Dissociative electron attachment to S,Fo, S,0F o, and S;0,F
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The absolute cross sections for dissociative electron attachment to the molecules S,F),, S,0F g,

and S,0,F,, were measured in an electron transmission experiment. The corresponding
negative-ion fragments were identified in a separate mass spectrometric measurement. For
S,F o, the attachment of thermal electrons (energy less than 0.1 eV) appears to result primarily
in the formation of F~ and SF; with possibly a small fraction of SF;” and SFq . The ions F~
and SF; are also produced from two attachment resonances at electron energies of about 4.5
and 9.5 eV. Both S,0F, and S,0,F,, have unusually large dissociative attachment cross sec-
tions (on the order of 10~ '? cm?) at energies near 0.1 eV. Electron attachment to S,0F, yields
primarily SOF;, while S,0,F, yields both SF5 and SOFs with possible minor fractions of F~
and SOF; . Self-consistent-field calculations have been carried out on the neutral molecules and
the corresponding anions to aid in the description of the observed dissociative attachment.

INTRODUCTION

The compounds disulfur decafluoride (S,F,q), bis-
~ (pentafluorosulfur) oxide (S,0F,,), and bis(pentafluoro-
sulfur) peroxide (S,0,F,y) are chemically related to SFy,
formed from the reaction products of sulfur and fluorine in
the presence of oxygen, and are known to be thermally
stable in the gaseous state at room temperature (20 )
All three compounds can be formed by electrical dis-
charges in SFg and SF¢/O, gas mixtures under a wide
range of conditions.” " In the case of S,F;, which is
known to be highly toxic,'* there is a need to develop
methods for detecting trace levels of this species in the
presence of SF4. One of the proposed methods of analysis
for S,F,, employs an electron capture detector coupled to
a gas chromatograph.'>'® Since the transport times of
S,0F,, and S,0,F,, through a chromatographic column
can be comparable to that of S,F g, it is possible that these
compounds will interfere with the detection of S,F,. In-
formation about negative-ion formation processes for these
molecules is needed to assess the importance of such inter-
ference.

Little is known about the processes of negative-ion for-
mation in S,F,,, S,0F,y, and 8,0,Fy at electron impact
energies less than 10 eV. The molecular structures are

1720 and processes forming positive ions have been
investig:ﬂ:ed.3'21‘22 In its ground electronic state, S,F;, has
D, symmetry (FsS-SFs) with a relatively weak S-S bond.
The S—0O-S and S-O-0-S bond structures in S,0F,; and
S,0,F,, are nonlinear with the O-S and O-O bonds, re-
spectively, being the weakest bonds in the molecules.

The present work was undertaken to determine the
absolute cross sections for dissociative electron attachment
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to S,Fy5, S,0F,;, and S,0,Fy, and to identify the
negative-ion fragments that are formed in the process. Dis-
sociative attachment can be viewed as a resonant electron
scattering process that results in formation of a temporary,
antibonding negative-ion state that decays into a negative
ion and one or more neutral fragments. The process allows
formation of energetically stable negative ions as well as
neutral fragments that may be in excited states. The ap-
proach used in the present work is essentially identical to
that used in recent investigations’*** of the compounds
S0,, SOF,, SOF,, SO,F,, and SF,.

MEASUREMENT METHODS

The absolute cross sections for dissociative electron
capture were measured with an electron transmission spec-
trometer.?#?> The instrument consists of a thermionic elec-
tron source followed by a trochoidal monochromator, an
accelerating lens, gas cell, and retarding lens that permits
only unscattered electrons to be transmitted to a collector
at which the transmitted current is measured. The instru-
ment is immersed in a uniform magnetic field of about
7 mT (70 Gs). Cross sections for dissociative attachment
processes are determined by measuring the product
negative-ion current at the walls of the scattering cell.
More details of the apparatus and experimental procedure
are given elsewhere.’®

For the electron transmission studies, the electron-
energy resolution was approximately 50 meV. The energy
scale was determined by mixing nitrogen with the sample
gas and observing the vibrational structure in the transmit-
ted electron current due to electron scattering associated
with the well-known zﬁg shape resonance of N, centered
around 2.3 eV.?" The uncertainty in the calibration of the
energy scale is estimated to be less than 50 meV. Pressures
in the collision cell were maintained between 0.02 and 0.05
Pa (0.15-0.38 mTorr) for all data presented here, and the
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temperature within the scattering region was maintained at
room temperature.

