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Abstract

The electronic spectra of cobalt monoboride (CoB) and ruthenium monoboride
(RuB) have been studied in the visible region of the electromagnetic spectrum. Both of
these molecules have been previously studied by the Cheung group at medium resolution
[1, 2]. In this thesis, the first high-resolution study performed on either molecule is
reported. The previous spectroscopic study of CoB failed to resolve any hyperfine
structure, and the work on RuB failed to resolve any of the ruthenium isotopes. The
transition metal monoborides were produced in a laser ablation molecular jet apparatus
and detected using laser-induced fluorescence (LIF) spectroscopy.
Fine and hyperfine interaction parameters in the [18.3]3 (v'=2) and X3Δ3 (v"=0)
states of CoB have been determined from an analysis of the high-resolution LIF spectrum.
In this thesis, updated rotational parameters for both states of CoB are reported, as well as
hyperfine interaction parameters arising from the strong nuclear interaction of 59Co (I=7/2,

µ/µN = 4.627) with the magnetic fields produced by the molecule. Atomic hyperfine
calculations have been conducted and support the X3Δ3 ground state and indicate that the
excited [18.3]3 state is formed from a mixing of configurations but the biggest
contribution coming from a 3Δ3 state.
The (1, 0), (0, 0) and (0, 1) bands of the [18.4]2.5-X2∆5/2 electronic transition of
RuB have been taken with our high-resolution laser system. Ruthenium has seven
naturally occurring isotopes ranging from 1.87% - 31.55% abundance and boron has two
(11B: 80.1% and 10B: 19.9%), giving a total combination of 14 isotopologues for RuB, of
which we were able to isotopically analyze 12. Both of the odd isotopes of Ru have a

ii

nuclear spin I=5/2 and their respective isotopologues had resolved hyperfine structure
which was analyzed to extract the hyperfine parameters. It was determined that the
hyperfine interaction arises from the nuclear spin of the

101

Ru and

99

Ru atoms and not

from the boron nucleus. Atomic hyperfine calculations have also been conducted for RuB
and help support the ground state symmetry, X2∆5/2, and suggest that the likely
contribution to the excited state is coming from a 2F5/2 state.

References:

[1]

Y. W. Ng, H. F. Pang, A. S.-C. Cheung, J. Chem. Phys., 135 (2011), 034309.

[2]

N. Wang, Y. W. Ng, A. S.-C. Cheung, Chem. Phys. Lett., 547 (2012), 21–23.

iii

Acknowledgements

First and foremost, I would like to thank my supervisor Dr. Allan Adam for taking
me on as a master’s student. His helpfulness and encouragement started in my
undergraduate degree as a professor, continued throughout my two summers in his lab as
an undergraduate student research assistant, and progressed into my last two years of a
master’s degree. His patience was never wavering as he helped me overcome the learning
curve to using all of the lasers/lab equipment, and in understanding some molecular
physics (which was not always an easy task for a student whose background was in
chemistry). Without all of his help I would definitely not be finishing my degree on time.
Secondly, I would like to thank Dr. Dennis Tokaryk who was essentially a cosupervisor. He guided me through most of the computer programs which were used for
calibration, analysis and fitting purposes. His assistance with all of the computer
programming is greatly appreciated, especially because I had no previous programming
experience whatsoever. His computer programming skills greatly facilitated the ease of
collecting, calibrating and analyzing all of the data obtained. Also, not to forget about all
of his mini teaching lessons as I would forget certain information.
My thanks are also needed for all of the help Dr. Colan Linton and Joyce
MacGregor provided. Dr. Linton was incredibly helpful with most of the hyperfine
analysis conducted throughout my research, and in introducing me how to use PGOPHER,
a program that greatly facilitated assigning all of the hyperfine transitions. And to Joyce,
I give my thanks for all of her help in the lab with her laser expertise. When lasers wouldn’t
seem to cooperate, she was not only able to fix them in a timely fashion but had the

iv

patience to teach me how to operate and fine tune all of the lasers if the same problem
ever occurred again (which it always seemed to).
Finally, I would like to thank my family and friends who have been a huge support
system when things were looking down. Their constant encouragement instilled the
confidence I needed to get through this degree and to where I am now.

v

Table of Contents

Abstract………………………………………………………………….…………

ii

Acknowledgements…………………………………………………………………

iv

Table of Contents …………………………………………………………………

vi

List of Tables ……………………………………………………………………….

ix

List of Figures ………………………………………………………………………. xii

Chapter 1 – Introduction ………………………………………………………….…

1

Chapter 2 – Spectroscopic Theory ………………………………………………….

4

2.1 – Electronic Structure in Atomic Systems ………………………………

4

2.2 – The Schrödinger Equation ……………………………………………. 11
2.3 – Electronic Structure in Diatomic Molecules …………………………. 14
2.3.1 – Hund’s Coupling Cases ……………………………………… 15
2.3.2 – Spin-Orbit Components ……………………………………… 20
2.4 – Vibrational Structure in Diatomic Molecules ………………………… 22
2.4.1 – The Harmonic Oscillator …………………………………….

22

2.4.2 – Anharmonic Oscillators ……………………………………… 24
2.4.3 – Isotopic Substitution …………………………………………. 26
2.5 – Rotational Structure in Diatomic Molecules ………………………… 27
2.5.1 – The Rigid Rotor ……………………………………………… 27
2.5.2 – Rotational Hamiltonian ………………………………………

31

2.5.3 – The Vibrating Rotor ………………………………………….

33

2.5.4 – Parity …………………………………………………………

34

vi

2.6 – Rovibronic Structure of Diatomic Molecules ………………………… 37
2.6.1 – Rovibronic Energy Structure ……………………………….

37

2.6.2 – Selection Rules ……………………………………………….

38

2.6.3 – Combination Differences ……………………………………

43

2.7 – Nuclear Hyperfine Structure in Diatomic Molecules ………………. 46
2.7.1 – Magnetic Hyperfine Structure ………………………………

46

References ……………………………………………………………………. 53
Chapter 3 – Experimental …………………………………………………………… 54
3.1 – Molecular Production …………………………………………………. 54
3.1.1 – Laser Ablation Molecular Beam Apparatus ……………….

54

3.1.2 – Gas Board ……………………………………………………. 57
3.2 – Data Collection and Laser Scanning …………………………………. 59
3.2.1 – Timing, Optimization and Collection ……………………….

59

3.2.2 – Pulsed Dye Laser – Low Resolution Survey Scans …………

62

3.2.3 – Pulsed Dye Laser – Dispersed Fluorescence Scans …………

65

3.2.4 – CW-Ring Dye Laser – High Resolution Scans ………………

67

References …………………………………………………………………… 72
Chapter 4 – Observations and Analysis of Cobalt Monoboride (CoB) …………. 73
4.1 - Introduction……………………………………………………………. 73
4.2 – Low Resolution ………………………………………………………… 75
4.2.1 – Survey Scans …………………………………………………. 75
4.2.2 – Dispersed Fluorescence Scans ……………………………….

77

4.3 – High-Resolution Spectral Analysis ……………………………………. 80
4.4 – Discussion ……………………………………………………………… 90
vii

References …………………………………………………………………… 100
Chapter 5 – Observations and Results of Ruthenium Monoboride (RuB) ……… 102
5.1 – Introduction …………………………………………………………… 102
5.2 – Low-Resolution Study ………………………………………………… 103
5.2.1 – Survey Scans ………………………………………………… 103
5.2.2 – Dispersed Fluorescence Scans ……………………………… 106
5.3 – High-Resolution Spectral Analysis …………………………………… 108
5.4 – Discussion ……………………………………………………………… 122
References …………………………………………………………………… 129
Chapter 6 – Conclusion ……………………………………………………………. 130
Appendices …………………………………………………………………………. 132
Appendix A - Observed Frequencies for the Assigned Transitions of CoB
in the (2, 0) [18.3]3- X3D3 Transition ……………………………………… 132
Appendix B - Observed Frequencies for the Assigned Transitions of the
RuB Isotopologues in the [18.4]2.5-X2D5/2 Transition ……………………. 138
Curriculum Vitae

viii

List of Tables
Table 3.1 – Nd:YAG pumped laser dye fluorescence ranges for low-resolution scans,
determined experimentally ………………………………………………. 63
Table 4.1 – Ground state vibrational frequencies for group 9 TM monoborides ……. 79
Table 4.2 – Molecular constants determined from the analysis of the [18.3]3-X3D3 (2, 0)
band of CoB ………………………………………………………………. 90
Table 4.3 – Excited/ground state electronic configurations of CoB …………………. 92
Table 4.4 – Comparison of the Group 9 transition metal monoborides ………………. 98
Table 5.1 – Vibrational parameters for the ground state of Ru11B and Ru10B
isotopologues determined by fitting the dispersed fluorescence data…… 108
Table 5.2 – Naturally occurring ruthenium isotopes and their respective abundances.. 109
Table 5.3 –Molecular constants (in cm-1) of the Ru11B isotopologues from the
[18.4]2.5-X2D5/2 electronic transition ……………………………………. 115
Table 5.4 – Molecular constants (in cm-1) of the Ru10B isotopologues from the
[18.4]2.5- X2D5/2 electronic transition …………………………………. 116
Table 5.5 – Equilibrium constants determined for the Ru11B isotopologues in the
[18.4]2.5 and X2D5/2 states ………………………………………………. 118
Table 5.6 – Equilibrium constants estimated for the Ru10B isotopologues in the
[18.4]2.5 and X2D5/2 states ………………………………………………. 123
Table 5.7 – Excited/ground state electronic configurations of RuB ………………… 124
Table 5.8 – Comparison of the 4d transition metal monoborides …………………… 128
Table A1 – Assignments and line frequencies for CoB in the (2, 0) [18.3]3-X3D3
transition ………………………………………………………………. 133
Table B1 – Line list for the 104Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………… 139
Table B2 – Line list for the 104Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………… 140
Table B3 – Line list for the 104Ru11B isotopologue in the (0, 1) [18.4]2.5-X2D5/2
transition ………………………………………………………………… 141
ix

Table B4 – Line list for the 104Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………… 142
Table B5 - Line list for 102Ru11B in the (1, 0) [18.4]2.5-X2D5/2 transition …………… 143
Table B6 - Line list for 102Ru11B in the (0, 0) [18.4]2.5-X2D5/2 transition …………… 144
Table B7 - Line list for 102Ru11B in the (0, 1) [18.4]2.5-X2D5/2 transition …………… 145
Table B8 - Line list for 102Ru10B in the (1, 0) [18.4]2.5-X2D5/2 transition …………… 146
Table B9 - Line list for the 101Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition …………………………………………………………………. 147
Table B10 - Line list for the 101Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………… 149
Table B11 - Line list for the 101Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………… 151
Table B12 - Line list for the 100Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 153
Table B13 - Line list for the 100Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 154
Table B14 - Line list for the 100Ru11B isotopologue in the (0, 1) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 155
Table B15 - Line list for the 100Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 156
Table B16 - Line list for the 99Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 157
Table B17 - Line list for the 99Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 158
Table B18 - Line list for the 99Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 160
Table B19 - Line list for the 96Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 161

x

Table B20 - Line list for the 96Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 162
Table B21 - Line list for the 96Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition ………………………………………………………………. 163

xi

List of Figures
Figure 2.1 – Hund’s case (a) coupling scheme ……………………………………….

17

Figure 2.2 – Hund’s case (b) coupling scheme ………………………………………. 18
Figure 2.3 – Hund’s case (c) coupling scheme ………………………………………. 19
Figure 2.4 – Vector diagram of the spin-orbit splitting in a 3D state …………………. 21
Figure 2.5 – Harmonic and anharmonic potential energy curves for diatomic
molecules ………………………………………………………………. 25
Figure 2.6 – Rigid rotor model for a diatomic molecule …………………………….

28

Figure 2.7 – Parity of the 2D5/2 rotational energy levels ………………………………. 36
Figure 2.8 – Vibrational transition between electronic states where the v"=0
wave function overlaps best with the excited v'=1 wave function but
barely overlaps with v'=0 ………………………………………………. 41
Figure 2.9 – Low-resolution spectrum of the (1, 0) [18.4]2.5-X2D5/2 transition of RuB.. 43
Figure 2.10 – Rotational branch structure in a diatomic molecule ……………………. 44
Figure 2.11 – Energy levels involved in combination difference expressions ………… 45
Figure 2.12 – Vector diagram of a Hund’s case (aa) coupling scheme ………………… 49
Figure 2.13 – Vector diagram of a Hund’s case (ab) coupling scheme ………………… 50
Figure 2.14 – Rotational energy level splitting due to nuclear spin …………………… 52
Figure 3.1 – The ablation source. (A) A view of the source from the perspective
of the UV ablation laser going into the chamber. (B) A cross-sectional
view along the axis of the rotating/translating metal rod …………………57
Figure 3.2 – Schematic diagram of the gas board used to prepare and store reactant
gas mixtures ……………………………………………………………….58
Figure 3.3 – Typical experimental set-up for the laser ablation/molecular beam
spectrometer and data collection……………………………………….

61

Figure 3.4 – A low-resolution survey scan of RuB showing the 1-0 band of the
[18.4]2.5-X2D5/2 electronic transition ……………………………………. 65

xii

Figure 3.5 – Energy level diagram showing the transitions from the experimental
DF scan …………………………………………………………………. 66
Figure 3.6 – The optical alignment employed for single frequency lasing inside
of the CR699-29 ring dye laser …………………………………………. 68
Figure 3.7 – A visual example of the recorded spectrum from the four different
channels displayed on the computer while taking scans ………………… 71
Figure 4.1 – Low-resolution spectrum of the (2-0) [18.3]3-X3D3 transition of the
Co11B isotopologue using pulsed LIF spectroscopy ……………………. 76
Figure 4.2 – A representative DF spectrum of the (2-0) [18.3]3-X3D3 transition at a
fixed laser wavelength of 521.985 nm …………………………………

78

Figure 4.3 – High-resolution spectrum of the (2, 0) [18.3]3-X3D3 transition of CoB……80
Figure 4.4 – Hyperfine energy level diagram and allowed transitions for the Q(4)
rotational transition of CoB ……………………………………………… 84
Figure 4.5 - Hyperfine splitting of the Q(4) rotational transition of CoB ……………. 85
Figure 4.6 – Hyperfine splitting of the R(5) rotational transition of CoB ……………. 87
Figure 4.8 – Hyperfine splitting pattern of the P(4) and P(5) rotational transitions …… 88
Figure 4.8 – Molecular orbital energy level diagram of CoB …………………………. 93
Figure 5.1 – Low-resolution survey scan of RuB with a 1% B2H6 reactant gas mixture..105
Figure 5.2 – DF spectra of the (0, 0) and (1, 0) transitions of Ru11B and Ru10B
isotopologues …………………………………………………………. 107
Figure 5.3 – High-resolution spectrum of the (1, 0) [18.4]2.5-X2D5/2 transition
of Ru11B ………………………………………………………………… 110
Figure 5.4 – Q branch rotational assignments of the six Ru11B isotopologues in the
(1, 0) [18.4]2.5-X2D5/2 transition …………………………………………112
Figure 5.5 – Reduced term value plot for the v'=1 [18.4]2.5 state of the 99Ru11B
isotopologue ……………………………………………………………. 114
Figure 5.6 – Hyperfine splitting of the Q(2.5) rotational transition in the (1, 0)
band of the 101Ru11B isotopologue ………………………………………120

xiii

Figure 5.7 – Hyperfine splitting of the Q(2.5) rotational transition in the (0, 0)
band of 101Ru11B and 99Ru11B isotopologues ……………………………121
Figure 5.8 – Molecular orbital energy level diagram for RuB ………………………. 125

xiv

Chapter 1 – Introduction

One of the oldest branches of study is, in fact, science. In Latin, scientia means
knowledge, and in the pursuit of knowledge science has been divided into three major
branches: natural sciences (chemistry, biology and physics), social sciences (economic,
psychology and sociology), and formal sciences (logic and mathematics). Each of these
categories of study fundamentally follow the same purpose but differ in the content they
seek. Ultimately, scientists view the universe as an ordered system which can be
understood through systematic approaches. These approaches are known as the scientific
method. Perhaps one of the best examples elicited from using the scientific method is the
construction of the periodic table from a bottom up approach using the fundamental
characteristics and trends observed in elements. The study of fundamental characteristic
trends of elements, such as structure and bonding, is still active today, and is known as
spectroscopy, a sub-discipline in the natural sciences branch. Spectroscopists utilize the
interactions between light and matter to investigate physical properties of atoms,
molecules and bulk matter which can lead to significant advancements ranging from
medical applications such as x-rays to diagnose fractured bones, to astronomy and the
ability to characterize the various stellar and inter-stellar molecular compositions. During
the interaction between light and matter, energy can be absorbed by the matter, which in
turn can promote molecules into excited energy states. Molecules, however, are unstable
in these excited states and relax back down to lower energy levels by emitting a photon of
a given energy which can be collected and recorded as a frequency specific to that
molecule.
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Initial insights into spectroscopy dates back to the early 1700’s with Isaac
Newton’s work with optical effects. The birth of modern spectroscopy, however, came
some 200 years later in 1925 with the development of quantum mechanics. In the modern
spectroscopy era, a proliferation of spectroscopic techniques appeared due to the
introduction of the laser in the mid-20th century. In the 94 years since the development of
quantum mechanics, spectroscopy has been constantly undergoing refinements to the
theoretical and experimental applications. Early experiments with atomic systems enabled
the development of fundamental theories that could be built upon and extended to
encompass diatomic systems. Experimental work on diatomic molecules helped formulate
the theoretical basis to extend our understanding to polyatomic molecules, which in turn
were refined to describe larger systems such as catalysts, drugs and bulk matter.
Theoretical development of quantum mechanics and its constant refinements has led to
the development of computational programs which can predict the most energetically
stable conformation of molecules, the interactions between bulk matter and various
solutions, and the interactions between drugs and enzymes/receptors.
One of the main goals of research in the UNB laser laboratory is the spectroscopic
investigations of transition metal-bearing diatomic molecules in the gas phase. Typically,
the transition metal is accompanied by a main block element as its ligand, e.g. B, C, N, O,
F, P, S, Cl, Br, etc. These diatomic molecules are of spectroscopic interest due to their
unique physical and electronic properties that arise from the large number of valence
electrons present. The many d electrons from the transition metal atoms can give rise to
open shell configurations that produce a large number of interactions. The gas-phase
diatomic molecules are studied using a laser ablation molecular beam apparatus in
conjunction with laser-induced fluorescence spectroscopy. Using high-powered,
2

monochromatic, tunable dye lasers with low-pressure environments, we are able to
perform high-resolution spectroscopy on the molecules of interest. High-resolution
spectroscopy allows finer details in the optical spectra to be resolved, such as rotational
and hyperfine structure. Analysis of the rotational and hyperfine structure provides insight
into the physical and electronic properties of these diatomic molecules, such as bond
lengths and electronic configurations. Through understanding the fundamental physical
and electronic properties of these small transition metal bearing diatomic molecules, it is
hoped that the information will prove useful to other researchers in their attempts to
understand larger more complex systems. For example, if a catalyst or a drug complex
contains a transition metal bond to one of the main block elements, hopefully the
spectroscopic information provided for that particular bond will prove useful towards
better understanding the catalytic cycle or help towards synthetic designs of potential
catalysts/drugs. This is indirectly applied every time a researcher uses a computational
program to obtain a suitable lead compound. The parameters that generate the molecular
structures are based on the fundamental properties of smaller molecules.
The theoretical foundations for understanding spectroscopic investigations of
diatomic molecules are discussed at some length in chapter 2. The experimental
methodologies used to produce gas-phase diatomic molecules and obtain their spectra are
covered in detail in chapter 3. Chapters 4 and 5 discuss the details surrounding the
spectroscopic studies of cobalt monoboride (CoB) and ruthenium monoboride (RuB),
respectively. A brief introduction of these molecules and why they are of spectroscopic
interest is presented at the beginning of their respective chapters. A summary of the
spectroscopic results is presented in chapter 6.

3

Chapter 2 – Spectroscopic Theory

The theoretical background for molecular spectroscopy is long and vast; therefore,
this introductory chapter will only be a brief overview of the relevant details that are
required to understand the analysis and results that are reported for cobalt monoboride and
ruthenium monoboride.

2.1 – Electronic Structure in Atomic Systems
Before delving into the electronic structure of diatomic molecules, it is best to
understand the structure that comprises atomic systems first. We can then use these
fundamental ideas to build up our understanding to diatomic molecules and more complex
systems. Classically, a neutral atom consists of a centrally located positive nucleus
containing protons and neutrons, with electrons of equal but negative charge orbiting
around the nucleus. It is easy to see that the various types of energies that arise are kinetic
and potential energy. The electronic energy is composed of the electron’s kinetic energy
(Ekinetic), the attractive Coulombic potential energy between the electron and nucleus (Ven),
and the repulsive Coulombic potential energy between electrons (Vee) [1]:
Etotal = Ekinetic + Ven + Vee

(2.1)

In principle, the Schrödinger wave equation can be used to determine all the
electronic properties of matter; however, for systems containing more than one electron
the separation of variables is not possible for the electronic repulsion term and cannot be
solved analytically [1]. Instead, this difficulty is overcome by approximations, which is a
central task of quantum chemistry.
4

The electronic wave function proposed by Schrödinger is capable of determining
the probability of finding an electron with a particular energy in a specific region of space
around the nucleus. This is how the shapes of various electron orbitals were determined.
An orbital is usually drawn such that there is a 95% probability of finding an electron
within that defined space. Wave functions are often denoted by the Greek symbol 𝜓 and
are composed of physical constants (e.g. p, h, c, etc.), parameters (e.g. position and time),
and quantum numbers, where the latter are indices belonging to the wave equation that
dictate whether the equations are describing sensible physical situations. The following is
an example of a set of wave functions which are solutions to the Schrödinger equation for
the hydrogen atom [2]:
𝜓# = 𝑓 &

.
𝑟
,1
* 𝑒 #/0
𝑎)

(2.2)

67

where 𝑎) = 897 :; 7 , r is the radial distance of the electron from the nucleus, 𝑓<𝑟=𝑎) > is a
power series of degree (n – 1) in 𝑟=𝑎) , and n is the principal quantum number which has
integer values n=1, 2…¥. The quantity 𝑟=𝑎) is a pure number because 𝑎) also has units
of length (approximately 0.53 Å) meaning that 𝜓# is purely a number for a given set of r
and n values. The probability of finding an electron at distance r and angles q and f from
the nucleus is given by |ψn|2.
The principal quantum number describes the relative energy level and the size of
the electronic orbitals. It is known, however, that to adequately describe the hydrogen
atom we need three more quantum numbers, l, m and s.
l = (n-1), (n-2), …0

5

m = -l, -l+1, …0, … l-1, l

(2.3)

s = +1/2

where l is the orbital quantum number, m is the magnetic quantum number, and s is the
spin quantum number. The orbital quantum number, l, governs the shape of the orbital
and the electronic angular momentum associated with the electron movement around the
nucleus in its respective orbital. Values of l= 0, 1 and 2 are labelled as s, p and d orbitals,
respectively. The magnetic quantum number, m, is used to describe the orientation of a
particular orbital and the electron’s behaviour in an external magnetic field. From Eq. 2.3,
we see that there are 2l+1 values of m for a particular subshell. For a p subshell (l=1), m
has three values -1, 0, and 1 which give rise to the three p orbitals: px, py and pz. Finally,
the fourth quantum number, s, is the spin quantum number which governs the inherent
angular momentum of an electron about its axis. Whether the electron is in orbit around
the nucleus or in free space, the magnitude of its spin is 1/2. The electron spin angular
momentum actually arises do to relativistic effects, but for the convenience of this thesis
it will be more so described as an add on to the classical picture of angular momenta.
As an electron moves about the nucleus in its orbital, it possesses both orbital and
spin angular momenta. These values are quantized vectors where both their magnitude
and direction are important. The magnitude is expressed in terms of ħ which is Planck’s
constant divided by 2p. In this thesis, vectors will be distinguished from the quantum
numbers by using a bold face. The orbital and spin angular momenta are expressed as:
|𝐥| = A𝑙(𝑙 + 1)ℏ
|𝐬| = A𝑠(𝑠 + 1)ℏ =

6

H
I

√3ℏ

(2.4)
(2.5)

The orbital and spin contributions to the electronic angular momentum can be
combined to obtain the total angular momentum:
𝐣=𝐥+s

(2.6)

Since the orbital and spin angular momenta are vector quantities, we obtain the total
angular momentum j through vector addition and, like its components, j can be expressed
in terms of a total angular momentum quantum number, j:
|𝐣| = A𝑗(𝑗 + 1)ℏ

(2.7)

Generally speaking, the components of l and s along a common direction (conventionally
the z components) are summed together to determine the allowed values of j in that same
direction. As an example, for a p orbital (l=1), the allowed values of m are 1, 0, and -1,
while those for s are ±1/2, which give us the allowed total angular momentum values of:
𝑗N = 𝑙N + 𝑠N
H

H

H

H

H

H

= ,1 + I1 , ,1 − I1 , ,0 + I1 , ,0 − I1 , ,−1 + I1 , ,−1 − I1

(2.8)

3 1 1 1 1 3
= , , ,− ,− ,−
2 2 2 2 2 2

For a p orbital, the summation of the orbital angular momentum and the spin angular
momentum can only combine to produce total angular momentum with quantum numbers
j=1/2 and 3/2. As a result, the total angular momentum is often expressed as:
𝑗N = |𝑙N + 𝑠N |

7

(2.9)

It can be seen that for every value l, there are (2s+1) values of j. This is denoted as
the multiplicity of the state. For one electron, it is easily shown that there is a doublet
multiplicity. This, however, can change when multiple electrons are present in the system.
When labelling the states, the multiplicity, orbital angular momentum and total angular
momentum are all taken into account. This is written as a term value of the form:
2s+1

lj

(2.10)

