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ABSTRACT: In the search for alternatives to chlorine-containing gases,
tetrafluoroethane, CF3CH2F (R134a), a widely used refrigerant gas, has been
recognized as a promising substitute for dichlorodifluoromethane, CCl2F2
(R12). When R12 is replaced by R134a, the global warming potential drops
from 8100 to 1430, the ozone depletion potential changes from 1 to 0, and
the atmospheric lifetime decreases from 100 to 14 years. Electron interactions
in the gas phase play a fundamental role in the atmospheric sciences. Here, we
present a detailed study on electron-driven fragmentation pathways of
CF3CH2F, in which we have investigated processes induced by both electron
ionization and electron attachment. The measurements allow us to report the
ion efficiency curves for ion formation in the energy range of 0 up to 25 eV.
For positive ion formation, R134a dissociates into a wide assortment of ions,
in which CF3

+ is observed as the most abundant out of seven ions with a
relative intensity above 2%. The results are supported by quantum chemical
calculations based on bound state techniques, electron-impact ionization models, and electron-molecule scattering simulations,
showing a good agreement. Moreover, the experimental first ionization potential was found at 13.10 ± 0.17 eV and the second at
around 14.25 eV. For negative ion formation, C2F3

− was detected as the only anion formed, above 8.3 eV. This study demonstrates
the role of electrons in the dissociation of R134a, which is relevant for an improvement of the refrigeration processes as well as in
atmospheric chemistry and plasma sciences.

■ INTRODUCTION

Since the implementation of the Montreal Protocol1 in 1988,
the emission of chlorine-containing gases (e.g., chlorofluor-
ocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)) in
the atmosphere has been phasing out. CFCs and HCFCs gases
are known to have a strong impact on the depletion of the
Earth’s ozone layer and high global warming potentials
(GWPs).2,3 Consequently, many efforts have been made to
find adequate alternative compounds. The hydrofluorocarbons
(HFCs) have emerged as good candidates since they contain
no chlorine or bromine atoms in their molecular structure and,
therefore, have been assumed to have ozone depletion
potential (ODP) near zero.4,5

Tetrafluoroethane, CF3CH2F, also known as R134a, is a
HFC compound widely used as refrigerant in automotive air
conditioning, domestic refrigeration systems and aerosol
applications.3,6 The R134a molecule has become one of the
best substitutes for chlorine-related compounds due to its low
GWP value (1430) and an atmospheric lifetime of 13.8 years.7

That is consequence of the reactivity with hydroxyl radicals
(OH•) found in the troposphere, which leads to smaller
atmospheric accumulations. However, despite its advantages,

the R134a molecule still contributes to the greenhouse effect
and, consequently, to the global warming effect.8,9 Accordingly,
its behavior under irradiation, as in the upper atmosphere, is of
great relevance for the impact on the global climate.
Knowledge on degradation pathways and energetics is
necessary to better understand the photodissociation of the
system and to verify if the necessary photon energy is available
at low altitudes in the atmosphere.
Apart from its relevance as a refrigerant gas, R134a is also

used in radiation particle detectors, especially in resistive plate
chambers,10,11 as a gas insulator12 and, more recently, as a
substrate for environmentally friendly solvents.13,14 Moreover,
in plasma-based technologies, important benefits in different
techniques have been shown, such as plasma enhanced
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chemical vapor deposition,15 carbon nanostructures15 and
surface functionalization.16

The use of R134a in so many applications requires a
comprehensive knowledge of the chemical reactivity of this
compound under different conditions, especially in the context
of atmospheric chemistry and plasma discharge reactions.
Consequently, detailed studies on the R134a molecule have
been drawing the attention of experimental and theoretical
researchers. The photofragmentation dynamics of R134a was
studied using threshold photoelectron−photoion coincidence
(TPEPICO) spectroscopy.7,17,18 Additionally, the vibrational
spectra and a conformation analysis of R134a were reported by
making use of infrared19 and Raman spectroscopic techni-
ques19−21 as well as by ab initio calculations.22

Recently, the dissociative channels and electronic properties
of ionized and excited states of R134a were investigated by
computational chemistry.23 The authors have shown that CF3

+

and CHF2
+ are mainly produced by fragmentation of the

parent cation by C−C bond cleavage, whereas CF3CH2
+ is

produced by ion-pair formation or direct ionization. The
vertical ionization potential was found to be 13.27 eV. The
positive and negative ions formed upon electrical corona
discharges at atmospheric pressure were also analyzed through
atmospheric pressure chemical ionization mass spectrometry
(APCI-MS).3 Furthermore, studies on interactions of the most
abundant ions found in the lower and upper atmosphere (O+,
O2

