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Abstract

Low-energy electron interaction with neutral molecules plays an important
role in as different fields as plasma processing, atmospheric chemistry and
radiation damage to biologically relevant molecules. At low electron energy
(below 15 eV), electron-molecule interaction is characterized by the forma-
tion of a temporary negative ion (TNI). In this process, the TNI is generally
formed in an excited state and is thus bound to relax either through ree-
mission of the electron or through dissociation of chemical bond, i.e., dis-
sociative electron attachment (DEA). While electron capture, and hence the
formation of the TNI, is most efficient at energies close to 0 eV, simple DEA
processes, where a single bond is ruptured, can only proceed at such low
energies if the electron affinity of the charge carrying fragment exceeds the
dissociation energy of the ruptured bond. Nonetheless, more complex DEA
reactions, involving multiple bond ruptures, are often observed with high
efficiency close to 0 eV. In these cases, the reaction threshold must be low-
ered by the formation of new chemical bonds, concomitant to the dissoci-
ation. Hence, these DEA reactions are promoted through bond formation
along the reaction path. Detailed understanding of the dynamics involved in
these processes is an essential step towards a comprehensive description of
electron-molecule interactions. This has become feasible in recent years due
to the enormous advantages in computational chemistry and the potential
of applying such computations in aiding the interpretation of experimental
data, even for comparatively complicated systems.

In this Ph.D. project the dynamics of DEA processes involving multiple bond
ruptures, bond formation and rearrangement are addressed through cal-
culations and experiment. A detailed experimental and theoretical study
has been conducted for a variety of systems. More specifically, the three
pentafluorobenzene congeners; pentafluorotoluene (PFT), pentafluoroaniline
(PFA) and pentafluorophenol, the two tetrafluorobenzene diols; tetrafluoro-
o-hydroquinone (o-THFQ) and tetrafluoro-p-hydroquinone (p-THFQ), tetra-
fluorinated p-benzoquinone and finally the three beta-diketones; hexafluo-
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roacetylacetone (HFAAc), trifluoroacetylacetone (TFAAc) and acetylacetone
(AAc). The major fragmentation channels that are observed for these sys-
tems experimentally, are explained through calculations of the thermochem-
ical threshold and the minimum reaction path leading to the observed frag-
ments.
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Útdráttur

Víxlverkun lágorkurafeinda og sameinda gegnir veigamiklu hlutverki á ýms-
um sviðum, en þar má til að mynda nefna efnafræði andrúmsloftsins, í raf-
gösum og í niðurbroti á lífvirkum sameindum eftir háorkugeislun. Við lága
orku (<15 eV) er hægt að lýsa þessari víxlverkun með tveimur megin skref-
um. Fyrra skrefið felur í sér myndun á neikvæðri jón, yfirleitt í örvuðu
ástandi. Þessi neikvæða jón er óstöðug og því er seinna skrefið slökun á
kerfinu. Þessi slökun felur annaðhvort í sér að rafeindin losnar, sem leiðir
aftur til sameindar og frjálsrar rafeindar, eða að efnatengi rofna í gegnum
ferli sem kallað er rjúfandi rafeinda álagning (e; dissociative electron attach-
ment; DEA). Almennt eru þversniðin fyrir myndum neikvæðra jóna með
rafeindaálagningu hæst þegar orka rafeindarinnar er nálægt 0 eV. Við þetta
lága orku getur tengjarof hinsvegar eingöngu átt sér stað ef rafeindasækni
forvera hlaðna sameindabrotsins er meiri en tengjaorka tengisins sem var
rofið. Engu að síður eru flókin DEA hvörf, þar sem mörg tengi eru rofin,
oft ráðandi við rafeindaálagningu nálægt 0 eV. Þetta er einungis mögulegt
ef hvarfgangur slíkra efnahvarfa felur í sér tengjamyndun, sem veitir orku
til hvarfsins, samhliða tengjarofi. Slík DEA hvörf eru því drifin af myndun
nýrra efnatengja í gegnum niðurbrotsferlinn.

Meginmarkmið þessa doktorsverkefnis er að útskýra niðurbrotsferla sam-
einda eftir víxlverkun þeirra við lágorkurafeindir þar sem tengjarof, tengja-
myndanir og umröðun er nauðsynleg. Þetta var gert með kerfisbundum
rannsóknum á nokkrum sameindum, nánar tiltekið á einsetnu pentaflúoró-
bensen afleiðunum; pentaflúorotólueni (PFT), pentaflúoróanilíni (PFA) og
pentaflúorófenóli (PFP), á tvísetnu tetraflúoróbensen afleiðunum; tetraflúoró-
p-hýdrókínóni (p-TFHQ) og tetraflúoró-o-hýdrókínóni (o-TFHQ), á perflúoró
p-bensókínóni (TFQ) og að lokum á þremur beta-díketónum; hexaflúoróa-
setýlasetoni (HFAAc), tríflúoróasetýlasetoni (TFAAc) og asetýlasetoni (AAc).
Aðal niðurbrotsferlar þessara kerfa, sem sjást í gegnum tilraunirnar, eru út-
skýrðir með tölvureikningum þar sem efnahvörfin eru réttlætt útfrá varma-
fræði og hvarfgangar niðurbrotsferlanna eru reiknaðir.
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1 Introduction

The interaction of free electrons with neutral molecules is now an integral
part of scientific research, industry, and everyday life [1–10]. High-energy
(0.2-40 keV) electron-beams are for example used in the etching of surfaces,
electron microscopy and metal deposition [7, 8]. Electron-molecule inter-
actions are also imperative in plasma science and processing [4]. Further-
more, electron-bombardment ionization and fragmentation (at ∼70 eV inci-
dent electron energy) has been used throughout the decades in combination
with mass spectrometry, for analytical purposes. At low electron energy (0-
20 eV), below the target’s ionization limit, the interaction of electrons with
molecules is governed by the formation of temporary negative ions (TNIs)
[1, 2, 6, 10, 11]. These TNIs are generally unstable with respect to the sepa-
rated molecule and free electron and can decay by reemitting the extra elec-
tron, i.e. through autodetachment (AD) (see chapter 2). Depending on both
the incident electron energy, and the molecule in question, the TNI can also
relax through dissociation, leading to the formation of a negatively charged
fragment and a neutral counterpart:

MX + e− −−→ MX−∗ −−→ M + X−. (1.1)

Fragmentation processes through dissociative electron attachment (DEA),
are operative at energies as low as close to 0 eV, and often exhibit high cross-
section at low electron energy [1, 2, 11]. It is well established that DEA plays
an important role in atmospheric chemistry [9] and plasma processing [4].
The role of DEA has also been considered in processes as different as ra-
diation damage to biologically relevant molecules (RADAM) [3, 5, 6], and
recently in focused electron-beam induced deposition (FEBID) [12–16].
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1. Introduction

Traditionally, DEA studies have focused on single bond ruptures, the eluci-
dation of the resonances involved and the complicated processes resulting
from DEA. Thus, relatively simple molecules such as H2 and CF4 have been
a topic of research for decades (see for example [17–19]).

In DEA reactions where a single bond is ruptured, the energy of the incom-
ing electron must compensate for the difference between the energy that is
required to break the chemical bond, and the energy that is gained from the
electron affinity of the charge carrying fragment. At close to 0 eV, where
the electron capture cross section is usually high, the electron affinity of the
charge carrying fragment must exceed the dissociation energy of the rup-
tured bond. DEA reactions involving single bond rupture are therefore lim-
ited to cases where the electron affinity of the charge carrying fragment is
high, such as Cl, Br and CN [6, 20].

Recently, complex chemical reactions observed at low energy in DEA have
received increased attention. In these cases, the fragmentation cannot be
explained by the rupture of a single chemical bond, and is associated with
new bond formation. After electron attachment, the energy brought by the
electron and the energy corresponding to the molecules EA, can be redis-
tributed within the system as kinetic energy of the nuclei, i.e., as vibrational
or rotational excitation. In cases where the lifetime of the resonance is long
with respect to autodetachment, the TNI has time to explore the full extent
of the potential energy surface, relaxing through all energetically possible
channels. These can include single bond ruptures, or complicated rearrange-
ment reactions promoted through the formation of new chemical bonds. In
this context, the formation of highly stable neutral molecules in DEA, effi-
ciently promotes reaction channels, otherwise inaccessible with respect to
the thermodynamics. A good example is the formation of CN–, observed in
low-energy electron attachment to amino acids [21–24], nucleobases [25–27],
amides [28] and in hexafluoroacetone azine ((CF3)2C−−N−N−−C(CF3)2) [29].
In many of the above cases, the formation of the pseudo halogen CN–, is ob-
served with considerable intensity through low-energy resonances. This is
the case for hexafluoroacetone azine where the intrinsic selectivity and com-
plex nature of DEA is clearly demonstrated. There, the formation of CN– is
most likely promoted by the formation of hexafluoroethane (C2F6), and is the
only channel operative close to 1.5 eV incident electron energy. Further in-
triguing examples are found in DEA reactions involving the formation of [M
− HF]−, where the fragmentation process can only be rationalized through
the formation of neutral HF. There, in addition to the EA of the charge car-
rying fragment, the HF bond energy (∼5.9 eV [30]) is gained; the formation
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1. Introduction

of neutral HF promotes otherwise inaccessible reaction channels. This pro-
cess has been observed in DEA to trifluoroacetic acid [31], trifluoroacetone
[32], trifluoropropyne [33] and pentafluorophenylacetonitrile [34]. Further-
more, the process has been observed in clusters of trifluoroacetic acid [31]
and trifluoroacetone [35]. In many cases the formation of HF is associated
with further reaction channels resulting in more extensive fragmentation of
the molecules.

Motivated by the studies mentioned above and the eventual possibility to
use DEA channels such as the HF formation to induce dissociation in mole-
cules, we have set out to study in detail the prerequisites for these processes
as well as the dynamics involved in these reactions. In this context we
conducted a systematic, case-study of the substituted fluorobenzene con-
geners; pentafluorotoluene (PFT), pentafluoroaniline (PFA) and pentafluo-
rophenol (PFP). In the three molecules, HF formation is a plausible reaction
from a steric point of view. These molecules differ, however, with respect
to the polarization of the substituents’ X−H bond(s). In PFA and PFP, sta-
bilization through intramolecular hydrogen bonds is available due to the
polarization of the N−H and O−H bonds, while in PFT, no such stabiliza-
tion is offered. These systems are thus excellent candidates in studying the
role of intramolecular forces involved in the reaction dynamics. To sup-
port our experimental observations, and to elucidate the fragmentation pro-
cesses we conducted a series of quantum chemical calculations. We i) calcu-
lated the thermochemical threshold for the dominating fragmentation chan-
nels, ii) conducted classical dynamics simulations for anions of PFT, PFA
and PFP and iii) calculated the minimum energy path for the formation
and loss of HF from PFP. Proceeding from mono-substituted fluorobenzenes,
we conducted an experimental and theoretical DEA study on tetrafluoro-
para-hydroquinone (p-TFHQ) and tetrafluoro-ortho-hydroquinone (o-TFHQ).
These compounds, especially in comparison to PFP, offer further insight into
the role of hydrogen bonding in the formation of HF.

As evident from the above discussion on CN– formation in DEA, these com-
plex chemical reactions are not limited to the formation of HF. In fact, many
other stable neutral molecules and anionic fragments promote reaction chan-
nels in DEA. In this context, we conducted a detailed experimental and the-
oretical study on DEA to tetrafluoro-para-benzoquinone (TFQ). Quinones
are known for their extraordinary electron transfer properties, and many
quinones are known to form stable molecular anions well above 0 eV. In DEA
to TFQ we observe comprehensive fragmentation and rearrangement at low
incident electron energy, promoted by the formation of F2CO. The most com-
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1. Introduction

prehensive fragmentation channel we observe from TFQ is the formation of
C–

4 close to 3 eV. There a single low-energy electron leads to a complicated
chemical reaction involving the formation of two F2CO molecules and a lin-
ear, anionic carbon chain.

Proceeding to different systems, and also motivated by the possible use of β-
diketones as ligands in FEBID precursor molecules, we conducted a detailed
experimental and theoretical study on DEA to the three β-diketones; hex-
afluoroacetylacetone (HFAAc), trifluoroacetylacetone (TFAAc) and acetylace-
tone (AAc). In DEA to TFAAc and HFAAc, we observe complex chemical
reactions, promoted by the formation of HF at low electron energy. Also,
this systematic study of the three β-diketone congeners allows for explicit
assignment of the relevant resonances.

In chapter 2, I discuss in detail the formation and decay of negative ion reso-
nances with respect to the relevant relaxation channels. I also discuss the
different types of resonances and the thermochemistry involved in DEA.
In chapter 3 I discuss the experimental setup, describing in detail the in-
struments used for the DEA measurements. I further describe the relevant
computational methods used for calculations of thermochemical thresholds,
classical dynamics simulations and reaction path calculations. In chapter 4,
I give an overview of the experimental results for each of the above study.
In chapter 4.1 I discuss electron attachment studies conducted on the substi-
tuted benzene derivatives PFT, PFA and PFP, and compare the experimental
observations to the classical dynamics simulations. In chapter 4.2 I discuss
selected reaction channels observed in DEA to the tetrafluorohydroquinones
p-TFHQ and o-TFHQ. In chapter 4.3 I give an overview of electron attach-
ment studies on TFQ, discussing separately the formation of the molecular
anion and the observed DEA reactions. Finally in chapter 4.4 I discuss elec-
tron attachment to the three β-diketones, HFAAc, TFAAc and AAc, focusing
on the formation of HF and assignment of the observed resonances. A gen-
eral summary and outlook from the results presented in chapter 4 is given in
chapter 5. A more detailed discussion of each study, can be found in relevant
papers which accompany this thesis.
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2 Theoretical overview

2.1 Negative ion formation and decay

The interaction of low-energy (≤20 eV) electrons and neutral molecules in
the gas phase, is governed by the formation of temporary negative ions
(TNIs), also called resonances. The energy of these systems lies in the contin-
uum with respect to the molecule and a free electron, and the TNI therefore
represents a non-stationary state bound to relax. Due to the complex nature
of electron-molecule interaction at low energy, the attachment process is of-
ten explained in terms of quasi-diatomic molecules. Figure 2.1 is an example
of such a model, showing a Born-Oppenheimer potential energy diagram for
the ground state of an arbitrary molecule MX, the ground state of the corre-
sponding molecular anion MX– and, a non-bonding potential for a repulsive
TNI state MX– *. Within the quasi-diatomic model, at electron energies above
0 eV, the electron attachment process can be considered a vertical transition
from the neutral ground electronic state to a respective anionic state, over
a narrow energy range in the Franck-Condon region. The transition proba-
bility (Ptrans) for this process is proportional to the Franck-Condon factors,
given by the square of the overlap integral of the vibrational wavefunctions
for the neutral ground state (〈ψ0|) and the respective state of the TNI (|φ∗〉):

Ptrans ∝
∣∣〈ψ0|φ∗〉

∣∣2 . (2.1)

The transition probability for a given electron attachment process, thus varies
between vibrational states and with the internuclear distance of the neutral.
This may give rise to vibrational structure in the electron attachment cross
section (not shown in figure 2.1). In figure 2.1, however, the energy depen-
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Figure 2.1: A schematic representation of the electron attachment process, through
Born-Oppenheimer potential energy diagrams. See text for details.

dance of the attachment cross section, is approximated graphically through
the reflection-principle [1]. In this procedure 〈ψ0| is reflected into the repulsive
curve of the TNI state (|φ∗〉), and it is assumed that |φ∗〉 is centered at a single
value of r. The resulting electron attachment cross-section (σEA) is shown to
the right in figure 2.1.

In response to the repulsive potential, the nuclei start to drift apart, and de-
pending on the lifetime of the resonance (τ ), the incident electron energy
and other factors, the resonance will in general relax through three compet-
ing channels:

MX + e−(ε0) −−→ MX−∗
AD−−→ MX + e−(ε1 ≤ ε0) (2.2)

NDEA−−−−→ MX−# (2.3)
DEA−−−→ M + X− (2.4)
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2.1. Negative ion formation and decay

2.1.1 Autodetachment

In reaction scheme (2.2) the TNI decays into the neutral ground state by
reemitting the captured electron. This process is termed autodetachment (AD).
The width of the resonance (Γ) is finite, and this decay is therefore observed
with a characteristic lifetime, given by Heisenberg’s uncertainty principle:

τAD =
~

Γ(r)
. (2.5)

Proceeding along the repulsive potential (MX−∗) shown in figure 2.1, the
TNI can relax by transferring energy from the electronic degrees of freedom
into kinetic energy of the nuclei. Relaxation through AD can thus result in
quanta of the electron’s initial kinetic energy (ε0) to be left in the system in
the form of vibrational excitation (VE) of the neutral molecule. This is shown
schematically in figure 2.1, by vertical arrows leading from the repulsive po-
tential (MX−∗) to various vibrational levels of the neutral molecule.

In electron transmission spectroscopy (ETS), a monochromatic electron beam
of variable energy, is passed through a reaction region containing the de-
sired sample gas. The electron-beam current is measured as a function of the
incident electron energy after passing through the sample (see for example
[36]). The capture of an electron in ETS is observed as dips in the electron-
beam current, which reflects well the electron attachment cross-section of
the sample. The electron attachment cross section (σEA) shown in figure 2.1
thus indicates the full width of the resonance as observed in ETS. The rela-
tionship between Γ and τAD given in equation (2.5), shows that short-lived
resonances appear as broad peaks in the electron attachment cross section
whereas long-lived resonances appear as sharp, narrow peaks.

2.1.2 Non-dissociative electron attachment

Non-dissociative electron attachment (NDEA) can be observed when the
electron affinity (EA) of the neutral molecule is positive, and the potential
energy curve of the negative ion crosses the neutral potential energy curve
close to the equilibrium bond length. For the hypothetical case in figure 2.1,
the system supports the formation of a resonance (MX−∗) close to 0 eV. In this
case, the molecular anion is formed in a vibrationally excited state (v′ = 4),
and will decay back to the molecular ground state through AD unless en-
ergy can be removed from the relevant reaction coordinates. For diatomics
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2. Theoretical overview

and many small molecules this is impossible and the metastable (i.e., de-
tectable) molecular anion is not observed under single collision conditions.
Under different experimental conditions, however, for example in clusters,
energy transfer from the TNI to a neutral molecule can occur through the
Bloch-Bradbury mechanism [37], i.e. collisional stabilization, thus forming a
stable molecular anion that cannot decay back into the neutral ground state
[37, 38]:

MX∗−(v′ = 4) + MX(v = 0) −−→ MX−(v′ < 4) + MX(v > 0). (2.6)

The hypothetical case shown in figure 2.1 is in fact similar to the formation
of O–

2 in electron attachment to O2. There, the molecular anion is formed in
a vibrational state v′ ≥ 4 through the 2Πg shape resonance. The lifetime of
this resonance is close to 100 ns [17] which, while considerably longer than a
vibrational period, is too short for O–

2 to be detected through mass spectrom-
etry. In a cluster environment however, O–

2 can be stabilized by giving up
quanta of vibrational energy through collision with neighboring molecules.
A stable O–

2 anion is thus observed in the cluster environment close to 0 eV
incident electron energy [38, 39].

2.1.2.1 Stabilization through IVR

At very low electron energies, i.e., close to 0 eV, molecules of sufficient size
and symmetry, such as SF6, C60 and C6F6 can form long-lived metastable
negative ions with considerable cross-section [1, 20, 40, 41]. In these cases,
the electron capture cross section (σ) is dominated by s-wave attachment
which rises steeply as the energy approaches zero as approximated by the
Vogt-Wannier (VW) model [42]:

σVW
s (E → 0) = 4π

( α

2E

)1/2
. (2.7)

Here, σVW
s is the VW electron attachment cross section for s-wave electrons

and (E) the energy of the incident electron. The VW model is, however, un-
physical in a sense that is does not account for nuclear motion, nor does it
incorporate the resonance mechanism; terms such as the width of the reso-
nance (Γ) do not enter the relevant equations. The model, however, gives
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2.1. Negative ion formation and decay

a good description of the energy dependence of s-wave attachment close to
0 eV for many molecules [43].

In general, s-wave attachment is only allowed in association with totally
symmetric orbitals, e.g., a1g in the Oh point group. In certain systems the in-
coming s-wave electron can couple strongly with certain vibrational modes
(breathing modes) that temporarily break the symmetry of the system, thus
promoting s-wave attachment. If the molecule has positive electron affin-
ity (EA), the additional energy can in some cases be distributed through
intramolecular vibrational energy redistribution (IVR) over the molecule’s
rich vibrational manifold, before the molecule has time to oscillate to its ini-
tial configuration where AD is favorable [44]. Thus, IVR stabilizes the TNI
by removing energy from reaction coordinates relevant for AD. In order for
the TNI to decay by electron emission, the redistributed energy would need
to be transferred from relevant vibrational degrees of freedom, into reaction
coordinates promoting AD. This is, however, an unlikely event and thus a
metastable, i.e. detectable, negative ion is formed. This process is depicted
schematically in figure 2.1 where relaxation through IVR is represented by
wiggly arrows extending from the zero-point energy (ZPE) of the molecule
down to various vibrational levels of the anion. It should however be men-
tioned that since the energy is redistributed over vibrational modes through
coupling of the electronic and nuclear motion, representation of IVR within
the quasi-diatomic model, i.e. on a Born-Oppenheimer potential energy dia-
gram, is a crude representation of the physics taking place.

In some cases, within a short electron-molecule distance, the potential sur-
face of the non-vibrating molecule provides a potential well that is on the
verge of binding an extra electron. This is termed a virtual state [45–47] and
is observed as enhancement of the elastic electron scattering cross section at
very low electron energies. In a few cases, for molecules of sufficient size,
the TNI formed through a virtual state can undergo internal conversion into
anionic states where coupling of the electronic and nuclear motion promotes
IVR. This leads to the formation of a metastable molecular anion through
a virtual state [46, 47]. When the molecule posesses a sufficiently strong
dipole moment, either permanent or charge-induced through high polariz-
ability, the virtual state effect disappears and dipole-supported vibrational
Feshbach resonances (VFRs) appear [43, 45, 48] (see also chapter 2.2).

In general, IVR only offers stabilization of the TNI over a narrow energy
range close to 0 eV, as AD usually dominates at higher energy. This makes
the formation of molecular anions above 0 eV rare events. These are, how-
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2. Theoretical overview

ever, observed in a number of quinone derivatives [49–53] and it has been
suggested that the stabilization of molecular anions above 0 eV is in fact an
general feature of quinones [54, 55], reflecting well their intriguing electron
transfer abilities. For further details, see chapter 4.3 and paper III.

2.1.3 Dissociative electron attachment

Figure 2.1, also shows a schematic representation of reaction scheme (2.4),
where relaxation of the TNI is achieved through dissociative electron attach-
ment (DEA). If the TNI survives for a long enough time, relaxation along
the repulsive curve can result in the internuclear separation (r) to exceed the
crossing of the anionic and neutral curves (rC in figure 2.1). Past this point,
decay via AD into the neutral ground state is highly unlikely and the only
relaxation channel available is DEA, resulting in the formation of a charged
fragment (X–) and a neutral counterpart. The probability of the TNI surviv-
ing past the crossing point, depends on the autodetachment lifetime (τAD)
and the time, t, required for the internuclear separation to exceed rc. The
survival probability is given by P = e−t/τAD , and thus the DEA cross section is
given as:

σDEA = σEAe−t/τAD (2.8)

This is well reflected in the isotope effect observed in many DEA studies. For
example, the DEA cross section for H– from H2 was found to be 200 times
greater than the D– cross section from D2 [56]. Also, in DEA to acetylene
(C2H2) the cross section for C2H– was found to be ∼14 times higher than the
corresponding cross section for C2D– [57]. This is explained by the extended
time (t) needed for dissociation resulting from the slower moving (heavier) D
atom. In accordance with equation (2.8), the hypothetical DEA cross section
(σDEA) shown in figure 2.1, thus falls off towards higher energy as the role of
AD increases.

The thermochemical threshold for the dissociation of a diatomic molecule,
MX, into the anionic and neutral fragments M and X–, respectively, can be
expressed simply as the energy of the dissociating bond (BDE(M−X)), less
the electron affinity of the charge carrying fragment:

Eth
(
X−
)
∼ ∆Hr = BDE (M−X)− EA(X). (2.9)
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2.1. Negative ion formation and decay

DEA is a resonant process, and as such, reaction channels that are accessible
through a given resonance are commonly observed well above their respec-
tive thermochemical threshold (see figure 2.1). Here, the additional energy,
E∗, can manifest as translational energy, electronic excitation and, in the case
of polyatomic molecules, as vibrational excitation of the resulting fragments.
Consequently, the term Apperance Energy (AE) is adopted and equation (2.9)
takes the form:

AE = BDE (M−X)− EA(X) + E∗. (2.10)

Equations (2.9) and (2.10) describe the thermochemistry of DEA reactions
involving single bond dissociation for diatomic and polyatomic molecules.
More complicated DEA reactions can involve multiple bond ruptures, as
well as the formation of new bonds. In these cases the above equations are
extended by summing over all the chemical bonds either broken or formed
and equation (2.9) then takes the form:

Eth
(
X−
)
∼ ∆Hr =

N∑
BDE (educt)−

M∑
BDE (product)− EA(X). (2.11)

DEA reactions such as these, often proceed through complicated reaction
paths associated with considerable reaction barriers. In cases where the re-
action barrier lies higher than the thermochemical threshold, the correspond-
ing reaction channel is not accessible unless the energy associated with the
resonance lies above the reaction barrier. This can result in shifting the ion
yield curve associated with the reaction towards higher energies. This is
illustrated in figure 2.2 for the hypothetical formation of X– in electron at-
tachment to the neutral molecule MX. In this case, the reaction path on the
potential energy surface of the negative ion, consists of rearrangement from
MX– to M’X–, followed by the loss of X–. Also included in the figure is a hy-
pothetical electron attachment profile (σEA), representing the energy range
where the TNI (MX– *) is formed. While the thermochemical threshold, Eth,
predicts the reaction to be available through the whole width of the reso-
nance, the reaction dynamics involved require additional energy in order
to overcome the reaction barrier. The AE of X– is therefore shifted towards
higher energy, and the reaction is only accessible through the high-energy
flank of the resonance.
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Figure 2.2: A hypothetical schematic representation of a DEA reaction proceeding
over a reaction barrier. In this case, the negative ion MX– must rearrange to a dif-
ferent conformer M′X– prior to dissociation. In this case, the AE of the charged
fragment is determined by the height of the reaction barrier with respect to the neu-
tral and the position of the negative ion resonance.

An excellent example of such a reaction is the formation of [M − CO]− from
TFQ (see [52] and paper III). In electron attachment to TFQ, resonances are
observed close to 0 and 1 eV and while the thermochemical threshold for
the formation of [M − CO]− is found to lie well below 0 eV, the fragment
is exclusively formed through the 1 eV resonances. This is attributed to the
high reaction barrier associated with the loss of CO from TFQ.

It is worth noting, that in contrast to electron transmission spectroscopy
(ETS) where the resonance’s full width is observed, the peak-position and
width of ion the yield curves observed in DEA depends on i) the survival
probability and ii) the dynamics of the DEA reaction.

2.2 Negative ion resonances

In electron-molecule interactions in the gas phase, an electron can become
temporarily trapped close to the molecule, thus forming a temporary neg-
ative ion (TNI). TNIs are also commonly referred to as resonances. A useful
concept in the discussion of resonances is the concept of parentage. In a
simplified picture, the electron attachment process is considered to be asso-
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2.2. Negative ion resonances

ciated with temporary occupation of previously unoccupied molecular or-
bitals (MOs). For a given negative ion resonance, there exists a neutral state,
i.e., a parent state, whose electron configuration differs only with respect to
the attached electron. Removing the additional electron from the negative
ion resonance, reproduces the parent state from which it is derived.

Resonances in low-energy electron attachment are classified in terms of the
electron trapping mechanism associated with the electron-molecule interac-
tion, i.e., the interaction that temporarily traps the additional electron in a
quasi-bound, non-stationary state. There are in general, two main mecha-
nisms for the trapping of an electron. Shape resonances are formed, if the
electron is trapped within an induced (centrifugal) potential barrier, i.e., by
the shape of the potential. These resonances are energetically above their cor-
responding parent state, and decay through AD is thus an open channel. Fes-
hbach resonances on the other hand, result from the electron being trapped
in an induced excited state (electronic or vibrational) which is lower in en-
ergy than its parent state, and decay through AD is thus a closed channel. In
order for these resonances to decay, a change in the electronic configuration,
or the vibrational state, is required. The lifetime of Feshbach resonances, is
therefore often prolonged.

At incident electron energies close to and above a molecule’s lowest ob-
served electronic transition, i.e. energetically close to excited electronic states,
the incoming electron can cause excitation of a core electron. This results in
an anionic state with two electrons in a previously unoccupied orbital(s) and
a hole in the core-electron configuration. These are referred to as core-excited
shape or Feshbach resonances, and will be discussed in detail below.

2.2.1 Shape resonances

In general, a free electron can be considered a wave-packet made from con-
tribution of individual partial waves of different angular momentum, l. In
the case of atoms, a resonance is generally formed when a partial wave (elec-
tron) of a specific angular momentum attaches to an unoccupied atomic or-
bital whose symmetry fits the electron’s angular momentum [17, 58]. This
model, while successful in explaining the interaction between electrons and
atoms, paints a relatively simple picture of the complicated mechanism in-
volved in electron attachment to molecules [59–61].

The long-range interaction of an electron-molecule system depends on the
nature of the molecule and is different between non-polar and polar mole-

13



2. Theoretical overview

0

1

2
2

2 4 6 8

0 0

ε

5

10

V
e
ff

e
c
ti

v
e (

e
V

)

V
to

ta
l (

e
V

)
Electron-molecule distance (a0) Electron-molecule distance

a) b)

Figure 2.3: Left: A semi-classical representation of the effective long-range electron-
molecule interaction potential for the N2 molecule (adapted from [61]). Veffective re-
sults from a superposition of the attractive polarization potential and the repulsive
centrifugal potential. Right: A hypothetical representation of the total interaction
potential in the case of d-wave attachment. At very short electron-molecule dis-
tances, the electron experiences a strong repulsive force from the molecule’s electron
cloud. The dashed line represents the energy associated with a hypothetical shape-
resonance.

cules. When an electron approaches a non-polar molecule with a non-zero
polarizability (α), a temporary (charge-induced) dipole is induced in the
molecule which weakly attracts the electron through a long-range attrac-
tive polarization potential, Vα = −α/2r4. The electron also experiences a
repulsive centrifugal potential associated with its angular momentum, Vl =

l (l + 1) /2r2. The superposition of the two potentials results in the effective
long-range interaction potential of the electron-molecule system:

Veffective(r) = Vl(l, r) + Vα(r) =
l (l + 1)

2r2
− α

2r4
. (2.12)

Figure 2.3 (a) shows the effective long-range interaction potential for the N2
molecule with molecular polarizability α = 11.5 a30 (adapted from [61]). Us-
ing equation (2.12) with r, α and l in atomic units gives the energy in Hartree
(Ha), in figure 2.3 the energy is, however, scaled to show eV.
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2.2. Negative ion resonances

At very short electron-molecule distances the incident electron experiences
a strong, short-range repulsive force from the molecule’s electron cloud, as
explained by the Pauli exclusion principle. Figure 2.3 (b) shows a hypotheti-
cal case where this strongly repulsive potential, in addition to the long-range
potential (Veffective), results in a potential-well and a bound sate, ε, blocked by
a potential barrier. Incident electrons will be reflected from this barrier, but
some will also tunnel through the barrier and become bound, forming a tem-
porary negative ion. Note that for s-wave electrons (l = 0), the centrifugal
term vanishes and no potential barrier is induced. It is therefore clear that
s-wave electrons are not associated with shape resonances. In order for the
electron to autodetach, forming again the molecule and free electron, it must
tunnel back through the potential barrier. This determines the lifetime (τAD)
of shape resonances which typically ranges from a few fs to a few hundred
ps [1, 17]. Due to their relatively short lifetimes, shape resonances are usually
observed as broad peaks in electron transmission spectroscopy (ETS) [1, 17].

Figure 2.4 (a) shows a schematic diagram, representing the 2Πg shape res-
onance observed in N2 at 2.3 eV (see for example references [17, 67–69]).
The existence of this resonance was proposed by Haas [70] in 1957 and con-
firmed through two sophisticated experimental electron-attachment studies
by Schulz [67, 68]. This resonance is formed when an incident d-wave elec-
tron is temporarily trapped by a centrifugal barrier as depicted in figure 2.3.
The confirmation of the 2Πg resonances in N2 by Schulz, is considered to
mark the beginning of the field of electron attachment [17, 69].

2.2.2 Core-excited shape resonances

Above, we mentioned that when the incident electron’s energy is close to
a molecule’s electronic-excitation energy, the system can form a core-excited
resonance. In this case, a core-electron has been excited and thus the incident
electron and the excited core-electron temporarily occupy normally empty
MO’s. These core-excited resonances are usually associated with neutral va-
lence or Rydberg-excited states. Core-excited shape resonances are observe
just above their corresponding parent states, usually ∼0-2 eV [17], and AD
into the neutral parent state is thus an open channel. The electron trapping
mechanism is the same as for the simpler shape resonances, resulting also in
a short lifetime and broad peak structure in ETS. Figure 2.4 (b) is a schematic
of the 2Π+

u core-excited shape resonance observed in N2 close to 8 eV [61, 63].
The resonance decays through AD into vibrationally excited levels of its par-
ent state (3Σ+

u ) resulting in a pronounced vibrational structure (not shown in
the figure) in the attachment cross section of N2. On a longer timescale the
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Figure 2.4: A schematic, Born-Oppenheimer, representation of the four common
resonances observed in electron attachment. a) The 2Πg shape resonance observed
in N2 at 2.3 eV. b) The core-excited 2Π+

u shape resonance observed in N2 from 8-
12 eV. c) The sharp, core-excited 2Σ−g Feshbach resonance observed in N2 close to
11.5 eV. d) Vibrational Feshbach resonances observed in electron-induced vibrational
excitation of HF. For more information, see text. The potential energy curves and
approximate attachment profiles for the N2 resonances, i.e. panels a)-c) were adapted
from references [1, 62–64]. The VFRs of HF were adapted from references [65, 66].
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resonance undergoes reconfiguration of the electronic state and also decays
into the neutral ground state (1Σ+

g ) [63].

2.2.3 Core-excited Feshbach resonances

Core-excited Feshbach resonances are observed slightly below (∼0.5 eV) their
parent states [17], and the AD channel is therefore closed. Figure 2.4 (c) shows
a Born-Oppenheimer type potential energy diagram, depicting the R2Σ+

g

core-excited Feshbach resonance observed in the attachment cross section of
N2 close to 11.5 eV [64]. The resonance is found to lie ∼0.4 eV below its par-
ent state, E3Σ+

g , and the electron can thus be considered to be bound by the
excited state. In order for the additional electron to escape it must absorb en-
ergy from the system, or alternatively decay into a non-parent state through
a change in the electronic configuration of the resonance. The lifetime of
core-excited Feshbach resonances is therefore considerably prolonged yield-
ing sharp peaks in the ETS spectrum (FWHM ∼1.2 meV for the R2Σ+

g reso-
nance in N2 [71]).

