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Abstract: Hydroxysulfinyl radical ¢), hydrogensulfonyl radical), and dihydroxysulfanes) were generated in the

gas phase by collisional reduction of the corresponding cations and studied by the variable-time and photoexcitation
methods of neutralizatierreionization mass spectrometry and by ab initio and RRKM calculations. Radieald

2 were thermodynamically and kinetically stable. Two rotamer$, afyn1 andanti-1, were found computationally

to be local energy minima. The computations suggested a complex potential energy surface for dissociations of
The minimum-energy reaction path was the rate-determining isomerizatfotlowed by fast loss of Hto form

SQO,. Direct H loss from1 was kinetically disfavored. Cleavage of the-GH bond in1 was highly endothermic

and became kinetically significant at excitation825 kJ mot?. In contrast to ab initio/RRKM prediction4,formed

by vertical reduction of hydroxysulfinyl catiori{) dissociated mainly to Othnd SO, whereas loss of Mas less

significant.

Both dissociations showed microsecond kinetics as established by variable-time measurements.

Photoexcitation of nondissociatirigopened the H-loss channel, whereas collisional excitation did not change the
branching ratio for the Hand OH loss channels. The experimental results pointed to the formation of a large
fraction of metastable and dissociative excited electronic statésupbn vertical electron transfer. Radicaas
cogenerated with by vertical reduction of a mixture dft and2" produced by highly exothermic protonation of
SO, with Hz*. Pronounced loss of Hrom 2 occurred following collisional neutralization in accordance with RRKM
predictions. Dihydroxysulfane6f was stable following collisional neutralization of the cation-radiédl. The
G2(MP2) potential energy surface predicted the isomerization to hydrogensulfiniczaéidi¢wed by loss of water

to be the lowest-energy dissociation @ RRKM calculations showed thé — 7 isomerization to be the rate-
determining step. Cation-radicgt™ also eliminated water through unimolecular isomerization to a stable nonclassical
isomer, OS-+-H,0 (9). The thermochemistry of the neutral and ionic systems is discussed. The important role of
excited electronic states in the formation of radicals by vertical electron transfer is emphasized.

Introduction

The tropospheric oxidation of hydrogen sulfide to sulfur

dioxide is a multiple-step process that involves several transient

intermediates. The oxidation cascade is believed to start with
the reaction of hydrogen sulfide with the hydroxyl radical to
give HS, which then undergoes further oxidations with,07
03,4810 NO 311 or NO,Z %1213 1o form oxygenated sulfur

molecules. Intermediates relevant to the early stages of the
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oxidation process have been studied by high-level ab initio
calculations, which provided relative energies and enthalpies
of formation for HSO® and SOH.14-16

In addition to computational studies, several transient sulfur
intermediates relevant to atmospheric processes were generated
by collisional neutralization of the corresponding gas-phase
cations and characterized by neutralizatioeionization mass
spectrometry (NRMS)7-24 NRMS utilizes fast beams of stable
mass-selected cations or anions, which are neutralized by
glancing collisions with thermal atomic or molecular targiéts.
Due to the short interaction time between the fast ion and the
target (<10714s), the electron transfer to the cation is considered
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ciation measurements. These studies converge on providing
evidence thaa predominant fraction of unimolecular dissocia-
tions of 1 formed by collisional electron transfer do not occur
on the potential energy surface of the ground electronic state
and thereforenust involve metastable excited states

Experimental Section

Methods. Measurements were made on a tandem quadrupole
acceleration-deceleration mass spectrometer, as described prevfously.
Precursor cations were generated in a tight chemical ionization source
at 200-220°C. Protonations were performed with €HCH, and H*/

H. chemical ionization; deuteronations were performed withs @D

to be a nonresonant vertical process. This mandates that theCDa. The pressure gf the protonation or deuteronation reagent gas was
fast neutral species be formed with the geometry of the precursoradjusted to 1.4< 107 Torr in order to achieve [M- H]*/[M*"] or [M

ion in the particular vibrational and rotational state. The internal
energy of the neutral species depends mainly on the precurso
ion energy and the FranelCondon effects in vertical electron
transfer26.27

Relatively little is known about the oxygenated sulfur radicals
and molecules corresponding to the general formulgJHD],
which may represent direct precursors of ,S0[H,S,0)]
radicals were also considered as intermediates ipse@ded
flames?® and in the high-temperature reaction of S@th H,.2°
Recently, several ab initio studies addressed the relative
stabilities of [H,S,Q] radicals and [H,S,3] molecules and the
thermochemistry of unimolecular dissociations and bimolecular
reactions’®-3%> These calculations agreed that the hydroxysulfi-
nyl radical, HO-SQ 1, was the most stable [H,S;[®isomer
and also provided relative energies for hydrogensulfonyl radical,
H-SOy, 2, peroxysulfhydryl radical, HS-O-Q3, and hydro-
peroxysulfur radical, H-O-O+g5).32 In addition, dihydroxy-
sulfane 6), hydrogensulfinic acidq), and a few other [HS,0)]

isomers have been characterized computationally as local energy,

minima34.35

A preliminary communication from this laboratory reported

on the first preparation df and6, in the gas phas®. Radical

1 was generated by collisional neutralization of protonated sulfur
dioxide, HO-SO (1), whereas$ was prepared from its cation
radical6'" (Scheme 1). Specidsand6 were found to be stable
and were characterized by NRMS in the form of reioniéd

6+, and fragment ions. In the present report we examine the
formation and dissociations of, 2, and 6 by combining
computational methods with variable-tifieand photodisso-
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+ D]*/[M**] ratios >20 in most instances and keep the contributions
rfrom 3335 and®'S isotopomers of sulfur dioxide cation-radicals below
0.1% of the [M+ H,D]* ion intensities. Stable cations of 8200 eV
kinetic energy and-25us lifetimes were neutralized by collisions with
dimethyl disulfide, din-butylamine, or aniline, which were admitted

to the collision cell at pressures such to achieve 70% transmittance of
the ion beam. Neutral lifetimes were 3:8.9 us for 1-6 in the
conventional NR mass spectra. The neutral intermediates were
reionized by collisions with @at pressures such as to achieve 70%
transmittance of the precursor ion beam. The NR conversions'for
expressed as sums of integrated reionized peak intensities felative

to the intensity of the incident precursor ion beag) Were Y Ing/lo =

(3.14 1.5) x 10°° from four measurements. By comparison, NR of
SOt gaveyInr/lo = 1.1 x 1075 Typically, 25-40 repetitive scans
were accumulated per spectrum, and the spectra were reproduced in
subsequent runs and over a period of several weeks.