+, O−, O2
−, H3O

+, among others) with R134a were also
performed with the objective deeply study the influence of the
R134a in atmospheric chemistry.8,9

From atmospheric to plasma-related sciences, the most
fundamental processes are related to collisions between
electrons, atoms, radicals, and molecules. Such reactions
drive the production of ions and radicals that are involved in
the leading mechanisms, such as etching, cleaning, or
deposition processes, as well as in astrochemical phenomena.24

Hence, the availability of reliable electron ionization cross
sections as a function of the electron energy is crucial to the
optimization and development of such mechanisms. Šasǐc ́ and
co-workers25,26 have obtained and analyzed a set of electron
collision cross sections and transport coefficients for the R134a
molecule through a standard swarm procedure in bare R134a
and when mixed with argon. Also, Urquijo et al.27 have
measured the drift velocities, the longitudinal coefficient, and
the effective ionization coefficient of electron in R134a.
Information on electron attachment interactions has been

found on several fluoroalkanes,28−31 but to the best of our
knowledge, experimental studies on electron interactions with
the R134a have not been yet reported. In the low energy
regime (<10 eV), it is essential to guarantee that two main
conditions are fulfilled: a high electron energy resolution and a
sufficient electron current in the interaction region even at
energies near zero eV. Trochoidal electron monochromators
(TEMs) have been shown to be a very good choice.32 These
devices are based on the guiding effect that an axial magnetic
field has on low energy electrons, which coupled with an
orthogonal electrostatic field produces a geometrical separation
of the electrons’ trajectories, depending on their energies.
In the present work, we report the positive and negative ion

formation upon low energy electron interactions with R134a
by making use of a TEM coupled with an Orthogonal
Reflectron Time-of-Flight Mass Spectrometer (OReToFMS).
Ionization efficiency curves for the seven most abundant
fragment ions were obtained, for energies between 10 and 40

eV, in order to determine the threshold energies (th) and
ionization mass spectra recorded at 70 and 80 eV (not shown).
Finally, dissociative channels in gas-phase R134a, leading to
negatively charged ion formation by dissociative electron
attachment (DEA), were also investigated within an energy
range from 0 to 12 eV. The experimental results are supported
by quantum chemical calculations.

■ EXPERIMENTAL SECTION
Materials. 1,1,1,2-Tetrafluoroethane R-134a (≥99.8%) was

purchased from Polo Zero (Lisbon, Portugal).
Experimental Setup. The experiments were carried out in

a crossed electron-molecule beam apparatus, recently imple-
mented in the CEFITEC laboratory. The setup consists of an
electron source and a home-built trochoidal electron
monochromator, coupled with an Orthogonal Reflectron
Time-of-Flight Mass Spectrometer (OReToFMS) manufac-
tured by KORE Technology Ltd., UK. Figure 1 represents the

setup schematically. The TEM consists of three different
groups of lenses, M lenses for the monochromator, C lenses for
the collision region lenses, and F lenses for the focusing lenses.
The set of M lenses comprises eight electrodes, M1−M8. The
filament is a tungsten hairpin configuration (Agar Scientific
Ldt., UK) mounted as the electrode M1. The M5 and M6 are
dispersion electrodes, which apply an electric field transverse to
the external magnetic field. This magnetic field, which has an
intensity of ∼4 mT, is created by a pair of Helmholtz coils with
70 cm in diameter, outside the vacuum chamber. After the
dispersion zone, electrodes M7 and M8, which have holes off
center with respect to the M4 electrode hole, are responsible
for focusing the electrons through the electrode C1 into the
interaction region. The M2−M8 electrodes potentials are
floating to the M1 potential, center of filament, which in turn is
floating with respect to the interaction region, establishing the
adjustable collision energy. Electrodes C2 and C3 are

Figure 1. Schematic diagram of trochoidal electron monochromator
coupled with orthogonal reflectron time-of-flight mass spectrometer.
Left side: assembled TEM with OReToFMS; (1) extract electrode,
(2) X and Y ion guide deflectors, (3) ion extraction region; (4) Y
deflectors, (5) X deflectors, (6) reflectron, (7) MCP detector. Right
side: zoom of TEM showing the labeling of the electrodes where FP =
Faraday plate.
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responsible for applying a small ion extraction field, ∼1 V/cm.
The C4 and C5 electrodes are responsible for focusing the
electrons into a Faraday plate. The C potentials are all set with
respect to a fixed potential of ±4 V (for positive or negative
mode), either above or below the ground, establishing the
optimal kinetic energy positive or negative ions have while
entering the orthogonal extraction region of the OReToFMS.
Three focusing electrodes, F1, F2, and F3, as well as a set of
deflecting electrodes guide the ions from the monochromator
to toward the OReToFMS.
Inside the OReToFMS, the extraction region is composed of