2.2.4 Vibrational Feshbach resonances

In certain molecules that possess a permanent dipole moment (µ), resonances
associated with vibrationally excited (v ≥ 1) states of the neutral molecule
are observed just below onsets for vibrational excitation [43, 45, 65]. This
is different from core-excited Feshbach resonances which are associated with
electronically excited states of the molecule and these are thus vibrational Fes-
hbach resonances (VFRs). Opposed to shape resonances where the l > 0

electron is trapped within a centrifugal barrier, VFRs are predominantly due
to s-wave capture through coupling between electronic and vibrational mo-
tion. Whereas a sufficiently strong dipole moment is the main consideration
in the formation of VFRs, strong polarizability leading to a charged-induced
dipole can make VFRs available in certain non-polar molecules [43, 66]. Fig-
ure 2.4 (d) shows a schematic of the VFRs observed in electron-induced vi-
brational excitation of HF [65, 72].
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3 Methods

3.1 Experimental setup

The DEA measurements presented in this thesis, were conducted on two,
different crossed-beam instruments. The fluorinated benzene derivatives
penatafluorotoluene (PFT), penatafluoroaniline (PFA) and penatafluorophe-
nol (PFP) were measured using the Electron Radical Interaction Chamber
(ERIC) [73] at Dr. Tom Field’s laboratory at the Queen’s University in Belfast,
UK. All the other compounds; tetrafluoro-para-benzoquinone (TFQ), hexa-
fluoroacetylacetone (HFAAc), trifluoroacetylacetone (TFAAc), acetylacetone
(AAc), tetrafluoro-para-hydroquinone (p-TFHQ) and tetrafluoro-ortho-hydro-
quinone (o-TFHQ) were measured on a recently constructed apparatus at the
University of Iceland (UI) termed, Simply A Gas-phase MAchine (SIGMA).
SIGMA was constructed as a part of Elías H. Bjarnason’s PhD project at UI
and is described in detail in [19]. In general, the operation principle of the
two instruments is similar while fundamental differences govern the mass
detection in the two apparatus. In section 3.1.1 a general description of
the experiment is given, focusing on the instrument at UI. In section 3.1.2
a more detailed description is given of ERIC. Finally, section 3.1.4 serves as
a detailed description on the working principles of the Trochoidal Electron
Monochromator (TEM) [74], common to both instruments.

3.1.1 SIGMA

Figure 3.1 shows schematics of SIGMA, the continuous-beam electron at-
tachment apparatus at UI. The instrument is a high-vacuum (∼10−8 mbar)
crossed-beam apparatus consisting of a TEM and a HIDEN Epic 1000 quadru-
pole mass spectrometer for ion detection. A pair of magnetic coils, located
outside the vacuum chamber, supply a uniform magnetic field of ∼50 Gauss
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Figure 3.1: The continuous crossed-beam electron attachment apparatus at the Uni-
versity of Iceland, SIGMA. The instrument consists of a TEM and a HIDEN Epic
1000 quadrupole mass spectrometer for ion detection.

in the center of the TEM. Electrons of a broad energy distribution (∼1 eV,
FWHM), emitted from a hairpin tungsten filament (M1 in figure 3.1), are
guided by the magnetic field through a stack of electrostatic lenses (M2-M4)
into a deflection region where they enter a crossed electric- and magnetic
field (M5/M6). In the deflection region, the electrons drift with constant
speed in the x-direction according to equation (3.6) (see below). The exit
slit of the monochromator (at M7) is offset with respect to the entrance slit
(at M4) by 2.4 mm. The distance an electron is displaced in the x-direction
as it travels through the deflection region, is determined by its speed along
the z-axis. This means that only electrons of a narrow vz distribution will
exit through M7. The result is an electron beam representing a thin slice
of the original beam with significantly reduced energy distribution. In the
collision region (C1-C4), the monochromatic electron beam is crossed with
effusive sample gas entering the chamber through an external inlet system,
usually maintained at approximately 60◦C. The monochromator, however,
is kept at a constant temperature of 120◦C by two fluorescent bulbs mounted
inside the vacuum chamber. The voltage on the monochromator lenses, (M2-
M8 in figure 3.1), are adjustable and reference to a floating reference voltage
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Figure 3.2: The electron radical interaction chamber (ERIC) at the Queen’s Uni-
versity in Belfast. ERIC is a pulsed, crossed-beam electron attachment instrument
consisting of a TEM and a ToF mass spectrometer for ion detection.

(VR), set by a LabView VI through a National Instruments acquisition card.
The electron energy is adjusted by ramping VR with respect to the collision
region, which is referenced to ground. Ions formed through interaction of
the electron beam and the effusive sample gas are extracted by a weak elec-
tric field (∼1 V/cm), applied between lenses C2 and C3, and subsequently
focused into the mass spectrometer by a 3-element focusing lens (F1-F3). The
working pressure between different experiments varies, but is typically on
the order of 5× 10−7 mbar.

3.1.2 ERIC

Figure 3.2 shows a schematic of the electron radical interaction chamber
(ERIC). The experimental setup consists of a TEM and a time-of-flight (ToF)
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mass spectrometer, and as such the electron beam is not continuous and
the monochromator is pulsed (∼1µs per pulse). Thus, a packet of electrons
passes through the monochromator into the source region of the ToF mass
spectrometer in each cycle. In the source region, the electron beam crosses
the effusive sample gas entering the chamber through an external inlet sys-
tem, fixed at room temperature. When sufficient time has passed so that all
free electrons have passed the reaction region (∼1µs), ions generated from
electron-molecule interaction, are pushed through a 1 cm pulsed electric field
of 200 V/cm for∼10µs towards a 1.5 cm long acceleration field of 400 V/cm.
After acceleration, the ions drift 12 cm along the ToF Mass Spectrometer to-
wards a multichannel plate detector. The mass spectrometer potentials are
reversible so that both positive and negative ions can be detected. The reac-
tion and acceleration regions are separated by two wire mesh grids in order
to minimize field penetration into the reaction region. The repetition rate
of the experiment is 10 kHz. For more detailed description, please refer to
reference [73].

3.1.3 Electron energy scale and calibration

The electron energy scale is calibrated to the formation of SF–
6, observed close

to 0 eV in electron attachment to SF6. The peak position of the SF–
6 ion yield

curve is used as a zero-point. The ion yield curves, observed in electron at-
tachment to SF6, recently recorded at the University of Iceland, are displayed
in figure 3.3. At UI, in addition to serving as a calibrant for the electron en-
ergy scale, fragments observed in DEA to SF6 are used to calibrate the ion
extraction voltage between lenses C2 and C3 (see figure 3.1).

In general, the ion yield curves observed in a particular DEA experiment are
the convolution of the electron energy distribution function, f(ε), and the
shape of the true ion yield φ:

(φ ∗ f) (ε) =

∫ τ2

τ1

φ(τ)f(ε− τ)dτ. (3.1)

For SF–
6, the width of the 0 eV resonance was previously determined to be

<1 meV by Klar et al. [75]. The convolution of f(ε) and the narrow ion yield
curve expected for SF–

6 will therefore simply reproduce a shape almost iden-
tical to f(ε). The FWHM of the SF–

6 signal is therefore a good approximation
of the electron energy resolution.
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Figure 3.3: Ion yield curves observed in electron attachment to SF6 recorded re-
cently at the University of Iceland. The peak of the SF–

6 ion yield at 0 eV is used as a
reference in electron attachment experiments. The width of the 0 eV resonance yield-
ing SF–

6 has been determined to be <1 meV [75], making the ion yield curve ideal for
estimating the instrumental resolution.

3.1.4 The trochoidal electron monochromator

First presented for use in low-energy electron attachment by Stamatovic and
Schulz [74] in 1968, the TEM is now an integral part of the instrumenta-
tion used in the field of electron-molecule research. While other types of
monochromators may offer better electron energy resolution, high electron
current and moderate electron energy resolution is obtainable with a stan-
dard TEM.
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3.1.4.1 Operation principles

In the presence of both an electric (E), and a magnetic field (B), a charged
particle of velocity v experiences a force given by:

F = q [E + v ×B] = ma. (3.2)

Choosing the z-axis as the monochromator axis, the magnetic field can be
described by the vector [0, 0, Bz] and the electric field as [0, Ey, 0]. Taking the
cross product in (3.2) and expanding the right-hand-side yields:

q [vyBzi− (Ey + vxBzj)] = m

[
dvx
dt

i +
dvy
dt

j +
dvz
dt

k
]
, (3.3)

i.e., the velocity component along the monochromator axis is not affected by
the E ×B field. For vx, equation (3.3) leads to:

d2vx
dt2

+ ω2vx − ω2Ey
Bz

= 0, (3.4)

where ω = qBz

m . Equation (3.4) is in fact the inhomogeneous differential
equation for a harmonic oscillator of frequency ω. A solution to this diff-
erential equation is given by the sum of the solution to the homogeneous
equation and a particular solution of (3.4), resulting in:

vx = c1 cos (ωt) + c2 sin (ωt) +
Ey
Bz

. (3.5)

Choosing the boundary conditions, vx(0) = v0x and vy(0) = v0y , we find an
expression for both vx and vy :

vx =

(
vx0 −

Ey
Bz

)
cos (ωt) + vy0 sin (ωt) +

Ey
Bz

(3.6)

vy = vy0 cos (ωt)−
(
vx0 −

Ey
Bz

)
sin (ωt) . (3.7)
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3.2. Computational methods

Equations (3.6) and (3.7), show that the charged particle will gyrate around
the magnetic field axis (in the xy plane) and drift with constant speed vd =

Ey/Bz in the x direction. If the initial velocity of the electrons orthogonal
to the field axis (z-axis) is zero, i.e., vx0 = vy0 = 0 the above equations are
reduced to:

vx =
Ey
Bz

(1− cos (ωt)) (3.8)

vy =
Ey
Bz

sin (ωt) . (3.9)

3.1.4.2 Limitations

In general, the electron’s velocity inside the TEM can be separated into com-
ponents parallel (v‖) and orthogonal (v⊥) to the magnetic field axis. Since
the drift speed within the dispersion region, vd = Ey/BZ , is constant, the
displacement of an electron along the x-axis is solely dependent on its speed
through the region, i.e., on v‖. The electrons kinetic energy due to v⊥, how-
ever, is conserved as gyration around the magnetic field axis and contributes
to broadening of the electron-energy distribution; the TEM is best described
as a v‖ selector.

3.2 Computational methods

While the size of many of the molecular systems presented in this thesis
is relatively small, i.e., well suited for high-level ab-inito calculations, the
number of the studied conformations of fragments is large. Explaining the
observed appearance energies for a DEA reaction, through possible rearrang-
ement reactions and new bond formations was the main focus of these cal-
culations and due to the nature of these, density functional theory (DFT) cal-
culations were used exclusively. The methods used for the thermochemical
threshold calculations are, however, fairly accurate and reliable [76].

In a short and simplified description, DFT reduces the 3N dimensional prob-
lem of the many-body ground state wave function ψ0 (r1, r2, . . . , rN ) to the
3-dimensional problem of the ground state electron density ρ0 (r) [77, 78].
This, in turn, reduces the well known many-body eigenvalue problem for
obtaining the ground state energy (E0) of an electronic system
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E0 = 〈ψ0|Ĥ|ψ0〉 , (3.10)

where Ĥ is the quantum mechanical many-body Hamiltonian operator, to a
much simpler problem [78]:

E (ρ0) = TS (ρ0) + EH (ρ0) + Exc (ρ0) + Vext (ρ) . (3.11)

Here, TS (ρ0) is the kinetic energy of non-interacting particles, EH (ρ0) is the
classical electrostatic interaction energy, Vext (ρ) is the potential energy from
an external potential and Exc (ρ0) the exchange correlation energy. The main
limitations of DFT arise from the fact that the exact exchange-correlation func-
tional, Exc (ρ0), is unknown and needs to be approximated.

Many different functional approximations exists, the most common being
GGA and hybrid-GGA functionals, and recently, double hybrid-GGA func-
tionals. In a hybrid, the exchange-correlation functional is a linear combi-
nation of exact exchange from Hartree-Fock theroy, and the DFT exchange-
correlation term. In the double hydrid, a perturbative second-order correlation
part is added to the combination making double hybrid an effective mix of
DFT and many-body perturbation methods (MP2). The weighting coeffi-
cients in these linear combinations are obtained by fitting with experimental
data sets. The two functional approximations used in the course of this work,
are the popular hybrid B3LYP [79–81] and the double hybrid B2PLYP [76].

3.2.1 Threshold calculations

The thermochemical threshold for a general DEA reaction is given by equa-
tion (2.11). In general, the reaction threshold is equal to the reaction enthalpy
at 0 K, ∆Hr, given by:

∆Hr =
∑

H (products)−H (educt) , (3.12)

where the sum represents the total energy of fragments formed in DEA to
the neutral molecule (the educt).
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For each case studied, the neutral molecule and all viable fragments asso-
ciated with a given dissociation channel, were optimized using the B3LYP
hybrid functional approximation.

In the calculations presented in papers I and II the Pople basis set 6-31G(d,p)
[82, 83], i.e. the 6-31G basis with added polarization functions, was used.
In papers III and IV, however, a larger basis set with augmented diffusion
functions, more suitable for anions was adopted; the minimally augmented
Karlsruhe basis set ma-TZVP [84, 85]. After geometry optimization, har-
monic vibrational frequency calculations were performed at the same level
for each species to; i) ensure the optimization had reached a minimum, and
not halted at a saddle point between minima and ii) for obtaining the zero-
point vibrational energy (ZPE) and relevant thermal corrections. Finally,
single point energy (SPE) calculations were performed with the double hy-
brid functional approximation, B2PLYP. The reaction enthalpy at 0 K, i.e., the
thermochemical threshold, is then obtained by rewriting equation (3.12) as:

∆Hr = Eth =

N∑
i=1

(
ESPE
i + EZPE

i

)
−
(

ESPE
parent + EZPE

parent

)
, (3.13)

where N is the number of fragments considered.

In different DEA experiments, the temperature of the sample can range from
room temperature to a few hundred degrees (◦C), depending on the exper-
iment. Thermal energy of the neutral parent must therefore be taken into
account as this can be used up in the reaction, lowering the possible appear-
ance energy of the fragment. The thermal correction to the enthalpy is given
by:

Hcorr = Etrans + Erot + Evib + Eel + kBT. (3.14)

Where the individual terms arise from the temperature dependence on trans-
lational, rotational, vibrational and electronic motion (for a more detailed
discussion, please see reference [86]). The Hcorr term is obtained from the
harmonic vibrational frequency calculations for a given experimental tem-
perature and the temperature corrected threshold, ETth is subsequently ob-
tained as:
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ETth = ∆Hr −Hparent
corr . (3.15)

In papers I and II all threshold related calculations were performed with
NWChem 6.1.1 [87] computational chemistry software. In papers III and IV
and chapter 4.2, all geometry optimizations and single point energy calcu-
lations were performed using Orca 2.9 [88] while harmonic vibrational fre-
quency calculations were performed with NWChem 6.1.1.

3.2.2 Reaction path calculations

While the enthalpy of the reaction, ∆Hr, gives information on the thermo-
chemical nature of the reaction, alone it does not provide all the arguments
necessary in explaining fragments observed in (unimolecular) DEA reac-
tions. As discussed in chapter 2.1.3 and depicted in figure 2.2 the reaction
path, and any barriers associated with it, determine if the reaction is pos-
sible. For example, a given reaction is only possible through a resonance
observed at an incident electron energy ε, if the highest energy barrier as-
sociated with the minimum reaction path lies energetically below ε, with
respect to the neutral molecule (see figure 2.2).

To calculate the reaction barriers, we apply the nudged elastic band (NEB)
method [89–91] which is used for finding the minimum energy path (MEP)
between two, known, geometries. For an initial guess, a set of N images
is constructed, which represents the reaction path. The initial guess is of-
ten taken to be a linear one. The forces acting along the reaction path are
replaced by artificial ’spring’ forces which act to evenly distribute the im-
ages along the path. This prevents the images from sliding down the energy
landscape towards the endpoints in the optimization procedure. This elas-
tic band of images is then subject to geometry optimization, minimizing the
energy of the entire system and converging, at least in theory, to the MEP.
Additionally (and optionally) a climbing image (CI) can be constructed which
does not feel the spring forces along the band [91]. The optimization pro-
cedure will maximize the energy of the CI, only along the elastic band, and
converge at the true saddle point.

The NEB calculations were performed using the computational chemistry
shell, Chemshell [92] with the NWChem program (papers I and II) and the
Orca program (papers III and IV) interfaced as QM code and the DL-FIND
[93] program as a geometry optimizer. The MEP was optimized on the
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B3LYP potential energy surface (PES) using the Pople basis set 6-311+G(d,p).
For complicated reaction paths, where multiple saddle points (i.e. reaction
barriers) exist along the MEP, convergence problems arose and the use of a
CI became difficult. For these cases, the path was split up into partial paths,
i.e., reaction steps, and each partial path was optimized separately.

3.2.3 Classical dynamics simulations

In gas phase electron attachment, a single low-energy electron can trigger
complex, unimolecular reactions involving rearrangement, multiple bond
ruptures and the formation of new bonds. In paper II we reported a de-
tailed experimental and theoretical study of the reaction dynamics observed
in DEA to the three substituted pentafluorobenzene derivatives; pentafluo-
rotoluene (PFT), pentafluoroaniline PFA and pentafluorophenol PFP. Driven
by the complex nature of the fragmentation observed, and the successful ap-
plication of classical dynamics simulations (CDS) to the metastable decay
of deprotonated nucleobases reported by Flosadóttir et al. [94, 95], we con-
ducted CDS of electron attachment to PFT, PFA and PFP. These calculations
were performed in order to predict the possible reaction paths and aid in the
interpretation of the experimental results.

Car-Parrinello type molecular dynamics (CPMD) simulations [96] using the
CP2K code [97], were performed on the PBE [98] PES. A plane wave basis set
(energy cut-off at 250 Ry) with augmented Gaussians from the Pople basis
set 6-31G(d,p) was used; this is commonly known as the GAPW method.
Goedecker-Teter-Hutter (GTH) pseudopotentials [99] as implemented in the
CP2K code were used to describe the influence of the core electrons. As
CP2K is a periodic code, the simulations were carried out in a cubic box,
30 Å a side.

Within the quasi-diatomic model presented in chapter 2.1, electron attach-
ment above 0 eV can be considered a vertical transition from the neutral state
to a respective anionic state. In DEA experiments, prior to electron attach-
ment, the neutral molecules undergo molecular vibrations corresponding to
the gas temperature. In the CDS the geometry of the neutral molecule is
therefore optimized, and then allowed to equilibrate to room temperature
by constant temperature (NVT) CDS. As suggested by figure 2.1 molecular
vibration, coupled with the vertical transition from the neutral to the an-
ionic state, will result in a distribution of transition energies (the energy-
spacing between the two PES depends on the coordinate r). In order to ob-
tain a statistical set of data describing the reaction dynamics one must select
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snapshots of the neutral molecule distributed over its longest vibrational pe-
riod. This was done by Fourier transformation of the temporal variation
of the molecule’s potential energy observed in constant energy (NVE) CDS.
The simulation time for these, vacuum-type simulations was 1.00 ps with a
step-size of 0.5 fs. For each molecule, 5 snapshots were selected, distributed
evenly over the longest vibrational period (∼80 fs). To each of the snap-
shots, a negative charge was added as well as kinetic energy corresponding
to ∼12 eV by scaling the atom velocities. A constant energy (NVE) classical
trajectory of the resulting vibrationally excited negative ion, was simulated
for a time interval of 2.00 ps.

This addition of ∼12 eV of kinetic energy was done in order to speed up the
CDS. This, considerable addition of kinetic energy can however, also open
up new dissociation channels, not accessible at the incident electron energy
relevant in the current experiments. The results given by calculations of this
type are therefore only meant to give suggestions for the observed fragmen-
tation channels.
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4.1 Electron attachment studies of PFT, PFA and PFP

Figure 4.1: The presented compounds: pentafluorotoluene (PFT), pentafluoro-
aniline (PFA) and pentafluorophenol (PFP).

4.1.1 Motivation

In dissociative electron attachment (DEA) experiments, reaction channels in-
volving the rupture of multiple bonds are commonly observed at high inci-
dent electron energies. In some cases, however, these channels are observed
as low as 0 eV, where they can only be explained by the formation of new
chemical bonds and/or rearrangement of the anionic moiety. In many fluori-
nated organic molecules, for example, DEA reactions leading to the loss of a
hydrogen and a fluorine atom, i.e. forming the anionic fragment [M−HF]−,
have been observed at low electron energies [16, 31–35, 100–102]. In some
cases, fragments associated with these channels dominate the ion yield close
to 0 eV. The low energy associated with these interesting DEA channels, sug-
gests that the reaction involves the formation of neutral HF (BDE ∼5.8 eV);
HF formation promotes otherwise inaccessible reaction channels. For this to
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be energetically possible, the reaction must proceed through a path where
the formation of HF is coupled to the rupture of the corresponding C−F and
X−H bonds. This means that in order for [M − HF]− (or any similar frag-
ment) to be observed close to 0 eV, the highest transition state associated with
the reaction path on the potential energy surface (PES) of the negative ion,
must lie below the energy of the neutral molecule.

The formation of [M−HF]− was observed in electron swarm measurements
of pentafluoroaniline (PFA) and pentafluorotoluene (PFT) [103]. In DEA
studies of trifluoroacetic acid [31, 100] and trifluoroacetone [32, 35], both
in the gasphase and in clusters, fragments were observed that can only be
explained by the formation of HF. The [M − HF]− fragment has also been
reported in DEA to trifluoropropyne [33], and in DEA to pentafluorophenyl-
acetonitrile (C6F5CH2CN) [34] this fragment was observed at 0 eV as the
dominating contribution to the ion yield. The formation of HF has also been
reported from photolysis studies on hexafluoroacetylacetone. In a tandem-
chemical laser study on the photolysis of neutral hexafluoroacetylacetone
(HFAAc) (discussed in chapter 4.4), the neutral HF molecule was detected
[104]. In DEA, HF has not been directly detected through spectroscopic
means, but its formation is supported by the thermodynamics, as the only
viable explanation for numerous reaction channels.

Motivated by the complex nature of these unimolecular reactions we con-
ducted a detailed experimental and theoretical case-study of PFT, PFA and
pentafluorophenol (PFP). For all the molecules, the hydrogen(s) in the re-
spective functional groups are in close vicinity to the fluorines on the aro-
matic ring. The compounds differ, however, with respect to the polarization
of the X−H bond, which increases in the order C < N < O. To explore the
dynamics involved in these reactions we; i) calculated the thermochemical
threshold associated with a given reaction channel, ii) addressed the role
of intramolecular hydrogen bonding in the formation of HF, iii) conducted
classical dynamics simulations to elucidate the reaction processes, and iv)
computed the minimum reaction path for the formation and loss of HF from
PFP. For a more detailed description, see references [101, 102], and papers I
and II.

4.1.2 Results and discussion

Figure 4.2 shows the two-dimensional electron attachment spectra for PFT,
PFA and PFP. The incident electron energy is shown on the vertical axes to
the left of each panel and the m/z ratio is shown on the horizontal axes. The
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Figure 4.2: Two dimensional electron attachment spectra of a) PFT (m/z = 182), b)
PFA (m/z = 183) and c) PFP (m/z = 184). The m/z ratio is shown on the horizontal
axes and the incident electron energy on the vertical axes to the left. The ion yield
is displayed on log10 scale with a color map shown to the right. At higher pressure
(∼2 × 10−6 mbar), the high ion intensity observed close to 0 eV in PFP resulted in
saturation of the multichannel plate detector of the mass spectrometer. The spectrum
was therefore recorded in two parts, at lower pressure (∼1 × 10−6 mbar) from 0-
1 eV and at higher pressure (∼2× 10−6 mbar) from 1-14 eV. The broad contribution
observed from m/z ∼25-80 in all the spectra is an artifact due to collisions of a small
fraction of ions with a grid in the mass spectrometer.

ion intensity is displayed on a log10 scale with a color map shown to the right
of each panel.

In electron attachment to PFA and PFP, shown in panels b) and c) in figure
4.2, respectively, the major contribution to the ion yield is [M − HF]−. The
loss of hydrogen is observed with low intensity from PFA and PFP and the
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parent molecular anion is observed close to 0 eV from PFT, PFA and PFP. We
also observe the fragment anions CN– and [M − HF − CO]− from PFA and
PFP, respectively. Further low-intensity fragments are also observed and are
discussed in detail in paper II. Here we focus on the dominating reaction
channels, which are associated with the formation of HF, or rearrangement
at low energy. We begin, however, by discussing the resonance profile of the
compounds, with respect to their native (non-fluorinated) analogues and the
effects of fluorination.

In benzene (C6H6), low-energy electron attachment associated with the dou-
bly degenerate e2u (π∗) orbital, is observed at 1.15 eV incident electron en-
ergy [105]. The introduction of a single substituent to the aromatic ring, for
example F, lowers the symmetry of the molecule (fromD6h to C2v in the case
of C6H5F) and removes the degeneracy of the e2u orbitals. We note that in
the following discussion of the orbitals of the substituted benzenes, we ad-
here to the practice of Jordan et al. [106], and label the orbitals according to
the C2v point group. The doubly degenerate e2u (π∗) antibonding orbitals
thus split up into an a2(π∗) and a b1(π∗) orbital. In a previous electron trans-
mission spectroscopy (ETS) study of toluene, these resonances were found
to be close to degenerate at 1.1 eV [106]. For aniline and phenol, however,
the 2A2 and 2B1 resonances are observed at 1.13 and 1.85 eV, and at 1.01 and
1.73 eV, respectively [107]. In PFT, PFA and PFP, this picture is further com-
plicated through fluorine substitution. For example, in fluorobenzene, the
2A2 and 2B1 resonances are close to 0.90 and 1.40 eV respectively [108, 109].
In pentafluorobenzene, however, the resonances are observed at 0.36 and
1.19 eV [108]. Hence, in going from phenol to PFP a shift of the 2A2 and 2B1
resonances towards lower energies is expected. The same trend is expected
for PFT and PFA. It is generally assumed that fluorine substitution lowers
only moderately the energy of antibonding π∗ orbitals, but affects σ∗ anti-
bonding orbitals more strongly [110, 111]. In the previously chosen example
of pentafluorobenzene, for example, the lowest lying σ∗ orbital is expected
to lie energetically close to the b1(π∗) orbital [112]. In addition to the low
lying shape resonances, the ETS spectrum of toluene, aniline and phenol re-
veals shape resonances close to 5 eV [107], associated with the higher lying
b1(π∗) orbital (b2g in benzene). In pentafluorobenzene, this shape resonance
is observed at 4.5 eV [108].

Based on the assignment of the above mentioned resonances, we attribute
the low-energy contributions observed in PFA and PFP close to 0, 1 and
4.5 eV, to be associated with the a2(π∗) and b1(π∗) orbitals and the higher
lying b1(π∗) orbital, respectively. The contributions close to 1 and 4.5 eV,
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we assign to two 2B1 shape resonances and the 0 eV contribution to a vibra-
tional Feshbach resonance associated with the A2 state. Alternatively, the
0 eV contributions could result from a virtual state as has been suggested for
para-difluorobenzene and para-xylene [47], and for hexafluorobenzene [46].

Further contributions to the ion yield in PFT, PFA and PFP are observed
through a resonance centered close to 3.5 eV. In pentafluorobenzene, the low-
est π-π∗ transition, observed in electron impact excitation, is found to be
close to 3.9 eV [113]. In toluene, aniline and phenol, these transitions are
observed close to 4.5 eV [114]. We thus assign the contributions observed
close to 3.5 eV in the DEA spectrum of PFT, PFA and PFP, to core-excited
resonances associated with these π-π∗ transitions.

4.1.2.1 Dissociative and non-dissociative electron attachment

Figures 4.3-4.5 show selected ion yield curves observed in DEA to PFT, PFA
and PFP in the energy range from 0-14 eV. In all the figures, minor contri-
butions to the ion yield of the parent anion (panel (a) in figures 4.3-4.5), is
observed above 0 eV. We attribute this to low mass resolution (M/∆M∼150)
as discussed in detail in papers I and II. This is also the case for the [M−H]−

ion yield in PFT and PFA where a minor contribution (not shown here) is ob-
served close to 0 eV. In the case of PFP, considerable contribution to the [M−
H]− ion yield is observed close to 0 eV. In addition to a minor contribution
due to the low mass resolution, we attribute this to metastable decay of the
PFP− anion to form [M − HF]−, discussed in section 4.1.2.3. This interpre-
tation is supported by the thermochemical thresholds we calculated for the
formation of [M−H]− from PFT, PFA and PFP. These were found to be 1.79,
1.18 and 0.20 eV, respectively, and thus not accessible at 0 eV. In PFT, a slight
contribution (not shown here) is observed close to 0 eV in the [M− (H + F)]−

ion yield curve (figure 4.3c). We attribute this contribution to baseline noise,
as discussed in detail in paper II. Finally, the CN– ion yield is only displayed
from ∼2-14 eV. At lower energy the ion yield overlaps with an instrumental
artifact observed from m/z ∼25-80 (see figure 4.2).

In paper I we reported our results from calculations of the rotational bar-
rier of the substituent-groups in PFT, PFA and PFP, using the NEB method
[89, 90]. Due to stabilizing dipole-dipole interactions and destabilizing lone-
pair repulsion, rotation of the OH and NH2 groups in PFP and PFA, respec-
tively, is hindered by potential energy barriers. The height of the barriers is
found to be 0.18 and 0.26 eV for PFP and PFA, respectively. PFT, however,
does not have lone-pairs of electrons on the CH3 group, and dipole-dipole
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Figure 4.3: Selected ion yield curves observed in DEA to PFT in the energy range
from 0-14 eV. For a detailed discussion, see paper II.

interactions are vanishing due to the small polarization of the C−H bond.
No rotational barrier is thus observed in PFT, and no stabilization is offered
by intramolecular hydrogen bonds, the prerequisite for HF formation [101].

At low incident electron energy, the dominating ion yield observed in DEA
to PFA results from the formation of [M −HF]−, shown in figure 4.4 c). This
fragment is predominately observed through the 2B2 shape resonance close
to 1 eV, but also through the 0 eV resonance associated with the 2A1 state.
The thermochemical threshold calculated for the formation of [M − HF]−

from PFA is 0.29 eV, which means that the reaction channel leading to the
formation of this fragment, from the ground state of PFA, is not energet-
ically accessible at 0 eV. In this context, the 0 eV contribution is attributed
to hot-band transitions, i.e., the reaction is assumed to take place from the
high-energy fraction of the vibrational population distribution [101]. This is
discussed in detail in paper I. For PFP however, [M − HF]− (figure 4.5) is
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Figure 4.4: Selected ion yield curves observed in DEA to PFA in the energy range
from 0-14 eV. For a detailed discussion, see paper II.

formed predominately through the 0 eV resonance associated with the 2A1
state, but is also observed through the 2B2 shape resonance at 1 eV. By as-
suming the 6-membered geometry shown in figure 4.8 (step 4), the thermo-
chemical threshold for the formation of [M − HF]− from PFP, is found to
be −0.25 eV. The reaction is therefore exothermic at 0 eV incident electron
energy, and is the only DEA channel in PFP found to be accessible at 0 eV.

In addition to the formation of [M − HF]− from PFA and PFP through the
2B2 shape resonance close to 1 eV, competing DEA channels are observed,
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Figure 4.5: Selected ion yield curves observed in DEA to PFP in the energy range
from 0-14 eV. For a detailed discussion, see paper II.

leading to the formation of [M−H]−. From the relative ion yield, i.e. ∼1:130
and∼1:80 in favor of [M−HF]− for PFA and PFP, respectively, it is apparent
that the reaction path leading to the formation of HF is preferred. This can
be rationalized by considering the ground state geometry of the molecules
and the energy barriers associated with the rotation of the amine- and the
alcohol groups. The rotational barrier ensures close proximity between the
hydrogens and neighboring fluorines where dipole-dipole forces promote
the formation of HF upon electron attachment. In the case of PFA, the loss of
two HF molecules is also observed (see paper I and II).
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DEA to PFA and PFP is not limited to the dominating reaction channel [M
−HF]−, and contributions that cannot be explained by single bond ruptures
are observed at low incident electron energy. In PFA for example, the for-
mation of CN–, shown in figure 4.4 d), is observed between 3 and 6 eV. In
the case of PFP, the loss of HF and CO, leading to the formation of [M −
HF − CO]− (figure 4.5d), is observed through two distinct contributions be-
tween 1.3 and 2.5 eV and between 3 and 6 eV. The formation of [M − HF
− CO]− from PFP is most likely associated with rearrangement of the an-
ionic fragment to form the tetrafluoro-cyclopentadienyl (C5F–

4) anion. The
thermochemical threshold for this reaction is found to be 1.20 eV. In paper
II we calculated the minimum energy path for the formation of this frag-
ment. The reaction path is a 4-step process involving the formation of a
5-membered ring with an exocyclic CO group (C5F4CO–, see figure 4.8). The
reaction yielding CN– from PFA, most likely involves either the formation of
HF and the cyclic C5F5H (E′th = 1.56 eV) or the formation of H2 and cyclic
C5F5 (E′th = 2.81 eV). The reaction path for the formation of CN– might in
fact be similar to that of [M − HF − CO]−, however with the formation of a
5-membered intermediate with an exocyclic CN group.

4.1.2.2 Classical dynamics simulations

In order to elucidate the fragmentation mechanism involved in DEA to PFT,
PFA and PFP, classical dynamics simulations (CDS) were conducted for each
system. These calculations were conducted by Alexander Abramov in col-
laboration with Prof. Hannes Jónsson. A detailed description of the compu-
tational methods is given in chapter 3.2.3. After a simulation time of ∼1 ps,
charge was added to the neutral molecule and ∼12 eV of kinetic energy was
added to the system by scaling the atomic velocities. The calculations are
carried out with 0.5 fs time-steps, i.e., on the timescale of molecular vibra-
tions. The timescale of reaction events can exceed the latter by many orders
of magnitude. This method is used to speed up the calculations and has
been applied successfully to the metastable decay of deprotonated nucleo-
sides and nucleobases [94, 95]. It should be kept in mind that although this
kinetic energy is necessary to speed up the calculations, it can also open up
new dissociation channels that are not observed in the experiment. Such
calculations are therefore only meant to aid in explaining the dissociation
dynamics and give suggestions for the observed fragmentation channels.

Figure 4.6 shows the results of five different classical trajectories, for the case
of PFP. In the CDS, trajectories 1-4 are associated with the formation and
loss of HF, while in the fifth case loss of the hydroxyl group was observed.

39



4. Results

Figure 4.6: Results from classical dynamics simulations conducted for PFP. The
stoichiometry of the fragments observed through trajectories 1-4, all correspond to
fragments that are observed experimentally. The simulations thus agree fairly well
with the experiment. See text for details.

