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a b s t r a c t

Low energy electron attachment to gas phase carbonyl fluoride, F2CO, has been performed by means of a
crossed electron-molecular beam experiment in an electron energy range from 0 to 30 eV with an energy
resolution of ∼0.5 eV. The most intense signal is observed at 19 amu due to F− and two other anionic
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species with lower intensities at 38 and 47 amu assigned to F2
− and COF−, respectively. Anion efficiency

curves of the three anions have been measured. Product anions (F− and COF−) are observed mainly in
the low energy region arising from simple bond breaking, while F2

− is being produced from two bond
cleavages with further structural and electronic rearrangement. Quantum chemical calculations on the
electronic properties of F2CO have been performed in order to complement the experimental results.
egative ions

ass spectrometry
uantum chemical calculations

. Introduction

Further to the global effort in reducing emissions under the
yoto protocol, carbonyl fluoride, F2CO, has been suggested as a
uitable candidate for replacement feed gas to the traditional highly
lobal warming SF6 and other perfluorocarbons used in the plasma
emiconductor industry. F2CO has been extensively used as a clean-
ng agent in chemical vapour deposition equipment, as well.

Carbonyl fluoride has been the subject of a few experimen-
al studies on photoelectron [1–3] and VUV photoabsorption [4]
pectroscopies while the only published electron impact vibra-
ional excitation result is the relatively high resolution data of Kato
t al. [5]. Recently we have reported on the first complete Elec-
ron Energy Loss Spectroscopy (EELS) data of carbonyl fluoride from
.0 to 18.0 eV [6]. Meanwhile theoretical studies of the ultraviolet
UV) and photoelectron spectrum of carbonyl fluoride by multi-
eference configuration interaction methods have been reported
7] and molecular-adapted quantum defect orbital (MQDO) pro-

edures used for calculating the spectral intensities of Rydberg
ransitions.

Brundle et al. [1] studies on the photoelectron spectra of hydro-
arbons with fluorine substitution have shown that ionisation from
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� orbitals are not affected under substitution, but shifted from �
orbitals to higher energies. This � orbital stabilisation is known as
the perfluoro-effect and is observed clearly in the comparison of
the photoelectron spectra of F2CO and H2CO.

As far as we are aware no dissociative electron attachment stud-
ies to carbonyl fluoride have been reported. In the present work
we investigate the negative ion formation from F2CO at low elec-
tron energies (0–30 eV) by recording the ion yield curves with an
electron energy resolution of ∼500 meV. No parent anion has been
observed. The by far dominant signal can be assigned to F− forma-
tion. It is shown that three DEA products are formed at electron
energies near 2–3 eV (Table 1).

2. Experimental and computational details

Electron attachment to F2CO was investigated by using a tune-
able electron source assembled directly at the entrance of a
quadrupole mass spectrometer (QMS) (Hiden Analytical Ltd. HAL
301 s/2). Briefly, a ∼500 meV (FWHM), electron beam is produced
in a commercial electron gun with typical currents of ∼500 nA that
crosses the effusive molecular beam emerging through a capillary.
Negative ions formed in the interaction region are extracted by
weak electric fields (3.0 V), focused by a set of einzel lens, mass
analyzed by means of a quadrupole mass filter and detected in a
channel electron multiplier operated in pulse counting mode. The

electron energy scale as well as the electron energy resolution is
calibrated using the well known negative ion yields of O− from CO,
near 9.5 eV [8], and from CO2, near 4.4 and 8.1 eV [9].

The time span from ion formation to its detection is in the order
of microseconds. Negative ion yields are obtained as a function of
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Table 1
Peak positions for the fragment anions of F2CO.

Mass (dalton) Anionic species assignment Peak position in eVa

47 COF− 2.00 2.62
38 F2

− – 2.40
19 F− 0.75 2.15

a Value obtained through Gaussian fitting profiles.

Table 2
Calculated geometry of carbonyl fluoride with bond lengths in Å and angles in (◦).

Anion Ground state
B3LYP/aug-cc-pVTZ

C2v CS C2v

t
w
p
C

t
o
[
t
v
[
c
∠
d
g
c
i
g
H
a
i
c
m

C–O 1.225 1.219 1.171
C–F 1.371 1.470 1.319
∠F–C–O 126.38 117.18 126.16
∠F–C–F – 108.00 –

he electron energy. The typical base pressure in the main chamber
as 2.0 × 10−5 Pa and upon gas admission (F2CO) increased to a
ressure of 1.3 × 10−4 Pa. The gas sample was supplied from Daikin
o. and used as delivered. The stated purity was 99.9%.