two circular electrodes placed 245 mm from the entrance of
the ion guide. These electrodes produced a pulsed transverse
field with respect to the incoming ion beam. The pulses have a
frequency of 80 kHz, ±400 V (for positive and negative mode)
in amplitude and up to 3 μs pulse width. After being pulsed,
the ions can be deflected in two dimensions to optimize their
trajectory through the field free flight tube and into the
reflectron zone. The reflectron is composed of 24 circular
electrodes. After reflection, the ions reach a microchannel plate
(MCP) detector; the resulting signal is preamplified and then
fed to the data acquisition system. The electron energy can be
ramped, by ramping the M electrodes block with respect to the
C electrode block, using a National Instruments acquisition
board PCle-6321.
The TEM optimization was first simulated in SIMION33

software. According to the simulations, an electron energy
resolution better than 100 meV should be possible, as well as
an ion extraction efficiency for both positive and negative ions
above 90%.
Experimentally, with a current applied to the filament of

about 2.3 A, an emission current of 100 μA was measured in
the electrode M2. The measured current in the Faraday plate
for ∼0 eV electron energy was ∼10 nA and for 70 eV electron
energy was ∼100 nA. The energy for the positive ions was
calibrated by using the well-known Ar+ threshold energy
15.763 eV, determined by Weitzel et al.34 through ZEKE-
PEPICO (zero kinetic energy photoelectrons photoions
coincidence). For negative ions, the energy resolution was
determined by the well-known 0 eV resonance for SF6

− from
SF6 and Cl− formation from CCl4 at the full width half-
maximum (FWHM). The obtained energy resolution was 130
meV at 0 eV electron energy.
The Ar (gas), SF6 (gas), and CCl4 (liquid) samples were

introduced in the chamber via a side entrance, whereas solid
samples are introduced via an effusive molecular target beam
which is created in a molecular oven with 1 mm aperture and
aimed orthogonally to the electron beam inside the collision
region of the monochromator.
The experiments were performed with a CF3CH2F pressure

of 6 × 10−4Pa. The base pressure of the chamber is 3 × 10−6

Pa, achieved with a turbomolecular pump, 300 l/s, Pfeiffer
Hipace300. The ToF chamber pressure of 1 × 10−6 Pa was
reached with an 80 l/s, Pfeiffer Hipace80 turbomolecular
pump.
Acquisition Software. The experimental setup is con-

trolled by homemade software, allowing synchronization
between the OReToFMS and a National Instruments board,
NI PCIe-6321 Multifunction I/O. This software was made in
Labview 19.0;35 it takes advantage of a dynamic-link library
(koretdc.dll) provided by KORE Technology Ldt., UK, in
order to access the functionality of the OReToFMS. The
Labview program also operates the digital-to-analogue

converter (DAC) part of the PCIe-6321 that controls the
output voltage required to adjust the electron energy. The
interface of the software is composed of various input fields
allowing the users to define the parameters associated with the
desired measurement. These parameters are the electron
energy, the initial and final energy range, the energy step
between each mass spectrum, the minimum and maximum
mass range, the gate time (time per energy step), the number
of runs, the initial and final threshold voltages of time-to-digital
converter (TDC), and the calibration parameters Cb and t0
required for the time-mass conversion, according to

=
−

m
t t

Cb
0

2i
k
jjj

y
{
zzz

where Cb has the units μs/(amu)1/2 and t0 μs; amu stands for
atomic mass units.
The software generates a cumulative histogram of ion arrival

times, during the respective gate time, at a given energy step.
Then the DAC increments the output voltage according to the
energy step and repeats this process until the last energy level.
The measurements are the sum of several runs in order to
increase the signal-to-noise ratio. After the measurement, the
software saves all mass spectra in binary files and in a text file
with the measurement parameters.

Fitting Procedure. Positive ion efficiency curves have been
measured for the seven most abundant fragments (>2% of
relative intensity) as a function of the incident electron energy.
The ionization energy (IE) for CF3CH2F

+ (m/z 102) and
threshold energies (the) for CF3CHF

+ (m/z 101), CF3CH2
+

(m/z 83), CF3
+(m/z 69), CF2CH

+ (m/z 63), CHF2
+ (m/z

51), and CH2F
+ (m/z 33) cations were determined. The

ionization energy and threshold energies were experimentally
determined using a fitting method based on the well-known
Wannier law.36 The ionization energy and threshold energies
were determined according to the function

= <

= + − ≥
f e

f e b e

f e b a e e
( )
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e
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where e represents the electron energy and b, a, d, and IE (the)
are variable fitting parameters. The fittings were performed
taking into account three different measurements, in which the
corresponding threshold energies relate to the averaged signal.
Uncertainties have been determined by accounting for the
maximum mean deviation and the statistical uncertainty of the
fitting. The statistical uncertainty was calculated by the square
root of the covariance matrix diagonal. The total uncertainty
value is given by the square root of the sum of the uncertainty
values squared.

