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The development and implementation of a high resolution, direct absorption, rapid-
scanning infrared diode laser spectrometer incorporating a supersonic jet expansion source
is described. High sensitivity is achieved by directly modulating absorption signals at
frequencies in excess of 50 kHz, enabling their separation from lower frequency mechanical
and diode 1/f noise. This is accomplished by rapidly scanning the diode laser across a
small frequency window (~0.5-1.5cm™) synchronously with a pulsed supersonic
expansion in a time period of 1 or 2 ms. Absorptions appear as small attenuations in the
overall variation of the laser mode power across the scan window. This background
profile is removed by recording the laser power without gas pulsing and subtracting.
Relative frequency calibration is effected by simultaneously recording the spectrum of a
reference gas and the interference fringes of an etalon. Absorption signals are recorded
by means of a fast 12-bit analog-to-digital converter operating at 1 MHz. This is housed
within a dedicated PC microprocessor which performs spectrometer control, data co-
addition, signal processing and spectrum calibration functions.

The spectrometer has been used to measure the infrared spectra of two weakly
bound complexes, CO-OCS and Ne-SiH,. The infrared absorption spectrum of CO-OCS
was measured in the Spm region of the OCS v, asymmetric stretch. In addition
microwave spectra of CO-OCS and two isotopomers *CO-OCS and CO-OC*S have been
recorded using a pulsed nozzle microwave Fourier transform spectrometer. The lines have
been fitted to a Watson S reduction Hamiltonian yielding rotational, quartic and (for the
ground states) sextic centrifugal distortion constants. A T-shaped structure is determined
and this is rationalised by a simple potential model incorporating a distributed multipole
analysis of the electrostatic charge distribution, distributed dispersion contribution and a
cylindrical hard-core repulsion.

The infrared spectrum of Ne-SiH, was recorded in the vicinity of the SiH, v, triply
degenerate stretching vibration centred at 2189.19cm™. Ne-SiH, is only the second atom-
spherical top complex to be successfully recorded and analysed. The complex exhibits an
intermolecular potential with considerably smaller anisotropy than its argon analogue
Ar-SiH,. Consequently the SiH, unit is almost free to rotate within the complex, resulting
in novel Coriolis interaction between the angular momentum of the SiH, unit and that of
the overall complex. Individual bands are fitted to Coriolis interaction Hamiltonians, and
the band centres for all the transitions of the complex are fitted to an anisotropic
intermolecular potential.

Finally, applications of the spectrometer to the study of air sensitive compounds
and species generated by electric discharge sources are considered.
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Preface

Amongst the synonyms for ‘enthusiasm’ offered by the thesaurus are words such as
eagerness, warmth, zest— and mania. Dr Brian Howard, like no-one else I have met,
combines all that is best in this characteristic without the negative aspects which may often
accompany it. His energy and ingenuity are matched only by his aptitude for difficult
mental arithmetic, and each new discovery is met with an excitement and exhilaration
which is infectious. It is a privilege to have spent five years under his supervision (albeit
unofficially for the last four), and I would like to take this opportunity to thank him for
his friendship, guidance and patient explanations. And sense of humour (but don’t give
up the day job). Without him this thesis would be considerably shorter (by some two
hundred pages).

My thanks are due also to Dr John Brown, a valued tutor throughout my
undergraduate course, who has allowed me the freedom to pursue fields of study outside
his usual realm. He generously provided my funding for this doctorate via the European
Community Molecular Ions Twinning Project (whatever did happen to those ions?) and a
PC to ease the strain on the limited Howard group computing facilities. Prof. John Simons
kindly provided additional financial support from PTCL funds during the fourth year.

Many others have contributed to the work in this thesis. Dr James Connelly
sacrificed much of his time adapting his microwave software for the prototype rapid
scanning spectrometer, and Andrew ‘C’ Barber provided invaluable help in interfacing the
FLASH-12 card for the current version of the experiment.

Danny Clift injected his own unique methodology (not to say character) to the
CO-OCS work, and was in part responsible for various enterprises (such as driving to
Barcelona and back in four days and dressing up as spacemen (though not at the same
time)) which can only be defended in retrospect by the flimsy excuse of ‘it seemed like
a good idea at the time’. They were good times, Danny, notwithstanding the traumas (and
no, it’s still not a Fourier transform spectrometer).

Danny Hughes has worked tirelessly during the last month to add a fitting routine
to his potential program, despite being on the other side of the atlantic. He was there at
the start with Ne-SiH,, and during the initial analysis of the R(0) transition. The memory
of running fits an hour before his Part 2 thesis deadline still makes me shudder.

Dr Andrew Auty provided the impetus for the air sensitive compound work, in
addition to valued help and guidance. Russell Low’s expertise on the microwave apparatus
is responsible for the CO-OCS pure rotational transitions (bought any more microwave
salads, Russell?) and Dimitris Skouteris wrote the Coriolis intensity prediction program
used in figure 4.6. Chris Dennis generously loaned a desk to accommodate thesis related
clutter, and Neville Baker ensured the smooth running of all the electronic bits and pieces.
I would like to thank the group as a whole for a friendly and (except when Russell is
word-processing) relaxed working environment.

Education without enthusiasm is lifeless and dull, and I wish to thank Simon
Caspell and Dr Michael Cox, both former teachers at Poole Grammar School, for
communicating science with excitement and making it fun. Without that perspective 1
would never have made it this far.

Over the last four years, 25 Wren Road has been a hotbed of domestic chaos,
hoovering challenge and barbecues (in the summer). Thanks to all who made it so
memorable, especially Barney and Leena— congratulations on your engagement!
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The love and support of my family and friends remains very precious. I am doubly
blessed in having parents who love each other and love me, and who have always believed
in me but never pushed me. Mum and Dad, thank you. And Edward and Catherine, I'm
proud to be your brother. I would also like to express my gratitude to my grandparents,
Mr and Mrs E G. Rowe, for their love, support and encouragement.

It’s hard to single out individual friends for special thanks, but my love and
appreciation go particularly to Alistair Cumberford, Danny Clift and Julie Chad. And to
Mark and Viola Goodacre for their constant friendship and the privilege of being
Godfather to Emily Jane.

Jacqueline Clare Fradin— thank you for your patient, enduring and unselfish love.
This one’s for you, Jack.

MDB July 1995.

It was with great shock and sadness that all of us in Oxford learnt of the tragic and
premature death of Danny Hughes in Stanford, California on 23" August this year. We
were in close touch right up until the submission of this thesis, and his contribution to the
Ne-SiH, work continued well beyond his Oxford days. He gave freely of his time and
energy to help me with the potential fitting in the final stages, so characteristic of his
warm and generous spirit. There is little doubt that he would have made a significant
impact within the world of science, but far greater is the loss to his family and friends of
a loved, respected and very excellent person. I would like to dedicate the Ne-SiH, work
to Danny’s memory.

MDB September 1995.
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‘Mighty God!

Creator unbegun, unending!

Your works, when I think that they are yours, dazzle me to silence and to awe and
aweful prayer.

For I may know some little something of the sun, may take its temperature, may
track its travels relative to other stars, may date its age, may predict its death, observe the
windy rage of its digestion in the time between. But what do such solar figures do to the
size of me? And what are my own travels and my age and my death beside this brutal fire
in the universe? Tiny, tiny, insignificant. My God, the little that I know of your sun, and
this but one among a sea of suns, belittles me. How is it that you love me?

For who can say, of those who did not see it, how first you bulged that sun into
its place, and hammered its brazen face, and shocked it at the heart and set it afire? Who
knows the word wherewith you commanded the sun to be? But when I can say with
courage that I know I do not know; when I admit that I stand with my back to a void, that
I am indeed blind to the beginning of things, then I am silenced. Then I am chilled by my
own triviality— some dust at the edge of a desert. Nevertheless, you kneel down, and find
me, and tell me that you love me.

And even as I am dust in space, so I am but an instant in time— always an instant,
never more than this particular instant. Yet it is me. And behold! You enter from the
other side of time; you stride from timelessness to this sole moment, to the ragged stretch
of my existence, to me, to love me. How can such kindness be?

For you are wonderful beyond describing it. And yet you love me. And still you
choose to notice me. And nonetheless, you bend you boundless being, your infinity, into
space and time, into things and into history, to find me, to preserve my life.

Eternal God, such thoughts are too wonderful for me. They are high: I cannot
attain unto them.’

Walter Wangerin Jr, from ‘Meditation on a New Year’s Day’"

Kot ¢ A6yog odpg ¢yéveto kol ¢oxmivooey £v Nuiv
kol ¢06eacduebo v 06Eav arbTtoD

‘And the Word became flesh and dwelt among us
and we beheld His glory’

John 1.14

t Taken from ‘Ragman and other cries of faith’, copyright © 1984 by Walter Wangerin Jr.
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Chapter 1

Introduction

1.1 Spectroscopy of molecular beams

The combination of high resolution spectroscopic methods with molecular beam sources
has resulted in the development of extremely powerful techniques for the investigation of
molecular systems across the electromagnetic spectrum from the radiofrequency region to
the ultraviolet. The use of supersonic beams (or jets, if uncollimated) provides a sample
characterised by a narrow velocity distribution in addition to a number of advantages
specific to the individual spectroscopic technique employed. Broadly speaking these
include the elimination of pressure broadening as a result of the collision free environment,
the high degree of rotational and translational cooling undergone by species in the jet and,
importantly, the ability to produce high concentrations of unstable species such as Van der
Waals molecules (see § 1.2). An overview of the practical considerations pertaining to the
spectroscopy of molecular beams is provided by Gough [1]. The following sections
briefly review the history and current state-of-the-art in rotational, ro-vibrational and

electronic spectroscopy of jet-cooled molecules.

1.1.1 Pure rotational spectroscopy

Molecular beam electric resonance spectroscopy (MBER), developed by Rabi [2] and
Hughes [3], utilises the Stark effect to probe molecules with permanent dipoles. By
means of an inhomogeneous electric field the Stark effect is used to select molecules in
a particular rotational state. Microwave or radiofrequency radiation is then tuned to match

a transition between two states, and quadrupolar fields focus molecules in defined states
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onto a detector [4, 5]. The linewidth is in principle determined only by the lifetime
of the states in the radiation field, which for electronic ground states corresponds to the
times of flight of the molecules through the radiation field. Sensitivity is independent of
the transition frequency, and MBER spectra have been recorded from 10* to 10" Hz.

Van der Waals molecules have been extensively studied using MBER [6], most
notably (HF), [7,8], and electrical discharge sources have been used to create high
vibrational temperatures [9] and generate rotationally cold free radicals [10, 11].
A recent modification of the technique using only one refocussing region combined with
bolometric detection has observed rotational tunnelling transitions in (H,0), [12].

MBER has been superceded in sensitivity and resolution (though not in operating
range) by pulsed nozzle Fourier transform microwave (FTMW) spectroscopy developed
by Balle and Flygare [13] for the study of weakly bound molecular complexes. A
supersonic expansion of gas is pulsed into an evacuated microwave cavity and polarized
by a narrow bandwidth of microwave frequencies from a coherent source. Coherent
emission is detected using superheterodyne detection and Fourier transformed to give
spectra covering the polarizing bandwidth of a few MHz. The high sensitivity of the
instrument and larger concentrations of Van der Waals complexes generated in pulsed as
opposed to continuous expansions has enabled the study of even very weakly polar
complexes such as Ar-N, [14] as well as trimers and larger complexes such as Ar, -HF
(n=z4) {15] and (HCN),-X (X=HF, H,0, HCN etc.) [16]. Hydrogen bonded
interactions have been well studied using this technique (e.g. (H,0), [12] and HCN-HF
[17]), and tunnelling motions of the nitrogen molecule have been studied in N,-OCS,
N,-O, and N,-SO, [18]. More recently spectra of open shell species such as Ar-NO, [19]
and Ar-OH [20] (the latter generated in an electric discharge nozzle) have been
reported.

The technique has also been extended to the study of diatomics molecules
containing transition metals [21, 22], work greatly facilitated by the development
of laser ablation methods [23, 24]. For example, rotational hyperfine structure has
been observed in CuCl and CuBr, produced by ablating target rods of compressed CuCl
or CuBr in the throat of a pulsed argon jet [25].

The rotational constants provided by microwave studies can be used to determine

precise vibrationally averaged structures, and both MBER and FTMW experiments resolve
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hyperfine structure resulting from nuclear quadrupole and magnetic dipole interactions [16]

in addition to internal motion and tunnelling effects to a few kHz [18].

1.1.2 Infrared spectroscopy

Infrared spectroscopy is an extremely versatile technique, since practically all molecules
(with the exception of homonuclear diatomics) posses one or more infrared active
vibrational mode; microwave techniques are limited to polar species. It also provides
information on the excited vibrational states of systems. Miller has reviewed the field of
infrared laser-molecular beam experiments in a recent article [26].

Doppler broadening, which is a major limitation in the infrared region of the
spectrum, is substantially reduced by the use of supersonic jets (particularly from slit
sources), and ro-vibrational spectra are considerably simplified by the rotational cooling
which occurs. Most infrared spectroscopy of molecular beams has centred around the
study of Van der Waals complexes, although by no means exclusively. The first reported
direct absorption infrared spectra utilising free jet expansions were obtained by Travis et
al. [27] who studied systems such as CO,, SF,, WF, and UF; at rotational temperatures
of ~20K.

The integration of Fourier transform infrared (FTIR) spectrometers with molecular
beam sources is extremely difficult, though not impossible [28]. Therefore tunable
laser sources are most widely used, in conjunction with one of several available detection
methods. Direct absorption experiments are currently in the ascendency, with a variety of
noise discriminating modulation techniques and slit expansion sources [29] enabling
high sensitivities to be achieved. Pulsed nozzle sources not only increase the optical
density of expansions but also allow the use of phase sensitive detection [30, 31, 32]
or rapid scanning techniques to reduce the spectral bandwidth of the noise [33].

A variety of laser sources may be used. Diode lasers provide the best overall
coverage of the infrared region, but suffer from low power output. The diode laser
spectrometer in Oxford has been used to study many Van der Waals complexes, including
rare gas-CO, complexes [34], Ar-SiH, [35] and Ne-CO [36]. The latter two
are examples of non-rigid systems whose spectra yield significant dynamical information.

Muenter and co-workers have used a colour centre laser to record absorption spectra of
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HCCH complexes, including (HCCH), [37], and Lovejoy et al. have studied CO,-HF
using a difference-frequency laser source [38].

The other main technique used is that of optothermal detection, where the laser
induced change in the internal energy of molecules in the beam is measured by a liquid
helium cooled bolometer [39]. The resolution of the spectra can be sub-Doppler if the
molecular beam is skimmed. In addition, dynamical information is obtained from rates of
predissociation. If the molecule of interest dissociates before it reaches the detector, the
photofragments recoil from the beam resulting in a decrease in the overall energy delivered
to the detector. Van der Waals and hydrogen bonded complexes typically display this
behaviour [40]. By positioning the bolometer at an angle to the beam axis, the angular
distribution of the fragments can be measured. These data can be correlated to their
quantum states which can be determined by using a second laser to observe rotational
transitions in the fragments. Such methodology has been used very effectively by Miller
and co-workers to measure the internal state distributions of vibrational predissociation
fragments from (HF),, HF-DF and DF-HF [41].

Mass spectrometric detection can be used in a similar way to study molecules
undergoing laser-induced photodissociation in the beam [42], although unlike
bolometric detection this method cannot be used to obtain spectra of stable molecules since
laser excitation does not change the molecular density in the ioniser. However, an
adaptation of MBER to the infrared (by simply replacing the microwave field with an
infrared laser) has enabled stable molecules to be studied [43].

Laser induced fluorescence lacks sufficient sensitivity in the infrared region for
general high resolution work where detectors are much less sensitive than in the visible
or ultraviolet. However, studies using this method have contributed to an understanding
of intramolecular vibrational relaxation dynamics associated with the excitation of
fundamental C-H stretching vibrations [44]. It has also been used in conjunction with
efficient White cell [45] collection systems to study collisional energy transfer
processes in selected systems [46].

The Van der Waals bond of weakly bound complexes can be probed directly by the
use of tunable far infrared laser (FIR) sources. Saykally and co-workers have developed
a tunable microwave-FIR sideband spectrometer and recorded zero electric field spectra

of Ar-HCI [47].
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1.1.3 Visible and ultraviolet spectroscopy

The absence of collisions in the free molecular flow region of molecular beams results in
a quantum efficiency of 1 for the fluorescence of a molecule excited by the absorption of
a laser photon, and therefore ultra-high sensitivity for excitation spectroscopy in the visible
and UV regions. Still higher sensitivity can be achieved by the technique of two-photon
ionisation. A second laser is used to ionise the excited molecules, and the ions are coupled
into an ion-multiplier by an electric field.

The use of supersonic jets to simplify complex electronic spectra was pioneered by
Levy and Wharton [48], who have used laser induced fluorescence to successfully
elucidate the electronic spectra of large molecules such as tetrazine, H,C,N, [49].
Levy et al. have in addition studied the structure and predissociation dynamics of
complexes based on tetrazine and similar aromatics with rare gas atoms, such as Ar,-
aminotetrazine [50]. The number of available chromophores tends to limit visible/ UV
studies of Van der Waals complexes, but complexes such as I,He,, ,Ne, and NaAr have
been studied [S51]. Janda et al. have used two laser pump-probe techniques to
investigate rare gas dihalogen complexes [52]. Radical and ion complexes such as
Ne-OH [53] and Ne-N,O" [54] have also been investigated using electronic
spectroscopy, and state-to state dynamics of predissociation in Ar-OH have been elucidated
by Lester et al. [55].

In his review of the area, Demtréder considers an additional number of special
techniques available to the electronic spectroscopist in conjunction with molecular beams

which are outside the scope of this brief overview [56].
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1.2 Van der Waals complexes
A perfect gas is described by the equation of state

% =1 (1.1)
Y

where p =N/V, the number density. For a real gas,

P -z (1.2)
pkT
where Z is the compression factor. The deviation of Z from unity at non-zero pressure is
a consequence of intermolecular forces, which are ultimately electrostatic in nature.
Repulsive forces between atoms or molecules are a consequence of the exchange effect,
and operate at very short range. According to the Pauli exclusion principle, two electrons
cannot posses the same quantum numbers [57]. In the case of two discrete (filled
shell) atomic or molecular units approaching such that there is overlap of electron clouds,
this prohibits some electrons from occupying the region of overlap, and thus reduces the
shielding between respective nuclei. Attractive forces, on the other hand, have a relatively
long range, and comprise dispersion forces (e.g. Ar-Ar), induction forces (e.g. Ar-HCl),
and dipole-dipole interactions (e.g. HCI-HCI). This latter category includes hydrogen
bonding. Van der Waals complexes are weakly bound associations of atomic or molecular
units (which may be charged) arising from such interactions rather than formal chemical
bonds. They are characterised by long bond lengths (typically 3-4 A) and low binding
energies (~ kT at room temperature).
These weak intermolecular forces play important roles in a variety of fundamental
physical and chemical phenomena, from condensed phases to reaction dynamics and
collisional energy transfer. Equation (1.2) can be rewritten as a power series in V_, the

molar volume, to give the virial equation:

pV, =RT{1 +B/V, + C/V2 + ..} (1.3)

The second virial coefficient can be expressed in terms of the intermolecular pair potential

Ur),
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B(T) = - .;_fdr {exp(— Lfk(_T’l) - 1} (1.4)

forging a direct link between B(T), a measurable macroscopic property, and U(r).
Measurements of B(T) provided early information on intermolecular potentials, although
for bulk properties these are averaged over orientation, velocity distribution and many body
interactions, giving radial information only. Experimental methods for extracting potential
information from bulk properties are reviewed by Maitland et al. [58].

For molecular complexes, the intermolecular potential is a function of both
separation and orientation, reflecting the electronic distributions and polarisabilities of the
participating molecules. Spectroscopic studies therefore offer much greater insight into the
nature of the interactions, which can then be extended to describe bulk properties.
Molecular beam scattering experiments also provide information on the potential surface,
but are somewhat confined to collisions involving one very small, light partner such as a
rare gas atom or H, [59].

The first spectroscopic studies of Van der Waals complexes were undertaken in low
temperature static gas cells by Welsh and co-workers [60].  Although largely
superseded by jet techniques, equilibrium methods offer the advantage of higher rotational
states for the complexes formed than can be achieved in the low rotational temperature
environment of a jet, and hence a higher information content. Very long absorption paths
can be achieved, and the cells are readily integrated with high resolution infrared Fourier
transform spectrometers. McKellar has used such a set-up to successfully record spectra
of many Van der Waals molecules, including rare gas-H, complexes [61], CO-H, and
CO-rare gas complexes [62], the latter in collaboration with groups measuring direct
absorption spectra of the complexes in a jet [36, 63].

The development of molecular beam methods has revolutionised the study of
weakly bound complexes by providing (once free molecular flow has been achieved) a
high density of Van der Waals molecules in a rotationally cold and (almost) collision free
environment. The principal spectroscopic techniques have already been discussed.

Recently, much activity has centred on the study of the dynamics of Van der Waals
systems, particularly via infrared laser-induced vibrational predissociation [40]. Potential
energy surfaces provide a common framework for the treatment of both structure and

dynamics, and much theoretical effort has been directed towards the determination of
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potential energy surfaces from high resolution spectroscopic data. The Ar-HCI system has
served as one of the basic prototypes in the study of anisotropic intermolecular forces.
Hutson and Howard obtained a potential by simultaneously fitting to molecular beam
spectra, pressure broadening cross sections and second virial coefficients [64]. The
potential correctly predicted a linear Ar-H-Cl geometry, but also indicated a secondary
minimum at the alternative linear geometry Ar-Cl-H. More recently microwave and far
infrared data have been used to confirm the presence of this secondary potential minimum
[65]. Hutson has reviewed the general theoretical methods for the extraction of
potential energy surfaces from spectroscopic data [66], and Nesbitt has evaluated the
latest experimental means of probing potential energy surfaces via high resolution infrared
spectroscopy [67].

The development of infrared laser-molecular beam spectroscopy has enabled both
structural and dynamical information to be obtained from molecular systems [68]. The
work in this thesis is primarily concerned with the development of an infrared direct
absorption experiment in a supersonic jet to investigate the structure and dynamics of two
previously uncharacterised (and very different) Van der Waals complexes, CO-OCS and
Ne-SiH,. Chapter 2 covers the experimental development of a rapid-scanning infrared
diode laser spectrometer used in conjunction with a supersonic jet expansion. Chapters 3
and 4 are concerned with the spectroscopy and analysis of CO-OCS and Ne-SiH,
respectively, and the concluding chapter examines more general applications to the

spectroscopy of unstable species.
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Chapter 2

The rapid-scanning infrared diode laser

spectrometer

2.1 Introduction

Absorption or emission spectra arising from the ro-vibrational motions of molecules in the
electronic ground state occur mostly in the infrared region. Fundamental vibrations of
molecules generally occur in the mid-infrared between a few hundred and 4000 cm™, and
it is in this region that most infrared spectrometers operate. Combination bands and
overtones can occur well into the near-infrared (up to 15000 cm™), whilst Van der Waals
bonds, as a consequence of the much weaker interaction, have fundamental bands lying in
the far-infrared, typically at wavenumbers of a few tens per centimetre [1].

Many different techniques have been used to study weakly bonded complexes and
other unstable species in the infrared, such as Fourier transform infrared spectroscopy
(FTIR) [2, 3], molecular beam bolometric techniques [4, 5], molecular beam mass
spectroscopy [6] and direct absorption spectroscopy [7]. The diversity of the
techniques stems from the different characteristics of the infrared laser sources used.
General requirements for this region are reasonable power output (preferably of the order
of mW), narrow bandwidth (< 10 MHz), tunability and straightforward integration with
supersonic jet sources.

FTIR has the broadest spectral coverage, although it lacks sensitivity at high
resolution and is difficult to combine with supersonic expansions. It is has however been
combined successfully with cold static cells for the study of Van der Waals molecules [3].

Semiconductor diode lasers provide tunable infrared radiation of narrow linewidth across
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a wide spectral range (0.4 - 34 pm). The power output of the ternary lead salt type diodes
used in this work is much smaller than that of F-centre lasers (<100pW single mode
compared with ~ 10 mW), and they are not as continuously tunable as difference frequency
lasers over a single mode (50 GHz compared with 150 GHz). The higher power output of
colour centre lasers makes them more suitable for a ‘pump’ type of experiment utilising
bolometric detection of vibrationally excited species in a collimated molecular beam [8].
However, neither of these alternative sources is tunable over such a wide frequency range
(450-3500cm™) [9], and both are restricted to the spectral region above 2500 cm™.
This makes them unsuitable for probing the vibrational modes of small polyatomic
molecules which generally lie to lower wavenumber.

Diode lasers provide accessibility to this most important part of the infrared. Direct
absorption techniques are currently the method of choice with diode laser sources; although
they operate at low power, this is not in principle a problem for absorption experiments
provided the laser itself is the dominant source of noise in the spectrum. In such a case

the absolute power of the laser will not affect the signal to noise ratio.

2.2 Direct absorption infrared diode laser spectroscopy

There are a number of difficulties associated with direct absorption infrared spectroscopy.
Infrared spectroscopy is intrinsically the least sensitive form of molecular spectroscopy,
with small transition moments depending not upon the absolute dipole moment of a
molecule but rather upon the small changes in dipole moment as the molecule vibrates.
The dipole moment of a vibrating diatomic molecule can be written as a Taylor series
which rapidly converges:

du

e e
¢ dg/, 2\dg? (2.1)

e

where u is the dipole moment, g is the vibrational coordinate and e denotes the equilibrium
configuration of the molecule. The transition moment y,,, (between two states |m) and

|n)) is then given by
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u, =u{m|ln) + (-21) (m|q|n) + l(dzy) (m|q*|n) + ... (2.2)

q/, 2\dg?

where |m) and |n) represent the initial and final vibrational states of the molecule. The
first term vanishes unless Av=0 since {n|m)=0 for n#m, and the infrared transition
moment therefore depends upon the higher order terms. For a non zero transition
probability (which is proportional to the square of the transition moment), we require (in

first order)

du 2
(715) #0 (2.3)
(m|q|n)#0 (2.4)

Equation (2.3) precludes homonuclear diatomics from having infrared spectra, whilst
equation (2.4) gives rise to the Av==1 selection rule; the vibrational coordinate ¢ can be
written as a linear combination of raising and lowering operators by substituting

y = (mw/k)'?q (m is the reduced mass and  the angular frequency):

= d 2.5

a= T y (2.5)

= d _ 2.6

a 5 y (2.6)

= (i)m(a -a’) (2.7)
mw

Overtone bands with Av=*2 and greater arise from the second and higher order terms in
the expansion (equation (2.2)), as well as vibrational anharmonicities, and are therefore
correspondingly weaker.

Direct absorption experiments also suffer the attendant difficulties associated with
detecting small differences in large background signals. For this reason, the principal
sensitivity limitation for direct absorption infrared experiments is the amplitude noise of
the laser. When the spectroscopy is concerned with molecules such as Van der Waals
complexes which are unstable under normal conditions, it is therefore vital to maximise
the sensitivity of the instrument as well as optimising the method of production of the
species of interest. Indeed, generating sufficient concentrations of Van der Waals

molecules is often the most difficult part of the experiment.
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The next section outlines the theory of diode lasers, and the one following that
summarises the experimental techniques which have been used to circumvent the practical
difficulties associated with direct absorption infrared spectroscopy of unstable species in

supersonic jets.

2.2.1 The diode laser

Tunable diode lasers (TDLs) have inherently low amplitude noise, particularly suiting them
to direct absorption studies. The noise bandwidth can be further reduced by the use of
modulation techniques such as those described in the following section. A complete
account of the theory of diode lasers is documented elsewhere [10]. Those operating
x=0.8).

When a forward bias voltage is applied across a p/n junction in a diode, an ‘active’

in the infrared are typically ternary lead salt type semiconductors (PbS,Se,_,,
region is produced. This has holes in its valence band and electrons in its conduction band
with the result that two Fermi levels are produced. This is illustrated in figure 2.1.
Photons with energies larger than E,, the band gap of the semiconductor, but smaller than
the difference between the two Fermi levels, Ep, —E,, can stimulate recombination of
electrons and holes in the active region which results in the emission of a photon . If
an optical cavity is present to provide amplification, then above a certain threshold current
stimulated emission can exceed spontaneous emission and lasing occurs. This cavity is
provided by simply polishing the ends of the semiconductor crystal; the refractive index
of most is sufficient to produce a suitable resonant cavity in this manner. Because of the
band structure of the semiconductor, the gain profile for lasing is of the order of several
wavenumbers. The small size of the diode laser (typically 1x 1 x 1 mm) together with the
refractive index of ~4 results in an effective return path for the radiation of =1 cm; the
longitudinal modes are therefore separated by approximately 1 cm™. For the purposes of
this work, unwanted modes were removed by the use of a 0.5 m monochromator.

The radiation is tuned by utilising the temperature dependence of the energy
separation of the two Fermi levels. Coarse tuning is achieved by varying the temperature
of the diode between 10 and 90 K, depending on each diode’s individual characteristics.
The very low temperatures required for the operation of infrared diodes require the use of

a closed cycle helium refrigerator; the diode is mounted on a thermally insulated copper
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Figure 2.1 Schematic energy level diagram of a semiconductor diode laser
(a) unbiased, (b) with a forward voltage bias.
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block contained within an evacuated cold head. This contains the mechanical pump which
drives the helium around its cooling circuit via a compressor and adsorber to maintain
extremely high helium purity. Unfortunately this pump is also the source of considerable
mechanical noise and therefore frustration for the spectroscopist.

Fine tuning of the laser frequency is effected by varying the current applied to the
diode, which causes local heating of the active region. However, this also changes the
gain profile of the laser and the length of the optical cavity through thermal expansion and
changes in the refractive index. For uniform and continuous tuning these changes must
be matched. ‘Mode hops’, abrupt changes in frequency, occur when the various rates lose
synchronisation and a different gain profile becomes dominant. With careful tuning,
modes typically extend 0.5-2cm™. Because of the dynamic nature of diode tuning
characteristics with respect to the temperature, it is often possible to extend a given mode
by up to 1cm™ by thermally cycling the diode to room temperature and re-cooling,
although this is by no means an exact science.

