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Abstract

The reactions of H3H™" with the series of reference bases; ;1 CH,0, C;H;F;0 (1,1,1-trifluoropropanone), £,
CgH,F, (o-difluorobenzene), HC, C,Hg (trans-2-butene)c-C3Hg, N-C3Hg, CH,OH, CH;SH, and GHOH, with proton
affinities ranging from 168.5-185.6 kcal/mol, have been investigated with a selected ion flow tube (SIFT) to bracket the gas
basicity (GB) and proton affinity (PA) of the hydrothiosulfeno radical §HFhe recently developed thermokinetic method of
Bouchoux et al. [Int. J. Mass Spectrom. lon Processes 153 (1996) 37] applied to the data give$)GB(89.8 = 2.2
kcal/mol and PA(HS) = 178.0=x 2.4 kcal/mol, consistent with but more accurate than the simple bracketing procedure. The
proton affinity is used to calculate the enthalpy of formation of,Hfiving AH;?°%(HS,) = 25.0 + 2.5 kcal/mol; this result
is compared with the relatively few other reported determinations of this quantity. Thealdigal is of potential importance
to chemical processes in interstellar clouds (ISC), as well as to fuel refinery and atmospheric chemistry,H he¢#8tions
and a parallel study of the reactions ¢f @re discussed. (Int J Mass Spectrom 185/186/187 (1999) 727-743) © 1999 Elsevier
Science B.V.
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1. Introduction dehydrogenated product, X [1]. In that study we
suggested that the HSorms in the §~ reaction by

The hydrothiosulfeno radical, HSis the simplest hydride abstraction and initially appears as a proton-
heteronuclear species containing an S-S bond. Re-bound heterodimer (HS..H" ... X) which subse-
cently it was shown in our laboratory that the reac- quently fragments to HSand HX", or to HSH™ " and

tions of the sulfur dimer cation,,S with hydroge- X, in proportions governed by the PA of X relative to
nated organic molecules (designated ,XHead in HS, [1]. Such behavior is the basis of the so-called
many cases to the formation of El&nd/or its proto- kinetic method pioneered [2] and, more recently, exten-

nated form, H§H™", with a relative branching ratio  sively reviewed [3] by Cooks and co-workers for the
which depends on the proton affinity (PA) of the determination of thermochemical quantities from the
fragmentation patterns of activated ion-bound com-
. . plexes. From our $ study in a selected-ion flow tube
* Corresponding author. . . L
Dedicated to Professor Michael T. Bowers on the occasion of his (SIFT), we were able in the spirit of the kinetic method
60th birthday. to estimate the PA of H3to be ~175 kcal/mol [1].
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The present work is intended to refine the deter-
mination of PA(HS) by means of the well-estab-
lished bracketing method [4] and by a new “thermo-
kinetic’ method developed by Bouchoux et al. [5],
and to derive therefrom a value for the enthalpy of
formation, AH;?°%(HS,), from experimentally-deter-
mined quantities. Except for our former estimate [1],
the proton affinity of HS has not been reported
previously.AH;?°%(HS,) was estimated to be 22t
1 kcal/mol by Benson [6] from his principle of group
additivity, and Luke and McLean [7], using ab initio
methods, calculatedH;?°%(HS,) = 26.7 = 3 kcal/
mol. These two determinations do not agree to within
their estimated uncertainties, although the ab initio
result is certainly to be preferred, it being the more
fundamental and detailed of the two approaches.
Moran and Ellison [8] measured the electron affinity
(EA) of HS, by negative-ion photoelectron spectros-
copy (PES), and O'Hair et al. [9] determined the
gas-phase acidityA(H;;y of neutral HSH by brack-
eting the gas-phase basicity of H]. O’Hair et al.
used these results to deduce a value of 28.5
kcal/mol for AH;?°9(HS,), in reasonable agreement
with the ab initio prediction [7,9]. The present study
approaches\H;?°8(HS,) from a different and com-
plementary chain of thermochemical relationships.

The HS radical was first detected in a flash
photolysis kinetic study of k& by Porter in 1950 [10],
from an absorption band system in the 315-380 nm
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ground electronic state [15], which is an asymmetric
top “#" radical with a significant electric dipole
moment, on the order of 1.4 Debyes [13].
Comparatively little is known about the disulfane
molecular cation, H§4*", or protonated HS Be-
cause an accurate value for the adiabatic ionization
energy (IE) of neutral disulfane (BB) is crucial to
the determination ofAH;?°%(HS,) from the proton
affinity of HS,, it is fortunate that Cheng et al.
recently redetermined this quantity in a careful mea-
surement of the photoionization efficiency (PIE) spec-
trum of disulfane [16]. From this, they derived a
revised value foAH;?°¥(HS,H™") some 5.8 kcal/mol
lower than that recommended by Lias et al. [17].
Along with their PIE study, Cheng et al. performed an
ab initio study of HSH™" at the UMP2 level of theory
and found two stable isomeric forms: @s-HS,H™"
with a dihedral angle of 0° and teansHS,H ™" with
a dihedral angle of 180°; th&ans isomer has a
calculated IE in excellent agreement with the photo-
ionization threshold for HgH [16], with the cis
isomer being some 2.7 kcal/mol higher in energy. No
data on the isomerization barrier were presented [16].
The thermochemistry and reactivity of H&nd its
derivatives are important from the points of view of
atmospheric, fuel refinery and interstellar chemistry.
The isovalent oxygenated analogues peroxy {HO
and thioperoxy (HSQ® are known to be important

range which has not yet been assigned to date Theparticipants in the destruction of stratospheric ozone

A2A’ first excited state of HSwas first observed and
correctly assigned from thA2A’ — X2?A” (m*, n)

and the oxidation of reduced forms of anthropogenic
sulfur in the atmosphere [e.g. 18—-23]. The role of,HS

emission band system in the 950—2100 nm range byin terrestrial atmospheric chemistry is unknown at
Holstein et al. in 1985 [11], guided by a detailed ab Present, although pathways to its formation in the
initio treatment of the radical by Sannigrahi etal. [12]. atmosphere and reaction with atmospheric gases have
In a more recent ab initio study at the self-consistent Peen suggested [24]. More work clearly needs to be
field (SCF) and unrestricted second-order Mgller- done in this area. HShas been inferred to be a
Plesset (UMP2) levels of theory, Zhuo et al. [13] Product of HS decomposition in a shock tube [25],
calculated molecular parameters for Hghich were ~ and also an intermediate in the synthesis of polysul-
later used by Yamamoto and Saito as a basis for fanes, HgH (n = 2, 3, 4 ...), during the oxidation
comparison when they recorded its microwave spec- of mercaptans by molecular sulfur [26]. These results
trum in the 140-310 GHz range [14]. The far infrared suggest that HSas a reactive intermediate is respon-
spectrum of HShas also been recorded, by Ashworth sible in part for the shortfall in k& recovery from

et al. [15] in the 170-305um range. These studies sour natural gas in the modified Claus process [27],
have thoroughly characterized the H@&dical in its and, in general, that the chemistry of HiS relevant
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to the processing of petroleum and natural gas at as are specific to the present study.,HS was

elevated temperatures.

