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Abstract

A comprehensive study of the spectroscopy of trifluoromethyl sulphur pentafluorig€F$E reported. A high resolution VUV photo-
absorption spectrum of SEF;, has been measured using synchrotron radiation in the range of 5.5-10.8 e\ (225 115nm) and
compared with electron energy loss spectroscopy. Excited states are reported in the 8.5-22.5eV region. lonic states are probed by Hel
photoelectron spectroscopy. The photolysis of the compound has also been investigated to give an estimate of the lifetime in the atmosphere. It
is estimated that the atmospheric lifetime 0§SF; is of the order of 1000 years; the calculated global warming potential (GWP) is found to be
18,500.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction measured the room temperature IR photo-absorption cross
sections and compared them to preliminary data reported
SKCFRs has only recently been detected in the terrestrial by Eggers et al[2], subsequently refined and discussed by
atmospherdl] and identified as a potent greenhouse gas. Griffiths [3]. The IR spectra have been recently re-measured
Although its origins are still unclear SEF; is believed over a wave number range of 100-4000¢mvith spectral
to be purely anthropogenic in origin, probably being re- resolutions of 0.01 and 0.90 cth[4] while the temperature
lated to the plasma technology industry and gas dielectrics.dependence of the cross section was extensively studied be-
The spectroscopy, dissociation dynamics and chemical re-tween 203 and 298 K over the range 600-1500tmuith a
activity of this compound are still poorly understood having 0.03cnt?! resolution[5].
only been the subject of research in the last two years. The There has been much speculation as to the mecha-
first experimental measurements reported for this moleculenisms by which SE-CF is destroyed in the terrestrial
concentrated upon its infrared properties. Sturges dihl.  atmosphere with current suggestions including: (i) UV
photo-dissociation in the stratosphere and mesosphere and
(ii) by electron attachment and ion—molecule reactions in the
* Corresponding author. Present address: Departamentdsite,FCe- mesosphere. Experiments have also been performed to de-
FiTec, FCT—Universidade Nova de Lisboa, P-2829-516 Caparica, Por- termine the ionisation and fragmentation of trifluoromethyl
tuga;ﬁﬁe;égrgzoIﬁ;&ﬁ::é?ﬁ;itEO(-;GBZ;;?\?@ o sulphur pentafluoride using threshold photoelectron pho-
1 Present addrepss: Department 'of.Physi.cs and Astron'omy, Centre oftOIOn coincidence (TPEPICO) _spectroscc{ﬁ}/. Chim et al.
Molecular and Optical Sciences, The Open University, Walton Hall, Milton [6] measured the fragmentation of the valence states of
Keynes MK7 6AA, UK. SKs—-CR™ over energy range of 12-26eV by means of
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VUV synchrotron radiation and reported the appearance (0.075-0.750 Torr) to ensure that the data was free from any
energies of fragment ions. The role of bimolecular reactions saturation effectfl9] with typical attenuations of less than
with positive ions inherent in the upper atmosphere has 10%. Care was also taken to avoid any second-order light
been investigated to obtain rate coefficients and product ioneffects in these experiments. Thes&i; gas was purchased
distributions for the related reactiofis-9]. A comprehen-  from Argo International Ltd. with a stated purity of 99.9%.
sive study of the electron attachment rate constant has beeWe detected a small (0.04%) g8ontamination.
performed by Kennedy and Mayhdgd0] and compared to
low energy electron attachment at a high incident electron 2.2. Electron energy loss spectrum
resolution by mass spectromeftyl]. Electron impact ion-
isation cross sections close to threshold have been reported The electron energy loss spectrometer used for studying
[12] and the role of SECFs in the terrestrial atmosphere the SECF; molecule has been described in detail elsewhere
have been evaluated. [13,20] Briefly, the thermionically emitted electrons are en-
In this paper we report a high resolution VUV photo- ergy selected in a hemispherical energy selector, providing
absorption spectrum. The first pseudo-photo-absorptionelectrons with a resolution 650 meV. The electron beam
spectrum of SECF; in the energy range 6—-22 eV was mea- collides at right angle with the effusive molecular target,
sured by Kendall and Masdi 3] and has since been com- and the scattered electrons are focused and energy analysed
pared with photo-absorption cross sections measured in thein a second hemispherical analyser with an acceptance en-
VUV region by Chim et al[14] and by Limé&o-Vieira etal.  trance angle-1°, before detection using a continuous dyn-
[15]. In addition, the Hel photoelectron spectrum recorded ode electron multiplier. The analyser can rotate around the
with a higher resolution than the TPEPICO spectrum pro- scattering centre covering an angular rangef(om —10
vides the ionisation energies of the molecule in an energy to 130" with respect to the incident electron beam. The an-
range up to 20 eV. gular resolution ist1.5°. electron energy loss spectroscopy
(EELS) provides an alternative methodology for probing the
excited states of a molecule, since at large scattering angles

