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Abstract

A complementary study of the interaction of SFsCl in the gas phase with vacuum-UV photons and low-energy electrons from the onset of
ionisation, ca. 12eV, up to 20eV is presented. The photon-induced experiments have used tunable vacuum-UV radiation from a synchrotron
and threshold photoelectron photoion coincidence spectroscopy for product ion detection, the electron-induced experiments a trochoidal electron
monochromator and a quadrupole mass spectrometer. The strengths and limitations of both experiments are contrasted, the main difference being the
absence of state selectivity in the electron-induced study. The parent cation is not observed in either study, suggesting that its ground electronic state
is repulsive following Franck—Condon vertical excitation. The fragment cations SFs*, SF,Cl*, SF,* and SF;* have been observed in both studies,
with reasonable agreement in their threshold appearance energies. Using a variant of threshold photoelectron photoion coincidence spectroscopy
applicable when the ground state of the parent cation is repulsive, the first dissociative ionisation energy of SFsCl is determined to be 12.3 £ 0.2 ¢V,
leading to a value for the adiabatic ionisation energy for the SFs radical of 9.92 4 0.28 eV. The electron-induced experiment is sensitive to ion-pair
production, and onsets for F* and CI* production have been observed which are only possible energetically if the accompanying fragments are the
anions SF,Cl~ and SFs~, respectively. A lower limit for the electron affinity of the SF,Cl radical of 4.88 eV is determined, a value confirmed by
ab initio calculations. The electron-induced experiment is very sensitive to gas impurities, and the effects of minute quantities of SF,, FCI, Cl, and
possibly SF, in the gas sample are observed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction etching of insulating and semiconducting layers [2]. In such

environments, there is a large density of low-energy electrons

There have been a large number of investigations of the pos-
itive ion chemistry of sulfur hexafluoride, SFg, e.g. [1-3], but
relatively few of the derivative molecule sulfur chloropentafluo-
ride, SF5Cl. Recent interest in the chemistry of such molecules
has come from the use of SF¢ in reactive plasmas for the
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causing both ionisation and fragmentation of the etchant gas,
and it is important to understand the fundamental physics of
how such molecules interact both with low-energy electrons
and with vacuum-UV (VUV) photons whose energies cover
the same range. In this paper we describe a complementary
study of the interaction of SF5Cl with low-energy electrons
and VUV photons from the onset of ionisation, ca. 12eV,
up to 20eV. The electron impact measurements were made
in Innsbruck, Austria, the photon measurements at the Dares-
bury Synchrotron Radiation Source (SRS), UK. This paper
forms a parallel study to the interaction and attachment of low-
energy (0<E<14eV) electrons with SFsCl in four European
centres (Berlin, Birmingham, Kaiserslautern and Innsbruck)
[4].

The structure of SF5Cl in the gas phase has been established
by microwave spectroscopy [5,6] and electron diffraction [7].
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The molecule has C4y symmetry with an S—CI bond length
of 0.204nm, four S—F equitorial bond lengths of 0.157 nm
and one S—F axial bond length of 0.159nm. All the XSY
(X, Y=F or Cl) bond angles are very close to 90°. The fun-
damental vibrational frequencies of SF5Cl which are infrared
and Raman active have been observed in an argon matrix [8].
There has only been one He I and He II photoelectron study
of this molecule [9], and the relative ordering of the valence
molecular orbitals has been calculated using the self-consistent
discrete variational Xa method [10]. There have been no photo-
electron studies under threshold conditions. The positive frag-
ment ions formed by electron ionisation and photoionisation
mass spectrometry (PIMS) have been studied in the range
12-20eV [11,12], but no spectra have been recorded under
coincidence conditions. It has not therefore been possible to cor-
relate appearance of certain fragment cations with dissociation
of a particular electronic state of SF5C1*. Inner-shell photoab-
sorption has been studied in the range 160-210eV [13] and in
the sulfur and chlorine K-edge region of 2400-3100eV [14].
There have been two earlier studies of the fragment anions
formed from low-energy (E<10eV) electron attachment to
SFsCl [11,15], in addition to the recent study of Braun et
al. mentioned above [4]. There has been no study to date of
ion-pair production following VUV photoexcitation of SFsCl
(e.g., SF5sCl + hv — SFs5* + C1~ or SF4CI* + F7), parallel to that
reported by Mitsuke et al. for SFg [16]. The kinetics of low-
energy electron attachment, of anion, and of cation reactions
with SF5CI has been studied in recent years by Mayhew and
co-workers [17-19]. Finally, the structure and stability of frag-
ments of SF5Cl and SFsCl™ have been investigated by density
functional methods [20].

In this paper, we report the first observation of threshold
photoelectron and threshold photoelectron photoion coincidence
(TPEPICO) spectra of SF5Cl in the range 12-20 eV. Appearance
energies and ion yields over this photon range are determined.
Using a method developed by us to measure the first disso-
ciative ionisation energy (DIE) of molecules whose ground
electronic state of the parent cation is repulsive [21], we have
confirmed the literature value for the enthalpy of formation
of SFs* and hence the adiabatic ionisation energy of the SFs
radical [21,22]. We have also measured the mean translational
kinetic energy release, (KE)T, from fragmentation of electronic
states of SFsCl* with defined energy into either SFs* +Cl or
SF4CI* +F, via a single bond cleavage. The weakness of the sig-
nals from the TPEPICO data has meant that some appearance
energies are poorly determined. To confirm these data, we have
measured threshold energies using non-state-selective electron
ionisation. In Innsbruck, therefore, we have measured the frag-
ment cations produced from low-energy electron impact excita-
tion (10< E<25eV) of SF5Cl to compare appearance energies.
Since the cations are now not measured in coincidence with
an associated photoelectron, this technique is also sensitive to
ion-pair production and we have observed two such channels
(SF5Cl+e~ — CI* +SF5~ +e~ and F* +SF4Cl~ +e7). Thus,
we have been able to confirm the literature value for the electron
affinity (EA) of SFs, and report the first value for the EA of the
SF4Cl radical.