Trajectory 5 is not observed in the experiment and is therefore most likely a
result of the additional kinetic energy. The stoichiometry of the fragments
observed through trajectories 1-4, however, all correspond to fragments that
are observed experimentally. For trajectories 1 and 2, after the loss of HF,
the negative fragments stabilize through rearrangement reactions forming
5-membered ring structures with exocyclic CO and CF groups, respectively.
It is worth mentioning here, that due to high reaction barriers (see figure
8 in paper II), rearrangement is not accessible at 0 eV where [M − HF]− is
predominately observed. In trajectory 3 the loss of HF is followed by the
loss of CO, leading to [M − HF − CO]−. Finally, in trajectory 4, the loss of
fluorine is followed by the loss of HF leading to the experimentally observed
[M − HF − F]− fragment. For further details, and discussion of the CDS of
PFT and PFA, see paper II.
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Figure 4.7: Mass spectrum of PFP at 0 eV from m/z 155-190. The spectrum shows
the Metastable decay of the parent anion, forming HF and [M − HF]−. At time t0
the electron attaches to the molecule forming a TNI. This can lead to the spontant
formation of the anionic adduct shown in figure 4.8. Due to the thermal energy
of the system, the HF molecule is lost forming [M − HF]−, during extraction and
acceleration, resulting in a metastable tail extending from the parent anion signal at
m/z 184 towards the dominating [M − HF]− signal at m/z 164.

4.1.2.3 Metastable decay of PFP−

Figure 4.7 shows the mass spectrum of PFP from m/z 155-190 at 0 eV incident
electron energy. For clarity the ion yield is displayed in log10 scale. In figure
4.7 and figure 4.2 c), a significant ion yield is observed from m/z 184 towards
m/z 164, i.e., from M− towards [M − HF]−. We attribute this metastable
decay of the parent anion to form [M − HF]− and a neutral HF. The forma-
tion and loss of HF from PFP is thus occurring within the extraction and the
acceleration region of the mass spectrometer. Metastable TNIs that survive
the acceleration region but dissociate to form [M − HF]− in the field free
ToF tube, will be detected as the parent anion. TNIs that undergo a prompt
loss of HF, however, will be detected as [M − HF]−. Any fragments formed
between these two extrema contribute to the line of intensity displayed in
figure 4.7.

Figure 4.8 shows the minimum energy path (MEP) for this reaction, calcu-
lated on the B3LYP potential energy surface using the ma-TZVP basis set.
Each point represents a calculated minimum or a saddle point on the PES
while the solid line is only meant to guide the eye and does not necessar-
ily follow the computed path exactly. The dashed vertical line shown at 0 eV
represents the ground state energy of neutral PFP. The figure shows that after
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Figure 4.8: The minimum energy path for the formation and loss of neutral HF
from the ground state of PFP−. The blue dots represent a calculated minimum
or a saddle point on the computed reaction path. The energy of the system at the
points indicated was optimized at the B3LYP/ma-TZVP and ZPE from harmonic
vibrational frequency calculations added to the total energy. The dashed vertical line
represents the energy of the neutral ground state.

electron attachment to neutral PFP, spontant (barrier-less) formation of HF is
possible. The result is an anionic adduct, where the HF molecule is bound to
the oxygen atom by attractive dipole-dipole interactions (a hydrogen bond).
The ground electronic state of the adduct lies∼0.9 eV below the ground state
of the PFP− anion. The contribution to the parent anion yield could there-
fore be the result of i) the intact PFP− anion and ii) the anionic adduct shown
in figure 4.8 The dissociation of the adduct to form [M − HF]− and neutral
HF, most likely exhibits asymptotic behavior towards the thermochemical
threshold (Eth), thus, not introducing any new potential barriers. The for-
mation of [M−HF]− is therefore energetically accessible at 0 eV through the
proposed reaction path.

In an earlier electron-swarm experiment to substituted fluorobenzenes, Gre-
gor and Guilhaus [103] found that in the case of PFP, the parent anion was
observed as the dominating signal. They did, however, not observe [M −
HF]− from PFP while [M −HF]− from PFA was found to dominate the total
ion yield. These differences can be rationalized by the fact that in the swarm
experiments the presence of carrier-gas allows for collisional stabilization of
TNIs, removing energy from the system. Thus, in the swarm experiments the
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DEA channel leading to the formation of [M − HF]− from PFP is quenched
by energy transfer to the carrier gas, stabilizing either the intact parent anion
(PFP−), or the adduct. In the case of PFA−, no evidence of metastable decay
is observed in DEA (see figure 4.2) and [M − HF]− dominates the ion yield,
as is also observed in the swarm experiments.

4.1.3 Conclusions

In low-energy electron attachment to pentafluoroaniline (PFA) and pentaflu-
orophenol (PFP), the dominating DEA channel, leads to the loss of neutral
HF and [M−HF]−, close to 1 and 0 eV, respectively. The corresponding frag-
ment is not observed in PFT, a result we attribute to the lack of intramolecu-
lar hydrogen bonds. These are, however, acessible in PFA and PFP and are
a prerequisite for the formation of HF (see paper I). In PFP the loss of HF
is a metastable process which can be clearly seen from the considerable in-
tensity between PFP− at m/z 184 and [M − HF]− at m/z 164 in figures 4.2 c)
and 4.7. We explain this by the low energy of the adduct associated with the
formation and loss of HF from PFP (see figure 4.8). The ZPE of the adduct
lies 0.62 eV lower in energy than the parent anion, and the reaction leading
to its formation, proceeds over a negligible reaction barrier. In PFP and PFA,
dissociation channels involving multiple bond rupture and rearrangement
are observed at low energy. These include the loss of HF and CO from PFP
and the formation of CN– from PFA.

Classical dynamics simulations were found to reproduce many of the exper-
imentally observed reaction channels. This method has proved a useful tool
in aiding the interpretation of experimental results.
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4.2 Dissociative electron attachment to o-TFHQ and p-TFHQ

Figure 4.9: The substituted fluorobenzenes; tetrafluoro-para-hydroquinone (p-
TFHQ) and tetrafluoro-ortho-hydroquinone (o-TFHQ).

4.2.1 Motivation

In the previous chapter we showed that intramolecular hydrogen bonds sup-
port the formation of neutral HF in DEA to fluorobenzene derivatives, where
the substituents have electronegative atoms such as nitrogen and oxygen
[101, 102]. The exothermic formation of HF, promotes otherwise inaccessi-
ble reaction channels that often involve considerable rearrangement of the
anionic moiety [16, 101, 102]. As a follow-up to our previous studies on
pentafluoroaniline (PFA) and pentafluorophenol (PFP), and to further study
the role of hydrogen bonding in the formation of HF, we conducted ex-
perimental and theoretical study of tetrafluoro-para-hydroquinone (p-TFHQ)
and tetrafluoro-ortho-hydroquinone (o-TFHQ). The main difference between
these molecules is the nature of the hydrogen bonds that stabilize the neu-
tral. In p-TFHQ, hydrogen bonds are only available to neighboring fluorines,
while in o-TFHQ the molecule can stabilize through hydrogen bonds to both
a neighboring fluorine and oxygen. These molecules thus present an inter-
esting case for further study on the role of hydrogen bonds in the formation
of HF in DEA.

4.2.2 Results and discussion

Figures 4.11 and 4.12 show selected ion yield curves observed in electron
attachment to p-TFHQ and o-TFHQ, respectively, in the energy range from
0-15 eV. The dominating contribution to the ion yields is the formation of
[M − HF]−, [M − 2HF]− and [M − HF − CO]−. In addition, DEA to p-
TFHQ and o-TFHQ yields numerous fragments with low intensity formed
through reactions involving bond formation and rearrangement. These will,
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however, not be discussed here, but are included at the end of this section as
supplementary material.

Figure 4.10 shows two stable conformers for p-TFHQ (A and B) and o-TFHQ
(B and C). From our calculations, we find that conformer A is ∼9 meV lower
in energy than conformer B. The two conformers are therefore found in close
to equal amounts in the gas phase. For o-TFHQ, however, conformer C is
49 meV lower in energy than conformer D. Using Boltzmann statistics, we
thus find that 84% of o-TFHQ exists as conformer C.

A (58%) B (42%) C (84%) D (16%)

Figure 4.10: The stable gas phase conformers of neutral p-TFHQ (A and B) and
o-TFHQ (C and D).

Hydrogen bonds are short-range dipole-dipole forces, and in molecules such
as these, hydrogen bonds can only form between nearest neighbors. From
figure 4.10 it is clear that in p-TFHQ, hydrogen bonding of both conform-
ers involves two fluorines while in o-TFHQ, more than 86% of the gas phase
molecules are stabilized by hydrogen bonding involve only one fluorine. Ac-
cordingly, the formation of [M − 2HF]− is considerably more prominent in
p-TFHQ than in o-TFHQ. The loss of HF and CO, leading to the formation
of [M − HF − CO]−, however is by far a more efficient channel in DEA to
o-TFHQ than p-TFHQ. This can be rationalized by the possibility of hydro-
gen transfer from the intact alcohol group, concomitant to CO loss and the
formation of a 5-membered ring, in the case of o-TFHQ.

A detailed discussion on the low-energy resonances of substituted fluoroben-
zenes has already been given in section 4.1.2. Here, we also adhere to the
practice of Jordan et al. [106], and label the orbitals according to theC2v point
group. The 0 eV resonance we thus assign to s-wave attachment associated
with the the a2(π∗) orbital, or a vibrational Feshbach resonance associated
with the same orbital. The resonance close to 1 eV we assign to a 2B1 shape
resonance, associated with the b1(π∗) orbital.
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Figure 4.11: Selected ion yield curves observed in DEA to p-TFHQ.

4.2.2.1 Formation of [M − HF]− and [M − 2HF]− from p-TFHQ and
o-TFHQ

From p-TFHQ, the formation of [M − HF]− shown in figure 4.11 a), is pre-
dominately observed through the 0 eV resonance associated with the 2A2
state and the contribution through the 2B1 shape resonance close to 1 eV
is vanishing. For o-TFHQ however, considerable contribution is observed
through both resonances (see figure 4.12). We calculate the thermochemical
threshold for the formation of [M − HF]− to be −0.12 and −0.45 eV for p-
TFHQ and o-TFHQ, respectively, assuming no rearrangement of the anionic
fragment; [M − HF]− is a 6-membered ring in both systems. Hydrogen
transfer from the intact alcohol to the a vacated carbon does lower the thresh-
old to −2.56 and −2.19 eV for p-TFHQ and o-TFHQ, respectively, but is not
necessary to explain the formation of these fragments. The limited contribu-
tion to the [M − HF]− ion yield in p-TFHQ, observed through the 2B2 shape
resonance close to 1 eV can be rationalized in terms of the intramolecular
hydrogen bonds. In p-TFHQ, these involve two fluorines, which means that
upon DEA, the formation of two HF molecules should be much more effi-
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Figure 4.12: Selected ion yield curves observed in DEA to o-TFHQ.

cient than the loss of a single HF. The thermochemical threshold we calculate
for the formation of [M− 2HF]−, however, is 0.16 eV, which explains why [M
− HF]− is more efficient at 0 eV. Through the resonance at 1 eV, where there
is enough energy, the formation and loss of two HF molecules is a much
more efficient process. The formation of [M − 2HF]− from o-TFHQ, on the
other hand, is much less pronounced. We find the thermochemical threshold
to be −0.59 eV and yet the ion yield through the 0 eV resonance is vanish-
ing. From our calculations the structure of the [M − 2HF]− fragment does
not stabilize as a 6-membered ring, but forms a symmetric, open-chain an-
ion with terminal C−−O groups (O−−C−−C−(F)C−−C(F)−C−−C−−O–). While the
thermochemical threshold associated with this channel is fairly low, we sug-
gest the reaction barrier involved to be considerable as this reaction requires
the rupture of an aromatic C−−C bond. Thus, this reaction channel is, for the
most part, not accessible at 0 eV. The [M − 2HF]− ion yield from o-TFHQ
is slightly shifted (∼0.5 eV) towards higher energy, as compared to p-TFHQ.
This can also be explained by considering the formation of [M − 2HF]− to
be associated with reaction barriers along the DEA path.
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4.2.2.2 Formation of [M − HF − CO]− from p-TFHQ and o-TFHQ;
promotion through hydrogen transfer

In DEA to p-TFHQ and o-TFHQ, the fragment [M − HF − CO]− is formed
through the 2B1 shape resonance at close to 1 eV. In p-TFHQ, this fragment
is observed with low intensity, but in o-TFHQ it dominates the ion yield at
1 eV and is approximately 5-times more intense than the formation of [M −
2HF]−. Based on the mechanism described for the formation of [M − HF −
CO]− from pentafluorophenol [101, 102], we assume that the reaction path,
in both cases, involves the loss of HF, concomitant to the excision of CO and
ring closure to form a five membered anionic ring C5(OH)F–

3. The thermo-
chemical thresholds we calculate for these channels, however, are 1.33 and
1.21 eV for p-TFHQ and o-TFHQ, respectively. This means that these reaction
channels are not accessible through the full width of the 2B2 shape resonance.
An alternative reaction path involves transfer of the hydrogen of the intact
OH group to the vacant carbon atom, concomitant to ring closure. This has
the effect of saturating a vacant carbon atom, and increases the electron den-
sity near the electronegative oxygen atom. The threshold for this reaction is
found to be −0.86 and −0.81 eV for p-TFHQ and o-TFHQ, respectively. In
o-TFHQ, the OH groups are adjacent and thus the hydrogen transfer is quite
efficient. This is evident from the high yield observed for [M − HF − CO]−

from o-TFHQ.

4.2.3 Conclusions

Dissociative electron attachment to tetrafluoro-para-hydroquinone (p-TFHQ)
and tetrafluoro-ortho-hydroquinone (o-TFHQ) is governed by the formation
of new chemical bonds. In both molecules, the loss of HF and the formation
of [M−HF]− is the dominating reaction channel close to 0 eV. Similar to ear-
lier studies on pentafluorophenol (PFP), both the compounds yield [M−HF
− CO]− close to 1 eV. In the case of o-TFHQ this is the dominating reaction
channel close to 1 eV and is promoted by the formation of HF, and hydro-
gen transfer from the remaining OH group to a vacant carbon atom. The
additional charge is thus stabilized to a greater extent by the electronegative
oxygen atom.
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4.2.4 Supplementary material
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Figure 4.13: Ion yield curves observed in DEA to p-TFHQ, not discussed in this
thesis.
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Figure 4.14: Ion yield curves observed in DEA to o-TFHQ, not discussed in this
thesis.
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4.3 Electron attachment studies of TFQ

Figure 4.15: The presented compound tetrafluoro-para-benzoquinone (TFQ).

4.3.1 Motivation

Quinones are a group of cyclic diketones, whose unique electron transfer
properties have earned them an important role in biological systems as well
as in organic and industrial chemistry. As an example, the para-quinone
derivative Coenzyme Q plays a pivotal role in the charge-transfer mech-
anism involved in the production of adenosine triphosphate (ATP) [115],
which is a key molecule in intracellular energy transfer. Coenzyme Q is
therefore found in almost every cell of the human body. Quinones are also
very important in natural redox systems where plastoquinones, para-quinone
derivatives, play a vital role in the electron transport chain in photosynthesis
[116, 117].

The simplest para-quinone, para-benzoquinone (p-BQ), has been studied ex-
tensively with regards to its electronic properties, both through experiments
and theory. A detailed overview of these is given in reference [52] and pa-
per III. In free electron attachment to p-BQ, resonant states are formed at 0.7,
1.4 and 2.1 eV incident electron energy [118–121]. With the aid of sophisti-
cated ab initio calculations, these resonant states have been assigned to 2Au
and 2B3u shape resonances, and a core-excited 2B3u Feshbach resonance. The
shape resonances are associated with the LUMO+1 and LUMO+2 of p-BQ,
while the core-excited 2B3u Feshbach resonance is associated with the LUMO
(b2g) concomitant to exciting a HOMO−1 (b3u) core electron [122, 123]. Ther-
mal electron attachment associated with the ground electronic state of the
p-BQ anion (2B2g) is not observed in experiments and p-BQ does not form a
metastable molecular anion close to 0 eV. This simple para-quinone, however,
exhibits the rare ability of forming a metastable molecular anion at 1.4 eV
[49, 118, 124] (through the 2B3u shape resonance). The formation of a parent
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molecular anion above 0 eV has been observed in other quinone derivatives
[50–53, 125].

In a recent study on p-BQ, using time-resolved photoelectron spectroscopy,
Horke et al. [55] showed that the stabilization of the molecular anion through
the 2B3u shape resonance, involves ultra-fast relaxation (∼20 fs) of the elec-
tronic state through conical intersections, from the 2B3u state to the 2B2g an-
ionic ground state. In this scheme, rapid redistribution of electronic energy
through IVR removes energy from reaction coordinates relevant to autode-
tachment, stabilizing the molecular anion. This mechanism has been sug-
gested to be a general feature of quinones, responsible for their exceptional
electron transfer capabilities [54].

The interaction of low-energy electrons and halogenated p-BQ derivatives
offers a further interesting insight into the electronic properties of quinones.
Cooper et al. studied the interaction between low energy electrons (and fast
alkali atoms) and the per-halogenated derivatives of p-BQ, i.e. tetrafluoro-
(TFQ), tetrachloro- (TClQ) and tetrabromoquinone (TBrQ) [51]. The authors
showed that unlike p-BQ, all the halogenated derivatives support the for-
mation of a negative parent anion close to 0 eV and, in the case of TFQ, the
parent anion is also observed through a distinct contribution above 0 eV. For
TClQ and TBrQ however, the parent anion is not observed above 0 eV. In
contrast to TFQ, where DEA channels are thermochemically inaccessible at
low energy, the formation of Cl– and Br– from TClQ and TBrQ, respectively,
are observed close to 0 eV (see paper III for details). The dominating DEA
channels thus offer relaxation of the TNI through dissociation channels that
are not accessible in TFQ at such low electron energy. The formation of the
parent anion close to 0 eV in electron attachment to the halogenated deriva-
tives is attributed to initial occupation of the LUMO+1 au orbital, followed
by internal conversion to the 2B2g ground state and IVR [51, 119]. Strong
evidence for this mechanism was presented by Horke et al. who showed
that in the case of TClQ, photoexcitation from the anionic ground state (also,
2B2g) to the first excited state (most likely the 2Au state) results in ultrafast
(∼130 fs) electronic relaxation back to the ground anionic state, distributing
the additional energy through IVR [126].

Motivated by the intriguing electronic properties of quinones, we conducted
a detailed experimental and theoretical study of electron attachment to TFQ.
In addition to the formation of the parent molecular anion, TFQ exhibits an
extensive fragmentation pattern at low electron energy. The formation of all
the fragments observed in DEA to TFQ, save for F– which is formed through
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Figure 4.16: Ion yield curve for the formation of the metastable TFQ– anion. The
0 eV contribution we attribute to s-wave electron capture associated with the au or-
bital (LUMO+1). The higher energy contribution centered close to 0.5 eV, however,
we attribute to the lower-energy flank of the 2B3u shape resonance.

single bond rupture, are promoted by new bond formation and extensive
rearrangement of the anionic fragment.

4.3.2 Results and discussion

Figures 4.16 and 4.17 show selected ion yield curves observed in electron
attachment to TFQ in the incident electron energy range from 0-15 eV. In
electron attachment to TFQ, the major contribution to the ion yield is the
molecular anion, observed close to 0 and 0.5 eV. DEA to TFQ is observed
through resonances close to 1 eV and between 3 and 5 eV and can be charac-
terized by single and double CO loss, concomitant to the loss of up to four
fluorines. All the reaction channels are discussed in detail in paper III. We
begin by discussing non-dissociative attachment and give a brief description
of the resonances involved in electron attachment to TFQ. For the DEA con-
tributions, we concentrate the discussion to: examples of single CO loss, the
formation of [M − CO]− and [M − CO − 2F]−, and examples of double CO
loss, [M − 2CO]− and [M − 2CO − 4F]−.

4.3.2.1 Nondissociative Attachment

Figure 4.16 shows the ion yield curve for the parent anion (TFQ−) observed
in electron attachment to TFQ in the energy range from 0-15 eV. The main
contribution is observed with high intensity at 0 eV, but in addition, a second
distinct contribution is observed centered at 0.5 eV. The dominating contri-
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bution is attributed to either a vibrational Feshbach resonance supported by
the quadrupole moment of TFQ, or to electron capture through s-wave at-
tachment. While the latter is only allowed in the case totally symmetric (a1g)
orbitals, symmetry breach through breathing modes enables s-wave attach-
ment. The formation of the parent anion is most likely associated with the
2Au state, followed by internal conversion to the 2B2g ground state and re-
distribution of the additional energy through IVR, as in the case of TClQ
[126]. The second contribution, centered at 0.5 eV, is attributed to the lower
energy flank of the 2B3u shape resonance. At low energy, i.e close to 0.5 eV,
attachment to the LUMO+2 (b3u) results in internal conversion to the an-
ionic ground state, as observed for p-BQ [55]. At higher energy however,
the system cannot stabilize through redistribution of the additional energy,
autodetachment (AD) is more favored, and DEA channels become available.
This results in the observed drop of the ion yield curve towards higher en-
ergy. The formation of the parent anion is therefore only observed through
the lower part of the 2B3u resonance.

4.3.2.2 Dissociative Attachment

The fragmentation pattern observed in DEA to TFQ is quite extensive but
mainly consists of two series of fragments, i.e., the formation of [M − CO −
nF]−, where n = 0, 1, 2 or 3, and [M − 2CO − nF]−, where n = 0, 1, 2, 3 or 4.
Figure 4.17 shows selected ion yield curves observed in DEA to TFQ in the
energy range from 0-15 eV. The dominating contribution to the DEA spec-
trum results from the loss of a single CO unit, forming [M − CO]− shown in
figure 4.17 a). This fragment is observed through the 2B3u resonance, close
to 1 eV. The formation of this fragment, as well as other fragments involv-
ing the loss of CO, requires rupture of two C−C bond. Nevertheless, [M −
CO]− is observed at low electron energy with appreciable intensity. If the
reaction involves ring closure to form the pentagonal C5F4O– anion in addi-
tion to CO, the thermochemical threshold is −1.32 eV. This means that this
channel could not only be accessible through the 2B3u resonance close to 1 eV,
but also through the 0 eV resonance associated with the 2Au state. The high
reaction barrier associated with this channel, however, blocks the reaction at
0 eV [52].

Figure 4.17 b) shows the formation of [M − F2CO]−, which is observed
through the 2B3u shape resonance close to 1 eV. The fragment is also formed
to a lesser extent through the core-excited 2B3u Feshbach resonance close to
3 eV. In addition to the loss of CO, the formation of this fragment also re-
quires the loss of two fluorines, i.e., the rupture of two C−F bonds and two
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Figure 4.17: Selected ion yield curves observed in DEA to TFQ in the energy range
from 0-15 eV. a) The loss of a single CO unit observed through the 2B3u shape reso-
nance. b) The loss of F2CO promotes multiple bond rupture through the 2B3u shape
resonance, a smaller contribution is observed through the 2B3u core-excited Feshbach
resonance. c) The loss of two CO molecules from TFQ resulting in the quasi-linear
F2CCCCF–

2 anion. d) The loss of two F2CO units promotes the formation of C–
4, a

linear carbon chain, observed through the 2B3u core-excited Feshbach resonance.
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C−C bonds. This fragmentation channel can be rationalized by assuming
the formation of neutral F2CO and rearrangement of the anionic fragment.
As a first thought, a reasonable reaction path for the formation of this frag-
ment, similar to the loss of CO, involves ring closure and the formation of
a 5-membered anion, C5F2O–. The threshold for this reaction, however, is
1.06 eV, and thus not accessible through the lower half of the resonance. The
actual observation of C–

4 (see below), however, led us to assume a more com-
plicated reaction path. The calculated threshold, for the formation of [M −
F2CO]− is thus found to be −0.16 eV, if the anionic fragment rearranges to
form a quasi-linear keton anion, with terminal fluorines, FC(O)CCCCF–.

The loss of two CO units, resulting in the formation of [M − 2CO]− shown
in figure 4.17 c) is observed through the 2B3u shape resonance close to 1 eV
and through the core-excited 2B3u Feshbach resonance from ∼2.5-5 eV. Ac-
cording to our calculations, in addition to the excision of both CO groups,
this channel must be associated with bond formation between two (origi-
nally) non-adjacent carbons, and migration of fluorines to the terminal car-
bon atoms, forming the quasi-linear carbon chain F2CCCCF–

2. The thermo-
chemical threshold calculated for this reaction is 0.64 eV, which correlates
well with the experimentally observed AE of 0.6 eV. While this reaction is
quite extensive, the formation of C–

4 (figure 4.17d), further requires the loss
of all four fluorines. This remarkable fragment is observed through the core-
excited 2B3u Feshbach resonance from∼2.5-5 eV. We assume that the reaction
involves the excision of both carbonyl groups concomitant to the formation
of F−CO bonds. Thus forming two neutral F2CO molecules, and a C−C
bond linking the carbon chain. The threshold we calculate for this fragmen-
tation channel is 2.33 eV, which correlates well with the experimentally ob-
served AE of 2.5 eV. This fragmentation channel is the only viable reaction,
leading to the formation of C–

4.

4.3.3 Conclusions

In low-energy electron attachment to TFQ, the dominating reaction channel
results in the parent negative ion at 0 and 0.5 eV. Thermal electron attach-
ment is associated with the 2Au state which undergoes internal conversion
through conical intersections to the 2B2g ground state, similar to what has
been proposed for TClQ [126]. At 0.5 eV, TFQ− is formed through the 2B3u
shape resonance, which also undergoes internal conversion to the electronic
ground state. In both cases, the additional energy is redistributed over the
system’s vibrational degrees of freedom through IVR.
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In addition to forming the molecular anion, TFQ undergoes extensive frag-
mentation upon electron attachment at low electron energy. The most in-
triguing DEA channel, with AE of only 2.6 eV, results in complete dissoci-
ation of TFQ, yielding C–

4 and two neutral F2CO molecules. TFQ therefore
presents a good example of the extensive damage caused by the attachment
of single low-energy electron.

4.4 Dissociative electron attachment to AAc, TFAAc and
HFAAc

Figure 4.18: The β-diketones hexafluoroacetylacetone (HFAAc), trifluoroacetylace-
tone (TFAAc) and acatylecetone (AAc).

4.4.1 Motivation

In recent years, the printing of nano-structures on surfaces, through various
deposition techniques, has become an integral part of the surface-sciences.
In chemical vapor deposition (CVD) and focused electron beam induced de-
position (FEBID), the metal-sources are generally volatile organometallic pre-
cursor molecules. Direct metal-to-surface deposition in FEBID is achieved
through the use of a high-energy electron beam and metal-containing precur-
sor molecules. Through the interaction of the electron beam with the surface
(and the deposit), the formation of secondary, low-energy (≤20 eV) electrons
is unavoidable [127]. It has been suggested that these low energy electrons
play a role in limiting the resolution obtained in FEBID, but more impor-
tantly, in the formation of impurities in the deposit [12–16]. Detailed under-
standing of the interaction of low-energy electrons with precursor molecules
is thus necessary in order to achieve the full potential offered by FEBID.

Complexes of β-diketonates have received considerable attention in CVD
and FEBID, due to their unusually high vapor pressure and decomposition
temperature, and their stability in air and solution [128]. In these com-
plexes, the ligands are bidentate deprotonated β-diketones such as acecty-
lacetone (AAc), which is a common ligand in precursor molecules used in
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CVD [129, 130]. The exchange of AAc with its fluorinated derivatives triflu-
oroacetylacetone (TFAAc) and hexafluoroacetylacetone (HFAAc), results in
increased vapor pressure and stability of their respective metal complexes
[128]. While these properties make complexes of β-diketonates excellent
candidates for FEBID, the reactivity of these complexes towards low-energy
electrons is not well understood and has only recently been addressed [16].

Motivated by a recent study of electron attachment to HFAAc and the metal
complexes Cu(hfac)2 and Pd(hfac)2, we conducted an extensive theoretical
and experimental study on low-energy electron interaction to the free lig-
ands HFAAc, TFAAc and AAc. The fluorinated β-diketones exhibit exten-
sive fragmentation patterns, and many fragmentation channels are associ-
ated with new bond formation and rearrangement reactions.

4.4.2 Results and discussion

Figure 4.19 shows the ion yield curves for the formation of [M − H]− from
the three β-diketones and figure 4.20 shows two possible enol conformers
of TFAAc. Figures 4.21 and 4.22 show selected ion yield curves, observed
in DEA to HFAAc and TFAAc, in the energy range from 0-15 eV. In electron
attachment to HFAAc and TFAAc, the major contributions to the ion yield
are observed through resonances below ∼4 eV. In AAc, fragments are pre-
dominately observed through core-excited resonances. DEA to HFAAc is
governed by multiple bond ruptures and rearrangement reactions, while in
TFAAc, DEA proceeds to a similar extent through rearrangement reactions
and single bond ruptures. DEA to AAc leads predominantly to single bond
ruptures. Of the three β-diketones, only TFAAc supports the formation of
the molecular anion close to 0 eV. While AAc has negative electron affinity,
DEA dominates in the case of HFAAc and the parent molecular anion is not
observed (for further details and EA values, see paper IV). In all the com-
pounds, [M − H]− is the dominating channel observed through single bond
rupture at low electron energy. In HFAAc and TFAAc, the dominating contri-
bution to the ion yield is, however, [M −HF]−, observed close to 0 eV. Here,
the discussion is focused on the nature of the resonances, using the forma-
tion of [M −H]− as an example. From the more complicated DEA reactions,
we discuss the formation of [M − HF]−, [M − 2HF]− and HF–

2 from HFAAc
and TFAAc.
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Figure 4.19: Ion yield curves showing hydrogen loss observed upon DEA to the
three β-diketones.

4.4.2.1 Loss of H from Ac, TFAAc and HFAAc

Figure 4.19 shows the ion yield curves for the formation of [M − H]−, ob-
served in DEA to AAc, TFAAc and HFAAc in panels a), b) and c), respec-
tively. The resonance profile of HFAAc has been described by Engmann et
al. [16] in a recent study on HFAAc, and the metal complexes Cu(hfac)2
and Pd(hfac)2. There, the 0 eV contribution was ascribed to a vibrational
Feshbach resonance, while the contribution observed close to 1 eV was as-
cribed to a shape resonance. The contributions close to 3 and 5.5 eV were at-
tributed to core-excited resonances where, concomitant to attachment, the in-
coming electron induces an excitation of core-electrons. The resonance close
to 3 eV was found to correlate well with a dipole-forbidden n-π∗ transition
predicted by Naganishi et al. [131], who conducted a detailed experimental
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Figure 4.20: Two possible enol conformers considered for TFAAc. From thermo-
chemical calculations and Boltzmann statistics, we find that the enol tautomer of
TFAAc mainly exists (97%) as conformer A.

study, supported by modified CI-CNDO calculation, of the electronic spec-
trum of the three β-diketones. Similarly, the resonance observed close to
5.4 eV was found to correlate well with a π-π∗ transition, observed at 4.6 eV
in the vacuum UV spectrum of HFAAc [131].

From figure 4.19, it is clear that increased fluorination increases the mole-
cules’ electron capture cross section, as the ion yield grows considerably by
the exchange of a CH3 group with its fluorinated counterpart, CF3. The in-
creasing stabilization offered for TFAAc and HFAAc, compared to AAc, is
evident in the increased contribution observed from the 0 eV resonance in
HFAAc and TFAAc. A similar trend is observed for the shape resonance
close to 1 eV. Considerable ion yield is observed through the shape resonance
in DEA to HFAAc while the contribution from TFAAc is vanishing. Thus in
going from AAc to TFAAc, the electron withdrawing effects from the CF3
group stabilizes the close lying π∗ antibonding orbital with regards to au-
todetachment. No stabilization, however, is offered for the π∗ antibonding
orbital next the CH3 group, resulting in a short-lived TNI sensitive to AD.
Similarly, in going from TFAAc to HFAAc the shape resonance close to 1 eV
is stabilized by the introduction of the second CF3 group. Considering this
effect, and the two possible enol conformers of TFAAc, further classification
of the low energy resonances is possible.

In the gas phase, the β-diketones primarily exist as the enol tautomer (see
references [132, 133] and paper IV). TFAAc, however, has two possible enol
conformers, depicted in figure 4.20. In conformer A, the CH3 group is at the
enol-side of the molecule while in conformer B, the CF3 group is at the enol-
side. From thermochemical calculations, we find conformer A to be 101 meV
lower in energy than conformer B at room temperature. Using Boltzmann
statistics we thus find that 97% of the enol tautomers of TFAAc, exist as con-
former A.
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Figure 4.21: Selected ion yield curves observed in DEA to HFAAc in the energy
range from 0-15 eV. The loss of HF shown in panel a) and the formation of HF–

2
in panel b) proceed through similar reaction paths. These lead to the formation of
HF and a furanone anion, and HF–

2 and a neutral furanone compound, respectively.
The formation of [M − 2HF]− shown in panel c), however, is predicted to follow a
different, more complex reaction path.

From the above considerations, we argue that CF3 group in TFAAc offers
stabilization to the C−−O π∗ orbital, and so the 0 eV resonance is associated
with this orbital. Similarly, the shape resonance close to 1 eV in HFAAc is
most likely associated with the C−−C π∗ orbital, stabilized by the CF3 group
at the enol-side of the molecule.

61



4. Results

0 2 4 6 8 10 12 14

0

1500

3000

0 2 4 6 8 10 12 14

0

35

70

In
te

n
si

ty
 (

co
u

n
ts

/s
)

0 2 4 6 8 10 12 14

0

2.5

5

Energy (eV)

a)  [M−HF]
−
 (m/z 134)

b)  HF
2

−
 (m/z 39)

c)  [M − 2HF]
−
 (m/z 114)

Figure 4.22: Selected ion yield curves observed in DEA to TFAAc in the energy
range from 0-15 eV. The loss of HF shown in panel a) and the formation of HF–

2 in
panel b) proceed through similar reaction paths. These lead to the formation of HF
and a 5-membered furanone anion, and HF–

2 and a 5-membered neutral furanone,
respectively. The formation of [M− 2HF]− shown in panel c), however, is predicted
to follow a different, more complex reaction path.

