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Abstract

We present a systematic study of the reactions of ®0?I1,), an important ion in space plasmas, with organic molecules
of interstellar interest. A selected ion flow tube has been used to investigate the reaction$wft8GH,, C,Hg, C;Hg, C,H.,
C,H,, C;H, (allene),n-C;Hg, CH;OH, CH;OH, CH,O0CH;, OCS, CHO, CH,;CHO, CH,C(O)CH,;, HCO,H, and HCQCH,,
and additionally the reactions of Swith C,H, and Q" with CH,, C,H,, C;H, (allene),n-C;Hs, CH;OCH,, and HCQH at
294.5+ 2.5 K. With just a few exceptions the reactions proceed at or near their theoretical collisional capture rates. Apart from
the smaller and more saturated hydrocarbons and OCS, the reactions afr8@ominated by heterogenic abstractions of R
(R = H, OH, CH,;, OCH,). Charge transfer, where it is exothermic, occurs in competition with the abstraction channels.
Hydride abstraction is particularly prevalent, forming the thioperoxy radical, H8Qts structural isomer, SOHHydroxide
abstraction to form the hydroxysulfinyl radical, HOS@ccurs in some of the reactions with oxygen-bearing molecules. Where
neutral, the abstraction products are inferred from the calculated reaction energetics; however, they are frequently detect
directly in their protonated forms. This suggests a two-step reaction mechanism whereby competition for a proton occur:
between leaving partners in the exit channel of the activated complex. In the reactiori o/ #OHCO,CH,, the protonated
methoxysulfinyl radical, CEDSOH"", is observed for the first time. The reactions of ‘S@ith the smaller unsaturated
hydrocarbons are more complex, and largely involve rupture of the S—O bond and a C—C bond to form products containin
C-S and C-0 bonds. The SQeactions are discussed in terms of their mechanisms, product formation, thermodynamics, and
interstellar significance, and are compared with the related reaction$’ @8 Q. (Int J Mass Spectrom 195/196 (2000)
185-201) © 2000 Elsevier Science B.V.

Keywords:SIFT; SO ion; HSO radical; HOSO radical; lon/molecule reactions; Hydride ion transfer; Hydroxide ion transfer; Interstellar
chemistry

1. Introduction abundance) [1]. Although sulfur is ranked below Mg,
Si, and Fe in abundance, its participation in the
Oxygen and sulfur are members of the select group ion/molecule chemistry of interstellar clouds is more
of elements which are both cosmically abundant and extensive due to its higher first ionization energy
disposed to forming chemical bonds (chiefly H, O, C, (10.36 eV relative t0<8.2 eV for Si, Fe, and Mg);
N, Mg, Si, Fe, and S, in decreasing order of solar thus, the atomic ions of H, O, C, N, S, and ions
derived from these drive the bulk of synthetic gas
phase ion/molecule chemistry which directs the chem-
~ *Corresponding author. ical evolution of interstellar molecular clouds (ISC)
Dedicated to the memory of Robert R. Squires. [2—4]. Whereas atomic Odoes not persist in ISC due
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to its rapid reaction with HI[5,6], ground-state atomic  electronic difference between the component atoms, S
S" is unreactive with both Kand CO [5,6], the two  and O. The valence electrons of S are better shielded

major molecular constituents of ISC [2—4]" $ its from the nuclear core potential than those of O, and
ground *S state is also unreactive with,B [5,6]. hence, the promotion and ionization energies of elec-
Sulfur and oxygen in the gas phase in ISC are thought trons in molecular orbitals arising from S atoms are
to combine primarily by the ion/molecule reaction lower than in those arising from O atoms; for the same
reason, the electronegativity of S (2.58, Pauling) is
S* + OH —SO" + H, (1) substantially lower than that of O (3.44, Pauling) [10].

In consequence, the recombination energies of S
SO", and @ are 9.36, 10.29, and 12.07 eV, respec
tively [11], and hence, the capacity for exothermic
reaction progresses steadily in the ordef” S<
SO" < O5". For reactions of such ions with pely
atomic molecules, the prominence of charge (elec-
tron) transfer is also strongly correlated with the
charge transfer exothermicity. This is because the
reacts neither with sinor with CO [6], and thus a high Qensity of rovibrqnic states available in a poly-
atomic molecule permits a long-range charge transfer

consideration of its reactivity with minority species in : ; .
. y y'sp . to occur with a high probability of favorable Franck-
ISC is necessary. Turner has made the most extensive

astrophysical searches for $Qo date [7,9], and has Condoh factors. Here the probability of reaction
: . . . . essentially depends on the volume of phase space
found this species to be abundant in a wide variety of

. . . ) available to the reactants, and hence, on the reaction
interstellar sources [7]. His studies were motivated by o : .

, ; exothermicity. Such charge-transfer mechanisms in
the potential for SO to be a tracer for shocked

. . ion/molecule reactions have recently been reviewed
regions of ISC [7]. In his simple model of SO

chemistry in ISC, Turner considered electron/ion

dissociative recombination to pe the only important tivity between S and O, SOis a highly polar species,
process tha}t destroys gq-g]._ His modeljlssumed a  with an electric dipole moment in the groutd?II,
recombination rate coefficient of(SO™) = 2 X state of about 2.2 D [13]; the homonucleal” @nd
1077 [T(K)/300] *°cm® molecule * s™* [9]; a plau 05" clearly lack permanent electric dipole moments.
sible value, albeit one that has not yet been confirmed athough the overall collisional capture rates for the
experimentally. No other destruction pathways for yeactions of all three ions with neutral molecules will
SO" were considered, which necessitated the as pe dominated by the charge/permanent electric dipole
sumption of a high electron density (the so-called ang the chargefinduced electric dipole interactions
“high metal” value) to make the chemical model [14], the strong dipole of SO is likely to distinguish
consistent with the observed STolumn densities in  that ion from S and G with regard to the intimate
many sources [9]. It is therefore important to investi- reaction mechanisms and the kinds of products
gate whether SO can be destroyed by numerous fast formed from the activated complex. Therefore, a
ion/molecule reactions with observed and expected comparative study of the reactivities of SSO*", and
interstellar molecules. O3 will investigate the effects of recombination
From a more fundamental standpoint, the reactivity energy and charge separation on the rates and mech-
of SO™ as compared with its isovalent “sister” anisms of ion/molecule reactions.
species, $ and G, is of considerable interest. The Very few reactions of SO have been studied
most important differences in reactivity among these previously in the laboratory. The standard ion/mole-
three species are expected to stem from the essentiatule reaction databases [5,6] list only eight such

which has not yet been studied in the laboratory.
Reaction (1) is expected to be particularly important
for the synthesis of SO in cold, dark interstellar
clouds, such as the Taurus Molecular Cloud (TMC-1)
[7]. SO" is one of the 14 sulfur-containing com
pounds and one of the 13 ions which have been
detected in ISC [8].
The sulfur monoxide molecular ion, SQ itself

