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Abstract

S 1O 2 plasma etching is conventionally carried out using CF 4, C 2F 6, CgFg, CHF 3, and cC4F 8. These species have high global warming potentials (GWP) because they absorb
strongly in the infrared and have very long residence times in the Earth’s atmosphere.
The current generation o f plasma reactors release a large proportion o f feed gas into the
atmosphere. An effective way to meet the environmental targets imposed upon the
industry is therefore to introduce new etch gases with minimal global warming effects.
This thesis provides the spectroscopic analysis o f a range o f experimental results to
assist in the evaluation o f potential environmentally-ffiendly feed gases for the plasma
etching o f Si0 2

CF3I is plausible alternative since, due to the weak C-I bond, it is possible to produce
high yields o f CF 3^^^ etching fragments in a plasma by direct electron impact
dissociation and ionisation. The present results include the first electron scattering
evidence for the dominantly singlet to triplet nature o f the lowest energy electronic
excitation; that from the HOMO localised on the iodine lone pair to the repulsive C -I
G* LUMO. Comparisons with the photoabsorption spectra o f CF 3Br, CF 3CI, CH 3CI and
CH 3I suggest that CF3I maintains its ground state symmetry in the low-energy Rydberg
excited states. Electron scattering results provide evidence for the formation o f
temporary negative ions at incident energies between 5 and 9 eV. The atmospheric
lifetime o f CF3I due to solar photolysis is calculated to be less than one day at low
altitudes. Therefore, industrial emissions o f the gas are expected to have negligible
global warming and ozone depleting effects.

C2F 4 has attracted considerable interest as a feed gas for the plasma etching o f Si0 2 as it
can be an excellent source o f CF 2^^^ ions and radicals in an industrial plasma and has a
short atmospheric lifetime due to reactions with OH radicals. High-resolution
photoabsorption and electron energy loss spectra reveal new features including a
proposed vibrational series coupled to the dissociative C=C n —*■n* transition. New
vibrational structure observed in the ionic ground state by photoelectron spectroscopy
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provides evidence to distinguish vibrational structure associated with valence and
Rydberg states. Analogies with C2F 4 have proved useful in the analysis o f the
previously unmeasured VUV photoabsorption spectrum o f C F2C FC F3, another potential
environmentally-ffiendly feed gas for Si0 2 etching. The relatively high energy o f the
onset o f pre-dissociative Rydberg excitations in the spectrum o f C F2C FC F3 suggests
that the molecule may be a less effective source o f CF 2^^^ in an industrial plasma than
C2F4.

Precise experimental cross sections for electron and photon interactions with molecules
are essential to understand the processes which can occur in future reactors and in the
atmosphere. The present studies thus add to the body o f research aimed to activate new
etching chemistries which can reduce the environmentally damaging effects o f the
plasma processing industry.
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Chapter 1
Plasma etching and the atmosphere
As long as you derive inner help and comfortfrom anything, keep it. Mahatma Gandhi

1.1 Introduction
The purpose o f this chapter is to outline the motivation for the research described in the
main body o f the thesis. The chapter is split into two parts. Initially, a short introduction
is given to the plasma processing industry and the role o f perfluorocarbon gases in
silicon dioxide etching. The necessary properties for future etch gases and alternative
projects to reduce harmful emissions are highlighted. The second part o f the chapter
focuses upon the ways in which the plasma etching industry causes damage to the
environment and how the effects o f different species released into the atmosphere can
be quantified.

1.2 Plasma processing
1.2.1

B ackground

Technological plasmas are partially ionised, partially dissociated gases. They contain
electrons, atomic ions, molecular ions and neutrals. The neutral species include
molecules o f the original gas, products o f chemical reactions in the plasma or on the
surfaces, and fragments o f the parent gas dissociated by electronic, ionic and photonic
collisions. The conditions found within plasmas differ from those in liquids and gases to
such an extent that plasmas are often described as the fourth state o f matter. The unique
properties o f the plasma phase provide powerful solutions to a number o f industrial and
manufacturing problems. For the etching o f integrated circuits, the key advantages o f
using plasmas are given below.
1

(1) Plasmas can give access to chemically active species (ions and radicals) from a
relatively inert feed gas.
(2 ) Sufficient energy can be deposited onto the etch surface by ion bombardment to
accelerate

chemical

reactions without

exposing the

sample to

damaging

temperatures.

The potential o f plasma etching has long been recognised. Today, the semi-conductor
industry relies upon the development o f technological plasmas to produce progressively
more detailed and compact systems. Around 60% o f the $2 bn required to build a plant
for the fabrication o f the next generation o f microchips will be spent on the purchase
and installation o f plasma processing equipment [Graham 2001]. This level o f
investment gives a clear indication o f the importance o f plasma etching to the perceived
future o f the industry.

Despite the establishment o f plasma etching technology at the foundation o f one o f the
world’s most profitable and progressive manufacturing industries, most plasma
processing development has been based on empirical techniques. Progress is generally
made by adjusting parameters until the end product assumes the desired qualities as
opposed to by applying a true understanding o f the science involved [Graham 2001]. As
such, the processes for optimisation and innovation o f the current technology can be
considered to be somewhat fortuitous and inefficient. Currently, the demand for
redevelopment is particularly high in order to meet the environmental targets discussed
in section 1.2.4. The industry is therefore under great pressure to revise the traditional
research techniques. Accordingly major investment has been directed towards
experiments for in situ plasma diagnosis [Goto 2001]. In parallel with the in situ
research, large scale computer models are in development to simulate the conditions
within a plasma processing cell [Makabe 2001]. The combined aim o f both sets o f
projects is to place plasma etching technology on a firm theoretical basis. Through this
understanding, it will become possible to create models which can be used to carry out
the design and assessment o f new plasma reactors computationally. Such systems would
allow new technologies which satisfy the commercial and environmental requirements
to be developed far more efficiently. The body o f plasma etching computer programmes
to which the industrial and academic communities aspire is often called the virtual

factory.

Models which aim to represent technological plasmas accurately require precise cross
sectional data for all the interactions o f constituent neutral species and ions with
electrons, photons, and each other. The necessity for experimental work to be carried
out to define these parameters is highlighted in the following statement:

“The main roadblock to the development o f plasma models is the lack o f fundamental
data on collisional, reactive processes occurring in the plasma... Among the most
important missing data are the identities o f key chemical species and the dominant
kinetic pathways that determine the concentrations and reactivities o f these key species,
especially for the complex gas mixtures commonly used in industry.”

National Research Council [Graves et al. 1996]

1.2.2

Silicon dioxide etching

The work described in this thesis focuses on the feed gases used for the etching o f the
key microelectronics material; silicon dioxide. SiOz etching is generally carried out
using perfluorocarbon gases, in particular the environmentally unfriendly species; CF4,
C2F6, CsFg, CHF3, and C-C4F8. Table 1.1 summarises the global warming effect o f these

gases in terms o f their global warming potential (GWP) in comparison with CO 2 GWP
is explained in section 1.3.3. Typically between 60 and 85% o f the etch gas introduced
into a plasma reactor escapes into the atmosphere without having taken part in any
reaction [Praxair, Inc. 1997].

Perfluorocarbons are effective feed gases for Si0 2 etching because they can be
dissociated by electron impact to form CFx^ ions and CF% radicals. The important role
that these ions and radicals play in the etch process is described in this section.

G lobal W arm ing Potential

Lifetime
(years)

Gas
1

CO2
CF4
C2F6

50-200
50000

C3F8
CHF3
C-C4F8

2 0 years

[

100 years

500 years

1

1

1

3,900

8,900
18,000
12,400

10000

8 ,0 0 0

2600
250
3200

5,900

6,300
11,900
8,600

-

12 ,100

6,800

10,000

-

14,500

Table 1.1: Atmospheric lifetimes and global warming potentials o f the gases
conventionally used for SiOi etching [IPCC 2001, Giannini 1997]
Kimura

[2001] states that plasma etching can be considered to occur in three major

stages as listed below.

(1) Theliberation and acceleration o f electrons in an electric field
(2) The

production o f a variety o f ions and radicals dominantly through electron-

molecule interactions (ionisation, dissociative ionisation, dissociative electron
attachment, and neutral dissociation [Motlagh and Moore 1998])
(3) The transportation o f selected ions and radicals to the etch surface

The experimental work presented in this thesis is most relevant to stage (2).

A schematic representation o f a parallel plate plasma processing cell is shown in figure
1.1. The typical densities and mean temperatures o f particles within a stable etching
plasma are given in table 1.2. The gas temperature is only slightly hotter than the cell
walls and neutrals outnumber charged particles by around 100,000 to 1. The average
temperature o f the ions is not markedly higher than that o f the neutral species.
Therefore, although the electron temperature is generally in excess o f 10 ,000 K,
technological plasmas are often characterised as being weakly ionised and o f low-

temperature [Tanaka and Inokuti 2000]. However, it should be noted that the energy
distribution o f electrons is non-Maxwellian and cannot be described by a single
temperature [Graham 2001]. The flow o f gas maintains the cell at a pressure o f around
10 Pa.

i
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Gas introduction

SHEATH ^

^

^ ^

Bulk Plasma

CF3I + C2F4

High
frequency
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Exhaust

Photoresist

S ilic o n

Figure 1.1: Schematic diagram o f a parallel plate plasma reactor using a mixture of
CF3 I and C2 F4 to etch silicon dioxide [Tanaka and Inokuti 2000, Graham 2001]

Species

Particle density in cm ^

Mean energy in eV

original gas
etch products
dissociated gas
plasma ions
plasma electrons
ions striking the surface

~ 10 '"
~ 10 ’^
-10'"
~ i o ’^
~ 10 ’®
~ 10^

1 0 1 0 '"
10 ' - 10 '^
1 0 ' - 10 '^

~ 10''
<20
~ 10^

Table 1.2: Summary o f the density and energy of particles within a
plasma processing cell [Graham 2001]
To initiate stage (1), several hundred volts are applied to the powered electrode (the
cathode in figure 1.1) at a frequency o f 13.56 MHz [Tanaka and Inokuti 2000, Graham
2001]. Ambient electrons within the cell are accelerated in the oscillating field until
some acquire sufficient energy to ionise molecules in the feed gas. The electrons
released by the initial ionisation processes are themselves accelerated in the field and
can ionise other molecules. As the system develops and the rates of ionisation stabilise,
a glow-discharge plasma is established.

The central part of the processing cell is known as the bulk plasma and glows due to the
relaxation of molecules in excited states. The bulk plasma has a net positive potential
(Vp in the figure below) which is close to the first ionisation potential o f the feed gas
molecules [Tanaka and Inokuti 2000]. The voltage profile o f the plasma at different
positions between the electrodes is shown in figure 1.2.

Grounded electrode

I
l-S
V o

II
I
X

> Voltage

0

0

Vp

Figure 1.2: The time-averaged potential between the electrodes o f a parallel plate
plasma reactor [Japan Society o f Applied Physics 1993]
The region close to the powered electrode has a lower potential than the bulk plasma
because the light electrons follow the high frequency field but the ions do not [Tanaka
and Inokuti 2000]. The minimum voltage is labelled Vg in figure 1.2. The negative bias
regions close to the electrodes are collectively known as the sheath. Parallel plate
reactors are often described as capacitively coupled because the current and voltage that
sustains the plasma are applied through the sheath which acts like a capacitive element
in an electrical circuit [Graham 2001].

The negative bias of the sheath is essential to the SiO] etching process as it attracts ions
to the sample. The energy of the ions striking the surface can be controlled by the
selection of Vg. For processing using a perfluorocarbon feed gas, the dominant species
formed in stage (I) are CFg, CF2 , F, CFg^ CF]^ and F^. The feed gas itself is relatively
inert and does not take part in the etching process.

Ions and radicals formed in the bulk plasma tend to stick to the surface. Once at the
surface, it may be expected that the fluorine fragments react with the Si atoms.
However, this is not the case since the dissociation energy o f the Si-F bond (5.64 eV) is
markedly lower than that o f the S i-0 bond (8.33 eV) [Tanaka and Inokuti 2000]. The
CO bond, however, has a dissociation energy o f 11.14 eV. Therefore, the CF%^^^ radicals
and ions react with SiO: preferably to form CO or CO 2 The fragment Si and F atoms
can then combine to produce SiF#. The CF%^^^ + SiOi reactions also prevent the CF%
species from forming polymers on the etch surface, in particular (CFz)x. Once the
silicon substrate is exposed, the F ions and radicals can begin to remove Si atoms from
the surface. However, as there is no longer any oxygen available to initiate the break up
o f the (CF2)x polymers, a protective layer builds up above the substrate and the etching
stops. The process is illustrated in figure 1.3. The polymers can subsequently be
removed by exposure to an oxygen plasma [Graham 2 0 0 1 ].

Figure 1.3 and the short explanation above represent a useful but simplified
understanding o f the process by which Si0 2 etching takes place. Depending on V b ,
sputtering by the energetic ions can play a key role in the etching mechanism and
provide a pathway for the break down o f polymers. Furthermore, the description
includes no explanation o f what effects the products o f secondary reactions in the bulk
plasma may have.

Despite the fact that the density o f ions throughout the plasma is low compared to
neutral radicals (table 1 .2 ), ions are expected to play a more significant role in the etch
process due to their relatively high energy [Nakamura 2003]. However, in situ plasma
diagnostic data for neutral dissociated products is incomplete due to the technical
difficulty o f detecting uncharged species in the ground state. Therefore, plasma models
using data such as the theoretical cross sections for electron collisions with CF3, CF2,
and C F calculated at UCL [Rozum et al. 2002, 2003] seem the most effective way to
understand the contribution o f neutral radicals to the etch mechanism.
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Figure 1.3: Schematic diagrams to illustrate an etching mechanism for SiO]:
(A) Ions are accelerated and radicals diffuse to the SiO] surface.
(B) CFx radicals and ions react with SiO] to produce CO 2 , CO, Si and F. The Si
fragments react with F atoms and ions to form SiF4 . F and SiOz do not react together.
(C) (CF 2 )x polymerisation and Si + 4F ^ SiF4 reactions begin at the exposed substrate.
(D) Polymerisation prevents further access to the substrate.

The requirements for plasma etching in terms o f etch rate and selectivity to produce
commercially viable integrated circuits and the means by which etching is assessed are
described in detail by Lieberman and Lichtenberg [1994]. It is worth noting that feed
gases which are strong sources o f

are associated with more selective etching

while those which produce higher yields o f

generally etch at a faster rate

[Nakamura 2003, Samukawa and Mukai 1999]. This seems intuitive as CF:^^^ radicals
and ions form (Cp 2)x polymers on the substrate surface more readily than their trifluorinated equivalents. Furthermore, the electron impact ionisation energy o f CFg
radicals (10.3 eV) is low compared to CF 2 radicals (15.2 eV) [Goto et al. 1994].
Therefore, relatively high yields o f CF% ions can be expected in a plasma which is a
strong source o f CF3 compared to one which contains more CF2. As mentioned above,
CFx^ ions are understood to be the most important etching species in a low-temperature
plasma and can also break up polymers and remove molecules from the surface by
sputtering [Nakamura 2003, Graham 2001].

1.2.3 M easures to lim it industrial em issions
The first voluntary international policies to reduce perfluorocarbon emissions were
agreed at the Framework Convention on Climate Change (the J^/o Summit) o f 1992
[Van Gompel 2000]. In particular, restrictions on the sale o f C 2F 6 were accepted. C 2F 6
was targeted because it has the second highest GWP among the common feed gases
listed in table 1.1 and because emissions were especially high due to the use o f the
species both for etching and in the chamber cleaning process. Beu and Brown [2000]
report that between 60% and 90% o f the perfluorocarbon emissions o f industrial plasma
reactors take place during the cleaning o f the chambers.

Since the initial agreements o f 1992, firm targets for the reduction in global warming
emissions have been introduced, most notably as part o f the Kyoto Protocol [Agenda
1997]. In response to such legislation, the World Semiconductor Council (WSC) has
committed the industry to achieve a 10% reduction in the release o f perfluorocarbons
associated with global warming emissions by 2010 compared to the emissions o f 1995.
Assuming that the industry continues to grow at a comparable rate to that observed
since 1995 (around 17% per year), this represents a reduction o f around 90% per
plasma processing chamber [Van Gompel 2000]. Furthermore, the large-scale use o f
CF4 has been banned under the terms o f the Montreal Protocol o f 1997 [Fell 2000].

Therefore, major redevelopment is required for the industry to meet the imposed
environmental targets.

The methods by which green house emissions may be reduced in industrial Si0 2
etching facilities are summarised below.

(1) Optimisation o f the etching process;
An increase in the efficiency o f feed gas reaction will naturally serve to reduce
emissions. Equally, higher etching selectivity will reduce the frequency o f wasted
products and the regularity at which the chambers must be cleaned.
(2) Introduction o f feed gases with low GWP:
As the exhaust is dominated by molecules o f the feed gas which have not taken part
in reactions, this approach seems very promising. However, the products o f the
surface and plasma reactions need also to be considered as they may be more
environmentally damaging than the parent gas.
(3) Exhaust abatement systems:
The use o f catalytic converters is o f particular interest as a number o f systems for
perfluorocarbon abatement are already commercially available [Van Gompel 2000].
However, the current equipment is expensive to buy and typically relies upon
heating using natural gas as fuel, thus limiting the true environmental value.
(4) Recovery and recycling o f chamber exhaust:
This approach involves the capture o f exhaust products for purification and future
use. However, the operating costs o f current recycling systems are too high
compared to purchasing new gas for the technology to be commercially viable [Beu
and Brown 2000].

The experimental work presented in the following chapters is relevant to option (2).
However, the four types o f solution are by no means independent and the next
generation o f industrial plasma processing systems will undoubtedly utilise a
combination o f new developments. In particular, the introduction o f a low-GWP gas is
dependant upon optimisation research (option 1) to activate the relevant chemistry to
achieve competitive etching quality. Equally, adjustment o f the chemical composition o f
the feed gas is a key technique to achieve different etching results. Furthermore, any
recycling or abatement system needs to be custom designed according to the
combination o f species in the exhaust gas.
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1.2.4

E xperim ental data required to m odel SiOz etching

The various types o f experimental cross sectional data required to model the electron
interactions within a technological plasma are listed in table 1.3. The parameters
describe the key processes in Kimura’s [2001] stage (2) o f plasma evolution (the
production o f ions and radicals dominantly through electron-molecule interactions).

Electron collision process
Electron scattering
Rotational excitation
Elastic electron scattering
Vibrational excitation
Electronic excitation
Dissociation
Ionisation
Attachment
lon-pair formation
Electron drift
Electron diffusion

R elevant p a ra m ete r
Total electron scattering cross section
Differential electron scattering cross section
Total rotational electron scattering cross section
Total elastic scattering cross section
Elastic momentum transfer cross section
Total vibrational excitation cross section
Total direct vibrational excitation cross section
Total indirect vibrational excitation cross section
Electronic excitation cross section
Total dissociation cross section
Total cross section for dissociation into neutrals
Total ionisation cross section
Partial ionisation cross section
Multiple ionisation cross section
Total electron attachment cross section
Total dissociative electron attachment cross section
Cross section for ion-pair formation
Electron drift velocity
Transverse electron diffusion coefficient to electron
mobility ratio

Table 1.3: Electron collision processes relevant to modelling the production o f ions
and radicals in a low-temperature plasma [Christophorou and O lthoff 2001]
Temperature dependence o f cross sections should also be considered as well as
molecule-molecule, molecule-ion, molecule-photon and molecule-neutral fragment
collisions. The experimental work presented in this thesis covers only a part o f the data
required to model low-temperature CF3I and C2F4 plasmas. However, within the
timescale o f the global warming emission targets discussed in section 1.2.3, assembling
an exhaustive data portfolio for all the interactions listed in table 1.3 for each proposed
feed gas for SiOz is not practical. Therefore, notwithstanding the limitations o f the
current simulations, the incomplete nature o f the available data means that it is
necessary to augment modelling with more selective comparisons o f experiment results
in order to recommend gases for more detailed study. The discussion in Chapter 7 o f
11

the relative potentials o f C F2C FC F3 and C2F 4 as sources o f C F ^^ is an example o f how
useful qualitative comparisons can be made on the basis o f spectroscopic results.

The following results provide valuable evidence to compare CF3I and C2F4 to other
potential feed gases in terms electronic excitation and the identification o f dissociation
pathways for photon and electron collisions with the parent gas.

1.3 Key atmospheric processes
1.3.1

Introduction

The atmosphere is a highly complex system involving internal chemical cycles,
incoming energy from the Sun, and the escape o f energy and gas into space. The
properties o f the atmosphere provide the conditions in which life has been able to
flourish. It is by no means a static system. Even over the geologically short timescale o f
the last one hundred thousand years, the atmosphere has experienced significant
changes in temperature and chemical composition. Processes which are understood to
have provided impetus for major climatic change include continental drift and volcanic
activity. However, the evolution o f the atmosphere does not only respond to natural
phenomena. It is evident that human activity is having significant effects on some
important chemical cycles and the climate as a whole. This section aims to give a brief
and generalised description o f the processes for global warming and ozone depletion to
which plasma processing emissions can contribute.

The current chemical composition o f the atmosphere is dominated by diatomic nitrogen
(78%) and diatomic oxygen (21%). The remaining 1% comprises a mixture o f species
including argon, carbon dioxide, water vapour, and ozone (O3). It is instructive to divide
the atmosphere into a number o f regions according to altitude. Figure 1.4 shows a
typical profile o f air temperature from sea level to 100 km. Within this altitude range,
there is sufficient turbulence to ensure that the relative concentrations o f long-lived
atmospheric species are approximately constant despite variations in atomic or
molecular mass.

The troposphere, where all industrial gas emissions take place, is characterised by a
negative temperature gradient with respect to altitude. Around 80% o f the atmospheric
12

mass is contained within the troposphere including almost all the water vapour. The
pressure falls in an approximately linear manner from 1 bar at sea level to about 50
mbar at the tropopause.
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Figure 1.4:

Temperature variation in the atmosphere below 100 km [Wayne 1991]

Most of the remaining 20% of the atmospheric mass is located in the stratosphere. The
region is defined by a steady rise in temperature from around 220 K at the tropopause to
around 270 K at the stratopause. The temperature gradient is caused by the absorption
of solar radiation by ozone (O 3 ).

Above the stratosphere, the pressure continues to fall until, at around 10,000 km, the
atmosphere becomes indistinguishable from the surrounding interplanetary medium.
The high atmosphere can be divided into the mesosphere, with a negative temperature
gradient, and the thermosphere, in which the highest atmospheric temperatures can be
found. The region of the thermosphere above 550 km is called the ionosphere. Due to
the negligibly low concentration o f the molecules which form the subject o f this thesis
at altitudes above 50 km, the following discussion o f atmospheric effects is limited to
the troposphere and stratosphere, collectively called the lower atmosphere.
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1.3.2 A tm o sp h eric en erg y flux an d th e g re e n h o u se effect

R e fle c tio n

In c o m in g

b y su r fa c e

so la r flu x

28 W m ^

R e fle c tio n b y
a tm o sp h e r e
75 W m ^

342 W m

IR e m itte d b y and
p a ss in g th r o u g h th e
a tm o sp h e r e
239 W n

SPACE

A TMOSPHERE
78 W m

EARTH ^S S U R F A C E

S e n s ib le and
latent h eat
95 W m

IR e m itte d
by su r fa c e
390 W m

IR e m itte d
by a tm o sp h e r e
324 W m

Figure 1.5: The energy budget o f the Earth’s atmosphere [Liou 2002]
Figure 1.5 presents a simplified model for the thermal equilibrium o f the Earthatmosphere system. The rate at which radiative energy enters the atmosphere from the
Sun equals that at which it leaves due to reflection and IR emission. Significantly, the
figure demonstrates that the transmission, absorption, and (re-) emission o f energy by
the atmosphere is fundamental to balancing the IR emitted by the Earth’s surface. Solar
radiation is most intense in the visible wavelength range (400 - 700 nm, 3 .1 0 - 1.77 eV).
The atmosphere is essentially transparent to visible light so most o f the incident solar
radiation is transmitted to the Earth’s surface. However, a number o f atmospheric
molecules absorb strongly in the IR wavelength range over which the Earth emits
radiation. The IR transmittance of the atmosphere is shown in figure 1.6. Only about 8%
of the energy emitted by the Earth is directly transmitted into space. The remaining 92%
is absorbed and re-emitted, generally by a succession o f molecules, until either it is re
absorbed at the planet’s surface or it escapes into space. In this way, the cycles of
absorption and re-emission in the lower atmosphere serve to retain a high proportion of
the energy emitted as IR radiation at the Earth’s surface.
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Figure 1.6: The IR transmittance of the Earth’s atmosphere with bars representing the
ranges over which O2 (blue), CO 2 (green), and H 2 O (purple) absorb [Kendall 2003]
The greenhouse effect is the term used to describe the way in which the atmosphere’s
transparency to radiation o f particular energies but absorption o f others serves to
maintain the temperature of the Earth’s surface. The atmospheric gases with
photoabsorption cross sections which are low in the UV and visible parts o f the
spectrum but high in the IR are known as greenhouse gases. Without the greenhouse
effect, the planet’s temperature would be too low for water to occur naturally in liquid
form, an understood pre-requisite for life [ERA 2003].

1.3.3

G lobal w a rm in g

The average temperature at the Earth’s surface has risen by about 0.6°C in the past 100
years, with most of the warming occurring in the last two decades [EPA 2003]. This
apparently modest change in climate is considered to be responsible for a variety of
potentially threatening global developments. These include a rise in sea level of
between 10 and 20 cm, a reduction o f snow cover and floating ice in the Northern
hemisphere, and an increase in global precipitation o f about 1%. The frequency of
extreme weather events including storms, floods and droughts is also widely predicted
to increase as a consequence of global warming [EPA 2003, Fell 2000].
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The current rise in temperature is associated with a marked increase in the abundance o f
greenhouse gases in the atmosphere. In particular, the concentration o f carbon dioxide is
30% greater now than at the beginning o f the industrial revolution. This increase in
atmospheric CO 2 is directly attributable to the burning o f fossil fuels. The rising
concentration o f other major greenhouse gases such as methane, nitrous oxide, and
halocarbons can also be traced to anthropogenic activity. Based on projected global
development patterns and the absence o f adequate control policies, carbon dioxide
levels

are expected to rise by between 30 and 150% over the 21^ century,

corresponding to an increase in average surface temperature o f between 1.4 and 5.8°C
[EPA 2003].

The affect that a species has on the Earth’s climate if released into the atmosphere can
be measured in terms o f its global warming potential (GWP). The following equation is
used to calculate the parameter [IPCC 2001]:

^
ttim

^
cicoi

^
Tcoi

1 Gxp(

t ! tm)

equation 1.1

1—exp(—^/ TC02)

m

=

molecular mass

a

=

instantaneous radiative forcing (see below)

r

=

atmospheric lifetime

t

=

timescale over which GWP is evaluated

The subscript m indicates that the relevant value applies to the molecule being evaluated
while the subscript C0 2 accompanies the equivalent values for carbon dioxide.
Therefore, GWP is a relative quantity for which CO 2 is the reference.

Radiative forcing is a measure o f the effect that a specific event has on the energy
balance o f the Earth-atmosphere system [EEA 2003]. An example o f a relevant event is
a change in the spectral output o f the Sun. The climate responds to an event to establish
a new energy balance. Positive radiative forcing increases the temperature o f the Earth’s
surface while negative radiative forcing cools it down. For a change in the atmospheric
concentration o f a particular gas, the units o f radiative forcing are W m '^ppb'\ Two o f
the key properties o f a gas which contribute to it having positive radiative forcing are its
absorption cross section across the energy range o f the Earth’s radiative emission and
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the specific wavelengths at which the gas absorbs infrared radiation with respect to CO 2,
O 2, and H 2O (see figure 1 .6 ). The lifetime o f the molecule in the atmosphere also affects
the radiative forcing associated with its emission. Accordingly, the instantaneous

radiative forcing is the effect o f the increase in concentration o f a specific molecule
without taking into account for how long the molecule is expected to remain in the
atmosphere.

Radiative forcing, however, remains a somewhat controversial parameter [Shine 2 0 0 0 ]
as it is intended to encompass all aspects o f the contribution to climate change o f an
event. This inevitably includes the assumption o f a number o f largely unknown
variables. In the case o f an increase in the atmospheric concentration o f a gas, the
precise location o f a greenhouse molecule in the atmosphere can dramatically affect the
true radiative forcing. A molecule will be at a different temperature and exposed to a
different spectrum o f radiation at a high altitude above Antarctica from the same
molecule just above sea level in the Persian Gulf. All calculations o f radiative forcing
and GWP o f a molecule are dependent on models which are at best crude
approximations o f the extremely complex dynamics o f the Earth’s atmosphere.

1.3.4

O zone depletion

As shown in figure 1.5, -23% o f incident solar radiation is absorbed by the atmosphere
before striking the Earth’s surface. Significantly, ozone (O 3) is the only atmospheric
molecule which absorbs photons with energies between 6.2 and 4.1 eV (200 - 300 nm).
Exposure to ultraviolet radiation o f energy greater than 4.1 eV has been demonstrated to
cause serious damage to DNA [EPA 2003]. Therefore, O 3 plays a key role in
maintaining the conditions for life at the Earth’s surface.

Ozone is produced by the reaction o f atomic oxygen (O) with molecular oxygen (O 2)
The major source o f atmospheric O is the dissociation o f O 2 by UV radiation. The
intensity o f sufficiently energetic solar photons falls sharply below the mid-stratosphere
so atomic oxygen is only produced effectively above 25 km. However, for the
production o f ozone, both molecular and atomic oxygen must be abundant. Therefore,
O3 production is limited to altitudes where high-energy solar photons are available to

dissociate diatomic oxygen but a sufficient concentration o f O 2 molecules remain intact
to react with the atomic oxygen.
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Stratospheric ozone itself has a very short lifetime due to photo-dissociation by solar
UV radiation and to reactions with atomic oxygen to produce diatomic oxygen [EPA
2003]. Therefore, almost all naturally occurring O 3 is concentrated in the region where
production levels are high. This region is called the ozone layer and extends from
altitudes o f 20 to 26 km [Mason and Hughes 2001].

Due to the fast rate o f production and destruction o f stratospheric O 3, the concentration
o f the ozone layer is extremely sensitive to any perturbation. Around 25 years ago the
depletion of the ozone layer was first detected by satellite data [NASA 2002]. Since
then, ozone depletion has continued at an alarming rate, most significantly above the
Antarctic where ozone can be destroyed rapidly due to the accumulation o f high
concentrations o f pollutants in polar stratospheric clouds during late winter and early
spring [Dessler 2000]. The key reactions for accelerated ozone destruction depend on
the presence o f a catalyst (X), as represented below. The most significant naturally
occurring catalyst atoms and molecules are H, OH, NO, and Cl.

O3 + X
XO + 0

—> XO + O 2
—► X + O 2

equation 1.2
equation 1.3

Anthropogenic activity is responsible for a major increase in the contribution o f ozone
depleting halogen radicals. Free halogen atoms released at low altitudes react quickly to
form water-soluble molecules such as HCl and IONO 2 [Solomon et al. 1994]. Once
dissolved, the compounds are removed from the atmosphere by rain. Therefore, to reach
the stratosphere, halogen atoms must be contained within water-insoluble molecules
which only break up at high altitudes. The major source o f stratospheric chlorine is the
emission o f chlorofluorocarbons (CFCs). CFCs do not occur naturally but have found
widespread application as refrigerants. The species have very long lifetimes in the
troposphere but are dissociated by UV light in the stratosphere, liberating Cl radicals.
On average, each free chlorine atom takes part in the destruction o f 100,000 ozone
molecules before being removed from the stratosphere [EPA 2003]. The sink
mechanism for stratospheric Cl is the formation o f either HCl or CIONO 2 which,
although susceptible to UV dissociation, can last long enough to diffuse to the
troposphere and subsequently be removed by dissolution in water droplets.
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Very few free F atoms are released by CFC photo-dissociation compared with free Cl
atoms. Furthermore, fluorine reacts to form molecules such as HF which are much more
resistant to UV radiation than HCl or CIONO 2 so the stratospheric lifetime o f F is
relatively short. Bromine, however, is even more destructive than chlorine because HBr
and BrONOi have even shorter UV photo-dissociation lifetimes than their chlorinated
equivalents. Therefore, the formation o f HBr and BrONOz is a relatively ineffective
removal mechanism and free Br atoms can initiate yet more ozone depleting cycles than
Cl. However, much lower concentrations o f Br are produced in the stratosphere than Cl.
It seems that iodine plays a minor role in ozone depletion because there is no effective
mechanism to transport free iodine radicals to the stratosphere.

The destructive effect on the ozone layer that a species has if released into the
troposphere can be measured in terms o f its ozone depletion potential (OOP). The
following equation is used to calculate ODP [IPCC 2001]:

ODP^ ^

x

-
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^CFcn

^
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m =

molecular mass

F =

fraction o f molecules which will be dissociated in the stratosphere

r

atmospheric lifetime

=

n

1.4

n =

number o f potentially ozone depleting atoms in the molecule

C =

the ozone depleting efficiency (compared to chlorine) o f the radicals released
in the stratosphere

P

=

the fraction o f the molecules released at the surface that enter the stratosphere
(~ 1 for a molecule with a lifetime in the troposphere greater than several
months)

The subscript m indicates that the relevant value applies to the molecule being evaluated
while the subscript cfcu accompanies the equivalent values for C FC -II (CCI3F). It
should be noted that (ncFüjj / 3), Ccfüu, and pcFcii are all equal to unity. Therefore,
ODP is a relative quantity for which CFC-11 is the reference.
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Analogously to GWP (section 1.3.3), the calculation o f the ODP associated with a
particular gas involves several variables which are difficult to determine precisely. For
example, Ç depends upon the stratospheric dynamics o f the species and other molecules
with which it can react. Furthermore, as observed in Antarctica, the conditions for ozone
destruction vary dramatically with season and position above the Earth’s surface.
Therefore, ODP calculations rely on approximate models o f the atmosphere and should
only be taken as guides to the true effects o f chemical emissions.

As well as having major ozone depleting effects, CFCs are significant global warming
compounds. Accordingly, their production in industrial countries has been banned since
1996 and emissions have fallen dramatically as a consequence [Fell 2000]. However,
due to the long lifetimes o f CFCs in the troposphere, even if emissions remain low, the
compounds will continue to deplete stratospheric ozone for many years to come.
Therefore, in the global effort to restrict damage to the ozone layer, it is essential not
only to evaluate the ozone depleting effects o f present and future industrial emissions
but also to understand as precisely as possible the roles o f species which are currently
prevalent in the atmosphere.

1.3.5

M olecular destruction by photolysis

GWP and ODP provide helpful if somewhat imprecise means to compare the respective
damaging effects that the emission o f gases into the atmosphere can have. In relation to
the experimental work described in this thesis, it is particularly interesting to note that
both quantities are directly proportional to the atmospheric lifetime o f the molecule in
question (equations 1.1 and 1.4). Molecules can be removed from the atmosphere if they
gain sufficient kinetic energy through successive collisions to escape the Earth’s
gravitational field. However, the dominant removal processes for all but the lightest
molecules are chemical reactions with other atmospheric species, dissolution in water
followed by precipitation, and photolysis by solar radiation.
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Figure 1.7:

Energy profile of the solar actinic flux in the troposphere and
stratosphere [Demore et al. 1997]

Significantly, almost no solar photons of energy greater than 6.89 eV (wavelength less
than 180 nm) penetrate to altitudes below around 30 km. At sea level, solar radiation is
limited to photons of energy below 4.25 eV (wavelength greater than 292 nm).

The energy range shown in figure 1.7 coincides with the photoabsorption measurements
discussed in chapters 4 - 7 . Therefore, the experimental results can provide evidence for
the photolysis (destruction incited by photoabsorption, photo-dissociation) of the
molecules below the stratopause. The mechanisms for electronic excitation o f a
molecule by photoabsorption are described in section 2.2. Photolysis can occur either by
direct optical dissociation or by pre-dissociation. For direct optical dissociation, the
energy of the absorbed photon raises the molecule to an excited state which is repulsive
along a particular bond. Pre-dissociation describes the excitation o f the molecule to a
non-repulsive state which is coupled to a dissociative state. Both processes can be
identified in a photoabsorption spectrum as continuous features, although sharp peaks
associated with transitions to bound states o f coincident energy may be superimposed
upon the continua. In the case of pre-dissociation, the transition to the initial nonrepulsive excited state and a following vibrational series are typically apparent in this
way. The continuous nature of the (underlying) features is due to the absorption o f
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photons with energies above that required to raise the molecule to the (pre-) dissociative
excited state. Thus, following the dissociation o f the molecule, the excess energy can
manifest itself as kinetic energy o f the fragments. Translational motion is not subject to
quantisation so a continuous energy spread is observed for the absorbed photons.

On the basis o f this identification o f excitations which lead to dissociation, a computer
program has been developed at UCL to calculate solar photolysis rates in the lower
atmosphere (the troposphere and stratosphere). The model is described in detail in the
thesis o f P. A. Kendall [2003]. The program evaluates the photolysis rate for a molecule
at a fixed altitude in a sunlit, clear atmosphere. The solar actinic flux data used is that
reported by Demore et al. [1997], represented in figure 1.7. The model assumes that
solar radiation enters the atmosphere at a fixed angle o f 30® with respect to the zenith o f
the Earth’s surface.

The UCL program gives a simplified estimation o f the true photolysis o f a molecule. In
particular, it does not make allowance for variations in temperature with altitude, or for
the change in the angle o f solar radiation according to the time o f day or year. Neither is
the effect o f cloud cover considered. However, the results generated by the program are
generally close to the calculations reported by other groups. For example, the photolysis
rates for CH 2ICI and C 2H 5I calculated using the UCL program are in good agreement
with those reported by Rattigan et al. [1997]. Accordingly, the UCL model is considered
to give a useful approximation o f the photolysis o f a molecule at different altitudes.

The program has been used to model the photolysis o f the seven molecules featured in
this thesis. In each case, the result is shown in the form o f the molecule’s photolysis
lifetime, calculated as the reciprocal o f the photolysis rate. It should be noted that, with
the exception o f C F3I, all o f the molecules’ lifetimes are greater than one day at low
altitudes. Therefore, the lifetimes o f the relatively slowly photolysing molecules are
plotted in units o f days calculated on the assumption o f 12 hours o f incident radiation
per day.
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1.4

Summary

Chapter 1 gives the reader an introduction to the key processes within a plasma reactor
and in the atmosphere which should be considered when attempting to draw conclusions
about the applicability o f C F3I and C 2F 4 to SiOz etching and the environmental effects
o f their release into the troposphere. For both purposes, the most important evidence
provided by the research discussed in the following chapters relates to molecular
dissociation. The products o f dissociation by electron impact and the energies at which
break up occurs are fundamental to the efficiency and selectivity o f a particular etching
process. Equally, to estimate the global warming and ozone depleting effects o f ground
level gas emissions it is essential to determine the susceptibility o f the molecule to
dissociation by photon impact.

Major changes to the way that commercial plasma etching is performed are inevitable
following international legislation to reduce the emission o f greenhouse gases. The
motivation for the experiments described in this thesis is to provide evidence to
contribute to the evaluation o f potential replacement feed gases.
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Chapter 2
Molecular excitation and dissociation
Art is never finished, only abandoned Leonardo DaVinci

2.1

Introduction

The aim o f this chapter is to give an introduction to the processes initiated by photonic
and electronic collisions with molecules. The experimental techniques which form the
basis o f this research depend upon these interactions to derive information about the
target species. However, our interest in the excitation o f molecular systems by electron
and photon impact goes beyond the explanation o f how we can infer physical
information by spectroscopy. As discussed in Chapter 1, the principle motivation for our
work is to understand the mechanisms for the dissociation o f C F3I and C2F4 within a
plasma processing cell and in the lower atmosphere. Therefore, the excitation processes
which determine the molecules’ spectra provide direct evidence for interactions which
occur in the applied systems.

2.2 Molecular spectroscopy
2.2.1 Energy transfer processes in molecular spectroscopy
Molecular spectroscopy can be defined as the study o f the interactions between
electromagnetic radiation and molecular systems [Banwell 1983]. It differs from atomic
spectroscopy by an order o f complexity related to the number o f different ways in which
energy can be transferred to the target. Molecules can express changes in internal
energy in terms o f electronic, rotational, and vibrational excitation. These are known as
the internal degrees o f freedom and can each interact v^ith electromagnetic radiation as

24

they affect the electric dipole moment o f the molecule. Translation, the motion o f the
centre o f mass o f the intact target molecule with no net change o f dipole moment, does
not play any role in spectroscopy.

The timescales which apply to the three internal degrees o f freedom differ significantly.
A large number o f vibrations can take place in the time it takes a molecule to complete
one rotation. Electronic transitions take place over such a short timescale that, according
to the Franck-Condon principle, nuclear positions (the motion o f which is described as
vibration) can be assumed to be unchanged from the initial to the final state. As would
be expected from the uncertainty principle, these differences in timescale are reflected
in the typical energies required to excite the quanta associated with each o f the degrees
o f freedom. Rotational energy levels are typically separated by a few meV and
vibrational levels by several tens to hundreds o f meV. The energy differences between
electronic states are o f the order o f a few eV. Therefore, although molecules can be
simultaneously excited rotationally, vibrationally, and electronically, the large energy
differences enable us to treat the three degrees o f freedom separately. The total internal
energy o f a molecule can then be expressed as the sum o f the energies associated with
the respective types o f motion.

Etotal

Erotation

Eyibration

Eelectronic

e q u a tio n 2 .1

Equation 2.1 is known as the Born-Oppenheimer approximation. Rotational excitation
is disregarded in the following discussions as it does not contribute to dissociative
processes. Furthermore, the energy resolution available in the present experiments is not
sufficient to identify any individual rotational modes (figure 3.5).

2.2.2 Vibrational excitation
Vibration within a molecular system involves the motion o f the constituent nuclei with
respect to each other. The equilibrium positions around which vibrations take place are
determined by the balance o f electrostatic repulsive forces acting between the various
nuclei and the attractive forces between nuclei and electrons throughout the molecule. It
is worth noting that the repulsive forces are not just between the positive nuclei
themselves but also between the respective inner-shell electrons surrounding each
nucleus. The inter-nuclear distances which correspond to a state o f minimum energy are
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described as bond lengths. As would be expected intuitively, shorter bond lengths
correspond to nuclei which experience stronger attractive forces. Therefore, the energy
required to activate vibrational motion along the axis o f two nuclei is greater for shorter
bonds.

For a molecule comprising N nuclei, vibrational excitation can manifest itself in terms
o f (3N - 6 ) modes in a non-linear molecule and (3N - 5) in a linear molecule. Each
mode is defined by the type and symmetry o f the nuclear motion involved. Vibrational
excitation can be described by solving the time independent Schrodinger equation for
Morse potential energy functions based upon models such as the simple harmonic
oscillator. The theory o f vibrational excitation is well established and therefore we do
not repeat the arguments in the present introduction. Readers are advised that a good
explanation is given by Bransden and Joachin [1983]. However, we wish to draw
attention to a few implications o f the theory and general comments o f relevance to the
present work. In particular, much o f the analysis presented in Chapters 4-7 relates to the
vibrational structure associated with electronic transitions. For discussion o f these
processes in polyatomic molecules, we recommend readers to consult the work o f
Herzberg [1966].

• Transitions from or to (or from and to) vibrational levels o f the involved electronic
states are responsible for the band structure. The pure electronic transition is
represented as uoo (or 0 - 0 ).
• Transitions at lower energies than uoo are called hot bands and are due to excitations
from a higher vibrational level o f the initial state to the lowest level o f the final state.
Hot bands are represented as ux-o, where ux is the mode corresponding to the level
(X = 1, 2 etc). Accordingly, the energy difference between uoo and ux-o matches the
activation energy o f Vx in the initial state.
• The activation energy for a particular vibrational mode in an excited state generally
differs from that in the electronic ground state due to associated changes in the
nuclear positions, molecular symmetry etc. Typically, the activation energies are
lower in excited states as they are less stable and thus the overall bonding o f the
nuclei is weaker.
• Changes in the geometry and symmetry o f a molecule in electronic excited states can
also change the motions o f the vibrational modes themselves.
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• The differences in energy spacing corresponding to hot bands and vibrational
features associated with the final state provide key evidence for the identification the
transition and o f the Voo feature.
• Single quantum activation o f anti-symmetric vibrational modes coupled to electronic
excitations have very low cross sections in cases where the initial and final states are
o f approximately equal symmetry.
• The higher levels o f a stretching mode correspond to greater displacement
amplitudes so there is a limit to the number o f quanta which can be activated before
dissociation takes place. Therefore, the observation o f an extended vibrational series
related to the excitation o f a stretching mode implies a possible dissociation pathway
along the bond axis.

2.2.3 Electronic excitation
The spectroscopic work described in this thesis occurs in the energy ranges associated
with electronic excitation. Electrons occupy molecular orbitals (MOs) according to
internal energy o f the system. Therefore, if a particular energy is transferred to the
molecule by the absorption o f a photon, an electronic transition to a higher energy MO
can take place. If the molecule was initially in the ground state, then the photon is said
to be resonant with the excited state. The molecule can subsequently relax into a lower
orbital, often by emitting a photon o f the appropriate energy. The energy range for
electronic transitions coincides with the visible and ultraviolet regions o f the
electromagnetic spectrum.

At room temperature, molecules are generally in the electronic ground state with a low
proportion o f the population raised above the lowest vibrational levels. In the present
experiments (exclusively conducted at room temperature or lower) all the observed
excitations are from the electronic ground state and the features associated with hot
bands have relatively low cross sections.

According to the Franck-Condon principle, we can represent electronic transitions as
vertical lines joining potential energy surfaces plotted against the most probable
internuclear separation (figures 2.1 and 2.2). Although the plots below relate to diatomic
molecules, the same principles apply to transitions in polyatomic molecules. The
vibrational levels are shown in red.
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Figure 2.1:

Franck-Condon diagram representing a transition between
two bound electronic states

(B)

(A)
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Figure 2.2:
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Internuclear distance, r

Franck-Condon diagrams representing (A) direct dissociative excitation
and (B) pre-dissociative excitation

Figure 2.2 illustrates the key mechanisms for molecular dissociation via electronic
transitions. The diagram marked (A) represents a transition to a dissociative state. The
excitation process shown in diagram (B) initially involves the promotion o f an electron
to a higher vibrational level o f a bound state. The subsequent vibration increases the
internuclear separation to a point where the bound potential energy surface crosses that
of a dissociative state. It is then possible for the molecule to undergo a radiationless
transition into the dissociative state. This process of molecular break up via a bound
state is known as pre-dissociation. Both dissociative processes shown in figure 2.2
involve the release of part o f the molecule’s internal energy as kinetic energy o f the
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fragments. As discussed in section 1.3.5, the transfer o f incident photon energy to
kinetic energy o f the dissociated fragments is responsible for the broad nature o f (pre-)
dissociative features in photoabsorption spectra.