Variable-time measurements were performed as described previ-
ously3® For laser photoexcitation experiments, the tandem mass
spectrometer was equipped with an argon-ion laser, as described
recently’” The neutralized beam passed through a 16.5 kV/cm
electrostatic field gradient to remove high Rydberg st&tésand it
as merged with polarized light from a Laser lonics 1400-12A Ar-ion
laser operated in the power mode that delivered a total of 11 W at the
488 and 514.4 nm main visible lines (2.54 and 2.41 eV, respectively).
The neutralization target was transparent at the wavelengths’*{ised.
The photoexcitation experiments were conducted with two different
potential settings on the drift region lenses. In one set of experiments,
the electrostatic potentials on the conduit elements were maintained at
+250 V, so that any ions formed within the conduit had incorrect
combinations of kinetic and potential energies and were rejéefEue
neutral species and their photodissociation products were collisionally
reionized in the downbeam cell after 3;8. In another set of
experiments, oxygen was introduced in the conduit, and the electrostatic
potentials were scanned in link with the deceleration lens potentials to
allow detection of survivor and product ions formed within the conduit
between the deflector lens and the reionization ellhis provided a
0.3—-2.8 us observation window for the neutral intermediates to be
photoexcited and collisionally reionized. This also increased the
observation window for ion dissociations by 3&. Over 50 repetitive
scans were accumulated per spectrum with the laser on and off in order
to correct for background effects. Difference spectra were obtained
by subtracting the integrated peak intensities measured with the laser
on and laser off. To account for thE20% variations in the total NR
ion currents, the laser-on spectra were normalized to the value from
the laser-off measurement and averaged over several multiscan spectra.

Collisionally activated dissociation (CAD) spectra were measured
on a Kratos Profile HV-4 double-focusing sector mass spectrometer as
described previousf. Oxygen was used as the collision gas at 70%
transmittance of the precursor ion beam.

Materials. Methane (Matheson, 99.97%), hydrogen (Air Liquid,
99.99%), CQ (Cambridge Isotope Laboratories, 99% D), dimethyl
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disulfide, din-butylamine, aniline, dimethyl sulfate, and di(methyl-
ds)sulfate (99% D, all Aldrich) were used as received. The neutraliza-
tion reagents were carefully degassed by several fregamp—thaw
cycles before use.

Calculations. Standard ab initio calculations were performed using
the Gaussian 94 suite of prografisGeometries were optimized with
HF/6-3+-G(d,p) calculations and further reoptimized with MP2(FULL)/
6-31+G(d,p)*® Harmonic vibrational frequencies were calculated to
characterize local minima and saddle points. The HF/6G,p)
frequencies were scaled by 0.893, and the MP2(FULL)/4-G(d,p)
frequencies were scaled by 0*9%&nd used to calculate zero-point
vibrational energies (ZPVE), 298 K enthalpy corrections, and heat
capacities using the rigid-rotor-harmonic oscillator approximation.
Single point energies were obtained with the Gaussian 2(MP2)
scheme? The calculated total energies, frequencies, and ZPVE are
available as Supporting Information. For open-shell systems, the UMP2
calculations gavé®[values of 0.76-0.77 for most doublets and 2.62
2.05 for triplets indicating only minor spin contamination, which was
further reduced by Schlegel's annihilation procedr&kRKM calcula-
tions were performed using Hase's progrém.Vibrational state
densities were obtained by direct count for internal energies up to 20
kJ mol~! above the dissociation threshold, while the Whitten-Rabino-
vitch approximation was used at higher enerdte3$he rotational states
were treated adiabatically in the RRKM calculatiéhsThe microscopic
rate constantsk(E,J,K) were Boltzmann-averaged over the thermal
distribution of rotationald and K states pertinent to the ion source
temperaturé’®

Results

lon and Neutral Energetics in the [H,S,Q)] System. The

J. Am. Chem. Soc., Vol. 119, No. 50,1292%

Table 1. Relative Enthalpies of [H,S£' long

ion/reaction AHg AHogg
synlt 0 0
syn1t(VI)P 28
anti-1*+ 8.7 8.8
2F 176 176
3t 405 405
4+ 415 415
SO+ + OH* 430 438
SO + H* 508 514
(BA")SOH" + (°P)O 549 554

aFrom spin-projected G2(MP2)
ionization ofsyn1.

energies in kJ moP Vertical

116.1

1.559 1.567

1.454 1.448 _S H
O <
0" 4155 (9 0" 1093 O~ 0989
120.7 |0.991
H
1-antit (C,)
1-syn+ (Co)
H
H 1354’
1'359' 1123 1.384 S ) 985
1.445/3\\ 1'5753/%*\0,\0.992 1.665/ \
o o S7 1222 1068 “H o—o0
1547
+
27 (C +
(Cs) 3+(c) a*(cy

calculated relative energies are presented first and compared

with the previously reported data from ab initio calculations.
The calculated energetics and RRKM kinetics are then used to
aid in the interpretation of experimental data.

Addition of a proton to sulfur dioxide can give rise to various
[H,S,0,]" ion isomers; only singlet ions were relevant to the
present experiments, and therefore triplet states were not
considered. The optimized structures are shown in Figure 1
the relative enthalpies are given in Table 1. The hydroxysulfinyl
ion 1+ corresponding to O-protonation in sulfur dioxide exists
as two planar rotamersyn1* and anti-1* (Figure 1). The
higher stability ofsyn1™ ion can be ascribed to the more
favorable dipolar interactions between the- @ and G-S bond
dipoles than inanti-1*. The hydrogensulfonyl io2*, corre-
sponding to S-protonation in sulfur dioxide, the O-protonated
sulfur peroxide ior8*, and the cyclic isomet™ were calculated
as potential energy minima 176, 405, and 415 kJ thédss
stable, respectively, thasynl* (Table 1). Attempts at obtain-
ing an optimized structure for the singlett$—0O—0O" isomer
(5") failed because of severe SCF convergence problems. It
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Figure 1. MP2(FULL)/6-31-G(d,p) optimized geometries of [H,S]JO
cations. Bond lengths in A, bond and dihedral angles in deg.

cannot be excluded, however, tHat exists as a high-energy
triplet state by analogy with the triplet GB™ ion.#

Ab initio calculations of sulfur species with split-valence basis
sets can give inaccurate equilibrium geometries and relative
energies for some systerfis’® The [H,S,Q]" ion system
allowed us to compare the calculated relative energies with
reliable experimental proton affinities (PA), heats of reaction
(AH® 299, and ionization energies (IE) and thus to estimate the
errors inherent to our computational approach. The calculated
PA of SQ (640 kJ moi?t) was slightly overestimated against
the experimental values of 636 and 631 kJ Th8?:51 However,
this small difference was diminished upon accounting for the
formation of an equilibrium mixture oyn1 (85%) andanti-
1t (15%) at the experimental temperature of 60G'KIhe
Boltzmann-weighed proton affinity, 638 kJ mé) showed an
improved agreement with the experimental values.

The 298 K dissociations df* to (SO + H*) and (SO* +
OH-) were 514 and 438 kJ mol endothermic, respectively,
from experimentalAH®, ,gs data®®® These exothermicities were
matched by the calculatetiH, 295 (Table 1). Good agreement
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Kafafi, S. A. NIST Standard Reference Database 18ltional Institute
of Standards and Technology, Gaithersburg, MD (1993). (c) Levin, R. D.;
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Figure 2. UMP2(FULL)/6-31+G(d,p) optimized geometries of [H,SOradicals.

