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(Received 11 August 2018; accepted 26 October 2018; published online 27 November 2018)

We probe the electron attachment in hexafluoropropylene oxide (HFPO), C3F6O, a gas widely
used in plasma technologies. We determine the absolute electron attachment cross section using
two completely different experimental approaches: (i) a crossed-beam experiment at single collision
conditions (local pressures of 5 × 10−4 mbar) and (ii) a pulsed Townsend experiment at pressures
of 20–100 mbar. In the latter method, the cross sections are unfolded from the electron attach-
ment rate coefficients. The cross sections derived independently by the two methods are in very
good agreement. We additionally discuss the dissociative electron attachment fragmentation patterns
and their role in the radical production in industrial HFPO plasmas. Published by AIP Publishing.
https://doi.org/10.1063/1.5051724

I. INTRODUCTION

HFPO (hexafluoropropylene oxide, C3F6O, structure
shown in Fig. 2) is a gas that is commonly used as a fluo-
rointermediate in the organic synthesis of fluoromonomers and
fluoropolymers and to add fluorine functionality to a variety of
organic precursors.1 A part of the reason for its success in flu-
oropolymer chemistry is the fact that it contains a strained
epoxide ring. This ring is relatively easy to open by vari-
ous chemical pathways which induce polymerization. Due to
the strain, HFPO also decomposes thermally at relatively low
temperatures.2

HFPO has thus been increasingly used as a precursor
in the plasma-assisted polymerization, especially to produce
low dielectric constant fluorocarbon thin films.3 Such films
have polytetrafluoroethylene (PTFE)-like ([CF2]n) structure
and have a variety of technological applications, e.g., liq-
uid repellency, insulating electronic materials, encapsulation
barrier layers, and biologically implantable devices.4 Interest-
ingly, more efficient polymerization is achieved by the use
of time-modulated glow discharges:5 lowering the duty cycle
results in a progressively less branched polymeric film struc-
ture with higher F/C ratio, which is more similar to polyte-
trafluoroethylene (PTFE). This has been ascribed primarily
to changes of the plasma chemistry during the off phase,
especially due to changes in the concentration of the CF2 rad-
ical transient.3,6 Since the CF2 radical is readily formed upon
the thermal decomposition,2 it has been speculated that it is
also a dominant product of the electron-induced chemistry in
plasmas.3,4,6

A further source of interest in HFPO is its potential use
as an electric insulation gas. Since it is a fully fluorinated

a)Electronic addresses: juraj.fedor@jh-inst.cas.cz and cfranck@ethz.ch

gas, it is likely to be strongly electron attaching. HFPO has
a boiling point of −28◦ C and its vapor pressure at 0◦ C is
0.3 MPa.7 Therefore, pure HFPO or HFPO mixtures with a
suitable buffer gas could prove interesting as electrical insu-
lation media. Currently, SF6 is widely used in medium and
high voltage insulation applications, but it has a high global
warming potential (GWP). The 100-year integrated GWP of
SF6 is about 23 500.8 The GWP of pure C3F6O is estimated
to be about a quarter of that, namely, 6200,9 based on a radia-
tive forcing of 0.260 Wm−2 ppb−1 and an atmospheric lifetime
of 90 years with respect to reactivity with OH radicals. The
actual atmospheric lifetime of HFPO might be much shorter
considering reactivity with other compounds10 or UV photol-
ysis. Another source claims that HFPO’s atmospheric lifetime
is shorter than 10 years,11 which would bring its GWP below
1000.

From these points of view, it is somewhat surprising that
neither the electron-impact fragmentation patterns nor the
electron collision cross sections are known for this gas. As
to the plasma chemistry, due to the high electron affinity of
fluorine, it is reasonable to assume that the negative ion frag-
mentation via dissociative electron attachment (DEA) will play
an important role in the production of radicals. It is, however,
well known that the electron-induced decomposition pathways
may be very different from the thermochemical ones and the
cross sections for individual fragmentation channels strongly
depend on the position and width of the involved transient
anion states. As to the dielectric applications, the electron
attachment cross section is one of the crucial properties in
determining breakdown properties.

