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Abstract

lonisation processes in gas-phase polyatomic mt@dsdave been studied using threshold
photoelectron photoion coincidence and selectedlaantube techniques for cations and an
electron attachment mass spectrometer for anicatsorCformation has been studied for
fluoroform (CHF), octafluorocyclobutanec{C4Fsg), octafluorocyclopentene-CsFs),
monochloroethene ¢E;Cl), the three isomers of dichloroethengHeCly) (i.e. 1,1-
dichloroethene,4)-1,2-dichloroethene andt)-1,2-dichloroethene), trichloroethene;{ls) and
tetrachloroethene (Cl;). Comparison between the data from the photoitinisand the ion-
molecule reactions show that the dominant chamester mechanism is long-range in nature.

Detailed studies of the reactions of cations whehthree dichloroethenes have been
performed to look for evidence of isomeric effedtigjor differences are seen when the reactant
ion is CR"; when 1,1-dichloroethene is the neutral reactambnly ionic product is ££1,CI", but
if the neutral is 1,2-dichloroethene then the qryduct is CHG. Only minor differences are
seen with other reagent ions. For the reactiorasl aix chloroethenes with GF product ions are
observed which can only be formed by extensivaaegement across the carbon-carbon double
bond. Mechanisms are suggested involving bridggdrial intermediates to explain the
production of the different channels.

Studies have been performed on several perfludsona, CHE, c-C4Fg andc-CsFg, due
to their potential for use in industry. They arkeexicellent at etching substrates and have a lower
global warming potential than the currently usesega CHE shows signs of non-statistical
dissociation following photoionisation, and is shote reactvia a largely long-range charge
transfer mechanism in the ion-molecule reactiondist. Forc-CsFs the ground electronic state
of the ion is found to be very weak under threstualdditions whilst being much more intense
when He(l) photons are used.

The existing electron attachment mass spectrongetimscribed, and also extensive
modifications which have been made to this appardthe use of new electronics and
acquisition system give excellent results in the pguipment. The new arrangement has been
extensively characterised by studying attachmesét@n molecules, including several
perfluorocarbon molecules.g.the isomers of ¢Fg). Some isomeric effects on the measured

rate coefficients are observed in the data.



To Ange, thank you.

“The Chemists are a strange class of mortals, lisgphby an almost maniacal impulse to
seek their pleasures amongst the smoke and vagmmirand flames, poisons and poverty.
Yet amongst these evils | seem to live so sweetly”

Johann Becher — Alchemist and Fraudster (163582)16
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proportion into the heavens above?”
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Chapter 1: Introduction

This thesis is concerned with ionisation of a Emnfhalogenated hydrocarbon molecules
in the gas phase. The main aim is to study whapdrapupon ionisation; what the initial products
are and how they decay with time. Ultimately, tira & to understand how, following ionisation
of an isolated molecule, energy is partitioned with molecular cation and how different types
of ionisation compare. For example, what are tleakdown products from photon ionisation and
how do they differ from the products formed fromian-molecule reaction? A secondary aim of
this thesis is to understand how molecular striectififects the ionisation process. This has been
achieved by replacing hydrogen atoms systematieatty halogen atoms in a series of molecules
to see how ionisation dynamics alter with the nunamel position of halogen-atom substituents.

At a more applied level the results for the reawireported here may find use in many
areas of science and technology. Several of thgpoands studied in this thesis are important
industrially and atmospherically. Monochloroethesisp known as vinyl chloride, is a crucial
component of plastics, while tetrachloroethenesisduas a dry cleaning agent. The
perfluorocarbon molecules studied in chapters 4é610 are used in technological plasmas for
etching of silica substrates. Knowledge of thegaed products of ionisation processes can help
understand industrial reactions. Such knowledgeatsmaid the modelling of atmospheric
lifetimes of many halocompounds. For example, Reigaraet al* showed how the lifetime of
perfluorocompounds can be longer than human catitis, and subsequently Mores al?
showed that proper allowance for both ion-moleeuld electron-molecule reactions can shorten

the estimated lifetimes. Therefore, it is cruckattthis information is available.

1. Types of isomerism

There are many different types of isomers. Foipsioity they can be split into two broad
categories; constitutional isomerism and stereogmm. Constitutional isomers are molecules
which have the same molecular formula but the cestt atoms are bonded in different ways.
Several types of constitutional isomer can occusimple example would be chloropropane

which exists in two forms:



d \/\
1-chloropropane 2-chloropropane

Figure 1.1: Example of constitutional isomerisnja@on in position of atoms for 4£1,Cl.

Here the chlorine can be in two distinct positiaither on a terminal carbon or on a chain

carbon. Another example igfg which can exist in several forms and show varfoustional

groups:
F F F
F E E =
F
F F R
F
F
F F
E F
F F
F
F F FF
octafluorocyclobutane  octafluorobutene octafluorobut-2-ene

Figure 1.2: Example of constitutional isomerisnrjat@on in functional groups for fEs.

It is expected that most constitutional isomen$ stiow huge variations in both physical
properties and chemical reactivity. Such variatioih be clearest when the isomeric differences
are in the types of functional group, see Figugewlhere the molecules are either cyclic alkanes
or linear alkenes. If the differences are in thsifan of the functional group, as shown in Figure
1.1, less variation will be expected, but someedéhces may still occur.

Stereoisomerism, sometimes called geometric issmers a more subtle effect than
constitutional isomerism. It occurs for moleculdsiah have the same molecular formula and
bonding of atoms; if the spatial arrangement ofatoens is different then isomerism arises. This
type of isomerism can be broken down into two ferttiasses, diastereomers and enantiomers.

Enantiomers are chiral molecules which are noresopposable mirror images of each
other. Enantiomers show optical activitg,. they rotate the plane of polarized light. In aeyah
reaction enantiomers will show no difference incteéties and their physical properties will be
essentially the same. For differences in chemicgbgrties to show up between the enantiomers,
chiral reactants must be used either a chiral aeaan>* polarized light or spin-polarized

electrons® An example of a simple chiral molecule is bromoctfluoromethane.



Y Br BrYCI
F F
(9-bromochlorofluoromethane(R)-bromochlorofluoromethane

Figure 1.3: Example of enantiomeric isomerism f&rCIFH.

Most biological molecules show some form of enangac effect, and in some cases there are
major differences between the reactions of the @wraers with other chiral molecules. A
famous example is thalidomide, where one enantidragrdesirable effects while the other is
toxic and teratogenic.

Diastereomers are any stereoisomers which areetadeéd as mirror images. Examples
areE-Z isomerisation, conformal isomerism and mesoisa@sneift-Z isomers and conformers are
related in that these forms of isomerisation are tduconstrained rotation around chemical
bonds.E andZ isomers typically arise from the presence of carbarbon double bonds, but also
occur in ring structure& andZ isomers are often referred totemns andcis isomers for double
bonds. For ring structures the terfhandZ are never used, ontygansandcis. An example oE
andZ isomerisation with double bonds is shown in Figlids and this type of isomerisation in a

ring structure is shown Figure 1.5.

a / d d
\/\ d \=/
(B)-1,2-dichloroethengz)-1,2-dichloroethene

Figure 1.4: Example d& andZ isomerism across a double bond fgHECI,.

a

L d
Cl m—( ) CI—; )

trans1,2-dichlorocyclohexanecis-1,2-dichlorocyclohexane

Figure 1.5: Example dfansandcisisomerism in a ring structure fogl€,,Cl,.

In theE isomer the two highest priority atoms (as deteadihy the Cahn-Ingold-Perlog
priority rules) are on opposite sides of the doudded. For th& isomer the two highest priority
3



atoms are on the same side of the double bond.nm&kesE equivalent tdransandZ equivalent
to cisin the old nomenclatur€is andtransare not used because if more than two distinct
substituents are present it is no longer a rigormumsenclature.

E and Z isomers often have quite different phygocaperties; for example, the Z form
tends to have a higher boiling point than Eherm. Thus £)-1,2-dichloroethene has a melting
point of 193.0 K and boiling point of 333.5 K whilE)-1,2-dichloroethene has a melting point of
223 K and a boiling point of 321 KThis is because in ttigisomer the dipole moments induced
by the substituents will tend to add while in Bhéorm they will tend to cancel out. However,
chemical reactivities tend to be fairly similardamost differences in reactivity come from steric
effects.

Conformational isomers, conformers, arise frontrieised rotation around a single bond.
In general, due to low barriers to rotation, theriee rotation and different conformers cannot
be isolated. However, there are conditions whetantbecome important. This can be when
temperatures are so low that the molecule canmgelosurmount the barrier to rotation, or in
cases where the barriers to rotation are intrilgibégh. When large molecules are introduced
into the gas phase, conformational locking cannoftecur. An interesting example of this form
of isomerism is that many sugars have a specififacmation due to interaction between oxygen
and carbon orbitals, the so-called anomeric effeltt.the anomeric effect a heteroatom attached
to another heteroatom which is part of a cyclohexamg prefers an axial orientation rather than
the sterically more stable equatorial orientation.

In many way<€ andZ isomers are a special case of conformers withmalaege barrier
to rotation due to the carbon-carbon double banithel temperature is increased ukgl
becomes equivalent to the strength of the doubhel fabout 300 kJ md) then rotation around
the double bond becomes free andErendZ isomers will no longer be differentiated. However,
this corresponds to a very high temperature. Intsitgations there will be no measurable
difference in reactivity between conformers. Howeug some reactions, for example E
elimination where an antiperiplanar configuratismeeded between the attacked substituent and
the leaving group, differences between conformarsaccur. This can be especially important

when considering reactions of ring compounds.



2. Positive ionisation processes

2.1 Formation of positive ions

If enough energy is deposited into a neutral gse@ither an atom or a molecule, then it
is possible that a positive ion, or cation, willfoemed. The incident energl, must be greater
than the ionisation energy, IE, of the species ustiely. The energy can be given to the

molecule in several ways. If AB is a general molec¢hben:

hv+ AB . AB" +¢ (re 1.1)
€ +AB - AB"+e +¢€e (re 1.2)
C+AB - AB"+e +C' (re 1.3a)
C+AB - AB"+C (re 1.3b)
M +AB - AB*+¢e + M (re 1.4)
E+AB - AB"+¢€ (re 1.5)

A negative species must be formed as a partnéetodtion in all cases but reaction 1.3b. This
negative species is shown to be an electron inetaetions given here but it is possible that the
partner could be an anion, in that case the preductild then be A+ N™. The forms of
excitation listed here are photohs,(reaction 1.1), electrons, geaction 1.2), positive ions,'C
(reaction 1.3), excited neutrals, Kfeaction 1.4) and large electric field(reaction 1.5); the
most general case is shown where a positive ion'AFormed. How the ionisation process

occurs and what products are formed depends oméfigod of excitation.
2.1.1 Absorption of photons

When a molecule, or atom, absorbs a photon wikich short enough wavelength (high
enough energy), ionisation can occur. As both tiegn and molecule are electrically neutral a
negative partner must be produced along with thiercéo maintain conservation of charge. This
partner could be either an electron or a negatime Formation of the anion, ion-pair production
or polar dissociation, tends to be a much weakargss than production of the electron,
photoelectron production. Only diatomics show i@irgross-sections which are comparable to
photoionisation cross-sectioffsin general, ion-pair production has a very smadss-section

due to poor Franck-Condon factors for direct foioraaind the necessity of curve-crossing for



indirect formation:?** Production of a photoelectron tends to be the niajusation phenomena
to occur after absorption of a photon above thesation limit.

Absorption of a photon below the ionisation lifisita resonant process. The energy of the
photon must match exactly the energy of a transitiom one state to another. If the energy is
higher or lower than the transition energy thengheton will not be absorbed. Selection rules
apply to these transitions. In general these ratise due to conservation of angular momentum,
though other quantum variables, such a spin aritypean also be important. Above the
ionisation limit photon absorption can also besorant process to form a super-excited state, an
electronic state of the neutral which is unstahbill wespect to ionisation. However, for the
photoionisation process itself the absorption phaton is non-resonant. This arises because the
photoelectron is released into a continuum andagcaccommodate any excess energy as kinetic
energy. There are no strict selection rules fot@ibaisation. This is because when the
photoelectron is ejected it can take on an appaigprialue of angular momentum to satisfy
conservation laws. The change in angular momentiimof the system is given by:

AL = £ (eq1.2)
wherel is the angular momentum of the electron. Consenvdhen requires that the angular
momentum of the ejected electron is equal#d. For example, if the electron is removed from
ad-orbital then the outgoing electron wave will hg/endf characteri.e. have one or three units
of angular momentum. This means that the natutkeobrbital from which an electron is
removed can be found by studying the angular 8istion of the photoelectrors.

The only technically-forbidden process in phota@sation is one that involves two
electrons, because the electronic structure of a#md molecules is well described by a one-
electron model. In this model the motion of eleetras independent and they are present in
separate molecular orbitals. Due to these assungpéidransition which affects one electron must
leave all other electrons unchanged. Two-electroggsses do occur because in reality electrons
are correlated. These two-electron processes ascsatellite bands in a photoelectron spectrum,
where they are described as the ionisation of tewren and the simultaneous excitation of
another electron. Another common two-electron psde the formation of a doubly-charged
cation.

There is a second process, termed autoionisdtjowhich ionisation occurs after
absorption of a photon. Autoionisation is an indingrocess and can be described by the

following scheme:



hv+ AB -~ AB" - AB" +¢€ (re 1.6)
Here the photon excites the neutral into a highgyélectronic state, ABthese states are often
termed super-excited because they are unstablaeggect to ionisation. The majority of these
super-excited states are Rydberg in character. tHerelectron is excited to a high principal
guantum number, and has a large, sometimes magpiosodbital radius. Series of these Rydberg
states converge upon every ionisation energy. Aphoton absorption is to a normal, if highly-
energetic state, the process is resonant and ndipwé selection rules will apply. Once the
super-excited state is formed it can decay in s¢wealys. The first way is by predissociation to
form neutral fragments; in this case no chargedispevill be formed and it will have no bearing
on photoionisation measurements. Another decayipdtin the super-excited state to fluoresce
to a lower neutral electronic state. Again, in tase no charged species are formed. A decay
channel which does produce charged species isomigation.

There are three main autoionisation mechanismisildsd?™ The first is conversion of
excess rotational energy of the ion core into eb®it energy, causing the ejection of the
Rydberg electron. The second is conversion of exedsational energy of the core into
electronic energy, leading to ejection of the Rydbaectron. These two processes will produce
electrons with a very low kinetic energy. A thireeamanism is the conversion of excess
electronic excitation energy into kinetic energytleé electron. This process involves two
electrons. One electron falls into an orbital hotele a second is ejected, and this mechanism
can produce electrons with significant kinetic gryef

Autoionisation can often populate regions on tbeptial energy curve of the molecular
ion outside the Franck-Condon region. This can teatifferent populations of the various ionic
states when compared to direct photoionisationoiuaising decay by any of the three
mechanisms can lead to changes in photoionisateasutements. There can be alterations in
vibrational distributions within electronic band®cause there is a Franck-Condon transition to
the super-excited state followed by another FraBekeon transition to the ionic stdfe.

It has been shown by Wigner that the behaviohefcross-section at threshold is given

by the following equation®
oc=C(E-E,)" (eq 1.2)
where C is a constart,is the ionizing energygy is the threshold energy ands the number of

outgoing electrons. As only one electron is producdowing photoionisation the power

becomes zero. This means that for photoionisatierctoss-section will show a sharp onset in



the form of a step function. Therefore a measutextgonisation cross-section should consist of
a series of steps for each onset of ionisationnrokecule!’ In theory, each rovibrational level
constitutes an onset in such an experiment, bpitaintice the resolution is never sufficient to
observe the structure, or the steps are obscuradtbjonisatiort” The subsequent decay of the

positive ion will be dealt with in a later section.
2.1.2 Interaction with electrons

The interaction of an electron with a neutrahisriany ways analogous with the
absorption of a photon with a neutral. There aosydver, several differences. The first is that the
electron is not absorbed by the molecule. Insteacltectron and the neutral partner collide and
the electron scatters off. This collision can oceitiner elastically or inelastically. It is the
inelastic processes which will concern us heres&heelastic collisions can be divided into two
broad regimes. In the first the incident electrbage a huge kinetic energye. large compared
to the orbital velocities of electrons in the mallec In this regime the incident electron moves so
quickly that the excitation occurs when the elettaod neutral are close together, and there is
little interaction as the electron arrives and depdn the second regime the incident electrons
have low kinetic energies and the interaction tismeng, comparable to the orbital period of the
electrons. In this case the incident electron &edetectrons in the molecule have significant
effects upon each other. In some cases the elestoimal complex is best considered as a
transient negative ion, a regime which will be teelamore thoroughly later.

It can be shown that at high electron energiesliffierential electron scattering cross-

section is given by the Bethe-Born thedfy:
dza _ 2k ( )

n

= f(K,E
dGE ~ Ek,K?

(eq 1.3)

whereE is the energy transferred to the targggaindk, are the magnitudes of the incident and
scattering momenta ardis the momentum transfd(K,E) is the generalized oscillator strength
and is given by:

f(K,E)= f(0,E)+aK?+bK* +... (eq 1.4)
f(O,E) is the dipole-only term and is the same as ttgevahich would be measured in a photon
absorption experiment. Therefore measurements makde small momentum transfer between

the electron and the molecule will be analogoyshimton excitation, results which have been



experimentally testet!. At low incident electron energies the Bethe-Bdraary does not apply
because it assumes that the interaction is rapalimpulsive. An examination of electron
ionisation cross-sections from threshold to higbrgies requires other theories. Several semi-
rigorous methods have been used, including thedokt¥ark formalism and the binary-
encounter-dipole methdd?’ Both methods have been improved and extendedtiwithto the
extended Deutsch —Mark formalism and the binaryeanter-Bethe methot:?*In general it
appears that the Deutsch-Mark method overestintiagesross-section while the binary
encounter-Bethe method underestimatéatthough this seems to depend on the initial
calculation used to obtain molecular structuresother difference between the interaction of
electrons and photons with neutrals is that selectiles are relaxed. This is because the incident
electron can actually exchange with a target edeciallowing spin flipping to occur.
Photoionisation and electron ionisation are sim#acept for two major differences.
First, the behaviour at threshold is differentttoe two ionisation methods. As shown in equation
1.2 the dependence of the cross-section on the ewafilelectrons is proportional taf)™™.
After electron ionisation there are two electrorsdoiced, therefore the cross-section is raised to
the power of unity. This leads not to a step fuorctior the cross-section but a linear onset, with a
value of zero at threshold. This should be compsygrhotoionisation which will have a non-
zero value at threshold. This is one of the maiiicdities with obtaining ionisation energies
from electron ionisation. It should be noted thnet Wigner threshold rules are only correct under
very restrictive assumptions; currently, the besthud to obtain IE values is to fit the
experimental cross-sections with a model baseth@mvork of Wannier which involves fitting at
least four variable&' Second, one must consider the behaviour of supmted states. These
states are no longer formed resonantly with eledwaisation, but are excited at all energies
above their threshold. They are therefore very comin electron ionisation spectra, and the

excitation cross-section to these states is hodoognstant but varies with electron energy.

2.1.3 Interactions with positive ions

A neutral molecule can be ionised in several wasysg positive ions as a source of
energy. If the collision energy of the system ghhénough, above ~0.2 MeV, then ‘pure’
ionisation occur$’ reaction 1.3a.

C+AB - C+AB " +€ (re 1.3a)



This process is similar to both photon and electoorsation. In fact, high-energy ion impact can
be modelled using theories which are similar toBbthe-Born theory which was described for
electrons earlie?® In general, small charged species such’aard Hé are used. Use of high-
energy ion beams forms the basis of proton thefaplyeatment of cancers. At lower energies
charge transfer takes place instead. A better ghtieer of the process would be electron transfer,
as charge can also be transferred by other spsciels,as chloride or fluoride transfer, but for
historical reasons charge transfer is the termgolesed. Charge transfer is represented in
reaction 1.3b.

C+AB - C+AB (re 1.3b)
At very low, thermal collision energies the reantenergy is given by the difference between the
recombination energy, RE, of the ion and the IEhefneutral. The recombination energy is the
energy of adding an electron to a cation, it caedsentially viewed as the reverse of the IE of
the appropriate neutral. Two extreme mechanisme haen postulated for the charge-transfer
process. They are known as long-range and shagereimarge transféf.

In long-range charge transfer the catiof)(@d the neutral (AB) approach under the
influence of a charge induced-dipole interactions@dme critical internuclear distanag) the
reactant potential curve {G AB) and the product potential curve (C — ABross. At this point
an electron is transferred from AB td.0’he potential energy curves can be modelled asgum
that the only interaction is due to the attracti@tween a charge and an induced dipole. This
neglects interactions due to repulsion of the edectlouds of C and AB at close range, but at
the large internuclear separations consideredib@sasonable. If the potential is expressed as
the charge induced-dipole interaction tmgis given by:

(@ (@ey-ae))* ©q14)
¢ |87, RE(C*) - IE(AB) '

whereq is the ionic charge on the iog, is the permittivity of free space amdl is the
polarisability volume of the neutral. It should iheted that from this equation if RE = lEg. at
resonance, then will be at infinity. Figure 1.6 shows hory changes as the energy difference
[RE(C") — IE(AB)] is varied. The potential energy curves weredelled assuming that the
values ofa’ for AB and C are 12.0 x I and 2.5 x 18° m?, respectively. The energy
differences are (a) 0 eV (resonance) (b) 0.5 e\ @Y (d) 5 eV (e) 10 eV. It is clear that as the
energy difference increasesrapidly shifts to smaller internuclear separatidherefore, for

charge transfer to occur at large internuclearrsgioa the difference between REj@nd
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IE(AB) must be small. This appears a strict craeriHowever, for most polyatomic species there
are so many different electronic and rovibratideskls of AB that some will be accessible at
the RE of the reactant ion. For small species,@albhgdiatomics, this resonance criterion is
likely to be much stricter due to the large spasiofyenergy levels. Another criteria is that the

orbital from which the electron is removed musubshielded for efficient charge transfer.
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Figure 1.6: Potential energy surfaces for the atton of C and AB with an energy difference of (a) 0 eV
(b) 0.5eV (c) 1 eV (d)5eV (e) 10 eV. Note thatlae energy difference is increased, the two piaten
energy curves cross at a smaller internuclearrtistaThe black curve is the reactant curve{®@B) the

red the product curve (C — AB

The Landau-Zener model for electron transfer lentsuccessfully applied to various

types of charge-transfer reactions in an adapted &s the window modéf. This suggests that
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for charge transfer to be favourable it should falleee in a window of internuclear separations
around 5 A. At larger separation the probabilityanfelectron transfer taking place is essentially
zero, at smaller separation the probability of gedransfer is such that it will probably re-occur
as the new ion and neutral separate, reformingtiigenal reaction system. The Landau-Zener
model is simplistic and was originally developedrtodel charge-transfer in atom-atom
collisions?*=°The model neglects several details of the int@mastand so suffers from incorrect
energy dependence at high energies, and it dogak®into account interference phenomena
which lead to oscillations in scattering cross-sest™ However, it is useful for estimating
reaction probabilities to within a factor of 2 arThis theory complements the long-range charge
transfer theory as it estimates when long-rangegehmansfer will occur.

The long-range charge transfer mechanism takes ptathe Born-Oppenheimer
approximation, therefore the electron jump is asilito take place so quickly that there is no
change in the nuclear coordinates and the potestigigy surfaces remain unchanged. This has
been assumed to imply that the Franck-Condon pilecian be used to indicate if long-range
charge transfer is favourable. If the Franck-Congianciple is important, then it is assumed that
for efficient charge-transfer to occur the Franaa@on factors for both transitions AB AB*
and C - C must be reasonable. It also implies that if loangge charge transfer is taking place
then the products are the same as for photon ionsi the photon energy is the same as the RE
of C'. This means that the products, and their branafatigs if more than one product channel
is formed, from reactions 1.7 and 1.8 will be thms:

C +AB - C+ (AB") — Products (re 1.7)

hv+ AB - € + (AB")" = Products (re 1.8)
Studies of the reactions of rare gas ions witkodncs and simple polyatomics have shown that
Franck-Condon factors and energy resonances agedrichportant? However, studies of more
complicated ion-molecule reactions have sugges$iattihe Franck-Condon factors merely need
to be non-zero for efficient ion-molecule reactiomsake placé’ >3

If long-range charge transfer is not favouraliientthe ion and neutral will move closer
together. If the GAB and C-AB' potential energy curves cross, then ionisationtake place. If
no curve crossing occurs then, especially if timeainod neutral are highly polarisable, a curve
crossing can arise due to distortion of the po&tetiergy surface. If ionisation occurs through
these close-range curve crossings, the produatilbnow be formed in the presence of a highly

perturbing neutral, in contrast to long-range chdrgnsfer where the product ion is formed well
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separated from any perturbations. Now there ikahlito be agreement in product yields from
photon ionisation and ion-molecule reactions. hased that both charge-transfer mechanisms
face the energetic constraint that RE(@ust be greater than or equal to IE(AB). It skaalso

be noted that for both long-range and short-ramgege transfer the parent ion is initially formed
and then subsequently decays.

If neither of these mechanisms is favourable therion and neutral will get very close
together and a chemical reaction may take placeteTis now no energetic requirement that the
RE(C) is greater than IE(AB). In a chemical reactiomtb® are broken and formed, with
ionisation occuringia these bond-forming and bond-breaking processespaélent ion will not
be formed in what we define as a chemical reacttaa.also expected that steric and orientation
effects will be very important in such reactions.

It is assumed in all charge transfer experimdrdg upon reaction, the entire RE is
available to the products. However, this may niattyy be true. The RE depends on the Franck-
Condon factors connecting the ion and neutral stétt¢here is a large change in geometry
between the ion and neutral then it is unlikelyt #ilbthe energy will be available due to a poor
Franck-Condon factor for the (0,0) transition. Raost ions even if the Franck-Condon factor is
poor the amount of unreleased energy will be sritilvever, there are some extreme cases such
as the reactions of Me*’ In this case the neutral Ndimer is unbound. This leads to very
unfavourable Franck-Condon factors because theesalir. are so different, and approximately
2 eV of energy is not available for ionisation mgtead goes into the kinetic energy of the two
Ne atoms.

In this thesis, we have discovered another exampére the total expected RE is not
available for ionisation; the reactions of With various neutral specié$>°Here the products
formed from the reaction of Noroduce far less fragmentation than would be ebgpieitom
comparison with the reactions of ions with simiRE values. A possible explanation is that not
all the RE, 14.53 eV, is available to ionise thatred reactant. If some of the neutral N atoms
which are formed as products from charge-transtefamed in an excited electronic state, then
a reduced amount of energy is available ionisenthdral. It is unclear why this happens in some
of the reactions of N
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2.1.4 lonisation by excited neutral species

Many neutral excited states can be very long lagdalthough energetically unstable
with respect to the ground state, transitions ¥eelostates are forbidden. If the energy of these
metastable species is higher than the ionisatienggrof a neutral, then following collisions
ionisation can occur. This process is known as iPerionisation after the discover&rElectrons
released in this process can be detected in the says as photoelectroris’

To provide good energy resolution the metastailegienerally excited rare gas atcths.
For example He (18s") has an energy of either 19.818 or 20.614 eV dgipgron which spin
state is formed. If a molecule is used insteadrmafr@ gas atom then it is very difficult to popelat
only a single rovibronic level, leading to a ladkeaergy resolution. Metastable molecules are
therefore rarely used in Penning studies.

The detected Penning ionisation spectra are elgmiveo the photoelectron results, but
with some small differencéd.The measured energy of the electrons relates tecular orbitals
and the energy depends on the energy of the miekastad the IE of the orbitals. There is also
another energy term which is the shift in IE betwéee photoelectron and Penning results. This
term is generally small and represents interactimt&een the neutral target and the metastable

probe?!
2.1.5 Electric field ionisation

When a very high electric field is applied to alecnle the Stark effect can become so
high that the potential barrier binding an electtoma molecule drops below the energy of the
electron’s orbital. This leads to the formatioraaholecular ion. In practice the high fields are
produced by applying 10 to 20 kV between a catlardka very fine needle point. lons formed in
this way tend to show little fragmentation when gamed to electron or photon ionisation
methods.’

Another type of ionisation induced by electridd®occurs with high power lasers. This
is a special case compared to the field ionisatestribed above because the electric fields
produced by an intense laser beam rapidly vardijmggto strong interactions between electron
and field*? In many cases the electron can be forced to reic@mtith the ion at relativistic

speeds by the rapidly varying fields. This is tasib for generation of ultra-short laser pufSes.
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3. Decay processes of positive ions

In general, after ionisation has occurred thefawmed will have excess energy above its
ground state. Subsequently this ion will decais Ihteresting to determine how ions decay, and
how these decay channels vary depending on thsimgnprocess used. In theory all ions should
decay in the same manner if they are ionised Wighsame amounts of eneffjylo start, we

consider ionisation and decay of an isolated specie
3.1 Isolated ionisation

The best example of an ion formed in isolatioarie created following photon ionisation.
In this process the photon is absorbed to leategjoation and departing electron. Once the
energy has been deposited in the ion several t@axarocesses can occur. In general, these
processes will try to move the ion into a lower+giyestate. This could occur by emission of a
photon. This is termed fluorescence if the traosits between states with the same spin
multiplicity, and is therefore an allowed transitidf the transition is between states with
different spin multiplicity,e.g.triplet to singlet, it is a forbidden transitioncathe emitted
radiation is termed phosphorescefit&he lifetime for emission of fluorescence is abblif —
10%s. As phosphorescence is a forbidden process ttesiemlifetimes are much longer, from
seconds to microseconds. Emission of radiatiorbeaconsidered a non-statistical process.
Fluorescence is very common for small moleculesabuhe size of the molecules increases it
becomes less likely to occur as it competes witleiotlecay paths.

A statistical process corresponds to energy raighiion within the molecule. This can
occur non-radiatively. If the transition is betwestates of the same spin multiplicity it is termed
internal conversion, if the states have differgain snultiplicities it called intersystem crossiry.
final way the ion can relax is by dissociation. &léne excited ABion fragments, for example
into A" and B. This process can be described as eithedsinp or statistical, depending on the
timescale of dissociation. If dissociation is fasten energy randomisation, normally assumed
to be on the order of a vibrational period, itmsimpulsive dissociation. If the timescale is slowe
than energy randomisation the process is statisind can be modelled using statistical
models?® see chapter 3. How quickly dissociation occursedels on the potential energy curve

for fragmentation. Figure 1.7 shows some schenpatiential energy curves for the generic
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polyatomic cation, AB, along the AB bond length. One assumption behind these cusvimt,

if either A or B is not an atom but a molecularuppthen AB can still be treated as a pseudo-
diatomic. This assumes that there is zero coufiletgeen the vibrational modes, and they are
normal modes. In reality, if either A or B is moldar then any dissociation will take place on a
potential energy surface which has as 3N-6 dim&ssimd these curves only represent cuts
through this surface. Curve 1 is the ground statheoneutral AB molecule from which
ionisation occurs. The red arrow markedndicates the transition caused by absorption of a
photon. Curve 2 represents a situation wheré islound. There is a deep potential energy well
which supports vibrational and rotational energiels. In this situation only ABwill be

detected until the incident excitation energy, fraqhoton or an electragic, reaches an energy
above the dissociation limit. At that energy #tagments will be detected.

Curve 3 is a repulsive potential energy curve.thés state is populated the nucléi A
and B start to move apart and the potential enesrggnverted into kinetic energy. In this
situation A" may be detected at its thermochemical threshdiddepending on Franck-Condon
factors, is more likely to be formed at an eneriggwe the threshold. The dissociation is
impulsive, so occurs rapidly with little redistrifoan of energy within the different modes of the
molecule. This leads to a large proportion of thailable energy being converted into kinetic
energy of the fragments, and usually there i®littbrational excitation of the fragments. Curve 4
is a bound curve but this time there is a barnghe exit channel. Due to this barrier the
fragments will not be detected at the energy ofAReB™ asymptote but AE higher in energy.
Such barriers can arise due to tight transitiotestarinally, it should be noted in this diagram
that curves 3 and 4 cross at the 2 level of curve 4. This can lead to predissiaaif, after
population of curve 4, there is a jump to curvét & also possible to have curves whose situation
is intermediate to curves 2 and 3. Here the cugVargely repulsive but may have a shallow

minima in it.
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If dissociation is statistical it can be modeliesing the Rice-Ramsperger-Kessel-Marcus
(RRKM) or quantum equilibrium theories (QE*f)Here all energy in the ion is assumed to be
completely randomised into all vibrational modeghaf electronic ground state of the ion. The
most important assumption of these theories isttieat exists a molecular structure which
defines the barrier between the products and theast. This is the so-called transition state
(TS). An example of a statistical dissociation gsscan be shown using curve 2. If we assume
that AB" is polyatomicj.e. A has more than one atom, then there will be séeghar vibrations
than the A-B vibration shown. Energy will be randomised betwa# available modes. If there
is enough energy present to place the moleculeeatt@vdissociation limit of curve 2 then we
would expect to see’Zand B formed. However, this dissociation will otdke place when all
the energy is in the AB vibration. Therefore, although thermodynamicaligre is enough
energy to dissociate ABhe daughter ion, A will only be visible when the rate of unimolecula
dissociation becomes measurable. This forms the bathe kinetic shift, an idea first explicitly
stated by Chupka in 1939 The kinetic shift relates to the measurement pkapance energies
of ionic fragments. If dissociation takes placeactimescale which is longer than the transit time
of the ions through the detector then the dissimeiatill not be measured. The dissociation will
only become measurable when there is enough egocesgy above threshold for the rate of
dissociation to increase to a measurable rate.rmbans that the measured appearance energy
will be higher than the actual energy. The sizthefkinetic shift depends on the size of the
molecule but values are normally around 0.1 — ¥.,(tlee magnitude increasing as the size of the
molecule increases. If the dissociation is impw@shen it is more difficult to model. It can only
be modelled well using a full reactive scatteriagcalation, although some analytical solutions

are available.

3.2 Perturbed ionisation

We now consider the situation where the ion, AB formed and decays while interacting
with another species. This will be the situationriactions 1.2-1.4 where the ionising species
are electrons, cations or excited neutrals. Ineeactions, after the ionisation event has
occurred there will be another species in the itigiof the ion, either an electron or neutral
species. This may affect how the energetic iorxedaWe will deal exclusively with reaction
1.3, ionisation by cations. Earlier it was explaieat charge transfer can take place by two
extreme mechanisms, either long-range or shorteraiigpng-range charge transfer takes place,
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then the electron jump takes place at a largerintdear distance betweerd @nd AB to form

AB™ and C. It is assumed in this model that'A8essentially isolated from C. If this is trueem
relaxation of AB by dissociation, IVRetc, will be the same as when AB formed in an

isolated situation. This implies that the procesthe same as for photon ionisation. This is often
found to be the case, and breakdown diagrams diuptaons recorded as a function of energy
for photoionisation and ion-molecule reactions aguthin experimental error. However, we
must appreciate that this is an inherent contrasicAB™ may fragment as if it is an isolated ion,
but it is still part of a collision system with Gse AB" and C are on an attractive potential
energy curve due to the ion induced-dipole intéoactThis means that while dissociation is
occurring it is possible that some collisions witicur between ABand C, so why does the
fragmentation proceed as if it is unimoleculari® possible that even though ABnd C are in a
complex the interaction does not have a large effe¢he TS. In this case it means that
fragmentation should largely occur as if the iorsvuglated. It is possible that minor changes in
the rate of dissociation may occur due to the skderations of the TS. This could lead to a
small difference between photoionisation and lcagge charge transfer, in that the appearance
energy of a fragment ion may be shifted slightlg dothe change of vibrational frequencies and
hence change the kinetic shift of the appearanesggnFor short-range charge transfer the
assumption of isolated ionisation is no longerd;adind there is a strong interaction betweeri AB
and C. This interaction could easily lead to défgrfragmentation patterns when compared with
photoionisation. If AB and C come even closer, then the extent of inierawill increase and a
chemical reaction may take place.

The three possible mechanisms should be considerémming a spectrum of possible
reactions depending on the extent of interactidwéen C and AB. At the one extreme is long-
range charge transfer where there is no interaatohthe parent ion, ABis formed and
dissociates as if isolated. As the interactiomcgeased the short-range mechanism takes over.
Here the parent ion is formed but the interactietwieen C and AB" will affect fragmentation.

At the other extreme is when the interaction istsong that the parent ion is not formed at all,
fragments are formed directly from reaction éfadid AB in a tight collision complex.

It is also possible that more than one mechan@mmiddoe operative in any ion-molecule
reaction. Several studies were performed by Ledrain a flowing afterglow apparatus where
the vibrational distributions of products couldrbeasured with LIF®*°They studied the
reactions of CO with both Arand N and the vibrational state distribution of C@as

determined. It was found that the distributiongsemntially the same as the Franck-Condon
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distribution from photoionisation. However theresrgmme non-Franck-Condon intensity in
certain vibrational modes. The explanation for thés that there were several charge transfer

reactions occurring in competition, leading to eliéint CO (v) distributions.

4. Experimental techniques

4.1 Photoionisation

In this section some of the experimental techrsquseed to measure photoionisation
processes will be reviewed. One of the simplegstrtegies to measure photoionisation is to

detect the photoelectron produced as the negativeterpart to the cation.

4.1.1 Photoelectron spectroscopy

Upon ionisation the electron is released withreekt energy which is equal to the
difference between the photon energy and the lBeofemoved electron. In the most common,
and in many ways simplest, version of photoelecspectroscopy a fixed-energy light source is
used to ionise the species under study. The kieetcgy of the released electrons is then
analysed by an electron detector. The differengticrenergies of the electron represent the
photoelectron spectrum (PES). There are seveffarédift monochromatic light sources used, the
main types being rare-gas discharge lamps. Mangmebkave been developed and are detailed
in several monographs, for examples see the bddknd and Samsa>° The general design
involves some form of electrical discharge throtigdrare gas which produces light due to
transitions between electronic states. The moshommgas used in these discharges is He, and
more specifically the He(l) line at 21.22 eV (5B4).' This line is energetic enough to ionise
most valence electrons, and to ionise the grouaté sif all gas-phase molecules. It is also highly
monochromatic, other transitions in He having mwelaker intensity, and is very intense. Other
rare gases can also be used in the same desiggtbérye lamp, and often Ne is used as an
alternative to He. Now the Ne(l) line at 16.67 e\used, but unfortunately due to spin-orbit
effects there is a second Ne(l) line at 16.85 e\lwbauses complications in the measured PES.
A final line source of interest is the He(ll) lia¢# 40.81 eV. A photon of this energy not only
allows access to the complete valence shell ghalecules, but also many double ionisation

processes can be excited.
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Several designs of electron energy analyser hege teveloped. The first are retarding-
energy analysers.In these only electrons with a kinetic energy kigthan a retarding voltage
can reach the detector. As this retarding voltagriccessively reduced, steps are produced for
each group of electrons of a discrete kinetic enekgmajor problem with these detectors is the
difficulty of examining low-energy electrons. A tifent type of analyser is a deflection
analyser:? In these analysers electric or magnetic fieldsuaesl to make electrons of different
energies follow different trajectories, and henepasate them in space. Figure 1.8 shows a
schematic of a simple parallel plate deflectionlysex. Only electrons of the correct energy will
have a path which leads from the entrance to thesktx By varying the pass voltage\( in
Figure 1.8) electrons of different energies wilVaahe correct path. This type of analyser
produces distinct peaks for each discrete seteatreins energies. The spectra are the differential
of the step spectra obtained using a retardingd ehlyser.

One of the best deflection-type analysers is 8@ hemispherical analyser. This is very
commonly used in high resolution He(l) spectronetklt provides first-order double focusing
and its characteristics match the He(l) lamps weed well. Difficulties with deflection-type
analysers are the distortions of electric fieldthatslits as they do not lie in an equipotential
plane. These distortions can be corrected usirggdgstems or fringing field correctors, but can
still cause difficulties.

— _
Source

Detector

Figure 1.8: Schematic of a parallel plate electtisianalyser. Dashed lines represent electroadi@jies

within the analyser.
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A variation on these fixed photon energy photaetecstudies is to use a continuum light
source and scan the photon energy. The most comamimuum source is a Synchrotron, a type
of particle accelerator. Here electrons, or somegiother charged particles, move around a large
evacuated ring. As the bunches of electrons gonarcarners they are accelerated, this leads to
the emission of electromagnetic radiation. Thisatah is emitted as a smooth continuum of
almost 100 % plane-polarised light. The energy easwyered depends on the energy of the
electrons (on the order of 1 GeV) but is normaly ~ 1000 e\}* Laboratory-based sources
have been developed, such as the hydrogen marsydmece or the Hopfield Helium
continuum:® Unfortunately these sources tend to be very wedkoaly cover small energy
ranges. If a continuum source is used, a monochmmaust also be used to select the required
wavelength of light.

Using a tuneable photon source leads to two wagetect the electrons. They can be
detected at a fixed energy as the photon energgaisned, or the kinetic energy of every electron
can be analysed as for a normal PES. This secotitbdheonstant ion state spectroscopy, gives
a PES for each photon energy and can be usedaafbbw the cross-section for ionisation from
each photoelectron varies with photon enéfgphis can give valuable insight into the nature of
the orbital from which the electron is removed. Erample if the orbital has one radial nodal
(e.g.2s, 3p, 4d...) then there is usually a deep minmtae cross-section due to interference
between partial waves from the inner and outersprthe orbital. They are known as Cooper
minima, and if they arise it indicates that thei$amg orbital must have a radial notfe.

For the first method, where the electron enerdyeisl constant, the electron energy can
be fixed at any energy. There are some advantagés use of a non-zero value, but in general
zero kinetic energy (threshold) electrons are chosée detectetf. These threshold electrons
can be detected with high efficiency using eledields. Many different threshold detectors have
been developed, such as the penetrating field enadsancy detectors.The aim of all these
threshold analysers is to detect only low-energgtebns. This has led to several techniques to
remove the contribution from high-energy electraimich only have a velocity component along
the detector axis. The presence of these eledgands to the so-called ‘hot-electron tail’ in
threshold photoelectron spectra. One recent teabrof| Sztaray and Baer uses velocity-
focussing optics and specially positioned detedimremove this contribution from hot

electrons?® By using concentric multichannel electron multiplsubtraction of the signal from
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the outer ring (only hot electrons) from that of thner ring (hot and threshold electrons)
removes the hot-electron tail.

One major difference between threshold and He&EB I3 that autoionisation is generally
absent in He(l) PES unless there is an energy ici@nce, whereas in the threshold photoelectron
spectra (TPES) they are fairly ubiquitous. Theafté autoionising resonances on the TPES
depends on which type it is: rotational, vibratipma electronic. If electronic autoionisation
occurs, then an electron with high kinetic enesggeleased. This electron will not be detected by
a threshold analyser, so the TPES should not keeteff. If vibrational or rotational
autoionisation takes place then a low-energy eaatvill be produced. This electron will be
detected in the threshold analyser. Vibrationabamisation can lead to distortion of the
structure of the photoelectron bands due to noni-€ondon transitions leading to excitation of

different vibrational progressions in the ban@s.

4.1.2 Photoion spectroscopy

Another technique to study photoionisation is étedt the positive ions formed after
interaction with a photon, known as photoion spesttopy (PIS}! It can also be used to detect
negative ions formed in the ion-pair proc&&$he ions are in general detected mass-selectively
to give partial photoionisation cross-sectionsdach ion. From this it can be deduced which
fragments are formed at any photon energy. Indirengement it is possible to determine the
appearance energies at 298 K gadefor any fragment ions formed. The measured signbm
a non-resonant process, and so the cross-sectmaanh ion channel is a step function. Each
step on the cross-section represents a new ongmtisétion to produce the detected ion.
Autoionisation will also have an effect on this £sesection. As autoionisation is a resonant
phenomenon it only occurs for certain energiewillttherefore show up as peaks superimposed
on the step functions. Both vibrational and elegtr@utoionisation will show up as peaks, and
therefore comparison to the TPES can indicate wigathanism of autoionisation is taking place

as electronic autoionisation will be absent from TPES>’

4.1.3 Photoelectron photoion coincidence spectrogmno

A problem with normal photoelectron and photoiatien spectra is that it is not clear

whether the electron and ion come from the samecent#,i.e. do they correlate with each
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other? A very powerful method to study photoionmais to combine detection of the
photoelectron with a photoion. If the measurememiane in coincidence then what is obtained is
the energy-selected ion yield into product ions &snction of photon energy. This technique has
been performed with the energy of the photoeledir@d at non-zero values, so called
photoelectron-photoion coincidence (PEPICO) spsctpy>**°or as the threshold

photoelectron variant (TPEPICE)®! A large body of PEPICO work has been performed by
Eland and co-workers, recently this has been ertal study double ionisation events with
coincidence detectiof:®*We will concentrate on TPEPICO as it is this tgpexperiment

which we perform. A non-pulsed TPEPICO experimeitih wvme of flight mass detection is a
good match to the high intensity pseudo-contindimid which is produced by a Synchrotron. It
is important in all coincidence experiments to i@the number of false coincidences and
maximise the number of true coincidences. Falsecodénces are caused by the detection of an
ion which was not formed in the same event whigatad the photoelectron. It can be shown

that the signal-to-noise ratie/f) of a non-pulsed TPEPICO measurement is giveff by:

b
S/n:ﬂ M (eq 16)
m ag, Ny
m

N is the number of ionisation events per seconandf;, are the collection efficiencies of ions

and electrongj is the fraction of events of the required typés an overlap factor in spaaa,is

the number of channels of a time-to-digital-coneedver which the signal is spreads the

time the coincidence gate is open for dnd the measurement time. T&@ratio is not quite the
same as the ratio of true to false coincidencessbaiuseful measure. Equation 1.6 shows that, to
maximise thes/nratio, the spatial overlap, collection efficieranyd fraction of events of the type
to be studied must all be maximiseccan be maximised by careful alignment of the two
detectors with the light source and beam of gagewgdepends on the aims of the experiment.
The most important effect is to maximise the caitecefficiency of the detectors, so that when
there is an ionisation event it will be detecte#iowever, maximising the efficiencies causes
other difficulties. If only a TPES or PIS experiménbeing performed then it is very easy to tune
the electron or ion optics to give very high cdilec efficiencies. The voltages that give a high
ion collection efficiency, however, will give a wepoor electron efficiency, andce-versaThe
important efficiency is the total collection efieicy,Fr, which is the product df andf,. This

means the bestr value is usually obtained by having a reasondtlenot over-high, collection

24



efficiency for both electrons and ions. Simplistigat also appears that by increasiNdy
increasing the sample pressure or flux of lighgdyspectra will be obtained, however, this is not
the case. Although the rate of true coincidences g withN the rate of false coincidences
goes up as well but is now proportionaNb In terms ofs/nratio, this means that the bs#tis
obtained whemN — 0. This cannot be realised in any real experimantdoes show that the best
statistics are obtained at low event rates. FasquUITPEPICO experiments it is much harder to

deal with false coincidences because the true @&sd €oincidences are now correlated in time.

