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Electron-driven chemistry of halogenated compounds in
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dynamics and Kinetics
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The focus of this review is the effect of H,O on the electron-driven chemistry of
condensed halogenated compounds. We present data with emphasis on results
from the authors’ laboratories for halomethanes (CF,Cl,, CCly, CHsI, CDCl;,
CD,Cl,) and SFg. The halogenated species are suspended in or adsorbed on the
surface of ultrathin films of amorphous solid water (ice) condensed on metal
surfaces. Bombardment of the film by X-rays or energetic electrons leads to the
release of low-energy secondary electrons; these are responsible for much of
the rich electron-driven chemistry, which includes molecular decomposition,
desorption of charged and neutral fragments, radical formation, anion solvation,
and condensed-phase reactions. Potential implications of this work range from
environmental remediation of toxic compounds to atmospheric ozone depletion.
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1. Introduction

Electron-driven processes (EDPs) [1-5] are important in many diverse areas,
including environmental remediation [6], semiconductor processing, radiobiology
and biochemistry [7]. For example, electron-stimulated processes are important in
radiation therapy where low-energy secondary electrons (<5eV) generated by the
irradiation source are believed to induce DNA strand breakage [8]. The possible
influence on atmospheric ozone depletion of low-energy secondary electrons released
by cosmic rays in collisions [9] with ice particles in polar stratospheric clouds (PSCs)
is also a subject of extensive discussion [10-12]. EDPs can occur for molecules in
both gas and condensed phases. In the gas-phase, examples of EDPs include plasma
and high-energy remediation of environmental pollutants [6, 13], as well as reactions
that occur in atmospheric [14] and interstellar chemistry [15]. EDPs in condensed-
phase environments include nanolithography [16] and radiation processing of toxic
chemicals [17]. Indeed, the diversity of media where EDPs are prevalent accounts for
the study of electron-stimulated processes in experiments that range from molecular
beam scattering to surface photochemistry. Despite the presence of extensive
literature in the area of EDPs [1-3], the complexity of the reactions means that
there are still significant gaps in our understanding of the fundamental charge and
energy transfer processes. This is especially true for EDPs in complex systems
involving molecules present in water and other aqueous solvents.

The scope of this review is the radiation-induced decomposition and chemistry of
ultrathin films (~1-100 ML) containing halogenated compounds (i) adsorbed on
metal surfaces and (ii) co-deposited in water (ice) films. Measurements are made
using ultrahigh vacuum surface-sensitive analytical probes and most examples are
taken from recent work in the authors’ laboratories. Particular emphasis is on the
roles of water ice matrices and low-energy electrons in EDPs of halogen-containing
compounds. The results presented here have significance in plasma and high-energy
remediation of organohalides along with potential implications for chemistry and
physics pertinent to the earth’s upper atmosphere.

In the condensed phase, electron-stimulated processes can be broadly categorized
as occurring from the primary beam (electrons or photons) or via low-energy
secondary electrons. Irrespective of the primary irradiation source, low-energy
electrons play dominant roles in all aspects of radiation damage in solids and liquids
[18]. During bombardment of solids by many forms of high-energy radiation
(electrons, ions, photons), a cascade of low-energy secondary electrons (0-100eV)
accompanies the radiation—solid interactions; these low-energy electrons are par-
ticularly effective in initiating bond-breaking processes [19]. Indeed, the non-thermal
dissociation of condensed molecules by low-energy electron excitation is a major
factor in radiation-induced modification of condensed matter.

Detailed studies of EDPs in the condensed phase have become increasingly
prevalent over the past decade [20, 21]. One of the most useful approaches for
studying EDPs has been to carry out measurements under ultrahigh vacuum
conditions where a wide range of surface and gas-phase analytical techniques can
be used to interrogate different aspects of the overall EDPs, including the detection
and characterization of neutral and charged species in the gas phase and the
associated chemical transformations within the film [22].

Electron-stimulated decomposition is a particularly important and efficient
process for halogenated compounds. This has been ascertained through numerous
spectroscopic studies that have identified electronic states (resonances) along with
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their associated lifetimes [20, 23]. Different experiments have been performed to
measure the energy dependence of cross-sections involved in the elastic, inelastic,
ionizing and dissociative processes induced by the interaction of low-energy elec-
trons with halogenated compounds [20, 23-25]. Studies of EDPs for halogenated
compounds have also been motivated by their relevance as electron sinks in situa-
tions where it is necessary to extinguish flames, plasmas or arcs. Similarly, the
electron-stimulated reactions of organohalides in plasma discharges have been
investigated as a remediation technology [26].

There is extensive literature on the electron-driven decomposition of gaseous and
condensed-phase organohalides, and the basic EDPs for organohalides such as CCly
and CF,Cl, are well understood [27-34]. Although the ‘neat’ condensed films have
been well studied, much less is understood concerning the role of matrix effects
involving polar molecules (mainly water). There are reports [32, 35] (see section 3)
that when organohalides are condensed with water ice, that is under conditions
where the formation and diffusion of fully solvated electrons is much slower than
dissociation times, the electron-induced dissociation of halogenated compounds
occurs with higher cross-sections than are seen for ‘neat’ condensed films. This
could have implications for atmospheric ozone depletion processes that involve
species such as CF,Cl,, whose electron-stimulated decomposition may generate
stratospherically important species such as carbon dioxide and/or carbonyl dihalides
(COCl,, COF,, COFCI); these species may undergo subsequent photodissociation,
yielding haloformyl radicals (XCO) and halogen atoms. However, in these systems,
many questions remain about reaction mechanisms, the role of precursor electrons,
solvated electrons and other reactive species formed as the result of H,O radiolysis,
as well as the direct identification of decomposition products and dissociation
cross-sections. Despite the importance of organohalides in atmospheric chemistry,
the role of EDPs in atmospheric ozone depletion is controversial [12] and, until
recently, has been assumed to be minor based on the low abundance of stratospheric
free electrons [10].

The aim of this review is to highlight the rich chemistry and physics that occur in
the EDPs for a series of small halogenated compounds adsorbed on metal substrates
and co-deposited with water (ice) in ultrathin films; ultrahigh vacuum surface science
methods are used throughout. Our results are compared and contrasted with
recent literature reports of large enhancements in rates of EDPs for halocarbons
co-deposited with water (ice). In particular, we present evidence that co-adsorption
with water (ice) has a relatively small effect on the cross-sections for electron-induced
decomposition of organohalides. We discuss our direct measurements of dissociation
cross-sections in the framework of water-enhanced organohalide dissociation
rates based on indirect measurements of anion electron-stimulated desorption and
charge trapping.

The review is organized in the following way. In the next section, we provide a
brief description of the surface and gas-phase analytical techniques that were used in
these studies with particular emphasis on the complimentary molecular level
information that each particular technique can provide. In section 3 we summarize
the characteristics of electron attachment processes in the gas and condensed phases
for halocarbons. In particular, we contrast the dynamics and reactivity of organo-
halides on going from the gas to the condensed phase. Section 4 details experimental
results obtained on the electron-driven chemistry and dynamics of halocarbons
adsorbed on metal surfaces and with water (ice) films. In section 5 we provide



16:25 21 January 2011

Downl oaded At:

Electron-driven chemistry of condensed halogenated compounds 293

Probe/Irradiation
Qo Detectors
Electrons jngﬁe Resolving/TOF Quistlvigpole
(ESD, AES) i engnyzer Mass Spectrometer
E‘;-(];ISV ).source @ Energy Electron
B oA g— Analyzer
e gy & XPS, AES
Y Q}\%‘ YA :
Lo '\’;‘
‘ W oy < MCT
IR source H ! hv (d;:;[,{()gr)
(RAIRS)  p ,\I\I\fv
8 4 2 8 ~1to 100 ML
X +H0

Au, Ru(0001)

T=25K-100K

Figure 1. Schematic of our experimental UHV set-ups designed for characterization of
surface structure and reaction dynamics. The techniques used are: mass spectroscopy
(MS), temperature-programmed desorption (TPD), electron-stimulated desorption
(ESD) of positive/negative ions and neutrals (using a QMS detector), electron-
stimulated desorption ion angular distribution (ESDIAD) for positive/negative ions
(using the TOF technique), X-ray photoelectron spectroscopy (XPS), reflection
absorption infrared spectroscopy (RAIRS), Auger electron spectroscopy (AES) and
low-energy electron diffraction (LEED). The film X+H,O represents a halocarbon
(X) co-adsorbed with water on a metal surface.

mechanistic interpretations and discuss implications of these studies. The article
concludes in section 6, with some ideas and thoughts about possible future directions
of electron-driven reactions at surfaces and in thin films.

2. Experimental details

The experiments that are the focus of this article were carried out in three
different ultrahigh vacuum (UHV) systems [36—41]. Figure 1 represents the schematic
of a virtual (generalized) set-up that illustrates the instrumentation used in these
chambers for characterization of the surface structure, composition and reactivity of
thin films containing halogenated compounds.

Two major groups of surface-sensitive techniques are used for characterization of
radiation-stimulated chemistry in adsorbed layers and condensed films. The first
group is sensitive to species (reactants and products) remaining on the surface or
trapped in the film at low temperatures (25-100K). This includes X-ray photo-
electron spectroscopy (XPS) and Auger clectron spectroscopy (AES). They provide
quantitative information on the relative concentration of elements on the surface
as well as chemical information derived from core-level binding energy shifts.
Reflection absorption infrared spectroscopy (RAIRS) also provides chemical in-
formation based on the identification of characteristic vibrational frequencies that
enable us to identify specific functional groups and molecular products. The
complementary nature of these techniques allows us to develop a more complete
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picture of the chemical transformations induced by low-energy electrons. For
example, XPS can distinguish between different chemical bonding environments
(e.g. C—Cl and CI7), while RAIRS can unambiguously identify new molecular
products (e.g. CO,, H;0™).

The second group of techniques is used to detect species (ions and neutrals)
that desorb from the surface either thermally or under irradiation. This group
includes mass spectroscopy (MS) methods: electron-stimulated desorption (ESD) of
positive/negative ions and neutrals for mass-resolved analysis of species desorbing
from the surface under electron bombardment; temperature-programmed desorption
(TPD) for determination of neutrals (both reactants and products) thermally
desorbed from the surface; and also time-of-flight (TOF) electron-stimulated
desorption ion angular distribution (ESDIAD), which supplies information about
intensities and spatial distributions of desorbing positive/negative ions and provides
insights into the local structure and the bonding geometry of adsorbed molecules. An
additional technique, low-energy electron diffraction (LEED), is used for the
determination of long-range surface order.

The MS techniques (TPD and ESD) are based on commercially available
quadrupole mass spectrometers while the XPS system is equipped with a multi-
channel hemispherical analyser. The apparatus for AES uses a 50 mm concentric
hemispherical analyser (CHA) and a Kimball Physics electron gun; AES is used in
our experiments predominantly for analysis of substrate cleanliness. The RAIRS
arrangement is equipped with a Mattson Infinity series FTIR spectrometer. The
ESDIAD detector is used to measure angular distributions of desorbed positive and
negative ions, and has TOF capability for mass-resolved ion detection. The details
of these techniques have been reported elsewhere [36, 40, 41].

All measurements were made under UHV conditions. The substrates included
polycrystalline Au foils and a Ru single crystal. The Ru(0001) sample was mounted
on an XYZ-rotary manipulator. A closed-cycle helium refrigerator allowed for
the cooling of the crystal to 25K. The substrate could be heated to 1600 K.
The polycrystalline Au substrates used for RAIRS and XPS were mounted on a
Ta holder that was cooled to ~100 K. The samples were cleaned by Ar™ sputtering.
The Ru single crystal was also cleaned by heating in oxygen, followed by annealing
in vacuum. Surface cleanliness and structure were monitored either by AES and
LEED or by XPS.

In radiation-damage experiments, the MgKa anode (1253.6eV) operating at
300 W (15kV) was used as a source of X-rays. A low-energy flood gun (Specs 15/40)
or an unshielded QMS filament was used as a source of electrons with broad and
nearly uniform spatial distribution and kinetic energy of ~200¢V. For the ionic ESD
and ESDIAD measurements described in sections 4.1, 4.2 and 4.4, the surface was
bombarded by a focused electron beam from a Kimball Physics electron gun
operating in a pulsed mode (for TOF studies) at energies of 250-350eV and average
beam current ~0.1 nA. All other irradiation (X-ray, electrons) experiments described
in this article were performed in continuous mode.

In all experiments, high-purity gases (12CF2C12, 2ccl,, Bccl, *CDCl,
2CD,Cl,, '>CH;l, SFe, H,O and D,0) were supplied by Matheson, Aldrich,
Millipore or Cambridge Isotopes. The gases were stored in separate vacuum vessels
attached to a gas manifold. The purity of gases introduced into a chamber was
checked by mass spectrometry. The gases were dosed onto the substrate either from
background (at 100 K in the RAIRS/XPS system) or directly from a microcapillary
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array doser aimed normally to the surface (at 25K in the TPD/ESD system). All
elemental XP spectra were charge calibrated from either the CI™ 2ps,, or C-Cl 2p;)»
peaks within the Cl 2p spectral envelope, centred at 198 and 201 eV, respectively [42].
The film composition and the thickness were monitored by XPS (in the RAIRS/XPS
system) or by TPD (in the TPD/ESD system). For mixed halocarbon/water films,
the chemical composition of the film was determined using XPS or TPD, and defined
in terms of the halocarbon: water ratio [36]. Dilute and concentrated films had
halocarbon: water ratios of <0.1 and > 0.3, respectively.

3. Background
3.1. Interaction of low-energy electrons with gas-phase halocarbons

A non-thermal EDP resulting in efficient dissociation of halogenated compounds
(including CFCs) is resonant electron capture leading to dissociative electron
attachment (DEA). In DEA, a low-energy electron (0 to ~10eV) collides with a
molecule to form a vibrationally or electronically excited transient negative ion state.
If the lifetime of this state is comparable to the vibrational period of the bond
(e.g. >107's), the transient negative ion can dissociate into energetic neutral and
anionic fragments:

e +AB — (AB)* - A+ B~
— A"+B (1)

For gaseous halogenated molecules, DEA is an efficient process with cross-sections
that exceed 10~'®cm? for CF,Cl,, CHCl; and CCl, at near 0eV electron energies
[43-45]. For this series of halogenated compounds, the cross-sections for DEA near
0eV increases as the Cl content in the molecule increases.

For gaseous CF,Cl,, electron-mediated dissociation at energies <15eV is
dominated by DEA, and the integrated CI~ yield as a function of incident energy
(<15eV)is about 10 x the F~ yield, indicating that the dominant reaction channel
involves C—CI bond cleavage, producing CI~ as the most abundant anion fragment
[24, 44, 46, 47]. As the C—CI bond dissociation energy is smaller than the electron
affinity of Cl the DEA reaction

¢~ +CF,Cl, - CF,ClL,"™ — -CF,Cl + CI™ 2)

is exoergic by ~0.28 eV at an electron energy of ~0eV [44]. There are at least five
negative ion resonant states whose energies lie above the zero-energy level [44, 48];
their average energies are 0.9, 2.5, 3.5, 6.2 and 8.9eV. For higher incident energies
(=15eV) dipolar dissociation (DD), where the parent molecule dissociates into stable
anionic and cationic species, becomes important [49].