As a consequence of the difference in electronega-
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reactions, i.e., with 5 N, NH5, O,, H,S, CO, SQ, wherekt? = 1.8 x 10~ ** cm® molecule * s [6].
and SE. Four of these, i.e., with H O,, CO, and SQ, In method (b), 100.0 STP cis ' of O, was
do not proceed under standard conditions [6]. In introduced into the flow tube-20 cm downstream
contrast, many ion/molecule reactions gf §,6,15— from the venturi inlet for the He carrier gas; $Qs
18] and G [5,6,19-25] have been investigated, and not significantly depleted by reaction with,(®]. The
hence are available for direct comparison with those indicated exothermicity of reaction (2) (calculated
of SO*". In the present work, a selected ion flow tube from data available in [11]) is sufficient only to
(SIFT) has been used in the first systematic study of POPulate thev = 1 vibrational levels of the ground

the ion/molecule reactions of SOwith 16 organic
molecules identified or likely to be present in ISC [8]:
CH,, CHg CiHg, CH, CH, CsH, (allene),
n-C;Hg, CH;OH, C,H;OH, CH;OCH,;, OCS, CHO,
CH;CHO, CH,C(O)CH;, HCO,H, and HCQCHs,.
For completeness of comparison, the reactions;of S
with C,H, and @~ with CH,, C,H,, C;H, (allene),
n-C;Hg, CH;OCH;, and HCQH have also been
investigated (of these, only the reactions of @ith
CH, and HCQH have been studied previously under
thermal conditions [5,6,20]). Rate coefficients and
product distributions are presented for the reactions of
all three ions with the 16 molecules, and the relative
reactivities of §°, SO, and G~ are discussed in
light of these results. For SQ the reaction mecha
nisms, nature of the products formed, and implica-
tions for chemistry in ISC are also discussed.

2. Experimental
The SIFT technique has been described at length

emphasis on details particular to the present experi-
ments. The SO ions were efficiently generated by
two methods: (a) directly by impact of 70 eV elec-
trons on SQin a low-pressure ion source (LPIS); and
(b) by generation of S from 70 eV electron impact
on CS in the same source, followed in the flow tube
by

k&
ST(*S) + Oy(X 32y) — SO (X ?II,) + O(°P)

+ 6.9 kcal mol'*  (2)

state K 2I1,) of SO"", and cannot access its electron
ically excited states [27]. Thus, method (b) was
superior to (a) for generating SObecause the ion
was formed with little or no internal excitation, and
also because the SGsource gas for method (a)
aggressively attacked the hot thermionic filament in
the ion source, necessitating a filament replacement
after every one or two reaction studies. Furthermore,
some 90 cm of flow tube lay between the “endpoint”
of reaction (2) in the flow tube (defined here as the
point at which [S] had decayed te®, or ~0.7%, of
its initial value) and the reactant inlet used in these
studies. In this region each SOion experienced
~4 X 10* collisions with the He carrier gas, and
additionally ~200 collisions with Q, which at least
partially relaxed any remaining vibrational excitation
in SO"" throughV—T andV-V processes, respectively
(see, e.g. discussions in [28]). For these reasons, all of
the reactions were studied with SOgenerated by
method (b) in the present study.

Although some metastable’S (P and?D) was
injected into the flow tube along with '$*S) in
method (b), it has been shown that thi$*Seacts

) _with O, entirely by charge transfer and collisional
elsewhere [26]; the essentials are presented here, with

de-excitation, generating O and S (*S), respee
tively [29]. The S (*S) clearly contributed to the
SO (X 2II,) signal by reaction (2), and the JO
appeared as a minor contaminant ion typically at
~6%—8% of the SO signal. Fortunately, many of
the reactions of @ with the molecules in the present
study have been investigated by other workers
[5,6,19-25], and their results were used to make small
corrections to the product distributions for the contri-
bution from G reactions. In cases where no data are
available in the literature, and in some cases where the
available data are inconsistent, (i.e. withHG, C3H,
(allene),n-C;Hg, CH;OCH,, and HCQH), the reae
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tions of O; " were studied by injecting CO generated
from CO in the same LPIS, followed by a reaction in
the flow tube with a 100.0 STP ¢hs * flow of O,
introduced exactly as described previously:

K2

CO" + 0,—> O"+CO (3)

wherek® = 1.5 x 107 1% cm® molecule * s [6].

In this case, the numerous collisions of @vith O, in

the flow tube prior to injection of the neutral reactant
were expected to efficiently quench, via resonant
charge transfer, any metastablg Othat may have
been formed initially.

To complete the data set for reactions of the three
related ions XY~ (X, Y = S, O) with the neutral
molecules in this study, the reaction of Svith C,H,
was studied with § generated from OCS in the flow
tube as described previously [15].

The precursor ions Sand CO™ used in these
studies were generated in the LPIS as noted above,
guided into the SIFT quadrupole mass filter by a
series of ion lenses, selected from amongst the other
ions generated in the source, and focused by a secon
series of ion lenses into the higher-pressure flow tube
through a 1.0 mm hole centered in a molybdenum
disk electrode. The initial ions of interest were gen-
erated by reaction of the precursor ions with @
OCS in the flow tube as noted above, and then reacted
with the neutral molecules which were introduced at a
ring-type inlet~90 cm downstream from the region
of initial ion synthesis.

The O, and OCS flows were maintained by means
of a standard calibrated flow meter (MKS), and the
flow rates of the other reactants were determined from
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pump-thaw cycles before use. The purities of the
reagents as quoted by the manufacturers were as
follows: CH, (99.99 mol %), GHg (99.0+ mol %),
C;Hg (99.5 mol %), GH,, (99.6 mol %), GH, (99.5
mol %), G;H, (allene) (97 mol %)n-C;Hg (99+ mol
%), CH;OH (99.9+ wt %), C,H;OH (200.0 proof),
CH;OCH; (99.87 mol %), OCS (9755 mol %),
CH,0O (paraformaldehyde, 95 wt %), GAHO (99.4
wt %), CH;C(O)CH; (99.90 wt %), HCQH (99.4 wt
%), and HCQCH; (99.35 wt %). Reagents were used
neat except for ¢H,, which was prepared in a 10%
manometric mixture with 5.0 grade Ar, and HGQ
which was prepared in a 2.5% manometric mixture
with 4.7 grade He that had been cleaned by passing
through a liquid nitrogen-cooled molecular sieve trap.
The viscosity of the GH,/Ar mixture was estimated
using the Brokaw extension of Chapman-Enskog
theory [31] along with available values for the vis-
cosities of GH, [30] and Ar [32]. Because of the
small partial pressure of HCH in He, it was
justifiably assumed that the viscosity of the mixture
was equal to the viscosity of He within a negligible
error. However, for accurate determination of HED
hroughput, it was necessary to correct for the shift in
he monomer/dimer equilibrium of this reagent upon
dilution using the data of Taylor and Bruton [33].
Formaldehyde monomer was introduced into the flow
line from a flask containing a sample of paraformal-
dehyde maintained at a temperature~af10 °C.