Table 2. Relative Enthalpies of [H,S £ Radicald

radical/reaction AHg AHagg
synl 0 0
syn1(VN)P 27
anti-1 7.5 7.6
2 102 104
3 307 307
4(TS) 447 446
5 358 358
SO+ H* 165 169
((37)SO+ OH* 289 295
(*A)SO+ OH* 376 376
synl— SOH + (°P)O 484 486
TSA—1) 128 126
TSA—2) 212 211
TSR — SO, + HY) 170 168

aFrom G2(MP2) energies in kJ mdl ° Vertical neutralization of
synlt.

was also obtained for the calculated, ki SO, and €3 )SO
(12.31 and 10.22 eV, respectively), compared with the experi-
mental values of 12.35 and 10.29 eV, respectivély.This
indicated that single-point G2(MP2) calculations based on MP2-
(FULL)/6-31+G(d,p) optimized geometries can provide reason-

rotational degeneracy. Henwnl andanti-1 must intercon-
vert rapidly at room temperature to reach thermal equilibrium
preferringsynl. The calculated\Ggg(syn— anti) = 7.1 kJ
mol~tindicated 95% ofyn1 at room temperature equilibrium.

The calculated 1Eof synl (9.06 eV) was slightly higher
than the adiabatic value, {E= 8.77 eV. The vertical recom-
bination energy (RE of synl* was 8.49 eV. Thus, the
Franck-Condon energies for the vertical formationssyft1
andsyn1* were 2728 kJ motl. The vibrational excitation
in vertically formed synl was converted to an effective
temperature (540 K) and used to calculate the rotamer distribu-
tion. The correspondingG%4o(syn — anti) = 6.3 kJ mot?
gave a 80/20 mixture ofynl and anti-1 for the vertically
formed radicals after vibrational energy redistribution and isomer
equilibration. The calculated lvalues foranti-1 and2, 8.78
and 8.72 eV, respectively, were very similar to that $gn1.

Relevant to our experimental studies (vide infra), the low
excited electronic states ih were also of interest. Single-
determinant calculations allow only the lowest state of a given
symmetry to be obtained. The lowést excited state ofyn1
was constructed by promoting the electron from thé 8@MO

ably good estimates for the oxygenated sulfur species studied !0 the 14aLUMO. A single-point UMP2/6-3%G(d,p) calcula-

Inclusion of the MP2/6-31:3G(3df,2p) calculation in the G2-
(MP2) scheme was critical for obtaining reliable relative
energies.

Among [H,S,Q] radicals,syn1 (Cs, 2A"") was the most stable
isomer in the ground electronic state (Figure 2, Table 2) in
agreement with previous computational studfe$® However,

a planar anti-rotamegnti-1 (Cs, 2A’") was also obtained as a
local energy minimum, which was 7.5 kJ mbless stable than
the syn isomer. The rotational barrier for thgnl — anti-1
interconversion was estimated Bt; = 20 kJ mot?! from eq
1.52wherel eqis the reduced moment of inertia about the@H
bond,v is the torsional frequency (g 183 cnT?l), andr is the

Epot = lreq X 87V )

TO

(52) Aston, J. G.; Fritz, J. JThermodynamics and Statistical Thermo-
dynamics Wiley: New York, 1959.

tion gave the!A’ state energy which was 4.3 eV above that of
the (XPA" state. This implied that ground-statecould not

be excited to the lowesA’ state by photons from the Ar-ion
laser (488 and 514.5 nm) used in the photoexcitation experi-
ments as discussed below. The other [H,Bomers were
substantially less stable thar{Figure 2, Table 2§1-32 Radicals

2, 3, and5 were found to be 102, 307, and 358 kJ midess
stable, respectively, thasynl. The cyclic structurel was a
high-energy saddle point for degenerate isomerizatiord in
(Table 2). Isomerization ofyntl to 2 required an activation
barrier of 212 kJ moll. Dissociation of2 to SG and H was
calculated to be 63 kJ mol endothermic and had to surmount
an additional small barrier for the reverse hydrogen addition (5
kJ molt, Table 2)%3 This indicated that addition of Ho SO,

to form 2 was dynamically barrierless at room temperature, since
the combined thermal energies of the reactants were practically
equal to the 298 K energy of the transition state.
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The dissociation by direct cleavage of the-B bond insyn1
and anti-1 was also investigated computationally. Undgy
symmetry constraints, stretching the—@ bond in anti-1

resulted in a steep increase of potential energy, e.g., 440 kJ

mol~1 aboveanti-1 atr(O—H) = 2.0 A. However, this reaction
path was found to follow a ridge, and upon releasing @ie
constraint, the system relaxed to follow ttanti-1 — 2
isomerization path. An attempted-® bond dissociation in
synl resulted in a degenerate isomerization by hydrogen
migration between the oxygen atoms of 128 kJ Thalctivation
energy (Table 2). Hence, a direct loss offtdm syn1 or anti-

1, for which a substantial energy barrier was found by previous
calculations®133 was dynamically hampered. Dissociation of
the S-OH bond insynt1 andanti-1 was continuously endother-
mic requiring 289 kJ mott at the thermochemical threshold at
0 K.
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Figure 3. RRKM rate constants for unimolecular isomerizations and

The present augmented G2(MP2) calculations agreed verydissociations ofl and2. The energy scale is common for all reactants

well with the previous G2 calculations of Laakso ef%ahnd
reasonably well with the MP2/6-311G(d,p) calculations of Qi
et al33 and the MP4(SDTQ)/DZP calculations of Morris and
Jacksor$? Compared with Qi's dat# the augmented G2(MP2)
gave a transition state for the isomerizatiortehich was 34

kJ mol! lower and a transition state energy for the degenerate

rearrangement isyn1 which was 28 kJ molt higher. The
lower energy for TS{ — 2) was primarily due to the MP2/6-
311+G(3df,2p) calculation in the G2(MP2) scheme. The MP2-
(FULL)/6-31+G(d,p) optimization foundanti-l as a local
minimum, contrary to Qi's conclusions but in agreement with
the results of Morris and Jackséh.The latter authors obtained
a large barrier for the dissociation of the43 bond in2, which

was 46 kJ mot! above the thermochemical threshold, and which

and is referenced tb at 0 K. (A) synl— synl’; (B) 2— SO, + H*;
(C)2—1; (D) anti-1 — 2; (E) syn1 — (33 7) SO+ OH-.

rapidly (log k = 12.8) to SQ and H. Hence, thel — 2
isomerization was the rate-determining step in the overall
dissociation. The reverse isomerizati@n;> 1, was calculated
to be 2-3 orders of magnitude slower than the dissociation to
SO, and H (Figure 3). This may be somewhat mitigated by
tunneling through the isomerization barrier, which would
increase the rate constants for the= 2 isomerization.

The combined energy and kinetic data allowed us to draw
conclusions as to the formation afby bimolecular reactions
in the gas phase. The large energy barrier taditition to the
oxygen atoms in sulfur dioxide and the absence of a barrier to

may be due to the smaller basis set used in their single-pointthe addition to the sulfur atom to forr2 made structurel
energy calculations. Morris and Jackson reported a 205 kJ kinetically inaccessible through the direct addition channel.

mol~1 energy barrier for the addition of ‘Ho the oxygen
terminus in S@, which was the reverse of the-HD bond
dissociation in1.31 However, they were unable to locate the
transition state, which may be consistent with the symmetry
forbidden character of the reaction on the potential energy
surface of the ground electronic state. Qi et al. did find a large
barrier for the G-H bond dissociation, which in their calcula-
tions required 284 kJ mot abovesyn1.33

RRKM Kinetics in the [H,S,0;]* System. The G2(MP2)
potential energy surface for the ground electronic state was use
to calculate microcanonical rate constak(g), for the consecu-
tive and competitive dissociations dfand2 (Figure 3). The
rate constant for the internal rotation inwas deemed to be at
the rotational frequency limit (4.5 10 s71) at all relevant
excitation energies. The degenerate isomerizati@yiirl was
kinetically irrelevant for dissociations. Isomerization2Zavas
the lowest-energy unimolecular reaction bf However, the
k(E) curves for the latter isomerization and dissociation to
(83 7)SO and OMcrossed aE = 325 kJ mot®. This implied
that isomerization to2 should predominate at vibrational
excitations below the crossing point, whereas theO%l bond
cleavage should surpass the isomerization at excitations abov
the crossing point. Very similak(E) curves were calculated
for dissociations ofLlD and2D, which indicated small isotope
effects on the branching ratios for loss of D and OD.