The intrinsic bandwidth of a diode laser is very narrow, although this is heavily
dependent on the cooling system employed. Liquid helium baths can give figures as low
as 22kHz [11], but practically speaking between 1 and 50 MHz is a reasonable range
for a diode cooled by a closed cycle helium compressor cold head system [12]. The
3 Hz motor of the cold head refrigerator is the main source of noise which results from two
separate effects. Temperature instability is produced in the laser frequency as a result of
uneven cooling rates at the beginning and end of each cycle, in addition to the mechanical
shock the diode receives from the motor piston at the extremities of each cycle. This
affects laser alignment, particularly through multipassing optics which are extremely
sensitive to any change in the beam path, and potentially causes pressure tuning of the
band gap and therefore frequency instabilities.

Recently infrared diodes have become available which lase at liquid nitrogen
temperatures and higher (up to 120K). These have many advantages over diodes requiring
colder temperatures. Most notably, the cooling is achieved by the use of a liquid nitrogen
dewar, which effectively eliminates all mechanical noise which plagues the helium
compressor cold head system. The tunability of these diodes is also far superior, having
longer modes (up to 5Scm™) which generally operate single mode with high power output

(~0.1 mW). Sadly the advent of this technology was too late to benefit the work in this
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thesis which was undertaken on the helium cooled system. Happily, the converse is not
true and the rapid scanning system is currently being used with considerable success in

conjunction with liquid nitrogen cooled diodes.

2.2.2 Modulation schemes

The frequency characteristics of the diode laser noise are demonstrated in figure 2.2 which
shows Fourier transformed noise spectra with and without the mechanical cold head pump
in operation. These were recorded on the Oxford diode laser system by digitising at
100 kHz the laser power output at fixed laser frequency and Fourier transforming the result
(see §2.7.2). The power spectrum was then calculated from the sum of the squares of the
real and imaginary components of the Fourier transform. The marked difference in the
two profiles underlines the scale of the problem caused by the mechanical pumping of the
cold head. Although the frequency of the pumping is ostensibly 3 Hz, the effect of
residual vibration is evident in the laser noise spectrum at frequencies up to 10 kHz, and
it is this smearing of the 3 Hz motor frequency over such a wide frequency range which
makes it so hard to combat effectively. It is of course unfeasible to simply turn the cold
head off during the course of each scan; an average scan takes ~ 5 minutes, and with the
cold head off the temperature begins to rise within seconds.

There are two further sources of noise in the experiment. From figure 2.2 it can
be seen that even with the cold head off, there is low frequency noise present in the laser
output. This noise has a 1/f form typical of any semiconductor device, and is caused by
the random spontaneous emission of photons from the diode, which occurs in addition to
stimulated emission. The detectors are also semiconductor based devices with 1/f noise
characteristics, although as previously stated the laser noise is generally much larger than
the detector noise, especially above 1800 cm™, unless the laser power output is particularly
low.

The detector used in this work for the jet data was an Infrared Associates liquid

nitrogen cooled InSb detector; this gives an order of magnitude better sensitivity above
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1800 cm™ than HgCdTe detectors’, although these were used for the reference spectra
where absorptions are much stronger and high sensitivity is not so important (see § 2.4).
Its power output is 0.334V (W)™, with a noise equivalent power (NEP) of
0.387x 107> WHz "% At 1 MHz laser bandwidth, the root mean square (RMS) noise is
therefore 0.387 x 107 W, with typical peak-to-peak noise of ~1.5x 10~ W. For laser power
of ~1 pW, this is only ~0.15%. However, if the diode power is low (<0.1pW), the
detector noise may contribute significantly such that it becomes the limiting factor in
sensitivity. Whilst it is possible to effectively discriminate against the noise of the laser
through modulation techniques, this is wasted effort if the diode power is so small that
sensitivity is in fact detector limited. To take maximum advantage of ever improving
diode laser modulation techniques, it is advantageous to have as high a diode power output
as possible.

The principle behind the various modulation schemes which have been used in
conjunction with diode lasers is simple. Sensitivity can be greatly enhanced by increasing
the detection frequency of the signals to a region where laser noise, both 1/f and
mechanical, is lower. The modulation schemes used can be loosely separated into two
types, concentration modulation and direct laser (or source) modulation.

Concentration modulation shifts absorptions to high frequencies by directly
modulating the production of the Van der Waals complexes (or other unstable species).
The original pioneering work by Howard er al. utilised a pulsed nozzle to generate
transient populations of Van der Waals complexes in a supersonic jet [13]. This
technique has been progressively refined and used with great success to study a wide
variety of Van der Waals complexes in the infrared including Rg-CO, complexes [14],
CO, dimer [15] and Ne-CO [16].

An electronic clock provides trigger pulses at a frequency variable between 1 kHz
and DC and is used to pulse the nozzle driver and, after a short delay, two boxcar
integrators. The frequency of the trigger pulse is maximised without overloading the
pumping system, typically 50 Hz for 250 ps gas pulses. The laser frequency is scanned
very slowly, such that it is approximately constant for the duration of several gas pulses.

The 250 ps pulsed jet produces transient absorption of laser power which is recorded by

t The Ar-NO, spectra used as illustrations in this chapter fall below the 1800 cm™ threshold and therefore in these cases a

HgCdTe detector was employed.
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an InSb detector as already described. The effective modulation of the signals is at
~5kHz.

The detector signal is processed by a high pass filter which removes much of the
low frequency noise, and also has the effect of differentiating the absorption signal. The
two gates of the boxcar are positioned over the positive and negative halves of this
derivative signal; each gate is ~ 100 ps long with a time constant of about 500 ps, so that
each gate is averaged over several gas pulses. The outputs of the two gates are then
subtracted and averaged over a further time constant of 3s. The purpose of this
subtraction step is to remove more of the low frequency noise of the cold head, which has
approximately equal amplitude over the two gates. However, any phase differences
between the gates results in imperfect subtraction, and there is in any case a bandpass of
frequencies around 5kHz. Figure 2.2 demonstrates that there is still substantial noise at
this frequency, and this remains unfiltered. The final signal is recorded on a computer
together with reference spectra for calibration purposes. Using this method it is possible
to achieve an ultimate sensitivity of ~3 parts in 10° corresponding to a signal to noise ratio
of about 3000:1 for a 10 % absorption [17]. The technique can be further refined by
acoustic monitoring of the cold head; if the pulsing of the nozzle is inhibited at either end
of the pumping cycle when the noise is greatest, signals are only recorded during ‘quiet’
periods. However, as figure 2.2 illustrates, the noise is distributed much more evenly over
the cycle than the pure 3 Hz pumping frequency would suggest, and the improvement in
signal to noise is a factor of 2 or 3 at best.

This limitations of this method lie in the threshold modulation rate imposed by the
mechanical operation of the pulsed nozzle. In order to modulate at higher frequencies, the
pulse length must be reduced, and even using a piezo-electric nozzle valve, 150 ps is the
shortest pulse width possible. However, shortening the pulse width results in poorer
complexation and therefore sensitivity is lost by virtue of a depletion in the numbers of
Van der Waals complexes generated.

Recently a concentration modulation technique utilising a continuous jet with an
AC discharge has been developed and used to study CO containing Van der Waals
complexes [18]. An AC discharge perpendicular to the jet operating at 3kHz destroys
Van der Waals complexes, creating transient populations whilst leaving stable species

relatively unaffected. Signals are recorded in conjunction with frequency modulation of
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the diode laser. However, despite enthusiastic advocates, the technique remains
unconvincing and offers no significant improvement in signal to noise over the gated
detection scheme described above.

Direct modulation of the laser frequency is simple to achieve with diode lasers.
One of their main advantages is the ease of tunability; the laser frequency can be rapidly
tuned across a single mode simply by the application of a voltage ramp. Second derivative
spectroscopy has been used with pulsed nozzles and involves the rapid ‘dithering’ of the
laser frequency over a narrow region whilst the central frequency is slowly ramped under
computer control [19]. In this way the infrared absorption signals are shifted to the
10 kHz region.

The rapid-scanning technique described in this thesis is in many ways the simplest
of all, and enables absorptions to be modulated at 50kHz. It is described in the next

section.

2.3 The spectrometer

The rapid-scanning infrared diode laser spectrometer was first described by DePiante et
al. [20] and has subsequently been used by Sharpe et al. to study CO,-hydrogen halide
complexes [21] and Ar-NzO [22]. By rapidly scanning the laser across a small
frequency window (~1cm™), it is possible to record the entire spectrum across this
window during a single gas pulse by means of fast digitisers. Thus the absorption signals
are modulated directly by the scanning laser. By repeating the process over the same scan
window, and co-adding of scans, sensitivity is improved through signal averaging.

At a scan rate of 0.5cm™ ms™, a typical absorption feature 0.005 cm™ FWHM (full
width at half maximum) is modulated at a frequency in excess of 50 kHz. 1/f noise in this
region is an order of magnitude lower than at 5 kHz, resulting in a theoretical factor of 10
improvement in sensitivity over the gated detection scheme. Furthermore, low frequency
cold head noise can easily be removed by the use of a high pass filter. The rapid-scanning
technique emphasises the distinguishability of the signal from the noise. An absorption

modulated at 50 kHz is readily distinguishable from 5kHz noise at the same amplitude
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because the latter is spread out in time and will appear as baseline undulation. The 50 kHz
noise which is indistinguishable from the absorption signal is a factor of 10 smaller.

There are three main practical problems to be overcome. The first is simply
acquiring the data rapidly enough and with sufficient digital resolution to record even small
absorptions. This difficulty is exacerbated by the non-linearity of diode laser power
output. Within individual modes the power may vary by an order of magnitude; the
digitiser must have sufficient vertical resolution to record the power profile of the mode
without missing small absorptions on the mode structure because they fall below the
quantisation step of the digitiser.

Equally, a sufficient number of points must be collected during the opening of the
nozzle and scanning of the laser. Increasing the pulse rate of the nozzle enables more
scans to be recorded in a fixed time and hence better signal to noise per unit time. Faster
pulse rates are achieved by using shorter pulses, and this requires faster digitisation. The
scan rate is also limited by the time constants of the detectors used, ~2us. For an
absorption feature to be described accurately, without distortion, it should take no less than
two and ideally four or more time constants to scan through. This condition sets an upper
limit on the scan rate of ~1.25cm™ ms™. For practical purposes, therefore, pulse widths
of ~ 1 -2 ms with scan rates of <1cm™ ms™ yield the optimum repetition rate for scanning.
This in turn requires an acquisition rate of ~ 1 MHz in order to achieve a sufficient number
of data points per line (=5). The requirement for the data collection is therefore a fast A/D
which combines sufficient dynamic range with fast acquisition of data. Furthermore, the
data must be quickly transferred from the A/D card to the PC controlling the experiment
for processing, thus easy interfacing is also preferable.

The second and third practical requirements have already been mentioned in the
above discussion, namely scanning the laser at a sufficient rate and with adequate
repeatability, and pulsing the gas efficiently and generating optimum concentrations of Van
der Waals complexes in the jet. Diode lasers are particularly suited to rapid frequency
modulation, and have good stability characteristics over the duration of typical scan periods
(~ 15minutes). It is in principle a simple matter to coordinate the pulsing of the jet with
the application of an adjustable voltage ramp to the laser control module. The pulsed
nozzle must have good mechanical damping attributes which ensure it remains open

throughout the 1-2ms of the scan time. Any ‘bouncing’ of the nozzle during this period
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would lead to perturbed gas flow and uneven concentrations of Van der Waals complexes
across the scan window.

During its development the spectrometer has utilised two acquisition systems, based
upon two different fast digitising cards. The two differ only in minor respects, the first
using an 8-bit resolution card collecting on two channels, and the second (current) system
employing a 12-bit single channel card; both operated at 1 MHz. The system configuration
for the experiment is shown in figure 2.3. The spectrometer can be divided into three
sections for discussion: the laser configuration, the supersonic jet, and the control and

acquisition system.

2.4 The laser configuration

The cold head, containing up to four diodes, is fixed onto the optical table of a Laser
Analytics LS-3 laser source spectrometer. Radiation emerges from the diode in a very
divergent (f/1) cone due to the very short resonant cavity. It passes from vacuum into air
through a BaF, window and is focused into a parallel beam by a KBr lens, mounted on an
xyz translatable stage for precise alignment. A 0.5 m Czerny Turner monochromator then
removes unwanted modes, and the beam emerges onto the optical table.

An arrangement of two flat mirrors, one above the other, translates the horizontal
movement of the laser beam resulting from the monochromator into a vertical plane. This
is an important step in the reduction of the laser noise; the precise alignment of the beam
through the multipass cell, which consists of two off parallel vertical mirrors in an
horizontal plane, is unaffected by vertical movement of the beam. An horizontal
displacement, however, would result in the beam clipping the edge of either the facing or
reverse facing mirror (or both), with consequent noise problems.

Figure 2.3 illustrates schematically the path of the beam once it has emerged from
the monochromator. The tuning rate of a laser mode is not constant with the applied
current, and therefore frequency calibration is very important. Absolute calibration, either
by use of a wavemeter or by heterodyning the diode laser with a fixed frequency gas laser,

is impractical. The procedure adopted is to simultaneously record the known absorption
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spectrum of a well-characterised molecule and the interference fringes of an etalon with
the supersonic jet absorption spectrum. Suitable calibrant gases must have several
absorption lines in the scan frequency window and a spectrum measured to high accuracy.
Linear triatomics generally meet these criteria, and spectra and line listings are available
in reference texts such as those by Guelachvili and Rao [23] and Maki and Wells
[24]. The former used FTIR spectroscopy giving line positions to an accuracy of
5 MHz, the latter heterodyne techniques with significantly better accuracy.

Two nitrocellulose pellicle beam splitters therefore each remove 5 % of the laser
power, directing it through a gas cell in one case and an etalon with well defined spectral
range in the other. Two etalons were used in this work. The preferred instrument is an
internally coupled, confocal Fabry-Pérot etalon. This has the advantage that the free
spectral range is almost independent of alignment (see §3.3 and equations (3.1a) and
(3.1b) in footnote). However, for weak laser modes a germanium etalon was used as it
had better peak-to-trough fringe characteristics. The free spectral range of the germanium
etalon is slightly larger (0.016 cm™ compared with 0.01 cm™). The fringes of the etalon
are used to interpolate between gas cell lines in order to measure the frequencies of
transitions in the jet. The calibration spectra are recorded by two liquid nitrogen cooled
Santa Barbara Research Center photovoltaic HgCdTe detectors. These are approximately
a factor of 10 noisier than the InSb detector used for the jet (§ 2.2.2) above 1800 cm™, but
the calibration data are averaged over many (~2000) scans and the signals are usually
sufficiently strong to be observed on a single scan.

The remaining 90 % of the laser power is guided into the vacuum chamber through
a sodium chloride window and is incident on the multipass cell. This is a very simple
arrangement consisting of two slightly off parallel mirrors. The radiation is made to
‘walk’ down and back up the mirrors, crossing the jet at between 0 and 5° from the
normal. With an axisymmetric (pinhole) source, the major contribution to the Doppler
broadening is from the jet itself and the components of the velocity perpendicular to the
direction of flow. Up to about 25 passes are possible, though each reflection reduces the
power of the incident radiation by ~5 %. A compromise between path length and laser
power is therefore necessary. In fact, a larger number of passes can be disadvantageous
because of the much lower number density of Van der Waals species further downstream

(see §2.5.1) where the majority of the passes must take place in order to accommodate the
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greater number of reflections. Typically 15 passes are made between 30 and 100 nozzle
diameters (1 cm and 3.5 cm for a 0.35 mm nozzle) downstream in the expansion. The laser
beam emerges from the chamber through a NaCl window and is focused onto a liquid

nitrogen cooled Infrared Associates InSb detector, as described in § 2.2.2.

2.5 The supersonic jet

The term ‘molecular beam’ is commonly applied to the expansions used in these types of
study, but since they are generally uncollimated a more accurate description is a ‘free jet’.
The use of supersonic expansions allows the formation of internally cold, isolated species
without the disadvantage of unwanted intermolecular perturbations which occur in solid
state and matrix isolation studies. The low rotational temperatures obtained produce
simplified, decongested spectra (with minimal monomer interference) in which line patterns
are more readily recognised and thus bands more easily identified. Conversely, the lack
of higher J transitions can make the determination of higher order rotational distortion
terms difficult.

When a gas expands through an orifice from a high pressure to a low pressure
region, the mean free path of the gas molecules in the region of the nozzle determine
whether an effusive or a supersonic beam will be produced. In an effusive beam the gas
molecules have independent dynamic properties, and this results from no collisions
occurring in the region of the nozzle. Hence for an effusive beam, A >D, where A is the
mean free path of the molecules at source pressure and D is the diameter of the nozzle.
A supersonic jet occurs when A< D. The gas molecules will then undergo many
collisions as they travel through the nozzle aperture resulting in significant velocity
collimation and reduction in translational temperature as the internal energy is converted
into directed mass flow. At a nozzle backing pressure (i.e. source pressure) of 1.5atm
A~107-10"m, compared to the nozzle diameter of 0.35mm. Simulated velocity
distributions are shown in figure 2.4. As the gas expands the number density and hence
the collision rate drops. The expansion density falls as x™, where i =1 for a plane jet and

[ =2 for an axisymmetric (pinhole) source. At a certain distance downstream from the
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nozzle the collisions effectively stop and the velocity distribution is ‘frozen’. No further
cooling occurs and the terminal Mach number M; is reached; the Mach number M is

defined as the ratio of the flow velocity V to the local speed of sound ¢ [25]:

V= Mc = M{_W‘T}”2 (28)
m

where 7 is the ratio of the specific heat capacities C,/Cy, m is the mass of the gas atom or
molecule, T is the local temperature and & is the Boltzmann constant. For an adiabatic and
isentropic expansion of a perfect gas, the thermodynamic properties of a supersonic

expansion can be determined from y and M [26]:

e e

where T, p and p are the temperature, density and pressure respectively with the subscript

zero indicating conditions behind the nozzle. The flow velocity is then given by

RLEATE.
m \y-1 T,

For a continuum gas flow (i.e. before the terminal Mach number is reached) at a distance

i2

(2.10)

x downstream from a pinhole nozzle, the Mach number is a function of the ratio x/D where

D is the nozzle diameter (provided x is greater than a few nozzle diameters) [27]:

M = A(x_x")y'l- I (Y”)(x'xO)H @.11)
D 2A\y-1\"D

X, is an ‘effective’ source for the nozzle and A is a function of vy and is equal to 3.20 for

a monatomic gas. The terminal Mach number is determined by the source pressure p, and

the nozzle diameter, and for an argon expansion is given by [28]

M, = 133(p,D)"* (2.12)

for p,/atm and D/cm. Thus for a pure argon expansion from a 0.35 mm axisymmetric
nozzle with a 2.5 atm backing pressure, equation (2.12) gives M= 50, equation (2.9) yields
T=0.35K (if T,=298 K) and equation (2.10) gives V=556 ms".

Formation of clusters in the jet result in slightly higher temperatures than predicted,
and seeding the expansion increases T as a result both of mixed clustering and having to

cool more internal degrees of freedom in the case of molecular species. Provided the

30



Chapter 2 The rapid-scanning infrared diode laser spectrometer § 2.5.1 Cluster formation

mixtures are dilute, the seeded molecule will attain approximately the same velocity
distribution as the rare gas carrier. The internal degrees of freedom of the seeding
molecule are cooled by the refrigerant effect of the cold translational bath provided by the
rare gas carrier. Small quanta of energy are removed more efficiently, resulting in higher
vibrational temperatures than rotational; the rotational temperature tends to follow the
translational temperature quite closely. The final state of the system is kinetically
determined, since the seeding molecules are only in collisional contact with the rare gas
carrier for a finite period of time'.

Pulsing the nozzle has the advantage of ensuring low background chamber pressure
during the expansion of the gas. The chamber is pumped by an Edwards E 09 unbaffled
oil diffusion pump (2400/s™ of air at 107 Torr) backed by a Leybold Trivac D 40 B; the
background chamber pressure is typically 107 Torr which rises to 10~ Torr when the
nozzle is pulsing. A low chamber pressure minimises problems with shock waves, which
are caused by the fast moving gas beam striking the ‘stationary’ background gas. The use
of longer gas pulses can result in jet molecules being reflected back from the end wall of
the chamber and causing scattering effects; a 2ms gas pulse travelling at 600 ms™ has a
length of 1.2 m, compared to a chamber length of ~ 1 m. However, any such effects occur

well beyond the region of the expansion close to the nozzle which the laser probes.

2.5.1 Cluster formation

Van der Waals molecules are formed by three body collisions occurring in the initial, high
number density region of the expansion, provided the mean thermal energy of the
expansion is lower than the Van der Waals binding energy. Subsequent two body
collisions result in either further cooling or higher order cluster formation until the
collision free environment of free molecular flow is achieved. Provided the Van der Waals
molecules are formed in the bound state they cannot dissociate by tunnelling, and only
collisional fragmentation can occur; the rate of destruction thus falls with the number

density.

' During the course of this study evidence has been found of quasi-equilibration within the bimolecular collision region of the

expansion resulting in preferential forming of more stable complex isotopomers (see §4.5.2).
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Hagena [29] has comprehensively reviewed the experimental and theoretical
aspects of cluster formation in molecular beams. A few nozzle widths D downstream is
the so-called hypersonic flow regime, where the streamlines are almost straight and the
flow velocity is approaching its maximum value. The centreline flow properties can be
written in terms of the reduced source distance 8 =x/D. For a monatomic gas expansion,

the density ratio is given by

M -0.1508" (2.13)

1,

and the temperature ratio by

T gas25-em (2.14)

0
where the subscript zeros refer to initial (behind the nozzle) conditions and i =1 for a plane
jet and 2 for an axisymmetric jet. The (termolecular) rate of formation of bimolecular
complexes for an axisymmetric jet is proportional to the density cubed or §7°; the density
of the expansion falls more rapidly than the temperature, resulting in too high a
temperature in the early stages of the expansion to stabilise complexes formed in the high
density region. There is a rapid increase in complex formation once the mean thermal
energy has fallen below the Van der Waals dissociation threshold (~ 100 cm™ or < 144 K),
but this quickly falls off as the density decreases. Further downstream the bimolecular
removal of dimer to give trimers and higher clusters (with rate proportional to &%)
becomes dominant.

The slower temperature and density reduction in a plane jet results in greater
clustering, although the clusters formed may be of higher order than desired. The other
benefits of plane (or slit) expansions are the extremely long path length and significant
reduction in Doppler width of the transitions, ~ 20 MHz [22] compared with ~ 150 MHz for
axisymmetric expansions; only those gas molecules at the very edge of the slit have
significant velocity components perpendicular to the direction of gas flow. The much
higher throughput of gas necessitates much slower pulse rates, and pulsed slit nozzles are
very difficult to seal effectively. Despite this, the immense sensitivity and resolution
enhancement have resulted in pulsed slit nozzles [30] becoming widely used in infrared

absorption spectroscopy [20, 21, 22].
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An axisymmetric expansion was used in this work, which enabled a faster scan
repetition rate. The previous pulsed nozzle system used in conjunction with the gated
detection scheme utilised a piezo-electric Lasertechnics valve, but this was found to be
unsuitable for producing smooth pulses longer than ~500ps because of poor damping
characteristics; the sealing plunger tended to bounce shut producing unstable gas flow. For
this work, a General Valve Corporation Series 9 solenoid operated nozzle was used, with
a specially built driver unit to minimise electrical noise’. This produced smooth pulses
of the required length (1 -2ms). The opening characteristics of a nozzle can be monitored
by locking the laser frequency to a low-J monomer transition and recording the transient
absorption with time as the nozzle is pulsed. This is illustrated in figure 2.5, which shows
the synchronisation of the laser scan with the nozzle opening. The absorption is strongest
at the beginning and end of the pulse, where the movement of the sealing poppet causes
perturbed gas flow and a much lower effective backing pressure, minimising complexation.
Once the nozzle is fully open, the depletion in the monomer intensity reflects the greater
cooling and complexation occurring. In order to achieve 2 ms of stable gas flow, a pulse
width of ~3 ms is necessary. A 0.35 mm diameter nozzle' fitting was machined for use
with the valve.

Typical gas mixtures are ~ 1 % molecular species in a rare gas for Rg-molecule
complexes, with higher molecular concentrations used for the formation of molecular
dimers or mixed molecule complexes. In these cases it is normal to use neon as the carrier
gas. Its smaller polarisability results in lower Van der Waals binding energies in its
complexes and therefore preferential formation of the desired non-neon complex. Both
studies presented in this work utilise neon expansions. Neon is more efficient in cooling
vibrations because of its shorter collision time scale than argon (and hence higher
frequency energy transfer) [31], resulting in lower temperature expansions. Typical
rotational temperatures for neon expansions are ~ 1 K (see § 3.4 and § 4.5.2) compared with

5K for argon expansions [31]. Higher backing pressures are generally required to ensure

There are three high voltage noise spikes associated with each operation of the nozzle. The first and last relate to the opening
and closing of the nozzle respectively. The second spike results from a ‘sustaining’ pulse which the driver delivers to the solenoid
~200 ps after opening to prevent the plunger bouncing shut. The commercially produced ‘lota One” driver unit was found to produce
such large RF noise at these points that the induced voltages in the experimental system were causing laser instability. A custom built
noise shielded driver was therefore constructed by Mr K. Valentine of the PTCL electronics workshop.

i Constructed by Mr L. Hill of the PTCL mechanical workshop.
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Figure 2.5 Synchronisation of the laser scan with the gas pulse. The depletion
of the monomer absorption in the central region of the gas pulse is due to
rotational cooling and the formation of Van der Waals complexes.
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Figure 2.6 Variation in Ar-NO, concentration with backing pressure (0.5 % NO, in Ar).
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there are sufficient collisions early in the expansion to facilitate fast cooling. However,
the generation of complexes in the jet depends upon many factors including the nature of
the molecules involved, and in practice the optimum conditions are determined largely by
informed trial and error. Figure 2.6 shows the dependence of complex formation upon
backing pressure for the Ar-NO, complex, the *Q, band of which is shown. (The labelled
monomer absorption is due to multimoding of the diode and should not in fact appear at
the frequency indicated by the scale.) At high backing pressures the peaks begin to show
a broader doublet structure due to the formation of higher clusters. The line broadening
and central dip are due to the greater collision rate along the axis of the beam than off
axis; the Ar-NO, is thus mainly present in the ‘wings’ of the expansion, with higher
clusters forming along the axis. In these experiments the spectral linewidth is due solely
to the factors of Doppler and laser broadening, already discussed. The other general
source of line broadening in experiments of this type is vibrational predissociation; the
energy of an infrared photon is in general much larger than the binding energy of a Van
der Waals molecule, and if a dissociation channel exists then very short lifetimes may

result.

2.6 The control and acquisition system

Once the diode laser has been tuned to a suitable mode, the entire operation of the
spectrometer is under computer control. Four separate data samples are required for each
cycle of the experiment. In addition to the absorption spectrum in the jet and the two
calibration spectra (gas cell and etalon), a background signal is required from the jet
detector (i.e. the detector signal when no gas is pulsing) to enable subtraction of the
baseline to give a normalised absorption spectrum. A timing scheme for a single cycle of
acquisition is illustrated in figure 2.7. (The timing scheme applies to the most recent
acquisition system, but differs from the previous system only in that it operates on a single
channel and therefore requires four separate acquisitions per cycle rather than the 2x2

‘parallel’ acquisition possible on the dual channel card.)
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Two fast A/D based acquisition systems have been used. The initial prototype
spectrometer utilised an 8-bit resolution Markenrich WAAG (waveform acquisition and
arbitrary generation) board, which operates at a maximum of 20 MHz with 16 kbytes of
onboard memory. A PC-30 card was also required in this configuration to provide output
pulses to scan the laser and open the nozzle valve. The WAAG card was capable of
operating on two channels simultaneously; the gas cell and etalon detector outputs were
multiplexed to channel two whilst the jet detector was monitored by channel one. The
valve was pulsed every other laser scan, and data recorded in the parallel fashion described
above: {jet+gas cell}, followed by {background + etalon} (see also § 3.3). The card was
used at 1 MHz per channel to collect 2048 data points per scan. The interfacing software
was adapted from that used in a pulsed nozzle Fourier transform microwave spectrometer
(see §3.2.1) by its author, James Connelly [32].

The nature of the experiment results in a direct correlation between the ultimate
sensitivity of the instrument and the digital resolution of the A/D converter. It was found
that 8-bit resolution was insufficient to detect very small absorptions (see footnote and
discussion on p. 64) and a higher resolution digitiser was sought. The twin requirements
of resolution and speed are hard to find together, most available hardware concentrating
on only one; thus many 16-bit cards are available but with kHz acquisition rates, and the
WAAG card itself is an example of a high speed board with limited resolution. The
current system, shown in figures 2.3 and 2.7, incorporates a ‘FLASH-12’ 12-bit 1 MHz
single channel A/D converter manufactured by Strawberry Tree Inc. This was found to
be the best compromise between speed and sensitivity. Digital oscilloscopes are the
acquisition instruments of choice, providing 12-bit resolution at S MHz collection rates
[21], but were unfortunately prohibitively expensive.

