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The structure, thermochemistry, and reactivity of numerous sulfur oxyfluorides have been examined in a
combined theoretical and experimental study. Calculations were carried out feeeSOHEOF—0—3, SOsFr—0-1,

and their corresponding anions using the Gaussian-2 procedure. Structural parameters, standard entropies,
and integrated heat capacities were calculated at the MP2(full)/6-31G(d) level of theory. Electron affinities,
vertical detachment energies, fluoride affinities, neutral bond dissociation energies, and neutral and anion
heats of formation were derived from the G2 total energies (0 K) and enthalpies (298 K). This comprehensive
dataset of thermochemical properties for both neutrals and anions is compared to available experimental
results and to previous theoretical treatments of individual S/O/F compounds. A number of significant
discrepancies are noted. Using a selected ion flow tube, a series of laboratory measurements were made to
test the theoretical results and to examing,BQ reaction kinetics, including oxidation reactions. Rate constants

and product ion distributions at 298 K are reported for over 60 reactions, and reactivity trends are discussed.

1. Introduction to previous theoretical treatments. A series of laboratory
measurements were made to test the theoretical results and to

and is commonly used to minimize dielectric breakdown in examine SGF reaction kinetics. Rate constants and product

transformers and other electrical devices. The compound is alsolondd|str|b_upons a3298 Kdgare rep(()jrted for over 60 reactions,
used as a source of fluoride in plasma etching procésses. and reactivity trends are discussed.
Because ionization of $fn discharges necessarily involves 5 computational Details
interactions of the primary ions that are formed from electron ) ) ]
impact processes with any impurities that may be present, such_ Calculations were carried out using the G2 procedure of the
as trace oxygen or water vapor, a complex array of ion and G98W program systerhThis method givens an approximation
neutral processes can occur in such discharges. Examples oo a frozen-core, quadratic configuration |_nteract_|or_1 calculation
major long-lived neutral byproducts that result from the [QCISD(T)/6-311G(3df,2p)] for geometries optimized at the
decomposition of Sfin the presence of £and HO include MP2(full)/6-31G(d) level of theory. The_ base energy is calcu-
SOR, SOR, SOF, SO, and HF, while examples of anions lated at the MP4/6-31lG(_d,p) level, whlc_h denotes_, fourth-order
observed in S§H,0 negative corona include SQF SOR, leler—?lessgt perturbation theory_ carrleq oqt with a \_/alence
SOF-, and SQF,~.2-6 Thus, modeling the plasma chemistry triple-split basis set augmented Wldq.polarlzatlon fu.nct|.ons
of SF; discharges requires fundamental knowledge not only of On non-hydrogen atoms, and additional p-polarization on
the sulfur fluoride breakdown products but also knowledge of nydrogen atoms, and diffuse functions on non-hydrogen atoms.
the oxidation species and processes. Although a few sulfur AN isogyric correction is applied that is based on the number
oxyfluoride species have been the subject of detailed experi-Of @ andj electrons. Finally, in the G2 method, zero-point
mental or theoretical studies, only a limited amount of thermo- €nergy (ZPE) and thermal energy corrections are applied based
chemical and reactivity data are available for most S/O/F ©n harmonic frequencies calculated at the Hartiféeck level
compounds. [HF/6-31G(d)//HF/6-31G(d)] and scaled by an emplrlcal factor
The structure, thermochemistry, and reactivity of numerous ©f 0-8929. The frequency calculations also provide a check
sulfur oxyfluoride neutral and anionic species are examined here@92inst saddle point geometries that are not true minima and
in a combined theoretical and experimental study. Calculations Y/€ld negative force constants. The stability of the wave
have been carried out using the Gaussian-2 (G2) procedure offunctions for the molegules studied in this vyork was conf[rmed
the G98W program system. Structural parameters, standarg@t the HF level. That is, t_he molecular orbitals were varied to
entropies, integrated heat capacities, electron affinities, vertical P& certain that the solution to the SCF equations (the wave

detachment energies, fluoride affinities, neutral bond dissociation function) was of lowest energy. Molecular symmetries were
energies, and enthalpies of formation are reported here for€nforced in the calculations, primarily so the rotational symmetry

SOF—0-5, SOFn—0-3, SOsFno-1 and their corresponding number would be correct in the entropy and free energy

anions. The present results are compared to the limited COMPUtations.

experimental data that are available for S/O/F compounds and, Electron affinities (EAs) were determined as the difference
in energy between the neutral molecule and the molecular anion

t Part of the special issue “Jack Beauchamp Festschrift". with both species in their ground electronic, vibrational, and
*To whom correspondence should be addressed. rotational states. Vertical detachment energies (VDE) were

Sulfur hexafluoride, S§ is an efficient electron scavenger
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calculated for several anionic species as the minimum energythe reactant and product ions in this flow were mass analyzed
required to eject the electron from the ground-state anion without in a second quadrupole mass filter and detected by a particle
allowing a change to occur in the equilibrium geometry. Fluoride multiplier. Rate constants were extracted from least-squares fits
affinities (FA) were determined as the difference in enthalpy of the plots of the logarithm of the reactant ion signal versus
between the molecular anion, XFand the sum for Fand X. the concentration of the reactant neutral. The accuracy of the
Homolytic bond dissociation energieB%,g) were determined  measured overall rate constantsdis25%, while the relative

as the difference in enthalpy between the molecular species andaccuracy ist-15%21!

the sum of the fragment species. Enthalpies of formation at 0  Product branching fractions were determined by recording
K for neutral molecules were calculated from G2 atomization the product ion count rates as a function of the reactant neutral
energies and the following experimental enthalpies of formation flow rate. To account for the effects of secondary reactions
for the atoms? AH5(S) = 65.66 kcal mot?, AHZ(O) = 58.99 between the product ions and the reactant neutral, the reported
kcal molt, and A{HG(F) = 18.47 kcal mot*. As described in  branching fractions were determined by extrapolating the
the Results section, an empirical correction was then applied measured values to a neutral reactant flow rate of zero.
based on the well-known enthalpies of formation for SO;,SO  Uncertainties in the product distributions are 5%age points.
S0, and Sk. Thermal corrections to 298.15 K were made using A variety of chemical reactions were used to produce reactant
the calculated molecular integrated heat capacities and thejons in the high-pressure electron impact ion source. The O
following recommended atomic valuést.05, 1.04, and 1.05  and Q- reactants were formed from,0SO,~ from SQy; and

kcal mol~ for S,0, and F, respectively. Enthalpies of formation Sk, SR, and F from SF; source gases, respectively. The
for the ions &0 K were derived from the neutral molecules 0 SOFR~ reactant ion was produced from the effluents of a
K heat of formation and the calculated EA. For ion chemistry microwave discharge of £and 1% SE, presumably via the

at 298 K, the ion convention was adoptefihe symbolArH29s rapid reaction between $Fand SOR.13 The SOF~ reactant

is used to denote 298.15 K heats of formation for the ions, while jon was produced from a mixture of,® and 1% SFin He by