Our initial S§” study [1] was motivated by consid-
eration of the chemistry of sulfur in interstellar clouds
(ISC). No molecule containing two sulfur atoms has
yet been detected in ISC, although the neutral sulfur
dimer, S, has been observed in the comet Araki-
Alcock [28] and has been searched for in several
interstellar sources [29]. Because of its relatively low
IE of 9.356 eV [30], $ can be either photoionized or
chemi-ionized to form § in ISC. Several ion-mole-
cule reaction pathways to form;Shave also been
discussed [1]. Becausg Ss unreactive with H and
CO, the primary molecular constituents of ISC, this
ion may accumulate and be present to react with
interstellar organic molecules [1]. It has been shown
that HS is a very frequent product of such reactions
[1]. S, has been predicted to be particularly abundant
in the interstellar objects known as hot molecular
cores [31], and Salong with its derivatives (5, HS,,
HS,H, etc.) have been considered in models of inter-
stellar gas [e.g. 31-33] and grain [34] chemistry.

In this study, we present the reactions of both
HS,H* and S with the following set of 12 bases,
with the corresponding PA in kcal/mol (taken from
the National Institute of Standards and Technology
(NIST) database of Hunter and Lias [35]) indicated in
parentheses: §$ (168.5), HCO (170.4), CHC(O)CF;
(173.0), GHgl (173.2), 0-C4H,F, (174.8), HCQH
(177.3),trans2-C,Hg (178.5),c-C5Hg (179.3),n-C5Hg
(179.6), CHOH (180.3), CHSH (184.8) and ¢gH;OH
(185.6). Additionally, we present the reactions ¢f S
with NH;, for which we have now detected the
primary reaction product which was not observed in
the former study [1]; with (CH),CHOH, to further
characterize the reactivity of,Swith alcohols; and to
make a slight correction to the reaction of Swith
ethanol as presented in the former study [1].

2. Experimental
The selected ion flow tube (SIFT) technique has

been described in detail elsewhere [36], and will be
treated here only in outline, except in such particulars

generated by electron impact (El) on diethyl disulfide,
C,HsS,C,Hs [37], in a low-pressure El ion source
operated at 70 eV electron energy. The ion injection
energy was kept as low as possible, commensurate
with a usable flux of HgH™ ions, because the
threshold for collision-induced dissociation (CID) by
the process:

He
HS,H* — SJ” + H, — 33.8 kcal/mol 1)

occurs at about 25.7 eV of translational kinetic energy
for HS,H " in the laboratory frame of reference. To
obtain usable ion signals, an injection energy of at
least 30 eV was required, and thus aji 8agment
was observed, whose peak intensity increased relative
to HS,H'" as the ion lenses and quadrupole surfaces
became gradually corrupted with sulfuretted deposits,
necessitating higher injection energies. The geak
intensity was minor under optimal operating condi-
tions; about 5%-10% that of HB™". Alternatively in
some runs H§1" was created by the reaction of
injected S~ with ethane:

K

Sy + C,Hg —> HS,H' + C,H, (2)

with a bimolecular rate coefficierkl® = 3.2 X
10 ecm®s 1 [1]. Ethane has a relatively low proton
affinity (PA = 142.5 kcal/mol [35]) and is unreactive
with HS,H"", and thus did not complicate the primary
product spectrum when it was used to generate
HS,H*". However, a contaminant peak, i did
appear when ethane was added, at a peak intensity of
~20 % of the HSH™. A number of chemical
pathways are possible to form @2, which then
reacted with the abundant ethane to form the observed
C,Hg impurity ion [38]. For example, S, a minor
fragmentation ion when S is injected (see below),
reacts with ethane to give,8. as a 70 % reaction
channel [39]; and ethylene, which can be protonated
by an impurity ion such as SH is the major impurity
(typically at 3000 ppm) in ethane (Matheson CP
Grade). In any event, the presence gHG did not
affect the analysis in the cases where,HS reacted
only by rapid proton transfer, and in all other cases the
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experiment was also conducted with J#8 " injected
directly from a clean SIFT for comparison.

Because $ was a small but persistent impurity
ion in the HSH™" experiments, its reactions were

investigated in a parallel study. Thg Svas produced
from CS, as in our former study [1]. In order to
eliminate the small S impurity ion from the CID of
S, on injection, in some runs the;Swas alterna-

tively generated in the flow tube by the reaction

leak through the calibrated capillary tube. Viscosities
measured this way are accuratett6%. In the case of
formic acid, the vapor was used neat and also in a
dilute 0.75% manometric mixture with helium; in
both cases, the measured flow was corrected to
account for the monomer-dimer equilibrium of formic
acid using the data of Taylor and Bruton [43].
Formaldehyde was introduced by sublimation from
solid paraformaldehyde maintained-a80 °C. Liquid
reagents were purified by several freeze-pump-thaw

sequence:
cycles before use, and gaseous reagents and parafor-
S™ + N, —>S7("8) + N (38)  maldehyde were used without further purification.
K2 Liquid reagents such as iodoethane and formic acid,
S*(*S)+ OCS—S;" + CO (3b) which undergo thermal decomposition, were refriger-

ated at 9 °C until use. The reagents were obtained
from commercial sources with the following purities:
ethanol (200 proof); methanethiol (99-56); metha-

nol (99.9 wt.%); propene (99 mol.%); cyclopropane
(99.0+%); trans-2-butene (99.7 wt.%); formic acid
e : : (99.4 wt.%);o-difluorobenzene (99.7 wt.%); iodoeth-
the OCS impurity was minor, on the order of 5,0 (988 wt9%); 1,1,1-trifluoropropanone (99.9
9%—7% of the $ peak intensity, and the reactions of + o4)- paraformaldehyde (95 wt.%); hydrogen sulfide
S, were easy to distinguish from the side reactions of (99.5+%); ammonia (99.99%); 2-propanol (99.98
OCS". Although S~ could in principle have inter- wt.%); ethane (99.6 mol.%); carbonyl sulfide (97.5

fered with product identification in the HB™ reac- 101 95); carbon disulfide (99.99 wt.%); diethy! disul-
tions, the $" ion clearly cannot participate in proton  fge (99.8 Wt.%).

