


ProQuest Number: 10011227

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10011227
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346






Abstract

This thesis presents the results of spectroscopic investigations of several molecules relevant to
atmospheric physics and astrophysics. The experimental techniques of photoabsorption and
electron energy loss spectroscopy have been used. Critical comparisons are made with the
results of other studies, both experimental and theoretical, where available.

The atmospheric molecules studied were ozone, selected chlorine oxides, and some simple
hydrocarbons such as methane. In addition to their significance in the Earth’s ozone
depletion problem, some of these compounds are also present in other planetary atmospheres.
Molecules studied out of astrophysical interest include formamide, benzyl alcohol and
polycyclic aromatic hydrocarbons. These compounds have all been reported in the
interstellar medium, whilst simple amides have also been discovered in the chemical
compositions of comets. Studies of formamide and benzyl alcohol are also relevant to an
emerging field of study - that of electron scattering from liquid surfaces. New spectral
information has been obtained for each of the molecules studied.

The thesis is arranged in nine chapters. The first discusses the structure and spectroscopy of
polyatomic molecules, including those theoretical concepts relevant to the experimental scope
of this work. The next chapter describes in detail the apparatus used to obtain the
experimental results. The third chapter investigates the spectroscopy of simple molecular
targets, allowing comparisons with earlier studies to validate the techniques and equipment
used. Chapters 4-8 present the results obtained for the molecules studied using the different
techniques; the results are shown to be in good agreement with previous data, where
available. The thesis concludes with chapter nine, a summary of all the results and

suggestions for future investigations are proposed.
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CHAPTER ONE

INTRODUCTION TO MOLECULAR SPECTROSCOPY

“If anybody says fe can think about quantum problems without getting giddy, that only
shows he has not understood the first thing about them.”
Niels Bohr

1.1 Introduction

One hundred years before this thesis was written, J. J. Thomson peered into a small glass tube and
discovered the first and perhaps the most important of all the subatomic particles - the electron
[T1]. His discovery at Cambridge in 1897 provided the incentive for some of the greatest names
in the world of physics to influence modern science and technology during the dawn of the
twentieth century. In 1900, Planck formulated the new theory of quantum mechanics based upon
his observations of accelerated electrons emitting radiation in discrete amounts, or quanta, rather
than a continuous range of values. Five years later, Einstein elaborated on this with his famous
paper on the photoelectric effect suggesting that light consists of particles (later called photons)
rather than existing as a wave. Over the next decade, Thomson's student Rutherford and his co-
workers, Geiger and Marsden, performed the classic Rutherford scattering experiments
culminating with the nuclear model of the atom - a minuscule positively charged nucleus orbited
by a whirling array of negatively charged electrons. Another of Rutherford’s assistants, Bohr,
applied the new theories of quantum mechanics to the model and successfully explained the
spectrum of atomic hydrogen in 1913. However the Bohr model of the atom was not without fault
and attempts to rectify its discrepancies over the next few years resulted in the concepts of wave
mechanics, wave-particle duality and the uncertainty principle; the combination of these, taken
together with Einstein's theory of relativity, would become the basis of a theory first formulated in
1928 that is still being used and tested today - quantum electrodynamics (QED).



One of the great triumphs of the new quantum physics was the atomic model. The dynamics of
the electron cloud surrounding the central nucleus was found to govern the emission and
absorption spectra exhibited by atoms, and it was subsequently deduced that these electrons are

responsible for holding atoms together to form molecules.

Throughout the twentieth century, the binding electrons of molecules have been extensively
studied through combinations of theory and experiment to obtain information on molecular
structure and spectroscopy, and ultimately to test the predictions of QED theory. Theoretical and
experimental techniques have developed rapidly with the progresses made in computer technology,
allowing investigations to be made with an increasing level of accuracy and sophistication. This
thesis concerns such experimental studies, using modern methods to obtain detailed information on

a selection of polyatomic molecules.

Many of the experiments presented in this thesis involve the absorption of photons by molecules.
The methods used are almost identical to those used by the pioneers of modern physics, with the
exception that more sophisticated equipment is available for use at the later end of the century.
However it is known that large errors can be incurred in such experiments, mainly due to
limitations imposed by the Beer-Lambert law, hence alternative techniques without such
restrictions have been developed over the last few decades. One such technique adopted in the
work presented here is electron energy-loss spectroscopy. This approach uses free electrons as
projectiles to excite the electrons bound within molecules, an inventive application of Thomson's
original cathode rays. The results of such experiments complement those of photoabsorption
studies, and together the methods can yield much spectroscopic information about the molecule

under investigation.