2. Experimental

The apparatus used for the photoionisation study has been
described in detail previously [23]. Experiments were performed
atthe Daresbury SRS on station 3.1 using a 1 m focal length Seya
monochromator, range ca. 8—40 eV, with an optimum resolution
of 0.08 nm. Although fitted with two gratings, the experiments
only used the lower-energy grating with a range ca. 8-22eV.
The synchrotron radiation is coupled into the interaction region,
via a capillary and the flux is monitored by a photomultiplier
tube through a sodium salicylate window, allowing for flux
normalisation of spectra where the monochromator is scanned.
Threshold photoelectrons and fragment cations are extracted in
opposite directions by an electric field of 20 V cm™!. The elec-
trons are detected in a threshold analyser with resolution ca.
10 meV, the ions in a linear time-of-flight (TOF) mass spec-
trometer with a resolution m/Am of ca. 200. The signals are
detected by a channeltron and a pair of microchannel plates,
respectively. The raw data pulses are discriminated and pass to a
time-to-digital converter (TDC). The electrons provide a start to
the TOF detection window and the ions provide a stop, allowing
signals from the same ionisation event to be detected in coin-
cidence. Spectra are measured as a function of photon energy,
where the datarecord as a three-dimensional map of coincidence
count versus ion TOF versus photon energy. These spectra can
yield either the TOF mass spectrum (TOF-MS) at any photon
energy or the yield of any fragment ion as a function of energy.
Extraction of product branching ratios as a function of pho-
ton energy is facile, and in addition the threshold photoelectron
spectrum is recorded simultaneously.

In a high resolution variant of this experiment [21], in order to
determine the first DIE of SF5Cl (Section 3) the TOF-MS of SFs*
was recorded with high time resolution of the TDC over the lim-
itedrange 12.0-14.3 eV, encompassing only the Franck—Condon
region of the ground state of SFsCI*. It was then possible to
determine the value of (KE)t into SF5" + Cl as a function of hv
over this range of energies. In more conventional experiments
at a fixed photon energy, the kinetic energy release distribution
(KERD) and (KE)T were determined from the TOF mass spectra
recorded for both SFs* and SF4Cl*, corresponding to breaking
a single S—CI or S—F bond, respectively. The ratio of (KE)t
to the energy available shows what fraction, (f)T, is channelled
into translational motion of the two fragments. The value of (f)
can be compared to that from statistical and impulsive models to
indicate the mechanism of dissociation; full details can be found
elsewhere [24].

The apparatus used for the electron impact excitation exper-
iments has also been described in detail elsewhere [25]. It
comprises a trochoidal electron monochromator (TEM), an effu-
sive molecular beam, and a quadrupole mass spectrometer with
pulse counting for detection of product ions. The quadrupole
can detect either cations or anions. In the TEM, the electrons are
monochromatised using crossed electric and magnetic fields,
and the electrons drift perpendicular to both fields to an aper-
ture that is horizontally displaced with respect to the incident
beam. The resolution of the electron beam under optimum con-
ditions is 30 meV FWHM with an electron current of ca. 0.5 nA.
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In these experiments, for flux reasons the electron resolution
is degraded to ca. 200meV, and the current is two orders of
magnitude greater. SFsCl is admitted as an effusive beam to the
interaction region from a 20 pm nozzle backed by ca. 10 mbar
of sample, and crosses the tunable electron beam orthogonally.
Cations are extracted with as low an extraction field as possi-
ble to minimise mass discrimination effects, and pass through
the quadrupole mass filter, resolution set at ca. 1.5 u, which is
mounted on the axis of the molecular beam. Signals were nor-
malised to any variations of sample pressure in the interaction
region and the electron current. The electron energy scale was
calibrated against the appearance energy of rare gas ions, e.g.,
the Ar* 2P3j, threshold at 15.759eV [26], with an estimated
accuracy of better than 20 meV.

Different samples of SF5Cl were used at Daresbury and Inns-
bruck, but both were provided from Apollo Scientific Ltd. with
a stated purity of 97%. No further purification was carried out
in either experiment. The results of the Innsbruck study (Sec-
tion 4.2) showed that SF4, FCl and Cl, were significant impurity
species. The presence of SF4 and FCl is not surprising because
these molecules are used to synthesise SF5Cl. In their electron
attachment study of SF5Cl, Fenzlaff et al. [15] synthesised their
own sample, and commented that SF,O was present in small
amounts resulting from hydrolysis of SF4. A 70eV electron
impact mass spectrum recorded at Innsbruck did indeed show

Table 1

Thermochemistry of observed dissociative ionisation pathways of SF5Cl at 298 K

the presence of hydrolysis impurities, with very weak peaks at
83, 86 and 105 u assigned to SFO,*, SF,O* and SF30™, respec-
tively. The presence of such impurities is not as significant in the
Daresbury experiments because the ions are detected in coinci-
dence with energy-analysed photoelectrons.

