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ABSTRACT

Gonzalez, Zayra L., The Rotational Spectroscopy of Nonafluoro-tert-butyl alcohol. Master of

Science (MS), August, 2022, 92 pp., 6 tables, 22 figures, references, 131 titles.

Nonafluoro-tert-butyl alcohol (NFTBA) is an alcohol being used in medicine and for the
analysis of physiochemical and biological properties. Quantum chemical calculations on NFTBA
were carried out using cluster computers from the Texas Advanced Computing Center (TACC)
at Austin, TX. We scanned the C—C—O-H dihedral angle for 36 steps with each step at 10
degrees at the B3LYP/aug-cc-pVTZ level in order to identify the stable conformations and the
energy barriers. The geometry of nonafluoro-tert-butyl was studied using MP2 and B3LYP
Density Functional Theory (DFT) with an aug-cc- pVTZ basis set. The calculated rotational
constants and dipole moments were used to help interpretation of the experimental study of
nonafluoro-tert-butyl alcohol using microwave spectroscopy. We anticipate that large amplitude
motions would occur on the alcohol group which may further perturb its rotational spectrum. The

measured spectrum shows a very strong intensity of rotational transitions.
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CHAPTER I

INTRODUCTION TO NONAFLUORO-TERT-BUTYL ALCOHOL

1.1 Introduction

Nonafluoro-tert-butyl alcohol (NFTBA) has been studied worldwide, including in the
United Kingdom, Japan, Canada, and the United States. It has been used in various fields such as
pharmaceutical, organic, polymer, biomedical, and biological applications. NFTBA has only
been researched in the synthesis reaction since the start of the 1960s due to being a per
halogenated alcohol by its high acidity (Pavlick 1970). Nonafluoro-tert-butyl alcohol (NFTBA)
has been investigated for its magnetic resonance properties, and for the effects fluorine brings in
the molecules by substituting hydrogens (Wu, 2021). The alcohol has a pKa of 5.2 (Han, 2020).
The fluorination effect makes it more acidic and therefore more miscible in water. NFTBA is
highly irritant, corrosive, and cancerogenic; protective wear is typically required when used by a
person. (Filler, 1967). NFTBA has been used as a reagent in forming a polymer (Decanto, 2014)
for biological electron reduction on drugs for cancer tumors. Experimental spectroscopy
investigations on medicinal drugs and pharmaceutical testing (Cabaco, 2021). The NFTBA has
been used to calculate how it works with its heterodimers on the organic chemistry analysis of its
stabilization energies. These halogenated alcohols have sparked interest in how fluorine interacts

with the molecule based on magnetic resonance (Cabago 2021).



To our best knowledge, this project is the first report on the rotational spectroscopy of
this molecule. We are looking at the different characteristics of fluorine by its reactions and
interactions within the atoms in the molecule. We studied the conformational landscape of

NFTBA to understand the fluorination effect better.



1.2 Chemistry of Fluorine

There is so much interest today in fluorine chemistry, what it does to the bonds in the
compounds, materials, and what reactions it makes. Fluorine was used by many in the 16
century by Georgius Agricola, a natural halide mineral such as fluorspar or fluorite (CaF2)(
Roesky 2010); this is used for glass and steel making since it’s durable for many uses today; in
the 17" century it was used with glass as fluorspar and when it was treated with acid it started to
cause a reaction such as corrosion, a Swedish chemist and pharmacist, Carl Wilhelm Scheele,
found hydrofluoric acid in 1771 (Pubchem 2004). Fluorine is a halogen that has been mentioned
since the 18" century when this atom was found on the earth. However, the isolated fluorine was
not discovered until the 19" century by French chemist Henry Moissan as a liquid solution. He
found that it was in a solution of potassium bifluoride (KHF>), which is an anhydrous solution
from hydrofluoric acid (HF), and he received the Nobel prize for chemistry in 1906 (Roesky
2010). This discovery led to an extensive work of finding the fluorination effect and what this
can do in many areas of science. This topic of investigation has been over 70 years since fluorine
was used for many experiments; however, it was not until the 1970s that it started to become a
topic for article publication due to its popularity in various project analyses. These interests have
been explained in the previous sections and used in different areas of science such as chemistry,
medicine, industry, materials, polymers, geology, and biology for the past few centuries. For
example, fluorine is increasing in popularity for its many characteristics and unique formation in

the material for the earth, like in figure 1.1 of fluorspar.



Figure 1. 1:Fluorspar (CaF6)
Physical properties and uses of fluorite. Physical Properties and Uses of Fluorite Chemicalbook. (2009,
December 3). Retrieved February 18, 2022, from https://www.chemicalbook.com/Article/Physical-Properties-and-

Uses-of-Fluorite.htm

The paramount importance of this project is to understand fluorine to open up on what
other ways fluorine can be helpful today. The fluorine in its magnetic resonance is based on its
wide range by the chemical shifts the fluorine makes within the molecule (Gouverneur 2015).
The fluorination effect has been noticed in medicine with NMR and UV light studies in looking
at how fluorine has a significant advantage in its use in science. Its studies show unique
physiochemical properties that give some design to the mechanism in many biochemical or
polymerized products. For example, studies have shown how good fluorine has been studied for
its use in medical drugs for cancer tumors and has been tested, such as using two polymers that
are hydrophilic and have fluorine polymers in their injections (Jirak 2018). That study has shown
that it has been a great use of this polymer with fluorine. Still, it can also be biodegradable, and
notice its significant effects on the tumors when studied and trying to find a way it won’t leave
any biodegradable residue in the body by having fluorine part of the polymers (Jirak 2018).

There is much to understand on how much this atom can do for many compounds on its effects



physiochemically. Other than polymers, fluorine is used in the creation of pharmaceuticals.
Fluorine has had a significant impact on medicine and using a proportionate amount of fluorine.
This is based on how fluorine has a substantial, influential role in medicinal chemistry by
creating fluorinated steroids (Hagmann 2008) and fluorinated anesthesia, like fluoroxene,

causing problems in the ozone to fluoro-ethers in the 1950s (Molina 1974).

Figure 1. 2: Atomic bomb replicas of Little Boy and Fat man made with Uranium

Griffith, C., & Rossenfeld, C. (n.d.). Little Boy & Fat Man. National Museum of Nuclear Science &
History | Photographs | Media Gallery. Retrieved May 1, 2022, from
https://www.atomicarchive.com/media/photographs/nuclear-journeys/nmnsh/nmnsh-12.html

Also, fluorine has been used to characterize its fluoropolymers by creating Teflon for
cooking pans, which was discovered by Roy Plunkett in the late 1930s, as seen in its use in the
industrial world (Wakselman 1994). The use of fluorine has opened an abundant source of

organofluorine chemistry for commerce for many polymers since it’s also been liquified for



many graphics and computer useage (Scheirs 1997). There have also been studies on how
fluorination effect organic compounds by changing properties in semiconductors (Jiang 2019). In
this experiment with the addition of fluorine, it was noticed that it caused a change in the
geometry, including its molecular orbitals. Detecting the pi electrons within the organic molecule

in the solid state is also shown in its gas phase when it's being calculated computationally.

Con(minl(ed/'ller : E
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Figure 1. 3: Fluorine dangers to Ozone

Singh, G., Kumari, B., Sinam, G., Kriti, Kumar, N., & Mallick, S. (2018). Fluoride distribution and
contamination in the water, soil and plants continuum and its remedial technologies, an Indian
perspective— A Review. Environmental Pollution, 239, 95-108.
https://doi.org/10.1016/j.envpol.2018.04.002

Research with fluorine today has not stopped in the investigation process of the use of
fluorine for many operations of materials. It has become a popular halogen for many scientific
projects and analyses. It has also become a hazardous effect on the ozone by pollution—the
dangers of using fluorine since it is a very toxic gas. During World War II during the 1940s, in
Germany, chlorine trifluoride was manufactured for the creation of atomic bombs by the
Oberkommando des Heeres (Dinoui 2006). Then the United States had a vast production of

fluorine; the Manhattan project used fluorine to create uranium hexafluoride (UF6), which was



used to separate the 23°U and 23® U isotopes of uranium. These were used with fluorine and
uranium; it made this Uranium isotope was used as bombs for Nagasaki and Hiroshima in Japan,
causing radiation. The use of fluorine has become popular in how it can also be great when
creating alcohols into very acidic changing everything of its This is how this fluorine makes any
effects that can cause it to be an essential source, and by looking at how fluorine can make this
reaction, what does it do to the other atoms in this compound, and what else does it create some

reaction.



1.3 Tert-Butyl and 2,2,2-Trifluoroethanol Alcohol

Y J
xff :

Figure 1. 4: Fluorination effect from TBA to NFTBA

The use of tert-butyl alcohol (TBA) has been a significant source of information in the
literature reviews of molecules close to NFTBA. TBA’s data information has some similar
foundation that helped in my research in computational and experimental with NFTBA. This
molecule literature review paper provides a template for my research on what similarities it has
and what won’t be identical in data. The TBA and NFTBA are both from the same root. Their
interactions with the fluorine molecule have brought more acidity based on different interactions
of hydrogens with the tert-butyl alcohol. They come from the same root, but it shows how they
differ based on their pKa and resonance. Also, how they differ in the research used for research
opens the opportunity for TBA to expand when having halogens and makes scientists interested

in how they change the molecule.

Tert-butyl alcohol was studied for rotational spectroscopy by Dr. E. A. Valenzuela for his
Ph.D. thesis between 1974 and 1975 with Dr. R. C. Woods using the A and E state transitions
from the R-branch transition. He was studying its first rotational spectrum by undergoing the

experiment using computational work based on its dipole moments and by using a program to



use a basis set for their calculations which they noticed the interaction between the values (A+B)
and how they were the only values that could be seen in the spectrum using the program
RHOBAS (Valenzuela 1975). This led to the 840 GHz region showing over two hundred lines
over the Stark effect of the weak impact to determine the exact number based on the values of
rotational levels to locate the transition in the microwave spectrum. Tert-butyl alcohol analysis
provided the transition of perpendicular and parallel transitions; however, the C((4-B)/2), A-B,
and f could not be observed in the low energy parameter experiment. Although in the double
resonance experiments, they could see these values and get about 70 transitions from only the E-
level transitions getting the fits of the Hamiltonian nine parameters. After this research from Dr.
Valenzuela had made on tert-butyl alcohol in 2010, there was a following study based on the
values that were done in the first experiment by the participation of Dr. E. A. Cohen. This
rotational spectrum of tert-butyl alcohol was by using the early data from the University of
Wisconsin from the 8-40 GHz region and then combining the newest measurements by using the
spectrums of 8- 500 GHz done from the university of bologna and the Jet Propulsion Laboratory
(JPL) from the millimeters and submillimeter wavelength region (Cohen 2010). It can see in this
study that other than the tert-butyl alcohol being an asymmetric top and a nearly spherical top
based on the internal rotational axis from the c- molecular axis in the ac plane, from this
continuation of the study, they were able to see some torsion within their spectrum done. The
study showed how TBA was researched using the MP2, Second-Order Mgoller—Plesset
perturbation theory, the basis sets 6-311++G and the program used for the single set molecular
parameters from Pickett SPFIT (Pickett 1991) from Jet Pulsion Laboratory (JPL) for the

quantum numbers of the experimental range of both the A and E internal rotation states.