A{H3gg is used to denote the standard enthalpy of formation at the cluster-mediated reaction of SFand HO.14 Because the
298.15 K for the neutral species. The conventions are relatedSk;~(H,0) cluster bond is relatively wedR, production of

as follows: AfH3e¢(X ") = ArHa0dX™) + 1.48 kcal mot™. For  SOFR~ required the source to be cooled to 262 K. Without
comparison purposes, standard enthalpies of formation fog SOF cooling, SOF~ was observed for only several minutes after the
and SOF were also determined using the isodesmic reaction filament was initially started. Injecting SQFinto the flow tube
method, combining experimental 298 K heats of formation with at high energy resulted in S@Fbeing formed by collisional
calculated G2 reaction enthalpies for the following reactions  preakup: this produced an approximately 90% pure signal of

SOR~. The SQF and SQF,~ reactant ions were made from

SORK + FO—SK,+ O, ) SO, and 1% SE in He via the well-known reaction of $SF
with S0,.1671° To produce S@F,~, only a trace of S@was
2S0F, + CF,— 25K, + CO, (2) present in the ion source, limiting the known secondary

chemistry. The SeF reactant ion was made from S@that
The expected uncertainty in G2 calculations of the EA, FA, contained an S@impurity; however, the chemistry leading to
andD° is + 2 kcal mol? (0.1 eV)1° The uncertainty in the  the formation of this ion is unclear. Repeated attempts to produce
reported enthalpies of formation is slightly higher; for the neutral SQ:Fs~, SOF~, and SOF in the electron impact ion source
species, the uncertaintyis 3 kcal mol 2, while the uncertainty ~ Were unsuccessful; however, the SOfon was observed in
in the anion enthalpies of formation, which includes the the flow tube as a product of the reaction between @nd
uncertainty in the associated EA calculationtig kcal mol2. SOF,, and the S@F;~ ion was observed as a product of the
reaction between SQF and Q.
3. Experimental Section

- . . 4. Results
The reactivity of sulfur oxyfluoride anions and neutrals was

studied using the Air Force Research Laboratory’s Selected lon  The equilibrium structures for SOF, S@BOFR, SOR, SOF,

Flow Tube. This instrument has been described previously in SOF, SQF,, SG:Fs, SOF, and their corresponding anions,
detail}* and only a brief description of the method and details calculated at the MP2(full)/6-31G(d) level of theory, are shown
pertinent to the present study are given here. Reactant ions werén Figures 1 and 2. At this level of theory, the-8 bonds in
produced in a moderate pressure ion source—<0.Torr) by neutral sulfur oxyfluoride molecules are generally 1.60 A,
electron impact on a precursor compound. More details on ion lengthening 6-12% upon electron attachment. Particularly long
production are given below. The reactant ion of interest was S—F bonds are observed in &, SOF,~, and SOE. Except
mass selected in a quadrupole mass filter and injected into theas noted below, the neutral molecule-@ bond lengths are
flow tube through a Venturi inlet into a fast flow-L00 m s%) 1.44 A, characteristic of SO double bonds, with the bonds
of He buffer gas (He, 99.997%). The flow tube was maintained lengthening slightly to 1.47 A upon electron attachment. As
at 0.4-0.5 Torr. With the exception of ozone, neutral reactant we have previously reported, the FOSQFs, and SOF neutral
gases were obtained commercially and used without further molecules each contain one significantly longerG bond,
purification. A 5% Q in O, mixture was generated using a ~1.61 A, which shortens to the typical 1.47 A-® bond length
commercial ozonator, with the £oncentration being deter- upon electron attachment as the additional electron is accom-
mined via optical absorption at 248 nm. Details of the ozone modated predominately in an-® bonding orbitaP’ In several
production and measurement have been described previGusly. cases, attachment of the electron results in a large structural
The reactant was introduced downstream through an inlet change, e.g., SQFSOR~ and SQF/SOF,™.

entering the flow tube perpendicular to the flow and terminating  The structures of several sulfur oxyfluoride species have been
at the radial center of the tube. The reaction time was determinedreported previously, and those shown in Figures 1 and 2 are in
from previous time-of-flight measurements. A small fraction good agreement with the earlier studies. The structures of
of the gas in the tube flowed through a sampling orifice, and SOR,?! SOF,,22 and SOR,23 have been determined by either
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Figure 2. Equilibrium structures of (a) S, SGF, (b) SQF,,
SO, (€) SQF;, SOF;, and (d) S@F, SQF calculated at the MP2-

rse=1.59 r=169 (full)/6-31G(d) level of theory.
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Figure 1. Equilibrium structures of (a) SOF, SOHb) SOk, SOk, .3-SO FX
(c) SOR;, SOR™, (d) SOR, SOR~, and (e) SOF, SOR™ calculated at 4 L 3 x ]

the MP2(full)/6-31G(d) level of theory.

