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Abstract

In this thesis, the first spectroscopic study of rhenium monocarbide, ReC, is
presented. ReC molecules were produced via a supersonic molecular jet apparatus. The
ReC spectrum was studied utilizing both high and low-resolution spectroscopic
techniques, including laser induced fluorescence (LIF) and dispersed fluorescence (DF).
The low-resolution survey scan was performed and four bands from this system were
identified, and studied using high-resolution. This clearly revealed the '*’ReC and
85ReC isotopologues, and extensive hyperfine structure, which resulted in a complex
spectrum. This experimental data appears to be consistent with a “II-X*%" transition,
which agrees with Dr. Grein’s [1] calculations. A program has been written using the
Hamiltonian matrix for a “IT - X*T transition, as reported in the literature [2]. After
performing a fit using assigned transitions in our spectrum, molecular constants were
extracted to describe the molecular system. Dispersed fluorescence spectra were used to

extract vibrational information.
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Chapter 1

Introduction

Spectroscopy is the science of studying the interactions between matter and
electromagnetic radiation, where the radiation can come from various sources such
as a laser. During this interaction, energy is absorbed by the matter in question,
which in turn excites the molecules making up the matter. There is an emission of
energy when the molecules return to their unexcited state. This emitted energy can
be recorded, and its frequency is specific to the molecules in question. Spectroscopic
techniques have been employed for decades as important tools in both research and
routine analytical practice. They have often been used for molecular structure
determination, unknown compound characterization, chemical process monitoring,
and for quantitative analyses of complex solutions and mixtures. The absorption of
radiation is the basis of many spectroscopic methods, and a source of either
broadband or tunable monochromatic light is usually needed to record a spectrum.

There was a proliferation of spectroscopic applications due to the
introduction of tunable light sources such as the dye laser, which were capable of
providing high-powered, monochromatic light that can be tuned as desired. Lasers

can also be utilized in experiments requiring low-pressure environments, and some



lasers provide the ability to perform high-resolution spectroscopy. High-resolution
spectroscopy is necessary for the determination of finer details in a spectrum, such
as the observation of hyperfine interactions, because only high-resolution
spectroscopy can provide the line widths needed to resolve these finer details.
Rotational structure, in molecules more complicated than diatomic hydrides,
generally requires high-resolution techniques in order to resolve the structure. Low-
resolution lasers only provide a broad range of frequencies, which decreases the
resolution possible, and results in these lasers being most suited for survey work and
other lower resolution spectroscopic techniques.

The UNB laser lab has as one of its primary research themes the
spectroscopic investigations of small gas-phase transition metal bearing molecules.
The majority of these small molecules are transition metal diatomics, where the
metal is combined with a simple ligand such as B, C, N, O, F, Si, P, S, ClI, or Br.
Larger molecules are also studied by the UNB group using ligands such as CCH or
OCHes. The group is most interested in these transition metal containing molecules
due to the interesting electronic properties that arise from the large number of
valence electrons present. Rhenium, for example, possesses five valence electrons,
as compared to the alkaline earth metals, which possess two valence electrons. The
electronic properties of rhenium allow rhenium compounds to be used as strong
catalysts for certain chemical reactions or to provide extremely hard compounds for
use in industry. The UNB group’s research goal is to investigate the properties of the
specific bond or bonds present in the molecule being studied, in order to determine

the molecular constants that determine the structure of the molecule, i.e. the



rotational constant, which is used to find the bond length. The molecular structure
and electronic properties of these small transition metal containing molecules may
help other researchers to understand the properties of larger more complex
molecules. As an example, a catalyst may contain a transition metal bound to one of
the simple ligands listed above. It is hoped that spectroscopic information about that
particular bond may prove useful in achieving a better understanding of its role in
the catalyst’s structure and the catalytic cycle with the hope of designing a better
catalyst or implementing better ways to use the catalyst.

The compound investigated in this thesis is rhenium monocarbide (ReC).
Rhenium containing compounds have been shown to be important in the field of
catalysis in organic and organometallic chemistry [1,2,3] due to their interesting
electronic properties, and also throughout industry due to the extreme hardness of
some rhenium compounds. Even though this is the case, few spectroscopic studies
have been performed to understand the bonding interactions between rhenium and
non-metal atoms. This is only the fourth study of a rhenium-containing diatomic
molecule, where the three previously studied molecules are ReN [4], ReO [5], and
ReF [6]. This study will, therefore, add to the study of rhenium-ligand bonding by
introducing a diatomic carbide molecule to the list. This work will also add to the
growing list of transition metal diatomic carbide molecules studied such as FeC [7],
NiC [8], RuC [9], VC [10], NbC [10], MoC [11], PdC [11], CoC [12], and PtC [13].
In addition to contributing to this growing list of diatomic monocarbides, this
research will also assist in revealing trends in transition metal monocarbides across

the periodic table.



There have been two theoretical studies performed involving rhenium
monocarbide. One is from the literature [15], and the other is the result of a
collaboration with Dr. Friedrich Grein, UNB Chemistry Department, prior to the
current experiments, in order to get a prediction of what type of transition could be
expected to occur, what states are expected for the ground and excited states, and the
relative energies of these states [14]. An equilibrium bond length of 1.66A was
determined in these calculations. The results can also be used to estimate the lifetime
of a given transition by using the calculated oscillator strengths. The calculations
were performed for doublet, quartet, and sextet states, and are summarized in Table

1.1.



Table 1.1 — The energies of the ground and excited states of ReC [14].

State | Relative Energy (cm™) |  Oscillator Strength
Quartet States
3 - -
A 16373 0
A 16534 0
)y 18309 0.00017
() 23229 0
() 23229 0
I1 23309 0.01249
IT 23309 0.01249
I1 28875 0.13955
I1 28875 0.13957
) 38069 0.16963
I1 40005 0.00098
I1 40005 0.00098
A 40570 0
A 41215 0
Doublet States (3226 cm™ higher than quartet X)
3 - -
A 2420 0
A 3388 0
N 6130 0
A 6936 0
A 7098 0
)y 14760 0.00001
)y 15325 0.00764
A 15566 0
A 15728 0
N 16940 0
T 17986 0
I1 20970 0.11866
I1 20970 0.11879
Sextet States (43957 cm™ higher than quartet 3, and therefore not considered)

The calculations determined that a *X" state is lowest in energy, and that the
nearest 23 state is 3226cm™ higher in energy. The results also show that the sextet
states are much higher in energy so they can be ignored as a possible ground state.

The most probable transitions, based on the calculations, would be from the lowest



energy “%" state to one of the *II states, or to another higher energy *S” state. These
transitions are shown in Figure 1.1. The lifetimes of a majority of these transitions
are expected to be relatively short because most of the “IT states have relatively large
oscillator strengths. A large oscillator strength is indicative of a strong transition,

and this in turn results in a quick transition back down to the ground state.

38070A X
Relative
Energy
(em™)
28875 1
11
23310 M1
(429nm) ‘@ 25+
2A 22+
AR
18310 | 4z — A
(546nm)| 4 A
ZA 22+
2A
2y- ZA
ol

Figure 1.1 — Predicted states and most probable transitions

The theoretical paper [15], which includes rhenium carbide in its
calculations, predicts calculated values for the bond length and the vibrational
frequency of the ReC molecule in its ground state. The predicted bond length is

1.731A as compared with 1.66A predicted in the more recent calculations [14], and



the ground state vibrational frequency is 1046 cm™. A *% ground state was also
predicted.

The current research continues the first experimental spectroscopic study of
the ReC molecule by R. Weale [16]. Weale was able to determine that the molecule
produced in his experiments was ReC, and optimized the experimental conditions to
produce ReC more efficiently with the UNB laser ablation apparatus. The current
work’s goal is to use high-resolution spectroscopy to resolve the exceedingly
complex band structure and identify the transitions in the spectrum. In addition, the
presence of both the ®’ReC and '*°ReC isotopologues, which have relative
abundances of 62.6% and 37.4% respectively, must be identified. The rotational
constant and other pertinent molecular constants will be determined from a fit to the
high-resolution data. A bond length can then be extracted from the rotational
constant. The low-resolution technique of dispersed fluorescence will also be
employed to determine the ground state vibrational frequency as well as to identify

low-lying electronic states.
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Chapter 2

Theory

2.0 —Electronic Structure of the Hydrogen Atomic System

Before discussing the electronic structure of a molecular diatomic system, it
is reasonable to first discuss the electronic structure of an atomic system to gain an
understanding of the principal ideas before applying them to more complex systems.
A neutral atom, as is well understood, consists of a positively charged nucleus
central to the surrounding electrons, with a total charge equal to that of the nucleus
but of negative polarity. These electrons are not stationary, and essentially form an
electron ‘cloud’ around the nucleus. Within this simple system, there are various
types of energy; both potential and kinetic. The types of potential energies are the
Coulombic attraction forces between the electrons and the nucleus, and the
Coulombic repulsion forces between electrons. Due to the fact that the electrons are
in motion, they are the source of the kinetic energy in the system. Understanding
this, we can determine the total energy of the atomic system by taking the sum of

these different energies in the form

Etotal = Ekinetic + Epotential

10



Modern theories have stopped considering the electron as a particle subject
to the laws of classical mechanics, which we apply to everyday larger objects, and
now treat the electron the same as other entities of sub-atomic size by subjecting it to
the laws of quantum mechanics. These quantum mechanical laws are expressed in
the Schrodinger equation, which is used to determine various quantities about the
system to which it is applied, i.e. the way electrons group themselves around a
nucleus, or the way in which a transition may occur between different energy states.

Another important use of the Schrddinger equation is to predict the
probability of an electron with a particular energy being at a specific region in space,
and this probability is expressed using a special algebraical expression, called a
wave function, of the electron. The wave function is represented with the Greek
symbol ¥, and is composed of physical constants (such as =, ¢, h, m, e, etc.),
parameters (such as distance from nucleus), and quantum numbers. The guantum
numbers arise from the Schrdédinger equation, in the sense that the wave function
only represents a sensible physical system if the quantum numbers have certain
values. The following example is a set of wave functions, i,,, which are the
solutions to the Schrodinger equation for the hydrogen atom, the simplest atomic

system [1].

where r is the radial distance of the electron from the nucleus, a, = h?/ 4w?me?,

f(r/ay) is a power series of degree (n-1) inr/a,, and n is the principal quantum

11



number, which has integer values of 1, 2, 3,...,0. The constant a, has dimensions of
length (approximately 0.5 x 1078 cm), which means that r/a, is a pure number.
This results in v, and 2 simply being numbers for particular values of r and n,
where 12 is the probability of finding the electron at a chosen distance r from the
nucleus when in the state with the given n value.

It has been determined that the electronic wave function of hydrogen requires
four quantum numbers in order to adequately describe the electronic state. These

guantum numbers are labelled as n, I, m, and s, and are defined as

n=1273, ...
I=(n-1),(n-2),...,0
m=xl,+(1-1),...,0

s=+1/2

where n is the principal quantum number, | is the orbital (or azimuthal) quantum
number, m is the magnetic quantum number, and s is the spin quantum number. The
principal quantum number governs the energy and shape of the electronic orbital.
The term ‘orbital’ here is a mathematical function used to calculate the probability
of finding an electron in a region around an atom’s nucleus. The energy of the
orbital is related to the size of the orbital in the sense that the smaller the orbital, the
closer an electron will be to the nucleus, and more firmly bound to it. The orbital
guantum number, |, governs the shape of the orbital and the electron’s angular

momentum as it orbits the nucleus within its orbital. The magnetic quantum number,

12



m, governs how the electrons in an orbital about the nucleus behave when the atom
is placed in a magnetic field, and also in what direction a particular orbital is facing.
The quantum number, s, is a constant in this case because it governs the spin angular
momentum of the electron, which is the same regardless of whether it is in free

space or bound to an atom [1,2].

