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The title radicals were produced by femtosecond collisional electron transfer in the gas phase and studied by
the methods of variable-time neutralization-reionization mass spectrometry combined with fast-beam laser
photoexcitation and G2(MP2) ab initio/RRKM calculations. The methylsulfonyl radical (CH3SO2

•, 1) was
calculated to be bound by 59 kJ mol-1 against the lowest-energy dissociation to CH3

• and SO2 at 0 K and to
have a heat of formation∆Hf,298(1) ) -211( 4 kJ mol-1. When formed by vertical electron transfer, radical
1 dissociated rapidly due to a large Franck-Condon energy,EFC ) 141 kJ mol-1. The reverse addition of
CH3

• to the sulfur atom in SO2 had a potential energy barrier of 1.3 kJ mol-1 and Arrhenius parameters, log
A ) 12.19 andEa ) 5.4 kJ mol-1. The calculated addition rate constant,k295 ) 1.7 × 1011 cm3 mol-1 s-1,
was in excellent agreement with the previous measurement of Simons et al. The methoxysulfinyl radical
(CH3OSO•, 2) was calculated to exist as an equilibrium mixture of syn (2s) and anti (2a) conformers. The
Boltzmann-averaged heat of formation of2 was calculated as∆Hf,298(2) ) -230 ( 4 kJ mol-1. Vertical
neutralization of ions2s+ and 2a+ produced substantial fractions of stable2s,a. Dissociating2s,a formed
CH3

• and SO2 through unimolecular isomerization to1. Direct dissociation of the C-O bond in2s,a to form
CH3

• and SO2 was calculated to have a large activation barrier (152 kJ mol-1 from 2a) and did not compete
with the isomerization to1, which required 111 kJ mol-1 from 2a. Photoexcitation of2s,a resulted in a
slightly increased formation of2s,a+. This was interpreted with the help of CIS/6-311+G(3df,2p) calculations
as being due to the formation of a bound excitedB state of2s upon electron transfer. TheB state was
photoexcited at 488 and 514.5 nm to high Rydberg states which were predicted to have large cross sections
for collisional ionization. TheA state of2s was calculated to be bound but photoinactive. TheC throughE
states of2s were unbound and predicted to dissociate exothermically to CH3OS and (3P)O.

Introduction

The oxidation cascade reactions converting the so-called
reduced sulfur compounds (H2S, dimethyl sulfide, dimethyl
disulfide, etc.) to oxidized sulfur compounds (SO2, sulfuric acid,
and methanesulfonic acid) in the troposphere involve several
reaction intermediates.1-4 The concentrations of these intermedi-
ates in the troposphere are very small, which makes direct
observation and characterization difficult. Some of the proposed
intermediates in the oxidation of dimethyl sulfide and dimethyl
disulfide belong to the family of [C, H3, S, O2] radical isomers.
There have been several computational studies which addressed
the structure of [C, H3, S, O2] radicals and cations.5-10 Reactions
of CH3

• and SO2 to form methylsulfonyl and methoxysulfinyl
radicals were previously examined at intermediate levels of
theory.7 The stabilities of the methylsulfonyl and methoxysulfi-
nyl radicals were addressed and the methyloxysulfinyl radical
was determined to be the most stable isomer, while the sulfonyl
radical was less stable.6,7 In addition, the methanethiylperoxy
radical CH3SOO• has received considerable attention in the past
few years.6-8 The weakly bound methanethiylperoxy radical,
formed by addition of O2 to CH3S•, was investigated theoreti-
cally and shown to have varying degrees of stability depending
upon the level of theory used.6-8 Reaction of CH2SH• with O2

was recently examined to model a possible intermediate in the
gas-phase reaction of CH2SH• with atmospheric gases.5

Experimentally, [C, H3, S, O2] radicals have been studied by
spectroscopy11-23 and various gas-phase reaction techniques.
Additional reactions between CH3S• and atmospheric gases such
as O3, NO2, and NO have been extensively studied along with
mechanistic and kinetic descriptions of these reactions.24-28 One
of the products formed from these reactions was CH3O•, which
can react further to produce CH3SO2

•. The adduct formed
between CH3S• and O2 was observed at low temperatures (-57
°C to -15 °C) and was estimated to be bound by∼11 kJ
mol-1.26 Reactions of sulfinyl and sulfonyl cations were recently
studied.29-32 However, in some of these studies, direct observa-
tion of both the parent and its fragments was not feasible, and
in many cases it was impossible to create and distinguish
different isomers. Therefore, we used neutralization-reioniza-
tion mass spectrometry (NRMS) along with high-level compu-
tational methods to address the stability and reactions of selected
[C, H3, S, O2] radicals and cations in the gas phase.

NRMS relies on collisional neutralization of fast, stable
cations or anions in the gas phase.33 Owing to an extremely
short time for the interaction between the fast ion and the thermal
atomic or molecular target (<10-14 s),33c collisional electron
transfer produces the transient fast radical or molecule with the
structure and geometry of the ion precursor. Reaction products
resulting from unimolecular or collision-induced dissociations
of transient neutral species are analyzed by mass spectrometry
following collisional reionization. NRMS has been used to
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generate and study a number of transient, oxygenated sulfur
molecules and radicals, e.g. HSO• and SOH•;34 CH3SOH, CH2-
SHOH, CH3SO•, and CH2SOH•;35 HSO3