microwave or electron diffraction spectroscopy, and the calcu-
lated bond lengths are within 2% of the experimental values. A
difference of 4% is noted, however, between the calculated OSF
bond angles within SQFand those determined experimentally.
Good agreement is also observed between the present results
and previously reported calculated structures for SOF,sSOF
SOFR,~, SOF, and SGF.2472° Comparing various theoretical
treatments of sulfur oxyfluoride species to available experi- ot L L L L L L
mental data demonstrates that theFSbond length is more 1 2 3 4 5 6 7 8
sensitive than either the-$ bond or the bond angles to the n=x+2y, SO F
theoretical method and the size of the chosen basis set. ) ) y * ]
G2 total energies (0 ). enthalpies (298 K), and fee eneres P 5, T 17 e Seree sl B S oo
(298 K) for the Species shown in Figures 1 and 2 are given in n,pwhere% represents twice the number of SO bonds plus the number
Table 1. Also shown in Table 1 are the G2 results for several ¢ 5g ponds in the molecule.
associated molecules that were used to derive thermochemical
properties. The EA, FAD5,JS—F], and D3,S—0] were enthalpies of formation at 0 and 298 K. While G2 atomization
calculated as described above and are presented in Table Znergies are generally reported to be accurate to wittird
together with previously reported experimental or calculated kcal moi™t, the G2 atomization energy for $@ known to be
values. Unpublished G2 enthalpies (298 K) for,SEs were in error by 5 kcal mot!, making it the worst outlier among the
used to calculateD5,JS—O] for the series of SOFcom- original G2 set of molecule®. Because the enthalpies of
pounds®® With the exception of S&;, all neutral species shown  formation calculated in this study are derived from atomization
in Figures 1 and 2 are stable relative to dissociation. Although energies, an empirical correction to the G2 results seems
a minimum energy structure was obtained for ,Bf) the warranted. However, because there are few solid experimental
compound is metastable with respect to dissociation intg=50  values for S/O/F enthalpies of formation, the final results shown
and F. in Table 3, denoted as G2*, were obtained by applying two
Calculated integrated heat capacities and standard entropiegorrection factors to the raw G2 results, one based on the number
are reported in Table 3, together with anion and neutral of O atoms in the molecule and one based on the number of F

Calculated EA (eV)
w
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TABLE 1: G2 Total Energies (0 K), Enthalpies (298 K), and
Free Energies (298 K) in Hartree

species energy enthalpy free energy
F —99.63281 —99.63045 —99.64763
o —74.98203 —74.97967 —74.99698
SO —472.82948 —472.82616 —472.85132
SOF —572.59773 —572.59353 —572.62368
SOR, —672.37494 —672.37013 —672.40180
SOR —772.03850 —772.03260 —772.06762
SOR, —871.81065 —871.80453 —871.83917
SOk —971.48339 —971.47666 —971.51319
SO, —548.01574 —548.01173 —548.03985
SOF —647.71095 —647.70624 —647.73828
SOF, —747.50980 —747.50456 —747.53691
SOF; —847.13155 —847.12537 —847.16127
SG; —623.12532 —623.12086 —623.14996
SOF —722.81867 —722.81329 —722.84714
F —99.76060 —99.75824 —99.77476
SO —472.87359 —472.87015 —472.89527
SOF —572.65041 —572.64604 —572.67597
SOR~ —672.42029 —672.41469 —672.44799
SOR~ —772.20356 —772.19751 —772.23216
SOR~ —871.89733 —871.89032 —871.92655
SOk~ —971.67235 —971.66554 —971.70091
SO, —548.05817 —548.05408 —548.08316
SOF —647.85796 —647.85317 —647.88473
SOF —747.55486 —747.54884 —747.58345
SOF;5~ —847.33376 —847.32760 —847.36215
SO —623.20651 —623.20198 —623.23256
SOF —723.02197 —723.01684 —723.04855

atoms. Comparing the raw G2 derived enthalpies of formation
for SO, SQ, and SQ at 0 K to thewell-known experimental
values demonstrates a discrepancy that is linear with respect t
the number of O atomsin the molecule +2.05f) —0.637, in
units of kcal mot?, r = 0.99]. This “O atom” correction factor
was applied to the raw G2 values for S/O/F neutrals at 0 K. An
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5. Discussion

A. Electron Affinities. The EAs of SO and S§) calculated
at the G2 level, compare well with the experimental values
determined by laser spectroscoiy® the calculated EAs for
SO and SQ are only 75 and 43 meV larger than the
experimental values, respectively. Such errors are within the
reported accuracy of the G2 method. The EA of;3@s not
been determined as precisely via experiment. A collisional
ionization study by Rothe et &l.established a lower limit of
EA(SG;) = 1.7 eV. Gleasoff bracketed the EA of S{between
1.86 and 2.32 eV using iefmolecule charge-transfer reactions
and recommended a value of 190.1 eV based upon additional
bracketing via clustering reactions. A high-temperature equi-
librium study by Rudnyi et at? yielded a value for EA(S)
of 2.1+ 0.2 eV. A recent photoelectron detachment study of
SO;~ did not yield a more precise value due to the fact that the
origin was not directly observed in the spectrtfii\ previous
G2 calculation of the EA of Sghas been reported by McKék.
The previous G2 value of 2.15 eV differs from the present result
by 60 meV, with the difference being attributed to McKee's
use of the frozen core approximation in the post-HF calculations.
Both G2 results are consistent with these experimental deter-
minations, particularly the value derived from the high-
temperature equilibrium study.

As we have reported previously, several sulfur oxyfluoride
species were found to have exceptionally high EXEhe EAs
of SOsF, SQF3, and SOFE were calculated to be 5.53, 5.50,
and 5.14 eV, respectively. Only one previous EA estimate exists
for any of these three species. Viggiano et?axperimentally

%racketed the gas-phase acidity of FEGnd used this result

to estimate EA(SEF) = 4.8 eV. However, our recent reexami-
nation of the bond dissociation energy in Fs6Osuggests the
experimental EA estimate should be revised upward to 5.2eV.

additional (and smaller) “F atom” correction factor was also The calculated EA(S§F) is in agreement with the revised

applied to account for the fact that the G2 method does not

accurately calculate enthalpies of formation for sulfur fluoride
compounds. IrikurZ previously demonstrated that the G2(MP2)
method yielded results for §5-¢ that were within 1 kcal mott

of the literature values, while the G2 results were in error by as
much as 4 kcal mof. Because the difference between the G2

experimental estimate.