We could now focus on how tert-butyl alcohol interacts within being in a liquid form and
with other molecules. In studies they were made were based on the tert-butyl alcohol based on its
function of pressure and temperature on how its simulation demonstrated a cyclic tetramer within
its liquid structure and its pressure dependence was consistent, and its temperature can have
some shift within the distribution and the stability of the hydrogen bonding (Yonker 1997). This
was based on its other conformer being in a cyclic position to determine that it was the structure
of the liquid as it was studied in NMR. In the rotational study of the molecular isotopologue, tert-
butyl alcohol was used with 1,4-dioxane using a pulsed jet Fourier Transform microwave
spectrometer to see interaction within its conformers and rotational constants (Evangelisti 2011).
This research was done in Bologna, Italy, by Dr. Luca Evangelisti and Walther Caminati. They
used the Gaussian 03 program, and ab initio calculations were done using method MP2 and basis
set 6-311++G, including the SPFIT program (Pickett 1991). This was to see the stability of the
hydrogen bond from the structure of the axial and the equatorial forms. They had to use a
deuterated effect to interact with the proton and hydrogen bond within the tertbutyl alcohol and

1,4-dioxane.

Based on the rotational constants B and C being able to see on a large scale, the OH
species could not reproduce in the inversion of size and were able to convey that they had
stability in the axial form. The following study was done by Dr. Spada and his collaborators on
the interaction of the 1:1 complex of tert-butyl alcohol with difluoromethane based on the
potential energy of three stable isomer formations (Spada 2017). Based on the computational
data from one isomer, the OH—F, and the two C-H—O weak hydrogen bonds based on the low
interconversion barriers. In this study, they were able to see from within the bonding energy had

increased from the hydrogen bonds some dissociation to be able to determine a “pseudo-diatomic

10



approximation,” and that contributed to the isomers M1 being able to be seen based on its global
minimum stability on the rotational spectra. The computational calculations used were Gaussian
and Couples-Cluster for Computational Chemistry (CFOUR) (Mathews 2020) using the Tres
Grande Centre de Calcul (TGCC) supercomputer in Europe using MP2, Hartree Fock (HF),
DFT, and Couples Cluster Theory (CCSF(T)) with basis set of m-aug-cc-pVTZ minimal, and

CBS for their calculations.

Figure 1. 5:TFA and NFTBA

2,2,2-Trifluoroethanol (TFA) is using another molecule to understand the work done in
rotational spectroscopy and the interaction between the fluorine and the alcohol within the
carbon bonds. Dr. Javix Thomas studied with his collaborators on the rotational spectroscopy of
2,2,2-trifluoroethanol trimers of its three stable conformers (I, II, and III) using the Fourier
transform microwave spectrometer using the ab initio calculations (Thomas 2017). This study
used the MP2, B3LYP-D3BJ and basis set 6-311++G, then the Gaussian09 and a multifunctional
wavefunction analyzer (Multiwfn) program (Lu 2011) by performing QTAIM and NCI analysis.
The trans-TFE was unstable in conformer I on its gas phase; however, the liquid phase of the

TFE trans conformation is stable of clusters size incrementation from the gauche (+/-), and trans

11



conformers stability in the liquid face and showing that the TFE trimer is unstable also from the
FTMW spectroscopy using 2—-6GHz to be able to detect the H bonding and being seen. The
investigation indicates that the O-H—O-H and the OH-F-C hydrogen bond has an attractive
interaction and stabilizes the three conformers. Conformers I and I1I showed to be the main

stabilizing driving forces.

They were also providing of the gauche-TFE subunit of the exchange within the C—F——
F—C pairs in contact and the three points of F-F-F attractive contact interaction within the TFE
clusters. Other studies being done with TFE had been with other molecules such as water and
ammonia complex by Dr. Thomas and collaborators. The analysis of the structure and tunneling
modeling between TFE and water complex based on the hydrogen bonding and the tunneling
dynamics using conformers of TFE looking at the intramolecular hydrogen bond (Thomas 2014).
In this study, they were able to see the bonding and nonbonding hydrogen atoms in the water
causing an absence of splitting in the rotational transition from what was observed and add the
splitting on the rotational transition indicating the tunning from g+ and g- of TFE when
quenching within the TFE and H>O complex. In this research, Jet cooled FT microwave
spectroscopy, and the basis set they used was 6-311++G, and the method was MP2. Overall, the
rotational spectra of these solvents with TFE and water complex allowed them to see tunneling
splitting of the rotational transition with two and nuclear statistical analysis based on the bonded
and nonbonded hydrogen atoms of the water. The tunning was between the g+ and g- of the TFE,
mainly since it forms an insertion rather than making an addition complex with water. The TFE
and ammonia complex was investigated using the Chirped pulse, cavity-based Fourier transform
microwave spectroscopy, and computational methods of the stability within the gauche TFE and

NH3 conformer within the intramolecular hydrogen bonds (Thomas 2020). Also, the ammonia
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indicated free internal rotation by showing the stabilization within the primary OH-N hydrogen
bond and secondary N—H-F interaction and having internal dynamic effects found in the
rotational spectra. The significant amplitude motion showed the tunneling in the rotational
spectra of the stabilization of the two intermolecular gauche configurations of the OH-N and
NH-F and one intramolecular OH-F. The gauche g+ and g- of the TFE are quenched by the
hydrogen-bond interaction with ammonia. Also, the theoretical calculation showed the

agreement within the experimental B and C rotational constants.

Although Trifluoroethanol is not similar in its molecular structure, it is like nonafluoro-
tert-butyl alcohol. This could have some information that could be helpful to use in my research

to have something that can be used when working on my research.

As we have learned from the molecules similar to nonafluoro-tert-butyl alcohol, now we
focus on the molecule that is precisely the same as nonafluoro-tert-butyl alcohol being perfluoro-
tert-butyl alcohol (PFTBA) which there was an article based on the large amplitude of motion.
There was a study by Dr. Yokoszeki and his collaborator in 1974 that studied the sample of
perfluoro-tert-butyl alcohol that was from the Penninsular ChemResearch, seeing electron
diffraction patterns from the room temperature based on the distance that was not in harmony
with the distances by the tert-butyl compounds. The large amplitude of motion of the electron
diffraction intensity from the PFTBA gas phase is based on the motion of multiple rotors from
the three CF3 and one OH, which was studied in the balance from the nonbonded interactions
from F-F, C-F, and O-F pairs (Yokozeki 1974). From what was seen, some contributed
torsional motions from the electron diffraction of motion with multiparameter large amplitude
motion based on the nonbonded interactions from F—F pair causing twisted staggered positions.

They had to use the Monte Carlo methods (Hammersley 1965) to be based on seeing the motion
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of the CF3, and based on the evaluation, they were able to produce the integrals evaluating by the
appearance that there is multiparameter large amplitude motion of the electron diffraction

analysis.
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1.4 Research on Nonafluoro-Tert-Butyl Alcohol

In chapter 4, we will focus on the work that was done based on geometry optimization
and potential energy scan. This will be focused on the work done on theoretical and then
experimental work. Including we will be able to explain further why we did this theoretical work
and its importance in our study from the focus on our alcohol in the interaction it has with the
fluorine-based on what we are analyzing in this overall thesis. In comparing the data, we have
gotten from the energy barriers with the TBA and 2,2,22-trifluoroethanol. This we can also talk
about comparing them could give an insight on how we have an interest in the fluorination effect
and including the alcohol on why it provides a large amplitude motion regarding our molecule.
Based on our collaboration, we could also go further on how we could see that our molecule

being an asymmetric molecule, can be a nearly oblate molecule.

However, further chapters are based on the NFTBA studies used to perform the
computational work, the rotational spectroscopy, and why they are essential in this research. We
will learn about the computational work done with the methods of Density functional theory
(DFT) and (MP2) Second-Order Moller Plesset Theory. Also, the basis set 6-311++G and aug-
cc-pVTZ and the programs that had been used Pgopher for the rotational spectra of NFTBA and
Gaussian to make our molecule NFTBA. Then, to conduct a computational experiment, we used
Texas Advanced Computer Center (TACC) to send our work to be calculated and scanned. Then
we worked on using the Chirped-Pulse Fourier transformed Microwave Spectrum to do our
experimental work. We collaborated with Dr. Garry “Smitty” Grubbs and his research group
from the Missouri University of Science and Technology. After, we will talk about what was
seen in this investigation that had been done overall from this study, understanding what went

through the rest of the scan and the rotational spectroscopy based on the analysis done from the
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computational work to the experimental based on this experiment to be able to do more studies in

this research.

Furthermore, we hope to our study's primary interest and broaden the opportunity from
our research of NFTBA. We can analyze this study more in-depth and expand the investigation

with this alcohol shortly.
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CHAPTER II

COMPUTATIONAL WORK

2.1 Schrodinger Equation

Quantum physics started from Newtonian mechanics, which pushed for molecular and
atomic work studies from the late nineteen century to understand electromagnetic behavior from
molecules and atoms (McQuarrie 1997). Isaac Newton’s law of motion could be used to

represent classical motion accurately, as shown in Newton’s second law equation (2.1)

F=ma (2.1

This equation is fundamental to classical mechanics because it can depict the motion of a ball
rolling in the field and then hitting another. Since electrons are very light particles and cannot be
described in classical mechanics. The Schrédinger equation is a fundamental quantum mechanics
since it is based on the solution of the wave functions theorized since the 1920s. The Schrédinger
equation is based on how time is not a variable making it time-independent and a stationary wave
function. The formula in the Schrodinger equation is to solve the particle-wave of matter and
wave functions. The Schrodinger equation derives from the Newtown formula and the Broglie to
get a derivative from then to get time out from the solution. Time-dependent equation is used to

describe the change in the system over time, and time-independent equation depends on the
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position of a particle that is independent of time. The mechanical equation corresponds to

Newton’s second law is the time-independent Schrédinger equation (Schrédinger 1926) 2.2.

no$' o
— e H V() = Ey(x) 2.2)

In Equation 2.2 differential equation solution y/(x) described particle of a mass m, moving in a
the 1D field described V(x) according in to the wavefunction w(x) with energy E. The time-
independent Schrodinger equation 2.3 represents it corresponds to the particle's different

stationary states, giving a non-relativistic description of the system.
HY = E¥Y (2.3)

The H, is the Hamiltonian operator, and E is the energy of the wave function, ¥, of the
molecule or the atoms. In Schrédinger’s equation, the solution was to use them based on the
Hamiltonian operator equation using the energy from an eigenvalue based on the wavefunctions
since it does not depend on time. Thus, physicists and chemists used the simplistic formula to
calculate using the Hamiltonian equation. The Schrédinger Equation focused on adapting based
on describing the interaction between mutual particles (von Neumann 1929). The Schrodinger
equation is for the advancement into understanding the wavefunction particles of the molecules
and changing to a more based on the constant operation of the eigenfunctions for linear
momentum. The Hamiltonian Operator was used to solve the molecular interaction of the

compound atoms based on its potential and kinetic energy (Jensen 1999) using equation (2.3).