2. Experimental apparatus and low incident electron energies forbidden transitions are
dominant but at small scattering angles and high incident
2.1. The photo-absorption spectrum energies 1), allowed transitions are dominaff0]. If the

EEL spectrum is recorded at incident energiBsif excess

The high resolution VUV photo-absorption spectrum was of 100eV and at scattering ang{é) ~ 0°, this spectrum
recorded at the ultraviolet vacuum line (UV1) synchrotron may be directly compared with a photo-absorption cross sec-
radiation of the Astrid Facility at Aarhus University, Den- tion. We therefore have used this technique to explore the
mark[16]. The set-up used has been described in detail in anphoto-absorption of SJERs in the 6-22 eV energy range.
earlier publicatior[17] so only a brief description is given It is possible to relate the energy loss spectrum to the dif-
here. The UV beam passes through a simple static gas celferential oscillator strength and then to the optical absorp-
with an absorption path length of 25 cm and the transmitted tion cross section if the spectrum is recorded at 0° and
intensity,l; measured at 0.05 nm intervals using a photomul- high incident electron energyl’'(= 100 eV) such that the
tiplier detector. The transmitted light intensity, as well as, electron energy losk is much smaller thaf. The inelas-
the sample pressure (measured on an MKS 390HA Baratrontic scattered intensity is converted to a relative differential
capacitance manometer0.1%) and the synchrotron beam oscillator strength distribution f@diE [21]. Then,
ring current were monitored at each wavelength. The typi- ¢ gag 1
cal resolution was-0.075 nm. The sample cell is then evac- = %~ N1+ (A0/7)72) I(E) )
uated and the radiation transmitted through the empty cell
lo is recorded. The absolute photo-absorption cross sectionwherey = (E2/(4T(T — E)), df/dE is the differential oscil-
was calculated using the attenuation Beer—Lambert law:  |ator strength distributionAd is the acceptance anglg,is

I = IoeXp(—nox) (1) the Rydberg constant arlE) is the scattered intensity of
. . o the electron beam.
with n is the target gas number density,is the absorp- The EELS data must be normalised to a known cross

tion cross section, an is the path lengtfj18]. Absolute  section at a particular wavelength measured in the optical
photo-absorption cross sections have been obtained with acexperiment in order to obtain absolute values. The cross
curacy estimated to be around 5%. The minimum wave- section may then be calculated from:

length achieved is determined by the entrance and exit win-

dows in the gas cell, in the present case, a LiF entrance gy, = 10975d_f

window and a Cajexit window in front of the photomul- d

tiplier tube were used such that the lowest wavelength atwhereop, is the photo-absorption cross section in Mbarn
which reliable data could be collected wad15nm. The and d/dE is in eV-1. The present EEL spectrum has been
cross section was measured over a wide range of pressurescaled to the photo-absorption spectrum at 9.336 eV.
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2.3. Photoelectron spectrum features in any of the absorption bands. CS, contamination
of 0.04% is established by the presence of structure below
The Hel (21.22 eV) photoelectron spectrum ofsSks 8¢V [24] and had to be removed from the present spectrum.
was recorded at the Université de Liége, Belgium. The ap- This contamination is responsible for a minor band centred
paratus has been described in detail previo[2). Briefly, a 6eV, very weak features at 6.823€V and around 7€V
the spectrometer consists of a 18lindrical electrostatic ~ and weak features at 7.57, 7.698 €V and a less weak feature
analyser with a mean radius of 5cm. The analyser is usedat 7.783eV. However, these do not affect the magnitude of
in constant energy pass mode. The incident photons are prothe SFsCF3 absorption cross section at least to within the
duced by a dc discharge in a two-stage differentially pumped estimated +5% error.
lamp. The energy scale is calibrated using xer?di’g& = Assignment of the valence states of SF5CF3 is compli-
12.130eV and?Py; = 13436€V)[23] and resolution of  cated since there is still no agreement as to the symmetry
the present spectrum is measured from the full width half type for this molecule, either C4y (a1, az, by, b2, €) or Cg
maximum of the Xe peaks to be 22meV, in presence of (a, a’) [3,25]. Griffiths [3] concluded from hisinfrared and
SKCRs. Raman spectra that the barrier to internal rotation is low or
zero, and according to the observed patterns, classified the
molecule symmetry as being C4y,. However, recent calcula-

