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Supervisor’s Foreword

The research described in Matthew Simpson’s Ph.D. Thesis involves two aspects
of the spectroscopy and reaction kinetics of gas-phase ions. First, the observation
and analysis of negative ions following vacuum-ultraviolet excitation of poly-
atomic molecules using tunable radiation from a synchrotron source. Second, the
determination of rate coefficients and branching ratios of either cations or anions
reacting with polyatomic molecules in a Selected Ion Flow Tube at 298 K. This
thesis will lead to ca. ten papers plus one review in the international peer-reviewed
literature.

Using tunable vacuum-ultraviolet radiation from a synchrotron, negative ions
have been detected following photoexcitation of 24 gaseous molecules. The
molecules studied were CF,, SFg and CHy; the CF5X series where X = Cl, Br, I;
the CH5Y series where Y = F, Cl, Br; and SFsZ where Z = CF;, Cl. Spectra and
raw data only are reported for other members of the CH,F,, CH,CI, including
CCly, and CF,Cl, series where (x+y) = 4; and saturated and unsaturated members
of the C,,H,, and C,F, series up to m = 3. Product anions resulting from uni-
molecular ion-pair dissociation reactions were detected, and their ion yields
recorded in the range 8-35 eV at a resolution down to 0.02 eV. Absolute cross
sections for ion-pair formation and resulting quantum yields were calculated. This
vast collection of data is summarised and ion-pair formation from polyatomic
molecules is reviewed.

Selected Ion Flow Tube mass spectrometry has been used to study the reactions
of cations and anions with ethene, monofluoroethene, 1,1-difluoroethene, triflu-
oroethene and tetrafluoroethene. Calculated collisional reaction rate coefficients
are compared to those measured by the experiment. The product ions from these
reactions have been detected and their branching ratios measured. Many of these
results have been explained with arrow-pushing mechanisms which are used by
organic chemists. Perhaps more than many papers and reviews on ion-molecule
reactions, this work tries to explain why certain products are formed preferentially
over other products at a microscopic level of understanding.

The work reported in this Thesis will be of primary relevance to those involved
in experimental studies of the spectroscopy and kinetics of gas-phase ions,
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viii Supervisor’s Foreword
especially those working in the under-studied area of negative anions. The data
reported in Chap. 6 forms the most comprehensive set of vacuum-ultraviolet

excitation spectra forming anions in the scientific literature to date.

Birmingham, September 2011 Prof. Richard P. Tuckett
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Chapter 1
Introduction and Background
Information

1.1 Ion-Pair Formation

The first part of this thesis reports and discusses results collected from an exper-
iment designed to investigate the formation of ion pairs following the vacuum
ultraviolet photoexcitation of a gas-phase molecule. The experiment is described
in Chap. 2, and the results are discussed in Chaps. 3—6 and Appendix II. The
majority of this work has been published including a review [1-4]. Two other
papers, for which I am not the lead author, have also been published in the primary
literature [5, 6].

The production of an anion—cation pair of fragments following unimolecular
dissociation of an isolated gas-phase molecule is often called ‘ion-pair formation’.
For a diatomic molecule, AB, this reaction can generally be described as:

AB+hyv — A~ + BT (1.1)

For a polyatomic molecule, ABC, the ion-pair reaction may also produce neutral
fragments,

ABC +hv — A~ +BC* (1.2)
or
ABC+hv — A~ +B" +C (1.3)

This thesis is concerned exclusively with polyatomic molecules, so from
henceforth we will use reactions (1.2) or (1.3) to describe a generic ion-pair
reaction. In these studies, it is usually the anion, A™, that is detected as a function
of the photon energy. Anions formed in this way can either form directly or
indirectly. An anion—cation pair may be formed by direct excitation to the ion-pair
state, or indirectly via predissociation of an initially-excited neutral state of ABC.
Indirect formation is by far the more common mechanism, the excited neutral
states are nearly always Rydberg in character, and so our experiments relate
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2 1 Introduction and Background Information

closely to the vacuum-UV absorption spectroscopy of Rydberg states of poly-
atomic molecules.

A™ can also be produced above the ionisation energy of the parent molecule by
the alternative mechanism of dissociative electron attachment:

ABC +hv — ABC* + e~
followed by ABC + e~ — A"+ BCor A+ B + C (1.4)

A more accurate description of this type of study is therefore ‘negative photoion
spectroscopy’, and one should regard ion-pair formation in a polyatomic molecule
(1.2) or (1.3), as a special case of negative photoion spectroscopy in which a cation
is produced simultaneously. Furthermore, with ion-pair formation the signal of A~
increases linearly with the concentration or pressure of ABC, as only one molecule
of parent is needed to produce one anion. By contrast, if A~ is produced by
dissociative electron attachment (1.4), then the A™ signal should increase qua-
dratically with the concentration of ABC since two molecules of ABC are needed
to produce one anion; at the very least, the rate of change of A~ signal will
increase as the concentration of parent molecule increases. Whilst the formation of
A™ by reaction (1.4) is also a multi-step indirect process, we will always describe
this method of anion production as two-step dissociative electron attachment. This
will avoid confusion with the indirect ion-pair reaction described above for pro-
duction of an anion—cation pair by predissociation of a Rydberg state of ABC.

Typically, these unimolecular reactions are endothermic by between 8 and
25 eV, ca. 150 nm, with this energy increasing as the extent of fragmentation of
the polyatomic molecule increases. Therefore, a photon in the vacuum-ultraviolet
(VUV) region of the electromagnetic spectrum must be absorbed by the molecule
(Fig. 1.1), and it is no surprise that the majority of negative photoion studies of
polyatomic molecules use tunable VUV radiation from a synchrotron as the source
of electromagnetic radiation. For spectroscopic studies, the relatively poor reso-
lution of such sources, compared to other sources such as VUV lasers, is more than
compensated by the ease which the photon energy can be tuned. For dynamical
studies, radiation from a synchrotron can operate either as a source of linearly- or
circularly-polarised radiation, but such properties have received little attention to
date in negative photoion or ion-pair studies.

For reaction (1.2), the appearance energy of the anion, AE(A™) is constrained to
the energetic relationship:

AE(A™)>D°(A — BC) + IE(BC) — EA(A) (1.5)

where D’ is a dissociation energy, IE an ionisation energy and EA an electron
affinity. If experiments are performed at 298 K, then we can write:

AEz08(A™) > DSog(A — BC) + IE(BC) — EA(A) (1.6)
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Fig. 1.1 Part of the electromagnetic spectrum, showing the vacuum ultraviolet region

To avoid confusion about signs, we note that whilst the /E of a molecule is always
positive (i.e. the reaction ABC — ABCT + e~ is always endothermic), we use
the convention used by most chemical physicists that a positive EA corresponds to
the energy of A~ lying below that of A (i.e. the reaction A + e~ — A™ is
exothermic). As stated earlier, ion-pair production can either occur directly into
the ion-pair continuum, or indirectly following predissociation of an initially-
excited Rydberg electronic state into the continuum. On Franck—Condon grounds
the latter process is more common [7], so the detection of ion pairs provides
information on the electronic structure of a molecule and the decay dynamics of its
excited states.
An alternative way to express the inequality of Eq. 1.1 is to write:

AE(A™) >IE(ABC) + D°(A —BC") — EA(A)
AE3(A™) > 1E(ABC) + D5gs(A — BC) — EA(A) (1.7)

Thus, ion-pair formation may occur at energies below the adiabatic IE of ABC if
the electron affinity of A exceeds the dissociation energy of A — BC*. Anions are
then being detected in the absence of photoelectrons, facilitating the experiment.
This condition is met for all the thallium halide diatomic molecules [8]. Fur-
thermore, for T1Br and TII the threshold for ion-pair formation occurs above the
VUV onset of 200 nm, or below ca. 6 eV, making the detection of anions with
conventional UV lamp sources relatively easy. Thus the study of the negative
photoion spectroscopy of these molecules started as early as the 1930s. The hal-
ogen and inter-halogen diatomic molecules provide a rich source of ion-pair states,
due to the relatively high EA value of all the halogen atoms. These molecules,
reviewed in [9], could be studied by VUV and UV lasers operating in the wave-
length range of ca. 150-250 nm (or 5-8 eV), and were complemented by syn-
chrotron studies using VUV radiation from the second generation of these sources.

The first studies on polyatomic molecules in the 1960s, mostly from the
National Bureau of Standards in Washington DC, USA, used the continuum
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sources from discharge lamps coupled with mass spectrometric detection of the
anion, but these studies rarely accessed wavelengths below 100 nm, or photon
energies above 12.4 eV [10, 11]. The first set of dedicated experiments on poly-
atomic molecules using VUV radiation from a synchrotron were made in the early
1990s by Mitsuke et al. [12-16] at the Institute of Molecular Sciences in Okasaki,
Japan, and a range of molecules were studied including CH4 and larger hydro-
carbons, CF,4, SF¢ and CH;X (X = F,Cl1,Br). The state of knowledge of ion-pair
states in diatomic and polyatomic molecules up to 1996 was reviewed by
Berkowitz [7]. A more recent project using a pulsed time-of-flight reflectron mass
spectrometer to detect anions has been initiated by Tian et al. [17, 18] at the
National Synchrotron Radiation Laboratory in Hefei, China. Starting in the 1990s,
the development of imaging techniques opened a new window into ion-pair
spectroscopy. Coupled with linearly-polarised VUV lasers, the dynamics of ion-
pair dissociation via molecular Rydberg states started to be investigated, with
detailed studies on CH3Cl and CH3Br being reported [19, 20]. Simultaneously, the
development of threshold ion pair production spectroscopy [21, 22] applied to
diatomic and some hydride triatomic molecules meant that the full potential of
laser-based coherent VUV sources at high resolution could be applied to ion-pair
formation. These studies up to 2006 were reviewed by Suits and Hepburn [23].

In the work reported in this thesis, we have exploited the increased sensitivity of
modern mass spectrometers and the wide tunability and availability of synchrotron
sources over the energy range 10-30 eV to study anion formation from a wide
range of polyatomic molecules. The systems studied include CH4, CF,, SF¢, CH5X
(X = F,CLBr), CF3Y (Y = ClBr,I), SFsZ (Z = C1,CF3), CH,F, (x +y =4),
CH(Cl, (a+b=4), CFCl; (c+d=4), C,H, and C,F, (m = 1,2,3). For
common molecules studied, a much wider range of anions are observed than those
observed by Mitsuke et al., and a generic methodology has been developed to
determine absolute cross sections and quantum yields for anion formation; this has
never been done before for such a wide range of molecules. The data form the
most comprehensive collection of information on ion-pair formation in polyatomic
molecules since the Berkowitz review [7]. In addition, attempts are made to
explain why some anions form in preference to others. Since many of our studies
involve fluorinated molecules, it is perhaps not surprising that phenomena such as
the electronegativity of the departing anion and the perfluoro effect [24] can
explain some of the observations. However, certainly for indirect ion-pair for-
mation, it is the dynamics of the crossing between the Rydberg and the ion-pair
state which determine predominantly the product anions that are formed.

1.1.1 Direct and Indirect Ion-Pair Formation, Rydberg States

In their review on halogen diatomic molecules, Lawley and Donovan [9] suggest a
model for the potential energy function of an ion-pair state, incorporating an
exponential repulsion term with a long-range Coulombic attractive interation,
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2
V(r) = Aexp(—oar) —

dmegr Eyp (18)
V(r) is the potential energy, r the bond distance along the reaction coordi-
nate, A and o are constants, and Ej, is the energy needed to place V(r) onto an
absolute scale. For reaction (1.1), E;, = D°(A —B) +IE(B) — EA(A). This
model assumes both pure ionic behaviour and the equilibrium bond distance of the
ion-pair state at equilibrium being large.

As stated in Sect. 1.1, anion—cation pair may be formed by direct excitation to
the ion-pair state, or indirectly via predissociation of an initially-excited neutral
state. Figure 1.2 shows these two processes for the generic polyatomic molecule
ABC dissociating into A~ + BC". Direct ion-pair formation involves excitation to
the repulsive inner wall of the potential energy surface above the asymptotic
dissociation energy. Consequently, the transition may have very small Franck—
Condon factor at threshold, and vibrational states of the ion-pair potential curve
cannot be probed. However, given the necessary sensitivity in the experiment,
unless the Franck—Condon factor is truly zero at threshold one would expect the
signal of A™ to turn on at its thermochemical energy. By contrast, for the indirect
process the restricting factor is not this Franck—Condon overlap, but rather the
degree of coupling between the initially-excited neutral state and the ion-pair state.
In addition, vibrational levels within the neutral excited state can be probed.
Although it is not shown as such in Fig. 1.2b, there is now no reason why the
signal of A™ should turn on at its thermochemical threshold, because the initially-
excited neutral state may lie higher in energy than the A~ + BC™ threshold. This
explains the inequality in the energetics of Eqs. 1.5-1.7. Nevertheless, regardless
of which process leads to the formation of ion pairs, competing processes can
result in products other than A~ + BC* being formed. These processes include
neutral dissociation, molecular ionisation, or fluorescence. The measurement of
quantum Yyields for these different exit channels is notoriously difficult, especially
in the VUV region of the spectrum where absolute standards can be difficult to
obtain. However, the general acceptance is that the quantum yield for ion-pair
formation in polyatomic molecules is small, typically 10> or less, with the value
decreasing as the size of the molecule increases [7, 23, 25].

Rydberg states are commonly identified as the initially-excited intermediate
involved in indirect ion-pair formation (i.e. ABC* in Fig. 1.2b) [7, 25].
A molecular Rydberg state is a high-lying electronic state of the neutral molecule
where an electron is excited such that it observes the molecule as a distant
positively-charged core. The Rydberg electron resides in an atomic-like orbital
which is very large compared to the size of the molecule. Series of Rydberg states
converge to ionisation limits and generally obey the Rydberg formula [25, 26]:

E, =IE — Lnli—“s)z] (1.9)
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(a) Direct ion-pair formation (b) Indirect ion-pair formation

hv hv

A+BC A+BC

ABC
ABC

r(A-BC) r(A-BC)

Fig. 1.2 a Potential energy (V) as a function of bond distance (r) showing direct ion-pair
formation process for the generic reaction ABC +hv — A~ +BC". E;, represents the
asymptotic ion-pair dissociation energy. b Potential energy (V) as a function of bond distance
(r) showing indirect ion-pair formation process via predissociation of a neutral excited state
(ABC"), i.e. ABC +hv — (ABC*) — A~ + BC*

where E, is the energy of the nth Rydberg state, IE is the ionisation energy to
which the Rydberg series converges, R, is the Rydberg constant (109737.32 cm™!
or 13.6059 eV, the IE of atomic hydrogen), n is the principal quantum number of
the Rydberg orbital, and 0 is the quantum defect. (E,, — IE) is called the term
value. The angular momentum quantum number, /, of the Rydberg orbital is
identified by . For example, the value of ¢ will be the same for each member of an
ns (or np or nd... etc.) Rydberg series. Typical values of ¢ for period 1 and 2
elements of the periodic table are: for ns series, 0.9-1.2; for np series, 0.3-0.6; for
nd series, <0.1 [26]. In addition, ¢ values increase with increasing period number.
Thus, an np Rydberg orbital in CI will have a larger quantum defect than an np
Rydberg orbital in F. J therefore represents an arbitrary, dimensionless number,
the magnitude of which reflects the degree of orbital-core penetration, including
the shielding effects of ‘core’ electrons on the Rydberg electron. The Rydberg
formula originated from the analysis of the spectrum of atomic hydrogen, a single-
electron system with no requirement to define ¢; in Eq. 1.9, for atomic H ¢ = 0.
The quantum defect is introduced for many-electron systems to account for
electron—electron interactions. Thus, the smaller the value of J, the more the
system behaves like a hydrogen atom and the more diffuse the Rydberg orbital
becomes.

Peaks in a spectrum (providing a value for E,) may be assigned to a Rydberg
orbital using the Rydberg formula if the value for the /E is known. In practice, it is
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common that several assignments exist for the same value of E, because of many
possible combinations for /E, n and J. Assignments presented later are therefore
given with a degree of uncertainty, reflecting the moderate resolution at which the
negative photoion spectra are recorded. One particular difficulty in assigning
molecular Rydberg orbitals is that only quantum defect values for atomic systems
are well known. In this work the tabulations by Theodosiou et al. [27] were used as
a guide to identify appropriate quantum defect values. More confident assignments
require E, to be known more accurately from higher-resolution spectra, or several
peaks to be fitted to the same Rydberg series; the latter is more likely to be possible
from total photoabsorption or atomic spectroscopy.

1.1.2 Thermochemical Aspects of Ion-Pair Formation

The standard enthalpy of a unimolecular reaction, A,H°, can be calculated if the
standard enthalpies of formation (A#1°) for each individual reactant and product
species are known. All our experiments are performed at 298 K, and thus the
following relationship can be used:

AH5g = Z ArH3gq (products) — Z ArH3q (reactants) (1.10)

The AgH®503 values used to calculate these enthalpies of reaction are taken from
standard sources [28, 29], although more recent and accurate data may be available
for some of the ion-pair products we observe. In reality, however, it is the change
in standard Gibbs energy of the reaction, A,G°, and not the change in standard
enthalpy, which determines the thermodynamic feasibility of a reaction. The
relationship between A,G° and A,H° is given by:

AG° = AH® — TA,S° (1.11)

where T is the temperature in K and A,S° is the standard entropy of reaction. Thus,
the effects of entropy in a reaction are ignored when using enthalpy, and not free
energy, values. For most ion-pair reactions needing the input of a vacuum-UV
photon (e.g. 10 eV = ca. 965 kJ mol™"), the TA,S° term is small compared to the
magnitude of A,G° or AH°, even though An, the number of product minus the
number of reactant species, for reactions (1.1)—(1.3) is always positive and never
zero. We therefore believe that the use of AH°, the endothermicity of the reac-
tion, instead of A,G° is justified, provided this fact is acknowledged. However, in
the very few cases where A,H° is very small and A,S° is very large, this
approximation may not be applicable. Note that for bimolecular reactions
involving cations or anions, which are considered in the second half of this thesis,
A,H° values can be much smaller, and the magnitude of TA,S° may sometimes lie
within the uncertainty of the calculated A,H° value. Then entropic effects may be
significant.
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It has already been seen that the asymptotic ion-pair formation energy, Ej,,
from a generic polyatomic molecule ABC can be expressed using either of the two
equations:

Ej,(A~ + BC") = D’(A—BC) + IE(BC) — EA(A)
E,(A” 4+ BC') = IE(ABC) + D°(A —BC*) — EA(A) (1.12)

As seen earlier, one advantage of using the second of these two equations is to
identify that ion-pair formation can occur at an energy below the onset to ioni-
sation: E;, < IE when EA(A) > D°(A — BC"). This is often the case when A is a
halogen atom because their EA values are relatively large. Below the IE, any ion
formed must arise as a result of an ion-pair reaction, and positive or negative
species can be detected with relative ease. Above the /E, however, in addition to
anions, cations and free electrons are produced often in huge excess, which pro-
vide additional experimental challenges.

In practice, the value of Ej, is often not known or cannot be measured, and it is
more convenient to use the experimental appearance energy instead. Although
there are several definitions of the appearance energy in the literature, at the
relatively modest resolution of our experiments, ca. 0.05-0.20 eV (see Chap. 2),
we believe it most appropriate to define the AE; at the temperature of the
experiment, 7 (which is usually 298 K), as the lowest energy at which ion-pair
formation is detected; that is, the photon energy at which an anion signal is first
observed above the background noise. This can be considered as the value for Av
shown earlier in Fig. 1.2a and b. The two equations of (1.12) may then be re-
written as the inequalities shown earlier in Eqs. 1.5-1.7. These inequalities can be
used to calculate an upper limit to the value of either a bond dissociation energy or
an ionisation energy, or a lower limit to the value of an electron affinity, whichever
has the least well-known value [7, 30].

The anion is detected is identified by its mass (Chap. 2). However, the positive
ion and any neutral fragments produced by the ion-pair reaction are not known.
The enthalpy change for a unimolecular ion-pair reaction may be calculated using
Eq. 1.10 and compared with onsets to features in a spectrum. Previous experi-
mental results from Mitsuke et al. showed that an experimental AE; value com-
monly occurs at, or slightly higher in energy than the calculated thermochemical
threshold (i.e. the value for Ej, calculated from Eq. 1.12). Assigning an AE; value
to a particular reaction is often straightforward, because usually only one ion-pair
dissociation is energetically possible; for the lowest-energy ion-pair process only
one bond is broken and no neutral fragments are produced. Assigning a reaction to
features in a spectrum at higher energy is often more difficult because many
different ion-pair dissociation channels become energetically open.

The values calculated from the right-hand side of Eq. 1.10 are enthalpy
changes. Before proceeding further, energy and enthalpy must be distinguished.
Consider one molecule of an ideal gas interacting with a photon to produce a
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negative—positive pair of ions. The enthalpy change, A,H°, does not allow for the
fact that some internal energy is transferred to the surroundings as an increase in
volume and/or pressure; the number of gaseous species increases due to the uni-
molecular dissociation reaction, An > 0, and the products are produced with
translational momentum. The enthalpy change of a gas-phase reaction where all
the species behave as ideal gases is defined by:

AH° = AU’ + RTAn (1.13)

where U is the internal energy and R the universal gas constant. Energy and
enthalpy are only equivalent quantities when 7= 0 or An = 0. Corrections to AE7
values, so that they may be compared to those for A.H%, have been outlined by
Traeger and McLoughlin for photoionisation reactions [31]. For the generic ion-
pair reaction ABC +hv — A~ + BC™ at 298 K, their methods can be modified to
show that

208 208
5
A HSgg <AExs(A7) + / cpm(A7).dT + / cpﬁm(BC‘F).dT — ERT (1.14)
0 0

where ¢, ,, is a molar specific heat capacity at constant pressure. The upper limit
for A,Hjyg arises because the appearance energy of A~ defines an upper limit to
the thermochemical energy of A~ 4+ BC™. The inequality arises in the presence of
a kinetic shift and/or a barrier in the exit channel, the equality holds if both effects
are insignificant. Considering the second and third terms in the right-hand side of
Eq. 1.14,

298
/ cpm (A” or BCY).dT = HSq — H{ (1.15)
0

For both anion and cation, this term may contain contributions from translational
(2.5RT), rotational (up to 1.5RT) and vibrational (Njhv /[exp(hv/kgT) — 1] per
mode) motion evaluated at 7 = 298 K. For many neutral molecules where all its
vibrational frequencies are known, values of Hjy, — Hf are tabulated [28]. For
some anions and cations, ab initio calculations of vibrational frequencies may be
necessary. In practice, however, unless the products of the reaction are large
polyatomic species with many low-frequency vibrational modes contributing to
their vibrational partition functions, the difference between A,Hj, and AE,og
is relatively small, typically <0.1 eV or 10 kJ mol~". This correction falls within
the combination of uncertainties in the calculated A,H°; and AE; values deter-
mined in this work. In this thesis, therefore, the thermal correction is ignored:
experimental energy values are compared like-for-like with calculated enthalpy
change.
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1.2 Ton—-Molecule Reactions

The second part of this thesis reports and discusses the results collected from an
experiment designed to investigate the gas-phase reactions of ions with neutral
molecules. A variety of cations and anions have been reacted with ethene and
some fluorine-substituted ethenes. The experiment is described in Chap. 2 and the
results are discussed in Chaps. 7-9. Additional data is presented in Appendix IV
and V. None of this work is yet published, but it will be written up for publication
in the primary literature over the next year.

The primary aim is to measure the rate coefficient and product ions of a generic
ion-molecule reaction in the gas phase,

Ator A~ + BC — product cations or anions + neutral species (1.16)

All reactions are measured at 298 K in a selected ion flow tube (SIFT) apparatus.
These experiments are more mature than the negative ion spectroscopic experi-
ments, the SIFT apparatus used is over 25 years old, and it has been described in
many detailed reviews [32, 33]. A much smaller Introduction to this part of the
thesis is therefore given. However, particular emphasis is given here to the dif-
ferent mechanisms that can describe the dynamics of how the reaction between a
cation/anion with a neutral molecule can occur.

1.2.1 Cation-Molecule Reactions

Charge transfer is important in the reaction between a cation and a neutral mol-
ecule. If the energy gained by the cation recombining with an electron [its
Recombination Energy (RE)] exceeds the energy required to remove an electron
from the neutral molecule [its lonisation Energy (IE)], then charge transfer may
occur:

A"+ BC — A + BC' (1.17)

The RE of the cation A* is the same as the IE of neutral A, and takes a positive
value. If the RE (A*) >> IE (BC), several eV for example, the resulting excess
energy may fragment the newly formed cation:

A"+ BC — A +(BC)'— A +B + C' (1.18)
or A+ BC — A + (BC")"— A + B"+ C (1.19)

Dissociative and non-dissociative charge transfer has been observed from a variety
of different cation-molecule reactions. Results have shown that in most cases, if
charge transfer is energetically allowed, it will occur and is usually the dominant
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reaction channel [34-45]. The same experiments have shown that some cations
and molecules do not react when the energetics do not allow for charge transfer. In
these instances for a reaction to happen, the two species must engage ‘intimately’,
and steric effects become important in addition to energetics. The term intimate is
used to describe a reaction where the two species interact at close proximity, and
bonds are formed and/or broken.

1.2.2 Anion-Molecule Reactions

Consider the generic anion-molecule reaction below:
A™ + BC — products (1.20)

For an electron to transfer from A~ to BC, the Electron Affinity (EA) of BC must
be greater than the EA of A. This is not the case for many anion-molecule reactions
because usually the FA (A) > EA (BC). Indeed when charge transfer has been
observed, the EA of the neutral reactant molecule is large; dissociative and non-
dissociative charge transfer has been identified in some reactions of O,, O,
CF;, OH™ and F~ with SFg (FA = 1.1 eV), SeF¢ (FA = 2.9 eV), and TeFq
(EA = 3.3 eV) [46]. To put these values into context, the EA values of O,, O, CF3,
OH and F are 0.45, 1.46, 1.82, 1.83, and 3.40 eV, respectively [47].

Such charge transfer is not common, and anions are more likely to react inti-
mately with molecules. Anion-molecule reactions have been shown to commonly
occur by abstraction (e.g. H abstraction), or addition—elimination/substitution
(e.g. F~ elimination) mechanisms [48-50].

1.2.3 Collisional Rate Coefficients

In bimolecular reactions a collisional rate, also known as a capture rate, represents
an upper limit which assumes every collision leads to a reaction. The efficiency of
a reaction can be determined by comparing the maximum rate with that measured
by experiment. The ratio of an experimentally measured rate coefficient, keyp, to a
calculated collisional value, k., represents the reaction efficiency. Bimolecular
collisional rate coefficients for ion-molecule reactions are typically in the order of
10~ cm® molecule ™" s .

The values for k. given in this work use the model formulated by Chesnavich
et al. [51], and further modified by Su and Chesnavich [52-54]. It assumes the

potential energy interaction between the reactant ion and molecule takes the form:

A qup
V(r,0)=— — 0 1.21
(r,0) 8megrt  4megr? cos ( )
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where V is the potential energy of interaction in J, o’ is the polarisability volume of
the neutral molecule in m?, g is the charge on the ion in C, & is the permittivity
of free space (8.85419 x 1072 C>m™! Jfl), r is the distance between the centres
of mass of the ion and neutral molecule in m, pp is the dipole moment of the
neutral molecule in C m, and 0 is the angle between the direction of the dipole with
respect to r. The resulting expression for the collisional rate constant is:

kc = kLKc (122)

where k. and k; are defined here in units of m> molecule ! s7!, and K. is
dimensionless. k; is the Langevin rate coefficient, named after the scientist who
first modelled the dynamics of ion—molecule interactions [55], and formulated by
Gioumousis and Stevenson [56]:

/.2 %
K, = (qu ) (1.23)

ol

where p is the reduced mass of the colliding species in kilogram. The other term in
Eq. 1.21, K., is defined as follows [54]:

(x + 0.5090)
S 10.9754; <2
10526 I
K, = { 0.4767x + 0.6200; 2<x<3 (1.24)
0.5781x + 0.3165; 3<x<35
0.6201x — 1.153; 35<x <60
0.6347x — 2.029; x>60
2 3
Hp .
—(—Hp 1.25
* (8nsooc’kBT> (1.25)

where kj is the Boltzmann constant in J K~', and T is the temperature in K.

It should be acknowledged that Eqgs. 1.21-1.25 are expressed in International
Standard (SI) units, and so may differ to those in older scientific literature where
centimetre-gram-second (cgs) units are commonly used. The first difference to
note is that a polarisability in cgs units of cm? is often expressed as o, whereas in
SI units the equivalent quantity is referred to as the polarisability volume in m>
with the symbol o. In SI units the polarisability, o, has units of C* m* J~' and is
related to the polarisability volume, o, by the following expression:

, o

=— 1.26
471?8() ( )

The second difference to note is how the unit of ‘charge’ is expressed. Charge in

cgs units (cm™* g% s™") can be converted to SI units (C or A s) by using the

relationship below:
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Table 1.1 Polarisability volumes and dipole moments for ethene and the fluorinated ethenes

Molecule C2H4 C2H3F CH2CF2 CzHF:; C2F4
o [A3 4.25° 3.994 5.01° 4.164 4354
pip/DP - 1.47° 1.39° 1.32¢ -

2 The polarisability volume, o/. For simplicity, units of o are often given in A®> where 1
A =107 cm® =107 m?

® The dipole moment, pp. Values of up are commonly expressed in units of debyes (D), where 1
D = 3.336 x 1072° C m (SI units)

¢ Value taken from the CRC handbook of Chemistry and Physics [58]

4 Value calculated using the method developed by Miller [57]

(ST

1
charge(cgs) = charge(SI) x <m> (1.27)

This is relevant in the equations above to the terms g and p, which have SI units of
C and C m, respectively.

In order to calculate k. for a reaction, the polarisability volume and dipole
moment (if applicable) of the neutral molecule are required. The values used in
this thesis, and their sources, are given in Table 1.1. While dipole moments of
molecules are not difficult to find in the scientific literature, molecular polaris-
abilities often are. However, a very successful method to calculate polarisability
volumes has been developed by Miller [57]:

2

o (ahc) = GV) ZA: 14 (ahc) (1.28)

where N is the total number of electrons in the molecule and 74 is an atomic hybrid
component (ahc) for each atom A in a given state of hybridisation.
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Chapter 2
The Experiments

2.1 Negative Photoion Spectroscopy
2.1.1 The Synchrotron Radiation Source

Energy must be absorbed by a molecule in order for ion-pair dissociation to occur.
Synchrotron radiation is ideal for such experiments because it provides a bright,
monochromated and tunable energy source across the entire electromagnetic
spectrum [1]. Synchrotron radiation sources accelerate electrons at relativistic
velocities in a circular orbit using magnets; this takes place in a storage ring, tens
of metres in diameter. The accelerating charges emit collimated light tangentially
to the orbital path. Collected from the storage ring at a beamline, the light is
optically focused into a monochromator prior to entering the experimental end
station. The experiments described in Chaps. 3-6 utilised vacuum ultraviolet
(VUV) radiation from beamline 3.1 at the UK Daresbury Synchrotron Radiation
Source (SRS).

The Wadsworth monochromator, focal length 1 m, installed on beamline 3.1 is
designed to provide the user with a high flux beam, albeit at the expense of
wavelength resolution; it does not have an entrance slit limiting the amount of light
hitting the diffraction grating, as is common in many other designs [2]. A dif-
fraction grating consists of a large number of equally spaced parallel grooves cut
into a reflective surface. The angle of the grating relative to the incident light
determines which wavelengths will interfere constructively when reflected from
the surface. It can be observed from Fig. 2.1 that for constructive interference of
light to occur, the difference between distances x; and x, when divisible by an
integer must equal the wavelength, A; note that angles i and 6 are both measured
relative to the same normal reference, one angle taking a positive value, the other a
negative value. Distance d represents the spacing between grooves on the surface
of the grating. The relationship between the relative position of the grating (with
respect to angles i and ), d and / can be written as follows:

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 15
DOI: 10.1007/978-3-642-23129-2_2, © Springer-Verlag Berlin Heidelberg 2012
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dsini=x, —dsinf=x,

Incident light
Reflected light

Diffraction Grating

Fig. 2.1 A simple diagram to show how a diffraction grating works. Distances x; and x;
represent the side of a right angle triangle ‘opposite’ to the angles i and 60, respectively. Distance
d represents the spacing between grooves on the surface of the grating

mA = d(sin i + sin 0) (2.1)

where m represents an integer value. When angles i and 0 are equal and opposite,
all wavelengths of light are constructively reflected and m takes the value of zero:
hence the term zero-order radiation. During scanning experiments, however, first-
order radiation is used (m = 1). Higher-orders of radiation become a problem
when the desired energy of radiation is relatively low, i.e. between 8 and 16 eV.
For example, a first-order spectrum at 10 eV may contain unwanted contributions
from second-order radiation at 20 eV. In such cases, a lithium fluoride window
may be placed in the path of the beam; LiF absorbs all radiation above 11.7 eV,
thus eliminating contributions from higher orders.

Two different diffraction gratings are installed within the beamline 3.1 mono-
chromator. The medium energy grating (MEG) is efficient in the range 8-18 eV
and the high energy grating (HEG) from 12 to 35 eV. The beam of light reflected
from the diffraction grating is directed through a manually controlled slit, known
as the exit slit, before passing into the experimental endstation. A reduced slit
width provides a higher resolution of light for the experiment, but the total flux is
reduced; likewise a larger slit provides higher flux for the experiment, but at the
expense of resolution.

A few experiments discussed in Chap. 6 used the 5 m focal length McPherson
monochromator installed on beamline 3.2 at the SRS. This monochromator
provides superior resolution for a given exit slit width compared to 3.1 due to
the longer focal length, but the principles of operation are exactly the same as
described above.
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Fig. 2.2 A simple diagram of the experimental endstation used for detecting negative photoions
2.1.2 The Experimental Endstation

A simple diagram showing the main components and setup of the experimental
end station is presented in Fig. 2.2, and should be referred to when reading the
description below.

A 2 mm diameter, 300 mm long capillary light guide connecting the experi-
mental apparatus to the beamline directs the monochromatised light to the inter-
action region. The gas under study is injected via a needle generating an effusive
directed jet (with no internal cooling) which bisects orthogonally the incident
photon beam. The crossing point, which dictates the centre of the interaction
region, is positioned in the middle of two grids on the third orthogonal axis.
A three-element electrostatic lens for focusing, and into a Hiden Analytical HAL
IV triple quadrupole mass spectrometer (QMS) for mass selection. Detection is
achieved by a channeltron electron multiplier. Sensitivity is considerably enhanced
by differential pumping which reduces the number of free electrons and secondary
collisions in the QMS. Spectra in which the monochromator is scanned are flux
normalised using a sodium salicylate (NaSal) window and visible photomultiplier
tube (PMT) combination, which has a constant response over the energy range of
the experiments. The apparatus and QMS, connected via a 1 mm diameter aper-
ture, are pumped separately by turbo pumps which are backed by a common rotary
pump, and the base pressure of the apparatus is approximately 10~/ mbar. With
sample gas running, the typical pressure in the chamber is raised to 10™> mbar.
The pressure inside the chamber is measured using an ionisation gauge,
the sensitivity of which to the sample gas under study is calibrated in a separate
experiment relative to N, gas using a capacitance manometer (Dunn 2009 private
communication) [3].

