J. Phys. Chem. A998,102,5189-5195 5189
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A systematic study of the gas-phase chemistry of the major positively charged ions produced by 70 eV
dissociative electron ionization of §H.e., SRE" (n = 0—5) and SF*" (n = 2, 4), has been performed via
pentaquadrupole (QqQgQ) mass spectrometric experiments in conjunction with G2(MP2) ab initio calculations.
Comparison, under exactly the same 15 eV collision conditions, of the |@Bclivities to dissociate by F

loss was accomplished vig@ndem-in-spacthree-dimensional M&scan. The experimental $Fdissociation
proclivities were found to correlate perfectly with those expected from G2(MP2) dissociation thresholds.
lon/molecule reactions of mass-selected'Sid S were performed with @and the oxygenated neutral
gases HO, CO, CQ, and NO. The ions, under the very low energy (near zero) multiple collision conditions
employed, undergo either dissociation by F loss or charge exchange, or participate in novel reactions that
have been corroborated by both M&periments and G2(MP2) ab initio thermochemistry. O-abstraction
takes place in reactions of Swith O, and CO, and of 8 with CO, and Q, and the corresponding oxyions
F—SO" and SO are formed to great extents. CO-abstraction that yields ionized carbon oxysulfidé<COS
also occurs to a minor extent in reactions of @ith CO,. Reactions of SFwith CO yields a minor COS

product in a net sulfur cation {9 transfer reaction. Theory corroborates the experimental observations as
the respective O-abstraction antt &ansfer reactions are predicted by G2(MP2) ab initio thermochemistry

to be the most favorable processes.

Introduction their implantation into GaAs field-electron transistors to improve
performancél

Owing to the great practical as well as fundamental impor-
tance of SE, a variety of theoreticlland experimental studies

The study of the fundamental properties and practical
applications of the fascinating hypervalent sulfur hexafluoride

molecule (Sk) has been of great diversity and renewed interest h e
; - . i ave been conducted on neutralg@hd its ionic fragments.
7
for severa_l deca(_jés. She dl_splays high _chemlcal Stab'!'ty and Gas-phase studies on the chemistry of neutrgtSE and the
excellent insulating properties; hence, it has found W|despreadSF+ and SE- (n = 0-5) ions52 have been, however
n n - 1 1

use as a highly efficient insulator in the electrlc power industry. generally sporadic and scattered, and only a few systematic
SKs is also used as the source of F atoms in lasers, as well as,

; ber of bl hi i th icond studies have been carried out. Such systematic studies would
ina nun; er of plasma-etching processes In the semiconductoty,q i ajyable for achieving deeper insights into the intrinsic
industry? SFs also has been shown to be useful as an electron . ivities and bonding natures of S&nd its SEYC) ions
capture rquent in the source of h|gh-pressure mass spectrom g particularly to better rationalize and control the chemical
eters? and it has been applied for isotope separation by laser 5 glectrical processes in which sulfur hexafluoride ions are
irradiatiorf and multiphoton processésThe Sk molecule has involved.

also served as a model for YRised in uranium isotope

- - . Owing in part to the protective layer of F atotishat ob-
enrichmerft and as a model for hypervalent specigswhich structs the access to the reactive S center, neutgsSFquite
bonding well exceeds those predicted on the basis of the ’

Langmuir—Lewis theony? chemically inert species, and gas-phase studies have shown few
9 ' ion/molecule reactions in which neutral Sparticipates. Either

Despite the great chemical stability of neutrabSFf ionized - apstraction or dissociative charge exchange that affords main-
form is unstable with respect to §Fand F; hence ?E cannot |y Sk+ occurs in reactions of $fwith a series of cations that
be sampled owing to its rapid dissociatifbfihe Sk** fragment have ionization energies higher than that 0%.5F However,

ions SK* and SF~ (n = 0-5) are, however, stable gaseous ggyly transition metal cations such as'$kat have at least one
species and are formed abundantly upon dissociative electronemp»[y d orbital abstract a greater number of F atoms frog SF
ionization (El) of Sk. SR'() ions are also formed as o form SK* (n = 2,5)12 Contrary to ionized SE protonated
byproducts when Sfis used as a gaseous dielectric or in  gylfur hexafluoride is stable with respect to HF ands'SE