In DEA of gaseous CCly by 0-10eV electrons, the most intense ion fragment
is Cl7, by several orders of magnitude [50]. There is a sharp C1™ feature with a cross-
section approaching 5 x 107" cm ? near 0 eV, and a second maximum at 0.8 eV [51].
The DEA process

e +CCly — CCIi™ — - CCI3 + CI- 3)

is exoergic by ~0.45¢eV at an electron energy of 0eV [51, 52]. The electron-stimulated
reactions of both CH,Cl, and CHClI; in the gas phase have also been studied. In both
cases, Cl™ is the dominant anion fragment formed at electron energies <10eV.
Chloride anion yields are found with an onset at ~0eV with DEA cross-sections
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for CH>Cl, <10~ cm? [43, 53] and for CHCl;, ~1 x 10~">cm? [51, 54]. Similarly,
for gas-phase CH;l a resonance at ~0.17eV is observed for I~ with a cross-section of
5.8 x 107" cm? [55].

SF¢ is an environmentally important molecule that contributes to global
warming as a greenhouse gas. The ability to capture thermal electrons makes SFg
widely used for technical applications as an electron scavenger in high-voltage
electrical devices [56]. SF¢ is also used as a dry-etching gas in plasma processing
[57]. Electron bombardment of gasecous SF¢ leads to the formation of both positive
and negative ions. SF, is formed via attachment of very low-energy electrons
(<0.2¢eV) while SF5 is the dominant product of DEA, and is formed at electron
energies of 0.371.5eV. The maximum cross-section for SFy production is reported
to be 2 x 10~ '%cm? for electron energies between ~0.1 and 0.5¢V [58]. A low-energy
DEA resonance of SF¢ also leads to F~ formation. The corresponding reaction is:

e +SF¢ — SI:Z_>-—> F~+.SF;s (4)

Other anions detected are F, and SF, (n=1-4) [59].

Electron-induced dissociation of SF¢ leading to the formation of positive
ions becomes significant above ~16€V, producing SF! (x=1,3,4,5) and F* [58].
Measurements of electron impact dissociative ionization of gaseous SF4 gave the
threshold energy for F* formation at ~30eV [60].

In summary, these gas-phase studies demonstrate that dissociative attachment
of low-energy electrons is the dominant decomposition mechanism for halogenated
molecules characterized by low-energy resonances near ~0eV.

3.2.  Reactions of low-energy electrons with organohalides adsorbed on
solid surfaces and in condensed phases

DEA processes have been studied extensively in the condensed phase by the
groups of Sanche and Illenberger [61, 62]. Typically, these studies have involved
identification of the intermediate anion states, energy dependencies, yields and
cross-sections. For halocarbons adsorbed on solid substrates, decomposition can
be initiated by a range of irradiation sources (photons, high-energy particles) either
by direct excitation or indirectly via secondary electrons. Direct processes, including
photodissociation (in which the incident photon energy is absorbed by a molecule) as
well as DEA, dipolar dissociation (DD) or dissociative ionization (DI), are induced
by the primary electron beam interacting with a molecule. Indirect processes,
including DEA, DD, etc., are induced by secondary electrons released from the
substrate or the condensed film. For example, it has been recognized that photo-
chemical reactions induced by UV photons of halocarbons adsorbed on metal
surfaces are often controlled by photoinduced electron transfer from substrate to
adsorbate, which can lead to DEA [2, 63, 64] (an indirect process). Upon the
formation of multilayers, however, direct photodissociation induced by UV photons
becomes increasingly dominant because the DEA channel is quenched by the finite
penetration depth of the substrate-generated low-energy photoelectrons [65]. This
was illustrated in a recent photochemical study on methyl chloride multilayer water
(ice) films by Lilach and Asscher [66]. They attempted to distinguish TPD products
generated via the DEA mechanism (CHD3;, C,Dg and HD) from those formed via
direct photodissociation (HOCI and CD;CD,Cl) using water spacer experiments.
In related studies by Yabushita er al. [67], the photodissociation dynamics in Cl,/
water (ice) and CFCl;j/water (ice) films were measured from TOF spectra using
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resonance-enhanced multiphoton ionization (REMPI). Their results show that
fragmentation into radicals occurs at the initial stage of halocarbon dissociation
(e.g. CI/CI* from CFCl; irradiated by UV vs. CI” from CF,Cl, dissociated by
electrons). These studies illustrate that the reaction channels available are dependent
upon the excitation mechanism.

The detailed dynamics of DEA processes involving condensed-phase organo-
halides [19, 61] are often modified when compared to analogous studies in the gas
phase. For example, there have been a number of studies detailing negative ion
desorption from condensed-phase CF,Cl, [68, 69]. In contrast to gas-phase studies
on CF,Cl,, there is general agreement that the total yield of ejected F~ ions during
low-energy electron excitation of condensed CF,Cl, considerably exceeds the CI™
yield [70]. This difference is attributed to the low kinetic energies of Cl™ ions, which
results in the majority of the Cl™ ions remaining trapped on the surface as they have
insufficient kinetic energies to overcome the polarization barrier. For positive ions,
the dominant gas-phase species produced during electron-stimulated reactions of
condensed CF,Cl, over a wide range of electron energies (~40 to >200¢V) include
CF,CI*, CIT and F* [71].

Electron bombardment of CF,Cl, co-adsorbed with polar molecules (e.g. NH3,
H,O) has been observed to result in an increase in the anion ESD yield, an effect
ascribed to an increased charge trapping coefficient [30, 32, 70]. Thus, Lu and Madey
discovered that co-adsorption of CF,Cl, with H,O on a Ru(0001) substrate leads to
a ~100 x enhancement of CI~ ion yields in electron-stimulated desorption,
compared to the yield from CF,Cl, adsorbed alone [14, 30]. Moreover, Lu and
Sanche have also reported a large increase in the charge trapping coefficient [30, 32,
70] of CF,Cl, co-adsorbed with H,O [46]. This was ascribed to an increase in the
DEA cross-section of CF,Cly: o=1.3 x 107cm? vs. 0=1.4x 10" cm? in the
absence of co-adsorbed H,O. These enhancements have been attributed to an
electron-trapping mechanism by the polar molecule, which increases the probability
of DEA. As we discuss later in section 5.3, this interpretation is not unambiguous,
and direct measurements of halocarbon dissociation cross-sections discussed in
this review article reveal, at most, a weak dependence on the presence or absence
of water (ice).

The effects of polar liquids on electron-stimulated processes have been discussed
in terms of the properties of electrons in these polar media. Thus, an electron
travelling through a polar liquid such as water can lose its energy and become
trapped [72]. Indeed, the properties of electrons trapped in polar media are a topic
of current scientific debate due to their importance in a wide range of EDPs [1]. It
is generally accepted that a solvated electron, e,q, is responsible for chemical
bond-breaking in liquid water solutions, forming halide ions in aliphatic compounds
containing Cl, Br or I [3, 4]. However, in fluorocarbons such as C¢F¢, C¢HsF, CFy,
etc., where a few eV of electronic excitation is needed for DEA, the solvated electron
is too low in energy to initiate dissociation directly. In these systems ‘hot’
pre-solvated electrons may be responsible for DEA processes.

3.3.  Structure of water (ice) films
In condensed-phase experiments, similar to those discussed in section 3.2,
halogenated molecules and water are co-deposited on the substrate at low
temperature. The condensation of multilayers of water at low temperatures
(~100K) results in the formation of amorphous solid water (ASW) (ice) [73-75].
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ASW is the most abundant phase of water in astrophysical environments such as
comets, planetary rings and interstellar clouds [9]. Extensive experimental and
theoretical studies indicate that ASW grown by depositing water via background
dosing under UNV conditions at substrate temperatures < 120-130 K produces an
amorphous microporous structure, which is metastable with respect to crystalline ice
[76]. By contrast, background water deposition above 120-130 K results in the
formation of pore-free solid ice [77]. The influence of dosing conditions upon the
microstructure of ice has been studied by Smith and Kay using an effusive beam
source [78]. These studies reveal that pore-free ASW films can be grown as low as
22K if a well-collimated H,O vapour beam at normal incidence is used for
deposition; however, at off-normal or under background dosing conditions, highly
porous ice films result from water deposition at 22 K. As mentioned in section 2,
films described here were prepared using both background dosing at 100K and
normal beam dosing at 25 K, and thus had porous and non-porous ASW structures,
respectively. Throughout this paper, we express H,O coverages as monolayers (ML)
on Ru and Au surfaces, where one ML corresponds to the density of H,O molecules
in one ideal bilayer on Ru(0001), 1.05 x 10" cm =2 [79].

3.4. Electron-stimulated reactions in water (ice)

The interaction of ionizing radiation with water and water (ice) has received a
considerable amount of recent scientific interest due, in large part, to the importance
of understanding radiation-induced transformations in biological systems and
astrophysical environments. It is well known that the interaction of energetic
radiation (electromagnetic radiation, electron beams) with water generates cations,
anions and radicals primarily through ionization, DEA and dissociative excitation,
respectively [5]. The principal reactive species produced during the interaction of
ionizing radiation and electrons with water are thought to include solvated electrons,
hydroxyl radials and hydrogen atoms [80]. However, the branching ratios of these
reactive intermediates are only understood at a rudimentary level. In addition, the
excited state dynamics are expected to depend on temperature, the structural form
of the water (ice), and the presence of solutes and interfaces [5].

The nature of reaction products and their associated internal energy distributions
produced during the interaction of low-energy (<200¢V) electrons with water (ice)
films has been the subject of a number of recent studies by Orlando and co-workers
[81-83]. Neutral gas-phase products have been detected during the interaction of
<200eV electrons with amorphous D,O (D-ice) that include atomic D and O, as
well as D, and O» [82, 83]. Recently, it has been demonstrated that the O, yield is
dependent upon the phase and temperature of the water (ice) film and that the
formation of O, is dominated by excitation and dissociation of a stable precursor,
rather than diffusion and recombination of oxygen atoms [83, 84]. In addition, there
is a distinct incident energy threshold of 10+2eV for O, formation [83]. This
threshold was assigned to the ionization or valence-level electronic excitations of
condensed water molecules. In a related study, the electron-stimulated production
of D, from amorphous solid D,O was found to occur at substrate/water (ice) and
ASW /vacuum interfaces, but not in the bulk [85]. In similar studies, Prince et al. [86]
reported that excited ‘OH radicals were produced during the interaction of 15-50eV
electrons with ice, while Noell et al. [87] reported the production of H* above 21eV.

In contrast to eclectron-stimulated reactions in aqueous media, ‘cage effects’,
which refer to species trapped in an ice matrix, are likely to have an important
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role in electron-stimulated reactions in condensed water (ice) phases. For example,
vastly different time-scales for molecular motion between ASW and liquid water will
affect such critical processes as the length scales of diffusion and electron solvation.

In section 3.1 we compared different gas-phase electron-driven studies of various
halogenated compounds (CF,Cl,, CCly, CHCl;, CH»Cl, and CHj;l), contrasting
their resonances and cross-sections. We presented illustrative examples in section 3.2
of electron-beam studies initiated by exposure of low-energy electrons to condensed
‘neat’ halomethanes. In sections 3.3 and 3.4, we summarized studies that are directed
towards understanding both the structural and chemical aspects of EDPs in water.

4. Results
The focus of this review article is the kinetics of electron-stimulated reactions of
halocarbons on metals, and of mixed-component condensed halocarbon/water (ice)
systems. By using such films, we demonstrate how surface science techniques such
as RAIRS, XPS, ESDIAD and TPD can probe the interaction between reactive
species produced in these mixed component systems during their exposure to
low-energy electrons.

4.1. Orientation and bonding geometry of SFs and CF>Cl; on Ru(0001)

The surface of a single crystal represents a periodic array of atoms that in many
cases can serve as a template for an ordered adsorbed layer. ESDIAD is a very useful
technique for studying the structure and the local bonding geometry of molecules
adsorbed on surfaces [21, 88]. In an ESD process, bond breaking leads to ejection of
an energetic ion or atom on a trajectory determined by the ground state bond
direction. That is, the initial repulsive interaction is directed along the broken bond;
energetic ions (atoms) are expelled and their trajectories provide information
about molecular bonding geometry (note that ion trajectories are also influenced
by image charge and reneutralization effects). Our ESDIAD experiments include
measurements of the angular distributions of both positive and negative ions, from
which we infer the bonding geometry of the adsorbed molecules. For illustration in
the following discussion, we consider the adsorption and bonding geometry of two
halogen-containing species, SF¢ and CF>Cl,.

The azimuthal orientations of S—F bonds for SF¢ adsorbed on Ru(0001) at 25K
have been established by ESDIAD [40, 41]. After deposition of submonolayer
coverages of SF, strong off-normal emissions of both F™ and F~ ions are observed.
A typical ‘halo’ pattern for F' ions is shown in figure 2(a). A similar pattern is
detected for F~ ions. Heating the adsorbed SF¢ layer transforms the ESDIAD
patterns for both F* and F~ ions. As the temperature approaches ~90K, the
initial ‘halos’ are replaced by distinct sixfold symmetry patterns for both ions (F* in
figure 2(b) and F™ in figure 2(c)).

The pattern in figure 2(a) indicates that SF¢ molecules adsorb on Ru(0001) at
25K by three fluorine atoms with the other three S—F bonds pointing away from the
surface (figure 2(d)) in off-normal directions. The molecules have random azimuthal
orientations that lead to ‘halo’-like ESDIAD patterns. Heating the sample induces a
rearrangement and ordering of the molecules that results in the hexagonal patterns
seen in figures 2(b) and 2(c). The existence of six beams in these figures is attributed
to the adsorption of SF¢ in two domains on Ru(0001) with opposite azimuthal
orientation. The central beam exists only for F* ions (figure 2(b)) and is due to ESD
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Figure 2. ESDIAD patterns for desorption of F* (a,b) and F~ (c) from 0.6 ML of SF¢ on
Ru(0001) at 25 K. Pattern (a) corresponds to ‘as deposited’, and patterns (b) and (c)
are seen after heating to 90 K. All measurements are made at 25 K. Electron energy is
350eV for F* ions and 250eV for F~ ions. Sketch (d) illustrates adsorption of SF¢ on
Ru(0001) by three F atoms and indicates the rupture of the S—F bond under electron
bombardment and desorption of F™ and F~ ions in the off-normal direction. The
patterns are reproduced from ref. [41]. All ESDIAD patterns are shown in a linear
grey scale where the white colour corresponds to the maximum ion desorption
intensity. These patterns represent two-dimensional spatial distributions of desorbing
ions projected onto a planar detector.
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from a thermal decomposition product of SFg, either chemisorbed F or another
fragment with an S—F bond perpendicular to the surface. Electron beam exposures
higher than 10'*cm ™ lead to formation of SF, (x =0-5) fragments, which become
the source of positive ions in normal and off-normal directions [40]; exposures
>10"®em ™2 result in decomposition of the entire adsorbed SFg layer.