The Hamiltonian operator equation used for Schrodinger’s equation for a molecular system

involves a kinetic and potential energy part, as shown in equation 2.4.
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H=T+V (2.4)

The kinetic energy, T, by using the kinetic operator using particle its derivation by using

Laplacian for the overall summation in equation (2.5)

R 0 U0 MESPED D RENSUNE Gl S S (RN G St T
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In equation 2.5, the first two terms represent the kinetic energy from the nuclei and
electron, as the other four equations consider the potential energy. The third equation is what
takes the nuclear-electron attraction, and the last two equations, the fourth and fifth, carry the
potential energy force repulsion that is going through the electrons and the nuclei. This is based
on deriving the Hamiltonian operator of the molecular orbital analysis. The approximation has to
be applied to the reduction of the dimension of this function by derivation to simplify the

equation to a smaller product by the end by giving the problem in equation 2.6.
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The potential energy, V, component is the Coulomb repulsion between the pair of each

charged entity such as treating each atomic nucleus as a single charged mass. It will be explained

by using the equation (2.7). (Foresman 2016)
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The equation for potential energy using Arjx is based on the distance between the two
particles j and k, which goes for the particles at interest ej and ex (Foresman 2016). This can
undergo mainly based on how they could work for the activity of electrons by obtaining the
potential and kinetic energy using the valence-bond wavefunction for the electrons using the
Hamiltonian in which we can see the electron and nuclear interaction and the electron-electron

repulsion and also the nuclear-nuclear repulsion.

Thus, from the overall equation, we can eliminate a few terms that revolve around the
nucleus due to Born-Oppenheimer’s approximation by helping simplify the solutions to the
Schrédinger equation. Born-Oppenheimer approximation states that the nucleus can be treated as
stationary since the nucleus is heavier and slower than the electrons (Silbey 2005). This allows
Hamiltonian to be written in terms of a model dependent parametrically on the nucleus and its
coordinates (Strinati 2005). From this, we then go further to the Bon-Oppenheimer equation; we
will need to remove the nuclear equation; the nuclear-nuclear repulsion from the equation is
constant. This is what undergoes the Born-Oppenheimer approximation, which operates in the
weak coupling of nuclear and electronic motion (Woolley 1976). This equation then translates
how the wavefunction product of the Born-Oppenheimer wavefunction must be derived. In
contrast, the electron-electron aversion this equation (2.8) from the Born-Oppenheimer is based

on the electron.

__i _%'_ " ! -$.0-%7!8# ' '%L
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In Equation 2.8, the r,; is the distance between an electron i and the nucleus 4 of the
Charge Za, and ra; is a nuclear and electron attraction (Atkin 2014). While the rik is shown in the

equation, electron-electron repulsion from electron i and electron k are mutual, as explained in
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the Hamiltonian equation. The Schrédinger equation for being an equation to solve one of the
simplest atoms led to the use of the Born-Oppenheimer approximation for the molecules based
on their energy variations equation (2.6). However, as further it goes on, the born Oppenheimer
becomes broader in calculating molecules. The eigenvalues become more complicated to solve
over time by the different derivative values obtained mainly by the various coordinates and

dimensions a molecule may have.
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2.2 Methods

Methods in computational chemistry are used in a different approach to help calculate a
computational solution for Schrodinger’s equation. The method that is used is the ab initio
methods which focuses on the approximate solution to the energies of Schrodinger’s equation
based only on the quantum mechanical law and theory that involves known physics constants
and not experimental data. The ab initio method has been used for the molecular orbital in their
dimensional approximations for the main interest by using derivatives for the electron
distribution by calculating integrals for the atomic orbitals (Atesin 2014). Ab initio methods were
also used for the application methods used for the wave function and the approximation in
getting the exact energy function (McQuarrie 1997). They are all based on the laws of quantum
mechanics by determining matrix elements and integrals for the function’s geometrical degrees

of freedom (Simons 2019).

This research has been on the ab initio calculation through all the experimental analyses
throughout this thesis. The primary calculation techniques in this section and chapter focus on
are Density Functional Theory (DFT) and Second-Order Moller- Plesset Perturbation Theory
(MP2). My research used these methods for the computational calculation to explain their
function in the Schrédinger equation’s convergence. A technique that is also used based on the
MP?2 is the Hartree-Fock method (HF) because the unperturbed zeroth-order wavefunctions that

are as input for MP2 are obtained from an HF calculation.

British physicist Douglas R. Hartree developed Hartree-Fock in 1927 and introduced the
Hartree methods known as the self-consistent field (SCF) methods, and soviet Vladimir Fock

1930 worked with some part of getting an approximation following Hartree’s work. In 1935 they
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obtained a better approximation for the wavefunctions and the energies of a multi-electron
chemical system (Hartree 1935). This collaboration was to obtain better approximations for the
wave function and the energies of a multi-electron chemical system. Hartree-Fock is a good
starting point for most cases, including the first step for a highly accurate approximation to
solving the electronic Schrodinger’s equation which arises because of the time-independent
Schrdodingers equation after the Born-Oppenheimer approximation model is being applied
(Sherrill 2000). HF was designed to solve the time-independent Schrodinger equation electronic
wave functions. HF focuses on considering the potential repulsive energy interactions from the
electrons of interest and the average field generated that is distributed in the system by the rest of
the electrons (Hanson 2021). HF involves treating the electronic wavefunction as a one-electron

wavefunction combined into a single Slater determinant, as shown in equation 2.9.

¢ (ra) ¢ @M. ¢s(r)a/p(1)
Y(r) = \/_:' g (a2 ¢ (r)EQ) ... ¢s(r)a/B(2)pg (2.9)
¢ (a(m) ¢ (LIBM)  s()a/Bn)

The best possible result of the one-electron wavefunction will have to yield to the lowest
energy for a multi-electron system (Hanson 2021). Thus, the multi-electron problem system is
then solved by considering a one-electron problem in which each spin of an electron is specified,
and it will contain its own orbital. It will result in twice the number of orbitals accounting for the

electrons and their corresponding spins. In equation 2.9, these symbols ¢ represents the

orthonormal set of molecular orbitals from a range within 1 to — taking into account the totality

of the spatial orbitals (Foresman 2016). Then the variable n represents each electron with its

specified spin that is being alternated as the label of the electron spin, n, and ranges from 1 to n.
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In that case, the spin-up will be represented by a, and for spin-down, it will be represented by f.
The slater determinant represents the antisymmetric electron wavefunction, which is used to

derive the Fock operator from the Hartree-Fock equation 2.10.

Fo = e (2.10)

From this equation, ¥ is the Fock operator, which focuses on the giving energy and the HF

orbital for the single electron. Equation 2.11 is what can best describe the derived Fock operator.
¥ = KE + PE(nucleus — Electron) + Y, X2 — K| (2.11)

In equation 2.11, the first two terms represent the kinetic energy of the electrons and the
potential energy that regard the attractive force between the electron and the nucleus. The third
term is the potential energy of a single electron interaction from the rest of the average electron
fields. The Foperator is for the Coulumb operator that is dealing with the electron repulsive
interaction, and K, the exchange operator, is relating to the change of orbital labels. Following
the electronic wavefunction, it is applied as part of the Hamiltonian energy that can be
calculated. Having the help of the variational method, the expected energy can be worked out to
be lower even if it is greater than the actual ground energy. The energy of the Hartree-Fock can
start by making an initial guess of the parameters of the spin orbitals from the Fock operator in
the Hartree-Fock equation and solving for new sets of spin orbitals until it reaches self-
consistency. The spin orbitals that yield the lowest electronic energy are the correct spin orbitals

used to shape the lowest energy state of a molecule.
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2.2.1 Density Functional Theory

Density Functional Theory (DFT) is a theory created by Hohenberg and Kohn in the
1960s, which is the method used in chemistry and physics to calculate the electronic structure of
atoms, molecules, and solids (Hohnberg1964). DFT, as it rests on the Hohenberg-Kohn theorem,
shows a 1- to -1 relationship between the density and the ground state properties of a system. A
universal functional E(p) gives the ground state energy for the given density. The practical use of
DFT is frequent; although not always, it relies on Kohn and Sham's work. They show that it is
possible to obtain the ground state density of a system that includes correlated electrons by
constructing a system of non-interacting electrons to prove they have the same density. The
Kohn—Sham DFT would look similar to the Hartree—Fock. DFT is inexpensive since it uses less
time from the computer and is one of the methods that always got agreeable experimental values
of the other techniques used for the integrals of the atomic orbitals. In scientific-practical work,
DFT is often used to calculate the molecular structure based on its function of including the
effects of electron correlations of the molecular system of motion (Foresman 2016). DFT will
determine the ground-state electronic energy by connecting functional designs, focusing on the
electron probability density, p, a correspondence between the electron density of a system and
energy (Atkins 2014). DFT was made to solve the Schrodinger equation by using the
Hamiltonian as the energy expressed for the wavefunction of the ground state energy and exact
density. In 1964, Dr. P. Hohenberg and Dr. W. Kohn determined that equation (2.12) calculated
the probability of electron density for the electron molecule, Ne-, and demonstrated its ground-

state energy.

E=Er+Ev+E;+Exc (212)
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This equation is based on another ab initio method Hartree-Fock (HF). In equation 2.12
ET, kinetic energy means the electrons’ motion, the potential energy, Ev, of the nuclear-electron
attraction, and E; is the Coulomb of the electron-electron repulsion in the electron density (p)r
(Shao 2014). In short, Exc, if separated into two EXand E€, is based on the average of HF
methods of the electron-electron interactions. The broad E¥, pure exchange functionals are
significant on the same spin of the strong electron repulsion force interaction with another
electron (Foresman 2016). The exchange functionals energy goes as the functional exchange
energy, the parameter y is chosen to fit the exchange of energies, and Becke defines its value as
0.0042 Hartrees, then p(r) 1s the exchange of energies, and Vp is the gradient of the local
functionals of the electron density. The minimal E€ is the correlation functionals of the extensive
mixed-spin interactions of having a weak repulsion pulse of electrons of opposite spins. The

correlation functionals equation goes as follows.