transfer reactions, and in fact did not interfere with the The ion swarm and neutral reactants were en-
primary product ion spectrum from H8™, exceptin  trained in a flow of He carrier gas at a pressure of
the casestfans-2-butene o-difluorobenzene, and io- .5 Torrand a plug flow velocity of 8000 cm 5.
doethane) where charge transfer is possible for both Al experiments were conducted at 2863 K. lons
ions. were sampled by a detection orifice leading to a
Parent ions and parent-precursor ions were se- differentially-pumped quadrupole mass spectrometer/
lected in the SIFT quadrupole mass filter and focused jon counting system located downstream. lon currents
through a 1-mm hole into the flow tube. The precursor collected by an on-axis channel multiplier were am-
ions were reacted upstream in the flow tube to form piified and then passed to a gated pulse counter and a
the parent ions as discussed above, and the neutraldesktop computer for processing. Reaction rate coef-
reactants were added at various fixed ring inlets to ficients and product distributions were determined in
establish appropriate reaction lengths. Neutral reac- the usual way [44,45). Rate coefficients are accurate
tant flows were determined by their pressure drop to +20 % for permanent gases, and 180 % for
across a calibrated capillary tube, which requires a sticky gases and vapors from liquid reagents (and
knowledge of their gas-phase viscosities. These were formaldehyde); reproducibility is generally better than
taken from literature sources [41,42] or, where un- =10 %. For the determination of correct product
available, measured by the pressure drop in a cali- channel branching ratios, mass discrimination in the
brated volume filled with reactant vapor below its detection system was accounted for by summing the
saturation vapor pressure, as the vapor was allowed toparent (A™) and product (:J*) ion signals, including

for whichk$2) = 9.1 X 10" °cm®s 1 [40]. The N,
was used to collisionally quench the20% of S ions
formed in metastable electronic staté® @nd?P) to
the ground’S state [39], because the metastablé S
transfers its charge to OCS. With quenching by, N
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Fig. 1. Variation of §" and ion product count rates with Nilow. The S decay is linear over nearly three orders of magnitude. The primary
product of this slow reaction is the cluster ionN&i3 ", which in turn rapidly proton transfers to ammonia. The resulting; Nifoceeds to
cluster successively with NH(ammonia clusters higher than NH NH; are omitted for clarity). The rate coefficient and ion product
distribution for this and the other reactions in this study are presented in Table 1.

mass discrimination factors for the lattefj)(and equat-
ing to the initial parent ion signal/Ag) as follows:

As = A"(BY + 3 f,C/ (BY @

J
whereB, is the kth concentration or flow of neutral

reactant. Whenk > j, this system of equations
overdetermines the mass discrimination facfprand

Fig. 1 and Fig. 2(a) and (b) demonstrate the quality
of the data collected in this study. Fig. 1 is a rate plot
showing the excellent linearity of the; Sdecay over
nearly three orders of magnitude in its reaction with
NH;. The NH; which is produced as a secondary
product of the reaction proceeds to cluster with the
neutral ammonia in the flow tube; for clarity only the
first cluster is shown in the plot. Also indicated is the

a multiple linear regression analysis can be performed primary product of the reaction,,8H; ", which was

to obtain these factors. In practice, consistent and
reliable factors can only be obtained for systems in
which theC;" all vary with respect to each other as a
function of neutral reactant flow. Furthermore, it is
essential to monitor all significant product ions, pri-
mary, secondary, tertiary, etc. This method works
better for systems in which there are fewer than four
product ions. Note that it assumes that there is no
significant relative diffusive loss among the various
ionsA™ andC;" in the flow tube (see [46]). The ion
product distributions obtained are considered to be
accurate ta+5 in the percentage.

not detected in our former study [1] because of its
rapid proton transfer to ammonia. Fig. 2(a) shows the
reaction of HSH™" with n-C;Hg (propene), with a
side reaction of the S impurity illustrated. The
decays of both the HBl " and the $" are linear over
two orders of magnitude. The primary products of the
HS,H™" reaction are proton transfer and ternary asso-
ciation. Only the major (60%) channel of the 'S
reaction, i.e. ternary association, is shown on the plot,
again for clarity. The percentages of products origi-
nating from the HSH™" reaction alone are plotted as
a function of propene flow in Fig. 2(b). The ternary
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Fig. 2. (A) Variation of the HSH*" and product ion count rates withC;H, (propene) flow and (b) Percentages of the ion products of the
HS,H*" reaction as a function af-C,H, flow. In (A), a side reaction because of the impurity igh Gee text) is shown. The decays of 5~

and $ are linear over two orders of magnitude. The major product (60%) of fhee@ction is the cluster ion,;S- CsHg; for clarity, its

minor products are not illustrated. From (B), it can be seen thgHHiSproton transfers (85%) to form 8, and associates (15%) to form
HS,H*" - C;Hg at ~0.5 Torr He pressure. The rate coefficients and ion product distributions for these and the other reactions in this study are
presented in Table 1.
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association to form @H;; is evidently a secondary binary reaction of $ with ammonia in Fourier
reaction, as expected, and the branching ratio betweentransform ion cyclotron resonance (FTICR); however,
proton transfer and ternary association at the pressurethey attributed the S reaction to a charge transfer
employed (0.5 Torr) is obtained by extrapolation to  forming NHj, a process which is 18.5 kcal/mol
zero flow to eliminate the effects of the secondary endothermic [1]. We do not observe this endothermic
reaction. charge transfer; the sole primary product of the
reaction is the cluster ion ,8H; . For the reaction of
S, with hydrogen sulfide, the measured (raw) rate
3. Results and discussion coefficient is 3.4x 10~ *?cm® s~ *; however, the HS
(Matheson CP grade) typically has impurities, by
The rate coefficients kZ)) and fractional ion weight, of 2700 ppm propene and 810 ppm propane,
product distributions for the reactions of " and both of which react with $ near the collisional rate
S, are presented in Table 1, with the neutral reactants [1], some three orders of magnitude faster than the
arranged in order of decreasing proton affinity. The (a5ction with HS. No other contaminant of the,8

collisional capture rate coeffic_igntk%@T), as calcu-  contributes significantly to the raw rate coefficient,
lated from the variational transition state theory of Su \\hich may therefore be simply expressed as:

and Chesnavich [51], are included for comparison

with the experimental values. Rate coefficients for k%, = k&, + ki, (5a)
reactions leading to ternary association channels are

. . .. k@ — x g(z) +x é((Z) (5b)
presented as effective binary rate coefficients-at5 imp — “propen&propene - “tpropanéipropane

Torr. When close to the collisional value, these wherek@),is the true effective binary rate coefficient

indicate that the association is pressure-saturated [52].for the ternary association offSwith H.S, andki%)p