4.1.4 ZEKE and MATI photoionisation

An extension of detecting threshold electronsei® zlectron kinetic energy (ZEKE)
spectroscopy and the photoion analogue, mass adalyeshold ionisation (MATR In these
methods a species is excited to a very high-lyigdlderg state. Application of a specific
sequence of voltage pulses remove any electropsaioions produced by direct ionisation.

After a short time delay another sequence of velfagses then extracts the photoelectron which
resides in the Rydberg state by field ionisatiomsTechnique can produce a resolution which is
limited by the electric fields and the excitatiausce, not by the kinetic energy of the
photoelectron. In general, lasers are used asxthi@ton source due their high resolution and

pulsed nature, which allows synchronisation with plulsed electric fields.

4.2 lon-molecule reactions

Several techniques are available to study ion-oudereactions, generally labelled €

AB. A brief overview will be given here.

4.2.1 Flowing afterglow

The flowing afterglow (FA) was developed in thelg4960s at Boulder, Colorado, USA
by Fergusofi! Conceptually, the FA is a very simple experiméniffer gas, usually He, flows
through a tube at pressures of between 0.2 andrlaral is evacuated by a large roots pump.
This allows very high flow rates to be achieveddaghe flow tube. A microwave or d.c.
discharge is induced in the buffer gas to produgksma. At a point downstream from this
discharge, a source gas is added to prepare thentians. A reactant gas can then be leaked in
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and the reactions between this and the reagemstuaiied. lons are detected at the far end of the
flow tube by a quadrupole mass spectrometer. Stdradalysis is to monitor the disappearance
of the reagent ion (§ as a function of neutral (AB) flow rate, leaditogthe rate coefficient for
the reaction. Product ions can also be detectedhamthing ratios determined. Modern versions
of this instrument contain more advanced detedgcohniques to the fixed mass spectrom&ter.
One apparatus has a moveable mass spectromet&rigecthe reaction time. Also commonly
used are Langmuir probes and laser induced fluenesc(LIF) detection of neutral products.
Langmuir probes are special electrodes which caasare the number density and temperature
of charged species. They have found great use mtanimg electrons, allowing the study of
electron attachment and dissociative recombinagantions’ The greatest disadvantage of the
FA is that the reagent ions are generated inseléidlv tube. The generation of these ions is
rarely clean, and often several different ions dlpresent as reagents. This can lead to very

complex kinetics, and in some cases makes it iniples® determine product channels.
4.2.2 Selected ion flow tube

A solution to the problems of the FA was developedhe Selected lon Flow Tube
(SIFT) at the University of Birmingham in the 19784n this apparatus the ion source is
separated from the flow tube by a quadrupole mkss in ideal conditions only a single reagent
ion will enter the flow tube. This greatly simpé8 the reaction kinetics, and it is much simpler to
determine branching ratios than on the FA. The 3i&3 shown great versatility with versions
capable of being heated to ~900 K or cooled tadidNy temperature§: Other adaptations have
included drift tubes inserted into the flow tubkowing studies of the reactions with different
energy distributions. Several different ion sourcage also been adapted to the SIFT. These
include flowing afterglow, cluster and electrospsayrrce$® A recent development by Béhme
attached an inductively-coupled plasma torch to3tr . This allows atomic ions to be formed
from anywhere in the periodic table. However, themee some disadvantages in using a SIFT
rather than a FA. The reactions of electrons wéttrals,.e. electron attachment, or with ions,
i.e. dissociative electron recombination, cannot bdistlin the SIFT as no electrons enter the
flow tube from the source. Another disadvantagéas the densities of ions, and hence products

are lower in the SIFT, and this means that LIF ctéia of products is no longer feasible.
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4.2.3 Other high-pressure techniques

Another very important high pressure apparattisdSCRESU which stands for Cinetique
de Reactions en Ecoulement Supersonique Uniformeefi€s of Reactions in Uniform
Supersonic Flow). It is based on wind tunnel teghas which are used to measure aerodynamics
at low pressure and supersonic speédsThe technique is to expand the reactant ion, otrak
in a buffer gas isentropically through a Laval nezZ his creates a supersonic isentropic flow,
which has been described as a reaction vesselwtithalls. By altering the divergence of the
Laval nozzle different flow temperatures can beeatd!> and normally the CRESU is operated
at temperatures of astrochemical importance, dowfl0 K. Reaction rate coefficients are
measured in a similar way to the SIFT, by followthg decrease in reactant ion as a function of
the neutral reagent. An improvement to the CRESH wanclude a quadrupole mass filter to
allow mass selection of the reagent ion, thisésGRESUS (Kinetics of Reactions in Uniform
Supersonic Flow with SelectiofijOne major disadvantage of the CRESU techniqueeiitige
gas flows involved, about 50 standard cubic certti@seper second (sccm), which requires
massive pumping requiremerits.

A very recent variation of flow tube techniqueshis turbulent ion flow tube, TIFT
This apparatus allows studies of ion-molecule ieastat very high pressures (up to 700 Torr).
The main difference is that with the pressuresflowd rates used, the flow is turbulent rather
than laminar. Rate coefficients are measured imtmenal way. A final high-pressure technique
is the ion mobility spectrometer. In this appardhesions move along a drift-tube under the
influence of an electric field at atmospheric pugss. By varying the electric field rate

coefficients can be measured as a function ofsiotiienergy.’
4.2.4 lon cyclotron resonance

Another technique to measure rate coefficient@oducts of ion-molecule reactions is
the ion cyclotron resonance (ICR) instrument, ofefierred to as a Fourier transform mass
spectrometer (FTMS) in more modern versions. Irtresihto the other techniques reported
above, it operates at very low pressure, aroundmar. In an FTMS a small chamber has a

large magnetic field (~5 T) from a superconductimagnet applied across it. Any ions in this
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chamber will be constrained in a circular orbit do¢he magnetic field, called the cyclotron
orbit, with a frequency given by:

_ v _zeB
Croomc

w, (eq 1.7)

a is the cyclotron frequencys,is the velocity of the iorm, is the orbital radius the ionic charge,
eis the charge of an electrddjs the magnetic field strengtimis the mass of the ion awds the
speed of light® A radio frequency voltage is applied perpendictidathe magnetic field. If the
frequency matches that of the ion it is excited latrger orbits. As the radio frequency voltage is
scanned a mass spectrum is obtained. In moderiongers specially shaped radio frequency
voltage pulse is applied that excites all ionsratep the so called SWIFT pul§&The resulting

ion current is then Fourier transformed to giveemfiency spectrum. The resolution of a FTMS
is much greater than other mass spectrometerghagdre very powerful toofg.lon-molecule
reactions can be studied by leaking a small amofneutral gas into the ICR chamt¥Mass
spectra are then obtained as a function of timasa function of neutral concentration. To
simplify reaction schemes, special excitation pils#En be applied that remove all ions but the
one of interest before the reaction begins. Itds possible to measure ion-molecule reactions
from broadening of the lines in the mass spectdilthough rate coefficients can be measured in
an FTMS, it should be noted that there are sev&saks with obtainingbsolutevalues. Firstly,
from the equations of cyclotron motion, only théaa@f v tor is defined by, and they can
therefore take any combination of values. This redhat the translational energy of ions inside
the trap after excitation by the RF pulse is untefiand possibly non-thermal. This will lead to
deviations from the true, thermal rate coefficiamesasured, for example, by the flowing
afterglow experiment. However, it has been poimetthat, if enough non-reactive collisions
take place, there should be a thermal distributiovelocities®* Also, if ion storage times are

long enough, then thermalisation will occur dudlackbody radiation from the trap itséff.
Another difficulty in measuring absolute rate caménts is measuring the pressure in the ICR
cell. The pressure gauge is usually a long disténoce the cell and so there will be on offset due
to this® Also at the low pressures in an FTMS pressuresnaasured on an ion gauge and
calibration becomes difficuff Due to these limitations it is common to recrethtive rate

coefficients, for example by including Ar in theaotion mixture®®
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5. Electron attachment
5.1 Theories

There are several ways in which negative ionsbeaformed, for example from ion-pair
production after photoionisation or electrosprayegd vacuum from a solution. In this thesis
only formation of negative ions following attachnef electrons by neutral species will be

considered.
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Figure 1.9: Potential energy curves for dissoce#lectron attachment to AB, adapted from ref 85.

In general, if electron attachment occurs it mussavia a dissociative pathway. It is normal to
describe the dissociative attachment (DA) proceske resonance modgI® In this model DA
proceeds through a temporary negative ion (TNEestagure 1.9 shows potential energy curves
for the attachment of an electron to a molecule RiBstly, an electron of energyis captured by
the nuclei in a particular rovibrational level, icated as; andj; on the potential curnvéy(R).

The capture populates the anion potential cMVR). R; is the most probable point of capture. In
this pictureV (R) is repulsive, though it is possible for therdota shallow bound region. If

V'(R) is repulsive then the nuclei A and B begin toasafe so that their potential energy is
converted into kinetic energy. The electron camdetach at any point and return to the

continuum. If, for example, it autodetache®&a$ then the molecule will be left excitedwhand
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j+. The autodetachment rate depends on the resohfaticee. If the state is sufficiently long
lived, the nuclei may separate pRstvhere autodetachment is no longer possible. Rasspoint

DA will occur. The DA cross-section was given byM&lley as®®

Oon :§F|Fc|zs (eq 1.8)
where FFcf is the Franck-Condon factor between the initial anion statel] is the width of the
resonance anglis the survival factor of the resonance. The sadviactor is given by the ratio of
the time it takes the products to dissociate Baahd the autodetachment lifetime. If the curve
V(R) is not repulsive then DA cannot take place. & lifetime of the TNI is long enough, it may
be possible to detect the parent anion in a masdrepneter.

This is the most general mechanism and is a silgldron excitation. However, there are
situations were attachment of an electron is acemnegl by excitation of another electron in the
molecule: a two-electron process. If the energihisf resonance is above the energy of the
excited electronic state of the molecule, the edectan decay by autodetachment to this excited
state. This is known as a core-excited resonahtee kexcited state of the molecule is below the
resonance energy, then decay to this neutral exsitge is forbidden to occur by a one-electron
detachment process. The decay into the neutrahdrstate requires rearrangement of the
electronic configuration, and this can lead to langn lifetimes. This is known as an electronic
Feshbach resonance. If the electron couples tolecalar vibration then transfer of electronic
energy to vibrational energy can take place. Tarsrevent autodetachment taking place.
Previously these have been known as nuclear-exeEgsllbach resonances, but the preferred
name now is vibrational Feshbach resonances. Aatidinal Feshbach resonances couple
electronic and nuclear degrees of freedom, the -Bigpenheimer picture developed in Figure
1.9 is no longer applicable. A final type of resooais a shape resonance. These resonances only
occur for electrons with non-zero angular momentiihese resonances are due to a potential
well which arises from the interaction of the attnae polarisation between the electron and the
neutral and the repulsive centrifugal barrier duednservation of angular momentam.

It should be noted that, for the majority of remoneces, if subsequently a collision occurs
between the TNI and another neutral molecule, gnesg be transferred which will stabilise the
anion. This leads to one of the major differencatsvben electron attachment studied at high and
low pressure. At low pressure there will be noismhal stabilisation, while there will be many

such collisions in a high pressure environmentsThain lead to an increase in the measured yield
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of parent ions and measured rate coefficientsassssections in high-pressure experiments

compared to low-pressure experiments.

5.2 Experiments

Many different types of experiments have beengoaréd to study electron attachment,
thoroughly reviewed by Chutjian and Hotepal®®’ They can be classed into two broad areas of
study. The first uses a beam of monoenergeticrelestand work under very low, single-
collision pressure conditior¥& The second type is performed at high, generathoapheric,
pressures and the electrons are in a swWaithe term swarm means that the electrons are firesen
in a distribution of energies. The electron-enalpgribution depends on the electric field
applied, the number density of neutral moleculestae type of buffer gas used. Attempts to
calculate this distribution have been performedbyyvestan assuming that the electrons only
undergo elastic collisions with the buffer g&s4ajor errors with this approach are that it igreore
the contribution of inelastic processes, and imdependent of type of buffer gas. This last point
is remedied by including the momentum transfer sisection of the buffer gases. Other methods
to calculate the energy function have been baseteBoltzmann transport equation.

For the first type of experiment, which will bdeged to as beam experiments, a method
of production to generate a beam of electrons witvell-defined and with very low energy is
needed. Several different electron sources have tmssf> the most common types being
electrostatic or trochoidal monochromators. Thehoadal monochromator uses a combination
of electric and magnetic fields to energy-seleetebns-’*? These sources easily allow electrons
with energies down to ~ 0.5 eV to be produced witeasonable resolution. However, below this
energy results can be unreliable.

One method developed to overcome these probletasilide highn Rydberg atoms
(wheren is the principal quantum number) with a neutralenole under study? The main
assumptions in this method are that when the eleésrremoved from a very high-lying Rydberg
orbital, it behaves essentially as a free eleadfdthe same enerdy.This method can give
resolutions down to 0.05 meV. The major limit asttechnique is poor knowledge of the
collision complex between the Rydberg atom anchthéral and what the precise energy of the
Rydberg electron is. A second method has beenexedsively by Chutjian and Alajajidfjn
which the electron is produced by photoionisatibKioby a Hopfield lamp close to threshold.

95,96
L

This has been extended by Hotlpma who performed the ionisation using a two-laser
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excitation process. Careful tuning of the lasergyallows formation of either hightRydberg
atoms or free electrons. This laser photoionisadittechment technique has an energy width
which is now limited by the Doppler effect and bwyastray fields, and it has been used to
measure EA cross sections at electron energieswaad 20ueV with 20peV resolutior’’

The swarm experiments have been performed for meass, an especially large body of
work in this area being due to Christophorou angvodkers. The most common type of swarm
apparatus is based on that developed by’hifimis consists of two parallel plates inside adarg
vacuum chamber with a high voltage between thens ditmmber can either be heated or cooled.
The chamber is filled with buffer gas and a certimount of sample gas. Some excitation source
is then used to form free electrons near one oplies; the electrons rapidly reach equilibrium
in the buffer gas. The electron current is thensuead at the positively biased plate. This
process is repeated with different concentratidresample gas to extract the electron attachment
coefficient. A main difficulty with this equipmern that the chamber must be emptied and
refilled for each measurement at different con@mns. Also attachment products cannot be
detected. Several different types of exciting seurave been used, including laser pulses and
radioactive sources. Another type of swarm apparatuch has found wide spread use is the
electron capture detector developed by Lovef§ck.

A variation on the static swarm apparatus is knifg swarm’> %! These devices are
based on negative ion mobility mass spectrométéfEhey consist of a drift tube through which
the ions and electrons move under the influen@nddlectric field. Inside this drift tube is some
form of gate system which allows the swarm of etewt to be pulsed. By measuring the change
in pulse height as an attaching gas is injectealtim drift tube, the electron attachment
coefficient can be measured. By interfacing th& tirbe with a mass spectrometer, for example

a quadrupole, attachment products can also be megasu

6. Thermochemistry
6.1 Affinity values

In general, the affinity of a species A for spsckeis given by reaction 1.9
A+ X AX (re 1.9)
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The affinity is then the negative of the enthalpyhas reaction. That is, an exothermic reaction
has a positive affinity, an endothermic reactioregative affinity. From this definition it follows
that if the reaction 1.10 occurs, then the affimtyB for X is greater than the affinity of A for.X
AX+B - BX+A (re 1.10)
Perhaps the most well-known affinity is the elentaffinity which describes the reaction:
A+ée - A (re 1.11)
If the value of the electron affinity is positiiben addition of an electron is an exothermic
reaction'®® In this thesis values have been estimated foopraffinities (PA) and fluoride ion
affinities (FIA) for several chemical species. Ré&at1.12 shows the generic reaction for PA,
reaction 1.13 for FIA:

A+H - HA" (re 1.12)
A+F 5 FA (re 1.13)

For PA the proton source is normally®i. If the following reaction occurs:
HO" + A — HA* + H,0 (re 1.14)

then the PA[A] is greater than or equal to the PA)H The value for the PA[}D] is well

known, 691.0 kJ mdL*® For two species studied in this thesis, reactioee also performed
with NH," and the PA of NHlis 853.6 kJ mét.1°* If protonation reactions occur withs&'* but
not with NH;", then this brackets the PA of the neutral undeshsts greater than PA{B] but
less than PA[NHK]. This method has been used successfully by manmigexs to estimate the PA
of chemicals in the gas pha$e.

Less well known than proton affinity is fluoriden affinity, though there is still a
reasonable body of literature published on theesi5]®*°’In our studies of ion-molecule
reactions several fluorinated ions and fluorinatedtral reactants have been used. If any
F anions are transferred in these reactions theniadan be placed on the FIA of some of the
species. It is easy to calculate the FIA of thetaa cations used in the SIFT as these are
founded on well-known thermochemistry. Table 1sislithe FIA for these reagent ions. These
values were calculated from standard thermochemataks and agree with other determinations
of FIAs*®
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Table 1.1: Calculated fluoride ion affinities forange of fluorinated ions.

lon Fluoride lon Affinity
/ kJ mol*
CR’ 1139
CR" 1090
CF 1067
Sk’ 1056
SF 1045
SK* 1001
SR 886
SK* 881

Table 1.1 shows that the reactant ion with thatgst FIA is CF, the ion with the
smallest is SF¥. An example of the measurement of a FIA is givartiie reactions af-CsFg in
chapter 6. Reaction 1.15 shows one of these reactioaction 1.16 indicates the relation
between each species and the generic affinityiggeeaction 1.10.

GFs + CR" - G + CRy (re 1.15)

AX + B~ A + BX (re 1.16)

c-CsFs reacts with CF, CR" and CE' to produce €F". There is no reaction with $FSk" or
SK", and only a very slow reaction with St6 form GF". These results show that the FIA of
CsF;" is greater than SFbut less than SFi.e. 1001< FIA[CsF*] < 1045 kJ mdt. Using the
calculated enthalpy of formation ofCsFs of ~1495 kJ mof, see chapters 3 and 6, and reaction
1.17, we can set bounds on the enthalpy of formatfcGF".

GF +F - GsFg (re 1.17)
This gives the following inequality for the enthyplpf formation of GF;":

—245< AMH 0 CsF+'] < =201 kJ mof.
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7. Aims

As mentioned earlier one of the main aims of Wisk is to attempt to understand how
charge transfer occurs in ion-molecule reactionlend side this aim are several other aims.
Perhaps the most important is related to the warthe six chloroethene molecules (chapters 7 —
9). Both the photoionisation of these moleculesthed reactions with a range of different ions
have been studied. These studies have given insightundamental ionisation processes and the
affect of replacing hydrogen atoms with chlorineras. Perhaps most interesting is reactions of
the three dichloroethenes, molecules which areéeel@ each other as different isomers. Here
differences in reaction rate coefficients and patsltighlight the importance of steric effects.

Another aim of the work has been towards the appbn of the recorded data. The
perfluorocarbon molecules studied in chapters 4rdb10 are all, or have the potential to be,
major industrial gases, especially in technologatatmas. The properties of these plasmas
depend on how its constituent chemical speciesvaetyaon ionisation. The work in this thesis
will help understand how the plasmas will evolvéhime. The photoionisation results give
some indication of what neutrals and radicals béllproduced, while the ion-molecule reactions
show how their concentrations will vary. The elentattachment data (chapter 10) is also
important in understanding plasmas where high aunagons of electrons are present. The
electron attachment studies can also be used th@uélative electron attachment cross-sections
measured in beam studies onto an absolute scaldp Tfos it was necessary to upgrade the

existing electron attachment apparatus to impratae dcquisitions.
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2. Experimental

For the studies discussed in this thesis threempégces of apparatus have been used.
They are the selected ion flow tube (SIFT), theshold photoelectron photoion coincidence
(TPEPICO) spectrometer, and the electron attachmass spectrometer (EAMS). The operation

of the three experiments will be described, aloitg Wwow data is obtained and analysed.

1 Selected ion flow tube
1.1 Apparatus details

The Selected lon Flow Tube (SIFT) is a well-estti®d technique which has developed
much in the past 30 years. The development of tR& Bas been described in detail in several
publications:? with several describing innovations to the sodit&he SIFT is used to study
ion-molecule reactions; it produces both rate ¢oeffits and also product ion distributions. It can
be used with either cations or anions but, fordaetions studied for this thesis, only cations
have been used.

The SIFT can be broken down into three basic setgntre source region, the flow tube
and the detector region. Each section will be de#lt in turn. Figure 2.1 shows a schematic of
the apparatus. The source currently in use in Bigmam is a closed high pressure electron
impact source; there is also a flowing aftergloustér source which has not been used for the
experiments reported here. During operation a phigsure (~I®mbar) of neutral precursor gas
flows past a tungsten filament. 70 eV electrongteahiby this filament ionise the gas to produce
cations. Electrostatic lenses then focus and trartemswarm of ions into a quadrupole mass
filter. The quadrupole is then used to select mrording to their mass-to-charge ratio.
Subsequently, in ideal situations, only the chaearnis injected into the SIFT flow tube.
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Figure 2.1: Schematic of the SIFT, not to scaldloviedots represent the He buffer gas blue theraéut

reagent, other colours represent various ions.

The flow tube is 1 metre in length and is normakgd with a pressure of ~ 0.5 Torr
Helium buffer gas (99.997% purity). The designtd interface between the source and the flow
tube is such that there is no back streaming debgfs into the source and turbulence is kept to
a minimum? In the flow tube collisions with the buffer gassid rapidly thermalise any ions
which are in excited states. However previous sty several groups have shown that this is
not always the cas€, and this aspect will be dealt with in detail latEne flow of He buffer is
maintained by a roots pump (Edwards EH 2600) babkeah Edwards rotary pump (Edwards
E1M176) which is sufficient to give a buffer gasoaity of about 100 m'§ In the flow tube
there are two ring ports (RP), these are usedrtotdde neutral reagent into the system. Each RP
consists of a ring with holes drilled around itcamference through which the neutral reactant
flows. The two ports are at different points aldhg tube, so give different reaction lengths (z)
which in a flow tube represent different reactionds. The current design of RP is used to
minimise the end correction (c) to z due to théedénce in the velocities between the injected
and tube gases as well as the finite mixing tinte Value of c is in the range -1 to +1 cm which
is small compared to the z values of around 40UWpon entering the flow tube reaction can, if it
is possible, begin, and from this position forwprdduct ions are formed. By use of either RP1
(z =42.74 cm, long reaction time) or RP2 (z = 17cB, short reaction time) the reaction
progress can be monitored. The ions in the flove tiidmth reactant and product) move on down
to a sampling cone which leads into the detectbe. flow tube itself is brazed with copper
tubing and heating jackets which allows the tempeesof the SIFT to be controlled. Use of

heaters allows temperatures up to 400 K, use oidity, pumped through the copper tubing
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allows temperatures below 0 °C. However, all trectiens reported here were performed at 298
K.

The ions enter the detector region through a sgnalimm) hole drilled in the sampling
cone end plate. This end plate is electricallyaitad from the rest of the system and is used as a
Faraday plate to allow detection of the total iarrent reaching the end of flow tube. This is
especially important for reactions with anions vehelectron detachment can occur. As an
electron is so much lighter than any cation theitebe a large drop in total current at the
Faraday plate due to greater diffusive loss ofelleetrons relative to the initial reactant signal.
The detector used in the Birmingham SIFT is a quaole mass spectrometer (SXP Elite 300)
and the ion signal is detectei an on-axis channeltron. Use of an on-axis detegt@s an
improvement in signal compared to off-axis detes;tbut is only possible because the SIFT ion
source itself is off-axis, so no stray photons piaatl in the source can reach the channeltron. All
measurements were made at the lowest mass resdiatieduce any mass discrimination
effects. At this resolution most peaks are resqleatly those which are very close in mass may
not be. When such peaks do occur they are treaiédlly, as one peak in low-resolution scans.
High-resolution scans are then taken of these olwed peaks so correct branching ratios can be
recorded. Figure 2.2 shows a high-resolution meas i the range 162-172 amu of th&€£G"
peak formed by the reaction of an ion witfOG. The peaks due to the different isotopes of
chlorine are clearly visible in the expected ratbd8 : 10 : 5: 1 : 0.08. The final peak of mass
172 is not visible because it has essentially zeemsity compared to the other peaks, it has a
signal which is 0.8 % of the signal at mass 166 .arhis separation of peaks is routinely

achieved with our quadrupole mass spectrometer.
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Figure 2.2: An example mass scan from the SIFTs $hows the parent ion peak produced fro@ILC
showing the resolution of all chlorine isotopomérse numbers show the signal strengths relatitkeo

peak at mass 166.
1.2 Experimental issues

To measure rate coefficients using a SIFT thedstahtechnique is as follows. For a
general ion-molecule reaction whekeis the reactant iorB the reactant neutral ai@ andD
are various ionic and neutral products respectively

k
AT+B - ct+D (eq 2.1)

The rate coefficient) is defined, if the signal o&" ions is monitored as a function of the flow
rate of neutral gaB, by this first order rate equation, wherés the ion velocity:
d[A"] —y [A"] _
dt Lot
In SIFT experimentsH] » [A'] so measurements are made under pseudo-first kirotics.

—K[A"][B] (eq 2.2)

Hence [B] is effectively constant and integratimgiation 2.2 gives:

[A] ) ..
In(m] =-k't (eq 2.3)
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wherek’ is the pseudo-first order rate coefficient whistequal td(B]. From the fact that in a
flow tube time is equal to the reaction length ded by the ion velocity, it can be seen that a plot

of In[A"] against B] will give a gradient of—k—z. It is clearly important to determirve
V.

i
accurately so as to obtain an accurate valuk, fSmith and Adams have given a thorough
overview of how to measure the ion velocity in 81T In the current experimental apparatus
only rate coefficients which are greater thait®l€m® moleculé's® can be measured. It is
estimated that that the error in rate coefficiests 20 %. Figure 2.3 shows an example of a plot
of In[A"] against B].

7.4 1
7.2 1 n
7.0 -
6.8 -
6.6
6.4
6.2 1

6.0 .

Ln(CF," signal)

5.8 -

5.6 -

5.4 1

5.2 1

| ! | ! | ! | !
0.0 5.0x10" 1.0x10" 1.5x10" 2.0x10%
[C,Cl,] / molecule cm”

Figure 2.3: Example rate plot from the reactiolCgEl, + CR" showing the decrease in the £Eignal

with increasing [GCly].

The SIFT can also be used to measure product amching ratios. When working out

branching ratios it is necessary to make allowafmeany possible secondary reactiare,any
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reactions between product ions and the neutrakregatgelf. To allow for this effect, the ion
yields are measured using RP2 so there has ontydshort reaction time, decreasing the
prevalence of secondary reactions. The ion yieldghen extrapolated to zero neutral
concentration. By following this procedure, therimaing ratios produced should be the true
distributions.

As mentioned eatrlier, collisions of the ions witle helium buffer should quench any
excited states. This is not, however, always tiu@revious studies we have shown @0 %
of the Q" is present in the = 1 and 2 vibrational levefsCF" and NG are also known to be
vibrationally excited in a SIFT depending on opiagtonditions->**as is N.'* There is also
some possibility of electronic excitation due tansprbit splitting; this is especially important
with the rare gas ions Kand Xé where the splitting is as large as 0.67 and 1\381 e
respectively® Such a large splitting can lead to the upper amet states having differing
reaction rates and producfs:> Any differences in reactivity should show up ie ihseudo-first
order plots as curvature. In the studies repor&zd ho curvature was visible. This means two
things; either that there are no excited statesemtein the flow tube, or that the two levels react
at the same rate. Where this is relevant to spea@8gults, it will be discussed further.

A common impurity in the flow tube when using iomkose recombination energy (RE)
is greater than 12.61 eV is®". This is due to proton transfer to any residuakewaresent in
the flow tube. When present the ion lenses aredttmeeduce any 0" signal to < 10 % of the
reagent signal. The presence aCH s further reduced by using a liquid nitrogen teapthe
helium inlet and regularly baking the flow tubet¢mnperatures above 10G to remove any
traces of water.

As part of the studies reported here the data aitogui system of the Birmingham SIFT
has recently been upgraded. Originally it was mgmin a 486 PC using a Visual Basic based
programme. This has been changed to a new labVIBYédsystem. The programme is custom
written in the labVIEW programming language. It suom a Pentium based computer with a
National Instruments PCI data acquisition card (B@l4) that has several analogue and digital
inputs and outputs to control and monitor the SéBparatus. This development has allowed the
time for individual experiments to be decreased, giien easy access to high powered analysis

techniques.
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2. Threshold photoelectron photoion coincidence spgometer

2.1 Apparatus detail

The Threshold Photoelectron Photoion Coinciderper®8ometer is an apparatus which is
used to measure what happens following photoianisaif a neutral. It is specifically designed
to detect zero energy€. zero to a few meV) electrons in coincidence with @issociated ions.
The equipment has been described in detail initémiure'®’

As the TPEPICO apparatus detects threshold efecttmeeds a source of continuum
light and a monochromator. This is in comparisothwiormal photoelectron experiments where
the standard source is the He(l) lamp which hasgos peak at 58.4 nm (21.22 eV), this is the
transition from the excited state (1s 2) to ground state He (13S). Such a line source does
not require any dispersion before use. The contmsource used for all the experiments in this
thesis is the Daresbury Synchrotron Radiation So(BRS). A Synchrotron is a large storage
ring in which bunches of charged patrticles (elettrat the SRS, other charged patrticles are in
use at different Synchrotrons) circulate. As trecebn bunches are bent around the corners by
bending magnets they accelerate and this causestthiese energy as radiation. The properties
of Synchrotron radiation that make it especiallgfusfor this work are that it covers smoothly a
broad energy range (IR to X-ray) and is very ingefidue to the spectral nature of the radiation
produced it must be dispersed before it can be. ddeglexperiment in this thesis were mainly
performed on beamline 3.2 at the SRS where thedigm is through a 5 m vacuum-UV
McPherson normal incidence monochromator, and &fpoasing mirror box. The beamline and
monochromator have been detailed in the literdtuFer two molecules, CHFandc-CsF, the
TPEPICO experiments were performed on beamlineRadthe CHE data the monochromator
was a Seya type. Recently a new monochromatocemsnissioned for this beamlifilt is of
the Wadsworth type and was used ford¢h@sFs experiment. More details are given in chapters 4
and 6. Both beamlines are designed specificallwfd¥ experiments, 3.1 is optimised for high

flux, while 3.2 is for high resolution work.
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Figure 2.4: Schematic of the TPEPICO apparatustnstale. Blue dots are electrons, the greenatets

cations and the red dots are neutral molecules.

A diagram of the TPEPICO apparatus is shown inife@.4, it consists of two
electrostatic detectors (for the ions and elecjrand a photomultiplier tube (PMT) to detect
incident photons. Monochromatic light from the béasmmonochromator is coupled into the
interaction regiorvia a 100 mm long quartz capillary. Gas is allowed thie interaction region
through a needle as an effusive beam. A pressuamahd 16 mbar is maintained, higher
pressures are not used to avoid any absorptioaotaff€ne light, if it has a high enough energy,
ionises the gas. The resultant electrons and ienm#ially extracted into their respective
detectors by a 20 V chextraction field. The threshold electron detetias been previously
described? it is a combination of steradiancy and low exicfield analysers. In the
steradiancy type, electrons are accelerated byeatrie field into a field free region, and most
high-energy electrons will have an off-axis compdrte their velocity and will be lost from the
system. The problem with this is that some highrgyelectrons will have only on-axis velocity
and so pass through this region into the detestoproducing the so called “hot electron tail” in
spectra. Use of a post-analyser can remove thidria low extraction field detector, the
electrons are extracted from the interaction regipa small electric field. It is configured sotha
only low-energy electrons can be brought to foaush@ entrance of a post analyser. Our

detector in the TPEPICO spectrometer combinestbddchniques. The first electron lens has a
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large chromatic aberration; this performs in a Emiay to a steradiancy analyser removing
electrons with an off-axis velocity component. Temaining optics then brings the threshold
electrons into focus on a 12@ylindrical post-analyser. This removes any renmmaigh-energy
electrons before the threshold electrons hit a wélmon (Phillips X818BL) and are detected.
Computer simulations show that this analyser isbbgpof a resolution of 3.5 medythough the
resolution achieved in these studies is more maaest10 meV.

Unlike the quadrupole mass spectrometers usdteinther apparatus described in this
Chapter, the TPEPICO ion detector is a time-ofaligf OF) mass spectrometer. lons pass
through a two-stage acceleration region beforeriergt@ linear drift region. The design of the
acceleration region is such that the space focgggindition is met and all ions of the sam&
and initial velocity arrive at the same time on ¢letector’! The ions are detected by two
microchannel plates (MCP) (Hamamatsu F4296-1Menchevron configuration. In this
experiment the start pulse to the TOF is providgdibelectron being detected in the threshold
analyser, because electrons move so much fasterdha the time they take to reach their
detector can be neglected compared to the ion TOF.

The photon flux from the synchrotron is monitotsda photomultiplier tube (EMI
9924B) which detects the fluorescence from a sodialicylate coated Pyrex window. The flux
is monitored as it allows the data to be flux ndisealin situ Figure 2.5 shows the flux curve
for the high energy grating of the 5m McPherson oatinomator on beamline 3.2 at the
Daresbury SRS.

The signals from the MCPs and channeltron aredissriminated before been sent to
pulse-shaping electronics. The resultant pulsetharesent to a time-to-digital (TDC) card
where the electron signal provides a start andiatihsignal a stop to the timing. A counter card
working alongside the TDC measures the total edecion and photon signals. Descriptions of

basic experimental setups and considerations adilyevailable®
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Figure 2.5: Flux curve for the high energy gratimgbeamline 3.2 at the SRS.

2.2 Calibration

Before any new sample gas can be studied the TRRERhergy and mass scale must be
calibrated, and the threshold electron analyset alge be tuned to accept only zero energy
electrons. These necessities can all be achieved asggon. The positions of both spin-orbit
components of the ground state of £4P3, 15.759 eV 2Py, 15.937 eV)’ are known with high
precision as is its mass, so both energy and tlss stale can be calibrated. Figure 2.6 shows an
example of a TPES and photoionisation cross se@ioAr recorded with a resolution 0.025 nm
(or 0.005 eV). Clearly visible are the two spinibdiates of Af and the autoionisation states
converging on the uppéPy, state. Recording a TOF spectrum of At high time resolution is
also necessary in setting up the TPEPICO expeririiéiet TOF of Af (normally around 1s)

is used to calibrate the TOF mass scale from tladoaship:

TOR(x) = TOF(Ar) /r';n (eq 2.4)

where TOF(x) and TOF(Ar) are the TOF of the unkna@mand Af, respectively, andy, and

my, are the masses of the unknown anl Ahe width of the Ar peak allows measurement of

the sample temperature and instrumental effects.
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From the equation of Franklin (chapter 3 equati@®Bthe theoretical width of the ATOF
peak at 298 K and a 20 V ¢nextraction voltage is 121 ns. Figure 2.7 showAROF spectra
recorded on beamline 3.2, the fwhm value measueesl&f 120 ns is in excellent agreement with

the Franklin valué®
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Figure 2.6: TPES and PIS for Ar recorded from 16.76.1 eV with 0.025 nm resolution on beamline 3.2
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Figure 2.7: Ar coincidence TOF spectra recordetd@amline 3.2 with 0.025 nm resolution

2.3 Experimental details

Two main experiments can be performed with the TIRBPapparatus. The first is a scanning
energy TPEPICO measurement. Here the wavelengtitioent radiation is scanned and any
electrons or ions produced at this energy detdntedincidence are recorded. This produces a
3D plot of wavelengths. coincidence signais.ion TOF, and example is shown in Figure 2.8.
This experiment also has the added bonus of prodube threshold photoelectron spectra
(TPES) and total photoion yield for the neutral @enstudy. Taking a cut through the 3D plot at a
fixed TOF will produce the ion yield curve for tparticular ion as a function of wavelength. By
taking such cuts for all ions, ion branching ratas easily be extracted. A cut at fixed
wavelength produces the mass spectrum for thatlemgth. This is useful for seeing which
fragments are present but no further analysisr®peed due to a reduced TOF resolution. The
ultimate resolving poweiM/4M) of the TOF analyser is ~150-200, however the Tda€i limits
the resolution to 8 ns. When recording 3D mapsrgsslution is even further degraded so that

all wavelengths andll ion fragments can be recorded on one 3D map dorgsf 256x 256
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channels. This can cause problems in that iongnfents, especially where the difference
between product ions is as small as one hydrogen, atannot always be resolved at the TOF
resolutions used. In cases where this problemdswartered, the unresolved fragments will be

treated as one fragment when calculating branatatigs.

Figure 2.8: 3D map of coincidences ®€sFg. Time-of-flight is in ns, cuts at a fixed TOF wgtoduce the
ion yield curve for a particular ion.

The second experiment that can be performed ¢awiatk, to a certain extent, the
difficulties in separating the fragments. Fixed+gyehigh-resolution TOF scans are recorded.
Here the wavelength of the radiation is fixed andradow is placed around just one of the ions
fragments using a high TOF resolution (8 ns). Ad tesolution most fragments will be
resolvable. From such fixed-energy scans can loelleddd kinetic energy release distributions
(KERDS) and hence how much energy is releasediatslation of fragments. This theory is
covered in detail in chapter 3 of the thesis.
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3. Electron attachment mass spectrometer
3.1 Apparatus details

The Electron Attachment Mass Spectrometer (EAMSsied to study electron
attachment to neutral molecules at high pressure.ofiginal EAMS was an adapted ion
mobility spectrometéf though it has gone through several extensive alegraince thefr;?
Several variations on this apparatus have beerafmeacross the worfd:* The EAMS
operates with an electron swarime, the electrons produced by the source do not hauegée
clearly defined energy but have a range of energies at atmospheric pressure. The energy
distribution is in general non-thermal and mustbtermined for each buffer gas, so that data can
be compared with electron beam experiments whereldttrons emanate from a monoenergetic
beam under single collision conditioff&imost uniquely for a swarm technique, our EAMS can
not only give attachment rate coefficients but aletect the product anioA3?°A schematic of
the apparatus is shown in Figure 2.9.

The electron source is a planar sampl&gf which is an 11 mCf3-radiation source. The
emitted radiation continuously ionises the buffas ¢n the drift tube. The electrons produced in
these interactions will, after many collisions, @ta an equilibrium with the surrounding gas.
The final energy distribution depends on the budi@s used and the voltage applied along the
drift tube.

The drift tube is inside a large vacuum chamberctvis filled with the buffer gas. The
buffer gas pressure is maintained by a mass flovralber (MKS 1159-B) and the buffer gas is
injected against the drift of electrons and anidhis, helps to reduce concentration gradients, a
problem encountered with earlier versions of tipigaaatus which used two gas flows. The first
containing buffer gas, the second from the oppahiextion was a mixture of the buffer and
sample ga$® A high voltage (50-3400 V) is applied between fgource and the Faraday plate.
The upper limit on the voltage range is dependarthe breakdown voltage of the buffer which
is being used. The lower limit is chosen becausabthis the detected signal strength becomes
too small to perform useful measurements. Undemttigence of this voltage the electrons drift
towards the Faraday plate where they can be cetleantd monitored over time. Any anions

formed due to electron attachment will also drdtvh the tube.
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Figure 2.9: Schematic diagram of the EAMS, not¢ there are more rings between fheource than
shown, the others have been removed for clarity.tdlecale. Small dots are electrons, large gre¢s are
the buffer gas, magenta dots are the neutral atigigas. The blue dots represent the anionic pteduc

following attachment.

The drift tube itself (see Figure 2.10) consista gkries of ring electrodes with a total
length of 9.7 cm from thg source to the Faraday plate. Each electrode singade of
aluminium coated in molybdenum, this is known touge charging effect§.Each of the
electrodes is electrically isolated from the nesihg a ceramic spacer. Electrical connection is
maintained by a chain of 10@resistors. In the centre of the tube is an elaajate which is
used to pulse the electron swarm. At the end ofltlietube is a Faraday plate which has a 70
pm hole in it leading to the detection region of #pparatus. The Faraday plate is electrically

isolated from the drift tube by a PTFE spacer ring.
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Figure 2.10: Diagram of the EAMS drift tube.

The electron gate is used to convert the constagsim of electrons generated by fhe
source into discreet pulses. The gate is positiapgdoximately halfway through the drift tube,
and is made up of two sets of interdigitated waed is based on the Bradbury-Nielson design.
The wires are made of molybdenum (thickness 0.09 piaced on top of a glass circuit board
with a 25 x 25 mrhsquare hole in the centre. The wire spacing i& ffh between consecutive
wires. The wires are glued down using non-condgatipoxy resin. By snipping alternative wires
two separate arrays of wire are created, conduefogy is then used to join all wires in each

discreet set together (see Figure 2.11).

Figure 2.11: EAMS electron gate. The wires are wad differently to highlight the interdigitation.
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Batteries are used to apply up to = 15 V ¢ ¥ the wire arrays, wherey\s the voltage at the
position of the gate in the drift tube. One of #ieays has a positive voltage applied, for therothe
array it is negative. Application of the voltagésses the gate to electrons. When the gate is
closed the electrons experience a large sidewdlectien, stopping them from continuing into
the rest of the drift tube. The gate is openedvayching the voltage on both sets of wire t@ V
In this instrument voltages of ~18 V are adequateldse the gate for E/N values of 2 X1
cnt. Typically electron pulses are produced with widdti 0.2-1 ms with a 40 ms gap between
them. An initial TTL pulse is generated by a comeredrpulse generator (GEPL logic pulse
generator) this is passed to the pulse switch.plitee switch itself consists of two Schmitt
triggers which are optically isolated fromy.\Due to the electronics fast response time theeoll
swarm has a well defined start time.

It can be shown that the position of the gaterttasffect on the detected signal. If the
intensity of electrons at the start of the dritbéuslo, then if the distance between source and
gate idl; then the intensity at the gdig) is given by:

1(1,) =1, exp-(n7 + B), (eq 2.5)
wherer is the electron attachment coefficiefitis the diffusive loss coefficient (the probability
of diffusive loss of electrons per unit lengthpamis the number density of attaching gas. A
fraction of this signaly, will be pulsed into the next section of the difbe, where the initial
pulse intensity will be:

Ally) = (1)) = poexp-(ng + Bl (eq 2.6)
By the time the pulse reaches the Faraday plate€ulosses will have been caused due to
diffusion and attachment, so the amplitude at theday platd, the full length of the drift tube,
will be:
A(l,) = A, exp- (7 + B)(1, = 1,) = gy exp- (A, )exp-(n77l,) (eq 2.7)
A(l,) is clearly independent of the gate position, &mdn be seen thatcan easily be extracted
from measurements at different valuesof

Any electrons and anions which manage to reackanaday plate will produce a current.
This current is converted to a voltage pulse byraent-to-voltage converter. A fast preamplifier,
which has a gain range of*1g A, amplifies the signal. The amplified pulse is jeakst® a gated
boxcar integrator, which monitors the pulse amphituThe pulse amplitude is subsequently

passed to a DOS 6.0 based acquisition programnsdage. The process of amplification will
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impose a time constant on the measurement which lmeusnown if electron drift velocities are
to be measuretf.

Behind the Faraday plate is a differentially puthpegion. This region is necessary to
reduce the high pressure of the drift region dowthe ~ 16 mbar needed to operate a
guadrupole mass spectrometer. In this region igiposd a sampling cone with a 1 mm hole
leading to the quadrupole mass spectrometer. Dgeitg from high pressure to low pressure
through a small orifice the gas undergoes an atiiaéepansion to form a supersonic bedm.
This expansion will rapidly cool the gas and cadléo cluster formation. Figure 2.12 shows an
example of ion clustering. For this mass scan tlietdbe was removed and a cylindrigal
source was positioned directly in front of the Eaaplate. The majority of peaks in this
spectrum are due to clustering of common atmosplgases. It is necessary to be aware of the
distortion of product yields that such ion clustgrcan cause. The cone is positioned in the so
called silent zone to maximise transmission and bécause there is no mingling of any
background gas into the jet in this region. Betwimencone and the Faraday plate a voltage can
be applied; this not only aids in transmissionaofs but also can lead to collision induced
dissociation (CID). CID can be a useful probe af identification, but in general the voltage is
kept low (10-15 V) to minimise CID but maximiseremission so that only the unaffected ion
yields are measured.

Counts / arb
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Figure 2.12: Example of a mass spectrum producesddryron attachment in air.
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The ions are detected after the cone by a quabirupass spectrometer (SXP Elite 600).
The same resolution issues as identified with it Suadrupole are also pertinent here. The
mass range of the quadrupole is 600 amu allowing a larger range of molecules tsthdied

in this system compared to the SIFT.
3.2 Sample handling

Samples are injected into the flow of buffer gathe EAMS. Sample preparation is an
important part of correct operation of the EAMS 8ample concentrations must be kept very
low, ca 10" molecule crit. If the concentration of a sample is too high themn interfere with,
and alter, the electron energy distribution, foisthis reason that the buffer gas should be as pu
as possible. Another reason for low concentratistisat if a neutral gas attaches electrons it
tends to be with a very high rate of attachmenbyskeeping sample concentration low better

control over the measurement can be achieved. Btleat used to prepare the samples is:

1. Sample is let into a large evacuated chamber (exeduo ~16 mbar) up to a pressure
of around 1G- 100 mbar.

The chamber is then filled up to 196@000 mbar with the appropriate buffer gas.
The mixture is left to stand for 24 hours to allfwll mixing.