There are two major possible approaches of experimen-
tally addressing the electron attachment cross sections. The
first one is to probe the electron-molecule interactions in a
beam experiment at single collision conditions, where the envi-
ronment does not interfere with the reaction. The second one

0021-9606/2018/149(20)/204305/7/$30.00 149, 204305-1 Published by AIP Publishing.
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is to send an electron pulse trough a higher-pressure sample
(often diluted in a buffer gas) in a swarm experiment and mea-
sure the transport parameters. These two approaches often lead
to different results12–14 caused by the three-body processes in
the higher-pressure environment.

In the present work, we probe electron attachment to
HFPO with the two methods. In this case, they yield very good
agreement. We discuss the molecular origins of this fact and
put them in context of the fragmentation pattern and dynamics
in the resonant collisions of this gas with free electrons.

II. EXPERIMENT

Two different approaches were taken.

A. Beam experiment (Prague)

In the first approach, electron attachment to HFPO is
probed at single-collision conditions using two different exper-
imental setups.

The first setup is a quantitative electron attachment spec-
trometer with a time-of-flight mass analyzer.15,16 A pulsed
electron beam produced in a trochoidal electron monochro-
mator passes a collision cell filled with a stagnant target gas
at a pressure of 1 - 5 × 10−4 mbars. The created anions are
extracted perpendicularly to the electron path into the mass
analyzer. The collision cell, ion optics, and the ion detection
scheme were designed such that the extraction, transmission,
and the detection efficiency are independent of the ion mass
or initial kinetic energy.16 The cross sections are normalized
against a well-known cross section for the production of O−

from CO2 at the 4.4 eV band17 (integrated cross section of
13.3 eV pm2).

The second setup is a dissociative electron attachment
spectrometer with a quadrupole mass filter.18 The continuous
electron beam from the trochoidal electron monochromator
crosses the effusive beam of the target gas. The anions are
mass analyzed in the quadrupole, placed perpendicularly to
the electron and molecular beams.

The electron energy scale in both setups is calibrated using
the 4.4 eV resonance in CO2. The presence of low-energy
electron in the incident beam is verified by recording the SF−6
ion yield from SF6 which reaches very high values close to
0 eV. The time-of-flight setup produces electrons with ener-
gies down to roughly 100 meV, and the quadrupole setup to
roughly 50 meV. Due to the absence of the pulsing, the second
setup has better electron energy resolution than the first setup
(100 meV vs. 250 meV). The final beam partial cross sec-
tions are thus obtained by scaling the ion-yield curves from
the quadrupole apparatus to the absolute data from the TOF
apparatus using the invariance of the energy-integrated cross
section.

B. Swarm experiment (Zürich)

In the second approach, the effective ionization rate
coefficient, electron drift velocity, and diffusion coefficient
of HFPO are investigated in the pulsed Townsend setup
described by Dahl et al.19 The HFPO sample used in the swarm
experiment has a purity of 99% (SynQuest Labs), the N2 a

purity of 6.0, and the CO2 a purity of 5.0. The mixtures of
HFPO with N2 and CO2 are filled into the gas vessel previously
evacuated to a pressure of ∼0.1 Pa. A short laser pulse (1.5 ns
FWHM) releases about 107 electrons from a back-illuminated
palladium thin-film photocathode. The electron swarm drifts
in a uniform electric field between two Rogowski shaped elec-
trodes. The electrode spacing is varied from 13 to 19 mm and
the applied voltage from 50 V to 5 kV. The measurements are
performed at room temperature and in the pressure range of
2–10 kPa. The swarm parameters depend on the reduced field
strength E/N, given in townsend (1 Td = 10−21 Vm2), where E
is the electrical field strength and N is the number density of
the gas. The displacement current Iexp of the charged particle
swarm drifting in the gap is measured.

The measured current Iexp is the sum of the electron and
ion currents Ie and I ion. These two components are separated
using an iterative procedure.20 The electron current Ie can be
expressed analytically for t ≥ 0 as19,20

Ie(t) =
I0

2
ekeff Nt

(
1 − erf

(
t − Te
√

2τDt

))
, (1)

I0 =
Ne(0)q0

Te
, (2)

where I0 is the electron current at time t = 0, keff is the effective
ionization rate coefficient, N is the number density of the gas,
T e is the electron drift time, which relates to the bulk electron
drift velocity we via T e = d/we, τD is the characteristic time
for longitudinal electron diffusion, which relates to the longi-
tudinal diffusion coefficient NDL via 2NDL = w

2
e NτD, Ne(0)

is the initial number of electrons, and q0 is the elementary
charge.