•;36 H2SO3;37 CH2dCH-
SOH and CH3CHdSdO;38 (CH3)2SOH•,39 SO2H•, HSO2

•, and
SO2H2;40 HOSSOH;41 and H2SO and HSOH,42 as reviewed
recently.43

The capabilities of NRMS for studying unimolecular neutral
dissociations have been extended recently by the introduction
of the variable-time method, which uses different temporal
profiles of neutral dissociations and post-reionization ion
dissociations to distinguish these processes and also provides
the pertinent unimolecular rate parameters.44 Ground and excited
electronic states of the neutral species formed by femtosecond
electron transfer can be probed by laser photoionization and
photoexcitation.40,45 We now apply these methods to the
preparation and characterization of isomeric methylsulfonyl (1)
and methoxysulfinyl (2) radicals and a deuterium labeled
derivative, CD3SO2 (1D). Since NR mass spectra do not provide
direct information about the energetics of transient neutral
intermediates, ab initio calculations at an augmented G2(MP2)
level of theory are used to provide relative energies and
dissociation barriers. The latter are used for RRKM calcula-
tions46 of unimolecular rate constants and transition-state theory
calculations of rate constants for bimolecular addition reactions.

Experimental Section

The following experiments were performed on a home-built
tandem quadrupole acceleration deceleration mass spectrometer
which was described in detail previously.47 The ions were
formed in an electron impact source by dissociative ionization
of methyl sulfone and dimethyl sulfite to give [C, H3, S, O2]+

ions. Typical conditions were as follows: Electron energy 70
eV, electron current 500µA, ion energy∼80 eV, and source
temperature 230-270 °C. The ions were extracted from the
source and passed through a quadrupole operated in the radio-
frequency-only mode. A series of lenses accelerated the ions to
reach the final translational energy of ca. 8200 eV. The fast
ions entered a collision cell in which a neutralization gas was
introduced to achieve 70% transmittance (T) of the precursor
ion current. At this transmittance,>85% of the colliding ions
underwent single collisions. The neutralization gases used in
these experiments were trimethylamine, di-n-butylamine, and
xenon. The neutrals and ions exited the collision cell and entered
the conduit region. The fast ions were reflected by the first
element of the conduit, which was floated at+250 V while the
neutrals passed unhindered. The lifetime of the neutrals in the
60-cm-long conduit was 4.2µs. The surviving neutrals and
fragments were then reionized in a second collision cell by O2

introduced to achieve 70%T of the precursor ion current. The
fast ions were decelerated to∼80 eV translational energy,
energy filtered, mass analyzed by a second quadrupole, and
detected by an off-axis electron multiplier. The electron current
was converted to a voltage and amplified by a Keithley 428
amplifier. A series of consecutive scans, usually 20-30 per
spectrum, were collected and processed by a PC-based control
system.

Charge exchange ionization experiments were performed in
a tight chemical ionization (CI) source. Ordinarily, Xe was
introduced to achieve a pressure of 6× 10-4 Torr which was
measured on a Bayard-Alpert type ionization gauge located
on the diffusion pump intake. The pressure inside the chemical
ionization source was estimated to be∼0.5 Torr.

Neutralization-collisional activation-reionization (NCR) ex-
periments were performed by introducing a collisional gas into

the conduit. Typically, He was introduced to achieve either 70%,
50%, or 30%T of the precursor ion current. The products and
surviving neutrals were reionized in a manner similar to the
standard NRMS method.

Variable time experiments were performed using the proce-
dure described previously.44 The lifetimes of the neutrals and
reionized fragments and survivor ions were varied in an inverse
fashion by applying a scanning high voltage potential to various
portions of the conduit. Using the ratio of integrated peak
intensities for the survivor ion to fragment ion and reionization
efficiencies (calculated using the method of Fitch and Sauter48),
the dissociation rate constants for neutral and ionic dissociations
could be calculated. A least-squares fit was calculated for a
bimodal exponential decay for one fast and one slow dissociation
in the neutral channel and for a single-exponential decay in the
ion channel. A Visual Basic macro was used to integrate the
kinetic equations for unimolecular dissociations for both neutrals
and ions.

Photoexcitation experiments were performed using the method
described previously.45 A Coherent Innova 90 CW argon-ion
laser was used so that the laser radiation was shone coaxially
through the neutral and ion beam. It was estimated that>40%
of the∼3-mm-diameter laser beam overlapped with the neutral
and ion beam. A transparent indium tin-oxide (ITO)-coated
window was used in the energy filter to allow the laser radiation
to pass into the conduit region. The conductive ITO window
also prevented charge buildup on this lens. Losses due to the
window were less than 9% when the laser was operated at 5.5
W. The light intensity in the neutral drift region was>1.5 W.
At this power, the photon flux was in the 1019 photons s-1 range.
The main lines were the 488 and 514.5 nm, which corresponded
to 2.54 and 2.41 eV, respectively. The low-intensity short
wavelength lines were largely removed by the ITO window,
and therefore the neutral beam was not exposed to photon
energies greater than 2.54 eV. Oxygen was introduced over the
conduit while the electrostatic potential on the conduit elements
was scanned in link with the deceleration potentials. In this
fashion, the products due to photofragmentation and collisional
reionization formed in the high-voltage scanned region of the
conduit were detected selectively.

Collision induced dissociation (CID) experiments were
performed on a JEOL-HX100 double-focusing mass spectrom-
eter using linked B/E scans. The CID gas used was air, unless
noted otherwise.

