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Abstract

High resolution molecular spectroscopic techniques are useful tools to accurately
probe energy differences between quantum states of molecules. These energy levels are
inherently dependent on the underlying potential functions, which ultimately govern the
structures and dynamics of molecules. Thus, the detailed characterization of potential
energy profiles through molecular spectroscopy provides important information about
molecular properties. Given the increased structural and dynamic complexity of large
molecules, small compounds serve as excellent prototypes to establish quantum
mechanical models that accurately characterize quantum states and ultimately potential
energy functions of various molecular classes. This thesis describes the use of rotational
and rovibrational spectroscopy to probe one such class: four-membered heterocycles.

Rotationally-resolved vibrational spectra of four-membered rings including
B-propiolactone (c-C3H40,), 3-oxetanone (c-C3H40O,), azetidine (c-CsHgN) and
silacyclobutane (c-CsHgSi) were recorded below 1200 cm™ using a Fourier transform
infrared spectrometer (FTIR) with synchrotron light at the far infrared beamline of the
Canadian Light Source (CLS). Additionally, Fourier transform microwave (FTMW)
spectroscopy was used to study the pure rotational spectra of [B-propiolactone and
silacyclobutane for the first time. This allowed the accurate characterization of the
ground vibrational state and molecular structure in support of the rovibrational analysis.

The far infrared vibrational modes of these four molecules were analyzed
individually initially and followed by a global fit of all observed transitions of each

molecule. Unique spectroscopic signatures arising from Coriolis coupling



(B-propiolactone, 3-oxetanone), tunneling motions (azetidine, silacyclobutane) and the
large amplitude ring puckering vibration (3-oxetanone, azetidine, silacyclobutane) were
revealed and treated. The resultant Hamiltonian models used for each molecule account
for the observed spectra as the spectroscopic constants are consistent across the ground
state and all vibrationally excited states studied. Collectively, these studies have provided
a highly effective working protocol for the treatment of high resolution rovibrational data

to model the dynamic behaviour of real molecules.
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Chapter 1

Introduction

The dynamic behavior of molecules that allows for conformational changes has
been the subject of studies for many decades because of the important role such motions
play in chemical reactions. This is particularly true in the case of large molecules
(including polymers and biomolecules) because they have more degrees of freedom and
are usually quite flexible. In an effort to characterize the physical and chemical
properties (reactivity, inter- and intramolecular interactions, etc.) of individual molecules,
both chemists and biochemists are interested in conformational analysis to gain vital
information pertaining to the properties of conformers such as structures and energies. It
is found that conformational changes in molecules often follow low energy vibrational
pathways, which are governed by potential energy surfaces.! 2 This makes spectroscopy
a powerful experimental tool to unravel complex molecular dynamics.

Vibrational spectroscopic techniques, for example, including infrared and Raman
spectroscopy have been extensively used in probing protein structures.® * However, as the
size of a molecule increases, its vibrational spectra become more complicated, causing
difficulties for interpretation. On the other hand, the vibrational spectra of simpler
systems, such as small rings, provide precise information about the potential energy
surface. The methods developed during their analyses can be applied to understand the
dynamics of larger molecules in the future.

It is possible for small molecules such as four-membered heterocycles to have two

or more stable conformers (corresponding to minima on the potential energy surface) that



differ in energy. The observation of distinctive spectroscopic signatures as the energy
levels of conformationally dependent vibrational modes (out-of-plane ring motions, ring
inversions, etc.) are probed allows the nature of the surface to be examined. In this
respect, four-membered rings have undergone numerous theoretical and experimental
investigations as prototype systems owing to their relatively simple structures compared
to complex biomolecules as reviewed by Legon? and Carreira et al.> The far infrared
region of the spectrum is of particular importance as conformational changes in
molecules are often related to low frequency, large amplitude vibrations that have little
interaction with higher frequency bands.®

Another key reason that these rings have been interrogated for many years is due
to inherent difficulties in modelling low frequency vibrations, 278 ®which often arise
from anharmonic potential energy profiles. Thus, experimental results are needed to test
the validity of models that describe the potential energy functions of far infrared modes.
In order to do a complete vibrational characterization of a polyatomic molecule, multi-
dimensional analysis is often required to account for geometric changes during vibrations
in all coordinates. Even for “simple” four-membered heterocyclic molecules, this is not
realistic currently. Therefore, vibrational modes that can be separated from other motions
and represented in a one-dimensional mathematical expression would be ideal candidates
to model at the start. In the past, spectroscopic investigations have demonstrated that
unique vibrations in molecules including ring-puckering in cyclobutane,'® ! inversion in
ammonia'? and internal rotation in ethane® 4 can be characterized experimentally and

treated in this fashion.



In an effort to establish a quantitative model of low frequency, large amplitude
vibrations in small rings, Bell proposed that certain out-of-plane vibrations should have
their potential energy functions in the form of a one-dimensional oscillator that involves a
fourth-order term. '° Later, pioneering spectroscopic work in the microwave and infrared
regions carried out by Chan et al. on oxetane (a four-membered ring, CsHsO) revealed
that the potential energy function for the ring puckering motion is indeed related to the
ring-displacement coordinate through a power of four. The resulting function has a
double-well shape with a shallow barrier to planarity of 35 cm™.1617.18.19 |n their studies,
distinctive spectral features arising from the existence of this small barrier offered direct
evidence of the nature of the surface and eventually led to the determination of the
equilibrium conformation of this molecule. This study provides an excellent example of
understanding the connection between a unique spectroscopic signature and the
underlying potential energy profile using experimental means and quantum mechanical
models.

Out of several low frequency vibrations that involve the heavy atoms of the ring
moiety, the ring puckering mode is one of the most characteristic large amplitude modes
in four-membered heterocyclic molecules because it is the only out-of-plane vibration of
the ring skeleton (as for an n-membered ring skeleton, there are n-3 out-of-plane modes?).
Figure 1.1 depicts the ring puckering motion of a planar molecule 3-oxetanone as an
example. This unique mode has a much lower frequency and is often separated from the
remaining 3n-7 higher frequency modes. Thus, this motion is commonly characterized
using a one-dimensional potential function and attracts special interest.? In contrast, the

similar out-of-plane mode in five-membered rings appears in a way that the phase of the



puckering rotates around the ring (called pseudo-rotation) and its potential function
typically requires approximation in two dimensions (n=5, two out-of-plane modes).?% 2!
Classically, the ring skeleton in four-membered heterocycles is highly strained and its
planarity depends on a dynamic balance between two opposing features: 1) the steric
hindrance of neighbouring CH2 groups which is minimized by the torsional forces
exerted along the bonds and favours a puckered ring; and 2) the ring strain, which is
minimized in the planar structure.

From a practical point of view, the ring puckering vibration is spectrally separated
from other modes and it can be described using a potential function in a relatively simple
form of V=ax*+bx? where x is the one-dimensional ring puckering coordinate, a is a
positive constant and b is a constant that can be either positive or negative. Figure 1.2
illustrates the definition of the ring puckering angle 6 in relation to the ring puckering
coordinate x. The shape of this potential function, which is determined by the sign of the
quadratic coefficient b, gives rise to molecular dependent spectroscopic features. The
characterization of the potential energy function of the puckering vibration can thus
provide direct information pertaining to the configuration of the ring backbone. Figure
1.3 shows the ring puckering potential functions for azetidine,?? silacyclobutane? and
oxetane,*® which have completely different equilibrium structures despite the fact that the
main difference among them is the heteroatom in the ring skeleton. Therefore,
spectroscopic studies of four-membered rings provide the opportunity to deduce the
influence of different functional groups on the potential energy profile and energy levels

of the ring molecules.
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On a fundamental level, greater understanding of the potential energy profile may
have chemical implications as it identifies alternate pathways to interconvert between
different conformers or between two equivalent conformers (as shown in Figure 1.3 for
oxetane and silacyclobutane) without having to overcome a classical barrier. This
so-called tunnelling effect is a quantum mechanical phenomenon and can affect the rate
of a reaction substantially.?* Recent work on methylhydroxycarbene® and the reaction of
OH + CO?% shows the importance of tunnelling in kinetic control and reaction dynamics,
respectively.

The characterization of potential energy surfaces is generally achieved via 1)
computational methods (including semi-empirical, density functional theory and ab initio
calculations); 2) experimental measurements using spectroscopy. Generally, the accuracy
of standard calculations is limited as a result of the anharmonic nature of low frequency,
large amplitude modes and this leaves spectroscopic means as one of the most powerful
tools to obtain accurate information about the potential energy functions. Rotational and
vibrational spectroscopies allow the determination of the spacing between rotational
energy states (within the same vibrational state) and between different vibrational states,
respectively. For instance, the potential energy functions shown in Figure 1.3 were
constructed based on the measured vibrational spacing (indicated as arrows) by far
infrared spectroscopy whereas information about rotational energy levels (too small to
show on these scales) was obtained by microwave experiments. However, the resulting
knowledge of the potential energy function was somewhat limited by the resolution of the
experimental methods available in the 1950s through the 1980s. The vibrational band

centers determined from far infrared measurements were based on their Q branch maxima



which were typically accurate to 0.1 cm™ 2 while the low resolution (=100 kHz) of
microwave measurements at the time prevented the study of key spectral features such as
tunneling motions and nuclear quadrupole hyperfine structure which can require
resolution of a few kHz to observe. Hence, the derived potential functions from earlier
studies provided a “coarse” description of the energy which can be improved using
modern experimental techniques with better resolution.

Historically, pure rotational molecular transitions were measured in static cells
(waveguide) at room temperature until supersonic jet expansion was first introduced into
cavity-based microwave experiments in 1979 by Balle and Flygare.?”28:2° The most
prominent advantage of this custom-built Fourier transform microwave (FTMW)
spectroscopy technique is the high resolution (up to 7 kHz) it offers compared to that of
older methods (~100 kHz) as a result of the jet. This benefit is manifested in studies of
small molecules where distinctive features are separated on the order of a few kHz. For
example, a microwave study of silacyclobutane conducted in the 1970s was not able to
resolve the doubling in the ground state arising from ring inversion tunnelling.® The low
rotational temperature (a few Kelvin) produced in molecular beams makes the
observation of transitions with low quantum numbers possible which are crucial in
mapping the potential energy profile as the determination of its shape depends on
knowledge of the region around the minimum. For vibrational measurements, the
resolution of Fourier transform infrared (FTIR) spectroscopy using conventional light
sources was limited to ~0.04 cm™ due to technical difficulties until the 1980s, 3! and this
prevented the fine energy gaps between rotation-vibration levels from being accurately

probed. The recent coupling of synchrotron radiation (which offers highly collimated and



bright light) to a FTIR spectrometer allows the combination of high resolution and high
sensitivity in the infrared region for the first time,? and hence permits accurate mapping
of the potential energy surfaces through probing a wide range of rovibrational energy
levels. Although several dedicated far infrared beamlines at synchrotron facilities
worldwide have been commissioned since 2007, there have been relatively few cases of
rovibrational studies on small molecules to date as this technique is still a very new
method_33, 34, 35, 36, 37, 38, 39

With such technical limits reduced by instrument advances, the next challenge lies
in interpreting and analyzing complex spectral data to set benchmarks. Generally, the
rotation-vibration spectra of even simple molecules are complicated by the sheer number
of transitions observed at room temperature, the overlapping of adjacent vibrational
modes and often, by minor perturbations that lead to departure from the well-known
models such as the harmonic oscillator and rigid-rotor Hamiltonians. For instance,
several regions of the infrared spectra of methane remain untouched due to spectral
congestion and severe interactions between energy levels despite the fact that this
molecule has been the subject of extensive investigation because of its importance in
remote sensing. *° - 4' Therefore, strategies to systematically assign the observed
rovibrational transitions, apply quantum mechanical tools and derive the underlying
potential energy functions are highly desired.

The general methodology for spectral assignment may be common for a range of
molecules while distinctive spectral features encountered in the analysis are often
molecule-specific. Therefore, studying molecules with structural similarities provides key

experimental evidence that allows us to model these features correctly. For example,
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Coriolis-type perturbations, which originate from interactions between rotation-vibration
levels, are common in low frequency modes of small molecules. As a result of this
interaction, affected transitions are typically shifted and have different intensities than
predicted from the unperturbed model. This effect has been discussed theoretically in
detail*> 43444 and its treatment is considered to be an important factor in establishing a
general theory of the rotation-vibration Hamiltonian. 4" The treatment of such
perturbations has the following spectroscopic implications according to Mills:*® 1) it
allows the determination of interaction parameters which in turn provide precise,
physically meaningful values to other constants such as rotational and centrifugal
distortion constants; 2) it can often offer information about dark (inactive) states which
are involved in the interaction and 3) it provides indication of the relative signs of
transition moments through the observed intensities. However, the implementation of a
generalized theory can be tricky when it comes to dealing with dense rotation-vibration
spectra. This is one of main reasons that there are still many unassigned spectral regions
for molecules like methane that have been under study for decades. The analysis of
Coriolis perturbations will contribute to the establishment of accurate Hamiltonian
models that account for molecular properties.

The work presented in this thesis has two main goals: 1) to characterize the lowest
energy states and potential energy functions of the chosen four-membered heterocyclic
molecules via combined high resolution microwave and infrared spectroscopic studies; 2)
to develop strategies for the analysis of high resolution data, in particular rovibrational
transitions (as this type of analysis is still new in the field) such that the protocols

developed can be applied to other molecules in the longer term. The selected heterocyles
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for this study are silacyclobutane (C3HsSi), azetidine (CsH7N), 3-oxetanone (CsH402) and
B-propiolactone (CsH402) none of which has been the subject of prior rotationally
resolved vibrational studies. The heavy atom ring skeletons of the first two molecules are
nonplanar while the latter two have planar backbones. Silacyclobutane was among the
first few four-membered rings that were spectroscopically investigated following the
pioneering work on oxetane in the 1960s.1% 17 1819 Ag the silicon version of oxetane,
silacyclobutane has a double-well ring puckering potential function with a high barrier of
440 cm™ between the two equivalent minima?® which should give rise to tunnelling
splittings in the first three vibrational states. Due to the limited resolution at the time of
the earlier studies, no direct observation of tunnelling was made.*® Therefore, a high
resolution examination of silacyclobutane is expected to exhibit new spectral features that
will reveal details of the tunnelling dynamics of this molecule. In contrast, azetidine is
estimated to have a very high barrier to ring inversion of 1900-2600 cm™ and a possible
—NH inversion tunnelling motion and the form of its ring puckering potential has been
debated between single-well and double-well shapes.*® 05152 Measurements of energy
levels between rotation-vibration states can shed light on both motions. Unlike the former
two molecules, 3-oxetanone and B-propiolactone, which are structural isomers, have
planar ring backbones with symmetries of Coy and Cs, respectively. The coupling of the
carbonyl in-plane and out-of-plane ring deformation modes should provide an
opportunity to study Coriolis interactions in molecules of different symmetry as they are
close in energy.

The remainder of this thesis is divided into seven chapters. Chapter 2 and Chapter

3 give descriptions of the two experimental techniques used in this study, namely Fourier
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transform microwave (FTMW) spectroscopy and Fourier transform infrared (FTIR)
spectroscopy. Technical details as well as general experimental schemes are detailed in
these chapters. Chapter 4 describes the spectroscopic study of B-propiolactone via pure
rotational measurements using both FTMW and rovibrational FTIR experiments. Out of
the five low frequency vibrational bands analyzed, the vi3 and v2o bands were found to
interact through an a-type Coriolis coupling mechanism. This highlights the importance
of analyzing low frequency bands as a group as vibrational modes often interact. In
Chapter 5, the rovibrational analysis of 3-oxetanone shows a similar Coriolis perturbation
between the vis and v2o modes. Following the assignment of the dense ring puckering
mode (v21) of 3-oxetanone, the accurately determined band centers of the fundamental
and first three excited states of this mode allowed the determination of its ring puckering
potential energy function, which turned out to be more anharmonic than previously
thought. Chapter 6 is devoted to the analysis of the lowest three vibrational bands of
azetidine. For the vi4 and vis modes, c-type rotation-vibration transitions were found in
addition to the a-type rotation-vibration-inversion ones, indicating the presence of the
coupling of these vibrations with —NH inversion in this molecule. In Chapter 7, ring
inversion tunnelling in the ground vibrational state of silacyclobutane is reported for the
first time and the analysis of resultant complex rovibrational spectra are detailed as well.
The ground state of silacyclobutane (SCB) was found to be split into two levels from
pure rotational measurements as a result of tunnelling between two minima on the
symmetric double-well ring puckering potential function. The resultant rotational
constants determined from the microwave study of the 2C, 3C, 8Si, 2°Sj and Si

isotopologues allowed accurate structural determination of SCB in the ground vibrational
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state. Tunnelling doubling was also observed in the rotational structure of the vz9 SiH>
rocking and vzo ring puckering vibrations of SCB. This study highlights the importance of
using molecular symmetry groups to describe fluxional molecules as the spectral
selection rules must account for transitions that cross tunneling states. Chapter 8 gives the
general conclusions of this thesis and describes some future work that can be built on the

results of the current study.
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Chapter 2

Fourier transform microwave spectroscopy

Fourier transform microwave (FTMW) spectroscopy was employed to investigate
the pure rotational energy levels of the four-membered heterocyclic molecules presented
in this thesis. The basic design, operating principles and theoretical background of
FTMW spectroscopy are briefly discussed in this chapter, as well as the general schemes

to observe and assign pure rotational transitions.

2.1 Brief overview of FTMW spectroscopy

Compared to the traditional way of obtaining microwave spectra which measures
the microwave absorbance of a static, low pressure gas sample in an evacuated
waveguide cell, FTMW spectroscopy takes a different approach. This technique is
described in detail by Grabow and Caminati.! Figure 2.1 shows a schematic of the
FTMW spectrometer used in this study. Briefly, the vapour pressure of a sample of the
molecule of interest is mixed with a noble gas as the carrier gas (pressure 2-10 atm) and
the mixture is expanded into an evacuated microwave (Fabry-Perot) cavity (initially at a
pressure of ~10 Torr) that consists of two concave mirrors inside a vacuum chamber. As
a result of this process, a pulsed molecular beam is produced via supersonic expansion.
The rotational temperature of the beam is effectively cooled to a few Kelvin such that the
molecules occupy only the lowest rotational energy levels. A short microwave pulse at a
fixed frequency is coupled to the molecular beam. If the subject molecules have a

rotational transition within the cavity’s bandwidth at the incident microwave frequency,
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the interaction leads to the alignment of the dipole moments of individual molecules in
the electromagnetic field and the molecules rotate in phase. Thus, a macroscopic
polarization of the molecular ensemble is created. As the molecular beam moves along
the length of the microwave cavity and the molecules collide at the cavity wall, the
recorded transient emission signal decays as a function of time. This decay (Free

induction decay, FID) is Fourier transformed to yield a spectrum in the frequency domain.

2.2 Design of the FTMW spectrometer

The pure rotational spectra discussed in this thesis were obtained using a pulsed-
nozzle Fourier transform microwave spectrometer in the van Wijngaarden group. This
spectrometer is based on the Balle-Flygare design.? 34 A FTMW spectrometer consists of
three main components: a microwave cavity, a pulsed nozzle to create molecular beam
and the microwave generation and detection electronics to yield the frequency domain
spectrum. The details of this FTMW instrument have been given elsewhere,® and they are
briefly described here.

A microwave cavity consisting of two concave spherical aluminum mirrors (35.6
cm in diameter with a radius of curvature of 84 cm and approximately 65 cm apart) is
installed in a stainless steel vacuum chamber, which is evacuated by a diffusion pump
(Varian VHS-10, 3650 L s?) to a background pressure of ~ 10° Torr. The distance
between the two mirrors is fine-tuned into resonance with the chosen microwave
frequency by a computer-controlled servo motor. The gaseous sample, prepared by
mixing a few per cent of the molecule of interest with a rare gas (Ar, Ne, He) at a total

pressure of a few atmospheres, is introduced into the cavity via supersonic expansion
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from a pulsed valve nozzle (General Valve, Series 9, orifice diameter of 1.0 mm)

mounted near the center of one mirror.

2.2.1 Fabry-Perot cavity

Historically, a Fabry-Perot cavity was used in laser resonators.®:7:8:9 A
comprehensive review on the cavity was given by Kogelnik and Li.X° The purpose of
having a microwave Fabry-Perot cavity is to store the electromagnetic field amplitude in
resonator modes with a narrow frequency width. The field distribution for a transverse

electromagnetic mode (TEMmng) inside a cavity has a Gaussian-beam shape and can be

given as:
E(r,t) =2Z&(r) coswt, (2.1)
P ko2
§(r) = SoHm (ﬁﬁ) Ha (‘Ewa)) WV\(I;) e W07 x-costhy % —¢- %)
(2.2)
where
p2 — X2 + ZZ
=1+ (2]
wo = (3= [d2R - d)J:)°
0=t (25)
k= Lc (2.3)

The X, y, z are the coordinates with the origin being at the center of the cavity as shown

in Figure 2.2, the terms H,, and H, are polynomials of order m and n, respectively,
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which are unity for a fundamental mode, A is the radiation wavelength in free space, c is

the speed of light, w(y) is the distance between a point on the y-axis and the point where
the field amplitude is é of its value as shown in Figure 2.3. The term wy = w(y = 0) is

known as the beam waist which is also the minimum value of w(y). For the instrument in
van Wijngaarden’s group, the beam waist at 10 GHz can be calculated using the radius of
curvature of mirror, 84 cm and mirror separation of 65 cm and is 6.2 cm. As seen in
Figure 2.3, the phase front of the cavity modes is planar only aty = 0; the curvature
elsewhere along the y-axis caused by the curved mirrors are taken into account by the

2
term IZLR in Equation 2.2. The parameter R is the curvature of both mirrors in the cavity,

d is the separation between them and w. is the central angular frequency inside the cavity.
The number of half wavelengths between the two mirrors is given by q + 1.
When the resonant frequency v, is obtained, one must satisfy the following

condition:
Ve =V [(q +1)+ —(m+n+1)cos™ (1 - E)] (2.4)
For a fundamental mode, m = n = 0, then Equation 2.4 becomes:
Ve = Vg [(q +1) + %cos‘l(l — g)] (2.5)
where v, = % is often referred as the free spectral range of the resonator (FSR) and it

represents the distance between two adjacent modes inside the cavity which are often
well separated. For example, for the cavity used in this study with d = 65 cm, adjacent

modes are separated by v, = 231 MHz.
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2.2.2 The Q factor

The quality factor (Q factor) of a resonator is a measure of how much energy can
be stored in a cavity and for how long. It is thus an important property. The definition of
Q can be given as:

w

Q=wcy (2.6)
where . is the angular frequency of radiation and W is the total (electromagnetic)
energy stored in the cavity. The power dissipation P can be expressed as:

aw V_V

P= - V- 2.7)

dt T
where T, is the time it takes for the field amplitude to decay to i of its initial value (often
referred as decay constant). Substitution of Equation 2.7 into Equation 2.6 gives:

Q = w.T, (2.8)
The power loss is mainly due to the finite conductivity of the metal of the mirror.
Assuming that this is the only source of energy dissipation, the Q factor can be calculated
by:

Q=% (2.9)
where 9§ is the skin depth of the mirror at which the initial radiation strength drops toi
and has a value of 8.5 x 10° cm at 10 GHz for aluminum. The Q factor of the microwave
cavity used in this study with d = 65 cm at 10 GHz is thus ~ 3.8 x 10°. It should be noted
that with such a high Q factor, the decay constant t. is on the order of microseconds (or

fractions of microseconds) in the microwave region. For example, for a cavity with a Q

of 4 x 10*at 10 GHz, t.=0.16 ps.2 That is to say, the radiation has already travelled more

26



than 70 passes between the mirrors before the intensity has decreased to % of its initial

value.

