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Abstract

Rate constants and product distributions were measured for the reactions of trifluoromethyl sulfurpentafluoride (SF5CF3)
with 11 anions using two selected ion flow tube instruments. The reaction of O2

− was studied from 240 to 500 K and was
found to proceed at approximately 30% of the collisional rate, yielding SF5

− as the only product ion, presumably via a
dissociative electron transfer mechanism. The reaction of OH− proceeds predominantly via nucleophilic attack at the carbon
atom, displacing SF5− at approximately 25% of the collisional rate at 298 K. The rate constant exhibits aT−1.8 dependence
from 240 to 500 K, suggesting the reaction occurs through a long-lived collision complex. The F− reaction, which proceeds
at 70% the collisional rate at 298 K, also occurs via nucleophilic attack at the carbon atom, leading to the SF5

− product ion.
The O− ion reacts predominately by nucleophilic attack at the carbon atom and also via CF3 radical transfer to O−. The
product branching fraction for the O− reaction did not vary with temperature, although the rate constant exhibits aT−1.6

dependence, similar to that of the OH− reaction. The ions SF6−, CF3
−, NO2

−, CO3
−, Cl−, NO3

−, and SF5− were found to
be unreactive toward SF5CF3, despite the fact that sufficiently exothermic reactive channels exist for many of these ions. (Int
J Mass Spectrom 223–224 (2003) 403–409)
Published by Elsevier Science B.V.
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1. Introduction

A GC-MS analysis of stratospheric air samples by
Sturges et al.[1] has indicated that trifluoromethyl
sulfurpentafluoride (SF5CF3) is present in the strato-
sphere. The compound is thought to be exclusively
anthropogenic in origin; Sturges et al. speculate that
the source of atmospheric SF5CF3 may be the reac-
tion of SF6 with fluoropolymers in electrical devices.
Although present at a level of only 0.12 ppt in 1999,
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the atmospheric abundance of SF5CF3 is reportedly
increasing by 6% per year, tracking the increase of
atmospheric SF6. This is significant because both
SF6 and SF5CF3 are powerful greenhouse gases. The
global warming potential (GWP) of SF5CF3 is cur-
rently estimated at 18,000 times that of CO2, making
it one of the largest of any molecules.

The stratospheric profile that was measured by
Sturges et al. suggests this compound is long-lived in
the atmosphere. We have recently speculated that, be-
cause the compound is not broken down by UV photo-
dissociation[2] and there are no known atmospheric
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sinks, ion–molecule reactions and electron attach-
ment reactions will play a significant role in the
atmospheric chemistry of SF5CF3. Previous reports
from our laboratories on the electron attachment rate
to SF5CF3 place an upper limit of 1000 years on the
compound’s atmospheric lifetime[3,4].

As a further exploration of this molecule, Miller
et al. [4] have performed ab initio calculations on
SF5CF3 and its corresponding anion, obtaining equi-
librium structures, an electron affinity (EA), and neu-
tral and anion bond dissociation energies and heats of
formation. Kennedy and coworkers[5,6] have reported
on the reactions of SF5CF3 with a variety of cations of
atmospheric and industrial importance. In this paper,
we continue our investigations of SF5CF3, reporting
the first negative ion chemistry of this molecule. We
present temperature-dependent rate coefficients and
product ion distributions for the reactions of SF5CF3

with several anions of atmospheric importance. Be-
cause of the anthropogenic nature of this compound
and the speculation that it may be formed in industrial
processes, we have also examined the reactions of
SF5CF3 with several anions of industrial importance.

2. Experimental

Measurements were made using two separate se-
lected ion flow tube (SIFT) instruments, one at the Air
Force Research Laboratory (AFRL) and one at the
University of Birmingham (UB). Both of these instru-
ments, as well as the technique, have been described
previously in detail[7–9]. Therefore, only a brief
description of the method and details pertinent to the
present study are given here. In each apparatus, the
reactant ions were formed in a remote ion source re-
gion and were mass selected using a quadrupole mass
spectrometer. The ions were then injected into the flow
tube through a Venturi inlet into a fast flow of Helium
buffer gas (∼100 m s−1 of He, 99.997%). The flow
tube pressure was maintained at 0.45–0.5 Torr; the
flow tube temperature was maintained at 298 K in the
UB instrument, and it was varied from 240 to 500 K in
the AFRL instrument. The SF5CF3 reactant was intro-