Materials. Trimethylamine (Matheson 99%), O2 (Air Prod-
ucts 99%), He (General Welding Supply Co., Seattle, 99.99%),
methyl sulfone (Aldrich, 98%), and dimethyl sulfite (Aldrich,
99%) were used as received. The purity of methyl sulfone and
dimethyl sulfite was confirmed by GC-MS. Methyl-d6-sulfone
was prepared by oxidizing 2.0 g dimethyl-d6-sulfoxide (Cam-
bridge Isotope Laboratories, 99% d) in 2 mL acetic acid with a
100% excess of H2O2. The H2O2 was added dropwise to the
sulfoxide solution, and the solution was heated to 70°C for 2
h. A 20% Na2CO3 solution was added, and then the product
was extracted into three 50-mL aliquots of CHCl3. The solvent
was distilled off, and the solid product was dried in vacuo at
25 °C. The product yield was 64%. Subsequent GC-MS
analysis indicated one product with a mass spectrum corre-
sponding to the indicated product.

Calculations.Standard ab initio and density functional theory
calculations were performed using the Gaussian 94 suite of
programs.49 Geometries were optimized at two levels of theory.
Optimized geometries for [C, H3, S, O2] radicals and cations
were obtained using Becke’s hybrid functional (B3LYP)50 and
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the 6-31+G(2d,p) basis set. The latter is a split-valence basis
set furnished with diffuse functions and a split shell of d
functions on C, O, and S.51 Basis sets of this quality have been
shown to give mostly reliable equilibrium geometries for radicals
and ions.52 Since geometry optimizations of sulfur radicals can
be difficult and may depend on the basis set and method used,53

the key structures were reoptimized with perturbational Moller-
Plesset treatment of correlation energy,54 MP2(FULL), using
the 6-31+G(2d,p) basis set. Spin-unrestricted calculations (UHF
and UMP2) were used for radicals. Spin contamination in the
UMP2 calculations caused the expected spin values〈S2〉 to be
0.77-0.79. Projection by spin annihilation55 reduced the〈S2〉
values to 0.75-0.77 and resulted in PMP2 total energies that
were 2-5 millihartree lower than the UMP2 values. The
optimized structures were characterized by harmonic fre-
quency analysis as local minima (all frequencies real) or first-
order saddle points (one imaginary frequency). The
B3LYP/6-31+G(2d,p) frequencies were scaled by 0.96356 and
used to calculate zero-point energies, enthalpy corrections, and
RRKM rate constants. Single-point energies were calculated at
the Gaussian-2(MP2) level of theory.57 This consisted of
MP2/6-311+G(3df,2p), MP2/6-311G(d,p), and QCISD(T)/6-
311G(d,p)58 calculations which were combined to provide
effective QCISD(T)/6-311+G(3df,2p) energies, which were
corrected for the ZPVE and the number of valence electrons.57

Note that most relative energies calculated in this work refer to
isoelectronic systems or isogyric reactions in which the empirical
corrections cancel out. The G2(MP2) energies were much less
sensitive to spin contamination; the use of PMP2 energies
resulted in G2(MP2) energies that were<0.9 millihartree (rmsd)
lower than those that used UMP2 energies. Excited electronic
states in1 were investigated with Configuration Interaction
Singles (CIS)59 calculations. Geometry optimizations were
performed with spin-unrestricted CIS/6-31+G(2d,p) calcula-
tions. Single-point energies were calculated with CIS/6-311+G-
(3df,2p).

RRKM calculations were performed with using Hase’s
program,60 which was recompiled for MS-DOS and run under
Windows NT. Vibrational state densities were obtained by direct
count of quantum states in 0.4 kJ mol-1 steps for internal
energies up to 60-100 kJ mol-1 above the threshold. The
rotational states were treated adiabatically,61 and the microscopic
rate constants,k(E, J, K), were Boltzmann-averaged over the
thermal distribution of rotational J and K states pertaining to
the ion source temperature (200°C).

Results

As documented by the experiments and calculations described
below, the formation of methoxysulfinyl cations (2s,a+) and
radicals (2s,a) was straightforward, whereas the preparation of
the methylsulfonyl cation (1+) and radical (1) was more
involved. The former species are, therefore, discussed first.

Formation of Methoxysulfinyl Cations and Radicals.The
precursor cations, a mixture of conformational isomers2a+ and
2s+, vide infra, were formed by dissociative ionization of
dimethyl sulfite using 70 eV electrons. The pressure inside the
source was estimated to be<10-5 Torr, which indicated that
the ions were formed by unimolecular dissociations. As shown
in Scheme 1, loss of a methoxy radical from the dimethyl sulfite
radical-cation gavem/z 79, [C, H3, S, O2]+, which was the
base peak in the mass spectrum. The ions were characterized
by collision-induced dissociation (CID) spectra obtained under
high mass-resolution conditions using air at 70%T as the
collision gas (Figure 1). The primary ion dissociation of2s,a+

was the loss of OCH3 to form SO+•, which gave 43.0% of the

total fragment ion current, while the formations of SO2
+• (by

loss of CH3) and [S, O, H]+ (by loss of CH2O) were comparable
(11%). The ion dissociation to form CH2OSO+ was relatively
inefficient, 4.3%.

The fast ions were neutralized with a series of gases of
increasing vertical ionization energies, trimethylamine (TMA,
IEv ) 7.85 eV), di-n-butylamine (DBA, IEv ) 8.45 eV), and
Xe (IEv ) 12.13 eV). Based on the calculated vertical
recombination energy (REv) of the precursor cation (2a+, REv

) 7.7 eV; 2s+, REv ) 8.1 eV, vide infra), the neutralization
processes were∼0.25 eV exothermic to∼4.4 eV endothermic.
The neutralization-reionization mass spectrum, using TMA as
the neutralization gas, of2s,a+ indicated a moderate survivor
ion, 14% of the sum of the NR ion intensities (ΣINR, Figure 2),
while DBA produced a slightly less intense survivor ion (10%
ΣINR). Using Xe as the neutralization gas, the survivor ion
intensity decreased to 5.7%ΣINR. Primary dissociations observed
corresponded to the loss of hydrogen, methyl, and methoxyl,
which were only slightly affected by the nature of the
neutralization gas.