All experiments were performed at 294152.5 K
in He carrier gas at-0.5 Torr with a plug flow
velocity of ~8000 cm s *; due to ion diffusion effects
[26], the average ion velocity was rather higher at
~12 000 cm §* [34]. Carrier He flow was estab
lished and measured by a calibrated mass flow con-
troller (MKS), and evacuated by a high-capacity

their initial pressures and pressure drops across aRoots-type blower (Stokes). Reactant and product

calibrated capillary tube (using the Poiseuille equa-
tion). Gas and vapor viscosities needed for this flow
determination were obtained from the Yaws hand-
book [30]. Chemically pure gases were obtained from
commercial sources and used without further purifi-
cation. High performance liquid chromatography
grade liquid reagents, also obtained from commercial
sources, were further purified by several freeze—

ions were sampled through a 0.3 mm hole in a
molybdenum disk electrode situated in a nose cone
downstream, separating the flow tube from the differ-
entially pumped downstream mass spectrometer hous-
ing. lons were mass selected by a quadrupole mass
spectrometer (Extrel) and detected by an on-axis
channel electron multiplier (Detech). lon signals were
then amplified and processed by a gated pulse counter
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Fig. 1. Variation of SO, O;", and ion product count rates with
CH, flow. The G} contaminant ion signal is 7% of the SGsignal.
SO* is unreactive out to a very large flow of GHO; " reacts
slowly to form CH(OHY , which has been observed previously (see
text). The rate coefficient for the JO reaction with CH as
determined from this decay plot is in excellent agreement with the
previous literature value (see text, Tables 1 and 2, and [6]).

(Stanford Research Systems) and desktop computer.

Reaction rate coefficients and product distributions
were determined in the usual manner [35,36]. Rate
coefficients are estimated to be accurate-20% for
permanent gases and30% for “sticky” vapors and
mixtures; reproducibility was consistentty10% or
better. Because all observed primary products oc-
curred in the 26—8@n/zrange, where the ion detec-
tion sensitivity is essentially flat for our system, it was
generally unnecessary to correct for mass discrimina-
tion; when it was necessary, such a correction could
be made by the method we have employed previously
[15]. Small corrections to the product distributions for
isotopic contributions from neighboring ions, partic-
ularly from the **S and the'°C isotopes, were
sometimes necessary. Product distributions are esti-
mated to be accurate tt65%. Note that this places
some uncertainty on the existence of product channels
reported with a contribution 0k5% to the total
product spectrum.

Fig. 1 and Fig. 2(a) and (b) illustrate the typical
quality of data collected in this study. In Fig. 1 is a
rate plot showing the nonreaction of SOwith
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Fig. 2. (a) Variation of SO", O3 and ion product count rates with
CH;C(O)CH; (acetone) flow and (b) percentages of majo{so)

ion products of the SO reaction as a function of acetone flow. In
(a), the @~ contaminant ion signal is 6% of the SCsignal. The
SO* decay is linear over more than two orders of magnitude. The
apparent falloff in total ion signal with increasing acetone flow is
due to secondary and higher-order products which were not
monitored (see text). By extrapolation to zero flow in (b), it can be
seen that three major>2%) primary ion products occur in the
reaction of SO with acetone. The product 8,0", which is
probably CHC*(OH)CH,, or protonated acetone, extrapolates to
zero at zero flow, showing it to be a secondary product.

methane, along with the reaction of Qwith methane
to form CH(OH);, which has been studied previously
[5,6]. The G contaminant appeared at 7% of the
SO*' ion signal in this particular study. A bimolecular
rate coefficient for the © reaction of 5.8x 10 *2
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cm® molecule? s™! was obtained from a least-

squares fit of the @ signal decay due to this reaction,
in excellent agreement with the literature value of
6.0 X 10 *? cm® molecule* st + 15% [6]. All
other G reactions were studied withJOsynthesized
from CO"" as described above. Fig 2(a) is a rate plot
showing the excellent linearity of SO decay over
more than two orders of magnitude in reaction with
acetone. Here the JO contaminant appeared at only
6% of the SO ion signal. In Fig. 2(a), the appearance
of an imbalance in the ion signal as a function of
acetone flow is due to the rapid further reactions of the
primary products, forming higher-mass products
which were not monitored. Contributions to the ion
spectrum due to the reactions of Qvere accounted
for using data available in the literature [23,24].
Percentages of products originating from the SO
reaction alone are plotted in Fig. 2(b). The two minor
products from this reaction are not shown, for the sake
of clarity (see Table 1). Nascent product distributions
were obtained by extrapolating to zero flow, which
indicates three major primary products in Fig. 2(b), as
well as a secondary productgle,0", or protonated
acetone.

3. Results and discussion
Rate coefficientskg‘?p and fractional product dis

tributions, f, for the reactions of SO and the sup
plementary reactions of,Sand Q" measured in the
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reaction of @  with CH,, which has also been
measured previously [5,6], is quite slow at room
temperature, and the reactions of S@ith OCS and
with CH,O are somewhat less than 50% efficient.
Note that the slowest reactions are with the species of
lowest atomicity, albeit the reactions of SGand G~

with C,H,, are quite fast (see Table 1).

Although the only signals detected in SIFT exper-
iments are ion counts at various/z values, the
spatially resolved chemical environment of a fast flow
reactor, the extremely low ion density, and the low
level of overall excitation (e.g. no discharges are
present in the reaction region) permit the unequivocal
assignment of ion products in most situations. Indeed,
in the present study, the empirical identities of the ion
products are given with confidence, although the
precise isomeric forms are not identified and must be
inferred. Moreover, although the neutral products are
not detected, with the SO reactions the energetics
usually constrains these to only one or at most a few
possibilities. Table 1 indicates enthalpies of reaction,
calculated from data available in standard thermo-
chemical databases [11,39] (except as noted in the
following), assuming formation of the products indi-
cated. Note that the calculated enthalpy of reaction is
rarely large enough to dissociate the neutral prod-
uct(s) indicated, and therefore the ion/molecule reac-
tions of SO do not lead to fragmentation so much as
to bond rearrangement. The same is not generally the
case with the @ reactions (see Table 1).

Although numerous product channels are reported

present study are presented in Table 1. Capture ratein several of the reactions of SOand G~ with the

coefficients,k@, calculated from the parameterized
variational “transition state” theory of Su and

molecules in this study, note that the top two or three
channels account for the majority, usually the over-

Chesnavich [37] are presented for comparison with whelming majority, of products in every case (see
the experimentally-determined rate coefficients. Elec- Table 1). Furthermore, the existence of products
tric dipole polarizabilities and electric dipole mo- reported with<5% abundance should be regarded as
ments for these calculations were obtained from somewhat uncertain, although they are generally con-
standard reference sources [32,38]. All except 5 of the sistent with the observed reactive behavior of these
23 reactions studied proceed at the theoretical captureions, and there is na priori reason to exclude them
rate, within experimental uncertainty. Of those 5, the from the product spectra. The reactions of 'S@re
reactions of $~ with C,H, and of SO with CH, do discussed immediately in Sec. 3.1, especially in light
not proceed; upper-limit values for the experimental of the interesting radical species generated, which
rate coefficients are given, and no reaction products have rarely been observed directly in the gas phase.
attributable to those reactions are observed. The Then follows a discussion of the relative reactivities



B.K. Decker et al./International Journal of Mass Spectrometry 195/196 (2000) 185-201 191