plasma-etching gasé$. An interesting application of SF is Hence, HSE" is formed in reactions of SFwith several pro-
tonated molecules such as €twhich permitted the estimation
*In memoriam. of the proton affinity of Sk via bracketing experimentd.
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More diverse reactivity has been reported for gaseous ionsouce  Qf a2 Q3 q4 Q5 detector
SF,™,15-23 but studies also have been rather scattered. Neutral ] )
SFs reacts with SF™ to form a number of “top-hat” coordinated, @ (.=.'°=," ‘_’ '.‘_"' D)
weakly bonded complexes of the $6F)m™ (m= 0—5; n =
1-3) type!S In reactions of SE" and SE* with a series of Figure 1. Schematic of the pentaquadrupole mass spectrometer, a

aminest® SK+ was found to transfer £ whereas both Sf versatile “laboratory” for gas-phase ion chemistry studies. Q1, Q3, and

Y\ - .. Q5 are mass-analyzer quadrupoles whereas the g2 and g4 quadrupoles
and Sk react by complex formation followed by HF elimina- g, tion as ion-focusing reaction chambers. In a typical ion/molecule

tion. Sk* forms a complex with S that partially dissociates  reaction experiment, ions are generated in the ion-source, purified (mass-
to SRSH" by HF loss, and this reaction has been used to selected) by Q1, and further reacted under controlled conditions
reevaluate the appearance energy AE{&5r) and the dis- (collision energy and pressure) with a neutral gas introduced in g2.
sociation energy(SFs—F).17 In a study of SFH,O mixtures Product ions of interest are then subsequently mass-selected by Q3
at pressures of around 1 Torr and temperatures in the range oP”dtStr”tCt“rl"l"'%.Charactt?”_ze‘; by|e|th|er CO"'?.'OH"Uducfd dﬁsoggtlpn
or structurally diagnostic ion/molecule reactions in g4, while is

350-500 K, the SE-H,0" complex Was formed and found to scanned to acquire the triple-stage mass spectra. For more details, see
decompose slowly to $P™.18 Reactions of SE with water refs 25 and 26.

and methanol under high-pressure mass spectrometric conditions

were also observed to take place by complex formation followed |5/molecule reactions were performed in the pentaguadru-
by partlal elimination of two HF molecules (or HF and &Hl pole by double-stage (MBexperiments in which Q1 was used

to yield SRO*.*? In the same stud¥, SFs" was found to form 4 select the ion of interest. Reactions were then performed in
complexes with benzene, toluene, acetone, acetic acid, andy2 wijth a chosen neutral reagent at near 0 eV collision energies
nitriles, whereas the complexes with benzene and tolueneynq ot neutral reagent pressures that were adjusted to maximize

eliminate HF at long reaction times. lon bombgrdment .of a reaction yields. The MBproduct spectra were acquired by
polystyrene surface by gaseous;SEauses fluorination, partial scanning Q5, while operating Q3 in the “full-transmission” rf-
destruction of aromaticity, fluorination of the resulting non- only mode.

oaromatic organic material, and sputtering of the polysty?&ne.
An early study! showed that gas-phase reactions of 'SBFR ™,
and Sk with O, and NO occur either by charge exchange or

For the triple-stage (M3 experiment$® a product ion of
interest formed in g2 was mass-selected by Q3 and further
: 3 : dissociated by 15 eV collisions with argon in g4, whereas Q5
dissociation by F loss. Recenfly,complexes and dimers of a5 again scanned for spectrum acquisition. The total pressures
SK™ with pyridines have been formed in the collision cell of a j,side each differentially pumped region were typicallyx2

pentaquadrupole mass spectrometer, and Bfridine affinities 10 (ion-source), 8x 10°° (q2), and 8x 1075 (q4) Tor,
were estimated via the application of the Cooks’ kinetic |egpectively. At these pressures, multiple collisions occur in

24 + +eo +eo . . . . .
methodt* SF5*, SFy™, SK™, and SF were found, however, e reaction quadrupoles, which increases reaction yields and
to be practically unreactive toward complex and dimer formation helps to promote collisional “cooling” of the reactant idst

with pyridine?? Pentaquadrupole MS has also been applied in is imnortant to note, however, that lower reaction yields but
a recent study of the ability of SF to form stabled%(])mplexes similar sets of ionic products were always observed at lower
and dimers with benzene, acetonitrile, and pyridihe. pressure, single collision conditions in g2. The collision