2.2.3 The microwave excitation and detection scheme.

The excitation microwave pulse is introduced into the cavity through a wire hook
antenna located at the center of the moving mirror. The emission signal from the sample
is received by the same antenna. The microwave detection and excitation circuits are
shown in Figure 2.4 and the numbering used here follows that in this schematic. A short
(0.1-4 ps) microwave pulse at an excitation frequency of vo which is 30 MHz below the
anticipated molecular transition frequency is generated by using an Agilent microwave
synthesizer (4) and two single pole, double throw (SPDT) p-i-n-diode switches (6a, 6b).
As the emission signal is maximized if the molecular ensemble is fully polarized, the
pulse length should be optimized to ensure the highest achievable sensitivity. The tripled
output of the 10 MHz reference generated by the radiofrequency (RF) synthesizer (1) and
a single sideband mixer (3) are used to produce the upper sideband of 30 MHz + vo. The
doubled output of the same 10 MHz reference (2) provides the system clock for all pulses
and delays during the experiment. The power of the microwave excitation pulse can be
adjusted by the use of an amplifier (9) and a variable attenuator (10). Should there be
molecular transitions within the bandwidth of the cavity (~1 MHz), a macroscopic
polarization occurs under proper excitation conditions (duration and delay of the gas and
microwave pulses). The subsequent weak molecular rotation signal occurs at a frequency
of vo + 30 MHz +A (where A is the small frequency difference between the molecular

rotational frequency and the incident excitation frequency) and is amplified by a low
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Figure 2.4: The microwave excitation and detection circuit. (1) RF synthesizer. (2)
Doubler and amplifier. (3) Tripler. (4) Microwave synthesizer. (5) SPDT GaAs rf switch.
(6) 2 SPDT p-i-n-diode MW switch. (7) Single sideband mixer. (8) Coaxial transfer
switch. (9) Microwave power amplifier. (10) Variable attenuator. (11) Fabry-Perot cavity.
(12) Diode detector. (13) Low noise microwave amplifier. (14) Image rejection mixer.
(15) RF amplifier. (16) Bandpass filter. (17) RF demodulator. (18) Lowpass filter. (19)

Transient recorder card.
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noise amplifier (13). The microwave emission signal is then mixed down to the RF range
(30 MHz +A) using an image rejection mixer (14) and the initial frequency vo from the
microwave synthesizer (4) through the SPDT diode switch (6a) that generates the
excitation pulse. The resulting RF signal is further amplified (15) to compensate for
losses due to mixing, followed by a second down conversion to yield 2.5 MHz + A using
the 27.5 MHz output of the RF synthesizer (1). The quadrature detection of both the real
and imaginary emission signal is achieved by the RF demodulator (17). Finally the FID
signal is digitized using a two-channel transient recorder card (19) in a personal computer
and Fourier transformed to yield the spectrum in the frequency domain which is
displayed as a power spectrum. The whole pulse sequence is repeated and the signal is
averaged to improve the signal-to-noise ratio (S/N) of the spectrum. As the molecular
beam and the microwave pulses run in a parallel arrangement and the antenna is
stationary during the process, a Doppler splitting appears in the observed spectra but the
transition frequency is taken as the average of the two Doppler components. The
spectrometer is controlled by the FTMW++ software program®! which allows automated

measurements with pre-set experimental parameters.

2.3 Molecular beams
The concept of molecular beams as they apply to spectroscopy is explained in
detail by Havenith.' When a pressurized (P,) gas sample enters an evacuated system (P,),

the molecules are expanded by the pressure difference P, — P,. The supersonic expansion

(when gas flow velocity exceeds the speed of sound) occurs when the ratio % is greater

0

than two.!? This expansion is an adiabatic process as no heat exchange takes place
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between the nozzle walls and the molecules.'® As a consequence of conservation of

energy before/after the expansion, the following equation holds:

Up + PoVo +-MvE = Uy + PVy +>Mv? (2.10)
where U = Utranslational + Uvibrational + Urotational represents the total internal energy in its three
components, PV is the potential energy and %va is the Kinetic energy of the expanding

gas. The superscripts 0 and 1 denote the gas sample before and after the expansion,
respectively. As the mass flow of the gas during the expansion is very small compared to
the total mass available, v, = 0 and the fact that the pressure after expansion P1 is very

small compared to the initial pressure P, implies P, = 0. Equation 2.10 becomes:
Up + PoVo ~ Up +5Mv? (2.11)
Equation 2.11 implies that after the supersonic expansion (a large v;), most of the

internal energy and potential energy of the gas sample in the reservoir are converted into
the kinetic energy (% Mv?) in the jet, resulting in a cold beam (U; much smaller than U,).

The translational temperature Tiransiationa: Which is @ measure of the translational
velocity distribution of the molecules, is effectively cooled in the initial stage of the
expansion via collisions among the molecules. This can be interpreted on the microscopic
level as the faster moving molecules catching up with slower moving ones due to
exchanging kinetic energy during collision. The consequence is that instead of moving
randomly as at equilibrium, molecules in a jet move at almost the same velocity with
each other along the expansion axis and thus a narrow width of velocity distribution is

achieved.
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The rotational energy is also reduced in collisions during the adiabatic expansion
where  U,otational 1S converted t0 Uiransiational - AS a result, the rotational
temperature T,oationa d€Creases after expansion and molecules are repopulated towards
the lower energy rotational states in a jet. However, the rotational energy cannot be
completely transferred into translational energy in the adiabatic expansion as the cross
section Orotational-translational is genera”y smaller than Otranslational-translational 1 but
rotational cooling is efficient such that Tyoationar 1S ONly a few Kelvin higher than
Ttranslational-

The vibrational temperature is cooled in a similar manner but with smaller cooling
cross section Ovibrational—translational Compared to Orotational—-translational - As a reSUIta a
general trend of Tiansiational < Trotational < Lvibrational 1S Observed due to the
effectiveness in the cooling processes of all three temperatures mentioned above.

Compared to waveguide-type microwave measurements, the FTMW technique
offers increased sensitivity and resolution for the following reasons:

1) As a result of rotational cooling in the supersonic jet, only a few rotational
states are populated compared to a room temperature sample in a waveguide
instrument. Therefore, the sensitivity of detecting transitions involving these
low lying states is enhanced, albeit transitions between high energy states are
reduced in intensity.

2) The collision-free environment of the jet after the expansion removes pressure
broadening, while Doppler broadening is reduced by the fact that molecules
now travel in one direction (one translational degree of freedom). The spectral

resolution is also influenced by the length of the emission signal recorded in the
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time domain, which approaches ~7 kHz at Full-Width-at-Half-Maximum
(FWHM) when the FID is recorded for 400 ps. Compared to that of a few
hundred kHz in waveguide measurements, the reduced line width allows studies
of unique spectral features (such as tunnelling splitting and hyperfine structures)

that are on the order of several kHz.

2.4 General procedures to observe and assign molecular rotational

transitions

2.4.1 Theoretical considerations

The quantum mechanical assignment and prediction of microwave transitions
based on the rotational Hamiltonian was comprehensively discussed by Gordy and
Cook.'* This Hamiltonian may be implemented using the SPFIT and SPCAT programs
written by Pickett. *® This section provides a basic description of the theoretical

background of molecular rotation.

2.4.1.1 Rotational Hamiltonian for asymmetric tops

The rotational (rigid rotor) Hamiltonian operator can be expressed as:

f=Ja db 3 2.12)
2, 21, 21, '

where j,, j, and j. are the rotational angular momentum operators along the a-, b- and c-

axes, respectively, in the principal axis system and I, , I, and I, are the moments of

2
inertia in the same axis system. For asymmetric tops, the rotational constants A = th

a
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2 2
B= th and C = th have different values. If one substitutes the expressions of the
b c

rotational constants into Equation 2.12, the following expressions are obtained:
h’A = Aj%2 +Bj?2 + Cj?

A+By _  /A-B\ .
= (T) G2 +32) + G2 + (T) G2 +97

=) P+ (c-2) 2+ (55) M2+ (13)
where j* and j~ are raising and lowering operators, respectively. The following angular
momentum matrix elements for symmetric tops expressed in bra-ket notation!® are
needed for evaluating Equation 2.13:

(JKIF?IIK) = R? ] + 1)

(J KIj2JK) = h? K?

JK=2["IK =r2JJ+K(J-K+DJ+K-1D(J-K+2)

JK+2l71K) = 7> V(- K(J+K+ DI -K- 1D +K+2) (2.14)
where J is the rotational angular momentum quantum number and K is the projection of j
onto the symmetry axis (z-axis in molecular system) of a symmetric top. For a given J
value, the Hamiltonian in the matrix form has a dimension of (2] + 1) x (2] + 1). The
eigenvalues can be obtained by diagonalization of the Hamiltonian matrix. For instance,
a3 X 3 matrix can be set for the J=1 level with K= -1, 0 and 1 and the solutions can be
solved straightforwardly as A+B, B+C and A+C. Although the case above provides an
example that an exact solution can be reached for certain quantum numbers, it should be
noted that there is no analytical solution to the Schr&linger equation for asymmetric tops
and numerical solutions are obtained by a computer; in this thesis, the SPFIT/SPCAT
program was used for this purpose.®®
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2.4.1.2 Centrifugal distortion

A rigid rotor is an ideal model while in reality, a molecule experiences a
“fictitious” centrifugal force in the rotational reference frame. As a result, the bonds are
distorted and the moments of inertia are changed during rotation. From a spectroscopic
point of view, the observed frequencies of transitions are shifted from these idealized
values based on a molecule that is “rigid”. This departure is small compared to the
transition frequencies themselves and has dependence on the J and K values. Two
reduced representations, known as asymmetric (A) and symmetric (S) forms, were
developed by Watson. 17-18: 1% Pickett incorporated Watson’s representations into the
SPFIT/SPCAT program.’® For the work in this thesis, the fitting was performed using

only the A-reduced Hamiltonian.

2.4.1.3 Rotational selection rules in asymmetric tops
A permanent electric dipole moment (p) is required for observation of rotational
transitions. If the dipole component(s) along the a-, b- and c- axis is (are) non-zero,
transitions with different selection rules are expected.
1) a-type selection rules.
If u, # 0, transitions with AK, = 0 (+2,44,...) and AK.=1(1£3,15,..)
are allowed, i.e. eo—ee and oe<o0 (e(0) for even (odd) for K, (K,)).
2) b-type selection rules.
If u, # 0, transitions with AK, = +1 (£3,45,...) and AK. = +1 (£3, 415, ...)

are allowed, i.e. eo<—oe and ee<o0.
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3) c-type selection rules.
If u. # 0, transitions with AK, = +1 (£+3,+5,...) and AK. =0 (£2,14,...)
are allowed, i.e. oe<>ee and eo<—oo.

A] = +1,0 is required for all three types

The Kaand K¢ labels are quantum numbers for asymmetric rotors that arise from the fact
that K is no longer a valid label as it is not necessary for asymmetric tops to have a
symmetry axis. They are labels to correlate energy levels between asymmetric tops and
the two symmetric top limits (Kafor prolate and Kc for oblate types) rather than “good”

quantum numbers with physical meaning.

2.4.2 Spectrum collection and analysis scheme

Since the bandwidth of the microwave cavity is very narrow (only ~1 MHz of the
instrument’s spectral range of 4-26 GHz), choosing a proper frequency range to search
for molecular rotational transitions is a very important factor in planning an experiment.
To start, an estimated structure of the molecule of interest is obtained by performing ab
initio calculations using the Gaussian 03W software package.?® Once the structure is
optimized, the predicted permanent dipole moment components along the three principal
inertial axes provide information about the selection rules of the anticipated rotational
transitions. Using the calculated rotational constants (A, B and C), a list of microwave
lines with their predicted transition frequencies and intensities within the spectral range
of the FTMW spectrometer is generated using a Hamiltonian model in the SPCAT

program.
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The next stage is to scan for the first transition. Based on the prediction of
molecular lines, the strongest transitions are considered the best candidates to begin the
search. An automated spectral survey consisting of multi-step measurements should be
undertaken to cover the vicinity of the predicted transition frequency. For example, if one
strong transition is predicted at 12000 MHz, the FTMW spectrometer may be set to start
measuring at 11950 MHz with 500 steps (separated by 200 kHz). In total, a search range
of £50 MHz about 12000 MHz is typically examined. Depending on how close the
predicted structure is to the real ground state molecular structure, the actual search range
may vary. Once the target line is located during the scan, a detailed measurement is made
to scrutinize the precise frequency of the transition.

The experimental conditions and instrumental settings are also optimized to
achieve the best S/N ratio in a given spectral range to increase the efficiency of searching
for other transitions. After several lines (N>3 for asymmetric rotors) are observed and
assigned to the rotational quantum numbers, a preliminary fit to the Hamiltonian model is
made using the SPFIT program® and the results are used to obtain a more reliable
predicted line list using the SPCAT program. From this point, the scan range can
typically be reduced to a few hundred kHz, provided that the preliminary assignment is
correct and the molecule is fairly rigid. With more lines assigned and fit, the parameters
in the Hamiltonian model improve, giving better prediction of the remaining transitions.
Ultimately, an unambiguous assignment is made based on the requirement that 1) the
Hamiltonian model accounts for all observed lines; 2) the determined parameters are
physically meaningful (i.e. they are well-determined and sensible in both sign and

magnitude).
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Weak rotational transitions often present challenges to the observation and
assignment process. When searching for transitions due to minor isotopic species in
natural abundance, the search effort is reduced by using the percentage difference
between the calculated and observed transitions of the corresponding main isotopic
species transition to “scale” the calculated frequency for the minor isotopologues. As the
minor isotopologues’ emission signal is normally extremely weak, it is very important to
pay attention to the signal consistency across the full spectral range by checking the
intensity of a known parent line regularly and re-optimizing the experimental conditions

as needed.
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Chapter 3

High resolution Fourier transform infrared spectroscopy

The high resolution vibrational spectra of the four-membered heterocycles
presented in this thesis were recorded using a commercially available Bruker IFS HR 125
Fourier transform infrared (FTIR) spectrometer at the Canadian Light Source (CLS) far
infrared beamline. This chapter gives a brief description of the principle and design of a
FTIR spectrometer, theoretical background of rovibrational spectroscopy and an outline of

the general scheme to analyze rotationally resolved vibrational spectra.

3.1 Overview of FTIR spectroscopy

FTIR spectroscopy is based on the design of the Michelson interferometer®2 which
has a simple optical system: an infrared source, a beamsplitter, a detector and two mirrors
as shown in Figure 3.1. The operation principle of an interferometric FTIR spectrometer is
briefly discussed here. The incident beam from an IR light source (S) is split at the
beamsplitter (BS). One half of the beam is reflected to the movable mirror M1 and bounces
back to the beamsplitter. The other half is transmitted through the beamsplitter and travels
to the stationary mirror M2 and returns to the beamsplitter. Depending on the optical path
difference between the movable mirror M1 and stationary mirror M2, the subsequent
recombination of beams reflected by both mirrors at the beamsplitter interferes
constructively or destructively.

The recorded signal at the detector D, or interferogram when a polychromatic

light source is used, can be expressed in the form of:
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1(®)= [,"1(V) cos(2mv8)dv (3.1)
where | (V) is the wavenumber dependent spectral intensity and I (8) is the optical path
difference (8) dependent spectral intensity which is also the cosine Fourier transform
integral of | (V). Thus, applying the inverse Fourier transform of I (d) gives:

| (V) = constant [, 1 (8) cos(2n¥8)ds (3.2)
which allows the determination of intensities at different wavenumbers. To improve the
signal-to-noise (S/N) level of a spectrum, multiple interferograms are often recorded and
averaged. Equation 3.1 shows that in theory, infinitely high resolution can be achieved as
dv — 0 while Equation 3.2 shows that in order to do so, one must record the interferogram
at an infinitely long optical path difference where 6 — oo, which is impractical. Therefore,
the interferogram is effectively truncated at the maximum optical path difference
dpopp=2L (twice the farthest distance that the movable mirror M1 can travel from the point
at which both mirrors M1 and M2 are equidistant from the beamsplitter) by multiplying by
a box-car function:

D@)=1 if -L<&<+L (3.3)
D@®)=0 if &< —L or 6§ > +L (3.4)

Equation 3.2 then becomes:
| (¥) = constant ["1 (8)D (8) cos(2m¥8)ds. (3.5)
The convolution theorem states that the Fourier transform of the product of two
functions is equal to the product of the Fourier transform of individual functions.?
Consequently, an instrumental line function f(¥) is generated as the Fourier transform of

the truncation function D (8) in Equation 3.5:
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sin(2nVdMmopDp )

f(¥) = 2 duorp (3.6)

2m¥dmopp

which shows that, instead of having an infinitesimally narrow spike at an infinitely long
optical path difference, the line width of the spectrum is limited to a finite value by the full-

width-at-half-maximum (FWHM) of f(¥) (shown in Figure 3.2) in the form of:

FWHM = 289

(3.7)

dmoprp

This FWHM value of the instrumental line function is often referred to as the unapodized
resolution of a FTIR spectrometer. For example, the Bruker IFS 125 HR FTIR instrument
at the CLS with a dyopp Of 9.4 meters has a value of 0.00064 cm™. The actual resolution
may be Doppler limited as molecules move at different velocities relative to the detector at

room temperature. The Doppler line width Av can be expressed as:

1

av =2 (22 (3.8)

m

where v is the transition frequency, m is the molecular weight and T is the ambient
temperature. Generally, for a heavy molecule in the far infrared region, the line width is
likely instrument-limited by Equation 3.7 while for a light molecule in the mid infrared

region, the Doppler line width given by Equation 3.8 determines the line width.

3.2 “Synchrotron advantage” in high resolution FTIR spectroscopy

Although the history of interferometric FTIR spectroscopy dates back to the late
19" century, the resolution was hindered by the computational resources needed to carry
out Fourier transformation. It was not until the 1980s that high spectral resolution (better

than 0.04 cm™) using FTIR spectroscopy was achieved for the first time.* The efforts to
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push the resolution to new limits encountered challenges. The optical path differences
needed to achieve such high resolution and the circular fringe patterns formed as a result
of beam divergence of the infrared source posed problems for the recording of
interferograms.® In order to obtain a high resolution spectrum, experiments require the
aperture of the infrared source to be limited to include only one fringe of the incident beam,
sacrificing the infrared flux through the sample and ultimately, the sensitivity. From this
point of view, a collimated beam is highly desired to optimize the resolution. As such, high
resolution measurements in the far infrared are often difficult for FTIR spectrometers as
conventional thermal sources output much smaller infrared flux in this region compared to
in the mid and near infrared ranges.®

Synchrotron radiation (SR) is an ideal light source for high spectral resolution
spectroscopy in the far infrared region as it offers three orders of magnitude greater
brightness ’ (defined by the photon flux allowed through a narrow aperture) than
conventional light sources, ensuring high sensitivity when a narrow aperture is required. It
should also be noted that the synchrotron advantage (SA) over conventional sources is
limited by source noise and mechanical vibrations in the transporting optical systems.® As
a result, the actual magnitude of SA is not as great as the theoretical values predict but still
offers significant improvement in sensitivity. At the CLS, the SA is most pronounced in
the 300-800 cm* spectral region with efforts being made to extend this range. A recent
study of pyrrole (the current SA benchmark measurement) compared spectra recorded
using a globar (which is commonly used as a conventional thermal source in the infrared
spectral region) and the CLS synchrotron.® With the same number of interferograms, the

S/N ratio of the synchrotron spectrum has a factor of eight improvement over the globar
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spectrum. That is to say, if the same quality had been obtained by using a globar, it would
have taken 82 = 64 times longer acquisition time to compensate for the inferior source
brightness.

The concept of coupling synchrotron light with high resolution FTIR spectroscopy
was first realised at MAX-lab, Sweden in 1995.%° The promising results demonstrated the
value of this emerging technique in high resolution infrared spectroscopy. Motivated by
that, four permanent, dedicated far-infrared synchrotron beamlines including the Canadian
Light Source (CLS) located in Saskatoon, Canada have been commissioned in the last five
years around the world with more being planned. As the first such beamline to come online
in 2007, the CLS currently serves as the only synchrotron-based high resolution FTIR
facility in North America. The far infrared beamline at the CLS is equipped with a Bruker
IFS 125 HR FTIR spectrometer which is capable of producing infrared spectra at an
unapodized resolution of 0.00064 cm™. There are also suitable multi-pass gas cells at CLS
offering up to 72 m absorption path length. This allows absorption spectra to be recorded

at low sample pressures without sacrificing resolution due to pressure broadening.