Figure 3(a) shows an ESDIAD pattern for F~ ions from a fractional monolayer
of CF,Cl, deposited at 25 K on the same substrate. A similar pattern is observed for
Cl™. The pattern exhibits only a broad central beam. CF>Cl, has a tetrahedral
configuration, in contrast to the octahedral SFg molecule. Thus, the ESDIAD
pattern of figure 3(a) leads us to conclude that CF,Cl, also adsorbs on hexagonally
symmetric Ru(0001) by three halogens (either by 2F+1Cl or by 2CI41F) with a
single C—X bond (X=F, Cl) pointing away (figure 3(b)). This C—X bond is oriented
along the surface normal, and when ruptured it leads to a central-beam ESDIAD
pattern with the broadening due to thermal vibrations of the molecule. No heating-
induced change in the patterns has been detected, suggesting that the bonding
geometry does not change prior to the onset of desorption.
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Figure 3. ESDIAD pattern (a) for desorption of F~ from 0.6 ML of CF,Cl, adsorbed on
Ru(0001) at 25K. Electron energy is 250eV. Sketch (b) illustrates two possible
orientations of CF,Cl, on Ru(0001) surface with the C—F bond (left) or C—Cl bond
(right) oriented perpendicular to the surface. This indicates the rupture of the bonds
under electron bombardment and desorption of F*, F~ ions (or CI*, C17) normal to
the surface. All ESDIAD patterns are shown in a linear grey scale where the white
colour corresponds to the maximum ion desorption intensity. These patterns
represent two-dimensional spatial distributions of desorbing ions projected onto a
planar detector.

ESDIAD measurements provide us with strong evidence of the adsorption
geometry of both SFgq and CF,Cl, on Ru(0001); the molecules are adsorbed on
the hexagonal Ru surface via three halogen atoms. Although the data for CF,Cl, do
not indicate the orientation of the C—X bonds (X=F, Cl) in the plane of the surface,
SF¢ measurements testify to the random azimuthal orientation of S-F bonds
following adsorption at 25K, and to irreversible ordering of SF¢ in two comple-
mentary domains upon heating.

42. F~ and CI” ESD from CF>Cl, co-adsorbed with water on Ru(0001)

Electron bombardment promotes desorption of energetic neutral/ionic fragments
from the surface. The ‘side effect’ of electron-induced desorption involves altering
the bonding of surface species, initiating their decomposition. This can result in
formation of free radicals and ionic species that may undergo subsequent chemical
reactions on the surface [2, 63]. Anion ESD yields can be changed dramatically by
co-adsorption of CF,Cl, with highly polar molecules such as water. Several
experiments have reported that ESD anion yields from PF; and CF,Cl, are
enhanced considerably when the halogen-containing species are co-adsorbed with
polar molecules (H,O, NH3;, CH5OH) [21, 27, 29, 30]. Figure 4 shows the variation
in CI” and F~ ESD intensities for various coverages of CF,Cl, on Ru(0001) as
a function of H,O overlayer coverage [30]. Strikingly, it is seen that for the
lowest CF,Cl, coverages both F~ and CI™ yields increase greatly with the initial
H,O deposition, exhibit a maximum at <1 ML of H,O, and then decrease with
increasing H,O coverage. The maximum CI~ enhancement is up to two orders of
magnitude: the anionic yield is enhanced by ~100 times when ~1 ML water ice is
present. For identical CF,Cl, pre-coverages, the maximum enhancement of CI™ is
much stronger than that of F ™ [30]. The observed decrease in F~ and CI~ with high
H,O coverage is expected because of elastic and inelastic scattering as the desorbed
ions pass through the overlayer [21].
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Figure 4. F~ and CI™ ESD yields from CF,Cl,-precovered Ru(0001) as a function of H,O
overlayer thickness. Incident electron energy is 250 eV. Each data point represents the
integrated intensity of the corresponding ESDIAD pattern. All data are obtained
from ESDIAD measurements and calculated yields are normalized to the anion signal
at zero water coverage (1 ML H,O is associated with the formation of a hydrogen-
bonded bilayer on ruthenium).

To summarize, the data indicate a substantial enhancement of relative anionic
ESD yield for fractional monolayers of CF,Cl, on a metal surface upon co-
adsorption with H,O (results for co-adsorption with NH; and CH3OH can be
found elsewhere [14, 30, 89]).

4.3.  Thermal desorption of CF>Cl, from the surface and bulk of water (ice)

TPD is a straightforward but powerful technique for the study of halocarbons in
condensed phases [27, 37, 90-94]. Such measurements can provide information
about the interaction of molecules co-adsorbed at low temperature on metal
surfaces, including the structure of halocarbon/water films (amorphous or poly-
crystalline) and the existence or absence of segregation. In principle, thermal
reactions may occur between molecular or ionic fragments in the irradiated film
during the substrate heating that accompanies TPD. However, our studies show
clearly that no reactions between halocarbons and water are observed in the absence
of prior irradiation by electrons or X-rays. Moreover, fragments such as COF,,
COCl, and C,Cly are seen in both TPD and RAIRS or XPS. The latter two indicate
that these products are already formed at <100 K. Alternatively, such fragments as
hydrated CI™ ions or hydronium ions seen using RAIRS or XPS are clearly not seen
in TPD.
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Figure 5. Thermal desorption spectra for CF,Cl, co-adsorbed with water on Ru(0001) at
25K. The spectra were measured at a heating rate of ~1 Ks~'. (a) 1 ML of CF,Cl,
on top of ~10 ML of H»O (solid line); the dashed line is the spectrum for 1 ML of
CF,Cl, on a clean ruthenium surface. (b) Dilute (~4%) mixture of CF,Cl, and D,O
with total film thickness ~8 ML where the dashed line is the desorption spectrum for
a thinner (~4 ML) CF,Cl,/ H,O film. The data are reproduced from ref. [37].

Figure 5(a) shows TPD spectra obtained for 1| ML CF,Cl, on top of 10 ML water
ice. The maximum desorption rate of H,O is observed at ~160 K. The H,O spectrum
also exhibits a distinct feature at ~155K, which is attributed to an irreversible
structural transition from amorphous solid ice to a crystalline phase [95]. This
spectrum is indistinguishable from that measured for water on Ru(0001) without the
Freon overlayer [36]. CF,Cl, starts to desorb from the solid water film long before
the onset of H,O desorption, reaching its maximum desorption rate at ~110 K (see
solid line for CF,Cl, in figure 5(a)). This temperature is lower than the peak
temperature (~140K) for desorption of CF,Cl, molecules in direct contact with
the Ru crystal (shown by a dashed line), and nearly coincides with the temperature of
multilayer Freon desorption [27].

Figure 5(b) illustrates thermal desorption spectra observed for CF,Cl, molecules
inside a D,O matrix, following co-deposition of CF,Cl, and D>O. The solid line
shows the spectrum for a dilute mixture consisting of 0.35 ML CF,Cl, and 8 ML
D,O (corresponding concentration is ~4%). The dashed line indicates the CF,Cl,
spectrum for a thinner film (~4 ML) of the same concentration. Both Freon spectra
exhibit two distinct low- and high-temperature peaks, at ~110 and ~165K (~160 K
for 4 ML film), and a small shoulder at higher temperatures.

Comparison of the spectra shown in figures 5(a) and 5(b) suggest that the low-
temperature peak (~110K) in figure 5(b) corresponds to desorption of molecules
from the ice surface. In the CF,Cl, desorption curve the dominant high-temperature
peak at ~165K correlates with the phase transition from amorphous to crystalline
ice, which for D,O occurs at ~165K [95]. This CF,Cl, peak exhibits a smooth
leading edge until the water crystallizes (figure 5(b)), followed by an abrupt drop and
shoulder as the temperature increases further. Thus, the high-temperature CF,Cl,
desorption peak is attributed to the escape of CF,Cl, molecules trapped in the bulk
of the ice matrix; diffusion of Freon occurs through defects (cracks, fissures, grain
boundaries, etc.) during the amorphous-to-crystalline-phase transition in the ice
matrix followed by desorption (see discussion of ‘molecular volcano’ desorption in
section 5.2).
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Figure 6. ESD mass spectra of negative ions obtained under electron irradiation (300¢V;
exposure ~5x 10*em™2) of (i) SML CF,Cl, adsorbed on Ru(0001) at 25K,
(i) IML H,0 on 5SML CF,Cl,, (iii) | ML CF,Cl, on 5ML H,0, and (iv) 5ML
H»0. The peaks marked by arrows and symbols x N are multiplied by factor N
for clarity.

4.4. Electron-stimulated desorption from halocarbon/water films:
neutrals and negative ions

Electron bombardment causes desorption of both neutral and ionic fragments
from the surface of halocarbon/water films. Analysis of ionic/molecular ESD mass
spectra provides important information about the interaction of electrons with
adsorbed monolayers and condensed films.

Figure 6 shows a comparison of the gas-phase negative ions produced during
electron irradiation of neat CF,Cl, and CF>Cl, co-adsorbed with water. The spectra
measured for films containing Freon (top three spectra) show strong F~ ion signals,
indicating that electron-induced desorption of the relatively low mass F~ ion from
CF,Cl, dominates [70]. The CI™ fragment is the second most abundant ion fraction
for thick (> several ML) Freon films (see spectra (i) and (ii) in figure 6 for 5 ML
CF,Cl, and also corresponding figures in ref. [70] for higher coverage). For a
thick film (5 ML) of neat CF,Cl,, CF~, F;, CIF™ and CI; ions are also observed.
In addition to the anions observed for neat CF,Cl, layers, co-adsorption of
CF,Cl, with water in figure 6 leads to the desorption of additional anions, notably
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Figure 7. ESD mass spectra of neutral species detected under electron irradiation (200¢eV,
note higher electron exposure ~1.5 x 10'®cm™ than in figure 6): (i) neat water,
(i) and (iii) "*CF,Cl,/water, and (iv) and (v) '"*CCly/water and films. The spectra
have been background subtracted to compensate for volatile neutral species present
in the vacuum chamber.

H™, O™ and OH"™ ions (see spectra (ii) and (iii) in figure 6), associated with the
electron-stimulated dissociation of H»O.

Figure 7 shows the variation in neutral volatile gas-phase products during
electron-beam irradiation of CF,Cl,/water and CCly/water films at ~100 K. Typical
total electron exposure during these experiments is considerably higher (~10'"®cm ™
vs. 5 x 10" cm ™) than that used for figure 6. Representative dilute and concentrated
films are shown for each organohalide. The evolution of neutral gas-phase products
from electron-beam irradiation of water (ice) films is shown in figure 7(i), where the
dominant neutral fragments are H, (m/q=2) and O, (m/q=32). Figures 7(ii)—(iii)
and 7(iv)—~(v) show the effect of the initial organohalide: water ratio upon the
distribution of gas-phase products. This concentration effect is highlighted for
CF,Cly/water films by the increase in the CO:CO, ratio for concentrated films
(figures 7(i1) and 7(iii)). Similarly, the production of molecular O, is suppressed in
the presence of CF,Cl, or CCly, becoming more pronounced for more concentrated
films. Using isotopically labelled '*CCl, (figures 7(iv) and 7(v)), *CO/'*CO, rather
than '*CO/'>CO, are the dominant signals detected from the film proving that the
CO/CO, fragments originate from the film rather than from the background.

To summarize, the negative ion fragment patterns (figure 6) indicate only
features that are associated with unreacted parent molecules (CF,Cl,, H,0O) in
the film. By contrast, the mass spectra of neutrals reveal strong evidence of
reaction products, that is fragments corresponding to the production of other
molecular species (e.g. H,, CO, CO,, O,, HCIl) as a result of electron-induced
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decomposition of parent molecules and the subsequent reactions involving
these fragments.

4.5.  Identification of electron-stimulated reaction products in
halocarbon/water (ice) films
4.5.1. TPD studies

TPD is an effective tool for identifying the decomposition products after electron
irradiation. This information can be used to derive semiquantitative information on
the reaction dynamics caused by electron bombardment. Comparative TPD spectra
measured before and after electron irradiation (180eV) of 0.2 ML CF,Cl, adsorbed
onto 5SML DO are shown in figures 8(a) and 8(b), and corresponding spectra for
0.2 ML CCly are shown in figures 8(c) and 8(d). Comparison of TPD spectra for a
CF,Cl,/H,O film before and after electron irradiation reveals that there is a
notable decrease in the Freon signal (measured for mass 85, corresponding to
CF,CI™, the major fragment in the Freon cracking pattern) following exposure to
~1 x 10" electronscm ™ (figure 8(a)). Freon desorption temperatures before and
after irradiation remain unchanged (~110 K).

Figure 8 illustrates how TPD can be used to detect parent and product signals
from organohalide/H,O (ice) films. Figures 8(a) and 8(b) show a comparison of
the TPD signals associated with CF,Cl, (m/q =85; CF,CI") and COF, (m/q=47;
COFT/CCI") before and after electron-beam irradiation. In contrast to the
decrease in the CF,CI™ signal, the intensity of the mass 47 signal (containing CCI™,

a minor fragment of Freon) increases after irradiation (figure 8(b)). In conjunction
with RAIRS measurements, we assign this increase to a contribution from the COF™
fragment (also mass 47), the major fragment of COF, (carbonyl difluoride) [96].
We also observe a much smaller than expected decrease in the CFCI* signal (mass 66
fragment of Freon; not shown in figure 8) due to a contribution from COF," (mass
66), the parent fragment of COF,. Neither C,F4 (mass 100 CoF," fragment) nor
C,F¢ (mass 119 C,Fs* fragment) is observed in the TPD spectra after electron
irradiation.

For 0.2 ML CCly adsorbed on a D-O ice surface, the post-irradiated TPD signal
(figure 8(c); m/q=117; CCls") for CCl, decreases even more rapidly than that
observed for Freon for a similar electron-beam exposure. Desorption of several new
species such as COCl, (m/q=63; COCI") and C,Cl, (m/q=164; C,Cl,) are also
detected. Formation of C,Clg during electron-beam irradiation of CCly/H,0 is ruled
out, because we detect no signal for one of the expected fragments of C,Clg [94, 96],
C,Cls™ (mass 199, not shown in figure 8).

In summary, the data in figure 8 indicate that electron bombardment of both
halocarbons adsorbed on an ice layer induces their decomposition and chemical
reactions in the condensed film. These reactions occur prior to heating the irradiated
film (during TPD), as indicated by data presented below.

4.5.2. RAIRS studies

4.5.2.1. Product identification during irradiation of CF,Cl,/water films

Whereas TPD requires us to destroy the condensed halocarbon/water film in
order to detect reaction products, the use of RAIRS allows us to detect reactants and
products in situ. Figures 9 and 10 illustrate the molecular products observed by
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Figure 8. Thermal desorption spectra measured at heating rate ~2Ks~' before (dashed
lines) and after 180eV electron irradiation (solid lines) of 0.2 ML halocarbon ((a, b)
CF,Cl,; (c,d) CCly) adsorbed on top of SML D,O ice at 25K. For ‘electron-beam
exposed’ spectra the total electron exposure was ~1 x 10"°cm™. Shown are
fragments CF,CI* (85 mu) and CCI*/COF" (47 mu) for CF,Cl/D,0, and CCIf
(I17amu) and COCIt (63 amu) for CCly/D>O. The spectra demonstrate
decomposition of CF,Cl, and CCly (a,c) and production of COF, (b) and COCl,
(d) under electron bombardment of the adsorbed layer. The data are reproduced

from ref. [37].