The FLASH-12 is automatically self-calibrating, with a bipolar full scale range of
+ 5V and therefore 2.44 mV resolution, with +0.05 % accuracy. Typical internal rms noise
is 2.5mV. It has the additional advantage of digital input/output channels for triggering
the laser scan and valve driver, and a 64 kbyte on-board memory buffer for storage of data
before it is transferred to the operating PC. The FLASH-12 is fully software controlled
by dedicated code written in ‘C’, and user options allow the collection of either 1 or
2 kbytes of data (1024 or 2048 data points corresponding to ~ 1 ms or ~2 ms scans), and

a variable number of scans.
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Each acquisition cycle consists of four separate data acquisitions, but only one gas
pulse. Referring to figures 2.3 and 2.7: the digital output channels 1 and 2 are synchron-
ised such that at the start of each cycle both channels output a pulse simultaneously.
Digital o/p 1 triggers the pulsed valve, whilst o/p 2 triggers the linear voltage ramp to scan
the laser. There is a delay of ~ 500 ps before the laser is scanned to allow the nozzie time
to open fully and the gas to reach the interaction area (~1-3.5cm from the nozzle) as
illustrated in figure 2.5. At the beginning of the laser ramp a digital trigger is sent by the
ramp controller to the FLASH-12, and 1 MHz data collection is initiated on input channel
1. The electronically filtered InSb detector signal from the jet is thus digitised in 1024 or
2048 data points as the laser frequency is scanned. Digital o/p 1 then remains silent for
the rest of the cycle. Digital o/p 2 pulses three more times and the input channel on the
FLASH-12 is cycled through channels 2 and 3 to record the gas cell and etalon traces,
back to channel 1 to record the background spectrum. The four sets of data are then read
into the PC memory, the FLASH-12 buffer is cleared and the cycle is repeated, typically
2000 times for a standard spectrum. The rate of data collection is limited by the speed of
the PC’s 386 processor to ~ 8 cycless™ for 1k scans, and ~4cycless™ for 2k scans.

The signal/noise improvement factor for n coadditions is \/ﬁ, since noise adds with
random phase, thus doubling the number of scans results in a V2 sensitivity enhancement.
Laser stability is crucial for the duration of the data collection. The internal temperature
stabiliser in the Laser Photonics Laser Control Module provided sufficient stability for
typical scans of ~ 10 minutes without the need for additional frequency stabilisation. This
can be accomplished by monitoring the zero crossing of an etalon fringe using a gated
integrator and feeding the voltage recorded over a suitable time constant back to the

temperature stabiliser [20].

2.7 Signal processing

The InSb detector signal is electronically processed before it reaches the FLASH-12 card
in order to match the measured signal to the input requirements of the digitiser, and also

to remove low frequency cold head noise. The InSb detector has a +2 V DC offset on its
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signal which must be removed so that the laser mode can occupy all the available 12-bit
dynamic range of the card. This is accomplished by use of a variable high pass filter",
which may be set at 2.0 kHz, 1.5kHz, 1.0kHz, 0.5kHz or 0.0kHz. At this lowest setting
the filter works as an AC couple, removing the 0 kHz DC component but not filtering any
frequencies >0kHz. The bandpass of the filter is ~ 1 MHz. The resulting AC coupled
signal is then amplified such that it occupies the full £5V input range. To facilitate this
there is a variable DC offset which can be used to ‘centre’ the laser mode profile at zero
volts.

The high pass filter not only removes much of the low frequency noise apparent
in figure 2.2, but also has the effect of ‘compressing’ any variations in the laser mode
power output. This enables greater amplification of the signal resulting in better signal to
noise, as illustrated in figure 2.8 for a single cycle of data collection. However, the high
pass filter also has the effect of phase-shifting signals at frequencies higher than the 3dB
point'" indicated by the filter frequency setting. Precisely this effect was used with the
gated detection scheme to ‘differentiate’ the transient absorption signals. For the rapid-
scanning scheme it is extremely undesirable, resulting in baseline distortion (especially for
very strong monomer absorptions) and small changes in line position. The effects of the
high pass filter are shown in figure 2.9. Note the increasing signal to noise ratio of the
complex transitions with higher frequency filter setting as low frequency noise is removed

and gain maximised, but also the increasing baseline distortion occurring, affecting not

only the intense NO, P(2) line but also the Ar-NO, *Q, branch.

2.7.1 Phase correction

The effect of the high pass filter can be reversed by considering AC circuit theory. Figure
2.10a shows a simplified circuit diagram of a high pass filter. The voltage is given by

V= Vel (2.15)

0

and the corresponding current by

T Built by Mr N. Baker of the PTCL electronics workshop.

il The 3dB point is where the amplitude of a signal of certain frequency is reduced by a factor of 2. Thus at the 1.0kHz

setting, signals of 1 kHz are attenuated by half.
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Figure 2.9 Effect of the high pass filter on lineshapes for Ar-NO,.
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_ v _ Voeimt
I = = = 1 (2.16)
(k|
ioC

where Z is the complex impedance, the sum of the resistance R, and the impedance (inC)™!
of the capacitor. The output of the high pass filter is the voltage across the resistor, Vg,

which is then given by

o1 1
V, = IR = Voe“”{ _1} 2.17)
1 + (ioCR)

The characteristic frequency of the filter w, (figure 2.10b) can be defined as

o = L (2.18)

Ve = Voeim’{ ! }

L - oo (2.19)
o { 1 +iw,/0
=V,e”® }
1 + (w,/w)
This may be written in terms of an angle 8, where tanf = wy/®, thus:
Vo = Vo] L T8
(cosP)? (2.20)
= V,e'*e'Pcosp
where
_ 1
cosp = (2.21)

V1 + (@/w)

Hence the effect of the high pass filter is to introduce a phase rotation of B =tan™ (®y/w),
where ®, is the characteristic frequency of the filter and w is the angular frequency of the
signal. The real and imaginary parts of the signal can be expanded separately using the

sine and cosine addition formulae (figure 2.10d). From equation (2.20),
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2.7.2 Fourier transform and data processing

A physical process may be measured either in the time domain as A(f) where ¢ is time, or
in the frequency domain as H(f) (generally a complex number including phase information)
where f is frequency. h(f) and H(f) can considered as two different representations of the
same function. The Fourier transform equations are the means of interconversion between

these two representations:

H() = f h(t)e ™ dy (2.27)
h(t) = f H(p)e 2 df (2.28)

Fourier transform techniques are well established in NMR and ESR [33], as well as
FTIR and pulsed nozzle microwave Fourier transform spectroscopy [32]. The discrete

Fourier transform [34],

N-1 ik
Fn = kaexp TUkn (229)
k=0 N

maps N data points in the time domain, f;, to N points in the frequency domain, F,, the
number of data points N defining the resolution. The discrete Fourier transform is
analogous to the continuous infinite transform, with the same symmetry properties, except
that the transform function, F, or f,, sampled between convenient limits, is treated as a
periodically repeating function. The formula for the discrete inverse Fourier transform,

which recovers the set of f,’s exactly from the F,’s is

f = i% Fnexp(_zmkn) (2.30)
N = n

The method used is based upon the Cooley-Tukey algorithm [34], whereby the discrete

Fourier transform is successively rewritten as the sum of two discrete FTs formed from

the even and odd numbered points of the previous transform. By recursion the problem

is ultimately reduced to N transforms of length 1, which are the identity operations which

copy the input number onto its one output value, which is itself one of the input numbers
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f. The process overall requires Nlog,N operations compared to the N* process of the
standard discrete FT.

The N points in equations (2.29) and (2.30) are complex, and the standard routines
circumvent the inefficiency of complex algebra by storing each complex element in two
locations, DATA(n) for the real part and DATA(n + 1) for the complex part. However, the
data points of the time domain signal are all real numbers, and rather than fill every other
array location with zeros, it is possible to split the 1024 or 2048 point real array in half,
forming two real arrays of half the size, one containing the odd numbered data points and
the other the even. This is then treated as an N/2 size complex array, with the odd
numbered data set corresponding to the ‘real’ and the even numbered data set to the
‘imaginary’ parts. The transform H, of the original real data set f, can then be written in

terms of the transform F, of this effective ‘complex’ data set as

n

H = %(Fn + F,;n_,l) - é(Fn - F§,2_n)exp(27]tvin) n=0,.,N-1 (23]

producing the required real and imaginary parts of the frequency domain spectrum.

Using this procedure it was possible to calculate the real and imaginary components
of the frequency spectra for the time domain signals and remove the phase shift distortion
caused by the high pass filter according to equations (2.25) and (2.26). An example of this
process is illustrated in figure 2.11. In practice the phase angle B is empirically
determined for each frequency setting of the high pass filter. At its maximum setting of
2 kHz line positions are shifted ~0.0005cm™ to lower wavenumber with respect to the
0 kHz setting. The phase correction restores line positions to within ~0.0002 cm™ of this
value, within the expected experimental accuracy of ~0.0004 cm™.

The process has its limitations, particularly with very strong monomer transitions.
These typically saturate the input range of the FLASH-12 resulting in truncated lineshapes
which do not respond well to the method. An additional problem is encountered when the
beginning and end of the scan have significantly different y coordinates. The discrete
Fourier transform assumes the scan to be an infinite repeat unit, and this creates a
discontinuity in the ‘wrap around’. In such a case the beginning and end of the re-
transformed scan exhibit considerable distortion. However, such a situation only arises in

the case of extreme low frequency noise causing baseline undulations.
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The Fourier transform technique is also useful as a final stage noise filter. High
and low frequency noise components can be removed in the Fourier transform resulting
in smoothing and baseline flattening respectively. The latter case is illustrated in figure
2.12. Smoothing of high frequency noise is a feature of the derivative calculation routine
used to determine line positions and is therefore not usually accomplished via the FT.

This is described in the final section of this chapter.

2.8 Calibration of spectra

The PC based calibration program written for the rapid-scanning spectrometer incorporates
the signal processing techniques described above in addition to spectrum measuring
software. The method used to determine transition frequencies is based upon linear
interpolation between fringes of an etalon of well characterised free spectral range. The
etalon fringes are calibrated by the spectrum of the reference gas. Each reference line is
used to calculate an origin for the etalon fringes which corresponds to the position of the
first etalon fringe. The mean origin value is then used to calculate the position of each
fringe of the etalon grid. This process is equivalent to least squares fitting the etalon
fringes to the reference spectrum. As many reference lines as possible are used to
minimise the possibility of statistical errors and increase the overall precision of the fit.
In order to determine the position of the reference, etalon and jet spectrum lines,
the first derivative of the signal is calculated and the zero crossing determined. The least
squares convolution (or filter) function method of Savitzky and Golay [34, 35] is used
for the derivative calculation incorporated in code written by J. P. Connelly [32] for the
measurement of microwave transitions. A variable size cubic fit first derivative convolut-
ing polynomial based on coefficients operating over 5 to 25 data points is stepped through
the data point by point. The function consists of weighting coefficients calculated to least
squares fit the central data point to the first derivative of the polynomial when convoluted
with an equal number of data points either side of the central point [36]. Some
smoothing results since the function will not fit all features precisely; the number of points

in the function is determined by width at half height of the feature to be differentiated.

50



Chapter 2 The rapid-scanning infrared diode laser spectrometer § 2.8 Calibration of spectra

A straight line is then least squares fitted to data points in the linear region about the zero
crossing (corresponding to the transition maximum).

In the case of reference lines, the transition wavenumber is entered into the
computer. Once this process is complete, the positions of the etalon fringes are calculated
automatically by a routine which searches for zero crossings a minimum separation from
the previous location; this prevents very weak fringes from close lying modes interfering
with the calibration. The standard deviation of the fringe origin calculation is displayed
to indicate any errors in reference spectrum wavenumbers. The jet spectrum may then be
calibrated. The overall accuracy of this method is ~12MHz (~0.0004cm™), with
significantly better precision. The software also incorporates a linearisation routine to
enable scans to be plotted with the same linear wavenumber scale whatever the frequency
window or modulation rate. The measured line positions are then stored in calibration files
which include the relevant reference data.

Spectra are stored in directories and an option allows on-screen comparison of
different scans, as well as subtraction of one scan from another. This is useful in cases
where spectra are congested by low-J monomer transitions which can often be subtracted
out by varying the expansion conditions to produce a ‘monomer only’ spectrum. The
calibration and data processing program is menu driven, and written in fortran and
assembly language. The assembly routines supporting the menu and graphics functions

were written by J. P. Connelly, whose advice and assistance is gratefully acknowledged.
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Chapter 3

The structure of CO-OCS from infrared

and microwave spectra

3.1 Introduction

Recent developments in both microwave and infrared spectroscopy have made these
techniques powerful and complementary tools for the experimental study of Van der Waals
molecules [1, 2]. Such studies provide a direct method of probing the intermolecular
potential in the attractive region, and yield much information on the structure and
dynamics of these species.

Infrared spectroscopy has been applied to both polar and nonpolar complexes in a
variety of forms [3, 4,5). Direct absorption, tunable diode laser techniques in
conjunction with supersonic jets have provided a key, non-intrusive method of probing Van
der Waals molecules; detection by other means (such as mass spectrometry) is often
hampered by their small binding energies. A variety of modulation techniques has been
employed [6], most recently rapid scanning of the diode laser, modulating signals
directly [7]. The sensitivity enhancement achieved by effectively shifting absorption
signals to higher frequency regions where laser 1/f noise is lower has been described in
detail in the previous chapter. Pulsed nozzle microwave Fourier transform spectroscopy [8, 9]
has been adopted by a number of groups and used to study many polar complexes,
including those of radical species [10, 11, 12].

The CO-OCS complex has not previously been studied either in the infrared or
microwave region. It was therefore considered a suitable candidate with which to test the

performance of the newly commissioned rapid scanning diode laser spectrometer. The
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source modulation/ gated detection technique had previously been used to measure the
spectrum of the iso-electronic N,-OCS complex [13]. This indicated a planar T-shaped
structure, with the nitrogen axis oriented towards the electropositive carbon in OCS. The
structure was confirmed by electrostatic distributed multipole analysis (DMA) calculations
where the dominant interaction was found to be that between the molecular quadrupole
moments. Additional work in the microwave region [14] failed to determine the tilt
of the N, axis unambiguously because of insufficient isotopic substitution data; a hard
cylinder repulsion model of the Van der Waals radii, however, favoured a structure with
the N, tilted towards the oxygen atom (and away from the larger sulphur) at an angle of
69.9°. The CO-CO, complex has also been studied in the infrared at Oxford using the
previous technique [15], and was similarly found to have a T-shaped structure.

It was therefore with the primary aim of assessing the performance of the
spectrometer that this study was undertaken, rather than any expectation of unusual effects
in the complex. In all respects CO-OCS should behave as a conventional semi-rigid
molecule, and is likely to be T-shaped.

The infrared spectrum was recorded first, and used to obtain ground and excited
state constants. Isotopic substitution experiments were then performed using pulsed nozzle
microwave Fourier transform spectroscopy to determine the ground state constants more
precisely and deduce the geometry of the complex. A potential surface was also calculated
using a simple model to account for the observed structure in terms of the dispersive and
electrostatic contributions to the intermolecular potential function.

Throughout this chapter, ‘CO-OCS’ will always refer to the most abundant
isotopomer, *CO-0"2C**S (‘O’ will always mean '°0). Other isotopomers are distinguished

from this by labelling only the differing isotope, as in >CO-OCS and CO-OC*S.

3.2 Asymmetric rotors

The important features of asymmetric top theory are reviewed here, with particular
reference to Van der Waals molecules and the interpretation of their spectra. For a full

discussion see any standard texts on the subject such as Refs. 16 or 20.
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3.2.1 The rigid rotor Hamiltonian

The Hamiltonian for a rigid molecule rotating about its axes is given by

H_ . = AJAa2 + be2 + Cfc2 (3.1
where A, B and C are the rotational constants about the principal axes of the complex
(related to the moments of inertia / about these axes by A =#%(2L) etc.), and J , J,, J_ are
the components of the total angular momentum (in units of %) referred to the principal
axes.

The three rotational constants of an asymmetric rotor are unequal and labelled by
convention such that A>B>C. The two limiting cases which arise correspond to
symmetric tops; a prolate symmetric top has A>B=C, and an oblate symmetric top
A=B>C. The degree of asymmetry has been quantified by Ray [17] in terms of an
asymmetry parameter x:

K=2B—A—C (3.2)
A-C

In the prolate and oblate limits k=—1 and +1 respectively. Binary Van der Waals
complexes involving simple molecules are close to the prolate limit because of the large
intermolecular separation of the two monomer units. They may therefore be considered
as near prolate tops, with the A axis coinciding closely with the intermolecular axis of the
complex. The general Hamiltonian of equation (3.1) can then be rewritten in terms of an

effective rotational constant B = (B+C)/2 as follows:

H. =B_f2+(14—B_)f2+[B__€](f2+f2) (3.3)

where J2=J *+J,2+J?and J,=J,%if.. The asymmetry is contained within the third term,
and this has the effect of removing the two fold degeneracy of the + K and — K symmetric

top states, giving 2J + 1 states with different energies for a given value of J. These states

are labelled J,  where the two subscripts refer to the value of K in the prolate and oblate

limits respectively. In a symmetric top basis set |/,K), no matrix elements connect the

odd and even K states; the non-zero matrix elements of the Hamiltonian are given by
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(JK|H,  |JK) =BJJ+1) + (A - B)K? (3.4)

k2 \H 1K) = (B=C\su+1) - kkx1)]™
UKE2 || (4 ][(J ) - K1) 45)

x [JU+1) - K1) (K+2)]"”

There is no general formula for the energy levels of an asymmetric top, and they must be
found by diagonalising the matrix for each value of J. The procedure is far more efficient

if a new set of basis functions is introduced by means of the Wang transformation
[18]:

17,0 = |J,0)
#n - 1 _
K %) 7E{IJ,Kw_r LK)}, (K>0) (3.6)

This introduces further symmetrisation, as there are found to be no matrix elements
connecting the |J,K*) and |/,K") states. The matrix for each J>1 is therefore reduced to
four tridiagonal submatrices, according to whether K is even or odd and has a plus or
minus combination in the Wang transformation, which are labelled E*, E-, O or O". The
Hamiltonian is therefore much faster to diagonalise, reducing for example the largest
matrix for J=20 from 41 x41 to 11x 11 in size. However, this has become less vital as

computer technology has improved over the years.

3.2.2 Selection rules

The Wang transformation utilises the symmetry of the Hamiltonian to achieve a simpler
block diagonal matrix form. The Hamiltonian is invariant to a rotation of 180° about any
of the principal axes of the molecule, and these operations generate the D, point group'.
The asymmetric rotor wavefunctions can be classified according to the parities of K, and
K_ under the operations of this group, giving four distinct categories labelled ee, eo, oe and

00, where e =even parity and o =odd parity, in the order K K.

f The x, y and z axes of the D, point group can be identified with the principal axes of the molecule in three right-handed and

three left-handed representations. The right-handed I representation is used here in which the a, b and ¢ principal axes of the molecule
correspond to the z, x and y axes of the D, point group respectively.
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transitions for near prolate tops have AK, =0 or + 1, and at high K, the strongest transitions
have AK,=AJ.

3.2.4 Centrifugal distortion

Particularly for large J, centrifugal forces cause a molecule to distort, and hence the
rotational constants are dependent on the angular momentum of the molecule. The rigid
rotor Hamiltonian is therefore inadequate, and the distortion is described by the addition
of higher terms as a power series in the components of J.

At first sight there appear to be six quartic distortion terms, corresponding to the
coefficients of J*, J,*, J.*, 7 2/ ,%, /2] * and J2J2. However, any two of these are further
correlated; only five of the six are independent. Watson [20] has shown that the
number of terms may be reduced to five distinct quartic and seven (rather than ten) distinct
sextic centrifugal distortion terms for an asymmetric rotor. He has developed two
asymmetric top Hamiltonians, the A (asymmetric) reduction and the S (symmetric)
reduction. The advantage of the A reduction is that it eliminates matrix elements off
diagonal in K by more than two, resulting in simple tridiagonal matrices. However, a
more important drawback is that it blows up for an accidental symmetric top; it has terms
depending upon the asymmetry parameter 6 =(24 —B — C)/(B — C) which becomes infinite
for a prolate symmetric top.

In the S reduction all fz dependent terms which mix K are eliminated; however,
terms off diagonal in K by 4 are present in the Hamiltonian. The reduction also has the
advantage of lower correlation between the constants than the A reduction. The S reduced
Hamiltonian has the form (up to the quartic centrifugal distortion terms):

H=Bj" +(A-B)J*+ (_’?_‘Ej JE-ih
2 (3.10)

A4

B D1j4 - DJKja2j2 - DKJa

v d P FE+F + d)(Jrd
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where D;, D, D, d, and d, are the quartic centrifugal distortion constants. The matrix

elements of the S reduced Hamiltonian are as follows:

(JK|H.|JK) =BJI(J+1) + (A-B) K?

(3.11)
- DJ¥J+1)* - D, JU+1)K? - D K*
(T2 | HE|TK) = (Bf ] . d,f<f+1>}
x [J(J+1) - KK+1)]"” (.12
x [JU+1) - K1) (K+2)]"
(JK+4 |Hy |JK)Y = d[IJ+1) - KK=1)]"
x [JU+1) - K+D)(K=2)]"
_ n (3.13)
x [JUT+1) - (K+2)(K+3)]
x [JT+1) - K+3)(Kx4)]”

The vibrational and rotational motions of the complex are separated according to
the Born-Oppenheimer approximation; the difference due to the vibrational part of the
Hamiltonian is represented by a pure vibrational transition frequency, Vv,, the vibrational
band origin. A computer program is used to calculate the rotational energies which are
use to predict the frequencies and calculated intensities of transitions. A least squares
routine is used to fit the various constants to the data, and these may be floated separately
in the ground and first excited vibrational states or tied together. In addition, the program

is able to fit pure rotational transitions simultaneously with the ro-vibrational transitions.

3.3 Experimental details

These measurements employed the first version of the spectrometer described in the
previous chapter (§ 2.6); data collection was secured by an 8 bit resolution fast A/D card
operating at a maximum speed of 20 MHz (10 MHz on each channel) with 16 kbytes of
onboard memory (Markenrich WAAG board). The onboard memory maps directly onto

62



Chapter 3 The structure of CO-OCS from IR and microwave spectra § 3.3 Experimental

the PC system memory giving fast access. For this configuration, each cycle consists of
two data acquisitions, each on two channels. The first records the jet spectrum on channel
one and a calibration gas cell spectrum on channel two, and the second records the laser
power mode profile (i.e. the signal on the jet InSb detector without the nozzle pulsing, to
facilitate baseline subtraction) on channel one and a calibration etalon signal on channel
two. 0.2 Torr OCS was used as the reference spectrum [21], and a 0.016cm™ free
spectral range germanium etalon was used to interpolate between gas cell lines (the free
spectral range was first determined by a least squares analysis of the calibration data). A
germanium etalon was used in preference to the confocal Fabry-Perot interferometer
normally used because it gave better peak/trough characteristics at the low power output
of the diode used. The disadvantage of the germanium etalon is that it is a plane
interferometer and therefore its free spectral range is more dependent on the angle at which
the radiation enters the cavity’. It is possible that this may result in an overall lower
precision for the data.

The CO-OCS was formed by expanding a mixture of 2% CO and 0.5 % OCS in
Ne with a backing pressure of between 2 and 3 atm from a 0.35 mm diameter axisymmetric
nozzle. Pulse lengths of ~3 ms were synchronised with a laser scan time of 2 ms (over the
stable region of the expansion). Data collection and timing pulses were under direct PC
control. A repetition rate of 20 Hz was possible, the nozzle pulsing every other scan to
enable a background signal to be recorded and subsequently subtracted to yield a flat
baseline. Calibration signals were multiplexed and recorded on one channel, the jet data
on the other. 2048 points were sampled per channel per scan at 1 MHz, with a scan range
of between 0.5 and 0.8 cm™. Typical linewidths resulting from an axisymmetric (pin hole)

expansion are 150 MHz full width at half maximum (FWHM). Signals from the InSb

For a confocal Fabry-Perot etalon, the free spectral range 8v is given by

Sv = ¢ 3.1a)
4r + pz/rs (

where 7 is the separation of the two spherical mirrors (also of curvature radius r), p?>=p,p, (where p, and p, are the offset distances of
the rays from the axes of the two mirrors) and c is the velocity of light (p <r). The expression for a plane etalon is

c

2dyn?-sin*o

where « is the angle of incidence of the radiation and 7 is the refractive index of the medium (in this case germanium). In the first case
(equation (3.1a)), 8v is approximately constant for small off-axis alignments; for the plane etalon (equation (3.1b)), &v depends more
directly upon the angle of incidence o. For more information see ‘Laser Spectroscopy’ by W. Demtrdder (Springer-Verlag 1981),
pp-152-176.

dv = (3.1b)
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detector were AC coupled to remove a 2V DC shift and the gain adjusted (bandpass>
1 MHz) to bring the signal within the full input voltage range of the card (£0.64 V).

The high density of strong OCS monomer lines in the jet (~0.4cm™ spacing)
prevented the use of the high pass filter; such strong lines produce severe baseline
distortion as described in §2.7. One of the main benefits of the high pass filter is to
‘compress’ the variation in the InSb detector signal. This allows greater amplification of
the signal and therefore greater sensitivity. With only the DC frequency shift of the
detector removed, the detector signal may vary by as much as the input range of the
acquisition card (£0.64 V). This prevents amplification of the signal and may result in
complex absorptions falling below the level required to register on the digital scale’. A
smaller scan window often reduces the variation in detector output voltage sufficiently to
considerably improve the sensitivity of the instrument.

Real-time, co-addition of many scans (up to 5000) yields the signal averaged
spectrum. A much greater path length is achieved in slit expansions. Had a slit nozzle
been used, fewer scans would have been required, but at the expense of a reduced
repetition rate due to increased gas through-put. Narrower linewidths place a greater
demand upon laser stability, and additional frequency stabilisation may be required [7].
This was generally not a problem in these experiments.

The infrared absorption spectrum was measured in the 5 micron wavelength region
of the OCS v, asymmetric stretch; the intensity of the vibration-rotation band derives from
the carbonyl stretching vibration of the monomer, while the rotational structure is
determined by the geometry of the complex. As presented in the discussion, these results
were insufficient to pin down the geometry of the molecule, and so isotopic substitution

experiments were conducted in the microwave region.

3.3.1 The Fourier transform microwave spectrometer

The pure rotational spectrum of CO-OCS, and its isotopomers CO-OCS and CO-OC*$S

was recorded on a pulsed nozzle microwave Fourier transform spectrometer. C-13

f An 8 bit card has 256 quantised steps to register an input signal. For the input range of the WAAG card, £ 0.64 V, each step

therefore corresponds to 0.005 V. If the complex absorption changes the detector power output by less than this voltage, no absorption
is registered. Thus there is a clear advantage in minimising the variation in the detector output voltage.
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enriched CO (Sigma Chemical Co. Ltd.) was used for the first set of isotope
measurements, and the high sensitivity of the instrument enabled the 4S signals to be
recorded at the level of natural abundance (4.22 %).

The spectrometer has been described in detail elsewhere [22, 23, 24], but
a brief resumé is given here. Its data acquisition system is based on the same principle
of fast A/D conversion as used in the rapid scanning infrared spectrometer. Indeed the
same model Markenrich WAAG card was used for the infrared experiments in this chapter,
and until this was upgraded to a higher resolution card the acquisition software for the two
systems was virtually identical, with the obvious exception of the Fourier transform step.

The instrument is similar in design to that described by Suenram et al. [25],
and has a frequency range of 6 - 18 GHz with a resolution of ~ 1kHz. A schematic of the
apparatus is given in figure 3.1. A pulse of gas is released into the Fabry-Perot cavity
where it is briefly irradiated with a broad band of microwave radiation. The cavity can
support a bandwidth of ~ 1 MHz. The coherent spontaneous emission from the excited
molecules is then detected, digitised by a fast A/D converter and Fourier transformed to
give a frequency domain spectrum.

The Fabry-Perot cavity consists of a pair of concave aluminium mirrors (50 cm
radius of curvature and 35 cm diameter) arranged opposite one another 60 cm apart. At
the centre of one mirror is a coaxial antenna, which both transmits and detects the
microwave radiation. The impedance of the antenna is matched to the input impedance
of the cavity in order to dissipate incident microwave power without producing any
reflected waves.

At the centre of the other mirror is the pulsed nozzle through which a parallel
supersonic expansion enters the cavity. Expanding the gas coaxially into the chamber
results in it travelling parallel and anti-parallel to the direction of propagation of the
microwave standing wave within the cavity. The velocity of molecules parallel to the
expansion have a much narrower distribution than the perpendicular components, and a
parallel expansion thus results in narrower linewidths and improved resolution. One
transition therefore gives rise to two peaks in the spectrum, one for each Doppler
component. This splitting of the lines is related to the parallel velocity of the interacting

molecules by the expression
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V= ¢ 2V0+AV 1 (314)

2v,
where V is the velocity of the molecules parallel to the expansion, c is the velocity of light,
V, 1s the irradiating frequency and Av is the frequency separation of the Doppler
components. The frequency of the transition is given by the mean of the frequencies of
each component.
The cavity is tuned by adjusting the separation of the mirrors, which is effected by
means of a computer controlled hydraulic stepper motor attached to the mirror containing

the nozzle. Resonant frequencies for transverse modes are given by the expression

=|_C +D+Llmen+ 11-4
v, (Td)[(q 1) n(m n+1)cos [1 R)] (3.15)

where ¢ is the number of nodes in the electric field along the cavity axis, m and » are the
number of radial nodes, ¢ /2d is the fundamental frequency (c is the velocity of light and
d the separation of the two mirrors) and R is the radius of curvature of the mirrors [3].
These modes correspond to Hermite-Gaussian wavefunction solutions for standing waves
[26] and are labelled TEM,, ; g represents the same quantity as in equation (3.2), but
m and n refer to the order of the Hermite polynomial in each of the transverse directions’.

The Q factor of the cavity is defined as the ratio of total energy stored in the cavity

to the energy dissipated per cycle, and is approximately given by

0= (3.16)

AV
where Vv, is a resonant frequency and Av the frequency envelope around this central
frequency in which the energy is stored. The cavity has a bandwidth of ~2MHz at a
frequency of 10 GHz giving a high Q of 2x 10*. The narrow bandwidth requires that the
cavity be retuned if a frequency range greater than ~2 MHz is being scanned. Therefore
scans over a region several GHz wide are very time consuming; it is possible to reduce
the Q during searches but at the expense of resolution and sensitivity. The design of the

spectrometer is biased towards better resolution, and therefore an automated scanning

f Hemite polynomials are also solutions to the harmonic potential Schrédinger equation.
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system performs the tedious process of retuning and searching for transitions. For these
measurements, with the ground state rotational and distortion constants determined from
the infrared data, the transitions were located quickly without the need for extensive
searches. Constants were calculated for the isotopomers by assuming plausible rigid
geometries and searching the relevant regions.