Therefore, if an electronic state has an orbital and spin angular momenta of l=1 and s=1/2,
the states are labelled as 2P3/2 and 2P1/2. Subsequently, states arising from l = 0, 2, 3, and
4 are labelled S, D, F, and G, respectively, with the appropriate multiplicity and j superand sub-scripts [2].
Thus far, we have mainly considered the hydrogen atom which has only one
electron. The situation, however, becomes more complex when studying atoms with
multiple electrons. In these atomic systems, we must now consider the contributions of
individual electrons to the total orbital and spin angular momenta. In addition, we now
have to treat the electron energy for each atom separately because the energies of these
electrons differ drastically depending on the type of atom being described. However, the
electronic orbitals are still the same type and shape as before and are labelled s, p, d, etc.
Unlike the hydrogen atom, there is no general expression to describe the energy levels for
many electron atoms, instead each one has to be treated separately. In addition, orbitals of
the same principle quantum number, n, are no longer degenerate, which is the case with
the hydrogen atom. There are, however, three general rules called the building-up
principals that govern how electrons occupy orbitals in large atoms:
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1) Pauli’s Principle: No two electrons in an atom can have the same set of
quantum numbers, n, l, m, s. As a result, only two electrons can occupy the
same orbital, but the spins must be anti-parallel, sz=+1/2 and -1/2, otherwise
they will repeat a set of quantum numbers. Therefore, a third electron cannot
occupy that same orbital because it will also repeat a set of quantum numbers.
Instead, it is forced to occupy the next lowest orbital that is empty or halfvacant, which leads to the second rule.
2) Aufbau Principle: Electrons are likely to occupy the lowest energy orbital
available. Orbital energy generally increases with increasing n, and l, as is
shown in the following energy pattern for various orbitals:
1s < 2s < 2p < 3s < 3p < 4s < 3d < 4p < 5s < 4d …
For orbitals of l ³ 1 we see that there are 2l+1 degenerate orbitals. The final
rule arises from how the electrons fill these degenerate orbitals.
3) Hund’s Principle: When electrons begin to occupy degenerate orbitals, such as
the three p orbitals, the electrons singly occupy each of the orbitals before
beginning to pair the electrons together. This is a result of the interelectron
repulsion that makes it energetically unfavorable to pair electrons together
before each degenerate orbital is half-filled.
Using these three rules, we are able to construct electronic configurations for various large
atoms and even apply the same principles when dealing with diatomic molecules [2].
In dealing with these larger atoms, we must now consider the contribution of two
or more electrons to the total angular momentum in the system. There are two ways in
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which we can sum the individual contributions of each electron to the total angular
momentum.
1) The first method of summation is known as the Russel-Saunders coupling,
which sums the individual orbital angular momenta separately from the spin
angular momenta for each electron, then adds the total orbital and spin
contributions together to obtain the total angular momentum of the system [2]:
𝑳 = ∑ 𝒍𝒊

𝑺 = ∑ 𝒔𝒊

(2.11)

𝑱 =𝑳+𝑺

This method is most applicable for small to medium sized atoms.
2) The second method is called j-j coupling and is more applicable to large atoms.
In this summation method, the total angular momentum of each contributing
electron is determined and then summed to obtain the total angular momentum
of the system [2]:
𝒋Z = 𝒍Z + 𝒔Z

(2.12)

𝑱 = [ 𝒋Z

As of now, we have only talked about the electronic contribution to the total
angular momentum, J, but it is important to mention here that in fact there is sometimes a
nuclear factor as well. It is known that some atoms have a nuclear spin, and as the electron
spin contributes angular momentum, so does the nucleus, which is labelled with the
quantum number I. The nuclear spin angular momentum is given by
|𝑰| = A𝐼(𝐼 + 1)ℏ
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(2.13)

When we include the nuclear spin angular momentum, we need a new quantum number
to describe the total angular momentum of the system including nuclear spin. This is
labelled with F and is defined by:
|𝑭| = A𝐹(𝐹 + 1)ℏ
F=J+I

(2.14)
(2.15)

The inclusion of nuclear spin to the total angular momentum is referred to as the hyperfine
structure and requires high resolution to determine the small energy level splitting. The
hyperfine structure is only briefly mentioned here but will be covered in more detail in
section 2.7 [2].
In this section, we have built upon our understanding of the one electron hydrogen
atom to larger atoms with many electrons. We will now follow a similar approach to build
upon these fundamental principles when we consider two or more atoms when dealing
with molecules.

2.2 – The Schrödinger Equation

Just like the case with atomic systems, the electronic structure of diatomic
molecules arises from kinetic and potential energy, except now we have an additional
internuclear repulsion term that we have to add to the potential energy. The Schrödinger
equation is capable of describing a molecular system as well as atomic systems, and is
expressed as:
ĤΨ = 𝐸Ψ
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(2.16)

where, Ĥ is the Hamiltonian operator, E is the energy (eigenvalue of Ĥ) and Ψ is the total
wave function (eigenfunction of Ĥ) [1]. Hamiltonian mechanics utilizes position, x, and
momentum, p, to describe a system in comparison to Lagrangian mechanics which uses
position and velocity. In order to describe the total energy of a diatomic system, we need
the sum of total kinetic and potential energies. The Hamiltonian operator for total energy
can therefore be expressed as a sum of the total kinetic energy operator (𝑇c) and the total
potential energy operator (𝑉c ):
Ĥ = 𝑇c + 𝑉c

(2.17)

For diatomic molecules, the kinetic and potential energies can be expressed as:
f = 𝑇cg + 𝑇ch + 𝑉cgh + 𝑉cgg + 𝑉chh
𝐻

(2.18)

where 𝑇cg is the electronic kinetic energy, 𝑇ch is the nuclear kinetic energy, 𝑉cgh is the
electron-nuclear attraction energy, 𝑉cgg is the interelectron repulsion energy, and 𝑉chh is
the internuclear repulsion energy. This formulation of the Hamiltonian makes the
Schrödinger equation very difficult to solve, and thus it needs to be simplified before it
becomes practical. This is accomplished through the Born-Oppenheimer approximation:
fiji/k = 𝐻
f;k;li.j#Zl + 𝐻
f#mlk;/.
𝐻

(2.19)

where the nuclear Hamiltonian can be partitioned into an even more simplified form:
fiji/k = 𝐻
f;k;li.j#Zl + 𝐻
fnZo./iZj#/k + 𝐻
f.ji/iZj#/k
𝐻

(2.20)

The validity of these approximations stem from the fact that electrons are much lighter
than the atomic nuclei (~1800 times lighter) and move much faster, meaning the nuclei
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can be viewed as being in fixed positions relative to the electrons. This clamped nucleus
approximation means that the nuclear kinetic energy can be treated as zero, and because
the nuclei are motionless, the internuclear coulombic term, 𝑉chh , can be treated as a
constant. These two facts allow the separation of the Hamiltonian into electronic and
nuclear parts, shown in Eq. 2.19 [1]. The second approximation arises from a similar
assumption as before. Just like the electronic motion is much faster than the nuclear
movements, nuclear vibrations occur at a higher frequency than do end-over-end rotations
of the molecule. In the same sense, we can partition the nuclear Hamiltonian into a
vibrational and rotational Hamiltonian, which is given in Eq. 2.20.
At this stage, we now have a manageable form of the Hamiltonian where we can
use it to extract the total energy of the system. Using Schrödinger’s equation, we can
determine the total energy of the system:
f Ψ𝑑𝜏 = ∫ Ψ ∗ <𝐻
f;k;li.j#Zl + 𝐻
fnZo./iZj#/k + 𝐻
f.ji/iZj#/k >Ψ𝑑𝜏
𝐸 = ∫ Ψ∗𝐻

(2.21)

where * is the complex conjugate of the wave function. Here we see that separation of
variables is possible for the above energy expression and can therefore write the total
energy as a sum of independent energy components:
𝐸iji/k = 𝐸;k;li.j#Zl + 𝐸nZo./iZj#/k + 𝐸.ji/iZj#/k

(2.22)

By substituting only one of the electronic, vibrational, or rotational Hamiltonians into the
first expression of Eq. 2.21 at a time, we can determine the different energetic
contributions to the molecule separately.
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2.3 – Electronic Structure in Diatomic Molecules

Electronic states are characterized and labelled based on the electronic angular
momentum of the system. In diatomic molecules, there are two angular momenta
associated with the electrons which have previously been discussed: orbital and spin
angular momenta. As was described for the spherically symmetric atomic system, the total
orbital angular momentum is labelled L and is defined by the quantum number L, and the
total spin angular momentum is labelled by S and is defined by the quantum number S. In
a diatomic molecule, however, the spherical symmetry is reduced to only axial symmetry
about the internuclear axis. Therefore, the total orbital angular momentum is no longer
constant as it couples to the electric field produced from the two nuclei and precesses
about the internuclear axis. As a result of L precessing about the chemical bond, L is no
longer a good quantum number and is not used to describe electronic states. Instead, we
observe that the projection vector of L onto the internuclear axis is, however, constant and
is a good quantum number. The projection vector is labelled as L and its quantum number
L can be used to describe electronic states [3]. Analogous to atomic systems, the molecular
states for diatomic molecules of value L=0, 1, 2, 3, … are designated as S, P, D, F, …,
respectively. Since there is a current generated from the precession of the electronic orbital
angular momentum about the bond, a magnetic field is created along the internuclear axis.
The total spin angular momentum, S, couples to this magnetic field and also precesses
about the internuclear axis where its projection vector onto the bonding axis is labelled as
S and is described by the S quantum number, not to be confused with the symbol for

electronic states of L=0. S is constant and is a good quantum number that can be used to
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define the electronic states. The total angular momentum of the system is given by the J
vector and is the sum of L and S. The projection vector of J onto the internuclear axis is
denoted by W which is described by the quantum number W which is the sum of |L + S|.
In a similar way to Eq. 2.10, the electronic states of diatomic molecules are labelled by
the term symbol:
2S+1

LW

(2.15)

where 2S+1 is the multiplicity of the state. A 3D1 state would therefore correspond to
quantum number values of S = 1, L = 2, W = 1 and S = -1.

2.3.1 – Hund’s Coupling Cases
There is still one type of angular momentum that has been left out of the
discussion: rotational angular momentum, R. Rotational angular momentum is the endover-end rotation of the two nuclei about the molecule’s center of mass (COM). This
angular momentum must also be incorporated into the total angular momentum of the
sytem, J (excluding nuclear spin), and can be expressed as:
J=R+L+S

(2.23)

In the spherically symmetric case of atoms, rotational angular momentum was not
present because rotation about the COM for an atom is simply rotation of the nucleus.
However, in diatomic molecules we must now consider the coupling of rotational angular
momentum to the orbital and spin angular momenta. Friedrich Hund was the first to study
the types of coupling schemes that can occur when R is included into the system [3]. These
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schemes are labelled as Hund’s Coupling Cases and there are five different cases (a)
through (e), but for the purpose of this thesis we will only need to consider Hund’s cases
(a) to (c).
The Hund’s case (a) coupling scheme is the most common coupling seen and arises
when the coupling of electronic motion and rotational motion is sufficiently weak that it
can be neglected. In addition, it is assumed that the interaction between L and S (spinorbit coupling) is weaker than both individual angular momenta to the fields along the
internuclear axis. The electric field that exists along the chemical bond causes the orbital
angular momentum to precess about it where the projection vector is L. The precession of
L in itself creates a magnetic field along the bond axis which couples the spin angular
momentum to the internuclear axis. The precession of S about this axial magnetic field
produces a projection vector of itself onto the internuclear axis, S. The sum of these two
projection vectors gives the resultant vector W which then couples with the rotation of the
molecule, R, to give the resultant vector, J. The end-over-end rotation of the molecule
produces an angular momentum vector that is always perpendicular to the internuclear
axis, hence W can be thought of as the projection of J onto the bond axis. This coupling
scheme is presented in Figure 2.1. Hund’s case (a) coupling can be expressed
mathematically as J = R + L + S and has the basis set |nLSS;JWñ [4]. As mentioned
previously, L is no longer a well-defined quantum number and is incorporated into n of
the basis set.
Hund’s case (a) is deemed the ideal coupling case, where the coupling of L and S
along the internuclear axis is the strongest interaction present. When stronger interactions
are present, different coupling schemes are needed. One such example is when the
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rotational angular momentum of a molecule in case (a) increases, the spin begins to
decouple from along the bond axis and instead couples to a resulting vector N. When this
transition occurs, we now need to consider the system using Hund’s case (b) coupling
scheme.

R

J
L
S

L

S
W

Figure 2.1 – Hund’s case (a) coupling scheme.

The Hund’s case (b) is an appropriate coupling scheme to describe a molecular
system whenever spin is uncoupled from the internuclear axis, whether it is from an
electronic state of L=0 where no magnetic field is present to couple the spin, or from
increased rotation in the system. Since S is no longer precessing about the axis, S is no
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longer a good quantum number because it is not well-defined. The orbital angular
momentum remains in precession around the chemical bond and couples with the rotation
to give a resultant vector N. It is this resulting vector that S couples with to give the total
angular momentum of the system. Of course, when there is no orbital angular momentum,
such as a S electronic state, spin will remain uncoupled to the axis and N will be comprised
entirely by R. This coupling scheme can be expressed mathematically by J = N + S where
N = R + L, and the basis set is |nLSN;Jñ [4]. A vector diagram of Hund’s case (b) coupling
scheme is presented in Figure 2.2.

S

J

N

L

L
Figure 2.2 – Hund’s case (b) coupling scheme.
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R

The Hund’s case (c) coupling scheme also consists of S uncoupling, but also
consists of L uncoupling too. In this scheme, the spin-orbit coupling interaction (𝑳 ⋅ 𝑺) is
stronger than the interaction along the internuclear axis. In this case, neither L nor S are
well-defined; therefore, electronic states are simply labelled in terms of W. The addition
of L and S give a new vector Ja which itself couples to the electric field along the
internuclear axis with W as its projection vector. Finally, W couples to R which results in
the total angular momentum of the system. The Hund’s case (c) coupling scheme is shown
in Figure 2.3 and uses the basis set |nJaW;JWñ [4].

R

J

W

Ja
L
S
Figure 2.3 – Hund’s case (c) coupling scheme.

A Hund’s case (c) coupling scheme usually arises when a system contains one
massive atom (e.g. RuB) because the spin-orbit constant, x, of atoms tends to increase
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with increasing mass of an atom [5]. The spin-orbit constant for diatomic molecules (A)
is also present and the larger it is, the more often it results in strong L and S coupling
interactions. This spin-orbit coupling interaction is discussed in further detail in the
following section.

2.3.2 – Spin-Orbit Components
As mentioned previously, when the orbital angular momentum precesses about the
internuclear axis it creates a magnetic field which in turn causes the electron spin to also
couple along the axis. As a result, when orbital angular momentum is present, we must
consider the coupling between L and S and the effect it has on the electronic energy
structure of diatomic molecules. As the total spin angular momentum couples to the axial
magnetic field, there is a multiplicity that arises of 2S+1. This multiplicity dictates how
many spin-orbit components there will be for a given value of L, assuming S < L. The
spin-orbit components are labelled by W and they take on values |L+S|, |L+(S-1)|, …, |LS|. As an example, for a state with L=2 and S=1, the molecular state will be 3DW, and there
will be 2(1)+1=3 spin-orbit components with W values: |2+1|=3, |2+0|=2, and |2-1|=1. This
results in 3D3, 3D2, and 3D1 electronic states. The interaction of S with L to produce different
resultant vectors W is displayed in Figure 2.4 [6].
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L
3D

3

Σ
W

L
3D

2

Σ=0

3D
3D

W

1

3D
3D

2

3

L
3D

1

W

Σ

Figure 2.4 – Vector diagram of the spin-orbit splitting in a 3D state.

From Fig. 2.4, one can see that if the total orbital and spin angular momentum do
not couple then the multiplicity of a given L state will be degenerate, such is the case
when dealing with S electronic states (L=0). In addition, the relative energy of the spinorbit components is dependent on the valence electron configuration that gives rise to the
state under consideration. If the valence molecular orbitals (MOs) are more than half
occupied, the components will be inverted, as in Fig. 2.4, where the highest W-component
is the lowest in energy; if the MOs are less than half-full, then the state is labelled as
regular and the smallest W-component is lowest in energy [7].
Since the spin-orbit interaction occurs within our system of study, we must account
for this coupling in our total Hamiltonian. The spin-orbit Hamiltonian is given by:
f
fuv = 𝐴𝑳c ∙ 𝑺
𝐻
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(2.24)

where A is the spin-orbit coupling constant for a particular electronic state in the diatomic
molecule. In common practice, only the diagonal matrix elements of the spin-orbit
coupling interaction are added to the total Hamiltonian and the off-diagonal elements
arising from the raising and lowering operators (𝐿c±𝑆{±) are incorporated into the electronic
term energies, for the purpose of this thesis [8]. The diagonal matrix elements are given
by values of ALS. Therefore, if the electronic state is inverted, the spin-orbit coupling
constant A is negative, and vice-versa for regular states.

2.4 – Vibrational Structure in Diatomic Molecules

2.4.1 – The Harmonic Oscillator
The first nuclear motion we will begin to look at is molecular vibration in diatomic
molecules. We will begin by looking at a simple diatomic model (harmonic oscillator)
with two masses connected by a spring and then expand upon this model to incorporate
realistic effects seen in molecules (anharmonic oscillator).
The equilibrium position of a molecular harmonic oscillator is denoted by re and
its displacement by r. When the bond length is displaced from equilibrium, like in an
oscillating spring, there is a restoring force which can be expressed as:
𝐹 = −𝑘𝑥

(2.25)

where x = (r – re) and k is the stiffness of the spring (or chemical bond). To obtain the
potential energy of this system, we can use its relationship with force, -dV/dx = F, and
substitute it into equation 2.25 to obtain a working expression for V:
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H

𝑉 = I 𝑘(𝑟 − 𝑟; )I

(2.26)

According to the Born-Oppenheimer approximation, we can reasonably separate the
vibrational motion from the rotational motion; therefore, Eq. 2.26 represents the potential
fnZo . Since the kinetic energy of a vibrating diatomic molecule only occurs
energy of 𝐻
along one axis (the bond), we can use the kinetic energy operator in the z direction,
ℏ7 ~ 7

− I: ~N 7, to solve the following Schrödinger equation:
−

ℏI 𝜕 I 𝜓 1
+ 𝑘(𝑟 − 𝑟; )I 𝜓 = 𝐸nZo 𝜓
2𝑚 𝜕𝑧 I 2

(2.27)

The solutions to the Schrödinger equation of a harmonic oscillator are given by [1]:
𝐸nZo = ℎ𝑣j…l (v + 1/2)

(2.28)

where 𝑣j…l is the vibrational frequency, ℎ is Planck’s constant, and v is the vibrational
quantum number which can take any positive integer value starting at zero. Even when
the molecule is in its ground vibrational state v = 0, there is still a zero-point energy: E0 =
1/2ℎ𝑣j…l . According to Eq. 2.28, vibrational energy levels are evenly separated by an
energy of ℎ𝑣j…l . In spectroscopy, the general trend is to express energetic information as
term values which are represented in wavenumbers (cm-1) instead of energy (J). This is
accomplished by dividing both sides of Eq. 2.28 by ℎ𝑐 to obtain the vibrational term
energy:
𝐺(v) =

𝐸nZo=
1
ℎ𝑐 = 𝜔; <v + =2>
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(2.29)

where c is the speed of light in cm/s and 𝜔; is the vibrational wavenumber.
The vibrational wavenumber can also be related to the force constant, k, of the
diatomic bond through the following expression:
𝜔; =

1 𝑘
Œ
2𝜋𝑐 𝜇

(2.30)

where 𝜇 is the reduced mass of the molecule. Therefore, a diatomic molecule will have a
higher frequency of oscillation for a stronger bond and a smaller reduced mass.
As shown in Eq. 2.29, the harmonic oscillator model dictates that there will be an
infinite number of bound vibrational levels as we increase in energy. This, however, is an
inaccurate description of a molecular system because we know that at a finite potential
energy (stretching of the bond) the dissociation limit is reached and causes the bond to
break. This can be accounted for through the use of anharmonic oscillators.

2.4.2 – Anharmonic Oscillators
Real potential energy curves are only effectively parabolic (harmonic) near the
equilibrium bond length, re. A comparison of the anharmonic and harmonic descriptions
of the potential energy curves for a diatomic molecule are given in Figure 2.5. One model
used to describe the anharmonicity of molecular vibrations is the Morse potential energy
function:
𝑉 (𝑟) = 𝐷; •1 − 𝑒

-•
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(2.31)

where De is the depth of the potential well. The dissociation energy, D0, differs from the
well depth by the zero-point vibrational energy. Using the Morse potential to solve the
Schrödinger equation, we obtain the following solutions [9]:
𝐺 (v) = 𝜔; <v + 1=2> − 𝜔; 𝑥; <v + 1=2>

I

(2.32)

where xe is the anharmonicity constant. The vibrational levels are no longer evenly spaced,
but instead become more closely spaced as the vibrational quantum number increases,
eventually converging at the dissociation limit. In addition, it is worthy of noting that there
is still a zero-point energy, 𝐸) = ℎ𝑐<1=2 𝜔; − 1=4 𝜔; 𝑥; >.

Energy

Harmonic

Anharmonic

v=4
v=3

v=4
v=3
v=2

v=2
v=1

v=1

v=0

v=0
re
Internuclear Separation (r)

Figure 2.5 – Harmonic and anharmonic potential energy curves for diatomic molecules.
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2.4.3 – Isotopic Substitution
Isotopes are atoms that have the same number of electrons and protons but differ
in their neutron count. In a diatomic molecule, isotopic substitution can occur at both
atomic sites (e.g. 102Ru11B, 100Ru11B, 102Ru10B), which can greatly increase the complexity
of the observed spectra because each isotopologue has a frequency shift. Recall that the
frequency of oscillation for a diatomic molecule is given by Eq. 2.30. Since the force
constant, k, is determined by the Coulombic interactions of the electrons, it is the same for
different isotopic molecules; therefore, any change in vibrational frequency from one
isotopologue to another must be a result of its reduced mass, µ. The heavier isotopologue
will be given an ‘i’ superscript to distinguish isotopes. From Eq. 2.30, we obtain the
following mass-dependence relationship for isotopic substitution [3]:
𝑣j…l Z
𝜇
=Œ Z =𝜌
𝑣j…l
𝜇

(2.33)

Following this expression, the constant r will always be less than 1, meaning the heavier
isotopologue will always have a smaller vibrational frequency and its spectra at a lower
frequency than the lighter isotopologue. The vibrational energy levels are therefore given
by [3]:
H I

H

𝐺 (v) = 𝜔; ,v + I1 − 𝜔; 𝑥; ,v + I1

(2.34)

and
H I

H

𝐺(v)Z = 𝜌𝜔; ,v + I1 − 𝜌I 𝜔; 𝑥; ,v + I1
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(2.35)

As the vibrational energy increases, the separation between isotopologues also increases.
This spacing offers a way to confirm the spectral carrier through the mass-dependence
relationship and what the vibrational quantum numbers are in the observed transition. A
similar type of isotope effect occurs with the rotational energy levels, which we will see
in the following section.

2.5 – Rotational Structure in Diatomic Molecules

2.5.1 – The Rigid Rotor
Thus far, we have discussed the energy structure of electron motion and nuclear
vibrations, but rotational motion still remains. The best model to use when beginning to
describe rotational motion of a diatomic molecule is that of a rigid rotor. This model is
displayed in Figure 2.6 and describes a dumbbell-like system with two masses, m1 and m2
(the atoms), connected to the ends of a massless rigid rod (the bond). The rigid bar has a
length r = r1+r2 (bond length), where r1 and r2 are the distances from atoms 1 and 2 to the
centre of mass, respectively.
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r1

r2

m1

COM

m2

Figure 2.6 – Rigid rotor model for a diatomic molecule.

The end-over end rotation occurs about the COM and can be described by the
moment of inertia. The moment of inertia, I, in a diatomic molecule is expressed as:
𝐼 = 𝑚H 𝑟HI + 𝑚I 𝑟II

(2.36)

where
:7 .

𝑟H = :

and

— ˜:7

:— .