duced downstream through an inlet entering the flow
tube perpendicular to the flow. The lower temperature
limit in the AFRL measurements was chosen to avoid
freezing SF5CF3 in the inlet line. A small fraction of
the gas in the tube flowed through a sampling orifice,
and the reactant and product ions in this flow were
mass analyzed using a second quadrupole mass spec-
trometer. Rate constants were determined by record-
ing the semi-logarithmic decrease in the reactant ion
signal as a function of the SF5CF3 flow rate. The
accuracy of the rate constants measured at AFRL is
±25% with a relative accuracy of±15%, and the ac-
curacy of the rate constants measured at UB is±20%.
Product branching fractions were determined by mon-
itoring the fractional product ion signal intensities as
a function of the SF5CF3 flow rate. Extrapolation to a
neutral reactant flow rate of zero yields the branching
fractions for the primary reaction. Uncertainties in the
product distributions are considered to be 5% points.

In the UB apparatus, reactant ions were generated
in a high pressure (ca. several Torr) electron impact
ion source containing an appropriate precursor gas:
O2 for O2

−; N2O/CH4 for OH−; SF6 for SF5
−; C2F6

for F− and CF3−; and CH3Cl for Cl−. In the AFRL
apparatus, reactant ions were produced using a super-
sonic expansion ion source[10] with the following
precursor gases: O2 for O− and O2

−, O2/H2O for
OH−; CO2/air for CO3

−; HNO3/O2 for NO2
− and

NO3
−. Samples of the SF5CF3 reactant gas were ob-

tained commercially by UB from Apollo Scientific
Limited (Derbyshire, UK) and by AFRL from Oak-
wood Products (South Carolina, USA) and were used
without further purification. The stated purity of the
commercial samples was 99%.

3. Results

Reaction rate constants and product branching
fractions are shown inTable 1 for 11 anions of at-
mospheric or industrial plasma importance reacting
with SF5CF3. The reactions are ordered according
to the corresponding neutral atom or molecule’s EA.
Note for comparison that the EA of SF5CF3 has been
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Table 1
Measured reaction rate constants,k2, calculated collisional rate constants,kc (both in units of 10−9 cm3 s−1), product distributions, and
reaction exothermicities,�rH (in kJ mol−1) for various anions reacting with SF5CF3

EA Ion Products �rH Temperature (K) k2 UB k2 AFRL kc

0.44 O2
− SF5

− + (CF3 + O2) −35 240 0.47 1.51
298 0.36 0.55 1.49
400 0.41 1.48
500 0.43 1.47

1.05 SF6− n.r. 298 <0.0001 0.86
1.46 O− SF5

− + CF3O (87%) −381 240 0.90 2.05
CF3O− + SF5 (3%) −382 298 0.67 2.04
F− + (SF5 + CF2O) or −209 400 0.39 2.02

(SOF4 + CF3) (10%) −69 500 0.29 2.00
1.83 OH− SF5

− + CF3OH (100%) −411 240 0.63 2.00
298 0.53 1.98
400 0.25 1.96
500 0.18 1.95

1.83 OH− SF5
− + CF3OH (94%) −411 298 0.44 1.98

CF3
− + SF5OH (6%)a −85

1.84 CF3− n.r. 298 <0.0001 1.10
2.30 NO2

− n.r. 298 <0.006 1.28
3.3 CO3

− n.r. 298 <0.006 1.16
3.40 F− SF5

− + CF4 −302 298 1.3 1.88
3.62 Cl− n.r. 298 <0.0001 1.44
3.92 NO3

− n.r. 298 <0.006 1.14
4.2 SF5− n.r. 298 <0.0001 0.89

The notation “n.r.” indicates no reaction products were detected, and an upper limit to the rate constant is given. Neutral products are
assumed based on mass conservation and thermodynamic considerations. UB and AFRL indicate measurements made at the University of
Birmingham and the Air Force Research Laboratory, respectively. The electron affinity (EA) of the reactant ion’s corresponding neutral
(in eV) taken from[11,19].

a 298 K measurements of OH− reaction at UB identified a 6% CF3
− product channel, which was not observed in any of the AFRL

temperature-dependent measurements.