4.4.2.2 Multiple bond ruptures and rearrangement reaction

Figures 4.21 and 4.22 show the ion yield curves for the formation of [M −
HF]−, HF–

2 and [M − 2HF]− from HFAAc and TFAAc, respectively, from
0-15 eV. In earlier photolysis studies on HFAAc, Basset and Whittle [134] ob-
served a photochemical reaction to HFAAc, resulting in the formation of [M
− (H + F)] as a neutral furanone. From a thermochemical point of view,
the authors argued that in order for the reaction to take place, neutral HF
was formed as a by-product. This argument was supported by Pimentel et
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Figure 4.23: The minimum reaction path for the formation and loss of HF from
HFAAc, calculated using the nudged elastic band (NEB) method. The filled circles
following the solid line, represent the ZPE of various minima and saddle points
along the computed path. The solid line is only meant to guide the eye and does
not necessarily follow the computed path. The dashed vertical line represents the
ZPE energy of the neutral HFAAc. The loss of HF from HFAAc on the potential
energy surface of the negative ion is a 4-step process involving i) the rotation of
the −COCF3 group (steps 1-3), ii)-iii) the formation of HF attached to the negative
moiety through a hydrogen bond (steps 3-7), and iv) the loss of HF (steps 7-8).

al. [104] who detected the neutral HF formed in the reaction in a tandem-
chemical laser study on the photolysis of neutral hexafluoroacetylacetone
(HFAAc). Furthermore, a later study by Muyskens et al. [135] showed that
this reaction channel is also operative in photolysis of TFAAc. Basset and
Whittle [134] proposed a reaction path involving intramolecular rotation,
leading to an intermediate stabilized by hydrogen bonding. This is in fact
a prerequisite for the formation of HF in DEA [101]. For the corresponding
DEA reactions, we calculated thermochemical threshold for the formation of
[M − HF]− in the form of the anionic furanone shown in figure 4.23. The
threshold is −1.42 and −0.45 eV for HFAAc and TFAAc, respectively. As
noted in previous chapters and shown schematically in figure 2.2, these re-
actions can only proceed at 0 eV if the highest saddle point associated with
the reaction path on the PES of the negative ion, lies energetically below the
neutral molecule. With this in mind, we calculated the minimum energy
path for the formation of [M − HF]− and the loss of neutral HF from the
anionic ground state of HFAAc, using the NEB method. Figure 4.23 shows
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– HF+ e– – HF

Figure 4.24: Proposed reaction path and final product for the formation of [M −
2HF]− from HFAAc. The same final product is supposed for TFAAc however with
a terminal CF3 group.

the results. The blue circles represent ZPEs of optimized minima and sad-
dle points along the minimum energy path and the dashed horizontal line
represents the ZPE of the neutral molecule. The results presented in figure
4.23 suggest that the formation and loss of HF is a four-step process, initi-
ated by the rotation of the −COCH3 group from step 1 to 3. This rotation
brings an electron-rich fluorine atom in close vicinity to the electron-poor
enolic hydrogen atom, resulting in a structure stabilized by an intramolecu-
lar hydrogen bond between the hydrogen and the fluorine. This rotation is
then followed by the formation and loss of HF and ring closure, forming the
observed furanone. These results thus suggest a viable reaction path for the
formation of [M−HF]− from HFAAc at 0 eV incident electron energy. While
the corresponding calculations for TFAAc have not been carried out explic-
itly, the dominating reaction coordinates involved (C−C bond rotation) are
similar and the same results are anticipated.

The formation of the bifluoride anion, HF–
2, is observed from HFAAc and

TFAAc, predominately through the 0 eV resonance. Slight contributions to
the ion yield curve are observed at higher energies. Originally, we expected
the bifluoride anion to be associated with fluorine loss from both CF3 groups
and hydrogen loss from the central carbon atom. HF–

2 is, however, also ob-
served in DEA to TFAAc, where the fluorines can only originate from the
same carbon atom. Hence, this is most likely also the case for HFAAc. We
suggest that the formation of this peculiar fragment follows a similar reac-
tion path as the formation of [M − HF]−. In this case however the furanone
is neutral and has one fluorine atoms less than the [M−HF]− fragment. The
thermochemical threshold for this reaction is found to be−0.57 and−0.57 eV
for HFAAc and TFAAc, respectively, which is a remarkable coincidence.

The anionic fragment [M − 2HF]− is observed through the 0 eV resonance
from HFAAc and TFAAc. Originally, we expected these to follow a similar
reaction path as proposed for the formation of [M − HF]− and HF–

2, i.e. the
formation of two neutral HF molecules and an anionic 5-membered ring. In
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this case, however, thermochemical calculations for HFAAc yield a threshold
of 1.00 eV. Proceeding through a more complicated reaction path, proposed
in figure 4.24, leading to the stereoisomer shown in figure 4.24, we find a
thermochemical threshold of −0.79 and −0.02 eV for HFAAc and TFAAc,
respectively. We note that the first structure shown within parenthesis in
figure 4.24, represents a minimum on the reaction path for the loss of one HF
unit (see figure 4.23), while the second structure is only tentative and does
not necessarily represent a minimum on the actual reaction path.

4.4.3 Conclusions

Electron attachment to HFAAc and TFAAc predominately occurs through
resonances below ∼4 eV. The electron withdrawing effects of the CF3 group
in TFAAc stabilize the 0 eV resonance with respect to autodetachment (AD)
while in HFAAc, both the 0 and 1 eV resonances are stabilized. Based on
our study of the dominating conformer of TFAc, we attribute the resonances
observed close to 0 and 1 eV to be associated with the C−−O π∗ orbital and
the C−−C π∗ orbital, respectively.

Thermal electron attachment to hexafluoroacetylacetone (HFAAc) and tri-
fluoroacetylacetone (TFAAc) leads to complicated, rearrangement reactions
leading to the loss of HF and the formation of a furanone (5-membered) an-
ion. We support this assignment by calculating the minimum energy path
associated with this reaction channel. The exothermic HF formation pro-
motes further dissociation channels observed in DEA to HFAAc and TFAAc.
The proposed reaction path for HF formation, most likely contributes to the
formation of HF–

2 observed in HFAAc and TFAAc close to 0 eV.
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5 Summary and Outlook

Electron attachment to neutral molecules in the gas phase, at energies as low
as 0 eV, can lead to fragmentation reactions involving the rupture of multiple
bonds, formation of new bonds and in some cases substantial rearrangement
of the fragments formed. These reaction channels are promoted through the
formation of highly stable neutral molecules, such as HF, F2CO and stable
negative ions. We have shown that in fluorinated molecules where confor-
mational stabilization is possible through intramolecular hydrogen bonds,
the formation of HF can be proceed with cross section close to 0 eV. Further-
more, the formation of HF can also promote considerably more extensive
fragmentation of the system. This can include the loss of two HF molecules,
one HF molecule and CO and even CO2 and CF3H as in the cases reported
here.

We have shown that the reaction paths for these complicated fragmentation
channels can be explained quite well by a relatively simple protocol. This can
be achieved by calculating the thermochemical threshold, i.e. the reaction
enthalpy, for plausible reaction channels. This serves to predict if a given re-
action path is energetically accessible. Next, the minimum energy path is cal-
culated using the nudged elastic band (NEB) (or any similar) method. This
gives us information on any potential barriers associated with the reaction
path. Such reaction path calculations can, however, become quite complex
as is for example the case in the loss of HF and CO from PFP (see paper II).
Finally, where deemed beneficiary, classical dynamics simulations can also
be used to gain information on possible fragmentation channels.

Through the theoretical part of our study, we have gained a better under-
standing of the dynamics involved in these complex fragmentation channels.
We have also shown that for systems that can form a hydrogen bonded inter-
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mediate on the DEA reaction path, molecular fragmentation may be signifi-
cantly enhanced through the formation of HF. In this context we propose that
by incorporating such predetermined breaking points into molecular sys-
tems, the susceptibility and reactivity of these systems towards low energy
electrons can be enhanced or even controlled. This could in general prove
advantageous in chemical control through low-energy electron attachment.
One example where such enhancements of fragmentation through DEA may
be propitious is in the context of radiosensitizers for cancer therapy, where
the role of low-energy electrons has been considered [136]. Another example
is in focused electron-beam induced deposition (FEBID) where low-energy
electrons potentially contribute to impurity of the deposit and in limiting the
resolution.

It is well known that by incorporating 5-halouracils into DNA, the sensitiv-
ity of the affected DNA towards radiation is increased [137]. This means
that upon radiation sensitized DNA is more likely to suffer unrepairable sin-
gle and double strand breaks than does normal (unsensitized) DNA. Clin-
ical trials have demonstrated that in many cases, radiation treatment with
radiosensitizers, yields increased local control of the tumor and increased
patient survival probability, as compared to radiation treatment alone [137].
Traditionally, the mechanism behind the effect of radiosensitizers is predom-
inately attributed to the formation of highly reactive radicals, which are
formed by bond cleavage of the radiosensitizer [138]. Free (nonhydrated)
low-energy (≤25 eV) electrons, however, are formed in abundance along the
track of such ionizing radiation (5× 104/MeV [139]), and in the last decade,
it was shown that such low energy electrons can induce single and double
strand breaks in plasmid DNA in the condensed phase [3]. Thus, in recent
years, the role of low-energy electrons in radiation processes has gained con-
siderable attention [5, 6]. For the 5-halouracils, considerable fragmentation
is observed below 3 eV in DEA (see reference [136]). We suggest that the con-
cept of highly efficient bond formation, promoting reaction channels in DEA
at low incident electron energy, can be advantageous when tailoring new
radiosenzitisers. This could for example be achieved by modifying known
radiosensitizers to enhance their dissociation with respect to the formation
of stable neutral molecules upon DEA. As in the cases reported here, these
predetermined breaking points could lead to more extensive fragmentation
of the radiosensitizers, resulting in a fragment geometry different from the
precursor. It seems that if correctly applied, such DEA channels could effi-
ciently enhance the damage caused to the tumor cells upon radiation.

Another example where the promotion of DEA channels through forma-
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tion of highly stable neutral molecules could also prove advantageous is
the study of the role of low-energy electrons on FEBID. FEBID is a form of
lithography where metal-containing (precursor) molecules, on or near a sur-
face, are dissociated by a focused, high-energy (>30 keV) electron beam (see
for example the review articles [7, 8]). When a high-energy electron beam
impinges on a surface, the generation of low-energy secondary electrons is
unavoidable [127]. Lately, it has been suggested that low-energy electrons
play a role in deposit contamination and lowered resolution in FEBID [12–
16]. The energy distribution of these secondary electrons usually shows a
maximum well below 10 eV [140, 141], a regime governed by electron at-
tachment. The precursor molecules can thus attach secondary electrons and
dissociate through efficient DEA channels. This leads to incomplete disso-
ciation of the precursor molecule and adds to the non-metal content of the
deposit. In this context, DEA channels leading predominately to the forma-
tion of stable neutral molecules, that quickly desorb from the surface could
reduce contamination in the deposit. This can aid in gaining a deeper un-
derstanding into the many aspects of the metal deposition process and aid
in establishing parameters that allow targeted synthesis of precursor mole-
cules tailored for FEBID.
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V. Grill, T. D. Märk and P. Scheier. High resolution dissociative electron
attachment to gas phase adenine. J. Chem. Phys., 125 (8), (2006), 084304.

[26] S. Denifl, S. Ptasinska, M. Probst, J. Hrusak, P. Scheier and T. D.
Märk. Electron Attachment to the Gas-Phase DNA Bases Cytosine and
Thymine. J. Phys. Chem. A, 108 (31), (2004), 6562.

[27] G. Hanel, B. Gstir, S. Denifl, P. Scheier, M. Probst, B. Farizon,
M. Farizon, E. Illenberger and T. Märk. Electron Attachment to Uracil:
Effective Destruction at Subexcitation Energies. Phys. Rev. Lett., 90 (18),
(2003), 188104.

[28] C. Koenig-Lehmann, J. Kopyra, I. Dąbkowska, J. Kočišek and E. Il-
lenberger. Excision of CN– and OCN– from acetamide and some amide
derivatives triggered by low energy electrons. Phys. Chem. Chem. Phys.,
10 (46), (2008), 6954.

[29] I. Bald, I. Dabkowska, E. Illenberger and O. Ingólfsson. Energy selec-
tive excision of CN– following electron attachment to hexafluoroacetone azine

75



Bibliography

((CF3)2C−−N−N−−C(CF3)2). Phys. Chem. Chem. Phys., 9 (23), (2007),
2983.

[30] Y.-R. Luo. Comprehensive Handbook Of Chemical Bond Energies. 2007.

[31] J. Langer, I. Martin, G. Karwasz and E. Illenberger. Chemical reactions
in clusters of trifluoroacetic acid (CF3COOH) triggered by electrons at sub-
excitation energy. Int. J. Mass. Spectrom., 249-250, (2006), 477.

[32] T. Oster. Diploma Thesis. Freie Universität Berlin, 1987.
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a b s t r a c t

In a combined experimental and theoretical study on dissociative electron attachment (DEA) to pentaflu-
orotoluene, pentafluoroaniline and pentafluorophenol in the energy range 0–3 eV we reveal the role of
rearrangement and hydrogen bonded intermediates in the DEA process and show that HF formation
can be used to enable otherwise inaccessible, efficient low energy DEA processes.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dissociative electron attachment (DEA) has long been known to
play an important role in plasma processing [1] and atmospheric
chemistry [2] and more recently the role of DEA in radiation
damage to biologically relevant molecules has been the subject
of interest of many research groups [3]. In a simplified picture
many DEA processes can be fairly well described within the model
of a quasi-diatomic dissociation by

ABþ e� ! AB�� ! Aþ B� ð1Þ

where a low energy electron attaches to the neutral molecule; AB,
to form a transient negative ion (TNI). The TNI; AB��, can reemit
the attached electron (autodetachment) or, if it is energetically
above the threshold for dissociation, dissociate to form the neutral
fragment; A, and the negative ion; B�. Electron attachment is a res-
onant transition from the neutral ground state to the TNI state, and
is only accessible in a narrow electron energy range in the Franck–
Condon region. In contrast to fragmentation induced by direct elec-
tron impact, where excess energy of several eV is required, DEA is
very bond selective and can occur close to zero eV electron energy
with high efficiency [4] and large cross sections of about 10�16 to
10�18 m2 [1]. Excellent examples of the site selectivity in DEA have
been demonstrated for the pyrimidine nucleobases thymine and
uracil [5], the amino acid valine [6] and a range of small organic
molecules [7], to name a few. It is thus not farfetched to consider
DEA by low energy electrons as a method of chemical control at
the molecular level.

In DEA, the thermochemical threshold for a specific direct disso-
ciation process is given by the difference between the bond disso-
ciation energy (BDE), here the AB bond, and the electron affinity of
the neutral fragment; B, ejected as an anion. Therefore, such

(direct) high efficiency processes can only occur close to 0 eV elec-
tron energy if the electron affinity of B is greater than the bond dis-
sociation energy. This is rarely the case except where fragments
with high electron affinities, such as Cl, Br, I and CN, are ejected
as anions. Good examples of such processes can be found in the re-
view articles [4,8]. More complicated processes with multiple bond
ruptures which cannot be described by the quasi-diatomic model
are however frequently observed in DEA at low incident electron
energies. In these processes the energy gained by the formation
of new chemical bonds enables the reactions to proceed at low
electron energies with high efficiency and selectivity.

Notable examples of such processes include the formation of
CN� from hexafluoroacetone azine [9] and the amino acids valine
[10] and glycine [11] as well as multiple fragmentation processes
observed close to 0 eV in DEA to the well known explosive TNT
[12]. Other examples include those described in DEA studies of tri-
fluoroacetic acid [13] and pentafluorophenylacetonitrile [14]. In
both these cases anions consisting of the parent molecule less
one fluorine and one hydrogen atom; [M � HF]�, are formed with
high efficiency close to 0 eV electron energy. The very low thresh-
olds for these channels, and high efficiencies, are achieved through
the formation of neutral HF molecules in the dissociation process,
which fuel the reaction by releasing the HF bond energy of �5.9 eV
[15]. Such hydrogen halide formation has also been shown to be a
dominating process in DEA to 5-chloro uracil [16], and further-
more, high intensity H2 loss has been reported close to 0 eV for
the nucleobase thymine [17].

In the context of chemical control through DEA it is thus very
interesting to seek ways to exploit highly exothermic bond
formation processes, such as the HF formation, as a driving force
for dissociation channels that would otherwise not be accessible.
Motivated by this concept we have conducted a systematic
experimental and theoretical study of DEA to the substituted pen-
tafluorophenyl compounds pentafluorotoluene (PFT); C6F5CH3,
pentafluoroaniline (PFA); C6F5NH2 and pentafluorophenol (PFP);
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C6F5OH. We have chosen these compounds as, from a steric point
of view, they can all form HF between a hydrogen and a fluorine
in the ortho-position but they differ with respect to the polariza-
tion of the X–H bonds, which increases in the order C < N < O.
These compounds are thus excellent candidates to study the role
of hydrogen bonding in the HF formation process and we expected
a large difference between PFT on one hand and PFA and PFP on the
other, as the more electronegative N and O, like F, form hydrogen
bonds that may stabilize X� � �H� � �F intermediates.

2. Experimental methods

The experimental setup is described in detail elsewhere [18]. In
brief, it consists of a trochoidal electron monochromator (TEM) and
a time-of-flight (ToF) mass spectrometer. The experiment is pulsed
with � 1 ls electron pulses passing through the source region of
the ToF mass spectrometer. When all the electrons have left the
source region (� 1 ls) any ions generated are pushed with a
200 V/cm pulsed electric field towards an acceleration field of
400 V/cm, whereafter the ions drift along the ToF Mass Spectrom-
eter towards the ion detector. The mass spectrometer potentials
are reversible so that both positive and negative ions can be de-
tected. The electron energy scale is calibrated with respect to the
formation of SF�6 from SF6 at 0 eV electron energy and the resolu-
tion (�140 meV) is estimated from the FWHM of the SF�6 signal.
The samples were introduced through a gas inlet into the high vac-
uum reaction chamber by sublimation (PFP and PFA) or evapora-
tion (PFT) at room temperature. PFP and PFT were purchased
from Sigma–Aldrich (St. Louis, MO, USA) and PFA from Fluorochem
(Hadfield, Derbyshire, England). All compounds had stated purity
of 99% and were used as delivered.

3. Computational methods

To determine the threshold energies for the individual DEA pro-
cesses, the geometry of all molecules and fragments was optimized
at the B3LYP/6-31G** [19,20] level of theory and vibrational fre-
quency calculations were made to verify the minima. Single point
energy calculations were performed for the optimized systems at
the B3LYP and B2PLYP [21] levels of theory using the aug-pc-2 ba-
sis set [22]. The zero-point energy and the thermal vibrational en-
ergy at 298 K from harmonic vibrational frequency calculations
were added to the systems. In the final step, threshold energies
were determined by subtraction of the total energy of the products
of the respective DEA processes from the total energy of the corre-
sponding parent molecules. All these calculations were preformed
with NWCHEM 6.0 [23].

To explore the role of hydrogen bonding in the DEA process, the
minimum energy path for the revolution of the XHn groups was
evaluated at the B3LYP/6-31G** level of theory using the Nudged
Elastic Band (NEB) method [24]. These calculations were per-
formed using Chemshell [25] with the NWCHEM program interfaced
as QM code and the DL-FIND [26] interface as geometry optimizer.
A total of 18 NEB images were calculated along the reaction paths.
In the case of PFA and PFP the XHn group is rotated 180� between
the initial and the final state but in the case of PFT the range is 60�.
The resulting transition states and minima were further optimized
at the B3LYP/pc-2 level of theory to obtain a good estimate for the
energy barrier.

4. Results and discussion

Figure 1 shows the negative ion yield curves of all fragments
formed through DEA to PFA (a) and PFP (b) in the incident electron
energy range from 0 to 3 eV. In this energy range, several DEA

products are observed from both PFA (a) and PFP. By contrast,
the only negative ion observed from PFT, in this energy range is
the parent molecular anion, M�, which is observed with very low
intensity close to 0 eV (not shown here). Hence, no DEA processes
are observed from PFT in this energy range.

The most pronounced DEA channels for PFA and PFP lead to the
formation of [M � HF]� through two distinct resonances located
close to 0 eV and 0.9 eV, respectively. In PFP the 0 eV resonance
dominates whilst the 0.9 eV resonance dominates in PFA. Hydro-
gen loss from these molecules is about two to three orders of mag-
nitude weaker than HF loss. Loss of HF and CO from PFP leading to
the anionic fragment [M � (HF + CO)]� is observed through the
high-energy tail of the 0.9 eV resonance and stretches from about
1.5–2.5 eV. Similarly, the formation of [M � 2HF]� through the loss
of two HF molecules from PFA is observed in the range from about
1 to 2 eV. The anionic products from these processes appear in the
ion yield curves with similar intensities as the hydrogen loss. In
addition to the DEA products, the molecular anion is observed
close to 0 eV from both PFA and PFP, as well as from PFT. From
PFP the intensity of M� is found to be about one tenth of the
[M � HF]� signal, but from PFA the relative contribution from the
parent molecular anion is much less pronounced. The ion yield
curve for M� in PFA (Figure 1a) shows traces from the partly over-
lapping ion yield curve for [M � H]� at slightly higher energies.
This overlap is attributed to metastable fragmentation during the
early stage of the ion acceleration.

In order to explore the mechanism behind the HF formation we
have calculated the thermochemical threshold energies for the for-
mation of the observed fragments. All the relevant thresholds are
given in Table 1. Figure 2 shows the proposed fragmentation mech-
anism for the main fragmentation channels in PFP (a) and PFA (b),
respectively.

For the HF loss from PFP we calculate thresholds of 0.29 and
0.59 eV with B3LYP and B2PLYP, respectively, if we assume that
the charged fragment retains its six-membered carbon ring struc-
ture and the open shell C6F4O� anion is formed. We find, however,
that this reaction is exothermic by 0.36 eV and 0.19 eV with B3LYP
and B2PLYP, respectively, if we assume that the loss of HF is asso-
ciated with a rearrangement of the ion to form a five-membered
ring with a terminal CO group, i.e., the open shell C5F4–CO� anion
(structure 1 in Figure 2a). The structure of the dominant [M � HF]�

ion from PFP close to 0 eV is thus most likely the five-membered
ring structure 1 in Figure 2a. The [M � HF]� contribution from
PFP centred close to 0.9 eV, on the other hand, can originate from
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Figure 1. Ion yield from DEA to PFA (a) and PFP (b) in the incident electron energy
range from 0 to 3 eV.
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the intact six-membered ring as well as the five-membered ring
structure 1.

For the HF abstraction from PFA, thresholds of 0.52 eV and
0.82 eV are calculated with B3LYP and B2PLYP, respectively, if it
is assumed that the negatively charged fragment retains the initial
six-membered ring structure. Marginally higher values of 0.76 and
0.96 eV are calculated with B3LYP and B2PLYP if it is assumed that
the product ion has a five-membered ring and a terminal CNH
group, i.e., the C5F4–CNH� anion shown with structure 2 in Fig-
ure 2b. These calculations predict that both these channels are
accessible in PFA throughout the higher energy resonance, but can-
not explain the observation of [M � HF]� ions from PFA close to
0 eV. Through harmonic vibrational frequency calculations of the
neutral PFA we observe vibrational modes which could aid in the
formation of HF. Three of these modes; v5;v6 and v7, are soft bend-
ing modes of the N–H and C–F bonds which, through a linear com-
bination, can be described as the stretch of an unformed H–F bond.
The vibrational energy of these three modes is around 35 meV so
the higher vibrational levels are quite populated even at room tem-
perature. In fact, for v5;v6 and v7, the occupation ratio for the first
excited vibrational state versus the ground state was found to be
about 0.26:1. Therefore, there may be additional energy available
from these vibrational modes, which will effectively reduce the
incident electron energy required to reach the threshold for this
DEA channel. Furthermore, energy in other vibrational modes
may be redistributed through intramolecular vibrational energy
redistribution (IVR) into modes that aid formation of HF. Looking
at the shape of the [M � HF]� signal it is clear that the maximum
ð� 1 eVÞ is very close to the thresholds calculated here. From the
present experimental results and calculations it appears most
likely that the low energy contribution from PFA close to 0 eV is
due to ‘hot-band transitions’, hence a part of the energy required

for the DEA process comes from the vibrational energy of the mol-
ecule. At room temperature the fraction of molecules with suffi-
cient energy for the DEA process will drop considerably as the
incident electron energy drops from 1 eV to about 0 eV. However,
the electron attachment cross section should rise fairly steeply
with decreasing electron energy, and thus offset some of this drop.

For the [M � HF]� formation from PFT we calculate the thresh-
old values 0.61 eV and 0.89 eV with B3LYP and B2PLYP, respec-
tively, if we assume the final geometry to be a six-membered
ring. Rearrangement of the negatively charged molecular ion prod-
uct is not found to give a lower threshold. The thermochemical
threshold for this channel is thus comparable for PFT and PFA,
though no [M � HF]� formation is observed from PFT.

As mentioned above, our calculations showed the most stable
form of the [M � HF]� from PFP as a cyclic C5F4 with an exocyclic
CO group (1). If we assume that the formation [M � (HF + CO)]�

from PFP proceeds through a sequential loss of HF and CO leading
to the aromatic perfluorocyclopentadien anion, C5F�4 , as shown
with structure 3 in Figure 2a, we derive a threshold value of
1.40 eV and 1.63 eV with B3LYP and B2PLYP, respectively. The
experimental threshold for this process is about 1.2 eV, and consid-
ering the electron energy resolution and the accuracy of the calcu-
lations the agreement is good. Similarly, if we assume a sequential
mechanism for the formation of [M � 2HF]� from PFA leading to
the formation of the C5F3–CN� anion as shown with structure 4
in Figure 2b, our calculations give thresholds of 0.77 and 0.96 eV
with B3LYP and B2PLYP, respectively. Within experimental errors
and the accuracy of the calculations, this is in good agreement with
the observed experimental threshold of about 1.1 eV for this reac-
tion. If, however, we assume the [M � 2HF]

�
fragment from PFA to

retain the six-membered ring and to be formed by simple abstrac-
tion of two HF molecules, we derive a threshold of 3.09 eV and
3.52 eV with B3LYP and B2PLYP, respectively. It is thus reasonable
to assume a sequential HF loss leading to the formation of a five-
member ring with an exocyclic CN group (4).

In the case of PFT the calculated threshold for the formation of
[M � HF]� is found to be 0.61 eV and 0.89 eV with B3LYP and
B2PLYP, respectively, but formation of [M � HF]� from PFT is not
observed in the experiment. The absence of [M � HF]� may be be-
cause PFT does not have the higher energy resonance observed for
PFA and PFP in the energy range from about 0.5 to about 2 eV. We,
however, consider it more likely that this resonance is also present
in PFT, but the coupling to the reaction coordinates for HF loss is
much weaker and, thus, autodetachment dominates. Sterically,
the formation of HF from PFT is just as probable as from PFA and
PFP. The polarization of the C–H bond in PFT, however, is consider-
ably less than that of the N–H and O–H bonds in PFA and PFP,
respectively. Both neutral PFA and PFP may be stabilized through
X–H� � �F hydrogen bonding. The transition states (X� � �H� � �F; see
Figure 2) in the dissociation of the TNI may also be stabilized by
hydrogen bonding. By contrast, any hydrogen bonding stabilization
of the neutral or of the dissociation intermediate of the TNI will be
significantly weaker in PFT due to the weaker C–H polarization
compared to N–H and O–H.

Intramolecular hydrogen bonding in phenol- and other benzene
derivatives has been described in both computational and
spectroscopic studies [27–29] and although the interaction is
weak, intramolecular hydrogen bonds in these systems contribute
significantly to the geometry of the aromatic ring [27].

To further explore the role of hydrogen bonding and geometri-
cal constraints we have calculated the minimum energy path for
the rotation of the XHn substituent group in all three compounds
using the Nudged Elastic Band (NEB) method. Figure 3 shows the
results for a 360� revolution of the XHn group in PFA, PFP and PFT.

Figure 3 shows clearly in the case of PFA and PFP the existence
of an energy barrier to rotation, but virtually no barrier is found for

Table 1
Calculated thermochemical threshold energies for the observed fragments, using the
B3LYP and B2PLYP density functionals. The fragments signified as 6-memb. and 5-
memb. in the table, refer to the reactions where the 6-membered ring is retained and
where rearrangement leads to a 5-membered ring, respectively. These are shown in
Fig. 2.

Anionic fragment Neutral fragment DH (eV)

B3LYP B2PLYP

[PFP � HF]� 6-memb. HF 0.29 0.59
[PFP � HF]� 5-memb. HF �0.36 �0.19
[PFP � (Hþ F)]� H + F 6.12 6.44
[PFP � (HFþCO)]� HF + CO 1.40 1.63
[PFA � HF]� 6-memb. HF 0.52 0.82
[PFA � HF]� 5-memb. HF 0.76 0.96
[PFA � (Hþ F)]� H + F 6.36 6.66
[PFP � 2HF]� 2HF 0.77 0.96
[PFP � HF]� HF 0.61 0.89
[PFT � (Hþ F)]� H + F 6.44 6.73
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Figure 2. Proposed fragmentation mechanism for the formation of; (a) [M � HF]�

and [M � (HF + CO)]� from PFP and (b) [M � HF]� and [M � 2HF]� from PFA.
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PFT. The optimized values for the energy barrier of PFA and PFP at
the B3LYP/pc-2 level of theory were found to be 0.26 eV and
0.13 eV, respectively, after the addition of the thermal vibrational
energy. In the case of PFT on the other hand we observe a quasi-
free rotation of the CH3 group with a rotational energy barrier of
only 0.4 meV. It is clear in the case of PFT that little attractive force
exists between the methyl hydrogen and the neighbouring fluorine
atom, which confirms the expectation of virtually no hydrogen
bonding in PFT. This in turn explains the lack of [M � HF]� frag-
ment formation from PFT. In the cases of PFA and PFP the rotational
barriers have two major causes; the delocalized p-bonding in the
molecule and intramolecular hydrogen bonding between H and
F. The restricted rotation of the anilinic and phenolic hydrogen
atoms will restrict them in the vicinity of the ortho fluorine atoms
on the aromatic ring and promote the loss of HF.

5. Conclusions

In the light of these results we conclude that HF formation
from both PFA and PFP is most likely coupled to rearrangement
of the carbon ring and that the further loss of CO from PFP,
and another HF from PFA, is sequential and follows an initial
HF loss. Furthermore, it is likely that intramolecular hydrogen
bonding plays a pivotal role in the HF excision from PFA and
PFP. By suitable choice of substituents the formation of HF can
be used to fuel DEA channels at low incident electron energies,
where the attachment cross sections are commonly very high.
Such reactions have the potential of enabling otherwise inacces-
sible electron induced reactions at surfaces and in the gas phase
and could also prove valuable in the production of relatively high
intensity neutral and negative ion beams.
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Molecular rearrangement reactions in the gas phase
triggered by electron attachment†

Benedikt Ómarsson,a Elı́as H. Bjarnason,a Sean A. Haughey,b Thomas A. Field,*b

Alexander Abramov,a Peter Klüpfel,a Hannes Jónssona and Oddur Ingólfsson*a

Bond formation and rearrangement reactions in gas phase electron attachment were studied through

dissociative electron attachment (DEA) to pentafluorotoluene (PFT), pentafluoroaniline (PFA) and

pentafluorophenol (PFP) in the energy range 0–14 eV. In the case of PFA and PFP, the dominant

processes involve formation of [M � HF]� through the loss of neutral HF. This fragmentation channel is

most efficient at low incident electron energy and for PFP it is accompanied by a substantial

conformational change of the anionic fragment. At higher energy, HF loss is also observed as well as a

number of other fragmentation processes. Thermochemical threshold energies have been computed for

all the observed fragments and classical trajectories of the electron attachment process were calculated

to elucidate the fragmentation mechanisms. For the dominant reaction channel leading to the loss of

HF from PFP, the minimum energy path was calculated using the nudged elastic band method.

1. Introduction

Complex chemical reactions in dissociative electron attach-
ment (DEA) studies have until recently received relatively little
attention and perhaps have been considered to lie outside the
mainstream of the DEA research field. Recent reports1–10 of
electron attachment reactions which involve multiple bond
ruptures and new bond formations, at very low electron
energies have, however, further accentuated the intrinsic selec-
tivity and dynamic nature of the DEA process. Excellent
examples of this type of reactions are the formation of CN� at
around 1.2 eV incident electron energy in DEA to the aliphatic
amino acids glycine1 and valine,2 and a variety of amides.3 The
formation of CN� from the amino acids requires at least five
bond ruptures, which amounts to about 18–19 eV (ref. 2) in bond
energy. The energy released in the formation of a CN triple
bond from a CN single bond is about 4–5 eV and the electron
affinity of the pseudo halogen CN is 3.86 eV.11 Thus, for this
channel to be thermochemically accessible at 1.2 eV incident
electron energy, more than 8 eV has to be released by the
formation of new bonds. In this context, Papp et al.2 pointed

out that the most reasonable path to access these dissociative
channels is by the formation of two molecules of hydrogen in
the case of glycine and the formation of a hydrogen molecule
and a C–H bond to form propane in the case of valine. This is
achieved through bond formation between the leaving substi-
tuents at the a-C and combination of the two hydrogen atoms
from the amine group. A similar reaction is observed in electron
attachment to hexafluoroacetoneazine ((CF3)2CQN–NQC(CF3)2),4

where a variety of DEA fragments are formed through reso-
nances below 1 eV and between 2 and 6 eV. However, in the
range between 1 and 2 eV with a maximum at 1.5 eV, CN� is
exclusively formed. This CN� formation process requires the
rupture of three bonds but is still extremely selective with
regards to the incident electron energy and only occurs through
one, rather narrow low-energy resonance. The only reasonable
explanation for this highly efficient channel is the formation of
hexafluoroethane (F3C–CF3) through bond formation between
the respective terminal CF3 groups. Furthermore, in DEA to the
nucleobase thymine5 the loss of two hydrogen atoms is the
dominant channel close to 0 eV incident electron energy.
At such low electron energy this can only be rationalized by
the formation of H2. Another biologically relevant molecule
that exhibits this behaviour is the radiosensitized nucleobase
5-chlorouracil6 (5ClU) where, upon DEA at close to 0 eV
incident electron energy, the fragment [5ClU � HCl]� is
observed as a principal fragment. This channel is made
thermochemically accessible through the bond energy of 4.5 eV
(ref. 12) released in the formation of the halohydride HCl.
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Evidence for the formation of halohydrides is, however, not
limited to the loss of HCl; recent studies7–9 have shown that the
loss of one hydrogen and one fluorine atom leading to the
formation of [M � HF]� can proceed with high efficiency close
to 0 eV electron energy in a range of different molecules. These
include trifluoroacetic acid,7 pentafluorophenylacetonitrile,8

pentafluorophenol and pentafluoroaniline.9 In all cases the
appearance of these fragments at such low energy can only be
rationalised by assuming that the channel proceeds through
the formation and loss of neutral HF molecules (BDE E 5.9 eV
(ref. 12)). Hence, these low-energy DEA processes are fuelled by
the highly exothermic HF formation.

Generally gas phase DEA studies rely on mass spectrometric
detection of the negatively charged fragments formed and no
information can be obtained directly about the composition
and nature of the complementary neutral fragments formed.
What is known in DEA experiments is usually (i) the chemical
formula of the target compound, (ii) the mass of the negative
ion fragment from which the empirical chemical formula of the
negative ion fragment may often be unambiguously deduced,
and (iii) the energy dependence of the cross section (ion yield)
for the negative ion formation. In direct dissociation, where only
one bond is broken the incident electron energy and the electron
affinity of the neutral radical, corresponding to the negative ion
fragment, must be sufficient to break the bond. It is rarely the
case, however, that single bonds can be broken at low incident
electron energies, where the attachment cross sections can be
very high (10�18 to 10�16 m2 at electron energy close to 0 eV
(ref. 13). Exceptions are compounds with high electron affinity
leaving groups such as Cl, Br, I or CN (see for example the review
articles ref. 14 and 15 and references therein). For more complex
rearrangement reactions, the energy gained by new bond for-
mation must be taken into account and generally the threshold
energy (Eth) (i.e., the reaction enthalpy DHrxn) for a given DEA
process can be approximated by the sum of the bond dissocia-
tion energy (BDE) of all bonds broken less the sum of the BDEs
of all bonds formed and the electron affinity of the charge-
retaining fragment, EA(X). As a result:

Eth X�ð Þ � DHrxn

¼
XN

i

BDEiðeductÞ �
XM

j

BDEjðproductÞ � EAðXÞ

(1)

This relationship is useful in the interpretation of DEA data,
and often, proposed mechanisms behind the more complex
DEA processes can be rationalized through calculations of their
thresholds.