We report herein a systematic investigation on the gas-phas€gnergies were calculated as the voltage difference between the
reactivity of the singly charged sulfur hexafluoride fragment ;4 source and the collision quadrupoles.

i +(n=0— ifi 2QE +
ions Sk " (n = 0-5) (more specifically’SF; ") and the doubly Ab initio molecular orbital calculations were carried out by

charged ions”SR2" (n = 2,4) with O and the common <o Gaussiang® and the high-accuracy G2(MP2) model.
oxygenated neutral gases® CO, CQ, and NO. The study 11,5 °Go(MP2) model adopts a composite procedure based
has been performed with “pure” (i.e., mass-selected) ions andeﬁectively on QCISD-(T)/6-3116(3df,2p)/IMP2(full)/6-31G-

under controlled low-energy collision conditions via mult_iple- (d) energies (evaluated by making certain additivity assump-
stage pentaquadruple (QqQqQ) mass spectrorfetfe main ¢ together with ZPE and isogyric corrections and has been

goal of the study was to test and compare the prO(I:Iivit.y of gach shown to produce results with high accuracy in various chemical
of the SK™ and SK?" ions either to undergo oxidation via systems?©

abstraction of an oxygen atom from the neutral gases or to form
complexes with these potentially-coordinating molecules.
Theory, i.e., high level G2(MP2) ab initio thermochemistry, was
used to help rationalize a number of interesting and contrasting Collision Dissociation. SF,*. Figure 2 shows the three-

Results and Discussion

chemical reactivities that were observed for the ions. dimensional double-stage mass spectrum in which the most
abundant ions formed upon dissociative 70 eV El ionization of
Methods SF; are displayed, each of them directly associated with their

The MS and MS experiments were performed using an respective fragment ions. To acquire this 3D spectrum, two
Extrel (Pittsburgh, PA) pentaquadrupole (QqQgQ) mass spec-mass-analyzing quadrupoles (Q1 and Q3) were synchronously
trometer, which has been described in detail elsewtfere. scanneéf over mass-to-chargem(z) ranges of interest, while
Pentaquadrupole mass spectrometers, as represented schematis eV collisional dissociation of the Q1 mass-selected ions were
cally in Figure 1, are composed of a sequential arrangement of performed in the first collision quadrupole (g2). Synchronous
three mass-analyzing (Q1, Q3, Q5) and two radio-frequency- scanning was performed by stepping Q1 one mass unit at a time
only “ion-focusing” reaction quadrupoles (g2, g4). This on- while scanning Q3 along the entire mass range of interest at
line arrangement allows the performance of a varietyantiem- each setting of Q1. This 3D spectrum is particularly useful
in-spacemultidimensional M$ and MS experiments, from because it permits a quite adequate comparison of the relative
which specific chemical information are deriv&@®® QqQqQ’s disssociation proclivities of the GFions; thetandem-in-space
have been shown to constitute suitable “laboratories” for gas- mode of operation of the QqQgQ permits that the same
phase ion/molecule reaction studfésy subject that has been experimental collision conditions being applied to fragment, one
recently reviewed® at a time, each of the mass-selected ions. In Figure 2, the
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SFy* TABLE 1: Total Energy from G2(MP2) ab Initio
Ar o Calculations

R s 55y 5t total energy total energy

32 ;g; oyl g species (hartree) speciés (hartree)
S -~ L o SF- ~497.02850  CO, —188.356 62
32 5 B ot e eio Skt —596.808 78 SO, —548.007 09
\/L/?;’f’// Loahat T g SR* —696.59058 SO —547.519 73
g5 S et ekl Skt —796.240 09 COs —510.939 55
f%;/' T R @ Sk —896.011 41 Ccos'™ —510.529 87
ST T TS Sks** unstabléc CO-F* —212.281 25
N S A A C —37.783 90 F—CO" —212.51825
Qs (0] —74.978 68 CO-SF" —610.196 30