Microwaves are generated by a synthesizer at a frequency between 2 - 20 GHz with
a maximum power of 18 dBm (60 mW). The radiation is transmitted through a low loss
semi-rigid cable to a divider where it is split in half. 50 % travels to the mixing crystal
where it is mixed with the detected microwave radiation from the spontaneous emission
by the molecules in the cavity; the difference frequency generated’ gives the offset of the
detected radiation from the initial microwave frequency generated, and hence calibration
of the spectra.

The other 50 % is directed to the Fabry-Perot cavity through a computer controlled
switch enabling the microwaves to be pulsed with ~ 1 ps duration. In accordance with the
lifetime broadening relation TOFE =7/2 this produces a range of frequencies of ~1MHz
bandwidth, tuned to match the bandwidth of the cavity whichresultsin optimum power transfer.
The radiation then enters the cavity, exciting rotational transitions within range; a circulator
prevents reflected radiation being transmitted back along the circuit.

The excited molecules then spontaneously emit microwave radiation, the free
induction decay. This is detected by the same circuitry used for the excitation. The
circulator passes the radiation to a low noise amplifier, through a directional coupler and
triggers a data collection timing switch. Timing is optimised at this stage to collect the
maximum amount of free induction decay signal without additional noise from the remnant
of the initial excitation pulse decaying in the cavity (ring down).

Having passed through a phase adjuster and isolator the signal reaches the mixing
crystal where the difference frequency is generated, this being the offset of the emitted
radiation from the frequency of the incident microwave pulse. There follows a process of
signal amplification, filtering (to remove unwanted frequencies) and phase adjustment (to
remove a DC voltage offset arising from the mixing crystal).

The final step is the digitisation of the signal which occurs at a rate of 0.25 ps per

point for 1024 points. The nozzle is pulsed every other scan in order to record and

T The sum frequency is also generated but discarded.
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subtract the background spectrum of the cavity. Several thousand cycles are performed
to give the final, averaged free induction decay. This is then Fourier transformed to give
a spectrum, which is measured using exactly the same procedure as described in the
previous chapter, § 2.8 for the infrared data.

The amount of power required from the microwave synthesizer depends upon the
size of the dipole moment of the chromophore; if necessary an amplifier may be used to
boost the power output for complexes with small dipole moments. In this work, the large
OCS dipole moment (0.715D) resulted in strong, easily observed transitions, and greatly

facilitated the measurement of the CO-OC™S isotopomer, present in natural abundance of
4.2 %.

3.4 Results

For the infrared work, the optimum gas mixture was determined by careful comparison of
spectra with previously measured Ne-OCS infrared transitions [27] to ensure the lines
were due to the correct species. 98 b-type transitions were observed near the OCS v,
stretch at 2062 cm™ and fitted using the I’ representation of the Watson S reduction of the
asymmetric top Hamiltonian presented in § 3.2.4. A representative scan is shown in figure
3.2 (OCS monomer transitions are either explicitly labelled or marked with an asterisk).

The data were fitted to a vibrational origin, v,, ground and excited state rotational
constants, and a single set of quartic distortion constants (d; and d, were set to zero since
they could not be determined with statistical significance). Residuals were typically
< 0.001cm™, and the standard deviation of the fit was 17.3 MHz (0.00058 cm™). The
relative intensities of the infrared transitions were consistent with a rotational temperature
of 0.5 - 1.0K. The lineshape of absorptions is determined by Doppler broadening
associated with an uncollimated supersonic expansion; the FWHM linewidths are
approximately 150 MHz (0.005 cm™).

In addition, 22 pure rotational transitions (a- and b-type) were observed for 2CO-
OCS, 31 for *CO-0OCS, and 23 for CO-OC*S. Figure 3.3 shows a free induction decay

and its Fourier transform for a rotational transition of the main isotopomer CO-OCS. The
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Free induction decay |

Fourier transform ||

[ |
12710.2 frequency +/- 1 MHz

Figure 3.3 Pure rotational transition of CO-OCS.
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data from each were fitted to an extended Hamiltonian which included sextic distortion

terms:

2 c
-, -p,J'i* -DJ*
+d P JITY + a (F T (3.17)

+ H.lj6 + H]Kj4fa2 + HKJj2ja4 + I{Kj'\a6

+ hlj4 (f+2 +j—2) + h2j2 (j+4 +j-4) + h3 (‘i\+6 +f_6)

In addition to determining d, and d,, the fit yielded H,, H,y, Hy;, h, and h, (H, and h, were
both fixed at zero). The standard deviations of the fits for *CO-OCS and CO-OC™*S pure
rotational transitions were 0.149kHz and 0.211 kHz respectively, demonstrating the high
precision of the FT microwave data. A simultaneous fit of the infrared and microwave
data for ?CO-OCS was also performed, yielding a weighted standard deviation of
16.8 MHz. The microwave transitions were weighted at 1.0x 10° to reflect the higher
precision of the measurements over the infrared data which were weighted 1.0 for the best

determined lines. The constants are listed in table 3.1.

3.5 Analysis

For both upper and lower states of CO-OCS the inertial defect, A=1,—1,~1,, is small and
positive (A”=4.1uA’ and A’=3.8uA?), indicating a planar structure.  Positive
contributions to the inertial defect are due to Coriolis interactions associated with in-plane
bending motions. Effective moments of inertia have been attributed to three contributions [28,

29] which can be written

I

effective

=1, + 3l + 31 (3.18)

harmonic coriolis
Oyarmonic and Ol 4,0 Model changes to a standard moment of inertia /, (corresponding

approximately to the equilibrium structure) due to averaging over vibrational amplitudes
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and Coriolis effects respectively. Anharmonic terms cancel in calculating the inertial
defect for planar species [30]. Of the harmonic contributions, only out of plane
vibrations alter the inertial defect, introducing a negative change. For CO-OCS the
Coriolis interactions dominate; the planar N,-OCS complex shows a positive inertial defect
of similar magnitude [31].

Figure 3.4 shows the coordinate system used to describe the effective structure of
CO-OCS. The centre of mass (c.m.) to centre of mass (c.m.) distance R is determined
from the C rotational constant using the relation

R

OCS

(3.19)

where u is the reduced mass of the pseudodiatomic formed between the CO and OCS, and
k=505379 MHz u A2 (this assumes a planar structure). Only two of the three rotational
constants are independent (because of the planar structure), which means that only the

dependence of the two angles 0, and 0, can be deduced by solving

I -1 1
xx xy
I I -1

yx Yy

=0 (3.20)

(where [,,, are the elements of the inertial tensor matrix). A good indication of the value

of 6, can readily be obtained from
I,, = Iocs Sin®0, + I, sin’6, (3.21)

by recognising that [, /I.s=bocs/A, and the major contribution to I, is from sin’, (since
Iocs/lco=10). This gives an approximate value of 70° or 110° for 0,. The full range of
values possible for 6, and 0, are shown in figure 3.5. No unique set of solutions can be
determined from the rotational constants because of the 180° periodicity of the sine and
cosine functions, and although OCS is constrained to lie within a range of angles, its
absolute orientation within the complex is still ambiguous. Furthermore, the CO alignment
is unconstrained by the rotational constants and 6, may adopt any value between 0 and
360°. Hence the need for isotope data.

Upon isotopic substitution, the calculated value of R decreases from 4.17 A in

12C0-0CS to 4.15A in the ®CO isotopomer. A shortening of the intermolecular bond
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Figure 3.4 The coordinate system used to describe the structure of CO-OCS.
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6.

Figure 3.5 Relationship between 6, and 6, for CO-OCS from rotational constants.
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indicates that the C atom is closest to the OCS c¢.m., and a simple calculation gives 6,=1
20.50°. (If the C atom were in fact external, the centre of mass separation would be
expected to increase by at least 0.022 A, twice as much as the increase in this distance
between the ground and first excited states.) This vibrationally averaged result does not
rule out a potential minimum in which the CO internuclear axis is much closer to
collinearity with the intermolecular c.m. to ¢c.m. axis, since the majority of the terms in the

diagonalisation of the inertial tensor are quadratic in sine and cosine. The off-diagonal

terms

I,=1, = I,sin0, cosd, + I, sin, cosh, (3.22)

contribute a small asymmetric factor which results in the slight ‘phase shift’ in figure 3.5
away from symmetry about 180°.

An increase in R is observed for the CO-OC*S isotopomer. The effect of the *S
will be to move the centre of mass of the OCS towards the S atom. A larger c.m. to c.m.
distance therefore indicates that the CO is tilted away from the S end of the molecule, and
of the two possible estimates for 6;, 110° is consistent with the experimental evidence.

The value calculated from the change in R and OCS c.m. position is 105.7°.

3.6 Distributed multipole analysis

Table 3.2 summarises the structural information obtained from the combined infrared and
microwave spectroscopy of CO-OCS and its isotopomers. Rotational constants for CO and
OCS (v;=0 and v,=1) were obtained from Refs. 32 and 33 respectively. The isotope
data has enabled accurate determination of an effective structure for the CO-OCS complex.
However, because of the vibrational averaging the equilibrium values of 6, and particularly
0, will be smaller than the vibrationally averaged values obtained from the rotational
constants.

Clearly, some indication as to the nature of the intermolecular potential would be
helpful, particularly if it gave semi-quantitative information on the well-depth of the local
minima in which the CO and OCS molecules find themselves. A simple model based

upon the electrostatic and dispersive contributions to the intermolecular potential function
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Hence y.=7v,=V{C,/9}, where 7 is the dispersion coefficient per atom, and Co =2YY,
where the indices i and j run over the atoms of each monomer. This gives a value of
4.62 au for y. and Y,. The procedure was repeated for OCS in order to determine 7,
resulting in a value of 10.82au. Using these coefficients, U, =Xy, /Rj‘-j. The total
interaction energy for a given structure (defined by 0,, 0,, and R) is then the sum of the
electrostatic and dispersion terms.

This methodology has previously been applied to (OCS), [36] and (CO,), [40]
to choose between alternative structures with the same rotational constants. In these
instances, the perpendicular separation was fixed at the experimentally determined value
and a two dimensional potential constructed as a function of ‘parallel’ c.m.-c.m.
displacement. To calculate the total interaction over a full range of values for 6, and 6,
the molecules were treated as hard cylinders and the potential energy calculated for the
closest possible in-plane approach. FEach atom was assigned an effective radius
corresponding approximately to the Van der Waals radius, but essentially empirically
determined by reference to the (OCS), and (CO,), structures, i.e. values were chosen for
the radii of the C and O atoms to correctly reproduce the observed structure of (CQO,),, and
these in turn were used to determine an effective radius for S using the (OCS), data.

The calculated potential surface is shown in figure 3.6; contour labels are in cm™.
There are three potential minima. The deepest (U,,, =— 554 cm™) corresponds to the
observed T-shaped geometry of the complex, with ,=106° and 0,=2°. These angles
define an equilibrium geometry. The calculated value of R for this energy (assuming a
hard cylinder repulsion) is approximately 3.9 A, too small by 5%. This seems a fair error
given the simple form attributed to the repulsion. The other two minima correspond
approximately to the parallel conformers. The calculated centre of mass separations in
these cases are over 15 % too small. The surprising feature of these minima is the lower
energy for the parallel structure with the dipoles aligned, which is predicted to be 65 cm™
more favourable (U, =—525cm’) than its ‘anti-parallel’ analogue (U =~ —460cm™).
However, the small dipole moment of CO (#=0.112D (3.74x 107! Cm)) results in the
quadrupole moment playing the dominant role in the (electrostatic) structure determination.

Qualitative information about the dynamics of the system may also be inferred from
the potential surface. The barrier to internal rotation of the CO, around 320 cm’, is very

high, indicating that the CO atom is not free to rotate, and undergoes a rocking motion of
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significant amplitude. As has already been noted, the vibrationally averaged value of
1£20.5° for 6, does not preclude an equilibrium value for the angle much closer to zero,
and such a rocking motion within its potential well would account for the calculated value.
The OCS, though enjoying a shallower well (in the direction of change in 0,) is limited
by its greater inertia to much lower amplitude vibration (see figure 3.5). The calculated
value of 105.7° for 0, is therefore a much better indication of its equilibrium value.

An estimate for the harmonic stretching frequency of the Van der Waals bond is
readily obtained from D, via D;=(B + C)*/2v*, giving Vy4 =33 cm™, which compares
with values of 40cm™ for (OCS), [36] and 47 cm™ for CO,-OCS [41]. The centre of
mass separation is significantly longer than for either of these species, indicative of a
weaker interaction which is manifested in a smaller vibrational frequency. The potential
energy minimum for (OCS), was calculated at ~200cm™ lower. A similar T-shaped
structure is exhibited by CO-CO,, which also has a long intermolecular bond (3.906 A in
the ground state). The small hypsochromic shift (0.356 cm™) for CO-OCS indicates a
slight weakening of the Van der Waals bond upon vibrational excitation, but negligible
vibrational coupling; the CO-OCS v, mode is localised in the OCS monomer with little

influence on the properties of the complex.

3.7 Conclusions

There are a number of comments which can be made concerning the rapid-scanning
infrared spectrometer. As a general observation, the signal to noise ratio achieved was
disappointing, although the time spent recording the data was considerably less than under
the source modulation, gated detection scheme. For example, the scan reproduced in
figure 3.2 was recorded in approximately 5 minutes; the same frequency coverage would
require 40 minutes using the previous system. Unfortunately, laser drift becomes a serious
problem if >10000 scans are taken, and this prevents better sensitivity being achieved

through longer averaging.

T The expression D=4B%/V* is known as Kratzer's Relationship. For a derivation see ‘Molecular Spectra and Molecular

Structure Volume 1: Spectra of Diatomic Molecules’ p.104 by G. Herzberg, 2™ edition, Krieger Publishing Company; altematively see
A. Kratzer, Z. Phys., 3, 289 (1920).
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However, the diode power output was very small (<0.15 pW), with the result tha
the detector noise becomes a significant factor, as explained in § 2.2.2. At this low powe
level, detector noise ~3 parts in 100 for a single scan, compared to 1 part in 1000 for
more typical diode output power of 1.5uW. Since each absorption must be detected or
every individual scan in order to average the spectrum effectively, those with less thar
0.03 % absorption will tend to be lost in the detector, and thus reduce sensitivity.

Increasing the vertical resolution of the digitising card from 8 bit to 10 or 12 bi
would also enhance the sensitivity, and such a measure was taken shortly after the
CO-OCS measurements were completed (see § 2.3.3, and Chapter 4).

The residuals in the fit were also slightly larger than expected. The standard
deviation of the fit for (OCS), was 9.6 MHz [36], roughly half that for the CO-OCS fit.
This may have been due to the poor signal to noise for some of the weaker lines combined
with the density of the spectrum which resulted in many lines being blended. The process
of line calibration and measurement should in principle be better protected from laser drift
than previously. Any drift in the laser frequency will affect all subsequent scans and result
in a concerted frequency shift manifesting as wider linewidths, and in extreme cases
significant blurring and even doubling of spectral features. The previous method relied
upon very slow scanning of the laser such that the frequency was approximately constant
for the duration of several gas pulses. Thus a drift in the laser frequency shifted only
subsequent lines by a certain amount resulting in inconsistencies in the etalon fringe;
reference gas correlation.

Overall, however, the system has shown itself to be an effective and fast method

of measuring high resolution infrared spectra of jet-cooled molecules.
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Chapter 4

The infrared spectrum and dynamics

of Ne-SiH,

4.1 Introduction

The last few years have witnessed an awakening of interest in both the theoretical and
experimental study of Van der Waals complexes involving spherical top molecules. This
has largely grown out of the increasing success with which spectroscopic studies of weakly
bound systems have been correlated to their dynamical behaviour via the calculation of
potential energy surfaces. From initial microwave and infrared studies of Ar-H, [1] and
Ar-HF [2, 3] accurate intermolecular potentials have been calculated from the
experimental data [4, 5, 6] which have yielded information on the vibrational
dependence of the potential as well as its anisotropy. The dynamics of such systems are
now well understood, and various angular momenta coupling schemes have been
identified [7].

There has been a growing effort to extend this understanding to complexes
involving nonlinear molecules. Studies of complexes of light monomers such as
H,O [8, 9] or NH, [10, 11] indicate the bending levels are best characterised
by the internal rotation of the monomer in the complex [12], the same representation
as for an atom-diatom complex where the potential anisotropy is of a similar magnitude
to the monomer rotational constant.

The present understanding of complexes involving spherical tops is, however, far
from complete. Scattering studies of rare gas atoms in collision with methane molecules

are well established both experimentally by Buck et al. [13] and theoretically by Heil
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and Secrest [14] and Smith and Secrest [15], though the bound state situation is
obviously quite different. Microwave spectra of CH,-HCN and CH,-HX (X =ClI, F) have
been recorded by Legon and co-workers [16, 17] and Ohshima and Endo have
interpreted the microwave spectrum of CH,-HCI by considering the internal dynamics in
the ground vibrational state [18]. However, very little dynamical information can be
extracted from microwave studies since all the observed transitions occur between identical
internal rotor states of the CH, molecule.

The first spectroscopic study of a rare gas-spherical top molecule was the
pioneering work by Randall er al., who recorded the infrared spectrum of Ar-SiH, in a
supersonic jet expansion using direct absorption diode laser spectroscopy, in the region of
the SiH, v, vibration at ~2189 cm™ [19]. Several groups have very recently obtained
infrared spectra of rare gas-CH, complexes. Lovejoy and Nesbitt [20] and Block and
Miller [21] have recorded the jet spectrum of Ar-CH, and McKellar has used a long-
path low-temperature equilibrium cell to measure the infrared spectra of Ar-CH,, Kr-CH,
[22] and Rg-SiH, (Rg = Ne, Ar, Kr) [23]. Theoretical advances have also been
made, notably by Hutson and Thornley [24] who have used close-coupling methods
to investigate vibration-rotation states of atom-spherical top complexes.

However, there has been a marked failure in attempts to combine the experimental
and theoretical results, and none of the measured spectra has yet been successfully
analysed, with one exception: Randall and Howard developed an anisotropic potential
which successfully interpreted the hindered rotational structure of Ar-SiH, [25], and
were able to fit the observed spectrum to an accuracy of 0.03cm™. The problem is
simplified somewhat in Ar-SiH,, since it is a much more strongly anisotropic system than
Ar-CH,, and exhibits behaviour intermediate between free rotor and rigid molecule limits,
yet the potential model developed provides an important foundation upon which further
studies can be based. Specifically, given a much more isotropic system, could the same
model be used successfully to interpret the spectrum?

The smaller size and therefore lower polarisability of Ne results in its forming
much ‘floppier’, less rigid complexes; for example the CO unit in Ne-CO [26] is much
closer to the limit of nearly free internal rotation than in Ar-CO [27], demonstrated by

the observation of a bending combination band in the former. Ne-SiH, should therefore
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behave in a very similar fashion to Ar-CH,, and this chapter describes its infrared spectrum

and the challenges faced (and overcome) in its analysis and interpretation.

4.2 Angular momentum coupling in atom-molecule Van

der Waals complexes

Before considering the experimental details and presenting the spectra obtained for
Ne-SiH,, there follows a brief discussion of the limiting behaviour of atom-molecule Van
der Waals complexes in order to ascertain what behaviour might be expected for such a
complex.

The intermolecular interactions which are responsible for the formation of Van der
Waals complexes determine the structure and dynamical behaviour of these systems. The
coupling between the various angular momenta present in the complex is a function of the
intermolecular potential; the magnitude of the barrier to internal rotation of the molecule
within the complex governs the extent of coupling and also therefore the energy levels of
the complex. It is the magnitude of the anisotropic part of the intermolecular potential
relative to the energy separation between rotational states of both the molecular component
of the complex, and the complex as a whole, that determines the different angular
momentum coupling schemes which can occur [28, 29].

For a fixed intermolecular separation R, the Hamiltonian for the rotational levels

can be approximated to

H=BI"+bj*+V (4.1)
where b and B are the rotational constants for the tetrahedral molecule and the diatom
respectively, I is the angular momentum of the complex (operator ] ) and j is the angular
momentum of the monomer unit (operator f ) [30]. (The convention will be adopted
that quantum numbers and operators written as upper case letters refer to the complex as
a whole, whereas lower case letters refer to the isolated tetrahedral molecule). In general

B<b since u>u,, and R >r; the relative magnitudes of B and b with respect to the
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dominant anisotropic term in the potential, AV, determines which of three major coupling

schemes will occur. These are described below in order of increasing anisotropy.

42.1 Case 1: AV« B <« b

For very low anisotropies the spherical top is almost free to rotate within the complex.
Both j and / can be considered as (nearly) good quantum numbers, and the total angular
momentum J is given by the vector coupling of j and I, J=j+1. Both j and I may be
considered to precess about the vector J as illustrated in figure 4.1, so that m; and m, are
not individually conserved. The Hamiltonian may then be written [29]

it 9’

H - ( -
2u\R?* OR?

)+H £V 4.2)

mon

where [ is the angular momentum of the pseudodiatom (with corresponding operator D),
u its reduced mass (u = m,,, My /{M,m + Myo})s and R is the length of the vector R
between the centres of mass of the neon atom and silane molecule. H_ is the
Hamiltonian for the isolated monomer molecule and V is the intermolecular potential. This
expression is exact within the Born-Oppenheimer approximation. An approximate

expression for the energy levels (at constant R) is then

E(J,j,l) =bj(j+l) + Bl(l+]) + AVf(j1,J) 4.3)
where f{j,I.J) is a vector coupling term combining j and [ to form J. For a given j and /,
J may take all values from |j-/| to |j+/| , therefore giving rise to groups of energy
levels with a particular j and [ which are split by the anisotropy of the potential into
components of different J. Provided the separation between two levels of different [ is
much larger than the matrix elements of the anisotropic potential between these two states
(AV< BI) this coupling scheme will be in operation.

Rare gas-H, [31] complexes are examples of atom-diatom systems where the

relatively large B and small anisotropy result in this type of coupling.
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4.2.2 Case 2: B« AV« b

Case 2 coupling occurs when the anisotropic terms are large compared with the separation
of different / levels, but remain small compared with the separation between levels of
different j. Therefore j (but not /) retains its meaning, and it is appropriate to replace [ by

J- f ) in the Hamiltonian, which becomes

H = n { J: _ 2 } +H__ + V(R,pB,Yy) (4.4)
2u R* oOR*

The potential V is a function of the intermolecular separation R and the orientation of the

tetrahedral molecule with respect to the intermolecular axis. Figure 4.2 shows a vector

model, with j strongly coupled to the intermolecular axis, with a projection K onto this

axis. The overall angular momentum is obtained by coupling j and I together.

The expansion of the (f—j )? term gives Coriolis matrix elements which couple
states of the same j and J which have K differing by £ 1. K is therefore no longer a
perfect quantum number and the degeneracy of the +K levels is removed. K is however
still a useful label, and the splitting is largest for the K=+ 1 states. Provided the Coriolis
matrix elements remain substantially smaller than the splitting of the levels being mixed
by the Coriolis interaction, this has the effect in second order of introducing slightly
different rotational constants in the two levels. Coupling tends more towards case 1 when
the splitting and the Coriolis interaction are of similar magnitude, either due to a decrease
in the anisotropy or increase in the Coriolis term. The latter can occur without any change
in the potential as J or j increase, resulting in case 2 operating at low J and case 2 at high
J. The Ne-HF complex is an example of an atom-diatom system which appears to display
this behaviour [32]. The magnitude of the Coriolis matrix elements for Ne-SiH,
relative to the potential splittings are considered in detail in §4.11.1, and further discussion
is left until then.

As well as splitting the different + K levels, an additional effect of the anisotropy
is to mix states of differing j but the same K, with the result that levels with different
values of K for a given j are not degenerate. A correlation diagram illustrating the change
in energy levels with increasing anisotropy is shown in figure 4.3. Provided the
anisotropy remains low, first order perturbation theory can be used to model the energy

levels, which are given approximately by
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quantum number. A potential combining both diagonal and off diagonal terms may
therefore produce angular momentum coupling which does not fit neatly into any one of
these schemes, but they should nevertheless provide a valuable qualitative model for the

treatment of such systems.

4.3 Experimental details

The infrared spectrum of Ne-SiH, was recorded in the vicinity of the SiH, v, triply
degenerate stretching vibration centred at 2189.19 cm™. Scans were recorded using 12 bit
digitisation at 1 MHz and typical scan rates of 0.5-1.0cm™ ms™. The digital resolution
enhancement provided by the FLASH-12 card over the WAAG card (which had only 8 bit
vertical resolution) afforded a sixteenfold improvement in amplitude resolution over the
measurements of CO-OCS, and this proved invaluable for weaker areas of the spectrum.
Indeed, scans recorded at the time of the Ar-SiH, measurements using mixtures of neon
and silane and a range of backing pressures had failed to find any lines attributable to Van
der Waals complexes [25].

The scans were calibrated by simultaneous recording of the absorption spectrum of
N,O [36] in a room temperature gas cell (~ 0.5 Torr), and fringes of a 0.01 cm™ free
spectral range (fsr) internally coupled Fabry-Perot etalon. A gas cell containing ~ 1 Torr
pure SiH, was also available for regions of the spectrum where distinction between
complex lines and monomer lines was difficult, particularly in the Q branch region
between 2185 and 2189cm™. In practice, the spectrum was so congested that the only
definite way to rule out ambiguous lines was by recording Ar-SiH, spectra in difficult
regions and making direct comparisons. The calibration data were recorded using HgCdTe
detectors.

Initially a 0.8 % mixture of SiH, in neon was used with backing pressures ranging
from 2 to 5atm (absolute) to search the region around 2192 cm™ where the strongest
Ar-SiH, absorptions were detected. A cluster of closely spaced lines was observed around
2194cm™ which did not correlate with any monomer lines, and the conditions were

adjusted to optimise this signal. Optimum conditions were found to be 0.5 % SiH, in neon
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with 3.5 atm (absolute) backing pressure expanding through a 350 pm axisymmetric pulsed
nozzle. This compares with a 1 % mixture and 0.75 - 1.25 atm backing pressure for
Ar-CH,; harsher expansion conditions relative to argon complexes are demanded for neon
because the lower binding energy of the complexes formed requires that more 3-body
collisions are necessary once the jet has cooled to low rotational temperatures. However,
the different pulsed nozzle source used in this work (a solenoid operated rather than
piezoelectric valve opening mechanism) and the greater pulse lengths used with the rapid
scanning system (1 - 2 ms rather than 250 ps) precludes too direct a comparison of the
expansion conditions. The radiation was reflected a minimum of fifteen times through the
jet before being focused onto an InSb detector, though the number of passes was increased
where the mode power permitted.

An initial survey scan revealed complex lines over a broad region, from 2180 to
2205 cm™, and subsequent scans were used to improve signal to noise. Typically 2000
coadditions were required for each scan of 1-2c¢m™, though regions of weak absorption
(or poor laser modes) required longer averaging. Many regions were recorded several
times, particularly during the process of assigning the spectra, to verify weak features or
to discriminate against monomer lines by fine tuning the expansion conditions. This has
the additional advantage of improving the statistical accuracy of the line measurements.
Two laser diodes were employed, one of which operated sufficiently selectively in this
region to be used without passing the radiation through the monochromator. Such single
mode operation has the considerable advantage of maximising power at the detector (the
monochromator may attenuate up to 50 % of the laser power of the selected mode) and
ensuring the signals remain source rather than detector noise limited.

Signals were recorded using maximum high pass filtering (frequency cut-off at
2 kHz) to discriminate against low frequency noise and phase corrected using the Fourier
transform technique detailed in Chapter 2. For regions where strong silane monomer
absorptions appeared in the scan window (such as P(1), R(0), R(1) and the Q branch) too
much distortion of the baseline occurred and the minimum setting was used (i.e. AC
coupling to remove the InSb detector’s 2V DC offset). Additional filtering of low
frequency noise was performed digitally using Fourier transform methods where the laser
modes were particularly noisy, notably in the vicinity of the silane R(1) monomer

absorption, but this was not generally necessary.
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4.4 Preliminary results

The measured spectrum of Ne-SiH, is reproduced in full in figures 4.4a and 4.4b. In
common with other diode laser spectra, the intensities should not be taken to be absolute,
as laser power varies across individual modes and between modes. As far as possible,
however, the many discrete scans which make up the whole have been combined to
preserve relative intensities within bands, though the vertical scale should not be assumed
constant between different bands. Thus, the most intense complex absorptions occur in the
region around 2194 cm™ near the silane R(0) transition; the band which appears to higher
frequency of the silane Q branch region is displayed with expanded vertical scale for
clarity, and similarly for other regions.

The task of identifying silane monomer transitions was made considerably easier
by a low pressure (0.6 Torr), low temperature (98 K) static cell spectrum supplied by
Dr A.R.W. McKellar of the NRC. The principal silane transitions have been labelled, and
other monomer lines are marked by an asterisk. The silane Q branch is so dense, even in
the cold environment of the jet, that individual labelling is impractical; most of the lines
in the area indicated by the arrows are in fact monomer transitions. Those which are not
are marked by a ‘+’. It is interesting that the corresponding region of the Ar-SiH,
spectrum in Ref. 25 showed far fewer monomer lines, indicated either a colder jet or much
more complexation by the argon.

The contrast with the recorded spectrum of Ar-SiH, is very marked. For the argon
complex, most of the lines observed could easily be recognised as belonging to one of a
series of P or R branches, with almost equal spacings between consecutive transitions
given by approximately 2B, where B is the rotational constant of Ar-SiH,. Each band in
the spectrum was then fitted to within experimental accuracy using only rotational and
quartic centrifugal distortion constants [25]. Slightly different B values were obtained for
the different bands, which was accounted for by contributions from second order Coriolis
interactions and the neglected radial dependence of the potential; an average B value of
about 0.057cm™ was obtained, giving a mean Ar-SiH, centre of mass separation R of
approximately 4.04 A. This distance can be scaled according to the smaller Van der Waals
radius of Ne compared with Ar (1.55A and 1.88 A respectively [37]) to calculate an

expected rotational constant for Ne-SiH, (based upon the approximation of a rigid
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structure). The relevant equation is

I = uR* + I, (4.6)

Ne-SiH,

where u =my gy /(my. +Mgy,) 18 the reduced mass of the complex, R is the centre of mass
separation, and the I are the relevant moments of inertia which are related to the
appropriate rotational constants (expressed in cm™) by B=h/(8n*cl) [k is Planck’s constant
and c the velocity of light]. This gave a predicted B value of 0.096 cm™, and therefore line
spacings within bands should be about 0.19 cm™ (i.e. 2B) if the complex behaves in an
analogous manner to Ar-SiH,.