Radical2, when formed with an internal energy corresponding
to thel — 2 isomerization threshold, was calculated to dissociate

(53) The UHF/6-3%+G(d,p) frequency analysis of the transition state for
the H-S bond cleavage i8 yielded an impossibly high frequency for the
H—S bending mode, as also reported by Binns and Marshall (ref 30). This
was corrected by using a scaled wavenumber for the same vibratn in
The scaling factor of 0.75 was estimated from the wavenumbers of other
bending modes i2 and the transition state.

Moreover, the presence of the energy barrier for the isomer-
ization of2 to 1 inhibited the indirect pathway tb, except for
leakage through tunneling effects. It follows tHatannot be
formed classically by Hatom addition to sulfur dioxide.

In contrast, the exothermic reaction of sulfur monoxide with
OH* was barrierless and may result in the formation of stable
if the environment provides efficient cooling through third-body
collisions. At the thermochemical threshold of the Giddition
(289 kJ mot? abovesyn 1), the unimolecular rate constant for

c]the isomerization t® was calculated at & 10 s™1, This

substantially exceeded the typical collision rate af@%and 1
atm, keon =~ 4 x 10° s1. Hence, hotl formed by OH addition
to SO was predicted to rapidly isomerize2@and dissociate to
SO, and H.

Formation and Dissociations of S@QH*. The precursor
cation 1™ was generated by exothermic protonation of sulfur
dioxide under conditions of chemical ionization in the gas phase.
From the proton affinity of S@ PA = 6354 4 kJ mol™ from
the averaged experimental and G2(MP2)-calculated values,
protonations with Chi (PA(CH) = 548 £+ 3 kJ mol?) and
Hs"(PA(H) = 423 kJ mot?t) were 87 and 212 kJ mol
&£xothermic, respectively. This implied that protonation with
CHs™ formed exclusively the syn and anti rotamers 1of,
whereas the less stable isome&rs—4" were energetically
inaccessible. In contrast, protonation witG™+tould proceed
exothermically to form botd™ and2*.

Collisional neutralization ofl* was studied with dimethyl
disulfide (DMDS, IE, = 8.96 eV), din-butylamine (DBA, IE
= 8.45 eV), and aniline (= 8.03 eV) as electron dono?&
Hence, vertical electron transfer id" from these molecules
ranged from~0.5 eV endothermic t6-0.5 eV exothermic. The
NR mass spectra showed a prominent survivor ion off8O
at m/z 65 for all three neutralization targets. The primary
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a survivor ion of 57% Ing. The low relative abundances of

A 48 SOt in the NR spectra of™ and1D" were therefore due to
inefficient losses of Mor D* and not to an instability or low
reionization efficiency of S@(see Experimental Section and

49 64 below).

Dissociations of neutrdl and reionized™ were distinguished
by variable-time NR mass specff. The time-dependent
relative intensities of the reionizéd, SO**, SOH, SO, and
OH* were fitted into kinetic equations to yield unimolecular

48 : . .
rate parameters for the neutral and ion dissociatténkseast-
a2 square fits were obtained for a single exponential decay in the
| \ 50 64

32
TN
)
B

66

16 18 neutral channel and a bimodal exponential decay including one
B — fast k > 10°) and one slow K ~ 10*—10° dissociation.
c Correlation was sought for channels producing complementary

fragments’c Solving the equations required estimates of the
ionization cross sections for SCB0H, SO, and OMrelative

65
to that of 1. These were obtained from the atomic increment
scheme of Fitch and Saut¥raso(SQy)/0(1) = 0.866,0(SOH)/
A A\ o(1) = 0.834,0(SO)ib(1) = 0.784, ands(OH)/o(1) = 0.256.

Absolute ionization cross sections were recently measured for

D ; electron-impact ionization of S®and SQ.5¢ The ratio, o-
(SO)(SO,) = 0.97-0.87 for 70-160 eV electrons, was
reasonably close to that from the Fitch-Sauter scheme (0.91).
The formation of S®& and OH showed predominant
AN tributions frormeutral dissociation$ollowed by reioniza-
con
15 20 30 35 45 50 60 65

tion, e.g.,ky(OH) = (8.14+ 0.6) x 1P s7%, ky(SO)= (3.5+
0.4) x 10° s1, from six measurements. The rate parameters

m/z correlated for both observation channels, which provided further
Figure 4. Neutralization-reionization (CHSSCH, 70% transmitt- unequivocal evidence for the neutral dissociafighThe rate
tance/Q, 70% transmittance) mass spectra of {&)by protonation parameters for ion dissociations in reionizedwere smaller,
with CHs", (b) 1D by deuteronation with C§. Neutralization- e.g. k(OH') = (0.2 £ 0.4) x 1P s'L, k(SO*) = (1.6 +
collisional activation-reionization (CHSSCH, 70%T/He, 70%T/Q 0.6) x 10P s7%, and the values did not correlate because of the

70%T) mass spectra of (df, (d) 1D*. different ionization energies of the produé$s. Best fits forky

were obtained for the single exponential kinetic model, which

indicated, although did not mandate, that most dissociations of

1 occurred on the microsecond time scale.

of NR ion intensities (%) for all neutralizations (Figure The rate parameters for.the formqtlpn of neutral and ionic
SO, were too small to give a definite answer as to the

_4a)_. 'I_'he data_showed that, for the 1 eV range of target predominant nature of this dissociation, elg(SQ,) = (3.6 +
ionization energies employed, there was no obvious correlat|on0 8) x 10 5L andk(SOs*) = (2 + 2) x 10° 5L, Evidently

between the energetics of the electron transfer and the dlssomaToSS of H was disfavored in both and reionized.*. Loss of

tion kinetics?” ) .
- L . . . . . O to give SOH also proceeded in neutrd) kn(SOH) = (7 +
Collisional activation with helium of the intermediate radicals 2) x 10* 5%, k(SOHH) = (0 = 4) x 10* 5L, although overall

whereas ihe reaive miensiy raos for the pimary dissociation (S GISSOCiatoN Was much slovier than the l0ss of OF.
y P y Different NR spectra were obtained for [H,S]O ions

products did not change appreciably (Figure 4c). Increasing : - . .