In the current paper we have studied electron attachment to
the perfluorinated benzene derivatives pentafluorotoluene
(PFT); C6F5CH3, pentafluoroaniline (PFA); C6F5NH2 and penta-
fluorophenol (PFP); C6F5OH in the energy range from 0–14 eV.
These compounds show rich fragmentation patterns through-
out the energy range and in PFA and PFP low-energy fragmen-
tation channels are observed which can only be rationalized by

HF formation, and in the case of PFP, are associated with
considerable rearrangement of the aromatic ring. Recently we
addressed the role of hydrogen bonds9 in HF formation from
these compounds and we found that the formation of a stabilized,
hydrogen bonded intermediate (X� � �H� � �F) along the reaction
path enables the HF formation from PFA and PFP. Due to the
lower polarization of the X–H bond in PFT, on the other hand, no
such stabilization is attained and HF loss is not observed.

In the following sections, we discuss the individual fragmenta-
tion channels observed in DEA to PFT, PFA and PFP in the energy
range from 0–14 eV in the context of the underlying resonances
and their lifetimes. By considering the rearrangement of the
fragments formed at low incident electron energies, we evaluate
the thermochemical thresholds using quantum chemical
calculations to aid in the fragment assignment. Furthermore,
in recent studies16–18 we have also used molecular dynamics
simulations as a predictive tool to study unimolecular decay
processes in fairly large deprotonated biologically relevant
molecules. Motivated by the success in the application of these
simulations as a predictive tool we apply them here to further
elucidate the mechanism behind the more complex fragmenta-
tions observed in PFT, PFA and PFP. Finally, we use the nudged
elastic band (NEB) method19,20 to compute the minimum
energy path for the dominant reaction channel observed in
PFP, which leads to formation of HF and rearrangement of the
anionic fragment.

Hence, to understand the reaction pathway from the initial
neutral molecule to the fragment ions and the energy depen-
dence of the negative ion formation we; (i) try to narrow down
the possible reaction pathways by calculating their thresholds,
(ii) use molecular dynamics simulations to predict possible
reaction pathways and (iii) compute the minimum energy path
from the ground state anion, PFP�, to a well defined final state,
observed in the experiments.

2. Methods
2.1. Electron attachment measurements

The electron attachment experiments were carried out using
the Electron Radical Interaction Chamber (ERIC) at Queen’s
University, Belfast. The instrument has been described in detail
elsewhere21 and we will therefore only give a brief description
here. ERIC is a crossed electron beam/time-of-flight mass spectro-
meter apparatus, in which the electron beam is generated by a
pulsed trochoidal electron monochromator (TEM)22 with a
pulse length of approximately 1 ms and a repetition rate of
about 10 kHz. The electron energy scale is calibrated with
respect to the formation of SF6

� from SF6 and the energy
resolution, estimated from the FWHM of the SF6

� signal
observed, was found to be B140 meV. The electron beam
interacts with the sample gas in a differentially pumped inter-
action region. In the current experiment the liquid sample PFT
was evaporated through a external gas inlet system into the
chamber at room temperature. The solid samples PFA and PFP, on
the other hand, were sublimed directly into the reaction chamber
through a separate (more direct) inlet system. This has the
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consequence that signals from the calibration gas SF6 as well as
trace amounts of other impurities with high DEA cross sections
are stronger in the PFT spectra, where the DEA cross sections
are low. Furthermore in all M� ion yield curves some contribu-
tion is evident above 0 eV and a broad band primarily located
between m/z 30 and 60 is observed close to 0 eV in all three
spectra (see Fig. 1). The former may be attributed to contribu-
tions from the [M � H]� formation, which cannot be totally
separated from M� with the current mass resolution (B150 M/DM
FWHM). The latter is an artifact due to collisions of a small
fraction of ions with a grid in the mass spectrometer. In every
acquisition cycle, negative ions are generated in the ion source
during the 1 ms on-time of the TEM. When all electrons have left
the source (B1 ms), ions are extracted by a pulsed electric field
of B200 V cm�1 into a region where they are further accele-
rated (400 V cm�1) into the field free region of the time of flight
mass spectrometer (ToF-MS). Finally, the ions are detected
with a multichannel plate detector. Pentafluorophenol and

pentafluorotoluene were purchased from Sigma Aldrich
(St. Louis, MO, USA). Pentafluoroaniline was purchased from
Fluorochem (Hadfield, Derbyshire, England). All compounds
had a stated purity of 99% and were used as delivered.

2.2. Theoretical calculations

To study possible rearrangement of the fragments formed upon
dissociative electron attachment, we used quantum chemical
calculations to assess the energy changes in the observed
processes. The geometry of the molecules and all neutral and
ionic fragments was optimized using density functional theory
calculations based on the B3LYP23,24 hybrid functional approxi-
mation and the 6-31G** basis set.25,26 Vibrational normal mode
calculations were then conducted to ensure that an energy
minimum had been reached. After that, the energy was calcu-
lated using the previously found geometry and the aug-pc-n
(n = 0, 1, 2) polarization consistent basis sets27 along with both
B3LYP and B2PLYP28 functional approximations. The nuclei
were assigned velocities to add kinetic energy corresponding to
the zero-point energy consistent with the calculated frequencies
and thermal vibrational energy at room temperature. Finally,
the threshold energy for various channels was calculated by
subtracting the total energy of all fragments from the total
energy of the respective parent molecule. For each molecule,
we tried various final geometries of the fragments formed.
Some of these were based on observed fragmentation channels
from our classical dynamics simulations (see below), some were
based on chemical intuition and some were calculated to
allow comparison with energetically unfavourable channels.
All the thermochemical calculations were conducted using
NWChem 6.0.29

To study the mechanism for the formation of the various
fragments, Car–Parrinello type molecular dynamics (CPMD)
simulations,30 using the CP2K code,31 were carried out on the
PBE32 potential energy surface. A plane wave basis set (energy
cut-off at 250 Ry) was used with augmented Gaussians from
the 6-31G** basis set, i.e., the GAPW method. The influence
of core electrons was described by Goedecker–Teter–Hutter
(GTH) pseudopotentials33 as implemented in the CP2K soft-
ware and the simulations were carried out in a cubic box with
30 Å sides.

In the DEA experiments, the isolated room temperature
ground state neutral molecules undergo molecular vibrations
as the electron is attached and a transition from the electronic
ground state of the neutral molecule to a respective electronic
state of the anion is considered to be an instantaneous process.
Direct dissociation of a single chemical bond after the attach-
ment of an electron can be achieved within a few vibrational
periods whereas an activated process, such as formation of HF
and subsequent rearrangement processes can take up to a few
microseconds. To speed up the CPMD simulations, kinetic
energy of a few electron volts was added by scaling the atomic
velocities of the anionic system in the time step where the
charge was added (see below). This, however, can also open up
new dissociation channels, not accessible at the incident electron
energy relevant in the current experiments. The results of such

Fig. 1 Two dimensional electron attachment spectra of (a) PFT (182 amu),
(b) PFA (183 amu) and (c) PFP (184 amu). The incident electron energy is shown
on the vertical axis, ranging from 0–14 eV and the m/z ratio is displayed on the
horizontal axis. The ion intensity is displayed with a gray scale map (colour online)
on log10 scale. The horizontal line in the PFP spectrum represents a boundary
between different spectra. The high ion intensity close to 0 eV in PFP tends to
saturate the multichannel plate detector of the mass spectrometer. The spectra
are therefore recorded from 0–14 eV at low pressure and then from 1–14 eV at
higher pressure.
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calculations are, therefore, only meant to give suggestions for
the observed fragmentation channels and to identify the corre-
sponding fragments.16 In the CPMD simulations, the neutral
molecules were first optimized to the minimum energy geo-
metry and then simulated as a part of a microcanonical
ensemble (NVE) for 1.00 ps in 0.5 fs steps. The temporal
variation in energy due to the vibrational motion was Fourier
transformed in order to estimate the duration of the longest
vibrational period, which was found to be close to 80 fs in most
cases. From each of these simulations, we selected 5 different
structures for each molecule distributed evenly over this
longest vibrational period, i.e. structures at t = 0.50, 0.52,
0.54, 0.56 and 0.58 ps were selected. A negative charge was
added to the systems as well as kinetic energy corresponding to
B12 eV which was added by scaling the atom velocities.
A constant energy (NVE) classical trajectory of the hot, vibra-
tionally excited anion was simulated for a time interval of 2 ps.
Several bond ruptures and formation of new neutral or charged
molecular species were observed, as described below. When a
fragment had travelled far enough to hit the simulation cell
boundaries it was removed from the system and the trajectory
calculation continued. Finally, the charge of all fragments was
determined in each step of the simulation by Mulliken popula-
tion analysis as implemented in the CP2K code.

In order to elucidate the rearrangement mechanism, we
calculated the minimum energy path for the formation of
C5F4–CO� from C6F5OH�, i.e. [M � HF]�, using the nudged
elastic band (NEB) method.19,20 This reaction channel is
observed in our classical dynamics simulations and the for-
mation of [M � HF]� from PFP is the dominant reaction
observed in the experiments. These calculations were per-
formed using Chemshell34 with the NWChem program29 inter-
faced as QM code and the DL-FIND35 program as a geometry
optimizer. Due to multiple maxima found on the minimum
energy path connecting the initial to the final state, the NEB
path was split into three parts, each optimized separately at the
B3LYP/6-311+G** level of theory. For each part, a total of
8 images were optimized in addition to the 9th, climbing
image36 which assumes the saddle point geometry.

3. Results and discussions
3.1. DEA to PFT, PFA and PFP

Fig. 1 shows two-dimensional electron attachment spectra of
(a) PFT, (b) PFA and (c) PFP. In the case of PFT the DEA cross
sections are small and the dominant low-energy contributions
are due to background signals of SF5

� and SF6
� from the SF6

calibration gas and Cl� from trace amounts of impurities
(and/or trace background gases). PFA and PFP on the other
hand show a rich fragmentation pattern upon DEA. The primary
resonances for both these compounds are centred at around 0 eV
and around 1 eV.

In all compounds the molecular anion; M�, is observed
close to 0 eV, though the intensities for both PFT and PFA are
very low. Hydrogen loss is also observed from PFA and PFP,
through the low-energy resonance close to 1 eV, but the

dominant contribution from these compounds at low incident
electron energies is the loss of one hydrogen and one fluorine
atom leading to the mass to charge ratios 163 and 164,
respectively. We previously assigned this channel to the for-
mation of [M � HF]� through neutral HF loss9 as will be
discussed below. The metastable nature of this process is
evident for PFP through the line of intensity at 0 eV in the
PFP spectrum between m/z 184 and 164, which is due to
dissociation of the parent anion; M�, during acceleration in
the mass spectrometer. Further fragmentation is observed from
PFA and PFP close to 1.5 eV and 1.8 eV, respectively, and all
three compounds show fragmentation through broad but dis-
tinct resonances between 3 and 6 eV.

Benzene attaches electrons at 1.15 eV incident electron
energy into a degenerate e2u(p*) orbital (LUMO) and at
4.85 eV into a b2g(p*) orbital.37,38 In substituted benzenes,
C6H5X; X = OH, NH2, CH3,. . ., the symmetry is lowered from
D6h to C2v and the degeneracy of the e2u state is removed. The
doubly degenerate e2u(p*) LUMO splits up in an a2(p*) and a
bl(p*) molecular orbital. In the cases of PFP and PFA the O and
N atoms of the –OH and –NH2 groups both have a 2p orbital
with b1 symmetry, which is filled with two electrons. This b1(2p)
orbital interacts with the filled bonding b1(p) and empty anti-
bonding b1(p*) orbitals on the benzene ring. The net effect is
that the b1(2p) and b1(p) bonding orbitals are stabilized, but the
bl(p*) orbital is destabilized. The stabilization of the occupied
b1(2p) and b1(p) orbitals is the root of the mesomer effect. The
a2(p) and a2(p*) orbitals are of different symmetry and not
affected by the b1(2p) orbital. In toluene, by contrast, the
C atom of the –CH3 group has no 2p orbital with a ‘lone pair’
of electrons that can interact with the b1(p) orbitals. Thus, the
two lowest p* resonances of toluene, with a2 and b1 symmetry,
are nearly degenerate at 1.1 eV. In aniline they appear at 1.13
and 1.85 eV, respectively, and in phenol they are observed at
1.01 and 1.73 eV, respectively.38,39 The lower resonances
are due to attachment into the unaffected a2(p*) orbital at
energies very close to the toluene resonances, but the higher
resonances are due to attachment into the destabilized b1(p*)
orbital. In the molecules investigated here, the situation is
further complicated through the fluorine substitution, as the
perfluoroeffect40,41 lowers the energy of the antibonding p*
orbitals only moderately, but has considerably stronger influ-
ence on the s* orbitals (see for example ref. 42 and 43). In the
case of C6F5H for example, which should behave similarly
to C6F5CH3, the lowest lying s* orbital is anticipated to be
energetically close to the bl(2p*) MO.43

The fluorination of benzene also increases the lifetime of
the negative ion states considerably,44 which is evident through
the observation of the molecular anions in our experiment. The
long lifetime of the molecular ions will enable a significant
portion of the potential energy surface of the anion to be
explored by excited species formed in electron attachment prior
to dissociation. We thus find it likely that the low-lying reso-
nance close to 0 eV leading to the formation of [M � HF]� is
most appropriately described as a vibrational Feshbach reso-
nance, and that this resonance is associated with an initial
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occupation of the al(1p*) LUMO. The second contribution in
the [M � HF]� yield from PFA and PFP, on the other hand, is
most likely associated with a temporary occupation of the
bl(2p*) or the lowest lying s* orbital. In the former case, strong
coupling between the b1(2p*) state and a s* orbital(s) may
provide the reaction coordinate for dissociation of this negative
ion state.

Furthermore, in the electron transmission spectra of
toluene, aniline and phenol38,39 a shape resonance associated
with temporary occupation of the bl(3p*) orbital is observed at
4.88, 5.07 and 4.92 eV, respectively, which correlates well with
the observed DEA yields at 5.3 eV in aniline45 and 5.1 eV in
phenol.46 In pentafluorobenzene, this shape resonance is
observed at 4.53 eV in the electron transmission spectra47

and close to 4.5 eV in DEA.48 In electron impact excitation of
pentafluorobenzene the lowest p–p* transition is found to be
at about 3.9 eV,49 and in toluene, aniline and phenol the
lowest p–p* transition peaks close to 4.76, 4.41 and 4.59 eV,
respectively.50 In the current study the main contributions in
this energy range are from two resonances peaking close to
3.5 eV and 4.5 eV in the ion yields from PFA and PFP. By
analogy with the transmission spectra we attribute the higher
lying resonance close to 4.5 eV to a shape resonance associated
with a temporary occupation of the bl(3p*) orbital. The lower
lying contribution we attribute to a core excited (two-particle–
one-hole) resonance associated with the lowest p–p* transition.
Finally, we observe contributions through resonances from
8–12 eV which we assign as two or more core excited resonances.

In the DEA spectra from PFA and PFP the predominant
fragmentation channel is the loss of HF through one of the low
lying resonances (below 2 eV). This is in apparent contrast to
early swarm experiments51 in which the loss of HF was
observed as the most intense signal from PFA, with low
intensity from PFT and not at all from PFP. In gas phase
negative ion formation through electron attachment,
however, the first step can be understood as the formation of
a temporary negative ion (TNI) through a transition from the
electronic ground state of the neutral molecule to a particular
electronic state of the TNI. This transition results in a vibra-
tionally excited TNI (symbolized here by #) if the equilibrium
geometry of the neutral precursor differs sufficiently from the
equilibrium geometry of the anionic state formed. Under single
collision conditions the TNI will have a finite lifetime because
loss of an electron to reform the neutral molecule (autodetach-
ment) is an exothermic process and inherently competes with
the relaxation of the TNI through dissociation. Hence, within
the timeframe of our experiment this TNI can relax either by
reemission of the electron:

M + e�(e1) - M#� - M(#) + e�(e2 r e1), (2)

or by dissociation (DEA):

M + e�(e1) - M#� - R(#) + X�. (3)

In swarm experiments, on the other hand, the pressure of
the carrier gas is high and the time between collisions can be of

the same order as the life time of relatively short lived negative
ion states e.g., 10�12 s. Hence, the TNI can lose energy through
collisions with the carrier gas (He, Ar, N2, . . .) and relax to its
vibrational ground state before dissociation or autodetachment
takes place. If the vibrational ground state of the anion formed
is below that of the neutral, i.e., if the EA of the neutral
precursor is positive, this can lead to relaxation of the TNI to
form the thermochemically stable anion before reemission of
the electron or dissociation occurs, e.g.;

M#� + nHe(e1) - M� + nHe(e2 Z e1). (4)

This effect becomes clear when we compare the relative
cross sections for the loss of HF from PFA and PFP and the
observation of the molecular anion M� in our experiments with
the observations in the swarm experiment. In our crossed beam
study the formation of [M � HF]� at low energies dominates
from both these compounds, but the intensity of the molecular
ion is much higher for PFP (M� : [M � HF]� E 1 : 10) than for
PFA. Furthermore, the metastable nature of the TNI from PFP is
also evident through the dissociation of the TNI during the
extraction time into the ToF MS (see above). The more prompt
decay of the molecular anion from PFA, on the other hand, is
evident from the dominating contribution from [M � HF]�

compared to M� (M� : [M � HF]�E 1 : 250) and the absence of
any sign of dissociation during the extraction into the ToF MS.
Correspondingly, the [M � HF]� fragment from PFA dominates
in the swarm experiments while the molecular anion is still
observed with appreciable intensity from PFP.

Fig. 2–4 show the energy dependence of the ion yield from
DEA to PFT, PFA and PFP in the energy range from 0–14 eV and
Table 1 gives the threshold values for the major fragmentation
channels calculated for several possible dissociation pathways
along with the experimental peak values for the corresponding
masses. The threshold values are calculated as described in
Section 2.2 and the total energy of each of the molecular species
used in the calculations is given in the ESI.† In Fig. 4 (PFP) the
displayed spectrum for M�, [M � H]� and [M � HF]� were
recorded from 0–14 eV at low pressure to avoid saturation of the
detector. Other ion yields, including the inset in the [M � H]�

spectrum, are recorded from 1–14 eV at higher pressure (see
Fig. 1).

The most pronounced fragmentation channel from PFA and
PFP through the low-energy resonances, is the loss of HF,
peaking close to 0 and 1.1 eV in PFA and close to 0 and
0.9 eV in PFP. In the case of PFP the first channel dominates,
but in the case of PFA the second dominates. A weak low-energy
contribution to the [M � HF]� signal is also observed from PFT,
however, as this is well below the thermochemical threshold we
attribute the signal to baseline noise (see Fig. 1). This 0 eV
signal is also observed in the F� ion yield and in the M� ion
yield. However as stated above we find it likely that the 0 eV low
intensity M� signal is actually due to observation of a fraction
of the TNI surviving the extraction time in our experiment.

According to our calculations of the thermochemical thres-
hold energies (see Table 1) the loss of a hydrogen and a fluorine
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atom below about 6 eV is only possible through the formation
of a neutral hydrogen fluoride molecule, i.e., the formation of
[M � HF]�.

From PFP this reaction is exothermic by 0.36 eV and 0.19 eV
calculated with B3LYP and B2PLYP, respectively, if we assume
the formation of HF to be accompanied by rearrangement to a
five-membered ring with an exocyclic CO group; C5F4–CO�. For
PFA on the other hand we found the most stable final product
to be the one where the six-membered ring is retained after the
loss of HF. The threshold energy for this reaction is found to be
0.52 and 0.82 eV calculated with B3LYP and B2PLYP, compared
to 0.76 eV and 0.96 eV, respectively, if we assume rearrange-
ment to form a five-membered ring with an exocyclic CNH
group; C5F4–CNH�. In accordance with our calculations, we
assign the formation of [M � HF]� from PFP close to 0 eV to
rearrangement leading to a five-membered ring with a terminal
CO group. The [M � HF]� contribution from PFP close to
0.9 eV, on the other hand, can also result from a final geometry

which retains the six-membered ring. From PFA the contribu-
tion close to 1.1 eV agrees well with the calculated threshold.
The less intense 0 eV contribution however, must be assigned
to hot band transitions. These most likely involve the soft
vibrational modes of the neutral molecule associated with HF
formation as discussed previously.9

From threshold calculations for PFP it is clear that the only
accessible dissociation channel around 0 eV involves the for-
mation of HF and rearrangement to a five-membered ring. The
formation probability of [M � HF]� from PFP at this energy is
thus only controlled by the rate of the reaction compared to the
autodetachment rate. The typical extraction time for anions
into the ToF MS is several microseconds. The comparatively
high intensity of the parent molecular anion thus indicates that
the lifetime with respect to autodetachment is fairly long. Hence,
the coupling of the electronic state describing this resonance
with the vibrational degrees of freedom in the molecule is
efficient. Furthermore, in PFP the TNI must couple strongly with
the HF formation reaction coordinate, which in turn contributes
to stabilization against autodetachment by removing energy from
the relevant reaction coordinate. At higher energy, close to 0.9 eV,
more energy is available for the dissociation process. The auto-
detachment rate, however, has also increased and the attachment
cross section has diminished. This is evident from the lower
intensity of [M � HF]� from PFP through the higher energy
resonance. For PFA the [M � HF]� formation is energetically not
accessible through the 0 eV resonance and there is thus no
competition with DEA. Nonetheless the molecular ion is only
observed with low intensity. This can be taken as an indication
that the coupling between the electronic state involved and the
vibrational modes is weaker in PFA than in PFP. Furthermore, as
discussed in context to the earlier swarm experiments, the
[M � HF]� formation from PFA through the higher energy
resonance (close to 1.1 eV) must be a fairly prompt process,
considering the comparatively high intensity of the fragment.

For PFT no hydrogen loss is observed through the low-
energy resonances. For PFA and PFP, however, hydrogen loss
through the 1.1 eV resonance is observed though far less
efficient than the preferred HF loss. The lack of hydrogen loss
from PFT through this resonance is readily explainable, as we
find the threshold to be 2.02 eV and 2.16 eV calculated with
B3LYP and B2PLYP, respectively. In PFA the calculated thres-
hold values are 1.57 eV and 1.48 eV with B3LYP and B2PLYP,
respectively, and in PFP these are 0.51 eV and 0.61 eV with
B3LYP and B2PLYP, respectively. According to these calcula-
tions, the dissociation channel leading to hydrogen loss from
PFP is energetically accessible over the whole width of the
resonance. This is also the case for hydrogen loss from PFA,
as is clear when comparing the [M � H]� and [M � HF]� ion
yields, through this resonance despite the fact that the calcula-
tions yield a slightly higher value for hydrogen loss.

The low intensity of the [M � H]� fragment compared to the
[M � HF]� fragment can be rationalized by considering the
minimum energy geometry for the three compounds PFT, PFA
and PFP and the rotational barrier of the respective X–H
groups9 where clear evidence of hydrogen bonding between

Fig. 2 Ion yield curves from electron attachment to PFT (182 amu) from 0–14 eV
incident electron energy. No intense low-energy resonances are observed. The
contribution to the M� signal at 8–14 eV is due to an overlap with the [M � H]�

signal, which cannot be avoided with the current mass resolution. For the same
reason the 0 eV M� signal is also present in the [M � H]� spectra. For clarity this is
not displayed. Furthermore the spectra in panels (d) and (e) are not displayed
below 1.5 eV due to overlap with the SF6

� (146 amu) signal from the calibration
gas (see Fig. 1 and discussion in Section 2.1.).
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C–F and H–O in PFP and C–F and H–N in PFA is observed.
In the case of PFT, on the other hand, there is no sign of any
stabilization. The large dipole moment of the X–H bonds in
PFA and PFP thus ensures geometry stabilization through
hydrogen bonding, which upon the addition of an electron
results in the formation of HF. Hence, the HF formation is
enabled through stabilizing X� � �H� � �F hydrogen bonding in the
neutral precursor, leading to a stabilized intermediate in the HF
loss through the DEA process. To further elucidate the progres-
sion of this reaction we have calculated the minimum energy
path for the HF loss from PFP using the nudged elastic band
method and we will discuss these calculations in Section 3.3.

In addition to the HF loss from PFA through the low-energy
resonance centred at around 1.1 eV we also observe the loss of
two hydrogen atoms and two fluorine atoms with considerable
intensities with a threshold close to 1.2 eV. This channel is also
observed through two broader, overlapping contributions peaking
close to 3.5 and 4.5 eV. We attribute the first contribution to the
high-energy tail of the low-energy shape resonance associated
with the b1(2p*) or the lowest s* orbital. The latter most likely
has contributions both from a shape resonance associated with
occupation of the b1(3p*) orbital and the formation of a core
excited resonance associated with a low lying p–p* transition.
Energetically these fragmentation channels are not accessible
without the formation of two HF molecules, and for the
[M � 2HF]� formation from PFA we derive thresholds of 0.77
and 0.96 eV with B3LYP and B2PLYP, respectively, if we assume
that the reaction takes place by the formation of two HF
molecules and a rearrangement of the charge-retaining
fragment to form a five-membered ring with an exocyclic CN
group. If, however, the six-membered ring stays intact and the
only energy gain for this reaction comes through the formation

of two HF molecules, we find thresholds of 3.09 eV and 3.52 eV
with B3LYP and B2PLYP, respectively. The experimental thres-
hold for this reaction through the low-energy contribution
agrees well with the calculated threshold for the reaction path
leading to a five-membered ring with an exocyclic CN group. Given
the experimental and computational uncertainties, [M � 2HF]�

formed through the higher-energy resonances may result from
both these channels, i.e., with a resulting five-membered or six-
membered ring structure.

From PFP we observe a similar ion yield curve for the
formation of the fragment [M � (HF + CO)]� as is observed
for the formation of [M � 2HF]� from PFA, viz. a comparatively
narrow contribution with an onset at about 1.2 eV and broader
overlapping contributions close to 3.5 and 4.5 eV. Similar to
PFA we assign these contributions to the high-energy tail of the
low-energy shape resonance centred at about 0.9 eV and to the
higher lying resonances discussed above. If we assume this
reaction to be combined with rearrangement of the charge-
retaining fragment to form an open shell five-membered ring
we calculate the threshold to be 1.40 and 1.63 eV with B3LYP
and B2PLYP, respectively. An open chain configuration of the
charge-retaining fragment, on the other hand, leads to thres-
holds of 2.83 and 3.26 eV with B3LYP and B2PLYP, respectively.
The low-energy [M � (HF + CO)]� formation from PFP must
thus be associated with the formation of a five-membered ring.
This is analogous to the lower energy contribution of [M � 2HF]�

formation from PFA, which also requires five-membered ring
formation. The open chain configuration of the charge-retaining
fragment may, however, contribute to [M� (HF + CO)]� formation
at higher energy.

In addition to the low-energy contributions (below 2 eV) and
the [M � HF]� formation from PFA at around 3.5 and 4.5 eV,

Table 1 Threshold calculations for the formation of anionic fragments from different reactions along with the experimentally observed maxima in the ion yield curves
for the corresponding masses

m/z

Fragments DHrxn (eV) Experimental peak positions (eV)

Anionic Neutral B3LYP B2PLYP e1 e2

PFP
183 [M � H]� H 0.51 0.61 0.5 4.5
164 [M � HF]�/C5F4CO� HF �0.36 �0.19 0 0.9

[M � HF]�/C6F4O� HF 0.29 0.59
[M � (H + F)]�/C6F4O� H + F 6.12 6.44

136 [M � (CO + HF)]�/C5F4
� CO + HF 1.40 1.63 1.5 4.5

PFA
182 [M � H]� H 1.57 1.48 1.0 5.0
163 [M � HF]�/C6F4NH� HF 0.52 0.82 0 1.1

[M � HF]�/C5F4CNH� HF 0.76 0.96
[M � (H + F)]� H + F 6.36 6.66

143 [M � 2HF]�/C5F3CN� 2HF 0.77 0.96 1.5 4.0
[M � 2(H + F)]�/C6F3N� 2H + 2F 14.76 15.21
[M � 2HF]�/C6F3N� 2HF 3.09 3.52
[M � 2(H + F)]�/C5F3CN� 2H + 2F 12.44 12.65
CN� C5F4H + HF 1.38 1.64 4.0 8–13
CN� C5F4 + H2 2.70 3.01

PFT
181 [M � H]� H 2.02 2.16 8.5
162 [M � HF]� HF 0.61 0.89 4.5 8.5
162 [M � (H + F)]� H + F 6.44 6.73
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we also observe the formation of C3F2
� and CN� from PFA

through the two overlapping resonances close to 3.5 and 4.5 eV.
In the case of the CN� formation our calculations give threshold
energies of 1.38 and 1.64 eV with B3LYP and B2PLYP, respectively,
if the reaction involves the formation of HF and a transfer of the
second hydrogen from the nitrogen to the carbon in the ortho
position, which was vacated by the fluorine atom of HF. If we
assume H2 formation from the amine group, however, and the
formation of perfluorocyclopentadiene, the threshold for this
reaction is found to be 2.70 and 3.01 eV with B3LYP and B2PLYP,
respectively. The experimental appearance energy for this reaction

is close to 3.0 eV, and both of these channels are thus accessible at
these energies. It is important to point out here that the observa-
tion of experimental appearance energy above the theoretical
threshold does not rule out a process, which may not appear
at its thermochemical threshold for a number of reasons. By
contrast, if the appearance energy is significantly lower than a
calculated thermochemical threshold it is strong evidence that
a lower energy channel to the same product is available.

Finally, in the case of PFT, the core excited resonances
ranging from 8–12 eV lead to the formation of the anionic
fragments [M � F]�, [M � H]� and F�. These fragments can all
be formed through single bond rupture, but also the fragment
ions [M� 2F]�, [M� (H + F)]� and [M� 2(H + F)]� are observed

Fig. 3 Ion yield curves from electron attachment to PFA (183 amu) from 0–14 eV
incident electron energy. The highest contribution observed is the [M � HF]�

fragment close to 0 eV, formed by the loss of neutral HF. Also observed is the
formation of [M � 2HF]� and CN�. For clarity, the spectra in panels (e), (f) and
(g) are not displayed below 2 eV due to overlap with the broad background signal
(see Fig. 1 and discussion in the text).

Fig. 4 Ion yield curves from electron attachment to PFP (184 amu). The highest
contribution observed is the [M� HF]� fragment close to 0 eV, formed by the loss
of neutral HF. The molecular ion is also formed with considerable intensity near
0 eV. The formation of [M � (HF + CO)]� is observed through 2 resonances. The
spectra in panels (a)–(c) are recorded at low pressure and the spectra in panels
(d)–(g) and the inset in panel (b) are recorded at higher pressure. To avoid
saturation of the detector at low incident electron energies these are only
recorded from 1 eV. Below this energy, however, these fragments are not formed
(see Fig. 1 and discussion in the text).
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in this energy range. With the exception of [M � 2(H + F)]� all
these fragmentation channels are thermochemically accessible
at this energy, and there is no indication that they are asso-
ciated with rearrangement processes or new bond formation.
The loss of two hydrogen atoms and two fluorine atoms from
PFT, on the other hand, is likely to be associated with at least
the formation of one neutral HF. From PFA we also observe F�

and [M � H]� formation from these resonances and addition-
ally more complicated fragmentation processes leading to the
formation of C4F4

�, C3F2
� and CN�. The three latter fragments all

require a carbon excision from the aromatic ring with at least two
C–C bond ruptures. From PFP the fragments F� and [M� H]� are
observed through these high-energy resonances and additionally
the fragments [M � (2F + H)]� and [M � (F + H + C + O)]�. The
latter is likely to be formed through rearrangement involving
neutral HF and/or CO formation (see above).

3.2. Simulations of the fragmentation of the PFT, PFA and
PFP molecular anions in their electronic ground state

To further elucidate the dynamics of the dissociation processes,
we have conducted classical dynamics simulations of the
fragmentation of the PFT, PFA and PFP molecular anions.

These simulations are a rather rough representation of the
experimental conditions and only five initial geometries were
chosen for each molecule. Nonetheless, the simulations repro-
duce remarkably well the main fragmentation channels observed
in our experiments and are a valuable tool for suggesting
possible mechanisms and help interpret the experimental data.
Fig. 5–7 depict the observations from the classical dynamics
simulations of the PFT, PFA and PFP molecular anions, respec-
tively. The coordinate files are available in the ESI.† For PFT
(Fig. 5), two out of five simulations showed rapid loss of the
para-fluorine at the beginning of the simulation. Loss of the
meta-fluorine was observed in another two out of the five
simulations, but these occurred after 1–2 ps. In the fifth trajec-
tory, loss of the ortho-fluorine and HF formation was observed.

This fragmentation channel proceeds within about 0.25 ps and
leaves the remaining fragment as a planar six-membered ring.
Apparently, the loss of HF from PFT does not proceed through
stabilized hydrogen bonds, but is the result of a fluorine loss
and subsequent (coincidental) hydrogen abstraction from the
CH3 group by the free fluorine atom (see ESI†). The most
pronounced product ions observed from PFT in the energy
range from about 4–6 eV are F� and [M � F]�, but no
fragmentation is observed directly from the anionic ground
state of PFT in our experiment. We have however, no means to
judge if the final fragmentation processes proceed from the
originally formed excited states or after conversion to the
respective ground states. In our experiments, all fragmentation
channels from PFT, other than the fluorine loss, are observed
predominantly above 8 eV. The simulations thus reproduce
fairly well the experimentally observed fragmentation pattern
of PFT.

Fig. 6 shows the observed fragmentation channels from the
classical dynamics simulations of the PFA anion. In good
agreement with the experimental observations, three out of
the five trajectories for PFA led to the loss of HF through a
stabilized hydrogen bonded N� � �H� � �F intermediate. These
reactions occurred within 0.2–0.5 ps. In two of them, the
remaining fragment retains the planar six-membered ring
geometry. In the third, a further rearrangement takes place
after the HF loss (after about 0.85 ps) and the final geometry of
the remaining fragment is a five-membered ring with an
exocyclic CNH group. In the other two trajectories, an immedi-
ate fluorine loss was observed; in one case from the ortho- and
in the other case from the meta-position. These simulations
reproduce the dominant low-energy formation of [M � HF]�

from PFA well. At higher energy, with a threshold close to 1.2 eV
the experiments show a fairly intense loss of two HF molecules
but this does not occur in the simulations, possibly due to the
short simulation time. The present simulations were run for
2 ps as the computational effort required for longer trajectories
of, for example, 1 ns or 1 ms is not affordable. Finally, the
(instant) cleavage of the C–F bonds observed in our simula-
tions, is reflected in our experiments through resonances in the
energy range of about 4–8 eV and above 8 eV.