Table 1
Reaction rate coefficientk,(szx)p theoretical capture rate coefficienk§?, fractional product distributions, f, ion and proposed neutral
products, and calculated reaction enthalpied,,,, for the reactions of XY (X, Y = S, O) with the indicated neutral molecules

investigated in the present study at 294.3.5 K

Neutral AH,2

Reactant k&), (cm®*s™) k@2 (cm® s7Y f m/z lon product product (kcal mol™)

S} reactions

C,H, <5(—-12) 11¢9) ce o no reaction

Acetylene

SO* reactions

CH, <3(—13) 119 e o no reaction

Methane

C,Hq 1.3 (-9) 1.1 (-9) 0.80 50 HSOH CH, -18

Ethane 0.20 29 e HSO -9

CaHg 1.4 (-9) 1.2 (-9) 0.98 43 GH3 HSO —28

Propane 0.02 50 HSOH n-C;Hg —-20

CH, 1.2 (-9) 1.1(-9) 0.60 46 CHS* co -79

Acetylene 0.22 45 HCS HCO -39
0.17 42 CHCO" S —16
0.01 29 HCO HCS —-23

C,H, 1.1(-9) 1.1(9) 0.60 47 CHSH* HCO -35

Ethene 0.20 46 CB" CH,O -39
0.06 31 CHOH™ HCS -7
0.04 59 CHCS* HO —38
0.04 45 HCS CH,OH -10
0.02 50 HSOH C,H, -9
0.02 48 CH,SH* CcoO —65
0.01 29 HCO CH5S —24
0.01 76 SO - C,H,

CH, 1.2 (-9) . 0.57 40 GHS SO -14

Allene 0.15 45 HCS CH,CO —44
0.07 59 CHCS* HCO —70
0.06 46 CHS* CH,CO -56
0.06 43 CHCO" HCS —53
0.04 42 CHCO* CH,S —49
0.03 39 GHZ HSO -33
0.02 29 HCO CHLCS

CaHg 1.3(-9) 1.3 (9) 0.64 41 GHZ HSO -24

Propene 0.14 42 e SO -13
0.13 29 GHZ HS + CO -21
0.04 73 GHeS* HO .
0.02 43 CHCO" CH,S -13
0.02 45 HCS C,H;0 —-14
0.01 72 GH,S* H,O

CH,OH 2.2 (-9) 2.1(-9) 0.90 31 CHOH* HSO -25

Methanol 0.10 50 HSOH CH,O —-30

(continued
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Table 1(continued
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Neutral AH,2
Reactant k&), (cm®*s™) k@2 (cm® s7Y f m/z lon product product (kcal mol™)
C,H.OH 2.3(-9) 2.1(9) 0.65 29 GH: HOSO -25
Ethanol 0.15 66 HOSOH C,H, e
0.15 45 GH;0" HSO —50
0.05 31 CHOH" CH;SO -5
CH5OCH, 1.8 (-9) 1.7 9) 0.90 45 CHOCH; HSO —44
Dimethyl ether 0.10 46 CHOCHy SO -6
ocs 4.9 ¢10) 1.3(9) 0.55 64 g coz -52
Carbonyl 0.45 80 SO Cco ~0
sulfide
CH,O 1.3 (-9) 2.7 (-9) 0.50 29 HCO HSO -20
Formaldehyde 0.49 50 HSOH CO —49
0.01 78 SO-CH,0
CH,CHO 3.0(-9) 2.9 (=9) 1.00 43 CHCO" HSO —46
Acetaldehyde
CH,C(O)CH, 2.8 (-9) 2.9(9) 0.45 58 CHC(O)CH, SO ~14
Acetone 0.36 41 cHe HOSO —19
0.15 43 CHCO" CH;SO —23
0.02 42 GH¢ S0, -29
0.02 29 CHe HSO+ CO -4
HCOOH 1.5 ¢9) 1.7 9) 0.85 66 HOSOH co .
Formic acid 0.10 29 HCO HOSO -9
0.05 50 HSOH CO, —54
HCOOCH, 2.1(-9) 2.0 (-9) 0.55 31 CHOH* HSO+CO -13
Methyl formate 0.30 80 CEDSOH" CcO ce
0.15 50 HSOH CH,O+CO -18
O5 reactions
CH, 5.8 (—12) 1.3 9) 1.00 47 CHO3 H
Methane
C,H, 1.3 (-9) 1.2 (-9) 0.85 26 GH3 0, -15
Acetylene 0.10 42 CKCO" (¢} -63
0.05 29 HCO H+ CO —101
CaH, 1.3(=9) 0.94 40 ; 0, -55
Allene 0.04 39 GHZ HO, -67
0.02 42 CHCO" CH,O —140
CaHe 1.5 (-9) 1.5(9) 0.50 42 GHy 0, —54
Propene 0.37 29 he HO + CO —-80
0.06 41 GH: HO, -57
0.02 28 GHZ HCOOH —-119
0.02 45 CHO0" H + CO -119
0.02 31 CHOH" CH,CO —115
0.01 44 CHCOH" CH,O —113

(continued
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Table 1 ¢ontinued

Neutral AH,2

Reactant k&), (cm®*s™) k@2 (cm® s7Y f m/z lon product product (kcal mol™)
CH.OCH, 1.8 (-9) 1.9 (-9) 0.75 45 CHOCH; HO, -77
Dimethyl ether 0.25 46 CHOCHy 0, —47
HCOOH 1.8¢9) 1.9 (9) 0.53 45 HCQ HO, —45
Formic acid 0.35 34 HEH ™" CO, —-16

0.07 46 HCOOH O, —-17

0.05 29 HCO HO,

2Theoretical capture rate coefficients were calculated from the variational transition state theory of Su and Chesnavich [37], using electri
dipole moments and electric dipole polarizabilities available from standard reference sources [32,38].

b The empirical form (i.e. atomic constituency) of the ion product is unequivocal in all except a very few casesHe. gz = 29) could
conceivably be HCO (m/z= 29) in the reaction of SO with C;Hg (propene)]. The indicated isomeric form of the ion is assumed for the
calculation of reaction energetics using information available in standard databases [11,39] (except where noted in the text).

¢The neutral products indicated are assumed for the calculation of reaction energetics using information available in standard databas
[11,39] (except where noted in the text). See the text for further discussions on the expected neutral products which are not directly observe
and must be inferred.