The internal energy of the intermediate radicals2s,a was
increased by collisional activation (CA) with He (Figure 3).
Helium was introduced over the conduit at a pressure to reduce

Figure 1. Collision-induced dissociation mass spectra of (A)2s,a+

and (B)1+. Air was used as collision gas at 70% transmittance of the
precursor ion beam.

SCHEME 1
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the precursor ion beam to 70%, 50%, and 30% transmittance
(T). At 70% T, the survivor ion peak decreased to 8.9%ΣINR,
while at 30%T, the survivor ion peak was 2.6%ΣINR. When
the probability of multiple collisions was increased, the ratio
of relative abundances, [SO2

+•]/[SO+•] ratio decreased sequen-
tially from 0.49 (no CA) to 0.34 (30%T). Secondary dissocia-
tions leading to the formation of S+• increased to 22%ΣINR at
the lowest transmittance. The [C,H3,O+] and the CH3

+ fragments
remained relatively constant 13.4( 0.8%ΣINR, and 5.6( 0.3%
ΣINR, respectively.

The neutral and post-reionization ion dissociations were
distinguished using variable-time experiments. The relative
integrated ion currents for [2s,a+], [CH3

+], [SO2
+•], and [SO+•]

were obtained from the time-dependent experiments. The
[CH3O+] ion intensity was estimated by using the sum of
intensities fromm/z28 through 31, because the methoxy cation
is known to dissociate to form these ions.62 To further identify
neutral dissocations, the dissociation rate constants for the
formation of complementary products were compared. Correla-
tion of the rate constants for neutral dissociations (kN) provided
an important criterion that the products originate from a single
precursor and not by consecutive dissociations.44c

Formation of SO2 and CH3
• by neutral dissociation followed

by reionization was observed in the NR mass spectra of2s,a.
Likewise, neutral dissociations were observed for the formation

of SO and•OCH3. Correlation of the rate parameters for the
complementary products of neutral dissociations was reasonably
good for both reactions,kN(SO2) ) (3.6 ( 0.5) × 105 s-1 and
kN(CH3) ) (3.1 ( 1.6) × 105 s-1, while kN(SO)) (6.1 ( 0.8)
× 105 s-1 and kN(OCH3) ) (4.9 ( 1.3) × 105 s-1. The rate
constants for ion dissociations were smaller for both reactions:
ki(SO2

+•) ) (2.2 ( 1.0) × 105 s-1, ki(CH3
+) ) (0.5 ( 0.2) ×

105 s-1, andki(SO+•) ) (3.4 ( 1.8) × 105 s-1, ki(OCH3
+) )

(1.3 ( 1.3) × 105 s-1. Note that the rate parameters for ion
dissociations do not correlate in general due to the difference
in the ionization energies for each species. The unimolecular
dissociations of2s,ato form H+ CH2OSO were also examined.
The neutral rate constant waskN(CH2OSO) ) (0.7 ( 0.2) ×
105, while the rate constant for the ion dissociation waskI(CH2-
OSO+•) ) (0.5 ( 0.5) × 105. The corresponding dissociation
rate constants for the formation of H+ were not monitored
because of the low-mass cutoff of the mass-analyzing quadru-
pole.

Formation of Methylsulfonyl Cation and Radical. Meth-
ylsulfonyl cation,1+, was prepared by dissociative ionization
of methyl sulfone with 70 eV electrons. The EI mass spectrum
of methyl sulfone indicated thatm/z 79, [C, H3, S, O2]+ was
the base peak. Ion1+ was characterized by the CID spectrum,
which differed from that of2s,a+ (Figure 1B). Major fragment
ions were found atm/z 64 (SO2

+•, loss of CH3, 17.4%), 48
(SO+•, 21.1%), 31 (CH2OH+, 14.9%), 45 (CHS+, 7.4%), 63
(CH3SO+, 7.1%), and 51 ([H3, S, O]+, 4.3%). The formation

Figure 2. Neutralization (trimethylamine, 70%T)-reionization (O2,
70%T) mass spectra of (A)2s,a+, (B) 1+ prepared by 70-eV electron
impact ionization of methyl sulfone, (C)1+ prepared by Xe charge-
exchange ionization, and (D)1D+.

Figure 3. Neutralization (trimethylamine, 70%T)-collisional activation
(He, 50%T)-reionization (O2, 70%T) mass spectra of (A)2s,a+ and
(B) 1+.
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of SO+•, CH2OH+, and [H3, S, O]+ indicated rearrangements
in dissociating 1+ and possibly in nondissociating1+ as
discussed below.

Collisional neutralization of stable1+ was achieved with
trimethylamine and Xe. The∆IEv for neutralization of1+ ranged
from exothermic for TMA (∆IEv ) -1.76 eV) to endothermic
with Xe (∆IEv ) 2.52 eV). The NR mass spectrum, obtained
by neutralization with TMA, indicated a small survivor ion
(1.8%ΣINR), while the base peak atm/z64 (SO2) corresponded
to the loss of CH3, 41%ΣINR (Figure 2B). A moderately strong
peak, 35%ΣINR, corresponding to SO+ was also observed, while
the loss of H accounted for<1% of theΣINR.