The measured electron current Ie is fitted20 with Eq. (1)
to obtain the effective ionization rate coefficient keff, the elec-
tron drift velocity we, and the longitudinal electron diffusion
coefficient NDL. The effective ionization rate coefficient keff

is equal to the difference between the ionization and attach-
ment rate coefficients, keff = ki − ka. Sample measurements and
fits of the electron current are shown in Fig. 1. According to
Eq. (1), an exponential decrease of the current corresponds to
a negative value of the effective ionization rate coefficient keff,
which means that electron attachment dominates over impact
ionization: ka > ki.

The overall electron attachment cross section of C3F6O
is then derived from the measured values of keff using a linear
inversion method.21 This method gives an estimation of the
attachment cross section of a strongly electron-attaching gas
by using swarm measurements where the electron-attaching
gas is mixed in small proportions to various buffer gases.
In this case, the relation between keff and the attachment cross
section σa is given by

keff (E/N) = (1 − x) kb
eff (E/N)

+ x

√
2

me

∫ ∞
0

σa(ε) ε f (E/N , ε) dε. (3)

Here keff is the effective ionization rate coefficient in the gas
mixture containing a mole fraction x of the electron-attaching
gas, kb

eff is the effective ionization rate coefficient in the pure
buffer gas, me is the electron mass, σa(ε) are the attachment
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FIG. 1. Measured and fitted electron current for an electrode spacing of
19 mm, at a total pressure of 10 kPa (a) in a mixture of 0.26% HFPO in
N2, for different ratios of the electric field to the gas density: E/N = 30, 75,
and 110 Td, (b) in a mixture of 0.48% HFPO in CO2, for different ratios of the
electric field to the gas density: E/N = 30, 70, and 95 Td. The currents were
rescaled to the same amplitude at t = 0 for easier comparison, and original
amplitudes were ranging from 8 to 35 µA.

cross sections of the attaching gas, and f (E/N, ε) is the electron
energy distribution function (EEDF) in the buffer gas. The
underlying assumption of this method is that the EEDF in the
gas mixture is the same as in the pure buffer gas.

For the presently considered buffer gases N2 and CO2,
complete sets of electron scattering cross sections are avail-
able, for instance, via the LXcat project.22 In the present work,
the cross section set of Biagi23 is used for N2 and that of
Phelps24 is used for CO2. The electron swarm parameters and
electron energy distribution function of these gases are cal-
culated by solving the Boltzmann equation in the two-term
approximation using the solver Bolsig+.25

III. RESULTS
A. Beam experiment

Figure 2 shows the cumulative negative ion mass spectrum
following the electron attachment to HFPO in the energy range
0–7 eV. A rich fragmentation pattern can be seen, with the
dominant fragment ion being F−. The electron attachment is
completely dissociative, and the parent anion C3F6O− has not
been detected. Figure 3 shows the partial DEA cross sections.
The shapes of individual ion yields differ only slightly; all

FIG. 2. Cumulative negative ion mass spectrum of HFPO for the electron
energies 0-7 eV. The spectrum is obtained a sum of 70 mass spectra taken at
different electron energies with the step of 0.1 eV.

the cross sections show one broad band with the maximum
between 2 and 3 eV. Figure 6 shows the total beam cross section
σBeam obtained as a sum of all the partial cross sections from
Fig. 3.

B. Swarm experiment
1. Electron rate and transport coefficients

The effective ionization rate coefficient keff, the elec-
tron drift velocity we, and the longitudinal electron diffusion

FIG. 3. Partial dissociative electron attachment cross sections recorded in the
beam experiment.