Mass spectra are recorded to observe all anions produced from photo absorption of
the sample gas by exposure to white light (i.e. zero-order radiation). The mass-to-
charge ratio (m/z) of each peak in the mass spectrum is then fixed and the signal
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recorded as a function of photon energy, typically over the range 8-35 eV. In addi-
tion, for each anion, its signal is recorded at a fixed photon energy (usually the energy
of a peak observed in the spectrum) as a function of sample gas pressure over the
typical range (0.5-5.0) x 10~> mbar. Anions which show a non-linear dependence
with pressure cannot be assigned as ion-pair products, and their signal is most likely
influenced by secondary processes. Anions which show a linear dependence of signal
with pressure can be attributed to ion-pair formation; being a unimolecular process,
the rate of formation of ion pairs is expected to obey first-order kinetics. Full details of
the pressure dependencies are given in Chaps. 3-6.

2.1.3 The Determination of Absolute Ion-Pair Cross Sections

Anion spectra resulting from ion-pair formation are presented as cross sections, o,
in absolute units of cm”. The value of ¢ at a given photon energy hv is calculated

as follows:
o(hv) = k(%) (2.2)

where S is the detected signal in counts s~', M is the relative mass sensitivity of the
QMS, fis the relative photon flux (effectively a measure of the grating efficiency),
r is the storage ring current, p is the sample gas pressure corrected for ionisation
gauge sensitivity and k is a normalisation constant. Normalisation to f, » and p is
straight forward, but this is not the case for M. An extensive set of experiments was
performed to determine M as a function of m/z, described below in Sect. 2.1.5.

The corrected signal (to M, f, r and p) for F~ from SFg is normalised to the known
cross section at 14.3 eV of (7 + 2) x 1072! ecm? [4]. Likewise, the corrected signal
for F~ from CF, is normalised to its value at 13.9 eV of (1.25 £ 0.25) x 1072' cm?
[5]. (Itis noted that these known cross section values are not strictly absolute, but are
obtained from calibrated measurements of O~ yields from O, [6]). Thus, normali-
sation factors k(SF¢) and k(CF,) are determined. An average of these two k values is
then used in Eq. 2.2 to determine cross section values for anions from other gases.
In theory, these two values should be the same. In practice, they vary by a factor
ranging from 1.2 to 1.7. These measurements were made at every visit to the SRS,
and the appropriate average value of k was used.

2.1.4 The Determination of Quantum Yields

The ion-pair cross section from a molecule, calculated as described above in Sect.
2.1.3, can be divided by the toral photoabsorption cross section for that molecule
(absolute values are taken from the literature, where available, and are referenced
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where appropriate in Chaps. 3—6) to provide an ion-pair formation quantum yield,
®. Thus, the value for ® represents the probability that the absorption of a photon
will lead to ion-pair formation. Individual values for ®@ are quoted with the photon
energy at which the ion-pair and total photoabsorption cross section values are
taken.

2.1.5 Considerations When Detecting Ions with the QMS

All quadrupole mass spectrometers exhibit an element of mass discrimination,
with a tendency to transmit heavier ions less efficiently [7]. To correct for this
effect the mass factor, M, has been determined by comparing the cation mass
spectra of many polyatomic molecules in the QMS, following 70 eV electron
impact ionisation, to ‘true’ mass spectra published in the electronic NIST database
[8]. The values for M used in Eq. 2.2 are taken from the plot shown in Fig. 2.3.
It can be seen that as m/z increases, the detection efficiency of the QMS decreases
and a higher M value is required to correct this effect.

The zero-blast effect arises because all ions entering the QMS may be trans-
mitted when the applied potentials are set to detect m/z values close to zero [7].
This becomes important when studying hydrogen-containing molecules; the tail of
the zero-blast peak in the mass spectrum overlaps with m/z 1. Therefore,
H™ spectra can only be trusted where there is no resemblance to other anion
spectra recorded from the same molecule. Examples where this has caused
problems include H™ detected from CH3X molecules (X = F, Cl, Br), where the
H™ spectra can mimic the X~ spectra [9]. By contrast, H™ detected from CH, is an
example where this is not an issue because the H™ signal is dominant [10].

2.2 Ion—Molecule Reactions
2.2.1 The Selected Ion Flow Tube

The Selected Ion Flow Tube (SIFT) is an experimental apparatus used to study
gas-phase ion—molecule reactions. An experimental rate coefficient can be mea-
sured and the ionic product species for the reaction can be identified. The relative
branching ratios (BRs) for the detected products can also be determined. The SIFT
technique has been described in detail in several review papers [11-13].
A description of the experiment, and how rate coefficients and BRs are determined,
is also presented here.

The SIFT is vacuum sealed, and consists of three distinct sections. First is the
ion source, where cations and/or anions are produced from a neutral precursor
molecule by electron impact ionisation. Second is the flow tube, where helium
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buffer gas carries the ions downstream to a point where the neutral reactant is
injected, and the reaction may occur. Third is the detection region, where the
product ions are mass filtered and detected. Figure 2.4 presents a basic schematic
of the SIFT, showing how these three sections relate to one another.

The ion source consists of a small closed chamber containing a tungsten fila-
ment and a series of electrostatic lenses. A simple cartoon of the ion source,
showing the example of selecting C,F," ions from CsFg source gas, is presented in
Fig. 2.5. When no gas is flowing a diffusion pump, backed by a common rotary
pump, achieves a vacuum pressure of ca. 1076 mbar. During operation, a neutral
source gas is introduced into the chamber such that a relatively high pressure is
maintained, ca. 10~* mbar. Molecules from the source gas are ionised by 70 eV
electrons; the filament emits electrons which are subsequently accelerated by an
applied potential difference. This process may produce many different cation and
anion species. For example, C,F¢ may be used to produce the ions F*, CF*, CF,*,
CF;*, F~ and CF;™. The reactant ions used in this work and their corresponding
source gases are listed in Table 2.1. For the ions to enter the flow tube they must
first pass through the electrostatic lenses and then through a quadrupole mass filter.
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Fig. 2.4 A basic schematic of the Selected Ion Flow Tube apparatus. The red circles represent
the ions generated in the ion source, the yellow circles represent the helium buffer gas, the blue
circles represent the neutral reactant gas, and the green circles represent the product species
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Fig. 2.5 A simple cartoon of the ion source in the Selected Ion Flow Tube, showing the example
of selecting C,F,* ions using perfluoropropane source gas

Table 2.1 Source gases used to produce reactant cations and anions in the ion source

Ton Source gas Process

CF*  CF,C,F¢/CsFg  Single electron impact
CF,* CF,C,F¢/CsFg  Single electron impact
CF;*  CF,/C,F¢/CsFg  Single electron impact

C,F,* C;Fg Single electron impact

0,” N, + O, mixture Collisionally stabilised electron attachment

o~ N,O Dissociative electron attachment

OH™ N,O + CH,4 Dissociative electron attachment forming O, followed by H
mixture abstraction from CHy

F C,Fg Dissociative electron attachment

CF;~ CyFq Dissociative electron attachment
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Fig. 2.6 A simple cartoon showing the flow tube part of the Selected Ion Flow Tube apparatus.
The example of the reaction between C,F4* with C,H5F is used. The helium buffer gas is shown
in grey, the reactant ion in blue, the reactant neutral in red, and the product ions in green

The quadrupole can be set to a desired mass-to-charge ratio (m/z) value with one
atomic mass unit (a.m.u) resolution, such that only the desired reactant ion is
selected. The ion signal is then maximised by monitoring the signal at the
detection region (discussed below) by tuning the electrostatic lenses. The lens
settings in the ion source are significantly different for positive or negative ions.
For example, if the signal is maximised to transmit CF5* ions (detection region set
to positive mode) then CF;~ anions produced will be repelled by the lens system,
and not reach the mass filter. In addition, altering the pressure in the ion source can
have an effect on the resultant ion signal.

The selected ions enter the flow tube along with helium (99.997% purity)
buffer gas. The helium gas is passed through liquid nitrogen to increase its
purity, and injected into the flow tube in a way which is designed to mini-
mise back streaming of helium into the ion source [11]. The flow tube is 1 m
in length and 8 cm in diameter. During operation it is filled with 0.5 Torr of
buffer gas, which is drawn downstream at a velocity of ca. 100 m s~' by an
Edwards EH 2600 roots pump, backed by an Edwards EIM176 rotary pump.
The conditions inside the flow tube are thermal, and the measurements in this
work are all reported at 298 K. Any excited ions produced in the ion source
are expected to be collisionally cooled by the buffer gas. At a known distance
along the flow tube the neutral reactant gas is introduced. A simple cartoon
of the flow tube is shown in Fig. 2.6, using the example of C,F," ions
reacting with C,H3F. All species, including helium, reactants and products,
will then continue down the flow tube towards the detection region of the
apparatus.
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Fig. 2.7 A simple cartoon showing the detection region of the Selected Ion Flow Tube apparatus
showing the example of reacting C,F,* with C,H;F

A simple cartoon of the detection region of the SIFT apparatus is shown in
Fig. 2.7. At the end of the flow tube is a cone shaped end plate, with a 1 mm
diameter hole at the centre. It is this orifice which samples the gas from the flow
tube, and is the only connection to the detection region. The main bulk gas flow is
drawn away by the roots pump as shown in Figs. 2.6 and 2.7. The detection region
is differentially pumped by a diffusion pump backed by a common rotary pump;
the base pressure in this region is ca. 10~® mbar (compared to 0.7 mbar in the flow
tube) and during operation the small amount of sampled gas through the end plate
raises the pressure to ca. 10~ mbar. The end plate not only samples the gas, but
also acts as a Faraday plate. It has a floating voltage applied (being electrically
isolated from the rest of the system), and the current produced is proportional to
the number of ions hitting it.

Measurement of the current is therefore useful to tune the ion signal from the
ion source, as discussed above. In addition, when reacting anions in the SIFT, a
drop in the ion current can indicate a reaction is ejecting electrons; an electron is
much lighter than an atomic or molecular anion, and so hits the wall of the flow
tube rather than reaching the Faraday plate, which results in the total ion current
decreasing. lons are drawn into the quadrupole mass filter by electrostatic lenses,
and then towards a channeltron electron multiplier which records the resultant ion
signal. The ion signal is recorded as a function of m/z, and a mass spectrum is
obtained.

2.2.2 The Determination of the Reaction Rate Coefficient

In the reactions performed in the SIFT the concentration of the reactant neutral
molecule is much greater than the concentration of the reactant ion. This allows
pseudo first-order kinetics to be applied, and if we consider the generic
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Fig. 2.8 A rate coefficient plot for the reaction between CF5;* and C,H3F. Computer software fits
the data points to a straight line. The reaction time in s, ¢, is also calculated by the data analysis
software, and a value for the bimolecular rate coefficient, ,k, is given in units of cm> molecule ™ !'s™!

ion-molecule reaction as being A™ + B, then the integrated rate equation can be
given as:

ln[/[;]rez — okt (2.3)

where [A*],.; is the relative ion concentration (this is simply the ion count recorded
by the mass spectrometer), [B] is the neutral reactant concentration (the absolute
concentration of B (in molecules cm ™) measured during the experiment as
described in Appendix IV), 5k is the bimolecular rate coefficient, and ¢ is the
reaction time. Equation 2.3 shows that the gradient of a linear plot of In[A™],,; vs.
[B] will be equal to — kt. An example of such a plot, for the reaction between
CF;" and C,H;F, is shown in Fig. 2.8.

The reaction time cannot be measured independently, but can be calculated by
dividing the reaction length, z, by the ion flow velocity, v;. The reaction length is a
known value defined by the point along the flow tube where the neutral reactant
enters, and Smith and Adams have given a detailed account of how v; can be
measured [11]. An experimental value for >k (in cm® molecule ™! s™!) can therefore
be calculated. Such measurements are repeated several times until a consistent result
is achieved, and the estimated uncertainty in the value’ obtained is ca. £20%.
Experimentally-measured bimolecular rate coefficients are referred to as ke,
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In some reactions performed in the SIFT, an association product is observed.
These reactions are pressure dependent due to the involvement of a third body, M,
and so the rate equation includes a third-order rate coefficient, 3k:

A" + B+ M— ABT + M (2.4)
rate = 3 k [M][A™][B] (2.5)

where the square brackets represent concentrations of the respective species in
molecule cm_3, 3k has units of cm® molecule 2 s_l, and the rate has units of
molecule cm™> s™'. In the SIFT M is most likely to be helium, and in Eq. 2.5
[M] can be considered constant. A bimolecular rate coefficient is still measured for
association reactions, as described above and shown in Fig. 2.8, but in these cases
it is a pseudo second-order rate coefficient, »&’. This value can be related to sk if the
concentration of M is known:

2k =3 k[M] (2.6)

In association reactions discussed in this report the value for ,k" is quoted because
it can then be compared with other bimolecular rate coefficients. However, the rate
coefficient of an association reaction is only valid at a given pressure of M, and so
where k' is quoted the pressure of helium recorded at the time is also given.
Knowing the pressure of M allows [M] to be calculated in much the same way as
[B] is calculated, as described in Appendix IV.

2.2.3 The Determination of the Product Branching Ratios

Product branching ratios (BRs) are recorded in much the same way as the rate
coefficient is measured, however, rather than the reactant ion signal, it is the
product ion signals which are recorded as a function of neutral reactant
concentration.

The individual product ion counts are converted into a percentage of the total
product ion counts, and plotted using data analysis software. A line through the
data points is added using a polynomial fit, and the %BR values are taken by
extrapolating to zero neutral reactant concentration, which aims to eliminate any
contributions from secondary reactions. An example of such a plot is provided in
Fig. 2.9 for the reaction between CF;* and C,H3F. The mass spectrum recorded
for this reaction showed product peaks at m/z 27 (C,Hs"), 47 (C,H,F), 51
(CHF,") and 53 (CH,F,.H"). For the products at m/z 47 and 53 a BR of 0% is
determined, indicating these are secondary products. The primary products for this
reaction are m/z 27 (C,Hs") and m/z 51 (CHF,") with BRs of 75 and 25%,
respectively.

The reported BR values have a +20% uncertainty. This error is an estimate
based on the variation in experimentally detected relative ion signals and the
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Fig. 2.9 A branching ratio (BR) plot for the products detected from the reaction between CF3*
and C,H;3F. The products are indicated by their m/z values shown in the top right corner of the
graph. At zero C,H5F concentration the BRs are 75 and 25% for the primary products CoHs" (m/
727 in black) and CHF," (m/z 51 in red), respectively. The plots corresponding to m/z 47 (green)
and m/z 53 (blue) show a BR of 0%, indicating they are secondary products

polynomial data fitting; it is noteworthy that £20% is a modest estimate for the
example data provided in Fig. 2.9.
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Chapter 3

Vacuum Ultraviolet Negative Photoion
Spectroscopy of SF4, CF4 and SF5CF;

This chapter focuses on the original data collected for trifluoromethyl sulphur
pentafluoride (SFsCF;), however, the discussion extends to include the data also
collected for the related molecules sulphur hexafluoride (SF¢) and tetrafluo-
romethane (CF,). These results were collected in September 2006 at the
Daresbury synchrotron radiation source on beamline 3.1. Although the majority
of the data collection and analysis was performed by myself, it would not have
been possible without the help from Richard Tuckett, Colin Latimer, Ken Dunn,
Adam Hunniford, Michael Parkes, and David Shaw. This work was published in
the Journal of Chemical Physics in 2008 [1]. The ion-pair cross section values
reported in this chapter use the correct value for M (see Sects. 2.1.3 and 2.1.5),
and they update the data given in this original publication.

3.1 Background Information

The presence of the super greenhouse gas trifluoromethyl sulphur pentafluoride,
SFsCF3, in the atmosphere was first reported in 2000 by Sturges et al. [2].
Although the known atmospheric concentrations of SFsCF; are very low, its
lifetime is in the region of 1,000 years [3], and it is thought to have a Global
Warming Potential 18,000 times greater than CO,, absorbing strongly in the
infrared between 750 and 1,250 cm™' [4]. Of anthropogenic origin, SFsCF; has
been linked to SFg production and the manufacture of fluorochemicals [2], but in
truth the main source of this potent greenhouse gas has not yet unambiguously
been identified. Since its discovery, SFsCF3 has been the focus of numerous
studies aimed to understand better its spectroscopic properties and reactivity.
Laboratory experiments have confirmed the original estimates on the severity of
SFsCF; as a greenhouse gas [4—7], yet more work is required to gather a more
comprehensive understanding of its sources and sinks. The original suggestion that
SFs and CF; radicals combine to produce SFsCFj; in high voltage equipment [2]

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 27
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has since been disputed [8]; reactions mimicking these conditions showed no
evidence of SFsCF3 production, although small amounts were detected when SF¢
reacted with some hydrofluorocarbons in a spark discharge [8]. Low energy
electron attachment to SFsCF; is dissociative [9-12] (Hotop (2007) private
communication) and may provide a mechanism for atmospheric removal, but
stratospheric UV photolysis is unlikely to contribute due to the absence of
photoabsorption by SFsCF; below 8 eV [S5] and the high value of the SFs—CF3
bond dissociation energy (4.06 = 0.45 eV at 0 K) [13, 14]. Following a new
measurement of the ionisation energy of the CFj; radical [15], this bond strength
has since been refined to 3.86 & 0.45 eV [16].

The surprisingly high value of the S—C bond has spurred investigations into the
sink routes for SFsCF3 that might occur at higher altitudes in the mesosphere or
ionosphere: ion—molecule reactions, electron attachment, and vacuum ultraviolet
(VUYV) photodissociation. Ion-molecule reaction studies have shown that both
cations [17, 18] and anions [19] react rapidly with SFsCF; and may therefore
remove it from the upper atmosphere. However, the concentration of atmospher-
ically-relevant ions (e.g. O*, O,", N*, N,") is so low that the pseudo-first-order rate
constant for ion—molecule reactions, 2 k;,,[ion], is too small for this channel to
contribute to any significant extent [16]. Low-energy electron attachment to
SFsCF; is relatively fast, 8.0 x 107° cm® molecule ™' s™' at 298 K [12], and the
absorption cross section at the Lyman-o wavelength (121.6 nm) is surprisingly
high, ca. 107" ¢cm? [3, 20]. By comparison with equivalent data for SF, it was
shown that the electron attachment process is responsible for ~99% of the
removal of SF5CF; in the mesosphere, VUV photodissociation ~ 1% [3]. How-
ever, the long lifetime of SFsCFj; in the earth’s atmosphere, ~ 1,000 years, is not
determined by these microscopic chemical processes that occur in the mesosphere,
but by the much slower macroscopic meteorology that transports the pollutant
from the earth’s surface up into the mesosphere [3]. Advances made to 2006 to
understand the chemical physics properties and environmental impact of SFsCF;
since its discovery in 2000 have been reviewed [16].

One of the possible products following VUV photoexcitation of SFsCF; at
121.6 nm is ion-pair formation, e.g. CF;" + SFs™. This chapter describes an
experiment to detect anions following VUV excitation as a means to study the
dynamics of electronically excited states of SFsCF3. Absolute cross sections for
anion production and, using photoabsorption data [20], quantum yields have been
evaluated for all the anion products observed. In addition to SFsCFj3, the closely-
related molecules SF¢ and CF, have also been investigated. The photoion-pair
formation of SFg into SFs™ + F~ and CF, into CF;" + F~ has been studied
previously by Mitsuke et al. [21, 22] and Scully et al. [23]. The results presented
here have seen a much larger number of anions than observed by these groups, and
the data of Mitsuke et al. has allowed the SFsCF; data to be put on an absolute
scale (as outlined in Sect. 2.1.3).
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Fig. 3.1 a Cross sections for anion production following photoexcitation of SFe. Note that the
SFs~ and SF¢~ spectra are not on an absolute scale. Ion yields were recorded as a function of
photon energy between 12 and 35 eV with a step size of 0.1 eV and a wavelength resolution of
6 A. This resolution is equivalent to 0.07 eV at 12 eV, 0.6 eV at 35 eV. The ion yields are
compared with the threshold photoelectron spectrum of SFe [24]. b Pressure dependence of F~
and SFs5~ anion signals from SFg. A linear pressure dependence indicates the anion arises from
unimolecular ion-pair dissociation. A non-linear pressure dependence suggests a secondary
process is involved in the anion formation

3.2 Sulphur Hexafluoride (SF)

The white light negative ion mass spectrum for SF¢ shows eight peaks corre-
sponding to the anions F~ (100%), F,~ (1%), SF~ (<1%), SF,™ (<1%), SF;~
(<1%), SE,~ (<1%), SF5~ (2%), and SFg~ (67%). The relative signal strengths are
shown in parentheses.

All anion signals from SFg recorded as a function of photon energy are pre-
sented in Fig. 3.1a, whilst Table 3.1 shows appearance energy (AE) values of the
anions, their cross sections and quantum yields. For comparative purposes,
Fig. 3.1a includes the threshold photoelectron spectrum (TPES) of SFg [24]. Poor
signal strengths prevented ion yields for SF~, SF,™, SF537, and SF,~ from being
recorded. The F~ and F,™ signals increase linearly with pressure, those of SFs™
and SFs~ non-linearly with the rate of change increasing as pressure increases.
Figure 3.1b shows the plot of anion signal vs SF¢ pressure, with the example of F—
compared with SFs~. The linear dependence of the F~ and F, anion signals
suggest they result from unimolecular ion-pair dissociation, whereas the SFs~ and
SF¢~ signals are formed by a secondary process.
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Table 3.1 Appearance energies, cross sections, and quantum yields for anions observed from
photoexcitation of SF4, CF,4, and SFsCF;

Molecule (IE%/eV)  Anion AE"eV  Cross section/cm®  Energy’eV  Quantum yield®

SFq F~ 12.7 7.1 x 1072 14.2 24 x 107*

[15.1] F,~ 16.3 14 x 1072 18.3 19 x 107°
SFs~ 151 —_f 17.5 —8
SEs~  15.1 _f 17.1 —

CF, F~ 13.0 14 x 1072 14.0 2.8 x 1073

[15.4] F,~ 20.1 40 x 1073 21.6 5.6 x 1077

SFsCF; F~ 11.05 34 x 107%° 16.9 34 x 1074

[12.9] F~ 16.1 12 x 107 17.9 1.1 x 107°
SF~ 24.0 2.8 x 10722 28.8 24 x 107°
SF,~ 202 3.9 x 107 242 25 % 107°
SF;~ 154 1.0 x 1072 17.6 1.0 x 107*
SE,~ 130 13 x 1072 14.1 1.7 x 107%
SEs~ 130 —f 17.0 -

# Adiabatic ionisation energy. Values are taken from the observed onset of ionisation for SFg
[26], CF, [24] and SFsCF; [13]

° Observed appearance energy (AE) from this work. The error is estimated to be 0.2 eV (except
for F~ from SFsCF; for which the error is £0.05 eV), based on the resolution and step size used
when recording ion yields

¢ Cross section for anion production following photoexcitation of the parent molecule

d Energy of strongest peak. It is at this energy, where appropriate, where cross section and
quantum yield measurements are taken

¢ Quantum yields for anion production, obtained by dividing cross sections for anions (column 4)
by total photoabsorption cross sections. The latter values are given for SF¢ [28], CF,4 [3] and
SFsCF; [20]

 Normalisation of the signal strength to determine an effective cross section is not possible
because of the non-linear dependence of signal with pressure

€ Quantum yield cannot be determined because the cross section is not defined

Previous ion pair experiments have also observed SFs~ and SF¢~ from SFg,
their formation being attributed to electron attachment processes [21, 23]:

SFo+hv — SE + e (3.1)
SFe+ ¢~ — SF, (3.2)
SFe+ ¢ — SF; + F (3.3)

There can be little argument that reaction (3.2) must be responsible for the
appearance of SF¢ ™, and certainly SFg is a well-known electron scavenger, the rate
coefficient at 300 K being (2.38 &+ 0.15) x 1077 cm?® s7! [12], which attaches
zero-energy electrons with a very large cross section [25]. Furthermore, Fig. 3.1a
highlights the striking similarities between the SF¢~ spectrum and the SF¢ TPES.
The only significant difference between the two is the peak at 19.9 eV, which
appears stronger in the SF¢~ spectrum. The same comparison has been discussed
by Yencha et al. [26] who compared their TPES of SFg with the ion yield of SF¢™
produced from SF¢ reported by Mitsuke et al. [21]; the same discrepancy in
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relative signal strengths between the bands at 19.9 eV was observed. It is noted
that the cross section for non-dissociative electron attachment to SFg peaks at very
low energy characteristic of s-wave capture [25], but SF¢~ anions observed from
reaction (3.2) will arise from all electrons integrated under the cross section vs
electron energy distribution. By contrast, the TPES arises only from low-energy
electrons detected within the bandpass of the threshold analyser, ca. 4 meV [24].
In practice, the experimentally-observed resolution will depend upon a convolu-
tion of the electron energy distribution and the resolution of the photon source. In
both experiments the monochromator resolution, ca. 0.4 nm or 130 meV at
19.9 eV, will probably dominate. Notwithstanding this point, there is no reason
why the intensities of the TPES and SF¢™ spectra in Fig. 3.1a should be exactly the
same, and this may explain the small differences that have been observed both by
us and by Yencha et al. [26]. We also note that this difference may not be a
particular property of SFe, because a similar inconsistency in intensities in the
threshold photoelectron and parent anion yields has been observed with another
polyatomic molecule which attaches electrons very rapidly, cyclic-CsFg [27].

There are two observations from this work which provide evidence for SFs™
arising predominantly from reaction (3.3). First, the SFs~ signal increases non-
linearly when recorded as a function of pressure, consistent with the two-step
mechanism represented by reactions (3.1) and (3.3); an anion signal arising from
ion-pair formation, SFs + hv — F" + SFs~, would increase linearly with pres-
sure. This is illustrated in Fig. 3.1b which shows clearly the contrast between the
signal for the ion-pair product, F~, and that for SFs~. Second, the SFs™ ion yield
shows many similarities to the TPES of SF¢ whereas that of F~ does not. However,
these arguments do not exclude the possibility that a small amount of SFs5™ is
produced via the ion-pair reaction above.

The following ion-pair reactions are suggested as mechanisms for F~ and F,™
formation:

SF¢— F + SFE'+ (5—-x)F (x<5) (3.4)
SFs— F, + SFr + (4—x)F  (x<4) (3.5)

The calculated enthalpy changes for reaction (3.4) are 10.4, 14.9, 15.5, 19.7 and
23.7 eV for x = 5-1, respectively. For reaction (3.5) they are 13.6, 14.1, 18.4 and
22.4 eV for x = 4-1, respectively. F~ produced from reaction (3.4) has been
observed before in the photon energy range 11 — 31 eV and a detailed analysis
performed [21]. Below 14.9 eV the associated cation can only be SFs*, and the
present work, Fig. 3.1a, is in very good agreement with this earlier study. Scully
et al. have observed the ion-pair products F~ and F,™ from SF¢ in the photon
energy range 20-205 eV [23]. Both fragment ions show broad bands centred at
35.5 eV. Although not photoexciting SF¢ above 35 eV, this study clearly shows
the onsets to these features.

The F,~ spectrum in Fig. 3.1a shows features in the photon energy range
16-21 eV which have not been observed before. Below 18.4 eV it is not possible
to say whether the associated cation is SF4" or SF5". The low F,~ cross section is
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reflected in its low signal strength, resulting in a poor signal-to-noise ratio. Three
peaks are identified centered at 17.2, 18.2, and 19.7 eV. They most likely reflect
the presence of Rydberg states which couple effectively to the ion-pair state, the
peak energies therefore representing Rydberg transitions. Mitsuke et al. found that
the most prominent features in the F~ ion yield at 13.2 and 14.3 eV were due to
Rydberg transitions [21]. The peaks in the F,™ ion yield at 17.2, 18.2, and 19.7 eV
approximately match with peaks in the TPES of SF¢ at 17.1, 18.5, and 19.9 eV,
respectively. A similar observation is made in the F,™ ion yield from SFsCF;
(Sect. 3.4).

3.3 Tetrafluoromethane (CFy)

The white light negative ion mass spectrum for CF4 shows three peaks corre-
sponding to the anions F~ (100%), CF~ (1%) and F,~ (3%). The F~ and F,™
signals were recorded as a function of photon energy and are shown in Fig. 3.2a,
along with the TPES of CF, which is included for comparative purposes [24]. The
corresponding data is shown in Table 3.1. The ion yield of CF~ was not obtained
due to the poor signal strength. CF, has T, symmetry, and the outer-valence
electronic configuration is ..(4a))* (3)® (1e)* (41,)° (11))°.

The F~ and F,™ signals both increase linearly with pressure and the following
ion-pair reactions are suggested as mechanisms for their formation:

CFy,—» F + CF "+ 3—-x)F (x<3) (3.6)
CFy,— F,+ CF '+ 2-x)F (x<2) (3.7)

The calculated enthalpy changes for reaction (3.6) are 11.3, 17.7 and 20.7 eV for
x = 3-1, respectively; for (3.7) they are 16.3 and 193 eV for x =2 and 1,
respectively. The F~ ion yield recorded here is in good agreement with a previous
study in the photon energy range 12-31 eV reported by Mitsuke et al. [22]. The F~
and F,~ yields are also in good agreement with those reported by Scully [29] at
higher resolution in the photon range 20-35 eV (Fig. 3.2a), but absolute cross
sections were not determined in this earlier work.

It is immediately obvious from Fig. 3.2a that the F~ and F,™ yields share a
similar feature between 20 and 23 eV. Mitsuke et al. assigned this feature in the F~
yield to three Rydberg transitions (3t, — np where n = 4, 5 and 6 at energies
20.96, 21.16 and 21.45 eV, respectively) converging on the third excited valence
state of CF,* (6’2 T,) [22]. The Rydberg states excited at these energies would then
couple to an ion-pair state which dissociates to F—, the corresponding cation, and
any neutral fragments. The presence of Rydberg states in this energy region has
also been observed in a high resolution threshold photoelectron study of CF, by
Yencha et al. [30]. Autoionising structure is observed from 20.3 to 21.6 eV,

preceding the onset of the C27), state of CF4*. This can be observed in the TPES in
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Fig. 3.2 a Cross sections for anion production following photoexcitation of CF,. (a) and (b) F~
and F, ™ ion yields recorded as a function of photon energy between 12 and 35 eV with a step size
of 0.1 eV and a wavelength resolution of 6 A (this work). This resolution is equivalent to 0.07 eV
at 12 eV, 0.6 eV at 35 eV. The cross sections are on an absolute scale. (¢) and (d) F~ and F,™ ion
yields from Scully [29] recorded over a narrower energy range at a higher resolution of 0.5 and
2.0 A, respectively. The cross sections are now on a relative scale. (e) Threshold photoelectron
spectrum of CF, for comparison [24]. b F~ anion signal from CF, in the photon energy range
20-23.5 eV with a step size of 0.01 eV and a wavelength resolution of 2 A. This resolution is
equivalent to 0.1 eV at 22 eV. Vibrational progressions of the v; totally symmetric stretching
mode in CF, np Rydberg states converging on the CF,* (C*T>) state are shown by black ticks

[22]. The vertical ionisation energy for CF,* (CZTZ) is 22.04 eV [31], shown here by a red arrow.
A new feature is observed at 22.82 €V which is assigned to a Rydberg state converging to CF,*
(D?A)), shown by the orange arrow

Fig. 3.2a as a slight rise above the baseline in the same energy range. It is therefore
proposed that Rydberg states converging to CFIC‘ZTZ couple to ion-pair states
which dissociate to both F~ and F,~. At 21.8 eV the F~ cross section is ca. 16
times larger than that for F,™. This may reflect the degree of coupling between
states and/or the steric disadvantage on forming an extra bond to produce F, ™.
The feature between 20 and 23.5 eV in the F~ ion yield has been recorded with
better resolution, and is shown in Fig. 3.2b. It shows the CF, 4, 5, and 6p overlapping
Rydberg states converging on the CF, C2T;, state. Fine structure is also observed in
the spectrum which shows the v, totally symmetric stretching mode in CF,. These
progressions have been observed before in the ion-pair study by Mitsuke et al., and
Table 3.2 compares the two sets of data, listing energy positions, the resulting
energy spacings, and the vibrational quantum number assignments. The assignments
for these Rydberg transitions and for the vibrational progressions are taken directly



3 Vacuum Ultraviolet Negative Photoion Spectroscopy

(panunuoo)

wie 9 I8IT wie 6 I8¢
110 ST 800 110 SLIT 800
11T ST (4 1L1e 8 ELIT
L0°0 600 LOO 60°0
e voov9Ie v9°1e L v9Ie
010 600 010 60°0
vSIT € sSIT vSIT 9 <SIT
£ €61
60°0 8¥’[c 010 600 8r’[c - 010
SrIe T st SrIe S sriIe
='a 110 8€IC 600
A0°0°0 ') veIe v 9E1T
110 60°0
€TIT € LTIT
L0°0 600
9r'Ie T 8I'NT or'Ie L 8I'lT
=la 60°0 10
A0°0°0 ') LO'IT 9 801C
110 60°0
96'0C S 660C
60°0 600
L8°0T v 060C
=la
A0°0°0 ')
2V A oI AV AV oA I AV AV oA A AV
49 < Gg L, < ag ALy < ag
AR 1'TT6'0C

a3uer A31oue uojoyd oy) ur YD) WOl P[AIA UOI _,J Y} UI PIAISSqO SAe)S [BUONRIQIA Y} 0] ‘A9 ul ‘s3uroeds AS1ous pue suonisod yeod '€ dqeL



35

3.3 Tetrafluoromethane (CF,)

[z€] 'Te 30 991 jo Apnys uondiosqeojoyd

) pue [gz] 'Te 39 NSUA Jo Apnys Ired-UoT oY) WOIJ UdYe) I8 SHUSWUSISSE S, *4 "D JO opour 4 oy ur Joqunu wnjuenb [euoneIqia o) Ioj s)uswuSIssy
[Z] "Te 30 ANSIIAL JO JIOM Y} WOIJ UANE) ‘AD U ‘SIJEIS [BUOTIRIIA UddMI0q Suroeds AStouy

[22] T8 12 2NSHIN AQ YIOoM JY) WOI) UdYe) ‘A9 ul ‘wnwixew yead jo A3ouy

$9IMIEa) ISp[NoYs Yeam jo suonisod A310us moys SOI[EIL UL SAN[EA "YIOM SIY) WOLJ USYe} ‘A3 ul ‘wnwixew yead jo ASxoug

JIOM SIY) WOIJ USYR) ‘AD UI ‘SaJe)S [RUOIIRIQIA UdamIdq Suroeds AS1ouy

80'TT 6
80°0
00°Ce 8
60°0
16'1C L 1612
60°0 §8'Iz 010 $8°1e
p7V o oI AV AV o AV AV o o AV
49 < Gg L, s < ag ALy < ag

(ponunuod) '€ dqe,



36 3 Vacuum Ultraviolet Negative Photoion Spectroscopy

from the work of Mitsuke et al. [22], who performed a quantum defect analysis, such
that the resulting quantum defect is almost exactly the same for all three vibronic
assignments, a value close to 0.60. This analysis also agrees with the photoab-
sorption study of Lee et al. [32]. Photoelectron spectroscopy shows a vibrational
progression in the band representing the C27 state of CE,* with a spacing of about
90 meV, assigned to the v; mode [30, 31]. The vibrational spacing of the progres-
sions observed in the np Rydberg states in the F~ ion yield converging to this same
ionic state are also about 90 meV, as expected.