As an aside, it should be noted that we often refer to bonding and antUbonding orbitals
while discussing the spectra presented in this thesis. Depending on the nature o f the
interaction, o or % (bonding), and c* or tc* (anti-bonding) refer to specific molecular
orbitals and whether their occupation by an electron tends to strengthen or weaken a
particular bond. These terms should not be confused with bound and dissociative states,
which apply to the whole molecular system, taking into account all the forces within.

Calculation o f the probability o f a transition between two electronic states is a complex
problem and is not attempted in the present work. However, the question o f whether an
optical transition has zero or non-zero probability can be addressed more easily
according to a set o f selection rules. Transitions can thus be defined as optically (or

dipole) allowed or forbidden. In particular, for a transition to be optically allowed, the
associated change in the total spin angular momentum (S) o f the molecular system must
be zero. Further selection rules relate to the symmetries o f the vacated and occupied
orbitals (section 2.4). However, in each case, the symmetry and spin properties o f the
relevant states (which can be calculated as a sum o f those o f the occupied orbitals) must
be known before selection rules can be applied. As will become apparent in this thesis,
while the ground state molecular configurations are generally available, the symmetry
and spin o f excited states are often undetermined in the literature. In these cases, the
optically allowed or forbidden nature o f a transition is inferred from the spectral data as
opposed to being used to propose particular assignments.

2.2.4 Valence and Rydberg transitions
The excited states to which a molecule can be promoted from the ground state are
classed as either valence or Rydberg. The valence shell contains the highest energy
orbitals which are occupied in the electronic ground state. As mentioned above, orbitals
can be classified in terms o f being o or ti bonding, o* or n* antibonding, or n non
bonding. The bonding and anti-bonding characteristics are specific to a particular bond.
An orbital which is classed as A -B anti-bonding can also be A C bonding (where A, B,
and C are nuclei within a molecule). However, in general the occupation o f an MO will
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dominantly affect one bond and so the orbital can still be defined as being o f o, t z ,

o*,

n*, or n character. The valence shell contains all the bonding and anti-bonding orbitals
as well as some non-bonding orbitals. It is worth remarking that the occupation o f a o or

G* orbital acting between two nuclei leads to an increased electron density on the
internuclear axis. Conversely, the lobes o f a tt or n* MO are perpendicular to the axis
between the nuclei affected by the occupation o f the orbital.

The shells with lower principal quantum numbers («) than the valence shell are known
as inner shells. These tend to be entirely associated with the constituent nuclei as
opposed to taking part in molecular bonding. Inner shell transitions occur at higher
energies than those investigated in the present work and so are not discussed further.
Visible
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Typical energy ranges o f valence transitions [Gingell 1998]

The promotion o f an electron from a ground state valence orbital into an unoccupied
valence orbital is known as a valence transition. Electrons in o orbitals are typically
bound at lower energies within the molecular system than those in % orbitals. The
weakest bound orbitals, and therefore those from which the lowest energy transitions
can occur, are most often o f n character. In general, the lowest energy unoccupied
valence orbitals are n* MOs. The energy ranges at which valence transitions typically
occur are summarised in figure 2.3.

Rydberg orbitals are defined as those with principal quantum numbers higher than the
valence shell. The most strongly bound Rydberg states generally occur ~ 7 eV above the
ground state. Therefore we often observe an overlap o f Rydberg and valence transitions
(with the exception o f n

%*). Rydberg orbitals are located relatively far from the

nuclei and therefore tend to be essentially non-bonding in character. In a Bohr-type
model, an electron occupying a Rydberg orbital can thus be visualised as travelling
around a cationic core containing the nuclei and the inner and valence shell orbitals. A
number o f implications o f this model help us to identify Rydberg transitions in
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molecular spectra. In particular, the cationic core is the same for all Rydberg states
occupied by an electron promoted from a specific ground state orbital. Naturally, this
core is similar to the ionic state associated with the vacation o f the same ground state
MO. Therefore, we can consider a limiting case in which the cationic core o f a Rydberg
state with a very high principal quantum number is essentially indistinguishable from
the ionic state. This is allied to the concept o f a Rydberg series made up o f orbitals with
successively higher n converging to a specific ionic state.

This argument can be extended by observing that a Rydberg state considered as an
electron occupying an orbital which is spatially vary large compared the core with a
charge o f +1, looks rather like atomic hydrogen. Thus, by introducing two corrections to
the standard energy level equation for hydrogen-like atoms, we can predict the energies
o f transitions using the Rydberg formula given below (equation 2.2). The first
correction accounts for the difference in the ionisation energy o f hydrogen and that
associated with the limiting ionic state. The second correction is represented by the
quantum defect and reflects the degree to which the charge on the core is screened by
the electrons in the inner shell and valence orbitals.

E„ = El - (R / (w-ô)^)

equation 2.2

E„ = energy o f the Rydberg state
El = the ionisation limit to which the series converges (this may be the ionic ground
state or an ionic excited state)
R = the Rydberg constant (13.61 eV)

n = principal quantum number
5 = relevant quantum defect

The charge screening varies according to the configuration o f the cationic core. In
particular, if the electron is removed from a valence orbital which is localised close to
one o f the nuclei, the extra proton o f the molecule will be felt most around this nucleus.
Therefore, the overall charge screening will be greater for the removal o f an electron
localised close to a nucleus with a greater number o f inner shell electrons. The typical
ranges for the expected quantum defects associated with Rydberg series are given in
table 2.1. The description o f Rydberg states in terms o f s, p, or d is an extension o f
analogy with atomic hydrogen to the / (orbital angular momentum) quantum number.
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Atomic
elem ent
B, C ,N ,0 ,F
Al, Si, P, S, Cl
Te, I

Q u an tu m defect range
Its
0 .9 - 1 .2
^ 2 .0
3 .9 - 4 .2

1
t
1

up
- 0 .7
- 1.7
3.5-39

ltd
-0 - 0 .3
1 .0 -1 .3
1.8-2.7

Table 2.1: Quantum defect ranges associated with Rydberg transitions from different
atomic elements [Sandorfy 1999, Giuliani 1999]
As the model described above depends upon the assumption that Rydberg orbitals are
far from the cationic core, equation 2.2 and table 2.1 are expected to give closer
approximations for energy levels corresponding to higher n states. However, from a
spectroscopic point o f view, transitions to high n orbitals are more difficult to assign as
the relevant peaks are markedly less intense [Sandoriy 1999] and the spacing between
features decreases close to the ionisation limit. Vibrational series which may help to
identify peaks belonging to the same series also become weaker for higher n transitions.
Furthermore, in the case o f the present photoabsorption spectra, the available resolution
falls with increasing energy. Therefore, most series are assigned beginning with the
lower n transitions and extrapolating to higher energies on the basis o f quantum defect
calculations and the Rydberg-Ritz equation given below [Bom 1925].
5 = « + p{n- Ô)

-2

equation 2.3

a, P = coefficients o f a linear equation
n

= principal quantum number

5

= relevant quantum defect

To satisfy equation 2.3, a straight line should be formed when ô is plotted against {n 0)*^ for each transition in a Rydberg series. This is known as an Elden’s plot. However,
in cases when approximately constant quantum defects are calculated for the identified
transitions, no Elden’s plot is required to tell us that further members o f the series
should have equal Ô.
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2.2.5 Ionisation and energy splitting
Ionisation can occur if sufficient energy is transferred to an electron in a bound state to
promote it to the continuum. The process can be understood in terms o f the excitation o f
an electron to a virtual orbital representing an ionic state. Accordingly, ionisation is
governed by the Franck-Condon principle in the same way as an electronic transition.
The energy required for the promotion (the ionisation energy, IE) depends upon how
tightly bound an electron is when occupying the relevant MO. The state with the lowest
IE is called the ionic ground state and corresponds to the removal o f an electron from
the highest occupied molecular orbital (HOMO). The promotion o f an electron from a
more tightly bound MO is associated with an ionic excited state.

As may be expected from the analogy with electronic transitions, vibrational excitation
can be coupled to ionisation. The energy required for the promotion o f an electron from
the lowest vibrational level o f the neutral ground state to that o f a particular ionic state
is known as the adiabatic ionisation energy. The vertical ionisation energy corresponds
to the promotion which can be represented by a vertical line between the ground state
and ionic state potential energy surfaces in a Franck-Condon diagram.

The

instantaneous positions o f the nuclei in the two states must therefore be identical.
However, depending on the characteristics o f the vacated orbital, the geometry o f a
particular ionic state may differ significantly from that o f the neutral ground state
[Bransden and Joachin 1983]. In such cases, vertical promotion takes place to a higher
vibrational level o f the ionic state. The vertical IE is generally assumed to correspond to
the maximum o f an ionic spectral band and is therefore easily identifiable. In cases
where it differs from the vertical IE, the adiabatic IE may be identifiable as the
beginning o f any observable vibrational series. The activation energy o f ionic
vibrational modes will depend upon any bonding or antibonding characteristics that the
vacated orbital may have.

Knowledge o f the adiabatic ionisation energy corresponding to the removal o f an
electron from a specific orbital is essential to identify Rydberg series using equation 2.2.
Furthermore, as Rydberg orbitals are essentially non-bonding, the energy spacing o f
vibrational structure can be considered to be determined principally by the interactions
o f the vacated MO. Therefore, the vibrational structure associated with a Rydberg
transition is often very similar to that with ionisation from the relevant orbital.
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The ionisation energies o f a molecule can reveal important details about vacated ground
state orbitals. In particular, they can provide evidence for energy splitting in the vacated
orbitals. The key mechanism for energy splitting o f the ground state orbitals
encountered in the present work is spin-orbit coupling. Briefly, the spin angular
momentum and the orbital angular momentum o f an unpaired electron in a degenerate
MO can combine to produce new states characterised by the total electronic angular
momentum [Eland 1984]. The new states have different energies because the magnetic
moments due to the electron spin and the orbital momentum can oppose or reinforce
each other. As the effect depends upon orbital degeneracy, spin-orbit coupling only
contributes to the spectroscopy o f molecules with an axis o f (at least) three-fold
symmetry. Therefore, the effect is not observed in the ionisation energies o f C 2F 4 (D 2h)
and CF 2CFCF 3 (Cs), discussed in Chapters 6 and 7. However, as will become apparent
in Chapters 4 and 5, energy splitting due to spin-orbit coupling can be significant for
Csv molecules (CH 3I, CH 3CI, and CF 3I).

The Jahn-Teller effect is referred to on a number o f occasions in reference to CH 3I,
CH 3CI, and CF 3I. It states that a symmetric, non-linear molecule in a degenerate state

distorts in such a way as to reduce the symmetry and hence remove the degeneracy.
Therefore, the removal o f an electron from a degenerate orbital can lead to a distortion
in the symmetry o f the ionic or excited state. Evidence for such distortions can be
observed in vibrational series associated with the transition (e.g. n —> 6 s for CH 3I,
Chapter 4).
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Electron scattering

2.3.1 Interactions between electrons and molecules
In contrast to photonic interactions with molecules, electron scattering processes are

non-resonant. This is a consequence o f the fact that an electron has mass and does not
cease to exist once energy is transferred. An electron can thus transfer any amount o f its
kinetic energy to a molecule. Furthermore, an incident electron can simultaneously
transfer energy to a molecule and exchange quantum numbers with one o f the
constituent electrons. This latter process, called the exchange interaction, can be
demonstrated by quantum mechanics [Brehm and Mullin 1989]. An electronic collision
can thus change the total spin momentum o f the target molecular system. In this way,
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electron interactions can effectively bypass the selection rule which states that the
change o f the total spin o f a molecule over a transition must be zero.

Electron-molecule interaction

Representation

elastic scattering

e(e) + A B -^ e '(8 ) + AB

super elastic scattering

e'(e) + AB* -> e (s') + AB, e' > 8

inelastic scattering:

... 8" < 8

electron impact excitation

e(8) + A B e ‘(8") + AB*

dissociative excitation

e (8) + AB ^ e(e") + A + B*

electron impact ionisation

e (8) + A B ^ e(8") + e'(ei) + AB^

dissociative ionisation

e’(e) + AB —> e'(8") + e'(ei) + A + B^

e (8) + AB
[AB]'
A' + B*
Dissociative electron attachment
Where e = energy of the incident electron, e', e" = energy of the scattered electron.
El = energy of the ejected electron. A B = the molecular target
Table 2.2:

Summary o f electron-molecule interactions

Table 2.2 summarises the various electron-molecule interactions, often called open

channels. Elastic scattering describes a collision in which the total kinetic energy o f the
electron and molecule are conserved. A collision in which an already excited molecule
transfers energy to the electron is referred to as super elastic scattering. If the electron
transfers part or all o f its kinetic energy to excite the molecule, the interaction is
described as inelastic scattering. This term applies to electron impact dissociation,

dissociative excitation, electron impact ionisation, dissociative ionisation, and
dissociative electron attachment (see section 2.3.2). The excited molecule will relax into
the ground state after a short period, very often by emitting a photon.

2.3.2 Resonances in electron-molecule scattering
The formation o f temporary negative ions (TNI) reveals information about the
symmetry, binding energies, and spatial charge distributions o f molecular orbitals which
are unoccupied in the neutral electronic ground state. TNI are formed at specific
incident energies, knovm as resonances, which are generally below 20 eV. The negative
ions themselves typically exist for a period o f lO'^^-lO'^'^ s before decaying. This period
is long compared to a typical electron collision timescale (-10'^^ s). Many temporary
negative ion states decay by auto-detachment. In this case, the trapped electron detaches
from the target molecule, leaving it at a higher energy. The formation o f a temporary
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negative ion represents a very efficient process for energy transfer in comparison with
direct inelastic scattering.

TNI resonances can be divided into three categories; shape resonances, core excited

shape resonances, and Feshbach resonances. In each case, the interaction between the
charge o f the incident electron and the electric dipole moment o f the neutral molecule
results in an effective potential which can support a bound state o f the negative ion. The
presence o f the incident electron may induce an electric dipole moment in the neutral
molecule. Therefore TNI formation is not an exclusive process to electron interactions
with molecules which have permanent electric dipole moments.

A shape resonance is associated with the attachment o f an electron to a molecule which
is initially in the electronic ground state. The electron can subsequently auto-detach
leaving the molecule in an electronic excited state. The relatively long timeframe over
which the molecule remains in the excited state before decaying into the ground state
leads to significant vibrational excitation.

Core excited shape resonances and Feshbach resonances correspond to the attachment
o f an electron to a molecule initially in an electronic excited state. In the former case,
the TNI is formed in an excited state. The subsequent auto-detachment and decay into
the ground state typically takes place over a shorter timescale than that for a shape
resonance. Therefore, the intensity o f any vibrational peaks associated with a shape
resonance can be expected to be several orders o f magnitude higher than those coupled
to a core excited shape resonance. Feshbach resonances describe the formation o f an ion
with a relatively long lifetime (up to 10'^^ s) in a virtual state o f lower energy than the
ground state TNI.

Auto-detachment is not the only channel by which a temporary negative ion may decay.
Alternatively, the TNI may dissociate to form a stable negative ion and a neutral
fragment. This process is described as dissociative electron attachment in table 2.2.
However, dissociative electron attachment cannot be observed directly in the present
scattering experiments which depend upon the detection o f electrons post-interaction.
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2.4

Molecular symmetry

As mentioned in sections 2.2.3 and 2.2.5, the classification o f molecules according to
their symmetry provides an essential tool for the interpretation o f spectroscopic results.
Molecules fall into point groups determined by the possible symmetry operations which
can be performed upon the structure described by the equilibrium positions o f the
constituent nuclei. This section is intended to provide a brief introduction to the terms
used in this thesis and an example o f how the recognition o f particular symmetry
properties can help us to predict the probability o f excitation processes. For a fiill
description o f molecular symmetry and group theory the works o f Vincent [2001] and
Bishop [1973] are recommended.

A symmetry operation is a mathematical operation on an object which leaves it
apparently unchanged. The symmetry element describes the point line or plane with
respect to which a particular operation is carried out. Disregarding translational
operations, there are five types o f symmetry operation. These are listed with the
corresponding elements in table 2.3.

Symmetry operation

Symmetry element

Symbol

identity

whole body

E

n-fold rotation

n-fold axis o f symmetry

Cn

reflection

plane o f symmetry

Oy, Oh, Od

inversion

centre o f symmetry

i

improper rotation

axis o f improper rotation

Sn

Table 2.3:

Symmetry operations, elements, and symbols [Vincent 2001]

The identity operation describes the act o f doing nothing and therefore is applicable to
all objects. The other operations are self-evident with the exception o f improper rotation
which involves n-fold rotation followed by a reflection in the plane perpendicular to the
n-fold axis. The molecules studied in this thesis belong to the Csv, Dih, and Cs point
groups. The symmetry operations which apply to these groups and the symmetry species
are given in table 2.4.
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Sym m etry operations

O rd erin g of
sym m etry species

E, 3-fold rotations, 3 vertical reflections
E, 2-fold rotations, 2 two-fold rotations perpendicular
to the principle rotation axis, a horizontal reflection
E and a reflection

Al, Al, E
Ag, Au, Big, Biu,
Big, Biu, Bsg, Bgu
A', A"

Point
group
Csv
Dih
Cs
Table 2.4:

Possible symmetry operations in the point groups o f the molecules studied
in the present work [Shimanouchi 1974]

The symmetry species terms given in the right hand colunrn o f table 2.5 are known as

irreducible representations and relate to the basic geometric features which determine
the symmetry. Each point group has a corresponding character table. As an example,
we show the character table (2.5) for Csv molecules. “A” denotes a symmetry species
with one dimensional irreducible representation while “E” is used for two-dimensional
irreducible representation.

E

2C3

3ov

R elevant geom etry

Al

1

1

1

z

Al

1

1

-1

Rz

E

2

-1

0

(x, y) (Rx, Ry)

Table 2.5:

Character table for the Csv point group [Vincent 2001]

If we know the symmetry species which apply to the relevant orbitals, table 2.5 can be
used to determine whether a particular transition is optically allowed or forbidden. For a
transition between two states (\|/i and \j/2) to be optically allowed, the transition

probability integral (I), given by equation 2.4, must be finite [Gingell 1998].

equation 2.4

The operator (p) in equation 2.4 is known as the electric dipole operator. The symmetry
o f p is obtained from the representation o f x + y + z in the point group o f the molecule.
Therefore, in the example o f a Csv molecule, p has symmetry Ai + E (table 2.5). The
transition probability integral can then be written as the product o f the irreducible
representations o f the two states and the operator (equation 2.5).

I

=

< r (v |/i) X r ( p ) X r (Y 2 )>

equation 2.5
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For a transition to be optically allowed (I

0), the integral evaluated over all space must

include a contribution from the totally symmetric representation (Ai). Table 2.6 shows
examples o f corresponding calculations for Ai ^ Ai, Ai

A 2, and Ai —> E transitions

in a Csv molecule.

Al —►Al

Al —>•A2

Al -4 E

F(vi) = Al
F(p) = A i + E
r(\|/2) = Al

r(\|/i) = Al
r(p) = Al + E
r(\|/2) = A2

F(\|/i) = Al
T(p) = Al + E
F(\|/2) = E

I = < (Al X Al X Al)

I = < (Al X Al XA2)

I —^ (Al X Al XE)

+ (Aix E XAl) >

+ (Aix E XA2) >

+ (Al XE XE) >

(Al X Al XAl) =
(1 1 l) = Ai

(Al X Al XA2) —
(1 1-1) = A2

(Al X Al XE) =
(2 - 1 0 ) = E

(AixExAi) =
(2 - 1 0 ) = E

(A1XEXA2) —
(2 - 1 0 ) = E

(AixExE) =
(4 1 0) = Al + A2 + E

—> I

—►I = A2 + E

= Al + E

... contains Ai
-V ALLOWED
Table 2.6:

2 .5

... does not contain Ai

-4. FORBIDDEN

I

= Al + A2 + 2 E

... contains Ai
-4 ALLOWED

Calculating the optically allowed or forbidden nature o f transitions
from an Ai electronic state

Summary

This chapter gives a brief description o f the molecular excitation processes which form
the subject o f this thesis. Importantly, the Franck-Condon principle provides the
framework with which to understand electronic transitions and ionisation. The
identification o f vibrational series associated with electronic transitions reveals
information about both the initial and final states. Excitations to Rydberg states can be
assigned by applying a Bohr-type model incorporating the quantum defect to correct for
charge screening. The formation o f temporary negative ions provides a very efficient
mechanism for electron transfer to a molecule and reveals information about orbitals
which are unoccupied in the neutral ground state.

The ideas summarised in this chapter form the basis o f the arguments presented over the
following pages.
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Chapter 3
Experimental
/ am always doing that which I cannot do, in order that I may team how to do it
Picasso

3.1

Introduction

This chapter focuses on the techniques and apparatus used to acquire the results which
form the basis o f this thesis. The largest body o f data was measured using the
photoabsorption equipment at the ASTRID synchrotron facility, University o f Aarhus,
Denmark. Accordingly, this experiment is described in some detail. The other
experimental systems which feature significantly in the present work are the electron
energy loss (EEL) spectrometer at Sophia University, Tokyo, and the photoelectron
spectrometer at the University o f Liège, Belgium. The description o f these experiments
is less specific and the reader’s attention is drawn primarily to the qualities o f the
respective techniques. The photoabsorption experiments carried out in the UK at the
Daresbury synchrotron facility and the Rutherford Appleton Laboratories are discussed
only briefly, reflecting the relatively minor contribution o f the results to the arguments
presented in the following chapters. The EELS machine at UCL is the subject o f a
similarly short review.

The experimental techniques employed throughout this work are well established and
have been discussed in depth in the literature. Thorough descriptions o f the specific
apparatus are also readily available. Readers requiring greater detail are therefore
recommended to consult the references given in the relevant sections.
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3.2

Photoabsorption

3.2.1

Photoabsorption as a molecular probe

The résonant nature o f energy transfer to a molecule by the absorption o f a photon and
the highly monochromatic light sources available make photoabsorption a powerful
technique to observe the band structure often associated with electronic excitations. The
energy resolution achievable is typically an order o f magnitude higher than that using
electron scattering experiments.

In the present work, photoabsorption experiments not only provide evidence for
electronic excitation processes but also simulate the exposure o f molecules to UV light
in the lower atmosphere. To evaluate the photolysing effect that incident radiation o f a
particular energy can have, the relevant absolute photoabsorption cross section must be
known to high precision. This parameter is calculated using the Beer-Lambert law given
below.

It(E) = Io(E) exp (- n o (E ) x)

equation 3.1

o(E) = In (Io(E)/It(E)) / n X

equation 3.2

It = radiation intensity transmitted through the gas sample
E = energy o f incident photons
lo = radiation intensity transmitted through the empty cell
n = molecular number density o f the sample gas
a = absolute photoabsorption cross section o f the molecular species
X = absorption path length

It should be noted that the photoabsorption cross section corresponding to an optically
forbidden transition (sections 2.2.3 and 2.4), although certainly weak, is not necessarily
zero. This is due to the fact that the selection rules which are used to determine the
optically allowed or forbidden nature o f an excitation are based on the assumption that
the absorption o f a photon is not accompanied by a transfer o f momentum. However, in
fact, the oscillating electric field associated with the incident radiation can have a small
but appreciable effect.
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3.2.2. Synchrotron Radiation
Synchrotron radiation provides an excellent source o f photons for photoabsorption
experiments. The emission is intense and extends over a continuous energy range.
Furthermore, the light is highly collimated and completely polarised in the plane o f the
storage ring.

The emission o f synchrotron radiation is a product o f the acceleration o f a charged
particle. For an explanation o f this process, the reader is recommended to consult the
work o f Brehm and Mullin [1989]. In a synchrotron radiation source (SRS), the charged
particles are electrons and the key acceleration is initiated by strong magnetic fields.
The applied magnetic fields are perpendicular to the pulse velocity so electrons follow
arced trajectories. The intensity o f the radiation output o f an SRS is proportional to the
square o f the electron velocity.

3.2.3

The experiment at the ASTRID facility, University of Aarhus,
Denmark

3.2.3.1 T he A ST R ID synchrotron radiation source

A schematic diagram o f the ASTRID storage ring is shown in figure 3.1. The
photoabsorption apparatus is installed at the U V l beam line. A 100 MeV Race-Track
Microtron (RTM) is used to build up a current o f up to 250 mA. The electrons are then
raised to a maximum energy o f 580 MeV in a linear accelerator (LINAC). Descriptions
of the electron injection system are available elsewhere [ISA 2003, Limao-Vieira 2003].
The electrons can be maintained in the storage ring for up to 15 hours. The
perpendicular acceleration necessary to produce the synchrotron radiation is initiated by
bending magnets at each comer o f the storage ring, and by undulator and wiggler
magnetic configurations.
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U V l beamline
Undulator
Extraction beamline

Other be anilines
Kicker

S e p tu m m ag n et
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Ion sources
Injection
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Sextupole '
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Bending magnet

5m

Electron cooler

10m

S c a le

100 M eV electron
accelerator (RTM)

Figure 3.1: The ASTRID storage ring [ISA 2003]

The bending magnets provide a constant field that confines the electron beam to an arc
according to the standard relation for centripetal acceleration (equation 3.3). The
radiation emitted at a bending magnet is extremely intense and extends over a broad
spectral range from infrared to vacuum ultraviolet energies.

R = /w V / B ^

equation 3.3

R = radius of arc
m = mass of electron
V = velocity of electron pulse
B = magnetic field strength
e = charge on an electron

High-field wiggler magnets are used principally to increase the intensity o f radiation at
high energy (short wavelength). A wiggler magnet can be more precisely described as a
series of three bending magnets of alternating polarity. The pulse o f electrons passing
through the region is deviated briefly before returning to the initial trajectory. The
electrons thus emit photons without any net change of trajectory taking place. Magnetic
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fields o f 6 Tesla are typically applied within a wiggler, compared to around 1 Tesla in a
bending magnet and the emitted photons emitted are o f correspondingly higher energy.
It is worth noting that magnetic fields o f such strength are unattainable using traditional
magnets. Therefore, wigglers (and undulators) are built with superconducting magnets.

Like a wiggler, an undulator consists o f magnetic regions with alternating field
directions. The magnetic fields are o f similar strength to those in a wiggler. However,
the deflections o f the electron pulse in an undulator are small in comparison with a
wiggler and the number o f alternating regions higher. Accordingly, the electrons
undulate about their mean trajectory. The coherent interference o f radiation emitted at
the various magnetic poles leads to an intense, discrete, and almost monochromatic
emission o f high-energy photons. This is in distinct contrast with the continuous
spectral output o f bending magnets and wigglers.

The highly collimated nature o f synchrotron radiation is due to the relativistic headlight

effect. This phenomenon confines the radiation emitted by high-energy electrons to a
narrow beam in the direction o f the electron velocity. In particular, for electrons o f
energy 100 MeV, the synchrotron radiation is confined to within a 13° cone around the
velocity vector [Limao-Vieira 2003].

3.2.3.2 E nergy selection

The photoabsorption experiments at the ASTRID facility are carried out on the
ultraviolet vacuum beam line (U Vl on figure 3.1), capable o f providing a flux o f 2x 10^^
photons s '\ The full energy range o f photons available is 1.8 - 12.4 eV in a continuous
spectrum. The experimental arrangement is shown schematically in figure 3.2.

The toroidal pre-mirror provides independent vertical and horizontal focusing while the
toroidal concave reflection grating selects the energy o f the radiation entering the cell.
The grating employed in the present work has 2000 lines per mm and can be used to
select photons in the energy range; 3.5 to 12.4 eV. Energy selection depends upon the
diffraction o f radiation upon reflection. Photons o f particular energies, reflected from
different parts o f the grating, interfere constructively at particular angles. Thus, by
rotating the grating with respect to the incident radiation, photons which are not o f the
required energy are dispersed and a monochromatic beam is focussed through the exit
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slit. The resolution o f the reflection grating monochromator is dependent upon the
density of lines in the grating.

Toroidal
grating

Movable
exit slits

LiF transmission
window

Baratron
pressure gauge
Photo-multiplier
detector

Sample chamber
and detectors

CaF^
window

Fixed
entrance sHts

Toroidal

Synchrotron radiation
from ASTRID ring

pre-mirror

Figure 3.2: Schematic diagram o f the UVl beam line [ISA 2003]
The width of the entrance and exit slits can be selected to control the bandwidth o f the
radiation entering the cell. In order to maintain the correct focus, the exit slits are
mechanically linked to the experimental platform to translate in response to the rotation
of the grating.

3.2.3.3 T he p h o to a b so rp tio n ceil

The absorption cell used at the ASTRID facility is a commercially available six-way
cross adapter with a volume o f - 1.2 litres and a path length o f 25 cm (figure 3.3). A
baratron capacitance manometer (MKS 390HA - 00001, 1 torr range) is used to measure
the pressure up to a maximum of - 1.4 mbar. A stainless steel %" tube is connected to
the sample reservoir via two valves (Swagelok SS-4H-TH3 and Nupro SS-4H). The cell
is evacuated by a Turbovac 50 litre turbomolecular pump backed by a Leybold D49
rotary pump. The materials o f the entrance and exit windows o f the cell are lithium
fluoride (LiF) and calcium difluoride (CaF 2 ), respectively. A QL30F/RFI photo
multiplier (PMT) detector is mounted behind the CaF] window.
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Figure 3.3: The photoabsorption cell [Limao-Vieira 2003]

3.2.3.4 D ata acq u isitio n , c a lib ra tio n , an d reso lu tio n

The pressures at which measurements were carried out are given in the experimental
sections o f Chapters 4-7. However, for all photoabsorption experiments at the ASTRID
facility the general procedure is unchanged. The energy selected radiation is passed
through a static gas sample. Accordingly, the valves to the vacuum pumps and the gas
reservoir are closed during measurements o f the gas (corresponding to It in equations
3.1 and 3.2). Each measurement of the sample is accompanied by a background
collected with the cell evacuated (lo). The pressure and the synchrotron beam ring
current are recorded throughout the collection o f each spectrum.

The maximum and minimum energies between which scans can be performed, 10.8 and
3 .9 eV (115 and 320 nm), are determined by the transmission windows o f the gas cell
and the grating energy range, respectively. For incident energies above 6.20 eV, He is
flushed through a small gap between the photomultiplier and the exit window o f the gas
cell to prevent any absorption by air contributing to the spectrum. The LiF entrance
window cuts out higher order radiation before it can enter the cell. At lower energies,
absorption by the air in the gap removes all higher order radiation.
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The sample pressure is varied to give high levels of absorption whilst ensuring that the
transmitted signal never falls to zero {saturation). Nonetheless, to verify that saturation
effects do not contribute to the final results, high intensity peaks are measured at several
different pressures

The apparatus is calibrated precisely before each set o f measurements. SO2 is used to
determine the energy scale since it has clearly defined sets o f sharp absorption peaks
from 3.8 to 5.1 eV [Vandaele et al. 1994] and from 5.15 to 7.25 eV [Freeman et al.
1984]. The photoabsorption cross section o f SO2 measured at the ASTRID facility from
3.8 to 5.4 eV is shown in figure 3.4. The experimental full width half maximum
resolution for the present results has been determined to be 0.075 nm [ISA 2003]. This
corresponds to an energy resolution which rises from ~ 1 meV for incident photons of
3.9 eV to - 7 meV for those of 10.8 eV, as shown in figure 3.5.
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Figure 3.4: Examples of photoabsorption measurements o f SO2 and O 2 used to
calibrate the energy scales and to test the absolute cross section, respectively
The Schuman-Runge (6.9 - 9.5 eV) absorption band o f O 2 is used to test the absolute
cross section since its broad unstructured nature minimises the effect o f differences in
energy resolution [Watanabe 1958]. The photoabsorption spectrum o f O 2 measured at
the ASTRID facility is shown inset in figure 3.4.
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Figure 3.5:
The energy resolution o f the photoabsorption spectra recorded at the
ASTRID synchrotron facility (equal to 0.075 nm at all wavelengths)

3.2.3.S E r ro rs on th e A S T R ID a b so lu te p h o to a b so rp tio n cross section
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Figure 3.6:
Detail of the ASTRID C2 F4 photoabsorption spectrum showing the scan
(9.280 - 10.080 eV) which deviates most from the compiled data
Giuliani et al. [2003] report the error on the absolute cross section measured at the
ASTRID facility to be ± 5%. This estimation is based partially upon the variation
between the measured cross section for scans whose energy ranges cross. A full scan
corresponds to a background measurement followed by two sample measurements and a
final

background.
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photoabsorption scans o f C 2F 4 for which maximum differences with the compiled data
are observed. These correspond to ~ 4% and ~ 5% at 9.280 and 10.080 eV, respectively.
Typically, the variation is less than ±1% and is associated with changes in the
synchrotron current over the course o f a scan. The compiled data reported in Chapters
4-7 is achieved by minimally adjusting the projection o f the a = 0 axis for successive
scans in order that the cross sections coincide.

The error on the absolute cross section can also be estimated on the basis o f the partial
errors for each o f the factors in equation 3.4, derived from the substitution o f the
molecular number density in equation 3.3. The symbols are defined in section 3.2.1 with
the exception o f the Boltzmann constant, k, temperature, T, and sample pressure, P.

a

=

In (lo/It) kT / Px

equation 3.4

—> Ao = (ôg/ôT) a t + (do/dP) AP + (dc/dx) Ax + (dc/dlo) AIo + (dc/dlt) Alt
equation 3.5
=

|(k/Px)ln(W ,)| AT + |(kX/P^x)ln(W,)| AP + |(kT/Px^)ln(I„/It)l Ax
+ (k T /P x It) AIo + (kT /P xIo) Alt

equation 3.6

The laboratory is maintained at 298 K and the maximum error on the gas temperature is
estimated to be ± 1 K. The error on the absorption path length is considered to be ±
1mm. The random error on the pressure is estimated to be ± 2% on the basis o f

fluctuations in the baratron reading over a short period o f time. Allowing for a
systematic error associated with the purity o f the gas sample, a total error o f ± 3% in the
pressure is assumed.

Absolute measurements for the incident beam are not required to evaluate the error on
the cross section as the terms in equation 3.6 include only intensity ratios. The error on
It is estimated as one half o f the mean difference between the photomultiplier currents at
a specific energy. The error on the background intensity is estimated in the same way
and is typically an order o f magnitude greater than the error on the transmitted intensity.
This is unsurprising as the intensity o f the current in the synchrotron ring current has
more time to vary between background measurements in a full scan.
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Equation 3.6 has been evaluated for the photoabsorption cross section o f the molecules
studied in this thesis at various incident energies, pressures and cross sections. The
calculated errors vary between 4% and 6%, in good agreement with the estimation o f
Giuliani et al. [2003]. Only when absorption by the sample is very weak (Io~ It), does
the calculated error increase significantly as a percentage o f the measured cross section.
If we assume that AIo~ Alt when Io~ It, equation 3.6 simplifies to equation 3.7.

Io~ It, AIo~ Alt

—► A a

~

2 k T A Io /P x Io

equation 3.7

The approximate error on the cross section measurement for Io~ It is therefore inversely
proportional to the sample pressure. This highlights the most significant limitation o f
the ASTRID photoabsorption experiment: the maximum pressure at which experiments
can be carried out is insufficient to achieve precise measurements o f features with very
low cross sections. It should be noted, however, that the apparent level o f noise in the
measured cross section is considered to give the most reliable indication o f the error
associated with very weak features.

3.2.4

The experiment at the Daresbury Laboratory synchrotron

facility, UK
A great deal o f development work has been carried out on the Daresbury synchrotron
since the photoabsorption spectrum presented in this thesis was measured. Accordingly,
the present discussion only applies to the pre-2002 system. Electron pulses are
introduced to the storage ring via a LINAC and a booster synchrotron which, in
combination, accelerate the electrons to energies up to 600 MeV. Photons emitted at the
beam line are energy-selected using a monochromator which functions in a similar way
to the ASTRID grating system described in section 3.2.3.2. However, the line density o f
the Daresbury grating is relatively low, at 1200 lines m m '\ The maximum wavelength
resolution is reported to be 0.1 nm [Mason et al. 1996], although the present results for
CF3I suggest a markedly lower resolution. The experimental set up is described by

Mason et al. [1996] and, in greater detail, by Jones [2000]. Motte-Tollet et al. [1997]
estimate the error in the absolute photoabsorption cross sections measured using the
Daresbury apparatus to be ± 20%.
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Figure 3.7:

Photoabsorption spectra of C2H 3CN recorded at the ASTRID
facility and at the Daresbury Laboratory

In the context of this thesis, the role o f the Daresbury measurements is to verify the
absolute cross sections recorded at the University o f Aarhus. Figure 3.6 compares the
ASTRID spectrum of acrylonitrile [Eden et al. 2003 a\ with a previously unpublished
result taken at the Daresbury Laboratory. The cross sections measured at the two
facilities match to within 10%, with the exception of a difference o f 35% observed at
9.429 eV for the Rydberg peak positioned in the high energy extreme o f the spectral
range measured at Daresbury.

3.2.5

The experiment at the Molecular Spectroscopy Facility,
Rutherford Appleton Laboratories, UK

The photon source used to carry out UV photoabsorption experiments at the Molecular
Structure Facility (MSF) is a xenon arc lamp. Wavelength selection is performed using
a high-resolution Fourier transform spectrometer (FTS). The spectrometer (Bruker IFS
120HR FTS) has a maximum optical path of 6 metres and can be operated at a
maximum spectral resolution of 0.25 cm'^ (3 x 10'^ eV). The beam exits the
spectrometer through a wedged calcium fluoride window and enters two connected
stainless-steel vacuum chambers (kept at a pressure below 10 Pa), containing the
sample, a pyrex glass cell (path length 22.824 cm), a UV detector and other optical
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components.

Gas samples are isolated for the duration o f the spectroscopic

measurements.

The key motivation for carrying out photoabsorption measurements with the MSF
instrument in the present work is to study the temperature dependence o f the C F3I cross
section. The temperature o f the gas can be monitored using a series o f eight thermistors
mounted on the cell surface. The thermistors are calibrated to operate within a range o f
200 to 420 K and the temperature o f the cell can be set using a liquid nitrogen-ethanol
heat exchanger. Detailed descriptions o f the experimental apparatus are available
elsewhere [Kendall 2003, MSF 2003]

3 .3

Electron Energy Loss Speetroseopy (EELS)

3.3.1

Modes of operation

Electron energy loss spectroscopy (EELS) is a remarkably versatile technique for
probing the excited states o f molecules. A monochromatic beam o f electrons is crossed
with a beam o f the sample gas and the kinetic energy o f scattered electrons is measured
post-interaction. The EEL spectra presented in this thesis were recorded in three
different ways. These are referred to in terms o f the variables which are held constant
during the experiments.

Most o f the EELS results in the present work were taken in the fixed impact energy and

scattering angle mode o f operation. The intensity o f scattered electrons is thus recorded
for varied energy loss. Repeating measurements over the same energy-loss range for
different incident energies and scattering angles provides evidence for the angular
dependence o f electronic transitions. At large scattering angles and low incident
energies, optically forbidden transitions tend to be enhanced [Davies 1995]. However,
an electron with sufficiently high energy (>100 eV) scattered at small angles (~0
degrees) will induce an electric field at the molecule very similar to that o f a photon
pulse. Under such experimental conditions, the momentum transfer is negligible.
Accordingly, high incident energy, low scattering angle EEL spectra (known as dipole

e,e spectra) closely approximate photoabsorption. The key advantage o f an EELS
experiment o f this kind compared to photoabsorption is that the energy-loss range is not
limited by factors such as the output o f the radiation source or the windows o f the cell.
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Elastic scattering is investigated at fixed energy loss. The energy loss is held at 0 eV and
the intensity of the scattered electrons is measured at various scattering angles and
various incident energies. In order to study resonances, the analyzer is tuned to transmit
only electrons corresponding to a specific energy-loss channel and the count rate
measured as a function of impact energy. This is referred to as the fixed energy loss and

scattering angle mode of operation.

3.3.2 The experiment at Sophia University, Tokyo

M onochrom ator

Filam ent

A nalyzer

T arget beam

Figure 3.8:

Schematic diagram o f the electron energy loss spectrometer at
Sophia University, Tokyo [Tanaka and Sueoka 2001]

The electron energy loss spectrometer at Sophia University is shown schematically in
figure 3.7. Detailed descriptions o f the machine are available in the literature [Tanaka et
al.

1988, Kitajima et al. 2000]. Briefly, electrons from a 180° electrostatic

monochromator intercept an effusive molecular beam at right angles, and scattered
electrons are energy analyzed in a second

180° hemispherical

system.

The

monochromator and analyzer are enclosed in differentially pumped boxes to reduce the
effect of contaminating gases and to minimize the stray electron background. A number
of electron lenses in the electron spectrometer are used for imaging and energy control
of the electron beam whose characteristics were confirmed by electron trajectory
calculations. In order to keep the transmission of the electrons constant in the lens
system, programmable power supplies control the driving voltages applied to the lenses.
53

The target molecular beam is produced by effusing gas through a simple nozzle with an
internal diameter o f 0.3 mm and a length o f 5 mm. The spectrometer and the nozzle are
heated to a temperature o f about 50°C to reduce the possibility o f contamination during
the measurements. The analyzer can be rotated around the interaction region covering
an angular range from -10° to 130° with respect to the incident electron beam. The
energy resolution o f the present measurements is 30-40 meV, and the angular resolution
is ± 1.5°.

Absolute differential cross sections are obtained by the relative flow technique
[Srivastava et al. 1975] using helium as the comparison gas. The densities o f the two
gases are set to be identical by adjusting the pressure behind the nozzle so as to maintain
approximately equal gas Knudsen numbers. The inelastic cross sections are normalized
to the elastic ones by using the measured inelastic to elastic intensity ratios. The
electron energy scale was calibrated with respect to the 19.37 eV resonance in He for
elastic scattering cross sections and with respect to the ^Hg resonance o f N 2 for
vibrational cross sections.

The experimental errors on the absolute differential cross sections are estimated to be
between 15 and 20% for the elastic scattering measurements and about 30% for the
vibrational excitation results. The estimations are made on the basis o f the uncertainty
o f the reference helium cross sections (5-20%), the differences in the current recorded
using a Faraday cap before and after measurements (<5%), statistical errors and the
uncertainty o f the pressure (<5%), and errors due to an asymmetric definition o f the
angular zero (<5%) [Tanaka et al. 1988]. The greater errors associated with the inelastic
DCS are due to the relatively low cross sections o f the relevant excitations.

3.3.3

The experiment at University College London

The EELS machine at University College London is described by Johnstone et al.
[1992] and in considerable detail in the thesis o f P. A. Kendall [2003]. The fundamental
design is very similar to that o f the spectrometer at Sophia University. The resolution is
marginally lower, at ~ 50 meV. The energy loss scale is calibrated by reference to the
N 2 peak at 12.92 eV. Whereas the Sophia machine can be used to obtain reliable
scattered electron intensity measurements for incident energies down to ~ 1 eV, the
minimum incident energy at UCL is ~ 5 eV. In the present work, the UCL spectrometer
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is configured for electron impact at 150 eV. Therefore, the machine operates as a dipole
(e,e) spectrometer to observe optically allowed transitions. The UCL spectrometer does
not have the capability to carry out relative flow measurements to determine absolute
cross sections.

3.3.4 Differential oscillator strength
EELS spectra recorded in the fixed impact energy and scattering angle mode o f
operation are not directly comparable with photoabsorption data. In order to relate the
two quantities it is necessary to use the equation 3.4 to convert the EELS data to
differential oscillator strengths (DOS).

dE

R

1
I{E)
ln[l + (A 6 » /r ') ]

equation 3.8

equation 3.9

4 T { T -E )

dEdE =

differential oscillator strength

T

=

incident electron energy

E

=

energy loss

A0

=

scattering angle

R

=

the Rydberg constant

1(E)

=

intensity o f the scattered electron beam

Differential oscillator strengths are thus relative values. Normalising the derived DOS at
one wavelength then allows the EELS

data to be compared directly with

photoabsorption measurements.
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3.4

Photoelectron Spectroscopy

3.4.1

Photoelectron spectroscopy as a molecular probe

Photoelectron spectroscopy provides a direct method for studying the ionic states o f a
molecular system. Electrons emitted from photo-ionised molecules are energy-analysed
in an analogous manner to scattered electrons in an EELS machine. Thus, we can
determine the ionisation energy (IE) for a particular state using equation 3.6. As
discussed in section 2.2.5, analysis o f the various ionisation energies o f a molecule
provides invaluable information about the orbitals occupied in the ground state and key
information for the assignment o f Rydberg transitions.

IE = hv-EK

/ tv

equation 3.10

= energy o f incident photons

Ek = kinetic energy o f emitted electrons

3.4.2

The experiment at the University of Liège, Belgium

The machine used at the University o f Liège to measure photoelectron spectra o f C 2F 4 is
shown schematically in figure 3.8. The incident photons are produced by a D C
discharge in a two-stage differentially pumped helium lamp. The emission line is
defined as He(I), corresponding to a photon energy o f 21.2182 eV. Electrons are
collected a 180° cylindrical electrostatic analyser with a mean radius o f 5 cm. Spectra
are recorded by sweeping the retarding voltage between the ionisation chamber and the
entrance o f the hemispherical analyser. The analyser is used at constant energy pass (the
transmission o f many analysers is less efficient for low-energy electrons) and the
intensity o f energy-selected electrons is measured in a channeltron detector. The
chamber is evacuated by a diffusion pump to a base pressure o f - IC^ mbar, rising to 10 '^ mbar when the sample gas is introduced.
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Figure 3.9:

Schematic representation o f photoelectron spectrometer at the
University of Liège [Delwiche et al. 1972]

The energy scale is calibrated using xenon (^P3/2 = 12.130 eV and ^Pi/2 = 13.436 eV)
[Eland 1984]. The resolution is measured from the full width half maximum o f the Xe
peaks to be 22 meV. The original spectra can be treated using the de-convolution
technique first developed by Van Cittert [1931] and improved by Allen and Grimm
[1979].

A detailed description o f the experimental apparatus and technique is given in the work
of Delwiche et al. [1972].

3.5

Summary

This chapter introduces the experiments which produced the data discussed over the
following pages o f this thesis. The techniques are well-established and the specific
apparatus have been described thoroughly in the literature.

UV photoabsorption is used to study electronic transitions from the ground state to
valence and Rydberg states. The high resolution available at the ASTRID facility
enables us to observe extremely detailed structure. The photoabsorption work
performed at the Daresbury and MSF facilities confirm the absolute cross sections
measured at the ASTRID synchrotron. EELS experiments carried out in the fix e d impact
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energy and scattering angle mode o f operation provide evidence for optically forbidden
transitions which may be unobserved in the photoabsorption spectra. Photoelectron
spectroscopy enables us to probe the ionic states o f the target molecules and thereby
provide information about the neutral ground state orbitals.