calculated to be 1.24 eV[4]. The rate constants listed
in Table 1 represent an average of two to six inde-
pendent measurements. The notation “n.r.” indicates
no reaction products were detected; an upper limit to
the rate constant is reported for those reactions, based
on the limitations of the SIFT instruments. Neutral
products of reaction were not detected but were in-
ferred from mass conservation and thermochemical
considerations. Enthalpies of reaction were calculated
using heats of formation reported from the following
sources: SF5CF3 (−1639 kJ mol−1) from Miller et al.
[4]; O−, O2

−, OH−, F−, CF4, CF3, CF2O, and CF3O−

from Lias et al.[11]; SF4 and SF5 from Irikura [12],
SF5

− from the revised EA of SF5 reported by Miller et
al. [13] and the value of�f H(SF5) reported by Irikura
[12]; CF3O from Schneider and Wallington[14];
CF3O2 from Vedeneev et al.[15]; and�f H(SF5OH)

estimated by Herron[16]. A G2 calculation was car-
ried out for CF3OH, and a value of−931 kJ mol−1

was obtained for�f H
◦
298(CF3OH) using the atom-

ization method and the standard thermal correction
procedure. Collisional rate constants were determined
by the method of Su and Chesnavich[17] using the
experimentally determined dipole moment of 0.384 D
reported by Malmberg and Maryott[18] and an es-
timated polarizability of 10.0 Å3, which is exactly
intermediate to those of (SF5)2 and (CF3)2 [19].

Two of the reactions reported here were studied at
both UB and AFRL, namely the reactions of O2

−

and OH− at 298 K. In both cases, the rate constants
measured at AFRL were larger; however, within the
combined uncertainties of the two measurements, the
values are in agreement. Both laboratories found that
SF5

− is the only product ion of the O2− reaction. For
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Fig. 1. Temperature-dependent rate constants for the reactions of O2
−, O−, and OH− with SF5CF3. The O2

− reaction has, at best, a weak
temperature-dependence (T−0.2), while the temperature dependences of the O− and OH− reactions areT−1.6 and T−1.8, respectively.

the OH− reaction, measurements at AFRL indicate
SF5

− is the sole product ion from 240 to 500 K while
the 298 K measurements at UB indicate there is an
additional minor product channel (6%) corresponding
to the formation of CF3−. This difference remains un-
resolved even after measurements were repeated at a
later date.

Measurements for most reactions were made only
at 298 K; however, three reactions were studied as
a function of temperature from 240 to 500 K. The
temperature-dependent rate constants for the reactions
of O2

−, O−, and OH− with SF5CF3 are plotted in
Fig. 1. The O2

− reaction has, at best, a weak temper-
ature dependence (T−0.2), although within the relative
uncertainties of the measurements, there may be no
temperature dependence at all. The product distribu-
tions for the O2

−, O−, and OH− reactions exhibited
no temperature dependence from 240 to 500 K.

4. Discussion

4.1. O2
−

The reaction of O2− with SF5CF3 proceeds at
approximately 30% of the collision rate, yielding

SF5
− as the only product ion. Excluding the 298 K

measurement, the temperature dependence of the
rate constant from 240 to 500 K mirrors that of the
collision rate, meaning the reaction remains∼30%
efficient throughout this temperature range. The
likely reaction mechanism is dissociative electron
transfer, although we cannot rule out the possibility
of a chemically reactive channel, producing CF3O2

neutral, since that channel is sufficiently exothermic
(190 kJ mol−1). We favor the dissociative electron
transfer mechanism because (1) chemically reactive
channels that are exothermic and also proceed at a
fraction of the collision rate typically display a steeper
negative temperature dependence[20] and (2) there
are remarkable similarities between this reaction and
the electron attachment process that we reported on
earlier.

We have previously reported that attachment of ther-
mal electrons to SF5CF3 also proceeds at approxi-
mately 30% of the maximum rate and yields only
SF5

− products[3,4]. The parent anion, SF5CF3
−, was

not observed in the attachment studies, and this was
found to be consistent with calculations that indicated
the lowest energy structure of the parent anion is an
ion–molecule complex of the form SF5

−(CF3) which
has a relatively weak D◦298[S–C] of only 22 kJ mol−1
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[4]. Such a weakly bound complex, if formed upon
electron attachment or electron transfer, is likely to
dissociate in the relatively high pressure environment
of a flow tube, although it may survive in a low tem-
perature ICR experiment. The similarity between the
processes of electron attachment and electron transfer
suggests the initial electron transfer is the rate-limiting
step in the reaction of O2− with SF5CF3.