2.1 — Electronic Angular Momentum of Atoms

When an electron is moving in its orbit about a nucleus, it has its own orbital
angular momentum, which is measured using the | quantum number corresponding
to the orbital. This momentum is quantized and is often expressed in terms of h/2n
where h is Planck’s constant (6.626x1073*m?kg/s). h/2x is often written as 7 for
the sake of convenience. The orbital angular momentum is represented by the

equation

N = /I + Dh

where | (bold face) is used to show that the orbital angular momentum is a vector
quantity. From this point on in this thesis, bold face letters are used to represent
vector quantities [1].

In addition to its orbital angular momentum, an electron possesses spin
angular momentum due to relativistic effects. This spin is represented by the

quantum number s, therefore, the magnitude of the spin angular momentum is given

by
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1
Is| = /s(s + 1h = E\/Eh

The orbital angular momentum and the spin angular momentum are combined to

determine the total angular momentum, written as
j=1+s

where j is the total angular momentum. The total angular momentum may also be

expressed in terms of the total angular momentum quantum number as
il = VjG +Dh

To determine possible allowed values of j, components of | and s are summed along
a common direction. Generally the direction chosen is in the z direction. Therefore,
the z vector components of | and s are summed to get the z vector component of j.

This is shown as
jZ = lZ + SZ

where the allowed values of I, are m=z1, + (I - 1), ..., 0, and the allowed values of
s, are +1/2. Using these allowed values of I, and s, we can determine the allowed
values of j,. As an example, if a p subshell were to be described, the possible values

of j, would be as follows
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All of these components are taken into account when it is stated that the states j =
3/2 and j = 1/2 are formed with | = 1 and s = 1/2. For a p electron the total orbital

and spin momenta can be combined to give a total momentum of
. L1
il =5V15h or |j| =5V3h

depending on whether | and s have the same or opposite direction respectively. This
indicates that the total momentum has two different magnitudes and, therefore, has
two different energy states depending on the orientation of | and s.

It is seen that there are (2s + 1) values of j for every value of I. This
relationship is used to describe the multiplicity of the state. When a state is labelled,
it incorporates the multiplicity, total angular momentum, and total orbital angular

momentum. This is written using a term value which takes the form 25+1lj.

Using
quantum values from above, the states arising from | = 1 and s = 1/2 are labelled

2ps and 2Pi. Subsequently, states arising from | = 2, 3, and 4 are labelled D, F, and
2

2
G respectively with the appropriate multiplicity label (doublet for all atomic cases),

and j labels [1].
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2.2 — Systems of Many-Electron Atoms

Once the atom being described becomes more complicated than a hydrogen
atom and gains many more electrons, the picture becomes slightly more
complicated. The many electrons in the atoms are still occupying the orbitals with
the same type and shape as the s, p, d, ... orbitals that were previously mentioned,
but the energies of these electrons vary dramatically depending on the type of atom
being described. The energy levels for many-electron atoms are each treated as a
different case, where there is no general expression for the energy levels. There are,
however, three general rules used to explain how electrons occupy orbitals in large
atoms. These rules are generally known as the Aufbau, or building-up rules [1].

The first of these rules is Pauli’s principle, which states that each electron in
an atom must have a unique set of quantum numbers n, I, I, and s,. This rule results
in each orbital of an atom only being able to contain 2 electrons, because to add a
third electron would repeat a set of quantum numbers. There can be 2 electrons in
the same orbital because they can possess opposite spins, with one electron having s,
= +1/2 and the other electron having s, = -1/2.

Once there are more than 3 electrons the second rule comes into play, which
states that electrons are likely to occupy the lowest energy orbital possible. After the
first and lowest energy orbital is filled with 2 electrons, the next electron is likely to
occupy the next lowest energy orbital that is unoccupied or half-vacant. Orbital
energies generally increase with an increase in n, as well as an increase in I, as can

be demonstrated by the general pattern of energies for various orbitals:
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1s<2s<2p<3s<3p<4s<3d<4p<5s<dd...

It must also be recognized that there are degeneracies within this trend. For
example, there are actually 3 degenerate 2p orbitals, where each is along a different
coordinate axis. Therefore, each orbital hasn =2, and | = 1, but can have I, =1, 0, -
1. This is where we apply the third rule, which determines how electrons are
distributed among degenerate orbitals such as the 2p orbitals. This third rule is called
Hund’s rule, and states that when electrons enter degenerate orbitals of the same
energy, they first half fill each orbital. This means, for example, that one electron
will go into one of the 2p orbitals, and the next electron will go into a different 2p
orbital, etc. Once there is an electron in each of the degenerate orbitals, a fourth
electron will pair up with the electron in one of the 2p orbitals with the opposite spin
of the electron already present. Using these three rules, we are able to construct an

electronic configuration for different large atoms [1].

2.3 — The Angular Momentum of Many-Electron Atoms

In larger atoms, there are now multiple electrons having an effect on the total
angular momentum of the system, and this must be taken into account. There are two
main ways for this to occur, where the methods differ by the way in which the
orbital and spin momenta are summed to get the total angular momentum. The first
method, known as Russell-Saunders coupling, involves the summation of the orbital
and spin contributions separately and then adding the total orbital and total spin

contributions to form the total angular momentum as follows:
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Zli:L, ZS,-ZS

L+S=J

This first method tends to be most applicable for small to medium sized atoms. The
second method involves the summation of the orbital and spin contributions of
individual electrons separately to get total angular momentum for each electron, and
then summing the total angular momentum of each electron to get the total angular

momentum as follows [1]:

l; +s; =i

Z ji =1
This second method tends to be the most applicable for large atoms.

2.4 - Application of the Schrodinger Equation to Molecules

The previously described atomic models must now be expanded upon by
using the Schrodinger equation to describe a molecular situation. The Schrodinger
equation may be expressed as

A

HY =EY

where H is the Hamiltonian operator, E is the energy, and ¥ is the wave function [3].

A common approximation used in molecular spectroscopy is the nonrelativistic
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molecular Hamiltonian operator, where the motion due to the electrons is separated

from the nuclear motion. This Hamiltonian is given by

H=Ty+ T, + Vyy + Von + V.

where Ty, T, Vyn, Ven, and V,, are the nuclear kinetic, electronic kinetic, nuclear-
nuclear repulsion, electron-nuclear attraction, and electron-electron repulsion
energies respectively. Vyy is not present in the simple atomic case, because it
describes the interaction between nuclei of different atoms.

The Schrodinger equation written with this Hamiltonian is difficult to solve
and this leads to the necessity of using further approximations. An appropriate
treatment was formulated in 1927 by Born and Oppenheimer, and is now called the
Born-Oppenheimer approximation. The approximation makes the assumption that
electronic motion can be separated from the nuclear motion due to the large
difference in particle size, and speed of motion between electrons and nuclei. This
large difference allows us to approximate the nuclei to be stationary (fixed in
position), and the nuclear separation utilized as a parameter in describing the
electrons in motion around the nuclei. Therefore, the total Hamiltonian can be

separated into an electronic and a nuclear Hamiltonian, as represented by

I"Itotal = Helectronic + Hnuclear
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In the same way that electronic motion is much faster than nuclear motion,
the vibrations within a molecule are much faster than the rotations in a molecule.
This further allows the nuclear Hamiltonian to be separated into vibrational and

rotational parts, so that the total Hamiltonian can now be expressed as

I"[total = Helectronic + Hvibrational + Hrotational

This approximation simplified the calculations of molecular energy levels by
stating that the electronic, vibrational, and rotational energies can be considered
independent of each other, meaning that the total energy of the molecular system is

the addition of the independent energy components as follows:

Etotal = Eelectronic + Evibrational + Erotational

Information about all three of these energy components can be provided by
spectroscopy. Multiple electronic transitions can be observed in low-resolution
spectra, and these are composed of multiple vibrational bands, which can also be
observed. Rotational structure may also be observed in these vibrational bands
through the use of high-resolution spectroscopy. A spectrum of this type is referred
to as a rovibronic spectrum because it is composed of rotational, vibrational, and
electronic components [3]. The effects of these different types of motions on the

energy of the molecule will be discussed in later sections in this chapter.
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2.5 - Electronic Structure of Diatomic Molecules

The labeling of the electronic states must be understood before moving on to
introduce Hund’s cases and the states present in ReC. There are three different types
of angular momenta present in a diatomic molecule, ignoring nuclear spin, that make
up the total angular momentum (J); these are the electron orbital (L), electron spin
(S), and molecular rotational (R) angular momenta. The orbital angular momentum
is used to describe electron motion, and as in the atomic case it is composed of all of

the individual electronic angular momenta, [;, and can be expressed as a sum [4].

L=l

The total spin angular momentum is also like the atomic case and can be expressed

as

S=Xis;

where s; is the electronic spin angular momentum for one electron. The total

rotational orbital angular momentum is also expressed as a sum

R:erj

where r; is the rotational angular momentum of nucleus j about the center of mass.

R describes the end-over-end tumbling motion of a molecule about a centre of mass,
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which is not present in the simple atomic case because rotating about the centre of
mass of an atom is simply rotation of a nucleus. To get the total angular momentum,

J, the sum of all these angular momenta is performed

J=L+S+R.

Each of these momenta have projections along the molecular axis. A is the
projection of L onto the internuclear axis, and the quantum number associated with
it is given by A =|—-L,—L+ 1, ...L|. X is the projection of S onto the internuclear
axis, and the quantum number associated with it is given by ¥ = -S,—-S+ 1, ...S.
The total projection, the sum of vectors A and X, is denoted as €, and the quantum
number associated with it is Q = |A + Z| [4].

Electronic states are labeled with respect to their angular momentum

quantum numbers that describe them. The label has the general form

25+1
Ag

where 25+1 refers to the multiplicity of the state. A has possible values of 0, 1, 2,
3...etc., and these are given the labels X, I1, A, ®...etc. respectively, similar to the s,
p, d, f, labels in atoms. When there are no other interactions present, the multiple
electronic states for a given A remain degenerate. However, there are small
interactions which remove the degeneracy. The electron spin magnetic moment

interacts with the magnetic field caused by the orbital motion of the charged
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electrons. This causes a spin-orbit coupling between L and S. This coupling splits

the 25+1 components for a given A into separate substates labelled by the value of Q

[4]. An example of the 28+1AQ notation for a “II state is shown in Figure 2.1. Here

S=3/2, A=1 and Q can take the values 5/2, 3/2, 1/2, and -1/2. The degeneracy of

these four substates is lifted by the spin-orbit interaction.

4
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Figure 2.1 — Spin orbit coupling diagram of a “II electronic state.

2.6 — Hund’s Coupling Cases in Diatomic Molecules

Hund was the first to produce a series of angular momentum coupling cases
that can be used to describe diatomic molecules. Each angular momentum coupling
case results in a set of quantum numbers that are appropriate for describing a
diatomic molecule that follows that particular scheme of adding the momenta
together. In each of these cases, the appropriate set, or “good” quantum numbers are

the fixed values obtained by projecting various momenta onto the internuclear axis.
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The most common scheme for angular momentum coupling in molecules is
Hund’s case (a). This case is applicable when L and S couple strongly to the electric
and magnetic fields produced along the internuclear axis. These strong interactions
are most probable because the coupling between electronic motion and molecular
rotation is very weak. The vector Q that results is well defined as A + X, and couples
with the nuclear rotation angular momentum, R, resulting in the total angular

momentum, J [2]. This is shown in Figure 2.2.

Figure 2.2 — Vector diagram of Hund’s case (a) coupling scheme.
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Hund’s case (b) occurs when the electron spin is coupled more strongly to
the total angular momentum without spin, N = J - S, than to fields along the
internuclear axis. The total angular momentum N is formed by coupling the orbital
angular momentum, A, and the nuclear rotation angular momentum, R. N and S are
added together resulting in the total angular momentum J. The orbital angular
momentum, L, is still strongly coupled to the intermolecular axis. This coupling
scheme is shown in Figure 2.3. Molecules which have a X electronic state or a large
R follow the case (b) scheme. This is also true for any case where S is uncoupled
from the fields along the internuclear axis. This coupling scheme means that Q is no
longer well defined as it was in Hund’s case (a) [2, 5]. Hund’s case (b) is the most
appropriate case that best fits the situation for the ground state of rhenium carbide,
while Hund’s case (a) is most appropriate for the upper II state in ReC. There are

also Hund’s cases (c), (d), and (e) [2], but they are not relevant to this thesis.
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Figure 2.3 — Vector diagram of Hund’s case (b) coupling scheme.