However, an examination of the spectra in figures 4.4a and 4.4b revealed no
obvious P and R band structure, and no constant 0.19 cm™ spacings. The three most
conspicuous features of the spectrum, the series of lines around 2190.5, 2194.0 and
2196.0cm™, appeared to provide conflicting evidence.

The strongest absorbing ‘band’, around 2194.0 cm™, consists of a single intense line
at 2194.3cm™ with a slight shoulder to high frequency, suggesting a Q branch. The
spacing of the lines to lower wavenumber, suggesting a P branch, increases from
0.065cm™ to 0.107 cm™ with decreasing wavenumber, and then abruptly stops, and there
is no analogous band to higher frequency of the Q branch feature. There is, however, a
series of lines of approximately the same intensity as the band to lower wavenumber, the
spacings of which increase from 0.19cm™ to 0.22 cm™, but which rapidly lose intensity.

The other two bands, around 2190.5 and 2196.0 cm™, show very similar structure,
though the former is far stronger. Both appear to be R branches, but with no discernable
P counterparts, and both exhibit increasing line spacings with higher wavenumber. The
band around 2196 cm’™ is superficially the most promising, with a steady increase in line
spacing from 0.18cm™ to 0.22cm™, whilst the series around 2190.5cm™ shows a
maximum spacing of 0.30 cm™.

The first possibility to address was the presence of other complexes in the jet,
particularly (SiH,),. The formation of dimers and higher clusters is a common, if often
unwanted, feature of neon expansions (see, for example, Ref. 26); the lower binding energy
of neon complexes frequently results in their collisional destruction in favour of more
stable dimers. By subtracting the Van der Waals radius of argon (1.88 A) from the centre
of mass separation in Ar-SiH,, a value for the Van der Waals radius of SiH, can be

obtained, namely 2.17 A. This is a minimum value because the equilibrium geometry of
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the complex locates the argon atom over one of the faces of the SiH, tetrahedron, which
behaves as a hindered rotor, and as a consequence it is able to approach slightly within the
spherical Van der Waals radius. This radius gives a minimum centre of mass separation
in (SiH,), of about 4.34 A, which corresponds to a maximum B value of approximately
0.05cm™. Assuming the anisotropy in silane dimer is similar to that in Ar-SiH,, line
spacings within individual bands would be expected to be 0.1cm™ or less. This cast doubt
upon the identification of the lines around 2194 cm™ as arising from Ne-SiH,; given the
smaller than expected spacing, perhaps they were due to the dimer, (SiH,),. However,
increasing the concentration of SiH, in the expansion mixture above 0.5 % resulted in a
decrease in the intensity of these signals, rather than the increase which would be expected
if the lines were indeed due to (SiH,),. This appeared to confirm their identity as Ne-SiH,

lines, and this conclusion was fully vindicated by subsequent analysis.

4.5 Rotational analysis

The spectrum of Ar-SiH, was successfully fitted to a model based upon a case 2 coupling
scheme (see § 4.2.2), where several approximations were made to produce a viable set of
equations which could be solved for the energy levels of the complex. It has already been
stated that Ne-SiH, would be expected to demonstrate a lower rotational anisotropy,
allowing significantly freer rotation of the tetrahedral monomer unit within the complex.
In the isotropic limit of case 1 coupling, the selection rule Al=0 would tend to result in
transitions appearing at the same frequency, with consequent piling up of intensity, whilst
the AJ=0,+ 1 selection rule would produce a small splitting of each of these transitions.
The overall effect therefore would be a very dense cluster of lines associated with each
monomer j transition, and not the extensive band structure observed for Ne-SiH, and
discussed above. It was therefore judged appropriate to investigate the rotational structure
of Ne-SiH, using a case 2 basis, with particular consideration of whether the
approximations made for Ar-SiH, were realistic for the more isotropic Ne-SiH, system.
The first approximation made was the assumption that the tetrahedral molecule

retained its integrity upon complexation. In a more weakly bound system such as Ne-SiH,,
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this is even more valid. The tetrahedral symmetry of silane is preserved and its
Hamiltonian remains the same within the complex as it is for the free molecule. The
Hamiltonian used is discussed in the next section (§ 4.6.2); in practice, the dominant effect
of the intermolecular potential (§ 4.8) requires that only a fairly simple monomer
Hamiltonian be used.

The second approximation made for Ar-SiH, was that the rotational and
intramolecular stretching motions of the complex could be separated from the rest of the
Hamiltonian in an adiabatic sense. That is, the energy levels of the silane monomer are
perturbed only by the intermolecular potential, and the rotational and intramolecular
vibrational levels of the complex can be built up on top of these levels as if the monomer
rotational levels are separate librational or hindered rotational levels. In practical terms
this means neglecting the Coriolis coupling between the rotation of the tetrahedral
monomer unit within the complex and the end over end rotation of the complex. The term

(f —j)? in the Hamiltonian for case 2 coupling (§ 4.2.2) can be expanded thus:
J-jp = J2-20-j+j?
= J? = 20yjy = 2y - 20, +7°
=J =207+ =, +T_J0) 4.7

where the equivalence of /, and fz has been used, and J, and fi are raising and lowering
operators’. The Coriolis coupling term is given by (/, ., + J_j_), and has the effect of
removing the degeneracy of the tK states. K is the ‘helicity’ quantum number, and
therefore the neglect of Coriolis coupling terms off-diagonal in K is known as the helicity
decoupling approximation [38].

The validity of this approximation can be judged according to a number of criteria.
In general, K remains a good quantum number as long as the splitting due to the
anisotropy of the potential is greater than the Coriolis matrix elements. If this is the case,
the effects of the Coriolis interaction can be absorbed into the rotational constants and
centrifugal distortion constants as a second order effect. A rigorous treatment of this topic
is given later in § 4.11.1, but in general terms this condition for the helicity decoupling

approximation can be formalised thus:

l Note the anomalous commutation relations for the components of J, the angular momentum in the body fixed axis system:
jt =jx F ij}’- (Forj,j, =jX t lj}')
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(S} < e @

where H_, is the Coriolis matrix element between interacting K states and AE is the

splitting due to the potential. The Coriolis matrix elements are given by

(kK |H__|JjkK+1) = -B[J(J+1) ~-K(K+1)]*x[j(j+1) -K(K+1)]" (4.9)

where B is the rotational constant of the complex. An important insight into the relative
behaviour of the Ne-SiH, system can thus be made; it is expected to be closer to the free
rotor limit than Ar-SiH,, and therefore demonstrate much lower anisotropy (giving a
smaller AE), and its rotational constant is expected to be almost twice that of Ar-SiH,,
giving rise to larger Coriolis matrix elements. Both these factors point towards the
inadequacy of second order perturbation theory in modelling the Coriolis interaction; in
contrast to Ar-SiH,, the rotational levels of the Ne-SiH, complex may be expected to
experience significant perturbation due to rotation of the SiH, unit within the complex.
This interaction between J and j will manifest itself in the following ways.

The major effect of the Coriolis term is to remove the degeneracy of the K=+1
and t2 levels associated with j=1 and 2. Thus j=1 gives rise to K=0,%1; the |[K|=1
levels, which are degenerate in the absence of Coriolis interaction, are the symmetric and

antisymmetric combinations of the eigenstates with K=1 and K=-1:

1) = 12 |+1) + |-1))
17 = IN2{ |+1) = |-1)} (4.10)

The degeneracy is lifted by the Coriolis interaction because only the symmetric

combination, |1*), has non zero matrix elements with the K =0 level |0):

O|H,|1*) = (0]-BU,Jj, +J_j)|1*)
= -BN2{{O|L_J |+1) £ (0|7, j, |-1))
= —BN2 {{0|[JUJ +1) G +1)]"*|0) + (O|[J(J +1) (i +1)1"*|0) }
= 2B +D)jG+D]" only for |1*) (4.11)

This has the effect of pushing the |0) and |I*) levels apart whilst leaving the |17)
unperturbed. As a consequence, the |/ 17) states, i.e. the rotational levels associated with
|1* ), appear further apart in energy whilst the |J0) states appear closer together. (This

assumes that K=0 is lower in energy than K =1; the situation is reversed if the ordering
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is inverted). Therefore a small interaction can be modelled by allowing different rotational
and centrifugal distortion constants in each K state; a smaller B for the depressed rotational
levels and a larger value for the elevated levels, with the |J17) levels unaffected and
providing a ‘true’ B value reflecting the equilibrium structure of the complex.

Information on these unperturbed K states is contained within Q branch transitions
associated with monomer transitions involving j levels up to j=1 (in j =2 perturbations can
occur between |17) and |27) states). Only transitions with A/=0 can link symmetric
states (i.e. |0) and |1*)) with antisymmetric states (i.e. |17))". In the case of Ar-SiH,,
no Q branches were resolved, and therefore the Coriolis corrections to the rotational
constants were explicitly calculated in order to give equilibrium centre of mass separations.

The large discrepancy in line spacings in the Ne-SiH, spectrum is rationalised by
this model. Spacings between adjacent lines for transitions between strongly Coriolis
interacting levels would bear little or no relationship to a conventional near-2B spacing
expected from a second order model. Specifically, the strongest band around 2194 cm™
which has very small line spacings is easily accounted for. The two limiting cases are
either transitions from an unperturbed K” level to a Coriolis depressed K level, or
transitions from a Coriolis elevated K” level to an unperturbed K’ level. In either limit,
spacings between R branch lines would be <2B and become smaller as J increased,
whereas spacings between P branch lines would be >2B and become larger as J increased.
The corresponding transitions involving the other Coriolis mixed level would demonstrate
exactly the opposite characteristics: an R branch with large, increasing spacings and a P
branch with small, decreasing spacings. The pattern of spectral lines around the 2194cm™
region in figure 4.4b appeared to manifest exactly this effect.

The symmetry properties of the internal rotor states of SiH, are the subject of the
next section (§ 4.6). It was, however, possible to assign and fit this and one other region
of the spectrum by direct analogy with Ar-SiH, before a detailed analysis of the
intermolecular potential had been undertaken, using this simple Coriolis interaction model.

The symmetry labels given refer to the T point group which is discussed in detail in

¥ P and R branch transitions between antisymmetric levels can occur when ;' =7 =1,i.e. transitions associated with the monomer

o).
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§4.8", and the transitions are labelled according to the silane monomer ro-vibrational
transition upon which the complex rotational levels are built.
Except where stated, ‘Ne-SiH,’ refers to the most abundant isotopomer, *’Ne-SiH,,

and ‘SiH,” will refer always to ®Si'H,.

4.5.1 j=1«0 A « A transitions

The strongest transitions observed in the Ar-SiH, spectrum were found to be the parallel
and perpendicular bands correlating with the silane monomer R(0) transition. The
anisotropy of the potential not only removes the 2j +1-fold K degeneracy of each SiH,
rotational level, causing splittings between states with different values of |K|, but also
splits each rotational level into its symmetry components. In the ground vibrational state
of silane (v,=0), the j=0 level and therefore all the J levels associated with it have A
symmetry. The only allowed transitions from these levels are to v;=1 J levels with the
same symmetry, which are those correlating to j=1 and n=0 (where n is the pure
rotational angular momentum which, when coupled to the vibrational angular momentum
I, gives the total angular momentum j=n+1I[see § 4.6.1]). The upper state therefore
consists of K=0 and %1 states each with associated stacks of rotational levels. Given that
it is the region of strongest complex absorption and the proximity to the monomer R(0)
transition, the bands were assigned to the j=1¢0 A < A transition. This section of the
spectrum with the assignments are reproduced in figure 4.5. Standard symmetric top
notation has been used for the transitions, i.e. **AJ,.(J").

The K=0«0 parallel band is centred at 2193.64cm™ and consists of a very
intense, increasingly closely spaced R branch and a weaker increasingly widely spaced P
branch which rapidly falls off in intensity. The picture is reversed for the K=1¢0
perpendicular band centred at 2194.30cm™, where the R branch diminishes fast with
increasing line spacing, and the P branch bunches up, maintaining its intensity to higher
J. The perpendicular band also incorporates a Q branch (the |17) « |0) AJ =0 transitions)

at the band centre which is not resolved.

f The effect of complexation upon the silane monomer unit is to reduce its symmetry from T, to T.
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It is convenient to set the problem up using a case 2 basis set |JjK), as this most
intuitively models the effect of increasing Coriolis interaction. The rotational Hamiltonian

for the v;=1, j=1 levels is given by (see equation (4.7)):
H, =B -}’ =B{J*-202+]" - (J.j. +] )} (4.12)

The Hamiltonian is diagonal in J and j; the terms arising from B {j2 - 2J,?}, namely
{Bj(j +1)—2BK?*}, can be included in a splitting parameter o. which also incorporates the
effect of the potential and any vibrational terms; o gives the separation of the two band

origins. The energy level expression for the |17) J levels is simply

E|Jr> = Vgaeo * By J(J+1) + @ (+.13)

though since the Q branch was not resolved this was not required, and the energies of the
v,=0, j=0 (K=0) levels are given by the usual BJ(J +1) term.

The Coriolis matrix elements for the terms off diagonal in K are given in equation
(4.11), resulting in a simple 2 X2 matrix, the eigenvalues of which give the energies of the

rotational levels relative to the vibrational origin vg_g_,:

B JU+)  =2B{i(j+1)JJ+D}"

_ (4.14)
-2B{j(i+1)JU+)}* B J(J+1) + a

H

where By_, and By_, refer to the |J0) and |/ 1*) states, and B is the geometric mean of
these two values. The vibrational origin of the K =1« 0 band is given by Vg_,_=Vk-0co
+o.. It is more appropriate to replace the j quantum number by an empirical parameter j*
given that the case 2 basis becomes increasingly invalid as the Coriolis interaction
increases, and j may well no longer remain a good quantum number. The resulting energy

level expression is then given by

E,=vV

K K=0¢0

. (BK=0+ BK=I)](J+1) + O
2 2 (4.15)

£ ‘é“/{ABZJZ(JH)Z + 20ABJ(J+1) + @ + 8B%(j*+1)JJ+D)}

where AB =B,_, —By_,; the positive root applies to the upper |1) level and the negative

root to the lower |0) level of the Coriolis interacting pair. If the rotational constants in
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the two interacting K states are constrained to be equal, then AB =0 and equation (4.15)

reduces to

E, =vVeo o +BIJ+1) + % + ‘/{(XTZ + 2B?j *(I-t+1)J(J+1)} (4.16)

The difficulty in allowing B_; and By_, to float separately is the high degree of correlation
between these constants and the 2B%*(j*+1) term, since both this and AB are functions of
J(J+1). As AB is likely to be very small, the higher order AB*/*(J +1)* term may not
become sufficiently large to effectively distinguish between the Coriolis matrix element
term and the upper vibrational state rotational constants. Two separate fits were therefore
made of the data, initially to one rotational constant in v,=1 (equation (4.16)) and
subsequently to separate values of B for K=0 and K=1 (equation (4.15)). The lines were
fitted to these expressions using a Levenberg-Marquardt non-linear least squares method
[39]. A quadratic centrifugal distortion term, —D J*(J +1)?, constrained to be the same
in both vibrational levels, was also introduced, and this improved the fit to well within
experimental error. The fitted parameters for both fits are given in table 4.1, and the line
positions and residuals are reproduced in appendix II.

As expected, the correlation matrix for fit 2 indicated very high correlation between
the v, =1 rotational constants and the 2B%*(j*+1) term (+0.99 for By_, and —0.99 for B,_)),
although the standard deviation of fit 1 was approximately twice that of fit 2. Had higher
J transitions been recorded the effects of AB and the 2B%*(j*+1) term would have been
better separated. In view if this, the discussion below will refer to the values of fit 1, with
the values from fit 2 in square brackets, except where the two values are significantly
different. In fact, as can be seen from table 4.1, the majority of constants (with the
obvious exceptions of By_, and By_,) are relatively unchanged.

The rotational constant of Ne-SiH, for the A states was found to be =0.016 cm™
smaller than anticipated at 0.08023 cm™ [0.08000 cm™ for fit 2] in the ground vibrational
state. In fit 1, the common v; =1 B value was found to be 0.08063 cm™, whilst in fit 2 the
B values showed considerable K dependence, with By, =0.08269cm™ and By_,=
0.07817cm™. Since the interaction between the |0) and |17) states in j'=1 is the
dominant Coriolis interaction in either vibrational level, these rotational constants can be

thought of as ‘true’ in the sense that they are separated from the effect of Coriolis
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In this limit the vibrational ground state centre of mass separation R”=4.132A
[4.138 A for fit 2]. Both fits indicate a smaller centre of mass separation between neon
and silane in at least one of the v,=1 K states; for fit 1, the tied K=0 and K=1 B value
gives R"=4.122 A, a 0.25 % shortening. A much more extreme situation is modelled by
fit 2; R'=4.186A in the K=0 state, an increase of 1.3 %, whereas in the K=1 state
R’=4.070 A. This indicates a counter intuitive closer approach between neon and silane
in the K'=1 state of v;=1 with a 1.6 % shortening of the centre of mass separation. Since
the j=1, K=0,%t1 A states are the lowest lying A states in v,=1 (j=0 gives rise to a T
state), there is no possibility of the K=1 rotational constant being elevated by weak
Coriolis interactions from states below to give an artificially small value of R’; the j=1
or 2 A states could only have the opposite effect and depress the value of B’, giving an
artificially large value of R”. It is possible that such an effect in the ground vibrational
state results in too small a value of B’ and therefore too large a value of R’. For a fuller
discussion of this topic refer to § 4.11.1.

The main interest, however, of these results is that the centre of mass separation
is larger in Ne-SiH, than in Ar-SiH, (the ‘corrected’ value for Ar-SiH, is 4.063 A in the
ground vibrational A state). With its larger Van der Waals radius, the argon complex
would superficially be expected to have a larger R value. However, because Ar-SiH, is
a more rigid structure, the argon atom is able to approach within the Van der Waals radius
of SiH, (as has already been alluded to) by preferentially occupying a site on one of the
faces of the SiH, tetrahedron and avoiding the protruding hydrogen electron density. The
much freer rotation of the SiH, in Ne-SiH,, however, precludes such a cosy potential
minimum, and the neon is forced to occupy a more distant position; it experiences a much
more spherically averaged Van der Waals radius than the argon.

The discrepancy in fit 2 between the B’ values for K=0 and K=1 may be due to
the differing symmetries of the states. K =0 has j oriented perpendicular to the complex
Z axis (the intermolecular axis) and thus has cylindrical symmetry about j. This is
analogous to the spherical symmetry of the j=0 A state in v, =0; the potential experienced
by the neon is therefore isotropic provided R is constant. K=1 has j oriented at an angle to
the intermolecular axis, removing the cylindrical symmetry (and therefore the angular
isotropy of the potential) and perhaps resulting in a potential minimum over a face of the

SiH, tetrahedron, allowing the neon to approach more closely.
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The splitting, o.=0.656 cm™ [0.657 cm™ for fit 2], is considerably smaller than the
value of 2.78 cm™ in Ar-SiH,, reflecting the much lower anisotropy in the neon complex.
As the anisotropy of such a system tends to zero, so too does o, and the two band origins
tend towards the same value, an effective band origin, which itself tends to that of the pure
monomer R(0) transition. An approximate value for this band origin, v,¢, can be calculated
by taking the weighted average of the two band origins (there are twice as many J levels
in K'=1 as there are in K=0). This assumes the effects of the potential are approximately
equal in both vibrational states. This yields a value of 2194.079 cm™, with the SiH, R(0)
transition appearing at a frequency of ~2194.75cm™ [40]). The shift in the band
origin, AV=V,;— Vg =—0.67cm™, compares with a value for Ar-SiH, of —3.07cm™,
indicating considerably smaller anisotropic behaviour of Ne-SiH, relative to its argon
analogue.

The Al=0 selection rule in the case 1 limit also explains the intensity effects
observed within the bands. Reference to figure 4.3 reveals the correlation between case
1 and case 2 coupling for a j=1¢0 transition. For K=0«0 transitions, the °R,
transitions correlate to A/=0 in the free rotor limit and are allowed in this limit, whereas
the 2P, transitions (with the exception of 2P,(1)) correlate to Al=—2. As J increases, the
off diagonal Coriolis matrix elements become larger, and the Ne-SiH, system becomes
closer to the case 1 limit. Therefore the intensities of the lines reflect the case 1 selection
rule, and the 2P, lines become forbidden and rapidly die away whereas the allowed 2R,
transitions maintain their intensity to much higher J. The reverse situation operates for the
K =10 band; the P, transitions are allowed in the free rotor limit, whilst the *R,
transitions are forbidden, and it is the *P, band which maintains its intensity at higher J.
The *Q, transitions are similarly allowed, having A/=0 and would therefore be expected
to show a lesser intensity reduction effect at high J; however, this cannot be verified as
the Q branch was not resolved.

The mechanism underlying this effect is the constructive and destructive
interference of the transition dipole moment matrix elements between mixed states.
Appendix III gives the relevant expressions for the expectation values of the transition
dipole moment operators for the K=0+«0 P and R branches and the K=1«0 P, R and
Q branches. Figure 4.6 shows a calculated spectrum at T,,=0.5K, based on the

parameters from fit 1, with the measured spectrum for comparison. The intensity effect
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described above is convincingly reproduced, and the good overall agreement of the line
intensities indicates that the rotational temperature in the jet is close to 0.5K. An

unexpected isotope effect in the jet enabled a more precise determination of T, and this

rots
is described in the following section (§4.5.2). The relative intensity of the “R, transitions
appears high in the measured spectrum, but this is likely to be due to the variation in
power across the different laser modes used to cover the region. Normalisation of diode
laser spectra, even within a single mode, is notoriously difficult.

This intensity loss effect at higher J for case 1 forbidden transitions is of course
in addition to the normal effects due to Boltzmann populations in the cold environment of
the jet and the Honl-London factors for each AJ of —1, 0 and +1. In the limit of
completely unhindered rotation of SiH, within the complex, the allowed R,, *Q, and *P,
lines would coalesce at the band origin v, where each Al=0 transition would appear; the
band origin itself would closely coincide with the SiH, R(0) transition. The J components
of the levels would result in a small splitting of the lines, which would also gradually
move away from the band origin at high / because of the different rotational constants in
the upper and lower vibrational states.

The goodness of the j quantum number can be tested by evaluating the empirical
parameter j* from V2B’j*(j*+1), which gives j*=0.53. This is indicative of the mixing of
j=1 with higher states by the potential (see § 4.9 and equations (4.50)and (4.51)). The true
‘j=1" state of the complex is a linear combination of j states |[j=1) + A|[j=2) + ..., and
the value of j* derived from the Coriolis expression is an average reflecting contributions
from higher states (with negative coefficients giving j* <1). This illustrates well a coupling
case which does not fall neatly into any of the cases outlined in §4.2; the K quantum
number has lost its meaning as the rotation of the SiH, becomes decoupled from the
intermolecular axis of the complex at high J, but so has j, which under normal
circumstances is a good quantum number in case 1. This effect is due to the off diagonal
V, term in the potential which mixes different j states; the form of the intermolecular
potential is described in § 4.8 and further discussion is left until then.

The centrifugal distortion constant D, is between one and two orders of magnitude
larger for Ne-SiH, than for Ar-SiH,, indicating a considerably weaker intermolecular bond.
The vibrational stretching frequency of the Van der Waals bond can be calculated from the

relation D, =4B>/V} (see footnote p. 82), yielding a value of 13.2¢m™ for fit 1 and
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16.6cm™ for fit 2; this compares with a value of 27.9cm™ for Ar-SiH,. The relative bond
strengths are further illustrated by calculating the stretching force constant for each
complex (via k,=4mn*c*v,*u); for Ne-SiH,, k,=0.126 Nm™ [0.202 Nm™ for fit 2], and for
Ar-SiH, k,=0.791 Nm™.

No information on the |17) state was obtained, other than that its B value is very
close to that of the v;=0 |0) since no Q branch structure was resolved. The perceptible
shoulder to higher frequency indicates a slightly larger rotational constant in the upper
vibrational state, and there is no reason to believe it is any different from the B of
0.08269cm™ in the |1*) state in fit 2; indeed, this value convincingly reproduces the
observed Q branch lineshape. However, it is possible that weak Coriolis interactions with
other antisymmetric A states could result in a slightly different rotational constant for the

|17) and |1") states.

4.5.2 Ne-SiH, transitions and isotope enrichment

Careful examination of figure 4.5 reveals a number of lines lying close to assigned
Ne-SiH, transitions but with approximately one sixth the intensity. Neon occurs naturally
in three isotopic forms: *Ne, ?!Ne and *Ne with isotopic abundances of 90.48 %, 0.27 %
and 9.25 % respectively [41]. It may therefore be expected that for the stronger
transitions, such as the R(0) A < A bands analysed in the previous section, spectra due not
only to ®Ne-SiH,, the most abundant species present in the jet, but also to *Ne-SiH,
should be observed.

In total 12 lines were assigned and fitted as belonging to the **Ne-SiH, j=1«0
A « A bands, illustrated in figure 4.7. The K =00 lines were the most intense, with 7
R, lines and 2 °P, transitions observed. Only 3 kR, lines were sufficiently intense to be
added to the fit from the K =1+«0 band, and therefore the v;=1 j=1 rotational constants
were tied together as for fit 1 in §4.5.1 (i.e. B’y =B’.,). The results of the fit are given
in table 4.2; line positions and residuals are listed in appendix II

The *Ne-SiH, B values determined in fit 1 can be used to calculate anticipated
2Ne-SiH, rotational constants and the Coriolis term, giving B”=0.07574cm™,
B’ =0.07611 cm™ and V2B{j(j +1)}'#=0.00949 cm™'. The fitted parameters are reasonably

close to these values, although the poorer data set used, with far fewer transitions,
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The effect can be considered quantitatively as follows. The equilibrium for the

collisional interconversion of *Ne-SiH, and *Ne-SiH, is written
Ne + *Ne-SiH, = *Ne-SiH, + *Ne (4.18)

and the equilibrium constant for this process is defined as

20 2N _Q:
K - [ “Ne][ “Ne-SiH, ] (4.19)
[ ®Ne-SiH,][ *Ne]

where the square brackets denote concentrations. This can be rewritten in terms of the

statistical mechanical partition functions g of the components thus

K = { q”Neque—SiI*L }e AD /KT

q"’Ne—SiI-L G, (420)

where AD, is the difference in the binding energies D (*’Ne-SiH,) — D,(**Ne-SiH,), k is the
Boltzmann constant and 7 is the temperature. Equations (4.19) and (4.20) can be

combined to give

[ *Ne-SiH, ] ) [ *Ne] { Gone D2Ne-sin, }e AD /KT

[*Ne-SiH,]  [*Ne] (4.21)

q”Ne—SiH . que

The molecular partition function q is the product of the contributions from each degree of
freedom g = Gane X Gror X Quib X Geree- D1NCE the transitions in question arise from specific, well-
defined ro-vibrational states of the ground electronic state of the Van der Waals molecule, the

only significant contribution will be from g,,,,, which is given by

- L3 A= h
A [2nmkT

where V is the volume, 4 is Planck’s constant and m is the mass of the atom or molecule’.

i T (4.22)

Equation (4.21) can then be reduced to

T There will in addition be a small contribution from the rotational energy of the states. The intensity ratio has been calculated

taking transitions from J < 2; there is no underlying change in intensity ratio with increasing J, indicating that the effect of the rotational
energy is negligible.
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[ ®Ne-SiH,] _ [*Ne] [ Man."Monesin, |37 _sp it
= e (4.23)

[®Ne-SiH,]  [*Ne]

M one-sim, " 2ne

where the ratio [**Ne]/[*’Ne]is simply the ratio of the natural abundances of the isotopes (since
[Ne] >[Ne-SiH,]). AD, can be calculated by scaling the vibrational frequency of the Van
der Waals bond of *Ne-SiH,:

7o
2Ne-SiH,) = vy ( ®Ne-SiH,)x ‘/{ﬂ}

H #Ne-SiH,

VVdW ( Vdw (

(4.24)

where u is the reduced mass of the isotopomer. The mean of the values for vy 4, obtained
from fits 1 and 2 is 14.9¢cm™, giving a value of 14.5 cm™ for the Van der Waals stretching
frequency of *Ne-SiH,. The value of AD, is then given by half the difference between
these values, i.e. AD,=0.20cm™. The temperature of the jet can then be calculated from
equation (4.23) based upon the observed intensity ratio (and therefore population ratio) of
the *Ne-SiH, and *’Ne-SiH, lines. This yields a value of T, =0.57K, which is
thoroughly consistent with neon expansions, and close the result obtained previously for

T,

rot

" by simply optimising the temperature at which the intensities were calculated in order
to reproduce the observed intensities most closely (see figure 4.6).

The significance of this effect should not be underestimated, although its
consequences are limited in scope. A supersonic expansion is typically described as a non-
equilibrium method for the formation of Van der Waals complexes, depending upon kinetic
factors to generate high concentrations of the species in the jet. This contrasts with static
cell methods which depend upon true thermodynamic equilibria at low temperatures
between the Van der Waals complexes and their constituent free monomer units. This
result demonstrates a quasi-equilibration within a kinetic process, resulting in preferential
conversion of ®Ne-SiH, to *Ne-SiH, in the region of the jet where collisions are still
occurring and facile isotopic exchange is possible. This thermodynamic selection is then
frozen into the jet at the point of free molecular flow, where no further collisions occur.

