopologues were also
recorded for 2M20 and 2E20-I, the likely presence of a low-lying ring puckering motion resulted
in large uncertainties for key geometric parameters. The V3 barriers obtained in this work were
contrasted with other five-membered heterocyclic molecules, which were found to vary based on
the aromaticity and the position of the heteroatoms in the ring. Further study into methyl
substituted, partially unsaturated heterocycles are warranted to examine these effects in greater
detail.
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Chapter 6 — Conclusions and Future Work

6.1. Summary

The work conducted in this thesis sought to examine molecules of potential astrophysical
interest containing methyl internal rotation in the presence of other internal interactions using a
combined theoretical and experimental approach. Three molecules were chosen to study this,
namely, methyl cyanoacetate (MCA, Chapter 4), 2-methyl-2-oxazoline (2M20, Chapter 5) and 2-
ethyl-2-oxazoline (2E20, Chapter 5).

Much of the previous work on MCA had centered around its ground state geometry, with
a decades-long discrepancy in the literature regarding the orientation of the terminal cyano group
with respect to the carbonyl group. In this present work, we were able to conclusively show that
the ground state geometry exhibits a near-anti orientation of the cyano fragment with respect to
the carbonyl, with the oft-attributed gauche arrangement representing a transition state between
the ground state rotamer and the higher-energy syn conformer. This second conformer was not
detected in this work, likely a result of the syn conformer relaxing to the near-anti conformer due
to conformational cooling in the supersonic jet. The experimentally derived barrier to internal
rotation for the near-anti conformer was found to be 4.579(6) kJ mol?, aligning closely with the
barrier predicted at the MP2/aug-cc-pVTZ level of theory (4.50 kJ mol™t) but being nearly twice
as large as the barrier predicted using B3LYP-D3(BJ)/aug-cc-pVTZ (2.63 kJ mol™), which
illustrates the known problems with accurately determining barriers based on calculations. This
barrier was ~10% smaller than the V3 barrier for methyl acetate (5.0791(7) kJ mol™)!, which
showed that the increased hyperconjugative effects due to the interactions between the lone pairs
of the ester oxygen and the =* orbitals of the cyano fragment also influenced the V3 barrier for
MCA. This exemplifies a general trend for methyl rotor barriers, wherein an increase in
hyperconjugative interactions often results in lower V3 barrier than in similar molecules without

those effects.

These effects were further illustrated through the study of 2M20O and 2E20, whose
rotational spectra were studied for the first time in this work. The V3 barriers for 2M20 and the
ground state conformer of 2E20 were readily determined by analyzing the splitting patterns in the
spectra, whereas any splittings due to the methyl rotor for the higher-energy conformer of 2E20

were not resolvable and thus no barrier could be derived. As with MCA, the experimentally derived
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V3 barriers were underestimated by calculations, with the MP2 method generally performing better
than B3LYP in the case of both 2M20 and 2E20-I. The V3 barriers of 5.3779(4) kJ mol™ and
10.88(6) kJ mol™ for 2M20 and 2E20-1, respectively, were compared to those of other methylated
five-membered heterocycles, where it was found that the barrier heights were in general larger
than methyl rotors present on a fully unsaturated ring. This suggested that the loss in
hyperconjugative interactions in the partially unsaturated rings in the compounds studied in this
work may be responsible for the increase in the barrier, which follows similarly what was observed
for MCA (wherein the increase in hyperconjugative interactions resulted in a lower barrier). It was
similarly observed that the barriers in molecules with heteroatoms on both sides of the methyl
substitution site were lower than those without a heteroatom on either one or both sites. It is hardly
surprising, then, that the V3 barriers in either conformer of 2E20 are much larger, as the methyl
substitution site is largely separated from any hyperconjugation as well as the two heteroatoms of
the ring. This all illustrates the sensitivity of the barrier heights for internal dynamics of organic
molecules to subtle changes in the charge distribution molecules, where even minor changes in

structure result in sometimes dramatic differences.

