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Unimolecular pathways for the isomerization and/or dissociation of HSOO, HOSO,, H8®HOOS to H
+ SO, and OH+ SO have been investigated computationally, as well as HSO formation via an HSOO
intermediate. The atmospheric lifetime of HS® discussed. Some pathways have no barrier, including OH
+ SO— HOSO and H+ SOO— HSOO and SOOH, while structures and vibrational frequencies of transition
states for HOSOG~ H + SO,, HOOS— OH + SO, HOSO— HSO,, HSOO— HS + O,, and HSQ@ — H

+ SO, have been characterized at the MHRAJLL/6-31G(d) level. Some geometries were further refined at

the QCISD/6-311G(d,p) level. Gaussian-2 theory was employed to calculate approximate QCISD(F)@&-311

(3df,2p) energy barriers, and the kinetics were analyzed by RRKM theory. Rate constant expressions at the
high and low-pressure limits and thermochemical properties for transient intermediates are tabulated, and the

results are discussed in the context of atmospheric and combustion chemistry. A revised theor«di§&) H
bond strength is compatible with the flame data for,%@alyzed recombination of H atoms.

I. Introduction carried out geometry optimizations for these molecules plus two
transition states (TSs) on theHSO, PES at the MP2FULL/

There are very few experimental studies of species of the . . .
stoichiometry “HSQ", despite their importance in combustion 3-21G(d) Ieve_l of theo.ry, (and in some cases W!th alarger basis)
followed by single-point energy calculations with the double-

and atmospheric chemistry. No spectroscopic data are available > . .
apart from the results obtained by McDowell et ‘alyho plus polarization 6-31G(d) basis set and corrections for the

examined the addition of H to SOn a frozen Kr matrix and effects_ of electron_ correlation wi_th MP4 perturbation theory.
concluded that H bonds to S to form HgOThis species, HSGQ; is included in a comput.atlonal review of sulfur.com-
together with HOSO where H is bonded to O, is thought to be pounds by Basch and HézMorris and Jacksdfi character!zed
responsible for catalytic removal of atomic hydrogen in sulfur- HSQ; and .HOSO at_the M.P4/.DZP//MP2/DZP level, while we
seeded flames via the sequehde have published an investigation of these two molecules plus
HSOO and HOOS carried out with Gaussian-2 (G2) theory, and

. focused on their thermochemistt§The G2 methodology has
H + SO, — adduct a target accuracy of8 kJ mol? for atomization enthalpies
adduct+ H— SO, + H, and an average absolute deviation of 5 kJThébr a set of 55

test molecule®—22and yields approximate QCISD(T)/6-31G-

and binding energies between 200 and 264 kJ frizhve been (3df,2p) energies. These results for bound minima were
derived from flame modeling. “HS© has also been proposed combined with empirically estimated barrier heights in a recent

as the product of HSO oxidation by;@nd NG&° and may flame mechanism by Glarborg et@Very recently, Qietal.
therefore play a role in the atmospheric oxidation of sulfur Published MP2/6-311G(d,p) values for the geometries, frequen-
species. HOSO and HSMave very recently been identified, €S and energies in the H SO, systeni® and Turéek et al:*

in a neutralization-reionization experiment with mass spectro- US€d G2(MP2) theory to investigate neutral and ionic HSO
metric detection, by Tufek and co-worker&211 By analogy ~ SPecies and transition states.

with the observed formation of an adduct betweens&knd Here we apply G2 theory to the PES that controls the kinetics
0,, the HSOO species has been proposed, although neveof H + SO, and HS+ O, and the behavior of the resulting
detected? The aim of the present work is to improve our adducts. TS geometries are fully optimized with MARULL/
understanding of sulfur oxidation mechanisms, through com- 6-31G(d) and in some cases QCISD/6-311G(d,p) theory and
putational investigations of the thermochemistry and kinetics their vibrational frequencies obtained, to predict rate constants
of adducts on the H/S/O/O potential energy surface (PES). This for addition, dissociation, and isomerization via RRKM calcula-
PES may assist the interpretation of experiments such as thosdions. A preliminary study of SH- O kinetics has already been
by Morris et al., who reacted translationally hot H atoms with reportect> The results are discussed in the context of atmo-
SO, and observed time-resolved infrared chemiluminescence spheric and combustion chemistry.

from OHZ13

The first ab initio studies of HSgand HOSO were by Boyd |1, Ab Initio Methodology
et al.* who found HOSO to be the more stable isomer, and
Hinchliffe,1®> who focused on HS® Binns and Marshalf The general principles of quantitative molecular orbital theory
have been described elsewh&é’and the ab initio calculations
* Corresponding author. E-mail: marshall@unt.edu. were carried out with the GAUSSIAN 90, 92, and 94
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Figure 1. Potential energy diagram calculated at the MFRJLL/6- H pos pia O

31G(d) level, showing energies (excluding ZPE) relative te-13$0,.