4.2. O−, OH−, F−

The only other anions in this survey that were found
to react with SF5CF3 are O−, OH−, and F−. For all
three ions, the dissociative and non-dissociative elec-
tron transfer reactions with SF5CF3 are significantly
endothermic, indicating that the observed product ions
must result from chemically reactive pathways.

The reaction of OH− with SF5CF3, which proceeds
at approximately 25% of the collision rate at 298 K,
primarily occurs via nucleophilic attack at the carbon
atom:

OH− + SF5CF3 → SF5
− + CF3OH (1)

The reaction proceeds at only a fraction of the
collisional rate, and the rate constant exhibits a
T−1.8 dependence over the range from 240 to 500 K.
It is not uncommon for rate constants of exother-
mic ion–molecule reactions to exhibit a negative
temperature-dependence when the reactions are inef-
ficient [20]. This is often interpreted as an indication
that the reaction occurs through a long-lived colli-
sion complex, and a higher collision energy simply
facilitates back decomposition of the complex into
reactants.

The appearance of a minor CF3
− product channel

in the OH− reaction, as observed in the UB measure-
ments, suggests nucleophilic attack may also occur at
the sulfur atom. The CF3− + SF5OH product chan-
nel is approximately 85 kJ mol−1 exothermic, and
CF3

− fragment ions have been reported from a recent
non-thermal electron attachment study of SF5CF3

[21]. The CF3− product ion was not observed in any
of the AFRL temperature-dependent measurements of
the OH− reaction. Thus, although a CF3

− product may

indeed form from the reaction of OH− with SF5CF3

under higher energy conditions than were examined
in this study, we cannot rule out the possibility that
the current observation of CF3

− product ions results
from reaction with an unidentified impurity species in
the SF5CF3 sample used at UB. The stated impurity
of the sample obtained from the manufacturer is 1%;
however, the reaction of OH− with SF5CF3 proceeds
at less than the collisional rate, meaning a fast reacting
impurity could account for the minor CF3

− product.
Although the two laboratories used different source
methods to prepare the OH− reactant ion, this is not
likely to explain the difference in the reported prod-
uct distributions because there are no other ions at
anm/q of 17 that could reasonably be produced from
the available source gases and formation of excited
state species is generally not an issue with molecular
anions.

The reaction of F− with SF5CF3 appears to oc-
cur exclusively via nucleophilic attack at the carbon
atom, yielding SF5− as the only product ion. The
reaction proceeds at 70% of the collisional rate at
298 K, an efficiency that is significantly higher than
was observed for the related reactions of F− with
the trifluoromethyl halides, CF3X (X = F, Cl, Br, I).
Morris [22] has previously reported that the efficiency
of the nucleophilic displacement reaction

F− + CF3X → X− + CF4 (2)

increased as X became a better leaving group. The
ability of a group to function as a leaving group in
a nucleophilic displacement reaction is related to its
basicity; generally if a group is a weak base, it will
be a good leaving group. In terms of leaving group
ability, I > Br > Cl > F. Because SF5 would be
considered a very weak base compared to the halogen
atoms, it may not be surprising that the efficiency
of the nucleophilic displacement reaction of F− with
SF5CF3 is much greater than was observed for the
corresponding trifluoromethyl halides.

The O− anion also reacts with SF5CF3 predom-
inantly by nucleophilic attack at the carbon atom,
yielding SF5− product ions and neutral CF3O. The
efficiency of the nucleophilic displacement channel is
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approximately 30%, which is comparable to that of the
OH− reaction with SF5CF3. The reaction channel that
yields the CF3O− product ion and SF5 neutral results
from CF3 radical transfer to O−. This channel has the
same exothermicity as the nucleophilic displacement
channel; however, it is only a minor product channel.
The mechanism accounting for the F− product channel
is somewhat more difficult to characterize. Although
thermodynamic arguments alone cannot distinguish
whether the mechanism involves attack at the carbon
atom and/or the sulfur atom, since both are exothermic
processes, we prefer the carbon atom attack because
(1) the CF3O− product ions can be formed initially
with sufficient internal energy that subsequent dissoci-
ation of the product ion into F− and CF2O is feasible
[23] and (2) there is presumably more steric hindrance
associated with a sulfur atom attack. Interestingly, the
product branching fraction for the O− reaction was
not found to vary with temperature, although the rate
constant exhibits aT−1.6 dependence, similar to that
of the OH− reaction. As mentioned above, this kind of
temperature dependence on the rate constant is gener-
ally interpreted as an indication that the reaction oc-
curs through a long-lived collision complex. While an
increase in temperature is expected to affect the disso-
ciation dynamics of the collision complex, it does not
appear to affect the final product distribution of the
O− reaction.

