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Abstract

The research described in this thesis covers a wide range of experimental 

techniques used to characterise the excitation and dissociation processes of molecules 

relevant to atmospheric studies, with a particular emphasis on a newly discovered 

greenhouse gas, trifluoromethyl sulphur pentafluoride, SF5CF3. Since the excitation, 

dissociation and ionisation processes, together with their subsequent chemical reactivity 

are particularly important in the upper region of the Earth’s atmosphere (e.g., in the 

stratosphere and ionosphere), the research aimed to provide accurate VUV absorption 

cross sections for a selected set of atmospheric trace gases.

The spectroscopy of such molecules has been investigated by high resolution 

photo-absorption and, in the particular case of SF5CF3, electron energy loss 

spectroscopy (EELS) was also used. High resolution photo-absorption spectra were 

obtained in a new apparatus assembled at the Institute for Storage Ring Facilities, 

University of Aarhus, Denmark, where synchrotron radiation with photon energies from 

3 eV up to 11 eV has been used with a FWHM resolution better than 0.1 nm. Electronic 

excitation into both valence and Rydberg states has been studied and assigned for 

dimethylsulphide and acetaldehyde, trifluoromethyl sulphur pentafluoride, 

dichlorodifluoromethane, acetonitrile and acrylonitrile. The present results are 

compared, wherever possible, with previous data.

A photo-electron experiment carried out at the University of Liège to investigate 

trifluoromethyl sulphur pentafluoride is also described. The ionisation energies obtained 

were then used to assign the Rydberg series observed in the VUV studies.

At stratospheric altitudes, local chemistry and physics are strongly influenced by 

the formation of ices and dust surfaces and therefore in this thesis we also present, for 

the first time, results on the reactivity of gaseous SF5CF3 on ice surfaces.

11



Acknowledgements

Professor Nigel Mason for his constant support, encouragement, his exceptional 
supervision and his confidence in the work in which I have been involved, as well as the 
opportunities he has given me to visit several international groups throughout my stay in 
London.

Dr Soren Vronning Hoffmann at the Institute for Storage Ring Facilities, University of 
Aarhus, Denmark, for his supervision, discussion and assistance while working on the 
synchrotron radiation facility.

Professor Tilmann Mark at the Institut fu r lonenphysik. University of Innsbruck, 
Austria, for his hospitality, discussions and the opportunity he gave me to work on the 
low energy electron set-up, during the cold and snowy stay there. My thanks also to Dr. 
Wolfgang Sailer for providing sketches and details of the DEA set-up.

Professor Marie-Jeanne Hubin-Franskin, Professor Jacques Delwiche and Dr Alexandre 
Giuliani, who also have been involved in the work carried out in Aarhus, Denmark, and 
for their collaboration and hospitality at their Laboratoire de Spectroscopie d ’Electron 
Diffusés and Termodynamique et Spectroscopie, at the University of Liège, Belgium.

Professor Eugen Illenberger at the Institut fur Chemie -  Physikalische und Teoretische 
Chemie, Freie Universitat in Berlin, for the chance he gave me to work on the electron 
stimulated desorption condensed phase machine and to Richard Balog for his assistance 
during the two weeks we worked together.

Samuel Eden as companion and for the great times we have had together in this research 
project and for his patience over the years in helping me to improve my English. Also 
Dr Paul Kendall, Anita Dawes and Philip Holtom colleagues at the Molecular Physics 
Group at University College London.

My sincere thanks also to Ted Oldfield for his highly “enzymatic” capability and to 
John Turner, both fi"om the Department of Physics and Astronomy’s workshop, for their 
technical excellence, advice and assistance throughout the course of this work, 
especially during hard times.

A special thank you to Catherine Jones and Muna Dar from the finance and accounts 
division at the Department of Physics and Astronomy, University College London.

Professor John Humberston, tutor of postgraduate students.

All my colleagues in the past and present at UCL, Cynthia Trevisan, Paul Dando, 
Andrea Miani, Jimena Diaz, Natalia Vinci, Marta Szhiinska and my office colleague 
Phil Jones.

Ill



Acknowledgements

My Portuguese friends Ana Pascoal from King’s College, Luisa Brotas from the 
London Metropolitan University and Pedro Pereira from Imperial, for their friendship, 
support and for keeping alive my Portuguese, when English has been my day-to-day 
spoken language.

Jane Dempster for her friendship and for the many laughs we had together!

Professor Maria Helena Cabral, Portuguese supervisor, for her encouragement, support 
and providing an important link with the New University of Lisbon, Portugal.

Colleagues and members of the staff at the Department of Physics, New University of 
Lisbon, Professor A M C Moutinho, Professor Maria Raposo, Professor Paulo Ribeiro, 
Professor Antonio Paiva, Dr Lucia Escrivao, MSc Joao Lourenço, MSc José Luis 
Ferreira, Mrs Helena Rodrigues, Mrs Fatima Silva, Mrs Ana Rute Dallot and at the 
Molecular Physics Centre of the Technical University of Lisbon, Professor Manuel 
Fernandes Laranjeira, Professor Maria Aurea Cunha, Professor Nunes de Carvalho, 
Professor Ana Amaral, MSc Guilherme Lavareda and Mrs Laurinda Fernandes.

Professor Pedro Mendonça dos Santos for his friendship and all support throughout 
these years.

A special thank to Professor Antonio Manuel Nunes dos Santos, head of the Faculty of 
Sciences and Technology, New University of Lisbon, for his friendship, support and 
interest in the work in which I have been involved.

The Portuguese Foundation for Science and Technology for the SFRH/BD/3096/2000 
scholarship.

I am also gratefiil to the Department of Physics and Astronomy, University College 
London, EPSRC and UCL Graduate School for their support during the course of this 
project.

The British family, Sylvia Lahav and Nicholas Volley, for their support, for their 
fnendship, for sharing their Victorian home and for always making me feel part of their 
family; Sylvia for the chances I have been offered to see so many exhibitions and for 
baking the best apple and cheese cake I ever had; Nick for keeping me busy with the 
voltmeter through the several times we tried to fix his motorbike and for cooking the 
best pasta sauce.

All my close friends abroad, with no exception, with whom I have kept close contact 
and shared the great times I was having while living in London.

And last, but not least, my dear and loving Parents, for always being there, for their 
encouragement and support throughout these years and for making my stay in London 
possible.

IV



Symbols and acronyms

The following list of symbols and acronyms appears according to their alphabetical order 
(Arabic and Greek), where other quantities are formerly presented.

Description

(0 -0 ), Voo
°C
(e,e)

(?);?

origin of vibrational transition series 
degrees Celsius 

electron-dipole spectroscopy 
peak assignment uncertainty; no assignment

A
Â

AE
Ar, Ar„ 
ASTRID 
Au 
a

amu
a.u.

A], A], B], B2 

A \ A"

B
CFCs

CFC-11

C
Cn

c

cal

d.c.
DEA

First electronic excited state 

Angstrom (10'̂ *̂  m) 

appearance energy 
Argon; n^ order Argon clusters 
Aarhus Storage Ring in Denmark 
gold

Albedo of the Earth (=0.31)

atomic mass units
arbitrary units

Civ symmetry species

Cs symmetry species

Second electronic excited state
Chlorofluorocarbons

Trichlorofluoromethane

Third electronic excited state
n-fold rotation of (2 a/n) radians

velocity of light in the vacuum, ~ 2.998 x 10* ms^

calorie

direct current
Dissociative Electron Attachment



Symbols and acronyms

DMS dimethylsulphide

DOS Differential Oscillator Strength

EELS Electron Energy Loss Spectroscopy

e.g. for example {exempli gratia)

eq(s). equation(s)

et al. and others

eV electron-Volt

Fig.; Figs. Figure; Figures

FWHM Full-Width Half Maximum

HCFCs Hydrochlorofluorcamos

He; Hel Helium; Helium I photo-electron

HFCs Hydrofluorocarbons

HOMO Highest Occupied Molecular Orbital

h Planck’s constant

IP ionisation potential

IR Infra-Red

J(X) actinic flux of solar radiation

km Kilometre

Kr Krypton

k rate constant; (10 )̂

koH hydroxyl radical rate constant

kp photo-dissociation rate constant

LUMO Lowest Un-occupied Molecular Orbital

1/s litres per second

a Rydberg series, 1=3,4,... and X - o, k,0

M Electronic ground state of molecule M

M*- Ionic electronic excited state of molecule M

Mb Mega bam (10 cm̂ )

MeV Mega electron-Volt (10® eV)

ML Mono-Layer

MPI Multi-Photon Ionisation

m meter

mA mili-Ampères (10'̂  A)

mbar mili bar (= 100 Pa)
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Symbols and acronyms

mol
mT

Â ;N

NIR

NOx
n

«V,; nvi ’
nm
n*

ODPs

OH

Pa
PES

PSCs

P

ph

p.; pp.

ppb; ppbv 

ppm; ppmv 

ppt; pptv 

R ;R  

Rc
RPD

RTM

Ru
R(Y-X)

ref.

S;5

S„

unit of elementary mass 

mili-Tesla (10'̂  T)
number of atoms; number of magnetic poles 

Negative Ion Resonance(s)

Nitric oxide radicals
lone pair electrons; principal quantum number 

gas number density 

V, vibrational series 

Nanometre (10'̂  m)
Rydberg reduced term energy coefficient 

Ozone Depletion Potentials 

Hydroxyl radical 

Pascal
Photo-Electron Spectroscopy 

Polar Stratospheric Clouds 

sample pressure (Pa) 
photons 

page; pages

part per billion; part per billion by volume 
~ 2.5 X 10̂ ° molecules cm ̂ , T = 298K, p = latm 

part per milhon; part per million by volume 
~ 2.5 X 1 0 ^̂ molecules cm'̂ , T = 298K, p = latm 

part per trillion; part per trillion by volume 
~ 2.5 X 10  ̂molecules cm'̂ , T = 298K, p = latm 

monochromator resolution; universal gas constant; 

one Rydberg (13.6 eV)

crossing radius of two potential energy surfaces 

Retarding Potential Difference 
Race Track Microtron 

Ruthenium

Intemuclear separation of species X and Y 

reference

Sulphur; solar constant 

n-fold improper rotation
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Symbols and acronyms

SR

So, Si 

T-T e

TEM

Ti
TNI

TPEPICO

TPES
Tg;Tgy-’

torr

UCL

UVl
V ;Y

V(R)
VOCs
VUV
V

X
yr

Synchrotron radiation 

singlet ground and first excited states 
absolute temperature (K); Earth’s temperature 

Incident electron energy (e)

Trochoidal Electron Monochromator 

first triplet excited state 
Temporary Negative Ion
Threshold Photo-Electron-Photo-Ion Coincidence 

Threshold Photo-Electron Spectroscopy 

Tera grams (lO’̂  g); Tera grams per year 

= 133.3 Pa

University College London

Ultra-Violet 1
sample cell volume; Volt

Potential energy
Volatile Orgainic Compounds
Vacuum Ultra-Violet

electron’s velocity in a synchrotron ring

Electronic ground state
Year

avi

Pa

r ’vib
F(R)

r w
AE
Av,

A S

3

e

k

\i'; pm

intercept coefficient of the yy axis 

Gradient

total number of vibrational modes 
Energy width of an ionic state 

Irreducible representation for the wavefunction 

energy difference
vibrational energy difference of mode v, 

total spin momentum 

quantum defect; delta orbital 

kinetic energy of the incident electron 

vector velocity angular component 

wavelength

electric dipole operator

velocity in a moving frame 1 0^ m
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Symbols and acronyms

V , V, r vibrational state; vibrational mode, 7 = 1 - oo

L velocity of a particle 
7u pi orbital

7c* pi anti-bonding molecular orbital

a(X) photo-absorption cross section

a r sigma orbital; reflection plane of symmetry

X Stefan-Boltzmann constant 

a* sigma anti-bonding molecular orbital

Og, (Tu, û, ĝ, Cooh symmetry species
u frequency

X; %' stationary reference frame; reference moving frame

q) angle between normal incidence and plane

q)(A) primary quantum yield
\ | / i  electronic wavefunction of state /
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True sciences are those which have penetrated through the senses as a 

result o f experience and thus silencing the tongues o f disputants, not feeding 

investigators on dreams but always proceeding successively from primary 

truths and established principles, in a proper order towards the conclusion.

Leonardo da Vinci, (1452-1519), in Codex Urbinas Latinus



Chapter 1

Atmospheric environmental physics: an overview

Take nothing on its looks: take everything on evidence.

Charles Dickens (1812 -  1870)

1.1 Introduction

Environmental science is a rapidly emerging discipline with major political and 

social consequences. Accurate analysis of the composition of the terrestrial atmosphere 

is crucial in understanding many modern environmental issues and assessing whether 

remedial actions are successfiil. Many of the techniques to study the physics and 

chemistry of the terrestrial atmosphere are based on spectroscopy. This is due to the fact 

that every atom, molecule or molecular cluster is uniquely characterised by a set of 

energy levels. Transitions between levels, by the absorption or emission of 

electromagnetic radiation, result in highly specific spectroscopic features. Moreover, 

since each atom or molecular species directly interacts with its local environment, the 

relevant energy levels and transition intensities may be perturbed by their surroundings, 

hence by probing the spectroscopy of each atom or molecule it is possible to probe its 

local environment. Atomic/molecular spectroscopy thus allows both the identification 

and the quantification of trace amounts of species in the atmosphere and provides an 

accurate assessment of their physical and chemical environment.

In order to develop accurate models of the physico-chemical processes in the 

terrestrial atmosphere large amounts of spectroscopic data must be collected for a vast 

number of compounds. For example a detailed knowledge of the visible and ultra-violet 

photo-absorption spectra of a molecular system enables an estimation of the atomic / 

molecular lifetime in the sunlit atmosphere. Infrared photo-absorption spectra determine 

how effective a molecule will be at absorbing radiation emitted by the Earth and hence 

determine the atmospheric energy balance and surface temperatures.

_
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Currently, there are a few specific spectroscopic techniques used to monitor the 

atmosphere. These include laser techniques and remote sensing techniques from 

satellites for example NASA’s Upper Atmosphere Research Satellite (UARS) monitors 

the global ozone layer, while the Meteosat series of satellites monitors weather patterns 

by IR measurement of clouds. Other satellites probe carbon dioxide emissions, or SO2 

plumes from industry and volcanoes. All these observations rely upon having an 

accurate spectroscopic data base. The work in this thesis aims to provide a detailed 

spectroscopic study of the VUV spectra of several atmospheric molecules and to 

investigate mechanisms by which they are removed from the terrestrial atmosphere. 

Before describing the experiments and results obtained it is necessary to briefly review 

the structure, composition and physical and chemical processes prevalent in the Earth’s 

atmosphere.

1.2 The Earth’s atmosphere

The Earth’s atmosphere is a gaseous envelope, retained by gravity, surrounding 

the planet. Most dense at its surface, 90% of the mass is contained in the first 2 0  km and 

99.9% of the mass within the first 50 km. The atmosphere becomes thinner with 

increasing height until at around 1 0 0 0  km it merges indistinguishably with interstellar 

space. The Earth’s atmosphere can be divided into layers characterised by their 

temperature (curved line. Figure 1.1). Each layer is called a sphere (troposphere, 

stratosphere, mesosphere, ionosphere, thermosphere and magnetosphere) and the 

boundary between layers is called a pause (tropopause, stratopause, mesopause) [1 .1].

It is generally believed that the solar system condensed out of an interstellar 

cloud of gas and dust, about 4.6 billion years ago. The atmospheres of the Earth and the 

other planets, such as Venus and Mars, are thought to have formed as a result of trapped 

volatile compounds from the planet itself. The early atmosphere of the Earth is believed 

to have been a mixture of carbon dioxide, nitrogen, and water vapour, with trace 

amounts of hydrogen, a mixture similar to that emitted by present day volcanoes.

The Earth’s atmosphere is now composed primarily of ~ 78% N2, -  21% O2 and 

-  1% Ar, whose abundances are controlled over geologic time scales by the biosphere, 

uptake and release from crustal material, and degassing of the interior. Water vapour is 

the next most abundant constituent. It is found mainly in the lower atmosphere and its 

concentration is variable, reaching values up to 3%. The remaining gaseous 

constituents, known as trace gases, comprise less than 1% of the atmosphere. However,
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these trace gases play a crucial role in the Earth’s radiative balance and drive most of 

the chemistry of the atmosphere.

Present-day measurements coupled with analyses of ancient air trapped in 

bubbles in ice cores provide a record of dramatic, global increases in the concentrations 

of gases such as ozone (O3), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O ), 

and various halogen-containing compounds. These gases act as atmospheric thermal 

insulators. They absorb infrared radiation from the Earth’s surface and re-emit a portion 

of it back to the surface (see section 1 .2 .2 ).

Carbon dioxide in the Earth’s atmosphere accounts for just 0.03 % -  0.04 % of 

its mass, while water vapour, varies in amount from 0 to 2%. Carbon dioxide and some 

other minor gases present absorb some of the thermal radiation leaving the surface and 

emit radiation from much higher and colder levels out to space. These radiatively active 

gases known as greenhouse gases act as a partial blanket for the thermal radiation from 

the surface ensuring the Earth is substantially warmer than it would be otherwise. 

Indeed without these greenhouse gases, the Earth's average surface temperature would 

be roughly -20°C [1.1]. To understand this it is necessary to review laws of radiation.
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Figure 1.1 -  The structure of the Earth’s atmosphere.

1.2.1 Solar radiation and atmospheric heating

A black-body is defined as a hypothetical body consisting of a sufficient number 

of molecules absorbing radiation and emitting electromagnetic radiation in all parts of
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the electromagnetic spectrum, so that all incident radiation is completely absorbed and 

the maximum possible emission is realised at all wavelengths bands and isotropically.

The active role played by the atmosphere in the regulation of the Earth’s 

temperature is best appreciated by looking at the effects of not having an atmosphere. 

These consequences can be seen by taking a simple radiative balance model where the 

Sun emits radiation in all directions, the Earth absorbs solar radiation, warming its 

surface and then re-emits energy isotropically. Assuming the Earth as a spherical 

blackbody with radius Re and temperature Te, Stefan-Boltzmann’s law states that the 

power output, P is:

P = 4nRE^oTE^ ( 1 .1)

with a  the Stefan-Boltzmann constant (5.67 x 10’* Wm'^K* )̂. The rate of solar energy 

arising at the Earth is given \y  ̂S(1 - a) it Re where a is the albedo of the Earth (= 

0.31), and S  the solar constant (1353 Wm'^). The magnitude of this constant changes 

slightly as the radiation reaching the Earth will have variations with season and the 11 

year solar cycle as well as some shorter term variations, e.g. sunspots. The terrestrial 

energy balance then requires that:

S (l-a )n R E ^ = 4tzRb ^o Te ‘' (1.2)

with the result that the Earth’s “effective temperature” is given by:

4
S( l - a )

(1.3)
4o

Using eq. (1.3), the effective temperature of the Earth is ~ 253 K, or -20°C. However, 

the average temperature of the Earth’s surface is well above this (288 K, 15“C). We 

have neglected those atmospheric absorption/emission processes discussed above and in 

effect considered the space-atmosphere interface, not the atmosphere-ground interface 

[1 .1]. The 35°C elevation in surface temperature is due to the greenhouse effect (see 

section 1 .2 .2 ).

The majority of the energy entering the Earth’s atmosphere is coming from the 

Sun, produced in the photosphere, which acts as a blackbody of approximately 6000 K. 

Radiation is mainly emitted at visible, infrared and ultra-violet wavelengths with the 

peak occurring in the yellow part of the visible region.
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Figure 1.2 shows the intensity of incident radiation at the top of the atmosphere 

represented by the blue curve, and the black curve is the intensity of the radiation 

observed at the Earth’s surface. It is clear that there is a general attenuation (green 

colour area) of the radiation due to passing through a gas and in accordance to the Beer- 

Lambert law:

1 = lo exp (-n ax) ( 1 .4)

with lo the incident intensity, /  the transmitted intensity, n the gas number density, a the 

photo-absorption cross section and x the path length.
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Figure 1.2 -  Energy budget of the Earth’s atmosphere.

The red areas in Fig. 1.2 indicate the presence of infrared absorbing bands in the 

water (H2O), oxygen (O3) and carbon dioxide (CO 2) atmospheric molecules, in addition 

to the general attenuation. On average, about one third of the solar radiation that hits the 

Earth is reflected back to space (Figure 1.3), some is absorbed by the atmosphere but 

most is absorbed by the land and oceans.

The total energy arriving at the top of the Earth’s atmosphere per unit area per 

unit time is ~ 1353 Wm' .̂ Due to geometrical arguments, the effective solar flux 

incident to a level surface at the top of the atmosphere is given by V4S, which means 343 

Wm'^ [1.2] (Figure 1.3). The numerical values in Fig. 1.3 show how the radiation
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interacts with the Earth’s atmosphere and surface, and the power associated with each 

process (measured in Wm'^). The absorption value at the Earth’s surface is given by 

168 Wm'^ minus the reflection from the surface, with a net value o f  approximately 140 

Wm'^. The values entering (absorbed by surface, 140 Wm'^, and atmosphere, 100 Wm'^) 

total 240 Wm'^) and leaving the atmosphere (240 Wm’̂ ) are the same so the system is in 

thermal equilibrium.
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IR emitted 
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Figure 1.3 -  Energy budget of the Earth’s atmosphere.

1.2.2 Greenhouse effect

The Earth not does not only absorb and reflect radiation, but is also an emitter. 

The emission is that o f  a blackbody at 288 K and therefore peaks far in the infrared. The 

energy balance (Fig. 1.3) is based on the emission and partial absorption o f  this infrared 

radiation and any change in any o f  these processes may disturb the balance.

When the Earth has absorbed the solar radiation it heats up and then re-emits at 

longer wavelengths (in the infrared). The increase in the global temperature is due to 

retention o f  some o f  the outgoing terrestrial radiation flux. Hence, the atmosphere must 

be more efficient at absorbing infrared radiation than it is at absorbing the visible / UV  

solar radiation. The principle that some molecules are strong infrared absorbers and thus
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retain terrestrial thermal energy is the basis of global warming that raises Earth’s 

temperature from 253 K to 288 K.

The transmittance of the Earth’s atmosphere in the infrared region is shown in 

Figure 1.4 together with the main molecular absorption bands. The transmittance in this 

region of the spectrum may be of the order of 60% -  80% but there are regions where 

most of the radiation is absorbed. These absorptions are due to the presence of infrared 

active bands of atmospheric molecules such as O3, CO2 and H2O. While the effect of 

these absorptions on the solar flux is small (because it is mainly peaked in the visible 

regions), the effect in the Earth’s infrared emission spectrum is much larger. In fact, of 

the infrared energy emitted by the Earth, only 8 % is directly transmitted to space with 

the other 92% undergoing several absorptions and re-emissions before being emitted to 

space at altitudes of ~ 6  km near the top of the troposphere. This cycle leading to 

retention of thermal energy is known as greenhouse effect.

CO, H ,0
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80

1
2
H 40
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Figure 1.4 -  Transmittance of the Earth’s atmosphere in the infrared

Molecules that absorb effectively in the infrared but have little or no absorbance 

in the visible are generically designated as greenhouse gases. The effectiveness of a 

greenhouse gas is defined as radiative forcing, and is a measure of the change in the 

Earth atmosphere system’s radiation budget (in W m' )̂ when the atmospheric 

concentration of that certain molecule is changed [1.3].
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The most important anthropogenic greenhouse gases present in the Earth’s 

atmosphere are those that absorb in the regions of Fig. 1.4, where the Earth’s 

transmittance is not usually high, in particular between ~ 7.5 pm -  14 pm. These 

molecules, then absorb radiation that would otherwise escape onto space and thus 

enhance the natural global warming.

1.2.3 Enhanced greenhouse effect

The retention of thermal energy by the greenhouse effect is a natural 

phenomenon with the magnitude of the effect relying on the equilibrium of production 

and destruction of the absorbing gases. However, anthropogenic emissions are causing 

greenhouse gas levels in the atmosphere to increase.

Table 1.1 lists some of the main greenhouse gases and their concentrations in 

pre-industrial times (compared with 2 0 0 0 ), their atmospheric lifetimes, anthropogenic 

sources, and Global Warming Potentials (GWP) [1.4, 1.5].

Greenhouse
gases

Chemical
formula

Pre-industrial
concentration

Concentration 
in 2000

Atmospheric
lifetime
(years)

Anthropogenic
sources

Rate of 
change 

(increasing)
GWP

Carbon dioxide CO2 280 ppmv 368 ppmv 5 to 200

Fossil combustion 
Land use 

conversion 
Cement 

production

31 ±4% 1

Methane CH4 700 ppbv 1750 ppbv 12
Fossil fuels 

Waste dumps 
Livestock

151 ±25% 23

Nftruos oxide N 2O 270 ppbv 316 ppbv 114

Fertilizer
Industrial
processes

Combustion

17 ±5% 296

CFG -1 2 CCI2F2 0 503 pptv 100 Liquid coolants 
Foams

increased
globally 9300

HCFC -  22 CHCIF2 0 70 pptv 12 Liquid coolants increased
globally 1300

Perfluoromethane CF4 40 pptv 80 pptv >50000 Production of 
aluminium 50 ± 2% 5700

Sulphur
hexafluoride SFg 0 >4ppt 3200 Dielectrics increased

globally 22200

Trifluormethyl
sulphur

pentafluoride
SF5CF3 0 0.125 ppt -1000 Unknown -6 % 17600- 

- 19100

Table 1.1 -The main greenhouse gases.

These gases include halocarbons, chlorofluorocarbons (CFCs), sulphur 

hexafluoride (SFe), and trifluoromethyl sulphur pentafluoride (SF5CF3). All are present 

in only small quantities but possess large radiative forcings and in some particular cases 

long lifetimes, which leads to substantial contributions to the global radiation budget.
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SF5CF3 has been included because it has been recently discovered in the 

atmosphere (Chapter 5) and its effect on global warming and ozone depletion could 

become important, especially with its current rate of increase at ~ 6 % a year [1.4]. The 

GWP is an index defined as the cumulative radiative forcing between the present and 

some chosen time horizon (usually 1 0 0  years) caused by a unit mass of gas emitted, 

expressed relative to a reference gas such as CO2, (section 3.2 .5.3).

Since the beginning of the industrial revolution, atmospheric concentrations of 

carbon dioxide have increased nearly 30%, methane concentrations have more than 

doubled, and nitrous oxide concentrations have risen by about 15% [1.5]. These 

increases have enhanced the heat-trapping capability of the Earth's atmosphere. 

Atmospheric CO2 has increased from concentrations of about 280 ppmv to about 368 

ppmv at present The smooth curve in Figure 1.5 is based on a hundred year running 

average [1.6]. It is evident that the rapid increase in CO2 concentrations has been 

occurring since the onset of industrialization, following the increase in emissions from 

fossil fuels.
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Figure 1.5 -  Global atmospheric concentrations of CO2 (after [1.6]).

The plot in Figure 1.6 is an example of the recent (1990 -  1999) and future 

( 2 0 0 0  -  2 0 1 0 ) trends in the total greenhouse gas emissions of six greenhouse gases; 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), MFCs, PFCs and sulphur 

hexafluoride (SFô), for the United Kingdom and Portugal [1.6]. Actual emissions of 

CO2, CH4, N2O have been used to calculate the evolution trending, while PFCs and SFô
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were included only in the 1995 calculation. Projected emissions are obtained taking into 

account emissions from CO2, CH4, N2O for 1990 and 2 0 1 0  [1 .6 ].

The plots are expressed in million tonnes of CO2 equivalent emissions versus 

time - 1990 (base year) to 2010 (or Kyoto target period 2008 -  2012). The white lines 

represent actual data for the period 1990 -  1999.

United Kingdom Portugal
800

R e d u d n i from projection 
reqarm Hom eetooir»t*tier*-6.6% to -7 .3%

700

550
1990 2000 2005 2010 1990 1995 2000 2005 2010

Figure 1.6 -  Total greenhouse gas emissions as a function of the year (after [1.6]).

The orange lines delineate the binding reduction commitments or emissions 

targets for the 2008 -  2 0 1 2  period, and are expressed in percentages of decrease or 

increase from the base year according to what has been requested or allowed for in the 

Kyoto Protocol\ The intervals between the black and the orange lines highlight the 

percent differences difficulty in meeting the proposed emissions levels by 2010. In this 

thesis we present results on greenhouse gases (SF5CF3, CCI2F2 both produced by 

industry) dimethylsulphide and acetaldehyde (naturally occurring greenhouse gases).

1.3 The ozone filter

Ozone (Fig 1.7) is a minor constituent of the Earth’s atmosphere, forming only

0.2% of the atmospheric mass. If all the atmospheric ozone were collected at the Earth’s 

surface, it would form a layer just 3 mm thick at standard temperature and pressure. 

However, at altitudes ~ 30 km the ozone layer defines a region of locally high ozone

' The main target is a global reduction of the emissions of six greenhouse gases (Carbon dioxide (CO2 ), 
Methane (Clfr), Nitrous oxide (N2 O), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), Sulphur 
hexafluoride (SFe)) to a level 5% below that of 1990. The richer countries should have reductions of 6 % - 
8 % while the poorer are allowed to increase their emissions in order to catch up in their development with 
the richer countries. A clean development mechanism should also help the poorer in sustainable 
development, mitigating the emissions of greenhouse gases during their growth.
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concentration of -  10 km in thickness [1.7] that protects life from the sun's harmful 

ultraviolet radiation.

In the upper atmosphere (stratosphere), oxygen atoms are created as a result of 

the breakdown of the oxygen molecule (O2) by ultraviolet radiation.

In the lower atmosphere, where natural ozone levels are low, additional ground- 

level ozone is formed as a result of anthropogenic emissions of VOCs and nitric oxide 

radicals. Indeed when the ozone levels are too high (> 180 pg m'̂  of air) bronchial 

asthma and other health effects may be induced.

n = 1 1 S.5 - 
d = 1MÀ

Figure 1.7 -  Geometry of an ozone molecule.

The atmospheric ozone absorbs essentially all the radiation below a wavelength 

of 295 nm due to a strong optical transition at -  225 nm which extends into the mid-UV 

region. Figure 1.8 shows the absorption spectrum of ozone between 190 nm and 330 

nm, whith a maximum cross section of -  11.5 Mb at -  225 nm.

12
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Figure 1 . 8  -  Absorption spectrum of ozone in the wavelength region 190 nm -  330 nm.
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Ozone is constantly formed in the upper layer of the atmosphere through the 

combination of molecular oxygen (O2) and atomic oxygen. The latter is formed through 

the photo-dissociation of O2 in the 1 0 0  km region by light with wavelengths shorter than 

175 nm. Sunlight UV radiation excites the electronic transition between the triplet

ground state of O2 (^ 2 ^) and a triplet excited state (^Zg ). Once excited, the O2 may

dissociate into two oxygen atoms, one in the ground triplet state O (^P) and one in a 

metastable excited state O (^D), according to equation 1.5;

0 2 ( ^ s j  + *o(^<  1 7 5 n m )-> 0 2 (^ S j)^ 0 (^ P ) + 0 ( ‘D) (1.5)

Once formed, atomic oxygen reacts with O2 to form O3:

O + O2 + M —>Oa + M (1.6)

where M is any atom or molecule capable of absorbing the excess of energy released by 

the exothermic formation of ozone.

The efficiency of O3 formation by UV radiation is sensitive to a large number of 

factors, amongst which are the availability of O2, changes in stratospheric temperature, 

chemicals and dust from volcanic eruptions [1.7]. Most of the ozone is produced above 

the equator, where the amount of incident solar UV light is maximum. Ozone formed at 

these latitudes then diffuses towards the pole, where it is accumulated. The effective 

thickness of the ozone layer may increase from 3 mm at the equator to more than 4 mm 

above the pole at the end of winter. The ozone concentration displays daily and seasonal 

fluctuations and tends to be higher in late winter and early spring.

Any decrease in the thickness of the stratospheric ozone layer, leads to higher 

levels of UV radiation from the sun reaching the Earth's surface. Increased UV can lead 

to more cases of skin cancer, cataracts, and impaired immune systems. Ocean 

phytoplankton could also decrease, leading to a decline in populations of higher 

organisms in the marine food chain. Also, increased UV radiation can be instrumental in 

forming more ground-level ozone, leading to increased numbers of cases of asthma and 

other health effects.

12
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1.3.1 Stratospheric ozone depletion

Under natural conditions, ozone in the stratosphere is continuously produced and 

destroyed, but at equal rates such that a stable ozone layer is maintained. There are 

basically two pathways for the destruction of ozone and the re-formation of O2:

0  + 0 3 - ^  2O2 

O 3 +  O 3 3 O 2

(1.7)

( 1.8)

These reactions are the result of a complex set of reactions catalysed by various 

gases and radicals, such as, atomic chlorine Cl, nitric oxide NO and hydroxyl radicals 

OH, the pathways along which they operate is shown in Fig. 1.9. If one looks at Cl 

radical, it reacts with an O atom from O3 (right-hand side), forming CIO; then loses an 

O atom to a free O atom and returns to the radical Cl state again, with the net effect 

given by eq. (1.7). The scheme requires free O atoms to be present at altitudes of 25 km 

or more

NO
OH

Figure 1.9 -  Breakdown of ozone to molecular oxygen by means 
of Cl, NO and OH free radicals.

N2O is partly anthropogenic in origin and is released from the soils and waters 

where it has been formed as fertiliser waste product. Like CFCs, the N2O released at the 

Earth’s surface may eventually photo-decomposed and NO is formed. These radicals, 

together with the OH radical, remove 99% of the stratospheric ozone [1.7]. So, how are 

the free radicals NO, Cl and OH produced? The OH radical is a product of the 

breakdown of H2O vapour, for instance produced in the exhaust of aeroplanes. Although 

part of Cl radical may be formed from HCl released by volcanoes, the major 

contribution into the stratosphere is from chlorofluorocarbons, CFCs, once widely used 

as refrigerants and foam-blowing agents (e.g. see Chapter 6 ), halons used in fire

13
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extinguishers, refrigerants, propellants, and certain solvents such as carbon 

tetrachloride. Under the Montreal Protocol, an international agreement ratified by most 

nations in 1987, the production of CFCs, halons, and other ozone depleting substances 

has been phased out. However since it can take years for ozone depleting chemicals to 

reach the stratosphere, some of the ozone depleting substances that were released in past 

years are still present in the atmosphere and may affect the ozone layer for many years 

to come.

Certain anthropogenic chemicals, referred to as ozone depleting substances, can 

disturb this natural balance. These ozone-depleting substances degrade slowly and can 

remain intact for many years as they move through the lower atmosphere until they 

reach the stratosphere. There they are broken down by the intensity of the sun's 

ultraviolet rays and release chlorine and bromine molecules, which react and destroy the 

ozone. One chlorine or bromine molecule can destroy up to 100 000 ozone molecules, 

causing ozone to disappear much faster than nature can replace it [1.8]. Presently, 

satellite observations indicate a worldwide thinning of the protective ozone layer. The 

most noticeable losses occur over the North and South Poles, because ozone depletion 

accelerates in extremely cold conditions [1.4].

1.3.2 Antarctic ozone hole

The stratosphere is very dry and generally cloudless. The long polar night 

produces temperatures as low as -  90°C (183 K) at heights around 1 5 -2 0  km, cold 

enough to condense even the small amount of water vapour present to form Polar 

Stratospheric Clouds (PSCs). The lowest temperatures are more prevalent in the 

Antarctic, where the polar vortex is more stable than in the Arctic. The exceptional 

stability of the vortex at the South Pole may be a result of the almost symmetric 

distribution of ocean around Antarctica. The less stable Arctic polar vortex tends to mix 

with surrounding air and does not attain the isolation and low temperatures achieved at 

the South Pole.

The stratosphere contains a natural aerosol layer at altitudes of 12 to 30 km and 

is composed of small sulphuric acid droplets with a size of the order of 0 .2  pm in 

diameter and present in concentrations of 1 to 10 cm*̂ . In the mid-altitude lower 

stratosphere (~ 15 km) the temperature is about -  53 °C (220 K), and the particles in 

equilibrium with 5 ppm water have compositions of 70 to 75% weight of H2SO4 [1.7].

Despite the composition of PSCs still being uncertain, they have been classified into
_
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two types: Type I and Type II (Table 1.2) [1.9]. Type I are further sub-divided into la 

and Ib. Type la have traditionally been identified as crystals of nitric acid trihydrate, 

that form once temperatures fall bellow ~ 195 K. Type Ib consist of super cooled 

ternary solutions of HNO3 / H2SO4 / H2O, also forming at about the same temperature 

threshold. Type II PSCs are largely frozen water ice, non-spherical crystalline particles, 

that are formed at temperatures below the ice frost point, where e.g., at 3 x lO"̂  Torr, 

H2O ice frost point is 191 K [1.9].

The chemical environment near and inside the Arctic polar vortex is 

predominantly affected by the heterogeneous (surface) processes on the ice particles 

that form these clouds. Such processes may be induced by either solar UV photons or 

those secondary electrons produced by photo-ionisation of adsorbed molecular species 

(e.g., CFCs and nitric oxides).

Classification Composition Structure Temperature threshold
________________________________________________________ for formation
Type la HNO3 3 H2O (NAT)* non-spherical, crystalline ~ 190 -  195 K
Type Ib HNO3/ H2SO4/ H2O spherical, liquid ~ 190 -  195 K
Type n H2O ice non-spherical, crystalline ~ 188 -  190 K

* - nitric acid trihydrate

Table 1.2 -  Classes of Polar Stratospheric Clouds (PSCs).

These in turn may lead to the liberation of reactive (radical) species enhanced 

chlorine and N0% catalysis, which leads to rapid ozone loss. Recently an interesting 

correlation between cosmic rays flux and ozone depletion has been shown, with those 

winters experiencing largest cosmic flux having the most ozone loss (largest ozone 

hole). A new and novel explanation has therefore been suggested by Sanche and co

workers (see Chapter 6 , and references therein) in which low energy solvated electrons 

on ice surfaces in the PSCs are released by cosmic ray bombardment enhancing 

dissociation of co-adsorbed CFCs (and nitric oxides), producing large numbers of ozone 

depleting radicals.

1.4 Replacements for CFCs -  the HCFCs / HFCs

The discovery of the stratospheric ozone-depleting potential of CFCs in the 

1970s led to a ban in the United States (announced in 1976 and effective in 1978) on the 

use of CFCs as aerosol propellants and similar restrictions in Canada and Scandinavia

\5
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followed. When the Antarctic ozone hole was discovered in 1982, an international 

protocol outlining proposed actions to protect the stratospheric ozone layer was signed 

in Montreal in September 1987. The so-called Montreal Protocol specifies a 20% 

reduction from 1986 levels of fully halogenated CFCs by 1994 and a further 30% 

reduction by 1999. A turn-down in emission rates has been observed, reflecting the 

results of the Montreal Protocol, but fiirther regulations and amendments now require 

the use of CFCs in industry to be totally phased out and alternatives found within the 

next decade.

A rapid phase out of production - and hence of consumption and release - of 

CFCs is necessary to reverse the trends of increasing concentrations of atmospheric 

chlorine and increasing ozone depletion. The international scientific and technical 

experts conducting assessments for the United Nations Environment Programme 

(UNEP) have stated that availability of HCFCs and HFCs is necessary to allow a rapid 

global phase out of CFCs. This, however, depends on the extent of recycling and 

technical feasibility of equipment, on the availability of HCFC and HFC replacements 

and on their toxicological and environmental acceptability [1.10]. HCFCs are 

technically and economically necessary for the transition in the majority of refrigeration 

and air conditioning, manufacture of insulating foams, selected and limited solvent 

applications, and certain fire protection applications.

HCFCs and EDFCs are considered environmentally superior to CFCs because 

they are largely destroyed in the lowest region of the atmosphere and HFCs do not 

contain chlorine and have no potential to deplete ozone [1.5]. HCFCs, however, do 

contain chlorine, but only a small percentage of that chlorine can reach the ozone layer, 

this is because most of the HCFCs released at ground level are destroyed in the lower 

atmosphere before they reach the stratospheric ozone layer [1.5]. In this thesis we have 

studied dichlorodifluoromethane (CCI2F2) and other atmospheric relevant molecules 

such as dimethylsulphide ((CH3)2S) and acetaldehyde (CH3CHO), trifluoromethyl 

sulphur pentafluoride (SF5CF3), acetonitrile (CH3CN) and acrylonitrile (C2H3CN).

1.5 Conclusions

In this thesis the spectroscopy of several aeronomic molecules playing an 

important role in the Earth’s atmosphere has been studied. In particular we have studied 

their photolysis and hence derived the atmospheric lifetime and reactivity. Molecules

studied include dimethylsulphide ((CH3)2S) and acetaldehyde (CH3CHO),
_



Chapter One

trifluoromethyl sulphur pentafluoride (SF5CF3), dichlorodifluoromethane (CCI2F2), 

acetonitrile (CH3CN) and acrylonitrile (C2H3CN). (CH3)2S and CH3CHO play an 

important role as intermediate species in the oxidation mechanism of tropospheric 

hydrocarbons. SF5CF3 is a newly discovered greenhouse gas with a long lifetime in the 

atmosphere. CCI2F2 is an important stratospheric ozone depletor. CH3CN is a product of 

both natural and industrial processes and may be a potential tracer gas for monitoring 

biomass burning, and C2H3CN is produced industrially and used in the manufacture of 

acrylic fibres and as a raw material in the fabrication of plastics, rubbers and resins. To 

complement these studies, electron impact and photo-electron studies have been made 

to fiirther characterise the electronic spectroscopy and dissociation processes, both in 

the gas-phase and on simulated atmospheric ice surface.

17
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Chapter 2

Molecular spectroscopy

Knowing is not enough; we must apply. Willing is not enough; we must do. 

Johann Wolfgang von Goethe (1749 -  1832), German poet, dramatist.

2.1 Introduction

This chapter describes the molecular spectroscopy underlying the study of 

excitation and dissociation of a molecular system by photon and electron impact. 

Dissociative processes play an important role in atmospheric chemistry and in plasma 

physics because the resulting fragment species are often found to be more chemically 

reactive than the parent molecules. The absorption of light by a molecule reveals 

particular patterns, which correspond uniquely to the energy levels within the molecule. 

So, the resulting molecular spectrum is used as a fingerprint in the identification and 

characterisation of a compound.

2.2 Molecular spectroscopy

The study of the interactions between molecular systems and electromagnetic 

radiation is the topic of molecular spectroscopy. Spectroscopy can change dramatically 

from an isolated atom to a molecule. For the former, the interactions can occur only on 

the basis of a change in motion of an electron with respect to the nucleus, while for the 

latter, such interactions may also occur and may change the electric dipole moment of 

the molecule (neglecting high order effects such as changes in quadrupole moment). 

However molecules can change their dipole moments by changing the internuclear 

positions which in turn makes the spectroscopy more complicated.

Nuclear motions are classified as tran.slation (experienced by atoms as well), 

rotation and vibration. Taking into account the kinetics of a molecule’s centre of mass,

i.e., it moves as a free particle with no net change in the electric dipole moment, 

translations can be separated from the other motions. Assuming that there is no

_
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appreciable change in the internuclear distance, molecular rotations cause the 

orientations of any dipole moments to change, thus allowing interactions with radiation 

to take place. Molecular vibrations disturb the electronic cloud of the molecule due to 

the motion of the nuclei with respect to each other. The change in the electron cloud 

distribution brought about by transitions between electronic states may also change the 

electric dipole moment of a molecule.

The way that these three mechanisms can interact may be simplified since they 

can be treated separately due to the different molecular time scales over which they 

occur: over the time a molecule takes to complete one rotation it may go through several 

vibrations, whereas electronic transitions occur so fast, that according to the Franck- 

Condon principle, the nuclear positions do not change appreciably during a transition 

between two electronic states. However, the energies involved for each of these 

mechanisms are also quite different. Rotational energy levels are typically separated by 

a few meV, vibrational levels have separations of the order of tens to hundreds of meV, 

and electronic transitions range from a few to tens of eV. Molecules can experience 

these different types of motion simultaneously, but due to the fact that the energies of 

the motions are so different they can be treated separately, such that the total energy is 

the summed contribution of each of them:

Etotal Erotation Evibration Egiectronic ( 2 . 1 )

This is known as the Born-Oppenheimer approximation.

2.2.1 Rotational excitation

The pure rotational motion of molecules is studied using microwave 

spectroscopy. In order to calculate the expected rotational levels of a molecule the 

assumption is made that the internuclear distances are fixed, and the rigid-rotor 

approximation applies [2.1]. However, pure rotational spectra are not relevant to the 

work presented in this thesis, therefore no further analysis or discussion will be given.

2.2.2 Vibrational excitation

Vibrational spectroscopy concerns the motions of nuclei relative to one another 

within a molecule, where the equilibrium positions of the vibrations are determined by 

the balance of the repulsive forces between positively charged nuclei, the repulsive
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forces between inner shell electrons surrounding each nucleus and the attractive forces 

between the nuclei and the electrons throughout the molecule.

When all these forces are balanced to obtain a state of minimum energy, the 

equilibrium internuclear distances are then defined as bond lengths. For a molecule 

containing N  nuclei, the positions and motions of them can be described by a set of 3N 

coordinate values. The number of vibrational modes is given by SN - 6 (or 3N - 5 for 

linear molecules), since nuclear translations and rotations along the axes do not affect 

the vibrational motion.

Molecular vibrations can be evaluated by taking into account several 

approximations or models such as the simple harmonic oscillator model [2 .1] and 

ending up on a more real Morse potential function, where solving the time independent 

Schrodinger equation one can get the selection rules for the vibrational transitions [2.1]. 

However, such theory is well known and therefore no further discussion is given here 

but reference made to introductory atomic and molecular physics books (e.g. [2 .1]).

2.2.3 Electronic excitation

Electrons fill orbitals in a molecule according to its internal energy. If a 

molecule absorbs a photon of the required energy an electronic transition will occur and 

the electron is moved to an upper orbital. The photon is then said to be resonant with the 

electronic state. The processes referred in this thesis are only due to absorption, so 

emission will not be taken into account. The energies required to excite electronic 

transitions are typically between 1 eV and 15 eV, depending on the molecule, and the 

observed electronic spectra are in the ultra-violet and visible energy regions of the 

electromagnetic spectrum.

Neglecting changes in rotational state, an electronic transition may be 

accompanied by a change in the vibrational state of a molecule. In photo-absorption 

investigations conducted at room temperature the original state is usually the ground 

electronic state with most of the population in the lowest vibrational state (v" = 0 ). 

However there may also be a small population in the first few vibrational levels as 

predicted by the Boltzmann distribution:

(2 .1)Ny" kpT
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where Ny» and Ny- are the number of molecules in the states v" and v', AE is the energy 

difference between the states, kg the Boltzmann’s constant and T the absolute 

temperature.

The vast majority of the population is thus in the lowest energy state (v" = 0), 

and the absorption spectrum is characterised by transitions from this level However, 

contributions from higher lying vibrational states can lead to photo-absorption and 

produce small structures shifted to the low energy side of the main absorption bands by 

an amount equivalent to the energy of the vibrational mode involved above the ground 

state. These structures are known as hot bands.

Transitions between two electronic states can easily be described if one 

considers that they occur so rapidly that the internuclear distances of the molecule do 

not have time enough to change appreciably their position of equilibrium. This is known 

as the Franck-Condon principle. Hence an electronic transition between two states may 

be represented by a vertical line joining the potential energy surfaces, originating from 

the most probable internuclear separation in the ground state.

In these transitions there is a possibility the molecule may also dissociate, as 

shown in Figure 2.1.

A
V(r)

dissociation

internuclear distance, r

Vir)

KER

pre-dissociation

a)
internuclear distance, r 

b)

Figure 2 . 1  -  Examples of dissociative excitations.

In a), the molecule is excited into a repulsive state which leads directly to 

dissociation (fragmentation). The amount of energy above the lower dissociation limit is 

defined as the Kinetic Energy Release (KER) of the fragments. However, in b) the 

molecule is first excited into a vibrational level of a bound state, and the molecule 

begins to vibrate such that the internuclear separation (r) increases to a maximum. At
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this position, the bound state potential energy surface can cross a repulsive potential 

curve and it is possible for the molecule to undergo a radiationless transition into this 

state and hence dissociate. This process is known as pre-dissociation.