RAIRS when thick CF,Cl,/water (ice) films (~30nm) adsorbed on polycrystalline
Au at 100K are exposed to X-ray or electron-beam irradiation. Figures 9(ii) and
9(iii) show the effects of X-ray irradiation on a CF,Cl,/water (CF,Cl,: H,O ~(.28)
film, while figure 9(iv) shows the effects of electron irradiation on a different CF,Cl,/
water (CF>Cl,:H»>0(0.2) film. The initial spectrum detected after adsorption
(marked ‘as deposited’) exhibits IR bands associated with H,O and CF,Cl,
(see table 1 for assignments). Irradiation of the film results in the appearance of
new peaks assigned to CO, and COF,. No evidence for bands associated with the
production of carbonyl chloride fluoride (COFCI) or phosgene (COCl,) is observed
[97, 98]. The broad absorption feature centred at ~1700cm™" is consistent with
the formation of hydronium ions [99], while the broadening and red shifting of the
v(O-H) stretching mode is also consistent with previous studies on the effect of
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Figure 9. RAIR spectra of a CF,Cl,/H,O (CF,Cl,: H,0(0.28) film showing the effect of
X-ray exposure: (i) as deposited, (ii) 20 min, (iii) 240 min and (iv) after Smin electron
irradiation (CF,Cl,: H,0(0.2). All RAIR spectra were referenced to the clean cooled
Au substrate. Peak assignments are given in table 1. After ref. [36].

H;0™ production in ice films [73, 100]. It should be noted that no evidence of H;O"
production is observed during electron-beam or X-ray irradiation of pure water ice
films, indicating that these species form as a result of reactions involving CF,Cl,
and/or its decomposition products [38]. An inspection of additional peaks after
electron-beam irradiation in figure 9(iv) indicates that the molecular products are
the same as those produced by X-ray irradiation, namely, the production of COF,,
CO, and H;0™ species (table 1).

Figure 10 illustrates the variation in the integrated IR intensities of the CF,Cl,,
COF,; and CO, product peaks during (a) X-ray (CF,Cl,: H,O ~0.1) and (b) electron
irradiation (CF>Cl, : H,O(0.2) of CF,Cl,/H-O films. The data are measured for thick
(~30nm) films adsorbed on polycrystalline Au at 100K. In the case of X-ray
irradiation, changes in the RAIR spectra are dominated initially (<50 min) by the
decrease in the CF,Cl, area accompanied by the appearance of COF,. The dashed
line in figure 10(a) is a best-fit first-order decay profile for the loss of CF,Cl, from
the film, which incorporates the non-uniform spatial intensity profile anticipated for
the X-ray source [101]. For CO, production, however, there is a short induction
period at low X-ray exposures (<40 min) before a roughly linear increase for longer
X-ray irradiation times. Figure 10(a) also shows that the area of the COF, peak
passes through a maximum and decreases upon prolonged X-ray exposure
(>180 min).

Figure 10(b) shows the corresponding IR intensity variation of the carbon-
containing fragments as a function of electron-beam irradiation. A comparison of
figures 10(a) and 10(b) indicates that although the qualitative variations in the IR
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Figure 10. Variation in the IR integrated intensities of the parent (1146 and 1090cm ") and
carbon-containing products COF, (1936 and 1906 cm™") and CO, (2339 cm™") bands
as a function of (a) X-ray and (b) electron-beam irradiation, where the solid and
dashed lines in (b) are a guide to the eye. The dashed line in (a) represents the best-fit
first-order decay calculated for the loss of CF,Cl,, which incorporates the
non-uniform spatial intensity profile of the X-ray beam. After refs [36] and [37].

Table 1. Observed frequencies in the infrared spectrum of CF,Cl,/H,O ice films®

Frequencies (cm™") Assignment Mode description
3000-3600 H,O v(O-H) str.
2339 2co, v(12C=0) str.
1936 COF, v1(CO) str.

1906 COF, 2v,5(C-F) str. (FR)
1560-1950 H;0" 8,(H30™) def.
1600-1700 H,O 6(H,0) def.
1180-1250 H;0" 8(H507™) def.

1248 COF, v4(C-F) str.

1146 CF,Cl, Vas(C=F) str.

1090 CF,Cl, vs(C-F) str.

928 CF,Cl, Vas(C—Cl) str.

886 CF,Cl, 6(C-F) + v(C-F) (FR)

FR, Fermi resonance; y, out-of-plane deformation; v,, symmetric stretch; 8, in-plane
deformation; v,,, asymmetric, stretch. “Ref. [98].

intensities of CF,Cl,, COF, and CO, species are similar, the fate of the final
decomposition product CO, depends upon the primary irradiation source. In the
case of X-rays, CO, is stable within the film [36]. By contrast, CO, is both produced
and lost from the film as a result of electron-stimulated reactions, evidenced by
the variation in the RAIR spectra shown in figure 10(b).

4.5.2.2. Product identification during irradiation of CDCls/water films

For comparison with CF,Cl, and CCl; we show RAIRS data for CDCl; in
figure 11. The RAIRS data reveal a range of decomposition products including CO,,
COCl, and H5O™". The initial spectrum is referenced to the Au substrate, while the
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Figure 11. RAIR spectra of CDCIl;/H,O film as a function of electron-beam irradiation
(CDCl5: H,0(0.24) (estimated exposure per minute ~4 x 10'®cm™2). The spectra as a
function of electron exposure are referenced to the initial organohalide film. Negative
peaks indicate the loss of the parent molecules.

subsequent spectra are referenced to the initial film. Referencing each spectrum
to the initial film enables us to clearly distinguish peaks that are due to pro-
ducts (positive peaks) and to the loss of parent CDCl; (negative peaks) in
electron-stimulated reactions.

In the initial film, bands at 2252, 914 and 746cm ™" are assigned to C—D stretch,
in-plane C-D bending and C—CI stretching modes of CDCl;, respectively. Upon
electron-beam irradiation, additional bands are observed at 2339 and 1798 cm™ !,
which are assigned to COCl, and CO,, respectively (table 2). Features centred at
~1700 and ~1290cm™"' are detected and attributed to O-H and O-D in-plane
bending modes of H;01 and H,D;_ O™, respectively. The CO,, COCl,, H;O" and
H.D;_ . O" intensities grow to maxima and then decrease upon prolonged electron
irradiation. This growth and decrease of the carbon-containing products COCIl, and
CO; upon electron irradiation is qualitatively similar to that seen for CCly/water
films [39]. Negative absorption peaks observed between 3600-3000 and 920-
730cm ™" are due to the electron-stimulated consumption of both H,O and CDCl;.
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Table 2. IR assignments of parent and product peaks observed in
electron-stimulated reactions of chlorocarbon/water (ice) films*

Frequencies (cm ™) Assignment Mode description
2339 2c0, v(2C=0) str.
2272 3o, v(1*C=0) str.
1936 2COF v1(CO) str.
1906 2COF 2u,(C—F) str. (FR)
19501560 H;O0™" B agH30+) def.
1798 2cocl, v(2C=0) str.
1750 3cocl v(13C=0) str.
1426 2CH;I 8(CH3) def.
1430-1390 Hydronium ion 6(OD) def.
1400 2CH;I [(C-1)+ p(CH3)] ( FR)
1300 2CH, (CH;) def.
1290 Hydronium ion 6(OD) def.
1248 2COF, v4(C-F) str.
960 2CD,Cl, CD wag
916 2CDCl4 5(1>C-D) def
914 2c,Cl, v("*C—CL,) str.
890 2CH,I p(CH3) rock
885 BC,Cly v(13C-Cly) str.
855 2cocl, v(12C-Cl,) str.
825 Bcocl, ("*C—CL,) str.

311

“Refs [97, 98].

It should be noted that the intensity of the IR peaks associated with the various
product species scale with the film thickness, indicating that reaction products
originate within the film rather than at the Au/film interface.

4.5.2.3. Influence of halocarbon speciation on reaction products probed by RAIRS

Infrared spectroscopy enables us to identify the reaction products from their
‘fingerprint’ vibrational frequencies. Figure 12 summarizes the new vibrational
features observed during X-ray or electron irradiation of the different halocarbons
(CF,(Cl,, CCly, CDCls, CD,Cl,, CH;I) each having organohalide : water ratios in the
range 0.2-0.35. All RAIR spectra are referenced to the signals from their initial films
in order to delineate between decomposition products (positive) and parent
halocarbon/water bands (negative). Figure 12(i)—(iii) shows the observed electron-
stimulated decomposition products of the Freon/water (ice) and CCly/water (ice)
films. A comparison of the region above 2200cm ™" in figure 12(i)(iii) for CF,Cl,/
water and CCly/water films indicates that the carbon-containing products are CO,
and COF, (for CF,Cl,) and COCI, (for CCly) along with hydrated hydronium ions
(table 2). Figure 12(ii)—(iii) shows the effect of electron bombardment upon
2/13CCl4/H,O films. Inspection of the wavenumber region below 1500cm™
also enables us to identify additional bands due to the C—CI stretching modes of
phosgene COCl, ("*C—CI; 855cm ™" and *C-Cl; 825cm™") and for CCly/H,O films
the C-Cl stretching modes associated with tetrachloroethene C,Cly (*c-c;
914cm " and *C-CI; 885cm™") [38, 39].

Figure 12(ii), (iv)—(vi) illustrates the effect of irradiation on a series of halo-
carbon films with decreasing halogen content: CCly, CDCl;, CD,Cl, and CH;l.
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Figure 12. RAIR spectra of (i) '?CF,Cl, (ii) '*CCly, (i) *CCly, (iv) "*CDCls, (v) '*CD,Cl,
and (vi) '"?CH;I water films illustrating the carbon-containing reaction products
within the film after electron-beam exposure. Negative peaks are due to parent
loss. Wavenumber ranges are: (a) 2900—1450cm™'; gb) 1500—1200cm™" and
(c) 1000—800cm™". All spectra were normalized to the '?CO, peak area and were
referenced to their initial halocarbon films prior to electron exposure. Peak
assignments are given in table 2.

CDCly/water films, in common with CCly/water films, have bands assigned to the
p(C=0) stretching modes of CO, and COCl, at 2339 and 1798 cm ~!, respectively
(table 2). Similarly, there are broad bands associated with the in-plane bending
modes of protonated and deuterated hydronium ions centred at ~1700 and
~1290cm™ !, respectively (table 2). CD,Cl,/water films, in contrast to CCly/water
and CDCly/water films, have no phosgene (COCl,) peaks. Upon electron-beam
irradiation of methyl iodide (CH;lI), bands at 2339 and 1300cm™' are observed,
which can be assigned to CO, and methane (CHy), respectively (see table 2 for
assignments).

A comparison of figures 12(i) and 12(vi) reveals the following trends: CO, is
produced in all of the films, while the formation of hydronium ions and the
intermediate species COX, (X=Cl, F) is dependent upon the chemical identity
of the organohalide. Hydronium ions are produced during electron-stimulated
reactions with CX, (CF>Cl,, CCly), CHXj3 (e.g. CDCl;) and CH»X, (e.g. CD»Cl»)
species adsorbed on ice films. Carbonyl dihalide (COX,) species, however, are only
formed during electron-stimulated decomposition of the CX, and CHXj species.
CH;l, by contrast, does not produce carbonyl dihalides or hydronium ions.

4.5.3.  Evolution of halocarbon|water (ice) film during electron-stimulated
reactions. production of halide anions
XPS brings additional insights that are not accessible by RAIRS or TPD. Thus,
although RAIRS can often provide unambiguous identification of reaction products,
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Figure 13. Transformation of (a) F 1s, (b) C 1s and (c) ClI 2p XPS regions of CF,Cl, in
H,O matrix as a function of electron exposure (labelled in C 1s plot). A film with
halocarbon/water ratio ~0.06 and thickness ~6.5nm was deposited on a Au
substrate at ~100 K. Incident electron energy is 210eV. Spectra for C Is region are
presented with the background subtracted. The data are reproduced from ref. [37].

the ability to identify a specific reaction product is sometimes limited by the
concentration and relative oscillator strength of chromophores within the product
molecule. By contrast, XPS can provide quantitative information on the chemical
composition of surfaces and thin films and can also often identify different chemical
states for specific elements based on binding energies. In particular, XPS allows
identification of such species as solvated ions (CI~, F ™) that cannot be directly
identified using the other two techniques. Thus, Figure 13 shows the evolution of the
F 1s, C 1s and Cl 2p XPS data for a CF,Cl,/H,O film (CF,Cl,: H,O~0.06) as a
function of electron exposure. The XPS peaks associated with CF,Cl, are the single
C-F peak in the F Is region (688 ¢V) and a C-Cl 2p3,,/2p, > doublet in the CI 2p
region, with the 2ps, peak located at ~201eV [36]. In addition, the C 1s peak
associated with the native CF,Cl, species can be observed at ~293 eV [36], while the
peak at 285eV is assigned to adventitious carbon contamination.

During electron irradiation, changes are observed in the F 1s, Cl 2p and C 1s
regions. At small electron exposures (<10'>cm™2), the Cl 2p XPS spectral envelope
broadens to lower binding energies, consistent with the growth of a new 2ps»/2p;»
doublet with a 2p;, peak at ~198¢eV indicative of the formation of chloride ions
in the film [102]. For the corresponding electron exposure in the C 1s region, a new
peak appears at ~291eV at the expense of the native CF,Cl, peak. RAIRS data
indicate that in dilute films where the CF,Cl,: H,O ratio is low, CO, is expected to
be the dominant carbon-containing molecular species in the film after prolonged
electron exposures, enabling us to identify the peak at ~291¢V as CO,. This peak
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position also coincides with results obtained during control experiments involving
CO, deposition onto ice films. Although the production of chloride ions is dominant
during the initial stages of irradiation, for longer electron exposures (>10'° cm ™
the appearance of fluoride ions becomes increasingly apparent in the F 1s region;
this is evidenced by the broadening of the F 1s region to lower binding energies,
indicating the growth of a new peak centred at ~686¢eV. Figure 13 also shows that,
for prolonged electron exposures, the XPS peaks associated with chloride and
fluoride ions in the CI 2p and F 1s regions become the dominant features relative
to C—Cl and C-F species.

4.6. Effects of substrate temperature on the stability of carbon-containing
species in irradiated CF,Cly/water films

All of the data presented up to this point have focused on processes that occur
during electron bombardment at the adsorption temperature. Here we describe
the use of XPS to probe the relative thermal stability of carbon-containing
fragments produced from electron-stimulated decomposition of CF,Cl,/H,O films.
Figure 14 illustrates the effects of substrate annealing on a CF,Cly-rich film
(CF,Cl,: H,0~0.8) following 230 min of X-ray irradiation. Figure 14(i) shows
the initial C 1s region, containing only a single peak at ~292.5eV assigned to
CF>Cl, species. After 230 min of X-ray irradiation, the C 1s region shows that most,
if not all, of the CF,Cl, has reacted. A new peak is evident at ~291 ¢V whose peak
position is consistent with the presence of either CO, or COF, (or both) [36]; in
addition, a broad C 1s spectral envelope develops at lower binding energy relative to
the parent CF,Cl, peak (figure 14(ii)). Following X-ray irradiation, this film was
heated to increasingly higher substrate temperatures. Figure 14(iii) shows that upon
annealing the surface to 220 K, a temperature at which CF,Cl,, H,O, CO, and COF,
species are expected to have desorbed based on TPD, the peak at 291 ¢V disappears
while the broad C 1s envelope extending to lower binding energies remains. Above
220K the C 1s XPS signal remains almost constant until the surface is heated above
500 K, when the broad C 1s peak profile is replaced by a dominant peak at 285eV
(compare figures 14(iv) and 14(v)) assigned to the formation of a graphitic overlayer.
Corresponding measurements in the F 1s and Cl 2p regions indicate that changes in
the C 1s region upon annealing to 500 K correlate with the desorption of C—Cl and
C-F species, evidenced by the loss of C—Cl and C—F species from the CI 2p and F 1s
regions respectively (not shown). Based on these measurements, we conclude that the
broad C 1s envelope observed in figure 14 is associated with a polymeric CF,Cl,
residue that is stable above room temperature.