The correlation functionals variables go as this & is the general expression of
interpolation of mixed spin cases, 1 is the density parameter, and C is the relative spin
polarization which contributes to a and 3 spins. The Density Functional Theory (DFT) used for
this thesis was the B3LYP which stands for Becke gradient-corrected exchange functional, 3-
parameter, Lee, Yang, and Parr gradient-corrected correlation functional (Lee 1988). This is a
hybrid functional of the Hartree-Fock theory that Becke formulated in the formulation exchange,
a mixture of Hartree-Fock and DFT. The hybrid density functional, B3LYP, is expressed in

equation 2.13.

EifPH = (1 —a Y)EYSH +a E) + apAELK + agEYE + (1 —ap)EWM - (2.13)
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The equation terms EQCP and E5M - are correlated from the density functional by the
approximation of the exchange and correlation functional spin density approximation. The
exchange E} comes from the Hartree-Fock, for the correction gradient for the exchange
functional is. The Perdew-Wang term EDEF is the gradient correction in the correlation
functional. The Becke 3 parameter functional coefficients typical valuables that are placed in this

method for the fitting of experimental data are ap= 0.2, ax = 0.72, and a.= 0.81 (Jensen 1999)

(Foresman 2014) (Stephens 1994) (Daniels 2021).

2.2.2 Second-Order Moller- Plesset Perturbation Theory

Second-Order Moller-Plesset Perturbation Theory (MP2) is another ab initio method that
effectively corrects the Hartree-Fock ground state energy, which describes the electron
correlation effect (Del Ben 2012). MP2 approximates correlation energy molecules, mainly used
for theory levels more than Hartree-Fock. MP2 is derived from the Rayleigh-Schrédinger
perturbation theory, which includes a higher excitation in the Hartree-Fock approximation in the
energy (Shao 2014). In this, the unperturbed Hamiltonian Operators is being divided and is

written as

H=H +a/ (2.15)

The Hamiltonian correction consists of the lambda cap V hat, which is a perturbation
applied in which A is a dimensional parameter is very small, and cap V hat is a small perturbation
expressed based on the power series on the perturbed wavefunction and energy (Foresman 2016)

(Shao 2014). Then by adding correction by setting these two equations 2.16 and 2.17.

Y=y + 1) + 2" + 2Oy © ... (2.16)
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E=EO +AEO) + AOEM) 4 AOF© 4 ... (2.17)

The perturbed wavefunction and energy will be substituted back to Schrodinger’s equation, as

seen in equation 2.18.

XH +2V[%p© + O + 2O+ [ = (EOD +AEO + 1 EO + )@ + ) +

AP +) (2.18)

This expansion of these coefficients after setting them with the power of A will lead them based
on the representation of the highest orders of perturbation (Foresman 2016). So, these equations
will be based on the energies multiplied based on the order of perturbation from the power of A

going from 0, 1, and 2, as seen in the equation set 2.19, 2.20, and 2.21.

First equation 2.19, the zeroth-order sine the Hj is the sum of the Fock operators, so £? will be

the sum of the orbital energies.
EQO =bwpOH |yt f = g (2.19)

Second, equation 2.20 of the first order correction is the sum of orbital energies counting twice

electron-electron interaction and is the first order energy. Still, the second order is the first order.
EO) =bpOd/apf (2.20)

Third, equation 2.21, the second order energy correction, is where it three will be a linear
combination of the substituted wavefunction and solve for the coefficient since the energy is

close to the ground state, contributing to the perturbation.

EO) = by d/apCf (2.21)

28



The equations are based on the zeroth-order perturbation, where the correlation is on the
sum of the energies of the spin orbitals (Shao 2014). The E©® and E) are being summated by the
representing i+ AV of Hartree-Fock energy equivalent by the Hamiltonian operator. After
determining y'" then E® will be determined by having a correction. It will always be negative
in the second perturbation of the energy of the spin-orbital, which is expressed in equation 2.22
(Foresman 2016).

™) _ ' vwxyuw_|QbRjs!
E*"= —1 Xvz X 6 760606, (2.22)

The MP2 correction arises by mixing the Hartree—Fock ground state determinant with the
“double excitations” in which they differ from the ground state by taking the electrons from the
occupied orbitals i and j and placing them to the previously occupied orbitals a and b. The
numerator describes the Coulomb and exchange couplings between these orbitals arising from
the electron correlation, and the denominator includes the orbital energy differences. The biggest
corrections to the energy will arise when the coupling is large, and the difference in energy

between the HF determinant and the doubly excited determinant is small.
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2.3 Basis Sets

From section 2.2, we learned that HF and DFT are formulated without mentioning atomic
orbitals. However, as a practical matter, we would need to express the molecular orbitals in a
way that allows us to make an educated guess of what they should be by improving the guess.
From what we know that the non-interacting electrons on a system with one nucleus will fill the
hydrogen orbitals. Basis sets are an ab initio approximation for molecular orbitals in a molecule
of mathematic representation (Foresman 1999). The molecular orbital of a linear combination of
a one-electron system is expressed when represented in the electronic wave function. Basis sets
express the linear combinations, calculate the different methods used based on their efficiency,
and how they will correspond based on the methods used. Basis sets are implemented by
different conditions by the scientist, like methods that will be used, molecular geometry, and the
geometry of the molecule. This is where molecular optimization has some limitations in which

role on how it will work. The individual molecular orbital, @;, is defined by the following

Equation 2.21 as of coefficient c,; is the molecular orbital expansion coefficient. Then ¥,
represents the basis functions from y; ... yn, which will be normalized (Foresman 2016). So, the
variational method will then be used to solve the best parameters in the molecular orbital
expansion coefficients and basis functions. The parameters defined as the “best” will give the

ones with the lowest ground state energy (Zielinski 2005).

The basis set 6-311++G was used for this research for the potential energy scan. Another

basis set, aug-cc-pVTZ, was used for the geometry optimization.
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The basis set 6-311++G is a Pople-style basis set (Krishnan 1980) for more atomic and
valance atomic orbitals. It is used for calculations made to be used in the Gaussian software by
Dr. John Pople and his research group (Ditchfield 1971). This basis set is considered “balanced”
when there are diffusion and polarization functions and good quality results. However, this basis
set is very expansive in terms of use for calculations based on the quality of measures that are
being done. The 6-311++G is a triple split valence basis set. The core orbitals are a concentration
of six Primitive Gaussian Type Orbitals (PGTO) and three functions having valence splits by
representing PGTO. The first + indicates the diffusion in one set of s- and p- functions of heavy
atoms, and the other + refers to a distribution of the s-functions of extra hydrogens in the
molecule. The basis set of 6-311++G is a costly basis set since it uses much energy and takes

time mostly since it’s the highest basis set from Dr. Pople’s basis set.

This basis set was mainly used for this thesis for the rotational scan, shown in chapter 4
in the data and the significance of its use. This handy basis set was of great use since it is for the
derivation of the second and high row elements of calculations of the functions this basis set can

calculate.

The aug-cc-pVTZ or the Augumented Correlation Consistent Polarized Split-Valence
Triple Zeta is a basis set that Professor Dunning and partners proposed a new diffuse basis
function for all atoms in every angular momentum on basis functions present in the atom
(Papajak 2011). First, the aug- is denoted as augmented, which means that an extra diffuse basis
function is added to each atom and angular momentum such that the basis set is augmented fully.
Using nonafluoro-tert-butyl alcohol as an example, you will have the addition of diffuse s, p, d,
and f subshells on the carbon atoms. This will help to accurately represent the atomic orbitals

that have a far distance from the Carbon atom. Seconds, the cc- it stands as correlation consistent
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and is a type of extended basis that adds up shells of functions to the atomic functions of Hartree-
Fock (Hill 2010). Third, the “p” it stands for polarized and considers the inclusion of polarization
functions that contain an additional node, and it allows the orbitals to be more asymmetric
towards the atomic nucleus. Moreover, this will create the ending effect of expanding the basis
set and the basis set to obtain accurate calculations by allowing additional flexibility. Fourth, the
“VTZ” ending is known as valence triple zeta, and it utilizes 3 slater-type orbitals (STOs) to
represent a single atomic orbital. This includes the splits valence and linearly combining two
orbitals from the same type but with different effective charges. These terms increase of quality
by each type of each one of the basic functions it will add a new kind of high order polarization
function (Jensen 1999). For example, aug-cc-pVXZ having a part of the angular moment, can
play subshells from primitive functions and contracted functions which is a basic set that
recovers the correlation energy of valence electrons. However, the basis sets are interested in
recovering core-core and core-valence electron correlation functions; thus, all the acronyms such
as aug-cc-pVTZ have considerable intimate parts. This aug-cc-pVTZ is a huge basis set that can
introduce the possibility of having a variety of different atomic orbitals that could be chosen of

the molecular orbitals.

This basis set was used for the fundamental research of the thesis using for the
calculations for the entire simulated experiment. This was used with both methods, MP2 and
DFT. The rest of the data will be shown what it got of numbers, and being the critical basis set of

the experiment, will be able to offer the information regarding this basis set.
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2.4 Hardware

There are many other high-performance computing centers worldwide for the same type
of interest in universities to get various data for the types of analysis they are placed on and what
they are focusing on. In regard to the supercomputer, there is a question on how it became
famous for research and development in the science and engineering fields in the 1950s
(Pritchard 2001). Seymour Cray’s company created the first supercomputer, Cray-1; it was first
known in the late 1970s to perform a large-scale scientific application for the physical
phenomena of 240 million calculations per second (Jensen 1987). This supercomputer then
started being sold to the government and the universities. This became popular for research in
many fields of science (Jensen 1987). Including the innovation in making their supercomputer
for it to be used in their lot of research by increasing their calculations minutes and time range of
the stimulations. Therefore, today we have 165 supercomputers nationwide in the United States
for research development of any study of physics, chemical, biological, pharmaceutical, and
environmental (Service 2016). These supercomputers have helped understand the stimulations
and the calculations on the atom or compound being analyzed in the research (Jensen 1999). The
supercomputer works in the molecule’s vibrational frequencies and the interatomic motion

within the molecule (Foresman 2016).
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Figure 2. 1:Seymour Cray with his Cray-1 Supercomputer

Computer History Museum. Supercomputer designer Seymour Cray in front of his Cray-1 computer.
(n.d.). Retrieved May 19, 2022, from https://www.computerhistory.org/revolution/supercomputers/10/7/3

The computer center used for our calculations is the Texas Advanced Computer Center
(TACCQC). It’s at the University of Texas at Austin. This is where science and engineering send
their analysis and can send their respected data to be calculated into the computing center. For
example, TACC has been used as a resource for covid-19 to underline its effects within the virus
itself, making this an interest in scientists and medical investigators to understand how to
simulate its atoms by 2020. TACC has been the aid for the computational work for the
experimental work that has been used for most of our studies in having a set of views on how the
molecule we are studying works. TACC has also advanced its investigation by looking based on

the earthquake and tsunamis in the environment’s radiation by using their Lonestar4.
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2.5 Software

As a primary focus of the softwares used in this project were Gaussian, and Pgopher for
the molecule we have been analyzing through our years of work. Gaussian was the program used
to get the geometric structure of our molecule. Pgopher is a program used to simulate our
calculated results from our molecule that had been calculated through TACC. These software
have been a great aid in looking at the experimental and the simulated work based on what is
done with the alcohol we are researching and to be able to understand its stimulation. Also, in
getting our structure geometric structure in order to get its calculations for the further in getting

the structure correctly when wanting to have the correct data to get calculations.