3.3 General procedures to record and analyze rotationally-resolved

vibrational spectra

3.3.1 Theoretical considerations
In general, rovibrational spectra originate from motions in which molecules rotate
and vibrate at the same time. A transition occurs when the molecules absorbs infrared

radiation that corresponds to the energy difference between a specific rotational energy
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level in a specific vibrational state and that of a specific rotational energy level in a different
vibrational state. Thousands of rovibrational transitions are often observed arising from the
large range of populated rotational energy levels in the vibrational ground state at room
temperature. From the Born-Oppenheimer approximation, the rovibrational Hamiltonian
can be approximated by combining the rotational and vibrational Hamiltonian as:

Hrovib = Ayip + Arot (3.9)
The vibrational energy E;;, can be estimated from the harmonic oscillator (vibrational)
Hamiltonian while the rotational energy E.,; can be estimated from the rigid-rotor
(rotational) Hamiltonian. However, as discussed in Section 2.4.1.1, no analytical solution
can be obtained for the Schr&linger equation for asymmetric tops. Consequently, Pickett’s
SPFIT/SPCAT program * which includes the rovibrational Hamiltonian models of

Watson,> 13 as well as terms for various interactions was used in fitting and predicting

rovibrational spectra in this thesis.

3.3.1.1 Rovibrational symmetry and selection rules
An infrared active vibrational mode requires a changing dipole moment during the
vibration. The intensity of a vibrational transition is dictated by the transition moment

integral:

My = [ (WORGE")de (3.10)

where v’ and v” are the quantum labels of the lower and higher states involved in the
transition, respectively, {i is the dipole moment operator and s is the wavefunction of the

states. From group theory, a non-zero transition moment integral occurs if the product of
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irreducible representations I,y X I; X I,» contains the totally symmetric representation.
For example, for a molecule with C2y symmetry, the product must contain the A:
(symmetric) irreducible representation for an active infrared mode.

The rovibrational selection rules can be divided into two parts: pure rotational
selection rules as discussed in Section 2.4.1.3 and the vibrational selection rule Av = 1.

Briefly, the selection rules are the same as pure rotational transitions as follows:

1) a-type bands:

AK, = 0,AK, = +1
2) b-type bands.

AK, = +1,AK, = +1
3) c-type bands.

AK, = +1,AK, = 0

with A] = +1,0 and Av = 1 for all three types. Rovibrational transitions in the same

vibrational mode can be categorized into three branches by their AJ values, namely: P (A] =

—1), Q (A] = 0) and R (A] = 1) branches.
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3.3.1.2 Coriolis interactions
Coriolis perturbations originate from interactions between vibration-rotation
energy levels in different vibrational states. The rovibrational Hamiltonian incorporating
corrections for this interaction can be expressed as:
H=Hyp + Hror + Heor (3.11)

where Hy;, and H,,, are the vibrational and rotational Hamiltonian, respectively, and :

1 — _Paa _Pvlb _Pdc Pa , Pb , Pc
Heor = Iy Ip I, + 21, + 21}, + 21, (3.12)

where p,, ], and I, are the vibrational angular momentum, total angular momentum and
moment of inertia along the specified axes, respectively. The H,,, term is small compared
to the other two terms, therefore can be treated using perturbation theory.'* As a result, the
Hamiltonian matrix H in Equation 3.11 has off-diagonal elements due to H,,,. The amount
of the perturbation of rovibrational energy levels can then be determined by
diagonalization of this matrix. The SPFIT/SPCAT program'! which has operators of the
type shown in Equation 3.12 was used in this thesis to fit and predict rovibrational
transitions that experience Coriolis interactions.

Similar to the derivation of the vibrational selection rules, Coriolis interaction
selection rules can be deduced by considering which states are coupled by non-zero matrix
elements of the Coriolis perturbation operator. Mills'* derived the selection rules for
asymmetric tops as follows:

er X Fv” = FRx (313)

49



Equation 3.13 can be interpreted such that the x-type of Coriolis interaction is said to be
permitted by symmetry between two energy levels if the direct product of the irreducible
representation of the two gives rotation about the x-axis (R, in character tables) where x
can be a-, b- or c- axis in the principal axis system. For example, for two vibrations of 3-
oxetanone of Cav symmetry with I,, = B; and I,,» = B,, the product [,; X [» = B; X
B, = A, is of the same symmetry as I'y | which means that v’ and v” can interact via an a-
type Coriolis term.

The spectroscopic implication of Coriolis interaction between rovibrational levels
is that these levels are shifted from predicted energy levels based on an unperturbed
Hamiltonian model, causing changes to the frequencies and intensities of the observed
transitions. The treatment of perturbed spectra requires the assignment of shifted transitions
that are sensitive to the off-diagonal elements of H.,, so that these parameters can be
determined. However, in practice, the implementation of these perturbation terms can be

difficult given the sheer number of transitions present in a narrow spectral window.

3.3.2 Spectrum collection and analysis scheme

As getting access to the CLS is a merit-based, competitive process, the proposed
investigation must be well-planned beforehand. There are three major aspects to consider
when targeting specific vibrational bands of a molecule to measure and analyze:

1) Scientific considerations: Bands that have unique spectroscopic features

including tunneling doubling, Coriolis interactions, etc. are of particular interest as

the subsequent analyses using quantum mechanical models can reveal important
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scientific insights into fundamental molecular properties that are not available from

conventional techniques.

2) Spectroscopic considerations: Strong isolated bands will be analyzed first so that

the ground state spectroscopic constants can be improved to aid in the assignment

of more complex and perturbed bands later.

3) Technical considerations: Proposed bands must fall in the spectral range allowed

by the apparatus (beamsplitter, detector, window, etc.) available at CLS and where

the synchrotron advantage is greatest. The predictions from ab initio calculations

combined with prior low resolution studies, if available, offer the estimated

frequencies and intensities of bands of interest.
Before devoting time to the lengthy collection process at the CLS, experimental conditions
must be optimized to obtain the best S/N ratio. One of the most important contributing
factors is the sample pressure which should be maintained at such a value that the
maximum absorption is realized in the target spectral region without pressure broadening
and while the strongest transitions remain unsaturated. This is often achieved by
performing collections of a few low resolution interferograms at various pressures to
estimate a suitable pressure at which the high resolution data will be recorded. The choices
of detector filters (if available) should also be considered to obtain the highest quality
spectrum in the allocated time period.

Analysis of rotation-vibration spectra starts by finding quantum number
assignments of regularly spaced spectral patterns in the R and P branches, corresponding
to selection rules of AJ = +1 and -1, respectively. For this, the observed spectrum is

compared to a simulated spectrum based on the ground state rotational constants (often
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from a previous microwave study) and the estimated vibrational band center (often from a
previous low resolution infrared study or ab initio calculation). In the case of a congested
spectrum in which no patterns can be identified by visual inspection, a Loomis-Wood (LW)
plot!® is constructed to find patterns of the strongest progressions of transitions. On a LW
plot, regularly spaced rovibrational transitions are grouped in such a way that those
belonging to the same progression (i.e. having common Ka but different J for a-type
transitions) are arranged in an almost vertical series. Ground state combination differences
(GSCDs) are then used to confirm new rotational quantum number (J, Ka, Kc) assignments.
GSCDs are calculated as the energy difference between a pair of transitions (one from the
P branch and one from the R branch) that share the same upper state as illustrated in Figure
3.3, and this provides an indirect determination of the energy gaps in the lower (ground)
state which are typically well-characterized in advance from microwave experiments.

The preliminarily assigned transitions are fitted using an appropriate Hamiltonian
in the SPFIT program!! to provide more accurate ground state constants and estimate an
initial set of upper state parameters. Improved simulated spectra are generated in an
iterative fashion until the quantum number assignments of the strongest transitions in the
spectrum are known to high values of J, Ka and Kc. A global analysis will yield a set of
accurately determined spectroscopic constants that are consistent across the ground state
and multiple vibrationally excited states. When Coriolis and Fermi interactions are
encountered, the ground state spectroscopic constants must be separately determined from
fitting the ground state combination differences to remove any residual effects from the
perturbed upper vibrational states. Terms to account for the perturbation can then be

included in the Hamiltonian in the SPFIT program to improve the model and account for
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both perturbed and unperturbed transitions. While collecting data for one band typically
takes several hours or days, a full spectral analysis may take months or years depending on

the complexity.
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Chapter 4
A high resolution study of the pure rotational and rovibrational

spectra of B-propiolactone?

4.1 Introduction

As part of efforts to characterize potential energy profiles of four-membered
heterocycles, B-propiolactone (2-oxetanone) (c-C3HsO,) has been the subject of
numerous spectroscopic studies for many years. Its structure was established based on
results from electron diffraction® experiments and microwave spectroscopy,® 3 showing
that all five heavy atoms are coplanar in a strained ring. Durig conducted a
comprehensive vibrational study of all 21 fundamental bands of B-propiolactone in the
liquid and gas phase using a combination of infrared and Raman spectroscopy at low

resolution. * However, ab initio calculations ® ' °®

of the vibrational frequencies of
B-propiolactone showed poor agreement with experimental results with some vibrational
band frequencies off by up to 85 cm™.°

As the early microwave® * and infrared* studies of p-propiolactone were only
conducted at low resolution, the current work using the high resolution techniques as
described in Chapters 2 and 3 was carried out to obtain a better understanding of five low
frequency vibrations with broad coverage of energy levels. This chapter describes the

first high resolution microwave and infrared spectra of five bands of B-propiolactone. The

pure rotational spectrum was recorded using Fourier transform microwave (FTMW)

& A version of the work presented in this chapter has been published. Z. Chen and J. van Wijngaarden,
Journal of Molecular Spectroscopy, 257 (2009) 164-169 copyright © 2009 Elsevier and Z. Chen and J. van
Wijngaarden, Journal of Molecular Spectroscopy, 268 (2011) 107-111 copyright © 2011 Elsevier.
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spectroscopy in a supersonic jet. The resultant ground state spectroscopic constants
provided a basis for the subsequent analysis of the rotationally resolved vibrational
spectra in the far infrared region. The five vibrational bands including the vi3 (C=0
deformation in-plane), voo (C=0 deformation out-of-plane), vig (a-CH; rocking), v, (ring
deformation) and vg (C=O ring stretching) modes were studied under high resolution for
the first time. The accurately determined band centers were also compared with
computational results from DFT calculations of harmonic and anharmonic vibrational
frequencies of B-propiolactone. The band origins of the vi3 and v, bands were used to
correct the previous misassignment of these two bands from the low resolution study in
Ref. [4]. An a-type Coriolis interaction between the vi3 and v, bands was observed and
included in the quantum mechanical analysis. The ground state spectroscopic constants
were refined using the pure rotational transitions complemented with the ground state

combination differences calculated from pairs of assigned rovibrational transitions.

4.2 Experimental details

The pure rotational spectrum of B-propiolactone was recorded using the Balle-
Flygare type pulsed-jet Fourier transform microwave (FTMW) spectrometer described in
Chapter 2. Neon gas was flowed continuously over a liquid sample of B-propiolactone
(90%, Sigma-Aldrich) to make a gas mixture. The backing pressure of the gas mixture
was maintained at ca. 2 atm and the liquid temperature was kept at ~ 45°C using an oil
bath. With this sample preparation scheme, 19 pure rotational transitions of

B-propiolactone were observed.
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The rovibrational spectra of B-propiolactone were collected using the far infrared
beamline at the Canadian Light Source (CLS) as described in Chapter 3. The low
pressure gas sample was prepared by introducing vapour pressure from a liquid sample
(90%, Sigma-Aldrich) to a multipass gas cell which was set to achieve a total pathlength
of 72 m. A KBr beamsplitter and a GeCu detector were used in the required spectral
range of 400-1200 cm™ for data acquisition of the five bands. Key parameters of the
experimental setup and the number of interferograms recorded for each individual band
are summarized in Table 4.1. Sample interferograms were recorded, averaged and Fourier
transformed. Background interferograms were taken at lower resolution (0.01536 cm™),
averaged and Fourier transformed with zero filling before the final spectrum was
calculated. Out of the five bands collected in this particular spectral region, only
transitions in the highest frequency band vg at ~1095 cm™ were found to be Doppler
broadened. To save time, this band was recorded at lower resolution than the instrument’s
maximum value. Calibration of the recorded transitions was performed using lines of two
molecules (H,O transitions from 470 to 525 cm™; N,O transitions in the 550-630 cm™

and 1130-1210 cm™ regions) by comparison with those found in the HITRAN database.’
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Table 4.1: Experimental parameters of recorded bands of B-propiolactone.

Vi3 V20 V12 Vig Vs
Band origin (cm™) 491.0 5123 747.2 791.3 1095.4
Pressure (mTorr) 44 3
No. of interferograms 215 400
collected
Time spent to record interferograms (h) 22 42
Resolution (cm™) 0.000959 0.001918°
Lines used in calibration H,0 470-525 cm™ N,O
N,O 550-630 cm™ 1130-1210 cm™

4.3 Frequency calculations

As there were no prior high level ab initio calculations available for
B-propiolactone, a harmonic vibrational frequency calculation of B-propiolactone was
performed using Gaussian 03W? at the B3LYP level with a basis set of 6-311++G (2d,3p)

919 5 those frequencies were

following a geometry optimization. Anharmonic corrections
calculated via second order perturbation theory in Gaussian 03W.% Additionally, an
empirical scaling factor of 0.9679 was used to adjust the harmonic vibrational

frequencies at B3LYP/6-311++G (2d, 3p) for comparison purposes.**

2 Resolution was reduced for the vgband as at 1095 cm™ the line width is dominated by Doppler
broadening.

60



4.4 Spectral assignment and analysis

Initially, the observed pure rotational transitions and rovibrational transitions in
the five vibrational bands of B-propiolactone were assigned and fit separately. Eventually,
transitions from all five vibrationally excited states sharing the same ground state were fit
simultaneously in a global analysis using Watson’s A-reduced Hamiltonian in I'
representation in Pickett’s SPFIT program®?to obtain a complete set of spectroscopic
constants. The assignment and analysis of the pure rotational spectrum and rovibrational

spectra of the individual modes are detailed below.

4.4.1 Pure rotational spectrum

The structural determination from the early low resolution microwave study?
supports a coplanar skeleton of the B-propiolactone backbone with all five heavy atoms in
the same plane. Figure 4.1 shows the ground state structure of the B-propiolactone in its
principal inertial axis system. As an asymmetric rotor with Cs symmetry, its permanent
dipole moment components are along the a-axis (us= 3.67 D) and b-axis (up= 1.99 D)
which allow rotational transitions obeying both a- and b- type selection rules in the
microwave region. Guided by the rotational constants determined in the previous low
resolution microwave work, a set of 19 pure rotational transitions of B-propiolactone
were measured in the range of 7-21 GHz using the FTMW spectrometer. Table 4.2 lists
the assigned transitions including six a-type and 13 b-type lines, some of which were
observed for the first time. These microwave transitions were fit using Watson’s
A-reduced Hamiltonian in 1" representation in Pickett’s SPFIT program,*? the resulting

rotational and centrifugal distortion constants are given in Table 4.3.
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Table 4.2: Observed pure rotational transitions of B-propiolactone in MHz.

Vigke = Vkoxe Vobs Vobs-cal
lon. — Ooo 9113.6497 -0.0010
1y, - Ooo 16275.1813 -0.0004
lgy — 11 8536.7871 0.0016
202 — 101 18047.5972 0.0002
200 — 144 10886.0671 0.0011
21 - 110 19602.5191 -0.0010
217 — 144 16852.0194 -0.0004
21, - 202 10091.7094 0.0009
443 — 4og 16714.7804 0.0001
33 — 212 20675.6502 0.0007
31 - 312 20421.1771 0.0001
) — 413 19574.5732 -0.0003
53 — 514 19607.6468 0.0002
32 - 313 8236.6572 -0.0009
20 — 211 21664.1879 0.0000
43 — 41y 13649.6505 0.0004
32 - 221 7798.5917 0.0004
3 - 303 12733.1958 -0.0003
43 — 322 19255.5967 -0.0004
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Table 4.3: Ground state spectroscopic constants of B-propiolactone determined by

FTMW spectroscopy.
Rotational constants /MHz fem™
This work Ref. [3] This work
A 12405.9970(5) 12406.01(20) 0.413819510(16)
B 5244.4591(19) 5244.53(20) 0.174936326(6)
C 3869.1943(3) 3869.18(20) 0.129062428(9)
Centrifugal / kHz /10° cm™

distortion constants

A, 0.668(5) - 0.0223(2)
A 3.86 (6) 0.129(2)
Ak 4.30(9) 0.143(3)
§; 0.181(3) 0.00603(9)
dk 2.24(9) 0.075(3)
rms error /kHz 0.679

4.4.2 Infrared spectra of the vi,, vig and vg bands

The three vibrational bands that were first analyzed correspond to motions
involving ring deformation (v12), a-CH; rock (vig) and C=0 ring stretching (vg). Figure
4.2 shows a portion of the spectrum containing the vi2 band which exhibits a typical
a-type band contour with rotational selection rules (K,K.) eo<ee and oe<»00 as a result

of the A’ symmetry. The vi, band centered at ~747 cm™ was chosen as the first band to be
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analyzed as: 1) it is separated from other strong absorption features thus less prone to
potential interactions with nearby energy levels; 2) a series of regularly spaced spectral
patterns were readily identified through preliminary visual inspection even though the
rotational structure of this mode is dense as shown in Figure 4.3. A simulated spectrum
was generated using the estimated band origin from the previous low resolution infrared
study” and the rotational constants from the pure rotational spectroscopic study in this
work. The first attempt to assign the observed spectrum was based on comparison with
the simulated spectrum. The preliminary assignment of those regularly spaced clusters of
transitions was verified by using ground state combination differences (GSCDs) based on
the rotational constants obtained from the microwave study. The simulated spectrum was
refined after the addition of the newly assigned transitions and the process continued in
an iterative fashion until the strongest transitions were assigned. In total, 2402 transitions
were assigned from the P and R branches up to K, =18 (Jnax =68). Another 358
transitions from the Q branch were assigned with K. values between 0 and 23 with Jyax =
68. Figure 4.4 shows the progressions of assigned Q branch transitions of the vi, band
which have the typical a-type Q branch patterns. All 2760 transitions assigned from the
vi» band were fit using Watson’s A-reduced Hamiltonian in I" representation in Pickett’s
SPFIT program.*?Although only nine excited state constants (three rotational constants
and centrifugal distortion constants plus band origin) were allowed to vary in the
individual band analysis, the root-mean-square (rms) error of the fit was only 0.000128
cm™.

The vig band attributed to the a-CH; rocking motion has A” symmetry and obeys

c-type selection rules oe<»ee and eo«<00. By following the above mentioned procedure,
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a total of 2590 transitions were assigned including 350 Q branch lines. In the P and R
branches, progressions from J =5 to 45 with K¢ ranging from 1 to 42 were assigned. For
the Q branch, transitions with Jynax =52 and K. between 0 and 31 were assigned. The
assigned transitions were fit as described above for the vi2 band and the overall rms error
was 0.000126 cm™ for this isolated band analysis.

The vg C=0 ring stretching mode at 1095 cm™ has A’ symmetry and the observed
spectrum clearly shows a characteristic b-type contour with the absence of a sharp center
branch (Q) as shown in Figure 4.5. The rotational selection rules of a b-type band are
eo«—0e and ee<~00. As the Q branch transitions now heavily blend with those from the P
and R branches, the spectrum is denser than the other two bands (a-/c-type) discussed
above. For this reason, the assignment of the vg band presented extra difficulties. To
circumvent this issue, the preliminary assignment was started in a spectral region further
away from the band center where the Q branch transitions are substantially weaker. Extra
care was taken to ensure that the quantum number assignment was correct for the first
few transitions in this dense rotational structure using GSCDs. Overall, 1651 transitions
were assigned for the vgband including 726 from the Q branch. In the P and R branches,
energy levels ranging from J=3 to 46 with K, (max) =22 were covered. Progressions from
K¢ = 0 to 44 with J (max) = 53 in the Q branch were assigned. Those assigned transitions
were fit using the same method mentioned above and the overall rms error was 0.000205

cm™ for the analysis of the vg band.
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4.4.3 Infrared spectra of the vi3 and v, bands

4.4.3.1 Initial analysis of the vi3and vy bands

An overview of the high resolution vibrational spectrum containing the two C=0
deformation vibrational motions of B-propiolactone between 450-550 cm™ is shown in
Figure 4.6. In the early low resolution infrared study,* the lower band at 491 cm™ was
attributed to c-type selection rules and the higher band at 513 cm™ to a-type selection
rules based on the unresolved band contours identified at that time. As a consequence, the
author assigned the lower band to the vy C=0 deformation out-of-plane mode and the
higher band to vi3 C=0 deformation in-plane mode (referring to the motion of the
carbonyl group relative to the ring). This is inconsistent with our high resolution
spectrum shown in Figure 4.6 which clearly indicates the reverse assignment: a typical
a-type band contour at 491 cm™ and a characteristic c-type band contour with its sharp Q
branch at 513 cm™. Thus, the lower band at 491 cm™ is now correctly assigned to the vi3
C=0 deformation in-plane mode with A’ symmetry and the higher band at 513 cm™ to the
voo C=0 deformation out-of-plane mode with A” symmetry based on the unambiguous
assignment of rotational structure in the current study. This assignment is supported by
DFT calculations in the present work.

As shown in Figure 4.6, the R branch of the lower frequency vi3 band significantly
overlaps with the P branch of the higher frequency v, band. This highly congested region
adds more complexities to the spectral analysis as the preliminary assignment relies on
the observation of recurring patterns. To aid in the assignment, Loomis-Wood plots were

constructed to identify regularly spaced transitions using the Loomis-Wood add-in
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(LWA)*® to Igor Pro' so that the preliminary assignment of P and R branch transitions in
both bands could proceed using the method previously described in Chapter 3. A portion
of the Loomis-Wood plot is shown in Figure 4.7 where progressions in the R branch of
the voo band (517-534 cm™) differing in J but sharing common K. are grouped vertically
to stand out. Note that the adjacent transitions in a given cluster of lines, for example,
those outlined by the horizontal box in Figure 4.7, arise from quantum number
progressions differing by AK¢= 3 in this particular band. Figure 4.8 shows the strongest
lines assigned in a more tightly clustered small region of the vy spectrum which
correspond to such a progression.