Low incident energy EELS experiments carried out in the fixed energy loss and

scattering angle mode o f operation provide evidence for vibrational excitation via the
formation o f a temporary negative ion. Experiments performed at zero energy loss
provide elastic scattering differential cross sectional data.
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Chapter 4
VUV Photoabsorption by CFsBr, CF3CI,
CH3CI, and CH3I
Charm is a way o f getting the answer yes without asking a clear question. Albert Camus

4 .1

Introduction

CFsBr, CF3CI, CH3CI, and CH3I are studied in the present work principally in order to
assist in the analysis of CF3I. As will become apparent in Chapter 5, confident
assignment of the features observed in the CF3I photoabsorption spectrum is difficult
due to the very dense nature of the structure, the overlap of Rydberg and valence states,
and the uncertainty surrounding the precise adiabatic ionisation energies associated with
the ionic states. Comparisons with the spectra of closely related molecules are therefore
particularly valuable to understand the electronic excitation processes of CF3I.
However, as atmospheric gases containing ozone reactive elements, all four molecules
discussed in this chapter are also of interest in their own right.

Due to their significant global warming and ozone depleting properties, the production
and use o f CF 3Br and CF 3CI are banned under the terms o f the Montreal Protocol [Fell
2000]. The sources o f both molecules in the atmosphere are purely anthropogenic
[Seinfeld and Pandis 1998]. Also known as bromotrifluoromethane, trifluromethyl
bromide, or halon-1301, Cp 3Br was formerly used as a fire suppressant. CF 3CI,
variously called chlorotrifluoromethane, trifluromethyl chloride and CFC-13, was used
as a refrigerant. Despite the bans, the relatively long atmospheric lifetimes o f Cp 3Br and
CF3CI (estimated to be 65 and 640 years, respectively [EPA 2003]) and the gradual
release o f gas from old fire extinguishing equipment and cooling systems means that the
molecules continue to play a role in environmentally damaging processes.
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Atmospheric CH3CI and CH3I are mainly produced by oceanic emission and biomass
burning [Seinfeld and Pandis 1998, Bell et al. 2002]. In this way, they are unusual
among halomethane gases whose major sources are anthropogenic [Olney et al. 1996].
CH3CI, also known as methyl chloride, chloromethane or monochloromethane, is the

most abundant of the atmospheric halogenated methane gases and accounts for 15% of
the free chlorine radicals in the stratosphere [Khalil 1999, Fell 2000]. Therefore, it plays
a key role in the destruction o f ozone. Conversely, CH3I is understood to be relatively
environmentally benign due to its short lifetime in the troposphere [Rattigan at al.
1997].

4 .2

Structure and properties of CF3 CI, CFaBr, CH3 CI, and

CH3 I

Figure 4.1: Schematic representation o f C p3Br, CF3CI, CH3CI, and CH3I
All four species have symmetry C3 V The vibrational modes o f the molecules in the
neutral electronic ground state are listed in table 4.1. The molecules can be considered
to be pseudo-triatomic with the F or H atoms acting as F3 or H3 groups positioned at the
centre of mass of the three atoms. Accordingly, the vibrational modes listed in table 4.1
include CF3 and CH 3 stretching and deformation but no motion specific to the
individual C~F or C ~ H a bonds. Comparison between the activation energies of
stretching modes in each molecule suggests that the strongest bonds are those between
the carbon atoms and hydrogen groups in CH3I and CH3CI. The fact that the CH3 bonds

60

are apparently unaffected by the substitution o f the iodine atom with chlorine is
unsurprising as C - X (X = I, Cl) c orbitals tend to be localised close to the
electronegative halogens and the larger halogens are situated relatively far from the
carbon atom. Therefore, we can expect minimal overlap o f CH3 and C - I or C -C l
orbitals. Similarly, the activation energies for stretching or deformation o f the
apparently relatively weak CF3 elements are almost identical for Cp3Br and CF3CI.
Cvitas et al. [1978] comment that the electronic structure o f the CF3 group is barely
affected by the substitution o f the Cl atom in CF3CI with Br or I. Furthermore, it is
worth noting that the carbon - halogen stretching activation energies tend to be lower
for the more electronegative halogen species.

Vibrational mode and symmetry

Description of motion

CFsBr

-

u i, A l
) , Al
1)3, A l
1 )4 , E
1 )5 , E
1 )6 , E
1 2

s-stretch
s-deform
C-Br stretch
CF 3 d-stretch
CF 3 d-defbrm
C-Br bend
CF 3
CF 3

CF 3 C 1
) , Al
1 )2 , A l
1)3, A l
1 )4 , E
1 1

) ,E
) ,E

1 5
1 6

-

s-stretch
C-Cl stretch
CF 3 s-deform
CF 3 d-stretch
CF 3 d-defbrm
C-Cl bend
CF 3

CH 3C 1
) , Al
1 )2 , A l
1 1

1)3, A l
) ,E

1 4

) ,E
) ,E

1 5
1 6

-

s-stretch
C H 3 s-deform
C-Cl stretch
C H 3 d-stretch
C H 3 d-defbrm
CH 3 rock
CH3

CH 3I
) , Al

1 1

) , Al

1 2

1)3, A l
1)4, E
1)5, E
) ,E

1 6

-

s-stretch
s-deform
C -I stretch
CH 3 d-stretch
CH 3 d-defbrm
C H 3 rock

Energy in eV
-

0 .1 3 5
0 .0 9 4
0 .0 4 3
0 .1 5 0
0 .0 6 8
0 .0 3 8
-

0 .1 3 7
0 .0 9 7
0 .0 5 9
0 .1 5 0
0 .0 7 0
0.043
-

0 .3 6 4
0 .1 6 8
0.091
0 .3 7 7
0 .1 8 0
0 .1 0 9
-

CH3

0 .3 6 4

CH3

0 .1 5 5
0 .0 6 6
0 .3 7 9
0 .1 7 8
0 .1 0 9

Table 4.1: Motions associated with vibrational modes of excitation of CF3Br,
CH 3 CI, and C H 3 I in the neutral ground state [Shimanouchi 1972]

CF 3 CI,
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The adiabatic ionisation energy o f CFsBr has been determined from the photo-ionisation
experiments o f Clay et al. [1994] to be 11.40 ± 0.01 eV [Lias 2003]. The first
photoelectron band is associated with the vacation o f an electron from the highest
occupied molecular orbital (HOMO), identified by Cvitas et al. [1978] to be centred on
the bromine lone pair. The lowest unoccupied molecular orbitals for CF 3X (X = Cl, Br,
I) are recognised to be o f C X o* (antibonding) character [Kitajima et al. 2003]. To our
knowledge, no description o f the electronic ground state configuration o f CFgBr is
available in the literature.

The vertical ionisation energy corresponding to the second photoelectron band o f CFgBr
is reported to be 14.28 eV and is attributed to the removal o f an electron from the C -B r
o bonding orbital [Cvitas et al. 1978]. No vibrational structure is reported in either o f
the first two photoelectron bands. Energy splitting o f the HOMO due to spin-orbit
coupling is expected to be around 0.3 eV for CFsBr [Mulliken 1935]. However, no clear
evidence is observed for energy splitting o f the first photoelectron band in the He(I) and
He(II) spectra recorded by Doucet et al. [1973] and Cvitas et al. [1978].

The electronic ground state valence band configuration o f C F3CI can be represented as
(lai)^(le)''( 2 a i ) \ 3 a i ) \ 2 e)‘'(4 ai)^(3 e)‘'(la 2f ( 5 ai)^(5 e)‘': 'A , [CvitaS et al. 1977, Velasco
et al. 2003]. The (5e) HOMO is recognised to be centred upon the chlorine lone pair (n)
[Cvitas et al. 1977, Doucet et al. 1973]. In agreement with Kitajima et al. [2003], Yen et
al. [1993] consider the LUMO to be predominantly o f C CI antibonding character.

There remain significant differences between the various measurements o f the lowest
adiabatic ionisation energy o f CF3CI reported in the literature [Zhang et al. 1992,
Kischlat and Morgner 1985, Joachims et al. 1976]. The quantum defects given in
section 4.4.2 3 are calculated using Lias’ [2003] evaluated adiabatic ionisation energy;
12.6 ± 0.4 eV. The precise origin o f this result is unclear beyond that it is the product of
the author’s evaluation o f previous photoelectron and photo-ionisation experimental
work. However, comparison with the He(I) photoelectron spectrum o f Cvitas et al.
[1977] shows that 12.6 eV is a good approximation for the beginning o f the first
photoelectron band. The lowest ionisation energy corresponds to the removal o f an
electron from the chlorine lone pair MO to form an ion o f E symmetry [Doucet et al.
1973, Gilbert et al. 1974, Cvitas et al. 1977]. The spin-orbit splitting in the HOMO is
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expected to be less than 0.1 eV and therefore not observable for diffuse bands [Doucet
etal. 1973].

The valence shell molecular orbital configuration o f CH 3C I in the electronic ground
state can be represented as (la i)^ (2 a i)\le /(3 a i)^ (2 e /; ^Ai [Olney et al. 1996]. The
evaluated adiabatic ionisation energy o f C H3CI is 11.26 ± 0.03 eV [Lias 2003] and is
associated with the removal o f an electron from the chlorine lone pair (n), the highest
occupied molecular orbital (2e). By high-resolution He(I) photoelectron spectroscopy,
Karlsson et al. [1977] determined the adiabatic ionisation energies to be 11.289 ± 0.003
eV and 11.316 ± 0.003 eV for the ^£"3/2 and ^£ 1/2 ionic states, respectively,
corresponding to a spin-orbit energy splitting o f 27 ± 6 meV. Karlsson et al. [1977]
comment that the energy splitting in the chlorine lone pair is markedly lower than the
predicted value o f 73 meV due to the quenching o f spin-orbit coupling by vibronic
coupling in CH 3C f. The quenching cited by Karlsson et al. [1977] is a consequence o f
the Ham effect described by Sturge et al. [1967]. The adiabatic ionisation energies for
the following
[Karlsson et al.

and ^£ ionic states are reported to be 13.8 and 15.4 eV, respectively
1977]. Complete active space self-consistent field (CASSCF)

calculations enabled Locht et al. [2001 c] to identify the lowest unoccupied MO as 4a%,
o f C -C l o* character.

Olney et al. [1998] report the electronic ground state valence shell MO configuration o f
C H 3I to be (lai)^(2ai)^(le/(3ai)^(2e)'^: ^Ai, matching that o f CH3CI. The evaluated

adiabatic ionisation energy is given by Lias [2003] as 9.54 ± 0.02 eV. The first
photoelectron band is associated with the removal o f an electron from the iodine lone
pair MO (2e). Karlsson et al. [1977] measured the adiabatic ionisation energies using
H e (I) photoelectron spectroscopy to be 9.540 ± 0.004 eV and 10.168

± 0.004 eV for the

^£ 3/2 and ^£ 1/2 ionic states, respectively. Baig et al. [1981] calculate the convergence
limits

o f Rydberg

series

identified

in

very

high-resolution

photoabsorption

measurements to be 9.5381 and 10.1648 eV to within ± 0.0002 eV, corresponding to a
spin-orbit energy splitting o f 627 meV.
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4.3 Experimental
The experimental work discussed in this chapter was carried out at the ASTRID facility.
University o f Aarhus, Denmark (section 3.2.3). The gas pressure used is summarised in
table 4.2. The parts o f the spectrum close to the energy cut-off points are not considered.
The final results are analysed from 3.90 to 10.78 eV.

Wavelength
in nm
CFsBr
1 1 0 -1 6 5
1 1 3 -1 6 4
163 - 224
220 - 320
CF3CI
1 1 0 -1 6 0
1 1 3 -1 3 3
1 3 2 -1 5 4
140 - 230
220 - 320

CH3CI

Wavelength
steps in nm

j

-

0.1
0.1
1
-

0.1

0.5
1
-

1

1 1 0 -2 2 0

1

1 1 3 -1 3 3 .5
133 - 178.5
1 7 8 - 183.5
1 8 3 -2 0 8 .5
2 0 8 -2 1 3 .5
2 1 3 -2 2 4
2 1 3 -3 2 2
2 1 0 -3 3 0

0.05
0.05
0.05
0.05
0.05

-

11.271 -5 .6 3 5
1 0 .9 7 2 -8 .6 4 0
8.952 - 8.778
1 0 .9 7 2 -7 .5 6 0
7 .6 0 6 -6 .3 9 1
6.424 - 5.794
5 .9 0 4 -3 .8 7 4

0.1
0.1
0.1
1
-

0.1

0.5
1

-

11.271 -7 .7 5 0
1 0 .9 7 2 -9 .3 2 2
9 .3 9 3 -8 .0 5 1
8 .8 5 6 -5 .3 9 1
5 .6 3 6 -3 .8 7 5

0.1

0.05
0.025

-

-

0.5

1 1 0 -2 2 0

Sample pressure
in mbar

1 1 .2 7 1 -7 .5 1 4
1 0 .9 7 2 -7 .5 6 0
7 .6 0 6 -5 .5 3 5
5 .6 3 6 -3 .8 7 5

0.5

1 1 3 -1 4 3 .5
1 3 8 .5-141.25
1 1 3 -1 6 4
163 - 194
1 9 3 -2 1 4
2 1 0 -3 2 0
CH3I

Incident energy
in eV

Î
1

0 .0 2 0
0 .0 2 0

0.500
0.500
-

0.050
0.050
0.500
0.500
1.000
-

0 .1 0 0

0.050
0.050
0 .0 1 0

0.500
1.000
1.000

-

-

11.271 -5 .6 3 5
10 .9 7 2 -9 .2 8 7
9.322 - 6.946
6 .9 6 5 -6 .7 5 7
6 .7 7 5 -5 .9 4 6
5.961 -5 .8 0 7
5.821 -5 .5 3 5
5.821 -3 .8 5 0
5 .9 0 4 -3 .7 5 7

0.050
0.025
0 .0 1 0

0.005
0 .0 1 0

0.500
0.500
0.500
0.500

Table 4.2: The sample pressure used to measure the photoabsorption cross section o f
C F sB r, CF3CI, CH3CI, and C H 3I over different ranges o f incident photon energy
The CH 3I and CH 3CI samples were purchased from Aldrich Chemical Company Inc.
and have a minimum purity o f 99% and 99.5%, respectively. The CF 3Br and CF 3CI
gases were produced by Fluorochem Ltd. and can be assumed to have a minimum purity
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o f 99%. In each case, the sample was introduced to the photoabsorption cell without
further purification or treatment.

4.4 Results and discussion
4.4.1

Photoabsorption by CFsBr

4.4.1.1 Introduction
The photoabsorption cross section o f CFgBr has been reported previously from 6.20 to
10.33 eV by Doucet et al. [1973]. The spectrum was measured using a McPherson
Model 225 monochromator with an unspecified energy resolution. Washida et al. [1983]
report the cross section from 9.5 to 10.7 eV in steps o f approximately 0.1 eV. Suto and
Lee [1983] measured the spectrum from 8.10 to 11.70 eV with a resolution o f - 0.02
eV.

Photoabsorption by CFgBr in the low energy region o f the VUV has been investigated
more widely. The earliest spectrum in the literature is that measured by Davidson
[1951] in the energy range; 4.9 - 6.0 eV. Molina et al. [1982] and Orkin and
Kasimavskaya [1995] report the cross section at room temperature from 3.6 to 6.5 eV.
Temperature dependent absorption cross sections have been reported from 4.4 to 6.5 eV
[Burkholder et al. 1991] and from 4.4 to 7.4 eV [Gillotay and Simon 1989].

4.4.1.2 Valence excitation of CFgBr
The broad valence feature in the electron energy loss spectra o f alkyl halides typically
lying above 4 eV and below the lowest energy Rydberg transition is known as the A

band [Robin 1974]. Kitajima et al. [2003] conclude from ab initio generalised oscillator
strength (GOS) and single excitation configuration calculations for C F3X (X = Cl, Br, 1)
molecules that the A band corresponds to the

^A\ (HOMO — LUMO) transition

associated partly with dipole allowed but dominantly with quadrupole allowed
interactions. CFgBr electron energy loss spectra were measured by Kitajima et al. [2003]
using incident electrons o f energy 100 eV and 30 eV scattered at 4° and 15°,
respectively. As would be expected from the calculations, the A band was markedly
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more intense in comparison with the optically allowed transitions for the lower energy,
higher scattering angle result. Kitajima et al. [2003] observed the band to extend from
around 5 to 7 eV and commented that the excited state is repulsive along the C -B r axis.
This is consistent with the observation by Washida et al. [1985] o f Br and CF3 *
fragments following the dissociation o f CFsBr by incident photons at an energy o f 5.00
eV, the onset of the A band.

ASTRID cross section
cross section x 100

s
o
(C-Br)
c
o 40

I

A band:

£
u

a* (C-Br)

20

4

5

6

7

8

9

10

II

E n erg y (cV )

Figure 4.2; The ASTRID photoabsorption cross section of CFsBr
Figure 4.2 shows the full energy range over which a non-zero photoabsorption cross
section is observed. The diffuse A band extends from 5.1 to 7.0 eV with a maximum at
6.1 eV. As would be expected for a predominantly optically forbidden transition
[Kitajima et al. 2003], we observe the band to be have a very low cross section. The
magnitude of the absolute cross section is discussed in detail in section 4 .4.1.4.

The lowest energy feature above the A band begins at 8.03 eV and rises to a local
maximum at 8.417 eV. The feature is shown in detail in figure 4.3. The assignments for
the observed vibrational structure are given in table 4.3 and the origin o f the series leads
us to suggest that the ground state transition occurs at 8.184 eV. The average activation
energies for v\ (CF3 stretching), V2 (CF3 deformation), and U3 (C-Br stretching) are
0.117, 0.095, and 0.028 eV, respectively. Comparison with table 4.1 clearly shows that
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stretching along the CF3 and C-Br bonds occurs at lower energy in the excited state
than in the neutral ground state.
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Figure 4.3; Detail of the CFsBr ASTRID spectrum showing vibrational structure
associated with the C -B r 0 ^ 0 * transition and (inset) the shoulder of the major n = 5
Rydberg peak belonging to the ns series converging to the first ionisation limit
The feature with a local maximum at 8.417 eV is also visible in the electron energy loss
spectra reported by Kitajima et al. [2003] but left unassigned. Doucet et al. [1973]
propose that it is due to a 3s Rydberg excitation of mainly singlet to triplet character
belonging to a series converging to the first ionisation limit. The same authors consider
the following major peak to represent a 3s singlet to singlet transition. As discussed in
section 4.4.1.3, we do not agree with the Rydberg assignments o f Doucet et al. [1973].
The maximum cross section at 8.417 eV seems high for a transition which is dominantly
of singlet to triplet character. Furthermore, Kitajima et al. [2003] show the relative
intensity o f the two peaks to be approximately equal in the 100 eV, 4° and 30 eV, 15°
spectra. This lack of angular dependence strongly suggests that both features are due to
singlet to singlet transitions. Therefore, the (uoo) transition at 8.184 eV is tentatively
assigned to a valence excitation. Cvitas et al. [1978] and Doucet et al. [1973] identify
the second highest occupied MO o f CFsBr to be o f C -B r a bonding character.
Nachtigallova et al. [1996] and Taatjes et al. [1993] assign the lowest energy valence
transitions above the A bands to be carbon - halogen o —» o* excitations for CH3CI and
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CFgl, respectively (see sections 4.4.3.2 and 5.3.3.2). Therefore we suggest that the broad
CFsBr feature with a maximum at 8.417 eV is due to the promotion o f an electron from
the second highest occupied MO (C -B r o) to the LUMO (C -B r o*). This assignment is
consistent with the low activation energy o f C -B r stretching (us) observed in the excited
state compared to the neutral ground state.

Photoabsorption energy in eV
ASTRID

Doucet et al. [1973]

8.184
8.211
8.24""
8.28^
8.300
8.33^
8.355
8.394
8.417
8.446
8.475

8.180
8.209
8.238
8.267
8.309
-

8.352
8.377
8.410
-

-

Assignment (ASTRID)
DOO
1)3
2U3
1)2
Dl
Ui +U3
Ui + 2U3
Ui +1)2
2ui (band maximum)
2Ui + U3
2ui + 2u3

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The
assignments do not match those suggested by Doucet et al. [1973] who report Voo lo occur at 8.122 eV

Table 4.3:

Energy positions o f CFgBr vibrational structure associated with the
C -B r a
o* transition

4.4.1.3 R y d b e rg e x c ita tio n o f C F jB r

The three major peaks above 8.5 eV (shown in figure 4.2) are assigned in agreement
with Kitajima et al. [2003]. The quantum defects calculated for the assignments
proposed by Doucet et al. [1973] would be consistent with the vacated orbital being
localised on the carbon or fluorine atoms. However, the series converge to the ionisation
limits associated with the removal o f an electron from the bromine lone pair or from the
C -B r c orbital. As discussed in section 4.2, we would expect the C -B r o orbital to be
localised close to the bromine atom. Therefore, the quantum defects should be higher
than those for chlorine and lower than those for iodine (see table 2.1). The peak energies
and quantum defects are listed in table 4.4.
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Photoabsorption energy in eV
ASTRID
8.768
9.486
10.516

Previous w ork
8.741 *
9.534 *
10.5''

Q uantum
defect

A ssignm ent
(ASTRID)

2 .8 6

5s ^ 11.40 eV ^
5 p ^ 11.40 eV ^
5s -> 14.28 eV'^

2.33
3.10

*Doucet et al. [1973]. ^ Washida et al. [1983]. The assignments do not match those suggested by
Doucet et al. [1973] but are in agreement with Kitajima et al. [2003]. ^ 11.40 eV is the lowest
adiabatic IE reported by Clay et al. [1994]. ^ 14.28 eV is the vertical IE associated with the second
photoelectron band observed by CvitaS et al. [1978]

Table 4.4: Energy positions and quantum defects o f CFgBr Rydberg transitions
The peak with a maximum measured at 10.516 eV in the present work lies outside the
range measured by Doucet et al. [1973] but is clearly visible in the spectra o f Washida
et al. [1983] and Suto and Lee [1983]. Weak vibrational structure superimposed on the
feature is reported by Suto and Lee [1983] although the authors did not attempt to make
any assignments. The peak rising to a maximum at 10.516 eV in the present work is
noticeably less smooth than the lower energy Rydberg peaks. However, the
superimposed features are weak, diffuse and typically separated by around 20 meV. No
feature is clearly identifiable as Uoo and the energy minimum resolution above 10 eV is
around 6 meV (figure 3.5), equating to a significant error in comparison to the energy
spacing. Therefore, any vibrational assignments proposed on the basis o f the present
evidence would be largely arbitrary.

The inset plot in figure 4.3 demonstrates the presence o f a shoulder centred at 8.56 eV
which, to our knowledge, has never previously been observed. The relatively weak
feature is tentatively proposed to be due to a singlet to triplet excitation from the spinorbit split HOMO to the « = 5 state belonging to an ns series converging to second
ionisation limit located within the first photoelectron band o f CFgBr. This would be
consistent with an energy splitting due to spin-orbit coupling o f ~ 0.2 eV, slightly lower
than predicted by Mulliken [1935].

4.4.1.4

A bsolute cross section and atm ospheric lifetim e o f C FjB r

Almost no solar photons o f energy greater than 6.89 eV enter the lower atmosphere
(section 1.3.5). Therefore the A band is the key photoabsorption feature from a point o f
view o f the global warming and ozone depleting effects o f atmospheric CFgBr. The
local maximum o f the band recorded by Doucet et al. [1973] is 10.0 x 10'^° cm^ (0.01
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Mb), around 70% of the equivalent cross section in the ASTRID result. The roomtemperature absorption cross sections reported by Davidson [1951], Molina et al.
[1982], Orkin and Kasimavskaya [1995], Burkholder et al. [1991] and Gillotay and
Simon [1989] are shown in figure 4.4.

The band maximum measured at the ASTRID facility is 14.10 x 10'^^ cm^, between 10
and 15% higher than the recent previous results [Molina et al. 1982, Orkin and
Kasimavskaya 1995, Burkholder et al.

1991, Gillotay and Simon 1989]. The

background for the ASTRID A band is estimated to be 0.84 x 10'^^^ cm^ (8.4 x 10'^ Mb)
by averaging the cross section values between 7.5 and 8.0 eV. With the subtraction o f
the background, the present A band maximum cross section falls to within 5% o f those
recorded by Gillotay and Simon [1989] and by Molina et al. [1982]. Larger errors in the
absolute photoabsorption cross section o f very weak features can be expected for low
pressure measurements. The A band was scanned at 0.020 mbar for the present result
(see table 4.2) whereas Gillotay and Simon [1989] used a pressure o f 96.5 mbar to
measure within an estimated accuracy o f ± 2%. Therefore, the error indicated by figure
4.4 should not be taken as indicative o f the accuracy o f the ASTRID cross section for
more strongly absorbing features.

ASTRID cross section
ASTRID background
Orkin and Kasimovskaya 1993
Gillotay and Simon 1989
Molina etal. 1982
Burkholder et al. 19 9 1
Davidson 1951

210K

230 K
250 K
270 K
295 K.

6

6.5

7

Energy (eV)

Figure 4.4: Detail o f the ASTRID CFsBr A band cross section compared to previous
room-temperature results. The inset plots show the variation of cross section with
temperature measured by Gillotay and Simon [1989]
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The maximum cross sections of the features observed in the ASTRID spectrum (figure
4.2) at 8.410, 8.768, 9.486, and 10.516 eV are 15.20, 44.80, 22.90, and 67.70 Mb,
respectively. Doucet et al. [1973] report the photoabsorption cross section o f the major
Rydberg peak measured at 8.768 eV in the present work to be ~ 45% of the ASTRID
result. The cross section reported by Washida et al. [1983] is also apparently low as the
maximum of the peak at 10.5 eV is - 65% of the present measurement. However, Suto
and Lee (1983) report the maxima o f the four major features between
be between 5 and

10

8

and 10.8 eV to

% lower than observed in the present work. The error on the

absolute cross section measured at the ASTRID facility can be taken to be ± 5% for all
but the weakest features (section 3.2.3.4).

The A band spectra of Gillotay and Simon [1989] show clear temperature dependence
for CFgBr photoabsorption between 275 and 210 K (figure 4.4, inset). Using the
relevant data according to temperature variation with altitude (figure 1.4), Gillotay and
Simon [1989] calculated the photo-dissociation coefficients for CF^Br below 50 km in
the atmosphere. These results are plotted on figure 4.5 in the form o f photolysis lifetime
(equal to one over the photo-dissociation coefficient) against altitude. The results are
compared to the photolysis lifetimes generated using the ASTRID photoabsorption
spectrum and the program developed at UCL (section 1.3.5).
50
Gillotay and Simon 1989 - zenith angle 60 deg
40

♦ ASTRID - zenith angle 30 deg
Gillotay and Simon 1989 - zenith angle 0 deg
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Figure 4.5:
The photolysis lifetime o f atmospheric CFiBr calculated by entering the
photoabsorption cross section measured at the ASTRID facility into the UCL model and
compared to previous temperature dependent analysis
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Figure 4.5 demonstrates how the emission o f CFgBr provides a very effective
mechanism for the release o f free bromine radicals to the stratosphere. For photons
entering the atmosphere at 0° with respect to the zenith o f the Earth’s surface, the
tropospheric photolysis lifetime o f the molecule rises from a minimum o f around 12
years (~ 4400 days) at 18 km to over 1000 years at ground level [Gillotay and Simon
1989]. Once above 2 0 km, the expected photolysis lifetime falls sharply to less than 3
days at 50 km. The dissociation o f a CFgBr molecule by a photon in the A band energy
range takes place along the C -B r axis, releasing a free bromine atom [Kitajima et al.
2003]. Orkin and Kasimovskaya [1995] state that photolysis by solar UV radiation is
the only process which contributes to the removal o f fully halogenated bromoalkanes
from the atmosphere. Therefore, almost every CFgBr molecule released at ground level
results in the production o f a stratospheric Br radical. As discussed in section 1.3.4, Br
is generally considered to be even more destructive for the ozone layer than Cl.
Furthermore, the presence o f bromine radicals increases the efficiency o f ozone
breakdown by catalytic reactions involving chlorine [Molina et al. 1982]. Accordingly,
Washida et al. [1996] calculate the ODP o f CFsBr to be 16 times that o f CFC-12
(CF 2CI2, ODP equal to CCI3F, CFC-11) on the basis o f experimental measurements o f
the decay o f ozone in a photochemical chamber equipped with UV-enhanced Xe arc
lamps. The World Meteorological Association (WMA) gives the ODP o f CFgBr as 2
[EPA 2003]. The discrepancy between estimations o f ODP made by the WMA and by
Washida et al. [1996] may be related to consideration o f the processes which accelerate
ozone depletion by chlorine above the Antarctic. The atmospheric lifetime and GWP o f
CFgBr have been estimated as 65 years and 6900, respectively [EPA 2003].

Comparison o f the photolysis lifetime plots shown in figure 4.5 gives a useful indication
o f the reliability o f the UCL model. At high altitudes the attenuation due to absorption
by atmospheric species will be minimal so the photolysis lifetime o f a molecule should
be largely independent o f the solar zenith angle. Accordingly, the three calculations give
the same lifetime at 50 km. Throughout the stratosphere, the photolysis lifetimes
generated using the UCL model are longer than the 0° calculations o f Gillotay and
Simon [1989] and shorter than the 60° calculations. Only below 12 km do the models
give results which are inconsistent. The difference may be partially due to the fact that
the model o f Gillotay and Simon [1989] takes into account the temperature dependence
o f the absorption cross section. The high level o f background noise in the ASTRID A
band measurement is also expected to have an effect on the calculated lifetimes. Due to
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noise, the lowest energy at which we can detect photoabsorption by CFgBr is ~ 4.7 eV.
The high pressure used by Gillotay and Simon [1989], however, enabled the authors to
detect a non-zero cross section as low as 4.27 eV. Even weak absorption at low energies
can have a significant effect on the photolysis lifetime at low altitudes. Nonetheless, we
consider that the large difference between ground level lifetimes should not cause major
concern as calculations based on the very weak UV solar radiation at low altitudes
depend strongly upon the flux measurements used. Such measurements vary according
to a number o f factors including location and time o f year. In general terms, the UCL
model and that o f Gillotay and Simon [1989] are in agreement that the rate o f
destruction o f CFsBr at low altitudes is negligible compared to the timescales for
molecular transport and photolysis in the stratosphere.

4.4.2

Photoabsorption by CF3 CI

4.4.2.1 Introduction

Studies o f the electronic excitation o f CF 3CI have been reported by a number o f groups.
The photoabsorption cross section has been recorded by Doucet et al. [1973] in the
energy range; 6.20 to 10.33 eV. Gilbert et al. [1974] measured the VUV spectrum from
10.33 to 19.07 eV. Both sets o f experiments were performed using a model 225
McPherson monochromator with an unspecified resolution. Jochims et al. [1976] claim
a resolution o f ~ 1 meV for the CF 3CI UV spectrum from 9 to 24 eV. The
photoabsorption cross section o f CF 3CI is reported by W ashida et al. [1983] from 9.5 to
10.8 eV in steps o f around 0.1 eV, and by Suto and Lee [1983] from 9.18 to 11.70 eV
with a resolution o f ~ 0.02 eV. The photo-dissociation o f CF 3CI at 9.919 and 10.507 eV
has been studied by Yen et al. [1993]. Simon et al. [1988] measured the photoabsorption
by CF 3CI in the energy range; 6.20 - 7.21 eV at high pressure. Velasco et al. [2003]
have published calculations for the photoabsorption oscillator strengths o f the Rydberg
states o f CF3CI using the molecular-adapted quantum defect orbital (MQDO) method.

The electron energy loss (EEL) spectrum o f CF 3CI was measured between ~ 0 and 36
eV by King and McConkey [1978] using incident electrons o f 500 eV and a scattering
angle o f ~ 0°. Therefore, the authors report a result which is essentially indistinguishable
from a photoabsorption spectrum in terms o f the relative intensities o f the observed
transitions. Similarly, the photoabsorption cross section has been derived by Au et al.
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[1997] from EELS data taken using 3000 eV incident electrons and analysing over an
energy loss range of 5 to 60 eV with a resolution o f 50 meV. Kitajima et al. [2003],
however, report EEL spectra taken using electrons o f incident energy 30 and 100 eV
scattered at 15° and 4°, respectively. Analysis of lower energy incident electrons
scattered at wider angles provides evidence for optically forbidden transitions.

4.4.2.2 Valence excitation o f CF 3 CI
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Figure 4.6; The ASTRID photoabsorption cross section o f CF3CI (blue) compared to
the measurement o f Simon et al. [1988] (red)
The 30 eV, 15° EEL spectrum of Kitajima et al. [2003] shows the CF3CI A band
maximum to occur at around 7.9 eV. The band is neither observed in the 100 eV, 4°
result [Kitajima et al. 2003] nor in the high incident energy spectra o f King and
McConkey [1978] and Au et al. [1997], suggesting that the transition is almost entirely
optically forbidden. Accordingly, Doucet et al. [1973] report no evidence for
photoabsorption below around 8.7 eV. Zobel and Duncan [1955] observe maxima
corresponding to singlet to triplet transitions from the chlorine lone pair to (n) C CI
antibonding orbitals (a*) in the VUV absorption spectra o f CH 3 CI, CFICI3 , CCI4 , and
CF2 CI2 at 7.1 ±

0.1

eV. Flowever, this should not be considered to be inconsistent with

the energy position of the A band observed by Kitajima et al. [2003] as the substitution
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o f hydrogen atoms with fluorine is expected to have a stabilising effect on the
neighbouring o orbitals. Therefore, we would expect the A band transition to occur at
higher energy for CF3CI than for CH 3CI.
The spectral range over which a non-zero photoabsorption cross section is observed in
the CF 3CI ASTRID measurements is shown in figure 4.6. As expected, the cross section
below 9.0 eV is extremely low. However, as the inset plot demonstrates, possible
evidence is observed for a feature with a local maximum o f 0.019 Mb at 7.90 eV. The
cross section is around 85% lower than the A band maximum for CF3Br (section
4.4.1.3). An indication o f the uncertainty associated with the feature lies in the fact that
the amplitude o f the noise between 7.0 and 9.0 eV is ~ 0.01 Mb, half the maximum
cross section. To our knowledge, the only previous work reporting photoabsorption
associated with the CF 3CI A band is that o f Simon et al. [1988]. Clear evidence is
observed for a diffuse feature beginning between 6.20 and 6.30 eV, although the energy
range does not extend to the band maximum. The measurement o f Simon et al. [1988]
was made at a pressure o f 700 torr (933 mbar), almost 2000 times greater than that at
which the present cross section was recorded (see table 4.2).

Doucet et al. [1973] report the presence o f a weak and diffuse band centred at 8 .8 6 eV
with a cross section o f 0 .1 Mb. The authors observe no vibrational structure and assign
the feature to a singlet to singlet valence transition from a chlorine lone pair orbital to a
C -C l c* MO. However, given that the energy splitting due to spin-orbit coupling is
expected to less than 0.1 eV [Doucet et al. 1973], the measurement by Kitajima et al.
[2003] o f the maximum at 7.9 eV associated with the singlet to triplet transition
indicates that the singlet to singlet transition cannot occur around 8.9 eV. The feature is
neither observed in the ASTRID spectrum nor in the work o f Au et al. [1997]. Yen et al.
[1993] observe dissociation along and CF 3-C I axis at 9.919 eV via a Rydberg state.
Therefore, it seems plausible to suggest that the (C -C l) o —> a* transition may be
hidden by the major Rydberg feature rising from around 9.0 eV.
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4.4.2.3 R yd b erg excitation o f C F 3 CI

The maxima of the two features which are clearly observed in the present work occur at
9.679 eV and 10.633 eV. In agreement with the previous work, the peaks are assigned
to the « = 4 members o f an m and an np series converging to the first ionisation limit
[Gilbert et al. 1974, King and McConkey 1978, Suto and Lee 1983, Yen et al. 1993, Au
et al. 1997, Kitajima et al. 2003, Velasco et al. 2003]. Doucet et al. [1973] propose that
the lower energy feature is due to excitation to a 3s excited state. The w = 4 quantum
defects calculated using 12.6 ± 0.4 eV as the ionisation limit [Lias 2003] are 1.84 ± 0.15
for the major peak and 1.37 ± 0.3 for the higher energy feature. The expected quantum
defects for promotion from an MO centred on a chlorine atom are ~ 2 and - 1 .7 , for ns
and np series, respectively (table 2.1). Therefore, the calculated quantum defects are
consistent with the predicted values although they suggest that the true adiabatic IE for
the promotion o f an electron from the HOMO is close to the high energy error boundary
identified by Lias [2003].

ASTRID
PeakeV
Peak Mb
PeakeV
Peak Mb

9.679
34.06
10.633
13.07

Doucet
et a l 119731
9.68
28.23
-

-

Gilbert
et al. [1974]
-

10.59
8.31

Jochims
et al. [1976]
9.60
43
10.60
18

Washida
et al. 11983]
9.7
24.5*
10.6
8.5*

Suto and
Lee [1983]
9.69
32*
10.69
13 *

* Indicates that the values are readfrom a figure and thus subject to greater error.

T able 4.5: Comparison o f the energy positions and cross sections o f the CF 3CI
Rydberg transitions observed at ASTRID with previous photoabsorption spectra
The energy positions and cross sections o f the Rydberg peaks in the present and
previous photoabsorption spectra are compared in table 4.5. The ASTRID cross section
is evidently in good agreement with the work o f Suto and Lee [1983]. The
photoabsorption cross section measurements o f Jochims et al. [1976] are systematically
higher than those recorded elsewhere. As is the case for CFgBr, Doucet et al. [1973] and
Washida et al. [1983] report cross sections which are between 20% and 35% lower than
the present work. The work reported by Gilbert et al. [1974] was carried out by the same
group as that by Doucet et al. [1973] and shows the peak at 10.59 eV to be around 35%
lower than the equivalent ASTRID cross section. This suggests systematic errors in the
absolute cross sections reported by Doucet et al. [1973], Gilbert et al [1974], and
Washida et al. [1983]. The energy positions o f the peak maxima given in the previous
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articles, however, are in good agreement with the ASTRID spectrum to within the errors
expected for diffuse features.

4.4.2.4 Atmospheric lifetime of CF3 CI
As we have not observed clear evidence for photoabsorption by CF 3CI for energies
below 6.89 eV, a meaningful estimation o f the atmospheric photolysis cannot be
achieved using the model described in section 1.3.5. However, it is clear that photolysis
plays a negligible role in the destruction o f CF 3CI in the stratosphere and troposphere.
The photolysis rates calculated by Simon et al. [1988] on the basis o f the cross section
shown in red in figure 4.6 correspond to a lifetime at 25 km o f between 1500 and 34000
years (for photons entering the atmosphere at angles with respect to the zenith o f the
Earth’s surface o f 0° and 60°, respectively). Ravishankara et al. [1993] estimate that
reactions with 0(^D) are responsible for around 80% o f the atmospheric destruction o f
CF 3CI and conclude that the globally averaged lifetime o f the molecule must be greater
than 380 years. The authors give their best estimate as 640 years. Using the estimation
o f Ravishankara et al. [1993], the U.S. Environmental Protection Agency list the ozone
depletion potential o f CF3CI as 1.0 [EPA 2003].

4 .4 .3

P h o to a b s o r p tio n b y C H 3 CI

4.4.3.1 Introduction

The VUV photoabsorption cross section o f CH 3CI has been studied by several previous
authors. Early spectra are reported by Price [1936] and by Zobel and Duncan [1955]
from 6.2 to 12.4 and 24.8 eV, respectively. The absolute cross section was first
measured by Tsubomura et al. [1964] from 6.60 to 7.75 eV and then by Russell et al.
[1973] in the energy range; 6.20 - 11.16 eV. In each o f these works, the authors leave
the energy resolution unspecified. The spectrum o f Russell et al. [1973] was revisited by
Raymonda et al. [1974]. Raymonda et al. [1974] carried out further measurements and
comment that the energy positions for sharp features observed in each spectrum are in
agreement to within ± 1 meV. Robin [1974] cites the spectra o f Price [1936], Zobel and
Duncan [1955], and Russell et al. [1973] in a broad discussion o f the electronic
excitation o f alkyl halides. Hochmann et al. [1975] measured photoabsorption by CH 3CI
using a McPherson Model 225 monchromator from 7.74 to 11.41 eV with an
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unspecified resolution. The result o f Hochmann et al. [1975] was analysed further by
Felps et al. [1976]. Truch et al. [1979] report the cross section from 8.50 to 11.75 eV
using a McPherson Model 231 monochromator. An indication o f the resolution o f the
spectrum o f Truch et al. [1979] lies in the fact that wavelength was selected using a
grating o f 1200 lines per mm compared to 2000 at the ASTRID facility (see section
3.2.2.1). Olney et al. [1996] derived the photoabsorption cross section in the range o f 6
to 50 eV with a resolution o f 50 meV from EELS data taken using incident electrons o f
energy between 6 and 8 keV. The cross section for the absorption o f Lym an-a photons
(10.120 eV) by C H3CI was measured by Vatsa and Volpp [2001].

Most recently, Locht et al. [2001 d\ have published a very thorough and detailed
analysis o f Rydberg structure observed in the photoabsorption cross section from 6 to
25 eV. The measurement was made with a wavelength resolution o f 0.1 nm, only
marginally less precise the present result (0.075 nm). The authors report the analysis o f
the vibrational structure in the energy range; 7.5 - 10.5 eV in a separate article [Locht et
al. 2001 b\. To our knowledge, the only low impact energy EEL spectra recorded for
C H3CI are those o f Nachtigallova et al. [1996] measured with a resolution o f 60 - 80

meV using incident electrons o f 0.05, 0.25, 0.65, and 20.05 eV. The experimental work
is augmented with electronic structure calculations made using the single-excitation
configuration interaction (CIS), complete-active-space self-consistent field (CASSCF),
and multi-reference MP2 (CASPT2) methods [Nachtigallova et al. 1996].

4.4.3.2 V alence excitation o f C H 3 CI

The full range over which a non-zero absorption cross section is observed in the present
work is shown in figure 4.7. The lowest energy feature rises to a maximum o f 1.18 Mb
at 7.27 eV and is shown in greater detail in figure 4.8. The diffuse feature is assigned to
the excitation o f an electron from the chlorine lone pair (n) to a C CI antibonding (a*)
MO following the established A band analysis for methyl halides [Mulliken 1940,
Robin 1974]. The local maximum is reported to occur at 7.18, 7.21 and 7.3 eV by Zobel
and Duncan [1955], Russell et al. [1973], and Tsubomura et al. [1964], respectively.
Russell et al. [1973] attribute the feature to a C -C l o —►a* transition although the same
authors adopt the standard n —♦ g * assignment in the subsequent publication [Raymonda
1974].
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Figure 4.7; The ASTRID photoabsorption cross section o f CH 3 CI
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Figure 4.8: Detail o f the CH3CI ASTRID photoabsorption cross section showing n —>■
o* valence excitation and pre-dissociative Rydberg structure
The EELS results o f Nachtigallova et al. [1996] enabled the authors to distinguish
singlet and triplet states in the A band. The singlet to singlet n

o* transition is

reported at 7.14 eV, in good agreement with the local maximum observed in the present
and previous photoabsorption spectra. The singlet to triplet n —♦ o* transition was
measured at 6.74 eV [Nachtigallova et al. 1996]. The energy difference between the two
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maxima is thus ~ 0.4 eV. This is very large compared to the splitting o f 27 ± 6 meV
reported in the first photoelectron band by Karlsson et al. [1977] and confirmed by the
threshold photoelectron analysis o f Locht et al. [2001 c]. The apparent discrepancy in
energy splitting observed in the ionic and valence bands may be rationalised in terms o f
the lack o f vibronic coupling evident in the C -C l a* excited states. However, the A
band energy splitting observed by Nachtigallova et al. [1996] remains large compared to
the value o f 73 meV predicted in the absence o f any quenching effects by Karlsson et al.
[1977]. As may be expected, no evidence is observed for the singlet to triplet
contribution to the A band in the ASTRID spectrum.

The broad continuum underlying the Rydberg and vibrational structure observed in the
energy region; 7.5 - 8.6 eV (see figure 4.8) strongly suggests pre-dissociation via the
assigned n —►4s transitions. Due to the clear overlap o f the continuum with the A band,
dissociation is expected to be along the C -C l bond due to relaxation o f a 4s electron
into a o* MO. The observed Rydberg transitions are discussed in section 4.4.3.3.

Nachtigallova et al. [1996] calculate the C -C l o —* o* singlet to triplet transition to
occur at 9.15 and 9.18 eV, respectively by using CASPT2 and CIS methods. Therefore,
the continuum extending from ~ 8.8 to ~ 9.6 eV is associated with pre-dissociation due
to energy overlap with o —♦ o* valence excitations. In agreement with Nachtigallova et
al. [1996], we consider that direct evidence for the singlet to triplet transition is hidden
by the Rydberg structure around 9 eV.

4.4.S.3 R yd b erg excitation o f C H 3 CI

The Rydberg transitions and the associated vibrational structure observed in the
photoabsorption spectrum o f CH3CI have been investigated recently by Locht et al.
[2001 a, b\. Therefore, except in the cases in which the present work is in disagreement,
the following discussion is kept to a minimum and readers requiring a more detail are
advised to refer to the previous publications [Locht et al. 2001 a, b \ The energies o f
peaks assigned to Rydberg transitions in the ASTRID energy range are given in tables
4.6 and 4.7. The features are labelled in figures 4.7 - 4.10.
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Energy in eV
Locht et al. [2001 a\

ASTRID

7.759
9.742
10.422
10.722
8.815
10.102
10.578
9.208
10.198
10.638
9.816

7.754
9.77^
10.423
10.721
8.814
10.101
10.579
9.208
10.192
10.624
9.817

Q uantum
defect

Analysis

2.04
2.01
2.04
2.11
1.66
1.62
1.62
1.44
1.48
1.48
0.96

4sai
5sai
6sai
7sai
4pai
5pai
6pai
4pe
5pe
6pe
4d

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The

quantum defect is calculated using the energy o f the feature measured at the ASTRID facility and the
adiabatic ionisation energy determined by Karlsson et al. [1977]. Locht et al. [2001 a] propose
assignments corresponding to those given above except with ns = (n-l)s, np = (n-l)p, and nd = (n-l)d.

Table 4.6:

Energy positions o f features assigned to Rydberg series converging to
11.289 eV, the C H jC r state;

Energy in eV
Locht et al. [2001 a\

ASTRID

7.873
9.789
10.441
10.746
8.895
10.193
10.624
9.298
10.255
10.684
9.892

7.872
9.85""
10.445
10.749
8.894
10.117
10.61
9 .3 0 ^
10.272
10.69"
9.891

Q uantum
defect

Analysis

2.01
1.95
2.05
2.10
1.63
1.63
1.57
1.40
1.39
1.36
0.91

4sai
5sai
6sai
7sai
4pai
5pai
6pai
4pe
5pe
6pe
4d

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The

quantum defect is calculated using the energy o f the feature measured at the ASTRID facility and the
adiabatic ionisation energy determined by Karlsson et al. [1977]. Locht et al. [2001 a] propose
assignments corresponding to those given above except with ns = (n-l)s, np = (n-l)p, and nd = (n-l)d.