If meaningful information is to be obtained from any experiment, it is necessary to understand the
theory underlying the processes under investigation. This first chapter reviews molecular
spectroscopy, paying particular attention to the structure of molecules and their rotational,
vibrational and electronic excitations. A definition of the photoabsorption cross-section is given,
and the theoretical foundations of the techniques used to measure them are recounted. Finally,



some of the algorithms used to calculate the absorption spectra of molecules are reviewed and the

limitations of such methods are discussed.

1.2 Molecular Structure

1.2.1 Molecules

A molecule can be defined as a group of atoms chemically bound together to form a system that
can exist in isolation of external influences. A large proportion of the materials we come into
contact with in everyday life are constituted of molecules, since the conditions experienced on
Earth are favourable for atoms to combine in such a manner. Molecular structures vary
considerably, from the simplest diatomic molecules prevalent in the atmosphere (e.g. nitrogen, N3)
to the giant molecules we find in our bodies (e.g. DNA), and molecular substances can exist as
solids, liquids and gases depending on the ambient conditions. Experimental spectroscopy
provides the main methods of identifying molecules in many different environments, if we are to
understand the spectra obtained from such studies, we must fully appreciate the nature of the

chemical bond and the molecular structures hence formed.

1.2.2 Chemical bonding

There are two principal types of non-metallic chemical bond: ionic and covalent. Ionic bonding
occurs when a compound adopts a regular lattice structure consisting of an array of positively and
negatively charged ions; such substances are held together by electrostatic forces between the
ions. This thesis does not concern ionic compounds, but concentrates on molecules that are held

together with covalent bonds.

The essence of covalent bonding is that atoms are joined by sharing their electrons, forming a
system that is more energetically favourable than the atoms in isolation. Descriptions of
molecular structure are more complicated than those of isolated atoms because of the greater
number of interacting particles. However, the situation is greatly simplified due to the mass of the
electron being much less than the nuclear mass whilst the forces experienced by the electrons and
the nuclei are of comparable intensity. As a result, the motions of the electrons are much faster
than those of the nuclei which occupy almost fixed positions within the molecule; the main
challenge in understanding the chemical bond is hence to determine the dynamics of the electron

cloud.



In an isolated atom, the electrons have a particular spatial arrangement according to Pauli’s

exclusion principle, e.g. the electronic configuration of atomic nitrogen is: 1s% 25 2p3, with the 1s
electrons tending to occupy a region of space closer to the nucleus than the others; such electrons
are referred to as belonging to the inner shell. When atoms are brought together to form a
molecule, inner shell electrons remain localised around their parent nuclei, whilst the electrons of
the outermost orbitals redistribute throughout the molecule to form a stable charge distribution
which provides a binding force. Hence it is these outer shell, or valence, electrons that are

responsible for molecular bonding.

As in atoms, the electrons in molecules reside in orbitals. However, orbitals in molecules are
often associated with more than one nucleus and usually have different shapes to atomic orbitals.
The description of chemical bonding based on these orbitals is called molecular orbital (MO)
theory and is formulated from the linear combination of atomic orbitals (LCAO). In this
approach the wave functions of the atomic orbitals are mathematically combined to obtain the
wave functions of the molecular orbitals; the process necessarily generates the same number of

molecular orbitals as the number of component atomic orbitals.

A simple example can be given in the case of molecular hydrogen. Consider the wave function of

the hydrogen 1s electron (figure 1.2.1).

Figure 1.2.1. The wave function of the hydrogen 1s electron.

If two such atoms are brought together the wave functions can be added in two ways,
constructively and destructively, to produce two quite different molecular orbitals (figure 1.2.2).
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classified, simple rules can be followed to obtain a great deal of useful information, e.g. whether
any of the orbitals are expected to be degenerate or whether any single photon transitions between
orbitals are strongly forbidden. Although symmetry considerations cannot give quantitative
information, they can give an invaluable qualitative picture of what should be expected.