This result and the calculated relative stabilities of1, 1+, 2s,a,
and2s,a+ (vide infra) indicated that the survivor ion in the NR
mass spectrum of1+ may be due to a contamination with
another stable [C, H3, S, O2]+ isomer, most likely2s,a+. To
investigate the effect of precursor ion energy, NR spectra were
measured for1+ produced by CE ionization of methyl sulfone
with Xe+, which was predicted by calculations to yield pure
1+ (vide infra). The NR spectra of thus-prepared1+ indicated
no survivor ion or (M-H)+ peak (Figure 2C). A substantial
peak (32%ΣINR) corresponding to SO+• was observed, while
the loss of methyl to produce SO2 was 20%ΣINR. It may be
noted that subtracting a weighted NR spectrum of2s,a+ from
that of1+ to annihilate the peak of the survivor ion produced a
spectrum that closely resembled the reference NR spectrum of
SO2

+•, but differed from the NR mass spectrum of the
presumably pure1+ from CE ionization of methyl sulfone. The
question of the formation of1+ and 2s,a+ by EI of methyl
sulfone and their contributions to the survivor ion intensity in
NR will be further addressed when we discuss the calculated
ion and radical energies (vide infra).

Neutralization collisional-activation reionization (NCR) ex-
periments were performed on neutrals from1+ by introducing
He so as to reduce the precursor ion current to 70% and 50%
I (Figure 3). At 50%T, the survivor ion was reduced to 0.6%
ΣINR. Likewise, the SO2+• peak intensity decreased from 34%
ΣINR to 22%ΣINR in the 50%T NCR experiment, while both
the [SO+•] and [O+•] increased to 38%ΣINR and 3%ΣINR,
respectively, from 34%ΣINR and 2%ΣINR in the straight NR
experiments. This suggests that1 dissociated quickly to CH3•

and SO2 regardless of further collisonal activation. The SO2

formed from the fast dissociation of1 was activated by collisions
and dissociated following reionization to eventually give SO+•

and O+•. Similar effects of collisional activation were observed
in the reference NCR spectrum of SO2

+•.
Variable-time experiments were performed to elucidate

neutral and ion unimolecular dissociations in1 and1+. The rate
parameters for formation of SO2 and CH3

• from neutral
dissociations werekN(SO2) ) (1.1 ( 0.2) × 106 s-1 and kN-
(CH3) ) (4.9 ( 1) × 105 s-1, respectively, whilekN(CH2SO2)
) (9.0( 6) × 104 s-1. The rate constants for ion dissociations
were kI(SO2

+•) ) (7.3 ( 2.6) × 105 s-1, kI(CH3
+) ) (1.4 (

1.2) × 105 s-1, andkI(CH2SO2
+•) ) (6 ( 6) × 104 s-1. When

we included in the kinetic equations an up to 90% fraction of
very fast (k > 107 s-1) neutral dissociations for the formation
of SO2 and CH3

•, the least-squares fit for the experimental and
calculated ion currents improved. This indicated but did not
mandate that a large fraction of1 dissociated within 10-7 s.
The rather poor correlation between the rate parameters for the
formation of neutral SO2 and CH3

• from 1 may be due to
contamination by2s,a, which dissociated to form identical
products but with different rate constants (vide supra).

Deuterium labeled ion1D+ was prepared by dissociative
ionization of methyl-d6-sulfone. Neutralization of1D+ with
TMA resulted in a NR mass spectrum with a slightly larger
survivor ion (<3.2%ΣINR) than that obtained from1+ (Figure
2D). The loss of CD3 gave rise to 34%ΣINR, while the formation
of SO increased slightly, 36%ΣINR. NCR experiments were
also performed. The survivor ion current decreased from 2.5%
ΣIINR at 70%T with He in the conduit to 0.3%ΣINR at 30%T.
Likewise, the SO2 peak decreased from 28% to 17%ΣINR while
the peaks corresponding to SO and S increased from 37% to
41% ΣINR and 16% to 27%ΣINR, respectively. The variable
time experiments indicated neutral dissociation rate constants
of kN(SO2) ) (7.1( 0.8)× 105 s-1 andkN(CD3) ) (6.5( 0.2)
× 105 s-1, which showed a better correlation than those for1+.
The ion dissociation rate constants wereki(SO2) ) (2.4( 2) ×
106 s-1 andki(CD3) ) (9.6 ( 2) × 105 s-1.

Figure 4. Optimized structures of [C, H3, S, O2]+ ions and ion
transition states. Bond lengths in Angstroms, bond angles in degrees.
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Ion Energetics. To assess the relative stabilities and dis-
sociation energies of the cations used as precursors for the
radicals of interest, we obtained optimized geometries and
single-point energies for CH3SO2

+ (1+), syn-CH3OSO+ (2s+),
anti-CH3OSO+ (2a+), and several other isomers with the CH2-
O-S-OH (3s+, 3a+), CH2-O-S(H)dO (4+), CH2-S-
(dO)-OH (5s+) and CH2-O(H)-S-O (6+) bond connectivi-
ties (Figure 4). The G2(MP2) calculated ion relative enthalpies
at 0 and 298 K are summarized in Table 1. Ion2s+ was the
most stable isomer, followed by2a+, 3s+, 1+, 3a+, and5+. Ion
4+ was obtained as an ion-dipole complex of HSO+ with
formaldehyde (Figure 4). Since1+ was substantially less stable
than2s+ or 2a+, a transition state for unimolecular isomerization
of 1+ to 2a+ (TS1) was also obtained (Figure 4), which had
ETS1 ) 136 kJ mol-1 above1+ (Figure 5). Dissociation of the
C-S bond in1+ to give CH3

+ and SO2 was investigated by
B3LYP/6-31+G(2d,p) calculations. The potential energy surface
along the dissociation coordinate was continuously endothermic
up to the largest separation studied, d(C-S) ) 3.7 Å, and did
not indicate the presence of an activation barrier. The G2(MP2)
dissociation energies of1+ were 164 and 168 kJ mol-1 at 0
and 298 K, respectively. The 0 K value was 28 kJ mol-1 aboVe
the isomerization barrier to the more stable2a+. Hence, a
fraction of nondissociating1+ could rearrange to2a+. The

rotational barrier between2a+ and2s+ (TS2) was obtained by
G2(MP2) asETS2 ) 44 kJ mol-1 above2s+ (Table 1). This
showed that2a+ and2s+ could rapidly equilibrate at energies
required for isomerization to1+ or dissociation to CH3+ and
SO2. The potential energy diagram for the isomerizations and
dissociations in1+ and2s,a+ is shown in Figure 5.

