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Abstract

The first part of this thesis is concerned with the electronic spectroscopy of the mono-
valent derivatives of the alkaline earth metals (Mg,Ca,Sr,Ba). The electronic transitions
in these molecules arise from a predominantly metal-centered electron. Therefore, the
low resolution spectra of these species show characteristic features (spin-orbit splittings.
vibrational frequencies...) which changes little when the ligand is changed. The simple
one-electron model usually used to describe diatomic alkaline earth halides (CaF,SrF...)
will be shown to be applicable to the polyatomic derivatives. A general discussion of
these spectral and structural similarities, as well as methods to produce and detect the-
ses species will be presented. Then the high resolution spectrum of the C 24,-X 24,
transition of CaNHas, generated in a laser ablation/molecular beam spectrometer, will be
discussed. The simple pure precession model will be derived for polyatomic species and
applied to predict the spin-rotation interactions in the CaNH, molecule.

The second part deals with the high resolution infrared emission spectra of metal-
containing diatomic molecules, InF and the coinage (Cu,Ag,Au) metal hydrides. The high
temperature Fourier transform infrared spectra of these molecules are recorded at high
resolution to derive accurate molecular constants. The data analysis is carried out using
standard procedures (Dunham model) and also by directly solving the radial Schédinger
equation. In this way, an effective Born-Oppenheimer potential is determined by fitting
many isotopomer data to an equation containing a parameterized potential function. The
potentials derived in this manner are superior to standard methods for predicting various

molecular properties.

v
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Chapter 1

Introduction

Free radicals have been studied for a relatively short time in the history of chemistry.
In the past these molecules have proven difficult to characterize because they are
unstable in normal room temperature environments. Free radicals are usually highly
reactive, short-lived (transient) species that have unpaired electrons. Early work
focused on small molecules, mostly diatomic, that were found in flames, arcs and
electrical discharges, or other extreme environments. Due to their transient nature,
it was not until fairly recently (last 50 years) that attempts to characterize free
radicals became successful. This is in large part due to the developments in novel
experimental techniques, beginning with flash photolysis [2] and and later with
laser-based techniques. The pioneering work on the interpretation of molecular
spectra by Herzberg [3], Mulliken, Barrow and others also played an important role.
Lastly, the ability to study molecules in novel environments such as the interstellar
medium [4], comets [5], and the earth’s atmosphere [6] led to the identification of

many free radicals [7] which were previously unknown.



The importance of free radicals is well known in atmospheric chemistry. The
gas phase oxidation of hydrochloroflourocarbons (HCFC’s) and hydrocarbons in
the troposphere are known not to dependent on the O, or O3 concentration in
the atmosphere. Rather, this oxidation, which generates hydrocarbon free radicals,
depends on the OH radical concentration. This is amazing because the tropospheric
abundance of OH corresponds to a mole fraction of 10~'* [8] and it still remains a
major player in ozone destruction.

The OH molecule was also the first radical to be identified in the interstellar
medium. A transition between two A-doublet levels of the ground state (3TI;),
first measured in the laboratory in the 1950’s [9, 10], was observed in absorption in
1963. This transition, known as the OH maser line occurring at a wavelength of
18 cm. was measured in the radio source Cassiopeia A [11]. It was not for another
five years, in 1968, when the second molecule, NH; [12] was identified a by radio
observation of Sagittarius 4. Despite theoretical predictions to the contrary, it
soon became obvious that both stable molecules and free radicals could survive the
harsh environment of space [4]. The list of interstellar molecules contained about

20 members in 1972 and has grown to over 200 in the 1990’s [13].

1.1 Alkaline Earth Molecules

There has been a recent resurgence of interest in spectroscopic studies of alkaline
earth—-containing polyatomic molecules. The linear molecules CaOH [14,15}, SrOH
[16-18], and CaCCH [19-22] have been studied using a high temperature source

called a Broida oven [23]. CaOH [14, 15, 24-28] has been the most studied species



of this family of molecules (see Table 1.1). It was first observed in flames, when
the greenish and reddish emission spectrum was observed by Herschel in 1823 [29).
The identity of the emitting species was not known at the time but it was believed
the emissions came from a calcium-containing molecule. There was considerable
speculation over the next 100 years about which molecule was responsible for the
emission. In the early part of this century it was believed the calcium dimer (Ca,)
[30] or CaO [31)] was responsible; however, it was not until 1955 that James and
Sugden [32] suggested the emissions were from the alkaline earth (MOH, M=Ca, Sr,
Ba) hydroxide species. Their assignment was based on similarities observed between
the spectra of alkaline earth halide molecules and the hydroxides. It turned out that
they were correct, but their insight was not fully appreciated until the electronic
structure of the alkaline earth molecules became better understood (§ 1.3).

The CaOH molecule can be easily synthesized in the gas phase by a reaction of
vaporized Ca atoms with H,O or more simply, by spraying an aerosol of a calcium
metal salt (i.e. CaCOj) into a flame [33,34]. Since CaOH is easily generated,
it is predicted to be found in both atmospheric and astrophysical environments.
The singly-ionized Ca atom has been detected in the upper atmosphere (>100
km) for nearly 40 years [35,36]. The major naturally occurring source of these
metals is from ablation of meteorites entering the earth’s atmosphere [37,38]. It
has been postulated that the deliberate release of these metals (both alkali and
alkaline earth) could reduce the environmental impact of hydrocarbons [37). The
HCFC's are important precursor molecules in ozone depletion and the presence of

alkaline earth atoms in the gas phase has been shown to reduce the concentration



of OH radicals [37]. The formation of CaOH in an energetic environment [39]
can readily occur although the direct gas phase reaction of calcium with water is
endothermic (§ 1.4). Thus the B2S+-X25+ and A1 -X2%+ transitions of CaOH
have both been observed in absorption of the stellar atmospheres of M—type dwarf
stars [40,41]. The only other alkaline earth molecule observed in an astrophysical
source has been a radio observation of MgNC [42,43] and its isomer MgCN [44] in
the circumstellar envelope of the carbon star IRC+10216.

When alkaline earth metals are present as a fuel additive in an oxvgen—hydrocarbon
flame, it has been shown that there is a significant decrease in soot formation and
in unburned hydrocarbons {45]. Although the mechanism causing this suppres-
sion is not well understood [46, 47, it is believed that a metal-induced decrease of
OH concentration in the flame is responsible for the effect. Spatial distribution of
the MOH and MOH* molecules (M=Ca,Sr,Ba) in the flame has shown that these
species play the most significant role in soot suppression, with Ba>Sr>Ca in order
of effectiveness [48]. The formation of soot particles in the combustion process is
a very important consideration in the design of gas turbine and jet engines. Soot
particles are a problem in locations where exhaust fumes from jet engines are preva-
lent (e.g. airports or military installations). Therefore, the fuel burned in these
engines becomes an important consideration in the engine design. Health effects
on human populations near such facilities need also to be considered [45]. It has
therefore been suggested that the addition of alkaline earth metals to fuels could
be an economical and convenient method to control soot formation in combustion

processes. [t is interesting to note that similar mechanisms (although not well un-



derstood) involving removal of OH radicals are believed to be important in both
soot suppression in combustion processes and in the reduction of HCFC’s impact

on ozone depletion.

1.2 Nonlinear Molecules

The nonlinear alkaline earth—-containing polyatomic molecules were first studied
by Harris and co-workers [49] and then further extended by Bernath and co-
workers [50]. These researchers used a Broida-type oven, which is a relatively high
temperature (400-300K) molecular source that is convenient for Doppler-limited
spectroscopic studies. In the course of experiments in the Bernath laboratory, an
interesting aspect of the photochemistry of alkaiine earth vapor reactions was dis-
covered. It was found that if the atomic metal species was excited to the *P; state,
then the formation of product molecules was greatly enhanced [51]. This can be
achieved by using a laser to drive the 3P, «!S; transition of the metal atom with
A = 6573, 6892, 7911 A for Ca. Sr and Ba, respectively. For example, the reaction
of ground state Ca atoms with HoO to make CaOH is endothermic by 1.17 eV
(27 kcal/mol). The addition of 1.90 eV (44 kcal/mol) of energy from an external
source (i.e. a laser) results in an exothermic reaction. The enhanced reactivity of
excited alkaline earth atoms (M*) became a very important discovery because it
was soon realized that large polyatomic derivatives of Ca, Sr, and Ba could not
be synthesized without laser excitation. The best example of this was the reaction
of Ca* atoms with cyclopentadiene (CsHg). The spectra of the resulting molecule,

CaCp (Cp=CsHs), was not observed unless the laser exciting the Ca atoms was



present [52]. Using this method, the group led by Bernath was able to synthe-
size a wide variety of organometallic species such as the monomethyls (MCHj,
M=Ca or Sr) [53], monoalkoxides (MOR, R=CHj3,C2Hs...) [51], monocarboxy-
lates (MO,CR) [54], monoalkylamides (MNHR) [55] and a host of others [56-62].
The use of a Broida oven severely limited the information derived from a spectrum
particularly for the nonlinear polyatomic derivatives. This is because the spectra
consisted of broad peaks from many overlapping lines which were a result of the
relatively high temperature of the molecular source. Thus, rotational analysis was
only possible in a few cases such as CaCCH [20], CaCH; [61] and SINNN [57] us-
ing narrowband fluorescence techniques, while only a partial vibronic analysis was
possible for most of the nonlinear polyatomic molecules [31-53,63,64].

Much of the recent work has been carried out with the supersonic molecular
beam technique. This has allowed the study of nonlinear polyatomic molecules
at high resolution. The low rotational (<10 K) and vibrational (< 300 K) tem-
peratures allows detailed information on the fine structure, hyperfine structure,
asymmetry splittings and dipole moments to be extracted from the spectra. The
most novel and interesting examples of these free radicals are the ring bonding (7°)
alkaline earth half-sandwich molecules such as MCp (Cp=CsHjs) and the isoelec-
tronic MPy (Py=C4H4N). These are gas phase analogs of full sandwich molecules
called metallocenes, the most celebrated of which is ferrocene (FeCp,). The alkaline
earth half-sandwich molecules were first synthesized by a laser-driven chemical re-
action of excited M (*P) atoms with cyclopentadiene in Broida oven [52]. The low

resolution electronic spectrum of MCp was consistent with Cs, symmetry of a n°-
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coordinated complex. This assignment also led to the suggestion that MPy [56] also
had a ring bonding geometry. These molecules were subsequently studied in great
detail by the Miller group using a jet-cooled source [65-70]. Jet-cooled molecular
spectroscopy facilitated an improved vibronic analysis on CaCp and showed weak
Jahn-Teller induced bands that were not discernible in the high temperature spec-
trum [65]. The cold spectra eventually led to the first complete rotational analysis
of an electronic transition of a half-sandwich molecule (fizEl—.i’QAl transition of
CaCp) [67]. The molecular beam experiments also found a misinterpretation in the
electronic spectrum of CaPy which was assumed to have pseudo-Cs, symmetry [36].
That is, the replacement of CH in cyclopentadiene with N in pyrrole was not signifi-
cant enough to change the electronic spectrum. Using this erroneous model, the first
excited state of CaPy was assigned as a spin-orbit doublet, 42E\(/2) and A?E\(3/a),
because this splitting was of similar magnitude (68 cm™!) to the CaCp spin-orbit
splitting (56 cm™!). The cold spectrum showed the vibrational progression of v,
the Ca-Py stretch, of the two “spin-orbit” components had different spacings, 248
cm~! vs. 231 cm™!. In CaCp, these modes have the same vibrational frequency of
329 crn~!, indicating that the splitting in CaPy could not come from pure spin-orbit
interactions. This interpretation was further supported by the jet—cooled spectra of
the fully deuterated (d;~CaPy) species. Therefore these bands were reassigned as
two different electronic transitions, the A2A’-X24’ and B2A"-X2A’ transitions of
CaPy. The high resolution experiments illustrate the ability to extract a wealth of
spectroscopic information from a cold spectrum. A vibronic band that typically has

a full width at half-maximum (FWHM) of ~50 cm™! in an Broida oven experiment



has a width of the order 1-2 cm™! in a jet-cooled experiment.

Related studies include recent experiments on singly charged alkaline earth-
containing complexes such as Ca*(H,0) [71], Mg*(H,0) [72] and their deuterated
analogs. The molecules Sr*(H,0), and Sr*(NH3), (n=1-6) have also been stud-
ied [73,74]. These species are analogous to the isoelectronic neutral Ca and Sr
derivatives, CaNH,, StNH,, StCH;. The binding energy (Dg = 28 kcal/mol for
Ca*(H,O) {75]) between the metal and ligand in this case is predominately a long
range electrostatic (ion—dipole) interaction. The perturbation of the metal atom
orbitals by the bonding ligand is not as significant as the strong Coulombic in-
teraction present in the Ca*OH™ (Dg = 95 kcal/mol [76]) or Ca*NH3 molecule.
Therefore, the electronic transitions of the singly charged species lie close to the
atomic ion resonance lines (*P«+2S) which occur at much higher energies (>21500

cm™!) than the transitions of the isoelectronic MOH and MNH,; molecules.

1.3 Electronic Structure

The Broida oven work illustrated the close connection between the spectra of the
polyatomic alkaline earth derivatives and the well-understood spectra of the alka-
line earth monohalide molecules. It is well known that the electronic structure of
the monohalide molecules is represented by a one-electron hydrogenic picture [50].
This leads to “simplicity” in the spectroscopy of these molecules, since we do not
deal with high spin (S) or high orbital (L) angular momentum. The spectra of
transition metal-containing molecules with high S and high L states can be dif-

ficult to interpret because of the high density of electronic states. Many of these



states are of relatively low energy (<10000 cm™!) [77,78] and are populated at
room temperature. The qualitative one—electron model applicable to the alkaline
earth molecules allows for good predictions of many of the molecular properties in
these systems. These predictions are in reasonable agreement with ab initio calcu-
lations [79], and also with the large amount of experimental data that is currently
available (50, 80].

The basic properties of the alkaline earth monohalides (e.g. electronic origins,
spin-orbit splittings, lifetimes, dipole moments, etc...) are well described by the
ligand field model proposed by Rice, Martin and Field [81]. This model treats the
ligand (X~) as a point charge that influences the non-bonding valence electron on
the metal (M*) ion. For example, the Ca* ion is perturbed by the electrostatic field
of the fluoride anion (F~), with the Ca* ion modelled as a closed shell Ca?* core
with a single valence electron. The approach of the F~ ligand destroys the spherical
svmmetry of the 4s atomic orbital and gives rise to the X 2L+ state of the CaF
molecule. Figure 1.1 is a correlation diagram between the atomic orbitals of the
Ca™* ion and the electronic states of the isoelectronic CaF and CaNH, molecules.
The Coulombic interaction of a polyatomic X~ ligand and an alkaline earth ion can
give rise to surprisingly strong bonds (Dca-on = 4.11 eV) for a transient free radical.

Electronic excitation of the molecule can be considered as a transition of the
4s electron to a predominately 4p orbital “belonging” to the Ca* ion. The doubly
degenerate 4pw orbitals give rise to the A%II state, while the 4po orbital results in
the B2Z* excited state of the CaF molecule. Orbital mixing calculations performed

for CaF by Rice et al. showed that the X state has ~80% 4so character and ~20%
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4po, while the A2[T state was a 70:30 mixture of 4pm and 3dm and the B 25+ state
is approximately a 50:50 mixture of 4po and 3do.

Further extension of the ligand field model is made by substituting the fluoride
ligand with various polyatomic ligands such as OH~ [82], CCH~, SH~, NH,~ or
CsH; . This replacement lowers the symmetry of the molecule from Cq, to Cs,
for the NH; ligand. In the CaNH, molecule, the A% state of CaF is further split
into an in-plane (A 2B, state) and an out-of-plane (B 2B,) state (fig. 1.1). The
energy ordering of these two states can be deduced using a simple argument. There
is a lone pair of electrons in a nitrogen 2p, orbital perpendicular to the plane of
the NH; ligand. When the lone electron “belonging” to Ca* occupies the 4pr, (B
2B,) orbital which is also perpendicular to the molecular plane, there will be greater
electron—electron repulsion than if the lone electron occupied the 4p=, orbital (A
2B,) that is parallel to the plane of the molecule (see fig. 1.2). Thus the ?B, state
lies lower in energy than the 2B, state; this has been confirmed by ab initio electron
propagator calculations by Ortiz [79].

Torring et al. [83] proposed another model to describe the electronic structure
of the alkaline earth monohalides. Their ionic model allows for a displacement of
the unpaired valence electron in order to take into account the polarization of this
electron away from the ligand. The paper by Mestdagh et al. [82] states that the
Torring et al. model is more flexible than the model of Rice et al. when dealing
with polyatomic ligands such as OH~. They extended the Térring et al. model
to calculate dipole moments, bond dissociation energies and the location of excited

electronic states for CaOH, SrOH and BaOH [82]. Their calculations of dipole
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moments are in very good agreement with the ground state experimental dipole
moments (for CaOH and SrOH [84]) which were not available to them at the time
of publication. A natural extension of that work would be to carry out similar

calculations for nonlinear ligands such as NH3.

1.4 Chemistry Of Alkaline Earth Reactions

The chemistry and photochemistry of alkaline earth reactions were recently re-
viewed by Bernath [80]. The main aspects of the reaction mechanisms will be sum-
marized here. Unlike the reactions of alkaline earth atoms in aqueous solutions,
which can be vigorous and liberate substantial amounts of heat, the corresponding

gas phase reactions are highly endothermic. The elementary reaction,
Ca(g) + H,0O(g) — CaOH(g) + H (g) (1.1)

is endothermic by 27 kcal/mol, yet the CaOH molecule is generated in a Broida
oven. The thermal energy available from vaporization is certainly not enough to
overcome this reaction barrier. In fact, chemiluminescence from the excited elec-
tronic states of CaOH is observed, suggesting that CaOH is formed in its excited
electronic states. It is also found that increasing the pressure inside the oven from
1 torr to about 10 torr increases the intensity of chemiluminescent emission. This

suggests a mechanism that involves a third (inert) body in the rate controlling step.
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There have been two possible mechanisms proposed [51]:

Ca + H,O
HCaOH + Ca
CaH +H,0O

Al HCaOH
— CaH + CaCH

— CaOH + H2

Ca + H,O

or the mechanism :

Ca + H,O
HCaOH + H,0

Ca(OH),+ Ca

— CaOH +§L‘H2

2% HCaOH
— Ca(OH),+ H,

— 2CaOH

Ca + H,O

— CaOH +%H2

[t is still not clear which mechanism is appropriate and under what conditions.

Reactions of Ca and Sr with the monocarboxylates [54] do form CaH or SrH which

are observed in the spectrum, but reactions with alcohols [51] do not. Both mech-

anisms have the insertion of Ca in the OH bond of H,O as the rate controlling

step but the HCaOH molecule cannot be detected by conventional spectroscopic

methods. It can be presumed that nonlinear derivatives such as CaNH; or CaCp

involve insertion of Ca into the N~H or C-H bond but dynamical studies of these

reactions have not been carried out. The dynamics of a few reactions of H,O and

ROH with alkaline earths have been studied and they show that the reactivity is

strongly dependent on the electronic state of the alkaline earth atom [85-87] and
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also on the size of the reacting species (88-90] . For example, ground state Ba atoms
react with HyO to give predominantly BaO product while ' D Ba atoms favor the
BaOH product, even though BaO is favored on energetic grounds [91]. There is
a great need for experimental work on the kinetics and dynamics of the reactions

before a good understanding of the reaction mechanisms can be achieved.



Table 1.1: Survey of the laboratory spectroscopic studies for the alkaline earth-
containing polyatomic molecules up to June 1997.

16

Molecule Method Band System Reference
CaOH and CaOD A X state [26,92]
B,C A-X (14,15,84,93]
B c-X [24,25]
B (OODR)!,D  high-lying states, D,E,F,G (27,28]
SrQH and ScrOD A X state [94]
B A-X (17|
B,C B-X (18,95]
Cc-X
BaOH B A-X (96}
MgOH and MgOD A X state [97]
CaNC A X state {98,99]
B.C A-X (60, 100]
SINC A X state {98]
2\ [gNC A X state [42,101]
25.26)\[gNC A X state {102}
MgCN A X state [44,103]
CaCCH A X’_sta.te [104)
B.C A-X [19-22,105]
SrCCH A X state {106]
MgCCH A X state [107)
C A-X [108]
SrNNN and CaNNN B.C A-X and B-X [57)
SINCO B A-X (58,109]
CaSH A X state (110
B A-X 159,111
C B-X [112]
SrSH
CaNHz B,C A-X [49,55,105,113]
B,C B-X f114,115]
B,C c-X (116,117]
SrNHa B {-X and B-X [118]
CaCHs B A-X [53,61,119)
SrCHj A X state [120]
MgCHg A X state (121]
C A-X (122}
CaBH, and SrBH4 B A-X B-X (63]
CaOCH3 B A-X [123}
CaCsHs B,.C A-X [52.65,67)
SrCsHs
MgCsHs, MgCs H4CHa, and MgC4H4N C A-X (68]
CaC4qH4N and SrC4H4N [55]

A-Milimeter or microwave spectroscopy.

B- Laser-induced flucrescence (LIF) in a Broida oven.
C- LIF in a2 molecular beam.

D- REMPI in a molecular beam.

1-Optical~optical double resonance.



Chapter 2

Experimental Considerations

The alkaline earth molecules, particularly MOH were first identified and studied
by emission in flames [32,124]. As a source, flames are ideal for the production
of alkaline earth hydroxides, but they suffer from extreme temperatures (~2000-
3000K) and high pressures {(~1 atm) which make high resolution spectroscopic
studies rather difficult. The important advance that led to the study of not only
the hydroxide molecules but also the amide species was made by Harris and co-
workers [14,16,49,116]. They used a Broida oven, which is a suitable apparatus for
vaporizing metals with low boiling points. Although high temperature versions of
the Broida oven are possible, it is typically used for metals which can be vaporized
at temperatures less than 1200°C. The Broida oven is therefore, a useful source to
make alkaline earth containing diatomic and small linear polyatomic molecules for
high resolution studies. In comparison to flames, the Broida oven is a relatively
cool (400-500 K), low pressure (<10 torr) source of free radicals. Species can be

produced by a suitable reaction of the metal atom with an oxidant molecule. This

17
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reaction can produce fairly high concentrations of radicals (~ 10'® molecules/cm?)
which makes it possible to study them via chemiluminescent emission or by laser-
induced fluorescence (LIF) techniques.

Spectral congestion and line broadening mechanisms play an important role in
limiting the amount of information that can be derived from a spectrum of nonlin-
ear polyatomic species synthesized in a Broida oven. This occurs because the metal
atoms have to be thermally vaporized. For example, in order to obtain a 1 mtorr
vapor pressure of calcium metal, the oven must be heated to 1000°C [125] before
sufficient Ca atoms are present to yield the molecule of interest. Although the va-
porized metal atoms are entrained in a flow of a room temperature inert bath gas
(2-10 torr of Ar or He), the translational and internal temperature of the molecule
can be quite high (400-500 K). Since large molecules have small rotational constants
(< 0.1 cm™1), a very large number of rotational quantum states can be populated
at room temperature. This results in an enormous number of individual rotational
lines present in a spectrum, leading to congestion. Another source of complexity
arises from excited vibrational states. The vibrational degrees of freedom increase
with the number of atoms in a molecule and this leads to the population of low
frequency vibrational modes. Finally, spectral congestion can arise from Doppler
and pressure broadening of rotational lines and collision-induced redistribution of
excited state populations to produce non-resonant transitions. All of these mecha-
nisms readily occur in the multiple collision environment of a Broida oven chamber.
The combination of these factors cause the rotational structure to be washed out

into broad features which give little information about molecular structure. The
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complexity of the spectra can be avoided if the molecules were produced in an “ul-
tracold”, collision—free environment. The key requirements are that the product
molecules remain in the gas phase with a density high enough to allow detection.
The technique of supersonic molecular beam spectroscopy is the method of choice

to meet these requirements.

2.1 Supersonic Free Jet Expansions

The typical way to cool a gas phase sample would be to use a cryogenic refrigerant
such as liquid N, or He. As the gas of interest cools, it will most likely condense so
this method is perhaps only useful for the study of molecules in the condensed phase.
The ability to study isolated gas phase molecules, free of solvent or matrix effects,
requires a free jet expansion. In the free jet, molecular rotations and vibrations are
cooled to temperatures far below the freezing point with only a negligible amount
of condensation. This takes place because the typical number of binary collisions a
molecule experiences during the expansion is approximately 10% to 10* [126], most
of which occur in the early stages of the expansion. Condensation is a n-body
process (n>3) and will therefore be an extremely slow process during the course of
an expansion [127,128].

A free jet is formed when gas molecules in a reservoir, kept at a high (> 1 atm)
or ambient pressure, are allowed to expand through a small orifice into a region
of low pressure. The gas flow is adiabatic and isentropic in the absence of viscous
effects, heat transfer or shock waves caused by the background gas. The initially

random thermal motion in the reservoir is converted to a directed forward motion
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dependent on the pressure gradient between the reservoir and the expansion region.
Since the gas will expand radially from the nozzle, the molecular density decreases
as 1/z? as the molecules move downstream from the source. The mean free path of
a gaseous molecule in the expansion will eventually become >100 times the size of
a typical molecule, so that collisions will be infrequent events when the molecules
have traveled a short distance past the expansion nozzle.

The small number of collisions at relatively early stages of the expansion does not
allow significant condensation, but rotational, vibrational, and translational cooling
will readily take place. Translational cooling in a jet expansion does not result in
a reduction in the average velocity of a gas, but corresponds to a narrowing of the
velocity distribution. In fact the most probable velocity of a gas undergoing free
jet expansion, termed the terminal velocity, is slightly higher than the r.m.s. speed
of the same gas behind the nozzle before expansion (e.g. vrms = 1.37 x 10° m/s,
UTerminal = 1.77 X 10% m/s for He at 300 K). The width of the velocity distribution is
an important quantity because this gives a direct measure of the local translational
temperature.

The molecules behind the nozzle move at many different velocities and in ran-
dom directions. Since there is no preferred direction of motion the most probable
velocity is zero for a static gas. The distribution of velocities is centered around
this most probable velocity. The local temperature of the gas is reduced when most
of the molecules move at velocities similar to the most probable velocity. Molecules
with low energies have velocities close to zero, while at higher energies, molecules

have higher velocities. Thus, as the temperature increases, the velocity distribution
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becomes wider. In an expansion, the most probable velocity is non-zero, but most
molecules move at velocities very close to the most probable velocity. At an early
stage of an expansion, the pressure is relatively high. The molecules collide with
each other allowing equilibration of the velocity components (transverse and longi-
tudinal) along with the other degrees of freedom of the molecule. The temperature
of the gas is lowered as additional molecules travel at approximately the same ve-
locity as the most probable velocity. Since the gas molecules in the expansion travel
in a uniform direction, the energy of collisions between molecules will eventually
become relatively small even though their flow velocity can be large.

It has been shown that the translational temperature of an adiabatic isentropic
expansion is given by [126,127)] :

T

1
Sl ¢ F0 TV = —(~ — 1)M2 2,
T W where W =1+ 2(f 1)M (2.1)

Here, v = C,/Cy = 5/3 for a monatomic gas, M is the Mach number, which
is the ratio of the flow velocity divided by the local speed of sound. The other
thermodynamic properties that can be calculated for an expansion are :

P _ /(=) P _ ‘,V—l/("/—l)’ (

Po Po

(8]
(&)
~—

where, p is the pressure after expansion, p, is the static pressure behind the nozzle,
and p, and p are the densities of the gas before and after expansion, respectively.
Free jet expansions are frequently characterized in terms of their Mach number.

An expansion is referred to as supersonic not because of a high flow velocity but
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because the local speed of sound has been reduced. This is because the local speed

of sound is proportional to the square root of the translational temperature and is

Us = 1/ ﬂ, (2.3)
m

where R is the gas constant (8.314 J/K mol), T is the temperature in Kelvin and

given by [126,127] :

m is the molecular mass in kg/mol. The flow velocity remains essentially constant
during an expansion, while the translational temperature dramatically decreases
because the velocity distribution is narrowed. The flow quickly becomes supersonic
(M>1). It should be noted that M reaches a finite terminal value because the
ultimate flow velocity is limited by the initial kinetic energy of the gas prior to

expansion :
CpTa
m

vr = and Mg = 133(p,D)"/7" 1), (2.4)

Again, po{atm) and T,(K) are the initial pressure and temperature of the gas before
expansion and D is the nozzle diameter (cm), vt and Mt are the terminal velocity
and terminal Mach number. Thus, real expansions never reach the theoretical limit
of infinitely narrow flow velocity distribution and zero translational temperature.
Typical expansions of monatomic gases can reach very low translational temper-
atures. Calculations for a hypothetical expansion of He are shown in Table 2.1.
The translational temperature and density decreases fairly rapidly for the first 5
nozzle diameters where the majority of collisions occur. In this distance, the mean
velocity rises to within 98% of the terminal velocity. There is rough confirmation
of these calculations in the published literature [129] and also in the work reported

here, since the rotational temperatures approach within an order of magnitude for
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Table 2.1: Thermodynamic properties of a free jet expansion measured in units
of (x/D), the nozzle diameter. The various quantities were calculated for He gas
assumed to have an initial temperature of 300 K and pressure of 10 atm, D for the
calculations was 1 mm. The mean free path was calculated assuming a collisional
cross-section of 50 A2. The last line in the table corresponds to the terminal Mach
number from equation (2.4).

Distance Mach Velocity T Pressure Density mean free path
(x/D) # (m/s) (K) (torr) (molecules/cm™3) (mm)
1 3.3 1551.4 66.04  172.81 2.78x10% 5.09%x107°
5 9.5 1728.5  9.59 1.39 1.54x 108 9.20x10~*
10 15.1 1745.4  3.88 0.14 3.96x 107 3.57x1073
20 24.0 1752.3 1.55 1.46x107? 1.00x10Y7 1.41x10°2
30 31.5 1754.2 091 3.81x1073 4.46x10'6 3.17x1072
40 38.1 1755.0 0.62 1.46x1073 2.51x1016 5.63x1072
30 443 17554 046 6.96%x10~* 1.61x 10! 8.78x107?
100 70.2  1756.3 0.18 6.92x107° 4.03x 1012 3.51x107!
150 92.0 1736.5 0.11 1.79x107° 1.79x 10 7.89x107!
200 111.5 1756.6 0.07 6.87x10°6 1.01x 10! 1.40
250 129.4 1756.7 0.05 3.27x10°° 6.45x 10 2.19
260.6 133.0 1756.7 0.05 2.85x10°° 5.94x 10" 2.38

the calculated translational temperature of Table 2.1 at 150 nozzle diameters.

[t can be seen that the internal degrees of freedom of the molecule should readily

approach these characteristic low translational temperatures, especially for seeded
expansions of a molecular species in He (or other inert gases). This is because a
seeded expansion typically has low concentrations of a molecular species, so that
most of the collisions a molecule experiences will be with the carrier gas. The rota-
tional and vibrational cooling will take place primarily in the early portion of the
expansion where most of the intermolecular collisions take place. This cooling is
determined by the kinetics and not by the thermodynamics of the expansion. The

internal energy of the molecule will quickly redistribute within the first few nozzle
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diameters from the source. After an initial relaxation, the molecule will “freeze”
into a non-equilibrium distribution. This is because the gas density decreases very
rapidly away from the nozzle and collisions become infrequent. The rotational
temperature will approach the translation temperature because only a moderate
number of collisions (10-100) are required to cool rotational motion [126]. This is
largely a function of the magnitude of the rotational constant (B) of a molecule.
Molecules with small rotational constants require fewer collisions to cool their pop-
ulations making this a very fast process in an expansion. Vibrational tempera-
tures, on the other hand, will be significantly higher because vibrational spacings
are ~1000 times larger than rotational spacings which makes vibrational cooling a
slower process then rotational cooling. Therefore, rotational temperatures of the
order of 0.5 K can easily be achieved [130] but vibrational temperatures can typi-
cally range from 10-200 K depending on the vibrational frequencies. Condensation
is the slowest process of all because, unlike rotational and vibrational cooling which
only require energy exchanges between two bodies, condensation requires a mini-
mum of two bodies to stick together. A third body is then required to remove the
excess energy released in the formation of this bond. With the rapidly decreasing
molecular density in an expansion, a third body colliding during the time of a two—
body collision is highly unlikely. The molecules are therefore cooled far below their
freezing point without condensation and, in effect, the molecules are supercooled.
The above discussion is appropriate for continuous beams but most researchers
use pulsed molecular beam sources to reduce pumping requirements. Saengar and

Fenn [131] used a simple model from gas dynamics and an idealized pulsed valve to
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estimate the time required for a gas to reach steady—state flow of a molecular beam.
They calculated minimum valve-open times for Ar, He and N, gases at pressures
ranging from 200 to 2000 torr. It was found that valve-open times of the order
of 1-5 us were required for the gas flow to reach steady-state conditions. In the
experiments reported here, the pulsed valve typically remains open for on the order

of 100 us.

2.2 Laser Vaporization and Radical Production

There have been several excellent reviews on the molecular beam spectroscopy of
transient molecules in recent years [132-137]. The traditional method of studying
metal-containing molecules in molecular beams was by using a high temperature
oven to vaporize metals which were subsequently expanded with inert gases. This
method was useful to study homogeneous metal clusters [138]. Techniques which
generate more interesting metal-containing radicals relied on forming them prior to
expansion in a molecular beam. These species proved difficult to synthesize because
they are very reactive and short-lived and usually do not survive the high pressure
(source) region of a molecular beam.

The use of a laser to vaporize metals was implemented shortly after the invention
of the laser. The plasma emission of ablated metals was studied and researchers
found sharp emissions lines in the UV and XUV which were attributable to highly
excited and highly ionized atoms [139]. Lasers can have very short pulsewidths
(few ns or less) that result in high power densities (108-10° W/cm?). At these

laser intensities, all metals, regardless of their physical properties can be vaporized.
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A large portion of the laser radiation is absorbed by the metal so even refractory
metals (Al, Pt [140], Ni [141], W, etc...) can be vaporized by this method [138]. A
typical laser pulse will eject between 10'3-10'7 atoms which are formed predomi-
nantly in their excited states. For metals such as Ca and Mg, approximately 10%
of the atoms can be singly ionized [134] leading to chemical reactions producing
novel ionic radicals containing metals [132].

An important development in the spectroscopic studies of free radicals was the
discovery that chemical synthesis can be achieved with laser vaporized atoms. For
example, Schaeffer et al. [142] showed that laser-vaporized carbon, expanded with
H, gas, produced acetylene, while vaporized boron produced BCl; in a reaction
with HCl. These molecules are not free radicals but the experiments showed that
chemical reactions of laser-vaporized species was feasible. Further developments in
this field included the study of heterogeneous metal clusters [138,143] and the study
of organic free radicals through laser photolysis of an organic precursor [144]. The
combination of these two methods opened a new area of study, the spectroscopy of
organometallic free radicals [128]. This was an accidental discovery by the Smalley
group, when the spectroscopy of small clusters of aluminum was being investigated.
They were able to synthesize Al;—acetone (x=1,2,...) and Al;-acetyl complexes
[143], where the acetone was present as a minor impurity in the helium seed gas.
This was a breakthrough experiment because it combined the techniques of pulsed
molecular beams, laser ablation of a metal, and detection via laser photoionization
time—of-flight mass spectrometry (TOFMS). This work has now made the Smalley

source ubiquitous in spectroscopic studies of metal-containing free radicals and



unstable molecules.

The spectroscopy of the alkaline—earth containing free radicals was first carried
out by Whitham and co-workers [105,115]. In an interesting series of experiments,
they studied reactions of laser vaporized calcium with H,O, HCCH, CH3CN and
NH;. They generated the CaOH, CaCCH, CaNC and CaNH, molecules using
a Smalley source, with laser-induced fluorescence (LIF') detection. Partially re-
solved rotational spectra were recorded of the A-X and B-X transitions of these
molecules. The spectra were only partially resolved because the pulsed dye laser
had a line width of ~0.15 cm™! and the molecules were relatively hot because
they were interrogated only 1 cm downstream from the nozzle. Simulations of the
spectra were performed using previously published constants, and it was found the
rotational temperature of CaOH was 100 K for an expansion in He and 15 K for
an Ar expansion.