Table 4.7:

Energy positions o f features assigned to Rydberg series converging to
11.316 eV, the C H sC r state;
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The most striking disagreement between the present interpretation o f the C H 3 CI UV
spectrum and that proposed by Locht et al. [2001 d\ lies in the n values o f states agreed
to belong to particular Rydberg series. As shown in table 2.1, the expected quantum
defects for m , «p, and wd series corresponding to the removal o f an electron from an
orbital localised on a Cl atom to are ~ 2.0, ~ 1.7, and 1.0 - 1.3, respectively. The
assignments given earlier in this chapter for CF 3 CI follow this scheme (section 4.4.2.3).
Accordingly, we attribute the lowest energy C H 3 CI Rydberg peak to the « = 4 member
o f an m series converging to the ^£ 3/2 ionisation limit with a quantum defect o f 2.04.
The feature is assigned in the same way by Russell et al. [1973], Raymonda et al.
[1974], Robin [1974], Olney et al. [1996], and Nachtigallova et al. [1996]. However,
Locht et al. [2001 d\ suggest that the peak corresponds to a 3s (^£ 3/2) transition with a
quantum defect o f 1.069. An example o f the ns (^ £ ’3/2) assignments made by Truch et al.
[1979] is that o f the peak at 10.42 eV as w = 6, corresponding to a quantum defect o f
2.02. Locht et al. [2001 d\ acknowledge that their Rydberg interpretation often varies
from that o f Truch et al. [1979] but do not discuss why the proposed n values and the
corresponding quantum defects are systematically one unit lower than given elsewhere.

The photoelectron bands associated with the ^£ 3/2 and ^£ 1/2 ionic states [Karlsson et al.
1977] show clear vibrational structure. The reported activation energies are listed in
table 4.8.

Vibrational
mode and
symmetry
Dl, Al

Description
of motion
CH 3 s-stretch

) ,

C H 3 s-deform

1)4, E
) ,E
1)6, E

C-Cl stretch
C H 3 d-stretch
C H 3 d-deform
C H 3 rock

Al
1)3, Al
1 2

1 5

Activation energy in meV
Neutral ground

^Ein.

364
168
091
377
180
109

-

-

133
79

-

83

-

-

193
110

190
106

Table 4.8; Vibrational modes in the CH 3 C r states; £

1
3 /2

and £

1 /2

[Karlsson et al. 1977]

Locht et al. [2001 b] state that all the fine structure observed from 7.5 to 10.5 eV can be
described using three vibrational modes with average activation energies o f 162 ± 3
meV, 104 ± 7 meV, and 11 ± 1 meV. For promotion from a non-bonding MO, the
excitation energy for a vibrational mode in a Rydberg state is generally expected to be
lower than that in the ground state and higher than (or close to) that in the ionic state.
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This would suggest the most probable assignments for the observed modes to be

\)2

(CH3 deformation), U6 (CH3 rocking), and V3 (C-Cl stretching). However, Locht et al

[2001 h] demonstrate that the conventional vibrational analysis is complicated by JahnTeller symmetry distortions. On the basis o f spin-vibrational calculations, Locht et al.
[2001 h] conclude that the experimentally observed 11 ± 1 meV and 104 ± 7 meV
modes are due to v>6 (CH3 bending) and vs (CH3 rocking coupled with C -C l stretching),
respectively. The 162 ± 3 meV mode is simply labelled v and is considered to represent
either V3 (anti-symmetric CH3 bending) or V4 (CH3 umbrella motion). The ASTRID
photoabsorption features associated with Rydberg and vibrational transitions are listed
in table 4.9. The structure is broadly consistent with that observed Locht et al. [2001 b]
and the vibrational modes are labelled accordingly as n, Oj, and og with average
excitation energies of 159, 109, and 78 meV, respectively.

160

140 — C H jC r

4pa,

^

120

-

00

-

: ~E

4pa
4pc

80 -

60

4pc
40 -

20

-

8.6

8.7

88

8.9

9

9.1

9.2

9.3

9.4

9.5

9.6

9.7

Energy (eV)

Figure 4.9: Detail of the CH3CI ASTRID spectrum showing vibrational structure
associated with 4p Rydberg transitions belonging to series converging to the
CH3CI states; ^£ 3/2 and ^Em
Table 4.9 shows that a number of assignments suggested in the present work do not
agree with those made by Locht et al. [2001

6

], particularly at the high energy end of

the spectral range. At higher energies the resolution is lower, the Rydberg peaks are
more closely spaced and the quantum defects are more affected by subtle differences in
energy position. Therefore, peak assignments naturally become more ambiguous.
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E n e r g y in e V

E n e r g y in e V
L o c h t e t aL
[2001 b\
7 .7 5 9
7 .8 7 3
7 .9 1 2 *
7 .9 7 5
8 .0 3 2

A ssig n m e n t

7 .7 5 4
7 .8 7 2
7 .9 0 7
7 .9 7 8
8 .0 3 0
8 .1 1 9

8 .1 2 4
-

8 19^
826^

-

8 .3 5 ^

-

8 .7 2 2
8 .8 1 4

8 .8 1 5

8 .8 9 4

8 .8 9 5
8 .9 2 3

8 .921
8 .9 7 5
9 .0 1 0

8 .9 7 6
9.001
9 .0 5 8
9 .0 9 0
9 .1 2 0

9 .0 5 7
9 .0 9 0

9 .1 3 8
9 .1 6 1 *
9 .1 6 6
9 .2 0 8
9 .2 5 2 *
9 .2 9 8
9.3 2 1
9 .3 7 0
9 .3 7 8
9 .4 0 3
9 .4 3 5
9 .4 8 0
9 .5 3 8
9 .5 7 6
9 .6 2 2
9 .6 7 9 *

9 .1 2 0
9 .1 4 ^
9 16"
9 .1 8 "
9 .2 0 8
9 .2 5 "
9 .3 0 "
9 .3 2 2
9 .3 7 9
9 .4 0 ^
9 .4 3 "
-

A ssig n m e n t

L ocht et a l
[2 0 0 1 b\

A S T R ID

n ->■ 4 s (% /z )
n -)-4 s (^ E i/2 )

9 .7 6 9 *
9 .8 1 6

9 .7 7 "
9 .8 1 7

4 s ( % / 2) + V
4 s CEy2) + Uj

9 .8 5 ^
9 .8 9 1

n

4 s ( ^ 1/2 ) + V

9 .8 5 6 *
9 .8 9 2
9 .9 3 4 *

n —»• 5 s CE3/2)
n —> 4 d
n —»• 5s

993*

4s(^E]/2) + u + %
4 s % / 2 ) + 2v

9 .9 6 4
1 0 .0 5 4

4d (^£ 3 /2) + 05
4 d (^£ 1/2) + 06

4 s ^Em) + 2 o + 06
4 s CEm2) + 3d

10.1 0 2

A S T R ID

4pai ( % / 2) 1)3-0
n —*■4pai (^£ 3/2)
n ->• 4pa, f e / 2 )
4pai ( % / 2) + 05
4pai ( % / 2) + 0
4pa, ^Eyi) + 05
4pai CEy-ii + 0
4pai (% /2 ) + Dj + Ü5
4pai (% i[) + 105
4pai CEy^ + V + Ü6
4pa, ( % / 2 ) + 2ü
4pai ( % / 2) + 0 + Ü5
n
4 p e ( % / 2)
4pai (% /2 ) + 2 ü + ü5
n - + 4 p e (% ! 2)
4 p e (% /2 ) + Uj
4 p e % / 2) + 0
4 p e (^£ 1/2 ) + 06
4 p e (^E]/2 ) + 05
4 p e ( % / 2 ) + 2os

9 .4 7 5
9.541
9 .5 7 "

4 p e CEm) + »
4 p e ( % / 2 ) + 0 + 05
4 p e (% / 2) + 0 + 06
4 p e (% / 2) + 0 + 0 S

9 .6 2 "
9 .6 7 ^

4 p e CE1/2) + 2o
4 p e (^£1/2) + 0 + 203

10 1 1 9 *
1 0 .1 5 8

9 .9 6 7
10.051
10.101
1 0 .1 1 7

1 0 .1 9 3 *

1 0 .1 6 *
1 0 .1 9 2

1 0 .2 3 0 *
-

1 0 .2 3 0
-

1 0 .2 5 4 *
1 0 .2 7 3 *
1 0 .2 9 0 *
1 0 .3 0 8 *

1 0 .2 6 "
10 .272

10.363
1 0 .3 9 8 *
10.4 2 2
10.441
1 0 .4 8 6
10.501
1 0 .5 2 2 *
1 0 .5 5 5 *
10.5 7 8
10.6 0 9
-

1 0 .2 8 9
10.311
1 0 .3 6 2
10.401
10.423
10.445
10.485
1 0 .4 9 *
10.5 25

10.6 2 4
1 0 .6 8 4
1 0 .6 9 6 *
1 0 .722

10.561
1 0 .5 7 9
1 0 .6 0 *
1 0 .6 1 "
1 0 .6 2 4
1 0 .6 9 "
1 0 .7 0 "
10.721

1 0 .746
1 0 .7 5 6 *

1 0 .7 49
1 0 .7 5 8

4 d CEyj)

4 d (^£ 1/2) + 0
n -»• 5pai CE3/2)
n —> 5pai (^£ 1/2 )
4 d (^£ 1/2) + 0 + ÜJ
n ->■ 5pe (^£ 3 /2 )
5pai (^£ 1/2 ) + 05
5pai ( % / 2 ) + 05
5pai ( % / 2 ) + 0
n ->■ 5pe (^£ 1/2 )
5pai CE3/2) + 05 + 06
5p e (^£ 3/2 ) + 05
5pai ( % / 2) + 0 + 05
5pa, (^£ 3/2) + 2o
n —> 6 s CE3/2)
n -»• 6 s (^£ 1/2 )
5pai (^£ 3/2) + 2 o + 06
6 s CE3/2) + 06
6 s CE3/2) + 03
6 s (^£ 1/2 ) + 03
n
6pai (^£ 3/2 )
6 s (^£ 1/2 ) + 0
n
6pai (^£ 1/2 )
n —> 6 p e (^£ 3 /2 )
n —» 6 p e CEi/2)

6p e

(^£ 3/2 ) + 06
n —> 7 s (^£ 3 /2 )
n —►7 s CE\/2)
6pai (^£ 1/2) + 0

^ Indicates that the feature is diffiise and thus its energy position is subject to greater uncertainty. The
assignments listed with no corresponding energy value are not directly observed but suggested by the
following structure and may be hidden by another feature. The energy values reported by Locht et al.
[2001 b] and marked * were not previously assigned to the transition given above. The Rydberg
assignments listed above are given by Locht et al. [2001 b] as (n-l)s / paj / p e / d.

Table 4.9:

CH 3CI features assigned to Rydberg and vibrational series

It should be noted that the vibrational assignments made following quantum mechanical
calculations [Locht et al. 2001 b] and those which would be proposed on the basis o f
comparisons between the energy spacing observed in the ionic and neutral ground states
are restricted to C -C l stretching and variations o f CH3 distortion. Although depending
on the final assignment o f v, it would seem that no features are associated with CH3
stretching. Therefore, in generalised terms, both techniques describe a similar type o f
vibrational motion in the Rydberg states o f CH3CI.
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Figure 4.10; Detail of the CH3CI spectrum in the high-energy part of ASTRID range

4.4.3.4 A bsolute cross section an d a tm o sp h e ric lifetim e o f C H 3CI

There is considerable disagreement between the present and previous measurements of
the absolute absorption cross section of CH3CI. The maximum cross sections of four
peaks across the ASTRID wavelength range are compared to the measurements of
Locht et al. [2001 6], Truch et al. [1979], and Raymonda et al. [1974] in table 4.10. In
each case, the present result is around 50% higher than previously measured. This
difference cannot be attributed to the high resolution o f the ASTRID spectrum because
the sharp peak at 8.814 eV and the relatively diffuse peak at 7.872 eV are both ~ 50 %
higher in the present work. Furthermore, the spectrum o f Locht et al. [2001 b] was
measured with only slightly lower resolution than the ASTRID result. The previous
authors [Locht et al. 2001 b, Truch et al. 1979, and Raymonda et al. 1974] do not
describe the respective experiments in sufficient detail for us to speculate about possible
systematic errors. Vatsa and Volpp [2001] measured an absorption cross section o f 88 ±
6 Mb for CH3CI at the 10.199 eV, ~ 45% higher than recorded at the ASTRID facility.
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ASTRID

Raymonda et al.
119741

Truch et al.
[1979]

Locht et al.

h\
7.87
7.872
7.873
Peak eV
12.8
5*
6 *
Peak Mb
8.814
8.81
8.81
8.815
Peak eV
114.0
60 *
50 *
48 *
Peak Mb
10.20
10.20
10.192
10.193
Peak eV
41 *
32 *
77.4
35 *
Peak Mb
10.6 *
10.624
10.64
10.624
Peak eV
28 *
22 *
Peak Mb
53 3
23 *
* Indicates that the values are readfrom afigure and thus subject to greater error.
[2 0 0 1

-

Table 4.10: Comparison of the energy positions and cross sections o f CH3CI Rydberg
transitions observed at ASTRID with previous photoabsorption spectra
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Figure 4.11 Detail of the CH3CI ASTRID cross section showing A band
photoabsorption in the energy range associated with atmospheric photolysis
Several high-pressure photoabsorption measurements have been made in the key
atmospheric energy region below 6.89 eV. Robbins et al. [1976] report the absorption
spectrum from 5.64 to 7.13 eV. Hubrich et al. [1977] measured the cross section in the
energy range; 7.85 - 5.28 eV at 298 and 208 K. Most recently, Simon et al. [1988]
recorded the spectrum from to 5.74 to 7.13 eV over the temperature range, 295 - 210 K.
Both Hubrich et al. [1977] and Simon et al. [1988] report minimal variation in
absorption cross section with temperature. The measurements o f Simon et al. [1988]
were carried out at a pressure of 27 mbar with a cross sectional error of ± 2 %. The
ASTRID spectrum is compared to the results of Robbins et al. [1976], Hubrich et al.
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[1977], Simon et al. [1988] and the figures recommended by lUPAC [2000] in figure
4.11. The plots are observed to be in very close agreement with each other. This
suggests that the present measurement of the photoabsorption cross section of CH3I can
also be relied upon at higher energies.
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IxHrai I’hotoiysis Lifetime (days)

Figure 4.12: Calculated photolysis lifetime o f atmospheric CH3CI against altitude
Simon et al. [1988] report calculations o f the photo-dissociation coefficients for CH3CI
below 50 km in the atmosphere. These results are plotted on figure 4.12 in the form o f
photolysis lifetime against altitude and compared to the equivalent values generated
using the UCL program (section 1.3.5) with the ASTRID photoabsorption spectrum.
The models describe an approximately consistent photolysis profile in the lower
atmosphere. The lifetime rises from a minimum o f 35 (zenith angle 30° UCL) - 70 days
(zenith angle 60°, Simon et al. [1988]) at the stratopause to 600 - 2000 years [Simon et
al. 1988] at 15 km. Herndon et al. [2001] comment that the UV absorption cross section
for CH3CI is sufficiently small that the tropospheric lifetime o f the molecule is governed
primarily by reactions with OH. The globally averaged atmospheric lifetime o f CH3CI
due to OH reactions is estimated at 1.3 years [Herndon et al. 2001]. Therefore, despite
OH reactions being the dominant means o f CH3CI atmospheric destruction, a significant
proportion of the molecules produced at sea level are expected to survive long enough
to be transported to the stratosphere. At 25 km the UCL model gives the photolysis
lifetime o f CH3CI as ~ 3 years. Due to the relatively low pressure at this altitude this
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lifetime is expected to be low compared to that for destruction via OH reactions.
Therefore, the present work suggests that CH3CI indeed plays a significant role in ozone
depletion. However, as far as we are aware, no estimation o f the ozone depletion
potential has been published for CH3CI. Due to its high absorption cross section in the
infrared, Grossman et al. [1997] estimate the GWP o f CH 3C I over 100 years to be 8
times greater than that o f CO 2.

4.4.4

Photoabsorption by CH3 I

4.4.4.1 Introduction
The earliest measurement o f the VUV photoabsorption spectrum was carried out by
Price [1936] from 6.2 to 12.4 eV with an unspecified resolution. However, the absolute
cross section was not reported until 1972 when Boschi and Salahub published results
taken using a McPherson Model 225 monchromator in the energy range; 3.7 to 11.1 eV.
Robin [1974] cites the work o f Price [1936] and Boschi and Salahub [1972] in a broad
discussion o f the electronic excitation o f alkyl halides in which particular attention is
devoted to the Rydberg states o f CH3I. Hochmann et al. [1975] measured the
photoabsorption spectrum from 6.05 to 10.33 eV, again using a McPherson Model 225
spectrometer with an unspecified energy resolution. The results o f Hochmann et al.
[1975] are revisited by the same group in two subsequent papers focussing on the
Rydberg series converging to the ionisation limits corresponding to the removal o f an
iodine lone pair electron [Felps et al. 1976, Wang et al. 1977]. The photoabsorption
spectrum from 6.888 to 10.972 eV has been reported with a resolution o f ± 0.003 Â (~ ±
0.1 meV at 9 eV) by Baig et al. [1981]. This remarkable resolution was achieved using a
grating o f 5000 lines per mm at the Synchrotron Radiation Laboratory o f the University
o f Bonn. The Rydberg transitions observed in the spectrum are discussed further by
Dagata et al. [1981, 1988]. However, the publications only show detailed plots and
assignments for the structure observed from 9.3 to 10.3 eV. Furthermore, despite the
exceptional precision o f the measurement, the authors do not list the energies o f the
assigned Rydberg peaks or discuss the vibrational structure in detail.

More recently, Olney et al. [1998] derived the photoabsorption cross section o f C H 3I in
the energy range o f 4 to 65 eV with a resolution o f 50 meV from EELS data taken using
incident electrons o f 8 keV. Waschewsky et al. [1996] report the cross section in the
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ranges; 3.70 - 5.28 and 6.11 - 6.33 eV claiming a maximum wavelength resolution o f
0.1 nm (3 meV at 6 eV). Photoabsorption measurements of the diffuse A band (~ 4 to 6
eV) have been carried out by Jenkin et al. [1993], Fahr et al. [1995] and Rattigan et al.
[1997].

As far as we are aware and in stark contrast to the number o f reported photoabsorption
experiments, no low impact energy electron energy loss data for scattering from CH3I is
available in the literature to clarify the assignment o f optically forbidden transitions.
The only spectrum over an energy loss range coinciding with the present
photoabsorption result was measured by Hitchcock and Brion [1978] with a resolution
of 80 meV. The authors used incident electrons o f 2.5 keV and analysed scattered
electrons of energy loss 6 to 12 eV.
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Figure 4.13; The ASTRID photoabsorption cross section of CH3I

89

4.4.4.2 V alence ex citation o f C H 3I

In common with each of the molecules described in this chapter, the VUV spectrum o f
CH3I is characterised by a weak, diffuse feature below the lowest energy Rydberg

features known as the A band. The local maximum of the feature is observed at 4.80 eV,
in good agreement with the measurement o f the peak at 4.77 eV by Waschewsky et al.
[1996]. The evaluated band maximum recommended by lUPAC [2000] occurs at 4.81
eV. Following the assignment proposed by Mulliken [1940] and confirmed in each
subsequent analysis, the feature is attributed to the excitation o f an electron from the
HOMO centred on the iodine lone pair (n) to the LUMO o f C - I antibonding character.
The full ASTRID photoabsorption cross section is shown in figure 4.13. By convention,
features associated with the three lowest energy Rydberg peaks are labelled the B, C,
and D bands [Robin 1974].

No evidence is observed in the present work for spin-orbit splitting in the A band. This
suggests that the feature is dominantly due to a single transition, proposed by
Waschewsky et al. [1996] to be to the triplet o* state. The weakness o f the feature is
consistent with an excitation of singlet to triplet character as identified by Kitajima et al.
[2003] for the CF 3X (X = Cl, Br, I) A bands.
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Figure 4.14; Detail of the CH3I ASTRID spectrum showing the B and C bands
associated with n —»■6 s transitions o f series converging to 5.381 and 10.1648 eV
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Waschewsky et al. [1996] expect pre-dissociation to occur in the B band beginning at
6.16 eV and shown in detail in figure 4.14. The structure observed in this energy range
is dominated by sharp peaks and shows little if any evidence for a background
continuum. Therefore, although the Rydberg transition at 6.165 eV may be interpreted
to just coincide with the high-energy extreme o f the dissociative n ^ o* transition (the
A band), we do not consider the photoabsorption spectrum to include evidence for pre
dissociation in the B band.

Robin [1974] and Boschi and Salahub [1972] state that the broad background
continuum observed below the lowest ionisation energy at 9.54 eV is due to valence
transitions of a

o* character. As the LUMO is universally recognised as being C -I

antibonding, we consider the Rydberg states above ~ 7.4 eV to be pre-dissociative along
the C -I bond. This understanding is generally consistent with the a —> a* assignments
proposed above for CF 3CI, CFgBr and CH 3CI.

4.4.4.3 R y d b e rg e x citatio n o f C H 3I

The Rydberg states o f CH 3I in the energy range o f the present photoabsorption result
have been assigned in a generally consistent way in the successive publications listed in
section 4.4.4. 1 . The two major peaks shown in figure 4.14 are attributed to the n = 6
members o f ns series converging to the ionisation limits associated with the ^£ 3/2 and
'^Ei/2 ionic states. The differences between the various ns series assignments can be
considered to be purely due to the resolution o f the respective photoabsorption spectra
and the precision to which the relevant adiabatic ionisation energies were known.
Similarly, following the work o f Robin [1974], the sharp peak at the beginning o f the D
band (7.306 eV) has been recognised as being due to the n —» 6 p belonging to a series
converging to the ^£'3/2 limit. Accordingly, Hochmann et al. [1975] proposed an np
series with a similar quantum defect converging to the

limit. Hochmann et al.

[1975] also suggested assignments for the lowest energy members (n = 5) o f nd series
converging to both ^E limits. These series were reassigned by Baig et al. [1981] on the
basis o f their high-resolution spectrum. The exceptionally high resolution achieved at
the University o f Bonn is reflected in the fact that the feature at 9.253 eV (n

9d,

figure 4.17) is clearly shown by Baig et al. [1981] to be split into two sharp peaks.
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Figure 4.18: Detail of the CH 3I ASTRID spectrum from 9.0 to 9.6 eV showing peaks
of Rydberg series converging to the
ionisation limit
The assignments recommended in the present work are given in tables 4.11 and 4.12,
and marked on figures 4.14-18. The features from 9.3 to 10.3 eV are assigned in
agreement with Baig et al. [1981]. Those at lower energies are attributed on the basis of
the quantum defects of the higher members of the series identified by Baig et al. [1981].
In most cases, these assignments are consistent with those shown in the plots of Olney
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et al. [1998], Like Baig et al. [1981], Olney et al. [1998] do not list the energies or
quantum defects corresponding to their assignments. The m and np series converging to
the ^£3/2 ionisation limit lie entirely out o f the energy range shown by Baig et al. [1981].
In these cases, we assign the peaks in agreement with Hochmann et al. [1975], as the
identified structure corresponds to quantum defects similar to those for the equivalent

^Ei/2 series. However, we do not agree with n > 1 assignments o f Hochmann et al.
[1975] for the m and np series converging to the

ionisation limit. Similarly, we

consider the nd (^Em) series to be misrepresented in the plots o f Olney et al. [1998].

E nergy in eV
ASTRID
6.165
8.022
8.710
9.007
9 .1 7 "
7.306
8.429
8.869
9.090
9.215
7.820
8.610
8.949
9.143
9.253
9.315
9.364
9.396
9.421
9.439
9.454

Previously assigned
6.162
8.020
8.707
9.010
9.164
7.302
8.429
8.862
9.090
9.232

[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
[Hochmann et al. 1975]
Olney et al. [1998]
Olney et al. [1998]
Olney et al. [1998]
Olney et al. [1998]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]

Q uantum
defect

Analysis

3.99
4.00
3.95
3.94
3.92
3.53
3.50
3.49
3.49
3.51
2.19
2.17
2.20
2.13
2.09
2.19
2.16
2.22
2.22
2.29
2.28

6s
7s
8s
9s
10s
6p
7p
8p
9p
lOp
5d
6d
7d
8d
9d
lOd
lid
12d
13d
14d
15d

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The

quantum defects are calculated using the ionisation limit identified by Baig et al. [1981]. Energies
are not given fo r the nd series because Olney et al. [1998] and Baig et al. [1981] only report their
assignments as labels on figures.

Table 4.11: Energy positions and quantum defects o f features assigned to Rydberg
series converging to 9.540 eV, the CHgl^ state; ^£"3/2
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E nergy in eV
ASTRID
6.777
8.652
9.329
9.634
9.793
9 .8 9 "
7.996
9.047
9.490
9.713
9.840
9.923
8.536
9.273
9.593
9.755
9.867
9.939
9.987
10.023
10.047
10.064
10.08 "
10.092

Previously assigned
6.775 [Hochmann et al.
8.652 [Hochmann et al.
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
7.932 [Hochmann et al.
9.050 [Hochmann et al.
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]
Baig et al. [1981]

1975]
1975]

4.00
4.00
3.96
3.93
3.95
3.96
3.51
3.51
3.51
3.51
3.52
3.49
2.11

-

2.09

-

Baig et al.
Baig et al.
Baig et al.
Baig et al.
Baig et al.
Baig et al.
Baig et al.
Baig et al.
Baig et al.
Baig et al.

1975]
1975]

Q uantum
defect

[1981]
[1981]
[1981]
[1981]
[1981]
[1981]
[1981]
[1981]
[1981]
[1981]

2 .1 2

2.23
2.23
2.23
2.24
2.18
2 .2 2

2.34
2.28
2.27

Analysis

6s

7s
8s
9s
10 s
11 s
6p
7p
8 P_.
9p
lOp
lip
5d
6d
7d
8d
9d
lOd
lid
12 d
13d
14d
15d
16d

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

The quantum defects are calculated using the ionisation limit reported by Baig et al. [1981].
Energies are not given for features identified by Olney et al. [1998] and Baig et al. [1981] because
the authors only report their assignments as labels on figures. The present nd assignments are not in
agreement with those proposed by Hochmann et al. [1975] or by Olney et al. [1998].

Table 4.12: Energy positions o f features assigned to Rydberg series converging to
10.168 eV, the CHgl^ state; ^Em
There is clear evidence for vibrational structure associated with the Rydberg transitions
discussed above. Price [1936] reports an energy separation between vibrational features
in the B and C bands o f 148 meV which the author attributes to symmetrical CH 3
deformation, 1)2 (table 4.1). Boschi and Salahub [1972] report series with an average
energy spacing between features o f 136 meV and assign the structure in agreement with
Price [1936]. Robin [1974] comments that a short U2 series is also observed in the D
band with an energy separation which is only ~ 3 meV lower than the equivalent
excitations in the neutral ground state. Felps et al. [1976] use the higher resolution
spectrum first reported by Hochmann [1975] to analyse the vibrational structure in the B
and C bands. The authors describe the series principally in terms o f the modes; U2 (CH3
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deformation),

03

(C -I stretching), and o) 6 (C H 3 rocking). The proposed assignments for

vibrational structure observed in the ASTRID spectrum and associated with the 6 s (^E)
Rydberg transitions are given in table 4.13 and shown in figure 4.14.

Photoabsorption
energy in eV
6 .0 1 0

6.165
6.205
6.227
6.270
6.302
6.342
6.363
6.406
6.437
6.476
6.493
6.525
6.572
6 .6 0 ’’ ^
6.621
6.665
6.711
^ Indicates

Photoabsorption
energy in eV

Vibrational
analysis

Vibrational
analysis

1)2-0

n

->

6s

( % / 2) ,

vqo

V

1)3

1)6
1)2
1)2 + Î)
1)2 + 1 ) 3

1)2 + 1)6
21)2
21)2 + Ü

'■

21)2 + 1)3
21)2 + 1)6
31)2
31)2 + V
31)2 + 1)3
31)2 + 1)6
41)2

6.777
6.805
6.835
6 .8 7 "
6.909
6.936
6.969
7 .0 2 ^
7.045
7.066
7.109
7.128
7.177
7.198
7.236
7.257

n

^

6s

Doc
I)
1)3

1)6
1)2
1)2 + Ü
1)2 + 1 ) 3

1)2 + 1)6
21)2

+V
21)2 + 1)3
21)2 + 1)6
31)2
31)2 + V
31)2 + 1)3
31)2 + 1)6
2 i)2

that the feature is diffuse and thus its energy position is subject to greater uncertainty.

Table 4.13: Energy positions o f the vibrational structure associated with the n excitations belonging to series converging to the CH 3l^ states; ^£ 3/2 and

M ode and
symmetry

Description
of motion

6s

Activation energy in meV
CH3I

c H jr

CHjl"

C H jf

-

368

-

157
61

154

-

-

34

ground
Al

CH 3 s-stretch

364

) , Al
1)3, A l
1 )4 , E
1 )5 , E

CH 3 s-deform
C -1 stretch
C H 3 d-stretch
CH 3 d-deform

155
379
178

379

-

-

-

-

-

) ,E

CH 3 rock

109

114

114

-

D l,
1 2

1 6

6 6

Table 4.14: Vibrational modes in the lowest energy
CH 3C ionic states [Karlsson et al. 1977]
The average energy differences between features which make up the two series are 31,
59, 95 and 135 meV. Table 4.14 shows the activation energies for vibrational modes
observed by Karlsson et al. [1977] in the ^£’3/2, ^E’3/2, and

photoelectron bands.

96

Comparison o f the activation energies observed in the ASTRID spectrum with the
neutral ground state and the ionic values given in table 4.14 would lead us to suggest
that the three higher-energy modes should be associated with 03 , Ve, and 1)2, in
agreement with Felps et al. [1976]. The modes are labelled accordingly in table 4.13.
However, the observation o f an unidentified mode, marked v above, indicates that the
vibrational analysis is incomplete. The clearest peaks assigned to the v mode lie close to
the relevant uoo transition. Therefore, the features may be associated with excitation
from a vibrationally excited state, perhaps consistent with the hot band assigned at
6.010 eV. Equivalent hot bands for the 6 s (^£’1/2) may be hidden by the preceding 6 s

CE3 /2 ) series. Alternatively, the 6 s (^£ 1/2) v features may be attributed to an overlap with
the 6 s CE3 /2 ) series. However, we must also consider that analysis based upon
comparisons with the ground and ionic states may be inadequate to describe the
vibrational structure associated with the excited sates o f CH 3I. In particular, Jahn-Teller
symmetry distortions analogous to those predicted by Locht et al. [2001 b] to account
for the vibrational series observed in the spectrum o f CH 3CI may also have a significant
effect on the spectrum o f CH 3I. Theoretical studies are required to clarify the present
understanding o f the Rydberg state vibrational excitation o f CH 3I.

Photoabsorption
energy in eV
7.306
7.360
7.384
7.402
7.440
7.458
7.478
7.491
7.537
7 .5 5 “
7.585
-

7.687

V ibrational
analysis
n —> 6 p (^£ 3/2), Doo
1)3
1)6
1)6 + Î)
1)3
2U6
2U6 +
2 i )6 + 2v
3U6
3U6 + Î)
31)6 + 1)3
4U6
51)6

V

Photoabsorption
energy in eV
7.820
7.880
7 93"
7 .9 7 "
8 .0 2 2
8.101

8.130
8.157
8.208
8.249
8.266
8.299
8.335
8.360

V ibrational
analysis
n - > 5d CE312), Doo
1)3
2U3
31)3
n ^ 7s (^£ 3/2), Doo
D6
D2
D6 + D3
D2 +D 6
2 i )2
D2 +D 6 +D 3
21)2 + D3
21)2 + D6
31)2

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

T able 4.15:

Energy positions o f the suggested vibrational features associated with
C H 3I Rydberg peaks lying between 7.3 and 8.4 eV
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Table 4.15 lists the vibrational assignments proposed to account for structure in the D
band and at higher energies, shown in figures 4.15 and 4.16. The average energy
separations for features attributed to the o, ug, ug, and U2 modes are 16, 53, and 79, and
113 meV, respectively. These assignments depend upon the vibrational activation
energies being markedly lower in the 6 p, 5d, and 7s (^£ 3/2) excited states than in the
neutral ground state, contrary to the prediction o f Robin [1974] et al.

Due to the high density o f Rydberg peaks, it is very difficult to identify vibrational
series above ~ 8.4 eV with confidence. Furthermore, excitation to Rydberg states is
generally expected to cause strong vibrations only when the excited orbit is o f the same
dimensions as the molecule [Price 1936]. Pronounced vibrational features tend,
therefore, not to be associated with Rydberg states which are energetically close to the
relevant ionisation limit. Nonetheless, the high resolution available to Baig et al. [1981]
enabled the authors to assign single quanta o f U2 (CH3 symmetric deformation)
excitations following the peaks o f the wd (^jEi/2) series up to and beyond w = 16. The
features are also visible in the present work although they are clearly identifiable only
above the adiabatic '^Em ionisation energy. The closely spaced Rydberg peaks above the
first ionisation limit prevent the possible observation o f any similar structure associated
with the wd (^£ 3/2) series. The «d (^£ 1/2) + i >2 assignments are listed in table 4.16 and
shown for « > 6 in figure 4.18.

Photoabsorption
energy in eV
8 .6 8 "
942*
9.75*
9 .9 1 "
1 0 .0 2 *
10.08 " *
10.138
10.175
1 0 .2 0 0
10.221

10.238
10.247

j
:
!

Vibrational
analysis
5d + U2
6 d + U2
7d + U2
8 d + U2
9d + U2
lOd + 1)2
l i d + U2
12 d + 1)2
1 3 d + 1)2
14d + i)2
15d + i)2
16d + U2

Energy o f Voo
in eV
8.536
9.273
9.593
9.755
9.867
9.939
9.987
10.023
10.047
10.064
10.08 "
10.092

Energy difference
in meV
144
147
157
155
153
141
151
152
153
157
160
155

^ Indicates that the feature is dijfuse and thus its energy position is subject to greater uncertainty.

^Accompanies features which coincide energetically with another suspected Rydberg feature.

Table 4.16:

Energy positions o f U2 excitations associated with the C H 3I «d series
converging to the ^£ 1/2 ionisation limit
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A number o f features observed in the ASTRID spectrum remain unassigned. For
example, we have not been able to find a plausible excitation to account for the clear
peak at 8.710 eV. Further possible assignments include Rydberg transitions belonging
to series converging to limits associated ionic excited states. Karlsson et al. [1977] give
the third lowest adiabatic ionisation energy as 11.949 ± 7 eV, associated with a ^Ai state
and the removal o f an electron from the 3ai orbital o f the molecule in the neutral ground
state. The authors do not discuss the expected nature o f the vacated orbital. However,
comparisons with CH 3F [Karlsson et al. 1977] and CF 3X (X = Cl, Br, 1) [Cvitas et al.
1977] lead us to expect the highest occupied molecular orbital after the iodine lone pair
to be o f C-1 a bonding character. In the cases o f CH 3F, CF 3CI, and CF3I (to our
knowledge the ground state electronic configuration o f CF 3Br has not been identified),
the bonding orbitals between the carbon atom and the single halogen atoms have ai
symmetry. This is also true o f the orbital vacated to form the CH 3l^ ^Ai state. As
discussed in section 4.2, we would expect a C-1 c orbital to be localised near to the
strongly electronegative iodine atom. Therefore, we expect the quantum defect scheme
given in table 2 .1 for the vacation o f an electron from an iodine-localised MO to apply
to Rydberg series converging to any o f the three lowest ionisation limits o f CH 3I. Table
4.17 shows the energy range which correspond to the required quantum defects for
series converging to 11.949 eV.

Series converging to
11.949 eV *

m
np
nd

E nergy range in eV
/I

=5
-

-

9 .3 8 -1 0 .6 2

If = 6

7 .7 5 -8 .8 7
8 .8 7 -9 .7 7
1 0 .7 0 -1 1 .1 8

If = 7
10.21 - 10.53
10.53 -1 0 .8 4
1 1 .2 1 -1 1 .4 5

* The adiabatic energy determined by Karlsson et al. [1977] fo r the formation o f the ^Ai ionic state

Table 4.17: Energy ranges in which CH 3I Rydberg transitions belonging to series
converging to the ^Ai ionic state may be expected to occur
Therefore, it seems plausible to expect up to 5 Rydberg peaks within the ASTRID
energy range belonging to series converging to the limit associated with the ^Ai ionic
state. However, the lack o f sharp features between 10.2 and 10.8 eV shown in figures
4.13 and 4.18 suggests that any «s and «p series must be very weak and therefore are
unlikely to account for the unidentified features. Similarly, we cannot assign a specific
peak to a 5d (^Ai) transition on the present evidence.
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4.4.4.4 Absolute cross section and atm ospheric lifetime of CH 3 I

The magnitude o f the absolute cross section measured at energies above the A band is
not discussed at all in the literature. Baig et al. [1981] do not show intensity units in
their photoabsorption plots while the evidently low resolutions o f the spectra o f Boschi
and Salahub 1972, Hochmann et al. [1975], and Olney et al. [1998] severely limit any
useful comparisons between the cross sections o f the sharp CH3I peaks. Therefore, a
meaningful comparison can only be made between the work o f Waschewsky et al.
[1996] and the present absolute photoabsorption cross sections Waschewsky et al
[1996] report the maximum of the 6s (^£3/2) peak to be ~ 450 Mb, in fairly good
agreement with the ASTRID measurement o f 547 Mb. The greater cross section
observed in the present spectrum can be attributed to the marginally higher resolution o f
achieved at the ASTRID facility.

The absolute cross section o f the broad A band, however, is only marginally affected by
differences in resolution and has been investigated by a number o f groups due to its
atmospheric importance. The ASTRID result is compared to the previous measurements
and to the cross section recommended by lUPAC [2001] in figure 5.19. The inset plot
shows the temperature dependence reported by Fahr et al. [1995], amounting a rise in
the local maximum o f ~ 10% as the gas cools from 333 to 223 K.

1 .4

Jenkin et al 1993

Fahr et al

A STRID

-rUPAC 2001
- Rattigan et al. 1997

■S
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----- 233
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----- 273
295
313
----- 333
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K
K
K
K
K
K

0.6

Energy (eV)
F ig u re 4.19;

Detail of the ASTRID cross section showing the CH3I A band
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Figure 4.19 shows the present cross section to be in excellent agreement with the recent
results [Jenkin et al. 1993, Fahr et al. 1995, Rattigan et al. 1997]. Similarly,
Waschewsky et al. [1996] report the A band maximum to be ~ 1.3 Mb, around 10%
higher than the present maximum cross section o f 1.16 Mb. It is worth noting that
Boschi and Salahub [1972] report the band maximum to be 0.50 Mb. We consider this
to a further example o f a systematically low measurement made using a McPherson 225
spectrometer.

^

ASTRID - zenith angle 30 deg

■*-

Rattigan et al. 1997 -zenith angle 0 deg

40 -* Rattigan et al. 1997 - zenith angle

40deg

* Rattigan et al. 1997 -zenith angle 60 deg
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l.OE-02
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1.OE+02

Local Photolysis Lifetime (days)

F ig u re 4.20:

The photolysis lifetime o f CH3I generated using the UCL model and
compared to the calculations of Rattigan et al. [1997]

The atmospheric photolysis o f CH3I has been modelled using the ASTRID cross section
and the program at UCL (section 1.3.5). The calculated photolysis rates correspond to
the stratospheric residence time falling from around 50 days near sea level to less than 5
days at 25 km, as shown in figure 4.20. In the high stratosphere (above 35 km), the
lifetime of CH3I due to photolysis is predicted to fall to just a few hours. Therefore, the
UCL model suggests that, in the absence of any mechanism which is more effective
than photolysis for the removal CH3I at low altitudes, the molecule may play provide a
mechanism for the release o f low concentrations of free iodine radicals to the ozone
layer. This appears to be in disagreement with the work Rattigan et al. [1997] in which
the tropospheric photolysis lifetime o f the molecule is estimated to be several sunlit
days. The difference between the results can be partially attributed to the fact that
Rattigan et al. [1997] take into account the temperature dependence o f the cross section.
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However, the most significant difference is expected to be related to the solar flux
measurements used in each model.

The calculations o f Rattigan et al. [1997] are supported by the globally averaged
photolysis lifetime estimation o f 4 days made by Fahr et al. [1995]. The destruction rate
o f C H 3I due to reactions with OH radicals at low altitudes has been shown to be around
two orders o f magnitude slower than by photolysis [Marshall et al. 1997, Rattigan et al.
1997]. Therefore, it would seem that the reliability o f the UCL model falls for
photolysis lifetime estimations at low altitude. This conclusion is consistent with the
agreement o f the UCL model with previous models [Gillotay and Simon 1989] for the
stratospheric destruction o f CFgBr but the disagreement evident below 10 km (section
4.4.1.4).

The short atmospheric lifetime o f CH 3I calculated by Rattigan et al. [1997] indicates
that the molecule cannot be considered to be a significant greenhouse gas. Furthermore,
Jenkin et al. [1993] comment that CH 3I is expected to have a minor effect on the
destruction o f ozone. As far as we are aware, no estimations o f global warming and
ozone depletion potentials o f the molecule have been published.

4.5 Comparisons between CFaBr, CF3CI, CH3CI, and CH3I
The clearest similarities in the spectroscopy o f the four molecules which form the
subject o f this chapter lie in the valence structure. The HOMO —» LUMO, n —> o* C~X
(X = Cl, Br, I) transitions are evident as broad, dissociative features at energies below
the first Rydberg peaks. For each molecule, the energy position and cross section o f the
A band local maximum, the expected energy for the beginning o f the o —> o* transition,
and the adiabatic ionisation energy associated with the removal o f an electron fi*om the
HOMO are listed in table 4.18. The errors given for the A band energies and cross
sections are estimated on the basis o f comparisons with previous photoabsorption
[Gillotay and Simon 1989, Simon et al. 1988, Hubrich et al. 1977, Rattigan et al. 1997,
rUPAC 2001] and EELS [Kitajima et al. 2003] measurements.

The A band tends to occur at a relatively high energy in the spectra o f molecules with
high adiabatic ionisation energies. This is unsurprising as a higher IE corresponds to the
removal o f an electron from a lower energy orbital. Accordingly, the species with the
102

most stable HOMO, CF3CI, has the highest energy A band. However, despite the fact
that ionisation from the CH3CI HOMO occurs at a slightly lower energy than from that
o f Cp 3Br, the n —►c* transition is observed over 1 eV higher in the spectrum o f CH3CI.
This indicates that the C CI o * MO o f CH3CI lies at a distinctly higher energy than the
C -B r equivalent o f Cp 3Br. This is to be expected as C -X bonds are known to be
weaker for more strongly electronegative halogen species.

-, ,
,
Molecule
CF3Br
CF3CI
CH3CI
C H 3I

A band max
^
cross section m Mb
0.14 ±0.03
0 .0 2 ± 0.01
1.18 ±0.05
1.16 ±0.05

Energy o f A
band max in eV
6.1 ± 0.1
7.9 ± 0 .2
7.27 ± 0.05
4.80 ± 0.02

0 ^

0 * onset
energy in eV
8.18 ± 0.01
>9
8.8 ± 0.1
7.4 ± 0.2

Adiabatic IE in
eV [Lias 2003]
11.40 ±0.01
12.6 ± 0 .4
11.26 ±0.03
9.54 ± 0.0 2

Table 4.18: Comparisons between the valence transitions and ionisation energies o f
C F3B r, CF3CI, CH3CI, a n d C H 3I

T h e h ig h io n isa tio n e n e rg y o f CF3CI c o m p a re d to CH3CI s u g g e s ts a sta b ilisin g e ffe c t o n
th e H O M O re la te d to o v e rla p w ith CF3 o rb itals. F o llo w in g th e c o m m e n t b y C v ita s e t al.

[1978] th a t th e CF3 g ro u p is b a re ly a ffe c te d b y X su b stitu tio n in C F3X (X = C l, Br, I), it
m a y se e m lo g ical th a t th e C l, Br, o r I lo n e p a ir o rb ita ls w o u ld n o t b e d is to rte d b y th e
su b s titu tio n o f th e d ista n t CF3 g ro u p w ith CH3. H o w e v e r, a s th e le a st e le c tro n e g a tiv e o f
th e X ele m e n ts, c h lo rin e is situ a te d c lo se s t to th e c a rb o n ato m . T h e re fo re , th e C - C l a *
o rb ita l m a y b e su ffic ie n tly c lo se to th e c a rb o n a to m to b e a ffe c te d b y th e b o th CH3 a n d
CF3 M O s. H o w e v e r, o n ly th e flu o rin e M O s co u ld h a v e a n in flu e n c e o v e r a s u ffic ie n tly
lo n g ra n g e to affec t th e c h lo rin e lo n e p air. T h e re fo re , w e sp e c u la te th a t th e A b a n d sh ift
to h ig h e r en e rg y fo r CF3CI c o m p a re d to CH3CI is d u e to H O M O s ta b ilisa tio n c a u se d b y
o v e rla p w ith th e CF3 M O s w h e re a s a n y sta b ilisin g ( o r d e sta b ilis in g ) a ffe c ts o f CF3 an d
CH3 o rb ita l o v e rla p w ith th e C CI a * o rb ita l a re a p p ro x im a te ly equal.

Comparisons between the o —►o * transitions proposed in the spectra discussed in this
chapter are less instructive as the assignments are themselves based to a large extent
upon analogies between the four molecules. Nonetheless, it is worth commenting that
the proposed a ^

a * excitations occur at lower energies for C H 3I than for CH3CI.

Similarly, the transition apparently lies at a lower energy in the spectrum o f CF 3Br than
in that o f CF3CI. This is consistent with the expectation o f weaker C -X bonds for the
larger halogens and therefore supports the present a —►a * assignments.
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However, it is less clear why the energy difference between the suggested o —» o*
transition and the A band is markedly lower in the spectrum o f CH3CI than in that o f
CH3I. Karlsson et al. [1977] show that the energy spacing between the adiabatic

ionisation energies associated with the first and second photoelectron bands is only
marginally lower for CH3CI than for CH3I. Furthermore, the spacing between the '^Em
and ^A\ states is clearly lower for CH 3Ï^ than CH 3C r. Therefore, if the energy o f the
C H3CI singlet to triplet a ^

a* transition calculated by Nachtigallova et al. [1996] is

accurate, we must expect that the equivalent excitation in C H 3I occurs at a lower energy
than suggested in section 4.4.4.2 and shown in table 4.18. As there is no evidence for a
broad dissociative feature between ~ 7.4 eV and the A band, any such CH 3I o

o*

transition would have to be dominantly optically forbidden.

In contrast to the evidently similar valence structure, the Rydberg series o f the four
molecules vary considerably. The most striking difference lies in the low density o f
states observed for CF3CI and C F3B r compared to CH3CI and CH3I. The dense Rydberg
structure evident in the spectrum o f CH 3I can be partially explained in terms o f the low
ionisation limits associated with promotion from the spin-orbit split HOMO. An
analogous argument applies to the abundance o f structure in the spectrum o f C H 3C I
compared to CF3CI. In the case o f C F3B r, although the adiabatic ionisation energy is
similar to that o f CH3CI, the quantum defects consistent with promotion from an MO
centred on a bromine atom are higher than from a chorine MO so transitions are shifted
to higher energies.