Theoretical Details. In order to investigate the neutral,
positively and negatively charged molecular products, gas-
phase calculations on both bound state and scattering
techniques were performed. The optimized geometry of
neutral CF3CH2F was obtained at the MP2/aug-cc-pVDZ
level of theory, and a detailed frequency analysis at room
temperature of the neutral ground state can be found in the
Supporting Information (Table S1). Calculations based on
density functional theory (DFT) are also shown for
comparison. Symmetry aspects were explored, since the
R134a ground state belongs to the Cs point group.
Multiconfigurational CASSCF/CASPT2 methods, as imple-
mented in OpenMolcas software,37 were used for excited state
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predictions. For these calculations, we used the ANO-L basis
set with the contraction scheme [4s3p1d] for fluorine and
carbon atoms and [2s1p] for the hydrogen atoms.38−40 The
multistate (MS-CASPT2) diagonalization technique was
employed to estimate the excitation energies. The active
space comprised 12 electrons in 12 orbitals. In general, the
selected orbitals present a nonbonding character, and in some
cases, they have hybrid nonbonding/bonding or nonbonding/
antibonding characteristics along some specific bonds. For that
reason, we have labeled the occupied orbitals nk, with k = 1, ...,
6, in decreasing order of energy, while the virtual orbitals are
labeled by nk*, with k = 1, ..., 6, in increasing order of energy.
In this order, n1 denotes the HOMO and n1* the LUMO (see
Table 3).
The study of positive ions was separated into two sets of

calculations. We first focused on the electron ionization
process. The cross sections for ionization out of the individual
molecular orbitals, as a function of the collision energy, were
estimated using the Binary-Encounter-Bethe (BEB) model,
which is known to be accurate for low energy processesup to
tens of eVand for systems not containing heavy elements.41

The total ionization cross section (TICS) is taken as a sum
over the valence electrons of the target (see Figure 3). The
BEB cross section depends on the kinetic energy u and on the
binding energy B of the orbital from which the electron is
removed, and both properties were calculated with the outer
valence Green’s function (OVFG) propagator method-
ology,42,43 as implemented in the Gaussian09 software.44 The
Hartree−Fock (HF) solution was taken as reference, and the
6-311G(2df,2p) basis set was employed. The six core orbitals
of the HF reference were kept frozen in the OVGF
calculations. Also, the numbering of the occupied orbitals
here follows the label n = 7, ..., 25, in increasing order of
energy. In addition, we evaluated the dissociation thresholds
for reactions of the type considering all possible fragments A
and B produced by single bond breaks, in addition to a few
rearrangement channels (see Table 2 and Table S2). The
threshold estimates were obtained from the G4(MP2)45,46

procedure as implemented in Gaussian09. Particularly for the
formation of CF3CH2F

+, the threshold coincides with the first
ionization potential (IP1). Also, the geometry optimization
and a detailed frequency analysis at room temperature for the
cation ground state were addressed at the MP2/aug-cc-pVDZ
level of theory. The result is shown in the Figure S4 and may
hopefully provide insight into the nuclear relaxation driven by
the ionization.
For the negative ion, we first investigated possible bound

anion states, finding neither valence-bound nor dipole-bound
stable anions for the optimal geometry of the neutral molecule.
We then performed fixed-nuclei electron scattering calculations
to investigate low energy resonances that could initiate
fragmentation processes. For this study, we employed the
Schwinger Multichannel47,48 method implemented with
pseudopotentials proposed by Bachelet, Hamann, and Schluter
(SMCPP).49 A detailed theoretical description of the method
can be found elsewhere.50 Finally, the dissociation thresholds
were evaluated with the G4(MP2) method for the reactions of
type CF3CH2F + e ↔ CF3CH2F

#− → A− + B. We consider the
fragments A and B arising from single bond breaks and also a
few rearrangement channels (see Table S3).