The largest uncertainties in the measurement are asso-
ciated with the measurement of the target gas pressure and
with our estimate of the length of electron trajectories
through the target cell. The accuracy of the pressure mea-
surement, accessed by intercomparison of the capacitance
manometer with two absolute pressure gauges, is estimated
to be +11%, introducing a corresponding uncertainty into
the reported cross section. The presence of the magnetic
field imparts a helical motion to the electrons and hence
introduces an uncertainty in the path length through the
target. This effect increases with decreasing electron en-
ergy. The reported cross sections were derived assuming a
path length equal to the physical length of the cell, and are
thus slightly overestimated since the helical motion in-
creases the path length as discussed quantitatively in ear-
lier publications.’®*® If one takes the most conservative
approach, assuming that all of the thermal motion of elec-
trons leaving the source is directed radially, the reported
cross section would be too large by a factor of 1.1 for 1.0
eV electrons passing through the target, a factor of 1.2 at
0.5 eV, 1.4 at 0.2 eV, and 1.9 at 0.1 eV. It should be
emphasized that these are maximum estimated errors.
Scattering cross sections for nitrogen obtained with this
instrument when compared to measurements made by dif-
ferent methods?® suggest that the problem associated with
the uncertainty in the path length is much less severe than
implied by this worst case estimate.

Fragment-ion identifications were made from indepen-
dent measurements using a linear time-of-flight (TOF)
mass spectrometer as previously described.??**° This sys-
tem uses a pulsed electron beam from a thermionic emis-
sion source to produce negative ions, which are then accel-
erated into a field-free drift tube. The electron energy
spread in this experiment is estimated to be 0.5 eV from
observation of SF; ions produced by resonant electron
capture in pure SF; at threshold electron energies.

The relative intensities of the different ions were deter-
mined from TOF measurements made at different electron-
impact energies. Negative ions which decay by dissociation
or electron detachment in the flight tube are detected since
the neutral fragments possess sufficient kinetic energy to
trigger the detector. The contribution of short-lived ions to
the detected signal is assessed with the use of a pair of
electrostatic deflection plates at the downstream end of the
flight tube. Only neutral fragments are detected when the
deflection field is applied. Ions with lifetimes longer than
the drift-tube flight time can reach the detector only when
the deflection field is off. For the measurements discussed
here, the TOF system was operated at gas pressures be-
tween 107° to 1.5%x 1072 Pa.

The S,F,,, S,0F,;, and S,0,F,, samples had an esti-
mated purity of greater than 99% at the time of prepara-
tion. Sample purities were confirmed prior to use with a
gas chromatograph-mass spectrometer.”
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FIG. 1. Electron-energy dependence of the absolute cross sections for
dissociative electron attachment to S,0F,;, (long dashed line) and
$,0,F,, (short dashed line) in comparison with the previously measured
(Ref. 24) electron attachment cross section for SF, (solid line) and cal-
culated maximum s-wave capture limit (7A?).

RESULTS

Absolute dissociative electron-attachment cross sec-
tions for S,0F, and $,0,F,, are shown in Fig. 1, and for
comparison, the electron-attachment cross section for SFg
recently measured with the same instrument is included.
Comparison of this electron-capture cross section for SFy
has been shown in Ref. 24 to be in agreement with other
measurements and demonstrates the suitability of the ex-
perimental technique for these types of measurements. In
the energy range shown, the electron attachment process in
SF, is known®! to yield primarily SF5™ for electron energies
above 0.2 eV and SF; at lower energies. Cross sections for
both S,0F,, and S,0,F, are extraordinarily large, exceed-
ing the maximum for the SFy cross section by about two
orders of magnitude.