The symmetry of a molecule can be described by considering the symmetry elements associated
with it. There are five such elements and all molecules can have their symmetry specified by a
particular combination of elements. Each symmetry element has a symmetry operation associated
with it. It is essential to distinguish between symmetry elements and operations: an element is the
geometrical property of the molecule that allows the symmetry operation to transform the
structure into a state indistinguishable from the original. The elements are shown in table 1.2.1.

Symmetry Element Symbol Symmetry Operation

Identity E Molecule unchanged

Proper rotation axis (n-fold) C, Rotation about axis by 2n/n

Plane of reflection o Reflection in plane

Inversion centre i Inversion of all atoms through centre

Improper rotation axis (n-fold) Sh Rotation about axis by 2n/n followed
by reflection in a plane perpendicular
to the axis

Table 1.2.1. Symmetry elements and symmetry operations.

The different elements and operations are best described with the aid of diagrams. The identity
element is common to all molecules and its operation simply leaves the molecule unchanged; this
may seem trivial but has to be included if mathematical group theory is to be applied. The proper

rotation element and operation is shown in figure 1.2.9.

C, axis f Operaon f
¢ ’L- b -;.

Figure 1.2.9. The proper rotation symmetry element and operation.
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usually found to have very low photoabsorption cross-sections (for single photons). This provides
a method for determining a set of electron transition selection rules for a molecule - a basic
structural knowledge of a molecule can hence be used to greatly simplify the interpretation of its
absorption spectroscopy.

1.3 Molecular Spectroscopy

Molecular spectroscopy concerns the study of interactions between molecules and electromagnetic
radiation. For such interactions to occur there must be a change in the electric dipole moment of
the molecule (neglecting higher order effects such as changes in quadrupole moment). In an
isolated atom this can only be achieved by a change in motion of an electron with respect to the
nucleus. However, in the case of a molecule the dipole moment can also be changed by the
motions of the nuclei; this causes the spectroscopy of molecules to be considerably more

complicated than that of atoms.

There are three types of nuclear motion experienced by molecules: translation (also experienced
by atoms), rotation and vibration. Translations can be separated from the other motions by
considering the kinetics of a molecule’s centre of mass: this moves as a free particle causing no
change in the electric dipole moment. Molecular rotations cause the orientations of any dipole
moments to change (assuming the internuclear distances remain constant) thus allowing
interactions with radiation to occur. Molecular vibrations, on the other hand, involve the motions
of nuclei with respect to each other (so disturbing the electron cloud) which can lead to changes of
electric dipole moments. Finally, as is the case for atoms, changes in the electron cloud
distribution brought about by transitions between electronic states may also change the electric

dipole moment of a molecule.

Hence there are three internal degrees of freedom within a molecule which may interact with a
radiation field: rotation, vibration, and electronic transitions. Fortunately the treatment of these
mechanisms is simplified by the fact that the motions occur on completely different timescales: in
the time it takes a molecule to complete one rotation it may go through hundreds of vibrations,
whereas electronic transitions are so rapid that the nuclear positions do not change appreciably
throughout a transition between two electronic states. The energy changes involved for each of

these mechanisms are also quite different: rotational energy levels are typically separated by
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~5 meV, vibrational levels have separations of ~100 meV, and electronic transition energies range
from ~1 eV to ~10eV. This leads to interactions with different regions of the electromagnetic
spectrum (table 1.3.1).

Type of Motion Typical Energy Electromagnetic
Level Separation Spectrum Region
Rotation 1-10 meV Microwave
Vibration 50-500 meV Infra-red
Electronic transition 1-100 eV Visible and ultra-violet

Table 1.3.1. Interactions with electromagnetic radiation.

The different types of motion can occur simultaneously in a molecule, i.e. a vibrating molecule
may also rotate, whilst an electronically excited molecule may be vibrating and rotating.
However, since the energies of the motions are so different they may, to a first approximation, be
treated independently of each other. This is known as the Born-Oppenheimer approximation, and
is simply an assumption that the combined energy of the motions is equal to the sum of the
separate contributions:

Etotal = Erotation * Evibration * Eelectronic (1.3.1)

1.3.1 Rotational excitation
The purely rotational motion of molecules is studied using microwave spectroscopy. To calculate
the expected rotational energy levels of a molecule the assumption is made that the internuclear
distances are fixed; this is the rigid-rotor approximation. For a simple diatomic molecule (linear
by default), this approximation yields equation 1.3.2 to predict the rotational energy levels:
E; =Bhc J(J+1) [Joules] (13.2)

where

B=h/8n’Ic=h/8xn* pr’c [em™] (13.3)
and h is Planck’s constant, ¢ is the speed of light in vacuo, B is the rotational constant, J is the
rotational quantum number (J=0, 1, 2, ...), I is the moment of inertia (I=ur2), U is the reduced

mass and r is the bond length.