When the ternary association is inefficient, i.e. not s the effective rate coefficient for the reactions of the
pressure-saturated, the ternary rate coefficient can bejmpurity species with $. Note in Eq. (5b) thak(®

imp

determined a&$)/[He]. includes the mole fractionsxj of the propene and
Apart from the proton-transfer reactivity of propane contaminants and their bimolecular rate co-
HS,H ™" which permits the bracketing method, several efficients for reaction with §, which are known [1].
other features of the S and HSH™" reactions are A plot of the product distribution for the overall
intrinsically interesting, and quite distinct for the two  reaction yields branching ratios of 0.55 0.15 for

ions. The reactions of Sin the present study amplify  H,S!" and 0.45+ 0.15 for all impurity products. A

and complement our former results [1], with which simple kinetic analysis then giv: X)p: 1.9x 10712
they are compared in Sec. 3.1. The reactions of ¢y 571 as reported in Table 1, with a somewhat

HS,H™ are considered in Sec. 3.2, which leads |arger than usual uncertainty-g0%). Fromk&), and

naturally into a discussion of methods for determining Egs. (5a) and (5b), the impurity levels of propene and

the gas basicity and the proton affinity of Hi Sec.  propane in our HS sample are respectively1250

3.3. ppm and ~370 ppm, assuming the same relative
proportion as for the manufacturer’s typical values

3.1. Reactions of S (see above). These lower-than-rated impurity levels

are further substantiated by the results of thgHiS
S reacts slowly at 0.5 Torr with §8 and with reaction with HS discussed in the following section.
NH; by ternary association. In the latter case, the It is of interest to consider the possible isomeric
reaction is followed by a rapid proton transfer to forms of the associated complexes arising from the
ammonia, which makes the produciN&i; " difficult reactions of $ with H,S and NH, particularly
to detect (see Experimental and Fig. 1). Schindler et because the 8IH;  product of the latter proton
al. [53] observed the BIH3 " ion as a product of the  transfers to ammonia, and hence forms the neutral
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Table 1
Reaction rate coefficients and fractional product ion distributions for the reactions pf'H&nd S~ with the indicated neutral reactants
at 296 K+ 3 K

lon lon
PA* GB* HSH™"™ product S product
IE®  (kcall (kcall k&P k@9 distri-  lon k&P kR4 distri-  lon
Reactants (eV) mol) mol) (cm®-s %) (cm®-s Y bution product (cm®-sY) (cm®-s ) bution product?
Ammonia 10.16 204.0 195.7 ... 1511) 2.2(9) 100 AS
NH, 1.6 (—11)
2-propanol 10.17 189.5 182.3 ... 23) 1.8(9) 050 HA
(CHs),CHOH 025  GCH:
010  GHS;
010  GH.O"
0.05  SOH;
Ethanol 10.47 185.6 178 2.30) 1.9(9) 1.00 PT 22¢9) 1.9(9) 1.00 HA
C,H<OH 1.7 (-9
Methanethiol 9.44 184.8 177 2.60) 1.8(9 100 PT 1.2(-9f 1.8(-9) 1.00 HA
CH,SH
Methanol 10.84 180.3 173.2 1.60) 20(9) 1.00 PT 8.9¢10) 2.0C9) 090  H2A
CH,OH 8.7 (-10y 008  HA
002  CHS;
Propene 9.73 179.6 172.7 189) 12(9) 085 PT 1.24¢9) 13(9) 060 AS
n-CgHeg 015  AS 1.2 (-9 015  CHSS
010  GH,S'
0.05  GH.S'
0.05 HA
0.05  GHS'
Cyclopropane 9.86 179.3 172.6 7010) 1.1(9) 095 PT 7.9¢10) 1.1(¢9) 085 HA
¢c-CgHg 005 AS 0.10  CHS;
0.05  GHS'
trans-2-butene 9.10 178.5 171.6 1.5¢9) 12(-9) 085 PT 15¢9) 12(9) 085 HA
H,C H 010 AS 015 CT
>C=C/ 005 CT
H “cH
Formic acid 3 1133 177.3 169.7 4210) 1.6(9) 1.00 PT 50¢11) 1.6(9) 1.00 AS
HCO,H ~5 (—11)
o-difluorobenzene 9.29 174.8 168.0 4.011) 22(9) 045 GHFH* 20(-9) 22(9 060 CT
F 0.30 CT 0.40 AS
0.15 PT
0.05  GH,SFH*
F 005  AS
lodoethane 9.35 173.2 167<2(—11F 1.8(-9) >090 CT 1.7¢9) 18(9) 035 AS
C,Hgl <0.10 products 0.30 LB
0.20 CT
010  GH,S}
0.05  GHsS;

(continued

radical SNH;, (dissociative proton transfer is almost sulfur atoms, with an X-S single bond and the
certainly endothermic at 296 3 K for all of the unpaired electron localized on the=5 moiety [13].
possible channels). Zhuo et al.’s ab initio study of,XS The halogen substituents (X F, Cl), with their high
radicals (X= H, F, Cl) at the UMP2 level of theory electronegativities, increase the delocalization of the
shows these species in their ground electronic states tounpaired electron between the sulfur atoms, and thus
have substantial double-bond character between theshorten the S=S bond in the radical [13]. The,8H,
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Table 1 ¢€ontinued
lon lon
PA® GB* HSH™"™ product . product
IE*  (kcall (kcall k&) k2 distri-  lon k&> kR distri-  lon

Reactants (eVv) mol) mol) (cn®-s™Y (cm®-s™ %) bution product (cm®-s7Y) (cm®- s bution  producf?
1,1,1-trifluoropropanone 10.67 173.0 165.4 +2A0) 2.4(9) 1.00 AS 27¢10) 24(9) 0.50 AS

CH,C(O)CF, 0.50 CHCO"
Formaldehyde 10.88 170.4 163.3 4:01(1) 25(9) 1.00 CHSS 1.1(-10) 25(9) 1.00 H2A

CH,O
Hydrogen sulfide 10.46 168.5 16141 (—13) 1.4(-9) NR 19¢12F 1.4(-9) 1.00 AS

H,S

For comparison, IE(§ = 9.36 eV [30] and IE(H§H) = 9.06 eV [16].

“The ionization energies (IE), proton affinities (PA) and gas basicities (GB, 298 K) of the bases were obtained from the most recent NIST

database (see [35]).

PEffective binary rate coefficients are given for ternary reactions@6 Torr carrier pressure (see text).

°See the text for discussions of these determinations.

dCollisional rate coefficients were calculated from the variational transition state theory of Su and Chesnavich [47]. For these calculations

average electric dipole polarizabilitiea)(and electric dipole momentg.f) of the bases were obtained from references [48,49] except for:
a(CH,SH) [50]; «(CH,C(O)CF;), which was estimated to be 7:8 1024 cm® from a comparison of the bond polarizabilities [51] of several
fluorinated molecules [48]; and,(CH;C(O)CF;,), which was calculated from ab initio methods to be 2.896 Debyes i€jtsymmetry

conformation (see Acknowledgements).