 26 February 2024 09:49:48
D

o
w

nl
o

ad
ed

 f
ro

m
 m

o
st

w
ie

d
zy

.p
l

http://mostwiedzy.pl


204305-4 Zawadzki et al. J. Chem. Phys. 149, 204305 (2018)

coefficient NDL obtained in the mixture of 0.26% HFPO in
N2 are shown in Fig. 4 and the same quantities obtained in the
mixture of 0.48% HFPO in CO2 are shown in Fig. 5. These
data are made available in the online database ETHZ of the
LXcat project.26 The measured values of keff, we, and NDL in
pure N2 and in pure CO2 are in excellent agreement with the
same quantities calculated with the solver Bolsig+ using the
cross section sets of Biagi and Phelps, respectively. The mea-
sured values of keff in the HFPO/N2 and HFPO/CO2 mixtures
are lower than in N2 and CO2 due to electron attachment to
HFPO. By contrast, the measured values of we and NDL in the

FIG. 4. (a) Effective ionization rate coefficient, (b) drift velocity, and (c)
diffusion coefficient as functions of E/N in pure N2 and in the mixture of
0.26% HFPO in N2. The data of pure N2 are in black, whereas the data of
the HFPO/N2 mixture are in color. Measurements are plotted with markers,
the marker shape indicating the total gas pressure during the measurement:
◽ 2 kPa, � 4 kPa, ◦ 6 kPa, / 8 kPa, and O 10 kPa. Calculations are plotted with
lines: black line—keff, we, and NDL in N2 calculated using Biagi’s data,23 red
line—kBeam

eff , purple line—kSwarm
eff .

FIG. 5. (a) Effective ionization rate coefficient, (b) drift velocity, and (c) dif-
fusion coefficient as functions of E/N in pure CO2 and in the mixture of
0.26% HFPO in CO2. The data of pure CO2 are in black, whereas the data of
the HFPO/CO2 mixture are in color. Measurements are plotted with markers,
the marker shape indicating the total gas pressure during the measurement:
◽ 2 kPa, � 4 kPa, ◦ 6 kPa, / 8 kPa, and O 10 kPa. Calculations are plotted with
lines: black line—keff, we, and NDL in CO2 calculated using Phelps’ data,24

red line—kBeam
eff , purple line—kSwarm

eff .

HFPO/N2 and HFPO/CO2 mixtures are essentially the same as
in N2 and CO2. This confirms the important above-mentioned
assumption about the same EEDF in the mixture and in the
pure buffer gas.

2. Electron attachment cross section

The measured effective ionization rate coefficient keff in
the HFPO/N2 and HFPO/CO2 mixtures is used to obtain an
estimationσSwarm of the total electron attachment cross section
of HFPO with the linear inversion method described by Rabie
et al.21 The estimationσSwarm is shown in Fig. 6 and compared
to the total electron attachment cross section σBeam measured
with the crossed-beam experiment. To verify the consistency of
σSwarm and σBeam with the measurements of keff in the swarm
experiment, kSwarm

eff and kBeam
eff are calculated from σSwarm and

σBeam using Eq. (3) and plotted in Figs. 4(a) and 5(a). kSwarm
eff

and kBeam
eff are in good agreement with the measured values of

keff in the HFPO/N2 and HFPO/CO2 mixtures.
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FIG. 6. Total electron attachment cross section of HFPO from the beam
experimentσBeam and from the swarm experiment (linear inversion)σSwarm.

FIG. 7. Measured and modeled electron current in a mixture of 0.48% HFPO
in CO2, at a pressure of 10 kPa, for an electrode spacing of 19 mm and for
E/N = 5 Td.

A particular point of interest is that σSwarm suggests a
small attachment peak towards 0 eV which is not present
in σBeam. It seems that this peak is not an artifact but is
really reflecting the electron attachment measured in the swarm
experiment at low E/N. To illustrate this point, the current mea-
sured at E/N = 5 Td in the HFPO/CO2 mixture is shown in
Fig. 7. It shows an exponential decrease in time due to electron
attachment, whereas using the effective ionization coefficient
kBeam

eff calculated with the beam experiment very little electron
attachment is expected, which corresponds to a flat current
profile in Fig. 7.