the probability of multiple collisions ofl. by decreasing the gripa'rrehd by thirmoreiﬁ;(oéhterrpr:c pr?tonﬁtlon \;Wazlﬁlgtlrie o

transmittance of the main beam from 70 to 50 and 30% resulted > ' N® spec+ a pointed 1o e presence of anomner 1some
coformed with1* by highly exothermic protonation, which was

in a sequential decrease of the survivor ion relative intensity assigned structuiz', as discussed below. Collisional activation
0 i i ) .
down to 23% Inr at the lowest transmittance. Neutral colli of a mixture of neutrall and 2 at 70 and 50% beam

sional activation resulted in an increase of the relative abun- transmittance lowered the relative abundance of the survivor
n f n which wer ndary di iation . i .
dances of S and O, ch were secondary dissociatio ion (1t + 2%), which decreased from 23%nr in the NR

o
products. However, the [SO]/[SO™] rafio showed no clear spectrum to 10%Ing in the NCR spectrum at 50% precursor

trend upon collisional activation under single or multiple beam transmittance (Figure 5b). The relative intensities of low
llision conditions and remain ntially unchangédl— X i
collision conditions and remained essentially uncha X mass fragments increased substantially, e®(15 to 269 InR),

0.13). .
. : Ot (4 to 10%5 Inr), and OH (0.5 to 3% Inr). The highly
+
The NR spectra olD” (by deuteronation with CB/CD.,), endothermic formations of these fragments must be due to

obtained by neutralization with DMDS (Figure 4b), DBA, and ; o o )
aniline, showed increased relative abundances of surtibor m.“'“.p'e .COH'S'.OnS whose probability, as calculated for a Rmsson
! distribution®” increased from 17% at 70% beam transmittance

(46—50%5 Inr). The formation of S& by loss of OD was o o . . ;
the dominating dissociation, whereas loss of Was less to 31% at 50% beam transmittance. The branching ratio for
abundant, giving [S@')/[SO] = 0.06-0.1. Collisional (54) Fitch, W. L.; Sauter, A. DAnal. Chem1983 55, 832-835.
activation of neutrallD resulted in a diminished relative (55) Tarnovsky, V.; Levin, A.; Deutsch, H.; Becker, &. Chem. Phys.

+ 0 ot i i 1995 102 770-773.
abundance afD™ (34%), whereas the [Sﬂ]/[SO ] ratio did (56) Basner, R.; Schmidt, M.; Deutsch, H.; Tarnovsky, V.; Levin, A,;

not change appreciably (0.66.07, Figure 4d). Becker, K.J. Chem. Phys1995 103 211-218.
Note that S@* was stable under GJ3SCH/O; NR to give (57) Holmes, J. LOrg. Mass Spectroml985 20, 169-183.

fragments in the spectra were 80(m/z64), SOH (m/z49),
OH* (m/z17), and O (m/z16). Loss of OMwas the dominant
dissociation upon NR, which amounted to-38% of the sum
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Figure 6. Normalized difference spectra for photodissociation of (a)
]\/\ J 1, (b) 1 and2.
T T T e e T with SO0 For SOH'", two low-lying excited states'd’ and
15 20 25 30 35 40 45 50 55 60 65 1A") were 0.6-0.7 eV above théA' ground electronic state,
m/z whereas the excited-state manifold in the-2245 eV region
Figure 5. (a) Neutralizatior-reionization (CHSSCH, 70% trans- above the®A"” state was unknow#. Thus, depletion by ion
mitttance/Q, 70% transmittance) mass spectrum of a mixturddf  photofragmentation of the SGHntensity upon irradiation could
and 2* by protonation with H+. (b) Neutralization-collisional not be excluded.

activation-reionization (CHSSCH, 70%T/He, 70%T/@ 70%T) mass

spectrum oft* and2* The difference spectrum fat showed diminished relative

intensities ofL* and SOH and increased relative intensities of
. SOs*, ST, OH', and O*, whereas the abundant SGon was
[SO*1[SO] de_creased from .0:26 In th_e NR spectrum to practically unchanged (Figure 6a). In the absence of ion
0.16-0.17 following neutral collisional activation. . photofragmentations, the photoexcitation experiments clearly
The nature of these dissociations was further examined by showed that a fraction df formed by collisional neutralization
variable-time measurements, which gave the following results. gpsorbed in the 2.412.54 eV energy range. Photofragmen-
Loss of H proceeded mainly imeutral [H,S,0,]°, kn(SO,) = tation of 1 resulted in an enhancement of loss of whereas
15 x 10° s74, k(SOr") = 0.4 x 10° sL. The H channel  the loss of O was not affected. The time-dependence of
could not be followed because of the quadrupole analyzer low- neutral photofragmentations was investigated for the-2.8
mass cutoff. Loss of O was also a predominantly neutral ;s and 3.8us observation times. The difference spectra for
dissociationky(SOH) = 1.6 x 1(°s*. The loss of OH showed  the longer observation time showed greater changes in the
correlating rate parameters for both neutral products, le($0) product relative intensities, especially in the depletiod ahd

= 6.3 x 1° s* and ky(OH) = 5.4 x 10° sL. The rate increased formation of SO However, the directions of these
parameter for the ion dissociation was obtained for the"SO  changes were the same in both series of measurements.

channel onlyk(SO™) =1 x 10°s™*. Hence, post-reionization The difference spectrum for the mixture band2 showed
dissociation represented a minor channel for the"$S@mation. in general smaller changes upon irradiation (Figure 6b). The
Laser Photoexcitation of SQH*. Irradiation of the neutral- latter spectrum showed a small increase in the [H;8,@nd

ized beam ofl with the 488 and 514.5 nm lines was performed SOH" peaks upon photoexcitation. The major net change, due
for total laser outputs of 5.5, 8.1, and 11.1 W. Exposure of the to irradiation, was the relative increase in the intensity 0§*SO
neutral beam to 2.41 and 2.54 eV photons resultett20% Discussion of [H,S,Q]* Dissociations. We address the
changes in the total NR ion current and visible changes in the apparently contradicting data from the ab initio/RRKM calcula-
ion relative intensities. To compensate for the variations in the tions and mass spectrometric experiments. The vibrational
total NR ion currents, the ion intensities were scaled to the sameenergy of ¢A”)1 formed by vertical neutralization dft could
total ion count, and the scaled spectra obtained with laser onbe bracketed between 31 and 96 kJ midtom combining the
and laser off were subtracted. The differential intensities for range of internal energies available 1 and the Franck
Fhekllndlwldualfsr,pemes were r:joanallzed to tge NRllon intensity (58) Kimura, K. Katsumala, S.. Achiba, Y., Yamazaki, T.. wata, S.
n t_e as_er“_) spectrum and the averaged results Were SUM-yanqhook of He(l) Photoelectron Spectra of Fundamental Organic
marized in Figure 6a,b. Molecules Japan Scientific Societies Press: Tokyo, 1981; pp4D

; ; (59) (a) Dyke, J. M.; Golob, L.; Jonathan, N.; Morris, A.; Okuda, M.;

Since both the neutral beam and the ions formed by o e’ (7 35 Chem. Soc., Faraday Trans. 1974 70, 1818-1827 (5)

reionization were exposed to the laser beam, the possibility of Golob, L.; Jonathan, N.; Morris, A.; Okuda, M.; Ross, K. J.; Smith, D. J.
ion photofragmentation must be considered. At4884.5 nm, BeE- B)unsengeS(-j lthyS- hCheltJ)‘iM 78, 201. £ sulfur dioxiig,.