(5)
programs8-30 Preliminary searches of the doublet PES were Figure 2. MP2=FULL/6-31G(d) geometries for transition states on
made at the self-consistent field or Hartrdeock (HF) and  the doublet H/S/O/O PES: (1) TS1 for HOS®H + SO; (2) TS2

) _ : for HSQ, — H + SO;; (3) TS3 for HOOS— OH + SO; (4) TS4 for
second-order Mller—Plesset (MP2) levels of theory with the HOSO — HSO;; (5) TS5 for HSOO~ HS + Oy. Distances are in

3-21G(d) and 6-31G(d) basis sets and spin-unrestricted (UHF) gngstroms and angles are in degrees. QCISD/6-311G(d,p) data are
wave functions. The MP2 calculations incorporate a partial shown in square brackets.

correction for the effects of electron correlation. Each TS o
geometry was verified to have a single imaginary frequency at IQELEO}:T;?%'ﬁignMgéZZUOLnLﬁ'SlHGJSd% gzregggnmes, in
the MP2=FULL/6-31G(d) level. The reactants and products .

connected by each TS were confirmed by following the intrinsic __ TS1 TS2 TS3 TS4 TS5
reaction coordinate at the HF/6-31G(d) level. The calculated sym v sym ¥ sym v sym v sym v
harmonic frequencies were scaled by a standard factor 0$0.95 A  2641i A 1063i A 1175 A 1719 A
to account partly for effects of basis set deficiency and A 298 A 347 A 98 A 407 A' 113
anharmonicity and were used to derive the zero-point vibrational A 500 A 358 A 331 ﬁ 639
A

A 385
energy ZPE. The stability of the wave function with respect to A 1322 '2: 1%; f\‘: 151333 12514(1) ﬁ 1232
relaxation of internal constrairifavas verified for each station- A 1527 A' 1381 A 3554 A 2191 A 2635
ary point. Some TSs, discussed in section 111.3, were not well A .
described at the MP2 level, as evidenced either by high degrees Unscaled Brueckner frequencies (see text).
of spin-contamination or unrealistic vibrational frequencies. HSQ, (+M) — H + SO, (+M) 2)
When it appeared that HF or MP2 methods were breaking down,
the geometry was refined at the QCISD/6-311G(d,p) level of HOOS ¢-M) — OH + SO (M) (3)
theory, essentially the G2Q method of Durant and Roh¥fing HOSO (M) — HSQ, (+M) (4)
but without the QCISD frequencies that are expensive compu-
tationally because analytic second derivatives are unavailable. HSOO ¢-M) — HS+ O, (+M) (5)

The next step was to obtain energies at a much higher level . . .
of theory. Approximate QCISD(T)/6-3#1G(3df,2p) energies The TS for reaction 2,152, IS poc_)rly de_scrlbed_ by MP.2 the(_)ry.
were calculated at the MPZEULL/6-31G(d) geometries by Qi et al. published frequencies including an impossibly high
means of the G2 methodologywhere the MP4/6-311G(d,p) value above 9000 cm.?* Uncorrected, this would lead to a

. . . . large error in the ZPE of around 40 kJ mal We confirm
energy was augmented with a series of additive corrections. Usesimilar difficulties using analytic MP2 and finite-difference
of MP2 rather than HF frequencies to obtain the ZPE is a g y

modification of the original G2 method; we have summarized QCISD frequencies with a variety of basis sets. The trouble

he sliahtly altered i  rel d th arises with the higher frequency'Anode that breaks th€s
the slightly altered energies of relevant one-, two- and three- symmetry of TS2, which exhibits an “instability volcano” in
atom species elsewhete,

the underlying HartreeFock wave functior#® Properties de-
rived via algorithms that conserve symmetry, such as the
Ill. Results and Discussion geometry and energy, are unaffected. To derive the ZPE we
. o . instead employed frequencies obtained via Brueckner theory at
I1.1. Geometries and Vibrational Frequencies.The struc- the B-CCD/6-31G(d) leve®3” This happened to yield frequen-

tures and frequencies of the molecules HSB0SO, HSOO, cies close to the HF/6-31G(d) values when the latter were scaled
and HOOS and the fragments SOO, HSO, and HOS have beemnyy the usual factor of 0.89%.