𝑟I = :

— ˜:7

(2.37)

The reduced form of the moment of inertia expression is:
: :

𝐼 = ,: —˜:7 1 𝑟 I = 𝜇𝑟 I
—

7

(2.38)

where µ is the reduced mass of the diatomic molecule. There are three orthogonal principal
axes of inertia in the molecule and the corresponding moments of inertia about these axes
are labelled by Ia £ Ib £ Ic. In a linear molecule however, there is no moment of inertia
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about the internuclear axis because the COM lies along this axis, so Ia=0 and the two
others are equal, Ib= Ic.
Classical mechanics dictates that a rigid rotor with no net spin and orbital angular
momentum will have the following rotational kinetic energy [3]:
H

𝐸.ji = I 𝐼𝜔I

(2.39)

where w is the angular velocity (rad/s). Since we are using Hamiltonian mechanics,
rotational energy must be expressed in terms of angular momentum, which is given by the
classical expression for angular momentum:
𝐿 = 𝐼𝜔

(2.40)

𝐿I 𝐽I
=
=
2𝐼 2𝐼

(2.41)

and substituting into Eq. 2.39:
𝐸.ji

where we have seen J before as the total angular momentum. We have previously
described the total angular momentum as being quantized, and can substitute Eq. 2.7 into
the energy expression above to obtain the energy of a rigid rotor [9]:
𝐸.ji

ℎI
= I 𝐽 (𝐽 + 1)
8𝜋 𝐼

(2.42)

where h is Planck’s constant, I is the moment of inertia, and J is the quantum number for
total angular momentum. We were able to substitute Eq. 2.7 into the energy expression
because the total angular momentum in a molecular system has the same quantization as
in an atomic system.
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Equation 2.42 is in units of joules, but as spectroscopists, wavenumbers are more
appealing. The expression then becomes:
𝜀.ji =

𝐸.ji
ℎ
= I 𝐽 (𝐽 + 1)
ℎ𝑐
8𝜋 𝑐𝐼

(2.43)

where the speed of light, c, is expressed in cm/s. The constants and moment of inertia can
be grouped together to form the rotational constant, B:
𝐵=

ℎ
ℎ
= I
.
I
8𝜋 𝑐𝐼 8𝜋 𝑐𝜇𝑟 I

(2.44)

From the rotational energy expression, we see that when J=0 there is no zero-point energy,
unlike the case with vibrational motion, and as the total angular momentum increases, so
too does the spacing between rotational energy levels. In addition, we see that a change in
rotational energies between isotopologues is a result of their reduced mass, just like we
saw for vibrational isotopic substitutions. A mass-dependence relationship for rotational
energy is given by:
𝐵Z
𝜇
= Z = 𝜌I
𝐵 𝜇

(2.45)

Therefore, if one isotopologue is rotationally analyzed, one can scale its rotational
constant for other isotopologues. This greatly reduces the complexity of analysis when
dealing with a spectrum that has multiple isotopologues present.
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2.5.2 – Rotational Hamiltonian
The rotational Hamiltonian can be expressed as [4]:
f.ji = 𝐵𝑅c I
𝐻

(2.46)

where 𝑅c is the rotational operator. This operator can be written explicitly for rotation in
each direction:
𝑅c I = 𝑅cŸI + 𝑅cI + 𝑅cNI

(2.47)

where 𝑅cZI is the rotational operator for the ith axis. Since diatomic molecules do not have
any rotational motion about the internuclear axis (z-axis), 𝑅cNI =0. In a Hund’s case (a)
coupling scheme, J=R+L+S, which can be substituted into the rotational Hamiltonian to
obtain:
f.ji = 𝐵<𝐽{ − 𝐿c − 𝑆{>I
𝐻

(2.48)

which can be expanded to give:
f.ji = 𝐵<𝐽{Ÿ − 𝐿cŸ − 𝑆{Ÿ >I + 𝐵<𝐽{ − 𝐿c − 𝑆{ >I
𝐻

(2.49)

Using raising and lowering operators along with internuclear projections, the above
formulation can be expanded and re-expressed into a more convenient form [4]:
f.ji = 𝐵¡<𝐽{I − 𝐽{NI > + <𝐿cI − 𝐿cIN > + <𝑆{ I − 𝑆{NI >¢ − 𝐵<𝐽{˜ 𝐿c- + 𝐽{- 𝐿c˜ >
𝐻
−𝐵<𝐽{˜ 𝑆{- + 𝐽{- 𝑆{˜ > + 𝐵<𝐿c˜ 𝑆{- + 𝐿c- 𝑆{˜ >

31

(2.50)

where 𝐽{±=𝐽{x ± i𝐽{y, 𝐿c±=𝐿cx ± i𝐿cy, and 𝑆{±=𝑆{x ± i𝑆{y. The first term in the above equation
corresponds to the pure rotational Hamiltonian describing the state in question. Molecular
wave functions are not usually eigenfunctions of 𝐿cI , meaning L(L+1) is not quantized but
the 𝐿cI energy can be incorporated into the electronic energy [4]. The second term is called
the 𝐿c-uncoupling operator and connects states of differing W and L. The third term is
called the 𝑆{-uncoupling operator and connects states of differing W and S. The second and
third terms uncouple the orbital and spin angular momentum from the forces along the
internuclear axis effectively changing the coupling scheme used to describe the state. The
fourth term contains spin-electronic perturbations between states of differing L and S.
Thus far, we have still only considered the rotational Hamiltonian for a rigid rotor,
but in fact we know that vibrations along the bond also occur. Thus, the chemical bond
needs to be considered more like a spring than a rigid rod. Much like vibrational motion
needed an additional correction factor for anharmonicity, so too does rotational motion.
The correction factor needs to be added in order to account for centrifugal distortion where
the bond stretches as the molecule rotates faster. The centrifugal distortion correction
terms are added to the rotational Hamiltonian to give the following expression [3]:
f.ji = 𝐵𝑅cI − 𝐷𝑅c8 + 𝐻𝑅c£
𝐻

(2.51)

where D and H are the centrifugal distortion constants, B >> D >> H. Higher order
correction terms for the rotational Hamiltonian are available, but they are not included
because they were not needed in this work. Not all of the correction terms are needed to
adequately describe a diatomic system. In general, higher order correction terms are
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required for diatomic molecules with weaker bonds because they are more prone to
distortion as the system rotates.

2.5.3 – The Vibrating Rotator
As a diatomic molecule rotates around its COM, numerous vibrations also occur.
Thanks to the Born-Oppeinheimer approximation, we can separate, to a reasonable extent,
the rotational and vibrational motion. Thus, we can sum the individual energy components
of rotation and vibration to give us the rovibrational (rotation-vibration) term energy, Sv,J
[9]:
𝑆n,¤

1
1 I
= 𝜔; &v + * − 𝜔; 𝑥; &v + * + 𝐵𝐽(𝐽 + 1) − 𝐷[𝐽(𝐽 + 1)]I
2
2

(2.52)

If one, however, looks at the potential energy curve in Fig. 2.5, they will see that the
average bond length of a vibrational energy level increases as v increases. Since the
rotational constant, B, is dependent on the bond length, it too changes for different
vibrational levels. In short, rotational and vibrational motion are not completely separable;
therefore, we must account for this vibration-rotation coupling interaction. We must also
designate individual rotational constants for each vibrational level as Bv, which takes the
form:
𝐵n =

ℎ
1
§ I¨
I
8𝜋 𝑐𝜇 𝑟n

(2.53)

H

where ©. 7« is the average bond length during vibrations for the corresponding vibrational
ª

level. Now, an expression for the equilibrium constants is needed, which is given by:
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𝐵; =

ℎ
8𝜋 I 𝑐𝜇𝑟;I

(2.54)

where re is the equilibrium bond distance. The variation of Bv with v is given to a good
approximation by [3]:
1
𝐵n = 𝐵; − 𝛼; &v + *
2

(2.55)

where 𝛼; is the vibration-rotation coupling constant. If more than one vibrational energy
level is analysed for a particular electronic state and different Bv values are extracted, one
can easily determine the equilibrium rotational constant and its corresponding bond length
via the expression above.

2.5.4 - Parity
If a symmetry operator 𝐸c ∗ is applied to the total Hamiltonian, including the
electronic, vibrational and rotational parts, a total +/- parity is obtained [4]. The 𝐸c ∗
operator acts as an inversion operation on the molecular coordinates in the laboratory
frame with the COM centered at the origin such that all particle coordinates are inverted:
𝐸c ∗ Ψ(𝑋Z , 𝑌Z , 𝑍Z ) = Ψ(−𝑋Z , −𝑌Z , −𝑍Z ) = ±Ψ(𝑋Z , 𝑌Z , 𝑍Z )

(2.56)

where X, Y and Z describe the coordinates of the particles in the laboratory fixed frame.
With respect to the symmetry operation, we see that the total wave function is left
unchanged except for a potential change in sign. This gives it a + or – parity. Since the
symmetry operation is acting on the total wave function, we can separate the wave
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function into electronic, vibrational and rotational wave functions and examine the effect
of 𝐸c ∗ on each part individually.
The symmetry operator 𝐸c ∗ has been shown to be equal to the 𝜎³n operator
(reflection along a vertical symmetry plane) in the molecular frame when acting upon the
electronic wave function [4]. States with orbital angular momentum larger than zero are
doubly degenerate and have both (+) and (-) parity; however, states of L=0 are nondegenerate and belong to either (+) or (-) parity:
𝜎³n |Σ ± >= ±|Σ ± >

(2.57)

The superscript ± sign in the term symbol for Σ states indicates the effect of 𝜎³n on only
the orbital part of the electronic wave function, hence the states are labelled S+ or S-.
The vibrational wave function remains unchanged when the symmetry operation
is applied because 𝜓nZo is a function of internuclear separation which is left unchanged:
𝐸c ∗ 𝜓nZo (𝑟) = 𝜓nZo (𝑟)

(2.58)

When examining the 𝐸c ∗ operation on the rotational wave function, which is
usually expressed in spherical harmonic form, we see that q is replaced by (p-q) and f is
replaced by (p+f) and the following expression is obtained [8]:
𝐸c ∗ 𝜓.ji = (−1)¤ 𝜓.ji

(2.59)

where we see that rotational parity alternates with J. Based on the individual electronic,
vibrational and rotational parts, we see that the total parity also alternates with J. For halfinteger J values, (−1)¤-).· parity is obtained. It is useful to define a new e / f symmetry
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which is J-independent since the alternation of sign with J always occurs. The e / f
labelling scheme is given by:
+(−1)¤

as e symmetry

(2.60)

−(−1)¤

as f symmetry

(2.61)

and the same applies for half-integer J values. An example of the labelling scheme is given
for a 2D5/2 spin-orbit component in Figure 2.7.

J

2Δ
5/2

+ e
- f

6.5

- e
+ f

5.5

+ e
- f

4.5

- e
+ f

3.5

+ e
- f

2.5

Figure 2.7 – Parity of the 2D5/2 rotational energy levels.

In Fig. 2.7, the pairs of energy levels for a given J value are degenerate, the levels
are separated only for the convenience of labelling. This e / f symmetry degeneracy can,
however, be lifted when certain interactions within the molecular system occur. One type
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of interaction that lifts the degeneracy is spin-rotation splitting where the spin angular
momentum decouples from the internuclear axis and instead couples with the rotational
angular momentum. The second type of interaction is called L-doubling which is a type
of perturbation that lifts the parity degeneracy in a P state when a nearby S state is
interacting with it. Spin-rotation splitting and L-doubling are not pertinent for this thesis
and will not be covered in detail, but further information can be found in references [3,4,8].

2.6 – Rovibronic Structure of Diatomic Molecules

Thus far, we have mostly considered rotational, vibrational and electronic motion
and their energy structure separately; however, when one performs electronic
spectroscopy, changes in all three types of energy occur. We must consider the rovibronic
(ROtational, VIBrational and electRONIC) structure of diatomic molecules to paint the
full picture.

2.6.1 – Rovibronic Energy Structure
It is possible to separate the total energy of the system into electronic, vibrational
and rotational contributions based on the Born-Oppenheimer approximation. When
considering a transition from one electronic state to another, we can express the change in
energy by:
Δ𝜀iji/k = Δ𝜀;k + Δ𝜀nZo + Δ𝜀.ji

where,
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(2.62)

Δ𝜀iji/k

1
1 I
= Δ𝜀;k + ∆ º𝜔; &𝑣 + * − 𝜔; 𝑥; &𝑣 + * »
2
2
+∆[𝐵𝐽(𝐽 + 1) − 𝐷(𝐽(𝐽 + 1)I ]

(2.63)

The first two terms in equation 2.63 are normally grouped together for a rovibronic
transition and defined as the band origin, Tv or v(v', v"). We can rewrite the expression in
terms of an individual rovibronic transition, excluding centrifugal distortion, as:
vspec=v(v', v")+∆[BJ(J+1)]

(2.64)

where v(v', v") represents the wavenumber of a single vibronic (vibrational and electronic)
transition and the rotational term is added separately. For a given vibronic transition, it is
the rotational structure we are mostly concerned with because the band origin is a single
line consisted of one vibronic transition whereas there are many different rotational
transitions. In order to analyse the rovibronic structure, we must first understand the
selection rules which govern what transitions are allowed or forbidden.

2.6.2 – Selection Rules
Selection rules for rovibronic transitions are governed by solutions to the transition
moment integral [9]:
𝑴 = ½ Ψ′∗ 𝜇̂ Ψ"𝑑𝜏

(2.65)

where 𝜇̂ is the electric dipole moment operator, Ψ′ and Ψ" are the wave functions for the
upper and lower state respectively, denoted by the single and double primes, and * denotes
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the complex conjugate of the wave function. The transition between two states is allowed
if the solution to the transition moment is non-zero and forbidden if it is zero. The square
of equation 2.65 gives the probability of the transition and hence the intensity of that
signal.

The selection rules for electronic transitions are:
•

DL = 0, ±1 (P - D, D - D, F - D are allowed but not S - D)

•

DS = 0 (no change in multiplicity)

•

DS = 0

•

DW = 0, ±1

Electronic transitions are labelled using the term symbols as is shown in Eq. 2.15, e.g.
[18.3]3D3-X3D3. The [18.3] term is the electronic transition wavenumber divided by 1000,
the left-hand 3D3 term describes the excited electronic state and X3D3 gives the lower
electronic state of the transition, where X denotes the ground state of the molecule. If the
molecule belongs to the Hund’s case (c) coupling scheme, then the electronic state is not
labelled by its term symbol but by its W value, e.g. [18.3]3-X3D3.
For vibrational transitions between different electronic states, all possible
transitions are allowed: Dv = 0, ±1, ±2, …. These vibrational bands are labelled based on
their upper and lower vibrational quantum numbers (v', v"), respectively. Usually,
however, in absorption spectroscopy, only the lowest vibrational level is occupied by
molecules based on the Boltzmann distribution, so normally only the (0, 0), (1, 0), (2, 0),
etc. vibrational bands are observed. Occasionally, weak transitions from the v" = 1 level
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are observed. Although the selection rules dictate that any transition between vibrational
levels is allowed, the probability and intensity of these transitions vary drastically and are
dictated by the Franck-Condon principle. The Franck-Condon factor is a vibrational
overlap component that is included in the transition dipole moment for a vibronic
transition [6]:
〈v Â |v"〉 = ½ 𝜓Ä∗Å 𝜓ÄÅÅ 𝑑𝜏

(2.66)

where 𝜓Ä∗Å is the complex conjugate of the vibrational wave function in the excited state
and 𝜓ÄÅÅ is the vibrational wave function of the ground state. This integral dictates the
amount of overlap between vibrational levels in different electronic states, and since it is
part of the transition dipole moment integral it affects the intensity of the band. A pictorial
representation is shown in Figure 2.8. In this figure, we see that the ground state wave
function overlaps best with v'=1, but not very well with v'=0. We therefore expect the (1,
0) vibronic transition to be much more intense than the (0, 0) band. This occurs because
the transition is vertical, where the electronic transition occurs so rapidly that the molecule
does not have time to change its internuclear distance appreciably.
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Energy

v=4
v=3
v=2
v=1
v=0

v=0

Nuclear Displacement
Figure 2.8 – Vibrational transition between electronic states where the v"=0 wave function
overlaps best with the excited v'=1 wave function but barely overlaps with v'=0.
The selection rules for the allowed transitions between rotational levels are
somewhat governed by the electronic states involved. If the electronic transition is a S S, then the rotational selection rule is DJ = ±1 (DJ = J'-J"), where transitions with a change
of DJ = +1 are labelled as the R-branch and DJ = -1 as the P-branch transitions. If, however,
one of the electronic states possesses orbital angular momentum, then the selection rule
becomes DJ = 0, ±1, where transitions with no change in rotational quantum number J are
labelled as Q-branch transitions. We can assign each rotational transition based on its
branch type and the rotational quantum number in the ground state, which is shown in
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Figure 2.10 for the P(J"=4) line. An expression for the frequency of each type of rotational
transition can now be derived [9]:
R-transitions (J' = J" + 1):
vspec = v(v', v") + (B' + B")(J" + 1) + (B' – B")(J" + 1)2, J" = 0, 1, 2, …

(2.67)

P-transitions (J' = J" – 1):
vspec = v(v', v") – (B' + B")J" + (B' – B")(J")2,

J" = 1, 2, 3, …

(2.68)

J" = 1, 2, 3, …

(2.69)

Q-transitions (J' = J"):
vspec = v(v', v") + (B' – B")J" + (B' – B")(J")2,

Typically, in an excited electronic state r' > r" and B' < B", which means that according
to the above expressions as J increases the P and Q branches will extend towards lower
frequency and the R branch transition spacing will decrease towards higher frequency
where it will eventually form a band head and turn around and extend towards lower
frequency. If, however, the excited electronic state is more strongly bound than the ground
state (r' < r"), the band head will form in the P-branch. These three separate branches can
usually be identified for a particular vibronic transition and are displayed in Figures 2.9
and 2.10. Fig. 2.9 displays a low-resolution scan of RuB where the three branches are
clearly identifiable, whereas Fig. 2.10 is an energy level diagram indicating the individual
transitions that form the three branch patterns.
In Figure 2.10, we see that specific transitions in all three of the branches share a
common lower or upper rotational level (e.g. Q(3) and R(3)). If the transitions share a
common upper state level for example, we gain information into the rotational spacing of
the ground state which ultimately leads to the analysis of the rotational structure. The
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differences between two transitions that share a common state are termed combination
differences.

Figure 2.9 – Low-resolution spectrum of the (1, 0) [18.4]2.5-X2D5/2 transition of RuB

2.6.3 – Combination Differences
A combination difference is the difference between two transitions that share
either a common upper state or lower state. These energy differences give insight into the
rotational energy level spacing in the ground state and upper state, where examples of
combination differences are D2F" for the ground state and D2F' for the excited state. The
subscript “2” in the labelling indicates that DJ=2 in the ground, or excited state.
Combination differences are obtained for the ground state by taking the difference
between two transitions that share a common upper state level. The excited state
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Figure 2.10 – Rotational branch structure in a diatomic molecule.
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4
3

combination differences are obtained from the difference between two transitions that
share a common lower state. An energy level diagram indicating possible combination
difference pairs for the three types of branches is shown in Figure 2.11. Some
mathematical expressions for these combination differences are given by:
D2F" = R(J" – 1) – P(J" + 1) = 4B"(J" + 0.5)
D1F" = R(J" – 1) – Q(J") = 2B"(J" + 1)

or

(2.70)

D1F" = Q(J") – P(J" + 1) = 2B"(J" + 1)

D2F' = R(J") – P(J") = 4B'(J' + 0.5)
D1F' = R(J") – Q(J") = 2B'(J' + 1)

(2.71)

D1F' = Q(J") – P(J") = 2B'(J' + 1)

or

where D1F is the combination difference for the upper or lower state with DJ = 1 between
the two transitions.

Upper State Combination Differences

Lower State Combination Differences

J' + 1

J'

J'

Δ2F'
Δ1F'

J' - 1

R(J" - 1)

R(J")

Q(J")

Q(J")

P(J" + 1)

P(J")

J" + 1
J"
J"

J" - 1

Δ2F"
Δ1F"

Figure 2.11 – Energy levels involved in combination difference expressions.
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Through the use of combination differences, we can assign each rotational
transition and analyze the rotational energy structure, where we can extract the rotational
constants B, D and H. In addition, once the rotational transitions are assigned their J
quantum number, we can identify the first rotational transitions in each branch and
confirm the W value of the transition because in a particular state J must be greater than
or equal to W. This arises because as rotational angular momentum goes to zero J=W, as
is seen in Fig. 2.1 for a Hund’s case (a) coupling scheme.

2.7 – Nuclear Hyperfine Structure in Diatomic Molecules

Just as the electron spin angular momentum has been shown to have an effect on
the observed spectra, so too does the nuclear spin angular momentum, albeit much smaller
effects. The hyperfine structure of diatomic molecules arises from magnetic hyperfine
interactions and/or nuclear electric quadrupole interactions. Although the molecules
studied herein are composed of nuclei that have non-zero quadrupole moments, the overall
electric quadrupole interactions in the molecules are negligible and will not be covered in
detail. The observed hyperfine structure is a result of the magnetic hyperfine interaction.

2.7.1 – Magnetic Hyperfine Structure
The magnetic hyperfine structure arises from interactions between the nuclear
magnetic dipole moment and the electronic angular momenta in the molecule. The total
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magnetic hyperfine interaction is a sum of the contributions of electronic angular momenta
in the molecule interacting with the nuclear moments.
In the case of orbital angular momentum, where there is no spin angular
momentum present, the interaction energy is given by:
𝐻ÆÇ =

2𝜇) 𝜇Æ
1
[ • È ” Λ# 𝐈 ⋅ 𝐤
𝐼
𝑟# /n

(2.72)

#

where 𝜇) is the Bohr magneton, 𝜇Æ is the nuclear magnetic moment, I is the nuclear spin,
𝑟# is the distance between the electron and the nucleus, k is the unit vector along the
internuclear axis and Λ# is the average projection of the orbital angular momentum of the
nth electron onto the molecular axis [10].
The interaction between the electron spin moment and the nuclear magnetic
moment is more complex and can be examined using the classical approach of two
interacting dipoles, µ1 and µ2, which is given by:
𝑊Í—Í7 =

where for the nucleus 𝝁𝟏 = 𝑰

ÍÒ
Æ

𝝁𝟏 ⋅ 𝝁𝟐 3(𝝁𝟏 ⋅ 𝒓)(𝝁𝟐 ⋅ 𝒓)
−
𝑟È
𝑟·

(2.73)

and the electron spin is 𝝁𝟐 = −2𝜇) 𝑺, such that Eq. 2.73

becomes:
(𝐻Æu )H =

−2𝜇) 𝜇Æ 𝐈 ⋅ 𝐒 3(𝐈 ⋅ 𝐫)(𝐒 ⋅ 𝐫)
º È −
»
𝐼
𝑟
𝑟·
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(2.74)

where S is the electron spin angular momentum [10]. There is, however, an additional
interaction between the nuclear magnetic moment and the spin moment of an electron in
a ss orbital which is given by [10]:
(𝐻Æu )I =

16𝜋 𝜇) 𝜇Æ I
|𝜓 (0)|𝐈 ⋅ 𝐒
3 𝐼

(2.75)

where |𝜓 I (0)| is the electron density at the nucleus, which is essentially zero for non-ss
electrons.
The sum of these three magnetic interactions have been reported by Frosch and
Foley [11] for the common Hund’s coupling cases (a) and (b) and is given by:
f = 𝑎Λ𝐈 ⋅ 𝐤 + 𝑏𝐈 ⋅ 𝐒 + 𝑐 (𝐈 ⋅ 𝐤)(𝐒 ⋅ 𝐤)
𝐻

(2.76)

where a, b and c are hyperfine parameters that Frosch and Foley determined and are given
by equations 2.82 – 2.84. The above expression is applied to each electron in the molecule,
but since the terms from paired electrons cancel out one must only account for the unpaired
valence electrons.
In order to determine the energy resulting from the magnetic hyperfine interaction
in (2.76), a basis function incorporating nuclear spin into the coupling scheme is needed.
Now we must consider the Hund’s coupling cases listed in section 2.3.1 with the addition
of nuclear spin. The nuclear spin can be coupled to several different angular momenta, but
we will only consider those for Hund’s case (a) because no hyperfine coupling to a Hund’s
case (b) scheme is observed in the analyses presented herein. The addition of nuclear spin
to the coupling scheme is labelled with a subscript a or b depending if the spin is coupled
along the internuclear axis or not, respectively. For Hund’s case (a), the nuclear spin can
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couple either to the internuclear axis (aa), or to the total angular momentum J (ab). These
coupling schemes are presented in Figures 2.12 and 2.13.
As it turns out, Hund’s case (ab) is the more common coupling scheme [10] and is
observed in both molecular cases studied in this thesis, hence only this coupling scheme
will be discussed in further detail. A further study on Hund’s case (aa) and the coupling
schemes for a Hund’s case (b) state with nuclear spin included can be found in Ref. [10].
The effect of nuclear spin on the rotational energy levels for a Hund’s case (ab) molecule
is shown in Figure 2.14. The nuclear spin couples to the total angular momentum vector
J and splits every rotational energy level into 2I +1 levels: |J+I|, |J+I-1|, …, |J-I|. The new
energy levels are labelled with an F quantum number for total angular momentum
including nuclear spin.

J

R

L
S

L

S

I

Iz

Figure 2.12 – Vector diagram of a Hund’s case (aa) coupling scheme.
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Figure 2.13 – Vector diagram of a Hund’s case (ab) coupling scheme.

In Hund’s case (a), the projection of S onto the molecular axis, S, is a good quantum
number and Eq. 2.76 becomes [10]:
f = [𝑎Λ + (𝑏 + 𝑐 )Σ]𝐈 ⋅ 𝐤
𝐻

(2.77)

since 𝐒 ⋅ 𝐤 = S and 𝐈 ⋅ 𝐒 = (𝐈 ⋅ 𝐤)(𝐒 ⋅ 𝐤). In case (ab), the vector model for 𝐈 ⋅ 𝐤 gives:
𝐈⋅𝐤=

(𝐈 ⋅ 𝐉)(𝐉 ⋅ 𝐤)
𝐽 (𝐽 + 1)
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(2.78)

where 𝐉 ⋅ 𝐤 = L + S = W. Inserting the above expression into Eq. 2.77, we obtain the
magnetic hyperfine energy for a Hund’s case (ab):
𝑊:6× =

ℎØ Ω[𝐹(𝐹 + 1) − 𝐽(𝐽 + 1) − 𝐼(𝐼 + 1)]
2𝐽(𝐽 + 1)

(2.79)

where
ℎØ = 𝑎Λ + (𝑏 + 𝑐 )Σ = 𝑎Λ + <𝑏Ú + 2𝑐=3>Σ,

𝐈⋅𝐉 =

(2.80)

𝐹 (𝐹 + 1) − 𝐽 (𝐽 + 1) − 𝐼 (𝐼 + 1)
2

(2.81)

Equation 2.79 dictates that the hyperfine energy is inversely proportional to J 2, meaning
the hyperfine structure decreases with increasing J. Finally, the Frosch – Foley hyperfine
parameters, a, bF and c are expressed as [11]:
𝑎/𝐻𝑧 = ,
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…

where gN = µ/I, 𝑙{NZ and 𝑠̂NZ are orbital and spin angular momentum operators for the ith
electron, d(r) is a Dirac delta function, and r and q are polar coordinates; the subscripts l
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and s indicate different averages which allow for relativistic effects. d(r) is essentially the
electron density at the nucleus which is only nonzero for ss molecular orbitals. The
hyperfine parameters in expressions 2.82 to 2.84 can be calculated using atomic hyperfine
interaction parameters, which ultimately helps to identify the electronic configuration(s)
that compose the observed electronic state. The atomic parameters needed have been
previously calculated by Morton and Preston [12]. This method is used in the analysis of
the electronic configurations and electronic states presented in this thesis.
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Figure 2.14 – Rotational energy level splitting due to nuclear spin.
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Chapter 3 – Experimental

In this thesis, the molecules studied are all diatomic molecules produced in the gas
phase through a laser ablation/molecular beam technique and observed using laserinduced fluorescence (LIF) spectroscopy. This chapter outlines the procedures used to
produce and observe these molecules of interest.