2.7 —The Vibrational Structure of Diatomic Molecules

A motion not present in atoms is the vibrational motion between nuclei.
When describing a diatomic molecule, there is a balancing of forces that must be
considered. There is repulsion between the electrons moving around each of the two
nuclei, and also repulsion between the two nuclei as well, plus there is the attraction
between the nuclei and the electrons, which is the force responsible for creating
bonds between atoms. When these forces are balanced, there is an equilibrium at
which the distance between the two nuclei is optimal. The potential energy of the

system is at its minimum at this point. If the nuclei are forced closer together, the
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repulsive forces increase rapidly, and if the nuclei are drawn apart, the attractive
forces resist. To move the nuclei closer or farther apart requires the input of energy
into the system. As the bond is distorted more, it requires more energy to do so, and
this can be plotted as potential energy against the internuclear bond distance, where
the minimum point is referred to as the equilibrium distance req. The motion of
stretching and compressing the bond may be compared to the motions of a spring,

which obeys Hooke’s law. Therefore, we can write
f=—k(r-— req)

where f is the restoring force, k is the force constant, and r is the internuclear
distance. In this case the resulting potential energy curve is parabolic and is

described by the equation
1 2
E = Ek(?" - req)

This simplistic model of a vibrating molecule is referred to as the simple harmonic
oscillator model, which is only an approximation, but provides a good place to start
from in order to build a more accurate description of the energy profile for vibrations
of a diatomic molecule [1].

As energy increases in the simple harmonic oscillator model, the amount of
compression or extension will increase, but the vibrational frequency does not

change. The vibrational frequency is dependant upon the masses in the system (the
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masses of the two atoms) and the force constant, but independent of the amount that

the bond is distorted. This oscillation frequency can be represented by the equation

1 |k

wosc = -
2mc U

where the units are cm™. In this equation, c is the speed of light in cm/s, and  is the

reduced mass where the reduced mass is defined as

m;m,
m; +m,

with m; and m, being the masses of atoms one and two respectively.
Utilizing the Schrodinger equation, the allowed quantized vibrational

energies may be calculated for any particular molecular system. In the case of the

simple harmonic oscillator, these vibrational energies turn out to be defined by
& = (v +%) Wese (=0,1,2,3,...)

and are shown in Figure 2.4.
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"
Nuclear Displacement

Figure 2.4 — Diagram comparing the harmonic potential energy well to the Morse

potential energy well for a diatomic molecule.

One major point to note, is that the energy of the system is never able to

reach zero, as the lowest allowed energy in the system is defined as

which cannot be zero. This indicates that the molecule is not able to ever have zero
vibrational energy at any given time, and the atoms are never completely stationary
with respect to each other. Further, we can state the simple selection rule for the

simple harmonic oscillator undergoing vibrational changes [1, 3]

Av

Il
-
=

29



If we apply this selection rule we get

1 1
Evt1ov = <U +1+ E) Wosc — <U + E) Wosc = Wosc

Eysv+1 = Wosc

for emission and absorption respectively, regardless of the value of v. This is due to
all the vibrational levels being equally spaced as seen in figure 2.4, meaning a
transition between any two levels will result in the same change in energy.

While the simple harmonic oscillator helps to begin building a picture, real
molecules do not follow the laws of simple harmonic motion, and do not obey
Hooke’s law. In a real molecule, the bond between atoms may only be stretched so
far before it breaks and the molecule dissociates into separate atoms. Therefore,
while a molecule may be close to a simple harmonic oscillator at very small
vibrations, the picture is much different at larger vibrations and the extremes of the
internuclear distance. The differences between the simple harmonic parabola and the
curve of a typical diatomic molecule can be observed in figure 2.4. The Morse
potential is a function that produces a good approximation of this system by
asymptotically approaching the bond dissociation limit as the internuclear distance
increases beyond the equilibrium point, and it can be used with the Schrodinger

equation to produce analytical solutions. The Morse function is defined as
E = Dyy[1—e®ea)]2
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where a is a constant for a particular molecule, and D, is the dissociation energy [1,

3]. When used in conjunction with the Schrodinger equation, the allowed vibrational

energy level pattern is described by
2
& = @, (v + %) — WyX, (v + %) (v=0,1,2,3,..)

where @, is the oscillation frequency expressed as a wavenumber, and @, x, is the
corresponding anharmonicity constant. The anharmonicity constant is always small
and positive, and defines how the vibrational energy levels get closer together with
increasing v. It should be mentioned here that this energy expression is also still only

an approximation, and that to have a more precise expression higher order terms
with respect to (v+%) would have to be included along with each term’s

anharmonicity constant (y,, z., etc.). These terms are only significant at high values
of v, so they shall be ignored during the rest of this section. When solved for the

ground state (v = 0), we get

1 1
& = Ewe(l _Exe)

which differs from the harmonic oscillator zero point energy by the additional factor.

New selection rules for the anharmonic oscillator are derived to be
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which introduces the added possibility of larger transitions of more than one
vibrational energy level. In practice it becomes increasingly improbable to observe
transitions as Av becomes larger. As an example, the first couple of transitions from

the ground state to the first and second vibrational energy levels are described by

2

1 1\2 1 1
Ep=051 — <1 + E) We — <1 + E) WeXp — EZD'Q — <E> WeXe

= w, (1 — 2x,)

2

1 1\2 1 1
Ep=052 = <2 + E) We — <2 + E) WeXp — EZD'Q — <E> WeXe

= 2w, (1 — 3x,)

Due to x, being a small positive number, the resulting transitions lie very close to
w,, 2w,, 3w,, etc. The transition near w, is referred to as the fundamental
absorption, while the transitions near 2w, and 3w, are referred to as the first and

second overtones respectively [1, 3].

2.8 — The Rotational Structure of Diatomic Molecules

To begin building a rotational picture for a diatomic molecule, it is easiest to
begin with the assumption that the molecule is rigid. This implies that the distance
between nuclei remains the same as the molecule rotates through space. Therefore,
there is a centre of mass between the two nuclei, about which the molecule rotates.

The molecule’s moment of inertia for rotation about the centre of mass is defined as
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— 2 2
I = myr{ + myry

= (Mg +my)

where m, and m, are the masses of atoms 1 and 2 respectively, and r; and r,, are the
distances from atoms 1 and 2 to the centre of mass respectively. If 1, is to be defined

as the total bond length, we may substitute and rearrange to attain the equation

mym,
I= ——15 = prg
m; +m,

where | is now calculated with respect to the reduced mass, u, and the bond length.
When the Schrodinger equation is used to determine allowed rotational energy

levels, we get

h
= 1), ]=012,..

which is usually abbreviated to
g=B/J+1), J]=012,..
where B is the rotational constant, which is given by [1, 3]

_h
~ 8m2l,c
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The gap between rotational energy levels can then be determined by taking the

difference between consecutive levels with different J values, as follows:

€]=1 _€]=0 = 2B _0 = ZB

€]=2 - EJ=1 = 4’B

These energy level gaps show that the gaps become larger as J increases. Generally

it can be shown that for a given transition from a level J to a level J+1 we get

When dealing with real molecular bonds, however, we know that these bonds
are elastic to some extent, which means that they will vary from the rigid model
approximation. What is actually observed is that as J increases, classically implying
that the speed of rotation is increasing, the centrifugal force acting on the molecule
pulls the two nuclei apart. As a result of the centrifugal force, the bond length
increases as the value of J increases. We also know, as discussed in the last section,
that elastic bonds are able to vibrate. A consequence of changing the bond length
during rotations is a change in B as well. This can clearly be seen in the equation for
B, because it is proportional to the inverse of the bond length [1, 3]. The rotational
constant B can, therefore, be modelled with a changing amount of vibration. This is

explained in more detail in section 2.9.
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The Schrédinger equation may now be used on the non-rigid molecule to

produce

g=BJ(J+1)-Dj*(J+1? ]=0,12,..

where D is the centrifugal distortion constant, which is given by

h3
- 324 1%r2kc

The rotational selection rule of AJ %1 is now applied. This rule comes about as a

result of a photon being considered to have a single unit of quantized angular
momentum, which only allows the angular moment J to change by one unit during

emission or absorption. The expression for a given transition is now written as

which shows that the transitions are very similar to a rigid model with the additional

term to account for centrifugal distortions of the bond [1].

2.9 — The Rovibrational Structure of Diatomic Molecules

The vibrational energy levels described in the earlier section usually have
large energy level separations. For example, HCI and NiC [6] possess energy level
spacings of approximately 3000 cm™ and 900 cm™ respectively. Generally diatomic
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molecules will have vibrational energy level spacing ranging from about 500 cm™ to
4000 cm™, depending on the atoms involved. The molecule is also able to rotate
through space as discussed in the previous section, and the rotational energy level
separations are usually on the order of <10 cm™, depending on the size of B. The
magnitude of the energy level spacing is significantly different between vibrational
levels compared to rotational levels, and this large difference allows us to consider
the vibrational and rotational motions separately. We can therefore assume that the
total rovibrational energy of the system is equivalent to the sum of the separate

vibrational and rotational energies, which is shown as

Etotal = Erot + Evib

and if we substitute using the previous equations for vibrational and rotational

energy we get

&p = BJU+1=DJ*(+1)*+ &, <v+%>_wexe <v+l>2

For the sake of simplicity, the centrifugal distortion term will be temporarily ignored
during the following derivation, but is brought back in at the end expression. This
energy expression follows the selection rules of both the vibrational and rotational
energy expressions, and when the selection rules are applied, we arrive at the general

expression for a transition fromv =0tov = 1:
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Ag],v = &ry=1 — &rp=0

=Wy +BU =J)J +]'+1)

where @, replaces w,(1 — 2x,) and is often called the band origin. It is important to
note that B is the same in the upper and lower states only because of the assumption
that the rotations of the molecule are not affected by the vibrational changes in the

molecule [1]. For transitions of AJ = £1 we get

Ag, = @o + 2B(J"+1), J'=0,1,2,..

Ag, = @o—2B(J +1), ]'=0,1,2,..

respectively. We may combine these equations to make the general expression

where m is positive for AJ = +1, and negative for AJ = -1. If we now reintroduce the

centrifugal distortion constant term, the expression takes the form

Ag;, = Wy +2Bm —4Dm3, m=+1,42,..

It is important to note that relative to the other terms in the expression, the
centrifugal distortion term is very small and is often neglected. This expression

introduces two patterns of lines in a spectrum, where one is higher frequency
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compared to the band origin, and the other is lower frequency. These two patterns
correspond to the lines resulting from AJ = £1, where the lines to higher frequency
(AJ = +1) are referred to as a R branch, and the lower frequency line (AJ = -1) are
referred to as a P branch. This notation becomes clearer later in this chapter with the
inclusion of electronic energy.

This picture changes slightly, however, once the Born-Oppenheimer
approximation breaks down. As previously discussed, the bond length slightly
increases as the vibrational energy increases, and the rotational constant B is
inversely proportional to the bond length. This means that a higher vibrational
energy level should correspondingly have a slightly smaller value for B [1]. This

relationship can be written in the form

1
B, = B, —a<v+—>
2
where B, is the rotational constant at a given vibrational energy level in terms of the

equilibrium rotational constant, B, and a small positive constant, «, for a given

molecule. Taking this into account, the transitions for AJ = +1 respectively are

Ag;, = vp = wo+ (B +By)(J"+ 1)+ (B —By)(J" + D% J7=0,1,2..