It should be noted that the CID spectra of both1+ and2s,a+

showed abundant formations of SO+• + CH3O• and [C, H3, O]+.
The former dissociation was calculated to require 382 kJ mol-1

from 1+ at the thermochemical threshold, which was much
higher than the energy needed for the formation of CH3

+ and
SO2. Since the latter dissociation did not have an appreciable
reverse activation barrier (vide supra), the competitive formation
of SO+• indicated that the dissociations occurred from different
electronic states in both1+ and2s,a+.

The lowest-threshold energy was calculated for the formation
of CH2OH+ and (3Σ-)SO,∆Hr,0 ) 84 and 155 kJ mol-1 from
1+ and2s+, respectively, and was below the threshold for the
formation of CH3

+ and SO2 (Figure 5). However, the formation
of (3Σ-)SO from singlet1+ and2s,a+ was spin-forbidden. The
threshold for the spin-allowed formation of CH2OH+ and (1∆)-
SO was substantially higher (170 kJ mol-1 from 1+, Figure 5).
The formation of CH2OH+ required hydrogen migration rear-
rangements in2s,a+. Attempts at optimization of the potential
intermediate, CH2-O(H)-S-O+, resulted in an ion-dipole
complex6+, which was 145 kJ mol-1 less stable than2s+. While
structure6+ may represent an intermediate in the dissociation
of 2s,a+, its high relative energy should prevent it from
coexisting withnondissociating2s,a+ at equilibrium.

The reversible isomerization of1+ to 2a+ was further studied
by calculating RRKM rate constants for reaction1+ f 2a+ (k1)
and its reverse (k-1). The calculations yielded logk1 ) 9.07
and logk-1 ) 8.29 at the energy corresponding to the threshold
of dissociation to CH3+ and SO2. Hence, a fraction of nondis-
sociating ions1+ and2a+ could isomerize on a time scale which
was shorter than the lifetime of the ions sampled for collisional
neutralization (10-4 s). The equilibrium constant for ion
isomerization,Keq ) k1/k-1, ranged from 6.5 at the threshold
of isomerization to 6.0 at the threshold of dissociation. Since
ions 2a+ and2s+, having internal energies close to or greater
than the isomerization threshold (190 kJ mol-1 for 2a+), can

TABLE 1: G2(PMP2) Relative Energies of [C, H3, S, O2]+ Cations, Radicals, Transition States, and Dissociation Products

Ion ∆H0
a ∆H298

b radical ∆H0 ∆H298

Isomersd
1+ 71 71 1 21(18)c 20
2a+ 17 18 2a 8(7)c 8
2s+ 0 0 2s 0 0
3a+ 71 72 3a 166 167
3s+ 66 65 3s 168 169
4+ 85 85 4 62 67
5+ 135 135 5a 134 135
6+ 145 145 5s 124 125

Transition Statese
TS1(1+ f 2a+) 136 TS3(1 f CH3 + SO2) 60c

TS2(2s+ f 2a+) 44 TS4(1 f 2a) 98
TS5(2a f CH3 + SO2) 152
TS6(2a f 2s) 1
TS7(1 f 1) 239

Dissociation Productsd

CH2OH+ + (3Σ-)SO 155 157 CH2 ) O + HSO• 78 82
CH3

+ + SO2 235 240 CH3
• + SO2 80(78)c 84

SO+• + CH3O• 453 456 CH2 ) O + SOH• 100 104
CH3

• + SO2
+• 482 487 CH3O• + (3Σ-)SO 257 260

CH3OS+ + (3P)O 595 598 CH3S• + (3Σu)O2 351 354
syn-CH2OSO+ H• 360 364
CH3OS• + (3P)O 483 487

a At 0 K. b At 298 K in kJ mol-1. c Energies based on MP2(FULL)/6-31+G(2d,p) optimized geometries.d Isomer and product energies relative
to the most stable ion or neutral species.e Transition state energies relative to the reactants.

Figure 5. G2(PMP2) potential energy diagram for isomerizations and
dissociations of1+, 2s+, and2a+ at 0 K in kJ mol-1.
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rapidly interconvert by internal rotation, the fraction of1+ within
the energy interval between the isomerization barrier and the
dissociation threshold can be calculated from a steady-state eq
1, whereR ) [2s+]/[2a+] ) 1.44 and [1+], [2s+], and [2a+]
denote the ion fractions. The value ofR was calculated from
the corresponding partition functions for2s+ and2a+. Within
the above internal energy limits, the equilibrium fraction of [1+]

was 5.9-6.4%. This, and the fact that a substantial fraction of
2a+ with internal energies<190 kJ mol-1 could not isomerize
to 1+, implied that nondissociating2a+ and2s+ can be prepared
as>94% pure mixture of conformers. By contrast,1+ can be
prepared pure only if its internal energy does not exceed the
isomerization barrier to2a+. Tunneling of the CH3 group

Figure 6. Optimized structures of [C, H3, S, O2] radicals and radical transition states. Bond lengths in Angstroms, bond angles in degrees.