Upon initial inspection of the preliminary assignment of the vi3 and v bands,
some transitions were found to be shifted from their predicted frequencies, causing a
larger than expected rms error. More importantly, the resultant spectroscopic constants
from the fit did not account for a large number of unassigned transitions. Also, certain
centrifugal distortion constants for the excited vibrational states were observed to have
opposite signs to those of the ground state of P-propiolactone. These unusual
observations were thought to be linked to an interaction between the vi3 and v, bands as
they are only separated by 21 cm™. To properly treat this interaction, a set of ground state

spectroscopic constants that are “perturbation free” was needed.

4.4.3.2 Determination of the ground state spectroscopic constants

Both pure rotational and rovibrational transitions from this study and Ref. [3]

were used to establish the ground state spectroscopic constants of -propiolactone. In
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Figure 4.7: A portion of the Loomis-Wood plot of the vy band of B-propiolactone
between ~517 and ~534 cm™ showing c-type progressions used to aid in its assignment.
The progressions in K¢ (shown vertically in the plot) extend over a large region of the
spectrum making adjacent lines within a K. series difficult to identify. The plot also
identifies the origin of the tight clusters of transitions (shown horizontally in the plot) in
certain spectral regions. These groupings involve transitions in which K¢, differs by three
but the ordering of lines within each cluster changes along the vertical as the progressions
cross. The box near the center of the plot identifies the region of the spectrum

corresponding to Figure 4.8 in which there are three clusters of transitions.
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Figure 4.8: The rotational structure of a small region of the R branch of the vy band of
B-propiolactone. The observed clustering of transitions arises from progressions in which
K} of adjacent transitions changes by one and K; changes by 3. The K value of each

transition is emphasised by the circles on this spectrum.
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total, 1943 ground state combination differences calculated from 3886 pairs of P and R
branches transitions were obtained which share common upper states. These were taken
from multiple vibrational bands under study here in order to span a large range of
quantum numbers including J from zero to 65. Combined with 19 microwave transitions,

a total of 1962 transitions involving only the ground vibrational state were fit using
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Watson’s A-reduced Hamiltonian in I" representation in Pickett’s SPFIT program.'? The
estimated uncertainty of the pure rotational transitions is weighted 1/1500 that of the
infrared data to reflect the greater precision of the microwave measurements. The ground
state spectroscopic constants including three rotational constants and five centrifugal
distortion constants are reported in Table 4.4. The rms error of the ground state fit was
0.000187 cm™. These ground state constants were held fixed in the subsequent infrared

band analyses to eliminate any effect of perturbed upper states.

4.4.3.3 Perturbation analysis of the vi3 and v, bands

Based on Cs symmetry, the vi3 and vy bands of B-propiolactone have A" and A"
vibrational symmetries, respectively, allowing these two bands to potentially interact via
both a-type and b-type Coriolis couplings.'® The symmetry-permitted a-type and b-type
Coriolis coupling constants were tested in the simultaneous analysis of the vi3 and vy
bands and the observed spectra were found to be sensitive to only the a-type interaction
parameter G,. With the incorporation of this perturbation term into the Hamiltonian
model, the remaining transitions were consistent with their predicted frequencies and the
centrifugal distortion constants of these two excited states matched their ground states
counterparts in sign and magnitude. More importantly, the assignment of previously
unassigned transitions with low intensity (most of which are those with low K, values of
the c-type v, band and those with high K. values of the a-type vi3 band) were readily

assigned following the inclusion of G, in the Hamiltonian model.
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Overall, 3350 transitions were assigned for the c-type vy band including 760
transitions from the Q branch. For the P and R branches, the quantum numbers of
assigned transitions span from J =5 to 40 with K, (max) =37. In the Q branch, transitions
were assigned with K. covering from zero to 41 with J (max) = 42. For the a-type vi3
band, 3067 transitions were assigned including 536 transitions from the Q branch. The
spanned quantum numbers of assigned transitions include those in the P and R branches
from J = 4 through 62 with K, (max) = 25. In total, 6417 transitions from the vi3 and vy
bands were fit using the Hamiltonian described above including the G, interaction term.

The rms error of this fit was 0.000122 cm™.

4.4.4 Global analysis

A simultaneous fit consisting of all 13311 assigned rovibrational transitions from
the vg, vi2, Vi3, Vig and vy bands was performed in Pickett’s SPFIT program using
Watson’s A-reduced Hamiltonian, 1" representation*? with the ground state spectroscopic
constants held fixed to values determined from the GCSDs and microwave data. The
determined spectroscopic parameters including the band origin along with the three
rotational constants and five centrifugal distortion constants for each vibrational state
plus the Coriolis interaction term G, between the vi3 and vy States are summarized in

Table 4.4. The overall rms error of this global fit was 0.000154 cm™.
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4.5 Discussion

The low resolution vibrational study of -propiolactone in Ref. [4] provided the
estimated band origins, selection rules and intensities which aided the high resolution
investigation discussed here. A set of accurately determined spectroscopic constants for
the ground state and five low lying vibrational states was established for the first time.
The simultaneous fit of 13311 rovibrational transitions yielded an rms error of only
0.000154 cm™ which suggests that the Hamiltonian model employed provided a good
description of the bands analyzed in the present work. From the results of this high
resolution study, the two overlapping bands, viz and vy at ~491 cm™? and ~513 Cm'l,
respectively, were unambiguously assigned for the first time. This is the opposite of the
assignment made in the earlier infrared work by of Durig* in which the band contours

were obscured by the low resolution spectrum available at that time.

4.5.1 The determination of ground state spectroscopic constants

The pure rotational spectrum of B-propiolactone was recorded for the first time
using Fourier transform microwave (FTMW) spectroscopy. Many of the vops-cal residues
are within 1 kHz as shown in Table 4.2. The three rotational constants compare
reasonably well with those determined in the earlier microwave work as shown in Table
4.3, however, centrifugal distortion constants were not determined in Ref. [3] making
strict comparison difficult. The accuracy of the rotational constants were better
determined here than in the previous study of B-propiolactone. This played an important
role in the subsequent characterization of the rovibrational spectra in the preliminary

assignment stage.
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On the other hand, the ground state combination differences (GSCDs) obtained
from rovibrational transition pairs indirectly offer accurate ground state information over
a much broader coverage of energy levels. Compared to the use of a few pure rotational
transitions with J (max) = 5 in the microwave study, energy levels up to J = 65 and
covering a broad range of K, and K values from a-, b- and c-type transitions in the
rovibrational study were included to derive the ground state spectroscopic constants via
the GSCDs. This method not only combined the broad energy level coverage of
rovibrational GSCDs and the high precision of pure rotational measurements but also
removed the upper state dependence to eliminate any perturbation effects. As a
consequence, the resulting spectroscopic parameters are well determined and physically
meaningful rather than being “effective” constants. As a result of this work, a complete,
accurate set of ground state spectroscopic constants has been established and listed in
Table 4.4 which can be used for future high resolution studies of -propiolactone using
infrared or electronic spectroscopy. In a more general sense, the protocol developed to
characterize the ground state of this prototype molecule can be used in future studies of

this type.

4.5.2 The perturbation between the vi3and v, bands

During the initial assignment of the closely spaced vi3 and v, bands, the rotational
constant A and two centrifugal distortion constants A, ok appeared to be effective values
as they were not consistent with the analogous ground state parameters as shown in
Table 4.5. For instance, both Ak and &y had opposite signs compared to their ground state

counterparts using a typical Hamiltonian model. Furthermore, these effective constants
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did not account for many low intensity transitions in these two bands. The inclusion of
the G, parameter brought better consistency with the ground state values although the
rotational constant A became less well determined due to the high correlation between G,
and itself. The rms error of the three-state fit was reduced by a factor of 30 when G, was
included in the fit suggesting that this interaction parameter is essential to the model that
accounts for the observed spectrum of the vi3 and vpo bands. This model also allowed
extensive assignment of the remaining low intensity transitions and serves as a useful
template for studying vibrational interactions in other molecules. These couplings tend to
be important in the far infrared region of the spectrum and are thus critically important
for deriving accurate potential energy profiles of molecules.

The value of the first order a-type Coriolis interaction term was determined as G,
= 0.24 cm™. The positive sign of G, indicates a positive perturbation between these two
vibrations, in which the R branch of the lower frequency vibrational band (vi3) and the P
branch of the higher frequency band (v0) gain intensity from the depleted P branch of the
lower frequency band and the R branch of the higher frequency vibration. Classically,
this occurs when two excited perpendicular motions (in this case the vi3 in-plane and vy
out-of-plane C=0 deformation motions) are enhanced by the rotation of the molecule
producing Coriolis forces in the same sense as the vibrational angular momentum of the

adjacent mode.™
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4.5.3 Determination of vibrational frequency

In this study, the band origins of the v13 (490.955500(9) cm™) vz (512.341950(9)
cm™) | vip (747.244650(8) cm™), vig (791.34300(1) cm™) and vg (1095.43357(1) cm™)
bands were accurately determined for the first time and compare well with the gas phase
low resolution infrared results from Durig (490 cm™, 513 cm™, 746 cm™, 790 cm™, and
1093 cm™).* The only exception was the misassignment of the low frequency C=0
deformation modes pairs (v13 and v, bands) in Ref. [4]. It has been shown that the a-type
band at ~491 cm™ and the c-type band at ~513 cm™ are unambiguously assigned to the
viz3 C=0 deformation in-plane mode and the v, C=0O deformation out-of-plane mode,
respectively, via the selections rules governing the rotational structure in this study.

When compared to the scaled ab initio harmonic frequencies (MP2/6-31G*)
reported by Bordejé et al®, the experimental values were found to be substantially higher
(46 cm™ and 35 cm™ higher for the v1, and vg bands for example) than the calculations. In
pursuit of a computational prediction that has better agreement with the experimental
values, new DFT calculations (B3LYP/6-311G++(2d,3p)) of the harmonic, harmonic
scaled and anharmonic frequencies were performed for B-propiolactone and the results
are shown in Table 4.6. For the vi2 and vig modes (and many modes identified in Durig’s
spectrum above 700 cm™), the anharmonic calculations have frequencies that are accurate
to within a few wavenumbers. This superior result over the two harmonic predictions was
achieved at a steep computational price, however, as the anharmonic calculations took 40
times longer to complete. Surprisingly, for the v,pand vi3 modes (the lowest two studied

here), the harmonic calculation gives predictions within ~1 cm™ of the observed
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frequencies while the harmonic scaled results are considerably lower ( ~ 16 cm™) and the
anharmonic frequencies do not show a convincing trend (~ 9 cm™ higher for the v, band
and ~ 4 cm™ lower for the vi3band). This poor result of the harmonic scaled values may
be explained by the fact that the scaling factor derived by Andersson and Uvdal was
mostly based on stretching frequencies (-CH, -NH, -CC, etc.) and the rms error was 37
cm™.™ Also, Scott and Radom commented that the scaling factors for low frequency
vibrations are different from the values derived from a particular method across the
whole infrared range.'® Therefore, it is likely serendipitous that the unscaled harmonic
calculation outperforms the scaled values. Nevertheless, the latter may provide direction
for developing more reliable, less costly calculation methods for predicting vibrational
energies. This would require systematic characterization of vibrational modes,
particularly in the far infrared fingerprint region in order to accurately determine band
centers of a range of molecules.

It should be pointed out that the lowest frequency mode (v2; ring puckering) was
observed neither in the present work nor in previous low resolution studies. This is
probably due to the low intensity of this mode as the infrared intensity is predicted to be
only 0.4% that of the intensity of the vi, band observed here. However, the band origin of
the v,; mode was estimated based on experimental observations of combination bands as
113 cm™? Assuming this is the actual fundamental frequency of the v,; mode, the closest
prediction in Table 4.6 is more than 60% away and this suggests that the modelling of the
lowest frequency modes is even more challenging. As discussed above, the comparison
between the calculated (harmonic, harmonic scaled and anharmonic B3LYP/

6-311G++(2d,3p)) and observed vibrational frequencies of B-propiolactone shows that
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none of the three methods has demonstrated systematic improvement over the others in
terms of prediction accuracy. Consequently, the value of the highly accurate band
centers obtained in this study is that they provide benchmarks for theoreticians to
improve existing calculation methods with the hope that precise, reliable modeling of

molecular motions will be available in the future.

4.6 Summary

This work is the first high resolution microwave and infrared spectroscopic
investigation of B-propiolactone. A total of 13311 rovibrational transitions corresponding
to the five vibrational bands including the vi3 (C=O deformation in-plane), v, (C=0
deformation out-of-plane), vig (a-CH> rocking), vi, (ring deformation) and vg (C=O ring
stretching) modes was assigned and analyzed using a Hamiltonian model. The resultant
spectroscopic constants for the excited vibrational states were accurately determined. The
previously misassigned carbonyl in-plane and out-of-plane vibrational modes that overlap
were unambiguously corrected based on rovibrational selection rules in this study. A first
order a-type Coriolis perturbation between these two bands was observed and treated.
The combined pure rotational transitions and ground state combination differences from
assigned rovibrational transitions provided a set of improved ground state constants that

can be used for analyses of other fundamental bands of B-propiolactone.
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Chapter 5
A high resolution study of the rovibrational spectra of 3-

oxetanone?

5.1 Introduction

In this chapter, the high resolution spectroscopic investigation of potential
functions in four-membered heterocyclic molecules is extended to 3-oxetanone
(c-C3H40y). This is a structural isomer of B-propiolactone (2-oxetanone, Cs) having Cy,
symmetry with the C=0 group on the C, axis (a-axis in Figure 5.1) and all heavy atom
are coplanar. As for B-propiolactone, 3-oxetanone has been the subject of studies aiming
to determine its structure and dynamics. The structural parameters were probed by semi-
empirical and ab initio®® calculations. On the experimental front, the microwave results
from Gibson and Harris have confirmed that the backbone of 3-oxetanone is planar with a
permanent dipole moment of 0.877 D.* The planarity was further rationalized by Meinzer
and Pringle who conducted an examination of the balance between torsional strain and
ring strain and their connection to ring planarity in a series of heterocycles based on
experimental ring puckering spectra.®> A comprehensive low resolution infrared and
Raman study in the gaseous and liquid phases by Durig led to the assignment of all 21
fundamental bands of 3-oxetanone without rotational resolution.® To date, 3-oxetanone

has not been studied by high resolution techniques.

® A version of the work presented in this chapter has been published. Z. Chen and J. van
Wijngaarden, Journal of Molecular Spectroscopy, 279 (2012) 31-36 copyright © 2012 Elsevier and Z.
Chen and J. van Wijngaarden, Journal of Physical Chemistry A, 116 (2012) 9490-9496 copyright © 2012
American Chemical Society.
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Carreira and Lord carried out the first study of the ring puckering mode of 3-
oxetanone using low resolution infrared spectroscopy.’ Later, Durig et al. observed the
fundamental of this mode and several vibrational satellites between 140 and 150 cm™ in a
more comprehensive infrared and Raman study in the gaseous and liquid phases.® The
estimated band origins from both studies were fit to a Hamiltonian model and the results
support a single-well potential with a small degree of anharmonic character. A recent ab
initio calculation by Vansteenkiste et al.® predicted that 3-oxetanone has a less
anharmonic ring puckering potential function compared to those of similar four-
membered ring molecules containing carbonyl groups but generally agrees with that
derived from the low resolution experimental results. However, the ring puckering
spectrum has never been rotationally resolved until the current work.

This chapter presents the first high resolution vibrational study of 3-oxetanone
through the assignment and analyses of the rovibrational spectra of the v; (ring
deformation) vi6 (C=0 deformation in-plane), v,o (C=0 deformation out-of-plane) and v,
(ring puckering) fundamental bands. Furthermore, the first three vibrationally excited
hotbands of the v; ring puckering mode were observed and analyzed in the spectrally
congested region of 100-200 cm™. The band centers were fit to deduce the ring puckering
potential function in the form of V=ax"+bx® using a least squares fitting routine. An
a-type Coriolis interaction between the two C=0 deformation motions, v (in-plane) and
vyo (out-of-plane) modes, was observed and included in the analysis. Accurate
information about the ground vibrational state was established using a combination of
pure rotational (Ref. [4]) and rovibrational transitions (this work), which can be used for

future high resolution analyses of other bands of this molecule. The band origins

91



determined in this high resolution study were compared with DFT calculation results and
as in the case of B-propiolactone discussed in the previous chapter, there appears to be no

systematically reliable method to model low frequency modes in 3-oxetanone.

5.2 Experimental details

The rovibrational spectra of 3-oxetanone were collected at the Canadian Light
Source (CLS) using a synchrotron based Fourier transform infrared (FTIR) spectrometer
as described in Chapter 3. The collection of the spectra was conducted in three different
spectral windows due to the intensity differences among the target bands and technical
limitations of the required optical components as described below. Generally, the sample
was prepared at room temperature by letting vapour pressure from a liquid sample (97%
purity, Synthonix) occupy the 2 m multipass gas cell with a total absorption pathlength of
72 m. During the course of the whole experiment, the instrument’s entire 9.4 m optical
path difference was utilized to achieve the maximum spectral resolution (0.000959 cm™)
for all regions.

For the low intensity v; band, a vapour pressure of 708 mTorr was used. A total of
758 separate interferograms were recorded over ~78 hours and averaged, followed by
Fourier transformation between 500 and 1130 cm™ to yield the spectrum. For this
particular region, a KBr beamsplitter and a GeCu detector were fitted to the spectrometer.
The Doppler line width of 3-oxetanone in this region is such that the observed line widths
(FWHM) were instrument limited and this is true for all other modes in this study as the
v7 Vibration is the highest frequency band. To record the spectrum of the vigand v, bands

in the range of 360-550 cm™, the spectrometer was equipped with a 6 um Mylar
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beamsplitter and a GeCu detector. In total, 454 interferograms were collected over ~45
hours at a reduced pressure of 188 mTorr. For the v,; ring puckering mode, 310 separate
interferograms were recorded in the 100-200 cm™ region at a vapour pressure of 78
mTorr with the spectrometer outfitted with 6 um Mylar beamsplitter and a helium-cooled
Si bolometer detector. Background interferograms for each setup were collected at lower
resolution (0.01536 cm™), averaged and the result was Fourier transformed with
appropriate zero filling before the calculation of the final spectra. Some important
experimental parameters are summarized in Table 5.1.

All transitions recorded were calibrated by comparison with known H,O and N,O
line positions from the HITRAN database.® The specific molecules and ranges of
transitions used in this calibration process are listed in Table 5.1. Generally, it was found

that the measured frequencies were accurate to within 0.0001 cm™.

Table 5.1: Experimental parameters of recorded bands of 3-oxetanone.

V21 V20 Vie V7
Band origin (cm™) 139.5 339.6 448.2 685.0
Pressure (mTorr) 78 188 708
No. of interferograms 310 454 758
Time spent to record 9 20 78
Resolution (cm™) 0.00096
Lines used in H.0 H.0 N2O
calibration 100-200 cm™ 360-490 cm™ 615-725 cm™

93



5.3 Frequency calculations

As there were no prior high level calculations of 3-oxetanone, harmonic
vibrational frequency calculations were performed using Gaussian 03W™° at the B3LYP
level with a basis set of 6-311++G (2d, 3p) following geometry optimization. An
empirical scaling factor of 0.9679 previously reported in the literature was used to scale
the calculated harmonic frequencies. ** The frequency predictions with anharmonic

12,13

corrections were then calculated via second-order perturbation theory in Gaussian

03W to compare with the harmonic values and experimental results.

5.4 Spectral assignment and analysis

Early microwave studies show that 3-oxetanone has a planar ring skeleton with
C,y symmetry as depicted in Figure 5.1. The observed transitions for each of the four
individual vibrational modes of 3-oxetanone were initially assigned and analyzed
independently. This allowed the assignment of each band to be verified before global
analysis. In the end, transitions from the v, vig, V20 and v,; fundamental bands were co-fit
using Watson’s A-reduced Hamiltonian in I" representation in Pickett’s SPFIT program™
from which the spectroscopic parameters for each band were accurately determined. The
first three hotbands of the v,; ring puckering mode were also analyzed along with the
fundamental transitions in a simultaneous fit. This section details the assignment and

analysis of the rovibrational spectra of these four modes of 3-oxetanone.
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5.4.1 Infrared spectra of the v; band

The vy band, attributed to ring deformation, has A; symmetry which gives rise to
a-type selection rules eo«<>ee and oe<soo. Centered at ~685 cm™, this band is well
separated from other absorption features of 3-oxetanone. Thus, it is less likely to have
interaction with adjacent vibrational modes, making it a good candidate to start the
analysis. The initial inspection of the rotational structure of the band revealed clear a-type
patterns of transitions. The estimated band center from the low resolution infrared work®
combined with the rotational constants from the microwave study provided information
needed to generate a simulated spectrum with which the observed patterns were
compared. Such comparison led to the tentative assignment of a few strong transitions
and the ground state combination differences (GSCDs) were used to confirm the quantum
number assignment. With the newly assigned transitions fit using Watson’s A-reduced
Hamiltonian, I-representation in Pickett’s SPFIT program,™ the simulated spectrum was
refined, leading to the assignment of more transitions. This process continued in an
iterative fashion until the strongest transitions were all assigned.

A total of 2768 a-type transitions were assigned including 307 Q branch
transitions. Rotational energy levels up to K; =29 with J (max) = 58 were covered in the
P and R branches while the assignment in the Q branch accounted for transitions between
Ka= 2 and 35 with J from 4 to 40. With only nine spectroscopic parameters being
allowed to vary (three rotational constants and five centrifugal distortion constants for the
v7 state plus the band origin and the ground state constants fixed to the values determined
from GSCDs and microwave data), the rms error of the isolated band fit was only

0.000114 cm™.
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5.4.2 Infrared spectra of the v,; band

The v, ring puckering mode, first observed by Carreira and Lord between 140
and 150 cm™,” has B, symmetry which gives rise to c-type transitions with selection rules
oe—ee and eo«—oo0. At a glance, a series of sharp Q branches were observed as shown in
Figure 5.2. Based on the observed intensities in this work and the assignments reported
from previous low resolution studies, these four Q branches correspond to the
fundamental and first three hotbands of 3-oxetanone which increase in frequency with the
vibrational quantum number v. The P and R branches of these bands are greatly
overlapped as the band centers are separated by ~1.5 cm™.