The chamber is then evacuated down to around @M mbar.

The chamber is then refilled with buffer gas to@9®000 mbar.

S

Steps 3-5, the sequence of evacuations and rgfikire repeated until the required

concentrationda 10" molecules cii or lower) of the sample is reached.

The process of removal of gas by pumping can ledarye errors in concentration as it is
possible that, proportionally, more buffer gasusnped off than the sample @ce-versalt can
also be problematic that samples must be prepagslid advance, as wall loses can become
important. It is likely that the biggest error metmeasurements of electron attachment rate
coefficients arises due to errors in sample comagah. Samples are removed from the tank for
injection into the apparatus using either a syrjragel injected via a septum into the buffer gas
flow. The flow rate is controlled with a digital siyge drive (World Precision Instruments,
sp100i).
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3.3 Buffer gas

The selection of buffer gas will affect the eleatenergy distribution which is achieved
in the EAMS. Three gases are used regularly, rempgrgon and carbon dioxide. Figure 2.13
shows a graph of the mean electron energy, for the different values of the reduced electric
field strength, E/N, for all three buffer gasessltlear that using argon as a buffer will give
access to a highegs for a given value of E/N than for nitrogen. Sedé two gases give a
complimentary range ofez values, allowing study of electron attachmentrfidoigh energies to
close to thermal energyKsgT / 2 or 0.038 eV). However, it has been found thaome cases the
rate coefficients measured at the sargrein different buffer gases do not agré&his arises
because althoughex is the same, the underlying electron energy-digtion is different. It
should be noted that to reach thermal energy witts Nery difficult because the applied voltage
on the drift tube is below 100 V and the pulse atmgé becomes very small, this makes it
necessary to extrapolate data from higher enedgies to 0.038 eV. The most interesting plot in
Figure 2.13 is that for carbon dioxide. For &fir group and othefs*3have found that the
electron energy-distribution is thermal over a breange of E/N values (~ 0 — 16 x*£0/ cn?).
This means that the thermal attachment rate cositi@nd also the product ion distribution at
thermal energies are facile to measure. In thisishen general, measurements are performed
using CQ. However, on some occasionsg iNas been used for the useful extra informati@annt
provide on how the attachment process change$usson of energy.
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Figure 2.13: How the mean electron energy ef a swarm varies with the reduced electric figkIN) for

N,, Ar and CQ from 25,26,34.
58



3.4 Experimental Details

There are several different experiments whichlmrun on the EAMS. The main
experiment is to measure the electron attachmentceeefficient. For this experiment the system
is pulsed and the electron pulses detected atataelgy plate. A small flow of sample gas is then
injected and the change in electron current medsiias process is repeated until the signal has
been depleted by around 80 %. There are two wagsttact the density normalized electron
attachment coefficientp) from the data. The first is a plot of attachiras goncentratiomy
versusl:

I, =1,exp-nnl) (eq 2.8)
wherel. is the intensity at the concentration) ¢f the attaching gas anglis the intensity at zero
gas concentration. Fitting an exponential functmal;versusn plot results giveg. The second
method is to use a Beer-Lambert analysis. Thismedy plottingy versus Ink/lg). This will
yield a straight line with a gradient equaHagl. It should be noted th&§ has contributions to its
value from the diffusive loss coefficient and aktaent due to any impurities in the buffer gas.
Oncen has been calculated then the rate coefficiefitten be determined from the relationship
of 77 to the electron drift velocitynf):

k, =mw (eq 2.9)
The drift velocity depends on the reduced eledteid, the temperature and the buffer gas used.
For N, and Ar extensive tabulations wfare available for use in this calculatfdri For CQ w

1013 T \E
W= | — | = | = eq 2.10
w12 ) (¢9210)

where, is the reduced electron mobility in @@hich has been measured in this apparatus to be

is calculated using:

(1.81 +0.05) x 1& V' cmi* s*.2° Figure 2.14 shows an example of an experimental fda
electron attachment mC4Fg with an exponential fit, Figure 2.15 shows thisad@allowing the
Beer-Lambert analysi3he preferred method is to take the exponentiabfthe experimental
data. This avoids the Beer-Lambert analysis whigdumes that the zero point of the

measurement is correct to obtain the unity value.
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Figure 2.14: Plot of experimental measurementdemft®n signal against{C,Fg], with exponential fit
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Figure 2.15: Data from Figure 2.14 following Beeaarhbert analysis with a linear fit to the results.
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Mass spectra of the product ions from the elecattachment process can also be
recorded. Now the electron gate is no longer puledyields can be recorded as a function of
attaching gas concentration, or reduced field gtrerThe effects of CID can be studied by
recording the ion yields versus the voltage betwberFaraday plate and the sampling cone. By
extrapolating the CID voltage to zero any dissacrabf the product ions distribution can be
allowed for. As in the SIFT experiment allowancenade for any secondary reactions by
extrapolating to zero attaching gas concentraynthese means we can be fairly confident that
we are getting undistorted branching ratios, exegfht one caveat; there may be the reactions of
anions with neutrals taking place in the drift tube

Which buffer gas is used will alter subtly the esdments performed. If COs being
used, varying the reduced electron field will rateal any extra data as the electron energy
distribution remains unchanged. If Nr Ar are used, then varying E/N can give a wealtbxtra

data on how the attachment resonances behave hétlgmg electron energy.
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3. Theoretical Studies

The experimental work performed for this thesis baen supported by theoretical
studies. An overview of this theoretical work Wk given in this chapter.

1. lon-molecule reactions

1.1 lon-molecule reaction rate coefficients

1.1.1 lon-non-polar neutral molecule collisions

Using the selected ion flow tube (SIFT) it is telaly simple to measure experimental
reaction rate coefficient&dy). To aid in interpreting these results from ionlecole reactions it
is useful to know the reaction efficiency. Thisisply kex/ke, wherek. is the collisional rate
coefficient when reaction occurs upon every callisbetween an ion and a neutral molecule.
There are several models to predticivhich are mostly based upon Langevin théofis model
uses an ion-induced dipole interaction and was ddated in its modern version by Gioumousis
and Stevensoh.

The model is founded on similar assumptions aitietic model of gases. That is, the
ion (A") and neutral (B) are hard-shell point particlethwio internal energy, however, unlike
the kinetic model the ion and neutral are interartiThe interaction between the ion and neutral
is modelled using the classical ion-induced digm&ential:

a'q?

V(r)=-
") 87, r*

(eq 3.1)

Herer is the distance between the ion and neufra,the charge on the ioq, is the
polarisability volume of the non-polar neutral nalée, ands, is the permittivity of free space
whose value is 8.85 x 1§ C> m™ J*. The polarisability volume has units of mnd is related to
the polarisabilitya, by:

' a
o' =
47E‘0

(eq 3.2)

a has the complicated Sl units of @ J*, soa’ values (in m) are used for simplicity. It should

be noted that a polarisability reported in c.g.gsumas the same value as a polarisability volume
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in Sl units. In this model, as the ion and neutrgroach each other, the charge on the ion
induces a dipole in the neutral and this createsttaaction. For the singly charged ions studied
in this work, the magnitude of the induced dipodpeinds on the polarisability of the neutral
reactant.

This potential energy can be combined with theptl due to the relative rotation of the

two particles to give an effective potential eneggyen by:

_ aqu /JVZbZ
VEﬁ(r)__Sm r4+ rz (eq 33)
0

wherey is the reduced mass of the interacting systengjn Is the relative velocity between A
and B and is the impact parameter. Above a critical impaoigmeteb,, the total relative
energy of the system is less than the energy ofe¢hé&ifugal barrier, which arises due to
conservation of angular momentum in the system nanckaction can occur. Beldw the

relative energy is greater than the centrifugatibaand a collision will take place. Thus all ions
that travel through a circle of radibstowards the neutral will react. The area of thisle, Th.,

is equal to the collisional cross-section for aegiwelocity. FronVe it is easy to calculate.,

the collisional cross-sectiomr), and hence the Langevin collisional rate coeffitik, an):

Y
2a
o.=m?=m ———— eq 3.4
e 2 a4
Note thatE; is the total relative energy of the system withueaof #\V? / 2. Thus:
4a! % a! %
Kian =0 V=V —— | =7q (eq 3.5)
ATE 4N Tl

Therefore, the temperature dependent cross-sdmticomes a temperature-independent rate

coefficient. This is usually expressed in a simfdem:

2\ 2
_ [ ma'q?
K. = )
Lan ( gmu J (eq 3 6)
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1.1.2 lon-polar neutral molecule collisions

The Langevin theory has been found to be an extathodel of reactive collisions
between ions and non-polar neutral molecules, éspeat low energies.However, it has been
noted that if the collision partner is a polar maunolecule then Langevin theory fails,
underestimating rate coefficients by a considerabieunt. Theard and Hathdand Moran and
Hamil® determined that if a molecule has a permanentalipoment then its effect is too large
to ignore when calculating collisional cross-setsio Allowance must be made for the ion-dipole
interaction in the modelling. This allowance is mdxy introducing an extra term in the potential

representing this ion-dipole interaction:

Q= —(LDZJ coséd (eq 3.7)
4rE 1

Here/p is the permanent dipole moment of the neutral oudein units of C m. The césterm
arises because the dipole is a vector propertysarite interaction depends on the angle between
the ion and the direction of the dipole. In initiatments of the problem, to simplify the

complex calculations needed if the dipole rotateslf, fwas set to 0.This assumes that the
dipole of the neutral molecule ‘locks’ completebyvards the oncoming ion, and there is no
residual relative rotation of the ion-molecule syst This method was called locked dipole (LD),
and with a similar derivation to Langevin theoryeg rate coefficients with the following

formula:

2 1/2
K, O (m‘ J [a’% +ﬁ} (eq 3.8)

EoM Vv
This rate coefficient depends on the relative vigyaaf the collision system, and so clearly will
depend on temperature. As this is the easan be replaced by a Maxwell-Boltzmann velocity

distribution:

1/2 %
_( m? Y 2
Kp =|— a'’?+ :
LD (50/1} #D(ﬂkBTj (eq 3.9)

wherekg is the Boltzmann constant amds the temperature in K. The locked dipole gives a
upper limit for the ion-dipole collision rate. Imgztice the systems rotational angular momentum
is never fully quenched and the locked dipole mdldedefore overestimates the reaction rate

coefficients. To take account of this rotation agpaeterc, was introduced which can take
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values between 0 and 1. A value of O representsedyfrotating dipole which does not interact
with the ion, a value of 1 represents a dipole Whscfully ‘locked’ onto the ion. This model is
known as average dipole orientation (ADO) thedry:

mz 1/2
()

b
eq 3.10
nkBT] (eq 3.10)
This was then further parameterised by Su to gigdified ADO theory (MADO) which is more
user friendly>’ To develop MADO Siet al used variational transition state theory trajector
methods to model thermal ion-polar molecule callisi’ They showed that the ratio of the

trajectory rate coefficienkg,;) to kan depends on two reduced parameferand| :

traj _ *
K - Kcap (TR’ | ) (eq 3.11)
Lan
whereT, = 2a l:BT and|’ :’u,—DI wherel is the moment of inertia of the neutral molecule
Hp aqu

around its principal axis. In a real systenis small andKcq is insensitive to its value. From this
result SG® presented parameterised equations to calcilage

2
m+ 0.9754; x<?2
10.526

0.4767x + 0.62000 2<x<3
Keap =10.5781x + 0.3165:  3< x < 35 (eq 3.12)
0.6201x-1.153  35< x < 60

0.6347x-2.209; X =60

wherex=1ATg and the MADO rate coefficienkgapo) is equal tdKcap X KLan. Unless otherwise

stated, the rate coefficients in this thesis haenlxalculated using MADO theory.
1.1.3 lon-multipolar neutral molecule collisions

For the reactions afC,4Fs with a range of cations reported in this thedmafiter 5) it was
found that, in generakex,> kuaoo. One possible explanation for why experimentad rat
coefficients could be greater than calculated cagdficients is that there is an extra attractive
potential between the ion and the neutral moledihés extra attraction would increase the

collision rate between the ion and neutral in thgeeiment relative to the MADO calculations.
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To attempt to model this it was assumed that theé&rm was due to an ion-quadrupole

potential ¢9):

0q(3cos® 6 -1)

9 =-
87E ,r°

(eq 3.13)

where@ is the static quadrupole moment of the neutralecude and?is the angle the
guadrupole axis makes withlt should be noted that many attempts have besterto model
the quadrupolar interaction with intermoleculargdials. These attempts have been, in general,

unsuccessful.Bhowmik and StP used a trajectory method to derive:

Ko = Kian X Kegp (eq 3.14)
where:
= {0.627/1 + 0.789 Odd Case})I > 04 (eq 3.15)
0.573/4 + 0.811 Even Case
and
A= ;&TZ_!_(;L (eq 3.16)

If A < 0.4 therKcapcan be considered as unity. An ‘even’ case meais|#ndO have the same
sign, ‘odd * means they have the opposite signs parameterised formula has only been used

for calculating the rate coefficients ofC4Fs.

1.2 Calculation of parameters for neutral molecules
1.2.1 Polarisability

For many neutral molecules studied in this thegsjata on their polarisability volume is
available. One solution to this problem is to chdteithe molecular polarisability. This can be
done usin@b initio methods but an easier and very successful metasdieveloped by
Miller.** Miller's method empirically estimates the averagelecular polarisability volume using
atomic hybridisation. The formula is:

a'(ahc) = (%j[% rA(ahc)}2 (eq 3.17)
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Here N is the total number of electrons in the roole, while 7a is an atomic hybrid component
for each atom A which has been tabulated by Milléis method estimates valuesadfwhich

are comparable with experimentally measured values.
1.2.2 Calculation of multipoles

If the value of a neutral multipole.g.dipole or quadrupole moments) is not available
experimentally, then there is no simple method@gals to Millers method to calculate the
value. The only solution is then to use initio methods. The accuracy of these results therefore
depends on how good a representation the struotihe neutral is, the level of theory, and on

the quality of the basis set used in the calcutatio

2. Threshold photoelectron photoionisation measureents

2.1 Determination of appearance energies at 298 K

From the threshold photoelectron-photoion coinode(TPEPICO) experiment, energy
selected ion yields can be measured and from thesgppearance energies at 298 K fAHor
any fragment ions can be determined. ThesgAlues can then be converted into the enthalpy
change at 298 K for the corresponding unimoleasaction #H%egg). Due to thermal effects, it
is not correct to set Afgs equal tadH%gs Figure 3.1 shows an example of a possible
fragmentation pathway and the effect of a chandermperature. At O K the first onset of signal
for a fragment will correspond to ionisation fronetground state of the reactants (which is all
that will be populated at O K) to the ground staftéhe products. This transition is represented by
the arrowk, in figure 1. If the temperature is increased ab@wethen some fraction of the
product molecules will be in excited states. Ifig@tion occurs from these molecules then the
measured appearance energy will be lower than Ked&ue. This transition is indicated by the
arrow Exggin Figure 3.1.

One method to convert the Agginto AH%sgg values was developed by Traeger and
McLoughlin for photoionisation measuremetftdhey showed that the enthalpy change for the

unimolecular reaction AB +\h . A" + B + € is related to Akpg by:

298 298 5RT
2

D, Hos < AEys(A) + [ C,(A")dT + [ C(B)dT - (eq 3.18)
0 0
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C, is the heat capacity of a fragment and is caledlasing standard statistical thermodynamic
equations, whilst the final 5RT / 2 term is duefte translational heat capacity of the parent

molecule.

Products

E298

Reactants

Figure 3.1: Effect of temperature on appearanceg@®e

For the corrections calculated in this thesisftilewing equation has been used:

_5RT 3RT+Z N_hv,

H? +

5 5 i [{hv.j (eq 3.19)
ex Ll-1
k,T

This equation sums up all the separate contribstiorthe enthalpy of a molecule at temperature
T from translational and pV work term, rotationatanbrational motion. No correction is
needed to convert the |E of the parentiid®qs as the contributions will be essentially the same
in both neutral and ion structures.

There are several caveats to the use of the TraageMicLoughlin method when applied
to energy-selected ion yields. Firstly, as statatier, the method was developed for
photoionisation measurements, whereas the TPERIG@i¢lds are the derivative of the
photoionisation yields. Secondly, the experimeAtalqs values should be extracted from an

extrapolation of the linear portion of the photagation cross-section, rather than from the first
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onset of signal as we have determined them byll measurements made for this thesis, these
two points can be neglected. This is because, twéhiesolution and step size used, the
determination of Akyg from the first onset of signal is equivalent te #xtrapolation of the

linear portion of the photoionisation cross-sectibnirdly, the method is strictly applicable to
fragmentations in which only a single bond is brakEhe method has still been used in this
thesis for some fragments in which more than omall® broken, as this can indicate what
neutral partner is formed during the fragmentatdotwithstanding these three caveats, we have
applied the Traeger and McLoughlin correction, lbseawe believe it introduces more error to

neglect thermal effects and assumeAE 4H s

2.2 Kinetic energy release from unimolecular fragmetation

The TPEPICO experiment detects ions using a tifsfeght (TOF) technique. One of the
advantages of such TOF mass spectrometers ianot only give information of the mass of
any ionic products but also their velocity disttibn. From an analysis of the TOF peak shapes
the kinetic energy of the fragment can then berdeteed. The size of this kinetic energy release
can give insight into the fragmentation mechanism.

The width of a TOF peak represents the distriloutibvelocities of ions created in the
photoionisation event. If the ion detected is theept ion, rather than a fragment, then the
velocity distribution will be simply a thermal diiiution. Franklinet af®* have shown that parent
ions produce Gaussian peaks whose full width dtrhakimum (FWHM) can be given by:
1.664(2k,Tm, )2

E
whereT is the temperature of the molecui is the mass of the parent ion, ahi the ion

FWHM =

(eq 3.20)

extraction field.

More interesting results arise from analysis efwhdths of TOF peaks due to daughter
ions. These peaks are made of two componentsirghésfthe thermal distribution (eq 3.20) and
the second is a ‘fission energy’ distribution. THission energy’ distribution is rectangular and
represents the energy released into translation fn@ breaking of bonds. Analysis of these
peaks gives the kinetic energy release distribuyidRD) and from this the mean translational
kinetic energy release (<KBg>or the ionic fragment. Several methods have lsegyested to
extract such kinematic information, most recertigtt<KEX is proportional to the variance of
the TOF peak? However, this method has not been extended to milétkeance for the possible
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presence of isotopes in a sample. The analysisindb thesis are based on the method of

12® and has been described in detail elsewHere.

Powiset a
A calculation of the KERD is performed in the @lling manner. Initially a basis set of

TOF peaks is calculated. Each peak in this basisesea discrete energy releasgiven by:

g =(2n-17AE (eq 3.21)
wheren is a non-zero integer adE is the kinetic energy release into the first T@&lpof this
basis set. The number of peaks used in a badis &to the experimental TOF peak depends on
the values oh and4E used. Each peak is modelled with the two companeuatliined above. The

thermal component is modelled with eq 3.20, th&sifin energy’ distribution with the following

equation:

FWHM [O @ (eq 3.22)
Heremy is the mass of the fragment ion. Each peak ib#ss set is assigned a reduced
probability, defined as the probability of a givemergy release divided by the range of energies.
The probability of each peak is varied using lineggression methods to get the best fit to the
experimental data. This fitting gives the KERD a&tKE>j,, the kinetic energy of the ionic
product. Although the KERD is often found to be elegient on the values nfand4E used,
<KE>jon is usually independent. Thus <KEscan be converted into a <KBrlue:

(KE), = (1+ %}(KE%O“ (eq 3.23)
eutral

wheremgn, andmyeurra are the masses of the two products formed inrdggrdentation process.
The fitting procedure takes into account contribmitirom any isotopes in the fragment ion. To
do this, each peak in the basis set is made upod than one peak representing the different
isotopomers in the appropriate statistical ratio.

Once <KEx has been calculated, careful examination of itlsevaan give insight into the
type of fragmentation mechanism that has takereplae do this <KEgis divided by the energy
available E,) to give the fraction of energy that is channellgd translation of the fragments
(<f>). Eav is equal to the incident photon energy plus tleertfal energy of the parent molecule
minus the thermochemical threshold to form therfragt. The parent thermal energies are due to
rotations and vibrations and are calculated usiatissical thermodynamics. Experimental values
of <f>; can then be compared to theoretically calculatddes from both impulsive and statistical

models. This comparison can suggest whether tigenieatation is impulsive or statistical.
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Impulsive models assume that the fragmentationrgagn a timescale which is quick
compared to intramolecular vibrational redistribat(IVR) or electronic relaxation. This means
that the majority of the energy released from thgrentation goes into translational energy
between the fragments. In this modécan be estimated from the simple relationshiprgive
Holdy et at*’

(), = KE) _ tty (eq 3.24)

where/s is the reduced mass of the two atoms whose bamaken angs is the reduced mass
of the two products formed from the fragmentation.

Statistical models assume that, after initial pkatitation of the ion, enough time occurs
before fragmentation that complete relaxation cetoithe electronic ground state of the ion.
This results in low kinetic energy releases adrihiml excitation energy is shared between all the
different modes of the molecule. From quasi-efquiiim theory coupled to Langevin collision
theoryfor the reverse bimolecular reacti¢tiots™® derived the following relationship between
Eavand <KEX:

E o=k T +(R2—1) (T +Y hv,

i hv, (eq 3.25)
ex — -1
KgT

whereT is a microcanonical temperature defined simpl§*as <KE>/ kg. This microcanonical

distribution will have a different distribution tbe true canonical distribution but will have the
same average enerdyThis equation is for loose transition states. tight transition states the
R-1 term is replaced big-2.2® A lower limit for <f> from statistical fragmentations can be

estimated from 14&+1), wherex is the number of vibrational degrees of freedorth@transition

state (TS). This can be calculated from 3N-7, witeie the number of atoms in the 5.

2.3 Unimolecular dissociation modelled by Rice Ramegrger Kassel and Marcus (RRKM)
methods

If fragmentation of photoexcited ions occurs statally then it can be modelled using the
RRKM method. As this is a well established techeigith many books on the subjéepnly
brief details will be given here. This model iststiacal in basis and assumes that the internal

energy of the ion is randomly distributed intorathdes of the electronic ground state of the ion
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prior to dissociation. It also assumes that theme point on the potential energy surface
which completely separates the products and rei@ctana TS. In the TS one of the vibrational
modes of the reactant has transformed into a aaoslbetween the product fragments. For
example if the molecule is ABC then in the TS [AB:€e B-C bond will now break instead of
vibrating. Dissociation occurs when enough energomes concentrated into this dissociating
mode to break the bond and lead to the separatiBraad C. How the energy becomes
distributed into this mode depends on the dengistaies of the dissociating species, essentially
how many states are available for the energy tshlaeed into. The more states there are the less
likely it is the energy will enter the fragmentatimode. It also depends on how many states
there are in the transition state above the diatioai threshold. The general expression to

calculate the unimolecular rate is:

_ G(E-E)
K(E) = a(E)o N (eq 3.26)

wherea(E) is the transmission coefficient which allows fonnelling effects close to threshold,
it is set to 1 for most cases studied, and the reaction symmetry which allows for
fragmentation to occur in more than one wayis the energetic threshold for the fragmentation
processG(E-E) is the sum of states of the transition statetixeddo threshold, for semiclassical

rovibrational states it is given by:
r
(E-E,) 2
v-r
v-r
h |_| v,
]

In eq 3.27y and r are the vibrational frequencies and numbasstations in the transition state. It

G =

v,r

(eq 3.27)

should be noted that the number of vibrationaldeetgies in the transition state is reduced by
one compared tthe fragmenting molecul®l(E) is the density of states of the fragmenting
species at the exciting energygiven by:

£V

) hv—r s )
[1v)
J

Herev and r are the vibrational frequencies and numbasstations in the fragmenting species.

N

v,r

(eq 3.28)

In this thesik(E) is evaluated using a steepest descent methoet thdn a direct count
method, based on a programme outlined in the bbB&er and Has¥®. This method is more

approximate than the direct count method, mainly assumes thd, ; is a continuous function
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when quantum mechanically it is a series of steygtions. However, above 500 ¢rateepest
descent is found to give excellent agreement vighdirect count method, and is much simpler to
use and implement. Examples of use of this meth@iven in appendix 1.

Once the rate for unimolecular dissociation hanhbmalculated then a breakdown
diagram can be calculated. By varyigaguntil the experimental and theoretical breakdown
diagrams agree, the actual dissociation threstaide obtained without any contributing kinetic
shift.

3. Electron attachment reactions

3.1. Attachment rate coefficients

Although several attempts have been made to ed&ealectron attachment cross-sections
and rate coefficients, arguably the results in fieisl have not been as successful as for
calculating ion-molecule reaction rate coefficie@sst results have been achieved using
complicatedab initio R-matrix method$® In theory the Langevin model should be applicable
modelling the electron attachment process. Heréth&ould be replaced by the electron.
However, in practise the Langevin model fails wheplied to electron attachment. The reason
for this is the de Broglie wavelength (more coreits square) is comparable to the collision
cross-section for electron attachment, and quasefifests cannot be ignored in this situatfén.
One of the first attempts to solve this problem wesle by Vogt and Wanniéf Starting from
the Langevin model they used quantum mechanicallzions to show that the collision cross-
section, in the limit of the electron energy- 0, is twice the Langevin value and can be written
in the form:

g, = 4@(@? (eq 3.29)
A€
whereay is the Bohr radius (5.29210* m) andR; is the Rydberg energy (2.180.0"8 J). This
formula was then used by Kléfsvho proposed the following analytical form whicksames

thats-wave capture is the dominate mechanism:

2\ % V2
acz(mj 1-ex —z{ “j (eq 3.30)

£ alR,
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This form agrees well with the Vogt and Wannier elagse — 0, and can be extended to give
the geometric cross-section @mcreases. From this the thermal rate coeffidenelectron

attachmentl,) is given by:
k.(¢) = é [o(e)e’2t (e)ae (eq 3.31)
0

wheref(g)de is the electron energy distribution, which, faharmal rate, is taken to be a

Maxwell velocity distribution:

%
_ 1 % oxd — £
f(e)de = Zr{ rka] g2 ex kb_l_}ds (eq 3.32)

Any calculations of attachment rates have been mantg thissswave model. An extension of
the Vogt and Wannier model has been suggestedidhieextended Vogt Wannier modelThis
makes allowances for the presence of a dipole mbmehe neutral molecule. This model has
not been used because it is only for dipole momesitsw a critical threshold, 1.625 D. The only
molecule for which EA was studied in this thesisaithas a known dipole momentasCsFs.

The dipole moment af-CsFs has a value above the critical dipole moment anagise of the

extended model is inappropriate.

4. abinitio calculations

4.1 Standard calculations

To aid in interpretation of the experimental résal project was initiated to uab initio
procedures to calculate important molecular progerfhesab initio calculations were
performed using the commercial quantum chemistockpge Gaussian 33 This package allows
easy access to high-lewa initio techniques. For all calculations performed th&faing

general method was used:

1. An initial molecular structure is generated usimgezimental structural parameters. If
experimental data is not available then the pararaetill be a first guess.

2. This initial structure is then optimised using thartree-Fock (HF) level of theory.

3. The structure from this calculation is then optedisising Density Functional Theory
(DFT) with a B3LYP functional.
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4. Finally the DFT structure is optimised using secomder Mgller-Plesset perturbation
theory (MP2).

It is this MP2 structure which is then used foitlfier analysis, and if necessary this optimisation
can be continued to higher levels of theerg.MP3. In general the calculations are performed
using a G-311G + (d,p) basis set, as this givesod tpalance of quality of results to calculation
time. No attempt is made to correct for use ohéddibasis set.

Many useful molecule properties can be extraatewch the final structure. The most
relevant properties to the work presented in thesis are the molecular structure itself; the
detailed information on molecular orbitals (MO) Bwas orbital symmetry, eigenvalues and MO

coefficients; and values for the molecules mul&@schnd harmonic frequencies.

4.2 Calculation of ionisation energies

For comparison to the TPEPICO results it is usefldnow the ionisation energy of each
orbital (IE). A simple method to arrive at this walis to take the energy of the highest occupied
molecular orbital as the IE. This is the basis obgmans’ Theorem. This theory assumes that
there is no change in the MOs when going from #agnal to the ion; this includes the idea that
the relativistic effects and electron correlatioeies are the same in both ion and neutral.
Clearly these assumptions are not correct. Electoorelation depends largely on interactions
between pairs of electrons. Therefore, the remofvah electron will change the correlation
energy. If only outer electrons are removed itksly that relativistic effects will be similar
between ion and neutral, but core electrons hawasinakinetic energies and hence will have
large relativistic effects. Finally, if an electrenremoved then all the MOs will be changed as
there will be a rearrangement of the one-electramefunctions. These problems have been
realised for a long tim& Koopmans’ theorem is strictly true only for HF @alhtions though it
has been reformulated for calculations performeédguBFT® An improvement over
Koopmans’ theorem is to calculate the energy ohhtral molecule and the energy of the
cation. The difference in energies is then the However, this method will give energies which
are too low in value, and can lead to difficultiesthe relative ordering of the MG3.

Currently one of the best methods to calculateisEs use Outer Valence Green’s
Functions (OVGF). This is an electron propagateahhique in which the electrons

wavefunction is propagated and the poles of the@segunction represent the binding
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energies’ This method calculates the IE directly, withoutaerse to subtracting two calculated
energy values from each other. A version of the G\f&thod is implemented in Gaussian 03,
and this has been used to calculate the verticdriholecules studied in this thesis. The OVGF
calculations are only applicable to outer valerieeteons and so Gaussian 03 operates a cut-off
of 20 eV above which it will not calculate the IEtbe orbitals. This cut-off is applied to an

initial first-iteration IE, before further more cqiicated calculations are performed. Because of
this imposed threshold, some orbitals which lieote20 eV will not be calculated as the initial
guess places them above the cut-off. Green’s fomgthave also been applied to inner valence
processes which take into accounts the effectlefiea holes on the 1E:°It should also be

noted that OVGF is only useable at the HF levehebry in Gaussian 03.

4.3 Calculation in support of the Traeger and McLoghlin correction

The calculation of the Traeger and McLoughlin eotion (section 3.1) requires that the
vibrational frequencies of the fragments are knowmmany case, especially for ions, these
frequencies are unknown. To solve this the vibratidrequencies were calculated using
Gaussian 03. The calculations have all been peddmsing DFT B3YLP with a 6-311G + (d,p)

basis set.

4.4 Calculation of unknown enthalpies of formation.

For the work orc-CsFs it was found that no value existed for the enthaipformation of
the neutral molecule. This made interpretatiorhefresults from both the SIFT and TPEPICO
experiments difficult. To this end attempts haverbmade to calculatéH ed c-CsFg).
Following advice given by Dr Jeremy Harvey of theiwérsity of Bristol the following method
was used® DFT B3LYP calculations were performed on a sevfegserfluorocarbons such as
CHR;, CF, andc-C4Fs (see appendix 2 for a full list) to provide théccdated enthalpy of
formation ¢HC%a0). This value was also calculated &€sFs. A series of reactions were then
written for whichc-CsFs was a product. For example:

3GF; — ¢-Cskg + CRy (Re 3.1)
Using Hess’ cycles thé,H .. values for these reactions was calculated. Fanphaif AH
= -475.6,-989.4 and-437.6 Hartrees for £&4, c-CsFs and CE, respectively, thedH . =
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-358.9 kJ mot. Values were then taken from the literature fduea of &HCac which were
reliable. That is performed using high level thesrand with allowance made for errors, such as
extrapolating to the basis set limit. Most of themibers were taken from the work of

Bauschlicheet al®3*

where the errors in the these literature valuesaggested to be ~ 8 kJ
mol™. Using the value fartH’..c taken from our calculations and the literaturaiealfor
AH . then using a second Hess’ cycle a valuedfbif,of c-CsFs] could be arrived at. So for the
example shown in reaction 3.1 from the work of Ralisher the calculated enthalpies of
formation are -677 and -933 kJ iidbr C,F, and CE. Using these numbers with our calculated
enthalpy of reaction, for reaction 3.1 giv&bi®egc-CsFg] = —1455.5 kJ mot. A total of nine
reactions were studied in this way to arrive afe@rage value afiH%d c-CsFg] of —1495 + 20
kJ mol*. The error of 20 kJ mdlis considered to be conservative. This value seeasonable
as the experimental enthalpy of formationde,Fs is 1515 kJ mot.*

After the success of this calculation a similattmoe was used to calculatbH%gd c-
CsF7] which was then combined with a calculated IE it@gkH¢d c-CsF']. This gave a value

of =173 + 50 kJ moat.

4.5 Transition state calculations

To calculate the RRKM rate of unimolecular disation (section 2.3) it is necessary to
know the sum of states in the TS. This requiresedge of the TS vibrations. To acquire this
information TS calculations were performed usingi€san 03. The optimisation was performed
to find a Berny-TS. An optimised structure was ¢desed a TS if only a single frequency was

imaginary.
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Chapter 4: Fluoroform

1. Introduction

Fluoroform (CHFE), or more formally trifluoromethane, is a majodustrial gas. It is now
often used to replace common feedgases, such as;CEHBCkL and CH, in plasma
applications’ All four gases are, like most halocarbons, greesb@ases and thus contribute to
global warming. In addition CHBrand CHC} are serious ozone depleters. GHEs neither Br
nor Cl atoms in its structure, so does not deletme’ With respect to Cf CHR; has about
twice the global warming potential over a hundredryperiod, however the lifetime of CkliS
far shorter (~ 250 yrsf 50,000 yrsY, this suggests that CHRas much stronger IR transitions
than Ch. This large difference in lifetimes is due to giresence of a H atom on Cklvhich
allows reaction with OH in the troposphérgaken together these points show why GlsFan
ideal replacement gas.

Not only is CHE important for industrial, but also for more fundamtal reasons. CHHRs
a small molecule and can be considered part ofraeltemologous chemical series. It is part of
the CHF4, and the CXE (where X is a halogen or hydrogen atom) seriegedisas other series
with various combinations of hydrogen and halogema. As such, CHForms a keystone in
examining the effect of atomic substitution on ¢hemical properties of molecules. For these
reasons it is important to understand the proggedi¢his molecule under photon, electron and
ion impact.

Many of these studies have been performed prelyiolisere have been several on the
interaction of electrons with CHRvhich have been collected and summarised by ©iphstrou
and Olthoff? Previously, low energy electron attachment to €htive been studied in this
laboratory? however, it was not possible to measure the atiachrate (<18* cn® moleculé!
s1). This is consistent with results from severafatént experimentSElectron ionisation has
been extensively studi&dand there has also been measurement of an electevgy loss
spectrum'® A study of positron impact has also been perforfed

There are also extensive photon studies. Many pbdtoelectron studies have been
performed:**°as well as the measurement of the VUV absorptectsum?°2* From
microwave spectroscopy the structure of GH&S been determined and the IR vibrations are

well known?*?*No previous threshold photoelectron spectrum lees lbeported though there is
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a report of two photoionisation stud®s. One of these only reports onset of ionisation ctifner
is at a higher energy than is studied here. Segeoabps have studied the fluorescence following
excitation of CHE. Excitation methods have included photoionisatiogh energy ion impact
and electron impact studié%>°

It is surprising to find that only a limited amduwof work has been done on the reaction of
CHFR; with gas-phase ion's % Of these studies most are interested in reactidtisplasma-
type reactant ions and two are anion studies. tmauk we present a threshold coincidence
study of CHE and a study of its reactions with a range of itilalsy- and atmospherically-

important gases in a selected ion flow tdbe.

2. Experimental

Both sets of apparatus were described in chaptEn€acquisition of the CHHPEPICO
data was performed several years ago at the DageSRS. The coincidence experiment was
performed on beamline 3.1 using the now decommissid m Seya-Namika monochromator,
the threshold photoelectron spectra (TPES) wagdedoon beamline 3.2 (5m McPherson
monochromator). This chapter provides the firstysig of this older data. Fluoroform was from

Air Products with a stated purity of 99.25 %. Itsnssed without any further purification.

3. Energetics

As discussed in chapter 3, the method of Traeg@émMcLoughlin is used to convert
appearance energies (4B to upper limits for\,H 295 for the major fragment iori€.The
vibrational frequencies of the two major fragme(@8&;* and CHE") were not available so they
have been calculated usiaf initio methods set out in section 4 of chapter 3. Alhalgties of
formation were taken from the standard sour&&%apart from values for GR-466 kJ motf),
CFR:" (406 kJ mot),*”° CHR' (604 kJ mot),** FOCO (-356 kJ md)*? and HOCO (-179
kJ mol*).”® These last two results are both framinitio calculations for the lower energy trans
isomer.Ab initio calculations have been performed on @tfing Gaussian 03 as outlined in
chapter 3 to obtain the eigenvalues and charasten® molecular orbitals (MO) and their

ionisation energies (IE).
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4. Results

4.1 Threshold photoelectron photoion coincidence seilts

4.1.1 Threshold photoelectron spectrum

Figure 4.1(a) shows the TPES of GHEcorded on beamline 3.2 from 13.5 — 24.5 eV at
an optical resolution of 0.15 nm. Figure 4.1(b)wbahe total ion yield recorded on beamline 3.1
with an optical resolution of 0.3 nm. The onseiomiisation is 13.85 £ 0.05 eV, in excellent
agreement with Brundlet al*® and an old spectroscopic vaftleCHF; hasCs, symmetry and in
this point group the MOs are labelled as:

...(4a)* (5a)” (3e) (4e) (5ef (1a)* (6a)’.
this numbering includes all the core orbitals. Fraum MP2 calculations statements can be made
on which atomic orbitals contribute to the each B this can help in understanding why
particular fragmentation patterns occur. Theldghest occupied molecular orbital (HOMO) is
largelyoc.4 bonding with somec.r contribution.The 1a orbital is F 2pt non-bonding, whilst
the 5e, 4e and 3e ame.r bonding.The 5a orbital is alsac.r bonding, the 4gorbital is of mixed
bonding character.

At the optical resolution used for the measurenoétite TPES clearly-resolved

vibrational structure is observed on the low enesige of theD/E band. Figure 4.2 shows an
expanded view of this band at 20.74 eV with theatibns indicated. There is one long
progression with an average spacing of 0.056 €% (48"). Pottset al also saw vibrations in the
He(l) spectrum of this band with a mean spacing8tf cmi" which they assigned tova(ay)
symmetrical Cgdeformation:’ This state not only supports vibrational levels &go

829445 ggesting that this electronic state of GHE bound and decays radiatively.

fluoresce
This has also been seen for the equivalent sta@&3f*> A photoion fluorescence coincidence
study showed that photons emitted from this stareewn coincidence with ions at around 50
amu, it was not possible to determine if the ios waass 50 (i.e. GH or 51 (i.e. CHF) in this

experiment, though greater weight was placed beén mass 5%. Thus fluorescence occurs

from the boundD 2E state of CHE' to lower electronic states which are dissociaging form
either CE" + H + F (or HF) or CHF + F. The lifetime of this state was determined3ighl et
al to be 12.6 n§® Our TPEPICO data, however, shows that the magnfemt produced from
this state is not CHF (or CR,"), but CF (section 4.1.2). We conclude that the dominanagec
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channel of theD/ E state of CHE' is non-radiative, and the competing radiative dehhas a
small quantum vyield.

Table 4.1 lists both the experimental verticaisation energies and those calculated by
the outer valence Greens’ functions (OVGF) metloydiie HOMO and next five valence MOs

of fluoroform. The values in brackets in the OVGf#umns are the calculated pole strengths of

the ionisation process. There is no calculated fgtED / E because Gaussian 03 does not run
the OVGF calculations for values greater than 20T\ése OVGF values are plotted along the
TPES in Figure 4.1(a), in the spectra the polengties have been normalised to the height of the

X state. As can be seen, the agreement betweenléeegral the experimental VIE is not very
good, especially when compared to other OVGF catimris we have performed (see especially
chapter 5 ore-C4Fg). This is even more surprising given the relasiaplicity and small number
of electrons in CHE

The positions and assignments of these peaks agitewith results from previous non-
threshold photoelectron studi&s.? but with one major difference. Under thresholdditions a
broad band is observed at 19.22 eV. This band diglseen seen in previous photoelectron
studies, undoubtedly because they are all non-aggomhe peak, must therefore, arise due to
autoionisation of a Rydberg state of GHIR a recent absorption study a peak is observed a
19.19 eV* This peak is assigned to the {#8s Rydberg state, whilst at a slightly lower
resolution Wet al assigned the peak as the (3e a) & transitior?*

The total ion yield of CHfis shown in Figure 4.1 (b). Interestingly there extra peaks
in the ion yield curve compared to the TPES, ara@gample being the peak above 22 eV. As
these peaks are not seen in the TPES, it is likeltythey are due to electronic autoionisation
from super-excited states. The apparent absenoa gfeld in the region of the X state of

CHF;" is probably due to scaling.
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Figure 4.1: (a) Threshold photoelectron spectrur@tdF;, resolution 0.15 nm. Red drop lines are IE
calculated using the OVGF method (b) Total iondjeesolution 0.3 nm (c) TPEPICO coincidence ion
yields of CR*, CHR," and CF, optical resolution of 0.3 nm.
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Figure 4.2: Vibrational structure of tbg E peak.

Table 4.1: Experimental and theoretical VIE fooflaform.

State VIE / eV OVGF / eV
X (A1) 14.81 15.11 (0.936)
A (A) 15.57 15.96 (0.933)

B (E) 16.35 16.56 (0.933)

C(E) 17.28 17.61 (0.932)

D/E 20.74 -

(E/A1)
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4.1.2 Scanning TPEPICO spectrum

A scanning-energy TPEPICO spectrum was recorde@lt; on beamline 3.1 from 13.5
- 24.5 eV with an optical resolution of 0.3 nm anti@F resolution of 16 ns. Fragment ion
yields are shown in Figure 4.1(c). As explainedhapter 2 it can be difficult to determine
whether there is any hydrogen loss in the TOF spexdter of the coincidence apparatus.
However with a resolution of 16 ns it can be stat#ti confidence that only three fragments
were detected; GF CHR," and CF. There is no contribution from CHE CR," or CHF. The
parent ion has never been unambiguously observeeuious electron or photon ionisation
studies of CHE CR" and CHF have both been observed by electron ionis&tfdn.a recent
photoion-fluorescence coincidence study of electnapact-excited CHE> Furuyaet al
observed CF on the shoulder of the CHFpeak. However, the electron impact energy is
relatively high (120 eV) and the presence of U& only deduced through simulations.,C#as
also observed by Fiegedt al after electron impact at 15.25 eV, so from theesatmtes which
produce CHE'.° However, the signal is at least an order of magteifower than the CHF
signal in the same experiment.

Fragment ion yields abstracted from the 3D mayshosvn in Figure 4.1(c). The first
product observed is GFat the onset of ionisation of CE/A.3.85 + 0.05 eV. This is the only
ionic product formed from the ground state of GHEooking at the results of the MP2
calculations it can be seen that the HOMO of glfessentiallyc in character. If
intramolecular vibrational redistribution (IVR) $tow, then it is expected that the most likely
bond to break will be C-H as the energy will bedlleged in this bond. The next ion to be
observed is CHF with an appearance energy (A of 15.03 + 0.05 eV and is the major
fragment from thé\, B andC states of CHE, in fact, it is the only product for thé state.
Calculations show that these states arise frons&dioin of predominately F2Zmnon-bonding
orbitals so, again if IVR is slow, breaking of aFd3ond and production of CHFs the most
likely consequence of ionisation to these statbs. final fragment, CF; has a weak onset of 18.9
+ 0.2 eV, which is probably due to autoionisatioont the Rydberg state of Chl&t 19.22 eV,
showing that the Rydberg state is converging onOHE state of CHE'. The CE signal then
rises rapidly for energies greater than 20 eV, hig@ra maximum at 20.6 eV; these values
correspond exactly to the adiabatic and verticaldEthe blended °E andE A states of

CHF;', respectively.
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Table 4.2: Thermochemistry of dissociative ionisatpathways of CHfat 298 K. All values in first

column are in kJ mdl

AE298/ eV ArH0298, exp/ ArH0298, calc/

eV eV
Major products of CHF 3 (-697)
CR"(+406) + H (+218) +& 13.85£0.05 13.96:0.05  13.69
CHR,"(+604) + F (+79) +& 15.03+0.05 15.14:0.05  14.30
Minor products of CHF 3 (-697)
CF (+1134) + HF (-273) + F (+79) ¥ e 18.9+0.2 16.97

The data on the fragment Adg values is collected in Table 4.2. In column 1theeionic
and proposed neutral products for the dissociafd@HF;, in brackets are the 298 K enthalpies
of formation in kJ mot of each chemical species. The appearance enatg?®8 K are listed in
column 2, the experimental enthalpies of reactiocalumn 3, and the calculated enthalpies of
reaction are in column 4. For gFand CHE' the appearance energies at 298 K have been
converted into enthalpies of reaction for the apgete unimolecular reaction using the
procedure of Trager and McLoughffhComparing values af,H%ss shows that for the reaction:

CHR - CR"+H+¢€ (re 4.1)
that the measuretiH%ggis 0.27 eV above the calculated value. This shinasthe onset of the
CF;" signal does not relate to the thermochemical tiuies but to the energy of the ground
electronic state of CHF. Therefore, this state of CHHs not bound but probably repulsive
along the C-H coordinate. Similarly the same argurhelds for the reaction:

CHR - CHR" +F+¢ (re 4.2)

which is endothermic by 0.84 eV. Thus it seemstihaf, B andC states of CHE are
probably repulsive along the C-F coordinate, asdatiate state-selectively to CAF F. This
indicates that CH¥ is behaving non-statistically in the small molecliit.*°
The methodology of Trager and McLoughlin is onypkcable to fragmentations where

only one bond breaks. As such it is inappropriatese it for the formation of CFWith this in
mind we note that CRappears to form around 2 eV above the thermoclahiceshold for the
reaction:

CHR - CF +HF + F+ é (re 4.3)
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It appears that CHelates to state-selected dissociation of bottatheionising Rydberg state of

CHF; at 19.22 eV and to thB and E states of the parent ion.
4.1.3 Fixed-energy TPEPICO spectra

Fixed energy spectra were recorded with a TOFugiea of 8 ns for CE at 14.76 eV
and for CHE" at 16.35 and 17.36 eV, representing the VIEs @fXh B andC states of CHE,

respectively. Mean translational kinetic energgasks, <KEzwere obtained from each of these
spectra as described in chapter 3. Figure 4.3 sHmvEOF spectrum for CHFat 17.36 eV,

with the fit to the data, and the agreement is ket Table 4.3 lists the experimental <KE&nd
<f>; values, as well as the calculated impulsive aatissical <> values. The statistical values
are calculated using the formula proposed by Klets; Klots) and by calculating a lower limit

based on the vibrational degrees of freedom opérent ion (£ stat), see chapter 3 section 3.2.