9 Negative reaction enthalpiedH,,,, indicate exothermic reactions. The enthalpies indicated are calculated using the assumed isomeric
forms of the ion and neutral products (see footnotes b and ¢) and information from standard databases [11,39] (except where noted in the tex

©The ~2% product, CHSH"", occurs at the samm/z (=48) as the parent ion, SQ After correction for the isotopic contributions of
12CH,2's™, 12CH,33SH*, and*°CH,*?SH", the signal aim/z = 48 still levels out at~2% of the initial SO signal in the rate-decay plot,
implying formation of CHSH"" as a reaction product.

of the XY* (X, Y = S, O) family of molecules (see  mation of these two radicals [40], although Xantheas
Table 2), which show a number of systematic simi- and Dunning have made a high-level ab initio study of
larities and differences related to the relative recom- the potential energy surface connecting the isomers
bination energies of these species, and to the strongand the dissociation channel leading to28) +
polarity of SO as opposed toS and G". Finally, SOEX") [41]. They computed values 6f6.1 + 1.3

the implications of the SO reactivity observed in ~ and—0.7 + 1.3 kcal mol'* for AH,°?°8 (HSO) and

this study for its chemistry in ISC are briefly dis- AH; 2% (SOH), respectively, and a barrier of 46.3

cussed. kcal mol™* for the isomerization HSG= SOH. They
also computed a dissociation limit to 8 +
3.1. Reactions of SO SO ") of 56.2 kcal mol * above the ground state of

HSO and 53.2 kcal mol* above that of SOH41].

Charge transfer (“CT” in Table 2) is possible in Thus, where HSUs indicated as the neutral product
just a few cases presented here for'S@nd is the in Table 1, the calculated reaction exothermicity is
dominant product only in the reactions with allene never sufficient to dissociate the HSi@to H + SO
(CH,CCH,) and acetone [CEC(O)CH;]. Charge (dissociation to HS+ O is a higher-energy process
transfer is not observed where it is endothermic, even [41]). Moreover, there is enough reaction enthalpy to
just slightly so (i.e. with ethene and ethanol; see Table drive the isomerization in only a few cases. Therefore
2), which implies that the SO is in indeed in its it may generally be concluded that the neutral prod-
groundX 2I1, electronic state, as expected (see Sec. ucts are formed “locked in” as HS©r SOH. Which
2). Hydride (H") abstraction (“HAb” in Table 2) is  of these isomers is actually formed, if not both, is a
much more prevalent than charge transfer, and may matter for conjecture. However, the polarity of SO
lead to the formation of either the thioperoxy radical, makes the sulfur terminus more electrophilic than the
HSQO, or its structural isomer, SOHThere has been  oxygen: a recent ab initio study at the cc-pVTZ/
considerable controversy over the enthalpies of for- CCSD(T) level of theory indicates a Mulliken popu-
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lation of 0.693 on the S atom and 0.307 on the O atom formic acid, the protonated form, HOSOH also
of SO [13,42]. Hence, the S-terminus rather than the appears in a separate product channel (see Table 1).
O-terminus should initiate bonding interactions with Laakso et al. [44] have computed the enthalpies of

the hydrogen leading to Habstraction in the majority
of cases. Furthermore, the higher enthalpy of forma-
tion of SOH with respect to HSOreflects the lower
hydride affinity of the O-terminus of SO as com-
pared with the S-terminus. Therefore we expect that
HSQO is the neutral product formed in the majority of
cases, if not exclusively, and we have assumed
formation of HSOin calculating the reaction enthal-
pies indicated in Table 1.

The HSO'SOH appears in protonated form (em-
pirically, H,SO") in several reactions of SOin the

present study (i.e. with ethane, propane, ethene, meth-

anol, formaldehyde, formic acid, and methyl formate;
see Table 1). The lowest-energy forms of this ion are
thetransandcisisomers of the hydrogen thioperoxide
molecular ion, HSOH", with enthalpies of formation
(AH°298) of 188 and 190 kcal mot*, respectively, as
estimated using a focal point extrapolation based on
the cc-pVTZ/CCSD(T) level of ab initio theory [42].
We have used the estimateXH, 2% of the trans
isomer to calculate the reaction enthalpy where
HSOH" occurs in Table 1. The sulfoxide isomer,
H,SO", lies about 31 kcal mol* above thetrans-
HSOH" isomer [13,42], and hence, is unable to form
in most cases where HSOHappears in Table 1. The
thiooxonium ylide, BOS"", is intermediate in energy
[42], but note that if reaction proceeds mechanisti-
cally by an initial hydride abstraction, followed by an
internal proton transfer in the activated complex,
H,OS" is not likely to be an important isomeric

formation (AH."2°®) of the four doublet radicals
HSOQO, syn-HOSQ HSG,, and anti-HOOSusing the
GAUSSIAN-2 methodology, and obtained values of
26.6, —57.7, —33.8, and 14.1 kcal mof, respee
tively. We have used the value indicated foid,° 298
(syn-HOSO to calculate the reaction enthalpies
where HOSOappears as a neutral product in Table 1.
The resulting reaction exothermicities for these chan-
nels in the acetone and formic acid reactions mandate
unequivocally that HOSGs the only isomer which
can be formed. With ethanol, formation of the hydro-
gensulfonyl radical, HSB) is barely exothermic (i.e.
by ~0.6 kcal mol'?) using the Laakso et al. values
[44], but formation of HOSO's substantially exother
mic (i.e. by 25 kcal mol'; see Table 1) and mecha
nistically simpler to explain. The abstraction of oxy-
gen-containing groups in the reactions of S@ould
logically be initiated by overlap of the electron-
deficient sulfur terminus of the singly occupied3
molecular orbital (SOMO) of SO with one of the
electron-rich, essentially nhonbonding lone-pair orbit-
als (NBO) centered on the oxygen atom in the neutral
molecule (i.e. a polar interaction between e S
atom of SO~ and thed~ O atom of the neutral
molecule). In the reaction with ethanol, for example,
a simple heterolytic cleavage would then result in a
neutral fragment with the connectivity HO-S-O, rather
than O-S(H)-O. The same mechanism would apply to
the reaction with formic acid, although this is clearly not
possible with the acetone reaction. Thus, the formation

product, since, as discussed above, the hydride trans-of HOSO (which is energetically mandated) in the

fer should initially form HSOin most cases; a proton
transfer would then fornrans- or cisHSOH"" or the
unlikely higher-energy 550", Very few experimen-
tal observations of the [2H, S, O] family of molecules
have been reported [42,43].

SO" is also observed to abstract larger functional
groups, formally speaking, i.e. OH CH;, and
OCH; (see Table 1). In its reactions with ethanol,
acetone, and formic acid, ion products, which imply
the formation of the hydroxysulfinyl radical, HOSO

reaction with acetone must proceed by the initial
SOMOI/NBO interaction, followed by a transfer of H
or H™ from one of the methyl groups of acetone. The
synthesis in the gas phase of neutral HOSOH and
HOSO have recently been reported [45,46].