It is clear that the Rydberg peaks observed in the spectra o f CH 3CI and CH 3I are sharper
than the equivalent CF 3CI and CFsBr features. This is considered to be partially due to a
more significant overlap o f valence and Rydberg states in the CF3X molecules causing
stronger pre-dissociation. Furthermore, Locht et al. [2001 b\ comment that the very
sharp and strong lines corresponding to CH 3CI uoo transitions and the successively
weaker intensity o f the following vibrational features are consequences o f the
geometrical differences between initial and final states. Symmetry distortions in the
excited states o f CH 3CI and CH 3I have been predicted by a number o f authors [Locht et
al. 2001 6 , Dagata et al. 1981, Karlsson et al. 1977]. However, Valesco et al. [2003] do
not consider reduced symmetry effects to apply to the excited states o f CF 3CI.
Therefore, it appears that the influence o f CF 3 group serves to maintain the C 3V
symmetry following excitation from the lone pair o f the single halogen atom.
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The atmospheric photolysis lifetime o f the four molecules is determined exclusively by
the nature o f the dissociative n —►a* transitions. CH 3I is particularly susceptible to
photolysis in the lower atmosphere because the entire A band is located below 6 eV.
Most significantly, the low energy tail extends down to ~ 4 eV. As shown in figure 1.7,
this indicates that solar radiation can dissociate the molecule close to the Earth’s
surface, preventing the transport o f iodine radicals to the stratosphere. The fact that the
onset o f CH 3CI A band occurs around - 5.7 eV means that minimal photo-dissociation
can take place in the troposphere. However, it is interesting to note that the maximum
cross sections o f the CH 3I and CH 3CI A bands are very similar. This observation is in
agreement with the work o f Felps et al. [1991] in which the A band cross sections o f
CH 3X (X = Cl, Br, I) are reported to be approximately equal. Comparison o f the present
VUV spectrum with the EELS results o f Nachtigallova et al. [1996] shows that the
optical A band is essentially due to a transition o f singlet to singlet character. Kitajima
et al. [2003] demonstrate that singlet to singlet interactions contribute minimally to the
A bands o f CF3X (X = Cl, Br, I). Accordingly, we observe the photoabsorption cross
sections o f the CF 3Br and CF 3CI to be, respectively, one and two orders o f magnitude
lower than those o f CH 3X (X= Cl, I). Therefore, it appears that the CF3 group represses
singlet excitations from the HOMO to the LUMO. Such an effect would be consistent
with the higher A band photoabsorption cross section observed in the spectrum o f
CF3Br than in that o f CF 3CI as the C -X o* orbital is expected to be localised close to
the X element and the bromine atom is situated relatively far from the CF 3 group.
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4.6 Summary
The experimental results described in this chapter provide a valuable addition to the
spectroscopic analysis o f CFgBr, CF 3CI, CH 3CI, and CH 3I. In the cases o f the three
former

molecules,

our

measurements

represent

the

highest

resolution

VUV

photoabsorption results available. Features are observed for the first time in the CF 3Br
and CH 3CI spectra and a number o f new

assignments are suggested.

The

photoabsorption bands o f CF 3CI are sufficiently dififiase for high energy resolution to
add little to the analysis. However, the present work is the first to present
photoabsorption evidence for the full extent o f the A band. This may prove significant
to the photolysis o f CF3CI at altitudes above the stratosphere. The present CH 3I
photoabsorption spectrum is not the highest resolution measurement to have been
carried out. However, the full spectrum o f Baig et al. [1981] is not available in the
literature. Therefore, we observe photoabsorption features which, although doubtless
evident in the University o f Bonn result, have never previously been reported and add to
our understanding o f the molecule.

The absolute photoabsorption cross sections in the energy range coinciding with the
solar radiation flux in the lower atmosphere have been investigated thoroughly in the
literature. However, comparison o f the present results with highly reliable data such as
that for CF 3Br reported by Gillotay and Simon [1989] provides a valuable insight into
the accuracy o f the present spectra. As predicted, the absolute cross sections are found
to be accurate to within an error o f around ± 5% even for low cross section
measurements. This is an important observation as the present VUV cross sections often
disagree with previous measurements. In the cases o f C F3B r, CF3CI, CH3CI, and CH3I,
it could be argued that precise cross sectional data is only required for photon energies
in the range observed in the lower atmosphere. However, for the molecules discussed in
chapters 5-7, accurate cross sections for electronic excitation processes are essential to
model plasma etching systems.

The photolysis lifetimes calculated using our A band measurements and the model
developed at UCL provide the basis for further valuable comparisons. Previous groups
have reported estimations made using more sophisticated models and more precise cross
sectional

measurements.

However,

the

relatively

crude

UCL

program

gives

approximations for stratospheric photolysis rates which are consistent with other recent
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models. Only at altitudes below around 15 km do the results o f the various models
diverge. We expect these differences to be primarily due to variation between low
altitude solar flux measurements.

To our knowledge, section 4.5 represents the first discussion to incorporate all four
molecules which form the subject o f this chapter since the work o f Robin [1974]. The
investigations published recently allied to the evidence provided by the present spectra
have enabled us to draw new conclusions related to the valence and Rydberg states o f
the molecules. In particular, we propose that interactions between the CF 3 orbitals and
the HOMO centred on the halogen lone pair may be more significant than previously
supposed. The implications o f this analysis on the spectroscopy o f CF3I are discussed in
the next chapter.

A review paper based upon the experiments described in this chapter is currently in
preparation. The paper will also feature some revisions to the published analysis o f the
electronic state spectroscopy o f CF3I [Mason et al. 2003].
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Chapter 5
Electron and Photon Interactions with CF3I
I have never met a man so ignorant that I couldn't learn somethingfrom him. Galileo

5.1

Introduction

Trifluoriodomethane, also known as iodotrifluoromethane, perfluoromethyl iodide, and
trifluoromethyl iodide is one o f several suggested alternative feed gases for the plasma
etching o f silicon dioxide [Raoux et al. 1999]. Due to the weak C -I bond it should be
possible to produce high yields o f CF 3 in an industrial plasma by direct electron impact
dissociation. Furthermore, this weakness along the C -I bond is expected to lead to the
molecule having a very short atmospheric lifetime as a result o f solar photolysis
[Solomon et al. 1994, Rattigan et al. 1997]. The global warming potential o f CF 3I has
previously been calculated to be less than 5 times that o f CO 2 over 2 0 years and the
ozone depletion potential to be below 0.008 [Solomon et al. 1994]. Further industrial
interest in CF 3I is related to its use as an alternative fire suppression agent for halon1211 (CBrClFz) and halon-1301 (CF 3Br) [EPA 2000]. The GWP relative to CO 2 over
100 years o f CBrClF 2 and CF 3Br are 1100 and 6000, respectively [Jain et al. 2 0 0 0 ,

Kendall 2003].

Reliable spectroscopic data is necessary to evaluate C F3I as a plasma etching species
and to model its breakdown by photolysis in the atmosphere. The work presented in this
chapter is divided into two major parts. The first part (section 5.3) focuses on the
electronic excitation o f the molecule by photon and electron impact. The analysis
features high-resolution VUV photoabsorption results and electron energy loss spectra
(EELS) recorded in the fixed impact energy, fixed scattering angle mode o f operation.
The second part o f the chapter (section 5.4) relates to the elastic scattering o f electrons
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from CF3I and low-energy vibrational excitation. To investigate these processes, EELS
experiments were performed in the fixed energy-loss modes o f operation.

5.2

Structure and properties of CF3I

CF 3 I belongs to the € 3 ^ point group with Ai symmetry in the electronic ground state.
Taatjeset al. [1993] identify the highest occupied molecular orbital (HOMO) to be the
5p iodine lone pair orbital (n) which is split due to spin-orbit coupling. The second
highest occupied orbital has C -I a bonding character [Cvitas et al. 1978]. The C-F
bonding orbitals and the fluorine lone pairs are much more strongly bonded. The lowest
unoccupied molecular orbital (LUMO) has mainly C-1 anti-bonding character (a*)
[Roszak et al. 1997].

Figure 5.1 : Schematic representation o f the structure o f CF 3 I
The six vibrational normal modes are classified in the symmetry types; Fyib = 3Ai + 3E.
The modes are listed in table 5.1 with their associated motions and activation energies.
In common with the molecules discussed in the previous chapter, CF3 I can be described
as a pseudo-triatomic molecule in which the F atoms act as one F3 group positioned at
the centre of mass of the three atoms. Thus, only one symmetric CF3 stretching
vibration can be excited, the so called the “umbrella vibration” [Felder 1990].

109

V ibrational mode and sym m etry

D escription of motion

Energy in eV

Dl, A l

CF3 s-stretch

0)2, A l

CF3 s-deform

0)3, A l

C -I stretch
CF3 d-stretch
CF3 d-deform
C -I bend

0.133
0.092
0.036
0.147
0.067
0.033

0)4, E
0)5, E
0)6, E

Table 5.1: Motions associated with vibrational modes o f excitation o f CF3I in the
neutral ground state [Shimanouchi 1972]
T h e lo w a c tiv a tio n e n e rg y o f C - I stre tc h in g is ty p ic a l o f a w e a k b ond. As a n in d ic a tio n
o f th e re la tiv e s tre n g th o f th e C - F b o n d s it is w o rth n o tin g th a t th e d ia to m ic b o n d
e n th a lp y b e tw e e n c a rb o n a n d h a lo g e n n u c le i is 552 kJm ol'^ fo r c a rb o n -flu o rin e a n d 209
kJm ol'^ fo r c a rb o n -io d in e [L id e 2000]. As w o u ld b e e x p e c te d g iv e n th e stro n g ly
e le c tro n e g a tiv e n a tu re o f io d in e, th e e x c ita tio n e n e rg y fo r C - I stre tc h in g in th e C F3I
g ro u n d sta te is lo w e r th a n th a t fo r C - B r stre tc h in g in C F 3B r (s e c tio n 4.2). F u rth e rm o re ,
CF3 stre tc h in g is a c tiv a te d a t a sim ilar e n e rg y in th e CF3I, C F3B r, an d CF3CI g ro u n d
states. T h is is c o n s is te n t w ith th e n o tio n th a t th e e le c tro n ic s tru c tu re o f th e CF3 g ro u p is
a ffe c te d m in im ally b y th e su b stitu tio n o f th e C l a to m in CF3CI w ith B r o r I [C v itas e t al.

1978].

The vertical ionisation energy corresponding to the first photoelectron band has been
determined as 10.45 eV by Cvitas et al. [1978] using He(I) and He(II) radiation. The
authors report the second photoelectron maximum to occur at 11.18 eV. The energy
difference between the two bands is thus 0.73 eV, close to 0.624 eV, the spin-orbit
energy splitting o f the HOMO reported by Robin [1974]. The maximum o f the third
photoelectron band occurs at 13.25 eV [Cvitas et al. 1978]. Sutcliffe and Walsh [1961]
report the first and second ionisation energies o f CF3I to be 10.40 and 11.02 eV on the
basis o f the proposed Rydberg assignments for photoabsorption structure. Lias [2003]
gives the ionisation energy o f CF 3I as 10.28 ± 0.07 eV. The precise origin o f this result
is unclear beyond that it is the product o f the author’s evaluation o f previous
photoelectron and photo-ionisation experimental work. Comparison with the spectrum
o f Cvitas et al. [1978] shows 10.28 ± 0.07 eV to very close to the uoo associated with the
ui series observed in the first photoelectron band. However, this is in poor agreement
with the photoelectron measurements o f Macleod et al. [1998] from which the adiabatic
ionisation energy is determined to be 10.371 eV.
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5.3

Electronic excitation of CF3I

5.3.1

Introduction

The spectrum recorded at the ASTRK) facility represents the first high-resolution
photoabsorption measurement for CF3I in the VUV energy range. Furthermore, to our
knowledge, the present electron energy loss spectra are the only results o f their kind
available in the literature. Valence and Rydberg assignments are proposed for the
photoabsorption and EELS structure observed. The ASTRID spectrum is compared to
photoabsorption data taken at the Daresbury Laboratory and at the Molecular Structure
Facility. The absolute photoabsorption cross section o f CF 3I below 6.89 eV is used to
estimate the photolysis rate (and thence the global warming potential) o f the molecule in
the terrestrial atmosphere. Previous estimations o f the atmospheric photolysis o f CF 3I
are in fairly close agreement [Fahr et al. 1995, Rattigan et al. 1997, Solomon et al.
1994].

The only previous spectrum o f CF3I covering a large section o f the present energy range
was measured by Sutcliffe and Walsh [1961] from 6.9 to 11.3 eV with an unspecified
resolution. Fuss [1982] report the absorption o f photons o f energy 6.9 - 7.1 eV by CF 3I
raised into vibrationally excited states using a pulsed CO 2 laser. Kudriavtsev and
Letokhov [1980] measured the UV photoabsorption cross section over an unspecified
energy range around the A band local maximum at 4.68 eV. Powis et al. [1990]
investigated dissociative photoionization o f CF3I as well as threshold photoelectron
spectroscopy for photon energies from 10 to 32 eV. Taatjes et al. [1993] and Macleod et
al. [1998] measured resonance-enhanced multiphoton ionization (REMPI) spectra o f
CF3I.

5.3.2

Experimental

The high-resolution photoabsorption spectrum o f CF3I was measured at the ASTRID
facility. University o f Aarhus, Denmark in the energy range; 3.76 to 11.27 eV. The
experimental apparatus and procedure are described in section 3.2.3. The gas pressure
used is summarised in table 5.2. The parts o f the spectrum close to the energy cut-off
points are not considered. The final result is analysed from 3.90 to 10.78 eV.

Ill

Wavelength
in nm
1 1 0 -2 3 0
113 - 134
1 1 5 -1 2 5 .5
122-181
225 - 330

Wavelength
steps in nm
1
0.1

0.05
0.05
0.5

Incident energy
in eV
11.271 -5 .3 9 1
1 0 .9 7 2 -9 .2 5 3
1 0 .7 8 1 -9 .8 7 9
10.163 -6 .8 5 0
5 .5 1 0 -3 .7 5 7

Sample pressure
in mbar
0 .1 0 0
0 .0 2 0
0 .0 2 0

0.050
1.45

Table 5.2: The sample pressure used in the measurement o f the photoabsorption cross
section o f CF3I over different ranges o f incident photon energy at the ASTRID facility
In order to confirm the absolute photoabsorption cross section in the low-energy part o f
the energy range, further results were taken using a high resolution Fourier transform
spectrometer based at the Molecular Structure Facility (MSF) at the UK Rutherford
Appleton Laboratory (RAL). The spectrometer is described in section 3.2.5. The
temperature dependence o f the cross section was studied using the MSF instrument at
296, 272, and 259 K over the energy range; 4.0 to 5.0 eV. The absolute cross section
recorded at ASTRID is also compared to a lower-resolution photoabsorption result
measured from 4.25 to 11.80 eV in steps o f 0.025 eV at the Daresbury Laboratory
(section 3.2.4).

Spectrometer
Sophia
Sophia
Sophia
Sophia
Sophia
Sophia
Sophia
Sophia
Sophia
UCL

Energy loss range
in eV
3 .8 8 -1 4 .0 6
3 .8 8 -1 4 .0 6
3 .8 8 -1 4 .0 6
2.85 -1 4 .0 6
3 .8 8 -1 4 .0 6
3 .8 8 -1 4 .0 6
3 .8 8 -1 4 .0 6
2.85 -1 4 .0 6
3 .8 8 -1 4 .0 6
3 .3 2 -1 3 .3 1

Incident energy
in eV
30
30
30
30
60
60
60
100
100

150

Scattering angle
40

5°
10 °
15°
2.5°
5°
10 °
3°
5°
- 0°

Table 5.3: The energy o f incident electrons and the scattering angles used for the
CF3I EEL spectra recorded at Sophia University and at University College London
The EEL results were recorded using the high-resolution spectrometer at Sophia
University, Tokyo, Japan. The machine was operated in the fixed impact energy and

scattering angle mode and the experimental arrangement and procedure are described in
sections 3.3.1 and 3.3.2. The incident electron energies and scattering angles used for
the measured spectra are summarised in table 5.3. The scattered electron intensity was
measured in energy loss steps o f 0.02 eV. The results taken at Sophia University for
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high-energy incident electrons are compared to a lower-resolution spectrum measured at
University College London (section 3.3.3). To draw comparisons with photoabsorption
results, the EELS data is converted into relative differential oscillator strength (DOS)
values (section 3.3.4).

The CF3I gas was purchased from Argo international for the European experiments and
from Takachiho Chemicals Co. Ltd for the experiments performed in Japan. Both
samples have a purity o f greater than 99.999% and were used without further
purification or treatment.

5.3.3

Results and discussion

5.3.3.1 Introduction

The ASTRID and Daresbury photoabsorption spectra are

shown

infigure

5.2.EEL

measurements taken at Sophia University and at UCL are shown

infigure

5.3.CF3I

electronic excitation in the energy range analysed in the present work can be considered
in terms o f three spectral regions. At the low-energy end o f the range, a weak
continuum centred at 4.7 eV is observed. The band (labelled A) is enhanced in the EEL
spectra measured at lower incident energies at higher scattering angles. This is
characteristic o f dipole forbidden transitions. Accordingly, ab initio generalised
oscillator strength (GOS) and single excitation configuration calculations reported by
Kitajima et al. [2003] indicate that the CF3X (X = Cl, Br, I) A bands are principally due
to singlet to triplet transitions.

The second region consists o f five prominent band structures (labelled B-F) observed
around 7.4, 8.1, 9.0, 9.8 and 10.3 eV. The higher energy-loss features exhibit greater
relative DOS for higher energy incident electrons, as expected for optically allowed
transitions. The ASTRID photoabsorption spectrum shows that each o f the bands in the
second region contains rich vibrational structure. The broad peaks at energies above the
first ionisation potential are classed as belonging to the third region.
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Figure 5.2: Photoabsorption spectra of CF3I recorded at the ASTRID facility and, at
lower resolution, at the Daresbury Laboratory
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Figure 5.3: EEL spectra of CF3I recorded at Sophia University and at UCL for
different incident energies and scattering angles
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S.3.3.2 V alence ex citatio n

The weak continuous A band is attributed to the excitation o f an electron from the
iodine lone pair to an anti-bonding orbital along the C -I bond (n

o*, HOMO —*

LUMO) o f the C F3I molecule. The transition is identified by Taatjes et al. [1993] to be
split into four components by spin-orbit and exchange interactions. The broad feature is
thus considered to represent the superposition o f four n —►o* excitations; ^£ 3/2 [2], ^£ 3/2
[1], ^Em [0], and

[1]. The energy positions o f the A band maxima measured by

photoabsorption and by EELS are compared to the theoretical calculations o f Taatjes et
al. [1993] in table 5.4.

Result
ASTRID photoabsorption
Daresbury photoabsorption
EELS 150 eV, ~ 0°
EELS 100 eV, 3°, 5°: averaged
EELS 60 eV, 2.5°, 5°: averaged
EELS 60 eV, 10°
EELS 30 eV, 4°, 5°: averaged
EELS 30 eV, 10°
EELS 30 eV, 15°
Theory [Taatjes et al. 1993];
'£ 3 /2 [2]

E xtent of band
in eV
3 .9 -5 4
t- 5 .5
4 .0 - 5 .4
3 .6 - 5 .6
t- 5 .5
t-5 .8

6.0

t -

t- 5 .9
3 .4 - 5 .7
—

-

'£ 3 /2 [ 1]

-

"£1/2 [ 0]

-

"£1/2 [ 1]

-

Energy position of
m axim um in eV
4.66
4.62
4.60
4.66
4.70
4.88
4.60
4.66
4.77
-

4.78
5.08
5.44
5.74

t Indicates that the beginning o f band lies outside the energy range scanned

Table 5.4:

The experimental and calculated transition energies associated with the
difiuse C F 3 I A band

As would be expected, the EEL spectra for high energy incident electrons analysed at
low scattering angles show the average energy corresponding to the A band maximum
to match that observed in the photoabsorption measurements. The ASTRID maximum
cross section is also very close in energy to the photoabsorption local maximum
reported by Kudriavtsev and Letokhov [1980] at 4.68 eV. Robin [1974, 1985] states that
the centre of the A band occurs at 4.67 eV. However, the author does not specify the
type o f experiment used to determine this energy.
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Comparison o f the EEL spectra analysed at different scattering angles for incident
electrons o f 60 eV and 30 eV suggests a tendency for the maximum to shift to slightly
higher energy with larger scattering angle. This observation can be explained in terms o f
the relative contributions o f the states which comprise the A band changing according to
the angle at which the scattered electrons are analysed. The electron scattering angle is
affected by the projection o f the total electronic angular momentum, Q (= 2 , 1, or 0 ), o f
the state.

The n

o* excitation is expected to result in prompt dissociation along the C -I bond

due to the strong repulsive nature o f the excited state. The products o f the dissociation
are reported to be a ground-state CF3 radical and a ground-state I (^?3/2) or excited-state
I* (^Pi/2) [Ingolfsson et al. 1996]. Therefore, A band dissociation by electron or photon
impact is fundamental to the production o f radicals which take part in the Si0 2 etching
process in industrial plasma reactors. The band has been probed using REMPI
spectroscopy by Van den Hoek et al. [1992] and by Waits et al. [1992]. I^ formation is
reported via photo-dissociation o f the parent ion, while the Cp 3^ ion is formed via
thermal decomposition o f the parent as well as parent ion photo-dissociation. The local
maximum o f the present photoabsorption cross section o f the A band is 0.67 Mb. The
absolute photoabsorption cross section for this excitation, key to the break down o f the
molecule in the atmosphere by UV photolysis, is discussed in section 5.3.3.3.

Taatjes et al. [1993] propose the next lowest energy electronic excitation as a transition
from a C -I a orbital to a C -I o* MO. The singlet to triplet transition is calculated to
occur at 6.153 eV. Taatjes et al. [1993] comment that the energy splitting o f this state
into

[1] and

[0] due to a second-order spin-orbit effect is expected to be small.

Robin [1974] reports the presence o f a transition at 6.355 eV which Taatjes et al. [1993]
associate with the ^Ai state. However, Robin [1974] does not give any explanation o f
how the measurement was made and no evidence for the anti-bonding excitation is
apparent in the present photoabsorption spectra. Table 5.2 shows that while the A band
was probed at 1.45 mbar to maximise the possibility o f observing the optically
forbidden transition, the energies between 5.510 and 6.850 eV were scanned at the
relatively low pressure o f 0.1 mbar. Therefore, on the basis o f the measured background
noise, we conclude that the photoabsorption cross section o f the feature must be lower
than 0.1 Mb. The band is not observed in the previous REMPI experiments [Van den
Hoek 1992]. Significantly, no evidence for the transition is observed in the 30 eV, 15°
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EEL spectrum (figure 5.3). We therefore suspect that the optically forbidden valence
excitation may occur at higher energy than calculated by Taatjes et al. [1993] and
therefore be hidden within the B band. EELS experiments at higher scattering angles are
required to confirm the excitation energy given by Robin et al. [1974]. As an excitation
to a C -I dissociative state, the transition may play an important role in the plasma
etching o f SiOi using CF3I.

The optically allowed C -I c —> a* singlet to singlet excitation is calculated by Taatjes et
al, [1993] to occur at 7.334 eV. This coincides with the B band which extends from
7.126 eV to around 7.5 eV and is shown in detail in figures 5.4 and 5.5. However,
Taatjes et al. [1993] associate the valence state with the broad REMPI feature which has
a maximum at 7.836 eV. The C band is measured to begin at 7.757 eV in the present
photoabsorption analysis. The band exhibits vibrational structure superimposed upon a
broad continuum centred at 7.90 ± 0.05 eV. Therefore, the C band would seem a far
more likely candidate than the B band for the overlap o f a Rydberg transition with the
strongly dissociative c —* c* valence excitation to the ^Ai excited state. The C band is
discussed further in the following section on the Rydberg excitation o f CF3I.

5.3.3.3 R ydberg excitation

As described in section 5.2, the adiabatic ionisation energies proposed in the literature
for promotion from the spin coupled iodine low pair orbitals are not in precise
agreement [Sutcliffe and Walsh 1961, CvitaS et al. 1978, Macleod et al. 1998, Lias
2003]. This uncertainty combined with the dense peak structure in the photoabsorption
spectrum complicates the Rydberg analysis. In particular, the assignment o f peaks close
to the limit to which a series converges is very sensitive to the accuracy o f the relevant
ionisation energy. For the present assignments, the ionisation limit corresponding to the

^£3/2 state is taken as 10.28 ± 0.07 eV [Lias 2003]. The ionisation limit for series
converging to the ^Em state can therefore calculated to be ~ 10.90 eV or - 11.01 eV by
addition o f the energy separation due to spin orbit coupling reported by Robin [1974] or
Cvitas et al. [1978], respectively. However, alternative ionisation energy measurements
are considered throughout the following analysis.
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excitation; n

Energy in eV

Vibrational
analysis

ASTRID
Taatjes et al. [1993]
7.126
7.126
t)oo
7.155
7.155
1)3
7.182
7.184
21)3
7.211
7.210
303
7.216
O2
7
.2
4
^
403
1
7.247
J
7.246
Ol
7.27^
5o3
7.275
7.275
Ol + 0 3
7 .2 9 8 ^
603
4
Ol + 203
7 .33I
7 J2 9
Ol + 3o3 (oi-K)2}
7.335
Ol + 0 2
7.356
Ol + 403
;
7.363
2 o,
___ L-.
7.394
2 oi + 03
7.452
2 oi^+ 02
7.479
3oi
i
1 7.566
3oi + 02

Sutcliffe and W alsh [19611
7.126
7.155
7.184
7.211
-

7.246
-

7.275
7.304
7.330
—

7 .3 9 4 ”
-

7.484
7 562

■ -

-

-

Indicatesthat thefeature isdiffuseandthusits energypositionissubject togreater uncertainty.
Assignmentswithinbrackets {•} arethosereportedintheprevious work[SutcliffeandWalsh1961,
Taatjeset al. 1993]. Otherwise, assignmentsforpreviouslyobservedfeaturesmatchthosegivenby
Taatjeset al. [1993]and/orSutcliffeandWalsh[1961]. Theassignmentgivenwithnocorresponding
energyvalueisnot directlyobser\’edbut suggestedbythefollowingstructureandmaybehiddenby
thepreviousfeature.
Table 5.5: Energy positions o f vibrational structure associated with the excitation;
n —> 6 s belonging to the series converging to the CF 3I ' ground state; ^£’3/2
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The bands labelled B and C in figures 5.2 and 5.3 are associated with n ^

6 s (Ai)

Rydberg transitions belonging to series converging to the CFgl^ ground state doublet;

'^Em and ^Em [Taatjes et al. 1993, Sutcliffe and Walsh 1961]. Similar features are
observed in the photoabsorption cross section o f CH 3I albeit at lower energies (section
4.4.4).

The B band is shown in detail in figure 5.4. Sutcliffe and Walsh [1961] observe the uoo
transition to occur at 7.126 eV and identify vibrational structure in the excited state
attributed to activation o f the modes; Ui, U2, and 1)3, corresponding to symmetric CF3
stretching, CF3 deformation, and C -I stretching, respectively (table 5.1). In both the
ground state and the excited state, the authors report that Ui couples with U2 and with U3
but that U2 and U3 do not couple with each other [Sutcliffe and Walsh 1961]. Table 5.5
gives the energies o f features assigned to vibrational series beginning at the 6 s, uoo peak
observed in the ASTRID photoabsorption spectrum. The average excitation energy o f
ui, 0)2, and 0)3 quanta associated with the « = 6 transition o f the m series converging to
the ^^ 3/2 ionisation energy are listed in table 5.6 next to the previously reported values
and the excitation energies observed in the ionic ground state [Sutcliffe and W alsh
1961, Cvitas et al. 1978].

Excitation energy in eV
Mode

Dl
%
%

Ground
state

B band
s

C band
A

s

0.133
0.120 0.118 0.114
0.084 0.089 0.073
0.092
0.036
0.029 0.028 0.025
Shimanouchi [1972] ^Sutcliffe and

Table 5.6:

D band
A

s

E band ^

A

0.114 0.118 0.119
0.074 0.089 0.080
0.025 0.028 0.027
Walsh [1961] ^ASTRID

% /2

1*‘ photoelectron
band ^
0.121

0.119 0.117
0.082 0.065
0.027 0.025
0.030
^ Cvitas et a i [1978]

Excitation energies o f symmetric vibrational modes in the B, C, D, and E
bands, and in the first photoelectron band o f CF3I

The present results are close to the excitation energies o f the ui and 1)3 modes observed
in the ionic ground state. This supports the assignment o f uoo to a Rydberg transition
belonging to a series converging to the ionic ground state. However, it should also be
noted that the B band activation energies o f all three modes appear to be consistent with
the neutral ground state equivalents shifted to slightly lower energies. This is in stark
contrast with the vibrational series o f CH 3I and C H 3C I which correspond to
conspicuously different activation energies in the ws Rydberg states and in the neutral
ground state (sections 4.4.3.3 and 4.4.4.3). Furthermore, Locht et al. [2001 b\
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demonstrate that the vibrational modes of CH3CI in the excited states correspond to
different motions from those activated in the ground state The suggestion o f an
unidentified mode in several vibrational series implies that similar variations may occur
in the CH3I Rydberg states. These effects are associated with differences in the
geometry and symmetry o f the initial and final states of transitions. Other consequences
of such distortions could include single quanta excitation o f asymmetric vibrational
modes, the evidence for which would otherwise be restricted to very weak features, and
the observation of very sharp and strong uoo peaks followed by series comprised o f
successively much weaker vibrational features [Locht et al. b]. However, while the 6s
Rydberg states of CH3I appear to provide fine examples o f both effects, the B band o f
CF3I shows exactly the opposite characteristics. The presently identified vibrational

modes are exclusively symmetric and the initial peaks in the vibrational series are only
marginally less intense than the uoo transition. This suggests that the 6s (^^ 3 /2 ) CF3I
excited state retains the C3 V symmetry of the ground state molecule to a far greater
extent than CH3I or CH3CI.
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Figure 5.5; Detail o f the CF3I ASTRID photoabsorption spectrum showing structure
associated with (n + U2 or U3 )
6 s transitions o f series converging to the ^£3/2 limit
A number o f photoabsorption features are observed in the B band at energies which do
not appear to be attributable to vibrational excitations belonging to series beginning at
Uoo. The weak peaks at 7.000, 7.041, and 7.092 eV are assigned to excitations to the 6s
orbital from the ground state excited in the Ui, U2, and U3 modes, respectively. The
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energy difference between these hot band features and the Uoo transition are 0.126,
0.085, and 0.034 eV, very close to the neutral ground state ground state activation
energies, as required (table 5.1). Sutcliffe and Walsh [1961] report the presence o f ui
and U3 hot bands at energies o f 0.093 and 0.035 eV below the uoo transition. Vibrational
excitations coupled to (n + U2 or U3) —> 6 s transitions can explain the presence o f a
number o f features which are unassigned in figure 5.4. These series are shown in figure
5.5 and in table 5.7. The assignment o f features in the B band to sequence bands is
suggested by Fuss [1982] and by Sutcliffe and Walsh [1961].

Energy in eV

Vibrational analysis

7 .0 0 0

Dl-O

7.041
7 .0 7 0

V2J0 + 1)3

7 .0 9 2
7.0 9 8
7 :1 2 ^
7.1 4 9
7.161
7 .1 7 6
7 .1 9 0

V2-0
D3-O
1)2-0 + 2U3
D3 -O+ 1)3
U3.O + 2U3
U2-0 + Dl
1)3-0
1)2-0

+ 3l)3
+ Ui + 1)3

7.2C P

U3-0 + 4U3

—

7.251

1)3-0 + 5U3
1)2-0 + Ul + 1)2

7 .2 6 4
7.281

1)3-0 + 6U3
U2-0 + 2ui

7 .2 9
7.311

U3 -O + 7U3
1)2-0 + 2l)i + 1)3

7 .3 2 ^
7.401
7 .4 3 0

1)3-0 + 8U3
U2-0 + 3ui
1)2-0 + 31)1 + 1)3

7 .4 8 8

1)2-0 + 3l)l + 1)2

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The

assignment given with no corresponding energy value is not directly observed but suggested by the
following structure and may be hidden by the previous diffuse feature.

Table 5.7: Energy positions o f vibrational structure associated with (n + U2 or 1)3)
6 s transitions belonging to the series converging to the CF 3Ï^ ground state;
The features observed at 7.133, 7.372, and 7.412 eV are not assigned in table 5.5 or
table 5.7 and may be due to vibrational excitations including components o f nonsymmetric modes. As mentioned above, single excitations o f such modes would be
expected to have very weak cross sections [Herzberg 1966]. However, 2 quanta
excitation or combination with another mode can increase the intensity. Accordingly,
Sutcliffe and Walsh [1961] assign the weak peak observed in the present
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photoabsorption spectrum at 7.063 eV to a probable Ive-o transition. The 7.281 eV peak,
0.155 eV above the ooo transition, has been assigned previously [Taatjes et al. 1993] to
excitation of the asymmetric mode; 1)4.

The photoabsorption structure observed in the C band is shown in detail in figure 5.6.
The sharp peak at 7.757 eV is considered to represent the n —> 6 s (uoo) transition
belonging to a Rydberg series converging to the ionisation energy associated with the

^Ei/2 State, in agreement with previous photoabsorption and REMPI work [Sutcliffe and
Walsh 1961, Taatjes et al. 1993]. The energies of the features in the C band are given
with their suggested assignments in table 5.8. The broad continuum observed to
coincide with the vibrational structure is associated with the a — a* valence excitation
to the ^A\ excited state (section 5.3.3.2). Therefore, due to the energetic coincidence
Rydberg and valence states of Ai symmetry, excitation to the 6 s bound excited state is
considered to be C -I pre-dissociative. Dissociation along the C -I bond via excitation to
the 6 s state of the ^Ei/2 series was first suggested by Sutcliffe and Walsh [1961].
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Figure 5.6: Detail of the C band o f the ASTRID spectrum showing the n
transiton belonging to the series converging to the CF3C state; ^E^a

6s

Table 5 .6 shows that the average activation energies of the symmetric vibrational modes
in the C band are lower than those observed in the B band and in the 1 photoelectron
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band [Cvitas et al. 1978]. This supports the assignment o f uoo in the C band to a
Rydberg series converging to a separate ionisation limit to that in the B band. Cvitas et
al. [1978] report ui and % vibrational excitation in the '^Em photoelectron band but do
not specify the activation energies beyond remarking that they are similar to those
occurring in the ^£'3/2 band. No structure is assigned to vibrational excitation coupled to
the valence transition due to the strongly dissociative nature o f the excited state. The
features below 7.757 eV are attributed to hot bands as proposed for the B band. The
clear peak at 7.721 eV is assigned to a (n + U3) —» 6 s transition and lies 0.036 eV below
Uoo, equal to the activation energy o f the C -I stretching mode in the neutral electronic

ground state (table 5.1). Vibrational structure originating at U3-0 is proposed in table 5.8
including tentative assignments to the coupling o f quanta o f U2 and U3 . The peaks at
7.911 and 7.964 eV remain unassigned.

Energy in eV
SutclifTe and
Walsh [1961]

ASTRID
photoabsorption

Vibrational analysis

7 .721

U3-0

7 .7 5 7
7 .7 8 2
7 .7 9 6
7 .8 0 8

Uoo
U3
U3-0 + U2
2U3

-

-

U3-0 + U2 + U3 (?)

7 .2 8 7
7 .8 5 2

7 .8 3 1

—

7 .7 5 4
7 .7 7 9
—

7 .8 0 4

7 .8 5 3

7 .8 6 8

7 .8 7 3

7.893

7 .8 9 8
7 .9 4 6

-

7 .9 8 2
-

-

—

-

7 .9 8 7
8 .0 1 0

8 .0 4 “
8 .0 7 “
8 .1 0 “
8.123

U2
U3-0 + U2 + 2U3 (?)
Ul
Ul +U3
Ul +U2
2u i
2u i + U3
2u i + 2 u 3 ( ? )
2u i + 3 u 3 ( ? )
3u i

3u i + U3
^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The
assignment given with no corresponding energy value is not directly observed but suggested by the
following structure and may be hidden by the previous feature. The assignments marked with (?) are
proposed tentatively.
-

Table 5.8: Energy positions o f vibrational structure associated with the transition;
n —> 6 s belonging to the series converging to the CF 3C state; ^£ 1/2
Tables 4.11 and 4.12 show the quantum defects associated with the C H 3I Rydberg series
not to vary significantly with increasing w. Therefore, if we assume similarly constant
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quantum defects for the apparently closely related CF 3I series, the confident assignment
o f the 6s (uoo) transitions provides valuable evidence to search for further members o f
the series. The peaks which are considered to be candidates for members o f the m

CE3 /2 ) and ns i^Eia) series are listed in tables 5.9 and 5.10, respectively. As shown in
table 2.1, the quantum defect range for an m series associated with the vacation o f an
orbital centred on an iodine atom is 3.9 to 4.2.

Photoabsorption
energy in eV
7 .1 2 6
8 .7 6 0
9 .2 7 4
9 .3 0 2
9 .3 3 7
9 .3 7 3
9 .3 9 7
9 .4 3 0
9 .4 6 6
9 .4 8 7
9 .5 2 0
9 .5 4 9
9 .5 7 2
9 .6 3 8
9 .6 6 5
9 .6 9 1
9 .7 3 3
9 .7 6 0
9 .7 8 3
9 .8 2 2
9 .8 4 9
9 .8 7 7
9 .9 0 3
9 .9 3 5
9.9 6 3
9.9 8 3
10.015
1 0.076

Quantum defect for series converging to IE

•••

10.21 eV"

10.28 eV"

10.35 eV"

10.37 e V

10.40 eV*

3 .9 0
3 .9 4

3 .9 2
4.01

3 .9 5
4 .0 7

3 .9 5
4 .0 9

3 .9 6
4 .1 3

4 19
4 .1 3
4 .0 5
3 .9 7
3.91

-

-

-

-

-

-

-

-

-

-

-

-

4 .2 0
4 .1 3
4 .0 8
4 .0 0
3.91

-

-

-

-

-

-

-

-

4 .1 6
4 .0 7
4 .0 3
3 .9 5

4 .2 0
4 .1 2
4 .0 8
4 .0 0
3 .9 3

-

-

-

-

-

-

—

—

4 12
4 .0 0

-

-

-

-

-

-

-

-

4 .1 9
4.01

-

-

-

-

-

-

-

-

-

-

-

-

-

4 .1 8
4 .0 1

-

4 .0 8

4 .2 0
4 .1 0
3 .9 2

-

-

-

-

4 .1 5
4 .0 3

-

4 .1 9
3 .9 9

-

-

3 .9 5

-

-

-

-

3 .9 7

-

-

-

-

-

-

4 .0 7

-

-

-

-

-

4 .0 7

-

-

-

6s
7s

8s

4 .1 8
4 .1 4
4 .0 7
4 .0 0
3 .9 5

-

-

Rydberg
analysis

-

-

-

4 .0 6

-

3 .9 5

4 .1 9

-

9s

10s
11s

'' Lias [2003] gives the evaluated IE o f CF3I to be 10.28 ± 0.07 eV. ^Macleod et al. [1998] determine
the adiabatic IE by photoelectron spectroscopy ^Sutcliffe and Walsh [1961] calculate the IE to be
10.40 eV on the basis o f the observed Rydberg structure.

Table 5.9:

Energy positions and quantum defects o f features which may be associated
with the ns Rydberg series converging to the CFgl^ state; ^£'3/2

The D band is shown in detail in figure 5.7. The vibrational structure observed is
summarised in table 5.11 and strongly suggests the presence o f a uoo transition at 8.760
eV. The quantum defect values calculated for the sharp peak (table 5.9) indicate that it
can be assigned to the n —►7s promotion belonging to the ^£ 3/2 series, as suggested by
Sutcliffe and Walsh [1961]. The quantum defects calculated using the ionisation
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energies proposed by the Sutcliffe and Walsh [1961] and by Macleod et al. [1998] do
not match that calculated for 6 s as closely as when the IE is taken to be 10.28 ± 0.07 eV
[Lias 2003]. This suggests that the true adiabatic ionisation energy is closest to that
recommended by Lias [2003]. Table 5.10 shows that no structure in the D band can be
assigned to transitions belonging to an ns series converging to the second limit.

Photoabsorption
energy in eV

Quantum defect for series converging to IE = ...
10.90 e V

11.02 eV"

7 .7 5 7

3 .9 2

3 .9 6

9 .2 2 ^

4 .1 5

-

9 .2 4 7

4 .1 3

-

9 .2 7 4

4.1 1

-

9 .3 0 2

4 .0 8

4 .1 9

9 .3 3 7

4 .0 5

4 .1 6

9 .3 7 3

4.01

4 .1 3

9 .3 9 7

3 .9 9

4 .1 0

9 .4 3 0

3.9 5

4 .0 7

9 .4 6 6

3 .9 2

4 .0 4

9 .4 8 7

—

4 .0 2

9 .5 2 0

-

3 .9 9

9 .5 4 9

—

3 .9 6

9 .5 7 2

—

3 .9 4

9 .5 9 7
9 .9 6 3

-

3.91

4 .1 9

-

9 .9 8 3

4 .1 4

—

1 0.015

4 .0 8

-

10.055

3 .9 9

-

1 0 .0 7 6

3.9 3

4 .2 0

1 0.105

-

4 .1 4

6s

7s

8s

4 .0 6

1 0.142
1 0.167
1 0.192

Rydberg
Analysis

4 .0 0
-

3 .9 4

" The value is determined by addition o f the spin-orbit energy splitting reported by Robin [1974] to the

adiabatic IE recommended by Lias [2003], Sutcliffe and Walsh [1961] calculate the IE to be 11.02
eV on the basis o f the observed Rydberg structure. This matches the sum o f the spin-orbit energy
splitting measured by Cvitas [1978] and the adiabatic IE recommended by Lias [2003]

Table 5.10: Energy positions and quantum defects o f features which may be associated
with the ns Rydberg series converging to the CFgl^ state; ^Em
As shown in table 5.6, the average excitation energies o f the ui, V2 , and U3 quanta in the
D band are close to those observed in the B band. This observation supports the
assignment of uoo to the ns (^E’3/2) series. At the high-energy extreme o f the D band, the
unassigned peak at 9.091 eV may contain a (2ui + U2) contribution. Below Uoo, the
features at 8.51, 8.531, 8.564, 8.593, 8.611, and 8.644 eV remain unassigned. The
features are expected to represent combinations o f hot bands as proposed for the 6 s
excited states. However, the peak at 8.531 eV appears to be too strong for a hot band
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located over 0.2 eV below Ooo- For each o f the ionisation energies given in the literature
[Lias 2003, Sutcliffe and Walsh 1961, Macleod et al. 1998], the quantum defect for
8.531 eV as the n = 5 member of an nd series converging to the ^£3/2 ionisation limit lies
within the expected range. The assignment of an nd series beginning at 8.531 eV would
have a significant effect on the following Rydberg analysis. In particular, the n = 6
quantum defect corresponding to the peak at 9.466 eV for an nd series converging to
10.28 eV matches that calculated for the /? = 5 feature at 8.531 eV. This provides an
alternative to the 7s (^£ 1/2) assignment. The n = l and a? = 8 transitions o f the possible
nd series would be expected to coincide with the peaks at 9.733 and 9.903 eV,
respectively. However, without any information about the symmetry o f the excited
states, the assignment of features to an nd series is tentative in comparison with the
previously proposed ns series [Sutcliffe and Walsh 1961, Taatjes et al. 1993].
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Figure 5.7; Detail of the D band o f the CF3I ASTRID photoabsorption spectrum
The photoabsorption cross section in the E band is shown in detail in figure 5.8. The
vibrational structure suggests the presence of two v\ series coupled with U2 and U3
excitations. The origins o f the two series are at 9.373 and 9.466 eV. The energy
difference between the two features is 0.093 eV, the activation energy for U2 in the
neutral ground state (table 5.1). This suggests that, as proposed for the B band, the
vibrational series which begins at lower energy can be described in terms o f (n + 1)2) —>•
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6s (+

D...)

excitations. The assignments belonging to the two vibrational series proposed

in the E band are listed in table 5.12. We suggest that a number of broad and
asymmetric features are due to the superposition excitations belonging to both series.

Energy in eV
Sutcliffe and W alsh [1961]

ASTRID photoabsorption

-

8.63 ^
8 696
8 729
8.760
8 788
8 816
8.851
8 876
8.905
8.934
8.966
8.995
9.021
9.061

-

8.757
8 785
8 813
8 846
8 875
-

8 936
8 964
8 993
9.021
9.057

Vibrational
analysis
t)l4 ) ( ? )
2t)3-0
3

)3 - 0

3)00
3)3
23)3
3)2
3)1
3)1 + U 3
1)1 + 2 i )3 { 2 U 2 }
Ul + U 2

1

2ui
2U i + U3
U l + 2U2 ( ? )

Indicatesthatthefeatureisdiffuseandthusitsenergypositionissubject togreateruncertainty. The
assignments markedwith (?) are proposedtentatively. Assignments withinbrackets {•} are those
reportedinthepreviouswork[SutcliffeandWalsh1961].
Table 5.11: Energy positions o f vibrational structure associated with the transition,
n —> 7s belonging to the series converging to the CF3I state; ^£3/2
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Figure 5.8: Detail of the E band o f the CF3I ASTRID photoabsorption spectrum
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The “D2 -0 ” series

The “ doo” series
Photoabsorption
energy in eV

Vibrational
analysis

Photoabsorption
energy in eV

Vibrational
analysis

9 .3 3 7

Di-o

9 .4 0 *
9 .4 3 0

2U3-o

9 .3 7 3
9 .4 0 ^

D2-0
D2-0 + D3

t)3-0

9 .4 5 "

9 .4 6 6

Doo

9 .4 9 *

D2-0 + D2
D2-0 + Dl

9 .4 9

*
9 .5 2 0

1)3
2U3

9 .5 7 2

9 .5 4 9
9 .5 8 “
9 .6 1 *
9 .6 4 *

1)2
Dl
Dl +U3
Dl + 2U3

9 .6 6 5
9 .7 0 “

Dl +U2
2 di

9 .7 8 *

2u i +1)2
3 di
31)1+ %

9 .8 2 2
9 .8 4 9

!

9 .5 9 7
9 .6 1 *
9 .6 4 *

D2-0 + Dl + 1)2
D2-0 + Dl + 1)2 + D3 (?)
U2-0 + 2ui
1)2-0 + 2l)i + 1)3

9 .691
9 .7 2 "

1)2-0 + 2l)i + 1)2
D2-0 + 2Ui + 1)2 + D3 (?)