Fig. 7 shows the fragmentation channels observed in classical
dynamics simulations of the PFP anion. In one out of five
trajectories OH was lost from the molecule. The resulting
fragment is stable but we observe large C–F vibrational ampli-
tudes, indicating that further fragmentation might occur on a
longer time scale. This fragmentation process is not observed
in our experiments. In four out of the five trajectories, HF loss
is observed through a stabilized O� � �H� � �F intermediate invol-
ving the ortho-fluorine. In one out of these four simulations,
however, the loss of a fluorine atom from the meta-position
within the first 0.2 ps precedes the loss of HF. In this case, the
final geometry retains the planar six-membered ring. In two of
the remaining cases, loss of HF proceeds within the first 0.25 ps
and in the last case within 1.0 ps. In these trajectories, the
HF loss is followed by rearrangement of the ring within about
1.0–1.3 ps from the start of the simulation. In one of them,

Fig. 5 Results of classical dynamics simulations for the PFT anion. A total of five
trajectories were calculated and three different fragmentation channels were
observed.
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the rearrangement process leads to the additional loss of CO
subsequent to the HF loss and the formation of the aromatic
tetrafluoro-cyclopentadienyl anion radical. In another, the frag-
mentation process halts at the tetrafluoro-cyclopentadienyl
where the exocyclic CO group is still attached. Finally in the
third, the rearrangement leads to a five-membered ring
with the oxygen attached to the ring and a fluorine on the
exocyclic carbon (see Fig. 7). In the first two cases the closure of
the five-membered ring proceeds through bond formation
between C2 and C6 of the initial benzene ring. In the third
case, the bond formation proceeds through C2 and C4 of the

initial benzene ring. These simulations reflect the dominant
role of the HF formation in DEA to PFP and agree well with our
experimental observations. Furthermore, the simulations also
reproduce the complicated rearrangement after loss of one HF
and even the additional loss of CO from PFP. This latest
channel is observed in our experiments with fairly high inten-
sity through the high-energy side of the second low-energy
resonance located close to 0.9 eV. From our thermochemical
calculations it is clear that this channel is only accessible
through the formation of the cyclopentadiene anion as is
observed in our simulations.

Fig. 6 Results of classical dynamics calculations for the PFA anion. A total of five trajectories were calculated and three different fragmentation channels
were observed.

Fig. 7 Results of classical dynamics calculations for the PFP anion. A total of five trajectories were calculated and four different fragmentation channels
were observed.
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3.3. Nudged elastic band calculations

The dominant contribution in DEA to PFP is the formation of
[M � HF]� through a resonance centred close to 0 eV. We have
shown by thermochemical calculations that the final state
of this fragment is a pentagonal structure with a terminal
CO group. Furthermore, the classical trajectories reported in
the previous section yield this product in one out of five
simulations.

Fig. 8 shows the calculated minimum energy path, on the
B3LYP potential energy surface (PES), for the formation of
C5F4CO� (step 8) from the ground state of C6F5OH� (step 1).
Each point represents either a calculated minimum or a saddle
point on the PES, but the dashed line is only meant to guide the
eye and does not necessarily follow the computed path. For
completeness we included, as the final step, the energy of the
system after additional loss of CO, i.e., formation of the stable
cyclopentadienyl radical. This fragment is observed in the
experiment, peaking at around 1.8 eV, and also in the classical
dynamics simulations. From Fig. 8 it is evident that the
hydrogen bonded intermediate depicted in step 3 is favoured
over the molecular anion. It should be noted here that if this
complex survives the extraction into the field free region of the
mass spectrometer it will be detected as the molecular anion.
Furthermore, the reaction leading to the formation of this
intermediate state proceeds with an energy barrier of less than
0.1 eV. Proceeding from step 3, we assume HF is separated from
the system and add the HF energy to the energy of the
computed fragments. In step 4 and onwards, the molecule
opens up, by dissociation of the C1–C6 bond, forming an

unstable open chain structure and finally rearranges to the
5-membered C5F4CO� anion via bond formation between C6
and C2.

The classical trajectory calculated for the DEA process,
where the same final state was observed, revealed a similar
reaction path. However, formation of the 5-membered ring in
the classical dynamics simulations (though initiated through a
C1–C6 bond rupture) results from C6–C2 bond formation after
rotation of the C1–C2 bond. Rotation, however, is hindered
along the minimum energy path, and the height of the energy
barrier is a good indication of the observed metastable nature
of the [M � HF]� formation in PFP. For the classical trajectory
to proceed through the minimum energy path, the calculations
should be performed without the addition of kinetic energy.
The height of the reaction barrier however results in a low rate
and the reaction time is therefore too long for it to be feasible to
observe a reaction event in the simulations without the addi-
tion of kinetic energy.

4. Conclusions

The attachment of a single low-energy electron (e o 2 eV) to
PFA and PFP primarily leads to reactions involving the for-
mation of HF. Further reactions involving rearrangement of the
remaining anionic fragment have also been identified. These
are often quite complex such as the loss of HF and CO from
PFP, the loss of two HF molecules from PFA and the CN�

formation from PFA. For the compounds presented here, we
assign the ability of PFA and PFP to form intermolecular

Fig. 8 The minimum energy path for the formation of C5F4CO� (step 8) from the ground state of C6F5OH� (step 1) on the B3LYP/6-311+G** potential energy surface,
calculated using the NEB method. The last point in the figure, step 9, corresponds to the additional loss of CO, forming [M � HF � CO]� (see Section 3.1).
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hydrogen bonds as a prerequisite for the formation of HF upon
electron attachment. The polarized nature of the O–H and N–H
bonds ensures a strong interaction with a neighbouring
fluorine atom. We have successfully utilized classical dynamics
simulations to better understand the mechanism behind the
formation of HF as well as further rearrangement of the anionic
fragment. The classical trajectories, although calculated by
adding considerable kinetic energy to the system, reproduce
the experimental observations well. Furthermore, the results
give valuable insight into the mechanism of complex chemical
reactions triggered by a single low-energy electron in gas phase
electron attachment experiments.
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Stabilization, fragmentation and rearrangement
reactions in low-energy electron interaction with
tetrafluoro-para-benzoquinone: a combined
theoretical and experimental study

Benedikt Ómarsson and Oddur Ingólfsson*

Quinones are a class of organic compounds whose extraordinary electron transfer properties are

fundamental in ubiquitous processes such as the ATP production and the photosynthesis. Here, we

report a combined theoretical and experimental study to shed some light on low-energy electron

interaction with tetrafluoro-para-benzoquinone (TFQ) and para-benzoquinone (p-BQ). Similar to it’s

native counterpart; p-BQ, TFQ forms a metastable molecular anion at unusually high incident energies

in electron attachment under single collision conditions. Transition state calculations are used for both

p-BQ and TFQ to explore possible stabilization of the molecular anion through isomerization reactions,

and stabilization through intramolecular vibrational energy redistribution (IVR) is discussed in relation

to the electronic structure of these compounds. We also report exceptionally extensive and complex

rearrangement reactions in dissociative electron attachment to TFQ and discuss possible reaction paths

based on thermochemical threshold calculations. The observed fragmentation reactions can at large be

described by two dissociation series, i.e., the formation of [TFQ � CO � nF]� (n = 0, 1, 2 or 3) and

[TFQ � 2CO � nF]� (n = 0, 1, 2, 3 or 4). In the latter series we observe, at incident electron energy as

low as B0.5 eV, the excision of two CO molecules followed by recombination of the remaining moiety

to form an anionic carbon chain with two terminal CF2 groups. To our knowledge such excision of two

non-adjacent carbon atoms and recombination of the remaining moiety have not been observed

before in low energy electron attachment.

1. Introduction

Quinones are a versatile group of organic molecules, whose very
particular electron transfer properties play an important role in
many aspects of biology, organic chemistry and in industrial
applications. Coenzyme Q for example is a para-quinone deriva-
tive, which plays a vital role in the charge-transfer mechanisms
behind the production of ATP1 and is thus found in almost every
cell in the human body. Furthermore, based on its redox proper-
ties, coenzyme Q also acts as an antioxidant and takes part in cell
signaling and gene expression.1 Another example, emphasizing
the importance of quinones in natural redox systems, is the role
of plastoquinones in the photosynthesis where these simple
para-benzoquinone (p-BQ) derivatives are crucial in electron
transfer processes.2,3

The simplest para-quinone is p-benzoquinone (C6H4O2) and as
such it has been studied extensively with regard to its electronic

properties both through calculations and in experiments. In this
context Trommsdorff et al.4 and Hollas et al.5 have reported the
UV/VIS spectrum of p-BQ and Brint et al.6,7 reported the corre-
sponding vacuum UV spectrum. Kimura et al.8 and Fukuzumi
et al.9 have reported the UV/VIS spectrum of the p-BQ anion;
p-BQ�. Furthermore, the formation mechanism of the negative
ion, its electronic structure and its decay has been explored with a
variety of experimental methods. These include early electron
swarm studies by Christophorou et al.10 and Collins et al.,11 an
electron transfer and SF6 scavenger spectroscopy study by Cooper
et al.12 and a recent crossed beam electron attachment study by
Khvostenko et al.,13 where over 20 dissociative electron attach-
ment (DEA) fragments were observed. The electron transmission
spectrum has also been reported by Modelli et al.14 and Allan15,16

has studied time resolved electron energy loss from p-BQ as well
as vibrational and electronic excitation in the energy range from
about 0 to 20 eV. Recent photodetachment studies by Schiedt and
Weinkauf17 and Fu et al.,18 as well as a very recent time-resolved
photoelectron study (supported by ab initio calculations)19 also
give valuable information on the negative ion states in p-BQ.
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The electronic structure of both p-BQ and p-BQ� has further
been assessed through different types of calculations, although
prior to recent studies by Amérigo et al.20 and Weber et al.21 on
p-BQ and by Amérigo et al.22 and Honda et al.23 on the anion, these
were mostly of semi-empirical nature. For fairly comprehensive
literature reviews of these see ref. 20–23 and references therein.

In p-BQ the primary low-energy resonances are observed at
0.7, 1.4 and 2.1 eV incident electron energy.10,12,14–16 The assign-
ment of these has been debated over the years but recent ab initio
studies22,23 have presented strong evidence that the resonances
observed at 0.7 and 1.4 eV are shape resonances of Au and B3u

symmetry formed by electron attachment to the LUMO + 1 and
LUMO + 2 virtual orbitals, respectively. The resonance, formed at
around 2.1 eV on the other hand, is assigned as a core-excited
Feshbach resonance of B3u symmetry. Hence, a resonance is
formed by the attachment of an electron to the LUMO and
concomitant excitation from the HOMO � 1 (b3u) into the same
orbital. In the current contribution we adhere to these assign-
ments, and we note that in this reference frame the alignment of
the molecule places the two carbonyl groups along the z-axis.

Despite an electron affinity of 1.89 eV,12 p-BQ does not form
a metastable negative ion through attachment of thermal
electrons, i.e. no molecular anion is observed through free
electron attachment to p-BQ close to 0 eV.10,12,13 However, p-BQ
is known to form a long-lived molecular anion through the 2B3u

state at around 1.4 eV incident electron energy.10,12,13,15 This is
very unusual as the formation of metastable, i.e., detectable,
molecular anions in electron attachment to isolated organic
molecules in the gas phase, is generally only observed in a narrow
energy range close to 0 eV. Nonetheless, a handful of exceptions
have been reported, which include quinone derivatives,11,24,25

chlorodifluoroacetic acid,26 pyromellitic derivatives,27 some poly-
cyclic aromatic hydrocarbons28,29 and a few metal complexes.30,31

One further, remarkable exception is the formation of C60
� in

electron attachment to the highly symmetric fullerene C60, which
is observed through resonant contributions from 0–14 eV.32,33

Here, the efficient coupling between electronic and vibrational
degrees of freedom enables C60 to rapidly dissipate additional
energy amongst its 174 vibrational modes.

While p-BQ has been studied fairly extensively, considerably
less attention has been granted to its halogenated derivatives.
Nonetheless, vacuum UV and UV/VIS spectra of TFQ7,34 as well as
a number of Raman studies (see ref. 35 and references therein)
have been reported. Furthermore, Cooper et al.36 studied the
negative ion formation from the fully halogenated (F, Cl and Br)
derivatives of p-BQ after interaction with free electrons in the
energy range from about 0–10 eV and by collision with fast alkali
atoms. The authors showed that unlike p-BQ, all the halogenated
quinones support negative ion states at 0 eV but similar to p-BQ,
the tetrafluoro-para-benzoquinone (TFQ) anion, TFQ�, is also
observed through a second contribution at higher energy, i.e., at
around 0.5 eV. In this context, Cooper et al.36 argued that in the
case of the halogen derivatives, thermal electrons are captured
into the LUMO (b2g) or the LUMO + 1 orbital (au). While occupa-
tion of the former leads directly to the anionic ground state the
authors argued that the 2Au shape resonance would find its way

into the 2B2g anionic ground state through subsequent relaxation.
A similar stabilization mechanism was also proposed for the
higher-energy contribution to the ion yield of the molecular anion
observed from TFQ and p-BQ at about 0.5 and 1.4 eV, respectively;
however, with initial occupation of the LUMO + 2 orbital in both
cases.36 The explanation of the molecular anion formation at 0 eV,
i.e. through initial occupation of the LUMO + 1 and subsequent
relaxation to the 2B2g ground state, has since been refined by
Horke et al.37 through a time-resolved photoelectron imaging
study on the tetrachloroquinone anion (TClQ�). Supported by
time-dependent density functional theory (TDDFT) calculations
the authors showed that photoexcitation from the ground 2B2g

anionic state of TClQ� to the first excited anionic excited state, 2Au

observed slightly below threshold, results in ultrafast (130 fs)
electronic relaxation back to the 2B2g ground state, stabilizing
the negative ion through internal vibrational energy redistribution
(IVR). Hence, while the total energy of the system still lies in the
continuum, autodetachment is hindered by the effective IVR. This
explanation was further supported in a very recent time resolved
photoelectron study on p-BQ.19 In this study, supported by
ab initio calculations, the authors infer that the 2Au resonance
can undergo internal conversion to form the vibrationally excited
2B2g ground state, and that the 2B3u resonance can relax through
internal conversion to the 2Au state on a time scale of about 20 fs.
Furthermore, in a recent study on tetracynanoquinodimethane
(TCNQ) and its tetrafluorinated analogue (F4-TCNQ)38 similar fast
relaxation mechanisms were observed, and it was proposed that
these are general features of quinones and might explain their
exceptional electron acceptor capabilities.

The rare ability of quinones to stabilize transient negative ion
(TNI) states, in free electron attachment at fairly high incident
electron energies, correlates well with their fundamental role in
charge transfer mechanisms in biological systems. In this context
we present a combined theoretical and experimental study on low-
energy electron attachment to TFQ. We discuss the formation of
the molecular anion from TFQ above 0 eV in relation to the
formation of p-BQ� from p-BQ at 1.4 eV and in this context we
present calculations on possible isomerization reactions for both
these compounds. For TFQ, we also report substantially more
extensive fragmentation reactions in DEA than have been reported
earlier.36 These include an efficient removal of two non-adjacent
carbon atoms from the ring and recombination of the remaining
fragments, a process that, to our knowledge, has not been observed
before in low-energy electron attachment. For this process, as well
as the others, we show that they can be understood within two
distinct fragmentation patterns. Furthermore, supported by
quantum chemical calculations of the thermochemical thresholds
for all the observed dissociation channels, we offer conclusive
reaction pathways for the formation of the observed fragments.

2. Methods
2.1. Experimental setup

All measurements were conducted using a crossed beam electron
attachment apparatus located at the science institute, University of
Iceland. The experimental setup is a high vacuum (B10�8 mbar)
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crossed beam apparatus consisting of a trochoidal electron
monochromator (TEM) and a Hiden Epic 1000 commercially
available quadrupole mass spectrometer. The monochromatized
electron beam is crossed with effusive sample-gas entering the
chamber through an inlet system maintained, in the present
study, at approximately 80 1C. The monochromator is kept at a
constant temperature of 120 1C by two fluorescent bulbs
mounted inside the vacuum chamber. The electron energy scale
was calibrated to the formation of SF6

� from SF6 at 0 eV incident
electron energy and the electron energy resolution was estimated
from the full-width-half-maximum (FWHM) of the SF6

� signal.
The working pressure was kept at around 5 � 10�7 mbar and
typical electron energy resolution for this experimental setup
is 120–140 meV.

2.2. Calculations

Geometry optimizations and single point energy calculations were
performed using Orca 2.9 computational chemistry software.39

The geometry of all molecules and fragments was optimized
using density functional theory (DFT) calculations based on the
B3LYP hybrid functional approximation and the ma-TZVP40

basis set, suitable for anions. Single point energy calculations
were performed on the B2PLYP41/ma-TZVP level of theory
applying the RIJK approximation with fitting basis-sets corre-
sponding to the basis set used in the calculations. Empirical
dispersion correction42 as implemented in the Orca code was
included in all calculations. Vibrational normal mode calcula-
tions were conducted for all relaxed geometries on the B3LYP/
ma-TZVP level, using NWChem 6.1.1.43 computational chemistry
software. For each system calculated, the zero-point energy
consistent with the calculated frequencies was added. The reac-
tion enthalpy (DH) at 0 K was then obtained by subtracting the
total energy of all fragments for a given dissociation channel
from the total energy of the parent molecule. To account for the
current experimental conditions (T B 80 1C) we include the
thermal energy of the parent molecule at 80 1C obtained from
the vibrational normal mode calculations; this factor has been
determined to be 382 meV.

The minimum energy paths for the isomerization of p-BQ�

as well as the loss of CO from p-BQ� were calculated using the
Nudged Elastic Band (NEB) method.44 These calculations
were performed using Chemshell45 with the Orca program
interfaced as QM code and the DL-FIND46 program as a geo-
metry optimizer. The reaction paths were optimized on the
B3LYP potential energy surface, using the 6-311+G* basis set.
A total of 11 geometries were optimized along the reaction path
and the saddle point obtained from the calculations was
further optimized at the B3LYP/ma-TZVP level of theory using
NWChem 6.1.1.

It should be noted that these are all ground state calcula-
tions reflecting the thermochemistry of the processes and thus
assume that internal conversion and IVR have preceded any
subsequent unimolecular dissociation.

The appearance energies (AEs) given in Tables 1 and 2
are obtained by visual estimation through approximate linear
extrapolation of the respective ion yield curves to the base line.

Due to the procedure used and the electron energy resolution
we estimate an error of �0.2 eV for all reported AE’s.

3. Results and discussion

Fig. 1 shows the ion yield for the parent molecular ion in the
energy range from 0 to 15 eV and Fig. 2 shows the minimum
energy paths for isomerization of p-BQ� to a 5-membered ring
structure with an exocyclic CO group (path 1) and the minimum
energy path for the loss of CO from p-BQ (path 2). Fig. 3–5 show
the ion yield curves for all fragments observed in electron
attachment to TFQ in the energy range from 0 to 15 eV.

While the molecular anion is predominantly formed through
a narrow resonance close to 0 eV, and to a lesser extent close to
0.5 eV, DEA is observed through distinct resonant contributions
with apparent peak maxima centred between 1.0 and 1.5 eV,
between 3 and 5 eV and in the energy range from 7 to about
11 eV. Similar to p-BQ,12,13 TFQ shows a rich fragmentation
pattern upon electron attachment, however, in TFQ the frag-
ment formation is at large confined to two groups of fragments,
i.e., the formation of [M � CO � nF]�; n = 0, 1, 2, 3 (see Fig. 3)
and [M � 2CO � nF]�; n = 0, 1, 2, 3 or 4 (see Fig. 4). These
fragments are all formed through the higher lying resonances
and no contribution to DEA is observed at around 0 eV. In
addition to the fragmentation series mentioned here above, F�

and FCO� are also formed in DEA to TFQ (Fig. 5). The former
of these is observed through overlapping resonances between
3 and 7 eV and from 7–11 eV, while the latter is only observed
with low intensity from 3–7 eV.

With the material at hand, definitive assignment of indi-
vidual resonances observed in electron attachment to TFQ
cannot be offered. The current assignments are thus tentative
and based on previous work on the native p-BQ and it’s
halogenated derivatives.

In resonant electron attachment to fluoroethylenes Chiu
et al.47 observed that upon increased fluorination the resonances
formed through electron capture into the p* orbitals shift
towards higher energies. While the p* shape resonance of
ethylene is observed at 1.78 eV (vertical attachment energy), the
same resonance is observed at 2.18 eV in cis-difluoro ethylene
and at 3.00 eV in tetrafluoroethylene. The authors found that in

Table 1 Computed thresholds (Eth) and thermally corrected thresholds (Eth
0) for

X� formation from C6X4O2, X = F, Cl, Br. Also listed are the experimental
appearance energies (AE) and ion yield maxima (max) for the respective frag-
ments. All values are in eV

Fragment Neutral Eth Eth
0 AE Max

F� a C6F3O2 1.86 1.48 2.8 4.6
8.9

Cl� b C6Cl3O2 0.58 �0.14 0 0
0.9
3.0

Br� b C6Br3O2 0.20 �0.36 0 B0
0.7
2.5

a Present work, T = 353 K. b From ref. 36, T = 500 K.

PCCP Paper

Pu
bl

is
he

d 
on

 0
6 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 U

pp
sa

la
 U

ni
ve

rs
ity

 o
n 

21
/0

9/
20

13
 1

2:
52

:0
1.

 

View Article Online

115



III. Article 3

This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 16758--16767 16761

addition to the destabilizing resonance effect of the fluorine
lone pair electrons on the p* orbitals of the ethylenes, further
destabilization of these is brought on through the shortening of
the CQC bond upon fluorination. Similar to these findings,
through our calculations, we find the CQC bond in TFQ to be
0.0119 Å shorter than in p-BQ and the CQO bond shorter by
0.0429 Å. With this in mind, a shift of the resonances towards
higher energies in going from p-BQ to TFQ may be expected.
However, in TFQ the fluorine atoms stabilize the ground sate
parent anion and the EA increases to about 2.9 eV (ref. 36) as
compared to 1.89 eV (ref. 12) for p-BQ. Thus, if we assume that
the excited state energies do not change much relative to the
anion ground state one may expect that the 2Au and 2B3u shape
resonances, observed at 0.7 and 1.4 eV in p-BQ, are shifted
considerably towards lower energy. This notation is further
supported by a recent study on TCNQ and F4-TCNQ, where
the authors show that the negative ion states are stabilized by
about 0.4 eV upon fluorination.38

Supported by the study on TCNQ and F4-TCNQ by Horke
et al. and based on the assignment of transient negative ion

(TNI) states observed for p-BQ12–15 we assign the DEA contribu-
tions observed for TFQ through resonances at 1.0 eV to 1.5 eV
(0.5 eV in the M� ion yield) to the 2B3u shape resonance
observed in p-BQ at about 1.4 eV, and the dominating 0 eV
contribution in the parent molecular ion yield to a vibrational
Feshbach resonance associated with the 2Au anionic state. In
this case the resonance would be supported by the quadrupole
moment of TFQ or, as described by Gauyacq and Herzenberg,48

to electron capture through non-adiabatic coupling, similar to
low-energy electron capture by SF6.48,49 This assignment is in
good agreement with the earlier studies on TClQ by Horke and
Verlet who showed that the excited state just below threshold in

Table 2 Computed thresholds (Eth) and thermally corrected thresholds (Eth
0) for given dissociation channels. Also listed are the experimental appearance energies

(AE) and ion yield maxima (max1, max2) for the respective masses. All values are in eV

Fragment Negative Neutral Eth Eth
0 AE Max1 Max2

M� C6F4O2
� �2.64 0

[M � CO]� C5F4O� (cyclic) CO �0.94 �1.32 0.2 1
C5F4O� (open) CO 1.67 1.29

[M � FCO]� C5F3O� (cyclic) FCO 1.44 1.06 0.7 1.5 3.3
CF3CCCCO� FCO –0.08 –0.46

[M � F2CO]� C5F2O� (cyclic) F2CO 1.44 1.06 0.2 1.2 3.1
FC(O)CCCCF� F2CO 0.22 –0.16

[M � F2CO � F]� FC(O)CCCC� F3CO 1.93 1.55 2.8 4.5 6.7
FC(O)CCCC� F2CO + F 2.87 2.49

[M � 2CO]� F2CCCCF2
� 2CO 1.02 0.64 0.6 1.6 3.3

CFCFCFCF� 2CO 2.54 2.16
[M � CO � FCO]� F2CCCCF� CO + FCO 2.83 2.45 2.9 4.15 8
[M � CO � F2CO]� F2CCCC� CO + F2CO 1.61 1.22 0.9 1.8 3.6

FCCCCF� CO + F2CO 2.54 2.16
[M � FCO � F2CO]� FCCCC� FCO + F2CO 3.57 3.19 3.4 4.6 8.8
[M � 2F2CO]� C4

� 2F2CO 2.71 2.33 2.5 3.9
FCO� FCO� F2CCCCF + CO 2.87 2.49 B3 4.7

FCO� C5F3O (cyclic) 2.95 2.57
FCO� FCCCC + CF2O 4.73 4.35

Fig. 1 The parent molecular anion observed in electron attachment to tetra-
fluoroquinone (TFQ). Contributions are observed at 0 and 0.5 eV.

Fig. 2 Minimum energy paths for the isomerization of p-BQ to a 5-membered
ring structure with an exocyclic CO group (path 1) and the minimum energy path
for the observed loss of CO from p-BQ (path 2). The electron affinity value
depicted here (2.18 eV) is obtained from calculations at the B3LYP/ma-TZVP level
and is slightly higher than the experimental value of 1.89 eV (ref. 12).
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TClQ is the 2Au state.37 It should however be noted that these
assignments are tentative and high-level calculations would be
desirable to aid in establishing them.

The contributions observed peaking around 3 eV we attribute
to a core-excited resonance associated with a broad contribution
centred at around 407 nm (3.0 eV) in the UV/VIS spectrum of
TFQ.34 Other contributions observed between 4 and 7 eV and
from 7 to 11 eV also correlate well with various transitions
observed in the electron transmission spectrum of p-BQ,14,15

and the vacuum UV and UV/VIS spectrum of TFQ.7,34

3.1. The molecular anion

Fig. 1 shows the ion yield curve observed for the parent molecular
anion (m/z 180) in electron attachment to TFQ in the energy
range from 0 to about 15 eV. The main contribution is observed
close to 0 eV, but a distinct contribution, peaking close to 0.5 eV
is also apparent. As discussed above, the three lowest lying
resonances observed in electron transmission through p-BQ are
at about 0.7, 1.4 and 2.1 eV and are assigned to 2Au and 2B3u

shape resonances, and a 2B3u core excited Feshbach resonance,
respectively. The anticipated 2B2g anionic ground state, on the
other hand, is not observed in the transmission spectrum.

Furthermore, in electron attachment to p-BQ,13 no signs of
the 2Au resonance are discernable, while the molecular anion is
observed with appreciable intensity at around 1.4 eV, i.e.,
through the 2B3u shape resonance. In accordance with the
resonance assignment mentioned above we attribute the 0.5 eV
contribution, in the M� ion yield from TFQ, to the lower energy
side of the 2B3u shape resonance.

In electron attachment to tetrachloroquinone (TClQ) and
tetrabromoquinone (TBrQ), contrary to TFQ, the molecular
anion is exclusively observed close to 0 eV (ref. 36). In further
contrast to TFQ, Cl� is observed from TClQ and Br� and [M� Br]�

from TBrQ through the 0 eV resonance.36 These fragment ions are
also observed at around 0.7 and 0.9 eV in TClQ and TBrQ,

Fig. 3 Ion yield curves from DEA to TFQ involving the loss of one CO molecule
and an increasing number of fluorine atoms.

Fig. 4 Ion yield curves from DEA to TFQ involving the loss of two CO molecules
and 0–4 fluorine atoms.
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respectively, while the corresponding F� formation from TFQ is
only observed above about 3 eV (see Fig. 5). Similar behaviour
has been observed in systematic studies of the perfluorinated
halobenzenes C6F5X (X = F, Cl, Br, I)50,51 and similar to these, the
appearance energy (AE) of the halogen anions (and [M � Br]�

from TBrQ) is easily explained from the thermochemistry of the
respective processes.

In a simple DEA process, where a single bond is ruptured and
no rearrangement takes place, the thermochemical threshold
(Eth) is approximately equal to the reaction enthalpy (DHrxn) and
is given by the difference between the bond dissociation energy
(here; BDE (C–X)) and the electron affinity (EA) of the charged
fragment (here; X):

DHrxn E Eth = BDE(M–X) � EA(X) (1)

For the thermally corrected threshold, Eth
0, used throughout

the paper, we additionally subtract the thermal energy of the
parent molecule at the temperature used in this experiment
(353 K). In the experiments of Cooper et al.36 TClQ and TBrQ
were heated to 500 K, which is the temperature we use here for
the thermally corrected threshold for X� formation from TClQ
and TBrQ. Table 1 shows the results from thermochemical
calculations at the B2PLYP/ma-TZVP level of theory. For the X�

formation from TFQ, TClQ and TBrQ, we derive a threshold of
1.48, �0.14 and �0.36 eV, respectively. From these results it is
clear that under the experimental conditions given, Cl� and Br�

can readily be formed close to 0 eV threshold while the F�

formation is thermochemically not accessible below 1.48 eV.
Furthermore, this also offers an explanation for the lack of M�

formation from TClQ and TBrQ, through the 2B3u shape reso-
nance, in comparison to TFQ where M� is observed through a
distinct contribution at around 0.5 eV. While the transient
negative ion initially formed through the 2B3u resonance in
TFQ can only decay through autodetachment of the electron,

dissociative relaxation to form X� is also accessible in TClQ and
TBrQ (and [M � Br]� from TBrQ).

These thermochemical considerations, however, do not offer
any insight into the formation of the parent molecular anion
from TFQ through the higher lying resonance, i.e., at 0.5 eV. This
resonance has to be stabilized with respect to autodetachment,
and as discussed above in relation to p-BQ, several different
stabilization mechanisms have been suggested. These include
rapid intramolecular vibrational energy redistribution (IVR),
isomerization reactions, doublet–quartet conversions52 and partial
dissociation in the case of metal complexes carrying polydentated
ligands.53

Originally, motivated by a recent study we conducted on
rearrangement of pentafluorotoluene, pentafluoroaniline and
pentafluorophenol upon DEA54,55 we sought an explanation for
the observation of the molecular anion at such high energies in
p-BQ and TFQ through isomerization reactions. In the case of
TFQ the most pronounced DEA channel is the loss of a single
CO unit, a reaction that is also observed for p-BQ. This reaction
requires the rupture of two C–C bonds in addition to the
formation of new bonds. In order for this reaction to be
energetically accessible at the currently observed AEs, the transi-
tion state along the reaction path must consist of the simulta-
neous rupture and formation of chemical bonds. In energetic
terms, the transition state energy must be similar to or lower
than the fragment’s experimental AE. Prior to dissociation
however, this complicated reaction path may also lead to stable
products such as a derivative of the stable cyclopentadienyl
anion with an exocyclic CO group. Fig. 2 shows the minimum
energy path for this isomerization reaction calculated for p-BQ�

using the NEB method (path 1), also shown are the respective
molecular structures. The path is calculated from the ground
state of the anion (p-BQ�), to the ground state of the rearranged
product (p-BQ� 5-membered). From the energy of the neutral
molecule (p-BQ), we find the barrier for the isomerization
reaction (EB) to be 0.98 eV. This stereoisomer (p-BQ� 5-mem-
bered) however, is quite unstable towards the loss of CO, a
reaction path (path 2) that most likely proceeds through the
same transition state. Hence, unless the isomerization proceeds
through a different transition state, one that we have not been
able to observe, the calculations predict that crossing this energy
barrier will in fact lead to the loss of CO and the formation of
[M � CO]� but not the anticipated isomerization leading to a
metastable anion. For TFQ, we find the same trend, however, the
energy of the calculated transition state lies 0.77 eV above the
neutral, i.e. well above the AE of the 2B3u resonance yielding
TFQ� centred close to 0.5 eV. Hence, for the reaction path
proposed here, hot band transitions are necessary to rationalize
the notation of the stabilization of TFQ� through this isomeriza-
tion, i.e., the reaction can only take place from the high-energy
fraction of the vibrational population distribution. Furthermore,
the same as for p-BQ�, the reaction path for CO loss from TFQ�

proceeding this isomerization is barrier-less. From these results
it is clear that our calculations do not support the notation of an
isomerization reaction as a stabilization mechanism for neither
p-BQ� nor TFQ�.

Fig. 5 Ion yield curves from DEA to TFQ showing the formation of (a) F� and
(b) FCO�. Both channels are only observed through core-excited resonances.
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In general, the formation of parent molecular anions demands
highly efficient intramolecular vibrational energy redistribution
(IVR), removing energy from the reaction coordinates relevant for
autodetachment, and thus stabilizing the TNI. A good example of
such a mechanism is found in electron attachment to C6F6,56–58

where, under single collision conditions, the metastable molecular
anion is exclusively observed in a narrow energy range close
to 0 eV. Under multiple collision conditions and in clusters, on
the other hand, the molecular anion is observed over a broad
range, peaking, in good agreement with transmission spectra,59

at about 0.5 eV. Hence, under single collision conditions in this
highly symmetric molecule the IVR still only allows sufficient
stabilization of the TNI at close to 0 eV incident electron
energies. Observation of the parent ion over the whole width
of the resonance is thus only possible through intermolecular
energy transfer, hence energy removal from the system.

For the TClQ� anion the recent time-resolved photoelectron
imaging study by Horke and Verlet37 shows that fast IVR
channels are available in this case through an internal conver-
sion of the 2Au state to the ground electronic state of the anion,
provided through a conical intersection. The same mechanism
was proposed for p-BQ where p-BQ� is observed through the
2B3u resonance at 1.4 eV (ref. 12 and 15) and very recently it was
in fact shown by using time-resolved photoelectron spectro-
scopy and ab initio calculations19 that the 2B3u resonance in
p-BQ relaxes through internal conversion to the 2Au state on a
time scale close to 20 fs. Hence, the rapid internal conversion in
these molecular anions supports the notation of effective IVR
being responsible for their metastable lifetime at these excep-
tionally high incident electron energies. Similarly, the absence
of a metastable molecular ion through the 2Au shape resonance
in p-BQ is most likely explained by insufficient coupling of the
2Au shape resonance with the 2B2g ground state making IVR
ineffective compared to autodetachment.

It should however be noted that in this context Khvostenko
et al.,52 supported by DFT calculations at the B3LYP level of
theory, proposed that the stabilization of the negative ion of
p-BQ could result from the formation of a long-lived quartet
state upon electron attachment. This state represents a long-
lived resonance since decay from the quartet state to form the
neutral ground electronic state is a spin-flip prohibited process.
This explanation however would require further theoretical
work as many of the excited states of p-BQ� have been shown
to have a large multi-configurational character,22 which may be
inadequately described by DFT.