+o . —

Figure 2. Three-dimensional double-stage mass spectrum that shows N 735‘;?332 gg Eg_s%q 72%3%3 gg
the entire domain of data for 15 eV collisional dissociation of the most S —397'276 30 E—SCH _534'974 09
abundant ions formed upon dissociative 70 eV electron ionization of = —99.628 ol NoO—FE+ —283'636 25
SF. Note that the precursor §Fions are displayed along the dashed = —98.991 08 Nzo_S,j —681.485 25
line (m'zq; = MVzg3), and that each SFion is directly associated with co _113'175 40 FS-0,* —647'202 31
its respective fragment ions, which are seen across the Q3 axis. Owing -~ —112:660 3p O,-F* _249:349 07
to the tandem-in-spacenode of operation of the QqQqQ, the same 0, —150.142 08 SRO* —671.899 34
experimental collision conditions were applied to fragment each of the |, —109.389 48 SRO* —771.704 23
mass-selected ions. SO —472.81930  COS™ —585.632 25

. . L . . SO —472.444 36 NO—SR*™ unstablé

precursor ions that survive collisions with argon in g2 are N,O —184.432 47 NO—SFs* unstablé

displayed along the dashed diagonal line, whereas the respective o
fragment ions are seen across the horizontal axis. Precursor_*Data taken from ref 9 Data taken go”.‘ ref 30: Equilibrium
ions are transmitted along the diagonal line since it defines the tsr:;uggiei;?: SE'was not found; see ref 9.With respect to hO and
scanning conditions in which equal masses are simultaneously " '

selected by both Q1 and Q3. s"

Note in Figure 2 that the SF (n = 1-5) ions, except SF* /
and Sk, dissociate to similar and medium extents by single F /4773
loss (SE™ — SFK-1" + F) under the collisions conditions —_—
employed. SE™, however, dissociates much more promptly K
by F loss to afford S of m/z89. The abundance in the 3D
spectrum of the surviving precursor ion SFof nvz 108 was —_—
so low that a 10-times expansion had to be used as to make its
signal visible. Note also that dissociation ofsSFowing to SE"/
the ease of dissociation of its primary fragmentSFoccurs [SF,"] el P
predominantly by double F loss; hence S5 seen as the most unsigble +13.0
abundant fragment of $F. \ g/ t893

G2(MP2) Dissociation ThresholdsThe distinctive trends in —
dissociation behavior seen in Figure 2 for the,Sfh = 1-5) Figure 3. G2(MP2) energy thresholds (in kcal/mol) of Skons. Note
ions are easily rationalized when one compares their G2(MP2) that Sk** is an intrinsically unstable species that dissocia_tes spontane-
ab initio dissociation thresholds for F loss (Table 1). These 0uSly by F loss to SF. Note also the relatively low dissociation
values are summarized in the potential energy surface diagramthreShOId of Sk*.
shown in Figure 3. Note that $F is unstable with respect to
dissociation to SE;% hence, none of the intact molecular ion and SE*" promptly undergo charge exchange with argon (or
was sampled by Q1. Of the intrinsically stable,Skons (= with other residual gases present in g2) to form the correspond-
1-5), SR** is unique as it display a F loss dissociation ing singly charged ions SF* (m/z 70) and SE™ (m/z 108).
threshold (13.0 kcal/mol) approximately eight to nine times SR dissociates in turn partially to SFof m/z 51, whereas
lower than that of the other GFions. Therefore, SF* should SK*t, as expected from its very low dissociation threshold
dissociate much more promptly upon collision activation, as is (Figure 3), dissociates completely to SKm/z 89) and SE**
indeed observed (Figure 2). The ease of dissociation gf*SF  (mvz 70).

will likely prevent most of its associative reactions, as is lon/Molecule Chemistry. Reactions with @ and Other

exemplifi(_ed by the ion/molecule react_ion_resu_lts_ discussed in Oxygenated Gaseslable 2 summarizes the results for reactions
the following section. Quite endothermic dissociation thresholds mass-selecte®SF.~ and 2SF2+ with H,0, CO, CQ, Oy,

on the range of 89100 kcal/mol are predicted, however, for and NO, i.e., possible oxidizing ar-coordinating molecules.