9 .7 3 3

D2-0 + 3ui
1)2-0 + 3 1)1 + 1)3
1)2-0 + 3l)i + 2 i)3

9 .7 6 0
9 .7 8 *
9 .8 0 6
9 .8 4 9

1)2-0 + 31)1 + 1)2
D2-0 + 4i)i
D2-0 + 4i)i + 1)3
1)2-0 + 4l)i + 21)3

9 .8 7 7
9.903
9.9 3 5
D2-0 + 4l)i + 1)2
^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The
assignmenst marked with (?) are proposed tentatively. ^ Accompanies features that are considered to
represent the superposition o f excitations from both series.
9 .903

3u i +1)2

—

-

Table 5.12: Energy positions o f vibrational structure associated with the transition;
n —►8 s belonging to the series converging to the CFgl^ state; ^£"3/2
Sutcliffe et al. [1961] propose the presence o f an n —> 7s transition at 9.373 eV
belonging to the series converging to the second ionisation limit. The quantum defect
calculations given in table 5.10 confirm that the peak at 9.373 eV is a possible candidate
for the n = 7 state o f the m (^£ 1/2) series. However, table 5.9 shows that the « = 8
transition o f the ns

(^£3/2)

series is expected to lie in the same energy range. Assuming

the first ionisation limit to occur at 10.28 eV [Lias 2003], the quantum defects
calculated for « = 6 and « = 7 states o f the ^£ 3/2 series suggest that the most probable
candidates for the 8 s transition are 9.397, 9.430 and 9.466 eV. Similarly, the quantum
defect calculations shown in table 5.10 suggest that the n = 7 state o f the series
converging to the ^£ 1/2 limit lies at higher energy than proposed by Sutcliffe et al.
[1961].

The average excitation energies for the three symmetric modes o f vibration observed in
the series beginning at 9.373 eV are 0.119 (ui), 0.080 (02 ), and 0.027 eV (03 ). For the
series starting at 9.430 eV, the activation energies are 0.119, 0.082, and 0.027 eV,
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respectively. The fact that the excitation energies o f the two vibrational series match
each other almost exactly suggests that they may be associated with the same Rydberg
state. As shown in table 5.6, the activation energies for the three symmetric modes are
closer to those observed for the B and D bands than for the C band. Furthermore, the
structure associated with hot bands and sequence bands in the C band is much weaker
than in the B band. Therefore, we propose that the vibrational structure observed in the
E band is dominantly due to the 8s (^E’3/2) transition.

To propose a new assignment for the 7s excitation belonging to the (^£ 1/2) series, we
must re-examine table 5.10. The quantum defect calculations show that the maximum
energy at which the transition can plausibly occur is 9.597 eV, towards the centre o f the
E band. Figure 5.8 shows that the peak at 9.549 eV, assigned in table 5.12 to the
excitation o f the U2 mode coupled to the 8s (^£ 3/2) transition, is fairly broad and
asymmetrical compared to its neighbouring features. This suggests that it may include
contributions from more than one excitation. The tentative assignment o f this peak to
the 7s (^Ei/2) transition is supported by the fact that the quantum defect calculated using
the ionisation energy; 11.01 eV [Sutcliffe and Walsh, 1961] exactly matches that for the
6s (^Em) transition. The following vibrational structure can also be considered to
support this assignment. The peaks suggested to include contributions due to vibrational
excitations associated with the proposed 7s (^Ei/2) transition are listed in table 5.13.

The average activation energies in the vibrational series associated with the proposed 7s
(% i/ 2) excitation are given in table 5.6. The excitation energy o f U2 is low in comparison
with the m excited states belonging to the ^£ 3/2 series but is quite close to that observed
in the C band, assigned to n

6s (^^ 1/2) transition. The underlying broad feature in the

E band with an apparent local maximum around 9.6 eV can be partially explained in
terms o f the high density o f vibrational excitations from 9.5 to 9.9 eV. However, it is
most probable that the continuum is associated with pre-dissociation via an unidentified
dissociative valence state.
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Photoabsorption energy in eV

V ibrational analysis

9.46

D2-0

9 .4 8
9 .5 2

1)3-0

9.55

D qo

9 .5 7

1)3
21)3

9 .6 0
9.61

1)2

9 .6 6
9 .6 9

Dl
Dl + 1)3

9.73
9 .7 8

Dl +1)2

9 .8 0

2u i + D3

9.85
9 .9 0

2u i + U2
3 di

2 di

9 .9 6
3t)i + 1)2
All the above features are close in energy to features assigned in table 5.11 and so are given to lower
precision than would be available solely on the basis o f the resolution.

Table 5.13: Energy positions o f vibrational structure associated with the proposed
transition; n —►7s belonging to the series converging to the CFgl^ state;
The quantum defect calculations shown in tables 5.9 and 5.10 indicate that further
members o f the m Rydberg series converging to the

and ^Em ionisation limits can

be expected to lie in the ASTRID photoabsorption energy range. The features whose
quantum defects best match those o f the previous states in the m series converging to
10.28 eV are at 9.773 eV (« = 9) and 9.903 eV (« = 10). These features are shown in
figure 5.8. Converging to 11.01 eV, the « = 8 feature that best matches the quantum
defects calculated for the peaks assigned to 6s and 7s occurs at 10.192 eV. This feature
is shown in figure 5.9. Peaks which may be associated with vibrational structure are
labelled in the figures. The broad F band continuum beginning around 10.1 eV may be
partially attributable to autoionisation. Higher excited states belonging to Rydberg
series converging to the ^£ 3/2 ionisation limit are expected to be the cause o f much o f
the fine structure shown in figure 5.8. However, the assignments o f these states are too
dependent upon the precise adiabatic ionisation energy to be given with any confidence
in the present work. Furthermore, the energy separation between the features observed
in figure 5.9 is typically between 10 and 20 meV, comparable to the energy resolution
o f 6 meV for incident photons o f 10 eV (figure 3.5).
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Figure 5.9: Detail of the F band of the

C F 3I

ASTRID photoabsorption spectrum

The third ionisation limit is associated with promotion from the

C -I o bonding

orbital [Cvitas et al 1978]. Therefore, the quantum defects can be assumed to follow the
scheme shown in table 2.1 and observed in the
which « =

6

-

8

series. The possible energy ranges in

transitions belonging to /?s series converging to high-energy ionisation

limits can occur are given in table 5.14. Higher excited states of the m series are not
included in the table as they are considered too dependent upon the precise value of the
adiabatic ionisation limits. No vibrational structure is reported in the relevant He(I)
photoelectron band so the only available evidence upon which to base an estimation o f
the adiabatic ionisation energies is the apparent origin o f the band from the plotted
spectrum [Cvitas et al. 1978]. Similar estimations are not given for series converging to
limits associated with the vertical ionisation energies; 15.56 and 16.32 eV [Cvitas et al.
1978] as we have no information regarding the localisation o f the vacated orbitals.

Ionic
state ^

Vertical
IE

Estimated
adiabatic IE

13.25 eV
^1

12.7 eV

6s

Energy range in eV
7s

8s

9.05 - 10.16

1 1 .5 2 - 11.83

12.31 - 12.44

8 .5 - 9 6

1 1 .0 -1 1 .3

1 1 .8 -1 1 .9

Thevertical ionisationenergywasdeterminedbyphotoelectronspectroscopybyCvitaSet al. [1978],
Noadiabaticionisationenergiesareavailable. Theadiabaticionisationenergyisestimatedfromthe
energypositionofthebeginningofthephotoelectronbandsmeasuredbyCvitasetal. [ 1978].
Table 5.14: Energy range in which Rydberg transitions belonging to m series
converging to ionic excited states may be expected to occur
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Figure 5.3 shows features centred at 11.25 ± 0.05 eV and 12.90 ± 0.05 eV. The quantum
defect calculations summarised in table 5.14 suggest that these peaks cannot be assigned
to members o f Rydberg series converging to the ^Ai ionisation limit. Therefore, we
suggest only that the broad features may be associated autoionisation to the ^Ei/2 and ^Ai
states, respectively. A full electronic structure calculation deriving the energies o f high
lying Rydberg states is required to classify these features with confidence.

S.3.3.4 Absolute photoabsorption cross section and atmospheric lifetime
Sutcliffe and Walsh [1961] do not report the absolute cross section o f the observed
photoabsorption features. Therefore, the present results recorded at the synchrotron
beamlines at the ASTRID facility and at the Daresbury Laboratory represent the first
absolute photoabsorption cross sections o f CF3I in the full energy range shown in figure
5.2. The most striking difference between the two sets o f spectra is the lack o f fine
structure observed in the Daresbury result due to low energy resolution. However, the
ASTRID and Daresbury cross sections are in good agreement (less than ± 10%) in the
energy ranges which do not feature sharp peaks.

Absolute photoabsorption cross sections for the A band have been reported in three
previous publications [Fahr et al. 1995, Rattigan et al. 1997, Solomon et al. 1994]. As
shown in figure 5.10, the photoabsorption cross sections recorded at the MSF are ~ 10%
lower than the results o f Solomon et al. [1994] and Fahr et al. [1995] but agree with
those o f Rattigan et al. [1997]. Conversely, the cross section measured at the ASTRID
facility agree with the data o f Solomon et al. [1994] and Fahr et al. [1995] but not those
o f Rattigan et al. [1997].

No evidence for temperature dependence between 259 and 296 K was observed in the A
band photoabsorption cross section measures at the MSF. This is consistent with the
observation by Fahr et al. [1995] o f a maximum fall o f 10% in the A band cross section
as temperature increases from 253 to 293 K. The difference is therefore less than the
experimental uncertainty indicated by the thickness o f the MSF curve in figure 5.10.
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F ig u re 5.10:

Detail of the CF3I A band photoabsorption cross section measured at
ASTRID, Daresbury and MSF compared to previous work

The energy range o f the C -I dissociative A band coincides with intense solar photon
flux throughout the atmosphere (figure 1.7). Therefore, despite the apparent low
photoabsorption cross section associated with the optically forbidden transitions that
comprise the A band, the destruction rate of CF 3I by atmospheric photolysis is very
high. Rattigan et al. [1997] calculated the molecular destruction by photolysis near the
Earth’s surface to be three orders of magnitude faster than by reaction with OH radicals.
The analysis of OH reactions with CF 3I by Gilles et al. [2000] confirms that the
dominant mechanism for the removal o f the molecule from the atmosphere is solar UV
photolysis. The atmospheric photolysis o f CF3I has been modelled using the program
developed at University College London (section 1.3.5). The local lifetime calculated
using the data measured at the ASTRID facility is plotted as a function o f altitude in
figure 5.11. The figure includes lifetime plots calculated on the basis o f photoabsorption
cross section measurements made at the MSF and at the Daresbury Laboratory.
However, it must be noted that the MSF and Daresbury plots shown are not derived
directly from the respective experimental data as neither spectra extend over the full
energy range of the A band. Therefore, the plots show representative distributions
generated using the ASTRID A band photoabsorption cross section scaled to coincide
with the band maxima measured at the UK facilities.
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Figure 5.11; Photolysis lifetime of atmospheric CF3I plotted against altitude
calculated from the photoabsorption cross sections measured at ASTRID facility, MSF,
and at the Daresbury Laboratory. * The M SF and Daresbury lifetimes shown are
calculated using the ASTRID cross section scaled as described in the text.
The maximum atmospheric lifetime o f CF3I in a sunlit atmosphere is calculated to be 9

± 1 hours. This result is slightly lower than the previously estimated near-surface
lifetimes o f - 14 hours [Solomon et al. 1994] and < 24 hours [Rattigan et al. 1997]. The
variation in calculated lifetime is expected to be due in part to differences in the flux
data employed in the programs. In particular, the NASA flux results used in the UCL
model are not specific to the time o f year while both Solomon et al. [1994] and Rattigan
et al. [1997] take into account seasonal change. It should be noted that the model o f
Solomon et al. [1994] shows the molecule to have a maximum local lifetime between 10
and 15 km due to the temperature dependence of the absorption cross section.

The GWP of CF3I has been estimated using the averaged maximum atmospheric
lifetime calculated from the present photoabsorption results and the radiative forcing
determined by Jain et al. [2000]. As the instantaneous radiative forcing o f CF3I is very
strong (0.285 Wm'^ppb'^), the GWP over 1 day is found to be 1300 times that of CO 2
However, we calculate the GWP over 20 years to be - 1. This is in good agreement with
the 20 year GWP o f < 5 reported by Solomon et al. [1994]. On a 100 year timescale, we
determine the GWP of CF3I to fall to less than 0.25. Therefore, the global warming
impact of the release o f CF3I into the atmosphere can be considered to be negligible in
comparison with the molecules currently used for SiO] plasma etching (table 1.1).
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However, to understand the environmental impact o f the industrial use o f C F3I, not only
the molecule but its reaction products must be considered. In particular, despite the
molecule’s very short atmospheric lifetime effectively preventing any gas released at
ground level from arriving at the ozone layer, the ozone depleting effects o f C F3I
emissions are potentially significant because the iodine products o f A band dissociation
[Ingolfsson et al. 1996] have strong ozone depleting properties [Solomon et al. 1994].
However, iodine reacts readily in the troposphere to form the water-soluble compounds
HI, HOI, and IONO 2 [Solomon et al. 1994]. Since convective atmospheric transport
mechanisms are strongly dependent upon clouds, these species will be removed {rained

out) before reaching the stratosphere. Therefore, minimal concentrations o f iodine
produced by low-altitude C F3I photolysis are expected to rise to the ozone layer. CF3
radicals have been shown not to react efficiently with ozone [Ravishankara et al. 1994].
Therefore, Solomon et al. [1994] evaluate the OOP o f C F3I to be less than 0.0001.

5.3.3.4 EELS compared to photoabsorption
The electron energy loss spectra shown in Figure 5.3 agree well with the optical data.
Each o f the major photoabsorption bands are observed by EELS although the
vibrational progressions are not always distinguishable due to the inherent lower
resolution o f electron scattering compared to photoabsorption. The close agreement o f
photoabsorption and EELS results for energies above the A band confirms that the key
transitions responsible for the B-F bands are optically allowed. As would be expected,
the EELS spectrum which most closely matches the photoabsorption spectra is that
recorded using the highest energy incident electrons analysed at the largest scattering
angle; the UCL result.

5.3.4

Comparisons with CF3 CI, CFgBr, CH3 CI, and CH3 I

The valence structure o f C F3I shares many characteristics with the spectra CF3CI,
CF3Br, CH3CI, and CH3I. For each molecule, the A band associated with the excitation
from the X atom lone pair (X = Cl, Br, 1) to a C X a* MO is observed at lower energy
than the Rydberg structure and extends across an energy range o f ~ 2 eV. The C F3I A
band maximum occurs at 4.66 eV in the ASTRID photoabsorption spectrum. This is
close to the local maximum o f the C H 3I A band at 4.80 eV but significantly lower in
energy than the equivalent CF 3Br, CH3CI and CF3CI peaks at 6.1, 7.27, and 7.9 eV,
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respectively. The shift to lower energy o f the C F3I A band in comparison to the CFgBr
and CF3CI A bands is associated with the weakening o f the C -X (X = Cl, Br, I) bond
for more strongly electronegative X species.

The similarity in the energy positions o f the CF3I and C H 3I A bands is considered to be
due to both the initially and finally occupied orbitals being almost entirely localised on
the iodine atom. The fact that the adiabatic ionisation energy is ~ 0.7 eV higher for CF3I
than C H 3I indicates that the substitution o f the CH3 group with CF3 does distort the
HOMO. However, the orbital localisation allied to the large C - I separation means that
the effects o f overlap with CF3 orbitals may be comparable for both the iodine lone pair
and the C - I o* MOs. Accordingly, the larger energy difference between the A band
maxima o f C H3CI and CF3CI is expected to reflect the lower degree o f C -C l c*
localisation on the chlorine atom than C - I o* localisation on the iodine atom and the
smaller C -C l separation (section 4.5). Once again, this can be readily explained in
terms o f the more strongly electronegative nature o f atomic iodine than chlorine.

Taatjes et al. [1993] calculate the triplet and singlet 0 - ^ 0 * ( C - I ) transitions to occur at
6.153 and 7.334 eV, respectively. Nachtigallova et al. [1996] report the singlet C H3CI a
—►a* excitation to occur ~ 9 eV, less than 2 eV above the A band maximum. The
possible implications o f this result and comparisons between the photoelectron bands o f
C H3CI and C H 3I are discussed in section 4.5. However, as is the case for the HOMO,

the a and o* states are considered to be localised close the iodine atom. Accordingly,
for G —►o* transitions, analogies between o f C F3I and C H 3I are likely to be more
instructive than those between C H 3I and CH3CI. In fact, following the earlier
assumption that the o and o* MOs are similarly affected by overlap with CF3 orbitals,
we can expect the energies o f o —►o* excitations to be very close for CF3I and CH3I.
This leads us to suggest that the optically forbidden a —►g * transition o f C H 3I may
occur near to 6.1 eV, as calculated for C F3I [Taatjes et al. 1993]. As we observe no
feature around this energy in either the photoabsorption or the 30 eV, 15° EEL spectra
o f CF3I, this proposal is speculative. However, clear evidence is observed for pre
dissociation beginning ~ 7.4 and ~ 7.7 in the photoabsorption measurements o f C H 3I
and C F3I, respectively. Therefore, we suggest that both continuums may be associated
with singlet to singlet

g

g*

( C - I ) transitions.
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Energy in eV

Q uantum defect

Analysis

7.126
8.760
9.466
9.733
9.903
7.757
9.549
10.192

3.92
4.01
3.91
4.01
3.99
3.96
3.96
3.94

6 s (% /2 )

7s
8s (^£3/2)
9s CEin)
10 s ( % a )
6 s ( £ 1 /2 )

7s ( " £ , / 2)
8 s (^£1/2)

^ Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty. The

quantum defects for the ^£3/2 series are calculated using 10.28 eV, the adiabatic IE recommended by
Lias [2003]. Those for the
series are calculated using 11.02 eV, the adiabatic IE calculated by
Sutcliffe and Walsh [1961] and the sum o f the spin-orbit energy splitting measured by Cvitas [1978]
and 10.28 eV.

Table 5.15: Energy positions o f features assigned to Rydberg series converging to
the CFsI^ states;
and ^Em
The assigned CF 3I Rydberg structure discussed in section 5.3.3.3 is summarised in table
5.15. We also suggest a possible n = 5 transition at 8.531 eV belonging to an né series
converging to the ^£ 3/2 ionisation limit. However, in contrast with the spectra o f CH 3CI
and CH 3I, we do not observe clear evidence for an wp series. Robin [1974] proposes 6 p
transitions at 7.753 and 8.518 eV belonging to series converging to the ^£'3/2 and ^£ 1/2
ionisation limits, respectively. Indeed, consideration o f the quantum defects indicates
that it is possible that a 6 p

(^£3/2)

feature could be lost among the vibrational structure

following the strong 6 s transition at 7.575 eV and that one o f the peaks around 8.531 eV
could be due to a 6 p (^£ 1/2) excitation. However, such assignments are speculative.
Accordingly, Sutcliffe and Walsh [1961] do not propose wp transitions to account for
the photoabsorption features observed between 6.9 and 11.3 eV.

It is evident that the 6 s peaks are much more clearly defined and have far greater cross
sections than any 6 p features we may assign. This seems inconsistent with the
photoabsorption spectra o f C H 3I, CH3CI, C F3B r, and C F3C I which all include intense «p
transitions. We propose that the relative weakness o f the wp series o f C F3I may be
rationalised by assuming the Rydberg transitions to be dominated by the large iodine
element and therefore approximately governed by atomic symmetry considerations.
This way, excitation from the 5p MO localised on the iodine lone pair to an «p Rydberg
orbital would be restricted according to the A1 = ±1 selection rule. The failure o f this
analogy for C F3B r, CF3CI, and CH3CI is unsurprising given the small size o f bromine
and chlorine compared to iodine. Equally, in the case o f C H 3I, the molecular symmetry
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distortions predicted in the excited states are expected to prevent any such selection
rules taking effect.

The proposed explanation for the weak «p series in the spectrum o f CF 3 I is dependent
upon the molecule maintaining approximate Csv symmetry in the low energy Rydberg
states. This appears to be consistent with the suggestion made in section 4.5 that the
symmetry o f CFsBr and CF 3 CI in the observed Rydberg states does not differ greatly
from the ground state. The argument is based upon the proposal that the very sharp and
intense C H 3 CI uoo peaks and subsequent weak vibrational features are due to
geometrical differences between the initial and final states o f a transition [Locht et al.
2001 b]. The same argument is quoted in section 5.3.3.3 to explain the strong
vibrational series following the 6s (^£’3/2) CF 3 I transition compared to that o f C H 3 I.
Therefore, the photoabsorption spectrum o f C F 3 I can be considered to provide further
evidence for an effect associated with the CF 3 group o f CF 3 X molecules which acts to
maintain C 3Vsymmetry under excitation from the HOMO to low lying Rydberg states.

The atmospheric photolysis lifetime o f C F 3 I is clearly lower than those o f C H 3 I, CF 3 Br,
C H 3 CI and CF 3 CI. In each case, the reason for relatively high susceptibility o f C F 3 I to

photo-dissociation is due to the fact that the A band extends to lower energies. As
discussed at the beginning o f this section, the energy o f the CF 3 I A band
photoabsorption maximum is only 0.14 eV lower than that o f C H 3 I. However, the
extension o f the CF 3 I A band to below 3 .9 eV, while that o f C H 3 I does not extend below
4 eV has a major effect. In particular, it is worth noting that the fact that the maximum
cross section o f the C H 3 I A band is almost twice that o f CF 3 I is relatively insignificant.

The low A band maximum photoabsorption cross section o f CF 3 I compared to that o f
C H 3 I is consistent with the suggestion made in section 4.5 that the influence o f the CF 3

group serves to repress singlet excitations from the HOMO to the LUMO. While the A
band maxima o f C H 3 CI and C H 3 I are approximately equal, those o f C F 3 I, CF 3 Br, and
CF 3 CI are successively lower. The maximum cross section o f CF 3 I A band is around 30

times greater than that o f CF 3 CI. It seems rational to associate this difference with the
fact that the n and a* orbitals o f CF 3 CI are much closer to the CF 3 group than those o f
CF 3 I.
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5.4

Low-energy electron impact scattering from CF3I

5.4.1

Introduction

To our knowledge, no previous measurements o f the differential cross sections for
elastic and inelastic electron scattering from CF3I have been carried out at low impact
energies. Only the total cross section has been determined by electron transmission
spectroscopy [Underwood-Lemons et al. 1994]. The present results and analysis
therefore represent the first investigation o f the DCS for elastic scattering and
vibrational excitation o f CF3I.

The electron attachment cross sections o f halogen-containing molecules are expected to
be large for incident electron energies below 10 eV. The production o f negative ions in
the collision o f a molecule with a low-energy electron generally occurs via a temporary
negative ion (TNI) state [Illenberger 1992]. In the case o f CF3I, the TNI may
subsequently decay through one o f two pathways;

(1)

e + CF3I

C F 3 I''

(2)

->

C F 3 I' 4- e'

->

CF3 + T, etc.

where (1) represents electron auto-detachment and (2) the dissociation into a stable
anion and a neutral fragment (dissociative electron attachment).

In the process o f electron auto-detachment, part o f the incident electron energy is
converted to vibrational degrees o f freedom, as discussed in section 2.3.2. Therefore, an
increase in vibrational excitation cross section is expected at an incident energy
corresponding to the formation o f a TNI.

5.4.2

Experimental

The following results were measured using the EEL spectrometer at Sophia University,
Tokyo. The experimental apparatus and procedure are described in section 3.4.2. The
angular dependence o f elastic scattering is studied by measuring the intensity o f the
electron signal from 20° to 130°. Elastic scattering experiments are thus carried out in
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the fixed impact energy, fixed energy loss (= 0 eV) mode o f operation. In order to study
resonances, the analyzer is tuned to transmit only electrons corresponding to a specific
energy-loss channel and the count rate is measured as a function o f impact energy (the

fixed energy loss, fixed scattering angle mode o f operation).

5.4.3

Results and discussion

5.4.3.1 E lastic D C S

The differential cross sections for elastic scattering from CF3I over the impact energy
range; 1.5 to 60 eV are given in table 5.16 and plotted in figure 5.12. At low incident
energies (< 6 eV), the steep increase in DCS at forward angles may be attributed to the
large permanent dipole-moment o f CF3I, given by Lide et al. [2000] as 1.048 D. We
observe a shallow minimum near 30°, a diffuse feature with a local maximum around
70°, and a sharp decrease in DCS near 120°. The diffuse feature is observed to be
shifted to smaller angles at higher incident energies, becoming a monotonie increase in
the 4 eV plot. As the incident energy increases from 6 to 8 eV, a new structure emerges
around 90°. This feature also appears to be shifted towards lower scattering angles for
higher electron impact energy.

DCS in 10

cm^sr * for various electron impact energies (eV)

Scattering
angle

1.5

3.0

4.0

6.0

8.0

10

20

60

20°
30°
40°
50°
60°
70°
80°
90°
100°
110°
120°
130°

2.22
1.21
0.82
1.00
1.02
1.09
0.97
0.82
0 70
0.55
0.46
0.40

3.35
2.27
3.16
3.49
3.52
3.20
2.61
1.91
1.41
0.90
0.68
0.84

6.79
6.16
4.96
3.88
3.18
3.10
2.28
1.94
1.41
0.90
0.68
0.84

15.73
11.24
7.01
4.33
2.65
1.92
1.70
1.70
1.52
1.21
0.92
1.16

19.25
12.03
6.40
3.03
1.67
1.36
1.39
1.46
1.23
0.94
0.85
1.15

23.04
12.44
5.62
2.39
1.36
1.50
1.30
1.24
1.00
0.82
0.90
1.29

20.77
6.62
1.98
1.16
1.15
1.08
0.89
0.68
0.53
0.54
0.65
0.72

4.06
1.10
0.66
0.51
0.31
0.18
0.14
0.12
0.16
0.27
0.43
0.51

Typical errors on DCS measurements are ± 10-15%

Table 5.16: CF3I differential elastic cross sections for 1 .5 - 6 0 eV incident electrons
and scattering angles from 20° to 130°
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Figure 5.12: CF3I differential elastic cross sections for 1 5 - 6 0 eV
incident electrons and scattering angles from 20° to 130°

141

The 6 eV result shows a difïuse feature with a local maximum around 90°. The feature
shifts to lower scattering angles as energy increases. For incident electrons o f 60 eV, a
clear shoulder is observed around 50°, a deep minimum at 90°, and a sharp increase
toward backward scattering angles.

The measured elastic scattering differential cross sections are in excellent agreement
with those calculated by Bettega et al. [2003] using the Schwinger multichannel (SMC)
method described by Lima et al. [1990]. The present results and the DCS recorded for
species with similar molecular structure to CF3I are compared in figure 5.13. The
molecules considered can be divided into two groups: one for CF4, a non-polar molecule
o f Td symmetry; and another for CF3I and C F3H , polar molecules (1.6 D for C F3H ) o f
C3Vsymmetry [Boesten et al. 1992, Tanaka et al. 1997].

At electron impact energies o f 1.5 and 3 eV, the DCS for CF 4 show a decreasing trend
at scattering angles below 70°, while the DCS for the polar molecules show
monotonically increasing angular distributions at forward scattering angles. This
characteristic is due to the long range dipole interaction between polar molecules. The
shallow minimum at 120° observed for 4 eV incident electrons scattered from CF 3I is
also visible in the 6 eV plots for CF 3H and CF4, moving to lower angles as the incident
energy increases. It should be noted that the CF 4 result labelled “6 eV” in figure 5.13
was in fact recorded using incident electrons o f 6.5 eV. For the 20 eV results, we
observe a weak structure from 60° to 110° and a steep increase in DCS at small angles.
Higher incident electron energies reveal a clear feature in the angular dependence with a
shoulder at 40° and a distinct minimum at 90°.

These comparisons demonstrate that the DCS distributions for elastic electron scattering
from CF3I, C F3H and CF4 match each other closely when the incident electrons are o f
relatively high energy. However, the three sets o f results differ markedly for low energy
electron impact. Therefore, we propose that the elastic scattering effects o f the iodine
atom are weak at higher impact energies but dominate at lower energies.
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Figure 5.13: CF3 I differential elastic cross sections (blue) in comparison with scaled DCS for CF 3 H
(red) [Tanaka et al. 1997] and CF4 (green) [Boesten et al. 1992] for 1 .5 -6 0 eV incident electrons
and scattering angles from 2 0 ° to 130°
^ The electron impact energy is in fa c t 6.5 eV for the CF4 result.
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Low-energy electron scattering cross sections have been discussed previously in terms
o f the three main factors; fluorination effects, dipole moment magnitudes, and
polarization effects [Boesten et al. 1992, Tanaka et al. 1997]. For CF 4, the staticexchange-plus-polarization calculations o f Varella et al. [2002] do not match the
experimental values at low scattering angles for electron impact energies below 5 eV
but describe the measured DCS reasonably well above 8 eV. The inclusion o f
polarization effects significantly

improved the static-exchange results.

Further

calculations using the complex Kohn method [Isaacs and McCurdy 1998] agreed with
experimental results by augmenting the configuration space. Dipole-Bom corrections
were essential to describe the DCS o f polar molecules at scattering angles below 30°.

Comparison with elastic DCS fi*om CH 3 I may also provide insight into the effect o f the
CX 3 group [X = F, Br, Cl]. Experiments on this molecule are planned for the future.

S.4.3.2 V ibrational excitation

In general, negative-ion resonances are more clearly visible in inelastic scattering than
in elastic. Therefore, a study o f vibrational excitation is essential to achieve a good
understanding o f low-energy electron - molecule collision dynamics. Resonant
enhancements in the total electron scattering cross section o f CF 3 I at 4.9 and 8.0 eV are
reported by Underwood-Lemons et al. [1994]. This energy region corresponds to the
position o f a shape resonance commonly observed in alkanes and fluoroalkanes. The
energy loss spectrum measured at a scattering angle o f 60° and using 4 eV incident
electrons is shown in figure 5.14. The present energy resolution o f 30 - 40 meV is not
sufficient to resolve the individual modes, and thus only one broad peak is observed.
The peak is considered to correspond to the composite CF 3 stretching and deformation
modes (table 5.1).

The vibrational excitation function for the 0.14 eV energy-loss peak (mainly the CF 3
stretching modes) is shown in figure 5.15 as a function o f the impact energy from 1.5 to
16.5 eV and for a scattering angle o f 60°. Below 3 eV the DCS rises sharply. At higher
energies, a broad peak centred around 5.1 eV, a shoulder between 7.5 and 8.5 eV, and a
long tail up to 12 eV are observed. These overlapping features provide evidence for the
presence o f shape resonances. On the basis o f the ab initio self-consistent-field
calculations o f Underwood-Lemons et al. [1994], the resonances are associated with the
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composite symmetry o f the C~F a* (Ai) and C -I tc* (E) molecular orbitals. Similar
features observed in the vibrational excitation function o f the 0.14 eV energy-loss peak
of CF3H are also associated with the CF3 stretching modes [Tanaka et al. 1997].

e
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AE = 0 .1 4 eV
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-0.1
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E n ergy L oss (eV )

Figure 5.14:

Electron energy loss spectrum for vibrational excitations o f CF3I at an
incident energy o f 4 eV and a scattering angle of 60°

The present results do not reveal any enhancement in the vibrational cross section at 3 .8
eV, the energy at which maxima in F ', CF3% and FT yields are reported in the
dissociative electron attachment processes (DEA) by Oster et al. [1993]. The authors
attribute the processes to core excited resonances comprising the ground-state positive
ion with two electrons excited to unfilled orbitals. Another possible candidate for the
transition is the promotion o f a 5p electron located principally on the iodine atom to the
localized C -I a* (Ai) MO. This suggests that the decay channels o f the temporary
negative ion processes labelled (1) and (2) in section 5.4.1 are non-overlapping.
Therefore, by changing the mean energy o f a plasma discharge the relative yields o f
anions to excited vibrational species may be tuned in accord with the requirements of
the etching process.
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Figure 5.15: Vibrational excitation function o f the energy loss (0.14 eV) due to the
composite stretching and deformation modes of CF 3I at a scattering angle of 60° over
the incident energy range; 1.5 to 17 eV

5.5

Summary

The spectrum measured at the ASTRID facility represents the highest resolution VUV
photoabsorption result available in the literature. The ns series proposed in the previous
photoabsorption study [Sutcliffe and Walsh 1961] are confirmed and extended on the
basis of quantum defect calculations and the recognition of new vibrational series. The
present assignments suggest the adiabatic ionisation energies associated with the ^£3/2
and ^£'1/2 to be 10.28 eV and 11.02 eV, respectively. These values correspond to a spinorbit energy splitting of the HOMO of 0.74 eV, very close to that reported by Cvitas et
al. [1978]. However, the disagreement between the various ionisation energies given in
the literature means that new photoelectron and / or photo-ionisation experiments are
necessary to confirm the assignments proposed in the high-energy part o f the
photoabsorption spectrum and to extend the identified Rydberg series.

Comparisons between the CF3I ASTRID photoabsorption spectrum and those of CF3CI,
CF3Br, CH3CI, and CH3I suggest that the lower energy Rydberg excited states of CF3I
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maintain approximate Csv symmetry. In particular, the vibrational structure associated
with the 6s and 7s (^£’3/2) transitions are made up o f features o f intensity comparable to
that o f the uoo peaks and can be attributed entirely to the activation o f symmetric modes.
These are characteristics associated with the molecule having similar geometry in the
excited state to that in the ground state.

The photoabsorption spectrum measured at the ASTRID facility also provides clear
evidence for the pre-dissociative nature o f Rydberg transitions. The most conspicuous
continuum associated with pre-dissociation coincides with the C band, beginning at the
6s (^£ 1/2) Uoo transition. Following the calculations o f Taatjes et al. [1993], the singlet to
singlet o —►a* transition is expected to lie within this band. Accordingly, dissociation is
considered to be due to relaxation o f an electron from the 6s orbital into the singlet a*
C - I repulsive state. Therefore, as a mechanism for the creation o f CF3 radicals, C band

transitions may play a significant role in the application o f CF3I to Si02 etching.

To our knowledge, the present fixed impact energy and scattering angle EELS
measurements are the first to have been carried out for CF3I. The enhancement o f the A
band observed in the lower incident energy, higher scattering angle results supports the
identification o f the feature as being dominantly associated with singlet to triplet
interactions [Taatjes et al. 1993, Kitajima et al. 2003]. However, no evidence is
observed for the dissociative o

o* singlet to triplet transition calculated to occur at

6.153 eV [Taatjes et al. 1993]. EELS measurements at yet higher scattering angles are
required to search for evidence for this potentially key valence excitation.

The absolute A band photoabsorption cross sections measured at the ASTRID, MSF and
Daresbury facilities and are in fairly good agreement with the previous results [Solomon
et al. 1994, Fahr et al. 1995, Rattigan et al. 1997]. The tropospheric photolysis lifetime
o f the molecule is calculated to o f the order o f hours. Therefore, the present work
confirms that the release o f C F3I at ground level can be considered to have negligible
global warming and ozone depletion impact.

The present low energy electron scattering measurements provide the first results for
elastic scattering and vibrational excitation o f CF3I. Comparisons with C F3H and CF4
indicate that the CF3I iodine atom plays a minor role in the elastic scattering DCS at
higher energies, while its contribution appears to dominate at lower energies. The
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measurements o f the excitation o f composite CF3 stretching modes show broad resonant
enhancements at incident energies between 5 and 9 eV and suggest that significant
anion yields may be present in a plasma reactor using C F3I as a feed gas. Such negative
ions would be expected to be trapped in the bulk plasma and therefore not to take part in
the etching process. However, the formation o f these negative ions must be taken into
account when modelling the processes within plasma reactors. In particular, they may
be expected to reduce the electric charge o f the substrate surface. Further investigations
o f these ion yielding processes are necessary to evaluate the efficiency o f C F3I as an
alternative feed gas for SiOi etching.

The experimental results described in section 5.3 have been published in the

International Journal o f Mass Specrometry under the title VUV and low energy electron
impact study o f the electronic state spectroscopy o f CF3I [Mason et al. 2003].
Additionally, the photoabsorption and EELS data are included in articles published in

Radiation Physics and Chemistry [Limào-Vieira et al. 2003] and in Electron Scattering
from Atoms, Molecules, Nuclei and Bulk Matter [Eden et al. 2003 b\. The present EELS
results are also reported in the publication by Kitaj ima et al. [2003] referred to in
Chapter 4. A further review paper including the C F3B r, CF3CI, CH3CI, CH3I, and CF3I
photoabsorption spectra is currently in preparation.

The results which form the subject o f section 5.4 have been published in the Journal o f

Physics B: Atomic, Molecular, and Optical Physics under the title Low-energy electron
impact elastic and inelastic scatteringfrom CF3I [Kitaj ima et al. 2002].

148

Chapter 6
Electronic Excitation of C2 F4
When dealing with the insane, the best method is to pretend to be sane. Hermann Hesse

6.1 Introduction
Tetrafluorethylene,

also

known

as

TFE,

tetrafluoroethene,

perfluoroethylene,

perfluoroethene, and fluoroplast 4, is an industrial gas with a broad range of
applications, most importantly in the field of technological plasmas. It is formed within
plasma processing cells by electron and photon impact dissociation or thermal
decomposition of C-C4 F8 , a feed gas used for oxide etching [Hayashi et al. 1999,
Goyette et al. 2001]. Furthermore, C2 F4 has attracted considerable interest as an
alternative feed gas for the plasma etching of silicon dioxide as it dissociates readily to
form the etching fragments; CF; and CFz^ [Minton et al. 1989, Samukawa and Mukai
1999]. It has been proposed that by using a combination of CF3 I and C2 F4 in a plasma
reactor, highly efficient and selective Si0 2 etching can be achieved by independently
controlling the etch rate and (CF2 )n polymerization on the sample surface through the
relative concentration of CFa^^^ and CF2 ^^^ fragments [Samukawa et al. 1999]. C2 F4 is
expected to have negligible GWP as it has a short atmospheric lifetime due to reactions
with OH radicals [Acerboni et al. 2001].

Tetrafluoroethylene has been the subject of a number of experimental and theoretical
studies. Winstead and Mckoy [2002] report the theoretical analysis of elastic and
inelastic electron interactions with C2 F4 . Yoshida et al. [2 0 0 2 ] present extensive work
including measurements of partial ionisation cross sections and swarm analysis to
calculate electron impact cross sections and dissociation energetics. Photoelectron
spectra for tetrafluoroethylene have been recorded on a number of occasions [Lake and
Thompson 1970, Brundle et al. 1972, Sell and Kuppermann 1979, Bieri et al. 1981,
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Jarvis et al. 1998]. However, experimental electron scattering data is limited to
relatively low resolution spectra measured by Coggiola et al. [1976]. Similarly, the only
published photoabsorption result comparable with the present spectrum is o f lower
resolution than the present work [Bélanger and Sandorfy 1971].

Reliable spectroscopic data is necessary to evaluate C 2F4 as a potential feed gas for
plasma etching and to better understand its role in current processing systems in which
C-C4F 8 is used. The analysis o f valence and Rydberg states presented in this chapter is
made on the basis o f high-resolution VUV photoabsorption spectra and EELS results
recorded in the fixed impact energy and scattering angle mode of operation (section
3.3.1). The ionic states below 20.85 eV are investigated by He(I) photoelectron
spectroscopy. The vibrational structure observed in the photoelectron bands provides
evidence which assists in the assignment o f Rydberg features in the photoabsorption and
EEL spectra.

6.2 Structure and properties of C2F4

Figure 6.1: Schematic representation o f the structure of C2F 4
C2F4 is planar in the electronic ground state and has symmetry D 2h [Robin, 1975]. The
angles between the two geminal C -F bonds have been found experimentally to be
112.48° [Carlos et al. 1974], close to the tetrahedral angle. The excitation energy and
symmetry of the vibrational modes of the neutral molecular ground state are given in
table 6 . 1 .
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Vibrational mode and symmetry

Description o f motion

Energy in eV

Ui, Ag
V2,Ag

C = C stretching
CF2 s-stretching

0.232
0.096
0.049
0.024
0.166
0.068
0.050
0.063
0.166
0.027
0.147
0.069

1)3, Ag

1)4, Au
) , B ig

CF2 scissor
CF2 twisting

1)6, B ig

CF2 a-stretching
CF2 rocking

1)7, B iu

CF2 wagging

1)8, B2g

CF2 wagging
CF2 a-stretching

1 5

1 )9 , B 2 u
DlO, B2u
Dll, Bsu
D12, Bgu

CF2 rocking
CF2 s-stretching
CF2 scissor

Table 6.1: Motions associated with vibrational modes o f excitation o f C 2F 4 in the
neutral ground state [Shimanouchi 1972]
The highest occupied molecular orbital (HOMO) in the neutral ground state is identified
as being o f C=C n bonding character [Lake and Thompson 1970]. The LUMO is the
conjugate 71* C=C anti-bonding orbital [Yoshida et al. 2002]. Brundle et al. [1972] draw
attention to the fact that substitution o f hydrogen atoms with fluorine atoms in
hydrocarbons does not affect the ionisation energies from n orbitals but increases those
from c orbitals. This a orbital stabilisation is known as the perfluoro- effect and is
observed clearly in the comparison o f the photoelectron spectrum o f C 2F 4 with that o f
C2H 4 [Brundle et al. 1972]. Chiu et al. [1979] comment that the stabilising inductive
effect on the occupied n orbitals caused by the substitution o f hydrogen atoms with
fluorine is expected to be countered by the destabilising resonance interactions between
the fluorine p% orbitals and the ethylenic n orbitals. However, no such interactions
undermine the stabilising inductive effect on the a orbitals.

6.3 Experimental
He(I) (21.22 eV) photoelectron spectra o f C2F4 were measured at the University o f
Liège in steps o f 1 meV from 9.74 to 20.85 eV. The apparatus and experimental
technique are described in section 3.4.

The present EEL results were taken at Sofia University, Tokyo. The machine was
operated in the fixed impact energy and scattering angle mode and the experimental
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arrangement and procedure are described in section 3.3. Spectra were recorded at
incident electron energies o f 100 and 30 eV, for scattering angles o f 5° and 15°,
respectively. The scattered electron intensity was measured in steps o f 20 meV from 3.0
to 15.7 eV. A third spectrum was recorded at an incident energy o f 30 eV with scattered
electrons collected at 30° over the energy loss range 3.0 - 8.8 eV. At angles larger than
30°, the scattered electron intensity was found to be very weak.

The high-resolution photoabsorption spectrum o f C 2F 4 was measured at the ASTRID
facility. University o f Aarhus, Denmark in the energy range; 3.76 to 11.27 eV The
experimental apparatus and procedure are described in section 3.2.3. The gas pressures
used are summarised in table 6.2. Those parts o f the measured spectrum close to the
energy cut-off points are considered to be unreliable so the data is only analysed from
3.90 to 10.78 eV.

W avelength
in nm
1 1 0 -2 3 0
1 1 3 -1 2 3 .5
1 1 8 -1 2 4
1 1 3 -1 3 4
1 3 3 -1 5 4
1 5 3 -1 6 4
163 - 194
193 - 204
2 0 3 -2 1 4
220 - 330

W avelength
steps in nm
1

0.05
0.025
0.1
0.1
0.1
0.1
0.1
0.1
1

Incident energy
in eV
11.271 -5 .3 9 1
10.9 7 2 -1 0 .0 3 9
1 0 .5 0 7 -9 .9 9 9
1 0 .972-9.253
9 .3 2 2 -8 .0 5 1
8 .1 0 4 -7 .5 6 0
7 .6 0 6 -6 .3 9 1
6.424 - 6.078
6 .1 0 8 -5 .7 9 4
5 .6 3 6 -3 .7 5 7

Sample pressure
in m b ar
0 .1 0 0

0.500
0.500
0.500
0 .1 0 0

0.400
0.500
0.700
1.001

1.300

Table 6.2: The sample pressure used in the measurement o f the photoabsorption cross
section o f C 2F 4 over different ranges o f incident photon energy
The C2F 4 sample used for the photoelectron and photoabsorption experiments was
purchased from ABCR GmbH & Co. KG and is quoted as having a minimum purity o f
99%. There is, however, clear evidence for CO 2 contamination in the photoelectron
spectra. Therefore, a He(I) photoelectron spectrum o f CO 2 was taken to accompany the
present C2F4 results. The CO 2 sample was purchased from L ’Air Liquide Benelux S. A.
and has a minimum purity o f 99.995%.

The sample used for the EEL experiments was purchased from SynQuest Lab and has a
minimum purity o f 99%. For all sets o f data, the gas was introduced without further
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purification or treatment.

6.4 Photoelectron results and discussion
6.4.1 Previous experiments
He(I) photoelectron spectra o f tetrafluoroethylene have been reported by Lake and
Thompson [1970], Brundle et al. [1972], and by Sell and Kuppermann [1979]. Bieri et
al. [1981] report a He(II) (40.8eV) spectrum accompanied by a many body Green
Function calculation. An energy resolution o f 20 meV is quoted by the authors o f each
o f these works apart from Brundle et al. [1972] who claim a resolution o f between 15
and 30 meV. Jarvis et al. [1998] report a threshold photoelectron spectrum for C2F 4
ionised using a synchrotron VUV source. Although the optical resolution is high for the
threshold measurement, the ionisation energies are given to the same precision as in the
He(I) and He(II) works. The papers are generally in good agreement with each other in
terms o f the energy position and structure o f the bands.

6.4.2 The ionic ground state
The first band (band I), corresponding to the ionic electronic ground state o f C2F4, is
shown in figure 6.2. The original spectrum has been treated using the de-convolution
technique first developed by Van Cittert [1931] and improved by Allen and Grimm
[1979].

The band is assigned to ionisation from the weakest bound C=C n orbital [Lake and
Thompson 1970]. This orbital is labelled 2 ^ 3u following the analysis o f Bieri et al.
[1981]. However, it should be noted that Winstead and McKoy [2002] prefer 16]u while
Sell and Kuppermann [1979] give the orbital as &3u Brundle et al. [1972] assign the
band to ionisation from the 2 ^ 2u MO.
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Figure 6.2;
The first photoelectron band o f C 2 F4 , assigned to ionisation from the
least bound C=C k orbital, labelled
by Bieri et al. [1981]. Plots (A) and (B) show
the spectrum before and after de-convolution, respectively.
Band I is observed in the present work to begin at 10.12 eV, consistent with the
adiabatic ionisation potentials measured by Lake and Thompson [1970], Brundle et al.
[1972], and Bieri et al. [1979]. The photo-ionisation work o f Buckley et al. [1995] gives
the first ionisation energy to be 10.114 ± 0.010 eV. The present spectrum shows
markedly clearer definition in the first band’s vibrational structure than in previous
spectra, even before de-convolution is applied. Energy positions and vibrational
assignments o f the observed peaks are given in table 6.3.
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Analysis

P eak energy in eV
10.12
10.17
10.22
10.27
10.33
10.38
10.43
10.48
10.54
10.59
10.64
10.69
10.75
10.80
10.85
10.90
10.95
11.01
11.06
11.10
11.16
11.22
11.27
11.31
11.37
11.43
11.57
11.77

adiabatic ionisation energy
Uoo + U6
Uoo + 1)2
Doo + D11
T)1
UI +U6
Ui +U2
Ui + Uii
2ui, vertical ionisation energy
2Ui + U6
2ui + U2
2ui + U 11
3ui
3ui + U6
3ui + U2
3ui + U ii
4ui
4Ui + U6
4Ui + U2
4ui + U 11
5ui
5ui + U6
5ui + U2
5ui + U 11
6ui
6Ui + U6
7ui
8ui

Uoo,

The Vi (C=C stretching) and V2 (CF2 s-stretching, symmetry
series are assigned in agreement with
previous work [Lake and Thompson 1970, Brundle et al. 1972, Sell and Kuppermann 1979, Jarvis et
al. 1998]. The series attributed in the present work to ug excitation (CF2 rocking) has previously been
assigned to CF2 scissor motion [Brundle et al. 1971, Sell and Kuppermann 1979, Jarvis et al. 1998].
The peaks attributed to Vu excitation (CF2 s-stretching, symmetry B3J are observed for the first time in
the present work.