IV. DISCUSSION
A. Comparison of the two methods

The total attachment cross sections σBeam and σSwarm

shown in Fig. 6 are in very good agreement. One should bear
in mind that the unfolded cross section σSwarm is a result of

linear inversion: a complex mathematical procedure where the
best fit to the measured swarm effective ionization coefficient
is sought over a wide range of reduced electric fields. It should
thus be viewed as an estimate of the cross section energy range
and magnitude, especially due to its sensitivity to the EEDF in
Eq. (3), which in turn depends on the chosen cross section sets
for the buffer gases. For example, the fine structure (dip) at
2 eV is certainly a mathematical artifact of the inversion pro-
cedure. A good indication of the consistency of the beam and
swarm data is the effective ionization rate coefficients evalu-
ated from Eq. (3) shown in Figs. 4 and 5 as red lines. Even
though the agreement with the data is not as perfect as in
the case of the swarm-unfolded cross section, the magnitude
and general trend of the rate coefficients are reproduced very
well.

The present agreement is in contrast to a number of
different gases, where the swarm cross sections are consis-
tently higher than those obtained at single-collision conditions,
sometimes even by several orders of magnitude.12,13,27,28 The
origin of this is three-body processes. The electron attachment
proceeds via formation of transient anions (resonances).29 At
single collision conditions, these release the excess energy
either via dissociation, forming stable anions, or via electron
detachment (autodetachment). Their lifetimes vary from the
time scale typical for vibrational motion (femto- or picosec-
onds) to much longer time scales (micro to milliseconds)
for transient anions where the excess energy can be redis-
tributed among the internal degrees of freedom for such a long
time.14 If, in a higher-pressure environment, during its life-
time the transient anion collides with a buffer gas molecule,
the excess energy can be carried away in the collision. Thus, the
anion can be stabilized and the autodetachment is suppressed.
Such stabilization can be surprisingly effective30 and lead to
higher swarm electron attachment cross sections. The present
very good agreement of the beam and swarm data suggests
a very short lifetime of the transient HFPO anions (prompt
dissociation).

An exception is the small peak close to 0 eV in the swarm
cross section. No such ions have been detected in the beam
experiment. The detection window of the latter requires the
lifetime of the ion to be longer than 1 µs. The mean time
between collisions in the swarm experiment is in the order
of nanoseconds; so, if there is a transient HFPO− anion with
the natural lifetime between the ns and µs range formed
at 0 eV, it could, in principle, lead to this discrepancy. How-
ever, almost no pressure dependence is observed in the value
of the swarm ionization rate at low reduced field values. An
alternative explanation for the weak 0 eV peak might be the
presence of the impurity in the sample. HFPO may rearrange to
hexafluoroacetone (HFA), with the structure CF3C(==O)CF3,
over a few months inside its container.31 Since the HFPO sam-
ples used in the beam and swarm experiments were procured
from different vendors, and at different times, they may have
different levels of hexafluoroacetone (HFA) impurity. Elec-
tron attachment to HFA was studied by Illenberger et al.;32

it proceeds dominantly by parent ion attachment at 0 eV.
Therefore, the HFA impurity could cause the small attach-
ment peak at thermal electron energies suggested by the swarm
measurements.
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B. Fragmentation pattern and DEA mechanism

In order to elucidate the mechanism of the bond-breaking
process, we have performed quantum chemical calculations
of the threshold energies Eth for the observed fragmenta-
tion channels (Table I). The energies were calculated at the
B3LYP/aug-cc-pVTZ level. They are obtained as differences
between the total energies (electronic plus zero-point energies)

TABLE I. B3LYP/aug-cc-pVTZ threshold energies for individual DEA frag-
mentation channels. The inset pictures show molecules or fragments where
the structure is not obvious from the summation formula.

Products m/z Eth (eV)

F−i + C3F5O 19 1.56→ F−(a, b)

i=a,b,c,d,e,f 1.53→ F−(c, d, e)

1.30→ F−(f)

CFO� 47 �0.25

CFO� + F 47 2.75

CFO� + F 47 4.53

CF−3 69 1.94

C2F3O� + CF3 97 1.27

+ CF2O 100 �0.16

+ CF2O 100 0.30

+ CFO 119 0.24

C3F5O� + Fi 147 2.54→ F(a)

2.58→ F(b)

3.07→ F(c,d,e)

2.16→ F(f)

of the products and reactants. A few observations can be made
based on these values.