+ + +e . i
Sk, SK", SR, and SF; hence, they are considerably more The double-stage product spectra for some of the most repre-

stable (than SF*) with respect to collision dissociation (Figure ) . - . .
2) ( SFY) P (Fig sentative cases are shown as figures as indicated in the following

SF.2*. Two minor doubly charged ions are formed upon 70 text. Most collision processes did not lead to reactions, and
eV dissociative El of SE i.e., SRB2* of m/z 35 and SE* of dissociation of the ions by F loss took place predominantly even
mz54. Owing to low abundance and a substantial noise filter Under the very low energy collisions employed (Table 2). F
used when acquiring the three-dimensional spectrum of Figureloss was always the main process for the higher homologues
2, the doubly charged ions were not sampled. Therefore, their SFs*, SR™, SK* and SE**, whereas charge exchange followed
collision dissociation spectra were collected separately (Figure by the respective dissociation of the corresponding singly
4). Likely owing to the high ionization energy of the corre- charged ion (see Figure 4) was the only reaction channel
sponding singly charged ions, the doubly charged iong'SF  observed for the doubly charged ions,8F(Table 2).
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(a) SF, skt
SF2+2 70 2 (@) 51
35 Ar Cco
se* O 60 SCO™° O
51 |
A [RARAE RARRE RAREE MRS ARRE RARRE MMM M T T il
[ R I I I I UARRRE RAREEIARE AR + +
b SF° g7 SFO
(b) 89 sF," ®) ?
O,
+2 Ar
SF4 +eo O O
54 SF;
| 7
INAARAARERRRARAN RARRE RRARAS RARRSE MM IS RS RS (c) 67SFO+
20 30 40 50 60 70 80 90 100 110 120
m/z . INzo
Figure 4. Double-stage (M3 15 eV collisional-induced dissociation SF
product spectra of (a) SF and (b) SEZ*. In the terminology used to 30 51
describe the type of M&xperiment and scan mode employed, a filled A A
circle represents a fixed (or selected) mass and; an open circle, a variable 20 30 40 50 60,,70 80 90 100 110 120

(or scanned) mass, whereas the neutral reagent or collision gas tha
causes the mass transitions is shown between the circles. For mor
details on this terminology, see ref 28.

igure 6. Double-stage (M3 product spectra for reaction 8{SF"
of m/z51 with (a) CO, (b) @, and (c) NO. Note the relatively minor
product of S* transfer (SCO*) of m/z 60 in (a) and the abundant

TABLE 2: Major Product lon or lonic Fragment Formed O-abstraction product (FSO") of m/z 60 in both (b) and (c).
upon Low-Energy (Near Zero) Multiple Collisions of SF,* .
and SF.2+ with O, and Other Oxygen-Containing Neutral TABLE 3: G2(MP2) Enthalpy Changes & 0 K for Most
Molecules Relevant Reaction and Dissociation Processes
St SE+ SF2+- SE,+ SF4+° SF5+ SF22+ SF42+ AHDK
entry process (kcal/mol)

H0 NRE  S™  SF* SRK*™ SKR' SRK' SKR"! SR’
CO SO*b SCO* SF SR*™ SR* SR* SR™¢ SR
CO, SO St  SF SR"™ SR' SR' SR™¢ SR*¢
0, SO" F-SO" SF* SR™ SR' SR' SR™? SR + e
SF* + CO— SCO™ + F +28.3
. _ . od d
N,O NO**¢ F-SO" SF* SR* SR' SR' SR™d SR’ SF* + 0,— FSO' + O —23.9

3
4
5
2No ionic products were detectetiSO*™ is formed as a very minor g SF + N:O — FSO" + N; —99.2
8
9