The primary software used in this research in this thesis has been Gaussian and Pgopher,

which will be explained more in this chapter.

2.5.1 Gaussian

At the University of Cambridge in England, Dr. John A Pople and his research group
created Gaussian, an ab initio quantum chemistry method (Hehre 1970). He developed this
computational method by using the basis sets by modeling the wave functions of the orbitals. By
creating this software, it was easier to be used for the plans and basis sets that were used since it
was costly to use these computational methods to be solved. Thus, this system pioneered having
a more accessible way of forming the molecule or atom to get scientists and students to work on
getting a faster computational method than sending their job to the supercomputer. Gaussian
software was created in 1970 in which. Pople was a pioneer in developing this computational
method for molecular structures. This software has been called an ab initio quantum chemistry

method since most of his research was based on the electronic structure theory. However,
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Gaussian was not the only program that conducted molecular optimization in time since there
were other programs used for investigation in this type of quantum chemistry methods in
electronic structure. Gaussian 70 was the program that was preferable to use for molecular
observation by its efficiency and how easy it is used. Professor Pople was not only one of the
pioneering scientists in the program Gaussian but of the development of Perturbation Theory,

Couple-Cluster method, modern calculations of Hartree-Fock, Self-Consistent Field (SFC), and

basis sets that are used when analysis today.
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Figure 2. 2: Pople Diagram of Basis set for Gaussians software for atomic orbitals

Gaussian software has kept up with modern computational chemistry developments by
updating and optimizing its programs. The most current Gaussian software used for this time
in the thesis is Gaussian 16. This software is run by a supercomputer such as TACC, in which
the molecule is being simulated in its optimization of the structure of our molecule is being

analyzed. Chemical quantum calculations are doing this work. The molecule is being
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theoretically observed and optimized by the system by combining the Gaussian software and

supercomputer abilities of TACC.

2.5.2 Pgopher

Pgopher is software that has been used for microwave spectrum stimulations such as
vibrational, electronic, and rotational spectra of a molecule (Western 2017). As all the
calculations are obtained, the optimized molecular structure from the ab initio calculation
Gaussian 16 will give rotational values calculated. These rotational values of the molecule will
provide us with the molecule’s information of its characters so it can be simulated in a
microwave spectrum. Rotational Values that are being used are the rotational constants (that are
known as A, B, C), dipole moments (a, b, ¢), and the centrifugal distortion constants (DJ, DJK,
DK). This can be used for any molecule simulated in Pgopher based on their symmetry can have

poor fit based on the calculated values based on these parameters.

The rotational parameters A, B, C will be discussed in more detail in Chapter 3 and will
be explained on why these are important to know. As the same will be for the dipole moment and
the centrifugal distortion constants and why we need to know them and their importance in the

stimulations when doing Pgopher.
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CHAPTER III

ROTATIONAL SPECTROSCOPY

3.1 Introduction of Rotational Spectroscopy

At the start of this chapter, we must start with a question about what is spectroscopy, why
is it important, and what does it study? First, spectroscopy is the study of the absorption and
emission of light and of scattering by electromagnetic radiation by atoms and molecules (Hanson
2022). We have emission and absorption spectroscopy they have different frequency of light for
specific types of motion and why? Thus, emission spectroscopy is where the electromagnetic
radiation arises by a transition that a molecule is undergoing from the detection of high energy
state to a low energy state and its frequency is being analyzed (Atkins 2018). Absorption
spectroscopy is the net absorption radiation that passes through a sample that is being monitored
from a range of frequencies and stimulate the emission radiation. They both give the same
information in regards of the energy levels separation for vibrational, electronic, and rotational.
From the information we now understand of spectroscopy we can know focus on the different
methods in spectroscopy.

Rotational Spectroscopy or Microwave Spectroscopy is a technique that helps identify
the values that precisely define the structure and identity of molecules. The molecule’s
characteristics, such as bond lengths, angles, number of conformers, and dissociation energy,
could be obtained with high accuracy (Atkins 2017). There are different types of spectroscopies,

such as Nuclear
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Magnetic Resonance (NMR), Fourier Transform InfraRed (FTIR), and Gas chromatography-
mass spectrometry (GCMS), and there are also other overlooked spectroscopies that are less
common. As explained, microwave spectroscopy is an analytical method that is used for the
detection of the rotational transition of a molecule. These experiments are done in a chamber that
has been kept in a high vacuum to minimize interference of impurities on molecules. The
molecule is placed on a gas carried that will enter the chamber of a pressure background through
a pulsing nozzle in which molecule undergo supersonic expansion through this process. While
in the chamber, the molecules are in the energy ground-state. The incoming microwave radiation
will move them into the excited state. All molecules like to be in the lowest energy state. Once
the radiation stops, they will return to the ground state and emit radiation. The radiation is
associated with the rotational energy levels. These transitions are detected in time domain and
Fourier transformed into frequency domain. Microwave spectroscopy covers from the
wavelength of 10° um to 10° um or approximately 3,000 MHz to 3,000 GHz (Stedwell 2013).

This is shown in Figure 3.1.
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Figure 3. 1: Electromagnetic Spectrum

National Aeronautics and Space Administration, Science Mission Directorate. (2010).
Introduction to the Electromagnetic Spectrum. Retrieved June 15, 2022, from NASA Science
website: http://science.nasa.gov/ems/01_intro

During the 1940s the measurement of microwave frequency had been done by Claud
Edwin Cleeton and Neal Hooker Williams for the microwave radiation of Ammonia (NH3)
(Gordy 1983). This is what brought the start of microwave spectroscopy advancing in the studies
of scanning molecules creating new branches for research. As the technology advance to
computers, microwave spectroscopy started to become efficient and less tedious when
conducting research. The Fourier transform microwave spectroscopy was invented in early 1980,
which allows data is being collected for the time domain and converted into the domain for

frequency for simple interpretation of data (Alonso 2021). This is where the microwave
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spectroscopy and Fourier transform had revolutionized with the computer development. Then by
2006 the first Chirped-Pulse microwave spectrometer was built and making a breakthrough in

microwave spectroscopy.

The main reason for focusing on this part of spectroscopy is because the spectrometer
used for this thesis was the Chirped-Pulse Fourier microwave spectrometer. This will be
explained in greater detail in this chapter to understand the use of this spectrometer and its

importance and what was analyzed experimentally in chapter 4.
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3.2 Principles of Rotational Spectroscopy

Rotational Spectroscopy uses microwave radiation to measure the energies of rotational
transitions of gas-phase molecules. The rigid rotor model assumes the distance between particles
that will not distort under rotational stress (Fayed 2014). The molecular rotation is based on the
molecules being defined by their mass based on the moment of inertia. Moment of inertia is

which measures the object’s resistance to the changes in the rate of its rotation; this equation is

3.1.

From the equation 3.1, the / is the moments of inertia of a molecule of an axis that is
passing through the center of the mass, m; it is the mass of the atom i that is treated as a point and
the r; is the perpendicular distance from the axis rotation (Atkins 2018). Which does moment of
inertia go through a torque of the axis Ia, Iy, and 1. in next section 3.3 we will see how the
moment of inertia provides on how the axis of a molecule based on the symmetry. The molecules
within each category can have different characteristics, including symmetry operations and
dipoles. Thus, rigid rotors can be classified into four types of rotors. It is essential to know their
categories based on their geometric structure and the inertia around the three orthogonal

rotational axes shown in Table 3.1.
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Table 3. 1:The four different types of Geometric structures of rigid rotors

Linear & Diatomic molecules L=1,1.=0
Spherical tops L=h=L
Symmetric tops Oblate >L=1
I.=L>1,
Prolate
Asymmetric Tops L#EL#IL

As explained in Table 3.1, these geometries are characterized based on the moment of
inertia designating the internal axis systems of rotation from three mutually perpendicular axes
such as a, b, and c. These a, b, c- principal axis systems rotate together within the molecule and
are then converted as the principal moments of inertia from the geometric structures known as Ix,
Iy, and I, or as 1., I, and I, with the axes chosen as Iy = [I; = Iy. These chosen axes I is the
largest moment of inertia, and I, is the smallest since a-, b-, and c- are chosen to ensure the
inequality (Bernath 2020). This will be explained in the next section were we will see how the

body-center principal axis and moment of inertia are obtained.

For example, rigid linear or diatomic molecules rotate in free space (Lopez 1995). So,
when looking at the diatomic molecule you will have a simple geometric structure with its atoms
passing through one main axis. Since there is only one fixed axis to look at only one rotational

constant, B, since it is used to describe the rotatory movement of the molecule. Thus, as the
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molecule gets more complex in regards of the geometry and symmetry it utilizes all 3-
dimmensional axis, and has two additional constants, A and C, which helps on describing the
rotatory motion of the molecule. This can be noted that the figures it is not in a typical cartesian
coordinate system. they are in the principal axis system. It is chosen to describe the rotations of

the molecules more conveniently.

A
L

El

=)

Ol

Figure 3. 2: Circular motion

Bernath, P. (1995). Spectra of Atoms and Molecules (4" ed.). Oxford University Press.

In Figure 3.2, we can see a particle is moving in a fixed axis and it is undergoing through
circular motion. The mass is moving at a constant speed p around a circular path of a radius from
(x,y) plane which r is the origin of the Cartesian coordinate system. As the motion period is T’
and the frequency of motion is f/=1/7 then with the Newton Law of motion, F=ma is where the
direction is going towards the in which the center of the mass. The particle is rotating with an
angular velocity o is from the center of the mass as it connects from the circular motion towards

the angular moments in where the movement from the particle.
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Since we are focusing on the rotational system of a molecule and what we know
regarding a linear system must be changed in terms of the rotational systems. The equation found
in Table 3.2 are important to have when going over the motion when focusing on a linear motion
system to an angular motion system. This is very important in being familiarized with the

angular motion system, since in this thesis this discussion will be in terms of angular motion.