A Loomis-Wood plot was constructed using the Loomis-Wood add-in (LWA)

software package for Igor Pro program®: *°

with the hope of identifying patterns of
regularly spaced transitions. However, unlike the successful use of this scheme in the
analysis of B-propiolactone as discussed in Chapter 4, the dense spectrum prevented clear
observation of such trends in the plot of this molecule. A portion of the Loomis-Wood
plot of the v,; mode of 3-oxetanone is shown in Figure 5.3 a) illustrating the complexity
of the spectrum in the R branches between ~152 and ~163 cm™. This highly congested
spectral region apparently arises as a result of having four times the number of transitions,
which are on top of each other, compared with a normal (isolated fundamental) band.
This forced the initial assignment to be done via trial and error. A few strong transitions
were chosen from the R branches (shown as triangles on the Loomis-Wood plot) and a
set of quantum numbers was estimated from simulated spectra. Based on this guess, the

frequencies of their P branch counterparts (which share the same upper states) were

calculated wusing the known GSCDs obtained from the analysis of the
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v7 band. Should the selected R branch transitions have the correct quantum numbers
based on this guess, their P branch counterparts would line up with the predicted
frequencies. To eliminate the possibility of accidental matches of P and R branches pairs,
which was not uncommon given the line density in this particular case, a series of lines
attributed to the same trend had to be assigned to confirm the pattern. The efficiency of
such a trial and error assignment depends on how close the guessed quantum numbers of
candidate transitions are to their actual values and on the reliability of the ground state
information. Once the assignment of a few of the strongest transitions was confirmed,
the assignment scheme described in the previous section was followed to assign the
remaining transitions in this spectral region. The same Loomis-Wood plot with labeled
transitions is given in Figure 5.3 b) and reveals the hidden patterns in the congested R
branches of this spectral region. The strongest 12 progressions in the R branches (sharing
common K;) are labelled on the plot. These were assigned to transitions in the
fundamental band and first two hot bands of the v,; mode while progressions in the third
hot band are absent here due to the low intensity on the scale of this plot.

For the fundamental v, band, a total of 3237 c-type transitions between K,=0 and
43 with J (max) = 53 were assigned, including 400 transitions from the spectrally
congested Q branch. Once the higher state (v = 1) was well determined from the fit, it
served as the lower state to calculate combination differences (equivalent to the ground
state combination differences in the analysis of any fundamental bands) in the assignment
of transitions within the first hot band (v = 1— v = 2). This allowed the assignment of

2668 P, Q and R branch rovibrational transitions from the first hot band, spanning
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quantum number K, from 0 to 42 with J (max) = 44. The spectra of the second and third
hotbands were assigned in a similar manner. For the v=2—v=3 band, 2178 rovibrational
transitions were assigned between K,=0 and 37 with J (max) = 50. Due to the low
intensity of the v=3—v=4 band, high J transitions of this hot band were too weak to be
observed. As a result, only 1082 P, Q and R branch rovibrational transitions, about half
the number of the assigned transitions for the second hot band, were assigned with K,
values from O through 29 and J values up to 30. To demonstrate the complexity of the
analysis, Figure 5.4 shows a narrow spectral window of 0.15 cm™ containing more than

20 transitions assigned to all four bands.

5.4.3 Infrared spectra of the vis and vy bands

5.4.3.1 Initial analysis of vi¢ and v, bands

The vy C=0O deformation out-of-plane mode at 399.6 cm™ has B; symmetry
corresponding to c-type selection rules (oe<>ee and eo<>00). The v band, attributed to
the in-plane mode of C=0 deformation at 448.2 cm™, has B, symmetry which give rise to
the b-type selection rules (eo<—oe and ee<s00). Compared to the isolated v; band
previously discussed in section 5.4.1, the assignment of these two bands was more
challenging not only because the vig band is inherently weak, but also because the R
branch of the v, band significantly overlaps the P branch of the vig band. This results in a
very dense spectrum as shown in Figure 5.5. For this analysis, a Loomis-Wood plot was
constructed in an effort to identify patterns of the strongest progressions of transitions.

An example of this is shown in Figure 5.6.
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During the preliminary assignment stage, while many transitions lined up almost
at the calculated frequencies, a number of transitions appeared to be noticeably shifted
from their predicted frequencies. Figure 5.7 shows an example of one of these outliers. In
the preliminary fits of the individual bands, certain excited states parameters (most
notably A and Ak) were inconsistent with those in the ground state and, more importantly
the Hamiltonian model could not account for many unassigned transitions (most of which
were high K, or K lines for the a- or c- type bands, respectively). Such discrepancies
suggested that there were perturbations between these two adjacent bands, which are 48
cm™ apart and share a large overlapping range. Also it can be seen in Figure 5.5 that the
Voo Spectrum exhibits a 3:1 intensity ratio between the P and R branches and this is often
an indication of intensity borrowing as a result of interaction with nearby energy levels of
another band. To fully account for the observed perturbation, efforts were made to seek a
set of “perturbation free” ground state spectroscopic constants as outlined below. This is
done to ensure that the spectroscopic constants for both the ground state and excited
states are physically meaningful rather than “effective” constants that reflect the best

mathematical solution.

5.4.3.2 Determination of the ground state spectroscopic constants

A combination of pure rotational and rovibrational transitions from Ref. [4] and
the Vo1, vis, V2o and vy bands in this work was used to determine the ground state
spectroscopic constants of 3-oxetanone via direct fitting of the microwave frequencies
and GSCDs. GSCDs obtained from the a-/b-type rovibrational transitions provide

coverage of energy levels with high J and K. values while those from the c-type bands
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offer information about the high K, levels. When GSCDs obtained from all three types of
bands were combined, the ground state parameters were well-determined, owing to the
broad coverage of energy levels provided by such a set. In the end, 2532 rovibrational
GSCDs were obtained from four vibrational bands of 3-oxetanone with J up to 61 and K,
(max) = 34. This set of GSCDs supplemented with the nine previously reported pure
rotational transitions® was fit using Watson’s A-reduced Hamiltonian in I" representation
in Pickett’s SPFIT program.** The resultant spectroscopic constants are presented in
Table 5.2. The uncertainty assigned to the pure rotational transitions was 1/1500 that of
the infrared transitions to reflect the greater precision of the microwave data. The ground
state constants were held fixed in the subsequent global analyses of the excited

vibrational states.

5.4.3.3 Perturbation analysis the vi5 and v, bands

Based on C,, symmetry, two bands with B, (vig) and B; (vy) vibrational
symmetries may interact through an a-type Coriolis perturbation.'” Since the untreated
perturbation was isolated through the isolated characterization of ground state energy
levels, the Coriolis coupling can be dealt with in the upper states directly. A symmetry-
permitted a-type Coriolis coupling constant G, was incorporated into the Hamiltonian
model, allowing the assignment of the remaining high K, and K¢ transitions in the v and
vie bands, respectively. Figure 5.8 shows a zoomed-in section in the Q branch of the vy
band where transitions sharing common J=26 line up nicely with the predicted
frequencies. In total, 4143 transitions were assigned for the b-type vi¢ band including 949

transitions from the Q branch. The spanned quantum numbers of assigned transitions
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include those in the P and R branches from J=1 through 74 with a maximum K, value of
37. Transitions in the Q branch were assigned with K, between 0 and 32 and J up to 46.
For the c-type vy band, overall 2814 P and R branch transitions between K, =4 and 45
with J (max) =45 and 594 Q branch transitions with K, up to 19 with a maximum J value
of 52 were assigned. The rovibrational analysis of 7551 transitions assigned from these
two vibrational states yielded a rms error of only 0.000108 cm™ with the ground state
constants held fixed to values determined from the analysis described in the previous

section.

5.4.4 Global analysis

Two global fits which incorporate rovibrational transitions from multiple
vibrational energy levels were performed in Pickett’s SPFIT program using Watson’s
A-reduced Hamiltonian, I"-representation'® with the ground state spectroscopic constants
held fixed to values calculated from GSCDs. A total of 13556 rovibrational transitions
from all fundamentals (v7, vis, V20 and v,; bands) were fit in a simultaneous way and the
resulting spectroscopic constants are listed in Table 5.2. A second global fit including 9
165 transitions from the fundamental and first hotbands of the v,; ring puckering mode
was established, and a set of spectroscopic parameters was obtained as shown in Table

5.3.
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5.5 Discussion

5.5.1 Determination of ground state spectroscopic constants

Despite the fact that the pure rotational measurements normally offer better
precision, the ground state spectroscopic parameters obtained from fitting the ground
state combination differences in this work are better determined than those in the prior
microwave work.* This is a result of the inclusion of energy levels spanning a larger
range of quantum numbers (the coverage of high J and K. levels from the a- and b- type
bands and the high K, levels assigned from the c-type bands in this study). The latter are
sensitive to centrifugal distortion constants, whereas the microwave data consisting of
nine pure rotational transitions (sampled energy levels to up to J =3) was only fit with the
rotational constants A, B and C. As shown previously for 3-propiolactone, the improved
ground state parameters were key to successful rovibrational assignment of the far
infrared spectrum and in this case, this was essential for unravelling both the Coriolis
perturbed bands and the congested hot band spectra. Thus, even though 3-oxetanone has
greater symmetry, careful characterization of the ground state spectroscopic parameters is

important.

5.5.2 The perturbation between the v and v,o bands

During the initial assignment of the overlapping vig and v, bands, it was found
that, although the strongest transitions were readily assigned, the rotational constant A
and the centrifugal distortion constant Ak seemed to be “effective” constants as they were
not consistent with their ground state counterparts as shown in Table 5.4. With the

inclusion of the Coriolis interaction parameter G, the spectroscopic parameters A and Ag
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showed better consistency with the ground state analogues as seen in Table 5.4, however,
the excited state A rotational constant became less well-determined due to a high
correlation between G, and itself. The rms error of the three-state fit (the ground state, vig
and vy States) was reduced by a factor of three when G, was included in the fit, meaning
that this set of constants gives a much better description of the observed spectra of the vig
and vy bands. Furthermore, this term allowed extensive assignment of the rotational
structure of the two low frequency bands (over 7000 transitions in total for these two
bands alone). This study shows that interacting bands should be analyzed together so that
the perturbation can be dealt with. It should be pointed out that the symmetry
considerations (discussed in Section 3.3.1.2) provided a very useful guideline to predict
and analyze this type of perturbation which when left untreated often prevents complete
assignment of rovibrational spectra. The successful application of this scheme can be
extended to the spectral analyses of other molecules.

As a similar a-type Coriolis interaction was observed in B-propiolactone (also
between two in-plane and out-of-plane C=0 deformation modes as discussed in Section
4.5.2), it is interesting to compare this coupling in these two structural isomers. The G,
values determined for both molecules have positive signs, indicating a positive Coriolis
interaction. This is consistent with the observed intensity stealing from the R branch of
the higher band (vi6) and the P branch of the lower band (vz0). An imbalanced intensity
ratio of 1:3 between the P and R branches of the vy, band is very obvious in Figure 5.5.
The rms error of the three-state fit was reduced by a factor of three when G, was included
in the Hamiltonian model for 3-oxetanone while a factor of 30 reduction was obtained for

B-propiolactone. Mathematically, a large rms error may be due to the number of
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perturbed transitions, the magnitude of the perturbation (to individual transitions), or both.
The former is supported by the examination of individual vgps.ca Values in the
non-Coriolis fit which revealed many more transitions affected by Coriolis interaction in
the B-propiolactone case. This is not surprising because the two coupled states of
B-propiolactone are only ~12 cm™ apart whereas the vig and vy bands of 3-oxetanone are
separated by almost 50 cm™, meaning that more rovibrational energy levels are close

enough to potentially interact with each other in the former in comparison to the latter.

5.5.3 The v; ring puckering mode

5.5.3.1 The ring puckering potential function

Transitions from the v ring puckering fundamental and first three hotbands were
unambiguously assigned using lower and upper state combination differences, resulting
in a simultaneous fit of 9165 lines with a rms error of only 0.000098 cm™. Such
remarkably low rms error indicates that the Hamiltonian model gives an accurate
description of the energy levels in the first four excited states of the ring puckering
potential energy ladder. Among those spectroscopic constants determined from the
rovibrational analysis, the corresponding band centers were accurately determined as:
139.549148(5) cm* (fundamental), 141.093457(14) cm ™ (v = 1— v = 2), 142.644034(19)
cm ™ (v = 2—v = 3) and 143.989670(26) cm * (v = 3—v = 4) A least squares fitting

method was used to derive the ring puckering potential function of 3-oxetanone.™® This is
based on a Hamiltonian model for an oscillator in the form of: H = 2% + ax* + bx? (U is

the ring puckering reduced mass of 3-oxetanone, assumed to be 151 amu as determined

in Ref. [7]). Using the band centers from this study, the potential function was
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determined in the form of V = ax* + bx? where a = 2.04388 x 10° cm™*/A* and b =
4.26392 x 10* cm™/A*. The positive sign of the quadratic term b is indicative of a single-
well potential function.

Comparing the values with those in Carreira and Lord’s work (a = 1.86 x 10° cm’
YA* and b = 4.31 x 10* cm™/A%), the quartic term has changed considerably (~10%)
relative to the quadratic coefficient b. This is likely caused by the fact that their reported
band centers are systematically blue-shifted, most severely for the first two bands by
about a half wavenumber. Figure 5.9 shows an example of the Q branch structure of the
ring puckering fundamental. It can be seen that the determined band center from this high
resolution study is the frequency of the onset of the sharp Q branch structure whereas the
point of maximum absorption was chosen in the low resolution study. This comparison
underlines the value of high resolution investigation in the accurate determination of
potential energy functions that reflect molecular properties.

From a chemical point of view, a larger quartic constant (a) determined from this
work implies greater ring strain (in favour of a planar ring) in 3-oxetanone than
previously thought as the quartic term reflects the magnitude of the ring strain while the
quadratic term indicates the torsional forces. This is consistent with Meinzer and
Pringle’s conclusion that there is a reduction in torsional repulsion that accompanies
insertion of a carbonyl group, favouring a planar ring.> Mathematically, an increased a
constant in a function of form V = ax* + bx? suggests that the shape of the potential is
flatter about its minimum and less harmonic than expected from early studies. However,
compared with related four-membered heterocycles, 3-oxetanone’s ring puckering

potential is still considered fairly harmonic.®
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5.5.3.2 Vibrational dependence of rotational constants in the first four levels
of the ring puckering mode

The rotational constants determined in this study for the v; ring puckering
fundamental and first three hotbands are compared to those from the microwave
experiment of Gibson and Harris.* The rotationally resolved infrared spectrum of the vy;
ring puckering mode of 3-oxetanone is described by three rotational constants and five
centrifugal distortion constants as shown in Table 5.3. More importantly, all terms in the
Hamiltonian model seem to be more physically meaningful compared to those in the
early microwave work in which only three rotational constants were included in the
analysis.*

The rotational constants from the fundamental and first three hotbands are plotted
as a function of vibrational energy level in Figure 5.10 and reveal a linear relationship for
each. This is consistent with a relatively harmonic single-well potential for the ring
puckering mode of 3-oxetanone.'® % The plot of the A rotational constants exhibits a
rather large negative slope compared to those of B and C. This can be justified by
considering the structure of the ring in its principal inertial axis system. The ring is
divided by the a-axis through the two oxygen atoms (as seen in Figure 5.1). Higher
excited vibrational states for the ring puckering mode result in geometries such that the
two oxygen atoms are further away from the a-axis on average as the ring flexes. This
would increase I, and decrease the A rotational constant for higher ring puckering
vibrational states. As for the increased B and C constants, this observation can be
rationalized by the fact that the heavy atoms of the ring are, on average, closer to the

b- and c- axes during the ring puckering motion in 3-oxetanone (as they move off the a-
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Figure 5.10: Rotational constants plotted as a function of the vibrational energy levels of

the ring puckering mode of 3-oxetanone.
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axis).

5.5.4 Determination of vibrational frequency

For the other low lying fundamental modes of the 3-oxetanone, the band origins
of the voo (399.588606(6) cm ™), vi6 (448.194670(5) cm ™) and v; (684.994728(7) cm™?)
modes were accurately determined for the first time via a simultaneous fit of 13556
assigned rovibrational transitions (including 3237 transitions from the vy; ring puckering
mode). They compare well with values reported by Durig (401 cm™, 448 cm™ and 683
cm™).® The fact that this co-fit of more than thirteen thousand transitions across four
different vibrational energy states has an exceptionally small rms error of 0.000108 cm™
has illustrated the validity of the Hamiltonian model employed to accurately describe
these rovibrational energy levels.

Both harmonic and anharmonic DFT calculations of the frequencies of the
vibrational modes of 3-oxetanone are compared with those observed in this high
resolution study in Table 5.5. Scaled harmonic frequencies based on an empirical scaling
factor (0.9679)* were also included in the comparison. Generally, the determined band
centers of the vy (399.588606(6) cm ™), vis (448.194670(5) cm ™) and v, (684.994728(7)
cm ) modes in this study compare well with the harmonic frequencies at the level of
B3LYP/6-311++G (2d, 3p) (410, 449% and 688 cm ). The scaled harmonic (397, 434 and
666 cm *) and anharmonic frequencies (411, 444 and 680 cm ™) provide roughly the same
degree of agreement. Although the largest discrepancy is only ~15 cm™, the above

comparison clearly shows that none of the calculation methods delivers a systematic,

 The underlined frequency indicates the closest prediction of that vibrational mode among the
three calculation methods compared to the experimental value.
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reliable prediction of vibrational frequencies as each of the three provides the best
calculated frequency of only one of the three bands. This observation is consistent with
the DFT calculations of vibrational frequencies in f-propiolactone.

Furthermore, the wvy; ring puckering mode of 3-oxetanone observed at
139.549148(5) cm™ provides a rare opportunity to test the validity of theoretical
modelling of this very low frequency vibrational mode which was not detectable in the
case of B-propiolactone due to its low intensity. As it can be seen in Table 5.5, the scaled
harmonic calculation gives the best match of frequency at 135 cm™. This is likely
coincidental as the scaling factor used here was derived based mainly on high frequency
stretching modes™ and our observations have shown that this particular mode of
3-oxetanone has a nontrivial degree of anharmonicity in its potential function. Ironically,
the anharmonic result (158 cm™) has the worst predicted frequency, despite the fact that it
takes ~40 times longer to compute. Again, the combined experimental and theoretical
studies of the vibrational frequencies of 3-oxetanone have shown that the modelling of
low frequency, anharmonic vibrations still presents difficulties due to the lack of precise,

widely-available methods.

5.6 Summary

The first rotationally resolved vibrational study of 3-oxetanone is reported here.
By analyzing the high resolution infrared spectra collected using synchrotron light at the
Canadian Light Source, 13556 rovibrational transitions from the vz1, Voo Vi and vy
fundamental vibrational modes were assignment and fit. Besides the accurate

determination of spectroscopic parameters of the excited states including the band origins,
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rotational and centrifugal distortion constants, the ground state of 3-oxetanone has been
comprehensively characterized using GSCDs with the coverage of a broad range of
energy levels. An a-type Coriolis coupling was identified between the two perpendicular
C=0 deformation modes and treated to account for the perturbed transitions. For the vy
ring puckering mode, a total of 9165 transitions from the fundamental and first three
hotbands were unambiguously assigned using lower and upper state combination
differences. Among the accurate spectroscopic constants obtained from fitting the
assigned transitions, precise band origins of the first four levels of the ring puckering
vibration allowed the determination of the ring puckering potential function of 3-
oxetanone in the form of V=ax*+bx® where a = 2.04388 x 10° cm™/A* and b = 4.26392
x 10* cm™/A*. This model suggests that the ring puckering potential is flatter and less
harmonic than previously thought. However, the linear trend in the rotational constant as
a function of vibrational level shows that it is still fairly harmonic compared to other

members of this four-membered heterocycle family.
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Chapter 6

A high resolution study of the rovibrational spectra of azetidine®

6.1 Introduction

Unlike B-propiolactone and 3-oxetanone discussed in Chapters 4 and 5, which are
planar due to carbonyl insertion to the ring, azetidine (c-C3HgN) has a puckered ring
backbone and the —NH functional group can move between equatorial or axial positions
as illustrated in Figure 6.1. This conformational ambiguity in azetidine makes it an
interesting prototype of a flexible four-membered heterocycle for quantum mechanical
modelling that has a greater degree of complexity than in the previous two cases.
Particularly in this molecule, the low energy dynamics are influenced by the presence of
two large amplitude vibrations (—NH inversion and ring puckering, shown in Figure 6.2)
and the interaction between them. Thus, the examination of the low frequency vibrational
modes of azetidine offers new insights into the characterization of the highly dynamic
heterocyclic molecules.

As a result of the interesting dynamics, the potential energy functions of azetidine
have been the subject of both experimental and theoretical investigation. The vibrational
spectrum of azetidine was recorded in the gas phase,™? liquid phase”* and in a solid
argon matrix.* Based on the infrared spectrum collected between 400 and 3400 cm™ at
low resolution and ab initio force field calculation results, Dutler and co-workers

conducted a comprehensive vibrational study where the assignment of the normal modes

& A version of the work presented in this chapter has been published. T. Zaporozan, Z. Chen and J.
van Wijngaarden, Journal of Molecular Spectroscopy, 264 (2010) 105-110 copyright © 2010 Elsevier. The
data was collected by T. Zaporozan. Correct (published) assignments and analysis were done by Z. Chen
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Figure 6.1: Structure of: a) azetidine in its principal axis system; b) equatorial conformer
and c) axial conformer. The definition of the ring puckering (6) and —NH inversion ()

angles are given graphically.

(a)

(c)
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Figure 6.2: One dimensional potential energy functions of azetidine presented in: a) -NH

inversion (f); b) ring puckering (8) and c) the concerted ring puckering and -NH
inversion (X=6=t) coordinates.
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was established.”