St + C0O,— SO + CO +8.3
St + C0O,— SCO™ + O +77.6
S+ 0,— SO0+ 0 —16.3

N~

product.c SO* is also formed but as a very minor produtThe F—-SO"— F + SO™ +98.1

corresponding ionized neutral is also formed. F-SO" —F' + SO +263.1
F—SO"—SF + 0 +139.6
+o 10 COS*— S+ CO +49.0
@ 48 SO ?CO 11 COS*— S+ CO* +139.7
+o 2 12 COS*— C + Sot +189.3
O 13 SO+ —St+0 +118.8
32 sco*’ 14 SO*—S+0* +196.7
l 60 15 SkKE™ + CO,— SRO*™ + CO +56.9
e 16 Sk + 0, —~ SRO™ + O +45.7
+e 17 SKB™ + N, O — SRO™ + N, -29.8
(b) 48 SO 18 SR* + CO,— SRO* + CO +42.4
S"" 0, 19 SkET™+ 0,— SRO"+ 0O +31.2
32 O 20 SRk 4+ N,O — SKRO" + N, —44.3
Another novel reaction for SF i.e., sulfur cation ($)
L transfer, occurs to a moderate extent upon collisions with CO
A A A AR AR S (Figure 6a). Note, therefore, the diverse reactivity of @iRd
0 20 3% 4 5 60,70 80 80 100 10 120 St i.e., SF is unreactive toward COand HO, reacts

Figure 5. Double-stage (M3 product spectra for reaction &S* of moderately by S transfer with CO, and extensively by
m/z 32 with (a) CQ and (b) Q. Note the abundant product of O-abstraction with @and NO. S*, on the other hand, reacts
O-abstraction (S®) of Mz 48, which is formed in both reactions, and ~ extensively with CQ and G via O-abstraction and undergoes
the minor CO-abstraction product (SEPof m/'z 60 in (a). mainly charge exchange with,8 (Table 2), whereas it is
practically unreactive with O and CO. Most trends in
The lower homologues SFand 3, however, are found to  chemical reactivity of both SFand S are easily rationalized
display a much richer reactivity with several of the neutral gases on the basis of G2(MP2) ab initio thermochemistry of the
employed (Figure 5). Novel O-abstraction reactions occur to respective reactions and competitive processes; see the ab initio
considerable extents upon collisions of* Svith CO, (Figure section that follows.
5a) and Q (Figure 5b), and of SFwith O, (Figure 6b) and Triple-Stage (M§ Spectra. The multiple ion-selection/
N2O (Figure 6c). In addition to O-abstraction, an interesting reaction capabilities of the pentaquadrupole mass spectréfneter
but considerably less favoraBleCO-abstraction reaction that  permit “on-line” and straightforward access to structural infor-
yields ionized carbon oxysulfide (COS of m/z 60 also occurs mation of reaction products via the recording of their sequential
to a minor extent upon collisions offSwith CO, (Figure 5a). product spectré Acquisition of such spectra was accomplished
The reactions just discussed and their corresponding G2(MP2)by Q3 mass selection of a product ion formed in g2, which
ab initio thermochemistry are summarized in Table 3, entries was in turn subjected to 15 eV dissociative collisions with argon
1-6. in g4, whereas Q5 was scanned across appropriaeanges.
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@) 67 sFo' CO—F'+S Ft+ SCO
N0 —_— —_— +171.5
, +1730 £CST+ 0 1576
Ar /’ /’//
48 O ) /' F-sot+C
| / /1 _(O-abstraction)
rrrrrrrrr ' a—
. i S #1195
(b) 60 sco” (a) /
co /’ (r//
312 O ! /,;/’/ sco™ "+ F
R e e e e e e e e e e e e An // 1243 F—CO++S ,/”//H (S+lransfer)
Figure 7. Triple-stage (M sequential product spectra for (a) the sE 4+ CO b comsEt 4 MBS
O-abstraction product (FSO" of m/z 67) formed in reactions of SF 7610 m—— 21 a8 H
with N,O and (b) the & transfer product (SCO of mVz 60) formed S ’ ;S
in reactions of SFwith CO. Similar triple-stage spectrum (not shown) AN . ;S
was obtained for the O-abstraction produet$O*" formed in reactions ‘. FS—CO )/
of SF" with Oy. i 4_'4 5
The identity of the most relevant products ions could be For+S 4 50,

established by such spectra. The sulfinyl catioR—SO"

dissociates, as expected from its dissociation thresholds (see © +1095 / +1082

the ab initio section that follows), by F loss to form Sf

m/z48 (Figure 7a). As expected from its dissociation thresholds (b) / K

(see below) and 70 eV ElI dissociative behadfCO" (Figure /

7b) dissociates mainly by CO loss to form™Sof m/z 32. K

lonized sulfur monoxide (S®©) dissociates barely by O loss to / / so; '+ F

form S of mVz 32 (spectrum not shown). + (5" transfer)
G2(MP2) ab Initio Calculations. Reliable thermochemical Zero SF+ 02,\/ / +13.7

data are among the most useful information for chemical species .. Fs—oOp -7 F-S0"+0