In the present study, SQ&End SQF were also found to have
relatively high EAs, ranging from 4 to 4.5 eV. The present
results for EA(S@QF) would seem to be of particular importance
since SQF~ is a prevalent species in $plasma environments,
yet the experimental value of 2.8 eV for EA(gK) that is listed

and the G2(MP2) results, and thus the experimental results, was, the NIST Chemistry WebBodR is not considered reliable.
found to be linear with respect to the number of F atoms in the |, 5qgition to the one value noted in the NIST WebBook, Sauers

moleculen, Irikura applied a correction factor [0.935(— 0.375,
in units of kcal mot?, r = 0.99] that essentially prorated the

et al® estimated the EA(SE) to be>=4.1 eV, based on relative
cross section measurements for anion formation fromFa0

differences between the G2 and G2(MP2) results by the ”UmberMeasurements with SQRjielded a similar estimate for EA-

of F atoms. This “F-atom” correction factor was also applied

(SORs) =4.1 eV. The present results of 4.800.1 eV and 4.50

to the present S/O/F results. Standard temperature corrections,. g 1 ev for the EA(SGF) and the EA(SOJ, respectively,

were then made to obtaifi;H® at 298 K from the G2* results
at 0 K.

are generally consistent with the experimental estimates reported
by Sauers et al. The charge exchange reactions conducted as

Rate constants and product branching ratios for a large part of this overall study indicate only that §Oand SOghave

number of sulfur oxyfluoride anion and neutral reactions were

measured in the laboratory at 298 K, and the results are

EAs greater than 2.27 eV.
The remaining sulfur oxyfluoride neutrals included in this

presented in Table 4. Collisional rate constants were estimatedstudy (SOF, SOf SOFR, and SQF,) have EAs ranging from

by the method of Su and Chesnavitiising experimental values
for the neutral reactant’s dipole moment and polarizability where
available. In the case of SQFSO)F,, and PR, the polariz-
abilities were estimated to be 4.6, 5., and 43 éspectively,
using the standard additivity methods of MilféBecause many

of the reactions reported in Table 4 were studied in part to
support the present EA and FA calculations, by bracketing or
by setting limits on EAs and FAs, the thermochemical implica-

1.2 to 2.4 eV. The previously reported experimental estimate
for EA(SOF,) is an upper limit of 3.08 eV, based on the
observation that S§, does not undergo charge exchange with
F,~.43 The present results indicate EA(F9) is 1.23+ 0.10

eV, which is significantly less than the previously established
upper limit. This lower value is supported by the charge
exchange reactions of SE» reported in Table 4: the reaction
with O, is rapid while the reaction with SO does not occur,

tions of most reactions are indicated in the table. Data for severalsuggesting 0.45 e\ EA(SO)F;) < 1.1 eV. (As discussed

reactions reported in Table 4 were derived or inferred from
secondary ion chemistry that occurred in the flow tube.

below, it is believed that the more exothermic charge exchange
reactions between S8~ and @ and NQ have rate constants
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TABLE 2: G2 Level Electron Affinities (EA) and Vertical Detachment Energies (VDE) in eV, Fluoride Affinities (FA), and
Neutral Homolytic Bond Dissociation Energies D3,dS—F], and D5,dS—0]) in kcal mol~* (Present Results Compared to
Previously Cited Values)

EA VDE FA D3edS—F] D3,dS—O]
species present work expt presentwork presentwork expt presentwork other theory @ exptesent work other theory
SO 1.20 1.125 38.7 121.7
SOF 1.43 39.5 85.9 69.6 124.9 126.9
88.4
87.(
(x) =80.7

SOk 1.23 3.18 43.4 374 91.7 &) 87.8" 127.1 129.8
92.K

SOR 4.49 >4.1b 62.4 20.1 52.3 92.2 94.6
20.6

SOR, 2.36 64.5 58.0 88.8 95.6 86.5 87.2
89.%
(x) <124.8

SOR 5.14 5.98 26.2 X) 28.8 72.8 74.6
26.5%

SO, 1.15 1.107 52.2 43.8 129.2

52.7
SOF 4.00 2.8 4.34 529 40.2 50i2 83.5 84.6
4.1 40.%

41.3

SOF; 1.23 <3.08 40.7 35.8 105.3 100 97.1 97.8
98.0
105.%

SOF; 5.50 6.29 -6.0 —16¢ 71.0 60.F

SO 2.21 1.9 86.4 78.0 81.2

2.1
SOF 5.53 5.2 5.53 38.9 36.8 79.9 78.6

aPolak et af® " Sauers et aP. ©Nimlos and Ellisorf® ¢ NIST Chemistry WebBook? ©Gleasor® ' Rudnyi et af® 9 Viggiano et al:4? Arold
et al?® "Larson and McMahoff ' Sunderlin®” i Herron3” *lrikura.5? ' Badenes et & ™Kiang and Zaré3 " Czarnowski and Schmach®r.
° Bensom:?

significantly below the collision rate constant due in part to spin oxyfluoride species included in this study: FA(SOF)FA-
considerations.) Additional charge exchange reactions shown(SOFR,) < FA(SOF) ~ FA(SQO,) < FA (SOR) ~ FA(SOR) <
in Table 4 crudely bracket EA(SQFto be between 0.5 and FA(SGs). In addition, the data demonstrate that FA(EE) <
1.1 eV, which is consistent with the calculated result. FA(SG,) and FA(SQF,) < FA(SK). This ordering is consistent
Calculated EAs for the series of sulfur oxide and sulfur with the calculated values shown in Table 2. Experimental FA
oxyfluoride species are plotted in Figure 2 as a function of the values that have been reported for SOEOFR, SO, SOGF»,
effective sulfur coordination number, n, where n represents twice and SQ are also shown in Table 2. Without exception, the
the number of SO bonds plus the number of-% bonds in calculated FAs presented here are84kcal mol ! higher than
the molecule. A general similarity is observed in the EAs among the experimental values of Larson and McMalibBecause
species with the same effective coordination number, and thesuch differences are outside the anticipated 2 kcal ol
odd—even oscillation mirrors that previously reported for EA- accuracy of the G2 method, a complete basis set calculation
(SF.).#4 As was noted for EA(SH, neutral S/O/F species that for FA(SO,) was carried out for comparison. The G2 method
form closed shell anions have large electron affinities, while yields FA(SQ) = 52.2 kcal mot?, while the complete basis
closed shell neutrals have smaller EAs. Species with effective set method (CBS-q) yields a value of 53.0 kcal Mol recent
coordination numbers of 5 and 7 are found to have very high determination of FA(S@ by Sunderlin et at’ via collisional
EAs. induced dissociation (CID) of S&~ yielded a value of 52.7

Anion vertical detachment energies (VDE) were calculated kcal molL. This new experimental result is more consistent
for several species shown in Figures 1 and 2: anions whoseWith the current calculations than with the commonly used value
corresponding neutrals have very high EAs {60OSGFs;, of 43.8 kcal mot? reported by Larson and McMahon.