The probability of a transition between two states can be a rather complicated 

calculation. However, the problem can easily be simplified by just considering whether 

a transition probability is zero or non-zero. In this case, they are defined as forbidden or 

allowed, respectively, and obey a series of selection rules. For all molecules 

experiencing optical transitions (resulting from photon absorption), the total spin 

quantum momentum A5 of the system is zero. For polyatomic molecules, other 

selection rules are given by symmetry considerations, where an excited state can be 

characterised by multiplying the symmetry types of the occupied orbitals together. 

Hence, once the state symmetries are known it can be determined whether the transition 

is allowed or forbidden.

There are two different types of excited electronic states to which a ground state 

molecule can be promoted; valence and Rydberg states. Generally speaking, the atomic 

orbitals that combine to form the molecular orbitals define the valence shell of a 

molecule. Excitations into the remaining unfilled orbitals generated by the valence shell 

orbitals are known as valence transitions. However, excitations into orbitals 

corresponding to higher values of the principal quantum number n are Rydberg 

transitions, although the lowest Rydberg states can be found to sometimes overlap with 

the valence states (e.g. (CH3 )2 S & CH3 CHO - chapter 4 and C2H3 CN - chapter 7).

In most cases, the orbital classifications fall into one of three categories: a, n and 

n orbitals (non-bonding). In general, electrons in the o orbitals are the most firmly 

bound to the nuclei, and hence require more energy to undergo transitions than the less 

strongly bound n and n electrons. The n electrons are usually (but not always) less 

weakly bound than the n electrons (Figure 2.2). The next figure shows the 

corresponding classification of electronic transitions abbreviated as (o —> o*), (ji —> tc*), 

{n 71*), (n —*■ c*).

Rydberg states can be seen as an electron in an orbital with large radius, 

travelling around a cationic core consisting of the nuclei and the remaining occupied 

molecular orbitals. All Rydberg states containing the same molecular ion core are 

related since their energy surfaces are determined by that of the molecular ion. The 

absorption band profiles of these states resemble that of the corresponding ionisation

band in a photoelectron spectrum. The fact that Rydberg states containing the same core
_
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are related to the corresponding molecular ion is exemplified by the Rydberg formula 

(section 3.2.5.1). Generally speaking transitions into Rydberg states are observed above 

~ 7eV, and also series converging to a particular ionic state, the relative intensities of 

the members are found to decrease as n’̂  [2.2].

2C0 400 750 tim

è
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Vacuum Lfv
f "  IT '  tt> T i

25 • 10*

Figure 2 . 2  -  Classification of electronic transitions.

2.2.4 Ionisation

When a molecule absorbs sufficient energy to remove an electron from a bound 

state, it becomes ionised. Typical ionisation energies for molecules are greater than ~8 

eV, and a series of Rydberg states comprising a remote electron bound to the molecular 

ion core found converging on each ionisation potential according to appropriate 

symmetry selection rules.

The transition into a molecular ionic state is governed by the Franck-Condon 

principle, and the properties of the ion depend on the type of electron that is removed 

from the neutral molecule; (i) if a non-bonding electron is removed, the bond strengths 

of the ion remain virtually the same as those of the neutral molecule, hence the bond 

lengths and vibrational spacing are also similar; (ii) if an anti-bonding electron is 

removed, the bonds become stronger, the ion bond lengths are generally shorter than 

those in the neutral and the vibrational spacing increases; (iii) if a bonding electron is 

removed, the bonds become weaker, thus the ionic bond lengths become larger than 

those of the neutral and the vibrational spacing decreases.

Molecular ionisation is usually observed experimentally using photoelectron 

spectroscopy, in which the molecules are ionised by photons of a particular energy and
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the liberated electrons are recorded as a function of their kinetic energy (section 3.4). In 

practice there are two types of experimentally determined ionisation energies, adiabatic 

and vertical. An adiabatic ionisation energy may be defined as the energy difference 

between the zero vibrational levels of the two electronic states involved [2 .1], the lower 

state being the ground state of the neutral molecule. However, in molecules where 

significant changes in geometry are experienced on ionisation, the zero-zero transition 

may not be observed since the ion is vibrationally excited, hence the adiabatic ionisation 

energies of many polyatomic molecules remain unobserved. On the other hand, the 

vertical ionisation energy is defined as the energy difference between the ground state 

of the molecule and the excited molecular ionic state with the nuclear positions identical 

to those of the neutral ground state [2.1]. Such a transition corresponds to a vertical line 

drawn through the potential energy surfaces, and is usually assumed to correspond to 

the point of maximum intensity in an experimental spectrum.

No spin-orbit coupling should be observed in the ionic state of molecules with 

less than a three-fold symmetry axis, as such molecules contain no orbitals that are 

degenerate because of symmetry [2.3]. The Jahn-Teller effect can play an important role 

in the photoelectron spectroscopy of polyatomic molecules. It states that a symmetric, 

non-linear molecule in a degenerate electronic state distorts in such a way as to reduce 

the symmetry and hence remove the degeneracy if it contains at least a three-fold axis of 

symmetry [2.3]. Thus if an electron is removed from a degenerate state, a distortion of 

the ion removes the degeneracy and splits the energy levels resulting in separate bands 

in the spectrum. However, if the magnitude of the split between the energy levels is 

small, it may just be observed as a broadening of the appropriate band in the spectrum. 

For two molecular species studied in this thesis, CH3CN has Cbv symmetry (Chapter 7) 

and SF5CF3, C4v (Chapter 5), no such effect has been observed.

2.3 Electron-molecule scattering

2.3.1 Electron-molecule interactions

Electron scattering processes differ from photo-absorption in two important 

ways. First, electron scattering is a non-resonant process, it means that the incident 

electron can transfer any amount of its kinetic energy to the molecular target. Secondly, 

the incident electron may simultaneously excite a molecule and exchange some of its 

quantum numbers with those of a bound electron within the target. This process is

known as exchange interaction and is essentially a quantum mechanical effect; it allows
_
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an electron impact to excite a forbidden state of a molecule by changing the total spin 

momentum of the target, which cannot be done by the absorption of a single photon, 

where selection rules force AS  = 0. In fact, with photons such a process has a high 

probability of not occurring (but is not totally forbidden) because there is no appreciable 

transverse momentum impinged by the oscillating electric field.

In electron-molecule collisions the following process are defined as open 

channels. The electron may collide with the molecule and the collision occurs in such a 

way that all energies are conserved, e.g.;

e"(s) + AB e’(8) + AB, elastic scattering (2.1)

The scattering process is also possible with an already excited molecule imparting its 

excess energy to the colliding electron:

e'(s) + AB* -> e’(e') + AB, e' > e, super elastic scattering (2.2)

Alternatively, the electron may impart some of its energy to excite the molecule to a 

higher state and then continue with decreased energy in the process of inelastic 

scattering. If the excitation is to a repulsive state, the excited molecule may then decay 

to its ground state by a radiative process (not represented here) or may dissociate into 

fragments:

e’(e) + AB -> e’(s") + AB*, electron impact excitation (2.3)

e"(e) + AB -> e'(s") + A + B*, dissociative excitation (2.4)

e’(e) + AB -> e’(s") + e'(ei) + AB , electron impact ionisation (2.5)

e’(e) + AB -> e’(e") + e’(ei) + A + B , dissociative ionisation (2.6)

e"(e) + AB -> [AB]' -> A' + B*, dissociative electron attachment (2.7)

Here, 8 is the kinetic energy of the incident electron, 8" (8" < 8) the energy lost/gained 

by the electron, 8i is the kinetic energy of an ejected electron.

2.3.2 Resonance formation

Another way to get information on the energies, symmetries, and spatial charge 

distributions of low-lying unoccupied molecular orbitals is the study of the negative ion 

resonances (NIR). Many of them decay by auto-detachment of the temporarily trapped 

incident electron and lead to the population of vibrational levels of the neutral species in

its electronic ground state. In electron-molecule scattering negative ions are formed at
_
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well-defined incident energies (typically below 20 eV). These resonances are formed by 

the temporarily attachment of an incident electron to the target molecule for a period of 

time in between 10 -  1000 times longer than the collision time (~ 10'̂  ̂s), and they are 

usually defined as temporary negative ion resonances. They are divided in two 

categories: shape resonances and core excited (shape) resonances.

When a low energy electron approaches a neutral molecule, the polarisation 

force can become significant. This interaction between the electron and the charge 

distribution of the molecule may induce an electric dipole moment within the neutral. 

Shape resonances may thus arise due to an interaction between the charge of the extra 

electron and the permanent and induced dipole moments of the neutral molecule, 

leading to an effective potential which supports a bound state of the negative ion [2.4]. 

The lifetimes of shape resonances are typically of the order of 10'̂  ̂s -  10'̂ "* s, and their 

subsequent decay may leave the neutral molecule in a vibrationally (or rotationally) 

excited state. Thus in low energy scattering experiments, the intensities of vibrational 

peaks may be observed to increase by several orders of magnitude at energies where 

shape resonances are excited.

Core excited resonances may be classified as core excited (shape) resonances 

and Feshbach resonances. Both types arise from the attachment of an electron to an 

excited state of the molecule (Figure 2.3). Core excited (shape) resonances lie slightly 

higher than the parent state. The configuration of such a resonance is essentially that of 

an excited neutral molecule with an extra electron in the upper orbital, slightly rising its 

internal energy. If the extra electron is subsequently ejected, the configuration becomes 

identical to the excited state of the neutral. Therefore, since they can decay into the 

neutral parent sate by single electron detachment, core excited (shape) resonances have 

shorter lifetimes (~ 10'̂  ̂ s). These resonances are thus usually observed as broad peaks 

with little or no vibrational structure. On the other hand, Feshbach resonances lie 

energetically below the parent state of the neutral (~ 0.5 eV), and tend to have long 

lifetimes (lO'̂ "̂  s -  10'̂  ̂ s) since they can only decay by a two electron transition into 

the ground state of the neutral. One electron is ejected whilst the other drops back into 

the ground state configuration. Since these resonances have long lifetimes they may be 

observed to support vibrational structure.
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Figure 2.3 -  Electron configurations of core excited resonances (after Gingell [2.5]).

2.3.3 Dissociative electron attachment

2.3.3.1 Gas-phase
Rather then decaying into the neutral molecule, a temporary negative ion 

resonance may also undergo dissociation to produce a stable negative ion and neutral 

fragments (eq. 2.7). This process is known as dissociative electron attachment (DEA). 

For a particular molecule (M) there will be several fragmentation pathways, leading to a 

set of different negative ions and excited states of the neutral fragments. Fig 2.4 shows 

a schematical potential energy curves for the neutral and DE A ionic channel (Y + X').

DEA processes can be monitored experimentally by analysing both the mass and 

energy of the negative ion fragments as a function of the incident electron energy. The 

recorded ion signal, plotted as a function of both electron energy and ion energy, reveals 

the energies of the resonances involved for each DEA process. The observed DEA 

processes may be identified by measuring of the threshold energy and the relation 

between the ion energy and the incident electron energy. This is best explained with the 

aid of a specific example and is discussed in detail for acretonitrile, CH 3CN, in Chapter 

7, section 7.3 of this thesis.

The threshold energies (minimum incident electron energy required) for each 

DEA processes can be predicted from:

(2.8)
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where AE  is the appearance energy for the fragment anion (M -  X)', D  the bond 

dissociation energy, EA the electron affinity for the fragment (M -  X) and AE the excess 

energy of the process.

E(eV )V(R) (eV)

Y + X

R(Y - X)

Figure 2.4 -  Schematical potential energy curves relevant in low energy electron 
attachment (after Ingolfsson et a i [2.4]).

2.S.3.2 Condensed phase
Any environment, in particular a surface provides an effective means to dissipate 

energy via intermolecular collisions. For a NIR on a surface one consequently expects a 

considerable reactivity (bond cleavage via DEA) in favour of associative attachment 

yielding an un-dissociated anion.

The electron may collide with the molecule (M) adsorbed (ad) on a surface and 

the collision occurs in such a way that the exit possible channels are:

e (s) + Mad (M ad*) Rad X  

e'(e) +  Mad - >  (M ad*)' - >  R  +  X'ad 

e (e) + Mad —̂  (M ad*) —> Rad + X  ad 

e (e) + Mad —̂  (M ad*) —̂ M  ad 

where R  is a radical and X  a fragment.

(2.9)

(2 .10)

(2 .11)

(2 .12)
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However, there are also mechanisms where the medium can enhance DEA. The 

mechanism for such an enhancement is based on the effect of the medium on the auto

detachment rate, i.e., the lifetime of the resonance towards energy loss. Any change in 

the rate must be counterbalanced by the two competing processes, namely associative 

attachment or DEA, both keep of which the additional electron in a bound state within 

the system.

Another mechanism involves electronically excited states where also appreciable 

enhancements are observed. An unfavourable orientation of the molecule at the surface 

may additionally be responsible for the lack of any desorption signal al low electron 

energies (Chapter 5, section 5.6.2). What is the mechanism for such a dramatic effect? 

For a core excited resonance it may no longer be adequate to describe its decay by the 

competition between dissociation and auto-detachment along a repulsive potential 

energy surfaces. At those energies the appreciable density of electronic states leads to 

many curve crossings and hence direct electronic dissociation processes are exceptional 

cases. In addition, the auto-detachment lifetime depends strongly on the character of the 

core excited state. An open channel resonance is located in energy above the associated 

electronically excited state of the neutral and can effectively decay via one electron 

transition into the associated neutral molecule. A closed channel (or Feshbach) 

resonance is located below the excited neutral and can only decay into the neutral 

molecule via a two electron process. Therefore Feshbach-type resonances have much 

longer auto-detachment lifetimes. With respect to solvation this means that an open 

channel resonance in the gas phase can be converted into a Feshbach-type resonance in 

an environment. The increased auto-detachment lifetime will result in an enhancement 

of the DEA cross section (Chapter 5, section 5.6.2). Figure 2.5 illustrates the situation 

schematically in an energy diagram. The vertical arrows on the left side (open channel 

resonance) describe effective auto-detachment via one electron process.
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Figure 2.5 -  Conversion of an open channel core excited resonance into a 
Feshbach-type resonance under solvation (after Illenberger [2 .6 ]).

2.4 Molecular symmetry

The scope of this section is just to provide the reader with some guide references 

on molecular symmetry and group theory (e.g., [2.8]) necessary to characterise the 

molecular states. A molecule can be assigned to a “point group”; a fingerprint which 

describes its symmetry properties, and where symmetry arguments are extremely 

important in the determination of allowed and forbidden transitions. However, no such 

detailed description will be given except a general view for the symmetry of the 

molecules studied in this thesis.

A symmetry operation always has a corresponding symmetry element, which is 

the point, line or plane with respect to which operation is carried out. Disregarding 

translational symmetry operations, there are five types of symmetry operation, which 

are described in Table 2.1.

Symmetry operation Symmetry element Symbol

Identity 

n-fold rotation 

Reflection 

Inversion 

Improper rotation

Whole body E

n-fold axis of symmetry C„

Plane of symmetry Oh, Od

Centre of symmetry /

Axis of improper rotation Sn

Table 2.1 -  Symmetry elements and their operations.
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E  is the identity operation which reflects the act of doing nothing to the object. 

The symmetry element is the object itself; C„ represents an n-fold rotation of (2%/n) 

radians, and the element is an axis of symmetry; cr, is a reflection and the element is a 

mirror plane. When the mirror plane includes the principal axis of symmetry the plane is 

defined a vertical plane, <Tv, if it is perpendicular to that axis is termed horizontal plane, 

Oh, and if the mirror plane bisects the angle between two C2 axes it is defined as dihedral 

plane Od\ i is defined as inversion and the element is a point called the centre of 

symmetry. Inversion is an operation where each point of the object is taken on a straight 

line through the centre of symmetry to an equal distance on the other side; Sn is the n- 

fold improper rotation and the element is an axis of improper rotation. The operation 

consists of a n-fold rotation followed by a reflection in plane perpendicular to the n-fold 

axis.

Each point group has a character table containing information relating the 

symmetry operations of the group to the geometric properties of the molecule [2.7]. 

Each point group has it own irreducible representations, which reflect particular 

geometric properties pertaining to the point group. Since the molecules studied in this 

thesis have only Cs, C2v, Csv and C4v symmetries. Table 2.2 gives the ordering of the 

symmetry species. When a molecule experiences an electronic or vibrational transition 

the symmetry may be affected. For the irreducible representations, and in the particular 

case of a molecule with C2v point group (e.g., (CH3)2S and CCI2F2, chapter 4 & 6 

respectively). Table 2.3 shows that the first row with the sets of “1” means that Ai is the 

dominant symmetric mode.

Point group Symmetry species

Cs A', A"

C2V A], A2, Bi, B2

Csv A], A2, E

C4V Ai, A2, B], B2, E

Table 2.2 -  Ordering of symmetry species (after Shimanouchi [2.9]).

The last two columns of table 2.3 show the representations to which some of the 

basic geometric features belong. In the particular case of a C2v molecule, the zz-axis 

(vertical) has Ai symmetry, whereas rotation about the zz-axis (Rz) has A2 symmetry.
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C2V E C2 (Tv (xy) (Tv' (yz)

A, 1 1 1 1 z x W .z '

A 2 1 1 -1 -1 Rz xy

Bi 1 -1 1 -1 X , Ry xz

B. 1 -1 -1 I y, Rx yz

Table 2.3 -  C jv character table (after Gingell [2.5]).

For a particular orbital on the xx-axis (e.g., px lobular orbital), its symmetry is Bi 

as the sign of the wavefunction is changed as a result of the C2 and the Ov (yz) 

operations. The “A” symmetry means a singly degenerate orbital while a “B” means a 

single degenerate but anti-symmetric with respect to the major rotational axis [2.7, 2.8].

Symmetry arguments can be used to determine allowed and forbidden 

transitions. The probabilities of a single photon electronic transition between molecular 

orbitals of different symmetries are determined through the probability integral, /, where 

a formally allowed transition results on a finite value for that integral;

/o< {v M v 2)\ (2.9)

where p is the electric dipole operator, y/i and y/2 are the initial and final states, 

respectively. For the particular case of a molecule with Czv symmetry, p is obtained 

from the representation of %, y  and z having A1+B1+B2 symmetry (Table 2.3). The 

transition probability integral is then given by the product of the irreducible 

representation of the symmetries of the two states involved and the operator:

i = (r(¥i)><r(n)xr(\|/2)) (2 .10)

The integral is evaluated over all space and has to be symmetric for an allowed 

transition, i.e., it must include a contribution from a totally symmetric representation 

(Ai) to be non-zero, otherwise the transition is strictly forbidden. Table 2.4 shows an 

example for a transition from an Ai orbital into orbitals A2 and B2 symmetry in the C2v 

point group.
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A i  t o  A i f ( ¥ l ) m r ( V 2 )

A ]  t o  B ] A , A ]  + B ]  + B 2 A 2 o r  B ]

I  = <  T ( V | / i )  X F ( | X )  X r ( \ j / 2 ) >
< A i  X A l  X A :  +  A ]  

< A i  X A ]  X B :  +  A ]

1 X B i  X A 2 +  A l

1 X B l  X B ;  +  A l

X B 2 X A  ^

X B 2 X B ^

A ]  X A ;  X A ] ( 1  1 - 1  - 1 )  =  A 2

A ]  X B ]  X A ] ( 1  - 1  - 1  1 )  =  B 2 I  =  A 2 +  B 2 +  B l

A ]  X B ]  X A ] ( 1 - 1  1 - 1 )  =  B , transition

forbidden

A ]  X A ]  X B ] ( 1  - 1  - 1  1 )  =  B 2

A l  X B ]  X B ; ( 1  1 - 1 - 1 )  =  A 2 —» I  =  B 2 +  A 2 +  A l

A ]  X B ]  X B ; ( 1  1 1 1 )  =  A , transition

allow ed

Table 2.4 -  Czv point group forbidden and allowed transitions (after Gingell [2.51).

Thus we can conclude that for Civ point group, all transitions are allowed with 

the exception of Ai Ai and Bi Bi which are forbidden by symmetry. The 

importance of molecular symmetry is that any transition, which is not allowed by 

symmetry, tends to have very low photo-absorption cross sections for single photon 

absorption (e.g., CH3CHO, Chapter 4, section 4.3).

2.5 Conclusions

In this chapter a description of the different types of spectroscopy (rotational, 

vibrational, electronic and ionisation) have been summarised. The Bom-Oppenheimer 

approximation and Franck-Condon principle have been introduced. Electron-molecule 

scattering in both gas and condensed phases were also described as is appropriate for the 

experimental work presented in this thesis.

Molecular symmetry considerations on the basis of the molecular systems 

studied have been presented and examples given. Overall, this chapter is intended to 

give a few basic ideas on how the experimental data presented in the later chapters has 

been evaluated.
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Chapter 3

Experimental apparatus

Nothing ever becomes real til! it is experienced 

even a proverb is no proverb to you till your life has illustrated it.

John Keats (1795 -  1821)

3.1 Introduction

This chapter is devoted to the description of the apparatus used to study VUV 

photo-absorption spectroscopy using synchrotron radiation, electron energy loss 

spectroscopy, photo-electron spectroscopy and dissociative electron attachment Each of 

these techniques is briefly described and the methodology relevant for data analysis 

resulting from those experiments discussed

Ultraviolet and visible radiation is important to characterise and study the 

molecular spectroscopy. The energy of the photons in these wavelength regions is 

higher than a few eV and sufficient enough to cause electronic excitation, where the 

region of the electromagnetic spectrum below 180 nm (above 6.9 eV) is known as the 

vacuum-ultraviolet (VUV) region of the electromagnetic spectrum.

Interactions between molecules and electrons also provide relevant information 

on the type of molecular bonds and electronic symmetries. In fact, electrons, as a 

probing source of electronic state spectroscopy, complement results obtained by photo

absorption. Electron attachment measures the yield of negative ions as a function of the 

impact energy. The electrons attach to the molecules through resonant processes at 

specific kinetic energies, forming a temporary negative ion (TNI). This TNI may 

subsequently decay fragmenting the molecule.

3.2 Synchrotron radiation

The use of synchrotron radiation (SR) in the study of molecular spectroscopy is 

extremely important because it is possible to obtain coherent intense, highly collimated
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and highly polarised radiation in the plane o f  the storage ring with very high spectral 

resolution. This high intensity and broad spectral range when combined with other 

properties such as high degree o f  polarization and collimation makes SR a powerful tool 

for basic and applied research in physics, chemistry, biology and medicine, as well as 

for finding applications in such technologies as X-ray lithography, materials 

characterisation and micromechanics. In the present studies the UV radiation used 

provided results on the molecular system’s spectroscopy, which in turn yields 

information on the related valence and Rydberg states. Knowledge o f  photo-absorption 

cross sections is also extremely necessary if we are to evaluate the role o f  these 

molecular systems in the atmosphere where they undergo photolysis.

3.2.1 ASTRID synchrotron radiation, Denmark

The synchrotron radiation facility used for the molecular systems studied in this 

thesis is the ASTRID - U V l beam line (Figure 3.1) at the Institute for Storage Ring 

Facilities, University o f  Aarhus, Denmark - www.isa.au.dk

U V l beamline
Undulator

Extraction beamlme

Otiier bearnHnes

" Kicker 

KF cavity

Septum magnet

Ion sources
Injection
beamline

Bending magnet
Electron cooler

100 M eV electron 
accelerator (RTM)

5m
Scale

10m

Figure 3.1 -  ASTRID Synchrotron radiation schematic layout.

When a magnetic field is applied normal to an electron beam travelling at 

relativistic speeds, deflection from its straight line path will occur (curved trajectories).
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the electrons will lose energy, and synchrotron radiation is emitted (Figure 3.2). In its 

electron storage mode, ASTRID operates as a synchrotron radiation (SR) source. A 100 

MeV Race-Track Microtron (RTM) is used to accumulate up to 250 mA of electrons 

which are then accelerated to 580 MeV to produce SR from either bending magnets or 

an undulator magnet. Lifetimes up to 15 hours are possible with stored electron currents 

of ~ 150 mA. In general, three kinds of magnets are used to make the necessary 

magnetic fields: bending magnets, wigglers and undulators. In bending magnets, a 

simple dipole structure is used to constrain the electrons in a curved path (Figure 3.2).

Electrons circulating 
in a storage ring

Synchrotron radiation

Magnetic field

Beam collimator

Figure 3.2 -  Synchrotron radiation schematic diagram.

The radiation emitted is extremely intense and extends over a broad wavelength range 

from the infrared through the visible and ultraviolet and into the soft and hard X-ray 

regions of the electromagnetic spectrum

High-field wiggler magnets are often used as sources in order to increase the 

flux at shorter wavelengths. A wiggler is a sequence of bending magnets of alternating 

polarities (Figure 3.3) which gives a 2N enhancement in the flux, where N is the 

number of poles, forcing the electron beam path to undulate about its mean path. The 

properties of wiggler SR are thus very similar to that of dipole radiation with a 

reduction in the critical wavelength as a consequence of the higher field. For 

superconducting wiggler magnets a value of 6 Tesla, as opposed to around 1.2 Tesla for 

conventional dipoles, would be typical. The emitted radiation (photons) in each curved 

trajectory superposes coherently with high resultant intensity. The emitted radiation 

continua produced by the bending and wiggler magnet types is in contrast to the almost
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monochromatic radiation produced by the undulator. Undulators, consisting of periodic 

magnetic arrays, cause small electron deflections comparable in magnitude to the 

natural emission angle of the SR (Figure 3.4).

Magnetic field direction

Electron
beam

Synchrotron radiation 

Figure 3.3 -  Synchrotron wiggler magnet schematic diagram.

The radiation emitted at the various poles interferes coherently resulting in the 

emission of a pencil-shaped beam (headlight effect) peaked in narrow energy bands at 

the harmonics of the fundamental energy. For N poles, the beam's opening angle is 

decreased by and thus the intensity per solid angle increases as N̂ . The coherence 

superposition means that the radiation produced by the undulator is discrete and 

practically monochromatic for the high energy regions of the electromagnetic spectrum.

Undulator magnetic field directions

Electron beam

 X
Synchrotron radiation

Figure 3.4 -  Synchrotron undulator magnet schematic diagram.
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The headlight effect is an inherent result of the relativistic motion of the 

electrons that confines the highly collimated synchrotron radiation into a narrow beam 

in the direction of electron motion (Appendix I). For 1 MeV -  5 MeV electrons all the 

radiation lies within 90 degrees of the velocity vector. For higher energies the radiation 

is contained in a narrower pencil-shaped beam with angular distribution confined within

17.5 degrees and 13 degrees for 75 MeV and 100 MeV, respectively. The resulting 

pattern from an isotropically emitting electron observed in a inertial referential is, for 

electron energies close to the speed of light, c, a pencil-shape beam and the radiation is 

essentially confined to a collimated beam.

At the ASTRID facility, the electron injector is a 100 MeV Race-Track 

Microtron (RTM). The power for the klystron (resonant cavity) and electron gun 

acceleration voltage is delivered from the same pulse transformer; the klystron is fed 

with about 100 kV / 100 A, while the electron gun receives about 70 kV. This power 
comes from a high-energy pulse supply by discharging a capacitor/inductor network. 

The 70 kV electron pulse enters the linear accelerator (LINAC), where it receives a 5.3 

MeV energy gain (Figure 3.5). The pulse then reverses direction via a small loop after 

the LINAC, and re-enters it. Since this is a standing wave type, it can accelerate 

particles in both directions.

Dipole magnet 

Solenoid
I I Vertical & horizontal correction dipole

I I Beam current transformer

1 I Magnetic mirror
Quadrupole magnets

I I LINAC

0 10 20 3Ü
Scale (cm)

Figure 3.5 -  Schematic diagram of the Race-Track Microtron (RTM).
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After 17 additional turns through the LINAC, with increasing orbit diameter in 

the main dipoles, the beam is extracted and directed towards the storage ring injection 

system.

The UVl beamline (Figure 3.6) has been designed to operate in the wavelength 

range of 100 nm to 700 nm (1.8 eV -  12.4 eV), and is capable of providing a typical 

flux of 2%10^ photons s \  In order to be able to perform meaningful spectroscopic 

experiments it is necessary to be able to select a single wavelength of radiation from the 

continuous spread of wavelengths and for that a monochromator is needed.

B aratron 

PMT \

/  1/  LiF W indow
Photoat<sorptl'Dn 
:eil

1

floor level

S ynchro tron  radiatt-on A

Figure 3.6 -  The UVl beamline assembly.

3.2.2 UVl monochromator

The monochromator has been designed to provide a high flux of photons with a 

moderate resolution (1000 < R < 5000) while preserving the high degree of linear 

polarisation of the source synchrotron radiation. A sketch of the beamline UVl that is 

located on a bending magnet source is shown in Figure 3.7. The beamline consists of
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only two optical elements; a toroidal pre-mirror, which provides independent horizontal 

and vertical focusing and a toroidal concave curved grating to disperse the synchrotron 

radiation. Two gratings are required to cover the proposed wavelength range (Table 3 .1) 

whilst maintaining sufficient resolution. The entrance and exit slits are of fixed but 

selectable sizes in order to choose between different photon bandwidths. In order to 

maintain the correct focus at the exit slit as the grating rotates, it is necessary to translate 

the exit slit. This translation is mechanically linked to the experimental platform upon 

which the experiments are mounted. The range of this movement is about 65 cm over 

the full wavelength range

LiF transmission Baratron
windowMovable 

exA slits
pressure gaugeToroidal

grating Photo-muMplier
detector

CaF̂
window

Sample chamber 
and detectors

Fixed 
entrance sHts

Toroidal 

pre-mirror

Synchrotron radiation 
from ASTRID ring

Figure 3.7 -  Schematic diagram of the UVl beamline.

Optics
Major radius Minor radius Active area Photon energy range

(m) (m) (mm^) (nm), (eV)

First mirror 3.947 0.3657 120 X 50 -

Grating 1 
1 0 0 0  lines/mm

1 . 0 0.7755 40 X 40 700 nm -  200 nm 
(1 .8eV -6 .2e V )

Grating 2 
2 0 0 0  lines/mm

1 . 0 0.7755 40 X 40 350 nm -  100 nm 
(3.5 e V -  12.4 eV)

Table 3.1 -  UVl optical specifications.
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The monochromator used for the high resolution experiments throughout this 

thesis over the wavelength (X) range 110 nm -  350 nm was grating 2, and it has been 

possible to achieve a full width half maximum resolution of 0.075 nm (at 248 nm, 5 

eV). The reflection gratings consist of diffraction gratings superimposed upon reflective 

rather than a transparent surface. The principle of operation of such diffraction gratings 

is that a monochromatic plane wave incident upon the grating will be diffracted. At each 

slit the plane wave becomes a circular wave due to interference, that in turn means that 

each circular wave will interfere (constructively or destructively) with the other circular 

wave fronts such that at certain angles, where the path length difference is an integer 

number («) of Is, the pattern will be constructively and the intensity doubled. For path 

lengths with differences of half integer, the interferences are destructive with no 

observed intensity (Figure 3.8 - after Kendall [3.1]).

Diffraction pattern order n=0
n=l

n=2 n=3

Screen II

slit I slit 2
Screen I

Front plane wave moving

Figure 3.8 -  The action of two-slit grating on monochromatic light plane waves.

The diffraction angle is related to the wavelength by nÀ = d sin 0, where n is the 

diffraction order, À the wavelength, d  the grating spacing and 6 the diffraction angle.

Constructive interference has several orders where the first, n = 1, means that the 

path difference is one wavelength, the second, n = 2, two wavelengths, and so on 

(Figure 3.9), whereas for zero order, n = 0, there is no diffraction. The monochromator 

selects the necessary photon energy by rotating the grating until the required first order 

light is able to pass through.
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2"" order light

Incident white 
Light beam order light

Motorised rotating grating

Figure 3.9 -  Diffraction of polychromatic light from a 2000 lines mm'* reflection grating.

3.2.3 UVl photo-absorption cell

All the high-resolution photo-absorption measurements performed in this thesis 

were obtained in a closed gas cell with a path length of 25 cm The absorption cell is a 

commercially available six-way cross adapter with a -  1.2 litres capability and is shown 

schematically in Figure 3.10.

Photo-multiplier tube 
(PMT)

Calcium difluoride 
(CaFz) window

gas inlet

Baratron pressure gauge

to turbo and rotary 
pumps

blank
flange

Lithium fluoride 
(LiF) window

Synchrotron radiation light 
100 nm < 1 < 350 nm

Figure 3.10 -  The photo-absorption cell.
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A Barartron pressure gauge (MKS 390HA - 00001, 1 ton* range) is mounted on 

the top of the cell. On the lateral side a stainless steel Va" tube is connected to a DN40 

CF flange for gas admission via two valves (Swagelok SS-4H-TH3 and Nupro SS-4H) 

in turn connected to the sample reservoir. The cell is evacuated by a Turbovac 50 litre/s 

backed by a Leybold D49 rotary pump. The exhaust from the rotary system is connected 

to the central laboratory’s exhaust system.

A lithium fluoride (LiF) transmission window and a calcium difluoride (CaF2) 

transmission window, respectively, define the entrance and exit of the photo-absorption 

cell. A QL30F/RFI photo-multiplier (PMT) detector is placed behind the CaF] window 

for photon detection.

A steady Helium flow is maintained between the outlet CaF2 window and the 

PMT to avoid absorption from molecular oxygen which could lead to errors in the 

measured photo-absorption cross section.

3.2.4 Calibration and data acquisition

The apparatus is calibrated using O2 and SO2. The Schuman-Rünge absorption 

band of O2 (6.9 eV -  9.5 eV) [3.2] is used to calibrate the absolute cross section because 

its broad nature minimises the effect of any changes in energy resolution (Figure 3.11). 

SO2 is used to calibrate the energy scale as it has absorption bands with clearly defined 

sets of sharp absorption peaks in the ranges 3.8 eV to 5.1 eV [3.3] and 5.15 eV to 7.25 

eV [3.4] (Figure 3.11).

Great care is taken to ensure there are no second-order light effects. The 

minimum and maximum wavelengths between which scans are performed, 113 nm to 

320 nm (10.97 eV to 3.88 eV), are determined by the transmission windows of the gas 

cell and the grating energy range, respectively. The sample pressure is measured using a 

baratron capacitance manometer and varied to give maximum absorption whilst 

avoiding any saturation. The synchrotron beam ring current is monitored throughout the 

collection of each spectrum since the current circulating in the storage ring is directly 

proportional to the intensity of synchrotron radiation produced and decays slowly over a 

period of time. Therefore, recording the ring current will allow the flux intensity to be 

normalised.
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Figure 3.11 -  The photo-absorption spectrum of O2 and SO2 .

3.2.5 Data analysis
The photo-absorption cross section spectrum of a molecule is energy dependent 

and may be analysed through the use of the Beer-Lambert law:

It(E) = Io(E) exp (- n o(E) x) (3.1)
= ^ 2 )

where lt(E) is the radiation intensity transmitted through the gas sample at energy E, 

Io(E) is the radiation intensity through the evacuated cell at energy E, n the molecular 

number density of the sample gas {pV=nRT), o(E) the absolute photo-absorption cross 

section of the molecular species at energy E, and x is the absorption path length.

High pressure measurements on the photo-absorption cross sections can lead to 

observation of the line saturation effect. For high-resolution experiments it is not

possible to attain zero bandwidth (or infinite energy resolution), causing some

systematic errors which propagate through the cross sectional values obtained via 

equation (3.2). Line saturation arises mainly for high pressure measurements where 

large peak intensities can be underestimated. One way to overcome this problem is to 

repeat the experiment over a series of pressures determining where the photo-absorption 

cross section becomes pressure-independent. Even allowing for line saturation, the
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measured cross sections are of course subject to errors, arising from the determination 

of I  (/It and becoming very large as this ratio approaches 1, i.e., as « approaches 0. The 

accuracy of the cross sectional values reported in this thesis have been estimated to be 

of the order of ± 5%.

3.2.5.1 The Rydberg equation

In assigning Rydberg states we may use the Rydberg formula:

E„ = E ,-m { n -S f  (3.3)

where Et is the molecule’s ionisation energy, n is the principal quantum number of the 

Rydberg orbital of energy E„̂  R  is the Rydberg constant and Ô is the quantum defect.

The values of the quantum defect varies for each series (s, p, d, ...) and the most 

common are summarised in Table 3.2 (after [3.5, 3.6]). The quantum defect is thus a 

correction term that reflects a degree of the “shielding” of the nucleus by lower orbitals.

S quantum defect values
atomic elements ns series np series nd series

B, C,N, 0 ,F ~ 1.0 -0.7 -0 -0 .1
Al, Si, P, S, Cl -2.0 -1 .4 -1 .7 0.3-0.5

Te, I 3.9-4.2 3.5-3.9 1.8-2.7

Table 3.2 -  Rydberg series and their related 6  quantum defect values 
according to the atomic element [3.5].

However if the obtained values from the experimental data do not exactly match 

those in Table 3.2 it is possible to conclude that there is some mixed valence-Rydberg in 

the observed absorption features.

When more than one atom from each row on the periodic table are involved in 

electronic excitation into a Rydberg orbital, e.g. OCS, the quantum defect evaluation is 

not straight forward and the (n - ô) quantity should be replaced and evaluated as the 

reduced term energy coefficient w*, and the analysis should follow via the Elden’s plots.

S.2.5.2 Elden’s plots

In order to help the interpretation and classification of the Rydberg series, 

Elden’s diagrams should be established. The variation of the quantum defect {ôv) with 

the reduced term energies (n*)'^ should follow the commonly accepted Rydberg-Ritz 

equation [3.6]:
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ôix =̂ aix + Pdn*y^ (3.4)

with aix and Pa being the coefficients of the linear equation and (n*)'^ = (n - ô)' .̂ 

Diagrams of ôa as a function of (n*)'^ should give strmght lines analogous to atomic 

Elden’s plots [3.7]. In the present work Elden’s plots were used in the assignment of 

most of the Rydberg series observed in the photo-absorption spectra presented.

3.1.5.3 Actinic fluxes and photolysis rates

During the last two decades, special attention has been devoted to the 

environmental importance of global warming molecules. Understanding molecular 

photolysis in the atmosphere is crucial if we are to determine the lifetime and chemical 

importance of such compounds. Having determined the absolute photo-absorption cross 

sections for each molecule, we have evaluated the photolysis using a computer model 

developed by Kendall [3.1]. The photolysis rates for each molecule are calculated as a 

function of altitude up to the stratopause (50 km). The program has been recently 

upgraded and allows the user to compute these rates from 0 up to 1000 km in the 

Earth’s atmosphere.

Photolysis rates, V, are calculated as a product of the Solar Actinic Flux, F(z, X),

[3.8] (at a given wavelength (Figure 3.12), 2, and altitude, z), the molecular photo

absorption cross section, {o(X), at the same wavelength) and the quantum yield of 

dissociation, (p(X)\

J(z, X) = o(X)F(z, X)(p(X) (3.4)

c  10'

50 km

CL 40

0 km
X

30

30O

150 200 250 300 350 400
WAVELENGTH (n m )

Figure 3.12 -  Solar actinic fluxes at several altitudes (after [3.8]).
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In general, the quantum yield for primary photolysis depends on both 

wavelength and total air pressure, and has been found to be much smaller than unity in 

some cases. Rate constants calculated assuming (p(X,) = 1 therefore represent upper 

limits for the rate constant for photo-dissociation under atmospheric conditions.

For each altitude a total photolysis rate is then calculated by summing over the 

individual photolysis rates for that altitude. The reciprocal of the total photolysis rate for 

a given altitude in a sunlit, clear sky atmosphere gives the local photolysis lifetime at 

that altitude, i.e. the time taken for the molecule to photo-dissociate at that altitude if the 

solar flux remains constant.

The lifetime of a molecule can be then used to calculate its Global Warming 

Potential (GWP) using the GWP equation defined by the International Panel on Climate 

Change [3.9]. GWP values are used to calculate the molecule’s contribution to the 

greenhouse efect compared to CO2 gas over a certain period of time:

GWPx = (wcoV/Mx) X ( a j a c o i )  ^ { r J r c o i )  %

X [ (1  - exp(-r/Tx)/(l - exp(-//Tco2)] GWPco: (3.5)

where m is the mass of the molecule, a is the radiative forcing, t  the lifetime in the 

atmosphere, t the timescale over which the GWP is considered. The subscript x refers to 

the molecule of interest and CO2 to carbon dioxide, which is the reference gas used.

Similarly, an index named Ozone Depletion Potential (GDP) has been adopted 

for regulatory purposes under the Montreal Protocol. The ODP of a compound is an 

estimate of the integrated total ozone depletion due to 1 Kg of the compound divided by 

the total ozone depletion due to 1 Kg of CFC-11 (CCI3F) over a chosen time scale. 

Thus, the ODP shows relative effects of comparable emissions of the various 

compounds. Calculated values for GDPs of individual compounds change as the basic 

understanding of their interaction with the ozone layer changes. The general expression 

can be written as [3.10]:

X  ̂ (3.6)
^CFCll ^CPCll ^

where F x / F c f c i j  denotes the fi*action of the species x reaching the stratosphere that is 

dissociated compared to that of CFC-11, ntcFCji, nix, Xx and tcfcu indicate the molecular
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weights and atmospheric lifetimes of species x and CFC-11, respectively, while rix is the 

number of potentially ozone depleting atoms (note that CFC-11 has 3 chlorine atoms 

per molecule). C reflects the enhanced efficiency of the atoms for ozone loss as 

compared to chlorine, p  represents the fraction release (at the surface) that reaches the 

stratosphere. For molecules with lifetimes of the order of several months, it is 

reasonable to assume a value for p  close to unity. However for compounds with very 

short tropospheric lifetimes, the assumption that the distribution is nearly well mixed in 

the troposphere is not valid and P must be explicitly evaluated.

3.3 The Electron Energy Loss (EEL) Spectrometer, UCL, UK

Energy Loss Spectroscopy (EELS) is a very adaptable technique that has been 

used to measure the spectroscopy of atomic and molecular targets in both gas and solid 

phases and may be used to produce pseudo photo-absorption spectra. The EEL 

spectrometer used at University College London (Figure 3.13) has been described in 

detailed elsewhere [3.11]. Briefly, the configuration used in this gas phase work uses 

electrons with an impact energy of 150 eV. The electrons that are detected are 

constrained to those that have travelled undeflected from their pre-collision trajectory 

(i.e., scattering angle ~ 0°). These particular criteria are selected as electron impact 

excitation then closely follows optically allowed selection rules. This occurs as an 

electron with sufficiently high incident energy, T, (> 100 eV) scattered at small angles 

(~ 0 degrees) will induce an electric field at the molecule very similar to that of a photon 

pulse. The electric field interacts with the transition dipole of the molecule with electric 

dipole transitions being predominantly excited [3.11]. Under such experimental 

conditions, the momentum transfer is negligible and electric-dipole transitions have 

been found to dominate the electron energy-loss (EEL) spectra. This technique is known 

as dipole (e,e) spectroscopy.

Hence, in this configuration, the produced energy loss spectrum will closely 

approximate a photo-absorption experiment. This is useful as it means that results 

obtained in the EELS experiment will have direct relevance in modelling the molecule’s 

behaviour in a sunlit atmosphere. The EELS experiment also has certain advantages 

over photo-absorption experiments, mainly for the fact that a wide energy range from 

visible to VUV wavelengths is easily accessible without the need to change optical 

lamps or filters.
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Figure 3.13 -  Schematic of EELS apparatus.

A current of around 2.3 A is passed through the filament to generate the 

electrons. The electron gun is then used to accelerate the electron beam into the 

hemispherical electrostatic mono-chromator, which reduces the energy spread of the 

beam from around 0.5 eV to 50 meV. The quasi-monochromatic energy beam is then 

accelerated to an energy of 150 eV, by a set of electron lenses for imaging and energy 

control of the electron beam, before colliding at right angles with a perpendicularly 

travelling effusive gas beam in the interaction region. The gas leaving the interaction 

region flows directly into a diffusion pump thus eliminating multiple scattering from 

recycling molecules. Those electrons whose path is undeflected after the interaction 

region then pass through the aperture in the front of the analyser section and are 

decelerated into the second hemisphere, with an acceptance angle of ~ 1°. This 

hemisphere acts as an energy loss selector and the voltage is set according to the energy 

loss required. The energy loss is determined by the incident energy minus the pass 

energy of the analyser section. Thus setting the analyser voltage to 140 Volts will let 

through only electrons with an energy loss of 150 -  140 = 10 eV. Thus the only 

electrons to reach the channeltron detector will fulfil the criteria specified to simulate 

photo-absorption. By varying the analyser voltage by up to ± 5 V it is possible to detect 

electrons with an energy loss range of up to 10 eV. A Multi Channel Analyser (MCA) 

cumulatively adds the electron counts over a number of sweeps over the voltage range 

and hence builds up an EEL spectrum. The analyser can rotate about the interaction
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region to allow detection of electrons scattered at different angles covering an angular 

range (0) from -10° to 130° with respect to the incident electron beam. The angular 

resolution is ± 1.5°. The energy loss scale is calibrated by measuring the spectrum of 

nitrogen, N2, which has a very well known energy loss peak at 12.92 eV peak. The 

apparatus is encased in a stainless steel vacuum chamber and is shielded by mu-metal 

casing to minimise magnetic fields.

3.3.1 EELS data conversion to photo-absorption cross sections

The inelastic scattered intensity (J(E)) may be converted to a relative differential 

oscillator strength (DOS) distribution, df/dE by;

7 = — ^ ----- (3.8)
AT{T~E)

where d f /  dE \s the DOS, T is the incident electron energy, E  is the energy loss, AO is 

the acceptance angle (~ 1°), R  is the Rydberg constant. The DOS values are directly 

proportional to the photo-absorption cross sections but are relative values as they are 

only proportional to the intensity losses of the electron beam so the data must be 

normalised at one wavelength to a measured optical cross section using:

^  = ̂  (3.9)
dE 109.75

where o is in Mb and df/dE in units of e V \ Comparison of the EELS cross section 

values with those recorded using the synchrotron radiation source provides a test for any 

systematic error in the optical values arising from the line saturation effect and second 

order light from the light source and beam line. For all the molecules studied in this 

thesis these effects were found to be negligible, e.g. for SF5CF3 (see Chapter 5).

3.4 Photo-Electron (PE) Spectrometer, Liège, Belgium

3.4.1 Photo-electron spectroscopy

Photo-electron spectroscopy involves the measurement of the kinetic energy of 

emitted electrons from atoms or molecules which have been photo-ionised (section
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2.2.4). If a molecule is ionised by photons of energy hv, the kinetic energies of the 

emitted electrons {Ek) are given by:

Ek = hv ~ El (3.10)

where Ej is an ionisation energy. For a polyatomic molecule there will be many 

ionisation energies as there are several molecular orbitals each of which will lead to a 

band structure observed for the molecular ion. Therefore an energy analysis of the 

emitted electrons will reveal information on the band structures of the molecular ion, 

and give the ionisation energies of the neutral molecule, which can be either the 

adiabatic or the vertical ionisation energies (section 2.2.4).

3.4 .2  T he U niversity  o f  L iège photo-electron  sp ectrom eter

A typical photo-electron spectrometer used to investigate valence shell orbitals 

consists of an interaction region where a beam of UV photons is incident upon a target 

molecule and an electron energy analyser to detect the photo-emitted electrons. In this 

work, we used a traditional photo-electron spectrometer at the University of Liège. The 

Hel, 21.22eV (He„, 21.2182 eV), photo-electron spectrometer has been described in 

detail previously [3.12]. Briefly, the spectrometer consists of a 180° cylindrical 

electrostatic analyser with a mean radius of 5 cm (Figure 3.14). The analyser is used in 

constant energy pass mode and is fitted with channeltron detector.