High resolution molecular beam studies were later completed by Steimle and
co-workers [84] with a rotational temperature of < 10 K. They combined a tunable
single-mode cw laser (1 MHz linewidth) with a pulsed molecular beam. The signal-
to-noise ratio in these experiments is lower than in the equivalent experiment using
a pulsed laser because of the mismatch in the duty cycle of the pulsed source and
the cw laser. Most of the photons of the cw laser are wasted since the interrogation
time for molecular fluorescence is on the order of 20-40 us. This method is perhaps
the simplest way to carry out high resolution studies, and it has proven to be an
effective method for recording the spectra of the electronic transitions of alkaline

earth derivatives (see Table 1.1). Miller and co~workers have used another approach
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by using a pulsed probe laser that has a near Fourier-transform limited line width

(~200 MHz) obtained by pulse amplifying the light from a single-mode cw laser.

2.3 Experimental Setup

The experimental setup is a combination of a laser ablation source with a free jet
supersonic molecular beam expansion. The apparatus consists of a dual compart-
ment differentially pumped chamber. The source compartment is pumped by a 10”
diffusion pump (250/2000 Edwards) while the detection compartment is pumped by
a 4”7 (100/300 Edwards) diffusion pump. The experimental arrangement is shown
in Fig. 2.1.

The supersonic molecular beam is produced with a commercial (General Valve)
solenoid-type pulsed valve with a 1 mm nozzle diameter. Connected to the valveisa
stainless steel holder which accepts a metal rod of up to 8 mm in diameter (Fig. 2.2).
The metal rod is vaporized by the fundamental (1.064 pm) or the second harmonic
(532 nm) of a pulsed (10 Hz) Nd:YAG laser. The rod is continuously rotated and
vertically translated during the experiment allowing the laser to interrogate a fresh
surface of the rod with each pulse. This is done to improve the shot—to-shot stability
in the metal atom density by preventing the Nd:YAG laser from drilling a hole into
the rod. The ablation laser is focused through a 1 mm hole of the stainless steel
holder which is at the center of a 10x1 mm expansion channel. The channel is the
region in which the vaporized metal atoms react with oxidant gas molecules. This
gas is premixed on the high pressure side of the pulsed valve and typically consists

of 5-10% of the precursor in an inert gas (Ar or He). After the ensuing reaction
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Figure 2.1: Block diagram of the experimental setup for the molecular beam appa-
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occurs in the channel, the product molecules subsequently expand into the detection
chamber. The molecular fluorescence signal is detected ~15 cm downstream from
the point of ablation. This is achieved by crossing a probe laser perpendicular
to the propagation of the molecular beam and monitoring the LIF. The LIF is
collected in a mutually orthogonal axis to the laser and the molecular beam by a
combination of two short focal length lenses separated by a 5 mm aperture. The
aperture acts as a spatial filter which reduces Doppler broadening by imaging a
small fraction of the molecular beam onto the cathode of a photomultiplier tube
(PMT). Optical filtering is carried out using a narrow bandpass filter (10 nm) to
suppress noise caused by plasma emission and scattered laser light. The probe laser
for these experiments is a c¢w argon ion (Coherent Innova 200) pumped ring dyve
laser (Coherent Autoscan 699-29). The laser is continuously tunable over the entire
range of a dyve (580-620 nm for R6G dye) with a 1 MHz linewidth in single-mode
operation.

The timing of the experiment is hardware and software controlled by a 386
personal computer. A trigger pulse generated by an A/D interface card in the PC
is sent to a home-built trigger control box. The control box sends a signal to a
pulsed valve driver which in turn sends a high voltage to the pulsed valve. The high
voltage pulse is generated 550 us after the initial trigger pulse from the control box.
The pulsed valve can remain open for a variable length of time (10-1000 us) but for
a typical experiment, the valve is open for ~100 pus. The Q-switch of a Nd:YAG
(Continuum Surelite) is fired approximately 30 us after the pulsed valve opens and

generates a 10 ns pulse of laser light. The laser ablates the metal from the surface
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of the rod forming a plasma which reacts with the gas pulse containing the oxidant
molecules. The molecular beam, which now consists of a small concentration of
radicals in an inert bath gas, expands through the channel into the detection region
where it is intersected by the probe laser. A boxcar integrator is used to gate the
fluorescent signal from the radicals as they pass through the detection volume of the
probe laser. The time window to observe the LIF is 20-40 us wide. The boxcar is
gated to begin integration of the LIF signal approximately 200 us after the ablation
laser pulse in an expansion with Ar or 80 us for a He expansion. The probe laser
can either be scanned continuously or in step-scan mode. In both cases, data points
are taken in 50 MHz frequency intervals (of the laser) at a sufficient rate to obtain
2-3 Nd:YAG laser shots per data point. Calibration of the probe laser is achieved
by picking off a small fraction of the beam and simultaneously recording the LIF
spectrum of I [145,146] in a static gas cell. The LIF spectrum from the molecular

beam apparatus and I is recorded digitally by the Coherent Autoscan software.
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Chapter 3

Molecular Hamiltonians

Molecular rotation is a very important aspect of high resolution spectroscopy. The
coupling of this motion with that of the electrons, and with the vibrations of the
nuclei gives rise to patterns (although very complex in some cases) in molecular
spectra. The theoretical understanding of these interactions via quantum mechanics
is necessary to interpret these signals from the microscopic world.

The different angular momenta in a molecule couple to give a resultant total
angular momentum J. J is the vector sum of the electron spin (S), electron or-
bital angular momentum (L) and molecular rotation angular momentum (R). For
diatomic and linear polyatomic molecules, Hund described five limiting cases, de-
noted case (a) through to case (e) {147]. Hund’s case (a) and case (b) are by far the
most important and commonly observed cases in diatomic and linear polyatomic
spectra. The difference between case (a) and case (b) is determined by the quantity
| 2—;3‘7 |, where A is the spin-orbit coupling constant and B is the rotational constant

of the molecule and J is the rotational angular momentum quantum number. If
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| 557 [> 1 but less than the separation between electronic states then Hund’s cou-
pling case (a) results. In this scheme, the electronic motion (L and S) is strongly
coupled to the internuclear axis. The projection of the spin angular momentum
(¥) and orbital angular momentum (A) on to the molecular axis is well defined,
even during molecular rotation. The sum of these two projections gives Q, where
2 = A+ X. The nuclear rotational angular momentum (R) couples with Qr to
form the resultant total angular momentum J, where J = R + Qr, and r is a unit
vector along the internuclear axis (Fig. 3.1). When the magnitude of | ﬁf [ is
small, the case (b) coupling case is appropriate. In this case, the electron spin (S)
is very weakly coupled to the internuclear axis. The orbital angular momentum L
couples with nuclear rotation R to give, N = R + L. which is the total angular
momentum excluding electron spin. Then, N and S couple to give J, the total
angular momentum. This coupling case is illustrated in fig. 3.2. Notice that as a
result of the J dependence in | ,_,B% |, it is possible to change from Hund's case (a)
at low J to Hund’s case (b) at high J. These limiting Hund’s cases were first used
to describe angular momentum coupling in diatomic and linear molecules, but in

some cases, they are also applicable to nonlinear polvatomic molecules.

3.1 Symmetric Top Molecules

Molecular rotation of polyatomic molecules can be described in two different coor-
dinate systems, the space—fixed coordinates X,Y,Z or the molecule-fixed coordinate
system X,y,z (or a,b,c see below). These two coordinate systems have the same ori-

gin and are connected by a unitary transformation matrix whose elements are the
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Figure 3.1: Hund’s case (a) coupling.



Figure 3.2: Hund’s case (b) coupling.
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direction cosines [1,148] :

X $zx Py Ozz X
Y Pyx  Oyy Oyz Y (3.1)
Zz ¢:X ¢:Y ¢zZ VA

where the elements of S are a 3x3 matrix of the direction cosines in vector

algebra :
( cos f cos @ cos x cos @ sin ¢ cos x ) \
—sinfcos g
—sin¢sin y +cos@dsin y
S=| —cosfcos¢siny —cosésindsiny ) (3.2)
sin @sin y

—sin¢cosy + cos @ cos x

\ sin 6 cos ¢ sinfsin ¢ cos f )

The 0.6, and x are the Euler angles which relate the space-fixed coordinates

(X,Y,Z) to the molecular coordinate system (z,y, z, see Fig. 3.3). The angular

momenta can be measured in the space—fixed frame or the molecular frame by the

relations :

~
J‘-
<

The total angular momenta

G, xJx + Ooydy + ozJ7 (3.3)
O xSy + Dy Jy + ByzJz (3.4)
.xJx + Py Jy + .2z (3.3)

J; (i = X,Y,Z) satisfy the usual commutatation
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X

Figure 3.3: The Euler angles 6, ¢ and x that relate the space-fixed coordinate
system (X,Y,Z) to the molecular coordinate system (z, ¥, z)-
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relationships :

[Jx, Jy] = ihJz, (3.6)

and the square of the total angular momentum commutes with its components :
(12, J] = 0. (3.7)

The only unusual commutation relationships occur in the molecule fixed coordinate

system :

(Je, d,] = —ihJ., (3.8)
[J,. J:] = —ihds, (3.9)
[Jo, Je] = —ihd,. (3.10)

These are called anomalous commutation relationships and they become impor-
tant when defining the raising and lowering operators in the molecular frame. The

space fixed raising and lowering operators, Js, give the usual result :

Je |[JKMY=hJJ+1)-MM£1): | JK M £ 1), (3.11)
while the molecule fixed operators, J=, give an anomalous result :

JENJKM) =h[J(J+1) - KK F1)]2 | JK F1 M). (3.12)

The anomalous commutation relationships in the molecular frame mean that Jt(=
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Je + ijy) is a lowering operator and J~ is a raising operator.

Let us consider the rigid rotation of a symmetric top molecule. A symmetric
top is defined as a molecule where two of the three principal moments of inertia are
equal. It is usual to choose the z-axis as the symmetry axis. The classical energy

expression for the rotational energy of a rigid body is given by :

1
Er = §(Izwg + Iyws + Lw?)

L2 S

where w is the angular velocity and J is the angular momentum, with J = ILw.
From the classical expression we can write the quantum mechanical version of the

rotational energy in the molecular frame :

. J? 1 1\
Hp= 2 + ( - )J?. 3.14
R org T \ar,  2rg)7¢ (3.14)
The expression here is appropriate for a prolate symmetric top, where with Ig = I,
A=ux, B =2 C =y. For an oblate symmetric top (/4 = Ig), the I, in eqn.
(3.14) should be replace by Ic. The rotational constants are defined as :
h? h? h?

A= P,

(3.15)

with 4 > B > C, the equal sign is appropriate for symmetric tops and the greater

than sign is for asymmetric tops. Clearly it can be seen that J2 , J, , J; all commute
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with Hg; thus, we can obtain a common set of eigenfunctions | JK M) where :

(JKM | J* | JKM) = J(J +1)A? (3.16)
(JEM | Jz | JKMY = Mh (3.17)
(JKM | J, | JKM) = Kh (3.18)

The quantity A’/ is the projection of the total angular momentum J on the molecu-
lar z—axis. The expression for the energy obtained from the rigid rotor Hamiltonian

Hgr becomes;

(JKEM |Hg | JK'M'Y = Erbsydxxr Sarar

where Er = BJ(J+1)+(A—- B)K?® (prolate top), (3.19)

= BJ(J+1)+(C ~ B)K? (oblate top), (3.20)

where 4, B, C are defined in eqn. (3.13). The energy level expression for the matrix
elements of Hg involve the square of the quantum number K (projection of J on
the molecular z-axis) and does not include M (projection of .J on the space fixed
axis). There are (2J + 1) possible values of K for every J, but since a projection
of a vector cannot be larger than the vector itself, K < J. A partial degeneracy
of the 2J + 1 rotational states still remains, since states with £ XK, corresponding
to clockwise or anticlockwise rotation about the molecular z—axis, have the same
energy for a symmetric top molecule. For example, for a rotational state with

J =1, there are a possible 2J +1 = 3 levels, and in the prolate (oblate) symmetric
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top limit, levels with K = +1 are degenerate while K = 0 has a different energy.
In an asymmetric top molecules, a three “K levels” are non-degenerate (Fig. 3.4).
In an asymmetric top molecule K is no longer well-defined quantum number but

remains a useful label.

K=2 ——
=2 =1 __%2,,\_____ =0
%21 k o
K0 —— %:; x-——— K=l ) J=2
(-] — K=
(K ——
= { K=0 = T k-0 } =1

\\
101 R Kﬁ=1

=0 K=0 0, K=0 J=0

prolate top oblate top

Figure 3.4: The correlation diagram of prolate and oblate symmetric top rotational
levels. The center of the figure shows the labeling appropriate for asymmetric top
levels.

3.2 Asymmetric Top Molecules

Asymmetric top molecules generally belong to Hund’s case (b). This is because the
orbital angular momentum in an asymmetric top is nearly quenched and is there-
fore not strongly coupled to the rotational axes of the molecule. Since asymmetric
top molecules have three different moments of inertia, their energy levels are com-

plicated functions of the three rotational constants. The effective Hamiltonian is
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made up of the following terms :
Heﬁ = [:IR + I:ICD + I:ISR. (3.21)

Hg is the pure rotational Hamiltonian, Hep is the centrifugal corrections to the
rotational Hamiltonian and Hsg is the spin-rotational Hamiltonian.

The pure rotation Hamiltonian for an asymmetric rotor is :
He = AJ? + BJ} + CJ2, (3.22)

where the molecule fixed coordinates are designated (a,b,c) rather than (z,y, 2}
by following the convention of the rotational constants, 4 > B > C. A simple
analytical form for the eigenfunctions for Hg is not pcssible, but rearranging the
eqn. (3.22) in terms of J?, can make the evaluation of matrix elements simpler. The
Hamiltonian appropriate for a near prolate (A > B ~ C) asymmetric top becomes:

Hp = -(B+C)J? + (A - %(B + C)) J?+ -i—(B - C)J2 = J?). (3.23)

N

The first two terms of eqn. (3.23) give diagonal matrix elements and the last term
gives rise to matrix elements of the form AK = £2, see eqn. (3.27).

Centrifugal distortion corrections to the rotation energy of an asymmetric top
have been derived in a classic paper by Watson [149]. In this procedure, the Hamil-
tonian is transformed into a form that removes redundant constants that cannot
be experimentally determined. There are two convenient choices for the trans-

formed effective Hamiltonian, [1} symmetric (S) reduction, and [2] asymmetric (A)
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reduction. The basic difference between the S— and A-reduced Hamiltonians’ is
that matrix elements with AK = +4 are not present in the A-reduction [150].
They both, however, have matrix elements with AK = 0,%2. The more general
S-reduced form is applicable to any molecule including asymmetric tops, regardless
of the extent of asymmetry. Although the A-reduction diverges in the symmetric
top limit, it is easier to use since the A-reduced Hamiltonian contains fewer off-
diagonal matrix elements. The most general lowest order expression (quartic) for

centrifugal distortion is :

1 .
Hep = ZZZZ > TaprsJadsdaJs. (3.24)
s 8 7 3

where the centrifugal distortion constants 7,34 are complicated functions of the
force constants and the components of the moment of inertia tensor (see refs. [149,
151]). The @, 8, v, and § are summation indices, which can have the labels a. b or c.
It was shown by Watson that only 21 constants of the type 7,4,s are independent,
three of each of the types Taaca: Taegsd: Tedas. and six of the 7,qas tvpe. For
molecules of orthorhombic symmetry (Daa, D2, Cay, and Cyy ), there are nonzero
matrix elements for only the first three types. Secondly, a simplification can be
made whereby terms of the type 7,3, can be absorbed into the 7,,45 terms using
the commutation relations of eqns. (3.8)-(3.10). The centrifugal Hamiltonian, Hep,

can be simplified to give :

- 1 25 2 -
flon = 1 505" thaps 273 (3.25)
a j
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where 7., 45 = Taass+2Tegas(a # ) and 7}, ,0 = Tacee- Eqn. (3.25) has 6 constants
but Watson [149] showed that only five of the constants can be experimentally
determined from the spectrum. Unitary transformations of eqn. (3.25) were made to
remove the redundant constants to give either the S—reduction or the A-reduction.
The Hamiltonian expression that is applicable for a near prolate symmetric top

becomes :

Hep = —Agd! = A JHJ? = J2) — ApJ4 26,202 - J?)

- 2[5 = )+ (Jg - I2)JY (3.26)

where the A’s are centrifugal corrections due to rotation about the a—axis and the
d’s are corrections for rotation about the - and c-axes. Evaluating the matrix

elements for I:IR + HCD gives [151,152] :

(JK | B [ JK) = AK?+2(B+C)J(J +1) ~ KY

A K = AjJ(J+1)K? = AT (T +1)2 (3.27)

(JK|Hy+Hep | JK £2) = [%(B-C)—JJJ(J+1)—ééK(Kz-}-(Ki—‘_))?]

15—

x(J(J+1) — (K£D)PJJ+1) - (K £1)(K £2)]F (3.28)

The quantum numbers J and K are the total angular momentum excluding spin

and its projection onto the a-axis, respectively.
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3.3 Spin—Rotation Interactions

Nonlinear molecules in multiplet electronic states can have an interaction between
the electron spin angular momentum and rotational angular momentum, called the
spin-rotation interaction. The basic theory of these interactions was first consid-
ered by Van Vleck [153], where he derived an effective Hamiltonian that considered
mixing of electronic states caused by a spin-orbit coupling and Coriolis terms in
the rotational Hamiltonian. There are two major contributions to these interac-
tions, a direct magnetic coupling between the the electronic spin and molecular
rotation, and a second order spin-orbit coupling between the electron spin and the
unquenched angular momentum of the unpaired electrons [154]. It has been shown
(Curl [155], Dixon [136]) that the major contribution to the spin—rotation constants
is through the second-order spin-orbit interaction. This can be derived if we re-
cast the rotational Hamiltonian of an asymmetric top in terms of R, the rotational
angular momentum, where R=N- ﬁ, N is the total angular momentum exclusive
of spin, and L is the orbital angular momentum. With the inclusion of spin-orbit

coupling the rotation of a rigid polyatomic molecule becomes :

H=AN, ~L)?+ BN, = Ly)2 + C(N, = L)? + 3 7 - §;. (3.29)

J
The (a,b,c) are the principal axes in the molecular frame, 7; is the spin orbit
coupling operator for electron j, 3; is the electron spin operator and the sum j
is over all electrons in the system. From eqn. (3.29) we can see that the purely

rotational part of the Hamiltonian is :
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Heoe = AN2 + BN? + CN?, (3.30)

and the perturbation to strict rigid rotation arises from the cross terms between

between H,; ard H,, where;
Hy = —24N,L, — 2BN,L, —2CN.L., H, =3 #-5;. (3.31)
J

This form of the Hamiltonian is very difficult to use, since it involves a sum
of one—electron operators. In the Hund’s case (b) basis. §; does not commute
with N or f,, and a common set of eigenfunctions can not be found. A common
way to handle such problems is to use a Van Vleck transformation. It is basically
a version of perturbation theory that allows one to obtain an approximate block
diagonal effective Hamiltonian. When we perform a second-order treatment of this

interaction, we get :

2(nq | Hx | n){n | Hl | ng)

2
Eno _ En b (3’3"')

AE =Y

n#&ng

where the sum n is over all electronic states in the molecule. The Van Vleck trans-
formation also allows one to write an effective Hamiltonian for the spin-rotation

interaction :

. 1 .. .
H(SZE% = 2 Z eoB(NaSﬂ + SgNa), (3.33)
af

where the a and [ are summations over the molecule fixed coordinates (a, b, c). It

has been shown [155,156] that the second order contributions (spin-orbit) to the
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parameters €,5 were predominant over the first order (nuclear) contributions.
This effective Hamiltonian was used for asymmetric top molecules in doublet
states but for some cases it was found inadequate to fit the energy levels [157].
Brown and Sears [152] used the approach of Watson to derive the centrifugal dis-
tortion corrections to the spin rotation constants. From Van Vleck theory the

quartic spin-rotation Hamiltonian is written as :

- 1
H(Sql"{ = _.7' Z Nag~ys <.’VQIVglV—75,5 + SJIV»,JVQIVQ), (33-—1)
~ afdvyé

the n,.p46 are the centrifugal distortion parameters of the spin-rotation interaction,
analogous to T,5,5 parameters of centrifugal distortion. Using the procedure of
Watson, the A-reduced form of the Hamiltonian was derived by Brown and Sears,

giving :

- 1
HY = AYNP(V-S) + 524 (V2N.S. + N.S:N?) + Aj o N2(V - §) + A N3S.

1 y
+B(VE 4+ NPV 8) + 505 [(N2 + N2)NLS, + N.S.(V2 +N;)] (3.35)

The matrix elements for the asymmetric reduction and its centrifugal distortion

corrections for an asymmetric top molecule in a doublet electronic state are given

in Table 3.1.
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Table 3.1: Matrix elements of the spin-rotation interaction for a molecule in a
doublet state in the A-reduction [151,152].

(NKSJ | Hsg | NKSJ) = ~[[(NSJ)/2N(N + 1)[{€aaK? + (€t + €cc)
X[N(N +1) = K?}/2 + AF K + (A% + 05 ) KEN(N + 1) + AFNA(N +1)2)

(NK £1,5J | Hsp | NKSJ) = —[[(NSJ) (2K £1)/4N(N + 1)]
X[N(N +1) =~ K(K £ 1)]* (€qs + €6a)/2

(NK £2.SJ | Hsr | NKSJ) = ~[[(NSJ)/4N(N + D{[N(NV + 1) = K(K £1)]
X[N(N +1) — (K £ 1)(K £ 2)]2 (e — €cc)/2 + 205 N(N + 1) + 65[K2 + (K +2)]?}

(N —1,KSJ | Hsg | NKSJ) = —¢(NSJ)(K/2N)(N? = K?)3
X {(€aa — (€ab + €5a)/2) + ALK? + AR (N2}

(N =1 K+1,8J|Hsg | NKSJ) = —¢(NSJ)[(N + 2K + 1)/4N)]
X[(NFK)NFK —1)]2(ea + €6a)/2)

(N-1,K+£2,SJ | Hsg | NKSJ) = —[¢(NST)/ANJ(NFK) (N F K - )((NF K - 2)
X(NF K +1)2{£((ers — €cc)/2) + 05 [K(N £ K) + (K £2)(N £ K + 2)]}

C(NSJ)=N(N+1)+S(5+1)~ J(J+1) and ¢(NSJ) =[(N = J + )N +
J+S+1)(S+J~N+1)(N+J=S)/(2N +1)(2N — 1)]2. ¢(NSJ) is unity
for a doublet state (S=3). AK = +1 matrix elements vanish for molecules with
orthorhombic symmetry.



Chapter 4

The Spectroscopy of CalNH»

The first spectroscopic investigation of CaNH; was completed by Wormsbecher et
al. [49] using a Broida oven. They used a reaction of Ca vapor with hydrazine
(NaH,4) to generate CaNH,. Hydrazine was admitted into the reaction zone of a
Broida-oven through a leak valve, to give a total pressure of 1-3 torr inside the
chamber. There was weak chemiluminescence attributed to the reaction product
of Ca and hydrazine. The chemiluminescence was focused onto the slits of a 3/4
m monochromator and detected by a photomultiplier tube (PMT). Low resolution
chemiluminescent spectra were recorded to locate the positions of the electronic
transitions in the molecule. The motivation of the work was to determine if the
MNH; spectra had any similarities to the spectra of the isoelectronic diatomic
alkaline earth fluorides. This was a natural extension to nonlinear derivatives of
alkaline earths since electronic and structural similarities had just recently (in 1983)
been shown in the spectrum of CaOH [14] and SrOH [16]. The CaNH, spectra did

show a strong resemblance to the spectra of the isoelectronic CaF molecule. The
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first two transitions of CaNH, in the red were assigned as the A 2B,-X 24, and B
2B,-X 2A, transitions, while the yellow emission was assigned as the C 24,-X 24,
transition of a planar molecule with C,, symmetry. In a subsequent experiment,
they attempted to record high resolution spectra of the C—X transition [116]. It was
estimated from the chemiluminescent spectra that the rotational and vibrational
temperature of the CaNH, molecules was in the range of 500-700 K.

When high resolution laser experiments were carried out using a conventional
technique, measuring the total laser excitation signal, rotational structure was not
observed in the spectrum. They did, however, observe a weak fluorescence on
a strong background signal. This indicated that the C-X electronic transition
was severely congested and conventional laser spectroscopic techniques would not
provide rotationally-resolved spectra. To partially overcome of this problem, they
used the technique of laser excitation with narrowband fluorescence detection [158,
159], a technique which can aid in the assignment of a complicated spectrum. In
this method, a monochromator functions as a narrow bandpass filter to detect only
part of the fluorescence spectrum of the molecule. Spectral complexity is greatly
reduced in this way because the monochromator can filter out some or most of
the non-resonant fluorescent signal, which is the most likely cause of the strong
background. The spectrum is simplified because only those lines which fluoresce
in the narrow spectral window monitored by the monochromator appear in the
laser excitation scan. This technique cannot, however, remove Doppler broadening
and is rather a tedious procedure for molecules with congested spectra. A partial

analysis of the K,=1 sub-band for the 09 transition of the C 24,-X 24, system
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was carried out [116]. High rotational temperatures precluded them from assigning
any low J transitions or the K,=0 sub-band. Our measurements on cold CaNH,
molecules are not completely consistent with their reported line positions. This is
in part due to their large spectral linewidths which were on the order of 0.05 cm™!,
and also because our data contains only low J rotational lines. In the jet-cooled
spectra reported in this work, the typical linewidth obtained are on the order of
150-200 MHz (~0.007 cm™!). Although it is possible that they recorded the K =1
sub-band, the uncertainty in their line positions (+ 0.02 cm™!) was too large to
aid in the assignment of the cold spectrum.

Whitham et al. [115] were the first to use a laser ablation/molecular beam
spectrometer to produce CaNH,. Again, these studies were limited in resolution
(0.15 cm™!), but this time by the probe laser. As a consequence, they were only
able to perform a partial rotational analysis of the 03 bands of the A 2B,-X 24,
and B 2B;-X24, systems. Simulated intensities of their rotational lines implied a
rotational temperature of 180 K for a helium expansion.

Marr et al. [113] were the first to analyze the high resolution spectra of CaNH,.
They recorded the 00 band of the A2B,~X2A, system, from which they derived
the molecular constants for the ground and excited states. Using optical/Stark
spectroscopy, they also measured dipole moments for the A and X states. The 03
band of the B 2B,-X24, system was analyzed by Zhao et al. [114], and we report
here a high resolution analysis of the 0J band of the C 24,-X 24, system. CaNH,
is the first nonlinear alkaline earth derivative where all four of the (X,4,B.C) low-

lying electronic states are characterized at high resolution, thus we shall discuss
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the application of the simple “pure precession” model to polyatomic systems of low

symmetry.

4.1 Observations

The approximate positions of the A2B,-X2A4,, B?B,-X2?4, and C24,-X24, band
origins were known from the low resolution work of Bopegedera et al. [55], and
the location of the C-.X system was also known from the work of Wormsbecher
et al. [116]. Preliminary experiments were performed using a Broida oven. These
experiments showed that the spectrum of the C-X system was extremely dense,
with many K,-rotational sub-bands and vibrational hot bands present (Fig. 4.1).
The spectra recorded in this way were found to be extremely difficult to analyze,
even when resolved fluorescence techniques were used, as shown in Fig 4.2.

A molecular beam experiment was carried out where the laser was scanned at

high resolution in the region from 17365 cm™! to 17395 cm™!.

Rotational struc-
ture of the spectrum was consistent with the parallel band structure of an a-type
transition. The electronic transitions of asymmetric tops are classified as a-type,
b—type or c-type, depending on the orientation of the transition dipole moment
with respect to the principal axes. The C24,—X?2A, transition is approximately
described as the promotion of an electron from a predominantly 4s orbital to a 4p.
orbital on Ca. This will correspond to an oscillating dipole moment lying along
the a—axis of the molecule, which for CaNH, is parallel to the Ca-N bond. Hence,

this type of transition is also called a parallel transition (a-type). The A-X and

B-X transitions are approximately the promotion of the 4s electron to 4p, and
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Figure 4.1: The overview spectrum of the C 2A1—X' 2 A, transition of CaNH,. This
spectrum was recorded using a Broida oven and monitoring the total fluorescence
of the B2B;-X2A4, system. Features such as band-heads or band-origins are not
visible because of the background signal caused by non-resonant fluorescence and
severe line congestion.
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Figure 4.2: The resolved fluorescence spectrum of a portion of the R~branch of
the C 24,-X 2A, transition of CaNH,. This spectrum was also recorded with a
Broida oven but only the resolved fluorescence was monitored. This was done by
placing the monochromator in the P-branch region of C 24,-X 24, transition.
The symbols denote lines belonging to a particular R-branch series, but matching
the corresponding P-branch lines was impossible due to spectral congestion.
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4p, orbitals, both of which are perpendicular to the Ca-N bond. These are called
perpendicular transitions.

The appearance in the spectra of parallel and perpendicular transitions are quite
different. Since the oscillating dipole moment for an a-type transition is parallel
to the a—axis, the projection of the total angular momentum (excluding spin), K,
cannot change upon excitation. This leads to the selection rules AK, = 0 and
AK,. = x1. Sub-bands within each electronic transition are denoted K| « K,
so for a parallel transition 0-0, 1-1, 2-2 etc... sub-bands are allowed. This is
analogous to diagonal vibronic transitions of diatomic molecules. Note that each
sub-band originating from a different K will have approximately the same origin.
The rotational contour of this transition will appear simple, or in other words it will
be a narrow transition. Perpendicular transitions (¢-type) have the AK, = *+1,
and AK, = 0 selection rules, giving 0-1, 1-0, 2-1, 1-2 etc. .. labelled sub-bands.
Thus, sub-bands originating with different K7 will have slightly different origins
and the rotational contour will be open, i.e. it will appear relatively broad when
compared to a parallel transition, see Fig 4.3.

The additional selection rules for a doublet a—type transition are, AJ = +1,
Fy > F,F; - Ffora K; =0+ K] =0sub-band, and fora K, =1« K/ =1
sub-band a Q-branch (AJ = 0) is also allowed. It is useful to introduce the label,
7, for the rotational energy levels (Jarman et al. [111]), where v = K, + K, ~ N,
so that v can take on the values, 0 or 1. Therefore, we have ¥/ =0« ¥" =0 fora
0-0 sub-band and both v =0+ 4" =0and v =1« 4" =1 for a 1-1 sub-band.

The allowed transitions of the 0-0 sub-band are depicted in Fig. 4.4. Each
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Figure 4.3: The comparison of the (a) parallel type and (b) perpendicular type
transitions. The rotational contour of a parallel transition is much narrower than

the contour of a perpendicular transition.



58

rotational level labelled N, k. is split into two fine structure levels by spin-rotation
interactions. They are labelled F,, for J=N+3, and F,, for J=N-1. Only P and R
branches are allowed for the 0-0 sub-band so the rotational spectrum is analogous to
a 25+—2T7 transition of a diatomic molecule. Figure 4.5 shows the corresponding
energy level diagram for a 1-1 sub-band. In this case each rotational level is split
into four components, first by spin-rotation interactions (F'; and F5) and secondly
by asymmetry doubling (v = 0 or 1), as indicated by a superscript. The 1-1 sub-
band resembles a Hund'’s case (b) 2II—case (b)?I1 transition of a diatomic molecule.

Figure 4.6 shows the overview of the C-X band system recorded both in Ar and
in He. The He spectrum has a slightly higher rotational temperature (T, = 13
K) than the Ar spectrum (T, = 6 K). Initially the Ar spectrum was used for data
analysis, but the F; component of the 1-1 sub-band was absent. Subsequently the
higher temperature He spectrum was used for the analysis. Rotational lines with
J values as high as 193 were assigned for the 0-0 sub-band and J=14; for the 1-1
sub-band. Some of the assigned transitions of the spectrum are shown in Fig. 4.7.
All of the allowed branches (4 for 0-0, 12 for 1-1) were observed in the spectrum,
however, it was found that the transitions involving the Fy» component of the 1-1
sub-band were very weak. The C-X band system is an a-type transition with the
AK, = 0 selection rule. The sub-bands of different K, will have approximately the
same origin, leading to a very congested spectrum. Fortunately, with the rotational
cooling in a molecular beam, only two K[ values had significant population (K, =
0,1). Because of nuclear spin statistics, the K, = 1 rotational levels (ortho) cannot

cool into the K, = 0 (para) levels. Compare the cold spectrum of Fig. 4.6 to the
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Figure 4.5: The allowed transition of the K = 1 «— K, = 1 sub-band of the C
2A4,-X %A, transition. Each transition is labelled by AJ} " pr (i = 1,2), see text for
details. Y
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high temperature spectrum of Fig. 4.2.

4.2 Results

The analysis of the C-X spectrum was partially aided by using a Loomis—-Wood
program to sort out the branches. Although this procedure [160] is useful in the
analysis of congested spectra of ' diatomic molecules, more care must be taken
with nonlinear molecules and non-'T diatomics. This is because the line spacing
of connected P and R-branches can be quite different. For CaNH,, a particular
P or R branch can be found rather easily, but connecting the P and R branches
was difficult (Fig. 4.2). With the help of the spectroscopic constants of Marr et
al. [113], ground state combination differences were used to connect the branches.
Once a single pair of branches of the X = 0 «+ K7 = 0 sub-band was assigned and
subsequently fitted with a nonlinear least squares program, the remaining branches
were then assigned by prediction. The same procedure was used to assign the lines
of the K =1 + K] =1 sub-band.

The data was fit using the effective rotational Hamiltonian (A-reduction) of
Watson [150] and the spin—rotation Hamiltonian of Brown et al. [152]. The effective

quadratic spin-rotation Hamiltonian is written as :
. 1 o s < -
Hoe = 52 €as(NaSs + SpNa), (4.1)
253

where o and (3 are the principal rotation axes, €3, Sg and N, are defined in § 3.3.
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Figure 4.6: An overview of the high resolution spectrum of the 03 vibronic band of
the C 2A;-X 24, transition (a) recorded in He and (b) in Ar.
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A total of nine spin rotation constants are possible, but for a molecule with or-
thorhombic (Cs,) symmetry, only three, €., €, and €., are nonzero. It will be
shown (see §4.3) that the predominant contribution to these constants is from
second~order spin-orbit interactions rather than true spin-rotation interactions.
The matrix elements used in the nonlinear least squares program were taken from
the literature (Watson [149], Hirota [151]). For the final fit the A2B,-X?2A, lines of
Marr et al. [113], the B2B,~ X?4, lines of Zhao et al. [114] were added to this data
set and a global fit of all the data was carried out. The rotational constants for the
X24,, A?B,, B2B,, C2A, states are reported in Table 4.1 and the line positions of

the C2C;— X24, system are listed in Appendix A.1.

4.3 Discussion: Pure Precession Model

The most interesting of the spectroscopic constants listed in Table 4.1 are the spin-
rotation constants (€,o). This is because we can use the simple pure precession
model to give a physical picture of the orbitals containing the unpaired electron.
CaNH, is the first of the alkaline earth polyatomic molecules for which all of the
low-lying electronic states are known, so a discussion of the pure precession model
is warranted. In this model we will assume that only pure p-type orbitals give rise
to the first three excited electronic states (Fig. 1.1) of CaNH,, while the ground
state has the unpaired electron in an s-type orbital.

It was shown by Dixon [156] that the second-order spin-orbit corrections to the
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spin-rotation constants of a doublet state are :

6‘(12‘2 = Z Z 4Bakj<¢0| fla l wn>(¢n I f]a,j I w0> ) (4-2)

The sum j is over all electrons, kj= +1 for promotion of an unpaired electron, k;=
-1 for promotion of an electron into a half-filled orbital or zero otherwise. The
B,’s in eqn. (4.2) are the rotational constants in the principal axis system (e.g.
B, = A, By = B, B, = C). The matrix element involving 7j,; can be written in
terms of the the one-electron orbital angular momentum operators, 7o, = (; E‘a'j,
where (; is the spin-orbit constant for the electron. In the pure precession limit,
we can neglect all electrons except the unpaired valence electron on Ca‘t. Thus,
the sum over j can be replaced with a single term involving Cgpéa, leaving the

second-order correction to the spin-rotation constants as :

622(1 = Z 4Ba(¢0 I ea ‘ wn><'¢)n | CSpga } 1//0) (4.3)
Es— Eg

n#0

A similar analysis as above can be done for the second-order correction to the

rotational constants (A, B,C). The result is :

4B3 (o | ba | ¥n)?
B® = = -RRAINY (4.4)
* % E§ - E3
[t will be shown below that the second—order correction to the A rotational constant
is significant while the corrections to B and C are negligible.
A second simplification that can be made is the unique perturber approxima-

tion. Here, we assume that each electronic state interacts solely with a dominant
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perturbing state [161]. Pairs of states interact if rotations of the molecule are taken
into consideration. The faster the molecule rotates about a particular principal
axis, the unpaired electron, localized in a particular p orbital mixes with the other
p orbital that is perpendicular to the rotation axis. For example, rotation about the
a-axis causes interactions between the B2B; (p;) and A2B, (py) states, rotation
about the c-axis causes interactions between the C24, (p.), and the B2B,; (p;)
states and finally, rotation about the b-axis leads to interactions of the C24, (p:)
and A?B, (p;) states.