Table 3. 2: The Angular and linear motion relation

Linear motion Angular Motion
Distance, x Position Angle, 6
Veloci — .= Velocity Ancular Veloci —p=29
elocity, v = x = 7 ngular Velocity, w = 0 = ey
[ Acceleration

. . . s 1'§
Acceleration, a = ¥ = ; Angular acceleration, « = 6 = s

1 #

Mass, m Mass Moment of inertia, I = mr”

Linear Momentum, p = mv Momentum Angular momentum, L = [w
et _ o O Kinetic Energy 1 L%

Kinetic energy, Eg 5 % Eg = 5 T% = T

Now, we can take a moment to discuss some of the rotors, spherical top molecules. These
molecules cannot be absorbed through electromagnetic radiation since they do not have a dipole

moment that can be permanent (McQuarrie 1997), which is part of why they are not seen in a
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microwave spectrometer. As seen in Table 3.1 the spherical top moment of inertia is equal on

eachaxis Iy = I; = Iy.

Sphere

Figure 3. 3: Spherical molecule rotor
Kot, D., Kissinger, G., Schubert, M. A., & Sattler, A. (2017). Current stage of the investigation

of the composition of oxygen precipitates in Czochralski silicon wafers. ECS Journal of
Solid State Science and Technology, 6(4), 17-24. https://doi.org/10.1149/2.0081704;ss

Some examples of spherical top molecules are sulfuric hexafluoride (SFs), methane
(CHa), and Silane (SiHs). Since these molecules cannot be studied in microwave spectroscopy, it
does not mean they can be studied in Raman Spectroscopy. The lack of dipole moment causes a

problem for them being studied in rotational spectroscopy.

The next rotor will be Symmetric top molecules with two equal moments of inertia and
one with a different moment of inertia by the rotational axis (Atkins 2018). We will see two

types of molecules oblate and prolate, as shown in Figure 3.4.
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Prolate
Oblate

‘Q‘--'

Figure 3. 4:0blate and Prolate molecule rotors
Kot, D., Kissinger, G., Schubert, M. A., & Sattler, A. (2017). Current stage of the investigation

of the composition of oxygen precipitates in Czochralski silicon wafers. ECS Journal of
Solid State Science and Technology, 6(4), 17-24. https://doi.org/10.1149/2.0081704;ss

Figure 3.4, the moment of inertia they are dependents of the /. axis. The moment of
inertia is defined by the body’s resistance to other forces because greater inertia means there will
be a greater resistance in the axis. Such as, oblate top figure its /. axis it resistant to the motion
and prolate top figure is going to resist less to the motion and this could be regarded towards

their shapes prolate look like a vertically placed cigar and oblate looks like a horizontally flipped

€gg.

Symmetric top will have rotational constants for the energy levels, also additional
quantum numbers for the rotational energy level description (Bernath 2020). The energy levels

correspond to the J value but when we include the asymmetry parameter k this corresponds that
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we have 2J+1 distinctive energy levels, but each have 2J+1 M-fold degeneracy. This is where it
defined (A-B) > 0 and (C-B) < 0 as the given values J the K, will increase in energy as the K,
will increase for the prolate top. As the same for the K. levels of energy be decreasing as the K.
increased for the prolate. The levels are labeled by Jkux. in which J is a great quantum number
the K, and K. are numbers used for the symmetric top limits and asymmetric top and their sum
is from J or J+1. For the asymmetric parameter k runts from the K= -/ prolate top to K=+/
oblate top. When K=0 it means is a degenerate (2J+1/) fold the molecule follows the asymmetric
top, and the K # 0 it has a 2(2J+1) fold degenerate, however the symmetric top selection rule

willadd 4] = £1,AM, = 0,4K = 0.

Finally, in asymmetric top molecules, all three moments of inertia are not equal Table
3.1. Schrédinger’s equation solution can be attained using the symmetric top basis set. Ray’s
asymmetry parameter can be used to describe the level of asymmetry on the deviation from

prolate/oblate molecules shown in equation 3.16 (Bernath 2020).

";0,0B
k =
, 0B

(3.16)

The asymmetric top selection rules are complex and dependent on the 3 dipole moments
Ma, b, and g, in which the rules will consist of A] = 0 + 1, and AM, = 0, 1. Since these
separations happen in different ways only for K, and K.. From following the a-type transition
Uy #0and y; = uy=0,Ky =0,(+2,+4..) and Ky = £1, (£3, 15 ...) the values
parenthesized from K, and K. meaning the transitions are weaker meaning that they will not
likely happen. In the b-type transition, y; # 0, and Ky = Ky = +1, (%3, £5 ...). Then for the c-
type transition, uy # 0 so Ky = +1,(£3,4+5...) and Ky = 0, (£2,14 ....). These are the

selection rule cases that can be seen in Figure 3.5.

48



229

21
212
1ot
J=0 K;=0 Ouo K.=0 J=0
1 +1
K
Prolate Oblate

Figure 3. 5: Asymmetric top selection rules
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3.3 Rigid Rotor

The main reason for talking about these rigid rotors in my thesis is because my molecule
1s an asymmetric top molecule. Nonafluoro-tert-butyl alcohol since we will go more in-depth in

chapter 4 to dive more into understanding this molecule.

An example that will be used of the rigid rotor would be the diatomic molecule’s distance

since it is the one that has been used in other books on physical chemistry shown in Figure 3.6.

Figure 3. 6: Rigid Rotor model

This model is known as rigid rotors, consisting of two-point masses m; and m> with a fixed
distance of r; and r2 from the center mass. This distance between them has a stiff and rigid bond
between two different atoms. Their unequal masses are symbolized in the light purple and blue
circles. Also, the masses have unequal distances through the axis of rotation as it is passing

within the center of mass that is symbolized in the small light green circle.
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The model of the rigid rotor of the diatomic molecule goes based on how this molecular
model is based on its energy. The diatomic molecule consists of two atoms that are bonded
together. Anyhow, it’s not a simple atom since the molecule needs to have dipole moments for
rotational spectroscopy. If the molecule is without the dipole moments, it will not work in the
observation of the rotational spectroscopy. For any categories in Table 3.1 case would be a fact.
For example, molecules like H>, N2, and O; have no dipole moments, so they are not observed in
rotational spectroscopy. However, the rotational spectra can be observed for HF, CO, and HCI
since they have dipole moments. Since the rigid rotor represents the rotation motion of the
molecule and it does not consider the stretching of the molecule as it rotates. However, a non-
rigid rotor does consider the stretching and therefore labels it as centrifugal distortion. This will

be covered more later in this chapter.

As explained in Chapter 2, quantum mechanics is a set of laws and concepts describing
particle levels’ motion at the atomic and subatomic. Applying the time-independent
Schrédinger’s equation helps explain a system’s energy and information in detail for quantum

mechanics.

The classical mechanics for the rigid rotor’s general expression is
E, =-lo' (3.2)

where o 1s the angular velocity of the axis and Ix corresponds to the moment of inertia in which
the rotational properties of any molecule could be expressed based on its three mutual
perpendicular axes. This equation is composed of the kinetic energy on the Hamiltonian operator
since the molecule is constantly in motion. This is also by excluding the potential energy in the

equation because there is no resistance to the rotation (Castellan 1983). Equation 3.1 of the
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moment of inertia considers the atom’s mass and the perpendicular distance from the rotary axis.
The rigid rotor would overall expression considering the x- and y- coordinates motion as shown

in the equation (3.3) below.
E, = - lgwg + - I o (3.3)

Now talking of coordinates, we can now focus on what Cartesian coordinate and principal axis
coordinates. Cartesian coordinates are what one in specifying the location of a point in the plane
or a three-dimensional space like the x-axis, y-axis, and z-axis which are real numbers. The
principal axis system is when the coordinate system is diagonal within the inertia tensor by
having three perpendicular principal axes (Cline 2020). Principal axis systems are fixed to the
shape of the rigid body and they are constant to the orientation from the body fixed coordinate
system that are used to evaluate the inertia tensor. The system results of Ig = I+ and I, = 0 as
this expression is being described as having x = a, y = b, and z = ¢ (Atesin 2014). As they are
written as Iy = I; and Iy = 0, which overall will resemble table 1since the rotational constants

are inversely proportional, meaning a, b, and ¢ have the same relationship as Iy, I7, and Iy.

The moment of inertia, for the rigid rotor, for Iy and I it will be equivalent to

I =uR (3.4)
In which p is
= ##,’T##!! 3-5)
and
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R=7r+mn (3.6)

The reason is that the equation corresponds basely to a one-body problem and not a two-body

system (Lopez 1995). The system considers the center of mass and the center of axis rotation.

The classical mechanics from equation 3.2, the rigid rotor from the kinetic energy can be

adjusted as

E, =;

% 3.7)

' Al

rewriting E, = -’ to E, = —]]— and then by switching L for Iw. The equation of the

moment of inertia directly will be in terms of angular momentum, L. The angular momentum of
equation 3.7 will be replaced with the £symbol, which will indicate the quantum mechanics of
the total angular momentum. The equation of classical mechanics of equation 3.8 will interpret

as Hamiltonian quantum mechanics.
H=x (3.8)

After the Hamiltonian solution is added to the time-independent Schrodinger’s equation, it will

help solve the eigenfunction of the rigid rotor and the spherical harmonics in which

Fy =0 JU+ Dy (3.9)
so, the eigenvalue will be solved to become

R

E=G]U+1) (3.10)
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Instantly, by getting to this place now, we can properly bring in the rotational constant, B, which

would be equal into

B="L (3.11)

Then equation 3.10 will be then turned to

E=BJJ+1) (3.12)

The rules for diatomic/liner molecules of selection, 4] = +1 (Bosanac 2001). An example of a

selection rule that can be interpreted for the energy diagram for the rigid rotor will be denoted in

Figure 3.7.
30B
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Figure 3. 7: Diatomic/ Linear Molecule selection rule
The J values (J = 0,1,2...) are incorporated into having different multiples spacing of the 2B
energy regarding the rotational transitions E; and E,+;. The difference in energy levels can be

expressed in equation 3.13
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AE = Ep —E =ﬁ(]+1) (3.13)
The equation then can be based on the rotational constant B for equation 3.14
AE =2B(J + 1) (3.14)

In which equation 3.15
(3.15)

is in the units of frequency Hertz, Hz (Struve 1989), and the rotational transition have different
separation by the 2B space. The spectra line in the rotational spectrum is shown in the energy

diagram and multiplied by 2B, spreading them to represent their rotational transition. Based on
this rotational spectrum, there will be lines spaced out by 2B when the rigid body is designated

for the molecule.
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3.4 Centrifugal Distortion Constant

As we have discussed in section 3.3, the rigid rotor about having a fixed distance while it
is in its rotation. The rigid rotor is a theoretical model in which we restrict the distance between
molecules to a rotation’s particular value. In truth, the distance is not fixed as the molecules go
through rotational transitions and the J value increases, the fluctuation of the bond distance, r.
Bonds can compress or stretch a bit and increase the intensity as the energy of transitions
increases. This is what centrifugal distortional means. The centrifugal distortion constant is
known as the parameter D, since we consider the stretching motion of the molecule in the middle
of a natural rotation. In which a molecule rotates, it is not stiff as the rigid rotor explained
theoretically. Thus, a molecule that rotates on a 3-D space can have bond stretching when it is
rotating faster. A picture that can portray the stretching motion of the molecule as it rotates will
be figure 3.8. It conveys the related mass on a spring and from the physics equation Hooke’s law
or the harmonic oscillator in studying the vibrational behavior of the molecules in between

atoms.
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Figure 3. 8: Centrifugal distortion constant describing the stretching motion

From Schrédinger’s equation, the Hamiltonian takes into consideration the centrifugal distortion

constant, as seen in equation 3.17
ﬁCD = _D]j4 (317)

This is the correction added to the original Hamiltonian of the rigid rotor in which the constant

Dyis
D, =— (3.18)

In equation 3.18, B. stands for rotational constant, and w. are connected to the vibrational
frequency (Hollas 2002). Then equation 3.19 shows the eventuating energy from a rigid rotor

alone after the centrifugal distortion correction had been added from a rigid rotor case.