21

However in real molecules the internuclear distances do not remain fixed: as the rotation becomes
faster the centrifugal force increases and the nuclei are pushed further apart. This is taken into

account in the non-rigid rotor model which includes equation 1.3.2 plus a correction term:

E; = Bhe J(J+1) - Dhe J(+1)? [Houles] (1.3.4)
where D is the centrifugal distortion constant:
D=h*/327* Pl ke [em™] (13.5)
and k is the force constant:
k=40’ ’p [N.m] (1.3.6)

where o is the vibrational frequency of the bond undergoing centrifugal distortion (in em’! for

equation 1.3.6 to be valid).

The energy levels for rotational excitation thus increase in separation as the rotational quantum
number (J) increases, and transitions between the rotational levels of molecules are governed by
the selection rule AJ=t1. Experimental spectra may hence be analysed to obtain values for the
molecular properties |1, r and @. However, pure rotational spectra are not relevant to the work

presented in this thesis hence a full discussion is not given here.

1.3.2 Vibrational excitation

Vibrational spectroscopy of molecules is studied at infra-red wavelengths and is the subject of
many texts (e.g. [H1]). Vibrational spectroscopy concerns the motions of nuclei relative to one
another within a molecule, the equilibrium positions of the vibrations being determined by a
balance of forces:

1) the repulsive forces between the positively charged nuclei

ii) the repulsive forces between the inner shell electrons surrounding each nucleus

iii) the attractive forces between the nuclei and the electrons throughout the molecule.

The energy of the molecular system is a minimum when the forces are balanced and the

equilibrium internuclear distances are then defined as bond lengths.

To describe the motion of nuclei within a molecule we may choose the Cartesian coordinate
system. If a molecule contains N nuclei, the positions and motions of them can be described using

3N coordinate values. However, translations along the axes and rotations about the axes do not
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The case of the diatomic molecule is simple in that it can only support one vibrational mode, and
the internuclear potential depends on a single variable (r, the internuclear separation). However,
the potential functions of polyatomic molecules depend on greater numbers of variables (3N-6 for
non-linear molecules, 3N-5 for linear) and can be mathematically complicated. These functions
can be visualised by considering just two of the degrees of freedom (by freezing the other
vibrational modes) and considering those two modes only. The potential energy function
describing the interaction of the two modes can then be represented as a two-dimensional surface,
allowing the effects of multiple vibrational modes to be considered simultaneously for the
molecule. The allowed energy levels of such molecules are given by:
E,, = hznzcoi(oi +1) +hzn: Zn:xij(ui +3)(0;+3) (n (1.3.13)
i=1 j2iooi=l

where o; is the equilibrium frequency (or zero-order frequency) and v; the vibrational quantum
number of the i vibrational mode, n is the number of vibrational modes of the molecule (3N-6 or
3N-5), and x;; are the anharmonicity constants (corresponding to ox. for diatomic molecules);

this approximation assumes higher order terms in v; are negligible.
For a simple triatomic molecule such as ozone (N=3, n=3N-6=3), this equation reduces to:
Eviv = haoy (Vg + 12) + ho, (v, + ¥2) + hos (s + ¥2) 3] (1.3.14)
+hoegy (U1 + Y8)? + g (0, + Y4) + g (03 + 1)

+ hxpp (U1 + Y2) (02 + Y2) + hxys (0 + Va)(03 + 12) + s (L2 + Y2)(03 + 12)

Hence it can be seen that the anharmonicity constants x;. are a measure of the interactions
between the different vibrational modes. In practice, it is common to measure the vibrational

energy with respect to the zero-point energy (i.e. V1=V,;=v;=0, the lowest vibrational state):