■ RESULTS AND DISCUSSION
Positive Ions. Figure 2 shows the positive mass spectrum

recorded at 70 eV incident electron energy with a CF3CH2F

pressure of 9 × 10−4 Pa. This energy is well above the
ionization threshold of the parent molecule; therefore, many
fragmentation pathways are accessible. As far as the authors are
aware, no positive mass spectrum has been reported for
electron ionization, apart from the NIST chemistry Web-
Book.51 Table 1 summarizes the fragments observed upon
electron ionization and compares them with photon ionization
(PI) study by Morcelle et al.7 at 40 and 290 eV.
In the present study, 21 cations were observed. CF3

+

corresponds to the most abundant fragment, in agreement

Figure 2. CF3CH2F electron ionization mass spectrum recorded at 70
eV incident electron energy. The relative intensities are given in
relation to the CF3

+ peak intensity.

Table 1. List of Observed Cationic Fragments upon
Electron Interactions with the R134a Molecule at 70 eV
Electron Energya

cation m/z EI 70 eV PI 40 eV PI 290 eV

CF3CH2F
+ 102 √ √ √

CF3CHF
+ 101 √ × ×

CF3CF
+ 100 √ × ×

CF3CH2
+ 83 √ √ √

CHCF3
+ 82 √ × ×

CF3
+ 69 √ √ √

CF2CH2
+ 64 √ × ×

C2HF2
+ 63 √ √ √

CHF2
+ 51 √ √ √

CF2
+ 50 √ × ×

C2H2F
+ 45 √ × ×

C2HF
+ 44 √ × √

C2F
+ 43 √ × ×

CH2F
+ 33 √ √ √

CHF+ 32 √ × ×
CF+ 31 √ √ √
C2H2

+ 26 √ × ×
C2H

+ 25 √ × ×
C2

+ 24 √ × √
FH+ 20 √ × ×
F+ 19 √ × √
C+ 12 × × √
H+ 1 × √ √

aThe two right columns summarize the photon ionization
observations at 40 and 290 eV photon energy described in ref 7,
respectively.
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with PI studies, but in contrast with the NIST Chemistry
WebBook,51 where CFH2

+ is indicated as the most abundant
cation followed by CF3CH2

+ and CF3
+. Moreover, in the

present study, the parent cation is formed as one of the six
most intense fragments, in contrast with NISH Chemistry
WebBook. We found that the signals of the other channels
were normalized by the CF3

+ peak intensity. Out of the 21
observed fragments, only seven intensities were present above
2%, so the 14 remaining fragments can be viewed as minor.
The most intense signals were CF3

+, CH2F
+, CF3CH2

+,
CF3CH2F

+, CHF2
+, CF2CH

+, and CF3CHF+, listed in
decreasing order of peak intensities. For those cationic
fragments, the proposed reactions can be described as

+ → ++e eCF CH F CF CH F 23 2 3 2 (1)

+ → + ++ •e eCF CH F CF CHF 2 H3 2 3 (2)

+ → + ++ •e eCF CH F CF CH 2 F3 2 3 2 (3)

+ → + ++ •e eCF CH F CF 2 CH F3 2 3 2 (4)

+ → + ++ •e eCF CH F CFH 2 CF3 2 2 3 (5)

+ → + ++ •e eCF CH F CF CH 2 F H3 2 2 2 (6)

+ → + ++ •e eCF CH F CHF 2 CHF3 2 2 2 (7)

By increasing the electron energy, the ionization energy has
been experimentally obtained and compared with the value
obtained using the BEB model. The ionization energy of
CF3CH2F (reaction 1) was experimentally determined as 13.10
± 0.17 eV and the first ionization potential estimated at 13.64
eV. The energy dependence ion curve for CF3CH2F shows a
change in the slope at 14.25 eV that corresponds to the second
ionization potential, estimated as 14.27 eV (see Figure S2),
corresponding to the removal of an electron from the HOMO
+1 orbital. The agreement between the experimentally
obtained values and the theoretical ones is good. The BEB
total ionization cross section has a peak maximum at 111 eV
(see Figur S3).
It is important to note that since BEB predictions of IPs

correspond to the absolute values of the OVFG energies of the
molecular orbitals, it is not unreasonable to obtain slightly
overestimated values. For comparison, an additional vertical IP
based on single point calculations at the DFT/B3LYP/aug-cc-
pVDZ level was estimated at 13.19 eV, which is in better
agreement with the first ionization potential obtained
experimentally.
We also surveyed the energy and optimized geometry of the

cation ground state. The investigation gives insight on how the
nuclear relaxation occurs after the electron-induced ionization.
The energy of the optimized cation was calculated at the MP2/
aug-cc-pVDZ level, and it was found at 12.31 eV above the
neutral ground state. This value can be interpreted as the
adiabatic ionization energy of the cation ground state, and the
difference between a given IP value and 12.31 eV plays an
important role in the nuclear dynamics triggered by the
corresponding process. Comparing the cation optimized
geometry with the neutral optimized geometry (see Figure
S4), we observe a considerable stretching of the C−C bond
length (1.52−1.96 Å), indicating that vibronic coupling with
the symmetrical C−C stretching vibrational mode may favor a
C−C bond break during nuclear dynamics.