Without over interpreting this data, there is clealication that theB andC states of CHEF
dissociate non-statistically by cleavage of a GeRdj with a value for & close to the
dynamical, impulsive limit. The ground state of GH&lso seems to dissociate by C-H bond
cleavagevia a mechanism that has a significant impulsive carept Both these observations

are consistent with the yield data for these twisidescribed in Section 4.1.2.

Table 4.3: Total mean kinetic energy releases <KEfor the two-body fragmentation of valence saté

CHF. <f>is the fraction of energy released into transtatialculated by various methods.

Electronic Daughter hv/ Eaai® <KE> <f> <f> <f> <f>
State of Parent  lon eV / eV /eV  experimental Klots stat impulsive
lon
CHFs' X 2A;, CR" 147 124 0.66 0.53 016 010 0.94
B 2E CHR" 163 222 1.02 0.46 0.15 0.10 0.53
C%E CHR" 173 323 118 0.37 0.14 0.10 0.53
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Figure 4.3: Time of flight spectrum (dots) for tB&lF," fragment ion produced from dissociative
photoionisation of CHE. The solid line is a best fit using the methodaiesd elsewhere. The measured

<KE>; corresponds to 37% of available energy.

4.2 Selected ion flow tube results
4.2.1 Rate coefficients

The reactions of CHFand a series of cations with recombination ensr@&) in the
range 6.27 — 21.56 eV were studied using the sgleon flow tube. For each reaction we have
measured a second order rate coefficik@t)(and have calculated a theoretical rage ((sing
MADO as explained in chapter 3 section 1. The dippbment and polarisability volume used
were 1.65 D and 3.15 x Om® respectively. Data forkex, andk. is shown in column 2 of Table
4.4,k are the values in square brackets.

For those cations whose RE exceeds the |IE gFHB.85 eVKkeyp is very similar tdk.,
implying that these are efficient reactions whiclocwr upon nearly every collision. The one
exception is Kr (RE = 14.00 eV), just above the IE (CHiFwhere the efficiency is only 0.5.
There is no obvious correlation between efficieatyeaction and RE of the cation. For cations
with RE below the IE (CH{}, only seven of the seventeen collision systenndiastl exhibited
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any reactivity. Of these seven, all but &d OH have aky, value which is somewhat lower
thank., and for CQ" and CE' the reaction efficiency falls toa. 0.25. Energetics alone cannot
explain the observed valuesiaf, For example, Oand CQ" differ in RE by only 0.16 eV, yet
the former reacts with unity efficiency whereas lditéer has an efficiency less than 0.25. This
suggests that steric effects for this group oftteas may be important. Such reactions can only
occurvia a short-range intermediate and subsequent chere@mation (chapter 1), so it is not

surprising that such effects may play an importalg.

4.2.2 lon-molecule branching ratios

For the ion-molecule reactions studied on the SiF@hching ratios of the product ions
have also been recorded, these are shown in cushtable 4.4. Column 4 and 5 of Table 4.4
show proposed neutral products and enthalpiesastion at 298 K. We do not observe the
parent ion (CHFE) in accord with the TPEPICO results, and the tmegor products are GF
CHFR," and CF. The only exceptions are that £FH" is the only product formed from reaction
with H,O" (RE = 12.56 eV) and that there is a small yiel€B§" in the reaction with Ne(Re
21.56 eV). Clearly both the SIFT and the TPEPIC@eexnents detect essentially the same ionic
products.

The proposed neutral products are those whicbattechemically feasible and most
exothermic. For nearly all of the reactions studlegte are clear exothermic pathways which
form reasonable products, that is the neutralsaréoo exotic. There is one clear exception, the

reaction of CQ@' to form CHR'. Both possible neutral channels:

CHR+ CQ' -~ CHR'+ CO:+F (re 4.4)
and
CHR + CO," — CHR'" + FOCO (re 4.5)

are slightly endothermic. For the €® F channel/\H°= 52 kJ mof while for the FOCO
channel AH® = 10 kJ mof. Previous work has shown that such slightly enelaitfic reactions
can be driven by entropy effeéfsas the key thermodynamic property to consid& @&’ and not
AH®. We note that an entropy change of only 30 J'ot would be enough to make this a
favourable process. Also the experimental valugtfer\H® of FOCO has an associated error of

~12 kJ mot, which would be enough for the reaction to possitel exothermié? For the
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reaction with KF, ignoring any entropic effects, to produce theaniproduct CHE (16 %) via
an exothermic reaction Kmust be in the uppéPy,, spin-orbit state.

The CK" (x = 1-3) series of ions all react with efficienc@.3 - 0.8. They react to
produce CHE as the only ionic product. The process is drivgmlistraction of a Hrom CHR
to produce neutral GR. This reaction is therefore a measure of the itigion affinity (FIA) of
CHFR,". A detailed definition of FIA is given in chapter @HF; reacts with CFand CE" and
CR," to form CHE" but does not react at all with the,SFn = 1-5). This places the FIA of
CHFR," between the FIA of CFand SE'. The FIA of CHE has been measured previously in an
ICR, and it was found to be less than the FIA of CEin agreement with the findings of this
study.A second interesting comparison is between theioeecof CHR with Kr* and CO. Both
cations have RE greater than IE of GHbEt have almost the same RE {Kr14.00 eV CO=
14.01 eV) different by only 0.01 eV. Yet the protitatios of CHE' to CR" change from 0.2 for
Kr* to 32 for CO. This is a drastic change for such a small diffeecin energy. This is
discussed in more detail in a later section.

There have been relatively few studies of thetrefcof CHF; with positive ions, and
very surprisingly none, to our knowledge, in a stdd ion flow tube. The reaction of €Rwvith
CHF; has been studied using a crossed beam electedaséguping cell at a range of collision
energies, the rate coefficient was not measured but theipraducts were. The results do not
agree, as Pekat al.observe the products GECFR:" and CHE', whereas on the SIFT only CHF
is observed. The discrepancy may be due to theddalijisional energy (20-400 eV) used in their
study compared to the SIFTs thermal energy. Ralatstudied the reaction of CHWith
fragment ions produced from electron impact iomsabf CHF; under relatively high pressure
conditions® They observed the same fragments from electrpadtas are observed from our
photon-induced study (Section 4.1), but in additivey observed GF, F" and the parent ion.
However, these three ions occurred only as veryl greecentage yields, especially CHF0.5
%). We note that the ions in the study of P&bstl. were generated at high electron impact
energies of 150-200 eV, compared to photon eneqji#8-25 eV in our TPEPICO study. The
rates of the reactions of gFand F with CHR; are in fairly good agreement with our
measurements, but their rates for the reactionFgf @d CF with CHF; are much lower. Chau
and Bowers used the ion cyclotron resonance teabrtmstudy the reactions of Ckikith the
rare gas ions and,N CO", CO," and NO'** They were unable to measure product distributions
but commented that charge transfer dominates dwvemnical reaction channels. The majority of

the rates they measured are in good agreementde flom the SIFT. Blinet alalso used an
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ICR to measure the reactions of GHifith its fragmentation product8 The major products due
to electron impact were found to be{CBnd CHE'". They found that Cf reacts with CHEto
form CHR" with a rate of 2.1 x I8 cn® moleculé s?, in fair agreement with our result. Jiab
al. used Fourier Transform mass spectrometry to stuglyeactions of Ay CR"and CE" with
CHFR:.*® They measure rate coefficients which are muctetaivan ours, but their product yields

are similar.

Table 4.4: Rate coefficients at 298 K, productaraiand branching ratios, and suggested neutrdupt®
for reactions of gas-phase cations with GHFhe calculated enthalpy of reaction at 298 Khiswn in the
fifth column. The dashed line represents the ookimnisation of CHE.

Reagent ion Rate coefficient/  Product ions (%) Proposed neutral AH%gg/
(RE®/eV) 10° cn moleculé' products kJ mol*
S—l

H,O" - No Reaction - -
(6.27) [2.3]

SK* - No Reaction - -
(8.32) [1.4]

CR' 0.4 CHF," (100) Ch -38
(9.04) [1.5]

CF' 1.3 CHF," (100) Ch -15
(9.11) [1.9]

NO* - No Reaction - -
(9.26) [2.0]

SK"* - No Reaction - -
(9.78) [1.3]

Sk* - No Reaction - -
(10.24) [1.5]

SF - No Reaction - -
(10.31) [1.7]

CFR' 1.4 CHF," (100) CF -87
(11.44) [1.7]

SF,* - No Reaction - -
(11.99) [1.4]

0, - No Reaction - -
(12.07) [1.9]
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Xe*
(12.13)

H,O"
(12.62)

N,O*
(12.89)

OH'
(13.25)
O+
(13.62)
co,’
(13.76)

Kr*

(14.00 (& 14.67))

CO’
(14.01)

N+
(14.53)

N,*
(15.58)

Ar’
(15.76)

=
(17.42)

Ne*
(21.56)

2.1
[2.0]

1.8
[1.8]

1.9
[2.3]

1.9
[2.2]

No Reaction

CF,OH" (100)

No reaction

CHF," (68)
CF;" (32)
CHF," (100)

CHF," (55)
CFs" (45)

CHF," (16)
CF; (84)
CHFR," (97)

CR"(3)

CHFR.," (61)
CF;* (39)
CHF," (46)
CF;" (54)

CHFR," (72)
CF;* (28)

CHF," (100)
CHF,' (7)

CF," (15)
CF (78)

HF + H

HOF
HF + O
H,0

OF

Ne + F
Ne + HF
Ne + HF + F

-102

-90
-15
-432

-153

10
-11

30 (or -35)
-30 (or -95)

29
-112
-30
-95

-22
-96
-81
-395

-123
-182

-141
-200

-300
-459

-700
-734
-442
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5. A comparison of product branching ratios from THEPICO and SIFT data

Branching Ratio

of photon and recombination energy respectively fiinmer are the continuous graphs the latter

CF,” e CF/
CHF,” = CHF}
CF’ A CF’

I

N* N_"Ar’ F Ne*

T T T T T T T T T T T
14 16 18 20 22 24

Recombination Energy / Photon Energy / eV
Figure 4.4: Comparison of the ionic products fram-molecule studies of CHkvith TPEPICO

photoionisation branching ratios over the range- 2% eV. The half filled symbols at 14.67 eV cepend

to Kr'" in the®P,, state. Errors are conservatively estimated to2e% for both sets of data.

Figure 4.4 shows the branching ratios for both FIR-EO and SIFT studies as a function

data points at the defined RE of each ion reacfentlescribed in chapter 1 comparison of the

branching ratios from the two experiments may iat#avhich mechanism is in operation for the

cation reactions. Only seven out of the twenty fwatron ion reactions studied have RE > IE

(CHFR;) so it is only for these seven that non-dissoogatiharge transfer is possible. The four ions

with RE > than 15 eV show some interesting featufes the atomic ions in this range’AF’,

Ne' the agreement is quite good. Fai here is a significant difference, a ratio of 48HF," to
52% CR" in the ion-molecule reaction to be compared wakECHF," to 32% CE' in the
TPEPICO experiment at a photon energy of 15.58 Ed. N,*, Ar* and F there is a significant
Franck-Condon intensity in the TPES (Figure 4.1é&Yhe RE of these three ions and the
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electron is removed from an unshielded F2mlecular orbital, whereas at the RE of N&1.56
eV, the Franck-Condon activity is low and the elects removed from a mixture ot. and
oc.r Shielded orbitals.

In several previous studies it has been suggés&energy resonance and the transfer of
an unshielded electron are sufficient criterialémg-range charge transfer to occur; an
appreciable Franck-Condon vibrational overlap fab&tween B&o and (BC)",: was not a
necessary conditiof!>* The evidence from these reactions with Gi#Fhot so clear. For{
despite all three criteria being satisfied, thenbhang ratio agreement is poor, suggesting that
long-range charge transfer may not be the domim&chanism. However looking at the figure
4.4 shows that RE of Nis in line with a rapidly changing region in theEPICO breakdown
diagram, in this region small errors in measuremasy be magnified. As such it could be
suggested that the results fos' Idre not in too bad a disagreement with the TPERI&@. For
Ar™ all three criteria are satisfied, and the agreg¢retween branching ratios is excellent; long-
range charge transfer is apparently dominant. We that, despite only a small difference
between the RE of Nand Af, 0.18 eV, the branching ratios from the two SIKpeximents are
very different. A simplistic argument is that théference is that B is molecular while Atis
atomic, leading to different interactions. Howearpther explanation is possible, as stated
earlier N* falls on a rapidly changing region of the breakdaliagram. If we assume that some
form of long-range charge transfer takes placéNfdrand Af than this steep change in the
TPEPICO results should be mirrored in the SIFT datach it appears to be. Fof,Rhere is a
small discrepancy between the branching ratios@two experiments, in that CHHR100 %) is
the only observed product ion, whereas the TPERIQg2riment at 17.42 eV photon energy
produces CHF (93 %) and CE (7 %). However, the Fsignal was very weak, and it is
possible that we did not have the sensitivity teesbe the CF channel. It seems likely that

long-range charge transfer is dominant. Fof, Xiee RE of 21.56 eV corresponds to the very edge

of the Franck-Condon region of thiz/ E states of CHE, and the electron is removed from a
shielded orbital. Despite the excellent agreemetwéen the branching ratio data, therefore, we
suggest that Necharge transfers with CHFia a short-range intermediate.

For the three ions with RE in the range 13.9-1K10,(CO" and N), there is significantly
poorer agreement between the branching ratios fhentwo experiments. Indeed, for Cthere
is total disagreement in that the bimolecular clamieaction produces CHH97%) as its main

product whereas the photon-induced reaction pralGég (ca.90%). The agreement of the
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branching ratios for N(RE=14.53 eV) is poor, the discrepancy forCénd CHE' yields being
greater than a factor of two. This odd behaviowr heen observed in many case¥and one
possible explanation is given in chapter 1. Fof @Rg-range charge transfer cannot be the
preferred reaction mechanism. We note that therelegvould have to transfer from the highest
occupied molecular orbital of CHFaoc.4 bonding orbital which will be shielded by three
fluorine atoms. The data points for'Kare in better agreement, within 10-15 % of thetpho
induced branching ratios, this being true at trergies of both of its spin-orbit componerfy,
at 14.00 andPy; at 14.67 eV. As stated earlier, GHEL6 %), only becomes energetically
allowed if Kr* exists in its excited spin-orbit state (Table 4.B)nfortunately, we are unable to
determine how thermalised Kis in the SIFT apparatus. It is interesting that i¢acts by long-
range charge transfer while C@oes not, even though they have essentially time KRE (~14.0
eV). It may be that long-range charge transfeoisfavourable this close to the IE of CHFhis
may be confirmed by the rate coefficients? k& only 50 % efficient while COhas 100 %
efficiency. Ki” can only react by charge transfer, and if thisnfavourable explains the low
efficiency of the reaction. CQrannot only reactia charge transfer but also by a chemical

reaction, and it is possible that the chemicaltreacould be very efficient.

6. A comparison of the results of photon and ion @mistry of the CXF; series

It is of interest to see how the results for Glgiven here compare to the results for other
molecules in the CXFseries (where X is Br, Cl or F). TPEPICO studie<G#zBr and CECI
have been reportedand there are several such studies for.®©F Very few ion molecule
reactions have been studied forsBFor CRCI.>>*® Threshold photoelectron—fluorescence
photon coincidence measurements have been perfarmatii four molecule&*®

Table 4.5 shows the ionic products formed fromtpiomisation using the TPEPICO
experiment for CHE CF,, CRCl and CREBr.>***The ions highlighted in bold are the major ions
formed from a ionic state. States labelled withshéw radiative decay, so the interpretation of
these branching ratios assuming non-radiative deeaygs caution. At threshold the parent ion of
CRBr and CECl is formed, although weakly. No parent is obsdrige either CHE or CF,. This
shows that the ground electronic state of the paoerfor bromo- and chloro-trifluoromethane is
weakly bound, while there is no equivalent bouradestat least at threshold, for fluoroform or

tetrafluoromethane.
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Table 4.5: Comparison of TPEPICO product ions fi§Fg (X = H, F, Cl and Br), ions in bold are the main

product channels from this state. States markeld #vftuoresce.

State CHE' CFR" CRCI* CRBr*
X CF3' CFs' CF5', CRCI* CFs", CRBr'
A CHF,", CR' CF3' CF3' CFs'
B CHF,", CR' CFs' CFs' CF3', CRBr
c CHF,, CR' CR', CR"" CF.Cl*, CR' CF.,Br*, CR'
D CF*, CHR', CR""* CR', CR"* CF.Cl*, CR' CF.Br*, CR*
E CF', CHR', CR’ - CF,"* CF,', CRBr
= - - CF,' CF,"'

All four ions show similar fragmentation patterasjow energy they all lose the X atom
(H, F, Cl or Br). At slightly higher energies a cpating dissociation channel opens which is loss
of a F atom. There is variation in the relativedseof these two channels, but they still occur for
all the ions. At higher energies, around 20 e\hialtchannel opens. For ¢ECRCI* and
CR:Br this channel is loss of an XF fragment to formyCFor CHE' no CR' is detected.
Instead CFis formed.

There have been fewer studies on the ion-moleealetions of CECI and CEBr. Morris
et alhave studied the reactions of both molecules andi@g H,O" and CF' (n = 1-3)°"*®
while Mayhewet al have studied the reactions of 8Fwith a range of small ion8:*° The
reactant ions studied by Mayhetal all had RE values greater than the IE of the aéutr
molecule, thus charge transfer is energeticallyvadd. Comparison of this SIFT data with the
TPEPICO data suggests thatsBFreacts mainly by charge transfer. The data ofrdet alon
the reactions of 0" and HO" with CRCI and CEBr show some interesting differences to the
same reactions with CHFCHF; reacts with HO" to produce exclusively GBH". CRCl and
CF:Br produce the same ion but in a small fractiorl @f;" and CEX™ are also formed. This
difference can be rationalised on the basis thdHRB) is greater than both IE(@F) and
IE(CF;Br), while it is lower than IE(CHf. This means that charge transfer is a competing
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process to the reaction which forms,OHF" for the reactions of both GEl and CREBr. The
reactions of the GF sequence of ions also show some interesting diffegs foreactions with
CHFs. CHFR; reacts by Fabstraction with all three GFions. For the reactions of CBnd CE"
with CR;Cl and CRBr this is also essentially true, but a small amairCF;" is also formed
from the reaction of CFwith CRCl. The reaction of CF with either CECI or CRBr produces
both CRX™ and CR' in large abundance. The process of @&IBr transfer is more favourable
than the analogous Hransfer in CHEbecause the C-Cl and C-Br bonds are far weakarttiea
C-H bond.

7. Conclusions

The threshold photoelectron photoion coincidempeesum of CHE has been recorded
over the photon energy range 13.5 — 24.5 eV. leldgiand branching ratios have been
determined for the three fragments produced. Nlerpaon has been observed, the lowest-
energy fragment is GF, and as the photon energy increases first LHRd then CFare
formed. The mean kinetic energy releases intatieag ions involving one bond cleavage have
been measured and compared with statistical andlgme models. This work has showen that
CHFR;" behaves in a non-statistical manner characten$tice small-molecule limit, with the
ground state and low-lying excited states of gHfeing largely repulsive along the C-H and C-F
coordinates, respectively. The rate coefficients laranching ratios have been measured at 298 K
for the reactions of CHFwith H;0", CR," (n=1-3), Sk’ (x=1-5), NO, O,", Xe", H,O", N,O",

OH', O, CQ,', Kr*, CO", N, No*, Ar*, F and Né. Comparison with theory shows that for
reactions where charge transfer is exotherm@cRE (ion) > IE (CHE), most of the reactions
occur efficiently,i.e. kyx,= keae FOr reactions at lower energies, the efficiecay be

significantly reduced. Comparisons between TPEP&G@ SIFT branching ratios, together with
an analysis of the TPES of CElBhow that long-range charge transfer probablyiscfor the

Ar* and F atomic ions with recombination energies aboagl5 eV. The importance or
otherwise of an appreciable Franck-Condon factotife neutral molecule, CHFat the RE of

the ion is unclear. Below 15 eV, a combinatioslodrt-range charge transfer and chemical
reactions take place.

Comparison of the results with the Gy&eries of molecules (X = F, Cl or Br) shows

some interesting similarities and differences v@tiF;. All four molecules fragmentia similar
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pathways except at higher energies, where {rgments to form CFE For the three other
neutrals CF is formed instead. This could be due to the pridonof HF as the neutral partner.
HF has a very strong bond and formation of thiscboould drive production of CENone of the
neutral products which could be formed from theeotinolecules will have such a large
thermodynamic driving force. For the ion-molecwdagctions of these four molecules, where
results are available, again similar patterns beeved. The differences being rationalized on
differing ionisation energies of the different nmlées. However for the chemical reactions
which occur when CF is the reagent ion loss of both&nd X is seen from CfEl and CEBr,
but only loss of Fis seen with CH{= This difference is explained as due to the nedaltiond

strengths between carbon and hydrogen, chlorindeordine.
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Chapter 5: Positive lon Chemistry of

Octafluorocyclobutane

1. Introduction

Octafluorocyclobutanec{C4Fsg) is an important industrial gas, especially inspha
technologies:® It has also found use in surgical proceddriéss used for dry etching where, in
mixtures with CHF, it has high selectivity for etching SiOver SgN, compared to other gas
mixtures! there is also high selectivity for Si@ver Si° c-C4Fg is used in high-voltage
insulation applications, especially when mixed vw8t®. The rapid rate coefficient for non-
dissociative electron attachmentct€,Fs and the ease of purification make it more suitéde
such applications than other insulating mixtd¥&sr such a significant industrial gas it is also
important to be aware of the atmospheric impligatiof its use.

Ravishankarat al.” have reported on the lifetime 6{C,Fg in the Earth’s atmosphere.
Assuming that photolysis is the dominant loss pse@nd that electron attachment does not
dissociate the molecule, the estimated lifetime 3200 years. By allowing for the effect of
reactions with both ions and electrons, Moetisil® gave a lower value of ~ 1400 years. The
differences between the lifetimes show the sigaifteffect of neglecting reactions with charged
species. However, it is normal to neglect theseti@as due to the low concentrations of charged
species in the atmosphere. It was decided to stuther the reactions afC4Fg with both ions
and with electrons; this chapter will deal excletpwith cations, electron attachment reactions
will be covered in chapter 10.

There have already been many studies@fFs with electrons:®® There have also been
studies of the dissociation of the neutral moleaigated by both infrared radiation and thermal
decompositiort®*? Spectroscopic measurements include both gas-jehesteon diffraction and
IR measurements:** There have been only three measurements of tligvpdsn chemistry of
c-C4Fg,>*" and there is only one on the negative ion cheynt&# previous photoionisation and
photoelectron measurement was taken by the Tugkaip eight years agd.This experiment
was performed on the now-decommissioned 1m Seya WidWochromator at the SRS. The
TPEPICO results presented in this chapter werepadd on the higher flux 5m McPherson

monochromator also at the SRS.
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2. Experimental

The two apparatus used to obtain the data reportiuls chapter are the same as
described in chapter 2-C4Fg was obtained from Fluorochem UK with a statedtguwof 99 %,

and was used without further purification.

3. Energetics

From the TPEPICO data we determine appearancgiesat 298 K (Akg) for each
ionic product formed. These A values can be converted into an upper limitfgt g the
enthalpy change for the corresponding unimoleadaction, using the procedure of Traeger and
McLoughlin?® a methodology discussed in detail in section 2dhapter 3. As noted in that
chapter the method is only applicable in cases evhesingle bond is broken. Although the two
main fragments detected in the TPEPICO experin@" and GF4", are formedsia multiple
bond cleavage, we have applied the correction factthese ions, noting that this is only an
approximation to aid in interpretation of the résulhe vibrational frequencies of the two ions,
necessary for application of the Traeger and Mchéingrocedure, were obtained from
Gaussian 03 calculations performed at the B3LYRIlaith a 6-311-G + (d,p) basis set. All
other vibrational frequencies required were takemfstandard sourcé§The enthalpies of
formation at 298 K were from standard sources, tépamn c-C,Fg (-1515 kJ mof),?2CsF5 (-134
kJ mol%), GsFs (=729 kJ mot), CsFs* (+45 kJ mot),?® CF; (-466 kJ mof), CR*
(406 kJ mot),?* c-C4F; (-1166 kJ mot), c-CsF" (-166 kJ mot),® O(CHR), (-858 kJ mof),*®
CR:O (-631 kJ mot), CRCO (-609 kJ mat),?” and GF40 (-1004 kJ mat).?® The ionisation
energy (IE) of SEwas taken as 9.78 €V.

4. Molecular structure

The structure of-C4Fs was calculated using Gaussian 03. There are twsilgle basic
geometries for the molecule to take: g structure where the,Gquare is puckered, or tba,
structure where the 3quare is planner. Though older measurementsdumgested the planner
structure®® most recent measurements show tha@iFg has the puckered forfiand the

puckering motion has been measured in a jet-cdBaxkperiment' Some of thab intio

105



calculations that have been reported by other grdvape found the planar structure as the energy
minimum, for example Hirokat al'® This shows the dangers of a geometry optimisation

becoming trapped in local minima or of a poor cka€initial structure.

5. Theoretical rate coefficients

For the SIFT experiments the theoretical ratefanent was calculated as described in
chapter 3 section 1.1. Very surprisingly, it wasrfd that the Langevin rate coefficient
consistently underestimated the value of the erpantal rate coefficient, i.&ex,> k.. Such
unphysical results have been seen before and wenel to be due to the presence of a polar
neutral. If the neutral has a dipole moment theexdra attractive term in the potential energy
function is required in the calculation of the ratefficient>” see chapter 3 section 1.1.2 for
more detail on extensions to the Langevin modeéré&lis no dipole moment forCyFg as it is a
very symmetrical molecule, therefore as a firsp stevas assumed that there was a higher-order
multipole term contributing to the increased meaduate coefficients. The theoretical rate
coefficients were therefore calculated using apatarised equation of Bhowmik and Su which
includes the ion-quadrupole potenftaMore details on this method and its limitations given
in chapter 3 section 1.1.3. For both calculatiohshe polarisability volume was required. For
a value of 1.25 x I& m® from a semi-empirical calculation was udetktails on the value of the

average quadrupole mome®)(of c-C4Fg will be given later.

6. Results

6.1 Threshold photoelectron photoion coincidence seilts

6.1.1 Threshold photoelectron spectrum

Figure 5.1 shows the threshold photoelectron spec{a) and total ion yield (b) @atC4Fs

recorded from 1% 25 eV with 0.3 nm resolution. The stick spectrunfrigure 5.1(a) represents
the ionisation energies of the twelve highest eperbitals calculated by the OVGF method. The
onset of ionisation was determined to be 11.6005 @V, in excellent agreement with the
previous work from the Tuckett grodpbut significantly lower than the value of 12.25 &%m

an early electron ionisation studifhe discrepancy is probably due to the inhereméto
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resolution of electron ionisation and the methoeldu® determine the onset by extrapolation with
reference to the ionisation energy of argon.

The MOs ofc-C4Fs were calculated using Gaussian 03 to the MP2 .|éwvéb,q symmetry
they are labelled

..... (9a)” (9ef (1a)° (8k»)° (10ef (10a)” (9)* (2by)* (11e¥ (11a)” (12e) (3by)°
where the numbering includes all atomic orbitalse Tonisation energies (IE) have also been
calculated using the outer valence Greens’ Funst{@VGF) method. It is clear from
Figure 5.1 that there are more MOs than peaksarsplectrum, and this is obviously due to the
experiment not having the resolution to resolvehstiosely spaced peaks. The first peak in
Figure 5.1 (vertical IE = 12.4 eV) is due to ionisa from the highest occupied molecular orbital
(HOMO) with symmetry bof c-C4Fs. The calculated IE of this peak is 12.1 eV whigheas
well with the measured VIE. The calculations shbet the orbital is largely C-F antibonding
and C-C bonding in character. The next peak at @4.% due to ionisation from the 12e orbital
of c-C4Fg, and again the VIE and OVGF calculation agree \iiéle next ten orbitals have
energies in the range 16.4-18.3 eV and encompadbrtde large unresolved peaks at ~ 16.0,
16.7 and 17.5 eV. These peaks are so close inett@gtheir ordering is different between the
MP2 calculations and the OVGF calculations whiagh@erformed at the HF level of theory. The
two weak shoulders at 12.8 and 14.8 eV do not sedra due to ionisation from a single MO.

The total ionisation cross-section is shown inuFegs.1(b). If there are no features due to
autoionisation, then the total ion yield curve ddaanly show steps at the onset of each
electronic state of c4Es". However, examination of the total ion yield shdat after these
steps are reached there is a subsequent drop sigioal. This is a clear signature of
autoionisation. It seems that the majority of tlkals detected in the TPES are due to, or have
contributions from autoionisation. The clearestragke is the large peak at around 17 eV which
also appears as a peak in the ion yield followed rge reduction in ion signal. The two small
peaks at 12.8 and 14.8 eV almost certainly arigetd@utoionisation from a super-excited state.
These two shoulders are not present in the recpatifished He(l) PES of Lim&o-Vieiet al**

This confirms that they arise from a resonant psece

107



TPES

Total lon Yield
)
2

Energy / eV

cHe /SLNCD o leubss uoj

Figure 5.1: (a) Threshold photoelectron spectrum©fFg, the red drop lines are IE values calculated using
the OVGF method and (b) total ionisation crossisadboth recorded at a resolution of 0.3 nm rectraie
beamline 3.2.
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6.1.2 Scanning TPEPICO spectra

The scanning energy TPEPICO spectrum was recdrdedl11-25 eV with an optical

resolution of 0.3 nm and a time-of-flight resolutiof 64 ns. Six ions were observedFg,
CsFs', CF4', CR', CR" and CF, Table 5.1 Column 2 lists their appearance ensrgder

definition of AExsgis given in chapter 3.

Table 5.1: Thermochemistry of dissociation pathwafys C,Fs. Values in the first column are in kJ ritol

AEzs/ €V AH%ggexy  ArH%ggcad
eV eVv
Products of c-C4Fg (-1515)
c-C4Fg" (-396) + € 11.60+ 0.05 - -

CsFs' (45) + CR(-466) + € 11.68+ 0.05 11.95 0.05 11.33
CoF4" (316) + GF4 (—659) + € 11.86+0.05 12.13:0.05 12.15
CF (1134) + GF (-1335) + € 14.7£0.2 - 13.62
CR' (922) + GFs (-1125) + & 15.0+ 0.2 - 13.60
CFR:' (406) + GFs (-729) + € 15.4+0.2 - 12.36

The breakdown diagram is shown in Figure 5.2, withTPEPICO data plotted as continuous

lines and the SIFT data plotted as symbols ateébembination energy (RE) of the reagent ions;

see section 6.2 for the ion-molecule results.
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Figure 5.2: Comparison of the product ion branchatgs from photon-induced TPEPICO spectroscopy
with ion-molecule studies @fFC4Fg over the energy range 11 — 25 eV. The former apa®e continuous

lines, the latter as individual data points at #jpeealues.

Whilst there are no major differences from the daforted in the earlier TPEPICO
study’® the improved statistics of the present coincidenap mean that this diagram is more
accurate. The signal fromyEs" is very weak above its threshold energy for préidanc As its
intensity reduces, 4£5° and GF;" are the two main fragment ions observed. The smtitee
cations have onsets at higher energy and are maake#x. The parent ion is detected from 11.60
eV + 0.05. For dissociation of the parent ion iGis" and GF,", the appearance energies of
11.68 + 0.05 and 11.86 + 0.05 eV have been convante AH%gg values of the corresponding
unimolecular reactions; it is assumed that themaéptoducts are GRand GF4, respectively.
The onsets for production of ¢FECF," and CF are less well defined, and their onsets are
guoted with a larger error in each value of + 022 e

The parent ion has only been seen previously b @/7electron ionisation mass

spectrum with a very low abundance of 0.3%nd this is the first detection by photoionisation
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or at such low energies. In other electron iontsasitudies no parent ion is seen at all from onset
to 200 eV:® This suggests that the TPEPICO experiment is sagplsmall bound region in an
otherwise repulsive ground state of g, a region which electron ionisation lacks the hetson

to sample. Recently, Bauschlicher and Ricca loldtle energetics and possible fragmentation
pathways of-C4Fs upon ionisation usingb initio methods?> Figure 5.3 is adapted from this
paper and shows the low energy decomposition rates toc-C,Fs’. They calculated an
adiabatic ionisation energy forC4Fs of 10.76 eV with a vertical value of 11.24 eV, ahig

noted that both values are significantly lower thay experimental measuremént.

120 |

80_ R\K _CQF4+ + CQF4
g B1 - B2 L CriCE
z ‘Linear
? .
=
0 W

-80_|

1-ene’

120 _*3‘““%

Reaction Coordinate

Figure 5.3: Pathways for fragmentationce®,F;*, adapted with permission from reference 25. Thitsuwof
energy on the y-axis are kJ miphll referenced to a zero level correspondindnéolowest vibrational level
of c-C,Fg".

Bauschlicher and Ricca also showed that the cfmtin of GFs” lies above the open
chain isomer by around 7 kJ riichrough a barrier, B1 (Figure 5.3). Furthermorsival

ionisation from the ground state @fC4Fs will form the ion above this barrier, VIE on Figus.3,
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and several different routes of fragmentation hemtavailable. The TPEPICO results, which
show that the first fragment ions formed agf<C and GF,", agrees with the calculated
pathways. Even though the calculated ionisatiomgee of Bauschlicher and Ricca disagree
with experimental data, tirelative energies of the fragmentation pathways-GiFs™ are more
likely to be valid. As such, with the use of theEFRCO experimental data as a basis for the
energetics, the calculations can be used to adpretation of the results.

From the TPEPICO data there is no way to stateitkdfy whether the parent ion is
formed in the cyclic or linear isomer. Howeverpipaars that in the range 11.6 — 12.2 eV it forms
as a cyclic ion. The reasons for this belief afieen the theoretical study of Bauschlicher and
Ricca. From this study the barrier B1 must be surmed for the isomerisation from cyclic to
linear form to take place. B1 is calculated tddiss than 10 kJ mdlbelow the barrier B2 to
fragmentation into €F5*. So if photoionisation has sufficient energy t@mome B1 then it is
probably sufficient to overcome B2 and hence fraginiige parent ion. There is a small range of
energies where parent ion occurs with no fragntam present. This seems good evidence that
around these energies the ion is cyclic.

The main fragments formed from 11.606 eV are GFs" and GF,". The first fragment
formed is GFs" with an onset of 11.68 eV. At 11.86 eV productidrC,F," begins and it is the
dominant ion from 12.5 — 17.5 eV. Between 14 an@é\@here is a drastic drop ik
production before increasing again at 16.2 eV wisdhe beginning of the Franck-Condon
region of the large unresolved peak system. Aba@vg @V the CE (x = 1-3) series of ions are
formed and by around 20 eV they now dominate. Axideed earlier, the method of Traeger and
McLoughlin cannot formally be applied to any of ibaic fragmentations as they involve
cleavage of more than one bond. However, bearimga that it is only an approximation, we
have applied it to " and GF;". These approximate values fisH%gg0f the unimolecular
reactions allow some statements to be made onmdabeéntation dynamics of ioniseeC,Fs.

The following unimolecular reactions have been used

c-CiFs - C3F5+ +CRh+e (re 51)
and
cCyiFs - C2F4+ + GF,+ e (re 52)

First, consider the fragmentation intgFg. The calculated and experimentaH’qg
values (Table 5.1) shows that the threshold far ¢hiannel occursa. 0.6 eV above the

thermochemical threshold, suggesting the preseihadarrier in the exit channel. Such a barrier
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is to be expected as the fragmentation mechanisst coatain a 1,3-fluorine migration to allow
for production of the Cfradical. This would involve a constrained tramsitstate for the

migration step, almost certainly leading to a tearrmhe presence of a barrier is predicted in the
work of Bauschlicher and Ricéaln their study GFs" is only formed after barrier B2 (Figure

5.3), which is the transistion state for the F raigm, is surmounted. It therefore forms above the
thermochemical threshold, as we have measured. ddleylated the excess energy needed for
fragmentation to occur to be 0.31 eV, this shodabmpared to our approximate value of 0.62
ev.

For the fragmentation into,€;" there are two possible routes. Firstly the two Ge@ds
can be broken in a concerted manner, in effechagrse cycloaddition, or the bonds could break
sequentially. On the basis of frontier moleculadty the concerted mechanism is forbidden on
symmetry ground2® Therefore only the sequential mechanism is alloardithe fragmentation
will go through a radical intermediate. Our resgh®w that the fragmentation occurs at or near
the thermochemical threshold, so there is unlikellge a barrier in this channel. The calculated
barrier from Bauschlichers study (B3, Figure 5i8% below the thermochemical threshold for
this fragmentation, and therefore the measuredaappee energy should be the same as the
thermochemical value. This again shows the exdeigreement between this work and that of
Bauschlicher and Ricca.

The formation of @Fs" appears to be a non-statistical process. Thislisated by
the fact that there is a rise infg" signal at around 15.5 eV (Figure 5.2) which cqroesls to the
rise in signal for the unresolved states-@;Fs". It also appears that the CBeries of ions are
formed in a non-statistical manner as they are éormell above any thermochemical onset, and
the simultaneous rise in signal at ~15.5 eV agaggssts that they form from the state-selected
fragmentation of these unresolved states. It isiptesthat the CF ions are not formed directly
from fragmentation of the parent ion but are irt facmed from further fragmentation ot&".

It is clear from the total ion yield curves (Fig&d (b)) that there is a large concentration of
autoionising states in this energy region. lon@afrom these states can lead to population of
non-Franck-Condon regions of the potential enetgfases. This could lead to large alterations

in branching ratios at the photon energies of thhesenant states.
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6.2 Selected ion flow tube results

6.2.1 Rate coefficients

Table 5.2: Selected lon Flow Tube Results for ianeoule reactions af-C,Fg with cations with RE from
6.27 — 21.56 eV. The dashed line indicates IE-GfFg at 11.6 eV.

Reagent ion Rate coefficient/  Product ions (%) Proposed neutral AH%qg/
(RE / eV) 10° cn?moleculé' s* products kJ mol*
H,O" - No Reaction - -
(6.27) [2.0]/ (2.5)
SK* - No Reaction - -
(8.32) [1.1]/ (1.3)
(o] =N - No Reaction - -
(9.04) [1.2]/ (1.5)
CF - No Reaction - -
(9.11) [1.6]/ (2.0)
NO* - No Reaction - -
(9.26) [1.6]/ (2.1)
SK"* - No Reaction - -
(9.78) [0.9]/ (1.2)
SE* - No Reaction - -
(10.24) [1.1] / (1.5)
SF - No Reaction - -
(10.31) [1.3]/ (1.7)
CF' 1.3 CJF;* (60) CF; -39
(11.44) [1.3]/ (1.7) CaFs (15) CF, -361
CFs (25) c-CuF -167
CsF; + CR -68
CsF, + CR -61
SN - No Reaction - -
(11.99) [1.0]/ (1.3)
o, 1.9 c-CiFs (1) o} -46
(12.07) [1.6] / (2.0) CoFs' (51) 0, + CR -844
COR + OF -908
C.F,* (48) 0, + GF, 8
COR, + COR -611
Xe'* 1.3 c-CiFs (2) Xe 51
(12.13/13.44) [0.9]/(1.2) CsFs™ (41) Xe +CR, 77
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H,O"
(12.62)

N,O*
(12.89)

O+
(13.62)

co,’
(13.76)

Kr*
(14.00)

CO’
(14.01)

N+
(14.53)

N,*
(15.58)

Ar'
(15.76)

2.4
[2.0]/ (2.6)

2.2
[1.4]/ (1.7)

2.3
[2.1]/(2.7)

1.7
[1.4]/ (1.8)

1.3
[1.1]/ (1.4)

2.0
[1.7]/(2.1)

2.8
[2.3]/(2.9)

2.2
[1.7]/ (2.1)

1.8
[1.4] / (1.8)

C.F. (57)

CaFs™ (51)

CoF." (49)

CsFs' (30)
CoFs (70)
CsFs" (25)
CoFs (75)
CsFs' (22)
C.F. (78)
CsFs' (14)
C.F. (86)
CsFs' (20)
C.F (80)
CiFs" (1)

CaFs' (41)

CoF," (58)

CF7 (9)
CoFs' (1)
CoFs' (16)
CoF' (74)

CiF* (22)
C3F6+ (1)

Xe + GF,

COF + 2HF
CF; + H,0
COR + HF + H
CHF; + OH
CH,F, + COR,
O(CHFR,),

CHF, + HF + CO

CHF; + HFCO
CF, + H,CO

COR + N,
COR+F+N
CR+ N,O
CFR+CO+N
CFO + N,

CFRO
CRFO+F
Cr+0O
C,F,O
CRO +Chk

CR+CO

COFR, + COF
COR + CO
CFk,+ 2CO
C,F0 +CO

CR + Kr
CoF4 + Kr

CRCO
CK+CO
C,F,+ CO

N
CR+N
FCN + R
CE + NF
CK +CN
CFK + FCN
CFRCN+F
CF,+N

F+N
CR+ N,
CR+ N,
CoFs + N,

F+ Ar
CFk + Ar

-136
-123
-109
-74
-234
-228
-224
-218
-193

-397
-326
-150
-539
-499

-634
-563
-220
-736
-553

-235
-190
-117
-258
-218

-257
-178

-290
-258
-179

-427
-309
-280
-249
-542
-474
-460
-230

-74
-272
-410
-331

-92
-290
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CaFs (20) CFs + Ar -428

C.F4 (57) C,F4 + Ar -349

= 2.3 CF (3) 3 410
(17.42) [2.0] / (2.5) CaFs' (38) CF, 1133
CF. (49) CoFs ‘822

CFK, + CF -607

Ck +CR -577

CF,+F -508

CF* (10) CoFs 964

CF, + CH -751

Ne' 25 CF (1) F + Ne 651
(21.56) [1.9]/ (2.5) CFe (1) F, + Ne 586
C3F5+ (31) CK + Ne -987

C3F4+ (1) CF: + Ne -1042

CF. (25) CFa+ Ne 908

CFs (1) C.F. + Ne 667

CF* (31) CF. + Ne 888

CF2+ (6) Cs;Fs + Ne -768

CF (3) CFs + Ne 766

Table 5.2 lists the results from the SIFT studyhefion-molecule reactions ofC4Fg
with a range of ionic species. Column 2 shows &te coefficients, both measured and
theoretical. There are two theoretical values &mhereaction, in square brackets the Langevin
value and in parenthesis the quadrupole valueafAde seen there is a large discrepancy
betweerkey, andk., with the experimental results all being far higtrean the Langevin value.
Clearly this is unphysical as it suggests thatetzge more reactions taking place than there are

collisions. Morriset al®

have previously performed some of these ion-mdée@actions on a
SIFT. There is excellent agreement between theegabtkey, in this study and in their study,
suggesting that there is no fault with #ag, data. Therefore there is some error in the Lamgevi
calculations. Morrit al state that all their measured rates go with thisamhal value. Since no
details are given of how their calculations ardqrened, this means that the calculations used in
this study cannot be checked against their calomst For this study’ the value used far', the
polarisability volume, was the largest availablenirthe literaturé. Though this gives better
agreement with experiment than lower valueg’'ok: is still significantly smaller than
experimental.

One possible reason for such disagreement coutdaEg has another ion-neutral
interaction which has not been taken into accositstated earlier it cannot be a dipole moment

due to the high symmetry ofC4Fg. It could, however, be an even higher multipolettsuch as
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a quadrupole moment. Rate coefficients were thezefecalculated using the parameterized
formula of Bhowmik and S&f where in addition to the Langevin potential a quadle-ion
potential is included (see chapter 3 section 1.E@) this calculation a value for the quadrupole
moment,©, of c-C4Fg is required as well ag. No value for® exists in the literature so it has
been estimated to be 7.0 + 0.7 X*1€ nf. This empirical value and associated error gives
values for the rate coefficients of a large nunddehe ion reactions studied which agree with the
experimental values within error. The mean vahrer, 7.0x 10°° C nf, was determined by the
fact that it gives a value fée of Ne" + c-C4Fg which is in exact agreement with the experimental
rate coefficient; it is assumed that™Neacts at the collisionalg. capture rate. A calculation of

© at the MP2 level of theory gives a similar valdg x 10°° C nf. However, it has been
suggested that these values are too ffigased on a comparison to the quadrupole moment of
CsFs in the gas phase, 2x8.0%° C nt,* which would be expected to have a larger quadeupol
moment thare-C4Fs. Rather than an actual quadrupole moment it caardpeed that this term is
more of a correction factor to the Langevin model,Fs is a relatively large and anisotropically
polarisable molecule, and many of the assumptiotise Langevin model, such as treating ions
as dimensionless point charges, will become invétlig interesting to note that the rate
coefficients measured for the ion-molecule reastiofc-CsFs, see chapter 6, were never higher
than the MADO value. This is probably due to thesgnce of a non-zero dipole momentdor
CsFg which will mask many of the deficiencies of thengavin model. Nevertheless, the value of
© used forc-CyFsg is useful in allowing qualitative comparisons atatements on reaction
efficiency to be made, and to allow different réstb be compared.