4.7. Effect of the film’s initial chemical composition on product partitioning

Another important issue is the effect of halocarbon concentration in a water (ice)
matrix and how it influences the distribution of products formed by high-energy
irradiation. Figures 15-17 illustrate the effect of the film’s halocarbon : water ratio on
the product distribution after fixed amounts of electron or X-ray exposure. In par-
ticular, we probe the fate of the carbon-containing fragments by RAIRS and XPS.

Figure 15 shows RAIR spectra illustrating the effect of the film’s initial
CF,Cl,: H>O ratio on the distribution of COF, and CO, after a fixed period of
X-ray exposure (40 min). In these experiments, the total amount of CF,Cl, within
the film was held constant on the basis of the integrated area of the parent IR peaks
at 1146 and 1090cm~"' while the relative amount of the H,O (measured by the
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Figure 14. C 1s XPS showing the effect of annealing temperature on an X-ray irradiated
CF,Cl,/H,O layer (CF,Cly: H,0(0.8): (i) for the initial film adsorbed at 100K,
(1) after 230 min X-ray irradiation, and then after subsequent annealing to (iii) 220 K,
(iv) 273K and (v) 560K. Spectra (iii)—(v) were taken above 200K to minimize
re-adsorption of background gases (CO,, CF,Cl,, H,O). After ref. [36].

integrated area of the O—H stretching mode) was varied (see table 1 for assignments).
Thus, the film thickness was varied in different experiments. This approach was used
to ensure that the total amount of initial carbon-containing species (i.e. CF,Cl,) in
the films was constant while the CF>Cl,: H,O ratio was varied. Figure 15 shows that
the concentration of CO, and COF, produced is dependent upon the film’s initial
CF,Cl,: H»O ratio, being greatest for more H,O-rich films.

Figures 16(a) and 16(b) shows the variation in the F Is and CI 2p XPS regions
following 20 min of X-ray exposure for four films with different initial CF,Cl,: H,O
ratios. This is shown explicitly in figure 16(c) where the fraction of the total Cl and F
signal composed of CI™ and F~ anions after 20 min of X-ray irradiation is plotted
as a function of the film’s initial CF,Cl,: H,O ratio. Figure 16(c) shows that the
F~ and CI™ anion production is sensitive to the film’s initial chemical composition,
with the greatest fraction of anions being produced in dilute films.

Figure 17 highlights the effect of initial chemical composition on the distribution
of the carbon-containing fragments, using CD,Cl,/H,0 as an illustrative example. In
figure 17, the C 1s XP spectra for CD,Cl,/H,0 films of different initial CD,Cl,: H,O
ratios were measured after the same electron exposure. The C s region prior to
electron exposure consists of a single peak centred at 286.5¢V due to CD,Cl, while
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Figure 15. Variation in the IR spectra for (i) CF,Cl,: H,O~0.09, (i) CF,Cl,: H,O~0.19

and (iii) CF,Cl,:H,O~0.26 films after 40min of X-ray irradiation. The spectra
are difference spectra referenced to the initial CF,Cl,/H,O film. Peak assignments
are given in table 1.
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Figure 16. Variation in the (a) F 1s and (b) Cl 2p XPS regions for a series of different

CF,Cl,: H,O ratio ((i) 0.04, (i) 0.1, (iii) 0.22, (iv) 1.20) films following 20 min of X-
ray irradiation. The solid lines in the F 1s and Cl 2p regions correspond to the initial
C-F and C-ClI species, while the dashed lines correspond to the F~ and CI™ species.
(¢) C1I”/Clyo and F~/F,, ratios following 20 min of X-ray irradiation as a function of
the film’s initial CF,Cl,: H,O ratio. After ref. [36].
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Figure 17. C 1s XP region of CD,Cl,/water films at ~100 K illustrating the effect of initial
film composition on the product distribution. All spectra are normalized to the total
C 1s area. Each spectrum corresponds to an individual CD,Cl,/water film that has
been exposed to similar total electron exposures (~10'7 cm™2).

the Cl 2p region (not shown) consists of a single Cl 2ps;/2p;;» doublet. Upon
electron-beam irradiation, the evolution of the C 1s spectral envelope is sensitive to
the film’s initial composition. In CD,Cl,-rich films, the spectral intensity is localized
around the position of the parent peak. With increasing dilution, however, the
distribution of intensity shifts to higher binding energy, with an additional peak at
~291¢eV. XP intensity at ~291 ¢V was assigned to the production of CO5 in dilute
CCly/water films. In XPS, C 1s spectral features at lower binding energies (between
285 and 290¢V) were attributed to the formation of a partially halogenated (CCl,)
polymeric residue.

These results are consistent with previous electron-beam irradiation studies of
CCly/water (ice) films, which show that the distribution of carbon-containing
fragments is sensitive to the initial halocarbon : water (ice) ratio after a fixed period
of irradiation time [38]. Thus, analysis of the C 1s region reveals that for a given
period of electron-beam irradiation, the relative contribution from the partially
chlorinated polymeric residue (CCl,) is most pronounced in concentrated films
where the initial CD,Cl,: H,O ratio is highest. In addition, analysis of the data
for CO, and COCI, yields in CCly/water (ice) films following a fixed period of
electron-beam irradiation reveals that, except at high water dilutions where the
amount of CCly is low, the CO, and COClI, yields increase linearly with increasing
initial H,O : CCly film ratios.
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Figure 18. Plot of the v(CF) band intensity for a series of CF,Cl,/H,O films of different
initial chemical composition as a function of X-ray irradiation time: CF,Cl,: H,O=
0.03 (W), CF,Cl,: H,0=0.09 (A), CF,Cl,:H,0=0.11 (@), CF,Cl,: H,0=0.15 (<),
CF,Cl,: H,0=0.19 (0) and CF,Cl,:H,0=0.28 (V). In each case, the amount of
CF,Cl, present in the film was determined from the integrated intensity of the v(CF)
bands (1090 and 1146 cm™ ") normalized to the initial v(CF) integrated intensity. The
insert shows the rate of CF>Cl, loss calculated from a first-order fit that accounts for
the non-uniform spatial profile of the X-ray source [36].

4.8.  Electron-stimulated decomposition kinetics of CCly; and CF,Cl,

Up to this point we have focused on the identification of the products in
electron-stimulated reactions of halocarbon/water (ice) films. Now we address the
kinetics and dynamics of the initial DEA process at both a qualitative and a
semiquantitative level.

4.8.1. RAIRS results: CF>Cl,

In contrast to figures 15-17, which show the effect of the film’s initial chemical
composition on the concentrations of COF, and CO, after a fixed period of X-ray
or electron irradiation, figure 18 illustrates the influence of the film’s initial
chemical composition on the kinetics of the parent CF,Cl, loss. Figure 18
represents the loss of CF,Cl, parent measured by the decrease in the integrated
IR arca of the v(CF) bands as a function of X-ray irradiation for six films that
possess different initial CF,Cl,:H,O ratios. Four of the films have an identical
initial H>O content (measured by the area of v(OH),_y) and two have a constant
CF,Cl, content (v(CF),_g)); consequently, the films prepared were of different
thicknesses. Analysis of figure 18 reveals that the rate of CF,Cl, loss calculated
from the nonlinear regression of a first-order decay function is not strongly
dependent upon the film’s initial chemical composition as shown explicitly in the
inset.

4.8.2. TPD results: CCly and CF>Cl,
A comparison of the electron beam-induced decomposition of CCly and CF>Cl,
is shown in figure 19. The semilogarithmic plots in figure 19 are the areas of
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Figure 19. Dynamics of decomposition of halocarbons adsorbed on Ru(0001) and a thick
(ML) D,0 film at 25K, observed during irradiation by 180eV electrons. Each point
represents the integrated area of the TPD spectrum for either CF,Cl, (a) or CCly (b).
Halocarbon thickness: 0.25 ML on D,O (M), 1 ML on D,O (), and 1 ML on Ru
(@). In (a) data were obtained (A) for a dilute mixture of CF,Cl,/H,O (Freon:
water ratio is 1:4) and (O) for 4 ML CF,Cl, on Ru. The lines drawn through the
data points are exponential fits (see text for details). The data are reproduced from
ref. [41].

corresponding TPD spectra versus electron exposure. The data are measured at an
incident electron energy of 180¢eV for different coverages of halocarbons adsorbed
at 25K either on Ru(0001) or on 5SML D,O. These dependencies are normalized to
the values detected for an undamaged film. The cross-sections for halocarbon
decomposition are indicated in figure 19, and corresponding solid lines are
exponential fits assuming first-order decay. The plot shows only a modest increase
of decomposition rate for both halocarbons on water ice of ~2-3 x compared to
adsorption on Ru(0001) as indicated by the different slopes for 1 ML CF,Cl,
(figure 19(a)) and 1 ML CCly (figure 19(b)) adsorbed on Ru(0001) and on the ice
surface (see section 5). The kinetic data of figures 18 and 19 are important as they
illustrate that the radiation-induced decomposition rates for CF,Cl, and CCly in
H,O ice matrices do not depend strongly on concentration, nor are cross-sections
greatly enhanced by co-adsorption of CF,Cl, or CCly with H,O ice. At first glance
these conclusions seem to be at variance with previous measurements for which
large enhancements in electron-stimulated desorption yields and cross-sections for
the electron-stimulated decomposition of organohalides adsorbed on ice films have
been reported [28, 30, 31, 70]. This is addressed in section 5.3.

5. Discussion
This following is a discussion of the experimental data presented in section 4,
focusing on the chemistry and physics of EDPs within condensed films containing
halogenated compounds. We consider the effect of a water matrix on electron-driven
chemistry and, more specifically, the role of an ASW matrix on the Kkinetics,
dynamics and reaction pathways of halogenated compounds.
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5.1. Interaction of electrons with adsorbed molecules on surfaces

Measurements of ESD of ions from the surface, for example yields and directions
of desorbing ions, provide unique insights into EDPs for the condensed phase.
An experimental study of these characteristics sheds light on both the non-thermal
processes of condensed species activated by electrons (e.g. dissociation and reactivity
of molecules, solvent effects, etc.) and some aspects of adsorbate/substrate and
adsorbate/adsorbate interactions (e.g. conditions for ordered assembly of adsorbed
molecules). Low-energy ions detected in ESD experiments have very short escape
depths, that is they originate in the topmost one or two molecular layers of the
condensed film [21]. The ESD ion fragmentation patterns, as well as yields, energy
and angular distributions of desorbing species, provide direct information about
electron-induced processes in molecules trapped below the surface. Despite the
sensitivity to processes at the outer surface, ESD can provide a ‘window’ into
radiation chemistry that occurs in the bulk of the film. The molecular fragments
detected in ESD (and the radical products left behind on the surface) are similar to
those that form in the bulk during irradiation.

5.1.1.  Alignment of halogenated molecules on Ru(0001)

In many cases, the bond directions of adsorbed molecules exhibit preferred
orientations. In section 4.1 we showed that analysis of the angular distributions of
ions desorbing under electron irradiation is useful for identifying molecular
orientation and bond directions. This has important implications for understanding
the fundamental aspects of adsorbate/substrate interactions.

The ESDIAD patterns shown in figures 2 and 3 are interpreted as indicating that
both SF¢ and CF,Cl, molecules bind to the hexagonal Ru(0001) surface via three
halogen atoms (figure 20), similar to earlier findings for CCly [91, 92]. For SFy it is
also concluded that there is no preferential azimuthal orientation of the molecules
upon adsorption at 25K [40, 41]. This observation indicates the presence of many
local minima in the adsorption potential of deposited SFgs molecules. The global
potential minimum is reached only when sufficient thermal energy is imparted to the
surface (e.g. via annealing), leading to irreversibly ordered SF¢ with S-F bonds
aligned along [1010] crystallographic directions of Ru(0001) [40, 41] (figure 20). This
conclusion is based on analysis of hexagonal F*/F~ ESDIAD patterns for SFg
(figure 2) and LEED images for the substrate.

In comparison with the adsorption geometry of CF,Cl,, CCly and SFg,
phosphorus trifluoride (PF5) binds to Ru(0001) via the phosphorus atom with three
P-F bonds pointing away from the surface in off-normal directions [103]. Angular
distributions of F' ions for PF; reveal halo and hexagonal patterns similar to those
observed for SFs. However, the coverage dependency of PF; ESDIAD patterns and
also their reversible dependence upon temperature change are interpreted in terms
of freely rotating molecules, whose rotation is hindered by increasing coverages
(steric hindrance) and/or decreasing temperature [103, 104].

5.1.2.  Composition of anion fragments in ESD from adsorbed halogenated
molecules
Both anion and neutral fragmentation patterns observed in ESD from CF,Cl,/
H,O films and from a neat CF,Cl, layer on Ru(0001) were presented in section 4.2
(figures 6 and 7). The negative ion desorption cross-sections are small compared to
those for dissociation of the parent molecules. The anions reported for gaseous
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Figure 20. Sketch illustrating the adsorption of SF¢ and CF,Cl, on Ru(0001) at 25K as
established by ESDIAD measurements. Note that the adsorption sites are a pictorial
representation because adsorption sites cannot be determined by ESDIAD. Both
molecules adsorb on the surface by three halogen atoms. Three ‘outer’ S—F bonds of
the SF¢ molecule point away from the surface in an off-normal direction. The
azimuthal orientations of the S-F bond coincides with the [1010] crystallographic
direction of the substrate where the coexistence of two domains (A- and B-oriented)
is justified. The CF,Cl, molecule contacts the surface in random azimuthal
orientations either via two Cl atoms and one F atom or via one Cl and two F atoms
with nearly equal probability. The fourth C-F (or C-Cl) bond is oriented along
normal to the surface.

CF,Cl, are CI™, F~, FCI™ and CI;, where CI™ is the dominant ion fragment [46]. In
contrast to the gas phase, the total detected F~ yield for low-energy electron
excitation in the condensed phase considerably exceeds the CI™ yield (see figure 6).
Because of the low kinetic energy of CI™ ions, the majority of the CI™ ions remain
trapped on the surface as they do not have sufficient kinetic energy to overcome
the polarization barrier and desorb. In particular, Meinke [68], Hedhili ez al. [69],
and Langer et al. [105] did not detect significant CI™ yields for electron energies
<1eV. These studies differ from an earlier report by Illenberger [25], for which a
significant CI™~ signal is reported even for electron energies <1eV.

In addition to C17, F~, FCI™ and CI; fragments, the data in figures 6(i) and 6(ii)
also reveal the desorption of F5and CF™ ions from both neat CF,Cl, and Freon/
water layers. Note that the F, ion has not been reported in the gas-phase
dissociation of CF,Cl,; however, F; has been detected in studies of other gaseous
and adsorbed molecules [92, 106]. For multilayer CF,Cl,, the formation of F; from
two neighbouring molecules might be expected to have higher probability than its
formation from a single adsorbed molecule. For the formation of F, it is necessary
to break two C—F bonds and form an F, species in a configuration that is sufficiently
repulsive for desorption to occur. The detailed mechanisms for the formation and
the desorption of F;, Cl;, CF™ and CIF™ anions, however, are not understood.