Ag],v = ﬁp = 50 - (Bl + Bo)(], + 1) + (Bl - Bo)(], + 1)2, ], = 0, 1,2 e

where B; and B, are the rotational constants for the upper and lower vibrational
energy levels respectively. It may be noted here that the value of B; is always
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smaller than that of B,. These equations may then be combined to form the general

equation

Ag],v = ﬁP,R == (A_)O + (Bl + Bo)m + (Bl - Bo)mz - 4Dm3, m = il, iz, i?) e

where the centrifugal distortion term is included. Once again we take the positive m

value for the R branch and the negative m value for the P branch [1, 3].

2.10 — The Rovibronic structure of Diatomic Molecules
As mentioned earlier in this chapter, the Born-Oppenheimer approximation
allows us to state that the total energy of a diatomic molecular system is the sum of

the electronic, vibrational, and rotational energies. Therefore we can write

Etotal = Eelectronic + Evibrational + B]U + 1)

A‘gtotal = Agelectronic + Agvibrational + A[B](/ + 1)]

where the second expression represents a change in total energy. We can ignore the
centrifugal distortion constant to a very good approximation. A line in a spectrum

corresponding to this change in total energy is shown by the expression

17s;.oec = 13(v',v') + A[B](] + 1)]
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where ¥, is used to represent the wavenumber of a vibronic transition, and the
rotational term is separately added to this. The rotational term is the term to be most
concerned with at this point.

When determining the selection rule for the possible values of J, we must
now consider what electronic states are involved in the transition. To summarize, if
both the upper and lower electronic states are ' states, the selection rule is
A] = +1. This is because there is no electronic angular momentum about the
internuclear axis in this state. In transitions, where at least one of the states has
angular momentum about the internuclear axis, the selection rule becomes
A] = 0,+£1. In all cases, a change in J of 0 is only possible if J is not equal to 0. As a
result of these rules we see the appearance of R and P branches as before, as well as
Q (AJ = 0) branches when the appropriate states are involved in the transition [1].

The expression for a rovibronic transtion may now be expanded to

17s;.oec = 13(v',v') + Bl],(], + 1) - B”]”U” + 1)

where B” and J” refer to the upper electronic state, and B” and J” refer to the lower
electronic state. Once we apply the selection rules to this expression we gain the

expressions for the R, P, and Q branches as follows:

Ae = T = Uy +(B"+B)J"+ 1D+ (B —BYJ"+1)? J'=0,1,2,..
Ae = Up = Dy —(B"+BYJ + D+ (B —BY)J +1)? ] =0,1,2,..

Ae = Ty = Ty + (B =B + (B —B)? |'=1,23,..
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where the expression for R and P transitions may be combined to form

Ugp = Vo + (B +BYIMm+ (B —BY)m? m=+1,%2,..

with positive m values for a R branch and negative m values for a P branch.

There are selection rules that determine allowed electronic transitions, just as
there are for vibrational and rotational transitions. The electronic transition must
occur between two electronic state such that AA = 0, £1. The electronic states must
also have the same multiplicity, which may be expressed as AS = 0. Consequently
we also have AQ = 0,+1 [1, 3]. These selection rules, in combination with the
previously mentioned rules, determine what rovibronic transitions are allowed to
occur in a given molecule. A diagram showing allowed rovibronic transitions

between arbitrary electronic states is available in Figure 2.5.
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Excited Electronic State
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Ground Electronic State

Figure 2.5 — Diagram of rotational branch structure, composed of P, Q, and R

branches, for a diatomic molecule.
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2.11 — The Franck-Condon Principle

The Franck-Condon principle determines the intensities of the various
vibronic transitions. The intensity of a given vibrational transition is proportional to
the amount of overlap present between the wavefunctions of the two states involved

in the transition [7]. This can be represented as

| o [Reyl?

where Rq, is the transition moment, which is given by

Rey = (Wi i%e,)

where L is the electric dipole operator and W., and W,, are the vibronic
wavefunctions of the upper and lower states respectively. Re, may then be separated
into R, which is the electronic transition moment, and q,-», which represents the

Franck-Condon factor, and takes the form

(el o)l

and it is called the overlap integral because it is a measure of the degree that the two
vibrational wavefunctions overlap. The Franck-Condon principle is shown in Figure
2.6 where a vibronic transition from the ground vibrational state to an excited

vibronic state is indicated by the vertical line.
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Figure 2.6 — An illustration of the Franck-Condon principle by showing the overlap
of vibrational wavefunctions. In this example the v = 0 wavefunction best overlaps

with the v = 1 wavefunction in the excited state.

A simpler way of describing the Franck-Condon factor is to say that it is a
measure of how well the vibronic states, between which a transition occurs, are
overlapped based on the difference in the internuclear bond distance and the shape
of the potential. This is because there may be a significant difference in the
equilibrium bond length when comparing the upper excited state to the lower ground
state. If the difference is significant it may have a large impact on the resulting

spectral intensities [7].
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2.12 — Magnetic Hyperfine Structure of Diatomic Molecules

The previously discussed Hund’s case pictures are further modified in
situations where a molecule contains a nucleus with a non-zero nuclear spin, such as
in the case of rhenium. This non-zero nuclear spin brings in the possibility of
hyperfine effects, which can result from the nuclear spin, I, coupling with one or
more of the angular momenta within the molecule. In the case of coupling with the

orbital angular momentum, the energy is given as

2oy
=T

I-1

where p, is the Bohr magneton, y; is the nuclear magnetic moment, | is the nuclear
spin, r is the distance between the electron and the nucleus, and | is the orbital
angular momentum of an electron with respect to the nucleus [2]. In order to
determine the actual energy resulting from this, the expression must be averaged
over all the electrons contributing to the total orbital angular momentum L. The
average value of L is expressed as kA, where k is a unit vector along the
internuclear axis, and A is the component of L along this direction as usual.

Therefore, when more than one electron is involved, the energy is given by

2101y 1
HIL = i Z ) An I- k
n h av
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where the sum is over all electrons contributing to the hyperfine structure, and A,, is
the average projection of the orbital angular momentum of the nth electron on the
internuclear axis.

The case in which the nuclear magnetic moment and an electron spin
moment interact is somewhat more complicated. In this case, the interaction between

the two dipoles i, and u, of the form

_ Ml 3(uy " r)(pz " 1)

Vvlhliz - 73 rs
becomes
—2uop; [1-S 3(I-r)(S-1)
(H15)1 = -

I r3 rS

where (,u1 = #I) is for the nucleus and (u, = —2u,S) for the electron spin. There

is also an additional interaction between a nuclear magnetic moment and the sigma

electrons in molecules [2]. This can be written approximately as

161 popy
H =—
(His)2 3 ]

P2O)I-S

For the common Hund’s a and b cases, these three magnetic interactions are summed

for a linear molecule as
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H'=aAl-k+bI-S+c(I-K)(S-K)

where

_ 2oy <l>
I \r3/,

2
b= ﬂoﬂl

3cos?8 — 1
o0

av

_ 3uopy (3cos?0 —1
] r3
av

where @ is the angle between the internuclear axis and the vector r from the nucleus
to the electron. The constants a, b, and c are referred to as hyperfine parameters.
This expression is only applied to the unpaired electrons in the system, as the paired
electrons, which have opposite spin, will cancel each other out.

This hyperfine coupling leads to a modification of the Hund’s coupling cases
(@) and (b). The nuclear spin is able to add to different angular momenta in the
molecular system leading to the Hund’s cases a,, ag, and Hund’s cases bg;, bgs, and
bgn [2]. The o indicates that the nuclear spin is most strongly coupled to the
molecular axis, the B subscript indicates that the nuclear spin is coupled to a vector
other than the molecular axis, and the J, S, and N indicate that the nuclear spin is
coupled to J, S, or N respectively. It is extremely unlikely for the nuclear spin to

couple along the molecular axis in case b because the electron spin is not coupled
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along the molecular axis in case b. Case bg; is the most common case to occur and
this is the case considered most relevant to the ground state of rhenium carbide.
In Hund’s case (a), as in the excited state of rhenium carbide, the previous

expression for H* becomes

H'=laA+ (b +)Z]I -k

because S-k =%, andI-S = (I-Kk)(S-Kk) when S precesses about the molecular

axis k. The hyperfine energy for case a, is given as the sum of a magnetic interaction

and a term which depends on the molecular moment of inertia. The effect of (;, or

the projection of | on the internuclear axis, I - K, is given by

W =laA+ (b + c)Z]Q; — hB[Q; + 2(A + 2)]Q,

where ; has the possible values of I, 1 =1, ..., —I. The remainder of the expression

is a constant for a given electronic energy level. In the case of ag this becomes

W = [aA + (b + 0)X]

Q L]
JU+1)

where Q = A+ X =] Kk, and

FE+1)-JJ+1D—-I1I+1)
-] = 2
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In this case, the hyperfine structure becomes less prominent at higher J values, due
to | becoming closer to being perpendicular to the intermolecular axis [2].

In case by, the initial picture of the angular momenta and the projections on
the internuclear axis remains the same as in figure 2.3, except that now the nuclear
spin, I, is coupled to the total angular momentum, J, to give a new total angular

momentum F. Therefore, bg; coupling can be described by

R+L=N
N+S=J
J+1=F

where the new vector diagram is shown in Figure 2.7.
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Figure 2.7 — Vector diagram of Hund’s case (bg;) coupling scheme.

The expected energies to arise from case bg; are as follows [2]:

W B 2ah? N b N ¢ 1+ 2’ I
]=N+% N ((N+1D@EN+1) 2N+1 (@2N+1)(2N+3) N+1 ]

i [ 2an? b N c . 2/ .
J=N-3  [N@N+1) 2N+1 " (2N —-1)(2N + 1) N J

W, _ | b - 1 2N I-
NS wr Dz T n  wrnen+a\ Tve))t)
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W = 'aAZ(N2+N—1)+ b N c " 22 .
JEN Tl N2(N + 1)2 N(N+1) N(N+1) N(N + 1) J
W _[ar* b N c " 2/0? .
JENLT N2 N NN -1) N )

Wherel-]=%[F(F+1)—](/+1)—I(I+1)]

Deviations from the above pure coupling cases are possible and to be expected, and
there is the possibility of intermediate coupling cases occurring. There is also the
possibility of N not remaining a “good” quantum number in all situations, such as
when the coupling constant values get rather large. Second order effects may also

further alter the above picture.

2.13 — Parity

If the symmetry operator £~ is used on the total Hamiltonian, including
electric, vibrational, and rotational parts, then total (+/-) parity is obtained [3]. The
E” operator inverts all of the coordinates of the particles around the center of mass

such that

E"¥(Xi, Yi, Zi) = P(-Xi, -Yi, -Zi) = = ¥(X, Vi, Z)
where X, Y, and Z describe the coordinates of the particles. The E* symmetry
operator divides all of the rovibronic energy states into two groups using the

expression
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E'V=E (¥YaWirWrot) = ¥

All rovibronic energy levels in which the upper sign applies have positive (+) total
parity, while all of the rovibronic energy levels in which the lower sign applies have
negative (-) total parity.

When =+ signs are written as superscripts on the term symbols, =" and ", they

correspond to

Gy |Z*) = £ |z%)

where g, is an ordinary point group operation of reflection in the symmetry plane of

the diatomic molecule [3]. The superscript £ sign in the term symbol for ¥ states

indicates the effect of 6, on only the orbital part of the electronic wavefunction. The

effects of total parity are given for the case of *Z states in Figure 2.8.