3. Data analysis and energetics

The three-dimensional coincidence spectra were analysed in
the usual way to give appearance energies (AE) of the fragment
ions, ion yield curves and branching ratios [23]. The AEj9g val-
ues are listed in column 2 of Table 1. They are determined from
the first observation of signal above the background noise. At
the resolution (0.3 nm) and step size used in these experiments,
this is equivalent to extrapolation of the linear portion of the ion
yield to zero signal, and more sophisticated fitting procedures
for the threshold region are not appropriate [27]. For the major
fragment ions, defined as those formed by a single bond cleav-
age, the AE»9g values can be converted into an upper limit of
ArH§98 for the corresponding unimolecular reaction (column 1)
using the procedure of Traeger and McLoughlin [28], and are
given in column 4 (denoted ArHé’g& exp). The upper limit arises
due to the possible presence of an exit-channel barrier and/or
a kinetic shift; if both are zero, the conversion is exact. This
procedure was developed for interpretation of photoionisation

Dissociation pathway AEp9s" (€V)

EI threshold at 298 K°(eV)

ArHSg oo €V)  ArHSge .t (€V)  AEags calc® (€V)

Majorf products of SF5Cl (—1039)&

SFs5* (+29) +Cl (+121) +e~ 12.3 (2) 12.65 (2)
SFE4CI* (+327)" + F (+79) + e~ 14.8 (2) 15.38 (9)
CI* (+1372)+SF5~ (—1282) - 12.85(5)
F* (+1760) + SF4Cl~ (<—1232) - 16.08 (6)
Minor' products of SF5Cl (—1039)
SFE4* (+365)+FCl (—50) +e~ 16.2 (2) 16.05 (5)
SF4* (+365)+F (+79) +Cl (+121) +e~
SF3* (+286) + FC1 (—50)+F (+79) +e~ 16.8 (4) 16.5(1)
SF3* (+286) +F, (0) +Cl (+121) +e~
SF3* (+286) + 2F (+158) + Cl (+121)+e~
Impurity peaks
SFE4* (108 u) (from SF4) 12.0 (1.9)
SF3* (89 u) (from SFy) 12.0 (6)
SF,* (70 u) (from SF;) 10.39 (16)
SF* (51 u) (from SF,) 12.87 (25)
Cly* (72u) (from Clp) 11.26 (26)
FCI* (54 u) (from FCI) 12.17 (24)

12.47 (20) 12.32 12.15
14.98 (20) <14.98" <14.80
- 11.70 11.53
- <16.24 <16.06

14.03
16.62
14.03
14.99
16.62

2 Experimental appearance energy from photoionisation experiment, measured from first onset of signal above noise.

b Experimental threshold from electron ionisation experiment, determined from fit to analytical function described in Section 3.
¢ Experimental enthalpy of reaction, derived from AE;9g using method of Traeger and McLoughlin [28].

d Calculated enthalpy of reaction, given by enthalpy of formation of products minus that of reactants.

¢ Calculated appearance energy at 298 K, derived from Ang%,calc using the method of Traeger and McLoughlin [28].

f Major products are defined as fragment cations caused by breaking a single bond.
¢ Literature values for AfH3gg (in kJ mol~!) are given in brackets in column 1, taken from [26,31,33]. Exceptions are AfHSo(SFs) = =915 [22], AtHyo(SFE) =
+29 [21], Anggs(SF;) = —1282 [15,22], AfH§98(SF4Cl) = -761 [19], AfH§98(8F4Cl+) = +327 [19,this work], AfH§98(SF4Cl’) < —1232 [19,this work],
AtHSos(SF;) = +365 [22,31] and AfHE)QS(SFg—) = 4286 [22,31], all in units of kJ mol~!.
In the absence of a value for the ionisation energy of SF4Cl, it is assumed that SF4C1* turns on at its thermochemical threshold. Thus, this value for AfH§98(SF4Cl+)

is an upper limit.

i Minor products are defined as fragment cations caused by breaking more than one bond.
J Impurity peaks are derived from neutral molecules that should not be present in the SF5Cl sample.
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yields rather than state-selected TPEPICO yields, but we have
shown that the procedure is equally valid for both experiments
[29,30]. For the vibrational frequencies of SFs* and SF4CI*
needed for these conversions, values for the isoelectronic neu-
tral molecules PF5 and PF4Cl1 were used [31,32]; the differences
of the vibrational frequencies due to a change in reduced mass
of the sulfur and phosphorus analogues make negligible differ-
ence to these conversions. The predicted enthalpies of reaction
at 298 K, ArHé’g& calc are listed in column 5, using enthalpies of
formation at 298 K of reactants or products mostly taken from
standard sources [26,31,33]. Exceptions are given as a footnote
to Table 1. The corresponding lower values of AE29g. calc, deter-
mined as above [28], are given in column 6. Comparison of
AEjgg for each minor ion with Angg& cale allows the neutral
partner(s) that form with each fragment ion to be elucidated.

Since the behaviour of atoms and small molecules just above
threshold differs for electron and photon excitation, the electron
ionisation data were analysed differently to establish thresh-
olds for fragment ion production (defined E,, column 3 of
Table 1). Ignoring instrumental effects, with electron ionisation
the cross-section for molecules at energy E > E, is proportional
to (E — E,)*, where x typically takes values between 1.2 and 2.0
[34]; with photoionisation, the cross-section shows a step func-
tion at threshold modulated by Franck—Condon factors. Thus,
each electron ionisation function in the threshold region was
fitted by a non-linear least squares fit to:

o(E)=b+ c(E — E,)*, forE > E, e}

For E < E,, the value of the cross-section is constrained to the
background noise level, b. If the excitation function involves two
thresholds, then an extra term d(E — E,)” is added to the function
for o(E) when E > E,. Data are fitted from approximately 2 eV
below to 2 eV above threshold. Fits therefore involve four (for a
single threshold) or seven (for a double threshold) parameters.
Whilst being somewhat subjective, the appearance of the fitted
curve together with the value of x allow sensible fits to be made
to the data.