5.1.3.  Effect of H>O on halide anion yields in ESD from CF>Cl, on Ru(0001)

In section 4.2 we showed data (figure 4) that illustrate the enhancement of anion
(CI7, F7) yield in ESD from CF,Cl, co-adsorbed with polar molecules (NH3 H,O,
CH;O0H) on Ru(0001), a topic that has been intensively studied during the past
several years [14, 28, 30, 31, 70]. Earlier ESDIAD measurements of anion
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enhancement [28, 30, 31] have been recently reproduced and verified using an ESD
QMS technique [70]. The anion enhancement effect is more pronounced for lower
Freon coverages, and is greater for CI™ than for F~. The role of the co-adsorbed
molecules is more intriguing: co-adsorption with polar molecules leads to greater
anion yield (in order(s) of magnitude) than with non-polar molecules; however, the
greatest enhancement is observed for ammonia, a molecule with smaller dipole
moment than, for instance, water (in the ground state at RT, u(NH3)=1.47D [107]
and u(H,O)=1.85D [108]; note: u(CF,Cl,)=0.51D ([109]). A detailed discussion
of the characteristics of giant enhancement in anion ESD yields is given elsewhere
[30, 70].

The current explanation of the anion enhancement observed during ESD of
CF,Cl, adsorbed on polar molecular ice films is based on the proposal that the DEA
to CF,Cl, may be affected by increasing the concentration and lifetime of low-energy
electrons in the co-adsorbed film, that is decreasing the rate at which the secondary
electrons tunnel back to the metal [28, 30, 31]. Upon injection of secondary electrons
from the metal sample into the polar layer, it has been proposed that some of
the low-energy electrons may become ‘trapped’ and solvated by the polar molecules
such as water. The trapped electron can then propagate through the polar molecular
ice to a CF,Cl, molecule and form a vibrationally excited intermediate state
(CF,Cl,*7) that can then dissociate, producing CI~ or F~ ions. An estimation of
the energy balance required by this process [30] indicates that fully solvated electrons
cannot be responsible for the phenomena observed [32]. Recently, it has been
proposed that ~0eV electrons are temporarily localized as precursors of the fully
solvated state in polar molecular ices [32, 35, 110]. The precursor is a transient state
whose energy is above or near the vacuum level, that is an excited state of the
solvated clectron or ‘hot pre-solvated electron.” Electrons in this state are very
mobile and may react rapidly with molecules that have a positive electron affinity
(EA); the EA of CF,Cl, is +0.4eV [111].

A consequence of the mechanism described above is an increase in the DEA
cross-section for CF,Cl, adsorbed on/in polar molecule ices (e.g. on water or
ammonia ice surfaces) as compared to the neat Freon layer. The hypothesis is
supported by the charge trapping experiments performed by Sanche and colleagues
[32, 35, 112]. A large increase in the charge trapping coefficient for 0.1 ML CF,Cl,
deposited on a thick (5ML) H,O film supported by a 10 ML Kr layer has been
observed upon irradiation of the layer by low-energy electrons (<10eV) [32]. The
increase is attributed to accumulation of solvated CI™ anions as a result of the
increased efficiency of the DEA process in the presence of H,O. This behaviour can
be compared with ESD experiments [70] in which an enhancement of anion (CI—, F)
yields is observed for CF,Cl, co-adsorbed with very thin H,O (NH3) films on metal
substrates, where the maximum yields are found at 1-2 ML H,O (NH3;); the anion
ESD signal then decreases as the film thickness increases. This observation indicates
that the proximity of the metal substrate plays a key role in the anion enhancement.
However, in both ESD and charge-trapping experiments described above, the
connection of the measured quantities to DEA cross-sections is an indirect one: the
rate of dissociation of CF,Cl, is not measured directly, but is inferred. The results of
direct measurements of electron-induced dissociation of two halocarbon molecules,
CF,Cl, and CCly, co-adsorbed with water ice are described in section 4.8 and are
considered further in section 5.3, where we show that H,O-induced enhancements in
total dissociation cross-sections are considerably smaller than ESD anion and
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charge-trapping enhancement effects. We also suggest why the charge-trapping and
ESD anion measurements may not give accurate magnitudes of cross-sections for
electron-induced dissociation (via DEA) of Freon co-adsorbed with H>O.

5.2.  Structure of halocarbon/water films

As described in section 3.3 we mimic liquid H>O by using vapour-deposited thin
films of ASW condensed onto cold (25-100K) substrates. ASW is a ‘frozen’,
metastable, supercooled liquid [78, 95] whose density and pore structure depend
on the substrate temperature and deposition angle (i.e. the angle between the vapour
beam and the substrate normal). For our usual conditions in TPD experiments, that
is deposition of H,O vapour onto a substrate held at 25 K using a gas doser capped
with a microcapillary array (normal incidence), a smooth non-porous film with
density ~1 gem™ is expected [75, 77]. Our recent studies indicate that co-deposition
of halocarbons with H,O vapour at 25 K also leads to an ASW matrix [36, 71]. ASW
undergoes a phase transition to crystalline ice at ~155K (H-O) or ~165K (D-0).
The phase change can be identified in TPD spectra of multilayer ASW, because the
vapour pressure of ASW is higher than that of crystalline ice. It is generally agreed
that ASW is a good model system for studying radiolytic processes driven by low-
energy electrons in liquid water, with the caveat that diffusion and relaxation
processes in ASW are considerably slower than in liquid water [78].

Halocarbons adsorbed on top of a metal surface (e.g. CF,Cl, and CCly on Ru)
are weakly bonded to the substrate [37]. The corresponding desorption peak
temperatures are consistent with physisorbed states [27, 91]. However, halocarbons
bind even more weakly to the surface of dense water ice films. Thus for CF,Cl,
deposited on a H,O surface, the peak desorption temperature (solid curve in figure
5(a)) shifts to a lower value vs. CF,Cl, on Ru (dashed curve in figure 5(a)),
confirming that the binding of Freon to a water ice surface is weaker than to Ru.
Similarly, a decrease in the desorption temperature from ~165 to ~135K has been
observed for CCly adsorbed on a D,O ice surface vs. Ru(0001) [91]. By contrast,
halocarbons incorporated into a water ice matrix exhibit increased thermal stability.
For example, a mixed Freon/water film (figure 5(b)) reveals desorption of CF,Cl,
both from the D,O ice surface (~110K) and from the bulk of the film (~165K).
The peak desorption temperature of Freon from the bulk is higher than the
desorption temperature of Freon from Ru (0001) (~140K; see dashed curve in
figure 5(a)). This indicates that the release of the majority of the molecules from the
water matrix is blocked by the ASW layer, which is thermally more stable than
Freon. The escape of halocarbon molecules from the film is facilitated by water
crystallization when a number of defects producing connected pathways in the ice
layer are formed.

The TPD blocking effect (i.e. inhibition of Freon desorption by a water ice
overlayer) has been observed earlier for halocarbons (CCl, [93], CDsCl1[113], CF,Cl,
[37]), N5 [114] and SFg [71] under thick water overlayers, where the release of the
trapped molecules occurs spontaneously in a very narrow temperature range (several
degrees K) corresponding to ASW crystallization. This phenomenon is known as
‘molecular volcano’ desorption [93]. In the case of a Freon/ice mixture, where
incorporated halocarbon molecules are distributed randomly within the film, a small
fraction of molecules trapped in the topmost surface layers is able to escape before
the water phase transition, as water molecules desorb. This is indicated by the
relatively broad leading edge of the desorption profile in figure 5(b) compared to the



16:25 21 January 2011

Downl oaded At:

324 C. C. Perry et al.

sharp peak due to Freon desorption from beneath the ice overlayer [37]. Variations
in the film thickness (with the concentration of the dosing mixture being conserved)
leads to a proportional change in the total area of the CF,Cl, and D,O TPD curves,
while the number of CF,Cl, molecules at the ice surface remains nearly constant
(within ~20% accuracy) [37]. This implies that during thermal annealing, segrega-
tion of CF,Cl, to the surface of the D>O ice does not occur, and that CF,Cl, is
distributed homogeneously within the film.

5.3.  Chemical reactions initiated by ionizing radiation
In this section, we use the CF,Cl,/H»O system as an illustrative example of the
reaction kinetics and mechanisms of EDPs. Chemical reactions observed in the
present study are postulated to involve low-energy secondary electrons generated
within the halocarbon/H,O (ice) film and from the metallic substrates as a result
of electron-beam/X-ray irradiation.

5.3.1.  Role of low-energy secondary electrons

In a solid, incident high-energy particles (electrons or photons) create a broad,
continuous distribution of hot electrons [115]. As an energetic electron moves
through the solid, it undergoes a series of elastic and inelastic collisions, losing its
initial energy and producing a number of low-energy secondary electrons. Even for
the case of high-energy electrons (20 keV) interacting with liquid water, Monte-Carlo
simulations indicate that about 90% of the electrons ejected by both primary
electrons and successive generations of secondary electrons have low energies, less
than 20eV [116].

Although the ultimate energy distribution of secondary electrons is expected to
be similar for incident X-rays and energetic electrons, the spatial or depth distri-
bution of secondary electrons within the film will depend on the penetration depth of
the incident high-energy particle. The penetration depth differs substantially for
high-energy photons (1253.6eV/1486.6 eV X-rays) and lower-energy electrons (a few
hundred eV). X-ray penetration depths are ~1-10 pm [42], whereas the effective
range of a 200 eV electron (i.e. distance to lose most of its initial energy) is ~2—10 nm
(greater than the inelastic mean free path) [117]. Thus, the non-thermal processes
induced by electron beams (~200¢V) affect thinner, near-surface layers of a solid or
condensed film, whereas processes initiated by more penetrating X-ray photons take
place in thicker, nearly bulk layers. Because of relative source intensities (X-ray
source vs. electron gun) in our experiments, the flux of photoelectrons is generally
less than that of incident electrons, so that processes induced by incident electrons
occur with higher rates than for X-rays.

5.3.2.  Electron-stimulated decomposition of the halocarbon parent

As we highlight in section 3, the interaction of low-energy electrons (~0eV) with
gas-phase CF,Cl, leads predominantly to C—Cl bond cleavage and production of
Cl™ and a trihalomethyl radical (CF,Cl [24, 44, 46, 47]. Indeed, the DEA process is
thought to be responsible for carbon—halogen bond cleavage in the radiolysis
of organohalides [118]. Our experimental data also indicate that DEA activated by
low-energy secondary electrons is the major mechanism of halocarbon decomposi-
tion in ice films [14, 27], based on the observation that bond-breaking in condensed
CF,Cl, is selective towards C—Cl bond cleavage. This is clearly seen from our XPS
data (figure 16), which indicate the dominance of CI~ production during the initial
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stages of irradiation. Another important observation is that both X-rays and
electrons lead to decomposition of halocarbons and produce the same chemistry.
Although X-ray radiation can dissociate molecules by creating core holes, the cross-
sections for such processes are much smaller than the typical cross-section for DEA
by low-energy electrons [46]. Thus, DEA mediated by low-energy secondary
electrons is the dominant initial bond-breaking process in all halocarbon-containing
films discussed in this review.

5.3.3.  Rates of halocarbon decomposition

Recent studies of adsorbed halocarbons (CF,Cl,, CCly) [14, 28, 30, 32, 33, 70,
112] indicate enhancements of anion ESD yield and charge trapping coefficient when
the halocarbons are co-adsorbed with water (see sections 4.2 and 5.1.3 for details).
The effects are attributed mainly to an increase in DEA cross-sections [14, 28, 32].
However, both of these experimental approaches deliver only indirect information
about DEA cross-sections. The key assumption in interpretation of the charge-
trapping data is that DEA of CF,Cl, at near 0¢V electron energies results in the
formation of trapped CI™ [32]. However, a similar effect might also be observed
experimentally if the charge is trapped mainly as a stable, undissociated molecular
anion, CF,Cl, ™, so that the DEA cross-section is not enhanced substantially. This
point requires further investigation. Similarly, the ESD anion enhancement experi-
ments [30, 33] have been interpreted in terms of an increase in DEA cross-section,
associated with trapped pre-solvated electrons at the H,O surface (see section 5.1.3).
This, also, may not be a complete explanation: the enhanced anion desorption yield
may also be influenced by several other effects [28, 30, 119] due to the presence of
the H,O co-adsorbate; for example, changes in anion neutralization rates (electron
hopping times) that increase ion lifetimes [120].

With the aim of clarifying the true magnitudes of DEA cross-sections, the focus
of a recent study [37] has been an attempt to measure directly the rate of adsorbed
halocarbon decomposition under electron irradiation. This experiment excludes
ambiguities in the determination of DEA cross-section due to additional
factors, for example image potential and neutralization processes affecting anion
yields [14, 28], or an unrecognized stable anion (e.g. CF,CL}) in charge-trapping
experiments [32].

To ascertain the effect of H,O on the kinetics of decomposition of the halocarbon
molecules, TPD data have been obtained for thin films (1.4 nm) [121], which ensures
a more uniform distribution of secondary electrons than in the case of thicker films
(>30nm) [37]. In figure 19 the normalized TPD peak areas for CF,CI* and
CCl{ (corresponding to the dominant fragmentation ions for CF,Cl, and CCl,
respectively) are plotted as a function of electron irradiation. The straight lines in
the semilogarithmic plots are proportional to the cross-section for dissociation of the
CF,Cl, and CCly molecules, assuming first-order kinetics. The increased slope for
1 ML CF,Cl, (figure 19(a)) and 1 ML CCly (figure 19(b)) adsorbed on the water ice
surface vs. Ru(0001) implies an increase in the decomposition rate for both
halocarbons. By contrast, the initial coverages of CF,Cl, and CCl4; on 5ML D,O
only weakly affect the decomposition cross-sections. These cross-sections are also in
general agreement with the values for halocarbon/water mixed layers calculated
from the attenuation of corresponding parent C 1s XPS peaks (see figure 10 in [37]).
In a recent, more detailed study [71], where fractional monolayers of CF,Cl,
were adsorbed on H,O (ice) films with variable thicknesses, we observed a steady
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increase in the Freon dissociation cross-section with increasing water layer
coverages in the range from fractional ML to several ML. By contrast, the cross-
section for neat Freon adsorbed on a Ru surface [71] was found to be independent of
the CF,Cl, film thickness in the range from fractional ML to several ML of CF,Cl,
(cf. data points for 1 ML and 4 ML of neat Freon on Ru in figure 19(a)). Thus, the
increase in cross-section of Freon observed on water ice surfaces cannot be
attributed simply to the relaxation of de-excitation processes by increasing the
spacing of a molecule from the metal surface. A quantitative estimation shows that
the cross-section for decomposition increases by a factor of ~2 (from 3.6 x 107! to
8.2 x 2107 '%cm?) for Freon and by a factor of ~4 for carbon tetrachloride (from
4x 107" to 15x 107 "°cm?) on ~5 ML water ice surfaces, as compared to a metal
substrate. Overall, the decomposition cross-section of CF,Cl, is smaller than that
of (:(:14.