3.1 – Molecular Production

3.1.1 – Laser Ablation Molecular Beam Apparatus

One of the main goals of research in the UNB spectroscopy laboratory is to obtain
rovibronic spectra of metal-containing diatomic molecules in the gas-phase. Just like in
inorganic chemistry, we produce these molecules by exposing a metal atom to a bonding
ligand. The problem, however, arises from the transient nature of these diatomic species,
and the fact that we are producing them in the gas phase. These diatomic molecules are
radicals which are highly reactive and usually short lived, but they can persist if there are
not any other molecules present to react with, hence one of the reasons why we produce
molecules in a vacuum chamber. Obtaining gaseous metal atoms can be achieved by using
several different methods, all of which utilize a vacuum chamber. The Broida oven, the
King furnace, the resistive heating of metal filaments, etc. all use high temperatures to
boil metal atoms into the gas phase. These methods, however, are only suitable for metals
with low melting points. Another method is to inject a volatile metal-containing solution
into a vacuum chamber and subsequently fragment the compound via laser photolysis [1]
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or electric discharge [2] to achieve the gaseous metal atom, but not all transition metals
have a compound with a high enough vapour pressure to use this method either. One final
way to obtain gaseous metal atoms, and the method used in this thesis, is via laser ablation
where a solid metal target is exposed to high intensity energy pulses from a laser. The
laser energy is tightly focused onto the metal surface and causes enough localised heating
to vaporize a small portion of metal.
In this thesis, a laser ablation molecular beam apparatus in conjunction with LIF
spectroscopy is used to study spectra of gas-phase diatomic molecules. The metal atoms
are vaporized and subsequently entrained in a flow of reactant gas. The hot metal atoms
produced through vaporization break apart the reactant gas into fragments or atoms and
react to form some of the desired radical species (by-products are often encountered). The
gas flow is quickly injected into a low-pressure vacuum chamber which reduces collisions
between molecules and stabilizes the transient diatomic molecules. The apparatus consists
of several different chambers which are kept under vacuum by a 13” Balzer’s diffusion
pump which is backed up by an Edwards E2M80 rotary vane pump. The system is held at
an approximate pressure of 6´10-6 Torr when not conducting experiments. This keeps the
oxygen and water vapour pressures low which helps minimize the oxidation of the target
metal so that unwanted oxide by-products are not formed (sometimes oxidation is good if
one is studying a transition metal monoxide but is not the case for this thesis). When the
reactant and carrier gas are inserted into the chamber, the operating pressure rises to
approximately 6´10-5 Torr, depending on the gases used. The carrier gas is an inert gas
(He or Ar) that promotes the flow of gas through the apparatus.
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The molecules are produced in the top-most vacuum chamber of the UNB
apparatus. Within it, there is a gas inlet valve and housing for a target metal rod. The rod
is easily exchangeable in order to produce molecules from different metal atoms. The
metal rod is attached to a motorized micrometer using a short piece of Tygon tubing. The
rod is continuously rotating and translating, so a fresh surface is ablated with each laser
pulse. This ensures a consistent production of vaporized atoms and molecular formation.
The gas inlet is controlled by a pulsed solenoid valve where the gas is then inserted into
an aperture that passes through the housing of the metal rod in order to mix and react with
the ablated metal atoms. The carrier gas is normally helium and the reactant gas varies
depending on the desired molecule of study. The gases are mixed and regulated in a gas
board which is described in the following section. The ablation laser used to vaporize the
metal atoms is the 3rd harmonic of a pulsed UV Lumonics HY-400 Nd:YAG laser. A
schematic representation of the described ablation source can be seen in Figure 3.1.
There is a large pressure differential going from high pressure at the orifice of the
ablation apparatus to a very low pressure inside the large vacuum chamber. This expansion
creates a supersonic molecular beam, as is shown in Figure 3.1, which travels
perpendicular to the ablation laser and is cooled via adiabatic processes [3]. The molecular
beam consists of molecules travelling parallel to one another along the z-axis with
minimal collisions. As a result, there is minimal molecular velocity in the xy plane. About
5 cm downstream of the molecular jet orifice, a probe laser is inserted into the reaction
chamber orthogonal to the molecular beam and interrogates the molecular species. Since
the molecular beam has minimal molecular velocity in the xy plane and is setup to travel
perpendicular to the excitation laser, Doppler broadening is significantly reduced.
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Figure 3.1 – The ablation source. (A) A view of the source from the perspective of the
UV ablation laser going into the chamber. (B) A cross-sectional view along the axis of
the rotating/translating metal rod.

3.1.2 – Gas Board
Before injection of the gas into the ablation source, the gas mixture is first prepared
in the gas board, see Figure 3.2. After the ‘bomb’ and rest of the gas board has been
evacuated, the reactant gas is then admitted into the bomb, usually 1.5 – 4.5 PSI which is
measured by a low pressure 30 PSI gauge. After the optimal reactant gas pressure is added,
the needle valve that isolates the 30 PSI pressure gauge is closed and ~150 PSI of the
helium carrier gas is added to the bomb which is measured by the 300 PSI high pressure
gauge. The gas mixture is then allowed to homogenize via diffusion for at least 10 minutes.
Once the gases have had sufficient time to mix, they are passed through a pressure
regulator and fed towards the pulsed solenoid valve where they are injected into the
ablation source. The gas is held at a constant stagnation pressure of ~40 PSI, which was
previously determined experimentally to be the optimal regulating pressure for stable
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molecular production, largest signal intensity, and a good range of rotational transitions
[4]. If the regulating pressure is increased, then the molecules formed will be colder and
therefore populate the lower J levels. To observe higher J level transitions, one could
decrease the backing pressure and populate higher rotational levels.

High Pressure
Gauge
Low Pressure
Gauge
= Valve

Helium
Carrier
Gas

Reactant Gas

Regulator
Mixing
Bomb

Evacuation
Pump

Ablation Source

Figure 3.2 – Schematic diagram of the gas board used to prepare and store reactant gas
mixtures.
3.2 – Data Collection and Laser Scanning

3.2.1 – Timing, Optimization and Collection
Throughout the experiments, timing is essential in order to produce and observe
the molecules and optimization is often required to increase the signal intensity. The
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timing of the pulsed gas valve, ablation laser, and pulsed probe laser are controlled by a
Stanford Research Systems DG535 digital delay generator. The pulsed gas valve is set to
trigger at 10 Hz since this is the optimal operating frequency of the pulsed lasers. The
digital delay generator is set so that the UV pulse from the ablation laser fires after the
pulsed gas valve has opened. This has to be optimized so that the UV pulse vaporizes the
target metal atoms as the pulse of gas passes by the rod. Then, as the gas enters the vacuum
chamber and forms the molecular beam, a probe laser interrogates the molecules about 5
cm downstream. The probe dye laser is coordinated to pulse after the ablation laser has
fired. Usually, only optimization of the timing of the pulsed probe laser is required to
maximize the fluorescence signal. For the most part, however, the controlled timing on
the delay generator follows the general sequence below:
1. Pulsed Gas Valve (Set to trigger at 10 Hz):

A=T0

2. Ablation Laser:

B=A + 500 µs

3. Pulsed Dye Laser:

C=B + 97-100 µs

The timing of the probe laser is often dependant on the reactant gas used and the
reactant gas is dependent on the desired molecule of study. Diborane (B2H6) is used for
the production of both CoB and RuB. The reactant gas is then mixed with helium as a
carrier gas. After the timing of the pulsed lasers is optimized, the optimal percent mixture
of reactant gas has to be determined experimentally and it differs for each gas used. RuB
and CoB have the largest signal when the concentration is ~1% B2H6 in 150 PSI of helium.
The dye lasers are steered and focussed into the ablation chamber through the use
of mirrors and lenses. The dye lasers are then tuned in the frequency domain until they
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come into resonance with a molecular transition between two energy states. Molecular
population is promoted to an excited electronic energy level, and as molecules relax back
to lower energy levels, photons are emitted whose frequencies match the energy
differences between the two transition levels. This fluorescence is spontaneous and occurs
in all directions. As a result, a monochromator can be placed such that it collects
fluorescence signals orthogonal to the molecular beam and probe laser. This reduces the
amount of laser scatter collected and hence increases the signal-to-noise ratio. A
retroreflecting fluorescence collection mirror is also placed in the vacuum apparatus to
collect even more fluorescence and focus it onto the entrance slit of the monochromator,
effectively doubling the signal observed. A diagram of the experimental set-up for the
timing, production and collection of data is shown in Figure 3.3. In Figure 3.3, the tunable
dye laser can either be a pulsed dye laser or a continuous wave (cw) ring dye laser for low
and high-resolution scans, respectively. The cw-ring dye laser is, however, continuous and
not controlled by the delay generator.
The LIF signal from the molecules is passed through a focusing lens and into a
¼ m Jarrel-Ash grating monochromator. The monochromator is used as a tuneable filter
with a bandpass of approximately ±15 nm in order to reduce scattered light from the
plasma and/or laser. Oftentimes slits are introduced to narrow the bandpass filter. Any
light that did not fall within the bandpass region is not transmitted through the
monochromator. The light which does pass through the monochromator enters a
thermoelectrically cooled Hamamatsu R943-02 photomultiplier tube (PMT). The PMT
converts the photonic signal into an electrical signal. Once converted, the signal is either
sent to a boxcar integrator or amplified through a SRS SR445 DC-300 MHz amplifier and

60

sent to a photon counter (SRS SR400 two-channel gated photon counter) depending on if
low- or high-resolution data is being taken, respectively. The boxcar integrator and photon
counter both serve to collect and average the incoming signal within a certain ‘gate’. The
averaged signal is then passed through an analogue to digital converter and is displayed
on a computer as a spectrum of laser absorbance as a function of laser frequency.

Gas In

To valve

Pulsed Valve
Driver

Delay Generator

Laser-induced
fluorescence

Ablation Laser
Dye Laser

Monochromator
PMT

Current Amplifier

Low-Resolution Scans

High-Resolution Scans

Boxcar
Integrator

Oscilloscope

Pump Laser

Photon
Counter
Personal
Computer

Figure 3.3 – Typical experimental set-up for the laser ablation/molecular beam
spectrometer and data collection. The tunable dye laser is either a pulsed dye laser or a
continuous wave (CW) ring dye laser for low- and high-resolution scans, respectively.
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3.2.2 – Pulsed Dye Laser – Low Resolution Survey Scans
The visible region of the electromagnetic spectrum extends from 400 – 700 nm;
therefore, a laser system is required that covers this region and does so in a relatively short
amount of time. A pulsed dye laser system is ideal for this purpose. Survey scans to search
for any molecular transitions in the visible region may be taken reasonably quickly but
with a limited resolution. In this thesis work, a Lumonics YM600 Nd:YAG laser is used
to pump a Lumonics HD500 dye laser. Doubling and tripling crystals are used to convert
the fundamental Nd:YAG wavelength of 1064 nm to 532 nm and 355 nm for the purpose
of pumping red or blue dyes respectively.
The principles of pulsed dye laser operation are relatively straightforward but can
be found in greater detail in Ref. [5]. The word “laser” itself stands for light amplification
by stimulated emission of radiation. The neodymium-doped yttrium aluminum garnet
(Nd:YAG) pump laser uses a three level system where excited Nd3+ ions are created, and
through internal conversion populate the lowest excited vibrational level which is longer
lived than the others. This creates a population inversion between the excited and ground
state. Through stimulated emission, a cascade of radiation is emitted as the ions relax back
down to the ground state resulting in an intense burst of light. This burst of light is what
creates the pump laser emission. The dye laser works much in the same way, except the
pump laser now excites molecules in an organic dye that are highly p-conjugated and
fluoresce in the visible region. Furthermore, because these organic molecules have strong
interactions with the solvent, the closely spaced vibrational levels are collision broadened
to such an extent that the emitted fluorescence transitions are completely overlapped,
creating a broad continuum of fluorescence which enables the dye laser to be tunable
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within a specific wavelength range [3]. The emitted fluorescence is determined by the
light absorbed. To cover the red end of the spectrum (~550 – 800 nm), the dye solutions
used require a 532 nm pump laser for excitation; to cover the blue end of the spectrum
(~400 – 550 nm), a 355 nm pump laser is needed. A list of the various dyes used to
encompass the entire visible region of the spectrum is presented in Table 3.1.
Table 3.1 – Nd:YAG pumped laser dye fluorescence ranges for low-resolution scans,
determined experimentally.
355 nm Pump Laser
Organic Dyea

a

532 nm Pump Laser
Range of
Fluorescence (nm)

Organic Dyea

Range of
Fluorescence (nm)

Stillbene 420

420 - 430

Rhodamine 6G

555 – 565

Coumarin 440

430 – 450

LDS 698

675 – 705

Coumarin 450

445 – 455

LDS 750

705 – 730

Coumarin 460

455 – 470

LDS 751

725 – 760

Coumarin 480

470 – 495

LDS 765

755 – 785

Coumarin 500

495 - 530

Coumarin 540A

530 – 560

Rhodamine 6G

570 – 595

Kiton Red 620

595 - 635

DCM

610 - 675

Organic dye solutions used are all dissolved using spectral grade methanol as a solvent.
Through the use of stimulated emission, lasers generate monochromatic,

directional, coherent, and high intensity beams of light. The output of the pulsed pump
laser averages ~80 mJ per pulse, whereas the pulsed dye laser has an output power of
~2 mJ per pulse. The monochromaticity and frequency of the laser is selected by tilting
the angle of a holographic grating inside the dye laser. A scan control unit is used to
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program a change in the angle of the grating in order to scan a wavelength range. The
computer used to record low-resolution scans has an upper limit of 8001 data points that
could be collected per scan. Most survey scans are 10 nm in length and took ~13 minutes
to complete. Therefore, the step rate is set to 0.00125 nm/step to maximize the data points
collected per 10 nm scan. The wavelength of the monochromator is set to the middle of
each 10 nm scan range, which is appropriate since the monochromator has a ±15 nm band
pass when no slits are used. The pulsed laser operates at an internal frequency of 10 Hz
and one data point is collected for each laser pulse. For signal averaging purposes, a time
constant of 3 s on the boxcar integrator is selected. A time constant larger than this
artificially broadens spectral features.
The pulsed laser system produces low-resolution scans with resolution on the order
of 0.5 cm-1. Because there is a pulse duration associated with the pulsed laser system, there
is an uncertainty in the laser frequency which is a result of the Heisenberg uncertainty
principle, which states DEDt ³ ℏ/2. A general expression describing the resolution of a
pulsed laser system is given by the following equation [6]:
∆$̅ ('()* ) = 2 .

Δ0
1
2=
ℎ'
4Δ5'

(3.1)

where c is the speed of light in cm/s and ∆t is the pulse duration in seconds (10 ns). These
conditions result in a spectrum that has little rotational resolution and results in only
rotational branches being observed, such as a band head. An example of a low-resolution
spectrum acquired from the UNB laser ablation apparatus is shown in Figure 3.4. It can
be seen that some rotational structure is resolved for ruthenium monoboride in the P
branch of both Ru11B and Ru10B isotopologues, but not in the R head or Q branch region.
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The calibration of pulsed dye laser scans usually includes taking a spectrum of
iodine or uranium using an I2 cell or hollow cathode source, respectively. The frequency
of the laser can then be matched to the known frequencies of the iodine/uranium
transitions. Another method of calibration is to adjust the frequencies to known metal
atomic transitions which appear in some of the spectra. In this thesis, however, lowresolution scans are not calibrated, they are merely used to survey the visible region of the
spectrum for any electronic transitions of the desired molecule of study. If found, then
high-resolution scans are taken which are calibrated using similar methods but are
described in more detail in section 3.2.4.
Ru11B
R branch

Ru10B

Q branch
P branch

Figure 3.4 – A low-resolution survey scan of RuB showing the 1-0 band of the
[18.4]2.5-X2D5/2 electronic transition.
3.2.3 – Pulsed Dye Laser – Dispersed Fluorescence Scans
Another useful type of LIF spectroscopy we can perform with the pulsed dye laser
system is dispersed fluorescence (DF) spectroscopy. The low-resolution scans that are
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described in the previous section scan the laser wavelength across the visible spectrum. In
contrast, DF scans keep a fixed laser wavelength and scan the monochromator’s
wavelength instead. The probe laser is fixed on a known transition and the monochromator
is scanned in search of transitions that share a common upper state. The resulting spectra
display the ground state vibrational progression and, if present, low-lying excited state
progressions as the molecules in the excited state relax back down to different vibrational
levels, see figure 3.5.
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Figure 3.5 – Energy level diagram showing the transitions from the experimental DF
scan. The v'=1 [18.4]2.5 excited state of RuB is populated and fluorescence to various
vibrational levels in the ground state and a low-lying electronic state are observed.

66

In order to collect DF scans, the ¼ m monochromator is exchanged for a ½ m
which has a linear scan drive and adjustable slits to change the resolution. The ½ m JarrelAsh monochromator provides better calibration and resolution of the DF spectra.
500 µm entrance/exit slits are used to reduce the band pass to ±2.5 nm. The
monochromator is then scanned by changing the angle that the incoming light strikes the
grating. This is accomplished by a stepping motor controlled by a PC.
The data collected is plotted onto the same PC as a spectrum of signal intensity as
a function of wavelength in nm. For analysis purposes, these scans are converted into a
relative wavenumber axis. This essentially generates an energy level distribution of the
ground and low-lying vibronic states that are accessible from the excited vibronic state.

3.2.4 – CW-Ring Dye Laser – High Resolution Scans
In order to collect spectra at higher resolution, the pulsed dye laser is exchanged
for a continuous wave (cw) ring dye laser system. The lasers used are a Coherent Sabre
Innova R25 Argon Ion Laser as the pump laser and a Coherent CR699-29 ring dye Laser.
The pump laser uses a population inversion of argon ions and the emitted frequencies used
to excite the organic molecules in the cw-ring dye laser are the 488.0 nm, 514.5 nm, and
multi-line UV transitions. The pump laser frequency used depends on the spectral region
where we wish to obtain fluorescence. Much like the pulsed dye laser system, many dyes
are used to cover the visible spectrum. The laser dyes used to obtain the high-resolution
spectra presented in this thesis are:
1. Coumarin 521: 510 – 525 nm
2. Rhodamine 110: 535 – 565 nm
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3. Rhodamine 6G: 565 – 615 nm

In contrast to the HD500 dye laser, the Coherent 699 ring dye laser produces a
continuous wave in its optical cavity and therefore a continuous output. Each time the dye
has to be changed in the cw-ring dye laser, the optics within the cavity also have to be
changed, and the optical cavity has to be realigned to achieve lasing. The alignment
procedure is well outlined in most dye laser operator’s manuals [7]. The outline of the
optical cavity is presented in Figure 3.6. Several optical elements are added to narrow the
laser linewidth and to ensure that only one mode of resonance is present in the cavity;
therefore, a single frequency continuous wave output is generated.
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High Reflector
Mirror
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Figure 3.6 – The optical alignment employed for single frequency lasing inside of the
CR699-29 ring dye laser.

68

To scan the ring laser in the frequency domain, a voltage is applied to the tipping
Brewster plate. The applied voltage rotates the Brewster plate with small deviations from
its Brewster angle to keep reflection loss minimized. This in turn changes the cavity length
and, consequently, the wavelength that is resonant within the cavity. For larger changes
in wavelength, the voltage is applied to the BRF assembly, and the thick & thin etalons
synchronously. The laser linewidth obtained with the optical elements inserted in the laser
cavity is on the order of 1 MHz, where the spectral transitions typically have a linewidth
of ~0.005 cm-1.
In order to collect accurate spectra, it is necessary to calibrate the output frequency
of the dye laser. This is accomplished using well-known transitions of an external iodine
source. Using an iodine cell, an I2 spectrum is taken simultaneously with the spectral data.
Positions of the I2 transitions are used to calibrate the laser frequency according to
frequencies listed in an iodine atlas [8]. To detect the molecular iodine transitions, a
portion of the dye laser beam is directed into the I2 cell and LIF is collected. The LIF is
collected by the same PC used to record the molecular LIF signals. During the highresolution scans, four data channels are collected simultaneously. One is the reference
spectrum of I2, another is the molecular spectrum, and the last two are the spectra of a
coarse and fine etalon. Through the use of mirrors and beam splitters, a portion of the laser
beam is directed into each element for data collection and processed/displayed onto the
PC. The spectral data is obtained with the experimental set-up described in Figure 3.3.
The only difference from the low-resolution scans is that we use a cw-ring dye laser to
interrogate the molecules and a photon counter to collect the molecular signal. The photon
counter counts the photons present in the LIF signal within a time window and is set to
count photons for every 5-30 laser shots. If the signal is weak, more laser shots are
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required to achieve a better signal-to-noise ratio. Counting photons for 30 laser shots is
the longest averaging we used, and scans of ~0.7 cm-1 took approximately 2 hours. The
averaged signal from the photon counter generates a plot of signal intensity as a function
of laser frequency on the PC. The two other channels from the coarse etalon (1200 MHz)
and the fine etalon (150 MHz) are also collected and displayed on the PC. An example of
the corresponding PC plot of the 4 different channels is presented in Figure 3.7. The 1200
MHz etalon is temperature- and pressure-stabilized and its trace is used mainly to observe
if any laser mode hops occur, where the laser would suddenly switch frequency during the
scan. The 150 MHz etalon is thermally stabilized, and its etalon trace is used to create a
fringe axis for the scan. The fringe axis is used to interpolate data points between iodine
peaks. The fringe axis is then shifted so the molecular iodine spectrum matches up with
known I2 transition frequencies [8]. Finally, from the I2 transitions and the 150 MHz etalon
trace, the fringe axis is converted to wavenumbers. Fig. 3.7 shows a typical scan that
covers ~0.7 cm-1. Some bands, however, cover 20 – 30 cm-1; therefore, a lot of time is
consumed taking individual scans, appending them together, and calibrating them where
finally a full plot of the complete rovibronic transition is ready for analysis.
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Figure 3.7 – A visual example of the recorded spectrum from the four different channels displayed on the computer while
taking scans.
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Chapter 4 – Observations and Analysis of Cobalt Monoboride (CoB)
4.1 - Introduction
Transition-metal containing diatomic species are of spectroscopic interest as they
serve as key building blocks in understanding models of chemical bonding and electronic
structure in more complex systems. This is of great importance in catalytic reactions where
the organometallic catalyst goes through a cycle of bond breaking and formation [1,2,3].
The highest use of cobalt catalysts is in the form of cobalt oxide-molybdenum oxide which
is used to catalyze desulphurization reactions in natural gas and crude oils [3]. SOx
compounds are released into the atmosphere through combustion of crude oils where they
act as an indirect greenhouse gas and produce acid rain; therefore, obtaining low sulfur
fuels is critical now more than ever because of the increasingly stringent environmental
regulations.
More pertinent to this research on cobalt monoboride (CoB), is the potential
application of cobalt boride in industries as a refractory compound and as a catalyst for
hydrogen production [1,2,4]. Cobalt boride compounds, CoB and Co2B, have a very high
melting point (>1000 °C), are resistant to oxidation and can withstand corrosive
environments which make these compounds suitable for surface coating of steels and other
materials that can be used in furnaces, kilns, incinerators, etc. The second application is
the promising use of CoB to catalyze and control the generation of hydrogen gas through
hydrolysis of sodium borohydride, NaBH4. As we are witnessing first-hand the effects of
global warming, an imminent change from fossil fuels is required if we want to maintain
a sustainable environment; therefore, green alternative fuels need to be developed.
Hydrogen storage cells are one of these possible alternatives.
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As far as transition-metal (TM) monoborides are concerned, their study
experimentally and theoretically is limited. For the TM borides it has mostly just been
those in groups 9 and 10 that have been studied: CoB [5-6], RhB [6-7], IrB [8-9], NiB [11,
12, 13], PdB [14], PtB [15] and RuB [16] from group 8. Of those 7 transition metals, only
IrB and NiB have had their hyperfine structure analysed. There have been two previous
studies conducted on cobalt monoboride. Theoretical calculations on the ground state of
CoB have been performed by Tzeli and Mavridis, where they predicted a ground state
symmetry of X3Di, an equilibrium bond length re=1.700 Å and a vibrational frequency
we=708 cm-1 [5]. Experimentally, research by Ng et al. used LIF spectroscopy to observe
and identify four electronic systems of CoB in the 495 – 560 nm spectral range: [18.1]3P2X3D2, [18.3]3F3-X3D3, [18.6]3-X3D3 and [19.0]2-X3D2. They obtained a bond length of
r0"=1.705 Å and a vibrational separation of DG1/2"=731.7 cm-1 which compare reasonably
well to those values calculated by Tzeli and Mavridis [6]. Ng and co-workers obtained
their spectral data using a pulsed-laser system which is of medium resolution where they
reported that every rotational line had significant broadening due to unresolved hyperfine
splitting arising from the cobalt nuclear spin (59Co: I=7/2). As a result, we wanted to take
the high-resolution spectrum of CoB using our cw-ring dye laser system to try and resolve
the hyperfine structure. In particular, we focused on the high-resolution spectroscopy of
the (2, 0) [18.3]3F3-X3D3 electronic transition of CoB. The results from this study have
been published in the Journal of Molecular Spectroscopy, v.360, p.44 (2019).
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4.2 – Low Resolution

4.2.1 – Survey Scans
Firstly, low-resolution survey scans were taken in the 520 to 560 nm region in
order to see if we were able to observe the same electronic transitions previously reported
by Ng et al. Within this small region, we expected to observe four different electronic
systems of CoB, but instead only observed the [18.3]3F3-X3D3 transition. From this
system, only the (2, 0) band, shown in Figure 4.1, was strong enough to study in further
detail. It is important to note that the electronic transition studied was previously labelled
by Ng et al. as a 3F3-X3D3 electronic transition. For a DL=+1 transition, the R and Q
branches are stronger than the P branch, but based on Figure 4.1, the Q and R branches do
not seem to be more intense than the P branch and we disagree with their electronic
assignment [6]. Instead, we will use a Hund’s case (c) coupling scheme to label the
electronic transition as [18.3]3-X3D3.
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R-branch
Q-branch
P-branch