We now describe how the data for the variation of (KE)t
with photon energy is analysed. This technique can be applied
to determine the first DIE of molecules with ground elec-
tronic states of the parent cation which are repulsive in the
Franck—Condon region (e.g., CF4, SF¢ and CF3SFs [21]). It
is equally applicable for SF5Cl, where the first DIE is defined
to be the threshold energy for SF5Cl— SFs* +Cl+e™. The
translational KE released into the SFs*+Cl fragments is
measured by coincidence spectroscopy as a function of photon
energy, hv, over the Franck—Condon region of the ground state
of SFsCI*. (KE)r will correspond to some fraction of the
available energy, Eqyail, Where

Eyvail = hv + (thermal energy of SF5Cl at temperature 7')
— DIE(SFsCl) (@)
The value of (f)T is governed by the dynamics of the decay
mechanism [23], and cannot unambiguously be determined from

a measurement at one value of 4v. By measuring (KE)T contin-
uously as a function of hv, however, and assuming that (f)T is

independent of energy, (KE)T increases at a constant rate with
hv. Extrapolation to a KE release of zero gives an intercept on
the photon energy axis which equals the first DIE of SF5CI. The
method of obtaining (KE)T from such spectra is described below.
If the dissociation mechanism is purely impulsive [35], mean-
ing dissociation occurs on a timescale much faster than other
processes such as intramolecular vibrational redistribution, then
the slope of the graph is determined solely by kinematics, and
given by the ratio of two reduced masses, s c1/UsFs,c1. For
dissociation of SF5Cl to SF5* + Cl, the value of 0.61 is then the
reduced mass of the two atoms whose bond is broken divided
by the reduced mass of the two product fragments.
Fixed-energy TPEPICO-TOF mass spectra were recorded
with the optimal TOF resolution of the TDC, 8 ns, for SFs*
at photon energies of 13.05, 15.12, 15.90 and 16.87 ¢V, cor-
responding approximately to excitation of the X °E, B %A,
C ’E, D E states of SF5CI*, and for SF4CI* at energies of
15.90 and 16.87 eV. (KE)T values were obtained using a method
described elsewhere [36,37]. Briefly, for each TPEPICO-
TOFMS spectrum a small set of peaks, each with a discrete
energy release &, is computed and assigned a probability. The
discrete energies are given by g((n)=(2n — 1)2AE, where n=1,
2, 3,4, .... AE depends on the statistical quality of the data;
the higher the signal-to-noise ratio, the lower AE and the higher
n can be set to obtain the best fit. Each computed peak in the
kinetic energy release distribution spans the range 4(n — 1)>AE
to 4n®> AE, centred at £(n) + AE. The reduced probability of each
discrete energy, P(g), is determined by minimising the least-
squared errors between the simulated and experimental TOF
peak. From the basis set of &; and P(g(), (KE)t is easily deter-
mined. The latest analysis programme can accommodate a range
of isotopes in the daughter ion [37], and measurements of the
SF4CI* spectra incorporated the 33CI:37Cl isotope splitting in
the statistical ratio of 3:1. In the experiment to determine the
DIE of SF5Cl, 64 TOF mass spectra need to be analysed simul-
taneously. The procedure is then simplified by constraining » to
one and only varying AE. We have confirmed for a few energy
channels that this mean value of the energy release is indeed very
similar to the value of (KE)t obtained from the full KERD.

4. Results
4.1. Photon excitation experiments

The threshold photoelectron spectrum of SF5CI was mea-
sured from 12 to 21eV (Fig. 1) with a constant wavelength
resolution of 0.3nm, corresponding to 0.03eV at 12eV,
0.11eV at 21 eV. The spectral resolution is determined by the
monochromator in the beamline, and not the electron analyser.
No vibrational structure is resolved. The onset of ionisation,
defined as the energy at which signal is first observed above the
background noise level, is 12.24 + 0.03 eV. Peaks are observed
at 13.02, 15.66, 16.69, 18.04 and 19.17 eV, corresponding to the
X,(A/B/C), D, E and F states of SFsCI*. There is reasonable
agreement with the energies of these states from the He I data of
DeKock et al. [9], although this earlier work was able to resolve
the three peaks between 14.8 and 15.9eV corresponding to
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TPE signal

12 14 16 18 20
Photon energy / eV

Fig. 1. Flux-normalised threshold photoelectron spectrum of SF5Cl recorded at
a resolution of 0.3nm. The X, A, B, etc., labels refer to the ground state, first
excited state, second excited state, etc., of the parent cation.

ionisation to the A, B, and C states. Using an orbital numbering
scheme that ignores core orbitals, the X state of SFsCl*
corresponds to electron removal from the 6e Cl 3pm doubly-
degenerate lone pair orbital [9,10], which correlates with two
components of the ltjy triply-degenerate highest-occupied
molecular orbital (HOMO) of SF; it therefore has term symbol
’E in C4y symmetry. Both sets of calculations performed on
the MOs of SF5Cl agree that the A, B, and C states of SF5CI*
have term symbols 2A1, %A, and ZE, correlating with 3t;, and
one component of the 1t;; HOMO of SFg [9,10]. The peaks at
16.69 and 18.04 eV incorporate ionisation from the 4e, 3b;, 6a;
and 2b; orbitals of SF5Cl, which correlate with the 1ty and 2e,
orbitals in SF¢. Calculations performed by us using Gaussian 03
at the MP2 level of theory with a 6-311-G + (d,p) basis set have
shown that the (HOMO-1), (HOMO-2) and (HOMO-3) orbitals
of SF5Cl can approximately be described as S—Fequitorial bond-
ing, Fequitorial 2P lone pair, and Fyxja 2p lone pair with some
Fequitoriai—Cl overlap, respectively. The (HOMO-4), (HOMO-5)
and (HOMO-6) orbitals, from which electron removal leads to
production of the D 2A1, E 2Eand F 2B1 states of SF5CI*,
have character S—Fequitorial, Faxiat 2p lone pair with partial
S—Fequitorial bonding, and Fequitorial 2p lone pair, respectively.
It is also instructive to compare the relative intensities of
peaks recorded under threshold (i.e., resonant) and non-resonant
conditions. Whilst electrons only arising from direct ionisation
events are likely to be recorded in the He I spectrum, under
threshold conditions electrons arising from autoionisation pro-
cesses (i.e., SFsCl+ hv — SF5Cl" — SFsCI* +e~) will also be
detected. The relative intensities of the bands are significantly
different under the two conditions. In the threshold spectrum
(Fig. 1), the relative intensity of the X-state band is anoma-
lously low, whilst that of the unresolved (A/B/C) states is high.
The X and D states at 12.87 and 16.72eV dominate the He I
spectrum [9], whilst this influence is not apparent in the thresh-
old spectrum due to the much higher intensity of the (A/B/C)
states. We conclude that significant autoionisation processes are