N egative
electrode

Positive \  
electrode \  'Fixed slit 

End efifects correction
Fixed slit 

End effects correcton

Adjustable sHtAdjustable slit

lomsation
chamber

Hectron mukplier 
C u -B r  

(17 stages)

21.22 eV,He(I) 
photon beamHelium

inlet

signal

Figure 3.14 -  Schematic of PES apparatus.
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The incident photons are produced by a d.c. He discharge in a two-stage 

differentially pumped lamp. Spectra are recorded by sweeping the retarding voltage in 

steps of 1 meV between the ionisation chamber and the entrance slit of the 

hemispherical selector analyser.

The apparatus is evacuated by a diffusion pump such that the base pressure of 

the system is ~ 10"̂  torr (1.333x10"^ Pa), rising to ~ 5*10^ torr (6.666x10'^ Pa) during 

gas admission.

The energy scale is calibrated using the well-known xenon peaks, ^P3/2 = 12.130 eV and 

^P]/2 = 13.436 eV [3.13] with a resolution estimated (from the full width half maximum 

of the Xe peaks) to be ~ 25 meV.

The data obtained was subsequently de-convoluted employing the ratio method 

of Van Cittert [3.14] with Grimm’s algorithm [3.15] to remove instrumental 

dependencies from the recorded signal, and precise ionisation energies are therefore 

obtained as well as relative ionisation cross-sections.

The measured photo-electron spectra can be used to aid in the assignment of 

Rydberg states in the photo-absorption spectra. For certain molecules the photo-electron 

transition may involve vibrational excitations in the final state, reflecting the bonding 

properties of the orbitals. Ionisation from strongly bonding orbitals often leads to long 

vibrational progressions in spectra, where a given vibrational mode is observed to be 

excited in a number of different quanta. In other cases, electrons may be emitted from 

orbitals which have only little influence on the molecular geometry.

In all cases the outgoing electron leaves the system in a more or less strongly 

excited vibrational state. If this internal energy is high, corresponding to a highly 

excited vibrational state, the kinetic energy of the electron will be low, and conversely, 

if the vibrational energy is low, the kinetic energy is high. Thus, the vibrational states 

are directly displayed in the spectrum. The energy spacing is typically in the order of a 

hundred or a couple of hundreds of meV, which means that the vibrational excitations 

can be readily studied in UV photo-electron spectra.

3.5 Dissociative Electron Attachment (DEA) apparatus

Electron attachment spectroscopy (EAS) is a technique used to measure negative 

ion yields as a function of the electron collision energy. If the electron beam energy is 

resonant with the empty molecular energy level, the extra captured electron will be 

trapped and a temporary negative ion (TNI) will be formed. In most of the molecular
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systems studied the TNI dissociate into fragments, a process known as dissociative 

electron attachment (DEA). Studying the product anions therefore probes the 

fragmentation dynamics of the anion.

In electron attachment investigations a monochromatic electron beam is 

accelerated to the required kinetic energy and directed onto a molecular beam target. 

The product negative ions are easily detected by mass spectrometric techniques if their 

lifetimes are long enough in comparison to the time-of-flight. Since all, the DEA 

processes are resonant, the electron energy resolution is very important in these 

experiments and the resolution achieved is always limited by the quality of the 

monochromator.

3.5.1 The Innsbruck apparatus for measuring DEA

The experimental apparatus used provides low energy free electrons with kinetic 

energies in the range from 0 up to 10 eV. The anions and fragment radicals formed in 

the attachment process can initiate ion-molecule or radical-molecule reactions in which 

new molecular species may be formed. Hence it is possible not only to probe 

fundamental properties of the molecular target species but study complex chemical 

reactions induced by fragmentation of molecular systems in different phases of matter.

Experiments are performed in an interaction chamber, in which a neutral 

effusive molecular beam is crossed at right angles with a monochromatic electron beam 

produced by a Trochoidal Electron Monochromator (TEM) [3.16].

3.5.1.1 The trochoidal electron monochromator

The whole monochromator. Figure 3.15 (after Sailer [3.16]), is placed in a 

magnetic field of variable strength (< 5mT) produced by a pair of Helmholtz coils (70 

cm diameter).

The magnetic field is applied parallel to the axis of the monochromator. 

Thermally emitted electrons from a tungsten filament with energy spread ~ 700 meV 

pass through the dispersive element that only transmits electrons with a narrow energy 

spread of ~ 50 meV. Slow electrons are rejected by a retarding electric field, allowing 

the resolution of the monochromator to be increased up to 30 meV. After this stage, the 

monochromated electrons are accelerated to the desired collision energy. After passing 

the interaction region the electron beam is collected by a Faraday cup detector.
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Figure 3.15 -  Diagram of trochoidal electron monochromator used in Innsbruck.

The electron monochromator can routinely be operated with a resolution of 45 

meV -  50 meV and electron currents of ~ 5 nA. This type of TEM is particularly 

effective in low energy beam experiments where stray electrostatic fields cause a loss of 

current at low energies as is prevalent in traditional hemispherical monochromators.

3.5.1.2 Detection system

Anions formed in the collision region are extracted by a weak electric field 

formed by two ion extraction lenses placed at opposite sides of the collision region, 

Figure 3.16 (after Sailer [3.17, 3.18]).

Ions are then accelerated up to 20 eV and focussed into a quadrupole mass 

spectrometer where they are selected according to their mass to charge ratio. After 

leaving the quadrupole mass filter the ions are deflected by a semicircular ion-deflector 

electrode and accelerated into a channeltron electron multiplier detector. The electrical 

signal is then passed through a discriminator and fed into a computer-based data 

acquisition system.
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Figure 3.16 -  General overview of experimental set-up for DEA experiments.

3.5.2 The electron Stimulated Desorption (ESD) apparatus in Berlin

Understanding the mechanisms that can affect stratospheric ozone depletion 

when greenhouse or ozone depleting molecules are co-adsorbed in the polar 

stratospheric clouds, is extremely important. Recent studies have shown that electron 

trapping in dielectric media can occur via several mechanisms, such as resonance 

stabilisation and dissociative electron attachment (DEA), leading to dissociative states 

of the relevant molecule. We therefore undertook a collaborative project to study 

electron stimulated desorption from condensed layers to characterise the effect of 

charge transfer.

The ESD apparatus in the Freie Universitat Berlin, consists of a low energy 

electron gun ( 0 - 1 8  eV) a TEM, a cryostat, a mono-crystalline Au (111) surface target 

(assembled on a 3D manipulator), a quadrupole mass spectrometer and a secondary 

electron multiplier detector, schematically represented in Figure 3.17 [3.19].
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Figure 3.17 -  Schematic of ESD apparatus.

The working base pressure is ~ 1 0 '̂ ® mbar (10'  ̂Pa) and the system is pumped by 

two pumps in parallel. One is a turbo pump (Leybold Turbovac 360) with a pumping 

speed of 360 1/s, and the second is an Ion getter pump with pumping speed of 270 1/s. 

The adsorbing molecules are condensed on the Au (111) crystal kept at a temperature of 

around 30 K -  35 K. The crystal may also be heated, by a resistive wire to 473 K to 

evaporate condensed layers and keep surface clean prior to gas deposition.

3.5.2.1 The electron gun and monochromator

The trochoidal electron monochromator is schematically represented in Figure 

3.18 and has been described in earlier publications [3.16]. Electrons emitted 

thermionically from the cathode are collimated into a beam and focussed by the off axis 

molybdenum lenses Bi, B2 and B3. The electron beam enters the energy selector in the 

region between Ci and C2 where a perpendicular electric field, E , and a parallel 

magnetic field, 5(30 Gauss), to the beam trajectory are applied. Typically nanoamp 

electron beams with a resolution of -  50 meV -  60 meV are produced.

The beam then passes through accelerating and retarding lenses. Si, 82 , S3 and 

S4, to impinge upon the adsorbed molecules. The ions formed are then extracted by a 

system of lenses towards the entrance of a commercial mass analyser filter and detected 

by a secondary electron multiplier (section 3.5.2.3).
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Figure 3.18 -  Trochoidal electron monochromator schematics.

3.S.2.2 Cryostat and target surface

The target crystal surface is cooled down by a means of a two stage Helium 

cryostat (CRYODYNE, CTI Cryogenics, 2W), reaching a temperature of -  20 K. The 

crystal holding is made of a copper wire and is connected with the second head of the 

cryostat by a thick copper wire in order to assure good thermal connection (Figure 

3.17). The temperature is monitored using a thermocouple sensor. The crystal surface is 

dosed via a small 40 ml volume chamber, where the pressure is measured with the MKS 

baratron manometer capacitor. This gas preparation chamber is connected to the main 

chamber through a sapphire fine gate valve.

The position of the crystal may be adjusted with a manipulator in order to place 

it close to the gas sample inlet (-  0.7 cm from the capillary) (Figure 3 .19).

Au (111)
A

Capillary >
sample inlet

-> d ~ 8 mm

\/

d ~ 7 mm

Figure 3.19 -  Sample inlet schematic view.
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In the present experiments the sample has been placed in the same position and the 

same pressure (in the main chamber) used to ensure a constant dosage velocity and 

reproducable thickness of adsorbate. The typical uncertainty using this procedure is 

around 20% -  30 %.

S.5.2.3 Analysis and detection system

The low energy electron monochromator and mass spectrometer are computer 

controlled via a National Instruments MCS card. When the electron beam hits the 

condensed substrate, desorbing ions are drawn to the entrance of a commercial 

quadrupole mass spectrometer (QMS, Balzers QMG 311) by a weak electric field.

One of the most important features of an electron stimulated desorption 

experiment is the electron beam energy resolution. For the present studies on the 

reactivity of gaseous SF5CF3 with water and xenon sub-monolayers co-adsorbed on an 

Au (111) surface (Chapter 5) the electron current transmitted through the condensed 

film to the Au (111) surface is measured (Figure 3.20, black line) and then differentiated 

(Figure 3.20 red line) in order to get the electron beam resolution of the 

monochromator. For each measurement scan, the zero energy is defined as being at the 

beginning of the current onset (0 eV, vacuum level). This calibration procedure has an 

estimated error of ± 0.5 eV.
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Figure 3.20 -  Electron beam transmitted current and energy profile in ESD experiments.

60



Chapter Three

3.6 Conclusions

In this chapter, the apparatus used in the course of this thesis have been 

discussed. In particular, the experimental apparatus used to obtain high resolution 

(-0.75 Â) VUV photo-absorption cross sections by means of a synchrotron radiation 

facility has been discribed. The UCL EEL spectrometer has been used to obtain the first 

data on SF5CF3 which may be directly compared to photo-absorption spectra. A photo

electron spectrometer has been used to obtain information on the ionisation potentials of 

some the studied molecules, and this data has also been used to assign the Rydberg state 

spectroscopy of the molecular systems in particular SF5CF3. A dissociative electron 

attachment spectrometer has been used to study the formation of negative ions in 

electron-molecule collisions. Finally, a electron stimulated desorption experiment, used 

to perform the first heterogeneous studies and the reactivity of gaseous SF5CF3 with 

water and Xenon sub-monolayers co-adsorbed on Au (111) surface (Chapter 5) has also 

been presented.

61



Chapter Three

3.7 References
[3.1] P A Kendall, “Spectroscopic Studies o f  Atmospheric Molecules Related to Global 

Warming” PhD . Thesis, University of London (2003).
[3.2] K Watanabe, Adv. Geophysics, 5 (1958) 153.
[3.3] A C Vandaele, P C Simon, J M Guilmot, M (Zarleer and R Colin, J. Geo. Res., 99 (1994) 

25599.
[3.4] D E Freeman, K Yoshino, J R Esmond and W H Parkinson, Planet. Space Sci., 32 (1984) 

1125.
[3.5] E Lindholm, Ark. fd r  Fysik, 40 (1969) 97; A Giuliani, F Motte-Tollet, J Delwiche, J 

Heinesch, N J Mason, J M Gingel, I C Walker, N C Jones, M-J Hubin-Franskin, J. Chem. 
f/zyj, 110 (1999) 10307.

[3.6] M Bom, Vorlesungen iiber Aommechanik, Springer Verlag, Berlin, 1925.
[3.7] B Elden, Encyclopedia o f  Physics, XXVII, Spectroscopy I, Ed. S Flüge, Springer, Berlin, 

(1964) 123-130.
[3.8] W B Demore, S P Sanders, D M Golden, R F Hampson, M J Kurylo, C J Howard, A R 

Ravishankara, C E Kolb and M J Molina, Chemical Kinetics and Photochemical Data 
fo r  Use in Stratospheric Modeling, Evaluation Number 12, Jet Propulsion Laboratory 
Publication 97-4 (1997).

[3.9] IPCC, International Panel on Climate Change, The IPCC Assessment, www.ipcc.ch
[3.10] S Solomon, J B Burkholder, A R Ravishankara and R R Garcia, J. Geophys. Res., 99 

(1994) 20929.
[3.11] R.H. Heubner, R J. Celotta, S.R. Mielczarak, C E Kuyatt, J. Chem. Phys., 59 (1973)

5434.
[3.12] J Delwiche, P Natalis, J Momigny and J E Collin, J. Electron. Spectrosc., 1 (1972) 219.
[3.13] J H D Eland, Photoelectron Spectroscopy: an introduction to ultraviolet photoelectron 

spectroscopy in the gas phase, 2 ^  Ed., London, Butterworths, (1984).
[3.14] P H Van Cittert, Z. Phys., 69 (1931) 298.
[3.15] J D Allen Jr., F A Grimm, Chem. Phys. Lett., 66 (1979) 72.
[3.16] A Stamatovic and G J Schulz, Rev. Sci. Instrum., 41 (1970) 423; A Stamatovic, G J 

Schulz, Rev. Sci. Instrum., 39 (1968) 1752.
[3.17] W Sailer, Electron attachment studies to molecules relevant to atmospheric science on 

the Earth & the origins o f  life in space ”, PhD Thesis, University of Innsbruck, (2002).
[3.18] V Grill, H Drexel, W Sailer, M Lezius and T D Mark, Int. J. Mass Spectrom., 205 (2001) 

209.
[3.19] R. Balog, N. M. Hedhili, F. Boumel, M. Penno, M. Tronc, R. Azria, E. Illenberger, Phys. 

Chem. Chem. Phys., 4 (2002) 3350.

62

http://www.ipcc.ch


Chapter 4

High resolution VUV photo-absorption cross sections 

for (CH3>2S and CH3CHO

Imagination is more important than knowledge.

Albert Einstein (1879- 1955)

4.1 Introduction
This chapter describes experimental studies on the spectroscopy of 

dimethylsulphide (DMS), (CH3)2S, and acetaldehyde, CH3CHO, and discusses how 

these may be used to quantify their role in stratospheric chemistry.

Due to their importance as air pollutants, research into oxidation reactions has 

intensified over the last twenty years. (DMS) and CH3CHO, have been found to play an 

important role as intermediate species in the oxidation mechanisms of tropospheric 

hydrocarbons. Moreover, the photo-dissociation products of these compounds play an 

important role in the chemistry of several other trace compounds in the lower 

atmosphere.

High-resolution VUV photo-absorption spectra of both (CH3)2S and CH3CHO 

compounds were recorded using the ASTRID synchrotron radiation facility (Chapter 3). 

The cross sections recorded for both molecules revealed absorption features ascribed to 

Rydberg states, some of them observed for the first time. Absolute photo-absorption 

cross sections are compared with previous measurements, obtained with an accuracy of 

±5%x

4.2 VUV photo-absorption of dimethylsulphide, (CH3)2S

4.2.1 Introduction

Dimethylsulphide (DMS), (CH3)2S, is the most abundant dissolved compound 

found in sea water and plays an important role in the global sulphur cycle. Therefore,
_
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DMS has been identified as being the dominant gas, accounting for more than 50% of 

the global sulphur emissions from natural sources. It is a product of biodégradation of 

organosulphur compounds in marine environments, which upon release into the 

atmosphere may be changed into different sulphur species, e.g. sulphur dioxide, 

methane-sulphonic acid, sulphate and sulphuric acid, all of which can contribute to the 

acidity of rain. DMS is central to the coupling between the marine atmospheric sulphur 

cycle and atmospheric cycles [4.1]. Moreover, such sulphur containing gases are known 

to be precursors of sulphate aerosol particles and cloud condensation nuclei over remote 

parts of the oceans and could also act as a feedback mechanism in climate regulation, 

which affects the Earth’s radiative balance by direct scattering of solar radiation [4.2]. It 

has recently become clear that the natural sulphur cycle has been seriously disturbed by 

anthropogenic gaseous emissions. Recent studies indicate that the total anthropogenic 

sulphur (S) flux from fossil fuel combustion is estimated to be about 80 ± 20 TgSyr'  ̂

and it is approximately equal in magnitude to the natural flux of reduced sulphur 

compounds in the atmosphere. Studies on (DMS) and its oxidation products in marine 

atmosphere, production and release in local estuaries and distribution in surface waters 

have therefore recently become the subject of intense research [4.1, 4.3, 4.4]. It is 

therefore necessary to understand quantitatively the factors that regulate DMS emissions 

both in the ocean and in the atmosphere.

H

I I

Figure 4.1 -  Dimethylsulphide, (€£[3 ) 2 8  molecule spatial orientation diagram.

4.2.2 Experimental review

The absorption spectrum of (DMS) was taken using the photo-absorption cell 

set-up described in Chapter 3, section 3.2.3 with an absorption path length of 25 cm. 

The spectrum was recorded in 11 nm sections, in 0.1 nm steps. The sample used in this 

investigation was obtained from Sigma Aldrich, with a purity of 99+%. No further 

purification was undertaken except for ffeeze-thaw-pump cycles.
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The dimethylsulphide spectrum was recorded over the sample pressure range 

0.015 torr - 0.900 torr (see Table 4.1), with typical attenuations of 10%. High pressure 

was used in order to observe the low intensity features at 5.0 eV -  5.5 eV. (CH3)2S 

molecule has seven totally symmetric ground-state vibrational modes [4.5] and belongs 

to the C2v point group. The results presented in the following sections are a definitive 

series of measurements to determine both the absolute photo-absorption cross section 

and to classify its electronic spectroscopy over the energy range from 5.0 eV to 11.0 eV.

Energy range (eV) Wavelength (nm) Pressure (torr)
4.59-5.39 270 -  230 0.900
4.68-5.82 213-265 0.375
5.79-7.17 173-214 0.150
7.13-8.11 153 -  174 0.075
8.05 -  10.08 123 -  154 0.023

10.00- 10.97 113-124 0.015

Table 4.1 -  Photon energy (eV), wavelength (nm) and pressure (torr) ranges 
for dimethylsulphide photo-absorption measurements.

The electronic states have been studied previously [4.5 -  4.7] as have its photo

electron spectra, photo-ionisation spectra, electron momentum density distributions and 

transition polarisations, fluorescence excitation [4.8 -  4.16] and magnetic circular 

dichroism [4.17]. The vacuum-ultraviolet (VUV) absorption spectrum of (CH3)2S in the 

wavelength range 190 nm to 250 nm (5.0 eV to 6.5 eV) was first reported by Thompson 

et a l [4.6] and subsequently discussed by Scott et a l  [4.5]. Electronic spectra of a 

number of divalent sulphur compounds have also been reported [4.16 -  4.21] and may 

be compared to dimethylsulphide.

4.2.3 Results

The high resolution photo-absorption cross section spectrum of (DMS) is shown 

in Figure 4.2 in the energy range 5.0 eV -  11.0 eV and is in good agreement with that 

obtained recently by Tokue et a l  [4.16]. The spectrum is composed of absorption bands 

with low cross sections, below 6.0 eV and a series of sharp, more intense peaks above

6.0 eV some of which contain rich vibrational structures. The dashed line marked IP 

represents the lowest ionisation potential, IP, and the dashed feature close to 11.0 eV is

only partially recorded due to the cut-off in the transmission of the Cap2 window
_
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(Chapter 3, section 3.2.3). The overall resolution of the obtained spectrum is ~ 0.075 nm 

FWHM.

(DMS) has nine atoms with 3N -  6 vibrational modes, giving it twenty-one 

fundamental modes of vibration, which can be subdivided by symmetry properties into 

lAu  44^, 65; and 45^ [4.7]. However, the seven totally symmetric ground state 

vibrational modes are classified in the symmetry type as Fvtb. = lAi and are presented in 

Table 4.2.

Vibrational mode Description Energy (eV)

V] C -  H stretching 0.369

V2 C -  H stretching 0.364

Vs CHs deformation 0.178

V4 CHs deformation 0.165

V5 CHs rocking* 0.127

V6 C -  S stretching 0.085

V? C -  S -  C deformation 0.035

Table 4.2 -  Dimethylsulphide totally symmetric ground state vibrational energies (eV).

 ̂Parallel to CSC plane___________________________________________________________________
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Figure 4.2 -  VUV photo-absorption spectrum of dimethylsulphide in the energy region 5 eV to 11 eV.
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For (CH3)2S the outermost valence molecular orbitals may be represented in the 

independent particle model as: (2 bi)^ (4 b2)̂  (la:)^ (Sb])  ̂ (8 ai)^ (3bi)^, with a

configuration for the ground state as: X^Ai. The 3bi (~ 7îp%) orbital, normal to the 

molecule’s plane, is the HOMO and together with 8 ai (~ wpz) are the orbitals identified 

as sulphur non-bonding electrons («), 5b] the ocs, 1&2 the 7tcH3, 4 b2 the Tics, 7ai the Os 

and 2bi the tichb [4.21]. The LUMO’s are o*(2 b2f ,  o*(3ai)° ((n+l)s) and o*(4ai)° 

((n+l)s). The (n+l)pxyz sulphur orbitals are labelled bi, b2, and ai, respectively [4.17]. 

Since the ground state is ^Ai, electric dipole transitions to ^Ai, and ^ 6 2  are 

symmetry allowed, while transitions to  ̂A2 are forbidden.

The observed absorption bands can be classified as either members of Rydberg 

series or molecular valence transitions of the type {ns —► o*), although for the low- 

energy members of the Rydberg series, a mixed Rydberg-valence character with the 

bands having characteristics of both types of transitions have been suggested [4.5, 4.6,

4.22]. However until now, there has not been any agreement concerning these 

assignments. An even great lack of accord is found for the assignment of the broad band 

at 6.126 eV [4.5, 4.6, 4.16, 4.18] with recent work on electronic absorption and 

magnetic circular dichroism [4.17] assigning this band as the 3p(16;) — a*(4a;), W i 

(ns —► o*) transition.

Features between 5.0 eV -  7.0 eV and above 7.0 eV have been interpreted as 

belonging to Rydberg series converging to the ionic ground state potential of (CH3)2S, 

8 .6 8 6  ±0.010 eV [4.23], arising from transitions of a lone-pair sulphur (ns) electron to 

the Rydberg orbitals. Pre-dissociation and mutual overlap between bands have been 

observed in the broader structures observed in the higher energy range band (> 7.5 eV) 

and for energies above 6.0 eV, Each of these bands is discussed in more detail below. 

Higher energy absorption bands are observed at ~ 9.6 eV and 10.534 eV, and tentatively 

assigned as originating from non-bonding sulphur orbital of a\ character, and it has been 

suggested [4.22] that they can be members of a nd;rmd ndSKydherg series converging 

to the 11.30 eV [4.21] ionic electronic first excited state with quantum defects (5) of

0.17 < 5 < 0.21 and 5 = 0, respectively.

Photo-dissociation measurements of (DMS) [4.11, 4.12], have shown that upon 

electronic excitation, the C2v symmetry of the molecule relaxes to Cs symmetry, and the 

photo-dissociation can then proceed via a superposition of the first excited electronic

lU " and 2̂ A" states. These states correlate with the \^B\ and 1 ^ ^ 2  C2v states,
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respectively, only if the S -  C bond of the upper state is kept approximately the same as 

the ground state molecule. The state is bound and, unlike the \ state, it does not 

correlate adiabatically with ground state fragments CH3( X  + C H 3 S (X ^ £ ), but 

dissociation may occur via vibronic coupling with the lower \ ^A”. It has been reported 

[4.11, 4.12] that theoretical calculations suggest that the 2̂ v4" —» \^A" non-adiabatic 

transition involves significant geometrical changes that may induce a rich vibrational 

activity in the dissociating complex. This effect could clearly explain the observed 

pattern for the electronic excitation in the next two energy regions (5.0 eV -  6 . 0  eV and

6.0 eV -  7.0 eV).

4.2.3.1 The 5.0 eV -  6.0 eV photon energy region

In this energy region, the first dipole allowed electronic transition has been 

identified as \^B\{9ai <— 36/) ^  in the C2v symmetry [4.12]. The present

absorption spectrum (Figure 4.2) shows evidence of pre-dissociative vibronic structure 

followed by a series of more diffuse maxima The low absorption feature centred at 

5.443 eV (~ 228 nm) with a local maximum cross section of 2.47 Mb (Figure 4.3) is a 

result of the excitation to an anti-bonding orbital along the sulphur lone pair electrons 

{ns —>• o*) of the (CH3)2 S molecule, and assigned as the (0 -0 ) transition of the electronic 

band.

100
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Figure 4.3 -  Vibrational progressions in the 5.0 eV -  6.0 eV absorption band of dimethylsulphide.
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The vibrational analysis (Table 4.3) in this region is in good agreement with the work of 

Thompson et a l [4.6]. The structure at 5.412 eV, 0.031 eV from the 5.443 eV (0-0) 

transition is tentatively assigned as a hot band resulting from a v? mode (0.035 eV in the 

ground state). For the observed structures at energies above 5.8 eV, despite their 

difruseness, vibrational assignments have already been proposed [4.22]. The vibrational 

excitation in this energy region is mainly characterised by short progressions on the CH3 

deformation and rocking modes together with C -  S stretching mode. The assignments 

in Table 4.3 are compared to previous work [4.6] where brackets denote possible 

degeneracy in energies for the vibrational mode involved. For some features the peak 

position is uncertain due to their width and low cross section so these have only been 

tentatively assigned and marked as (?).

present results S D Thompson et al. [4.6]
Energy (eV) Assignment Energy (eV) assignment

5 .443 Voo 5 .4 4 8 Voo

5 .472 V7 5 .4 8 2 V7

5 .5 3 0 V6 5 .5 4 0 V6

5 .5 7 0 V5 5.581 V5

5 .608 2v6(orv4) 5 .6 1 9 2V6

5 .6 5 6 V5 +  2V6 5 .6 7 0 V5 + V 6

5 .6 8 7 2 v5 (or 3vg) 5 .6 9 9 2 v 5 or 3v6

5 .7 2 4  (?) V5 +  3V6 - -

5 .778 2V4 5 .7 8 9 2vs +  V6 or 4 v

5 .8 1 0  (?) 3V5 - -

5 .873  (?) 2 V4 + V 5 - -

Table 4.3 -  Vibrational assignment in the 5.0 eV -  6.0 eV absorption band of (CHslzS.

4.2.S.2 The 6.0 eV -  7.0 eV photon energy region

This energy region is displayed in Figure 4.4 and exhibits considerable 

vibrational structure, it has a remarkable resemblance to the 5.0 eV -  6.0 eV energy 

region. It is therefore possible to assign this band in terms of progressions and 

combinations of CS deformation, v? and stretching modes, V6 and CH3 rocking, V5 and 

deformation, V4 modes. The (0-0) transition lies at 6.348 eV (~ 195 nm) and is a result 

of the excitation to an anti-bonding orbital along the sulphur lone pair electrons 

(ws^o*) of the (CH3)2S molecule. Vibrational analysis has been carried out (Table 4.4). 

The structure at 6.259 eV, 0.089 eV from the 6.348 eV (0-0) transition has been
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tentatively assigned as a hot band of the C -  S stretching mode, V6 , (with 0.085 eV in 

the ground state). These new vibrational assignments may be compared to those in 

previous lower resolution work [4.6]. The main vibrational modes are those related to 

CH 3  deformation and rocking and C -  S stretching (Table 4.4).

60
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6 .259 eV

6 6.1 6 2 6 3 6 4 6 5 6.6 6 .7 6.8 6.9 7
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Figure 4.4 -  Vibrational progressions in the 6.0 eV -  7.0 eV absorption band of dimethylsulphide.

present results S D Thompson e t a l.  [4.6]
Energy (eV) Assignment Energy (eV) assignment

6.348 Voo 6.346 Voo
6.381 V? 6.382 V7
6 .434 V6 6.432 V6
6.471 V5 6.472 V5
6 .508 2 v 6 (o r v 4) 6 .508 2 V6
6.557 V5 +  V6 6 .554 V5 +  V6
6 .595 2 vs (or 3v6) 6.592 2 vs or 3v6
6.634 (?) V5 +  2 V6 6.635 V5 +  2V6

6.673 2V4 - -

6 .720 3V5 6.681 2 v 5 +  V6 or 4v6
6 .7 6 0 2V4 +  V6 - -
6.810 (?) 3V4 - -
6 .900 3V4 + V6 - -

Table 4.4 -  Vibrational assignment in the 6.0 eV -  7.0 eV absorption band of (CHy)2 S.
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4.2.3.S Rydberg series converging to the X state

The cross section above 7.5 eV consists of sharp peaks superimposed on broad 

bands up to the lowest ionisation potential (IP) limit, 8 .6 8 6  ± 0.010 eV [4.23] (Figure

4.2 and 4.5). The broad featureless bands are probably due to the excitation of high 

energy valence excited states which are dissociative in character. The following 

Rydberg series assignments were obtained using the Rydberg equation in chapter 3 

(section 3.2.5.1). Following the notation of Wang et al. [4.24], the Rydberg orbitals are:

ns: Ü] (ffg), for n > 4 (4.1)

np: b2 (an), aj (tiu), bj (tcJ, for n > 4 (4.2)

nd: ai (og), ü2 (ng), 62  a (ôg), b] (Sg), for n > 3 (4.3)

where the brackets’ notation refer to Cooh, with the yy axis being the Cooh symmetry axis.

The transitions from the 3b] orbital to the Rydberg orbitals, are all symmetry allowed

with the exception for the (3bi)'* (n/bi) ^À2 *- X Ui. Thus, only one s series, two p  

series and four d  series (in a total of seven) should be observed [4.16]. However, it has 

only been able to identify four series the present data.

77ie nso Rydberg series

Figure 4.5 shows the absorption spectrum between 5.0 eV and 9.0 eV range 

revealing the four Rydberg series. The low intensity feature located at 5.443 eV has 

been assigned as the Rydberg transition to \B] (25i, n^lb i)  —► 4s(3a;)) state [4.16,

4.23], o fn  = 4 term Ibj —> nsa(aj) series with a quantum defect ô = 1.95 (Table 4.5). 

This electronic transition shows vibrational excitation of V6 with a frequency of 0.074 

eV.

The npk Rydberg series

The first member of the npX (npa or npii) series, assigned as the Rydberg 

transition to \A] (4̂ 41, n^\b]) —► 4p(26y)) state [4.16, 4.17], is attributed to the 6.414 eV 

peak, the quantum defect being Ô = 1.55 (Table 4.5). Like the previous transition, this is 

accompanied by the vibrational excitation of the ve normal mode with a frequency of 

-0.080 eV. The second and third terms of the series are observed at 7.546 eV and 8.004 

eV, respectively, both with a quantum defect o f -  Ô = 1.55.
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The ndS Rydberg series

There are no agreements so far for the symmetry of the 3d orbital; however, 

Scott and Russel [4.14] have proposed either ai or ü2 symmetry according to their 

studies on electronic symmetries, dipole moments and polarisabilities in Rydberg states 

determined from electric-field effects on absorption spectra.

Energy (eV) Quantum
defect (5)
n s a  series

Assignment Energy (eV) Quantum
defect (Ô)
npX  series

Assignment

5.443 1.95 4 sct 6.414 1.55 4pA,
7.126 2.05 5 sct 7.546 1.55 5pX
7.200 - 5 so + V6 7.620 - + V6
7.837 2.00 6so 8.004 1.53 6pX
8.141 2.00 7 sct 8.088 - 6pA, + Vg
8.178 - 8so + V6 8.233 1.52 7pX
8.304 2.03 8sa 8.372 1.42 8pX
8.412 1.95 9so 8.446 1.47 9pX
8.469 2.08 lOso 8.498 1.49 lOpX
8.516 2.06 lisa 8.539 1.38 llp%
8.545 2.18 12sa 8.563 1.48 12pX
8.574 1.98 13sa 8.586 1.34 13pX
8.592 1.97 14sa - - -

nciS series

6.900 0.24 3da 6.977 0.18 3d7c
7.735 0.22 4da 7.749 0.19 4d%
8.088 0.23 5da 8.109 0.15 5d%
8.271 0.28 6da 8.282 0.20 6d%
8.389 0.23 7da 8.394 0.18 7d%
8.457 0.29 8da 8.463 0.19 8d7c

8.509(6) 0.22 9da 8.510 0.21 9dn
- - - 8.545 0.18 lOdTC
- - - 8.571 0.13 lld%
- - - 8.592 0 12d%

Table 4.5 -  Energy values, quantum defect and assignment of Rydberg series converging to the 
ionic electronic ground-state X^Biof dimethylsulphide.

The peak at 6.900 eV (Figure 4.5) has been interpreted as a w = 5 term of a nda  

series, with a calculated quantum defect Ô = 0.24 (Table 4.5). The second and third 

terms are at energies of 7.735 eV and 8.088 eV, respectively, both with a quantum 

defect Ô ~ 0.23. The higher members of this series for which relative intensity decreases 

abruptly, are hidden by bands due to the excitation of other Rydberg series states. The 

last observed series starting at 6.977 eV (Figure 4.5 and Table 4.5) has been assigned as
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dLii = 3 term of a W;r series, in agreement with a previous study [4.16]. The second and 

third terms of the series lie at 7.749 eV and 8.109 eV, with quantum defects (^=0.19 

and 0.15 respectively. The bands due to the higher members are overlapped by those of 

the previous Rydberg series, which makes assignment difficult for higher energy 

members. The various Rydberg series that have been recorded are consistent with those 

observed even though the present resolution is higher than that of the earlier study 

[4.15].

The relatively small changes in the permanent dipole moments imply that, in 

each of the excited states, the Rydberg orbitals are localized about the atom from which 

the excited electron is coming fiom. Actually the changes in dipole moments due to 

intravalent transitions are large, and are considered to be more charge transfer in nature 

than the Rydberg transitions. Nevertheless, this corroborates the generally accepted 

view that Rydberg transitions are localised about their centre of origin, while larger 

movements of charge are linked to intravalent transitions involving non-bonding 

electrons. In order to help the interpretation and classification of the Rydberg series, 

Elden’s diagrams (see Chapter 3, section 3.2.5.2) have been established as shown in 

Figure 4.6.

2 .50
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Figure 4.6 -  Eiden’s diagrams for the variation of the quantum defect (Ôu) with the reduced term 
energies (n*'̂ ) for the first terms of the Rydberg series converging to the ionisation limit (8.686 eV).

A similar approach may be taken when performing a Rydberg analysis for the 

other molecules studied through out this thesis. Therefore, the variation of the quantum
Ï Ï
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defect (Sa) with the reduced term energies = (« - has been plotted. Diagrams 

of ôa as a function of («*)‘̂  should give straight lines analogous to atomic Elden’s plots 

[4.25].

4.2.4 Photolysis rates and local lifetimes

Using the absolute photo-absorption cross sections the photolysis rates for 

(CH3)2S can be calculated at 1 km altitude steps up to the stratopause (50 km), (Chapter 

3, section 3 .2.4.3). Photolysis rates were calculated as the product of the Solar Actinic 

Flux [4.23] at a given wavelength and altitude, and the molecular photo-absorption 

cross section at the same wavelength.
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Figure 4.7 -  The photolysis rates (s^) and the lifetimes (Days) for dimethylsulphide 
as a function of altitude in Earth s atmosphere.
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At each altitude a total photolysis rates (Figure 4.7) may then be calculated by 

summing over the individual photolysis rates for that altitude (Figure 4.8). The 

reciprocal of the total photolysis rate gives the local photolysis lifetime at that altitude,

i.e. the time taken for the molecule to photo-dissociate if altitude and solar flux remain 

constant. The results show that the local photolysis lifetime of this molecule varies from 

around one year near the ground to just over one hour at 50 km. The lifetime of (CH3)2S 

at the tropopause is therefore averaged at the order of a few weeks such that it may play 

a role in the local chemistry.

1 20E -05

1 OOE-05

E 8.00E -0

6 .00E -06

p 4 .0 0 E -0 6 -

2.00E -06

0.00E+

■ 0 km ■ 5 km ■ 10km ■ 1 5km

■ 20 km ■ 25 km 30 km 35 km

40 km ■ 45 km ■ 50 km

4.43

Photon energy [eV]
4  13 380

Wavelength [nm]
400

Figure 4.8 -  The photolysis rates (s  ̂nm^) vs. wavelength (nm) and photon energy (eV) for 
dimethylsulphide as a function of altitude (0 -  50 km) in Earth’s atmosphere.

The fluorescence excitation measurements of Itokue at al. [4.16], give important 

information on the photo-dissociation processes. The dispersed fluorescence produced 

by the 153 nm (8.105 eV) photolysis of (DMS) has been assigned as the CH3( A -  X) 

band, with the threshold wavelength for producing CH3(A^Ai) obtained at 190 nm 

(6.523 eV) and the related reaction pathway as:

CH3SCH3 ^  C H 3 S (A ) + C H 3 (X ) (4.4)

In the photon energy region of 6.16 eV - 8.80 eV (200 nm > 140 nm), the process in

eq. (4.4) is predominant producing electronically excited fragments from (DMS). In 

fact, the maximum of the photolysis occurs at 50 Km (Figure 4.8), at 202 nm (6 11 eV)
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with a rate of -  1.11 x 10'  ̂ s'  ̂ nm '\ From the point of view of the environmental 

evaluation of (DMS) (section 4.2.5) the production of the CH3 S radical is important 

since it can participate in the reaction with O2 to form OCS, this with a estimated 

atmospheric lifetime of about 7 years.

4.2.5 Environmental evaluation

The ocean surface layer influences climate not only through exchange of 

greenhouse gases such as carbon dioxide and methane with the atmosphere, but also 

gases like dimethylsulphide which is thought to exert a cooling influence on the climate 

system. Climatic factors in turn influence the biogeochemical cycles of these trace 

gases, and there may then be feedbacks to the global climate system through the related 

habitats in the ocean surface. The contribution of sea and estuarine (DMS) emissions to 

the local sulphur budget is insignificant compared to anthropogenic emissions.

Sulphur is essential for all forms of life, and its oxidation-reduction conversions 

play a significant role in the biogeochemical cycle of sulphur. Disturbances in the 

natural sulphur cycle, as a result of increased anthropogenic activity, lead to imbalances 

in the sulphur flux, resulting in problems affecting all levels of the environment, 

including natural waters and waste-waters, the atmosphere, solid wastes, soils and 

sediments. Its adverse effects are well known: acid rain, odour nuisance at polluted 

rivers, landfills and treatment systems, corrosion of steel and concrete, release of heavy 

metals from oxygen-exposed sediments and mineral ores.

Once in the atmosphere, (DMS) reacts with OH at rate constant of -  5x10"^  ̂cm  ̂

molecule'^s'^ at 298 K, exceeding that with NO3 by a factor of 4, to produce SO2 and 

methane sulphonic acid (CH3 S(0 H)0 2 ), among other products [4.26]. Sulphur dioxide, 

itself, reacts with OH to produce H2 SO4 , which can nucleate to produce H2 SO4-H2O 

particles. These once dissolved in the cloud droplets in the atmosphere may be returned 

to the ground in the form of acid rain. Whether H2 SO4 formed from oxidation of (DMS) 

in the marine atmosphere nucleates homogeneously or condenses on existing particles 

depends on the surface area concentration of the existing particles. The SO2 may also be 

absorbed into existing droplets, where it can be converted heterogeneously to sulphate. 

By these processes, sulphur emitted as DMS constitutes a major fraction of non-sea-salt 

sulphate (NSS) and of marine cloud condensation nuclei (CCN). (DMS) is a prime 

regulator of marine CCN concentrations and that a climate feedback mechanism could
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exist in which temperature changes influence phytoplankton productivity and (DMS) 

emissions, thereby affecting marine cloudiness.

4.2.6 Summary

Dimethylsulphide emitted by marine phytoplankton, is the second most 

important source of atmospheric sulphur, after anthropogenic SO2 In the atmosphere, 

DMS is transformed into condensable acidic sulphur products and, through gas-to- 

particle conversion, it becomes the most important natural source of atmospheric 

sulphate aerosols. Possible climatic effects have been suggested, linked to the negative 

radiative forcing due to scattering of solar radiation and especially to modification of 

cloud albedo over oceans by sulphate aerosol particles. These effects occur in addition 

to those derived from the superimposed anthropogenic component of the atmospheric 

sulphate.

The measured cross-sectional values are in excellent agreement with the earlier 

data over the range 210 nm > X> 110 nm (5.9 eV to 11 eV) [4.16] although the local 

maximum cross section of 44 Mb at 6.348 eV (Figure 4.4) is slightly lower than the 

photo-absorption data of Tokue et al. [4.16]. The present measurements appear to be the 

first absolute cross sections for X > 210 nm [4.22]. The experimental results presented 

therefore provide the highest resolution VUV photo-absorption spectrum of (€113)28 in 

the range 5.0 eV to 11 eV (250 nm to 110 nm). Vibrational features at the higher 

energies are observed and assigned for the first time. The Rydberg bands in general 

exhibit vibrational structure, while the valence transitions tend to be broad and 

featureless. Among the low-energy members of the Rydberg bands, evidence has been 

presented suggesting mixed valence-Rydberg character, with the bands having 

characteristics of both types of transitions. Photolysis rates and local lifetimes of the 

molecule were calculated for various altitudes in the atmosphere, and the sulphur cycle 

has been evaluated with the implications arising from (DMS) oxidation and possible 

formation of acid rain.
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4.3 VUV photo-absorption of acetaldehyde, CH3CHO

4.3.1 Introduction

Acetaldehyde, CH3CHO, is formed by photochemical degradation of other 

organic compounds, mainly by oxidation of tropospheric higher hydrocarbons. The 

photo-dissociation products of this compound may react with other trace compounds in 

the lower atmosphere, with both the hydroxyl radical, OH, nitrogen trioxide radical, 

NO3, and peroxyacyl nitrates (RC(0 )0 0 N0 2 ), all of which are greenhouse gases. 

Reactions with NO3 radicals are of minor importance as a consumption process for 

acetaldehyde, thus the major processes involve photolysis and reaction with OH 

radicals. Hydroxyl radical reactions with acetaldehyde involves H-atom abstraction to 

produce the corresponding acetyl radical (CH3CO), that rapidly reacts with molecular 

oxygen to produce peroxyacyl radicals (CH3C(0 )0 0 ), that in turn will react with NO 

and NO2, the latter leading to peroxyacyl nitrates, e.g., CH3C(0 )0 0 N0 2 , 

CH3CH2C(0)00N02.

H

II

Figure 4.9 -  Acetaldehyde, CH3CHO molecule spatial orientation diagram.

Acetaldehyde belongs to the group of aldehydes and is a precursor of ketones 

and has been seen as an important spectroscopic intermediate between formaldehyde 

(H 2CO ) and acetone ((CH3)2CO). Actually, CH 3CH O  is formed from formaldehyde 

with H substitution of an CH3 radical. Ketones and aldehydes have been extensively 

studied by several theoretical and experimental techniques [4.27, 4.28], both of these 

compounds are found to possess an optically forbidden-transition weak absorption band 

at ~ 4 eV assigned to the lowest n —► 7t* transition [4.29]. Many vertical excitations and 

information on the geometries of the excited states and their related vibrational 

frequencies (ketones and aldehydes) have been assigned in the past. _
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4.3.2 Experimental overview

The photo-absorption spectrum of acetaldehyde was obtained using the static 

cell (Chapter 3, section 3.2.3) with an absorption path length of 15 cm. The spectrum 

was recorded from 113 nm (10.97 eV) up to 186 nm (6.67 eV) in sections of either 5.5 

nm or 11 nm, with 0.025 nm or 0.1 nm steps, respectively. Above 184 nm (6.74 eV), 

data was collected in 36 nm section with 0.1 nm steps and from 200 nm -  350 nm, in

1.0 nm step (Table 4.6).

Energy range (eV) Wavelength (nm) Pressure (torr)
3.54-6.74 184 -  350 0.900
6.67 -  7.09 175-186 0.038
6.33 -  6.70 185 -  196 0.150
6.67 -  7.09 175-186 0.075
7.05 -  10.33 120-176 0.038
7.56-10.97 113-164 0.075

Table 4.6 -  Photon energy (eV), wavelength (nm) and présure (torr) ranges 
for acetaldehyde photo-ahsorption measurements.

Acetaldehyde was obtained from Sigma Aldrich, with a stated purity of 99 %, 

and no further purification was undertaken except use of freeze-thaw-pump cycles. The 

spectrum was obtained for sample pressure ranges from 0.075 torr -  0.900 torr, with 

attenuation factors of ± 10%. Higher pressures were used in order to observe the low 

intensity band centred at 4.3 eV.

The acetaldehyde electronic states have been extensively studied previously and 

compared to several deuterated homologues in the vacuum-ultraviolet (VUV) 

absorption spectrum region around 6.8 eV [4.31 -  4.32], as well as with other small 

aliphatic aldehydes and ketones in the energy range of 3.0 eV -  6.0 eV [4.33]. Almost 

two decades ago. Moule and Ng presented the first electronic absorption system in the 

vapour phase at room temperature for energies around 3 eV [4.34] and a (2+1) REMPI 

spectrum of jet-cooled has been recorded over the energy range 3.4 eV - 5.5 eV (352 nm 

-  365 nm) [4.35]. Recently, time resolved UV spectroscopy has been used to evaluate 

the role of acethyl radical in the photolysis-initiated reaction with chlorine [4.36] and 

jet-cooled absorption spectra have been obtained for the 3s Rydberg electronic state

[4.37]. Moreover, electron energy loss spectra have been reported by several groups
_



Chapter Four

[4.38, 4.39 -  4.42] as has a detailed study of the electronic structure and decay channels 

of the acetaldehyde negative ion [4.43]. A Hel photo-electron spectrum of its three 

deuterated dérivâtes has been also reported [4.44].

Detailed multi-photon ionisation (MPI) studies on its n 3s Rydberg state and 

deuterated analogs have been presented [4.45, 4.46] as well as analysis on the positive 

ion fragmentation patterns by MPI mass spectrometry [4.47]. Laser induced 

fluorescence excitation on the first excitation band using a jet-cooled molecular beam 

and the dynamics of selected single rotational levels have been evaluated [4.48, 4.49]. 

Finally, other investigations have been carried out mainly on the mechanisms of 

atmospheric photo-oxidation [4.50] and theoretical studies on the excited states of 

carbonyl compounds, mainly formaldehyde and acetaldehyde [4.51]. They will be 

discussed and evaluated in section 4.3.5.

4.3.3 Results

The high resolution photo-absorption spectrum is shown in Figure 4.10, with a 

resolution ~ 0.075 nm FWHM, and is in good agreement with those obtained previously 

[4.30 -  4.33]. The 3.0 eV -  6.0 eV energy region has been magnified five hundred times 

and compared with the results of Martinez et al. [4.33] and the space science data base 

[4.52] (Figure 4.11). The spectrum is composed of absorption bands with low cross 

sections below 6.0 eV, with special attention being devoted to the first absorption band 

assigned as A<—X {n—*n*). A series of sharp, more intense peaks observed above 6.8 

eV, some of which contain rich vibrational structures, and are mainly characterised as 

transitions into Rydberg states. The lowest ionisation potential (IP) has been plotted as a 

dashed line.

A featureless continuum above the ionisation limit is observed. The dashed 

feature close to 11.0 eV is only partially recorded due to the cut-off in the transmission 

of the CaF] window.
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Figure 4.10 -  VUV photo-absorption spectrum of acetaldehyde in the energy region 3 eV to 11 eV.
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Before analysing the spectra in detail, a brief review of the structure, geometry 

and properties of CH3 CHO is useful. Acetaldehyde belongs to the Cs symmetry point 

group and has fifteen normal modes of vibration classified in the symmetry type as 

= lOA' + 5A" (Table 4.7), where the fundamental vibrational energies were summarised 

by Shimanouchi [4.53]; the outermost valence molecular orbitals electron configuration 

in the independent particle model can be represented according to reference [4.38] as; 

(la')^ (2a'f (3a'f (4a'f (5a')^ (la")^ (6 a')^ (2a"f ( la 'f ,  giving a configuration in the 

ground state: X ^A'.