[1+] ) 1/[1 + (R + 1)Keq] (1)
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through the isomerization barrier63 was neglected in these
considerations. Note that isomerizations of1+ to form the other
comparably stable ion isomers3s+, 3a+, and4+ should require
both methyl and hydrogen migrations and may involve high-
energy intermediates such as5s+ or 6+ (Table 1). For example,
analogous hydrogen migrations from CH3 to S and from CH3
to O in protonated dimethyl sulfoxide required 313 and 256 kJ
mol-1, respectively.52b Thus, rearrangements of1+ to form the
other nondissociating ion isomers were unlikely to be kinetically
competitive with the isomerization to2a+.

To estimate the energy limits for the formation and existence
of stable and nonisomerizingCH3SO2

+ ions, we calculated the
ion enthalpy of formation,∆Hf,298(1+). The latter was based on
the calculated enthalpies for dissociation to CH3

+ and SO2 (eq
2), dissociation to CH3 and SO2

+• (eq 3), and an isodesmic
reaction (eq 4) for which there are reliable experimental
thermochemical data.64

Equations (2)-(4) provided the∆Hf,298 (1+) as 629.5, 631.2,
and 630.4 kJ mol-1, respectively. The average value (630( 1
kJ mol-1)65 and the experimental∆Hf,298(CH3) ) 146 kJ mol-1

and ∆Hf,298(CH3SO2CH3) ) -373 kJ mol-1 64 allowed us to
estimate the appearance energy (AE) of1+ from methyl sulfone
as 11.91 eV. The upper energy limit for the formation of
nonisomerizing1+ was given byEmax ) AE + ETS ) 13.32
eV. These calculations led to the prediction that charge exchange
with xenon (IE) 12.13 and 13.44 eV, for the2P3/2 and 2P1/2

states, respectively)66 should result in dissociative ionization of
methyl sulfone to produce mostly stable, nonisomerizing1+.
This prediction was actually used to choose the reactant gas in
the charge-exchange experiment (vide supra). Note also that
ions 1+ formed by the more exothermic charge-exchange
ionization with (2P1/2) Xe+ were cooled by collisions with Xe,
which was present in large excess in the ion source.

Radical Structures and Energetics. Optimized geometries
were obtained for radicals1, 2s, 2a, 3s, 3a, 4, 5s, and5a and
the transition states for dissociation of1 to CH3 and SO2 (TS3),
isomerization of1 to 2a (TS4), dissociation of2a to CH3 and
SO2 (TS5), internal rotation in2a (TS6), and umbrella flipping
in 1 (TS7) (Figure 6). The radical relative energies are
summarized in Table 1. The B3LYP/6-31+G(2d,p) and MP2-
(FULL)/6-31+G(2d,p) structures of1 had staggered C-H and
S-O bonds and were similar to that obtained by Davis,7 but
differed from the UHF/6-31G(d) geometry of McKee, which
apparently had two eclipsed H-C and S-O bonds.8 Attempted
geometry optimizations of an eclipsed structure resulted in a
rotation about the C-S bond to form structure1. We note that
the eclipsed structure was a saddle point by MP2/6-311G(d,p)
geometry optimizations,7 and its existence as a local minimum
was not supported by our calculations. The data further showed
the methoxysulfinyl rotamers2s and2a to be the most stable
isomers followed by1. The other valence-bond isomers were
substantially destabilized against1 and2s,a. Radical4 dissoci-
ated upon attempted geometry optimization to a loose complex
of CH2dO and HSO•, which was bound against further
dissociation to the components by 16 kJ mol-1 at 0 K (Table
1). Interestingly,3sand3a, which could be viewed as adducts
of CH2dO with SOH•, were bound structures which were

metastable with respect to exothermic dissociation to CH2dO
and SOH• (Table 1). Hence, the latter dissociation must
overcome an activation barrier.

It should be noted that the augmented G2(MP2) calculations
provided the correct ordering of relative energies for HSO• and
SOH•, making the former isomer more stable by 22 kJ mol-1

at 0 K. This agreed with the previous high-level calculations of
Xantheas and Dunning,53a according to which HSO• was 22.6
kJ mol-1 more stable than SOH•. Radicals5sand5a also were
high-energy species relative to2s (Table 1). Nevertheless,
dissociation by O-H bond cleavage in5srequired 175 kJ mol-1

at 0 K, which should have made5s amenable to preparation
and characterization.

The calculated relative energies for1, 2s, and 2a were
compared with those from previous calculations of Davis, which
were based on MP4(SDTQ)/6-311G(d,p) single-point energies.7

In general, the G2(MP2) 0 K enthalpies (Table 1) showed a
greater stability for1 relative to2s and a higher dissociation
energy to CH3• and SO2 than was reported by Davis. The 0 K
dissociation energy of2s to CH3

• and SO2 (80 kJ mol-1) was
comparable to that calculated by Davis (85 kJ mol-1).7 The
largest qualitative difference was the finding by our calculations
of a local minimum for the anti-rotamer2a; the latter was found
to be a transition state by the previous MP2/6-31G(d,p)
calculations.7 Radical2a was separated from the more stable
2s by a very small rotational barrier,E(TS6) ) 1 kJ mol-1.
Since occasional problems could occur when using DFT
methods for location of local minima and transition states in
radical additions and dissociations,67 we reexamined the station-
ary points for1, 2a, and2swith UMP2(FULL)/6-31+G(2d,p)
optimizations. The MP2 optimized structures were very similar
to those obtained with B3LYP (Figure 6). Consequently, the
G2(MP2) single-point energies based on the MP2(FULL) and
B3LYP optimized geometries and using the same set of ZPVE
corrections were within 1 millihartree (2.6 kJ mol-1). It is likely
that the previous failure to locate the local potential energy
minimum for2awas due to an insufficient basis set for structure
optimization. A similar situation has recently been found for
the rotamers of the homologous HO-SO• radical.40b

The G2(MP2) energies allowed us to evaluate the standard
heats of formation for the stable radicals1 and2. The heat of
atomization (eq 5), dissociation (eq 6), and three isodesmic
reactions for methyl transfer to (3P)S, HS•, and CH3S• (eqs 7-9)
were combined with tabulated64 standard heats of formation to
give ∆Hf,298(1) ) -213.8, -215.7, -209.9, -206.7, and
-209.2 kJ mol-1, respectively. The mean value,∆Hf,298(1) )
-211( 4 kJ mol-1, represents the best estimate at the present
level of theory.