Figure 4.1 – Low-resolution spectrum of the (2-0) [18.3]3-X3D3 transition of the Co11B
isotopologue using pulsed LIF spectroscopy.
It should also be noted that the Co10B isotopologue was not observed. It was
expected that the isotopic shift of 11B/10B for a 2-0 band would be sizable and resolved in
the survey scans, but no other transitions nearby were observed. The natural abundance of
10

B is only 19.9% whereas 11B is 80.1%. Since the Co11B signal was weak itself, Co10B

was not expected to have an appreciable signal intensity. From now on, when CoB is
mentioned, it is implied that we are talking about the Co11B isotopologue.
The signal at 19150 cm-1 was optimized, but still no other transitions due to CoB
appeared in the 520-560 nm spectral range. It was found that the maximum signal arose
due to the following conditions: a concentration of 1% B2H6 (diborane) was entrained in
150 PSI of He gas, an ablation power of 4 mJ of 355 nm radiation was used to ablate the
Co rod, and timing of the delay generator was set to:
A = T0
B = A + 500 µs
C=B + 98 µs
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4.2.2 – Dispersed Fluorescence Scans
A dispersed fluorescence spectrum was taken of the (2-0) vibronic transition with
the pulsed-dye laser system, but since we only observed one vibronic band the data
obtained is very limited. The DF spectrum of the (2-0) [18.3]3-X3D3 band is shown in
Figure 4.2. The only transitions from the excited v'=2 level to the ground state are to the
v"=0 and v"=1 level, which are the two transitions on the left side of Fig. 4.2. As a result,
only a limited vibrational analysis can be performed for the ground state. Since we only
have one vibrational spacing measurement, equilibrium vibrational constants cannot be
obtained. We can, however, get an approximate vibrational frequency, labelled as DG1/2.
The

resulting

vibrational

frequency

obtained

from

the

DF

analysis

is

DG1/2"=732.60 cm-1, which is comparable to the vibrational frequency previously
determined by Ng et al., DG1/2"=731.66 cm-1. This was further confirmation that the
spectral carrier was in fact cobalt monoboride. Diatomic molecules produce characteristic
vibrational frequencies according to their ligand, such as borides, and can be used to help
identify the spectral carrier. The typical vibrational frequency range for a TM boride is
700 to 900 cm-1 and is shown in Table 4.1.
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732.60 cm-1

Low-lying excited
electronic state

5011.24 cm-1

1408.74 cm-1

Figure 4.2 – A representative DF spectrum of the (2-0) [18.3]3-X3D3 transition at a fixed
laser wavelength of 521.985 nm. The first spacing is the vibrational spacing between
n"=0 and 1 of the ground state, whereas the last two transitions, spacings labelled
underneath the spectrum, are likely a relaxation into low-lying excited vibronic states.
In Fig. 4.2, there are transitions between the excited state and a low-lying excited
electronic state approximately 5011.24 cm-1 above the X3D3 ground state n"=0 level. The
vibrational progression in this low-lying electronic state seems to be ~1408 cm-1; however,
this is a larger vibrational frequency than expected for a TM monoboride. It is likely that
there is a Frank-Condon intensity hole in the n'=1 level of the low-lying state, and the
vibrational frequency is approximately half of the energy spacing between the two
transitions in Fig. 4.2, which gives a vibrational frequency of DG1/2'=704.37 cm-1. This
vibrational frequency would be consistent with TM monoboride species. It is assumed that
the first low-lying excited state transition is to the v'=0 level but is not confirmed, it could
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be to the v'=1 level, etc. In addition, it seems unlikely that this low-lying state is the W=2
spin-orbit component of the ground state, since a spin-orbit spacing of ~5000 cm-1 is likely
too large. It is possible to get an estimate of the magnitude of the spin-orbit parameter for
the X3D state from the atomic value for the cobalt atom. Lefebvre-Brion and Field [17]
tabulated an atomic spin-orbit value of ζ = 530 cm-1 for the Co atom, and using the firstorder energy expression for the spin-orbit splitting, ALS, we expect the W=2 component
to appear ~1060 cm-1 above the n"=0 X3D3 state. Hence, it can be concluded that we are
observing transitions to a completely unassociated nearby excited electronic state.

Table 4.1 – Ground state vibrational frequencies for group 9 TM monoborides.
Periodic Group

Molecule

Ground State Vibrational
Frequency (cm-1)

8

RuB

911

CoB [6]

731.7

RhB [8]

~920

IrB [10]

909.6

NiB [11]

778

PdB [14]

754

PtB [15]

904

9

10
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4.3 – High Resolution Spectral Analysis

High resolution scans were only taken for the (2, 0) band of the [18.3]3-X3D3
system at 19150 cm-1 as the other transitions were too weak. The intensity of the (2, 0)
band was increased by installing a back-reflecting mirror to redirect the laser beam back
through the apparatus. The background noise from laser scatter and ablation plasma was
reduced by inserting 2 mm entrance/exit slits into the ¼ m monochromator to reduce the
band pass. The full high-resolution spectrum of CoB is displayed in Figure 4.3. There are
spaces between rotational transitions in the spectrum because we already knew where each
rotational transition appeared since the rotational assignments and line list had already
been published in Ref. [6].

Figure 4.3 – High-resolution spectrum of the (2, 0) [18.3]3-X3D3 transition of CoB. The
top spectrum had a longer signal average per data point to increase the signal-to-noise
ratio of the hyperfine structure.
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As was mentioned previously, Ref. [6] labelled this electronic transition as 3F3X3D3 based on intensity considerations of the three branches. We, however, disagree with
the previous assignment and find the intensity distribution typical of a DL=0 transition
[10] (strong R and P branches, weak Q branch) and prefer to assign the excited state with
its W value in a Hund’s case (c) coupling scheme and label the electronic transition as
[18.3]3-X3D3. In addition, there is a strong possibility of configurational mixing in the
excited state, as pointed out by Ng et al., which makes using a Hund’s case (a) coupling
scheme inaccurate to use. It is important to note that our signal was not very intense, and
some intensity variations may have escaped us, but nonetheless, it is more appropriate to
model the excited state using a Hund’s case (c) coupling scheme.
In the high-resolution spectrum of the (2, 0) band, 16 different rotational
transitions were observed, P(4)-P(9), Q(3)-Q(7) and R(3)-R(7), which all showed resolved
hyperfine structure due to the nuclear spin of

59

Co, I=7/2, which split each rotational

energy level into (2I+1)=8 hyperfine components labelled by the F quantum number. An
energy level diagram for all the Q(4) hyperfine transitions is shown in Figure 4.4. In Fig.
4.4, there are three possible series of hyperfine transitions and a total of 22 different
transitions. The most intense series is usually the DF=DJ main hyperfine transitions, and
the two other series DF¹DJ are typically weaker and called satellite transitions. The
experimentally observed Q(4) transition shown in Figure 4.5 offers a comparison to the
energy level diagram. In this case, only a few transitions from each series are actually
resolved, not all 22 transitions. The assignments in Fig. 4.5 are based on the simulated
spectrum generated by PGOPHER [18] from the final fit analysis. PGOPHER is a
computer program that is capable of generating a simulated spectrum based on the
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molecular constants input and the Hund’s case model chosen to describe the energy levels
in the molecule. The program adjusts the constants to obtain the best fit to the experimental
spectrum. The line list used in the final fit for the (2, 0) [18.3]3-3D3 transition is presented
in Appendix A.
The analysis of the (2, 0) band was conducted in stages, starting with the rotational
analysis and moving into the study of the hyperfine structure. An initial rotational analysis
quickly revealed that the first rotational transitions in each branch were P(4), Q(3) and
R(3), confirming that both the ground and excited states are an W=3 spin-orbit component,
which is consistent with previous reports [6]. The rotational transitions for each branch
were easily assigned based on the previous line list [6], and the analysis of both states was
performed using PGOPHER, where the rotational structure was fit to the following
polynomial expression:
6 78 + 𝐻4𝑁
6 7:
𝑇(𝐽) = 𝑇' + 𝐵[𝐽(𝐽 + 1) − Ω. + 𝑆 (𝑆 + 1) − Σ . + Λ. ] − 𝐷4𝑁

(4.2)

where T0 is the band origin, B is the rotational constant, D & H are centrifugal distortion
correction terms, and 𝑁 = 𝐽 − 𝑆. Since the rotational lines were split into hyperfine
components, the middle hyperfine transition was selected for the rotational fit. The
rotational parameters from the final fit are presented in Table 4.2 along with a comparison
to the previous constants determined by Ng et al. [6].
The ground state appears normal and unperturbed and the rotational structure was
well described with the B rotational constant included in Eq. 4.2. The centrifugal distortion
constant D was also well determined and included in the final fit. For the upper state, even
though only the lowest six rotational levels were observed, the addition of higher order
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distortion terms, D and H, were required to adequately describe the rotational structure,
and they significantly improved the quality of the fit. Both D and H are negative and two
orders of magnitude larger than normal, indicating that although there were no obvious
signs of local perturbations, the [18.3]3 state was affected by interactions with other
neighbouring states.
It is important to note that the P(6) transition was shifted by 0.0047 cm-1 in
observed – calculated wavenumbers, whereas the R(4) and R(6) transitions were not
shifted, indicating that it is not a perturbation in either the J'=5 or J"=6 rotational levels.
Also, the local shift was not due to a calibration issue because the transition was scanned
multiple times, consistently giving the same calibrated frequencies in the observed
spectrum. For these reasons, the P(6) transition was not included in the final fit.
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F'

J'

15/2
13/2
11/2

J'=4

9/2
7/2
5/2
3/2
1/2

Energy (cm-1)

F"
15/2

13/2
11/2

J"=4

9/2
7/2
5/2
3/2
1/2
ΔF= -1 series

ΔF= +1 series

ΔF=ΔJ=0

Q(4)
Figure 4.4 – Hyperfine energy level diagram and allowed transitions for the Q(4)
rotational transition of CoB.
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Q(4)
F"=7.5
F'-F"= 0

5.5

3.5

F"=6.5

F'-F"= -1
F"=7.5

5.5

3.5

4.5

F'-F"= +1

1.5

Figure 4.5 - Hyperfine splitting of the Q(4) rotational transition of CoB. The simulated
spectrum is that on the top, and the experimental spectrum is shown below. Assignments
are based on the simulated spectrum from the final fit.
Comparison of the rotational constants of CoB with those from Ng et al. [6]
demonstrate that the higher resolution results have improved upon the precision by an
order of magnitude. From the newly determined rotational constants, we can calculate the
upper and lower state bond lengths from the following expression:
ℎ
𝑟? = @ .
8𝜋 𝑐𝜇𝐵?

(4.3)

where h is Planck’s constant, c is the speed of light, and µ is the reduced mass of 59Co11B.
The ground state bond length r0"=1.7083 Å still compares well with re"=1.700 Å and
r0"=1.705 Å calculated by Tzeli & Mavridis [5] and Ng et al. [6], respectively. The [18.3]3
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state bond length is larger than the ground state and was calculated to be r2'=1.9656 Å.
This is a result of the excited state being less tightly bonded than the ground state.
The hyperfine structure in the (2, 0) [18.3]3-X3D3 transition was well resolved and
the strong DF=DJ transitions were easily identified in each rotational line. In addition,
weaker satellite transitions with DF¹DJ were observed, providing direct measurements of
the hyperfine splitting in each state through the use of combination differences. In Fig.
4.4, one can see that the difference between the Q-like 6.5–6.5 (F' – F") and P-like 6.5–
7.5 transitions give the hyperfine splitting in the ground state; whereas the difference
between the 6.5–6.5 and 5.5–6.5 transitions give the upper state hyperfine spacing.
Comparing these transitions to the spectral lines of Q(4) in Fig. 4.5, one can easily see that
the spacing for the ground state is larger than the upper state, hence the hyperfine constant,
hW, was determined to be larger for the X3D3 state. The hyperfine interaction parameter,
hW, can be calculated from combination differences using the magnetic hyperfine energy
expression shown in Equation 4.4.
The observed and calculated spectra of the R(5) transition are shown in Figure 4.6,
and are a good representation of the quality of fit obtained. The eight main DF=DJ=+1
lines are intense and well resolved. The calculated positions of the DF=0 lines are labelled,
but only the F'=8.5 – F"=8.5 satellite transition is clearly resolved on the low frequency
side of the main transitions, while the others are overlapped with and appear as shoulders
on the main DF=DJ lines. The transitions arising from the highest F energy levels were
initially assigned as the lowest frequency lines in each rotational transition, see Fig. 4.6,
based on being the most intense signal due to their 2F+1 degeneracy.
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F"=8.5

4.5

6.5

1.5

F'-F"= +1
F"=8.5
F'-F"= 0

6.5

4.5
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Figure 4.6 – Hyperfine splitting of the R(5) rotational transition of CoB. The observed
spectrum is that on the top, and the simulation of the spectrum using PGOPHER is
shown on the bottom. A gaussian width of 0.01 cm-1 and rotational temperature of 35 K
were used to obtain the simulated spectrum

As mentioned previously, and shown in Table 4.2, there is a difference between
hW in both states and the constant is larger in the ground state. As a result, there was a
separation between the DF=DJ=-1 and DF=0 series in the P(4) transition, where it is clear
that there are two clusters of peaks shown in Figure 4.7. A closer analysis of the satellite
transitions in P(4) showed that the hyperfine transitions increase in F quantum number
towards increasing wavenumber, whereas the transitions of the main DF=DJ series have
the opposite trend. Figure 4.7 also displays the hyperfine reversal occurring from P(4) to
P(5) in the DF=0 series. The hyperfine pattern reverses directions from P(4) to P(5)
because the spacing between hyperfine energy levels in the excited J'=3 state are larger
than in the J"=4 ground state but the spacing of J'=4 is not larger than J"=5. In the main
DF=-1 series, the ground state spacing of the magnetic hyperfine energy is larger than the
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excited state for each rotational transition, so there is no hyperfine reversal. The collapse
of the hyperfine splitting in the excited state occurs more quickly than the ground state
because of its smaller hyperfine constant, which can be seen from expression 4.4.

P (5)

P (4)
7.5

8.5

1.5 = F"
F' – F" = -1

1.5 = F"
F' – F" = -1
1.5 6.5 = F"
F' – F" =0

7.5 1.5 = F "
F' – F" =0

Wavenumber ( cm-1 )

Figure 4.7 – Hyperfine splitting pattern of the P(4) and P(5) rotational transitions. The
observed spectrum is on top and the simulated spectrum below. Assigned transitions are
predicted based on the simulated spectrum from the final fit.

To a first approximation, the magnetic hyperfine energy, Wmhf, is given by the
diagonal term in the hyperfine matrix:

𝑊HIJ =

ℎK Ω[𝐹(𝐹 + 1) − 𝐽(𝐽 + 1) − 𝐼(𝐼 + 1)]
2𝐽(𝐽 + 1)

where
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(4.4)

ℎK = 𝑎Λ + 4𝑏P + 2𝑐Q37Σ,

(4.5)

and a, bF and c are the Frosch and Foley hyperfine parameters [19]. The hyperfine
interaction parameters are listed for the [18.3]3 and X3D3 states in Table 4.2. The hyperfine
energy also has an added quadrupole energy; however, the electric quadrupole interaction
made a negligible contribution to the fit, meaning the hyperfine energy is composed
mainly of the magnetic hyperfine interactions. There was, however, an added magnetic
hyperfine distortion term, h3D, that was required to better describe the hyperfine structure
and was included in the final fit. The magnetic hyperfine energy expression and its
corresponding distortion term, h3D, were added to Eq. 4.2 in order to fit the hyperfine
structure.
PGOPHER [18] was used for the fitting procedure and also for simulation
purposes. An iterative procedure was used to simulate the spectrum and compare it to the
observed spectrum in order to identify and assign the final hyperfine transitions. The
weighted fit consisted of 128 optical transitions from 59Co11B and reproduced the observed
data to within an average standard deviation of 0.0010 cm-1 in observed-calculated
wavenumbers. Transitions were weighted based on the width of the peak at half-maximum
(FWHM). A normal linewidth while using the cw-ring dye laser system is approximately
0.005 cm-1, but the observed linewidths are on the order of ~0.01 cm-1. Therefore, each
transition was assigned a standard deviation based on its linewidth compared to a normal
linewidth of 0.005 cm-1 having a STdev=1.0. This broadening is due to overlapping
transitions and unresolved hyperfine splitting from the

11

B nuclear spin (I=3/2). These

transitions with broader peaks were weighted less in the final fit than the peaks that had
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well-defined frequencies. The molecular constants obtained from the final fit are presented
in Table 4.2, and the transitions used in the fit, alongside their residual errors are supplied
in Appendix A.
Table 4.2 – Molecular constants determined from the analysis of the [18.3]3-X3D3 (2, 0)
band of CoB.
This Work

Previous Work [6]

Parametera

X3D3

[18.3] 3

X3D3

[18.3] 3F3

Tv

0 (fixed)

19159.24797 (48)b

0 (fixed)

19160.88 (3)b

Bv

0.622716 (20)

0.470335 (54)

0.6254 (3)

0.4782 (3)

106Dv

1.45 (20)

-63.5 (1.6)

-

-

108Hv

-

-37.8 (1.4)

-

-

ℎ3

0.094812 (76)

0.059627 (87)

-

-

105 ℎ3D

4.90 (46)

-2.52 (49)

-

-

rv (Å)

1.7083

1.9656

1.705

1.949

Values given in parenthesis are one standard error of the reported parameters.
a
All parameters are in units of cm-1 unless otherwise states.
b
The difference in the band origin can be attributed to PGOPHER using slightly different
matrix elements to determine the constant, and due to source of calibration.
4.4 – Discussion
Low-resolution survey scans identified that the (2, 0) band of the [18.3]3-X3D3
electronic system was the strongest transition, and the only band that we were able to take
in high-resolution. Only the Co11B isotopologue was analyzed because the Co10B
isotopologue was too weak. Molecular parameters of isotopologues can, however, be
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calculated through the mass dependence relationship shown in Equation 4.6, where
r=(µi/µ)1/2, and µi and µ are the reduced masses of Co11B and Co10B, respectively.
Bv (Co10B) = Bv (Co11B) * r2

(4.6)

Using Eq. 4.6, the calculated rotational constants for Co10B are B0"=0.67493 cm-1 and
B2'=0.50977 cm-1, where r2 =1.083845. This compares well to the experimentally derived
ratio r2=1.080256 that Ng and co-workers obtained from their rotational analysis [6]. The
bond lengths for Co10B in both states should be the same as those determined for Co11B
because isotopic substitution does not affect the electrostatic properties of the molecule
and its bond length.
The ground state electronic configuration of CoB as discussed in Ref. [6] is:
(8s)2(3p)4(1d)3(9s)1 à X3Di and a1D

The ground state is confirmed to be 3D3, but the excited state character is still unknown.
Table 4.3 lists the many excited electronic states that arise from various possible excited
electronic configurations that occur from a one-electron promotion from the ground
electronic configuration (Label A). These excited molecular orbitals are obtained from the
construction of a MO diagram of CoB which is shown in Figure 4.8.
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Table 4.3 – Excited/ground state electronic configurations of CoB.
Label

Molecular orbital occupancies
8s

3p

1d

9s

A

2

4

3

1

B

2

4

3

C

2

4

3

D

2

4

2

Configuration States

4p

10s

1
1
1

1

d3 s

X3Di, a1D

d3 p

3

Fi, 3Pi, 1F, 1F

d3 s

1

D, 3Di

d2sp

1

P, 1F, 3P, 3F, 5P

If we assume that the most likely candidates for transitions to the X3Δ3 ground
state would be from other triplet states obeying the ΔS=0 selection rule, then the 3Φ states
from configurations B and D and the 3Δ state from configuration C would be the only
electronic states with an Ω=3 component. The excitation of an electron from the 1d
molecular orbital in Label A to the 10s MO only produces states of S and G symmetry.
Transitions to these states would be forbidden due to the ΔL=0, ±1 selection rule which
is why this transition is not presented in Table 4.3. Based on intensity considerations, Ng
et al. [6] assigned the [18.3]3 state as the 3Φ3 state arising from the δ3π configuration B
which resulted from excitation of an electron from the 9s to the 4π orbital. Their intensity
argument is not convincing and contradictory to the ΔL=0 transition intensity distribution
we observed. As pointed out in Ref. [6], there is a strong possibility of configurational
mixing and the possibility of contributions to the excited state from multiple
configurations cannot be ruled out.
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Figure 4.8 – Molecular orbital energy level diagram of CoB [6].

From examination of the molecular orbital energy level diagram for CoB in Fig.
4.8, the 1d MO is entirely composed of the Co 3dδ atomic orbital (AO) because there are
no other δ orbitals nearby. The 9s MO is composed mainly of Co 4ss mixed with some
B 2ps and possibly a small contribution from Co 3ds. The 4π MO is primarily Co 3dπ
mixed with some B 2pπ and possibly a small contribution from Co 4pπ. The 10s MO is
Co 3ds possibly mixed with some Co 4ps and B 2ps.
The hyperfine structure can possibly be used to distinguish between the various
electronic configurations. Unfortunately, we did not observe any perpendicular spin-orbit
transitions of DW¹0 and were not able to determine any of the Frosch and Foley magnetic
hyperfine parameters other than hW. Based on these electronic configurations, the Frosch
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and Foley hyperfine parameters can be estimated from atomic hyperfine constants and
compared to the experimentally determined values of hW. The magnetic hyperfine
parameters, a, bF, and c can be estimated using atomic parameters in Eq’s 2.82 to 2.84.
The matrix elements for a configuration with a single vacancy are equivalent to those for
a configuration with a single electron; for simplicity the latter are evaluated here, e.g.
d3=d. The configurations in Table 4.3 are, for calculation purposes, reduced to A: 1δ9s 3

Δi, B: 1δ3π - 3Φi, C: 1δ10s - 3Δi. Configuration D remains as 1δ29s4π - 3Φ. From Eq.

4.5, the expressions for hΩ become:
For 3D3: L=2, S=+1 and h3=2a+(bF + 2c/3); For 3F3: L=3, S=0 and h3=3a
The second term in h3 for the 3F3 state cancels out because S=0 if W=3.

The following values are used as the atomic parameters for the hyperfine calculations:
For 59Co: I=7/2, µ=4.63µN, gN=1.322µN, <ri-3>=6.710 a.u-3, and d(r)=|y2(0)|=5.233.
For 11B: I=3/2, µ=2.689µN, gN=1.793µN, <ri-3>=0.929 a.u-3, and d(r)=|y2(0)|=1.775.
These atomic hyperfine constants have been determined by Morton and Preston [20].

Ground State, 3D3: The 1d MO is formed from the Co 3dd AO. If we assume that
the 9s orbital is 100% Co 4ss, using Eq.’s 2.82 to 2.84, we obtain the following FroschFoley hyperfine parameters: a(Co)=0.02823 cm-1, bF(Co)=0.0922 cm-1 and c(Co)= 0.0121 cm-1. Using Eq. 4.5, we obtain the calculated hyperfine interaction parameter,
h3"(Co)=0.1406 cm-1. This value is approximately 1.5 times larger than our experimental
magnetic hyperfine constant. This is because the B 2ps AO also has contribution towards
the hybridization of the 9s MO. If we now assume that the 9s MO is 100% formed from
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the B 2ps AO, the Frosch and Foley parameters are: a(Co)=0.02823 cm-1, which does not
change because the orbital angular momentum remains the same, bF(Co)=0 cm-1, because
only ss orbitals have a nonzero electron density at the nucleus, and c(Co)=-0.0121 cm-1.
These hyperfine parameters give us a value h3"(Co)=0.0485 cm-1, which is approximately
2 times smaller than our experimental hyperfine constant. The 9s MO composition that
could give the experimentally determined value, h3"(Co)=0.094812 cm-1, is a mixture of
55% Co 4ss and 45% B 2ps. This, however, is assuming that the only contribution to the
9s MO is from those two orbitals, but in fact it is expected that Co 3ds would make a
small contribution, which would only change the composition slightly. The same
calculation can be performed for the hyperfine splitting due to the 11B nucleus. Assuming
the above 55% Co 4ss and 45% B 2ps composition of the 9s MO, we obtain a magnetic
hyperfine constant of h3"(B)=0.0014 cm-1. The magnitude of h3"(B) would not be
sufficient to resolve the boron hyperfine structure, but it does contribute to the broadening
of the lines that we observed. It should be pointed out that the above calculations are
relying on atomic parameters which may not be very precise, but whatever the true nature
of the ground state configuration is, the hyperfine structure suggests that the 9s MO is a
mixture with significant contributions from both Co and B s orbitals.