3. Results and discussion tions have shown that the internal barrier to rotation and the
internal torsion C-S mode have values at about 6.45¢cm=1
3.1. Spectroscopy of SF5CF3 (77 3mol 1) and 15cm™1, respectively [25], the latter being

of the same order of magnitude of the energy necessary to
The VUV photo-absorption cross section spectrum for overcome the barrier, suggesting the symmetry of SF5CF3
SKCFs is shown inFig. 1 and compared to a photo- to be Cs. Nevertheless, both symmetry types can be related
absorption cross section derived from electron energy lossto the irreducible representations and in Cs notation both by
spectra inFig. 2 There is good agreement in the shape and a; correlate with a’, a; and b; correlate with &', and e
and magnitude of the cross sections recorded by the twoto the crossed product of & and &’ [26]. Therefore, the 24
methods. The spectrum is composed of a rather intensevibrationa distinct modes are classified in the Cs symme-
absorption band centred at 9.336 eV with a local maximum try as Ijp = 15A” + 9A” with their fundamental energies
cross section of 17.078 MbFigs. 1 and 2 The feature summarised by Ball [25].
close to 11.0eV is only partially recorded due to the cut-off ~ We have fitted the Hel photoelectron spectrum with a se-
in the transmission of the CaRvindow. As noted by pre-  ries of Gaussian curves (Fig. 3) in order to determine the
vious authord13-15] there is no evidence for vibrational most probable values of theionisation energiesand found the
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Fig. 1. The high-resolution photo-absorption spectrum of SF5CF3 recorded at the ASTRID synchrotron ring facility.
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Fig. 2. The photo-absorption cross section derived from EELS measurements compared to those collected using the ASTRID synchrotron ring facility.

following values: 13.960, 14.699, 15.632, 16.147, 16.461,
16.845, 17.199, 17.894, 18.721 and 19.365€V. The photo-
electronisrather similar to the threshold photoel ectron spec-
trum [6] but with the bands being much better resolved.
Specia attention has been devoted to VUV photo-dis-
sociation studies of SF5CF3 because excitation in the energy
region below the first ionisation potential, results in prompt
dissociation along the S-C bond due to the repulsive nature
of the o™ excited states[6]. Therefore, the low-lying valence
excited states should arise from excitations of the o HOMO

to the o* LUMO, a transition involving valence shell type
orbital in the S-C bond.

Structures observed for energies above 8 eV from the EEL
spectrum (Fig. 2), have been tentatively assigned to mem-
bers of Rydberg series converging to the ionisation energies
(Table 1), despite diffuseness. The peaks position, E;,;, must
fit the Rydberg formula: E,, = E; — RI(n — 8)2, where E;
are the ionisation energies, n is the principal quantum num-
ber of the Rydberg orbital of energy E,, R is the Rydberg
constant and § is the quantum defect.
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Fig. 3. The Hel photoelectron spectrum of trifluoromethyl sulphur pentafluoride. A series of Gaussian curves have been fitted to the data (see text details).
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Table 1
Energy values, quantum defect (§) and assignment of the Rydberg series
converging to the ionisation energies (IE) (energies in V)

Table 2
lonisation energies (eV) observed in the Hel and in the TPE spectra of
SFsCF3 (vertical values, in eV)

Energy Quantum defect Assignment He(l) PES (this work) TPES?

IE = 13.960eV 13.960 + 0.011 14.13
9.336 2.28 4s 14.699 + 0.011 -
(12.420) 2.03 5s 15.632 + 0.001 15.68
12.984 2.27 6s 16.147 + 0.004 -
11.431 1.68 4p 16.461 + 0.005 -
(12.740) 1.66 5p 16.845 + 0.003 16.94
(13.228) 1.69 6p 17.199 + 0.013 -

E — 14,6996V 17.894 + 0.001 17.86
11431 0.96 3d 18.721 + 0.001 -
13.228 (?) 0.96 ad 19.365 & 0.003 1944

Out of range 21.34

IE = 15.632eV Out of range 22.01
(12.359) 194 4s Out of range 24.67
14.185 1.93 5s "Rt 6]

IE = 16.461eV
12.984 2.02 4s
(14.878) 2.07 5s 3.2. Cross section, photolysis rate and global warming

IE = 16.845¢eV potential (GWP)

(13.443) 2.00 4s
15.425 1.90 5s The present measured cross section values over the en-
15.943 212 6s

Values in parentheses indicate features not well resolved. See text.

The feature at 9.336 eV has been tentatively assigned to
the n = 4 member of a Rydberg series converging to the
13.960eV ionisation limit (Table 1). The quantum defect
value (8) seems to be related to an ns Rydberg series. The
n = 5and n = 6 members might be responsible for a
feature around 12.420€V and a poorly resolved feature at
12.984¢eV (Fig. 2). The quantum defect values (Table 1)
seem to be dlightly higher for a series of this type and
this might be attributed to a mixed Rydberg-valence char-
acter for the transitions. The rather intense band centred
at 11.431eV (Fig. 2) corresponds to a state with a quan-
tum defect value of 1.68 suggesting a 4p term (Table 1).
Then = 5 and n = 6 terms are expected to have spec-
tral bands at 12.74 and 13.23eV. As the latter must be of
lower intensity than the n = 4 band, they might be not
distinguishable from the features around 12.90 and 13.4¢eV
(Fig. 2).