Figure 3.2b shows an additional feature at 22.82 eV which has not been seen in
the previous study. It is assigned here as the 4a; — 3p valence-Rydberg transition.
This assignment uses the vertical ionisation energy of 25.11 eV for the fourth
excited state of CF,* D?A, [31], and the peak position of the observed feature as
22.82 eV. The resulting term value of 2.29 leads to a quantum defect value of 0.56.
This assignment is consistent with the observation of features in the F~ ion yield at
24.0 and 24.45 eV, which Mitsuke et al. assign as 4a; — 4p and 4a; — 5p
Rydberg transitions respectively [22], the next two members of this p Rydberg
series.

The highest outer-valence electronic state of CF," is the D?A, state at 25.1 eV,
whereas the next discrete state in the photoelectron spectrum corresponding to
jonisation of the 2¢, inner-valence electron is the E27T, state at 40.3 eV [24, 31].
Both the F~ and F,™ yields increase above 25 eV, and the spectral features at
higher energies are more clearly observed in the work of Scully [29] which extends
up to 110 eV.

3.4 Trifluoromethyl Sulphur Pentafluoride (SFsCF5)

The white light negative ion mass spectrum for SFsCF; shows eight peaks cor-
responding to the anions F~ (100%), CF~ (1%), F,~ (2%), SF~ (1%), SF,~ (1%),
SF;™ (1%), SF4,~ (2%) and SFs~ (14%). With the exception of SFs~, all of the
anion signals increase linearly with pressure. SFs~ formed following photoexci-
tation of SF5CF; shows a similar pressure behaviour to SFs~ formation from SFg,
which is discussed in more detail in Sect. 3.2.

Ion yields for the anions resulting from ion-pair formation are presented in
Fig. 3.3, the data in Table 3.1. The quantum yields are all in the range 107°-107*,
consistent with those expected for a large polyatomic molecule [33, 34]. The ion
yield of F~ below 12 eV was recorded with a LiF window in place to display the
threshold region more clearly, and an appearance energy (AE) value of
11.05 &+ 0.05 eV is determined.

The following reactions are suggested as the main sources of formation of the
anions:

SFsCF; — F~ + CF;" + SF, (3.8)
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SFsCF3 — SF, + CF3+ + F (3.9)
SFsCF3; — SF; + CF; + F + F (3.10)
SFsCF; — F, + CF;" + SF; (3.11)
SFsCF; — SF, + CF;r + 3F (3.12)
SFsCF; — SF~ + CF;" + 4F (3.13)

In all cases the cation formed is CF3*, the associated anion therefore resulting from
the SFs part of SFsCF;3. This is reflected in the results; five different anions
containing sulphur are detected compared to one containing carbon, CF~, which
was only just detected above the sensitivity limit of the apparatus.

The S—C bond is most likely to be the weakest in the molecule, the 0 K
dissociation energy measured as 3.86 £ 0.45 eV [16]. In addition, Xu et al.
[35] have calculated bond dissociation energies in SFsCF;, resulting in D
(SFsCF, — F) > D? (F — SF4CF3) > D° (SF5s — CF3). One cannot say conclu-
sively that reactions (3.8-3.13) are responsible for all of the detected anion
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signals across the complete energy range studied. Certainly, more channels
become energetically accessible at higher energies. It is, however, interesting
that the thermochemical thresholds for reactions (3.8-3.13) approximately
reflect the observed AE values (Table 3.1). The only apparent exception is
reaction (3.11), F,~ production, where steric constraints on forming a new bond
could be responsible. This trend can be visualised in Fig. 3.3 by vertical arrows
representing the enthalpies of the calculated thermochemical thresholds. These
values for A,H°qg are 11.5, 13.4, 16.0, 14.3, 20.0 and 23.0 eV for reactions
(3.8-3.13), respectively. No errors are given but there is significant uncertainty
in some of the AJ°;9g values used, which probably explains why the calculated
AE is sometimes greater than the experimental value (e.g. F~ and SF,  in
Fig. 3.3a and b).

The formation of F~ and F,~ over the complete energy range 11-35 eV are
unlikely to result exclusively from reactions (3.8) and (3.11) respectively, whereas
the channels available to form the sulphur-containing anions are fewer. Indeed, the
ion yields for F~ and F,~ do show structure over a much wider energy range than
those of SF; (x = 1-4).

The ion yields for F~, F,™ and SF5~ are presented in Fig. 3.4 and compared to
the TPES of SFsCF; [13]. SFs™ is the only anion detected which is not associated
with ion-pair formation. Three comparisons can be made between the behaviour of

Fs~ formed from SFsCF; and SFs~ formed from SF¢ (also see Sect. 3.2). First,
the SF5~ signal increases non-linearly with pressure, with the rate of change of
signal increasing as the pressure increases. Second, electron attachment to SFsCF;
is dissociative forming SFs~ (and CF;) as the only significant channel [9-12]
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(Hotop H (2007) private communication). Third, the ion yield of SFs~ shows
many similarities to the TPES of SFsCF;. It is therefore proposed that the dom-
inant mechanism for the production of SF5~ from SFsCF; is dissociative electron
attachment following photoionisation as the source of low-energy electrons:

SFs;CF; + hv — SF5CF3+ + e (314)
SFsCF3 + ¢ — SF; + CF3 (3.15)

As shown in Fig. 3.4, the F~ and F,™ ion yields also show similarities to the
TPES of SFsCF;. Due to its higher signal-to-noise ratio, it is in the F~ spectrum
where these similarities are most obvious. In the photon energy range 13-23 eV
the agreement between peak positions is good and the relative signal strengths
show only small differences. The resemblance of the F~ ion yield to the TPES
could be explained by a process involving electron attachment being significant
in F~ formation. This has been the case in the discussion above, explaining the
formation of SFs~ from both SF¢ and SFsCF;. However, the F~ signal rises
linearly with increasing gas pressure. This suggests strongly that a primary
process, i.e. ion-pair formation to F~ + SF,CF;* (or F~ + CF;" + SF,), is
dominant.

For the purposes of this discussion the features in the F~ ion yield are labelled
1-11 in Fig. 3.3a. The experimental AE (F7) is 11.05 eV, and this anion gives
rise to peak 1 centred at 11.7 eV. This peak occurs below the onset of ionisation
for SFsCF;, reported as 12.9 eV [13], so the presence of photoelectrons from
reaction (3.14) is not relevant. The energy of peak 1 is close to peaks observed in
the SFsCF; photoabsorption [20] and total fluorescence yield [36] spectra at
11.4 eV. These two studies give different assignments to this transition. Holland
et al. [20] assign it to a blend of several valence—valence transitions, whilst Ruiz
et al. [36] assign it to a valence-Rydberg transition from the 29a’ highest-
occupied molecular orbital of SFsCF; to a 45 Rydberg orbital. The contribution
of fluorescence at this energy was reported to originate from the CF; fragment,
following dissociation of SFsCF; and production of an excited electronic state of
the CF; radical. In addition, this was the most intense band observed within the
photon energy range studied of 10—28 eV [36]. It must represent a transition to
the same intermediate state which predissociates into states yielding both CFj
and F~ anions. The ion-pair quantum yield at the maximum of the peak in the F~
ion yield at 11.7 eV is ® = 1.5 x 10~*. This small value, coupled with the fact
that fluorescence from SFsCFj is unlikely to have a large quantum yield, sug-
gests strongly that predissociation into neutral fragments is the favoured process
at this energy. A similar conclusion was reached by Shaw et al. [37] in a
comparable study of the dissociation dynamics of Rydberg states of some
substituted methane molecules. The agreement of peak positions in SFs5CF;
between the photoabsorption spectrum [20], the total fluorescence yield [36], and
the F~ ion yield extends up to 17 eV, but above this energy similarities between
the spectra are less clear.
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Table 3.3 F~ ion-pair quantum yields (Pg—) at energies below and above the onsets of ioni-
sation for SFgs, CF4 and SF5CF;. Cross sections from this work are normalised to photoabsorption
cross sections for SFg [28], CF,4 [3] and SFsCF; [20] to give values for ®p—

Molecule ®p— below onset ®r— above onset

of ionisation of ionisation
SF¢ 24 x 107*at 14.2 eV 1.5 x 1075 at 24.6 eV
CF, 2.8 x 107> at 14.0 eV 9.3 x 107% at 21.8 eV
SFsCF; 15 x 107%at 11.7 eV 3.4 x 107*at 16.9 eV

It is interesting that the F~ ion-pair quantum yield does not decrease above the
onset of ionisation of SFsCFs, 12.9 eV. Features 1 and 4 at 11.7 and 16.9 eV, for
example, have ® = 1.5 x 10™* and 3.4 x 10~ respectively (Table 3.3). As a
result of significant photoabsorption leading to ionisation, one would expect the
ion-pair quantum yield to decrease, as observed for both SFs and CF, (Table 3.3).
However, above the ionisation energy of SFsCF; the F~ ion yield increases,
approximately matching the shape of the TPES. In fact features 2—11 of Fig. 3.3a
occur at, or just below, vertical ionisation energies in the TPES of SFsCF; [20].
Only feature 1 does not follow this trend. It seems unlikely that valence states of
SFsCF; which predissociate into ion pairs coincidentally lie very close to the
ionisation thresholds, certainly across this large energy range. It is much more
likely that Rydberg states play an important role. Certainly the F~ ion yield would
be explained if coupling to ion-pair states was more significant from Rydberg
states close to the ionisation thresholds than from those lower in energy. Contri-
butions to the F~ ion yield from low-lying Rydberg states would then be the
dominant cause of peak 1. F~ ions produced via high-lying Rydberg states would
be dominant at higher energy, and hence responsible for features 2—11 in the ion
yield. If this is true, it negates the generally accepted rule that it is low-n, and not
high-n, Rydberg states which interact most strongly with ion-pair states. However,
most of the ion-pair experiments on polyatomics to date have studied halogenated
molecules where the lowest ion-pair threshold lies below the first ionisation energy
[34], so by definition it is the low-n states which have been the most widely
studied. The difficulties in assigning peaks in the total fluorescence yield spectrum
of SFsCF; have already been noted by Ruiz et al. [36], and at our modest reso-
lution there are several valence-Rydberg transitions which could be assigned to
peaks 2—11 in Fig. 3.3a. A much higher-resolution spectrum would be needed for
such a large molecule in order to give definitive assignments.

An alternative mechanism to reaction (3.8) for production of F~ might be via
dissociative electron attachment to SFsCF3,

e.g. SFsCF; + e — F + SF,+ CF; (3.16)

This is rejected because it is well known that the only product of low-energy
electron attachment to SFsCF; is SFs™ (reaction 3.15) [9-12] (Hotop H (2007)
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private communication), and note the huge signal of the F~ ion yield to the
relatively weak signal of SFs~ (Fig. 3.4).

This analysis also extends to the ion yields for SF,~, SF;~, F,™, SF,™, and SF~;
the peak positions and the extent of structure observed for these anions can be
explained in the same way as the F~ ion yield. The SF,~, SF53~, and SF,™ ion
yields show less structure than is seen from F~. In the energy regions where peaks
are observed, their energies agree with those in the F~ ion yield, and hence with
vertical ionisation energies. It is suggested here that the number of available ion-
pair states reflects the structure seen in the ion yields. SF,~, for example, is likely
to arise from reaction (3.9) only. It is certainly the most sterically viable channel.
Coupling of high-lying Rydberg states to this ion-pair state will give rise to the
peaks in the SF,~ yield at 14 and 15 eV (Fig. 3.3b). Lack of structure above 16 eV
represents the point where this ion-pair state no longer couples significantly to
Rydberg states. SF;~ and SF, ™ also arise through coupling of high-lying Rydberg
states to an appropriate ion-pair state, and only over a limited energy range above
the onset. In contrast, many more dissociation channels will be available to yield
the anions F~ and F,™. As a result, structure in both ion yields extends extensively
from onset up to 25 eV. Finally, it is noted that shape resonances have been
observed in the yields of many anions in both SFg and CF,4 above 25 eV [23, 29].
There is no obvious evidence for such peaks in our ion yields from SFsCF;, but it
would be surprising if they were not present.

3.5 Conclusions

The peaks in the F~ yields from both SF¢ and CF, have been assigned to Rydberg
transitions [21, 22], and the assignments are not repeated here. However, there is
some disagreement whether the transitions observed in the VUV absorption
spectrum of SFsCF; [7, 20], and indeed the CF; fluorescence excitation spectrum
[36], are due to intravalence or Rydberg transitions. Peaks in the absorption and
electron energy loss spectra of SFsCF; are assigned by Limao-Vieira et al. [7] to
valence-Rydberg transitions, and quantum defects determined. Ruiz et al. [36] also
assign peaks in the absorption spectrum that led to CF; fluorescence to valence-
Rydberg transitions. Holland et al. [20], however, assign the main peaks in the
absorption spectrum to valence—valence transitions. The spectra presented here
observe a different exit channel, i.e. photodissociation of excited states of SFsCF;
to production of anions. However, the primary excitation process in all these
experiments is the same, and their assignment to Rydberg transitions is favoured,
for two reasons. First, all previous work on ion-pair production from polyatomic
molecules has preferred the process of Rydberg state photoexcitation, followed by
predissociation into an ion-pair state [34]. Second, apart from the low-energy peak
in the F~ yield at 11.7 eV below the ionisation energy of SFsCFj, all the F~ peaks
have energies very close to peaks in the TPES of this molecule. Since it is Rydberg
states that have energies converging on ground and excited electronic states of
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SFsCFs*, it seems very likely that these F~ peaks correspond to photoexcitation of
Rydberg states.

A summary of the numerical information obtained from the ion yields from
SFg, CF4 and SFsCFj; is given in Table 3.1, listing AEs of anions, cross sections
and quantum yields. The anions observed from SFsCF3 were all seen in either the
SF¢ or CF, study. The signal strengths from the SF; anions, however, are stronger
from SFsCF; than from SFg, allowing their ion yields to be recorded. Unsurpris-
ingly, F~ and F,™ are observed from all three molecules. The most prominent
features in the F~ ion yields from SF¢ and CF,4 occur below the onset of ionisation.
This is not the case for F~ from SF5CF;. This observation is clearly demonstrated
in Table 3.3 when comparing the ion-pair quantum yields of F~ above and below
the onset of ionisation for these three molecules.
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Chapter 4

Vacuum Ultraviolet Negative Photoion
Spectroscopy of CF;Cl, CF;Br and CF;l

This chapter presents and analyses the data collected for trifluorochloromethane
(CF5(l), trifluorobromomethane (CF;Br) and trifluoroiodomethane (CFsl). This
series of molecules will be referred to as the CFzX series, where X = Cl, Br or I,
and the main aim of this study is to compare the data and see the effects and
resulting trends of changing substituent X. These results were collected in
September 2006 at the Daresbury synchrotron radiation source on beamline 3.1.
Many thanks go to Professors Richard Tuckett and Colin Latimer, Drs Ken
Dunn, Adam Hunniford, and David Shaw for their individual contributions in the
data collection. I also thank Richard Tuckett and Michael Parkes for their part in
analysing the data. This work was published in the Journal of Chemical Physics
in 2009 [1].

4.1 Background Information

CF;Cl, CF;Br and CF;l are all greenhouse gases and potential ozone depleters.
The use of these molecules in industrial applications has inevitably led to their
release into the atmosphere. For example, CF;Cl (CFC-13) was used as a refrig-
erant and CF;3Br (halon 1301) as a fire suppressor, but both are now banned in
accordance with the Montreal Protocol [2]. CFsl is considered less environmen-
tally unfriendly than CF;Cl or CF;Br and it is expected to have a relatively low
atmospheric lifetime [3]. This increases the potential for CF;I applications, for
example, as a plasma etching gas [4] and as a possible replacement for CF;Br in
fire extinguishing systems [5].

This series of CF;X molecules have Cs, symmetry, and the main effect of a
change in the substituent X is the elongation and subsequent weakening of the
C-X bond. The effect on the overall electronic structure of the molecule on
changing X is not dramatic, since the orbitals of the X atom show little mixing with
the CF;3 orbitals. The evidence for this property is best observed from photoelectron

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 45
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spectroscopy, where Hel, Hell, and threshold photoelectron (TPE) spectra have
been reported for CF;Cl, CF;Br and CF;l [6-11]. Bands observed in the spectra
from ionisation of an X lone pair or a C—X bonding electron shift to lower energy as
X gets larger. However, bands observed from ionisation of an F lone pair or a C-F
bonding electron are very similar in energy for CF;Cl, CF;Br and CF;l. Absorption
data on CF3Cl have been well studied by photoabsorption spectroscopy [12, 13] and
electron energy loss spectroscopy (EELS) [14, 15]. More recent absorption [16] and
EELS [17] studies compare data for all three CF;X molecules. While most of this
work is restricted to energies <15 eV, absorption data for CF;Cl is reported up to
25 eV [13, 18], and for CF;Br up to 30 eV [18]. Vacuum-UV fluorescence spec-
troscopy has also been studied for CF;X molecules, where X = F, H, Cl, and Br
[19] and where X = F, H, Cl, Br, and I [18].

The VUV photoion-pair formation of CF;ClI has been studied previously using
a quadrupole mass analyser by Schenk et al. [20], but this is the first report of ion-
pair production following photoexcitation of CF;Br and CFsl.

4.2 The Anions Observed from CF;Cl, CF3;Br and CF;l

The negative ion mass spectra for the three CF;X (X = Cl, Br, I) molecules
recorded with white light at O nm all show the presence of the same seven anions;
F, X ,F, FEX, CF7, CF, and CF;". F~ and X are always the strongest
signals. The remaining five anions were detected just above the sensitivity level of
the apparatus, the signals being <ca. 2% of that of the dominant anion (F~ or X).
It was observed that the X~ relative signal strengths increased with increasing
mass and size of X; CI~ = 18%, Br™ = 37%, and I~ = 100% from CF;Cl, CF;Br,
and CFsl, respectively, of the strongest anion signal (F~ from CF3Cl and CF;Br,
I” from CF;l). Of all the anions, only FI™ was too weak to record as a function of
photon energy. Negative ion yields for all other anions are presented below.

Of particular relevance to this study is the work of Schenk et al. [20], who also
investigated the valence region of CF3;Cl with VUV synchrotron radiation, and
comparisons between the two sets of results are detailed in the discussion below.
In summary, Schenk et al. were only able to detect F~, CI™ and CF3;™. CF;~ was
detected with low intensity and an ion yield was not recorded. The F~ and C1™ ion
yields are in excellent agreement with the results presented here.

4.3 F~ from CF;Cl, CF;Br and CF;l

The F~ ion yields from CF;Cl, CF3Br and CF;l are presented in Fig. 4.1 in the
photon energy range 8-32 eV. For comparative purposes Fig. 4.1 also includes
the total photoabsorption spectrum [18], threshold photoelectron spectrum
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Fig. 4.1 Cross sections for
F~ production following
photoexcitation of a CF5Cl,
and b CF;Br between 12 and
32 eV. The total
photoabsorption spectra [18],
TPE spectra [10], and total
fluorescence yields [18] for
CF5Cl and CF;Br are
included for comparative
purposes. ¢ Cross section for
F~ production following
photoexcitation of CF;l
between 8 and 32 eV. The
TPES [11] and total
fluorescence yield [18] are
included. All F~ ion yields
were recorded with a step size
of 0.1 eV and a wavelength
resolution of 6 A. This
resolution is equivalent to
0.2 eV at 20.0 eV
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(TPES) [10] and total fluorescence yield [18] for CF3;Cl and CF;Br, and the
TPES [11] and total fluorescence yield [18] for CF;l. The corresponding
numerical data from the F~ ion yields are presented in Table 4.1. The small rise
in signal at 12 eV seen in the F~ ion yields from CF;Cl and CF;Br is considered
to result from second-order radiation, and is exaggerated by normalisation to
photon flux which is low at this energy. In all three cases the F~ signal shows a
linear rise with gas pressure, indicating that F~ ions are formed by unimolecular

ion-pair dissociation.
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Table 4.1 Appearance energies, cross sections and quantum yields for anions observed from
photoexcitation of CF;Cl, CF;Br and CF;l

Molecule (IE%/eV)  Anion AE®eV  Cross section/cm®  Energy’eV  Quantum yield®

CF5Cl (12.4) F~ 16.0 1.5 x 1072 21.0 1.8 x 107
clr- 16.1 23 x 10721 20.9 29 x 107°
F,~ ~21f 6.8 x 1072 22.7 85 x 1077
FCI-  ~18f 6.5 x 1072 20.8 8.0 x 1077
CF~ 25.58 1.6 x 1072 27.3 _h
CF,~ 202 1.5 x 10722 21.3 1.8 x 107°
CF;~ 155 2.8 x 1072 18.1 35 %x 1078
CF5Br (11.5) F~ 14.7 9.7 x 107! 19.6 12 x 107
Br~ 15.1 - - -
F~ ~19° 2.8 x 10722 20.4 34 x 1078
FBr~  ~18f 5.5 x 10722 20.4 6.6 x 107°
CF~ 23.6 3.4 x 1072 25.6 52 % 107°
CF,~ 182 49 x 10722 19.5 5.8 x 107°
CF;~ 136 25 x 10722 14.8 40 x 107°
CF;l (10.4) F~ 9.7 1.1 x 1072 20.4 -
I 8.8 - - i
F,~ ~17" 85 x 1072 20.1 J
CF~ 21.6 1.1 x 10722 23.6 -
CEF,~ 160 46 x 1072 16.8 -
CF;~ 110 5.7 x 10722 12.7 -

# Adiabatic IE for CF;Cl [10], CF;Br [10], and CFsI [21] are given in parentheses

® Observed AE from this work. The error is estimated to be 0.2 eV, based on the resolution and
step size used when recording the ion yields

¢ Cross section for anion production following photoexcitation of the parent molecule

4" Energy of peak maximum at which cross section and quantum yield measurements are taken
¢ Quantum yields for anion production, obtained by dividing cross sections for anions (column 4)
by total photoabsorption cross sections. The photoabsorption cross sections are given for CF;Cl
and CF;Br [18]

' Cannot state AE with confidence due to poor signal/noise

€ There is some ambiguity surrounding the mass of anions detected contributing to the CF~ ion
yield from CF3Cl. The signal observed in the range 16-25 eV is thought to arise from Cl™ ions
(see text), and the value of 25.5 eV represents the current interpretation of the true onset to CF~
ions

" Quantum yield is not calculated because absolute photoabsorption data for CF;Cl is not
available at this energy

! The Br~ and I” ion yields are significantly influenced by anions arising from dissociative
electron attachment and cross sections, and hence quantum yields, cannot be defined

J Quantum yields cannot be calculated at this photon energy, because the available absolute
photoabsorption data for CF;l is limited to photon energies <12 eV

The F~ ion yield from CF;Cl shows a gradual onset. The first indication of a
rise in signal above the background is at 16.0 &= 0.2 eV (Fig. 4.1a, Table 4.1). In
the earlier work of Schenk et al. the F~ ion yield from CF;Cl is reported with a
wavelength resolution of 2 A [20]. They report the onset of F~ ions to be
15.9 £ 0.3 eV, correlating this onset to reaction (4.1) using thermochemical
calculations:
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CFCl — F~ + CE," + Cl (4.1)

Schenk et al. also report second (16.8 & 0.1 eV), third (18.2 £ 0.1 eV), and
fourth (20.0 &= 0.1 eV) onsets corresponding to the dissociation reactions (4.2),
(4.3), and (4.4), respectively:

CF:Cl — F + CFCI" + F (4.2)
CF;Cl — F 4+ CF"+ F + Cl (4.3)
CF;Cl — F + CCI" + 2F (4.4)

The thermochemical analysis performed here, as discussed in Chap. 1, agrees with
all these assignments. However, the lack of well-defined onsets and features in the
F~ ion yield from CF;Cl, combined with the number of different dissociation
channels possible, does not allow these assignments to be made with confidence.
For example, the calculated dissociation enthalpies for producing the ion-pairs
F~/CFCI" (+ F) (reaction 4.2) and F~/CI* (+ CF,) are 17.0 and 17.1 eV, respec-
tively. Not only are both these values higher, and not lower, in energy than the
second onset, but from this analysis alone both are equally valid assignments.

The F~ ion yield from CF;Br shows the first onset at 14.7 &= 0.2 eV (Fig. 4.1b,
Table 4.1) which correlates best to the dissociation enthalpy of 14.9 eV calculated
for reaction (4.5):

CFsBr — F~ + CF," + Br (4.5)

For the same reasons as discussed above in the thermochemical analysis of F~
from CF;Cl, even tentative assignments of other unimolecular dissociation reac-
tions to onsets of features in the F~ ion yield from CF;Br are not suggested here.

Assignments of dissociation processes to onsets in the F~ ion yield from CF;l
can be made more confidently; calculated thresholds for reactions (4.6)—(4.9)
coincide with local minima, and hence with onsets to features in the ion yield
(Fig. 4.1¢).

CFl — F + CF," + 1 (4.6)
CFl — F + CF"+ FI (4.7)
CFl — F + FI' + CF (4.8)
CFRl — F + 1"+ CF + F (4.9)

The calculated enthalpy changes for reactions (4.6)—(4.9) are 14.2, 14.3, 15.7 and
18.5 eV, respectively. It is likely that features in the ion yield which occur just
after these values represent the ‘turning on’ of the newly-available dissociation
channel(s). In addition, the sharp onset observed at 12.7 4= 0.2 eV can be corre-
lated to formation of the F~/I* (+ CF,) ion-pair—although this assignment is made
more tentatively since the calculated enthalpy is 13.2, 0.5 eV above this onset.
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The lowest energy ion-pair reaction which yields F~ must be:
CF:;X — F + CRX"(X= Cl, Br, I) (4.10)

Lack of reliable information for AH%,9s (CF,I") prevented a dissociation enthalpy
for CFsl in reaction (4.10) to be calculated. For CF5Cl and CF;Br the calculated
thresholds for this reaction are 10.2 and <10.1 eV, respectively. In both cases
these calculated dissociation enthalpies are significantly below the experimentally-
observed appearance energy (AE) for F~ ions; recall the AEs are 16.0 and 14.7 eV
for F~ from CF;Cl and CF;Br, respectively. There is therefore no evidence, from
this thermochemical analysis, that F~ ions produced from CF3Cl and CF;Br arise
via reaction (4.10). The AE for F~ from CF;l, however, is much lower, at 9.7 eV
(Fig. 4.1c, Table 4.1). Even though a threshold energy could not be calculated for
reaction (4.10) when X = 1, it is the only ion-pair channel forming F~ from CF;l
that is likely to occur at energies below ca. 13 eV. The peak at 9.8 eV in the F~ ion
yield from CF;l, albeit very weak, must therefore arise from reaction (4.10).

The photoabsorption spectra of CF;Cl and CF;Br, shown in Fig. 4.1 [18],
extend over the energy range where F~ ions are observed from the two molecules.
Figure 4.1 does not include a photoabsorption spectrum for CF3I and published
data in the energy range of interest (up to 25 eV) is limited. The peak centred at
16.32 eV in the CF;Cl absorption spectrum has been assigned as a transition to a
3s Rydberg orbital coverging on the fifth excited valence state of CF5CI* (E%A,)
[18]. From EELS of CF;Cl, King and McConkey [14] have assigned observed
features at 16.29, 17.1 and 18.2 eV as transitions to 3s, 3p and 3d Rydberg orbitals,
respectively, all converging to CF;CI* (E*A;). These features occur in the same
energy range where the gradual onset of F~ ions from CF;Cl is observed. The
cross section for F~ ions in this energy range is relatively small (6 x 107>* cm? at
17.6 eV) and well-defined peaks are not observed. As a result, and given the
tentative nature of the assignments made from the photoabsorption and EEL
spectra, assigning the same transitions to the F~ ion yield is speculative. The one
peak that is observed at 21.0 eV has not been clearly seen in the absorption
spectrum [18]. It may correspond to a Rydberg state of CF;Cl converging on either
the F°E or G”A, state of the parent ion.

The above discussion assumes the formation mechanism is predissociative, yet
direct excitation to the ion-pair state should not be discounted. The gradual onset
and small cross section indicate weak Franck—Condon overlap, and therefore direct
ion-pair formation is plausible. If this is the case, the AE of F~ ions may exceed the
thermochemical ion-pair dissociation threshold by a greater amount than that from
a predissociation mechanism where these two energies are more likely to be similar.

The feature in the CF;Br photoabsorption spectrum at 15.96 eV has been
assigned as a transition to a 4d Rydberg orbital converging on the fourth excited
valence state of CF;Br* (]52E) [18]. It is close in energy to the first observable peak
in the F~ ion yield at 16.1 eV, and it is possible these two features share the same
primary excitation process. The peak at 9.8 eV in the F~ ion yield from CF;l is
very sharp and weak, and appears anomalous by comparison to the rest of the
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spectrum. The abrupt nature of this feature points to a predissociative mechanism
and the low cross section could indicate the extent of overlap between states is
small. It has been suggested, albeit tentatively, that Rydberg states of the ns series
converging to the X?Es, ionisation limit lie in this energy region. Indeed there is a
strong absorption band between 9.4 and 9.9 eV showing detailed structure [16].

It is generally accepted that the X°E electronic states of the CF;X* (X = CI, Br,
I) cations result from ionisation of X lone pair electrons, and the A2A1 states from
ionisation of a C—X bonding electron [6-9]. The B, C, D, E and F electronic states
of the cations between 15 and 22 eV are most likely from fluorine lone pair
excitations. It is expected that the bonding character of the fluorine lone pair
electrons will increase with increasing ionisation energy (/E) [8]. Photoexcitation
of these electrons leads to the production of F~ anions. Only F~ produced from
CF;l is observed following photoexcitation of an electron associated with the
X substituent. Even so, the resulting single peak at 9.8 eV appears isolated and the
cross section is very small compared to the rest of the spectrum. The similarities of
the photoelectron spectra for the three CF;X molecules have been highlighted by
Cvitas et al. [6, 8], and they suggest that changing substituent X affects the elec-
tronic structure of the CF; group very little. Despite this observation, the F~ ion
yields from these three molecules differ significantly. The extent of structure and
the energy range over which F™ is observed increases as X changes from Cl to I. In
addition, the AE of F~ ions decreases. These trends appear more significant when
substituting Br for I than when substituting Cl for Br. This trend possibly reflects
the differing polarisabilities of the halogen atoms; the values are 2.18, 3.05 and
5.35 x 1072* cm? for neutral atomic Cl, Br and I, respectively [22].

4.4 ClI™ from CF;Cl

The CI™ ion yield from CF;Cl is shown in Fig. 4.2 from 12 to 34 eV. For com-
parative purposes it also includes the total photoabsorption spectrum [18], TPES
[10] and total fluorescence yield [18] for CF3Cl. The numerical information is
summarised in Table 4.1. The signal in the C1™ ion yield observed between 12 and
14 eV is considered to result from second-order effects, which are exaggerated
when flux normalising the spectrum. The Cl™ signal changes linearly with CF;Cl
gas pressure, indicating that the mechanism for C1I~ formation is unimolecular ion-
pair dissociation.

The lowest energy ion-pair fragmentation leading to ClI™ production must also
produce the cation CF;™:

CF;Cl — CI” + CF,* (4.11)

The calculated enthalpy for reaction (4.11) is 9.2 eV, however, the experimentally-
observed onset to C1™ production from CF3Clis 16.1 £ 0.2 eV. In the earlier work
of Schenk et al. [20] a value of 16.0 & 0.1 eV is reported, in excellent agreement
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with this work. The observed C1™ signal at onset may be assigned to the following
dissociation reaction:

CF;Cl — Cl” + CF," + F (4.12)

The calculated enthalpy change for reaction (4.12) is 15.4 eV. Other onsets to
features in the C1™ ion yield, observed at 18.4, 21.3, and 23.4 eV (Fig. 4.2), occur
where a different fragmentation reaction becomes energetically accessible:

CF;Cl — CI” + CF" + 2F (4.13)
CF;Cl — CI” + F' + CF, (4.14)
CF;Cl — CI” + E,* + CF (4.15)

The calculated enthalpy changes for reactions (4.13)—(4.15) are 18.4, 21.4, and
23.3 eV, respectively.

The production of Cl™ has similarities to that of F~ from CF;Cl; the frag-
mentation reaction assumed to occur at onset [reaction (4.12)] is almost identical
to that assigned to F~ anions from CF3Cl [reaction (4.1)]. Both ion yields show a
very similar AE (Table 4.1) and in both cases this value is much higher than the
lowest energy dissociation reaction to form the respective anion as an ion-pair
[reactions (4.10) and (4.11)]. In addition, the cross sections for F~ and CI™
production peak at almost identical energies and in the range 16-18 eV the
cross sections are of similar magnitude. For example, at 17.6 eV, op_ =
54 x 1072 cm? and ¢ = 9.2 x 10722 cm®. Above 18 eV F~ formation
increases with respect to ClI™ anions; at 21.0 eV, gr_ = 1.5 X 1072° ¢cm? and
Oci- = 2.2 X 1072 em?.
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4.5 Br from CF;Br and I" from CF;l

The Br~ and I™ ion yields from CF3;Br and CFsl, respectively, are shown in
Fig. 4.3 in the range 8-28 eV. The TPE spectra for CF3Br [10] and CF3I [11] are
superimposed above the ion yields for comparative purposes. When recorded as a
function of gas pressure, both the Br~ and I" signals change non-linearly; the rate
of change in anion signal increases pseudo-exponentially with increasing pressure.
When this trend has been seen before (e.g. SFs~ from SFg and SF5CF5) the anions
have been shown to arise from dissociative electron attachment, following
photoionisation of the parent molecule as the source of low-energy electrons [23]
(also see Chap. 3). The same conclusion is reached in this study for the formation
of Br~ and I"” ions from CF;X (X = Br, I). The two-step mechanism is shown
below:

CF3X +hv — CF3X" +e” (4.16)

CF:X+ ¢ —» X + CF (4.17)

CF;Br [24, 25] and CF;l [4, 26] are both known to attach electrons rapidly: the
recommended values for the thermal electron attachment rate coefficients are
14 x 1078 ecm?® s7! for CF3Br [24] and 1.9 x 1077 em® s7! for CFsl [4]. In
addition, the Br~ and I" ion yields show similarities to the TPE spectra for CF;Br
and CF;l, respectively (Fig. 4.3). These similarities are much more obvious
between the I ion yield and CF;I TPES, which perhaps reflects the difference in
magnitude between the attachment rate coefficients for CF;Br and CF;l. The
apparent lack of agreement between the two spectra (ion yield vs TPES) at lower
photon energies in both molecules is interesting. Only background signal is
observed in the Br™ ion yield over the photon energy range, 12—15 eV, where the
first two bands can be seen in the CF;Br TPES.

The first bands in the CF;1 TPES, representing the spin-orbit split ground state
of CF;I*, X?Es), and X?E,», are only observed very weakly in the I™ spectrum; in
Fig. 4.3 the I" signal over this energy region has been enlarged by a factor of 30.
The ion yields of Fig. 4.3 are unlikely to result from dissociative electron
attachment alone; Br~ or I™ anions produced by ion-pair dissociation are also
detected. How much of either anion signal is due to dissociative electron attach-
ment, and how much to ion-pair formation is unknown. However, given the evi-
dence above it is clear that dissociative electron attachment is the more dominant
mechanism contributing to the Br~ and I™ ion yields.