200

100

100

100

Coincidence counts

100 — SF*

I T I T I ' I ' I
12 14 16 18 20
Photon energy / eV

Fig. 2. Coincidence yield of the fragment ions SFs*, SF4CI*, SF4* and SF3*
from photoionisation of SF5Cl, recorded at a resolution of 0.3 nm. The threshold
photoelectron spectrum of SF5Cl, not shown to scale, is shown with the SFs*
yield.

occurring between ca. 15 and 17 eV under the conditions where
electrons with zero energy are collected.

The scanning-energy TPEPICO spectrum of SF5Cl was
recorded from 12 to 26 eV with an optical resolution of 0.3 nm
and an ion TOF resolution of 64 ns. Four fragment ions are
observed; SFs*, SF4Cl*, SF4* and SF3;*. The parent ion is
not observed. This is expected from thermochemical consid-
erations, as the calculated energy of the SFs* +Cl+¢e™ disso-
ciation channel, 12.15¢V, lies below the onset of ionisation
of SF5Cl. Therefore, the ground state of SFsCI* is repulsive
in the Franck—Condon region along the S—CI coordinate. The
ion yields obtained from the spectrum are shown in Fig. 2,
and AEsgg values are given in column 2 of Table 1. Over the
Franck—Condon region of the first photoelectron band, the SF5™*
signal, onset 12.3 £0.2 eV, and the threshold photoelectron sig-
nal show a very similar variation with photon energy. The X state
of SFsCI* therefore dissociates exclusively to SFs* + CI. This
is expected if ionisation from the HOMO of SF5Cl removes an
electron from a Cl 3pm orbital and weakens the S—CI bond,
leading to prompt S—CI bond dissociation before the cation
charge redistributes over the molecule. Above ca. 15 eV, there is
no obvious correlation between the SFs* yield and the thresh-
old electron signal. The yield of SF4Cl*, however, threshold
14.8 £ 0.2 eV, seems to mirror the electron signal over the ener-
gies of the (A/B/C) and D states of SFsCI*, ca. 15-18 eV. This
is also expected if dissociation occurs on a more rapid timescale
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than intramolecular vibrational redistribution, since the charac-
ter of the (HOMO-1) through (HOMO-4) orbitals is dominated
by electron density between the S atom and the four equito-
rial F atoms. There is also some weak correlation between the
SF4* and SF3* yields (thresholds observed at 16.2 4+0.2 and
16.8 £ 0.4 eV, respectively) with the D and E, and E and F states
of SF5CI*, respectively. SF4* and SF3* also have very weak
secondary thresholds at 14.8 +0.2 and 15.0 £ 0.4 eV, respec-
tively, energies significantly lower than the AE»9g values of the
main thresholds. The onset for formation of SF4* lies close to
the thermochemical threshold if atoms F+Cl form with this
ion (Table 1), but ca. 2eV above threshold if FCI is the neu-
tral partner. Likewise, the onset for formation of SF3* lies very
close to the thermochemical threshold for production of this ion
with F + F + Cl atoms, but 2-3 eV above threshold if a molecu-
lar neutral (F, or FCI) is formed. These data suggest that SF4*
forms from secondary and sequential dissociation of SFs* of
SF4CI*, and SF;* from secondary dissociation of SF4*. We
should note, however, that formation of a molecular diatomic
neutral is almost certain to involve an exit-channel barrier, so
the experimental energetics cannot rule out the possibility of
SF,4* and SF3* forming from direct dissociation of SFsCI*, via
a constrained transition state. The AE values of the four ions
observed in this study agree reasonably well with data from
the PIMS study (SFs* 12.32eV, SF4* 14.76 eV, SF3* 15.87 ¢V,
SF;* 16.2eV) [12]. The apparent observation of SCI* in this
latter study has since been attributed to an impurity in the gas
sample.?

The scanning-energy TPEPICO spectrum of the SFs* frag-
ment only was also recorded as a much higher TOF resolution of
16 ns over the limited energy range of 12.0-14.2 eV, encompass-
ing the X 2E state of SF5CI*. This state dissociates exclusively to
SFs* + Cl. The theory underlying this experiment was described
in Section 3. Fig. 3a shows the mean kinetic energy release,
determined by the simplified method also described in Section
3, as a function of energy, whilst Fig. 3b shows the threshold pho-
toelectron spectrum over this limited range of energies. Within
experimental error, the lowest-energy data points that describe
the rising edge of the X state Franck—Condon region fit to a
straight line with gradient 0.16 +0.03, but we note that this
value is significantly less than the predicted value of 0.61 for
this impulsive mechanism. Extrapolation to zero kinetic energy
yields the first DIE of SF5Cl to be 12.3 £+ 0.2 eV. Using litera-
ture values for the 0 K enthalpies of formation of SF5CI and CI
[311, A¢HS(SFY) is determined to be 42 +20kJ mol~!, lead-
ing to an adiabatic IE (SFs) 0of 9.92 + 0.28 eV. The former value
is in reasonable agreement with the value obtained from the
dissociative photoionisation reaction SFg + hv — SFs* + F+e™,
294+ 10kImol~! [21], and the value recommended by Fisher
et al. from guided ion beam spectroscopy of 11 = 18 kJ mol~!
[22]. A value of the slope which is significantly less than the
impulsive prediction was also observed for the three dissociative
photoionisation reactions XFg + hv — XFs* +F+e™ (X=S, Se
or Te) [21,38], but the slope has the ‘correct’ value for the two