52



N J N

-f (6.5) +e (6.5)
-e (5.5) +f (5.5) 5
-f (4.5) +e (4.5)
-e (3.5) +f (3.5)
+f (5.5) -e (5.5)
+e (4.5) 4 -f (4.5) 4
+f (3.5) -e (3.5)
+e (2.5) -f(2.5)
-f (4.5) +e (4.5)
© (35) +(3.5) 3
-f (2.5) +e (2.5)
-e (1.5) +f (1.5)

Figure 2.8 — Parity of X rotational energy levels
The total parity sign changes with J because of a phase factor (-1)’. The

alternation of sign with J is always present, so it is useful to define a new parity, e

and f, as

E'w=+(-1)'¥ fore

E'w=—(-1¥ forf
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for integer J, and where ¥ is the total rovibronic wavefunction. e and f parity is
similar in cases with half integers values of J, but the exponent is J — 4. An example

is given for the case of the “ITs, Spin-orbit component of a *II state in Figure 2.9.

+e T, J

-f 5.5
-e

+f. 4.5
+e

_f 3.5
-e

+f 2.5

Figure 2.9 — Parity of “IT, rotational energy levels

In Figure 2.9 the pairs of levels sharing the same J value are degenerate
unless interactions between molecular rotation and electronic orbital angular
momentum, and between electron orbital and electron spin momenta separate them.
This separation appears as a splitting of lines in the spectrum, and is referred to as

lambda-type doubling.
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2.14 — lIsotope Effect

The isotope effect is of importance in this thesis because rhenium has two
isotopes with high relative natural abundance, **Re has an abundance of 37.4% and
¥’Re has an abundance of 62.6%. Each isotopologue of ReC will have its own
unique spectrum of lines with different frequencies because each isotopologue has a
different mass. Both the vibrational energy, G(v), and the rotational energy, F(J),
depend on the reduced mass, i, which means that the energies will be different for

each isotopologue. The relationship between the two different masses is defined as

such that p < 1, where 4" is the reduced mass for the heavier isotopologue. Using
this relationship, the relationships for the vibrational and rotational constants can be

written as

w' o u

w ,u*_p

B* U

E:—*:pz
U

respectively [5]. The electronic energy remains the same for each isotopologue,
which means that the bond strength, k, and the bond length, r, remain unchanged

because they depend on electronic properties.
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The relationships for the vibrational and rotational constants can be
incorporated into the energy expressions, which then give the energy levels for the

heavier isotopologue. The vibrational and rotational energy levels are given by

G(W) = w, (V+3) = wex, (v + 3)?

= pe (V + g) - pzwexe(v + ;)2
FO)'=BJIJ+1)-D[JJ + 1)]?

=p’BIJ+1)-p'DJJ + DI?
respectively [9]. The vibrational isotope separation can also be determined by using

AE, = AG(V) — AG(v)"

=(L-plwp (v +3) = @ (" + )]
which gives the difference in the band origins of the two isotopologues.

2.15 — Dispersed Fluorescence

Dispersed fluorescence is a technique in which a lower state is excited into
an upper state, and then the upper state fluoresces back down to various lower
energy levels, including levels in the ground state; a monochromator is used to
monitor the fluorescence with some resolution that allows the individual vibronic (or
in some cases rovibronic) transitions to be observed. This is illustrated in Figure

2.10. Observation of the vibrational transitions allows for the determination of
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vibrational spacing. This technique is also useful in determining whether the correct

molecule is being analysed if the vibrational frequency is known.

Excitation Laser Excited State

A

Low-Lying

Excited State
V=3
& V=2
v V=1

Y

A\ 4 V=0

\ Ground State
V=3
V=2
A4 V=1

V=0

Figure 2.10 — Dispersed fluorescence diagram showing fluorescence from an excited

state down to various energy levels in a low-lying excited state and the ground state.

57



References

1.

Banwell, C.N., Fundamentals of Molecular Spectroscopy. New York:

McGraw-Hill Publishing Co., 1966

Townes, C.H., Schawlow, A.L., Microwave Spectroscopy. New York:

McGraw-Hill, Inc., 1955

Bernath, P.F., Spectra of Atoms and Molecules. New York: Oxford

University Press, Inc., 1995

Hollas, J.M., High Resolution Spectroscopy. London: Butterworth & Co

Ltd., 1982

Herzberg, W.S., Molecular Spectra and Molecular Structure Vol.1, Spectra

of Diatomic Molecules, Second Edition. Princeton: VVan Nostrand Reinhold

Co., 1950
Brugh, D.J., Morse, M.D., J. Chem. Phys. 117, 10703-10714 (2002)

Hollas, J.M. Modern Spectroscopy. Chichester: John Wiley & Sons Ltd.,

1987

Steinfield, J.I. Laser Coherence Spectroscopy. New York: Plenum

Publishing Corp., 1978
Downie, L., High Resolution Laser Spectroscopy of Iridium Monofluoride.
BSc Honours Thesis, Department of Chemistry, University of New

Brunswick (2008)

58



Chapter 3

Experimental Setup

3.0 — The Ablation Source

This chapter will outline the overall laser ablation experimental apparatus as
well as the individual procedures used for data collection in various experiments.
The key experimental procedures to be outlined are: low-resolution survey scans,
dispersed fluorescence spectra, lifetime measurements, as well as high-resolution
scans. Figure 3.1 summarises the main components of the general experimental
setup required for the experiments.

The ablation source may also be referred to as a supersonic expansion
molecular jet apparatus, due to the molecular jet, or beam, produced by the newly
formed molecules inside the reaction chamber, as explained in section 3.2. The
reaction chamber is kept under a vacuum of approximately 5x10° Torr (or ~7x10°
atm) before introduction of the ligand precursor gas, and the vacuum is achieved by
making use of a diffusion pump and a turbo pump, each backed by a rotary vane
mechanical pump. The operating pressure rises to approximately 5x10™ Torr once
the gas is being injected into the chamber. Operating at this low vacuum pressure
significantly reduces the number of collisions between the ReC molecules produced

in the jet and background molecules in the vacuum chamber; collisons which would
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impede the forward translational motion of the ReC molecules and produce
sideways velocity components in the jet. Therefore all of the ReC molecules
essentially move straight down through the chamber.

Another benefit of this low background pressure is the supersonic
expansion that occurs as a result of the difference between the pressure in the
vacuum chamber and the pressure of the precursor gas as it is pulsed in. The
precursor gas is pulsed in at a pressure of approximately 3 atm, into a chamber held
at approximately 7x10 atm. This large difference in pressures causes the introduced
gas to immediately start expanding at a supersonic rate into the chamber. This
supersonic expansion, which converts random room temperature motion into
forward translational movement through collisions, also causes the molecules to be
rotationally very cold, at temperatures of approximately 50 kelvin. These collisions
also quench vibrational energy. As a result, the cold molecules have fewer energy
levels populated. Therefore only absorptions occur from the electronic ground state,
usually out of the lowest vibrational level, and from a couple of tens of rotational
levels. This works well for a high-resolution spectral analysis, because with fewer
levels populated, the spectrum is much less complex and congested than it would
otherwise appear with many more levels populated. Another important benefit of
limited collisions is that it allows for unstable radicals, such as ReC, to exist for

longer periods of time, which enables us to detect them before they cease to exist.
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Figure 3.1 — Experimental setup of the laser ablation apparatus showing the

precursor gas introduction, laser systems, and signal/data collection equipment.

3.1 — Preparation of the Precursor Gas Mixture

Before experimentation may begin, the appropriate gas precursor mixture

must be produced. For the formation of ReC, the precursor is methane gas (CHa),

which is inert and inexpensive. A carrier gas is required to create a supersonic

expansion with the required forward velocity, but also with minimal off-axis

velocity components. The mixture has been previously optimized as a 1% mixture of

methane in helium [1]. This sample gas mixture is made by using the gas board

setup shown in Figure 3.2.
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Figure 3.2 — Setup of gas board used to create sample gas mixture. V’s

represent valves.

The gas board must first be evacuated using a vacuum pump before the
appropriate gas mixture can be added for experimentation. Everything must be
evacuated including the gas bomb, the tubing to the pulsed valve, and the tubing to
the individual gas cylinders. After the gas board is evacuated completely and the
valve to the pump, VA, closed, the methane gas is added through its valve (VC)
while making sure that the valves (VH, VI) connecting the gas board to the reaction
chamber are closed. Methane gas is added up to a pressure of 1.5 psi, as measured

using the low-pressure gauge through valve VG. The methane valve VC is then
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closed along with valve VG. The helium gas valve VD is then opened, and helium is
added to the gas bomb until a pressure of 150 psi is reached, as measured with a
high-pressure gauge. To ensure that the gas is properly mixed, it is left to settle for
10-15 minutes before sending the mixture to the reaction chamber through valve
VH, after which a regulator (set to a constant pressure of 40 psi -- about 3 atm)
controls the gas pressure delivered to the pulsed valve. The pulsed valve adds the
gas mixture into the reaction chamber in a controlled and consistent way using short

pulses at a set constant rate.

3.2 — The Rhenium Rod and Formation of Rhenium Monocarbide

Before experimentation can begin, ReC molecules must be formed. The
methane gas is introduced as described in the previous section. The rhenium atoms
are produced by the use of a solid 1/4-inch diameter rhenium metal rod, but the
rhenium is not reactive in this form. A laser pulse of high energy must ablate the
rhenium rod in order to produce reactive excited atoms of rhenium. The source of
ablation in our experiment is a focused beam of UV radiation from a Lumonics
HY400 Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y3Als012) laser,
which strikes the rhenium rod vaporizing rhenium atoms from the surface of the rod.
The methane/helium gas mixture is being introduced into the source at the same time
as the ablation process, and the methane molecules are broken into fragments when
they interact with the hot metal atoms as they pass over the exposed/ablated portion
of the rhenium metal rod. One possible fragment resulting from the break up of

methane molecules is a carbon atom. ReC is then formed by the collision between
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the hot rhenium atoms and the carbon fragments. The whole ablation/collision
process takes place in a stainless steel housing attached to the front end of the pulsed
gas valve. The housing controls how the precursor gas comes into contact with the
rhenium rod, as well as how much of the rod is exposed to the laser, and how the
ablation laser hits the rhenium rod. This setup is shown in figure 3.3. In order for
consistent vaporization of hot rhenium atoms, the rhenium rod is attached to the
shaft of a translation/rotation stepping motor called a Motor Mike. This motor
causes both translation of the rod in both directions as well as constant rotation as
shown in Figure 3.3 A. This is necessary to prevent the ablation laser from burning a
hole in one spot on the rod, and causes the laser to ablate the rod’s surface as evenly
as possible. Finally, after the ReC molecules have been formed, the molecules are
swept along with the carrier helium/methane gas mixture and expand into the
chamber by being channelled out through the bottom of the housing through the
small hole as seen in Figure 3.3 B. The expansion into the vacuum chamber causes

the formation of the molecular beam, as previously described.
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Figure 3.3 — Diagram of the stainless steel rhenium rod housing as seen (A)

parallel, and (B) perpendicular to the ablation laser.

3.3 — Electronic Components

As mentioned previously, a Lumonics HY400 Nd:YAG laser was used for
ablation of the rhenium metal rod for production of excited rhenium atoms. The
HY400 produces UV light with a wavelength of 355 nm for a duration of 10 ns at a
rate of 10 Hz. Tunable dye lasers were utilized to probe the molecular beam
approximately 5 cm from the source orifice inside the vacuum chamber in order to
obtain spectroscopic data. For low-resolution work a Lumonics HD500 pulsed dye
laser was used, which was pumped by a Lumonics YM600 Nd:YAG laser. For high-
resolution work a continuous wave (CW) Coherent CR699-29 ring laser was used,

which was pumped by a Coherent Sabre Inova R25 argon ion laser.
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The laser-induced excitation of a molecular transition causes laser-induced
fluorescence (LIF), which is measured using a 0.25 m Jarrell Ash monochromator
that has a bandwidth of £15 nm to filter out any background radiation. Attached to
the output side of the monochromator is a thermoelectrically cooled Hamatsu R943-
02 photomultiplier tube (PMT), which detects the fluorescent signal and converts it
into a small current. This weak current must be put through a current amplifier
(Keithley model 428) to amplify the current so that it is usable. This amplified signal
is directed into a boxcar integrator, triggered by the same delay generator used to
trigger the rest of the lasers and equipment, which averages the signal over a chosen
time constant to produce functional data. The time constant used is usually 3 or 10
seconds in our experiments. The output of the current amplifier is sent to an
oscilloscope to be displayed for observation and for use when optimizing the desired
signal. The output of the boxcar integrator is also sent through an A/D converter to
convert the data to a digital signal that can be read on a computer for low-resolution

work, or an Autoscan A/D collection system for high-resolution work.