Figures 2 and 3 show, respectively, the negative-ion
yields for S,0F,, and S,0,F,,, observed with the TOF
mass spectrometer. The species S,0F,, yields primarily
SOF; . The yields of other ions are at least two orders of
magnitude lower than that for SOF; . In the case of
§,0,F, the threshold attachment process results in the
production of either SOF5 or SF; with similar intensity.
There is also evidence for formation of SOF; and F~ from
this resonance with much lower probability. However,
there are other possible sources of SOF; in the TOF in-
strument as will be discussed below.

The absolute dissociative-attachment cross section
data for S,F,,, shown in Fig. 4, exhibits a peak near zero
energy, similar to but smaller than the other compounds,
as well as two smaller features at about 4.5 and 9.5 eV. The
corresponding data from the TOF mass spectrometer ex-
periment are shown in Fig. 5. The predominant negative
ions formed in all three resonance processes are F~ and

J. Chem. Phys., Vol. 98, No. 12, 15 June 1993




9468 Olthoff et al.: Dissociative electron attachment
S,0F o S5.Fo
1.0 ' 1.0 -
—_— SOF5 —F
()]

0.8 o 0.8} - SF,
'm| = -
I oo 2 1 SF,
= 0.6 O 06
z < !

9 o4r w 0.4F [
Z > | i
= L
021 d 0.2+ I;; ".
o i ) Y
W W ¥
00 1 1 ol | | 00 Rl Y Al L %‘ i
0.0 1.0 2.0 3.0 0O 2 4 6 8 10 12

ELECTRON ENERGY (eV)

FIG. 2. Electron-energy dependence of the anion yield from S,0F,; using
the TOF mass spectrometer.
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FIG. 3. Electron-energy dependence of the anion yield from S,0,F,
using the TOF mass spectrometer:
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FIG. 4. Electron-energy dependence of the absolute cross section for
dissociative electron attachment to S,F ;.
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FIG. 5. Electron-energy dependence of the anion yield from S,F;, using
the TOF mass spectrometer.

SF5 . There is also evidence for the production, with low
probability, of SF; and SF; in the threshold attachment
process.

It should be noted that the raw data for the absolute
cross section is complicated by a background current,
which becomes significant at electron energies above 6 eV.
This current is due to electrons that experience multiple
scattering within the collision region, thus permitting them
to cross magnetic field lines and reach the wall of the gas
cell and contribute to the measured current. The TOF data
are free of this effect and were used to estimate a correction
for the data shown in Fig. 4.

When S,F,, was introduced into the TOF mass spec-
trometer, a peak appeared at mass 105 u corresponding to
SOF; (see Fig. 6). It is known that S,F,, can readily react
on hot surfaces with adsorbed H,O to form oxyfluorides.*’
Thus the SOF;” most likely is formed by reactions of §,F,,
on the surfaces near the filament. Moreover, there is evi-
dence'' that SF; radicals from dissociation of S,F,, react
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FIG. 6. Typical negative-ion mass spectrum from S,F,, with the electron
beam energy set to approximately 0.5 eV.
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with OH to form SOF, at low pressures. Dissociation of
gas phase water near the hot filament in the TOF appara-
tus may produce OH; thus SOF, may be formed in the
region near the filament. Previous work?*?* has shown that
dissociative attachment to SOF, leads predominantly to
SOF; with relatively large probability near zero energy.
The SOF, could also form SOF5 (which was also observed
in the S,F,, TOF mass spectrum) through fast F~ transfer
reactions.*?

The presence of SOF, in the mass spectrometer would
not affect our assignment of ions to S,F,, as indicated in
Fig. 5, however, it could have an effect on the results for
8,0,F,; shown in Fig. 3. Experiments in our laboratories
and elsewhere® have shown that 8,0,F g is thermally un-
stable and can decompose into reactive species like SFs
that form SOF,. For this reason, the assignment of the ion
SOF3 to $,0,F,; must be considered tentative.

DISCUSSION

No parent negative ions (S,F}y, S,0F;, or S,0,F ;)
were detected in the TOF experiment. This implies that,
even at thermal energies ( <0.1 eV), electron attachment
to S,F )y, $,0F,,, and S,0,F, results in dissociation. Al-
though the calculations discussed in the next section indi-
cate that S,F;; and S,0,F,; are stable, the formation of
these ions requires collisional stabilization that is improb-
able at the low pressures in the TOF apparatus.