2 H.W. Jochims, private communication.
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Fig. 3. (a) Mean total kinetic energy released in the reaction
SF5Cl+hv — SFs* +Cl+e~ for photon energies in the range 12.0-14.2¢eV. A
linear extrapolation to zero kinetic energy gives the first dissociative ionisation
energy of SF5Cl, 12.34+0.2eV. The error in each value of the kinetic energy
release is ca. 20%. (b) Threshold photoelectron spectrum of SF5Cl over the
same range of energies.

reactions CF3X +hv— CF3* +F+e~ (X=F or SFs) [21]. The
pure impulsive model, where the slope should be determined
solely by kinematics as the ratio of two reduced masses (Sec-
tion 3), does not depend on the geometry of the fragment ion or
the neutral parent molecule [35]. However, there is still uncer-
tainty in the structure of SFs* [39], and we note that this is not
the case for CF3*. (Becker et al. [39] calculate two structures
for SFs* with very similar energies. The trigonal bipyramidal
(D) structure, although calculated to be the isomer with lower-
energy, would need significant internal re-arrangement to occur
following cleavage of the S—CI bond, whereas the square pyra-
midal (C4y) isomer lying 0.22 eV higher in energy would not.)
The other difference between these two dissociation groups is
that the SF5*-containing ions dissociate further to SF4* (+F) and
SF;* (+2F or Fy) for relatively small amounts of extra photon
energy, whereas this is not observed for the CF3*-containing
ions.

TPEPICO-TOF mass spectra were also recorded for SFs*
and SF4CI™ at fixed photon energies corresponding to peaks in
the threshold photoelectron spectrum. The results for (KE)t and
{(NT, expt are shown in Table 2, as well as theoretical values for (f)t
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Table 2

Total mean translational kinetic energy release, (KE)r, for the two-body fragmentation of valence electronic states of SFsCI*

Electronic state of parent ion Daughter ion hv (eV) Eavail® (eV) (KE)T (eV) N, exp‘b (fyT¢ statistical Nrd impulsive
SFsCI* X 2E SFs* 13.05 1.03 0.26 0.25¢ 0.06 0.61

B %A, SFs* 15.12 3.10 1.23 0.40 0.06 0.61

C %E SFs* 15.90 3.88 0.64 0.16 0.06 0.61

D 2E SFs* 16.87 4.85 1.37 0.28 0.06 0.61
SFsCI* C E SF,CI* 15.90 1.23‘_ 1.14 0.93 0.06 0.71

D ’E SF,CI* 16.87 2.20 1.35 0.61 0.06 0.71

% Eavail = hv + thermal energy of SF5Cl at 298 K (0.13 V) — AE9g, calc- The vibrational frequencies for SF5Cl are taken from Chase [31].

® (f)1 = (KE)1/Eqvail.
¢ Klots [40].
d Busch and Wilson [35].

¢ The signal-to-noise ratio of this spectrum is poor, and may explain why this value of (f) is significantly different from the value of 0.16 £ 0.03 obtained from a

range of energies encompassing the X-state Franck—Condon region (Section 4.1).

f Eavail has been calculated assuming that SF4CI* turns on at its thermochemical threshold.

assuming statistical and pure impulsive limits for the dissocia-
tion mechanism. A full description of the statistical mechanism,
and how (KE)t is expected to vary with excess energy above
threshold, has been given by Klots [40]. There appears to be no
pattern in the (f) values for SF5*/SF5Cl as hv increases. Specif-
ically, the full width at half maximum of the TPEPICO-TOF
spectrum at 16.87 eV exceeds that at 15.12 eV, which exceeds
that at 15.90 eV which itself is greater than that at 13.05 eV. The
(i value at 15.12 eV, dissociation approximately from the B
2A2 state of SF5CI1*, has the greatest value, 0.40. In measure-
ments on other similar-sized ions [24], (f)T often decreases as
hv increases, reflecting the larger density of vibronic states with
increasing energy and hence the greater likelihood of statisti-
cal behaviour. This does not appear to be the case with SF5Cl,
and suggests that excited electronic states of SF5CI* show sig-
nificant isolated-state behaviour. For SF4Cl*/SFsCl, the data
suggest possible problems with the calculation of Ejy,;. The
(fiT value at 15.90 eV lies outside the statistical and impulsive
limits. It should be noted that since the ionisation energy of the
SF4Cl radical is unknown, it has been assumed that the appear-
ance energy of the ion occurs at its thermochemical threshold,
leading to an upper limit for AfH§98(SF4C1+) of 327 kJmol 1.
Hence the value of AEj93. calc(SF4CI%) of 14.80eV, column 6
of Table 1, is also an upper limit. It is therefore possible that
Eavail has been underestimated, leading to lower values of (f)T
than those given in Table 2. The large values of (f)T, however,
suggest that dissociation of the C 2E and D 2E states of SFsCI*
to produce SF4CI* +F is non-statistical, with relatively large
amounts of the available energy being deposited into transla-
tion. If this is the case, then the true enthalpy of formation of
SE4CI* at 298 K may be significantly lower than its upper limit
value of 327 kJ mol~!.