Using the value fo® of 7.0 + 0.7 x 13° C n?, with two exceptions, all reactions proceed
at the collisional rate. The two exceptions are'@Rd NO'. CR' reacts with an efficiency of
only 75%. Since the RE (GF is less than the IE{C4Fs), this reaction can only procee an
intimate chemical pathway, and steric effects may p role. This is the only ion with a RE
below IE ¢-C4Fs) where any reaction is observegN has an experimental rate coefficient 30%
higher than the calculated value incorporatingamquadrupole interaction. This is outside
experimental error, and no explanation for thigéavalue can be offered.
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6.2.2 lon-molecule branching ratios

Table 5.2 lists the ionic products and branchatgs from the SIFT study (column 3) as
well as proposed neutral products and corresporgthiitalpies of formation (columns 4 & 5).
The proposed pathways are those which are bothichliyrfeasible and have the most negative
values forAH%gs. In cases where there are several feasible pgthwaly an indicative
selection is presented. Emphasis is placed on etteagsfer reactions.

CR" is the only ion with RE < IEctC4Fg) which reacts. Three ionic products are
observed: GF" (60%), GFs" (15%) and CE (25%). These are all exothermic reactions if they
are driven by loss of one or more fluorine atonr. flBamation of CE' the reaction is driven by
fluoride ion abstraction and this allows us to Beddhe fluoride ion affinity (FIA) ot-C4Fs. As
c-C4Fg does not react with GFbut does react with GFthen GF" must have a FIA between the
values of CE (1090 kJ mat) and CE" (1139 kJ mat), see chapter 1. For the reaction obCF
with c-C4Fg there was also CFpresent as a reactant. However a$ @es not react with-C4Fg
this presented no complications to determinatiotihefbranching ratios. Jia al have also
studied the reaction @tC,Fs with CR" in a Fourier Transform Mass Spectrometer (FTM3).
this study the major product ion wasFg , a product that was not seen at all in our SIFT
reaction. Also present as minor ions wekEG C4Fs", CF4 and CE'. There could be several
reasons for such a difference in branching rabasctur, which all relate to the different
conditions used in the two experiments. In the S#kperiment reactions occur in a thermalised
bath of He gas at ~0.5 Torr. In the FTMS the remstioccur under extremely low-pressure (~ 10
& mbar), single-collision conditions. It is easystwow that collisional stabilisation of unstable
ions can take place in the SIFT environment buimatFTMS, and this will tend to ionic
products showing less fragmentation in the SIFT gamad to the FTMS. Another difference is
that due to the bath gas the translational enesgeethermal in the SIFT, whereas in the FTMS
the translational energies are not clearly defi@ter difficulties are caused by the problems in
measuring the pressure inside the ICR cell witibargauge. This has lead to differences in both
reaction rates and branching ratios between theeperiments previousfy.

For ions where the RE > IE-Cy4Fs) charge transfer now becomes energetically allowed
Of these ions only SF(11.92 eV) does not react. Exothermic pathwayswaadéable for this
reaction; presumably reaction does not take plaestal the reaction cross-section close to
threshold being small. For the remaining ions thkkyeact with close to 100% efficiency with a

range of ionic products being formed. For ions ViRt values up tca. 15 eV, the major
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products are &= and GF,", additionally the parent ion is observed weaklytfe reactions
with O,", Xe" and N. For ions with RE values above 15 eV, a largegeanf fragment ions are
observed (GF", C4Fs", GsFs', CoF4" CoFs', CR', CR' and CF), the branching ratios forz€s*
and GF," decrease, and parent ion signal is no longer vedeFrom the SIFT experiment the
structure of the parent ion can not be determindzkteither cyclic or linear. However as
described earlier (section 5.1.2) it is assumetithtéhe energy range 11.6 — 12.2 eV the ion is
cyclic.

The results of Smith and Kevan for reactions-@i;Fs with noble gas cations agree
broadly with the results presented hErklowever, the study is performed at much higher
average kinetic energies of ~50 eV, this may erpMiy greater amounts of fragmentation are
observed in their product ions. As mentioned abbaeet al studied the reaction of GFwith c-
C4Fg in a FTMS, they also studied the reaction withribble gas ions XeKr™ and Af. The
results for Ki and Xé are in good agreement with the data in this cimapte agreement is poor
for Ar’. Probably this is due to uncertainty in the tratishal energy of the ions in the FTMS
experiment. Morrigt alused a SIFT to study reactionsoce€4Fg with cations and anions of
atmospheric importance. As stated earlier the ageeein rate coefficients is excellent but,
whereas the Oproduct branching ratios are in reasonable agregrimse for @ are poor.
They reported ¢ and GF4" in the ratio 72 % : 28% and observed no parentidrereas in
this study the ratio is 51% : 48% with the additibpresence of a weak parent ion signal, 1%. It
has been shown that thermalisation of excited tilmal levels of G does not always occur in a
SIFT* so several @(v) levels may be contributing to the reaction witB,Fs. This
phenomenon can manifest as curvature in the psinsti@rder rate plot oln(ion signal)vs.
neutral concentratiotf. In this study, no such curvature was observed. é¥aw it cannot be
ruled out that differing amounts of,@v) vibrational excitation in the two studies is atmting

to the different product ion branching ratios.

7. A comparison of TPEPICO and SIFT branching ratics

Figure 5.2 shows the branching ratios from bothTREPICO study (continuous lines)
and SIFT study (discrete data points at RE of netiga), only products seen in both
experiments being included on the plot. As desdribechapter 1, a comparison of the branching

ratios from the two separate experiments may iteittee mechanism by which the ions are
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formed, whether it is a chemical reaction or chdrgesfer, either long or short range. For ions
with RE from 11.6 to 12.6 eV (O Xe" and HO") there is poor agreement between the SIFT and
TPEPICO data. Over this range, however, the TPERIa@Qching ratios are changing very

rapidly with photon energy, so that small differeacan become magnified. The energy gdH
(12.6 eV) corresponds to what appears to be ancamigation feature on the edge of the state

of c-C4Fg" while the REs of the other two ions places themlfj in the X state Franck-Condon
region itself. The poor agreement between the éxgets over this energy range may suggest
that the orbitals involved in the ionisation prazase shielded from the approaching ion, making
long-range charge transfer an unfavourable prot&é&or ions with RE values in the range
12.9-15.8 eV, with the exception of NRE = 14.53 eV) the branching ratios intgF& and

C,F4" agree well between the two experiments. Fromititian be concluded that the reactions of
N,O", O, CQ,", Kr*, CO", N," and Af all probably proceed by long-range charge tran3iee
reactions of N are often anomalous on the SIFT appar&tbwith branching ratios of fragment
ions significantly different in the TPEPICO and FlIstudies. One possible explanation for this is
given in chapter 1. For the two ions with RE gre#ttan 16 eV, Fat 17.42 and Neat 21.56 eV,
the agreement of the two datasets is poor again=Fthe difference in branching ratios could
possibly be explained by the low signal of ion whaan be formed in the high-pressure SIFT
source, resulting in difficulties to obtain reliaddranching ratios, as products with small
percentage yield may not be detectable above bagkdmoise. For Ne many more fragments
are observed in the ion-molecule reaction than plitbtoionisation at 21.56 eV, so Neannot
reactvia a long-range mechanism. It is not clear whethemtiechanism is short-range charge

transfer or a chemical reaction.
8. Conclusions

The threshold photoelectron and threshold phottrele photoion coincidence spectra of
c-C4Fg in the range 11-25 eV have been recorded. Thaparehas been observed very weakly
at threshold, 11.60 + 0.05 eV, and it is most kel have cyclic geometry. lon yield curves and
branching ratios have been determined above thsaitbon threshold of-C4Fg for the five
fragments produced;s&’, C;F,", CR", CR" and CF. The first ion formed is §", at slightly
higher energy &,", then successively CFCR," and CE' are formed. The dominant ions are

CsFs" and GF,'. It is assumed that the accompanying neutral feagsnare Ciand GF,
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respectively. In agreement with calculations of &dlicher and Ricca, we predict that there is a
barrier in the exit channel for formation off&g", whilst there is no barrier for production of
CoF4".

The branching ratios and rate coefficients hawnbreasured in a selected ion flow tube
at 298 K for the bimolecular reactions®€,Fs with HsO", CFK" (x = 1-3), SK™ (x= 1-5), NCO,
0,", X&', H,0", N,O", O, CO,", Kr*, CO", N', No*, Ar", F and N&. Below the energy where
charge transfer becomes energetically allowad] 1.6 eV, only one of the nine ions, £F
reacts. Above this energy, all but one of the femtremaining ions reacts. It has been difficult
to comment on the reaction efficiendg 4/ k) due toke, values which are consistently greater
than the collisional values calculatiedm modified average dipole orientation theoryeTh
inclusion of an additional ion-quadrupole interantiwvith a sensible choice of quadrupole
moment forc-C,Fg has allowed better agreement to be achieved. Witlexception of N a
comparison of the fragment ion branching ratiosifitbe TPEPICO and SIFT data suggest that
long-range charge transfer is the dominant mechafos reactions of ions with recombination
energy between 12.9 and 15.8 eV. For all other,iettiser short-range charge transfer and/or a

chemical reaction occurs.
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Chapter 6: Positive lon Chemistry of

Octafluorocyclopentene

1. Introduction

In the previous chapter the positive ion chemisfrithe important industrial gasC,Fs,
which is used for the dry etching of Sivas described-C4Fg has a high global warming
potential® Although it is a replacement for other feedgaseh sis CFin technological plasmas,
it is important to find alternatives which have Ewglobal warming potential.
Octafluorocyclopentene{CsFs) has been suggested as just such & gas.following chapter
will outline the positive ion chemistry afCsFs. Surprisingly, even less work has been
performed to date ot+CsFg than onc-C4Fs. With the exception of electron attachment
investigations very few studies have been repo@édpter 10 will give details on electron
attachment to this molecule. This chapter prestetéirst measurements of the He(l)
photoelectron spectrum (PES), the threshold phettrein photoion coincidence spectrum
(TPEPICO), an independent high-resolution threspblotoelectron spectrum (TPES) and a
study of the reactions @fCsFg with a range of atomic and molecular ions. Alsesgnted are
some results from a new electron ionisation study©sFs performed at the University of
Innsbruck.

There has been much interest in negative ion feomy c-CsFs due to its large
attachment rate coefficient of 3.62 x1€nT s*.>° The structure has been determined by gas
phase electron diffractichand mulitphoton infra-red dissociation of the nuole is well
documented:® Only two studies of the ion-molecule reactions-@fFs appear to have been
published”® One of these studies used a Fourier transform sgsgrometer (FTMS) to
measure the kinetics and products of some catideaule reactions. This study also presents the
electron impact ionisation cross-sections-sFs from 10-200 e\, This electron ionisation
study is the first recorded experimental deternnomadf the ionisation energy (IE) ofCsFs. The

second study is mainly concerned with negativeréattions in a high pressure environniént.
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2. Experimental

The apparatus used is the same as describedptectza The TPEPICO experiment was
performed on two beamlines, 3.1 and 3.2. The cdemtie data was acquired on 3.1 with the
Wadsworth monochromatdtwhile the threshold photoelectron spectrum (TPES3) ion yield
and kinetic energy releases (KERDS) were acquiségtthe 5 m McPherson on beamline 3.2.
The sample of-CsFs was purchased from Apollo Scientific with a stapedity of 99%, and was

used without any further purification.

3. Energetics

For the TPEPICO data we can assign appearancgienat 298 K (Akg) for each ionic
fragment formed. As described in chapter 3 thetgegacan be converted into an upper limit for
AH%gg using the methodology of Traeger and McLougfit. must be kept in mind that this
procedure was developed for use with photoionisatioss-sections and where only a single
bond is broken in the fragmentation process. Widsé caveats the procedure has been applied
to the two fragment ions formed upon ionisatior-6fFg; C4Fs” and GF,". The necessary
vibrational frequencies of the ions were taken fi@aussian 03 calculations performed at the
B3LYP level with a 6-311-G + (d,p) basis set. Ather vibrational frequencies were taking from
standard sourcé$ Enthalpies of formation at 298 K were taken fréma standard sourcés!®
apart from CE(-466 kJ mot) and CE* (406 kJ mot),*” C,F" (x = 4-6),'® CsFs* (45
kJ mol*),*® and the SfFand SK' (n = 1- 5) series of molecul&d.In the calculations of the
enthalpy of formation oé-CsFs" the |IE used was taken from the new electron idiisastudy
performed at the University of Innsbruck and frdra high-resolution TPES of 11.24 eV.

As noted in section 4.4 of chapter 3 no enthalgpmation was available far-CsFs.

The absence of this value would have made intexfioet of the results very difficult. To remedy
this, attempts were made to calculate the enthafijgrmation using Gaussian 03. Full details
are given in chapter 3. The value was found teb#95 kJ maof. Similarly there was no
enthalpy of formation available forsE". In principle it is possible to calculate this walfrom
the TPEPICO results using the following Hess’ cycle

GCsFg —» CsF' + F+ € (re 6.1)
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From the Akgg for this channel, and assuming that after the §@aand McLoughlin correction
has been applied thAtH 9g expis the thermochemical thresholyHed c-CsF'] is found to be
-84 kJ mot'. A second method to determing’ogc-CsF; '] uses the bracketed value for the
fluoride ion affinity (FIA) of GF;", 1001< FIA[CsF;"] < 1045 kJ mdf. The FIA is defined for
CsF" by:

GF +F - GF (re 6.2)
This then gives-245< AH%qd c-CsF '] < —201 kJmot', see chapter 1 section 6 for more details.

However, both methods are dependent on the vaka:fosAH%eg c-CsFg]. To determine a
value which is independent AfH%gd c-CsFg], we used the method outlined in section 4.4 of
chapter 3 to calculate the value/gf®sd c-CsF7], —1105 kJ mot. A value for the adiabatic
ionisation energy was then calculated fgFQusing Gaussian 03 to be 9.66 eV. This gives a
AHCed c-CsF, ] value of-173 kJ mot. Thus there is a range of ~160 kJ thfur the possible
values ofAH %edc-CsF+]. Due to the closeness in values between the skausalculation of
the enthalpy of formation and the FIA value, weéaliosen to use a value of -223 kJ ol
which is the mid-point of the range determined iy EIA method. This method is also likely to
have the least error associated with it.

4. Molecular structure

The structure of-CsFg was calculated using Gaussian 03. The structptahgsation
would not converge at the MP2 level of theory, Baaculations were performed using DFT
B3LYP 6-311G + (d,p). The molecule hassymmetry and the molecule has puckered, not
planar, geometry. The carbon atom opposite the B@ (at the apex of the ring) is raised out
of the plane of the ring with a pucker angle of ©2Zhis is less than the pucker angle in the
hydrogen analogue;CsHg.

5. Theoretical Rate Calculations

The theoretical rate coefficients for the ion-nooike reactions were calculated using the
MADO theory explained in chapter’?* Values for the polarisability volume;, and the dipole

moment,/, of c-CsFg were required. Neither values were available élilerature and so were

126



estimateda’ was estimated using the additive hybrid atomidtarinethod of Miller** see
chapter 3 section 1.2.1, the value used was 9B8*m>. The dipole moment was taken from a
DFT Gaussian 03 calculation and was 1.874 D. Taisesofu should be compared to the dipole
moment of Z-1,2-difluoroethene, 2.42 D. Z-1,2-diftaethene has a similar configuration of
atoms around the C=C bond but would be expectédye a slightly higher dipole moment due

to the presence of H atoms rather than @Bups.

6. Results

6.1 Threshold photoelectron photoion coincidence seilts

6.1.2 Threshold photoelectron spectrum and total imyield

Figure 6.1 shows the TPES®{sFg recorded from 12 22 eV with an optical resolution
of 0.2 nm on beamline 3.2 at the Daresbury SRS.oRset of ionisation was determined to be
12.25 + 0.05 eV. Due to second-order effects andfliox on this beamline fok > 105 nm, scans
were not performed below 11.8 eV. However, in asyiscan from 11.812.2 eV no signal is
observed above background. To our knowledge theeseohly been one previous experimental
measurement of the IE ofCsFs and oneab initio calculation. From an electron ionisation study
Jiaoet al® determined the IE to be 11.6 + 0.7 eV, while Himset al° calculated the IE to be
11.2 eV using B3LYP methods. To help resolve thesees, at our instigation a new electron
ionisation study was performed at the Institutltiirenphysik in Innsbruck and a He(l)
photoelectron spectrum was recorded at the Uniyar§iSouthampton with Professor John
Dyke. The He(l) spectrum is also shown in Figutfe &he electron ionisation and photoelectron
spectrometers have been described in detail elsefffé Briefly the electron ionisation
apparatus consists of a trochoidal electron morwuhtor, an effusive molecular beam and a
guadrupole mass spectrometer to detect product @ptsmally the electron resolution can be as
high as 30 meV with an electron current of ~ 0.5 MAe He(l) spectrometer has a hemispherical
detector, the hemispheres have a 10 cm mean raiLithe optimal resolution is 30 meV. The
electron transmission function of the detectomedr for all electron kinetic energies above 0.3
eV. From these studies, the IE®CsFs from electron ionisation was found to be 11.24 %00
eV, and from He(l) photoionisation to be 11.30 @3eV (for thev=0 peak). The weak peaks
below 11 eV in the He (I) spectrum are most likeéiye to hot bands. The vibrational spacing of
the first band in the He (l) spectrum has an avesmgcing of 0.20 eV (1613 &ywhich is
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probably the C=C stretch in the ground electrotatesof GFs*. We note that the C=C

stretching frequency of neutral ethene is 1623.¢n

TPES
He(l) PES

Electron Signal

| ! | ! |
10 12 14 16 18
Photon Energy / eV

Figure 6.1: He(l) (University of Southampton) ahdeshold photoelectron (Daresbury Laboratory) spect
of c-CsFg. The resolution of the two spectra are 0.025 e¥ @2 nm, respectively. Note the flat baseline in

the threshold spectrum f&r< ca. 12.2 eV, whereas the He (I) spectrum has Francld@ointensity over

the range 11:212.2 eV.

Both these new experimental data give acdEL eV lower than the threshold electron

20

measuremerft From 11 —12 eV the He (1) spectrum shows a baitttl cearly-resolved

vibrational structure which is completely absentirthe threshold spectrum. Unfortunately, due
to the experimental limitations described abovansavere not performed below 11.8 eV under
threshold conditions. Added confirmation that tBed indeed lower than the value obtained
from TPEPICO measurements comes from the observatinon-dissociative charge transfer for
reactions of ions whose RE spans the range 11.2-e02withc-CsFs (Section 6.2). Attempts
have therefore been made to measure the TPES hé&l8veV to check whether this band is truly

absent. Firstly an ion-pair study was performead-@sFs, see Figure 6.2°
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Figure 6.2: TPES for c-C5F8 on beamline 3.2 of3RS at a resolution of 0.2 nm with the signal gffC

from photoion-pair productioff, both are over the photon range 12 — 22 eV.

The parent anion4Es was detected, and this ion cannot be produ@ed photoion-pair
process. Therefore, it must arise from electroacathent to neutral CsFs. The low energy
electrons needed for the attachment process adeged from threshold photoionisation during
the photoion-pair experiment. This means that itpeas of GFs~ should mirror the TPES signal.
This technique to acquire the TPES electron attachment is similar to a metipoaheered by
Ajello and Chutjian using SFas a scavenger gas for low-energy electfdrisFigure 6.2
compares our TPES with thekg™ signal from the ion-pair study. As can be seersiextra are
almost identical except for some minor intensitiyedlences at around 20 eV. This is undoubtedly

due to the different conditions used and the pdggibf higher-energy electron attachment
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resonances contributing to the signal; a similteatthas been observed witheSE** There
appears to be some signal down to ~12 eV, howeasrsso lower energy with and without a
lithium fluoride window, which cuts out photons tvit < 105 nm, suggests that this signal is
produced by second-order radiation and that thetafsonisation is 12.25 eV. This appears to

confirm that this band is completely absent untlezghold conditions.

— TPEPICO TPES

—— Penetrating-field TPES
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Figure 6.3: Threshold photoelectron spectrum froenTPEPICO experiment and from a penetrating-field

spectrometer. The resolution of the former is O, the later 0.005 nm.

To confirm whether this band is truly completelysabt under threshold conditions a TPES was
recorded independently at the Daresbury SRS. W theepenetrating-field analyser of King
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which combines high resolution (~ 0.002 eV) witltellent sensitivity'* The spectrum recorded
with a resolution of 0.005 nm is shown in Figurg, €ogether with the threshold spectrum
extracted from the coincidence experiment at aluésa of 0.2 nm. We have scaled the relative
intensities of the two spectra such that the péald @ eV has comparable intensity. Two points
are apparent. First, the ground-state photoeledtamadis observed under the enhanced
sensitivity conditions of the penetrating-field spemeter, but its intensity is indeed very weak.
We determine the adiabatic IE ®CsFs to be 11.237 £ 0.002 eV. We conclude that the
sensitivity of the threshold analyser in the cailecice apparatus is not sufficient to observe this
very weak band, but we note that this apparatasmsmpromise for efficient detection of both
threshold electrons and mass-selected ions, s@éecHasection 4.1.%. Second, as both spectra
are recorded nominally under threshold condititims relative intensities of all peaks should be
similar. In practice, the relative intensity of thands from 15 — 18 eV are significantly higher in
the TPEPICO experiment. There are also many mdogaaising peaks in this region recorded
by the coincidence spectrometer (see later). Welada that the threshold analyser of the
coincidence spectrometer has a greater high-ersegiron tail than the penetrating-field
analyser. The small partial ionisation cross-sediito the ground state ofCsFg" under
threshold conditions may be explained by fluoresedrnom, or predissociation of the initially-
excited Rydberg state(s) into neutral fragments.

From the Gaussian 03 calculation<ysymmetry the valence orbitals ®CsFs can be
labelled as

... (222’ (14a”Y (15a"Y (23a’Y (24a“Y (16a”Y (17a"f (25a’F (18a"f (26a’f (27a’f

(19a”Y (28a’Y (20a”Y (29a’¥ (21a”y (30a’¥
where the numbering includes the core orbitals. Aigkest occupied molecular orbital has a'
symmetry and is made up of the C=C baratbitals, an assignment which is confirmed by the
vibrational spacing of the first band in the Hefhectrum. The lower-energy orbitals are then
combinations of C-F and C-C bonds with no cleaali@aation of electron density into a single
bond. This is the expected result for such a langkecule. Figure 6.4(a) shows the TPES$-of
CsFg recorded on beamline 3.2 at resolution of 0.2 Tine positions of the OVGF IE values are
indicated by red drop lines. The agreement witheeixpent is poor, with only the VIE of the
measured threshold ground state showing any ctarelat higher energies the OVGF results
are significantly higher in energy than peaks mitieasured TPES. This is surprising because
the agreement between equivalent da@a@Fs is excellent, see chapter 5. It is interesting tha

the OVGF calculations do not show the presenchefriissing electronic state shown in the
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He(l) PES. We note a shift of around 2 eV to loeeergy in all the OVGF calculations would
produce a much better agreement with the photatiois results; this could be coincidental or
significant.

In Figure 6.4(a) there are several sharp peatsiTPES between 16-18 eV. These peaks
are not due to vibrational structure because thsxyappear in the total relative photoion yield.
Therefore they can only arise from autoionisatindicated by resonances superimposed on non-
resonant step functions. Further evidence for aatsation is that these resolved peaks are not
present under He(l) conditions (Figure 6.1), whitgy are present in reduced numbers under
much higher-resolution threshold electron condgi@igure 6.3). Figure 6.5 shows the total
relative photoion yield recorded from onset to 22 with the insert highlighting the autoionising
features from 15.5-17.0 eV.

6.1.2 Scanning TPEPICO spectrum

The scanning energy TPEPICO spectrum was recdrdedl12 — 22 eV with an optical
resolution of 0.3 nm and a TOF resolution of 128Tisee product ions were observed (Figure
6.4(b)), GFs', CGsF;" and GFs', and their appearance energies are listed in TableThe first
product observed is the parent iogFg, at 12.25 + 0.05 eV. This is the major ion up rouad
13.5 eV, before the signal drops to essentiallp 2¢r15 eV. Above 18 eV the parent ion signal
rises above zero for an energy rangeadd eV before returning to zero at 22 eV. The first
fragment ion formed is £E¢" with an ABgg of 12.73 + 0.05 eV which dominates till ~15 eV .€Th
second and final fragment ion formed iFZ with an ABgg value of 15.14 + 0.15 eV. It should
be noted that some structure occurs in tkle'Gignal below this energy. However, as this onset
is sharp, it is felt that the lower-energy featusesveen 13 and 15 eV are artefacts of the analysis
from the background subtraction technique whichliesen used. Above 18 eV all three ions form

with roughly equal percentage.
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Figure 6.5: Total relative photoion yield feiCsFg from 12 — 22 eV recorded on beamline 3.2 with a
resolution of 0.2 nm. The insert from 15.5-17.0s#dws the features due to autoionisation of Ryglber

states.

It is interesting to note that formation offe’, involving the breaking of two C-C bonds,
has a lower appearance energy than formationsef @here only a single C-F bond is broken,
and this fact has been noted for other fluorocastimnBauschlicher and RictaJiaoet al also
saw the same ordering of appearance energieskgf, Cs~" and GFs" following electron
ionisation ofc-CsFgs.” They also observed,&*, CsFs*, CsF4", CF and CE as products. Their
appearance energies, however, fgfCand GF;", 14.2 and 17.5 eV, are significantly higher
than our values. An obvious explanation for sudfedénces is that their work was carried out in
a FTMS where ions are trapped for an appreciablgtieof time. Such long storage times could
lead to further fragmentation of product ions #yrare metastable, giving rise to the extra
fragments which we do not observe. We should r@tethe recent electron ionisation study

25
!

performed by Feiét al“> whilst observing the same range of ions as dedéntthe FTMS

experiment, gives similar appearance energies f6 @nd GF;" to our coincidence study.
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Table 6.1: Thermochemistry of the observed dissiveidgonisation pathways afCsFg at 298 K.
AE29s/ €V ArHOZQS,exp/ eV ArH0298,caIc/ eV

Major Products of c-CsFg(—-1495)
c-CsFg'(—411) + € 12.25 - -

CsF7*(~223) + F(+79) 15.14 15.44 14.00

Minor Products of c-CsFg

C4Fs'(-21) + CR(-182) + € 12.73 13.11 13.39

C-CaFs'(+76) + CR (-182) + & 12.73 13.11 14.39

In Table 6.1 the measured appearance energiesbeaneconverted inth,H%ggvalues
using the method of Traeger and McLoughfiThis method was applied to formation ofFg,
although it is an approximation for the reasondimed in section 3, andsE;". These
experimental values were compared to the thermoiciaéwalues. For ¢Fs" the experimental
value is actually below the thermochemical valuee Tifference is around 27 kJ riiohnd
undoubtedly arises due to uncertainty in the cateal enthalpy of formation afCsFs and our
application of the Traeger and McLoughlin methodwdver, within reasonable error limits, it
seems that the & onset cannot be associated with formationyafic-C4Fs" but must involve
formation oflinear-C,Fs". This is in agreement with the retro Diels-Aldegehanism suggested
by Jiaoet al. for formation oflinear-C,Fs".° The calculated enthalpy of reaction fo/& + F lies
0.92 eV below the experimental value. For suchrpke C-F bond cleavage, an exit-channel
barrier or kinetic shift of this magnitude is vemlikely. However, it is possible that the loss of
an F-atom may involve a more complicated rearramgeian we assume. The lack of
agreement may reflect on thb initio values used for the enthalpy of formation of betsFg
and GF".
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6.2 Selected ion flow tube results

6.2.1 Rate coefficients

The reactions af-CsFg with twenty two atomic and molecular reactant ibase been
studied using the SIFT apparatus with recombinagizergies (RE) in the range 6.27 — 21.56 eV.
Five ions did not react; 40°, Sk* NO', SR and SE'. The fact that kD" did not react by
proton transfer shows that the proton affinityca@sFs is less than that of J@, i.e. < 691
kJ mol*. Comparisons can be made between the calculated@/rate coefficient and the
experimentally measured rate coefficient to deteenthe efficiency of the reaction (see Table
6.2). To calculate the MADO value the dipole momefrit-CsFs is needed, and we used a value
of 1.87 D from our Gaussian @® initio calculations. There is excellent agreement between
experimental and theoretical rate coefficientsgestjng that our values faranda’ are
essentially correct.

Most of the reactions go at or near (within 30%he collisional rate, and so are very
efficient. However, there are two slow reactionise Elowest is the reaction of Skith c-CsFg
which is only 10% efficient. There is unlikely te Bignificant steric hindrance for such a
reaction and the disagreement is most likely bex#us reaction is slightly endothermic. The
absence of reaction of $FSFK" and Sk with ¢-CsFg can then allow the fluoride ion affinity,
FIA, of CsF" to be bracketed between that ofS&nd SF, i.e. 1001< FIA [CsF'] < 1045 kJ
mol™. As there is a slow reaction with Sut not with SF, the data suggests that the RIA[
CsF'] probably lies closer to the FIA[SF] value, seater 1 for more details. The second slow
reaction is HO" + c-CsFg which reacts with only 55% efficiency. The maimguct isc-CsFg'.

We note that BO", with a similar RE to k", reacts withc-CsFg at the collisional rate. We
suggest that #0" does not react with-CsFg via long range charge transfer, lvig a shorter

range mechanism where steric effects may be importa

6.2.2 lon-molecule branching Ratios

Table 6.2 shows the experimental and MADO ratdfiooents (Column 2) and the ionic
products and branching ratios (Column 3) for treetiens ofc-CsFg with the cations used in this
study. Proposed neutral products based on massrmatisn and thermodynamics are given in
column 4, and column 5 lists corresponding entlealpif reactions. The pathways shown are

those which are both the most exothermic and cladiyifeasible. In cases where there is more
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than one possible pathway an indicative selec8gresented. Emphasis has been placed on

products due to charge transfer reactions.

Table 6.2: Rate coefficients at 298 K, productaraiand branching ratios, and suggested neutrdupt®

for reactions of gas-phase cations wit@sFg. The dashed line indicates the position of theflE-CsFg at

11.24 eV.
Reagent ion Rate Product ions Proposed neutral AHO%gg /
(RE/eV) coefficient / (%) products kJ mol*
10° cn??
moleculé' s*
H,O" - No Reaction - -
(6.27) [2.8]
Sk’ - No Reaction - -
(8.32) [1.5]
CF' 1.2 CsF; (100) ChH -66
(9.04) [1.6]
CF 2.0 CsF," (100) Chk -43
(9.11) [2.3]
NO* - No Reaction - -
(9.26) [2.3]
SK* - No Reaction - -
(9.78) [1.3]
SE* - No Reaction - -
(10.24) [1.6]
SF 0.2 CsF," (100) Sk 21
(10.31) [1.8]
"""" CR," 20  C#&(QO) ¢ a1
(11.44) [1.9]
0," 2.4 CsFs" (100) 0, -80
(12.07) [2.2]
xe* 1.3 CsFs' (88) Xe -86
(12.13/13.44) [1.3] C/Fs (12) Xe + CR +122
H,O" 1.6 CsFs' (66) H,O -132
(12.62) [2.9] CsF;' (27) HO+F +136
CiFs (7) CR, + H,0 +75
N,O" 2.1 GFs' (85) NO -159
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(12.89)

O+
(13.62)

co,’
(13.76)

Kr*
(14.00)

CO’
(14.01)

N+
(14.53)

N,*
(15.58)

Art
(15.76)

=
(17.42)

Ne'

[1.9]

2.6
[3.0]

2.0
[2.0]

1.6
[1.5]

2.4
[2.4]

2.5
[3.3]

1.9
[2.4]

1.9
[1.6]

2.9
[2.8]

2.2

GF" (1)
CiFs™ (14)

Not Recorded

CsFs' (42)
C5F7+ (4)
C4Fs (50)
CiFs '(4)
CsFs' (23)
CsF7 (1)
C.Fs (70)
CsFs" (6)

CsFs™ (31)
C5F7+ (5)

CiFs' (60)
CiFs" (4)

CsFs" (38)
CsF;" (8)

CiFs™ (47)
C4F5: (5)
GsFs (2)

CsFs" (9)
CsF;" (47)
CaFs" (44)
CsFs” (5)
CsF7" (54)
CiFs" (38)
C/Fs (3)

CsFs” (3)
CsF7" (47)

CiFs™ (23)
C4Fs' (6)

CaFs' (21)

GFs' (7)
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N.O + F
N.O + Ck,
OCR + N,

CO;
CO+F
CO, + ChR
CO + OCk
CO, + CHR

Kr
Kr+F
Kr+Ck
Kr+ Ck;

CO
CO+F
COF
CO+Ch
CO +CR

N+F
NF
N+ CRk
FCN + F
N + CR;
N + GFs
CFCN+ kK

N, +F
CR+ N,

Ar
Ar+F
Ar+ CF,
Ar+ CF;

F+F

F+Ch
Chk;
F+CR
CF,
F + GFs
CZ F6

Ne

+109
+48
-491

-244
+24
-37
-210
-114

-266
+2
-59

-136

-267
+1
-143
-60
-137

-318

-50

-354

-110

-286

-188
-800 - AH%0dC3F3"]
-875 -AH%od CoF3']

-419
-151
-211

-437
-169
-229
-307

-596

-279

-487

-389

-752

-466

-1013
-1079 - AHC0d C3F5']
-1609 - AfHozgg[C3F3+]

-996



(21.56) [2.7] GF' (3) Ne + F -728
CsFs' (2) Ne + F, -585 - AH % CsFs']

C4F6+ (2) Ne + Ch -788

C4Fs" (15) Ne + CR -866

CsFs" (3) Ne + GF; 733

CiF4i (2 Ne + Ch -958

CsFa' (12) Ne + GF, -788

CFi (2) Ne + GF, -863
CaFs" (43) CF,+ CR + Ne -1984 - AH%,6 CoF5']

CFR" (7) 2CF,+ F+ Ne -1417

Eight ions whose RE falls below 11.24 eV were ddFive did not react. The
remaining three, Gf, CF and SF react by fluoride abstraction to formfg" as the ionic
product. The TPEPICO experiment shows that whegnientation is initiated by a photon it is
more facile to break C-8-bonds than C-B-bonds. However, the reactions with these three
ions break the C-F bond. This shows the differeticaiscan occur when reactions are initiated
chemically, rather than by photons.£Ras an RE of 11.44 eV and so non-dissociativerelec
transfer is possible, instead only agbstraction channel occurs to forreFe. The dominant ion
as a result of ion-molecule reactions from 11.24@¥%3.5 eV is gFs". For higher RE, ¢Fs"
becomes as strong as the parent ion until ~15 edhEF" is the major ion. From ~ 17 eV
upwards the branching ratio taf3" becomes significant, and for NBRE = 21.56 eV) it is the
major product ion.

There are only two other studies of the ion-mdikeceactions o€-CsFg available to
compare these results with; the work of Bé&al using a FTMS and of Hiraolet alusing an
electron mass spectrometéf. The work of Hiraokaet al largely concentrates on negative ions
and cluster formation. There is only one comparaddetion:

c-CsFg + No* = CsFg + N (re 6.3)
Parent ion is the only product, while in the SIKperiment three product ions are detected of
which the parent is only a minor channel. Howetles,experiment of Hiraoket al.is performed
at higher pressures (several Torr). Furthermoredaetant ions are formed by a 2 kV electron
pulse and could be eithee™Nor No-N,". If N," is the reactant ion then the lack of productsothe
than GFs" could be due to collisional stabilisation at thighhpressures used. The work of J&o
al contains three reactions with which we can makeparisons*

c-CsFs + CR" - G + CHy

c-CsFg + CF - CsF + Ch

(re 6.4)
(re 6.5)
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c-CsFg + Ar' - Various (re 6.6)
For reactions 6.4 and 6.5 the same ionic produs#és in the SIFT study, for reaction 6.6 there
are some differences in branching ratios, but ofithhe minor channels; for examplesFg' is
detected at the 5 % level in the SIFT an@Lis not detected, whereas this situation is rederse
in the FTMS study. Such differences are most likklg to the extremely low pressure in a
FTMS and hence absence of collisional stabilisatiometastable ions. This can lead to more
fragmentation in comparison to a higher-pressupegment such as the SIFT. We note that Jiao
etal. are only able to quote rate coefficients for tire¢ reactions relative to that measured for
the Ar" reaction. Our absolute values do not agree wigbdhelative values. The difference
could be due to uncertainties in the translatiema&rgy of ions in a FTMS, and the difficulties of
measuring accurately absolute pressures in a Fyst8rs°

We comment that many of the channels formigg;Cand GFs" with significant

branching ratios are calculated to be endotheMd are using the more negative value for
AH%edCsF7'], -223 kJ mot, of the possible values described in section 8. &tperimental
value from the TPEPICO experiment, -84 kJ fdéads to an even higher endothermicity for all
reactions forming €. Interpretations of reactions formingRg" are hindered by the lack of
knowledge of the isomer formed, either linear arlicy although we note that the values of Table
6.2 assume the linear form is produced. We beliegethe apparent endothermicities of such
reactions arise from the accumulation of errorst®,qs values ofc-CsFg, CsF* and linear-
C4Fs".

7. Comparison of SIFT and TPEPICO branching ratios

In Figure 6.4 (c) shows the branching ratios ftbe TPEPICO, continuous lines, and
SIFT, discrete points at RE of reactant ion, asngtion of energy. Only fragment ions from the
SIFT study which are also observed in the TPEPIg&2ement are indicated. A comparison of
the branching ratios may indicate which mechanswocturring in the ion-molecule reactions. If
the branching ratios are similar to those from phabnisation, long-range charge transfer may
be dominant; if they are different, short-rangergbaransfer or a chemical reaction is probably

occurring. Agreement between the two experimeng®dsl in the range 12 - 13 eV which covers

the Franck-Condon envelope of thestate of GFs". The only anomalous ion in this range is

140



H,O" which, as stated earlier, reacts with low efficigriThis is further evidence that® may

not react by long-range charge transfer, but fotigtd collision complex where steric effects
and orientation will be important and inhibit theaction channel. Other ions in this energy range
probably reacvia long-range charge transfer. For energies in thgad3 -17 eV the agreement
is slightly less satisfactory between TPEPICO alil Sesults. Both experiments, however,
show the same trends for the fragment ions. Thexefoseems likely that a long-range
mechanism, not a short-range mechanism, operatemt®in this range. The only ion which
shows a significant variation from the TPEPICO lIotang ratios is N(RE = 14.53 eV), as
observed in previous work:*®It appears that reaction with auses much ‘softer’ ionisation (
i.e. less fragmentation) than expected for a catioh thits RE value. One explanation may be
that some fraction of the N product is formed as(fi¥) with an internal energy of 2.38 eV. Less
energy would then be available for ionisation amdsgquent fragmentation ofCsFs. For F

(RE = 17.42 eV), the agreement between the bragchiios is much better, within the 15%
error we define as indicative of agreem&rftor N&é (RE = 21.56 eV), however, there is poor
agreement, and many more fragments are formedfitimnphotoionisation at this energy. For
Ne', therefore, it is likely that a compact collisioomplex is forming and reaction proceeds by a

short-range process.

8. Conclusions

The threshold photoelectron, the threshold photdele photoion coincidence spectrum, and the
total ion yield have been recorded 6€CsFsfrom 12—-22 eV. We have made the first
measurement of the ionisation energy-@skg using threshold photoionisation to be 12.25 eV,
which corresponds to the first excited electrométesof the parent iomge. the ground state is
undetectable in our TPEPICO measuremefitee energy selected ion yields of the three product
ions, GFs', CsF;" and GFs', from 12-22 eV have been measured. A He(l) phetisin
spectrum has been recorded and gives an ionisatiemyy forc-CsFs of 11.30eV for thev=0
peak. A high resolution electron ionisation studg llso been performed, yielding an ionisation
energy of 11.24 eV. A much higher-resolution TPE&S &lso been performed which shows that
the ground ionic state is present but only withydew intensity; the adiabatic IE is 11.237 eV.
Branching ratios and rate coefficients at 298 Ktlfe reaction of twenty two cations with

c-CsFg have been recorded in a selected ion flow tubestMbthe ions studied react with a high
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efficiency. The absence of reaction betweg®Handc-CsFg has allowed an upper limit to be
placed on the proton affinity:CsFs. Similarly, the fluoride abstraction reactionsm8FK" (x =
1-5) and CF (n=1-3) have allowed upper and lower limits to be placedhe fluoride ion
affinity of c-CsFs. Comparison with TPEPICO data suggests that therityaof ions reacwia a
long-range charge transfer mechanisrhbihaves in this, as in several previous studies as
‘soft’ chemical ioniser. One explanation may be $@me of the product N atoms are formed
electronically excited, leading to less internagigy being available to fragmenifs’. Using
Gaussian 03 the enthalpy of formatiorcesFs has been calculated to 52495 kJ mof.

The most interesting result in this comprehenstuely of the formation of positive ions
from c-CsFg is found in the photoionisation data. The firsbfgelectron band, which is clearly
visible in the He(l) spectrum with vibrationallys@ved structure, is almost absent from the
threshold photoelectron spectrum. This result negde to either autoionisation of the Rydberg
state under threshold conditions to give a didgnabn-Franck-Condon intensity distribution, or
predissociation of the Rydberg state into neutiatiser than ionisation. It is well known that
different vibrational distributions of a moleculanotoelectron band can be observed under
resonant and non-resonant conditions. Howevayt&nowledge, this is a very rare example of
a molecular photoelectron spectrum showing a baw@muone set of ionisationg. non-
resonant) conditions, whilst being almost completdisent under differenté. resonant or

threshold) conditions.
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Chapter 7: Isomeric Effects in the Formation of

Chloroethene Cations

1. Introduction

It is of key importance to both chemistry and pbys$hat isomeric effects are studied in
gas-phase reactions. Different structures cante&dth different reactivity and different
dynamics. To this end studies have been performesixadifferent chloroethenes. The
chloroethenes are monochloroethene, dichloroetligdeloroethene and tetrachloroethene.
Dichloroethene, ¢H,Cl,, can exist in three isomeric forms. They are tiedichloroethene
isomer, where both chlorines are bonded to the samimn, and the 1,2-dichloroethenes, where
the chlorines are bonded to different carbons. ,R@somer can itself take two forms. These
forms are th& (cis) isomer where the chlorines are on the sadeeds the double bond, and the
E (trans) isomer where the chlorines are on oppesiies of the C=C bond. Figure 7.1 shows the
structures of monochloroethene, all three isomediahloroethene, trichloroethene and

tetrachloroethene.

o Xy

Monochloroethene

a \_/ C:I\/\C|

(@

1,1-Dichloroethene (2-1,2-Dichloroethene (B)-1,2-Dichloroethene
a d a
oA —(
. d a a
Trichloroethene Tarachioroetherne

Figure 7.1: Structures of the Chloroethene isomers.
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A study of these six molecules will yield mucharhation; firstly, on the effect of
additional chlorine substitution on reactivity agléctronic processes, and secondly, on isomeric
effects. For the three dichloroethenes it willeBsence, be a comparison between two different
types of isomer. The 1,1 and 1,2 isomerscarmectivityisomersj.e. they have the same
constituent atoms but the bonding arrangementfisrednt. The relationship of tHeto theZ
isomers is oktereoisomergd.e. the bonding is the same but, due to constraingdbmaround
bonds, different structures result. This makesghiof isomers ideal to see how isomerisation
can affect the reactivity and dynamics of moleculdge only major form of isomerisation not
present is that of enantiomers.

To study how structure affects the reactions efdhloroethenes, the formation of
positive ions by photoionisation and the reactioha selection of cations with the six
chloroethenes have been studied. No photoionisatigly was performed on monochloroethene.
This is a large study and as such will be brokém sections. Chapter 7 will deal exclusively with
the formation and subsequent fragmentation of tihercethenes following photon ionisation.
Chapter 8 will compare the photon results with itissuom the cation-molecule study for ions
whose recombination energy (RE) is greater thamothisation energy (IE) of the isomers.
Finally, chapter 9 will present the remaining catmolecule reactions, when the RE is less than
the IE of the isomers.

The ionisation of gH,Cl, has been extensively studied. There have been kiafly
photoelectron studi€s! but only one photoionisation studfRecently, high-resolution laser-
induced pulsed field ionisation-photoelectron arabsaanalysed threshold ionisation spectra
have been reported for tBeisomer®’ Walshet al have also presented the ultra-violet absorption
spectra for all three isomef4® As well as these photon-based studies electrdsdtion has
been performed, both the common varidrend also as an (e,2e) coincidence experiffefii
theoretical analysis of vibrations in the dichldfene photoelectron spectra has also been
performed by Takeshitg.A study of Penning ionisation following collisiari He (2°S) with the
dichloroethenes has also published by Oéinal.*® This formed part of a study which also
examined Penning ionisation of monochloroeth€rer trichloroethene and tetrachloroethene
both He(l) and He(ll) studies have been publish&@iheir photoelectron spectra at a range of
photon energies has also been studied by Bb#l allowing insight of how the ionisation cross-
section varies with enerd§.Photoionisation studies have been performed o thietand
tetrachloroethenWoo et al have studied trichloroethene in detail using higgolution

photoionisation studie’S;*’ while REMPI spectra have been reported by Williame Coof*
146



Tetrachloroethene has been studied by two grotipg usultiphoton ionisatioA*?? Electron
ionisation cross sections have been reported fibr tie and tetrachloroethene from threshold to
200 eV To the best of our knowledge, surprisingly no shied photoelectron spectra have
been recorded for any of these molecules, or arasorements of energy-selected ion yields. An
aim of this study is to fill this gap. So far ongper has been published from this work on the

photoionisation of the dichloroetherfés.

2. Experimental

The experiment was performed as described in en2piThe three isomers of
dichloroethene were purchased from Sigma-Aldricthstated purities of 99.5, 97 and 98 % for
the 1,1,Z andE isomers respectively. The trichloroethene andtbtioroethene samples were
also purchased from Sigma-Aldrich with puritiestd9 %. All samples were further purified by

successive freeze-pump thawing cycles before use.