To determine the second—order correction to €,, in the 42 B, state, the wavefunc-
tions for the two interacting states (B2B,, A2B,) and the integrals (B 2B, | {, | A
2B,), (A 2By | (spls | B 2B,) must to be evaluated. However, in the pure precession
limit we assume that each electronic state arises strictly from a pure p—type orbital.
In Table 4.2 , the correlation of the electronic state with the principal axis system,
and with the (z,y, z) coordinate system is shown. Table 4.3 shows the effect of the
one-electron orbital angular momentum operators on the three p-orbitals. Using
these results and eqn. (4.3) we can write the formula for the second order correction
t0 €qq Of the A2B, state :

4A{py |i: |pz}(pz I(31£-: Ipy)
Eg—-Ej;

(2) —
6!1(1 -
_ —4ACag 12
Ez-E;

—_ +4AA%° {3
EB'_EJ ) (4"3)

In the last step we replace (3, with A%, which is the spin-orbit splitting in the hypo-

thetical linear molecule. Clearly one can see that we get the negative of eqn. (4.5)
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for €4, of the B?B, state . Performing similar calculations we get e,(,g) = 0 for the

A2B, state, €2 = 0 for the C24, state and :

(2) _ 4BA30 6(2) — :t 4CA50

w =*fp 5 -5, (4.6)

In the above formulae the top sign corresponds to the lower energy electronic state
of the interacting pair of states. The second order correction to the .4 rotational
constant then becomes :

4A? -

A = ——— 4.
Eg~E; 0

One can see the close connection between the the above results and the perturbation
treatment of Whitham and Jungen [115]). They considered the rotation about the
a-axis as equivalent to an a-axis Coriolis interaction with an off-diagonal spin-orbit

coupling. The Hamiltonian for this interaction is :
Hine = A%LaS, — 24K, L, (4.8)

The a-axis of a (near) prolate symmetric top molecule plays the same role in quani-
tization as the internuclear axis of a diatomic molecule so they replaced the angular
momentum operators Ng, Lq, Sq by their corresponding quantum numbers K,, A
and £. The 2x2 energy matrix was then diagonalized for the interacting A and B
states, and solved for the correction of their energies to second order. The relevant

results from their analysis are :

4A2 A2 4A2AA%°
A=gpec 4 7" () o 4L 2R 4.9
E;-E; "B, (9
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The formula for €{2) is equivalent to the formula derived from the pure precession
limit, where we had already used the fact that A = 1 (A = the projection of the
electronic orbital angular momentum on the top axis) for a p-orbital. AP is the
rotational constant derived from fitting the line positions of the spectra, again the
top sign of eqn. (4.9) refers to the lower electronic state. This result also shows that
the observed value of the A®P*¢ rotational constant contains a large second order
contribution to the true A rotational constant.

On the basis of the molecular geometry, AA = AF* — A¥* should be small.
This is because the electron occupies either an in-plane or out-of-plane “non-
bonding” p-orbital. However, the fitted rotational constants are significantly dif-
ferent (A7 = 11.449 cm™" vs. A¥* = 14.366 cm™'), which would at first sight
imply a large change in geometry between the A and B states. Applying the second
order correction from eqn. (4.9), we find that the true rotational constant for the
A and B states is 12.907 cm™~!, which is very similar to the 47¢¢=12.951 cm™! for
the C state and to the AP*°=13.057 cm™! of the ground state. The second-order
482

corrections to the B (where B(?) = + A5
c B

) and C rotational constants are small
(~10~* em™!) compared to experimental uncertainty of these constants.

The approach given by Whitham and Jungen is specific to the the A and B
states and interactions about the a—axis. Our discussion here is more general, and
for an electron that possesses a well defined orbital angular momentum we can write

effective formulae for €, and e, :

200 + 1) BA®

i2€(£+ 1)C A®°
Es—-Ez °

e (410)

&= 4 =



69

where £ = 1 for p orbitals.

The comparison of the observed spin-rotation constants to their corresponding
pure precession values are shown in Table 4.4. All the values calculated from
the pure precession formula are in reasonable agreement with the observed spin-
rotation parameters in both magnitude and sign. The ¢,, parameter is extremely
well predicted for the A, B states, i.e. <10 % of the experimental value. Also,
the spin-rotation parameters in the ground state are predicted to be zero by pure
precession, since ¢ = 0 for an s-orbital. Experimentally, we find an extremely small
value for the constant %(be + €..). The ground state of CaNH, correlates with a
2y* (Fig. 1.1) state in a linear molecule like CaOH. The ground state spin-rotation
parameter, v, for a diatomic (or linear) alkaline earth molecule is expected to be
small. Since the constant, J(ex + €c), is equivalent to ~, the magnitude of 1(ew +
€cc) = 8.5 x 107 cm™! should be close to that of the isoelectronic CaOH molecule
(v" = 9.53 x 10~ cm™!) or the diatomic CaF molecule (v = 1.3 x 10~3cm™!). The
parameter €., is equivalent to the spin—orbit (A5°) constant of a diatomic (linear)
molecule is zero for a 2L+ state and this is what is observed for the ground state
of CaNH,.

The other spin-rotation parameters of Table 4.4 are in good qualitative agree-
ment with experiment, except for e,, of the C2A, state. This is most likely due
to mixing of the pure p-orbitals (assumed in our pure precession model) with d-
orbitals and vibronic interactions. The intermediate value of ¢,, for the C2A4, state
corresponds to a Hund’s case (b) coupling scheme while the significantly larger

€za Of 8 cm™! for the B and A states corresponds to Hund'’s case (a) coupling for
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K, # 0. Thus, the 1-0 sub-bands of the 4-X and B-X would resemble a case (a)
2[I->T* transition of a diatomic molecule while a 2-1 transition resembles a case
(a) 2A- case (b)2IT (eaq(X24,) = 0 = A59) of a diatomic molecule.

Finally, we have calculated values for the g-tensor from Curl’s formula [162] :

600

Joa = Je — ﬁ.v (4.11)

where g, is the electron g—factor. The predicted values are reported in Table 4.3.

4.3.1 Geometrical Parameters

The ry geometries have been calculated for all of the low-lying states of CaNH,.
Rotational constants are available for only one isotopomer (*°Ca!*NH,), so that
all three structural parameters rc.y, rvx and fgyy cannot be determined si-
multaneously for the planar CaNH,; molecule. The inertial defects are 0.16, 0.13,
1.43 and 0.01 amu A? for the X, A, B and C states, respectively. Thus, the rygy
bond distance was constrained to the value found in NH; [163] ryy = 1.041 Aor
NH, [164] Ty = 1.023 A. For the A and B states we used the true value of the 4
rotational constant to calculate I4. Fundamental constants and molecular masses
were taken from ref. [165]. In each case we calculated the geometry with (I4,/g) or
(I4,1c) pairs. Table 4.6 and 4.7 shows the results of the calculation, which are the
average of the moment of inertia pairs, and these are compared with r. ab initio
calculations [166] performed for CaNH,. The theoretical values are in reasonable

agreement with experiment.



4.4 Summary

The high resolution spectrum of the ¢ 24,-X 24, transition CaNH, has been
recorded in a laser ablation/molecular beam spectrometer. This molecule is the first
alkaline-earth polyatomic molecule for which all of the low-lying electronic states
have been analyzed at high resolution. We have derived some simple expressions
for the spin-rotation parameters using a simple one-electron model. This so called
pure precession model assumes that the first three electronic transitions of the
molecule are purely metal-centered (np « ns) in origin. This model does a good
job in predicting the observed spin-rotation parameters of CaNH,. [t would be
very interesting to see if the model works for similar molecules such as StNH, and

BaNH, and also with a molecule of lower symmetry such as CaSH.



Table 4.1: The spectroscopic constants for CaNH,, all constants are in cm™!.

X224, A?B, B?B, C24,
To—o 0 15464.367390(525) 15885.281096(869)  17375.166886(726)
A 13.057453(597) 11.448545(151) 14.36492(132) 12.951300(962)
LB+C) 0.2966573(126) 0.3031126(161) 0.301799(194) 0.3015174(165)
LB~C) 1.89167(435)x10~* 1.9584(310)x10~3  3.6947(535)x10~%  1.7737(112)x10~3
€aa 0 8.23690(128) -7.54163(158) 0.99870(657)

%(ebb + €cc)
%(Cbb - 6t:t:)
Ax

AN

Ok

A%

Ay

ARk

8.524(610)x 10—*

3.0532(180) x 102
-1.2619(151)x 102

-6.0652(327)x 102

2.05316(992) x 102
8.321(132)x 1073
-4.0843(274)x 102
-4.69(103)x 107
2.0053(462) x 1073
-1.632(132) %102
-6.629(121)x 102
5.857(133)x10™3

-3.91334(106) x 10~>
-3.29(189)x10~*

1.0895(274) x 10~

2.544(217)x 1073

Table 4.2: Correlation between principal axis system and molecular coordinates.

See fig. 1.2.
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Table 4.3: Effect of orbital angular momentum operators on the cartesian p-orbitals

x

ei:rpz =0 gyp: =‘7:pz €sz = ipy
li:py =1p, ziypy =0 f‘ng =-1pz
lp, =-ipy, lp, =1ip; Cp. =0




Table 4.4: The spin rotation parameters for CaNH,.

X24,; A’B, B%B, C24,
Observed 0 8.237 -7.542 0.999
€. Pure Precession 0 8.193 -8.193 0
Formula (! - PUIAAT A -
Observed 8.52x10~* 0.00530 0.0372 -0.0398
€, Pure Precession 0 0 0.0554 -0.0534
26(£+1)BAS?2 2¢(€+1)BASO
Formula - - +=3 Ec‘L.é ~T3Es,
Observed 8.52x 104 0.0538 0.00389 -0.0385
€. Pure Precession 0 0.0418 0 -0.0417
Formula - +___2___25(i\+é ;iso B ~ 2£(i\+!:“lc)-5:50

[1]-4%Y = 66.795 cm ™! spin-orbit constant of CaOH.

Table 4.5: Estimated g-tensor from Curl’s formula

X4, A’B, B°B;, C?4,
S 2.0023 1.6426 2.2648 1.9638
g 2.0009 1.9937 1.9421 2.0675
g. 2.0009 1.9091 1.9957 2.0669

Table 4.6: Geometrical Pir_a_rgeterg

X24, A?B, B?B;, C?4,
@uve  100.5° 101.3° 101.7° 101.1°

rvg (A 1.041

reany (A) 2118 2098 2.090 2.102

Oune  102.9° 103.8° 103.8° 103.5°
rve (2)2 1.025
reanv ()  2.140 2120 2125 2.125

[1]-Bond distance from NHjy ref. [163]
[2]-Bond distance from NH, ref. [164]



Table 4.7: Experimental and ab initio parameters for the X24, State.

DFT Expt.
Ounu 105.6° 100.5° 102.9°
rvr (A) 1.02 1.0412  1.0250™
rean (A) 2.13 2.118 2.140

Vibration DFT (cm~ Y Expt. (£ 10 cm™1)P

vg anti-symm. NH bend by 345 320
vy out-of-plane bend by 455 347
v3 Ca—N Stretch a, 544 520
vo svmm. NH bend ay 1586 -
vy symm. NH stretch a, 3448 -
vs anti-symm. NH stretch b, 3935 -

[1]-Ref. [166].
[2]-Fixed, see § 4.3.1.

[3]-From low resolution Broida oven experiment.



Chapter 5

Infrared Spectroscopy of

Transient Molecules

The infrared region has traditionally been a difficult portion of the electromagnetic
spectrum to work in, compared to the visible or microwave regions. An intrinsic
limitation of vibration-rotation spectroscopy is the relatively weak transition dipole
moments. Theyv are of the order of 0.1 debye, which is small when compared to
a typical electric dipole-allowed electronic transition. Since the relative intensity
of a transition depends on the square of the transition dipole moment, methods to
detect infrared signals from molecules therefore have to be very sensitive.

The most widely used instruments to date have been diode laser spectrometers
and Fourier transform spectrometers. Diode lasers can have high power outputs
(up to 50 mW) and narrow spectral linewidths (a few megahertz) which makes
them suitable for high resolution and high sensitivity spectroscopic studies. The

major drawback of diode lasers, however, is the sparse spectral coverage and the

75



76

tedious wavenumber calibration. Newer methods based on nonlinear optical tech-
niques, such as difference mixing of two near IR (or visible) lasers {167, 168] and
optical parametric oscillators are proving to be promising methods for infrared spec-
troscopy [169]. Fourier transform spectrometers are currently not as sensitive as
laser—based techniques for recording the spectra of transient molecules. A Fourier
transform spectrometer does, however, have inherent advantages over traditional
dispersive or grating instruments. Fourier transform (FT) instruments have wide
spectral coverage aver a continuous wavenumber range (this is the so-called Connes
advantage), and an internal wavenumber calibration.

The newer technique of infrared emission spectroscopy has made FT instruments
a more sensitive tool for recording the spectra of transient molecules. It is widely
known that techniques involving emission spectroscopy are superior in sensitivity
when compared to absorption methods in the visible and UV regions. This is due
to the possibility of performing essentially zero background measurements, while
absorption spectroscopy requires monitoring the difference of a “weak” absorption
in the presence of a bright and potentially noisy light source.

A major difficulty when recording the absorption spectra of transient molecules
is the accumulation of sufficient gas phase concentration of the molecular species.
For a low gas phase concentration, which is typical when recording spectra of tran-
sient species, it is rather difficult to observe an appreciable light absorption. An
excellent example which shows the sensitivity of emission methods over absorption
spectroscopy is the case of BaH [170]. In experiments performed under similar

conditions, the infrared absorption signal of BaH was imperceptible over the noise,
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while the emission spectrum could be recorded with a modestly high signal-to-
noise ratio (~20:1). Performing a thermodynamic equilibrium calculation for the
reaction, Ba(f) + %Hz(g) + BaH(g), it was estimated estimated that the partial
pressure of BaH was 35 mTorr inside a tube with a length of 80 cm. This work
demonstrated that there was at least a factor of 20 greater sensitivity in the emis-
sion measurement, all conditions being equal. Alternatively, in accordance with
Beer’s law, the only way to obtain an appreciable absorption signal would be to in-
crease the path length the radiation travels in order to achieve the equivalent signal
from an absorption experiment. Typically, one uses multiple reflection techniques
with a White-type cell [171,172] to obtain long path lengths. Thus, for free radical
or transient species, which have relatively low gas phase concentrations, emission
spectroscopy is perhaps the simplest method to record a molecular spectrum.
Some of the first observations of an infrared emission spectrum of a free radical
recorded with an FT instrument were reported for PH [173], and later for FO [174].
It had been believed that infrared emission would only be observable if an energetic
method to generate the molecules was employed. The PH molecules was made
in a microwave discharge while FO was produced in an exothermic reaction of
F radicals with ozone (O3). Therefore, it was surprising when the first thermal
infrared emission spectrum was reported by Uehara et al [175]. In this work,
GeS was heated to 900 K, where the vibration-rotation spectrum of the 1-0 to
3-2 bands of the X!Z* ground state was recorded. This technique was extended
by Frum et al. [176] when they accidentally recorded emission spectra SiS at 800

cm~! in an attempt to observe that species in absorption. Unlike PH produced
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in a microwave discharge or FO produced from an exothermic reaction, the SiS
and GeS spectra were simply a result of thermal emission. The universality of
this technique was demonstrated when strong emission spectra were recorded for
molecules such as AIH {177], InH [178], GaH [179] and HF [180, 181], all of which

have vibrational frequencies > 1500 cm™t.

Using relatively simple experimental
conditions, coupling a high temperature furnace with an FT spectrometer, one can
generate a wide variety of transient molecules that can be detected via emission

spectroscopy [169, 182].

5.1 Introduction to Fourier Transform Spectroscopy

In 1891 Albert Michelson [183] reported a design for an interferometer which in
most respects resembles the interferometer found in modern FT spectrometers.
The so—called Michelson interferometer played a very important role in the history
of physics of the late 19th century [184]. In the early 1880’s, an earlier version of the
modern interferometer was used to develop a state-of-the-art procedure to measure
the unit of length. The standard meter prior to 1884 was defined as the distance
between two scratches on a platinium-iridium bar kept at the Paris Academy of
Sciences. Using a glow discharge of 8Kr (A = 6058 A), a careful series of exper-
iments was performed under controlled conditions by Michelson. He was able to
precisely measure the number of fringes of the 8Kr wavelength in the old standard
meter. Based on these measurements the meter was redefined as 1650 763.7 fringes
of the ®Kr wavelength. This new procedure was given wide approval when in 1903

the International Conference on Weights and Measures adopted the length of the
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meter as 1553 1963.5 wavelengths of the red radiation of cadmium. This definition
was used until November 1983 when it was redefined in terms of a unit time (sec-
ond). This new definition was based on the frequency of a hyperfine transition of
the Cs atom. This definition fixed the value for the speed of light and from this
the definition of a meter is obtained.

Another important application of the interferometer was the measurement of
the motion of the earth with respect to the sther. Before the development of
Einstein’s theory of special relativity, physicists believed that electromagnetic radi-
ation had to propagate through a mechanical medium, in much the same way sound
propagates through air. Beginning in 1882, Michelson along with his colleague Mor-
ley, attempted to measure this motion. They surmised that if the instrument was
moving with or against the ather, the path the light traveled through the interfer-
ometer would be slightly different and would therefore lead to a shift in the fringe
pattern of the light. The experiment was designed so their entire instrument could
be carefully rotated during an experiment to measure this shift. By 1887, their
results showed no significant shift, so that despite orbital motion of the earth their
appratus seemed at rest with respect to the sther. Physicists of the time were
perplexed by these results and it would not be until 1905 when special relativity
would shed light on the results of the Michelson—-Morley experiment.

Michelson was aware of the possibility of using the interferometer to obtain spec-
tra and manually calculated spectra of many interferograms. It was not until the
1960’s, with the development of modern computers and a mathematical technique

called the fast Fourier transform, that the FT spectrometer became a practical
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instrument for spectroscopic measurements.

The essential elements of an interferometer are a beamsplitter (BS), a station-
ary mirror (M1) and a movable mirror (M2), as shown in Fig. 5.1. Electromagnetic
radiation passes through an input aperture of the interferometer and is split into
two orthogonal beams at the beamsplitter. One beam is reflected by the beam-
splitter and goes to M1 and the other is transmitted to M2. [deally, the two beams
are of equal intensity and are reflected back to the beamsplitter by the two mir-
rors. If M1 and M2 are exactly the same optical distance from the beamsplitter
(called zero path difference (ZPD)), then both light beams have traveled the same
distance (2L). The beams recombine at the beamsplitter resulting in constructive
interference giving the original beam that was incident on BS, neglecting any re-
flection or transmission losses. If M2 is displaced a distance z from BS with respect
to M1, then an interference pattern will result when the two beams recombine at
the BS. Depending on the position of the movable mirror, the beams will either
interfere in a constructive or destructive manner, and a fringe pattern will emerge
at the detector. This pattern will repeat itself at integral multiples of % of the M2
travel distance, where A is the wavelength of the light. If the incident radiation is
monochromatic with a frequency of v = hc/A, the fringe pattern will appear as a
sine wave. However, for polychromatic sources, which have many wavelengths of
differing intensities, the pattern that emerges will be a complex sum of sine waves.
The interference pattern recorded at the detector is now called an interferogram
(Fig. 5.1). The interferogram is function of z, which is the displacement of M2

with respect to the distance from the stationary mirror to the beamsplitter. For
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Figure 5.1: The schematic diagram of a Michelson interferometer
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any optical path difference (OPD), the light intensity falling on the detector at

frequency v is given by [185] :
1
I'(z) = 5[(1/)[1 + cos (27vz)]. (5.1)

I'(z) is made up of a dc component $/(v) which is the average intensity falling on

the detector and an ac component :

(V)]
[
~—

I(z) = %I(u) cos (27vz). (5.

For a source emitting a continuous spectrum, the complete interferogram is given

bv :

+0co

I(z) = = / I(v) cos (27vz) dv, (5.3)

o—w

This equation is valid for an ideal beamsplitter whose reflectivity and transmissivity
are exactly 50%. In reality, this condition is rarely met and a beamsplitter efficiency

term must be included in the equation :
+oo
I(z) =/ B(v) cos (27vx) dv, (5.4)
-

where,

¥4
(]
~—

B() = 51()n(v). (

Here, n(v) = 4R(v)T(v) where R(v) and T(v) are the frequency dependent re-

flectance and transmittance of the beamsplitter, respectively. The interferogram
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can be rewritten in its usual way :

I(z) = /joo B(v) exp (2mivz) dv. (5.6)

oQ

The spectrum B(v) can be calculated by computing the complex Fourier transform

of I(z) :

()
-~

B(v) =/+°° I(z) exp (—2nivz) dz. (5.7)

—
The integration limits of B{v) are between +oo, infinite mirror displacement, which
for real FT spectrometers are impractical limits. The displacement (z) of the
moving mirror is finite and this will limit the resolution (Av) of a spectrum. The
maximum spectral resolution that can be achieved for a Michelson interferometer

with a finite OPD is :
0.6

AV= 5PD’

(5.8)

Thus, high resolution spectra (< 0.02 cm™!) require an OPD greater than 30 cm.
The quantity z in eqn. (5.7) is actually determined by the product of the velocity
of the moving mirror and the time from ZPD. Thus, for a practical instrument, z
must be precisely controlled. This is acheived by using a single mode laser (usually
He—Ne) to accurately control the mirror motion. All commercial high resolution FT
spectrometers use a single mode laser to track the displacement of the mirror and
trigger data acquisition. This laser also provides a convenient internal wavenumber
standard.

The sensitivity of an F'TS is greater than that of a grating instrument because

of two reasons. First, the use of circular aperatures allows maximum throughput
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of light (Jacquinot’s advantage), and secondly, light from the entire spectral region
(of interest) falls on the detector (mutiplex advantage). The light at the detector
is modulated by the moving mirror resulting in an interferrogram. The Fourier
transform of the interferrogram gives the spectrum.

For an FTS, spectral information on the entire wavenumber interval is simulta-
neously acquired at the detector, rather than sequentially as with a grating instru-
ment. [f the dominant source of noise is the detector, then the time required to
acquire a spectrum of equivalent signal-to-noise ratio (SNR) would be N times less
with an F'T instrument than with a grating instrument. Here, NV is the number of
resolution elements. For example, a spectrum measured between 400 to 1000 cm™!
at 1 cm™! resolution would have 600 resolution elements (V). If a grating instru-
ment could measure this spectrum in 10 minutes (600 s) with a certain SNR, the
F'T would require 1s to achieve the same performance. This can also be expressed
in terms of sensitivity, which is proportional to v/N; i.e. the FT has v/600 (v N)
or 24.5 times better SNR over a grating spectrometer with equal integration times.

The aperture size also dictates the resolution that can be acheived by an FTS.
The light rays entering an FTS are generally not perfectly collimated, so some
of the light rays travel a slightly displaced path from the central optical axis of
the spectrometer, thereby degrading resolution. A small entrance aperture will
reduce this problem, but at the same time this will reduce the light intensity falling
onto the detector. There are two contradictory requirements at work here: a large
aperture size will increase the sensitivity which is important when attempting to

record weak signals, but this will degrade the spectral resolution necessary for high
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resolution studies. This maximum possible angular divergence or maximum solid

viewing angle () for a resolution Av is :

Qmax = 27r(-—A—U—) steradians (5.9)

Vmax

where vpay is the largest wavenumber in the spectral region of interest. Equivalently,

for a light source of finite area the maximum achievable resolution is :

Av =

Vinaxd®

= (5.10)

where d is the diameter of the input aperture and F' is the focal length of the
interferometer. Thus in many cases, the choice of increased sensitivity is made
at the expense of spectral resolution. The circular aperture does, however, have
a significant advantage over the slits found in grating instruments. The optical
throughput, given by the product of the input beam area and subtended solid angle,
is greater for an F'TS than for a grating spectrometer at any given wavelength or

resolution [186].



Chapter 6

Theory of Diatomic Spectroscopy

6.1 Born—Oppenheimer Approximation

The time independent Schrodinger equation gives the quantum mechanical descrip-

tion of electronic and nuclear interactions in a diatomic molecule,
HY({r;},R) = E¥({r;},R) (6.1)

where H is the Hamiltonian of the system, U({r;}.R) is the wavefunction, r; is
the position vector of electron i, R is the position vectors of the nuclei, and E is
the eigenvalue of the Hamiltonian. The solution of the Schrédinger equation is,
in general, a very difficult problem and an analytical solution can never be found
except for the simplest systems.

The mass of an electron is much smaller than the mass of the nuclei therefore

the approximation that the motion of the electrons is independent of the motion

86
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of nuclei is made as a first-order approximation. The electronic motion occurs on
a much faster time scale than nuclear motion thus Born and Oppenheimer made
the rather reasonable assumption that the electrons see an effective or average po-
tential. The internuclear distance can be considered constant and the diatomic
molecule will have a effective energy U for each R. The separation of these mo-
tions simplifies the mathematical analysis of the problem, and the wavefunction
in the Schrédinger equation becomes a product of electronic and nuclear terms,

U({r;}, R) = ¢e{{ri}; R)¥x(R). The total Hamiltonian for a diatomic molecule is

H="Ty+T.+ Van + Vee + Ve, (6.2)
where,
- Rr1_, 1 . 2
= ——— ——VZ) e — — 2 .
Iy 2 (MA Vit g Ve e = "o Z Vi (6:3)
. Z1Zge? - e? - Z.e?
Van = /=220 V=Y < Vie= - LAy (6.4)
Ras : g Tij -r:[:f\,s Ry

The terms in eqn. (6.3) are the nuclear and electronic kinetic energy operators with
M, being the mass of the nucleus A or B, and m, is the electron mass. In eqn. (6.4),
Z, is the nuclear charge and e is the elementary charge of the electron, Van rep-
resents the internuclear repulsion term, V.. is the coulombic repulsion of electrons,
and Ve is the nuclear—electron attraction term. If the nuclei are considered fixed
in space, then TN = 0 and Vyy is constant for the nuclear configuration. We can

write an electronic Hamiltonian H, = Ty + Van + Vee + Ve and the electronic part
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of the wave equation becomes :

Hewe({ri}r R) = Eel(R)“fl)e({ri}: R) = U(R)T,/)e({ri}, R) (65)

Again, ¥, and E are the electronic wavefunction and energy of the molecule, the
symbols {r;}, are the set of electronic coordinates and R is the nuclear separation.
The R in eqn. (6.3) occurs as a parameter in ¥, and E;, thus the electronic energy
and wavefunction depends on the internuclear separation. A change in the position
of the nuclei will affect the electronic charge distribution which is described by
the effective internuclear potential U(R). The solution of the nuclear part of the
Schrédinger equation requires knowledge of U(R). The complete wave equation

that includes nuclear motion of the molecule becomes :
HY({r:}, R) = (He + T\)¥({r;}, R) = Eror¥e({r;}. R)ux(R) (6.6)

If the nuclear~electronic coupling effects are small for a given electronic state of the
molecule then we can neglect the cross terms in the rigorous expansion of HY¥ in

eqn. (6.6) i.e. H.x(R) =0 and Tyte([ri], R) = 0. Eqn. (6.6) can be rewritten as :

ve({r:}, R)Tx¥n(R) = [Evor — U(R)Iin (R)te({ri}, R). (6.7)

Now, by dividing both sides by ¥([ri], R) the wave equation becomes an effective

equation for nuclear motion :

Tanvn(R) = [Eioe — U(R)|¥n(R). (6.8)
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For a diatomic molecule in a 'Z* electronic state, ¥n(R) can be written in
its customary way, ¥n(R) = R™'¢y s(R)Yim(R), where the Yj,,’s are the spherical
harmonic functions and %, is the vibrational wavefunction. By removing the
center of mass motion in the Schrodinger equation for vibration-rotation motion,
the effective one-dimensional equation in the scalar parameter R for a diatomic
molecule becomes :

h? d?

~ s 2l (B + (UR) +

J(J+1)

W) Yos(R) = E(v, J)us(R).  (6.9)

A general mathematical form of U(R), applicable to all systems, is not neces-
sarily required before solving eqn. (6.9). An empirical function for U(R) is typically
used and eqn. (6.9) can be solved by numerical or analytical methods. Analytical
procedures are usually require further approximations (see §6.2). The choice of
the potential model is very important for the fitting of high precision rovibrational
spectral data. The asymptotic behavior of U(R) should be physically meaningful
to avoid problems such as unrealistic dissociation energies or irregular behavior at
small internuclear distances, i.e. U(R) should be a smooth monotonically increasing

function for R > R, and for R < R,, where R, is the minimum of the potential.

6.2 Dunham Potential

Analytical expressions for the energy levels of a vibrating rotor were calculated by
J.L. Dunham [187] in 1932. In his treatment, Dunham rewrote the Schrédinger

equation of eqn. (6.9) in terms of £, where £ = (R — R,)/R.. The analytical form
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of the potential function was expanded as a power series in £ in the region of the

potential minimum :

U(E) = ae*(1+ ¥ aitf), (6.10)

i>1
where {a;} are the potential parameters. An analytical expression for the eigenval-
ues of the Schrédinger equation cannot be derived using this form of the potential.
Thus, Dunham used a semiclassical approach, the first-order Wentzel-Kramers-
Brillouin (WKB) approximation, to obtain an approximate solution of the problem.

The WKB quantization condition is given by [188] :

(%_‘;) /f VE@,J) = U(R) dR = (v + %)Tn (6.11)

E(v,J) are the energy levels of the molecule, R_ and R, are the classical inner
and outer turning points of the potential curve for each E(v, J). The result of the
formal inversion of the quantization condition using the power series potential of

eqn. (6.10) is a simple and rather compact energy level formula :

E(v,J) = 3 Yis(u+ 4T + 1P, (6.12)
Y]
where the Y;; coefficients can be related back to the {a;} potential parameters.

The beauty of the Dunham formula is the approximate relationship of the Dunham
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coefficients to the normal band spectroscopic constants, such as :

Yo we Y= -—w.. Yoo~ weye Yio = weze
Yoo = B YVii= —a Yo~ v

e e e (6.13)
}/02 = —De },12 ~ _ﬂe Y22 = _Je

YZ)S =~ He YEM = Le-

The relationship between the Dunham coefficients for different isotopomers of
a molecule is given by {189] :

oy [G+23)72)
Yo = ,-,-(—) (6.14)

=

where p = (M Mpg)/(M,+ M,) is the reduced mass of the molecule and the asterisk
denotes an isotopomer. In a conventional spectroscopic analysis of multiple isotopic
species, each isotopomer is fit individually to eqn. (6.12). To compactly represent
the data from many isotopomers, it is possible to factor out the isotopic dependence

of Y;; and write an isotopically independent form of the Dunham expression :

E(v,J) =Y p 820, (v + LI(J + 1)), (6.15)
iy
and generate one set of mass-reduced constants (U;;). The U;;’s represent data
from two or more isotopomers of a molecule.
This expression is only valid within the Born-Oppenheimer approximation and
the first-order WKB approximation. For light molecules, breakdown of the Born—

Oppenheimer and first-order WKB is very significant and eqn. (6.15) is not ade-
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quate to the represent data. An expression designed to handle this problem was
empirically applied by Ross et al. [190] and later, was theoretically derived by
Watson [189]. The expression of eqn. (6.16) came from taking higher-order WKB
terms into account as well as Born—-Oppenheimer breakdown effects. The Dunham

expression with Watson’s correction for Born-Oppenheimer breakdown becomes :

Bl = Sty (1 ()4 + (57) 28)
1,7 - -

x (v+3)[J(J+ 1), (6.16)

where m, is the electron mass, M, and Mg are the atomic masses of atom A
and atom B, and the Afj’s are the Born-Oppenheimer breakdown constants. The
magnitude of the Afj’s have no direct physical meaning because they collectively
account for higher-order WKB terms and non-Born-Oppenheimer behavior.

The /_\fj’s can be expressed in terms of a sum of adiabatic, non-adiabatic and
Dunham (WKB breakdown) correction terms :

Af} = (Afj)adiabatic + (A{:v)non—adia.batic + (Ag)Dunham_ (617)

1

Adiabatic in this context is defined as the corrections necessary to account for
the neglect of the kinetic energy of the nuclei in each electronic state (Tx¥e # 0)
and non-adiabatic corrections are due to interactions with other electronic states.
The Dunham correction term accounts for the failure of the first-ordersemiclassical
WKB quantization condition to fully explain quantum mechanical effects {189,191].

The A}, parameter has been studied in detail by Tiemann et al [192]. An
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analytical expression has been derived for A, for diatomic molecules :

pAYSY

Ak Dunham —
( 01) meBe

, (6.18)

where L\Y},(ID 1 is the higer-order WKB correction to the rotational constant B,.

The expression orf the non-adiabatic correction is given by :

(Agl)non—adiabatic = K5 (6.19)
mp
Here, g, is the rotational g-factor and m, is the mass of the proton. A method to
calculate (A§,)348batic jn a closed form expression has not been derived.

The A% parameters are expected to be close to unity for a well-isolated elec-
tronic state. In the Tiemann et al. work, it was found that the (A%, )non-adiabatic
contributes approximately 20-30% of the total Af, term. The (Af,)non-adiabatic
value was predominantly characteristic of the atomic center and was independent
of the nature of the bonding atom. The adiabatic correction was found, in general,
to be much smaller the non—adiabatic corrections to Born-Oppenheimer break-

down. It should be noted that a large value for any /_\fj could be the result of an

k
iy

accidentally small value of Uj;. Since these terms are fitted as a product Uj; - A
there can be strong statistical correlations between these two terms. The meanings
of the Afj parameters are therefore not simple, and do not necessarily reflect the
extent of Born-Oppenheimer breakdown.

The Dunham Y;; or U;; coefficients are not all independent parameters. The

LAYS) = (B3/4w?)(30 + 28a, + 21a? + 21a} — 18a; — 46a;a2 + 30a3) [187].
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potential constants (a;'s) have the unique property that the values of Uj’s and
Uii's can used to calculate all the higher—order coefficients of the potential. A few

examples are as follows :

Yy
4Yq,

Y11Y1o
= 2
a 6Y2 (6.21)
2o, 50f
3Yo, 4

(6.22)

as =

Generally the higher-order potential constants are very complicated functions of
the Dunham coefficients. By inverting the series in eqn. (6.10), the higher-order
Uis's j 2 2 can be algebraically expressed in terms of the lower order Uj;'s, 0 <
J < 1. These constraints are important because without them, the U;; constants
become arbitrary fitting parameters of a polynomial expansion which lacks physical

meaning. Examples of a few relations are :

4U3
U. _ 01 ,
~120U30 U U,
v : 6.23
12 3Ui10 ( )
(/03 304 .
10

Ogilvie [193,194] derived a complete set of U;; relationships for 0 < i < 5 and
2 < j < 12. These results are used in the work reported here.
Another important use of a model is the prediction of unobserved transitions.

The inclusion of high—order Uy; rotational terms are useful for predicting high-J
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transitions and the constrained relationships allow for fewer independent param-
eters in a fit. However, the long-range behavior of the Dunham model is not
adequate and the terms Uy and U; cannot predict high v transitions beyond the

range of the data.

6.3 Parameterized Pdtential Model

A new method to treat spectroscopic data has recently been developed because of
the limitations of the Dunham model. Dunham’s polynomial form of the potential
has the unfortunate property that it diverges as R— oo, for any finite number of
terms. The Dunham coefficients thus reproduce the input dataset, but extrapolate
poorly. The approach described here is to directly fit the spectroscopic data to cal-
culated eigenvalues of the radial Schrédinger equation. The choice of the potential
model can be flexible, and is chosen for a specific molecular system. An early ap-
plication of this method was applied to the energy levels of the X2+ state of HgH
by Kosman and Hinze [195], they called their procedure the inverse perturbation
analysis (IPA). Further refinements of this technique were developed by Bunker
and Moss [196] and more recently by Coxon [197-201], and Dulick, Bernath and
co-workers [177-179,202].