The 11.431 €V band might also be the first term of a nd
series converging to the second ionisation limit with § of
0.96. Then the second member is expected to be around
13.20eV (on the low energy side of the 14.185eV band
(Fig. 2, Table 1). The other three series presented, converg-
ing to the 15.632, 16.461 and 16.845€eV ionisation limits
respectively, have been assigned to ns series with § ~ 2.00
(Table 2). This is a tentative assignment as the n = 4 term
of each series is of much lower intensity than then = 5
member.

Hence, additional experiments and calculations are neces-
sary to clarify the type of transitions involved in this energy
region.

ergy range 4-11 eV, with a single local maximum value of
17.078 Mb at 9.336€V and a value of 6.46Mb at the Ly-
man apha wavelength (121.6 nm), are considerably lower
than the recent photo-absorption data reported by Chim et
al. [14] who reported a cross section at 121.6 nm of 15Mb.
We have recorded a similar spectrum using the UK Dares-
bury synchrotron facility, in a different cell configuration
and with a different gas sample and obtained cross sections
within 5% of the present cross section values, thus, we
estimate our values for the cross sections to be accurate.
The photolysis rates of SF5CF3 may then be evaluated
as the product of the solar actinic flux [27] and molecular
photo-absorption cross section at different altitudes and
wavelengths. Using our cross sections we have evaluated
the photolysis rates for SFsCF3 from ground level up to
the stratopause (50km) in 1km steps. It is remarkable
that there is no overlap between the solar flux and the
photo-absorption spectrum at altitudes lower than 50km,
but actually an energy gap of about 1eV, meaning that
the SFsCF3 sink mechanisms at these atitudes must be by
other than direct photolysis. In contrast at higher atitudes
thereisfairly good overlap, in particular at the Lyman alpha
energy (10.2eV). Due to the considerably smaller concen-
trations of UV absorbing species in the upper atmosphere
there are considerably higher fluxes of higher energy pho-
tons available. Hence, it is likely that photo-dissociation of
SF5CF3 will only occur in the ionosphere or mesosphere
regions of the atmosphere. Indeed, the height profiles of
SF5CF3 through the stratosphere obtained by Sturges et al.
[1] support this conclusion. It is this long lifetimes at low
atitudes that makes SF5CF3 such a strong greenhouse gas.
Recent studies of the reactions of SF5CF3 with positive
ions in the stratosphere and/or ionosphere [7-9] have shown
that ion—mol ecul e reactions may remove this molecule from
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the Earth’s atmosphere. But, electron attachment studies
strongly suggest that dissociative electron attachment is
one of the dominant processes in the lower ionosphere
[10,11] and an atmospheric lifetime of around 1000 years
seems reasonable. However, a more detailed investigation
of the reactions of SFsCF3 on ice and dust surfaces, in
particular the study of the reactivity of gaseous SF5CF3
with surfaces is required and is currently being performed
[28] to understand how these mechanisms can affect the
lifetime and reactivity of this gas in the terrestrial atmo-
sphere.

Using recent IR absorption cross sections [5] we can
now determine the radiative forcing of trifluoromethyl sul-
phur pentafl uoride to be (0.60+0.03) W m—2 ppb~1, dlightly
greater (~1.7-5%) than previously reported [1,7]. Thisvalue
represents the largest radiative forcing on a per molecule
basis of all gases present in the atmosphere. Assuming the
atmospheric lifetime of the molecule to be 1000 years [6],
we calculate the GWP of SF5CF3 over 100 years as 18,500,
comparable with that of SFg (GWP ~ 22,200 [29], atmo-
spheric lifetime ~ 3600 [30]). Therefore, it is important to
identify current sources of atmospheric SF5CF3 in order to
prevent further emissions.

4. Conclusions

A comprehensive analysis of the structure in the high res-
olution VUV photo-absorption cross section, in the range
5.5-11eV (225 > A > 110nm), and EEL spectrum, in the
range 7-23eV, has been done. Rydberg series converging
to the ionisation energies corresponding to the bands ob-
served in the Hel photoelectron spectrum have been dis-
cussed for the first time. The lack of overlap between the
photo-absorption spectrum of SF5CF3 and the solar flux at
altitudes below 50km means that photo-dissociation can-
not occur in the troposphere or stratosphere. However, in
the ionosphere/mesosphere, where the solar UV spectrum is
stronger, photo-dissociation can take place. The lifetime of
SF5CF3 in the Earth’s atmosphere will be between several
hundred and afew thousand years with the upper limit being
the lifetime of the fluorinated un-substituted SFg molecule
(3200 years).
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