7a' has been identified as representing the oxygen non-bonding electrons, 2a" 

the CO %-bonding electrons, 6 a' and la" o orbitals and the position of la" relative to the 

other orbitals is not known so far. According to Herzberg, the lowest ionisation 

potential is 10.229 eV [4.29].

Vibrational mode Description Energy (eV)
vi (a') CH3 degenerate stretching 0.373
V2(a') CH3 symmetrical stretching 0.362
vs(a') CH stretching 0.350
V4(a') CO stretching 0.216
vs(a') CH3 degenerate deformation 0.179
ve(a') CH bending 0.174
V7(a') CH3 symmetric deformation 0.168
vg(a') CC stretching 0.138
V9(a') CH3 rocking 0.114

vio(a') CCO deformation 0.063
v,i(a") CH3 degenerate stretching 0.368
V12 (a") CH3 degenerate deformation 0.176
vi3(a") CH3 rocking 0.108
v,4(a") CH bending 0.095
vi5(a") Torsion 0.019

Table 4.7 -  Acetaldehyde ground state vibrational energies (eV).

The observed absorption bands can be classified as members of Rydberg series

and molecular valence transitions of (n —» %r*), (n -+ ;r*) and (a —> tt*) type, although

for the low-energy members of the Rydberg series, mainly at 6.655 eV, a mixed

Rydberg-valence character has been suggested with the bands having characteristics of

both types of transitions [4.43, 4.54]. ( o  —> tt* )  transitions have not been experimentally

detected so far, although according to recent theoretical calculations on configuration

interaction (CIS) method, its origin is tentatively assigned at 10.436 eV [4.54], and

where the \o ,  71*) valence transition, ^Bj (3A , o —» 71*), has been reported at 10.34 eV
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[4.51]. The origin of the second excited electronic state, B X(> 6.6 eV), has been 

identified as the (n, 3s) Rydberg state by resonance-enhanced multiphoton ionisation 

[4.45], by VUV absorption spectroscopy [4.30] and a mixing of (n, 3p) and (n, 3d) 

transitions [4.43]. These features fit a series converging to the ionic ground state 

potential arising from transitions mainly of lone-pair localised oxygen electrons. Pre

dissociation does not seem to play a very important role and each of these bands are 

discussed in more detail below. The broad featureless band above 10 eV is probably due 

to the excitation to high-energy valence ionic excited states which are dissociative in 

character.

4.3.3.1 The 3.5 eV -  6.0 eV photon energy region

In this energy region, the (7a')‘̂  electronic transitions have been identified as 

transitions to triplet tt*) <— X and singlet states (̂«, 7i*) A^A" X Â
having a mixing character [4.31, 4.39, 4.41]. This is a result of the excitation from the 

oxygen lone pair electrons to the CO n *  character LUMO [4.30] ( n o  —» tt* )  of the 

CH3CHO molecule, and the (0-0) transitions of the electronic bands assigned at 3.679 

eV and 4.275 eV, respectively. The present data obtained in this energy region are in 

close agreement with the cross section profiles reported by Martinez et al. [4.33] and 

from the space science data base [4.51] (Figure 4.11).

30

present resu lts  

M artinez  et a l .[4.33] 

Space data [4.52]25

20

I
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Figure 4.11 -  Photo-absorption cross section in the 3.0 eV -  6.0 eV energy band of acetaldehyde.
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Despite the small differences in magnitude of the absorption cross section, the present 

results are ~ 1% and 37 % higher for 4.881 eV and 4.732 eV, respectively, with much 

better resolved vibrational structure A higher resolution can in part explain such cross 

sectional differences. Taking into account previous photo-absorption cross sections 

measurements and through comparison with earlier data obtained at Daresbury 

synchrotron facility, the accuracy of the cross section is estimated to be ± 5%.

The singlet -  triplet transition. So-Ti (3.6 eV -  4.9 eV)

This energy region is characterised by a weakly Cs symmetry allowed transition, 

making the (0-0) assignment for the singlet-triplet transition So-Ti often ambiguous and 

difficult. Actually, several values have been suggested [4.39] and Noble et al. [4.48, 

4.49] shown that the origin lies at 3.692 eV, in close agreement with the present high- 

resolution data pointing to a value of ~ 3.679 eV (0.006 Mb). Although optically 

forbidden, singlet to triplet transitions can be observed with very low cross-sections by 

photo-absorption. The valence transition ends ~ 4.862 eV close to 4.89 eV reported by 

Walzi et al. [4.41] Vibrational excitation assignments for this energy region (Figure 

4.12) have been studied for the low energy region of the Si state by laser induced 

fluorescence in a supersonic jet expansion [4.49], and it is present here a more complete 

and extended set for the observed pattern. Assignments are given in Table 4.8, with 

brackets (?) denoting grater uncertainty.

4 0

2v« + V,4

§
I VlO +  V,3 3 v , o +  Vi4

£u X 5 0 0

3.93.6 3.7 3.8 4 4.1 4,2 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5

Photon energy [eV]

Figure 4.12 -  Vibrational progressions in the 3.6 eV -  5.0 eV absorption band of acetaldehyde.
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The carbonyl stretch V4 vibrational mode, is the most Franck-Condon active 

vibration (~ 0.196 eV), however the CH stretch vg and the CCO deformation modes Vio 

seem to be very active as well. In fact, the long V4 progression is associated with the 

lengthening of the C = O bond under electronic excitation due to the lowering of the 

bond order [4.49]. Moreover, it can be seen that the vibrational excitation pattern 

extends over the singlet-singlet transition, giving the 3.5 eV -  6.0 eV energy region a 

mixing of vibrational structures (Figure 4.12 and 4.13). In fact, the So-Si transition 

should not be so rich in vibrational excitation (Table 4.8) which is in agreement to the 

present observed structures and Noble and Lee [4.49].

A ^ A "^ X^A' À 'A" ^  X ‘A'
Energy (eV) [4.49] present work Energy (eV) present work

3 .6 7 9 3 .6 9 2 Voo 4 .2 7 5 Voo
3 .701 3 .6 9 6 Vi4 4 .3 0 5 V]4
3 .735

3 .7 5 7

3 .7 3 8

3 .761
V]0

V10+ V 15

4 .3 6 6
4 .381 V12

3 .7 8 0 3 .7 8 0 2 v io o r (v io  + 2 v ]5) 4 .4 1 2 V6 (or V7)
3 .8 2 7 - 3v,o or V6 4 .4 4 4  (?) Ve(or V7) + V ]4

3 .8 6 3  (?) - 3 vio+V ]4  or V6+V14 4 .5 0 9 2vi2
3 .875 - V4 4 .5 7 5 2v6 (or 2 V7)
3 .911 - V4 + V 14 4 .6 4 4 3V]2
3 .9 3 6 - V4 + V i4 + V i5 4 .7 0 0  (?) 3v6 (or 3 V7)
3 .961 - V3 4 .7 5 0 3vg (or 3 v 7) + v i 4

4 .0 0 0 - 2 V6 4 .8 0 6 4 v i2
4 .0 3 9 - 2V6 + Vi4 4 .8 6 2 4ve (or 4 V7)
4 .0 7 8  (?) - 2V4 4 .9 2 0  (?) 4v6 (or 4 V7) + v i 4

4 .1 1 9 - 2V4+Vi4 4 .9 6 0 5 v i2
4 .161 - 3V6 5 .0 2 0  (?) 5 v6 (or 5\j)
4 .2 4 6  (?) - 2V3 5 .1 0 2 6 Vi2
4 .2 7 5 - 3V4 5 .1 6 6 6 Vi2 + V ]4

4 .4 4 4 - 4V4 - -
4 .5 0 9 - 4V4 + V]4 + Vi5 - -
4 .6 4 4 - 5V4 - -

4 .8 2 4 - 6 V4 - -
4 .8 6 2 - 6 V4 + V]4 - -

Table 4.8 -  Vibrational assignments in the 3.6 eV -  5.2 eV absorption band of CH3 CHO.

The singlet -  singlet transition. So-Si (4.2 eV -  5.2 eV)

This electronic excitation transition has its origin at 4.275 eV with a local 

maximum cross section of 0.049 Mb (Figure 4.13), ending at 5.166 eV and in agreement 

with Walzi et al. [4.41].
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The vibrational excitation (Table 4.8) is tentatively assigned for the first time 

[4.54], despite their difhiseness, with mainly CH bending Ve and CH3 deformation vn 

vibrational modes. It is also remarkable that vm CH bend vibrational mode seems to be 

very active in both singlet and triplet transitions with an energy ~ 0.026 eV. The energy 

splitting between triplet and singlet, Si-Ti, states can be evaluated and is found to have 

an energy difference of ~ 0.596 eV [4.54] in contrast to the 0.372 eV presented by 

Noble etal. [4.49].

4 0

o r nv7 j Vs(orv7)+v,4

§

£u
( « ,  T T * )

4 3 4.4 4.5 4.6 4.9

Photon energy [eV]

Figure 4.13 -  Vibrational progressions in the 4.2 eV -  5.2 eV absorption band of acetaldehyde.

4.3.3.2 The 6.3 eV -  7.4 eV photon energy region

This energy region is displayed in Figure 4.14, and exhibits considerable 

vibrational structure. The region is composed of one valence transition involving 

electrons from the CO % orbital, n*) [4.43], one Rydberg transition identified as 

w(7a') —>•35(6^^') [4.30, 4.31, 4.45 -  4.47] and a ^ns newly assigned series in close 

agreement with previous suggestions [4.43]. It is however now possible to assign this 

band in terms of progressions and combinations of C H  stretching and bending modes 

and CH3 deformation modes.

For the valence transition, the energy of the band maximum has been reported 

before [4.28, 4.39, 4.41, 4.43, 4.51] and with the present data (Figure 4.14) has been 

estimated at ~ 6.352 eV (0.013 Mb). The weakness of this band is due to its spin-
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forbidden nature and has been proved by the flatness of the related characteristic in 

differential cross section as a function of the angle [4.41].

The (0-0) transition lies at 6.824 eV (~ 182 nm), with a local cross section of 

39.708 Mb, and is a result of the excitation of an oxygen lone pair electron (n 3s) to a 

Rydberg state, and is in good agreement with Crighton and Bell [4.30]. Vibrational 

analysis has been carried out (Table 4.9) with several structures that have been 

previously reported as hot bands of mainly CCO deformation, vio and torsion, vis modes 

[4.30, 4.37, 4.45, 4.46] and several new features are tentatively assigned for the first 

time below the (0-0) transition.

As the neutral ground states excitation energies for modes, vg and v? are very 

close compared to the resolution in this part of the spectrum, we do not suggest one or 

other as more probable. Therefore we adopted the V6,? notation to describe the relevant

assignments. In fact degeneracy has been reported for these modes in the B  ̂A' state of 

acetaldehyde [4.30]. It is also remarkable, in Table 4.9, there is evidence of sequence 

bands for the torsional vi$, CCO deformation vio and CH bend vm modes.

£. 40

V .  n*)

6.3 6.4 6.5 6.6 6.7 6.8 6.9 7 7.1 7.2 7,3 7.4

Photon energy [eV]

Figure 4.14 -  Valence-Rydberg transitions in the energy range 6.3 eV -  7.4 eV of acetaldehyde.
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Energy (eV) Energy (eV)
This
work

[4.30] [4.35] [4.45] Assignment
This
work

[4.30] [4.35] [4.45] Assignment

6.655 6.655 - - V7'
6.873
6.879 - 6.874 6.872 Vio

6.673 - - - Vi5 — Ve
6.889
6.906

- 6.884 6.906 Vi4 or 2vio

6.684 - - - V6,l 6.921 6.920 6.921 6.920 V9

6.698 6.697 - - 2 vio' 6.933 - - 6.943 Vg

6.706 - - - Vg' 6.955 - - 6.956 V9 +Vio

6.716 6.715 - - Vg 6.968 6.968 - 6.968 Ve or V7

6.727 - - - 2Vi5 — 2Vi5 — 
-2vio

6.974 - - 6.972 V6,7 +V 10

6.740 6.378 6.741 - V]o — 2V]o 6.985 6.984 - 6.984 Vs

6.748 - 6.755 - Vi5 — Vi4 6.998 - - - Vs + Vi5

6.760 6.759 6.762 - Vio 7.010 7.010 - 7.010 V6,7 +  Vio

6.768 - 6.769 - Vi5 —V]5 —Vio 7.026 7.026 - 7.025 Vs + Vio

6.776 - 6.779 - 2vi5—2V]5 —Vio 7.130 7.128 - - V3

6.787 - 6.784 - 2vio — 2vio 7.167 7.168 - - V3 +  Vio

6.790 - - - 3V]5-3vi5 —Vio 7.204 - - - V3 +V10+V14

6.803 6.801 6.803 - Vio ~Vio 7.221 - - - V3 +  2vio

6.824 6.823 6.825 6.823 Voo 7.285 7.273 - - V3 + V5.7

6.829 - 6.832 6.830 Vl5 7.311 7.313 - - V3 +V6,7+Vio

6.840
6.848(?)

- 6.841 6.839 2Vi5 7.328 - - - V3 +Vfi,7+VlO

6.862
6.865 6.864 6.867 6.865 Vio 7.371 - - - V3 +V9+V10

Table 4.9 -  Vibrational assignments in the 6.3 eV -  7.4 eV absorption band of CH3 CHO.

4.3.S.3 Rydberg series converging to the state

The excitation energy range above 6.7 eV consists of sharp peaks up to the 

ionisation potential limit, 10.229 eV [4.29] (Figure 4.10 and 4.15). The broad 

featureless band above 10.4 eV is probably due to the excitation of high-energy valence 

excited states which are dissociative in character. The series were obtained using the 

Rydberg equation from chapter 3 (section 3.2.5.1) and in the following tables, 

assignment within brackets (?) denotes higher uncertainty.
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The ̂ ns Rvdbers series 
Figure 4.14 also shows an attempt to identify the 6.655 eV feature to a triplet Rydberg 

series, which fits very well a (24, noÇa) —♦ 3s)), with a quantum defect ô = 1.10 

(Table 4.10). Van Veen et al. [4.39] reported the origin for this transition at 6.62 eV, 

while the EELS data of Dressier and Allan [4.43] predict the origin at 6.65 eV both 

being in good agreement with the present results.

Energy (eV) Quantum defect Assignment
6.655 1.05 3s
8.689 1.03 4s
9.336 1.10 5s
9.656 1.13 6s
9.848 1.03 7s
9.951 (?) 1.01 8s

10.003 1.25 9s
10.052 1.23 10s
10.084 1.32 11s

Table 4.10 -  Energy values, quantum defect and assignment of the ^ns Rydberg series 
converging to the ionic electronic ground state of CH3 CHO.

The ^ns Rydberg series 

The low intensity feature located at 6.824 eV (Figure 4.15) has been assigned to the 

singlet Rydberg transition ^ 8 2  (24, noila) —> 3s)) state [4.27, 4.37, 4.38, 4.39, 4.41], of 

n = 3 term series with a quantum defect Ô = 0.90 (Table 4.11). The vibrational modes 

have been previously identified as a mixing with the second electronic singlet excitation 

(Table 4.9). However, Van Veen et al. [4.39] showed that mainly the alkyl groups’ 

excitation are involved. The 4s band is broader than the other bands in the spectrum, 

which has been attributed to interaction with an underlying dissociative valence state 

[4.28].

Energy (eV) Quantum defect Assignment
6.824 1.00 3s
8.831 0.88 4s
9.421 0.90 5s
9.709 0.89 6s
9.864 0.90 7s
9.963 0.85 8s

10.023 0.88 9s

Table 4.11 -  Energy values, quantum defect and assignment of the ns ('B2 ) Rydberg series 
converging to the ionic electronic ground state of C H 3 C H O .
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The Rydberg series 

The first member of the npy series (Table 4.12), assigned as the Rydberg transition to 

^B2 (3A, ncAla) —> 3p) state [4.38, 4.39, 4.41], is attributed to the 7.456 eV peak, the 

quantum defect being ô = 0.79. This is accompanied by the vibrational excitation of the 

CH bend vg normal mode with a frequency of -  0.123 eV and CO stretching V4 normal 

mode with a frequency of ~ 0.207 eV. The second and third terms of the series are 

observed at 8.971 and 9.497 eV, respectively, both with a quantum defect of Ô = 0.70.

Energy (eV) Quantum defect Assignment
7.456 0.79 3py
7.579 - 3py + V6
7.663 (?) - 3py +V4

8.971 0.71 4Py
9.497 0.69 5py
9.751 0.67 6 py
9.895 (?) 0.62 7Py
9.979 (?) 0.62 8 py

10.035 (?) 0.63 9py
10.072 0.69 lOpy
1 0 . 1 0 1 0.69 llPy
1 0 . 1 2 1 0.78 1 2 py
10.138 0.78 13py

Table 4.12 -  Energy values, quantum defect and assignment of the npy (̂ Bg) Rydberg series 
converging to the ionic electronic ground state X^A” o f  CH3 CHO.

The ^npr Rydberg series 

The peak at 7.749 eV (Figure 4.15) has been interpreted sls an n ^  3 term of an npx 

series, with a calculated quantum defect ô = 0 .6 6  (Table 4.13). This series has been 

identified before [4.32, 4.39] with only 6  quantum numbers [4.32]. In our high 

resolution photo-absorption spectrum we have been able to identified up to n = 16 

quantum numbers.

The origin of this series is in contradiction with 7.80 eV from Walzi et al. [4.41]. 

The second and third terms are at energies of 9.043 eV and 9.523 eV, respectively, both 

with a quantum defect 5~  0.61. For n = 4, and as discussed before, these band is 

broader due to the interaction with a possible underlying dissociative valence state, 

which is characterised by 1 (5^4, 7i(2 a ) —» %*)).
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Energy (eV) Quantum defect Assignment
7.749 0.66 3px
7.808 - 3px + Vio
7.907 - 3px + V6
7.963 - 3px + V4
8.067 - 3px + 2v6
8.157 - 3px + 2V6 + V9
8.227 - 3px + 3v6
8.277 - 3px + 3V6 + V4
8.366 - 3px + 4v6
9.043 0.61 4px
9.201 - 4px + V6
9.523 0.61 5px
9.763 0.60 6px
9.895 0.62 7px
9.979 0.62 8px

10.035 0.63 9px
10.076 0.57 lOpx
10.101 0 6 9 llpx
10.125 0.57 12px
10.142 (?) 0.50 13px
10.154 0.54 14px
10.163 0.65 15px
10.171 0.69 16px

Table 4.13 -  Energy values, quantum defect and assignment of the npx (^Ai) Rydberg series 
converging to the ionic electronic ground state of CHjCHO.

Another interesting feature at 9.043 eV appears broadened (Figure 4.15) and 

seems to be mainly due to the superposition of two states. In fact as it corresponds to a 

transition to a 4p% series it has been pointed out [4.54] that the 9.057-9.063 eV energy 

position is due to the n*) valence transition, ^Aj (5A, n(2a) —»■ tü*)), previously 

reported at 9.07 eV [4.51].

The Rydberg series

Another series starting at 8.434 eV (Figure 4.15 and Table 4.14) has been assigned as a 

« = 5 term of an series, in agreement with a previous study [4.38, 4.32, 4.41, 4.51]. 

The feature at 8.580 eV, 0.146 eV above the origin is assigned to the CH bending V6 

mode and is in good agreement with the 0.153 eV value obtained by photo-electron 

spectroscopy [4.44], but in disagreement with a previous assignment [4.38]. The peak at 

8.628 eV, 0.048 eV from 8.580 eV has been tentatively identified as a combination of ve

and Vio modes, with the latter in good agreement with the 0.055 eV of Cvitas et al.
_
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[4.44]. The second and third terms of the series lie at 9.267 eV and 9.634 eV, with 

quantum defects 5= 0.24 and 0.22 respectively.

Energy (eV) Quantum defect Assignment
8.434 0.25 3dz"
8.580 - 3dz  ̂+ V6
8.628 - 3dz  ̂+ V6+ Vio
8.689 - 3dz  ̂+ 2vg
9.267 0.24 4dz"
9.634 0.22 5dz"
9.821 0.23 6dz"
9.935 (?) 0.20 7dz"

10.003 0.24 8dz"
10.052 0.23 9dz"
10.101 - 0 3 1 lOdz"

Table 4.14 -  Energy values, quantum defect and assignment of the nd^ (^Bj) Rydberg series 
converging to the ionic electronic ground state of C H 3 C H O .

The Rydberg series 

The ndxy series (figure 4.15) with n = 3 (Table 4.15) is assigned to 8.707 eV and a 

quantum defect value, ô  = 0.01 in agreement with ref. [4.41]. The second and third 

terms are at 9.375 eV and 9.683 eV, respectively with quantum defects 0= 0.01.

Energy (eV) Quantum defect Assignment
8.707 0.01 3dxy
9.375 0.01 4dxy
9.683 0.01 5dxy

Table 4.15 -  Energy values, quantum defect and assignment of the ndx, Rydberg series 
converging to the ionic electronic ground state of C H 3 C H O .

The bands due to the higher members are overlapped by those of the previous 

Rydberg series, which makes assignment difficult for higher energy members. The 

various series that have been recorded are consistent with those observed previously 

[4.41] and the transition to the ^ns Rydberg series at 6.655 eV is presented here for the 

first time.
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The procedure for interpretation and classification of the Rydberg series has been 

performed according to Elden’s diagrams (Chapter 3, section 3.2.5.2) in Figure 4.16. As 

one should expect, the characteristics plotted give straight lines on the quantum defect 

with the reduced term energies for the first members of the series. Actually, it is clear 

from Figure 4.16 that the proposed previous assignments for the Rydberg series are in 

close agreement with this linear dependence.

1.20

0.80  -

to 0 .60

0 4 0

0.20

0.00
0.05 0.1 0.15 0.2 0.25 0.3

Figure 4.16 -  Elden ŝ diagrams for the variation of the quantum defect (ôa) with the reduced term 
energies (n'^) for the first terms of the Rydberg series converging to the ionisation limit (10.229eV).

It should be stressed that the linear dependence is only valid, on average, for the 

first four or five members of the series, as observed for both dimethylsulphide and 

acetaldehyde, because as one goes to higher energies and close to the ionization 

potential, there is always the effect of superposition of the different Rydberg states 

giving a mixing orbital character that tend to make the assignment difficult and in some 

cases ambiguous, which in turn gives quantum defect values varying quite a lot and 

observed lack of linearity in Elden’s plots.

4.3.4 Photolysis rates and local lifetimes

Using these absolute cross sections, the photolysis rates for CH3CHO were 

calculated at 1 km altitude steps up to the stratopause (50 km) and are displayed in 

Figure 4.17. Photolysis rates were calculated as the product of the Solar Actinic Flux
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[4.23] at a given wavelength and altitude and the molecular photo-absorption cross 

section at the same wavelength (Chapter 3, section 3.2 .4.3). At each altitude a total 

photolysis rate may then be calculated by summing over the individual photolysis rates 

for that altitude (Figure 4.18) and the reciprocal of the total photolysis rate for a given 

altitude gives the local photolysis lifetime at that altitude (Figure 4.17), assuming a 

constant solar flux. The results show that the local photolysis lifetime of this molecule 

varies from around two and a half hours near the ground to just over less than a minute 

at 50 km, pointing to an averaged lifetime of CH3CHO at the tropopause of the order of 

a couple of minutes.
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Figure 4.17 -  The photolysis rates (s ‘) and the lifetimes (Days) for acetaldehyde 
as a function of altitude in Earth’s atmosphere.
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Figure 4.18 -  The photolysis rates (s'* nm‘̂ ) vs. wavelength (nm) and photon energy (eV) for 
acetaldehyde as a function of altitude (0 -  50 km) in Earth’s atmosphere.

The information on the cross section, o(X), combined with the actinic solar 

radiation, J(l), and the primary quantum yield for photolysis, (p(X), to calculate the 

photo-dissociation rate constants, kp, have been evaluated previously for acetaldehyde

[4.50] and assumed that the primary quantum yield for photolysis was unity at all 

wavelengths. In fact, kp is obtained as:

kp =  fo (l)(p (X )J (X )d X  (4 .6 )

Actually the quantum yield for primary photolysis depends on both the wavelength (1) 

and total air pressure, and has been found to be smaller than one in some cases. Our 

values of kp, assuming (p (1) = 1, therefore represent upper limits for the rate constant 

for photo-dissociation under tropospheric conditions.

4.3.5 Environmental evaluation
The photo-dissociation rate constants have been reported and suggested that 

reaction of aliphatic carbonyl compounds with ozone, NOx and HO2 are expected to be 

of minor importance in the troposphere due to the high rate constants with hydroxyl 

radicals [4.33, 4.50]. The calculations obtained for noon time photolysis rate constants 

for 1 January and 1 July under cloudless conditions at sea level and at latitude of 40° N,

98



Chapter Four

have been compared with the pseudo-first order rate constants {kon) for reaction of 

acetaldehyde with hydroxyl radical at room temperature, assuming an average annual 

and diurnal OH concentration in the troposphere of 0.3 -  3.0x10^ molecules cm'^ [4.33]. 

kp was found to be of the order of 1 .2 x1 0 ’̂  s'̂  (1 January) and 4.3x10^ s'̂  (1 July) in 

contrast to (5 -  50)xl0"^ s'̂  for kon; hence the reaction with hydroxyl radical is 5-10 

times as fast as photolysis. Thus the photo-dissociation process is a minor pathway for 

removal of acetaldehyde from atmosphere.

4.3.6 Summary

It has been possible to observe the low lying ^(n, n*) and (̂tc, ;i*) transitions of 

CH3CHO despite the low intensity photo-absorption signal. There is experimental 

evidence that the valence states, mainly the ^Tt, n*) play an important role on the 

broadening of the 4p% and 4s Rydberg transitions, which has been previously observed 

for formaldehyde and acetone [4.28]. In fact the underlying dissociative valence state is 

in agreement with the background’s slightly broadening increase for this energy region.

The position for the \ c ,  n*) valence transition has been suggested for the first 

time [4.54] to lie at 10.436 eV and is in close agreement with the theoretical 

calculations obtained using the configuration interaction single excitations (CIS) 

method [4.51]. The experimental results presented provide the highest resolution VUV 

photo-absorption spectrum of CH3CHO in the range 3.0 eV to 11.0 eV (413 nm to 113 

nm). Vibrational features especially for the n̂p% Rydberg series are presented and 

evaluated for the first time.

While there has been much progress during the last few years in the 

understanding of the spectra of aldehydes and ketones, the field is still in its 

adolescence, and the VUV spectrum of acetaldehyde still continues to yield surprises 

and new insights into its spectroscopy.

4.4 Conclusions

The high resolution photo-absorption spectra of (CH3):S and CH3CHO recorded 

using synchrotron radiation, have been presented and the electronic state spectroscopy 

discussed on the basis of previously reported results. Assignments of Rydberg and
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valence states were made with particular attention to the former ones with new proposed 

assignments where possible. The role of these molecules in the Earth’s atmosphere has 

been evaluated and discussed.
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Chapter 5

Electronic state spectroscopy of SF5CF3 by gas-phase 

and condensed phase conditions

Divide each difficulty into as many parts as is feasible and necessary to resolve it.

René Descartes (1596 -  1650)

5.1 Introduction

In this chapter an extensive study of the spectroscopy of trifluoromethyl sulphur 

pentafluoride has been carried out using VUV and IR photo-absorption, electron energy 

loss spectroscopy and photo-electron spectroscopy. In order to determine the possible 

mechanisms for removal of this molecule in the upper atmosphere, we have also studied 

the interaction of free electrons with SF5CF3 in both gas and condensed phases. 

Desorption from sub-monolayers of SF5CF3 on amorphous H2O ice are compared to 

desorption from a Xe surface. The implications for the heterogeneous photochemistry of 

SF5CF3 adsorbed on ice or dust particles in the Earth s atmosphere are discussed.

5.2 VUV photo-absorption of SF5 CF3

5.2.1 Introduction

SF5CF3 has only recently been detected in the terrestrial atmosphere [5.1] and 

identified as a potent greenhouse gas. Although its origins are still unclear, it is believed 

to be purely anthropogenic in origin, probably being related to the plasma technology 

industry and gas dielectrics. It has been suggested that a likely source is as a breakdown 

product of SFô.

Sulphur hexafluoride is a potent greenhouse gas and its atmospheric 

concentration has increased by two orders of magnitude since industrial production 

started in 1950s [5.2]. SFe is extremely stable with unique physical and chemical 

properties that make it ideal for some specialised applications, such as the plasma
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industry. It is a heavy, inert and non-toxic and non-flammable gas. The dominant uses 

are in gas insulated switchgear and in blanketing or degassing molten aluminium and 

magnesium [5.2]. In 1953 its industrial production began as an insulated circuit breaker. 

Therefore it is expected that SF5CF3 may be formed while being used as a high voltage 

dielectric. Electrical discharges through SFe can cause electron attachment that leads to 

the production of SF5 radicals [5.3]. The electrical systems containing SFô are also 

likely to contain fluoropolymers as insulators. Therefore, SF5 ' radicals could react with 

these polymeric surfaces and scavenge CF3 radicals to produce SF5CF3 which can be 

released into the atmosphere through natural leakage or release upon opening the 

installation for maintenance [5.1]. Indeed the trends for SFô and SF5 CF3 track each other 

very closely over the past 30 years, suggesting that the production of SF5CF3 is 

connected directly to SFe [5.4]. However, the spectroscopy, dissociation dynamics and 

chemical reactivity of this compound are still poorly understood having only been the 

subject of research in the last two years.

5.2.2 Experiment overview

A high resolution photo-absorption spectrum of SF5CF3 was obtained in a closed 

cell (Chapter 3, section 3.2.3) with a path length of 25 cm. The spectrum was obtained 

in 11 nm sections, in 0.1 nm steps, with a resolution ~ 0.075 nm FWHM.

The sample used was obtained from Argo International Ltd. with a purity of 

99%. The gas was used without further purification or treatment. SF5CF3 spectrum was 

recorded over the sample pressure range 0.075 torr - 0.750 torr (Table 5.1), with typical 

attenuation of 10%. High sample pressures were used for photon energies below 8  eV in 

order to guarantee no low absorption features were missed.

Energy range (eV) Wavelength (nm) Pressure (torr)
5.96 -  6.97 178-208 0.750
6.63 -  7.52 165 -  187 0.525
7.34 -  8.44 147 -  169 0.225
8.38-10.97 113-148 0.075

Table 5.1 -  Photon energy (eV), wavelength (nm) and pressure (torr) ranges 
for S F 5 C F 3  photo-absorption measurements.
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The first experimental measurements reported for this molecule concentrated 

upon its infrared properties. Sturges and co-workers [5.1] measured the room 

temperature IR photo-absorption cross sections and compared them to preliminary data 

reported by Eggers etal. [5.5] and subsequently refined and discussed by Griffiths [5.6].

The infrared spectra has been recently re-measured over a wave number range of 

100 cm'  ̂ -  4000 cm'  ̂with spectral resolutions of 0.01 cm'  ̂ and 0.90 cm'  ̂ [5.7] and the 

temperature dependence extensively studied between 203 K -  298 K over the range 600 

cm'  ̂-  1500 cm'  ̂with a 0.03 cm'  ̂resolution [5.8].

There has been much speculation as to the mechanisms by which SF5-CF 3 is 

destroyed in the terrestrial atmosphere with current suggestions including by UV photo

dissociation in the stratosphere and mesosphere or by electron attachment and ion- 

molecule reactions in the mesosphere. Experiments have been performed to determine 

the ionisation and fragmentation of trifluoromethyl sulphur pentafluoride using 

threshold photo-electron photo-ion coincidence (TPEPICO) spectroscopy [5.9]. The role 

of bimolecular reactions with positive ions inherent in the upper atmosphere have been 

investigated to obtain rate coefficients and product ion distributions for the related 

reactions [5.10-5.12]. A comprehensive study of the electron attachment rate constant 

has been performed by Kennedy and Mayhew [5.13] and compared to low energy 

electron attachment at a high incident electron resolution by mass spectrometry [5.14]. 

Electron impact ionisation cross sections close to threshold have been reported [5.15] 

and the role of SF5CF3 in the terrestrial atmospheric has been evaluated. Chim et al.

[5.16] measured the fragmentation of the valence states of SFs-CF3^over the energy 

range 12 eV -  26 eV by means of VUV synchrotron radiation and reported the 

energetics of important dissociation channels and ionisation energies. The first pseudo 

photo-absorption spectrum of SF5CF3 in the energy range 5 eV - 23 eV was measured 

by Kendall and Mason [5.17] and has since been compared with photo-absorption cross 

sections measured recently in the VUV region [5.18, 5.19].

5.2.3 Results

Assignment of the valence state(s) of SF5 CF3 is difficult since there is still no 

agreement as to the symmetry type for this molecule, either C4v {cti, <̂2, bi, 62 , e) or Cs 

{a\ a'") [5.6, 5.20]. Griffiths [5.6] concluded from his infrared and Raman spectra that 

the barrier to internal rotation is low or zero, and according to the observed patterns, C4V

suits the selection rules for those vibrational excitations. However recent calculations
_
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have shown that the internal barrier potential energy surface and the internal torsion 

mode, C -  S, have values at about 6.45 cm'  ̂ (77 Jmol'^) and 15 cm '\ respectively

[5.20], the latter being of the same order of magnitude of the energy necessary to 

overcome the barrier, suggesting the symmetry of SF5 CF3  as Cg. Nevertheless, both 

symmetry types can be related to the irreducible representations and in Cs notation both 

62 and Ü2 correlate with a'\ aj and bj correlate with a\ and e to the crossed product of a' 

and a" [5.21]. So, the twenty-four vibrational modes are classified in the Cg symmetry 

as Fvib = 15^' + 9̂ 1" with their fundamental energies summarised by Griffiths [5.6] and 

Ball [5.20] in Table 5.2.

Vibrational mode
[5.6], [5.20] Description Energy (eV)

[5.6]/[5.20]
vi (ai, aO CF3 symmetric stretch 0.145/0.150
V2 (ai, a') SF axial stretch 0 .1 1 0 / 0 .1 1 1

V3 (ai, a') CF3 symmetric deformation 0.094 / 0.093
V4 (ai, a') SF4 symmetric in-plane stretching 0.086 / 0.085
V5 (ai, aO SF4 out-of-plane deformation 0.076 / 0.074
V6 (ai, a') C -  S stretch 0.040/0.041
V7 (az, a") Internal torsion -  / 0 .0 0 2

vg (bi, aT) SF4 asymmetric in-plane stretch 0.078 / 0.080
V9 (bi a') F -  S -  F bending and CF bending 0.033 / 0.038

vio (b2, a") SF4 rocking 0.062/0.051
vii (e, a") CF] anti-symmetric stretch 0.156/0.161
V12 (e, a") SF] anti-symmetric stretch 0.112/0.116
V]3 (e, a") SF4 in-plane deformation 0.073 / 0.066
vi4 (e, a") CF] anti-symmetric deformation 0.069 / 0.070
vi5 (e, a") SF4 in-plane deformation 0.053 / 0.058
vi6 (e, a") CF] wagging 0.040 / 0.040
vi7 (e, a") SF5 rocking and CF] wagging 0.027 / 0.028
V18 (-, aO SFs rocking -  / 0.026
Vi9 (-, a9 SF4 out-of-plane deformation -  / 0.045
V20 (-, a9 SF4 in-plane deformation -  / 0.050
V21 (-, a') SF and CF wagging -  / 0.066
V22 (-, a*) CF] deformation -  / 0.070
V23 (-, a') CF2 anti-symmetric stretch -  / 0.117
V24 (-, a') CF stretching -  / 0.162

Table 5.2 -  S F 5 C F 3  ground state vibrational energies (eV).

The total photo-absorption cross section spectrum is shown in Figure 5.1. The 

spectrum is composed of a single absorption band centred at 9.336 eV with a local 

maximum cross section of 17.078 Mb. The dashed feature close to 11.0 eV is only 

partially recorded due to the cut-off in the transmission of the CaFi window.
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Figure 5.1 -  VUV photo-absorption spectrum of S F 5C F 3 in the energy region 4.0 eV to 11.0 eV.
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The present data was recorded over the energy range 4 eV to 11 eV, and reveals 

a broad band with a local maximum value of 17.078 Mb at 9.336 eV and a cross section 

value of 6.46 Mb at the Lyman-a wavelength (121.6 nm). These are considerably lower 

than the recent photo-absorption data reported by Chim et al [5.18] who reported a 

cross section at 121.6 nm of 15 Mb. A similar spectrum recorded using the Daresbury 

Synchrotron facility, in a different cell configuration and with a different gas sample 

showed cross sections within 5% of the present cross section values. The present results 

therefore seem to be the most accurate and this data will be used to evaluate the SF5CF3  

photolysis rates and local lifetime in the Earth’s atmosphere (section 5.4.3).

5.3 EELS -  Electron Energy Loss Spectroscopy of SF5CF3

In order to determine the lifetime in the Earth’s atmosphere and study the 

spectroscopy of SF5CF3 above 11 eV, the first electron energy loss spectrum has been 

measured recently in pseudo-photo-absorption conditions (section 3.3) by Kendall and 

Mason [5.17] in the energy range of 5 eV to 23 eV and is shown in Figure 5.2. Hence it 

was applicable to use the conversion of EELS to differential oscillator strengths (DOS) 

presented in Chapter 3, section 3.3.1. The EELS spectrum has been energy scaled to the 

photo-absorption spectrum at 9.336 eV as shown in the Figure 5.2 inset.

Above 11 eV a series of broad bands are observed. A close and detailed analysis 

of both the EELS and VUV photo-absorption spectra reveals no evidence of vibrational 

features, Figure 5.2 and 5.1 respectively.

Assignment of the observed structure is not an easy task since there are no 

theoretical studies on the electronic configuration; only recent calculations on the 

geometry, vibrational frequencies, energies and reactions of SF5 CF3 using high-level 

Gaussian-2 and Gaussian-3 methods have been reported [5.20]. However, with the 

knowledge of the photo-electron spectra we may explore some Rydberg assignments

[5.22].
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Figure 5.2 -  EELS spectrum of SF5CF3 in the energy region 5.0 eV to 23.0 eV.
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5.4 PES - Photo-Electron Spectroscopy of SF5CF3

In order to study the spectroscopy of SF5CF3 further we recorded a Hel photo

electron spectrum (Figure 5.3) to obtain precise values for the different ionisation 

potentials. The main goal of this work was to compare our PES results to the threshold 

photo-electron and photo-ion coincidence measurements of Chim et al. [5.16] In fact, 

their data for the threshold of dissociative ionisation energies was obtained using an 

impulsive model and by extrapolating it to zero kinetic energy release. However, PES is 

a convenient and more accurate method.

3
■5
inc
g

4000 16 845 eV16.461 eV

17.199 eV 18.721 eV16.147 eV

3000 17 894 eV
19.365 eV

15.632 eV
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13.960 eV1000 14.699 eV
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Io n isa tio n  e n e r g y  /e V  

Figure 5.3 -  Hel photo-electron spectrum of SFgCFj.

The measured PES ionisation energies (Table 5.2) are in relatively close 

agreement with the vertical ionisation energies obtained by other workers [5.15, 5.16]. 

Gstir et al. [5.15] making use of a 60 meV resolution electron beam, detected several 

cations by mass spectrometry and the ionisation cross section was measured as a 

function of electron energy from the appearance energy to about 5 eV above.

The ionisation potentials values are summarised in Table 5.2 and compared to 

the data obtained by threshold photo-electron spectroscopy [5.16]
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He! PES TPES [5.16J
13.960 14.13
14.699 -

15.632 15.68
16.147 -

16.461 -

16.845 16.94
17.199 -

17.894 17.86
18.721 -

19.365 19.44
- 21.34
- 2 2 .0 1
- 24.67

Table 5.3 -  Ionisation energies observed in the Hel and 
in the TPE spectra of SFgCFj (vertical values in eV).

5.4.1 Valence and Rydberg states

Using the PES ionisation potentials values summarised in Table 5.3 and the 

EELS data from Figure 5.2, a Rydberg series (section 3.2.5.1) evaluation was carried 

out. The assignments have been plotted in Figure 5.4 and summarised in Table 5.4.
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Figure 5.4 -  Assignment of the Rydberg series converging to the ionic potentials of SFgCFy.

The vertical ionisation energies may be due to bonding orbitals of mainly S -  C 

character, and it seems reasonable to assign the absorption feature in the VUV 

absorption spectrum of Figure 5.1 as being due to transition from such an orbital.
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Special attention has been devoted to VUV photo-dissociation studies of SF5CF3  

because excitation in the energy region below the first ionisation potential, results in 

prompt dissociation along the S -  C bond due to the strong repulsive nature of the o * 

excited states [5.9, 5.16]. Though the low-lying valence excited states should arise from 

excitations of the o HOMO to the o* LUMO, a transition involving valence shell type 

orbital in the S -  C bond.The feature at 9.336 eV has been tentatively assigned to the n 

= 4 member of a Rydberg series converging to the 13.960 eV ionisation limit (Table

5.4). The quantum defect value (à) seems to be related to an ns Rydberg series. The n=5 

and n = 6  members might be responsible for a feature around 12.420 eV and a partly 

resolved feature at 12.984 eV respectively (Fig. 5.4). The quantum defect values (Table

5.4) seem to be slightly higher for a series of this type mainly for the first and third 

terms. This might be attributed to a mixed Rydberg-valence character for the transition. 

The rather intense band centred at 11.431 eV (Fig. 5.4) corresponds to a state with a 

quantum defect value of 1 .6 8  suggesting a term (Table 5.4). The n = 5 and n = 6  

terms are expected to have spectral bands at 12.740 eV and 13.228 eV. As the latter 

must be of lower intensity than the n = 4 band, they might be not well resolved from the 

features around 12.90 eV and 13.40 eV.

IP (eV) Energy (eV) Quantum defect (§) Assignment
9.336 2.28 4s
12.420 2.03 5s

13.960 12.984 2.27 6s
11.431 1.68 4p
12.740 (?) 1.66 5p
13.228 (?) 1.69 6p
11.431 0.96 3d

14.699 13.228 (?) 0.96 4d
12.420 1.94 4s

15.632 14.185 1.93 5s
12.984 2.02 4s

16.461 14.878 (?) 2.07 5s
13.420 2.00 4s

16.845 15.425 1.90 5 s
15.943 2.12 6s
16.294 2.03 7s

Table 5.4 -  Peak energy values, derived quantum defects and assignment of the 
Rydberg series converging to the ionisation potentials of SF5CF3 (values in eV).
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The 11.431 eV band might also be the first term of an nd series converging to 

the second ionisation limit with Ô off 0.96. Then the second member is expected to be 

around 13.228 eV (on the low energy side of the 14.185 eV band). The other three 

presented series, converging to the 15.632 eV, 16.461 eV and 16.845 eV ionisation 

limits respectively, have been assigned to ns series with ô ~ 2.00. This is a tentative 

assignment as the n = 4 term of each series is of much lower intensity than the n = 5 

member.

Additional experiments and calculations in the near future are necessary to 

clarify the type of transitions involved in this energy region.

In order to help interpretation and classification of the Rydberg series, Elden’s 

diagrams have been established as shown in Figure 5.5 (section 5.4.2), plotting the 

variation of the quantum defect (d%) with the reduced term energies (n*)"̂  = (n - 5)’̂ . 

According to the commonly accepted Rydberg-Ritz formula (section 3.2.5.2), diagrams 

of ÔIX as a function of (n*)'^ should give straight lines.

5.4.2 Elden's plots

The Elden’s plots obtained in Figure 5.5 give the variation of the quantum defect 

(d%) with the reduced term energies (n*)'  ̂for the Rydberg series converging to the IPs.

2.3

1.5

n s ^  13.960 eV

ns 16.461 eV 

< n s - ,  16.845 eV 

ns - ,  15.632 eV

^  n p - ,  13.960 eV

* n d - ,  14.699 eV

0.15 0.2 0.25 0.3 0.35

(n‘)’

Figure 5.5 -  Elden’s diagrams for the variation of the quantum defect (ôn) with the reduced term 
energies (n*)'̂  for the first terms of the Rydberg series converging to the ionisation potentials.
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As shown in Figure 5.5 the experimental Elden’s diagrams for the ns, np and nd 

series converging to the different ionic states have been plotted for members with 

principal quantum numbers n = 3 -  6  and for the ionisation limit 16.845 eV up to 7. For 

each Rydberg series the variation of ôa with (n*)'  ̂ is quite smooth and linear, 

confirming the classification. Flowever for the series converging to 14.699 eV, 15.632 

eV and 16.461 eV IP we only have two points available from experimental data. The 

only relevant exception seems to occur for both the ns series converging to 13.960 eV 

and 16.845 eV, where deviation from linearity suggests the valence-Rydberg mixing 

character assignment proposed in ref. [5.22].

5.4.3 Photolysis rates and local lifetime

Using the measured absolute photo-absorption cross sections the photolysis rates 

for SF5CF3 can be calculated at 1 km altitude steps up to the stratopause (50 km). 

Photolysis rates are calculated as the product of the Solar Actinic Flux at a given 

wavelength and altitude, and the molecular photo-absorption cross section at the same 

wavelength (Chapter 3, section 3.2.4.3).

40 km above 50 kmU V  photo-absorption 10 km 20 km 30 km 50 km

14.018

17

16

15

14

13

12

11

10

9

13.5

13.0

12.0
10.2 eV (121 .6  nm ) 

L y m an -a  peak

8
7

6
5

4

3

2
1
0

10.0

9.5

9.0

Photon energy [eV]

Figure 5.6 -  VUV photo-absorption cross section of SF5CF3  and stratospheric solar 
actinic fluxes in the lower and upper atmosphere.

It is remarkable that there is no overlap and an ~ 1 eV energy gap between the 

solar flux and the photo-absorption spectrum at altitudes lower than 50 km, meaning
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that the SF5CF3 sink mechanisms at these altitudes must be other than direct gas phase 

photolysis.

In contrast at higher altitudes there is overlap, in particular the absorption close 

to the Lyman alpha peak (121.6 nm) at 10.2 eV where the solar UV flux at wavelengths 

lower than 180 nm is highest (Figure 5.6). Hence, it is likely that photo-dissociation of 

SF5 CF3 will occur in the ionosphere or mesosphere regions of the atmosphere.

While there is a fairly substantial photolysis rate at the higher altitudes leading 

to a correspondingly short lifetime of a few days, at lower altitudes the lack of solar 

actinic flux at the absorption wavelengths of this molecule leads to an extremely long 

lifetime. Indeed, the height profiles of SF5CF3 through the stratosphere obtained by 

Sturges et al. [5.1] support this conclusion. It is this long lifetimes at low altitudes that 

makes SF5CF3 such a strong greenhouse gas.

5.5 IR  -  Infrared Spectroscopy

A molecule absorbing radiation in the atmospheric IR window (800 -  1300 cm"̂ ) 

is known as an effective greenhouse gas and contributes to the change in the Earth- 

atmosphere system’s radiation budget, i.e., the radiative forcing. This energy range is 

extremely important because natural greenhouse molecules (e.g., CO2, CH4) have little 

or no absorption. A molecule that absorbs in this region thus absorbs radiation that 

would otherwise escape to space and effective absorbers in this region can hence have a 

significant impact on global warming.

The first calculations on the radiative forcing of SF5CF3 have been reported by 

Sturges et al. [5.1] as 0.57 Wm'^ ppb'  ̂based upon an infrared spectrum measured at 296 

K with a resolution of 0.5 cm '\ Later, Nielsen et al. [5.7] also measured the photo

absorption spectrum in the 100 - 4000 cm"̂  energy range revealing new structures 

outside the original limits of Sturges spectrum, mainly at 613 cm '\ increasing the 

radiative forcing to 0.59 Wm'^ ppb'\ However, recently Kendall et al. [5.8] re-measured 

the IR spectrum at different temperatures (Figure 5.7) and taking into account that the 

atmospheric temperature profile is not isothermal, because there is a large variation in 

temperatures, they observed that the peak cross sectional values increased as the 

temperature (203K - 298 K) was decreased and the shape of the band changed as well. 