discussed earliéf.?>3Pathways that connect these minimaare ~ There are apparently no barriers, at the MF2JLL/6-31G-
summarized on Figure 1, which represents the PES searched afd) level, to the three reactions

the MP2=FULL/6-31G(d) level. Transition states for the

following processes have been characterized at this level; the OH + SO (+M) — HOSO (+M) (6)
geometries are shown in Figure 2, and the scaled vibrational H 4+ SO0 @-M) — HOOS (M) 7)

frequencies are listed in Table 1.
H + SOO (-M) — HSOO (M) (8)
HOSO (M) —H + SG, (+M) 1) The reaction pathways
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HOSO (-M) — HOS+ O (+M) 9) At low pressures, the first step, energy transfer from the bath
. gas M to A to form internally excited A*, is rate limiting and
HSC, (+M) — HSO+ O (+M) (10) the overall rate of formation of product(s) is proportional to
HSOO (M) — HSO+ O (+M) (11) pressure. The kinetics are described by the low-pressure second-
order rate constaik, and the reaction rate ig[M][A]. At high

are shown as dotted lines on Figure 1 because the presence diM], the second step is rate-limiting and the reaction rate is
distinct TSs is unclea® No TS has been located for SOGH described byk.[A], where k., is the first-order rate constant at
HSOO isomerization, although our preliminary indications are the high-pressure limit. Thus, the effective pseudo-first-order
that if a TS exists it has an energy close to that of-F50O0. rate constant for formation of product(&s is proportional

All attempts to locate a TS for HSOO isomerization to HSO o [M] at low pressures and reaches a limiting valuekofat

led instead to the dissociation products HSOO. We note  high pressures. The intermediate “fall-off” regime is whiegg
that Morris and Jacksdhargue for the absence of any TS for ~ k./2, and this regime moves to higher [M] as the temperature

reactions 9 and 10. G2 energies of the TSs are presented iriS raised. _
Table 2. RRKM rate constants take account of the internal energy

l1.2. Thermochemistry. The room-temperature thermo- distribution of A* and conservation of angular momentum, and

chemistry of HS@, HOSO, HOOS, HSOO, and SOO has been are derived here in two ways. The first method, A", is
analyzed earlier and discussed in the context of atmosphericapplicable to reactions where there is a clear maximum along
and combustion chemist#:25The conclusions were that HOSO  the reaction coordinate, which is identified as the TS. An
and perhaps HSPare sufficiently stable to participate as €xample is reaction 1 where Figure 3 shows a significant barrier
intermediates in sulfur-containing flames. However, the pre- beyond the endothermicity for breaking the-B bond in
dicted bond strengths of 162.6 kJ mbin H—0SO and 62.6 ~ HOSO. For this kind of PES, the vibrational and rotational
kJ mof! in H—SO, (see Figure 3}? are significantly lower partition functions of the “tight” TS, where bonds are modestly
than the values between 200 and 264 kJTheliggested from  €xtended with respect to the react&here calculated straight-
flame model$-5 Both HSOO and HS©could be formed by ~ forwardly from the ab initio data in Figure 1 and Table 1.
exothermic reactions of HSO with sDbut only HSQ is RRKM calculations were carried out with the UNIMOL
accessible from HSG- NO, or N0.340 The HS-00 bond ~ Progrant? for an Ar bath gas, on the assumption of a weak
energy was calculated to be 31.5 kJ miplow enough to make  collision “exponential down” model for energy transfer between
adduct formation between SH and, @nfavorable at room  the bath gas and species of stoichiometry HSO= 3.81 A
temperature but not at lower temperatures. HOOS was predicted@nde/ks = 185 K were chosen as the averaged Lennard-Jones
to be 14.9 kJ mott endothermic with respect to S® OH at parameters that describe collisions with the bath gas, based on
298 K, and therefore can only be stable if there is a significant the suggested values for Ar and HS®The reactant molecule
barrier to this dissociation. Here, we present thermochemical and the TS are usually close to symmetric tops, and effects of
data for HSQ, HOSO, and HSOO extended over 26ZD00 angular momentum conservation on changes in rotational energy
K, which properly take account of the hindered internal rotors during the course of reaction were taken into account by
in the latter three molecules, in Tables'3. These data were  allowing the energy of the one-dimensional external rotational