Note that the protonated form, HOSOKldoes not
appear in the reaction with acetone, and also that its
contribution to the product spectrum is anti-correlated
with the proton affinity PA) of the leaving partner:
i.e. HOSOH" is an 85% product channel in the

as the neutral product are observed; with ethanol and reaction with HCQH, where CO PA = 142 kcal
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mol %) is the leaving partner; it is only a 15% product troscopy [52], but its detection in the gas phase as a

channel with GH;OH, where GH, (PA = 163 kcal protonated species has not been reported previously.
mol ™) is the leaving partner; and it does not appear  In the reactions of SO discussed above, the
at all with CH,C(O)CH;, where GH, (e.g. PA = predominant mechanism (excluding charge transfer)

179 kcal mol * for CH,CCH) is the nominal leaving ~ appears to be a heterogenic abstraction in which a
partner PA values are taken from [47]). Such an group R* (R = H, OH, CH;, OCH;) is transferred to
anticorrelation of the protonated radical product chan- the sulfur terminus of the SO molecular ion; ir

nel is also observed with the Habstractions of SO tramolecular proton transfer frequently occurs before
in the present study (see Tables 1 and 2) and with the dissociation of the activated complex, in which case
H~ abstractions of § from our previous studies the SO-containing radical re-emerges as a charged
[12,15,16]. This behavior implies a two-step mecha- (i.e. protonated) species. The reactions with small,
nism whereby a heterogenic abstraction of idr unsaturated hydrocarbons (i.e. with acetylene, ethene
OH" is followed by an intramolecular proton transfer 2nd, to a lesser extent, allene and propene) show a
to the leaving radical when it hasP comparable to, dramatic departure from this pattern; with these, many
or greater than, its leaving partner (designated product channels appear, most of which indicate

“HAb + P” for H™ abstraction and “HOAb- P” for major bonding rearrangements in the activated com-
y plex. Rupture of the S—O bond is commonplace here,

whereas elsewhere in the present study it only occurs
in the atom-switching channel with OCS to fornd'S
and CQ (see Table 1). In the reactions SO+ C,H,

and SO + C,H,, for example, the two dominant
product channels are completely analogous, showing
a rearrangement of the skeletal bonding to form
H,/2+kCS" + H,,»_CO, wheren is the total num

ber of hydrogen atomsk = 1 for the dominant
channel, andk = O for the secondary channel. These
channels in GH, and GH, appear to be mechanisti

OH™ abstraction in Table 2). The proton transfer ma
have a significant internal barrier in some cases, as,
for example in the reaction of SOwith formalde
hyde, where the formyl cation, HCO appears as a
product channel 50% of the time, even though CO has
a much lowerPA than HSOor SOH [12,42].

Formation of CHSO or one of its structural
isomers is implied in two minor product channels in
the reactions of SO, i.e. in a 5% channel with
ethanol and a 15% channel with acetone (see Table 1).
The thermochemistry of C}$0 |sozggorly known, cally identical for respective values kf With allene,
and we havle adopted a vaIuez_bIHf (CHsSO) ~ which has a three-carbon skeleton, product channels
§ kcql mol ~ [48] for th.e reaction enthalpy calcula such as H ,CS' + H,,,C,0 and H,,C,S" +
tions in Table 1. CHSO is thought to be an important H, CO are observed, whetle = 1 is again more
reactive intermediate in the chemistry of atmospheric prevalent thark = 0 (see Table 1). The condition
sulfur [49]. In the reaction of SO with methyl k = 1 indicates the occurrence of an H-atom migra-
formate, a 30% product channel leads most likely 10 tjon in the activated complex, and therefore products
the formation of the protonated methoxysulfinyl rad- - showing such a migration are favored over products in
ical, CH;OSOH"" (see Table 1). Although the precise which a hydrogen does not migrate. Product channels
isomeric form of the prOdUCt was not determined in in which the Charge appears on the oxygen_bearing
these experiments, this reaction channel of S@ith group, e.g. H,,CO" + H,_,CS k = 0, 1) in the
HCO,CH; is expected to be mechanistically similarto - reaction with GH,, are observed in some cases, but
that leading to HOSOH in the reaction with HCGH with much lower prevalence than the analogous chan-
(see previous discussion). The neutral radical, nels with sulfur-bearing ions (see Table 1); this
CH,0SO, has been computed to be substantially reflects the initially greater localization of charge on
lower in energy than its structural isomers, 3@, the S-terminus of SO. A few other product channels
[50] and CHSOO [51]. Neutral CHOSO has been are observed where S-O bond cleavage occurs, but
detected in solution by electron spin resonance spec-the entire carbon skeleton of the hydrocarbon remains
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associated with one of these atoms; notable among thesea RE significantly higher than all thizs except that of
is the very unusual 17% channel in the reaction with CH,. Conversely, $* has aRE substantially lower
C,H, forming CH,O™ (assumed to be the ketene than all thes@Es. That of SO lies in between, but is
molecular ion in Table 1) and atomic S; the analogous only greater than five of the neutrdts. The differ-
channel is also observed in the reaction wit§j~.O  enceRE(I") — IE(M) in a reaction between an iof |
Hydride abstraction, so prevalent in many other reac- and a neutral molecule M can have a strong governing

tions of SO, is only a very minor contribution to the
reactivity with GH, and with CHCCH, (see Table 1).
The dominant reaction channels of SOwith

influence on the rate coefficient for that reaction, and
on which product channels are competitive. This is
amply demonstrated by the rapid reactions of atomic

small, unsaturated hydrocarbons, where the productS*(*S) with 34 organic molecules, including most of

ion contains either a C—S or a C-O bond, most likely those in the present study, which in addition to a
proceed via a four-center intermediate, because ener-variety of competitive reaction channels show a very
getics necessitate the respective formation of a C—O, strong positive correlation of charge transfer promi-
or a C-S bond in the neutral product, and thus, after nence with charge transfer exothermicity [12,53].
rupture of the S—O bond, the S atom and the O atom S*(*S) has a recombination energy (10.36 eV) very

must pair with different C atoms. However, the rate
coefficient for the reaction is at the collisional value

close to that of SO'(X ?I1,) (10.29 eV), and thus, the
reactivities of these two ions might be expected to be

(see Table 1), implying that there is no dependence on similar. This is just what is observed [53].

the input trajectory; furthermore, collisional associa-
tion products are almost nonexistent1%). This
implies that the binary reaction occurs on a timescale
shorter than—~200 ns, i.e. the average time between
collisions with a He third-body under our experimen-
tal conditions. Thus, whatever the input trajectory, the
interacting species must “lock” together and rapidly
find the appropriate four-center configuration. Such
locking is facilitated by the interaction between the
37! SOMO of SO and them-HOMO (highest order
molecular orbital) of the hydrocarbon. That this inter-

It can be seen from Table 2 that tRés of XY™

(X, Y = S, O) have a powerful effect on their overall
reactivities. For example, ;S is by far the least
reactive of the three ions: with six of the molecules it
has either no reaction or it reacts simply by ternary
(collisionally stabilized) association. With two more
molecules, i.e. with allene and propene, association is
=60% of the observed product. Where it does have
binary reactions, the rate coefficients more often are
smaller than the theoretical gas-kinetic rate coeffi-
cient, in contrast with the analogous reactions of'SO

action is strong is demonstrated by the analogous and O~ (see Table 2). Note that hydride (i

reactions of $', where the corresponding binary

abstraction to form Hgand H™ abstraction with internal

channels are generally endothermic, and three-body proton transfer to form H$I™ are by far the most

association is prominent (see Table 2).