The agreement between the TPES and the Br™/I" yield is slightly better at the
higher energies scanned in Fig. 4.3, and the absence of the low-energy bands
between 12 and 15 eV in the Br™ channel from CF;Br, and the relative weakness
of the analogous bands in the I channel from CFsl, remain unexplained. Like-
wise, the reasons why the relative intensities between ion yield and TPES spectra
are different, including the relative intensities of the X2E3/2 and X °E 12 sSpin-orbit
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Fig. 4.3 a Br™ ion yield recorded following photoexcitation of CF3;Br between 12 and 28 eV.
The TPES [10] is superimposed on top of the Br™ ion yield for comparative purposes. b I ion
yield recorded following photoexcitation of CF3l between 8 and 28 eV. The 8-12 eV range of
this spectrum has been blown-up by a factor of 30. The TPES [11] is superimposed on top of the
I” ion yield for comparative purposes. The anion spectra are not put onto an absolute scale
because the signals are shown to change non-linearly with pressure. The peak at 9.0 eV in the I™
spectrum, however, results from ion-pair formation and the cross section at this energy is
3.8 x 107! cm?

sub-bands in CF5I", is unclear. Note that the SF4~ yield from SF4 and the SFs~
yield from SFsCF; are both dominated by the two-step electron attachment
mechanism over the whole of the valence region, and the anion yield and TPES
show better agreement over a wider range of energies [23] (also see Chap. 3).
There is limited evidence from work on other polyatomic molecules (e.g. c-CsFg)
that the agreement between the two spectra is enhanced if electron attachment is
non-dissociative [23, 27].

For electron attachment to occur, the parent molecule must first be ionised.
Therefore, at energies below the onset to ionisation any anions produced can only
arise from ion-pair dissociation. This is observed in the ion yield for I from CF;l.
The onset to ionisation in CF;l is 10.4 eV [21]. However, the experimentally-
determined onset to I~ formation is at 8.8 & 0.2 eV and a discrete peak in the
signal results at 9.0 eV (Fig. 4.3). Thermochemical calculations suggest the only
possible ion-pair dissociation reaction which produces I~ at this energy is:

CFl — 1™ + CF;* (4.18)

The calculated enthalpy change for reaction (4.18) is 8.3 eV. The cross section for
I~ ion-pair formation at 9.0 eV is 3.8 x 1072! cm?. Normalising this value to the
total photoabsorption cross section at 9.0 eV [16] gives a quantum yield of ca.
8 x 107°. An analysis of the photoabsorption spectrum of CF5I has suggested that
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Rydberg states of the ns series converging to the X*Es,, ionisation limit lie in this
energy region, and absorption features showing vibrational structure have been
observed centred at energies 8.8 and 9.5 eV [16].

4.6 F,” and FX™ (X = Cl, Br) from CF3Cl, CF;Br and CF;l

The F,™ ion yields from CF;X (X = CI, Br, I) and the FX~ (X = Cl, Br) yields
from CF;3Cl and CF;Br in the range 12-34 eV are shown in Figs. 4.4 and 4.5,
respectively. All these anion signals show a linear increase when recorded as a
function of gas pressure, indicating that F,~ and FX™ result from unimolecular
photodissociation. The figures report absolute cross sections for these processes
and further numerical information is provided in Table 4.1; the cross sections for
production of FC1™, FBr™ and F,~ from CF;X are up to three orders of magnitude
smaller compared to F~ production.

The onsets for F,™ production, ca. 21, 19 and 17 eV for X = Cl, Br, I, occur at
the thermochemical thresholds for the ion-pair dissociation reaction shown below:
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CF;X — F,” + X"+ CF (X = Cl, Br, I) (4.19)

The calculated dissociation enthalpy changes for this reaction are 21.1, 19.2, and
17.2 eV for X = Cl, Br, and I, respectively. Two cautionary points should be
made: first, the uncertainty in the values of the experimentally-determined onsets
(Table 4.1, Fig. 4.4) is degraded by the poor signal/noise ratio in the ion yields;
second, an energy barrier resulting from forming a new F-F bond is likely—if so,
the true thermochemical threshold will lie below the experimental onset, and other
lower energy dissociation reactions should be considered (e.g. F, /CF" ion-pair
formation). A similar discussion on the dissociation reactions leading to FC1™ and
FBr~ from CF;Cl and CF;Br, respectively, is not possible due to the lack of data
on the electron affinities of FCl and FBr.

The F,~ ion yields all show one major feature which most likely represents the
presence of a Rydberg state converging to the fifth (E) or sixth (F) excited valence
states of the CF3X" molecules. As discussed in Sect. 4.3, the origin of the excited
electron is from a fluorine lone pair with significant C—F bonding character. In all
three F,™ ion yields a tentative correlation can be made between the peak energy
and features in the corresponding F~ ion yields. This is unsurprising considering
two F atoms must be cleaved preceding the formation of F,™.

4.7 CF,,” (n = 1-3) from CF;Cl, CF;Br and CF;l

The CF~, CF,™ and CF;™ ion yields from CF3X (X = Cl, Br, I) are shown in
Fig. 4.6. Numerical information is given in Table 4.1. All these anion signals show
a linear rise when recorded as a function of increasing gas pressure, indicating they
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result from unimolecular photodissociation. The cross sections for CF,,” (n = 1-3)
production are approximately two orders of magnitude smaller than those deter-
mined for F~ production.

Each CF,” (n = 1-3) anion from each parent CF;X molecule shows only one
feature in the ion yield, with the exception of CF~ from CF;Cl which shows more
features. It is proposed that the true onset for CF~ from CF;Cl is 25.5 eV
(Table 4.1, Fig. 4.6) and that the observed signal in the energy range 16-25 eV
results from detecting C1™ anions. There are two reasons for this. First, the mass-
to-charge ratios (m/z) used when recording ion yields are close in value, 31 for
CF™ and 35 for C1™. Although the C1™ signal peaks at m/z 35, weak contributions
can be detected at m/z values as low as 30. Combined with the fact that the CF™
signal relative to that of Cl™ is very weak, the Cl™~ contribution at m/z 31 becomes
significant. Second, the ion yield of C1™ (Fig. 4.2) and that of CF~ (Fig. 4.6) from
CF;Cl appear similar in the 16-25 eV energy range; both ion yields show an onset
around 16 eV, with featues at ca. 17.5 and 21.0 eV.

Unimolecular dissociation of CF3X (X = Cl, Br, I) leading to CF;~ formation
must also produce the cation X*:

CF3X — CF,;” +X'(X = Cl, Br, I) (4.20)
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The calculated thermochemical thresholds for reaction (4.20) are 14.9, 13.1, and
11.0 eV when X = Cl, Br, and I, respectively; the experimentally-determined
onsets for CF;™ anions are 15.5, 13.6, and 11.0 eV, respectively. A similar dis-
sociation process most likely produces the CF, " anions:

CF3X — CE,” + X"+ F (X = Cl, Br, 1) (4.21)

The calculated thermochemical thresholds for reaction (4.21) are 20.3, 18.5, and
16.4 eV when X = Cl, Br, and I, respectively; the experimentally-determined
onsets for CF, ™ anions are 20.2, 18.2, and 16.0 eV, respectively. Dissociation of
CF;X (X = Cl, Br, I) to produce the CF, /F* ion-pair will only occur at excitation
energies several eV above the experimental onset, and is therefore not a possible
assignment. Dissociation to produce the CF, /FX" ion-pair, however, may occur
below the experimental onset.

CF3X — CF,” + FX*(X = Cl, Br, I) (4.22)

The calculated thermochemical thresholds for reaction (4.22) are 17.4, 15.9, and
13.6 eV when X = Cl, Br, and I, respectively. If reaction (4.22) occurs, 2-3 eV
excess energy must be accounted for. An experimental onset is always considered
an upper limit, and small amounts of energy will undoubtedly be converted into
translational energy of the fragment species. It should also be considered that an
energy barrier to FX* formation may exist, given that bonds are both broken and
formed. Similar arguments are made in Sect. 4.6 with respect to the anions F,™ and
FX™ (X = Cl, Br, I). The more likely process producing CF,” from CF;X is
reaction (4.21), rather than reaction (4.22). Low excess energies favour the pro-
duction of ion-pairs [28], and a bond-breaking-only dissociative reaction is
favoured over one where bonds are additionally formed.

The considerations discussed above are also relevant in the discussion of the
CF™ fragment anion. The possibilities for the associated fragment cation and
neutral species are greater. Several diatomic fragments, F,, F,*, FX or FX", could
realistically be associated with CF~ ion-pair formation. The thermochemistry
suggests all processes pairing CF~ formation with X*, F* or F,* could be con-
tributing to the observed CF™ signal from CF;X photodissociation as observed in
Fig. 4.6. This is perhaps reflected by the broad band which features in all three
CF™ ion yields.

From observation of Fig. 4.6 it is clear that interchanging the X substituent in
CFsX with Cl, Br, or I has little effect on the structure of the ion yields of CF™,
CF,™, or CF3 . There are consistent shifts in the AE values of CF,; to lower energy
as X increases in size. For example, the shift in AE for each anion is almost exactly
the same when substituting Cl for Br as when substituting Br for I (Table 4.1); the
AE (CF") from CF;l is 2.0 eV lower in energy than AE (CF ) from CF;Br which
is 1.9 eV lower than AE (CF) from CF;Cl. This trend is expected because all
anions are observed at their thermochemical threshold, whose values decrease as
the size of X increases.
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The broad nature of the features in the CF™ ion yields does not allow any direct
comparisons to be made with other spectra. In addition, the energy required to
yield CF™ from photoexciting CF3X (X = Cl, Br, I) is comparatively large with
respect to other negative ions. Intermediate excited Rydberg states at these ener-
gies probably converge on the first inner-valence excited state of CF;X*. Alter-
natively, these features may represent direct ion-pair formation with no
involvement of an intermediate excited state. The energies of peak maxima in all
the CF,” and CF;~ ion yields, however, are similar to energies of features
observed in other anion spectra, and likely represent common excited intermediate
states and hence competing ion-pair dissociation channels.

4.8 Bond Dissociation Energies

As discussed in Chap. 1, the experimental AEs for anions determined by this work
may be used to calculate upper limits to 298 K bond dissociation energies, D’ [28].
For example, using the AE of CF3™ can provide an upper limit to D°(CF5-X) if the
IE of X and the electron affinity (EA) of CF3 are known, where X = Cl, Br, I:

AE(CF;) >D°(CF; — X) + IE(X) — —EA(CFs) (4.23)

Note that the AE (CF;7) correlates to dissociation reaction (4.20). When the
unimolecular dissociation involves multiple bond-breaking or the formation of a
new bond, calculations performed in this way become over-complicated and too
many assumptions are made. Therefore, only AE values for anions resulting from
single bond-breaking ion-pair dissociation are considered here.

The resulting upper limits to bond dissociation energies are presented in
Table 4.2 and compared to literature values. In addition, D°(CF5-F) is calculated
from the AE (F~ from CF,) [23] (also see Chap. 3) and included in Table 4.2. The
uncertainty in the D° upper limits calculated from these data is +0.2 eV which is
taken directly from the estimated error in the AE values (Table 4.1). The calculations
for these values are explained in more detail below. Note the consistency between
upper limit values for D°(CF;—X) obtained indirectly from this ion-pair work and the
accepted literature values [22]. Furthermore, the upper limit value for D° tends
towards the accurate value as the size of X increases from F to L.

As shown in Eq. 4.23 the AE values for CF;~ from CF3X (Table 4.1, Fig. 4.6)
are used to calculate D°(CF;—X). The EA of the CF; radical is 1.82 4 0.05 eV
[35], and the ionisation energies for CI (12.970 eV), Br (11.816 eV) and I
(10.453 eV) are taken from the JANAF thermochemical tables [36]. The calcu-
lation is slightly different for D°(CF3—F) because CF3;~ was not observed from CF,
[23], but the AE (F~ from CF,) can be used to yield the same information if the EA
(F) = 3.401 eV [37] and IE (CF3) = 9.04 &+ 0.04 eV [38] are used instead.

The formation of F~ from CF;l at onset arises from dissociation reaction (4.10).
Unfortunately, because the /E (CF,l) is currently not known, an upper limit to
D°(CF,I-F) cannot be calculated from the AE (F~) value as described above.
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Table 4.2 Upper limits to experimentally-determined bond dissociation energies and compari-
son with literature values. *

Bond DSog/ €V

This work Literature value®
H-CH,4 421 +£0.11 4.553 + 0.004
F-CH; <5.84 + 0.02° 477 + 0.09
Cl-CH,4 <3.81 + 0.02° 3.63 + 0.02
Br—-CHj, <2.98 + 0.02° 3.05 + 0.02
H-CH,F <4.8, £ 025 439 + 0.04
H-CH,Cl1 <435 + 028 434 £ 0.02
H-CH,Br <424 +0.25 4.43 £ 0.02
F-CF; <74 +02¢ 5.67 + 0.02
Cl-CF; <44 4 02° 3.79 + 0.04
Br—CF; <3.6 4 0.2° 3.07 + 0.01
I-CF; <24 4 0.2° 235 + 0.01
F-CF,Cl <11.1 £ 02 5.30"
F-CF,Br <18.1-IE(CF,Br) 5.09'
F-CF.l <13.1-IE(CF,]) 5.40!
F-SFs <6.3 + 0.3 4.06°
F-CF; <74 402 5.67 + 0.02
FsS—CF; - 3.86 + 0.45'
F-SF,CF; <14.5-IE(SF4CF;) N/a
F-SE,Cl <4.8 +0.3" 3.70%
CI-F; <44 403 2.54%

# Note that this version of Table 4.2 is updated from that published in my PhD thesis. T am
grateful to Professor Richard Tuckett for his help in expanding this Table. The version shown
here is taken from Ref. [29]

% Reference [22]

® Calculated from the AE of Y~ from CH3Y [30]. The compound errors have contributions from
the errors in AE (Y™ ), typically 0.02 eV, and the error in /E (CH3), 0.01 eV

¢ Calculated from the AE of CH,Y~ from CH3Y [30]. The errors are dominated by that of the
AE (CH,Y ), typically 0.2 eV

4 Calculated from the AE (F ) from CF, [23]

¢ Calculated from the AE of X~ formation from CF;X

' Error not quoted

€ CF;~ and SFs~ are either not observed, or are not formed by ion-pair formation

Uses an enthalpy of formation of SF,CI* of + 327 kJ mol™' [31]

Calculated assuming the enthalpies of formation at 298 K of the CF,Br and CF,I radicals
are —238 and —144 kJ mol™! respectively [32, 33]

I Value at 0 K [34]

K Calculated assuming the enthalpies of formation of SF,Cl and SFs are — 761 and
— 915 kJ mol ™", respectively [31]. Errors are often not quoted and difficult to estimate, but
probably an error in the bond energy of + 0.20 eV is realistic

-

However, the relevant information is known in order to calculate an upper limit to
D°(CF,I"-F) if Eq. 4.24 is considered:

AE(F™) >IE(CFsl) + D(CF,I* — F) — EA(F) (4.24)
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The AE (F7) is 9.7 &£ 0.2 eV, the IE (CF;l) is 10.37 eV [21], and the EA (F) is
3.401 eV [37], giving D°(CF.I"-F) < (2.7 £ 0.2) eV or (263 % 20) kJ mol .
If D°(CF,I*-F) is simply defined as the enthalpy change for reaction (4.25), then
an upper limit to AF%0g (CF,I") can be determined.

CFsl* — CFI" +F  A.HZq < (263 + 20) kJ mol ! (4.25)

Using thermochemistry provided in Appendix I, AH®9s (CF,I") is calculated
as <(598 + 22) kJ mol .

4.9 Conclusions

Negative ions have been detected following photoexcitation of CF3Cl, CF;Br and
CFsl in the photon energy range 8-35 eV. For the fast electron-attaching gases
CF;Br and CF;l, the Br~ and I™ signals are heavily influenced by dissociative
electron attachment. All other anions detected from these three molecules result from
ion-pair formation. A collection of the numerical data from this study is compiled in
Tables 4.1 and 4.2. It has been shown that experimental AE values from ion-pair
formation can be used to calculate upper limits for bond dissociation energies. This
same point was made by Berkowitz [28], but has rarely been implemented since.
New data is reported for D3s (CF,IT — F) < (2.7 +0.2) eV and AyH5s(CFIT) <
(598 4+ 22) kI mol .

The most surprising observation from this work is the lack of ion-pair formation
detected at lower photon energies, particularly at energies below the /E of the
parent molecule. This anomaly is surprising because ion-pair fragmentation is
energetically allowed and because significant structure is observed in the photo-
absorption spectra below the /E. The best example of this is seen in X~ ion-pair
formation from CF;X (X = Cl, Br, I): a comparatively large cross section for X—
produced by reaction (4.26) would be predicted, but the spectra show no contri-
bution from CI™ or Br™ anions produced in this way. I" anions, however, are
observed below the /E of CF;l but the signal is surprisingly weak.

CF3X — X~ + CF,"(X = Cl, Br, I) (4.26)

The total fluorescence yields and photoabsorption spectra correlate very little, and
although there will be some contribution from fluorescence, it is not expected to be
significant. Therefore, the structure observed in the photoabsorption spectra for
CF;Cl, CF3Br and CFslI below the IE must almost exclusively result from neutral
photodissociation.

It is noted that ion-pair formation from CF, (see Chap. 3) shows completely
different properties to the CF;X molecules studied in this paper. This should not be
surprising for two reasons: first, the symmetry of the molecule changes from 7, to
C3,; second, the substitution of one F by a much heavier halogen atom increases
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the polarisability of the molecule, and therefore enhances its propensity to attach
low-energy electrons.

Finally, it is noted that the strongest anion observed, F~, corresponds to
cleavage of a strong C—F bond, whereas the anion produced by cleavage of a much
weaker C—X bond, X, is significantly less intense. This is true for X = CI, Br and
L. It appears that the dynamics of the crossing of Rydberg states with the ion-pair
continuum determines the relative intensities of the anions that are formed, and not
the thermochemistry of the different dissociation channels. This point is revisited
in Chaps. 5 and 6.
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Chapter 5
Vacuum Ultraviolet Negative Photoion
Spectroscopy of SFsCl

The experimental data for SFsCl was collected in May 2008 on beamline 3.1 of the
Daresbury synchrotron radiation source. Many thanks go to Dr David Shaw,
Professor Colin Latimer, Dr Ken Dunn and Professor Richard Tuckett for pro-
viding their experimental expertise. This work has been accepted for publication in
the Journal of Physical Chemistry A (2010) [1].

5.1 Background Information

The anthropogenic gas sulphur chloropentafluoride (SFsCl) is used as a reagent in
chemical synthesis, but only for the infrequently required application of intro-
ducing an SFs group into other molecules [2, 3]. Therefore gas-phase studies on
this molecule are few and far between, and are generally limited to fundamental
investigations where SFsCl is compared to its better-known relation sulphur
hexafluoride (SFe). More recently these studies have extended to include another
related molecule, trifluoromethyl sulphur pentafluoride (SFsCF;). The negative ion
spectroscopy of SFg and SFsCF; has already been reported in Chap. 3. The
structure of SFsCl, C4, symmetry in the gas phase, has been established by
microwave spectroscopy [4] and electron diffraction [5]. Four equatorial S-F
bonds have a slightly shorter length, 0.157 nm, than the S—F axial bond, 0.159 nm,
while that of S—Cl is significantly longer, 0.204 nm. Perhaps surprisingly, there are
no vacuum ultraviolet photoabsorption spectra of any kind, either below or above
the energy of the LiF cutoff (11.8 eV), reported in the literature.

It is the electron scavenging properties of SFq which make it such an important
gas, and hence several groups have investigated electron attachment to SFsCl [6-9].
There have been two measurements of the thermal electron attachment rate coeffi-
cient for SFsCl are (4.8 £ 1.2) x 1078 cm?® 7! by Van Doren et al. [9] and
(2.0 + 0.3) x 107 cm® s™! by Mayhew et al. [6]. In comparison, the generally
accepted values for SFg and SFsCF; are (2.38 £ 0.15) x 1077 ecm® s7!, and

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 65
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(8.0 £ 0.3) x 107 cm® s, respectively [6]. Electron attachment to SFy is pre-
dominantly non-dissociative, whereas SFsCF; and SFsCl attach electrons via dis-
sociative processes: SF5™ is the major anion product in both instances.

Information on the valence electronic structure of SF5CI is limited. Photo-
electron spectra reported by DeKock et al. [10] followed up with calculations by
Klyagina et al. [11], provided the first ordering for the molecular orbital (MO)
configuration of SF5sCI. A more recently recorded threshold photoelectron spec-
trum, using synchrotron radiation, has confirmed the experimental work by
DeKock in the 12-20 eV range [12]. This publication also reports results from a
calculation which supports the MO assignments (to the experimentally observed
bands) made by Klyagina et al. Figure 5.1 summarises the combined findings of
these three investigations and correlates the MOs for SF;5Cl, of Cy4, symmetry, with
those of SFg, of O), symmetry. While the ordering of the valence MOs in Fig. 5.1
(i) for SFg is well known [13, 14], it is noted that the ordering and assignments
given for SFsCl is based on limited evidence.
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The sample of SFsCl used in this experiment was obtained from Apollo
Scientific with a quoted purity of 97%. Impurities of SF,, FCI and CI, have been
noted in previous studies using SFsCl samples, and small amounts of SF,O,
species have also been detected—identified as products from the hydrolysis of SF,
[8, 12]. There is no way of eliminating any potential contributions from these
impurities to the anion spectra reported here.

The anions F~, SFs™ and CI™ were detected following VUV photoexcitation of
SFsCl. The F~ signal was by far the strongest of the three, whilst the other two
anions were only just detected above the sensitivity limit of the apparatus.

5.2 F~ from SF;sCl

The cross section for F~ formation is shown in Fig. 5.2 over the range 12-30 eV.
The F~ signal was shown to increase linearly with increasing SFsCl gas pressure,
thus indicating it is formed via unimolecular ion-pair dissociation. The experi-
mentally determined onset for F~ production is 12.7 + 0.2 eV (Fig. 5.2a and b).
It is noteworthy that this value lies above the adiabatic ionisation energy for SF;5Cl,
12.3 eV [10, 12]. The onset is gradual and the cross section increases at a steady
gradient up to about 13.6 eV. From this point the gradient appears to increase,
leading to the cross section maximum of 6.1 x 1072° cm? at 14.06 eV (Fig. 5.2b).

The ‘shoulder’, from onset at 12.7 eV to the point of change in gradient at
13.6 eV (labelled ‘1’ in Fig. 5.2b) may arise from one or more of the following
three ion-pair dissociation reactions:

SFsCl — F~ + SF,CI* (5.1)
SFsCl — F~ + SE;* 4+ FCl (5.2)
SF5Cl — F~ + SF3CI™ +F (5.3)

There is uncertainty in the enthalpy of formation for SF4Cl*: the value used is
+327 kJ mol™" which represents an upper limit determined from the appearance
energy of SF4CI" ions following the dissociative photoionisation of SFsCl [12].
The corresponding upper limit for the enthalpy change of reaction (5.1) is 11.6 eV,
whilst the enthalpy change for reaction (5.2) is 11.4 eV. The enthalpy change for
reaction (5.3) is also expected to be less than the appearance energy of F~ ions of
12.7 eV, but the value for A9 (SF3CI") is not known. It is worth noting that
the SF;CI* species has not been observed in photon excitation or electron impact
excitation experiments [12], casting doubt over the production of F~ ions from
reaction (5.3).

The feature in the F~ ion yield between 13.6 and 14.8 eV is labelled ‘2’ in
Fig. 5.2b. The increase in gradient of the cross section at 13.6 eV, giving rise to
feature 2, correlates to the thermochemical onset of 13.5 eV for the dissociation
reaction shown in (5.4).
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SFsCl — F~ + SF4Jr +Cl (5.4)

This evidence suggests that the most significant contribution to the F~ cross
section at 14.06 €V is from the F~/SF," ion-pair process in which the S—CI bond is
also broken, and not from dissociation reactions (5.1-5.3).

It is difficult to assign features in ion-pair spectra to specific dissociation
reactions with any confidence. This is particularly true at higher photon energies
because the number of accessible ion-pair reaction products increases. Some
examples of the many reactions which may be occurring at photon energies
>14 eV (giving rise to features 3-8 shown in Fig. 5.2¢) are listed below:
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SFsCl — F~ +CIT +SF,  AH° = 14.5¢eV (5.5)

SFsCl — F~ + SF,” + F + FCl AH® =15.7eV (5.6)
SFsCl — F~ + SF™ + F, + FCl AH® = 18.0eV (5.7)
SFsCl — F~ + SF," + 2F + Cl AH® = 18.3eV (5.8)
SFsCl - F~ 4+ CIT +SF; +F  AH° =18.7eV (5.9)
SFsCl - F~ +ClI" +SF, +F,  AH° =19.4eV (5.10)
SFsCl — F~ 4+ SF" + 2F + FCI AH° =19.7eV (5.11)
SF5Cl — F~ + SF" + F, + F+Cl AH® =20.6eV (5.12)
SFsCl — F~ + CI* + SF, + 2F AH° =21.0eV (5.13)
SFsCl — F~ 4+ SF" 4+ 3F + CI AH® =223eV (5.14)

Feature 1 in the F~ ion yield exhibits characteristics often associated with direct
ion-pair formation; the onset is gradual and the resulting feature is broad and
structureless. However, it is not possible to rule out an indirect process, identifying
feature 1 as a Rydberg state. There is no identifiable maximum to feature 1—it
appears in the cross section as a shoulder—and therefore no attempt is made to
assign it using the Rydberg formula. Features 2-8 in Fig. 5.2 have been assigned
and the results are shown in Table 5.1. In producing this table it is assumed, in
most cases, that the given Rydberg state converges towards the excited state of
SFsCI* closest in energy to that of the feature. For example, it is assumed that
feature 2 at 14.06 eV converges to SFsCl* A 2A, at 14.79 eV and not to
SEsCI* B %A, at 15.35 eV. However, this assumption is not made for feature 4 and
two potential assignments have been given.

The cross section for F~ formation at its maximum point, at feature 2, is
6.1 x 1072 cm?. Features 3-8 are much weaker in comparison and the cross
section is approximately an order of magnitude smaller; the cross section at
23.2 eV, corresponding to feature 6, is 5.9 x 10~>' cm”. This may be due to the
nature of the Rydberg state assigned to feature 2. Gaussian 03 calculations have
shown the first excited state of SFsCI" involves the removal of an electron from
the 15a; MO which has both S-F,, and S—Cl bonding character [12, 15]. The
Rydberg state represented by feature 2 is thought to converge on the first
excited state of SFsCI"™ and is identified to come from the dissociation reaction
(5.4) where a fluorine anion and a chlorine atom are both cleaved from the
molecule.
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Table 5.1 Rydberg assignments to features observed in the F~ ion yield recorded following the
photoexcitation of SF5Cl

Feature® E/eV® IE° 5 Assignment®
2 14.06 14.79 (A%A)) 1.68 6p'A,
3 16.80 18.07 (G*A)) 1.73 5p'A,
4 20.65 21.0 (A) 1.80 8p'A,
21.9 (K%E) 1.70 5p'E
5 21.65 21.9 (K%E) 1.62 P'E
6 23.20 25.1 (L*A) 1.33 4p'A,
7 23.95 25.1 (L%A) 1.56 5p'A,
8 24.60 25.1 (L%A) 1.78 Tp'A,

# The feature in the F~ ion yield as labelled in Fig. 5.2

° The photon energy of the feature identified from the spectra in Fig. 5.2. The uncertainty in these
values is estimated to be +0.01 eV for feature 2 and 0.1 eV for features 3—8

¢ The electronic state of SFsCI* to which the assigned Rydberg state converges. Vertical ioni-
sation energy values are taken from the work by DeKock et al. [10]

4 Value of the quantum defect calculated from the Rydberg formula

¢ Rydberg orbital assignment

5.3 CI” from SFsCl

CI™ anions were observed following the VUV photoexcitation of SFsCl, but the
signal was very weak. Only one peak was detected in the range 8-35 eV, shown in
Fig. 5.3. This feature was reproducible when scanning over the same energy
region with a LiF window in place and so it is not an artefact arising from higher-
order radiation. The appearance energy for Cl™ anions is 10.6 &= 0.2 eV and the
maximum of the resulting single peak is 10.9 eV. Now, these energies lie below
the adiabatic ionisation energy of SFsCl, 12.3 eV [10, 12]; therefore, CI~ can only
form from an ion-pair dissociation. The only energetically accessible ion-pair
dissociation reaction at this energy is:

SFsCl — ClI~ +SF,"  AH° =87 eV (5.15)

The experimental onset therefore occurs 1.9 eV above the thermochemical thresh-
old. This feature may be assigned as the initial transition from the highest occupied
MO to an excited Rydberg state, 9¢ — 4p, converging on SFsCI* X *E which then
predissociates into the C1~/SFs" ion-pair state. The spectrum in Fig. 5.3 has not been
put onto an absolute scale because the signal detected was so weak.

5.4 SF5 from SFsCl

SF5~ anions were also detected from SFsCl. A spectrum was recorded in the range
12-35 eV which is presented in Fig. 5.4. The SF5~ signal was very weak and the
spectrum is noisy as a result. There is only one distinct feature in the spectrum, at
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Fig. 5.3 The observation of
CI™ anions following the
photoexcitation of SFsCI in
the range 8-15 eV. The
spectrum was recorded with a
step size of 0.1 eV and a
wavelength resolution of 6 A

CI signal/ arb. units

T T T T
8 ] 10 11 12 13 14 15

photon energy / eV

Fig. 5.4 SFs™ ion yield
recorded following the
photoexcitation of SFsCl in
the range 12-35 eV. The
spectrum was recorded with a
step size of 0.1 eV and a
wavelength resolution of 6 A

SF, signal / arb. units

04
12 16 20 2 2 32 6
photon energy / eV

22.0 eV, and when the excitation source was fixed at this energy the SF5~ signal
was shown to increase non-linearly with increasing SFsCl gas pressure. It is
concluded, therefore, that the SFs™ anions are produced by the dissociative elec-
tron attachment process outlined below, where photoionisation provides the source
of low-energy electrons:

SFsCl+ e~ — SFy~ +Cl (5.16)

It is noted that this anion is the dominant species from studies of thermal electron
attachment to SFsCl [6].

As discussed in Sect. 5.1 the thermal electron attachment rate coefficient for
SFsCl is in the region of (2-5) x 107® ¢cm® s™'. This value is of a similar mag-
nitude to that of other molecules such as SFsCF5 (k, = 8.0 x 1078 ecm? 571, see
Chap. 3) and CF;3Br (k, = 1.4 x 107% cm® s™', see Chap. 4). In the photon
experiments reported in this thesis, the anions SFs~ and Br~ from SFsCF; and

CF;Br, respectively, are observed and identified as products from electron
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attachment reactions rather than from ion-pair dissociation. Thus, SFsCl is fol-
lowing the same pattern. It is predicted that an anion spectrum resulting from an
electron attachment process will mimic, at least to some extent, a threshold pho-
toelectron spectrum. The feature in Fig. 5.4 at 22.0 eV matches the vertical ion-
isation energy for the band observed from photoelectron spectroscopy at 21.9 eV
(see Fig. 5.1). This is, however, the only such similarity between the two different
types of spectra and the reasons for this is not known.

5.5 Conclusions

The anions F~, C1™, and SFs~ have been observed following the VUV photoex-
citation of SF5Cl. The F~ and C1™ anions arise from ion-pair dissociation but SF5™
is produced from dissociative electron attachment. Only the production of F~ can
be put onto an absolute cross section scale, but the quantum yield for its production
cannot be determined since photoabsorption cross section data are not available.
Indeed, the analysis of the results is limited by the lack of other complimentary
spectroscopic investigations, e.g. fluorescence excitation as well as photoabsorp-
tion spectra.

It is an apparent coincidence that the AE for F~ from both SFsCl and SFg takes
the same value, 12.7 £ 0.2 eV (Table 5.2): there is no reasonable explanation for
their equality. It is the relative position of the AE to the adiabatic IE of the parent
molecule which is more interesting. The most significant features in the F—
spectrum from SF¢ appear below the /E (Fig. 3.1a), yet for SFsCl the AE (F)
exceeds the /E. In fact, the same comment is made when comparing F~ from CF,
(Fig. 3.21) with F~ from CF3Cl (Fig. 4.1): for CF, the AE (F™) < IE, for CF;Cl the
AE (F7) > IE (Table 5.2).

SFe and CF, follow the ‘expected’ trend that the probability for an excited
electronic state to predissociate into ion pairs is greater in the absence of a competing
autoionisation process. It is possible, therefore, that the change in symmetry on
substituting a F for a Cl atom (e.g. SFg — SFsCl) suppresses the formation of ion
pairs below the ionisation energy—or rather increases the probability of a com-
peting process, such as neutral dissociation (e.g. SFsCl — SFs + CI). With respect
to SFsCl this idea is only speculative because data from other VUV experiments,
such as fluorescence excitation spectra, let alone photoabsorption spectra, are not
available. However, when comparing the data for ion-pair formation from CF;Cl
with total photoabsorption and fluorescence excitation spectra, the evidence sug-
gested that photoexcitation below the /E must almost exclusively result from neutral
photodissociation [19] (also see Sect. 4.1).

The lack of ion-pair formation processes from SFsCl producing Cl~ anions
cannot be explained. Indeed, perhaps the most interesting aspect of this work is the
observation that the F~ cross sections are orders of magnitude greater than the CI™
cross sections, yet the S—Cl bond is significantly weaker than the S—F bond; the
bond dissociation energies are 2.5 and 3.7 eV, respectively (calculated from
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AH® 505 values provided in Appendix I). These and other generic issues on ion-pair
dissociation reactions are addressed in Chap. 6.
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Chapter 6

Vacuum Ultraviolet Negative Photoion
Spectroscopy of Small

Polyatomic Molecules

6.1 Summary of Results

A total of 24 small polyatomic molecules have been studied by the Chemical
Physics groups in Birmingham and Belfast from 2005 to 2008 using VUV negative
photoion spectroscopy: the data for SFsCF;, SF¢ and CF4 were published in 2008
in the Journal of Chemical Physics [1], and updated here in Chap. 3; the data for
CF;Cl, CF;Br and CFsI were published in 2009 in the Journal of Chemical Physics
[2], and are also presented here in Chap. 4; the data for SFsCl were published in
2010 in the Journal of Physical Chemistry A [3], and are also presented here in
Chap. 5; the data for CH,, CH3F, CH;Cl and CH;Br were published in 2010 by
Rogers et al. [4, 5]; the data recorded for the remaining 13 molecules (C,H,4, C,Hg,
C3Hg, C2F4, C2F6, C3Fg, CHze, CHF3, CH2C12, CHC13, CC14, CFzClz, CFC13) are
presented here in Appendix II. Specific data for all of these molecules [such as
anions observed, appearance energies (AEs), cross sections (¢) and quantum yields
(®)] are compiled in Table 6.1. This forms the most comprehensive collection of
information about ion-pair formation from polyatomic molecules since the 1996
Berkowitz review [6].