ot i 60) Estimated from the absorption maximum of sulfur dioxi =
SO, gnd SO* were transparent asgjudged from the ENCIGY 300 nm. see: (a) Millan, M. M.; Hoff, R. MAppl. Opt.1977, 16, 1609
levels in the photoelectron spect® The closed-shell ion

1618. (b)Handbook of Air Pollution AnalysjHHarrison, R. M., Perry, R.,
1t was presumed to be transparent above 350 nm by analogyEds.; Chapman & Hall: London, 1986; p 466.
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Condon energy due to the electron transfeiThis vibrational
energy alone was insufficient to promote dissociationsl of
following neutralization. Even under an assumption that more
vibrational energy could have been deposited ihtga some
other collisional mechanism, the RRKM rate constants would
predict predominant dissociation by loss of tlip to ~325 kJ
mol~1 excitation. This clearly contradicted the experimental
data, which showed the loss of Otd be the dominating neutral
dissociation. To account for the substantial fraction of non-
dissociating radicals>(35%) and the fraction dissociating by
loss of OH, one would have to consider a sharply bimodal
internal energy distribution id with a gap in the 216314 kJ
mol~t energy range. Barring this unlikely scenario, the observed
and resolved neutral dissociations were incompatible with the
properties of the potential energy surface for #A¢ ground
electronic state. This led to the inevitable conclusion thast

of the obsered neutral dissociations it proceeded from excited
electronic states Excited states were accessible owing to the
nonresonant character of collisional electron transfer and the
absence of spin or dipole selection rules. Although excited

Frank et al.

collisional excitation. Hence, the interpretation invoking a low
lying 2A" excited state did not satisfy both sets of experimental
data.

A more plausible interpretation stemmed from the different
selectivities of photoexcitation and collisional activation. The
latter process is nonselective, includes both thé&X)ground
state £35%) and the metastable excited stated,0énd can
populate dissociative electronic states similar to those produced
upon neutralization. By contrast, photoexcitation was selective
in that only metastable excited stateslafould absorb energy
at the wavelengths used. The specific enhancement of the
H-loss channel was likely to be due to the reactivities of higher
excited states of. It would be desirable to conduct photoex-
citations with a tunable laser to obtain the energies of all
accessible excited states In Unfortunately, the number of
radicals in the photoexcitation volume of the neutralized beam
was on the order of ¥Q corresponding to a 18* Torr
equivalent partial pressure. High photon fluxes and duty cycles
are therefore necessary to achieve photoexcitation, which are
currently unavailable from tunable lasers.

electronic states in radicals have been recognized to participate The highly exothermic protonation of sulfur dioxide with™H

in NR dissociationg337:64the present finding of their dominant
role was unprecedented.

The exact manifold of excited states i could not be
examined by ab initio calculations because of the difficulties
mentioned above. However, the experimental data provided

some qualitative characterization. The single-exponential decay

in the main dissociation channel to SO and*Qivhich showed
microsecond kinetics, implied that this dissociation must have

had a substantial activation barrier. Hence, the relevant excited

electronic state(s) ol must be bound. Further insight was
provided by the dissociations observed for neutral collisional
activation and photoexcitation, which both involved electronic
excitation. Collisional activation of small ions or molecules at
keV kinetic energies is thought to result in non-selective
electronic excitation, due to the short time for energy transfer
during the collision €104 s)55 Single-photon absorption is
inherently a state-to-state process.
provided complementary approaches to studying electronic
excitation in transient neutral intermediates. The NCR and
photoexcitation spectra dfshowed different changes in product
formations. The state-selective photoexcitation promoted for-
mation of SQ, whereas the energy-nonselective collisional
excitation preserved the [SISO] branching ratio. Photoex-
citation from the?A" ground state ofl could not proceed to
the 2A’ excited state because of the 4.3 eV energy gap.
However, the photon energies would be sufficient to promote
isomerization t&®, which would be followed by rapid dissocia-
tion to SQ and H. For this to occur, the firstA” excited
state must be only 2:42.54 eV above the XA"") state to allow
laser light absorption. However, it was difficult to explain why
such an excited state was not accessed by the nonselectiv

(61) The upper limit for the vibrational energies iri and 2+ were
estimated from 80% of protonation exothermicity deposited in the ion (ref
62). The lower limit was estimated from the product heat capacities, e.g.,
62% and 57% of the protonation exothermicity for protonations wigh H
and CH*, respectively. Collisional de-excitation was estimated for an
average of 70 collisions in the ion source (ref 63).

(62) Uggerud, EAdv. Mass Spectroml995 13, 53—70.

(63) (a) Abel, B.; Herzog, B.; Hippler, H.; Troe, J.Chem. Physl989
91, 900-905. (b) Gilbert, R. G.; Smith, S. G:heory of Unimolecular and
Recombination ReactionBlackwell: Oxford, 1990; p 254.

(64) Shaffer, S. A.; Turecek, B. Am. Chem. S0d.994 116, 8647
8653.

(65) (a)Collision SpectroscopyCooks, R. G., Ed.; Plenum Press: New
York, 1979. (b) Todd, P. J.; McLafferty, F. W. Ifandem Mass
SpectrometryMcLafferty, F. W., Ed.; Wiley: New York, 1983.

The two methods thus

could form both1™ and the less stable isomér; the NR
spectrum of thus formed ions indicated the presence of another
[H,S,0;]* isomer. The calculated energies showed &farmed

by collisional neutralization should lose Hs the predominant
dissociation. The enhancement of this dissociation channel in
the NR spectrum was therefore consistent with the presence of
2. In contrast,1t from Hz"-protonation should have left the
ion source with 130 kJ mot of average vibrational energy.
However, even if supplied with 26 kJ mdlof Franck-Condon
energy upon neutralization (vide supra), this combined internal
energy ofl would be insufficient to drive isomerization ®

and lead to loss of i The combined experimental and energy
data thus indicate coformation 8f The variable-time measure-
ments further identified neutral dissociation of [H,5,@ SO,
which pointed to the presence of excited Hence bothl and

2 were formed in a mixture.

lon and Neutral Energetics in the [H,,S,0,] System.
Cation-radicals and molecules of the ;[H,3] group were
addressed by ab initio calculations to characterize the isomers
produced by dissociative ionization in the gas phase and to
obtain relative energies for unimolecular dissociations and
isomerizations. The MP2(FULL)/6-31G(d,p) optimized struc-
tures are shown in Figures 7 and 8, the relative enthalpies for
the cation-radicals are summarized in Table 3.

The cation-radical of dihydroxysulfan&'t) was found to
exist as two stable rotamers @, (6a*) and C; (6b'*)
symmetry (Figure 7). Th€&,, structure6a™ was only margin-
ally more stable thaBb* by 0.3 kJ mot? at 0 K. This order
of stabilities resulted from inclusion in the G2(MP2) scheme
of the MP2/6-31%G(3df,2p) calculation, whereas the other
calculations that used smaller basis sets slightly favore€the
Structure. The rotamers were separated by a small rotational
barrier, which was calculated with UMP2/6-8G(d,p) as 6.5
kJ mol! above6b*t. Rotation about the SO bond was thus
very facile, and the rotamers were predicted to coexist as a 55/
45 mixture at 298 K. A thirdC,, or C, rotamer with a syr
syn orientation of the ©H bonds was also sought computa-
tionally but was not found as a local energy minimum.