While TPD data imply detectable increases in the decomposition cross-sections
for CF,Cl, and CCly in the presence of water, the magnitudes are much smaller than
in anion ESD yield experiments (e.g. ~100 x for the CF,Cl, CI™ ESD yield) (figure
4) [30, 122]. This observation is also supported by RAIRS data in figure 18
(measured for thick ~50nm Freon/water films), which exhibit no systematic
dependence of Freon decomposition rate (under X-rays) on the initial chemical
composition of the mixed CF,Cl,/H,O films (for Freon/water ratios (<0.3) [36].
Thus, the present direct measurements of total dissociation cross-sections indicate
that, in contrast to the results of refs [30, 32], the effect of H,O on the rate of CF,Cl,
decomposition is either weak (TPD data for thin films, figure 19) or absent (RAIRS
data for thick films).

As indicated above in this section, a comparison of the anion ESD yield
experiments [14, 30] and the charge-trapping experiments [32] with TPD/XPS/
RAIRS studies of figures 18 and 19 [36, 37] is not straightforward. The ESD of
Cl™ ions is a multiple-step process involving both the dissociation of the parent
CF,Cl, molecule and desorption of the CI™ ions. In order for an ion to desorb, it
must be stable for a sufficient amount of time after formation and must possess
enough translational kinetic energy to desorb from the surface. Typically, only a
very small fraction of ions formed desorbs from a surface (~1077) [45, 52, 123].
Moreover, the presence of a water layer may influence the anion desorption
lifetime, increasing the fraction of ions that survive to desorb. Note also that an
incident electron energy of ~200¢V is used in the TPD/XPS/RAIRS and also in
the ESD vyield experiments, while near 0eV electrons were used by Lu and Sanche
in charge-trapping measurements [32, 35]. In the latter experiments, however, the
authors were not able to distinguish conclusively between a trapped CI™ fragment
and stabilizedCF,Cl;. The increase in the charge trapping might, for instance,
indicate an increase of the electron attachment process and longer lifetime of
CF,ClI;, but not necessarily indicate an enhancement of CF,Cl, decomposition
rate and CI™ formation. This is an important open issue that requires further
study.

5.4. Electron-stimulated reactions of organohalides in water (ice)

The interaction of ionizing radiation (~200eV electrons or Al Ko X-rays) with
molecular CF,Cl, or CCly co-adsorbed with water at low temperatures (25-100 K)
leads to electron-stimulated decomposition of both organohalides. Damage frag-
ments and products of subsequent chemical reactions detected in the films include
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Cl™ and F anions, H;O", COF, (for CF,Cl,), COCI, (for CCly), C,Cly (for CCly)
and CO.. In this section we use CF,Cl,/H,O and CCly/H»O systems as illustrative
examples of the electron-driven chemistry that occurs within mixed component
systems CX,4 (X=Cl, F, Br, I) organohalide+water. In particular, this section focuses
on the chemistry initiated by X-ray irradiation, followed by a comparison with the
effects of electron-beam irradiation.

5.4.1.  X-ray induced reactions of CF,Cl,/H,0

As described in sections 5.3.1 and 5.3.2, the X-ray induced chemistry is caused
mainly by secondary electrons; the interaction of X-rays with CF,Cl, adsorbed on
water (ice) or in the bulk of water ice (cf. figure 9 and 16) results in the formation of
carbon-containing species COF,, CO, and a polymeric CF,ClI, film as well as
hydronium ions (H;0") and F~ and Cl~ anions. These transformations have been
identified by RAIRS (figure 9) and XPS (figure 16) measurements. Although the
radiation chemistry of halogenated hydrocarbons in the presence of water is an
extremely complicated subject, a number of studies have shown that the dominant
reaction products can typically be described by a small subset of reaction steps
[36, 38, 39]. Scheme 1 shows the principal chemical reaction pathways that we believe
are responsible for production of stable carbon-containing and charged species
during the X-ray irradiation of CF,CIl,/H,O (ice) films.

The production of CI™ anions results from the initial DEA of the parent CF,Cl,
molecule and the subsequent decomposition of the CF,CI(OH) intermediate. By
contrast, F~ production is associated largely with the decomposition of the carbonyl
difluoride (COF,) intermediate. As a result, the CI™ anion concentration during the
initial stages of the X-ray irradiation is much greater than that of the F~ anion
(figure 13). Despite the formation of ClI~ and F~ anions in the film, the total
integrated Cl 2p and F ls XPS areas remain almost constant during X-ray
irradiation. This indicates that during X-ray irradiation of CF,Cl,/H,0, both CI™
and F~ anions are efficiently solvated (trapped) in the film. The observed lack
of significant anion desorption into vacuum under these conditions is thought to be
a result of their low mobility within the ice film under low-temperature conditions.

Carbonyl difluoride (COF,) is postulated to form as a result of reactions
associated with the -CF,Cl intermediate produced in the initial DEA process and
hydroxyl radicals, the latter generated by electron-stimulated reactions of H,O [36]:

.CF,Cl + -OH — CF,CI(OH) (5a)

CF,CI(OH) + H,0 — CF,0 + H;0"+CI™ (5b)

The observation in RAIR spectra (figure 9) that COF, is the exclusive carbonyl
dihalide species indicates that during the initial stages of the reaction, C—Cl rather
than C-F bond-breaking events dominate. Thus, the formation of COF, is a direct
consequence of the C—Cl bond cleavage during the DEA of CF,Cl, and the
subsequent decomposition of the CF,CI(OH) intermediate to produce COF,. The
absence of any COFCI production associated with the reactivity of the -CF,Cl
intermediate is ascribed to the greater thermodynamic stability of COF, arising from
the greater C—F vs. C-Cl bond strength. This results in COF, being ~200kJ mol ™'
thermodynamically more stable than COFCI [124].

Figures 9 and 10 illustrate that COF, is not stable to continued X-ray irradiation
but behaves as an intermediate, being both produced and destroyed by electron-
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stimulated processes. Indeed, the production of CO; is postulated to occur as a result
of the electron-stimulated degradation of COF, (scheme 1) through a mechanism
analogous to the one responsible for COF, production from CF,Cl,:

COF,+e~ — -COF + F~ (6a)

.COF + -OH —— CO,4+H;0" +F~ (6b)

The origin of the hydronium ions (H3;O") observed in RAIRS stems from the
decomposition of the CF,CI(OH) and COF(OH) transient intermediates, during
the formation of COF, and CO, respectively (equation (5b)).

In addition to the discrete molecular fragments and ions produced, C 1s XPS
measurements in figure 14 indicate that a partially halogenated CF.Cl, film is also
produced during X-ray irradiation. The formation of a CFCl, film is postulated to
arise from carbon—carbon coupling reactions involving carbon-containing radicals
[36]. Experimentally, the formation of this partially halogenated film is evidenced by
a broadening in the C 1s region after X-ray irradiation for organohalide-rich
CF,Cl,/H»0 (figure 14(ii)) and CD,Cl,/H-O films (figure 17).

Once formed, the polymeric CF.Cl, film exhibits greater thermal stability
compared to the various molecular fragments, evidenced by the presence of residual
carbon, chlorine and fluorine after the sample has been warmed to room temperature
(well above the desorption temperature of CO,, COF, and HCI). Further annealing
of the CF,Cl, film to approximately 560 K results in thermal dissociation of the
C—Cl and C-F bonds to leave a predominantly graphitic overlayer, evidenced by the
dominance of a single peak at ~285eV in the C Is region and (figure 14(v)). Other
studies show that carbon—coupling reactions also occur in hydrocarbon films under
the influence of ionizing radiation [125, 126]. Nakayama et al. [127] investigated

CF,Cl,
+e

CF,Cl, €— *CF,Cl+CI

+ OH/H,0
COF,+ H,0"+ CI
+e
COF +F
OH/H,0 .,
+ 0 ™y
('30z +HO+F CO +HO+F
I+e
\Z
Co,

Scheme 1. Postulated dominant electron-stimulated reactions for the carbon-containing
fragments in CF,Cl,/H,O films. Solid arrows indicate pathways for both X-ray and
electron-beam irradiation while the dotted arrows indicate reactions only accessible
under high electron flux conditions. The dashed arrow represents the electron-
stimulated desorption of carbon dioxide.
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the low-energy electron-induced production of neutral species from CF,Cl, films.
Post-irradiation TPD was used to detect various C, (C,F,Cl.) type species. In
another example, Feldman et al. [125] investigated the effect of radiation-induced
degradation of heptanes using IR spectroscopy. Numerous hydrocarbon degrada-
tion products were observed by IR including methane, vinyl- and trans-vinylene-type
olefins. Similarly, Swiderek er al. [126] studied reactions of cyclopropane using
low-energy electrons (15eV), which resulted in the formation of longer chains and
various conjugated products.

5.4.2. Influence of the film’s chemical composition on product partitioning

Differences in the product partitioning as a function of the film’s initial chemical
composition can largely be correlated with the fate of the -CF,Cl intermediate
produced as a result of the initial C—CI bond cleavage. In dilute films, reactions of the
-CF,Cl intermediate with oxygen-containing species dominate, and lead to the
formation of COF, and then CO, (figure 9). Indeed, CO, is essentially the exclusive
carbon-containing species ultimately produced in dilute films where the initial
CF,Cl,: H»O(ice) ratio is low (~1:10). This is indicated by the XPS data shown
in figure 13, which shows that nearly all of the carbon initially present as CF,ClI, (C
Is peak at ~293¢V) is eventually converted into CO, (C 1s peak at 291eV); this
conclusion is corroborated by RAIRS results shown in figure 9.

By contrast, during X-ray irradiation of CF,Cl,-rich films where the CF,Cl, : H,O
ratio is high (~1:1), carbon—coupling reactions become significant, as evidenced by
the production of the partially halogenated CF.Cl, polymeric film (e.g. figure 14).
The increased probability of carbon—carbon coupling reactions decreases the amount
of COF, and CO, produced in the film (scheme 1). This is evidenced by the IR results
shown in figure 15, where the concentrations of CO, and COF, decrease (after
a fixed period of X-ray irradiation) with higher initial CF,Cl, concentrations in the
film, although the rate of CF,Cl, loss remains constant (see figure 18).

Figure 18 reveals that over the concentration range studied in the present
investigation, there is no significant difference in the rate of CF,Cl, depletion.
However, figure 16 indicates that in more H,O-rich films, after a fixed period of X-
ray irradiation, greater fractions of Cl and F are converted into CI™ and F~. Thus,
while CI™ ions are always generated during the initial DEA process, the production
of subsequent halide ions (ClI™ or F7) is correlated with the fate of the -CF,Cl
intermediate. In dilute films, the dominant reaction channels involve the production
of CI™ during COF, formation, followed by F~ during CO, production (scheme 1).
By contrast, the fate of any carbon-containing radical intermediate in more
CF,ClI; rich films is likely to involve carbon—carbon coupling reactions leading to
the production of a CF,Cl, overlayer and a lower concentration of CI~ and F™ ions.
Although this model provides a qualitatively correct interpretation of the results,
experimental data reveal that for concentrated films, the total CI™ anion yield is
<0.5 despite the predominance of CI™ formation in the initial DEA of CF,Cl,. One
possible explanation for this discrepancy may lie in the role of surrounding water
molecules in solvating CI™ and F~ anions, preventing further chemical transforma-
tions in more dilute films. In particular, a simple statistical model has been used to
describe the correlation between the degree of isolation of a Freon molecule and the
formation of a stable (i.e. long-lived) chloride anion [37].
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5.4.3. Influence of film structure and composition on electron-stimulated reactions
in the CF,ClJwater (ice) films

When background dosing conditions are used to generate the CF,Cl,/H>O (ice)
films (prevalent for the XPS and RAIRS studies), the initial film is expected to
consist of microporous amorphous ice that contains CF,Cl, at the surface as well as
trapped within the ASW matrix [73, 74, 128]. Electron-stimulated reactions between
oxygen-containing species such as hydroxyl radicals and fragments of CF,Cl,
dissociation such as -CF,Cl are most likely to occur at the interfacial regions
between domains of H,O and CF>Cl, within the amorphous ice matrix. By contrast,
carbon—carbon coupling reactions are expected to occur for CF,Cl, molecules
initially present as part of a discrete cluster within the film. From these considera-
tions it is clear that CO, and COF, production will be favoured in dilute films where,
on average, CF,Cl, molecules are surrounded by a large number of adsorbed H,O
molecules. By contrast, the carbon—carbon coupling process will predominate in
more concentrated films where extensive CF,Cl, clustering within the amorphous
film is anticipated.

5.4.4. X-ray stimulated reactions of CCl,/H>0

XPS and RAIRS experiments on reactions within CCly/H,O (ice) films during
X-ray irradiation have revealed the formation of CO,, COCl,, C,Cly, H;0" and CI~
anions that are solvated in the film at ~100K [38, 39]. In general, the proposed
reactions of CCly are analogous to those of CF,Cl, (both are CX,4 organohalides):
low-energy secondary electrons cause decomposition via DEA to produce a
trihalomethyl ((CX3) intermediate. Scheme 2 summarizes the main subset of
reactions that are thought to be responsible for the observed carbon-containing
products observed during X-ray irradiation of CCl4/H,O(ice) films.

Additional support for the idea that DEA is the dominant initial step is provided
by calculated rates for carbon tetrachloride decomposition in air plasmas, which
indicate that the DEA process is favoured by several orders of magnitude over any
other potential reactions such as hydroxyl ((OH) radical addition [129]. Reactions
between the trichloromethyl (-CCl;) radical generated as a result of the initial DEA
process and hydroxyl radicals are postulated to be responsible for the production of
phosgene, whose subsequent electron-stimulated decomposition produces CO,,
analogous to the reactions of CF,Cl,. Thus, in dilute CCly/H,O films (CCly/H,O
ratio <0.1) CO, is the dominant carbon-containing fragment while carbon—carbon
coupling processes become more important for more CCl; rich films. Although
reactions of CF,Cl, and CCly are generally comparable, there are some differences.
In contrast to CF,Cl,/water films, where there is no evidence of difluorocarbene as
a discrete molecular fragment, C,Cly was routinely observed in CCly rich films due
to carbon—carbon coupling reactions associated with the dichlorocarbene (:CCl,)
intermediate (see figures 8 and 12).

5.4.5. Influence of the irradiation source: X-ray vs. electron-beam irradiation

An important observation is that reaction products observed by RAIRS, XPS
and TPD measurements on CF,Cl,/H,O and CCly/H,O films are largely indepen-
dent of the radiation source (~200eV electrons vs. X-ray photons). This is perhaps
most clearly indicated by TPD results shown in figure 8 of electron beam-induced
products observed for CCly and CF>Cl, adsorbed on water and the analogous X-ray
and electron-beam IR data shown in figures 9, 10 and 12. For example, TPD
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Scheme 2. Postulated dominant electron-stimulated reactions for the carbon-containing
fragments in CCly/H,O films. Solid arrows indicate pathways for both X-ray and
electron-beam irradiation while the dotted arrows indicate reactions only accessible
under high electron flux conditions. The dashed arrows represent the electron-
stimulated desorption of carbon dioxide.

shows an increase in 47amu (COF,) and 63 amu (COCl,) signals after electron-
beam irradiation of CF,Cl,/H,O or CCly/H,O films, respectively, consistent with
RAIRS assignments of intermediate COX, species in these two systems. Similarly,
RAIRS and TPD measurements both demonstrate the production of C,Cl, during
electron-beam or X-ray irradiation of CF,Cl,/H,O films and the absence of C,F,
production during reactions involving CF,Cl,/H,O films [37]. Furthermore, a
comparison of X-ray and electron-beam irradiated CF,Cl,/H,O films measured by
XPS (figures 13 and 16) illustrates that both sources lead to the formation of ClI™ and
F~ anions. The similarity between the reaction products observed in these studies
serves to further highlight the crucial role that low-energy secondary electrons play
in the decomposition of organohalides in these ice films. See also the discussion in
sections 5.3.1 and 5.3.2.