It is surprising that both S,0F,;, and S,0,F,, have
such large attachment cross sections, among the largest
observed for any molecule. As can be seen in Fig. 1, the
cross sections for electron capture to S,0,F,, and S,0F,
exceed the theoretical s-wave limit by significantly more
than the estimated measurement uncertainties. The s-wave
capture limit imposed by the Wigner threshold condition®
for scattering from a central potential as considered by
others® in the interpretation of data on electron attach-
ment. However, contributions from other partial waves can
be significant for electron interactions above thermal ener-
gies.** Moreover, there is reason to question the applica-
bility of partial-wave analysis and therefore the s-wave
limit to electron scattering from the large, nonspherically
symmetric molecules considered here for which the inter-
action potentials are multicentered. Additionally, the con-
sistency of the resultS presented here for S,0,F,, and
§,0F o with the s-wave limit near zero energy is impossible
to assess since the present data do not extend below 0.1 eV.
The behavior of electron capture cross sections for very
low energy electrons (less than 100 meV) would be better
investigated using experimental techniques similar to those
of Chutjian and co-workers** or Klar and co-workers.*’

The fact that SOFs is the predominant negative ion
formed from dissociative electron attachment to S,0F,, is
consistent with the assumption of a relatively weak sulfur—
oxygen bond in the intermediate parent negative-ion state.
The formation of either SFy or SOF5 from S,0,F,, with
nearly equal probability implies a rupture of one of the
0O-0 or 8-O bonds.

Similar to §,0F; and S,0,F,,, S,F ), exhibits a large
(greater than 10~ '® em?) cross section for dissociation

near zero energy. In addition, two attachment resonances
occur at higher energies (4.5 and 9.5 eV). Both result in
the formation of F~ and SFy . For the 4.5 eV process, both
fragment ions appear with nearly equal probability,
whereas F~ appears to predominate at the 9.5 eV reso-
nance. The formation of SF5 is expected if the dissociation
occurs along the weak sulfur—sulfur bond. It is speculated
that F~ formation at the high-energy resonances results
predominantly from an indirect process involving decay of
the SF5~ anion formed in its lowest antibonding state. The
recent calculations of Ziegler and Gutsev®® indicate that
the dissociation channel of lowest energy for the SF5 anion
leads to F~ formation. The dissociation energy for SFs is
estimated to be 2.9 eV. Based on estimates of the heats of
formation and on the uncertainties of these estimates for
S,F | and S,F,,"" direct formation of F~ can occur at 0.5
+0.46 eV electron energy, indicating that a direct disso-
ciative attachment process for F~ formation at thermal
energy is possible. Similarly, using 2.7+0.2 eV for the elec-
tron affinity®’ of SFs, SF5 formation by direct dissociative
attachment to S,F, is possible at thermal electron energies
from an estimated heat of reaction of —0.75+0.48 eV.
Thus the F~ and SF; ions observed at zero electron en-
ergy can be attributed to direct dissociative electron attach-
ment to S;Fy,.

The suggestion of thermal decomposition of S,F,; in -

the TOF apparatus raises the possibility that some of the
observed SF¢ may not come from electron attachment to
S,F)¢ since thermal decomposition of this substance is
known to produce SF¢.**° On the other hand, it is also
known that SF¢ produced by low-energy electron attach-
ment to SFg has a lifetime for autodetachment of a few
microseconds to milliseconds depending on the state in
which it is formed.*® Tests using the deflection plates in the
mass spectrometer flight tube gave no evidence for the
presence of short lived SF , implying that the observed
signal originated from a dissociative-attachment process.
Thus, the possibility that SFg is indeed formed directly
from electron attachment to S,F,, cannot be ruled out. The
process may be the consequence of a structural rearrange-
ment.'?