6.2. Future Work

The present work can be extended in a number of ways, as the number of studies on
molecules with internal rotation alongside other LAMs is limited. Particularly, further studies on
methylated molecules with partially unsaturated rings are warranted to understand how these
dynamics intersect. Some immediate examples that would be logical but impactful continuations

of the present work would be:

(i) Further exploring the relationship between the position of the methyl on the 2-
oxazoline ring. We know from the study of methylated oxazole species? that with the
methyl group on the 4- or 5-positions on the ring, the barrier heights increase and thus
a similar trend would be expected; however, the 4- and 5-positions on 2-oxazoline are
both on the flexible part of the ring, and thus more data on how the flexibility affects
the V3 barriers could be surmised.

(i) Extending the study to methylated 2-thiazoline species. Recently, the spectrum of 2-
methylthiazole® was studied, where the V3 barrier was determined to be much lower
than that of 2-methyloxazole. Again, a similar effect would be expected in the case of
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2-methyl-2-thiazoline when compared with 2M20, but unlike in the case of 2M20
where the ring puckering is vibrationally averaged, initial calculations predict that the
puckering in 2M2T should be explicitly observable, which would allow for the
opportunity for more direct inferences into how the flexibility of the molecule is
reflected in the internal rotation barriers.

(iii)  While not studied as a part of this work, the broadband spectra for 2M20 showed
additional transitions that were assigned to a water complex, which itself seemed to
have an additional out-of-plane motion due to the positioning of the water molecule
relative to the parent species. Studying the effect of complexation on its spectrum could

lead to further insights into the 2M20 system in particular.

The above examples would help to lay the groundwork for a broader study on methy| rotors
in other partially unsaturated or even fully saturated ring systems, as these have largely gone
unstudied as of the writing of this work. Part of the challenge in studying these molecules is that
these types of coupled internal motions are difficult to accurately model, and programs being used
to analyze molecules containing internal rotors are still in active development.*® These studies
could thus highlight areas that are not well captured with the current models and help to improve
further iterations of these programs. The spectra of such molecules can be complex, but microwave
spectroscopy has proven to be a powerful tool in the interpretation of their spectra. As well, given
that methyl rotors have been shown to be highly sensitive to the internal dynamics of the molecular

systems they are present in, their study provides an intimate look into how these systems operate.

6.3. References

(1) Nguyen, H.V.L.; Kleiner, I.; Shipman, S. T.; Mae, Y.; Hirose, K.; Hatanaka, S.; Kobayashi,
K. Extension of the Measurement, Assignment, and Fit of the Rotational Spectrum of the
Two-Top Molecule Methyl Acetate. J. Mol. Spectrosc. 2014, 299, 17-21.

(2) Fliege, E.; Dreizler, H.; Meyer, M.; Igbal, K.; Sheridan, J. 14N Nuclear Quadrupole
Coupling and Methyl Internal Rotation of 2-, 4-, and 5-Methyl Oxazole. Zeitschrift fiir
Naturforsch. A 1986, 41 (4), 623-636.

(3) Nguyen, T.; Van, V.; Gutlé, C.; Stahl, W.; Schwell, M.; Kleiner, I.; Nguyen, H. V. L. The
Microwave Spectrum of 2-Methylthiazole: 14N Nuclear Quadrupole Coupling and Methyl

57



(4)

()

Internal Rotation. J. Chem. Phys. 2020, 152 (13), 134306.

Kleiner, 1. Asymmetric-Top Molecules Containing One Methyl-like Internal Rotor:
Methods and Codes for Fitting and Predicting Spectra. J. Mol. Spectrosc. 2010, 260 (1), 1-
18.

Nguyen, H. V. L.; Kleiner, I. Understanding (Coupled) Large Amplitude Motions: The
Interplay of Microwave Spectroscopy, Spectral Modeling, and Quantum Chemistry. Phys.
Sci. Rev. 2022, 7 (6), 679-726.

58