Of these 24 molecules, several have been studied previously, by other research
groups, using VUV anion spectroscopy. These data are available in the literature
for CF, [41], SFg [42, 43], CH,4 [44], CH3X (X = F, Cl, Br) [45], C,H, [46], C,Hg
[47, 48], CsHg [47], and the chlorofluoromethanes (CFCl;, CF,Cl,, CF;Cl) [49].
The present work is in excellent agreement with these earlier studies and in most
cases the quality and quantity of data obtained have improved. For example, anion
spectra have been recorded over a larger photon energy range (typically from onset
up to 35 eV) and new anions have been observed. Indeed the apparatus used to
collect these data provides excellent sensitivity which is crucial when detecting
negative ions. New results are presented here for SFsCF;, SFsCl, CFzX, the per-
fluorocarbons, the fluoromethanes and the chloromethanes.

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 75
DOI: 10.1007/978-3-642-23129-2_6, © Springer-Verlag Berlin Heidelberg 2012
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Fig. 6.1 (a—c) The distribution of AE,9s—A,H®9g for anions produced from a single bond-
breaking ion-pair dissociation reaction (see Table 6.1). (d—g) Data extracted from graph (a) for
methane and the halo-substituted methanes only. CY;; includes data for CF;~, CH,F~, CH,Cl™
and CH,Br™ ions

6.2 Ion-pair Appearance Energies
and Thermochemical Thresholds

Consider the comparison between the experimental appearance energy (AE) for
ion-pair formation and the thermochemically determined threshold (Table 6.1,
columns 4 and 6, respectively). The former quantity must be greater than or equal
to the latter. This is true for the majority of results shown in Table 6.1. For the few
instances where this inequality is disobeyed (e.g. H™ from CH,), thermal effects
and/or uncertainty in the calculated A,H%,9g values are expected to be responsible.
In most cases, when only one dissociation process is thermodynamically acces-
sible, the reaction occurring at the AE can be unambiguously identified. These are
single bond-breaking ion-pair dissociation reactions. Multiple bond-breaking ion-
pair dissociation reactions are assigned more tentatively, assuming the process
yielding the least amount of excess energy prevails (e.g. CF;Cl —» ClI™ +
CF," + F rather than CF;Cl — Cl1~ + CF;"). This assumption is justified by
experimental observations: it is common for the appearance of a feature in an ion-
pair spectrum to correlate with a possible dissociation threshold.

The difference between AE,9g and A,H®59g is plotted in Fig. 6.1a for all anions
listed in Table 6.1 that result from single bond-breaking ion-pair dissociation. The
apparently random distribution of points in this plot is expected. However, if the
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points for H™ and F~ ions are plotted separately (Fig. 6.1b and c, respectively), the
distributions show an interesting trend: the points for H™ ions are clustered around
AE — AH° = 0, whilst those for F~ take larger values. This indicates the
dynamics for H™ ion-pair formation allow for a tendancy for this anion to ‘turn on’
at the thermochemical threshold, favouring dissociation with low excess energy.

It is also interesting that the anion is H™ for four out of five instances in
Fig. 6.1a where AE — A,H° < 0O (the other is for Br~ with a value of —0.04 eV).
In contrast, F~ ion pairs are formed with relatively larger excess energies. These
trends become even clearer when the dataset is limited to methane and the halo-
substituted methanes (Fig. 6.1d—g). Now, the data for C1~ and CY53 (i.e. CF3,
CH,F, CH,Cl™ and CH,Br ") anions are also isolated and plotted. Low excess
energies are also observed for CY3 anion formation; all points in graph (g) have
values for AE — A, H° between 0 and 0.6 eV. In graphs (e) and (f) of Fig. 6.1, for
F~ and CI™ ions from halo-substituted methanes, a positive correlation between
(AE — A,H®) and mass of the parent molecule is observed. This is surprising given
that the data were plotted against mass for no particular reason, the primary aim
always being to observe the scattering about the y axis. Indeed, the same corre-
lation is observed if the x axis represents the total number of electrons in the
molecule, or the molecular polarisability. There is no explaination for this
observation and ideally more data points are required if this trend is to be
confirmed.

6.3 Ion-pair Formation Below the Ionisation Energy

From an experimental point of view it is advantageous to look for ion pairs below
the ionisation energy (/E); there will be zero background signal, and anions or
cations can be detected with the confidence that they must originate from ion-pair
formation.

It is energetically possible for ion-pair formation to occur below the /E of the
parent molecule if, for the generic reaction AB — A~ + B, the electron affinity
(EA) of A exceeds the bond dissociation energy (D°) of A — B* (discussed in
Chap. 1). This condition is most likely satisfied when A is a halogen atom and its
EA is large. Indeed, theoretically, this is true for every halogen-containing mol-
ecule in Table 6.1, with one exception: F~ from C,F,. Thus, D° (F-C,F;") > EA
(F), where EA (F) is 3.401 eV [50]. Tetrafluoroethene is an unsaturated perfluo-
rinated molecule and is a classic example of the ‘perfluoro effect’; the C—F bonds
in C,F, are strengthened by the combined inductive effect of the fluorine atoms at
the expense of a significantly weakened C = C bond (also the corresponding
discussion in Chap. 8). Bond dissociation energies for ionised and neutral mole-
cules of interest can be found in Appendix III.

The observation of ion-pair formation below the /E is not always restricted to
instances where A is a halogen. Despite the small EA of the hydrogen atom,
0.754 eV [50], H™ ions may be observed below the /E from three out of the eleven
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hydrogen-containing molecules listed in Table 6.1: CH,F,, CHF; and CHCls. For
these three molecules D°(H — CY3%) < 0.754 eV (see Appendix III).

From all of the data in Table 6.1, there are only four instances where the cross
section maximum, ., was observed below the /E of the parent molecule: F~
from CF,, C1™ from CH,Cl,, Br~ from CH;Br and F~ from SF¢. In all other cases,
Omax Was recorded at photon energies above the /E. It is also worth noting that, for
the majority of molecules, o,,,x for producing atomic anions occurs between 16
and 22 eV—enough energy to access multiple bond-breaking ion-pair dissociation
channels. Exceptions to this are for CF,, C,Fs, SFe, SFsCl, CH;F, CH;Cl, CH,Cl,
and CH;Br, where the lowest-energy ion-pair dissociation reaction occurs at the
cross section maximum.

6.4 Quantum Yields

The quantum yield values, @, in Table 6.1 are probabilities for the formation of a
given anion (via an ion-pair reaction) following the absorption of a photon by the
parent molecule. The quantum yield is calculated by dividing the anion cross
section by the total photoabsorption cross section. A quantum yield value is always
quoted at a given energy. Each quantum yield listed in column 9 of Table 6.1
represents the maximum value calculated within the energy range studied. The
largest quantum yield value is 2.3 x 107> or 0.23% (for both F~ from CH5F and
Cl™ from CH;Cl). The smallest value is 5.6 x 1077 or 0.000056% (for F,~ from
CF4). The majority of quantum yields, however, lie between 5 x 10~* and
1 x 107° (i.e. 0.05-0.0001%).

Some interesting observations are made based on the quantum yield data in
column 9 in Table 6.1. By comparing these data between all of the listed mole-
cules the following general statements are made:

1. Quantum yields for the production of an afomic anion are greater than quantum
yields for the production of a molecular anion. There are some exceptions to
this statement (e.g. CF;~ formation from CHFj).

2. Quantum yields for the production of an atomic halogen anion are greater than
quantum yields for the production of H™ anions. Note that for instances where
the H™ cross section (and hence quantum yield) was not determined (footnotes
p and q in Table 6.1), its intensity was always similar to, or weaker than that for
the halogen anion.

3. The quantum yield at E (0,.) for F~ formation from the fluoromethanes
increases as the number of fluorine atoms decreases: ® (F~ from CHsF) > ®
(F~ from CH,F,) > ® (F~ from CHF3) > ® (F~ from CF,). The opposite trend
is observed for F~ anions produced from the chlorofluoromethanes: ® (F~ from
CF;Cl) > @ (F~ from CF,Cl,) > ® (F~ from CFCls).

4. The quantum yield at E (6,,x) for CI™ formation from the chloromethanes
increases as the number of chlorine atoms decreases: ® (C1~ from CH;Cl) > ®
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(CI” from CH,Cl,) > ® (CI™ from CHCIl3). The opposite trend is observed
for CI™ anions produced from the chlorofluoromethanes: ® (Cl~ from
CF,Cl,) > © (Cl™ from CF;Cl). Note that C1™ spectra recorded for CFCl; and
CCl; were dominated by dissociative electron attachment; the contribution
from CI™ anions produced by ion-pair formation is not known.

5. The quantum yield at E (0,.) for H™ formation from the hydrocarbons
increases as the number of hydrogen atoms increases: ® (H™ from C;Hg) > @
(H™ from C,Hg) > ® (H™ from C,H,;) > ® (H™ from CHy).

These statements may be understood better if one considers the electronega-
tivity of the individual atoms, and therefore the overall polarisation of the electron
density across the molecule. Pauling electronegativities for relevant atoms are:
F (3.98), CI (3.16), Br (2.96), I (2.66), S (2.58), C (2.55) and H (2.20) [51].
For example, the bond polarisation in CH,4 can be represented by C°"—H%*, and in
CFE, by C°*—F°~. The effects of fluorine substitution in methane have been studied
in great detail by Brundle et al. [17], and the following extract from their publi-
cation is particularly relevant:

As expected, the protons in CH, are positively charged, while the carbon atom assumes a
rather large negative charge. Upon the substitution of fluorine for hydrogen, the charges on
the remaining protons are calculated to be very much what they are in CH,4, whereas the
fluorines drain charge from the carbon and very quickly make it electropositive. In going
from CH, to CF,, the carbon atom surrenders over 1.6 electrons to the fluorines, mostly
through the polarisation of the C—X bonds.

Qualitatively, one can therefore appreciate how F~ formation from CF, is more
probable than H™ from CHy. Also consider statement 3 for the fluoromethanes.
Although the carbon atom gives up more charge as more H atoms are substituted
for F atoms, the electron density on any one given F atom will be reduced when
the total number of F atoms within the molecule increases. The same logic is
followed for the chloromethanes and statement 4. For any chlorofluoromethane,
however, the central carbon is always bonded to four highly electronegative
species—the difference between electronegativities for F and Cl is relatively
small. Now perhaps a statistical factor plays a part, whereby the number of F or ClI
atoms determines which anion is formed in preference to the other; indeed the
quantum yields at E (6,.,) for F~ and CI™ from CF,Cl, are almost identical
(Table 6.1).

It is incorrect to attempt to understand any of the above statements by con-
sidering absolute energetic quantities such as electron affinites or bond dissociation
energies; these values simply determine the asymptotic dissociation energy for the
ion-pair state. Assuming indirect formation of ion pairs via an excited neutral state,
it is the dynamics of the crossing between states which is important, and indeed the
probability for the excited state to decay by a different process. Therefore, the
position of the ion-pair state along the reaction coordinate (i.e. the value for r,) and
its shape are significant.
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6.5 Competing ion-pair Reactions

It is observed from many ion-pair studies that different anions from the same
molecule display peaks in their spectrum at the same energy. These peaks most
likely identify the same excited intermediate state, and this is further evidence that
ion pairs are commonly formed by the indirect mechanism. Specific examples for
CH,F, and CF;ClI are discussed below.

The spectra for anions produced from CH,F, are presented in Appendix II. The
first band in the H™ spectrum shows vibrational structure consistent with that
observed by photoelectron spectroscopy for the ground state of CH,F,*, X?B, [16].
The peaks in this band are assigned using the Rydberg formula to overlapping
members of the np 'B, Rydberg series (n = 5-7). The first peak in the F~ spec-
trum, however, is assigned to the 5p 'B, Rydberg member only. It is clear that two
different ion-pair dissociation channels are competing following excitation to the
5p Rydberg state (CH,F,” - F~ 4+ CH,F* and CH,F," — H™ + CHF,"). How-
ever, the F~ channel no longer competes following excitation to higher-n Rydberg
members; the first peak in the F~ spectrum spans between 11.8 and 13.1 eV only.
These high-lying np Rydberg states overlap with the ground state of CH,F,",
X2B,; the adiabatic IE is 12.73 eV and the vertical IE is 13.28 eV [16]. At
13.08 eV, CH,F," becomes unstable with respect to H + CHF," [52]. Certainly,
this dissociation is complementary to the CH,F,” - H™ + CHF," ion-pair dis-
sociation, and not to the CH,F,” — F~ + CH,F" reaction. This may explain why
the F~ dissociation channel diminishes at 13.1 eV, while that for H™ continues.
Although a cross section for H™ formation was not determined, its signal strength
at ca. 12.6 eV was comparable to, if not weaker than the F~ signal.

Ion-pair formation from CF;Cl has been discussed in detail in Chap. 4. The F~
and Cl™ spectra (Figs. 4.1a and 4.2, respectively) share some common features.
For the benefit of the discussion below, these two spectra are compared directly
and plotted on the same axis in Fig. 6.2. F~ and CI™ anions were both detected at
17.6 eV, but only the CI™ ion yield displays a true peak at this energy. Clearly
shown in Fig. 6.2, this is the only region across the two spectra where the Cl™
cross section is larger than that for F~. The two spectra cross at 18.4 and 28.2 eV
and between these energies the F~ cross section is significantly larger than that for
CI". The fact that features are observed in both spectra at similar energies suggests
these do indeed represent competing decay channels from the same Rydberg
states. Vertical ionisation energies for CE;CI* D?E, E?A,, F2E and G?A, are 17.71,
20.20, 21.20 and 23.80 eV, respectively [53]. The features in the spectra at 17.6,
19.7 and 20.9 eV are assigned to high-lying Rydberg states (n > 5) converging on
the D, E and F ionisation limits, respectively. The feature at 22.5 eV is assigned as
either the 3p 'A; or 4s 'A; Rydberg state.

Section 6.4 addressed general trends in quantum yield and cross section values,
only comparing those in Table 6.1 quoted at E,.x. The data for F~ and C1™ from
CF;Cl, however, is one example showing that cross section and quantum yield
values should be compared at the same energy. This point is perhaps obvious,
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but it serves to highlight the challenges in understanding why one particular anion
has a higher probability for formation than another.

6.6 Electron Attachment

For a molecule under study by negative photoion spectroscopy, below the /E any
anion produced must result from an ion-pair reaction. Above the /E, however,
photoelectrons are produced and negative ions resulting from electron attachment
processes can be detected. Examples where this has been observed include: SFs™
and SFg~ from SFg, SF5~ from SFsCF; (Chap. 3); Br~ from CF;Br and I™ from
CFslI (Chap. 4); SFs™ from SFsCl (Chap. 5); ClI™ from CFCl; and C1™ from CCl,
(Appendix II). The electron attachment process observed may be generically
described by the following two reactions:

AB +hv — AB" +e” (6.1)
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AB +e¢ — ABorA”+ B (6.2)
Four points are made when identifying such electron attachment processes:

1. A plot of the anion signal as a function of gas pressure will be linear for ion-pair
formation, but non-linear (with the rate of change in signal increasing with
increasing pressure) if electron attachment is detected. Fig. 3.1b shows
examples for F~ and SFs~ from SFg. Following reactions 6.1 and 6.2, [A™] is
proportional to [AB]% and these two quantities may be indirectly measured in
the experiment as the A~ signal and pressure of AB, respectively.

2. It is evident that the molecule must have an electron attachment rate coefficient,
k., of sufficient magnitude in order for this process to be observed. The mol-
ecules listed above have thermal k, values between 1 x 1078 and
4 x 1077 em® molecule™ s™! (refer to footnote u in Table 6.1). Molecules
with slightly lower k, values were also studied [e.g. CHCIl; and CF,Cl,
(k,=4.7 x 107%and 1.9 x 10~ cm® molecule™! s/, respectively) [34]], but
the anion signals were all attributed to ion-pair formation.

3. There is usually only one anion produced by electron attachment from any given
molecule which is detected by negative photoion spectroscopy (the exception
being SF¢~ and SFs~ from SFg). This anion always matches the dominant
species identified from independent thermal electron attachment experiments.

4. The spectrum of an anion produced by electron attachment matches, to varying
extent depending on the molecule and signal strength, the threshold photo-
electron spectrum (TPES) for that molecule. In most cases peak positions are
the same, but relative intensities of peaks can vary significantly.

The most interesting of these points is number 4. The similarities/differences
between anion spectrum and TPES have already been discussed for the molecules
SFg, SFsCF3, CF;Br, CF3l and SFsCl in Chaps. 3-5. There is no general trend and
the reasons for any differences cannot be explained. New data for C1™ from CFCl;
and CCly are shown in Appendix II. Both spectra show a remarkable tendancy for
the relative anion signal to increase with increasing photon energy, especially
above ca. 22 eV. It is even possible that some of the features observed above
22 eV identify ionisation potentials which are very weak or absent in the TPES.
Furthermore, signal vs pressure plots recorded at these peak energies show a non-
linear dependence as discussed in point 1. For the C1~ from CCl, example, a close
examination of the TPES does reveal weak and partially resolved features between
22 and 27 eV.

6.7 Concluding Remarks

The formation of ion pairs from polyatomic molecules is a weak process. Quantum
yield values are less than or equal to ca. 0.2%. The detection of ion-pair formation
therefore requires a sensitive experimental apparatus, and most spectra could only
be recorded at a modest resolution.
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Ion-pair formation is most commonly formed by the indirect mechanism via an
initially excited Rydberg state. Many peaks in ion-pair spectra occur between
adiabatic and vertical ionisation energy values. Indeed many of the strongest anion
signals result following the predissociation of high-lying Rydberg states (n > 5). It
can be difficult to resolve these overlapping excited states, let alone assign them,
especially when the resolution of the experiment is limited.

One of the most interesting questions raised is: why is one anion produced
preferentially to another? This question can be asked when comparing the same
anion from different molecules (e.g. C1™ from CF3Cl and CF,Cl,), different anions
from different molecules (e.g. H™ from CH4 and F~ from CF,), and different
anions from the same molecule (e.g. F~ and CI™ from CF;Cl). Some trends are
apparent when comparing a series of similar molecules [e.g. the methyl halides [4],
the fluoromethanes or the chloromethanes (Sect. 6.4)], but there is no common
explanation. Another unanswered question is: why are some anions not observed at
all? Examples include the absence of C1™ anions from CF;Cl below 16 eV (Chap.
4), and the absence of CI™ anions from SFsCI above 12 eV (Chap. 5).

Thermochemistry is a useful tool to identify the cation and neutral dissociation
fragments accompanying the detected anion. However, conclusive assignments are
only made at the onset for ion-pair formation when only one dissociation reaction
is energetically allowed. The ideal experiment would detect anion and cation
fragments above the ionisation energy in coincidence [54], and perhaps this is
where the future of ion-pair spectroscopy lies. Such coincidence experiments
would identify both the anion and cation fragments, allowing for a more detailed
analysis of ion-pair dissociation dynamics.

Little information is known about ion-pair potential energy surfaces in poly-
atomic molecules and I am convinced that the vast collection of experimental data
collected in this thesis would provide interest and direction for a theoretical study.
For example, one can use Eq. 1.8 to model the potential energy function of an ion-
pair state if constants A and o can be derived using experimental results [for
example, r can be estimated at known values for V(r)].

Finally, it is noted that much of the data collected during my time at Bir-
mingham has not been fully analysed. The spectra recorded from these experi-
ments are presented in Appendix II.
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Chapter 7
The Reactions of CF," (n = 1-3)
with C2H4, C2H3F, C2H2F2 and C2HF3

This chapter reports a fundamental study which investigates on two fronts the
effects of fluorination on the reactivity of small molecules. First, how increasing
fluorine substitution in neutral ethene affects its reactivity, and second how using
different fluorocarbon cation species in the reactions changes the outcome. These
data were collected by myself, Dr Michael Parkes, Dr Victor Mikhailov and
Dr Chris Mayhew in the Department of Physics and Astronomy at The University
of Birmingham between Spring 2007 and Autumn 2009.

7.1 Background Information

A consequence of the 1987 Montreal Protocol, and the many amendments made to
it since, has been the significant reduction over the last two decades in the use and
production of many ozone-depleting substances. These substances include chlo-
rofluorocarbons (CFCs) and halons, commonly used in applications such as fire
protection, refrigeration and aerosols. Many hydrofluorocarbons (HFCs) are con-
sidered to be less environmentally unfriendly alternatives to CFCs. This is because
HFCs are greenhouse gases, whereas CFCs and halons are both greenhouse and
ozone-depleting gases. It is therefore important to study these HFCs in order to
learn more about their fundamental properties.

The main aim of this study is to investigate the effects on reactivity as the
degree of fluorine substitution in ethene increases. This extends other earlier
studies by the Molecular Physics group at Birmingham, for which the reactions of
a series of cations with a number of chloroethenes, including the three isomers of
dichloroethene, were investigated [1, 2]. This present study focuses on the reac-
tions of ethene (C,H,), monofluoroethene (C,H3F), 1,1-difluoroethene (CH,CF,),
and trifluoroethene (C,HF3) with the cations CF*, CF,*, and CF;* using a Selected
Ion Flow Tube (SIFT). Unfortunately, owing to expense and hence non-avail-
ability, the two 1, 2-difluoroethene isomers have not been investigated.

The results presented here are compared with previous work, where available,
on the reactions of the CF,* (n = 1-3) ions with tetrafluoroethene (C,F,) and the

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 91
DOI: 10.1007/978-3-642-23129-2_7, © Springer-Verlag Berlin Heidelberg 2012



92 7 The Reactions of CF," (n = 1-3) with C,H,, C,HsF, C,H,F, and C,HF3

chlorinated ethenes. The aim of these comparisons is to give a more complete
account on the effects of fluorination, and to aid the explanation of any trends
observed. This is the first SIFT study on the reactions of CF*, CF,*, and CF;* with
C,H5F, CH,CF,, and C,HF;. The reactions of CF," with C,F, have been inves-
tigated by several groups [3—-5]. Of these investigations, the work by Morris et al.
[5], who also use a SIFT apparatus, is particularly relevant when making com-
parisons. Some of the reactions presented have also been studied previously by
different techniques. The reaction of CF;* with C,H, has been investigated by
SIFT Mass Spectrometry [6] and using an ion beam apparatus [7]. The reactions of
CF" with C,HF; [4], and CF' and CF;" with CH,CF, [8] have also been observed
previously using ion cyclotron resonance mass spectrometry (ICR-MS).

The adiabatic ionisation energies (/E) for C,H,, C,H3F, CH,CF, and C,HF;5 are
10.51, 10.36, 10.29 and 10.14 eV, respectively [9, 10]. Comparisons of these
values with the recombination energy (RE) of the reagent ion (equal in magnitude
to the adiabatic /E of the corresponding neutral) determines if charge transfer is
energetically possible; the RE values are 9.11 [11], 11.44 [12] and 9.04 eV [13] for
CF*, CF,", and CF3", respectively, and so charge transfer is only exothermic for
the reactions with CF,*.

7.2 The Reactions of CF*

A summary of the results for the reactions of CF* with C,H,, C,HsF, CH,CF,, and
C,HF; is presented in Table 7.1. The experimental results identify the product
cations, their branching ratios (BRs) and the bimolecular reaction rate coefficient,
kexp- In addition, neutral products are proposed, the corresponding reaction
enthalpies calculated and collisional rate coefficients, k., are also included.

First, the reactions of the fluorinated ethenes will be considered. The summary
of results in Table 7.1 reveals that only two different types of reaction mechanism
are occurring involving CF*. One is F~ transfer from the neutral species:

CF" + GHF, —» GHE' + CF (7.1)

As the degree of fluorination increases, reaction 7.1 becomes less favourable. For
C,H;F this reaction represents the major product channel (88%). However, for
CH,CF, the BR falls to just 7%, and for C,HFj this reaction is not observed at all,
presumably because it is endothermic. The second type of reaction involves either
HF or F, abstraction:

CF* + CH,F, — CHF,"/CF;" + C,H,_|F,_;/CH,F, ,. (7.2)

For C,H;F reaction 7.2 represents the minor product channel (12%), although it is
more exothermic than the F~ abstraction channel. However, it has often been
noted that energetics alone do not necessarily dictate the reaction pathway. Now,
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Table 7.1 A summary of results for the gas-phase reactions of CF" with ethene and the fluo-
rinated ethenes

Reaction® A,H®505 ’/  Product Rate coefficient /10™° cm?®
kJ mol ™! branching ratio molecule™ s7! (%)
(%)
CF*" + C,H, — CH,F" + C,H, —141 80 1.1 [1.3] 85
— C3H3" + HF —295 20
CF* + G,H;F - C,Hz* + CF, —81 88 2.1 [2.0] 100
- CHF," + C,H, —172 12
CF" 4+ CH,CF, — CF;"+ CH, —170 88 1.4 [1.9] 74
— CH,F* + CF, -35 7
— CHF," + C,HF —86 5
CF* + C,HF; — CF;" + C,HF  —145 100 1.0 [1.7] 59

# Note that the neutral products in these reactions are not detected in the experiment, but are
proposed as the most likely candidate species

" The reaction enthalpy calculated from 298 K enthalpies of formation

¢ The experimentally determined rate coefficient, kex,. In square brackets are the collisional
values, k.. The third number gives the rate efficiency, expressed as the percentage of ke, with
respect to k.

as the degree of fluorination increases the BR associated with reaction 7.2
increases; the BR for CH,CF, is (88 + 5)%, and for C,HF;, 100%.

F~ abstraction (as in reaction 7.1) suggests that the CF" cation attacks the
electron rich fluorine in C,H,F, rather than the carbon—carbon double bond. Thus,
it is the decrease in dipole moment as fluorination increases (Table 1.1) which is
responsible for the trend noted; the larger the dipole moment, the more concen-
trated the electron density is on an individual fluorine atom, and so it becomes
more nucleophilic.

For reaction 7.2, there is no obvious mechanism to explain the observed
products, but a tight transition state is expected to be formed. It is also unclear if
this mechanism involves breaking the carbon—carbon double bond or not.
The reaction of CF" with CH,CF, produces two different outcomes resulting from
reaction 7.2; CF3* + C,H, and CHF," + C,HF, the former being significantly
more favourable. It is also worth noting that H, abstraction is not observed in
either the reaction with C,Hs;F or CH,CF,. For CH,CF,, H, abstraction is
endothermic by 56 kJ mol ™!, but H, abstraction from C,H3F is exothermic by
64 kJ mol~'. Although the competition between reactions 7.1 and 7.2 is not
considered to be energetically driven, when considering reaction 7.2 alone, F,
abstraction is more exothermic than HF abstraction, which is more exothermic
than H, abstraction—and this is reflected in the results. It is also considered,
however, that there will be a preference for CF' to attack one side of the fluori-
nated ethene in preference to another; again it is the dipole moment of these
molecules which is likely to dictate the products, and CF" will attack the side of
the molecule with more fluorine substituents.
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The reaction of CF" with C,F, has been reported by Morris et al. [5], and this
reaction fits in with the trends observed from the present study; F, abstraction
described by reaction 7.2 is observed as the major product (CF" + C,F, —
CF;* + C,F,) and reaction 7.1 is not observed at all. However, the reaction with
C,F, also produces the minor products C3Fs” and C,F,* by association and charge
transfer reactions, respectively [5]. The adiabatic IE of C,F, is 10.12 eV [14], and
so charge transfer is endothermic; its observation is attributed to the reaction with
excited-state CF" (produced from electron impact ionisation of CF;Br). It is noted
that in the present experiment CF* ions are produced by electron impact ionisation
from C;3Fg. Charge transfer products from the reaction of CF" with C,HsF,
CH,CF, and C,HF; have not been observed.

The results from the reaction with C,H, (Table 7.1) also fit into the general
trend. C,H,4 has no fluorine substituent nor dipole moment and reaction 7.1 is not
observed. The analogous outcome of reaction 7.2, producing CH,F" + C,H,, is
the dominant channel. It is, however, interesting that HF elimination is observed in
this reaction, but not in those of the fluorinated ethenes.

In summary, it is proposed that the reactions between CF" and C,H3F, CH,CF,
and C,HF; are largely dictated by the dipole moments of these neutral species. The
outcome of competition between reactions 7.1 and 7.2 is down to the magnitude of
the dipole moment; the larger the value the more preference there is for reac-
tion 7.1 to dominate. The outcome of reaction 7.2, i.e. F, vs HF abstraction, is
favoured towards F, abstraction because CF' attacks the molecule preferentially
where more fluorine substituents are present. For C,H, and C,F, there is no dipole
moment and the outcome is the equivalent to reaction 7.2, i.e. H, and F,
abstraction, respectively.

The reactions of CF* with the chlorinated ethenes have also been performed by
Mayhew et al. using the Birmingham SIFT apparatus [1, 2], and some similarities
can be drawn when comparing the two studies. Comparisons show that the reac-
tions of CF* with C,H5Cl, CH,CCl,, C,HCl; and C,Cl, all follow the same
general trend as discussed above for the fluorinated ethene study. That is, the
equivalent of reactions 7.1 and 7.2 can be used to describe all of the observed
products, with the dominance of reaction 7.1, i.e. CI™ transfer, decreasing with
decreasing dipole moment. The results from the chlorinated ethenes reveal
information about reaction 7.2 which is not possible from this fluorinated ethene
study. For example, the reaction of CF' with C,HCl; produces 23%
CHCIL," + C,FCl, and it is interesting that the neutral substituted ethyne product
contains the fluorine atom. In the analogous reaction with C,HFj; it could easily be
assumed that the atoms in the neutral ethyne product, C,HF, all originate from the
C,HF; reactant, and that CF* simply strips two fluorine atoms from it. The
chlorinated ethene study shows that this may not be the case and a more com-
plicated mechanism needs to be considered. The study of the three isomers of
dichloroethene also reveals additional information [2]. Most significantly, the
reaction of cis-1,2-dichloroethene shows no products from the equivalent of
reaction 7.1 whereas in the reactions of C,H3;Cl and CH,CCl, reaction 7.1 dom-
inates. This is interesting because of these three chlorinated ethenes it is the
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Table 7.2 A summary of results for the gas-phase reactions of CF,* with ethene and the fluo-
rinated ethenes

Reaction® AH°598 Product Rate coefficient
b/kJ mol ™! branching /1077 cm’
ratio (%) molecule™! s7! (%)

CF," + C,H, - GHs3F," + H ? 55 1.1 [1.1] 100

— C,H,* + CF, —109 45
CF," + C,HsF — C,H;F" + CF, —124 88 1.8 [1.8] 100

— C,H3" + CF; —161 12
CF,* + CH,CF, — CH,CF,* + CF, -—131 100 1.6 [1.6] 100
CF," + C,HF; — C,HF;* + CF, —146 100 1.5 [1.5] 100

# Note that the neutral products in these reactions are not detected in the experiment, but are
proposed as the most likely candidate species

° The reaction enthalpy calculated from 298 K enthalpies of formation

¢ The experimentally determined rate coefficient, key,. In square brackets are the collisional
values, k.. The third number gives the rate efficiency, expressed as the percentage of k., with
respect to k.

cis-1,2 isomer which has the largest dipole moment. In fact, of the complete series
of chlorinated ethenes reacting with CF*, only C,H3;Cl and CH,CCl, show
products from reaction 7.1—all others show products from reaction 7.2 only. It
could be significant that these two species are the only ones where the chlorine
substituents are only on one of the carbon atoms. If this is indeed important in
determining if reaction 7.1 or 7.2 dominates, it is not easy to explain why from
CH,CF, it is reaction 7.2 which is dominant (88% CF;* 4+ C,H,), but from
CH,CCl, reaction 7.1 dominates (69% C,H,CI* + CFCI).

Clearly similar mechanisms are involved in the reactions of CF" with both the
fluorinated and chlorinated series of ethenes. It is, however, difficult to explain the
relative trends observed in both sets of results with the same arguments. Some
similarities in the results suggest there should be a common explanation, but the
difference in the chemistry of fluorine and chlorine could easily explain otherwise.

7.3 The Reactions of CF,"

A summary of the results for the reactions of CF," with C,H,4, C,H;3F, CH,CF, and
C,HF; are presented in Table 7.2. The equality between experimental and colli-
sional rate coefficients indicates all reactions occur with 100% efficiency.
Non-dissociative charge transfer is the only channel observed for the reaction of
CF," with CH,CF, and C,HF;. The reaction of CF," with C,H;F, however,
yields two different ionic products, although the major product still arises from
non-dissociative charge transfer. The minor product is C,H3*, which can only arise
from an intimate chemical reaction involving F~ abstraction:
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Table 7.3 A summary of results for the gas-phase reactions of CF;* with ethene and the fluo-
rinated ethenes

Reaction® A,H%0s ’/  Product Rate coefficient </10~°
kJ mol ™ branching cm® molecule ™' s~
ratio (%) (%)
CF;" + C,H,y — C3H3F," + HF ? 60 0.7 [1.1] 64
— C,H3" + CHF; —43 40
CF;" + C,H3F — C,H3" + CF, —88 75 1.3 [1.6] 81
— CHF," + CH,CF, ¢ -1 25
CF;" + CH,CF, — C,H,F" + CF, —43 50 0.7 [1.5] 47
— C3H,Fs" (adduct) ? 44 p(He) = 0.5 Torr
— C;HF,* + HF 2 6
CF;" + C,HF; — C3HF," (adduct) ? 100 0.2 [1.3] 15

p(He) = 0.5 Torr

# Note that the neutral products in these reactions are not detected in the experiment, but are
proposed as the most likely candidate species

® The reaction enthalpy calculated from 298 K enthalpies of formation. Absence of a value
indicates the A#1° for the product cation is not known

¢ The experimentally determined rate coefficient, kex,. In square brackets are the collisional
values, k.. The third number gives the rate efficiency, expressed as the percentage of ke, with
respect to k.

9 The (Z) and (E)—1,2 isomers give endothermic reaction enthalpies, and so it is proposed 1,1-
difluorethene is the neutral product species formed

CF2+—|— C,H;F — C2H3+—|— CF; (73)

It is noted that dissociative charge transfer, CF,” + C;H3F — (CoH3F") x
+ CF, — C2H3+ + F + CF,, is endothermic by 206 kJ mol .

The results from the reaction with C,H, are anomalous with respect to the other
reactions; charge transfer is observed, but it is not the major channel. In addition,
the product C3;H3F,"* (formed by H-atom elimination) is surprising. On the other
hand, this product has also been observed in the reactions of ethene with CF3* and
C,F,*, and from the reaction of C,F,* with C,H;F (see Tables 7.3 and 8.1). The
exact structure of this species is unknown, but its frequent observation suggests it
is a relatively stable species. Unfortunately its Ad{° value is unknown, so A,H°
values for the reactions where it is produced cannot be calculated.

The adiabatic /E of C,F, is 10.12 eV [14] and so charge transfer in its reaction
with CF," is exothermic. The reaction of CF,* with C,F, has been reported by
Morris et al. [5], and unsurprisingly, this reaction proceeds exclusively by charge
transfer at the collisional rate.
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7.4 The Reactions of CF;™"

A summary of the results for the reactions of CF;* with C,H,, C,H3F, CH,CF,,
and C,HF; are presented in Table 7.3. Where an association reaction is observed
the He buffer gas pressure is quoted due to its involvement in collisionally sta-
bilising the energised intermediate formed. The data in Table 7.3 highlights some
trends in the reactions of the fluorinated ethenes with CF;*. F~ abstraction from
the neutral appears less favourable as the degree of fluorine substitution increases;
in the reaction with C,H3F the BR is 75%, CH,CF, only 50% and for C,HFj3 this
reaction is not observed. Recall the discussion in Sect. 7.2 where the same trend is
apparent in the analogous reaction with CF", and the larger the dipole moment of
the fluorinated ethene, the more likely F~ abstraction is to occur. Three points need
to be made regarding F~ transfer to CF;*, in comparison with the CF' reactions.
First, only the reaction of CF;* with C,H3F can be directly compared with CF*
because the same two product cations are observed with similar BRs. Second, as
the BR for F~ abstraction decreases there is no common mechanism in all three
reactions taking its place, i.e. there is no significant competition to the F~
abstraction reaction. Third, although the value for A 5 (C,HF,") is not known,
F~ abstraction in the reaction with C,HF; is expected to be endothermic.