(O-abstraction)

and are used to predict chemical reactivity. The G2(MP2) ab

initio modeP? has been shown to yield accurate thermochemical 199 -23.9
data for a variety of chemical species, with very narrow .

o ; : At F'+S0+N;
deviations from experiment, and its successful application to
predict thermochemical properties of SFons has been recently +163.8
reported® Therefore, G2(MP2) calculations have been per- NoO—F' + S K
formed for the most relevant cases to evaluate the thermochem- (c) Kaverry K

istry of several possible competitive reactions and to better / ;
rationalize the contrasting reactivity displayed by thg'SBns, , ,

as well as to corroborate most favorable reaction pathways. The // . e .
, /) SO +F+ Ny

G2(MP2) energies are collected in Table 1, whereas the enthalpy SE + NO 7 , )

changes at OK for the observed reactions are presented in Table — z,o = 2~/ . N,O—SF* B (8" transfer)

3, entries 6. T —{ T -1.1
Dissociation Thresholds.Entries 7-14 of Table 3 also 182

summarize the G2(MP2) ab initio thresholds for most likely AN .

dissociations of FSO", SCO', and SO*. Note that the same L FS0T+ N

dissociation processes observed in the triple-stage mass spectra o

of these ions are the ones predicted by the calculations to display 992

the lower energy thresholds, i.e., F loss fer$O" (entry 7), Figure 8. G2(MP2) ab initio partial potential energy reaction surface

CO loss for SCQr, (entry 10) and O loss for SO (entry 13). diagrams for reaction of SFwith (a) CO, (b) Q, and (c) NO. Energies
SF+ Reactions: O-Abstractiomersus $* Transfer. Figure are given in kcal/mol. Note that™S transfer is suggested by the
. : calculations as a not so effective (endothermic) but most likely reaction

8 pre_sents GZ(MPZ) potential energy surface O!'agfams _for thebetween the ion and CO, whereas the most exothermic, and therefore
reaction of SF with CO, G, and NO. Most feasible reaction  more thermodynamically favorable, reaction betweert &#th both
pathways have been considered. In reactions of\gith CO, O and NO is O-abstraction. The chemical reactivity of the ion reflects
primary reactions could occur via Rransfer to CO with the clearly these theoretical predictions; see Figure 6.

formation of either C&-F* or F—CO", or by complex forma-

tion (CO"—SF or FS-CO"). The CO-SF" complex could is that of F loss, which yields SCO (the observed product,
dissociate in turn by C loss to form#SO" as the product of ~ Figure 6a). F loss is therefore expected to be the dominant
a net O-abstraction reaction. The other possible adduct, FS process for the FSCO" adduct. Formation of CO'S is,

CO", could dissociate either by SCO loss to yield FS however, predicted to be not so favorable since the reaction is
transfer), by O loss to form FSQC-abstraction), or by F loss  overall +-23.3 kcal/mol endothermic.
to form ionized carbon oxysulfide COS(S* transfer). As The potential energy surface diagram for reactions of SF

seen in Figure 8a, the F&CO™ complex is predicted to be  with O, (Figure 8b) suggests a different reactivity:* &ansfer
formed by the far most favorable, i.e., the only exothermic reaction that yields S£* is endothermic by 13.7 kcal/mol,
(—44.6 kcal/mol) primary reaction. The lowest dissociation whereas O-abstraction that yields $O" is the most exothermic
threshold 4-72.9 kcal/mol) for further dissociation of F&ECO* (—23.9 kcal/mol), thus thermodynamically favorable reaction.
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Figure 9. G2(MP2) ab initio partial potential energy reaction surface
diagrams for reaction of 'S with (a) O, and (b) CQ. Energies are
given in kcal/mol. Note that O-abstraction is suggested by the
calculations to be considerably exothermic with @nd slightly
endothermic with C@