Hence at 298 K the peaks of the bands are lower but broader while at lower 

temperatures the band peaks are higher but narrower. Table 5.5 shows the temperature
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dependence of the cross sectional values for the two most intense peaks at 903 cm'  ̂ and 

1257 cm \

§  ̂
Î 3

A A A
600 700 800 9 00  1000 1100 1200

Wavenumber (cm *)

1300 1400 1500

Figure 5.7 -  Infrared photo-absorption spectrum of SF5CF3 at 298 K.

On average one can infer that the cross section values are ~ 1,45 times higher for 

203 K than for 298 K. So when evaluating the integrated absorption intensity as a 

function of the energy for the temperature ranges studied, it becomes clear that at lower 

temperatures SF5CF3 becomes a more effective infrared absorber [5.7],

903 cm 1257 cmT-

Temperature (K) Cross section (Mb) Cross section (Mb)

203
213
233
253
273
298

11.6
10.9
10.0
9.17
8.28
7.67

9 58 
8.83 
8.40 
7.77 
6.88 
6.99

Table 5.5 -  Temperature dependence of the 903 cm * and 1257 cm * IR peaks of SF5CF3.

Taking into account these results, a value for the radiative forcing of SF5CF3 is 

derived as 0.60 Wm'^ ppb'  ̂ [5.8], therefore the infrared absorbance of SF5CF3 in the
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Earth’s atmosphere is larger than initially thought, which in turn means that its global 

warming potential is increased by a few percent (section 5.8).

5.6 D£A with single molecules and clusters of SF5CF3

The experiments were performed in a crossed electron beam / molecular beam 

arrangement (single SF5CF3 molecules and homogeneous clusters). Single molecules 

were obtained by means of gas effusion through a capillary directed fitted to the 

collision chamber. Clusters were produced by adiabatic expansion of the gas (SF5CF3 

seeded in Ar, mixing ratio 1:1000) at a stagnation pressure of 3 bar through an 80 pm 

nozzle at room temperature. After passing a skimmer, which separates the expansion 

chamber from the main interaction chamber, the molecular beam containing a 

distribution of clusters is crossed with an electron beam generated by a trochoidal 

electron mono-chromator (section 3.5). Negative ions formed are extracted from the 

interaction region by a small electric field (< 1 Vcm'^) and subsequently analysed by a 

quadrupole mass spectrometer and detected by single pulse counting mode. For the gas 

phase experiments, the electron energy scale is calibrated using the well known zero eV  

resonance in SFe.

5.6.1 SF5CF3 under single collision conditions

Figure 5.8 a) shows negative ion yields obtained from gas phase SF5 CF3 under 

single collision conditions in the energy range 0 .0  -  5 eV. Only fragment ions are 

observed appearing from pronounced resonance features reminiscent of dissociative 

electron attachment (DBA) By far the most dominant channel is the formation of SFg' 

from a very intense resonance peaking near zero eV and extending to about 2 eV. The 

present results are in reasonable agreement with those recently observed in a beam 

experiment [5.14]. Both studies detect the fragment ions SFs', CFf and F with the 

heavy ion SF5 ' being by far the most dominant product ion. However, there are some 

differences concerning the relative intensity of the two remaining channels. In the 

present study, an intensity ratio SFs': F : CF3 of -  1000:4:0.03 while it was 1000:1:4 in 

the Innsbruck experiment [5.14]. This difference is most likely due to different ion 

extraction conditions. The Innsbruck device is essentially field free in the ion source, it 

hence discriminates strongly towards fragment ions with excess kinetic energy. This 

also clearly demonstrates the limited accuracy that can be achieved when extracting

absolute cross section data from beam experiments. In the present experiment the CF3 '
_
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ion is only observed as a spurious signal in the vicinity of ~ 3.5 eV. The small 

contribution near zero eV is likely to be the result of electron capture to some impurity 

or decomposition product of the target molecule at the hot filament.
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Figure 5.8 a) -  Formation of SFs\ F  and CF3  

from SF5CF3 as a function of the electron 

energy. Pressure of the gas 3 x 10  ̂ mbar at 

the ionisation gauge. Count rates in absolute 

units.

Figure 5.8 b) -  Formation of SFs', F  from 

SFsCF3  in the extended energy range 0 - 1 5  

eV on a log intensity scale.

From the logarithmic intensity representation extending to 15 eV (Fig. 5.8 b)), 

higher energy features (not reported in the recent beam study [5.14]) are visible in the F 

DEA channel (weak resonances peaking near 3.5 eV and 11 eV). At this point we 

should mention that desorption of F from condensed SF5CF3 is very effective via the 

resonance near 11 eV (see below). In the gas phase, electron attachment is strongly 

dominated by the SF5 channel due to the DEA reaction:

e'(e) + SF5 CF3 -> SF5 CF3 * -> SF; + CF3 (5.1)

with SF5CF3*' the transient negative ion (TNI) formed upon electron attachment. The 

absolute cross section reaches values near 1 x cm̂  at energies approaching zero eV

[5.14]. On the basis of the relevant bond dissociation energy D(SF;-CF3) = 3.50 eV and 

the electron affinity EA (SF;) = 3.80 eV [5.14, 5.23, 5.24] process (5.1) is exothermic
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by -0.30 eV. It should be noted that the situation in the non-substituted compound SFe is 

completely different in the way that low energy electron attachment predominantly 

generates a long lived non-dissociated SFe' anion. This is essentially a consequence of 

the fact that dissociation into the energetically lowest channel (SF;' + F) is either 

endothermie or subjected to an activation barrier. In electron attachment to SF5CF3 

under collision free conditions, we do not observe any un-dissociated anion SF5CF3 ' 

within the time scale of the experiment ( ~ 50 ps). As will be discussed below, however, 

such a stabilised parent anion was observed from electron attachment to clusters. The 

DEA reaction leading to the energetically lowest F* channels can be expressed as:

e’(e) + SF5 CF3 SFsCFs*'^ F' + SF4  CF3 (5.2)

e'(e) + SF5 CF3 -> SF5 CF3 *'-> F" + SF5 CF2  (5.3)

Although there are no explicit values available for the C -  F or S -  F bond dissociation 

energies in the present molecule, one can assume similar binding energies as in the non

substituted compounds (D(SF; -  F) = 3.94 eV and D(CF3 -  F) = 5.56 eV [5.23, 5.24]). 

With the electron affinity of F (3.40 eV [5.23]) one expects the threshold for F 

formation at electron energies of about 0.5 eV and 2 eV for reaction (5.2) and (5.3), 

respectively. Thus it may be concluded that the low energy F feature is exclusively due 

to reaction (5.2). Regarding to the electronic structure of the presently observed 

resonances, it is likely that TNIs below 5 eV can be ascribed to single particle shape 

resonances, i.e., electronic states formed by accommodation of the extra electron into 

one of the virtual molecular orbitals (MOs) thereby leaving the electronic configuration 

unchanged. In contrast the feature near 11 eV is very likely to be a core excited 

resonance, i.e., an electronic state with at least two electrons in previously unoccupied 

MOs. The electronically excited states of the neutral molecule can be identified by 

electron energy loss spectroscopy (EELS) and optical absorption. Both EELS and VUV 

absorption by synchrotron radiation show two prominent absorption bands centred at

9.3 and 11 eV [5.17, 5.19]. The lowest ionization potential observed by photoelectron 

spectroscopy is located at 13.96 eV [5.22]. It is also remarkable that electron impact in 

gas phase SF5 CF3 at energies above 13 eV leads to a variety of fragment cations but no 

detectable parent cation [5.15].
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5.6.2 SF5 CF3  clusters

Adiabatic expansion of SF5CF3 diluted in Ar leads to molecular aggregates 

including mixed SFsCFs/Ar clusters as can be seen by the negative ion mass spectrum 

(Fig. 5.9), recorded at impact energy close to zero eV. The cluster beam was generated 

by adiabatic expansion of an SFsCFs/Ar gas mixture at a ratio of 1 /1 0 0 0  and a 

stagnation pressure of 3 bar. In the mass spectrum the peak in the range 196/198 amu 

can be assigned to the un-dissociated parent negative ion indicating that SF5CF3 

possesses a positive adiabatic electron affinity. The fine structure of all the mass peaks 

is due to the isotopes with the relative abundances of 95:0.8:4.2. The

strongest signal in the mass spectrum is still SFs’. It has to be kept in mind, however, 

that this signal can arise from both, electron attachment to clusters and to monomers 

(background gas and monomers travelling in the molecular beam).
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Figure 5.9 -  Mass spectrum of negative ions from an expansion of SF5CF3 seeded in 
Ar (1:1000) at 3 bar and an electron energy close to 0 eV, M = SF5CF3.

On the other hand, negative ions observed at mass numbers higher than the 

parent molecule must arise from reactions occurring in a cluster. Apart from SF5 and 

SF5CF3' we observe in the mass range up to 300 amu the solvated fragment ions Ar„ 

SFs’ (n = 1,2) and complexes of the form Ar„ SF5CF3’ (n = 0 -  3) containing the un- 

dissociated negative parent anion. The mass spectrum also contains an SFe’ signal from 

the calibration gas. Formation of the parent negative ion is due to evaporative 

attachment, i.e., resonant capture of an electron by a cluster thereby generating an 

individual TNI within the target aggregate:

e'(E) + (SF5CF3)m Arn SF5 CF3 *’ (SF5 CF3 )m-i Ar» (5.4)

120



Chapter Five

which then decomposes. Since this reaction occurs close to zero eV, the excess energy 

is essentially comprised of the electron affinity of SF5CF3 which is used to evaporate the 

cluster according to:

S F 5C F 3 ■ ( S F s C F s V i  Arn ^  S F 5C F 3 + (m-1) S F 5C F 3 +nAr (5.5)

In (5.5) it is assumed that the initial aggregate completely evaporates into monomers. 

Formation of the un-dissociated parent anion SF5CF3 in electron attachment to clusters 

indicates that the reactivity of the target molecule is suppressed to some degree under 

aggregation, i.e., a fraction of attachment events is channeled into non-dissociative 

processes. A lower limit for the branching ratio between associative and dissociative 

processes can be given, assuming that the S F s’ signal completely arises from clusters. In 

this case, a lower limit for the branching ratio of AA/DEA > 5%, where AA assigns 

associative attachment leading to un-dissociated product ions. Figure 5.10 shows ion 

yield curves on a log scale for the products SFs', S F sC F 3 , and F from electron 

attachment to clusters. As expected, the formation of the un-dissociated parent anion is 

concentrated in the low energy domain with a peak width broader than that from the 

calibration compound SFe’. Interestingly, from clusters one observes a surprisingly 

strong low energy SFs' signal and considerable enhancement in the energy range of the 

second resonance feature above 1.5 eV.
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Figure 5.10 -  Ion yields for the stabilised parent anion SFgCFj and the fragments SF; and F  on a 
log scale from electron attachment to clusters under the conditions of Fig. 5.9.
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From gas phase molecules this resonance is only very weak in the SF5 ' channel, 

but clearly visible in the F yield (Fig. 5.8) and also the total attachment cross section. In 

clusters this second resonance is clearly visible on the SF5* channel now peaking 

slightly below 3 eV. This shift principally mirrors the solvation energy of the TNI in the 

clusters. More precisely, the peak position of an ionic product is a convolution of the 

energy of the precursor ion (due to the initial Franck-Condon transition) with the energy 

dependent probability to decay into the channel under observation. The solvation shift 

can hence be counterbalanced to some degree by the energetics of the decomposition. In 

the F channel (Fig. 5.10) this second feature is still weakly present near 3.5 eV.

On the basis of the high dilution of SF5 in the carrier gas, the strong signal in the 

SFs' channel is very striking and points towards an enhancement in low energy DEA. 

Since there is no direct access to the actual pressure in the collision region, it is 

impossible to extract absolute cross sections. The usual observation, however, is that the 

signal from electron attachment to the cluster beam is about one order of magnitude 

weaker compared to the effusive beam. Such a ratio is in fact observed in the F" count 

rates (Figs. 5.8 and 5.10) and supports the picture of a medium enhancement, 

particularly on the SF; fragment.

5.7 ESD -  Electron Stimulated Desorption

This section is devoted to the study and interaction of low energy ( 0 - 1 8  eV) 

electron stimulated desorption (ESD) from adsorbed and condensed SF5 CF3 in order to 

get information on the electron induced reactivity of the compound when is adsorbed 

with other molecules (e.g. water ice). The desorption of negative fragment ions as a 

function of electron energy is recorded from multilayers of SF5CF3 condensed directly 

on a Au (111) surface and from sub-monolayers of SF5 CF3 adsorbed on a multilayer of 

Xe and H2O ice as a spacer to the metallic substrate.

The electron stimulated desorption experiments were carried out in a UHV 

apparatus consisting of a trochoidal electron mono-chromator (TEM), a cryogenic 

cooled monocrystalline Au substrate mounted on a manipulator and a commercial 

quadrupole mass spectrometer with an ion extraction system (section 3.5.2). The 

substrate was cooled down to 40 K (measured by a thermocouple directly mounted at 

the crystal) by means of a closed cycle He refrigerator and resistively heated up to 

several hundred Kelvin. The material is deposited on the metallic substrate at 30 K by
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exposing it to a volumetrically calibrated gas quantity effusing from a capillary located 

0.7 cm from the crystal (section 3.5.2). In the case of SF5CF3 adsorption on Xe and H2O 

spacers, deposition is performed sequentially, i.e. adsorption of SF5CF3 on top of a 

preformed Xe or H2O layer.

The TEM operates with a weak homogeneous magnetic field («30 Gauss) which 

prevents spreading of the beam at low energies. The instrument has thereby proven to 

be particularly suited to study electron-induced processes in the low energy domain. 

The base pressure in the chamber is in the 1 0 '^  ̂ mbar (1 0 '  ̂ Pa) range. SF5CF3 was 

obtained from Agro Ltd., Essex, and used as delivered.

5.7.1 Energy calibration

The energy calibration procedure has been already described in Chapter 3, 

section 3.5.2. In the present studies keeping the energy resolution constant throughout 

the measurements proved a difficult task because of the charging behaviour of the 

SF5CF3 film after only a few minutes. For multilayer SF5CF3 coverage, charging of the 

molecular film following electron beam exposition is inherently present as can be 

observed by a shift of the injection onset with respect to the monochromator voltage 

(Figure 5.11). This is due to the repulsive potential of the accumulated charge.

The electron energy is calibrated by the onset of electron transmission (the 

electron injection curve into the substrate, 0 eV, vacuum level). From the steepness of 

the onset curve, the FWFTM energy resolution of the electron beam in the present 

experiment was ~ 0.2 eV at a current of 10 -  20 nA.

,\U[V]

Figure 5.11 -  Electron beam energy profile and effect of energy shift due 
to film charging retarding potential from first to second scan.
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Exposure of the SF5CF3 film to the electron beam leads to accumulation of 

negative charges due to stabilized anions and possibly otherwise trapped electrons. This 

results in a shift of the electron injection curve with respect to the mono-chromator 

potential. All desorption spectra shown are calibrated with respect to the onset of the 

injection curve and represent first scans on a newly deposited adsorbate. Since charge 

accumulation is operative already within the first scan it is estimated from the general 

trend in charging that the accuracy in the location of the desorption peak is ± 0.5 eV 

(Figure 5.11).

5.7.2 Results and discussion

Figure 5.12 shows negative ion desorption from a 6  monolayer (ML) film of 

SF5CF3 directly condensed on the Au surface.
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Figure 5.12 -  Desorption of F and F% from a multilayer film of SF5CF3 
condensed directly on the A u(lll) substrate at 40 K.

A remarkably strong F desorption signal is observed peaking at 11 eV and also 

a comparatively weak F2 contribution appearing at some higher energy. These two ions 

are the only negatively charged desorption products observed from SF5CF3. F appears 

within an intense resonance feature which is reminiscent of dissociative electron 

attachment (DEA) followed by desorption of the fragment ion. In the gas phase the 

DEA cross section shows a small structure near 11 eV on both F and SFf which is,
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however, weak compared to the dominant low energy DEA process generating SF5'. In 

SF5CF3 there is a slightly different situation where the gas phase molecule is effectively 

decomposed by low energy electrons while in the condensed phase the ion desorption 

channel is completely suppressed at these energies. On the other hand, a strong 

desorption signal appears from a resonance located at 11 eV where gas phase electron 

attachment is barely observable. From the non-observation of an ion desorption signal at 

low energies, however, it does not necessary follow that the DEA reaction at the surface 

is completely suppressed in that energy range. It may still be operative at low energy but 

with dissociation products remaining on the surface.

When proceeding from gas phase DEA to ion desorption from condensed phase 

molecules one has to consider two major points concerning how the surrounding 

medium will affect the process: (i) this concerns the primary step of electron interaction 

(and electron localization) and (ii) the subsequent decomposition. The first point is also 

relevant for clusters and has already been discussed before.

Low energy electron interactions with condensed molecules can usually be 

described by a molecular site that is the formation of an individual TNI coupled to the 

surrounding medium. The coupling of the TNI can be divided into the (classical) 

attractive polarization interaction of the excess charge with the surrounding molecules 

and the (quantum mechanical) repulsive electronic exchange interaction (Pauli 

repulsion) [5.25 -  5.27]. The latter may only contribute to any significant degree if the 

extra electron resides in a spatially extended orbital. In films composed of molecules the 

net interaction of the TNI is usually dominated by the attractive polarization interaction. 

A value of Va « 1 eV was considered as a reasonable number for halogen compounds as 

discussed in a number of previous investigations [5.28 -  5.30]. For the present system 

this means that the dominant gas phase resonance (generating SFs’ with strong 

contributions below 2 eV) is partly shifted to below the vacuum level thereby becoming 

partly inaccessible by free electrons. On the other hand, the charging behaviour of the 

SF5CF3 film indicates, that there is still some electron capture operative at low electron 

energies. To which degree these electron localization processes are associative or 

dissociative remains under question. In gas phase clusters the results point towards an 

increase of the attachment cross section under aggregation. In this case a measurable 

quantity of attachment events (> 5 %) was channelled into associative processes (see 

above).
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The second point concerns the probability of desorption of an ionic fragment 

once a TNI is formed. Desorption probability is directly related to the orientation of the 

molecule at the surface, it is fiirthermore principally subjected to particular energy 

constraints. The negative fragment ion can only escape into vacuum if its kinetic energy 

exceeds the polarization interaction with the environment, i.e., the fragment ion must 

gain sufficient kinetic energy from the decomposition of the TNI. In the approximation 

of a unimolecular decomposition of the TNI at the surface and taking the same 

interaction energy (Vo) for the TNI and the fragment ion, the energy threshold (Ed) for 

desorption can be expressed as [5.28]:

Ed = (mi/m) Va + AHo (5.6)

with Wy and m the mass of the ionic and neutral fragment, respectively and AHq the 

thermodynamic threshold of the corresponding gas phase DA process. Note that in this 

context Va is a positive number. Expression (5.6) directly indicates that desorption of a 

heavy ionic fragment is energetically less favourable. This is a consequence of the 

principle of linear momentum conservation which results in more kinetic energy release 

to the light fragment ion. For the present system the desorption threshold for the light F' 

ion virtually coincides with that from the gas phase while the desorption threshold for 

the heavy SF5* ion is expected about 2 eV above the gas phase limit of the reaction

(5.1). Taking into account some energy randomization in the decomposition of the 

precursor ion SF5 CF3 ' it becomes immediately evident that desorption of SF$ is very 

unlikely, irrespective of the problem of the accessibility of the respective resonant state 

by free electrons.

For the channel (5.1) we may then conclude that in the condensed phase DEA is 

still operative, the heavy fragment ion, however will not be ejected into vacuum. 

Accordingly, the fact that desorption of F’ is not observed at low energies is a mirror of 

the associated decomposition process which generates only slow F ions, below the 

threshold for desorption.

In contrast to that, the TNI created around 11 eV dissociates in a way that F' is 

effectively ejected into vacuum. At that energy, the TNI must be associated with 

electronic excitation (core excited resonance). SF5 CF3  possesses a rich structure in the 

electron energy loss spectrum (EELS) in the energy range 8  eV -  15 eV [5.17], and the 

UV absorption spectrum shows two prominent peaks at 9.2 eV and 11.2 eV [5.18, 5.19].
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The lowest ionisation potential occurs at 13.960 eV [5.22] and for the un-substituted 

compound Sp6 the ionisation energy is 15.3 eV [5.24]. The strong desorption signal 

suggests that the involved core excited resonance possesses appreciable S -  F or C -  F 

antibonding character, e.g., two electrons in antibonding a* MOs.

Strong suppression of the low energy feature in the ion desorption channel 

together with appreciable medium enhancement of the reactivity for core excited 

resonances is frequently observed when comparing gas phase DEA and ion desorption 

[5.31 -  5.33]. A medium enhancement of dissociation can principally be explained by 

an enhanced lifetime of the resonant state towards auto-detachment. Within a medium, 

polarisation can shift the energy of an open channel core excited resonance to values 

below the energy of the excited neutral. It can then no longer decay via a one electron 

process into the associated excited neutral which results in a dramatic enhancement of 

its lifetime with respect to auto-detachment and consequently a dramatic enhancement 

of the DEA cross section (Figure 5.13). In the language of resonances, coupling to the 

medium converts a short lived open channel resonance into a long lived closed channel 
(Feshbach) resonance (Chapter 2, section 2.3).

V(Ki
*

Figure 5.13 -  DEA along a repulsive surface illustrating the effect of a medium 
on the DEA cross section (after Dlenberger [5.33]).

The enhancement can be illustrated by the two dimensional potential energy 

curve of Figure 5.13 where Vi denotes the initial state (neutral) and Vf the negative ion 

state. The dotted curves represent the condensed phase where ionic states are much 

more affected due to polarisation. F(R) is the energy width of the ionic state due to auto

detachment It is clear that in the solvated system the time the dissociating system 

spends in the area active for auto-detachment (R < Rc.ad) is reduced and therefore
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electron loss is decreased in favour of dissociation. The effect becomes more 

pronounced the larger the auto-detachment width is. The example given in Figure 5.13 

also describes DEA involving the electronic ground state of the anion where 

dissociation occurs along the lowest potential energy surface with no curve crossing.

Interestingly the molecular ion Y2 is also observed in the vicinity of 13 eV 

(Figure 5.12). This ion was not detected in DEA from gas phase SF5CF3 . If it is 

generated via unimolecular decomposition of the TNI, the process involves the cleavage 

of two bonds in the target compound (C -  F and / or S -  F) and formation of the F -  F 

bond. An alternative and more likely route would be formation via a secondary reaction, 

e.g. F' formation from DEA and reactive scattering creating F2'.

5.7.3 SF5FC3 sub-monolayer coverages on Xe and H2O ice multilayers

Desorption behaviour of sub-monolayers of SF5CF3 deposited on multilayers of 

Xe and H2O ice has also been studied. Electron stimulated desorption from molecules 

embedded in an environment of polar molecules has attracted some attention since the

previously reported giant enhancements of Cl and F desorption from CCI2F2 at co

adsorption of ammonia or water following 250 eV electron impact [5.34, 5.35]. These 

enhancements were interpreted as transfer of electrons trapped by the polar medium to 

the molecule (CCI2F2) which then decomposes leading to desorption of Cl' and F .

Different sub-monolayer coverages on Xe and H2O are shown in Figs. 5.14 and 

5.15 showing F' desorption sequences from SF5CF3 , and the absolute count numbers for 

the desorption intensity increases approximately linear with the coverage. Above one 

monolayer, the increase becomes gradually weaker until it levels off near 8  ML. By 

comparing the absolute count rates in Figs. 5.14 and 5.15 it can be seen that desorption 

from water ice is more effective than from Xe.

Although the accuracy in reproducing absolute count rates is within the 

difference seen between Xe and H2O, the tendency during the runs always pointed 

towards a distinctly higher intensity from the water layer. The absolute count rate 

critically depends on the reproducibility of many parameters, the most sensitive is the 

position of the sample with respect to the electron beam and the quadrupole entrance. 

During condensation, the sample is moved off the position where desorption spectra are 

recorded.
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Figure 5.14 -  Desorption of F  from sub
monolayers of SF5 CF3  adsorbed on the 
surface of a multilayer Xe film as a spacer to 
the metallic substrate.

Figure 5.15 -  Desorption of F from sub
monolayers of SF5CF3 adsorbed on the 
surface of an H%0 ice layer grown at 40 K.

This enhancement in desorption from water ice is a surprising result as ice films, 

grown by vapour deposition at substrate temperatures below 140 K (as in the present 

case) are amorphous. In the case of O' desorption from O2 it was shown that desorption 

intensity is appreciably suppressed when oxygen is deposited on amorphous ice [5.36, 

5.37]. This was explained by the penetration of the molecules into the pores of the 

amorphous material which suppresses the probability for TNI formation and also the 

probability for fragment ion desorption. This is obviously not the case in the present 

system which may be an indication that SF5CF3 does not penetrate in the water pores. 

One can then speculate why the desorption intensity from water exceeds that from Xe. 

The detailed problem is rather complex, it is mainly a question to which degree the 

water dipoles in the amorphous network respond to the negative charge during the 

lifetime of the TNI with the possibility to provide a polarization trap. In any case the 

high desorption intensity means that the associated decomposition is appreciably 

repulsive.

The water surface may further provide orientations of SF5CF3 with respect to 

favourable desorption
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A second aspect concerns substrate mediated mechanism which can enhance the 

desorption intensity. Water possesses a series of resonances in the range 6  eV -  12 eV 

visible on the H desorption spectrum (not shown here). Charge and energy transfer 

from these substrate resonances can enhance the desorption yield of the adsorbate 

molecule. Clear evidence for such substrate enhanced reactions was observed from 

molecules adsorbed on noble gas films [5.38]. Charge and energy transfer from the 

electron-exciton complexes of the noble gas then leads to sharp enhancements in the 

desorption yield from the adsorbate molecule as recently reported in the F desorption 

profile [5.39]. We did not observe evidence for such substrate mediated desorption 

effects. Desorption at low coverage (0.25 ML) from the Xe spacer gives some 

additional contribution near 4 eV which may be viewed as the high energy tale of the 

second resonance seen in gas phase DEA peaking near 3.5 eV.

While a number for the absolute desorption cross section is very hard to extract 

under the present experimental conditions one can nevertheless give a very rough 

estimate of 10"̂  ̂ cm  ̂ for the F desorption cross section from sub-monolayers SF5CF3 

on water ice at 11 eV. This results from a direct comparison of the absolute count rates 

with a system (CF3I [5.31]) where an absolute desorption cross section was derived

[5.40]. In summary, condensed phase SF5CF3 shows a very strong desorption signal at 

11 eV due to impulsive dissociative attachment of the molecule.

5.8 Environmental evaluation

The measured atmospheric concentration level of SF5CF3 as 0.12 pptv has been 

reported by Sturges [5.1] with the tendency to increase at a level of -  6 % per year. 

Hence even with the largest per molecule radiative forcing of any atmospheric 

molecule, SF5CF3 still constitutes a few hundredths of a percent of the total 

anthropogenic radiative forcing. Using recent IR absorption cross sections [5.8] has 

been possible to fix the radiative forcing of trifluoromethyl sulphur pentafluoride to a 

few percent ( -  1.7 % - 5%) slightly above the previous obtained [5.1, 5.10], at around 

0.6 Wm'^ ppb'^ [5 .8 ], giving it the largest radiative forcing on a per molecule basis of all 

gases present in the atmosphere. Assuming a 1000 years limit for the mesospheric 

lifetime [5.22], a predictable GWP for SF5CF3 of around 18500 is reasonable, the 

second largest of any molecule and comparable with its un-fluorinated SFg (2 2 2 0 0 ).
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Hence it is important to identify current sources and prevent further emissions of this 

compound.

However, it has been shown that SF5CF3 is very effectively decomposed into 

SFs* + CF3 [5.13, 5.14] by low energy dissociative electron attachment. This is in 

striking contrast to SF  ̂which indeed possesses a very high cross section for thermal 

electron attachment (exceeding that of SF5CF3), the process, however, is virtually non- 

dissociative at ambient temperatures [5.41]. On the other hand, the existence of 

resonances of dissociative character as found in SF5CF3 is directly related to the 

heterogeneous photochemical activity of the molecule [5.42, 5.43]. Photo-induced 

decomposition of adsorbed molecules (involving weakly bound excess electrons) on 

dust or aerosol particles in the Earth’s atmosphere may readily occur at wavelengths 

where the gas phase molecule is photo-chemically inactive.

Recent studies of the reactions of SF5CF3 with positive ions in the stratosphere 

and/or ionosphere [5.10 -  5.12] have identified that ion-molecule interactions may 

remove this molecule from the Earth’s atmosphere. However, electron attachment 

studies strongly suggest that dissociative electron attachment is one of the dominant 

processes in the lower ionosphere [5.13, 5.14] and thus an atmospheric lifetime of 

around 1 0 0 0  years seems reasonable.

5.9 Summary

The photo-absorption spectrum of SF5CF3 , has been measured using synchrotron 

radiation in the range of 5.5 eV - 11 eV (225 nm > X > 110 nm), and the lifetime due to 

photolysis will be long as there is no overlap with solar actinic fluxes at 50 km altitude 

or below. Dissociation by VUV radiation may be possible in upper regions but is more 

likely in the mesosphere and/or ionosphere where electron concentrations are high and 

fast electron attachment processes can happen.

An upper limit for the radiative forcing has been proposed from high-resolution 

IR spectrum obtained at a number of atmospheric relevant temperatures and the GWP 

evaluated. The overall lifetime of SF5CF3 will probably be of the order of a thousand 

years.

From the present observations the implications concerning the electron induced 

reactivity of condensed phase SF5CF3 may then be summarised as: the strong low 

energy dissociative gas phase resonance is completely suppressed in the ESD channel.
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In clusters, low energy attachment is enhanced, however, part of the attachment events 

is channelled into associative attachment as it is obvious from the formation of the un

dissociated parent anion SFgCFg and complexes of the form Ar„ SF5CF3 .

Surface charging, however, indicates that electron attachment is still operative in the 

low energy region. The question to which degree this process leads to decomposition of 

the molecule at the surface remains open. For the problem of SF5CF3 adsorption on dust 

or ice particles in the Earth's stratosphere we can conclude that UV radiation can 

liberate electrons which can induce dissociative electron attachment reactions at low 

energies. The dissociative state of SF$CF3 at 11 eV, strongly visible on the F 

desorption channel, cannot be accessed by photoelectrons beyond the Lyman (a) line 

and may hence not play a significant role in the chemistry of the molecule in the 

atmosphere.
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Experimental studies of the global warming and ozone 

depleting characteristics of CCI2F2

It doesn 7 matter how new an idea is: what matters is how new it becomes.

Elias Caneti (1905 -  1994), Austrian novelist.

6.1 Introduction

Halocarbons were first synthesised in the late 19^ century and their properties as 

refrigerants were recognised over fifty years ago. Chlorofluorocarbons, CFCs, have 

achieved widespread industrial use as refrigerants, propellants and solvents. Global 

anthropogenic emissions to the atmosphere grew from virtually negligible quantities in 

1940 to about 2.5 Tg yr'̂  in 1990. The global average chlorine level in the atmosphere 

in 1945 was about 1 ppb, of which about 25% was man-made; by 1995 the total 

chlorine loading had increased to 3 .5 ppb, 85% of which was anthropogenic (according 

to the recent 2001 report on the International Panel for Climate Change, IPPC -  

www.ippc.ch).

Among the halocarbons, dichlorodifluoromethane - CCI2F2, has attracted 

considerable attention as being important for the depletion of the stratospheric ozone 

layer and the increased absorption of infrared radiation. As it is chemically inert and has 

a low solubility in water, the most important atmospheric sink is photolysis by UV 

radiation (^ < 2 0 0  nm) in the stratosphere. Upon photolysis CCI2F2 releases chlorine 

(and/or fluorine) atoms, which initiates an extensive catalytic chain reaction leading to 

the net destruction of O3 in the stratosphere. The cross sections for interaction with low 

energy electrons are several orders of magnitude larger than UV radiation, but the 

density of electrons is small in the stratosphere and electron interactions are generally 

not regarded as primary processes in the atmosphere. Flowever surface induced 

dissociation by solvated electrons may play an important role in these processes.
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6.2 VUV photo>absorption cross section for CCI2F2

6.2.1 Introduction

Dichlorodifluoromethane (CCI2F2 or CFC-12) is a halogenated hydrocarbon 

used extensively in refrigeration systems, as a foam blowing agent and as an aerosol 

propellant. It also plays an important role in the plasma etching industry [6.1, 6.2] for 

reactive ion etching (RIE) of GaSb as it can be readily dissociated in discharge plasma 

to produce Cl and F radicals [6.3].

Halogenated hydrocarbons or halocarbons such as CCI2F2 are (under photolysis) 

a source of atmospheric radicals and therefore are widely recognised to contribute 

significantly to stratospheric ozone depletion [6.4, 6.5] by Cl and/or F atoms release; 

moreover they are also strong greenhouse gases, and in particular CCI2F2 has a 

residence time in the atmosphere of about 1 0 0  years with an estimated global warming 

potential of 9000 in a 100-year period [6 .6 ]. Thus, under the regulations of the Montreal 

Protocol and its amendments, the use of CFC-12 in industry must be phased out and 

alternatives found within the next decade.

The absorption spectrum was obtained in the closed cell photo-absorption set-up 

(Chapter 3, section 3.2.3) with a path length of 25 cm. The spectrum was obtained in 11 

nm sections, in 0.1 nm steps. The sample used was from Fluorochem. with a purity 

grater than 99%. The gas was used without further purification or treatment. CCI2F2 

spectrum was recorded over the pressure range 0.015 torr - 0.525 torr (Table 6 .1), with 

typical attenuation of 10%. High sample pressures and 0.05 nm data acquisition steps 

were used between 7.75 eV and 9.25 eV in order to observe and resolve as much as 

possible the low intensity features.

Energy range (eV) Wavelength (nm) Pressure (torr)
5.51-8.73 142-225 0.075/0.375/0.525
8.55 -  9.25 134 -  145 0.015/0.150

9.19-10.97 113-135 0.015/0.023

Table 6.1 -  Photon energy (eV), wavelength (nm) and pressure (torr) ranges 
for CCI2 F2  photo-ahsorption measurements.

The electronic structure of this molecule has been studied previously [6.7 -  6.13] 

as have its photo-absorption, photo-ionisation and photo-fragmentation cross sections 

[6.4, 6 .8 , 6.10, 6.11, 6.14]. The vacuum-ultraviolet (VUV) absorption spectrum of 

CCI2F2 in the wavelength range 120 nm to 2 0 0  nm (10 eV to 6  eV) was first measured

136



Chapter Six

during the 1950’s by Zobel et al. [6.15] and subsequently discussed by Doucet et al.

[6.10] together with a comparison with the photo-electron spectrum. An energy loss 

spectrum using 500 eV electrons was reported by King and McConkey [6.12] under 

experimental conditions that simulated optical absorption. Zhang et al. [6.7, 6.13] 

reported the absolute photo-absorption oscillator strengths using dipole spectroscopy 

between 8.5 eV and 200 eV, ionic photo-fragmentation branching ratios and the photo

ionisation efficiency at energies from the first ionisation threshold up to 70 eV. 

Recently, Au et al. [6.16] refined the data of Zhang et al. [6.7] reporting the absolute 

photo-absorption spectra from 5 eV to 60 eV by high-resolution dipole {e,e) 

spectroscopy. Photo-absorption cross sections have been compared with cross sections 

obtained from differential oscillator strength measurements using electrons with 100 eV 

and 8  keV, by Christophorou et al. [6.14]. A comprehensive study of the ultraviolet and 

visible emissions produced by dissociative electron impact on CCI2F2 was reported by 

Jabbour and Becker [6.17] with absolute photoemission cross sections reported for a 

variety of neutral, ionic fluorine and chlorine features as well as for diatomic CCI and 

CCf bands. Mann and Linder [6.18] measured differential cross sections for both 

elastic and inelastic scattering from CCI2F2 in the electron energy range 0.5 eV to 10 eV 

and reported an excitation of the infra-red active CF2 and CCI2 stretching modes below 

1 eV.

Until now, a complete high resolution VUV photo-absorption spectrum of 

CCI2F2 has not been reported, nor have the absorption bands been conclusively assigned 

to discrete valence and Rydberg transitions. Therefore, a definitive series of 

measurements to determine both the absolute photo-absorption cross section of CCI2F2 

and to probe its electronic spectroscopy was recorded over the energy range from 5.5 

eV to 1 leV (110 > X > 225nm) [6.19] with a resolution o f -  0.075 nm FWHM.

6.2.2 Results

The total photo-absorption cross section spectrum of CCI2F2 is shown in Figure 

6 .1 . The spectrum is composed of two absorption bands (each with low cross sections) 

between 6.0 eV and 8.5 eV and a series of sharp, more intense peaks above 9.5 eV. The 

dashed feature close to 11.0 eV is only partially recorded due to the cut-off in the 

transmission of the CaF2 window. The energy region 5.5 eV -  9.0 eV is displayed as an 

insert in Figure 6 .1 .
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A brief review of the structure, geometry and properties of CCI2F2 is helpful in 

the analysis and interpretation of the present data. The CCI2F2 molecule has C2v 

symmetry with two fold axis and consequently only non-degenerate symmetry. The nine 

non-degenerate fundamental vibrational modes have been classified in the symmetry 

types Fvib = 4 A]+A 2 + 2Bi + W 2 (Table 6.2).

The fundamental vibrational energies with their symmetries were summarised 

by Mann et al. [6.18] and are presented in Table 6.2. The electronic configuration of the 

outer shells of CCI2F2 may be written as [6 .2 0 ]: (Sàif (3 a.2Ÿ  (3bi)^ (3 b2)̂  (4ai)^ (4 a2)̂  

(4bi)^ (4 6 2 )̂ , giving a valence shell independent-particle configuration for the ground

state as X ^Ai.

The four lowest ionisation potentials are 12.26 eV, 12.53 eV, 13.11 eV and 

13.45 eV, for 8̂ 2 , ^ 2  and ^A\, respectively, and the highest ionisation potentials are

due to bonding orbitals of mainly C-Cl character [6 .8 ]. The lowest ionisation potentials 

are related to the molecular orbitals formed by the chlorine lone pair character (n)

[6.11], and the VUV absorption spectrum up to 9.92 eV is characterised by transitions 

from such orbitals [6 .1 1 ].

Vibrational mode Description Energy (eV)

vi (ai) CF2 symmetric stretch 0.136
V2 (ai) CF2 bending 0.083
V3 (ai) CCI2 symmetric stretch 0.057
V4 (ai) CCI2 bending 0.033
V5 (az) CF2 twisting (torsion) 0.040
ve (bi) CF2 asymmetric stretch 0.145
V7 (bi) CF2 plane rocking 0.055
Vg (b2> CCI2 asymmetric stretch 0.114
V9 (62) CCI2 plane rocking 0.054

Table 6.2 -  Dichlorodifluoromethane ground state vibrational energies (eV).

The lowest absorption features observed in Figure 5.1, in the range 6.0 eV to 8.5 

eV, may be assigned to transitions involving valence shell type orbitals in the C-Cl 

bond, and may be characterised as (a* —* 4 b2). Features between 8.5 eV and 11 eV 

have been interpreted as belonging to a Rydberg series converging to the CCl2F2  ̂

ground state [5.10, 5.15], arising from the transition of a lone-pair chlorine electron to 

the Rydberg orbitals 4s and 4p. In general, the higher energy range band (> 10.2 eV) 

features exhibit no vibrational fine structure and are broadened due to pre-dissociation
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and mutual overlap between bands. Each of these bands is discussed in more detail in 

the following sections.

6.2.2.1 The 5.5 eV -  8.5 eV photon energy region

Special attention has been devoted to VUV photo-dissociation studies of CCI2F2 

in this energy region because excitation results in prompt dissociation along the C-Cl 

bond due to the strong repulsive nature of the o* excited states. Thus, Cl atoms that 

damage the ozone layer are released through solar photolysis from these electronic 

states (see section 6.2.3).

The broad and weak continuous absorption feature centred at 6.98 eV (~178nm) 

with a maximum cross section of 1.90 Mb is a result of the excitation to an anti-bonding 

orbital along the C-Cl bond (a* —> 4 b2) of the CCI2F2 molecule. At 8.14 eV (~152nm) 

there is a similar structure with a maximum cross section of 1.06Mb. This band has 

been assigned as one of the intervalence excitations (a* —♦ 4 b2) [6 .2 0 ].

In agreement with Au et al. [6.16] the present data shows the 8.14 eV band with 

lower intensity than the 6.98 eV band, but this in contrast with the results of Ibuki et al.

[6.20]. These weak absorptions can be described as C-Cl (o*—» n) transitions within the 

valence shell, where n is the outermost lone-pair orbital of Cl and o* is the anti-bonding 

carbon chlorine o molecular orbital [6 .1 1 ].

6.2.2.2 The 8.5 eV -  11.0 eV photon energy region

A strong vibrational structure is observed between 8.50 eV and 9.25 eV 

superimposed upon a broader band repulsive state (Figure 6.2). Such structure was first 

reported by Zobel and Duncan [6.15] albeit at a lower resolution.

The higher resolution in the present results allows assignment of the structure to 

a vibrational progression in the CCI stretching mode, V9 (6 j ,  with a frequency ~ 0.0323 

eV of the excited state, in agreement with Ibuki et al. [6.20].

The present data also reveals a longer vibrational progression of V9 CCI2 rocking 

mode with 16 peaks being clearly identified with the lowest being assigned to n = 0  

(Table 6.3). The weak feature at 8.574 eV may however be ascribed to a hot band of the 

V9 (^2) vibrational mode and in this case an alternative labelling, n’ may be given with 

the first term in the series allocated to peak position at 8.607 eV.
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Figure 6.2 -  Vibrational progressions in the 8.50 eV -  9.25 eV absorption band of
dichlorodifluoromethane.

n n’ nv9 AE (V9)

0 - 8.574 -

1 0 8.607 0.033
2 1 8.640 0.033
3 2 8.673 0.033
4 3 8.704 0.031
5 4 8.734 0.030
6 5 8.768 0.034
7 6 8.800 0.032
8 7 8.831 0.031
9 8 8.862 0.031
10 9 8.894 0.032
11 10 8.926 0.032
12 11 8.955 0.029
13 12 8.988 0.033
14 13 9.024 0.036
15 14 9.060 0.036
16 15 9.090 0.030

Table 6.3 -  Vibrational progressions in the 8.50 eV -  9.25 eV absorption band 
of CCI2 F2  (energies in eV).
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6.2.2.S Rydberg series converging to the four lowest ionisation potentials

The four assignment in Table 6.4 are the Rydberg series converging to the four

lowest ionisation potentials, 12.26 ( X ^^2), 12.53 13.11 (B^^2) and

eV, respectively.

The 8.50 eV -  11.00 eV band has a mixing character attributed to valence and 

(4s 4b]) Rydberg transitions corresponding to the 12.26 eV ionisation potential

[6.20]. Molecular excitation in this region arises from (n —» 4s) and (n —» 4p) Rydberg 

transitions of the Cl lone pair electrons relating to the four lowest ionisation potentials 

found in accordance with the molecule’s symmetry. However it is shown in Table 6.4 

that for the feature at 10.472 eV, a transition to a 3d orbital is possible and is in 

agreement with the calculated quantum defect (Ô).

Energy (eV) Quantum defect (5) Assignment
this work [6.20] this work [6.20] this work [6.20]

8.926 8.940 1.98 1.98 4sa 4s —> 46]
9.801 9.802 1.65 1.65 4pl 4p —*■ 46?
10.472 10.473 0.24 0.24 3d7i 3d 4b2
9.360 9.380 1.93 1.92 4sa 4s —► 4b 1
9.871 9.904 1.94 1.72 4pX 4p —> 4b)
9.641 9.612 2.02 2.03 4sa 4s —»■ 4&2
9.717 - - - 4sa 4-  v'2 -

10.472 10.473 1.73 1.73 4pÀ 4p —> 4&2
9.935 9.857 2.03 2.05 4s —>• 4ai
10.010 - - - -
10.080 - - - -
10.781 10.783 1.74 1.74 4p —> 4ai

Table 6.4 -  Peak energy values, derived quantum defects and assignment of the Rydberg series 
converging to the four lowest ionisation potentials of CO2 F2 (energies in eV).

A set of two broad bands appear at 9.360 eV and 9.641 eV (Figure 6.3). These 

features may be assigned as 4s Rydberg transitions, with ionisation potentials of 12.53 

eV and 13.11 eV, respectively (Table 6.4).

The sharp peak at 9.801 eV (with a local maximum cross section of 116 Mb) has 

been assigned to a 4p Rydberg transition (ionisation potential of 12.26 eV) and is in 

good agreement with the absolute differential oscillator strengths reported by Au et al.

[6.16], the photo-absorption data of Ibuki et al. [6.20] and Jochims et al. [6.21] all of
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which are higher than the data of Doucet et al. [6.10]; the features at 9.871 eV and 

9.935 eV have been assigned to the 4p and 4s transitions, (ionisation potentials of 12.53 

eV and 12.26 eV), respectively [6.20] (Table 6.4).

The broad features at 10.472 eV and 10.781 eV may be interpreted as the 3d and 

4p bands related to the 12.26 eV and 13.45 eV ionisation potentials, respectively. 

However, due to the cut-off in the transmission of the CaF] window the position of the 

latter feature’s maximum is unclear. In addition, two weak shoulders at 10.01 eV and 

10.07 eV -  10.09 eV have been reported for the first time [6.19]. These electronic 

transitions are accompanied by the vibrational excitation of the V2 normal mode with a 

frequency of -  0.075 eV, which is quite similar to that observed in the ionic electronic 

ground state, 0.074(4) eV (- 600 cm'^) [6 .8 ], and for the latter (10.08 eV) tentatively 

assigned as (Table 6.4).
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Figure 6.3- Assignment of Rydberg series converging to the four lowest ionisation potentials. 
Also shown the valence o* 4b2 transitions.

Absolute photo-absorption cross sections have been reported by several groups, 

these have been reviewed and recommended values for X>  170 nm are listed in the 

NASA atmospheric data base [6.22]. Again our absolute cross section values are in 

good agreement with those derived by Au et al. [6.16], Ibuki et al. [6.20] and Gilbert et 

al. [6.11], but lower than those of Jochims et al. [6.21]. The NASA recommended 

values are plotted in Figure 6.3 and compared to the present results. The two data sets
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are in excellent agreement, and recently, the present cross sectional values presented in 

this thesis have been recommended for use in the latest edition of NASA Chemical 

Kinetics and Photochemical Data for use in Atmospheric Studies [6.23].

6.2.3 Photolysis rates and local lifetimes

The photolysis rates of CCI2F2 may be evaluated as the product of the solar 

actinic flux [6 .2 2 ] and the molecular photo-absorption cross section at different altitudes 

and wavelengths (chapter 3, section 3.2.5.3). The total rates shown in Figure 6.4 are the 

summations over the wavelength range of these partial rates (Figure 6.5) assuming that 

the quantum yield for photo-dissociation is unity.

50

45

40

35

i
I

30

15

10

5

0 —  —  —  —  '

l.OOE-17 l.OOB-15 l.OOE-13 IXXB-ll 1 OOE-09 1.0Œ-07 l.OOE-05

Total photolj^is rates (s )

50

45

40

35

I»
I -
I ”

15

10

5

0

\\\
V \

i.ooE+00 i.o(æ+02 i.oœ+04 i.oœ+06 1.00E+O8 i.ooE+10 i.oŒ+12

Local lifetimes [Days]

Figure 6.4- The photolysis rates (s^) and the lifetimes (Days) for dichlorodifluoromethane 
as a function of altitude in Earth’s atmosphere.
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The local lifetime to photolysis at a given altitude, also shown in Figure 6.4, is 

thence simply reciprocal of the total photolysis rate. The lifetimes calculated are for a 

molecule with fixed altitude in a sunlit, clear sky atmosphere.