SOFR), one anion whose neutral undergoes a large geometry The fact that the present calculations and the recent CID
change upon electron attachment ($9&nd one anion which  determination yield FAs consistently higher than those of Larson
has only minor structural differences compared to the neutral and McMahon suggests the experimental FA ladder, which is
(SO:F). As Christophorot? has noted previously, EA VDE constructed from several absolute and numerous relative mea-
with these values being equal only when the geometries of the surements, may need to be reexamined and perhaps readjusted
anion and the corresponding neutral are nearly the same. Theupward by several kcal mol. The accuracy of the ladder’s
large difference between the EA and the VDE calculated for anchor values has been questioned previotfsly,and a
SOR/SOFR,™ is consistent with the anticipated large geometry reexamination of one anchor speciesChlindicated the FA is
change, while the similarity of the EA and the VDE for 0 4.1 kcal mot? larger than the original value on which the FA
SOF is consistent with the minor structural changes that are scale is currently anchoréf Recent fluoride affinity calcula-
anticipated upon electron attachment or detachment. tions by Bartmes8® and by Christe et &' also support

B. Fluoride Affinities. The experimental kinetic data for readjusting the FA ladder upward.
fluoride ion transfer reactions shown in Table 4 establish the C. Bond Dissociation EnergiesThe 298 K G2 homolytic
relative FA ordering for most of the sulfur oxide and sulfur bond dissociation energie®5,JS—F] and D5,JS—0], re-
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TABLE 3: Standard Entropies at 298.15 K (S54g) in cal mol~ K~ and Integrated Heat Capacities/C, dT = (H5g5 — HF) in

kcal mol~1, with Literature Values for These Properties Shown in Parentheses Where Available (Raw G2 and Corrected (G2*)
Values for Enthalpies of Formation for Neutrals (A;H°) and lons (A¢H) in kcal mol~1, the lon Convention Was Adopted for
Anion Values above 0 K, and Present Results Are Compared to Previously Cited Values)

previousA{H3ggvalues

species Shos JCydT raw G2A;H5gg G2* AHG G2* A{Hjgg exptP theoret
SO 50.8 2.08 3.8 1.5 1.5 1.2 8.2
(53.0y (2.09y
SOF 63.5 2.63 —63.2 —66.0 —66.5 —65.7
(62 —69.9
(61) —49.9
—63.3
SOR, 66.7 3.02 —136.0 —139.0 —140.2 —138.6 —139.#4
(66.7y (3.02y —118.1
(67) —-127.6
SOR 73.8 3.70 —137.2 —140.8 —142.3 —141.F
(72y —-151.3
(72) —185.2
SOR 74.3 3.84 —207.0 —210.7 —213.1 —211.53
(74.7) —212 —228.0¢
(75) —235.7
SOk 78.3 4.23 —214.3 —218.2 —221.3 —218.9
(oy —220¢° —238.00
SO, 59.2 251 —65.9 —69.8 —70.4 —70.9 —69.6
(59.3y (2.52y
SOF 67.5 2.95 —87.2 —91.4 —92.6 —90.9
(65) —96.2
-102.3
—113.3
SOF; 68.1 3.28 —173.7 —178.0 —180.0 —181.3 —-177.8
(67.8y (3.23y —183.4
SOF3 75.6 3.87 —148.7 —153.6 —156.0 —142.4
SG; 64.8 2.80 —87.7 —92.9 —94.3 —94.6 -92.3
(61.4y (2.80y
SGF 71.3 3.38 —107.7 —113.4 —115.2 —110.2
SO 52.9 2.16 —23.8 —26 —26.1 —24.9
—26.5
—24.0
SOF 63.0 2.74 —96.1 —99.0 —99.4
SOR~ 715 3.51 —163.9 —167.5 —168.2
SOR~ 73.0 3.79 —240.7 —244.4 —245.8 —216.1
SOR~ 79.1 4.40 —260.9 —265.1 —267.0 =—2435
SOR~ 77.3 4.28 —332.8 —336.8 —339.8
S{o’y 61.2 3.68 —925 —96.4 —97.0 —96.5
SOF 66.5 3.00 —179.4 —183.7 —184.8 —183.¢
—183.2
—174.2
—171.0
—122.2
SOF2~ 72.9 3.78 —201.4 —206.3 —207.8
SOFs™ 74.1 3.86 —275.6 —280.4 —282.9 —276.8
—306.9
SGs~ 66.6 2.84 —138.6 —143.9 —145.2 —138.4
—142.2
—133.8
SO;F 69.0 3.22 —235.5 —240.9 —242.9 —235.6
—232.0

a Calculated from isodesmic reaction method as described irftaktexperimental numbers fromNIST WebBodR except where noted.Cartwright
and Woolf%* 9 Sunderlin®” ¢lrikura3? fBadenes et & 9JANAF.>® "Herron3” ' Dittmer and Niemanf?

ported in Table 2 for neutral sulfur oxyfluorides are in good
agreement with the unpublished G2(MP2) results of Irikdra,
with only the values for the metastable speciesfs@iffering

by more than 3 kcal mof. The present results fd3,JS—F]

with the experimental value for $B. (Note, the experimental
estimates of 98 and 100 kcal mélfor D3,dS—F] of SO:F»
both result from a reanalysis of the original shock tube pyrolysis
study of SQF; that initially yielded a value of~ 81 kcal

of SOF and S@F are also in agreement with a recent theoretical mol~1.5% Previous estimatés of D3,JS—F] have been re-

study by Badenes et &.Agreement among the recent calcula-

ported for several other species shown in Table 2 by extending

tions of D3,JS—F] for SOF suggests the previous estimate the limited experimental data with methods similar to that of

included in the JANAF tables was significantly low. Experi-
mental determinations have been reported for Dg[S—F]

of SOR,%® SOR;,>* and SQF,.55757 The calculated values for
SOFR, and SOF are within 2-4 kcal mol of the experimental