As the most characteristic vibrational motion in four-membered heterocycles, the
ring puckering mode of azetidine has been investigated extensively using microwave and
infrared spectroscopic techniques as well as theoretical calculations. The results showed
disagreement about the form of its potential energy function. Carreira and Lord °
measured the low resolution far infrared spectrum corresponding to the vig puckering
manifold and initially fit the fundamental along with hot bands to an asymmetric double
well potential function with minima corresponding to a puckered ring backbone with the
amine hydrogen atom in either an equatorial or axial position. The barrier to
interconversion between the two conformers was predicted to lie 441 cm™ above the
lower minimum which was assumed to correspond to the equatorial structure. The energy
of the two conformers are separated by 95 cm™.° Later, the results from a re-analysis of
the far infrared data by Robiette et al. showed better agreement with a single well
asymmetric potential function with the equatorial conformer being the only stable
structure.® Subsequent investigations including ab initio calculations,”®a Raman study®
and a more recent low resolution far infrared study are qualitatively consistent with this
potential function.™

The structural parameters of azetidine were determined in a combined microwave
and electron diffraction study by Glnther and co-workers in which the presence of the
equatorial conformer was confirmed along with a ring puckering angle of 29.7°. Later,
Lopez et al. measured the pure rotational transitions via high resolution FTMW
spectroscopy in multiple vibrational states of the ring puckering manifold and a

tunnelling doubling was observed. ** Combined with ab initio calculations, they
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investigated the potential function along both the ring puckering (6) and —NH inversion
(B) coordinates. Their ab initio calculations suggest that azetidine has: a) asymmetric
single well potential functions along the pure —NH inversion (6=0 and +#0) and pure ring
puckering (6£0 and B=0) coordinates as shown in Figure 6.2 (a) and (b), respectively; b)
a symmetric double well potential function along the coordinate of involving both the
—NH inversion and ring puckering vibrations (along the diagonal of the potential energy
surfaces defined by 6 and B, i.e. 6=B). The shape of the potential function is qualitatively
shown in Figure 6.2(c) and has an estimated barrier of 1900-2600 cm™ through an
intermediate with C,, symmetry. The observed tunnelling splitting in the microwave
region was attributed to the coupling between the ring puckering and —NH inversion
motions along this combined coordinate.*?

In this chapter, the assignment and analysis of three rotationally-resolved
vibrational bands including the vi4 (B-CH; rocking), vis (ring deformation) and vi6 (ring
puckering) motions of azetidine are reported. For the first time, the band origins of the
three lowest vibrational modes of azetidine were accurately determined and compared
with results of previous theoretical calculations. The analysis of the rotational structures
of the vi4 and vi5 bands revealed the existence of transitions obeying both a- and c- type
selections rules suggesting that these vibrational modes are coupled to —NH inversion
tunnelling. In contrast, only a-type transitions were observed in the vi band. The global
analysis of assigned transitions from these bands enabled the precise characterization of
the lowest three vibrational states of azetidine and thus, provided detailed information

about the vibrational energy landscape of this highly fluxional molecule.
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6.2 Experimental details

The far infrared spectra of azetidine were recorded at the Canadian Light Source
(CLS) using a synchrotron based Fourier transform infrared (FTIR) spectrometer as
described in Chapter 3. The gas sample was prepared by introducing vapour pressure
from a liquid sample (98% purity, Sigma-Aldrich) into a gas cell. Instead of the 2 m
multipass gas cell (physical dimension, capable of providing up to 72 m total absorption
pathlength) used in the studies reported in Chapters 4 and 5, a smaller, 30 cm White cell
set to a total absorption pathlength of 7 m was used due to the expensive cost of the
azetidine sample (~ $1000 /ml).

Data for the v14, v15 and vig bands were recorded in two different spectral windows
due to the different specifications of the required optical system of the interferometer. In
the lower region of 100-350 cm™, the spectrometer was equipped with a 6 pm Mylar
beamsplitter and a helium-cooled Si bolometer detector. For the vig band in this region, a
sample pressure of 700 mTorr was maintained during the data acquisition and 17 separate
interferograms were obtained. For the vi4 and vi5 bands between 500 and 850 cm?, 60
mTorr sample pressure was used with the spectrometer outfitted with a KBr beamsplitter,
a GeCu detector and an optical filter (490-1190 cm™). A total of 112 separate
interferograms were recorded in this spectral region. The instrument was set to collect
spectra at the highest spectral resolution of 0.000959 cm™ for both windows. Key
experimental parameters are summarized in Table 6.1.

The final spectra were calibrated in the two spectral windows mentioned above
separately. Residual water lines observed in the 130-300 cm™ region were compared with

those in the HITRAN database.*® In the higher spectral window, CO; lines at ~667 cm™
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Table 6.1: Experimental parameters of recorded bands of azetidine.

V14 Vis Vi
Band origin (cm™) 736.7 648.1 207.7
Pressure (mTorr) 60 700
No. of interferograms 112 17
collected
Time spent to record 13 3
interferograms (h)
Resolution (cm™) 0.00096
Lines used in CO, H.O
calibration around 667 cm™ 130-300 cm™

were used for calibration in the same way. Generally, it was found that the measured
frequencies were accurate to within 0.0001 cm™ and 0.0007 cm™ for the lower and higher

spectral windows, respectively.

6.3 Spectral assignment and analysis

The combined microwave and electron diffraction study by Giinther et al.!
showed that the ground state structure of azetidine has a puckered ring skeleton with a
ring puckering angle (0) of 29.7° relative to the ab-plane of the molecule as shown in
Figure 6.1 (a). In the microwave study of the ground state and several ring puckering
excited states of azetidine by Lopez and co-workers,** tunnelling splittings due to ~NH
inversion coupled to the ring puckering vibration were observed. The double well
potential in Figure 6.2 (c) gives rise to a splitting of vibrational states below the barrier.
Based on their high quality microwave spectrum, two sets of spectroscopic constants
were established for the ground vibrational state as a result of this splitting which are

labelled 0" and 0" in which the added superscript describes the symmetry of the -NH
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inversion component of the wavefunction. However, based on the similarity of the
spectroscopic constants for states 0* and 0", the analogous splitting in the far infrared
spectrum is below the resolution of any FTIR spectrometer.

In such flexible molecules, it is often necessary to consider the large amplitude
motions when describing the selection rules that govern the allowed transitions. This
permits the treatment of tunnelling splittings and of transition types which would not be
observed in the absence of tunnelling. In the case of azetidine, the point group
classification is Cs but when one considers the possibility of —-NH inversion, the molecule
belongs to the C,, molecular symmetry group.** Molecular symmetry group theory and
its application to flexible molecules is treated in detail by Bunker and Jensen'* and was
used in Ref. [11] to describe the relevant symmetry features of azetidine for the
microwave spectrum.

Based on the C,, molecular symmetry group, the —NH inversion motion has B;
symmetry (T'in) and thus the tunnelling split states (such as 0" and 0°) have a symmetric
component with A; inversion symmetry and an antisymmetric component with B;
inversion symmetry. The three excited vibrational states in the current study have B;
symmetry (I'vir) and significant —NH out-of-plane character # ** which facilitates coupling
of these vibrations to the —NH inversion motion. The symmetry of the rotational part of
the wavefunction (I'yo) depends on the even (e)/odd(o) nature of the K, and K. quantum
numbers. For azetidine, the rotational energy levels have the following symmetries:
Ai(ee), Az(e0), B1(00) and B,(oe) for various combinations of (K4K¢).

The allowed transitions are governed by the product of the symmetries of the

rotational, vibrational and inversion parts of the wavefunction (I'voXI'vipXTiny) for each
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state. The product of the wavefunctions for the upper and lower states must contain the
totally symmetric (A1) representation when combined with the symmetry of the space-
fixed molecular dipole moment (A,). Considering this, there are two possibilities as
shown in Figure 6.3: a-type rotation-vibration-inversion transitions between rotational
levels of eo<>ee and oe<>00 symmetries and c-type rotation-vibration transitions between
rotational levels of ee«<»o0e and oo<>eo symmetries. Thus, although the resolution of the
spectrometer may be insufficient to resolve two closely spaced sets of transitions
originating from the tunnelling split ground state (0" and 07), the possibility of transitions
that cross inversion states (a-types) are indicative of the presence of —NH inversion
tunnelling.

Initially, the observed rovibrational transitions in the vi4, vis and vig bands of
azetidine were assigned and fit separately. Ultimately, transitions assigned in the
individual analyses of all three bands were fit simultaneously in a global analysis using
Watson’s A-reduced Hamiltonian in I" representation in Pickett’s SPFIT program™ to
obtain a complete set of spectroscopic constants for these states. The assignment and

analyses of the rovibrational spectra of azetidine are detailed below.

6.3.1 Infrared spectrum of the vi5 band

The vi6 ring puckering mode has B; symmetry and as described above, may
involve a-type and c-type transitions. Centered at ~207 cm™ as shown in Figure 6.4, this
band is isolated from other vibrational modes, making it a good candidate to start the
rovibrational analysis. The overall band contour is that of an a-type band and a closer

look at the rotational structure reveals a series of regularly spaced patterns. These a-type
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progressions were then compared with the simulated spectrum based on the ground state
constants from Ref. [11] and the estimated band origin from Ref. [2]. This comparison
led to the tentative assignment of a few strong transitions in each progression that was
confirmed by ground state combination differences. Figure 6.5 shows such leading
transitions in the R branch following the trend AJ = +1, AK, = 0 and AK, = +1 toward the
band center (lower frequency side). The simulated spectrum was refined after the
addition of the newly assigned transitions and the process continued in an iterative
fashion until the strongest transitions were assigned.

A line list of assigned transitions for the vi band was compiled including 2350
a-type transitions from the P and R branches and 928 transitions from the Q branch.
Rotational energy levels with J from 4 through 55 were covered in the P and R branches
while the assignment in the Q branch accounted for transitions between K. = 5 and 32
with J up to 46. All 3278 a-type transitions were fit using Watson’s A-reduced
Hamiltonian in I" representation in Pickett’s SPFIT program™ and a set of spectroscopic
constants including the band origin, ground state and excited state rotational constants
and centrifugal distortion constants were determined. These accurately determined
constants were used to predict line positions of c-type transitions, which are allowed by

symmetry, but no such transitions were found in the observed spectrum.

6.3.2 Infrared spectrum of the v14 band
The vi4 band of azetidine is attributed mainly to the B-CH, rocking motion with
B1 symmetry and follows the same selection rules as the vig band. Figure 6.6 shows an

overview of the vi4 band at ~ 736 cm™ alongside the vi5 band at ~648 cm, which both
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exhibit characteristic a-type band contours. A similar assignment scheme as described
previously was applied to the observed transitions of the vi4 band. A total of 3333 a-type
rovibrational transitions were assigned including 902 from the Q branch. The spanned
quantum numbers of assigned transitions include those in the P and R branch from J=5
through 55. For the Q branch, transitions were assigned with K, between 5 and 33 and J
up to 46. The resulting spectroscopic constants from fitting the a-type transitions allowed
the assignment of clusters of lower intensity spectral lines which turned out to be c-type
progressions of this mode. An additional 3071 c-type transitions (2565 P/R and 506 Q)
were assigned and added to the a-type line list to yield a set of constants that have taken
both a-and c- type transitions into account. This provides a broad coverage of energy

levels and hence the spectroscopic parameters are better determined.

6.3.3 Infrared spectrum of the vi5 band

The vis ring deformation mode at ~648 cm™ has B; symmetry, giving rise to
transitions following the same selection rules as the two bands discussed previously.
Using the above mentioned assignment method, a total of 2130 a-type transitions were
assigned including 250 from the Q branch. In the end, P and R branch energy levels
ranging from J=6 to 47 were covered while transitions from K. = 4 to 25 with J (max) =
40 in the Q branch were assigned. Compared to the other two bands, fewer transitions
were assigned in the Q branch. Most of unassigned transitions are those of selection rules
AJ =0, AK, =0, AK, = £1 and their spectra were not resolved in some spectral regions as
shown in Figure 6.7, which is not the case for the other two bands. Similar to the vi4

mode, lower intensity c-type transitions were identified using the predictions based on the

141



Figure 6.7: A detailed section of the Q branch of the vi5 band of azetidine. On top, the
transitions are assigned readily for a range of J levels; at the bottom, the transitions are

not resolved while the dotted lines indicate their predicated frequencies.
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assignment of a-type transitions. As a result, 2464 c-type transitions (2060 P/R and 404 Q)
were added to the fit and ultimately a set of constants for the vi4 mode were determined

from both a- and c-type transitions.

6.3.4 Global analysis

A global fit which incorporated a total of 14276 rovibrational transitions from the
via, V15 and vig bands of azetidine was performed in Pickett’s SPFIT program using
Watson’s A-reduced Hamiltonian, I-representation™ and the resulting spectroscopic
constants are listed in Table 6.2. Note that in the absence of any evidence of perturbation,
the ground state parameters were not independently determined via ground state
combination differences and the overall spectroscopic parameters were consistent in sign

and magnitude across the states under study.
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Table 6.2: Spectroscopic constants for the ground state, vi14, v15 and vy States of azetidine.

Ground state Via Vis Vi6
v/cm™ 736.701310(7)  648.116041(8)  207.727053(9)
Rotational constants / cm™
A 0.3820335(4) 0.38088655(48)  0.3817851(4) 0.3812410(12)
B 0.3782355(4) 0.37845869(46)  0.3783896(4) 0.3776991(11)
C 0.22055364 (10)  0.21967532(10) 0.22007381(10) 0.21967045(10)
Centrifugal distortion constants / 10° cm™
A, 163.4(3) 169.5(5) 156.3(4) 140.6(12)
A -164.6(16) -197 (2) -145.5(20) -81.(9)
Ak 220.1(19) 239.1(19) 226.6(20) 195.(9)
Jj 48.32(16) 52.7(3) 45.36(19) 37.6(6)
dk 41.2(5) 35.3(6) 41.7(6) 46.6(3)
rms error / 0.000154

cm?

6.4. Discussion

6.4.1 The ground state of azetidine

In the microwave study of azetidine by Lépez et al.', the observed pure rotational
transitions were doubled and treated as two separate states within the ground vibrational
state. These were labelled as symmetric (+) and antisymmetric (-) tunnelling states
corresponding to the interconversion of azetidine between equivalent equatorial
structures as shown in Figure 6.2 (c). Their reported spectroscopic constants for the 0*
and 0 are essentially the same to within the reported uncertainties (0.4 kHz or 1.3 x 10
cm™) and thus, the same tunnelling splittings (i.e. two closely spaced sets of a-type or c-
type transitions) were well below the resolution of even the best FTIR instrument.

Generally, the ground state rotational constants determined in the present far infrared
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study compare well with those from the pure rotational study in Ref. [11]. Only small
discrepancies were found when comparing rotational constants for the v ring puckering
state (~0.00024 cm™ for A and B) and this is likely due to the fact that the two analyses
involved different data sets (numbers of transitions, energy level coverage) with different
sensitivity to parameters in the Hamiltonian model. Based on the high degree of
consistency between the ground state spectroscopic constants with the results in Ref. [11],
the same equatorial conformer of azetidine was observed in both studies. Due to the
multiplex advantage of FTIR, it can be further confirmed that this equatorial conformer is
the only stable geometry as no additional transitions attributable to the axial conformer

were observed.

6.4.2 Symmetry considerations in rovibrational analysis

The current work shows that the vi4 and vi5 bands exhibit both a- and c-type
transitions in their infrared spectra, which is not surprising as both modes have a
considerable —NH out-of-plane component according to the ab initio force field
calculation in Ref. [2] that suggested that the vi4 and vi5 bands contain 40% and 30%
—NH out-of-plane bending character, respectively. This unusual observation of
rovibrational transitions with mixed selection rules within the same vibrational band
indicates that low frequency modes cannot be adequately described by a single normal
mode such as C—H stretching, CH,-rocking, twisting, etc. as is typical when interpreting
higher frequency motions. Instead, vibrational modes in the far infrared region often

involve large amplitude motion of multiple nuclei and this requires the use of molecular
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symmetry group theory to account for the states observed due to the highly dynamic
nature of these molecules.

A similar combined a- and c-type spectrum was not found in the region of the vig
ring puckering mode. The overview of the vig band as shown in Figure 6.4 is dominated
by strong a-type features and so is the detailed spectrum in Figure 6.5. It should be noted
that based on the symmetry considerations described in Figure 6.3, the rotationally
resolved far infrared data clearly supports the presence of coupling between the ring
puckering vibration and —NH inversion motion and the observed a-type transitions are
those that cross states of different inversion symmetry. Based on the quality of the
microwave investigation in Ref. [11] which provides clear evidence of this coupling, it
can be asserted that the absence of c-type transitions in the current infrared work is due to
insufficient intensity compared to the dominant a-type features. Although DFT frequency
calculations show that the intensity of the vig mode is 1/7 that of the vi5 mode observed
here, these calculations are based on Cs symmetry without accounting for the complex —
NH inversion tunnelling dynamics. In other words, standard computational predictions do
not provide information pertaining to the nature of the band intensity in such fluxional
molecules, i.e. how the intensity differs for vibration-rotation versus vibration-rotation-
inversion transitions. If the molecular geometry is constrained to be C,, symmetry to
include the —NH inversion tunnelling nature, the frequency calculations lose meaning as
this is not a stable structure but rather corresponds to a saddle point on the potential

energy surface.
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6.4.3 Band origins of the v14, vi5 and vig bands

The band centers of the vi4 (736.701310(7) cm™), v15 (648.116041(8) cm™) and vi6
(207.727053(9) cm™) bands were accurately determined for the first time in the current
study and compare well with previously reported values from low resolution infrared
studies.” # ® ' These experimental values may also be compared with ab initio
calculations of the vibrational frequencies of azetidine. Surprisingly, the predicted
frequencies of the band origins using the scaled ab initio force field calculations of Dutler
et al.? (739.4, 636.6 and 198.7 cm™, respectively) seem to be fairly close to experimental
results. However, the authors themselves admitted that this agreement, especially for the
ring puckering mode, was likely fortuitous as such anharmonic modes cannot be
modelled realistically with harmonic force field calculations. Thompson et al. reported
the calculated frequencies at the level of DFT (B3LYP (6-31G**)) which are 748.7,
657.1 and 212 cm™, respectively.* Palafox et al. predicted the vibrational frequencies
using B3LYP (6-311++G(2d,p)) calculations and showed that the estimate of the ring
puckering mode improves (206 cm™) with the use of a larger basis set, but the agreement
for the vi4 mode actually worsens with the expanded basis (and the authors have not
reported the vis frequency).'® It can be seen from the above comparison between
experimental and theoretical values that there is no systematic way to gauge the accuracy
of predicting vibrational frequencies in this four-membered heterocycle. As in Chapters 4
and 5, this highlights the importance of obtaining high quality data in the far infrared

region from high resolution spectroscopy to test and improve theoretical models.

147



6.5 Summary

The vibrational spectra of the vi4 (B-CH> rocking), vis (ring deformation) and vy
(ring puckering) modes of azetidine were studied at high resolution for the first time. A
total of 14276 rovibrational transitions corresponding to these three modes were analyzed
using a Hamiltonian model and a set of spectroscopic constants were precisely
determined. This investigation confirms an asymmetric single well potential for azetidine
as no evidence of an axial conformer was observed. Both a- and c-type transitions in the
via and vi5 bands were observed and analyzed using the C,, molecular symmetry group.
The analysis confirms that these vibrations couple to the —NH inversion motion. The
scheme described in this chapter illustrates an example of using bright synchrotron light
to resolve the fine spectral details of low frequency vibrations that involve the presence
of a large amplitude motion (—NH inversion). A similar scheme was employed in the
rovibrational analysis of silacyclobutane (with an observed quantum mechanical
tunnelling splitting within the resolution limits of the FTIR instrument) and will be

detailed in the next chapter.
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Chapter 7
A high resolution study of the pure rotational and rovibrational

spectra of silacyclobutane®

7.1 Introduction

The high resolution infrared study of azetidine presented in Chapter 6 described a
unique far infrared signature arising from the coupling of —NH inversion to vibrational
potential functions. In this chapter, the spectroscopic characterization of potential energy
profiles of four-membered heterocycles is extended to a second puckered ring:
silacyclobutane (c-C3HgSi, SCB). In azetidine, the -NH group and consequently the ring
backbone move between axial and equatorial positions during ring puckering, has an
asymmetric single well ring puckering potential profile as the axial configuration is not a
minimum. In SCB, the —-NH group is replaced by a —SiH, group. As a result, the ring
backbone of SCB is described by a symmetric double well potential energy function and
the two equivalent puckered configurations, which correspond to the two minima on the
potential energy curve, can interconvert via tunnelling. Therefore, the molecular motions
in SCB require a quantum mechanical description and high resolution spectroscopic
techniques offer the opportunity to identify and analyze transitions that are sensitive to
this complex potential energy profile.

Because SCB is a floppy molecule, the determination of the molecular structure at

equilibrium is not straightforward but is essential to establish vibrational coordinates for

& A version of the work presented in this chapter has been published. J. van Wijngaarden, Z. Chen,
C. W. van Dijk and J. L. Sorensen, Journal of Physical Chemistry A, 115 (2011) 8650-8655 copyright ©
2012 American Chemical Society.
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any potential functions. For this reason, structural determination of SCB was conducted
via ab initio and density functional theory (DFT) methods™? and experimentally via gas
phase electron diffraction (ED).? The geometry of SCB is that of a puckered ring with a
puckering angle of 34.5° (MP2/cc-pVTZ)l or 33.5° (ED).? More recently, the low
resolution infrared and Raman fundamental bands of SCB were revisited without
rotational resolution. A comprehensive assignment of all 21 normal modes was
performed based on harmonic DFT frequency calculations at the B3LYP/cc-pVTZ level.

SCB has been the subject of other spectroscopic investigations, most of which
particularly focused on probing energy levels in the ring puckering potential manifold.
The far infrared spectra of the ring puckering mode of the isotopic parent and minor
isotopologues of SCB were studied and the corresponding potential function was
characterized to have a double minimum potential well with a barrier to planarity of 440
cm*(shown in Figure 7.1).>“ Later, Pringle observed spectra related to ring inversion in
the ground and first excited ring puckering vibrational states of SCB via microwave
spectroscopy.” This is a result of the fact that the lowest three vibrational states of the
ring puckering mode fall below the barrier to planarity. Pringle’s microwave
investigation estimated an energy splitting of ~75 MHz between the two ring inversion
tunnelling states in the ground vibrational state (0" and 0°) whereas the value of this
splitting increases to ~7800 MHz in the first excited ring puckering vibrational state. It is
important to note, however, due to the limited resolution of microwave instruments at the
time (0.2 MHz), this was not directly observed as a tunnelling splitting of the a-type
transitions within each tunnelling state (0*— 0%, 0'— 0" in Figure 7.1) as the two states

(0" and 0) are so close in energy that their spectroscopic constants are very similar. The
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evidence of ring inversion tunnelling was instead shown by the presence of transitions
crossing between tunnelling states (0° <> 0) which are allowed under molecular

symmetry group theory.