employed to calculate the equilibrium constants required in the mode with the unique moment of inertia to be “activél,e.,
kinetic analysis below. available to help cross the potential barrier. The other two
111.3. Kinetics. Figure 3 illustrates the vibrationally adiabatic ~ rotations were taken to be inactive and were combined in a two-

potential energy surface at 0 K, based on G2 enthalpies relativedimensional external rotational mode. The kinetic results were

to H + SO, This diagram may be contrasted to Figure 1, mU|t|p||Ed byatunneling factaol’ defined by the Simple Wigner

derived with a much smaller basis set and a lower level of expressiort?

correlation correction. The main qualitative difference is that

the energies of several MBEFULL/6-31G(d) transition states 1 hV|* 2

are significantly lowered relative to the reactants and products F~1+ 24 m (12)

they connect. In some cases, the TS energy now falls between

that of the reactants and products, which suggests there may be ) . ) .

no energy barrier to these processes in the exothermic direction Where i is the imaginary frequency for motion along the

Thus, there is no apparent barrier to the dissociation of HOOS. 'éaction coordinate, calculated at the MHILL/6-31G(d)

The PES at this geometry is flat, and stretching the centraDO level. Thls expression fdr will not be accurate when the degree

bond from 1.46 to 1.66 A decreases the G2 energy by only Of tunneling is large. _ _ o

about 3 kJ molL. The potential energy before inclusion of ZPE ~ Rate constants for back reactions were obtained via micro-

suggests a weakly bound molecule, but the existence of a distinctSCOPIC reversibility, using equilibrium constants based on data

HOOS species is doubtful because the calculated SO to OHIN Tables 3-5 and the JANAF Table¥ An exception is SH,

binding energy is comparable to or less than the zero-point because we were unable to reproduce_ the JANAF temperature

vibrational energy for @O stretching in HOOS. We therefore ~ dependence ofH(SH) fromC, and ancillary data. Instead we

do not consider HOOS further. employed the variation oAsH(SH) quoted in the Texas A&M
The unimolecular kinetics of the dissociation or isomerization tables:® that is in accord with th€, results, together with the

of reagent molecules were analyzed in terms of RRKM theory, ValueAtHo(SH) = 142.54 3.0 kJ mof derived kinetically’

as detailed for example by Gilbert and co-workér& The that agrees within the experimental uncertainty with spectro-
. . . L i inati ,49
general LindemannHinshelwood mechanism for this class of SCOPIC determination§:%® Of course, forward and reverse
reaction can be summarized as reactions exhibit the same pressure dependence.
For dissociation reactions such as (5) that proceed without
A+M=A* +M explicit barriers beyond the endothermicity, assignment of the

. TS was made using an alternative procedure, “B”, based on
A* — product(s) canonical variational transition state theory. Trial points along
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TABLE 2: Absolute G2 Energies of Transition States on the H+ SO, PES Calculated at the MP2=FULL/6-31G(d) Optimized
Geometries

species sym state MP4/6-311G(d,p) ([P AE(+)¢ AE(2dflr AE(QCIF  AE(ZPEY A° E(G2y Hre®

TS1 G °A —548.26488 1.087 —15.10 -—161.16 —10.54 9.46 —14.92 —548.50233 37.6
TSI C 2A —548.26203 1.197 —-14.86 —161.16 —15.54 9.46 —14.45 —548.50337 349
TS2 G A’ —548.29616 0.889 —14.18 —162.02 5.12 8.61 —15.26 —548.51909 —6.4

TSZ Cs 2N’ —548.29492 0.839 —13.79 —160.78 8.33 8.61 —15.53 —548.51327 8.9
TS3 G 2A" —548.24826 0.762 —15.42 —134.75 —25.65 13.65 —10.85 —548.46646 131.7
TS4 G 2A —548.27660 0.819 —15.20 —157.42 —0.56 12.09 —15.24 —548.49812 48.6
TS5 G 2A" —548.23855 1.338 —10.71 —128.13 —16.52 12.21 —10.53 —548.43742 208.0
TS Cs 2A" —548.23804 1.434 —-10.55 —127.18 —17.26 12.21 —10.46 —548.43647 2105

2 |n atomic units (1 aur 2625.3 kJ moi?). ® For the HF/6-311G(d,p) wave functiohComponent of G2 energy in 1®au. npair = 9 andnunpair
= 1. 9G2 Enthalpy relative to H- SO, at 0 K, in kJ mot?. € At the QCISD/6-311G(d,p) geometryBrueckner CCD/6-31G(d) ZPE.