Again, theory and experiment matches perfectly as th86G"
ion is formed as the exclusive ionic product in'®B, reactions
(Figure 6b). Similar results, i.e., clear preference for O-
abstraction £99.2 kcal/mol exothermic), which are again
perfectly consistent with the experimental results (Figure 6c),
are predicted for the SN,O reaction (Figure 8c). Even the
SF* reactivity order, CO< O, < N,O (estimated from the
product ion/reactant ion abundance rafibsge Figure 6), is
consistent with the corresponding G2(MP2) thermochemistry;
i.e., the moderate™s transfer of SF to CO is predicted to be
not as effective owing to its endothermicity by28.3 kcal/
mol, whereas the extensive O-abstraction reactions 6fv@th
O, (—23.9 kcal/mol) and BD (—99.2 kcal/mol) are predicted
to occur much more promptly and to be considerably and
increasingly exothermic.
O-Abstraction by 8. G2(MP2) calculations predict associa-
tion of S with O, that yields S@"* to be exothermic by as
much as—77.0 kcal/mol (Figure 9a).
therefore available for the nascent SOto surpass the-60.7
kcal/mol energy threshold predicted for its further dissociation
by O loss. Thus, O-abstraction that affords *S@ overall
exothermic by—-16.3 kcal/mol (Figure 9a). Association of'S
with CO, is predicted to be nearly isothermic (Figure 9b),
whereas further dissociation of the €& complex by CO loss
to afford the main product SO (Figure 5a) displays a quite
low dissociation threshold of 7.8 kcal/mol. Net O-abstraction
of S** from CQ, is therefore just slightly endothermic by8.3
On the other hand, the minor CO-abstraction that
takes place in 8/CO;, reactions (SC® in Figure 5a) is
predicted to be a much more energy demanding procegg.6
kcal/mol, Figure 9b).
Sk and SE™. Entries 15-20 of Table 3 summarize the
G2(MP2) thermochemistry predicted for O-abstractions of SF
and SE* from CO,, O,, and NO. Note that whereas the lack
of O-abstraction reactivity for these ions (Table 2) with both
CO, and G can be rationalized in terms of considerably
endothermic reactions (entries 15, 16, 18, and 19), O-abstractions\m,chem. Sod.995 117, 9725. (b) Irikura, K. K..J. Chem. Phys1995
of both SK™ (entry 17) and S§ (entry 20) from NO with

Enough energy is
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the consequent release of the stabjaidlecule are, however,
predicted to be overall quite exothermic. Because these
reactions did not take place under the collision conditions
employed (Table 2), it is suggested that they must be hampered
by unfavorable, much too endothermic primary association
reactions. The G2(MP2) results support this assumption as the
corresponding SF* and SE* complexes with NO are found

to be unstable with respect to the starting reactants (Table 1).

Conclusion

A combined theoretical and experimental systematic study
on the gas-phase chemistry of thes$fagment ions S§ and
SFK2* with a series of oxygenated neutral gases has been carried
out. Whereas the higher homologuessSFESR*, SR*, and
SK™ and the doubly charged ions §F and SE2" undergo
mainly charge exchange or dissociation by F loss, or both, novel
reactions have been experimentally observed and theoretically
suggested for the lower homologues'@hd S*. SF" abstracts
efficiently an oxygen atom from £and NO, and the corre-
sponding oxyion FFSO' is formed. O-abstraction also occurs
extensively in reactions of 'S with CO, and Q, and ionized
sulfur monoxide (S@) is formed. A novel but less favorable
sulfur cation (S*) transfer that affords ionized carbon oxysulfide
(COS™) also occurs in reactions of SFwith CO. When
making comparisons with the other SRons, Sk was found
(both by experiment and theory) to display a much lower F
loss dissociation threshold. It is therefore likely that the ease
of dissociation of SFF* will prevent most of its associative
reactions.

Sk and its SK' fragment ions are of practical and funda-
mental interest, and the chemical reactivity with the oxygenated
gases described herein may help to rationalize and control the
many processes in which §Fparticipates. For instance, in
applications of Skin which SK," ions are formed, the present
results point to the two lowest congenerstSind S as the
most reactive species. Reactions of'S#ith residual Q, and
of S** with residual Q or CQ,, are therefore possible routes
for SFs degradation.
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