Benson. Although the initial estimates for some species are
within 4 kcal mol® of the recently calculated values shown
here, others differ by 1630 kcal mot?. A particularly large
difference of 32 kcal mot* is noted for theD5,dS—F] of

values, which is within the uncertainties of the combined SOFR. The present calculation suggests that $0&s a small

methods, while there is a nearly 7 kcal mbtliscrepancy noted

bond energy (weaker even than that of 3OFhe derived bond
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TABLE 4: Rate Constants k, and Product Distributions for Reactions of Sulfur Oxyfluoride Neutrals and Anions, as Measured
at 298 K Using the Selected lon Flow Tubg

reaction ko (10 °cmPs?) ke (L0°cmPs™?) implications
O,” + SOR, — SOR™ + O, 15 2.0 EA(SOE) > 0.45 eV
SOR™ + SOR, — SOR™ + SOP 1.4 1.4 FA(SOF)< FA(SOR)
Cl-+ SOR—n.r. <0.01 1.9 EA(SOR) < 3.6 eV
O™+ SOR—SOF +F 2.6 3.0
SOF + SOR — n.r. <0.01 1.4 FA(SOB) < FA(SOy)
SO, + SOR — SO, -SOR, 0.0047 1.6 EA(SOp <1.1eV
Sk~ + SOR—n.r. <0.04 1.3 EA(SOR) < 1.1eV
SOR™ + SKk—n.r. <0.0005 0.77 EA(SOf > 1.1eV
SOR™ + O, —nur. <0.2 0.59 EA(SOE) > 0.45 eV
SOR™ + CO;—n.r. <0.0008 0.74 FA(SOf > FA(COy)
SOR~ + PR, — PF + SOR 1.1 1.0 FA(SOR) < FA(PF)
SOR~ + SO, — SOF + SOR 1.4 1.4 FA(SOR) < FA(SOy)
SOR™~ + SiF;— SiFs” + SOR 0.82 0.85 FA(SOB < FA(SiFs)
SOR~ + BF; —~ BF; + SOR 0.69 0.66 FA(SOP) < FA(BFs)
SOR™+ Os—n.r. <0.01 0.88 EA(SOF > 2.1 eV
SOR™ + NO;—n.r. <0.002 0.79 EA(SO§ > 2.4 eV
SOFR~ + SRk—n.r. <0.002 0.73 EA(SOR >1.1eV
SOR~ + O, — n.r. <0.0005 0.58 EA(SOF > 0.45 eV
SOR~ + H,0—n.r. <0.02 2.2 FA(SOB) > FA(H.0)
SOR~ + N,O—n.r. <0.0003 0.75 FA(SO¥ > FA(N;0)
SOR~ + SOR — n.r. <0.02 1.3 FA(SOR) > FA(SOR,)
SOR~ + PR —n.I. <0.009 0.99 FA(SOB > FA(PR)
SOR~ + COR — n.r. <0.001 0.90 FA(SO§ > FA(COR)
SOR™ + SO, — SOF; + SOR, (>85%) 0.10 1.4

SOF~ + SOR (<15%)
SOR~ + SiF,— SiFs” + SOR 0.49 0.82 FA(SOB ~ FA(SiFs)
SOF~ + BF; — BF; + SOR 0.65 0.64 FA(SOB) < FA(BFs)
SOR™ 4+ 03— SOF;™ + FO, 0.050 0.85
SOR™ + NO; — NO;~ + SOFR, 0.011 0.77 EA(SOF ~ 2.3 eV
SOR™ + O, —nur. <0.0004 0.58 EA(SOd > 0.45 eV
SOR~ + SO, —n.r. <0.0007 1.4 FA(SOR > FA(SQy)
SOR~ + SiF, — SiFs~ + SOR 0.29 0.70 FA(SOR ~ FA(SIiF)
SOR~ + WFs— WF,~ + SOFR, 0.16 0.75 FA(SOB < FA(WFe)
SOR~ + BF; —~ BFs + SOFR, 0.51 0.63 FA(SOB < FA(BFs)
SOK™ + Os—n.r. <0.01 0.84 EA(SOF) > 2.1 eV
SOK™ + NO; —n.r. <0.001 0.76 EA(SO§ > 2.4 eV
SOF +CO,—n.r. <0.001 0.74 FA(SQ > FA(CO,)
SOF + PR—n.r. <0.02 1.2 FA(SQ) > FA(PF)
SOF~ + WFs— WF;~ + SO, 1.0 0.92 FA(SQ) < FA(WFs)
SOF + 0, — nur. <0.003 0.61 EA(SGF) > 0.45 eV
SOF + 03— nur. <0.006 0.91 EA(SGF) > 2.1 eV
SOF + NO; — nur. <0.006 0.82 EA(SGF) > 2.4 eV
SOF;~ + O —nur. <0.004 0.60 EA(S@F;) > 0.45 eV
SOF,~ + CO,— niur. <0.001 0.72 FA(SGF) > FA(CO,)
SOF,” + SOR—n.r. <0.04 1.4 FA(SGF)> FA(SOR)
SOF;~ + HCN — SOFCN- + HF (96%) 0.59 3.3

(SO:F2*HCN)~ (4%)

SOF,~ + COR—n.r. <0.01 0.90 FA(SGF) > FA(COR)
SOF;,~ + SO, —~ SOF + SOF 0.39 1.5 FA(SGF) ~ FA(SQ,)
SOF,~ + SiFs— SiFs~ + SOF 0.87 0.77 FA(SGF) < FA(SiFy)
SOF, + O3 — O3 + SOF; (70%) 0.038 8.8

SOsF~ + FO,(30%)
SOF,~ + NO, — NO; + SGF; (91%) 0.024 0.79

SOsF~ + FNO (9%)

O, + SOF, — SOF~ + O, 1.1 1.6 EA(SQFZ) > 0.45eV
SR + SO.F> — n.r. <0.01 0.99 FA(SGF,) < FA(SF)
SOy + SOF, — nur. <0.003 1.2 EA(SGF,) < 1.1eV
O™ + SOF,— SOF +F 1.5 2.3
SK~ + SOF, —n.r. <0.002 1.0 FA(SGF,) < FA(SF)
F~ 4+ SOF, —n.r. < 0.07 2.1 EA(SGR) < 3.4eV
SOF,” + SOF,—n.r., <0.01 1.1 FA(SGF;) < FA(SOF)
SOsF~ + SOF, — n.r. <0.01 1.1 FA(SGF,) < FA(SO;)
SOF +O,—nur. <0.1 0.60 EA(SGF) > 0.45 eV
SOF +Os—nur. <0.006 0.88 EA(SGF) > 2.1eV
SOF + WFg— n.r. <0.06 0.86 EA(SGF) > 3.4 eV

FA(SOy) > FA(WFe)
SOF~ + BF; — SOF-BF; 0.036 0.67 FA(SQ > FA(BFs)

a“n.r.” indicates no reaction products were observed, and an upper limit is given for the reaction rate constant. Previously reported results for
sulfur oxyfluoride anions reacting with ozone are included for completéd€3silisional rate constants were estimated using the method of Su
and ChesnavicP? Thermochemical implications of the measurements are n8®0@F,~ produced in flow tube from reaction of Owith SOF.