Note the trend in the reaction enthalpies in Table 7.3, and that the reaction
CF;* 4+ C,F, » CoF3* 4+ CE, is endothermic by 111 kJ mol™'. Considering
these points, the energetics are likely to be important in interpreting the results
from the reactions of CF;" with the fluorinated ethenes. Key supporting evidence
is that adduct formation is observed, and the BR increases with increasing fluorine
substitution; no adduct is formed in the reaction with C,H3F, the BR for adduct
formation is 44% with CH,CF,, and with C,HF; the BR is 100%. As F—
abstraction becomes energetically less favourable, the results suggest that the
lifetime of the reaction complex increases and it is more likely to be collisionally
stabilised and hence observed.

There are also other interesting reactions occurring which do not lead to F~
abstraction or association; for example, the observation of CHF," as the minor
product (25%) from the reaction with CoH;F:

CF," + C,H;F — CHF," + CH,CF, (7.4)

The proposed neutral product species is 1,1-difluoroethene because this is the only
exothermic outcome, based on thermochemical calculations. (The cis and trans
isomers for 1,2-difluoroethene give reaction enthalpies endothermic by 47 and
51 kJ mol ™', respectively.) Another interesting reaction which does not fit the
general trend is that of CF5;* with CH,CF,:

CF,* + CH,CF, — C3;HF,* + HF (7.5)

The BR for this reaction, elimination of HF, is only 6%. Reactions 7.4 and 7.5
represent thermodynamically favourable exit channels from the adduct complex
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Fig. 7.1 A proposed mechanism for the reaction CF;* + C,H3F — CHF," + CH,CF,

F
(®
F step 1
—_—
H F
H F

Fig. 7.2 A proposed mechanism for the reaction CF;* + CH,CF, — C3;HF," + HF

which is formed. It is expected that the adduct species in this series of reactions is
covalently bonded, rather than involving intramolecular forces, because reac-
tions 7.4 and 7.5 are expected to result from a covalently-bonded complex (pro-
posed mechanisms for these reactions are presented in Figs. 7.1 and 7.2,
respectively), and previous work has shown that CF;* reacts with neutral C,F, to
produce C;F;* [5].

In the reaction of CF;" with C,H,, H™ abstraction is observed, which is not
observed in the reactions with the fluorinated ethenes because it cannot compete
with F~ abstraction. Recall the comparisons made above between F~ abstraction
in the reactions of both CF" and CF;* with the fluorinated ethenes, and it should be
noted that the same comment cannot be made regarding H™ abstraction in ethene
because this outcome in the reaction with CF* is endothermic by 36 kJ mol~'. The
other product from the reaction of CF;* with C,H, is C3H3F,", a product of HF
elimination with a BR of 60%. HF elimination is also observed from the reaction
with CH,CF,, but as the minor product, further demonstrating the dominance of
the F~ abstraction channel in the fluorinated ethenes and the comparatively less
dominant H™ abstraction reaction from C,H,. Another SIFT study has also reacted
CF;" with ethene, and the results are in excellent agreement with this work [6]; the
dominant product is C3H3F,*, the minor product is C,H3*, and the rate coefficient
at 300 K is 0.98 x 10™° cm® molecule ™" s7".
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The previous work on ion—-molecule reactions with the chlorinated ethenes
report their gas-phase reactions with CF;* [1, 2]. Similarities are noted in the
reaction with C,H3Cl and CH,CCl,, particularly the former. CF;* reacting with
C,H;Cl produces C,H3* + CF3Cl (65%), and CHFCI* + C,H,F, (35%). Note the
similarities here with the reaction of C,HsF in Table 7.3. It is inferred that in
both reactions, the C,H,F, neutral product is the 1,1-difluoroethene isomer,
because the cis-1,2 and trans-1,2 isomers give endothermic reaction enthalpies.
The similarities in the reaction of CH,CF, and CH,CCl, are less striking;
CF;* + CH,CCl, exclusively produces C,H,Cl* + CF;Cl via Cl~ abstraction,
whereas the analogous F~ abstraction reaction with CH,CF, forms only 50% of
the observed products (Table 7.3). Also note that C1™ abstraction is observed in
the reactions of Co,HCI; and C,Cly, but the analogous F~ abstraction reaction is not
observed from C,HF; (this work) or C,F, [5]. Recall from the discussion above
that the latter two reactions are expected to be endothermic, whereas the former
two reactions are clearly exothermic. In fact all other reactions observed in the
chlorinated ethene series, which are not equivalently observed in the fluorinated
ethene series, are simply because of the new atom involved—chlorine. For
example, CF;* + C,HCl; produces 24% CFCl,* + C,HCIF,, whereas this reac-
tion for C,HF; would have a thermoneutral outcome, i.e. it will revert back to the
reactants. So, although it might appear that the differences in the reactions of CF3*
with the fluorinated and chlorinated series of ethenes appear significant, they are
actually explained by two simple statements. First, C1™ abstraction is energetically
more favourable than the equivalent F~ abstraction reactions. Second, reactions
with the chlorinated ethenes involve the atoms C, H, F and Cl, allowing for a
larger number of viable (both dynamically and energetically) exit channels to be
available to the reaction complex.

7.5 Conclusions

The gas-phase reactions of CF*, CF," and CF;* with C,H,4, C,H3F, CH,CF, and
C,HF; have been studied using a SIFT. For energetic reasons, the reactions with
CF," can proceed by non-dissociative charge transfer, whereas those with CF" and
CF;" only produce products from a reaction complex where bonds break and new
ones form. The discussion has focused on the reactions of CF" and CF5;* with
ethene and the three fluorinated ethenes, and some similarities are noted between
these and a previous study on the chlorinated ethenes [1, 2].

The dipole moment of the fluorinated ethene is significant because it is a
measure of how nucleophilic a fluorine atom in the molecule is. This has been
highlighted when analysing the results for the CF" and CF;* reactions. The
dynamics involved for an F~ abstraction reaction are favoured when the dipole
moment is large. The branching into this channel decreases as the dipole moment
of the fluorinated ethene decreases. It is unclear if this trend is due to dynamics
alone, or if energetics play a part. It is noted that as branching into F~ abstraction
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decreases, so does the exothermicity of the reaction—in both CF'" and CFs*
reactions with C,HF3, this channel is expected to be endothermic. However, the
reaction of CF" with C,H3F provides an example where dynamics are more
important than energetics; F~ abstraction is competing with HF abstraction, and
the former mechanism dominates despite the latter being significantly more exo-
thermic, and it is C,H3F which has the largest dipole moment of the three flu-
oroethenes studied here. It is also unclear if dynamics or energetics are responsible
for the apparent preference for F, abstraction over HF abstraction in the reactions
with CF".

The comparisons of the fluorinated ethene reactions with those of ethene show
how the reaction mechanisms, and hence the products and their branching ratios,
often differ due to the significance of the dipole moment. It has been observed that
adding one or two fluorine substituents can increase the reactivity of ethene, but
adding three or four fluorine atoms can then have the opposite effect, resulting in
stabilising the molecule and/or the reaction complex.
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Chapter 8
The Reactions of C,F,* with C,H,, C,H;F,
C2H2F2 and CzHF3

This chapter continues the investigation on the effects of fluorination in ethene, but
the reactant ion is now a fluorinated ethene itself, the tetrafluoroethene cation,
C,F,". In the original study of the reactions with CF*, CF,* and CF;" (Chap. 7) a
new source gas was used, perfluoropropane (C;Fg). This gas was used simply out
of curiosity to see if it yielded the ions in question more efficiently than the usual
choice of source gases—either tetrafluoromethane (CF,) or hexafluoroethane
(CyFg). It was then discovered, albeit unintentionally, that C3Fg can be used to
produce C,F," ions and the decision was made to include this reactant in the
fluorinated ethene investigation. These data were collected by myself and Dr Chris
Mayhew using the SIFT apparatus in the University of Birmingham Department of
Physics and Astronomy in the spring and summer of 20009.

8.1 Background Information

A general introduction into the fluorinated ethene series of molecules including the
motivations for undertaking these studies has been given in Chap. 7, and the
same comments are not repeated here. Ion Cyclotron Resonance Mass Spectrometry
(ICR-MS) has been used previously to observe ion—-molecule reactions of C,F,* with
ethane [1, 2], and all possible neutral fluorinated ethene molecules [3, 4]. This is
thought to be the first study of this set of reactions using the SIFT technique. The
reaction between C,F,* and C,F,, which is not investigated here, has been studied by
Morris et al. also using a SIFT apparatus [5], and provides a useful comparison when
looking at trends in how the results change with increasing fluorine substitution.

8.2 Results and Discussion

The results for the reactions of C,F," with ethene (C,H,), monofluoroethene
(C,H5F), 1,1-difluoroethene (CH,CF,), and trifluoroethene (C,HF;) are presented
in Table 8.1. The experimental results identify the product cations, their branching

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 101
DOI: 10.1007/978-3-642-23129-2_8, © Springer-Verlag Berlin Heidelberg 2012
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Table 8.1 A summary of results for the gas-phase reactions of C,F,* with ethene and the
fluorinated ethenes

Reaction® AH%g/  Product Rate coefficient®/
kI mol™'  branching 107 ¢cm® mol™' s~
ratio (%)
CoFf + CGHy  »CHLF,' + GH.F —65¢ 95 0.7 [1.0] 70%
—>C3H3F2+ + CHF2 ? 5
C,F," + C,HsF —»C,HF;" + CH,CE  —35 45 0.6 [1.5] 40%
d C3H3F2+ + CF3 ? 40 p(HC) = 0.5 Torr
d C3H2F3+ + CHF2 ? 10
— CH,CF," + C,HF; 20 3
- C4H3F‘5+ (adduct) ? 2
C,F4" + CH,CF, —C4H,F¢*(adduct) ? 60 0.7 [1.4] 50%
— C3H,F3" + CF; ? 30 p(He) = 0.5 Torr
- (::;HF4+ + CHF2 ? 10
C,F" + C,HF;  —C,HF;" + C,F, +2 72 0.2 [1.2] 17%

# Note that the neutral products in these reactions are not detected in the experiment, but are
proposed as the most likely candidate species

® The reaction enthalpy calculated from 298 K enthalpies of formation. Absence of a value
indicates the AJ° for the product cation is not known

¢ The experimentally determined rate coefficient, kexp. In square brackets are the collisional
values, k., and the rate efficiency is given as the percentage of k., with respect to k.

9 The isomeric forms of these two product species are not known, however, it is proposed that
both the cation and neutral are the 1,1- isomers of difluoroethene

¢ The calculated A,H° value if the two product species are both the 1,1-isomers

"The (Z) and (E)-1,2 isomers give endothermic reaction enthalpies, and so we propose
1,1-difluorethene is the neutral product species formed

ratios (BRs) and the bimolecular reaction rate coefficient, kexp. Where an associ-
ation reaction is observed the helium buffer gas pressure is given due to its
involvement in collisionally stabilising the energised intermediate formed. In
addition, neutral reaction products are proposed, the corresponding reaction
enthalpies calculated, and collisional rate coefficients, k., are also included. The
adiabatic ionisation energies for ethene and the fluoroethenes are 10.51, 10.36,
10.29, and 10.14 eV for C,H,, C,H3F, CH,CF, and C,HF;, respectively [6, 7].
The recombination energy for C,F,*, defined as the adiabatic ionisation energy for
neutral C,F,, is 10.12 eV [8]. Charge transfer in this set of reactions is therefore
endothermic, and indeed as is seen from the results in Table 8.1, interesting
intimate chemical reactions are occurring.

All of the reactions with C,F," are relatively slow: kexp < kc. Many of the ionic
products detected are relatively large species containing three or four carbon
atoms. This complicates the data analysis for two reasons. First, it is difficult to
assign a mechanism to these reactions, or to suggest confidently a particular
isomeric structure for these product ions. Second, many A#4°,3 values are not
known which prevents A,H® g being calculated in these instances. As a result,
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F F

species 1 species 2 species 3

Fig. 8.1 Three examples of how the tetrafluoroethene cation, C,F4*, can be pictorially
represented for the use in reaction mechanisms

the structures and/or mechanisms assigned to some of the reactions in the dis-
cussion below are made tentatively.

First the structure of the reagent ion, C,F,*, is discussed. It is perhaps inac-
curate to assume this species will have a generic double bond as in neutral C,H,,
for example, and given the importance of double bonds in the reactive behaviour
of a species this point will be addressed. Figure 8.1 shows various ways which
C,F,* can be pictorially represented, showing differing degrees of double-bonding
character. Species 1 and 2 are preferred because both give an indication of the
effects perfluorination and ionisation will have on the double bond. Certainly,
species 3 is misleading. Perfluorination of ethene significantly weakens the double
bond; a calculation of A,H°,9g for reactions 8.1 and 8.2 clearly shows this:

CH; — CHy + CHy A,Hj5pq = +720 kJ mol ™! (8.1)
CoFy — CFy + CFy  AHS = + 295 kJ mol ! (8.2)

The ionised species will be even further destabilised with respect to the C=C
bond. It has been observed both from this work, and by Su and Kevan [9], that
C,F," is metastable and will produce CF;* by collision induced dissociation. This
of course involves some rearrangement, and breaking of the carbon—carbon bond.
Of the three species in Fig. 8.1, species 1 will be used to represent C,F,* when
using arrow-pushing mechanisms to explain some of the observed reactions.

All of the reaction products shown in Table 8.1 can be divided into three
different categories. The first is the observation of the adduct species; the second is
the observation of a fluorinated ethene cation which is different to the neutral
ethene-type reactant; the third is the observation of a cation containing three
carbon atoms, with the corresponding neutral species as either CHF, or CF3. The
third category is generically shown below:

CQF4Jr + C2X4 — Cg,)(sJr + CX3(X = Hor F) (83)

In fact, all product species from any of the three categories described above may
be explained by one common reaction mechanism. This involves a branched,
4-carbon chain adduct being formed, which may subsequently fragment to either
eliminate CX3, as in reaction 8.3, or produce two fluorinated ethenes with one
retaining the positive charge. Figure 8.2 shows this mechanism for the reaction
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Fig. 8.2 The proposed mechanism for the reaction between the tetrafluoroethene cation (C,F,"),
and ethene (C,Hy)

between C,F,* and C,H,. It shows how both observed product channels can be
produced from the same 4-carbon chain intermediate formed by step 1 (see
Table 8.1). Note that this mechanism suggests the observed product channel
C,H,F,* + C,H,F, produces both species as the 1,1-difluoroethene isomers, and
thermochemistry also suggests this is the most exothermic outcome. There is also a
preference for step 3 to follow step 1, rather than step 2, and the reasons for this are
not entirely clear from analysing this mechanism alone. It does, however, follow
the same trend as is seen in the reactions of C,F," with the fluorinated ethenes (see
Table 8.1 and discussion). The reaction channel eliminating CHF, is always a
minor one, and the product channels analogous to that in step 3, where possible,
are all significant ones. It is suggested that step 2 in Fig. 8.2 is unfavourable and
relatively slow which allows for bond rotation to occur in the intermediate species,
thus allowing step 3 to dominate. It would perhaps shed some light on this
argument if the heat of formation of C3H;F," was known; A,H® for producing this
product could then be calculated and compared to that for producing C,H,F,*.
Figure 8.3 shows the proposed mechanism for the reaction between C,F," and
C,H3F. Note how all products from this reaction shown in Table 8.1 are produced
by the mechanism in the Figure. Steps la and 1b show that there are two iso-
merically different intermediate adduct species which can be formed, depending
on which carbon in C,H;F forms the bond with a carbon in C,F,". Step la
followed by 2a will always produce C;H,F;* and CHF,; both substituents on
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Fig. 8.3 The proposed mechanism for the reaction between the tetrafluoroethene cation (C,F,;")
and monofluoroethene (C,HsF)

carbon 3 in the intermediate adduct are hydrogens. If one considers step 1b fol-
lowed by 2b, however, carbon 3 now has a hydrogen and a fluorine substituent, so
a product mixture of C3H,F3* (+CHF,) and C3H;F," (+CF3) would be expected
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(note, Figure 8.3 only shows the latter outcome). It is clear from the product
branching ratios that there is a preference to eliminate CF; over CHF,. Indeed
fluorine is a larger and more polarisable substituent than hydrogen, and the C-F
bond distance will be greater. Perhaps this may qualitatively explain how step 2b
will preferably eliminate CF3 rather than CHF,, and also how step 2b may occur
more readily than step 2a.

The other products shown in Fig. 8.3 are C,HF;* and CH,CF,", resulting from
steps 3a and 3b, respectively. Again, it is clear which of these products is pre-
ferred; C,HF;" is the major product of the reaction (BR = 45%), whereas
CH,CF,"* is only a minor product (BR = 3%). A bond rotation is required for
either step 3a or 3b to occur, which is sterically unfavourable, and so the more
favourable step 2b is, the less likely step 3b will be. Likewise, the same comment
is made with respect to steps 2a and 3a. This then explains why, following step 1a,
formation of C,HF;" by step 3a is the dominant outcome, whereas following step
1b, elimination of CF; by step 2b is the dominant outcome. A previous ICR-MS
study of the reaction (C,HsF + C,F4)* revealed the products C;HF;* (62%),
C3H;3F," (32%), and C3H,Fs"™ (7%) [4], which is in agreement with the dominant
products observed in this SIFT study (Table 8.1). If only the mechanism in
Fig. 8.3 is considered, then the adduct species, observed as the minor product with
BR = 2%, is the detection of either intermediate species produced by steps la or
1b. Given the number of hydrogen and fluorine atoms in the two reactants, it
should also be considered that the observed adduct may be a hydrogen-bonded
species.

Figure 8.4 shows how the same mechanism can be used to explain the products
observed from the reaction of C,F,* with CH,CF,. In particular, how elimination
of CF; and CHF, are observed, yet fluorinated ethene cation products (from steps
3a or 3b) are not observed; in the Figure, step 3a will revert back to the reactants
and step 3b is endothermic. Again, a preference to eliminate CF3 over CHF, is
observed. The major difference in the reaction of C,F,* with CH,CF, compared to
that with C,H,, C,H3F or C,HF; is the large BR recorded for the adduct species
(60% compared to 0, 2, and 0%, respectively). There is no obvious explanation. It
is also worth noting that in the reaction of C,F," with C,F,, no adduct species is
observed, and the only product is CsFs* (+CFj3) [5]. In addition, the ICR-MS study
by Anicich and Bowers showed the only product in the reaction
(CH2CF2 + C2F4)+ was C3H2F3+ (+CF3) [4]

Figure 8.5 shows the same mechanism when applied to the reaction of C,F4*
with C,HF;. Consistent with the results discussed above, the preference for the
intermediate species to eliminate CF3 rather than CHF, is observed, but now CHF,
elimination is not observed at all. In the reaction C,F,* + C,HFs, Anicich and
Bowers observed 92% C3;HF,* (+CF3) and 8% C3Fs* (+CHF,) [4]. In Fig. 8.5, step
2a shows how CHF, elimination is possible, but this step could also lead to CF;
elimination given that carbon 3 in the intermediate species has both hydrogen and
fluorine substituents. It is therefore proposed that the channel leading to 28% CF;
elimination is a contribution from steps 2a and 2b.
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Fig. 8.4 The proposed mechanism for the reaction between the tetrafluoroethene cation (C,F,;")
and 1,1-difluoroethene (CH,CF,)

C,HF;" is detected with a BR of 72% (Table 8.1). Figure 8.5 shows how this
can arise from step 3b, however, a charge transfer mechanism could also be the
origin of this species. Certainly in ion—molecule reactions when charge transfer is
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Fig. 8.6 An example of the reaction between C,F," and C,H3F showing the production of two
fluorinated ethene products which are different to the reactant species, using a cycloaddition
mechanism

observed, it is commonly the dominant product channel. As discussed above,
however, this reaction is endothermic, albeit by only +2 kJ mol™". Therefore, the
observation of C,HF;" is perhaps unsurprising, and could result from vibration-
ally-excited C,F4* present in the flow tube, or by considering thermal energy in
overcoming the reaction endothermicity. Also, when the magnitude of the endo-
thermicity is so small, errors in the thermochemical values used to calculate this
enthalpy could mean that the reaction is actually exothermic. The /E of C,F, is
10.12 eV [8], that of C,HF;5 is 10.14 eV [7], but experimental errors are not quoted
for these values. A ‘charge transfer’ reaction does not imply the two species react
intimately, but rather an electron from the neutral molecule ‘hops’ over a given
distance to combine with the cation. These reactions are usually fast and occur at
the collisional rate.

The intimate chemical reaction shown by step 3b in Fig. 8.5, in which the two
species come into contact and form/break bonds, does also explain the observation
of C,HF;" from the reaction of C,HF; with C,F,*. Evidence in support of this
mechanism can be found in the values for ke, and k. for this reaction (Table 8.1);
if 72% of products formed were from a fast charge transfer reaction, it is unlikely
that the rate efficiency would be as low as 17%. In addition, this efficiency in the
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reaction of C,F,* with C,HF; is lower than that for CoF," with C,H, (70%),
C,H;5F (40%) or with CH,CF, (50%). None of the products from the latter three
reactions are expected to arise from ‘fast’ processes, and so it becomes difficult to
explain the relatively low rate efficiency when C,F," reacts with C,HF5 if 72% of
products occur by charge transfer. On the other hand, the slight endothermicity of
this reaction might explain why a charge transfer reaction might not occur at a
collisional rate. Another reason to consider the reaction shown in Figure 8.5 is that
all other products observed in the four reactions with C,F,* can be explained if a
similar reaction mechanism is considered (see discussion above).

In Figs. 8.2, 8.3, 8.4 and 8.5, steps 3, 3a, and 3b show the proposed mechanism
to explain the formation of two substituted ethene products different to the reacting
species. In similar ion—-molecule reactions of substituted ethene species it has been
suggested that a cycloadduct intermediate is formed, rather than a 4-carbon chain,
which then dissociates to form products [1, 4]. The cycloaddition reaction is shown
in Fig. 8.6 for the example of C,H3F reacting with C,F,*. Note that in these earlier
studies a 4-carbon chain intermediate is still suggested to explain the CsX3§
products (X = H or F), shown in Figs. 8.2, 8.3, 8.4 and 8.5 by steps 2, 2a, and 2b.
The 4-carbon chain intermediate is considered a preferable mechanism to the
cycloaddition intermediate for the following reasons. First, the cycloaddition
reaction requires C,F,4* to be represented as species 3, when in fact species 1 is
much more realistic (see discussion above and Fig. 8.1). If species 1 was used to
represent C,F,* in Fig. 8.6, it becomes more difficult to rationalise the formation
of a cycloadduct in step 1. Second, the relative BRs in the observed products
(excluding the adduct) are better explained by one mechanism, rather than by two
different mechanisms; for example in Fig. 8.3 step 3a is more likely to occur than
step 3b because step 2b is considered a more favourable outcome than step 2a (see
discussion above).

8.3 Conclusions

The reactions between C,F4" and C,H,, C,H;F, CH,CF,, and C,HF; have been
performed using a Selected Ion Flow Tube. Some interesting intimate chemical
reactions have been observed, and the product channels have been explained using
arrow-pushing mechanisms. The same generic mechanism can be used to explain
all products observed from each of the reactions studied.

The proposed mechanisms suggest that there are two major reaction pathways
competing which both arise from the same 4-carbon branched intermediate spe-
cies. In one instance, CF; or CHF, is eliminated from the intermediate [generically
described by reaction 8.4], and in the other case the intermediate dissociates to
yield two fluorinated ethene products [generically described by reaction 8.5].

GF, "+ CXy — C3Xs"+ CX; (X= HorF) (8.4)
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GF," + CXy — CX,'+ Xy (X= HorF) (8.5)

In reaction 8.4, a clear preference for CF; elimination vs CHF, elimination is
observed. Other trends in the results are less clear-cut but arguments, albeit sug-
gested tentatively, are proposed in an attempt to explain them. This work shows
how common organic chemistry-type arrow-pushing mechanisms can help to
explain seemingly complex gas-phase reactions.
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Chapter 9

The Reactions of OH , O ,CF3; ,F ,
and 02_ with C2H4, C2H3F, C2H2F2,
C2HF3 and C2F4

This chapter takes a new approach in the investigation of fluorination in ethene by
looking at some anion-molecule reactions. The data presented were collected by
Drs Richard Kennedy and Chris Mayhew many years ago. The raw data was given
to me for a project which I started in the fourth year of my undergraduate MSci
degree, and continued over the first few years of my Ph.D. The discussion and
interpretation of the results presented here is almost entirely my own work, but I
would like to thank Dr Liam Cox for many helpful discussions about organic
chemistry reaction mechanisms, and Dr Michael Parkes and Professor Richard
Tuckett for continued guidance during these early stages of my research.

9.1 Background Information

The reactions of ethene (C,H,), monofluoroethene (C,HsF), 1,1-difluoroethene
(CH,CF,), trifluoroethene (C,HF;) and tetrafluoroethene (C,F,) with some cations
have been discussed in Chaps. 7 and 8. The electron density around the fluorine
atom(s), and the dipole moment are important factors in understanding how the
molecule interacts with the cation. It is now anions which are being reacted with
this same group of substituted ethene molecules, and so it is the acidity of the
molecule and the electropositivity of the carbon atoms which becomes important.
It has been discussed by Sullivan and Beauchamp that single fluorine substitution
in both ethene [1] and ethane [2] increases the acidity of the molecule by
approximately 100 kJ mol ™", and that additional fluorine substitution will increase
the acidity further, but to a much lesser extent.

Some of the reactions presented here have been studied previously by other
groups. The gas-phase reaction of O~ with C,H,4 has been studied by Drift Tube
mass spectrometry [3, 4], and using a SIFT [5]. Ion Cyclotron Resonance Mass
Spectrometry (ICR-MS) has been used to study the reaction of O~ with C,Hy,
C,H;5F and CH,CF, [6], and a Flowing Afterglow apparatus used to study O™ and
OH™ reactions with C,H, [7]. Some anions reacting with C,F4 have also been

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 113
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Fig. 9.1 A pictoral H A
representation of the

differences in the initial (N

reaction step depending if the B- — ‘/\
anion acts as a base (B™) or

as a nucleophile Nu™). A Nu™
represents either H or F A A

investigated by SIFT mass spectrometry; O~ and O, by Morris [8], and F~ and
CF;™ by Su et al. [9].

The data presented here forms the continuation of a study into the gas-phase
reactions of anions with halogen substituted ethenes by the Molecular Physics
group in Birmingham, and the reactions of OH™, O™, CF; ™, F~ and O, with the
chlorinated ethenes have already been investigated [10].

The discussion below often refers to the reactant anion species either acting as a
base, or as a nucleophile. Figure 9.1 clarifies what is meant by these two terms,
and the intended differentiation between them: when the anion acts as a base it will
attack a hydrogen atom, and when acting as a nucleophile it will attack a carbon
atom.

9.2 Results

In this section the results are presented and some general comments are made. In
particular, comparisons are made to previous studies, and some ambiguous details
regarding some of the observed anion species are discussed.

The results for the reactions of OH™, O™, CF;~, F~ and O,~ with ethene
(C,H,), monofluoroethene (C,H3F), 1,1-difluoroethene (CH,CF,), trifluoroethene
(C,HFs;) and tetrafluoroethene (C,F,) are presented in Table 9.1. These include the
product anions, their branching ratios (BRs) and the bimolecular reaction rate
coefficient, k... Collisional rate coefficients, k., are also included. Where an
association reaction is observed the helium buffer gas pressure is given due to its
involvement in collisionally stabilising the energised intermediate formed.

The reactions of C,H, provide a useful comparison to those of the fluorinated
ethenes. As seen from Table 9.1 only O~ and F~ react with C,H,, and the
experimental rate coefficients are significantly below the corresponding collisional
values. For the reaction with F~ an association product is observed, but the
depletion in F~ signal was too small to determine the value for k., and the value
of 1.0 x 107" cm® mol™" s™' represents the lowest value which can be measured
by the Birmingham SIFT apparatus.

The fluorinated ethenes show a much higher level of reactivity, highlighting the
effect electronegative fluorine atoms have on the molecule; a fluorine substituent
on ethene will generate electropositivity in carbon (making it more susceptible to
nucleophilic attack), and increase the acidity of the molecule (increasing suscep-
tibility to attack from a base).
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Several other groups have studied the gas-phase reaction of O~ with C,Hy. In
agreement with this study, using a SIFT Viggiano and Paulson observe three anion
products: e, CoH,™ and a minor product, C;H30™ [5]. The major difference
between these studies is the difference in BRs for the two major products: CoH,™
and electrons. This work suggests C,H, ™ is the dominant product (BR = 71%),
whereas Viggiano and Paulson record it as e~ detachment (BR = 68%). Using a
drift tube apparatus, Parkes [3] and Lindinger et al. [4] not only observe C,H,™
and C,H3;07, but also OH™ and C,HO™ which are not seen in either SIFT study.
Lindinger et al. did not monitor electrons in their study, however, Parkes also
reports electron detachment as the major channel. In a Flowing Afterglow
experiment, O~ was found to react with C,H, by electron detachment only [7].
Using ICR-MS, C,H,” was the only observed reaction, although electron
detachment was not monitored [6]. Given the differences in techniques used to
study the reaction of O~ with C,Hy, it is difficult to compare and explain all these
results, but it is clear that when electron detachment was monitored it was found to
be the dominant reaction in all experiments except this SIFT study.

The reaction of OH™ with C,H, has also been studied previously, and in
agreement with the results of this study, these species were found not to react [7].
This is not surprising, as the expected H* abstraction reaction forming water is
endothermic by 71 kJ mol .

The reactions of C;H3F and CH,CF, show few trends when comparing the data
of each individual neutral as the reactant anion changes. For C,H3F only associ-
ation is observed in the reactions with F~ and O, , whereas the reactions with
OH™ and O™ afford a wider range of product anions. Similarly for CH,CF,, an
equally diverse range of products are detected; exclusive electron detachment
results from the reaction with O, , with F~ only association is observed, but the
reactions with OH™ and O~ produce products such as C,HF,” and GC,F,",
respectively. These basic observations from Table 9.1 show that the reactant anion
probably holds the key to interpreting the outcome from these reactions, and when
looking at all of the results shown, trends are more obviously identified when
comparing results from all the reactions with one single anion (i.e. observing left
to right in Table 9.1). In Sects. 9.3-9.7 the discussion focuses on this, looking at
how the reaction of one anion with the series of ethenes changes as the degree of
fluorination increases.

The exception to the comment made above is perhaps in the reactions with
C,HFs;. Its reactions with OH™, O™, CF3;~ and F all yield a common product:
C,F; 7. Certainly C,HF; is expected to be the most acidic of the neutral reactants,
which favours proton abstraction reactions being dominant:

B~ + C,HF; — CQF; + BH (91)

where B~ represents the reactant anion acting as a base. It is also noted that C,F3™
is a relatively stable anion and the negative charge is delocalised by the electro-
negative fluorine atoms. Simmonett et al. [11] performed theoretical calculations
for the fluorinated vinyl anion series, attributing the greater relative stability of
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C,F3™ to inductive and negative hyperconjugative effects. The thermochemical
tabulations of Lias et al. [12] contain three quite different values for the enthalpy
of formation of C,F37: —391 + 19 [13], —637 & 58 [14] and —420 %+
42 kJ mol ™' [15]. The first value comes from an experiment in which C,F;~ was
observed as a product of dissociative electron attachment to CsFg:

e + C3Fg — CQF; + CF;+ F (92)

The value extracted from this work by Lias et al. comes from the estimated A,H°
for reaction 9.2, and assumes the structure of C,F;~ to be CF,=CF~. The second
value comes from the threshold for formation of C,F3;~ from CF;CHO:

e+ CFsCHO — CF:C + O + H (9.3)

Note the isomeric form of C,F;™ in reaction 9.3 has all fluorines bonded to one of
the carbon atoms. The third and preferred value, —420 kJ mol ™!, was derived
from the observed threshold for reaction 9.4:

e + CFy — CQF{ + F (94)

Clearly there is uncertainty in all of the values discussed above, but when cal-
culating initial enthalpy changes for reactions 9.5-9.9,' the value of —420 +
42 kJ mol ™! is used.

The only reaction of C,HF; which does not yield C,F3;™ as a product is that with
0O, The thermochemistry for the expected H" abstraction resulting in C,F;~ is
endothermic:

O, + CHF; — GF; + HO, AH° = +122 kJ mol ™' (9.5)

This can then be compared to the thermochemistry for the other anion reactions
with C,HF;, where C,F;™ is a common product:

OH™ + C,HF; — CF; + H0 AH° = —29 kJ mol™! (9.6)
O™ + CHF; — CF; + OH A.H° = +8 kJ mol™' (9.7)
CF; + CHF; — GF; + CHF; AH° = +15kJ mol ™' (9.8)
F~ + CHF; — CF; + HF  AH° = +48kJmol ! (9.9)

The calculated enthalpies are positive for reactions 9.7-9.9, yet the product C,F;5~
is observed. It is very likely that uncertainty in the value for Ad° (C,F;7), as

! The enthalpy changes for reactions 9.5-9.9 are considered incorrect, because of uncertainty in
the value of AFH° (C,F37) used, —420 kJ mol~". A new value, —504 kJ mol™", is evaluated from
recent theoretical calculations, and from the presented experimental observations shown by
reactions 9.5-9.9. The updated reaction enthalpies are +38, —113, —76, —69, and —36 kJ mol_l,
respectively. See text for a more detailed discussion.
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discussed above, when used to calculate the A,H® values is responsible for this
inconsistency. If it is assumed that reaction 9.5 is endothermic because the C,F;™
product is not observed, then the true value for AdH° (C,F;7) should lie between
—468 and —543 kJ mol ! (the actual value used is —420 4 42 kJ molfl). Reac-
tions 9.6-9.9 then all become exothermic—a much better reflection of the results.

Since the tabulations of Lias et al. [12], theoretical calculations on the electron
affinity (EA) and Ad4° of C,F; have been performed. Thus, a new value for A44°
(C,F;7) can be determined. The calculations by Bauschlicher and Ricca [16] give
a value for AH°® (C,F3) = —224 kJ mol ™!, and data collected for the EA (C,F3) is
summarised in a review article [17]. The values for the FA range from 2.06 to
2.90 eV. As discussed above, it is expected that AJH° (C,F;7) takes the values
between —468 and —543 kJ mol_l, which corresponds to the EA being between
2.53 and 3.31 eV, respectively. This clearly suggests the EA (C,F;) is towards the
higher end of the values given. Therefore, for the purposes of this thesis, a
value for the EA of 2.90 eV (280 kJ mol™") and the A of =224 k] mol ™! for
CoF; are used to give Af%9s (C,F37) = —504 kJ mol™!, with an esti-
mated & 20 kJ mol~" uncertainty. Using this new value, the updated enthalpy
changes for reactions 9.5-9.9 are +38, —113, —76, —69 and —36 kJ mol_l,
respectively.