Excited [18.3]3 state: There are three likely possible electronic configurations for
the excited state as listed in Table 4.3, which are configurations B, C and D. As determined
for the ground state, boron does not contribute much more than line broadening to the
hyperfine structure, thus only the Co nucleus will be considered here. The experimentally
determined hyperfine constant is h3′=0.059872 cm-1 and there are numerous possible
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calculated h3′ values depending on the composition of the 9s, 4π and 10s MOs. The
following values of h3′(Co) are obtained for each configuration:
Configuration B, 3F3: From the valence configuration 1d34π, we previously noted
that the 1d MO is formed from the Co 3dd orbital while the 4π MO is mainly composed
of Co 3dπ mixed with some B 2pπ. Assuming the 4π orbital is 100% Co 3dπ, we obtain
h3′(Co)=0.0846 cm-1; if the 4π orbital is 100% B 2pπ, we obtain h3′(Co)=0.0564 cm-1.
Comparing these values to the experimentally determined hyperfine constant, one can see
that the 4π MO would have to be almost entirely due to the boron 2pπ atomic orbital which
is not realistic and makes it unlikely that Configuration B is the dominant contributor to
the excited state.
Configuration C, 3D3: The 10s MO is likely an admixture of Co 3ds, Co 4ps and
B 2ps atomic orbitals. In Ref. [6], it is noted that the Co 4ss orbital contributes mainly to
the 9s MO but not significantly to the 10s and is not considered as a contributor for
Configuration C. Assuming the 10s orbital is 100% Co 3ds, we obtain h3′(Co)=0.0564
cm-1; if the 10s orbital is 100% Co 4ps, we obtain h3′(Co)=0.0596 cm-1; if the 10s orbital
is 100% B 2ps, we obtain h3′(Co)=0.0485 cm-1. These values compare quite well with the
experimental value h3′=0.059872 cm-1, with the 10s MO being composed of cobalt 3ds
and/or 4ps with little or no contribution from boron 2ps AO.
Configuration D, 3F3: The valence configuration d2sp arises from a one electron
promotion from the 1d orbital to the 4p MO. The composition of these three orbitals have
been discussed previously in the other electronic configurations. The 9s MO is still
assumed to be 55% Co 4ss and 45% B 2ps for the following hyperfine calculations. The
following hyperfine constants are obtained: Co 3dδ29s3dπ, h3'(Co)=0.0846 cm-1 and
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Co 3dδ29sB2pπ, h3'(Co)=0.1128 cm-1. No matter what the composition of the 4π MO is,
the hyperfine parameters for Configuration D will be much larger than the experimental
value and will have little to no contribution to the observed [18.3]3 excited state.
The present calculations suggest that the primary contribution to the [18.3]3 state
comes from the 3D3 state which is probably mixed with some 3F3 character arising from
Configuration B. In this case, the transition will be completely allowed as it will satisfy
the ΔΣ = 0 selection rule. It should be pointed out that the above calculations are relying
on atomic parameters which may not all be very precise; however, because of these
findings the analysis of CoB using PGOPHER was fit to a 3D3-X3D3 transition.
A comparison of the Group 9 transition metal monoborides is presented in Table
4.4. It is interesting to compare the ground state hyperfine parameters of CoB and IrB,
both of which share the same valence electronic configuration and ground state, d3s à
X3D3. Rhodium also has a nuclear spin, I=1/2, but its magnetic moment µ/µN=-0.08840 is
rather small and not expected to result in a large hyperfine splitting. Previous research
described that the hyperfine splitting in the IrB spectra was mainly due to the 11B nuclear
spin (I=3/2) which resulted in a calculated magnetic hyperfine constant h3"=0.051 cm-1
[9]. This value is almost a factor of 2 larger than the experimentally determined value
h3"=0.029 cm-1 [9]. After analyzing the hyperfine structure of CoB, it was clear that the
hyperfine splitting arose from the nuclear interaction of cobalt not boron. Consequently,
if boron did not contribute much to the magnetic hyperfine splitting of CoB, it might be
the same case for IrB. Therefore, if one performs hyperfine calculations, similar to those
above, for
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Ir11B assuming the hyperfine splitting is mainly due to the iridium nuclear

spin I=3/2, we obtain a=0.0042 cm-1, bF=0.0216 cm-1 and c=-0.0019 cm-1 which gives
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h3"(Ir)=0.0288 cm-1 for the Ir 5dδ36ss configuration. The calculated hyperfine constant is
now in excellent agreement with the observed experimental value. Not too much weight
should be attached to the closeness of this agreement, however, as the experimental data
were imprecise width measurements of a few lines broadened by unresolved hyperfine
structure, and the atomic data are also not very precise. The calculations, however, do
indicate that boron makes only a small contribution to the hyperfine structure in IrB and
that the previous designation that boron is the main contributor to the hyperfine structure
is clearly incorrect. This calculation was performed under the assumption that the d MO
was formed from the Ir5dd AO and the s MO from the Ir6ss AO. It seems that, as one
moves from CoB to the more massive IrB along the Group 9 transition metal monoborides,
the valence s orbital becomes less of an admixture of atomic orbitals and moves towards
a larger composition of the transition metal’s valence ss atomic orbital. This could be an
indication that, as the energy separation between AOs increases with an increase in
principal quantum number, n, there is less of an admixture when forming the hybridized
MOs.
Table 4.4 – Comparison of the Group 9 transition metal monoborides.
Molecule

CoB

Ground state

3

Ground state electronic configuration

D3

RhB [8]
S

IrB [9]
D3

1 +

3

d3s1

d4

d3s1

Bond length, r0 (Å)

1.708

1.614

1.767

DG1/2 (cm-1)

731.7 [6]

~920

909.6

Magnetic hyperfine constant, h3" (cm-1)

0.094812

-

0.029
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A comparison of the ground state bond lengths and vibrational frequencies of the
group 9 transition metal monoborides in Table 4.4 illustrates the dissimilarities of CoB to
RhB and IrB. It is expected that molecules within the same group are isoelectronic;
however, RhB has a different electronic configuration than the other two. This can be
reasoned that the valence d and s MOs have a greater energy separation for RhB than CoB
and IrB. In addition, the bond length of CoB is smaller than IrB, so normally one would
think that the bond is stronger, based on a triple bond being shorter and stronger than a
single bond; however, since the vibrational frequency of CoB is smaller than IrB, the CoB
bond is actually weaker. RhB and IrB have a similar bonding strength based on the
vibrational frequencies which are both stronger than CoB. It therefore seems that the CoB
bond is more covalent in nature than the other two molecules.
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Chapter 5 – Observations and Results of Ruthenium Monoboride (RuB)

5.1 – Introduction
Ruthenium-containing complexes have long been known to be effective catalysts
for a variety of chemical reactions such as the Fischer-Tropsch synthesis for hydrocarbon
chains [1], oxidations of alcohols [2], olefin metathesis [3], and ring-opening metathesis
[4]. As a result, ruthenium catalysts play a key role in organic and pharmaceutical
industries. Recently, and more pertinent to this work is that ruthenium boride thin-films,
created through laser deposition, show extreme hardness similar to that of rhenium
diboride, and are of interest in industrial applications ranging from cutting tools to wear
resistant surfaces [5]. Ruthenium-containing compounds and TM borides (described in
chapter 4 on cobalt monoboride) both have intriguing catalytic and physical properties
which prompts further investigation into the nature of their chemical bonding and
electronic structure.
As was previously mentioned at the start of chapter 4, TM monoborides in groups
9 and 10 have all previously been studied experimentally. Outside these two groups,
ruthenium monoboride is the only other TM monoboride that has been studied
spectroscopically. It is, therefore, of interest to further study RuB so that the chemical
bonding and electronic structure can be compared to the trends observed in groups 9 and
10. Eventually, the spectroscopic study of FeB and OsB will be sought after to observe
trends for group 8 monoborides.
There have been two previous research papers conducted on RuB. One theoretical
paper by Kharat et al. [6] calculated the molecular properties in the ground state of RuB
using density functional theory (DFT) where they predicted a bond length and vibrational
102

frequency of re=1.761 Å and we=910.8 cm-1. Experimentally, Wang et al. [7] used LIF
spectroscopy to observe and rotationally analyze three vibronic bands of RuB belonging
to the [18.4]2.5-X2D5/2 system. In Ref. [7], pulsed-laser spectroscopy was used to record
the rovibronic spectrum at medium resolution. The group was able to rotationally analyse
both Ru11B and Ru10B isotopologues, but they were unable to resolve any of the 7
naturally occurring Ru isotopes. Their experimentally determined bond length
r0"=1.7099 Å differs from the theoretical value by Kharat et al. [6], but the experimental
vibrational frequency DG1/2"=911.02 cm-1 is in good agreement with the DFT calculations.
Since Wang et al. used a weighted average of the 7 ruthenium isotopes to conduct the
rotational analysis, we wanted to take the same three bands, (1, 0), (0, 0) and (0, 1), that
were previously studied in high resolution to try and resolve the ruthenium isotopologues
and perform an isotopic analysis of the rotational structure.

5.2 – Low-Resolution Study

5.2.1 – Survey Scans
A low-resolution survey scan of RuB was obtained over a range from 420 to
675 nm, and several rovibronic bands were observed. A representative low-resolution scan
is presented in Figure 5.1. Wang et al. [7] only reported observing the (1, 0), (0, 0), and
(0, 1) bands of the [18.4]2.5-X2D5/2 electronic transition. We, however, observed an upper
state vibrational progression up to v'=5 in the same electronic system. In addition, we also
observed two other transitions to different excited electronic states via low-resolution
survey scans, and they are labelled by the asterisks in Fig 5.1. The rovibronic transition at
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445 nm appears to be a (2, 0) band based on the vibrational spacing between the Ru11B
and Ru10B isotopologues, meaning the band at 458 nm is likely the (1, 0) vibronic
transition to that excited electronic state; however, the Ru10B isotopologue is not resolved
nor is the (0, 0) band observed. If these two bands do share an excited electronic state, a
rough vibrational frequency is given by w'» 659.7 cm-1. This value is very similar to the
previously reported vibrational frequency of DG1/2'=666.27 cm-1 in the [18.4]2.5 state
[7]. The rovibronic bands that were not previously reported were not studied in high
resolution, instead they are left for potential future work. Only the (1, 0), (0, 0) and (0, 1)
bands were taken in high-resolution using our cw-ring dye laser system.
The RuB signal was optimized, and a maximum signal was found to arise from the
following conditions: a concentration of 1% B2H6 (diborane) was entrained in 150 PSI of
He gas, an ablation power of 5 mJ of 355 nm radiation was used to ablate the Ru rod, and
a timing of the delay generator was set to:
A = T0
B = A + 500 µs
C = B + 97 µs
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Figure 5.1 – Low-resolution survey scan of RuB with a 1% B2H6 reactant gas mixture.
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5.2.2 – Dispersed Fluorescence Scans
Three dispersed fluorescence spectra were taken for two of the vibronic
transitions: (0, 0) and (1, 0). The three DF spectra are shown in Figure 5.2. We first took
the DF spectrum of the (0, 0) band where we noticed a less intense transition to higher
frequency that started to separate from the stronger transition at higher vibrational energy
levels. We determined that it was from the less abundant Ru10B isotopologue. Since we
were able to resolve the two boron isotopologues in the low-resolution scans, we were
able to take separate DF spectra of the (1, 0) band, one while sitting on a Ru11B transition
and another while exciting Ru10B molecules. In addition, there was fluorescence to a lowlying excited electronic state approximately 5996 cm-1 above the v"=0 level.
Unfortunately, we did not continue the spectra far enough to observe any other transitions
to this excited electronic state; therefore, we were unable to obtain a vibrational frequency.
The results from the analysis are presented in Table 5.1.
Wang et al. [7] determined DG1/2"=911.02 cm-1 for the [18.4]2.5-X2D5/2 transition.
We can use our vibrational constants and the following expression to calculate DG1/2 and
compare:
∆#$& = () − 2() ,)
%

(5.1)

For the Ru11B isotopologue, we calculated a value of DG1/2"=910.4 cm-1 which is quite
comparable to the vibrational frequency previously determined. This essentially
confirms that the observed spectra are due to RuB, but we can also use the massdependence relationship of vibrational frequency to confirm this.
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Figure 5.2 – Dispersed fluorescence spectra of the (0, 0) and (1, 0) transitions of Ru11B and Ru10B isotopologues.

v"=0

Using Eq. 2.33, we can confirm if the spectral carrier is RuB by comparing the
results of our DF analysis to the theoretical mass-dependence relationship for Ru11B and
Ru10B isotopologues:
!" #
&
=% #
!"
&
0.956 » 0.958
where the superscript “i” indicates the heavier isotopologue. The experimental ratio of
vibrational frequencies compares very well to the theoretical ratio; therefore, the spectral
carrier is due to ruthenium monoboride. This mass-dependence relationship is the reason
for the vibrational shift associated with the two isotopologues in Fig. 5.2.

Table 5.1 – Vibrational parameters for the ground state of Ru11B and Ru10B isotopologues
determined by fitting the DF data.
Parameters (cm-1)

Ru11B

Ru10B

we

919.0 (5)

962 (1)

wexe

4.30 (9)

5.1 (3)

5.3 – High-Resolution Spectral Analysis

Wang et al. [7] previously performed a medium-resolution rotational analysis on
the three aforementioned bands of RuB; however, they failed to resolve any of the
ruthenium isotopes which resulted in significantly broadened rotational lines. As a result,
they were forced to take a weighted average of the ruthenium isotopic abundances to
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describe each rotational transition frequency. Ruthenium has seven naturally occurring
isotopes and their abundances are listed in Table 5.2. We expected to see transitions from
several RuB isotopologues.

Table 5.2 – Naturally occurring ruthenium isotopes and their respective abundances.
Isotope

Natural Abundance [8]

104

Ru

18.62

102

Ru

31.55

101

Ru

17.06

100

Ru

12.60

99

Ru

12.76

98

Ru

1.87

96

Ru

5.54

Using our cw-ring dye laser, we recorded the (1, 0), (0, 0) and (0, 1) bands of the
[18.4]2.5-X2D5/2 electronic system in high resolution. A sample high-resolution spectrum
of RuB is presented in Figure 5.3. We were able to rotationally analyze 12 of the 14
possible isotopologues in the (1, 0) band, where 98Ru11B and 98Ru10B were not observed
due to their low natural abundances. In the (0, 0) band only the Ru11B isotopologues were
analyzed. Also, due to the cold molecular jet, there are very few molecules populating the
v"=1 level; therefore, the intensity of the (0, 1) band was weak and only three
isotopologues were rotationally analyzed: 104Ru11B, 102Ru11B, and 100Ru11B.
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Figure 5.3 – High-resolution spectrum of the (1, 0) [18.4]2.5-X2D5/2 transition of Ru11B.

The assignment of the rotational structure was fairly straightforward. The P, Q and
R branches were easily identified with a red-degraded R-head and a P branch to lower
frequency. In each branch, the strongest transitions were assigned as a series from the
most abundant

102

Ru11B isotopologue. Combination differences were obtained for the

excited and ground states of the

102

Ru11B isotopologue. Through the following

relationship, we were able to scale the combination differences of the 102Ru11B molecule
for the other isotopologues. This enabled us to assign the other isotopic series in each
branch.
Δ# $ % ' %
(
=
= %
Δ# $
' (

(5.2)

where the superscript “i” denotes the heavier isotopologue. These mass differences cause
the rovibrational structure to vary slightly for each isotopologue, changing the rotational
constant slightly, which allows us to resolve the various isotopologues. A portion of the
(1, 0) high-resolution spectrum is shown in Figure 5.4 where the isotopologues are
resolved and the Q branch assigned. As a result of the vibrational separation between
isotopologues being the smallest in a (0, 0) band, the Ru10B isotopologues were not
analyzed due to substantial overlap with the 11B isotopologues in this highly congested
spectrum.
The odd ruthenium isotopes, 101Ru and 99Ru, have a nuclear spin of I=5/2. Figure
5.4 reveals that there is hyperfine broadening associated with the low rotational transitions
arising from the 101RuB and 99RuB isotopologues. We re-scanned the low rotational lines
with a higher signal averaging to increase the signal-to-noise ratio and we were able to
resolve the hyperfine splitting for both odd isotopes.
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112

96RuB
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Figure 5.4 – Q branch rotational assignments of the six Ru11B isotopologues in the (1, 0) [18.4]2.5-X2D5/2 transition.
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3.5

2.5=J"
104RuB

The first rotational transitions in each branch were assigned as the P(3.5), Q(2.5)
and R(2.5) lines, as previously reported [7], and confirmed that the ground state and
excited state each have W=2.5. This information supports the assignment of the ground
state as X2D5/2. Each rovibronic band was first rotationally analyzed, then the assignments
were merged into a global fit analysis of all three bands to obtain one set of molecular
constants for each vibrational state. This process was conducted for each isotopologue
separately. The rotational and hyperfine structure were fit to a similar expression as that
in the CoB analysis, Eqs. 4.2 and 4.4, except no H and h3D parameters were required. The
fitting procedure was accomplished using PGOPHER [9]. The molecular constants
obtained from the global fit of each isotopologue are shown in Tables 5.3 and 5.4.
The ground state appears normal and unperturbed, so the rotational structure was
well described with just the rotational constant, B. However, the centrifugal distortion
constant D was reasonably well-determined and included in the final fit, but it only had a
small contribution to the quality of the overall fit. For the 10B isotopologues, only the odd
isotopes of ruthenium required a centrifugal distortion constant.
For the excited [18.4]2.5 state, the v'=0 level was unperturbed, but the v'=1 state
had a significant perturbation which was only observed in the rotational structure of the
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Ru11B isotopologue. The perturbation is likely what is causing the centrifugal distortion

constants for the 99Ru11B isotopologue to be negative. In addition, the rotational constant
for the perturbed 99Ru11B isotopologue in the v'=1 state does not follow the expected trend
that is based on the inverse dependence of the rotational constant and reduced mass as
shown in Eq. 5.2. Due to the perturbation interaction with a nearby excited electronic state,
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the rotational constant for 99Ru11B is smaller than 100Ru11B even though it is expected to
be larger.
A reduced term value plot, shown in Figure 5.5, illustrates the perturbation in the
rotational structure. The reduced term value plot indicates that the maximum mixing
between the v'=1 [18.4]2.5 and the perturbing state occurs at J'=3.5, but there is still a
significant interaction with the J'=2.5 and 4.5 energy levels. With no perturbing
interaction, the reduced term value plot is expected to be a horizontal line with respect to
J'(J'+1). The calculated shifts of the upper state energy levels due to the perturbing
electronic state are J'(2.5)=-0.0939 cm-1, J'(3.5)=-0.1182 cm-1 and J'(4.5)=0.0348 cm-1.
There were no extra transitions observed in the spectrum from the perturbing state,
indicating that a transition to the perturbing state is likely forbidden. From the perturbation
we can determine that the Bv value of the interacting excited state is smaller than the
observed v'=1 state because the J'=3.5 energy level was shifted down in energy but the
J'=4.5 level was shifted up in energy.

Reduced Term Value (cm-1)
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J'(J'+1)
Figure 5.5 – Reduced term value plot for the v'=1 [18.4]2.5 state of the 99Ru11B
isotopologue plotted against J'(J'+1). A quantity [0.49848J'(J'+1)] has been subtracted.
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Table 5.3 –Molecular constants (in cm-1) of the Ru11B isotopologues from the [18.4]2.5X2D5/2 electronic transition.
X2D5/2
State
v"=0
Ta

B

106D

hW

104

RuB

0

0.576976(23)

1.35(12)

-

102

RuB

0

0.578062(21)

1.16(1)

-

101

RuB

0

0.578524(18)

0.88(16)

-0.007097(81)

100

RuB

0

0.579186(22)

0.82(14)

-

99

RuB

0

0.579552(28)

-0.81(25)

-0.00660(14)

96

RuB

0

0.581561(32)

1.31(23)

X2D5/2

State

a

v"=1

104

RuB

909.8039(8)

0.573114(39)

1.74(26)

-

102

RuB

910.6485(7)

0.574281(30)

2.35(22)

-

101

RuB

-

-

-

-

100

RuB

911.5324(6)

0.575184(18)

-

-

99

RuB

-

-

-

-

96

RuB

-

-

-

-

T" is fixed at 0 cm-1 for all isotopologues in the v"=0 level.
[18.4]2.5

State

v'=0
T

B

106D

hW

104

RuB

18444.4062(5)

0.502235(25)

2.15(14)

-

102

RuB

18444.5077(4)

0.503008(19)

1.38(9)

-

101

RuB

18444.5629(2)

0.503332(17)

0.87(12)

-0.019605(77)

100

RuB

18444.6324(6)

0.503787(22)

0.64(13)

-

99

RuB

18444.7013(2)

0.504020(26)

-0.72(18)

-0.01742(12)

96

RuB

18444.9728(6)

0.505383(31)

0.88(19)

-
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[18.4]2.5

State

v'=1
T

B

106D

hW

104

RuB

19110.1816(5)

0.496280(28)

1.92(17)

-

102

RuB

19110.6760(4)

0.497235(21)

1.99(1)

-

101

RuB

19110.9279(2)

0.497681(17)

2.07(12)

-0.016678(85)

100

RuB

19111.1976(4)

0.498331(24)

2.93(15)

-

99

RuB

19111.5478(23)

0.496855(78)

-8.73(69)

-0.01860(77)

96

RuB

19112.2963(7)

0.499997(48)

10.91(48)

-

Values in parenthesis are reported to one standard error.
Table 5.4 – Molecular constants (in cm-1) of the Ru10B isotopologues from the [18.4]2.5X2D5/2 electronic transition.
X2D5/2
State
v"=0
Ta

B

106D

hW

104

RuB

0

0.628661(36)

-

-

102

RuB

0

0.629640(23)

-

-

101

RuB

0

0.630460(35)

3.15(55)

-0.00716(15)

100

RuB

0

0.630786(27)

-

-

99

RuB

0

0.631670(61)

8.3(1.2)

-0.00638(16)

96

RuB

0

0.633140(41)

-

[18.4]2.5-X2D5/2

State

v'=1

104

RuB

19128.5907(5)

0.540368(29)

1.275(79)

-

102

RuB

19129.0752(5)

0.541321(26)

1.437(96)

-

101

RuB

19129.3226(2)

0.541980(34)

3.10(43)

-0.01668(13)

100

RuB

19129.5785(5)

0.542280(26)

0.66(13)

-

99

RuB

19129.8349(3)

0.542995(48)

5.19(76)

-0.01502(15)

96

RuB

19130.6317(7)

0.544563(42)

1.99(33)

-

Values in parenthesis are reported to one standard error.
a
T" is fixed at 0 for all isotopologues in the ground state.
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Since two ground state and excited state vibrational levels were rotationally
analyzed, equilibrium constants for most of the isotopologues were determinable and are
presented in Table 5.5. The rovibrational coupling constant, ae, and the equilibrium
rotational constants, Be, were calculated using the following expression:
"# = "% − '% () + 1-2.

(5.3)

We can somewhat compare our equilibrium constants to those previously reported by
Wang et al. [7] keeping in mind, however, that their constants are an average of the seven
naturally occurring ruthenium isotopes and were not isotopically analyzed. Taking the
average of all six RuB isotopologues for the excited state we obtain an equilibrium
constant Be'=0.50658 cm-1 which still differs a fair amount from the previous value
determined by Wang et al., Be'=0.5082 cm-1 [7]. We were able to increase the accuracy of
the rotational constants and the bond length by an order of magnitude through the use of
our high-resolution system. Equilibrium constants for the Ru10B were not determined
experimentally because only one vibrational energy level in each electronic state was
rotationally analyzed.
Typically, the bond length between isotopologues does not vary because the bond
is dependent on electrostatic forces, which is not affected by isotopologues changing their
neutron count. For the ground state, we see that the equilibrium bond length between
isotopologues is essentially the same and compare nicely to what theory suggests. For the
excited state, however, the bond length does change between isotopologues meaning the
electrostatic forces and bond strengths also change a bit from one isotopologue to another.
This could be due to some excited state configurational mixing which affects each
isotopologue differently, or that the perturbation interaction previously discussed is also

117

slightly affecting the other isotopologues in a manner which is otherwise unobservable.
Maybe the observed perturbation of the 99Ru11B is the same interaction causing the mixing
of states but, as of now, we do not have a conclusive reason for why the equilibrium bond
lengths are changing between isotopologues.
Table 5.5 – Equilibrium constants determined for the Ru11B isotopologues in the
[18.4]2.5 and X2D5/2 states.
State
Isotopologue
Equilibrium Constants

[18.4]2.5

ae (cm-1)

re (Å)

104

RuB

0.578907 (55)

0.003862 (45)

1.7103 (2)

102

RuB

0.579953 (45)

0.003781 (37)

1.7104 (1)

RuBa

-

-

RuB

0.581187 (35)

0.004002 (28)

99

RuBa

-

-

96

RuBa

-

-

101

X2D5/2

Be (cm-1)

100

1.7103 (1)

104

RuB

0.505213 (46)

0.005955 (38)

1.8308 (2)

102

RuB

0.505895 (35)

0.005773 (28)

1.8313 (1)

101

RuB

0.506158 (29)

0.005651 (24)

1.8317 (1)

100

RuB

0.506515 (40)

0.005456 (33)

1.8320 (1)

99

RuB

0.50760 (10)

0.007165 (82)

1.8309 (4)

96

RuB

0.508076 (70)

0.005386 (57)

1.8330 (3)

Previous Work [7]
X2D5/2

RuB

0.5833 (7)

0.0060 (8)

1.705 (2)

[18.4]2.5

RuB

0.5082 (5)

0.0056 (9)

1.827 (2)

a

The signal of these isotopologues in the (0, 1) band were too weak to analyze, therefore
the equilibrium constants for the X2D5/2 state were not determined.
As is shown in Figure 5.4, the odd isotopes of ruthenium display hyperfine
broadening at low rotational levels whereas the even ruthenium isotopes do not, thereby
indicating that the hyperfine interaction arises from the ruthenium nuclear magnetic
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moment and not from the boron nuclear spin (11B: I=3/2, 10B: I=3). The nuclear magnetic
moment of the

101

Ru isotope is larger in magnitude than that for

99

Ru, where

µ101=-0.7189µN and µ99=-0.6413µN. We therefore expect the hyperfine splitting to be a
bit larger for the 101Ru isotopologues, which is consistent with the hW constants obtained
for each vibrational state except that of the perturbed v'=1 level in the

99

Ru11B

isotopologue. This is likely due to the lower rotational levels in the 99Ru11B isotopologue
being perturbed, meaning the hyperfine energy level separations are also shifted. Figure
5.6 displays the resolved hyperfine structure of the 101Ru11B isotopologue and Figure 5.7
shows the hyperfine splitting from both the

101

Ru11B and

99

Ru11B isotopologues. The

nuclear spin of both odd ruthenium isotopes is I=5/2, so we expect each rotational energy
level to split into (2I+1)=6 hyperfine components. In each of the low rotational levels, the
DF=DJ transitions were fairly well resolved and were easily identified as the most intense
transitions for each rotational line; however, not all 6 main hyperfine transitions were
assigned. In addition, weaker satellite peaks with DF¹ DJ were observed, as is shown in
Figures 5.6 and 5.7 on the low and high frequency sides of each rotational transition. The
identification of satellite transitions provided a direct measurement of the hyperfine
splitting in each state through the use of combination differences. In Fig. 5.6, one can see
that the difference between the R-like 5-4 (F'-F") and Q-like 5-5 transitions give the
hyperfine splitting in the ground state; whereas the difference between the 5-4 and 4-4
transitions gives the upper state hyperfine spacing. Comparing these transitions to the
spectral lines of Q(2.5) in Figure 5.6, one can easily see that the hyperfine energy spacing
in the ground state is much smaller than the excited state, hence why the hyperfine
constant, hW, was determined to be larger for the [18.4]2.5 state. The use of combination
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differences and the magnetic hyperfine energy expression shown in Eq. 4.4 allowed us to
calculate preliminary ground and excited hyperfine constants which were used as starting
values in the final fit.
Q (2.5)
F"= 5
F'-F"= 0
F"= 4
F'-F"= +1

3

1

2
F"= 4
F'-F"= -1

2
96Ru11B

Q (4.5)

Figure 5.6 – Hyperfine splitting of the Q(2.5) rotational transition in the (1, 0) band of
the 101Ru11B isotopologues. The observed spectrum is that on top, and the simulated
spectrum generated by PGOPHER is shown on the bottom. The assignments are based
on the final fit from PGOPHER.
The hyperfine splitting quickly collapsed as J increased which is indicative of a
Hund’s case (ab) coupling scheme. The hyperfine splitting was only somewhat resolved
for rotational transitions going up to J"=5.5 then the structure became unresolvable.
The electric quadrupole interactions for the odd ruthenium isotopologues were
calculated to be quite small and made a negligible contribution to the global fit; therefore,
the hyperfine energy is composed mainly of the magnetic hyperfine interactions. One can
also see that because the nuclear magnetic moments for both 101Ru and 99Ru are negative,
they result in negative hyperfine interaction parameters, hW, for both states based on Eq’s
2.82 to 2.84, as is shown in tables 5.3 and 5.4.
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121

4

2 =F"
F'-F"=-1

F"= 5
F'-F"=0
F"= 4
F'-F"=+1
2

3

Q(2.5)

99Ru11B

2 =F"
F'-F"=-1

121

Figure 5.7 – Hyperfine splitting of the Q(2.5) rotational transition in the (0, 0) band of 101Ru11B and 99Ru11B isotopologues. The
observed spectrum is that on top, and the simulated spectrum generated by PGOPHER is shown on the bottom.