4.2. Electron impact excitation experiments

Fragment cations resulting from low-energy electron ionisa-
tion of SFsCl in the range 10-25 eV at a resolution of ca. 0.2 eV
are shown in Figs. 4-6. The spectra have been normalised to vari-
ations in sample pressure and electron current. No allowance has
been made for any mass discrimination effects of the quadrupole

mass analyser, but the mass resolution was kept to the lowest
possible value to minimise this problem. Thus, the values of
the ion signals in these figures give a good indication of the
relative cross-section for production of fragment ions. Some
general comments are pertinent about these electron-induced
experiments compared to the photon-induced coincidence stud-
ies (Section 4.1). In the electron ionisation experiment, the mass
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Fig. 4. Tonisation efficiency curves measured with an energy resolution of ca.
200meV for production of (a) SFs*, (b) SF4CI*, (c) SF4* and (d) SF3* by
electron ionisation of SFsCl. The full curves are fits to the data to extract the
corresponding EI threshold energies. The energy scale has been calibrated with
argon, via its ionic 2ps, threshold at 15.759 eV, measured under identical con-
ditions.
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Fig. 5. Ionisation efficiency curves measured with an energy resolution of ca.
200 meV for production of (a) CI* and (b) F* by electron ionisation of SF5Cl. The
full curves are fits to the data to extract the corresponding EI threshold energies.
The accompanying fragment is assumed to be SFs~ and SF4CI1™, respectively.
The energy scale has been calibrated with argon, via its ionic >P3/, threshold at
15.759 eV, measured under identical conditions.

and energy scales are unambiguous, and there is no equivalent
to second-order effects in the photon experiments. Impurities,
however, are potentially a serious problem since the quadrupole
detects fragment ions whatever their source or method of produc-
tion, and in addition a cation can be associated with production
of either an electron or an anion; this experiment is therefore
sensitive to ion-pair formation. By contrast, in the coincidence
experiment using photons covering the same energy range as
that of the electrons, the mass of the fragment cation is unam-
biguous, but because the cation is detected in coincidence with a
photoelectron the experiment is not sensitive to ion-pair forma-
tion or gas impurities. Care must also be taken with the energy
scale if second-order effects are significant for the dispersive
diffraction grating in the beamline.

In these electron ionisation experiments, the cation is not
detected in coincidence with another species. Thus, the exper-
iments are not state-selected and the internal energy state of
SF5Cl is not defined following electron excitation. The only
important quantity determined is the threshold energy of the
fragment ion at the temperature of the experiment, ca. 298 K.
As in the photon experiment (Section 4.1) the parent ion is
not observed, ten fragment ions are now observed, and their
threshold energies, as determined by the method described in
Section 3, are given in column 3 of Table 1. The excitation func-
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Fig. 6. Ionisation efficiency curves measured with an energy resolution of ca.
200 meV for production of (a) SF>*, (b) SF*, (c) Cl,* and (d) FCI* by electron
ionisation of SFsCl. These ions arise from impurities in the gas sample. The
full curves are fits to the data to extract the corresponding EI threshold energies.
The energy scale has been calibrated with argon, via its ionic 2P3/2 threshold at
15.759 eV, measured under identical conditions.

tions for SFs* and SF4CI* (Fig. 4) fit well to single-threshold
functions, and their threshold energies are determined to be
12.65 +0.02 and 15.38 - 0.09 eV, respectively. These values are
significantly lower than those of the early work of Harland and
Thynne (13.2and 15.9 eV, respectively) [11], probably reflecting
the improved sensitivity of this apparatus over earlier electron-
ionisation spectrometers. However, they are greater than the
AEjog values of these ions from photon-induced TPEPICO [this
work] or PIMS spectroscopy [12], possibly reflecting the step
function, and hence much steeper rise in cross-section at thresh-
old for a photon-induced reaction. We can offer no explanation
why the SF4Cl* electron-induced threshold is ca. 0.6 eV greater
than the photon-induced threshold, whereas for SF5* the dis-
crepancy is much smaller, ca. 0.3 eV. The excitation functions
for SF4* and SF3* (Fig. 4) show curvature, and fit to double
exponentials with thresholds of 12.0 £ 1.9 and 16.05 £0.05eV
for SF4*, 12.0£0.6 and 16.5+0.1¢eV for SF3*, respectively.
The lower-energy threshold has a much smaller weighting fac-
tor for both ions. The higher-energy thresholds are associated
with production of SF4* and SF3* from SF5Cl, and the values
compare favourably with those from photon-induced experi-
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ments (Table 2). The lower-energy thresholds are associated
with production of SF4* and SF3* from an impurity of SF4 in
the gas sample, the literature values for these AE values from
SF4 being 12.0£0.3 and 12.6 £ 0.1 eV, respectively [26]. SF4
was also detected as an impurity in the recent study of anions
formed by low-energy electron attachment to SF5Cl [4]. These
lower-energy thresholds are not observed in the photon-induced
experiment because ions are only detected here when they are
in coincidence with a threshold photoelectron.