3.2. Comparison of the reactivities of XY(X, Y =
S, O) molecular ions

The rate coefficients, ion products, and product
branching fractions for the reactions of SSO™", and
O3 " with the 16 neutral molecules in the present study
are compared in Table 2, with data taken from the
present and previous [5,6,15-25] studies. Also indi-

prevalent binary reactions of,;S Although it is clear
that S has a strong propensity for Habstraction,
comparison ofAH; 298(XY *) — AH 29¥HXY") for

the three ions (X, Y= S, O), which is an approximate
but unequivocal measure of their relative hydride
affinities (HAs), shows a progression in the order
HA(S)) < HA(SO"™) < HA(O3") (thermodynamic
data necessary for this consideration are available in
references cited heretofore [11,15,39,41]). Con-
versely, the proton affinitiesPAs) of the neutral

cated (in parentheses) are the first ionization energieshydrides [12,15,42,47] progress in the reverse order:

(IEs) of the neutral molecules, as well as the recom-
bination energiesREs) of the ions. Note that D has

PAHS,) > PA(HSO) > PA(HO;). Thus, we
should expect that H abstraction will occur with
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Table 2

Comparison of the reactivities of the XY (X, Y = S, O) diatomic cations with the organic molecules selected for the present study;
recombination energies of the ions (in eV) and first ionization energies of the neutral molecules (in eV) are indicated in parentheses
below the corresponding reactant; also indicated are product percentages (%) for each product channel and experimentally measured
bimolecular rate coefficientskg()p) for each reaction

Reactant % $ (9.36) X P % SO"2(10.29) kP Poe % 07 2(12.07) 2.°
CH, NR e NR <3(-13) 100 CHOZ 5.8 (—-12)
(12.51) [17] [tw.]
C,Hs 100 HAb+ P 3.2(11) 80 HAb+ P 1.3 ¢9) 100 CT 1.2 ¢9)
(11.52) [16] 20 HAb [25]
CsHg 90 HADb 9.9 (-10) 98 HAb 1.4 ¢9) 100 CT 1.4 ¢9)
(10.95) 10 HAb+ P [16] 2 HAb+ P [25]
C,H, NR <5(-12) 60 CHS" 1.2 (-9) 85 CcT 1.3¢9)
(11.40) [tw.] 22 HCS 10 CH,CO" [tw.]
17 CH,CO* 5 HCO"
1 HCO"
C,H, 100 AS 6.4 ¢11)° 60 CH,SH* 1.1(-9) 100 CT 6.8 £10)
(10.51) [16] 20 CHS" [5]
6 CH,OH"*
4 CH,CS*
4 HCS'
2 HAb + P
2 CH,SH*
1 HCO"
1 AS
CH,CCH, 65 AS 1.0 9)° 57 CcT 1.2 ¢9) 94 CcT 1.3 ¢9)
(9.69) 20 cs [16] 15 HCS 4 HAb [tw.]
5 CH,S™ 7 CH,CS" 2 CH,CO*
5 CH,CS" 6 CH,S"
5 CH,CS* 6 CH,CO*
4 CH,CO*
3 HADb
2 HCO"
CH,CHCH, 60 AS 1.2 9)° 64 HAb 1.3 ¢9) 50 CcT 1.5 ¢9)
(9.73) 15 CHS, [16] 14 CT 37 GH: [tw.]
10 CH,S* 13 CHZ 6 HAb
5 CH,CS" 4 CHS* 2 CH;
5 HAb 2 CH,CO" 2 CHO"
5 CHS" 2 HCS' 2 CH,OH"
1 CH,S* 1 CH,O"
CH,OH 90 HAb + P 8.8 (-10) 90 HAb 2.2¢9) 50 CcT 1.0 €9)
(10.84) 8 HAb [15] 10 HAb+ P 50 HAb [22]
2 CH,S;
C,H-OH 100 HAb 2.2 ¢9) 65 HOADb 2.3¢9) 75 HAb 2.3¢9)
(10.48) [15] 15 HOAb+ P 25 CT [22]
15 HAb
5 CH,OH*

(continued
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Table 2 ¢ontinued

Reactant % $(9.36) P b % SO" 2(10.29) P b % 0; 2(12.07)  K&,"°
CH,OCH, 100 HAb 1.6 (9) 90 HAb 1.8 ¢9) 75 HAb 1.8 ¢9)
(10.03) [16] 10 CcT 25 CT [tw.]
ocCs 100 $ 5.8 (—12) 55 S 4.9 (—10) 100 CT 1.2¢9)
(11.13) [5] 45 SO* [6]
CH,0 100 HAb+ P 1.1 ¢10) 50 HAb 1.3 ¢9) 60 CcT 2.2¢9)
(10.88) [15] 49 HAb+ P 40 HAb [23]

1 AS
CH,CHO 100 HADb 2.2 ¢9) 100 HAb 3.0€9) 55 CcT 2.3¢9)
(10.23) [16] 45 HAb [23]
CH,C(O)CH, 100 AS 1.4 (9) 45 CT 2.8 ¢9) 60 CcT 2.7¢9)
(9.70) [16] 36 HOAb 40 CHCO" [23]

15 CH,CO*

2 CHE

2 CHzZ
HCOOH 100 AS 5.0¢11¢ 85 HOAb+ P 1.5 9) 53 HAb 1.8 ¢9)
(11.33) [15] 10 HOAb 35 HAb+ P [tw.]

5 HAb + P 7 CT

5 HOAb

HCOOCH, 100 AS 39¢107 55 CH,OH* 2.1(-9) >95 CH,OH* 2.3(-9)
(10.84) [16] 30 CHOSOH" <5 CT [20]

15 HAb + P

2lon products are classified by reaction type as follows:A%ernary association; C¥ charge (i.e. electron) transfer; HAb hydride
(H™) abstraction; HAb+ P = hydride (H") abstraction followed by intramolecular proton {Htransfer; HOAb= hydroxide (OH")
abstraction; HOAb+ P = hydroxide (OH") abstraction followed by intramolecular proton {Htransfer; NR= no reaction; other ion
products are given explicitly, in their assumed isomeric forms where possible.

b Experimentally determined binary rate coefficients are given il omlecule* s™*. Rate coefficients and product distributions for
reactions not studied in the present work are taken from the references indicated in brackets immediately below the tabulated rate coefficier
([t.w.] = measured in the present work).

¢ All of the reactions of SO shown here are from the present work.

9 Rate coefficients for ternary association reactions are given as effective binary rate coefficie@tS @orr carrier pressure. For more
details, see [15,16].