2

3

Q(2.5)

Q(2.5)

Q(2.5)

F"= 5
F'-F"=0
F"= 4
F'-F"=+1

100Ru11B

101Ru11B

102Ru11B

PGOPHER was used for the fitting procedure and also for simulation purposes.
An iterative procedure was used to simulate the spectra based on preliminary constants
and was compared to the observed spectra in order to assign the final transitions. The final
global fit consisted of 522 optical transitions from the various RuB isotopologues and
reproduced the observed data to within an averaged standard deviation from all 12 isotopic
fits to 0.0011 cm-1 in observed – calculated wavenumbers. This is a good average error to
obtain based on the accuracy of our system where the resolution of our high-resolution
system is Ds=0.005 cm-1. The transitions used in the global fits and their residuals are
listed in Appendix B.

5.4 – Discussion
Only the (1, 0) band of the [18.4]2.5-X2D5/2 electronic transition of the Ru10B
isotopologues was analyzed because the other bands were too weak or congested.
Molecular parameters of isotopic molecules can, however, be calculated through the mass
dependence relationship, r=(µi/µ)1/2, where µi and µ are the reduced masses of the Ru11B
and Ru10B isotopologues, respectively. The equilibrium rotational constants can then be
calculated for the Ru10B isotopologues using the following expression:
Be(Ru10B)=Be(Ru11B)*r2

(5.4)

Using Eq. 5.4, the calculated equilibrium constants for the Ru10B isotopologues are listed
in Table 5.6. The rotation-vibration coupling constants are also listed in Table 5.6 and are
estimated from Eq. 5.3. The equilibrium rotational constants for the Ru10B isotopologues
follow the expected theoretical trend in Eq. 5.2; however, the results are not exact. For
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example, the 99Ru11B isotopologue was perturbed which affected its Be constant, meaning
that the calculated 99Ru10B equilibrium rotational constant is also affected. The rotational
structure of the

99

Ru10B isotopologue, however, was not perturbed because its energy

levels are shifted from those of 99Ru11B.

Table 5.6 – Equilibrium constants estimated for the Ru10B isotopologues in the [18.4]2.5
and X2D5/2 states.
Equilibrium Constants
State
Isotopologue
Be
ae
104

RuB

0.630994

0.001167

102

RuB

0.632036

0.001198

RuBa

-

-

RuB

0.633279

0.001247

99

RuBa

-

-

96

RuBa

-

-

101

X D5/2
2

[18.4]2.5

100

104

RuB

0.550669

0.006867

102

RuB

0.551327

0.006671

101

RuB

0.551570

0.006393

100

RuB

0.551914

0.006423

99

RuB

0.553051

0.006704

96

RuB

0.553428

0.005910

a

Isotopologue was not observed in the (0, 1) band, so the ground state equilibrium
constants were not determined and the Ru10B equilibrium constants could not be
estimated.
The ground state electronic configuration of RuB as discussed in Ref. [7] is:
(11s)2(5p)4(2d)3 à X2Di
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Wang et al. [7] suggested that the ground state is an inverted 2D5/2 state; however, the
excited state character is still unknown. Table 5.7 lists the many excited electronic states
that arise from various possible excited electronic configurations that occur from a oneelectron promotion from the ground electronic configuration (Label A). These excited
MOs are obtained from the RuB MO diagram which is shown in Figure 5.8, which is
based on the MO diagram for RuC which has one added electron [10].

Table 5.7 – Excited/ground state electronic configurations of RuB.
Label

Valence Configuration

States

A

2d3

X2Di

B

2!212"1

C

2!26#1

D

2!213"1

S, S , S, G

2 - 2 + 4 - 2
2

P (2), 4P, 2F, 2H
S, S , S, G

2 - 2 + 4 - 2

As shown in Table 5.7, some possible excited state electronic configurations
resulting from a one electron promotion from the 2d MO are to a 12", 6#, or 13" MO. If
we follow the DL=0, ±1 selection rule, the only allowed transition from the ground state
is to configuration C. If we also assume that the most likely candidates for transitions to
the X2D5/2 ground state would be from other doublet states obeying the DS=0 selection
rule, then the 2P and 2F states would be the only possible states. However, the excited
[18.4]2.5 state has a spin-orbit component of W=2.5; therefore, the 2F is the only possible
state that has an allowed transition and is therefore the likely candidate for the excited
state character. As we did for CoB, it is also possible to use the hyperfine structure to try
and confirm the likelihood of these configurations for the ground and excited states.
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5s

!
!

4d

"

13!
6"
12!

#
2#

!

2p

"

5"

Ru

11!

B

Figure 5.8 – Molecular orbital energy level diagram for RuB [10].

As in chapter 4 for CoB, we did not observe any perpendicular spin-orbit
transitions of DW¹0 for RuB either; therefore, we were not able to experimentally
determine any of the Frosch and Foley hyperfine parameters other than hW. Approximate
values of these parameters can, however, be estimated from atomic hyperfine constants
where we can compare the calculated hW values to the experimentally determined ones, as
was done in chapter 4. The electronic configurations in Table 5.7 are reduced to A: 2d and
C: 2d26p and from Eq. 4.5, the expressions for hW become:
For 2D5/2: L=2, S=+1/2 and h5/2=2a+(bF+2c/3)/2
For 2F5/2: L=3, S=-1/2 and h5/2=3a-(bF+2c/3)/2
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The following values are used in the calculations:
For 101Ru: I=5/2, µ=-0.719µN, gN=-0.2876µN, <ri-3 >=6.145 a.u-3, d(r)=|y2(0)|=6.085.
For 99Ru: I=5/2, µ=-0.641µN, gN=-0.2564µN, <ri-3>=6.145 a.u-3, d(r)=|y2(0)|=6.085.
These atomic hyperfine constants have been determined by Morton and Preston [11].

Ground State, 2Δ5/2: The 2d MO must be composed of the Ru 4dd atomic orbital
because it is the only d AO present that could contribute. Using Eq.’s 2.82 to 2.84, we
obtain the following Frosch and Foley hyperfine parameters: a(101Ru)=-0.00562 cm-1,
bF(101Ru)=0 and c(101Ru)=0.00482 cm-1. From Eq. 4.5, we obtain the calculated hyperfine
interaction parameter, h5/2"(101Ru)=-0.00964 cm-1. This value is approximately 1.4 times
larger than the experimentally determined value h5/2"(101Ru)=-0.007097 cm-1 for the
101

Ru11B isotopologues, which is not an unreasonable value for atomic calculations. The

36% error associated with the calculated hyperfine parameters illustrates that estimations
using atomic parameters are not always very precise. For the 99Ru isotope, the hyperfine
parameters are a(99Ru)=-0.00523 cm-1, bF(99Ru)=0 and c(99Ru)=0.00430 cm-1, which
gives us a value of h5/2"(99Ru)=-0.00859 cm-1. This value gives a percent error of 32% in
comparison to our experimentally determined value h5/2"(99Ru)=-0.00660 cm-1. Since the
calculated values have the same sign and close to the same magnitude, the results help to
suggest that the ground state electronic state is indeed a 2Di, but they more clearly illustrate
the error associated with using atomic hyperfine constants to predict the magnetic
hyperfine parameters of diatomic molecules. The X2D5/2 ground state arising from the
(11s)2(5p)4(2d)3 valence electronic configuration was previously proposed by Wang et al.
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[7] but based on our atomic calculations we would not have been able to conclusively
confirm this.
Excited [18.4]2.5 state: The most reasonable transition from the ground state is
to promote an electron from the 2d MO to the 6p giving rise to the 2F5/2 state. From the
valence electron configuration, d2p, we can use a three open subshell configuration to
calculate the hyperfine parameters assuming the MO composition. If the 6p MO is
composed of just the Ru 4dp AO we obtain h5/2'(101Ru)=-0.0161 cm-1 and
h5/2'(99Ru)=-0.0143 cm-1. If, however, the 6p MO is 100% composed of the B 2pp AO
then the hyperfine constants are h5/2'(101Ru)=-0.0225 cm-1 and h5/2'(99Ru)=-0.0201 cm-1.
These values compare reasonably well to the experimental values h5/2'(101Ru, v'=0)=0.019605 cm-1, h5/2'(101Ru, v'=1)=-0.01668 cm-1, h5/2'(99Ru, v'=0)=-0.01742 cm-1 and
h5/2'(99Ru, v'=1)=-0.01860 cm-1. Ideally the hyperfine parameters for an isotopologue
should not vary within an electronic substate; however, there seems to be a vibrational
dependence with our experimental values, which is not accounted for. The trend seems to
be that the h5/2' constant decreases with increasing vibration, except for 99Ru v'=1 where
the state is perturbed. A comparison of the experimental values to those calculated indicate
that the 6p MO is a mixture with significant contributions coming from both the Ru 4dp
and B 2pp AOs. In addition, it can be stated that the [18.4]2.5 state most likely comes
from a 2F5/2 state, which might have some mixing with other states of smaller contribution,
such as the 4P5/2 state arising from configuration C in Table 5.7.
A comparison of the 4d transition metal monoboride diatomic molecules is
presented in Table 5.8. A hyperfine comparison is not possible because the spectra of RhB
and PdB did not have a resolved hyperfine structure even though they both have nuclear
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spins of I=1/2 and I=5/2, respectively. The trend in Table 5.8 for electronic configuration
is consistent with adding one electron at a time to the MOs as given in Figure 5.8. This
indicates that the energy ordering of molecular orbitals does not change as significantly
within a period as it does when the molecule changes its principal quantum number, n.

Table 5.8 – Comparison of the 4d transition metal monoborides.
Molecule

RuB

RhB [12], [13]

PdB [14]

Electronic Configuration

d3

d4

s1

Di

1 +

S

2 +

1.7103

1.69

1.728

911

920

754.0

Ground State
Bond length (Å)
Vibrational Frequency
(cm-1)

2
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S
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Chapter 6 - Conclusions

This examination of CoB represents the first high-resolution study of the molecule.
The analysis of the (2, 0) [18.3]3-X3D3 transition of CoB at high resolution has improved
the rotational constants by an order of magnitude. In addition, the Co magnetic hyperfine
structure was resolved and analyzed where the hyperfine constants have been extracted
for the ground and excited states. Values of the hyperfine parameter, h3, for both states
were determined for different possible configurations using the Frosch – Foley parameters
a, bF, and c which were calculated using atomic hyperfine parameters. The hyperfine
parameters were compared with the observed values to try and establish the composition
of the molecular orbitals responsible for the observed states. For the ground state, the
hyperfine analysis confirmed the configuration is 3dδ39s where the 9s orbital is an
approximate mixture of 55% Co 4ss and 45% B 2ps orbitals. The situation in the excited
state was less clear as there were several configurations that would give an Ω = 3
component. The calculations of the hyperfine structure showed a preference for the 3Δ3
state from the 3dδ310s configuration where 10s is probably a mixture of Co 3ds and 4ps
orbitals with, at most, a very small contribution from B 2ps. There may also be some 3Φ3
state character from configurations B and, to a lesser extent, D mixed in. The calculations
also show that any boron hyperfine structure will be very small and not resolved which is
consistent with the observation of a slight broadening in the CoB hyperfine lines. The
hyperfine structure provides some guidance into the nature of the electronic states, but the
calculations are not very precise. There is a real need for high level ab initio calculations
to determine the properties of the ground and excited states of CoB.
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The analysis of the (1, 0), (0, 0) and (0, 1) bands of the [18.4]2.5-X2D5/2 electronic
system of RuB is the first high-resolution study on the molecule and we have improved
upon the previous rotational constants by an order of magnitude. In addition, 12 of the 14
RuB isotopologues were resolved and rotationally analyzed where the hyperfine structure
arising from the

101

Ru and

99

Ru nuclear spins were also resolved and analyzed.

Equilibrium constants for Ru11B isotopologues were determined for the ground and
excited states and they enabled us to estimate the equilibrium constants for the Ru10B
isotopologues based on the mass dependence relationship.
Based on electronic transition selection rules, it was determined that the main
contributor to the excited [18.4]2.5 state is coming from a 2F5/2 state. Atomic hyperfine
constants were used to determine the Frosch and Foley hyperfine parameters which were
compared to the experimentally determined hyperfine constants to confirm that the ground
and excited states are likely 2D5/2 and 2F5/2 states, respectively. The atomic hyperfine
calculations also illustrate the error associated with applying the results to hyperfine
constants of diatomic molecules and indicates the need for high level ab initio calculations
to determine the properties of the ground and excited states of RuB.
In addition, both CoB and RuB have additional bands towards the blue region that
belong to different electronic systems than the ones studied in this thesis. Future work
would consist of extending these two projects to incorporate the analysis of the systems
in the blue region. Unfortunately for the UNB laser lab, the diborane gas cylinder is empty
and the price of shipping dangerous gases is outrageously expensive; therefore, the study
of transition metal monoboride molecules is currently on hold for the foreseeable future.
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Appendix A
Observed Frequencies for the Assigned Transitions of CoB in the (2, 0) [18.3]3X3D3 Transition
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Table A1 – Assignments and line frequencies for CoB in the (2, 0) [18.3]3-X3D3 transition.
Branch (J")

ΔF

ΔF=-1
P(4)
ΔF=0

ΔF=-1
P(5)

ΔF=0

P(7)

ΔF=-1

P(8)

ΔF=-1

P(9)

ΔF=-1

Observed Frequency

Obs-Calc

(cm-1)

(cm-1)

3.5-4.5

19153.0391

-0.0009

1.00

4.5-5.5

19153.0273

-0.0015

1.00

5.5-6.5

19153.0176

-0.0006

1.00

6.5-7.5

19153.0078

0.0003

1.09

4.5-4.5

19153.1055

-0.0013

2.26

5.5-5.5

19153.1113

0.0011

2.26

6.5-6.5

19153.1152

0.0005

2.26

0.5-1.5

19150.6465

0.0005

1.00

1.5-2.5

19150.6367

0.0013

1.00

3.5-4.5

19150.6113

-0.0006

1.10

4.5-5.5

19150.5977

-0.0011

1.11

5.5-6.5

19150.5859

0.0002

1.20

6.5-7.5

19150.5703

-0.0004

1.05

7.5-8.5

19150.5566

-0.0002

1.03

5.5-5.5

19150.6465

-0.0005

1.00

7.5-7.5

19150.6367

-0.0004

1.00

2.5-3.5

19144.8613

0.0017

1.00

3.5-4.5

19144.8516

0.0020

1.10

4.5-5.5

19144.8418

0.0008

1.04

5.5-6.5

19144.8301

0.0010

1.00

6.5-7.5

19144.8184

0.0010

1.00

7.5-8.5

19144.8047

-0.0001

1.25

8.5-9.5

19144.7910

0.0001

1.00

9.5-10.5

19144.7754

-0.0009

1.17

9.5-10.5

19141.4648

0.0024

1.00

10.5-11.5

19141.4512

0.0026

1.00

7.5-8.5

19137.8711

-0.0019

1.33

F'-F"
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STDev

P(9)

ΔF=-1

ΔF=-1

Q(3)

ΔF=0

ΔF=1

ΔF=-1

Q(4)

ΔF=0

ΔF=1

8.5-9.5

19137.8613

-0.0018

1.37

11.5-12.5

19137.8242

-0.0022

1.15

1.5-2.5

19158.0840

0.0019

2.13

2.5-3.5

19158.0371

-0.0001

1.00

3.5-4.5

19157.9824

-0.0004

1.00

4.5-5.5

19157.9180

-0.0005

1.44

5.5-6.5

19157.8438

-0.0004

1.32

2.5-2.5

19158.1191

-0.0000

1.02

3.5-3.5

19158.0898

0.0014

2.13

4.5-4.5

19158.0488

0.0006

1.00

5.5-5.5

19158.0000

0.0003

1.06

6.5-6.5

19157.9414

0.0003

1.12

1.5-0.5

19158.1738

-0.0025

1.42

2.5-1.5

19158.1738

-0.0040

1.42

3.5-2.5

19158.1738

0.0033

1.42

4.5-3.5

19158.1543

-0.0003

0.85

5.5-4.5

19158.1309

0.0009

0.85

6.5-5.5

19158.0957

0.0000

2.13

4.5-5.5

19156.7773

0.0001

1.17

5.5-6.5

19156.7324

-0.0008

1.06

6.5-7.5

19156.6855

0.0005

1.00

1.5-1.5

19156.9121

-0.0012

2.22

2.5-2.5

19156.9004

0.0002

1.11

3.5-3.5

19156.8828

0.0011

1.16

4.5-4.5

19156.8574

0.0002

1.43

5.5-5.5

19156.8262

0.0006

1.25

6.5-6.5

19156.7930

0.0008

1.11

7.5-7.5

19156.7520

0.0003

1.21

5.5-4.5

19156.9043

-0.0010

1.11

6.5-5.5

19156.8828

-0.0018

1.16

7.5-6.5

19156.8574

-0.0006

1.43
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ΔF=-1

Q(5)
ΔF=0

ΔF=-1

Q(6)

Q(7)

ΔF=0

ΔF=0

ΔF=-1

R(3)
ΔF=0

R(3)

ΔF=1

5.5-6.5

19155.2832

0.0016

1.00

6.5-7.5

19155.2480

-0.0001

1.00

2.5-2.5

19155.3926

-0.0008

1.00

3.5-3.5

19155.3809

-0.0000

0.71

4.5-4.5

19155.3633

-0.0011

0.93

5.5-5.5

19155.3438

0.0005

1.06

6.5-6.5

19155.3184

-0.0014

0.93

7.5-7.5

19155.2930

0.0004

1.01

8.5-8.5

19155.2637

0.0020

1.19

8.5-9.5

19153.4355

-0.0006

1.00

3.5-3.5

19153.5879

-0.0003

1.00

4.5-4.5

19153.5762

-0.0007

1.09

5.5-5.5

19153.5605

-0.0014

1.00

6.5-6.5

19153.5449

0.0010

1.27

7.5-7.5

19153.5215

-0.0019

1.00

8.5-8.5

19153.5000

-0.0006

1.20

9.5-9.5

19153.4746

-0.0006

2.04

7.5-7.5

19151.4551

-0.0008

1.00

8.5-8.5

19151.4395

0.0008

1.40

9.5-9.5

19151.4160

-0.0015

1.00

10.5-10.5

19151.3945

-0.0021

1.00

1.5-2.5

19161.8945

0.0000

1.00

3.5-4.5

19161.7578

0.0002

1.00

1.5-1.5

19161.9531

0.0015

1.00

2.5-2.5

19161.9180

0.0012

1.00

3.5-3.5

19161.8672

0.0021

1.00

4.5-4.5

19161.7969

-0.0011

1.00

5.5-5.5

19161.7148

0.0005

1.00

6.5-6.5

19161.6172

0.0000

1.00

2.5-1.5

19161.9727

-0.0010

1.00

3.5-2.5

19161.9473

-0.0002

1.00
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ΔF=0

R(4)
ΔF=1

ΔF=0

R(5)

ΔF=1

ΔF=0
R(6)

R(6)

ΔF=1

ΔF=1

4.5-3.5

19161.9062

0.0027

0.92

5.5-4.5

19161.8457

-0.0002

0.97

6.5-5.5

19161.7734

0.0000

1.00

7.5-6.5

19161.6836

0.0007

0.86

5.5-5.5

19161.5234

0.0006

2.14

6.5-6.5

19161.4688

0.0009

1.13

7.5-7.5

19161.4043

-0.0022

1.17

2.5-1.5

19161.6719

-0.0012

1.30

3.5-2.5

19161.6562

-0.0009

1.00

4.5-3.5

19161.6328

-0.0005

1.00

5.5-4.5

19161.6035

0.0017

1.33

6.5-5.5

19161.5605

0.0001

1.50

7.5-6.5

19161.5117

-0.0001

1.10

8.5-7.5

19161.4551

-0.0008

1.00

8.5-8.5

19160.8848

-0.0000

1.28

2.5-1.5

19161.1016

-0.0006

1.00

3.5-2.5

19161.0918

-0.0015

1.00

4.5-3.5

19161.0781

-0.0006

1.00

5.5-4.5

19161.0586

-0.0002

1.11

6.5-5.5

19161.0312

-0.0009

1.25

7.5-6.5

19161.0020

-0.0002

1.26

8.5-7.5

19160.9648

0.0001

1.04

9.5-8.5

19160.9238

-0.0001

1.27

9.5-9.5

19160.0625

-0.0009

1.00

3.5-2.5

19160.2441

-0.0000

1.00

4.5-3.5

19160.2363

0.0014

1.13

5.5-4.5

19160.2207

-0.0005

1.32

6.5-5.5

19160.2031

0.0005

1.19

7.5-6.5

19160.1816

0.0000

1.33

8.5-7.5

19160.1582

0.0007

1.19

9.5-8.5

19160.1289

0.0006

1.10
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ΔF=0

R(7)

ΔF=1

10.5-9.5

19160.0957

0.0005

0.96

10.5-10.5

19158.9414

0.0015

1.00

6.5-5.5

19159.0723

-0.0002

1.15

7.5-6.5

19159.0586

0.0009

1.31

8.5-7.5

19159.0371

-0.0009

1.34

9.5-8.5

19159.0176

-0.0008

1.25

10.5-9.5

19158.9941

0.0005

0.58

11.5-10.5

19158.9688

0.0007

1.00
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Appendix B
Observed Frequencies for the Assigned Transitions of the RuB Isotopologues in the
[18.4]2.5-X2D5/2 Transition
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Table B1 – Line list for the 104Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

19105.5758

-0.0023

P(4.5)

19103.8594

-0.0001

P(5.5)

19101.9800

0.0006

P(6.5)

19099.9398

0.0017

P(7.5)

19097.7330

-0.0023

P(8.5)

19095.3700

-0.0010

P(9.5)

19092.8454

0.0002

P(10.5)

19090.1608

0.0031

P(11.5)

19087.3073

-0.0013

P(12.5)

19084.2975

-0.0001

Q(2.5)

19109.6180

0.0013

Q(3.5)

19109.0537

0.0019

Q(4.5)

19108.3278

0.0025

Q(5.5)

19107.4358

-0.0015

Q(6.5)

19106.3888

0.0011

Q(7.5)

19105.1743

-0.0020

Q(8.5)

19103.8028

-0.0004

Q(9.5)

19102.2681

0.0001

R(2.5)

19113.0869

-0.0035

R(3.5)

19113.5211

0.0034

R(4.5)

19113.7810

-0.0022

R(5.5)

19113.8862

-0.0007

R(7.5)

19113.6117

0.0032

R(8.5)

19113.2251

-0.0009

R(9.5)

19112.6794

-0.0017

R(10.5)

19111.9746

0.0009
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Table B2 – Line list for the 104Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

18439.8457

0.0013

P(4.5)

18438.1676

0.0002

P(5.5)

18436.3408

-0.0001

P(6.5)

18434.3647

-0.0001

P(7.5)

18432.2382

-0.0009

P(8.5)

18429.9633

-0.0005

P(9.5)

18427.5381

-0.0006

P(10.5)

18424.9641

0.0005

Q(2.5)

18443.8826

-0.0003

Q(3.5)

18443.3586

-0.0010

Q(4.5)

18442.6857

-0.0010

Q(5.5)

18441.8637

-0.0004

Q(6.5)

18440.8918

0.0002

Q(7.5)

18439.7688

-0.0004

Q(9.5)

18437.0745

0.0006

Q(10.5)

18435.5023

0.0016

Q(11.5)

18433.7757

-0.0011

R(2.5)