TABLE 5: Thermochemical Data for HSOO

600 H_+ %500
500 H + 's00 T o S Hr—Ho  AH° AG°
K JKImolt JK1mol™t kJmol! kJmol?! kJmol?
400 200 46.0 263.6 8.2 113.0 115.7
- 298.15 51.7 283.0 13.0 1115 117.3
5 300 400 56.8 299.0 18.5 107.9 119.6
E 500 60.5 312.1 24.4 105.3 122.8
= 200 700 65.6 333.3 37.1 101.7 130.5
5 1000 70.2 357.5 57.5 46.1 150.7
o 100 1300 72.9 376.3 79.0 46.7 181.9
. 2000 76.0 408.5 131.3 47.9 254.5
TABLE 6: RRKM Input Parameters for Loose Transition
-10e States
-200 r' v  Bi(active) Bex{active) Bex(inactive)
Figure 3. Potential energy diagram calculated at the G2 level, showing TS A: cmt  cm?P cmte cmte
enthalpies 80 K relative to H+ SQ.. HS--0;(5) ~2.6 2641 9.935,2 1.662,1  0.166,2
. 1343 10.26,1
TABLE 3: Thermochemical Data for HSO, HO---SO (6) ~5.0 3556 17.91,2 0.797,1 0.474, 2
o o 1049 19.61,1
T Cp S HT - Ho AfH AfG !
K JK1mol* JKtmol* kJmol!* kJmol! kJmol? HSO--0 (11) ~2.7 12;17183 0.223,2 11111 0.117,2
200 384 247.3 6.9 —-139.1 -—-133.2 1017
298.15 44.4 263.7 11.0 —141.4 —129.9 o _ ) _
400 50.6 277.7 15.8 —145.7 —1255 aVariationally determined separation at 298%Rotational constants
500 56.0 289.6 212 —-1488 —120.1 and dimensions for internal rocking and/or torsions and overall external
700 64.1 309.8 33.2 —-153.1 -107.8 rotations. The symmetry numbers for all rotations are 1.
1000 71.4 334.0 53.7 —208.6 —80.6
1300 75.4 353.3 75.8 —206.2 —-41.1 20 T T T T T T T T
2000 79.5 386.8 130.2 —204.0 45.9 5L i
TABLE 4: Thermochemical Data for cissHOSO —_ N
T Co S Hr—Ho  AH° AG® s
K JKmolt JKmolt kJmof! kJmol? kJmol? ™~
o
200 49.0 262.0 8.3 —240.1 -—237.1 ~
298.15 534 282.3 13.3 —241.4 -—-235.3 50
400 57.1 298.6 19.0 —244.9 -233.0 2
500 60.1 311.7 24.8 —2475 —229.8
700 64.3 332.6 37.3 —251.3 -—222.0
1000 68.3 356.3 57.3 —-307.3 -—201.2 2
1300 71.1 374.6 78.2 —307.3 —169.8 o NN
2000 4.7 406.0 129.4 -307.2 —95.8 25 10 15 20 25 30 35 40 45 50
1000K/T

the reaction coordinate (the length of the breaking bond), fitted _. . . o . -

. . Figure 4. Arrhenius plot of high-pressure limits of dissociation/
to a Morse potential, were selected, and the point that gave theisomerization reactions: (1) HOSE H + SOj; (2) HSQ, — H +
smallestks, taking angular momentum barriers into account, sq,; (4,—4) HOSO= HSQ; (5) HSOO— SH + O3; (—6) HOSO—
was taken as the best estimate of the rate constant. Typically aOH + SO; (11) HSOO— HSO + O.
“loose” TS was located, where the breaking bond is extended
to several times the equilibrium lengthThis kind of TS may
be analyzed in terms of the Gorin motfél®as a loose adduct  correction was required.
of the two separating fragments, with a set of vibrational modes  The input parameters for the kinetic calculations are listed
equal to those of the fragments. The independent rotationalin Table 6. The temperature and pressure dependence of the
modes of the separated fragments correlate to rocking andpredicted rate constants are shown in Figure$dand Table
torsional motions about the stretched partial bond in the TS, 7 summarizes the low- and high-pressure limits in the férm
and these modes were incorporated into the Gorin model asTB exp(—C/T). Individual reactions are now discussed in more
internal rotors. Energy transfer was estimated as outlined for detail.