4.3. SF6
−, CF3

−, NO2
−, CO3

−, Cl−,
NO3

−, SF5
−

The ions SF6−, CF3
−, NO2

−, CO3
−, Cl−, NO3

−,
and SF5− are all found to be unreactive toward
SF5CF3. For the SF6− reactant, the only exothermic
reaction channel is non-dissociative electron transfer;
however, the molecular anion, SF5CF3

−, has never
been observed. It is not formed in low energy electron
attachment to SF5CF3 [3,4,21]. The dissociative elec-
tron transfer channel, forming SF5

− + CF3 + SF6, is
endothermic by only 4 kJ mol−1. However, even very
exothermic charge transfer reactions involving SF6

−

have been found to be slow[20], a fact generally
attributed to the large geometry difference between

SF6 and SF6−. Other potential product channels are
also endothermic, which explains the observed lack
of reactivity with SF6−.

Electron transfer to SF5CF3 is endothermic for the
CF3

−, NO2
−, CO3

−, Cl−, NO3
−, and SF5− reactants.

Several of these ions do have potential chemically
reactive channels that are significantly exothermic;
however, none were observed, despite the apparent
similarity with some previously discussed reactions.
For example, the nucleophilic displacement channel
involving the Cl− reactant

Cl− + SF5CF3 → SF5
− + CF3Cl (3)

is exothermic by 100 kJ mol−1, and the similar reac-
tion with F− was found to proceed with an efficiency
of approximately 70%, yet reaction 3 is not observed.
The Cl− ion is generally less reactive than F− [20];
however, rather large difference observed here sug-
gests there may be a significant barrier associated
with the SF5CF3 nucleophilic displacement channel
possibly due to more steric hindrance associated with
Cl− attack at the carbon atom than is the case with
F−. This may also explain why the nucleophilic dis-
placement with the CF3− reactant does not occur
despite the large exothermicity:

CF3
− + SF5CF3 → SF5

− + C2F6,

�f H = −312 kJ mol−1 (4)

Because F− transfer was not observed to SF5CF3

from either SF6−, SF5
−, or CF3

− reactant ions, an
upper limit of 160 kJ mol−1 is placed on the fluoride
affinity of SF5CF3.

5. Conclusion

Rate constants and product ion distributions are
reported for the reactions of O2−, O−, OH−, and
F− with SF5CF3. The F− reaction proceeds with an
efficiency of approximately 70%. The O2−, O−, and
OH− reactions all proceed at 25–30% of the collisional
rate at 298 K. The rate constant for the O2

− reaction
exhibits essentially no temperature dependence, while
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the rate constants for the O− and OH− reactions ex-
hibit temperature dependences similar to one another,
T−1.6 and T−1.8, respectively. The likely mechanism
of the O2

− reaction is dissociative electron transfer,
which yields SF5− as the only product ion. Electron
transfer channels are endothermic for the O−, OH−,
and F− reactions, indicating the observed reaction
products result from chemically reactive pathways.
The OH− and F− reactions proceed via nucleophilic
attack at the carbon atom, yielding SF5

− product ions.
There are at least two mechanisms evident in the O−

reaction, the dominant mechanism being nucleophilic
attack at the carbon atom, and the minor channel be-
ing CF3 radical transfer to O−. The ions SF6−, CF3

−,
NO2

−, CO3
−, Cl−, NO3

−, and SF5− were all found
to be unreactive toward SF5CF3 despite the fact that
sufficiently exothermic reactive channels exist for
many of these ions.

The present results demonstrate that SF5CF3 does
not react with the dominant negative ions in the lower
atmosphere, namely CO3− and NO3

−. A reaction is
observed between SF5CF3 and O2

−, an ion that is
present in the atmosphere at slightly higher altitudes.
However, the slow rate constant associated with the
O2

− reaction suggests it will play no role in the at-
mospheric chemistry of SF5CF3.
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