®lon products are classified by reaction type as follows:=Pproton transfer; AS= ternary association; CF charge transfer; HA=
hydride abstraction; H2A= H, abstraction; NR= no reaction; for other modes of reaction the ion product is given explicitly.

'Rate coefficients measured in our previous study [1], presented here for comparison; note that the rate coefficient for the refction of S

with CH;SH was not redetermined.

9The product distributions for the reactions ¢f Svith CH;SH, n-C;Hg, and HCQH are reproduced here from the results of our previous

study [1].

radical should by analogy have the structure of an
amino-substituted thiosulfeno radical; as will be seen,
S;" has a propensity for forming beng)§ radicals of
this sort. In the case of the,8; product of the HS
reaction, it is unclear whether a hydrogen migration
occurs in the associated complex to form the trisul-
fane molecular cation, HSlI ™", or whether the com-
plex retains the loosely-bound,8 ... S structure.

In the reactions of § with alcohols and thiols, we
have shown previously thatt&nd/or H™ abstraction
is the dominant process, leading to #S" and/or
HS, [1]. We have presently reevaluated the reactions
with CH;OH and GH;OH and included
(CH3),CHOH, in part because the ethanol (Aldrich)
used in the former study [1] was denatured with 3.1 %
methanol and 5.5 % 2-propanol by weight. With 200
proof ethanol (AAPER) we do not observesth % H,
abstraction channel which was reported previously
[1], and we therefore attribute that channel entirely to
the reaction of $" with the methanol impurity. Note
also that the rate coefficient for the reaction gf S

with C,HsOH is somewhat higher than previously
reported [1] (see Table 1). The present value is
preferred, as it includes an additional determination
and a reevaluation of the former measurements. The
rate coefficients for other ;S reactions which have
been remeasured in the present study all show excel-
lent agreement with the values determined previously
(see Table 1). In the reaction with GBIH, a small
product channel (2 %) leading by.8 loss to the
interesting ionic radical, C§8;", was not reported
previously [1]. CHS; is a recurrent product ion
which is discussed further in Sec. 3.2, Seacts
rapidly with (CH;),CHOH by H™ abstraction to form
protonated acetone, (GHC*OH, and HS (50 %);

by OH™ abstraction to form gH; and SOH (25 %);

by CH; abstraction to form protonated acetaldehyde,
CH,C"(H)OH, and CHS, (10 %); and by an KO
loss analogous to the one for the methanol reaction,
forming CHeS,™ (10 %). A small (5 %) channel
complementary to the OHabstraction and forming
H,S,0"" and GHg also occurs. The neutral products
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are inferred here with confidence, because further highly competitive with the binary channels in the

fragmentation is unlikely on energetic grounds, and

propene reaction. Note that charge transfer, which is

because of the resulting internal consistency of the ~6 kcal mol 't exothermic, is a relatively minor

various reaction channels. TheC8 radical is also
the inferred neutral product of the OHabstraction by
S;” from CH;CO,H and GH-CO,H [1], and likely
has the hydroxy-substituted thiosulfeno structure, in
analogy with the discussion above. Note that an H
abstraction channel is not observed in the
(CH5),CHOH reaction, which is not surprising, as
HS, must compete with acetone (PA 194. kcal/mol
[35]) for the proton. Also note that H OH ™, and
CH;  abstractions are all observed with
(CH3),CHOH, indicating the stabilization of the car-
bocation by the additional methyl group as compared
with C,HsOH, for which only the H abstraction is
observed. Oddly, the 0 loss channel to form
C,H,S,” is not observed in the ethanol reaction,
although the analogous channel occurs with both
methanol and 2-propanol, ang,S; " appears else-
where as a product in this and in our previous study
(see below and reference [1]).

The hydrocarbon chemistry of;Shas been further

channel (15% as compared to 85% for Hbstrac-
tion) with trans-2-butene.

With o-difluorobenzene, S reacts simply by
charge transfer (60 %) and association (40 %). No H
abstraction is observed, which is consistent with the
high stability of benzene against Hoss [54]. Here
again we see a rapid collisional stabilization in the
interaction of §° with a m-donor molecule. By
analogy with the difference in reactivity between
propene andrans2-butene discussed above, in the
case of toluene we would predict a facile tdbstrac-
tion by S}, due to the additional stability conferred
on the benzyl cation by its resonance forms; the
hydride affinity of -CH, is comparable to that of
CH,—=CHC" (H)CH; (see above) [54]. In the case of
C,Hgl, the reaction is more complex, and association
(35 %) is the dominant channel, although abstraction
of HI (i.e. C,H, loss) (30 %) occurs at a comparable
level. Near-resonant charge transfer (20 %), loss of HI
forming C;H,S; " (10 %), and loss of forming CHsS;

characterized by its reactions with cyclopropane and (5 %) also occur. § is much more reactive with

trans-2-butene. $' reacts with cyclopropane princi-
pally by H™ abstraction (85 %), with a £, loss
channel forming CHS;" (10 %), and a small S-S
cleavage channel forming ;8sS" (+HS) (5 %).
These channels also appear in thg &action with
the structural isomer propene, for which however
association (60 %) rather than Habstraction (5 %) is
the dominant channel; propene additionally gives

iodoethane than with ethane (see Experimental and
[1]). By analogy, we would predict thatS although
unreactive with CH [53], would react with CHI by
methylene abstraction to form the commonly ob-
served CHS;)™ (+HI). In the reaction with GHgl,
products from the impurity gH;OH are also ob-
served; this is nasurprising, as ethanol is the precursor
in the manufacture of iodoethane [55,56], and the two

more S-S cleavage channels (see Table 1). Associa-compounds form a binary azeotrope [57]. The approxi-
tion does not occur with cyclopropane, which because mate level of the impurity£1 %; see Experimental) is

of its hybridization lacks ar-donor effect;mbonds
have been noted to facilitate the stabilization ¢f S
ion/molecule complexes [1]. It is somewhat surprising
in this light that S~ undergoes rapid H abstraction
with trans-2-butene, with no association detected at
~0.5 Torr. The explanation lies with the reaction
enthalpy: The CB=CHCH, carbocation has a hy-
dride affinity some 19 kcal/mol greater than that of
CH,—=CHC" (H)CHj [54], and thus, the H transfer
from trans-2-butene is too exothermic for collisional
stabilization to occur, whereas such stabilization is

too low to affect the determination of the rate coeffi-
cient for the rapid reaction of ;S with C,Hg| (see
Table 1).