There is currently much interest in the nuclear industry in the use of supersonic jets

f Sufficiently downstream in a supersonic jet (i.e. once free molecular flow is achieved) T, =T,
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in conjunction with infrared lasers as a powerful uranium isotope separation technique’

[42, 43]. Uranium, as UF,, is expanded through a nozzle and infrared photons are
used to selectively excite and dissociate one *°U-F bond; the resulting **UF; then
aggregates and precipitates as a fine white solid. Although a different effect, it is
interesting to see what has hitherto been a very powerful analytical tool being developed
as a commercially important means of isotope purification. The efficiency of the process

gives it considerable economic advantage over conventional gas centrifuging.

453 j=0 < 1T « T transitions

The success with which the R(0) A « A transitions had been assigned and fitted with only
an intuitive feel for the effects of the intermolecular potential encouraged a search for the
Ne-SiH, transitions correlating with the silane P(1). The ground vibrational state j=1 (T
symmetry) level was predicted to be analogous to the upper v, =1 state j=1 (A symmetry)
in §4.5.1; if the splitting of the K=0 and K== 1 states by the potential in the ground state
is of a similar magnitude to that in the v;=1 j=1, then strong Coriolis interaction would
be expected, with all the accompanying effects described above, notably expanding and
contracting P and R branches and intensities at high J dependent on the case 1 Al=0
selection rule.

The pattern would be reversed relative to the R(0) bands in that transitions from
the lowest lying j=1 level, K =0, would appear to high frequency of the band origin and
transitions from the upper levels (P and R branches from K=1" and a Q branch from
K=17) to lower frequency. A difference in intensities between K=0«0and K =0 « 1
would also be expected due to the split nature of the ground vibrational state; the
population of the |JK) states for a given J will be larger for K =0 than for K=1.

The region around the SiH, P(1) line was carefully studied, and the K =0 « 0 band
was identified, centred at 2185.0cm™. However, the K =0 <1 band proved far more
elusive; its very weak intensity (not least because of the disadvantageous Boltzmann factor)
and the poor quality of the laser modes available in this region required repeated scans to

be made of the region to confirm the presence of very weak features. The K =0 « |

t Molecular laser isotope separation (MLIS).
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transitions were eventually pinpointed by the method of combination differences; the
difference in frequency R(J) — P(J) for a given J must be the same for both K=0 <0 and
K =0+« 1 bands since the upper state is common to each. The assignments and energy
level diagram are shown in figure 4.8.

Exactly the same Hamiltonian was used to describe the Coriolis interacting states,
except in the ground vibrational state rather than v,=1; the splitting is given by B. The
high J intensity loss is particularly severe in the P, branch, which dies away so rapidly
that only two transitions are observable. However, there is one advantage which this band
has over the R(0) A < A, inthatthe”Q, branchisresolved. This has theimportantconsequence
of de-correlating By_, (and also therefore AB) from the Coriolis matrix element term
\ffB’j'(i'H), giving separate, well-determined rotational constants for K=0 and K=1 in
v;=0, j=1 deriving from equation (4.15).

The rotational constants in the |17) and |1*) states were tied as B”;_;, and the
j”=1and j’=0 |0) states were fitted to B”x_, and B’ respectively. The line positions and
residuals are listed in full in appendix II, and the fitted parameters are reproduced in table
4.3. It is significant that even with reduced correlation between the ground vibrational
state rotational constants and V2B’j*(j*+1), B¢_, <Bg.,. The Coriolis and splitting terms are
very similar to those of the ‘R(0)’ band in table 4.1.

The B values correspond to centre of mass separations of 4.133 A and 4.112A in
the v,=0, K=0 and 1 states respectively (B”x,=0.08017cm™, B”._, =0.08101 cm™), and
4.142 A in the v,=1, K =0states (B'y.,=0.07983 cm™)". In common with fit 2 of the R(0)
bands, the centre of mass separation for K=1 is smaller than for K=0 (although the
difference is much less extreme), and for both P(1) transitions there is an increase in the
value of R for v, =1 relative to v, = 0. The converse was found to be the case in Ar-SiH,,
with a larger rotational constant for K=0 than for K=1 in the j=1, v;=0 T state
(0.0580 cm™ and 0.0576 cm™ respectively), and therefore a smaller R in K=0 of 4.044 A
compared to 4.058 A for K=1; but in accordance with Ar-SiH,, Ne-SiH, has a larger
centre of mass separation in the v;=0 j=0 A state than the j=1 T states, despite the A

state having lower energy. However, since this state correlates with the spherically

f As with the A states involved in the R(0) bands, these are the lowest lying T states and therefore the fitted rotational constants

are ‘maximum’ values; it is likely that weaker Coriolis interactions with higher energy T states will cause a slight depression in the
rotational constants. The reader is referred to § 4.11.1 for a more detailed discussion.
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1 <0 transitions should show a doublet structure. The strong lines in the region of the
spectrum around 2201.0 cm™ appeared to display a gradually increasing spacing in
accordance with this prediction.

Transitions from the v, =0, j=1 T states to the relevant T state associated with j=2
in v;=1" must give combination differences appropriate to the K states from which the
transition originates. It was thus possible to tentatively assign lines in this region by
identifying combination differences and assuming that the ordering of the j=2 K states was
Ey.,>E;_,>E_, The resulting assignment was then fitted to a Coriolis interaction model
as described above. The matrix elements for the interaction of the symmetric K states are

given in the 3 x 3 Hamiltonian below:

H - (4.25)
[ BLIUD VBl oBLaiG+ DI D) 0

2BloBLGIUD} BT v e (BBl -2]bun-2])
\ 0 BBl 2w+ -2) BloJUs) v,

The subscripts on the rotational constants indicate the K state to which they belong, €, is
the splitting term between the K=0 and K =1 levels and &, the splitting between K =0 and
K =2. The interaction of the antisymmetric K states |17) and |27) is modelled by a 2x2

Hamiltonian analogous to equation (4.14):

B + ¢, ~JBiBiLiG+D -2l ) -2)
H = (4.26)

~{BéBialiGn-2pu+n-2) Bea * &,

Centrifugal distortion constants were also added to these expressions, constrained to be the
same within each j level.

However, despite apparently feasible assignments which reproduced combination
differences within experimental error, the line positions could not be fitted to these
expressions. In particular, the line spacings of the R branch starting at 2202.5cm™

indicated transitions to a virtually unperturbed (approximately constant B value) upper state

T There are in fact five J =2 states of T symmetry- see table 4.7.
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(from K=0 in the v,=0, j=1 level). Two questions arose: first, was the assumed order
of the K states, E,_, > E,_, > Ex_,, necessarily correct given the effects of the intermolecular
potential; and second, is there a possibility that neighbouring states of apparently the same
symmetry do not Coriolis interact?

In order to proceed with the analysis and interpretation of the spectrum an

understanding of the intermolecular potential is required, and this is addressed in the

following sections.

4.6 Spherical tops

This section considers the properties of spherical tops, and tetrahedral molecules in
particular. The interpretation of the remaining bands in the spectrum of Ne-SiH, must be
built on these principles, which have already been used successfully in the elucidation of
Ar-SiH, [25]. It is assumed that the Hamiltonian for the silane monomer, H_ , is

unaltered on complexation, and therefore the same symmetry considerations will apply to

transitions between energy levels of the complex.

4.6.1 Symmetry properties of tetrahedral molecules

A tetrahedral molecule such as SiH, belongs to the T, point group; its character table is
shown in table 4.5 [44]. SiH, possesses (3N —6)=9 vibrational degrees of freedom,

which transform according to the irreducible representation
=4, +E+2T, (4.27)

The associated transitions are conventionally labelled v,(A)), V,(E), V,5(T3) and v,(T,). The
electric dipole selection rule allows only the vibrations of T, symmetry (i.e. v, and v,) to
be infrared active (since the components of u, the electric dipole moment operator, span
the T, irreducible representation, and therefore give rise to the totally symmetric
representation A, in the direct product I' ,®I',®T" ). The v, and v, bands can however

be weakly observed through Coriolis interactions with the nearby triply degenerate levels
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distortion is to mix levels of the same j but differing n, each value of n has the same

symmetry label.

4.6.2 An effective Hamiltonian for tetrahedral molecules

An effective Hamiltonian allows the total Hamiltonian for the molecule to be approx-
imated for the specific vibronic level in question, giving a numerically simpler problem.
Although the constants used in an effective Hamiltonian are less physically meaningful
than those of the total Hamiltonian, provided enough terms are included in it the
eigenvalues obtained should be identical to those of the total Hamiltonian. Whilst many
formalisms exist for the effective Hamiltonians of tetrahedral molecules [48, 49,
50, 51, 52, 53] the most appropriate here is that of Robiette et al. [51] since
many of the terms introduced are similar to those of a symmetric top.

Operators in the effective Hamiltonian are constructed from rotational operators fa,
vibrational operators §,, and their conjugate momenta p,,, where o =x, Yy, z. J,, are the

usual dimensionless angular momentum operators referred to the molecular fixed axes, i.e.

A
.

Jr=j2+ fyz +/. is the total angular momentum operator with eigenvalue j(j+1). g, and

P, are also dimensionless operators, defined in terms of the normal coordinates O, by
Q3 = (2Tc0/7) Qs (4.31)
Do = —i9/0q,, (4.32)

The effective (transformed) Hamiltonian is expressed as the sum of terms H,,, indicating
m powers of vibrational operators and n powers of rotational operators [54] (the terms
in the untransformed Hamiltonian are written H,,). All the operators required for the
analysis of a fundamental band have the form H, and H,. Contributions from higher
terms such as H,, cannot be separated from those of H,, and H,, without a study of
overtone bands. The symmetry properties of these terms are obtained by taking the direct
products of the symmetry labels of the rotational operators (which transform as the
rotational operators (R,,R,,R,) i.e. T,) and the vibrational operators (which transform as
(x,y,2) 1.e. T)).

The symmetries of the j,” terms are given by the symmetrised direct products [7,"]

since the antisymmetric products can always be reduced to terms with a lower power of
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Jj by commutation relations’. A further distinction is that j," terms with n odd change sign
upon time reversal whereas those with n even do not. This is important in constructing
the effective Hamiltonian since the terms comprising it must overall be totally symmetric

and invariant to time reversal. The symmetrised direct products are given below up to
n=4 [44]:

[T = A +E+T,
[T’] = A, +2T,+T,
[T\ = 2A,+2E+T,+2T, (4.33)

Quadratic combinations of the vibrational operators which have non-zero matrix elements

in the first excited vibrational state (v,=1) give rise to two distinct direct products:
T,8T, = A +E+{T} +T, (4.34)

A, and E are spanned by three terms of the type %(q,, +Ps,”) (0=x,y,2) and T, by terms
of the type Y4(dsodsp + Prodsp) (0, B=x,y or y,z or z,x). The T, antisymmetric direct
product is spanned by three terms of the type (G;uPsp —Dsasp) Ei” (o, B,Yy=x,y, z and cyclic
permutations). These are the dimensionless vibrational angular momentum operators; these
change sign on time reversal whereas the symmetric combinations do not.

The terms which can have non-zero coefficients in the effective Hamiltonian can
be determined by group theory. Combinations of powers of vibration and rotation
operators must be chosen to give a resulting term H__ which is overall totally symmetric
(i.e. transforms as A,) and invariant to time reversal.

Terms independent of vibration are given by H,. Terms with n odd are ruled out
by the time reversal criterion, and the number of terms for each even value of n is given
by the number of times A, appears in the n th direct product. Thus H,, contains one term
and H,, two terms, and so on.

For the vibrationally dependent terms (v;=1), odd values of n are permitted
provided they are combined with the antisymmetric vibrational combinations T to give an
overall term invariant to time reversal. The number of these terms is therefore the number

of times the T, representation appears in the appropriate symmetrised direct product, since

T The symmetry species of j,2 are given by T,®T,=A,+E+ {T,} +T,; the antisymmetric combinations transforming as T, are

(ija -j'ﬂf(,_) which reduce simply to -ifT
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T, ®T, contains A, once (see equation (4.33)). Thus there is one H,, term and there are
two H,, terms. Even values of 7 give one term each time A,, E, or T, occurs in the direct
product, since, for example, a vibrational operator with E symmetry can be combined with
a rotational operator of £ symmetry to give a totally symmetric product. So there are three
H,, terms and six H,, terms. These terms all have zero expectation value in the ground
(v;=0) vibrational state.

The procedure of Hecht [48] is used to construct the actual form of these terms in
the effective Hamiltonian. The vibrational and rotational operators required for each term
are constructed as tensor operators formed from the components of the angular momentum

operators, and these are then coupled using the usual angular momentum coupling formula:

T (V5R™ =X T, (V)T (RXk kym,m, |km) (4.35)

where T,* is the mth component of a tensor of rank k constructed from vibrational (V) or
rotational (R) operators. Finally, a totally symmetric operator is obtained by taking the
appropriate linear combinations of the same rank tensor with different components. These
terms are analogous to the rotational wave functions of the ground vibrational state that

have A, symmetry, with the first three being given by
T°A) = T,
TYA) = YI0T, +5T + 5T,
T%A) = NI4T +7T,° +7T.° (4.36)

In the vibrational ground state (H,, terms), only rotational operators need be considered.

The appropriate rotational tensor operators are [55]
To'(R) = £ju/\2
TOI(R) = _jz (437)

where j, =], * iij. Rotational tensor operators of rank greater than 1 are built up by

repeated application of the angular momentum coupling formula (4.35) from the first-rank

T Note the anomalous commutation relations of the components of total angular momentum when applied to the molecular fixed

axes.
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tensor’. Applying equation (4.36) to generate totally symmetric operators gives the

following result for the first two terms in the vibrational ground state:

H, = bj* (4.38)

A, = -d ] 4—d,{%(35f:+5(5—6f N3G -657) - %(ff + 0 )} (4.39)

The two possible terms H,, are the centrifugal distortion terms; the term d, corresponds to
the centrifugal distortion constants d;, and d, of a symmetric top (where lower case letters
have been used to preserve the established convention with regard to the monomer
molecule). The term associated with d; acts like a centrifugal distortion constant in a
symmetric top molecule, shifting the energy levels but causing no splittings. The second
part of the H,, term in equation (4.39) lifts the (2j+1) fold k degeneracy of a rotational
level and splits it into all the levels of different symmetry given in table 4.6. The effect
is small for the lower rotational levels of silane, with the coefficients taking the values d;
=3.69%x 10 cm™ and d,=2.493x10°cm™. j=2 is the lowest level that can be split, with
the E levels lying 1.5x 10*cm™ below the T levels.

The v, =1 state is more complicated since it involves the coupling of vibrational
and rotational terms, but the procedure is essentially the same. The Coriolis term, with
coefficient —2b¢, corresponds to the term H,, of the effective Hamiltonian, and a level of
a given value of j is split into the three Coriolis sub-levels characterised by the value of
n, which are then further split according to table 4.7. This splitting is larger for the E and
T levels of n=2 (=0.01 cm™, depending on the value of j) than in the ground vibrational

state, and is reversed for levels with j=2.

T For example the operators required for H,, T, and T, * are given by

T, R = j'/4,
TAHR) = (355, + 55-6)) + 3(7)? - 67)/2N70 (4.39a)
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4.7 The Hamiltonian for an atom-tetrahedral molecule

complex

In constructing a suitable Hamiltonian for an atom-spherical top system, it is convenient
to choose a coordinate system and form of the Hamiltonian which reflects its composition;
the weakly bonded nature of Van der Waals complexes means that the constituent
monomers retain their identity in the complex. Three distinct axis systems are required.
The position of the rare gas atom and the tetrahedral molecule must be specified with
respect to the laboratory fixed space axes, and this is achieved by describing the
orientation of two sets of axis systems with respect to the laboratory space fixed axes. The
orientation of the pseudodiatom axis’ with respect to the laboratory fixed Z axis is
described by the polar coordinates 8 and ¢. The eigenfunctions of the end over end
rotation of the complex are expressed in terms of these two angles. It is further necessary
to distinguish between the body fixed axis system, which has the intermolecular axis as its
Z axis, and the molecular fixed" axis system. This distinction arises because the
tetrahedral molecule can rotate independently of the body fixed system, and the three Euler
angles (o,B,Y) give the orientation of the molecular fixed axis system with respect to the
body fixed axes. The z direction of the molecular fixed axis system is initially chosen to
coincide with one of the S, axes of the tetrahedral molecule. The vector from the centre
of mass of the molecule to the atom is denoted R, and has magnitude R.

The Hamiltonian appropriate to a case 2 coupling scheme has been given in

equation (4.4) and is reproduced below:

A—’.\ 2
H = h""{(JJ)Z_ d

214 R 2 aR 2} M Hmon + V(R,(X,, B,Y) (440)

The rotational and stretching motions of the complex are described by the first two terms,

H

mon

is the Hamiltonian for the tetrahedral molecule (see previous section) and V the

intermolecular potential. The body fixed axes rotate with the complex, and the molecular

T The pseudodiatom axis of a complex is the vector between the centres of mass of the constituent monomer units, in this case

the neon atom and the silane molecule.

T The molecular fixed axis system can also be described as the (silane) monomer fixed axis system; the former was used in
Ref. 25 and this convention is unchanged in the present work.
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fixed axis system rotates with the tetrahedral molecule, independently of the body fixed
system and is specified by (o,B,y) with respect to the body fixed axes. In such a
coordinate system the intermolecular potential is just a function of the Euler angles (o,[3,Y)
and the separation R'. The projection of j, the angular momentum of the tetrahedral
molecule, along the molecular fixed z axis is k, and the projection along the body fixed
Z axis is m, which is identical to K, the projection of the total angular momentum of the
complex, J, along this axis. K will be used in preference to m when referring to the
energy levels of the perturbed tetrahedral complex.

The approximations required to be made have already been discussed in some detail
(8§4.5). Briefly, these are as follows. The first approximation is that the tetrahedral
molecule does not change upon complexation; its Hamiltonian is exactly the same within
the complex as for the free molecule, with the addition of the Bj(j+1) term which derives
from the expansion of the (J- f )* term in equation (4.7) and is due to the rotation of the
complex.

The second approximation is to separate the end over end rotation of the complex
from its internal motions, such as the rotational motion of the SiH, monomer unit, and
assume that the rotational levels are built upon the perturbed tetrahedral molecule energy
levels as if they were separate vibrational bands. It is intuitively easier to make this
separation than to deal with everything at once. In equation (4.7) the (f- f )* term from
the Hamiltonian has been expanded. The J / term could equally be written as the SiH, fz2

operator, giving
(J=JY = PP =27+ - J, +Tj) (4.41)

In making the Born-Oppenheimer separation, the terms involving overall complex rotation-
al operators (i.e. J terms) are arbitrarily assigned to the rotational part, leaving the = 2/
terms arising from hindered internal rotation of the SiH, which are treated as a vibrational
contribution to the total Hamiltonian. As has been seen in §4.5, this separation is not
entirely adequate, since the Coriolis terms which would otherwise be neglected in this

approximation had to be evaluated explicitly in the rotational part of the Hamiltonian.

f This formalism differs from that used in scattering studies of rare gas atom-tetrahedral molecule collisions where o, B. and

y. define the orientation of the molecular fixed axes of the tetrahedral molecule with respect to the laboratory space fixed Z axis rather
than the body fixed Z axis. The body fixed projection of j is not quantised along the complex axis but along the laboratory fixed Z axis.
The potential is then a function of all five angles o' 'Y 6¢.
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A fairly simple effective Hamiltonian is sufficient to represent the energy levels of
the tetrahedral molecule in the complex because the intermolecular potential, which is of

a similar form, dominates, producing corresponding effects but of much greater size.

4.8 The intermolecular potential

Upon complexation with a rare gas atom such as neon, much of the tetrahedral symmetry
of the SiH, is preserved. All dynamically feasible permutations of SiH, within the
complex which leave it (apparently) unchanged must leave the properties of the complex
invariant’. These allowed permutations correspond to the pure rotations belonging to the
T, point group and the molecular symmetry group is therefore isomorphic with the T point
group, which consists of just the pure rotations belonging to T,. Its character table is given
in table 4.8 [44]. Therefore, the overall Hamiltonian for the complex must transform as
the totally symmetric representation A, of the symmetry group isomorphic with the T, point
group, whereas the Hamiltonian for the SiH, monomer and the potential function V must
transform as the totally symmetric representation A of the rotational subgroup 7. The
overall state thus has a higher symmetry than the individual states composing it, contrary
to what may be expected. This distinction has been the source of much confusion in the
literature. The potential can be expanded as a series of suitable angular functions; the
most convenient are the rotation matrices D (opy). The potential must have cylindrical

symmetry about the pseudodiatom axis R (since the neon has no structure), therefore the

f In the case of both the isolated SiH, molecule and its complex with a rare gas atom, we are considering the symmetry

consequences of permuting identical hydrogen atoms. This molecular symmetry group is isomorphic with the T, molecular point group,
although there is an important difference in some of the symmetry operations. A molecule is restricted to feasible permutations, i.e.
those which can occur on the experimental timescale, which generally prohibits those permutations which require overcoming (tunnelling
through) a large energy barrier. Of the operations of the T, point group, the rotations (C, and C,) are feasible, whereas the rotation-
reflection (S,) and reflection (G,) are, in fact, not since they convert between ‘left handed’ and ‘right handed’ forms of the tetrahedral
molecule and therefore must overcome a large energy barrier. However, combining these non-feasible permutations with the space
inversion operation E; (which transforms X, y,z to -x, -y, -z, and is also a symmetry operator of the Hamiltonian) results in feasible
permutations which have the same characters as the non-feasible permutations. This permutation group of 24 feasible permutations
(those which do not interconvert left and right handed forms of the molecule) is therefore isomorphic with the T, point group (which
contains 12 feasible (E, 8C, and 3C,) and 12 non-feasible (6S, and 60,) operations). In considering the complex, therefore, the
permutation group relating to feasible permutations of SiH, within the complex is isomorphic with T, because only the *rotations’ C,
and C, do not affect the position of the neon atom; use of E, clearly does and so the ‘inverted S,’ and ‘inverted G’ are not applicable.
However, in considering the end-over-end rotation of the complex, we retumn to using the T, point group, with A and T rotational levels
being labelled with subscript 1 or 2 according to parity of the individual J level, and E and E levels reverting to E symmetry. For a
detailed discussion of permutation vs. point groups see ‘Molecular Symmetry and Spectroscopy’ by Philip R. Bunker.
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interaction potential can be separated into radial and angular parts (denoted V and T

respectively), and expanded in terms of symmetry-adapted rotation operators thus [14]:
VRoBY) = V,R) + V,RT,©@By) + V,RIT(afy) (4.42)

where V/(R) are purely radial functions and T (of}y) are linear combinations of rotation
matrices transforming as the totally symmetric A representation of the T point group.
Higher order terms are not included as their effect on the energy levels of the complex will
be much smaller than that of the first two. This expression applies to the vibrational
ground state, since when v, =0 there is no contribution from vibrational anisotropy, and
so the angular form of the rotational anisotropic part of the potential is just a function of
the two Euler angles 3 and y. Since o defines a rotation about the Z axis, which is the
intermolecular axis of the complex, it has no effect on the potential, as stated earlier. T,
and T, have been calculated by Phillips and Secrest [56] in the scattering formalism
where the coordinate system is defined differently; Randall et al. [25] have shown that

these terms can be rewritten for our coordinate system thus:

T,(aBy) = i{Da (aBy) - Dos(oBy)} (443)
T, (aBy) = V5Dt (aBy) + V14 Ded*(ofy) + V5 Dy*3(aBy) (4.44)

The inconvenience of the imaginary matrix elements generated by T is easily removed by
rotating the molecular axis coordinate system so that 7y is reduced by 45°, so that at y=0
one of the hydrogen atoms of SiH, is at (\/5,0, 1) rather than (1, 1,1). This is achieved by
multiplying each term in the potential by a factor of exp(-iAn/4), where A is the second

subscript on each rotation matrix in the potential. The terms in the potential then become

T,(aBy) = Dy (@BY) + Dy o(0fy) (4.45)
T, (apy) = —V5Dg*(0By) + V14 Dgi*(afy) — V5 D i (apy) (4.46)

The transformation of the molecule fixed axis system (x, y, z) onto the body fixed axis
system (X, Y, Z) via the Euler angles (o, B, 7) for this orientation of the SiH, molecule is
shown in figure 4.10.

These terms give the rotational anisotropy in both the ground and first excited

vibrational states. The vibrational anisotropy in v,=1 lifts the three-fold degeneracy of this
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state, as explained earlier. Defining the vibrational coordinate as the vector O, the
vibration can be written as either (Qy, Oy, Q,) or (Q, 0, ®), where © and ® are the polar
angles defining the orientation of @ with respect to the body fixed Z axis of the complex.
The functional form of the interaction can be deduced by considering how the magnitude
of the vibrational anisotropy depends upon the angle ®. With the neon atom on the Z axis,
the interaction must be greatest when ©® =0 and least when ©® =7t/2. Further, situating the
neon atom at Z and ~Z should have the same effect when averaged over the monomer
vibrational motions. These suggest a cos"® dependence, with only even powers in the
expansion of the anisotropy in terms of spherical harmonics. The first term is therefore
proportional to cos’® and can be written as the zeroth component of a second rank

spherical harmonic in the body fixed representation as

V(@) =V, (R)T,(OD) = V,'(R)Y,,(0D) (4.47)
where the V,"(R) term is a purely radial function. This can be rewritten in the molecular

fixed axis system as

T,(©®) =Y Dy, (aBY)Y, (0'®") (4.48)

q=-2

4.9 Energy levels

To calculate the energy levels of the complex, the basis functions used for the internal
motion of the SiH, within the complex are simply the product of the symmetric rotor
eigenfunctions |jKk) with the appropriate vibrational functions. For the triply degenerate
v,=1 states these are chosen to be the eigenfunctions of I? and iz, with eigenvalues [(/+1)
and k, respectively, written |/k;) where /=0 and /=1 refer to v;=0 and v,=1 respectively.
k, is the component of the vibrational angular momentum along the molecule (i.e. SiH,
‘monomer’) fixed z axis. The advantage of this choice over the cartesian components of
Q is the greater ease of evaluation of the matrix elements. For the rotational anisotropic

terms these are given by
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GKEIT,(aBy) lj'K'k") = (-D)FF[(2j+1)(2j " +D]*"

3 ./ i3 ./ . 3 ./
Ceo el o) G20 s
-K 0 K'/\-k 2 k' -k -2 k'

GKEIT,(@By) [/'K'k") = (-1 ¥[(2j+1)(2j ' +1)]"*

(et DD, 2 )t 4 L) o

-K 0 K' -k 4 k' -k 0 k' -k -4 k'
and for the vibrational anisotropic term by

(L jKk|T,(©®) |17k 5j 'K 'k’y = Y (Uk, 7,,(0®) |1k Y% (jKk|Dg' |j'K k")
q

a0 Y
= (=) ( )IY l
q _kl q kll 2

o
x(—l)k'K[(2j+1)(2j’+1)]”2(] 2 )(’ 2 1) 4.51)
K 0 K')\k q &k’

where (:::) is a Wigner 3j-symbol [57]. The effective Hamiltonian of Robiette et al.
[51] discussed in § 4.6.2 must undergo the same rotation of the molecular fixed axis, 45°
about the (body fixed) Z axis, which was required to give a real potential. All the terms
in the effective Hamiltonian must be multiplied by the same factor of exp(-iAw/4), and this

transforms the tensor relations in equation (4.36) thus:

TO(Al) = Too
T*A) = V10T, —5T,; - 5T.°
T%A) = V4TS +7TS5 +7T.° (4.52)

4.9.1 Ground state

In the ground vibrational state the anisotropic potential mixes rotational levels with the
same symmetry but different values of the molecule fixed projection k. A given j level
is therefore split into its various symmetry components. The magnitude of the energy
shift, and therefore the splittings between different K states, is dependent on the value of

the body fixed projection K, and so this degeneracy is also removed. A full description
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of the differing effects of the T, and T, anisotropic terms in the potential, including
correlation diagrams, is given in Ref. 25. The main points are summarised for each term
below; reference to figure 4.10 may be helpful.

A consideration of the matrix elements in equation (4.49) and the properties of 3-j
symbols reveals the following features of the T, rotational anisotropic term. In a
symmetric top basis, if j=0 or 1 or K = 0 then the T, term can have no diagonal matrix
elements’, while this is not the case for levels with non-zero values of K and j>2. For
example, the degeneracy of the j=2 E states is lifted for K=1 and 2, but not for K =0.
Where no diagonal matrix elements exist, the effect on the energy levels is the same for
both positive and negative values of V,(R), whereas the splittings of states with K#0 are
reversed when V,(R) changes sign, although the energy levels are experimentally
indistinguishable.

The rotation matrices which comprise T, are proportional to spherical harmonics

which can be written out explicitly to give the angular dependence of this term:
T, = —\/{15/2}005[3 sin’B cos2y (4.53)

The maxima and minima of the potential are interchanged by changing the sign of V;(R);
when V,(R) is positive the faces of the tetrahedron correspond to the minima and the
corners to the maxima in the potential, and vice versa for negative values of V;(R). One
of the minima for positive V,(R) occurs when cosP = 1/N3 and y=90°, where the potential
has a value of —V10/3 V,(R). Since there are four equivalent maxima and minima
positions, in the limit of infinite anisotropy, when the internal motion is quenched and no
tunnelling occurs between equivalent positions, the resulting energy levels will become
fourfold degenerate. The lowest four rotational levels in the free rotor limit correlate with
the ground and first excited states of the torsional vibration in the rigid molecule limit, and
since this vibration has two equivalent modes, the overall degeneracy of the first excited

state levels is eightfold in this limit. Each bending state will then contain a stack of

f If K =0 then changing the sign of all the magnetic quantum numbers must leave the value of the 3 symbol unchanged.