As to the dominant F− anion, when the fluorine is cleaved
from the (f) position, the threshold is by some 0.2 eV lower
than when it is cleaved from the other five possible positions.
The experimental band does not have a sharp onset and is
rising only slowly between 1 and 2 eV. This does not allow
for an unambiguous determination of the fragmentation site.
However, due to the energetic reasons, we presume that most
of the observed F− fragments originate from the (f) site.

The second strongest fragment, CFO−, is certainly pro-
duced by two-body breakup, creating a C2F5 radical as the
neutral counterpart, since the channels involving the produc-
tion of the F-atom have computed thresholds considerably
higher than the onset of the experimental band. This fragment
and one more fragment, C2F−4 , show a somewhat surprising
effect: in spite of the fact that the fragmentation channel is
exothermic, they do not show peaks close to 0 eV. This sug-
gests that there is no anion state below or close to the neutral
potential energy surface at the geometry of the neutral and that
the lowest temporary anion state (resonance) lies between 2
and 3 eV, the one that is visible in the cross sections of all
the fragments. The only fragment with somewhat different ion
yield shape is the defluorinated parent ion C3F5O−, for which
the DEA band is cut off by the rather high energy threshold
for this process.

We have additionally calculated with the same method the
threshold energies for the (not-observed) channels that would
hypothetically form the CF2 anion or radical, which dominates
the reactive chemistry in HFPO plasmas,3,4,6

e− + HFPO→ CF−2 + C2F4O, Eth = 0.47 eV, (4)

e− + HFPO→ CF2 + C2F4O−, Eth = 0.18 eV. (5)

Both of these channels have threshold energies well below
the energy of the dominant resonance, but none of the frag-
ments have been experimentally detected. As shown below,
this confirms our hypothesis about DEA happening on a very
short time scale. Additionally, it rules out the DEA as a possi-
ble source of the CF2 radical in plasmas. Since the positive
ionization mass spectrum33 of HFPO does not contain the
C2F4O+ fragment, which would be a charged counterpart of
CF2 in the dissociative ionization, we conclude that the most
probable elementary process leading to its production is the
electron-induced neutral dissociation. This process can lead
to very different reaction channels than DEA or the positive
ionization.34,35

Several findings outlined above suggest that the DEA
mechanism is a vertical electron attachment followed by a
prompt dissociation, rather than an internal vibrational redis-
tribution of the excess energy and statistical dissociation.
These findings are the absence of the collisional stabiliza-
tion in the swarm experiment and the fact that the relative
abundances of the fragments are not at all correlated with the
asymptotic energetics. The reaction outcome is thus given by
the dissociative direction of the involved resonant potential
energy surface at the geometry of the vertical attachment.36

The involved resonance can be identified using an empirical
relation between the unoccupied molecular orbitals and the
corresponding resonances which are formed by temporarily
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FIG. 8. The lowest unoccupied molecular orbital (LUMO) of HFPO.

occupying these orbitals.37 Chen and Gallup38 developed a
scaling formula which relates these two energies. This scal-
ing [Eres = (EMO − 2.33 eV)/1.31] predicts that the low-
est unoccupied orbital of HFPO (EMO = 5.8 eV), shown in
Fig. 8, will lead to a resonance at 2.65 eV. This estimate is
in very good agreement with the maxima of the experimental
DEA bands, and we thus conclude that this is the transient
anion state mediating the electron attachment. The dominant
contribution to the LUMO comes from the C–F bond anti-
bonding σ∗ orbitals. Consequently, it has a number of nodal
planes crossing the C–F bonds which agrees with the fact that
the direct cleavage of this bond is the main fragmentation
channel.

V. CONCLUSIONS

In conclusion, we have characterized the electron attach-
ment to HFPO using two experimental approaches. The data
taken at single collision conditions are in very good agreement
with the data taken at pressures five orders of magnitude higher
in the swarm experiment. The electron attachment is com-
pletely fragmentative with the dominant fragment ion being
F−. Only one transient anion state is involved in the attachment,
which corresponds to the temporary occupation of HFPO’s
LUMO and leads to one prominent band in all partial cross
sections. The dissociation of this transient state is prompt and
occurs on the time scale shorter than nanoseconds.
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