We have previously shown that;Sundergoes
rapid H™ abstraction with acetaldehyde (GEHO)
and propionaldehyde ¢Ei;CHO) [1]; for these mol-
ecules, the X fragments in the proton-bound ion
complex (HS...H" ... X) areketene and methyl-
ketene, respectively, with proton affinities substan-
tially higher than H$[1,35]. Thus, the XH fragment
is observed, and HSlI" is not [1]. Conversely for
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formaldehyde (HCO), the X fragment is CO, with a
substantially lower proton affinity than HY1,35],
and HSH™ is observed to the exclusion of HCO

Such results provide additional evidence for the es-
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the gas-kinetic rate, and thus is probably endothermic
or nearly thermoneutral.

Below formic acid on the proton affinity scale, the
reactions of HSH' are quite slow and do not

sential soundness of the kinetic method of Cooks and generally proceed by proton transfer. For example,

co-workers [2,3]. With the ketone acetone;” $as

with o-difluorobenzene the major product channel (45

been shown to associate (100 %) at about half the %) is an interesting ring opening to formgl@,FH"

collisional rate [1]; association is also a product
channel (50 %) with 1,1,1-trifluoropropanone
(CH5C(O)CR), although the trifluoromethyl substitu-
ent weakens the C-C bond enough decleavage to
occur, forming CHCO" and CRS, (50 %). Forma-
tion of separated CfFand S in this reaction is
energetically impossible at 296 3 K.

3.2. Reactions of HB "

As Eq. (1) indicates, H&1™" is structurally lower
in energy than § + H, by 33.8 kcal/mol; this fact is
reflected in its somewhat lower reactivity compared to
S, (see Table 1). Thenodesof reactivity of the two

(and presumably §H,S,F); the product identities are
substantiated by the isotope ratio of the ionic product
and by the appearance of a minor (5 %) complemen-
tary channel in which gH,S,FH*" (and presumably
C;H4F) is formed. Honjou [58] has investigated the
structural isomers of gH;F by ab initio SCF and
MP4 methods and found 3-fluoropropyne and flu-
oroallene to be the most stable forms. However,
3-fluorocyclopropene is mechanistically a more likely
candidate for this product because it preserves the
H-C bonding arrangement on the carbon skeleton,
and is significantly more stable than 1-fluorocyclo-
propene [58]. The structure of the;l€,S,F radical
merits theoretical investigation; it could be an-S
substituted version of the8;F fragment, or indeed

ions are quite different, as governed by their relative it could have the structure of a five-membered hetero-
degrees of saturation. Hydride abstraction dominates cycle, incorporating the S-S group into the ring.
the chemistry of $" as we have seen, just as proton Endothermic charge transfer is also a product channel

transfer dominates that of H8*"; HS, is therefore a

common product in the reactions of both ions.
Referring to Table 1, we note that b$" transfers

a proton at the gas-kinetic rate (within experimental

accuracy) to gH;OH, CH;SH, and CHOH; for these

(30 %) of the slow HSH™" with o-difluorobenzene, as
well as endothermic proton transfer (15 %) and
association (5 %).

The reaction of H§H™" with C,H4l is complicated
by the presence of the small but criticaLbHzOH

bases, the proton transfer is a 100% channel. With impurity discussed in Sec. 3.1. Because the rate

n-Cs;Hg, ¢-C3Hg, and CHCH=C(CHy)H (trans-2-
butene), proton transfer is also rapid, although it is
somewhat slower than gas-kinetic with cyclopropane.

coefficient for the HSH™" reaction with ethanol has
been measured (see Table 1), in principle we can use
Eq. (5a) to deriv&?), from k), if we know the exact

For these bases, a minor ternary association channellevel of the GH;OH impurity in the iodoethane;
also appears, implying that the proton transfer is close unfortunately, this is not known. The,Bgl is 98.8 %
enough to thermoneutral that the ion complex persists pure by weight (see Experimental), and the raw rate

long enough for collisional stabilization to occur. A

coefficient obtained from the exponential fit of the

small (5 %) charge transfer channel is also observed HS,H"" decay is 7.8< 10 ** cm® s~ 1. Assuming the

with trans-2-butene, which is nearly thermoneutral
for thetransisomer of HSH™*" (see Introduction and
Table 1). Formic acid is the base with the lowest
proton affinity (PA= 177.3 kcal/mol [35]) for which

a 100 % proton transfer channel is observed; its
reaction is relatively slow, occurring at only 27 % of

remaining 1.2 % of the sample to beH;OH, this
reactivity is entirely accounted for, within experimen-
tal error, by the ethanol impurity. Most of the 1.2 %
impurity is expected to be ethanol (see Sec. 3.1), and
therefore the reaction withfEl:l is much slower than
the raw rate coefficient indicates. Making the conser-
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vative assumption that the ,B;OH impurity is at 3.3. Determination of thermodynamic properties of

least~0.8 % by weight, with the remainder being a HS,

component such asJ@ (which is unreactive with

HS,H™* [59]), Eq. (5a) gives an upper limit of2 X One of the virtues of the SIFT technique is that the

10 **cm® s * for k) as indicated in Table 1; thisis ~ concentration of a stable neutral reference or reactant

obviously a rough estimate. The ethanol impurity also gas is well-determined, thereby allowing accurate

complicates the product analysis for this slow reaction kinetic studies of ion/molecule reactions with that gas;

although endothermic charge transfer appears to be theunfortunately, this facility does not extend to the case

dominant channel>90 %) as indicated in Table 1.  Of a transient species such as H&hich cannot be
HS,H' reacts with 1,1,1-trifluoropropanone by easily produced in accurately-known quantities in the

ternary association, which is not pressure saturated at'eaction vessel. It is therefore impossible to study the

~0.5 Torr (see Table 1). Interestingly, the H#8 ™ - equilibrium:

CR;C(O)CH; undergogs a ligand switch to form the HS,H™ + B = BH* + HS, (6)

proton-bound homodimer, (CE(0)CR),H" and

free HS. With formaldehyde, an unusual binary in both the forward and reverse directions, and

channel is observed: HB™" abstracts C (with 5O thereby obtain the equilibrium constari () which

loss) to form CHS;", which is a recurrent product in ~ gives the Gibbs free energy of the reactiahG(,)

the reactions of §, as we have noted in Sec. 3.1. That and hence, the gas basicity (GB) of H&lative to B

this binary channel, in which the strong=€D bond of by EQ. (7):

formaldehydfe is. broken, occurs in preference.to prg- AG®, = GB(HS, T) — GB(B, T) = —R,TIn Keq

ton transfer indicates that the latter process is quite S

endothermic. The C§8; ion is expected to be a bent ) )
chain radical, essentially an,Substituted methyl whereRy is the gas constant. However, the br.ac.ketmg
method allows us to set upper and lower limits on

cation, in which ther-donor effect confers substantial GB(HS. 296+ 3 K) b ) h q
stability [60]. Although there have apparently been no (HS,, - ) by noting t e_ occurrencg an
nonoccurrence of proton transfer in the reactions of

ab initio studies of CHS; ", the corresponding neutral HSH* and ing th iterion f taneit
molecule is thioformaldehyde S-sulfide (GHS=S), .SZ and applying the criterion for spontanetty,

or thiosulfine, which has been theoretically investi-
gated by Fabian [61]. Thiosulfine is characterized by AG¢,,= 0= GB(HS,, T) = GB(B,T)

a bent, planar geometry and a charge-separated, - ) (8a)
diradicaloid electronic structure, with negative charge rapid proton transfer observed
density localized on the terminal sulfur [61]. AGC, = 0= GB(HS,, T) = GB(B,T)