method A. The absence of a barrier means no tunneling
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Figure 5. Arrhenius plot of low-pressure limits of dissociation/
isomerization reactions, numbered as in Figure 4.
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Figure 6. Arrhenius plot of high-pressure limits of recombination
reactions: £1) H+ SO, — HOSO; (2) H + SO, — HSO,; (—5)
SH+ O, — HSOO; (6) OH+ SO— HOSO.
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Figure 7. Arrhenius plot of low-pressure limits of recombination
reactions numbered as in Figure 6.
111.3.1 Reactions Inolving HOSO.The addition of H to S@
to form HOSO, reaction-1, is unusual because of the large

5.0

Goumri et al.

P ,-’5, - o
- R ’ "5
.- A

107 10° 10*
Pressure, Torr
Figure 8. Falloff curves for unimolecular reactions: (1) HOS®H
+ SO, solid line; (2) HSQ — H + SO, dotted line; (4) HOSG—
HSQ,, dashed line; (5) HSOG~ HS + O,, dots and dashes; (6) HO
+ SO — HOSO, short dashed line; (11) HSCG® HSO + O, small
dots. Upper and lower curves are for 298 and 1000 K, respectively.

high-pressure limit, although it would be too slow to observe
(see Figure 6). At higher temperatures, the kinetics approach
the low-pressure limit. Fenimore and Jones obtained a value of
Ko—1 of 1.9 x 1073 cmf molecule® st at 784 K in the
postcombustion region of ampkD, flame 2 15 times larger than
our calculated value (Table 7) of 1:3 10732 cm? molecule®

s1, which may reflect uncertainties in their flame model, some
of which are discussed below. At 500 K the calculated result
Ko—1=1.9 x 10733 cmP molecule s~1is in better accord with

the experimental upper limit, obtained when this reaction was
isolated in our laboratory, of 1.5 10732 cmf molecule’ s~1.16

As outlined in the Introduction, this reaction may be important
in sulfur-containing flames because HOSO could be removed
quickly in a subsequent step, such as reaction with H, so that
the net effect is to catalyze H H — Hj, which is otherwise
fairly slow under combustion conditions. Quantitative flame
models typically are sensitive to the product of the equilibrium
constant for reaction—1, Keg-1, and the bimolecular rate
constant that characterizes removal of the adduct by H atoms,
kremovai®® Which is an effective third-order rate constant for H
atom consumption. We calculatéq-1 = 1.2 x 107 cm?®
molecule’® at 2000 K, which is much lower than previous values
used in flame models that were basedAdd = 264 kJ mof?!
for reaction 133 If Kemoval = 5 x 10711 cm® molecule’? s71,
then ourKeq-1 is compatible with the earlier flame values for
the productKeq-1kemovai®® This value ofkemovalis plausible,
especially given the order of magnitude of uncertainty in the
flame kinetic data, and is similar to the recommended rate
constant for H+ HNO of 2.3 x 1071 cm?® molecule’? s71.54
Thus, our revised HOSO bond strength obtained ab initio is
compatible with the earlier flame observations.

The recombination reaction 6, OH SO— HOSO, has no

predicted barrier; most recombination reactions have no barrierbarrier and therefore is fast (see Figure 7). At room temperature

and proceed with zero or slightly negative activation energies.

and atmospheric pressure, the effective second-order rate

The high degree of spin contamination in the HF/6-311G(d,p) constant is 0.4 ok, in the middle of the falloff regime (see
wave function of TS1 led us to reoptimize its geometry at the Figure 8). However, because HOSO is intially formed with

QCISD level, with the main consequence that the partiaHO

sufficient energy to dissociate to H SO, formation of

bond was lengthened from 1.51 to 1.61 A (see Figure 2), which stabilized HOSO is probably a minor channel except at very

decreased the G2 energy by only about 3 kJ TtholThe
significant barrier to reaction-1 also means that quantum
mechanical tunneling may be important; equation 12 yié€lds

high [M], and the overall consumption of OH by SO is predicted
to be given byk., s = 1.9 x 1071° cm?® molecule’® s71, with H
+ SO, as major products. According to Pauwels et al., this is