3.4 — Optimization

There are various components of the experimental setup that can be carefully
adjusted to maximize the LIF signal from ReC. It had been previously established
that the optimized gas mixture is 1.5 psi of CH4 in 150 psi of He [1]. A delay
generator (Standford Research Systems, DG535), set at a rate of 10 Hz, is used to
optimize the timing between the ablation laser and the injection of the gas pulse.

This delay takes into account the time it takes for the injected gas to travel from the
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valve nozzle to the rod, approximately 500 ps. The timing of the pulsed dye laser
was optimized at approximately 103 us, found by adjusting the timing while sitting
the laser wavelength on top of a strong LIF feature in the spectrum.

The alignment of the equipment must be adjusted to maximize the signal
produced. The pump laser must be properly aligned with respect to the dye laser to
maximize the strength of the beam leaving the dye laser. Steering mirrors are also
used to direct the laser beam into the reaction chamber. The mirrors must be
adjusted so that the UV ablation beam is properly hitting the Rhenium rod in order
to create a consistent source of rhenium atoms for molecule formation. This
alignment is confirmed by the appearance of a stable plume of plasma exiting the
stainless steel housing. The mirrors must also be adjusted to ensure that the beam
from the dye laser is properly passing through the center of the reaction chamber.
The monochromator must be flush with the reaction chamber, and the PMT must
similarly be flush with the monochromator. The monochromator and the PMT can
be slightly moved in different directions to maximize the signal produced. The
oscilloscope, which displays a strong LIF feature, is used to monitor the effect of

adjusting the various aspects of the experimental setup.

3.5 - Experimental Techniques

Vibronic transitions were located by performing a broad low-resolution scan
from 415 — 535 nm. The dye in the pulsed dye laser is excited by the output of the
pump Nd:YAG laser, which is being directed into the pulsed dye laser. A variety of

dyes were used because each dye is only useful for a small given range of
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wavelengths. A list of pulsed laser dyes used and their useful wavelength ranges is
given in Table 3.1. When performing the scans, the dye laser is scanned though a
range of 10 nm while the monochromator is fixed at a value in the middle of the
scanned range. The range is scanned at a rate of 0.0125 nm/step while the LIF is
being detected. The PMT is adjusted to an optimized voltage and multiplied by 10°
V/A with the Keithley amplifier. The time constant, t, for these scans was set to 3 s.
After scanning the desired range, several intense bands of interest were seen. No
slits were used in the monochromator so the bandpass of the monochromator was the

maximum +15 nm.

Table 3.1 — List of pulsed laser dyes used, and the frequencies at which they are the

most useful.
Dye Maximum of Dye (nm) Useful Range of Dye
(nm)

S420 420 415-455

C440 435 422-459

C450 452 436-467
LD466 465 446-500

C480 477 458-507

C500 504 481-550

Vibrational intervals were determined using a technique called dispersed
fluorescence (DF), which is also useful for the detection of low-lying electronic
states. With the dye laser fixed at a particular LIF transition frequency, the

monochromator is scanned over a range of about 400 nm at a rate of 0.1 nm/step.
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This technique is used to detect the fluorescence from the excited state back to
ground state vibrational levels, or to vibrational levels in a low-lying electronic state.
When performing a DF scan, the PMT is adjusted to an optimized voltage and
multiplied by 10" V/A with the Keithley amplifier. The time constant for these scans
is 10 s. 500 um slits are placed on entrance and exit of the monochromator in order
to reduce the bandwidth from £15 nm to £0.5 nm.

High-resolution spectra were also taken to resolve rotational structure for
bands of interest. Rather than using a pulsed dye laser, a CW ring dye laser was used
in conjunction with an argon ion laser. The dye used for the scan must have a useful
range, which includes the band of interest. The laser dyes used to cover the range
from 415 nm to 520 nm were s420 and c480, which were dissolved in ethylene
glycol. The useful ranges are 400-470 nm and 465-506 nm for s420 and c480
respectively, with max lasing wavelengths of 449 nm and 490 nm. The dye laser
output power was between 200 and 290 m\W on average. The spectra were collected
in 30 GHz, or 1 cm™, segments at a rate of 10 GHz/300 s. The boxcar time constant
typically used was 3 s, but was changed to 10 s for scans with larger amounts of
noise and the laser was scanned more slowly.

The lifetimes of ReC excited states were determined by sending the LIF
signal from the PMT to a digital oscilloscope instead of the Keithley amplifier. The
voltage of the LIF signal was averaged and plotted against time on the oscilloscope.
The data gave an exponential decay that could be fit to extract the lifetime of the

excited state.
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Chapter 4

Spectral Results and Analysis

4.0 — Low-Resolution Survey

A low-resolution survey scan of ReC was obtained over a range from 415 -
535 nm, and several rovibronic bands were found. A representative low-resolution
spectrum is shown in Figure 4.1. Five bands have been labelled within the spectrum,
which correspond to the bands that have been scanned using high-resolution
techniques. The four bands ranging from 426 to 462nm are the bands that are
extensively analyzed in this thesis, whereas the band at 500nm has not been
analyzed at this time. The former four bands are considered to be the four spin orbit
components of a “IT excited state due to the similarity in band structure between the
four bands, and due to the calculations performed by Dr. Grein, which predict
transitions between quartet states to be present. This was, however, only based on
predictions and speculation before high-resolution spectra were taken to get a more
detailed picture of the structure within these bands. For the full low-resolution

spectrum, see Appendix A.
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Figure 4.1 — Low resolution survey scan of ReC with a 1% CH, reactant gas mixture
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4.1 — Dispersed Fluorescence Analysis

Dispersed fluorescence spectra were taken for thirteen observed transitions,
and these assisted in confirming that the molecule being studied was ReC. This was
done by comparing the vibrational spacing of ReC with known carbides, oxides,
nitrides, and chlorides [1]. This assists confirmation of ReC production because
different ligand types, such as carbides and chlorides, produce characteristic
vibrational frequencies. A carbide molecule, therefore, would produce a different
vibrational frequency than a chloride molecule, and this can be clearly observed in a
dispersed fluorescence spectrum. Some of the peaks present in the dispersed
fluorescence spectra were in the exact same location in all of the spectra, which is
indicative of the presence Re atomic lines. A line was placed through these peaks in
each spectrum in order to readily identify peaks specific to ReC. A representative
DF spectrum of ReC is given in Figure 4.2. The complete set of DF spectra can be
found in appendix B.

It should be noted that during DF analysis, there were peaks present, other
than the ones representing the ground state vibrational progression. These extra lines
indicate the presence of a low-lying excited state. The low-lying excited state peaks
in the DF occur when the molecule is excited to the upper state, and fluorescence
down to the low-lying excited state occurs rather than back to the ground state. This
results in a vibrational progression for the low-lying excited state, which has a
different vibrational frequency of its own.

Once the transition frequencies were determined, they were fit to the

equation
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G('U,, 'U") — Te + a)e/( ,01 + %) _ wexer( ’0' + %)2 _ C()e"( '0" + %) + wexen( ,UH + 2)2

where v” = 0 for the ground state. The determined values of the parameters are given

in Table 4.1.

Table 4.1 — Vibrational parameters for the ground and low-lying excited states, as

determined by fitting the DF data.

Parameters Ground State (cm™) Excited State (cm™)
Te 0 1128.1+£0.2
We 1006.17 + 0.08 990.0+0.7
WeXe 4.49 +0.02 59x0.2

The obtained vibrational frequency for the ground state compares well
with the theoretical frequency of 1046 cm™! as predicted in literature[9]. The
determined vibrational frequency is of an appropriate value for diatomic
transition metal monocarbides, which may be seen when compared to other
studied carbides from literature such as NiC[10], PdC[11], MoC[11], and
RuC[11]. These carbides have vibrational frequencies of 875.1, 847.6, 1008.3,
and 1100.0 cm! respectively, and the fact that our value falls in this range gives
further confirmation that we have made the carbide as opposed to some other

diatomic.
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measured relative to the excited transition at 20691.40 cm™.
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Figure 4.2 — Dispersed fluorescence spectrum of ReC, where the frequencies are



4.2 — High Resolution Spectral Analysis
One of the first notable observations, once a full band was scanned at high
resolution, was the significant congestion of the spectrum. To demonstrate this

congestion, the full spectrum of the 438nm band is given in Figure 4.3.
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Figure 4.3 — Full spectrum of the 438nm band at high resolution

The spectra were divided into four regions to make analysis of the high
resolution spectra more manageable. The first region is from the low frequency side
of the band to 22815 cm™, the second region is from 22815 — 22823 cm™, the third

region is from 22823 — 22831 cm™, and the fourth region is from 22831 cm™
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onwards to higher frequency. Dividing the spectrum into four regions is useful later
on when trying to determine which R, P, or Q branches correspond to each other.
For example, the assigned P branch in region one is not the same P branch that exists
in region two.

It can be noted, in the high resolution spectra, that the four bands observed at
high resolution generally have very similar structures, but the 438 and 448 nm bands
have better signal-to-noise than the 426 and 462 nm bands. The 438 and 448 nm
bands will be primarily discussed in the remainder of this chapter, but the other two
bands were analyzed in the same way.

Based on the calculations performed by Dr. Friedrich Grein, the predicted
electronic transition is from a “X" ground state to a “IT excited state [2]. Looking at
all possible rotational transitions, there should be three branches present in each

region of the spectrum. This is demonstrated in Figure 4.4.
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Figure 4.4 — Diagram of transitions from a single rotational level in the “£” ground
state to all allowed levels of the upper “IT excited state for a single spin orbit

component.
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Figure 4.4 summarizes the types of transitions allowed from a “% state to a
single “IT state spin orbit component. Each type of transition has a label indicating
the spacing between peaks in that type of branch, as well as a label indicating which
region of the spectrum that type of transition occurs in. The negative sign that is
present on some of the spacing estimates indicates that that branch will be heading
towards lower wavenumber as J increases. If looking at region four, for example, the
diagram shows we should expect to see only a single R branch within this region
with a branch spacing of about 5B. We can make similar assumptions about other
regions in the spectrum with different numbers and types of branches.

As the high-resolution spectra were recorded, they were processed with a
software package called Igor Pro [3]. This program allowed us to plot the data on the
computer, as well as allowing us to pick which transitions were to be considered in
the analysis and which were going to be considered negligible (too weak/noisy).
Another facet of this program, called Loomis-Wood, allowed us to plot all of the
picked transitions as points in a two-dimensional array. This allowed us to try to see
patterns in the points, where the patterns showed up as a line of transitions. The
program also allowed the creation of several series of points and these series were fit
to a polynomial to see if the chosen points were indeed part of the series. This tool
was especially useful when trying to find the R and P branches in regions four and
one respectively. Once one branch was found, it became easier to find the other
branches in that region because they tended to be a pattern of lines in the same

direction.
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Once the patterns in region four were identified using Loomis-Wood, it
became obvious that there were many more branches present in region four than

were expected. We observed 12 branches in region four instead of the expected 1.

This is shown in Figure 4.5.
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Figure 4.5 — Loomis-Wood plot of selected series in region four of the 438nm band

with relative wavenumber on the x-axis, and arbitrary index number on the y-axis.