In the reaction of HSH™ with H.,S, only products (8b)
arising from the propene and propane impurities slow or no proton transfer observed
(discussed in Sec. 3.1 above) are observeg;Os  Thus, referring to Table 1, a fairly rapid proton

formed, and proceeds to cluster with,$1 The raw  transfer is observed with formic acid, which has a gas
rate coefficient measured for the reaction is %3 basicity GB(HCQH, 298 K) = 169.7 + 2 kcal/mol
10~ * ecm® s7%; this is entirely accounted for by the  [35]. Conversely, the proton transferdedifluoroben-
reactivity of HSH™" with the impurities at the levels  zene is a minor channel of a slow reaction; GB(1,2-
derived above from the ;S reaction (see Sec. 3.1). CgH,F,, 298 K) = 168.0 + 2 kcal/mol [35]. The
Thus, we set an upper limit 6f1 x 10 2 cm® st bracketing method therefore gives GB(}398 K) =

for the true rate coefficient of the reaction of 8"~ 169 = 3 kcal/mol; the difference between the exper-
with H,S; i.e., within our limits of sensitivity, there is  imental temperature of 296 3 K and the standard
no reaction. 298.15 K is negligible for this determination.
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Note that the bracketing method directly measures tion of the GB than simple bracketing; it is particu-
the relative gas basicityof a species, and not its larly useful with species such as kJSor which the
relative proton affinity [4,5,35,62]; the latter quantity protonated form can be prepared and reacted with a
must be derived from the gas basicity from a knowl- series of neutral molecules, but for which study of the
edge of the change in the entropy on protonation of reverse reactions is difficult or impossible [35]. The
the species, viz. for HS reaction efficiency (RE), which is simply the ratio of
the experimentally-determined rate coeffici X)p,
to the collisional rate coefficientk(2, calculated
For the half-reaction (9), the proton affinity is related from theory [51], can be related to the gas basicity of
to the gas basicity through the entropy change by [35]: the species under study by [5,62]:

H* + HS, = HS,H*" (9)

PA(HS,, T) = GB(HS,, T) + TS(H", T) e K2, . 1
~ TAS,(HS,, T) (10) kP 1+ e8Cke+ ACHRT

whereS’(H™, T) is the classical molar entropy of the _ a 13)

proton determined from the Sackur-Tetrode equation 1+ lP-CB®*o]

(e.g. [63]).AS,(HS,, T) is the entropy of protonation

0 . .
of HS, at temperaturd, defined as [35]: where AG, is an apparent energy barrier for the

reaction in Eq. (6) [5,62]. From Eg. (13) an iterative
AS(HS,, T) = SAHS,H, T) = SAHS,, T)  (11) fit was made with the three parametem @, c)
shown, which relate the experimental RE to the
GB(B) taken from reference [35] (also see Table 1).
From the fit, GB(HS) ~ ¢ — 1/b [5,62].

Fig. 3 shows the data from the reactions of,HS
fitted with the expression for RE in Eq. (13). From the
fit we obtain the parametera:= 0.99 + 0.31;b =
0.58 = 0.32 (inmol/kcal); andc = 171.55=+ 0.02
(in kcal/mol), where the given uncertainties are 95%
confidence intervals in the fit parameters. Accounting
for the uncertainty of-2 kcal/mol in the gas basicities
AS,(HS,, 298 K) = Ry In [0(HS,)/o(HS,H™ )] of the reference bases [35], parameteendc give a

(12) calculated GB(H§ 298 K) = 169.8 = 2.2 kcal/mol,
which givesAS,(HS,, 298 K) = —1.38 cal/mol/K. from which we obtain PA(HS 298 K) = 178.0+ 2.4
Taken together withS°(H*, 298 K) = 25.96 call kcal/mol by using Eg. (10) and the entropy values
mol/K, the proton affinity of HS is calculated to be ~ given above. The GB(H5298 K) and PA(HS, 298
PA(HS,, 298 K) = 177 + 3 kcal/mol (the estimated  K) obtained from the simple bracketing and thermo-
error of TS"(H™, 298 K) — TAS,(HS,, 298 K) is + kinetic methods are in good agreement, within exper-
1 kcal/mol). imental uncertainty. We recommend the values ob-

Recently, the so-called thermokinetic method has tained from the thermokinetic method, as they
been developed by Bouchoux et al. to extract the incorporate more of the information about the reac-
relative gas basicity of a species from its reaction tivity of HS,H"" with the reference bases.
efficiency with a series of reference bases of known  The thermokinetic method as developed by Bou-
GB [5,35,62]. This method makes use of more of the choux et al. assumes a simple kinetic situation in
kinetic information obtained in a bracketing study, which the protonated base, BHis the only possible
and should thus provide a more accurate determina- product of the forward reaction, as implied by Eg. (6)

Because the van't Hoff method cannot be used here to
obtain the entropy change in Eq. (11) [35], it must be
calculated, preferably [64] from the full partition
function [63]; however, many of the parameters nec-
essary for the full calculation are not available for
both HS, and HSH™". We assume that the change in
rotational symmetry numbeuo§ in going from HS to
HS,H™" gives a reasonable estimate$,(HS,, 298

K) [35]; this quantity is then calculated from [35]:
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lized by the carrier gas at0.5 Torr. Such stabiliza-
tion would not be expected in higher energy ion/
molecule encounters where proton transfer was
energetically accessible [65], and thus, the two pro-
cesses are independent and do not compete. In a
low-pressure environment, for which the analysis was
originally developed [5], the contribution to the reac-
tivity arising from the ternary association channel
would be expected to disappear; i.e. the complex
would not be stabilized, and would instead revert back
to the reactant species by unimolecular dissociation.
In the case of competing binary channels, such as the
5 % charge transfer channel wittans-2-butene (see
Table 1), this assumption is dangerous, and its validity
180 78 470 -85 -160 rests on the level of independence of the various
-GB (B) (kcal/mol) binary channels. The situation is not clear, but fortu-
Fig. 3. Plot of the relative reaction efficiency (RE) vs the negative nately the charge transfer channel wiitans-2-butene
of the gas basicity of the reference bas&B(B), for the reactions is not highly competitive with the proton transfer, and
of HS,H™" with the series of bases, B, employed in the present does not affect the value of RE significantly (within
study (see text). Reactions for which competir?g binary_ channels experimental error). The only other reaction actually
occur to the exclusion of proton transfer are not included in the plot . o
(see Table 1). The RE values are normalized to the REHECH, used in the determination of the GB and PA of HS
assuming that substantially exothermic proton transfer generally for which binary channel competition occurs is that

proceeds at the co[hspnal rate [62,65]. The data are fit to thg three with o-difluorobenzene. Fortunately in this case the
parameter thermokinetic model of Bouchoux et al. [5] shown in Eq.