The parameterized potential model is different from the semiclassical Dunham
model or the numerical RKR (Rydberg-Klein-Rees) model because adjustments
are made to the potential function rather than to the analytical expression ap-
proximating the eigenvalues of the potential. This requires numerically solving the

second order differential equation eqn. (6.9) to find the eigenvalues. The advantage
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of this technique is that it utilizes all the data from a spectrum in contrast to the
RKR method which uses this data indirectly (i.e. from G, and B, expansions).
In addition, the parameterized potential model allows more flexibility since it can
easily accommodate adiabatic and non-adiabatic (Born-Oppenheimer breakdown)
corrections to the Schrédinger equation. It also avoids errors caused by the semiclas-
sical approximation in the Dunham and RKR methods. Cumbersome higher-order
corrections are not required when the Schrédinger equation is solved directly.

Direct numerical integration of the Schrédinger equation is a robust method if
done correctly, so the calculation of molecular properties (extrapolation of unob-
served energy levels) from the potential can give reliable results. The potentials
derived in this manner are in excellent agreement with fully quantum mechani-
cal ab initio potentials [177,202]. The disadvantage of this technique, however. is
that the fitting procedure is nonlinear and requires very good estimates of the first
few potential parameters. Without these estimates, it is very difficult to achieve
convergence in a fit.

The radial Schrédinger equation appropriate for a diatomic molecule in a '+

electronic state is given by :

i 5 J(J
(%W - UI(R) + B(v.J) - 511 + q(R)](—(—RQi—QW(R; b J) =0, (6.24)

where the effective internuclear potential is a modification of that used by Coxon
and Hajigeorgiou [197-199]. It is comprised of a Born-Oppenheimer component
and adiabatic and non-adiabatic terms which take into account Born-Oppenheimer

breakdown. Adiabatic corrections account the mass dependence introduced into the



97

potential by neglecting the kinetic energy of the nuclei in an electronic state. In
vibration-rotation spectroscopy this means the nuclear and electronic motions of an
isolated electronic state are coupled. The effective internuclear potential becomes
a sum of Born-Oppenheimer and non-Born-Oppenheimer terms :

Ua(R)  Us(R)
.{"fA z"[g )

Ue'f(R) = UB9(R) + (6.25)

The choice of the Born-Oppenheimer component, which describes pure vibra-

tional motion of the nuclei, is a Morse-type potential :

_ 1—exp[-8(R)]\’
(R = 0. (1ot - (6:20)

D, is the dissociation energy of the molecule, which is a fixed constant in the fitting
procedure. The 3(R) term is the anharmonic or curvature function of the potential,

which is given by a polynomial expansion :

B(R) = 2z B, (6.27)
B(ec) = 3 8, (6.28)

where z which is one-half the Ogilvie-Tipping parameter [203].

Ay

- R,
R+R.

2 =
<~

(6.29)

The parameter z is used rather than AR = R — R, of Coxon et al. because the

long-range behavior of z is physically reasonable. As R — 0, AR — oc, while
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z — 1, so that the potential will smoothly converge to the dissociation limit (D,)
of the molecule. This form also ensures that #(R) remains finite as R — 0 and
prevents numerical “blowup” of UBC if B(R) becomes negative at large R. The
denominator of U9, (1 — exp[~B(c0)])? ensures that UBC approaches D, i.e. the
physically meaningful asymptotic behavior is maintained as z — 1.

The remaining two terms in eqn. (6.25) are Born-Oppenheimer breakdown
terms for the atomic centers A and B, accounting for adiabatic nuclear-electronic
coupling effects and homogeneous (J-independent) non-adiabatic mixing with dis-

tant 'T states. These are given by series expansions :

Ua(R) = Y u(R—R.), (6.30)
1=1

Us(R) = Y vP(R-R.). (6.31)
i=1

Finally, the J-dependent or heterogeneous non-adiabatic interactions with dis-
tant II states are taken into account by the q(R) term in the radial Schrédinger

equation :

g(R) = M:'Y ¢ (R— Re)' + Mz' > ¢®(R - R, (6.32)

i=0 i=0
This term is important for high J transitions because as the rotational motion
increases the angular momentum of the nuclei couples more strongly with the elec-
trons, resulting in a non-zero electronic angular momentum, thereby mixing the

ground (!£*) state with excited 'II states.
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6.4 Numerical Analysis

The spectra are assigned by various methods (combination differences, Loomis-
Wood diagrams) and the assignments are verified by fitting the data to an appro-
priate model for the system. Typically, the Dunham model is used in the first
stage of the data analysis. Each isotopomer is fit individually to the conventional
expression, eqn. (6.15), to yield the Dunham coefficients. When this procedure is
completed for each isotopomer, the data are combined and fit to the mass-reduced
Dunham expression. Since we are dealing with light molecules, Born—-Oppenheimer
breakdown effects are significant and the data must be fit to Watson’s corrected
formula of eqn. (6.16). In the initial fits, all Y;; or U;; are treated as independent
parameters, and these are called “unconstrained” fits. Another set of fits are carried
out using the relationships between the lower order U;;’s and the higher order Uj;’s,
as in eqn. (6.23). These are called “constrained” fits where a minimum number of
parameters are adjusted since the higher order U;;’s are calculated analytically from
the lower order Uj;’s. In many cases, these fits give the same standard deviation
with fewer adjustable parameters. The data reduction for these fits were carried
out using a weighted nonlinear least squares fitting program.

The fitting of the parameterized potential model is also done with a weighted
nonlinear least squares fitting program, written by M. Dulick. The Hamiltonian
parameters are fit directly to the spectroscopic line positions with a program that
uses the Cooley-Numerov [204,205] method to numerically integrate the second or-
der differential equation. A practical procedure outlining this methodology is given

in a paper by Blatt [206]. In brief, the method is as follows; the one-dimensional
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Schrédinger equation is written in the following manner :

d,
dld-')?ﬁj = f(R)¥vs(R), (6.33)
where,
£(R) = (35) WA - Bl (6.34)

and x ,U(R) , E,; and h have their usual meanings. The wave function ¢,;(R)
also must have its usual properties, i.e. bounded, square—integrable for R > 0, and
w,s(0) = 0. The properties of an eigenvalue equation can be used to help simplify
the problem. For example, ¥,;(R) must have v nodes for the eigenvalue E,; and
the energy E,,; must be negative. Also, values of ¢ for R ~ 0 or R > 53R, need
not be considered since the wavefunction is exponentially small in these regions.
The solution makes use of the classical turning point of the potential (U(R) = E,)
such that ¥,,;(R) is exponentially decreasing between between 0 < R < R;, (inner
turning point) and R > Ry, (outer turning point) and can be oscillatory in the
region between R, < R < Rgy:.

The Numerov method reqnires writing a Taylor series expansion of ¥, ;(R + h)
around a point r :

® )
T,IJUJ(T-I-h) = Z

h=0

UL, (6:35)

where 1,/1,(,'}) is the n't derivative of v, evaluated at r. Expanding the series, we
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obtain :

[w,,,(r-!»h)—ww(r—h)] Yo (7) + ——h2 ‘2’()+ h4w(4)(r)+ h6/<ﬁ>(r)+
(6.36)

Do~

Taking the second derivative of eqn. {(6.36) and making the appropriate substitution

(¥ = f(R)¥(R)) one arrives at the basic formula of the Numerov method,

1= +m)ot+h)+ [1=Tr = w6 —h) = [2+107 (1) |0(r) - ’i(; 4
(6.37)

where,

h?2p

2
T(r) = 355() = 155 [00) = Eusl (6.38)

The integration is initiated with a trial energy and an arbitrary wavefunction, and
performing the integration where the wavefunction is known to be exponentially
small, i.e. in the classically forbidden region of the wavefunction. If ¥(r — h) and
¥(r) are known, then, (r + h) can be found directly from eqn. (6.37), if the sixth
derivative (¥} is ignored.

The procedure begins with an outward integration from “small” R = Ry, to a
central point R = Ry and an inward integration from large R (R = Rnay) to the
same point. In practice Ky can be anywhere inside the classically allowed region of
the potential so a convenient choice for Ry is the minimum of the potential (R,).
The wavefunction at Ruyin (0r Rmax) is set to the value ¥, ;( Rmin) = 0 and has a non-
zero value ¥, ;(Rmin + k). The necessary condition for the two integrations is that

the values of the wavefunction from the inward and outward integrations must be



102

equal at the matching point, i.e. the wavefunction must be smooth and continuous.
If there is a discontinuity, then the slopes at Ry are used to make corrections to
the trial wavefunctions by adjusting the energy E, ;. Iterative corrections are made
to the energy and wavefunction until a convergence criteria is met at the matching
point of the inward and outward integrations.

Once an optimized wavefunction and energy is achieved for a set of initial poten-
tial parameters. optimization of the potential is begun. This calculation is started

with a trial set of parameters in the Hamiltonian :

(pe = [Re 48} G} (0P} 0} a8, (639

and nonlinear optimization of the model is carried out by minimizing the y? merit
function :
2

C({pe}) = 3 i) = venel e}, ) (6.40)

where w; = 072,

is the weight of the observation (line position) with o; being
the experimertal uncertainty of the observation, and vgps , Vea)c are the observed
and calculated line positions. Minimization of the x? function is carried out by

calculating the partial derivatives with respect to each parameter :

ax? s . . aVcaIc({pk}: 1)
X 9 X - Zcale\ Wk Sy )
T 2 i§=1 w; [uobs (1) = Veate ({Px }, 1) 3 . (6.41)

To minimize x?, the partial derivative of the calculated line position with respect



103

to a parameter in the Hamiltonian must be evaluated :

Ovearc({Pe},7) _ 9Eu(d) _ IE ()
Op Opx Ipx

, (6.42)

where, F,(¢), Ei(i) are the upper and lower energy states for the transition v (i) =
E,(i7) — Ei(¢), and u and ! are the appropriate quantum numbers for the energy
levels. It is very difficult to obtain these partial derivatives analytically, and it is
expensive to obtain them numerically, so the generalized Hellman-Feynman [207]

theorem is utilized :

aE'v.l
Opi

= (s | OH(R)/Opx | Y1) = (Yus | OU(R)/Opx | Cus)- (6.43)

Since the Hamiltonian and the potential are modelled analytically, these partial
derivatives can be computed exactly. Now the procedure is repeated to optimize
for a new wavefunction and then a better set of potential parameters. Iterations
are continued until the potential parameters reproduce the dataset within the ex-
perimental uncertainty. Thus with a good choice of initial potential parameters,
convergence can be achieved within a few iterations.

As mentioned earlier, a good estimate of the first few (R, 5o, 31) potential
parameters are required because of the nonlinearity of the fit. One can calculate
initial estimates of 3;’s using the relationship between the Dunham a;’s to the 3;’s of
the modified Morse potential. This is carried out by taking the Born-Oppenheimer
potential (UZ9(R)) and converting it to the Dunham form by a series expansion

of the UBP(R) about R = R.. Equating terms of the same power in (R — R, ), for



the Dunham and U29 expansions one obtains [202] :

Qg

_ E;?_[JZUBO(R)]
T2 dR? R=R.

for « = 0, and for 7 > 0 the expansion gives,

a; = [ao(i + 2)1] ' RE*? [w

The first few relations between the a;’s and the §;’s are :

= D.f3
¢ 7 2l —exp(—8(0))]?
o = 153 + 26y ~ 26,
203y
0 = 785 + 3685 +36(1 — B85 + 24(8; ~ 3681) 60 + 1267

dRi+2 ]Rch'

48033

104

(6.44)

(6.45)

(6.46)
(6.47)

(6.48)

The values for the a;'s are determined from fits to the Dunham expansion and using

the relations in eqns. (6.20)-(6.22), then the §;’s are calculated from eqns. (6.46)-

(6.48).

When performing a potential fit, the parameters D,, R, and at least one [

parameter is required (f;). The dissociation energy (D.) is usually fixed to the

thermochemical or spectroscopic value found in Huber and Herzberg [208], while

R, is calculated from the rotational constant, B, (Y5, ), or set to the ab initio value,

if available. It has been found that the estimates provided from eqns. (6.46)-(6.48)

are not good enough to perform a nonlinear fit, i.e. the trial values calculated for

Bo and () are too far away from the true values to achieve convergence for a fit.
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The nonlinear least squares procedure is extremely sensitive to the value of 73,
since this term occurs in the exponential in U®°. Empirically, it was found that
multiplying the calculated value of &y by the factor 1.413 allowed the nonlinear
least squares program to proceed with a fit. It is best to perform the initial fit with
the scaled Fy parameter and with the rest of the 3;’s set to zero. Once completed,
Bo should be readjusted to the newly determined value and 3; can be set the
the value calculated from egns. {6.20)—(6.22); scaling of 3, is not required at this
point. Then, one can proceed with subsequent fits by adding enough parameters
to properly fit the data to the experimental uncertainty. One usually begins by
fitting each isotope individually. Once this is complete, data from all isotopomers
can be combined together and a global fit is carried out to determine the Born-

Oppenheimer breakdown terms of eqns. (6.30)-(6.32).



Chapter 7

Results and Discussion

There is considerable interest in the infrared spectra of light metal-containing di-
atomic molecules, both experimentally and theoretically. They can be found in
astrophysical sources and they are ideal to study the breakdown of the Born-
Oppenheimer approximation. The simple-mass scaling of Dunham or diatomic
band spectroscopic constants fails to accurately predict the energy levels of iso-
topic species. This is especially true for hydride molecules [197-199] where Born-
Oppenheimer breakdown becomes more noticeable with high precision data (such as
that obtained with a F'T spectrometer) and also with higher energy levels obtained

from high temperature studies.

7.1 InF

The first spectroscopic analysis of InF was carried out in the 1950’s in the re-

search group of Barrow at Oxford University. They were looking at low resolution

106
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absorption and emission spectra of indium and gallium monofluorides in the UV,
where they identified the A%[Io-X'E*, the B3I;-X'Z* and the C!I-X!E* sys-
tems [209,210]. These assignments were confirmed by rotational analysis of the
A-X and B-X systems by Barrow and co—-workers [211] and for the C-X system by
Nampoori et al. [212].

Recently, the majority of investigations have been in the microwave and infrared
regions of the spectrum. Lovas and Térring [213] analyzed the hyperfine structure
(hfs) of the v = 0 and 1 vibrational levels of '"*InF for the J = 2 « 1 and
J = 3 « 2 pure rotational transitions. The subsequent studies by Hoeft et al. [214]
extended the hfs analysis by recording J =1+ 0, J =17 + 16, J = 18 « 17, and
J =19 « 18 transitions for v=0-3 levels of !'3InF, and J = 1 + [, J = 17 « 16,
and J = 18 « 17 for v = 0 of '} InF. Radiofrequency molecular beam resonance
experiments by Hammerle et al. [215] lead to a further refinement of the quadrupole
hfs constants for the lower v, J levels as well as establishing an upper limit for the
hexadecapole hfs constant.

Hensel and Gerrv [216] have recently remeasured the rotational, spin-rotational
and nuclear quadrupole coupling constants for ''3InF, along with '"*InBr and
USInCl, using a laser-ablation FT microwave (FTMW) spectrometer. The only
measurable transition in the frequency range of their FTMW spectrometer was the
J =1 « 0 transition of v = 0 and v = 1 of !**InF. For this reason, they were unable
to determine the By rotational constant without fixing Dy to the value reported
in our work. Their rotational constants for InF are not as accurate as those re-

ported in the literature [213,214,217]. The hyperfine coupling constants measured
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for the indium halides were used to discuss the electronic stucture in this series of
molecules. The bonding in these moleclues could be entirely described in terms of
5s and 5p orbitals on In, and ns, np (n=3,4,5) on the halogens.

In the infrared region, Uehara et al. [218] were the first to record a low resolution
(0.1 cm™!) FT emission spectrum of **InF. Band heads up to v = 6 were observed
but rotational structure was only well-resolved for P-branch transitions. This
work was then superseded by high resolution diode laser measurements of Ozaki et
al. [219] that sparsely covered rotational transitions from v = 0-9 for '*InF and v
= 0-4 for **InF. Because of the lack of tunability of diode lasers, they obtained
only sparse coverage of rotational lines. In this work we report a high resolution
analysis of the infrared emission spectrum of !'*InF and !'"3*InF. The continuous
wavenumber coverage of the FT spectrum has enabled us to fill in many of the
gaps in the tables of the measured line positions given in ref. [219]. In addition,
we also report revised values of Dunham Yj;’s and isotopically invariant Dunham
Ui;'s. Fits to the parameterized potential model were also carried out. The lines
measured from in this work was combined with the previously measured microwave

rotational lines [213] in all the fits.

7.1.1 InF Experiment

The gas-phase spectrum of InF was accidently recorded in an experiment designed
to generate BaS. In this experiment, approximately 10 g of Ba metal was placed
in a 1.2 meter mullite (3A1,03-25i05) tube. The metal was gradually heated to

a temperature of 1200 °C using a commercial CM Rapid Temp furnace controlled
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by a Honeywell universal temperature controller (Fig. 7.1). At a temperature of

heaters

Figure 7.1: A schematic of the furnace used in the InF experiment.

~400 °C, approximately 10 torr of Ar gas was introduced into the mullite tube to
prevent deposition of any solid material onto the windows (KRS-3) of the tube.
At ~1200 °C, a slow continuous flow of SFg gas was introduced through a needle
valve into the tube. The pumping speed was adjusted in such a way as to keep the
total pressure inside the tube below 10 torr. The rovibrational emission spectrum
of BaS was expected to be observed at a frequency of 380 cm™! [220]. Although
the emission spectrum of BaS was not present, a feature centered at 535 cm™!
was observed. Indium metal was present as an impurity in the mullite tube from
a previous experiment {178]. The small amount of In impurity had reacted with
SFs to produce gas-phase InF. Thus, the high resolution emission spectrum was

recorded in the 360-760 cm™! wavenumber range with the Bruker IFS 120 HR

spectrometer over a temperature range of 1200-1500 °C (Fig. 7.2). The spectra
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were recorded by coadding 20 individual scans at a resolution of 0.006 cm™! with a
liquid helium cooled Si:B detector and a 3.5 um mylar beamsplitter. A portion of
the spectrum in the vicinity of the 1-0 R branch band-head is displayed in Fig. 7.3.

The measured InF rotational lines were calibrated with respect to HF emission
lines which are also present in the spectrum [180, 181]. Intense and unblended InF
lines with a signal-to-noise ratio of ~25 were measured to a precision of +0.0001
cm™!. Typically, however, weak and blended lines which constituted the vast ma-
jority of lines in the data set were measured with a maximum precision of +0.0008

cm~ L.

Intensity/ arb. units

| 1 1 ] 1 | i J

440 460 480 500 520

Wavenumber/ cm™

540 560

Figure 7.2: The overview of the infrared thermal emission spectrum of InF.
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Figure 7.3: A portion of InF emission spectrum, the lines of the R-branch band
head in the 1-0 band of !3InF are labelled.

7.2 CuH and CuD

Interest in the transition metal hydrides arises partly because of their importance
in heterogeneous catalysis [221] and their presence in interstellar enviroments. The
A'E+-X'Z* transition of CuH has been observed in sunspot spectra {222] and ten-
tatively identified in the spectrum of the star 19 Piscium [223]. The first laboratory

study of CuH was carried out in 1923 [224]. The visible and vacuum UV spectra of
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CuH and CuD have been studied by extensively by many investigators. The most
comprehensive work has been carried out by Ringstrom, who observed five excited
electronic states AT+, bA,, B3I+, C1, cl in the 3440-3780 A [225] region and
the E'S*-X'T* transition in the 2744-2270 A region [226]. Grundstrém [227]
analyzed the D'S*-X1S+ transition in the 22602228 A region and more recently
Brown and Ginter recorded absorption spectra from 2350-2890 A. Along with the
reanalysis of the E-X and D-X systems, they found four new transitions F1*-
NI+ GOr-X'EZ*F, H1*-X'E* and I1¥-X'T*. These states are labelled using
Hund’s case (c) notation. All of the excited states exhibited perturbations and the
H and I states also showed signs of predissociation. Recently, molecular emission
of the A'Z*-X'T* band system of CuH has been observed in the laser evaporation
of copper to form aerosols in a static gas cell [228]. The visible spectra of CuD have
not been as extensively studied as CuH, however, the A!X*-X'!T* system was
recorded by Heimer [229] . Jeppesen [230], Ringstrom [225] and most recently by
FT emission spectroscopy in a hollow cathode discharge by Fernando et al. [231].
In the infrared, the vibration-rotation spectrum of the ground state of CuH was
accidentally observed. A copper hollow cathode lamp was used in an experiment
with a continuous flow of Ne and H, gases to record the spectrum of NeH™ [232].
Copper atoms were sputtered off the cathode material and in the presence of H,
the CuH molecule was formed [233]. The 1-0, 2-1 and the 2-0 overtone band
of both isotopes (3 CuH,*CuH) were recorded with a FT spectrometer at 0.05
cm™! resolution in the 1800-5000 cm ™' region. Ram et al. [233] attempted to

record CuD under the same conditions but were unsuccessful. The pure rotational
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spectra of $3%5CuH (234, 235] and %3%5CuD [235] have been measured by tunable
far—infrared spectroscopy (TuFIR). For these measurements, the Evenson group at
NIST, Boulder, were able to generate both CuH/D molecules in a hollow cathode
discharge. The pure rotational transitions were probed by mixing mid-infrared
radiation from two CO, lasers (v, and v») and a microwave source (v,). The
FIR radiation (vpg =| vy — v, | 2v,) was passed through the cell and rotational
transitions of X'Z* (v = 0) were recorded from of J =1+« 0 to J =10 « 9 for
63.65CuH and J = 2 « 1 to J = 19 « 18 for %%3CuD. These lines were included in

the fits of the infrared measurements reported here.

7.3 AgH and AgD

There has been relatively little spectroscopic work done on the four isotopic forms of
silver hydride. Apart from classical UV work on AgH in 1931 [236], there have been
two infrared diode laser experiments. The Jones group measured 21 rovibrational
transitions of the 1-0, 2-1, 3-2 bands [237] for 1°7!® AgH and 33 transitions for the
same bands in 7109 AgD [238].

Theoretical studies, however, have been numerous. In heavy molecules relativis-
tic effects are important for a quantitative calculation of molecular properties. For
example, relativistic and non-relativistic calculations of the vibrational frequency
differ by over 100 cm~!. The best relativistic calculation to date has been done
by Ziegler et al. {239], where they calculated a vibrational frequency of w, = 1709
cm~! and an equilibrium bond length of R, = 1.61 A. In contrast, their nonrela-

tivistic calculation gave w, = 1605 cm™" and R, = 1.71 A. These values should be
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compared to the experimental values of Tables (7.9) and (7.11).

7.4 AuH and AuD

The most comprehensive study on AuH/D is the absorption spectra recorded by
Ringstrom [240,241] in the 2200-3000 A region. There were five excited electronic
states identified in this work, four of which display Hund’s case (c) coupling. These
states were found to have large equilibrium internuclear distances and small disso-
ciation energies along with many perturbations. The only high resolution infrared
spectroscopic study on AuH and AuD was performed by Lee et al. using a Fourier
transform spectrometer [242]. The measured lines of Lee et al. are used in the
parameterized potential fits for comparison with the other coinage metal hvdrides.

Although rarely studied experimentally, there have been numerous theoretical
studies of AuH and AuD. This is because the gold atom, a heavy atom like silver,
provides a good example to illustrate the influence of relativistic effects on atomic
and molecular properties [243,244]. Nonrelativistic calculations usually give incor-
rect results, for example, on the location of the first two excited states, 2P and
2D, of Au. Nonrelativistic calculations [245] predict that these states have the
wrong energy order while relativistic calculations agree well with the experimental
results [246]. Calculations have been carried out on the X'E+ ground state of AuH
in order to study the effect of relativity on the bond length [247], the energy order
of low-lying electronic states [248], the ionization energy [249] and the dipole [250]

and quadrupole moments [251].



115

7.5 Spectroscopy of the Coinage Metal Hydrides

The infrared emission spectra of the coinage metal hydrides was recorded with
the Bruker IFS 120 HR Fourier transform spectrometer. In these experiments
a very high temperature {VHT) carbon-tube furnace was emploved to melt the
coinage metals. The commercial furnace used in the InF experiment has a maximum
temperature of 1600°C and could not therefore be used to vaporize the coinage
metals. Also, the tube materials, mullite or alumina (Al,O3), soften and can be
very reactive above 1600°C. The VHT furnace, sometimes called a King funace, is
0.5 m in length and the central section of the tube has a 40 mm inner diameter.
The tube windows are 1” (25.4 mm) in diameter with a tube bore on the outer
section of 15 mm. The furnace is heated by an analog (Astra Industries) SCR
power supply, and temperature control of the furnace is maintained by manually
adjusting the current fed to the heating elements. The temperature inside the
furnace is measured with an optical pyrometer by sighting on the thermal emission
down the center of the tube. This method is imprecise at these temperatures. An
accurate temperature measurement would require a clear view of the furnace wall
and this is not possible with the present experimental arrangement. The windows
and the outer jacket of the furnace are cooled by a flow of cooling water from a
liquid/liquid heat exchanger and recirculator.

In the Cu experiments, a small piece of Cu rod (~ 5 g) was placed in a carbon
boat inside the VHT furnace. The furnace was rapidly heated to ~1500 °C and
a flow H, or D, gas was continously maintained through the tube. For the CuH

experiment, the total pressure inside the tube was approximately 120 torr and the
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! resolution. The instru-

spectrum was recorded by coadding 10 scans at 0.02 cm™
mental parameters for the spectrometer were: a CaF, beamsplitter (BS), liquid
N, cooled HgCdTe (MCT) detector and, KRS-5 (T1,Brl) windows on the external
emission port of the spectrometer. The spectrum was recorded at a temperature
exceeding 1700 °C in the 1300-2100 cm™! wavenumber range. The conditions for
all of the experiments are summarized in Table 7.1.

The silver experiments were carried out by placing a few grams of Ag ingot in a
carbon boat inside the furnace. For the experiments with gold. a single troy ounce
of 99.9% purity gold was purchased locally from the Canadian Imperial Bank of
Commerce (Johnson&Matthey). The CuH and CuD experiments were performed
on different days (as were the AgH and AgD measurements) while the AuH and AuD
experiments were performed on the same day. In this experiment 0.5 troy ounce
of Au was placed inside the VHT furnace and melted, first under an atmosphere
of D, gas to record the AuD spectrum, and subsequently with H, gas to record
the spectrum of AuH. Sample spectra of all these species are shown in figs. 7.4-
7.8. The rotational constants for the coinage metal hydrides (> 3.2 cm™!) are
fairly large so that each rotational line is well isolated (line spacing ~ 2B near the
origin). The signal-to—noise ratio for the CuH and CuD was approximately 40:1 for
the best lines giving a2 measurement precision of +0.0002 cm ™! for most lines. The
signal—-to—noise ratio for AgH and AgD is much poorer, approximately 10:1 giving a
measurement precision of £0.0005 cm™" for the best lines and £0.001 cm™! for the
weaker lines. Both the AuD and AgH emission spectra are overlaped with strong

absorption lines of H,0O, leading to blending of some rotational lines but the H,O
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Table 7.1: The instrumental and experimental conditions for the coinage metal

hydrides. o

WHCuH S CuD W 10OAgH WHIBAD 7 A.H 7 AuD
Reactants Cu + H, Cu + Do Ag + H» Ag + D, Au + H, Au + Do
Region (cm™!) 1300-2100 1000-1500 1200-1900 1000-1400 1600-2500 1100-1700
Beamsplitter CaF, KBr KBr KBr CaF, KBr
Detector MCT MCT MCT MCT InSb MCT
Temp (°C) >1700 >1700 >1600 >1600 >1700 >1700
Pressure (torr) ~120 ~200 ~150 ~250 ~170 ~200
Resolution (cm™1!) 0.02 0.02 0.02 0.02 0.02 0.02
# of scans 10 50 50 50 40 40

absorption gives an absolute calibration of the spectrum. The AgD spectrum did
not overlap with any other spectral feature while AuH was overlapped with strong

CQO; emission lines.

7.6 InF Results

The two types of Dunham fits were carried out for InF in the initial analysis. The
results are shown in tables 7.3 and 7.6. The rotational line positions were measured
using a computer program ! which fits the recorded line to a Voigt lineshape func-
tion. A total of 2840 lines were measured with 2664 lines from the major isotopomer
M5InF (95 %) and 179 from the minor isotopomer '3InF (5 %). The lines of '3InF
were observed in both the P and R-branches of the 1-0 through 12-11 bands while
spectral congestion limited the observation of "*InF lines to only the R-branches

of the 1-0 and 2-1 bands. For this reason P-branch lines from the diode laser

'PC-DECOMP-developed by Jim Brault of Kitt Peak Observatory, Arizona.
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Figure 7.4: The spectrum of CuH in the P-branch region. The absorption lines are
due to H,O present as an impurity the furnace.
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Figure 7.5: The spectrum of CuH showing the isotopic shift between 83CuH and
SCuH.
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Figure 7.6: A portion of the P-branch spectrum of AgH. Strong absorption lines
are due to H,O.
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lines) in this spectrum compared to the H,O absorption lines.
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measurements of Ozaki et al. [219] were included in the fits to prevent distortions
to the '3InF constants by exclusively fitting R—branch transitions. A total of 52
P-branch and 34 R-branch lines were included from ref. [219]. It was found that
there was no systematic shifts between lines common to our data set and that of
Ozaki et al.. A total of 2937 transition were used in the fits, the complete list of
these line positions is given in Appendix B.

Since there is only one isotope of F (!°F), any measured Born~Oppenheimer
breakdown come from the In center. The mass reduced Dunham fits on InF showed
that there were no determinable Born-Oppenheimer breakdown terms. However, in
the mass-reduced fits for the InH and InD {178] isotopomers, the Al% = —1.520(647)
and A{l = 38.08(625) parameters were determined. These terms are not well de-
termined, as would be expected for a heavy center. The magnitude of Al3 and
ALl are actually quite large, which could result from significant statistical correla-
tion between the A{;‘ ’s and the Uj;’s parameters. This is further confirmed by the
fact that the parameterized potential fits of InH/D showed no Born-Oppenheimer
breakdown for the In center. That is, all breakdown effects for the InH/D iso-
topomers were caused by the H center.

The results of the parameterized potential fits are shown in Table 7.4. In this
fit the value of D, was take from Huber and Herzberg [208] and the atomic masses
were obtained from ref. [{165]. Numerical integration of the Schrédinger equation
was performed over the range, 1.0 A< R < 3.5 A, with a grid spacing of 0.0025
A. These fits also show no Born-Oppenheimer breakdown effects consistent with

the mass-reduced fits. The superiority of parameterized potential model compared



Table 7.2: Isotopically dependent Dunham constants for InF (cm™!).

Constant USInF IB3InF
Yio  535.36334(12) 536.03489(56)
Yo  -2.672556(37)  -2.67874(24)
10% Y3 8.4726(41) 8.324(32)
10° Yy -1.741(15)
Yo1 0.262323787(32) 0.26298299(12)
10° Y,  -1.879650(18)  -1.88693(16)
108 Yy, 4.9364(37) 5.044(18)
10° Y3, 1.67(16)
107 Yoo -2.51851(19) -2.5291(22)
10 ¥, 6.01(20) 7.8(21)
10'2 Y5, 8.53(14)
10" Yo3 -1.1152(78) -1.19(28)
10%6 Yi, 9.60(71)
X2 0.8663 0.6532
Transitions : 2680 257
Adjustable Parameters : 13 9
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Table 7.3: Isotopically invariant Dunham constants for InF (cm™!).

Constant  unconstrained constrained
Ug 2161.62571(46) 2161.62542(44)
0 -43.57016(58) -43.56999(56)
30 0.55766(26) 0.55769(26)
10 Uy -4.621(40) -4.641(40)
Un  4.27662818(32) 4.27662969(18)
U, -0.12372949(84) -0.12373059(57)
103 Uy, 1.31209(90) 1.31054(60)
10° Uy, 1.78(16) 2.39(16)
10% Ugy -6.69386(48) ~6.69582
108 Uy, 6.46(17) 6.95459
108 Uy, 3.689(53) 3.80105
1010 U, ~6.96141
10'° Uy -4.828(33) -4.58408
10 Uy 1.68(11) 1.37535
104 Uy 1.48589
10M Uy, -1.10195
106 U4 6.33334
1017 Uy, 2.32341
10 Ugs -2.28845
102! Uy 6.99242
102 Ugg -4.76553
10% Uy 8.00680
102 Uy, -1.23521
10% U -2.05250
x2: 0.8514 0.8587

Transitions : 2937

Adjustable Parameters : 13 8




126

Table 7.4: Born-Oppenheimer potential parameters for InF.

D, (cm™1) 42300.0
R. (A) 1.9853973006(214)
Bo 5.082289283(117)
o 0.52803082(235)
G, 2.0135599(691)
s 10.99445(153)
M, (M5In) 114.903882
M, (}3In) 112.904061
Mg (VF) 18.99840322
x?: 0.8849
Transitions : 2937
Adjustable Parameters : 5

to the Dunham potential form for the long range behaviour is shown in Fig. 7.9.
The Dunham potential parameters, given in Table 7.5 and are calculated using
eqns. (6.46)—(6.48). Good agreement between the two potential forms (i.e | UBC —
TPun | < 0.006 cm™!) occurs in the region of 1.87 A < R < 2.12 A. The range
of the data set for the major isotopomer (v = 12) corresponds to 1.73 A < R <
2.38 A. Significant divergence (| UB®—UP" | > 1 cm™!) begins at R = 2.24 A, and
beyond this point the Dunham form diverges completely away from the dissociation

limit of the molecule.
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Figure 7.9: The comparison of Dunham and Born-Oppenheimer potential of InF.
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Table 7.5: Calculated Dunham potential constants derived from the 3 parameters
listed in Table 7.4.

a,  273148.7050(126)
a; —3.437248389(414)
a,  7.97746988(498)
a;  -14.843201(106)
a, 23.124547(579)
as -30.22096(195)
ag 31.56595(502)
az -20.9249(107)
ag ~8.4051(197)
ag 61.3678(317)
a1 ~138.1082(448)

7.7 Coinage Metals Results

The Born—-Oppenheimer separation of nuclear and electronic motion is based on
the large ratio nuclear to electron mass. Since hydrogen and deuterium have the
lightest nuclei, molecules containing these atoms will show the largest deviations
from Born-Oppenheimer behavior. Thus, the presense of nearby electronic states
and the coupling of nuclear and electronic motion have important contributions in
the simultaneous analysis of many isotopomers. Copper has two naturally occur-
ring isotopes, 83Cu (69.17%), 55Cu (30.83%) as does silver, 97 Ag (51.839%), 1°%Ag
(48.161%), while gold has one major isotope, ' Au. The fits to the mass-reduced
Dunham and parameterized potential both show that Born-Oppenheimer break-
down is much more prevalent on the hydrogen center than on the heavy metal

center. The Dunham fits for each isotopomer of CuH are shown in Table 7.6. Each
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one of these fits reproduced the data to better then the experimental uncertainty
(0.0005 cm™1!), but a large number of parameters were required. We can calculate
the simple Born-Oppenheimer relationship between the rotational constants of two
isotopes :

i

k
0 Hu -
= —, 7.1
T (7.1)

b-<

<

where the 7 and k& labels denote two different isotopes. Using the constants from
Table 7.6, the calculated value for Yp;(83CuH), using the experimentally derived
value of Yo (3 CuH), is 7.940964 cm ™!, while the observed value for Yg,(¥*CuH) =
7.941007 cm~!. The difference between the observed—calculated value is 4.4 x 10~>
cm™!, which is approximately a factor of 10 greater then the uncertainty in the
Y51(%*CuH) constant. Thus, Born-Oppenheimer breakdown is significant in the
CuH molecule where a similar calculation for Yy; of !"InF and !'3InF gives a
difference of 7.2 x 1078 cm™!, which is well within the uncertainty of Yg,(**InF)
(16 = 1.2 x 1077). The unconstrained and constrained mass-reduced Dunham fits
required only 26 and 18 adjustable parameters, respectively, for the 451 transitions,
while the individual fits required a total of 58 parameters. Since each isotopomer is
fit independently, no conclusions about the extent of Born-Oppenheimer breakdown
can be made from these fits.