3. Energetics and theory

As previously explained in chapter 3 section Xperimental appearance energies at 298
K, AE2eg, can be converted into upper limits faH %o for the major product ions. Major
product ions are defined as those which are foroyefdagmentation of only a single bond in the
parent ion. In this study the only major fragmeartes GH,CI*, C;HCI," and GCls", from C-ClI
bond cleavage of di-, tri- and tetrachloroetherte Vibrational frequencies of these fragments
have been calculated using Gaussian 03 at the B&-3PL G + (d,p) level. Any other vibrations
needed were taken from standard souftédl. enthalpies of formation are from standard
sources®?' The exceptions are values of all neutral chloreréis which are from Manidfand
values for GHCI" and GCl," which were calculated from the enthalpy of formatof the
neutral plus its respective IE (1237 kJ thahd 1219 kJ md}, respectively)No enthalpy of
formation was available for the final fragmen$QC, formed from tetrachloroethene.

The structures and molecular orbitals of the sintral molecules were calculated in
Gaussian 03 starting from experimental structuraés.final structures were calculated at the

MP2 level with a 6-311 G + (d,p) basis set. Thadtires are very similar to those given by gas-
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phase electron diffraction and microwave measurésier’ lonisation energies of the orbitals

were calculated using the outer valence Green'stioms (OVGF) method.

4. Results

4.1 Threshold photoelectron spectra and total ioniglds

Figure 7.2(a) — (f) presents the threshold phettedn spectrum (TPES) and energies of
the molecular orbitals calculated by the OVGF mdtiiom 9-23 eV for monochloroethene, 1,1-
dichloroethene,4)-1,2-dichloroethene H)-1,2-dichloroethene, trichloroethene and
tetrachloroethene, respectively. Except for monmdthene, they were all recorded on
beamline 3.2 at the Daresbury SRS with an optesdlution of 0.3 nm. The TPES of
monochloroethene was taken from the work of Lathel®® Figure 7.3(a) — (€) show the total
ion yields for 1,1-dichloroethene)t1,2-dichloroethenel)-1,2-dichloroethene, trichloroethene
and tetrachloroethene recorded at Daresbury withpéinal resolution of 0.3 nm.

The adiabatic ionisation energies (IE) measurddaaésbury are 9.79, 9.66, 9.65, 9.46
and 9.30 eV for 1,1-dichloroethené&){1,2-dichloroethene H)-1,2-dichloroethene,
trichloroethene and tetrachloroethene, respectividlg estimated error for all values is + 0.05
eV. These are all in good agreement with the aeceljierature valueS. Recently, working
under supersonic beam conditions Vb@l. and Baeet al.reported adiabatic ionisation energies
for the €)-1,2-dichloroethene of 9.6310 + 0.0002 and 9.68060002 e\?”’ Wooet al have
also studied trichloroethene by the same technigjuing an adiabatic IE of 9.478 €Y These
values are slightly higher than the 298 K valuegctviare reported here. This is to be expected
because these values are quoted as 0 K valuesh@pter 3 sectioB.1) appropriate to a
molecular beam.

The calculations performed for this thesis give tibital energies and symmetries of the
molecular orbitals (MO), and ionisation energiesenabtained by the OVGF technique. Table
7.1 lists the electronic state and its symmetrpeexnental and calculated vertical IE for the
three dichloroethene isomers, whilst Table 7.3 lise same results for trichloroethene and

tetrachloroethene. The values in brackets in th&©Yolumn are the calculated pole strengths
for ionisation from these states. The two stdfd<$ for 1,1 and [£)-1,2-dichloroethene and the

statesC- F for tetrachloroethene are not resolved in our BREENt.
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Table 7.1: Experimental (VIE) and calculated (O\J@€rtical ionisation energies for the three iscenar
dichloroethene, §&H,Cls.

1,1-dichloroethene Z)-1,2-dichloroethene H)-1,2-dichloroethene
State VIE/ OVGF/| State VIE/ OVGF/ State VIE/ OVGF/

eV eV eV eV eV eV

X(B) 989 969 | x@B,) 1003 945 | x,) 1021 9.44
(0.91) (0.91) (0.91)

/&(Bz) 11.68 11.41 /&(Bz) 11.88 11.50 /&(Ag) 11.88 11.65
(0.91) (0.91) (0.91)

B(A) 12.22  11.94| g(a, 1208 11.78 B(By) 12.08 11.81
(0.91) (0.91) (0.91)

c(A) 1255 1232| G(p, 1255 1231 By 1277 1248
(0.91) (0.91) (0.91)

5(52) 13.91 13.89 5(51) 13.91 13.71 IS(AU) 13.91 13.77
(0.91) (0.89) (0.90)

E(Bl) 14.19 14.20 E(Bz) 14.19 14.02 E(Ag) 14.01 13.94
(0.90) (0.91) (0.91)

F/G 16.15 1595| F(a,) 1573 1555 F/G 16.28 16.38
(A1) / (Bo) (0.90) (0.89) | (B (A (0.88)
16.58 16.21

(0.87) (0.89)

H (A1) 18.49 1893 | G (A1) 16.93 17.12 H (Bu) 18.99 N/A

(0.86) (0.88)
H(B, 1890 N/A

The experimental and calculated values are cleéagypod agreement, although the
agreement is worse at lower photon energies. Therarental values are also in good agreement
with literature values of the vertical IEs, for exale from von Niesseet al.and Lake and

Thompson:®
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For all chloroethenes the MOs were calculatett@tMP2 level of theory, and the
numbering includes all core orbitals.

In Cs symmetry, the outer valence MOs of monochloroettae:

...... (8a')* (9a') (10a’¥ (11a’¥ (12a’¥ (2a"y (13a’f (3a”y
In Czy symmetry, the outer-valence MOs of the 1,1 isoofi€2;H,Cl, are:

...... (83)° (9a)” (6hy)” (10a)” (2by)* (7hy)* (11a)” (2a)° (82)” (3by)*

The corresponding orbitals af)¢1,2-GH,Cl,, also inC,, symmetry, are labelled:

...... (7a)* (712)* (8a)” (9a)° (81)° (2b)” (23)” (10a)” (9bn)” (301)°
(E)-1,2-GH.Cl, hasC,, symmetry, and the orbitals are labelled:

...... (79° (7h)” (8a)” (8h,)* (9a)* (2a)” (2ky)* (9h)* (10a)” (3a,)”.

In C; symmetry the outer valence MOs for trichloroetheae be labelled, from MP2
calculations as:

.... (18a%, (19a7F, (20a’f (21af (4a"f (22a¥, (5a"¥, (23a¥, (6a"Y,(24a’f, (25aF,

(7a"y.

Similarly in D, symmetry the outer valence MOs for tetrachlorosthare:

(T8)* (Thu)?, (88)%, (Bbx)%, (20)% (B’ (2k9)°, (93)°, (80)?, (2brg)?, (Bbny)?,

(2a)% (Thg)* (3bs)”.

The relative ordering of the MOs is in excellegteeement with those previously obtained
by von Niessemt al from OVGF calculations.However, compared to the ordering proposed by
Mei et al!***from Hartree-Fock (HF) calculations for the dididlethenes, only the 1,1 isomer is
in agreement. An obvious reason for this differeisag@e level of calculation. For this study a
higher, though not necessarily more accurate, lefvleory was used. It is well known that the
ordering of closely spaced levels is affected leyldvel of theory used for a calculation. To
check if the difference is due to the level of thyea HF calculation was performed from the MP2
optimised structure. The results of this gave #raesordering as the MP2 calculation. Therefore,
it is most likely that the level of theory used tbe optimisation, rather than for the self-
consistent field calculations, is the cause ofdifierence.
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Figure 7.2: TPES for the six chloroethenes recowmdiétd an optical resolution of 0.3 nm. The data for
monochloroethene, spectrum (a), is taken from3®f.The red drop lines represent the calculated BVG

ionisation energies.
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Table 7.2: Experimental and theoretical VIE fochitoroethene and tetrachloroethene

Trichloroethene Tetrachloroethene
State VIE/eV OVGF/eV State VIE / eV OVGF/eV

X(A) 1015  9.28(091) X (B,) 965  9.08(0.98)
A(Ay 1173 1150(0.91) A (Byy 115  11.17 (0.91)
B(A) 1215 11.95(091) §(a)  11.96 11.98(0.91)

C(ay 1231 1211(091) C (B, - 12.18 (0.90)
D (A) 1268 1245(091) [ (Byy - 12.34 (0.90)
E(A) 1294 1273(0.9) E (By) - 12.48 (0.90)
F (A) 1438 1431009 F (A - 12.62 (0.91)

G (a) 1466 1457(0.89) G (B,) 1353 13.27(0.90)
H (A) 1624 1620(089) [ (B,)  14.66 14.53(0.90)
[ (A) 1674 16.81(0.88) | (B,)  15.03 15.08(0.88)
J(A) 1856 ‘ JIK 16.68  16.62 (0.88)

(B2y) / (B1y) 16.73 (0.89)
L (A 18.23 18.51 (0.86)

It is illuminating to compare the TPES for all snolecules studied here. The first point to
note is that as the number of chlorine atoms irs@ggahe |IE decreases. This is due to
conjugation between the Ca€orbitals and the out-of-plane chlorine lone paarsd it has the
effect of increasing the energy of the C=C orlitednce lowering its IE) but decreasing the
energy of the MO which largely consists of the ofiplane Cl lone pair. This effect has been
seen often before and is commented on by Lake Anchjpsort

All six molecules show a similar progression @ftes. The ground state is largely CrRC
bonding with some conjugation from out-of-planddzie pairs. The next set of related states
spans 11.0 — 13.5 eV. For monochloroethene themelysone state, for the three dichloroethenes
there are three states, for trichloroethene fiagest and for tetrachloroethene seven states. This

increase in number of states by two for the additiban extra chlorine atom strongly suggests
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that they arise from lone pairs on the chlorinesus$sian 03 calculations show this to be correct,
and all these orbitals are essentially Cl lonegpdtirshould be noted that the count of ionic
electronic states in this region due to Cl lone9a one less than it should be. This is duedo th
conjugation of the out-of-plane ClI lone pairs witle C=C bond, which moves one of the Cl lone
pair states to a higher IE. After this cluster défdDe pair states there is a peak which consists o
two states. Gaussian 03 calculations show thabbtieese is due to the conjugated Cl lone pair,
the other to C-Cl and C-H bonding. The orderinghefse two states depends on the molecule.
For monochloroetheneZ)-1,2-dichloroethene andk)-1,2-dichloroethene the state with lowest
IE is derived from the conjugated Cl lone pair. Edr-dichloroethene, trichloroethene and
tetrachloroethene the state of lowest IE is madef@-Cl and C-Ho-bonds. It is not clear why
the ordering reverses between these two sets aouless.

The next peak at ~16 — 17 eV consists of two statel is resolved for monochloroethene,
(2)-1,2-dichloroethene and trichloroethene, but ootlf1-dichloroetheneEj-1,2-
dichloroethene and tetrachloroethene. Both stagesanbinations of C-Cl, C=C and in some
cases C-H bonding. In general the bonding in thte gif lowest IE i®-bonding along the C-Cl
and C-H bond axis, in the higher IE state the Gu@l C-H bonds are-bonds in the plane of the
molecule. It should be noted that, with stateslesecin energy, the ordering could easily change
in ab initio calculations depending on the method and basisseet Whether the peaks are
resolved depends on the symmetry of the two stetgsnolecules where the two states are
resolved, they both have the same symmetry whiogkesaan enhanced separation of the states.

The total ionisation yields for photoionisationtbé five chloroethenes studied (Figure
7.3) show some interesting features. The yieldsvstiear contribution at several energies of
autoionising states. This is especially noticeablée vicinity of the first excited ionic state of
all five molecules. The total ion yield foE)-1,2-dichloroethene, Figure 7.3(c), shows a long
progression of such states between the groundimt@xcited states oE}-1,2-dichloroethene.
These states have an approximate average spadiegveden 0.10 and 0.11 eV (86887 cni).
In gas-phase pulsed-field ionisation Wetcal measured frequencies of 873 tand 836 cri for
thevg and thevs modes of theH)-1,2-dichloroethene catidhin an argon matrix Zhoet al. 3
measured a value of 840 ¢rfor thevg mode. There was no sign of chlorine isotopes &ffiec
theve mode so Zhoet alassigned it to a C-H bend. For this thesis calmria were performed
to obtain the vibrational frequencies &){C,H.Cl," using DFT B3LYP and a 6-311G + (d,p)

basis set. This calculation gave two vibrationghacorrect energy range. However, one had A
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symmetry while the second hag, Bs the vibration has to transform ig gymmetry neither
could be responsible for the detected vibratiorer&hs a vibration at 940 chwith A, symmetry
due to a symmetric C-Cl stretch. These calculatcamdradict the experimental results of Zhou,
but due to the difference in energies it is likélgt this vibrational Rydberg progression must be
due to a C-H bend of some form.

It is interesting that the three dichloroethertesassuch similar TPES. The sequence of

states and their relative intensities are verylaimihe largest differences are the energy

separation of the two states at around 16 EVANdG . Another difference is that the intensity of
the first band off)-1,2-dichloroethene is almost the same as othai$an the spectrum. For

both 1,1-dichloroethene and){1,2-dichloroethene it is much weaker.

4.2 Scanning Energy TPEPICO spectra
4.2.1 Energy-selected ion yields and breakdown diegms

Figure 7.4 (a) — (f) shows the energy-selectedyielus for the three dichloroethenes,
trichloroethene and tetrachloroethene. Figure ¥:5(d) shows the breakdown diagram for the
three dichloroethenes and trichloroethene; du®tw pignal-to-noise the breakdown diagram for
tetrachloroethene is not presented. The spectra reeorded from onset of ionisation to 22 eV
with an optical resolution of 0.3 nm and a TOF heson of 64 ns. This TOF resolution is much
lower than the highest achievable with the curtiemé-to-digital converter (TDC) card of 8 ns,

but it was then possible to record all ionic fragiseon one 3D coincidence map. Use of such a
degraded resolution means that any loss of hydraggens cannot be resolved on the 3D map as
it would shift the fragment TOF by only one acqtiesi channel of the TDC. However,
measurement at a selection of fixed energies of @E distribution at higher TOF resolution for
all products did not indicate the presence of adgd4 channels. Therefore it is assumed that the
H-atom loss from any of the product channels igym&cant; for the dichloroethenes this is in
broad agreement with the results of MomighyTo be accurate, however, the branching ratios of
all ionic productsé€.g.C,H,CI") should be considered as incorporating fragmentadd due to
H-atom lossi(e. C,H.CI*, C;HCI and GCI").
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Figure 7.4: Energy-selected ion yields for fivédothethenes, recorded at an optical resolution®hon.
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For all of the five molecules studied there arg/\gmilar photoionisation products.
Parent ion is detected at threshold. At highergirsrfirst one Cl atom is lost and as the photon
energy is raised a second Cl atom is lost. Foadbtoroethene three Cl atoms are lost at high
photon energies. The product ions and their reBpeeaiE,qg values are listed in Table 7.3 for the
dichloroethenes and Table 7.4 for trichloroethamtatrachloroethene. Also listed are the
experimental\,H%sgg values from applying the method of Traeger and dmghlin to the values
of AEgg as well as the calculated values\dfi%qs andAH g5 of the chemical species involved
in the unimolecular dissociations. All values aieeg in eV excepfiH®%qs values which are in
kJ mol*. It should be noted that there is no valuefpt’,sdC,CI*] available, so no calculation
has been made for this channel produced fre@1.

Three products are detected for the dichloroeth@rgure 7.4 (a) — (c) and Figure 7.5(a)
—(c)), they are €4,Cl,", C,H.CI" and GH,". The parent ion is formed from the first two ssate
and is the only product in this energy range. Rerrtext five states, the energy range 12 — 17 eV,
Cl-atom loss dominates. The Afgfor C;H,CI" are 11.88 + 0.05, 11.88 + 0.05 and 11.84 + 0.05
eV for the 1,1 and the Z and E isomers respectiedymation of GH," begins at around 16 eV
(16.28 £ 0.15, 16.47 £ 0.15 and 16.28 £ 0.15 eMlierl,1Z andE isomers of GH,Cl,,
respectively) and is the main ion after ~ 17 eVinkét al. studied the lifetime of excited
electronic states of dichloroethene cations usiolgaage-exchange technique in a reversed-
geometry double-focussing mass spectrontétdtey found that, following electron ionisation

at 17 eV, theB states had long lifetimes, on the order of tenmiafoseconds, while states at

higher energy rapidly dissociate. This confirmsrigults given here that the parent ion is not

formed at energies above the energy of Bhstate, but fragments instead.

It is interesting to note that, apart from alslidifference in the branching ratios for
CH.CI" and GH," above 20 eV, there are no clear isomeric effecthe dichloroethene
selected ion yields. This is less surprising f& @)-1,2- and E)-1,2-dichloroethene isomers
where the difference is due to the constrainedioostabout the C=C double bond. This
constraint may be lost upon ionisation, makinglalions formed from th# andE isomers
equivalent® It is more surprising that the 1,1 isomer showy émilar ion yields to either 1,2
isomer. Now, the two chlorines are bonded on tineesearbon and larger differences would be
expected in comparison with the other isomers. Ehmobably because the dissociation is
statistical and so the actual bonding arrangemehieomolecules does not matter only the bond

strengths, which are essentially the same fohadlet dichloroethenes.
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For trichloroethene (Figure 7.4 (d) and Figurgd))pthree products are also detected.
They are the parent ion,8Cl," and GHCI". The parent ion is the only product formed from
onset for the first four ionic states. The firggdment ion detected iECI," at 12.35 + 0.05 eV.
After this energy the signal for parent ion dropsamtially to zero. From 13 — 16 eHLCI," is
the only fragment ion detected. At 15.5 + 0.05 k¥ third fragment gHCI" is formed and again
the signal of the previous fragment decreases gakgio zero leaving gHCI" as the dominant
ion.

The energy selected ion yields for tetrachloros¢hieom 9 — 25 eV with an optical
resolution of 0.3 nm and 64 ns TOF resolution am@s in Figure 7.4(e) and (f). Though the
experimental conditions were the same for bothatrd tetrachloroethene it is clear that the
signal-to-noise ratio is much poorer for the tdttamoethene study. Due to this poor signal-to-
noise ratio the breakdown diagram was found toflkeosable quality, and for this reason it is
not produced here.

Four products are observed for ionisation of tdti@roethene. They are the parent ion
(C.Cls") and fragments due to loss of one chlorine atoskL), two chlorine atoms (£l,")
and three chlorine atoms {C1"). The ABgg for all four ions are listed Table 7.4. The valaes
9.30 eV, 9.48, 12.52 eV and 15.92 eV, respectiv@be to the poor signal-to-noise ratio, errors
are put conservatively at + 0.1 eV, except forftrenation of the first fragmentls" where the
error is a lot greater. This fragment has a sunmig low AE,gg value, considering that a C-Cl
bond is broken; the data on the other chloroethsnggest an energy of about 2 eV excess above
the IE is required. It is likely that the presené¢he long low intensity peak from 9.48~11.4
eV in the GCls" cross-section is an artefact due to the low sigmaloise ratio of these
measurements. If it is assumed that this is cothesrt the Akgg~ 11.40 eV, a value which seems
more reasonable than 9.48 eV. In Table 7.4 bothiplesvalues for ARdC,Clz'] have been
included and the Traeger and McLoughlin correctiam been applied in both cases, numbers in
square brackets in the table represent the reshbts AEgs= 11.4 eV. Assuming that the Adg
of C,Cl3" is 11.4 eV then from onset to 12.50 eV the pai@mtiominates. Its intensity drops
down after this energy and has zero intensity fatiout 14 eV. From 12.5 eV,Cls" is the
major ion for an interval of ~1 eV before@," is formed. The production of,Cl," begins at
12.52 eV and from 13.5 eV it has roughly equalrisiy with GCls*. From 16 eV @Cl," is the
main ion fragment. At around 16 eV there is alstedine in the signal of £l;" and the onset of
formation of GCI” is reached. €I" has only very weak intensity at all photon enesgitidied

here.
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Table 7.3: Energetics of the dissociative ionisapathways of isomers of,B,Cl, at 298 K. Values in the

first column are given in kJ mal

AEygg/ eV ArH0298,exp/ eV ArH0298, calc/ €V

Major products of 1,1-&4,Cl, (2)
C2H2C|2+ (946) +é
C,H.CI* (1040) + Cl (121) +e

Minor products of 1,1-¢H,Cl, (2)
C,H,' (1327) + Cl (121) + Cl (121) + e

CoH," (1327) + C4(0) + €

Major products ofZ)-1,2-GH,Cl,(-3)
C,HJCl," (925) + é
C,H.CI* (1035) + Cl (121) +e
Minor products of Z)-1,2-GH,ClI, (-3)
C,H," (1327) + CI (121) + Cl (121) ¥ e
CoH,' (1327) + C3(0) + €

Major products of)-1,2-GH,Cl, (-1)
C,H,Cl," (923) + &
C,H.CI* (1033) + Cl (121) +e
Minor products of £)-1,2-GH,Cl, (-1)
C.H," (1327) + CI (121) + Cl (121) ¥ e
C,H," (1327) + C} (0) + €

9.78
11.88

16.28

9.62
11.88

16.47

9.58
11.84

16.28

12.01

12.01

11.97

9.78
12.01

16.24
13.73

9.62
12.01

16.29
13.78

9.58
11.97

16.27
13.76
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Table 7.4: Energetics of the ionisation pathwaysiohloroethene and tetrachloroethene at 298 Kuds
in brackets are if the Al; of C,Cls" is assumed to be 11.4 eV. The values in thedokimn are given in
kJ mol™.

AEjgs/ eV AH%08 expl €V DH 208 caie/ €V

Major products of gHCI;(-19)

C,HCl5" (894) + & 9.46 - -
C;HCl,* (1066)+ CI (121) + & 12.35 12.5 -
Minor products of GHCl;
C,HCI* (1237) + CI (121) + CI (121) ¥e  15.50 - 15.53
C,HCI* (1237) + C} (0)+ € - 13.01

Major products of ¢Cl, (-12)

C,Cl," (887) + & 9.30 - -
C.Cl5" (798)+ ClI (121) + & 9.48 9.66 -
[11.40] [11.58]
Minor products of &Cl,

C.Cly" (1165) + Cl (121) + Cl (121) + e 12.52 - 14.72
C.Cl," (1165) + C} (0)+ € - 12.20

C.,CI" + Cl (121) + CI (121) + CI 15.92 - -

(121) + &

C.CI" + ChL (0)+CI (121) + & -

It is interesting to examine some of the trendsvben the chloroethenes. Upon going
from dichloroethene to trichloroethene the differeibetween onset of ionisation and formation
of the first fragment increases from ~2 eV to ~3 @¥hile, allowing for the uncertainty in
AE29gC,Cl3'], going from trichloroethene to tetrachloroethéme difference is now ~ 2 eV
again. For formation of the next fragment, for thehloroethenes the energy difference is ~ 4
eV, for trichloroethene it is ~ 3 eV and for tettboroethene it is ~ 1 eV. It is likely these
differences arise from the relative stability of ttations formed. The stability will depend on the
interplay between conjugation and induction effeltts to the chlorine atoms on the C=C double
bond.
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Another interesting trend is the formation of ftegment ion due to loss of two Cl atoms.

It is clear that there are three possible charfoeformation of this ion:

A 0
CGHyClax O T & CH,ClLyt +Cl+Cl+ & (re 7.1)

or

O * O
CHClax O TTE* & [CHCloy] +Cl+e OB CHCL +Cl (e 7.2)

or

GHClx O L GH,ClLyt + Ch+ & (re 7.3)
wherex is an integer value from 0 — 3. Reactions 7.1 ARcare essentially the same process, and
the distinction between them depends only on the 8cale of the dissociation. For the
dichloroethenes and trichloroethene the#kor this ionic fragment is very close in energy to
the enthalpy of reaction of reaction 7.1. HoweWwer dnset lies ~ 2 eV above the enthalpy of
reaction for reaction 7.3, formation of g@lolecule. This second channel undoubtedly involves
an exit-channel barrier, which could be around 2s/energetics do not rule out this possibility.
For 1,1-dichloroetheneZj-1,2-dichloroethene and trichloroethene, where Gvatoms are
adjacent, it is easy to see that following disstmieit would be simple to eject £IFor E)-1,2-
dichloroethene where the Cl atoms are on opposies ®f the molecule it harder to see this
happening, unless upon ionisation the C=C bondrhesaveak enough for rotation to occur, as
the transition state will be highly constrainedr & three dichloroethenes the consistency of the
onset for this channel suggests that the same ggaooast be occurring. However, for
tetrachloroethene this product is formed at 12¥2aeound 2 eV lower than formation of two
chlorine atoms, but just above the limit for forroatof Ch. This strongly indicates that reaction
7.3 is occurring for tetrachloroethene. It is pbkesthat for dichloroethene and trichloroethene
dissociation through reaction 7.3 is behind a ldrgeier, while reaction is 7.2 open at threshold.
That tetrachloroethene reacts by forming €luld be because the cation is more unstableadue t
the electron withdrawing effect of the four Cl awthan in the dichloroethenes and
trichloroethene. So it appears that when two chédatoms are lost after ionisation the two
mechanisms could both be active. For tetrachlosetlonly reaction 7.3 takes place while for
the other four chloroethenes studied here it isossfble to say whether either reaction 7.1 or 7.3

occurs or whether they both take place in competiti
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4.2.2 Calculated thermochemistry

Several new thermochemical values have been etdclifrom the TPEPCIO data
presented here. The enthalpies of formation optirent ions were calculated from the enthalpy
of formation of the neutral plus the measured iathis energy from this study. For thekGCI*
product from the dichloroethenes and th&ICl," product from trichloroethene there was no
enthalpy of formation available for the neutralfisr GH,CI" and GHCI,". Therefore the
calculation for the enthalpy of formation of theiwas not as trivial as for the parent ions. To

calculate the enthalpy of formation the followingd4’ cycles were used:

A 0
GH.Cl, O ®* & cH,crr+Cl+e (re 7.4)
and
I 0
cHel, O & cHeL +cl+e (re 7.5)

whereAH%gs was calculatestia conversion from the Afgs value for the respective
chloroethene. This method of calculation g %o C,H,Cl*] and A e C,HCI,'] assumes that
the appearance energy is the same as the thermizgahémesholdi.e. there is no barrier in the
exit channel or any kinetic shift. As the reactisa simple cleavage of a C-Cl bond the lack of a
barrier seems a reasonable assumption to make. this@nalysis new values for the upper limit
for AiH%egC2H-CI*] have been established, they are +1040, +1035 2683 kJ mot for CI-
atom loss from 1,1Z and E)-C,H.Cl,", respectively. The £1,Clion formed after ionisation of
the @)- and E)-1,2-dichiroethenes will essentially be the sambath cases, leading to an
average enthalpy of formation of +1034 kJ thalhe enthalpy of formation of 8Cl," from this
work is< 1066 kJ mot.

For GCl,, there was also no value for the enthalpy of fdiomeof C,Cl;" available in the
literature. This has been calculated using the@¥adtig Hess’ cycle and the same assumptions as

above:

ool O coir+ci+e (re 7.6)
As there is uncertainty in the value of AE(C,Cls"), two values of its enthalpy of formation
have been calculated. If the Agis 9.48 eV then the enthalpy of formation is +k38nol*, if
the ABxggis 11.40 eV instead then the enthalpy of formaisomow +984 kJ md.
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4.3 Fixed Energy TPEPICO-TOF spectra

TPEPICO-TOF scans were performed with a TOF réisolwf 8 ns at the energies of the
peaks in the TPES. The parent ion TOF spectra shewxpected convolution of the Gaussian
distributions for the presence of chlorine isotoddse TOF spectra for the ions due to the loss of
a single chlorine atom,8,CI", G;HCI," and GCls*, have been analysed to produce the kinetic
energy distribution (KERD) and hence average tkitadtic energy release, <KEXhe analysis
procedure was described in chapter 3. Briefly,t®& spectra are fitted with a series of peaks
which represent a discrete energy release usiegs&-squares method. Allowance is made in the
fitting for the presence of the chlorine isotoposierthe daughter ion. Figure 7.6(a) shows the
TOF for GH,CI" formed from dissociative photoionisation &){1,2-GH.Cl,at 12.77 eV, the

peak of theC ZB@J state of the parent ion, and Figure 7.6 (b) shined<ERD from which a

<KE>; value of 0.36 + 0.03 eV is determined. The <Kialues can be compared to the available
energy to produce the fractional release into tediasial energy, & <f>; can be predicted from
both statistical and pure-impulsive models, so camspn with the experimental results can
indicate whether a fragmentation is essentiallyulsipe or statistical in nature. Table 7.6
displays the results for the TOF peaks studiediferfragmentation into £«Cls" + Cl for all

five chloroethenes. Values for <KEand <> from experiment and both impulsive and statistical
theories are listed. For the statistical theonafyes have been calculated using the formula of
Klots (chapter 3 section 2¥)and the estimate of the lower limit from Frankiamapter 3 section
2.2)* For the formation of gCl5" from G,Cls, two possible values of Ak are possible, as
described above (section 4.2.2). Hence the relsalts been calculated twice, the values for

AEzgs= 11.4 eV being given in square brackets.
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Figure 7.6: (a) TOF distribution of,8,CI* from (E)-dichloroethene at 12.77 eV, (b) Reduced prolighbili
for each discrete energy component fitted in (a).
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Table 7.5: Total mean kinetic energy releases, sKfarthe two-body fragmentation of valence states

isomers of GH,Cl," and GHCI;" and GCl,". <f>, is the fraction of energy released as translataoulated

by various methods. Values in brackets apply ifAgqs of C,Cl5" is assumed to be 11.40 eV, and not 9.48

eVv.
Parent lon State Daughte hv/  Eaai/ <KE>  <f> <f> <f> <f>
rlon eV eV / eV exp Klot stat imp
1,1-GH.Cl,* B GCH.CI" 1225 045 0.16 036 0.18 0.08 0.40
C 12.59 0.79 0.24 0.30 0.15 0.08 0.40
D/E 1419 239  0.60 025 0.12 0.08  0.40
F/G 16.21 4.41 0.77 0.17 0.11 0.08 0.40
H 18.51 6,71 0.53 0.08 0.10 0.08 0.40
(2)-1,2-GH.Cl," B CHLCI" 1255 075 024 032 015 0.08 0.40
D/E 14.19 2.39 0.54 0.23 0.12 0.08 0.40
F 1573 3.93 058 015 011 0.08 0.40
G 16.73 493 093 019 010 0.08 0.40
H 1890 710 049 007 0.10 0.08 0.40
(E)-1,2-GHCl," ¢ GCH.CI' 1277 1.01 0.36 0.36 0.14 0.08 0.40
D/E 14.00 2.24 0.40 0.18 0.12 0.08 0.40
FIG 16.28 452 065 014 011 0.08 0.40
H 19.34 758 053 0.07 010 0.08 0.40
C2HCI3" D CHCL" 1268 (44 0141 032 016 008 035
E 1290 pes 019 029 014 008 0.35
F 1428 204 040 019 011 008 035
G 1466 242 0425 018 011 008 0.35
C,Cl,* ) C.Cls¥ 1234 3.01 0254 0.08 010 0.08 0.32
[1.09] [0.23] [0.11]
E 12.84 351 0.343 0.1 0.10 0.08 0.32
[1.59] [0.22] [0.11]
G 13.53 420 0.383 0.09 0.10 0.08 0.32
[2.28] [0.17] [0.10]
A 14.72 539 047 0.09 010 0.08 0.32
[3.47] [0.14] [0.10]
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For all five molecules, the value of>xdecreases as the photon energy increases above
threshold. This result is predicted by statisttbalories, such as RRKM and is shown here
numerically by the statistical values calculatethgshe formula of Klot$® For the first state
above the threshold for fragmentation (~12.5 e¥)ualue of £, 0.32-0.36, is very close to the

pure impulsive limit of 0.40 for the dichloroethesrend 0.35 for trichloroethene. It is interesting

that Zhouet alfound theB state of the three dichloroethenes to be longdliyet this study
suggests the opposite, that the state rapidly cisss. It is difficult to reconcile these results.

The KERDs for tetrachloroethene seem to confirnt At&gs= 9.48 eV is too low. For this

energy theD state has afs; of only 0.08 and this then increases with increggihoton energy.
If, however, the 11.4 eV value is used then thalte$or <>; are more reasonable. Now the
fragmentation begins as slightly impulsive befoeedming statistical. For all chloroethenes at
higher energies, f2; approaches 0.08, the value calculated as the Istagstical limit for
fractional kinetic energy release. Such behavioas @also seen in previous studies with this
apparatus on similarly sized molecufds should be noted that at these higher enerpies t
formula of Klots gives largerfsx; values than are measured. This is probably deertos in the
calculation of the ionic fragments vibrational foemcies. That & decreases with increasing
energy is easily reconciled with the theories tfiamolecular energy redistribution. As the
photon energy increases, successively more eléctaod vibrational energy levels of the parent
ion can be accessed. The available energy is shateden states and hence less likely to be
localised in a vibrational mode that would leadlissociation of the &4,Cls" ion. This seems
to confirm that the fragmentation of the chloroet®is statistical in nature at higher energies,

but more non-statistical in character at enerdiesecto threshold.
5. Conclusions

The photoionisation dynamics of 1,1-dichloroethddg 1,2-dichloroetheneH)-1,2-
dichloroethene, trichloroethene and tetrachloraetheave been studied using synchrotron
radiation from onset of ionisation to 23 eV by #ireld photoelectron photoion coincidence
spectroscopy. Threshold photoelectron spectra@adion yields have been recorded. The
measured energies of the ion states are found ito ¢gp@od agreement with those calculated using

the outer valence Greens’ functions method. Eprl(2-dichloroethene a vibrational Rydberg
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series is recorded leading to the first excitedtetaic state. From Gaussian 03 calculations the
vibration is found to be due to a C-H bend.

From energy-selected ion yields appearance erseagie branching ratios have been
determined for the fragments formed from the filioethenes. The fragments in all cases are
found, in order of increasing Abg, to be parent ion, a fragment formed from losa ohlorine
atom and a fragment formed from loss of two chie@toms. For tetrachloroethene a fourth
product is seen in which three chlorine atoms ese Examination of thermochemistry and
branching ratios suggest that when the two chlaionens are lost, they are lost separately and
not as a Glmolecule. Tetrachloroethene appears to be anosyama a chlorine molecule is
formed instead.

Upper limits on the enthalpies of formation of geent ions, €4.Cl,", C,HCI3" and
C.Cls" have been determined. Assuming there is no kiséift or exit-channel barrier upper
limits on the enthalpies of formation fopld>CI" and GHCI," have also been determined. Three
values have been determined feHgCI", because if there is no rearrangement or fre¢ioata
around the C=C double bond upon ionisation theeetldistinct ions will be formed. Two values
for the enthalpies of formation 0f,Cls" have been determined, depending on which valuthéor
appearance energy of this fragment is taken. Ereslkational energy released when the parent
ion fragments by loss of Cl has been shown to lpiigive at low photon energies, but becomes
more statistical in nature as the energy increases.

For the three dichloroethenes no clear sign ofdbmmeric effect has been discovered.

Two small differences are noted. In the threshblotpelectron spectra tHe andG states are
resolvable in th& isomer but not in either the 1,1 Bisomer, due to the symmetries of the two
states. There are also slight differences in thading ratios of the £1,CI" and GH," products
above a photon energy of 20 eV.

Trends due to the increasing number of chlorioenatare also noted. Firstly, we note the
increase in ionic states present in the threshietdgelectron spectra due to the increasing
number of chlorine lone pairs. This leads to a céidu in ionisation energy because of the
increased conjugation of the Ctbrbitals and the chlorine lone pairs. Secondlyoee the
variation in energy difference between the onsébmitation and the appearance of the first
fragment ion.
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Chapter 8: Isomeric effects in the reactions of

chloroethenes with selected cations:
1. RE> IE[C,H,Cl 4]

1. Introduction

In the previous chapter the photoionisation dymanof five chloroethenes, 1,1-
dichloroethene,4)-1,2-dichloroethene H)-1,2-dichloroethene, trichloroethene and
tetrachloroethene, were reported. In this chapieistudy will be extended by examining the
reactions of all six chloroethenes (including mdromethene) with a range of cations in the
selected ion flow tube (SIFT). Only those reactans whose recombination energy (RE) is
greater than the ionisation energy (IE) of the taatcneutral will be considered in this chapter,
ions where RE < IE will be discussed in the nexpthr.

Monochloroethene is a major industrial gas esfigd@ the production of polyvinyl
chloride. It is also a class 1 carcinogen. Thounghreactions of the monochloroethene parent
cation with neutral monochloroethene has been sitely studied;? along with its reaction with
a range of other neutrals such as methanol, amramianethan&® there are very few studies of
the reactions of neutral monochloroethene withooeti Two of interest are the SIFT study of
Ceso™ with monochloroethene by Lirgf al,® and the reactions of rare gas ions with
monochloroethene in an ion-beam mass spectrorheter.

The dichloroethenes have recently attracted adteas environmental pollutants and
possible carcinogens. Though the reactions ofttteetisomers with neutrals in the gas phase
have been reasonably well studied, for example thédlation by atmospheric radic&l4? their
reactions with gas-phase cations are much lesgedtudsing ion cyclotron resonance Bowers
and Laudenslager studied the reactions of all tis@®ers with rare gas ions*°while Rebrion

|.17

et al.”" have investigated their reactions with &hd H".

A study of the reactions of all three dichloroetdésomers and trichloroethene with a

|.18

selection of anions (0, O, OH, CR; and F) was performed by Kenneday al ™" For these

reactions there was a striking example of an isanggfect; the vinyl anion, ¢HCl,, was only
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observed as a product for tResomer, whereas Cas the major product observed for the 1,1
andZ isomers. For the reaction of the dichloroetheniés @G~ Bagnoet al predicted that the
adduct GH,Cl;~ would be the only product formed, whereas thiglpob was only seen for the
isomert?

Even less work seems to have been performeddandroethene and tetrachloroethene.
Studies on the breakdown of trichloroethene inrama discharge have been perforrigdnd a
study of the reactions of both trichloroethene @tchchloroethene with4@*, NO" and Q" has
been carried out on a SIFT adapted for breath ais&fy

In this chapter the reactions of all six chloreegths, monochloroethene, 1,1-
dichloroethene,4)-1,2-dichloroethene H)-1,2-dichloroethene, trichloroethene and
tetrachloroethene with a series of cations withifRthe range 9.78 — 21.56 eV will be reported.
The reactions of ions with RE below this energygeawill be described in the following chapter.

The ion-molecule reactions of the dichloroethermsetbeen already publish&d.

2. Experimental

The experiments were performed as described iptehd. The six isomers were
purchased from Sigma-Aldrich with stated puriti€99.5, 97 and 98 % for the 14 andE
isomers respectively. The monochloroethene, tricidthene and tetrachloroethene samples were
also purchased from Sigma-Aldrich with puritie98f+ %. All samples were further purified by

successive freeze-pump thawing cycles before usgpgkor monochloroethene.

3. Theoretical considerations

For comparison to the experimental rate coeffisigq,, theoretical rate coefficientk,,
were calculated. These were calculated using threated version of the modified average
dipole orientation (MADO) model of Su and Chesnhyit** as explained in chapter 3 section
1.1.2. This requires values for both a polarisgbiblume,a’, and a dipole momenis, for the
neutral reactant. The values f@rfor the 1,1-, Z)-1,2- and E)-1,2-dichloroethene isomers are
7.83, 8.15, and 8.08 10%° n®, respectively?> For monochloroethene, trichloroethene and
tetrachloroethene the values fwrare6.41, 10.03 and 12.02 x dm?, the values for

monochloroethene and trichloroethene have beem fagm the CRC handbodR:for
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tetrachloroethene the value was estimated usingn#teod of Miller outlined in chapter 3
section 1.2.1.K)-1,2-dichloroethene and tetrachloroethene have digole moments but for
monochloroethene, 1,1 adddichloroethene and trichloroetheng has a non-zero value; the
values are 1.45, 1.29, 1.90 and 0.90 D, respegttvéf°

For calculation of enthalpies of reacti@ni®,9g enthalpies of formation of ions and
neutrals were required. The majority were takemfstandard sourcé5?®exceptions being the
enthalpies of formation for GF(+ 406 kJ maf),?° CCIF (+ 31 kJ met),* SK* (+ 29
kJ mo),*! SR (-915 kJ mot),** SR* (-768 kJ mol),** SK* (+ 693 kJ mot),*® Sk, (-295 kJ
mol™?), 3 SF (+ 998 kJ mot)*® and NCI (+ 314 kJ md).>* The values for the parent neutrals are
taken from the compilation of Manidn The enthalpies of formation for the parent ionsrfed
from the dichloroethenes, trichloroethene and ¢blaoethene were taken from the TPEPICO
study, as reported in the previous chapter. Valere also taken from the TPEPICO study for
C.H.CI", C;HCI," and GCls". It should be noted that for,Cl;" the enthalpy of formation was
derived using the measured AEof 9.48 eV, not the estimated Ajgof 11.4 eV. Itis felt that it
is better to use the actual measured value rdtherthe approximate value. The IE of the
chloroethenes used in this chapter are 9.99 eYhtmrochloroethene, 9.79 eV for 1,1-
dichloroethene, 9.66 eV for)-1,2-dichloroethene, 9.65 eV fdE)1,2-dichloroethene, 9.46 eV
for trichloroethene and 9.30 eV for tetrachloroethel hese values were reported in chapter 7 for
all the chloroethenes apart from monochloroethemielwis taken from the compilation of Lias

al.?®

4. Results

Table 8.% Table 8.6 show the results for the SIFT experimientmonochloroethene,
1,1-dichloroetheneZj-1,2-dichloroethenel)-1,2-dichloroethene, trichloroethene and
tetrachloroethene, respectively. The first coluinoves the reagent ion and the RE of the ion, the
second both the experimental and theoretical @#icients, the latter are shown in square
brackets. Measured product ions are listed in col@ralong with branching ratios. Proposed
neutral products and enthalpies of reactions asesshn columns 4 and 5, respectively. For
several of the reactions branching ratios havéoeeh measured because it was impossible to
obtain a clean signal of a single reactant iorgifgato complications in calculating branching

ratios. Only the reactions with ions whose RE >OfH,Cl,,] are shown. However, §Fis
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shown even though it has a RE value (9.78 eV) bé&h@WE of monochloroethene and 1,1-
dichloroethene. This is because the value is wigimerimental error of the IE of the 1,1 isomer,
9.79 eV, so it is borderline whether charge transé@ occur. The reaction of SFs also

included for monochloroethene for ease of compangibh the other chloroethenes. Rate
coefficients, but not branching ratios, have beeasuared for SF as only a weak signal was
obtainable. This is because,SEould only be formed by collision induced disstioia of SE" at
the flow tube entrance. For trichloroethene anchtdtioroethene branching ratios have not been
given as only one product was observed for readtmn both SE" and Sk, simplifying

analysis. However, for monochloroethene not evaatecoefficient could be measured as
products formed from the reaction of monochloroe¢hand SE occurred at masses 107 and
109 obscuring any reactive loss of,5©ns at mass 108. The' @sults have not been recorded
for the dichloroethenes. For the reactions gbHand OH with monochloroethene,
trichloroethene and tetrachloroethene it was impés$o separate the two ions using the current
injection quadrupole. Therefore only observed potsiare listed in the tables. One exception is
the reaction with monochloroethene where some alhme could be made for the presence of

OH’, and approximate branching ratios are thereforergfor this reaction.

Table 8.1: Rate coefficients, product ions and psal neutral products for the reactions of
monochloroethene with cations with RE in the ra@ige- 21.6 eV. Dashed line indicates IE of

monochloroethene of 9.99 eV.

Reagention Rate coefficient/ Productions (%) Proposed A H%qg/
(RE®/eV) 10° cnmoleculé' neutral kJ mor*
st products
Sk 0.4 SK* (50) C,H.FCIl + HF 38 -AHC%d C,H,FCI]
ey (14 CHLCIF (50) Sk -819 #\H%dCHCIFT]
Sk’ 1.6 C,HsSR" (6) Cl -594 +AH%ed CoHsSF']
(10.24) [1.6] C,HLCI' (94) Sk 25
SF 1.8 C,HSF (13) H, + Cl -899 + AH% o C,HSF]
(10.31) [1.8] C.SF (22) H, + HCI -1113 +AH%d C,SF]
C,HsCI" (40) SF -31
C:Hs" (25) SFCI 80 +AHC,d SFCI]
CR' 1.8 CsHsF," (5) Cl -823 +AH %ed C3H3F,']
(11.44) [1.8] CHFCI' (25) CF +CH -3
C,FH -75
C,H4CI* (70) CF -140
o," 2.0 GH.CI* (100) o) -161
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(12.07)

Xe"
(12.13)

H,O*
(12.62)

N,O*
(12.89)

OH"
(13.25)

O+
(13.62)

co,’
(13.76)

Kr*
(14.00 (&
14.67))

CO’
(14.01)

N+
(14.53)

N,*
(15.58)

Ar?
(15.76)

=
(17.42)

[2.0]
1.4
[1.4]

2.4
[2.5]

1.7
[1.8]
2.5
[2.6]
2.1
[2.6]
2.0
[1.8]

1.5
[1.6]

2.1
[2.1]

25
[2.7]

2.0
[2.1]

1.7
[1.9]

2.1
[2.5]

CH:CI* (78)
C,Hs™ (21)
CH," (1)

CHCIH' (9)
CH-CI* (73)
C:Hs" (17)

CH:CI (56)
C,Hs" (44)

CHACI' ()
C:2H3+ (_)
CH." ()

Not Measured

CHACI* (7)
C.H5' (90)
CH:" (3)

CHCI* (1)

CH.CI* (1)
CHs" (91)
CH,' (7)

CHSCI* (2)
CoHs™ (92)
C.H," (6)

C,HSCI" (57)
C.Hs" (41)
CHy' (2)

CHSCI* (2)
C,H.CI* (8)
C,Hs" (76)
CoH," (14)

CHSCI* (1)
C,H.CI" (10)
C,HCI* (3)
HCI* (4)
CoHs" (68)
CoH," (13)

CHCI* (5)
CHCI* (13)
CHs" (72)
C.H," (10)
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Xe
Xe + Cl
Xe + HCI

OH
H,0
H,O + ClI

N,O
N,O + ClI

OH
OH + ClI
OH + HCI

CO,
CO, + Cl
CO, + HCI

Kr
Kr+H
Kr + ClI

Kr + HCI

CcO
CO + Cl
CO + HCI

N
N + ClI
N + HCI

N2
N, +H
N, + Cl

N, + HCI

Ar
Ar+H
Ar + H,

Ar + CH,
Ar + Cl
Ar + HCI

F
F+H
F+Cl

F+H+Cl

-206
+29
+42

-958 +A\HO%0d C,H3CIH']
-253
-18

-280
-159

-383
-55
-42

-365
-129
-116

-387
-114
-152
-138

-388
-152
-139

-438
-203
-190

-539
-266
-304
-291

-557
-284
-306
-179
-322
-309

-717

-444

-481
-37



F + HCI -468

Ne* 2.1 CHSCI* (5) Ne -1116
(21.56) [2.4] CH.CI* (1) Ne + H -843
C,HCI* (4) Ne +H+H -429

Ne + H -865

Cl* (8) Ne + GHs -432

CHs" (4) Ne + Cl -881

CoH," (74) Ne + H + Cl -478

Ne + HCI -868

CH* (4) Ne + H + HCI -379

Ne + H + Cl -384

4.1 Rate coefficients

The general ordering of the measured rate coeffisiis Z)-1,2-dichloroethene >
monochloroethene > 1,1-dichloroethene > trichldrert > tetrachloroethene B){1,2-
dichloroethene. This order is related primarilytie magnitude of the dipole moment of the
molecule as well as its mass and polarisabilityired. The largets, then the larger the rate
coefficient, an effect modelled in the MADO theogy.has the same effect, while an increase in
molecular mass will give a smaller rate coefficient

Comparison of thé&; to keyp values shows that the majority of the reactionatgor very
near to, the collisional rate. For most ions tHeieicy is in the range 68 100 %. For some of
the reactiongex, has been measured as ~ 20 — 30 % largerkth&tthough the experimental
error for the SIFT measurement can explain mottede errors, it could also be a sign of the
presence of excited ionic reagents.