While there is a fairly substantial photolysis rate at the higher altitudes leading 

to a correspondingly short lifetime of a few days, at lower altitudes the lack of solar 

actinic flux at the absorption wavelengths of this molecule leads to an extremely long 

lifetime. It is this long lifetime at low altitudes coupled with its strong infrared 

absorption properties that make CCI2F2 such a strong greenhouse gas. However the 

fairly short lifetimes at 40 km and 50 km indicate that the molecule can be broken up 

fairly easily leading to liberation of the constituent halogens, which can then participate 

in ozone destruction in the stratospheric regions (see section 6.2.4).
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Figure 6.5 -  The photolysis rates (s  ̂nm^) vs. wavelength (nm) and photon energy (eV) for 

dichlorodifluoromethane as a function of altitude (0 -  50 km) in Earth’s atmosphere.

The photo-dissociation rates of 3><10'̂  s'̂  at an altitude of 30 km reported by 

Molina and Rowland [6.26] are in good agreement with the present calculations at a 

wavelength X ~ 200 nm (and 30 km altitude) predicting a value of -  2><10‘̂  s'̂  (Figure 

6.5). However with the inherent limitations of the present model (chapter 3, section 

3.2.5.3), where e.g. diffusion and transport mechanisms are not taken into account, the
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obtained profiles and their absolute values are however not far from those reported by 

Molina and Rowland [6.26].

6.3 Environmental evaluation

6.3.1 CCI2F2 photo-dissociation

Photo-dissociation of CFCs in the stratosphere produces significant amounts of 

halogen radicals (equation 6 .1 ) which catalytically lead to the destruction of ozone 

(equation 6.2) [6.4, 6.5, 6.26].

CCI2F2 + hu CCIF2 + Cl (6 .1 )

In addition, these molecules are efficient greenhouse gases, as they absorb thermal 

radiation in the spectral region of the atmospheric “window”, between about 8  pm and 

13 pm. CCI2F2 is an almost inert gas in the troposphere and consequently accumulates 

in the lower atmosphere and gradually penetrates into higher layers of the atmosphere. 

Halogen atoms (chlorine) thereby released convert odd oxygen species, O3 and O, to 

molecular oxygen, O2 through catalytic reaction cycles via a (Cl, CIO) chain (eq. 6.2 

and eq. 6.3) [6.4, 6.26];

Cl + O3 CIO + O2 (6 .2 )

CIO + O — Cl + O2 (6.3)

and under most conditions in the Earth’s atmospheric ozone layer, (6.3) is the slower of 

the reactions because there is a much lower concentration of O than of O3 . Cl atoms are 

unable to remain permanently at stratospheric altitudes, either in the form of atoms or in 

some other chemical form, and are eventually removed by diffusion into the tropopause, 

below which they can undergo other reactions by the weather processes occurring there. 

This process of diffusion is presumed to occur with the various chlorine-containing 

species existing almost entirely in gaseous form. The competition between photolysis 

and upward diffusion reduces the relative concentration of CFCs at higher altitudes and 

the concentrations should be very low above 50 km. The peak rate of destruction and

formation of Cl atoms, occurs at 25 km -  35 km, in the region of high ozone

concentration.

Reactions with tropospheric OH radicals do not seem to be the primary sink for 

CFCs but rather a sink for hydrogen-containing compounds. As an example, the 0.82
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ODPs for CFC-12, is considerably higher than 0.04 for CF2HCI, the difference 

reflecting the more effective chemical removal in the troposphere [6.27].

The appearance energies (AE) of the ions formed following VUV photo

excitation of the transient parent ion, (CCI2F2 )% were obtained by TPEPICO 

spectroscopy technique, showing considerable evidence of state-selective fragmentation 

at low energies. It is also well established that due to secondary effects such as electron- 

ion recombination resulting in the variation of ionisation cross section with energy close 

to threshold, energy thresholds are more accurately measured using photon sources

[6.25]. Therefore, Cp2C r, CFCh^, Cp2̂ , CFCF and CF^ fragment ions were detected, 

while neither the parent ion nor the fragments CCF and CCI2 were observed [6.24]; 

though the two most important reaction pathways are:

CCI2F2 + hv~* (CC1F2̂ )* ( À % )  + e CF2CF + Cl + e (6.4)

AE = (11.95 ± 0.05) eV

CCI2F2 + hu (CC1F2̂ )* ( C % )  + e"-> CFCl2̂  + F + e (6.5)

AE = (14.2 ± 0.3) eV

Since the lowest dissociation threshold, CCI2F2 —*■ CF2C r + Cl + e‘, lies at 11.76 

eV, the majority of the Franck-Condon region of the CCbF2̂  X ̂ 8 2  ground state, with 

an IP = 12.26 eV, is dissociative and, as a consequence is not detected. In fact this is not 

surprising since the absorption spectrum around 7.0 eV is structureless and the molecule 

photo-dissociates with a unit quantum yield [6.28], the major channel being Cl atom 

elimination.

6.3.2 Dissociative electron attachment to condensed CCI2F2

In the previous section the direct mechanisms by chemical reactivity or by the 

precursor molecule’s previous photo-dissociation have been evaluated. Indirect 

processes that can lead to ozone depletion are close related to chemi-adsorption of 

molecules to the surface of ices as it has been discussed in Chapter 5 for SF5 CF3 .

In the Antarctic vortex (Chapter 1), the measured CIO abundance of the order of 

1 ppbv is several hundred times greater than the usual concentration (0.01 ppbv) in the 

general stratosphere. It is known that the origin of the ozone hole is closely related to 

the existence of polar stratospheric clouds (PSCs) or polar stratospheric clusters 

consisting of water ice and nitric acid/water ice in the Antarctic stratosphere due to low 

temperatures. It has been accepted by the scientific community, that heterogeneous
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chemical reactions occurring on the surfaces of PSCs play a dominant role, and for the 

particular case of chlorine molecules, the most important reaction is believed to be

[6.29]:

HC1(5) + ClONOzCg) — Cl2(g) + HNOsW (6.6)

which converts chlorine from the inactive compounds (HCl and CIONO2) into reactive 

CI2 (5 , solid; g, gas phase). Upon photolysis, CI2 releases Cl to destroy O3 via eq. (6.1). 

Recent experiments [6.29] show that the reaction mechanism is ionic in nature, which in 

turn means that solvated Cl (rather than molecular HCl) on PSCs surfaces plays a 

crucial role in the reaction to produce CI2 .

Lu and Madey [6.29] found that F and Cl" yields produced by the impact of high 

energy electrons (250 eV) on CCI2F2 adsorbed on a metal Ru surface were enhanced by 

several orders of magnitude when co-adsorbed with water and ammonia (precursors). 

They also postulated that, following the production of low-energy secondary electrons 

from the metal substrate and ice, the enhancement in anion desorption was due to the 

transfer of self-trapped electrons from the ice (H2 O or NH3) to CCI2F2 molecules that 

then dissociated, which has been observed to follow the same trend in experiments on 

water ices grown on Kr [6.30]; however experiments on condensed CCI2F2 with 0 - 2 0  

eV electrons did not show any enhancement in anion desorption upon co-adsorption of 

H2O and NH3 but rather a decrease [6.31]. These contradictory results can be attributed 

to differences in the experimental technique and design, and the former data have been 

recently confirmed and verified using a charge trapping method [6.30].

There is a large probability for transfer of the electron from these precursors to 

CCI2F2 to form a CCI2F2 that dissociates or relaxes to stabilise the negative charge. In 

fact, stable dichlorodifluoromethane anion has been reported in cluster phase 

experiments by Langer et al. [6.31].

Illenberger and co-workers [6.30] have shown that electron-induced dissociation 

of CCI2F2 molecules with low-energy electrons (~ 0 eV) is an extremely efficient 

process:

e \z )  + CCI2F2 Cl + CCIF2 (6.7)

On the other hand it is also known that the electron-induced dissociation cross section,

(6.7), is ~ 10"̂  times higher than the photo-dissociation cross section, (6.1). Actually in 

the higher altitudes of the stratosphere, the free electron concentration drops sharply
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with decreasing altitude, from -10^ electrons cm'^ at ~ 85 km to less than 10 electrons 

cm'^ at < 60 km [6.27]. Most free electrons are replaced by negative ions with 

increasing atmospheric density. The electron-induced dissociation processes are thus 

believed to be important for CFCs in the general atmosphere. However the case may be 

different in the winter Antarctic stratospheric vortex because of the existence of PSC 

ices [6.31].

In the stratosphere, the primary source of electrons is the ionisation of the 

atmospheric constituents by galactic cosmic rays or solar radiation. PSCs or polar 

molecular clusters are expected to contain self-trapped electrons that can cause CFC-12 

dissociation to produce Cl (6.7). The following reactions are known to be fast [6.34]:

OH + Cl HOCl (6 .8 )

HOCl + H^ -> Cl + H2O (6.9)

Cr + N03 — Cl + NOs' (6 .1 0 )

cr + HOCl + H^ ->  CI2  +  H 2 O (6 . 1 1 )

Due to the abundances of OH, H^, N O 3 , and other radicals in the stratosphere, the Cl' 

desorbing anion is rapidly converted to Cl atoms which then participate in (Cl, CIO) 

reaction cycles (eqs. 6.2 and 6.3) to destroy the ozone layer [6.34]. Cl ions which

cannot desorb to an image/polarisation potential attraction are adsorbed at the surface of

the PSCs. There is evidence that Cl ions adsorbed (solvated) at the surface of PSCs can 

react with other species to release photo-chemically reactive CI2  or CINO2 [6.29], by:

cr + CIONO2  —  CI2 + N O 3  (6.12)

Cl + N 2 O 5 -> CINO2  +  NO 3  (6 .13)

Cl +  HNO 3  HCl +  NO 3  (6.14)

where the reactions of eqs. (6.12) -  (6.14) are fast with reaction rates of ~ 10'  ̂cm^s'  ̂ at 

300 K [6.35]. In sum, upon photolysis, CI2 or CINO2 releases reactive chlorine to 

destroy O3

6.4 Summary

The photo-absorption spectrum of CCI2F2, has been measured using synchrotron 

radiation in the range of 5.5 eV -  11 eV (225 nm > X > 110 nm). Electronic state

assignments have been suggested for each of the observed absorption bands
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incorporating both valence and Rydberg transitions. The high resolution achieved has 

allowed vibrational series in one of these bands to be assigned for the first time. The 

measured VUV cross sections were used to derive the photolysis rate of CCI2F2 in the 

terrestrial atmosphere.

Implications for the atmospheric ozone depletion and related mechanisms were 

evaluated in the gas phase and condensed phase. Analyses of air sample from remote 

locations revealed that tropospheric chlorine attributable to anthropogenic halocarbons 

peaked near the beginning of 1994 and was decreasing at a rate of 25 ± 5 ppt yr'  ̂ by 

mid-1995; halogen concentrations were still increasing in mid-1995, but the total 

abundance decreasing. The amount of reactive chlorine will have maximized in the 

stratosphere between 1997 and 1999 and will decline thereafter if limits outlined in the 

adjusted and amended Montreal Protocol are not exceeded in future years [6.27].
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Chapter 7

Electronic and vibrational excitation of CH3CN and 

C2H3CN

It is by intuition that we discover and by logic that ŵ e prove.

Henri Poincaré (1854 -  1912)

7.1 CH3CN & C2H3CN and their sources in the terrestrial atmosphere

This chapter reports the results of VUV photo-absorption experiments 

performed on acetonitrile, CH3CN, and acrylonitrile, C2H3CN. Several previously 

unreported bands have been observed and assigned. The measured cross sections have 

been used to calculate the atmospheric lifetimes of both compounds. In addition 

dissociative electron attachment experiments on CH3CN are reported.

Acetonitrile, also known as methyl cyanide and ethanenitrile, is an important 

industrial gas. Though also used to make pesticides, its major application lies in the 

extraction of inorganic and organic chemicals, most importantly butadiene [7.1]. 

Acetonitrile also has the potential to be a tracer for biomass burning, considered the 

dominant source of the compound in the atmosphere [7.2]. In 1999, the global emission 

of acetonitrile from biomass burning was estimated to be between 0.4 and 1.0 Tgy'^

[7.3], compared to 0.02 Tgy ' from fossil fuel burning [7.4]. Chemically relatively inert, 

it has been observed in the stratosphere at concentrations of 110 pptv to 160 pptv [7.5]. 

CH3CN is also an important molecular species observed in gas clouds of the interstellar 

medium [7.6] where it is believed to be synthesized by heterogeneous chemistry on 

interstellar dust grains. It is therefore recognised as a fundamental building block of the 

amino acids and thus an important precursor molecule in the study of the origins of life

[7.7]. Hence it is important to study those mechanisms by which acetonitrile may be
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dissociated through the interactions with photons [7.8], electrons [7.9] and surfaces

[7.10].

Acrylonitrile, otherwise known as vinyl cyanide and 2-propenitrile, does not 

occur naturally but is produced in great quantities industrially [7.11]. World production 

in 2000 was estimated at 4.6 million metric tons [7.12]. The compound is used primarily 

in the manufacture of acrylic fibres and as a raw material in the fabrication of plastics, 

nitrile rubbers and barrier resins. It also has applications in microelectronics as 

electrochemically thin films of the molecule can be deposited onto metallic substrates

[7.13]. Acrylonitrile is released into the environment as gas and in waste water during 

its production and use. Other sources include auto-exhaust and release from fibres and 

plastics [7.14]. Due to the carbon-carbon double bond, acrylonitrile is expected to show 

enhanced reactivity towards atmospheric photo-oxidation by hydroxyl radicals and 

other oxidants.

The roles of acetonitrile and acrylonitrile in the atmosphere are not well 

understood. In particular, the residence times of the species in the stratosphere are 

subject to large errors. The mechanisms for airborne destruction of CH3CN and 

C2H3CN therefore need to be re-examined. The VUV photo-absorption spectrum of 

acrylonitrile presented in this thesis represents the highest resolution data yet published. 

Both results reveal new spectral detail and should allow a better estimate of the 

molecules’ atmospheric lifetimes by photolysis.

7.2 VUV photo-absorption of acetonitrile, CH3CN

7.2.1 Introduction

The absorption spectrum was taken using the closed photo-absorption cell 

(Chapter 3, section 3.2.3) with an absorption path length of 25 cm. The spectrum was 

recorded in 11 nm sections, in 0.1 nm steps. The sample used in this investigation was 

obtained fi’om Sigma Aldrich, with a purity of 99.5%. No further purification was 

undertaken except for freeze-thaw-pump cycles.

The acetonitrile spectrum was recorded over the sample pressure range 0.008 

torr - 0.375 torr (Table 7.1), with typical attenuations of 10%. Higher pressures were 

used in order to observe the low intensity features at 7.0 eV -  9.0 eV. The results 

presented in the following sections are a definitive series of measurements to determine
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both the absolute photo-absorption cross section and to classify its electronic 

spectroscopy over the energy range from 7.0 eV to 11.0 eV [7.15].

Results are also compared to electron energy loss (EEL) spectra taken at the 

Université de Liège by Gochel-Dupuis et al. [7.16] with an overall energy resolution 

quoted to be around 30 meV.

Energy range (eV) Wavelength (nm) Pressure (torr)
3.88-5.64 220-320 0.900
5.39-8.00 155-230 0.038
7.13-8.11 153- 174 0.150
8.05-8.67 143- 154 0.150
8.61-9.32 133- 144 0.075
9.25 -  10.97 113 -  134 0.008 / 0.015 / 0.038

Table 7.1 -  Photon energy (eV), wavelength (nm) and pressure (torr) ranges 
for acetonitrile photo-absorption measurements.

7.2.2 Results

The high resolution photo-absorption cross section spectrum of C H 3C N  is shown 

in Figure 7.1 in the energy range 4.0 eV -  11.0 eV and is composed of an absorption 

band with low cross section below 9.5 eV, followed by a series of sharp more intense 

peaks. Details of the energy region 8.00 eV to 8.75 eV (are also plotted in the inset) to 

show the presence of vibrational structure. The dashed feature close to 11.0 eV is only 

partially recorded due to the cut-off in the transmission of the CaF] window (Chapter 3, 

section 3.2.2).

The ground state geometrical configuration of acetonitrile is based on the 

analysis of rotational constants and X-ray diffraction spectra [7.17, 7.18]. The molecule 

has Csv symmetry. The methyl carbon is sp^ hybridised, forming an c bond with each of 

the hydrogen atoms and with the nitrogen bonding carbon atom, hybridised sp [7.19]. 

The nitrogen atom is similarly sp hybridised and forms one o and two mutually 

perpendicular n bonds (C -  C = N). The two remaining nitrogen electrons form a lone 

pair directed away from the molecule.
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The fundamental vibrational energies with their symmetries were summarised 

by Shimanouchi [7.20] and are presented in Table 7.2. The electronic ground state 

configuration of CH3 CN may be represented as (lai)^ (2àif (3aO  ̂ (4ai)^ (5ai)^ (6 ai)  ̂

(le/(7ai)^  (2e/, giving a independent-particle configuration X^A' [7.21]. Within the 

present analysis, features are assigned to five vibrational modes of excitation; ui, U2, U3, 

U4 and ug. Of these modes, all but Ug are symmetric.

Vibrational mode Description Energy (eV)

vi (a,) CH3 symmetric stretch 0.366

V2(ai) C = N stretching 0.281

V3(ai) CH3 symmetric deformation 0.172

V4(ai) C -  C(N) stretching 0.114

V5(e) CH3 degenerate stretch 0.373

V6(e) CH3 degenerate deformation 0.180

v?(e) CH3 rocking 0.129

vg(e) C -  C = N bending 0.045

Table 7.2 -  Acetonitrile ground state vibrational energies (eV).

The present photo-absorption cross section is in good agreement with that 

obtained from Suto and Lee [7.9], Nuth and dicker [7.22], and with the EELS results 

of Gochel-Dupuis et al. [7.16]. Suto and Lee report their spectral resolution as 0.08 nm, 

over the range 106 nm to 180 nm (11.7 eV -  6.9 eV) [7.9]. Nuth and dicker [7.22] 

reported the absolute absorption cross section over the wavelength range 60 nm to 160 

nm (20.7 eV -  7.7 eV) with a resolution of 0.05 nm. However, despite our resolution 

(-0.075 nm at FWHM) apparently being no better than Nuth and d icker’s, the present 

acetonitrile spectrum shows more detail. In particular, the peak at 10.501 eV is more 

clearly defined in the present work [7.15] than in that of Nuth and dicker. The 

spectrum of Suto and Lee shows no feature at 10.401 eV, although it is visible both in 

the present work and in that of Nuth and dicker.

From around 6 .8  eV, a broad feature rises with a maximum cross section of 

9.180 Mb occurring at 9.350 eV followed by a series of strongly absorbing narrow 

peaks. These sharp peaks are assigned to Rydberg transitions [7.9, 7.16, 7.22, 7.23]. 

However, as with acrylonitrile (section 7.4), the present analysis is complicated by some 

overlapping between valence and Rydberg states. The LUMOs have been identified to
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be the 3e anti-bonding tc*cn and the 8 ai anti-bonding o * cc  and/or a ’cn  valence orbitals 

[7.24]. Excitation of an electron from an e to an e or ay orbitals leads to Ai, A2, E or E 

states, while transition from an ay to an e or ay orbital leads to E or Ai states, 

respectively.

The low energy feature above 7 eV is associated with the two possible valence 

transitions occurring for 2e -  3e (71 —» 71*) and 7ai -  3e (n  ̂—>• 7c*) superimposed on a 

background caused by pre-dissociation [7.16]. Although no absorption is observed in 

the present work below 7 eV, it should be noted that Gochel-Dupuis et al. [7.16] 

reported features at low energies, associated with optically forbidden excitations.

7.2.2.1 The 7.8 eV -  9.0 eV energy region valence excitation

The absorption cross section in this energy range is shown in detail in Figures

7.2 and 7.3. The structure is considered to be caused by the transition 2e -  3e (7c —>■ %*). 

Analysis of the peaks suggests the presence of ui, V2 and U3 series beginning around 

7.950 eV, the energy loss at which Gochel-Dupuis et al. [7.16] observe a small peak 

using incident electrons of 25 eV and a scattering angle of 30°, attributable to an 

optically forbidden excitation [7.25]. Therefore, the transition is tentatively assigned at 

7.970 eV, the energy that appears to best match the pattern of vibrational structure 

observed in the present analysis.
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Figure 7.2 -  Photo-absorption spectrum in the 7.8 eV -  9.0 eV band of CH3 CN.

157



Chapter Seven

Table 7.3 lists the energies of the features observed between 7.9 eV and 9.0 eV 

Gochel-Dupuis et al. [7.16] propose the presence of progressions starting at 7.950 eV 

and 8.440 eV. Structure observed for the first time in this work leads us to suggest 

further sets of assignments in agreement with the symmetry-allowed components of the 

71—*n  transition (2e -  3e).

Energy (eV)
This work [7.16]

Assignment Energy (eV)
This work [7 .16]

Assignment

7.970 7.950 1 > 0 0 8.510(?) - 2 0 ) 2  + 2 0 ) 8

8.090 (?) - 0)3 8.598 - 2o)2+4o)8
8.230 (?) - 2o)3 8.640 (?) - 30)2
8.321 - ni 8.713 - 30)2+0)7
8.460 (?) - 0)1 +0)3 8.731 - 3o)2+ 2o)8
8.574 - 0 ) 1  + 2o)3 8.818 - 3 o)2 + 4o)g
8.660 (?) - 2 o)i 8.856 - 4o)2
8.800 - 20)i + 0)3 8.933 - 4o)2+0)7
8.920 (?) - 2 o)i + 2 o) 3 8.440 (?) 8.44 0)oO
8.991 - 3o)i 8.527 - 2 o) 8

8.060 (?) - 2 o) 8 8.551 - 0)3

8.140 ( ? ) - 4o)g 8.620 ( ? ) - 4 o)8

8.190 ( ? ) - 0)2 8.682 - 0)2

8.277 - 0)2 + 20)8 8.756 - 0 )2 + 0 )7

8.366 - 0 ) 2 + 4 o)8 8.775 - 0)2 + 2 o)8

8.411 - 2 o) 2 8.880 (?) - 0 )2 + 4 0 )8

8.490 - 2 0 ) 2  + 0)7 8.933 (?) - 2 o)2

T a b l e  7 .3  -  V ib r a t io n a l  a s s ig n m e n t s  in  t h e  7 .9  e V  -  9 .0  e V  a b s o r p t io n  b a n d  o f  C H 3 C N  

c o r r e s p o n d in g  t o  t h e  ( 2 e  -  3 e )  7t — it  t r a n s i t i o n .

From 7.970 eV there appears to be two overlapping series of vibrational 

excitations. The first is associated with ui, corresponding to C -  H stretching, with a 

limited U3 series beginning at each ui peak. The mode U3 is symmetric and characterised 

by CH3 deformation. The second series is attributed to vibrational excitation consistent 

with C = N bending, the U2 mode. It has been proposed that double excitations of the 

anti-symmetric ug mode, corresponding to C -  C = N bending, combine with the U2 

progression to give fiirther small peaks [7.15]. In agreement with Gochel-Dupuis et al.

[7.16], a U2 excitation beginning at 8.440 eV is identified. The diffuse feature observed 

at 8.933 eV and attributed to a Rydberg transition (Figure 7.3) may include a 2 u2
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contribution from this series. As with the previous series, combinations of double Ug 

excitations are suggested to account for further peaks and shoulders. The CH3 rocking 

mode excitation (u?) seems to be excited but coupled with the C = N stretching mode, V2

(ai).

1.2.2.2 The 8.9 eV -  9.5 eV energy region valence excitation

The valence transition (7ai -  3e) nN —̂ to the singlet state t  is considered to

be responsible for the series of peaks beginning at 8.965eV. The absorption spectrum 

for this energy range is shown in Figure 7.3. Gochel-Dupuis et al. [7.16] report three 

quanta of vibration with 0.110 eV mean spacing which they attribute to excitation of the 

1)7 mode, CH3 rocking.

u

16

4v.,

14

12

nu,

10

8

4v,
4

IP, 12.21eV2

0
9.2 9.3 9 4 9.58.5 8.6 8.7 8.8 8.9 9 .0 9.1

Photon energy [eV]

Figure 7.3 -  Photo-absorption spectrum in the 8.5 eV -  9.5 eV band of CH3 CN and first Rydberg 

series converging to 12.21 eV ionisation potential.

At higher energies (> 9 eV), a structure is observed for the first time in the 

present work, which may be assigned to a 1)4 series, corresponding to C -  C stretching, 

combined with double excitations of the mode ug [7.15]. The observed peaks and their 

suggested assignments are listed in Table 7.4. The feature observed at 9.315 eV remains 

unassigned.
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Energy (eV)
This work [7.16]

Assignment
Energy (eV)

This work [7.16]
Assignment

8.965 8.96 Doo 9.301 - 21)4 + 4i)8
9.030 - Doo + 2D8 9.273 9.29 3i)4
9.103 - Uoo + 4-Ü8 9.315 - ?
9.063 9.07 1)4 9.340 (?) - 3i)4 + 2i)8
9.123 - 1)4 +  2i)8 9.410 (?) - 3i)4 + 41)8
9.205 - 1)4 +  4i)8 9.372 - 4i)4
9.164 9.18 21)4 9.440 (?) - 41)4 + 2i)8
9.232 - 2i)4 + 2 i)8 9.470 (?) - 5i)4

Table 7.4 -  Vibrational assignments in the 8.9 eV -  9.5 eV absorption band of CHjCN 
corresponding to the (7ai -  3e) On —► n transition.

7.2.2.3 Rydberg series converging to 12.21 eV and 13.14 eV IPs

According to the symmetry elements for CH3 CN (section 7.2.2), the Rydberg 

series will be nsai, npaj, npe, ndai and nde corresponding to nsa, npa, npn, m h, ndn 

and ndô series, respectively, in the pseudo-diatomic model with the z axis on the CN  

internuclear axis [7.16].

Figure 7.4 shows the absorption observed between 9.5 eV and 11.0 eV where 

Rydberg transitions are known to occur. The suggested series converge to 12.21 eV and 

13.14 eV, corresponding to the ionic electronic ground state and the ionic first excited 

state of CH3CN, respectively [7.26].

The peak energies assigned to series converging to 12.21eV are given in Table 

7.5. The low energy, low intensity peak at 8.933 eV (shown in Figure 7.3) is assigned to 

the Rydberg transition 3so as suggested by Nuth and Glicker [7.22]. The three peaks at 

9.589 eV, 9.747 eV and 10.289 eV are attributed to the n = 3 transition of the npjt, npo 

and ndo series converging to the ionic electronic ground state [7.16, 7.22]. In agreement 

with Gochel-Dupuis et al. [7.16], it has been suggested that vibrational progressions 

coupled with Rydberg peaks are responsible for further structure [7.15]. The vibrational 

modes suggested are U2 and 0 4 , related to C = N stretching, and C -  C stretching, 

respectively. This is consistent with the photoelectron work of Turner et al. [31] which 

shows the energy required for the excitation of 1)2 and 1)4 in the first ionic state to be 

0.249 eV and 0.100 eV, very close to the energy differences observed in the present 

spectra. Table 7.6 gives the energies of the peaks assigned to Rydberg series converging
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to the second ionisation potential, 13.14 eV. In accordance with Gochel-Dupuis et al.

[7.16] the peaks at 10.489 eV and 10.772 eV are both attributed to the n = 3 transitions 

in the npo and npk series, respectively.
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Figure 7.4 -  Assignment of the CH3 CN Rydberg series converging to 
the ionisation potentials 12.21 eV and 13.14 eV.

11.0

This work

Energy (eV) 
[7.16] [7.22]

Quantum defect
(Ô)

Assignment

8.933 - 8.930 0.96 3 so
9.589 .......9.589...... 9.595 0.72 3p2i
9.694 9.694 9.695 - 3p7l + U4

9.840 9.838 9.842 - 3p2l + 1 ) 2

9.935 9.929 9.935 - 3p7i + 1 ) 2  + 1 ) 4

10.064 10.060 10.056 - 3p7l + 2i)2
10.171 10.182 10.181 - 3p7l + 21)2 + 1)4
9.747 9.745 9.678 0.65 3po
9.786 - - - 3pO+l)8 (?)
9.983 9.973 9.983 - 3pO + 1)2

10.255 (?) - - 3po + 2i)2
i o ; 2 ^  " 10.292 0.34 3do

10.401 10.415 - - 3do + U4

10.534 (?) 10.531 10.501 - 3do + 1 ) 2

10.643 (?) - - - 3do + 1 ) 2  + 1 ) 4

10.735 (?) - 10.744 - / 0.96 3 do + 2 1 )2 / 4so

Table 7.5 -  Energy values, quantum defect and assignment of the Rydberg series converging to the 
12.21 eV ionic electronic ground state of CH3 CN.
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Previously unassigned features at 10.588 eV and 10,707 eV are attributed to 

vibrational excitations of the modes 1)4 and x>2 combined with the Rydberg transition at

10.489 eV, noted as having symmetry ai. The feature observed at 9.709 eV remains 

unassigned while that at 9.786 eV is proposed to be due to excitation of one quantum of 

Ug despite its anti-symmetric nature (Table 7.5).

Energy (eV) Quantum defect A lignment
This work [7.16] [7.22] (5)

10.489 10.501 10.520 ÔÎ74 3po
10.588 (?) - 3po + U4

10.707 (?) - 3po + \)2
10.772__________ 10.777_________ 10.780___________ 060_________3pX_____

Table 7.6 -  Energy values, quantum defect and assignment of the Rydberg series converging to the 
13.14 eV ionic electronic first excited state of CH3CN.

A more detailed analysis on the photo-absorption spectrum in Figure 7.4 reveals 

that the broad feature at 9.840 eV assigned to 3p% + V2 is probably composed by the 

superposition of the (2e -  3e) —> n* transition and in agreement with Gochel-Dupuis 

et al. [7.16] suggesting the (in the Coov symmetry point group) state at 9.8 eV.

Comparison is made between the photo-absorption cross section of acetonitrile 

reported in the present work with that of Suto and Lee [7.9]. The two sets of data are 

found to be in agreement to within the error of Suto and Lee. However, analysis of the 

three highest peaks, at 9.589 eV, 9.840 eV and 10.772 eV, shows the data in this work 

to be 1 0  to 2 0 % higher than Suto and Lee. This may be due to higher energy resolution 

achieved for the present spectrum (~ 0.075 nm FWHM). The major peaks appear 

sharper in the present work and, importantly, absorption at 9.589 eV is greater than at 

10.772 eV whereas Suto and Lee observe the opposite trend. The only other photo

absorption data for acetonitrile published for photon energies coinciding with the range 

presented in this thesis is the work of Nuth and Glicker [7.22]. Suto and Lee consider 

their result to agree with that of Nuth and Glicker to within the experimental 

uncertainties [7.9]. However, in agreement with the present data, Nuth and Glicker 

clearly show the cross section at 9.589 eV to be greater than at 10.772 eV. Thus, it can 

be concluded that the present spectrum is broadly consistent with previous photo-
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absorption results although it reveals stronger absorption for narrow features, suggesting 

higher energy resolution in the present work.

7.2.3 Environmental evaluation for acetonitrile

Suto and Lee estimate the photolysis rate of acetonitrile to be very slow in the 

troposphere and less than 1 0 '̂  ̂ s*̂  in the stratosphere [7.9]. Thus, low altitude 

destruction of acrylonitrile is dominated by reactions with atmospheric species. In 

particular, the stratospheric reaction rate of CH3CN + OH is estimated to be lO'  ̂ s‘̂  

using the data of Kurylo and Knable [7.27] and Heicklen [7.28]. No meaningful result 

could be achieved using the model described in Chpater 3 (section 3.2.5.3) as the 

absorption of acetonitrile is extremely weak below 7 eV. Minimal solar radiation above 

7 eV is observed in the stratosphere and troposphere (section 3.2.5.3). The Lyman a 

peak for solar radiation (1 2 1 .6  nm), considered the key region for photolysis of 

acetonitrile in the upper atmosphere, is very close to the absorption peak at 9.840 eV, 

observed to be around 20% stronger in the present spectrum than in that of Suto and 

Lee. Thus it is predictable a slightly higher photolysis rate at high altitudes than that 

estimated previously whilst expecting that the overall atmospheric destruction of 

acetonitrile occurs dominantly through chemical reactions.

7.3 Low energy electron attachment to CH3CN

7.3.1 Introduction

To date there appears to have been only a few studies of electron attachment to 

CH3CN, including the early work of Tsuda et al. [7.27] and Stockdale et al. [7.28]. 

Tsuda et al. [7.27] reported for three different electron energies (80, 40 and 9.5 eV) 

using a standard experimental set-up (with no means to reduce the electron energy 

distribution from the hot rhenium filament) relative anion abundances. At the energy of 

9.5 eV which is of interest in the present study they observed only the presence of CN*. 

Stockdale et al. [7.28] using a retarding potential difference electron gun (with an 

energy resolution of about 500 meV) in conjunction with a time of flight mass 

spectrometer reported relative attachment efficiency curves in the energy range from 

about 0 to 30 eV for the CH2CN and the CN* ions. The position of the CH2CN peak at 

4 eV is in agreement with an earlier observation and a mass 41 peak at the same energy 

can be accounted for in terms of the expected abundance of CH2CN* containing one
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atom. Stockdale et al. [7.28] show that the mass 41 signal observed in the region above 

about 8  eV is too great to be accounted for in terms of CH2CN containing one atom 

and arrive at the conclusion that in this energy regime also the parent anion is being 

produced. A more comprehensive study of halogenic-nitrile compounds using a crossed 

beam arrangement with an energy resolution of 200 meV was reported by Heni and 

Illenberger [7.29] including relative attachment efficiency curves up to 16 eV for the 

five anions CH2CN , CN', CHCN , C2N" and CH3 It has been shown recently [7.30] 

that anions formed in electron impact with acetonitrile have virtually no kinetic energy 

(< 0.1 eV) and may therefore be detected with high efficiency with modest extraction 

fields. This fact should make it possible (see below) to measure absolute anion 

formation cross sections without discrimination.

A comprehensive study of the dissociation patterns of acetonitrile by low energy 

electrons using a high resolution crossed beam apparatus is reported here. The first 

absolute cross sections are reported and mechanisms for the formation of electron 

scattering resonances are discussed for CH2CN', CN", CHCN , C2N" and CH3  fragment 

ions. In agreement with the work of Illenberger and co-workers the negative parent ion, 

CH3 CN', has not been detected, probably because the lifetime of the ion with respect to 

ejection of the extra electron (the auto-detachment lifetime) is shorter that the flight 

time of the ion from the interaction region to the detector.

7.3.2 Absolute cross section derivations

The current experiments have been performed using a high resolution trochoidal 

electron monochromator (TEM) in Innsbruck, in tandem with a quadrupole mass filter 

and channeltron secondary electron multiplier for ion analysis and detection. The TEM 

has been described in detail Chapter 3 and recent modifications to improve the energy 

resolution at high impact energies have been discussed in [7.30, 7.31]. With the 

improved monochromator an energy resolution of about 30 meV independent of 

incident electron energy can be obtained. However, due to the low cross sections of 

some fragmentation processes, larger electron currents, 45 nA (and hence lower 

resolutions, 140 meV) were used in some of the present experiments. The electron beam 

was perpendicularly crossed with an effusive gas beam emanating from an orifice 2 0  

pm in diameter. In the present studies, gaseous samples of acetonitrile were prepared 

from liquid samples supplied by Sigma Aldrich with a quoted purity in excess of 99%.
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Acetonitrile has a vapour pressure of 99 mbar at room temperature (2 0 ° C) thus, after 

some freeze/thaw distillation to remove any dissolved gases in the liquid sample, pure 

vapour samples were mixed with CCI4 in a mixing ratio of 1 0 :1 . Cl production fi*om 

electron impact of CCI4 shows s - wave dissociative electron attachment (a strong 

resonance at zero electron energy) and therefore may be used to calibrate the electron 

energy scale in the experiment [7.32], Pressures of the two admixtures were recorded on 

an absolute capacitance pressure gauge. The pressure in the experimental chamber was 

limited to a range from 1 .0  to 2 .0 x1 0 *̂ mbar to ensure that there were few 

intermolecular collisions and hence reduce the probability of ion-molecule interactions 

occurring.

As mentioned above, the anions formed by electron impact with acetonitrile 

have a kinetic energy of less than 0.1 eV and may therefore be detected with high 

efficiency using modest extraction fields, such that it should be possible to measure 

absolute anion formation cross sections. Therefore only a modest symmetric extraction 

field (applying at maximum ± 1 Volt) was used in the interaction region to collect the 

anionic fragments and draw them into the quadrupole optics. The intensity of the 

anionic yields from acetontrile was measured as a function of incident electron energy 

and compared with the Cl' yield from CCI4 under the same experimental conditions 

(taking into account the pressure ratios). The production cross section of Cl' from CCI4 

exhibits a second resonance at 0 .8  eV the magnitude of which has been accurately 

determined to be 5 xlQ‘̂ ° m  ̂[7.33, 7.34] and may therefore be used to derive a measure 

for the cross section for the formation of each of the fragment anions produced by low 

energy electron impact of acetonitrile. It has been assumed constant transmission 

efficiency for each anion through the quadrupole optics and that the counting efficiency 

of the ion detector is mass independent.

7.3.3 Results

Electron attachment is shown to be a purely dissociative process with the 

production of the five anionic fragments in the order of their relative abundance 

CHiCff, CHCN', CCN*, CN and CH3 (Figure 7.5). It is interesting to note that 

Hashemi and Illenberger reported the formation of the parent CH3CN' as a result of 

resonant attachment of free electrons to acetonitrile clusters [7.35]. This result is also in 

line with a study of the collisions between rare gas atoms in highly excited Rydberg
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states giving evidence for the existence of stable CHsOT parent anions [7.28], this (i.e., 

the reaction sequence CH3CN* +  C H 3C N  C H 3C N  ) has also been invoked as a likely 

explanation for the observation of the C H 3C N  parent anion by Stockdale et al. [7.28] 

for electron impact above an energy of about 8  eV. As discussed by Illenberger and co

workers [7.29] the production in this case of the parent anion can be rationalized as a 

dipole bound state where the extra electron is extremely weakly bound in the field of the 

C H 3C N  dipole. In the cluster case it seems that the cluster coupled bound state tends to 

stabilise this anion, allowing for the accommodation of an extra electron. In the case of 

the monomer however Heni and Illenberger [29] proposed a dissociative electron 

attachment process that is common to all nitriles namely electron capture into a tc* c n  

molecular orbital followed by a a  bond cleavage.

4000
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CHCN-50

CCN-

‘t IOO

CH;
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Electron energy (eV)

Figure 7.5 -  Absolute dissociative electron attachment cross sections for anions 
produced by electron impact on acetonitrile.
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7.3.3.1 Dissociative electron attachment at energies below 5.0 eV

The energetics of a dissociative electron attachment (DEA) process to a 

molecule M can be described as:

AE(M -X)- = D ((M -X )-JQ -E A (M -JQ  + AE (7.1)

where AE is the appearance energy for the fragment anion (M -  X)', D the bond 

dissociation energy, EA the electron affinity for the fragment (M -  X) and AE the excess 

energy of the process.

The most intense fragment ion formed in DEA of acetonitrile is CH2CN" formed 

from the fragmentation of the parent anion by the loss of a single hydrogen atom. 

Assuming that the electron affinity EA(CH2C]Sr) = 1.560 ± 0.006 eV [7.36] and the 

bond dissociation energy D(H-CH2CN) ~ 4 eV [7.37], an appearance energy 

AE(CH3CN) = 2.44 ± 0.2 eV is predicted which is in good agreement with the 

experimental value of 2.35 ±0.1 eV. The maximum cross section for production of 

CHaCN- is « 4x10'“  at 3.2 eV.

An identical appearance energy and cross section profile is observed in the yield 

of CHClSr formed by the abstraction of an H2 molecule from the parent anion albeit 

with a cross section value two orders of magnitude lower than that of CH2CN

The cross section profiles for CH2C>T and CHCN* are characteristic of those 

arising from the capture of the scattered electron into the unoccupied molecular orbital 

of the target to form a temporary negative ion (TNI). Assuming EA(CHCN) = 0.8 ± 0.4 

eV [7.29], AE(CHCN-) = 2 xD[(H-CH2CN)] -  D(H-H) -  EA(CHCN) [7.37, 7.38], the 

threshold for the AE of CHCN is estimated to be 2.3 ± 0.6 eV which is in relatively 

good agreement with the value of 2.9 ± 0.1 eV obtained from the present results [7.30].

Calculations have shown that the highest occupied molecular orbital (HOMO) of 

radical anions of the saturated nitriles is n* anti-bonding with virtually all the additional 

charge localized at the CN group, leading to a reduction in the C = N bond dissociation 

energy [7.29]. The formation of CN’ is therefore associated with energy transfer from 

the C = N bond to the CH3 -  CN bond. Dissociation into CN" and CH3 radicals in their 

electronic ground state is symmetry forbidden (which is true as long as no distortions 

are occuring) and can only occur through pre-dissociation of the parent anion, thus the 

cross section for formation of CN* is small at low energies peaking at « 4  x 10’̂  ̂ m̂  at 

1.8 eV with an appearance energy of 1.10 ± 0.10 eV. Assuming the H3C -  CN bond 

dissociation energy is 5.36 ± 0.03 eV [7.37] and the electron affinity of the cyano
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radical is 3.82 eV [7.39], the threshold for the appearance energy of CN" becomes 1.54 

± 0.03 eV, close to the experimentally observed value of 1.10 ± 0.10 eV. Actually, in 

the work reported for acetoniotrile by Illenberger and co-workers [7.29], the low energy 

resonance for C N ' seems to be slightly energy shifted compared with the present 

experimental data showing an appearance energy of about 2.7 eV. In contrast, the data 

by Stockdale et al. [7.28] are supporting the present appearance energy. It is interesting 

to note that similar low energy patterns for C N ' production have been observed in other 

C N  containing compounds such as CH 3NO 2 [7.40]. It is also possible that these yields 

may arise from the excitation of vibrationally excited C H 3C N  and future studies of 

anion yield as a function of temperature of the target should be taken into account.

7 3.3.2 Dissociative electron attachment at energies above 6.0 eV

At higher impact energies several anion fragments are observed, including the 

first yield of the bare backbone CCN The formation of CCN" requires the largest 

number of bonds in the parent to be broken, all three C -  H bonds having to be severed. 

Consequently, there is high appearance energy for CCN", around 7.8 eV. In contrast to 

the observation of the CCN ion at these high energies there is no evidence for the 

formation of the simplest dissociation product CH2CN

The profiles of the CHCN", CCN', CN and CH3 cross sections above 6  eV 

suggest that these fragments ions may arise from a series of overlapping resonances. 

The data of Illenberger and co-workers [7.29] suggests (in accordance with the present 

data) that the high energy yield of CHCN and CCN’ is a composite of two resonance 

features peaking at about 8.3 eV and at 10.0 eV. The production mechanism for the 

CHCN anion could proceed through an excited state of the TNI and may be associated 

with the formation of two separated hydrogen atoms (multi-fragmentation) rather than 

with the formation of a hydrogen molecule. The similarity of the cross section profiles 

of CHCN' and CCN" at these higher energies suggests that simple H abstraction from 

CHCN’ may occur and that the two processes share common parent TNIs.

The complementary molecule-ion pair CN' + CH3 or CN + CH3 arises from 

cleavage of the central C - C  bond. The appearance energy of CH3 is obtained as 5.28 ± 

0.03 eV since the methyl radical CH3* possesses an electron affinity of 0.08 eV [7.41]. 

Both ion yields therefore have about the same appearance energy, 6.2 eV and 5.8 eV 

respectively, and peak at about the same position 7 eV. The CN" yield resonance is
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composed of three overlapping peaks, one at about 7 eV, one at about 8  eV, and one 

centred around 9.2 eV. For the two higher resonances a multi-fragmentation pattern 

with formation of CH2 and H is probable since there is no corresponding peak in the 

CH3 yield.

1,3,3.3 Quantum chemical and trajectory calculations

In order to get information on the electronic structure and especially about the 

higher-lying molecular orbitals of acetonitrile that might be involved in the formation of 

the TNl\ the electronic excitation spectrum has been calculated by means of a outer- 

valence Greens’ function method [7.42, 7.45] (a more accurate alternative to Koopmans' 

theorem) together with the D-95V basis set [7.44]. It is known [7.45 -  7.47] that only 

such medium-sized basis sets reproduce semi-quantitatively the energies of transient 

negative ion states. All calculations were performed with the Gaussian 98 and 03 set of 

programs [7.48] and the corresponding results are given in Table 7.7. All EA's are 

negative, indicating that there is no thermodynamically stable anion state.

Orbital Energy (eV)

LUMO, 13 -4.81
14 - 6.00
15 -6.80

16,17 -8.50
18 -8.24

19, 20 -10.43
21,22 -13.08

Table 7.7 -  Calculated energies of the LUMO and the next orbitals of CH3 CN.

We tried to obtain further qualitative insight into the fragmentation processes by 

performing a limited set of trajectory calculations. In these calculations, the CH3CN was 

described quantum chemically by the B3LYP [7.49, 7.50] density functional and the 6 - 

31G* [7.51] basis set and the dynamics was generated by the ADMP (Atom centered 

Density Matrix Propagation) method [7.52, 7.53].

An encounter between a molecule of CH3CN and an incident electron was then 

simulated in the following way: (a) one electron was attached to the neutral CH3CN in 

its equilibrium geometry; (b) then Boltzmann-distributed velocities were assigned to the 

atoms of the CH3CN anion with a total kinetic energy equivalent to the energy of the

’a useful ref. discussing temporary anion states in this and related molecules [J. Phys. Chem., 96 (1992) 
7570] based on electron transmission spectroscopy locating the n* resonance at 2.84 eV.
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incoming electron (1 eV corresponds to a temperature of 1938 K). The individual 

velocity components were created by appropriate scaling of random numbers; (c) this 

process was repeated and 5 trajectories each for kinetic energies (0, 1, 2, 4, 8  and 10 eV) 

were calculated; (d) each trajectory was propagated for about 500 time-steps of 0.1 fs 

each. This trajectory calculation differs from the experimental situation mostly in the 

respect that the kinetic energy of the electron is thermally distributed over the molecule 

whereas in reality it will excite only certain vibrational modes that might lead to 

dissociation before an equilibration takes place. Furthermore, 5 trajectories of 50 fs each 

do not allow good-quality statistical sampling but it must be kept in mind that the 

computational expense of the ab-initio molecular dynamics calculations is still very 

high, even with the modest 6-3IG* basis set.

Despite these limitations, it is interesting to compare the simulated 

decomposition and the experimentally observed fragments [7.30] since the former ones 

represent the limiting case of the anion in thermal equilibrium. An analysis of the 

individual trajectories showed the following pattern: the abstraction of hydrogen is 

always the first step and takes place very quickly within the first femtosecond, 

sometimes even at energies < leV. At slightly larger energy, a rather likely reaction is 

that a second hydrogen is lost as well but in some cases this H later recombines again 

with the CHCN fragment. The breaking of the C -  C bond is much slower and occurs 

only at higher energies, it has been observed in one of the trajectories at 8  eV after about 

30 fs elapsed time [7.30].

7.3.3 4 Conclusions

In the present study dissociative electron attachment to acetonitrile has been 

investigated from about zero to 10 eV Intensity ratios of the product ions: C H 2C N  , 

C H C N  , CCN", CN" and CH3' are 2000:35:7:50:1, these have been converted to absolute 

cross sections by comparison with the known standard cross section for the production 

of Cr from CCI4. With the exception of CH%CN all anion cross sections are quite small. 

In fact, CH3 exhibits the smallest cross section ever measured with the Innsbruck TEM 

instrument, only 2 0 0  barn.