Eeropoint = E(0,0,0) = ¥3h {0+0,+m3} + Yah {xp+xatosstxtxstxas} 7] (1.3.15)
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The vibrational energy above the zero-point for a triatomic molecule can then be represented as
(neglecting higher order terms in v;):
E(u1,02,03) -E(0,0,0)= h {0,°’v; +0 v, +05’v; M (1.3.16)
+ xn 012 +x2 1)22 + X33 032
+ X120102 + X130103 + X230503 }
where:
0l =0, +x;+- 3 X, [s™] (13.17)
2j#i
The observed fundamental frequencies (vi) corresponding to transitions from v;=0 to vi=1 with
all other v;=0 are hence:
vi = o +x; [s'] (1.3.18)

The quantities v;, ©;, ®; and x;; can thus be derived from experimental data.

The vibrational selection rule for polyatomic molecules is the same as that for diatomic molecules.
In addition to the fundamental transitions mentioned above, infra-red absorption spectra of
polyatomic molecules may also exhibit overfone bands (e.g. E(0,0,0) — E(2,0,0) for a triatomic
molecule), combination bands (e.g. E(0,0,0) — E(2,1,0)) and difference bands (e.g. E(0,0,0) >
E(2,0,-1)). However, the fundamental bands are usually observed to be the most intense. It is
also found that as Av; becomes large (>10) it can change by non-integer amounts, i.c. the

approximations used in the quantum mechanical solution begin to break down.

A vibrating molecule may also be rotating, in accordance with the Born-Oppenheimer
approximation (equation 1.3.1). The two motions interact with each other, and it may be shown
that the selection rules for the combined motions are the same as those for each separately, i.c.
Av=tl +2 13, ... and AJ=t1. This results in fine structure due to rotational transitions on the
vibrational bands observed in infra-red spectra. This structure (sometimes referred to as
rovibrational structure) is often quite complicated, although it can be analysed to yield much
information about the molecule; very high resolution (<1 meV) spectrometers are required to
resolve these fine structures. Such equipment was not used in the work presented in this thesis,
hence a rigorous description of rovibrational transitions is not required here; a thorough account
of this type of spectroscopy can be found in [B1]. The important result of the combined motions
is that the width of observed vibrational peaks may have a limit imposed by rotational transitions.
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Vibrational modes that do not lead to a change in permanent electric dipole moment of the
molecule are not observed by infra-red spectroscopy, €.g. the stretching modes of homonuclear
diatomic molecules. However, such modes may be observable using Raman-spectroscopy which
involves the inelastic scattering of radiation by the molecular target, i.e. the Raman effect. In
classical terms, this requires that the polarisibility of the molecule (o) must be changed by a
nuclear motion such that a dipole moment is induced allowing an interaction with radiation. If a

molecular state is Raman-active, photons of incident energy %o will scatter inelastically with final

energy ho’, where fi(w-0’) is the energy required to excite the molecule. The scattered light
intensity is usually very small and decreases as the change in photon energy increases, so in
practice a bright light source is used (e.g. a laser beam) and the energy change kept small (<1 eV).
A rovibrational mode of a molecule may be infra-red and/or Raman active, or inactive to both. A
detailed discussion of Raman spectroscopy is not relevant to this thesis hence will not be given; a
full description can be found in [B1]. Raman active modes may also be observed using electron
impact spectroscopy (section 1.5.3).

1.3.3  Electronic excitation

The electrons in a molecule fill the orbitals according to its internal energy, e.g. the filled orbitals
of ozone in the ground state are shown in figure 1.2.8. If a molecule absorbs a photon of the
required energy an electronic transition will occur, i.e. an electron will move into a molecular
orbital of higher energy according to the selection rules (see below); only absorption processes are
relevant to this thesis hence the following discussion refers to photoabsorption, neglecting
photoemission. The energy required to excite electronic transitions in molecules is typically
between 1 eV and 15 eV, such that electronic spectra are observed in the visible and ultra-violet

regions of the electromagnetic spectrum.

An electronic transition may be accompanied by a change in the vibrational and/or rotational state
of the molecule. Again, the Born-Oppenheimer approximation (equation 1.3.1) allows the
energies to be treated independently such that the change in internal energy for an electronic

transition is (neglecting changes in rotational state):

AE 11 = AE¢iectronic + AEvibrational (1.3.19)

















































































































































































































































































































































































































































