The data can also be represented compactly with the parameterized potential
model. In this case 18 parameters were varied (compared with 58), with a slightly
better standard deviation for the parameterized potential fit (xf,m-—-—-l.04l) compared
to the constrained mass—-independent Dunham fit (x3,,=1.294). In these fits, the

extent of Born-Oppenheimer breakdown is greater on the hydride atomic center
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than on the copper center. The two parameters Ag; and A,y were not as well
determined for the Cu center as they were for the H center in the Dunham U fits
due in part to the large mass difference between the Cu and H atoms. The potential
fits also show the same phenomenon, only 4 Born-Oppenheimer breakdown (2u;’s,
2¢;’s) parameters are determined for the Cu center while 9 are required for the H
center (5u;’s, 4¢;’s). The lighter mass of the H atom results in a larger kinetic
energy of vibration thus, adiabatic coupling between nuclear and electronic motion
is stronger at the H center. Also, heterogeneous non-adiabatic mixing of !IT states
is evident from the number of ¢;’s required in the fit.

The constrained Dunham fits do not represent the data as well as the param-
eterized model fits. For example, compare the x* values (see Table 7.15) of the
constrained and potential fits. This is different than in the cases of InH/D [178],
AIH/D [177] and GaH/D [179] where the constrained fits worked slightly better
than the potential fits. This problem arises because the constraining relationships
are only valid for isolated electronic states. In Table 7.15 it can be seen that there
are low-lying electronic states of the proper symmetry that can interact with the
ground state. The parameterized potential model accounts for such interactions
through the u; (') and q; (!X,! 1) parameters. Thus for equal number of ad-
justable parameters, the parameterized potential model works much better than
the “constrained” Dunham fits in the coinage metal hydrides. If more A;;'s are
added, this would allow the Uj;’s to be different from the constrained values for
each isotope, which would reduce the x? of the fit. This will basically undo the

constrained relationships but will increase the number adjustable parameters in the
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fit. Adding one more A;; for the metal center in the AgH/D fits reduced the x2 of
the fit by ~10%. A systematic set of fits to explore this phenomena was not carried
out.

The parameters of the potential function can be used to calculate the approxi-
mate values of the Ag; parameter of the Dunbham model. This was first described

in the work of Coxon et al. [197,201],

; _1(9Ui(R)
Al ~ 9l 1-BO pBOT-1( CYilLt)
Aoy = 2[mek™ R ( 3R ),He’

—~
~
(\)

~—

where U; is given by eqn. (6.30) and &€ is the harmonic force constant, which can
be calculated from the second derivative of the Born-Oppenheimer potential,

O _ 32UBO(R)
k _( OR? )R.:R,. (7-3)

Substituting eqn. (6.30) into eqn. (7.2) and eqn. (6.26) into eqn. (7.3) we get the

following result, ,
4RB0 (1 - e"m“))

AL~ Do ul. (7.4)

These A}, values were calculated for the coinage metals (Table 7.16) and compared
with the experimental values. Using the parameter values from Table 7.8 gives A"
= -1.926 and A} = -0.6355. These values are in fairly good agreement with the
A1 parameters listed in Table 7.7. This is because eqn. (7.4) was used at a point
where non-adiabatic corrections to the potential are small, i.e. near the potential

minimum. This point was shown by Coxon et al. [197] where they proved that the
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non-adiabatic corrections to the potential at the minimum are exactly zero (i.e.
g(RBO) = 0). The values calculated for the rest of coinage metal hydrides are in
fairly good agreement with the experimental values. The calculated A" value is
in much better agreement than with the case for GaH. The A§2(calc) value was
found to be a factor of 6 larger then the observed value of A§2 [179]. The large
discrepancy for GaH was due largely to statistical correlations of Uj;’s to R,.
Finally the Born-Oppenhiemer potentials of the coinage metals are shown in
Fig. 7.10. The shapes of the potentials are similar in appearance because the
potential energy curves were scaled by the dissociation energy of the molecule. The
minima of the potentials (R,.) show an interesting trend. It increases from CuH to
AgH, as would be expected when going down a group in the periodic table, but the
R. for AuH is smaller than AgH and approaches the R, of CuH. The reason for
this is that the 6" period transition elements follow the lanthanide series, and have
filled the 4f orbitals. The filling of 4f orbitals causes a decrease in atomic radius
which is called the lanthanide contraction. The f orbitals have low probabilities
near the nucleus and therefore do not shield the nucleus as well as s or p orbitals.
The valence electron “sees” a larger effective nuclear charge thereby reducing the

atomic radius and the internuclear distance of the diatomic molecule.

7.8 Summary

The Fourier transform emission technique has been used to record the spectra of
high temperature molecules. It has proven to be an effective technique for the mea-

surements of the infrared vibration-rotation spectra of the coinage metal hydrides.
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The analysis of high quality data from multiple isotopomers was carried out using
conventional models which are compared to the newer method of directly solving
the one-dimensional Schréodinger equation. The presence of low-lying electronic
states in the coinage metal hydrides causes non-adiabatic coupling of the ground
state with the first excited states. The potential model has been shown to be supe-
rior in representing the dataset due to its ability to handle these Born-Oppenheimer
breakdown effects. The Dunham “constrained” model with the inclusion of the A;;
parameters, derived for isolated electronic states, cannot adequately describe the

Born-Oppenheimer breakdown in these coinage metal hydrides.
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4.8

R/A

Figure 7.10: The comparison of Born—-Oppenheimer potentials of the coniage metal
hydrides (CuH, AgH, AuD).
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Table 7.6: Isotopically dependent Dunham constants for CuH and CuD (cm™!).

Constant 83CuH 85CuH
Yo 1941.6099(133) 1940.91309(101)
Yo  -37.88711(108) -37.645582(633)
Yo 0.192391(334)  0.108950(112)
10%Y 4 -1.04230(346) -

Yor 7.94481811(446) 7.94100763(432)

Y, -0.2557092(125) -0.2556509(114)
10%Y,, 1.51073(850) 1.62248(649)
105Y5, -6.320(219) -1.0290(123)
105Y -5.436(201) -
10%Yy,  -5.317385(122) -5.3124389(149)
106Y 5 8.2030((289) 8.2507(304)
107Y 5 -2.251(131) -2.295(141)
10%Y3, -2.465(151) -4.043(264)
108Yq; 2.45020(173) 2.44741(305)

1019Y 5 -7.755(162) -8.393(261)

1011Y 33 -2.497(260) -

10'2Y g4 -1.6598(182) -1.6734(422)

63CuD 55CuD
Yo 1384.46077(110) 1383.79995(194)
Yo -19.199373(674)  -19.17964(100)
10%Y 5o 4.6941(118) 4.6461(160)
Yor 4.03877847(289) 4.03492251(530)
10%Y,;  -9.271551(760) -9.25700(124)
10%Yy, 4.0562(440) 3.9123(460)
10%Y5, -1.6903(782) -1.4390(620)
10*Y, -1.3744124(504)  -1.371990(120)
10%Y 1, 1.5567(113) 1.588(221)
108Y 4, -3.721(544) -4.252(279)

109Y3, 2.51(100) -
10%Y 3 3.22943(539) 3.2563(174)

101Y 5 -9.492(470) -1.371(189)

10HY g, -1.0855(483) -1.301(199)
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Table 7.7: Isotopically invariant Dunham constants for CuH and CuD (cm™!).

Constant  Unconstrained Constrained

U, 1934.65023(392) 1934.69815(263)

Uy  -37.58787(146)  -37.61031(132)
102U3q 1.84153(384) 1.89751(362)
102U, -1.025626(359) -1.04902(486)
Uor 7.88376993(271) 7.88378257(272)

U -0.2527918(106) -0.25287765(670)
103Uy, 1.47856(753) 1.56095(566)
10%Us,; -5.782(199) -8.322(185)
108U 4 -5.666(189) -2.771(173)
10°Uq2  -5.2365678(653) -5.23645619
105U, 8.0927(248) 8.05333088
107Uq -2.286(116) -2.08747757
108Uz, -2.849(167) -3.76314517
103Ug3 2.39921(139) 2.39324572
10'°U43 -8.021(156) -5.95969283
104 Ugs - -8.31664255
10'1U33 -1.516(244) 59.2400591
102Uy -1.6130(210) -1.65903377
101U 4 - -2.23754354
104Uy -~ -1.03840761
10U - 1.03194936
107Us - -1.44895707
108Uy - 3.99213835
10%°Ugs - -1.01801779
10%2U 46 - -1.73738083
10%Uy; - 3.87728302
102U,z - 3.09714045
10%U¢g - -6.01969965
10%3Uygg - 6.93222867
Afy -2.312(206) -3.611(147)
ASe -1.6801(224) -1.6471(330)
AR -0.79924(195) -0.81756(258)
AR -0.2859(758)  -0.1094670(975)
AR 59.03(354) 22.26(434)
Al -0.670392(446)  -0.665921(319)
Al -1.2054(159) -1.0845(203)
Al -1.5258(233) -1.51606(754)

-5.25(141)

-3.946(546)




Table 7.8: Born-Oppenheimer potential parameters for CuH and CuD.

De (cm™)
Re (4)
Bo

o)
B2

Transitions :
Adjustable Parameters :

23000.0
1.462282508(148)
4.54334158(236)
4.362224(106)
7.392779(568)
13.13481(808)
22.5640(397)
22.913(448)
-69.09(102)
24.98(174)
-28.8055(113)
19.9697(623)
14.253(531)
-20.20(100)
3.67(133)
1.442(130)x1073
-1.129(172)x107?
4.6933(242)x10™*
-2.295(174)x 1074
64.9277929
62.9295989
1.007825035
2.014101779

1.041

451

18

137



Table 7.9: Isotopically dependent Dunham constants for AgH and AgD (cm™).

Constant

07 A gH

IOQAgH

Yo
Yoo
103Y30
Yo1
Yu
10°Y
104Y 5y,
104Y02
10%Y ),
107Y 9
108Y32
108Y03
10 IOY)_:;

1010Y23

X*:

Transitions :

1759.74718(137)
-33.978980(890)
-5.483(168)
6.4500078(201)
-0.202115(167)
6.885(108)
-1.0504(206)
-3.46206(106)
4.2406(418)
-2.493(250)
-3.249(493)
1.0038(171)
-5. a’)1(34a)

0.7488
112

Adjustable Parameters : 13

Yo
Y20
10%Y 30
Yo
10%Y
10%Yy;
10%Y5,
10°Yqo
107Y12
107Y 4
108Y 3,
10%Y 3
1019Y 5

X
Transitions :

107 5D
1250.89686(159)
-17.220706(929)

6.489(162)
3.2578956(158)
-7.26204(143)
2.0291(835)
-2.375(148)
-8.83449(481)
9.439(284)
-1.12(143)
1.068(258)
1.2294(453)
-1.090(141)
0.6470

79

Adjustable Parameters : 13

1759.59636(165)
-33.97316(109)
-5.209(205)
6.4489143(229)
-0.201990(241)
6.35(152)
-1.0072(267)
-3.46421(123)
3.9176(744)
-70.6(433)
~4.002(661)
1.0753(194)
-1.250(557)
-1.374(193)
0.7510

99

12

lQDAgD
1250.68475(129)
-17.214784(797)
6.510(137)
3.2568421(136)
7.254924(837)
1.7659(409)
-1.9313(625)
-8.84845(363)
8.514(157)
-5.227(239)
1.4194(282)
-91.1(115
0.6927
79
14
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Table 7.10: Isotopically invariant Dunham constants for AgH and AgD (ecm™!).

Constant

Unconstrained

Constrained

Uio

Uz
102U30
Un

Un
104Uy,
10*Us3,
104U02
10U
107U22
108U3,
108Uqgs3
101%U 3
101 Uyg
103U,
101U,
107 Ugs
10'8U5
10%'Ugs

Ag
Alg

Alg

Az

Al

Ag

Afy

Agy
X2

Transitions :

1759.17978(84)
-34.16256(172)
4.2062(404)

6.4410323(324)
-0.2017435(164)

6.644(110)
-1.0241(205
-3.45574(108
4.1689(536
-2.187(332
-3.059(533
1.0021(149
-4.826(444
-3.27(176

1.474(912)

-0.88225(244)
-12.8347(954)
-2080.73(797)
-0.3635(103)
-1.2953(400)
-2.388(434)
1.051

Adjustable Parameters : 21

)
|
6.4407974(559)
)
)

1759.26565(334
-34.19077(591

4.860(145

-0.2017269(201

6.512(124
-92.00(210)
-3.45315498
4.24311981
-3.41462867
-3.05931359
1.06301760
-5.09393126
-3.45276905
-5.86818904
-4.29570034
1.31719830
-2.80552833
-2.53260626

-4.36(364)

-0.93442(869)
-14.911(332)
-2138.80(197)
-0.1876(215)
-1.548(124)
5.267(380)
4.2454

369

14
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Table 7.11: Born-Oppenheimer potential parameters for AgH and AgD.

D, (cm™1) 19278.0
R. (A) 1.61780074(170)
Bo 4.99216653(629)
B 5.345143(164)
3, 10.17092(128)
Ba 17.6335(143)
Ba 35.292(114)
5 34.834(781)
ult -10.107(191)
ull -2.451(423)
ull 13.729(372)
qr 0
g 1.3669(421)x 1073
gl -1.8618(902)x1073
M, (197 Ag) 106.905092
M, (19Ag) 108.904756
Mg (*H) 1.007825035
Mg (H) 2.014101779
X2 1.030
Transitions : 369

Adjustable Parameters : 12
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Table 7.12: Isotopically dependent Dunham constants for AuH and AuD (cm™!).

Constant 97 AuH Y7AuD

Yo 2305.53136(404) 1635.25297(57)

Yoo -43.389894(148) -21.820738(331)

Yor 7.24137326(998) 3.64224729(636)

10%Y 30 - -1.4677(542)
10%Y,; -21.321141(739) -7.62695(279)
104Yy, 30.33(257) 1.2556(116)

103Y 3, - -1.9573(161)
10°Yo,  -28.57212(412) -7.23927(165)

107Y 1, 25.334(289) 4.3383(471)

108Y 5 -34.617(861) -3.7251(649)
1019Yg3 4.7718(486) 7.360(134)
1011Y 3 -42.22(227) -1.882(324)

x?: 0.7806 1.030
Transitions : 69 142
Adjustable Parameters : 10 12




Table 7.13: Isotopically invariant Dunham constants for AuH and AuD (cm™!).

Constant  Unconstrained Constrained
Uy, 2309.31423(105) 2309.31476(206
Uy  -43.521977(811)  -43.52497(167)
103U -4.367(188) -3.973(393)
Up  7.2619588(213) 7.2619861(193)
U -0.21479366(996) -0.2147786(106)
104Uy 4.9963(5355) 5.4533(973)
10*Us,; -1.0766(107) -1.1197(214)
10'Up,  -2.871647(533) -2.87249955
10°U 5 2.6557(269) 2.49570379
107Uy -3.2011(530) -4.00588160
10%Ug3 5.0572(519) 4.91398996
100U 3 -4.500(218) -3.04865128
101U - -1.64427910
10'3 U4 ~ -2.15812167
101U 4 - -4.98835897
108 Ugs - -1.23825084
10U s - 5.61009582
102 Ugg - -1.09609301
10%7Uqr - -2.62058672
Al _0.562082(717)  -0.55820(146)
AL -1.5181(115) -1.5140(240)
Al -0.21417(679)  -0.21928(728)
AR -1.1715(566) -0.3378(553)
AR 1.705(356) 0.589(173)
AR -112.1(124) 97.71(683)
X2 1.3112 2.778
Transitions : 211
Adjustable Parameters : 18 13
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Table 7.14: Born-Oppenheimer potential parameters for AuH and AuD.

D, (cm™t) 27135.0
R. (4) 1.523596412(979)
3o 5.20234379(351)
S 5.382001(160)
Ba 9.916858(478)
3 16.1247(225)
34 19.3037(985)
utl -13.160(208)
ull -5.643(517)
ull 27.216(482)
ql 4.361(287)x10~*
7 0
gt 1.437(454)x 1073
gl -3.079(988) x 1073
My (¥7Ag) 196.966540
Mg (*H) 1.007825035
Mg (*H) 2.014101779
x?: 1.144
Transitions : 211

Adjustable Parameters : 12
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Table 7.15: Comparison of “constrained” Dunham fits and parameterized potential
fits. Positions of the lowest lying electronic states are taken from [208].

M  State MH (cm™') MD (em™!) D. (em™!) X3, Xl
Cu T.('Z%) 23434 23412 22019  1.294 1.041
Ag T.(1Z%) 29959 29960 20083  4.245 1.030
Au  T.(I) 27665 27664 26294  2.788 1.144

Table 7.16: Comparison of Aj;.

Molecule  Af(calc)  Aj (obs)

CuH (A=Cu) -1.552  -1.6471(330
CuH (A=H)  -0630 -0.81756(258
AgH (A=H)  -0248  -0.1876(215
AuH (A=H)  -0.199  -0.21928(728

P N N ey
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Appendix A
Line Positions of CalNHy

Table A.1: Observed line positions of the C?24,—X?2A, Tran-
sition of CaNH,. The observed - calculated are in column
labelled A multiplied by 107°.

J7 Observed A J7 Observed A
K/=0+—K!=0
P, Branch R; Branch
0.5 17374.02970 -69 0.5 17376.44308 89
1.5 17373.47758 110 1.5 17377.08210 -243
2.5 17372.93398 175 2.5 17377.73627 -15
3.5 17372.40047 293 3.5 17378.39410 -365
4.5 17371.87715 482 4.5 17379.06999 159
5.5 17371.35887 240 5.5 17379.74826 6
6.5 17370.85221 240 6.0 17380.43476 -221
7.5 17370.35010 -206 7.5 17381.13827 377
8.5 17369.86048 -286 8.5 17381.84197 142
9.5 17369.37973 -337 9.5 17382.55360 -127
10.5 17368.91099 -20 10.5 17383.27635 -81
11.5 17368.44860 126 11.5 17384.00580 -131
12.5 17367.99426 303 12.5 17384.74627 188
13.5 17367.55042 788 13.5 17385.50174 1311
14.5 17386.23937 -7
15.5 17386.98361 -1279
17.5 17388.52483 -215
19.5 17390.07394 -261

Ps Branch R, Branch

0.5 17374.57371 56 0.5 17375.74734 -301
1.5 17373.97084 128 1.5 17376.34619 312
2.5 17373.37287 -280 2.5 17376.94518 -25
3.5 17372.79147 5 3.5 17377.56230 496
4.5 17372.21508 -168 4.5 17378.17497  -372
5.5 17371.65641 485 9.5 17378.80697  -239
6.5 17371.09763 191 6.5 17379.44830 -88
7.5 17370.54469 -439 7.5 17380.09059 -739
8.5 17370.01716 570 8.5 17380.74952  -601
9.5 17369.48098 -168 9.5 17381.42452 290
10.5 17368.95622 -624 10.5 17382.10117 520
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Table A.1: Observed line positions of the C2A;—X2 A4, Tran-
sition of CaNH;. The observed - calculated are in column
labelled A multiplied by 1075,

J7 Observed A J7  Observed A
125 17367.94408 -270 12,5 17383.47264 434
13,5 17367.44875 -197 135 17384.17323 760

14.5 17384.86894 -99
15.5 17385.58920 840
17.5 17387.01941  -118
18.5 17387.73995  -865
19.5 17388.48564 427

Ki=1+K]=1

a

P}, Branch R}, Branch

1.5 17373.92113 -54 1.5 17376.26300 -114
2.5 17373.31766 214 2.5 17376.85547 =77
3.5 17372.73118 256 3.5 17377.46381 213
4.5 17372.15870 367 4.5 17378.07693 -159
5.5 17371.59262 -22 5.5 17378.70499 -90
6.5 17371.04054 -64 6.5 17379.34174 -152
7.5 17370.49975 21 7.5 17379.98862 -162
8.5 17369.96572 -179 8.5 17380.65224 573
9.5 17369.44346 -133 9.5 17381.31499 324
10.5 17368.92735 -370 10.5 17381.98297 -269
11.5 17368.42661 61 11.5 17382.66798 8
12.5 17367.93142 212
13.5 17367.44875 813
14.5 17366.97519 1558

PY, Branch RY, Branch
1.5 17373.90095 79 1.5 1737627011  -173
25 1737328580 41 9.5 17376.86896  -87
35 1737269096 172 35 1737747941  -123
45 1737210945 355 45 17378710142  -96
55 1737153425 78 55 1737873332 -84
65 1737007069  -40 65 17379.36950  -597
75 1737041787  -37 75 1738002339  -252
85 17369.87367 .88 85 1738068547 30
9.5 17369.34337 369

Q}, Branch QY, Branch
1.5 17375.10168 45 4.5 17375.09063 -118
2.5 17375.08201 -257 5.5 17375.11845 199
4.5 17375.10735 424 6.5 17375.14724 -392
5.5 17375.12531 -513 7.5 17375.19948 409
6.5 17375.16460 -369 13.5 17375.63942 -221
12.5 17375.59407 74 14.5 17375.74731 419
17.5 17376.16848 -139

P9, Branch RY, Branch
1.5 17373.30921 1302 1.5 17376.94528 231
2.5 17372.76943 517 2.5 17377.60543 20
3.5 17372.23583 355 3.5 17378.26967 -350



Table A.1: Observed line positions of the C2A;—X2A; Tran-
sition of CaNH,. The observed - calculated are in column
labelled A multiplied by 1075.

J7 Observed A J7 Observed A

5.5 17371.20033 1319
65 1737067174 -450
P}, Branch R, Branch
1.5 17373.31831 -658 17376.91368 -1347
25 1737279171 -969 17377.57759  -574

17378.26268 1698
17378.91924 332

Q3, Branch Q2, Branch

17375.08822 124 17375.09317 18
17375.28848 34 17375.22511 -56
17375.64878  -53 17375.30217 367
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Appendix B

Line Positions of InF

All values of the lines in the following appendix is given in cm™ ! units. The value in
parenthesis are the 1o uncertainty from the parametrized potential fit and signify the
uncertainty in the last quoted digits.

Table B.1: Observed line positions of '3InF in cm™!.

~Assignment Observed Assignment Observed
1 — 0 Band
R(5) 533.10737 401} R 6; 533.59988(5)
R(7) 534.09358(107 R(8) 534.58178(38)
R(9) 535.06668(18 0) 535.54868(88)
R(11} 536.02579(48 2)  536.50039(140)

R§13 536.96959(74 537.431895—300)

R(15) 537.89689 21 538.35520(-28)
R(17) 538.81100(9 539.26200 131;
R(19) 539.70640(- 112) 540.15340(291
R(21) 540.59130 171) ( 541.02491(8)

541.88311(-54)
542.72591(-100)
543.55392 -64;
544.36632(-23
545.15992(-292)
545.94483(145)
546.70833(22)
547.45923(224
548.19214(216

R(25) 542.30731(8
R(27) 543.13752
R(29) 543.96322(7
R(31) 544.76632
R(33) 545.55412(-

R(23) 541.45631(1
517
-34

R(37) 547.08483(3
39) 547.82623(7
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ARATRIEDHND DR DD DD DHOD D
ARSI R ND0S KD RDAND 0D -

R(35) 546.32813(4

R(41) 548.55014(- 548.90724(23
R(43) 549.26004 51) 549.60854(49
R(45) 549.95234(-22) 550.29194(-111)
R(47) 550.62795(-157 48)  550.96165(-31)
R(49) 551.28625 -412 50) 551.61165(-308)
R(51) 551.93545(4 52) 552.25115(-16)
R£53 552.56315 -36) 54) 552.87205(40)
R(55) 553.17616(4 56) 553.47796(224)
R(57) 553.77196(3 58) 554.06396(51)
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Table B.1: Observed line positions of '*InF in cm™!.

‘Assignment Observed Assignment Observed
R(59) 554.35136(19) R(60) 554.63546(66)
R(61) 554.91386(-45) R(62) 555.18826(-145)
R(63) 555.46207(106) R(64) 555.73087 271;
R(65) 555.99057(-62) R(66) 556.25507(499
R(67) 556.50517(35) R(68) 556.75507(-35)
R(69) 557.00377(191) R(70) 557.24477(63
R(71) 557.48227(2) R(72) 557.71677(58
R(73) 557.94758 163; R(74) 558.17178(26
R({75) 558.39548(258 R(76) 558.61008(-0)
R(77) 558.82288 -18; R(78) 559.03208(25)
R(7%3) 559.23628(-10 R(80) 559.43708 37}
R§81 559.63328(48 R(82) 559.82508(41
R(83) 560.01248(19 R(84) 560.19498(-69)
R(85) 560.37559(79 R(86) 560.55039 72%
R(87) 560.71979(-48) R(88) 560.88719(59
R(89) 561.04949(84) R(90) 561.20639(-3
R(91) 561.35969(-20) R(92) 561.50899(-9
R(93) 561.65409(13) R 94; 561.79499(46
R(95) 561.93039 40 R(96) 562.06309(36
R(97) 562. 19029§ R(98) 562.31379(17
R(99) 562.43239 R(100) 562.54749(33

R(101) 562.65789(4 R(102) 562.76370(40
R(103) 562.86640 158 R(104) 562.96270(72
R(105) 563.05390 -86) R(106) 563.14300 -16;
R(107) 563.22710(- R(108) 563.30600(-78
R(109) 563.38130 -70 R(110) 563.45360(79
R(111) 563.51990(6 R(112) 563.58150(32
R(113) 563.63910(3 R(114) 563.69280(94
R(115) 563.74110(5 R(116) 563.78480(2)
R(117) 563.82560 103) R(118) 563.86060(69)
R(119) 563.89090(1 R({120) 563.91690(-28)
R(121) 563.93720 191 R(122) 563.95540(-116)
R(123) 563.96840(-112 R(128) 563.97950(1270)
R(131) 563.90850(-242 R(132) 563.88340(19)
R(133) 563.85290(194) R(134) 563.81730(315)
R(135) 563.77360 83 R(136) 563.72760(77)
R(137) 563. 67670 R(138) 563.62060(-61)
R(139) 563.56180(2 R(140) 563.49870(145
R(141 563.42700 137) R(142) 563.35630(142
R(143) 563.27720 42 R(144) 563.19450(44)
R(145) 563.10720 49 R(146) 563.01610(136
R(147) 562.91940(128) R(148) 562.81830(144
R(149) 562.71159(65 R(150) 562.60089(52)
R(151) 562.48569(55 R(152} 562.36689(165
R(153) 562.24129(63 R(154) 562.11259(119
R(155) 561.97709(-36) R(156) 561.83829(-51
R(157) 561.69569(24) R(158) 561.54669(-71
R(159) ©561.39409(-53) P(152) 411.31588(191)
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Table B.1: Observed line positions of !'*InF in cm™!.

Assignment Observed Assignment Observed
P(149) 414.34939(-63) P(147) 416.35790(-238
P(146) 417.36300(176) P(145) 418.35841(-103
P(144) 419.35451(-32) P(143) 420.34621(-122
P(141) 422.32422(-1) P(140) 423.30833(-7)
P(139) 424.29003(29) P(138) 425.26893(68)
P(137) 426.24394(2) P(136) 427.21614(-59)
P(135) 428.18485(-185) P(134) 429.15465(85)
P(133) 430.11915(113) P(131) 432.03696(-88
P(130) 432.99427(85) P(129) 433.94537(-72
P(128) 434.90187(602) P(127) 435.84258(-12
P(126) 436.78548(-115) P(125) 437.72729(-34
P(124) 438.66639(70) P(123) 439.60189(108)
P(122) 440.53220(-78 P(121) 441.46190(-29)
P(120) 442.38830(-14 P(119) 443.31071(-101)
P(118) 444.23481(280) P(117) 445.14882 -51
P(116) 446.06342(-22) P(115) 446.97582(8
P(114) 447.88203(-125) P(113) 448.78893(3
P(112) 449.69003(-82) P(111) 450.58984(-
P(110) 451.48654(23) P(109) 452.38004 55)
P(108) 453.27075(113) P(107) 454.15555(-113)
P(106) 455.04026 -443 P(105) 455.92226(62)

104) 456.79906(-44 P(103) 457.67417(-11)
%102 458.54657 60; P(101) 459.41537(80
(100 460.28068(62 P(99) 461.14298(53
P{9 462.00128 -43; P(97) 462.85959(173)
P 96 463.71029(-58 P(95) 464.55879(-195)
P{94) 465.40780 31; P(93) 466.25100(-7)
P592 467.09190(41 P(91) 467.92971(95
P(90) 468.76261(-24) P(89) 469.59472(94
P(88) 470.42372(221) P(87) 471.24672(67
P(86) 472.06743(2) P(85) 472.88533(-22)
P(84) 473.70083 34; P(83) 474.51304(83
P(82) 475.32124(53 P(81) 476.12644(47
P(80) 476.92855(53 P(79) 477.72725(45
P(78) 478.52285(51 P(77) 479.31475(12
P(76) 480.10516(150) P(75) 480.89056(114)
P(74) 481.67256(66) P(73) 482.45067(-44)
P(72) 483.22707(5) P(71) 484.00017(53
P(70) 484.76938 413 P(69) 485.53548(50
P(68) 486.29818(50 P(67) 487.05819(112)
P(66) 487.81259(-53) P(65) 488.56679(95)
P(64) 489.31690(167) P(63) 490.06030(-97
P(62) 490.80450(54) P(61) 491.54310(-19
P(60) 492.28071(145) P(59) 493.01091(-95
P(58) 493.73961(-146) P(57) 494.46732(40)
P(56) 495.19012(76) P(55) 495.90912(71
P(54) 496.62323(-84) P(53) 497.33663(32
P(52) 498.04333(-181) P(51) 498.75053(-1)



Table B.1: Observed line positions of !*InF in cm™!.

Assignment Observed Assignment Observed
P(50) 499.45174(-79) P(49) 500. 15084
P(48) 500.84664(46 P(47) 501. 53775
P(46) 502.22655(49 P(45) 502.91105(2
P(44) 503.59235(26 P(43) 504.27216 224
P(42) 504.94596 170} P(41) 505.61556(4
P(40) 506.28366(118 P(39) 506.94767 131
P(38) 507.60377(-295 P(37) 508.26277(-8
P(36) 508.91478(-216 P(35) 509.56628 -49
P(34) 510.21328 21; P(33) 510.85568(-
P(32) 511.49519(11 P(31) 512.13029 —47
P(30) 512.76289(-1) P(29) 513.38779(-368)
P(28) 514.01090(-560) P(27) 514.63710(-84)
P(26) 515.25580(-1) P(25) 515.87120 110
P(24) 516.48161(80 P(23) 517.08811(2
P(22) 517.69171(29 P(21) 518.29291 159)
P(20) 518.88772(10 P(19) 519.47952(-
P(18) 520.07282(349) P(17) 520.65522(4
P(16) 521.23693 40; P(15) 521.81543(7
P(14) 522.38953(37 P(13) 522.96113 114
P(12) 523.52724(7) P(11) 524.09064(-
P(10) 524.65074(24) P(9) 525.20594 -72
P(8) 525.75864(-48) P(7) 526.30885({94
P(6) 526.85395(96 P(5 527.3944559
P(4) 527.93245(42 P(3) 528.46596(-3
P(2) 528.99556(-66)
2 — 1 Band
R(0) 525.28264 -920; R(1) 525.80084(-259)
R(2) 526.30885(-244 R(3) 526.81405(-135)
R(4) 527.31595(18) R(5) 527.81265(27)
R(6) 528.30515(-9) R(7) 528.79566(131)
R(8) 529.27926(-43) R(9) 529.76136(12)
R(10) 530.23916(14) R(11) 530.71276(-25
R(12) 531.18257(-65) R(13) 531.64947(-15
R(14) 532.11027(-194) R(15) 532.57077(-23
R(16) 533.02607(10) R(17) 533.47618(-95
R(18) 533.92448(4) R(19) 534.36408(-385)
R(20) 534.80838(81) R(21} 535.24278(-59)
R(22) 535.67438(-93) R(23) 536.10029(-312)
R(24) 536.52619(-144) R(25) 536.94959(161)
R(26) 537.36479(33) R(27) 537.77729 24;
R(28) 538.18919(344) R(29) 538.59130(73
R(30) 538.98880(-268) R(31) 539.38830(-19)
R(32) 539.78170(12) R(34) 540.55480(-120)
R(35) 540.93581(-151) R(36) 541.31531(60)
R(37) 541.68781(-33) R(38) 542.05571(-192)
R(39) 542.42421(104 R(40) 542.78941 467;
R(41) 543.14762(526 R(42) 543.49842(242
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Table B.1: Observed line positions of '5InF in cm™!.

Assignment Observed Assignment Observed

R(43 544.18622(-511)
R{45 544.87032 -38;
R(47) 545.53312(-94

546.18183(46
546.81343(86

R(49 .
R(51) 546.49863(-35)
R(53) 547.12243(32) 547.42773(12
R(55) 547.72913(7) 548.02614(-32)
R(57) 548.32034(55) 548.61224(319)
R(59) 548.89924(501) 549.17544(10)
R(61) 549.45194(-42) 549.72654 126)
R(63) 549.99404(-7) 550.25884(1
R(65) 550.52045 993 550.77835 240)
R(67) 551.02885(52 551.27625 32)
R(69) 551.52005(-63) 551.76085(2
R(71) 551.99685(38) 552.22755(-
R(73) 552.45435(-130) 552.67825(-
R(75) 552.89875(58) R(76) 553.11386(6
R§77 553.32376(-23) R(78) 553.53106(4
R(79) 553.73386 81; R(80) 553.93196(6
R(81) 554.12606(76 R(82) 554.31526(1
R(83) 554.50066(-3) R(84) 554.68186(-
R ssi 554.85906(-13) R(86) 555.03176(-
R(87) 555.19836(-237) R(88) 555.36586 72)
R(89) 555.52567(38) R(90) 555.68157(3
R(91) 555.83227(-52 R(92) 555.98097(8
R(93) 556.12227(-92 R(94) 556.26277 80
R(95) 556.39737(92) R(96) 556.52727 63
R(97) 556.65347(95) R(98) 556.77397(-12)
R 99% 556.89117(-17) R(100) 557.00377(-51)
R(101) 557.11367 79g R(102) 557.21827(112)
R(103) 557.31727(20 R(104) 557.41317 52;
R(105) 557.50347(-41) R(106) 557.59097(23
R(107) 557.67407(82 R(108) 557.75277(139)
R(109) 557.82537(24 R(110) 557.89538(87)
R(111) 557.95958(10 R(112) 558.02138(131)
R(113) 558.07638(13 R(114) 558.12818(16)
R(115) 558.17178(-359) R(116) 558.21848(17
R(117) 558.25748(66) R(118) 558.29188(98
R(119) 558.32188(135) R(120) 558.34888(316)
R(122) 558.37278(-997) R{131) 558.29858(-2909)
R(131) 558.33008(241) R(133) 558.26598(10)
R(134) 558.22818(-1) R(135) 558.18508(-88)
R(136) 558.13828(-90) R(137) 558.08798(13)
R(138) 558.03188(-9) R(141) 557.83828 1363
R(144) 557.60127(65) R(145) 557.51447(181
P(149) 409.85747(-512) P(147) 411.85248(-670)
P(145) 413.84399(-77) P(144) 414.83399(59)

P(143) 415.81990(62) P(142) 416.80350(113)



Table B.1: Observed line positions of **InF in cm™!.

Assignment

Observed

Assignment

Observed

Z17.78020(-247)
419.73401(-88
421.67552(-34
423.60523(-30
425.52374(-10
427.43024(-48
429.32665(53)
431.20806(-193)
433.08297(70)
434.94137(-151)
436.79248(70)
438.62899(7)
440.45420(-3)
442.27010(245)
444.06911(-4)
445.85802 -62;
447.63553(-56
449.40343(201)
451.15454(-6)
452.89525 -31;
454.62405(-19
456.34056(-5)
458.04427(-33)
459.73617(3)
461.41538(18)
463.08149(-24
464.73500(-66
466.37320(-373)
468.00581(30)
469.62272(138)
471.22412(-23)
472.81523(72
474.39243(68
475.95594(-9)
477.50695(-35)
479.04655(105)
480.57076(18)
482.08357(107)
483.58137(19
485.06698(38
486.53768(-101)
487.99899(158)
489.44280(9)
490.87700(248)
492.29251(-30
493.69701(-51
495.08912(51)
496.46722(121)

P(140
P(138
P(136
P(134
P(132
P(130
P(128
P(126
P(124
P(122
P(120
P(118
P(116
P(114
P(112
P(110
P(108)
P(106
P(104
95102
P(100
P(98
P(96
P(94
P(92
P(90
P(88
P(86
P(84
P(82
P(80
P(78
P(76
P(74
P(72
P(70
P(68
P(66
P(64
P(62
P(60
P(58
P(56
P54
P(52
P(50
P(48
P(46

A18.76011(-7)
420.70622(-57)
422.64212(1
424.56613(3
426.48004(133)
428.37925(-61)
430.26945(-5)
432.14776(18
434.01447(44
435.86928(48
437.71309(126)
439.54329(24)
441.36220(-23)
443.16861 129)
444. 96561%22)
446.74852
448.52013
450.28104 150
452.02724(6
453.76105(-
455.48416 18)
457.19826 411
458.89187(-
460.57708 16
462.24969 35
463.91209(182)
465.55730 58;
467.19261(-21
468.81541(39)
470.42372 72)
472.01983(-121)
473.60463(-11)
475.17654(102)
476.73294(-35)
478.27955(151)
479.81036(67)
481.32766 -52;
482.83287(-63
484.32578(22)
485.80398(-33)
487.26849(-124)
488.72129(-45)
490.16140(110)
491.58580(44)
492.99671(-16)
494.39682(204)
495.77942(39)
497.14753(-205)
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Table B.1: Observed line positions of "*InF in cm™!.