It is clear that dissociative electron attachment occurs via accommodation of an 

extra electron into a t i* c n  character orbital. The most energetically favourable channel, 

CH3* + CN* is the result of a transition to the low-lying excited states having repulsive
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adiabatic potential surfaces crossing with the electronic ground state above the 

dissociation limit leading to pre-dissociation of the bond. The result is a low CN” cross 

section at ~ 2 eV and an inter- and intramolecular energy transfer (or re-distribution) 

with virtually no kinetic energy release.

7.4 VÜV photo-absorption of acrylonitrile, C2H3 CN

7.4.1 Introduction

The absorption spectrum of acrylonitrile (Figure 7.6) was obtained in the photo

absorption set-up described earlier (section 3.2.3) with a path length of 25 cm. The 

spectrum was recorded in 11 nm sections, in 0.1 nm and 0.05 nm steps. The sample 

used was obtained from Sigma Aldrich, with a purity of 99+%. No further purification 

was under taken except for freeze-thaw-pump cycles.

The typical pressures used to obtain the acrylonitrile spectrum are presented in 

Table 7.8 and range from 0.015 torr - 0.750 torr, with attenuation of 10%. Higher 

pressures have been used below 5.6 eV in order to guarantee no weak absorption 

features were missed.

Energy range (eV) Wavelength (nm) Pressure (torr)
3.88 -  5.64 220 -  320 0.750
5.54-9.32 133-224 0.075
9.25 -  10.08 123-134 0.015

10.00-10.97 113-124 0.030

Table 7.8 -  Photon energy (eV), wavelength (nm) and pressure (torr) ranges 
for acrylonitrile photo-absorption measurements.

Results are also compared to electron energy loss (EEL) spectra taken at the 

Université de Liège by Motte-Tollet et al. [7.53]. The overall energy resolution quoted 

in their experiments is around 30 meV.

7.4.2 Results

Figure 7.6 shows the high resolution photo-absorption cross section spectrum for 

incident photon energies between 5.5 eV and 11.0 eV, corresponding to the excitation of 

electrons belonging to the outer-most valence shell orbitals. The dashed feature is only 

partially recorded due to the cut-off in the transmission of the CaFz window. No 

absorption is observed below 5.8 eV. The energy positions of the major features are in
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good agreement with the photo-absorption spectrum reported by Mullen and Orloff 

[7.54] from 5.3 eV to 9.7 eV. The spectrum for acrylonitrile is also compared to a 

previously unpublished photo-absorption result taken at the Daresbury Laboratory 

Synchrotron Radiation Source, where the experimental set up is described in detail by 

Mason et al. [7.55]. The maximum resolution is estimated to be 0.1 nm.

The structure of acrylonitrile is derived from microwave spectroscopy [7.54, 

7.56]. The molecule is planar in the electronic ground state and belongs to the Cs 

symmetry group. The single C -  H and C - C  bonds are of a character, while C = C 

comprises one a and one tc bond. The nitrogen atom is bound to a carbon atom by one o 

and two n interactions (C -  C = N). The two nitrogen electrons which do not take part in 

any bonds form a lone pair directed away from the molecule.
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Figure 7.6 -  VUV photo-absorption spectrum of acrylonitrile in the energy region 5.5 eV to 11.0 eV.

w

I

I



Chapter Seven

The outermost valence molecular orbitals in the ground state of C2H3 CN may be 

represented in the independent particle model as (la")^ (lla')^ (12a')^ (2a")^: X^A'

[7.57]. The % electrons are delocalised along the C = C -  C = N chain by a conjugative 

interaction between the C = C bond and the C = N bond in the plane perpendicular to 

the plane of the molecule [7.57]. This conjugation gives rise to two bonding % orbitals 

la" and 2a" labelled as 7Ci(C = C -  C = N) and 7T2(C = C -  C = N) and to two 31* orbitals 

3a" and 4a" of anti-bonding character labelled as 7Ci*(C = C -  C = N) and 7i2*(C = C -  

C = N). The 7C electrons of the C = N group which lie in the molecular plane stay 

localised in this group for symmetry reasons and lead to only one bonding % orbital 12a' 

labelled as tc(C = N) and one anti-bonding n* orbital 13a' labelled as 7i*(C = N). The 

nature and ordering of the LUMOs have been adopted to be (3a")®, (13a')®, (4a")® [7.57].

The next higher LUMOs are o* in character and their assignment is difficult due 

to the overlap between the excitation bands of each core levels to the different orbitals 

of o* character, and the multielectronic excitation features. Acrylonitrile has 15 normal 

vibrational modes, presented in Table 7.9 [7.57], eleven of which are symmetric (a') 

with respect to the molecular plane of symmetry and four anti-symmetric (a") [7.58]. 

The vibrational modes considered to be excited in the present spectrum are mainly U4, 

U5, ug, U9, Dio and D12.

Symmetry Vibrational mode Description Energy (eV)

V] C -  H stretching 0.387
V2 C -  H stretching 0.382
V3 C -  H stretching 0.377
V4 C =N stretching 0.278
V5 C = C stretching 0 .2 0 0

V6 CH2 deformation 0.176
V7 CH rocking 0.159
Vg CH2 rocking 0.136
Vll C -  H stretching 0.108
Vl3 C = C -  C bending 0.071
Vl5 C -  C = N bending 0.030
V9 CHR = C wagging 0 .1 2 0

Vio CH2 = C wagging 0.118
V12 C = C torsion 0.085
Vl4 C -  C = N bending 0.045

Table 7.9 -  Acrylonitrile ground state vibrational energies (eV).
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The shape of the cross section and a number of the peaks observed are also 

consistent with the EELS results taken by Motte-Tollet et al. [12] using incident 

electrons of 50 eV and analysed at a scattering angle of 10° over an energy loss range of

5.5 eV to 11.5 eV. Under these conditions, electron scattering can be considered to 

simulate photon interactions [7.59].

The present photo-absorption spectrum shows a broad feature with maximum 

absorption at 6.526 eV attributed to promotion to the first excited electronic state,

À *A', corresponding to the %(€ = C -  C = N )—>-7ri*(C = C -  C = N) transition [7.57]. 

The first peak for the second singlet excited electronic state B ‘A", transition %(€ = C 

-  C = N) — 7i*(C = N), appears at 7.183 eV and the maximum for the third excited 

electronic state C ^A', 7i2(C = C -  C = N) —► 7i2*(C = C -  C = N), at 8.580 eV. The 

broad structure observed is attributed to pre-dissociation combined with mutual overlap 

of the valence bands The peaks above 8.6 eV are associated with Rydberg transitions. 

However, some mixing of valence and Rydberg transitions is observed, complicating 

the assignment of features.

7.4.2.1 Valence excitation in the 5.5 eV -  8.0 eV energy region

The photo-absorption spectrum in the energy region 5.5 eV to 8.0 eV is shown 

in Figure 7.7.
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Figure 7.7 -  Photo-absorption spectrum in the 5.5 eV -  8.0 eV band of C2 H3 CN.
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This region is dominated by an intense broad band extending with a local 

maximum cross section of 33.31 Mb at 6.526 eV. Superimposed onto the extended 

structure is an overlapping series of smaller peaks and shoulders. The energy values 

found for the associated vibrational structure are listed in Table 7.10 and compared with 

corresponding features observed by Mullen and Orloff [7.54] and Motte-Tollet et al.

[7.57]. The energy precision to which some assignments can be given is limited by the 

diffuse nature of the features.

The lowest energy feature is located at 5.882 eV and has been assigned in 

accordance with Motte-Tollet et al. [7.57] to the electronic excitation occurring from the 

highest occupied molecular orbital, 7i2(C = C -  C = N), to the lowest singlet excited 

state, 7Ci*(C = C -  C = N). The excited state is recognised as being of A' symmetry. 

Mullen and Orloff [7.54] observe a feature close to this energy but leave it unassigned, 

preferring to offer the peak at 6.110 eV as corresponding to the valence excitation and 

attributing the following structure to a 1)4 series, C = N stretching.

Energy (eV)
This work Mullen & Orloff [7.54] Motte-Tollet et a/. [7.57] Assignment

5.882 5.880 5.875 Doo
6.102 6.110 6.100 lU4
6.147 6.150 - IU4 + lt)i2
6.310 6.310 6.310 21)4
6.378 6.380 - 21)4+ ll)i2
6.427 6.430 - 2i)4+2i)i2
6.526 6.530 6.520 3i)4
6.641 6.650 6.640 31)4+ 11)9 

or 3i)4+ 1i)io
6.738 6.740 6.750 4i)4
6.869 6.860 6.870 4i)4+ 11)9

or 4i)4+ 1i)io
6.977 6.970 7.000 5V4
7.101 (?) 7.080 - 5i)4+ 11)9 

or 5i)4+ 1i)]o
7.183 - 7.180 6 V4

7.319 - 7.320 61)4 + ll)9

or 61)4+ li)]o

Table 7.10 -  Vibrational assignments in the 5.5 eV -  7.1 eV absorption band of C2 H3 CN for the 
lowest energy excited electronic state A Â% corresponding to 

the 7i2 (C=C-C=N) —► 7ti*(C=C-C=N) transition.

It has been proposed that a 1)4 series begins at 5.882 eV with fiirther features 

assigned to combinations of U4 with U12 excitations and of 1)4 with either 0 9  or uio [7.15]. 

The modes 1)9 , oio, and U12, corresponding to CHR = C wagging, CH2 = C wagging, and
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C = C torsion, respectively, are anti-symmetric and thus would be expected to show 

very weak cross section as single excitations [7.25]. However, double excitation or 

combination with another mode can increase the cross section. As the neutral ground 

state excitation energies for ug and uio are very similar in energy, it is not possible to 

distinguish between them [7.15]. Assignment to transitions involving the modes un, x>u, 

and Ui5 is also not straightforward since they are reported only by Raman spectroscopy 

in the liquid phase [7.20, 7.58].

At the high end of the energy range of Figure 7.7, further vibrational structure is 

observed overlapping with the previous structure. The peaks are attributed to the 

transition from the outermost occupied orbital 7t2(C = C -  C = N) —» 7c*(C = N),

assigned in accordance with Motte-Tollet e ta l  [7.57] as the second excited state B ^A". 

The vibrational analysis associated with this transition leads to a short series of m>4 and 

nu4 + ug, CH2 rocking, presented in Table 7.11. The Uoo transition for this electronic 

band has been assigned at 7.183eV.

Assignment
Energy (eV)

This work Mullen & Orloff [7.54] Motte-Tollet et al. [7.57]

7.183 7.190 7.185 ^
7.319 7.320 7.325 lug
7.451 7.460 7.455 IU4

7.593 7.590 7.595 IU4 +lug
7.739 (?) 7.740 7.740 2u4
7.907 - - 2 u4 + lug

Table 7.11 -  Vibrational assignments in tbe 7.1 eV -  7.8 eV absorption band of C2H3CN for the 
second excited electronic state B corresponding to the iü2 (C=C-C=N) —» 7t*(C=N) transition.

7.4.2.2 Valence excitation in the 7.8 eV -  9.0 eV energy region

In this range, shown in detail in Figure 7.8, the spectrum consists of a fairly 

sharp peak with cross section 25.96 Mb at 8.580 eV and a diffuse vibrational structure 

characterised by the modes U5 and U9 or uio.

It has been suggested [7.15] that the series of peaks is related to the population 

of the third valence excited state formed by the excitation of an electron from the 

outermost occupied orbital tc2(C = C -  C = N) —» tc2*(C = C -  C = N), of A' symmetry, 

in accordance with Motte-Tollet etal. [7.57].

The assignments for the third excited electronic state, C are given in Table 

7.12. Previously [7.57], the associated structure could not be analysed fully due to
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nitrogen contamination. However, the peaks observed at 7.907 eV and 8.580 eV are 

assigned by Motte-Tollet et al. [7.57] to the Rydberg transitions 3sa ànd SpÀ. It is 

suggested here that these asymmetrical peaks represent superpositions of valence and 

Rydberg interactions.

nt)j

24

I
£u

8 8 978 8.0 8 1 8.3 84 8.5 8 6 8 7 8 9.079 8 2

P hoton energy (eV]

Figure 7.8 -  Photo-absorption spectrum in the 7.8 eV -  9.0 eV band of C2 H3 CN.

This work

Energy (eV) 

Mullen & Orloff [7.54] Motte-Tollet et al. [7.57] Assignment

7.907 7.90 7.895 t)oo
8.077 (?) 8.07 - ll)5
8.206 (?) 8.24 - 2 ns
8.389 (?) 8.41 - 3ns
8.580 - 8.595 4ns
8.652 (?) 8.67 - 4ns + lnçor4ns+ Injo
8.738 (?) 8.74 - 5ns
8.837 - 8.840 5ns + li ) 9  or 5ns + lt>io

Table 7.12 -  Vibrational assignments in the 7.9 eV -  9.0 eV absorption band of C2H3CN 
for the third excited electronic state C corresponding to the

7i2 (C=C-C=N) 7i2 *(C=C-C=N) transition.

178



Chapter Seven

7.4.2.3 Rydberg series converging to 10.924 eV, 12.353 eV and 13.017 eV IPs

The peak energies and Rydberg assignments converging to 10.924 eV, the ionic 

ground state X^A", are shown in Figure 7.9 and Table 7.13. Due to the diffiiseness and 

uncertainty in their peak positions some structures have been represented by dashed 

lines. Also shown in the table are the relevant quantum defects and suggested 

combinations of Rydberg and vibrational excitations to account for previously 

unassigned features. In agreement with previous work [7.57], the lowest energy peak 

attributed to a Rydberg transition, at 7.907 eV, is assigned as Sso in a series converging 

to an ionisation potential of 10.924 eV, the associated quantum defect being 0.88. The 

peak at 8.580 eV is assigned to an npX progression including n = 3, 4, and 5, converging 

to the first ionisation limit. The peak at 9.205 eV is considered to match that observed 

by Motte-Tollet et al. [7.57] at 9.215eV, assigned to the n = 3 term of an ndn series with 

Ô equal to 0.19. Recognition of this feature has suggested two further assignments 

corresponding to the combination of vibrational excitation and the Rydberg transition 

Sdit [7.15]. The photoelectron work of Delwiche et al. [7.21] reports vibrational 

progressions of U4 and us for the 10.924 eV band with energies 0.248 and 0.180 eV, 

respectively, closely matching the energy differences observed between the Sdn 

transition and the assigned vibrational structure in the present spectrum.

The assignments to Sdô and 4dô transitions and to 4dÔ + Ivs excitation are made 

in agreement with Motte-Tollet et al. [7.57]. The peak at 10.379 eV and the shoulder at 

10.547 eV are tentatively added to the ndô series, converging to 10.924 eV.

The features at 10.247 eV, 0.126 eV from 10.121 eV (5so), 10.064 eV, 0.097 eV 

from 9.967 eV (4d7c), and 10.147 eV, 0.180 eV from 9.967 eV (4dîi), are in close 

agreement to the PES modes vg, vn and Dg, respectively [7.21] at 0.115 eV, 0.104 eV 

and 0.178 eV.

Elden’s plots (section 3.2.5.2) were obtained in Figure 7.10 giving the variation 

of the quantum defect {ôu) with the reduced term energies (n*)'^ for the Rydberg series 

converging to the ionic electronic ground state. For each Rydberg series the variation of 

ôix with the reduced term energy is linear confirming the previous assignments. For the 

nso and ndn series, the slight deviation for the lowest (n*)'^ terms is consistent with the 

uncertainty in the assignment.
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Figure 7.9 -  Assignment of the C2 H3 CN Rydberg series converging to 
the ionisation potentials 10.924 eV, 12.353 eV and 13.017 eV.
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Energy (eV)
Motte-Tollet et al. 

[7.57]
Quantum defect (ô) Assignment

7.907 7.895 0 .8 8 3sa
9.530 - 0 .8 8 4sa

1 0 .1 2 1 - 0.89 5so
10.247 - - 5sa + lug
10.415 (?) - 0.83 6 so
10.579 (?) - 0.72 7so
8.580 8.595 0.59 3pl
9.679 9.703 0.69 4pX-

10.192 10.203 0.69 5pX
9.205 9.215 0.19 3djc
9.386 - - 3 (hr + li)5
9.465 - - 3 (hr + IU4
9.967 - 0.23 4dn

10.064 - - 4(hr + luii
10.147 - - 4(hr + lu6
10.354 (?) - 0 .1 2 5chr
9.429 9.415 0 .0 2 3dô

10.097 10.103 0.06 4dô
10.306 (?) 10.260 - 4dô + IU5
10.379 - 0 .0 1 5dô
10.547 (?) - 0.03 6dô
10.643 - 0.04 7dô

Table 7.13 -  Energy values, quantum defect and assignment of the Rydberg series converging to 
10.924 eV, the ionization limit corresponding to the ionic electronic ground state X of C2 H3 CN.

The peaks considered to be related to Rydberg series converging on the ionic 

electronic first excited state, A^A' are listed in Table 7.14. The ionisation potential 

associated with this state is 12.353 eV and the series are located above 9 eV.

Whithin the present spectral range only the lowest energy, n = 3 terms amongst 

the previously assigned nso, npX, ndu, nd7t,m à ndS series [7.57] are observed. 

Delwiche et al. [7.21] report a 1)4 series with excitation energy 0.248 eV for this state 

and a further vibrational series with energy difference 0.148 eV, suggested to be 

consistent either with the vj or vs vibrational modes, CH rocking and CH2 rocking, 

respectively. Also reported is a mode with an energy of 0.061 eV and in agreement 

wuth the Sdn + vjs 10.684 eV feature. Remarkably, the feature at 9.967 eV has been 

previously assigned to 4 d7ü (IP, 10.294 eV) for the Rydberg series which could explain
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the broadness of that structure in Figure 7.9 due to the overlapping of the two involved 

transitions.

0.9 

0.8 

0.7  

0.6 

<o 0.5 

0.4 

0.3 

0.2 4 

0,1 

0

ndji

ndô

0 0.05 0.1 0.15

(n*y'
0.2 0.25

Figure 7.10 -  Elden’s diagrams for the variation of the quantum defect (ôu) with the reduced term 
energies (n*)'̂  for the first terms of the Rydberg series converging to the ionic electronic ground

state.

Energy (eV)
Motte-Tollet et al. 

[7.57]
Quantum defect (5) Assignment

9̂ 017
9.%7

10.039
10.217

9.055
^96^

0.98
0.61

3 so 
3pT 

3pl + l U i 3  

3pl + lt)4
10.516
10.647
10”624
10.684
10.744

10.527

107643

0.28

10.772 10.783

0.20

0.07

3 do
3 do +1)7 or 3do + Ug 

3d7i 
3d7l + 1)13 

3d7c + U7 or 3d7c + i)g 
3dô

Table 7.14 -  Energy values, quantum defect and assignment of the Rydberg series converging to 
12.353 eV, the ionization limit corresponding to the ionic electronic first excited state of

C2H3CN.

Three series in the energy range of this spectrum are suggested to converge on 

the ionisation potential 13.017 eV, associated with the ionic electronic second excited
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State, B ^A'. The recommended assignments are given in Table 7.15. Peaks at 9.530 eV, 

10.354 eV and 10.675 eV are assigned in accordance with Motte-Tollet et al. [7.57] to 

transitions Ssa  ̂ 3pX and 3p^. The peak at 9.679 eV, 0.149 eV from 9.530 eV has been 

assigned in agreement to the vibrational mode reported by Delwiche et al. [7.21] (0.141 

eV) in the second excited ionic state. The feature at 9.679 eV has been previously 

assigned to 3pÀ (IP, 10.294 eV) explaining the broadness of that structure in Figure 7.9. 

A shoulder at 9.232 eV remains unassigned.

Energy (eV)
Motte-Tollet et al. 

[7.57]
Quantum defect (Ô) Assignment

9.530
9.679

10.354
10.675

9.547

10.379
10.695

1.03

0.74
0.59

3so 
3so + lug 

3pX, 
3pl

Table 7.15 -  Energy values, quantum defect and assignment of the Rydberg series converging to 
13.017 eV, the ionization limit corresponding to the ionic electronic second excited state of

C2H3CN.

7.4.2.4 Absolute cross sections

The cross sectional values of acrylonitrile corresponding to energies between 6 

eV and 9.5 eV are compared to the data of Mullen and OrlofF [7.54] recorded in steps of 

0.5 eV. The present measured cross section is around 400% higher than that of Mullen 

and OrlofF. To our knowledge, no other acrylonitrile photo-absorption data has been 

reported over the range of the present spectrum. In addition, as shown in Figure 7.6, the 

present result is in good agreement with the lower resolution result recorded at the 

Synchrotron Radiation Facility, Daresbury, UK. The cross sections measured at the two 

facilities match to within 10%, with the exception of a difference of 35% observed at 

9.429 eV for the sharp Rydberg peak positioned in the high energy extreme of the 

spectral range available at Daresbury. Erroneous low cross section values may result 

from a fall in optical transmission close to the experimental cut off frequency. The 

estimated error in absolute photo-absorption cross section for a previous result taken 

using the Daresbury apparatus is given as ± 20% [7.60].

7.4.3 Environmental evaluation for acrylonitrile

The atmospheric photolysis lifetime of acrylonitrile has been modelled using a 

program referred in Chapter 3, section 3.2.5.3. The program considers a simplified
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system and evaluates the photolysis rate as a product o f  the solar actinic flux and the 

molecular photo-absorption cross section at different wavelengths and altitudes. The 

residence time is calculated for a molecule at a fixed altitude in a sunlit, clear 

atmosphere. The rate o f  photolysis o f  acrylonitrile is found this way to be o f  the order 

10'  ̂s’’ in the stratosphere and 10"̂  s'̂  at lower altitudes (Figure 7.11).

1.40E-05n

■  O k m ■  5 km ■  1 0 km ■  15 km

■  2 0  km ■  25 km 30  km 35 km

is 4 0  km ■  45  km ■  50 k m

1.20E-05-

8.00E-06

•2 6.00E -06-

f  4 0 0 E -0 6

2.00E-

O.OOE+

P h o to n  e n e rg y  [eV] 4 4 3 380
4  13 400

W a v ele n g th  (n m )

Figure 7.11 -  The photolysis rates (s  ̂ vs. wavelength (nm) and photon energy (eV) for 
acrylonitrile as a function of altitude (0 -  SO km) in Earth’s atmosphere.

These rates give stratospheric residence times by photolysis in the order o f  

hours. In the troposphere, the calculated residence time rises from around 10 days at 

higher altitudes to over one year below 15 km. Thus, at altitudes below around 20 km, 

the present result is consistent with previous understanding that degradation occurs 

dominantly by reactions with photochemically produced hydroxyl radicals [7.14]. The 

half life o f  acrylonitrile by these processes is estimated to be between 1.0 and 3 .5 sunlit 

days.

7.5 Comparison of acetonitrile with acrylonitrile

The photo-absorption spectra o f  both CH 3CN and C2H3CN are dominated by 

transitions from 7t —>■ 71* (C = N ) orbitals. For both molecules, these transitions feature 

(C = N) bonds In the case o f  acrylonitrile, the valence excitations observed are assigned
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to %2{C = C -  C = N) — 7ii*(C = C -  C = N), 7i2(C = C -  C = N) %*(C = N), and 

7C2(C = C -  C = N) —> 7t2*(C = C -  C = N). For acetonitrile, the lowest observed valence 

band is assigned to ti (C -  C = N) —> 7i*(C -  C = N). For both molecules, C -  H 

excitation is limited because of the very stiff nature of the bonds. This is evident in the 

observed vibrational excitations. For acrylonitrile, by far the most commonly assigned 

modes are U4 and us, corresponding to C = N and C = C stretching, respectively. 

Similarly, the dominant symmetric modes for vibrational excitation of acetonitrile are 

considered to be C = N and C -  C stretching, U2 and U4. The C -  C = N bending mode 

for acetonitrile, Ug, also seems to be very readily excited.

A significant difference, however, is observed when nitrogen lone pair 

excitations for each molecule are compared. Excitation from the nitrogen lone pair 

electrons of acrylonitrile is not visible in the present range. However, the transition nN 

—► 7i*(C -  C = N) makes a significant contribution to the spectrum of acetonitrile. The 

lone pair for acrylonitrile lies in an orbital separated from the lowest unoccupied orbital 

by the (12a')^ and (2a")^ orbitals, whereas that for acetonitrile is only separated by the 

occupied (2e)'  ̂ orbital. Therefore, it is expected excitation from the lone orbital of 

CH3 CN to require markedly lower energy than that of C2H3CN and thus to appear in the 

VUV photo-absorption spectrum.

Comparison of Figures 7.1 and 7.6, shows that the photo-absorption cross 

section of acrylonitrile is greater at low energies than that for acetonitrile. Thus, in the 

lower atmosphere, the photolysis rate of acrylonitrile is significant whereas one would 

not expect it to make a noticeable contribution to the destruction of acetonitrile. Both 

molecules absorb strongly at short wavelengths, however, no significant similarity in 

the Rydberg structures of acrylonitrile and acetonitrile is apparent within the energy 

range of this work.

7.6 Summary

Photo-absorption spectra of acetonitrile and acrylonitrile have been recorded in 

the wavelength range 115 nm to 320 nm (10.8 eV to 3.9 eV). The high resolution 

available in our apparatus has allowed several features to be observed for the first time 

and new assignments have been suggested. The present results are found to be in close 

agreement to previous photo-absorption measurements and electron energy loss spectra. 

More significant variations are evident when comparing the absolute cross sections of
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bands. In the case of acrylonitrile, a significantly higher absorption cross section is 

reported in the present work than previously reported. This suggests the molecule has a 

shorter residence time in the stratosphere than expected. It would be instructive to 

incorporate the present results into a detailed atmospheric model to revaluate 

quantitatively the residence times and the environmental effects of acetonitrile and 

acrylonitrile.

Low energy electron attachment to acetonitrile (CH3 CN) is also reported in the 

energy range from about zero up to 10 eV with an energy resolution of 140 meV. 

Electron attachment is shown to be a purely dissociative process with the production of 

the five anionic fragments: CH2 CTT, CHCN", CCN", CIST and CH3 Previous work has 

shown that such fragments are formed with low kinetic energy allowing the present 

instrument to detect all fragment ions and thus determine an absolute cross section for 

the production of each anion. Those fragment ions are observed in two energy regions, 

the first between 1 eV and 4 eV, the second in excess of 6 eV, suggesting that there are 

two energy regions where electron scattering resonances are formed. Quantum chemical 

and trajectory calculations have been carried out to complement the experimental 

results.
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Chapter 8

Conclusions and future work

One never notices w hat has been done; one can only see what remains to he done.

Marie-Curie(1867- 1934)

In this chapter a summary of the main results will be given and suggestions for 

future investigations will be made.

8.1 VUV spectroscopy
A comprehensive set of absolute high resolution photo-absorption cross sections 

has been made for dimethylsulphide, (CH3)2S, acetaldehyde, CH3CHO, trifluoromethyl 

sulphur pentafluoride, SF5CF3, dichlorodifluoromethane, CCI2F2, acetonitrile, CH3CN  

and acrylonitrile, C2H3CN.

8.1.1 Dimethylsulphide, (€ 113)28

The photo-absorption spectrum has been recorded in the energy range 5.0 eV to 

11 eV and the first absolute cross sections for X > 210 nm (< 5.9 eV) have been 

obtained. The spectrum reveals low intensity features below 6.0 eV attributed mainly to 

excitations from sulphur lone pair electrons (ns) to o* orbitals. Above 6.0 eV the 

spectrum is mainly characterised by transitions from the HOMO into Rydberg orbitals 

of ns(j, npÀ, ndo and ndn character with associated vibrational excitation. Assignments 

of the Rydberg series quantum defects are supported by the Elden’s plots obtained.

It has been proposed for the first time, according to the observed patterns, that 

non-adiabatic transitions between VA" ^  2̂ A" states involve significant geometrical 

changes inducing rich vibrational activity.

Photolysis rates and local lifetimes were obtained and it has been concluded that 

in the marine atmosphere (DMS) can be transformed into condensable acidic sulphur
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products and through gas-to-particle conversion can become an important natural source 

of atmospheric sulphate aerosols.

8.1.2 Acetaldehyde, CH3CHO

The photo-absorption spectrum has been obtained in the energy region 3.5 eV to 

11 eV, with clear evidence in the low energy region for optically forbidden states. The 

absorption bands have been classified as an overlapping between valence transitions of 

{n —* 7F*), (n —» 7T*) and {o —> n*) and members of Rydberg series converging to the 

lowest ionisation potential, {p —► n*) transitions have been detected for the first time 

and were tentatively assigned to be at 10.436 eV.

Particular attention was devoted to the assignments of the structure in the 3.6 eV 

-  5.2 eV energy region due to singlet to triplet transitions. Those transitions are 

optically forbidden and therefore should not be observed in photo-absorption spectra. 

However, in reality no transition is totally forbidden, and they are observed in the 

photo-absorption spectra as having less than 1% magnitude than the allowed transitions. 

A ^ns Rydberg series has been experimentally identified for the first time.

From the environmental point of view it seems that the atmospheric sinks for 

CH3CHO are mainly reactions with OH radicals rather than photolysis. Acetaldehyde 

can easily act as a chlorine removal in the atmosphere, decreasing ozone depletion by 

halogens.

8.1.3 Trifluoromethyl sulphur pentafluoride, SF5CF3

SF5CF3 photo-absorption cross sections shows only one absorption feature in the 

4.0 eV to 11 eV energy region, where the lowest-lying excited state lies ~ 8 eV above 

the ground state. The EELS data obtained was normalised to a known cross section at a 

particular wavelength measured in the optical experiment (9.336 eV) in order to obtain 

absolute cross sections at shorter wavelengths. From a FES measurement, ionisation 

potentials were obtained with higher resolution than in earlier measurements. Rydberg 

series converging to the different ionisation energies have been proposed for the first 

time, and Elden’s plots were obtained confirming some overlapping nature between 

valence and Rydberg transitions.

The ~ 1 eV energy gap between the photo-absorption cross section and the solar 

actinic fluxes for altitudes lower than 50 km leads to an overall lifetime of the order of a 

thousand years.
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High-resolution temperature dependent infrared spectra were obtained and a new 

limit has been established for SF5CF3 radiative forcing at ~ 0.6 Wm'^ ppb'\ allowing to 

compute the global warming potential in a 100 years time to be around 18500 (22000 

for SFg).

8.1.4 Dichlorodifluoromethane, CCI2F2

The photo-absorption cross section for CCI2F2 was obtained for the energy 

region 5.5 eV to 11 eV and shows low absorption features below 8.5 eV that have been 

assigned to excitations that lead to prompt dissociation along the C -  Cl bond due to the 

strong repulsive nature of the o* excited state. The structures above 8.5 eV have been 

assigned to Rydberg series converging to the four lowest ionisation potentials of the 

X^^2, A^^7, B^Â2 and C^Aj ionic states and a long vibrational progression involving 

CCI stretching mode with 16 quantum numbers has been clearly assigned.

The photolysis rates and local lifetimes were evaluated and the implications for 

ozone depletion and related mechanisms in the Earth’s atmosphere have been discussed 

in both gas phase and condensed phase.

The present high resolution photo-absorption cross sectional data have been 

recommended by the newly NASA edition Chemical Kinetics and Photochemical Data 

for use in Atmospheric Studies from February, 1 2003.

8.1.5 Acetonitrile, CH3CN

The 4.0 eV -  11 eV photo-absorption spectrum shows low absorption structure 

below 9.0 eV assigned to {n —► n*) valence transitions with associated vibrational 

excitation involving CH3 stretching, CH3 deformation, C = N stretching and C -  C = N 

bending modes. Above 9.0 eV there is overlapping between the —» n*) valence 

transition and the nso Rydberg series converging to the two lowest ionisation potentials. 

Vibrational excitation is also observed with mainly C -  C(N) stretching and C -  C = N 

bending modes. Other Rydberg series have also been assigned as npa, npn and nda.

Environmental evaluations estimate a very low role for photolysis process in the 

troposphere and therefore destruction of acetonitrile is dominated by reactions with 

atmospheric species, in particular with OH radicals.
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8.1.6 Acrylonitrile, C2H3CN

Comparison of acetonitrile with acrylonitrile has been made on the basis of the 

photo-absorption spectra where excitations in the valence bands are dominated by 

transitions from tc —► 7t* (C = N) orbitals for both molecules. A significant difference, 

however, is observed when nitrogen lone pair excitations for each molecule are 

compared. The photo-absorption spectrum obtained in the energy region 5.5 eV to 11 

eV shows transitions to singlet excited states. Valence transitions in the 5.5 eV - 9.0 eV 

energy region have been assigned from the HOMO, %(€ = C -  C = N), resulting in 

vibrational excitation with several modes being affected. New vibrational excitation 

patterns were proposed for the first time and the optical data has been compared to 

previous EELS. Rydberg series of ma, npX, mbt and ndô character were identified 

converging to the three lowest ionisation potentials. Elden’s plots obtained on the 

quantum defect and reduced term energies bases confirmed the proposed assignments of 

those series.

The environmental impact of this molecule in the Earth’s atmosphere was 

evaluated and due to the fast photolysis rates observed, the residence times in the upper 

stratosphere were estimated to be of the order of hours. However, at lower altitudes 

(below 20 km) the main sink process is reactions with OH reactions.

8.2 Electron attachment studies

Electron attachment experiments have been performed in the gas phase for 

acetonitrile, CH3CN, and in the condensed phase for trifluoromethyl sulphur 

pentafluoride, SF5CF3.

8.2.1 Acetonitrile, CH3 CN

Low energy electron attachment has been reported in the energy range from 

about zero up to 10 eV with an energy resolution of 140 meV. Electron attachment is 

shown to be a purely dissociative process with the production of the five anionic 

fragments: CH2CN*, CHCN , CCN', CN* and CH3 Previous work has shown that such 

fragments are formed with low kinetic energy allowing the present instrument to detect 

all fragment ions and thus determine an absolute cross section for the production of each 

anion. Those fragment ions are observed in two energy regions, the first between 1 eV 

and 4 eV, the second in excess of 6 eV, suggesting that there are two energy regions
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where electron scattering resonances are formed. Quantum chemical and trajectory 

calculations have been carried out to complement the experimental results.

8.2.2 Trifluoromethyl sulphur pentafluoride, SF5CF3

Electron stimulated desorption measurements of condensed phase SF5CF3 have 

been carried out on a Au (111) surface yielding a remarkably strong F desorption signal 

from a resonance located at 11 eV, in contrast to the gas phase effective dissociative 

electron attachment (DEA) into into SF5 + CF3 at energies below 2 eV. Desorption 

from sub-monolayers of SF5CF3 on amorphous H2O ice is more effective compared to 

desorption from a Xe surface. Implications for the heterogeneous photochemistry of 

SF5CF3 adsorbed on ice or dust particles in the Earth s atmosphere are considered to be 

important if photo-induced decomposition of adsorbed molecules (involving weakly 

bound excess electrons) may readily occur at wavelengths where the gas phase molecule 

is photo-chemically inactive.

SF5CF3 clusters produced by adiabatic expansion on a seeded argon gas were 

obtained and negative ions formed by the interaction of a TEM low energy electron gun, 

revealed the formation of a stable parent ion in contrast to the experiments in the gas 

phase. Apart from the SFs’ and SF5CF3' detected in the 300 amu of the quadrupole mass 

range, solvated fragment ions Ar„ SF5 (n = 1 , 2 ) and complexes of the form Ar» 

SF5CF3' (n = 0 -  3) containing the un-dissociated parent anion, have been observed.

8.3 Future work

One of the major challenges of atmospheric modelling is to prove a more 

accurate and precise way to characterise the lifetimes and photolysis rates of molecular 

systems by including various parameters associated with transport phenomena, cloud 

effects, winds and diffusion. Access to the synchrotron radiation facilities, and the study 

of electron-molecule interaction experiments (in both gas and condensed phases) will 

allow a better understanding of the chemical dynamics of the removal processes and 

allow development of better field instrumentation in order to monitor gaseous emissions 

into the Earth’s atmosphere.

8.3.1 VUV photo-absorption investigations

Investigations into the electronic spectroscopy of several molecules of 

atmospheric interest using the photo-absorption apparatus at the Institute of Storage
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Ring Facilities at the University of Aarhus, Denmark are ongoing. In the near future the 

effect of temperature on the excitation cross sections should be evaluated and measured, 

since it determines the initial population of the rotational, vibrational and electronic 

states.

VUV photo-absorption on ice surfaces (e.g., water and ammonia) from 

temperature dependent sub-monolayers of CFCs, halocarbons, HCFCs, SF5CF3 , ..., 

should be performed and implications for the heterogeneous photochemistry of those 

molecular species adsorbed on ice or dust particles in the Earth’s atmosphere could be 

simulated and evaluated, and the results compared and complemented with electron 

stimulated desorption experiments already started. Desorption fragmentation should 

then be mass spectrometric analysed which would allow better information on the 

chemical dynamics of the dissociation processes involved (preferably by analysing the 

kinetic energy release distributions). In situ infrared assisted spectroscopy is an 

extremely important tool for condensed ices in order to obtain information on the 

energies of the vibrational modes of the molecular species at the surface, especially 

when unimolecular decomposition is not effective in transferring enough translational 

energy to the fragment to leave the polarisation force that keeps it trapped at the surface. 

Photo-electrons and mass spectrometric fragments emitted should be analysed and 

information on the bond and binding energies obtained, as well as the kinetic energy 

profiles.

Taking advantage of the linear and circular polarised synchrotron radiation 

beam, experiments involving circular dichroism could be performed in order to extract 

information on the symmetry of the electronic transitions. It would be possible to 

investigate also the Rydberg absorption bands with respect to the polarisation of the 

transitions, the dipole moment, and mean polarisability changes that occur upon 

excitation between the ground and excited states.

8.3.2 EELS and PES

Electron energy loss and photo-electron spectroscopies are two powerful tools 

which used together with photo-absorption will allow characterising the electronic 

excitations into valence and Rydberg states and ionic states.

Due to the optically forbidden singlet-triplet transitions of several molecules 

studied, in particular CH3CHO, CF3I, C2F4, ..., near-threshold electron energy-loss 

spectroscopy studies should be included in the future because it allows better
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characterisation of these states by access to the related negative ion resonances as a 

function of the residual electron energy.

8.3.3 Theoretical calculations

Theoretical calculations are clearly needed if we are to have a better 

understanding of the molecular states. Electron scattering resonances calculations are 

especially needed for the present case of SF5CF3, where neither the electronic 

configuration of this molecule is known nor is there any agreement onto its symmetry.

Calculations are also required to understand the effect of charge transfer at 

surfaces and to fully characterise the condensed-phase negative molecular ion states at 

low energies where electron capture is very active but the desoprtion signal is 

suppressed.

8.3.4 £A and £SD experiments

Electron attachment and detachment processes, known as electron transfer 

reactions, play an important role in many fields of pure and applied science, in the gas 

phase (e.g., discharges, gaseous dielectrics, atmospheric processes) as well as in the 

condensed phase (e.g., electrochemistry and biochemical systems).

Low energy electron attachment experiments in both the gas and condensed 

phase are extremely important for the characterisation of the negative ion 

resonances/states, playing an important role in the molecular physics of the atmosphere 

and plasmas, due to the involvement of kinetically energetic electrons and the formation 

of highly reactive short-lived excited species. Therefore, studies on atmospheric interest 

molecules should continue.

Further condensed-phase experiments using sub-monolayers of CFCs (mainly 

CCI2F2, and SF5CF3 on ammonia) are needed in order to understand the implications 

and mechanisms of the heterogeneous photochemistry in the Polar Stratospheric Clouds 

and how this may affect ozone depletion by halogen release. Studies on the kinetic 

energy release distributions are needed in order to understand the dissociation 

mechanisms and obtain information on the lifetimes of the temporary negative ions. 

These experiments will provide valuable information on how the energy is 

(re)distributed inside the molecule prior to the dissociation processes; electronic state 

and kinetic energy of the dissociative states forming a particular fragment are 

determined by energy analysis. Therefore information on the excitation energy that
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remains in the internal modes of fragments and/or adsorbed partners can be evaluated, 

providing valuable data for theoretical modelling of the dissociation processes and 

energy distribution on molecular dissociation.

Within these different fields the general idea of non-covalent Van der Waals 

interactions between molecules and their behaviour when they are subjected to 

excitation or ionisation plays a central role in many fields of present-day natural 

science. The link between gas and condensed phases should always be accompanied by 

cluster experiments because these represent a link between matter in its gaseous and 

condensed form (bulk liquids or solids).
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Headlight effect

/  don 7 see the logic o f rejecting data ju st because they seem incredible.

Sir Fred Hoyle (1915 -  2001)

W hen electrons m ove w ith  re la tiv istic  velocities the exhib ited  em itted  rad ia tion  

is described  as the headlight effect, w hich  is an im portan t p rocess that co llim ates 

synchro tron  output.

B riefly , an unstab le  partic le  w ith velocity  v is em itting  particles. In a m oving 

fram e o f  velocity  v the unstab le partic le  is at rest and em its isotropically . T herefo re is 

required  the d istribu tion  in a stationary % fram e. T he fram es are re la ted  betw een 

them selves as illustrated:

/\ y

tXu nstab le partic le | \

Figure Al l -  Reference frames in headlight effect.

w here the velocity  o f  an em itted  partic le p ' can be expressed as:

p ' =  p'x COS0' x ' + p  y sinO' y ' 

and the angle g iven  by the tangent:

tanO' =  p  y /  p'x

sim ilarly, th e  d irection  as observed in fram e % is 6 w ith  the  tangent given by:

tanO =  py /  px 

the velocity  com ponents are re la ted  by:

(All)

(AI.2)

(AI.3)
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and;

Ey
J + p^v /c

-J and p ^ = —  r J

y = 1/  \ j - v ^  /

(AÏ.4)

(AI.5)

Substituting equation AI.4 into AI.3 gives:

tan 6 =
tanO

(AI.6)

hence as v —> c ,  y  —► oo and tan0 —> 0  irrespective of 0'. Thus emission in %' in any 

direction will be confined to the direction of the velocity vector v in frame %, where the 

radiation is being collimated. The next figure shows the effect of a certain velocity input 

and calculated angle 0 for 5 degrees increment of 0'. The plotted blue lines were 

obtained using:

x = acos0 and y  = asinO 

with a the magnitude and a constant.

V = 0  c 
E = OeV

V = 0.996 c 
E = 5 MeV

V = 0.99997 c 
E = 75 MeV

v = 0.999987 c 
E= 100 MeV

(AI.7)

V = 0.9988 c 
E = 10 MeV

V = 0.9999996 c 
E = 580 MeV

Figure AL2 -  The headlight effect for several electron energies.
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A-htu!iuU hf\.\ pbm aovéna*ucl ae uk tl" Lm ao-V eiiji 

' Pk-ei.i adJiess IX|iaiuniem o de lisiea. IC I I'nivei- 
sOade Nova de Llslviia. ( a|Xaliea. K»H.eal and
(eiiUo de I kiea .Vldeeulai. f«mplevo I. IS I . .Xv K.niseo 
Pat,. P-l<M‘)-OOI Lkh-u. Ponuial.

ac id ity  o l ra in . M o re o v e r  s u lp h u r  g ases  a re  k n o w n  
to  be p re c u rs o rs  o f  su lp lia te  a e ro so l p u t  id e s  a n d  
c lo u d  c o n d e n sa t io n  n u c le i o v e r  rem o te  p a r ts  o f  th e  
o ce ttn s  a n d  c o u ld  a ls o  a c t a s  a fe e d b a c k  m e d ia -  
n ism  in c lim a te  re g u la tio n  w h id i  alTects th e  E a r th 's  
ra d ia tiv e  b a la n c e  by  d ire c t s c a tte r in g  o f  s o la r  r a 
d ia t io n  [I j. It has now b e c o m e  d e a r  l l ï i t  th e  n a t 
u ra l  s u lp h u r  cycle h a s  b een  serio u sly  d is tu rh e tl  by 
a n th ro p o g e n ic  g aseo u s  em iss io n s . S tu d ie s  o n  D .M S 
a n d  its  o .x id a lio n  p ro d u c ts  in  m a r in e  a tm o s p h e re , 
p ro d u c t  ion  a n d  re le a se  in loca I e s tu a r ie s  a n d  d is 
t r ib u tio n  111 s u rfa c e  w a te rs  h a v e  tite re fo re  re tv n tly  
b e c o m e  th e  su b je c t o f  in te n se  re s e a rc h  (2 4J.

In th is  L e tte r w e rep o r t new  d a ta  o n  th e  p h o to  
a b s o rp t io n  c ro s s  se c tio n  a n d  e le c tro n ic  s p e c tro s 
copy o f  t f l l i K .S .  I h e  e le c tro n ic  s ta te s  h ave  
been  s tu d ie d  prev iously  (5 7) as h a v e  its p h o to  
elect ron  s p e c tra .  ph tX o  io n is a tio n  s p e c tra ,  e le c tro n

T ' X H S  -  M X *  l i o m  I 7 U 1 I C I  ‘C  U - v c m c i  W  \  A l l  n g h i t

PH  S < K > 0 9 - : f N ( < ) 2 i O l 6 5 I - :
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S C I B N C B  / /n r tD in

fh cm ica ; 1‘hysics Letters 176 1 2 (111.1 ) 737 747

CHEMICAL
PHYSICS
LETTERS

WWW clscvier coin/locatc/cplctt

Electronic state spectroscopy of acetaldehyde, C H 3CHO, 
by high-resolution VUV photo-absorption

p. Limâo-Vieira “ S. Eden N.J. M ason " S.V. Hoffm ann

Dcpcinnicni t>l Pliy.\ic\ and A.\lii>iuiii}v. Lnircr.sily CoIIckc London. Cowvi Sin'cl. London W dL  dB'I'. LK 
Insiiwie for Slorago Rint; fM iliiia. L niriTsiiy of .Aarlito. Sy Munki jiadc. .-iarhur ( DKSIHMI. Dcnnutrk

Retx'ived 16 May 2003; in linal lon ii 26 June 2003

■Abstract

I he  h ig h -rc so lu t io n  p h o to -a h s o rp t io n  c ro s s -sec tio n  o l ( l l , (  H O  has  b een  m e a su re d  u s in g  s y n c h ro tro n  ra d ia tio n  in 
th e  ra n g e  3 .0  1 1 eV  (413  n in  .> 7. >  113 nm ). l i lc e tro n ic  s ta le  a s s ig n m e n ts  h a v e  Iseen su g g ested  fo r  e a c h  o f  th e  o b se rv e d  
a b s o rp t io n  b a n d s  in c o r p o r a t in g  b o th  v a len ce  a n d  R y d b e rg  t ra n s it io n s . V a len ce  tra n s it io n s  to  th e  sing le t a n d  trip le t 
s ta te s  a re  a ss ig tie d . Six R y d lx a g  scries h a v e  Ivecn a ss ig n e d  c o tiv c ig in g  to  th e  io n is a tio n  en e rg y  lim it 10 .229 eV . R y d b e rg  
o rb ita ls  o f  e a c h  sc rie s  a re  c la ss ified  a c c o rd in g  to  th e  m a g n itu d e  o f  th e  q u a n tu m  defec t ( 0 ) T h e  m ea s tire d  V L 'V  c ro ss -  
se c tio n s  a rc  used  to  d e riv e  th e  p h o to ly s is  ra te s  o f  a c e ta ld e h y d e  in th e  te r re s tr ia l  a tm o s p h e re .
©  2003 P u b lish e d  bv E lsev ie r  B V.

I. ItiIroduclMin

Acetaldehyde. CHyCHO, is created and de
stroyed by photolysis in the terrestrial atmosphere. 
The most common formation mechanism is con
sidered to be the photochemical degradation of  
organic compounds followed by oxidation.

C oriospoiuiiiig autlioi Fax +44 20 7679 7145. Also at 
rX’partiiincnto de Fisica. FC T  IJniversidade Nova tie Lisboa. 
P-2829-.51 6  C aparica. Portugal and Centro  de Fisica M olecular. 
Complc.xo I. 1ST. . \v . Rovisco Pais. P-1()494K)1 Lisboa. 
Portugal.

L-inail addir.w: plim aovicira a ucl.ac.uk (P. Limao-Vicir.i).
‘ Present address: C entre for M olecular and Optical Sciences. 