= 2.23 at 700 K, decreasing to 1.15 at 2000 K. Figure 8 the dominant route for SGormation in a methanol flame doped

illustrates the pressure dependencekpfand shows that at

with H,S 55 The theoretical value is in reasonable accord with

ambient conditions the reaction is expected to lie close to the measurements of the total OH SO rate constant of 8.&
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TABLE 7: Rate Constant Expressions in the Formk = ATB exp(—C/T)?2

low-pressure limit high-presure limit
reaction A B C A B C
HOSO—H + SO, (1) 2.58x 107 —4.53 24750 1.70¢ 100 0.80 23620
H+ SO, — HOSO (1) 5.78x 1077 —4.36 5440 3.85¢ 107+ 0.96 4320
HSO,—H + S0, (2) 5.74x 10 —-3.29 9610 2.03¢ 10" 0.90 9240
H+ SO, — HSO, (—2) 7.74x 1072 —3.69 2410 6.74< 10713 0.62 1820
HOSO— HSG; (4) 2.86x 101t —5.64 27890 1.0% 1¢° 1.03 25150
HSQO, — HOSO (—4) 2.88x 101 —-5.31 15750 1.6X% 10° 1.31 13060
HSOO— SH+ 0, (5) 2.59x 101 —-2.82 —3750 4.41x 108 —-1.07 3900
SH+ O, — HSOO (5) 8.52x 1072° —-2.01 10 1.45x< 107° —0.26 150
OH + SO— HOSO (6) 2.63x 1072 —3.48 490 2.59 10712 0.50 —200
HOSO— OH + SO (—6) 2.07x 10° —4.33 34780 1.65 106 —-0.32 34080
HSOO— HSO+ O (11) 1.54x 10" —5.87 15580 2.0k 10%° —-1.07 14280

aUnits are s? for first-order reactions, cirmolecule® s1 for second-order reactions, and ©molecule? s1 for third-order reactions.

107 cm® molecule’? s71 (with a recommended uncertainty of An alternative explanation of the lack of observedH50;
factor of 2)56 reactivity might be that HS®is loosely bound so that once
Once HOSO is formed, the two most favorable pathways for formed it rapidly dissociates at room temperature to regenerate
its unimolecular decomposition are (1), discussed above, andH. We can test this idea using the equilibrium constagt-»
(4), isomerization to less stable H&(rhese pathways have = 2.6 x 1071 cm?® molecule’? at 298 K, calculated from the
similar energy barriers and similarly tight TSs, and thus data of Table 3. For typical experimental conditions of O
comparable rate constants (see Figures 4 and 5). These loss= 10> molecules cm?3 > [H], the equilibrium ratio [HSQ):
processes are slow below about 700 K, and therefore HOSOI[H] is 26; that is, most of the H atoms would be consumed.
should be an isolable species. As may be seen from Figures 4Thus, we suggest the lack of observedtHSO, addition at
and 5, we predick; > k4 at both the high- and low-pressure 298 K reflects a small rate constant, rather than unfavorable
limits. Qi et al. argued the opposite case, but their neglect of thermochemistry. Higher temperatures increase the third-order
tunneling effects which are greater f&f, and use of MP2 rate constant somewhat (see Figure 7), because the barrier
energies which, because TS1 has greater spin contaminatiorbecomes less significant relative to RT, but at the same time
than TS4, will overestimate the barrier to reaction 1 as compared collisional stabilization efficiency and the equilibrium constant
to reaction 4, make their conclusion suspéat high temper- decrease, so there are no conditions predicted to be favorable
atures, HS@will rapidly dissociate to Ht- SO; (see following for direct observation of reactior2 at low pressures. The
section), so both pathways have similar impacts on combustiontheoretical data indicate that H3@ the kinetically favored

chemistry. product of H+ SO, at lower temperatures, while at higher
111.3.2. Reactions lmolving HSQ. There are apparent dis- temperatures the thermodynamic product HOSO will dominate.
crepancies between experimental studies of IO, recom- For example, at 2000 Keq-2 is about 500 times smaller than