The reactions with SF(RE = 9.78 eV) are in general slow and inefficier25%) for all
six chloroethenes, although the reaction with t#ti@oethene is 50% efficient. The slowness of
the SE' reaction has previously been seen with GIHOCHCIR and CHCIF.*® There are two
possible explanations for this reactions inefficyerFirstly, there could be steric effects due to
the size of the SFcation; if orientation of the molecules is impottémen it is likely that there
will not be unit probability of reaction upon calion. Secondly, for the dichloroethenes, the
RE[SR'] is very close to the neutral IE, and it is poksibat the cross section for charge transfer
is very low at threshold, again leading to a smablée coefficient. For monochloroethene, only a

chemical reaction can take place, so steric effgittde important.
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For tetrachloroethene there is a second slowicgathe reaction with SF(RE = 10.24
eV); this reaction is 58 % efficient. It is possilthat this reaction is slow due to the presence of
four chlorine atoms. These large atoms could pbssiieate steric hindrance, blocking the
accesses of SFto electrons located in the molecular orbitalsetfachloroethene.

The rate coefficients for the reactions of théntticoethenes with rare gas ions were
measured by Su and Bowers using an {€Riter allowance was made for long-range collisions
in their data their rate coefficients agree fawigll with ours, especially considering the

difficulties of measuring absolute rate coefficeint an ICR apparatué.

Table 8.2: Rate coefficients, product ions and psegl neutral products for the reactions of 1,1-
dichloroethene with cations with RE in the rangé-921.6 eV. The dashed line indicates the ionisation

energy of 1,1-dichloroethene of 9.79 eV.

Reagent ion Rate coefficient/ Product ions Proposed AHO%gg/
(RE®/eV) 10° cn? (%) neutral kJ mol*
moleculé' s* products
SR’ 0.3 C,H,ClL,F" (71) SK 800 +AfH % C,H,CLF']
(9.78) [1.2] C,H.Cl," (16) Sk -0.4
_____________________________________________ CHCI(13)  SRCl 80
Sk’ 1.4 C,H,Cl," (100) Sk -45
(10.24) [1.5]
SF 1.6 C,H.Cl," (59) SF -52
CgHClSFF (8) HCI -1093 +AfH°298[C2H2C|SF+]
C,H,CI" (21) SFCI 39 +AH%d SFCI]
CHCL," (4) CS +HF -106'
CFR,’ 1.9 C.H.Cl," (100) Chk -160
(11.44) [1.6]
SF,’ 1.4 Not Measured - -
(11.99) [1.3]
O, 25 CH.Cl," (77) 0, -221
(12.07) [1.9] C,H.CI" (23) 0O, + Cl -6
OCIO -30
or CIOO -29
Xe* 1.3 C,H,Cl," (81) Xe -227
(12.13) [1.3] C,H.CI" (19) Xe + ClI -12
N,O" 1.7 C,H,Cl," (15) N,O -300
(12.89) [1.7] C,H,CI" (85) N,O + Cl -85
N,OCI -275
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Cco’ 1.5 C,H.Cl," (13) CGO, -385

(13.76) [1.7] CH.CI" (87) CO, + Cl -170
Kr* 1.3 C,H.CI* (93) Kr + Cl -407
(14.00 (& [1.4] CHCI* (7) Kr + HCI -192
14.67))

CcO’ 2.0 CH.CI* (100) CO +Cl -193
(14.01) [2.0] COCl -266
N* 2.7 C,H.Cl," (40) N -459
(14.53) [2.7] CH.CI" (54) N + Cl -243
NCI -524

C,HCI" (6) N + HCI -261

\y 2.0 C,H.CI" (83) N, + Cl -344
(15.58) [2.0] C,HCI" (17) N, + HCI -361
Ar* 15 CH.CI" (84) Ar + Cl -362
(15.76) [1.8] C,HCI" (16) Ar + HCI -379
F 2.0 C,H.Cl," (14) F =737
(17.42) [2.3] C,H.CI" (41) F+Cl -522
FCI =773

CH," (45) F+Cl -356
Ne’ 2.0 C,H.Cl," (5) Ne -1136
(21.56) [2.3] Ne + Cl + Cl -513
C.H," (50) Ne + Cb -756

Ne +H + ClI -507

C,HCI" (35) Ne + HCI -938

CCI' (4) Ne + CH +Cl -332

Ne+ CH+HCI -338

CI" (6) Ne + GH.CI =711 +AHC%ed C,H,CI]
Ne + CI+GH, -364

4.2 lon-molecule branching ratios

For monochloroethene, trichloroethene and tetoaobthene reactions with nineteen ions
have been recorded. For the dichloroethenes onigrishave been studied, thedd, O" and
OH' reactions being omitted. The cations have RE salarging from 9.78 to 21.56 eV. The ion
with lowest RE, SF, is a special case in that for monochloroethemegehtransfer should not be
able to occur, charge transfer is a borderline ggsdor the dichloroethenes, but is allowed for
trichloroethene and tetrachloroethene. The meagqunatiicts reflect these differences in the IE

of the chloroethenes.
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The reaction of monochloroethene ang’Sfannot occur by charge transfer, so it must go
via a chemical reaction in which bonds break and fdiwo ionic products, Sf and GH3CIF,
are observed. As expected, neither of the prodsicse to charge transfer. The production of
SF:" is interesting as neutral fluorine atoms have bemrsferred rather than the normal transfer
of an F anion, leaving a fragment of the reagent ion agtioeductNormally, the reagent ion is
either incorporated into the product ion or itéft Without any charge."Rransfer leads to the
formation of the other ionic producti8;CIF".

For all three dichloroethenes-fansfer to form gH.CILF' is the major channel with
minor channels forming the parent ion arngHECI". For these reactions the loss of a chloride ion
can only be due to a chemical reaction to forrgC3Bs a neutral partner, since there is not
enough energy for charge transfer to be followedrtynolecular dissociation of the parent ion.
This suggests that, because the RE gf 8Fonly just above the IE of the dichloroethernis,
cross-section for long-range charge transfer is s, the neutrals and SRvill approach to a
small internuclear distance and form a reactivenarecule complex. It is in this complex that
the chemical reaction takes place which will foraHgCIL,F" and GH.CI*. The formation of the
parent ion (GH2Cl,") can take place in two ways; eithéa a short-range mechanism inside the
complex where it is competing with the chemicakteem, or at a large separation of ion and
neutral. In this second case the charge transtdassed as long-range. That long-range charge
transfer is inefficient and a complex is formedhighlighted by the small reaction rate
coefficient. It should be noted that, due to uraiettes in thermochemistry it is possible that only
vibrationally-excited SE can reacvia charge transfer. It cannot be discounted thatpangnt
ion forms from excited Sf, and that there is only a chemical reaction takilage for ground-
state SF.

For trichloroethene the major channel for reactidth Sk* is now formation of parent
ion (GHCI3") with the only other product been due fatfansfer (GHCIsF"). The reaction is
also slightly more efficient than for the dichlotbenes. When tetrachloroethene is the reactant
neutral only non-dissociative charge transfer tgikase and the reaction is 60 % efficient. This
large change in product yields is due to the degr@alE with increasing chlorine substitution.
This leads to an increase in the long-range chiaagesfer cross-section for this reaction.
Chemical reaction can still compete for trichloreate, but for tetrachloroethene long-range

charge transfer is so efficient that it can domenat
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Table 8.3: Rate coefficients, product ions angpsed neutral products for the reactionZ-df,2-

dichloroethene with cations with RE in the rangé-921.6 eV. The IE 0f4)-1,2-dichloroethene is 9.66

ev.
Reagention Rate coefficient/ Product ions (%) Proposed A HOg/
(RE®°/eV) 10° cnPmoleculé' neutral kJ mor*
st products
SR 0.2 C,H.CIL,F* (69) SF, 794 +AHC5d C,H,CLF']
(9.78) [1.6] C,H,Cl,' (14) Sk, -16
C,H.CI" (17) SRCI -30
SK* 1.7 C,H,Cl," (100) Sk -60
(10.24) [1.8]
SF 1.5 C.H.Cl," (88) SF -67
(10.31) [2.0] C,H,CISF (6) Cl -874 +AHO% C,H,CISF]
CF,’ 1.6 C,H,Cl," (100) Chk -176
(11.44) [2.0]
SF,* 1.4 Not Measured - -
(11.99) [1.6]
0, 2.3 C.H.Cl," (78) 0, -237
(12.07) [2.4] CH.CI* (22) 0, + Cl -5
OCIO -29
CloO -30
Xe* 1.4 C,H,Cl," (82) Xe -242
(12.13) [1.5] C,H.CI" (18) Xe + Cl -11
N,O" 1.9 C.H,Cl," (15) N,O -316
(12.89) [2.1] C.H.CI" (85) N,O + Cl -85
N, + OCI -186
N,OCI -275
co,’ 1.9 C.H.Cl," (18) CO, -400
(13.76) [2.1] C,H.CI* (75) CcO, +Cl -169
C,HCI* (7) CO, + HCI -181
Kr* 1.6 C.H.CI" (83) Kr + Cl -192
(14.00) [1.7] C,HCI" (17) Kr + HCI -204
co’ 1.7 C,H.Cl," (10) (6{0) -423
(14.01) [2.5] C,H.CI" (78) co+cCl -192
COCI -266
C,HCI" (12) CO + HCl -204
N* 2.8 C,H,Cl,' (56) N -474
(14.53) [3.3] C,H.CI* (37) N + Cl -243
NCI -523
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C,HCI* (7) N + HCI -262

N* 23 CH,Cl5* (10) N, 574
(15.58) [2.5] CHCL," (6) N, + H 216
CH,.CI* (68) N, + ClI 344
CHCI' (16) N+ HCl 363
Ar* 15 CH.Cl* (4) Ar 592
(15.76) 2.2] CHC," (4) Ar+ H 234
C2H2C|+ (75) Ar + ClI -361
CHCI (17)  Ar+HCI 381
= 2.4 CH,Cl5* (25) F 752
(17.42) [2.9] CH.CI* (29) F+Cl 521
FCI =772
C,H," (46) F + Ch 358
Ne' 23 CH,Cl* (11) Ne 11152
(21.56) [2.8] CHo' (60)  Ne+Cl+Cl 508
Ne + Cb -750
CHCI (21)  Ne + HCI 933

Ccr* (8) Ne + GH,Cl  -706 +AHC %4 C,H,Cl]

The reactions of SF(RE = 10.24 eV) and SKRE = 10.31 eV) show interesting results
across the six chloroethenes. For all six neuttadsge transfer is energetically allowed, so
parent ions can be formed. When monochloroethetieineutral, the parent ion is the major
product for both reactions, however, several ofiteducts form. For reaction with $Rhe other
product is GHsSF," which can only be formed by a chemical reactiar.the reaction with SF
the other products are@SF, C,SF and GH3". All three products form from a chemical
reaction, and there is not enough energy to foparant ion which would fragment tolds" +
Cl. For the other five neutrals, reaction with, Sénly forms parent ions, whilst with the
reactions of the dichloroethenes with"SEveral non-charge transfer products are produrd.
the 1,2 isomers of dichloroethene two other ioresfarmmed in small, ~ 6 %, yields along with the
parent ion. They are 8,CISF and GHCISF'. For the 1,1 isomer these two ions are formed
with the parent in a small percentage but also éatiare GH,CI" and CHC}'. Apart from the
parent ion all the other products must have beendd in a chemical reaction. For
trichloroethene and tetrachloroethene only pa@mis formed with SF This pattern with
increasing chlorine substitutione. charge transfer and competing chemical reactions f
monochloroethene changing to charge transfer ath@number of Cl atoms increases, is the

same as for the §Freactions. The pattern can be explained in a aimihy. For the
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monochloroethene and the dichloroethene reactl@RE of the two ions is not much greater
than the IE of the neutrals. So, although chargester is favourable it may be slightly
inefficient, so not all reactant pairs of ion areltral reactia charge transfer. It is likely that
only charge transfer occurs for the dichloroethdoethe reaction with SF because no
chemical reactions are energetically open. Fohlwioethene and tetrachloroethene, the IE is far
enough below the RE of the ions that long-rangegehtransfer is very efficient and no ion-
molecule complexes are formed. This trend is cordd for the reaction of monochloroethene
with CR," (RE = 11.44 eV). For all the other chloroethenés itin reactwia charge transfer, but
for monochloroethene, although the parent ion mmidant, two other products are also formed,
CsHsF," and CHFCI.

Another ion in this energy range which does nst jeact by charge transfer alone with
monochloroethene isJ@ (RE = 12.62 eV). For this reaction a small petage of protonated
monochloroethene is formed 4dsCIH"). This shows that the proton affinity of

monochloroethene is greater than that of OH.

Table 8.4: Rate coefficients, product ions angpsed neutral products for the reaction&-df,2-

dichloroethene with cations with RE in the range-921.6 eV. The IE off)-1,2-dichloroethene is 9.65

ev.
Reagention Rate coefficient/ Product ions (%) Proposed A HOg/
(RE°/eV) 10° cnPmoleculé' neutral kJ mol*
st products
SR’ 0.2 C.H.CLF (77) SF 797 +AH % C,H,CLF]
(9.78) [0.9] C,H,Cl," (16) Sk, -20
CH.CI" (7) SRCI -35
SK* 14 C,H,Cl," (100) Sk -64
(10.24) [1.0]
SF 1.3 C,H,Cl," (89) SF 71
(10.31) [1.2] C,H,CISF (6) Cl -877 +AHO% C,H,CISF]
CF,’ 1.3 C,H,Cl," (100) Chk -180
(11.44) [1.2]
SF,* 1.1 Not Measured - -
(11.99) [1.0]
0," 1.2 C,H,Cl," (68) 0, -240
(12.07) [1.4] C,H.CI* (32) 0, + Cl -11
OcCIO -35
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Xe"
(12.13)

N,O*
(12.89)

co,’
(13.76)

Kr*
(14.00 (&
14.67))

CO’
(14.01)

N+
(14.53)

N,*
(15.58)

Ar*

(15.76)

(17.42)

Ne*
(21.56)

0.9
[0.9]

0.9
[1.2]

1.1
[1.2]

1.2
[1.0]

1.6
[1.4]

2.0
[1.9]

1.6
[1.4]

1.1
[1.3]

1.4
[1.7]

1.8
[1.6]

C.H.Cl," (85)
C,H.CI" (15)

C:H Cl," (24)
C.H.CI" (76)

C,H.Cl," (15)
CH.CI' (74)
CHCI" (11)

C,H.CI" (80)
C,HCI* (20)

C:H.Cl," (11)
CH.CI' (74)

C,HCI* (15)

CH,Cly" (47)
CH.CI" (42)

C,HCI" (11)

CoH.Cl5* (9)
CHCL,' (4)
C,H.CI" (66)
CHCI* (21)

C,H.Cl," (5)
CHCI,' (7)
C,H.CI* (66)
CHCI* (22)

C.H.Cl," (23)
CH.CI* (32)

CH." (45)
C:H.Cl," (5)
C:H," (56)

C,HCI* (34)
Cl* (5)

or CIOO

Xe
Xe + Cl

N,O
N,O + ClI
or N, + OCl
or N,OCI

CGO,
CO, + ClI
CO, + HCI

Kr + ClI
Kr + HCI

Cco
CO + Cl
COCI
CO + HCI

N
N + Cl
NCI
N +HCI

N2
N, + H
N, + ClI

N, + HCI

Ar
Ar+H
Ar + Cl

Ar + HCI

F
F + Cl
FCI
F+Cl+Cl
F+Ch

Ne
Ne + Cl + Cl
Ne +C}
Ne + HCI
Ne + GH.CI

-34

-246
-17

-320
-90
-192
-281

-404
-174
-184

-197
-207

-427
-198
271
-207

-478
-249
-529
-260

-579
-219
-349
-358

-597
-237
-367
-376

-756
-527
-778
-113
-356

-1156

-510
-752
-935

-708 +AfH%od C,H,Cl]
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When the RE of the reagent ion is greater thanBhe the neutral molecule, several

clear patterns appear in the branching ratiostl¥imsfter the RE of the ion exceeds the IE of the

neutral, only parent ion is formed from charge $fan After an energy gap of approximately 2

3 eV the first product ion due to fragmentatiorited parent ion is formed. This product is due to

loss of a chlorine atom, or in the case of monadd@thene a hydrogen atom. This ion is then

formed in large percentages until, after anoth@rafaseveral eV, a product ion is formed from

which two chlorine atoms have been lost. Thesahareénain channels. Other smaller channels

occur which involve loss of hydrogen atoms, eitlvigh or without loss of chlorines at the same

time.
Table 8.5: Rate coefficients, product ions and psepl neutral products for the reactions of triatdtinene
with cations with RE in the range 9-721.6 eV. The IE of trichloroethene is 9.46 eV.
Reagention  Rate coefficient/ Product ions (%) Proposed A HO0/
(RE/eV) 10° cn? neutral kJ mol*
moleculé' s? products
Sk’ 0.4 C,HCIsF" (16) Sk, -780— A{H%d C,HCI5F']
(9.78) [1.1]
C,HCI5" (84) Sk -33
SE' 14 C,HCI5" (100) Sk =77
(10.24) [1.5]
SF 1.2 C,HCI;" (100) SF -995
(10.312) [1.3]
CF,’ 1.9 C,HCI5" (100) Ck -193
(11.44) [1.5]
SK' 1.5 C,HCI5" (100) Sk -247
(11.99) [1.1]
O, 1.8 C,HCI5*(100) Q -253
(12.07) [1.7]
Xe" 11 C,HCI5" (82) Xe -259
(12.13) [1.1] C,HCI," (18) Xe + ClI 34
H,O" 2.2 C,HCI5" (-) H,0 -306
(12.62) [2.2] C,HCIy" (-) H,O + Cl -12
N,O" 2.0 C,HCI3" (49) N,O -333
(12.89) [1.5] C,HCI," (51) N,O + Cl -39
N, + OCI -142
OH" 2.3 GHCI5" (-) OH -343
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(13.25) [2.2] GHCL' (-) OH + Cl -50

O + HCI -53
HOCI -285
o* 2.3 CHCL* () o) -403
(13.62) [2.3] CHCL,' () O +Cl -109
OCl -379
co,’ 1.7 C,HCI; (21) CO, -417
(13.76) [1.5] C,HCL," (79) CO, + Cl -124
Kr* 1.3 C,HCl5* (5) Kr -440
(14.00 (& [1.2] C,HCI," (95) Kr + Cl -146
14.67))
co 1.5 C,HCI; (11) co -440
(14.01) [1.8] C,HCL," (89) CO +Cl -147
CcocCl -221
N* 3.3 C,HCI5" (44) N -491
(14.53) [2.5] C,HCL," (43) N + Cl -198
NCI -478
C,HCI* (13) N + Cl, -148
NCI + CI -186
N,* 1.3 C,HCl; (3) N, -592
(15.58) [1.8] C,HCl," (88) N, + ClI -299
CHCL," (9) N, + CClI -96
NCN + ClI -4
Ar* 1.5 C,HCl5* (6) Ar -610
(15.76) [1.6] C,HCL," (90) Ar + Cl -317
CHCL," (4) Ar + CCl -114
F 2.3 C,HCI* (17) F -770
(17.42) [2.2] C,HCI," (18) F+Cl -476
FCI =727
C,HCI* (65) F +Ch -427
FCl + Cl -435
Ne 2.3 C.Cly" (13) Ne + HCI -1936
(21.56) [2.1] C,HCI* (78) Ne + Cb -826
CCI" (9) Ne + CHC} -1452

Two reactions which are interesting to comparettamse of Kf (RE = 14.00) and CO
(RE = 14.01). The RE of these two ions only diffleys0.01 eV. Thus any difference between the
branching ratios of these two ions must be duefferdnces in reaction mechanism rather than
energetics. For monochloroethene the main diffexémthat for Kf an extra channel due to loss

of a hydrogen atom from the parent ion is seenré&action with 1,1-dichloroethene a similar
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extra channel is seen for Ktompared with CQ For thel,2-dichloroethenes the difference is
that a percentage of parent ion is seen for reagtith CO". With both trichloroethene and
tetrachloroethene no difference is observed betw@enr CO'". The differences suggest that the
two ions may be reactinga different mechanisms. However, they could be dufé presence
of some excited Krin the flow tube which leads to the extra fragna¢ioh measured for
monochloroethene and the dichloroethenes.

Another interesting ion is NRE = 14.53 eV). Examination of the branchingasifior
reaction of the six chloroethenes with $how that more parent ion is produced than woald b
expected from the branching ratios of ions witlnailar RE value. This has been observed for
most of the reactions of Nstudied in this thesis, and a detailed discussigiiven in Chapter 1.

The reactions of Xeand A" with monochloroethene have been previously stuitied
two-stage ion-beam mass spectrometer by Izod addeFeFor the X& reaction our branching
ratios agree within experimental error, except adLis formed in the ion-beam equipment. For
the Ar" reaction the branching ratios are in good agreefoeformation of both gHs" and
C.H.', however the only other ion formed in the ion-bestody is GH3CI*. None of the other
three ions seen in the SIFT results are detecteel differences are undoubtedly due to the
different reaction conditions between the two ekpents.

The reactions of trichloroethene and tetrachldrere¢ with Q" have been studied by

Sparil et al**

This work was performed in a version of the SIR® anly relative rate
coefficients were recorded ;Oreacted to form the parent ion in both cases. @ hesults agree
with those recorded here. The measured rate cigffecare in reasonable agreement between the
two experiments.

Examination of the results for the six dichloraaths shows trends which depend on the
amount of chlorine substitution, for example thedurcts and efficiency of the reaction with
SK". Signs of trends which depend on the positiornefdhlorine substituentise. the
differences between the dichloroethene isomergeaseclear. No differences outside
experimental error have been found betweerkthad ¢)-1,2-dichloroethene isomers. This is
probably because upon ionisation the rotation atdba C=C bond becomes free so thaindZ
form the same parent ion. More conclusive diffeesngave been observed between the 1,1 and
the 1,2-dichloroethene isomers. For example, flieeréaction of SFwith 1,1-dichloroethene
both CHC}" and GH.CI" are detected, yet neither of these products asereéd for the reaction
with the 1,2-dichloroethenes. Similarly, the reactof 1,1-dichloroethene with N@roduces

CCI" which is not formed fronk or (2)-1,2-dichloroethene. Another example is the reastiof
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CO" with the dichloroethenes. Here, when eitBar (2)-1,2-dichloroethene is the neutral
reactant parent ion is detected; when 1,1-dichtberee is the neutral reactant no parent ion is
detected. Finally, wheE or (2)-1,2-dichloroethene react with,Nor Ar* both GH.Cl," and

C,HCI," are products, but they are not formed in reaatiith 1,1-dichloroethene.

Table 8.6: Rate coefficients, product ions and psegl neutral products for the reactions of

tetrachloroethene with cations with RE in the rafige- 21.6 eV. The IE of tetrachloroethene is 9.30 eV.

Reagent ion Rate coefficient/  Productions Proposed neutral A HO%qg/
(RE / eV) 10° cn? moleculé (%) products kJ mol*
1
S
Sk’ 0.6 C.Cl,;" (100) Sk -44
(9.78) [1.0]
Sk’ 0.7 C.Cl,;" (100) Sk -89
(10.24) [1.3]
SF 1.2 C.Cl;" (100) SF -96
(10.31) [1.2]
CFR,’ 15 C.Cl,;" (100) Chk -204
(11.44) [1.3]
SK,* 1.0 C.Cl,;" (100) Sk -258
(11.99) [1.0]
Oy 1.3 C.Cl;" (100) e} -265
(12.07) [1.6]
Xe* 0.9 C.Cl" (55) Xe -271
(12.13) [0.9] C.Cl;5" (45) Xe + Cl -227
H,O" 1.6 CLCls" (-) H,O -317
(12.62) [2.0] CLCl5" (-) H,O + ClI -273
N,O" 1.7 C.Cls" (22) N,O -344
(12.89) [1.4] C.Cl5" (78) N,O + ClI -300
OH" 1.7 CLCly" (-) OH -342
(13.25) [2.1] C.LCls5" (-) OH + ClI -317
o} 2.0 CCly" (-) 0] -414
(13.62) [2.1] CLCl5" (-) O+ Cl -370
Cco’ 14 C.Cl;" (18) CO, -422
(13.76) [1.4] C.Cl;" (82) CO, + Cl -391
Kr* 11 C.Cl," (4) Kr -451
(14.00 (& 14.67)) [1.1] C.Cl5" (96) Kr + Cl -407
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co’
(14.01)
N+
(14.53)

N,*
(15.58)

Ar'
(15.76)

=
(17.42)

Ne*
(21.56)

1.8
[1.7]

2.3
[2.3]

1.7
[1.7]

1.4
[1.4]

1.4
[2.0]

2.0
[1.9]

C.Cl" (7)
C.Cls" (93)

C.Cls* (43)
C.Cly* (57)

C.Cly" (7)
C.Cls" (67)
cCly' (3)
C.Cl," (17)
cCl' (5)
C.Cls" (3)
C.Cls" (42)
cCly' (3)
C.Cl," (44)
cCl' (8)

C,Cl," (100)

C.Cls" (1)
C.Cly" (54)

CCl,* (10)
C.Cl* (10)

CCI (25)

CcO
CO + CI

N
N + ClI

N>
N, + ClI
N, + CCI
NCN + ClI
N, + Cb,
N, + Cl + ClI
N, + CCb

Ar
Ar + ClI
Ar + CClI
Ar + Clg
Ar+ Cl + Cl
Ar + CCl,

F+C)
F+Cl+Cl
FCIl + CI

Ne + Cl
Ne + Cb

Ne + Cl + CI

Ne + CC}

Ne + C} + ClI

Ne + CC}

Ne + CC} + ClI

-452
-408

-503
-459

-603
-559
-115
-23
-314
71
77

-621
-577
-133
-332
-89
-95

-492
-249
-500

-1136
-891
-648
-654

-1935 —
AHCd C,CI']

-733
-453

5. Comparison of product branching ratios from SIFTand TPEPICO experiments

Figure 8.1(a) — (f) show the branching ratios friom-molecule reactions recorded on the
SIFT with all six chloroethenes over the RE range-921.6 eV. In Figure 8.1 (b) — (e) the
TPEPICO results from chapter 7 from onset of idioseto 22 eV are also plotted. The

TPEPICO breakdown data for tetrachloroethene ar@noaluced here as the quality is poor.
Examination of Figure 8.1 shows that the agreerhetween the SIFT and TPEPICO

branching ratios in general is good. The overalids are mirrored. That is, after onset the parent

ion is formed, followed by fragmentation by chlagtatom loss at higher energies. In the range

9.7 — 12 eV there is no disagreement for trichlthreee. For the dichloroethene isomers the
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major disagreement is for reaction withs§Fhnis is expected as these reactions predominately
occur by a chemical mechanism, as discussed eaftier,1-dichloroethene there is another
disagreement in this energy range fof ,Sfie to a large percentage of chemical products
occurring in this reaction. There is also somegtsament for the reactions of the 1,2-
dichloroethenes with SFbut not a large amount. This suggests that thetions with SFare

not purely long-range charge transfer, but someratiechanisms are operative as well.

From 12 — 15 eV the agreement between branchtiggria not as good, but except for
N* (RE = 14.53 eV) the overall trends are the saméhtwo experiments. For'Nhe yield of
parent ions is around 50 % in all cases. We natethie SIFT branching ratios for the reaction
with the dichloroethenes agree with those of Reteial.!’ As mentioned in previous chapters
N* is often an anomalous ion, seeming to act astlysohising species compared to photons of
this energy.

For the reactions with'HRE = 17.42 eV) none of the dichloroethene isorsbmsv any
agreement between the SIFT and TPEPICO resultexXamnple, parent ion is formed in the ion-
molecule reactions but not from photon ionisatien therefore cannot be reactinig a pure
long-range mechanism. Trichloroethene shows faegent between the two sets of
experimental data, suggesting that long-range enaansfer is taking place.

For N€ (21.56 eV) E)-1,2-dichloroethene and trichloroethene showdgieement,
especially for thé& isomer. The agreement is poor for 1,1-dichloros¢hend Z)-1,2-
dichloroethene. It should be noted that fof’ Wther ions are formed which are not seen in the
TPEPICO data. The broad agreement between theimques for Né suggests that the charge
transfer mechanism is largely of a long-range matith some interaction leading to production
of CI" as well. In general, all the ion-molecule reacsigrhere the RE > 13 eV produce a greater
percentage of parent ion than at the comparabl®plenergy.

Though data for TPEPICO branching ratios of motwrcethene and tetrachloroethene is
not available, comparison with the other four cbethenes is interesting. The overall trends
clearly agree for all the isomers. The appearah€®©ls” in the SIFT experiments occurs
around 12 eV, this seems to agree with the bdiatfthe measured AR C.Cls'] of 9.48 eV is
too low and that the real value is closer to 114 e

For the dichloroethenes no new isomeric effect® teeen observed when the ion-
molecule results are compared to the photoionisataia. This is expected because no clear
isomeric effects were seen in the TPEPICO dataglsapter 7, and long-range charge transfer

seems to be the dominant mechanism.
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Figure 8.1: (a)- (f) SIFT branching ratios and for (b)(e) TPEPICO branching ratios with an optical

resolution of 0.3 nm for the chloroethenes.
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6. Conclusions

Results have been presented for the ion-moleealetions of the six different
chloroethenes: monochloroethene, 1,1-dichloroeth@pd,2-dichloroetheneH)-1,2-
dichloroethene, trichloroethene and tetrachlorastheith a selection of cations with RE in the
range 9.78 — 21.56 eV. Comparison has been matdehtton ionisation results over the same
energy range for the dichloroethenes and trichtbwieree. Overall, agreement is good between the
two methods, suggesting that the charge transfehamesm for the ion-molecule reactions is
mainly long-range in nature. For the few exceptiamemical reaction or short-range charge
transfer is postulated as the main mechanism liteebcceur.

Some weak isomeric effects have been seen foetwtions of a few ions. All the
isomeric effects seen are differences between,tharid 1,2 isomers, so due to connectivity
isomerisation. Effects due to conformational isasagion,i.e. differences between ttiand

(E)-1,2 isomers, have not been seen in this study.
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Chapter 9: Isomeric effects in the reactions of the

chloroethenes with selected cations:
2. RE<LIE[C,H,Cl,,]

1. Introduction

The previous two chapters have dealt with the @batsation of five of the chloroethenes
(1,1-dichloroethene Zj-1,2-dichloroethene H)-1,2-dichloroethene, trichloroethene and
tetrachloroethene) and their reactions with a sexfecations with recombination energies (RE)
ranging from 9.78 — 21.56 eV. Comparisons betwhertwo data sets have been discussed. lon-
molecule reactions in the energy range have aleo teported for the sixth chloroethene,
monochloroethene. This chapter will deal with ausgge of cations that have RE values below
the ionisation energies (IE) of the six chloroe#t®nn this energy range charge transfer is not
allowed energetically, so that all reactions musiup by an intimate chemical reaction in which
bonds form and break in a complex. In such a sdoateric effects will be significant and
isomeric differences should become more importaem in the previously-reported results.

In this chapter the reactions of ions with RE ealwhich span the range 4.73 eV t0 9.11
eV with all six chloroethenes are reported. Thetiea with NH," was only performed with the
three dichloroethene isomers. The reactions wediest on the SIFT apparatus. As before, the
main aim was to look for examples of the effectstafictural isomerisation upon reaction rates
and products, and the effects of increasing thetbraurof chlorine atoms. Data on the ion-

molecule reactions of the dichloroethenes haveipusly been publishetl.

2. Experimental

The experiments were performed as described iptehd. The six isomers were
purchased from Sigma-Aldrich with stated puriti€s99.5, 97 and 98 % for the 14 andE
isomers respectively. The monochloroethene, tricigthene and tetrachloroethene samples were
also purchased from Sigma-Aldrich with puritiestd®9 % All samples were further purified by

successive freeze-pump thawing cycles before usegpgkor monochloroethene.
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3. Theoretical Considerations

The values used for calculating thermochemist r@action coefficients are the same as

those listed in the previous chapter (chapter 8@e8).

4. Results

4.1 Rate coefficients

Tables 9.1 9.6 show the results for SIFT experiments on molwwokthene, 1,1-
dichloroethene,4)-1,2-dichloroethene H)-1,2-dichloroethene, trichloroethene and
tetrachloroethene, respectively. The first coluinoves the reagent ion and its RE, the second
both the experimental and theoretical rate coeffits, the latter values are in square brackets.
Measured product ions are listed in column 3 aleitly branching ratios. Proposed neutral
products and enthalpies of reaction are shownlummas 4 and 5, respectively. Only the five
ions with an RE less than the IE of the chloroedisegre listed.

Of the five ions studied in this range two did redct with any of the neutrals. These ions
are SE" and NO. For NO there was sign of some reaction, however it wag slew and there
was a large amount of curvature in the plot ofdn(signal)vs neutral concentration (chapter 2).
This suggests that all the reaction was due taex®OJ~ ions. The reaction of NOwith
trichloroethene and tetrachloroethene has beeiestiny Spaal et al” They found that it reacted
to form an adduct only. No adduct was observediimstudies, but high enough flows of neutral
gas may not have been used for the product to bedetectable. NH did not react with any of

the dichloroethenes. The other three iong€)'HCFR;" and CF, reacted with all six chloroethenes.
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Table 9.1: Rate coefficients, product ions and psegl neutral products for the reactions of

monochloroethene with cations with RE in the raB@¥ - 9.26 eV. The IE of monochloroethene is 9.99

ev.

Reagention Rate coefficient/ Product ions (%) Proposed AHO%g/
(RE/eV) 10°cnfmoleculé' neutral kJ mol*
st products
HsO" 2.2 C,HsCIH" (100) HO -815 +AH%d C,HCIH

(6.27) [2.5]

SK* No Reaction - - -
(8.32) [1.5]

CFs' 1.1 CHFCI' (35) C,FH, -25
(9.04) [1.6] C,H5" (65) CFCI -36
CF 2.0 CHFCI (27) CoH; -186
(9.11) [2.1] CH5' (73) CFCl -25
NO* No Reaction - - -
(9.26) [2.0]

Unlike the reactions with RE IE[neutral] there is a large variation in the e#ncy of
the reactions for ions with RE < IE[neutral]. Tiesbecause when REIE[neutral] charge
transfer is energetically allowed and in genenatigeto be an efficient process, so reactions are
likely to occur with every collision. When RE < dutral], then charge transfer is not allowed,
and only a chemical reaction can take place. Chamaactions only occur when the ion and
neutral are in close contact. Here the orientatifathe ion and neutral relative to each other and
steric effects can make significant changes toti@aefficiencies. Also, there could be exit
channel barriers and energetic constraints for sofitiee product channels. The most prominent
example is for the reactions o§® (RE = 6.27 eV). With monochloroethene, 1,1-dicb&hene
and trichloroethene the rate coefficient is esadlgtine same as the collisional value, however,
for both 1,2 isomers the reaction is only aroundd 6fficient whilst for tetrachloroethene it is
50 % efficient. Such a difference must clearly be tb the structures of the molecules, the

relative positions of the chlorine atoms, and thergetics of the reaction products.
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Table 9.2: Rate coefficients, product ions and psagl neutral products for the reactions of 1,1-
dichloroethene with cations with RE in the rangé34. 9.26 eV. The IE of 1,1-dichloroethene is %¥0

Reagention Rate coefficient/ Productions (%) Proposed AHO%qg/
(RE/eV) 10°cnfmoleculé* neutral kJ mol*
st products

NH," No Reaction - - -
(4.73) [1.68]
Hs0" 2.0 C,H.CI,H" (100) HO -808 + AH % C,H,ClH']
(6.27) [2.0]
SK* No Reaction - - -
(8.32) [1.4]
CF' 1.2 C,H,CI" (100) CRCI -76
(9.04) [1.5]
CF 2.1 CHCI," (6) CHF -142
(9.11) [2.0] CHCIF (25) C,HCI -180
C,H,CI" (69) CFCl -65

NO* No Reaction - - -
(9.26) [1.9]

The reactions of all six chloroethenes with*@Fe fairly efficient, the lowest efficiency
being 80 % for)-1,2-dichloroethene. For the reactions withsCte efficiency shows more
variation across the chloroethenes. For monochibene andg)-1,2-dichloroethene the reaction
is 70 % efficient, for 1,1-dichloroethene it is @Defficient, and for trichloroethene and
tetrachloroethene it is 100 % efficierd){1,2-dichloroethene has the lowest efficiencyyd
%.
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Table 9.3: Rate coefficients, product ions and psal neutral products for the reactions2)fy,2-
dichloroethene with cations with RE in the rangés4. 9.26 eV. The IE ofz)-1,2-dichloroethene is 9.66

ev.
Reagention Rate coefficient/ Productions (%) Proposed AHO%qg/
(RE/eV) 10° cnPmoleculé' neutral kJ mol*
st products
NH," No Reaction - - -
(4.73) [3.0]
HsO" 0.4 C,H,CIOH," (65) HCI -688+ AH%od C,H,CIOH,"]
(6.27) [2.9] C,H,Cl,H" (35) H,O -837 + AH % C,H,ClLH']
SK* No Reaction - - -
(8.32) [1.7]
CRs' 1.0 CHCI,* (100) GHF, 10
(9.04) [1.8]
CF' 2.0 CHCL," (41) CHF -137
(9.11) [2.4] CHCIF (59) C.HCI -181
NO* No Reaction - - -
(9.26) [2.4]

4.2 lon-molecule branching ratios

Branching ratios were measured for the reactidadl six chloroethenes with the three
cations which reacted;39", CR" and CF. For the three dichloroethenes, striking isomeric
effects are seen in the branching ratios for reastwith ions of RE < IE[neutral], much more
significant than for ions with a higher RE. Forrdlaeach of the ions which reacted will be dealt

with in turn.
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Table 9.4: Rate coefficients, product ions and psegl neutral products for the reactionsg)f1,2-
dichloroethene with cations with RE in the rangé34-.9.26 eV. The IE ofF)-1,2-dichloroethene is 9.65

ev.
Reagention Rate coefficient/ Productions (%) Proposed AHO%qg/
(RE/eV) 10°cnfmoleculé' neutral kJ mol*
st products
NH," No Reaction - - -
(4.73) [1.7]
H;O" 0.3 C,H,CIOH," (43) HCI -685+ AHC0d C,H,CIOH,"]
(6.27) [1.7] C,H,Cl,H" (57) H,O -834+ AH%%qd C,H,ClH']
Sk’ No Reaction - - -
(8.32) [1.0]
CF" 0.7 CHCI," (100) GHF; 8
(9.04) [1.0]
CF 1.4 CHCL" (51) C.HF -140
(9.11) [1.4] CHCIF" (49) C,HCI -177
NO* No Reaction - - -
(9.26) [1.4]

4.2.1 Reactions of HO*

The reactions of D" with the chloroethenes produce three differentipots indicated
here for a dichloroethene isomer:
HsO" + GH,Cly — CoH,CloH*
- C,HCIOH," + HCI
~ CH,Cly-Hz0"

All three of these different products are seertlierreaction of kD" with (2)-1,2-

(proton transfer)  (re 9.1)
(chemical reaction) (re 9.2)

(adduct formation) (re 9.3)

dichloroethene ande)-1,2-dichloroethene, whereas only the proton-fieanshannel is seen for
monochloroethene, 1,1-dichloroethene, trichloros¢hend tetrachloroethene. The reactions of
trichloroethene and tetrachloroethene were stualjeSipas! et al, 2 and protonated parent was
the only detected product for trichloroethene,gre@ment with our data. For tetrachloroethene a
small percentage of.Cls" was also detected by Sghet d. No sign of this product was

observed during our studies.
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Table 9.5: Rate coefficients, product ions and psepl neutral products for the reactions of triatdtinene

with cations with RE in the range 6.27 - 9.26 eYeTE of trichloroethene is 9.46 eV.

Reagention Rate coefficient/ Product ions (%) Proposed AHC%qg/
(RE/eV) 10° cnPmoleculé' neutral kJ mol*
st products
H;O" 2.1 C,HCI3H" (100) HO -815 +AH%d C,HCI;H™
(6.27) [2.2]
SK* No Reaction - - -
(8.32) [1.2]
CR' 1.3 CFCL" (24) C,HCIF, 315 +AHC e C,HCIF,]
(9.04) [1.3] C,HCI," (54) CRCI -33
CF2C|+ (22) CgHCIzF 168 +Af 0298[CZHC|2F]
CF 1.8 CFCL" (39) C,HCI -200
(9.11) [1.8] CHCL" (23) CF + CCl -251
C.FCl -230 +AHO%d C,FCI]
CHCIF (37) C.Cl, -164
NO* No Reaction - - -
(9.26) [1.79]

As all the chloroethenes react with®1 by proton transfer their proton affinity (PA)
must be larger than that for® (691 kJ maf).® Using this fact, upper limits fakH%gg0f
protonated monochloroethene, 1,1-dichloroethef)el @2-dichloroethene H)-1,2-GH,Cl,
trichloroethene and tetrachloroethérawe been determined as 124, 117, 146, 143, 124%hd
kJ mol*, respectively. As there is no reaction with NiHut there is a protonation reaction with
HsO", the PAs of the dichloroethenes can be bracketid)he following inequality:

PA[H;0] or 691 < PA [GHxCl,] < PA[NH3] or 854 kJ maot
If the formation of GH,CIOH," from (2)-1,2-dichloroethene and)-1,2-dichloroethene is
assumed to occur with HCI as the neutral partndrtia@ enthalpy of reaction is zero, then upper
limits for AH%qg for this ion are 688 and 685 kJ mdbr theZ andE isomers of dichloroethene.
It is usually assumed that all reactions witdOHoccur by a proton transfer reaction and cause
very little fragmentation. It is therefore surpnigito see gH,CIOH," as an ionic product.
However, such processes have been seen beforiesinatiorocarbons. Sparet al? saw an

analogous product from reaction of®f with some chloroethanes.
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Table 9.6: Rate coefficients, product ions and psegl neutral products for the reactions of
tetrachloroethene with cations with RE in the ra6d¥ - 9.26 eV. The IE of tetrachloroethene i9%Y.

Reagent ion Rate coefficient/ Product ions (%) Proposed A HO%%qg/
(RE/eV) 10° cnPmoleculée' neutral kJ mol*
st products
H,O" 1.1 C.Cl,H" (100) HO -809 +AH%dC,ClH"]
(6.27) [2.0]
SK* No Reaction - - -
(8.32) [1.1]
CR' 1.9 C.Cl5" (9) CRCI -294
(9.04) [1.2] CFCL" (16) C,F,Cl, +321 +AH % C,F,Cl3]
CFCI" (75) C,FCl, +174 +AH s C,FCly]
CF 1.8 CFCL" (100) CGCl, -197
(9.11) [1.6]
NO* No Reaction - - -
(9.26) [1.6]

Combining the branching ratios with the rate coedhts gives useful insight into the
reaction mechanisms for the protonation of theckieroethenes. Monochloroethene, 1,1-
dichloroethene and trichloroethene react with Hafjltiency to form only one product, the
protonated neutral molecule. Tetrachloroetheneasemith ~50 % efficiency to form only
C,Cl4H". The 1,2-dichloroethenes react very slowly and étveer products are formed as well as
the protonated neutral. For the 1,2 isomers the shbe suggest that there is a small barrier to
protonation. The presence of the barrier not oldws down the reaction but also allows other
product channels to be accessed, in this casenhferimed by loss of a hydrogen halide,
C,H,CIOH,". Also a small percentage of the® adduct was detected, indicating that the ion-
neutral complex is relatively long-lived and it gwes long enough for collisional cooling with
the He buffer gas to occur. This cooling means aingtbarriers to reaction can no longer be
surmounted, leading to detection of the adduahdiuld be noted that no attempt was made to
investigate the dependence of the associationioeamh pressure of the buffer gas, hence the
rate coefficient is an effective two-body rate.

For formation of the g4,CIOH," product, attempts were made to ascertain which
hydrogen atom was being ejected by use #3'DThis attempt was unsuccessful due to rapid

deuterium and hydrogen exchange in the reagenMonochloroethene, 1,1-dichloroethene and
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trichloroethene do not appear to have a barripratonation as they react rapidly to form only
one product. For tetrachloroethene the reactidainly slow; there could be a barrier, or bulky
chlorine atoms in the molecule block access sHThe difference between the isomers of
dichloroethene must be explained by the two chéoatoms being on the same carbon in 1,1-
dichloroethene. Under these conditions, th@Hcan easily attach onto the end of the ethene
with two hydrogens on it. One problem with this kxation, however, is that trichloroethene
should have more hindrance to the attachment ofQi Hue to chlorine substituents then either

E or (£)-1,2-dichloroethene, but this is not borne outhmly experiments performed here.