Table 6.3: Energy positions and vibrational analysis o f features observed in the first
photoelectron band o f C 2F 4, assigned to ionisation from the least bound C=C n orbital,
labelled 2^su by Bieri et al. [1981]
Comparison with the neutral ground state vibrational energy levels shows that the
dominant series o f peaks observed in figure 6.2 can only be consistent with the Ui mode,
C=C stretching o f symmetry Ag (see table 6 . 1). The average energy difference observed
between peaks o f this series is 0.208 eV, compared to 0.232 eV for the neutral ground
state. C=C stretching in this band is identified by Lake and Thompson [1970], Brundle
et al. [1972], Sell and Kuppermann [1979], and by Jarvis et al. [1998]. These works also
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give evidence for V2 motion, CF 2 stretching o f symmetry Ag. The energy required to
excite 1)2 vibration in the neutral molecule is 0.096 eV (table 6.1). We observe features
following each major (ui) peak with an average energy difference o f 0.103 eV. Despite
the apparently large observed activation energy, we also assign the structure to 1)2
motion. Brundle et al. [1972] report that while the least bound n MO is strongly C=C
bonding it is also C -F antibonding. Thus, vibrations involving a change in the internuclear distance between C and F will tend take place at higher energies in the ionic
ground state.

Brundle et al. [1972], Sell and Kuppermann [1979], and Jarvis et al. [1998] report the
presence o f a third vibrational series corresponding to CF2 scissor motion with an
activation energy o f 0.046, 0.050, and 0.046 eV, respectively. As shown in table 6.1, the
neutral ground state excitation energy o f the 03 mode is 0.049 eV. We observe peaks
following the ui series with an average energy difference o f 0.057 eV. The explanation
for higher energy excitation in the first ionic state proposed by Brundle et al. [1972]
would not seem to extend to scissor motion so we propose that these features
correspond to U6 excitation, symmetric CF 2 rocking which occurs at 0.068 eV in the
neutral ground state (table 6 . 1).

A fourth vibrational series is observed in the present work for the first time. The average
energy difference from the peaks o f the ui series is 0.152 eV. The only modes with
comparable activation energies in the neutral ground state are U5 (0.166 eV), Ug (0.166
eV), and Un (0.147 eV), each associated with CF 2 stretching (table 6.1). Following the
argument given above [Brundle et al. 1972], CF2 stretching is expected to be activated
at higher energy in the first photoelectron band than in the neutral ground state.
Therefore, we propose the series to be consistent with excitation o f the u n , CF 2
stretching mode o f symmetry Biu.

A weak feature at 10.06 eV is assigned to a hot band (ue or ug, CF 2 rocking or wagging).
Yoshida et al. [2 0 0 2 ] estimate that about 2 0 % o f C2F4 molecules are vibrationally
excited at 300 K. A further small peak observed at 11.92 eV appears inconsistent with
any C 2F4 vibrational mode and cannot be due to carbon dioxide contamination [Turner
et al. 1970]. The feature remains unassigned.
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6.4.3 Ionic excited states
The energies o f each o f the ionic excited bands evident in the present work are in good
agreement with previous spectra. However, differences in the relative intensity o f the
ionisation bands are observed between the He(I) results o f Lake and Thompson [1970],
Brundle et al. [1972], and Sell and Kupperman [1979]. The present spectrum is
corrected for the variation in the transmission efficiency o f the analyser with electron
energy (section 3.4.2) and shows the fourth, fifth and sixth ionisation bands to be more
intense than measured in the earlier works. Furthermore, we disagree with the previous
assignment [Lake and Thompson 1970, Brundle et al. 1971, Jarvis et al. 1998] o f the
vibrational structure observed in the fourth ionisation band.

Figure 6.3 shows the bands associated with the ionic excited states o f C2F4. The sample
contamination has a significant effect within this wavelength range as it coincides with
the second, third and fourth ionisation bands o f CO2 [Turner et al. 1970]. Therefore, a
carbon

dioxide

result

measured

at

intervals

of 4

meV

accompanies

the

tetrafluoroethylene spectrum in figure 6.3. The energy positions o f the CO2 features
match those reported in the high-resolution work o f Baltzer et al. [1996] to within the
experimental errors. The intensity scales o f the two plots in figure 6.3 are chosen in
order that the height o f the major CO2 peak at 18.08 eV approximates that above the
band V continuum o f the corresponding peak in the C2F4 measurement. In a number o f
cases, vibrational C2F4 features are considered to be partially hidden by the CO2
contamination. Naturally, the assignment o f such features is subject to greater
uncertainty, as is the energy at which they occur. The energy positions o f the observed
features and the corresponding assignments are summarised in table 6.4. The band
maxima are assigned in agreement with the analysis o f Bieri et al. [1981].

157

carbon dioxide

B and

Band

B and

B and

tetrafluoroethylene

B and

3

15

17

16

18

19

20

21

Io n isa tio n en erg y (eV )

Figure 6.3:

C 2 F4 He(l) photoelectron spectrum for excited ionisation bands
accompanied by part o f the CO 2 He(I) spectrum

The diffuse peak at 15 . 6 eV is assigned to the adiabatic ionisation energy o f band II in
agreement with Brundle et al. [1972]. The ionisation is associated with the removal o f
an electron from the 36 3 g o orbital [Bieri et al. 1981]. As observed by Brundle et al.
[1972], the energy difference o f 5.5 eV between the adiabatic IE o f the first (tc)
ionisation band and that of the second (a) is unusually large for C2 F4 ; a good example of
the perfluoro- effect.

The intense third band is considered to be due to the ionisation from four MOs; 4 %
3

/>2 u, 1û?u iff), and l&ig (tt), calculated by Bieri et al. [1981] to occur within a narrow

energy range. The fact that changes o f ordering may occur between very close lying
ionisation energies dissuade us from assigning the shoulder observed at 16.4 eV beyond
proposing it to be due to the vacation o f one of the four orbitals listed above. The same
argument applies to the non-assignment of the shoulder at 16.9 eV in table 6.4. Jarvis et
al. [1998] comment that band III may be associated with the removal of an electron
from the delocalised % levels of the F atoms.
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C 2 F 4 sa m p le

CO,

15.6
15.93
1 6 .4 1)

P r e v io u sly o b se r v e d in
C 2 F 4 p h o to e le c tr o n stu d ie s

G e n e r a lise d
a n a ly s is

15^^

b a n d ll
band
m ax
band

15.93% 15.95**"’% 15.9**'
16.64% 16.60**, 16.63%
166*

16.64
16.9
17.32

17.5

17.46

1 7 .5 0 * , 1 7 .5 1 *

17.52
17.57
17.60

17.57% 17.60**"’% 1 7 .6 *
17.57*

17.66
17.71
17.7

17.74

17.80
17.87

17.87

17.94
18.02
18.08
18.16
18.2
19.20
19.29

19.40

19.5

19.48

19.6

1 9.57

19.6 TO
1 9 .7 ^

b and IV m ax +
C O 2 contribution
b and IV
bandrv

CO2
bandrv

18.45% 1 8 .2 1 * 18.22%
1 8 .2 *
19.19**"’*

19.4

in

CO2
band IV + C O 2
contribution
b and IV
b and IV

3 6 3 g adiabatic
3 &3 g vertica l

19.41% 1 9 .4 6 * 1 9 .4 *
19.41*

unassigned

unassigned
-

36iu adiabatic IP, Uoo
1)6
2 u6

36iu vertical IP, 3u6
4U6
51)6
6

U6

71)6
-

unassigned

CO2
CO2

-

CO2
band V m a x +
C O 2 contribution
band VI
band V I
band V I m ax +
C O 2 contribution
band V I + C O 2
contribution

-

band V I + C O 2
contribution
b and V I
b and VI

IP
IP

4ûtg, 3^2u, lOu (%),
Ibif, (tc) vertica l IP

band IV + C O 2
contribution
b andrv

18.01
18.08 ^
18.15
18.24

in

band U I m ax
b and

17.32

17.6

n

C 2F 4
a ss ig n m e n t

-

162g

W v ertical IP

2 6 3 g adiabatic

IP, Uoo

1)2
2 6 3 g, I 6 3 U W
v ertica l IP, 2%

31)2
41)2
51)2
6 1 )2

A ll energies are given in eV. ^ Indicates that the feature is diffuse and thus its energy position is
subject to greater uncertainty. The energies o f C2 F4 features proposed to coincide with CO2 peaks are
also given to lower precision. Energies o f C2 F4 features are compared to those noted by ^ Lake and
Thompson [ 1970], Brundle et al. [ 1972], ^ Sell and Kuppermann [ 1979], Bieri et al. [ 1981], and ^
Jarvis et al. ]1998]. Ionisation band maxima are assigned in agreement with Bieri et al. ]1981]. The
nü2 series (CF2 stretching) is assigned to band VI in agreement with Lake and Thompson ]1970],
Brundle et al. [1971], and Jarvis et al. [1998]. The band IV nvg series (CF2 rocking) is proposed for
the first time in the present work.

T able 6.4: Energy positions and analysis o f features observed in the higher
photoelectron bands o f C 2F 4
Band IV is assigned to ionisation from the 3^iu a MO [Bieri et al. 1981]. The band has
previously been observed to include a vibrational series attributed to C -F stretching
[Lake and Thompson 1970, Brundle et al. 1971, Jarvis et al. 1998]. Lake and Thompson
[1970] and Brundle et al. [1972] report CF2 scissor motion coupled to each C -F
stretching excitation. The corresponding ground state excitation energies for C -F
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stretching and CF 2 scissor motion are 0.096 and 0.049 eV, respectively (table 6.1). The
average spacing o f the peaks superimposed on the fourth ionisation band in the present
work is 0.049 eV, leading to an excitation energy for a C -F stretching series o f 0.098
eV. Brundle et al. [1972] report that, with the exception o f the orbital associated with
band III, all the o MOs have a small C -F bonding overlap population. Therefore,
following the argument supporting the high excitation energy o f the CF 2 stretching
mode in band I, the U2 excitation energy should be significantly lower in the fourth
ionisation band than in the neutral ground state. The band IV vibrational series is thus
assigned in the present work to ue excitation, symmetric CF 2 rocking. The neutral
ground state excitation energy o f this mode is 0.068 eV. The small peak at 17.94 eV
remains unassigned.

Band V is assigned to ionisation from the 1^2g (tc ) orbital [Bieri et al. 1981] and includes
no evidence for vibrational structure. The sixth band, however, shows a clear series
beginning at 19.20 eV with an average energy difference o f 0.088 eV between peaks.
The structure is assigned to 1)2 excitation, C -F stretching, in agreement with Lake and
Thompson [1970], Brundle et al. [1972], and Jarvis et al. [1998]. Bieri et al. [1981]
propose the band maximum to correspond to the vertical energy for ionisation from the
closely spaced

(a )

and 1^3u

(tc )

orbitals. The adiabatic ionisation energy, and thus

the 1)2 series, is considered to correspond to the 2^3g MO. This assignment is supported
by the fact that the energy difference between C -F stretching peaks is less than 0.096
eV, the neutral ground state excitation energy. As discussed above, C -F stretching is
expected to occur at lower energies in C2F 4^ ionised by promotion o f an electron from a
a

MO rather than from the weakest bound

tc

MO.
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6.5 EELS and photoabsorption results and discussion
6.5.1 Previous experiments
Coggiola et al. [1976] report electron energy loss results with a maximum resolution o f
60 meV for incident electrons o f energy 60 eV and 40 eV, analysed post-interaction at
scattering angles o f 0° and 60°, respectively. The high-energy electron scattering
spectrum was measured over the energy loss range; 6 to 16 eV and the low-energy from
3 to 10 eV. We are not aware o f any other EELS study o f tetrafluoroethylene.

The VUV spectrum has been measured by Bélanger and Sandorfy [1971] from 5.6 to
10.8 eV with a resolution described as moderate. Though not given explicitly, an
indication o f the resolution o f Bélanger and Sandorfy [1971] lies in the fact that
wavelength was selected using a grating o f 1200 lines per mm compared to 2 0 0 0 at the
ASTRID facility (section 3.2.3.2). Comparison o f the two spectra shows the present
work to give clearer peak definition. Furthermore, the present cross section is observed
to be significantly lower than that o f Bélanger and Sandorfy [1971] in the high energy
part o f the spectral range. As far as we are aware, the only other comparable
photoabsorption result for C 2F 4 is that o f Sharpe et al. [1987] measured from 5.9 to 6.7
eV at intervals o f 1 nm (approximately 30 meV over this range).

As discussed in section 6.4.3, the tetrafiuorethylene sample used for the present
spectrum includes a small percentage o f carbon dioxide contaminant. However,
comparison with previous VUV absorption results for CO 2 [Rabalais et al. 1971,
Cossart-Magos et al. 1987] shows that the absorption o f CO 2 is very weak compared to
C 2F 4 in the present energy range. No features observed in the present spectrum are
assigned to CO 2 transitions.

It should be noted that the assignment o f features observed from 7.5 to 10 eV is
complicated by the overlap o f the

c* band, the n —►%*, singlet —►singlet band, and

the energy region associated with Rydberg states.
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6.5.2

V a len ce sta tes

6.5.2.1 The n —> tt* , singlet —> triplet transition

Figure 6.4 shows EEL spectra recorded at various incident energies and scattering
angles at Sophia University, Tokyo. The three results have been scaled to give the same
relative differential oscillator strength (DOS) at 6.65 eV.

(%—%*)
(n—»7t*)

30eV, 30 deg

singlet—*singlet

singlet—►triplet

(30eV, 30 deg) x 15
(7 1 —

30eV, 15 deg

C T*)

lOOeV, 5 deg

0
A
■o

1

8

10

12

14

16

E n erg y L o ss (eV )

Figure 6.4: EEL spectra o f C 2 F4 recorded at Sophia University for different incident
energies and scattering angles
The low-energy transition visible in the 30 eV, 30° plot o f figure 6.4 is assigned to the 71
—>■7t* singlet to triplet antibonding transition in agreement with Coggiola et al. [1976].
The local maximum measured in the present work occurs at 4.79 eV. The 40 eV, 60°
electron scattering result of Coggiola et al. [1976] shows the broad feature from 3.6 to
5.6 eV with a maximum at 4.68 eV and the plot of differential cross section (DCS)
against scattering angle confirms that the excitation is dipole forbidden. The singleexcitation-configuration-interaction (SECI) calculation o f Winstead and Mckoy [2002]
gives the excitation energy of the transition as 4.48 eV.
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The low signal to noise ratio apparent for this electron scattering feature means that
vibrational structure cannot be identified. Due to the antibonding nature o f the excited
state, any such superimposed features are expected to be weak.

As expected for a dipole forbidden excitation, the band intensity is weak for electrons
analysed at 30° compared to the high scattering angle measurement o f Coggiola et al.
[1976]. N o evidence for the band is observed in the present 30 eV, 15° or 100 eV, 5°
spectra. As discussed in section 3.3.1, the latter result can be considered to simulate
photon interaction. N o photoabsorption evidence is found for the n

n* singlet to

triplet band. It could be expected to see a very weak optical contribution from the dipole
forbidden transition at high pressure. However, despite scanning the energy region at a
sample pressure o f 1.3 mbar (close to the maximum that the baratron can measure), no
absorption is observed On the basis o f the measured background noise, w e conclude
that the optical transition must have an absorption cross section o f less than 0.01 Mb.

6.S.2.2 T he tt —> o* tra n sitio n
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Figure 6.5:
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The photoabsorption cross section o f C 2 F4 measured at the ASTRID
synchrotron facility
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Figure 6.5 shows the photon energy range over which non-zero photoabsorption cross
sections are observed. The band extending from 7.3 to 7.9 eV with a maximum of 3.94
Mb at 7.78 eV corresponds to the lowest energy valence excitation identified in the
present work. The diffuse peak is also clearly visible in the 100 eV, 5° and 30 eV, 30°
EEL spectra with a maximum at 7.7 eV and is associated with the n

o*, singlet —»>

singlet transition [Robin 1975]. Coggiola et al. [1976] give the excitation energy of the
band as 7.7 eV. Winstead and Mckoy [2002] calculate the lowest energy dipole allowed
valence transition to occur at 7.74 eV and identify dipole forbidden states labelled l^Bsu
and l^Big at 7.17 and 7.55 eV, respectively. Yoshida et al. [2002] report that states at
energies between the n —* n* transitions contribute to the electron scattering cross
section. These optically forbidden states may be responsible for the slightly higher
relative scattered electron intensity observed in the 30 eV, 30° result than in the 30 eV,
15° spectrum. The argument may be extended to explain the increased intensity o f the
6.1 - 7.4 eV feature as a proportion of the excitation from 8 - 10 eV observed for
electron scattering compared to photoabsorption.
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Figure 6 . 6 :

The C2F 4 photoabsorption cross section from 7.5 to 8.5 eV
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Photoabsorption energy in eV

A ssignm ent

7 57"
7.677
7.778
7.877
7.978
8.077
8.178
8.277

"Uoo

i

t>2

2 u 2, band maximum
3U2
4U 2

1
!
!

5U2

6u2
7u2

The band maximum is given by Coggiola et a l [1976] to be 7 . 7eV. Vibrational analysis is proposedfor
the first time in the present work. ® Indicates that the feature is diffuse and thus its energy position is
subject to greater uncertainty.

Table 6.5:

Energy positions o f vibrational structure associated with the C 2F 4
71 —* a*, singlet singlet transition

Close inspection o f the 71

a* photoabsorption band suggests the presence o f a weak

vibrational series. The relevant structure is shown in figure 6.6 and is considered to be
consistent with excitation o f the U2 mode corresponding to CF2 stretching. Table 6.5
gives the energy positions o f features assigned to the series. The average energy
difference between features is 0.101 eV, slightly higher than 0.096 eV, the excitation
energy observed in the neutral ground state (table 6.1). Brundle et al. [1972] stress that
the weakest bound C=C n bonding MO has a strongly C -F antibonding overlap
population. Therefore, when the orbital is vacated, we expect the carbon-fluorine
interatomic distance to be reduced, causing the activation o f CF 2 stretching to occur at
higher energy. The weak series and the lack o f evidence for C=C vibration suggests that
the molecule may be unstable in this excited state and dissociate to form CF 2 radicals.

6.S.2.3 T he it —►tt* , singlet —» singlet transition

The photoabsorption cross section between 8 and 10 eV is shown in figure 6.7. The
valence band maximum corresponding to the n

n* singlet to singlet transition for

C 2F 4 is reported by Bélanger and Sandorfy [1971] and by Coggiola et al. [1976] to
occur at 8.89 eV and 8.84 eV, respectively. The maximum absorption observed in the
present photoabsorption spectrum is 31.72 Mb and corresponds to the sharp peak at
9.017 eV. The strongest intensity o f scattered electrons in the EEL measurements occurs
at 8.63 eV. The difference in energy corresponding to the peak cross sections is
considered to be due the relative energy resolution o f the results. The SECI calculation
gives 9.71 eV [Winstead and Mckoy 2002], in poor agreement with the present data.
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Figure 6.7:

C2F4 photoabsorption cross section from 8 to 10 eV including mixing of
valence and Rydberg structure

The photoabsorption spectrum shows evidence for a ui, C=C stretching series in the n
—> 71* singlet to singlet band. The energy positions o f assigned features are listed in
table

6 .6

and the average energy difference between v\ peaks is 0.201 eV. Further

vibrations are considered to couple with the di series and are assigned to the U2 (CF 2 sstretching, symmetry Ag), Ug (CF 2 rocking), and Un (CF 2 s-stretching, symmetry Bsu)
modes, with average energy difference between features and the previous ui peak of
0.084, 0.069, and 0.137 eV, respectively. As shown in table 6.1, the corresponding
excitation energies in the neutral ground state are 0.232 eV (ui), 0.096 eV (02), 0.068 eV
(i)6 ), and 0.147 eV (un). C=C stretching can naturally be expected to occur at a lower
energy in the

71*

antibonding state. The low excitation energies observed for CF2

stretching of symmetry Ag and Bgu may be associated with a C -F antibonding
population in the

tc*

MO countering the effect of the vacation o f the

tc

orbital discussed

in section 6 .4.4.2. The Un mode is anti-symmetric and thus would be expected to show
a very weak cross section as a single excitation [Herzberg 1966]. However, 2 quanta
excitation or combination with another mode can increase the probability. It is worth
noting that the observed vibrational excitation energies o f the CF 2 stretching modes
differ from those observed in the ionic ground state (section 6.4.2) significantly and so
are not associated with Rydberg transitions converging to the first ionisation potential.
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Photoabsorption energy in eV

Assignment

8.035
8 10"
8.114
8 16"
8.227
8.299
8.310
8.360
8.421
8 .4 9 "
8.504
8 56*
8.616
8.688
8.706
8.768
8.812
8 .8 8 "
8.901
8.958
9 .0 2 *
9.103
9.157
9.225
9.308
9.364
9.436
9 56"
9.641

DOO
1)00 + 1)6
DOO + 1 ) 2
DOO + D 1I
Dl
D l + 1 )6
1)1 + 1 ) 2
1 ) 1 + 1 )1 1

r

2l)i
2o)i +1)6
2l)l + 1)2
2i)i +1)11
3di
3ui +1)6
3ui + 1)2
31)1 +1)11
4ui
4Ui +1)6
4Di + 1 ) 2
4i)i +1)11
5 u i, band maximum
5Ui + 1)2
5ui +1)11
6ui
6 U i + 1)2

6i)i +1)11
7i)i
7i)i +1)11
8ui

Bélanger and Sandorfy [1971] and Coggiola et al. [1976] observe the band maximum to occur at
8.89eV and 8.84eV, respectively. Vibrational assignments are suggestedfor the first time in the present
work. ^ Indicates that the feature is diffuse and thus its energy position is subject to greater
uncertainty. Features which are considered to be energetically coincident with Rydberg transitions are
marked ^ and are given to less precision.

Table 6 . 6 :

6.5.3

Energy positions o f vibrational structure associated with the C 2F 4
71 71*, singlet
singlet transition

Rydberg transitions

Bélanger and Sandorfy [1971] report three Rydberg series converging to the adiabatic
ionisation energy (10.12 eV), associated with promotion from the least bound C=C

71

MO. The assignments are found to be in close agreement with structure observed in the
present photoabsorption spectrum. Tables 6.7, 6.8 and 6.9 list the energy values o f
features assigned to the «so, npX and wd5 suggested by Bélanger and Sandorfy [1971]
167

accompanied by the relevant quantum defects. Further structure is assigned for the first
time to a Rydberg series o f n&n character, also converging to 10.12 eV. The features
proposed to belong to the nén series are listed in table 6 .10 and shown in figures 6.5 and
6.7. On the basis o f the calculated quantum defects, the w = 6 - 10 peaks o f the m<5
series could equally be assigned to w = 5 - 9 in the «dô series (tables 6 .8 and 6.11).

Photoabsorption
energy in eV

Q uantum
defect

Energy in eV reported by
B élanger and Sandorfy [1971]

6.401
6.574
6.779
7.009
7.22*
8.557
9.253
9.457
9 .5 7 4 ^
9.740 ^
9.840 ^
9.903 ^
9.951

1.09

6.37

-

-

-

-

-

-

-

-

1.05
1.04

8.55
9.27

—

—

1.01
1.02
1.03
1.08
1.03

9.58
9.74
9.84
9.90
9.95

A ssignm ent
3,

Uoo

Ui

2ui
3ui
4ui
4
5 , Uoo
Ui

6
7
8
9
10

The Rydberg series is reported in agreement with Bélanger and Sandorjy [1971], Vibrational
assignments are suggested for the first time in the present work. ® Indicates that the feature is diffuse
and thus its energy position is subject to greater uncertainty. ^ Accompanies peaks which can equally
be assigned to the ndô series (table 6.11).

Table 6.7;

Energy values and quantum defects o f C 2F 4 features assigned to a Rydberg
series o f «sa character, converging to 10.12 eV

Photoabsorption
energy in eV

Q uantum
defect

Energy in eV reported by
B élanger and Sandorfy [1971]

8.014
8 21"
8 .4 1 "
9.017
9.436
9 .6 6 "
9.864
9 .7 9 "

0.46

0.49
0.54
0.56

8.01
8.21
8.41
9.01
9.44
9.66

-

-

Ui

0.58

9.79

7

-

A ssignm ent
3,

Uoo

Ui

2ui
4
5
6, Uoo

The Rydberg series is and the vibrational features at 8.21 and 8.41 eV are reported in agreement with
Bélanger and Sandorfy [1971]. The assignment o f the peak at 9.864 eV to a vibrational excitation is
suggested fo r the first time in the present work. ° Indicates that the feature is diffuse and thus its
energy position is subject to greater uncertainty.

Table 6 . 8 :

Energy values and quantum defects o f C 2F 4 features assigned to a Rydberg
series o f «pX, character, converging to 10.12 eV
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Photoabsorption energy in eV

Quantum defect

8 39"
8 59"

0 .2 0

9.177
9.393
9.604
9.53 "
9.71 u
9.817

0 .2 0

Assignment
3,

Uoo

Ui

-

4,

1

Uoo

Ui

2 ui

-

0 .2 0

5

0.24
0.30

6

7

A ll Rydberg and vibrational assignments are suggestedfor the first time in the present work.
® Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

Table 6.9;

Energy values and quantum defects o f C2 F4 features assigned to a
Rydberg series o f n&ii character, converging to 10.12 eV

The «so, rvçik, nàn, and «dÔ series converging to the first ionisation limit are shown as
an Elden’s plot in figure 6 .8 . The assignments proposed in tables 6.7 - 6.10 are
supported by the linearity o f the points corresponding to each series.

Photoabsorption
energy in eV

Quantum
defect

Energy in eV reported by
Bélanger and Sandorfy [1971]

Assignment

8.640
8.843
9.043
9 .2 7 "
9.486
9.574 ^
9.740
9.840®^
9.903 ^
9.951 ^

-0.03

8.64

3, Uoo
Ui

"

-

—

0 .0 0

9.22

-

—

0.01
0 .0 2

9.60
9.74

0.03
0.08
0.03

-

2 ui

4,

Uoo

Ui

5
6

7

-

8

-

9

The Rydberg series is reported in agreement with Bélanger and Sandorfy [1971]. Vibrational
assignments are suggested fo r the first time in the present work. ° Indicates that the feature is diffuse
and thus its energy position is subject to greater uncertainty. Accompanies peaks which can equally
be assigned to the nsa series (table 6.8).

Table 6.10:

Energy values and quantum defects o f C 2F 4 features assigned to a
Rydberg series o f «dô character, converging to 10.12 eV

Vibrational structure associated with the Ui, C=C stretching mode is identified in each
o f the Rydberg series. The clearest Ui series begins at the 6.401 eV 3 sc transition and is
visible both in the photoabsorption and in the electron scattering spectra. The series
maximum absorption cross section o f 6.357 Mb occurs at 6.574 eV. The average
excitation energies o f ui features assigned to combine with Rydberg transitions in the
series converging to 10.19 eV is 0.203 eV. As would be expected, this energy difference
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is very close to of 0.208 eV, the average separation between intense Oi peaks in the
ionic ground state (see section 6.4.2). Bélanger and Sandorfy [1971] state that
vibrational fine structure dominated by C=C stretching is observed in all the
fluoroethylene Rydberg series and give the energy positions o f features beginning at the
3p i C 2 F4 peak. However, only the first two V\ features are considered to be consistent
with the present photoabsorption result. It should be noted that the peaks observed in the
ASTRID spectrum at 8.244, 8.440, 8.469, 8.737, and 9.694 eV remain unassigned.
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Figure 6.8;

0.2

0.25

0.3

-2

Elden’s plot o f the C2 F4 m o (blue), //p i (purple), ndn (red), and
A/dô (green) series converging to the ionic ground state

Electron energy loss in
eV
lOOeV, 5° 30eV, 15°
12.93
12.93
13.67
13.69
14.79
14.73
15.13
15.37
15.35
-

lOOeV, 5°
Q uantum
defect
0.74
0 35
0.55
1 .0 0

0.75

Energy loss in eV
Coggiola et al.
[1976]
13.3

Assignment

3p i ^ 15.6eV
^ 15.6eV
5so ^ 15.6eV
VP
4sa - 16.6eV
VP
4pi
16.6eV
3d7i

15.0

Indicates that thequantumdefect has beencalculatedusingavertical ionisationpotential. The
energylossvaluesgiveninthefourthcolumnarethosecorrespondingtothepresent assignment. The
3dn, 4saand4pÀassignments aresuggestedfor thefirst timeinthepresent work. Coggiolaet al.
[1976]alsoobservefeaturesat
Table 6.11

Energy values and quantum defects of features assigned to Rydberg
series converging to C2 F4 excited states
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Coggiola et al. [1976] report BEL structure at high energies attributed to Rydberg series
converging to the second ionisation potential, given as 15.93 eV. The present spectra
show peaks occurring at the energies given in table 6.11 with the corresponding
suggested assignments. The transitions are labelled on figure 6.4.

6.5.4

A bsolute ph otoabsorption cross section and atm ospheric lifetim e

The most important error source in the present absolute cross section measurement is
considered to be the contribution to the sample pressure o f the CO 2 contamination
identified in the high energy photoelectron analysis (section 6.4.3). Therefore, it is
expected that the true absorption cross section may be marginally higher than that
recorded in the present work. Comparison with the previous spectra shows the present
cross section to be 30 - 50% higher than that measured by Bélanger and Sandorfy
[1971] and 25 - 30% lower than the result o f Sharpe et al. [1987].

The oscillator strength corresponding to the presently assigned 71 —►c* transition was
calculated by Winstead and Mckoy [2002] to be 0.0545, 9% o f that calculated for the
following optically allowed n

n* transition. The present result leads us to report a

maximum ratio o f 12,5%. The n —*• n* singlet to singlet peak observed in the
photoabsorption result inevitably includes a Rydberg contribution. Therefore, the
present absolute cross sectional data show the relative optical intensity o f the 71 —»• a*
transition compared to the

tc

— *■ tl *

transition to be greater than calculated by Winstead

and M ckoy [2002].

The atmospheric photolysis o f tetrafluoroethylene has been modelled using the program
developed by P. A. Kendall [2003] at University College London (section 1.3.5). The
calculated rates correspond to the photolysis lifetime falling from over one thousand
years in the troposphere to a minimum o f around 200 days close to the stratopause, as
shown in figure 6.9. However, Acerboni et al. [2001] calculated the global and yearly
averaged atmospheric lifetime o f the molecule due to reactions with OH radicals to be
just 1.9 days. Therefore, the present photoabsorption result demonstrates that photolysis
by solar UV radiation plays a minor role in the destruction o f C 2 F 4 in the atmosphere.
An analysis o f the reactions between tetrafluoroethylene and ozone has been carried out
by Toby and Toby [1976]. However, comparison o f the molecule’s lifetime with
atmospheric transport mechanisms indicates that C 2F 4 released at the Earth’s surface
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cannot contribute significantly to the depletion o f the ozon e layer.
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Figure 6.9;

Photolysis lifetime o f atmospheric C2F4 plotted against altitude

Acerboni et al. [ 2 0 0 1 ] conclude that reactions with OH radicals represent the only
effective destruction pathway for C 2 F 4 in the atmosphere. The main product o f C 2 F 4 +
OH reactions has been identified as C F 2 O, a species with an atmospheric lifetime of 5 10

days due to its solubility in water [De Bruyn et al. 1995]. Therefore, we can assume

that both C2F4 itself and the products o f OH reactions with the molecule have low
global warming and ozone depletion potentials. Accordingly, it would seem that C2F4
indeed represents an environmentally friendly alternative to the plasma etching gases
listed in table 1. 1 .
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6.6

Summary

The results presented in this chapter are consistent with the dominant dissociation
pathway being the formation o f CF2 radicals, as required for the use o f C 2F 4 as a feed
gas for Si02 etching. New structure is observed in the photoabsorption and
photoelectron spectra and assignments suggested. The absolute photoabsorption cross
section represents the highest resolution and most reliable VUV spectrum available for
the molecule.

The C2F4 valence bands and the Rydberg transitions below the first ionisation energy
are attributed exclusively to excitation fi’om the least bound C=C n orbital, an
implication o f the perfluoro- effect. Valence transitions are assigned to C=C
antibonding orbitals in agreement with previous work and a Rydberg series o f nd%
character is proposed for the first time. Further features observed in the photoabsorption
and electron energy loss spectra are assigned to vibrational modes coupled to the
observed Rydberg series and valence transitions. Vibrational structure is principally
associated with C=C stretching at markedly lower excitation energy than in the neutral
ground state. In the

tc —»
■71*,

singlet —►singlet excited state and in the ionic ground state,

particularly strong motion is suggested by the identification o f quanta o f CF2 stretching
o f symmetry Ag and Bgu coupled to C=C stretching. However, the intensity o f the
vibrational structure in

tc —> tc * ,

singlet —» singlet excited state is difficult to quantify

due to energy mixing with Rydberg transitions.

The work described in this chapter has been accepted for publication in Journal o f

Chemical Physics under the title Electronic excitation o f tetrafluoroethylene, C2F 4
[Eden et al. 2003 c \
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Atmospheric CH3CI and C H 3I are mainly produced by oceanic emission and biomass
burning [Seinfeld and Pandis 1998, Bell et al. 2002]. In this way, they are unusual
among halomethane gases whose major sources are anthropogenic [Olney et al. 1996].
CH3CI, also known as methyl chloride, chloromethane or monochloromethane, is the

Chapter 7
VUV Photoabsorption by CF2CFCF3
When ideas fail, words come in very handy. Goethe

7.1 Introduction
Hexafluoropropene,

also

known

as

hexafluoropropylene,

perfluoro-1-propene,

perfluoropropene and perfluoropropylene is a colourless and odourless gas produced
commercially

by

temperature-controlled

pyrolysis

of

chlorodifluoromethane

[Siegemund et al. 2002]. The gas is used in the production o f copolymers and has
attracted interest as an environmentally friendly alternative fire suppression agent to
CFgBr [W omeldorf et al. 1995]. Hexafluoropropene is expected to be a good source o f
and

ions and radicals in an industrial plasma. It has therefore been the

subject investigation as a potential feed gas for the plasma etching o f silicon dioxide
[Kim and Yasuda 1997, Fracassi et al. 2002]. The species is considered to have a low
global warming and ozone depleting effect due to its high reactivity with OH radicals in
the lower troposphere [Acerboni et al. 2001, W omeldorf et al. 1995].

However, despite the wide ranging industrial applications o f the molecule, only a few
spectroscopic studies o f hexafluoropropene have been reported. The only previously
published VUV photoabsorption spectrum extends over the limited energy range; 5.9 to
6.7 eV [Sharpe et al. 1987]. To our knowledge, no EELS experiments have been carried
out. However, a number o f works focused on the ionisation and dissociation o f
hexafluoropropene are available and are instructive for the assignment o f absorption
bands [Lifshitz and Long 1965, Harland and Thynne 1972, Lifshitz and Grajower
1972/73, Berman et al. 1981, Nip et al. 1980, Sharpe et al. 1987, Battin-Leclerc et al.
1996, Longfellow et al. 1997 a & b, Rubio et al. 2001]. Jarvis et al. [1998] report
photoelectron-photoion coincidence spectroscopic analysis o f C F2C FC F3 and draw
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comparisons with C2 F4 and C-C4 F8 . Indeed, the expected similarity between the C=C
bonds of hexafluoropropene and tetrafluoroethylene is key to our analysis of the
photoabsorption result.

7.2 Structure and properties of CF2CFCF3

Figure 7.1: Schematic representation of the structure o f hexafluoropropene
Although generally listed as C 3 F6 , hexafluoropropene is represented more accurately as
CF2 CFCF 3 . Two fluorine atoms are each a bonded to a carbon atom which is double
bonded to a second carbon atom. The second carbon atom experiences two further o
bonds; one with a fluorine atom and one with a third carbon atom, itself single bonded
to each of the three remaining fluorine atoms. This structure is shown schematically in
figure 7.1. The weakest bond is suggested by Harland and Thynne [ 1972] to be the C-F
a bond labelled f in figure 7.1. To our knowledge, the electronic ground state
configuration of the molecule has not been identified.

Hexafluoropropene has Cg symmetry. The excitation energy and symmetry of the
vibrational modes of the neutral molecular ground state are given in table 7.1
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Vibrational mode and
symmetry

Description of motion

Energy in eV

C=C s t r e t c h

Dl, A '
D 2, A '

C -F

ro c k

0.223
0.173
0.165
0.150
0.146
0.139
0.129
0.095
0.081
0.076
0.069 X 2
0.064
0.057
0.046
0.045
0.031 X 2

CF2
CF3
CF3

tw is t

0.021

tw is t

0.017

ro c k

0 .0 1 2

C -F

s tr e tc h ,

CF3

D 4,

A'
A'

CF2
C - F s t r e t c h , CF3

D5,

A"

C -F

D6,

Dg,

A'
A'
A'

D9,

A'

D 3,

D7,

asy m

D i4 ,

C -F
C -F

s tre tc h

C-C

s tre tc h

s tre tc h

sy m

asy m

CF3

d e fo rm a tio n

CF2

A'
A"

ro c k

CF2 w a g
CF w a g

A"
A'
A '+ A "

D i5 ,

C-C-C

D i6 ,
D i7 ,

CF3

CF2 d e f o r m a t i o n
CF3 d e f o r m a t i o n

A'
Dll, A '+ A "
D io ,

D i3 ,

s tr e tc h ,

Di9, A "
D 20, A '
D21, A "

d e fo rm a tio n

Table 7.1: Motions associated with vibrational modes of excitation of
hexafluoropropene [Longfellow et al. 1997 a, Rud Nielsen et al. 1952]
The adiabatic ionisation energy of CF2 CFCF3 has been determined by Cullen at al.
[1971/72] and by Freiser and Beauchamp [1974] to be 10.62 eV, corresponding to the
removal of an electron from the n component of the C=C bond [Jarvis et al. 1998]. In
analogy with tetrafluoroethylene and considering the perfluoro- effect [Brundle et al.
1972], the HOMO is considered to be of C=C n bonding character and the LUMO of
C=C 71* character [Hiraoka et al. 2002]. The perfluoro- effect is described briefly in
section 6 .2 .

73 Review of CF2CFCF3 photo-dissociation pathways
The following primary photo-dissociation channels are possible at low energy;

(1)

CF2 CFCF3

( 2)

+ nhv

CF2

+

C FC F3

...

CF3

+

C2F3

(3)

...

CF

+

C2F5

(4)

...

CF

+

CF2

(5)

...

F

+

CF2CF3

(C FC F3 ^

C2F4)

+ CF3
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Sharpe et al. [1987] report CF2 products o f hexafluoropropene photo-dissociation by
incident photons in the range 5.9 to 6.7 eV. Rubio et al. [2001] describe the successful
use o f laser induced fluorescence to detect C F, CF2 and CF3 radicals formed by infrared
multiphoton

dissociation

o f C F2C FC F3

(channels

1,

2,

3,

and

4).

hexafluoropropene infrared multiphoton dissociation studies [Nip et al.

Further
1980,

Longfellow et al. 1997 6 ] show CF2 to be the most easily formed radical, whilst CF3
production is weak. C2F 4 is observed by Longfellow et al. [1997 b\ and associated with
dissociation along the C=C axis accompanied by atomic rearrangement (channel 1). In a
subsequent work, Longfellow et al. [1997 d\ report that photo-dissociation at 193 nm
(6.42 eV) takes place by the fissure o f a C - F bond adjacent to the carbon double bond
(channel 5) as well as by C=C and C-C splitting (channels 1 and 2). Battin-Leclerc et
al. [1996] also present results for C F2C FC F3 photolysis at 193 nm and observe clear
evidence for CF2 and CF3 production.

7.4 Experimental
The present experimental work was carried out at the ASTRID facility. University o f
Aarhus,

Denmark

(section

3.2.3).

The

photoabsorption

cross

section

of

hexafluoropropene was measured in the energy range; 3.76 to 11.27 eV. The gas
pressure used is summarised in table 7.2. The parts o f the spectrum close to the energy
cut-off points are not considered. The final result is analysed from 3.90 to 10.78 eV.

Wavelength
in nm
330 - 220
2 3 0 - 110
2 1 4 -2 0 4
2 0 4 - 183
1 8 4 -1 4 3
1 4 4 -1 1 3

Wavelength
steps in nm
1
1
0.1
0.1
0.1
0.1

Incident energy
in eV
3 .7 5 7 -5 .6 3 6
5.391 - 11.271
5 .7 9 4 -6 .1 0 8
6 .0 7 8 -6 .7 7 5
6 .7 3 8 -8 .6 7 0
8 .6 1 0 -1 0 .9 7 2

Sample pressure
in mbar
0.60
0 .1 0

0.70
0.50
0 .1 0

0.50

Table 7.2: The sample pressure used in the measurement o f the photoabsorption cross
section o f CF2C FC F3 over different ranges o f incident photon energy
The C F2C FC F3 sample was purchased from Aldrich Chemical Company Inc. and has a
minimum purity o f 99%. The gas was introduced to the photoabsorption cell without
further purification or treatment.
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7,5 Results and discussion
35
A b so lu te c r o ss sectio n
Sharpe et al. [1 9 8 7 ]
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Figure 7.2: The photoabsorption cross section o f CF2CFCF3 measured at the ASTRID
synchrotron facility compared with data reported by Sharpe et al. [1987]
7.5.1

V a le n c e ex cita tio n

Figure 7.2 shows the photon energy range over which we observe a non-zero
photoabsorption cross section for CF2CFCF3. No structure above the background noise
level is apparent below 5.95 eV. The low-energy cross section was to estimated
sensitivity of ± 0.01 Mb. Therefore any transition between 5.95 and 3.90 eV must have
a photoabsorption cross section of less than 0.02 Mb. The energies o f features
associated with valence excitation and the corresponding proposed assignments are
listed in table 7.3.

The absorption cross section rises from 5.95 eV to a shoulder centred at 7.01 eV. For
electronic transitions involving the hexafluoropropene carbon double bond, a strong
analogy can be made with tetrafluoroethylene, C2F4. The lowest energy valence
excitation observed in the VUV photoabsorption spectrum of C 2F4 is centred at 7.78 eV
and is associated with the C=C

tt

—> o*, singlet —> singlet transition (section

6 . 5.2.2).

Jarvis et al. [1998] consider that the substitution of one tetrafluoroethylene F atom with
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a CF3 group increases the stability o f the HOMO o f the neutral molecule. This appears
to be inconsistent with the C=C 71 —►o* excitation occurring at markedly lower energy
for C F2C FC F3 than for C2F4. Longfellow et al. [1997 a] observe F atom elimination as a
primary dissociation channel o f hexafluoropropene by flash photolysis at 193 nm (6.42
eV). The authors suggest that the elimination is due to electronic excitation from the
HOMO to a C - F anti-bonding orbital adjacent to the double bond [Longfellow et al.
1997 d\. No structure in the C2F4 spectrum is assigned to excitation to a C - F anti
bonding orbital. The hexafluoropropene C - F bonds on the opposite side o f the C=C
bond to the CF3 group and the C - F {f) bond can be expected to show similar
characteristics to the tetrafluoroethylene C - F bonds. Therefore, and considering the
identification o f the C - F (/■) bond as the weakest o f the molecule [Harland and Thynne
1971], it is suggested that the lowest energy feature observed in the present work
represents an excitation from the C=C 71 orbital to the C - F {f) a* orbital.

Photoabsorption
energy in eV
5 .9 5 "
7 .0 ^
8.26
8.452
8.652
8.850
9.050
9 .^
9 .4 6 "
9 .6 6 "
9 .8 6 " “
10 .0 5 “
10.24 “
10.428
10.62"

Valence assignment
C=C 71 —> C -F (/■) 0 *: threshold
C=C 71 —►C -F if) G*: maximum
C=C 71 C=C a* : maximum
C=C 7c —> C=C 71* : threshold
-

-

—

-

-

-

-

-

-

-

-

-

Vibrational analysis
-

—

-

DoO
Dl
2ui
3ui
4ui
5„,
6ui
7di
8ui
9ui
lOui
llD i
12ui

Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.
Features which are considered to be energetically coincident with Rydberg transitions are marked ^
and are given to lower precision.
^

Table 7.3:

Energy positions o f valence and vibrational structure associated with

C F2C FC F3 electronic excitations from the C=C 7t bonding orbital
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Continuing the analogy with C 2 F4 , the CF2 CFCF 3 shoulder centred at 7.5 eV is
proposed to correspond to the C=C

tt

^

a* excitation. No structure associated with

vibrational series coupled either to the C=C n

C-F (f) a* or C=C

71

^ o* excitations

is observed. This suggests that these excited states are strongly dissociative.

The threshold of the tetrafluoroethylene C=C

tc

tc *

singlet to singlet transition is

considered to occur at 8.035 eV (section 6 .5.2.3). Analogously, the shoulder at 8.26 eV
in the hexaflouropropene spectrum is assigned to the threshold of the C=C

tc — > t c *

transition. For both molecules, clear evidence is observed for C=C stretching coupled to
the C=C

TC

^

TC*

excitation The average energy difference between features considered

to belong to the CF 2 CFCF 3 series is 0.197 eV, As shown in table 7.1, the neutral ground
state excitation energy for C=C symmetric stretching is 0.223 eV (table 7.1), while all
other modes are activated at energies below 0.173 eV. It is to be expected that C=C
stretching is activated at lower energy for hexafluoropropene in the C=C

tc *

excited

state than in the neutral ground state as the promotion to the anti-bonding orbital must
significantly weaken the bond. The features to the C=C stretching series is shown in
detail in figure 7.3.

Absolute cross section
30
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— 10.62eV

O
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9.4
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9.8
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10.2

10.4

10.6

10.8

11.0

E n ergy (eV )

Figure 7.3:
Detail of the high energy part o f the spectral range showing CF2CFCF3
structure assigned to C=C stretching vibrational excitation and Rydberg transitions
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7.5.2

Rydberg excitation

Consistent with the HOMO stabilisation proposed by Jarvis et al. [1998], Rydberg
transitions

are

observed

at

higher

energies

for

hexafluoropropene

than

for

tetrafluoroethylene (section 6.5.3). The structure associated with Rydberg transitions is
shown in figures 7.2 and 7.3. Assignment o f CF 2CFCF 3 features is complicated by the
overlap o f valence and Rydberg structure.