dissociation energies presented in Table 2 also indicate, perhap®e considered more reliable than the early semiemperical
surprisingly, that loss of O and loss of F are competitive estimates.

dissociation pathways for both SE@&nd SQF,. It is our opinion D. Standard Entropies and Enthalpies of Formation.
that the bond energies calculated at a high level of theory shouldPreviously cited values for the integrated heat capacity and/or
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standard entropy are only available for a limited number of than the more reliable experimental value. Using the experi-
compounds included in the present study. Although no correc- mental values for botB[SOFR,+--F~] and AiH(SOF,) yields an
tions have been applied to the MP2(full)/6-31G(d) results, there experimental value faf\{H,gs for SOR;~ of —235.5 kcal mot?®

is generally good agreement between the present work and thewith an uncertainty of 8 kcal mot (based solely on the bond
results reported in the JANAF tablés.Perhaps the one  strength measurement). While this significantly reduces the
exception is the standard entropy of $S@here the difference  discrepancy with the current calculation, there remains nearly
is 3.4 cal mot! K~1. The previous estimate by Herf@rfor a 10 kcal mot? difference. Given the broader unresolved issue
the standard entropy of S@Fwhich does not appear in the discussed earlier regarding the relative affinities determined via
JANAF Tables, appears to be considerably low. The results of the fluoride exchange equilibria measureméhts, is our
Dittmer et al®® shown in Table 3 are estimates based on opinion that the G2* and G2(MP2) value &fHzgs for SO~
experimental tungsten transport rates obtained in a gas-floware more accurate than even the revised experimental value.
containing SGF-. The G2* value for S@F;~ lies between the two experimental

The uncorrected G2 values shown in Table 3 for sulfur oxide valuiels, while the G2* values for 30and SQF" are 7-9 kcal .
and sulfur oxyfluorideAHS,, are consistently less negative mol~!t more negative than all the experimental values. The G2

than well-established experimental numbers, differing in some @"d G2(MP2) calculations provide the only available enthalpies
cases by more than 10 kcal mél The uncorrected G2 values of formation for a large number of spec_les |ncl_uded '[‘ this
are also 45 kcal mol ! less negative than the values derived Study: SOk, SOk, SOF, SQFs, SGF, SOF, SOR™, SOR™,

by Irikura®? from G2(MP2) atomization energies; an even larger SOF™, and SGF;".

difference is noted for Sgs. When the correction procedure ~ In the present study, the atomization method was used to
described in the Results section is applied to the G2 results, derive enthalpies of formation primarily because of the ease in
the modified values, denoted as G2*, are in closer agreementP€ing able to derive a uniform data set. However, values
with both the experimental and the G2(MP2) resuilts. In general, OPtained from isodesmic reactions are expected to be more
the G2* and G2(MP2) values agree within 2 kcal molith accura_té.l For comparison purposes, standard enthalpies of
only the values for S@; and SQF differing by more than ~ formation were derived for two compounds, SG#d SOF,

that amount (13.6 and 5 kcal md| respectively). Differences ~ USing the isodesmic reactions 1 and 2. This method yielded

of this magnitude were noted earlier for $@and likely result values that are-42 kcal mol less negative than those obtained
from the metastable nature of the molecule. from the empirically corrected G2 atomization method. Both

For several neutral species shown in Table 3, additional results are indicated in Table 3. Unfortunately, no solid
: N ’ experimental numbers exist that can be used to compare the

fﬁlculﬁtlonsbofAszgg havg been Teplo rtt_ed. (Tfo Olljfr knowflledg%, two methods. (As noted earlier, the commonly used value for

ere have been no previous calculations of sulfur oxyfluoride AH2,4SOR) is believed to be in error.)
anion enthalpies of formation.) The earliest estimates of o . .
AHS.. for SOF, SOF, SOR, SOR, and SOF that were E. Reactivity. In general, sulfur oxyfluoride anions are found
refpégtsed by Dittmer et 4P and by Herrof differ from the to react at the collisional rate with small inorganic molecules
recent G2* and G2(MP2) :[reatments by &4 kcal mot ™. It is via fluoride transfer or charge transfer when such channels are
our opinion that the G2* and G2(MP2) results shown here are energetically allowed. Not all such reactions proceed at the

more accurate. Note, we have classified the commonly used(:ollision rate, however. For example, the fluoride transfer
rexpetimantal . value’ ofAHS,, for SOR, as a theoretical reactions of SOF and SOk~ with SiF, proceed at 60% and

! . o . S 40% of their respective collisional rates, and the reaction of
estimate, since it is derived from a combination of ;B0 SOF,~ with SO, proceeds at-25% of the collisional rate
measurements and an estimation metffothe G2* and G2- 2 P ’

(MP2) results for SOF support the previous speculation by Analogous to other ionmolecule bracketing studié$these

. measured rate constants are interpreted to be evidence for the
Christe et aP? that the commonly used value fa;H3,SOF) , .
is likely in error. For SOF and S, Badenes et &° have FA of both SO and SOF being comparable to that of SiF

derived A{H3 using isodesmic reactions and the CBS-q and the FA of S@F being comparable to that of $(Qall of

method. The G2* results are 3.5 kcal mbless negative than which is consistent with the calculations. Several exothermic
: : charge transfer reactions were also found to proceed at rates
those of Badenes et al. for both SOF and,50n the case of g P

o . . significantly below the collisional value. The reaction of SOF
SO'_:’ t_he combination (.)f G2, GZ(MPZ)’ and CBS-q studies with NO, proceeds at only 1% of the collision rate, and the
all _|nd|c_ate th.""tA.f.Hg% is approximately—68 kcal morl,_ reactions of S@F,~ with NO, and QG proceed at 3% and 30%
which differs S|gn|f|;:antly from the value of49.5reported in ¢ their respective collisional values. Both charge-transfer
the JANAF Tables! reactions involving N@are spin-forbidden (i.e., the sum of the
Comparing the G2* derived\\H34, values to experimental  spin multiplicities is not the same for the products and the
values reported previously in the literature, demonstrates thatreactants), which probably accounts for the very small rate

the agreement is within 2 kcal madlfor SO, SO, SO, SO, constants. Note that a minor reactive channel, which is also spin-
S0;, SO, SG;7, and SQF . However, differences on the order  forbidden, is observed in the reaction of £ with NO,. The
of 3—11 kcal mott are observed for S5, SO;~, and SQF, reaction of SOF~ with Os is not spin-forbidden. As discussed