~Assignment Observed Asslgnment Observed
P(45) 497.82913(-57 P(44) 498.50623(-14
P(43) 499.17914(-47 P(42) 499.84854(-83
P(41) 500.51364 -204; P(40) 501.17804(-47
P(39) 501.83615(-173 P(38) 502.49445(69)
P(37) 503.14535 —80; P(36) 503.79285(-220)
P(35) 504.44016(-29 P(34) 505.08136(-98)
P(33) 505.71906(-166) P(32} 506.34967{(-591)
P(31) 506.98597(-95 P(30) 507.61467(-5)
P(29) 508.23887(-11 P(28) 508.85938(-33)
P(27) 509.47578(-111) P(26) 510.08858(-192)
P(25) 510.70218(162) P(24) 511.30929(224)
P(23) 511.91009(12) P(22) 512.50989(59)
P(21) 513.10469(-35) P(20) 513.69599 -121;
P(19) 514.28570(-6) P(18) 514.86970(-101
P({17) 515.45260(55) P(16) 516.02980(3)
P(15) 516.60371 -17; P(14) 517.17491(55)
P(13) 517.74071(-48 P(12) 518.30551 112;
P(11) 518.86412(18) P(10) 519.42132(148
P(9) 519.97172 -35; P(8) 520.52112(48)
P(7) 521.06493(-62 P(6) 521.60663(-14)
P(5) 522.14213(-218)
3 — 2 Band
R(0 520.07282%385) R(1) 520.58102(415)
R(2) 521.08163(56) R(3) 521.57753(-401)
R(4) 522.07663(-166) R(5) 522.57063(-67)
R(6) 523.06013(-45 R(7) 523.54474(-139)
R(8) 524.02724(-68 R(9}) 524.50544(-52)
R(10) 524.97934(-89 Réll 525.45074(0)
R(12}) 525.91674(-73 R(13) 526.38065(21
R(14) 526.84005(44) R(15) 527.29545 45;
R(16) 527.74615 -43; R(17) 528.19225(-212)
R(18) 528.63746(-89 R(19} 529.07766(-85)
R(20) 529.51476(-9) R(21) 529.94776(39
R(22) 530.37536(-69) R(23) 530.80156(67
R(24) 531.22057(-133) R(25) 531.63767(-138)
R(26) 532.05287(53) R(27) 532.46197(20
R(28) 532.86727(-6) R(29) 533.26937(36
R(30) 533.66648(-35 R(31} 534.06098(23
R(32) 534.45008(-69 R(33) 534.83338(-352)
R(34) 535.21838(-75 R(35) 535.59798(54)
R(36) 535.97249(64) R(37) 536.34209(-23)
R(38) 536.71049 162; R(39) 537.07039(-109)
R(40) 537.43189(173 R(41) 537.78569(81)
R(42) 538.13509(-57) R(43) 538.48240(-8)
R(44) 538.82630(97) R(45) 539.16350(-72)
R(46) 539.49890(-22) R(47) 539.83230(225)
R(49) 540.48220(228) R(50) 540.79751(-136)
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Table B.1: Observed line positions of '3 InF in cm™!.

Assignment Observed ~Assignment Observed
R(51) 541.11481(100) R(52) 541.42401(-72)
R(53) 541.73061(-103) R(54) 542.03541(89)
R(55) 542.33311(-26 R(56) 542.62811(-8)
R(57) 542.91861(-35 R(58) 543.20552(-18)
R(59) 543.48982(145) R(60) 543.76772 74;
R(61) 544.04072(-80) R(62) 544.31262(62
R(63) 544.57912(72) R(64) 544.84002 -69;
R(65) 545.09892(-1) R(66) 545.35262(-44
R(67) 545.60403 94; R(68) 545.84433(-468)
R(69) 546.09113(32 R(70) 546.32813(-37)
R(71) 546.56163(-42) R(72) 546.78863(-285)
R(73) 547.01673(-4) R(74) 547.23843 52;
R(75) ©547.45283(-208) R(76) 547.66803(29
R(77) 547.87563(-79 R(78) 548.08034 -60%
R(80) 548.47694(-49 R(81) 548.66884(-56
R(82) 548.85524(-194) R(83) 549.04124(48)
R(84) 549.21984(-29) R(85) 549.39514(-16)
R(86) 549.56624(-1) R(87) 549.73414(117)
R(88) 549.89594(47 R(89) 550.05414(40
R(90) 550.20834(57 R(91) 550.35804(50
R(92) 550.50365(57 R(93) 550.64455(20
R(94) 550.77835(-301) R(95) 550.91445(36
R(96) 551.04435(180) R(97) 551.16665(-7)
R(99) 551.40215(-6) R(100) 551.52005(655)

R(101) 551.61905(-143) R(102) 551.72405 89;
R(103) 551.82175(24 R(104) 551.91635(81
R(105) 552.00615(91 R(106) 552.09045(-15)
R(107) 552.17195 33; R(108) 552.25115(286)
R(109) 552.32135(74 R(110) 552.38885(29
R(111}) 552.45435 220; R(112) 552.51165(29
R(113) 552.57025(405 R(114) 552.61665(0)
R(115) 552.66325(55) R(116) 552.70435(-1)
R(117) 552.73975(-187 R(118) 552.77285(-161
R(119) 552.80115(-174 R(120) 552.82545(-145
R(121) 552.84535(-113 R(122) 552.86225(63)
R(135) 552.65365(146 R(136) 552.60465 4;
R(137) 552.55465(214 R(138) 552.49595(8
R(139) 552.43925(456 R(140) 552.36995 98;
R(141) 552.29955(85 R(143) 552.14475(28
R(144) 552.06085(34 R(145) 551.97365(168
R(146) 551.87985 100; R(147) 551.78265(151
R(149) 551.57315(122 R(150) 551.46385(344
P(145) 409.37707(-19) P{143) 411.33868(35)
P(141) 413.28729(-109) P(140) 414.25879(-45)
P(139) 415.22879(147) P(138) 416.19320(57
P(137) 417.15560(47) P(136) 418.11541(57
P(135) 419.07281(108) P(134) 420.02601(21
P(133) 420.97802(97) P(132) 421.92562(16
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Table B.1: Observed line positions of !'°InF in cm™!.

Assignment Observed Assignment Observed
P(131) 422.87152(48) P(130) 423.81393(16)
P(129) 424.75353(-11) P(128) 425.69004(-62)
P(127) 426.62574(94 P(126) 427.56024(417)
P(125) 428.48525(79 P(124) 429.40695(-299)
P(123) 430.33146(-108) P(122) 431.25166(-57)
P(121) 432.16946(46) P(120) 433.08297(11)
P(119) 433.99347(-32) P(118) 434.90187(9)
P(117) 435.80698(14 P(116) 436.70978(84)
P(115) 437.60818(10 P(114) 438.50489 62
P(113) 439.39729(-20) P(112) 440.28870 97
P(111) 441.17680(182) P{110) 442.05820 104)
P(109) 442.94141(89) P(108) 443.81851(-
P(107) 444.69321(-81) P(106) 445.56582 -44
P(105) 446.43742 195; P(104) 447.30172(8
P(103) 448.16673(195 P(102) 449.02533(4
P(101) 449.88273 83; P(100) 450.73654(6

P(99) 451.58724(46 P(98) 452.43475(1
P(97) 453.27905(-33) P(96) 454.12045(-
P(95) 454.95976(14) P(94) 455.79556 47)
P(93) 456.62716(-29) P(92) 457.45667(-
P(91) 458.28307(23) P(90) 459.10627 43)
P(89) 459.92558(-14) P(88) 460.74208(-36)
P(87) 461.55828(226) P(86) 462.36509 136
P(85) 463.17389(18) P(84) 463.97799(1
P(83) 464.77860(-14) P(81) 466.37320 217)
P(80) 467.16381(141) P(79) 467.95061(5
P(78) 468.73571(20) P(77) 469.51621 104)
P(76) 470.29522(-55) P(75) 471.07092(-15)
P(74) 471.84372(60) P(73) 472.60953 242)
P(72) 473.37723 29% P(71) 474.13983(-
P(70) 474.89844(-47 P(69) 475.65454(-
P(68) 476.40724(1) P(67) 477.15635(-
P(66) 477.90225 19) P(65) 478.64575 64
P(64) 479.38456(7) P(63) 480.12116 61
P(62) 480.85276(-55) P(61) 481.58246 29§
P(60) 482.30627(-260) P(59) 483.03147(-19
P(58) 483.75017(-94 P(57) 484.46718(-4)
P(56) 485.17938(-60 P(55) 485.88888(-51)
P(54) 486.59458(-85 P(53) 487.29819(8)
P(52) 487.99899(158 P(51) 488.69469(136)
P(50) 489.38750(163 P(49) 490.07480(-21)
P(48) 490.76060(-15) P(47) 491.44370(61)
P(46) 492.12311 109; P(45) 492.79761 8%
P(43) 494.14122(295 P(42) 494.80352(4
P(41) 495.46442(-83) P(40) 496.12432(75
P(39) 496.77883(38) P(38) 497.43033(48
P(37) 498.07903(124) P(36) 498.72263(38
P(35) 499.36244(-81) P(34) 500.00054(-20)



Table B.1: Observed line positions of !*InF in cm™~!.

Assignment Observed Assignment Observed
P(33) 500.63414(-60 P(32) 501.26574 49
P(31) 501.89175(-51 P(30) 502.51595(2
P(29) 503.13505(-67 P(28) 503.75265(4
P(27 P(26) 504.97366 -81
P(25 P(24) 506.18226 -34
P(23 P(22) 507.37657(4)
P(21 P(20) 508.55877 259
P(19 P(18) 509.72268 116
P(17 P(16) 510.87298 49)
P(15 P(14) 512.00899(-

P§13 P(12) 513.12979 136)
P(11 P(10) 514.23910 35)
P(9 P(8) 515.33140(-
P(7) P(6) 516.40681 340
P 5; P(4) 517.47641(243)
P(3 P(2) 518.51531 773)
R(1) 515.39900(-77) R 2; 515.90120(8
R(3) ©516.39571(-147) R(4) 516.89081(4
R(5) 517.37921(-55) R(6;, 517.86251 297)
R(7) 518.34761(14) R(8) 518.82712 137
R(9) 519.29972(-57) R(10) 519.77112(4
R(11) 520.24032(220) R(12) 520.70122 -20
R(13) 521.15993 -103; R(14) 521.61683(1
R(15) 522.06683(-190 R(16) 522.51643 53)
R(17) 522.96113(-27) R(18) 523.40093(-112)
R(19) 523.83914(22) R(20) 524.27104(-94
R(21) 524.69814 -309; R(22) 525.12624 -43
R(23) 525.54724(-105 R(24) 525.96665(5
R(25) 526.38065(59) R(26) 526.78965 -54
R(27) 527.19565(-82) R(28) 527.59845(-46
R(29) 527.99625(-125) R(30) 528.39175 -4(
R(31) 528.78496(187) R(32) 529.16936(-
R(33) 529.55296 -22; R(34) 529.93136 104)
R(35) 530.30746(-27 R(36) 530.67886(-31)
R(37) 531.04887(216) R(38) 531.40827(-207)
R(39) 531.77007(2) R(40) 532.12567(-17)
R(41) 532.47727(-44) R(42) 532.82637 72)
R(43) 533.16977(13) R(44) 533.50918(- %
R(45) 533.84568(-13 R(46) 534.17738(-
R(47) 534.50538(-76 R(48) 534.83338 302)
R(49) 535.14848(-212) R(50) 535.46718 31)
R(51) 535.77899(-17) R(52) 536.08739(-
R(53) 536.39289(115) R(54) 536.69199(-
R(55) 536.98779(-51 R(56) 537.28119 63)
R(57) 537.56839(-41 R(58) 537.85269(-33)
R(59) 538.13509(189) R(60) 538.40960(25)
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Table B.1: Observed line positions of **InF in cm™!.

Assignment Observed Assignment Observed
R(61) 538.68190(45) R(62) 538.95160 211%
R(63) 539.21240(-108) R(64) 539.47450(109
R(65) 539.72920(-6) R(66) 539.97870(-234
R(67) 540.22910(36 R(68) 540.47100(-136
R(69) 540.71281(92 R(70) 540.94501(-230
R(71) 541.17921(58 R(72) 541.40451 133
R(73) 541.62711(-182) R(74) 541.84771(-

R(75) 542.06321(48 R(76) 542.27321 -23

R(77) 542.48021(21 R(78) 542.68231(-

R(79) 542.88081(13 R(80) 543.07481 2

R(81) 543.26402(-72) R(82) 543.45072 21

R(83) 543.63202(-9) R(84) 543. 808625

R(85) 543.98222(-52) R(86) 544.15102

R(87 R(88) 544.47842 120

R(89 R(90) 544.78532(-

R(91 R(92) 545.07792(3

R(93 R(94) 545.35262(3

R(95 . R(96) 545.60403 604)

R(97) 545.73273(16 R(98) 545.85553 473

R(99) 545.96563(87 R(100) 546.07483(3
R(101) 546.18183(200) R(102) 546.28143(4
R(103) 546.37773(-2) R(104) 546.47073(4
R(105) 546.56163(318) R(106) 546.64173 61)
R(107) 546.72253(63 R(108) 546.79613 101)
R(109) 546.86883(79 R(110) 546.93553(9
Rglll 546.99733(50 R(112) 547.05443 27)
R(113) 547.10713(-109) R(114) 547.15803(66)
R(115) 547.20133(-82) R(116) 547.23843 413
R(117) 547.27893(34 R(118) 547.31053(3
R(119) 547.33763(15 R(120) 547.36163( 130
R(121) 547.37983(106) R(130) 547. 34293 263
R(131) 547.31943 -19; R(132) 547.28883(-38)
R(133) 547.25393(-40 R(134) 547.21513(18)
R(135) 547.17163(54) R(136) 547.12243(-31)
R(137) 547.07133(145) R(138) 547.01673(422)
R(139) 546.95153(90) P(139) 410.76718(54)
P(138 411.7253852 P{137) 412.68308(177)
P(136) 413.63509(60) P(135) 414.58499 12;
P(134) 415.53369 123; P(133) 416.47770(45
P(132) 417.42140(218 P(131) 418.35841(2)
P(130) 419.29511(39) P(129) 420.22791(-32)
P(128) 421.15802(-83) P(127) 422.08552(-119)
P(126) 423.01203 35} P(125) 423.93393(15)
P(124) 424.85323(22 P(123) 425.76824(-114)
P(122) 426.68294(9) P(121) 427.59424(81)
P(120) 428.50105(-7) P(119) 429.40695 105;
P(118) 430.30755(-22) P(117) 431.20806(133
P(116) 432.10496(221) P(115) 432.99427(-157)
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Table B.1: Observed line positions of !!°InF in cm™!.

Assignment Observed Assignment Observed
P(114) 433.88637 38; P(113) 434.77417(98
P(112) 435.65818(74 P(111) 436.53898(26
P(110) 437.41658(-46) P(109) 438.29239(1)
P(108) 439.16489 15; P(107) 440.03459(49)
P(106) 440.90140(92 P(105) 441.76490(106)
P(104) 442.62371 -49; P(103) 443.48191(37)
P(102) 444.33541(-44 P(101) 445.18712(-2)
P(100) 446.03532(-6) P(99) 446.88152(95)

P(98) 447.72213(-59) P(97) 448.56163(-18)
P(96) 449.39853(70) P(95) 450.22964(-114)
P(94) 451.05934(-131) P(93) 451.88744(1)
P(92) 452.71165(53) P(91) 453.53195(24
P(90) 454.34865(-54) P(89) 455.16406(49
P(88) 455.97496 14; P(87) 456.78346(52
P({86) 457.58827(34 P(85) 458.39027(49)
P(84) 459.19147(299) P(83) 459.98368(-36)
P(82) 460.77628 -15; P(81) 461.56778 213
P(80) 462.35099(-72 P(79) 463.13459(1

P(78) 463.91209(-217) P(77) 464.68760 316
P(76) 465.46320(-85) P(75) 466.23410(-

P(74) 467.00230(129) P(73) 467.76421 -46
P(72) 468.52491(-19 P(71) 469.28141 -89
P(70) 470.03592(-34 P(69) 470.78692(-5
P(68) 471.53432(-11 P(67) 472.27863(-2
P(66) 473.01933(-25 P(65) 473.75753(28)
P(64) 474.49134(-31 P(63) 475.22284(8)
P(62) 475.94944(-113) P(61) 476.67824(315)
P(60) 477.39615(-17) P(59) 478.11325(-98)
P(58) 478.82915(33 57) 479.53926 -84;
P(56) 480.24836(32 P(55) 480.95206(-58
P(54) 481.65446(55 P(53) 482.35177(-7)
P(52) 483.04567(-73) P(51) 483.74087(327)
P(50) 484.42588(43) P(49) 485.10998(7)
P(48) 485.78998 —102; P(47) 486.46898(28)
P(46) 487.14189(-113 P(45) 487.81259(-134)
P(44) 488.48059(-84 P(43) 489.14479(-74)
P(42) 489.80530(-91 P{41) 490.46380(33)
P(40) 491.11710(-20 P(39) 491.76761(-9)
P(38) 492.41451(-14 P(37) 493.05801 -l4g
P(36) 493.69701(-118) P(35) 494.33412(-67
P(34) 494.96782(-9) P(33) 495.59642(-114)
P(32) 496.22282(-91 P(31) 496.84693(51)
P(30) 497.46533(-28 P(29) 498.07903(-228)
P(28) 498.69293(-57 P(27) 499.30164(-55)
P(26) 499.90654(-82 P(25) 500.51364(464)
P(24) 501.10574(-138) P(23) 501.70135(-36
P(22) 502.29345(70) P(21) 502.87955(-69
P(20) 503.46365(-53) P(19) 504.04416(-42
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Table B.1: Observed line positions of °InF in cm™!.

Assignment Observed Assignment Observed
P(18) 504.62116(-23 P(17) 505.19356(-108)
P(16) 505.76356(-75 P(15) 506.33106(66)
P(14) 506.89217(-73 P(13) 507.45137(-43)
P§12 508.00617(-93 P(11) 508.55877(-3)
P(10) 509.10688(-0) P(9) 509.65048(-86)

P(8) 510.19178(-40) P(7) 510.72688(-250)
P(6) 511.26189(-106) P(5) 511.79299(12)
P(4) 512.31869(-45) P(3) 512.84129(-46)
5 — 4 Band
R(0) 509.77198 82) R(2) 510.76758 111
R(3) 511.26189(- R(4) 511.74719 -432
R(5) 512.23639 100) R(6) 512.71969(12)
R(7) 513.19799(- R(8) 513.67239 -42)
R(9) 514.14330(- R(10) 514.61120(-
R(11) 515.07440 -41 R(12) 515.53240 228
R(13) 515.99060(- R(14) 516.44221 100
R(15) 516.89081 104 R(16) 517.33781(108)
R(17) B517.77741 -44 R(18) 518.21471(-49)
R(19) 518.64822(- R(20) 519.07752 106
R(21) 519.50602 143 R(22) 519.92542 139
R(23) 520.34502(- R(24) 520.75942 -42
R(25) 521.17033(- R(26) 521.57753(-
R(27) 521.98043(- R(28) 522.38033(1
R(29) 522.77573(8 R(31) 523.55504 10)
R(32) 523.93894(- R(33) 524.31704(-217)
R(35) 525.06754(- R(36) 525.43604(-28)
R(37) 525.80084(- R(38) 526.16015 152
R(39) 526.51705 146 R(40) 526.87175(31)
R(41} 527.22035(- R(42) 527.56395 164
R(43) 527.90585(- R(44) 528.24425(1
R(45) 528.58086 344 R(46) 528.90766(8
R(47) 529.23356 126 R(48) 529.55296(-
R(50) 530.18526(26) R(51) 530.49416(-
R(52) 530.80156(123) R(53) 531.10347 144
R(54) 531.39847 128 R(55) 531.69327(-2
R(56) 531.98207 114 R(57) 532.26877(-
R(58) 532.55087(2 R(59) ©532.82637 201
R(60) 533.10037 170) R(61) 533.37198(2
R(62) 533.63658(-81) R(63) 533.89988(8
R(64) 534.15678(22) R(65) 534.40978 29)
R(66) 534.65918 —35) R(67) 534.90708(215)
R(69) 535.38358(6 R(70) 535.61758 87)
R(71) 535.84349 233) R(72) 536.07049(-
R(73) 536.29209(3 R(74) 536.50779(-
R{75) 536.72099 -28) R(76) 536.93229 243)
R(77) 537.13459(2 R(78) 537.33489(20)
R(79) 537.53099(9 R(80) 537.72269(-30)
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Table B.1: Observed line positions of !!InF in cm™!.

Assignment Observed Assignment Observed
R(81) 537.90909(-183) R(82) 538.09559(88
R(83) 538.27390(-46) R(84) 538.45010(27
R(85) 538.62140(26 R(86) 538.78890(63
R(87) 538.95160(37 R(88) 539.11040(40
R(89) 539.26200(-258) R(90} 539.41450(-47)
R(91) 539.56180(65) R(92} 539.70640(328)
R(93) 539.84040(-48) R(95) 540.10400(27
R(96) 540.22910 29; R(97) 540.35000(35
R(99) 540.57930(70 R(100) 540.68691(21

R(101) 540.78861(-192) R(102) 540.89011(2)
R(103) 540.98721(183) R(104) 541.07721(82)
R(105) 541.16321(10) R{106) 541.24541 -14;
R(107) 541.32601(233) R(109) 541.46631(-72
R(110) 541.53191(-32) R(111) 541.59281(-30
R({112) 541.65021(54) R(113) 541.70111(-78
R(115) 541.79201(-130) R(116) 541.82971(-278)
R(117) 541.86621(-111) R(118) 541.89681 —97;
R(119) 541.92391(3) R(120) 541.94521(-38
R(121) 541.96281(-12) R(122) 541.97671(83)
P(136) 409.20097(34) P(134) 411.08498(-68)
P(133) 412.02668(267) P(132) 412.95968(12)
P(131) 413.89329 95; P(130) 414.82399(169)
P(129) 415.75000(54 P(128) 416.67310(-69)
P(127) 417.59470(-60) P(126) 418.51451(52)
P(125) 419.43001(18) P(124) 420.34621(339)
P(123) 421.25262(-35 P(122) 422.16062(37)
P(121) 423.06453(-14 P(120) 423.96593(-28)
P(119) 424.86293(-193) P(118) 425.76094(31)
P(117) 426.65384(35 P(116) 427.54484(139)
P(115) 428.43105(54 P(114) 429.31505 41;
P(113) 430.19665(81 P(112) 431.07486(73
P(111) 431.94896(-50 P(110) 432.82377(192)
P(109) 433.69037(-91 P(108) 434.55777(2)
P(107) 435.42238(112) P(106) 436.28138(-40
P(105) 437.13858(-74) P(104) 437.99339(-50
P(103) 438.84559(15) P§102 439.69339(-61
P(101) 440.54060(105) P(100) 441.38130(-78
P(99) 442.22150(-8) P(98) 443.05661(-145)
P(97} 443.89081 —68; P(96) 444.72231(43)
P(95) 445.54842(-81 P(94) 446.37282 -69;
P(93) 447.19482(9) P(92) 448.01223(-65
P(91) 448.82783(-11) P(90) 449.63863(-129)
P(89) 450.44754(-128) P(88) 451.25414(-47)
P(87) 452.06064(335) P(86) 452.85805(118)
P(85) 453.65315(-17) P(84) 454.44675(10)
P(83) 455.23756(71) P(82) 456.02376 -15;
P(81) 456.80636(-146) P(80) 457.58827(-31
P(79) 458.36627(9) P(78) 459.14067(5)



Table B.1: Observed line positions of '*InF in cm~1.

Assignment Observed Assignment Observed
P(77) 459.91138(-51) P(76) 460.67968(-29
P(75) 461.44488(2) P(74) 462.20639 -19;
P(73) 462.96399(-109) P(72) 463.71899(-140)
P(71) 464.47209 -39; P(70) 465.22100(-36)
P(69) 465.96620(-81 P(68) 466.70950(8)
P(67) 467.44861(-0) P(66) 468.18431(-24)
P(65) 468.91731(8) P(64) 469.64882(215)
P{63) 470.37232(-51) P(62) 471.09442(-131)
P(61) 471.81532(-3) P(60) 472.53223(54)
P(59) 473.24443(-31) P(58) 473.95433(-16)
P(57) 474.66114 19; P(56) 475.36404(-5)
P(55) 476.06414(22 P(54) 476.76094(51)
P(53) 477.45335 -26; P(52) 478.14275(-71)
P(51) 478.82915(-81 P(50) 479.51166(-147)
P(49) 480.19316 223 P(48) 480.86976(37)
P(47) 481.54266(19 P(46) 482.21207(-12)
P§45) 482.87827(-25) P(44) 483.54127(-20)
P(43) 484.19917(-186) P(42) 484.85858(138)
P(41) 485.51008(12 P(40) 486.15958(27
P(39) 486.80539(14 P(38) 487.44789(12
P(37) 488.08699(14 P(36) 488.72129(-121)
P(35) 489.35400 -72; P 34$ 489.98340(-9)
P(33) 490.60860(-20 P(32) 491.23040(-25
P(31) 491.84691(-214) P(30) 492.46301(-95
P(29) 493.07561 21; P(28) 493.68291(-44
P(27) 494.28852(69 P(26) 494.88862(-18
P(25) 495.48552(-74) P(24) 496.07952(-70
P(23) 496.67063(-5) P(22) 497.25663(-97
P(21) 497.83993(-107 P(20) 498.42063(-23
P(19) 498.99484(-235 P(18) 499.56994(-3)
P(17) 500.13784(-136 P(16) 500.70504(17)
P(15) 501.26574(-124 P(14) 501.82395(-158)
P(13) 502.37875(-174 P(12) 502.93195(8)
P(11) 503.47935(-32) P(10) 504.02376(-12)

P(9) 504.56496(48) P(8) 505.10216(69)

P(7) 505.63416(-69) P(6) 506.16596(135)

P(4) 507.21337(10) P(3) 507.73187(-27)

P(1) 508.76027(131)

6 — 5 Band

R(1) 505.19356(108) R(4) 506.65927(-222)

R(5) 507.14387(5) R(7) 508.09757(12)

R(8) 508.56907(33) R(9) 509.03438(-196)
R(11) 509.95948(-94 R(12) 510.41658 -31;
R(14) 511.31839(-29 R(15) 511.76369(-28
R{16) 512.20529(-25 R(17) 512.64339(4)
R(18) 513.07649(-93 R(19) 513.50759 -15;
R(20) 513.93440(10) R(21) 514.35690(-19
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Table B.1: Observed line positions of ''*InF in cm ™!

Assignment ~ Observed Assignment ~ Observed
R(22) 514.77490(-121) R(23) 515.19180(45
R(24) 515.60260(-20 R(25) 516.01140(94
R(26) 516.41381(-53 R(27) 516.81471(30
R(28) 517.21171(105) R(29) 517.60311(0)
R(30) 517.99161(-12) R(31) 518.37611 -42
R(32) 518.75592(-158 R(33}) 519.13532(6
R(34) 519.50602(-189 R(35) 519.87772(3
R(36) 520.24032(-261 R(37) 520.60482(1
R£38 520.96342(93) R(39) 521.31593 -55)
R({40) 521.66633 -25; R(41) 522.01273(-
R(42) 522.35483(-28 R(43) 522.69343(-
R(44) 523.02823(18) R(45) 523.35813(-
R(46) 523.68474(-63) R(47) 524.00884(6
R(48) 524.32474(-226) R(49) 524.64274(8
R(50) 524.95264(-26) R(51) 525.25954(-
R(52) 525.56344(42) R(53) 525.86204 10)
R(54) 526.16015(283) R(55) 526.44845(-7)
R(56) 526.73565(-9) R(57) 527.01905( 6)
R(SQ; 527.57335(-16) R 60§ 527.84515(3
R(61) 528.11185(-20) R(62) 528.37435(-

§ 3) 528.63746(290) R(64) 528.89156 178)
65) 529.14086 11 R(66) 529.38826(1
; 529.63096 -29 R§68 529.87066(3

530.10546 10 R(70) 530.33596( 3?)
R 71) 530.56386(6 R(72§ 530. 78716{109)
R(73) 531.00527(4 R(74) 531.22057 104;
R(75) 531.43097(8 R§76 531.63767(103
R(77) 531.83887(- R(78) 532.03697(-38)
R(79) 532.23167(1 RESO 532.42207(44)
R(81) 532.60597 162) R(82) 532.78887(-59)
R(83) 532.96707 —5) R(84) 533.14077(103
R(85) 533.31067(5 R(86) 533.47618(82
R(87) 533.63658(1 R(88 533.79328§-13)
R(89) 533.94648(3 R(90) 534.09358 -120;
R(91) 534.23908(- R(92) 534.37538(-406
R(93) 534.51508 -40 R(94) 534.64678(-54)
R(95) 534.77488(- R§96 534.89948 109;
R(97) 535.01798(3 R(98) 535.13448(189
R{99) 535.24278(- R(100 535.35018§30)
R(101) 535.45708 491 R(102) 535.54868(-153
R(103) 535.64428 27) R(104) 535.73328(-26)
R(105) 535.81849(- R(106) 535.90069 86)
R(108) 536.04839(- R(110) 536.18049(-54)
R(111) 536.24119(6 R(115) 536.43609(33)
R(116) 536.47329 -45) R(118) 536.53649(-21)
R(119) 536.56179(12) P(130) 410.39867(261)
P(129) 411.31588(-101) P(128) 412.23508(16)
P(127) 413.15118(103) P(126) 414.06179(-78)
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Table B.1: Observed line positions of !*InF in cm~!.

Assignment Observed Assignment Observed
P(125) 414.97219(2) P(124) 415.87810(-86)
P(123) 416.78320(30 P(122) 417.68420(19)
P(121) 418.58271(43 P 120) 419.47671(-98
P(119) 420.37271(248) P(118) 421.25962(-30
P(117) 422.14732(60) P(116) 423.03163(98)
P(115) 423.90953(-215) P(114) 424.79143(162)
P(113) 425.66854(349) P(112) 426.53764(27)
P(111) 427.40594(-83) P(110) 428.27365(40)
P(109) 429.13805(126) P(108) 429.99735(-4)
P(107) 430.85486(-20 P(106) 431.70986(10)
P(105) 432.56126(-24 P{104) 433.40957(-71
P(103) 434.25527(-81 P§102 435.09847 -43%
P(101) 435.93798(-76 P(100) 436.77518(-39

P(99) 437.60818(-122) P(98) 438.44039(16)
P(97) 439.26729(-74 P(96) 440.09389(108)
P(95) 440.91370(-87 P(94) 441.73340(12)
P(93) 442.54760(-135) P(92) 443.36161 3;
P(91) 444.17111(-3) P(90) 444.97771(7
P(89) 445.78152(44) P(88) 446.58142(-0)
P(87) 447.37852(-17) P(86) 448.17293(6)
P(85) 448.96253(-141) P(84) 449.75183(-8)
P b3 450.53654(-24) P(82) 451.31944(92)
P(81) 452.09754(40 P%SO 452.87275(12)
P( 453.64525(27 P(78) 454.41405 -13;
P(7 455.18056(32 PF?S 455.94276(-37
P(7 456.70306(20 P(74) 457.45667(-275)
P(7 458.21327(47 P(72) 458.96287(-12)
PE 459.70987(-13 P(70) 460.45378(-3)
P 461.19418(-23 P(68) 461.93218(38)
P(6 462.66589(-10 P(66) 463.39689(-5)
P(6 464.12199(-267) P(64) 464.84900(-15)
P 63 465.57360(320) P(62) 466.28840(1)
P(61) 467.00230(-82 P(60) 467.71431 -30}
P(59) 468.42271(-10 P(58) 469.12751(-23
P(57) 469.83062(122 P(56) 470.52652(-124)
P(55) 471.22412(129 P(54) 471.91442(-18
P(53) 472.59773(-534 P(52) 473.28763(-58
P(51) 473.96893(-111 P(50) 474.64744(-111)
P(49) 475.32124(-247 P(48) 475.99604 50%
P(47) 476.66294(-109 P(46) 477.32935(18
P(45) 477.99015(-79) P(44) 478.64575(-360)
P(43) 479.30525(86) P(42) 479.95586(-21
P(41) 480.60436(1) P(40) 481.24826(-98
P(39) 481.89047(-27 P(38) 482.52837(-47
P(37) 483.16337(-16 P(36) 483.79527(47
P(35) 484.42588(322) P(34) 485.04738 29;
P(33) 485.66848(40) P(32) 486.28548 -16;
P(31) 486.89979(4) P(30) 487.50999(-42
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Table B.1: Observed line positions of !!3InF in cm™.

Assignment Observed Assipnment Observed
P(29) 488.11769(8) P(28) 488.72129(-6)
P(27) 489.31690(-473) P(26) 489.91670(-172)
P(25) 490.51140(-32) P(24) 491.10100(-54)
P(23) 491.68661(-127) P(22) 492.27251(180)
P(21) 492.85011(9) P(20) 493.42581(-2)
P(19) 494.00031(219) P(18) 494.56602(-87)
P(17) 495.13212(0) P(16) 495.69402(21)
P(15) 496.25262(66) P(14) 496.80773(116)
P(13) 497.35673(-88) P(12) 497.90483(-26)
P(11) 498.44933(32) P(10) 498.99484(548)

P(9) 499.52504(-108 P 500.05974(45)
P(7) 500.58724(-163 P 501.636855-39)
P(4) 502.15315(-286 P 502.67015(-101)
P(1) 503.69045(-15)
7 — 6 Band
R(2) 500.65144(15) R(3 501.13724(-16;
R(5) 502.09815(-54) R(6) 502.57325(-59
R(7) 503.04635 101; R(9) 503.97776 44;
R(10) 504.44016(237 R(11) 504.89506(48
R(12) 505.34726(-41) R(13) 505.79556(-150)
R(14) 506.23816(-458) R(15) 506.68447(-26)
R(16) 507.12357(58) R(17) 507.55927(174)
R(18) 507.98957 123; R(19) 508.41527 14
R(20) 508.83978(102 R(21}) 509.25778(-
R(22) 509.67358(-60 R{23) 510.08858 232)
R(24) 510.49388(-69 R(25) 510.89888(-
R(26) 511.30259(269) R(27) 511.69689(1
R(28) 512.09029(21 R(29) 512.47959(1
R(30) 512.86519(10 R(31) 513.24749.6
R(32) 513.62689(202) R(33) 514.00020 115
R(34) 514.36970(30) R(35) 514.73550(-42)
R(36) 515.09810(-50) R(38) 515.81100 143)
R(39) 516.16381(22) R(40) 516.51121 34)
R(41) 516.85351(-77) R(42) 517.19391(8
R(43) 517.52941(-9 R(44) 517.86251 122
R(45) 518.18911{-8 R(46) 518.51531 212
R(47) 518.83622(291) R(48) 519.14952(1
R(49) 519.46012 -167; R(50) 519.77112(9
R(51) 520.07282(-179 R(52) 520.37182 330)
R(53) 520.67192(2 R(54) 520.96342 92)
R(55) 521.25223(- R(56) 521.53823(4
R(57) 521.81543 313 R(58) 522.09593 55
R(59) 522.36863(4 R(60) 522.63683(-26)
R(61) 522.90203(6 R(62) 523.16383 96
R(63} 523.41873 104 R(64) 523.67264(-4
R(65) 523.92214(5 R(66) 524.16604 -42
R(67) 524.40744(1 R(69) 524.87644 -55



Table B.1: Observed line positions of '°InF in cm™!.