The signals from CI* and F* are surprisingly strong
(Fig. 5), and have single-value thresholds of 12.85 £0.05 and
16.08 £ 0.06 eV, respectively. These values are much higher
than the calculated energy thresholds for C1* +SFs+e~ and
F*+SF4Cl+e™~ of 15.33 and 20.95 eV, respectively. Since the
energy scale in these experiments is unambiguous, the only pos-
sibility is that C1* and F* are formed with the associated anion
SF5~ and SF4Cl—, respectively. Since the electron affinity (EA)
of the SFs radical is known, 3.80eV [15], the energy threshold
for production of CI* + SFs~ can be calculated to be 11.53 eV
which is 1.32eV below the experimental threshold. The CI*
cation therefore may be formed at threshold translationally hot,
with a maximum kinetic energy of (127/162.5) x 1.32=1.03 eV.
The EA of the SF4Cl radical is unknown, but a similar calcu-
lation yields a lower limit of 4.88 eV; the error is difficult to
quantify, but the dominant contributions will come from the
enthalpy of formation of SF4ClI and the error of 0.06 eV in the
electron ionisation threshold value. At threshold, the F* cation
will therefore have a translational kinetic energy between zero
and (143.5/162.5) x [EA(SF4Cl) — 4.88] eV. The EA (SF4Cl)
value is very high for an electron affinity of a polyatomic free
radical, with most species having values in the range ca. 04 eV
[41]. However, calculations by Larkin and Schaefer at the MP2
level of theory with a variety of basis sets suggest that the vertical
detachment energy of SF4Cl lies in the range 4-6 eV>; the ver-
tical detachment energy is defined as the vertical energy of the
anion below that of the neutral where the neutral is frozen at the
(optimised) C4y geometry of the anion. Thus, using an aug-cc-
pvtz basis set, they calculate the vertical detachment energy of
SF4Cl to be 5.74 eV, consistent with our lower limit experimen-
tal value of 4.88 eV. With this basis set, the vertical attachment
energy (in which the anion is frozen at the energy of the (opti-
mised) neutral molecule) is much less, 2.45eV. In agreement
with an earlier calculation of Gutsev and Ziegler [20], the struc-
tural calculation of Larkin and Schaefer predicts an increase in
the S—CI1 bond length of 0.016 nm, an increase in the S—F bond
length of 0.012 nm, and a reduction in the FSCI bond angle of
8° upon addition of an extra electron to SF4C1.3 Large values of
an electron affinity can often accompany a significant change in
geometry upon formation of an anion, conditions under which
the vertical detachment and vertical attachment energies, on
Franck—Condon grounds, are very different.

Fragment cations are also observed with much lower signal
intensity at m/e values of 70, 51, 72, 74, 54 and 56 u. The spectra
for ions with 70, 51, 72 and 54 u are shown in Fig. 6. The ratio of

3 J. Larkin, H.F. Schaefer, private communication.

the signal strengths of the 72 u (Fig. 6¢) and 74 u spectra are 6:1
at all energies above threshold, consistent with the peaks being
due to 33-*"Cl, and *77Cl,. The 70 u spectrum is much stronger
than 9/6 or 1.5 times the strength of the 72 u spectrum, so the
former has contributions from both SF,* and 3>33Cl,; note that
the 4% contribution of 3*$ to all ion yields containing one sul-
fur atom is neglected. The SF,* spectrum shown in Fig. 6(a) has
had 1.5 times the 72 u spectrum subtracted for all energies, so it
represents a ‘pure’ SF,™ ion yield. The SF* spectrum (Fig. 6b) at
51 u has no such ambiguity of assignment. The F33CI* spectrum
(Fig. 6d) at 54 u has a very weak spectrum at 56 u due to F37Cl
ca. three times weaker at all energies. All four ion yields fit well
to single-threshold functions, with thresholds for SF,*, SF*,
Cly* and FCI* of 10.39 +0.16, 12.87 +0.25, 11.26 + 0.26 and
12.17 £ 0.24 eV, respectively. The Cly*and FCI* signals almost
certainly arise from impurities of Cl, and FCl in the gas sample,
with well-established ionisation energies from photoelectron
spectroscopy of 11.48 and 12.66 eV [42,43]. The energetics of
the SF,* and SF* thresholds suggest that the source of these
ions is also a gas-sample impurity of SF;, since the ionisation
energy of SF, and appearance energy of SF*/SF, have been
measured to be 10.08 and 13.9 + 0.1 eV, respectively [44,45].
We are unable to explain the apparent presence of this impurity
in the gas sample, given that the lifetime of SF; is believed to be
only ca. 1. Certainly, SFo* and SF* cannot arise from disso-
ciative electron ionisation of SF5Cl since the lowest thresholds
(e.g., SF>* + F, + FCl + e 7) have calculated thresholds of at least
17 eV. Finally, we note that none of these four impurity ions are
observed in the photon-induced coincidence study.

5. Conclusions

We have conducted a complementary study of the interaction
of SF5Cl in the gas phase with vacuum-UV photons (Dares-
bury, UK) and low-energy electrons (Innsbruck, Austria) from
the onset of ionisation (ca. 12eV) to 20eV. The strengths and
limitations of both techniques are contrasted and discussed. The
photon-induced study has been performed under coincidence
conditions in which the internal energy state of the initially-
excited SF5Cl is defined, whilst there is no state selectivity in
the electron-induced study. The parent cation is not observed in
either study, suggesting that its ground electronic state is repul-
sive following Franck—Condon vertical excitation. The fragment
cations SFs5*, SF4Cl*, SF4* and SF3* have been observed in both
studies, with reasonable agreement in their threshold appearance
energies. Using a variant of threshold photoelectron photoion
coincidence spectroscopy applicable when the ground state of
the parent cation is repulsive, we have determined the first dis-
sociative ionisation energy of SFsCl to be 12.3 £ 0.2 eV, which
leads to a value for the adiabatic ionisation energy for the SFs
radical of 9.92 +0.28 eV. The electron-induced experiment is
sensitive to ion-pair production, and we have observed the onsets
for F* and C1* production which are only possible energetically
if the accompanying fragments are the anions SF4C1™ and SF5 ™.

4 C.A. de Lange, private communication.
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The energetics are consistent with the literature value for the
electron affinity of SFs, and we determine a lower limit for the
electron affinity of the SF4Cl radical of 4.88 eV. This latter value
is confirmed by preliminary ab initio calculations. The electron-
induced experiment is very sensitive to gas impurities, and we
can observe the effects of minute quantities of SF4, FCI, CI, and
possibly SF» in the gas sample.
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