CALCULATIONS

To help in understanding the electron attachment be-
havior of S,F g, S,0F, and S,0,F,,, we have carried out
ab initio self-consistent-field (SCF) calculations on the
neutral molecules and their anions, much like those per-
formed earlier’ on simpler molecules such as SF,. For
comparison, we have also included SF; in our calculations,
as it provides a test of the accuracy of the calculational
method. Unpolarized split-valence bases at geometries op-
timized using polarized split-valence bases were employed
for SF¢, S;F o (Dy,), and S,0F; (C,,). The S,0,F,, is too
large and asymmetric to use polarized split-valence bases
for geometry optimization. Its geometry was optimized
only at the semiempirical PM3 level.*’ Calculated geome-
tries of SF, and S,F | have been reported previously.’” All
calculations were performed with the program
GAMESS.*" The bond lengths (R) for S,0F,, at the
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TABLE 1. Vertical electron attachment energies for SF,, S,Fq, §,0F,;,
and S,0,F,; obtained from virtual orbital eigenvalues (€;) and anion—
neutral total energy differences (AEsqp) using 3-21G bases at 3-21G" SCF
optimized geometries.

Label and nature €; AEgeg

Molecule of virtual orbital (eV) (eV)
SF, a,, S-Fo* 32 2.2

t,, S-Fo* 8.4

S,Fp a,, S-8c*, S-Fo* 0.2 —0.38

e,, 5-87%, S-Fo* 6.5

a,, S-So*, S-Fo* T3

- e;, S-S7¥, S-Fo* 8.8
S,0F,, a,, S-0-S¢* 1.9 0.9
$,0,F a, 0-Oc*, S-S5q* 0.5 —1.0

‘Geometry optimized at the semiempirical PM3 level; anion calculation at
the restricted open shell Hartree—Fock level.

3-21G SCF level were calculated to be R(S-0)=0.1618
nm and R(S-F)=0.1537-0.1542 nm, and the angle
formed by the S—~O-S bonds was calculated to be 155° in
reasonable agreement with the experimental values'® of
0.1586 and 0.1558-0.1572 nm and 142.5°, respectively. For
S,0,F,;, the PM3 optimized geometry has R(O-O)
=0.1479 nm, R(S-0)=0.178 nm, R(S-F)=0.1551-
0.1561 nm, and the S—O-O angle equal to 136° compared
to experimental values® of 0.143, 0.166, and about 0.156
nm, and 111°, respectively.

Calculated electron attachment energies of SFg, S,F,
S,0F,,, and S,0,F,, are compared with the energies of
experimentally observed resonances. For the present dis-
cussion, the attachment energy (AE) is defined as the in-
ternal energy change when an electron is captured by a
neutral gaseous molecule. The AE is therefore positive if
the resulting anion is less stable than the neutral molecule.
Calculated vertical attachment energies assume no change
in the geometry of the molecule during the electron cap-
ture process, while adiabatic attachment energies allow for
changes in the anion geometry, leading to a new minimum
energy geometry.

Vertical electron attachment energies for the four mol-
ecules as derived from the virtual orbital eigenvalues ¢;
(i.e., within Koopmans’ approximation) and as differences
in total SCF energies of the apion and the neutral (AEgcg)
are given in Table I. AEscr and €, give only approximate
values for the attachment energy. For those cases in which
AEqcr is negative at the geometry of the neutral, corre-
sponding to a bound state anion, the AEg-r method is
valid, but ignores correlation differences between the neu-
tral and the anion. We have also employed a small basis
with none of the diffuse functions needed to accurately
describe the anion electron density. For cases in which
AFEgcp is positive, the anion is unbound, technically a scat-
tering resonance, so our bound state approach is not for-
mally correct. Our results will be unstable toward the ad-
dition of diffuse and/or continuum basis functions. This
difficulty can be removed in simpler cases using stabiliza-
tion methods.*’ Even without stabilization, calculations us-
ing split valence bases often give results in reasonable
agreement with experiment using the AFEgqp approach as

Olthoff et al.: Dissociative electron attachment

TABLE II. A comparison of calculated vertical and adiabatic electron
‘attachment energies for SF,, S,F,,, and S,0F,. The experimental values
are shown in parentheses for SF. Adiabatic AE's are obtained as the total
energy of the relaxed geometry anion minus the energy of the geometry
optimized neutral.