Threshold Energies. Reactions 2−7 describe the possible
fragmentation pathways for the most six abundant cations. In
Table 2, relative intensities are summarized together with
experimentally obtained threshold energies (Figure 4) and
compared with theoretically estimated values.
The most abundant fragment corresponds to CF3

+ (m/z 69)
(reaction 4), that in turn is associated with the C−C bond
break. The experimentally obtained formation threshold was
13.39 ± 0.10 eV, which is above the theoretically estimated

Figure 3. Panel of the 19 molecular orbitals considered for the TICS
calculation. The orbitals were obtained at the OVFG/6-311G(2df,2p)
level of theory and rendered with the iso value 0.04. The symmetries
of the orbitals are also indicated.

Table 2. List of the Observed Cationic Fragments with
Relative Intensities >2%; Experimental Threshold
Formation for the Respective Cation and Theoretical Value
Estimated at 298.15 K

cation m/z
rel

intensity
experimental
threshold (eV)

theoretical
threshold (eV)

CF3CH2F
+ 102 0.12 13.10 ± 0.17 13.64a/13.19b

CF3CHF
+ 101 0.03 14.56 ± 0.17 13.47

CF3CH2
+ 83 0.18 15.51 ± 0.11 13.41/13.70c

CF3
+ 69 1 13.39 ± 0.10 12.71

CHCF2
+ 63 0.04 16.99 ± 0.25 16.21

CHF2
+ 51 0.04 14.03 ± 0.64 12.43

CH2F
+ 33 0.26 13.36 ± 0.17 12.62

aValue obtained with BEB method. bValue obtained with DFT/
B3LYP/aug-cc-pVDZ method. cValue depends on the fluorine atom
position (see Table S2).
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value of 12.71 eV. The complementary reaction leads to
CH2F

+ (m/z 33) formation (reaction 5) with an average
intensity of ∼60% being the second most intensely formed
fragment. The threshold energy for this pathway was found to
be 13.36 ± 0.17 eV, also slightly above the theoretically
estimated value of 12.62 eV. At energies between IP1 and IP2
these two complementary reactions involve the electron
ejection from orbital 25 (see Figure 4), which has a bonding
characteristic along the C−C bond. That is compatible with
the nuclear relaxation path triggered by the ionization, thus
being consistent with the C−C bond break. For energies above
IP2, other mechanisms may take place since other electrons are
ejected. However, it is to be expected that orbitals with
bonding character along the C−C bond would have a larger
influence on both CF3

+ and CH2F
+ signals. The third most

intense signal is CF3CH2
+ (m/z 83) following reaction 3 with

elimination of a fluorine radical as a neutral counterpart. The
experimentally determined threshold was obtained as 15.51 ±
0.11 eV compared with the theoretically estimated values 13.41
or 13.70 eV depending on the fluorine atom position (see
Table S2). The experimental threshold indicates the reaction
may not occur through the ionization from orbitals 25 and 24,
although the corresponding channels would be energetically
opened. Instead, 15.51 eV might be assigned to the IP3,
estimated as 15.64 eV and corresponding to orbital 23, which
is delocalized over the fluorine atoms of the CF3 group. On the
other hand, IP4 (estimated as 16.08 eV) and IP5 (estimated as
16.09 eV) are associated with orbitals 22 and 21, respectively,

which also present bonding/nonbonding features on all four
fluorine atoms. That said, our understanding of the m/z 83
signal is that the measurements between the experimental
threshold (15.51 ± 0.11 eV) and about 16 eV correspond
exclusively to the elimination of fluorine atoms 6, 7, and 8
they are equivalent because of symmetry and rotation (see
Figure S1)while from 16 eV up there is competition among
fragmentation channels regarding all fluorine atoms. Reaction 7
describes the formation of CHF2

+ (m/z 51). The threshold
energy was found at 14.03 ± 0.64 eV, whereas the estimated
theoretical value was predicted as 12.43 eV. The formation of
CHF2

+ occurs via a complex rearrangement reaction path. It
involves a C−C bond break, a fluorine donation between
groups followed by a hydrogen elimination. Thus, it is not easy
to assign the role of a given molecular orbital. Particularly at
energies near threshold, the pathway leading to the formation
of such cation involves electron removal from the orbital 25 for
energetic arguments; however, the signal significantly increases
from 15 eV, making it difficult to establish clear conclusions
and infer about the energy involved in rearrangement
reactions. Reaction 6 leads to the formation of CF2CH