Assignment

R(70
R(72
R(74
R(76
R(78
R(80
R(82

Observed
525.10774(198
525.55364(245
525.98015(-27)
526.39415(78)
526.78965(-37
527.16945(-87
527.53365(-57
527.88235(68)
528.21255(-8)
528.52766(61)
528.82386(-103)
529.10536(-72)
529.49706(48
529.73686(87
530.06446(87
530.26156(65
530.44196(65
530.60436(-40)
530.75196(77)
530.88017(-41)
530.99407 122%
531.09037(240
531.16597(8)
531.24997(-46)
531.29797(196)
410.55877 -161;
412.35758(-116
414.14499(-85)
415.91960 -201;
417.68420(-178
419.43931(39
421.18102(66
422.91052(28
424.52813(-38
426.33474(-36
428.02955(-42
429.71235(-69
431.38476 48;
433.04457(94
434.69017(-84)
436.32648(9)
437.95029(58
439.56109(19
441.16100(107)
442.74761(88)
444.32011(-113)
445.88352(10)
447.43322(1)

Assignment

R{71
R(73
R(75
R(77
R(79
R(81
R(83
R(85
R(87
R(89
R(91
R(94
R(96

Observed
525.33124(74
525.76784(1)
526.18925(32)
526.59315(-59)
526.98295(73)
527.35405(-27)
527.71005(5)
528.04865(-56)
528.37435(244)
528.67836(31)
528.96686(-71)
529.37096(36)
529.61886(48)
529.84886 -54;
530.16406(-30
530.35356(33)
530.52446(-70)
530.67886(-124)
530.82026(225)
330.93877(-8)
531.04227 -29;
531.12877(-32
531.19937(98
531.27057(61
409.65777(77
411.46038(-59)
413.25409(38)
415.03329(-185
416.80350(-172
418.56441(52)
420.31151 43;
422.04772(97
423.76993 —90;
425.48294(-33
427.18194(-206)
428.87265(-33)
430.55006(-9)
432.21586{42)
433.86827(-55
435.50968(-53
437.13858(-98
438.75709(27
440.36210(15
441.95510(24
443.53601(49
445.10352 -36;
446.65912(-75
448.20353(8)

186
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Table B.1: Observed line positions of **InF in cm™!.

Assignment Observed Assignment Observed
P(78) 449.73513(58) P(77) 450.49614(72)
P(76) 451.25414(100 P(75) 452.00724(-48)
P(74) 452.76045(130 P(73) 453.50765 23)
P(72) 454.25685(432 P(71) 454.99736(289)
P(70) 455.73296(-27) P(69) 456.46846 -34
P(68) 457.19826(-293) P(67) 457.92997 —42
P(66) 458.65687(50 P(65) 459.37867 -48)
P(64) 460.02958(86 P(63) 460.81548{4
P(62) 461.52758(-58) P(61) 462.23729 -76)
P(60) 462.94499(31 P(59) 463.64799 -7)
P(58) 464.34859(40 P(57) 465.04550(4
P(56) 465.73880(14 P(55) 466.42960(6

P(54) 467.11561(-43 P(53) 467.79911 -69
P(52) 468.48011(-16

P(50) 469.83062(-68

P(51) 469.15791(4

P(49) 470.50182(-
P(48) 471.16902(-6) P(47) 471.83382(8
P(46) 472.49303(-53 P(45) 473.15043 37)
P(44) 473.80443(-26 P(43) 474.45193(-330)
P(42) 475.10224(-19 P(41) 475.74574(-51)
P(40) 476.38644(-26) P(39) 477.02425(46)
P(38) 477.65755(7) P(37) 478.28985(206)
P(36) 478.91425(-46) P(35) 479.53926 103
P(34) 480.15856(22) P(33) 480.77516 13)
P(32) 481.38706(-125) P(31) 481.99817(0
P(30) 482.60497(38) P(29) 483.20767 10)

P(28) 483.80457(-254 P(27) 484.40208 112
P(26) 484.99478(-106 P(25) 485.58508(7
P(24) 486.17218(147) P(23) 486.75339(4
P(22 487.33179§10) P{21 487.90719(2
P(20) 488.48059(188) P(19) 489.04569 129)
P(18) 489.61090(-85 P(17) 490.17380 80)
P(16) 490.72980(-94 P(15) 491.28460(-
P(14) 491.83831(267) P(13 492.38191(-
P(12) 492.92631(-7) P(11 493.46791 147
P(9) 494.53592(3) P(8) 495.06742(216
P(7) 495.59642(536 P(6) 496.11832 503
P(5 496.63333(140 P§4 497.14753(55)
P(3) 497.65773(-70) P(2) 498.16553(-75)
8 — 7 Band
R(3 496.148522118) R(4) 496.62323 306)
R(5) 497.10173(13) R(6) 497.57313(-
R(7) 498.04333(202 R(8) 498.50623 54)
R(9 498.96983(341 R(10) 499.42294(-56)
R{11 499.87744(54 R(12) 500.32614(-49)
R(13) 500.77284(16 R(14) 501.21574(69)
R(15) 501.65195(-179 R(16) 502.08825 -47;
R(17) 502.51595(-404 R(18) 502.94715
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Table B.1: Observed line positions of !'°InF in cm™!.

Assignment Observed Assignment Observed
R(19) 503.37155(13 R(20) 503.79285 130)
R(21) 504.20876(79 R(22) 504.62116(5
R(23) 505.02946(-13) R(24) 505.43476(-
R(25) 505.83666(43) R(26) 506.23816 424)
R(27) 506.62647(-138) R(28) 507.01727(-
R(29) 507.40407(-33 R(30) 507.78697(-4
R(31) 508.16547(-36 R(33) 508.91478 268
R(34) 509.27858 R(35) 509.64088 227;
R(36) 510.00198(-98 R(37) 510.35768(-127
R(38) 510.71208(98) R(39) 511.05908(-
R(40) 511.40279(-114) R(41) 511.74719 262
R(42) 512.08319(182) R{43) 512.41429(-
R(44) 512.74339(1) R(45) 513.06799(-
R(47) 513.70620(-118 R(48) 514.01950 145
R§49 514.32880(-183 R(50 514.637105
R(51) 514.93950 121; R(52) 515.23360(-266)
R(53) 515.53240(209 R(54) 515.81860(-185)
R(55) 516.10630(-35 R(56) 516.38821 73)
R(57} 516.66671(-56 R(58) 516.94251(8
R(59) 517.21171 -40 R(60) 517.47641 219)
R(61) 517.74071 -41 R(62) 518.00031(6
R(63) 518.25441(1 R(64) 518.50621 134)
R(65) 518.75592 442) R§66 518.99522(109)
R(67) 519.23292(1 R(68) 519.46662(- 77)
R(69) 519.69822(2 R(70) 519.92542(80)
R(71) 520.14712(- R;ng 520.37182 604)
R(73) 520.58102 71) R(74) 320.79152(72)
R(75) 520.99832 107) R(76) 521.19943(-23
R(77) 521.39813(1 R(78) 521.59153(-76
R(79) 521.78173(- R(80) 521.96803(-63
R(81) 522.14973 »99 R(82) 522.32953 82)
R(83) 522.50363(103) R(84) 522. 67633 393)
R(85) 522.83853(43) R(86) 523.00033 65)
R?SS 523.30993 -39 R(89) 523.45983(8
R(90) 523.60834 348 R(91) 523.74574(-
R(92 523.88304 R(94) 524.14404(2
R(96 524.38874 35 R(98) 524.61694(6
R(99) 524.72474(82 RélOO 524.82714 25)

R(101) 524.92714(47 R(102) 525.02214(39)
R(106) 525.35984 -10; R(108) 525.50504 136)
R(110) 525.62964(-81 R(111) 525.68724(-
R(112) 525.74244(223 P(119) 411.51868 14)
P(117) 413.27399(313 P(115) 415.01169(-
P(114) 415.87810(7 P(113) 416.74170(3
P(112) 417.60190(5 P(111) 418.45901 -44
P(110) 419.31481(64) P(109) 420.16531(-
P(108) 421.01452(-42) P(107) 421.86102(5
P(106) 422.70432(24) P(105) 423.54463(3



Table B.1: Observed line positions of '3InF in cm™!.

Assignment

Observed

Assignment

Observed

P(102
P(100
P(98
P(96
P(94
P(92
P(90
P(88
P(86
P(84
P(82
P(80
P(78
P(76
P(74
P(72
P(70

P§104

P(50

DNNNDNWWWWW >

W'vvow'vyvvvvvuuy'vo'uug

o
e~ bt e e

426.04804(72
427.70174(46
429.34345(4)
430.97346(-19)
432.59246(54)
434.19757(-63)
435.79098 -143;
437.37288(-162
438.94489(46)
440.49970(-243)
442.04700(-55)
443.58071(7)
445.10352(218)
446.60982(22)
448.10463(-74)
449.58973(115)
451.05934(13)
452.51855(136)
453.96295(50)
455.39656(160
456.81596(130
458.22167(16)
459.61537(-6)
460.99308(-332)
462.36509(73)
463.71899(-25)
465.06120(19)
466.38630(-330)
467.70481(-18)
469.00731(21)
470.29522(-67)
471.57132(1)
472.83393(62)
474.08113(-70)
475.32124(439)
476.53744(-84
477.74575(-35
478.93995(-29
480.70556(-16
481.86537(-11
483.58137(224)
484.70268(-151)
485.81768 240;
486.91379(143
487.99019(-517
489.06289(-137
490.11920(20)

424.38183 26;

P§103
P(101
P(99
P(97
P(95
P(93
P(91
P(89
P(87
P(85
P(83
P(81
P(79
P(77
P(75
P(73
P(71
P(69
P(67
P(65
P(63
P(61
P(59
P(57
P(55
P(53
P(51
P(49
P(47
P(45
P(43
P(41
P(39
P(37
P(35
P(33
P(31
P(29
P(27
P(24
P(21
P(19
P(17
P(15
P(13
P(11
P(9
P(7

125.21873(282)
426.87594(16
428.52405(22
430.16045(44
431.78406(-22)
433.39497(-160
434.99347(-334
436.58678(181)
438.16029(-70)
439.72129(-352)
441.27650 12;
442.81581(17
444.34371(117)
445.85802(99
447.35972(68
448.84943(88
450.32504(-44)
451.79004(26)
453.24115 -26;
454.67955(-75
456.10666(24)
457.51867 -103§
458.91797(-212
460.30758(4)
461.68048(-152)
463.04329(-14)
464.39209 33;
465.72790(94
467.04820 -75;

468.35751(-19
469.64882(-435)
470.93482(-45)
472.20423(24)
473.45883(-43
474.70024(-80
475.92914(-12
477.14425 35;
478.34545(57
479.52866(-352)
481.28816 84;
483.01187(48
484.14247(-93
485.26088(-60
486.36488(-69
487.45699(137)
488.52849(-309)
489.59310(-31)
490.63980(-124)

189
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Table B.1: Observed line positions of '°InF in cm™!.

Assignment Observed Assignment Observed
Pgﬁ 491.15950(-2) P§5; 491.67711g266)
P(4) 492.18561(-19) P(1) 493.69701(-135)

9 — 8 Band
REI 490.24610 291 RES 492.15281(6
R(6) 492.62021(- R(8) 493.54691(9
R(10} 494.45632(- R(11) 494.90492 209)
R(12) 495.35282(- R(13) 495.79922 309
R(14) 496.24002 482 R(15) 496.67063(3
REIG 497.10173 -59 R(17) 497.53063(2
R(18) 497.95423 -48 R(19) 498.37603(6
R(20) 498.79553(321) R(21) 499.20554(-4
R(22) 499.61434(-78) R(23) 500.02064(-
R(24 500.42454§150) R{25) 500.82214 74)
R(26) 501.21574 R(27) 501.60855 162
R(28) 501.99565(157) R(29) 502.37875(128
R(30) 502.75595 115 R(31) 503.13505 209
R(32} 503.50645 140) R(33) 503.87265(-72)
R(34) 504.23766(-26) R(35) 504.59986 120
R§37 505.30906(30) R(38) 505.65766(-
R(29) 506.00316(-48) R(43 507.34697(
R(44) 507.67437(44 R(45) 507.99757 110
R{46) 508.31577(62 R(47) 508.63197 199
R(48) 508.94108(13 R(49) 509.24848 44)
R(50) 509.55098(-27) R(51) 509.84988(-
R(52) 510.14398(-204) R(53) 510.43708 -49
R(54) 510.72688(166 R(55 511.00878§
R(56) 511.29149(268 R(57) 511.56389
R(58} 511.83599(-73) R(59) 512.10419 59
R(60) 512.36889(-2) R(61) 512.62969(60)
R(62) 512.88579(46) R(63) 513.13789 27)
R(64) 513.38779(184) R(65) 513.62689(-343)
R(66) 513.87050(-23) R(67) 514.10650(-65)
R(68) 514.33890(-69) R(69) 514.56830(26
R??l 515.01430(133) R(74) 515.65070(40
R(75) 515.85510(39 R(76) 516.05570(61
R(77) 516.25181(36 R(78) 516.44221(-155
R(79) 516.63171 -31; R(80) 516.81471(-152
R(81) 516.99621(-18 R(82}) 517.16901(-347
R(84) 517.51411(165) R(85) 517.67791(158)
R(86) 517.83631(20 R(87) 517.99161(-20)
R(88) 518.14351(11 R(89) 518.29291 201
R(90) 518.43471(43 R(91) 518.57251 104
R(92) 518.70952(81 R(94) 518.96672(9
R(96) 519.20782(-17 R(97) 519.32192 -53)
R(100) 519.64052(-37 R(101) 519.73902(33)
R(102) 519.83332(100) 103) 519.92542(366)
R(104) 520.00702(0) R(106) 520.16432(-62)
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Table B.1: Observed line positions of '3InF in cm~!.

Assignment Observed Assignment Observed
R(108) 520.30622(19) R(110) 520.43102(78)
R(111) 520.48522 -79; R(112) 520.53912(159)
P(116) 409.76627(-56 P(115) 410.62967(-26)
P(114) 411.49158(137) P(113) 412.34618(-146)
P(112) 413.20209(-14) P(110) 414.90199 85)
P(109) 415.75000(115) P(108) 416.59200(2
P(107) 417.43150 -72; P(106) 418.27001 42)
P(104) 419.93541(-20 P(103) 420.76382(-44)
P(102) 421.58992(-7) P(101) 422.41292(1 ;
P(100) 423.23253(-14 P(99) 424.05043(82

P(98) 424.86293(-66 P(96) 426.48004(- 267)
P(95) 427.28764(-18 P(94) 428.08945(-51)
P(93) 428.88875(-36 P(92) 429.68325(-203)
P(91) 430.47846(0) P(90) 431.26886 23
P(89) 432.05526(-33) P(88) 432.83977(-
P(87) 433.62177(70 P(86) 434.39877 -40
P(85) 435.17457(34 P(84) 435.94598(-
P(83) 436.71938(415) P(82) 437.48058(-
P(81) 438.24249 -151; P(80) 439.00349(-
P(79) 439.75669(-380 78) 440.51210 202
P(77) 441.26410(-55 P(76) 442.01100(-109
P(74) 443.49701(-65 P(73) 444.23481 -96)
P(71) 445.70282 193 P(70) 446.43162(2
P(69) 447.15782(89 P(68) 447.88203 266)
P(67) 448.59853(-12) P(64) 450.73654(-95)
P(63) 451.44454(47) P(62) 452.14744 -3)
P(61) 452.84715(-54) P(60) 453.54565(9
P(59) 454.23865(16 P(58) 454.92886 22)
P(57) 455.61696(52 P(56) 456.30066(9
P{55) 456.98236(88 P(54) 457.65857(-
P(53) 458.33377(21 P(52) 459.00437 -35
P(51) 459.67247(-15) P(50) 460.33728(1
P(49) 460.99958(94) P(48) 461.65808 136)
P(47) 462.31149(-5) P(46) 462.96399(9
P(45) 463.61139(13) P(44) 464.25579(-
P(43) 464.89770(-8) P(42) 465.53690 83)
P(41) 466.17070 -33; P(40) 466.80220(-4
P(39) 467.43071(-26 P(38) 468.05531(-
P(37) 468.67771(17) P(36) 469.29431 148)
P(35) 469.91052(-17 P(33) 471.13012(-26)
P(32) 471.73492(-24 P(31) 472.33743 87)
P(30) 472.93463(7) P(29) 473.52863(-
P(28) 474.12023(-13) P(27) 474.70894(7
P(26) 475.29364(111) P(25) 475.87494 146)
P(24}) 476.45034 -66; P(22) 477.59615(4
P(21) 478.16285(-10 P(20) 478.72715(4
P(19) 479.28735(37) P(18) 479.84566 185)
P(17) 480.39666(-50) P(15) 481.49306(-37)



Table B.1: Observed line positions of 1}*InF in cm™!.

Assignment Observed Assignment Observed
P(14) 482.03537(-97) P(13) 482.57577(3
P(12) 483.11167(3 P(11) 483.64387(-
P(10) 484.17297(5 P(8) 485.21928(-

P(7) 485.73618 -224; P(6) 486.25468 150

PE2 488.27359(-315 P(1) 488.77519 147

10 — 9 Band

R56 487.71629 151; R(7) 488.17739(144)

R(8) 488.63619(267 R(10) 489.53740(-40)
REH 489.98340(-110) R(12) 490.42580(- 177;
R(14) 491.30200 -79; R(15) 491.73391(-103
R(16) 492.16311(-31 R(17) 492.58851(27)
R(18) 493.01091(152) R(19) 493.42581(-105)
R(20) 493.84101(35) R(21) 494.25192 114
R(22) 494.65452(-268) R(23) 495.06032(4
R(24) 495.46442(548) R(25) 495.85482(5
R(27) 496.63333(-39) R(28) 497.01683 104)
R(29) 497.39793 -35; R(30) 497.77533(37)
R(31) 498.14753(-35 R(32) 498.51823 117
R(32) 498.51903(197) R 33; 498.88333(8
R(34) 499.24514(99) R(35) 499.60244(4
R(36) 499.95614(-2) R(37) 500.30734(8
R(38) 500.65144(-161) R(39) 500.99574(-
R(40) 501.33564(87) R(41) 501.67015(2
R{43) 502.32835(-48) R(44) 502.65265(1
R(45) 502.97255(12) R(46) 503.28975 126)
R(47) 503.60585(515) R(48) 503.90996 87
R(50) 504.51406(-22) R(51) 504.81176(6
R(52) 505.10216(-186) R(53) 505.39386(7
R(54) 505.67956 129; R(55) 505.95816 141
R(56) 506.23816(118 R(57) 506.51107(56)
R(58) 506.78057 45% R(59) 507.04587(5)
R(60) 507.30807(46 R(62) 507.81917 26)
R(63) 508.06897(-47) R(64) 508.31577(25)
R(65) 508.55877(112 R(66) 508.79708 123
R(67) 509.03438(430 R(69) 509.49368(702
R(70) 509.71528(629 R(72) 510.14398 226
R(74) 510.55898(48) R(75) 510.76098(9
R(76) 510.96068(141) R(77) 511.15228 136)
R(78) 511.34409(9) R(79) 511.53069(3
R(81) 511.89119(29) R(82) 512.06579(6
R(83) 512.23639(109) R(84) 512.40269 127)
R(86) 512.71969(-180) R(88) 513.02539(10)
R(89) 513.17149(43) R(90) 513.31239(-36)
R(91) 513.45159(124 R(92) 513.58409(24)
R(93) 513.71960(634 R(94) 513.83830 24)
R(95) 513.96010(39) R(96) 514.07730(5
R(97) 514.18840(-128) R{99) 514.40400(8
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Table B.1: Observed line positions of !5InF in cm™!.

Assignment Observed Assignment Observed
R(100) 514.50320(-43) P(111) 409.69317(-18)
P(109) 411.37698(37) P(108) 412.21448(52)
P(107) 413.05238(394) P(106) 413.88129(122)
P(105) 414.70749(-132) P(104) 415.53369(-99)
P(103) 416.35790(24 P(101) 417.99570(80)
P(100) 418.80941(24 P(99) 419.62351(299)

P(98) 420.43021(128) P(97) 421.23412 -31%
P(96) 422.03642(-56) P(95) 422.83642(-16
P(94) 423.63373(49) P(93) 424.42863(170)
P(92) 425.21873(108) P(91) 426.00434 107%
P(90) 426.78934(-84) P(89) 427.57034(-162
P(88) 428.35105(29) P(87) 429.12925 271
P(86) 429.89895(-37) P(85) 430.67016 106
P(84) 431.43636(52) P(83) 432.19996(4
P(82) 432.95707(-317) P(81 433.71787(
P(80) 434.47187(-60) P(79 435.223372 -63)
P(78) 435.97078(-170) P{76) 437.46108(8
P(75) 438.20149(202) P(74 438.93619§
P(73) 439.66939(70 P(72) 440.39850
P(71) 441.12580(29 P(70) 441.84860(-
P(69) 442.57030(45 P(68) 443.28731(-
P(67) 444.00091(-79) P(66) 444.71071 220
P(62) 447.52513(-108) P(61) 448.22053 108)
P(60) 448.91393(10) P(59) 449.60373 87)
P(58) 450.28104(-767) P(57) 450.97044(-
P(56) 451.65004(-74) P(55) 452.32704(4
P(54 453.00105%104) P(53) 453.66995(1
P(52}) 454.33705(73) P(51) 454.99736 227
Pgso 455.65826(-143) P(49) 456.31586(-
P(48) 456.97096(92) P(47) 457.62017(-
P(46) 458.26857(123) P(45) 458.90947 160
P(44) 459.55057(-95) P(43) 460.18878(9)

P 42; 460.82348(92) P(41}) 461.45498 186
P(40) 462.07948(-89) P(39) 462.70399(-
PE38 463.32599 106% P(37) 463.94219(-
P(36) 464.558793(261 P(35) 465.16810 130
P(34) 465.77480(73) P(32) 466.98060 206
P(31}) 467.57471(-103) P(30) 468.17021(6
P(29) 468.76261(260) P(28) 469.34691(-
P(27) 469.93062 -12; P(24) 471.66102(-
P(23) 472.23123(-18 P(22) 472.79973 170
P(20) 473.92113(13) P(19) 474.47794(6
P(18) 475.02874(-148) P{17) 475.58024(5
P(15) 476.67044(231 P(14) 477.20545 173
P(13) 477.74575(300 P(12) 478.27955(472)
P(11) 478.81165(823

11 — 10 Band
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Table B.1: Observed line positions of !InF in cm™!.

~ Assignment Observed Assignment ‘Observed
R(14) 486.41698(-45) R(15) 486.84569(-65
R(16) 487.26849 -311; R(17) 487.69259(-63
R(18) 488.10869(-250 R(20) 488.93619(2)
R(21) 489.34440(123 R(22) 489.74910(261)
R(23) 490.15160(547 R(24) 490.54220(11)
R(25) 490.93400(-36) R(26) 491.31900(-394
R(28) 492.08781(-118 R(29) 492.46301(-344
R(30) 492.83851(-168 R(31) 493.20921(-99)
R(32) 493.57391(-257 R{33) 493.93951 48;
R(35) 494.65452(162) R(36) 495.00472(52
R(37) 495.37132(1957) R(38) 495.69402(-151)
R(39) 496.03502 —51; R(40) 496.37182(6)
R(41) 496.70383(-39 R(42) 497.03383(95)
R(44) 497.67923(42) R(45) 497.99603(-4)
R(46) 498.31083 131; R(47) 498.61863(-52)
R(48) 498.92603(108 R(49) 499.22774(80)
R(50) 499.52504(-4) R(51) 499.81814(-124)
R(52) 500.11074(90) R(53) 500.39574(-70)
R(54) 500.67924(6) R(55) 500.95874(68)
R{56) 501.23434(127) R(57) 501.50395(-26)
R(58) 501.77125(-22 R(59) 502.03545(62)
R(60) 502.29345(-86 R(61) 502.54925(-63)
R(62) 502.80375(220) R(63) 503.04635(-296)
R(64) 503.28975(-341) R(65) 503.53375(67)
R(66) 503.77145(238) R(67) 504.00216(101)
R(68) 504.22876(-51) R(70) 504.67396(28)
R(71) 504.88786(-209) R(74) 505.51506(9)
R(76) 505.91196(19) R(77) 506.10396(-22)
R(79) 506.47627(-76) R(81) 506.83507(124)
R(83) 507.17577 121; R(85) 507.49687(-229)
R(86) 507.65787(247 R(91) 508.37507 -72;
R(95) 508.87558(-318) R(96) 508.99388(-39
R(98) 509.21238(-59) R(99) 509.31678(64)
R(100) 509.41548(28) P(106) 409.52477(-1033)
P(105) 410.35067(-748) P(103) 411.99588 21;
P(102) 412.81198(187) P(101) 413.62179(10
P(100) 414.43119(83 P(98) 416.03910(8)
P(97) 416.83960(62 P(95) 418.42901(-114)
P(94) 419.22131(-3) P(93) 420.00861(-97)
P(92) 420.79402(-88) P(91) 421.57762 37;
P(90) 422.35552(-112) P(89) 423.13353(46
P(88) 423.90953(301) P(87) 424.67513(-186)
P(86) 425.44484(36) P(85) 426.20894(-3)
P(84) 426.97034(-12) P(83) 427.72914(20
P(82) 428.48525(83) P(81) 429.23715(29
P(80) 429.98395(-233 P(79) 430.73306(39
P(78) 431.47476(-125 P(77) 432.21586(-45)
P(75) 433.69037(264) P(74) 434.41707(-177)



Table B.1: Observed line positions of ''*InF in cm™!.

Assignment ~Observed Assignment Observed
P(73) 435.14337(-350) P(72 .
P(70) 437.31408 161; P(69) 438.02799(-15
P(68) 438.74349(279 P(67) 439.44979(-35
P(65) 440.85870(-97) P(64) 441.55850(-123)
P(63) 442.26130(465) P(61) 443.64171(66
P(60) 444.32741(-110) P(59) 445.01321(41
P(57) 446.37282(96) P(56) 447.04772(111
P(55) 447.72213(396) P(54) 448.39163(510
P(53) 449.05133 -35; P(52) 449.71473(111
P(51) 450.37214(-21 P(50) 451.02664(-120
P(49) 451.68144(133) P(48) 452.32704(-209
P(47) 452.97275(-217) P(46) 453.61745(-0)
P(45) 454.25685(12) P(44) 454.89386(111)
P(43) 455.52666 118; P(42) 456.15506(11)
P(41) 456.78346(233 P(40) 457.40277(-126)
P(38) 458.64047(54) P(37) 459.25377(85)
P(36) 459.86188(-72) P(35) 460.46898(3)
P(34) 461.07288(90) P(33) 461.66988 -180%
P(32) 462.26709(-96 P(31) 462.85959(-147
P(30) 463.45059(-13 P(29) 464.03709(7)
P(28) 464.62039(43) P(27) 465.20060(106)
P(26) 465.77480(-93) P(25) 466.34730(-124)
P(24) 466.91680(-116) P(23 467.48431231
P(21) 468.60641(56) P(19) 469.71462(57
P(18) 470.26292(-9) P(17) 470.80882(28
P(16) 471.35072(8) 15) 471.88982(54
P(14) 472.42373(-76) P(13) 472.95563(-61)
P(12) 473.48463(11) P(11) 474.01133(200)
P(10) 474.53384 316; PES 475.56344(53)

P(6) 476.58264(147 P(4) 477.58405(-138)
12 — 11 Band

R(10) 479.83656(-340) R(11 480.27886é—118)
R(13) 481.14996(54) R(16) 482.43597(951
R(18) 483.25977(6) R(19) 483.67267(178
R(20) 484.07797(-46) R(21) 484.48268(35)
R(22) 484.88278(20) R(25) 486.05938(-196)
R(27) 486.83139(256) R(28) 487.20759(55)
R(29) 487.58199(43) R(30) 487.95189(-49)
R(31) 488.31939(-11) R(32) 488.68609(319)
R(36) 490.09930(-3) R(37) 490.44310(-100)
R(40) 491.45560(-32) R(41) 491.78651(82)
R(42) 492.11391(223) R(43) 492.43301(-88)
R(46) 493.37771(-12) R(48) 493.98871(55)
R(50) 494.58162(-163) R(51) 494.87332(-175)
R(52) 495.16302(-4) R(53) 495.44872(150)
R(54) 495.72762(8) R(55) 496.00362(-40)
R(56) 496.27442(-223) R(57) 496.54553(10)
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Table B.1: Observed line positions of !5InF in cm™!.

Assignment Observed Assignment Observed
R(59) 497.07043(-96) R(61) 497.58123(-64)
R(64) 498.31993(149) R(65) 498.55773(156)
R(66) 498.78893(-107 R(67) 499.01804(-188
R(69) 499.46664(-135 R(70) 499.68494(-119
R(76) 500.91134(-82) R(78) 501.28804(-110
R(79) 501.46965(-203 R(83) 502.15995(-190
R(85) 502.48135(-156 R(87) 502.78585(-204
R(90) 503.21385(-126 R(91) 503.34975(33)
R(94) 503.73085(283) R(95) 503.84595(-14)

P(101) 409.29307(38 P(97) 412.48578 -207;
P(92) 416.41680(23 P(90) 417.96510(-247
P(89) 418.73861(-6) P(88) 419.50791(110)
P(85) 421.79292(-52) P(83) 423.30193(-104)
P(81 424.80193(141) P(80) 425.54574(94)

z 426.28594(-11) P(78) 427.02434(5)

427.75644(-305) P(75) 429.22055(-25)
2 429.94675(-13) P(70) 432.81747(-314)
433.53127(-8) P(68) 434.23877(-24)

P(6 434.94137(-220) P(66) 435.64598(94)
P(6 436.34338(-1) P(63) 437.73219(144)
P(6 438.42069(95) P(61) 439.10562(10)
P(6 439.78699(-132) P(58) 441.14370(-60)
P(5 441.81960(205) P(56) 442.48890(126)
P(5 444.47731(-154) P(45) 449.64733(-48)
P4 450.90824(49) P(42) 451.53294(10)
P(4 452.15374(-92 P(39) 453.38735(-115)
P(3 454.00015(-35 P(37) 454.60865(-55)
P 36 455.21816(353) P(35) 455.81736(62)
P(34) 456.41506(-49) P(33) 457.00866(-239)
P(30) 458.77787(26) P(29) 459.35977(-2)
P(27) 460.51418(5) P(25) 461.65148(-355)
P(23) 462.78219(-28) P%l? 466.08500(156
P(15) 467.15651(2) P(10) 469.78132(235

P(8) 470.80162(-216)




Table B.2: Observed line positions of ''3InF in cm™!. Lines
marked with { are taken from ref. [219]
Assignment Observed Assignment Observed
1 — 0 Band
R(7) 534.75708(-437)
R(8) 535.25438(285) R(11) 536.70289 400
R(12) 537.17259(-111) R(15) 538.57800 289
R(20) 540.83451(81) R(21) 541.27381(2
R(23) 542.14101(-131) R(24) 542.57141 67)
R(25) 542.99521(-4) R(26) 543.41372 214
R(28) 544.24562(32) R(29) 544.65302 111
R(30) 545.05552(-351) R(32) 545.85553(-147)
R(33) 546.25093(88) R(34) 546.64173 258
R(36) 547.40613 70; R(37) 547.78243(-
R(39) 548.52524(22 R(40) 548.89024(1
R(41) 549.24914(-230 R(42) 549.60854(-
R(43) 549.96074(-108 R(44) 550.30424 675)
R(45) 550.64845(-768) R(46) 550.99785(61)
R(47) 551.33455(24 R(48) 551.66865 132)
R(49) 551.99685(54 R(50) 552.32135(1
R(51) 552.64235(27 R(52) 552.95816 79)
R(53) 553.27146(-13) R(54) 553.57856 166)
R(55) 553.88496(20) R(56) 554.18506(-
R(57) 554.47996(-161) R(58) 554.77506 124
R(59) 555.06276 81; R(60) 555.34896 299
R(61) 555.62637(49 R(62) 555.90147(-
R(63) 556.17207(-121) R(64) 556.44037 -4()
R(65) 556.70317(-94) R(66) 556.96337(7
R(67) 557.21827(-6) R(68) 557.46957 37)
R(69) 557.71677(88) R(70) 557.95958 116)
R(71) 558.20018(343) R(72) 558.43148(5
R(73) 558.65958(-123) R(74) 558.88748(9
R(75) 559.10788(-23) R(76) 559.32488(-
R(77) 559.54048(195) R(78) 559.74788 48)
R(79) 559.95248(44) R(80) 560.15168(-
R(81) 560.34979(119) R(82) 560.54429 378)
R(83) 560.72649(-166) R(84) 560.91049(-105)
R(85) 561.09159(94) R(86) 561.26579(30)
R(87) 561.43469(-135 R(88) 561.59999(-232)
R(89) 561.76259(-169 R(90) 561.93039(843
R(91) 562.07789(256) R(92) 562.22559(121
R(93) 562.36689(-223) R(94) 562.50959(6)
R(95) 562.64629(68) R(96) 562.77930 194)
R(97) 562.90410(-66 R(99) 563.14390(-260)
R(100) 563.25990(-93 Rglﬂl 563.36990(-90)
R(102) 563.47110(-529) R(104) 563.66720(-722)
R{105) 563.76360(-325) P(83)} 475.01670(-65)
P(82) 475.82710(-111) P(80)F 477.44090(71)
P(76)* 480.62500(-8) P(71)% 484.53220(-14)

197



198

Table B.2: Observed line positions of !'3InF in cm™1.

Assignment Observed Assignment (bserved
P(67)* 487.59680(-177) P(66)F 488.35610(-70)
13(52)I 498.61810(15) P(50)% 500.02930(-0)
P(49)} 500.73040(58) P(46)} 502.81070(9)
P(43)% 504.86010(-7) P(32)} 512.10440(-85)
P(31)} 512.74210(-57) P(30)} 513.37610(-43)
P(27)} 515.25660(-5) P(21)! 518.92000(17)
P(15)} 522.45350(101) P(14)} 523.02880(31)
P(12)} 524.16970(23) P(8)t 526.40800(80)

P(3)t 529.12090(-7)

2 — 1 Band

R(10) 530.89832(14) R(14) 532.77415(-164)
R(17) 534.14251 -136; R(19) 535.03591(-80)
R 20§ 535.47585(-150 R(21) 535.91374 -40;
R(24) 537.20192(67 R(25) 537.62168(-85
R£26 538.04015(24 R(28) 538.86341(42)
R(30) 539.67088(45 R(31) 540.06805(-21)
R(32) 540.45837(-380) R(33) 540.85076(-140)
R(37) 542.37289(28) R(39) 543.10929(21)
R(44) 544.88186(127) R(47) 545.89428(-119)
R(48) 546.22540(-33) R(52) 547.51126 488)
R(53) 547.81867(225 R(54) 548.12336(9

R(55) 548.42583(150 R(56) 548.72293(7

R(57) 549.01569(-24) R(58) 549.30535(-

R(60) 549.86876 -394; R(61) 550.15049(4

R(62) 550.42215(-123 R(63) 550.69195 -61
R(64) 550.96169(408) R(65) 551.21971 118
R(66) 551.47603(71) R(67) 551.72405 392
R(68) 551.97361(-286) R 70§ 552.46255(152)
R(74) 553.37972(-42 R(75) 553.59750 196
R(76) 553.81430(-29 R(77) 554.02469 -83
R(78) 554.23131(-94 R(79) 554.43508(3

R(80) 554.63545(239) R(81) 554.82721(8

R(82) 555.01690(-7) R(84) 555.38825 430
R(85) 555.56231(124 R(88) 556.06610 -77
R(90) 556.38704(432 R(92) 556. 68122

R(93) 556.82442(8) R(95) 557. 09679
P(76)} 475.68380(-134) P(74)% 477.24550(- 193)
P(64)t 484.86210(61) P(40)! 501.76140(-46)
P(35)! 505.03180(-95) P(28)} 509.46490(88)
P(23)} 512.52240(-6) P(22)} 513.12310(-29)
P(18)} 515.48990(-116) P(12)* 518.93350(-22)
P(6)} 522.24480(21)

3 — 2 Band
R(17) 528.84736(-56) R(23) 531.45627(-405)



Table B.2: Observed line positions of !'3InF in cm™~!.