Absence of hydrogens in C,F, eliminates any possibility of the reactant anions
acting as bases in their reactions. Attack of an anionic species on electron-rich
fluorine is unlikely, and it is therefore expected to see anions only acting as
nucleophiles in their reactions with C,F,.

The reactions of OH™, O™ and O, with C,F, proceed at, or close to the
collisional rate. Inspection of Table 9.1 shows the diversity of anion products
observed from these reactions. Morris also studied the reactions of O™ and O,
with C,F, [8]. An equally broad range of anion products was observed, and Morris
rationalised this by comparing the weak double bond in C,F, with the strong C=0
bonds which can form, concluding that specific mechanisms to account for all the
products are difficult to propose.

F~ reacts with C,F, to produce C,Fs~ by association, and this same result was
observed by Su et al. [9].

F~+ CFy; — GFy AH®=—-159 kJ mol ™! (9.10)

This association reaction fits into the trend of the other reactions with F~, and it is
discussed in detail in Sect. 9.6.

F~ anions were detected as the major product species (>95%) from the reaction
of CF;~ with C,F,4. The only thermochemically viable reaction is the addition of
CF;™, followed by the elimination of F~ to produce hexafluoropropene:

CF; + CoFy — F 4+ C3Fg AH° = —74 kJ mol ™ (9.11)

In addition to F~ ions, C,Fs~ was also observed but as a minor product (<5%).
The BR studies for this reaction, however, showed that C,Fs~ is a secondary
product. It must be that F~ anions produced from reaction 9.11 react with C,F,4 by
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association, which has already been shown to occur independently. Su et al. [9]
report C,F5™ is the only product from the reaction of CF5~ with C,F, suggesting it
is produced by F~ transfer:

CF; + C;Fy — CF. + CF, AH° = +51 kI mol™! (9.12)

It is more likely that they are observing C,Fs~ from the secondary reaction as
discussed above, and not that shown in reaction 9.12 which is endothermic.

9.3 The Reactions of OH™

Inspection of Table 9.1 shows that the large majority of the observed anionic
products from the reactions of OH™ can be explained with the anion acting as a
base. However, the minor products F~ and C,H;0~ from the reaction with C,H;F
result from OH™ acting as a nucleophile. The proposed addition—elimination
mechanisms for producing these two anions are shown in Fig. 9.2. A stepwise
addition—elimination mechanism is suggested rather than a concerted Sy2
(bimolecular nucleophilic substitution) mechanism because the former allows for
the carbanion intermediate to eliminate F~ or HF (i.e. step 2a vs. step 2b). The
only expected anionic product from an Sn?2 reaction would be F~. The elimination
of F~ following step 2a forms neutral C,H4O, presumably the isomeric form
CH,=CHOH. The change in enthalpy for this reaction is —91 kJ mol~". Step 3a,
however, shows how CH,=CHOH could rearrange to form CH3;CHO, a possibility
given that AfHozgg (CH2=CHOH) = —125 and AfHozgg (CH3CHO) = —
166 kJ mol~'. The competing mechanism, elimination of HF following step 2b,
suggests the isomeric form of the observed C,H3;0™ anion is in fact CH,=CHO,
and the enthalpy change for this reaction is —155 kJ mol~"'. This anion has two
resonance forms, which are also shown in Fig. 9.2, where the negative charge is
delocalised across the oxygen and carbon atoms—the likely reason for the relative
stability of this species, and hence its observation as a product.

In the reactions with C,H3F, CH,CF, and C,HF;, it is OH™ acting as a base
which accounts for the majority of the products detected. The products CoH,F ™,
C,HF, ™ and C,F;~ are produced from H™ abstraction reactions:

OH + GH;F — CHF + H,0 AH° =41+ AH°(C,HoF ) kJ mol ™!
(9.13)

OH™ + CH,CF, — CHF, + H,0 A.H° =247+ AH°(C,HF, ) kJ mol ™
(9.14)

OH™ + CHF; — CF; 4+ H,0 AH° = —113 kJ mol~! (9.15)
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Fig. 9.2 Addition—elimination mechanisms showing the formation of F~ and C,H30™ in the
reaction of OH™ with C,H3F. The dotted lines represent bonds between atoms which are formed
following the next reaction step

Unfortunately no values for AH® (C,H,F~ or C,HF, ™) have been found in the
literature or thermochemical databases. Reactions 9.13 and 9.14 are expected to be
exothermic, and so upper limits to these AJ° values can be calculated: Ad1%;08
(CoH,F7) < —41 kJ mol ™', and A5 (CoHF, ™) < —247 kJ mol ™. There has
been much discussion surrounding the structure of these two anionic species
because of the potential for hydrogen-bonding to occur [11, 18-21].

The two different suggested structures are shown in Fig. 9.3. The general
conclusion is that the hydrogen-bonded structure for C,H,F™ is in the region of
50 kJ mol™! lower in energy than the vinyl anion [11, 18], but for C,HF,™ the
difference in energies of the two structures is negligible [11].

In the reactions of OH™ with C,HsF and CH,CF,, the structures of the anion
products C,H,F~ and C,HF, ™, respectively, are not known. The mechanism for
H* abstraction is straightforward, as shown by mechanism 1 in Fig. 9.4, and
suggests it is the vinyl anion structure which is being observed. On the other
hand, mechanism 2 in Fig. 9.4 shows a possible way for rearrangement to
occur where the hydrogen-bonded species is formed—essentially the elimina-
tion of F~. The elimination of F~, and it forming the hydrogen bond, are
shown to occur in a concerted fashion because reactions 9.16 and 9.17 are
endothermic.
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A
>:_\ B A——= H----F
F H

Fig. 9.3 The two different structures suggested for C,H,F~ (when A = H) and C,HF,™ (when
A = F). Here, the dotted line represents hydrogen-bonding

Mechanism 1
(‘\H A A
HO~ >—):< D — H,O + /=<
H F H F
Mechanism 2
A A
N /E/ FeHe——— A
H-~-___. ‘-‘
H F B

Fig. 9.4 Mechanism 1 showing H* abstraction by OH™ forming water and the corresponding
vinyl anion. Mechanism 2 shows the rearrangement of the vinyl anion to form a hydrogen-bonded
ethyne structure via the elimination of F~. In both mechanisms A = H showing the reaction with
C,H;F, and A = F showing the reaction with CH,CF,

OH + GH;F — F + H,0 + CGH, AH®° = 420kl mol™'  (9.16)
OH™ + CH,CF, — F~ + H,0 + GHF AH° = +105 kI mol™" (9.17)
OH™ + GHF; — F 4 H,0 + GF, AH° = +165kI mol™'  (9.18)

Thus, the energy gained on forming the hydrogen bond is required to drive the
elimination of F~. Indeed the endothermicity of the elimination reactions above
supports the suggestion made earlier that F~ from the reaction with C,HjF is
produced by an addition—elimination mechanism (Fig. 9.2), with OH™ acting as a
nucleophile.

The formation of H,O.F~ (H,O and F~ hydrogen-bonded to one another) is the
abstraction by OH™ of HF:

OH + GH;F — H,0.F + CH, AH®° = —98kJ mol' (9.19)
OH™ + CH,CF, — H,O.F + CHF A,H° = —13 kJ mol™! (9.20)

OH™ + CHF; — H,0.F + CF, AH° = +48 kJ mol™ (9.21)
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The thermochemistry of reactions 9.19-9.21 reflect the products which are
observed; the production of H,O.F™ in reactions with C,H3F (53%) and CH,CF,
(3%), but not with C,HFj;. Energetics alone are unlikely to explain why the BR is
much larger in the reaction of C,H3F than in that of CH,CF,; for HF to be
abstracted from CH,CF, the hydrogen and fluorine must come from different ends
of the double bond, which is not the case for C,H5F.

The reaction of OH™ with C,F, is more complicated. It seems fair to assume
OH™ will be drawn towards the electropositive carbon atoms in C,F,, and acts as a
nucleophile. The range of products observed show that the resulting reaction
complex will readily rearrange, break bonds and form new ones. Some exothermic
reactions are listed below which show how the stable neutral products which can
be formed are the likely driving force in this reaction:

OH™ + C,Fy; — CF; + HFCO A,H° = —220 kJ mol ™! (9.22)
OH™ + CFy — CF; + HF 4+ CO A.H° = —227 kJ mol ™! (9.23)
OH + CF; — FCO™ + CHF; A.H° = —335kJ mol ! (9.24)
OH™ + C;F; — FCO™ + CF, + HF A.H° = —92 kJ mol™! (9.25)

OH + CFy — CF;0™ + HF AH® =530 + AH°(CoF;07) kJ mol ™!
(9.26)

OH + C,Fy — F + CHF;+ CO AH®° = —259 kJ mol ™! (9.27)
OH + CFy — F + HF + CF,+ CO AH°=—-16kI mol™' (9.28)
OH™ + CFy — F + CF, + HFCO AH° = —10kJ mol™ (9.29)

OH™ + CFy — F + CF,CFOH A,H° =554 + A;H°(CF,CFOH) kJ mol™'

(9.30)
OH + CoFy — F + CF;CHO A,H° = —224 kJ mol ™! (9.31)
OH + C;F; — HF; + CF,+ CO AH° = —173 kJ mol™" (9.32)

The formation of F~ and C,F;0™ from C,F, are analogous to the products F~ and
C,H3;0™ from C,HjF, and so the suggested mechanism in Fig. 9.2 is also con-
sidered to describe reactions 9.26 and 9.30. Reactions 9.30 and 9.31 show dif-
ferent isomeric forms of the neutral product C,HF;0. The product CF,CFOH
would be the expected species following a substitution reaction, whereas the
product CF;CHO would require additional rearrangement. Unfortunately, AJ1°
(CF,CFOH) is not known.
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9.4 The Reactions of O™

The first observation noted from this set of reactions is the production of the anion
product following H,* abstraction by O~ to form water:

O + GHy — CH, + H,0 AH° = —11kJ mol™" (9.33)
O + GH;F — CGHF + H,0 AH° = —113 kJ mol ™! (9.34)
O™ + CH,CF, —» GF, + H,0 AH° = —74kJ mol™ (9.35)

The isomeric forms of the anion products are H,C=C~, HFC=C" and F,C=C" for
reactions 9.33-9.35, respectively. Note that there is some uncertainty in the AJ°
values for these species (see Appendix I). It is therefore assumed that the reaction
mechanism leads to both hydrogen atoms being abstracted from the same carbon
atom, and certainly this must be the case for C,F,™ production with CH,CF,.

These reaction products have been observed previously by Dawson and
Jennings [6] when performing reactions of O~ with a variety of molecules using
ICR-MS, and the same conclusion regarding the structure of the product anion was
reached. It seems very likely that H," abstraction is energetically more favourable
than H* abstraction in the reactions of O~ with C,H3F and CH,CF; it is certainly
the case for C,Hy. In the case of C,HF3, H," abstraction is no longer possible and
H* abstraction is observed instead. Consider the reactions below:

O + CHy; — CGH; + OH AH° = +106 kJ mol ™! (9.36)

O™ + GH;F — GH,F + OH AH° =76+ AH®°(CoH,F~) kJ mol ™!
(9.37)

O~ + CH,CF, — CHF, + OH A,H° =282+ A/H°(C,HF; ) kJ mol™'
(9.38)

The values for AH°(C,H,F ™) and AH°(C,HF, ") have been discussed in Sect. 9.3
(see reactions 9.13-9.15), and upper-limit values of <—41, and <— 247 kJ mol ™!,
respectively, were evaluated. Also recall the discussion in Sect. 9.2 about H*
abstraction reactions with C,HF;. It is difficult to predict if reactions 9.37 and 9.38
are exothermic or not, and given that Dawson and Jennings observed these two
reactions [6], albeit as minor product channels, it is unclear why they are not observed
in the present SIFT study.

It is very interesting that electron ejection is observed in the reactions of O™
with ethene and the fluorinated ethenes. The fact that O™ is a radical anion with an
odd number of electrons is the likely cause. This represents the major product
channel in the reactions of C,HsF (72%), CH,CF, (80%), and C,HF; (65%), but
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Fig. 9.5 A possible mechanism to account for electron ejection in the reactions of O~ with
C,H,, C,H5F and CH,CF,. The radical carbene structure results from the abstraction of H," by
O™. A represents either H or F

the BRs are less in the case of CoHy (26%) and C,F4 (18%). The reason for these
differences in BRs is unclear, but it may be no coincidence that C,H, and C,F, are
the only two of the five molecules with no dipole moment. Understanding the
mechanism for the electron ejection reaction is not easy, and it is not even obvious
if it is initiated by O™ acting as a base or as a nucleophile.

One possibility arises from the radical anion species produced following H,*
abstraction, shown in Fig. 9.5, where a rearrangement to generate a carbon—carbon
triple bond will result in electron ejection. This seems reasonable given that neutral
carbenes, e.g. CF,=C, are known to convert into the corresponding ethyne, e.g.
CFCF, by a Fritsch-Buttenberg-Wiechell rearrangement [22, Cox LR, private
communication]. The mechanism in Fig. 9.5 can only be applied to the reactions
of C,H,, CoH3F and CH,CF,, because the radical carbene is produced following
H,* abstraction. It seems reasonable to assume a similar mechanism is responsible
for electron ejection from all of the neutral ethenes, C,HF; and C,F, included, and
so this possibility is not convincing.

Another possibility is if O™ acts as a nucleophile, forming an intermediate
complex with the neutral ethene and ejecting an electron to form an oxirane
species (Fig. 9.6). Heats of formation for the fluorinated oxirane species are not
available, but the reaction in Fig. 9.6 is exothermic when all A substituents are
hydrogen (i.e. for ethene):

O + CHy — e + ¢ —CH,(O)CH, AH°= —207kJmol™'  (9.39)

This mechanism for nucleophilic attack seems reasonable, and certainly other anion
products observed in the reactions with O™ surely arise from the same initial step.
These include C,H;0™ from C,H,, C;H,O™ from C,H5F, and all of the products in
the reaction with C,F,. Suggested arrow-pushing mechanisms for the formation of
these anions are shown in Fig. 9.7. All of these mechanisms follow the same initial
step: the nucleophilic addition of O™ to the neutral ethene. Figure 9.7 only presents
the subsequent step, which shows how the resulting carbanion intermediate may
rearrange and/or dissociate to generate the observed products.
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Fig. 9.6 A possible mechanism to explain electron ejection observed from the reactions of O™
with ethene and the fluorinated ethenes. It shows the formation of a neutral oxirane species
following step 2. A represents either H or F

9.5 The Reactions of CF;™~

Only C,HF; and C,F, react with CF;™, and in each of these reactions only one
anion product is detected (Table 9.1). C,F3~ produced in the reaction with C,HF;
arises following H* abstraction, as discussed in Sect. 9.2 and shown in reac-
tion 9.8. F~ is produced in the reaction with C,F, by addition—elimination (or
substitution):

CF; + CoFy — F + Cs3Fg AH° = —74 kJ mol ™ (9.40)

These are the two most likely reactions for CF;™ acting as a base or as a nucle-
ophile, respectively, and it is no coincidence that C,HF3 is the most acidic of the
neutral ethenes, and C,F, is the most susceptible to attack from a nucleophile.
The likely reason for the overall low reactivity of CF;™ is its relative stability,
having a large negative enthalpy of formation (—641 kJ mol™"), but reaction
dynamics must also play a part because, for example, the addition—elimination
reaction with CoH3F is not observed despite it being an exothermic channel:

CF; + C,HsF — F 4+ CH,CHCF; AH°=—83kImol™!  (9.41)

The analogous reactions with CH,CF, and C,HF; are also expected to be exo-
thermic, but AJ° values for the neutral product species CH,CFCF; and
CHFCEFCF;, respectively, are not known:

CF; + CH2CF2 — F + CH2CFCF3 ArHO = 738 + AfHO (CH2CFCF3) kJ 1’110171
(9.42)

CF; + C,HF; — F~ + CHFCFCF; A,H° =884+ A;H°(CHFCFCF;) kI mol ™'
(9.43)

These reactions occur by CF;™ acting as a nucleophile and attacking the electron
deficient carbon atoms. The size of CF;~ may hinder this type of reaction and only
with C,F, when the electrophilicity of the carbon is relatively large, will a reaction
occur. Evidence for this suggestion can be found in the efficiency of the
CF;~ 4 C,F, reaction, which is only 34%.
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Mechanism 1: O~ + C,H,—» C,H;0"+H AH°=-101kJ mol™!
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Mechanism 5: O~ + C,F,—» CF;” +FCO AH°=-256 kJ mol!

Mechanism 6: O™ + C,F,—» FCO™ +CF3; AH°=-344kJ mol™!
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Fig. 9.7 Reaction mechanisms showing how the carbanion intermediate formed following the
nucleophilic addition of O™ may rearrange and/or dissociate to yield some of the observed anion
products in the reactions of ethene and the fluorinated ethenes. Reaction enthalpies are included
where AF° values are available for all reactants and products
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The hindering effect that the size of CF;™ has on its reactivity is still apparently
present, but to a lesser degree, when it attacks a hydrogen substituent (acting as a
base); the rate efficiency of the CF;~ 4+ C,HF; reaction is 65%. Note that the rates
show no evidence of inefficiency in H abstraction reactions of the other anions
with C,HF; (see Table 9.1). Nevertheless, the reason for the absence of H*
abstraction in the reactions of CF;~ with C,Hy, C,H;3F, and CH,CF, is most likely
an energetic one:

CF; + CHy — CH; + CHF; AH° = +113 kJ mol ™ (9.44)

CF; + C2H3F — C2H2F7 + CHFg ArHO =83+ Af‘HO(CQHzFi) kJ 1’1’10171
(9.45)

CF; + CH,CF, — C,HF, + CHF; A,H° =289+ A;H°(C,HF, ) kJ mol ™'
(9.46)

The values for AJH°(C,H,F ) and AJH°(C,HF, ") have been discussed in Sect. 9.3,
and upper-limit values of <—41 and <—247 kJ mol™', respectively, have been
evaluated. Reactions 9.45 and 9.46 are likely therefore to be endothermic.

9.6 The Reactions of F~

F~ reacts with ethene and the fluorinated ethenes by association, and the experi-
mental rate coefficient increases as the fluorination on ethene increases
(Table 9.1). This demonstrates the preference F~ has to act as a nucleophile rather
than a base, and it is only in the reaction with C,HF;—the most acidic of the
neutral ethenes—where H" abstraction is observed, albeit only with a BR of 5%
(also see reaction 9.9 and the discussion in Sect. 9.2).

The expected reaction following nucleophilic attack on carbon is addition—
elimination (or substitution), but in this instance the nucleophile and leaving group
are both the same: F~. Thus, the relative stability of the adduct carbanion must be
considered to explain the observations in this set of reactions. Consider the res-
onance scheme illustrated in Fig. 9.8. It shows how the geometry of a carbanion is
dependent on orbital interactions between the carbon atoms and a substituent X.
This is essentially describing anionic hyperconjugation [18]. Geometry 1 is con-
sidered to have large hyperconjugative effects because the X~ lone-pair orbital is
in the same plane as the adjacent carbon = orbital. In geometry 2 these effects are
less because the negative charge is on the f carbon with respect to the X sub-
stituent, and the carbon lone-pair orbital is slightly out-of-plane with the X
p-orbitals. The effects of anionic hyperconjugation are significant when X is an
electronegative species.

In this set of reactions X is fluorine and each A substituent is either hydrogen or
fluorine. In the reaction of F~ with C,H,, all A substituents in Fig. 9.8 are
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Fig. 9.8 Resonance effects reflecting the degree of anionic hyperconjugation, essentially the
delocalisation of negative charge, in the adduct between X~ and either ethene or a fluorinated
ethene, where A represents H or F

hydrogen atoms, and the negative charge in the adduct can only be delocalised by
anionic hyperconjugation, so the configuration of this species is expected to be
more like geometry 1 than geometry 2. In the other extreme, in the reaction of F—
with C,Fy, all A substituents are fluorines. The resulting adduct may delocalise the
negative charge across the whole molecule through the ¢ network, and so
geometry 2 is expected to be more stable than geometry 1. The general trend
therefore, is that the greater the degree of fluorine substitution in ethene, the better
representative geometry 2 is for the structure of its adduct with F~. Indeed the
strength of the bond formed between X (reactant F~) and the ethene will be
stronger in geometry 2 than geometry 1. This point has also been made by Sullivan
and Beauchamp [1], after calculating binding energies of F~ to the fluorinated
ethenes. The value increased with increasing fluorine substitution. This trend also
matches that observed in the rate coefficients for the reactions of F~ with ethene
and the fluorinated ethenes (Table 9.1).

From another point of view, the scheme in Fig. 9.8 can be considered as an
equilibrium between reactants (geometry 1) and the formation of the adduct
(geometry 2). When more A substituents are fluorines, the adduct is more stable
with respect to eliminating F~ and regenerating the reactants. Thus, the rate of
forming the adduct increases as the degree of fluorine substitution increases.

9.7 The Reactions of O,

The superoxide anion, O, ", has been described as an excellent gas-phase nucle-
ophile [23]. Indeed the results in Table 9.1 show product anions which must arise
following initial nucleophilic attack, and O, is the only reactant ion which does
not react with C,HF5; by proton abstraction.

The reactivity of O,  towards the fluorinated ethenes increases as the degree of
fluorine substitution increases; there is no reaction with C,H,, association with
C,H;F, electron and F~ ejection is observed with CH,CF, and C,HFj3, respec-
tively, and a diverse range of products are detected with C,F,. In addition, the rate
coefficient increases as fluorine substitution in ethene increases.
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Fig. 9.9 A generic schematic showing the addition of O, to the fluorinated ethenes by
nucleophilic attack. A represents either hydrogen or fluorine

Fig. 9.10 A possible mechanism for electron ejection following the nucleophilic addition of O,™
to CH2CF2

Given that C,H, does not react with O, ", fluorines are important in stabilising
the adduct species which is formed after initial nucleophilic addition. More
substituted fluorine atoms allow a better delocalisation of the negative charge,
leading to a more stable adduct (with respect to the reactants). Recall a similar
discussion in Sect. 9.6 on the trend in k.., values in the reactions of F~. Consider
Fig. 9.9, where the rate determining step is represented by the ratio of k;/k_;. This
ratio is expected to increase when more A substituents are fluorines. If the second
step, represented by k, is expected to be fast in comparison, the observed trend in
the reaction rate coefficients, k., is explained.

It is interesting that O,~ with CH,CF, reacts exclusively by electron ejection.
Reactions 9.47 and 9.48 show the two most likely outcomes for this reaction:
formation of a dioxetane, or dissociation into two aldehydes, respectively:

O{ + CH,CF, — e + CHz(Oz)CFz AH® =394 + AfHO (CHz(Oz)CFz) kJ mol ™!
(9.47)

O, + CH,CF, — e + CH,0 + CF,0 AH°=-361kImol™' (9.48)

Arrow-pushing mechanisms can explain reactions 9.47 and 9.48, which are shown
in Fig. 9.10. The former is explained by step 2 only, and the latter by steps 2 and 3
taking place. The same mechanism can also be applied to the reaction with C,F,,
where electron ejection is also observed with a BR of 35%:
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027 + GFy— e + CFz(Oz)CFz AH° =707 + AfHO (CFQ(Og)CFz) kJ mol ™!
(9.49)
0, + CFy — e + 2CFKR0O AH° = —571 kJ mol™! (9.50)

The reactions of O, with C,HF; and C,F, to produce F~ are likely to follow
the same reaction mechanism of nucleophilic substitution:

027 + CHF; — F + C,HF,0, A,H° =291+ AfHO(CzHFQOZ) kJ mol ™!
(9.51)

O, + CoFy — F~ 4+ CF30, AH® =458 + A;H°(C2F;0,) kJ mol ™
(9.52)

It is unclear how stable the neutral products are in reactions 9.49, 9.51 and 9.52. It
is entirely possible that these products may rearrange and/or fragment, and there
are other reasonable exothermic outcomes (see below). Indeed many potential
oxygen-containing product species are not well documented in the literature, and
some desired AdJ1° values are therefore unavailable (e.g. C,F407, C,F;0,,
CHF,0). In addition there are different isomeric forms of many of these species,
further preventing any conclusive product assignments. The product assignments
discussed so far (reactions 9.47-9.52) are based on reasonable or likely reaction
mechanisms, but many more exothermic possibilities exist. These are presented
below in reactions 9.53-9.67. Possibilities are also given for the anions F,™,
C,F,07, and FCO™ observed in the reaction of O, with C,F, which have not yet
been discussed (reactions 9.68-9.72).

O, + CH,CF, — e~ + CO,+ CH,F, AH° = —451 kI mol™'  (9.53)
O, + CH,CF, — e + 2CO + 2HF AH°=-372kImol™'  (9.54)
O, + CH,CF, — e + 2 HFCO A.H° = —360 kJ mol ! (9.55)

0, + GHF; — F + CO,+ CHF, AH°=-340k mol™'  (9.56)
0, + GHF; — F + HC(0)O + CF, AH°=-24kImol™'  (9.57)
O, + CHF; — F~ + FCO + HF + CO AH° = —264 kI mol™' (9.58)
O, + GHF; — F 4 FCO + HFCO A,H°=-257kImol™"  (9.59)
O, + GHF; — F~ + FCOCOF + H AH°=-219kImol™!  (9.60)
O, + CoFy — e+ CO + CF;0F A,H° = —188 kJ mol ™ (9.61)

O, + CFy — e + CO, + CF; A.H° = —620 kJ mol ™" (9.62)
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0, + CF, — e + FCO + CF;0 A,H° = —95 kJ mol ™! (9.63)
O, + CoFy — F + COy + CF; AH° = —401 kJ mol™! (9.64)
O, + CoF; — F~ + CO + CF;0 AH° = —283 kJ mol ! (9.65)

0, + CoFy — F + FCO + CF,0 AH° =352 kJ mol™! (9.66)

0, + CF; — F + FCOCOF + F AH° = —190 kJ mol ™! (9.67)
0, + CF; — F, + CO, + CF, AH®° = —169 kJ mol ™! (9.68)
O, + C,F; — F, + FCOCOF A,H° = —322 kJ mol ! (9.69)

0, + GFy — GF0 + O AH° =956+ AH°(C,F,07) kJ mol ™!
(9.70)
O, + CoFy — FCO™ + CF;0 A,H° = —359 kJ mol ! (9.71)

0, + CFy — FCO™ + CF,0 + F AH° =287 kJ mol ™! (9.72)

9.8 Conclusions

The gas-phase reactions of the anions OH™, O™, CF;~, F~ and O, with the
neutral ethenes C,H,, C,H3F CH,CF,, C,HF; and C,F, have been investigated
using the SIFT technique. The results are shown in Table 9.1. Arrow-pushing
reaction mechanisms have been used to help explain the reaction products
observed, and to attempt to assign neutral products. This type of analysis, however,
has its limitations and many reactions have been observed where significant
rearrangement and/or fragmentation of the reaction complex must occur. Using
enthalpies of formation for the reactant and product species to calculate reaction
enthalpy changes, a thorough account of the thermochemistry in this set of reac-
tions is presented.

The reaction products are dictated by a combination of the properties of the
reactant anion and the reactant neutral. For example, the reactions of C,F, show a
wide variety of products, many of which result from significant rearrangement and
fragmentation of the reaction complex. However, this is not a property of C,F,
alone and it is only in the reactions with oxygen-containing anions where this is
particularly evident. Another example is in the reactions with C,HF3 which show a
preference for H™ abstraction. This preference is also limited by the properties of
the reactant anion, O, for example, which is not basic enough to abstract a
proton—even from C,HF;. The investigation into these reactions with C,HF; has
lead to the evaluation of a new value for AH® (C,F37), =504 £ 20 kJ mol .
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Table 9.2 Proton affinities of the reactant anions

Anion PA%/KJ mol ™!
OH™ 1,634
(o 1,599
CFy~ 1,592
F~ 1,560
0, 1,486

* The proton affinity (PA), defined as the enthalpy change for the reaction BH — B~ + H",
where B~ is the anion in question. Therefore, the more positive the value, the higher the affinity
B~ has for a proton. Values were calculated using enthalpies of formation listed in Appendix I

Electron ejection is observed in several reactions with the anions O™ and O,
and attempts have been made to uncover the reaction mechanisms involved. It is
most likely the radical properties of these two anions which are responsible for
these interesting reactions.

A general trend can be uncovered when considering the proton affinity (PA)
values of the reactant anions. The PAs for OH™, O, CF;~, F~ and O, are listed
in Table 9.2. Generally speaking, the type of reaction observed correlates to the
relative PAs of the reactant anion. The anion is more likely to act as a base (i.e.
attack a hydrogen atom) the higher its proton affinity value. The majority of
reactions with OH™ are thought to be initiated in this way (i.e. H" and HF
abstraction reactions). With the exception of electron ejection, for which the
mechanism is unknown, H," abstraction is a significant outcome in the reactions
with O™. By contrast, almost all of the reactions involving F~ or O, ™, with a lower
PA, are initiated by the anion acting as a nucleophile.

The rate coefficients for the reactions with F~ and O, increase as the degree of
fluorination in ethene increases. This trend has been rationalised by resonance and
inductive effects influencing the initially formed adduct anion, following nucleo-
philic addition of the anion to the ethene molecule. There is no obvious trend for
the reactions of OH™, O™ and CF;™.
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Appendix I

Standard Enthalpies of Formation

at 298 K of Gas-Phase Species Relevant

to this Thesis”

a.m.u Species AH%59g (K] mol™ 1) Source(s)
Neutrals

1 H +217.99 + 0.006 Ref. [1]
13 CH +594.1 £ 17.5 Ref. [1]
14 CH, +386.4 + 4.2 Ref. [1]
16 CH,4 —74.87 £ 0.34 Ref. [1]
16 O +249.17 + 0.10 Ref. [1]
17 OH +38.99 £+ 1.21 Ref. [1]
18 H,O —241.83 + 0.04 Ref. [1]
19 F +79.4 + 0.3 Ref. [1]
20 HF —272.5 £ 0.8 Ref. [1]
26 C,H, +228 £ 1 Ref. [2]
28 CcO —110.5 £ 0.2 Ref. [1]
28 C,H, +52.47 £ 0.29 Ref. [1]
30 C,Hg —84.0 £ 0.2 Ref. [2]
30 CH,0 —115.90 + 6.3 Ref. [1]
31 CF +2552 + 8 Ref. [1]
32 CHF +125.5 £ 29 Ref. [1]
33 HO, +2.09 + 8.4 Ref. [1]
34 CH5F —247 Ref. [2]
35 OF +109.9 Ref. [3]
35.5 Cl +121.30 &+ 0.01 Ref. [1]
44 C;3Hg —104.5 £ 0.3 Ref. [2]
44 CO, —393.52 £+ 0.05 Ref. [1]
44 C,HF +107 Ref. [2]
44 CH,=CHOH —125 Ref. [2]
44 CH;CHO —165.8 £ 0.4 Ref. [2]
44 ¢-CH,(O)CH, —52.6 £ 0.6 Ref. [2]
45 HC(0)O —132.98 Ref. [3]
46 C,H5F —138.8 + 1.7 Ref. [2]
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Appendix I: Standard Enthalpies of Formation at 298 K

(continued)

a.m.u Species AHC95 (k] molfl) Source(s)
47 FCO —171.5 £+ 63 Ref. [1]
47.5 CCl +502.1 £+ 20 Ref. [1]
48 HFCO —376.56 Ref. [1]
50 CF, —182 £+ 6.3 Ref. [1]
50.5 CH;Cl —83.68 Ref. [1]
51 CHF, —237+5 Ref. [2]
51 SF +3.0 Ref. [4]
52 CH,F, —450.66 + 1.7 Ref. [1]
54.5 FCl —50.292 £+ 0.42 Ref. [1]
62 C,F, +20.9 + 21 Ref. [1]
64 C,H,F, (1,1) —345 £ 10 Ref. [2]
64 C,H,F, (Z -1,2) —-297 Ref. [2]
64 C,H,F, (E-1,2) —293 Ref. [2]
66 CF,0 —638.9 + 1.7 Ref. [1]
69 CF; —465.7 £ 2.1 Ref. [5]
70 CHF; —697.1 £ 3.3 Ref. [1]
70 SF, —295.2 Ref. [4]
78 CF,CO —290.3 £+ 13.2 Ref. [6]
80 Br +111.86 & 0.06 Ref. [1]
82 C,HF; —491 £ 8 Ref. [2]
83 CCl, +238.5 £ 21 Ref. [1]
85 CH,Cl, —95.52 Ref. [1]
85 CF;0 —630.56 Ref. [3]
88 CF, —9332 £ 1.3 Ref. [1]
89 SF; —441.6 Ref. [4]
94 FCOCOF —728 Ref. [2]
95 CH;Br —343 4+ 0.8 Ref. [7]
97 CF;CO —608.68 Ref. [3]
98 CF;CHO —778.47 Ref. [3]
99 FBr —58.463 + 1.7 Ref. [1]
100 C,F, —658.6 + 2.9 Ref. [1]
101 CF;00 —635.02 Ref. [3]
104 CF;0F —785 Ref. [2]
104.5 CF5Cl —-709.2 £ 3 Ref. [5]
108 SF, —768.4 Ref. [4]
119.5 CHCl, —103.18 =+ 1.3 Ref. [1]
121 CF,Cl, —491.6 + 8 Ref. [1]
127 SF; —908 Ref. [1]
127 1 +106.76 + 0.04 Ref. [1]
137.5 CFCl, —288.7 £ 6.3 Ref. [1]
138 C,Fq —1343 Ref. [2]
143.5 SF,4Cl1 —761 Ref. [8]
146 SF¢ —1220.47 £ 0.8 Ref. [1]

(continued)



Appendix I: Standard Enthalpies of Formation at 298 K 137
(continued)

a.m.u Species AHC95 (k] molfl) Source(s)
146 FI —94.76 Ref. [7]
149 CF;Br —649.8 £ 2 Ref. [5]
150 C;3Fq —1125 Ref. [2]
154 CCly —95.98 £+ 2.1 Ref. [1]
162.5 SF;Cl —1038.9 £ 10.5 Ref. [1]
188 CsFg —1783 £ 7 Ref. [2]
196 SFsCF; —1717.1 £ 63 Ref. [1]
196 CF;l —586.2 £ 2 Ref. [5]
Cations

1 H* +1536.25 Ref. [1]
13 CH* +1622 Ref. [2]
14 CH,* +1386 Ref. [2]
15 CH;* +1098 Ref. [2]
19 F* +1760.6 Ref. [1]
27 C,H3* +1112 Ref. [2]
28 C,H,* +1066 Ref. [2]
29 C,H5* +914 £ 4 Ref. [2]
31 CF* +11494 £ 5 Ref. [1]
33 CH,F* +833 Ref. [2]
355 crt +1372.6 Ref. [1]
38 F* +1514 Ref. [7]*
39 C3H5" +1179 Ref. [2]
43 n-C3H;* +881 Ref. [2]
45 C,H,F* +951 Ref. [2]
46 C,H5F* +861.1 Ref. [2]
47.5 ccrt +1311 Ref. [9]
49.5 CH,CI" +959 Ref. [2]
50 CF," +941.8 £ 12.6 Ref. [1]
51 CHF," +611 Ref. [2]
51 SF* +998.3 Ref. [4]
54.5 FCI* +1171 £ 2 Ref. [1, 71°
64 CHF," (1,1) +648 Ref. [2]
64 CH,F," (Z-1,2) +690 Ref. [2]
64 CH,F,* (E-1,2) +692 Ref. [2]
66.5 CFCI* +1101 Ref. [9]
69 CF;* +406 Ref. [10]
70 SF,* +693.4 Ref. [4]
80 Br* +1250.9 Ref. [1]
81 CoF5* +791 Ref. [2]
82 C,HF;* +487 Ref. [2]
83 CCl," +1163 Ref. [2]
84 CHCl,* +887 Ref. [2]
85.5 CF,CI* +526 Ref. [11]
89 SF3* +361.1 Ref. [4]
94 CH,Br* +937 Ref. [2]