+ (m/
z 63). The theoretical estimated energy was found at 16.21 eV
in good agreement with experimentally determined 16.99 ±
0.25 eV. This is another case of a complex reaction, which may
involve a fluorine atom elimination from the CF3 group along
with a HF elimination from the CH2F group or possibly an
even more complicated rearrangement. Ionization from
orbitals 18 (IP8 = 17.21 eV) and 17 (IP9 = 17.81 eV) are
assigned to be the process triggering the formation of a
CF2CH

+ fragment at energies near the threshold. Moreover,
the dehydrogenated parent cation CF3CHF

+ (m/z 101), has
not been identified by photoionization studies.7 The
experimentally determined threshold was found to be 14.56
± 0.17 eV, somewhat above the theoretically predicted value of
13.47 eV.

Minor Fragments. Apart from the parent cation and the
most abundant fragments mentioned above, 14 other frag-
ments have been identified with relative intensities below 2%.
Due to the low intensities, the threshold determination is very
inaccurate; hence, they are not discussed here. The loss of two
H atoms was observed for the formation of CF3CF

+ (m/z
100). This fragment has not been identified by photoionization
studies.7 The theoretically estimated threshold energy value
was found to be 14.02 eV. CF3CH

+ (m/z 82), CF2CH2
+ (m/z

64), and CF2
+ (m/z 50) fragment cations were also observed,

and their respective energy thresholds were determined as
10.98, 15.57, and 13.05 eV, respectively. These three fragments
were not reported in PI studies by Morcelle et al.,7 not were
CFCH2

+ (m/z 45), CFC+ (m/z 43), CHF+ (m/z 32), C2H2
+

(m/z 26), C2H
+ (m/z 25), and HF+ (m/z 20). Finally, four

additional fragments were identified as CFCH+ (m/z 44), C2
+

(m/z 24), and F+ (m/z 19), reported by Morcelle et al.7 at 290
eV impact photon energy, and CF+ (m/z 31), reported by
Morcelle et al.7 at 40 and 290 eV impact photon energy. All
estimated thresholds are summarized in Table S3. Although
the experimental determination of the thresholds was
inaccurate, no formation of fragments below the theoretical
threshold was observed.

Negative Ions. For electron energies below 15 eV,
molecules may attach an electron of specific kinetic energy
to form temporary negative ions (TNIs), [MX]#−, that can
have typical lifetimes ranging from 10−15 to >10−12 s.24,52

Subsequently, a TNI decays by either spontaneous electron

Figure 4. Experimental thresholds for the seven most abundant
cations (panels b−h). The blue dots represent the experimental data,
and the green dashed line represents the Wannier-type fitting
function. The threshold (Th) values are the average of three different
measurements, and the values in the brackets correspond to the
presented fits, together with their respective statistical uncertainties.
The energy scale was calibrated based on the well-known Ar+

threshold (panel a), measured before and after the R134a molecule
measurement.
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emission (autodetachment), which may leave the neutral
molecule in an excited state, or by dissociation into a
negatively charged fragment, [M−X]−, and one (or more)
neutrals:

+ ↔ [ ] → [ − ] +− #− −MX e MX M X X (8)

This fragmentation process is known as dissociative electron
attachment (DEA).
In order to identify the short-lived TNI states formed by

electron attachment to the R134a molecule, we have
investigated electron elastic scattering from R134a using the
SMCPP method. Since the neutral species has a high-lying
threshold for electronic excitation around 9.31 eV (see Table 3
containing CASPT2 results), the scattering calculations only
consider the elastic channel. This procedure is adequate to
investigate the formation of shape resonances at subexcitation
energies, although not for core-excited TNIs. The elastic ICS
for both A′ and A″ symmetry components are shown in Figure
5. The more accurate SEP results indicate three shape

resonances, namely two resonances σCF* and σCC* at positions
(widths) 3.87 (0.87) and 7.48 (0.40) eV in the A′ component
and an n2* shape resonance at 5.32 (0.39) eV in the A″
component. These resonances have been labeled according to
the character of the neutral virtual orbitals involved in the
electron attachment processes (see Figure 5).
Using the novel assembly described above, we have

investigated experimentally the DEA to the R134a molecule
in the energy regime from about 0 up to 12 eV. Considering
the detection limit of the ToF mass spectrometer and the
minimum anion lifetime allowing it to reach the detector
(∼10−6 s), we have observed one single fragment anion C2F3

−

(m/z 81) arising from the following DEA reaction:

+ ↔ → +− #− − •CF CH F e CF CH F C F H F3 2 3 2 2 3 2 (9)

Figure 6 shows the ion yield of the fragment C2F3
− (m/z 81)

together with a cumulative peak fit obtained following multiple
fits of the observed structures.
In addition to a resonant feature peaking at 9.2 eV, two less

intense shoulders at 10.3 and 11.2 eV are also observed. By

employing the method proposed by Meißner et al.,53 the
formation of C2F3

− via DEA to R134a has been determined to
have an experimental onset of 8.3 eV. This result suggests that
the three shape resonances σCF*, σCC*, and n2* are not
precursors of the reaction, as the experimental onset lies
energetically above their calculated positions. Consequently,
given that DEA to R134a appears to take place between 9.0
and 12 eV electron energy, the incoming electron can be
captured into a virtual orbital following an electronic
excitation, leading to the formation of a core-excited
resonance. CASPT2 excitation energies of the singlet and
triplet states lying below the first ionization potential are
shown in Table 3. The excited triplet states Tn (n = 1−5) as

well as the singlet states Sn (n = 1−4) lie within the energy
range from 9.0 to 12 eV and can mediate the formation of
core-excited resonances that may in turn dissociate into C2F3

−,
along with a neutral counterpart H2F

•. The G4(MP2)
prediction for the dissociation threshold of reaction 7) was
7.41 eV, which is consistent with the experimental onset.
It is also important to point out that no other anionic

fragments were observed. That indicates that not only do the
described shape resonances play no role on the C2F3

− DEA
channel but they do not mediate dissociations on the R134a

Figure 5. Electronic scattering cross section for the elastic channel,
decomposed in A′ (left panel) and A″ (right panel) symmetries. The
thick lines stand for the results in the SEP approximation, while the
dashed lines stand for that in the SE approximation. The σCF*,
σCC*, and n2* virtual orbitals are also shown.

Figure 6. Ion yield of the fragment anion C2F3
− (m/z 81) formed by

dissociative electron attachment (DEA) to R134a. The solid line
represents the cumulative fitting of multiple Gaussian functions.

Table 3. Vertical Electronic States for Neutral R134a
Obtained at the CASSCF/CASPT2 Level of Theorya

electronic state (neutral) energy (eV)

S0 0
T1 (n1 → n1*) 9.31
T2 (n2 → n1*) 9.54
S1 (n2 → n1*) 10.21
S2 (n1 → n2*) 10.30
T3 (n2 → n2*) 10.37
T4 (n2 → n2*) 11.01
S3 (n2 → n6*) 11.30
S4 (n1 → n6*) 11.31
T5 (n4 → n1*) 12.00
T6 (n6 → n1*) 12.78
T7 (n1 → n2*)/(n4 → n2*) 13.21
S5 (n6 → n1*) 13.41
S6 (n6 → n6*) 13.81
T8 (n6 → n2*) 13.96

aS and T stand for singlet and triplet states, respectively.
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molecule considering all studied channels. That can be justified
based on the broad structures of the TNIs signatures. The
widths of the states correspond to lifetimes of 0.8 fs, 1.7 and
1.6 fs, respectively, which are small compared to typical time-
scales of nuclear relaxations. Even though we are dealing with a
fixed nuclei approximation for the lifetimes, the values are
short enough to suggest that the formation of such TNIs are
essentially followed by autodetachment.

■ CONCLUSIONS
In the present study, we have explored and described electron
ionization and dissociative electron attachment of the R134a
refrigerant gas by using a high-resolution trochoidal electron
monochromator coupled with an orthogonal reflectron time-
of-flight mass spectrometer, as well as by a comprehensive
quantum chemical approach. A comprehensive knowledge of
the photophysics of this system is required to understand the
potential photochemical degradation pathways. From the
electron ionization study, it was possible to determine the
ionization energy of R134a, found at 13.10 ± 0.17 eV, and the
second ionization potential found at 14.25 eV, in good
agreement with BEB and MP theoretical calculations. The
appearance energies for the six most abundant fragment
cations, have been experimentally determined. The results
were successfully supported by theoretical calculations, which
also contributed to the characterization of the fragmentation
pathways as well as important aspects of the electronic
structures involved in the processes. We have also shown
experimentally that DEA to R134a leads to the formation of a
single anion fragment (C2F3

−). Based on our electron
scattering calculations, as well as on our estimates of the
excited states of the neutral R134a, we conclude that C2F3

−

formation occurs via formation of at least three core-excited
resonances lying between 9 and 12 eV. A detailed character-
ization of the energetics and lifetimes of the shape resonances
supported by the R134a molecule is presented.
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