bination, reaction—2. Gordon et ab’ observed shifts and  Keq-1, SO formation of HS®is likely to be negligible compared
broadening of hyperfine lines in the microwave spectrum of to HOSO in sulfur-seeded flames.
atomic hydrogen induced by collisions with $é&nd derived a As noted in section 1.2, HS@s a thermochemically allowed
total rate constant for formation of an excited adduct ot 3 product of the reactions of HSO with NON,O, and Q, so it
1013 cm?® molecule’® s1. This should correspond to the high- may participate in the atmospheric chemistry of sulfur. We
pressure limitk., . On the other hand, Fair and Thra$and estimate the lifetime of HS£at 1 atm pressure with respect to
Binns and Marshalf observed no reaction between H and,SO dissociation to be about 13 s at 298 K and 130 s at 273 K.
in fast-flow/chemiluminescence and flash-photolysis/resonance While the exact numbers depend on the particulaiS®, bond
fluorescence experiments. strength and tunneling model employed, they illustrate a strong
The G2 energy for TS2 at the MP2/6-31G(d) geometry listed temperature sensitivity of SQoroduction via HSO oxidation,
in Table 2 is 7.0 kJ moft below H+ SO,, implying no barrier which may need to be taken into account in atmospheric models.
to the recombination. As noted earlier, unrealistic MP2 frequen-  111.3.3. HSOO ReactionddSOO is predicted to be weakly
cies indicate that TS2 is not properly described at this level, so bound, by about 31 kJ mol® so that the SH+ O
we reoptimized the geometry at the QCISD/6-311G(d,p) level. recombination reaction, controlled by passage through TS5, will
The new geometry has an extendedrSseparation of 2.11 A, only be important close to room temperature or below. There
with the other parameters little changed (see Figure 2).The s high spin contamination in the underlying HF wave function
revised G2 energy is 8.9 kJ mélabove HH- SO,. We analyzed for TS5 (see Table 2), which should largely be corrected by
TS2 at the QCISD/6-311G(d,p) level as a tight transition state the QCI component of the G2 procedure. Any residual errors
in method A and included a Wigner tunneling correction to will make the energy too positive, but TS5 is already calculated
obtain ke—> = 5.2 x 107 c¢cm® molecule* st at room to fall about 3 kJ mott below SH+ O, at the MP2/6-31G(d)
temperature, which lies moderately near the value proposed bygeometry. Spin contamination makes this geometry suspect, so
Gordon et aP” The recombination process is close to the low- we reoptimized TS5 at the QCISD/6-311G(d,p) level. The G2
pressure limit at typical experimental pressures of 100 Torr or energy of this new structure is 1 kJ mélbelow SH+ O,.
less (see Figure 8), arld —, is calculated to be about 1.8 Accordingly, we analyzed HSOO dissociation in terms of a loose
10734 cm® molecule? s1 at 298 K, below the experimental TS defined by a rotational barrier. Our kinetics analysis (Figure
upper limits!®:58 Thus, most of the kinetic measurements can 8) suggests reaction5 lies close to the low-pressure limit, even
be rationalized by the computational analysis. We note that our at 1 atm and 250 K. The implications for atmospheric chemistry
value fork, _, is about 6 times smaller than that proposed by have been discussed elsewh&briefly, reaction—5 is likely
Gordon et al% implying a shorter lifetime for initially excited  to be the fastest pathway for atmospheric SH oxidation, provided
HSO, than they found. the temperature is low enough for the thermochemistry to be
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favorable. Under the higher temperatures relevant to combustion
the equilibrium [HSOO] will be negligible.

HSOO is a potential transient intermediate in the flame
oxidation of SH to HSO. The results of RRKM calculations of

ki1, based on the assumption that there is no barrier beyond the

endothermicity for HSOO dissociation to HSOO, are shown
in Figures 4 and 5. We found thia; is close to the low-pressure
limit at pressures up to 2000 Torr at all temperatures. The
bottleneck in the pathway SH O, — HSOO— HSO + O,
which has an overall GAHg of 81 kJ motl, is the loose TS
for breaking the GO bond in HSOO; thus, the effective
second-order rate constant for HSO formation from -SHD,
is the product of the equilibrium constant for HSOO formation
andks11, 8.1 x 10710 exp(—10250K/) cm® molecule® s71
for the temperature range 702000 K. This pathway may be
significant in combustion because it leads to an important
intermediate; we predicted earlier that HSO is labile with respect
to atomic hydrogen and it is also likely to react quickly with
other radicals#5°

Another pathway for SH- O, in flames would be formation
of HO,; + S, but these products are unlikely because they are
about 60 kJ mol! more endothermic than HS® O. Formation
of OH + SO is 99 kJ mol! exothermic relative to SH- Oy,

but a four-center TS with extensive bond rearrangements would
be needed for this to be an elementary process. Isomerization

of HSOO to an HOOS-like geometry followed by-@ fission

Goumri et al.

fransition states. This material is available free of charge via
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