Therefore the relation
. . . 1
(1 3 )=(_1),~.,.,.,(1 3 ) (4.54)
-K 0 K’ K 0 -K'

requires that j+ 3+ ;" must be even and j#/.
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associated rotational levels with spacings resembling a symmetric top, with an A rotational
constant approximately the same as the rotational constant of the tetrahedral molecule.
The T, term is capable of a much larger effect on the energies of the rotational
levels if the magnitudes of V,(R) and V,(R) are similar, since it can have diagonal matrix
elements for K =0 (but only if j>2). Neglecting the K dependence of T, by omitting the
3-j symbol containing K in equation (4.50), the elements of T, diagonal in j are directly
proportional to D,, the centrifugal distortion term of the free tetrahedral molecule [51].
The inclusion of D, and like terms in the Hamiltonian is thus qualitatively unimportant and
may be omitted. The presence of the diagonal terms results in qualitatively different
effects for positive and negative values of V,(R). However, the T, term cannot lift the

degeneracy of the E rotational levels. The explicit angular dependence of T, is given by
T,(0By) = __“1;{35 cos’P - 30cos*B - Ssin*Pcosdy + 3} (4.55)

The midpoints of the six edges of the tetrahedron correspond to the potential minima for
negative values of V,(R), and thus in the rigid limit the energy levels are sixfold degenerate
for negative V,(R), becoming 12-fold degenerate in the first excited bending state. One
of these minima is given by =0, y=0 where the potential has a value of V14V,(R). For
the positive values of V,(R) the minima correspond to the eight vectors radiating from the
centre of a cube to its corners, four of which correspond to Si-H bonds. The rare gas atom
is therefore situated above either an ‘occupied’ or ‘unoccupied’ corner of cube which
defines the tetrahedron. The four occupied sites are minima in the 7, potential when V,(R)
is negative. The value of the potential at all eight sites is —2/3V14V,(R), and one such site
is at y=0, sinf =\/§/\/§. These levels, in the limit of infinite anisotropy, will become
eightfold degenerate in the lowest bending state and 16-fold degenerate in the first excited

bending state.

4.9.2 First excited vibrational state

As well as rotational anisotropy, a further contribution from vibrational anisotropy must
be included in the v, =1 triply degenerate levels. The effects of T, and T, are analogous

to those in the ground state, except for the added complication of Coriolis sublevels
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characterised by the quantum number n. As stated in §4.6.1, each rotational level in the
tetrahedral molecule is split by Coriolis interaction with the vibrational angular momentum
associated with v;=1 into three levels’, n=j+1,j,j—1. If the matrix elements of the
potential become significantly larger than those of the Coriolis coupling term the validity
of n is called into question, though it may still be a useful label. Since the potential
anisotropy will almost certainly be larger than the Coriolis term, b{j, this is a likely
scenario. In the rigid limit, there is no Coriolis term and the three n levels arising from
each j level are degenerate, giving overall a 12-fold degeneracy in the ground bending
state. The correlation with the isotropic limit is fairly straightforward with reference to
table 4.7. Rotational levels giving rise to K =0 states (which correlate with the 12-fold
degenerate K=0 in the rigid limit) are as follows: three 7 symmetry levels, one from j=0
(n=1) and two from j=1 (n=2 and 1), an A symmetry level from j=1 (n=0) and one pair
of degenerate E levels from j=1 (n=2). At least j=1 is required to give K =1, and the
levels correlating with K =1 in the rigid limit are the same as for K =0 except for one T
symmetry level coming from j=2; the degeneracy of the E levels is also lifted. The
symmetry levels for K=2 all correlate with at least j=2. A more complicated pattern of
energy levels is produced by T; in the rigid limit the levels become 18-fold degenerate for
negative V,(R) and 24-fold degenerate for positive V,(R).

The vibrational anisotropic term 7,"(©®) behaves similarly to the vibration-rotation
Coriolis coupling term. The matrix elements in equation (4.51) require (k—k;) to be
conserved, although n itself is not preserved by the 7,” term; the eigenfunctions which
result from the vibrational perturbation are different linear combinations of basis functions
to those which arise from the Coriolis term. The splittings depend on the amount of
rotational anisotropy, and the ordering of the K sublevels upon the magnitude of V,’(R).
For large values of T,” and T, rotational anisotropy, there are 12 energy levels which
correlate with the ground state of a rigid molecule, and in the rigid limit the levels become

four- and eightfold degenerate [25].

t With the exception of j=0 which can only result in one value of 7, namely n=1.

144



Chapter 4 The infrared spectrum and dynamics of Ne-SiH, § 4.10 Intensities

4.10 Intensities

The infrared selection rules in the coupled basis n=j—1 are Av=x1, An=0 and Ak,=0
[51]. The transitions are purely vibrational in character and the observed rotational
structure arises from the coupling of n and I to give j. The validity of the rotational
selection rules clearly depends on the ‘goodness’ of the quantum number », which in turn
is determined by the relative sizes of the potential and Coriolis matrix elements, as
explained above. Mixing of levels with different » values by the tensor components of the
centrifugal distortion-like terms in the effective Hamiltonian gives rise to weak transitions
with An #0, and these transitions will gain in intensity as the anisotropy of the
intermolecular potential increases. The intensity of a transition between two states of the
complex |i) and |f) is proportional to the square of the matrix element of the transition

dipole operator between the two states and is given by

_ Lot [ -EGK)
Iy = AYIT ) liyexp| UL} 4.56)

where T I‘,(y) is the transition dipole operator, a spherical tensor operator whose components
are referred to the body fixed axes. Parallel transitions occur with p=0, and perpendicular
transitions with p=21. The factor A is equal to 1/2 for parallel transitions with K'=0, and
equal to 1 otherwise. The tensor components of the transition dipole operator must be

transformed from the body fixed to the molecule fixed axis system thus:

T,u) =Y T,)D,; (@py) (4.57)

q
The states |i) and |f) are each a linear combination of basis functions [j; (k) with [=0,
k,=0 and coefficients ¢, for |i), and /=1 and coefficients c, for |f), for example

i) =X c,|jkK; =0, k=0). The matrix elements in equation (4.56) are then given by

FIT @)y =Y c.cli’k'K'|D,, (0.By) ljkK)
"% =1,k T @) |1=0,k,=0)

= Y c e (-DFFIQ7 #D@j+ D]

q.rs

X (_ , L X 0/,
K' p K/\-k" q k
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The selection rules resulting are k;=¢q and k=k,+ k., which can be expressed as Ak = Ak,
=g, and Aj=0,+ 1. The symmetries of the states are contained within the eigenvector

elements and therefore the symmetry selection rule is implicit in the summation over basis

functions in the above expression.

4.10.1 Nuclear spin statistics

The nuclear spin statistics are an important factor in determining the intensities of
transitions in a tetrahedral molecule. The number of nuclear spin functions for a
tetrahedral molecule XY, is (2I,+ 1)*, where Iy is the nuclear spin quantum number for the
Y atom. For SiH,, I;;=1/2, giving 16 nuclear spin functions, which form a basis of the
permutation group of the molecule, the group of operators which interchange identical
particles. For the feasible permutations of SiH,, the group is isomorphic with the T point
group. Under this group the 16 nuclear spin functions transform as 5A +E + 37T [58];
the A functions corresponding to I, =2, the E functions to I, =0 and the T functions to
I,,=1. The overall wavefunction which combines vibration-rotation and spin must be
totally symmetric in the T point group, since feasible operations of the permutation group
must not change the sign of the wavefunction’. Therefore, the degeneracy of the allowed
nuclear spin states for a j level of particular symmetry is given by the number of times the
totally symmetric representation A appears in the direct product I'(Wyp..o) @ T'(Wpin)- The

direct products which yield totally symmetric representations are, for each symmetry':

A®S5A = 54
EQE = 2A+E
T®3T = 3A +3E + 6T (4.59)

Assuming equal numbers of A, E and T rotational levels, the expected population ratios
due to nuclear spin statistics would therefore be 5:2: 3 respectively. However, there are

in fact three times as many T levels as A or E levels in the high temperature limit, so in

f This is true whether the Y nuclei in XY, are fermions or bosons, since the feasible permutation group operations all involve

two exchanges of identical nuclei.

H 1t should be noted that the degeneracy of the spin states A (1), E (2) and T (3) does not contribute to the relative populations

of the states, because it is the direct product which determines ‘allowed’ states, i.e. those which transform as the totally symmetric
representation A.
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a bulk sample, the total weights of the A, E and T forms should be 5, 2 and 9 respectively.
The extremely rapid cooling which occurs in a supersonic jet prohibits any interconversion
between spin states, and so this ‘high temperature’ distribution is frozen into the low
temperature environment of the jet; a SiH, molecule of a given spin symmetry can only
cool to the lowest rotation level of that symmetry. The Ne-SiH, complexes formed will
therefore populate the lowest three SiH, rotational levels j=1, 2 and 3 in the ratio 5:9: 2,

since these are the lowest levels of symmetry A, T and E respectively.

4.11 Simulation of Ne-SiH, ro-vibrational energy levels

A computer program was used to predict the positions of the Ne-SiH, ro-vibrational energy
levels by setting up the Hamiltonian described in the previous sections for each vibrational
state and diagonalising. Although no modifications were necessary to the original code
written by Randall [30], an alternative and considerably faster routine incorporatirig
symmetry adapted basis functions written by D. J. Hughes [59] was available.
However, the program by Randall has the advantage of predicting transition intensities.
Both programs made the same approximation in order to simplify the problem: the
potential was assumed to be independent of the centre of mass separation R'.

Although this is a severe restriction, if the different librational levels of the
complex are treated separately, each may be fitted to a slightly different value of R, and
this introduces a corrective factor to terms proportional to J(/ +1). The two bands already
analysed have displayed slightly different rotational constants for K=1 and K =0 states in
their respective j=1 levels, and these have been loosely interpreted in terms of the effects
of the symmetries of the K states upon the angular averaging of the intermolecular
potential (see §4.5.1).

This approach was used for Ar-SiH, with considerable success, although it may be
expected that for a more isotropic system such as Ne-SiH, there are other significant

factors not dependent upon J(J + 1), particularly coupling between the radial and angular

T The code by Hughes sufficiently simplifies the calculation of the angular parts of the potential to make a potential with R

dependence a feasible proposition. This possibility is addressed in §4.12.
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motions of the complex, which may give rise to a less good fit if the radial dependence
of the potential is ignored. This model should nevertheless provide a good guide to the
positions of band centres of the transitions corresponding to the monomer R(1) and Q(1)
lines and their expected intensities.

The effective Hamiltonian of Robiette et al. [51] presented in § 4.6.2 was used
to represent the energy levels of the silane molecule (H,,,, in equation (4.40) ). Compared
to the perturbations caused by the potential, the higher order terms H,, are very small;
only terms up to second order in the Amat-Nielsen ordering scheme [60] were used
(those up to H,, and H,,). For the vibrationally independent terms this means just the
rotational constant (H,,) and the two quartic centrifugal distortion terms (H,), which for
low j reproduce the dominant splittings of a given rotational level into its symmetry
components (see table 4.6). The terms with vibrational dependence are the Coriolis term
(H,,), depending on j -I, which is dominant, and three terms resulting from H,, which are
vibrational corrections to the rotational constant.

The radial terms in the potential, V,(R), V,(R) and V,’(R), are thus denoted V;, V,
and V.’ to indicate fixed values. It was assumed that the rotational anisotropies were the
same in both vibrational states, an approximation valid for Ar-SiH, [25], and the
vibrational anisotropy was initially set to zero. Rotational constants for the silane molecule
were taken from Ref. 61 for the ground vibrational state and Ref. 40 for the first excited
vibrational state. An uncoupled basis set, in which the f -1 Coriolis term is not diagonal,
was used since the matrix elements of the potential off diagonal in j are much larger than
the matrix elements of the Coriolis term. The two vibrational states were taken to be
separated by a pure vibrational transition of wavenumber v, assumed to be close to that
for the silane monomer.

The values of the rotational anisotropic parameters V, and V, for Ar-SiH, were
found to be 91.2cm™ and —7.8cm™ respectively. The expectation from the two bands
already fitted is that the anisotropy of Ne-SiH, will be considerably smaller. The
cumulative evidence of smaller than expected B value and hence larger than expected
intermolecular separation, close correlation between v, and the monomer transition and
small splitting of K states all point in that direction, confirming the intuitive assumption
of much less anisotropic behaviour of SiH, when complexed with the smaller, less

polarisable neon atom. Having experimentally determined the values of o and B, the
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splitting parameters, the procedure adopted was to vary V; and V, in a systematic way in
order to obtain the closest match for the splittings and also the real, observed band origins
(rather than the effective band origins used in § 4.5).

The symmetries of the ro-vibrational levels whose energies are predicted by the
Hamiltonian presented for Ne-SiH, in § 4.7 are given in tables 4.6 and 4.7. It can be seen
by reference to these that in the cases of the two bands currently assigned, unique ro-
vibrational energy levels enabled unambiguous assignments to be made. For the j=1¢0
‘R(0)’ transitions, only one A state is present in each of j”=0 and j’ =1, for the latter case
correlating to n=j—1=0. Similarly, for the j=0 « 1 ‘P(1)’ band, there is a unique T
state in each of j” =1 and j’ =0 (which correlates to n=j+1=1).

However, the situation becomes somewhat more complicated for the T states in the
first excited vibrational level (table 4.7). These levels are ro-vibrational states of the SiH,
molecule within the Ne-SiH, complex, each of which has an associated stack of complex
end-over-end rotational levels. Consequently, as discussed in §4.8, the descent in
symmetry from T, to T removes the distinction between T, and T, states; j=1 yields two
T states, correlating to n=2 and n=1, and j=2 gives rise to five, three correlating to n=2,
and one to each of n=1 and in n=0.

The infrared selection rules are given in §4.10 as Av=11, An=0 and Ak,=0.
Therefore the strongest transitions will be those for which An=0 (in the ground vibrational
state, n=J). For the j=1+« 0 A « A transitions, the value of the effective quantum number
j*(i.e.j"=1") was found to be 0.53, indicating that n is likely to be mixed by the potential
(see §4.9.2) and so not retain its integrity as a good quantum number. It may be expected
therefore that transitions with An#0 will have significant intensity.

Therefore the transitions of Ne-SiH, correlating to Q(1) of the monomer must be
of T symmetry and correspond to An of +1 and 0 (i.e. n=2+¢-1 and 1 < 1 respectively);
the n=1¢1 is expected to be the strongest band, but the n=2 < 1 by no means forbidden
in a strict sense’. Similarly for the R(1) correlating transitions of T symmetry, there is the
possibility of five upper T state destinations. Transitions to the n"=1 T state will be

strongest, followed by the n’=2 T state, with the transitions to n” = 3 the weakest since

f In the case of the isolated silane monomer, the pure T, symmetry forbids the An=1 T, T transition.
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for these An=+2. As well as energy levels, ro-vibrational SiH, transitions were
predicted’ with intensities calculated explicitly according to §4.10.

With the vibrational anisotropic term V)" set to zero, the best agreement based on
the above criteria was obtained by setting V,=25.5c¢cm™ and V,=-3.5cm™. Although
these values reproduced the splittings o and B well, to within 0.5 %, the values of the band
origins were =0.35cm™ too low for the P(1) pair and = 0.25 cm™' too high for the R(0)
pair. Changing the values of V, and V, to preserve the splittings but improve the band
origin agreement for one pair resulted in worse agreement for the other. However, as the
simulation was to provide only a general guide to the identities of the states involved in
the unassigned transitions, this did not prove to be a problem. A proper least squares fit
involving all the band origins and including the V,” term required first the assignment of

these bands and the fitting of their transitions to an appropriate model.

4.11.1 Calculation of Coriolis terms

Strongly Coriolis interacting, nearby states will demonstrate the pseudo-Case 1 coupling
observed for the R(0) and P(1) bands, whereas more distant, weakly interacting states
should demonstrate behaviour more in line with the Ar-SiH, observations, i.e. energy level
spacings given approximately by 2B, 4B, 6B etc., with the Coriolis term introducing only
a small second order correction to the rotational constant. This latter case would explain
the band centred at 2202.5c¢cm™ reported in §4.5.4 which appeared to involve an
unperturbed j=2, v,=1 state, despite the expectation of strong Coriolis interaction with
neighbouring K states of 7 symmetry.

However, the number of T states in the j'=1 and j'=2 levels (two and five
respectively) may potentially result in very complex coupling if states differing in K by
+ 1 deriving from several different » states are close in energy. For example, the K=0
state deriving from n=1, j=1 may Coriolis interact with both the |1*) state from n=1,
j=1 and the |1") state from n=2, j=1, and similarly for the K =0 state from n=2, j=1.
The situation in the j*=2 level with its five T states each with |0), |17), |2*) and |17),

|27) states clearly has the possibility of being far worse!

These correspond to the band origins for each separate AK=0, ¢ | transition of the Ne-SiH, complex transitions.
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As well as predicting the rotational energy levels of Ne-SiH, in the ground and first
excited vibrational states, the Coriolis coupling terms were therefore calculated explicitly
in order to provide a guide to the degree of interaction between states of the same
symmetry. Using these values as a guide, the interaction Hamiltonian for the j =1 and
J"=2 levels can be correctly set up in order to fit the observed transitions.

The Coriolis matrix elements are given in equation (4.9) and reproduced below:

(JjkK |H__|JjkK£1) = -B[J(J+1) -K(K£D]"2x[j(i+1) -K(K£1)]2  (4.60)

This expression is only off diagonal in K. The expression for the second order correction

to the energy of some state |i) which interacts with a state [f) is given by

- .
=y Y cogﬁ_(f; wl (4.61)
f i f

The states |i) and |f) are linear combinations of the symmetric top basis functions used

to construct the Hamiltonian:

DIED AU S
£ =Y ¢, JikK) (4.62)

where ¢, and ¢, are the eigenvector elements of the two states. The contribution to the

rotational energy is then given by

{%cpcq(] jkK|H,,|TjkK il)}2

AE - cor
; E, -E

= B2[U+1) -KEED)Y

7 E.-E,

x (Y ¢,6,[3,0,+D -KK£1)]?8, 8, } (4.63)

and the contribution to the rotational constant is given by removing the [J(J+1)-K(K £ 1)]

term from this expression’. The Coriolis matrix element connecting the states is given by

Strictly speaking the —K(K £ 1) part has been included in the splitting parameter &, and the firstorder rotational energy is given
by expressions which are functions of only J(J +1). However, the discrepancy is very small when compared with the value of the rotational
constant itself.

151



Chapter 4 The infrared spectrum and dynamics of Ne-SiH, § 4.11.1 Calculation of Coriolis terms

X = {;j ¢, [0, ) -KK£ 1], 8, } (4.64)

In order to gauge the degree of Coriolis interaction, the value of ¢ was evaluated for each
pair of interacting levels in the ground and first excited vibrational state (with
V,=25.5cm™ and V,=-3.5cm™ as before). The exact solution to the Coriolis interaction

for a pair of interacting levels is given in equation (4.15) and may be rewritten

. AE2 12
E = BJJ+1) % { —* &J(J+1)} (4.65)

where E is the energy relative to the vibrational band origin, &=2B%"(*+1) and
AE=E;- E;and is equivalent to o, the separation of the perturbing levels. The square root

can be expanded as a Taylor series thus:

{Afz . &J(J+1)}m - %{1 ; 451551:1)]}”2

B £{1 N 26J(J+1) 2&212(J+1)2}
2 AE* AE*

- AE | EJJ+1)  ERTAJ+1)?
2 AE AE3 (4.66)

Depending upon the magnitude of the interaction, and the energy separation of the
interacting states, the Coriolis interaction will introduce a modification to the rotational and
centrifugal distortion constants. The correction to the rotational constant is given by the
coefficient of J(J+ 1) (i.e. £/ AE) and the correction to the centrifugal distortion constant
by the coefficient of J*(J+1)* (i.e. E/AE*). The R(0) and P(l) bands have both been
fitted to a single centrifugal distortion constant, although the rotational constants have been
floated separately for the ground and first excited vibrational levels, and for K=0 and
K =1 states. This suggests that a valid criterion for judging whether an interaction can be
modelled using second order perturbation theory by ‘correcting’ the rotational constant by
the factor &/ AE, is to examine the value of the correction term for the centrifugal distortion
constant. If the contribution to the energy resulting from the D -like term is greater than
the experimental accuracy the Coriolis interaction is significant; a correction to B will not
be sufficient and either D must be floated separately for each interacting state, or explicit

evaluation of the Coriolis term is required. Line positions can generally be fitted to
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=0.0004 cm™, which if taken to be ‘better than 0.001 cm™’ gives the following condition
for ‘significant’ Coriolis interaction, i.e. that which cannot be modelled by second order

perturbation theory:
&2‘] 2(J + 1)2
AE 3

Substituting equation (4.64) into this expression by approximating & =2B% (for |0), [17)

< 0.001cm™ (4.67)

interaction) gives

< 0.001cm™ (4.68)

dy*BATA(J +1)?
AE 3
The two bands analysed gave a value of j*=0.5, indicating that for j=1 % is typically

~1.0. For B=0.08cm™ and J_,, =6 equation (4.68) gives the approximate condition

AE > 67%* cm™ (4.69)

Thus for % = 1.0 the two interacting states must be separated by more than 6.7 cm™ in order
to model the Coriolis interaction by second order perturbation theory. If the states are
closer than this, there is a significant contribution to the centrifugal distortion type term
in the expansion and either the interaction must be dealt with explicitly in the Hamiltonian,

or D allowed to float separately for each interacting state.

4.11.2 j=11 T « T transitions

Figure 4.11 shows the predicted energies of the first excited vibrational state j*=1 T state
energy levels and the calculated Coriolis interactions affecting these states, many of which
arise from interactions with levels belonging to j*=2. Coriolis interactions which were
calculated to be significant using the above criteria are indicated by means of thick dotted
lines linking the interacting states, whilst those interactions which are weak enough to be
treated by a correction to the rotational constant are joined by means of thin unbroken
lines. The number next to the line gives the value of ¥.

There are several surprising features. The first point to note is that the only
significant interaction is between the |0) and |17) states arising from each n state, and

that these interactions are both exclusive and distinct. The |0) state belonging to n=1
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only interacts with the |1*) state from n=1 and not with that from n=2. The system
clearly possesses some ‘hidden’ symmetry which distinguishes the T states belonging to
n=1 from those belonging to n=2 (although the value of n should be seen more as a
useful label than as a bona fide good quantum number). This is something of a relief and
suggests that the energy levels for the j* =1 state can be modelled in exactly the same way
as before, i.e. a two level problem. Each pair of interacting levels will have their own sets
of splitting and mixing parameters which must be kept separate.

The interactions with other levels from j’=2 are all well below the criterion
established in equations (4.60) and (4.61). The largest coefficient ¢ was calculated to be
= 1.6 for interaction between opposite pairs of levels from j'=2,K=1 at =14cm™ and
j’=2,K=0at0.1cm™ and 0.2cm™. Equation (4.69) indicates that a spacing greater than
~9cm™ results in a second order correction to the rotational constant only and no further
contributions; the spacing of ~ 14 cm™ is well within this ‘second order’ criterion and thus
requires no explicit treatment in the Hamiltonian. It is interesting to note that the ‘hidden
symmetry’ is still apparent in these weaker interactions; each lower T state belonging to
a pair of levels in j’ =2 interacts with the upper level of the pair in j'=1, and vice versa.
The pair of levels belonging to j'=2, K=0 at 12.25cm™ is unaffected by any of the j' =1
levels’, intimating the possibility of three distinct symmetry ‘sub-states’.

The origin of this symmetry effect is obscure, and may be the result of residual 7,
symmetry in what is otherwise a system characterised by the T permutation group, i.e. just
the pure rotations of 7,. This would have the effect of introducing distinguishability in the
form of the T, and T, labelling and permit Coriolis interaction only between like symmetry
states. Such a partial removal of full 7, symmetry could be due to the form of the
intermolecular potential used.

The calculated intensities and approximate (to the nearest half wavenumber) band
origins for transitions out of the ground vibrational j”=1 K=0 and K=1 levels are also
shown in figure 4.11, with the strongest transitions highlighted by means of a shaded box.
Of these transitions, those originating from K=1 in j”=1 will have the disadvantage of
unfavourable Boltzmann population which reduces the calculated intensity by a factor of

0.145 (assuming a jet temperature of 0.5K). This effect was particularly noticeable in the

T Unaffected’ implies 3 < 0.001 cm.
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very weak K =0« 1 transitions of the j=0« 1 band (§4.5.2). The strongest transitions
would be expected for the j* = 1levels which are predominantly ‘n= 1 in character, although
significant mixing by the potential of different n states is expected, and this is the origin
of the weaker transitions to the other pair of levels.

The two T states are predicted to be separated by only about 0.2 cm™ in K'=0 and
K =1, and the calculated splitting is =0.65cm™. The predictions correspond well to the
Cluster of lines between 2189.5cm™ and 2191.5¢cm™, and the method of combination
differences was used to identify the P, and "R, branches (the spacing between R(J) and
P(J +2) must be identical to that in the j=0< 1 band already assigned in § 4.5.2). TheR
and Q branches of this K =10 band are significantly more intense than the P branch,
indicating that for K =0+« 0 a strong P branch is expected. The *P, transitions converge
to a band head at J=5.

The analogous *Ne-SiH, K = 1 < 0 band was identified as a series of much weaker
lines almost coincident with its stronger *°Ne-SiH, counterpart, demonstrating the same
intensity enhancement effect described in §4.5.2. As expected, a smaller rotational
constant for the *Ne isotopomer was indicated by higher J lines ‘lagging behind’ the
®Ne-SiH, transitions.

The other, weaker, K=1+40 band was located approximately 0.4cm™ lower in
wavenumber, contrary to the prediction which placed it ~0.1 cm™ higher. Unlike the
strong band, this showed no intensity borrowing by the R, band at the expense of the “P,,
which did not form a band head but rather has spacings which initially contract and then
expand, indicative of stronger Coriolis interaction in both the ground vibrational j=1, |0)
states than the v,=1, j=1 |1") states.

The assignments are shown in figure 4.12. However, the corresponding K =0 < 0
bands proved far from trivial to identify. Predictions based upon the calculated splitting
of ~0.65cm™ and a rotational constant of 0.08 cm™, with the other terms fitted using the
K=1¢0 lines, placed the 2P, band associated with the higher frequency, stronger
K =1 « 0 band between the dense monomer Q branch region and the cluster of lines above
2189.5cm™. The other K =0 « 0 transitions, corresponding to the lower frequency, weaker
K =10 band, were predicted to be centred on the edge of the SiH, O branch region.

A tentative P branch was assigned as the K =0 < 0 companion to the most intense

K =1¢0 band, and this is shown in figure 4.12. Unfortunately, there are no R branch

156






Chapter 4 The infrared spectrum and dynamics of Ne-SiH, §4.11.2 j=1« 1 T« T transitions

transitions to confirm the identification of these P, lines. Several other possible
assignments were considered; indeed, the density of lines in this region yielded several
possible fits which were equally good, but ultimately rejected on the basis of either
rotational constants or intensity.
The data were fitted to two separate models. The problem of the ambiguous
K =0« 0 bands was eliminated by initially fitting the K =1 « 0 bands to only a rotational
constant and centrifugal distortion constant. In order to model the anticipated strong
Coriolis interaction, both rotational and centrifugal distortion constants were fitted
separately to the symmetric |1*) and anti-symmetric |17) K states of each j’ =1 T state.
This produced a tolerably good fit with parameters listed in table 4.9 (fit 1). This in itself
1s surprising since the strength of the calculated Coriolis interaction would be expected to
invalidate the perturbation theory approach adopted in § 4.11.1; the expansion in equation
(4.66) is valid provided
8B J(J+1) <1 (4.70)
AR 2

For levels which are closely spaced (<1cm™), with a value of y close to unity, this

expression is no longer true even at moderate values of J. Even if this term does not

become prohibitively large, then a significant contribution from the third order term

MLLLY S A 4.71)
AE5

E® =

would be expected. If the K=0 and K =1 states are separated by ~0.4cm™ (i.e. if the °p,
branch is correctly assigned), and y = 0.90, then equation (4.69) is no longer satisfied when
J =2 and the perturbation theory approach should fail. The fact that it apparently succeeds
indicates limitations in the theory.

A second fit, including the tentative QPO lines, was therefore undertaken, this time
modelling the interaction explicitly by diagonalising the Coriolis matrix (fit 2).
Surprisingly, the quality of the fit actually deteriorated slightly, with oy rising from a
value of 0.00108 cm™ for fit 1 to 0.00115cm™. These parameters are listed in table 4.10.

Both fit 1 and fit 2 included the whole data set from the j=0 ¢« 1 T « T transitions,
and the related constants were allowed to float freely. Both table 4.9 and 4.10 list only
the upper state j=1 constants; for the final fitted values of the ground state j=1 and first

excited vibrational state j=0 constants, the reader is referred to the final ‘global fit’ of all
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the T state transitions, including the j=2 « 1 transitions, in §4.11.3 and §4.11.4.

The two fits taken together provide important insights into the nature of the
difficulty, if not the solution. The first important observation is the similarity in the
effective rotational constants fitted to the |1*) (and to a lesser extent the |17)) states.
They are calculated to engage in very similar Coriolis interactions with neighbouring states
(see figure 4.11) which are themselves ‘equivalent’ pairs of levels distinguished by the
subtle symmetry properties alluded to in the previous section. Therefore the second order
effect on the rotational constants should be very similar. The |1*) levels are strongly
interacting with the |0) levels which lie slightly lower in energy, with the result that the
rotational constants of the two |1*) levels are elevated, and those of the two |0) levels
depressed.

From fit 1 of the j=1¢-0 A < A bands in §4.5.1, the v; =1, j=1 levels, both K=0
and K =1, were fitted to the same rotational constant of 0.0808 cm™. If this is taken to be
a good indication of the value to be expected in the T states of this level, clearly there is
substantial second and higher order perturbation to increase B by as much as 10 %.
However, the two K =1« (00 branches are significant in providing B values for the |17)
levels, which should show very little change from the ‘real’ value. The only possible
interaction partners for the |17) levels are higher energy |27) states, such as the two
levels belonging to j=2, K=2 lying at ~12cm™ (see figure 4.11). Therefore the
rotational constants fitted (using a perturbation theory approach) to the |17) levels should
be effective values depressed from the correct B value by Coriolis interaction with these
higher lying states. In fact, the B values fitted are 0.0851 cm™ (for the strongest K=1¢0
band) and 0.0876 cm™ (for the weaker K =1 «— 0 band), pointing to apparently much larger
rotational constants than anticipated.