Assignment Observed Assignment Observed
R(24) 531.88297(73) R(26) 532.71707(258)
R(30) 534.33018(-225) R(31) 534.72658(-59
R(32) 535.11998(197) R(33) 535.50428(-65
R(34) 535.88739(-55) R(35) 536.26729(27)
R(36) 536.64269(52) R(38) 537.38189(125)
R(43) 539.15190 -573; R(46) 540.17220(-391)
R(47) 540.50420(-341 R(52) 542.10471(-28)
R(53) 542.41701(463) R(55) 543.01391(-114)
R(56) 543.31122 90} R(57) 543.60222(70)
R(58) 543.88902(36 R(59) 544.16932(-241)
R(60) 544.45112(40 R(61) 544.72422 -141;
R(62) 544.99492(-154) R(63) 545.26172(-147
R(65) 545.78393(-42) R(66) 546.03913(37
R(67) 546.28493 -413; R(69) 546.77773(46
R(72) 547.47743(-113 R(73) 547.70443(41
R(74) 547.92603(70) R(76) 548.35724(180)
R(78) 548.76854(-29) R(79) 548.96894(-30
R{80) 549.16154(-392) R(81) 549.35734(-13
R(84) 549.90884(60) R(86) 550.25044(-386)
R(87) 550.42214(117) R(88) 550.58365(24)
R(90) 550.89525(-26) P(70) 475.41020(3)
P(63)} 480.64710(37) P(58)} 484.28800(42)
P(52)f 488.54490(-94) P(42)}  495.36900(-186)
P(37)}  498.65900(483) P(35) 499.94270(-44)
P(32)} 501.84980(-52) P(27)} 504.95750(-102)
P(20)! 509.16210(133) P(15)% 512.05300(-174)
P(14)} 512.62200(-69) P(13)* 513.18570(-131)
P(9)* 515.40640(-149)

4 — 3 Band

R(14)} 522.25250(-168) R(15)} 522.70720(-3)
R(16)} 523.15770(122) R(24)} 526.61420(86)
R(27)} 527.84730(91) R(30)% 529.04350(-117)
R(31)} 529.43550(-84) R(32)} 529.82370(-43)
R(33)} 530.20780(-22) R(50)} 536.13290(15)
R(52)f 536.75390(-43) R(65)} 540.40110(-11)
R(67)} 540.90250(126) R(72)* 542.07980(39)
R(76)t 542.94660(-99) R(79)} 543.55450(-60)
P(64) 475.02900(2496) P(63)} 475.73590(-133)
P(61)} 477.19200(-168) P(60)* 477.91580(-114)
P(51)} 484.27620(15) P(50)% 484.96530(-51)
P(45) 488.36310(-60) P(35)} 494.90370(125)
P(34)} 495.53510(-220) P(22)} 502.87990(-187)
P(18)F 505.21550(-104) P(11)}  509.16210(-206)
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Appendix C
Line Positions of CuH and CuD

All values of the lines in the following appendix is given in cm™! units. The value in
parenthesis are the l¢ uncertainty from the parametrized potential fit and signify the
uncertainty in the last quoted digits.

Table C.1: Observed line positions of CuH in cm™!.

Assignment Observed Assignment ~ Observed

Lines for 83CuH
v = 0 Pure Rotational Lines

R(1) 31.25245896(805) R(2) 46.847042705-62)
R(3 62.40372505§47) R(4) 77.90993471(-360)
R(5) 93.35319690(-6) R 6$ 108.721099312142)
R(7 124.001342625172) R(9) 154.25025469(-56)
R(10) 169.19497188(-80)
1 — 0 Band
P(28) 1285.47010(15)
P(27) 1309.81163 -544; P(26) 1334.00394(110)
P(25) 1358.01530(-121 P(24) 1381.84660(-43)
P(23) 1405.48262(-41) P(22) 1428.91315(29)
P(21) 1452.12582(119) P(20) 1475.10677(58)
P(19) 1497.84578(62 P(18) 1520.33017(116)
P(17) 1542.54530(32 P(16) 1564.48086(68
P(15) 1586.12205(50 P(14) 1607.45612(18
P213 1628.47070(63 P(12) 1649.15079(17
P(11) 1669.48470(56 P(10) 1689.45718(-1
P(9) 1709.05636(8) P(8) 1728.26789(-6
P(7) 1747.06942(-927) P(6) 1765.47514(4)
P(5) 1783.44388(9) P(4) 1800.97146 3;
P(3) 1818.04522(39) P(2) 1834.65093(6
P(1) 1850.77524(-134) R(0) 1881.53471(-116)
R(1) 1896.14433(1) R(2) 1910.22361(141)
R(3) 1923.75696(-49) R(4) 1936.73822(-1)
R(5) 1949.15299(0) R(6) 1960.99042(4)
R(7) 1972.23910(-27) R(8) 1982.88956(38)
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Table C.1: Observed line positions of CuH in cm™~!.

Assignment Observed Assignment Observed
R(9) 1992.92971(3 R(10) 2002.35004 29;
R(11) 2011.14063(1 R(12) 2019.29263(57
R(13) 2026.79615(8 R(14) 2033.64226(101)
R(15) 2039.82173(2 R(16) 2045.32833(61)
R(17) 2050.15363 147) R(18) 2054.28660(-65)
R(19) 2057.72651(7. R(20) 2060.45495 -592;
R(21) 2062.48387 -208) R(22) 2063.79259(-216
2 — 1 Band
P(24) 1320.28342(12) P(23) 1343.39215(-6)
P(22) 1366.28960(- 126) P(21) 1388.96745(-52)
P(20) 1411.41199(- P(19) 1433.61164(48
P(18) 1455.55390 47) P(17) 1477.22699(42
P(16) 1498.61757(-60 P(15) 1519.71576(10
P(14) 1540.50591(-38 P(13) 1560.97737(14
P(12) 1581.11511(-42 P(11) 1600.90749 -673
P(10) 1620.34219 17) P(9) 1639.40377(-20
P%S 1658.08020(- P(7) 1676.35976(21
P(6) 1694.22656 —31 P(5) 1711.67037(64
P(4) 1728.67498(- P(3) 1745.23052(52
P(2) 1761.32098(- P(1) 1776.93647(-55
R(0) 1806.69120 190 R(1) 1820.80113(-20
R(2) 1834.38776(4 R(3) 1847.43630(-24
R(4) 1859.93512(- R(5) 1871.87479(-3)
R(6) 1883.24163(9 R(7) 1894.02449(-72
R(8) 1904.21529 20) R(9) 1913.80052(-20
R(10) 1922.77093(- R(11) 1931.11837(-30
Rf12 1938.83134(- R(13) 1945.90099(3)
R(14) 1952.31744(- R(15) 1958.07374(-39)
R(16) 1963.16062(0 R(18) 1971.29304(43)
R(19) 1974.31409 -857)
3 — 2 Band
P(21) 1326.08210(-1135) P(20) 1348.03300(82)
P(19) 1369.72296(94) P(18) 1391.15499(343)
P(17) 1412.31121(210) P(16) 1433.18162(-120)
P(15) 1453.76086(25 P(14) 1474.03133(110)
P(13) 1493.97961(30 P(12) 1513.59469 -64{
P(11) 1532.86693(126) P(10) 1551.77662(-99
P(9) 1570.31790(-51) P(8) 1588.47542(19
P(7) 1606.23588(61) P(5) 1640.51414(50
P(4) 1657.00766(127) P(3) 1673.05326(206)
R(3) 1771.77263(-198) R(4) 1783.79009(-68)
R(9) 1835.29672(118)
4 — 3 Band
P(18) 1326.86577(-193) P(17) 1347.54009(119)
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Table C.1: Observed line positions of CuH in cm™!.

Assignment Observed Assignment ~ Observed
P(15) 1388.00818(212) P(14) 1407.77748(-134)
P(13) 1427.22386(-471) P(12) 1446.34229(-97)
P(11) 1465.11135(63) P(10) 1483.51746(-120

P§9 1501.55441(-31) P(8) 1519.20465(-177
P(6) 1553.30752(67)
Lines for %°CuH
v = 0 Pure Rotational Lines
R(1 31.23744250%594) R(3 62.37379334534)
R(4) 77.87261369(-248) R(5) 93.30854271(-149)
R(6) 108.66918670(64) R(7) 123.94225861(184)
R(9 154.177125305337) R(10) 169.11498137(-715)
1 — 0 Band
P(27) 1309.66917(-526) P(26) 1333.85051(303)
P(25) 1357.84958(108) P(24) 1381.66726 823
P(23) 1405.28856 -137; P(22) 1428.70824(91
P(21) 1451.90537(-141 P(20) 1474.87598(-14)
P(19) 1497.60304(4) P(18) 1520.07521(33)
P(17) 1542.27959(57) P(16) 1564.20433(179)
P(15) 1585.83246(6) P(14) 1607.15624(78)
P(13) 1628.15897(52) P(12) 1648.82804(-1)
P(11) 1669.14802(-282) P(10) 1689.11421 82%
P(9) 1708.70226(3) P(8) 1727.90410(22
P(7) 1746.70541(52) P(6) 1765.09154(-30)
P(5) 1783.05131(-5) P(4) 1800.57023(9)
P(3) 1817.63463{(-36) P(2) 1834.23279(-4)
P(1) 1850.35137(70) R(1) 1895.69875(177)
R(2) 1909.76832(-17) R(4) 1936.27257(-43)
R(5) 1948.68420(157) R(6) 1960.51624(92)
R(7) 1971.76021(15) R(8) 1982.40598(-12)
R(9) 1992.44254(-41 R(10) 2001.86075(26)
R(11) 2010.64868(-18 R(12) 2018.79879(22)
R(13) 2026.30134(94) R(15) 2039.32642(102
R(16) 2044.83109 -74; R(17) 2049.65890(193
R(18) 2053.79320(-10 R(19) 2057.23157(-204)
2 — 1 Band
P(24) 1320.13353(414) P(23) 1343.22486(-127)
P(22) 1366.11367 95; P{21) 1388.77660(-126)
P(20) 1411.21075(70 P(19) 1433.39747(-1)
P(18) 1455.32495(-321 P(17) 1476.99075(90)
P{16) 1498.36869(-147 P(15) 1519.45578(-75
P(14) 1540.23386(-236 P{13) 1560.69617(-23
P(12) 1580.82291(-124 P(11) 1600.60597(-48
P{10) 1620.02929(-91 P(9) 1639.08251(22)
P(8) 1657.74941(-15 P(7) 1676.01794(-95)
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Table C.1: Observed line positions of CuH in cm~!.

Assignment Observed Assignment Observed
P(6) 1693.87598(-117 P(5) 1711.31089 -34;
P(4) 1728.30506(-306 P(3) 1744.85407(-78
R(1) 1820.38724(-327 R(2) 1833.97087(-2)
R(3) 1847.01521(113) R(4) 1859.50877(36
R(5) 1871.44289(52) R(6) 1882.80518(44
R(7) 1893.58308(-142 R(8) 1903.77006(-86)
R(10) 1922.31883(-335 R(11) 1930.66574 -118%
R(12) 1938.37632(-185 R{13) 1945.44466(-193
R(14) 1951.86141(-175 R(15) 1957.61872(-43)
R(16) 1962.70336(-276 R(17) 1967.11396(-195)
R(18) 1970.83792(-273
3 — 2 Band
P(21) 1325.93214(9 P(19) 1369.53398(-285)
P(18) 1390.95564(5 P(17) 1412.10247(90)
P(16) 1432.96702 268 P(15) 1453.53304(167
P(14) 1473.79182 141 P(13) 1493.73089(178
P(12) 1513.33490(-4) P(11) 1532.59678(147
P(10) 1551.49930(178) P(9) 1570.03106(224
P(8) 1588.17607(-33) P(7) 1605.92820(74)
PEG 1623. 26936 20) P(5) 1640.18774(-98)
P(4) 1656.67231(-105) R(3) 1771.39653(751)
Lines for 8 CuD
v = 0 Pure Rotational Lines
R(2) 23.94036747(317) R$4 39.85692409%12)
R{5) 47.79230537(82 R(7) 63.60104136(-22)
R(8) 71.46795030(27 R(9 79.30561495§-161)
R(10) 87.11086218(58 R(11) 94.88053132 138;
R(13 110.300635315—115} R(15 125.54121025%64
R(16) 133.08657194(-187 R(18) 148.01255170(106)
1 — 0 Band

P{33) 1006.06640(-319) P(31) 1030.11937(61)
P(30) 1042.02890(150) P(29) 1053.85629 177%
P(28) 1065.59668(-25) P(27) 1077.25280(141
P(26) 1088.81477(16) P(25) 1100.28300(-28)
P(24) 1111.65411(5) P(23) 1122.92409(50)
P(22) 1134.08894(47) P(21) 1145.14464(-65
P(20) 1156.08968 -92; P(19) 1166.92055(-39
P(18) 1177.63198(-88 P(17) 1188.22202(-84
P(16) 1198.68738(-7) P(15) 1209.02257(-57
P(14) 1219.22563(-78 P(13) 1229.29316(-60
P(12) 1239.22098(-70 P(11) 1249.00633(-32
P(10) 1258.64432(-86 P(9) 1268.13416 37;
PgS 1277.46862(-35 P(7) 1286.64758(31
P(6) 1295.66373(-149) P(5) 1304.51893(-46)
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Table C.1: Observed line positions of CuH in cm™!L.

~ Assipnment Observed Assignment Observed
P(4) 1313.20525(-111 P(3) 1321.72002(-272)
P(1) 1338.22262(-764 R(3) 1376.28093(-58)
R(4) 1383.31316(-129 R(5) 1390.14632(-134)
R(7) 1403.20253(-25) R(8) 1409.41917(42)
R(9) 1415.42331(18) R(10) 1421.21315(8)
R(11) 1426.78543 -35§ R(12) 1432.13712(-142)
R(13) 1437.26786(-81 R(14) 1442.17518(162)
R(15) 1446.85128(63) REIG 1451.29376(-367)
R(17) 1455.55347(4198) R(18) 1459.49344(299)
R({19) 1463.23099(-101)
2 — 1 Band
P(30) 1009.92261(-132) P(29) 1021. 55195 0)
P(28) 1033.09382(-74) P(27) 1044. 54867
P(26) 1055.91301 134; P(25) 1067.18030(6
P(24) 1078.35077(108 P(23) 1089.41795 -43)
P(22) 1100.38252(7) P(21) 1111.23877 21)
P(20) 1121.98302(-34) P(19) 1132.61342(-
P(18) 1143.12650(104) P(17) 1153.51642(4
P(16) 1163.78100(-53) P(15) 1173.91880(8
P(14) 1183.92573(163 P(13) 1193.79484(6
P(12) 1203.52746(183 P(ll; 1213.11623 135)
P(10) 1222.55973(121 P{9) 1231.85287(-
P(8) 1240.99691(167 P(7) 1249.98298 152
P(6) 1258.80671(-167) P(5) 1267.48232 971
P(4) 1275.97221(145 R(2) 1330.56499(3547)
R(3) 1337.58334(265 R(4) 1344.43938(273
R(5) 1351.09826(391 R(6) 1357.55517(442
R(7) 1363.80561(271 R(8) 1369.84901(115
R(9) 1375.68078(-198) R(10) 1381.30710 235
R(11) 1386.71195 86; R{12) 1391.89945(4
R(13) 1396.86670(84 R(14) 1401.60616 287
R(15) 1406.12150(-444) R(16) 1410.41659 248
R(17) 1414.47378(272) R(18) 1418.29439(-
3 — 2 Band
P(27) 1012.01964(-72) P(25) 1034.26702 269
P(24) 1045.24161(136) P(23) 1056.11401(-
P(22) 1066.88456(57) P(21) 1077.54376 159
P(20) 1088.09388(-145) P(19) 1098.52950 113
P(18) 1108.84733(-61 P(17) 1119.04347(-43)
P(16) 1129.11427(-91 P(15) 1139.05644 196
P(14) 1148.87209(190) P(13) 1158.54722(7
P(12) 1168.08589(-3) P(11) 1177.48190 118)
P(10) 1186.73854(328) P(9) 1195.83903(-5)
P(8) 1204.78862(-253) P(7) 1213.58870(60)
P(6) 1222.22743(86) R(7) 1324.68997(-173)
R(8) 1330.56499(9) R(10) 1341.68333 121)




Table C.1: Observed line positions of CuH in cm™!.

‘Assignment QObserved Assignment Observed
R(14) 1361.32156(-84) R(16) 1369.79883(-419)
Lines for 3CuD
v = 0 Pure Rotational Lines
R(2) 23.91767721(551) R(3) 31.87497145(724)
R(4) 39.81918711(76) R(5) 47.74708785(24)
R(8) 71.40054581(154) R(9) 79.23091544(-120)
R(10) 87.02892849(-97) Rgll 94.79143398(111)
R(13 110.19743398&129; R(14) 117.83475810(-374)
R(15) 125.42424259(143
1 — 0 Band
P 27; 1076.90171(-163)
P(26) 1088.45544(101) P(25) 1099.91244(136)
P(24) 1111.26946(-47 P(23) 1122.52842(79)
P{22) 1133.68046(-35 P(21) 1144.72543(-60)
PEZO 1155.66034(46 P(19) 1166.47997(109)
P(18) 1177.17976(15 P(17) 1187.75908(52)
P(16) 1198.21172(-54) P(15) 1208.53635(-86)
P(14) 1218.72688(-302) P(13) 1228.78710 25;
P(12) 1238.70367(-86) P(11) 1248.47970(23
P(10) 1258.10691 -124; P(9) 1267.58495(-216)
P(8) 1276.90916(-368 P(7) 1286.08484(294)
P(6) 1295.09129(45) P(5) 1303.92248(-1374)
R(3) 1375.68078(5041) R(8) 1408.73940 -22;
R(9) 1414.73785(-147) R(10) 1420.52453(-37
R(11) 1426.09301(-56) R(13) 1436.57100(160)
R(14) 1441.47700(574) R(15) 1446.14581(14)
R(16) 1450.58728(-284) R(17) 1454.80083(-137)
R(18) 1458.78381(428) R(19) 1462.55976(3995)
2 — 1 Band
P(28) 1032.78744(51) P(25) 1066.84001(348)
P(24) 1077.99309(-179) P(23) 1089.05491(288)
P(22) 1100.00585(118) P(21) 1110.84854(-94
P(20) 1121.58222(-88) P(19) 1132.20151(-65
P(18) 1142.70629(304) P(17) 1153.08333(34)
P(16) 1163.33643(-150) P(15) 1173.46379(-88)
P(14) 1183.46025(48) P(13) 1193.31983(7)
P(12) 1203.04099(-23) P(11) 1212.62162(90)
P(10) 1222.05082 -397; P(9) 1231.34228(226
P(8) 1240.47159(-139 P(7) 1249.45156(132
P(6) 1258.26935(94) P(5) 1266.92558(147
R(2) 1329.96735(4568)
3 — 2 Band
P(21) 1077.19003(378) P(20) 1087.73063(532)
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Table C.1: Observed line positions of CuH in cm™1.

Assigninent Observed Assignment QObserved
P(18) 1108.45737(85) P§17 1118.64411(211)
P(15) 1138.63241(-357 P(12) 1167.62990 -407;
P(11) 1177.02033(-132 P(8} 1204.29838(-405
P({6) 1221.71872(-197
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Appendix D
Line Positions of AgH and AgD

All values of the lines in the following appendix is given in cm™! units. The value in
parenthesis are the lo uncertainty from the parametrized potential fit and signify the
uncertainty in the last quoted digits.

Table D.1: Observed line positions of AgH in cm™!.

Assignment Observed Assignment Observed
Lines for 197AgH
1 — 0 Band
P(28) 1215.25629(20) P(27) 1235.61352(-457)
P(26) 1255.79873 -158; P(25 1275.7959358)
P(24) 1295.59327(-431 P(23) 1315.19802(-16)
P(22) 1334.59051(38) P(21 1353.76565{—9)
P(20) 1372.71645(-71) P(19) 1391.43610 »31;
P(18) 1409.91576 40} P(17) 1428.14526(-55
P(16) 1446.11991(50 P(15) 1463.82825(52)
P(14) 1481.26637(407) P(13) 1498.41466(9)
P(12}) 1515.27666(73) P(11) 1531.83796(23
P(10) 1548.09267(134) P(9) 1564.02866(63
P(8) 1579.63906(-9) P(7) 1594.91623(21
P(6) 1609.84972(-25 P(5) 1624.43261(22
P(4) 1638.65421(-47 P(2) 1665.98269(-205
P(1) 1679.06156(-1404) R{1) 1715.94815(-351
R(2) 1727.41838(79) R(3) 1738.45353(-357
R(4) 1749.06118(-114) R(5) 1759.22458 -92}
R(6) 1768.93959(60) R(7) 1778.19480(-51
R(8) 1786.98824(117) R(9) 1795.30815(113)
R(10) 1803.14606(-197) R(11) 1810.50345(32
R(12) 1817.36657(111) R(13 1823.72873%40
R(14) 1829.58546(33) R(15) 1834.92961(16
R(16) 1839.75624(130)
2 — 1 Band
P(23) 1256.30007(-8) P(22) 1275.32095(-208)
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Table D.1: Observed line positions of AgH in cm™!.

~Assignment Observed Assignment Observed
P(21) 1294.12400(-56 P(20) 1312.69796(61
P 19; 1331.03368(-21 P(18) 1349.12671 22;
P(17) 1366.96678(-52 P(16) 1384.54835(-5)
P(15) 1401.86196(25) P(14) 1418.88963(-946)
P(12) 1452.11486(187) P(11) 1468.27234(-53)
P(10) 1484.13387(1036) ng 1499.65863(215)
P(8) 1514.86290(-43) P(7) 1529.73630(70)
P(6) 1544.26505(23) P(4) 1572.26016(-22)
P(3) 1585.70848(-142 R(4) 1679.06156(364)
R(5) 1688.82347(-115 R(6) 1698.14169(-94)
R(7) 1707.00555(114) R(8) 1715.40437(187)
R(9) 1723.33045(88) R(10) 1730.77407(-431)
3 — 2 Band
P(19) 1270.36509(-228 P(16) 1322.77922(-356)
P(15 1339.71975%-140 P£14 1356.37960(-35)
P(12) 1388.82831(105) P(11) 1404.60106(131)
P(9) 1435.20052(-136 P§8 1450.01413(-102)
P(7) 1464.490415-184 P(6) 1478.61761(-735)
Lines for 199AgH
1 — 0 Ban
P§27 1235.56574(174) P{26) 1255.74408(170)
P(25) 1275.73312(-98 P(24 1295.52907(-299;
P(23) 1315.12816 -75% P(22) 1334.51517(-199
P§21 1353.68882(-28 P(20) 1372.63724(33)
P(19) 1391.35307(48) P(18) 1409.82668(-134)
P(17) 1428.05498(-1) P(16) 1446.02569(53)
P(15) 1463.73071(57 P(14) 1481.16092(-49)
P(13) 1498.31102(58 P(12) 1515.16921(59)
P(11) 1531.72851(119) P(10) 1547.97726(-63)
P(9) 1563.91177(14) P(8) 1579.52043 56;
P(7) 1594.79373(-19) P(6) 1609.72564(48
P(5) 1624.30496(1) P(4) 1638.52473(4)
P(2) 1665.85038(44) P(1) 1678.92463(-1392)
R(1) 1715.80606(-238) R(2) 1727.27286(33)
R(3) 1738.31048(17) R(4) 1748.91332(-59)
R(5) 1759.07413(-145) R(6) 1768.78919(148)
R(7) 1778.04212 -65; R(8) 1786.83225(-115)
R(9) 1795.15137(-97 R(11) 1810.34609(-74)
R(12) 1817.20901(46) R(13) 1823.56988(-106)
R(14) 1829.42886(145) R(15) 1834.77180(28)
R(16) 1839.59777(81)

2 — 1 Band

1217.56773(144) P(23
1275.26009(53) P

U'o
NN
SN
N o
N g

1256.23965(-64)
1294.05595(-156)



Table D.1: Observed line positions of AgH in cm™".

209

1

Assignment Observed Assignment Observed
P(20) 1312.62786(109) P(19) 1330.95995(12)
P(18) 1349.04938(39) P(17) 1366.88559(-84)
P(16) 1384.46257(-163) P(15) 1401.77211(-213)
P(14) 1418.80757(-85 P(12) 1452.01601 —10;
P(11) 1468.17289(-10 P(10) 1484.02012(-58

P(9) 1499.55143(62) P(8) 1514.75503 15;
P(7) 1529.62420(-24) P(6) 1544.15180(75
P(4) 1572.14353 190; P(3) 1585.58856(-25)
R(2) 1658.07863(253 R(4) 1678.92463(295)
R(5) 1688.68594(-104) R(6) 1698.00053(-319)
R(7) 1706.86421(-13) R(8) 1715.26868(728)
R(9) 1723.18420(-337) R(10) 1730.62919(-642)
3 — 2 Band
P(19) 1270.30545(224) P(16) 1322.70598(-276)
P(15) 1339.64182(-210) P(14) 1356.29856(-106)
P(13) 1372.66799(7) P(12) 1388.74194 105}
P(l1}) 1404.51226 179; Pé 1435.10925(225
P(7) 1464.39358(148 P 1478.52306(77)
Lines for 97AgD
1 — 0 Ban
P(30 970.10558§—24) P(29 979.78969g15)
P(28) 989.39599(398) P(27) 998.90889(-227)
P(26) 1008.34151(-337) P(25) 1017.69223 118;
P(24) 1026.94995(242) P(23) 1036.11432(215
P(22) 1045.18259(-22) P(21) 1054.15696(-29)
P(20) 1063.03194(-137) P(19) 1071.80874(-4)
P(18) 1080.48177(32 P(17) 1089.04861(-48)
P(16) 1097.50970(20 P(15) 1105.85908(-135)
P(14) 1114.09996(31 P(13) 1122.22422(-73
P(12) 1130.23346{-60) P(11) 1138.12449(-29
P(10) 1145.89564(76) P(9) 1153.54129(-83
P(8) 1161.06367(-62) P(7) 1168.45908(-11
P(6) 1175.72229(-232 P(5) 1182.86096(260)
P(4) 1189.85247(-579 P(3) 1196.72221(7)
P(1) 1210.03088(-233 R(3) 1240.78131(-3)
R(4) 1246.48592(523) R(5) 1252.02783 264;
R(6) 1257.40899(-385) R(7) 1262.64333(165
R(8) 1267.71008 33g R(9) 1272.61182(-330)
R(10) 1277.35630(43 R(11) 1281.93031(15)
R(12) 1286.33404(-205) R(13) 1290.57354(168)
R(14) 1294.63637(71) R(15) 1298.52472(-98)
R(16) 1302.24016(-6) R(17) 1305.77764 123
R(18) 1309.13921(334) R(19) 1312.31382(22
R(20) 1315.30780(-127) R(22) 1320.74596(-78)

2 — 1 Band
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Table D.1: Observed line positions of AgH in cm™!.

Assignment ‘Observed Assignment Observed
P(27 968.46039{306) P(26 977.745725-341)
P(25) 986.95236(-30) P(24) 996.07301(716)
P(23) 1005.08548(-114) P(22) 1014.01425(139
P(21) 1022.84205(-39) P(20) 1031.57433 111;
P(19) 1040.20074(-232 P(18) 1048.72836(-144
P(17) 1057.14784(-343 P(16) 1065.46302(-226
P(15) 1073.67104(136) P(14) 1081.76397(172)
P(13) 1089.74105(23 P(12) 1097.60061(-258)
P(11) 1105.34754(37 P(10) 1112.96983(-75

PEQ 1120.46827(-294) P(8) 1127.84617(-73
P(7) 1135.09473(-73 P(6) 1142.21475(3)
P(5) 1149.20234(-18 P(4) 1156.05859 191;
P(2) 1169.35589(28) R(3) 1205.82663(169
R(5) 1216.77962(-407) R(6) 1222.02752(-187)
R(7) 1227.11732(66) R(8) 1232.04169(-188)
R(9) 1236.80768(-49) R(10) 1241.40869(13)
R(11) 1245.85017(732 R(12) 1250.10911(-6)
R(13) 1254.20812(245 R(14) 1258.12793(-262)
R(15 1261.88880%681 R(16) 1265.46162 340;
R(17) 1268.86090(343 R(18) 1272.08318(514
R(19) 1275.11927(107 R(20) 1277.97192(-434)
3 — 2 Band
P(23) 974.04225(353) P(20) 1000.10597(96)
P(18) 1016.97577(-259) P(17) 1025.25746(-0)
P(16) 1033.43284 413; P(15) 1041.48893(-102)
P(14) 1049.44274(369 P(13) 1057.26849(-537
P(12) 1064.99186(-38) P(11) 1072.59032(-172
P(9) 1087.42528(-200) P(8) 1094.66056(214
P(7) 1101.76189(-50) R(4) 1176.32042(221
R(5) 1181.57461(-245) R(6) 1186.68690(727
R(7) 1191.62339(-57) R(8) 1196.40870(63)
Réll 1209.77759(-225) Rg12 1213.90374(-16)
R(14) 1221.64424(323) R(16) 1228.68558(102)
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Lines for 199A¢D

1 — 0 Ban

979.67332&-247)
998.79017(-1)
1017.56244(-52)
1035.97918(204
1054.01650(108
1071.66020(-12)
1088.89522(103)
1105.69980(52)
1122.05706(-68)
1137.94942(-232)

vW'uugtusuv'ou'oy
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989.27729(266)
1008.21902(-131)
1026.81702(107)
1045.04506(71)
1062.88799(-15
1080.32913(-62
1097.35052(-93
1113.93336(-209)
1130.06295(-96)
1145.71949(48)



Table D.1: Observed line positions of AgH in cm™!.

Assignment

Observed

~ Assignment

Observed

P(9

NI YYY
00 Ch €2 1= 0 —J TV Lo en <3

TR ZT T
bt et ot ek

TYYY
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1153.36266(-82)
1168.27409(-111)
1182.67042(116)
1196.52826(6)
1251.81335(31)
1262.42752(116)
1272.39480(-214)
1281.71030(80)
1290.34821(-86)
1298.30109(-4)
1308.90826(-110)
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AROYD
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2 — 1 Band

968.34484%—121)
986.83462(21)
1004.96029%—127)
1022.71049 -23;
1040.06412(-73
1057.00802(125)
1073.51826(-81)
1089.58265 -166;
1105.18129(-369
1120.30284(-73)
1134.92258(-2)
1149.02677 208;
1216.58485(121
1231.83981(72)
1241.19856 -300;
1249.89847(-152
1257.91977(21)
1265.24885 307}
1271.87085(630
1277.76060§-150§
1287.33477(-546
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3 — 2 Band

999.97973(-52)

1033.29586(423)
1049.29361(-249)
1072.44703 632;
1087.27671(607

1101.60041(-27)
1186.49650(630)
1209.58133(-292)

1

lsvRaviavias]
S wwp SR
N COCO N LY

R

1160.88434(139)
1175.53884 81;
1189.66704(33
1246.27075(49)
1257.20015(108)
1267.49370 74;
1277.13665(23
1286.11305(-127)
1294.41286(92)
1302.01324(-168
1312.08473(-191

977.632735-161)
995.94556(138)

1013.88274(-170)
1031.43944(120)
1048.58511 -331;
1065.31309(-461
1081.60890(24)

1097.44520(139)
1112.80306(-256
1127.67410(-252
1142.03820(-115
1155.87435(-214)
1226.91479(122)
1236.59900(-339)
1245.63547(75)

1253.99470(-85)

1261.67351(327)
1268.64170(-277;
1274.89920&-513
1280.43595(-26)

1025.12390(51)
1041.34795(-196)
1064.84324(-41)
1079.91751(43)
1094.49865(-57)
1176.12594(-589)
1196.21978(387)
1213.70793(58)
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Appendix E
Line Positions of AuH and AuD

All values of the lines in the following appendix is given in cm™! units. The value in
parenthesis are the lo uncertainty from the parametrized potential fit and signify the
uncertainty in the last quoted digits.

Table E.1: Observed line positions of AuH in cm™!.
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Assignment Observed Assignment Observed
Lines for 97 AuH
1 — 0 Band
P(2 1818.67532(139 P(2 1861.62373(174
P(1 1882.66998(171 P(1 1903.42248(206
P(1 1923.87284(120 P(1 1944.01653(145
P(1 1963.84413(29) P(1 1983.35140(44)
P(1 2002.52915(-33) Pél 2021.37077(-163)
P(1 2039.87266(-2) P(1 2058.02303(-28)

2075.81625(-97)
2110.30525(-153
2143.28364(-145
2174.69397(-220
2204.48548(110)
2246.00363(8)
2271.49483(-31)
2295.17467(48)
2316.98827(-7)
2336.88665(50)
2354.81852(137
2370.73287(104
2384.58121(-42
2396.31846(-40
2405.89384(-280
2413.26625(-247

2 — 1 Band

1824.229095-280
-197

1864.00264
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92093.24616(-123)
2126.98757 -733
2159.18947(-55
2189.79825(166)
2232.59339(-128)
2258.97181 -79;
2283.56357(-95
2306.31778(17
2327.18057(61
2346.10195(133)
2363.03032(73)
2377.91891(107)
2390.71799(73)
2401.37948(-110
2409.85875(-251
2416.11063(-269

1844.27316(-29)
1883.41907(31)
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Table E.1: Observed line positions of AuH in cm™!.

~ Assignment Observed Assignment Observed

P(14) 1902.50758(-164) P(13) 1921.26938(13)
P(12) 1939.69197(-12) P(11) 1957.77016(-77)
P(10) 1975.49891(-3) P(9) 1992.86943(16)

P(8) 2009.87422(-83) P(7) 2026.50874(-65)

P(5) 2058.63649(24 P(4) 2074.11370(-130)

P(2) 2103.86981(96 R(2) 2170.91590(193
R(4) 2194.65529(78 R(6) 2216.55770(109
R{7) 2226.80174(-10) R(9) 2245.85169(345
R(11) 2262.92685(42 R£12 2270.71373§217
R(13 2277.98578514 R(14) 2284.74403(163
R(15) 2290.97405(-157)

Lines for 97 AuD
1 — 0 Band

P(35) 1261.40701 -2843 P(3 1272.73754(-214§
P(33) 1283.97548(-151 P(3 1306.16585(-161
P(29) 1327.96732(-65 P(2 1338.71766(-10)
P(27) 1349.36455(-40 P(2 1359.90818(35)
P(253) 1370.34476(10 P(2 1380.67334(-34)
P(23) 1390.89358(42 P(2 1401.00210(79)
P(21) 1410.99596(-41 P(2 1420.87659(2)
P(1 1430.63994(-18 P(1 1440.28476(-48)
P(1 1449.80981(-33 P(1 1459.21321 18;
P(1 1468.49212(0) P(1 1477.64589(29
P(1 1486.67183(13 P(1 1495.56858(-3)
P(1 1504.33478(23 P(1 1512.96746(-26)

P( 1521.46624(-9) 1529.82867(6)
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1538.05233(-43)
1554.08012(51)
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1605.56411(42)
1618.90002(101)
1631.59928(84)
1643.64970(116)
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1675.77166(20)
1685.09320(-51
1693.70139(-88
1701.58400(-84
1708.72900(-28
1720.75950(334)

2 — 1 Band

1256.29100(56
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1299.30703(-29)
1320.20218(-6)
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1577.04021(44)
1612.31348(349)
1625.32955(49
1637.70602(53
1649.42670(74
1660.47757(25
1670.84685(25
1680.52043(-59
1689.48785(-13
1697.73456(-51
1705.24957(-51
1712.02145(48)

1267.19410(16)
1288.70510(109)
1309.80804(75
1330.49078(28



Table E.1: Observed line positions of AuH in cm™!.

Assignment

Observed

Assignment

~Observed
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1418.00025 -83§

1340.67133 96%

1436.12791(-84
1453.74549(-86
1470.84008(33)
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1503.39752(-13
1518.83530(126)
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1587.03514 49%
1598.78337(53
1609.86889(-17)
1620.28025(7)
1630.00184(-137)
1639.02480 -51;
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1654.91508(-101)
1661.76056(74)
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3 — 2 Band

1270.16074(-367
1290.55840(-325
1310.51675(-537
1330.03121(-136
1349.07871(-88)
1367.64766(-194)
1385.72825 -653
1411.89699(-67
1428.69016(33
1444.94346(59
1460.64336(47
1475.77579(-22)
1542.45798(210)
1553.89973(49)
1564.68220(187)
1574.78531(-60)
1584.20348(66)
1592.91556 -249;
1600.91209(-658
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1350.74075(60)
1370.54200(-57)
1389.88480(85)
1408.74978(-58)
1427.12778(-1)
1445.00096(-123)
1462.35965(20)
1479.18550(2)
1495.46635(16)
1511.18731(-21)
1526.33389(-158)
1580.91800(153)
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1634.60137(-130
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1651.21532(-116
1658.43152(48)

1608.19011(-175)
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