To complement the experimental results, we carried out quan-
um chemical calculations on the electronic properties of F2CO. We
ptimized the molecular geometries of F2CO by using the B3LYP
10] density functional and the aug-cc-pVTZ basis set [11]. On
his level of theory F2CO has a dipole moment of 1.03 Debye. This
alue is close to that reported from a microwave experiment (0.91)
12] and also from MP2 calculations (0.95) [13]. Moreover the cal-
ulated geometrical parameters (Table 2; rCF = 1.319, rCO = 1.171,
FCF = 108◦) differ only insignificantly from the experimentally
erived values (rCF = 1.312, rCO = 1.174, ∠FCF = 108◦) [11]. While the
round state of F2CO is planar with C2v symmetry, the equilibrium
onformation of the anion is Cs-pyramidal. The transient negative
on (TNI) formed by vertical electron attachment to the equilibrium
eometry of the neutral molecule is thermodynamically unstable.

owever, the adiabatic electron attachment is slightly exothermic
nd the anion in the optimal pyramidal structure has a small pos-
tive electron affinity of 0.21 eV. Outer-valence Greens’ function
alculations [14] were used to model the vertical electron attach-
ent to the LUMO of the neutral molecule.
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Fig. 1. Anion efficiency curves of the three p
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3. Results and discussion

Fig. 1 shows the electron energy dependence of the ion yield for
the three negative ions of F2CO measured with an electron energy
resolution of ∼500 meV (FWHM). The most dominant fragment
anion is F− (19 amu), followed by F2

− (38 amu) and COF− (47 amu).
The negative ion resonances have been fitted with Gaussian profile
curves in order to resolve the features to obtain the maximum val-
ues (Table 1). The present electron energy resolution of ∼500 meV
(FWHM) can explain the absence of a parent anion signal. However
autodetachment or fragmentation in a time window shorter than
the experimental detection times may also be responsible for the
lack of such anion. The considerable change in geometry from the
neutral to the anion might explain the instability of the F2CO with
respect to autodetachment and furthermore, the localization of the
extra charge over the fluorine atoms (Fig. 2(b)) may result in rapid
fragmentation of the parent negative ion.

Fig. 2(a and b) shows the optimized geometries from aug-
cc-pvTZ calculations for the ground state of the neutral and the
negative ion, respectively, along with their highest occupied molec-
ular orbitals (HOMOs). The geometry of the negative ion reveals
noticeable changes in respect to the neutral. The HOMO in F2CO−

also reveals the excess electron localized in the fluorines with
nodes along the C–F bonds. Fig. 2(c) shows the lowest unoccupied
molecular orbital (LUMO). The vertical attachment energy of F2CO
calculated by the OVGV method is 1.21 eV.

3.1. Ion yield curves

Capture of a free electron by a polyatomic neutral molecule,
ABC, yields negative ion formation generating a transient nega-
tive ion (TNI), (ABC)#−, that may decompose into either reaction
(1a) AB + C− or (1b) AC + B−. The TNI is seen as a quasi-bound
state embedded in the autodetachment continuum and is therefore
unstable towards the loss of the extra charge. The autodetachment

lifetime varies, depending on the nature of the target molecule and
on the electron energy, from a few fs as is the case of N2

– [15] and
up to several tens of �s for C60

− [16]. F2CO is a polyatomic molecule
that belongs to a group where autodetachment may occur in a time
window shorter than the detection time, resulting in the absence of
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ig. 2. Optimized structures of F2CO as neutral (a) and negatively charged (b) mole
b) and the lowest unoccupied molecular orbital of the neutral (c) are shown as iso

n observable parent anion. That tendency is also increased by the
onsiderable change in geometry from the neutral to the anion,
esulting in the delocalization of the extra charge over the C–F
roups (Fig. 2), leading to fragmentation. In addition Table 1 gives
he corresponding peak’s positions of the resonances. The TNIs gen-
rated at low energy may be assigned as shape resonances involving
he �* antibonding orbitals.

For DEA channels energetically accessible from the TNI, decom-
osition can take place prior to the loss of the extra electron. The
hreshold energy (Eth) determined by energy conservation of the
EA reaction

− + ABC → (ABC)#− → AB + C− (1a)
− + ABC → (ABC)#− → AC + B− (1b)

s given by:

th = D(AB − C) − EA(C) + E∗ (2a)
he highest occupied molecular orbital of the neutral molecule (a) and of the anion
es. All results were obtained at the B3LYP/aug-cc-pVTZ level of theory.

with D(AB–C) the binding enthalpy of the chemical bond, EA(C) the
electron affinity of the (neutral) fragment carrying the extra charge
and E* the total excess energy. Though, as far as standard heats of
formation (�Ho

f ) are concerned, Eq. (2a) can be written as:

Eth = �Ho
R = �Ho

f (AB) + �Ho
f (C−) − �Ho

f (ABC) (2b)

where �Ho
R represents the standard heat of reaction (1a) with

�Ho
f (C−) = �Ho

f (C) − EA(C). The threshold energy for reaction (1a)
is typically below 4 eV [17], for the case that the anion is formed
by simple bond-cleavages and no rearrangement processes in a
neutral fragment take place. This is due to the fact that the elec-

tron affinity for most radicals is usually less than 4 eV below the
bond dissociation energy. However, for more complicated reactions
involving rearrangement, as is depicted in reaction (1b), the energy
gain by formation of the highly stable neutral products AC can shift
the threshold energy to very low values [18].
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Table 3
Gas phase standard heats of formation (�Ho

f
) and electron affinities relevant in

dissociative electron attachment to F2CO (obtained from Ref. [19]).