SO" and G~ where it cannot occur with_S, but that (12.07 eV), is charge transfer not observed, but it
H™ abstraction with internal proton transfer will be accounts for=50% of the product in 11 of the
more prevalent with § than with SO, and more remaining 15 reactions (see Table 2). Hbstraction
prevalent with SO than with G". Indeed, this is can efficiently compete with charge transfer in some
exactly what is observed (see, e.g. the reactions with cases, and is the second most prevalent product in the
CH,CHCH;, CH;OH, CH,0, and HCOOH in Table  reactions of @ [note that with methyl formate,
2), although the pattern is imperfectly represented in HCO,CHj,, where the principal product is GBH™,
the data due to the alternative binary reaction channelsthe neutral fragments are likely to be HG& CO,
available to SO and O analogous to the expected products of the correspond-
For Gy, charge transfer is highly competitive with  ing reaction of SO" (see Table 1)]. In the reaction of
other reaction channels in most cases. Only with,CH O, with formic acid, HCQH, a H abstraction
which has anE (12.51 eV) higher than thRE of O;~ followed by internal proton transfer is observed,
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forming HOH'" + CO,, which was not reported by  of S;°, are relatively minor (see Table 2). In the
other workers [5,6,20]. We have no explanation for reaction of @  with CH,CHCH,, a small (2%)
this difference. Intriguingly, the sum of the HAb and channel forming GH; " is formally a CH, abstrae
HAb + P channel percentages for this reaction (88%; tion, which may be analogous to the Chbstraction
see Table 2) agrees very well with the reported in the S~ reaction. Interestingly, such abstractions
contribution from the H abstraction channel alone (with ethene loss) of C from C}€CH, and of CH,
(90%) in a recent study bypné and Smith [20]. The from CH,CHCH; are entirely absent in the analogous
appearance of a HAB- P channel in this reaction is  reactions of SO". Instead, SO" much more exten
entirely consistent with the general reactive behavior sively undergoes reactions that break the S—O bond as
of these XY™ (X, Y = S, O) ions as discussed above. well as a C—C bond on the carbon skeleton, as discussed
Moreover, such a channel is expected, since in Sec. 3.1. Similar reaction channels with' @nd G
PA(HO,) > PA(CO,) by ~29 kcal mol* [47]. The are observed in very few cases, and are always quite
charge transfer channel percentage (7%) also agreesninor (see Table 2). Thus, such channels probably are
with the value found by gané and Smith (10%) [20]. facilitated mechanistically by the polar nature of SO
Additionally, we observe a small (5%) hydroxide which the other two XY™ (X, Y = S, O) ions lack.
(OH™) abstraction channel in this reaction, which was
not reported previously [5,6,20]. OHabstraction is 3.3. Interstellar chemistry of SO
very rare with @~, whereas it is not infrequent with
SO*", presumably reflecting the stronger polar inter In the present study, the ion/molecule reactions of
action of SO~ with the electron-rich oxygen on the SO" are rapid in the majority of cases, being at or
neutral molecule. Thus, althoughjOcertainly has near the gas-kinetic limit. Where the neutral partners
enough recombination energy to drive Oldbstrae have permanent electric dipole moments, fast ion/
tion, mechanistically it prefers other reaction chan- molecule reactions are expected to be significantly
nels, particularly charge transfer and tdbstraction. faster at the low temperatures of interstellar molecular
Hydroxide abstraction has also been observed in a few clouds (ISC) [54,55]. Therefore, depending on the
reactions of $° (forming the HOS radical), i.e. with chemical and physical features of the ISC of interest,
CH;COOH, GHsCOOH, and 2-GH,OH [15,16], it may not be sufficient to assume simply that elec-
although it does not occur with any of the molecules tron/ion dissociative recombination is the only impor-
in the present study (see Table 2), and &bstraction tant destruction process for SO[7,8]. It has been
is generally the more competitive process fof'S  noted, for example, that in relatively hof (~ 100—
reactions. With SO", conversely, OH abstraction is 200 K) clumps in star-forming molecular clouds, such
more prominent than Habstraction where they both as the “compact ridge” in the Orion KL cloud,
occur (see Table 2). complex interstellar organic molecules such as
The differences amongS SO, and G in their CH;OH, CH,0CH;, HCO,H, and HCQCH,, whose
reactions with the unsaturated hydrocarbonsHg reactions with SO" we have studied here, can reach
C,H,, CH,CCH,, and CHCHCH,) are striking. quite high abundance levels [56].
Again, O;" reactions are dominated by charge trans Unsaturated hydrocarbons and other unsaturated
fer, which constitutes the overwhelming majority of carbon-containing molecules are abundant in the cold,
product except in the reaction with propeng.” & dark Taurus Molecular Cloud (TMC-1), which is one
unreactive with acetylene, and ternary association of the most renowned “chemical factories” among
dominates its reactions with ethene, allene, and pro- ISC [57]. The present results show that the reactions
pene. The dominant binary channels fof" Swith of SO with C,H, and GH, couple the interstellar
allene and propene are abstractions (with ethene loss)S-O and S—C chemistries, which have previously
forming CS~ and CHS; ", respectively; other binary  been considered to be largely decoupled [7,8]. Where
product channels, indicating rupture of the S—S bond molecules such as 8, and GH, reach high levels of
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abundance, such reactions of S@nay be significant ~ channel. Thus, charge transfer is the principal reaction
pathways to organosulfur compounds in ISC. Because channel for @~ in the present study, which has the
hydride abstraction occurs in many reactions of SO  largest RE— IE of the three ions. Conversely, with
and most likely leads to the formation of the thioper- S;°, which generally has a substantially negative
oxy radical, HSO (see previous discussion), this RE — IE, charge transfer is not observed, three-body
radical should be included in searches for new gas association is common, and reaction rate coefficients

phase species in ISC. The microwave spectrum of
HSO has been recorded [58], although more detailed
characterization of its microwave transitions may be
necessary for interstellar searches.

4. Summary and conclusions

The reactions of the diatomier-radical cation
SO" with 16 molecules representing examples of

are generally smaller than for the other XYX, Y =
S, O) ions. With its intermediate RE 1E, SO" most
frequently combines rapid binary reaction with inti-
mate reaction to form products with new bonding
arrangements. Due to its polar nature, which is lack-
ingin Sy and GO, SO"" interacts more strongly with
electron-rich alcohol and carbonyl oxygen atoms than
its sister ions, and thus has a greater affinity for OH
and other oxygen-containing functional groups.

The present study shows that SOis rapidly

several classes of organic compound have been stud-destroyed in most of its reactions with small organic

ied with a SIFT and compared with the reactions of
S, and G~ with the same species.

Reactions of SO are generally characterized by
heterogenic bonding to formr-radical abstraction
products such as HSfSOH, HOSO, CH,SCO, and
CH;0SO0. Such products frequently appear in the ion
product spectra in their protonated forms when the
leaving partner (i.e. the leaving molecule) has a
proton affinity lower than that of the radical. Charge
transfer occurs when it is exothermic, although it is
the majority channel only in the reaction with allene;
abstraction channels effectively compete with charge
transfer in the reactions with propene and acetone.
Rupture of the S—O bond is indicated only in the
reactions of SO with small, unsaturated hydrocarbons,
and in its reaction with OCS. These intimate reactions,
where 2—-3 bonds are generally broken, likely proceed
through a four-center reaction intermediate.

The reactivities of the three isovalent ions XY
(X, Y =S, O) with the neutral molecules in the

molecules. Where such molecules are abundant in
ISC, models of the chemistry should take such reac-
tions of SO into account. Particularly with small,
unsaturated hydrocarbons, S@ observed to couple
the S—O and S—C chemistries in ISC, which had
previously been considered to be largely decoupled.
The common abstraction products of SQ@eactions,
such as HSO(or its isomer, SOH and HOSQ
should be included in searches for new interstellar
species. By revealing how certain transient species
can be synthesized in the gas phase, studies such as
the present one hopefully will stimulate gas-phase
synthesis and further characterization of such species,
which are of fundamental as well as practical interest
to many branches of chemistry.
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