(13) in the text. Circles indicate reactions for which proton transfer OVerall reactivity is so low (RE= 0.015; see Fig. 3
is the only observed product (except in the case s8,Hvhere no caption) that the reaction is clearly in the regime of
reaction is observed—see Table 1). Squares indicate reactions forendoergiC proton transfer. In Iight of these statements
which association occurs in addition to proton transfer. Stars . . . h he i ive fitti ’
indicate reactions for which competing binary channels occur in It Is iImportant to no_te that the Iterative fitting proce-
addition to association and proton transfer. Reactions having dure for Eq. (13) yields exactly the same value for
additional channels are treated as discussed in the text. GB(HS,) (169.8 kcal/mol) when the data from the
trans-2-butene ando-difluorobenzene reactions are
[5]. In our analysis, we have assumed that the exper- excluded.
imental rate coefficient for proton transfex®) can Finally, we consider the enthalpy of formation of
be expressed as the product of the branching fraction Hs, which can be determined from its proton affinity.
for proton transfer and the overall experimental rate Fig. 4 shows the thermodynamic relationships among

coefficient. For example, in the case of propene, there HS, and related specie\H;?°%(HS,) is obtained
is an 85% proton transfer channel, and we have usedfrom the relation:

k& = 0.85%), to determine RE for the thermokinetic

analysis. Thus, any channels in parallel with the AH{?°(HS,) = AH?*THS,H(gas)]+ IE(HS,H)
proton transfer are essentially lumped together with 208/ 1+

the back reaction leading to the reactant species. * PA(HS) — AHPHHT) (14
When the parallel channel is ternary association, this Cheng et al. [16] combined the known
assumption is justified, because the appearance of anA;>*9HS,H(gas)] = 3.8 kcal/mol from bomb calo-
association product implies that the particular ion/ rimetry [6,66] and their own value for IE(H8) =
molecule complex has a sufficiently low energy and 208.9 kcal/mol from PIE spectroscopy to obtain

thus is sufficiently long-lived%10™ 7 s) to be stabi-  AH;?°](HS,H™") = 212.7+ 0.5 kcal/mol [16]; taking

Relative Reaction Efficiency (RE)
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Fig. 4. Thermodynamic and thermochemical relationships amongH3S, and related species, taken from references [6,8,9,16,35] and the
present work. Key: BDE= bond dissociation energgHS..; = gas-phase acidityH? = enthalpy of formation; EA= electron affinity; IE=
ionization energy; PA= proton affinity. The energy scale is accurate to within a few kcal/mol.

this together with our value of PA(HS298 K) = scheme, gives\H;?°¥HS,) — 22.1 + 1 kcal/mol.
178.0+ 2.4 kcal/mol and the knowAH;?°%(H™) = Benson’s estimate is based on his deduced value of
365.7 kcal/mol (with negligible error for the present 17.3 + 1 kcal/mol for AH;2°%CH,S,), which is in
determination), we obtainH;?°%(HS,) = 25.0+ 2.5 good agreement with a recent calculation based on a
kcal/mol. photofragment time-of-flight experiment by Ma et al.

Table 2 summarizes the reported determinations of [67], giving 17.8+ 1.5 kcal/mol. Ma et al. also report
AH{?°)(HS,), which have been made by four rather g determination of this quantity from a Gaussian-2 ab
distinct approaches. The first estimate, reported by injtio calculation, giving AH;2°%(CH,S,) = 21.8
Benson in 1978 [6] and based on his group additivity kcal/mol, some 4.5 kcal/mol higher than Benson's

value. Interestingly, this is nearly the same discrep-

Table 2 the determinations At ancy as between BensomdH;?°%(HS,) = 22.1+ 1
Summary of the determinations afH™"(HS,) kcal/mol and the ab initio calculation of Luke and
AHYHS) McLean [7], using Mgller-Plesset perturbation theory
(kealimol)  Method Reference extrapolated to infinite order after a method by Pople
221+ 1 Gro_u_p_additivity Benson [6] et al. [68], and givingAH?ng(HS'z) =267+ 3
26.7+3 ab initio (Mgller-Plesset)  Luke and McLean [7] kcal/mol. The onlv experimental determination of
28.=35  Combined EA(HS and  O'Hair et al. [9] . y exp _
AHHS,H) AH{?°](HS,) other than the present one is that of
25025 C?Qﬂgfﬁ)w@ and  This work O’Hair et al. [9], who calculate this quantity from

their determination of the gas-phase acidity of,HS
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[9] and Moran and Ellison’s measurement of the
electron affinity of HS [8] (see Fig. 4); their result,
AH?°8(HS,) = 28 + 3.5 kcal/mol, is somewhat
higher than the present determination, although the
two values agree to within their estimated uncertain-
ties.

4. Summary and conclusions

The selected ion flow tube (SIFT) technique pro-
vides kinetic data from ion/molecule reactions at
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stabilized association. Systematic studies of ion/mol-
ecule reactions such as these aid in predicting the
occurrence of molecular and radical species in inter-
stellar clouds (ISC). Although a search for neutral S
in several ISC proved unsuccessful twenty years ago
[29], the recent discovery of interstellar acetic acid
(CH5CO,H) [71], marking the first discovery of a new
interstellar species by means of an interferometric
array radio telescope, gives hope that more spatially-
localized and difficult-to-detect interstellar species
will be discovered by this new technique in the near
future.

well-defined temperatures, pressures, and reactant

concentrations. These data in turn can be used to
determine thermodynamic relationships among the
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have been no significant changes between the thermo-

chemical values used by O’Hair et al. from the 1988
Lias et al. database [69] and the 1997 Hunter and Lias
database used in the present study [35]. Thus, this is
not the cause of the difference. Discrepancies persist
among values in the NIST gas basicity/proton affinity
ladder and other current thermochemical ladders,
although agreement is generally good in the present
range of interest [70]. The thermokinetic method [5]
is observed to provide thermochemical quantities with
accuracy superior to the simple bracketing procedure.

In addition to determining thermochemical data for
HS,, the present study has further explored the reac-
tivity of the S;” radical cation, which is now well-
characterized by this and our previous study [1; S
chemistry is seen to be dominated by the abstraction
of functional groups, particularly H and by-donor-
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