3.2. The CO series

Fig. 3 shows the ion yield curves for fragments of the type
[M � CO � nF]�; n = 0, 1, 2, 3. Table 2 shows calculated
thresholds; Eth, and thermally corrected thresholds; Eth

0, for the
formation of all fragments we observe upon DEA to TFQ. For
comparison, also the estimated experimental AEs, and ion yield
maxima are listed. From the calculations we find that in every case,
at least minor rearrangement reactions are necessary in order for
the respective dissociation channels to be thermochemically
accessible through the respective lower-energy resonance.

Fig. 3a shows the ion yield curve of [M � CO]� resulting from
the loss of CO from TFQ upon electron attachment. This
channel, which we assign to the 2B3u resonance close 1 eV, is
the dominating dissociation channel in electron attachment to
TFQ. It is about an order of magnitude more efficient than the
second most efficient DEA channel, i.e. the loss of CO and two
fluorine atoms. While considerable energy is required to rupture
the two C–C bonds adjacent to the carbonyl group the AE for the
CO loss is close to 0.2 eV. If we do not consider new bond
formation in this process we derive a threshold of 1.29 eV,
however, assuming the loss of the CO group to be accompanied
by the formation of a C–C bond leading to a cyclic structure,
C5F4O� (similar to C5H4O�, shown in Fig. 2), we obtain a
thermochemical threshold of �1.32 eV. Hence, CO loss from
TFQ� is not only thermochemically accessible through the
2B3u resonance close to 1 eV but also through the 2Au resonance
at 0 eV. Similarly, for p-BQ we find the threshold for CO loss to
be �1.19 eV while the ion yield maxima corresponding to this
fragment is centred at around 2.3 eV (ref. 13) and no CO loss is
observed through the 2Au shape resonance close to 0.7 eV. The
reason for this discrepancy is however clear from Fig. 2. For
p-BQ, the reaction saddle point along the minimum energy
path towards CO loss is 0.98 eV above the neutral, making this
particular reaction channel inaccessible below 0.98 eV. The
same behaviour is expected in TFQ although, with our methods,
we did not find a saddle point low enough in energy to support
this claim without considering hot band transitions to be
responsible for the onset of the ion yield.

The formation of [M � CO � 2F]� (Fig. 3c) shows a further
interesting feature. It is observed through two distinct contri-
butions, from which the first we attribute to the 2B3u shape
resonance. The latter, which is much less intense, we ascribe to
a core-excited resonance, possibly the 2B3u resonance observed
in the transmission spectra. If we assume that this reaction
involves the formation of a five-membered ring structure
C5F2O� and neutral difluoroformaldehyde, F2CO, we derive a
threshold of 1.06 eV. Here, however, the AE is approximately
0.2 eV. Then again, if we assume considerable rearrangement
of the anionic fragment, forming the negatively charged
2,4-difluoropentadiynal (FC(O)CCCCF�) and neutral F2CO, the
threshold is lowered to �0.16 eV. Thus, in order for this
reaction channel to be energetically accessible through the
onset of the 2B3u shape resonance, this considerable rearrange-
ment must take place. Similarly for [M � CO � F]�, we derive a
threshold of 1.06 eV if we assume rearrangement leading to the
five-membered ring C5F3O� and neutral FCO. The transition
state leading to the formation of this fragment could be similar
to that observed for the loss of CO, with the extra energy
required for the rupture of the C–F bond compensated for by
simultaneous formation of the F–CO bond. A reaction path,
resulting in the formation of the linear CF3CCCCO� anion,
where all the fluorines have migrated to a single carbon atom,
however, reduces the threshold to �0.16 eV. The AE for this
particular fragment is approximately 0.7 eV (Fig. 3b), i.e., about
0.35 eV below the calculated threshold for the formation of the
anionic five membered ring. We note that this may still be
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within the experimental and theoretical uncertainties, and that
the extent of rearrangement of the fluorine leading to the linear
fragment is likely to be associated with additional activation
barriers. It is thus not unambiguous from these data which of
these channels dominate at threshold, and in principle both
are accessible through most of the energy range where this
fragment is observed.

The final fragment in this series, [M � F2CO � F]� (Fig. 3d),
is observed through core-excited resonances from 3–5 and from
6–9 eV. Similar to the formation of [M � F2CO]�, we find that
formation of the linear, anionic fragment FC(O)CCCC� is
necessary for this dissociation channel to be accessible. The
computed threshold for this reaction is 2.49 eV while the AE is
around 2.8 eV. The formation of F3CO as a neutral counterpart
does lower the reaction threshold by B1 eV, but is not
necessary to explain this channel.

3.3. The 2CO series

Fig. 4 shows ion yield curves for the formation of fragments
associated with the loss of two CO molecules and 0–4 fluorines,
i.e. the formation of [M � 2CO � nF]� (n = 0–4). The calculated
thresholds; Eth and Eth

0, for the formation of the observed
fragments along with estimates of the respective experimental
AEs, and ion yield maxima are listed in Table 2.

The dominating [M� 2CO]� formation peaks close to 1.5 eV,
but is also observed, though to a lesser extent, through a core
excited resonance peaking close to 3.5 eV. All other fragments
of this series appear mainly (or exclusively) through core-excited
resonances between 3–5 eV and 6–11 eV. For all products in this
series, we find that the formation of a 4-carbon chain is
necessary for the reaction to be thermochemically accessible
at the AE of the respective contributions (see Table 2). This
requires the loss of both CO groups and up to four fluorines as
well as new bond formation between two of the carbon atoms
adjacent to one of the leaving CO groups. A considerable
amount of energy is required for these reactions, as a total of
four C–C bonds and up to four C–F bonds need to be broken.
Nonetheless, the lowest AE in this series, i.e., that of the
dominating [M � 2CO]� formation, is only about 0.6 eV. In
our calculations the lowest computed threshold for this reac-
tion is found to be 0.64 eV by assuming that the ionic fragment
rearranges to form tetrafluorobutatriene (F2CQCQCQCF2)�.
If we, on the other hand, do not account for migration of the
fluorine and assume simple C–C bond ruptures and a recom-
bination yielding a chain of the form (CF–CF–CF–CF)�, we
derive a threshold of 2.16 eV. Also, all considerations of cyclic
structures and partial fluorine migration resulted in thresholds
well above 2 eV. It is thus clear from these results that in this low
energy DEA channel, the anionic fragment undergoes extensive
rearrangement yielding the tetrafluorobutatriene anion.

Through the same resonances, albeit shifted by B0.3 eV
towards higher energy, we observe the fragment [M� 2CO� 2F]�

(Fig. 4c). In this case however the ion yield intensity is an order
of magnitude lower than for [M � 2CO]� and the contribution
from the core excited resonance at around 3–5 eV dominates.
Assuming a similar fragmentation channel as in the case of

[M � 2CO]� and rearrangement of the fragments to form F2CO,
CO and F2CCCC�, we derive a reaction threshold of 1.22 eV.
The formation of another stereoisomer, FCCCCF�, however
raises the threshold to 2.12 eV (see Table 2). The experimental
AE for the fragment is approximately 0.9 eV, however, given the
experimental and theoretical uncertainty we conclude that
rearrangement to form the linear F2CCCC� anion is the most
likely reaction path through the first resonance while both
channels may be active through the latter.

The fragments [M � FCO � CO]� and [M � F2CO � FCO]�

are shown in Fig. 4b and d respectively. These fragments are
observed with similar intensity and through the same resonances,
the core excited resonances at 3–5 eV and at 6–9 eV. In both cases
the contribution from the lower energy resonance is higher.
From thermochemical considerations, rearrangement of the
anionic fragment to form a 4-carbon chain is necessary in
order for the reaction to be accessible through the lower energy
resonance.

Also observed in DEA to TFQ is the fragment C4
� (Fig. 4e),

formed through the core excited resonance at around 3–5 eV.
This remarkable fragment requires the excision of both carbonyl
groups, the loss of all four fluorines and new C–C bond forma-
tion. The AE for this fragment is 2.7 eV, which agrees well with
the calculated threshold, if we assume the formation of two F2CO
molecules and a linear C4

� anion, i.e., 2.33 eV.
Finally, Fig. 5 shows the ion yield curves for the formation of

(a) F� and (b) FCO� from DEA to TFQ. The formation of F� is
observed through the core-excited resonance from 3–5 eV and
through overlapping core-excited resonances from 7–12 eV. The
thermochemical threshold for the formation of F� from TFQ is
1.48 eV (see Section 3.1 and Table 1). The formation of FCO� is
observed through the core-excited resonance from 3–5 eV. This
fragment is likely to be a complimentary anionic fragment in
reaction channels where the loss of neutral FCO is anticipated.
In fact we find the thermochemical threshold for FCO� for-
mation to be 2.49 eV and 2.57 eV if we assume the reaction to be
complementary to the formation of [M � (CO + FCO)]� and
[M � FCO]�, respectively. Of the two, the position and the form
of the ion yield curve resemble more that of [M � (CO + FCO)]�.

4. Conclusions

In low-energy electron interaction with tetrafluoro-para-benzo-
quinone (TFQ) under controlled single collision conditions, the
dominating channel observed is the formation of the meta-
stable parent anion at close to 0 eV incident electron energy.
Similar to it’s native analogue, para-benzoquinone ( p-BQ),
whose molecular anion is exclusively formed at around 1.4 eV
incident electron energy, the TFQ� anion is also observed through
a higher energy contribution, i.e., at around 0.5 eV. Such observa-
tions of transient molecular anions (TNIs) above 0 eV are scarce,
and explanations for their stabilization have been sought in
intramolecular vibrational energy redistribution (IVR), isomeriza-
tion reactions, and for p-BQ, in the formation of long lived high
spin states. We have computed the lowest energy reaction path we
can find for probable isomerization reactions that may lead to
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stabilization of TFQ� and p-BQ� at these high energies. For
neither of the compounds we find evidence to support that the
stabilization, of the parent negative ion at 0.5 eV from TFQ and
1.4 eV from p-BQ, is brought about through isomerization.
Rather, our calculations show that spontaneous CO loss is
likely to follow isomerization. We therefore conclude that as
observed in time-resolved photoelectron imaging of TClQ and
time-resolved photoelectron spectroscopy of p-BQ, the attach-
ment of a 0.5 eV electron to form the 2B3u state in the case of
TFQ and at 1.4 eV in the case of p-BQ is followed by ultrafast
electronic relaxation through conical intersections. This in turn
provides an effective path for rapid distribution of the electronic
energy to the ion’s vibrational degrees of freedom, hence effec-
tive stabilization through IVR. Regarding stabilization through
the formation of a long lived high spin state, we note that we
cannot disregard this possibility, but further substantiation is
needed to support this notation.

In addition to the formation of the molecular ion upon low-
energy electron attachment to TFQ we also observe effective and
extensive fragmentation reactions that may only be explained by
considerable rearrangement in the dissociation process. These
complex fragmentation channels can at large be described by the
loss of either one or both CO groups followed by the loss of up to
four fluorines.

While the loss of one CO group is most likely associated with
rearrangement of the anionic fragment to a 5-membered ring,
fragments associated with additional fluorine loss preferably
result in an open chain configuration of the anionic fragment.
Where the loss of two CO molecules is observed, on the other
hand, the reaction channels involve excision of both CO
groups, extensive fluorine migration and recombination of
the anionic fragment to form a four-carbon chain. The most
extensive reaction channel observed from TFQ is the formation
of C4

� in the incident electron energy range from about 3 to
5 eV. In this remarkable reaction the attachment of a single,
low-energy electron leads to the excision of two non-adjacent
carbons from the cyclohexadiene ring, the formation of two
F2CO molecules and the recombination of the two departing C2

fragments to form the linear C4
� anion.
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Dissociative electron attachment to the complexation ligands hexaflu-
oroacetylacetone, trifluoroacetylacetone and acetylacetone; a compar-
ative experimental and theoretical study.†

Benedikt Ómarsson, Sarah Engmann and Oddur Ingólfsson∗

The β -diketones acetylacetone (AAc), trifluoroacetylacetone (TFAAc), and hexafluoroacetylacetone (HFAAc), are commonly
used as ligands for metalcomplexes in applications where relatively high stability and vapor pressure is required. While fluori-
nation of the native AAc generally increases both stability and vapor pressure of the respective metal complexes it also alters
the electronic structure, and thereby the susceptibility to low energy electrons. Here we present a detailed comparative study on
dissociative electron attachment (DEA) to the isolated ligands AAc, TFAAc and HFAAc in the energy range from 0-15 eV. While
single bond ruptures at fairly high energies dominate in DEA to the native AAc, extensive fragmentation, new bond formation
and rearrangement is observed from the fluorinated β -diketones. These reactions have high cross sections at 0 eV, where they
are often associated with stabilization through H· · ·F hydrogen bond formation and HF loss. From HFAAc considerable contri-
butions are also observed at about 1 and 3 eV. Through comparison of the three compounds we seek to offer a conclusive picture
of the resonances observed and through quantum chemical calculations of the threshold energies for individual processes we are
able to offer a plausible picture of the reaction dynamics behind the bulk of these channels. Finally, for the most dominating
reaction channel, i.e., the loss of HF from HFAAc, we calculate the minimum energy path by using the nudged elastic band
method.

1 Introduction

The β -diketone acetylacetone (AAc), and its fluorinated
derivatives trifluoroacetylaceton (TFAAc) and hexafluo-
roacetylaceton (HFAc) are all 2,4-pentadiones that are com-
monly used as complexation agents in homoleptic and het-
eroleptic transition metal complexes. These complexes are
generally stable at air, have fairly high vapor or sublimation
pressure and low decomposition temperature;1 properties that
make them suitable as precursor molecules for thin film prepa-
ration by chemical vapor deposition (CVD)2,3, in the fabrica-
tion of nanostructures and in catalyst production. More re-
cently such β -diketone complexes have also been considered
as precursor molecules for focused electron beam induced de-
position (FEBID), a promising nano-fabrication method that
is based on electron-induced decomposition of the precursor
molecules4,5. In this technique the precursor molecules are
decomposed at the substrates surface using a highly focused,
high-energy electron beam. However, when such an electron
beam impinges on a surface the generation of low-energy sec-
ondary electrons (LESEs) is unavoidable6. The reactive in-
teraction of the precursor molecules with these low energy
electrons is therefore an important parameter in the deposition
process. In general the energy distribution of the LESEs peaks
below 10 eV7,8, which is below the typical ionization energy
of most molecules. In this energy range, dissociative elec-
tron attachment (DEA) leading to incomplete decomposition
of the precursor molecules can be very efficient. DEA is thus

a contributing factor in unwanted co-deposition of ligands and
ligand fragments. This is of a special concern as i) the LESEs
flux is high and ii) gas phase studies have shown that sev-
eral precursor molecules used in FEBID have high DEA cross
sections9–12. It is thus important to systematically charac-
terize the reactivity of typical and potential FEBID precursor
molecules with regards to their reactivity towards low-energy
eelctrons and use this data to better understand their perfor-
mance in FEBID. Such detailed studies could prove useful in
establishing parameters that allow targeted synthesis of pre-
cursor molecules tailored for FEBID. In this context we have
recently studied DEA to the HFAAc complexes Cu(hfac)2 and
Pd(hfac)2 and compared their reactivity towards low-energy
electrons with that of the native ligand HFAAc12. For applica-
tions where chemical stability and fairly high vapor pressure
is desirable, fluorination of AAc to give TFAAc or HFAAc
may favorably alter the physical and chemical properties of
their respective metal complexes. Fluorination may, however,
strongly influence the electronic structure of these compounds
and will generally increase their susceptibility towards reac-
tions with low energy electrons. Furthermore, in highly fluo-
rinated compounds, where stabilization through intramolecu-
lar H· · ·F hydrogen bonds is possible, extensive fragmentation
through DEA may be strongly promoted through neutral HF
formation13. Hence, the 5.8 eV BDE that is released in the
formation of HF makes otherwise inaccessible channels ther-
mochemically accessible. Motivated, by the potential use of
β -diketone complexes in FEBID and more general by the in-
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fluence of fluorination on the reactivity of these compounds
in their interaction with low energy electrons, we have con-
ducted a comprehensive DEA study on HFAAc, TFAAc and
AAc. We report extensive fragmentation observed in DEA
to the three β -diketones and discuss these with respect to the
resonances involved. For all the major fragmentation chan-
nels our discussion is supported with computed thermochemi-
cal thresholds and, in some cases, transition state calculations
along the respective reaction paths. In section 3.1, we begin by
discussing in general the nature of the resonances observed in
electron attachment to the three compounds. The appearance
of the resonances through the formation of [M − H]− and the
molecular anion from TFAAc, is discussed in context to the
effect of fluorination on their lifetime. Subsequently, we dis-
cuss the DEA spectra of all three compounds in two separate
sections. In section 3.2 we discuss dissociation channels lead-
ing to complex fragmentation through multiple bonds ruptures
from HFAAc and TFAAc. From AAc however, we only ob-
serve a single complex dissociation channel, i.e., all fragments
except one, are formed through single bond rupture. We there-
fore limit the discussion of DEA to AAc to section 3.3, where
we discuss the single bond rupture observed in DEA to the
three β -diketones. For each major dissociation channel we
discuss the possible reaction paths based on the thermochem-
ical thresholds calculated and the reaction path suggested to
dominate the reaction dynamics of these channels.

2 Methods

2.1 Experimental

The experimental setup has been described elsewhere14,15 and
we therefore limit our discussion to a short description. All the
measurements were conducted with a relatively new crossed-
beam apparatus at the Science Institute at the University of
Iceland. The experimental setup is a high-vacuum appara-
tus where an electron beam, formed in a trochoidal electron
monochromator crosses an effusive molecular beam. The liq-
uid samples are evaporated into the vacuum chamber through
an inlet system maintained at 60◦C and the monochromator is
held at a constant temperature of 120◦C. The ions formed in
the crossing region of the two beams are extracted by a weak
(∼1 V/cm) electric field towards a HIDEN EPIC 1000 mass
spectrometer (Hiden analytical, Warrington UK). The elec-
tron energy scale was calibrated with respect to the formation
of SF−6 from SF6 at ∼0 eV and the incident electron energy
resolution is estimated from the FWHM of the SF−6 signal.
In the current study, the appearance energies (AEs) are esti-
mated through linear extrapolation of the rising side of the ion
yield curve, towards the baseline. Thus, the AEs are limited
by the width of the electron beam (∼140 meV) and the accu-
racy of this approach. We therefore estimate the error of the

reported AEs to be ∼0.2 eV. The working pressure was main-
tained at approximately 5×10−7 mbar and typical resolution
for this experimental setup was 120-140 meV. All the com-
pounds were purchased from Sigma-Aldrich (St. Louis, MO)
with a stated purity of 99% and used as delivered.

2.2 Calculations

The methods used in quantum chemical calculation of ther-
mochemical thresholds have been described elsewhere15 and
we will therefore refrain from describing them in detail. All
geometry optimizations and single point energy calculations
were performed using Orca 2.9 computational chemistry soft-
ware16. Harmonic vibrational frequency calculations were
performed with NWChem 6.1.117. Thermochemical thresh-
old values are computed on the B2PLYP18/ma-TZVP19 level
of theory. The zero point vibrational energy obtained from
the vibrational frequency calculations is added to each species
and the 0 K thermochemical threshold, Eth, is obtained by sub-
tracting the total energy of the fragments from the total energy
of the parent molecule. To account for the experimental tem-
perature of 333 K, the thermally corrected threshold, E′th, is
obtained by further subtracting the thermal energy of the par-
ent molecule, at the experimental temperature, from Eth. From
the vibrational frequency calculations we find this value to be
0.29, 0.35 and 0.41 eV for AAc, TFAAc and HFAAc respec-
tively. In the gas phase at room temperature, the enol form
of AAc is known to be the most stable stereoisomer20. Ad-
ditionally, the substition of the methyl (CH3) group with CF3
has been shown to shift the keto-enol equilibrium in favour
of the enol isomer21. This is well reflected in our calcu-
lations as we find the energy difference, at room tempera-
ture, between the two isomers of the three β -diketones to be
0.27, 0.31 and 0.19 eV for HFAAc, TFAAc and AAc, respec-
tively. While many different stereoisomers exist for the β -
diketones22,23, these all constitute a negligible portion of the
gas phase molecules at the current temperature. Throughout
the paper, when considering thermochemical thresholds we al-
ways refer to the enol form of the β -diketones and we always
refer to the thermally corrected threshold, E′th. To account for
the dominating reaction channel, the minimum energy path for
the formation and loss of HF was calculated using the nudged
elastic band (NEB) method24,25. These calculations were per-
formed using ChemShell26 with the Orca program interfaced
as QM code and the DL-FIND27 program as a geometry opti-
mizer. The reaction path was split into three parts, i.e., the ro-
tation of the −COCF3 group, and a two step process resulting
in the formation of an anionic adduct, stabilized by hydrogen
bonding between HF and the [M− HF]− moiety. Each part of
the reaction path was optimized through NEB with 11 images,
distributed along the reaction path.
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Figure 1 Ion yield curves for the formation of [M − H]− from the
three β -diketones: a) hexafluoroacetylacetone (HFAc), b)
trifluoroacetylacetone (TFAc) and c) acetylacetone (AAc).

3 Results and Discussion

3.1 Low energy resonances in DEA to HFAAc, TFAAc
and Ac; formation of M− and [M − H]−
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Figure 2 Ion yield curve for the formation of M− from
trifluoroacetylacetone (TFAc).

Figure 1 shows the ion yield curves for the loss of hydro-
gen, i.e., the formation of [M − H]−, observed in DEA to
HFAAc, TFAAc and AAc, in the incident electron energy
range from 0-15 eV and figure 2 shows the M− ion yield from
TFAAc. The ion yield curves for the [M − H]− and the M−

formation shown in figures 1 and 2, respectively offer a di-
rect comparison between the low energy resonances observed
in free electron attachment to the β -diketones. In this sec-
tion we thus discuss these together, while in the following

sections, the more extensive fragmentation channels will be
discussed for each compound separately. A part of the DEA
channels observed from HFAAc have already been described
previously in a study by Engmann et al.12, however, for com-
pleteness and clarity of the text, these will also be discussed
here in context to the other β -diketones. The major contri-
butions to the ion yield observed upon DEA to HFAAc are
observed through resonances close to 0, 1 and 3 eV. We pre-
viously assigned the 0 eV contributions in HFAAc to a vibra-
tional Feshbach resonance supported by the dipole moment
of HFAAc12. The contributions close to 1 eV, on the other
hand, we assigned to a shape resonance associated with elec-
tron capture into one of the low-lying π* orbitals of HFAAc,
and the resonance observed close to 3 eV we assigned to a
core-excited resonance associated with an optically forbidden
n-π* transition. This transition was predicted by Nakanishi et
al.28 who conducted a detailed experimental study of the elec-
tronic spectrum of the three β -diketones, supported by modi-
fied CNDO calculations. The stabilization of the negative ion
resonances (NIRs), offered by increased fluorination is clearly
manifested in the relative increase of the ion yield when com-
paring HFAAc with TFAAc and AAc. While the [M − H]−

ion yield from TFAAc and HFAAc close to 0 eV is consider-
able, the corresponding fragment from AAc is only observed
with relatively low yield and slightly shifted towards higher
energy. Interestingly, the formation of the parent anion, M−,
through the 0 eV, vibrational Feshbach resonance is only ob-
served from TFAAc (Fig. 2). In this case we attribute the
extended lifetime, enabling observation of the molecular an-
ion, to stabilization through intramolecular vibrational energy
redistribution (IVR). This is also manifested in the FWHM
of the respective ion yield curves, where a comparison shows
that while the FWHM of the [M − H]− ion yield curve for
TFAAc (Fig. 1b) is close to 180 meV (that of [M − HF]−

discussed below is about 210 meV) the FWHM of the parent
anion contribution is close to 120 meV (Fig. 2). Hence, as is
common for molecular anions formed in electron attachment,
the parent anion can only be stabilized by IVR at very low en-
ergies and the width observed reflects the energy resolution of
the electron beam. The fact that a metastable molecular an-
ion is observed from TFAAc and not HFAAc or AAc can be
rationalized by the stabilizing effect offered through fluorina-
tion. While for AAc we calculate an electron affinity (EA)
of −0.21 eV which means that AAc does not support a stable
molecular anion. The increasing stabilization of HFAAc as
compared to TFAAc, results in higher excess energy through
the attachment process and an increased dissociation rate. For
these we calculate the EA to be 1.62 and 0.72 eV, respec-
tively. Within the current observation time, we thus expect
autodetachment to dominate for AAc, for TFAAc we observe
a branching ratio of IVR:DEA of about 1:10 (maximum count
rates of M− vs. total ion yield at 0 eV) and finally, disso-
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ciation dominates over stabilization through IVR in electron
attachment to HFAAc, not allowing for the observation of M−

within the timeframe of the current experiment. This percep-
tion is also supported by comparison of the electron affinities
of these compounds with the dissociation thresholds for the
low-lying channels listed in tables 1 and 2, respectively. In
addition to the 0 eV resonance, substantial contributions to
the [M − H]− yield from HFAAc are observed through the
shape resonance close to 1 eV. This is also true for several
other fragments from HFAAc, as will be discussed in the fol-
lowing sections. From TFAAc, on the other hand, the [M −
H]− yield close to 1 eV is vanishing and very limited contri-
bution from this resonance are observed in other dissociation
channels. This trend can also be rationalized by considering
the effects of fluorination. While the electron withdrawing
effects of the−CF3 groups stabilizes close lying π* antibond-
ing orbitals with regards to autodetachment, no such stabiliza-
tion is in place for the antibonding π* orbitals close to the
−CH3 group. The result is a shorter lifetime of this shape
resonance in TFAAc, and correspondingly increased autode-
tachment rate. Finally, in AAc these resonances are expected
to be comparatively short-lived, but also the DEA thresholds
are higher due to the same lack of stabilization of the nega-
tive ion fragments as anticipated for the initial NIRs. Hence,
we expect considerably lower ion yield from AAc, especially
through the low energy resonances.

This conception of stabilization of the NIRs through the
electron withdrawing effect of the fluorines, reflected in the
fragment ion yields, offers further insight into the nature of
the low-lying resonances when the keto-enol tautomerization
of these compounds are taken into consideration. Figure 3
shows the two possible enol conformers for TFAAc, with the
C=C double bond either next to the CH3 (A) or the CF3 group
(B). From our calculations, we find that at room temperature,
conformer A is 101 meV lower in energy than conformer B.
From Boltzmann statistics this means that the enol conformers
of TFAAc mainly consists of conformer A (97% at the current
experimental conditions, 60◦C). Comparison of the [M− H]−

ion yield through the 0 eV resonance from HFAAc with that
from TFAAc, indicates that this NIR is stabilized to a similar
extent in both these compounds. We therefore conclude that
the vibrational Feshbach resonance close to 0 eV is associated
with occupation of the C=O π* orbital. The [M − H]− ion
yield through the shape resonance close to 1 eV, on the other
hand, is considerably less apparent in DEA to TFAAc than to
HFAAc, indicating that this resonance is more effectively sta-
bilized in HFAAc. This is consistent with this resonance be-
ing associated with occupation of the C=C π* orbital. Hence,
the vibrational Feshbach resonance close to 0 eV is associated
with electron occupation of the C=O π* antibonding orbital
while the shape resonance close to 1 eV is associated with
occupation of the C=C π* antibonding orbital. Similar ar-

H
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Figure 3 The two enol conformers of TFAAc. Through
thermochemical calculations we find conformer A to be 101 meV
lower in energy than conformer B at room temperature, and from
Boltzmann statistics, 97% of the enol conformers of TFAAc are
expected to exist as conformer A at 60◦C.

gumentation holds for the contributions close to 3 eV, which
we assigned to an n-π* core-excited resonance. The ion yield
through this resonance is considerably less from TFAAc than
from HFAAc, and no formation through this resonance is ob-
served from AAc. We take this as a strong indication that this
resonance, like the shape resonance close to 1 eV, is associ-
ated with an initial occupation of the C=C π* orbital rather
than the C=O π* orbital.

In the case of a reaction (such as the [M − H]− forma-
tion) that involves only one bond rupture, the reactions ther-
mochemical threshold is given by the bond dissociation energy
(BDE) less the EA(X) of the charge-carrying fragment:

Eth = BDE(M−X)−EA(X) (1)

Table 1 gives the calculated electron affinities of the three
β -diketons considered here along with the thermochemical
threshold (Eth) and the thermally corrected threshold (E′th) for
the loss of hydrogen from all possible hydrogen sites of the
enol form (TFAc; conformer A).

While the electron affinities of the intact β -diketones are
moderate to low, deprotonated β -diketones should exhibit
high electron affinity due to their ability to delocalize the addi-
tional charge in a conjugated π-system between the two oxy-
gen atoms. In fact, from our calculations we find the EA of

Table 1 Computed thresholds (Eth) and thermally corrected
thresholds (Eth) for the loss of hydrogen from HFAAc, TFAAc and
AAc. Also listed are the calculated electron affinity values for the
three β -diketons. All values are in eV.

Compound EA H-loss Eth E′th
HFAc 1.62 O−H 0.07 −0.34

CC−H 1.69 1.27
TFAc 0.72 O−H 0.82 0.47

H2C−H (terminal) 1.09 0.74
C−H 2.44 2.09

Ac −0.21 O−H 1.25 0.95
H2C−H (terminal) 1.79 1.49
C−H 3.34 3.05
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Table 2 Computed thresholds (Eth) and thermally corrected thresholds (Eth) for all fragments observed in DEA to HFAAc, and AAc and for
selected fragments observed in DEA to TFAAc. Also listed are the experimental appearance energies (AE). All values are in eV.

Fragment (m/z) Negative Neutral Eth E′th AE
HFAc
[M−HF]− (188) cyclo-C5HF5O− HF -1.01 -1.42 0
[M−2HF]− (168) F3CCCC(O)C(O)F− 2HF -0.38 -0.79 0

cyclo-C5F4O− 2HF 1.41 1.00
[M−HF−CO]− (140) F3CCCC(O)F− 2HF+CO 0.38 -0.03 0
HF−2 (39) HF−2 cyclo-C5HF4O -0.26 -0.57 0
C3F3H− (94) CF3CCH− CF3H+CO2 0.87 0.46

CF3COOH 1.72 1.31 0
CF3COO− (113) CF3COO− CF3CCH2 0.23 -0.18 0
C4F3O−2 (137) F3CC(O)CCO− CF3 +H2 1.33 1.04 2.8

CHF3 +H 1.30 1.00
C5F5O− (171) F3CC(O)CCCF−2 HF+OH 3.04 2.63 4.9
C4F−5 (143) F3CCC(O)CF−2 CO2 +HF+H 2.58 2.17 5.5

HF+OH+CO 3.84 3.43
OH− (17) OH− F3CC(O)CHCFCF2 3.49 3.08 5.4
O− (16) O− F3CC(O)CHCHCF3 3.20 2.91 5.3
CF−3 (69) CF−3 F3CCOCH2CO 1.96 1.55 2.8
F− (19) F− F3CC(O)CHC(OH)CF2 1.35 0.94 2.9

TFAc
[M−HF]− (134) cyclo-C5HF5O− HF -0.10 -0.45 0
[M−2HF]− (114) F3CCCC(O)C(O)F− 2HF 0.33 -0.02 0
HF−2 (39) HF−2 cyclo-C5HF4O -0.23 -0.57 0
CF3COO− (113) CF3COO− CH3CCH2 0.45 0.10 0
CH3COO− (59) CH3COO− CF3CCH2 1.22 0.88 0

CF2CCH+HF 2.05 1.71
CF3CCH− (94) CF3CCH− CH4 +CO2 1.08 0.73 0

CF3CCH− CH3COOH 1.65 1.31 0
CH3CCH−2 (41) CH3CCH−2 CF3COO 4.35 4.00 3.5
C4H3O−2 (83) C4H3O−2 CF3 +H2 2.11 1.76 3.1

CF3H+H 2.07 1.72
CF−2 (50) CF−2 CH3C(O)CHCO+HF 2.89 2.54 0.8
[M−CH3CO]− (112) CF3C(O)CH−2 CH3CO 0.77 0.42 0
OH− (17) OH− F3CC(O)CHCHCH2 2.39 2.04 6.2
O− (16) O− 3.26 2.92 4.3
[M−CH3CO]− (16) CF3COCH−2 CH3CO 0.77 0.42 0
F− (19) F− F2CC(O)CHC(OH)CH3 1.46 1.12 3.2

Ac
[M−CH3CO]− (57) CH3COCH−2 CH3CO 1.67 1.38 1.2
CH3CO− (43) CH3CO− CH3COCH2 3.06 2.76 7.4
CH−3 (15) CH−3 H3CC(OH)CHC(O) 3.71 3.42 7.6
[M−CH3COO]− (41) CH3CCH−2 CH3COO 3.87 3.58 7.1
OH− (17) OH− H3CCCHC(O)CH3 3.49 3.19 6.8
O− (16) O− H3CC(OH)CHCCH3 3.48 3.19 4.0
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[M − H] from HFAAc to be 4.13 eV. Using equation (1), the
experimental appearance energy of 0 eV and the calculated
EA we can therefore estimate the value for BDE(O−H) to be
4.13 eV. The B2PLYP/ma-TZVP calculations, however, yield
a 0 K reaction threshold (Eth) of 0.07 eV and thus the value is
more correctly given as 4.20 eV. Furthermore, considering the
thermally corrected threshold (E′th) of −0.34 eV this reaction
is readily accessible at 0 eV incident electron energy at the
present experimental temperature. If we, however, consider
the H loss to proceed form the carbon atom, we find a reac-
tion threshold of 1.27 eV. This can be explained by the facts
that the C−H bond is slightly stronger than the O−H bond29

and that hydrogen loss from the oxygen ensures delocalization
of the electron cloud in the conjugated π-system between the
two oxygen atoms. The electron affinity of the [M − H] rad-
ical is therefore expected to be considerably lower when the
hydrogen is removed from the carbon atom. For TFAAc and
AAc, the loss of hydrogen is possible from 3 molecular sites;
the enol (O−H), the central carbon (C−H) and the terminal
CH3 group(s) (H2C−H). For TFAAc and AAc, the formation
of [M − H]− through loss of hydrogen from the oxygen is
endothermic by 0.47 and 0.95 eV, respectively, while hydro-
gen loss from the terminal CH3 group, is endothermic by 0.74
and 1.49 eV, respectively. Finally the threshold for [M − H]−

formation from TFAAc and AAc through hydrogen loss from
the central carbon has a threshold of 2.09 and 3.05 eV, respec-
tively. From these thermochemical threshold values it is thus
clear, that hydrogen loss from the oxygen of the β -diketones is
the energetically most favorable process. However, as the AE
for the reaction channels yielding [M− H]− from TFAAc and
AAc are at, and close to 0 eV, hydrogen loss from these com-
pounds must either involve hot-band transitions or rearrange-
ment reactions we have not been able to identify. We note,
with regards to hot band transitions, that though we include
the temperature of the target gas in our thermally corrected
thresholds, this correction does not account for the actual in-
ternal energy distribution. Considering the very low [M −
H]− yield, especially from AAc, the energy width of the elec-
tron beam and the accuracy of the calculations, we consider
it likely that the bulk of the [M − H]− yield from AAc re-
sults from hot-band transitions and that these also play a role
in the [M − H]− formation from TFAAc. If we, however,
consider the hydrogen loss to proceed from the keto tautomer
of the β -diketones we derive a thermochemical threshold of
-0.61, 0.17 and 0.77 eV for HFAAc, TFAAc and AAc, respec-
tively. As mentioned above, however, we found the energy
difference between the keto and enol conformers to be 0.27,
0.31 and 0.19 eV for HFAAc, TFAAc and AAc, respectively.
From Boltzmann statistics this means that only ∼20, 7 and
700 ppm of HFAAc, TFAAc and AAc exist in the keto con-
forrmer, respectively. While this may not reflect exactly, the
keto-enol ratio in the vapor phase above the liquid, it is clear

that if the hydrogen loss proceeds from the keto-conformer in
any of the β -diketones, the electron capture cross section of
this conformer is quite high.