To determine possible causes of the unexpected number of branches, the
high-resolution spectrum was examined in more detail. The easiest region to analyse
was region four, because the R branches were most easily identifiable and
uncongested. It was noticed that there was a pattern in the intensities and spacing of
the R branches in this region. There appeared to be two sets of six peaks, where one

set generally had higher intensity than the other set. There was also a pattern of
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intensity within each set of six peaks, where the peak with the lowest frequency had
the highest intensity and the peak with the highest frequency had the lowest
intensity. It should be noted here that there are two isotopes of rhenium with high
abundance. The 187 isotope of rhenium has a relative abundance of 62.6%, while the
185 isotope has a relative abundance of 37.4%. It was assumed that the set of six
peaks with the higher intensities was due to the '*’ReC isotopologue, and the other
set of six peaks is from the ***ReC isotopologue. We can also, therefore, state that
one of the reasons for more transitions than expected is the presence of both

isotopologues of ReC. This isotopologue difference can be observed in Figure 4.6.
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Figure 4.6 — A segment of the R branches from the 438 nm high-resolution band,
showing a distinction between the two isotopologues. The **’ReC isotopologue is
labelled with *, and the ***ReC isotopologue is labelled with #. Note that there is

overlap occurring between the two isotopologues in some places.

The next step was to determine why there was still six times the predicted
number of lines present. It was previously mentioned that there was an interesting
intensity pattern of six lines present for each isotope in region four. The intensity
pattern observed is common for situations where hyperfine splitting is observed [4].
Both the **’Re isotope and the '*°Re isotope have a nuclear spin of | = 5/2, and each
would produce very similar hyperfine splitting patterns, but at slightly different

frequencies. There are 21 + 1 possible orientations of the nuclear angular
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momentum, and there will, therefore, be 21 + 1 components produced in a hyperfine
structure with a given I. In our case 2(5/2) + 1 gives six hyperfine components,
which is what is observed in our spectrum. Therefore, there is only a single R branch
in region four for each isotopologue, which is being split into its six hyperfine
components, and this is exactly what was predicted in Figure 4.4.

This picture is consistent with the predicted “IT-X*%" electronic transition, but
the possibility of a “[1-X%" transition exists. A comparison to a doublet transition
can be made by inspecting the overall structure present in each band. The complex
structure and the corresponding large number of lines present is more in line with
what is expected of a quartet transition than what would be expected of a doublet
transition. Figure 4.4 shows that there are twelve branches expected, which we now
know are split into six lines for each rotational transition, and then doubled due to
the presence of both isotopologues. In a doublet transition, however, we would only
expect six branches. This would result in half the current number of lines. This result

is demonstrated in Figure 4.7.
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Figure 4.7 — Diagram of transitions from a single rotational level in the °<” ground

state to all allowed levels of the upper 2I1 excited state

The hyperfine structures in the 438nm band were then compared with the
hyperfine structures in the 448nm band to see if the splitting pattern had the same
spacing between peaks in the pattern. The best way to align the bands was with the
use of Igor Pro, which allowed us to plot both high-resolution bands atop one
another, and to line up a peak in one band with a peak in the other band. With one of

the peaks in both bands being perfectly aligned, we could see if the other peaks in

84



the hyperfine structure also align. It was found that for a particular hyperfine
structure with a given N”, the different 21 + 1 hyperfine components were aligned
between the two bands. This is shown in Figure 4.8. At this point it should be noted

that the shift between the two isotopologues is different between the two bands.
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Figure 4.8 — Compared hyperfine structures in the R branch of the 438 and 448 nm
bands, where the *®’ReC peaks are aligned. The aligned peaks are at 22830.708 cm™

in the 438 nm band, and at 22275.612 cm* in the 448 nm band.

The spacing between peaks for both bands in the above figure was calculated in
order to show the numerical difference between the spacing between both bands.

This is given in Table 4.2.
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Table 4.2 — Comparison of spacing between the 438 and 448 nm bands, and an

absolute difference between the spacing in each

Band Spacing (cm)
438 nm 0.387 0.279 0.211 0.150 0.114
448 nm 0.387 0.277 0.204 0.158 0.100
Absolute 0 0.002 0.007 0.008 0.014
Difference

The spacing between the rotational hyperfine structures are very similar
between bands. When the hyperfine structure in figure 4.8 is lined up between
bands, however, the next rotational hyperfine structure is not lined up between the
two bands. This can be taken advantage of, because this indicates that while one R
branch hyperfine structure is lined up between bands, there should be a
corresponding branch hyperfine structure that lines up in another region of the
spectrum. After aligning the one specific R branch hyperfine structure in each band,
we then found a corresponding hyperfine pattern that was aligned between the two
bands in region one. This is shown in Figure 4.9. After finding this we also aligned
other R branch hyperfine structures between the two bands, and found other
hyperfine structures that corresponded to the aligned R branch each time. Overall,

this identified the successive hyperfine structures within a Q branch in region one.
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Figure 4.9 — Compared hyperfine structures in the Q branch of the 438 and 448 nm

bands.

An R transition is between two specific energy levels, while a Q transition is
between two other energy levels. It can be inferred that the upper energy levels of
the R and Q transitions are degenerate, because when the R transition is lined up, a
corresponding Q transition also lines up. It can also be inferred that the two bands
share a common ground state. This can be more easily understood in a diagram
illustrating all the possible transitions that may occur from various energy levels in
the ground state to a single energy level in the upper excited state. This is illustrated

in Figure 4.10.
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Figure 4.10 — Transition diagram showing all possible transitions from the
ground state to a single level in the upper excited state, and identifying which

branches have been successfully labelled.
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The diagram in Figure 4.10 illustrates the relative energies of the various
possible branches within the spectrum, and identifies which branches have been
clearly labelled. The diagram also introduces new labelling schemes, which have as
yet not been mentioned within this thesis. The various J levels for a given N level in
the ground state are labelled with an F-number from 1-4, where F1 identifies the
highest J level, and F4 identifies the lowest J level. When identifying which
branches have been labelled, a label was placed above the given transition, such as

'Rse10, Which describes a few aspects of the labelled transition. The large capital
letter identifies the change in J, such as a change of +1 for an R branch. The lower-
case superscript letter identifies the change in N, such as a change of +3 for a t-type
transition. The first number/letter combination in the subscript indicates which spin-
orbit component the transition occurs in, and what the parity of the upper excited
state is that is involved in the transition. Label 3e, for example, indicates the
transition occurred in the 438nm band, and that the upper excited state involved has
e parity. The second number/letter combination in the subscript indicates which J
level is involved from a certain N level in the ground state, and what parity it has.
le, for example, indicates that the transition occurs from the F1 level for a given N
in the ground state, and that it has e parity.

The previously identified R and Q branches in regions four and one were
actually determined to be the 'Rsee and PQseq¢ transitions. Upon further
inspection, using a similar method of analysis, an °Ps¢,¢ branch was identified. This
was an interesting find because the upper excited state involved in this transition has

f parity, which is different than the ‘Rs.; branch that was used to identify it. This
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indicates that there is very little, if any, separation between the two parities in the

upper excited state, meaning they are essentially degenerate. We were, therefore,

able to utilize combination differences as determined from these three branches to

assist in identifying more branches, such as those labelled in figure 4.10. An

example combination difference is shown in Figure 4.11.
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Figure 4.11 — Diagram showing how the R and Q transitions can be used to

determine the combination difference between two energy levels in the ground state.
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We are able to use the combination differences between corresponding peaks
in the 'Rseqe and PQsq4¢ branches to predict where transitions in other branches
should be. For example, once we have the combination differences between the
"Re1e and PQsq4¢ branches for one set of transitions, they should be the same as
the differences between the °Pspr and °Qs¢ branches for the same values of N”.
This works because the combination difference is actually between the exact same
two energy levels in both cases. This can be seen visually by looking at Figure 4.10.

The °Pygur and PQseq¢ are both on the F4 level within a given N”, and the Qs

and "Rseqe are both on the F1 level. One major down side to using combination
differences is that they require you to have more than just the two branches labelled.
You must be able to take the calculated difference and add or subtract it from
another branch to find an unidentified branch.

Once we have identified a certain number of branches and peaks within the
spectrum for a band, we must come up with appropriate labels for all of the
transitions. To assist us in deciding which labels correspond to which transitions, we
made use of a program called Pgopher [5]. The program is a line fitting and spectral
simulation program, where one is able to input constants for a particular type of
transition, and predict a corresponding spectrum. It also allows for the input of
spectral data, and once certain peaks are tentatively labelled, it will fit a simulated
spectrum to your experimental spectrum. Once it has done this simulation, one may
click on any peak in the simulated spectrum and the program identifies its quantum
number labels (N, J, F), as well as the parity (e/f) for both the upper excited and

lower ground states. The program also identifies which branch a given transition
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occurs in, and this is where the labels such as ‘Rs.;. Were decided for our
spectrum. It is a trial and error process of labelling a small number of peaks with
what is suspected to be their labels, and having the program fit the spectrum, until
we arrived at the fit that works best and most accurately fits the whole spectrum. An

example of how each transition is labelled is given in Figures 4.12 and 4.13.

i ¥
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Figure 4.12 — Labelled hyperfine components of the N” = 3 transition of the ‘Rsq;e
branch for the **’ReC isotopologue. Each peak is labelled with the upper state F first,

followed by the ground state F.
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Figure 4.13 — Labelled hyperfine components of the N = 7 transition of the PQ3e4s

branch for the **’ReC isotopologue. Each peak is labelled with the upper state F first,

followed by the ground state F.

The less intense satellite peaks in the hyperfine structure have not been
explained up to this point in the chapter. These peaks have been observed most
obviously in the R branch because region four is the least congested of the spectrum.
These satellite peaks can be explained as being less intense transitions where AF£AJ.
Only five of the six hyperfine components have a satellite peak, because the last
peak does not have another upper state energy level to which it can make a
transition. This is demonstrated in Figure 4.14. The satellite peaks also always

appear at lower frequency in the R branch, and higher frequency in the P branch.
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Although the satellite peaks are in the P branch, they are more difficult to identify

because of overlap due to congestion.
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Figure 4.14 — Transition diagram of both the high intensity transitions and the low
intensity satellite transitions that comprise the hyperfine structure of the R branch.

Solid lines are AF=AJ and dashed lines are AF£AJ.
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4.3 — Selective Detection

Up to this point in the analysis, the only branches to be identified and
labelled involve the F1 and F4 J levels in the ground state. There have not been any
branches found to be coming from the F2 and F3 levels. This poses a problem
because the F1/F4 branches cannot be used to calculate combination differences that
would help identify missing F2/F3 levels. An experiment was designed to help us
identify which transitions in the congested regions of two and three involve either e
parity or f parity. The monochromator was set with narrow slits to ensure that it only
observes a small region of one particular branch at a time. This was first done by
setting the monochromator to only observe the ‘Rs.;e branch in region four since it
is the only branch in that region and, therefore, easy to isolate. Once the
monochromator was set, the high-resolution laser was scanned across the congested
regions. The only transitions that should be observed, are the transitions that involve
the same upper excited state as the ‘Rse;e branch, which is the upper excited state
with e parity. This means that half of the spectrum should not appear, as half of the
spectrum involves the upper excited state with f parity.

Unfortunately, there are a few main difficulties inherent in this kind of
selective detection experiment. The signal strength of the ReC spectrum is strong in
low-resolution, but at high-resolution the strong intensity of the band is spread
between two isotopes and amongst all of the hyperfine components in the spectrum.
This results in the intensity of individual hyperfine transitions being relatively weak.
We therefore need a relatively high amount of light to be let through the

monochromator in order to get significant signal-to-noise ratio. This amount of light
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throughput is massively reduced once slit size is reduced. The main problem with
this experiment is that we must be sure that the only branch within the bandpass of
the monochromator is the 'Rsq. branch. In order to do this we must use a very
small slit width, or adjust the monochromator further to higher wavenumber. Both of
these options cause signal to decrease, and a balance must be found between these
two adjustments such that there is a decent signal-to-noise ratio and only the ‘Rsqqe
branch is observed.