18447.3998

0.0016

R(3.5)

18447.8788

-0.0002

R(4.5)

18448.2088

-0.0011

R(5.5)

18448.3911

0.0003

R(6.5)

18448.4225

0.0010

R(7.5)

18448.3017

-0.0003

R(8.5)

18448.0331

0.0013

R(9.5)

18447.6115

0.0005

R(10.5)

18447.0380

-0.0011
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Table B3 – Line list for the 104Ru11B isotopologue in the (0, 1) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

17530.0947

0.0001

P(4.5)

17528.4531

0.0006

Q(2.5)

17534.1073

0.0011

Q(5.5)

17532.1934

0.0015

Q(6.5)

17531.2695

-0.0006

R(2.5)

17537.6210

-0.0005

R(3.5)

17538.1281

-0.0012

R(4.5)

17538.4944

-0.0007

R(5.5)

17538.7170

-0.0017

R(6.5)

17538.8019

0.0018

R(9.5)

17538.1890

-0.0004

R(10.5)

17537.6999

-0.0005

R(11.5)

17537.0689

0.0004
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Table B4 – Line list for the 104Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

19123.5709

-0.0010

P(4.5)

19121.6976

0.0012

P(5.5)

19119.6439

-0.0001

Q(2.5)

19127.9740

0.0014

Q(3.5)

19127.3539

-0.0005

Q(4.5)

19126.5590

-0.0003

Q(5.5)

19125.5859

-0.0013

Q(6.5)

19124.4383

0.0002

Q(7.5)

19123.1116

0.0001

R(2.5)

19131.7557

0.0007

R(3.5)

19132.2171

-0.0001

R(4.5)

19132.5022

-0.0004

R(5.5)

19132.6100

-0.0006

R(6.5)

19132.5411

-0.0004

R(7.5)

19132.2947

-0.0000

R(8.5)

19131.8701

-0.0001

R(9.5)

19131.2689

0.0013

R(10.5)

19129.5267

0.0001

R(11.5)

19128.3871

-0.0005
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Table B5 - Line list for 102Ru11B in the (1, 0) [18.4]2.5-X2D5/2 transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

19106.0637

-0.0002

P(4.5)

19104.3406

-0.0015

P(5.5)

19102.4588

0.0001

P(6.5)

19100.4154

0.0020

P(7.5)

19098.2046

-0.0017

P(8.5)

19095.8367

-0.0006

P(9.5)

19093.3056

-0.0006

P(10.5)

19090.6135

0.0005

P(11.5)

19087.7568

-0.0006

P(12.5)

19084.7395

0.0002

Q(2.5)

19110.1078

-0.0024

Q(3.5)

19109.5438

-0.0005

Q(4.5)

19108.8178

0.0012

Q(5.5)

19107.9241

-0.0028

Q(6.5)

19106.8744

-0.0009

Q(7.5)

19105.6630

0.0015

Q(8.5)

19104.2838

-0.0017

Q(10.5)

19101.0450

-0.0008

Q(11.5)

19099.1802

-0.0016

R(2.5)

19113.5924

0.0019

R(3.5)

19114.0184

-0.0003

R(4.5)

19114.2878

0.0030

R(5.5)

19114.3894

0.0005

R(6.5)

19114.3336

0.0030

R(7.5)

19114.1105

0.0007

R(8.5)

19113.7282

0.0020

R(10.5)

19112.4678

-0.0024

R(11.5)

19111.5976

0.0004

R(12.5)

19110.5621

0.0015
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Table B6- Line list for 102Ru11B in the (0, 0) [18.4]2.5-X2D5/2 transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

18439.9363

0.0003

P(4.5)

18438.2562

0.0015

P(5.5)

18436.4246

0.0012

P(6.5)

18434.4416

-0.0004

P(7.5)

18432.3096

-0.0010

P(8.5)

18430.0286

-0.0007

P(9.5)

18427.5996

0.0017

P(10.5)

18425.0182

0.0018

Q(2.5)

18443.9820

-0.0003

Q(3.5)

18443.4561

-0.0008

Q(4.5)

18442.7806

-0.0007

Q(5.5)

18441.9540

-0.0016

Q(6.5)

18440.9818

0.0021

Q(7.5)

18439.8525

-0.0010

Q(8.5)

18438.5759

-0.0012

Q(9.5)

18437.1507

0.0003

Q(10.5)

18435.5743

0.0011

Q(11.5)

18433.8459

0.0002

R(2.5)

18447.5036

0.0005

R(3.5)

18447.9834

-0.0001

R(4.5)

18448.3114

-0.0021

R(5.5)

18448.4944

0.0012

R(6.5)

18448.5224

-0.0001

R(7.5)

18448.4000

-0.0014

R(8.5)

18448.1290

-0.0006

R(9.5)

18447.7084

0.0012

R(10.5)

18447.1328

-0.0013

R(11.5)

18446.4119

0.0016

R(12.5)

18445.5340

-0.0015
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Table B7 - Line list for 102Ru11B in the (0, 1) [18.4]2.5-X2D5/2 transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

17529.3409

0.0002

P(4.5)

17527.6941

0.0003

P(5.5)

17525.9049

0.0001

P(6.5)

17523.9756

0.0017

P(7.5)

17521.8993

-0.0019

Q(2.5)

17533.3610

0.0007

Q(3.5)

17532.8611

-0.0005

Q(4.5)

17532.2215

0.0011

Q(5.5)

17531.4387

0.0017

Q(6.5)

17530.5131

0.0016

Q(7.5)

17529.4455

0.0015

Q(8.5)

17528.2334

-0.0013

Q(9.5)

17526.8839

0.0001

R(2.5)

17536.8815

0.0004

R(3.5)

17537.3866

-0.0015

R(4.5)

17537.7509

-0.0017

R(5.5)

17537.9731

-0.0016

R(6.5)

17538.0536

-0.0007

R(7.5)

17537.9907

-0.0011

R(8.5)

17537.7873

0.0001

R(9.5)

17537.4415

0.0009

R(10.5)

17536.9522

-0.0001

145

Table B8 - Line list for 102Ru10B in the (1, 0) [18.4]2.5-X2D5/2 transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc (cm-1)

P(3.5)

19124.0490

-0.0005

P(4.5)

19122.1732

0.0014

P(5.5)

19120.1151

-0.0019

P(6.5)

19117.8860

0.0006

P(7.5)

19115.4755

-0.0009

Q(2.5)

19128.4576

0.0006

Q(3.5)

19127.8384

-0.0001

Q(4.5)

19127.0431

0.0000

Q(5.5)

19126.0705

-0.0002

Q(6.5)

19124.9210

-0.0000

Q(7.5)

19123.5939

0.0001

Q(8.5)

19122.0906

0.0016

Q(9.5)

19120.4061

0.0000

R(2.5)

19132.2472

0.0013

R(3.5)

19132.7100

0.0001

R(4.5)

19132.9963

-0.0005

R(5.5)

19133.1056

-0.0008

R(6.5)

19133.0377

-0.0007

R(7.5)

19132.7916

-0.0012

R(8.5)

19132.3687

-0.0005

R(9.5)

19131.7689

0.0016

R(10.5)

19130.9882

0.0017

R(11.5)

19130.0250

-0.0017
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Table B9 - Line list for the 101Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Observed Frequency Obs-Calc
Branch (J")
ΔF
F'-F"
(cm-1)
(cm-1)
P(3.5)

P(4.5)

ΔF=-1

ΔF=-1

3-4

19106.3230

0.0001

4-5

19106.3078

-0.0016

5-6

19106.2920

-0.0004

3-4

19104.6025

0.0014

4-5

19104.5961

0.0020

5-6

19104.5861

0.0010

6-7

19104.5763

0.0021

P(5.5)

ΔF=-1

7-8

19102.6927

0.0003

P(6.5)

ΔF=-1

8-9

19100.6490

0.0013

P(7.5)

ΔF=-1

9-10

19098.4418

0.0014

P(8.5)

ΔF=-1

10-11

19096.0701

-0.0005

P(9.5)

ΔF=-1

11-12

19093.5381

0.0000

ΔF=-1

3-4

19110.3780

0.0006

2-2

19110.3780

0.0004

3-3

19110.3696

0.0002

4-4

19110.3591

0.0006

5-5

19110.3454

0.0007

3-2

19110.3632

-0.0000

4-3

19110.3501

-0.0002

5-4

19110.3353

0.0007

3-3

19109.8048

-0.0005

4-4

19109.7990

-0.0002

5-5

19109.7916

-0.0000

6-6

19109.7826

0.0001

6-5

19109.7761

0.0004

7-7

19108.1733

-0.0006

8-8

19108.1674

-0.0011

Q(2.5)

ΔF=0

ΔF=1

Q(3.5)

ΔF=0

ΔF=1
Q(5.5)

ΔF=0
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Q(6.5)

ΔF=0

9-9

19107.1170

-0.0006

Q(7.5)

ΔF=0

10-10

19105.9038

-0.0001

Q(9.5)

ΔF=0

12-12

19102.9892

0.0011

1-2

19113.8637

0.0002

2-3

19113.8637

-0.0006

3-4

19113.8637

-0.0008

4-5

19113.8637

-0.0003

4-3

19113.8446

-0.0012

5-4

19113.8395

-0.0011

6-5

19113.8336

-0.0012

6-5

19114.2717

0.0015

7-6

19114.2661

0.0010

7-6

19114.5355

-0.0018

8-7

19114.5295

-0.0035

ΔF=-1
R(2.5)
ΔF=1

R(3.5)

ΔF=1

R(4.5)

ΔF=1

R(5.5)

ΔF=1

9-8

19114.6366

-0.0018

R(6.5)

ΔF=1

10-9

19114.5792

-0.0018

R(7.5)

ΔF=1

11-10

19114.3634

0.0026

R(8.5)

ΔF=1

12-11

19113.9764

-0.0011

R(9.5)

ΔF=1

13-12

19113.4335

0.0027

R(11.5)

ΔF=1

15-14

19111.8446

-0.0014

148

Table B10 - Line list for the 101Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition.
Branch
Observed Frequency
Obs-Calc
ΔF
F'-F"
(J")
(cm-1)
(cm-1)

ΔF=-1
P(3.5)

ΔF=0

P(4.5)

P(5.5)

ΔF=-1

ΔF=-1

1-2

18440.0192

-0.0008

2-3

18440.0119

-0.0002

3-4

18439.9990

-0.0007

4-5

18439.9826

-0.0004

5-6

18439.9616

-0.0002

4-4

18439.9776

0.0002

5-5

18439.9547

-0.0003

4-5

18438.3089

-0.0006

5-6

18438.2978

-0.0005

6-7

18438.2849

0.0004

2-3

18436.4900

0.0006

4-5

18436.4803

0.0002

5-6

18436.4737

0.0005

6-7

18436.4645

-0.0001

7-8

18436.4546

-0.0002

P(6.5)

ΔF=-1

8-9

18434.4730

-0.0005

P(7.5)

ΔF=-1

9-10

18432.3401

-0.0012

P(8.5)

ΔF=-1

10-11

18430.0569

-0.0016

P(9.5)

ΔF=-1

11-12

18427.6260

0.0009

1-2

18444.0696

0.0014

2-3

18444.0632

0.0001

3-4

18444.0546

0.0002

3-3

18444.0458

-0.0005

4-4

18444.0326

0.0006

5-5

18444.0152

0.0011

3-2

18444.0405

0.0003

4-3

18444.0237

-0.0001

ΔF=-1

Q(2.5)

ΔF=0

ΔF=1
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Q(2.5)
Q(3.5)

ΔF=1
ΔF=0
ΔF=1

Q(4.5)

Q(5.5)

ΔF=0

ΔF=0

5-4

18444.0030

-0.0010

4-4

18443.5139

-0.0008

6-6

18443.4927

-0.0000

6-5

18443.4857

-0.0002

5-5

18442.8346

-0.0011

6-6

18442.8273

-0.0008

7-7

18442.8181

-0.0011

6-6

18442.0057

-0.0018

7-7

18441.9993

-0.0020

8-8

18441.9934

-0.0009

Q(6.5)

ΔF=0

9-9

18441.0195

0.0011

Q(7.5)

ΔF=0

10-10

18439.8905

-0.0013

Q(9.5)

ΔF=0

12-12

18437.1872

0.0005

R(2.5)

ΔF=1

4-3

18447.5622

0.0011

6-5

18447.5475

0.0025

4-3

18448.0470

0.0007

5-4

18448.0427

0.0019

7-6

18448.0284

0.0010

R(3.5)

ΔF=1

R(4.5)

ΔF=1

8-7

18448.3608

0.0021

R(7.5)

ΔF=1

11-10

18448.4489

0.0010

R(8.5)

ΔF=1

12-11

18448.1766

0.0005

R(9.5)

ΔF=1

13-12

18447.7550

0.0012

R(10.5)

ΔF=1

14-13

18447.1800

-0.0008

R(11.5)

ΔF=1

15-14

18446.4567

-0.0003
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Table B11 - Line list for the 101Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch
(J")

ΔF

ΔF=-1
P(3.5)
ΔF=0
P(4.5)

P(5.5)

ΔF=-1

ΔF=-1

ΔF=-1

Q(2.5)

ΔF=0

ΔF=1

Q(3.5)

ΔF=0

ΔF=1
Q(4.5)

ΔF=0

Observed Frequency

Obs-Calc

(cm-1)

(cm-1)

3-4

19124.3009

-0.0001

4-5

19124.2868

-0.0007

5-6

19124.2697

-0.0009

4-4

19124.2815

-0.0004

5-5

19124.2643

0.0005

5-6

19122.4082

0.0016

6-7

19122.3959

0.0002

4-5

19120.3619

-0.0004

5-6

19120.3562

-0.0006

6-7

19120.3502

-0.0000

7-8

19120.3412

-0.0012

1-2

19128.7287

0.0004

2-3

19128.7252

0.0002

2-2

19128.7193

0.0005

3-3

19128.7108

0.0002

4-4

19128.7002

0.0005

5-5

19128.6872

0.0010

3-2

19128.7044

-0.0001

4-3

19128.6912

-0.0004

5-4

19128.6767

0.0008

3-3

19128.0930

-0.0003

4-4

19128.0868

-0.0004

5-5

19128.0795

-0.0001

6-6

19128.0714

0.0008

6-5

19128.0630

-0.0008

4-4

19127.2939

-0.0001

5-5

19127.2894

0.0001

F'-F"
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6-6

19127.2837

0.0002

7-7

19127.2771

0.0004

7-7

19126.3110

0.0005

8-8

19126.3050

-0.0001

10-10

19123.8307

0.0007

5-4

19132.4915

-0.0004

6-5

19132.4856

-0.0006

6-5

19132.9559

-0.0006

7-6

19132.9511

-0.0004

7-6

19133.2440

0.0004

8-7

19133.2390

-0.0004

ΔF=1

9-8

19133.3499

0.0002

R(6.5)

ΔF=1

10-9

19133.2822

-0.0001

R(9.5)

ΔF=1

13-12

19132.0137

-0.0008

R(10.5)

ΔF=1

14-13

19131.2372

0.0008

R(13.5)

ΔF=1

17-16

19127.8351

-0.0001

Q(4.5)

ΔF=0

Q(5.5)

ΔF=0

Q(7.5)

ΔF=0

R(2.5)

ΔF=1

R(3.5)

ΔF=1

R(4.5)

ΔF=1

R(5.5)
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Table B12 - Line list for the 100Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

19106.5753

-0.0020

P(4.5)

19104.8531

0.0003

P(5.5)

19102.9670

0.0008

P(6.5)

19100.9180

0.0005

P(7.5)

19098.7054

-0.0008

P(8.5)

19096.3299

-0.0023

P(9.5)

19093.7946

-0.0003

P(10.5)

19091.0940

-0.0002

P(11.5)

19088.2300

0.0007

Q(2.5)

19110.6288

-0.0026

Q(3.5)

19110.0658

0.0006

Q(4.5)

19109.3382

0.0014

Q(5.5)

19108.4488

0.0028

Q(6.5)

19107.3920

-0.0006

R(2.5)

19114.1207

0.0014

R(3.5)

19114.5508

0.0016

R(4.5)

19114.8171

0.0006

R(5.5)

19114.9196

-0.0016

R(6.5)

19114.8606

-0.0021

R(7.5)

19114.6411

0.0002

R(8.5)

19114.2559

0.0008

R(9.5)

19113.7072

0.0024

R(10.5)

19112.9880

-0.0016
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Table B13 - Line list for the 100Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

18440.0509

0.0004

P(4.5)

18438.3649

0.0004

P(5.5)

18436.5286

0.0008

P(6.5)

18434.5412

0.0007

P(7.5)

18432.4021

-0.0005

P(8.5)

18430.1147

0.0005

P(9.5)

18427.6759

0.0006

Q(2.5)

18444.1043

-0.0003

Q(3.5)

18443.5755

-0.0014

Q(4.5)

18442.8970

-0.0013

Q(5.5)

18442.0677

-0.0014

Q(8.5)

18438.6779

0.0008

Q(9.5)

18437.2456

0.0005

R(2.5)

18447.6321

0.0011

R(3.5)

18448.1102

-0.0005

R(4.5)

18448.4407

0.0011

R(5.5)

18448.6176

0.0000

R(6.5)

18448.6443

-0.0006

R(8.5)

18448.2470

0.0002

R(9.5)

18447.8213

-0.0004

R(10.5)

18447.2452

-0.0006
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Table B14 - Line list for the 100Ru11B isotopologue in the (0, 1) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

17528.5746

0.0007

P(4.5)

17526.9253

0.0016

Q(4.5)

17531.4572

-0.0003

Q(5.5)

17530.6712

-0.0006

Q(6.5)

17529.7426

-0.0003

Q(7.5)

17528.6693

-0.0016

R(2.5)

17536.1259

-0.0007

R(4.5)

17536.9986

-0.0001

R(5.5)

17537.2205

0.0002

R(7.5)

17537.2333

-0.0004

R(8.5)

17537.0269

0.0015
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Table B15 - Line list for the 100Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

19124.5428

-0.0007

P(4.5)

19122.6607

-0.0015

P(5.5)

19120.6037

-0.0002

P(6.5)

19118.3695

0.0012

Q(2.5)

19128.9597

0.0008

Q(3.5)

19128.3401

0.0008

Q(4.5)

19127.5428

0.0003

Q(5.5)

19126.5693

0.0008

Q(6.5)

19125.4164

-0.0009

R(2.5)

19132.7551

0.0002

R(3.5)

19133.2197

0.0001

R(4.5)

19133.5065

-0.0007

R(5.5)

19133.6170

-0.0004

R(6.5)

19133.5504

0.0000

R(7.5)

19133.3064

0.0006

R(8.5)

19132.8831

-0.0004

R(9.5)

19131.5054

0.0000
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Table B16 - Line list for the 99Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Observed Frequency

Obs-Calc

(cm-1)

(cm-1)

7-8

19101.2060

0.0001

8-9

19101.1995

-0.0003

ΔF=-1

9-10

19098.9762

0.0011

P(8.5)

ΔF=-1

10-11

19096.5882

-0.0010

P(9.5)

ΔF=-1

11-12

19094.0433

-0.0001

P(10.5)

ΔF=-1

12-13

19091.3389

-0.0008

Q(5.5)

ΔF=0

8-8

19108.7369

0.0013

Q(6.5)

ΔF=0

9-9

19107.6682

-0.0021

Q(7.5)

ΔF=0

10-10

19106.4459

0.0019

R(4.5)

ΔF=1

8-7

19115.1128

0.0004

R(5.5)

ΔF=1

9-8

19115.2047

-0.0016

R(6.5)

ΔF=1

10-9

19115.1387

-0.0005

R(7.5)

ΔF=1

11-10

19114.9147

0.0018

Branch (J")

ΔF

P(6.5)

ΔF=-1

P(7.5)

F'-F"
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Table B17 - Line list for the 99Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

ΔF

ΔF=0
P(3.5)
ΔF=-1

P(4.5)

ΔF=-1

Observed Frequency

Obs-Calc

(cm-1)

(cm-1)

3-3

18440.1227

0.0001

4-4

18440.1058

-0.0010

5-5

18440.0874

0.0002

1-2

18440.1443

-0.0001

4-5

18440.1117

-0.0004

5-6

18440.0939

0.0004

2-3

18438.4462

0.0002

4-5

18438.4327

0.0001

5-6

18438.4228

0.0001

6-7

18438.4105

-0.0003

6-7

18436.5833

-0.0003

7-8

18436.5749

-0.0000

F'-F"

P(5.5)

ΔF=-1

P(6.5)

ΔF=-1

8-9

18434.5875

0.0008

P(8.5)

ΔF=-1

10-11

18430.1566

0.0015

1-2

18444.2007

0.0004

2-3

18444.1957

-0.0002

4-3

18444.1608

-0.0002

3-3

18444.1804

-0.0006

4-4

18444.1677

-0.0009

5-5

18444.1526

-0.0006

2-1

18444.1868

0.0003

3-2

18444.1758

0.0005

5-4

18444.1439

0.0002

4-4

18443.6467

-0.0010

5-5

18443.6394

0.0004

6-6

18443.6280

-0.0008

6-5

18443.6223

-0.0001

ΔF=-1

Q(2.5)

ΔF=0

ΔF=1

Q(3.5)
Q(3.5)

ΔF=0
ΔF=1
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6-6

18442.9595

0.0002

7-7

18442.951

-0.0006

ΔF=0

8-8

18442.1219

-0.0008

Q(6.5)

ΔF=0

9-9

18441.1424

0.0004

R(2.5)

ΔF=1

5-4

18447.6975

0.0020

6-5

18447.6894

0.0010

R(3.5)

ΔF=1

7-6

18448.1711

0.0015

R(5.5)

ΔF=1

9-8

18448.6773

-0.0006

R(6.5)

ΔF=1

10-9

18448.7034

-0.0018

R(10.5)

ΔF=1

14-13

18447.3030

-0.0003

R(11.5)

ΔF=1

15-14

18446.5754

0.0003

Q(4.5)

ΔF=0

Q(5.5)

159

Table B18 - Line list for the 99Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Observed Frequency

Obs-Calc

(cm-1)

(cm-1)

5-6

19124.7750

-0.0009

4-5

19122.9159

-0.0003

5-6

19122.9062

-0.0019

6-7

19122.8967

-0.0016

ΔF=-1

7-8

19120.8437

0.0007

ΔF=-1

2-3

19129.2350

0.0010

2-2

19129.2283

-0.0002

3-3

19129.2208

-0.0003

4-4

19129.2121

0.0008

5-5

19129.2001

0.0012

3-2

19129.2158

0.0002

4-3

19129.2031

-0.0009

5-4

19129.1906

0.0008

5-5

19128.5918

0.0014

6-6

19128.5825

0.0005

ΔF=1

6-5

19128.5764

0.0004

Q(4.5)

ΔF=0

7-7

19127.7885

0.0013

Q(5.5)

ΔF=0

8-8

19126.8168

0.0014

Q(6.5)

ΔF=0

9-9

19125.6665

-0.0005

4-3

19133.0146

-0.0003

5-4

19133.0094

-0.0008

6-5

19133.0045

-0.0005

Branch (J")

ΔF

F'-F"

P(3.5)

ΔF=-1

P(4.5)
P(5.5)

ΔF=-1

ΔF=0
Q(2.5)

ΔF=1

Q(3.5)

R(2.5)

ΔF=0

ΔF=1

R(3.5)

ΔF=1

7-6

19133.4686

-0.0024

R(4.5)

ΔF=1

8-7

19133.7592

-0.0003

R(5.5)

ΔF=1

9-8

19133.8699

-0.0008

R(6.5)

ΔF=1

10-9

19133.8066

0.0018
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R(7.5)

ΔF=1

11-10

19133.5616

-0.0008

R(8.5)

ΔF=1

12-11

19133.1439

-0.0000

Table B19 - Line list for the 96Ru11B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

19107.6552

0.0011

P(4.5)

19105.9205

0.0016

P(5.5)

19104.0180

-0.0008

P(6.5)

19101.9541

0.0013

P(7.5)

19099.7216

0.0017

P(9.5)

19094.7452

-0.0017

Q(2.5)

19111.7248

-0.0000

Q(4.5)

19110.4122

-0.0028

Q(5.5)

19109.5129

0.0012

R(2.5)

19115.2232

0.0000

R(3.5)

19115.6475

-0.0011

R(4.5)

19115.9060

-0.0021

R(5.5)

19115.9988

-0.0012

R(6.5)

19115.9249

0.0018

R(7.5)

19115.6760

0.0005
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Table B20 - Line list for the 96Ru11B isotopologue in the (0, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

18440.3682

-0.0006

P(6.5)

18434.8223

-0.0021

P(7.5)

18432.6715

-0.0007

P(8.5)

18430.3680

-0.0001

P(10.5)

18425.3059

0.0011

Q(2.5)

18444.4404

0.0008

Q(3.5)

18443.9060

-0.0004

Q(4.5)

18443.2204

-0.0006

Q(5.5)

18442.3842

0.0009

R(3.5)

18448.4565

0.0020

R(4.5)

18448.7801

0.0005

R(5.5)

18448.9520

-0.0003

R(6.5)

18448.9727

-0.0000

R(8.5)

18448.5568

-0.0000

R(10.5)

18447.5321

-0.0004
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Table B21 - Line list for the 96Ru10B isotopologue in the (1, 0) [18.4]2.5-X2D5/2
transition.
Branch (J")

Observed Frequency (cm-1)

Obs-Calc(cm-1)

P(3.5)

19125.5783

-0.0013

P(5.5)

19121.6294

0.0006

Q(2.5)

19130.0113

-0.0003

Q(3.5)

19129.3922

0.0010

Q(4.5)

19128.5940

0.0007

Q(5.5)

19127.6171

-0.0007

R(2.5)

19133.8233

0.0001

R(3.5)

19134.2917

0.0001

R(4.5)

19134.5826

0.0003

R(5.5)

19134.6947

-0.0002

R(6.5)

19134.6286

-0.0006

R(7.5)

19134.3849

-0.0001

R(8.5)

19133.9618

0.0003
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