(continued)
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(continued)

a.m.u Species AHC95 (k] molfl) Source(s)

99 FBr* +1086 + 2 Ref. [1, 7]°
100 C,F,* +316 Ref. [2]

102 CFCL"* +703 Ref. [2]

108 SE,* +389.3 Ref. [4]
118.5 cclyt +831 Ref. [2]

119 C,Fs* 15.0 Ref. [12]

127 SFs* +29 Ref. [13]

127 I +1115.2 Ref. [1]

130 CE,Br* < +570 Ref. [14]

138 C,Fs" —99.9 Ref. [12]

146 FI* +922.1 Ref. [7]¢
143.5 SE,CI* < +327 Ref. [13]

169 CsF,* —358.1 Ref. [12]

177 CR,I* < +598 + 22 Ref. [15]°
196 CF;I* +4145 £ 2 Ref. [5, 161
Anions

1 H™ +145 Ref. [2]

13 CH™ +477 £ 27 Ref. [2]

16 on +101.85 Ref. [1]

17 OH~ —143.6 + 3.8 Ref. [1]

19 F- —248.7 £ 03 Refs. [1, 17]®
26 H,C=C~ 4385 £ 15 Ref. [7]

27 C,Hy +221 49 Ref. [2]

31 CF~ —63 + 106 Refs. [1, 18]
32 05 —48.59 Ref. [1]

35.5 cl- —227.27 £+ 0.01 Refs. [1, 19]!
37 F~-H,0 —605.8 Ref. [7]

38 F —301 £7 Ref. [20}

39 HE> —683 + 11 Ref. [2]

43 CH,=CHO™ —165 £ 13 Ref. [2]

43 CH,CO~ —60 £ 11 Ref. [2]

44 HFC=C~ 492 + 21 Refs. [7, 21]
47 FCO™ —435 Ref. [2]

50 CF; 199 £ 6 Refs. [1, 19
51 SF~ —224.4 Ref. [4]

62 F,C=C~ —75 + 50 Refs. [7, 21]
69 CF5 —6413 £ 52 Refs. [5, 22]!
70 Cly —229.6 + 9.7 Ref. [19]™
70 SF5 —431.7 Ref. [4]

80 Br~ —212.68 £ 0.06 Refs. [1, 19]"
81 C,F5 —504 Refs. [12, 19]°
89 SF5 —742.7 Ref. [4]

(continued)
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(continued)

a.m.u Species AHC95 (k] mol™h) Source(s)

108 SFy —907.2 Ref. [4]

119 C,F5 —1067 + 23 Ref. [2]

127 I~ —188.39 £ 0.04 Refs. [1, 1977

# Note that Ref. [1] uses the thermal electron convertion for cations and anions, ref. [2] the
statlonary electron convertion. At 298 K, Af°g (thermal) = A/Hozgg (stationary) £ 6.2 kJ
mol ™!, where the positive sign refers to cations and the negative sign for anions

% This value is taken directly as the IE(F,), 15.697 + 0.003 eV (Ref. [7])

® This value combines AH®593(FCl) = —50.292 & 0.42 kJ mol™! from Ref. [1] with IE(FCI) =
12.66 £ 0.01 eV (1221.5 kJ mol™" ) from Ref. [7]

¢ This value combines AF°,9g (FBr) = —58.463 + 1.7 kJ mol™! from Ref. [1] with /E(FBr) =
11.86 eV (1144.3 kJ mol™" ) from Ref. [7]

4 This value uses AfH95(FI) = —94.76 kI mol ™' and IE(FI) = 10.54 eV (+1017 kJ mol " ) from
Ref. [7]

¢ This value is derived from the experimental appearance energy of F~ anions following pho-
toexcitation of CF;l. In addition to the reference provided, the derivation of this value can be
found in Chap. 4

f This value combines AH®93(CF3I) = —586.2 & 2 kJ mol™! from Ref. [5] with IE(CF5I) =
83652 + 2 cm™! (10.37 eV or 1000. 7 kJ mol ™! ) from Ref. [16]

€ The value of —248.7 & 0.3 kJ mol™ uses AdH%93(F) = +79.4 £ 0.3 kJ mol™! from Ref. [1]
and EA(F) = +3.401 eV (+328.1 kJ mol™" ) from Ref. [17]

" This value uses A#H° 298(CF) = 42552 + 8 kI mol™! from Ref. [1] and EA(CF) = +3.3 + 1.1
eV (+318 £ 106 kJ mol~' ) from Ref. [18]

! This value uses AdH%93(Cl) = +121.3 &+ 0 01 kJ mol™" from Ref. [1] and EA(CI) = +3.612724
+ 0.00003 eV (+348.57 & 0.005 kJ mol~" ) from Ref. [19]

¥ The value of —301 kJ mol™" is taken directly from the value for EA(F,), 3.12 + 0.07 eV,
reported in Ref. [20]

X The value of —199 & 6 kJ mol ™" uses AH° 298(CF2) =—182+ 6.3 kI mol™! from Ref. [1] and
EA(CF,) = +0.179 + 0.005 eV (+17.3 kJ mol~' ) from Ref. [19]

' The value of —641.3 £ 5.2 kI mol™" uses AfH°93(CF) = —~465.7 & 2.1 kJ mol ' from Ref.
[5) and EA(CF3) = +1.82 & 0.05 eV (+175.6 + 4.8 kJ mol™! ) from Ref. [22]

™ Taken directly from the value for EA(Cly), 2.38 & 0.10 eV, reported in Ref. [19]

" This value uses AfH®505(Br) = +111.86 & 0.06 kJ mol™! from Ref. [1] and EA(Br) =+3.363588
+ 0.000006 eV (+324.54 £ 0.0006 kJ mol™" ) from Ref. [19]

© This value uses AH°(CF3) = —224 kJ mol™! from Ref. [12] and EA(C,F3) =2.90 eV (+280 kJ
mol™! ) from Ref. [19]. Both values were chosen from a range of available data based on
experimental results from proton abstraction reaction with C,HF; (see Chap. 9)

P This value uses A 95(I) = +106.76 i 0.04 kJ mol™! from Ref. [1] and EA(I) = +3.059038 =+
0.00001 eV (+295.15 + 0.001 kJ mol~" ) from Ref. [19]
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Appendix 11
Cross Sections for Anion Production
Following Vacuum Ultraviolet Photoexcitation

of Gas-Phase Molecules which have not yet
been Analysed in Detail
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H from CH,
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photon energy [ eV

AJL(1) H™ detected following the unimolecular photodissociation of C,H4. The scan was
recorded on beamline 3.1 at the Daresbury SRS in April 2008, with a wavelength resolution of 6
A and a step size of 0.05 eV. The appearance energy (AE) was determined from a different scan,
recording the onset region with better statistics: a wavelength resolution of 2 A and a step size of

0.02 eV. The solid lines and corresponding numbers show energy positions of features in the
spectrum

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses, 141
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AL(2) Data recorded on beamline 3.1 at the Daresbury SRS in June 2008 for H™ detected
following the unimolecular photodissociation of C,Hg: a in the photon energy range 12-30 eV
with a step size of 0.05 eV and a wavelength resolution of 6 A; b in the range 18-21 eV with a
step size of 0.01 eV and a wavelength resolution of 1.2 A. The appearance energy (AE) was
determined from a different scan, not shown here, recording the onset region with a wavelength
resolution of 3 A and a step size of 0.02 eV. The solid lines and corresponding numbers show
energy positions of features in the spectra
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AJL(3) H™ detected following the unimolecular photodissociation of C;Hg: a in the photon
energy range 12-28 eV with a step size of 0.05 eV and a wavelength resolution of 6 A; b two
separate scans covering the 12-24 eV range with better statistics, from 12—17.5 eV recorded with
a step size of 0.02 eV and a wavelength resolution of 2 A, and from 16-24 eV recorded with a
step size of 0.01 eV and a wavelength resolution of 1.2 A. The data were recorded on beamline
3.1 at the Daresbury SRS in May 2008. The appearance energy (AE) is indicated and solid lines
(with corresponding numbers) show energy positions of features in the spectra, where ‘(s)’

indicates a shoulder feature
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AJL(4) F~ detected following the unimolecular photodissociation of C,F4: a in the photon
energy range 13-32 eV with a step size of 0.05 eV and a wavelength resolution of 6 A; b three
separate scans covering the 12.7-20.4 eV range with better statistics, all with a step size of 0.01
eV and a wavelength resolution of 2 A. The data for C,F, were recorded on beamline 3.1 at the
Daresbury SRS in May 2008. The appearance energy (AE) is indicated and solid lines (with

corresponding numbers) show energy positions of features in the spectra, where ‘(s)’ indicates a
shoulder feature
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AJL(5) CF detected following the unimolecular photodissociation of C,F, in the photon
energy range 21-32 eV with a step size of 0.1 eV and a wavelength resolution of 6 A. Only
background signal was observed from 12-21 eV, and only the 21-32 eV range was scanned to
minimise data acquisition time due to the weak CF™ signal
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AJL(6) F detected following the unimolecular photodissociation of C,Fg in the photon energy
range 13-32 eV with a step size of 0.02 eV and a wavelength resolution of 2 A. This scan was
recorded on beamline 3.1 at the Daresbury SRS in May 2008. The appearance energy (AE) is
indicated and solid lines (with corresponding numbers) show energy positions of features in the
spectrum, where ‘(s)’ indicates a shoulder feature
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AIL(7) F~ detected following the unimolecular photodissociation of CsFg: a in the photon
energy range 12.7-30 eV with a step size of 0.05 eV and a wavelength resolution of 6 A;
b covering the 19.5-22.5 eV range with better statistics, using a step size of 0.01 eV and a
wavelength resolution of 1.2 A, ¢ covering the 22.5-26 eV range with better statistics, using a
step size of 0.01 eV and a wavelength resolution of 1.2 A. The data for C3Fg were recorded on
beamline 3.1 at the Daresbury SRS in May 2008. The appearance energy (AFE) is indicated and
solid lines (with corresponding numbers) show energy positions of features in the spectra, where
‘(s)’ indicates a shoulder feature
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AJL(8) CF, detected following the unimolecular photodissociation of C;Fg in the photon
energy range 19-26 eV with a step size of 0.1 eV and a wavelength resolution of 6 A. Only
background signal was observed from 12-19, and from 26-35 eV, and only the 19-26 eV range
was scanned to minimise data acquisition time due to the weak signal
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A.IL(9) Ion yields for anions observed following the photoexcitation of CH,F,. All scans were
recorded on beamline 3.2 at the Daresbury SRS in July 2007. a H™ ion yield in the photon energy
range 11.5—30.0 eV recorded with a step size of 0.02 eV and a wavelength resolution of 2 A. Due
to the zero blast effect in the quadrupole mass spectrometer, the ion signal detected at m/z 1 (i.e.
H™) may also contain contributions from other ions present (i.e. F~ and F;). Thus, an absolute
cross section cannot be determined for the H™ spectra and it is possible that the observed features
do not result exclusively from H™ anions. b A separate H™ scan covering the 12.0-13.7 eV region
with better statistics: a step size of 0.005 eV and a wavelength resolution of 1 A. It should be
noted that a similar scan of the feature at 12.56 eV in the F~ spectrum was structureless and did
not reproduce that in (b) for H™. ¢ F~ cross section in the photon energy range 11.5-30.0 eV
recorded with a step size of 0.02 eV and a wavelength resolution of 2 A. d F5 cross section in the
photon energy range 16.5-25.5 eV recorded with a step size of 0.02 eV and a wavelength
resolution of 2 A. The appearance energies (AE) are indicated and solid lines (with corresponding
numbers) show energy positions of features in the spectra, where ‘(s)’ indicates a shoulder feature
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A.JL.(10) Ion yields for anions observed following the photoexcitation of CHF3. All scans were
recorded on beamline 3.1 at the Daresbury SRS in April 2007. The appearance energies (AE) are
indicated (where possible) and solid lines (with corresponding numbers) show energy positions of
features in the spectra, where ‘(s)’ indicates a shoulder feature. a H™ ion yield in the photon
energy range 12-25 eV recorded with a step size of 0.02 eV and a wavelength resolution of 3 A.
Due to the zero blast effect in the quadrupole mass spectrometer, the ion signal detected at m/z 1
(i.e. H") may also contain contributions from other ions present (i.e. F~ and F;). Thus, an
absolute cross section cannot be determined for the H™ spectra and it is possible that the observed
features do not result exclusively from H™ anions. b F~ cross section in the photon energy range
12-25 eV constructed by merging four different scans: the dotted line is from a scan recorded
with a step size of 0.1 eV and a wavelength resolution of 6 A; the solid line from 15.3-18.1 eV
was recorded with a step size of 0.01 eV and a wavelength resolution of 2 A; the solid line from
18.4-22.3 eV was recorded with a step size of 0.01 eV and a wavelength resolution of 1.6 A; the
solid line from 22.86-24.40 eV was recorded with a step size of 0.005 eV and a wavelength
resolution of 1.2 A. The rise in signal at hv < 12.4 eV is suspected to arise from second order
radiation, and a separate scan from 8-11.8 eV, using a LiF window, showed only background
signal. ¢ CF3 cross section in the photon energy range 12-27 eV recorded with a step size of 0.1
eV and a wavelength resolution of 6 A
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AL (11) Ion yields for
anions observed following (a)
the photoexcitation of
CH,Cl,. All scans were
recorded on beamline 3.2 at
the Daresbury SRS in July
2007. a H™ ion yield in the
photon energy range
11.5-30.0 eV recorded with a
step size of 0.02 eV and a
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<« A.IL(12) Ion yields for anions observed following the photoexcitation of CHCl;. All scans were
recorded on beamline 3.1 at the Daresbury SRS in April 2008. a Three separate scans have been
merged to generate the H™ ion yield: from 8—15 eV with a step size of 0.05 eV and a wavelength
resolution of 6 10\; 15-19.5 eV with a step size of 0.02 eV and a wavelength resolution of 2 A;
19.5-32 ¢V with a step size of 0.05 eV and a wavelength resolution of 6 A. Due to the zero blast
effect in the quadrupole mass spectrometer, the ion signal detected at m/z 1 (i.e. H™) may also
contain contributions from other ions present (e.g. C17). Thus, an absolute cross section cannot be
determined for the H™ spectrum and it is possible that the observed features do not result
exclusively from H™ anions. b Cl™ cross section from 8-32 eV generated by merging three
separate scans: from 8.60-10.64 eV with a step size of 0.02 eV and a wavelength resolution of 4
A; 10.65-16.80 eV with a step size of 0.05 eV and a wavelength resolution of 6 A; 16.85-32.00
eV with a step size of 0.05 eV and a wavelength resolution of 6 A. ¢ CH™ cross section in the
photon energy range 20-32 eV recorded with a step size of 0.05 eV and a wavelength resolution
of 6 A. d CCI™ cross section in the photon energy range 14-32 eV recorded with a step size of 0.1
eV and a wavelength resolution of 6 A. The appearance energies (AE) are indicated and solid
lines (with corresponding numbers) show energy positions of features in the spectra, where ‘(s)’
indicates a shoulder feature. Note added after submission of thesis: the ion yield of CI~ from
CHCI; has very recently been published by Chen et al. (J. Phys. Chem. A., (2011) 115:4248.
Their spectrum shows little resemblance to that we observe in (b). Furthermore, Chen et al. do not
report observation of H, CH™ or CCI™
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A.IL.(13) Ion yields for
anions observed following
the photoexcitation of CCly.
a Three separate scans have
been merged to generate the
CI™ ion yield: from 10.5-17.2
eV with a step size of 0.01 eV
and a wavelength resolution
of 2 A; 17.2-22.0 eV with a
step size of 0.02 eV and a
wavelength resolution of 2 A;
22-32 eV with a step size of
0.02 eV and a wavelength
resolution of 2 A. The CI~
signal at 16.45 and 24.9 eV
was shown to increase non-
linearly with increasing gas
pressure and an absolute
cross section cannot be
determined; the formation of
CI™ is dominated by the
dissociative electron
attachment to CCl,. b CCl,
threshold photoelectron
spectrum (TPES) included to
compare with the C1™ ion
yield (shown with permission
from J. N. Harvey, R.

P. Tuckett, N. J. Rogers and
A. Bodi, unpublished data
recorded in 2009 at the Swiss
Light Source). ¢ CC1™ ion-
pair formation cross section
in the photon energy range
20-32 eV recorded with a
step size of 0.05 eV and a
wavelength resolution of 6 A.
The appearance energies (AE)
are indicated and solid lines
(with corresponding
numbers) show energy
positions of features in the
spectra, where ‘(s)’ indicates
a shoulder feature
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A.IlL.(14) Ion yields for
anions observed following
the photoexcitation of
CF,Cl,. a Two scans are
merged to generate the

F~ ion-pair cross section:
from 10.0-17.7 eV recorded
with a step size of 0.02 eV
and a wavelength resolution
of 2 A; from 17.7-30.0 eV
recorded with a step size of
0.05 eV and a wavelength
resolution of 6 A. b Two
separate scans, put on the
same absolute scale, forming
the CI™ cross section: from
10.0-12.5 eV recorded with a
step size of 0.01 eV and a
wavelength resolution of 2 A;
from 13.9-32.0 eV recorded
with a step size of 0.05 eV
and a wavelength resolution
of 6 A. ¢ CF™ ion-pair
formation cross section in the
photon energy range

20-30 eV recorded with a
step size of 0.1 eV and a
wavelength resolution of 6 A.
The appearance energies (AE)
are indicated and solid lines
(with corresponding
numbers) show energy
positions of features in the
spectra, where ‘(s)’ indicates
a shoulder feature
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AIL.(15) Ion yields for ( a)
anions observed following CI from CFCI,
the photoexcitation of CFCl;. b
a Two scans are merged to |
generate the C1™ ion yield
11-16 eV recorded with a
step size of 0.02 eV and a
wavelength resolution of 3 A,
and from 16-32 eV recorded
with a step size of 0.05 eV
and a wavelength resolution
of 6 A. The Cl~ signal at
12.2, 18.2, 21.7 and 25.4 eV
was shown to increase non-
linearly with increasing gas RPN RS S LRI T
ressure and an absolute
Eross section cannot be " (b) Ffrom CFCI,
determined; electron 18
attachment processes are
significant in the formation of
Cl™ from CFCl3. b F~ ion-
pair cross section from 14-32
eV recorded with a step size
of 0.05 eV and a wavelength
resolution of 6 A
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Appendix III: Bond Dissociation Energies

of Cations, D°*, and Neutral Polyatomic

Molecules, D°, at 298 K

Cation D ey 2 1 €V D " 1 eV Neutral D%, S eV
H - CH;* 27403 <(3.3+02) H - C,H; 4.81 + 0.03
H - C,Hs* 1.1 £ 0.1 <(1.2 +£02) H - C,H;s 436 + 0.01
H - C3H,* 1.6 + 0.4 <(3.1 £0.3) H - C;H, 438 + 0.02
H - CH;" 1.8+ 02 <(14 +0.1) H - CH, 4553 + 0.004
H - CH,F* 09 + 04 - H - CH,F 439 + 0.04
H - CH,CI* 1.8+ 04 - H - CH,CI 434 + 0.02
H - CH,Br* 1.8+ 04 <23 +02) H - CH,Br 4.43 £ 0.02
H - CHE," 0.4+ 03 <(0.1 £ 0.1) H - CHF, 4.48 + 0.04
H - CHCL" 1.1 +04 <(0.9 + 0.2) H - CHCL, 4.15 £ 0.02
H - CF;* —0.1 +£04 <(—0.2 £ 0.2) H - CF; 4.61 + 0.03
H - cCly* 07 £03 <(0.7 + 0.3) H - CCl; 4.07 + 0.03
F - CH5* 21403 <32+ 0.1) F — CH; 477 £ 0.09
F - CH,F* 1.4 +02 <(2.5+0.1) F - CH,F 5.14 + 0.09
F - CHF," 0.6 + 03 <(2.0 + 0.4) F - CHF, 5.53 + 0.06
F - CFCL"* 15+02 <(3.9+0.1) F - CFCl, 5.00 &+ 0.11
F - CE,CI" 12403 e F - CE,Cl 5.30

F - CE,Br* 2.0+ 0.3 e F — CE,Br 5.09"

F - CE,I" 27+028 <(2.7+£02) F - CF,I 5.40"

F - CF;* —07 £+ 03 <(1.0 £ 0.3) F - CF, 5.67 + 0.02
F - CCl;* 09 +02 e F — CCl, 455 4+ 0.04
F — SFs* —14+03 <(1.0+02) F — SF; 4.06

F - SF,CI* 27403 - F — SE,Cl 3.70

F - SF,CF;* 9 e F — SE,CF; ?

F - C,F3* 57402 <(6.5 + 0.1) F - C,F; 5.66 + 0.13
F - C,Fs* 15403 <(3.6 £ 0.2) F — C,Fs 5.52 + 0.07
F - C;F* 26+03 <(3.5 £ 0.3) F - CsF; 6.15

Cl - CH;* 22402 <24 +0.1) Cl - CH; 3.63 £ 0.02
Cl - CH,CI* 0.9 + 02 <(1.6 = 0.1) Cl - CH,Cl 3.50 + 0.03

M. J. Simpson, Two Studies in Gas-Phase lon Spectroscopy, Springer Theses,
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(continued)

Cation D porm. 1 €V D™ " 1 €V Neutral D%, ¢ eV
Cl - CHCL,* 02 +02 <(1.6 £+ 0.1) Cl - CHCl, 3.22 + 0.02
Cl - CFCL* 0.0+ 02 _f Cl - CFCl, 3.33 + 0.09
Cl - CE,CI* 0.1+02 <22 +0.1) Cl - CF,Cl 3.46 + 0.11
Cl - CF;* 04+ 03 e Cl - CF; 3.79 + 0.04
Cl - cCl5* —04+02 f Cl - CCl, 3.07

Cl - SFs* 0.0+ 02 <(1.9 + 0.3) Cl - SF;s 2.54

Br — CH;" 23+ 0.1 <23 £ 0.1) Br — CH, 3.05 + 0.02
Br - CF;* 0.6 £ 0.1 e Br — CF; 3.07 + 0.01
I- CF;* 1.0 £ 0.1 <(1.5 £+ 0.2) I - CF; 2.35 + 0.01
H,FC - H* 54402 <(5.9 + 0.3) H,FC - H 439 + 0.04
H,CIC — H* 6.7 £02 <(6.6 £ 0.3) H,CIC — H 434 4+ 0.02
H,BrC - H* 75402 <(7.3 £ 0.3) H,BrC - H 443 £ 0.02
F:C - H* 45+ 0.1 <(4.6 + 0.3) FiC - H 4.61 + 0.03
F;C - CI* 44 4 0.1 <(4.9 + 0.3) F;C - Cl 3.79 + 0.04
F;C - Br* 34+ 0.1 <(3.9 £ 0.3) FsC - Br 3.07 £ 0.01
FiC - T* 24+ 0.1 <24 +0.3) FiC -1 2.35 + 0.01
FsS - F* 63+ 03 = FsS - F 4.06

FsS — CF;* —04+04 _f FsS — CF; 3.86 + 0.45
FsS - CI* 3.0+ 03 = FsS - Cl 2.54

Note that this version of Appendix III is updated from that published in my Ph.D. thesis. I am grateful to
Professor Richard Tuckett for his help in expanding this Table. The version shown here is taken from
Ref. [23]

* Thermochemical ionic bond dissociation energy at 298 K (D{,,,) for the bond shown in the first
column. This value is calculated from the equation D{,,, = A.H%og — IE(ABC) + EA(A), where
A,H®50g is the enthalpy change for the reaction ABC — A~ + BC*, IE is an ionisation energy and EA
an electron affinity. A,H®9g and IE values are included in Table 10. The EA values for H, F, CI, Br and I
are 0.754, 3.401, 3.613 eV, 3.364 and 3.059 eV, respectively [19]

o Experimental ionic bond dissociation energy at 298 K (DZ;’,,,) for the bond shown in the first column.
This value is calculated from Dy, < AE(A™ ) — IE(ABC) + EA(A), where AE is the appearance energy
of A~ detected from the reaction ABC — A~ + BC", IE is an ionisation energy and EA an electron
affinity. The AE and IE values are included in Chap. 6, Table 6.1

¢ Neutral bond dissociation energy at 298 K for the bond shown in the fourth column, data from
Ref. [24]

d Experimental data not available because an accurate value for AE(H™ ) could not be obtained in either
case due to the zero-blast effect [25]

¢ Experimental data not available because ion-pair formation involves production of a neutral species in
addition to the anion—cation pair

 Experimental data not available because production of the the anion is probably dominated by dis-
sociative electron attachment, and not by ion-pair formation

¢ Assumes F~ turns on at the thermochemical threshold for CFsI — F~ + CF,I* (see Chap. 4)

" Not quoted in Ref. [24]. Calculated from A,H%og for the neutral dissociation reaction ABC — A + BC.
Data for AH3gs of CF,Br and CF,I radicals are indirect values taken from Refs. [26, 27]

J Not quoted in Ref. [24]. Calculated from A,H%og for the neutral dissociation reaction ABC — A + BC.
Data for AfH59s of SF4Cl and SFs radicals are taken from Ref. [13]

¥ Value at 0 K [28]


http://dx.doi.org/10.1007/978-3-642-23129-2_6
http://dx.doi.org/10.1007/978-3-642-23129-2_6
http://dx.doi.org/10.1007/978-3-642-23129-2_6#Tab1
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Appendix IV: Measuring the Neutral
Reactant Concentration in a Selected
Ion Flow Tube Experiment

The neutral reactant gas, B, is passed through a capillary prior to it entering the
flow tube. The flow of B through the capillary is viscous, and the corresponding
flow rate of B can therefore be determined by applying Poiseulle’s law:

na4

QB B 87’HeL

pelsp (AIV.(1))

where Qp is the flow rate of reactant gas B in units of Pa m® s™!, g and L are the
radius and length of the capillary in m, respectively, 1y, is the viscosity of helium
in Pa s, p. is the pressure in Pa at the centre of the capillary, and Ap is the pressure
drop across the capillary, in Pa. The pressure into the capillary, p;,, and Ap are
measured directly by transducers, and so p. can be calculated as follows:

A
Pe=pin—" (AIV.(2))

Different gases have different viscosities, which is taken into account by
dividing the flow rate, Op, by the ratio of the viscosity of B with that of helium.
This viscosity ratio is defined as 7,. After passing through the capillary the reactant
B enters the flow tube and will be diluted, so the fraction of the bulk gas in the flow
tube which reactant B contributes must be calculated. Qp is therefore divided by
the helium carrier gas flow rate, Qp,, as measured by a flowmeter. Thus, the
amount of B as a fraction of the total bulk gas in the flow tube is given by:

05 2932
1,0 Ts

where Ty is the absolute temperature of reactant gas B, and 293.2 is the absolute
temperature at which the flowmeter measuring Qp, is calibrated. Essentially, Qp is
dividled by Tp and Qp, is divided by 293.2, allowing for temperature
normalisation.

Using the ideal gas law, 1 Pa of gas pressure at 273.2 K is shown to be
equivalent to 2.651 x 10" molecules cm . Knowing the pressure in the flow

(AIV.(3))
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tube, p..pe, and adding an additional temperature normalisation term, the absolute
concentration in molecules cm > , [B], can be calculated:
O 2932 273.2
[B] = :

= 22651 x 10" - ppe - ——— AIV.(4
nrQHe TB Prub Tlube ( ( ))




Appendix V: Results Obtained
from the Reactions of Cations

(not Described in Chaps. 7 and 8)

with the Fluorinated Ethenes
using a Selected Ion Flow Tube at 298 K

Cation* C2H3Fb CHQCsz CzHF:',b
Ne* (21.56) Kexp = 2.2 x 1077 Kexp = 2.0 x 1077 kexp = 2.0 x 107°
ke=22x 107° ke=2.0x 107°
ke=23x107° CF* (34%) CF* (60%)
C,HF* (25%) C,HFE,* (13%)
C,H," (60%) C,H," (18%) CF," (11%)
C,HF" (13%) CH," (13%) C,HF" (7%)
C,H;" (11%) C,H,F* (8%) CHF* (7%)
CF" (4%) CE," 2%) CHF,* (1%)
CHF* (4%) C,F (1%)
C,H,F* 3%)
C,H;F* %)
C,H" (2%)
CH.F" (1%)
F* (17.42) No data collected Kexp = 24 x 107° kexp = 2.5 x 107°
k.=23 x 107° k=21 x 107°
C,H,F* (45%) Products not identified
CH,F" (28%)
CF" (18%)
C,HE,* (5%)
C,H,F," (4%)
Ar* (15.76) kexp = 1.8 x 1077 Kexp = 1.8 x 1077 kexp = 1.6 x 107°
k=19 x 107° k=18 x 107° k.=1.6 x 107°
C,H;" (57%) C,H,F* (44%) CHF,"* (51%)
C,H,F* (18%) CH,F" (22%) CHF* (20%)
CH," (12%) C,HF" (19%) C,HF," (13%)
C,HF" (7%) CF* (12%) CF" (8%)
CF" (5%) C,H,F," (3%) C,HF;" (4%)
C,H;F* (1%) C,F," (4%)
(continued)
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Appendix V: Results Obtained from the Reactions of Cations

(continued)
Cation® C,H5F® CH,CF," C,HF;®
3 (15.58) kexp = 1.7 x 1077 Kexp = 2.0 x 1077 kexp = 1.8 x 107°

ke=21x107° ke=20x 107° ke=1.8 x 107°
C,H;" (40%) C,H,F* (33%) CHF," (66%)
C,H.F* (29%) CH,F* (28%) CF* (16%)
C,H," (15%) C,HF" (20%) CHF* (12%)
C,HF" (12%) CF" (11%) C,HF;* (6%)
C,H;F* (4%) C,H,F," (8%)

N* (14.53) kexp = 1.8 x 107° Kexp = 2.4 x 1077 kexp = 2.3 x 1077
ko=19 x 107° ke=2.6 x 107° k.=23 x 107°
C,H;F* (52%) C,H,F," (82%) C,HF;* (100%)
C,H.F* (21%) CH,F* (16%)
C,H;" (20%) C,HF" (2%)
C,HF* (6%)
CHy" (1%)

CO™ (14.01) Kexp =22 x 107° Kexp =22 x 107° kexp = 1.8 x 107°
ke=21x 107° k.=2.0 x 107° k.=1.8 x 107°
C,H;F* (39%) C,H,F," (84%) CHF,"* (50%)
CoHy™ (27%) C,H,F* (16%) C,HF;" (41%)
C,H,F* (16% CF" (9%
Cij“' (1(6%)0 ) oo
C,HF" (2%)

Kr* (14.00) Kexp = 1.6 x 107° kexp = 1.2 x 1077 kexp = 1.2 x 107°

CO3 (13.76)

0" (13.62)

OH* (13.25)

N,O* (12.89)

H,0" (12.62)

ke=1.6 x 107°
C,H;F* (39%)
C,H," (25%)
C,H,F* (23%)
C,HF" (7%)
C,H;" (6%)

kexp = 1.9 x 1077
k=18 x 107°
C,H;F* (90%)
CH" (9%)
C,Hy" (1%)

Kexp = 2.5 x 107°
ke =25 % 107°
C,H;F" (100%)
Kexp = 2.4 x 1077
ke=25x107°
Products not identified
kexp = 1.5 x 1077
ke=18 x 107°
C,H;F* (100%)
Kexp = 2.4 x 107°
ke=24 x 107°
Products not identified

ke=14 x 107°
Products not identified

Kexp = 1.4 x 1077
ke=17 x 107°
C,H,F,* (100%)

Kexp = 2.0 x 1077

ke=24 % 107°

Products not identified
No data collected

kexp = 1.4 x 107°
ke=17 x 107°
C,H,F,* (100%)
No data collected

k=13 x 107°
C,HF;" (86%)
CHF,"* (14%)

kexp = 1.2 x 1077
ke=15x 107°
C,HF;* (100%)

kexp nOt measured
ke=22x107°
C,HF;* (100%)

kexp = 2.2 x 107°
k.=22 x 107°
Products not identified
kexp = 1.1 x 107°
k=15 x 107°
C,HF;* (100%)

kexp = 2.0 x 107°
ke=21x107°
Products not identified

(continued)
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(continued)
Cation® C,H5F® CH,CF," C,HF;®
Xe* (12.13) Kexp = 1.4 x 1077 Kexp = 8.0 x 10717 kexp = 8.0 x 10717
ke=15x107° ke=13x107° ke=1.1x107°
C,H;F (100%) C,H,F,* (100%) C,HF;* (100%)
3 (12.07) Kexp = 2.1 x 107° kexp = 1.8 x 1077 kexp = 1.9 x 107°

SF; (11.99)

SF* (10.31)

SF! (10.24)
SF (9.78)

NO* (9.26)
SF (8.32)
H;0" (6.27)

ko =20 x 107°
C,H;F* (100%)

Kexp = 1.1 x 107°
k=15 x 107°
Products not identified

Kexp = 1.6 x 107°
k=18 x 107°
Products not identified

No reaction

Kexp = 6.4 x 10717
k=15 x 107°
Products not identified

No reaction

No reaction

Kexp = 2.3 x 107°
ke=24 x 107°

ke=19 x 107°
C,H,F,* (100%)
kexp = 1.5 x 107°
ke=14 x 107°
C,H,F>" (100%)
or CHSF*

kexp = 1.4 x 107°
k.=1.6 x 107°
CH,SF* (80%)°
or 2° C2H3F2+
CHF," (20%)
or CHSF*

No reaction

kexp = 1.0 x 10710
ke=13 x 107°
SF;* (53%)
CoH,F3* (32%)
or CHSF,"
CHF' (15%)
or CHSF*

No reaction

No reaction

kexp =23 x 107°
k.=23 x 107°
[C2H2F2 + H]+ (100%)

ke=17 x 107°
C,HF;* (100%)
kexp =12 x 107°
k=12 x 107°
C,HF;" (100%)

kexp = 1.4 x 107°
k.=14 x 107°
C,HF;* (100%)

No reaction
No reaction

No reaction
No reaction
No data collected

# Reactant cation and the value, in eV, of its recombination energy (RE). For example, the RE of
A" is defined as the ionisation energy of neutral A. All values are taken from the NIST
Chemistry Database: webbook.nist.gov/chemistry/, Ref. [7]

" The results include the product cation species, their branching ratios in %, and the experimental
reaction rate coefficient, kex,. In addition, values for the calculated collisional rate coefficient, k.,
are also included. All values for k are in cm® molecule ™" s~

¢ m/z 65 detected which could be a primary product CH,SF*, or a secondary product C,H;F*. If
m/z 65 is actually a secondary product then the branching ratio for m/z 64 (CoH,F,* or CHSF")
will be 100%
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