We found the appropriate balance between these two factors, but were
ultimately unsuccessful. We achieved an acceptable signal-to-noise ratio, but we
observed all branches. We scanned over both congested regions two and three, but
all peaks made an appearance. There are two possible reasons for this. It is possible
that we were still allowing a small part of other branches through the band pass of
the monochromator, either by too large of a slit width, or by not moving to high
enough wavenumber. It is also possible that all branches still appear because the e
and f parities in the upper excited state seem to be essentially degenerate, which we
can observe by the utilization of combination differences that cross this “barrier’.
This technique did not work out for us in the end, and was not able to separate
between the two upper state parity levels, and was not able to help identify the F2

and F3 branches.

4.4 — ReC Molecular Jet with Argon Carrier Gas at Higher Pressure
Another technique used to gain more insight into the branch structure of the

ReC spectrum, was to change the carrier gas from helium to argon, and to increase
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the backpressure of the gas being pulsed into the reaction chamber from 40psi to
115psi. The reasoning behind these changes was to create a colder molecular beam.
The reason a molecular jet is formed is that there is a high density of gas in the
pulsed valve when a pulse of gas is shot into the reaction chamber. This high density
causes a large number of collisions between the gas molecules, which accelerates the
flow of the gas, and increases the directionality of the flow. When the carrier gas is
changed from helium to argon, the size of the atoms is increased dramatically. This
large increase in atom size increases the number of collisions, and the amount of
energy transferred per collision, resulting in more rotational energy transfer into
translational motion and, therefore, a more rotationally cold jet of molecules. In the
same line of thought, increasing the pressure of gas going into the chamber has a
similar effect. These changes result in a kinetically cooler molecular beam.

When the molecular beam is colder, this results in fewer of the higher J
levels being populated, which in turn means that the lower J levels are more
populated. This causes a reduction or complete disappearance of intensity for the
higher J transitions, whereas the lower J transitions will become more intense. In
effect, the structure of an entire band will change such that the beginning of each
branch should be more obvious, and the trailing ends of the branches fade away.
This means that there will also be less congestion in areas with mostly higher J
transitions. For a visual example of how the overall band structure changed for the

438nm band in the low-resolution spectrum, see Figure 4.15.
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Figure 4.15 — A comparison between the low-resolution 438nm band taken with (a)

Helium and (b) Argon as the carrier gas.

It is possible to see in low-resolution that the structure of regions 2 and 3 has
changed significantly. It is also easy to see that the higher J transitions in regions 1
and 4 have decreased intensities, while the lower J transitions have become more
noticeable. Once we had taken this low-resolution survey to show that this change of
carrier gases made a significant difference, we switched to the high-resolution
system to scan over the most congested regions 2 and 3. We did not need to scan
over all of regions 1 or 4 using this technique because these regions were mostly

uncongested and previously assigned. It was also expected for the F2/F3 branches to
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all begin in regions 2 and 3. For an example of how the high-resolution branch

structure changed in regions 3, see Figure 4.16.

(b)

(a)
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Figure 4.16 — A comparison between the high-resolution 438nm band in region 2

taken with (a) Helium and (b) Argon as the carrier gas.

4.5 — Strategies Utilized to Help Identify F2/F3 Branches Using the Cold Spectra
Once the cold spectrum was produced, we turned to regions 2 and 3 to try to
identify the F2/F3 branches. We started by working to assign the lower J lines in
these branches because they are now more prominent than the higher J lines in the
more congested areas. As discussed previously, we could not use combination
differences to find the F2/F3 components without first identifying at least one
branch of each type. Therefore, we started off by lining up known transitions

between the 438nm band and the 448nm band, except this time both bands were
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taken with Argon. We did this using Igor Pro by stacking the two spectra on top of
each other and offsetting the 448nm band such that a specified peak was aligned
between bands. We then searched throughout regions 2 and 3 to see what other
peaks were in common. As seen earlier in this section, when this is done, we should
observe all transitions that correspond to the same upper state as the transition that
was lined up between the two bands. For example, if we lined up on the "Rieqe,
N"=0, J"=1.5, F"=4, then we expect to see the corresponding transitions in all the
other branches in the spectrum. This is assuming that the F2/F3 branches behave in a
similar manner to the F1/F4 branches, and that the previous assumption of the
different upper state parity levels being essentially degenerate holds true. This
technique was performed various times on various different branches and hyperfine
components, and what resulted was a rather large number of peaks lining up between
the two bands. It was, in fact, too many lines lining up between bands because the
congestion of regions 2 and 3 was causing too many coincidental overlaps.

To try to eliminate this coincidental overlap problem, we decided to try a
four-way line up of spectra. To accomplish this we had to duplicate the 438nm and
448nm bands so that there were two versions of each, all stacked on top of one
another. This is because these are the only two bands for which we had a cold
spectrum taken. The two spectra of the same band are lined up between two lines
that correspond to one another, such as the ‘Rseqe, N”=0, J"=1.5, F"=4 transition in
one 438nm band, and the °Q3eq0, N”=1, J"=2.5, F”=5 in the other 438nm band. The
same is done for the 448nm band, and these lined up transitions are aligned between

all four spectra. In effect, this technique should result in lines that line up between
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all four spectra due to common combination differences between the transitions
lined up on, and other transitions in the spectra. As an example, when the above
lines are lined up between all the spectra, we should also see transitions aligned
corresponding to the PQgeqsr, N”=4, J"=2.5, F"=5 transition and the °Pse,s N”=5,
J"=3.5, F"=6 transition. This should work for all of the branches, however, we only
observed a four-way line up for the transitions corresponding to F1/F4 levels. In this
case, rather than there being too many coincidental lines lined up between bands,
these were the only line-ups at all. One explanation for why no F2/F3 branches were
found in this four-way line up is that if one of the F2/F3 branches is too weak, we
would not see it where we should. This explanation, however, does not make sense
when looking at the intensities of the other branches in our spectrum, and the
amount of unlabelled lines of decent intensity.

Another, more likely, explanation is that the hyperfine structure of the F2/F3
branches may be significantly different from the F1/F4 structure. One example of
such a difference in hyperfine patterns is found in the molecule VO [6]. This study
shows that it is possible that the hyperfine structure for the F2/F3 branches may
rapidly get closer together and switch direction, while the F1/F4 hyperfine patterns
are similar to the 'Rs.ie branch in the ReC spectrum. This would make it
significantly harder to properly identify the hyperfine patterns for these branches
within the congested regions of 2 and 3. Currently, there are transitions, which have

been tentatively labelled as the beginning of the Rse,¢and the 9Qs.,¢ branches,

but it is unclear how the branches continue from them, or what the hyperfine
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patterns will be. Unfortunately, as of yet, the F2/F3 branches have not been fully

identified or labelled.

4.6 — Spectrum Fitting and Constant Determination

The end goal of this thesis is not to simply label the peaks in the spectrum,
however. We must utilize the labelled spectrum to determine the parameters that
determine the spacing of the molecular energy levels. Pgopher [5] can be used for
this purpose by fitting a simulated spectrum to an experimental spectrum, but it has
difficulty when the spectrum gets too complex. We were able to use Pgopher to
roughly fit our spectrum such that we could determine which labels belong on which
branches, but it is not able to fit the whole spectrum with any degree of precision.
This is likely due to the difficulty Pgopher has when it comes to dealing with large
hyperfine splitting. This necessitated the need to design our own fitting program,
which would be better able to handle our particular situation. To simplify this
process, we utilized a previously written computer program that was designed to fit a
spectrum with a “IT - *<" transition, and it was made using software called Xcode [6].
The spectrum that it had been used for, however, did not contain the same hyperfine
and parity issues that the ReC spectrum has. This resulted in the need to modify the
existing program for our needs.

The first step in the modification process required us to input a new
Hamiltonian matrix that includes hyperfine parameters for the ground state, which is
where the majority of the hyperfine splitting occurs in ReC. This matrix already

exists in literature[8], and each matrix element was written into the program. Once
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input into the program, these matrix elements were all thoroughly tested using the
appropriate set of quantum numbers to ensure that the output corresponds to the

correct wavenumber for a given transition. The matrix used can be seen in Figure

4.15.
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Figure 4.17 — Matrix of the rotational and hyperfine Hamiltonian for a *< state,

where one spinning nucleus is present [6].
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The program calculates every possible energy level of quantum number F by
diagonalizing the Hamiltonian matrix, producing its eigenvalues and eigenvectors.
However, the program does not know how to choose the eigenvalue requested by a
given input. We must devise a way to determine which eigenvalue we want the
program to give us. For a given input, up to 12 eigenvalues are produced, and the
program labels them one through twelve. In the absence of hyperfine splitting, it is
easy to select the eigenvector requested by looking for the maximum magnitude of
probability amplitude for the basis vector(s) associated with the requested input.
Further, one can find the energy order of the selected eigenvector. This energy order
will not change when hyperfine coupling is introduced, even though the eigenvalues
are changed and the eigenvectors will show strong mixing from this interaction. So,
to select the requested eigenvalue one needs only to locate the value at the same
position in the ordered list after hyperfine effects are introduced.

We also had to ensure that the program would properly interpret a given
input and treat it as the appropriate energy level the input is intended to describe.
Energy levels had to be specified with a certain combination of quantum numbers
(N, J, F), and the parity as either e or f. It also had to be defined that certain levels
are arranged in a specific way relative to one another. For example, it had to be
defined that for a given N, there are four J values, and for each J there are six F
values, and that the J and F levels are labelled with the lower number on the lowest
energy level and the higher number on the highest energy level. It also had to be
defined that the higher J energy level has e parity, and the parity alternated between

J levels until the lower J level has f parity.
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In order for the program to be used, a file must be made containing all of the
labelled transitions that are to be fitted. This was done using a text-editing program,
and the peaks must be written in this file in a specific format or the program will not

recognize them. An example of the format is given below in Table 4.3:

Table 4.3 — Sample Program Input

2 55 1 7 1 45 3 7 22830.677

2 55 1 8 1 45 3 7 22830.7083
2 55 1 6 1 45 3 6 22831.0675
2 55 1 7 1 45 3 6 22831.095

2 55 1 5 1 45 3 5 22831.3518
2 55 1 6 1 45 3 5 22831.3737
2 55 1 4 1 45 3 4 22831.571

2 55 1 5 1 45 3 4 22831.5842
2 55 1 3 1 45 3 3 22831.7201
2 55 1 4 1 45 3 3 22831.7344
2 55 1 3 1 45 3 2 22831.8483

where the first and fifth columns indicate that the first set of numbers are for the
upper excited state and the second set of numbers are for the ground state. The
second and sixth columns indicate the J levels in the upper excited state and the
ground state respectively. The third column indicates the N level for the upper
excited state although N is not a ‘good’ quantum number in the upper excited state.
Therefore, for the purpose of fitting, we just identify the upper state N as 1 for the e
parity upper state, and -1 for the f parity upper state. The seventh column identifies
the N level for the ground state. The fourth and eighth columns identify the F level
for the upper excited state and the ground state respectively. Finally, the ninth

column gives the wavenumber, in cm™, of the transition being described. The list
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above identifies the hyperfine pattern, including satellite peaks, for the N” = 3
transition of the ‘Rs.4, branch in region four.

During the input process, we must also identify any parameters that we wish
to use in our fit. In the program itself, we included various parameters from the
Hamiltonian matrix given in Figure 4.15, but we are not required to use all of them.
If we find that a parameter does not have a significant impact on the fit, we may turn
this parameter off. We set these parameters in the input file by numbering them in
the same order as they are identified within the program. We then give them an
approximate value to start with, based on a reasonable value to be expected, and set
them as either fixed or free. This indicates whether the program fitting process may
change this value or not. If we decide that we do not want to include a certain
parameter in our fit, we may set its value to zero, and fix the parameter. In this way
we may make use of the entire Hamiltonian matrix, or pick and choose which parts
of it we want to use at any given time. Ultimately, once enough data has been
entered into the program it should be able to both predict where unassigned lines are
within a small deviation, and produce the appropriate constants with small standard

deviations, by utilizing a nonlinear least squares fitting routine.

4.7 — R