The lowest energy feature attributed in the present work to a Rydberg excitation occurs
at 7.5 eV, energetically coincident with the valence excitation; C=C n —* c*. This
feature is assigned to the w = 3 transition o f the ns series converging to 10.62 eV, the
first ionisation energy [Cullen at al. 1971/72, Freiser and Beauchamp 1974] associated
with the removal o f an electron from the C=C n bonding orbital. The energies o f the
transitions assigned to this series are given with the corresponding quantum defects in
table 7.4.

Photoabsorption energy in eV

Quantum defect

Assignment

7%5"v

3s
4s
5s
6s
7s

9.184

0.9
0.92

977V

1.00

10.09
10 24^

0.93
1.02

^ indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

Features which are considered to be energetically coincident with valence transitions or vibrational
excitations are marked ^ and are given to lower precision.

Table 7.4:

Energy values and quantum defects o f C F2C FC F3 features assigned to a
Rydberg series o f ns character, converging to 10.62 eV

The maximum absorption cross section in the present range is 30.90 Mb and occurs at
8.004 eV. This peak is associated with the Rydberg transition 3p%. The features
proposed to belong to Hp%, npy, and nd series converging to 10.62 eV are listed in tables
7.5 and 7.6.
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Photoabsorption energy in eV

Q u an tu m defect

A ssignm ent

7.827
9.31 V
9 86"v

0.79
0.78
0.77

3pv

4pv

8.004
9.386
9.582
9 77*
9.966
9.887
10.09*
10.281

0.72
0.68

3px
4px, Doo

-

-

-

0.69

5pv

D|

2\)i
3ui
5px, Doo

-

Dl

-

2i)i

^ indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

Features which are considered to be energetically coincident with valence transitions or vibrational
excitations are marked ^ and are given to lower precision. ^ Indicates that the feature is proposed to
coincide energetically with another Rydberg excitation.

Table 7.5:

Energy values and quantum defects o f C F2C FC F3 features assigned to
Rydberg series o f «p character, converging to 10.62 eV

Evidence is observed for C=C stretching coupled to «px and nà. Rydberg transitions. The
average energy o f vibrational excitation is 0.197 eV, equal to those coupled with the
valence excitation C=C n

n*. Significantly, Jarvis et al. [1998] and Freiser et al.

[1974] report C=C stretching to occur in the first photoelectron band o f C F2C FC F3
activated at 0.200 and 0.198 eV, respectively. The low C=C stretching excitation energy
in Rydberg states belonging to series converging to 10.62 eV and in the ionic ground
state can be explained by the bond being weakened when the 71 orbital is vacated.

Photoabsorption energy in eV

Q u antum defect

A ssignm ent

8.907
9.110
9.31 *
9.508
9.694
10.05

0.18

3d, 0)00

-

Dl

-

2o)i
3o)i
4d
5d

-

0.17
0.12

Features which are considered to be energetically coincident with valence transitions or vibrational
excitations are marked ^ and are given to lower precision. ^ Indicates that the feature is proposed to
coincide energetically with another Rydberg excitation.

Table 7.6:

Energy values and quantum defects o f C F2C FC F3 features assigned to a
Rydberg series o f «d character, converging to 10.62 eV
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Figure 7.4 shows an Elden’s plot for the Rydberg series converging to the first
ionisation limit. The assignments proposed in table 7.4 - 7.6 are supported by the
linearity o f the points corresponding to each series.
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Figure 7.4; Elden’s plot showing the ns (blue), npy (red), np^ (green), and nd (purple)
Rydberg series converging to the ionic ground state
The assigned Rydberg structure involves promotion exclusively from the C=C n
HOMO Jarvis et al. [1998] report further ionisation potentials at 14.6 ± 0.2 and 12.4 ±
0.5 eV. Quantum defect calculations using the 14.6 eV ionisation limit show it to be
impossible to observe n = 3 Rydberg features in the present energy range. Conversely,
almost all the features observed above 8.25 eV in the present work can be considered to
be possible candidates for /i = 3 excitations converging to 12.4 eV. The following « = 4
transitions must, however, occur at energies above 10.8 eV. Therefore, the assignment
of a feature to a series converging to 12.4 eV would be largely arbitrary on the basis o f
the present evidence.

It should be noted that while all the other Rydberg assignments are unaffected, that of
the feature at 10.05 eV to the n = 5 transition o f the nd series is dependent upon the
accuracy of 10.62 eV as the first ionisation energy [Cullen at al. 1971/72, Freiser and
Beauchamp 1974]. The adiabatic ionisation energy of hexafluoropropene is given
elsewhere as 10.60 ± 0.03 eV [Berman et al. 1981] and 10.6 ± 0.2 eV [Jarvis et al.
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1998]. Using the ionisation energy 10.60 eV, the relevant quantum defect falls to 0.03,
suggesting that the feature does not belong to the same series as the w = 3 and w = 4
transitions with Ô (IE 10.60 eV) equal to 0.17 and 0.13 eV, respectively.

The weak features observed at 8.98, 9.53, 9.73, 9.93, 10.02, 10.11, 10.16, 10.22, and
10.31 eV remain unassigned. These may be due to the activation o f vibrational modes
other than ui. However, table 7.1 shows us that, with the exception o f symmetric C=C
stretching, the excitation energies o f subsequent modes are typically separated by
around 5 meV. Figure 3.5 shows the resolution to be between 5 and 6 meV over the
energy range o f these weak features. Therefore, assignments to vibrational modes other
than Ui cannot be proposed with any confidence.

7.5.3

Absolute absorption cross section and atmospheric lifetime

Direct comparison o f the present absolute absorption cross section can only be made
with the spectrum o f Sharpe et al. [1987]. As shown in figure 7.2, while the previous
work shows slightly stronger absorption, the two sets o f data differ by a maximum o f
15%. Sharpe et al. [1987] do not specify the absolute cross sectional error limits in their
work.

Due to reactions with the OH radical, the global yearly averaged atmospheric lifetime o f
hexafluoropropene has been calculated to be around 6 days [Acerboni et al. 2001].
Using this result and the infrared absorption cross section at 298 K, the global warming
potential o f the molecule relative to CO 2 is estimated to be 0.25 over a time scale o f 100
years [Acerboni et al. 2001]. This is negligible compared to the GWP o f the traditional
feed gases for SiO: etching (table 1.1). W omeldorf et al. [1995] give the atmospheric
lifetime o f hexafluoropropene as less than one year and the ozone depletion potential as
zero. Acerboni et al. [2 0 0 1 ] report the reaction rate o f C F2C FC F3 with ozone to be very
slow at (6.2 ± 1.5) X 10'^^ cm^molecules'^s'V

The atmospheric photolysis o f hexafluoropropene has been modelled using the program
developed by P. A. Kendall [2003] at University College London (section 1.3.5). The
calculated photolysis rates correspond to the stratospheric residence time falling from
above one year at lower altitudes to less than 10 days above 40 km, as shown in figure
7.5. Therefore, the present photoabsorption result suggests that photolysis by solar UV
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radiation may play a significant role in the destruction o f CF2CFCF3 in the high
stratosphere However, this is considered to have minimal effect on the averaged
atmospheric lifetime and GWP of hexafluoropropene released at ground level because
the previously calculated reaction rates with OH radicals in the troposphere are fast
compared to global transport mechanisms [Mcllroy and Tully 1993, Orkin et al. 1997,
Tokuhashi et al. 2000, Mashino et al. 2000, Acerboni et al. 2001]. The products of
CF2CFCF3 - OH reactions have been identified as CF2O and C F3C FO . Due to their

solubility in water, both of these molecules have atmospheric lifetimes o f less than 10
days and therefore minimal global warming and ozone depletion potentials [De Bruyn et
al. 1995].
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Calculated photolysis lifetime of atmospheric hexafluoropropene plotted
against altitude

However, although the gas itself and its atmospheric products appear to be
environmentally benign, thorough work is necessary to evaluate the concentration o f
other species in the exhaust from hexafluoropropene plasma reactors. In particular,
CF2CFCF3 has been reported to be a source for C2F6 [Nip et al. 1980, Longfellow et al.

1997 b \ The GWP o f C 2 F6 over 100 years is 12,000 times greater than that o f CO 2
(table 1.1).
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7.6 CF2CFCF3 as a source of CF2 and CF3 radicals
7.6.1 Comparisons with C2 F4
To stress the similarities in the assigned valence structure for C F2C FC F3 and C2F4
would be spurious considering that a great deal o f the C F2C FC F3 photoabsorption
analysis was carried out by assuming close analogy with the C2F4 C=C bond. However,
a number o f comments should be made which are not dependent upon the specific
valence transition assignments.

Evidence for C=C stretching series is apparent for both molecules at energies coinciding
with valence and Rydberg structure. This suggests that hexafluoropropene may be
vulnerable to dissociation along the C=C axis. However, no clear evidence for other
modes o f vibrational excitation is observed for CF2C FC F3. In the case o f C2F4, CF2
motion is considered to couple to quanta o f C=C stretching (Chapter 5). It would seem
plausible that the asymmetry o f hexafluoropropene across the C=C axis restricts any
analogous coupling o f vibrational modes.

The C F2C FC F3 Rydberg series begin at higher energies than those observed for C2F4.
This supports the suggestion that the CF3 group acts to stabilise the hexafluoropropene
HOMO [Jarvis et al.

1998],

reflected in the higher adiabatic IE o f C F2C FC F3. As a

consequence, higher energy is required to promote an electron from the C=C n bonding
orbital. Therefore, in a plasma reactor environment, dissociation along the C=C axis via
electronic excitation from the HOMO is expected to occur less readily for C F2C FC F3
than for C2F4.

Returning to the analogy with C2F4, we would expect a singlet

triplet (optically

forbidden) C F2C FC F3 C=C ti —►ti* excitation to occur with an excitation energy
slightly higher than observed for C 2F 4 but nonetheless lower than that required for C=C

Tz —»■C - F (/■) G* promotion. Such a C F2C FC F3 transition would thus be centred between
5 and 6 eV. Naturally, the presence o f an optically forbidden excitation to a C=C
repulsive state at low energy would increase the probability o f dissociation along the
C=C axis as opposed to along the C - F (f) axis in an industrial plasma. EELS
experiments using electrons with low incident energy analysed at wide scattering angles
are necessary to investigate C F2C FC F3 optically forbidden electronic excitations.
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As a potential feed gas for SiOi etching, we would not expect hexafluoropropene to be
as effective as tetrafluoroethylene. Notwithstanding the HOMO stabilisation and the
suggested F elimination channel, we should not forget that primary dissociation along
the C=C axis produces two CF2 radical fragments for C2F4 but only one for C F2C FC F3.
Naturally, secondary and tertiary dissociation mechanisms which may produce further
CF2 radicals have lower probabilities. Sharpe et al. [1987] and Battin-Leclerc et al.
[1996] observe higher production o f CF2 by photolysis o f C2F4 than C F2C FC F3.
Samukawa and Mukai [1999] report that the density o f CF 2 radicals is around 40%
higher in a C2F4 ultra-high frequency plasma than in the C F2C FC F3 equivalent despite
the electron temperature being higher for C F2C FC F3. Tellingly, although qualifying that
results will vary according to the specific plasma etching conditions, Fracassi et al.
[2002] report the performance o f C F2C FC F3 mixed with O 2 to be poor compared to
traditional gas chemistries.

As an aside, it is worth noting that interactions with hexafluoropropene can also have
implications in modelling C 2F 4 industrial plasma sources as CF2 radicals may
recombine with C2F4 to form small concentrations o f C F2C FC F3 [Battin-Leclerc et al.
1996]. However, direct evidence for this reaction has not been reported.

7.6.2 Comparisons with C F 3 I
No evidence to suggest that C F2CFCF3 would be a strong source o f CF3^^^ radicals and
ions in a plasma processing environment is observed in the present work. C=C fissure
has been previously shown to form CF2 and C2F4, neither o f which are sources o f CF3.
Dissociation along the C - F (f) axis is not expected to be followed by swiff break up o f
C3F5 [Longfellow et al. 1997

d\. Previous studies show that only small quantities o f CF3

are produced by photo-dissociation [Sharpe et al. 1987, Longfellow et al. 1997 b\.
Therefore, while stressing that further investigation into the electron impact dissociation
channels is necessary, it is clear that C F2C FC F3 would be a less effective source o f CF3
than C F3I for plasma etching.
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7.7

Summary

The present result represents the first complete photoabsorption spectrum o f
hexafluoropropene in the range 10.8 to 3.9 eV to be reported. Assignments are
suggested for the observed structure based upon analogies with C2F 4 and upon the
dissociation channels observed for hexafluoropropene in previous studies. However,
theoretical analysis o f the electronic ground state o f the molecule is necessary to
confirm the proposed valence assignments. Clear evidence is observed for excitation o f
the C=C stretching vibrational mode. Atmospheric photolysis is modelled and found to
be slow in comparison with previously reported C F2C FC F3 reaction rates with OH
radicals.

The work described in this chapter has been published in Chemical Physics Letters
under the title VUVphotoabsorption by hexafluoropropene [Eden et al. 2003 d\.
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Chapter 8
Conclusions and Future Work
/ hcxve the true feeling o f myself only when I am unbearably unhappy. Franz Kafka

8.1

Conclusions

8.1.1 An overview
The experiments presented in this thesis provide key evidence to understand some o f the
processes that occur within industrial plasmas including proportions o f CF3I, C2F4, or
CF2CFCF3. However, they do not give a definitive answer to the question; do these

species represent viable alternatives to the environmentally-unffiendly P F C feed gases
currently used for silicon dioxide etching? To fully assess the potential o f the molecules
for this application, a far wider body o f data is required including theoretical and
experimental studies o f the active CF 3^^^ and CF 2^^^ species. Our most significant results
relate to how these ions and radicals are formed in the bulk plasma.

The present atmospheric photolysis calculations add to the body o f evidence suggesting
that CF3I, C2F4, and C F2C FC F3 are environmentally benign. There is clearly value in
the reassessment o f the global warming and ozone depleting effects o f molecules which
are proposed for large-scale industrial use. Furthermore, although it was already
predicted that photolysis would play a minor role in the removal o f C2F4 and C F2C FC F3
from the atmosphere, our work provides the first estimations for the processes.

That CF3I and C2F4 can be effective sources o f CF3^^^ and CF2^^^ ions and radicals in a
plasma reactor has been demonstrated by Samukawa [2000]. The most valuable
contributions of our work thus lie in the potential application o f the results to the
modelling o f plasma etching processes. A detailed understanding o f the various ways in
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which electrons can interact with the feed gas molecules is essential to achieve accurate
simulations. Particularly important are the dissociation pathways.

In the case o f CF 3I, we report the first electron scattering evidence for the dominantly
singlet to triplet nature o f the lowest energy electronic excitation; that from the HOMO
localised on the iodine lone pair to the repulsive C -I o* LUMO. The high-resolution
photoabsorption spectra recorded at the ASTRID facility provide evidence for C -I predissociative Rydberg excitation and for vibrational series which have never previously
been identified. Comparisons with the structure observed in equivalent bands o f similar
Csv halides suggest that CF 3I maintains its ground state symmetry in the low-energy
Rydberg excited states. As well as being interesting from a fundamental point o f view,
this may have significant consequences for possible dissociative processes involving
CF3I* in an industrial plasma. The low-energy electron scattering results provide clear
evidence for the formation o f temporary negative ions, suggesting a possible decay
mechanism for dissociation along the C -I axis. Furthermore, the formation o f negative
ions in the bulk plasma will affect the free electron density and the potential difference
between the discharge and the substrate. These are key parameters in any plasma
etching simulation.

The high-resolution EEL and photoabsorption spectra o f C2F4 provide new evidence for
the previously suggested dissociative C=C 71

o* transition. Furthermore, we have

been able to identify the uoo peak o f the C=C n

n* transition and propose a coupled

vibrational series for the first time. The new vibrational structure observed in the ionic
ground state provides evidence to distinguish vibrational structure associated with
valence and Rydberg states as well as furthering the understanding o f the excitation
processes in the bulk plasma. The analysis o f the spectra reported in the present work is
consistent with the dominant dissociation pathway being along the C=C bond as
required to form CF2^^^ ions and radicals.

Analogies with C 2F 4 have proved useful in the analysis o f the photoabsorption spectrum
o f C F2C FC F3, another potential environmentally friendly feed gas for Si0 2 etching. The
relatively high energy o f the onset o f (pre-dissociative) Rydberg excitations in the
spectrum o f C F2C FC F3 compared to C2F4 suggests an increased stability in the C=C n
MO due to the CF3 group. Therefore, we expect C F2C FC F3 to be less effective than
C2F 4 as a source o f CF 2^^^ ions and radicals for plasma etching.
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8.1.2

Summary of conclusions from Chapters 4 - 7

Chapter 4: VUV Photoabsorption by CF3CI, CFsBr, CH3CI, and CH3I
• The present results represent the highest resolution VUV photoabsorption spectra o f
CF3CI, CFsBr, and CH3CI yet reported.
• The most reliable absolute photoabsorption cross sections available for CF3CI,
CF3Br, CH3CI, and CH3I at energies above the A band are reported.
• The 0 —^0* transition o f CF3Br is assigned for the first time and includes vibrational
series associated Avith the activation o f symmetric modes.
• A diffuse CF3Br feature observed for the first time and assigned to a transition to a 5s
Rydberg state provides evidence for spin-orbit energy splitting o f the HOMO.
• The first photoabsorption evidence for the full extent o f the CF3CI A band is
reported.
• The lowest energy Rydberg peaks and the associated band structure observed in the
spectrum o f CH3CI are superimposed upon broad features attributed to pre
dissociation along the C-Cl axis.
• Clear evidence is observed for energy splitting due to spin orbit coupling in the
Rydberg series o f CH3CI and CH3I and for Jahn-Teller symmetry distortions.
• Comparisons between the spectroscopy o f CF3CI, CF3Br, CH3CI and CH3I suggest
that the CF3 group may have a stabilising effect on the HOMO (centred on the
chlorine, bromine, or iodine lone pair, respectively), that it may serve to maintain the
approximate ground state geometry and symmetry o f the molecule in low-lying
Rydberg states, and that it may repress A band singlet to singlet transitions.
• Comparisons with previous work suggest that the estimations o f photolysis lifetimes
generated by the UCL model are most reliable at altitudes above 15 km.

Chapter 5: Electron and Photon Interactions with CF3 I
• The ASTRID result represents the highest resolution CF3I VUV photoabsorption
spectrum available in the literature as well as the first absolute cross section
measurement for energies above the A band.
• The photoabsorption spectra measured at the Daresbury Laboratory and at the MSF
are in good agreement with the ASTRID absolute cross sections.
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• The first fixed impact energy EEL spectra for CF3I are reported, demonstrating that
the A band is dominantly due to optically forbidden transitions.
• The energy position o f the A band maximum is observed to vary according to
electron scattering angle, suggesting that the broad feature represents a superposition
o f at least two transitions.
• The previously assigned ns Rydberg series are extended to higher energies.
• The assigned Rydberg peaks are consistent with the adiabatic ionisation energies for
the removal o f an electron from the HOMO (split due to spin-orbit coupling) being
10.28 and 11.02 eV.
• New vibrational series are recognised and assigned exclusively to the activation o f
symmetric modes.
• The continuous feature coinciding energetically with the band structure associated
with the n ^ 6 s ^E m ) transition is assigned to pre-dissociation along the C -I axis.
• Evidence is observed that low-lying Rydberg states maintain approximate Csv
symmetry. Comparisons with CF3CI, C F3B r, CH3CI and C H 3I suggest that this effect
may be attributed to the influence o f the F3 group, as proposed in Chapter 4.
• The photolysis calculations made using the UCL model and the ASTRID
photoabsorption data give the maximum atmospheric lifetime o f C F3I as

9 hours,

in

good agreement with the previous work. This result confirms that the global warming
and ozone depleting effects o f CF3I released at ground level are negligible.
• The first experimental measurements o f the DCS for elastic scattering o f electrons
from C F3I are reported.
• The C F3I iodine atom appears to have a minor effect on the elastic scattering DCS at
higher energies, while its contribution dominates at lower energies.
• The inelastic electron scattering measurements o f the excitation o f composite CF3
stretching modes show broad resonant enhancements at incident energies between 5
and 9 eV and suggest that significant anion yields may be present in a plasma reactor
using C F3I as a feed gas.

C hap ter

6

: E lectronic E xcitation o f C 2 F 4

• A new vibrational series is clearly identified in the first photoelectron band o f C2F4
and assigned to activation o f the u n mode, CF 2 stretching o f symmetry 8 3 ».
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• Particularly strong vibrational motion in the ionic ground state is suggested by the
coupling o f CF 2 stretching to C=C stretching.
• The present photoabsorption and EEL spectra represent the highest resolution C2F4
results o f their kind to have been reported.
• New evidence is observed for the previously suggested dissociative C=C 71 —> a*
transition and associated vibrational structure is reported for the first time.
• The Uoo peak o f the C=C n

n* transition and an extended vibrational series are

identified.
• A Rydberg series o f ndn character is observed for the first time.
• The atmospheric photolysis o f C 2F 4 is modelled and found to be slow in comparison
with the previously reported reaction rates with OH radicals.

Chapter 7 :

V U V

Photoabsorption by C F 2 C F C F 3

• The present result represents the first full photoabsorption spectrum in the energy
range; 3.9 to 10.8 eV.
• Assignments for valence and Rydberg transitions are proposed partially on the basis
o f similarities with the structure and spectroscopy o f C2F4.
• Features are assigned exclusively to promotion from the C=C n HOMO.
• The lowest energy observed feature is attributed to excitation to a C -F a* orbital.
• C=C stretching series are identified following the C=C tc —> tt* excitation and several
Rydberg transitions.
• The atmospheric photolysis o f C F2C FC F3 is modelled for the first time and found to
be slow in comparison with previously reported reaction rates with OH radicals.

8.2

Future work

8.2.1

Experiments and theoretical work to clarify the present analysis

Inform ation related to

C F3I

Precise measurements o f the adiabatic ionisation energies associated with the spinorbit split ionic ground state are required to confirm the present Rydberg
assignments. These could be provided by photoelectron experiments.
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• Further EELS measurements at high scattering angles are necessary to search for the
0 - ^ 0 * singlet to triplet transition around 6.15 eV
• Elastic scatting DCS measurements of CH3I would be instructive to confirm the role
of the iodine atom suggested in the present work.

Information related to C2 F4
• EELS experiments at scattering angles greater than 30° are required to probe the
possibility o f optically forbidden states at energies between the two 71 —> tc*
transitions and to provide further confirmation for the tz- ^ c* transition.
• Mass spectrometry experiments are recommended to probe dissociation in the

tc —►

o* transition.

Information related to C F 2 C F C F 3
• Low incident energy, high scattering angle EEL spectra are necessary to look for the
expected

tl

^

n* singlet to triplet transition. This is expected to occur at slightly

higher energy than the C2F4 equivalent.
• Calculations are essential to identify the electronic ground state configuration of the
molecule.

8.2.2

Related projects

Research into the potential o f CF3I and C2F4 as feed gases for Si02 etching is ongoing.
However, these species do not represent the only new etching chemistries under
consideration. In particular, the industry is keen to consider other alternatives as the use
of use of CF3I and C2F4 entails additional handling costs compared to traditional feed
gases. These are related to the fact that CF3I is classed as toxic and C2F4 as explosive.
The two preferred candidate species are now the linear molecules; I-C4F6 and I-C4F8.
Accordingly, in parallel to our further CF3I and C2F4 work, we have scheduled
photoabsorption experiments at the ASTRID facility to study I-C4F6 and I-C4F8. We also
hope to arrange further collaborations with the groups at Sophia University, Tokyo, and
at The University o f Liège, Belgium, to investigate the relevant electron energy loss and
photoelectron spectroscopy.
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8.3

Concluding remarks

The results presented in this thesis provide new evidence for a range o f electron and
photon interactions with CF3I and C2F4.

The results are complemented by

photoabsorption studies o f C F sB r, CF3CI, CH3CI, C H 3I and C F2C FC F3. Experiments o f
this kind are essential to understand the behaviour o f gases in future plasma reactors and
in the atmosphere.
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Abstract
The high-resolution pholoabsorption spectrum of hexafluoropropene is reported in the wavelength range 115 320
nm (10.8-3.9 cV). Assignments arc proposed for the features observed. The photolysis rate and lifetime of the molecule
in the atmosphere are modelled as a function of altitude and compared with previous calculations made considering
hexalluoropropene reactions with OH radicals.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Hexariiioropropene, also known as hexafluoropropylene, perfluoro-l-propene, perfluoropropene and perfluoropropylene is a colourless and
odourless gas produced commercially by temper
ature-controlled pyrolysis of chlorodifluoromethane [1]. The gas is used in the production of
copolymers and has attracted interest as a simu
lant for engine nacelle certification tests [2]. Sig
nificantly, as a source of CF? and CF3 radicals,
hexalluoropropene has been the subject of inves
tigation as a potential feed gas for the plasma
etching of silicon dioxide [3]. Covenlional SiOi
etching is carried out using CF.,, CiFf,, CjFg,

C orresponding au thor. Fax; +44-02076793460.
E -m a il address: s.eden/u'ucl.ac.uk (S. Lden).
’ Also o f D epartam ento de Fi'sica. F C I
U niversidade N ova
de Lisboa. P-2829-516 C aparica, P ortugal.

CHFi and c-CaF». All of these species have high
global warming potentials (GWP) as they absorb
strongly in the infrared and have very long resi
dence times in the Earth's atmosphere f4,.5]. As the
current generation of plasma reactors release a
high proportion of feed gas into the atmosphere,
the use of these high-GWP reactants must be re
duced under the terms of the Kyoto protocol [6 ].
Hexafluoropropene emissions arc considered to
have a negligible global warming effect due to the
short atmospheric lifetime of the molecule due to
its high reactivity with OH radicals [2,7-11].
Acerboni et al. [7] have used hT-lR spectroscopy
to study the reactions of OH and ozone with
hexafluoropropene and determine the rate coeffi
cients to be (2.67 ±0.7) x 10"'- and (6.2 ± 1.5) x
10"- cm^ molecules"' s"', respectively. Accord
ingly, Womeldorf et al. [2] give the ozone depletion
potential (OOP) of the molecule as zero.
Hexafluoropropene has symmetry C$ and 21
identified vibrational modes of excitation in the

0009-2614/$ - see front m atter © 2003 Elsevier B.V. All rights reserved,
del: 10.10 16/j.cplct t.2003.08.029
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Electronic state spectroseopy of acetaldehyde, CH 3 CHO,
by high-resolution VUV photo-absorption
p. Limao-Vieira

S. Eden

N.J. Mason
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'* Institute fo r Storage Ring Facilities, Unieersity o f Aarhus, N y Muttkegade, Aarhus C, DK-8000, Denmark
Received 16 M ay 2003; in final form 26 Ju n e 2003

Abstract

The high-resolution photo-absorption cross-section of CH3CHO has been measured using synchrotron radiation in
the range 3.0-11 eV (413 nm> A> 113 nm). Electronic state assignments have been suggested for each of the observed
absorption bands incorporating both valence and Rydberg transitions. Valence transitions to the singlet and triplet
states are assigned. Six Rydberg series have been assigned converging to the ionisation energy limit 10.229 eV. Rydberg
orbitals of eadi series are classified according to the magnitude of the quantum defect (/>). The measured VUV crosssections are used to derive the photolysis rates of acetaldehyde in the terrestrial atmosphere.
© 2003 Published by Elsevier B.V.

1. Introduction

Acetaldehyde, CH3 CHO. 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.

’ Corresponding a u th o r. F ax: +44-20-7679-7145. A lso at;
D epartam ento d e F isica, F C T - U niversidade N o v a d e U sb o a.
P-2829-516 C ap arica. P ortugal and C en tro de Fisica M olecular.
C om plexe I, 1ST, Av. R ovisco Pais, P-1049-001 Lisboa.
P ortugal.
E-mail address: plim aovieira@ ucl.ac.uk (P. Lim ao-V ieira).
' Present address: C e n tre for M olecular an d O ptical Sciences,
D epartm ent of Physics and A stronom y, T h e O pen U niversity,
W alton Hall. M ilton Keynes M K 7 6 A A . U K .

CH3 CHO may subsequently be removed from the
atmosphere by photolysis and through low-altitude reactions with other trace compounds. The
molecule typically reacts with the hydroxyl radical,
OH, nitrogen trioxide, NOj. and peroxyacyl ni
trates (RC(0 )0 0 N0 2 ). The H-atom abstracting
reaction of acetaldehyde with hydroxyl radicals
produces the acetyl radical, CH3 CO. This frag
ment reacts with molecular oxygen to form per
oxyacyl radicals (CH)C(O)OO) that in turn react
with NO and NO2 The products of the nitrogen
dioxide interactions include the peroxyacyl ni
trates; CH)C(0 )0 0 N 0 2 , CH3 CH2 C(0 )0 0 N 0 2 .
These gases may contribute to global warming.
Acetaldehyde is the amplest of the aldehydes
and is an important spectroscopic intermediate
between formaldehyde (H2 CO) and acetone

0009-2614/03/$ - see fro n t m a tte r © 2003 Published by Elsevier B.V.
doi: 10.1016/S0009-2614(03 )01070-4
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Absolute photo-absorption cross sections and electronic state
spectroscopy of selected fluorinated hydrocarbons relevant to
the plasma processing industry
p. Limao-Vieira* ’, S. Eden, N.J. Mason
Department o f Physics and Astronomy. Unicersity College London. Gower Street. London W C IE 6BT. UK

Abstract

Photo-absorption cross sections have been measured for methyl iodide, CFjl (3IOnm>Â> IJOnm) and
dichlorodifluoromethane, CCI2 F 2 (225 ran > A >110 nm) using synchrotron radiation. Electron energy loss spectroscopy
was also used to probe the electronic and vibronk excitation of CFjI. Elecironk states have been assigned to each of the
observed absorption bands incorporating both valence and Rydberg transitions. The measured VUV cross sections are
used to derive the photolysis rates in the terrestrial atmosphere and hence determine the potential importance of each
gas in global warming and ozone depletion.
<' 2003 Elsevier Science Ltd. All rights reserved.
Keywords: Plasm a etching; V U V photo-absorption; Electron energy loss spectroscopy (EELS); Synchrotron radiation; Photolysis
rates

1. Intrudiction

The development of low-temperature plasmas has led
to a multi-billion commercial indtistry employing many
hundreds of thousands of people across the globe.
Examples are fluorescent lights, high-power switches,
gas discharge lasers (including the common He Ne
laser, and the high-power, infrared CO2 lasers that are
used daily in surgery and metalworking) and plasma
sources that provide positive and negative ions for ion
beam accelerators. These ion sources are used to implant
ions onto materials, including semiconductor chips for
the computer industry, and to harden bearings to
increase the life and reliability of high-performance
engines. However, increasingly the release of effluents
from such plasma sources has been shown to lead to
"C orresponding a u th o r. T e l: +44-20-7679-4374; fax; + 4 4 20-7679-7145.
E-mail address: plimaovieira(n ucl.ac.uk (P. Limao-Vieira).
' Also at D epartam ento d e Fisica, F C T , Universidade N o v a
de Lisboa. P-2829-516 C aparica, P ortugal and C en tro d e Fisica
M olecular. C om plexe I, 1ST, Av. Rovisco Pais, P-1049-001
Lisboa, Portugal.

significant changes in the physics and chemistry of the
terrestrial atmosphere, changes that may play a key role
in global climate change. Therefore, there is an ui^ent
need to study the physko-chemkal processes in lowtemperature plasmas.
Typically, they are high-pressure collision-dominated
plasmas that have energies of few tenths of eV. The gas
purity is often important, and the physics and chemistry
of the excited alomk states dominate the discharge
characteristics. In industrial applications, the stability of
the discharge frequently impacts the design and utility of
the process, and the heterogeneous wall chemistry often
impacts its reproducibility and reliability. However,
there is still yet a lack o f quantitative and experimental
understanding of a wide range of phenomena that occur
in low-temperature collision-dominated plasmas. Most
low-temperature plasma applications involve complex
reactions between electrons and a host of atomk,
molecular and ionic species. Theses are found in highly
excited states not encountered in non-plasma environ
ments. Operation of plasmas in applkations ranging
from lasers to materials processing and lightning
requires optimisation o f the density of these species.
However, modelling these systems requires a broader

0969-806X/O3/$-see front m atter ô 2003 Elsevier Science Ltd. All rights reserved,
doi: 10.1016/S0969-806X(03)00278-0
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Electron and photon induced processes in SF5CF3
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Abstract

The photo-absorption cross section of trifluoromethyl sulphur pentafluoride. S F 5 C F 3 has been measured using
synchrotron radiation in the range of 4 -1 1eV (310 nm > X. > 110 nm) and comparison made with electron energy loss
spectroscopy (EELS). The measured VUV cross sections are tised to derive the photolysis rate of SF^CF, in the
terrestrial atmosphere. It is estimated that the lifetime for this molecule is the order of a 1000 years and the calculated
global warming potential (GWP) is found to be between 17000 and 18100, making it one of the most potent global
warming gases in the terrestrial atmosphere.
( 2003 Elsevier Science Ltd. All rights reserved.
Keyii'ords: V U V photo-absorpiion; Synchrotron radiation; G reenhouse gas; P hotolysis rates

1. IntroAicthwi
Concern of the effect of dimate change arising from
global warming has grown over the last 2 0 years and is
now the subject of major political discussions. The
recent report of International Panel for Climate Change
(IPPC) forecasts that mean global temperatures may rise
by as much as 5.8'"C by the end of the century
(www.ipcc.ch, 2001). The major contributions to such
global warming are strong greenhouse gases compounds
such as CO], CH 4 and NiO. However, there are number
of gases which althou^ present in much smaller
quantities have a significant contribution to global
warming due to their large infrared absorptions and
long lifetimes in the terrestrial atmosphere.
A newly discovered totally anthropogenic origin
molecule is trifluoromethyl sulphur pentafluoride
* C o rre ^ o n d in g au th o r. T e l: +44-20-7679-4374; fax: + 4 4 20-7679-7145.
E-mail address: plimaovieirafVrucl.ac.uk (P. Limao-Vieira).
' Also a t D epartam ento d c Fisica, F C T — U niversidade N ova
de Lisboa, P-2829-516 C aparica. P ortugal an d C en tro de Fisica
M olecular, C om plexe 1. 1ST, Av. Rovisco P ais, P-1049-001
Lisboa, Portugal.

(SFjCFj). According to a recent report (Sturges et al.,
2 0 0 0 ), it possesses the largest radiative forcing on a per
molecule basis of all gases present in the atmosphere,
0.57 Wm ’ ppb *. Moreover, the levels in the atmo
sphere for this molecule although currently small. ~0.I3
parts per trillion by volume, are growing at a 6 % per
year rate or in mass terms, the total burden is 3900
tonnes increasing at 2 1 0 tonnes per year.
Since SF 5 CF3 has no natural source its presence in the
terrestrial atmosphere seems to be related to SF 5 radicals
(a breakdown product o f SF* formed by high-voltage
discharges) in reaction with CF3 radicals from fluoropolymeric surfaces (Kennedy and Mayhew, 2001). SF<,is
used in high voltage circuit breakers due to its high
dielectric strength, transformers, accelerators and other
high voltage equipment.
The electron energy loss spectrum (EELS) of S F 5 C F 3
has recently been measured and revealed that the
threshold for the lowest-lying excited electronic state
lies ~ 8 eV above the grouiid state (Kendall and Mason,
2001, 2003, respectively), confirming the prediction of a
high dissociation energy for the S F 5 - C F 3 bond (Gstir
et al., 2002) of about 4eV.
In this paper we report a high resolution, absolute
photo-absorption spectrum of S F 3 C F 3 in the energy

0969-806X.03,$ - see fro n t m atter r 2003 Elsevier Science Ltd. All rights reserved.
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Temperature dependent high-resolution infrared
photoabsorption cross-sections of trifluoromethyl
sulphur pentafluoride
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Abslract

Absolute infrarcd photoabsorption cross-sections have been measured over the range 600-1500 cm ' for the
powerful greenhouse gas SF^CF, at high resolution (0.03 cm ' ) and at temperatures between 203 and 298 K. Our data
indicate that the integrated absorption intensity shows a weak negative dependence on temperature. It is concluded
therefore that previous calculations of radiative forcings and global warming potentials based on room-temperature
data are reasonable estimates for the atmosphere, but may be low by a few percent.
© 2002 Elsevier Science B.V. All rights reserved.
Keywords: P hotoabsorption; Spectroscopy; G reenhouse gas; S F sC F j; C ross-sections

I. Introduction

Global warming is a topic of great concern to
society; the recent International Panel lor Climate
Change (TPCC) report [1] indicated that the mean
global surface temperature may rise by as much as

* C orresponding a u th o r. Tel.: +44-20-7679-7797; fax: +44-207679-3460.
E-mail address: nigcl.m ason@ ucl.ac.uk ( N J . M ason).
‘ A lso from D ep arta m en to de Fisica, F C T -U N L , 2829-516
C aparica, Portugal and C entro de Fisica M olecular, Com plexo
1 ,1ST, Av. R ovisco Pais, 1049-001 Lisboa, Portugal.

5.8 °C by the end of the 21st century. The bulk of
the contributions to global warming arise from
increased atmospheric levels of CO2 , CH+ and
N2 O. However, molecules that arc effective infra
rcd absorbers in the atmospheric “window re
gions" between 800 and 1 2 0 0 cm“' can also make
significant contributions, even though they are
present at only low levels. One such molecule is
SFsCFi, which is a particularly effective green
house gas that has only recently been detected in
the atmosphere [2 ].
Sturges et al. discovered S F 5 C F 3 in the mass
spectra of stratospheric air samples collected in

0301-0104/03/S - see fro n t m a tte r © 2002 Elsevier Science B.V. All rights reserved.
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state spectroscopy o f CF 3 I
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.Abitract
The electronic states of CFjI have been investigated using photon and electron energy loss spectroscopy &om 4 to
20eV OlOnm > A > 60nmx Assignments have been suggested for each of the observed absorption bands incorporat
ing both valence and Rydberg transitions. Vibrational structure In each of these bands is observed for the first time. Absolute
plioto-absorption cross-sections have also been measured and are compared with earlier measurements. (Int J Mass Spectrom
223-224 <2003)647-660)
C 2002 Elsevier Science B.V. .All rights reserved.
AiMVTVih; \ tIV ahsorpl'*’*’: Flocimn energy lost; Spoclrostcopy: Synchmiion mditalm ; Acronnmy

1. Introductioa
In the manufacture o f ultra-1arge-scale-integrated
circuits, it is necessary to fabricate predetemrined
patterns on a scale of less than 0.1 pm and One
structures with an aspect ratio o f more than 1 0 on
' I wrrispoHding, aultiur. E-mail: nigal.niaiioiA;!ucl.ac.uk
' On IcBTO fnim Dcparlamoiaodcr Fisica. F rr-tJ X I., P-2R2P-5I6
Capanca, Ptirlvgul and ConIro tie Ftnca Molecular, rom plcxo E
1ST, Av. Rovisco Pais. P - t040-001 Lisboa, Portugal.
^ Permanent address: rtristch u ic h C olepe. Karyra. India.

a silicon wafers with diameters o f greater 30cm.
Tliis prrocess requires a well-collimated, qjatially uni
form, high-density plasma source operating under
low-pressure conditions [1]. The main feed gases used
by the plasma etching industry are perfluorocarbons
(CF4 , C 2 F6 , CiFr, CHFj, and c-CjFs) howe\ er, these
are also strong greenhouse gases and therefore, under
the terms o f the Kyoto Protocol, must be replaced by
alternative compounds that have low ‘global wann
ing potentials’ [2]. One possible replacement is CF^l
since, due the weak C- 1 bond, it should be possible

13S7-.3806,T)2,5 - St» fro rt m ailer V 2002 Elsevier Science B.V. All ng h ls reserved.

PU S 1 3 * 7 - 3 8 0 6 ( 0 2 ) 0 0 9 î 9 - 9

220

Available online at www.5ciencedirect.com

CHEMICAL
PHYSICS
LETTERS

B C I BEN N
CK
/ T^l D
Cf B
I IIIBCTA

ELSEVIER

C h e m ic a l P h y sics L e tie r s 3 6 6 (2002) 3 4 3 -3 4 9
w 'M 'w .clsevier.com /locate/cplett

High resolution VUV photo-absorption cross-section for
dimethylsulphide, (CHgj^S
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Abstract

The photo-absorption spectrum o f (CH}),S has been measured using synchrotron radiation in the range 5.0-11 eV
(250 > / > 110 nm). Electronic state assignments have been suggested for each o f the observed absorption bands in
corporating both valence and Rydberg transitions. Four Rydberg series have been assigned converging to the ionisation
potential limit 8.686 eV. Rydberg orbitals of each series are classified according to the magnitude of the quantum defect
(Ô). The measured vacuum-ultraviolet (VUV) cross-sections are used to derive the photolysis rate of (CHj),S in the
terrestrial atmosphere.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Dimethylsulphide (DMS),
is the most
abundant sulphur compound found in seawater
and plays an important role in the global sulphur
cycle. DMS is a product of biodégradation of organosulphur compounds in marine environments,
which upon release into the atmosphere is changed
into a different sulphur spedes, e.g., sulphur di
oxide, methane-sulphonic acid, sulphate and sul
phuric add, all of which can contribute to the
* C o rre s p o n d iitg a u th o r . F a x : + 4 4 -2 0 -7 6 7 9 -7 1 4 5 .

E-mail address: p lim a o v ie ira @ u c l.a c .u k (P . L im a o -V ie ira ).
' P re se n t a d d re s s : D e p a r t a m e n to d e F É ic a , F C T - U n iv e rs id a d e N o v a d e L is b o a , P -2 8 2 9 -5 1 6 C a p a r ic a , P o r tu g a l a n d
C e n tro d e F isic a M o le c u la r, C o m p le x o I, 1ST. A v . R o v is c o
P a is. P-1049-001 L is b o a . P o r tu g a l.

acidity of rain. Moreover sulphur gases are known
to be precursors of sulphate aerosol particles and
cloud condensation nudei over remote parts of the
oceans and could also act as a feedback mecha
nism in climate regulation which affects the Earth's
radiative balance by direct scattering of solar ra
diation [1]. It has now become clear that the nat
ural sulphur cycle has been seriously disturbed by
anthropogenic gaseous emissions. Studies on DMS
and its oxidation products in marine atmosphere,
production and release in local estuaries and dis
tribution in surface waters have therefore recently
become the subject of intense research [2-4].
In this Letter we report new data on the photo
absorption cross-section and electronic spectros
copy of (CHyjjS. The electronic states have
been studied previously [5-7] as have its photo
electron spectra, photo-ionisation spectra, electron

0009-2614/02/s - se e f ro m m a tte r ® 2002 E lsev ie r S cien ce B.V . A ll rig h ts rese rv e d .
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Abstract

The photo-absorption spectrtim of CCLFj has been measured using synchrotron radiation in the range 5.5-11 eV
(225 > / > 110 nm). Electronic state assignments have been suggested for each o f the observed absorption bands in
corporating 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 may be used to derive the photolysis rate
of CQ:F; in the terrestrial atmosphere.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

DichlorodUluoromethane (CQjFy or CFG-12)
is a halogenated hydrocarbon extensively used in
refrigeration systems, as a foam blowing agent and
as an aerosol propellant. It also plays an important
role in the plasma etching industry [1,2] for reac
tive ion etching (RIE) of GaSb as it can be readily
dissociated to produce Cl and F radicals [3].
Halogenated hydrocarbons or halocarbons such
as C Q 3 F2 are (under photolysis) a source of
atmospheric radicals and therefore are widely re
cognised to contribute significantly to stratospheric
ozone depletion [4,5] by Cl or Br atoms released by

‘ C orresponding a u th o r. F ax: +44-20-7679-3460.
E-mail address: nigel.m as on (gucl.ac.uk (N .J. M ason).
' A lso a t D cp arta m en to d e Fisica, F C T - U nivcrsidade N o v a
d e Lisboa, P -2829-516 C ap arica, P o rtu g al a n d C en tro d e Fisica
M olecular, C om plexo 1. 1ST, Av. R ovisco P ais, P-1049-001
Lisboa, Portugal.

photolysis. Halogoiated hydrocarbons are also
strong greenhouse gases, CCI2 F2 has a residence
time in the atmosphere of about 100 years and an
estimated global warming potential of 8500 in a
100-year period [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.
In this paper we report new data on the photo
absorption cross-section and electronic spectro
scopy o f CQ 2 F2 . The electronic structure of 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 (VUV) absorption spec
trum of CCI2 F2 in the wavelength range 120-200
nm (10-6 eV) was first measured during the 1950s
by Zbbel and Dimcan [15] and subsequently dis
cussed by Doucct ct al. [10] together with a com
parison with the photo-electron spectrum. An
energy loss spectrum using 500 eV electrons was

0009-2614/02/$ - see fro n t m a tte r © 2002 Elsevier Science B.V. All rights reserved.
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AlTstract
Absolute differential cross sections for elastic scattering from CFyl are reported
between 1.5 and 60 eV and over scattering angles of 2(^-130°. Vibrational
excitation cross sections for the composite stretching modes are shown to
be preferentially enhanced at incident electron energies between 5 and 9 eV
indicating the formation of short-lived shape resonances.

1. Introduction
In the manufacture of ultra-large-scale integrated circuits, it is necessary to fabricate
predetermined patterns on a scale of less than 0 . 1 /im and fine structures with an aspect
ratio of more than 10 on silicon wafers with diameters of greater than 30 cm. This process
requires a well collimated, spatially uniform, high-density plasma source operating under
low-pressure conditions (Tanaka and Inokuti 2(XX)). The main feed gases used by the plasma
etching industry are perfluorocarbons (CF4 . CzF^. CiFr. CHFj and c-QFg). These are strong
greenhouse gases and therefore, under the terms of the Kyoto Protocol, must be replaced
by alternative compounds that have low global warming potentials' (Samukawa and Mukai
1999). One possible replacement is CFyl which, due to its high photolysis rate, is expected to
have a very short lifetime in the atmosphere. CFjI is also predicted to produce high yields of
the CFj radical in any etching plasma since it should be possible to break the weak C-I bond
by direct electron impact.
Prior to adapting existing industrial plasma reactors to use CF.t I as a feed gas it is necessary
to run simulations of the reactant plasma. Such simulations require a detailed database of the
electron interactions with the feed gases (and their dissociation products). However, as far as
we are aware, there have been no measurements of differential cross sections (DCS) for elastic
and inelastic scattering processes of CFi I by low-energy electron impact. Only the total cross
section has been determined by electron transmission spectroscopy (Underwood-Lemons et a l
0953-4075/02/153257f07S30.00
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