E =BJ(+1)-D,0U+1)*=(B=DJU+1)JJ+1) (3.19)

Talking of the transition spacing of the spectrum in a more concrete way the correction of the

centrifugal distortion constant is expressed in equation 3.20.
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Eqr —E =B[J+D(J+2)—JJ+DI-D[J+1)'J+2)]
= 2B(J+1)—4D(J + 1) (3.20)

The molecule as rotates fast, and with the J values increasing, the centrifugal distortion
correction can be negligible on having a considerable effect on the spectrum. Then this
correction of the centrifugal distortion constant will make the spectra lines be closed together by
the expansion in the bond lengths, and the moment of inertia will result in a lower rotational
constant value. The centrifugal distortion constant effect of a rigid to a non-rigid body from a

rotational spectrum will be shown in Figure 3.9.
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Figure 3. 9: Centrifugal distortion constant effect
Singh, R. (2021). Rigid and non-rigid rotor models for microwave rotational spectroscopy of

diatomic molecules. International Journal of Advanced Science and Engineering, 7(4),
1946—1942. https://doi.org/10.29294/ijase.7.4.2021.1936-1942
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For symmetric tops, the Hamiltonian for the centrifugal distortion constant expands
further and is composed of 2 more parameters, Djx and Dx other than the original D;. It will be

expressed as shown in equation 3.21.

Hgy = —D\p - D\Cﬂﬂ‘- - Dzﬁ (3.21)

The energy of a symmetric top is divided further based on what type of symmetric top we are
going over. Such as the prolate symmetric top that will have proceeding energy seen by equation

3.22.

E.=B/J+1D)+A-BK —-DJ (J+1) =D, JJ+ 1K —D.K* (3.22)

The oblate symmetric non-rigid rotor the energy equation will be seen in equation 3.23
E\c =2B(J+1)—4D(J + 1) —4D (J + DK (3.23)

The asymmetric top will have other 2 parameters that need consideration to describe the
spectra clearly. These parameters are from Watson’s A-reduced form of a distortable rotor by
including 6, and o« next to the Dy, Dk, and Dg. An asymmetric top energy for a non-rigid rotor

can be seen in equation 3.24

B =2B( +1) —4D(J + 1)° (3.24)
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3.5 Large Amplitude Motions

The large amplitude motions of a molecule is something of our interest that will be
explained in this chapter. Since our molecule has a large amplitude motion based on what we
have analyzed theoretically and experimentally, we will have to first focus on a harmonic
oscillator, a particle in a potential energy well given by force constant (Atkins 2014). This is
based on having kinetic energy and potential energy at the non-zero regarding the motion of the
ground state. When we have a free particle, the potential energy is zero since there is no force in
which we note this being a one-dimensional moving on the x-axis. The energy levels are not
being quantized since there is a continuation in the kinetic energy. Thus, this motion is where the
particle's position cannot be definite if it moved through the axis. Torsion angle rotations are the
most important based on the intramolecular regarding the field of force. Torsion angle interaction
tried to model the rotational barriers by combining non-bonded interactions and mostly since it is
different regarding the stretching and bending interactions. A torsional potential study was done
on toluene, where the torsional potential can also be seen in the spectrum. To get the spectrum
from the toluene by different torsional levels that had to be fixed by assuming some torsion-
electronic coupling by permitting only one torsional transition to occur (Miiller 2017). There
were spectra where they could see the torsional levels of a state of toluene from the intermediate
resonance how the torsional barrier can affect and this by helping understand the large amplitude
motion.

The large amplitude motions are molecular movements that will have large atomic
displacements. This is based on the feature produced for specific rotational spectra when certain
barriers are within the molecule’s geometry (Wlodarczak 1999). It has been denoted based on
various large amplitude motions of molecules rigid models by the motions in rotation from a

bond or inversion and bending
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of a near-linear molecule (Strauss 1983). This is fundamental to have a stable geometry and small
amplitude displacement thus since there will be bonded fixing. Large amplitude motions can be
reflected by the molecular movements compromising internal rotations, proton tunneling, and low
energy vibrational frequencies (Hakiri 2019). However, these large amplitude motions are difficult
to do in quantum calculations that will require a stronger experimental counterpart for the

theoretical models since it is based on the rotor of the model’s system.

The large amplitude motions of a molecule could be analyzed on different molecules based
on the stretching or torsion of the bonds of the molecules from the gas phase microwave spectrum.
These then have a potential energy scan based on their stability and energy from their degree of
freedom based on their bond, such as the ester of small fruit found on the C—C single bond having
a large amplitude motion (Hakiri 2019). Dr. Haikiri and his collaborators could denote in the study
that there were different types of four different pentanoates through their gas-phase structure from
the intramolecular effect having to use lower optimization to expect some reliable data from the
structure. The large amplitude motion had been studied in the spectra stimulation doing potential
energy scans of superfluid and non-superfluid to unravel the deformation dynamic and rotation. It
can cause regarding being isolated (Briant 2019). This study from Dr. Briant and his collaborators
was based on the dynamical effect on the spectrum and denoting the large amplitude motions based

on the complex molecule being perturbed regarding the environment.
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3.6 CP-FTMW Spectrometer

Chirped-Pulse Fourier Microwave (CP-FTMW) Spectrometer was invented in 2006 and
1s a microwave spectrometer used today with other spectrometers used for studies. This
spectrometer was proposed by Dr. Brook H. Pate and collaborators from the University of
Virginia. This CP-FTMW was designed to measure from the spectrum of 7.5 to 18.5 GHz with a
single polarizing pulse advancing the digital electronic (Brown 2006). A digital oscilloscope
digitally converts the molecule’s free induction decay from the time domain by increasing the
signal-to-noise ratio. The chirped-pulse microwave spectrometer is a gas phase technique used
for pure rotational spectrum for the unambiguous identification of permanent electric dipole
moments (Pajski 2008). The Chirped-pulse FTMW spectrometer adds a waveform of generator
that expands the bandwidth of several 1000x. The amount of time needed will decrease to

undergo a spectral search.

The CP-FTMW was developed to offer the order of magnitude improvement in the
spectrum acquisition times and its advantage in digital electronics in measuring the molecular
spectrum (Brown 2006). The chirped pulse was created to offer two crucial advantages, such as
the frequency bandwidth and pulse duration, which are decoupled in the chirped pulse. Also, the
behavior is different from the transform-limited since the pulse is used in a Fourier transform
spectroscopy since bandwidth is increasing and must be achieved by shortening the pulse. Thus,
by using the “stretched” pulse, it can deliver more energy from the sample from the microwave
amplifier with the fixed peak power. Then for a chirped microwave pulse, there is a simpler
method in the extension within the bandwidth. So, when the chirped pulse passes through the
microwave frequency multiplies, the bandwidth will increase the force by multiplying from the

device while the pulse is going to be preserved. The CP-FTMW spectroscopy applies the
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1somerization kinetics and the rich dynamics behavior of the geometry reversible reaction. The
chirped pulse was designed over the excitation with a linear frequency sweep which was created
and amplified. This can be conveyed in the schematic in Figure 3.10 of the CP-FTMW

spectrometer that was made for microwave spectroscopy.
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Figure 3. 10: CP-FTMW Spectrometer schematic

Brown, G. G., Dian, B. C., Douglass, K. O., Geyer, S. M., & Pate, B. H. (2006). The rotational
spectrum of EPIFLUOROHYDRIN measured by chirped-pulse Fourier transform microwave
spectroscopy. Journal of Molecular Spectroscopy, 238(2), 200-212.
https://doi.org/10.1016/1.jms.2006.05.003

The CP-FTMW spectrometer schematic diagram shows how the chirped pulse is
generated by the high-speed arbitrary waveform generator (AWG) and by a microwave circuit

for the frequency up-conversion and a bandwidth extension (Brown 2006). Then the chirped
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pulse is amplified by a pulse traveling wave-tube to a linear frequency sweep of .5 to 18.5 GHz
in a 1-ps pulse duration. The amplified pulse will be broadcast in a sample interaction region of
a molecular-beam spectrometer with a strander gain horn. The molecular beam is created from a
pulsed jet expansion of a 0.5% from an 80:20 neon to helium gas mixture. The backing behind
the nozzle is about 1 atm, and the pressure nozzle diameter is Imm, and the pulse duration is 500
us. The rotational free induction decay is collected by the second horn and is amplified and then
converted down from the 0.5 to 11.5 GHz band, and it is digitalized at the 40Gs/s by the digital

oscilloscope.

The molecules at their ground-state energy will absorb radiation. They will be more
excited, although all the molecules prefer being at the low energy state. After the microwave
radiation stops, the molecule will undergo rotational transition, emit the radiation, and return to
their ground state. Thus, microwave spectroscopy focuses on the radiation that the molecules
have omitted. These signals will be collected for the time domain, and Fourier transformed into
the frequency domain. It will allow for an amount of great information that will be collected by a

spectrometer and converted into the spectrum for a simple interpretation.