Although there are numerous qualitative similarities between the reaction
dynamics initiated by X-ray and electron-beam irradiation, there are additional
effects observed when higher fluences and electron-beam energies are used. For
example, under electron beam conditions when the total electron fluence is higher
(~10 x), the RAIR intensity plot in figure 10(b) indicates that there is electron-
stimulated desorption of CO,, in contrast to X-ray irradiation where CO, remains
stable within the film. The desorption of species under these conditions is also
supported by XPS results indicating an increase in the Au 4f signal and a
corresponding decrease in the C 1s, O Is and halide (F 1s and CI 2p) signals under
these conditions. Experimental observations indicate that electron-beam irradiation
is also accompanied by ESD of charged (O™, OH, H™) and neutral (CO/CO,, HCI,
0., H,) gas-phase species from the film, as illustrated in figures 6 and 7. The carbon-
containing species produced during the electron-beam irradiation of organohalide:-
H,O(ice) films include CO and CO,. Carbon monoxide, which is not produced
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during X-ray irradiation, is postulated to arise from the electron-stimulated
decomposition of the COX intermediate:

COXy4e™ — -COX + X~ (7a)

.COX +e — CO+ X~ (7b)

Another possible route for CO production includes the H-atom mediated decom-
position of the -COX intermediate [38]. Figure 7 shows that the CO,/CO ratio
observed in the gas phase increases in dilute films. This is consistent with the
proposed routes for CO and CO, production (schemes 1 and 2) because both involve
sequential reactions involving a carbon and oxygen-containing species. As a result,
the decomposition of COX, to CO, represents a more important pathway in dilute
films where the relative H,O concentration in the film is greatest. By contrast, CO
is the dominant carbon-containing gas-phase species observed in organohalide-rich
films.

The electron-stimulated decomposition of water also results in desorption of
molecular hydrogen and oxygen (figure 7), although the production of these two
molecular species is suppressed in CF,Cl; or CCIj rich films. Although the exact
mechanism for hydrogen and oxygen production during electron-stimulated reac-
tions in water (ice) films is unclear, Orlando and co-workers have proposed that
molecular oxygen is produced through an HO, or H>O, precursor that dissociates
upon further electronic excitation, rather than by O atom recombination [83, 84]. A
possible explanation for the concentration dependence in the oxygen yield (figure 7)
is the greater difficulty in initiating bimolecular reactions involving hydrogen and
oxygen-containing species in more concentrated films containing large concentra-
tions of organohalides, given the limited diffusion length of radicals anticipated
in these ice films. Another possible explanation for the suppression of oxygen
production in films containing a significant concentration of organohalide could
lie in the presence of the highly efficient reaction between the trihalomethyl radical
and molecular oxygen to produce phosgene [130]:

.CCls + 0, - CCLLOO-  (k=33x10°M's7!) (8a)
2CCL100- — O, + 2CClL;0- (8b)
2CCL;0- — COCl, 4 Cl- (8¢c)

The absence of oxygen production during X-ray irradiation is probably a
consequence of the fact that very few secondary electrons are expected to be
produced with energies near the ~10eV ionization threshold necessary to produce
O, from H,O (ice) films [83, 84]. By contrast, a greater fraction of higher energy
secondary electrons are anticipated during electron-beam irradiation with a primary
(~200¢eV) electron beam.

In summary, similar products are observed in the decomposition of organo-
halides in water (ice) films independent of the source of excitation (either X-rays or
an electron beam); however, during electron-beam irradiation ESD of both charged
and neutral fragments is observed, which is associated with erosion of the film.
In addition, at higher electron-beam energies and fluxes new reaction products,
including molecular O, and CO, are also observed.
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5.5. Influence of the chemical composition of the organohalide on the reaction
products observed during electron-stimulated decomposition in water (ice) films
In this section, we discuss the chemical transformations that occur under the
influence of ionizing radiation for the halocarbons CDCl;, CD,Cl, and CHjl
co-adsorbed with water on gold surfaces at ~100 K. For CDCIl3/H,O films, figure
11 illustrates that the molecular products observed using RAIRS under electron-
beam irradiation are COCl,, hydronium ions and CO,. XPS results (not shown) also
confirm the production of chloride anions. Based on radiolysis studies of CHCl,
decomposition in aqueous solutions [131], the initial step in the decomposition of
CDCl; is believed to be DEA, analogous to the reactions of CF,Cl, and CCly.

CDCls+¢~ — CI” +-CDClL, (k=3 x 10""M~1s7h) (9a)

CDCl; 4+ -OH — -CCl; + HDO (k=2 x 10’M~'s™}) (9b)

Indeed, our evidence indicates that DEA is the initial step in the decomposition of all
of the organohalides studied in the present investigation. In the case of CDCl;, DEA
leads to the production of -CDCl,. The decomposition of this intermediate via
reactions with -OH radicals analogous to the reaction pathways outlined for CF,Cl,
and CCly would be expected to produce DCOCI, but there is no evidence of this
species by RAIRS. Instead we observe the production of COCI,, indicating that
there is an efficient route for phosgene production from -CDClI;. This fact reflects the
importance of COCl, as a thermodynamic sink in the decomposition of polychlori-
nated organohalides, although the mechanistic route for COCl, production in this
system remains unclear. Once formed, COCIl, undergoes electron-stimulated decom-
position to yield CO». In addition, the difference spectra shown in figure 11 indicate
that the loss of -OH signal intensity is accompanied by the production of hydronium
ions as well as the appearance of a new band at 1296 cm™", which can be correlated
with the presence of O-D bonds in partially deuterated hydronium species such as
H,DO™.

Figure 12 affords a comparison among the different reaction products observed
for the various halocarbons studied in this investigation (CF,Cl,, CCly, CDCls;,
CD-Cl,, CDCIl; and CH3l) as a result of electron-beam irradiation. All halocarbons
produce CO, as a final product, while the CX, (CF,Cl,, CCly) and CHX; (CDCls)
species also produce carbonyl dihalide (COX,) intermediates. In contrast to CF,Cl,,
CCly and CDCls, electron-stimulated decomposition of CD,Cl, does not produce a
carbonyl dihalide as an intermediate (figure 12). Although specific identification of
carbon-containing intermediates produced in the electron-stimulated decomposition
of CD,Cl, cannot be made unambiguously, CO, is observed to be the final stable
carbon-containing product within the film. The formation of CO, from CD,Cl, is
thought to result from a combination of DEA processes (associated predominantly
with C—Cl bond cleavage) and reactions with oxygen-containing species (principally
OH radicals) leading to the loss of C—H bonds.

In CHj;l/water (ice) films, evidence of methane is detected in RAIR spectra
(figure 12(b), spectrum (vi)) as a product species, presumably as a result of reactions
between the -CHj; radical generated in the initial DEA process and surrounding H,O
or CH;I molecules.

‘CH3l +e¢~ — -CH; + 1™ (10a)

-CH3; + H,O — CHy4 + -OH (10b)
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In contrast to the other organohalides (CF,Cl,, CCl;, CDCl; and CD,Cl,),
electron-stimulated reactions of CH;I does not produce any hydronium ions (figure
12). This difference is ascribed to the lack of a C—X bond in the methyl radical
generated in the DEA to CHil. This is believed to preclude the formation of
hydronium ions during the reaction of this methyl radical with oxygen-containing
species, notably hydroxyl radicals. By contrast, the presence of a C—X bond in the
carbon-containing intermediate generated during the initial DEA is correlated with
a reaction pathway that leads to the formation of hydroxonium ions. For example,
in the case of CCly:

.CCl; + -OH 29 coCl, + H;0% + CI (11)

For CH;l, electron-stimulated reactions also lead to the production of CO,,
illustrating the importance of both C—H and C—X bond cleavage events.
In summary, the reaction pathways of CDCl;, CD,Cl, and CHsI indicate:

1. The complexity of decomposition pathways for organohalides. The initial step
in the reactivity of each organohalide is thought to be dominated by DEA
leading to the production of a halide anion and a carbon-containing radical.
Thus, for CF,Cl, and CCly, the proposed pathways (schemes 1 and 2) are best
regarded as a subset of the overall reaction schemes, which incorporate the
dominant decomposition pathways for these molecules;

2. The importance of thermodynamic sinks for carbon-containing species in the
decomposition pathway, notably COCl, and CO,;

3. The importance of reactivity associated with the carbon-containing radical
produced in the initial DEA process in determining the overall reaction
products. For example, it is the lack of a C—X bond in the -CHj intermediate
that appears to be responsible for the absence of proton production in the
electron-stimulated decomposition of CH;l.

6. Conclusions

This review has surveyed the electron-driven chemistry of condensed halogenated
compounds adsorbed on metal substrates and co-adsorbed with water on metal
surfaces, with emphasis on results from the authors’ laboratories. Specifically, we
focus on the effect of a solvent, H,O, on the electron-driven chemistry of condensed
halogenated compounds. We have demonstrated, using halomethanes (CF,Cl,,
CCly, CH;l, CDCl;, CD,Cl,) and SFg as illustrative examples, that medium-energy
electrons (~100eV) and high-energy photons both induce a broad energy distri-
bution of secondary electrons, which induce the same chemistry in irradiated
halocarbon/water films. Indeed, these low-energy secondary electrons (<20eV)
are mainly responsible for the rich electron-driven chemistry, which includes
molecular decomposition, desorption of negative ions, radical formation and
condensed-phase reactions.

We have shown that complex measurements that include different surface science
techniques (RAIRS, XPS, TPD, ESD, ESDIAD) can provide a comprehensive
description of the surface electron-driven processes. In particular, the ability to make
direct measurements of the parent concentration using vibrational spectroscopy
(RAIRS) and temperature-programmed desorption methods complements indirect
gas-phase measurements of the ESD negative/positive ion yields. We have addressed
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some of the concerns raised in a recent report on the state of current understanding
of electron-driven processes in water [4, 5]. In brief, our findings can be summarized
as follows:

1. Surface analysis tools have been used to probe the structure and dynamics of
adsorbate layers on surfaces. With measurements of ESD ion angular
distributions (ESDIAD) we are able to determine the geometry of adsorbed
SF¢ and CF,Cl, on Ru(0001). TPD has been also used to probe the properties
of neat halomethane films (<10 ML) and halomethanes co-adsorbed with
water. The observations emphasize the need for more extensive application of
surface analysis tools to probe the structure and dynamics on the surface.

2. We conclude that the decomposition of condensed organohalides induced by
low-energy secondary electrons occurs most effectively via a dissociative
electron attachment (DEA) mechanism. In a water ice matrix, electron-driven
processes result in the formation of stable, solvated anions (F~, Cl7) and
carbon dioxide (CO,). Subsequent chemical reactions involving dissociation
fragments lead to the production of new carbon-containing species such as
carbonyl dihalides COX, (X =halogen) and CO,. We have presented mol-
ecular level interpretations of the electron-stimulated reactions of the CF,Cl,/
water (ice) and CCly/water (ice) multicomponent systems. For instance, for
CF,Cl,/H,O0 films we have shown that the product partitioning is dependent
on the film’s initial composition. In water-rich films CO, and COF, produc-
tion is favoured, while in CF,Cly-rich films a thermally stable, partially
halogenated polymeric CF,Cl, film is detected by XPS. The possible non-
thermal reaction pathways for several halomethanes co-adsorbed with water
have been discussed and compared.

3. The results of direct measurements (using TPD) of total dissociation cross-
sections for CF,Cl, and CCl, adsorbed alone and co-adsorbed with water
on a metal surface are compared with recent ESD and charge-trapping
experiments that provided indirect measurements of DEA cross-sections.
In particular, we have shown that the cross-sections for the electron-induced
decomposition of CF,Cl, and CCl, are similar on the metal surface and
increase by factors of 2 to 4 for both molecules in a water (ice) environment.
However, the increase is considerably smaller than inferred from previous
indirect measurements and possible reasons for the differences are discussed.
The highest measured decomposition cross-sections for ~200eV incident
electrons have been observed for fractional monolayer halocarbon coverage
on a water ice surface and for very dilute halocarbon/water mixtures:
(1.04£0.2) x 107" cm? for CF,Cl, and (2.540.2) x 10~">cm? for CCl,.

6.1.  Future directions

Although this review specifically deals with halogenated compounds, general
research into the area electron-stimulated reactions of condensed multicomponent
systems is required in the coming years. One of the main challenges is to resolve the
reasons behind the discrepancies in the cross-sections obtained from indirect
measurements (charge trapping and ESD experiments) and from direct studies
(TPD, XPS, IR). In particular, more work needs to be done on the effect of the
solvent in determining the magnitude of the cross-section in halogenated com-
pounds. The effects of spacer thickness, solvent polarity (polar vs. non-polar),



16:25 21 January 2011

Downl oaded At:

336 C. C. Perry et al.

substrate composition and molecular structure (CF,Cl, vs. other CFCs) on the
magnitude of the cross-section for dissociation of halogenated species also warrant
further investigation.

With the increased levels of sophistication in experimental and computational
methods, it is now possible to study systematically mixed component systems. This is
particularly important in biological systems where macromolecules in cells are
localized in an aqueous environment. Thus, with current theoretical and experi-
mental tools, we can begin to ask questions that transcend the traditional physical
science boundaries into biology. For example, Sanche and co-workers have used
DFT [132] and scattering theory [133] to model radiation-induced DNA damage.
However, further advances in theory are required to account for the role of the
solvent (e.g. molecular interactions) and the ensemble of charged and neutral species.

With the increasing interest in confronting biologically relevant problems,
surface science methods are among the most powerful tools available to researchers
in elucidating the molecular level mechanisms in electron-stimulated reactions.
Specifically, there is the need to ask the right questions and use the correct model
molecules:

1. What is the mechanism for electron-stimulated bond rupture and where is the
excitation localized in complex molecules (e.g. proteins) with multiple reactive
centres? How does the presence of a solvent influence the dissociation process
and the product species?

2. What are the decomposition fragments? Are there common reaction pathways
and mechanisms for a given class of compounds that can offer predictive
insights for other molecules? Can we also make predictions based upon
theory?

New developments in instrumentation, such as scanning probe energy loss
spectroscopy [134], open the possibility to make use of the advantages of scanning
probe and vibrational spectroscopies for localized electron-driven chemistry. The
scanning probe enables the reaction that is initiated by electron-tunnelling between
the tip and the sample to be ‘imaged’ in a localized way, as the tunnelling electrons
are collected and analysed. In principle, the information from the electron energy loss
measurement can provide qualitative and quantitative information on vibrational
and electronic resonances and cross-sections. Ideal candidates for this approach
could range from bilayer lipid molecules to enzymes, where electron-stimulated
reactions can be made site-specific.
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