Departineiil o f  Physics and Astronom y. The Open Lhiiversity. 
W alton Hall. M ilton Keynes M K 7 6 AA. UK .

0(K)9-2614/()3/S - sc-c iron t m atter C  2(K)3 Published by Elsevier B.V. 
doi 10 l()16.'SiK)()9 2614103)01070 4

CH jCHO  may subsequently be removed from the 
atmosphere by photolysis and through low-alli- 
ludc reactions with other trace compounds. I he 
molecule typically reacts with the hydroxyl radical. 
OH, nitrogen trioxide. NO,, and peroxyacyl ni
trates (RC(O)OONOs). The H-alom abstracting 
reaction o f  acetaldehyde with hydroxyl radicals 
produces the acetyl radical, CH,CO. This frag
ment reacts with molecular oxygen to form per
oxyacyl radicals (C H ,C (0 )0 0 )  that in turn react 
with NO and NOy. 1 he products o f the nitrogen 
dioxide interactions include the peroxyacyl ni
trates; C H ,C (0 )0 0 N 0 y . CHyCHyCtOjOONO; 
These gases may contribute to global warming.

Acetaldehyde is the simplest o f  the aldehydes 
and is an important spectroscopic intermediate 
between formaldehyde (HyCO) and acetone
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S C I E N C E  ^ ^ D I R E C T * Radiation Physics 
and
Chemistry

PERGAMON Rildia'.ion Fhvsics iind Chcm istrv (iS (20().t) IVt F)7
www.clscvicr.com/liK-atc/radphyschcm

Electron and photon induced processes in SF5CF3
p. L im ào-Vieira"'* ’, P .A . Kendall", S. Eden", N .J. Mason", J. H einesch’\  

M.-.l. H ubin-Franskin’̂ , .1. D elw iche’̂ , A. Giuliani*^

O i'i’iiiliiic iil Ilf / ’/(i.'/o  11111/ L i i itc rs iiy  Co/Zti/t' Ltniddii, C iiu c r  S ircc l. Luiiciiui l /  C I L  (>Bi. U K
' U ih a ra id in  lic S p c c iro p sa ip w  tiE lc c ir tn ts  t l ilïiisc \.V n n  cr.s!li- de  LiCip-. In s iim i de  C /iim te-B ui Bf>C. B -4IUHI L téqc. B e/phnn

.A bstract

T h e  p h o to -a h s o rp t io n  c ro s s  se c tio n  o f  t r i lh io ro tn c th y l  s tiip h iir  p c n ta l li io r id c , S I , h a s  hccn  m e a s u re d  u s in g  
s \ i i c lu o t r o n  la d ia l io i i  in th e  ran g e  o f  4  11 eV  ( 3 HI n m  >  À > 1 lO n m ) a n d  c o in p a i is o i i  m a d e  w ith  e le c tro ti  e n e ig y  lo ss  
s |ic c lro sc o p >  (C E L S l. T h e  m e a su re d  V U V  c ro ss  se c tio n s  a re  used  to  d e riv e  th e  p h o to ly s is  ra te  o f  SK<CI ,  in th e  
te r re s tr ia l  a t tn o s p h e re . It is e s tim a te d  th a t  th e  lil'etitne fo r  th is  m o lecu le  is th e  o r d e r  o f  a  1000 s e a r s  a n d  th e  c a lc u la te d  
g lo b a l w a rm in g  p o te n tia l  (CIW I’ i is fo u n d  to  he h e tw een  17000 a n d  IX 100. m a k in g  it o n e  o f  th e  m o st p o te n t  g lo b a l 
w a rm itig  g ases  in th e  t e n e s t i i a l  a tm o s p lie ie .
I 2003 E lsev ier S c ien ce  L td . .Ml r ig h ts  reserv ed

Aei ir«r</v. VL'V piiolo-ahsurpUoa: Syneiirolron radiation; G reenhouse gas; Photolysis rates

I. In lro d u c tiu n

C o n c e rn  o f  th e  e ffec t o f  c lim a te  c h a n g e  a ris in g  fro m  
g lo b a l  w a rm in g  h a s  g ro w n  o v e r  the  las t 2 0  y e a rs  a n d  is 
n ow  th e  su h jc c t o f  m a jo i  po litica l d isc u ss io n s . T h e  
rec e n t re p o r t  o f  In te rn a t io n a l  P an e l fo r  C litn a te  C h a n g e  
( IP P C )  fo re c a s ts  th a t  m ea n  g lo b a l te m p e ra tu re s  m ay  rise 
by  a s  m u ch  a s  .'S.X C  by  the e n d  o f  th e  ee n itiry  
( w w w .ip c e .ch . 2(H)1). T h e  tn a jo r  c o n tr ib u tio n s  to  su ch  
g lo b a l  w a rm in g  a re  s tro n g  g re e n h o u se  g a ses  c o m p o u n d s  
su c h  a s  C O y. C l U a n d  .N ;0 . I to w ev er. th e re  a re  n u m b e r  
o f  g a ses  w hich  a l th o u g h  p resen t in m tich  sm a lle r  
q u a n ti t ie s  h a v e  a  s ig n iliea iit c o n t i ib u t io n  to  glo lx il 
w a rm in g  d u e  to  th e ir  la rg e  in fra re d  a b s o rp t io n s  an d  
lo n g  life tim es in th e  te r re s tr ia l  a tt i io s p h e re

.A new ly d isc o v e re d  to ta lly  a n th ro p o g e n ic  o r ig in  
m o le c u le  is t r i l l u o i o m e t h y l  s u lp h u i  [X’t i t a l lu o r id e

"C orresponding au thor. Tel.: -  44-20-767')-4.S74: fa.\: ■ 44- 
2U-?h7>)-7l4.s.

L-nia'd iu/dres.s- p i i i n a o v  l e i r a i u  i i e l . a e . u k  i  H .  L i m à o - V i e i r a  I .

' .Also at D cparta incnto  do f  isica. f  C l  Lnivcrsidadc Nova 
dc Lisboa. P-2X2V-SIA C apanea . Portugal and C em ro d c  fisica 
.Molecular. Coniple.vo I. IS l .  Av. Rovisco Pais. P-HUU-Otll 
Lisboa. Portugal.

( S f  y C fy ). A c c o rd in g  to  a  rec e n t re p o r t  (S tu rg e s  e l  al.. 
20(X)), it p o ssesses  th e  la rg e s t ra d ia tiv e  fo rc in g  o n  a  p e r  
m o lecu le  b a s is  o f  a ll g ases  p re se n t in  th e  a ttn o s p h c re .
0 .57  VVm p p b  '.  M o re o v e r , th e  levels in th e  a ttn o -  
s p h e re  fo r  th is  m o lecu le  a lth o u g h  c u rre n tly  sm a ll. -  0 .13  
p a r ts  p e r  tr i ll io n  by  v o lu m e , a re  g ro w in g  a t a  p e r  
y e a r  r a te  o r  in  m ass  te rm s, th e  to ta l  b u rd e n  is  3V(X) 
to n n e s  in c re a s in g  a t 2 1 (1  to n n e s  p e r  year.

S ince S f h .C f , h a s  n o  n a tu ra l  so u rc e  its  p re se n c e  in th e  
te rre s tr ia l  a tm o s p h e re  seem s to  b e  re la te d  to  S I 'j  r a d ic a ls  
(a b re a k d o w n  p ro d u c t  o f  SI ^ fo rm e d  by h ig h -v o lta g e  
d isc h a rg e s )  in r e a c t io n  w ith  C f \  ra d ic a ls  f ro m  fliio ro - 
p o ly m e ric  s u rfa c e s  (K e n n e d y  a n d  M a y h ew . 2001). SFf, is 
used  in h ig h  v o lta g e  c irc u it b re a k e rs  d u e  to  its  h ig h  
d ie le c tr ic  s tre n g th , t ra n s fo n n e r s .  a c c e le ra to rs  a n d  o th e r  
h ig h  v o lta g e  e q u ip m e n t.

T h e  e le c tro n  en e rg y  lo ss  s(vcctruin (E E L S ) o f  S I C l  < 
h as  recen tly  b een  m e-asured a n d  rev e a led  th a t  th e  
th re sh o ld  fo r  th e  lo w e s t- ly in g  ex c ited  e le c tro n ic  s ta te  
lies ^  XeV a b o v e  th e  g ro u n d  s ta le  ( K e n d a ll a n d  M a so n . 
2001. 2003. res |x -c tiv e ly ). co tilit in in g  th e  p te d ic tio n  o f  a 
h ig h  d isso c ia t io n  en e rg y  fo r  th e  S i s C l  s b o n d  (G s ti r  
ct a l. .  2002) o f  a b o u t  4 eV

In th is  p a p e r  wc re p o r t  a h ig h  re s o lu tio n , a b s o lu te  
p h o to -a b s o rp t io n  S |x c t ru in  o f  S I C f  ; in th e  energy

(1460 .SOfiX ns S see front niuttei i 2003 hlsovicr Science Ltd. .All rights reserved, 
doi. 10 10 1r. S0% ‘)-S0r..\(()3)0fl270-2
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S C I B N C K  D I  A E O T » Chemical
Physics

ELSEVIER Chemical Plivsics 2S7 (2(H).t) I .'7 142

w w u  .clscv icr.c<)m/l<)ca tc7clicinph ys

Tem perature dependent high-resolution infrared 
photoabsorption cross-sections o f trifluoromethyl 

sulphur pentafluoride

P.A. Kendall", N.J. M ason" ", G .A . B u c h a n a n G .  M a r s t o n P .  Tegeder" 
A. Dawes". S. Eden", P. Limâo-Vieira" D .A . Newnham^

■' Di’/'tiriniaif <>l Plnwicw i i i x / Lnh\ T\ i i y  Cuthav L o i h I i i i i  dm. a Sirccl. Linutoii WCIE6BI. L K 
Dc/)iirlniciii iifClwiiiisUx. The i'lurciyilr of Rcailiin; P O BOX t\'hiickiiighl\. Rctii/iiiy RGft 6.(2). L'K 

‘ Molecular Spectroscopy hucUny. .4lii>o.\plicric Science O i c Im o i i  Space Seience anti Technology Depannicni 
Riilhcrlortl .Appleton Ltihoraloiy. Chilton. Oitleol. 0.\on 0.\ 11 OQX. L K

Roccixod IS June 20tl2: in linal :onn  I Noxem ber 2(K)2

A bslnicl

A b s o h iic  in Ira  red p h o to a b s t irp i io n  cro s .s-scc tio n s  h a v e  been  m e a s u re d  o v e r  th e  ran g e  NN) 15(X) cm  ' lo r  th e  
p o w erl'u l g re e n h o u s e  g as  SI 5 C I , a l  h ig h  re so lu tio n  (0.0.7 cm  ' ) a n d  a t  te m p e ra tu re s  b e tw een  20.7 a n d  298 K O u r  d a ta  
in d ic a te  th a t  th e  in te g ra te d  a b s o rp t io n  in te n s ity  sh o w s  a w eak  n eg a tiv e  d e p e n d e n c e  o n  te m p e ra tu re .  It is c o n c lu d e d  
ih e re ro re  th a t p re v io u s  c a lc u la t io n s  o f  ra d ia tiv e  fo rc in g s  a n d  g lo b a l w a rm in g  p o te n tia ls  b a sed  o n  ro o m - ic m p c ra lu rc  
d a ta  a re  r e a s o n a b le  e s tim a te s  fo r  th e  a tm o s p h e re , b u t m ay  b e  low by  a few p e rc e n t.
©  2002  E lsev ie r  S c ien ce  B .V . A ll r ig h ts  reserved .

Kevn-on/s: i’hotoabsorptioii; Spectroscopy: G reenhouse gas; S K & 'E c  Cross-scetions

1. In troduction

Global warming is a topic ol great concern to 
society; the recent International Panel for Climate 
Change (IPCC) report [1] indicated that the mean 
global surface temperature may rise by as much as

* Corresponding  au thor. Tel.: +44-20-7679-7797; :'a.\; +44-20- 
7679-.'v160.

tmail atltlrc.s.s: iiigel.inasonta ucl.ae.uk (N..I M ason).
' .Also from  D epartaineiito  de Fisica. FC T-U N L. 2829-516 

Caparica. Portugal and C en tro  de Fisica M olecular. Com plexo 
1. IS I . Av. K o \isco  I’ais. 1049-001 Lisboa. Portugal.

5.8 °C by the end o f the 21st century. The bulk o f  
Ihe contributions to global warming arise from 
increased atmospheric levels o f COy. CH, and 
N ;0 . However, molecules that are effective infra
red absorbers in the atmospheric “window re
gions” between 8(J0 and 1200 cm“' can also make 
signilicant contributions, even though they are 
present at only low levels. One such molecule is 
SFsCF;,, which is a particularly effective green
house gas that has only recently been delected in 
the atmosphere [2].

St urges et al. discovered SF5CF-, in the mass 
spectra of stratospheric air samples collected in

().h)Mil()4yo.VS - see from  m iuier C  2iN>2 Elsevier Science B.V. All rights reserved. 
141: S I)7 ()1 -()I04(U 2)I)< )985-U

205

http://www.sciencedirect.com


Appendix III: Proof ofpublications

Trifluoromethyl sulphur pentafluoride, SF5CF3 (3)

JO U R N A L O F  C HEMK AL PHYSIC S V OLUM E IIV, N U M B ER  IV 15 N O V EM B ER  200?

Low energy electron interaction with free and bound SF5CF3: 
Negative ion formation from single molecules, clusters and nanofilms

R i c h a r d  B a l o g ,  M i c h a l  S t a n o , * -  P a u l o  L l m a o - V i e i r a .* '^ ' ' ’ C o n s t a n z e  K o n i g ,  l l k o  B a l d ,

N i g e l  J .  M a s o n ,* ’'"^ ' a n d  E u g e n  l l l e n b e r g e r
Fivie L'mwrsiUir Beiiiti. Iiisdun fiir Chemie— PhysiktiliMlie tiiul r / i o v v / i . s t  A t '  Clwmie Ttikiiytmssc X  
n-14I')S  llcrlin

(R eceived  25 .Uine 2003; accep ted  19 A uuusl 2 0 03)

The in teraction  o f  free  e lec tro n s  w ith the potent g reenhouse  m olecu le  S H C F , is s tudied  under 
d ifferent d egrees o f  aggrega tion : single m olecu les a t co llision  free cond itions, c lusters w ith in  a 
supersonic  m olecu lar b eam  and condensed  m olecu les E lectron  collisions w ith  single  m olecu les are 
dom inated  by SET fon n atio n  produced  v ia  d issoc ia tive  electron  a ttachm en t iD E A ) w ithin a 
resonance  located  below  2 eV. In c lusters, undissociated  parent an io n s  SF 5C F , land  larger 
com plexes con ta in in g  und issociated  an ions) are observ ed  in addition  to the fragm ent ions. This 
indicates that (i) SF^CKj possesses a positive  ad iabatie  c leetron  affinity  and (h) low energy  
attaehm cnt is partly  channeled  into nondissociative p rocesses w hen tlic m olecule  is coup led  to  an 
env ironm ent. E lectron  im pact to condensed  phase S F d  F , exhib its a rem arkab ly  s trong F 
desorp tion  signal appearing  from  a pronounced  resonance located  at 11 eV  w hile in the gas phase 
at 1 1 eV  on ly  a w eak D E A  signal is observed . E lectron  induced  deso ip tion  from  sub-m onolayers o f  
S F 5C F , on  an am orphous FI^O ice surface is found to be m ore efficien t com pared  to  desoipition o f  
SF\C F . from  a Xc surface. I he im plications o f  these resu lts  fo r the heterogeneous p h o tochem istry  
o f  S f \ ( 'F \  adsorbed  on  ice o r  dust particles in the E arth 's  atm osphere  arc d iscussed. C 20CB 
American Insrituie of PInsics. [D O I: IO.III63 l .l6 l7 9 7 X j

I. INTRODUCTION

in fiu o ro m eth y su lp h u r pcn tatiuoridc |S E < C 'E \| has been 
recen tly  d iscovered  in stra tospheric  a ir  a t coneontm tions o f  
about 0 . 1 2  ppt w ith the tendency  to increase at a rate o f  
about 6 %  per year. I he m olecu le  is o f  an th ropogen ic  origin, 
its sources, how ever, a re  yet not clearly  identified. S ince the 
trends in co n cen tia tio n  o f  SF^ and  SF^C'F, liave tracked  each 
o th er very c lose ly  it has been suggested  that SF 5 C F ; m ay  be 
genera ted  from  breakdow n products o f  SF^ (Ref. I) whicfi 
has w idespread  app lica tions in m any gas insu lated  high 
pow er, high voltage devices. S F^C F , possesses several 
s trong  IR  bands in the "a tm o sp h eric  IR w in d o w ” (800 1300 
c m ' ' )  w ith abso rp tio n  cross sections in the range o f  
10 10 ' ’ cm ". It IS therefo re  considered  the mo.st e ffec
tive g reenhouse  gas on  a p er m olecu le  basis in the E a rth ’s 
a tm o sp h e re .' Such  a high g lobal vvam iing potential (G W P) 
o f  SE^CE-, is based upon its h igh IR ahsor|ition  cross sec 
tions an d  the a ssum ption  o f  an a tm ospheric  lifetim e co m p a
rable to  that o f  SE(,. Elovvcvcr. it Ivas recently  been show n 
that SE\C E; is v e iy  e ffectively  d ecom posed  into SE^ - C 'E ,  
(R efs. 2 . 3) by  low  energy  d issociative  e lectron  attachm ent. 
This IS in strik ing  con trast to its u iisubstitu ted  ana logue  SF^

"DA.AD follow, ix'riiiaiiont iKltlnss.: D opiminoiil o f  PtaMii.ipliy.sics. ( Vmiio- 
iiius U inversity  Br.itislava. X424S Bratislava. Slow akia 

 ̂'U epailinen l o f  Physios and .\sironom y. Lniversily  t 'o lleg e  London. G ow or 
S lreel. L ondon \V t IE 6UI. L K.

'■ 'DeparUimenlo dc F isita . rC T-U niversiilude N ova vk Li.sbwc Q uinta da 
Torre. P -2825-516 Capnrica and (  en tro  de Fi.sica M olecular, fo m p le x o  I. 
1ST. Av. Rovi.sco Pais. P-I04V-(X)I Lishoa. Portugal 

'"C enter o f  Mvvlceulai and O ptical Sciences. T he O pen U niversity. W alton 
Hall. M ilton K eynes M K7 6.A.A. I  K

w hich indeed possesses one o f  the  h ighest cross .sections for 
therm al e lectron  a ttachm ent (exceed ing  that o f  S F s t 'F i) .  the 
p rocess, how ever, is virtually  nomlissockilive form ing a long 
lived SF^ at am bien t lem peratures.^ H ow ever, ihe ex istence 
o f  rewnances o f  d issoc iative  ch arac te r as found in SF<C F, 
m ay  be d irectly  rela ted  to the h eterogeneous photochem ical 
activ ity  o f  a m olecule. Photo-induced  d ecom position  o f  
m olecules adsorbed  on dust or aerosol p articles (invo lv ing  
w eakly bound ex cess  e lec trons) w ithin (he E a rth ’s a tm o 
sphere  cou ld  then read ily  occur at w avelengths w here the gas 
p hase m olecule  is photochem ically  inactive leading  to a re- 
d ticed a tm ospheric  lifetim e.

In this paper w e study low  energy  electron  induced  re
ac tions in free and  bound ,SE-;('E, induced by low  energy  
e lec trons in the energy  range 0 - 1 8  eV. ITic ex perim en ts in
c lu d e  negative  ion form ation  from  gas phase m olecu les  un
d e r  single  co llision  cond itions, from  m olecu lar aggregates in 
a supersonic  beam  and e lec tm n  stim ulated  d esorp tion  (E SD ) 
o f  negative ions from  SE^CE, nanofilm s and  from  subm o n o 
layers o f  S E ,C E , a tisorbcd  on  the surface o f  so lid  Xe and  
am orphous w ater ice. T he aim  o f  the p resen t s tu d y  is to 
ob tain  in form ation  on  how the intrinsic reactiv ity  o f  the com 
pound tow ards low  energy  e lec trons is alTecied by its real 
env ironm ent.

II. EXPERIMENT

Ttie experim en ts w ere  perform ed (i) in a c rossed  e lec
tron b eam 'm o lecu la r  beam  arran g em en t (single SE,C 'E , m ol
ecu les and  hom ogeneous c luste rs) and  (ii) in a L. HV surface 
ex perim en t (condensed  phase m olecu les) as described  
e arlie r.' S ingle  m olecu les w ere ob tained  by m eans o f  gas

0 0 2 1  - 9 6 0 6 / 2 0 0 3 . ' 1 1 9 (  1 9 ) / 1  / 8 / $ 2 0 . 0 0  
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Appendix III: Proof ofpublications

Dichlorodifluoromethane, CCI2 F2
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Abstract

T h e  pholvv-ab.sD iplion sp c c lru m  ul C C I J  j h a s  b een  tiicasu rcei us in ii s y n c h ro tro n  ra d ia t io n  in th e  ran jie  5.3 1 1 cV  
(225 >  X > 110 nn i). l iie c iro ti ic  s ta te  a s s ig n m en ts  h a v e  b een  su g g e ste d  fo r e a ch  o l th e  o b se rv e d  a b s o rp t io n  b a n d s  in 
c o rp o r a t in g  b o th  v a len ce  a n d  R y d b e rg  tra n s it io n s . T h e  h igh  re so lu tio n  ach iev ed  h as  a llo w e d  v ib ra t io n a l  se rie s  in o n e  o f  
th ese  b a n d s  to  be a ssig n ed  fo r th e  first t im e  I h e  m ea su red  VLIV' c ro s s -se c tio n s  m ay  be u sed  to  d e riv e  th e  p h o to ly s is  ra te  
o f r C l ' L ;  in I he tct rest rial a tm o sp h e re .
©  200 2  ü lsc v ie r  S c ien ce  B .V . .All r ig h ts  reserved .

I. Introduction

Dichiorodifluoroincthanc (C C rfy or CFC-12) 
i.s a halogenaled Jiydrocarbon c.xieiisivcly ttsed in 
refrigeration systems, as a foam blowing agent and 
as an aerosol propellant It also plays an iinporlanl 
role in the plasma etching industry |i.2 | for reac
tive ion etching (RIE) o f GaSb as it can be readily 
dissociated to prodtiec Cl and F radicals [3].

Halogenaled hydrocarbons or haloearbons such 
as CCFF: arc (under photolysis) a source of 
atmospheric radicals and therefore are widely re
cognised to contribute signilicantly to stratospheric 
ozone depletion [4,5] by Cl or Br atoms released by

CorrcsptviiUing iiutlior. Fii.v; +44-20-767n-346<).
L-mail atklrê y iiigcfm;isun'<(ucl.;ic.uk (N.J. Miisoii).

' A lso at Dcpartam ciito  dc Pistca. PC I L nivcrsidadc Nova 
dc Lisboa. P-2S2V-516 C apartca. Portugal and Centro dc Fisica 
M olecular. Com plcxo I. 1ST. /\v . Rovisco Pais. P-l(t49-0()l 
Lisboa. Portugal.

photolysis. ! lalogenatcd hydrocarbons are also 
strong greenhouse gases, CCFFy has a residence 
time in the atmosphere o f about 100 years and an 
estimated global warming potential o f 8.500 in a 
100-y ear period [6]. Thus, under the regulations o f  
the Montreal Protocol and its amendments, the u.sc 
o f CFC-12 in industry must be phased out and 
altermilives found within the next decade.

In this paper we report new data on the photo- 
absorption eross-seetion and electronic spectro
scopy of CCFFy. I he electronic structure o f this 
molecule has been studied previously [7-13] as 
have its photo-absorption, photo-ionisation and 
photo-fragmentation cross-sections [4.8,10,11.14]. 
The vacuum-ultraviolet (VL'V) absorption spec
trum of CCbFy in Ihe wavelength range 120 200 
nm (10 6 eV) was first measured during the 1950s 
by Zobel and Duncan [15] and subsequently dis
cussed by Doueet el al. [10] together with a com
parison with the photo-electron spectrum. An 
energy loss sfiecti um using 500 cV electrons was

(MK|9-2614,6)2/S - SCO Irom  m aucr ©  2002 Lkcvicr Science U.V. All nghis reserved 
Pll: S 0 0 0 9 - 2 6 1 4 (0 2 ) ( ) l  3 0 4 -0
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Appendix III: Proof ofpublications

Acetonitrile & acrylonitrile, C H 3C N  and C2H 3CN
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High resolution photo-absorption studies of acrylonitrile, 
C2 H3 CN, and acetonitrile, CH3 CN
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2 Summary of the structure and properties 
of the molecules

I 11"  s ir iu  tn rn  " I  m r v ] " i i i i t i i "  is il' iiv n il l i ' ' i n  m ii n iw .iv  
sp i'i 'i  r " s " i i |i \  I III. 11 T i l"  III"!'I  III" is pl III H III i l l "  "III -
II "111' K l" ti|lil s I . i H' a ll 'l  Ih 'I . 'I i^ s  III 111'' i 's -  sV Iillliis
t I V '-n u ip .  t 'lll ''W in ;-  lIu- .n 1 1 p t is l  .s isjiiriu  l lu ' s iii^ l ' 
( '  11 ili 'l  ( '  ( '  K i'li'ls  li'" 111 iT , l i . i i a i t i  t . W  m l,
( I iiiipi isi's  I nil' n Ili'l " l l "  ~ KhiiiI I ll'' n i i r " U '’n iP 'in 
IS K 'lilli'l t "  I ' . I l i a ' l l  . | l " l l l  ( C - ( '  =  . \ ' '  Kv " I I"  r  a ml
tw "  T Mill 1 .1 1 1 i" iis  I I I "  iw 'i  n i i i " c ' t i  < l" " i f " i i s  w il l 'l l

208



Appendix III: Proof ofpublications

Acetonitrile, C H 3C N
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Low e n e rg y  e le c tro n  a lla c h m e n i  c ro s s  s e c tio n s  fo r  a c e lo n i lr ile  (C l  I j ( 'N )  a re  re p o r te d  in  th e  e n e rg y  ra n g e  I ro n t  a b o u t  
0  u p  to  10 eV  d e te rm in e d  w ith  a n  e n e rg y  re s o lu tio n  o l 140 n ieV . l i le c tro n  a t ta c h m e n t  is  s h o w n  to  b e  a  p u re ly  d isso - 
c ia liv c  p riK 'css w ith  th e  p ro d u c t io n  o f  th e  live  a n io n ic  iVagnicni.s: C H O C 'S  . C’HCW  . C'C.'N . C'N a n d  (  I I ,  o b se rv e d  
in tw o  en e rg y  reg io n s , th e  lirs i  b e tw e en  1 a n d  4  eV . th e  se co n d  in  e x cess  o l 6  eV, Q u a n tu m  c h em ica l a n d  tra je c to ry  
c a lc u la t io n s  h a v e  b e e n  e a r r ie d  o u t  to  c o m p le m e n t th e  e x p e r im e n ta l  resu lts .
<k: 2(M).3 P u b lish e d  b y  L Isev te r U.V.

16 I. Introduction

17 .'Vetoiiilriic C liiC N  (also known as cyatiotnc-
18 tlianc or inctliyi cyanide) is an itnportanl attno-
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.spheric and a.sirophysical molecule. In the 19 
terrestrial atmosphere acetonitrile has recently 20 
Iveen shown to be a useful gaseous tracer o f  bio- 21 
mass burning (1] since simullaneous CO and ace- 22 
tonilrile measurements may be used to 2.3 
characterize the ratio o f  biomass burning to fossil 24 
fuel combustion -  a key issue for curreni global 25 
warming studies. .Acetonitrile is also an important 26 
molecular species observed in gas clouds o f the 27 
interstellar medium [2] where il is believed to be 28 
synthesized by heterogeneous chemistry on inter- 29 
stellar dust grains. .Acetonitrile is therefore recog- .30 
nized as a fundamental building block o f  the ,31 
amino acids and thus an important precursor ,32 
molecule in the study o f the origins o f life [,3]. 33 
Hence it is important to study those mechanisms .34 
by which acetonitrile may be dissociated through 35 
the interactions with photons [4], electrons [5] and 36 
surfaces [6]. 37
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Trifluoromethyl iodide, CF3I
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VUV and low energy electron impact study o f  electronic 
state spectroscopy o f  C Fd
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I. InrnKiiK-tion

In the tnanufactiire o f ultra-largc-scale-integratcd 
circuits. I t  I s  necessary to fahncatc prcJctci tin tied 
patterns on a scale of less than 0 .1 pim and fine 
s  time lures with an aspect latio o f more than 10 on
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a sliieon wafers with diameters o f greater Ml cm. 
flits process rei|Uires a wcil-collimatcd. spatially iini- 
f'orm, Ineh-denstty plasma source operating under 
low-pressure conditions [ I]. The mam feed gases used 
hy the plasma etching industry are |vrfluorocarbons 
iC I 4- C (  M'.s. I H11. and c-CTFs) howcvei. these 
are also strong greenhouse gases and therefore, under 
the terms o f the Kyoto Protivol. must he replaced hy 
alternative compounds that have low “global warm
ing potentials’ [2J. One possible replacement is ( F\1 
since, due the weak I I bond, it should be possible

I . i s ' - l s t K i  0 2  S  s e e  t i l , I I I  i i n i l i c i  '  2 ( 1 0 2  I  I w  i c i  S c i e n c e  h  \  M l  i i y l i t s  r c s c i v c d  
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Trifluoromethyl iodide, CF3I and dichlorodifluoromethane, CCI2F2
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Absolute photo-absorption  cross sections and electronic state 
spectroscopy o f  selected fluorinated hydrocarbons relevant to 

the plasma processing industry
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D t  /iiii iiiiciil I l f  P h y s n s  a i u l  AsiroiK iiiiy L i i i h t m h  C nllcijv L o i k I h i i .  ( i o i t i t  S lrcc l. L t v u l t m  l i  C I C  h B I . CK

.A bstract

P h o lo -a b s o rp lio n  c ro s s  sec tio n s  h av e  b een  m ea s tire d  lo r  m eth y l io d id e . C l ,1 ( 310 n m  > / .  >  110 n m ) a n d  
d ic h lo ro d il lt io ro m e ih a n e . ( 'C U I |2 2 . ''n m  >  7. > 110  n m ) u sin g  s y n c h ro tro n  r a d ia tio n . I lee tro n  en e rg y  loss s p e c tro sc o p y  
VV as  a ls o  used  to  p ro b e  th e  e le c tro n ic  a n d  v ib ro n tc  e x c ita tio n  ol C l  d .  E le c tro n ic  s ta te s  h a v e  b een  a ss ig n e d  to  e a ch  o f  the  
o b se rv e d  a b s o rp t io i t  b a n d s  in co t |K )i;itiiig  b o th  va len ce  a tid  R ydlveig  t ra n s it io n s . T h e  in e a s u te d  V U V  c ro ss  se c tio n s  a re  
used  to  d e riv e  Ihe p h o to ly s is  ra le s  in  th e  te n  est ria l a tm o s p h e re  a n d  h en ce  d e te rm in e  th e  p o te n tia l  im p o r ta n c e  oh e a c h  
g a s  in g lo b a l w a rm in g  a n d  o z o n e  d e p le t io n .
I 2(K)3 E lsev ier S c ience  l td . A ll r ig h ts  reserv ed .

A <  i i w / / v / v  P l a s m a  e i c h i i i e .  V U V  p l i o i o  i i h s t s i p t i o a ,  H l e c t r o i i  e i i e r a s  l o s s  s | v e t r o s c o p >  ( t t L S ) :  S y m h i o t i o i i  l a c l i a t i o a ;  P h o t o K s i s  

r a t e s

I. Iiilruduclioii

T h e  d e v e lo p m e n t o l 'lo w - te m p e ra tu re  p la sm a s  h a s  led 
to  a m iilt i-b ill io n  c o m m e rc ia l in d u stry  e m p lo y in g  m an y  
h u n d re d s  o f  th o u sa n d s  o f  |veople a c ro ss  the  g lobe. 
E x a m p le s  a re  lU io rcseen l lig h ts, h ig h -p o w e r  sw itch es , 
g as  d isc h a rg e  la se rs  ( in c lu d in g  th e  c o m m o n  H e N e 
la se r , a n d  th e  h ig h -p o w e r . in ira re d  C O ; lase rs  th a t a re  
used  d a ily  in stirgei-y .ind  m e ta lw o rk in g )  a n d  p lasm a  
so ttrec s  th a t p ro v id e  isosilive a n d  n e g a tiv e  io n s  fo r  ion- 
b e a m  a c c e le ia lo i  s. T h e se  io n  so u rc e s  a te  u sed  to  im p la n t  
io n s  o n to  m a te r ia ls ,  in c lu d in g  se m ic o n d u c to r  c h ip s  fo r 
th e  c o m p u te r  ind tisii-y . a n d  to  h a rd e n  b e a rin g s  to  
in c re a se  th e  life a n d  re liab ility  o f  h ig h -p e r fo n n a n c e  
en g in e s . H o w e v e r, in c re a sin g ly  the re le a se  o f  e fllu cn ts  
f ro n t  su ch  p la sm a  so u rc e s  h a s  b een  sh o w n  to  lead  to

•C orresponding  au thor. I el.: ■ 44-2n-76?‘M .’ "4: tax: • 44-
20-7679-714.S.

L-niatl tiiiilns'i: plimaov ieira'u iicl.ac.uk (P. Limào-Vieira). 
'A lso  at Depart am ento dc I'isica. t C I . tln iversldade Nova 

de Listsoa. P-2X29-S16 Caparica. Portugal a;id C entro  de Pisiea 
M olecular. Coinptcxo t. t.Sf. Av. Rovicco P.iis. P - t049-0(11 
Lisboa. Portugal.

sig n illc a n t c h a n g e s  in  th e  p h y s ic s  a n d  c h e n iis try  o f  th e  
te r re s tr ia l  a tm o s p h e te .  c h a n g e s  th a t  m a y  p lay  a key ro le  
in g lo b a l c lim a te  c h a n g e . T h e re fo re , th e re  is a n  u rg en t 
need  to  s tu d y  Ih e  p h y s ic o -c h em ica l p ro ce sse s  in low - 
tem  p en t I lire p la sm a s .

T y p ic a lly , th ey  a re  h ig h -p re ssu re  c o ll is io n -d o m in a te d  
p la sm a s  th a t  h a v e  e n e rg ie s  o f  few te n th s  o f  eV , T h e  gas 
p u r ity  is o f te n  im p o r ta n t ,  a n d  th e  p h y sic s  a n d  c h e m is try  
o f  th e  ex c ited  a to m ic  s ta le s  d o m in a te  th e  di.schtirge 
c h a ra c le r is t ie s .  In in d u s tr ia l  a p p lic a tio n s , the  s ta b ility  o f  
th e  d isc h a ig e  fre q u e n tly  im p a c ts  th e  d es ig n  a n d  u tility  o f  
th e  p ro ce ss , a n d  th e  h e te ro g e n e o u s  w all c h e m is try  o f te n  
im p a c ts  its  r e p ro d u c ib il ity  a n d  re liab ility . H o w ev er, 
th e re  is still yet a lack o f  q u a n ti ta t iv e  a n d  e x p e rim e n ta l 
u n d e rs ta n d in g  o f  a  w ide ran g e  o f  p h e n o m e n a  th a t  o c c u r  
in  lo w - te rn p e ra tu ie  c o ll is io n -d o m in a te d  p la sm a s. M o st 
lo w - te m p e ra tu re  p la sm a  a p p lic a tio n s  in v o lv e  c o m p lex  
r e a c t io n s  b e tw e en  e le c tro n s  a n d  a h o s t o f  a to m ic , 
m o le c u la r  a n d  io n ic  species. I h eses a re  fo u n d  in h igh ly  
ex c ited  s ta te s  n o t  e n c o u n te re d  in n o n -p la s m a  e n v iro n 
m en ts . O p e tit l io t i  o f  p la s m a s  in  a p p lic a tio n s  ran g in g  
fro m  lase rs  to  m a te r ia ls  p ro ce ss in g  a n d  lig h tn in g  
req u ire s  o p t im is a tio n  o f  th e  d en sity  o f  th ese  species. 
H o w ev er, m ix lc llin g  th ese  sy stem s re q u ire s  a b ro a d e r

(b)69-S(i6X (0  S-sce iront m atter ( 200.4 tlsev icr Seieitee Ltd. All rights reserved. 
do i:10 .t()t6  SO‘J69-S(»6.\(().4)(K)27X-()
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Appendix 111: Proof ofpublications

2 -methyl furan, C5H6O
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2-methyl furan: An experimental study of the excited electronic levels 
by electron energy loss spectroscopy, vacuum ultraviolet photoabsorption, 
and photoelectron spectroscopy
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The vacuum  u ltrav io let ah).orption spectrum  o f  2-m ethyl furan  has been recorded  betw een  5 eV  (248 
nm l atid 9.91 eV  (125 nm ) and abso lu te  p h o toabsorp tion  cross sections m easured . The e lectronic  
excited  s ta tes o f  the m olecule  have also  been p robed  u sing  high reso lu tion  electron  energy  loss 
spectroscopy  R ecorded  under e lectric d ipo le  con d itio n s, it has confirm ed the m agn itude o f  the 
photoabsorp tion  cross section  va lues and ex tended  the  optical o sc illa to r streng th  values up to 12 eV.
M easurem ents at several scattering  angles have a llow ed the an g u lar b eh av io r o f  differentia l cross 
section  ratios for som e features in the 5 -7 .1  cV region  to be m easured , w hich  in tu rn  have helped 
in the assig n m en ts  o f  e lec tron ic  sta les to observ ed  absoi-plion bands. A h igh-reso lu lion  pholoeleclron  
spectrum  vvas m easured  and  allow ed  the tw o lowest ion iza tion  en e ig ies  to be determ ined , these have 
been  tised in the identification  o f  the rela ted  R ydbeig  states. V ibrational fine structu re  in the 
photoelcctron  spectrum  has a lso  been analyzed . I he  s |tec tn im  is dom inated  by  intense tt- tt* 
transitions. R ydberg series associated  w ith the first and  second  ionization  en erg ies have been 
identified. The elTects o f  sym m etry reduction  induced  on the furan ring  by the m ethyl subsliliition 
a re  a lso  disctissed. 0  200̂  .American luslitiite of Physics [D O I: 10 .1 Ofi.3/1. 15909b0l

I INTRODUCTION A lthough the fiiran m olecu le  has been ex ten siv ely  stiid-

In th is  paper, we report the  resu lts  o f  a speclroscoptc  ' ‘•'f* theore tica lly  and experim entally , little data ex ists  on the
study o f  furan d e riv a tiv es .' '  In particular, the substitu tion  spectroscopy  and  no  absolu te  cross sections are ava ilab le  for
etfec t o f  an H atom  by a m ethyl group  on  the singlet excited  2 -m ethyl furan  in the ultrav io le t (U V ) range,
elec tro n ic  energy  levels o f  the furan  ring is investigated . We report here new  data  on  the e lectron ic  spectroscopy

T his w ork  is m otivated  by the basic im portance held by o l 2 -m ethyl luran  in the 5 - 1 2  eV  energy reg ion . H igh reso-
Ihe furan  m oiety in m any  fields o f  chem istry. It is a build ing  luiion vacuum  U V  (V U V ) pho toabsorp tion  using  synchro -
block and  a structural unit in organic ch em istry .’ po lym er Iron rad iation  has provided absolu te  cross sections and  e lec-
s c ic n c e /  and  biochcm istiy .^  M oreover, furan and  som e o f  its iron energy  loss sp ectro sco p y  (H K b .H .S l used in e lectric
deriv a tiv es  are co n sid ered  as volatile  organic com pounds."  d ipole  to. c )  cond itions gave access to  excita tion  cross sec-
p o llu tan ls .' and  tox ic  com pounds."’"  Recently , the form ation  lio n s  a t h igher energy. HRHULS in the fixed im pact energy
o f  fu ran  has been reported  in the a tm osphere  due to o x ida- an d  variab le  scattering  ang le  m ode has a llow ed  us to derive
tion o f  tropospheric  1 .3  b u tad ien e ." ’ the  an g u lar dependence  o f  the dilTerential cross sections

i D C S s )  f o r  s o m e  f e a t u r e s .  H e  I  p h o t o e l e c t r o n  s p e c t r o s c o p y  

'  A l s o at: Depl. <te F.sicn. P C T -U N t, Q uin ia  d.-i T o .e .  P -2S20-5IS  CAparica | ’ ’^ e s t  o c c u p i e d  i n o l c c u l a r  O r b i t a l s  ( H O V I O s )  i s
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" ' N o w  at: Dept o t  Physic^ and  A.<tronomy. C en ter t o r  M olecular and O ptical l o p e  o f  t h e  c o r r e s p o n d i n g  i o n i c  s t a t e s .  T l i e s e  d a t a  h a v e  b e e n

S n en ces . T he Open l-.nivercily. W atr.m Hall. M ilton K eynes M K 7 6 . X A .  h ^ l p  m  t h e  a s s i g n m e n t  o f  t h e  V i b r a t i o n a l  f i n e  S t m c -

■ Aurtior to  w tioni eonvspoiidence diould  iv  addrvcw d: D irecteur de rectici- ' " r e  accom pany ing  som e transitions to  the first R ydberg
d ie  LNKS elcc tiou lc  m ail: m jtransliinii. ulu .ac l>e states.
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Hexafluoropropene, C3F6
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A b s tra c t

T h e  l iig li- ic so lu tio n  p l io io a b s o rp l io i i  s p e c tru m  o f  l ie x a llu o ro p io |) e n e  is l e p o n e d  in th e  w a v e len g th  ran g e  115 520 
11m  (1 0 .8  ,5.9 cV ). A ss ig n m e n ts  a re  pro jxvsed  fo r  th e  fe a tu re s  o b se rv e d . T h e  p h o to ly s is  ra te  a n d  life tim e o f  th e  m o le c u le  
in th e  a tm o s p h e re  a re  m o d e lled  a s  a fu n c tio n  o f  a lt i tu d e  a n d  c o m p a re d  w ith  p rev io u s  c a lc u la t io n s  m ad e  c o n s id e r in g  
h e x a ll iio ro p ro p e n c  re a c t io n s  w ith  O i l  rad ica ls .
©  2 0 0 5  b lse v ie r  B.V. A ll r ig h ts  reserv ed .

I. IntrodiK 'tiun

Hcxalluoropiopcne, also known as licxadu- 
ofopropylcnc, pctfluoro-l-propcnc, pcrllitofopro- 
pcnc and pci lluoroptopylcnc is a colourless anti 
odourless gas produced commercially by lempcr- 
aiurc-controlictl pyrolysis o f  chlorcHlifltioromc- 
thanc |l |.  I he gas is used in the production of  
copolymers and has alliacled intcresi as a simu
lant for engine nacelle certification tests |2|. Sig
nificantly, as a source o f CFi and CFi radicals, 
lic.xalluoropropene has been the subject o f inves
tigation as a potential feed gas for the plasma 
etching o f silicon dioxide [3J. Covcnlional SiO: 
etching is carried out using CF4. CiFs, C,Fx.
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CHF, and c-C^Fx All o f these species have high 
global warming potentials (GWI’) as they absorb 
strongly in the infrared and have very long resi
dence times in the Larth s atmosphere |4,5|. As the 
current generation o f  plasma reactors release a 
high proportion of feed gas into the atmosphere, 
the use o f  these high-GWP reactants must be re
duced under the terms of the Kyoto protocol |6 |. 
Hexafluoropropene emissions are considered to 
have a negligible global warming elTcct due to the 
short atmospheric lifetime o f  the molecule due to 
its high reactivity with OH radicals |2,7 111. 
Acerboni et al. [7] have used FT-IR spectroscopy 
to study the reactions o f OH and ozone with 
hexafluoropropene and determine Ihe rate eoelTi- 
cients to be (2 .6 7 ± 0 .7 )x  10 and (6 .2=  1.5) x 
It)'-- cm’ molecules'' s”', respectively. Accord
ingly, Womeldorf et al. |2 | give the ozone depletion 
potential (OOP) of the molecule as zero.

Ilexalluoropropene has symmetry Cs and 21 

identified vihralional modes o f excitalion in the
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Appendix III: Proof ofpublications

2 -furanmethanol, C5H6O2
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The electronic states of 2-furanmethanoi (furfuryl alcohol) studied 
by photon absorption and electron impact spectroscopies
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The pho toeleciron  spectrum  o f  2 -ru ranm eihano l (fu rfury l alcoho l) has been m easured  for ionization 
energ ies be tw een  8  and  11,2 eV  and the first th ree ionization  bands assigned  to t t - , .  t t ; .  and //„ 
ion izations in order o f  increasing  b inding  energy. Tlie p ho toabsorp tion  spectrum  has been recorded 
in the gas pliasc using  both a synchrotron  rad iation  source (5 -9 .9 1  cV, 2 4 8 -1 2 5  nm ) and electron 
encrgy-loss spectroscopy  under e lcc tric -d ipo le  co nd itions < 5 -1 0 .9  cV, 2 4 8 - 9 0  nm ). The (UV ) 
absorp tion  spectrum  has a lso  been recorded  in so lu tion  ( 4 .2 -6 .1 6  eV. 2 9 2 -1 9 5  nm ). The electronic  
exc ita tion  spectrum  appeal's to  he d om inated  by transitions betw een  n and  tr* orb ita ls in the 
a rom atic  ring, lead ing  to  Ihe co nclusion  that the fron tie r m olecu lar orb ita ls  o f  furan a re  alTecied only 
slig h tly  on rep lacem ent o f  a H atom  h y  the - C H iO H  group. A dditional experim en ts investigating  
e lectron  im pact a t near-threshold  energ ies have revealed  tw o low -ly ing  trip le t states and  at least one 
e lec tron /m olecu le  shape resonance. D issociative e lectron  a ttachm ent a lso  sh o w s to be w idespread  in 
fu ifu ry l a lcoho l. <''■ 2(UU .imerican Insiiruie of Physics. [D O I; 10 .1 0 6 1 /1 .1 6 0 1 7 1 IJ

I. INTRODUCTION th is , it is o f  in terest to exp lo re  how  the e lectronic  structu re  o f

The furan m olecu le  p lavs a central role in m any fields o f  " "  •"ubslilulion o f  the ring h ydrogen  atom s
chem istry . Like pyrro le  and  th iophei.e  it is pseudo-arom atic . functional groups. We have already  reported  on  the
blit I t  reta ins properties related  to those o f  the eo n ju ea tcd  valcncc-shcll e lectron ic  spectroscopy  o t 2 -m ethy ltiiran . We
d icncs and  this con tribu tes to its v crsatilitv  in organ ic  » com prehensive  spectroscop ic  s tudy on
s y n th es is . ' C om pounds incorporating  the fu ran  rin g  are o f  2 -fu ranm cthano l (com m only  know n as ftirfm yl alcohol) the
m ajo r im portance in pharm aceutical, po lym er, and  m ateria ls  d erivative obtained  hy  substitu tion  o t an H a tom  o t furan  by
science.^ R ecently , furan  com pounds have a lso  been  im pli- ® C H 2 O H group  (Fig. I).
cated  111 env ironm enta l and  a tm o sp h en c  chem istiy .-'-' G iven  A s well as be ing  o f  interest because  o f  its re la tionsh ip  to

fiiran. fiirfiiry I a lco h o l is im portan t in its ow n  right as a syn- 
[ : thetic reagent. Currently , it is w ide lv  em ployed  in the  pro-
- .Al.so a t [K 'pnnnm cm o dc Fisicn. F(.T-t.iNL. Qiiim;i ito Toitc. P -J8 -W S |f , . , , ,. , :  , .
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P a i s ,  p - 1 0 4 4 - 0 0 1 L i s t w a .  P o r t u g a l .  Coating tec h n o lo g y ;’ in t a c t ,  potential techno log ical app lica-
' " \ o w  a l  t  c n i c t  l o r  M o l e c u l a r  a n d  O p i i c a l  S c i e n c e s ,  U e p a r l m e n l  o l  P l i y s i c s  (ions m ake l l  one o f  the m ost im portan t furanic derivatives
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