The Chirped-Pulse Fourier transform was used in this research; the experimental work
was done at the Missouri University of Science and Technology with Dr. G. Smitty Grubbs and

his research group.
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CHAPTER VI

ROTATIONAL SPECTROSCOPY NONAFLUORO-TERT-BUTYL ALCOHOL

4.1 Theoretical Work

Our theoretical work for nonafluoro-tert-butyl alcohol (NFTBA) focuses on
scanning the potential energy surface to find the most stable conformation and further geometric
optimization. There are a total of five central atoms in NFTBA, the four carbon atoms and one
oxygen atom. For the four carbon atoms, the local geometries can be estimated to be tetrahedral
shape based on the VESPR theory. Their best structures can be obtained by geometry
optimization. However, the local structure around the oxygen atom is not a simple geometry
optimization since multiple conformations may be possible due to the location of the hydrogen
atoms. The alcohol can be stabilized with fluorine and is difficult to optimize with geometry
optimization. So, we had to carry out a potential energy scan; from there, we had to mainly go
based on the oxygen with the hydrogen it can be stable with the fluorine to optimize the
structure. The potential energy scan along the tC1-C2-O14-H15 dihedral angle was performed
for this purpose. From chemical intuition, we can estimate that the three CF3 groups are
equivalent. From there, we could expect to see three equivalent conformations with the alcohol,
making hydrogen bond contact with the fluorine atoms. For our potential energy scan, we did it

over the dihedral angle for 36 steps, with each step at 10° at the B3LYP/6-311++G level, to
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identify the stable conformations and the energy barriers. The resulting potential energy curve

from the scan is shown in Figure 4.1.
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Figure 4. 1: Potential Energy Scan for Nonafluoro-tert-butyl alcohol conformation along with
dihedral angle t1C1-C2-O14-H15

From the potential energy curve, we can observe that there are indeed three equivalent
conformations, as shown in Figure 4.1. In going with this potential energy scan, we could able
also see the energy barrier among the lowest confirmation. We can compare the barriers to
similar molecules to see if there is a fluorination effect. The energy barrier is about 6.74 kJ/mol.
The internal fluorination effect is mostly by the fluorines are equivalent but can cause some

barriers based on how they are having with the oxygen some competition for the hydrogen since
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fluorine is more electronegative that is caused for our molecule form being an asymmetric

molecule to be a near oblate top molecule.

From our overall theoretical work, we had done from our theoretical work from our
molecule, then we can also be able to show you how our data overall gave us some insight into
how our molecule acts. This also gave us on how our molecule is being done in a potential
energy scan we could be able to see the interaction from the bond angles geometry and the
energy barriers, and the fluorination effects to compare our molecule with the tert-butyl alcohol

in Table 4.1.

Table 4. 1:Energy barriers comparison of NFTBA with TBA

NFTBA TBA

kJ/mol 6.74 5.13

Having this energy barrier comparison, we could see the differences on seeing how
fluorine makes the energy higher from what was done from their theoretical work. Thus, we can
see from table 4.1 is that NFTBA is higher than TBA as explained with the fluorine and by how
the structures always prefer the low energy from comparing this data. However, they have a
small energy barrier in comparison these two molecules have a large amplitude motion we can

still observe how this affects occurs by the fluorine’s interacting with the hydrogen.
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From the results of the potential energy scan, we were now able to carry out geometric
optimization. Since the three lowest energy conformations are equivalent, we could now just
focus on one of them for geometry optimization. These further geometric optimizations for

NFTBA were conducted using DFT and MP2 with the basis set aug-cc-pVTZ.

The structural parameters from the calculations are compared to the previous electron

diffraction work done with perfluoro-tert-butyl alcohol, shown in Table 4.2.

Structural | DFT/ aug-cc- MP2/ aug-cc- Experimental Electron
Parameters | pVTZ pVTZ diffraction

C-C 1.5726A 1.5534A 1.566 + 0.009 A

C-F 1.3339A 1.3306A 1.335+£0.004 A

C-0 1.3928A 1.3919 1414 £ 0.022 A

<~ CCF 111.0° 111.0° 110.6 + 0.4°

~ZCCO 109.3° 109.9° 108.5+0.8°

~ZCCC 111.0° 110.2° 1104+ 0.8°

ZFCF 108.1° 108.5° 108.3 +0.4°

Table 4. 2:Structural Parameters of NFTBA
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From what was observed comparing the geometry optimization from our MP2 and DFT,
we could compare with the experimental electron diffraction because they are equivalent to each
other. In the bond length and angles, we could observe they were close to each other; however,
this is based on the large amplitude of motion with the MP2 of the angle,~CCO, we could

observe that it was not exactly that close to what we were observing though the structural

parameters.
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Figure 4. 2: Calculated structure of NFTBA

The Figure 4.2 bond length is perfect to be closed from the hydrogen to the fluorine; the distance
between them is 2.137A, as a comparison to the H-F bond, which is 0.91A. Even though the
distance from 2.137A is not that close to the covalent bond from H-F shows how fluorine
interacts with hydrogen by having the oxygen and fluorine be in competition based on their

electronegativity.

4.2 Experimental Work

Based on our calculation from DFT and MP2, we simulate the rotational spectrum of
NFTBA to guide our experimental work. These values will be able to provide how we can

compare what we have done based on our geometry optimization, being able to see how our
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molecule looks based on the fluorine and oxygen from the alcohol haven some stability. This
resource we can see from Table 4.3 in which we compare our theoretical work with our

experimental work done in collaboration with Dr. Grubbs in the lab in MS&T.

71



Table 4. 3: Calculations of NFTBA

B3LYP/ MP2/
aug-cc-pVTZ aug-cc-pVTZ Experimental
A (MHz) 805.95 821.81 818.6472(97)
B (MHz) 803.55 820.32 817.2253(10)
C (MHz) 576.39 591.96 591.96(Fixed)
D (kHz) 0.03640(57)
J
D (kHz) 0.1010(10)
JK
u (Debye) 1.1 1.2
u (Debye) 0.0 0.0
b
u (Debye) 0.9 1.0
n* / / 16
o (kHz)® / /

*n is the number of transitions that are done for experimental work

@g is the standard deviation for experimental work
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The spectrum of what is determined is based on the represented rotational calculation
from the MP2/aug-cc-pVTZ calculations. Figure 4.3 below shows the simulated spectrum from

our theoretical work.
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Figure 4. 3: Simulated calculation Nonafluoro-tert-butyl alcohol

Using the calculated rotational constants and dipole moments of nonafluoro-tert-butyl
alcohol, the microwave spectrum of nonafluoro-tert-butyl alcohol was simulated using the
Pgopher program from our first theoretical work. This spectrum of what is determined is based

on the represented rotational calculation from the MP2/aug-cc-pVTZ calculations.

We collaborated with Dr. Grubbs and his research group at the Missouri University of
Science and Technology in doing the experimental work. By then, we had our theoretical work.
We went and worked on using their lab work to see our molecule's rotational spectrum, and we
were able to use their Chirped Pulse FTMW spectrometer to run our sample of nonafluoro-tert-

butyl alcohol. We had to ensure the equipment was working well and be careful in using the
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software that controlled the chirped pulses. Our sample had to be released along with a carrier
gas Aragon. Having followed all the instructions on using the chirped pulses by getting the high
vacuum pressure of the spectrum acquisition started. Using a computer program, we could send
commands on the CP-FTMW that included the frequency range which we could observe and
when to send the microwave signals. The observation was from 5-18 GHz to work getting our

spectrum.

For experimental work, we measured the spectrum of nonafluoro-tert- butyl alcohol using
the chirped-pulse Fourier transform microwave spectroscopy at Missouri Science and
Technology University. Using the calculated rotational constants as a guide, we obtained the
preliminary fit from fitting 19 c-type transitions. The fitting error is 8.5 kHz, well below the
experimental error of the estimated 50 kHz. The C rotational constant was not as well
determined. Based on the calculated dipole moments, the spectrum of NFTA features both a type

and 19 c type transitions.
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Figure 4. 4: Rotational Spectrum Nonafluoro-tert-butyl alcohol

Based on what we measured in our stimulated and experimental, we were able to compare the
distance between our spectrum using our MP2 calculation; the distance between them was
around 1635.8 MHz. We measured the spectrum of nonafluoro-tert-butyl alcohol using the
chirped-pulse Fourier transform microwave spectroscopy at Missouri Science and Technology

University from our experimental and stimulated in Figure 4.4.
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Figure 4. 5: Comparison of experimental (bottom) and simulated ¢ type transitions (up) of
nonafluoro-tert-butyl alcohol (6 -10 GHz)

We are working on fitting the additional a type transitions. The fitted constants are listed
in Table 4.4 with the calculated values for comparison. We believe some large amplitude motion
based on the hydroxyl group interferes with the rotational energy levels. The two can compare
the theoretical values from our collaborators from Dr. Grubbs and our data compared to the
experimental, indicating we will need another fitting program to get a complete structure

determination from the internal rotation from the O—H group.
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Table 4. 4:Preliminary Fitting MS&T and UTRGV

Parameters MS&T (Error) Theoretical (MS&T) | UTRGYV Fit (Error)
A/MHz 815.40 (25) 811.50 818.6472(97)
B/MHz 809.63(89) 809.61 817.2253(10)
C/MHz 582.22(87) 582.25 591.96(Fixed)
D; /kHz 0.03621(24) / 0.03640(57)
Dix/kHz 0.10199400 (52) / 0.1010(10)
Transitions 20 / 16
RMS/ MHz 0.926 / 0.008
Fo 597.44486351 570.77 /

(Derived)
V3/ GHz 1467646532(98) 15225.43707 /

Table 4.4, we can see the comparison in which we have the fitting calculations we have
done and MS&T did, and we can see there is not much difference in our calculations. The
theoretical MS&T was able to find the three-energy barrier geometry structure and the structure
in which they were able to derive. From then, we have to find our structural parameters data for
these resources and go further in our investigation now that we have been able to understand that
the alcohol caused some large amplitude motions internally from within the molecule, which we

are not able to see further within our investigation. In which we were able to see the c-type
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transition spectrum from the a-type and b-type. Then by comparing our calculations from the
MS&T, we can observe that the root meter square (RMS) is twenty times higher than our RMS
since we can observe that they had used the three-energy barrier included within their
calculation. Also, when we see their energy barrier that is in GHz is around 5.8 kJ/mol since we
can compare that our values are not that away from each other compared to the theoretical.
However, this is because of the large amplitude motion from the hydroxyl group that is causing
us not to get some accurate data, primarily since we can just determine based on the c-type

transitions and we cannot observe other transitions within our data.
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4.3 Summary

We measured the first high-resolution rotational spectrum of NFTBA from what

we were able to see from our research work.

Our theoretical work for the nonafluoro-tert-butyl alcohol includes Density Functional
Theory B3LYP (DFT) and Second-Order Moller-Plesset Perturbation Theory (MP2) using the ab
initio calculation method with aug-cc-pVTZ also 6-311++G basis sets. We worked on getting the
geometry optimization calculation overall from our molecule using DFT and MP2 with the basis
set aug-cc-pVTZ. These calculations were performed through TACC. In that, we have identified

NFTBA as a nearly oblate molecule.

Then our overall experimental work was carried out using the Chirped Pulse Fourier
microwave transform in the MS&T. The preliminary fit was presented. The final fit was hindered
by the large amplitude motion. Further work is needed to clarify the interaction between the large

amplitude motion and the rotational energy levels.
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