Comparison with fit 2 of the j=14-0 A<« A bands suggests one answer to this
problem. The B values for K=0 and K = 1 were allowed to float independently in this fit,
and although the result is called into question by the high correlation between these and
the Coriolis term (see § 4.5.1), gave By_,=0.07817 cm™ and By_, =0.08269cm™. 1t is thus
possible that the K = 1 state has a higher rotational constant than the K'=0, and for the j=1
T state may indeed be as high as this analysis indicates. For a K=1 — K'=2 interaction,
E = B%y (see equations (4.64) and (4.66)), giving the second order correction to B arising

from the interaction to be approximately —1.5x 10~ cm™. This yields ‘true’ B values of
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approximately 0.0853 cm™ and 0.0878 cm™! for the stronger and weaker band respectively.
Centre of mass separations corresponding to these constants are 4.01 A and 3.95 A.

It is not clear why the two |17) states should have such different rotational
constants. Moreover, the centrifugal distortion constant for band 1 (the stronger band) 1s
negative, whilst that for band 2 is positive. A negative value for D is consistent with the
|17) level interacting strongly with a |27) state higher in energy; the coefficient of
JA(J +1)? in the expansion is then positive since the negative sign in equation (4.65)
multiplies the bracket expanded in equation (4.66). If this term becomes larger in
magnitude than the true centrifugal distortion constant then the effective D will become
negative. However, the calculated contribution to D is only ~ -2 x 10° cm™ which cannot
account for the —1.3x10°cm™ ascribed to D for band 1 in fit 1, or indeed the
~8.2x10%cm™ in fit 2.

Fit 2 is perhaps more revealing as to the nature of the problem. The B values fitted
to the |17) states in fit 1 indicated very strong Coriolis interaction for each with a lower
level (the |0) state of the pair), yet not so strong that the transitions could not be fitted to
a perturbation theory model. The tentative assignments for the K=0«0 P branch were
included in fit 2 in an effort to diagonalise the Coriolis matrix and model the interaction
explicitly. The rotational constants for the [1") and |17) states were tied as Bj.,, which
was floated separately to Bi_,. The results are shown in table 4.10.

Apart from the slight decrease in the quality of the fit, the most noticeable features
are the small value of B,_, (0.0716cm™), the large value of B,_, (close to the fit 1 value
for |17) in band 1) and above all the very small value of the Coriolis parameter,
\2B{j*(*+1)}? (0.0382cm™). The values of the rotational constants (particularly B_,)
still appear to be suffering second order perturbation, despite the Coriolis interaction
having been modelled explicitly. There appears to be strong Coriolis interaction, but as
a consequence of the model used this results in modification of the B values rather than
increasing the Coriolis term V2B’{j*(j*+1)}"%. The simulation indicates that the |0), [1*)
pair are the only significantly interacting levels based on the criterion of equation (4.69),
yet it appears that the interaction cannot be modelled in the same way as for the ground
state j=1 T levels, or the upper state j=1 A levels. The fit is adequate, but not good, and

the physical meaning of the constants obtained questionable.
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There are potentially three factors which could affect the Coriolis term. The first
factor is the effect of the vibrational anisotropy on the upper state Coriolis interactions.
The 1nitial calculations were performed with V,,” set to zero and indicated no ‘cross Coriolis
interaction’, i.e. between opposite pairs of levels such that each |0) state interacts with
both |1*) states. Therefore, V,” was set to 1.0cm™ and the Coriolis matrix elements
recalculated. Although this did introduce some ‘cross interaction’, it was several orders
of magnitude smaller than the main Coriolis term and therefore could not be responsible
for the observed behaviour of the levels.

The second factor is the possibility of centrifugal distortion within the term itself

such that
O|H__ |1 = -2 [B-DJU+D)]IU+1)jG+1)]" (4.72)

However, this is will lead to a smaller than anticipated Coriolis interaction and is therefore
of the wrong sign to explain these results.

The third possibility is to consider the radial dependence of the parameter j*, the
effective j quantum number. At large values of R, the centre of mass separation, j*=j as
the anisotropy of the potential tends to zero, which for the j=1 states under consideration
means that as R — oo, j*— 1. The previous fits of the R(0) (§4.5.1) and P(1) bands
(§4.5.3) have given values for j* in ‘j=1" of ~0.5, whereas fit 2 in table 4.10 gives
j*=0.27. To try to incorporate this into the fit, the off diagonal term was expressed as a

power series in J(J +1) as follows:

Ol = ~{&" 0] + Abw=n]?} 4.73)

where & =2B%*(j* + 1) as before and A is an empirical parameter modelling the centrifugal

distortion of j*. Equation (4.65) then becomes

12
E =BJJ+1) {Af - EJ(J+1) + 2EVAATA(J+1) + w3(1+1)3} (4.74)
The bracket can be expanded in the same way as before to give

E = BJJ+1) + {AzE . S0+ | 28PN

AE AE
A A A Vi }
AE AE’ (4.75)
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Another correction to the centrifugal distortion is then introduced; if the 2E8"A/AE term
becomes larger than the £%/AE* term, the overall effect is to reduce D and if it is much

larger, D may become negative. This criterion can be used to estimate a value for A,

giving

&.3/2
A > > (4.76)
o

For£"2=0.04cm™ and AE=0.4cm™, A=1.7x 10 cm™.. It would be unfeasible to attempt

to fit A because of correlation problems, therefore fit 2 was repeated for varying trial
values of A. Unfortunately, whilst this resulted in a slight rise in the value of Bg_,, the
value of £ (V2B’{j*(*+1)}"?) fell as \ was increased.

To summarise, the j=1«1 T« T transitions have all been assigned, with the
exception of the band 2 K'=0 <0 lines which may be obscured by the monomer Q branch
region. However, the nature of the two v,=1, j=1 T states has been only partially
determined. There is undoubtedly strong Coriolis interaction between the [0) and |1*)
pairs of levels, but the theory applied to the A states in the same silane ro-vibrational level
was unsuccessful in elucidating the precise nature of this interaction. It is likely that
higher order interactions, which are at present undetermined, are responsible for the

deviation from the expected behaviour.

4.11.3 j=2 <1 T « T transitions

The Ne-SiH, transitions correlating with the silane R(1) transition are the most profoundly
affected by the intermolecular potential. Whilst the R(0), P(1) and Q(1) complex bands
are relatively localised in the vicinity of the appropriate monomer transition, the R(1)
Ne-SiH, transitions lie between 5cm™ below and 3cm™ above the silane R(1) line at
2200.342cm™.

Figure 4.13 shows the calculated energy levels for the v, =1, j=2 T states together
with the Coriolis interactions. As before, the strongest transitions (within the range of the
experimental spectrum) are highlighted by a shaded box. There are two sets of strongly
interacting K =0, 1 and 2 levels, and the ordering of these levels is the reverse of that
assumed in §4.5.4; Ex_,>Eg., > Ex_,- Table 4.7 (§4.6.2) shows the correlation between

the T states and the value of n; there are three T states belonging to n=3, and one each

163






Chapter 4 The infrared spectrum and dynamics of Ne-SiH, §4.113 j=2« 1 T« T transitions

belonging to n=2 and n=1. The originating T state in the ground vibrational level
belongs to n=j=1, and thus the strongest transitions would be expected to the upper T
state with the most n=1 character.

The assignments for the lines to higher frequency of the silane R(1) transitions are
shown in figure 4.14. To avoid ambiguities which may arise, new notation has been
introduced to distinguish between the symmetric and antisymmetric states in K=1 and
K=2. The subscript e or f in front of the AJ designation gives the symmetry of the
originating level; thus %R, indicates [2*)« [1*) with AJ=+1, whilst R, indicates
|27)« [17) with AJ=+1. Note that §Q, indicates [2*)« |17 ) since AJ=0 and the
parity must change.

The transitions around 2202.5cm™ have already been alluded to in §4.5.4 as
terminating at a virtually unperturbed level. This level was readily identified as the lower
level of the pair of K=0 levels lying at ~12.5cm™. The calculated Coriolis matrix
elements for the two K =1 states with which it interacts are almost the same, although the
greater energy separation for the highest lying K =1 state at ~27.6cm™ will result in an
overall elevation of the rotational constant by ~0.005cm™". This level was therefore
fitted to a B and D value as described in the previous sections.

A strong R branch starting at 2201.0 cm™ which splits into two distinct series was
assigned to the K =2« 1 band, the two sets of lines corresponding to the |2*) « |17) and
|27) < |17) transitions. The Q branch for the |2*)« |17) transitions was also identified.
The K =2 level demonstrates strong Coriolis interaction with the K=1 level as shown in
figure 4.13, sufficient at high J to produce significant third order correction to the energy
(equation (4.71)). However, since no transitions to the K =1 or K = 0 levels were observed,
a fit to a Hamiltonian of the type given in §4.5.4 was not possible, and the transitions
were fitted to separate B values and a common D. The fact that D was not required to
float separately for the |2*) and |27) levels is perhaps surprising, indicating that the
Coriolis interaction is largely dealt with by the first order correction to the rotational
energy.

As can be seen from figure 4.14, there are still many unassigned lines between

2200.5cm™ and 2202.5cm™, most notably the strong lines marked with a ‘V’ which

Approximate Coriolis corrections are given in this section since the potential has yet to be fitted to the expenimental band

origins.
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appear to form a series. However, they do not correspond to any of the predicted band
centres and are probably due to (SiH,), or silane monomer transitions.

The remaining band due to j=2« 1 T« T lies much lower in frequency and is
centred at 2195.5cm™; it corresponds to the lowest lying T state in v,;=1, j=2 which has
K=1. The similarity between the K =1« 0 band and the strong K =1« 0 Q(1) analogue
is marked. Both display a very intense *R, branch but weak ”P, branch, with strong *Q,
transitions. The assignments are shown in figure 4.15.

The lines were fitted as described above with the entire data set for all the T« T
transitions. In view of the poor quality of the Q(1) bands, these transitions were down-
weighted in the fit by one tenth, corresponding to a standard deviation for these
measurements approximately three times the normal experimental error of 0.0004cm™.
The fitted parameters for the v,=1, j=2 T state levels are given in table 4.11.

There are a number of surprising aspects to the constants. The B value for the |0)
state lying at ~ 12.5cm™ in figure 4.13 is 0.0785cm™, of which ~0.005 cm™ is due to the
net Coriolis interaction with the |1*) states lying at ~7.3cm™ and ~27.6 cm™, giving a
true rotational constant of ~0.074cm™. This corresponds to a centre of mass separation
of ~4.32A. The K=0 B value of fit 2 for the j=1«0 A < A transitions was found to
be 0.0782cm™, which with approximate correction for the Coriolis depression from
interaction with higher K =1 states (+0.002 cm™) gives a true value of ~0.08 cm™, with
R=4.13A. A larger centre of mass separationinj=2 compared with j=1 is consistent
with the higher energy of the former state, although the change in R of +4 % is large.

The results of fit 2 in § 4.5.1 referred to above, and the analysis of the Q(1) bands
in the previous section, both intimated the possibility of considerable change in the centre
of mass separation R with the K quantum number, with R decreasing as K increased. This
theorem is further reinforced by the rotational constants calculated for the K=2 states
which according to figure 4.13 should be depressed by the strong Coriolis interaction with
the K =1 state only 4 cm™ higher in energy. The B values of 0.0888 cm™ and 0.0825 cm™
for the |1*) and |17) states respectively are thus lower than the true values, and these
scale to approximately 0.098cm™ and 0.091cm™ when the Coriolis interaction is
accounted for. However, since the symmetric state |1*) interacts with strongly with both
the |0) and |2%) states, an accurate correction requires diagonalisation of a 3 x 3 matrix.

These B values give an average value of R for K =2 of ~3.81 A, an apparent decrease of
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approach to be used very successfully, but considerably larger Coriolis matrix elements in
Ne-SiH, push the approximation to its limits, and in some cases beyond. The corrected
values for the rotational constants presented in this section are therefore only semi-
quantitative, and the only firm conclusion which can be drawn from the experimental data
is that the rotational constant of Ne-SiH, almost certainly increases as K increases. The
sheer number of interacting states in j=2 and higher levels means that any one ro-
vibrational level is heavily modified by its surrounding levels, and its nature is not
therefore conducive to standard procedures for determining the structure of the complex
in that level. Indeed, with such highly non-rigid species, the usefulness of conventional
structural information may be called into question, and spectroscopy enters the domain of

molecular dynamics.

4.11.4 Global fit parameters for other levels

As explained in the previous section, table 4.11 gives the values of the parameters for the
vy=1, j=2 levels obtained by fitting all the transitions arising from the ground state j=1
level. Clearly the larger data set will result in modification to the parameters and residuals
already fitted for the v,=1, j=0 and v,=0, j=1 levels, and these values are given in table
4.12; the residuals for the entire global fit are given in appendix II. However, although
a larger data set will generally result in better determined values for the fitted constants,
the approximate expressions used to fit the transitions to the upper vibrational state j=1
and j=2 levels potentially introduce artificial corrections to these constants. In fact, the
change is very small when compared with the values listed in table 4.4. The K=1
rotational constant for v,=0, j=1 changes by only 0.3 %, which corresponds to value of
R approximately 5 % larger at 4.118 A; the other B values change by smaller amounts than
this, indicating slightly smaller values of Rin v;=0, j=1, K=0 (4.138 A)and v,=1, j=0,
K =0 (4.146 A).

The small differences in these and the other parameters in no way undermines the
interpretation of the data already presented in § 4.5.3, and there is therefore nothing further

to add.
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in the first excited vibrational level. Having calculated the band origins and residuals, the
eigenvectors of the energy levels were used to calculate the derivatives of the residuals
with respect to the constants being fitted using the Hellmann-Feynman theorem [63].
The derivatives were used to calculate new values of the constants, assuming a linear
relationship between the residuals and the parameters, and the whole process repeated until
a minimum sum of the squares was reached. A maximum j=9 in the basis functions
converged the energy levels to within the experimental error of 0.0004 cm™.

In view of the uncertainty in the assignments of the Q(1) bands terminating in K =0
in v;=1, a total of 3 fits were made. The parameters obtained, together with the results
of the Ar-SiH, fit from Ref. 25, are given in table 4.13, and the corresponding residuals
for the Ne-SiH, fits are listed in table 4.14. In addition, figure 4.16 illustrates the energy
levels calculated using the parameters from fit 1 together with the Ar-SiH, energy levels
from Ref. 25 for comparison purposes. Although illustrated on the same wavenumber
scale, the energies of each set of levels is relative to the free rotor limit in the complex in
question, i.e. the (isotropic) potential ‘V;’ remaining if V,", V, and V, are ‘switched off’.
Hence the Ar-SiH, energy levels are shown relative to an origin specific to the Ar-SiH,
complex, and similarly for the Ne-SiH, levels. This isotropic part of the potential cannot
be determined from the experimental data, and manifests as a shift in the vibrational band
origin Av=vgy, —V,. The purpose of representing them on the same scale is to illustrate
the difference in the relative separations of the internal rotor states of SiH,.

Fit 1 incorporates all the observed band origins including the Q(1) transitions to
K=0. However, the identification of the v,=1, j=1, K=1 levels for the two sets of
transitions terminating in K=1 is not that predicted on intensity grounds. The
experimental spectrum (see figure 4.12) shows an intensity ratio of ~3:1 for the two sets
of K=1«0 lines, with the higher K=1 state participating in the transitions of greater
intensity. However, the calculation predicts the intensity ratio to be the other way round,
with the stronger transitions to the ‘lower’ (predicted) K=1 state. Thus in fit 3 the
assignments have been reversed in order to harmonise with the theoretical predictions.
This has the effect of increasing the standard deviation of the fit from 0.297cm™ to
0.343cm™. However, the fit 3 residuals for the transitions to these two K =1 states (being
of opposite sign) demonstrate that the levels remain ‘the wrong way round’. The A

symmetry v;=1, j=1 level splitting and energy is reproduced slightly better in fit 3,
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although the v,=0, j=1 T symmetry level deteriorates slightly compared to fit 1. Fit2is
simply fit 1 with the O(1) K=0+«0 and K =0« 1 origins removed; rather than improve
the quality of the fit, however, the standard deviation increases slightly from 0.297 cm™
to 0.317 cm™.

The significant feature of all three fits is that the variation in each parameter
between fits is less than one standard deviation in every case. In addition, the poorly fitted
K =2 level was found not to benefit at all by a negative starting value for V,; the fit simply
restored the parameter to a positive value. (The T, term is diagonal in K =0 for j 22, and
therefore V, has a correspondingly greater effect on the energy levels than the V; term.)
The good agreement between the parameter values for the three fits indicates that the
Ne-SiH, potential is relatively insensitive to the Q(1) assignments. The sign of V; cannot
be determined from the experimental spectrum, since its only diagonal effect (in K= 1) is
to interchange (experimentally indistinguishable) states of the same symmetry. A positive
value for V, indicates energy minima on the faces of the SiH, tetrahedron, with the
maxima above the corners (the hydrogen atoms), and as with Ar-SiH, this seems a
reasonable assumption. Its value (~28cm™) is approximately one third of that determined
for Ar-SiH, (~ 87 cm™), demonstrating the much lower anisotropy of the neon complex.

The V, term, however, can be determined with its sign, and its value of ~—3.3cm™
is indicative of energy minima at the mid-points of the six edges of the SiH, tetrahedron.
The T, maxima are therefore the eight corners of the cube defining the tetrahedron, four
of which are occupied sites (corresponding to the T, maxima) and four of which are above
the faces of the tetrahedron (corresponding to the T, minima). This latter tension between
the T, and T, terms results in high correlation between the values of V, and V,, with a
higher value of V, required to obtain the same depth in the potential minimum as for a
zero (or positive) value of V.

The V,’ vibrational anisotropic term is poorly determined, indicating little effect on
the ro-vibrational energy levels of the complexed SiH,. Its value was found to be small
(~0.6cm™) for Ar-SiH,, and in a less anisotropic complex such as Ne-SiH, the triply
degenerate v, vibration would be expected to be even less perturbed. The value of the
band origin Vv, (~2189.4cm™) is within ~0.2 cm™ of the SiH, v, band origin
(2189.1865 cm™), although its value is considerably less well determined than for Ar-SiH,.

Any small difference in the value of V; in the ground and first excited vibrational states
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is strongly correlated with Av, the difference in the band origins between the free SiH, and
the complexed molecule.

The overall quality of the fit appears at first sight to be poor, with a standard
deviation of ~0.3cm™. This is an order of magnitude worse than the 0.023 cm™ standard
deviation of the Ar-SiH, fit. However, in view of the fixed R approximation made, which
will be increasingly invalid as the anisotropy becomes lower, such a result is perhaps not
so bad. The wide variation in the values of the rotational constants for the various K states
(§4.5.1 table 4.1, §4.11.2-4, tables 4.9, 4.10, 4.11 and 4.12) may indicate significantly
different values of R depending upon the values of j and K. The large residual of ~0.61
cm™ (fit 1) for the R(1) K=2 ¢« 1 appears to add weight to this interpretation.

As well as the radial dependence of the anisotropic part of the potential, the
isotropic potential will also show an R dependence. Whereas the anisotropic terms both
split energy levels of differing K and shift the energies of these levels, the isotropic part
of the potential will only contribute to an overall shift in the levels. At different
intermolecular separations, the ‘hardness’ of the rotating SiH, isotropic wall experienced
by the neon atom will change. The difficulty of fitting with no R dependence is the
inability of the program to distinguish between fitting the absolute energies of the levels
(since it is assumed that the isotropic part contributes a constant shift) and fitting the
splittings of the various K states. One option would be to allow slightly different isotropic
contributions in different rotational states.

The possibility of incorporating the code by Hughes [59] into a general purpose
package [64] for performing calculations of bound state energies in weakly bound
molecular systems is currently being reviewed. It should then be possible to solve the
radial part of the problem, determining the parameters V,’, V, and V, as a function of the
intermolecular separation R.

It is appropriate to make a final comment concerning the difference in the
symmetry types of the transitions observed for Ar-SiH, and Ne-SiH,. The Ar-SiH,
spectrum contained 3 bands originating from the j* =2, K =1 state of E symmetry, whereas
no E « E transitions were observed in Ne-SiH,. The fraction of complex molecules with
nuclear spin functions of E symmetry is identical for both Ar-SiH, and Ne-SiH,, being
equal to 1/8 (§4.10.1). The Ne-SiH, j” =2 E states lie much closer together in energy (at
5.97cm™, 8.64cm™ and 12.70 cm™ for K = 1, 2 and O respectively) than the corresponding
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Ar-SiH, E states (at — 28.8cm™, —22.0cm™ and —1.28cm™ for K =1, 2 and 0
respectively) (see figure 4.16). A Boltzmann distribution at the low rotational
temperatures in the jet predicts little difference in the proportion of E spin populations of
each complex occupying the lowest K =1 state (100 % for Ar-SiH, versus 98 % for Ne-
SiH,), but such an analysis assumes rotational relaxation to be independent of the size of
quantum separating the two levels. In the case of Ar-SiH,, the larger energy spacing
between K=1 and K'=2 results in better cooling in the earlier, high density region of the
expansion when higher energy collisional relaxation can occur. The lower energy
collisions required to cool K=2 states to K=1 in Ne-SiH, occur later in the expansion
when the density is lower, and the cooling is thus less effective. There will therefore be
a larger population difference between the lowest K= 1 E states for Ar-SiH, and Ne-SiH,
than predicted by Boltzmann statistics, with a higher fraction of the E spin complexes
occupying K=1 in Ar-SiH, and consequent higher transition intensities.

In addition the overall population of Ne-SiH, in the jet is smaller compared to
Ar-SiH,; fewer Ne-SiH, complexes are formed than Ar-SiH, because of neon’s lower
polarisability. There are a number of lines in the region of the predicted P(2Q) K=0«1
E < E band origin (2182.71cm™) which appear to form a series (see figure 4.4a), but
these resisted all attempts at fitting, and may well be due to (SiH,), or possibly weak

monomer transitions.
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Chapter 5

Other work

5.1 Spectroscopy of air sensitive compounds

A rtecent paper reporting the vibrational spectra of zinc, cadmium and mercury dimethyl
species recorded using FTIR has specifically highlighted the need for high resolution
studies of jet-cooled samples [1], where rotational cooling would greatly simplify very
complex structure. To this end, work has been carried out on a number of unstable/ air-
sensitive compounds, including GaH(BH,),, AI(BH,),, LiAlH,, and Zn(CH.,),.

A teflon side mixing nozzle was constructed to minimise metal catalysed
decomposition reactions. The nozzle operates by admitting gas (when the poppet is open)
via a teflon tube located perpendicular to the direction of poppet movement. The poppet
is an enlarged teflon version of the standard fitting, enabling effective sealing of the nozzle
when in its ‘closed’ rest position. The major advantage of this system is that the gas
mixture is never in contact with the metal housing of the nozzle body, preventing metal
catalysed decomposition. However, the only signals observed so far in the jet have been
those of dimethylzinc. Figure 5.1 illustrates the complexity of the CH, asymmetric
stretching mode, where there is expected to be strong Coriolis interaction between the v,
and v, modes [2]. The FTIR spectrum shows two prominent series of Q branch
bunches; the strongest single Q branch lies at ~2965cm™ and is thought to be equivalent
to ®Q, in v4. A portion of the jet spectrum is also shown, demonstrating the significant
improvement in resolution.

Unfortunately, further work was prevented by the very small amount of
(synthesised) sample available and dimethylzinc proved impossible to obtain commercially.
However, the favourable preliminary results indicate that the rapid-scanning spectrometer

can be used successfully to obtain jet-cooled spectra of unstable inorganic compounds.
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5.2 Electric discharge nozzle

The use of electric discharge nozzles as a means of producing rotationally cold radical
species is well established [3, 4], providing a cheap and convenient alternative to laser
photolysis. A significant amount of time has been spent attempting to produce such
species by means of a specially engineered discharge nozzle. The design is illustrated in
figure 5.2. The high voltage electrode is housed within an insulator sheath, with the outer
casing of the nozzle assembly at zero volts, the intention being to shield the expansion
from the effects of high electric fields and so minimise perturbations in the jet. This is
particularly important should any ionic species be generated by the nozzle.

This work has been hampered by the difficulty of attaining the optimum operating
conditions, for which the discharge is stable over the whole duration of the gas pulse (2-
3 ms). This type of experiment, relying as it does on real time data acquisition rather than
a gated detection and averaging scheme, demands sustained sparking whilst acquisition is
occurring. The nozzle is pulsed to maintain low chamber pressure at high nozzle through-
puts, and therefore the discharge must also be easy to initiate.

The ND radical has been studied in the submillimetre-wave region [5], and the
far infrared by LMR [6] in its excited a'A state. However, no v=1«0 infrared
transitions have been observed and the vibrational origin remains unknown. Mixtures of
ND, (1-3%) in Ar and Ne were discharged under optimum conditions of 400-420V
nozzle electrode potential difference and ~0.1 atm absolute nozzle backing pressure. The
very low backing pressures were required to sustain the discharge over the duration of the
gas pulse. The presence of the discharge was confirmed by observing high frequency
optical noise on the InSb detector. During scans this was removed by the use a
germanium disc, although this also had the effect of attenuating the laser power by a factor
of 10 (~0.03 yW compared to ~0.3 pW).

ND has a °X ground state with Hund’s case (b) coupling scheme {7]. The spin
S is thus not coupled to the internuclear axis. The molecular rotation produces a small
magnetic moment in the direction of N, the end over end rotational angular momentum,
resulting in magnetic coupling between N and § to give J, the overall angular momentum.

Thus the quantum number J can take values

J=N+S,N+S-1, ..., [N-S| (5.1)
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In this case S=1 and therefore every N level (with the exception of N=0) is split into

three J components, N+ 1, N and N— 1. The spin-rotation Hamiltonian [7] can be written

H = B(J-8)? + 203387 -8*) + y$-(J-$)
3
. v as (2.2)
= BN’ + %7»(352 -§%) +ySN
where A is half the separation between the J=N state and the /=N * 1 states and vy is the
spin-rotation coupling constant; for ND A=0.9184cm™ and y=-0.0294cm™[6]. The

rotational energy levels can be calculated from the Schlapp expressions [8]

F(N) = BNN+1)
FyuN) = BN(N+1) = @N-1)B, - & + [\ - 2B + BXQN -1 - yN + Ly
FyuN) = BN(V+1) + @N+3)B, - A - [\ = 2BA + BX2N+3)7| " + y(V+1) + 1y
(2.3)

Unfortunately the lack of an experimentally observed vibrational band origin limits the
usefulness of predicted transition frequencies. However, the known vibrational parameters
of NH [9] were scaled and used together with the above expressions to calculate
transition frequencies for ND. In addition transitions were calculated by the ‘Hund b’
computer program.

The strongest lines are those for which AN=AJ. The P(1) N'J < N"J" 01« 12)
transition was predicted to lie at ~2297.21 cm™" and searches were made between 2293 and
2309 cm™, a search window limited by the performance of diode laser modes available,
but no transitions were detected. This may in part have been due to the very low laser
power, but in general TDLs are not the laser source of choice for the study of diatomics.
The large rotational constants (for ND B,=8.7815cm™) result in widely spaced lines
(~ 17 cm™), and with diode laser modes extending only ~ 1 cm™ very accurate predictions
are necessary to combat the extreme search problem. FTIR is more suited to this type of
study.

However, confirmation that the discharge does indeed produce vibrationally excited
species was provided by the observation of a CO hot band transition, shown in figure 5.3.
The vibrational temperature obtained in the discharge expansion was estimated from the

intensity of the v=1«0 line to be 1600 £ 300 K.
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Appendix 111

Transition dipole moment matrix elements

The transition dipole moment matrix element between two eigenstates of a system |m) and
|n) characterised by quantum numbers v, J, M, K, where v is the vibrational state, J is the
quantum number associated with the rotational angular momentum J, M# is the space fixed

projection of J, and K7 is the body fixed projection of J, may be written
B = WIMIK! | T @) v T M7 K" ) (II.1)

where T,'() is a spherical tensor operator equal to the component of the dipole moment
in the direction of the space fixed Z axis, u,. This can be rewritten in the body fixed axis

system using the rotation operator DO;*:
B = (v'I'M'K' IgDolq*qu(l‘) v TIMY K (1I1.2)

where g = 0 (parallel transitions), * 1 (perpendicular transitions). This can be reduced using

3-j symbols thus:

% VS VA A WV K

= (=DM KT +1)(2J " +1
u, = (-1) [( )( ) M’ 0 M" \K' q K" (I11.3)

X (V/Iqu(}t)IV”>

The Coriolis interaction between eigenstates of the same symmetry separated by AK =% 1

results in a mixing of the interacting states to give some linear combination of eigenstates
thus:
N =Y a.|J' M'K")
KI
hE E b, J'M"K")

K”

(I11.4)

The square of the transition dipole matrix element (equation (IIL.3)) is then given by:
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/ " 2
[ |* = @I+ 12T +1) x[z (J ) }

v \-M 0 M
(I11.5)
2
|: J/ J// .
X a,b,.,(-1y'* x (v |T, (@) |v")
;K”EK’ oo K’ q K” 7.

The phase factor (-1)¥% has been rewritten as (—1) ™ (-=1Y*’; the (~1)"™ term appears
in the first sum as a squared quantity and is thus always equal to 1. This first summation
can be shown to be equal to 1/3 for P, Q and R transitions:
2
J 1 J J M2

. 1 (I1L.6)
) =),

= \-M 0 M| &2 T0DRIAD) 3

2

J J+1 1 J _ d [(J+1)2_M2]
M;J -M 0 M MEJ (J+1)(2T+1)(27+3)

(I11.7)
J«1 _ J  _1
(2J+3)  3(2J+3) 3

Equation (III.5) can then be rewritten:

b = £ @I+ 1D@I7 1)

(I11.8)
/ J /I

J
X1 20 X apb (1)

~ o K' q K"

x (v/|T, () |v")

The intensity effects apparent in figure 4.5 are a consequence of the constructive and

destructive interference which occurs in the remaining squared term in equation (II1.8).
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