4.2.2 Reactions of CF

The reactions of GF produce a range of different products. They cabrb&en down

into four groups exemplified by the following re@acts:

CR' + GHsCl — CHs' + CRCI (re 9.4)
CR* + GH,Cl, — CHCL'" + GHF; (re 9.5)
CR* + GHCl; — CRCI* + GHCI,F (re 9.6)
CR* + CCl; — CFCL" + GF.Cl, (re 9.7)

Reaction 9.4 takes place for monochloroetheneditloroethene, trichloroethene and
tetrachloroethene. It is a simple @ktraction, which is driven by the formation of
trifluorochloromethane as the neutral product. Rea®.5 is only seen for the 1,2-
dichloroethenes, and there is no evidence fordgnel in the reactions of any of the other
chloroethenes. The formation of the ionic prod@Cl,", in reaction 9.5 is very complicated,
since it involves breaking the Ca€bond of dichloroethene and transfer of a chloatem from
one carbon to the other. Considering how complittties mechanism is, reaction 9.5 occurs
with a relatively high efficiency of 50 — 70 %. R#ians 9.6 and 9.7 are seen to take place for
trichloroethene and tetrachloroethene. Reactiora®d occurs for monochloroethene. Again, to
form the ionic products GEI" and CFC{", cleavage of the C=@-bond must take place; the
efficiencies are 69 and 100 % for monochloroethamtrichloroethene. Tetrachloroethene
reacts with a rate coefficient which is larger thia@ collisional value. The difference falls within
the normal experimental errors, but might indidhtg the reagent ion is energetically excited.
This set of reactions with GFprovides the most dramatic example of an isonedfact

found in this study of the photoionisation and raplecule reactions of the chloroethenes. 1,1-
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dichloroethene reacts to give a single produgt>Cl"*, by CI transfer. TheK)-1,2-
dichloroethene andZ}-1,2-dichloroethene also react to give a singtelpct, but now the product
is CHCL". This is a clear and distinct difference betwdenisomeric forms of dichloroethene.

From thermochemistry it was found that for reatt®05 the neutral partner could only
feasibly be GHF;3, a fluorinated ethene. Formation of a new G=Rond in GHF; helps
compensate for the energy required to break tlggnali C=Crebond. Even them\;H%gg s
predicted to be slightly endothermic, by arounckd®nol*. However, the error inH%osg
[CoHF] is +8 kJ mol*, so the reaction could easily be slightly exottierhEven if the value for
the enthalpy of formation of £F; is taken without any error, this neglects the aflentropy.
Although it is generally assumed that it is entlgadhich dictates whether a gas-phase reaction
will occur, in reality it is the Gibbs free energjich indicates if a reaction is spontaneous or
not? and only a small change in entropy would be reglio make this a favourable reaction.
For reactions 9.6 and 9.7 it has been assumethéhaeutral partner is the appropriate
fluorochloroethene. So for the reaction of monoabdthene with CF to form CHFCI,
analogous to reaction 9.7, the product 46,8, and the enthalpy of reaction is -32 kJ thdtor
trichloroethene and tetrachloroethene, the entbslpi formation of the fluorochloroethenes
formed from reactions 9.6 and 9.7 are not knowrsufteing that the products must contain a
C=C bond and that the enthalpy of reaction is zgppger limits can be set on the enthalpy of
formation for these fluorochloroethenes of 315 kal ior C;HCIF,, 168 kJ mot for C,;HCI,F,
321 kJ mat for CF.Cl, and 174 kJ mal for C;FCla.

To explain these results attempts have been maslegtyest reaction mechanisms. The
starting point for all the mechanisms is to asstimeinitially CR" attacks electrophilically at
thertorbitals of the double bond. Figure 9.1 is thepps®d first step in the electrophilic attack of
CF;' to a chloroethene, in this case monochloroethEnis.initial insertion step forms the
trigonal-bridged intermediate cation shown in effthe CE' can then move from one side or
another to form the two resonance structures shtiwsrassumed that this is how the insertion
step occurs for all the reactions proposed, thezefe will start the mechanisms from the most

appropriate resonance form for the reaction ofrese
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Figure 9.1: Inital insertion step of gFnto a chloroethene double bond

Figure 9.2 shows the proposed mechanism for foomaf GHs" from
monochloroethene, reaction 9.4. Any of the otkeactions in which Cltransfer to CF takes

place should follow the same, or a similar, mecsmniFirstly, CE™ adds to the C=C bond.

o) /_,

H H

\\‘ H
N

a

Figure 9.2: Proposed scheme for the reaction ofatitloroethene with GF. Reaction 9.4

This is followed by the migration of the CI to t&&; group. The next step will be the breaking of
the C-Ck bond. These two steps may be either sequent@rarerted. We assume that the
chlorine transfer, and subsequent loss, takes plaea the Ckis attached to the same carbon as
the chlorine. The ¢Hs" product is formed by rearrangement of the inigidtirmed cation

carbene after the loss of CGIF
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Figure 9.3: Proposed scheme for reaction of @fh Z & (E)-1,2-dichloroethene. Reaction 9.5

Figure 9.3 shows the proposed mechanism for theticar to form CHGI" from Z and
(E)-1,2-dichloroethene, reaction 9.5. In this mechamihe first step is addition of €Ro the
C=C bond,; for these two chloroethenes the differesbnance forms are identical. In the next
step a chlorine atom moves across the C-C borftetadjacent carbon. The CeGbond then

fragments to give CHG! and EC-CH. This neutral product then rearranges by ariie shift to
give GHFs.

TACFZ

CFs H CF3 H

a a a
F
H CFy H c H\ /C':z+
y & ~— \CI: 3
a a \—‘V (@] d
a F a F a
a H
: : R F
Y
F a a

Figure 9.4: Proposed scheme for reaction of @fth trichloroethene. Reaction 9.6

Figure 9.4 is a proposed mechanism to explairfictneation of CECI* following reaction
of CR;" with trichloroethene, reaction 9.6. A similar maafsm should take place for formation

of CR.CI" from tetrachloroethene. Again the first step iditidn of CR". After this the chlorine
205



and fluorine atoms move between carbeiagrigonal intermediates, until finally the g8l

group breaks off as GEI" leaving behind a new halogenated ethene.

a a a
9 c CF,*
F+CIF
-
a a
a F a a F

Figure 9.5: Proposed scheme for reaction of @fth tetrachloroethene. Reaction 9.7

Figure 9.5 shows the mechanism for the formatfo@FCL" from tetrachloroethene in
reaction 9.7. This mechanism should also be seitfmiolthe same reaction with
monochloroethene and trichloroethene. The firgi &tes before addition of GF As in Figure
9.4 the succeeding step is F transfer from thededupvia a sequence of chlorine and fluorine
atom transfer through trigonal intermediates. Tnes the same intermediates as seen for
reaction 9.6. To produce CEClhe intermediate in step 3 fragments in a diffeveay, one of
the C-Co-bond breaks, the electrons transferring to the &Hond between the second carbon
atom and the GF group. This leads to formation of a new Cr®ond between the two carbons.

It is interesting to note which channels are ofpereach chloroethene and which are not.
Monochloroethene reacts mainly (65 #g reaction 9.4, it also reacts by reaction 9.7 (35 %
1,1-dichloroethene reacts onlia reaction 9.4, Cltransfer, while the 1,2-dichloroethenes react
only by reaction 9.5. Trichloroethene reacts bytiea 9.4 (54 %), reaction 9.6 (22 %) and
reaction 9.7 (24 %). Tetrachloroethene reacts agtien 9.4 (9 %), reaction 9.6 (75 %) and by
reaction 9.7 (16 %). In the absence of energy éxarivhich channels are open and which are
closed undoubtedly depends on the structures dafftleeoethenes and the energetics of the
reactions. It is interesting that as the numberhbdrine atoms increases reaction 9.6, loss of

CRCI*, dominates. A possible explanation is that, asthee now more chlorine atoms, there is
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a greater chance that a chlorine can be transfbaekito the CF group of the intermediate. It
could also be that transfer of chlorine atoms ettigonal bridging intermediate is more
favourable. For example, in tetrachloroethene itnfavourable to have the positive charge next
to two chlorines, so by transferring a chlorineogsrthe double bond the positive charge is
moved so that it is only next to one chlorine ar@ra group, relieving the unfavourable
interaction. It is clear that which reactions aredured depends on a complex interplay between
inductive effects and conjugation due to the chiatoms on the stability of the cation
intermediates.

What are most interesting are the results fodibkloroethenes. Neither reactions 9.6 or
9.7 occur for these three chloroethenes. This ddmndue to a requirement of at least three
chlorines because reaction 9.7 is open for monocétbene. For some reason the presence of
only two chlorines in these molecules inhibits thego channels. The other interesting result is
that 1,1-dichloroethene only reacts by reactiona®d this is probably because transfer of a
hydrogen across the double bond in reaction Qsfiavourable, as hydrogen cannot form the
trigonal intermediate necessary for transfer actiesdond. It could be unfavourable because of
steric crowding around the carbon due to chlorbeiag present. With CEhowever, reaction
9.5 does occur to produce a chloroethyne. Thisestgdhat there is a barrier to H transfer which
is overcome with the increase of available eneddy7 eV, in changing from GFto CF as the
reagent ion. It is unclear why the simple reactbohloride abstraction is not seen for either of
the 1,2-dichloroethene isome#sh initio calculations of the potential energy surface aattion

dynamics upon it are required to clarify the ch&ihene reactions.

4.2.3 Reactions of CF

All six chloroethenes react with CFSimilar ionic reaction products are seen asHer t
reactions of CF. This time, however, the reactions are nearly @l % efficient.
Monochloroethene reacts to form the same two iproducts CHFCland GHs' in essentially
the same percentages as for the reaction with. @Fs assumed that the mechanisms for the
reactions are the same as for thg'@fit with slightly different neutral partneisg. ethynes
rather than ethenes are formed. The dichloroethahesact to produce CHgland CHCIF. For
the 1,2-dichloroethene isomers these two chanmels dbout equal percentage. For 1,1-
dichloroethene these channels are weak (6 % afd &spectively) and the main channel is still

chloride transfer to produced,ClI". Trichloroethene reacts to form three ionic idDse is
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CFCL", as was seen for reaction with{£Rhe other two are new products, CkfGind CHCIF.
Neither GHCI," nor CRCI" are detected for the reactions of @#th trichloroethene.
Tetrachloroethene only reacts to form CFCDue to similarities in the products formed foe th
reactions of CFand CR’, it is assumed that the reaction mechanisms willimilar to those
shown in Figure 9.2 9.5, with the major difference being that'G&the reactant ion. It should
be noted that this is only an assumption, and tiseme reason that the mechanisms should be the
same for production of the same product ions.

Since CHCJ' is formed from the reaction of Cith 1,1-dichloroethene and
trichloroethene but not for their reactions withsGRhis suggests that there is a barrier to
formation of this product in the latter reactiofbis barrier is overcome when CB used
instead of CE. This suggests that it is not a high barrier dg 607 eV extra energy is
available. The reactions with CElso allows a new channel, formation of CHCIi6 open for
the reactions with the dichloroethenes and tricddtiene, a channel which has previously been
seen only for the reaction of €Fwith monochloroethene. This suggests that itiméml as a
product from reaction 9.7 (Figure 9.5), howevers ilso possible that another mechanism is
taking place which can only occur for CBne possible way to test whether there is adraioi
reaction or whether it is a chemical-specific reacts to perform another experiment in which
the collision energy of the ion-neutral systemasied. For example, this could be done by
changing the temperature of the system. The bestasievould probably be to use a guided ion
beam of CE'. If there is a barrier to formation of productsen as the ion beam energy is
increased the product channels should ‘switch othi@threshold for formation. If there was no
barrier but an effect due to the chemical diffeemnbetween GF and CF, then no such onset
should occur. It is noted that the simplé €ansfer channel is not observed at all for
trichloroethene and tetrachloroethene, even thaughenergetically allowed if CFCl is the

neutral partner. The reasons are unclear.

5. Isomeric effects in the ionisation processes thfe dichloroethenes

This chapter completes the study of the reactodiise dichloroethenes with both photons
and a range of cations. Previously the reactionbetlichloroethenes with a selection of anions
has also been performed on the StHherefore this is an ideal place to summarisasimeric

effects which have been observed in that and thteskes.
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For the studies of photoionisation, chaptémi, clear sign of isomeric effects were seen.
There seemed to be no real difference in the bmakdliagrams or ion yields for any of the

three isomers. The only difference was in the posivf the F andG states in the threshold
photoelectron spectra (TPES). For both 1,1-dicldthrene andH)-1,2-dichloroethene these two
peaks were experimentally unresolved, but Z)r1(,2-dichloroethene the peaks were clearly
resolved. The ability to resolve the two stategh@Z isomer has been explained as due to a
symmetry interaction pushing them apart, becausgliave the same symmetAs, However,
this difference does not seem to translate intdferdnce in the fragmentation yields, probably
due to the statistical nature of the dissociatioth@se high energies.

For the reactions of cations with recombinatioargres which are greater than the
ionisation energy of the dichloroethenes, only weeak isomeric effects have been detected,
chapter 8. The largest such effect was found for the reastigith SF, but smaller effects were
also seen for reactions with N&€O', N," and Af". The effects were only ever observed between
the 1,1 and 1,2 isomers, and no differences bettyedhandZ isomers were observed.

For the reactions of cations with recombinatioargies below the ionisation energy of
the dichloroethenes, this chaptailear isomeric effects have been seen for theiogescof HO",
CFR;" and CF. Again the differences were only between the hd B2 isomers.

The anion study was performed with 00", OH ", CF;~ and F.° For these reactions very
striking isomeric effects were observed, and isahly example of a difference between Ehe
andZ isomers. The difference was thatH3Cl™ was only observed for tieisomer, whereas CI
was the major product for the other two isomers.

These results suggest that isomeric effects wlif show up to a significant extent when
chemical reactions occur. This must be becauseichéreactions occur when the ion and the
neutral molecule are positioned very close togetHere the geometric differences in structure
and steric effects will influence reactions outcarrfeor processes such as charge transfer
reaction occurs when the ion and neutral are veglasated, and structural differences will then
not have a significant effect. For photoionisatibe dissociation process appears to take place

statistically and so the bond orientation will haaeeeffect on the formation of products.
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6. Conclusions

The reactions of the six chloroethene molecule® leen studied with a range of cations
with recombination energies of 4.73 — 9.26 eV. Eheere five cations, 40", SR", CR", CF
and NG studied for monochloroethene, trichloroethenetatréichloroethene. For the
dichloroethenes a sixth cation, hHwas also studied. Only three of the ions readi#g®,, CR;"
and CF.

The reactions with §0°, and for the dichloroethenes with hihave allowed limits to
be placed on the proton affinities of the chloreets. For monochloroethene, trichloroethene
and tetrachloroethene the proton affinity is gretitan or equal to the proton affinity of water.
For the dichloroethenes due to the lack of reaatith NH;" the following inequality has been
derived: PA[HO] or 691 < PA [GH,Cl,] < PA[NH;] or 854 kJ mof.

Examination of the reactions with €Fas shown several different reaction pathways.
Many of these pathways involve breaking of the cdéthene C=C double bond and formation of
a new double bond. Similar channels have also been for reactions with CAt seems that a
complex interplay between the position of the dhieatoms and the C=C double bond dictates
which channels are formed and in what percentdgesist certainly dictate the stability of the
intermediate cations in the reaction pathways.

For the dichloroethene isomers very clear isomeffects have been observed for the
reactions of all three ions in this study. The hssfor the CE" reactions, where only Closs is
seen for the reaction of 1,1-dichloroethene buttampletely different products occur for the
1,2-dichloroethenes, are particularly striking. Ta¢a on the reactions of dichloroethenes studied
for this thesis, and previously by our grdupas found that major isomeric effects are onlyisee

for chemical reactions, and not for charge transdactions.
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Chapter 10: Electron Attachment Studies

1. Introduction

Electron attachment (EA) is one of the most funeatal of all chemical processes. In one
sense it is the prototype for all chemical reatidduring EA an electron and a neutral molecule,
AB, interact to form a transient negative ion:

e +AB= AB” (re 10.1)
Once this anion is formed there are several sulesggeaactions which can occur. The electron
can detach to regenerate the starting molecule,c8B be stabilised either by collision or a
Feshbach resonance can occur. However, the mosheonmeaction is for ABto fragment into
A + B or A" + B. EA is the major process that occurs in abphas and when electrical
breakdown occurs, as well as in the upper regibtiseoEarth’s atmosphere.€.the
mesosphere). EA will occur in any environment wheetarge concentration of free electrons is
present, and it is also important in chemistry ocog in interstellar space. It is crucial to have
EA data to model gaseous discharges and induptasinas:?

For many gas-phase molecules, EA cross-sectiamwg ahmaximum at an electron energy
around 0 eV and, as EA tends to occur dissocigtivelich interesting chemistry can therefore
be initiated by very low-energy electrons. EA canabimportance biologically, it has been
shown to cause strand breaking of DNA molecti€kere also links between the ability of
carbon halide molecules to produce radical spdxydsA and whether the molecules
carcogenié:®> Many very accurate high-resolution measurementslafive electron attachment
cross-sections have been made as a function dfelesnergy. To put these relative values on an
absolute scale requires knowledge of the therneatrein attachment rate coefficiekt,”®
Measurements df, can only be done in a swarm environment, wherelderons are present in
a broad distribution of energies. Many such rategtheen measured in flowing afterglow
Langmuir probe instruments or electron swarm spewtters. This chapter reports further
development of the Birmingham swarm apparatusktaetron Attachment Mass Spectrometer
(EAMS). This is an adapted ion-mobility spectrometed details of its original mode of
operation are availabf8 The operation of the experiment before this laesies of upgrades is
detailed in chapter 2.
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2. Theoretical

Theoretical electron attachment rate coefficigntswere calculated frormwave capture
theory based on the analytical formula of Kit8lore detail is given in chapter 3 on the
applications and limits of these models. For thasdels polarisability volumesy , are needed.
We have studied EA to several molecules and thétsegre given later in the chapter. For
octafluorocyclobutane the value was 1.25 ¥*167°from a semi-empirical calculatidi.The
value ofa’ for octafluorocyclopentene is 9.38 x 1m?, for octafluorobut-2-ene 8.36 x T
m®, for hexfluorobuta-1,3-diene 7.27 x dm? and for di-trifluoromethyl-hexafluorocyclobutane
the value is 1.20 x I& m®. These values af were all estimated using the method of Miller

outlined in chapter 3. For chloroform is 8.53 x 10%° m*.*4

3. Experimental

The EAMS has been upgraded in several ways, whésha project undertaken as a part
of this work. Each upgraded component will be cdeed in order. The first upgrade was to the

electronic systems of the apparatus.
3.1 Electronics

The EAMS has several electronic systems thateaqeired to run the experiment. One
provides the pulse to the electron gate, anotreesyconverts and amplifies the small current
pulse registered at the Faraday plate at the etiteadrift tube. The final system digitises the
data, and allows recording and analysis to takeepl@ircuit diagrams are given in appendix 3.

The original pulse unit used arrays of batteregrovide the voltage needed to open and
shut the gate. This could lead to problems if dinth® arrays discharged more than the other;
different voltages applied to the separate wireghefgate would give misshapen pulse shapes,
making data analysis difficult. The batteries htherefore been replaced with a transformer
attached to the mains. Following the transformeriisctifier to smooth the a.c. input to a d.c.
output and a series of diodes which limit the maxmvoltage to + 30 V. As the voltage source

is connected to the mains a series of capacitars baen added to decouple the output from

213



ground. A dual voltage regulator is then used t&ersure that both positive and negative voltage
outputs have the same magnitude. The pulse switcbamsists of a pair of Schmitt triggers, but
the inclusion of field-effect transistors improvasther the sharpness of the pulse switching.

Once the pulses have been generated they mustdseal at the Faraday plate. This is
achieved using a high gain,®\@ A™*, amplifier. Amplification is one of the most impant
stages of the experiment as very weak currents bausteasuretf. The amplifier contains three
low-drift operational amplifiers and has severaitshable gain ranges. Two potentiometers
allow fine control of the performance of the amiplif One alters the time constant for the
amplification. Using a larger time constant canriove the signal-to-noise ratio, but at the cost
of peak shape; the faster the amplifier responssdiaarer the pulse. Figure 10.1 shows
examples of the pulse shapes with different resptintes. Figure 10.1 (a) shows the pulse with
the fastest response time, Figure 10.1 (c) is tieepwith the slowest response time of our
system and Figure 10.1 (b) is the pulse with agrmediate response time. It is clear that the
pulse in (a) is much squarer than the pulse inTfeg. ideal situation is to have a sharp, well-
defined onset. (a) therefore represents an optisituation in this regard. However, the recorded
pulse has a lower signal-to-noise ratio and thexesharp peaks at the onset of the peak and at
around 50Qus. This ringing is pick up from the electronic ciit¢ which can be reduced by
slowing the response time. Therefore the actua tonstant used is a compromise between
obtaining a square pulse and removing the spupeags. The second potentiometer allows fine
control of the gain range with a calibrated 10-tdia.

The amplifier is contained in a sealed metal eswdle physically attached to the EAMS
over the vacuum feed-through which connects td-raday plate. By making the connection
inside the enclosure any electrical noise is redycer to the amplification step. A reed switch
allows easy switching from measuring the currenthenFaraday plate to applying a voltage to
the Faraday plate. This makes it simple to switetwken the two modes of operation of the
EAMS; the pulsed measurement for electron attachnage coefficients, and the non-pulsed
measurement for detection of product anions.

The amplified pulse is then passed to the dataisitign system. The data acquisition
card is manufactured by National Instruments (RZl4§ and is located in a Pentium based PC.
The card has several analogue inputs, two analogipeits and many digital inputs/outputs. The
connection is made through a National Instrume@B-88 shielded connection box and the

National Instruments SH68-68 cable assembly. Theegda recorded through a differential

214



analogue channel. The differential channel digitide difference between the signal and the
shielding of the connector (which is nominally gndj. This increases the common-mode
rejection of noise in comparison to, a non-difféi@nsingle-ended measurement where the
signal is compared to the ground of the acquisitimd. To further lower electrical noise, the
wire along which the signal is transmitted from &ifigy to connection box runs through an
earthed metal conduit.
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Figure 10.1: Examples of pulses as amplifier raspdime is varied.

The digitised pulse is recorded in a custom-de=idabVIEW application. In this
application measurement is obtained by averagiugraehundred pulses, normally ~300, and
then integrating across the width of the pulsesThethod can drastically improve the signal-to-
noise ratio compared to the previous method usingxaar integrator. The application is also
used to analyse the data using an exponentidl ditso allows automated control of some aspects
of the experiment. The high-voltage applied todh& tube can be varied from within the

programme using analogue communication with tha-kigtage supply (Stanford Research

215



Systems model PS350). It is also possible to cbtiteomass spectrometer of the EAMS in a
similar way.

Figure 10.2 shows an example of how the pulsehh@igries with increasing sample gas
concentration. At zero flow rate there is one lgogak followed by a flat background. As the

sample flow rate is increased the peak height dsee At later times a large broad peak appears
due to product ions being formed in the system.
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Figure 10.2: Variation of pulse height with sampdmcentration.

3.2 Drift tube

Several improvements have been made to the dbié dlesign. In the original ion
mobility design the drift tube was inside a smédlsg envelope contained in a much larger
vacuum chamber filled with buffer gas. Use of tvas lows meant that the sample gas would
only have to mix within the glass envelope. Duerablems with concentration gradients the

glass envelope was removed and only a single flaw wged. This reduced the concentration
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problem, but as the sample had to mix throughaatthole of a large vacuum chamber it could
take a long time for measurements to take placepéed up the mixing time a new vacuum
chamber was constructed to house the drift tubis. dfflamber has much smaller dimensions,
equivalent in size to the glass envelope, and mikimes are now much quicker. The small
chamber has also made it more practical to bakeheudrift tube using heating wire.

Figure 10.3 shows an example of how the averatge teight varies with time in the
new drift tube. The steps show where an increasanmple flow rate has been made. Apart from
the first step, the mixing is rapid and quickly qdeted. The length of this first step is probably
due to the need for equilibrium to be reached betwtbe sample and the surfaces in the

chamber. The small slope at the beginning is duh&oging effects inside the drift tube.

1.5

1.0

0.5 H

Signal / arb

0.0 H

. . T . T . T
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Figure 10.3: Average signal with time for the EAMEach point represents a measurement of the pulse
height for 30 s, this is followed by a 30 s delajdve the next point is taken.

3.3 Sample handling

As explained in chapter 2 sample preparation tig heportant for accurate measurements
of ka. The method outlined to prepare samples in ch&pes several failings. Firstly, gas must
be pumped off at several stages in the procedinis.Cchn lead to changes in expected

217



concentration as the pumping efficiency of eitliner huffer gas maybe higher than the sample
gas owice versaThis will reduce the amount of one gas relativéhe other. A second problem
is that the mixture can take days to prepare.dtn®ost certain that if the gas mixture is left for
that long, changes in concentration will occur @silérium is reached due to wall losses. To
overcome these problems a second preparation mei@wdevised.
The new method removes the need for multiple eatdaos and refills of the tanks.
Instead a different procedure is followed:
1. The sample is first allowed into a small evacuateaimber (\/ on Figure 10.4) at a low
pressure (~ 1 mbar) which can be accurately reaadapacatron gauge (Leybold CTR
90) in the range 0 — 14 mbar.
2. The small chamber is then filled to ~ 2000 mbahwaitiffer gas.
3. A Speedivalve which connects ¥nd \4 is then opened. The gas in Mus expands into
V,. V3 is approximately ten times the volume of V
4. The two chambers are then filled with ~2000 mbduudfer. This gives a ten fold
dilution from the mixture in Ywithout recourse to pumping the tank.
5. If required the method from chapter 2 can alsosezluf even lower concentrations of

sample are necessary.

Mass Flow Controller

Baratron O — 2000 mbar

To EAMS

V,= 10V,

To Sam

“—————— Capacatron 0 — 14 mbar

Figure 10.4: Mixing apparatus for preparation ohpées for the EAMS.
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This second method is more accurate than thebistuse there is no removal of mixture
by pumping. The expansion from Y0 V, keeps the proportions of buffer to sample gas the
same. A second advantage is that the mixture candoke on the day of its use rather than days
in advance. This reduces problems due to sampta@ds by, or reaction with, the walls of the
tanks. From these considerations it is clear thethod 2 should be used for mixing all samples.
To improve mixing heated wire is wrapped around ®his creates a temperature gradient which
will encourage diffusion of the gases.

Samples are removed from the tank for injectida the apparatus using either a syringe,
or a mass flow controller. When the syringe is usaple is injected via a septum into the
buffer gas flow. A mass flow controller (MKS 117920 sccm flow rate, or a Sierra Instruments
Smart-Trak Series 100L, 5 sccm flow rate, dependmghe required flow range) can also be
used. In this case the sample does not need tathérawn from the tank as a direct connection
is made to the EAMS. The preferred method is toamseof the mass flow controllers. However,
sometimes the attachment rate of the neutral kstindjed is either too high or too low for the
flow range of one of the mass flow controllerstiase situations the use of a syringe may be the

better option.

3.4 Samples

The samples were bought from various supplierfatsu hexafluoride was purchased
from Apollo with a high purity of 99.9 %. Octaflumyclobutane was purchased from
Fluorochem UK with a purity of 99 %, octafluorocgpkentene from Apollo Scientific with a
purity of 99 %. Perfluorobut-2-ene and hexafluria-1,3-diene were provided by Apollo
Scientific with purities of 97 %. Di-trifluorometipexafluorocyclobutane was synthesised for us
by Dr N Simpsorand was used as provided. Chloroform was purchiasedBDH and is

analytical grade; it was further purified by a tegpump thaw cycle before use.

4. Results

Results are presented for several molecules studiehe EAMS. The most important
molecule studied is sulphur hexafluoridegShuie to its higlk, value. This molecule has been
extensively studied, and is the benchmark gasléntren attachment studiés***®To this end

SKs has been used to check the results of the imprE#dS. The measured rate is 2.38 X 10
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cm® moleculé' s*. This should be compared to the generally accegtke of 2.25 x 1T cnt®
moleculé* s*.** The agreement between the results provides comfidimn the EAMS technique
and upgrades.

A study has been begun on perfluorinated compodundgo their importance in industrial
processes and generally high electron attachmentoafficients. So far five perfluorocarbon
molecules have been studied, octafluorocyclobuted@®Fs), octafluorobut-2-ene (2+Es),
octafluorocyclopentene&{CsFs), hexafluorobuta-1,3-diene (1,34#&) and di-trifluoromethyl-
hexafluorocyclobutane{C4Fs(CF;)2). Thermal electron attachment coefficients weoereed
for all five molecules in 1 atmosphere of £iauffer gas. The data arCyFs and 2-GFg have
been publishedf The measured rate coefficient fo€4Fs is 1.81 + 0.17 x 18 cn® moleculé' s
! thes-wave capture rate coefficient is 3.12 X 16énT moleculé' s*. Many measurements have
been made on the electron attachmermtGfFgs, and Christophorou and Olthoff give the average
thermal value as 1.5 x T0cn? moleculé' s.*2 Our value is in good agreement with this
average, and even better agreement with the valugd x 10° cn® moleculé' s* obtained by
Christodoulidet al in their laboratory’ Low-energy electron attachmentd,Fs gives only
a single product, the parent aniorC4Fs . This in agreement with the electron beam mass
spectrometry study of Sauersal'®

2-C4Fs has been less extensively studied th&hFs and the thermal rate coefficient is
measured in this work to be 4.2 + 0.2 X% moleculé' s* for a mixture of the tw&- andZz-
isomers; the theoretical value is 3.14 X160 moleculé' s. Our experimental value is in good
agreement with a value obtained by Sae¢i'® Again only a single product is detectedFg.
Sauerst al also studied the mass spectrum ofEsGollowing electron attachment in an adapted
mass spectromet&t The main product was parent anion, however, thsgy saw small amounts
of C4F and GFs . This difference is because they produced andctietehe products under
single collision conditions, there will be no ceibnal stabilisation of the initially formed anion.
Thus extra fragmentation will occur, when comparethe products in the high-pressure swarm
environment??

The thermal rate coefficient forCsFg was measured as 3.97 + 1.34 x'kdni°> moleculé
151 swave theory gives a value of 3.21 x 16n moleculé' s*. This agrees well with the
value measured by Peii al.of 3.62 x 10" cn? moleculé' s*,?° however there are very large
error bars in our value. These error bars probabse from wall losses @fCsFg inside the

mixing chamber before use, and it is also possitaec-CsFs may decompose after injection.
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This is a very fast rate coefficient for electrataehment, higher even than that for 8fich is
considered one of the fastest attaching gasesthBoeetical value is lower than the experimental
value. However, the-wave theory ignores the effect of the dipole monaéithe molecule, 1.87
Debye, on the electron attachment rate. The masgrspm of the products of EA CsFg was
also recorded, and again only parent anion wasteteOnly a thermal rate coefficient was
measured foc-C,Fs(CFs)2 and it was found to be 1.39 + 0.5 x 16 moleculé' s*, swave
gives 3.36 x 10 cn? moleculé' s*. The sample used was a mixture of the differemnirs. No
products anions were measured.

For 1,3-GFs the thermal rate coefficient was 1.45 + 0.2 X4 moleculé' s*, this
does not agree at all with the previously measusadde of 1.2 x 10 cn® moleculé' s*

12! Using thes-wave model of Klots gives 3.36 x T@nt

measured by Christodoulidesa
moleculé' s*. To try and understand this disagreement rateficigefts were measured for 1,3-
C4Fs in N, buffer gas as a function of mean electron enexg®ur swarm results are compared
to those of Christodoulidest alin Figure 10.5% It is clear that there is total disagreement
between the two sets of data. A GC-MS was perforomethe sample of 1,326 to check that
the supplied gas cylinder contained the correcipéanikExamination of the mass spectrum
suggests that the sample probably was indeed jE3a@d not another £ isomer. However,
further work is needed to clarify the situationisidifficult to explain why there is such a
difference, although it could be that an inhibitas mixed in with 1,3-¢F to lower the
explosion risk. If there was a large concentratibthis inhibitor then it would alter the
concentration of the sample mixture injected i@ EAMS and hence the measured rate

coefficients.
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Figure 10.5: Comparison of,ldwarm data for 1,3-4Es.

It should be noted that the majority of the prégtis-wave capture rate coefficients are
far larger than the actual measured valudg.oFhere are several reasons for this. As noted in
chapter 3 the-wave capture theories are unphysical, since tloayod model the underlying
physics of the EA process because they ignoressmnance nature of EA and many quantum
effects. This model therefore gives an upper Iboit will not show any effects due to Feshbach
resonaces or vibrational cuspsAnother reason for the disagreement is that ttaefament
coefficient measured during the EAMS experimentmigffective attachment rate coefficient. It
is a balance between processes which remove elsdmam the swarne.g.electron attachment
and stabilisation of the anions, and processeshngeoerate electrons,g.electron detachment
from AB". This means it is likely that the effective ratefficient will always be lower than the
attachment rate coefficient.
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It is useful at this point to try and link therids in thermal electron attachment
coefficient to the changes in structure; this iglenmore difficult by the unavailability of some
perfluorocarbons of interest. For example it hasbheen possible to obtain a sample of
hexafluorocyclobutene, which would give an intdrestomparison between a cyclic alkane and
a cyclic alkene. It appears that the presenceubitpfe bonds increases the attachment rates,
ignoring the anomalous results for 1,3¢ To confirm this hypothesis, electron attachment
needs to be performed with the linear alkane comgalecafluorobutan@;C4F;,. Studying this
molecule will also highlight the effect of cycligaa.

The difference in results betweeiC,4Fs andc-C4F(CFs)2 is very interesting. The rate
coefficient is almost an order of magnitude langethe second molecule than the first. This must
be due to the effect of the additional trifluoromgtgroups. It would be useful to acquire a
sample oft-C,FCF; to see if the attachment rate coefficient fallsMeen the values for the
other two molecules. This would indicate whether dddition of CEgroups in place of F atoms
causes a systematic shift in rate coefficients.

Another molecule studied was chloroform, CEl@ne reason for studying this molecule
is because it is cacinogerfitt is carcinogenic because it attaches electrssodiatively’
Therefore, it is interesting to study on the EAMSe&e what ionic products are formed. CHCI
has been extensively studied by many groups anddtepted value seems to be 3.1 X £’
moleculé' s* from ion cyclotron resonance and swarm measuresnétawever, there is a large
range of measured values, for example a FALP stehsured a value of 3.6 x 1@n?
moleculé* s*,?® and a recent review found the average value oftieties to be 2.7 x Tbcn?
moleculé* s*.?* Our value is 1.81 + 0.22 x Tocnt moleculé' s*, which falls on the low side of
the range, the-wave capture value is 3.16 x 1@nt moleculé s*. The differences probably
arise due to different experimental conditions sachple qualities. The main product ion formed
is CI, which was the only product seen in the FALP stiidyl,” was also detected in this work,
but it is probably a secondary product from reactodCI” with CHC.

A final molecule studied was §F. The thermal and non-thermal rate coefficients f
this molecule have been studied previod&f7.When these results were compared to beam
studies’ there were major differences in branching ratf&; appears to be the major product
under non-thermal conditions, which is difficultreconcile with thermochemistry. Therefore the
non-thermal study was repeated. The products veergdfto be the same. To further clarify the

issue a GC-MS was performed on the@KBample that was being used. This found thatther
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was a Skimpurity. This seems to suggest that the entirg Signal arises from this $Enpurity

rather than from dissociative electron attachment.

5. Conclusions

Improvements to the electron attachment massrgpeeter have been reported. These
have included upgrades to both the pulsing eledsand amplifying units. The old data
acquisition system has been replaced with a netersybased on labVIEW and National
Instruments components. This has allowed the spgeth of experiments and better control of
the apparatus.

The drift tube has been rehoused in a smallertvaathamber. This smaller design
allows faster mixing of sample gases and the gltiteasily bake the system. A new sample
preparation rig and procedure have also been deseld his method removes the need for
multiple evacuating of sample mixtures as wellresrieed to leave the mixtures for large
amounts of time.

Results are reported for a series of moleculad#dnze been studied on the apparatus.
Trends can be seen within the perfluorocarbons.é¥ew gaps in the series make it hard to
guantify the effect of substitutions upon the ditaent rate coefficients. Comparisons have been
made with capture rate theories. The agreementisffto be poor; due to the non-resonant

nature of the models and their limiting assumptions
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Chapter 11: Conclusions

In this thesis nine molecules have been studiedyumth photoionisation and ion-
molecule reactions. The photoionisation has baatiext using a threshold photoelectron
photoion coincidence spectrometer. Using this aggpamot only are the threshold photoelectron
spectrum and the total photoion yields recordedalsd the energy- and mass-selected ion yields.
This allows the easy production of branching ratawghe ion products from threshold to around
22 eV. The ion-molecule reactions have been peddran a selected ion flow tube. Reactions
have been performed with at least 22 different whese recombination energies range from 6 —
22 eV.

One of the main aims of these studies was to caripaisation by photons and ions.
Another aim was to gain insight into the chargesfar mechanism taking place for the ion-
molecule reactions. For these molecules, whendgb@mbination energies of the reactant ions
were greater than the ionisation energies of tlrakreactants, long-range charge transfer
seems to be the main reaction mechanism. Thesksresam to suggest that many of the criteria
put forward for when long-range charge transfeusthoccur are not as critical as previously
thought. It is probable that in polyatomic moleaullkee generally large rovibrational density of
states makes the energy resonance criterion fiaciteeet, and that only a non-zero value for the
Franck-Condon factors is necessary for favouratéege transfer. It also seems that the need for
an unshielded orbital is also less important thas thought.

A comparison of the photon and ion initiated resarg of fluoroform with other molecules
in the CXF; series was made. These comparisons showed maitgrgies and trends in the
reactions. Most of the differences between the oudés can be explained based on the relative
C-X bond strengths. However, some of the differerfidghlight the non-halogen nature of the
hydrogen atom in CHE

Both photoionisation and ion-molecule reactiongehideen studied with both
octafluorocyclobutane and octafluorocyclopenterme.detafluorocyclobutane all the ion-
molecule reactions were found to have experimeatalcoefficients greater than those
calculated using Langevin theory. Inclusion of adjupole moment in the calculation of the
theoretical rate coefficient gave better agreemBEm. quadrupole moment should be considered
as a correction factor to allow for errors in trengevin assumptions, such as point particles.

Photoionisation of octafluorocyclopentene showeditieresting result that the ground
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electronic state of the parent cation has very vietgksity under threshold conditions.
Photoionisation experiments were performed undange of conditions; He(l) photoelectron
conditions, a high-resolution threshold photoelatispectrum and with electrons as the
ionisation source. These experiments showed teantbnsity of the ground electronic state is
massively increased when either electrons or Hé@dtons are used. In future it would be
interesting to determine whether the weaknesseos§itinal under threshold conditions is due to
an intrinsically weak cross-section or due to ott@npeting processes, for example fluorescence
or predissociation. No value was available forgh#halpy of formation of either
octafluorocyclopentene orsE;". Use ofab initio methods allowed these values to be obtained.

An extensive study was performed on the six cl@tirene molecules. The aim of this
study was to examine how chlorination of molecwalffscts ionisation processes. The addition of
chlorine atoms created clear trends in the stutbegxample an increase in electronic states
around 2 eV above onset of ionisation due to thericte lone pairs. Another aim was to see how
isomeric effects alter the processes when the aleutslecules are the dichloroethenes which can
exist in three isomeric forms. No clear sign ohisuic effects were seen in the photoionisation
of the dichloroethenes or when long-range chaester was energetically allowed. When only
chemical reactions could take place several intiegegsomeric effects were detected. The
clearest evidence was for the reactions of thelalioathenes with GF. Here completely
different products are seen depending on whetleenditral was 1,1-dichloroethene or 1,2-
dichloroethene. It appears that isomeric effectsoaty detectable when the ionisation processes
occur in a non-statistical fashion. If it is statial then the small structural differences between
the isomers will have little effect. It would albe of great value to study the chloroethenes by
ion-pair production. This is an inherently non-stital process and so isomeric effects may be
more noticeable. Products formed from the chemmeadttions indicate that very complicated
mechanisms must be taking place. These produatdvimextensive rearrangement of atoms
across the double bond. Future studies will bextorgne the ion-molecule reactions of the
fluoroethenes to see the effects of fluorine stttstn on reactivity and compare them to the
chloroethenes. Of real interest is whether sontbefntricate mechanisms observed in the
chloroethene reactions take place with the fludrerts.

Finally upgrades to the electron attachment mpssteometer have been described.

Characterisation of the new system shows improegfbpnance over previous versions.
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Rice Ramsperger Kassel Marcus (RRKM)

Appendix 1:

To aid in interpretation of the photoionisatiosuks RRKM calculations were attempted.
A programme as written in labVIEW based on BASI@egiven in.Unimolecular Reaction
Dynamics : Theory and Experimeiit,Baer and W. L. Hase, Oxford University Pressfa@d,

(1996)

Table Al1.1 shows the results for density of statessum of states if the following vibrations are
used in the calculations:
3030, 3020, 3010, 3005, 1503, 1401, 1383, 999, 81, 652, 333, 278, 250, 89 ¢rall are

singly degenerate.

To calculate density of states set R, number @attiarts to 0 and Qrotational partition constant

Calculations

to 1. For the sum of states R to 1 anddQL.

Table Al.1: Test results for RRKM calculations.

Energy /crii  Density of States / (ch)™ Sum of States
0 - -
100 0.01 1.70
200 0.02 3.37
300 0.04 6.14
400 0.05 10.35
500 0.08 16.50
600 0.11 25.23
800 0.19 53.86
1000 0.34 105.4
2000 3.3 1466
3000 19.2 10704
4000 83.6 55098




5000 300 226143

6000 937 789568
8000 6736 6.83 x 0
10000 36600 4.28 x 10
12000 161100 2.13x %0
14000 605900 8.91 x to
16000 2.01x 10 3.25x 16

To test the RRKM calculation the dissociationlef parent cation formed from 1,1-
dichloroethene by loss of a Cl atom was studied.
GH.Cly" — GH,CI" + Cl (re A1.1)
This required the vibrations of both the parenitoraand the transition state (TS) of the

fragmentation. The TS was found using the Bernyeptamisation routine included in Gaussain
03, as explained in chapter 3. The TS structus@dsvn in Figure A1.1.

— ¥
H

N
/

H

Cl

Figure Al.1: Transition structure for dissociatimfil,1-dichloroethene.

The structural parameters are: G-EI1.55 A, C-C§=3.6 A, C-C=1.28 A, C-H=1.09 A,
OCILCClL, = 79.71°1CI;,CC = 180.0°[1CI,CC = 100.3°[JHCH = 120.1°. The calculated

vibrations are 400.1, 570.8, 584.6, 690.4, 8438&9.200.8, 1354.4, 3090.3, 3287.1 and 4210.6

cmt.
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Figure Al.2: Breakdown diagram for dissociatiorCe,Cl," from TPEPICO data with RRKM fit.

Figure Al1.2 shows the measured breakdown diagrame&etion Al.1 recorded using the
TPEPICO experiment with a theoretical breakdowmydien calculated using RRKM theory. The
fit gives an appearance energy at 298 K for tite,CI" fragment as 10.85 eV. The experimental
AE,ggis 11.88 eV. This gives a difference in 1 eV betweneasured and calculated values. This
difference is probably too large to be due to kinehift, normal values are < 0.5 eV. Another
reason could be that there is a barrier in theahannel. Though it is a simple single bond
fragmentation, and therefore it is normal to asstiméthere is no barrier, it does involve the
rearrangement of several bonds. The C| atom wisi¢h remain on the molecule needs to move
in wards as the carbon will now be sp ndtlsybridised. As this occurs along with the removal
of the other Cl atom some interaction may takeelaetween them which causes a barrier to

arise.



Other reasons for the large difference could ksed to the calculation itself. It is
possible that the TS which was used in the caliculas not the correct one. There could be
another barrier at a smaller reaction coordinaewith C-Ch bond length is shorter a@rCl;CC
is smaller. Another reason could also be thathkental distribution of energies of the parent ion
has not been taken into account. To take thisantmunt the calculated breakdown diagram must
be convoluted with the internal energy distributadrihe sample gas, in this case it is a thermal
sample at 298 K, and an instrument resolution fancMore work is needed to improve the

RRKM calculations shown here.



Appendix 2:

Values used for the calculation of the enthalpy of

formation of c-CsFs

Table A2.1: Calculated enthalpies used to calcidatbalpy of formation of-CsFs.

Molecule E + thermal (kg) / Har ZH;9g Calculated / kJ mdl
Ck -338 -465
CH -438 -933
CoFy -476 -677
CoF -276 0.13
Ck -238 -197
Csks -989 Unknown
C4Fs -951 -1572
CsF4 -514 -554
CsFs -714 -1030
CsFs -913 -1766
CF -138 249

Table A2.1 lists the molecules used in the calauedf the enthalpy of formation afCsFs as
outlined in chapters 3 and 6. The first columrslite molecule; the second column gives the
calculated enthalpy of formation from our DFT cdétions. The final column lists calculated
enthalpies of formation from high-level coupledstir calculations. These calculations include
corrections for basis set superposition errorselsag spin-orbit corrections. These values are

taken from the following papers:

C.W. Bauschlicher, A. Ric¢d. Phys. Chem.,A04 (2000, 4581
C.W. Bauschlicher, A. Ric¢a. Phys. Chem.,A04 (2000, 9026



Appendix 3: Electronic Circuits for the Electron

Attachment Mass Spectrometer
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Figure A3.1: Circuit diagram for mains voltage slyp EAMS gate pulsing unit.
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Figure A3.2: Dual tracking voltage regulator for B& gate pulsing unit.
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Figure A3.3: Pulse circuit for EAMS gate pulsingtun
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Figure A3.4: High-gain amplifier circuit for EAMS.

iX