Compound �Ho
f

(eV)

F2CO −6.62
COF −1.78
CO −1.15
F 0.82

COF− –
F2

− −3.02 ± 0.07
F– –

Electron affinity (eV)
F2CO –
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[

[

[
[

[17] P. Sulzer, A. Mauracher, S. Denifl, M. Probst, T.D. Märk, P. Scheier, E. Illenberger,
COF 3.3
F2 3.120 ± 0.070
CO 1.3261
F 3.4012

.2. The complementary ions F− (19 amu) and COF− (47 amu)

These ions are formed via the cleavage of one of the C–F bonds
eading to the complementary DEA reactions with respect to the
xtra charge:

− + F2CO → (F2CO)#− → [COF] + F− (3a)

− + F2CO → (F2CO)#− → [COF] + F (3b)

Fig. 1 upper and lower panels show the ion yield curve for F−

nd COF−, respectively. Reaction (3a) is endothermic by 2.26 eV as
erived from the bond dissociation energy D(C–F) = 5.66 eV (dif-
erence between the standard heat of formation for F2CO and the
um of the standard heats of formation for FCO and F) and the well
nown electron affinity EA(F) = 3.4 eV [19], while reaction (3b) is
lso endothermic by 2.36 eV, taking the EA([COF]) = 3.3 eV [19]. The
xperimental appearance energies of F− and COF− ions (Fig. 1) are
elow the calculated threshold. However one should not discard
he possibility that decomposition of F2CO at the hot filament sur-
ace or any impurities may contribute as a possible source for the
re-threshold contribution in the F− and COF− ion yields. With
he thermochemical data of Table 3 for the reactions (3a) and
3b), the �Ho

f (F−) = −2.58 eV and �Ho
f (COF−) = −5.08 eV , respec-

ively, when the reactions proceed without excess energy (at the
ppearance energy).

The main resonances around 2.2–2.6 eV (Table 1) have been
ssigned to shape resonances, which may decompose via one
nion fragment plus one neutral. The F− and COF− ionic yields
ncrease above 10 and 15–16 eV (Fig. 1), respectively, suggesting
on pair formation. Taking into account the AE(COF+) = 11.26 eV and
E(F+) = 17.42 eV [19], and bearing in mind the present rather low
nergy resolution (∼500 meV) such an assumption seems reason-
ble.

.3. F2
− (38 amu)

Formation of F2
– (Eq. (4)) requires:

− + F2CO → (F2CO)#− → [CO] + F2
− (4)

−
Formation of F2 requires the cleavage of two C–F bonds and
he formation of an F–F bond to yield the stable fragments. Taking
he thermochemical data from Table 3, reaction (4) is endothermic
y 2.46 eV. Taking the electron affinity of 3.12 eV and a threshold
f ∼1.5 eV in Fig. 1, we get an estimate for the dissociation energy

[
[
[

ass Spectrometry 303 (2011) 125–128

of 1.62 eV. It is interesting to note that in condensed phase stud-
ies on fluorinated compounds like SF5CF3, the molecular ion F2

−

is also observed but at somewhat higher electron energies. This
ion was not detected in DEA from gas phase and was proposed
to be a product of a secondary reaction like F− formation via DEA
and reactive scattering with neighbouring molecules creating F2

−

[20]. In contrast, in the present gas phase system the LUMO wave
function (Fig. 2(c)) shows an extended profile from the carbon site
to the fluorines. The mechanism yielding F2

− formation proceeds
through the attachment of the extra electron and two C–F bond rup-
tures. Such configuration may imply considerable geometry change
in the temporary negative ion (Fig. 2), which is supported by the
calculations shown in Table 2.

4. Conclusions

The present DEA study on F2CO shows the ionic yields measured
in the electron energy range of 0–30 eV with a tuneable electron
source assembled directly to the entrance of a quadrupole mass
spectrometer. Capture of low energy electrons at around 2.0 eV
by F2CO shows the formation of fragments with the most domi-
nant DEA reaction leading to F− (19 amu). In addition, production
of COF− (47 amu) and F2

− (38 amu) has also been observed.
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