Other [H,S,0)]*" valence-bond isomers were found to be
substantially less stable thén (Table 3). The sulfone structure
8" (Cs showed substantially different-3 bond lengths
(Figure 7), which indicated a single-bond character for the long
S—0O bond and a double-bond character for the short one.
Mullikan population analysis @ (?A") showed that the distant
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Figure 7. UMP2(FULL)/6-314+G(d,p) optimized structures of B8,0,]*" cation-radicals.
. . . o 1.673 .
Table 3. Relative Enthalpies of [KHS,Q)]*" lons? 1.670 1.6%\ rous O/E/QZQ o
ion/reaction AHo AHazgg 0 1285 (O 0 g2 LO " 07) 1012 (92 70
6ot 0 0 0.970 l 0.970 A l 0.970 l ’0.971
6b 0.2 0.3 Ho s 1005 H Hy H,
6bt (VI)P 57 H;-0;-5-0, = -95.0
7o+ 150 148 H-0-S-0 = 8333 H-0-8-0 = 89.4 Hp-0,-8-0,=7.9
8+ 352 349 6a (Cy) 6b (C,) TS(6a, 6b)
ot 19 20
TSEa+ — 6b) 6° 6°
TSGat — 7 237 235 H
TSEa* — 9+) 147 144 g 1394 1007
TS — o) 264 262 106.8 (? 1355 He.” ' s N
6a — synlt + H- 234 238 1.489 1eo7 1421} 8¢ 1680 1511 85 1285 T4
6at — SO + H,0 166 171 s o Yo, 07 Tee o, oﬁ%ﬁ)ﬁ‘}ﬁ.z
6at — (PA")SOH' + OH" 357 363 Wa s ‘ oo/ 0877
aFrom G2(MP2) energies in kJ mdl ® Vertical ionization of6b. 1079y, Hp
c i )
From MP2(FULL)/6-3%-G(d,p) calculations. Hy-0, 5.0, = 844 Hy O, 8.0, =029 Hy-0y 5-0; = -150.1
Hy-S-0;-0, = 169.1 Hy-S-0,-0, =87.8 H,-8-0,-0; = 106.8
oxygen atom (O-2) carried 98% of the spin density, whereas 7 TS(6a, 7) TS(7, SO + H,0)

the sulfur atom carried a large positive atomic charg#.g8).
Thus, cation-radice* could be viewed as a distonic i6hin
which the unpaired electron density and the positive charge wereg .+
localized at different atoms. loft* showed a similar distonic
character with 97% spin density localized on the oxygen
terminus (O-2) and-1.36 atomic charge localized on sulfur. A
similar separation of spin and positive charge densities was
found previously for oxygenated phosphorus cation-radicals and
used to explain the high reactivity in hydrogen atom abstraction
reactions’

In addition to the classic valence-bond isom@rs—8'*, the
computations also localized structugs), which was charac-
terized by a long SO bond and could be described as an-on
molecule complex between SCQand water (Figure 7). lofr™*
was only 19 kJ mol® less stable thagat at 0 K and was
bound by 147 kJ moft against dissociation to S©and HO
(Table 3).

Transition states were located for the unimolecular isomer-
izations of6at to 7**, 7°* to 9+, and6a™* to 9t (Figure 7).
The energies are summarized in Table 3. It is noteworthy that
the energy barrier for théat — 9t isomerization was below
the calculated thermochemical threshold for dissociation to SO
and HO (166 kJ mot?, Table 3). Hence, a small fraction of

Figure 8. MP2(FULL)/6-31+G(d,p) optimized structures of 6,0

with internal energies in the 147166 kJ mof* range could
isomerize reversibly t@* (vide infra).

Bond cleavage dissociations iGat were found to be
substantially endothermic (Table 3). Cleavage of th®%ond
to give GA")SOH" and OH required 357 kJ mol, whereas
cleavage of the ©H bond to giveanti-1* and H required 235
kJ mol® at 0 K. Hence, elimination of water was the lowest-
energy unimolecular dissociation & (Table 3). Stable ions
6" sampled for collisional neutralization must therefore have
internal energies<147 kJ mot™.

Two stable rotamers were found for neutral dihydroxysulfane
6, e.g., theC; structure6a and theC; structure6b (Figure 8).
Of these, the latter was less stable by 5 kJ That 0 K.
Rotamer$aand6b were separated by a barrier to rotation about
the S-O bond, which was calculated at 39 kJ moby MP2-
(FULL)/6-31+G(d,p). The calculatedG°g¢(6a— 6b) = 3.3
kJ mol indicated a 79/21 mixture of rotameés and 6b at
thermal equilibrium. An attempted UHF/6-3G(d,p) optimi-
zation of a triplet state & resulted in S-O bond cleavage and
dissociation to OMand SOH. Hence the existence of a stable
triplet 6 was not supported at this level of theory.

(66) Radom, L.; Bouma, W. J.; Nobes, R. H.; Yates, BPEre Appl. Other [H,S,0)] isomers were studied previously and found
Chem.1984 56, 1831-1842. For reviews see: (a) Hammerum,Mass to be substantially less stable théa,b3435 We examined the
Spectrom. Re 1988 7, 123-202. (b) Stirk, K. M.; Kiminkinen, L. K. M.; second most stable isom&rwhich was calculated to be 20 kJ
Kenttamaa, H. IChem. Re. 1992 92, 1649-1666. ot

(67) Turecek, F.: Gu, M.; Hop, C. E. C. A. Phys. Chem1995 99, mol~! less stable thaBa at 0 K (Table 4). However7 was

2278-2291. separated frorba by a large isomerization barrier (Table 4). A
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similar barrier was obtained for the hydrogen transfer and
elimination of water from7. Dissociations by simple bond
cleavage in6a were all substantially endothermic. Cleavage
of the O—H bond required 253 kJ mol to give syn1 and H,
whereas cleavage of the—® bond required 311 kJ mol
(Table 4). The lowest threshold energy was found for the spin-
forbidden formation of L, )SO and HO (43 kJ mot?),
whereas the spin-allowed formation &\§SO and HO required
125 kJ mot? at the thermochemical threshold at 0 K. Attempts
to find the transition state for the direct elimination of water
from 6awere unsuccessful, and so the question of whether this
reaction pathway can compete with the stepwise elimination of
water remains open.