AFEgcr Adiabatic AE
Molecule Orbital (eV) (eV)
SF, aj, 2.2 (2.6) —1.4 (—=10)
S,Fiy a, —0.8 —5.2
S,0F a, 0.9 —2.6

we have demonstrated for some smaller sulfur oxyfluo-
rides.*

The calculated AEg falls approximately 1 eV below
€; for the ground-state anion of each compound. It is ex-
pected that this “shift” is qualitatively applicable to the
higher-energy states and the calculations of €, may thus be
used to estimate the energies of higher-energy scattering
resonances.”’ For SFg, the calculated AE for the a;, orbital
(or scattering resonance) at the AEgcp level is 2.2 eV, in
reasonable agreement with the experimental resonance po-
sition of 2.5 eV.** The eigenvalue of the t,, orbital less 1 eV
is 7.4 eV, compared to an experimental value of 7.0 eV.*
Differences between calculations and experimental values
are expected to increase for molecules of lower symmetry.
Estimating AEs of 8,F; as €; minus 1 eV would suggest
resonances at about 5.5, 6.3, and 7.8 eV. These energies are
near the values of the two higher-energy features in Figs. 4
and 5. It is difficult to assign particular orbitals to these
features since the calculations provide no estimates of the
intensity of a resonance. The a, state of S,F,; and the a
state of §,0,F|, are calculated to be stable at the AEq-p
level at the neutral geometries, however, since no evidence
of parent ion formation for S,F;;, and S,0,F;, was ob-
served in the data, it can be assumed that the lifetimes of
these metastable ions are less than 1 us.

Adiabatic AE values will be more negative than verti-
cal AEs. For SF;, we calculate an adiabatic AE of —1.4eV
(i.e., an electron affinity of + 1.4 eV), while the experi-
mental value is about —1.0 eV.* For S,F,, and S,0F,
the calculated adiabatic AEs are —5.2 and —2.6 eV, re-
spectively. These values are given in Table II.

The bonding character of the virtual molecular orbitals
to which electrons are added in these molecules can pro-
vide some understanding of the anions produced by disso-
ciative attachment. In general, if a virtual orbital is anti-
bonding between two atoms, we would expect the bond
between them to have a higher probability of breaking. The
24 1¢ state of SFg, formed by populating the a;, lowest
unoccupied molecular orbital (LUMO), shows an elon-
gated S—F bond as in previous studies,*’ and is consistent
with formation of F~ and SFs . For S,F,,, the ¢, LUMO
is S-So* and S-Fo* in character, consistent with rupture
of the S-S or S-F bond to give SFs or F fragments. At
the 3-21G SCF level in D,,; symmetry, the S-S bond dis-
tance increases by 0.042 nm and the S-F bond distances
increases by 0.002-0.005 nm when an electron is added to
S,F,y. Similarly, for S,0F,, at the 3-21G level, electron
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addition gives an increase in S-O distance of 0.013 nm and
an increase in S-F distances of 0.09-0.013 nm.

CONCLUSIONS

The dissociative attachment cross sections measured
for S,0F, and S,0,F, are among the largest reported for
any gas-phase molecule. These exceptionally large cross
sections make S,0F,; and S,0,F, of particular interest in
investigations of low energy electron attachment processes
of gaseous dielectrics. Because of the magnitude of these
cross sections, it can be concluded that the presence of
8,0F,, and S,0,F,;, may cause significant interference in
the detection of S,F,, by gas chromatographic techniques
utilizing electron capture detectors.

The apparent production of stable SF, by dissociative
electron attachment to S,F,; is of significance. Experimen-
tal investigations of SF¢ have long been hampered by the
difficulties of producing the ions with known internal en-
ergy. The long lifetimes of the SF; ions observed here
indicate that this dissociative attachment process may rep-
resent a possible source of SFy in a well-defined state.
Unambiguous determination of the source of SFy from
8,F,y would require modifications to the TOF mass spec-
trometer to remove the hot electron source from the colli-
sion region. Assembly of this type of electron source/
collision cell for a different mass spectrometer system is
currently under way.
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