Figure 7.1: Potential energy function along the ring puckering coordinate (0) of
silacyclobutane. The barrier to planarity is taken from Ref. [5]. The splitting of levels 0"
and 0" was determined in this work, and the ground state ring puckering angle was

derived: 31.1(4)°. The energy level splittings are not to scale.

2-
2+ \ \
=5 el
1+ o
g
0-
0+
‘9’ Ring puckering angle® “g”
%P ., » &
J " 2
9 9

153



This chapter describes the first high resolution microwave and far infrared
spectroscopic investigation of SCB. The high resolution Fourier transform microwave
spectrometer employed in this study enabled the direct observation of the ground state
ring inversion tunnelling splitting of the 0" and 0 states for the first time. The observation
and analysis of pure rotational transitions of the isotopic parent SCB and four
mono-substituted isotopologues in natural abundance (*°Si-4.7%, *°Si-3.1%, *C-1.1%)
allowed the accurate experimental determination of the structural parameters of the SCB
ring skeleton. In the far infrared region, the assignment of rotationally resolved
vibrational spectra for the parent species revealed the presence of ring inversion
tunnelling doubling in the first excited state of the vy SiH, rocking and the vz ring
puckering vibrational modes. The successful analyses of these two lowest frequency
vibrational bands not only provided a set of accurately determined spectroscopic
constants for the excited states, but also made possible a comprehensive understanding of
the ground state of SCB when combined with the observed pure rotational transitions.
The direct observation of quantum mechanical tunnelling in both the microwave and far
infrared spectra provide incredibly detailed information about the potential energy
landscape of SCB. To the best of our knowledge, no other heterocyclic molecule has been

probed in such detail in this spectral range.
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7.2 Experimental details

As SCB is not commercially available, the sample was prepared by a one-step
reduction® of 1,1-dichlorosilacyclobutane (GELEST, 97%). This precursor was mixed
with LiAlIH,4 in a 2:1 ratio in n-butyl ether for 24 h. The final product was distilled from
the mixture at 110 °C using a dry ice/acetone-cooled receiving flask and verified by
GC/MS.

The pure rotational spectrum of SCB was recorded using the Balle-Flygare type
pulsed-jet Fourier transform microwave (FTMW) spectrometer that was described in
Chapter 2. The gaseous sample for the pure rotational study was prepared as a mixture of
1% SCB in neon. The total backing pressure was maintained at ~5 atm. The spectra of all
isotopologues were observed in natural abundance.

The rovibrational spectra of SCB were collected at the Canadian Light Source
(CLS) using a synchrotron based Fourier transform infrared (FTIR) spectrometer as
described in Chapter 3. The low pressure gas sample was prepared by introducing vapour
pressure into a multipass gas cell from the synthesized liquid sample. The spectra of the
Vo9 and v3p bands were recorded in two separate spectral windows as the required optical
components have different operating ranges. For the v, band, the spectrometer was
outfitted with a 6 um Mylar beamsplitter and a GeCu detector. A total of 528
interferograms were recorded at a sample pressure of 448 mTorr with a resolution of
0.000959 cm™. The spectrum of the vso band was collected at a pressure of 1060 mTorr
with a 75 um Mylar beamsplitter and a helium-cooled Si bolometer detector attached to
the spectrometer. As the ring puckering transitions had low intensity and lots of sample

was needed to see infrared absorption, the resolution of the spectrum was pressure limited
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(rather than Doppler) and thus resolution was sacrificed to record lines of sufficient
intensity for analysis. The instrumental resolution was set at 0.001918 cm™ to reflect the
expected pressure broadening and this allowed faster data collection. Key experimental
parameters are summarized in Table 7.1.

Calibration of the recorded transitions was performed using lines due to residual
water vapour in the two regions: transitions from 135 to 183 cm™ for the vy band and
lines from 340-447 cm™ for the vo band. These were compared to those found in the
HITRAN database.” Generally, the recorded frequencies in both spectral regions were

found to be accurate within 0.0003 cm™,

Table 7.1: Experimental parameters of recorded bands of silacyclobutane.

V29 V30
Band origin (cm™) 158 410
Pressure (mTorr) 448 1060
No. of 528 844
interferograms
collected
Time spent to 53 42
record
interferograms (h)
Resolution (cm™) 0.000959 0.001918°
Lines used in H.0 H.0
calibration 340-450 cm™  130-190 cm™

7.3 Spectral assignment and analysis
Initially, the observed pure rotational spectra as well as the rovibrational

transitions in the vy9 and vz bands of silacyclobutane were assigned and fit separately

% Resolution was reduced for the vz band as at 1060 mTorr the line width is pressure broadened.
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using Watson’s A-reduced Hamiltonian in 1" representation in Pickett’s SPFIT program.®
Eventually, rovibrational transitions from both bands were merged simultaneously in a
global analysis to obtain the final set of spectroscopic constants. The assignment and
analysis of the pure rotational and rovibrational spectra and the observed inversion

tunnelling splittings are detailed below.

7.3.1 Pure rotational spectrum

Although the ground state structure of SCB (shown in Figure 7.2) belongs to the
Cs point group, the molecular symmetry group of C,, is used to account for the ring
inversion tunnelling between the two equivalent minima of its symmetric double well
potential. This potential function has a barrier to planarity of 440 cm™ and consequently
the ground state vibrational state is split into two components (labelled as 0" and 0™ in
Figure 7.1) where the superscript describes the symmetry of the inversion part of the
wavefunction (B;). This means that the two ring inversion tunnelling components have
inversion symmetries that are A; (symmetric, +) and B; (antisymmetric, -). As for
azetidine, the rotational part of the wavefunction (I'r,}) has the following symmetries:
Ai(ee), Ay(eo), B1(00) and B,(oe) for various combinations of (K;K¢). For a transition to
occur, the symmetry product of the wavefuction (I'roxI'iny) fOr each state must contain the
totally symmetric (A;) representation when combined with the symmetry of the space-
fixed molecular dipole moment (A;). As a result, the allowed microwave transitions
follow  a-type selection rules (eo<>ee and oe<>00) within each tunnelling state and c-
type selection rules (ee<>oe and oo<>e0) that cross between inversion states as shown in

Figure 7.3.
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Figure 7.2: Structure of silacyclobutane in its principal axis system.
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Figure 7.3: A schematic of transitions observed in the spectra of the ground state of
silacyclobutane. Rotational levels of both the 0" and 0™ state are labelled to reflect the

rotation-inversion symmetry. Solid and dashed lines indicate examples of allowed a-type

and c-type transitions, respectively. e (0) indicates even (odd) of K, or K. values.
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7.3.1.1 Normal isotopologue

The search for pure rotational transitions of the parent isotopic species was
assisted by using the previously reported rotational constants from Pringle’s low
resolution microwave study.® A total of 26 transitions were observed between 6 and 24
GHz including eight pairs of tunnelling doubled a-type transitions and 10 weak c-type
transitions that cross ring inversion states (0" to 07, 0" to 0%). Figure 7.4 shows the
observed 10 kHz splitting of the 10;-000 (3 KaK¢) a-type transitions of states 0" and 0. All
observed transitions were assigned to the correct tunnelling state 0" and 0'unambiguously
by completing two closed loops of transitions as depicted in the energy level diagram
shown in Figure 7.5. The assigned transitions of normal SCB are listed in Table 7.2. The
observation of c-type transitions allowed the determination of the energy difference
between the two tunnelling states 0" and 0" (AE,=o). The ground state constants including
the rotational and centrifugal distortion constants for each state plus the AE,o energy gap

were are summarized in Table 7.3.

7.3.1.2 Minor isotopologues
In order to determine geometrical parameters via microwave spectroscopy, the pure
rotational transitions of additional isotopologues were sought. Spectra due to the presence
of less abundant isotopic species of SCB were observed for the °Si (4.7%), *°Si (3.1%),
o-*C (2.2%) and B-3C (1.1%) mono-substituted versions. Considering the lower
abundances compared to that of the parent species, transitions due to these minor
isotopologues were much more difficult to observe. As a result, fewer transitions were

recorded. For the 2Si species, 10 transitions were identified including two c-type
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Figure 7.4: FTMW spectrum of the Doppler-doubled 1;-0qo (]’KélKé - ]"Kgxg) transition

of the parent isotopologue of silacyclobutane after 200 averaging cycles. The additional
10 kHz splitting of this transition is due to ring inversion tunnelling. The lower frequency
transition corresponds to the symmetric inversion tunnelling component (state 0%), and

the higher corresponds to the antisymmetric component (state 0).

0O-
200 cycles
10533.8 10534.2 10534.6
Frequency (MHz)
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transitions and four tunnelling split a-type transitions while one c-type transition and four
tunnelling split a-type transitions were obtained for the *°Si species. Assigned transitions
are listed in Table 7.4. Only the rotational constants were allowed to vary in the fitting of
the two silicon isotopic species with the distortion constants held fixed to the values of
the ground state as fewer transitions were recorded. Spectroscopic constants determined
for these two silicon species are summarized in Table 7.5.

The transitions due to the two **C species had considerably lower intensity than
those of the silicon isotopologues. As a consequence, only a-type tunnelling split
transitions (four for a-*3C and three for B-'*C) were observed. The absence of c-type
transitions made it impossible to determine the AE,-, term for these two carbon
isotopologues. Thus, the energy gap determined from the 2°Si species was used in the
fitting of these spectra as the isotopologues have nearly the same mass and the distortion
constants were again held fixed to the values from the parent species. The spectra
observed for the B-*3C species included only three transitions (as shown in Table 7.6) and
thus the reported root-mean-square (rms) error of the fit is zero. The rotational and
centrifugal distortion constants determined for the *3C isotopologues are summarized in

Table 7.5.

7.3.2 Rovibrational spectra of the v,5 and v3y bands

7.3.2.1 Infrared spectra of the vy band

The va9 band centered at ~410 cm™, attributed to SiH, rocking in the previous low
resolution infrared study,® has B; symmetry and corresponds to c-type rovibrational

selection rules oe<>ee and eo<>00. However, the overview of this band reveals a typical
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a-type band contour as shown in Figure 7.6. With the knowledge of the tunnelling
splitting observed in the ground vibrational state from the microwave work in the present
study, a dense rovibrational spectrum due to ring inversion doubling was anticipated in
the far infrared region. Furthermore, consideration of the ring inversion symmetry (B1)
allows for transitions that cross inversion states (0"— vo9” and 0" — va') as seen in the
microwave study.

No obvious patterns were observed in the initial visual inspection of the rotational
structure of this band. To identify regularly spaced progressions, the most intense
transitions between 390 and 430 cm™ were represented in the format of a Loomis-Wood
plot in the Igor Pro software package.®*° As shown in Figure 7.7, peaks in the P branch of
this band are grouped in such a way that those sharing common K, quantum numbers but
having different J values are arranged in a vertical series of K, on the Loomis-Wood plot.
Two parallel sets of strong progressions were recognized in this plot, suggesting that the
excited vibrational state of the vy9 band is split into two components (which are ~0.17
cm™ apart). The observed spectral pattern was then compared with the simulated
spectrum based on the estimated band origins and the ground state constants determined
from the microwave analysis, leading to the tentative assignment of a few of the strongest
infrared transitions. Information about the ground state energy levels obtained from the
microwave experiment confirmed that these transitions obey a-type selection rules
eo«>ee and oe<o00. The simulated spectrum was then refined by fitting the newly
assigned lines and the assignment process continued in an iterative manner until the

strong progressions were included.
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Overall, 3085 a-type transitions from the P and R branches were assigned for the
tunneling doubled v,9 band. The Q branch assignment was attempted but abandoned in
the end as the spectrum was so dense that the transitions were not resolved. After the
assignment of the a-type lines, a few unassigned features remained in the spectrum as
seen in Figure 7.7. A second Loomis-Wood plot (Figure 7.8) shows that these transitions
actually form a series of tunnelling doubled progressions too! Note that the spacing
(x-axis) of the pattern on this plot was adjusted so that it was about twice that in Figure
7.7 (which shows the a-type pattern). The new series identified in Figure 7.8 were later
confirmed to be c-type progressions with each progression corresponding to transitions
having common K. but different J values. These progressions are due to c-type transitions
connecting vibrational levels of the same inversion symmetry (0" — vao" and 0" — vyg).
The assignment procedure was similar to that previously described for the two parallel
sets of a-type transitions and an additional 3392 transitions were added to the fit. In the
end, 6477 a-/c-type transitions from the v, band were assigned and fit using the
Hamiltonian model described previously. The number of transitions and the quantum

number coverage corresponding to each vibrational level pair are listed in Table 7.7.

7.3.2.2 Infrared spectra of the vz band

The vs band at ~158 cm™ was attributed to the ring puckering motion of
silacyclobutane in Ref. [1]. As in the case of the v,9 band, this vibration has B; symmetry
and gives rise to c-type selection rules oe<»ee and eo<>oo. Initial inspection of the band
contour shows a typical c-type envelope in which the Q branch has much higher intensity

compared to the P and R branches as shown in Figure 7.9. A closer look reveals that
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transitions in the P and R branches are of such low intensity that even the strongest ones
are barely above the noise level. This, together with possible spectral congestion as a
result of inversion tunnelling doubling, made the preliminary assignment of the v3o band
very difficult. A Loomis-Wood plot was constructed to aid in the initial stages of the
assignment of the ring puckering mode. Shown in Figure 7.10 is a section of the R branch
progressions on this plot. Two sets of regularly occurring progressions in the P and R
branches were identified as transitions within symmetric (0° — vs') and antisymmetric
(0" — vgp) inversion states of the molecule. The assignment scheme described above was
implemented to assign rovibrational transitions in the vz band. Overall, 1799 c-type
transitions were assigned between ~135 and ~181 cm™.The coverage of rotational levels
is shown in Table 7.7. Given that a-type transitions were observed in the c-type v, band
with the same symmetry, considerable effort was spent to look for similar transitions in
this region. Unfortunately, such a-type progressions were not found here. As most of the
triangles (peaks) shown on the Loomis-Wood plot were assigned to the c-type transitions,

the absence of visible a-type ones is believed to be as a result of their low intensities.

7.3.2.3 Global analysis

The ground state spectroscopic constants were determined by fitting 1108 ground
state combination differences (GSCDs) calculated from the assigned rovibrational
transitions in the vog and vso bands. As the resultant spectroscopic parameters of the two
tunnelling components of the ground state (0" and 0°) are the same within experimental
uncertainties, the values of state 0" were subsequently held fixed to those of state 0" in the

fitting routine. All 8276 assigned rovibrational transitions from both bands were
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incorporated into a global fit using Watson’s A-reduced Hamiltonian, I-representation®
with the ground state spectroscopic constants held fixed to the values determined
separately as described above. The rms error of the simultaneous two band fit was

0.000122 cm™ and the resulting spectroscopic constants are listed in Table 7.8.

7.4 Discussion

7.4.1 Structural determination

The observation of pure rotational transitions due to different isotopologues of
SCB enabled accurate structural determination. The corresponding selection rules of
these transitions (a- and c- types) are consistent with the puckered ring skeleton as shown
in Figure 7.2 as well as with previous ab initio and DFT calculations. An approximately
2:1 ratio was observed for the intensities of the analogous transition of the 2°Si and a- *C
isotopic species, while the natural abundances of #Si and **C are 4.7% and 1.1 %,
respectively. This is explained by the fact that there are two identical a-*C atoms in SCB
so that the effective natural abundance of the a-'*C species doubles to 2.2%. The
geometric parameters for the ground vibrational state of SCB were derived from the
rotational constants of the five isotopologues determined in the current microwave
investigation. The rotational constants used for this analysis were from the tunnelling
state 0" as the constants for both states are so close that they match to within their

experimental uncertainties. The structural analysis of SCB is detailed below.

178



"2, aInBi4 u1 paulyap salels ABIaua sy} 0] J8)al S|age| [euolelqiA syl

2210000 8670000 LW / 019 SWJ
(9)2Ger 0G (9)9665°05 (21)0060°89 (2)ser o (8)¥'0S Q
(9)¥5920°'12 ()02568°02 (€) 5€90°02 (6)2960'82 (61)55°02 o
(F1)E89VZ GTT- (FT)ETVLESTT- (L1)S.196'82T- (€)¥20e9TT- (LT)0°LTT- Ay
(@)€L19'902 (2)zsee0'L02 (2)9svv'912 (¥)2L12'602 (¥1)2'802 Ay
(9)oesyL 8L (S)TYTISE 6L (TT) 5/86v'18 (2120592 (r)8'6L ty
WO (0T / SJUEISUOI UOIHOISIP [ebnyrLnuad
(9T)S9S0TL9€TVT 0  (VT)LTTCY89ETYTO0  (8)8€269260vT0  (2)G/85€80VT 0 (€)9209T¥T°0 0
(€)¥€8TT06602°0 (€)ve8r1066020  (v).S¥E09¥6020  (6)9TSCT6V602°0 (9)2522602°0 g
(L1)692v9ce6E620 (L1)€€SeS6Y6E620  (2)66€59¥9€62°0  (E)ETEVTVIEBLZ O (€)5650v62°0 v

7.WO / S)UBISUOD [eUOIIeIOY
(1)86.%5200°0 LW /053y

(1)€€968802°0Ty  (¥1)2LT09.€0°0Ty  (TT)STTO9¥8E'8ST  (2)8EVBTCT ST 0 Lo /A
e U5 — .0 (,0) aye1s punoi9

6¢ 6¢ 0¢
oA — 0 . >T+O YeA— O

‘SISA[eue [euo11eIqIA0J WOL) PBUILLLIBIBP auBINCOJIAJR|IS JO S)RIS 0EA pue 624 91e)S punoid oY) J0J sjurisuod d1doasonoads 8/ s|qel

179



7.4.1.1 rs geometry
The r (or substitution) structure of a molecule can be determined by the rs-method
provided that the principal inertial moments of the parent species and singly-substituted

isotopologues are known. The application of the Kraitchman®**2

equations yields a set of
three coordinates (a, b, ¢) for each substituted atom that define the absolute value of the
distance of the atom to the various axes (a, b, c) of the principal axis system of the parent
molecule. If the b Kraitchmann coordinate is zero, it means that the substitution site is in
the ac-plane (Figure 7.1). The uncertainties of these coordinates are calculated by
Costain’s rule® and are inversely proportional to the distance between the substituted
atom and the principal axis. As a result, this error is large when the substitution site is
close to a principal axis. The correct sign of the Kraitchman coordinates can only be
inferred by inspection of the probable molecular structure and other considerations. In
this case, the rotational constants obtained from the pure rotational spectra of four mono-
isotopologues including 2°Si , ¥Si , a-*C and B-C led to the determination of a set of
Kratichman coordinates for each of the atoms in the ring skeleton of SCB.

The rs coordinates determined for SCB are summarized in Table 7.9 and the
principal axis system of SCB is shown in Figure 7.1. The nonzero c-coordinates
(particularly for the carbon atoms) are clear evidence for a nonplanar SCB ring as the
c-axis is perpendicular to the ring backbone. A small imaginary number for the
b-coordinate of the B-C atom was calculated by the Kraitchman equations, which often
indicates that the atom is very near the b-axis and this coordinate was set to zero in the

subsequent structural analysis. For the Si atom, small real numbers were observed for the

b-coordinate but the Costain uncertainties were larger than the coordinates themselves.
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The examination of the A rotational constants among the three Si isotopologues, which
differ by less than 1 MHz, suggests that the Si atom in fact lies very close to the a-axis
and the b-coordinates were also set to zero for the subsequent analysis. As the results of a
Kraitchman analysis are all absolute values, appropriate signs were added on the basis of
the ab initio geometry as listed in Table 7.9. For instance, the a-C lies on the opposite
side of the ab-plane relative to the B-C and Si atoms. Using the substitution coordinates,
bond lengths and angles on the SCB ring skeleton were calculated using trigonometric

relationships. These are summarized in Table 7.10.

7.4.1.2 rogeometry

The ro geometry corresponds to the zero point energy structure. As the moments
of inertia of a molecule depend on the positions of the atoms, the (partial) molecular
structure can be solved by fitting selected internal coordinates (key bond lengths and
angles that define a structure) to the sets of rotational constants of the various
isotopologues using a non-linear least squares method. The ro geometry of the SCB ring
was obtained by fitting five structural parameters that describe the ring skeleton geometry
to the 15 experimentally determined rotational constants using Kisiel’s STRFIT
program.*? The internal coordinate parameters of the hydrogen atoms were fixed at the ab
initio values reported in Ref. [1]. The five directly fit parameters in the analysis are in
bold in Table 7.10 and include two bond length values of Si-*C (1.8848 (8) A) and “C-C
(1.5646 (21) A), two bond angles values of “C-Si-*C (79.10 (4) °) and Si- “C-*C (86.28

(6) °), and the dihedral angle of PC- “C-Si- “C (-19.891 (23) °). The maximum discrepancy

181



"SIXe-B 8y} U0 Sal| Wole D-¢ oy se Joquinu Areuigewl [[eus |
"8)eU1pI009 U} Uey) JabJe| sI J04I3 UIRISOD YL "SIXe-B S} UO SI LWOJe IS 3y} Se Jaquinu |fews
‘PaAIaSqo Sa|NJ UOII3|9s J0 adA)

8L} pue SUOIIEIND[ED OINUI OB 8U} 8U) UO paseq palsjul ate sublS Sajeulpio0d ay} Jo sanfeA ainjosge sapinoid AJuo sisAfeue uewyayesy ,

(Lvoz0 (6)L9T°0- (¥2)€90°0 (82)€50°0 9

Xi) (€T)€002 TF 0 0 q

(TT)o6vE T- (9€)12TV0- (STIVSTO'T (ST)09T0'T e
oS! g P 1Sge ISe;

o 9UBINQOJOATR|IS 10§ SIsAJeur uewydllesy ay) wolj () seleulplood uonnnisgns :6°/ a|gel

182



T JeydeyD ui pauyep se s|bue Bursond Bury ,

*10413 JO uonebedold wol) pajewIIsa saluIelIaauN J1syl yim sdiysuone|al

al18wouobi) Buisn asay) WoJly pare|ndjed a1am sidlaweled JaylQ "SIUBISUOD [euolrelod ay) 8dnpoidas 03 1y A[10al1p aiam plog ul sisjswreled ay ,
[2]'Jod wouy synsas uonoeiyIp U0NDI|T

[T]40Y wouy (ZLAd-29/2dIN) sanjeA omiul qv

1°1E (9€)s°0¢€ (L2)s€ee SvE 0(c)0
(81)81°00T (S)0°001 (ST)0°26 0°00T (o) 050405>
(€2)T68°61- J1s991
(9)82'98 (6)7'98 (c1)6°28 6'S8 (o) D4D0IS >
(7)oT'6L (Sv'6L (6)2°LL 2'8lL (o) O1SO>
(T2)9v9s'T (§)295°T (©)TrLST 8GG'T (y) (04004
(8)8788'T (9)6/8'T (2)588'T €68'T (y) (0,19)d
(iom siyy) 04 ({iom siy) ©1 (a3 N

"aueINQqo]2A2e|IS Jo siaraweled feamoanuis (51) uonninsgns pue (01) a1el1s punolb aAnday3 0T L d|qel

183



between the observed and calculated rotational constants from the structural fit was better
than 0.01%. Other angles in Table 7.10 were calculated from these parameters using
trigonometric relationships.