The thermochemical thresholds for the dissociations-6HO
and S-O bonds in6awere calculated at 253 and 311 kJ migl
respectively, abovéa. Thus both dissociations were predicted
to be substantially endothermic. The potential energy along
the O—H coordinate was investigated by MP2(FULL)/6-3G-
(d,p) calculations, which showed an energy barrier@D0 kJ
mol~! above the products at a relatively large-B separation
of 2.215 A,

lonization and neutralization in the §t6,0)] system were

Frank et al.
Table 4. Relative Enthalpies of [KS,3)] Neutral$

species/reaction AHg AHogg
6a 0 0
6a(VN)P 93
6b 5 5
6b(VN)®? 87
7 20 20
6a— synl+ H° 253 259
6a— SOH + OH° 311 319
6a— (33 7)SO+ H,0 43 50
6a— (*A)SO+ H,0 125 133
TS(Ga— 6b) 3 3
TS6a—7) 215 216
TS — (*A)SO+ H0) 216 216

aFrom G2(MP2) energies in kJ mdl  Vertical neutralization.
¢From MP2(FULL)/6-3%G(d,p) calculations.

constant,Keq = ki/k-1, was calculated from the RRKM rate
constants for the forwardk{) and reversek_; isomerization,
where the forward reaction referred &' — 9. The Keq

for the fraction of interconverting ions showed a very flat
dependence on the ion internal energy, e.g., 0-@873, for
the 18.5 kJ mol* energy range between the isomerization barrier

of relevance to the NR experiments and were therefore addresse@nd the dissociation threshold. This implied tha?% of

computationally. The adiabatic ionization energiesafand

6b were very similar, 8.90 and 8.86 eV, respectively. Vertical
ionization of6a showed IE = 9.50 eV, implying a deposition
of 57 kJ mot? vibrational energy in the ion through Franek
Condon effects. The vertical recombination energ§af, RE,
=7.95 eV, indicated that vertically forméa should on average
attain 92 kJ moi! of internal energy to be converted to
vibrational excitation. This corresponded to an effective tem-
perature of 1270 K at which point the rotaméeand6b were
completely equilibrated at a 55/45 ratio. The (B was
calculated at 10.25 eV. This relatively high value was due
mainly to the substantial destabilization®f against'™ (vide
supra).

Compared with the previous MP4/6-31G(d) calculations of
Laakso and Marshatf, the present G2(MP2) data showed
substantially different relative energies. In particular, the energy
difference betweebfaand7 and the transition state energy for
the 6a— 7 isomerization were 3536 kJ moft smaller at the
G2(MP2) level, whereas the dissociationsyn1 and H was
72 kJ mot! more endothermic by the present calculations. The
relative energy oba at 298 K was anchored to the standard
heats of formation of3 ~)SO and HO (eq 2) and isodesmic
reactions (eqs 3 and 4) to provideéH; »9g(68) = —277 + 3 kJ
mol~1,

6a— (*>T)SO+ H,0 AH,,5e=43kImol* (2)

6a+ (°7))0,—~ SOH" +"00H AH, 4= 43 kJ mol*
()

6a+ OH — SOH"+ H,0 AH, ,05= —247 kI mol* (4)

The Boltzmann-averaged heat of formation for dihydroxy-
sulfane,6, was obtained from the 298 K populationsGafand
6b (AGyeg(6a— 6b) = 3.3 kJ mot?) as—276 + 3 kJ mol™L.

RRKM Kinetics in the [H 2,S,0;] System. The close
energies oba,bt and9"* and the fact that the energy barrier
to their interconversion was below the dissociation threshold
for elimination of water raised the question of isomer equilibra-
tion. In particular, ions with internal energies between the
isomerization barrier and the dissociation threshold could
isomerize to achieve equilibrium populations. The equilibrium

nondissociatingsa,lbr™ with sufficient internal energies could
isomerize td®". The stepwise isomerizatiofa,b* — 7°T —

9", had large energy barriers in both steps and could not
compete with the6a,bbt == 9" reaction. Considering the
substantial fraction of nonisomerizin§a,bb™ with internal
energies below the isomerization barrie©td (147 kJ mot?),

it was safe to conclude that nondissociatiy existed
predominantly ¢£95%) as rotameréa™ and 6b**, whereas
reversible equilibration with other structures was negligible.

The very similar energy barriers for the isomerization$ of
— 7 and for the further dissociatioid,— (*A)SO+ H,0, also
raised the question of the kinetics for the overall reactior
7 — (*\A)SO+ H,O. RRKM rate constants fas — 7 (ky), 7
— 6 (k-1), and7 — SO+ H,0 (ko) were calculated for a range
of internal energies and used to evaluate the time dependent
populations 06, 7, and the products. The calculations showed
that the6 — 7 isomerization was the rate determining step,
which was slower than both the reverse reactiafk(; = 0.31—
0.58) and the dissociation to SO angdH(ko/k; = 0.40-0.57).
Reverse isomerization in dissociatiigvas therefore possible,
although the calculatedrJ[6] ratio remained relatively low
(0.18-0.25) because of the irreversible dissociation to the
products.

Formation and Dissociations of SQH,. Precursor ion§*
were generated by dissociative ionization of dimethyl sulfate
at 70 eV (Scheme 2 and characterized by exact mass
measurements (measured 65.9778, calc. 65.9776) and a CAD
spectrum, which showed SOand SOH  as the main fragment
ions in a 2:1 ratio. The dissociation was facilitated by the high
hydrogen atom affinities of the oxygen atoms in the cation-
radical of dimethyl sulfate and in the intermediate formed by
the elimination of formaldehyde that directed the hydrogen
transfer to eventually forn6**. Formation of the most stable
isomer6*t was thus likely based on both the reaction thermo-
chemistry and mechanism. Deuterium labeled & was
prepared analogously from di(methgd} sulfate (Scheme 2).

Collisional neutralization 06** resulted in the formation of
stable6, which showed a survivor ion following reionization
(Figure 9). The NR mass spectra obtained by neutralizations
with DBA, aniline, and DMDS were similar and showed
survivor ion relative abundances in the-122%) Ing range.
The primary dissociations were elimination of water, loss of
OH+, and loss of M The effects of the dissociation energetics
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Scheme 2
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Figure 9. Neutralizatior-reionization (CHSSCH, 70% transmittance/
O,, 70% transmittance) mass spectra of d) (b) 6D"*. Neutraliza-
tion—collisional activation (He, 70% transmittanegpionization mass
spectra of (c)p', (d) 6D*.

on the formation of6** were examined by conducting the
ionization with 20-eV electrons or by charge exchange with

g
go 6*" X
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=H
6D*" X=D

+ 0.5) x10® s71, ky(OH) = (3 £ 2) x 1®® s'L. The ion
dissociation,6* — SOH" + OH*, was observed fok(SOH")

= (1.4 &£ 1.3) x 10°. Hence, cleavage of the-H bond
occurs in both neutra and reionized**. SO was formed by
neutral dissociationky(SO) = (4.3 + 0.4) x 10° s71, while

the rate parameter for the complementappHhivas very small,
kn(H20) = 4 x 10* s This indicated that the formation of
SO could be due to consecutive dissociaiorr SOH— SO;

the latter dissociation is known to occur upon RIRLoss of
water from reionized** gavek(SO*) = 3+ 2) x 10° s,
Note that elimination of water is the dominating dissociation
of 6% upon CAD. Losses of Hand H gave small rate
parameters for both neutral and ion dissociations, which were
consistent with the low relative abundance ofB®and SQ*

in the spectra. In summary, the variable-time measurements
found loss of OH occurring in dissociations of both neugal
and reioinizeds*™. Elimination of water is predominantly an
ion dissociation occurring after reionization.

Conclusions

This combined computational and experimental study led to
the important conclusion that a major fraction of hydroxysulfinyl
radicals was formed in excited electronic states upon collisional
electron transfer. The potential energy surface of theAX)
ground state was characterized in detail by ab initio/RRKM
calculations and failed to explain the kinetics of neutral
dissociations observed in the NR spectra. Nonselective colli-
sional excitation and state-selective photoexcitation of stable
radicals in their various electronic states were shown to result
in different branching ratios for unimolecular dissociations. This
provided experimental evidence that metastable excited states
play an important role in the formation of transient species by
fast collisional electron transfer.
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