and a very large discrepancy of 30 kcal miis observed for in our previous report on the reactivity of sulfur oxide, sulfur
SOR™. The large discrepancies between the calculated andfluoride, and sulfur oxyfluoride anions with £92 only those
experimental values are far outside the combined uncertaintiesions with a sulfur coordination of 4 or 6, that is species where
of the two methods. However, it appears the experimental valuethe number of SF bonds plus twice the number of® bonds

for SOR;™ that is reported in the NIST WebBook, which is equals 4 or 6 (e.g., $F, SOR~, SOF,~, SG;7, and SQ),
derived from an experimental determination of D[SOH] were reactive with @ largely due to spin considerations.
(via fluoride exchange equilibria measurements) and the known However, there appears to be a kinetic bottleneck even for the
values of A{H(F~) and A{H(SOF,), needs to be revised. That spin-allowed exothermic reactions, as they proceed at rates
determination utilized an early estimate f6yH(SOFR,) rather significantly below the collision value.
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The fact that many of these species undergo fast fluoride ion high FA(SQ), suggests many S/O/F plasma species will react
transfer reactions explains why we were unable to form SOF to ultimately form SQF-. For similar reasons, SQF is

in the ion source from SQFBecause FA(SOFx FA(SOFR), expected to be a very stable and unreactive negative ion that is
any SOk~ formed in the ion source from SQ®ould rapidly formed in S/O/F plasma environments. In contrast, although
transfer F to another parent molecule SOR; and SQF; have relatively high EAs, the low FA of SQF
and SQF; will limit the formation of SOR™ and SQF;3™ in
SOF, + SOF,— SOF, + SOF 3) environments containing SOSF, or SOR.

Several reactions in Table 4 were found to proceed via . Conclusion
mechanisms other than charge transfer or fluoride transfer. For

example, the reaction of SQF with SO, proceeds via ¥ Structural and thermochemical parameters were calculated
transfer, for a series of sulfur oxyfluoride neutrals (SRE-5, SOFn=o0-3,
and SQF,—-1) and their corresponding anions using the G2
SOF,” + SO, — SOF, + SOF, (4) procedure of the Gaussian 98W program suite. The calculated

EAs presented here are considered accurate to within 0.1 eV.
while the reactions of O with SOF, and SQF; involve Several very high EA species were identified, includingsS0

exchange betweenCand F, SO,F;, and SOE, which all have EAs exceeding 5 eV. Anion
VDEs were calculated for several species, and the differences
O +SOF,—SOF +F (5) between the VDE and the EA are consistent with anticipated
structural changes that occur upon electron attachment to these
O +SOF,—~SOF +F (6) molecules. The G2 derived FAs are-& kcal mol* higher than

the experimental values of Larson and McMaHbimowever,
This O~ reactivity pattern suggests one possible mechanism to the present results are in good agreement with recent reexamina-
form SQF;~, another ion we were unable to generate in the tions of FAs, suggesting the original FA ladder may need to be

ion source, may be from the reaction of @ith SOF,, readjusted upward by several kcal mbl The calculated
D°[S—F] andD°[S—0] presented here are in good agreement
O +SOF,—SOF; +F 7) with available experimental values and should be considered

more reliable than early estimatesfS—F], which were made
However, the relatively low FA of Sg, virtually ensures that ~ for those compounds that have not been studied experimentally.
SOF;~ generated via reaction 7 would undergo rapid secondary The standard entropies and integrated heat capacities presented

chemistry, transferring Fto SOR to form SOk™. in this study are in good agreement with the limited experimental
Several slow clustering reactions were also observed: data that are available. However, the standard entropy af SO
was found to differ from the value reported in the JANAF Tables
SO, + SOF,— SO, (SOF) (8) by 3.4 kcal moft. Standard enthalpies of formation derived
from G2 atomization energies were not found to be as accurate
SOF + BF;— SOF (BF,) 9) as is generally the case with this method. Empirical correction

factors were applied, based on the number of O and F atoms in
For these reactions in which only the association channel is the molecule. The corrected (G2*) results are in good agreement
observed, charge transfer andtfansfer are endothermic. Rate  with the G2(MP2) results of Irikura. The combination of recent
constants reported in the table are the effective binary rate high level treatments for S/O/F enthalpies of formation should
constants. Ternary rate constants can be calculated using thée considerably more accurate than earlier estimates cited in
He concentrations; for reaction B = 4.1 x 10728 cm® s71, the literature. For example, the commonly used valueafal
and for reaction 9kz = 2.8 x 10727 cmf s7%. No attempt was ~ (SOR) andAsH (SOR™) are thought to be in error by over 20
made to determine the pressure dependence of the rate constantscal mol™.
A minor clustering channel was observed for the reaction of  The reactivity of sulfur oxyfluoride anions was studied in

SOF;~ with HCN: the laboratory, and rate constants and product ion distributions
were obtained for over 60 reactions with SOFSOR~, SOR ™,
SOF, + HCN— SOFCN + HF (96%) SOR™, SOF, SGF;, and SQF". These anions generally
react at the collisional rate with small inorganic molecules via
— (SO,F,*HCN) ™ (4%) (10) fluoride transfer or charge transfer when such channels are

energetically allowed, although several exothermic reactions

The primary product ion, SEFCN-, may form via dissociation =~ proceed slowly. In some cases, the slow rate is likely due to
of the cluster in the flow tube on the time scale of the spin considerations; however, a kinetic bottleneck appears to
experiment. occur in almost all @ oxidation reactions, even those that are

Karellas et af® have reported that S8~ is the primary anion  spin-allowed. Many of the Fand e transfer reactions studied
formed in CH—O, flames doped with sulfur/fluorine additives,  provide experimental estimates or limits for FAs and EAs,
and the ion is reported to persist throughout the burnt gas regioncorroborating the theoretical results. Additional reaction mech-
of the flame. The authors propose that oxidation obSChy anisms were observed:, Ftransfer, O and F exchange, and
molecular oxygen is a significant mechanism for the formation clustering. Several ions previously thought to undergo oxidation
of SO;F in the flame environment. For this reason, the kinetics with O, were found not to react with ©Os, or NO,.
of SO,F oxidation reactions were specifically examined in the

present study. As shown in Table 4, we find FO is not
oxidized by either @ Oz, or NO,. However, many other S~
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