3.2 Multiple bond ruptures and rearrangement reaction

As mentioned above, the stabilizing effect of the fluorination
on the NIRs observed in DEA to the title compounds is al-
ready apparent in the ion yield curves for the [M − H]− for-
mation. This effect, however, becomes even more prominent
when we consider the more complex fragmentation channels.
While DEA to HFAAc is dominated by reactions with multi-
ple bond ruptures and new bond formations, and most of these
proceed already at 0 eV incident electron energy, single bond
ruptures through higher-lying core-excited resonances play an
increasing role in TFAAc. Finally, in AAc, single bond rup-
ture through higher lying core-excited resonances govern the
reaction dynamics and only one DEA channel is associated
with multiple bond ruptures and new bond formations. For
clarity and ease of comparison, we limit the discussion in this
section to HFAAc and TFAAc and we only discuss the chan-
nels where multiple bond ruptures and new bond formations
are observed. The remaining DEA channels, except for the
[M − CH3COO]− formation from AAc, can all be explained
by single bond ruptures and will be discussed in section 3.3.
To elucidate the dissociation dynamics of the complex DEA
reactions, especially these that proceed close to 0 eV, we have
calculated the reaction path for the most pronounced chan-
nel. We also calculate the relevant threshold energies for all
DEA products observed from HFAAc. For TFAAc we calcu-
late the threshold energies for reactions that we have identified
as relevant for this discussion and for AAc we calculated the
threshold energies for all DEA channels observed. Table 2
shows the 0 K thermochemical threshold, Eth, and the ther-
mally corrected threshold E′th, calculated at the B2PLYP/ma-
TZVP level of theory for the channels mentioned above. Ad-
ditionally, table 2 shows the estimated experimental AE for
each of the considered fragments.

3.2.1 Hexafluoroacetylacetone
Figure 4 shows ion yield curves observed in DEA to HFAAc
for these channels where the dissociation dynamics cannot be
explained by a single bond rupture, hence, these fragments
are all formed through complex dissociation reactions where
multiple bond ruptures are in some cases associated with the
formation of two new neutral species and rearrangement of
the anionic fragment. In addition to the low energy contribu-
tions, whose nature was discussed above, significant contribu-
tions to the fragments shown in figure 4 are observed through
resonances centered around 3-4, 6 and 7 eV and lesser contri-
butions are observed close to 10 eV. We previously assigned
these contributions to core-excited resonances corresponding
to π-π*, π-σ* and n-σ* excitations observed in this energy
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Figure 5 The minimum energy path for the rotation of the −COCF3 group of HFAAc− to form a −F· · ·H· · ·O− stabilized stereoisomer
followed by HF loss and concomitant ring closure. The reaction path is calculated using the nudged elastic band (NEB) method. The
transition state for the rotation, which is the rate limiting step, lies energetically below the neutral HFAAc, making this rotation readily
available at 0 eV incident electron energy. In analogy to the mechanism proposed by Basset and Whittle30, this rotation is proposed as a
prerequisite to the loss of HF upon DEA.

range in the near and vacuum UV spectrum of HFAAc28. The
dominating fragment formed in DEA to HFAAc is [M−HF]−

observed with high intensity through the 0 eV resonance, i.e.,
the maximum count rate of [M − HF]− is about 50 times that
of [M − H]−. In an earlier, photolysis study of HFAAc, Bas-
set and Whittle30 observed a photochemical dissociation reac-
tion leading to the loss of a hydrogen and a fluorine atom and
the formation of a furanone. From thermochemical consid-
erations, the authors argued that this reaction was concomi-
tant to the formation of neutral HF. This argument was later
supported by a tandem-chemical laser spectroscopy study by
Pimentel et al.31 who detected the neutral HF formed in the
reaction. Recently, Muyskens et al.32 showed that this reac-
tion is also observed in trifluoroacetylacetone (TFAc), but the
corresponding reaction leading to the formation of H2 from
AAc was not observed. This is readily explained by the lack
of dipole-dipole forces, responsible for the formation of HF in
HFAAc and TFAAc. It is worth noting that electronic exci-
tation from a bonding to an antibonding orbital in the photol-
ysis is comparable to electron capture to the same antibond-
ing orbital in DEA. In recent papers we have discussed the
loss of HF upon DEA from the fluorinated benzene deriva-
tives pentafluorotoluene (PFT), pentafluoroaniline (PFA) and
pentafluorophenol (PFP)13,33. There we showed that the ex-
istence of intramolecular X−H· · ·F−C hydrogen bonds is a
prerequisite for the formation of HF. In fact, for the observed
HF loss in the photolysis study, Basset and Whittle30 argued
that after photon absorption, the excited HFAAc undergoes

conformational changes through rotation. Hence, bringing the
keto−CF3 group in close vicinity to the enolic hydrogen, thus
ensuring the conditions for HF formation and that of the fura-
none shown in figure 5. If we assume a similar reaction path
upon DEA, leading to [M − HF]−, we calculate a threshold
of −1.42 eV (table 2). This reaction channel however, is only
accessible if the rotational barrier is surmountable. Thus, the
transition state (TS) for the rotation of the −COCF3 group on
the anionic potential energy surface must be lower in energy
than the neutral HFAAc. Figure 5 shows the minimum energy
path for the rotation of the −COCF3 group from the ground
electronic state of HFAAc− to that of the −F· · ·H· · ·O− sta-
bilized intermediate, the HF loss and the formation of the fu-
ranone. The rotation of the −COCF3 group was optimized
through 11 images along the reaction coordinates, steps 1-3.
Through preliminary optimization of the rest of the path, i.e.
steps 3-7, the formation of HF and closure of the 5-membered
ring was found to be a two-step process, and thus the path was
split in two and each part optimized through 11 images. Fi-
nally, the loss of HF shown in steps 7-8 is assumed to exhibit
asymptotic behavior. In HFAAc the transition state for the ro-
tation is 1.16 eV above the optimized anionic enol-form at 0
K, but 0.69 eV below the corresponding neutral. After the ro-
tation, HF loss and ring closure proceeds in a two-step process
over reaction barriers that both lie below that for the rotation.
The rotation is thus the rate-limiting step. For TFAAc, which
electron affinity is 0.90 eV lower than that of HFAAc, we ex-
pect the rotational transition state to lie slightly above the neu-
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Figure 4 Ion yield curves observed from electron attachment to
HFAAc in the energy range from 0-15 eV. All the above fragments
result from complex dissociation channels where bond formation
and rearrangement is necessary.

– HF

+ e–

– HF

Figure 6 Proposed reaction path and final product for the formation
of [M − 2HF]− from HFAAc. Assuming the final product shown in
the figure, the thermochemical threshold is found to be -0.79 eV.

tral enol conformer (about 0.2 eV). However, considering the
thermal energy, it is clear that in DEA to both HFAAc and
TFAAc, at 0 eV incident electron energy, HF loss followed by
a spontaneous rearrangement to a 5-membered ring (furanone)
is energetically favorable.

Here, similar to our observations for PFP and PFA13,33 the
energy released through the formation of HF (∼5.8 eV) en-
ables dissociation where it would otherwise be energetically
inaccessible. In fact, a number of the dissociation channels
observed up on electron attachment to HFAAc (see Table 2
and Fig. 4) are only energetically accessible through HF bond
formation. The formation of [M − 2HF]− (Fig. 4b) observed
through the 0, 1 and 3 eV resonances, is an example of such a
channel. In this case, a total of four chemical bonds are bro-
ken, a process that requires considerable energy. According to
our thermochemical calculations, however, the formation of
two HF may lead to a threshold that is sufficiently low for this
process to proceed at 0 eV, where this fragment is observed.
Originally, we expected this reaction path to involve the loss of
one fluorine from each CF3 group. However, the formation of
[M− 2HF]− is also observed from TFAAc (see section 3.2.2),
in which case both fluorines are bound to come from the same
CF3 group. If we assume that this reaction follows a similar
path as the loss of a single HF molecule, i.e., initial rotation of
the−COCF3 group after electron capture, HF loss and the for-
mation of a 5-membered ring similar to the furanone, the cal-
culated threshold is about 1 eV. If we assume, however, that
rather than closing the ring, the reaction proceeds through a
path as depicted in figure 6, we derive a threshold of -0.79 eV.
We note that the first structure of the intermediates shown in
figure 6 represents an intermediate from the path calculated
for the loss of one HF unit (step 3 in Fig 5), while the second
structure is only tentative and does not necessarily represent-
ing a minimum on the actual reaction path.

With an ion yield profile, similar to that of [M − 2HF]−
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we also observe the fragment [M − 2HF − CO]− (Fig. 5
c)). This fragment is, however, proportionally more promi-
nent through the resonances close to 1 and 3 eV than through
the 0 eV resonance, from which the [M − 2HF]− formation
is strongest. We take this as an indication that [M − 2HF −
CO]− is formed on the same or a similar reaction path as antic-
ipated for [M− 2HF]−. Hence, for this channel to proceed, an
additional C−C bond must be ruptured and the fluorine must
transfer to the carbonyl group next to the allyl group in the
final structure in Fig. 6. Thus we expect, as observed, that
the branching ratio for this channel is favored with increas-
ing internal energy, i.e., through the higher-lying resonances.
This is also supported by the threshold energy we derive for
this process by assuming the formation of two HFs, CO and
CF3−C−−−C−CFO− i.e., −0.03 eV. Such extensive fragmenta-
tion as we observe here is not unique and has been observed
before in DEA to tetrafluoro-p-benzoquinone15 where the ex-
cision of both CO groups from the quinone ring, followed by
extensive rearrangement and recombination of the C2 units,
leads to the formation of the linear C−4 anion and two neutral
F2CO molecules.

A quite interesting fragment, HF−2 , is also observed from
HFAAc, through the vibrational Feshbach resonance at 0 eV
(see figure 4d). This fragment, HF−2 , known as bifluoride, is
a linear and symmetric anion with a 3-center, 4-electron bond
between a central hydrogen and two terminal fluroines. The
HF−2 anion has previously been observed in DEA to difluo-
roethylenes34 and trifluoroacetone35. In HFAAc, this reac-
tion channel requires the rupture of two C−F bonds and a sin-
gle O−H bond whereas energy is gained from the F−H−F
bond formations, and from the considerable electron affin-
ity of HF2. This value has been estimated to be close to
4.8 eV34. In order to account for the formation of HF−2
through the 0 eV resonance we have considered a similar re-
action path as for the loss of HF. In this case however, addi-
tional fluorine is lost from the same CF3 group and the reac-
tion leads to the formation a furanone that has one fluorine
less than that formed in the case of HF loss. The thermo-
chemical threshold obtained for this channel is−0.57 eV, sup-
porting this reaction path at 0 eV. Further fragments observed
close to 0 eV in DEA to HFAAc, are CF3CCH− (Fig. 4e)
and the trifluoroacetate anion, CF3COO− (Fig. 4f)). From
a stoichiometric point of view, these fragments are compli-
mentary with regards to the retention of the hydrogen atom,
and both are also observed through the resonances close to
1 and 3 eV. However, for these fragments the branching ra-
tio is about 10/1 in favor of CF3CCH−, and while the 0 eV
contribution dominates in the case of CF3COO−, the contri-
butions through the 0 and 1 eV resonance for CF3CCH− are
of similar yield. Furthermore, the formation of CF3COO− is
not obvious from the enol conformer of HFAAc, as it requires
transferring the oxygen of the hydroxyl group to the carboxyl

carbon and the hydrogen of the hydroxyl group to the central
carbon. Nonetheless, the thermochemically calculated thresh-
old for this channel is −0.18 eV if we assume the comple-
mentary neutral fragment to be CF3CCH2. The formation of
the trifluoroacetate, CF3COO− is therefore thermochemically
accessible at 0 eV incident electron energy given that the re-
action path proceeds through transition states lower in energy
than the neutral HFAAc molecule. In the case of CF3CCH−,
if we assume that CF3COOH is the complimentary fragment
(with regards to the hydrogen retention) we calculate a thresh-
old of 1.31 eV, hence, not accessible through the 0 eV reso-
nance. If instead, this DEA reaction leads to the neutral frag-
ments CO2 and trifluoromethane, CF3H, the thermochemical
threshold is lowered to 0.46 eV. This is still higher than the
observed AE, but considering the energy spread of the elec-
tron beam, the fact that our thermally corrected thresholds do
not account for the internal energy distribution, and in lack of
possible reaction paths with lower threshold, we consider the
formation of neutral CO2 and trifluoromethane, CF3H, to be
the most likely explanation for the observation of this frag-
ment at 0 eV electron energy. We note that the formation of
carbon dioxide has been observed in earlier surface-DEA ex-
periments to small organic acids36, we are however not aware
of any such studies on β -diketones. We also note that sim-
ilar to the case of [M − H]− from TFAAc and AAc, if this
reaction proceeds from the keto-form of HFAAc the thresh-
old is is lowered by about 0.3 eV. In addition to the fragments
observed at close to 0 eV, and through the resonances close
to 1 and 3 eV, we observe the formation of C4F3O−2 through
a core-excited resonance centered close to 3.5 eV and trough
overlapping core excited resonances in the range 5-9 eV. Fur-
thermore, C5F5O− and C4F−5 are observed from core excited
resonances centered around 6 and 7 eV, respectively. These
are most likely the same resonances as observed for C4F3O−2
between 5 and 9 eV. Despite the comparatively high appear-
ance energy of these fragments they cannot be formed through
simple bond ruptures, but all require rearrangement and new
bond formation. In turn, however, due to their comparatively
high appearance energies our thermochemical threshold cal-
culations cannot offer any conclusive insight in to the nature
of these fragmentation processes. We thus only list, in table 2,
the lowest thermochemical thresholds we have calculated for
these and refrain from further discussion here.

3.2.2 Trifluoroacetylacetone
Of the three compounds considered here, trifluoracetylace-

tone (TFAAc) shows the most extensive fragmentation pat-
tern. This can in part be explained by the asymmetry of this
compound compared to the other β -diketones. At the same
time TFAAc is the only compound that supports a metastable
parent anion (see discussion in section 3.1). The fragmenta-
tion pattern observed for TFAAc is very similar to that ob-
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Figure 7 Ion yield curves observed from electron attachment to
TFAAc in the energy range from 0-15 eV. All the above fragments
result from complex dissociation channels where bond formation
and rearrangement is necessary.

served for HFAAc and, except for the complimentary CH3-
bearing fragments, most of the fragments observed in DEA to
TFAAc are also observed in DEA to HFAAc. From TFAAc
the main contributions, where rearrangement and new bond
formation is required, are through the vibrational Feshbach
resonance close to 0 eV. However, considerable contributions
are also observed through core-excited resonances close to 4
and 8 eV and further overlapping core excited resonances in
the range from 6-12 eV. The electronic transitions for TFAAc
in the near and vacuum UV region are observed at similar pho-
ton energies as for HFAAc28, albeit shifted by up to 0.4 eV.
Thus we expect these core-excited resonances to root in the
same π-π*, π-σ* and n-σ* excitations as is the case for
HFAAc. Figure 7 shows the ion yield curves obtained from
DEA to TFAAc where the dissociation channels are governed
by multiple events, involving bond ruptures, bond formations
and rearrangement. Same as for HFAAc, the dominating con-
tribution observed is [M − HF]− through the vibrational Fes-
hbach resonance at 0 eV. For TFAAc we calculate a threshold
of −0.45 eV for this reaction. The structure of the favored
TFAAc conformer (see conformer A in Fig. 3) supports rota-
tion of the −COCF3 group after electron capture, i.e. rotation
is not hindered by a C=C double bond. We thus expect the
reaction path to be similar to that of HFAAc, i.e., rotation to a
hydrogen bonded intermediate promoting HF loss and the for-
mation of [M − HF]− in furanone form. In fact this reaction
was also observed for neutral TFAAc in a recent photolysis
study by Muyskens et al32. From TFAAc, we also observe
the formation of [M − 2HF]− (Fig 7b) and HF−2 (Fig. 7c)
through the 0 eV resonance and we calculate the threshold for
these reactions to be −0.02 and −0.57 eV respectively. Un-
like HFAAc however, the formation of these fragments from
TFAAc can only result through the loss of two fluorines from
the same CF3 group. We thus also expect that both fluorines
involved in the formation of HF−2 and [M − 2HF]− from
HFAAc are from the same CF3 group, as discussed above.
Hence, at around 0 eV, we expect these reactions to proceed
through similar paths in TFAAc and HFAAc (see Figures 5
and 6). In contrast to HFAAc, the contributions to the ion
yield of TFAAc from the shape resonance observed close to
1 eV and from the core-excited resonances observed close to
3 eV are low, indicating that autodetachment dominates over
dissociation at these energies. In addition to the 0 eV con-
tribution, the formation of HF−2 is observed through minor
contributions around 4 and from 7-12 eV. The HF−2 formation
through these high-energy core-excited resonances may also
be associated with the formation of a furanone, but such rear-
rangement is not necessary at these energies. In addition to the
fragments discussed here above, trifluoroacetate (CF3COO−),
acetate (CH3COO−) and CF3CCH− are also observed from
TFAAc, at or close to 0 eV. From these, CF3COO− is the only
fragment where appreciable yield is also observed through the
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higher lying core excited resonances, i.e., at about 4 and 8 eV.
The reaction path, leading to the formation of CF3COO− is
expected to be similar to that for HFAAc and the thermochem-
ical threshold is found to be 0.10 eV if we assume the neu-
tral fragment CH3CCH2. The anionic counterpart, CH3CCH−2
(complimentary to CF3COO−) is only observed through the
higher lying core excited resonances, i.e., with low yield from
slightly below 4 to about 6 eV and through overlapping reso-
nances from about 6-12 eV. Assuming the same reaction path
as for the formation of CF3COO−, with the charge retention
at the CH3CCH2 moiety, we find the thermochemical thresh-
old to be 4.0 eV, which is in fairly good agreement with the ion
yield curves observed. If the formation of CH3COO− from the
most stable conformer of TFAAc proceeds in a similar way
to the CF3COO− formation, now with a neutral CF3CCH2
fragment, we derive a threshold of 0.88 eV. This is the low-
est threshold we derive for this fragment and considering for-
mation of HF and the CF2CCH radical raises the threshold by
0.83 eV. Finally, for CF3CCH−, similar to its formation from
HFAAc, we derive a threshold of 1.31 eV if we assume the
neutral fragment to be CH3COOH. However, considering the
formation of CO2 and methane CH4 results in a threshold of
0.73 eV. This is the lowest threshold we find for CF3CCH−

and the same as for CF3COO− this is markedly higher than
the observed AE. We thus note that hot-band transitions may
also play a role and that DEA to the keto conformer of both
TFAAc and HFAAc will lower the thresholds by about 0.3 eV
as discussed above. Finally the fragments CF−2 (Fig 7h)) and
C4H3O−2 (Fig 7i)) are observed from TFAAc. Both appear
through the core-excited resonances close to 4 eV and between
6 and 10 eV, and CF−2 is also formed between 1 and 2 eV. The
formation of CF−2 requires the rupture of the C−CF3 bond and
the additional loss of a fluorine. The lowest threshold we find
for this fragment is 2.54 eV and includes formation of HF and
acetylketene, CH3C(O)CHCO. It is thus clear that further re-
arrangement is necessary in order to explain the low energy
contribution. The fragment C4H3O−2 , on the other hand, has a
fairly high AE and can be associated with the formation of tri-
fluoromethane (CF3H), but also the formation of CF3 and H2
results in a threshold well below the observed AE (see table
2).

3.3 Single Bond Ruptures

From the fragments formed through the rupture of a single
bond upon DEA to HFAAc, TFAAc and AAc, only the frag-
ments OH− and O− are observed from all three. For this rea-
son and the fact that the OH− yield reflects the degree of fluo-
rination of the three β -diketones very clearly, we will discuss
these before discussing the remaining fragment for each β -
diketone separately. Figure 8 shows the OH− ion yield curves
from HFAAc, TFAAc and AAc in panel a), b) and c), respec-
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Figure 8 Ion yield curves for the formation of OH− and O− from
HFAAc, TFAAc and AAc in the energy range from 0-15 eV.

tively, and that of O− in panels d), e) and f), respectively. The
formation of OH− is observed through a single contribution
which shape and width is similar for all compounds. The onset
and the maximum, on the other hand, is successively shifted to
higher energy when proceeding from HFAAc through TFAAc
to AAc. In the ion yield curve for HFAAc the maximum is
close to 7.4 eV, in that for TFAAc close to 8.1 eV and from
AAc close to 8.8 eV. Similar trend is observed for the onset
of this contribution. In a previous photochemical study, Yoon
et al. observed the spontaneous loss of OH from HFAAc (and
Ac), upon electronic excitation by photon irradiation in the
range from 312-290 nm (3.98-4.28 eV)37. The authors at-
tributed the excitation to a π-π* transition observed as a broad
structure, centered at 4.72 eV in the UV spectrum28. In a later
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Figure 9 Ion yield curves for a) CF−3 and b) F− observed from
electron attachment to HFAAc in the energy range from 0-15 eV.
Apart from [M − H]− (figure 1), OH− and O− (figure 8), these are
the only fragments formed through single bond rupture in DEA to
HFAc.

photodissociation study on AAc, Upadhyaya et al.38 observed
the loss of OH at 193 nm (6.43 eV), which they attributed to
a dissociation resulting from an excitation to a σ* repulsive
state. In accordance with the photochemical study by Upad-
hyaya et al.38 we attribute the formation of OH− in DEA to
HFAAc, to a core-excited σ*-type resonance from the eno-
lic part of HFAAc. This resonance is successively shifted to
lower energy as the degree of fluorination increases. We note,
however, that we calculate the thermochemical threshold for
the formation of OH− from all three β -diketons, to be slightly
above 3 eV. Thus, in principle this channel should be accessi-
ble in the energy range where Yoon et al.37 observe OH loss in
their photodissociation study, i.e., around 4 eV. We cannot of-
fer any definitive reason for the lack of OH− formation in this
energy range, especially for HFAAc and TFAAc where other
fragments are observed in this energy range. However, a possi-
ble explanation can be in the high activation barrier we expect
for OH− loss from the enolic form due to the hydrogen bond.
The formation of O− is centered around 7, 9 and 11.5 eV. The
7 eV contribution is by far the dominating one from HFAAc
while the 9 eV contribution dominates from both TFAAc and
AAc. Finally the 11.5 eV contributions is only significant in
the O− ion yield from TFAAc. In our calculations, optimiza-
tion of the neutral [M − O] results in hydrogen transfer from
the enolic oxygen to the carbon atom that contained the keto
oxygen and the thermochemical threshold for this channel is
found to be about 3 eV for all three β -diketones. We attribute
the formation of O− from HFAAc to multiple core-excited π*
and σ* type resonances.

3.3.1 Hexafluoroacetylacetone
Figure 9 shows the ion yield curves for CF−3 and F− from

DEA to HFAAc. Beside [M − H]−, OH− and O−, these are
the only fragments observed from HFAAc, which formation
may be explained by single bond ruptures. While the domi-
nating, [M − H]−, is mainly observed through the 0 eV vi-
brational Feshbach resonance, as discussed in section 3.1, all
other fragments that result from a single bond rupture are ex-
clusively formed through the high-energy core-excited reso-
nances. This applies to OH− and O−, as discussed above,
and to F− and CF−3 , which are both observed through a core-
excited resonance centered close to 4 eV and a number of core
excited resonances between 5 and 13 eV. The experimental AE
for the formation of CF−3 and F− is in both cases close to 3 eV,
and their calculated thermochemical thresholds are 1.55 and
0.94 eV, respectively. Hence, both these channels are readily
accessible at their respective AEs. In addition to the high-
energy contributions, a small signal in the ion yield curve of
F− is observed close to 0 eV. We attribute this to F− from the
CF3 radical formed at the hot filament, as has been discussed
earlier12, and not to a contribution from HFAAc.

3.3.2 Trifluoroacetylacetone
Figure 10 shows ion yield curves for fragments formed
through single bond rupture in DEA to TFAAc. The fragmen-
tation observed is more extensive than that from HFAAc, and
in addition to the fragments OH− and O− discussed above,
and the fragments CF−3 and F− which are also formed from
HFAAc, we observe a series of four fragments. These are
CH3CO−, [M− CH3CO]−, CF3O− and [M− CF3CO]−, and
can be associated with C=C and C−C bond ruptures at the
enol and keto side of TFAAc, respectively. The CF−3 and F−

ion yields from TFAAc are markedly different from these from
HFAAc in the sense that the main contribution from TFAAc
is around 8 eV and a lesser contribution is observed close
to 4 eV. In HFAAc, contributions through these resonances
are also observed, but additionally a prominent contribution is
observed close to 10.5 eV. In HFAAc we attributed this con-
tribution to a σ*-type core-excited resonance, corresponding
to an n-σ* transition observed at 9.5 eV in the vacuum UV
spectrum28. This transition is observed at 9.7 eV in the vac-
uum UV spectrum of TFAAc28 but in DEA to TFAAc, we
do not observe CF−3 from a core-excited resonance in this en-
ergy range, and F− is only observed with low intensity. We
attribute this to an additional stabilization of this resonance
in HFAAc through the second CF3 group allowing for dis-
sociation competing more effectively with autodetachment in
this energy range. From the TFAAc fragments that can be at-
tributed to single bond ruptures, the fragment [M− CH3CO]−

is the only one that is observed through the vibrational Fes-
hbach resonance at 0 eV, and the C=C π* shape resonance
at 1 eV. As mentioned previously, the more stable enol con-
former of TFAAc, conformer A in figure 3, is found to have
the enol group on the CH3 side. The observation of [M −
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CH3CO]− through the 0 eV resonance is thus rather surpris-
ing, as it requires the rupture of a C=C double bond and hy-
drogen transfer from the enolic oxygen to the central carbon.
Furthermore, the initiated electron capture is expected to be
associated with the the C=O π* orbital. We find the thermo-
chemical threshold for this channel to be 0.42 eV, not acces-
sible from the enol form through the 0 eV resonance without
considering hot-band transitions. If we consider this reaction
to take place from the keto tautomer, however, the threshold
is lowered by about 0.3 eV and we would also expect the ac-
tivation barriers to be lower. The complimentary fragment,
CH3CO−, is also observed, but only with low intensity and
through the core-excited resonances close to 4, 8 and 11 eV.
We have not calculated the threshold for this fragment explic-
itly for TFAAc but for AAc we find a threshold of 2.76 eV and
we expect the threshold to be similar for TFAAc. Finally, the
fragment CF3CO− is observed through the core-excited reso-
nance centered around 8 eV and the complimentary fragment,
[M − CF3CO]−, is observed through contributions around 4,
8 and 11 eV. Both these fragments are observed with very low
intensity.

3.3.3 Acetylacetone

Figure 11 shows the ion yield curves observed in DEA to
acetylacetone (AAc) in the energy range from 0-15 eV inci-
dent electron energy. Table 2 lists the corresponding thresh-
old energies calculated at the B2PLYP/ma-TZVP level of the-
ory. All fragments are observed with low intensity compared
to HFAAc and TFAAc, the highest ion yield being that of
OH− shown in figure 8c and discussed here above (section
3.3). Apart from [M − CH3COO]−, all the observed frag-
ments are considered to result from single bond rupture af-
ter electron attachment and, only [M − H]− (section 3.1), is
observed close to 0 eV. All other fragments are exclusively
formed through the high-lying core-excited resonances. The
lack of fragments through the low-energy resonances in DEA
to AAc is readily explained from thermochemical considera-
tions as can be seen from table 2. For DEA reactions involving
a single bond rupture to occur at 0 eV, the electron affinity of
the charge-carrying moiety must compensate for the energy
required to rupture the respective chemical bond. This is in
fact quite rare and usually limited to cases involving high elec-
tron affinity leaving groups (Cl, Br, I and CN; see for example
the review articles39,40). None of the fragments observed in
DEA to AAc meet this requirement and in fact, although we
observe [M − H]− with an onset close to 0 eV, the thermo-
chemical threshold we derive for this channel is 0.95 eV. In
addition to [M − H]−, the fragment [M − CH3CO]− (Fig.
11a) shows minor contributions through the low-energy shape
resonance, i.e. from 1.3-2.5 eV. The fragment is also observed
through a minor contribution from 4-6 eV and finally a fair
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Figure 10 Ion yield curves corresponding to fragments formed
through single bond rupture in DEA to TFAAc. In addition to the
above [M − H]− (figure 1), OH− and O− (figure 8) are also
observed.

contribution from 7-11 eV. In the geometry optimizations of
[M − COCH3]−, we find that rather than stabilizing as an
enol radical, a transfer of the enolic hydrogen to the carbon
atom, forming the CH3COCH−2 anion is preferred. Consider-
ing this hydrogen transfer we derive a threshold of 1.38 eV,
which agrees well with our observations. The complimentary
reaction, the formation of CH3CO− (Fig. 1b) is only a minor
dissociation channel, observed from 7.5-10 eV. This can be
explained by the low electron affinity of the CH3CO radical
(0.42 eV)41, which does not compensate for the C−C bond
rupture. Accordingly, the computed thermochemical thresh-
old for this dissociation channel is 2.76 eV and the reaction
is thus thermochemically inaccessible through the low-lying
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resonances. Terminal bond rupture leading to the formation of
CH−3 , is also observed from AAc, and this fragment appears
through a single contribution peaking close to 9 eV. The ther-
mochemical threshold, for this channel is 3.42 eV, hence well
below the AE of the fragment.

Finally, we observe [M − CH3COO]− through the core-
excited resonance close to 9 eV. This is the only fragment
we observe from AAc that requires multiple bond ruptures
and new bond formation. Considering the anion CH3CCH−2
and the neutral counterpart CH3COO we derive a threshold
of 3.58 eV, which is well below the observed AE. The loss
of CH3COO was not observed in DEA to TFAAc, although
we did observe [M − CF3COO]−, hence the formation of the
anion CH3CCH−2 . Interestingly, from HFAAc where this frag-
ment (CH3CCH−2 ) cannot be formed, the corresponding loss
of CF3COO is not observed.

In addition, to the fragments discussed above, we have also
looked for H− formation from AAc. While we cannot effi-
ciently extract H− in our current experimental setup due to the
high magnetic field, we were still able to detect H− from AAc
through the high-energy resonances. Due to large background
signal, however, and a large error in the electron energy as
strong extraction field is needed to extract the H− ion, we feel
the data is ill suited for publication at this stage and we refrain
from further discussion on the energy dependence of the H−

formation.

4 Conclusions

In low energy electron interaction with the β -diketones; acety-
lacetone, trifluoroacetylacetone and hexafluoroacetylacetone
electron attachment leads predominantly to fragmentation and
within the time window of the current experiments, the molec-
ular anion is only observed from TFAAc. The degree of fluo-
rination is clearly reflected in the dissociation reactions of the
respective compounds, i) through stabilization of the NIRs in-
volved and ii) through facilitation of fragmentation by HF for-
mation. In comparison of these compounds the former effect
allows to identify the nature of the involved resonances more
clearly while the second effect, in conjunction with quantum
chemical calculations, allows us to explain the reaction paths
behind the formation of a number of the fragments observed.
While DEA to AAc is characterized by single bond ruptures
that proceed with low cross sections through core-excited res-
onances at fairly high energy (>4 eV), DEA to TFAAc leads
to about the same number of fragments through single bond
ruptures as through complex rearrangement reaction. The re-
arrangement reactions, however, proceed mainly at low en-
ergies and generally with considerably higher cross sections.
Finally, DEA to HFAAc is dominated by complex rearrange-
ment reactions through the low energy resonances, both with
respect to the number of fragments and the cross section for
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Figure 11 Ion yield curves from DEA to acetylacetone (AAc) in the
energy range from 0-15 eV. Apart from panel d) which represents a
complex dissociation channel, all the fragments can be formed
through single bond rupture. In addition to the above fragments, [M
− H]− (figure 1), OH− and O− (figure 8) are also observed.

the individual processes. The main channel in DEA to both
TFAAc and HFAAc is the formation of HF but also the loss of
two HFs and the formation of HF−2 are observed, though with
considerably less intensity. Our threshold and nudged elas-
tic band (NEB) calculations show that the channels leading
to the loss of HF are enabled through an O· · ·H· · ·F interme-
diate leading to the formation of a furanone-like compound
concomitant to the HF loss. HF−2 formation most likely pro-
ceeds through a similar path, the loss of two HFs, leads to
an open chain anion. It is worth noting that the HF−2 forma-
tion and the loss of two HFs proceed to similar extent from
TFAAc and HFAAc, and both fluorines lost through the re-
spective channels are thus likely to be from the same CF3
group. The main contribution to the ion yield from HFAAc
and TFAAc is through the 0 eV resonances, while consider-
able contributions from HFAAc are also observed close to 1
and 3 eV. Comparing the extent of ion formation through these
resonances from the three β -diketones, in conjunction to the
relative position of the stabilizing CF3 group in the most sta-
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ble enol conformer of TFAAc, we conclude that these reso-
nances are best described as a vibrational Feshbach resonance
associated with the C=O π* orbital, a shape resonance asso-
ciated with the C=C π* orbital and a core excited resonance
associated with the C=C π* orbital, respectively. It is clearly
demonstrated here that the degree of fluorination increases the
electron capture cross section considerably, a phenomena that
is fairly well understood and is common to most organic com-
pounds. However, in conjunction to our previous studies, it is
also clear that by introducing the stereochemical prerequisites
for an energetically accessible hydrogen bonded X· · ·H· · ·F
intermediate on the DEA reaction path, molecular fragmen-
tation may be significantly enhanced through HF formation.
We thus propose that introducing such predetermined break-
ing points into molecules, may be used to increase their sus-
ceptibility and even control their reactivity toward low-energy
electrons. Such strategy may prove beneficiary for example
in elucidating the role of low energy electrons in FEBID with
the aim of designing more suitable precursors. Enhancing the
DEA fragmentation efficiency of radiosensitizers used in can-
cer therapy may also prove beneficiary. Halogenated radio
sensitizers such as 5-halouracils42 have been proposed owe
their effectiveness to increased electron attachment cross sec-
tion leading to low energy electron induced damaged to the
DNA. Increasing their DEA cross section may thus prove ben-
eficiary.
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13 B. Ómarsson, E. H. Bjarnason, O. Ingólfsson, S. Haughey and T. A. Field,

Chem. Phys. Lett., 2012, 539-540, 7–10.
14 E. H. Bjarnason, F. H. Ómarsson, M. Hoshino, H. Tanaka, M. J. Brunger,

P. Limão-Vieira and O. Ingólfsson, Int. J. Mass. Spectrom., 2013, 339-
340, 45–53.
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