The rp structural parameters determined in the current study are compared with the
equilibrium values from ab initio calculations' and electron diffraction experiments? in
Table 7.10. For the bond angles and lengths, results from the present microwave work
match previous studies to within 3% and 0.5%, respectively. The ring puckering angle of
31.1 (4)° (the angle between the planes containing “CSi“C and “CPC*C) has the largest
discrepancy of 7% when compared to the previous values. However, it is important to
note that the electron diffraction results provide an average value over multiple energy
states and this creates an interpretation challenge for such a fluxional molecule. In
contrast, in this study, the ring puckering angle derived from the observed pure rotational
spectra is only sensitive to the ground vibrational state. Recently, a dynamic model was
applied in analyzing the electron diffraction data to account for the large amplitude
motions such as ring puckering. The use of this dynamic model led to considerable
changes in the estimated geometry of SCB compared to the estimates from earlier
electron diffraction investigations; particularly for the “C- PC bond length, which is
shorter by 0.04 A in the newer model.

The uncertainty of the ring puckering angle calculated via propagation of errors
from the least squares fit (r, method) is only 0.4° while the Costain error is considerably
larger (3.6 °) (rs method). This reflects the fact that the Costain error is meant to reflect
the effects of vibrational averaging in the ground state while the former is simply a

mathematical uncertainty with no direct physical interpretation. The ring puckering angle

184



derived from the Kraitchman analysis (30.5(36)°) matches that obtained from the electron
diffraction data (33.5(27)°) within their uncertainties. Such comparison of results from
different techniques based on ab initio, electron diffraction and microwave studies
illustrates the importance of a multifaceted methodology for verifying the structure and

dynamics of flexible molecules such as SCB.

7.4.2 Determination of ground state spectroscopic constants

The observation of pure rotational transitions measured in this microwave study
provided direct evidence of tunnelling in the vibrational ground state of SCB for the first
time. As shown in Figure 7.4, the high resolution (~ 7 kHz) of modern microwave
spectrometers was the key to resolving the tunnelling components of the a-type pure
rotational transitions of SCB as this splitting is only on the order of 10-30 kHz for the
transitions in the spectral range of this investigation. In fact, the 0" and 0" states are so
close in energy that their spectroscopic constants are essentially identical within lo
uncertainties. Both a- and c-type transitions were observed in the microwave spectra and
attributed to transitions occurring within the same tunnelling state (0* — 0%, 0"— 0°) and
crossing the different tunnelling states (0" — 07, 0"— 0%), respectively. This observation
is consistent with the symmetry of the rotation inversion levels of the ground vibrational
states of SCB as described earlier.

In addition to the pure rotational data, ground state combination differences
(GSCD) calculated from the assigned rovibrational transition pairs in the far infrared
spectra were used to derive ground state spectroscopic parameters. The resultant

constants are compared in Table 7.11. While the rotational constants determined from the
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microwave work agree with those from the far infrared study, the centrifugal distortion
constants (most noticeably the K dependent ones such as Ajc and Ak) are somewhat
inconsistent with each other. This is likely due to the fact that the microwave data set
includes only 26 transitions with J (max) =3 and K, (max) = 3, whereas the GSCDs
covered rotational states up to J = 52 with K, (max) = 40 and these high J and K, levels
are particularly sensitive to these centrifugal distortion terms.

Accurate characterization of the ground vibrational state played a very important
role in the rovibrational analyses of the v,g and v3p bands. The preliminary assignment of
the vo9 and v3p bands was very challenging as both spectral regions are crowded with
double the number of transitions due to tunnelling splittings. The spectrum was especially
dense for the former where both a- and c-type rovibrational transitions are observed. Data
from the high precision microwave experiment were used to confirm the leading
transitions from the Loomis-Wood plots in the preliminary stages of the assignment. The
GSCDs were the key to confirming the correct assignments of the strongest progressions
in the congested spectra. Once the preliminary assignment was complete, the GSCDs
collected throughout the remaining assignment process added higher energy level
information to the data set which provided a comprehensive description of the ground
state in the end. Thus, both high precision (from pure rotational measurement) and broad
coverage (from GSCDs in rovibrational analyses) contributed to the characterization of

the ground vibrational state of SCB in this study.
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Table 7.11: Comparison of ground state spectroscopic constants of silacyclobutane

determined by pure rotational and rovibrational studies.

Microwave (this work) Infrared (this work)
Rotational constants / cm™
A 0.2940598 (4) 0.2940595(3)
B 0.2097782 (6) 0.2097752(6)
C 0.1416069 (6) 0.1416076(3)
Centrifugal distortion
constants / 10° cm™
A; 70(5) 79.8(4)
A 147(5) 208.2(14)
Ak -63(5) -117.0(17)
d; 10.4(6) 20.55(19)
Ok -45(7) 50.4(8)
AEo / cm™ 0.0025259(6) 0.00254798(7)
No. of transitions 26 1108

7.4.3 Infrared spectra of the v,9 band
Although the vy9 mode was predicted to have rovibrational transitions with c-type
selection rules based on B; symmetry, both a- and c-type transitions were observed and
assigned for this band. The appearance of both types of rotational structures can be
rationalized by symmetry considerations from molecular symmetry group theory. Figure
7.11 lists all four vibration-inversion states involved in the vog band labelled with the
symmetries of their rotation-vibration-inversion energy levels. These include the two ring
inversion tunnelling states of the ground vibrational state (0" and 0) and two analogous
components of the vog state (vag~ and vag') With their rotational sublevels (labelled with

KiK. even/odd). By symmetry, allowed transitions are those such that the product of the
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symmetries of the wavefuction (I'rotxI'vipxIiny) for each state must contain the totally
symmetric (A;) representation when combined with the symmetry of the space-fixed
molecular dipole moment (A;). This means that transitions occur between levels of A;
and A, symmetry or B; and B, symmetry in Figure 7.11. Examination of the symmetry of
the levels shows that there are four sets of allowed transitions: two sets of c-type
transitions (0" — va9", 0" — vo9') (connecting states of the same inversion symmetry) and
two sets of a-type transitions (0 — v, 0° — va9) (connecting states of opposite
inversion symmetry). The assignment of the cross-state (+ — -, - — +) a-type transitions
allowed the unambiguous assignment of the inversion state labels which allowed the
determination of the relative energies between the 0" and 0™ as well as the voo" and vag’
states.

All 6477 assigned transitions were fit using the labels described above and a
simultaneous four-state fit was generated with a rms error of only 0.000119 cm™. The
band origins of the vy vibration (voe" = 410.03760177(14) cm™ and vye =
410.20889633(7) cm™) were determined accurately for the first time and are consistent
with recent low resolution results.’ When compared with the DFT calculations
(B3LYP/cc-pVTZ) of Laane and co-workers (409 cm™),* the observed vibrational band
centers fall within 1 cm™. The energy difference between the two ground state levels
AE,~o from the analysis of this tunnelling split band (0.00254798 (7) cm™) was found to
be consistent with that determined via our microwave study (0.00252590 (6)). The energy
gap between the voo" and v,o™ states was calculated as 0.173843(13) cm™ for the first time
and demonstrates that even the excited SiH; rocking vibrational state is split due to ring

inversion tunnelling. The energy diagram of the ground state and the v,g state is
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illustrated in Figure 7.12. The combination of the assignment of high J, K. (typically
from a-type bands) and high K transitions (typically from c-type bands) yielded a set of
highly accurate spectroscopic constants, particularly the centrifugal distortion constants
(shown in Table 7.8, up to 10 significant figures for rotational constants and up to 7
significant figures for centrifugal distortion constants). Together, these provide a detailed

description of the excited SiH, rocking vibrational state.

7.4.4 Infrared spectra of the v3, band

Based on the symmetry discussion above, the vsoring puckering mode also has B;
symmetry and is therefore expected to have both a- and c-type transitions through the
same molecular symmetry group theory considerations. In the far infrared spectra
collected in this work, only c-type rovibrational transitions were found and this is likely a
result of the low intensity of this band (6% that of the neighbouring v,9 band). In fact, the
low intensities prevented extensive assignment of this c-type band and limited the
inclusion of the lower K, lines. As a result, the determined spectroscopic constants in
Table 7.8 are less well-determined when compared to those of the v,9 band. The band
centers of the ring puckering mode for both tunnelling states (v, = 158.1218438(2) cm™
and vag = 158.38466115(11) cm™) were accurately determined for the first time in this
study. These compare well with the early low resolution infrared study (157.8 cm™) by
Laane et.al., in which the bands were not resolved. The experimental results differ by
more than 10 cm™ when compared to the calculated frequencies of the ring puckering
mode at the B3LYP/cc-pVTZ level in Ref. [1] (147 cm™ when using Cs symmetry),

which are said to be accurate for predicting other vibrational modes of SCB. This study
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also computed the energy barrier to planarity in SCB using several methods/basis sets
and the results range from 113-786 cm™ with the experimental value being 448 cm™. This
suggests that their relatively close estimate of the ring puckering frequency may be
coincidental. Furthermore, Laane and coworkers calculated these vibrational frequencies
based on a geometry optimization of a planar SCB ring (Cy,) in an effort to correlate
these modes with those predicted for the puckered structure (Cs) to aid in the assignment
of the spectrum at low resolution. It should pointed out that the molecular symmetry
group C,, is necessary to account for the ring inversion tunnelling that interchanges the
puckered SCB molecule between its two equivalent equilibrium structures but the planar
Cyy structure does not correspond to a minimum but a saddle point on the potential
energy surface. This is evident from the fact that the calculated ring puckering mode
frequency based on the C,, symmetry is an imaginary number in Ref. [1]. Additionally,
predictions of other higher frequency modes became worse when the planar structure was
forced. This underlines the challenge of modelling low frequency modes of fluxional
molecules and in particular, the importance of using appropriate symmetry groups for
different purposes in the analysis.

When comparing the resultant spectroscopic parameters of state vsg~ and vso” with
Pringle’s microwave work,> where the direct observation of pure rotational transitions in
the vibrationally excited states was made at room temperature, the upper state energy
difference AEy=1 vy (0.26536 (2) cm™ ) differed by about 2% from that determined in this
work (0.2599 (2) cm™). Pringle attempted to calculate the AE,-1 vy, value by least squares
fitting of far infrared® and microwave data to a quartic one-dimensional ring puckering

potential function® and there was inconsistency with experimental results at that time. In
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order to obtain a better prediction of the energy difference between the two inversion
states of the excited ring puckering vibrational level, a modified potential function which
includes a Gaussian term was proposed by Pringle to decrease the least squares error.
Although this modified AE,=1vs; value was not consistent with the experimental
microwave data in Ref. [5], it is almost identical to the value determined in the present
high resolution for infrared study. Neither this study nor the prior microwave work in Ref.
[5] successfully observed transitions that cross tunneling states (between vzo* and vsp),

which would improve the determination of AE,=; vs.

7.5 Summary

This chapter reports the first high resolution microwave and infrared
spectroscopic investigation of silacyclobutane. The pure rotational measurements
provided direct evidence of the splitting of the ground vibrational state due to ring
inversion tunnelling. Based on the rotational constants determined for the four
isotopically substituted species, an accurate set of structural parameters of SCB was
derived. The rotationally resolved vibrational spectra of the vs ring puckering mode
contained two separate sets of c-type transitions connecting states with the same
inversion symmetry. In the analysis of the v,9 SiH, rocking mode, a-type spectra crossing
states of different inversion symmetry were also observed in addition to the c-type
transitions within the states of common inversion symmetry.

The research presented in this chapter demonstrated the use of high resolution
spectroscopy to characterize quantum mechanical tunnelling dynamics in a fluxional

molecule. The availability of high resolution FTMW and FTIR spectroscopies allowed
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the complex spectrum arising from SCB’s unique potential energy profile to be observed
and described with unprecedented detail. Through analysis of the extremely spectrally
congested spectrum, new assignment protocols were developed. The accurately
determined spectroscopic constants describe a broad range of rotational and rovibrational
energy levels and provided a rare opportunity to probe a substantial portion of the

potential energy landscape of this highly non-rigid molecule.
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Chapter 8: Conclusions and future work

In the work presented in this thesis, the rotationally-resolved spectra of low
frequency vibrational modes and pure rotational spectra in the ground vibrational states
of prototypical four-membered heterocycles were recorded using synchrotron based
Fourier transform infrared spectroscopy (FTIR) and Fourier transform microwave
spectroscopy (FTMW), respectively. In general, spectral features that can only be
observed with high resolution were analyzed using quantum mechanical models. The
resultant sets of spectroscopic parameters derived from a vast number of assigned
transitions provided accurate descriptions of rotation-vibration (and in some instances
inversion) energy levels of each molecule investigated. This allowed the characterization
of their respective potential energy functions at a much more detailed level compared to
previous low resolution studies. The molecule-dependent spectroscopic signatures arising
from unique potential energy surfaces were observed including Coriolis interactions,
tunnelling doublings and hotbands, all of which contributed to the complexity of the

spectra at high resolution.

It was realized that energy level perturbation is one of the main hindrances in the
assignment of rovibrational spectra of small molecules and hence in the determination of
accurate spectroscopic parameters. This was determined via analysis of the Coriolis
interactions between two perpendicular C=0 deformations that were observed in
B-propiolactone and 3-oxetanone in Chapters 4 and 5. The number of affected transitions

in these two molecules was found to be related to the extent of the overlapping range of
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the two bands involved in the coupling. This provides future guidance in anticipating and
treating potential perturbations of this type in the spectral analyses of other molecules.
The determination of the Coriolis interaction parameters also allowed the determination
of precise, physically meaningful values of other constants such as the rotational and
centrifugal distortion constants, all of which are essential to construct potential energy

profiles that characterize the vibrational motions.

It was shown that rotational resolution of the closely spaced fundamental and
multiple hot bands corresponding to the ring puckering motion of a heterocycle, as in the
case of 3-oxetanone, can be achieved. This is owing to the high quality spectra enabled
by combining bright synchrotron light in the far infrared region with a FTIR instrument
with high resolving power. The assignment and analysis of the dense spectrum enabled
the accurate modelling of this characteristic lowest frequency vibrational mode of this
four-membered heterocycle using a one-dimensional potential function in the form of V =
ax* + bx? which reflects the internal dynamics along the ring puckering coordinate. In
this case, the high resolution of the technique was the key to the precise determination of
this quartic function as the constants a and b are susceptible to errors in the vibrational

band centers in the ring puckering manifold.

The pure rotational and rovibrational spectra of the prototypical non-rigid
molecules, azetidine and silacyclobutane, revealed distinctive spectral features as a result
of particularly complex potential energy functions in the region of their equilibrium
geometries. For example, the presence of both rotation-vibration-inversion and rotation-
vibration transitions in some low frequency vibrational bands of azetidine indicates that

these modes, rather than being defined by simple localized motions such as C-H
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stretching, CH> bending, etc. that are described by normal coordinate analysis, are instead
coupled with large amplitude motions such as —NH inversion. These coupled motions
involve the movement of multiple nuclei simultaneously over greater distances. Both
infrared and microwave spectra of silacyclobutane exhibited tunnelling-doubled
transitions due to the presence of ring inversion as a result of the double-well potential
energy function along the ring puckering coordinate. Chapters 6 and 7 detailed the
treatment of these highly dynamic spectral signatures and showed how useful information
can be derived to improve our understanding of the energy landscape of such highly non-
rigid molecules. This study highlights the importance of using molecular symmetry
groups to describe fluxional molecules as the spectral selection rules must account for

transitions that cross tunnelling states.

For the prototypical rings studied, the experimentally determined band origins
were compared with ab initio and Density Functional Theory (DFT) results to gauge the
validity of calculations in providing accurate estimates of the infrared spectra of small
molecules. In general, these comparisons indicated that the modelling of low frequency
modes, in particular, is still challenging and there appears to be no systematically reliable
computational method that is widely available. In some instances, unambiguous
assignment of bands was only possible using selection rules of identified rovibrational
transitions. This is of particular concern as the low energy dynamics of molecules are
particularly important in comparison to other modes as they contribute to room

temperature properties of these compounds.

Although not trivial to implement, the schemes developed during the assignment

of the various congested and sometimes perturbed spectra in this work were essential for
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extracting accurate information about the lowest energy states and underlying potential
energy functions of these prototype rings. Successful understanding of these spectral
nuances may allow such analyses to become more routine in the future. For example,
recently there have been efforts to implement automated spectral assignment methods to
rotationally-resolved spectra.l'2 A so-called Genetic Algorithm (GA) has successfully
been used to analyze the rovibronic spectra of a series of aromatic molecules, however,
good predictions of the rotational constants, line shapes and intensities were needed
before attempting to assign the experimental data. A serious limitation so far is that only
rigid rotor-type Hamiltonians depending on A, B, C have been used in such automated
analyses with line widths (FWHM) of 10 cm™ or more in the electronic spectrum. When
applied to FTIR spectra, the algorithms have been used only to model band contours but
not individual transitions.® As there are not many references available in the field of high
resolution, far infrared spectroscopy, the identification and modelling of complex spectral
features discussed in this thesis provide a starting point for development of GA codes that
may allow the automated assignment of complex rovibrational spectra. This requires the
addition of terms to the current GA models to account for non-rigidity and other

molecule-specific features as outlined in this thesis.

Successful interpretation of the complex spectra of the rings presented in this
thesis has also laid important ground work to begin studies of more complex molecules in
the future. Five-membered heterocyclic compounds such as furanones, hydrofurans and
their derivatives are good candidates as an extension of the current work on the four-
membered analogues. Aromatic five-membered heterocycles are of particular interest due

to their important role in heterocyclic chemistry, however, their reactivity is complex as it
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is controlled by a combination of both the aromatic ring and hetero atom properties.*
Molecules such as 2-hydroxyfuran (which is the less stable tautomer of 2-oxo-2,3-
dihydrofuran and 2-oxo-2,5-dihydrofuran as shown in Figure 8.1) have the possibility of
undergoing tautomerization which further complicates their reaction mechanisms as the
stable structures of the tautomers and their relative energies must be known to adequately
describe their chemistry.®>® High resolution rotational and rovibrational techniques are
capable of resolving tautomer-specific spectroscopic signatures that can shed light on the
interconversion dynamics between different tautomers at equilibrium. Fundamentally,
five-membered rings have two out-of-plane coordinates as discussed in Chapter 1 due to
pseudo-rotation. This will result in extra complexity in the spectra. On the other hand, the
successful analysis of such features would extend the current understanding of one-
dimensional potential (ring puckering) functions in four-membered rings to the next level
(two-dimensional pseudo-rotation potential functions). In this regard, the effective
spectral analysis schemes that were successfully applied to the ring inversion in
silacyclobutane and the —NH inversion in azetidine in the current study can be used to
interpret the more complex spectra of five-membered heterocycles where low frequency

modes are likely to couple with the pseudo-rotation motion.

Figure 8.1: Structures of tautomers of 2-hydroxyfuran: 2-oxo-2,3-dihydrofuran and 2-

0x0-2,5-dihydrofuran.

2-hydroxyfuran 2-0x0-2,3-dihydrofuran 2-0x0-2,5-dihydrofuran
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The four-membered heterocycles chosen as subjects of investigation in this thesis
have one thing in common: there are no free rotors (-CHs, -NH>, -OH, etc.) which would
give rise to further complications in the spectra due to internal rotation tunnelling.
However, based on the successful spectral analyses on the prototype molecules presented
here, an interesting extension would be to undertake the high resolution spectroscopic
investigation of molecules that involve internal rotors. These molecules are of keen
astronomical interest because of their important role in atmospheric chemistry in a range
of planetary systems. Theoretical models based on qualitative and quantitative
characterization of these molecules show how these species may have evolved under
astrophysical conditions and could reveal key information regarding how life was
evolved.”® Some good candidates for these next studies are methane, ethane, and their
deuterated versions. On the surface, one would consider such molecules simple and well-
characterized as they have been studied for many years. The fact, however, is that their
high resolution spectra are plagued by a combination of factors that have prevented the
complete quantum mechanical analysis up until now. With the increased availability of
ground-, aircraft- and spacecraft- based high resolution infrared instruments for space
exploration now being realized (such as the Composite Infrared Spectrometer (CIRS) on-
board NASA’s Cassini spacecraft, the Stratospheric Observatory for Infrared Astronomy
(SOFIA), the Texas Echelon-cross-Echelle Spectrograph (TEXES) and the Very Large
Telescope-Cryogenic High-resolution infrared Echelle Spectrograph (VLT-CRIRES)
located at the European Southern Observatory (ESO) in Chili),® 101112 the molecular
signals from such small molecules of interest may in fact already be present in earlier
astronomical observations. The assignment of these features, however, is hindered due to

the lack of complete and accurate information about the rovibrational spectra of such
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simple molecules particularly in the far infrared and THz regions. Hence, a precise
understanding of the spectra of these key molecules from laboratory-based studies is vital
for future remote sensing purposes. The valuable schemes developed in the course of this

work can be applied to such new challenges.
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