To evaluate the∆Hf,298(2), reaction enthalpies were calculated
for 2s and2a according to dissociations analogous to those in
eqs 5, 6, and isodesmic reactions (eqs 10, 11) for methyl transfer
to (3P)O, and OH• to provide the mean heats of formation of

CH3SO2
• f (3P)C+ 3(2S)H + (3P)S+ (3P)O

∆Hr,298 ) 2360 kJ mol-1 (5)

1 f CH3
• + SO2 ∆Hr,298 ) 64.7 kJ mol-1 (6)

1 + (3P)Sf CH3S
• + SO2 ∆Hr,298 ) -241.1 kJ mol-1

(7)

1 + HS• f CH3SH + SO2 ∆Hr,298 ) -252.3 kJ mol-1

(8)

1 + CH3S
• f CH3SCH3 + SO2

∆Hr,298 ) -248.1 kJ mol-1 (9)

CH3SO2
+ f CH3

+ + SO2 ∆Hr,298 ) 168.7 kJ mol-1 (2)

CH3SO2
+ f CH3 + SO2

+• ∆Hr,298 ) 416 kJ mol-1 (3)

CH3SO2
+ + H2S f CH3SH2

+ + SO2

∆Hr,298 ) -172.8 kJ mol-1 (4)
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the rotamers,∆Hf,298(2s) ) -231 ( 4

kJ mol-1 and ∆Hf,298(2a) ) -223 ( 4 kJ mol-1. The latter
were Boltzmann-averaged over the rotamer populations at 298
K, which were calculated as 92%2s and 8%2a from the G2-
(MP2) calculated∆G298(2sf 2a) ) 6.2 kJ mol-1. The rotamer-
averaged heat of formation was∆Hf,298(2) ) -230 ( 4 kJ
mol-1.

Of particular interest to the present study were the dissociation
energies of1 and2s/2a (Figure 7). The former radical was only
weakly bound with respect to dissociation to CH3

• and SO2,
∆Hr ) 59 and 64 kJ mol-1 at 0 and 298 K, respectively.
Dissociation of one of the C-H bonds in1 to give CH2SO2

and H• was more endothermic and required 276 kJ mol-1 at 0
K. The reaction path along the dissociation of the C-S bond
in 1 was investigated by B3LYP/6-31+G(2d,p) calculations,
which showed continuously increasing potential energy up to
the largest separation studied,d(C-S) ) 3.5 Å. This differed
from the previous calculations of Davis, which showed an early
transition state atd(C-S) ) 2.36 Å.7 The potential energy
profile along the C-S bond cleavage was therefore reexamined
with UMP2(FULL)/6-31+G(2d,p) calculations. These yielded
a first-order saddle point,d(C-S) ) 2.415 Å. The G2(MP2)
single-point energy with ZPVE correction placed the transition
state atETS3 ) 60.1 kJ mol-1 above1, which was 1.3 kJ mol-1

above the products, CH3• + SO2 (Table 1). The low TS for the
addition was due to a decrease of the TS energy in MP2
calculations when the basis set was expanded from 6-311G-
(d,p) to 6-311+G(3df,2p), which resulted in a negative correc-
tion to the QCISD(T)/6-311G(d,p) energy. Importantly, the
dissociation energy for the reaction1 f CH3

• + SO2 (eq 6)
was lower than the barrier for unimolecular isomerization to
2a, ETS4 ) 98 kJ mol-1 above1. This result was consistent
with the recent study of SfO-methyl migration in a methyl-
sulfoxide.68

Cleavage of the C-O bond to form CH3• and SO2 also was
the lowest energy dissociation of2sand2a; the former rotamer

required 80 and 84 kJ mol-1 at 0 and 298 K, respectively.
Investigation of the potential energy surface along the C-O
dissociation coordinate in2a was performed with both B3LYP
and UMP2(FULL)/6-31+G(2d,p) calculations. In both cases,
the methods yielded a first-order saddle point. That from B3LYP
calculations was at d(C-O) ) 2.195 Å (Figure 6). The G2-
(MP2) potential energy barrier was atETS5 ) 152 kJ mol-1

relative to2a, which was 80 kJ mol-1 aboVe the dissociation
threshold to CH3• and SO2 (Figure 7). Previous calculations by
Davis predicted an 83 kJ mol-1 barrier for the CH3• addition to
the oxygen atom in SO2 to form 2s.7 Hence, the existence of a
potential barrier implied that dissociating2a (or 2s) could
competitively isomerize to hot1, which will decompose rapidly
by C-S bonds cleavage to yield CH3

• and SO2.
The other dissociations of2sand2a were substantially more

endothermic. Cleavage of the S-O bond in2s to give CH3O•

and (3Σ-)SO required 257 kJ mol-1 at 0 K. Cleavage of a C-H
bond in 2s to form CH2O-SO and H• was even more endo-
thermic and required 360 kJ mol-1 at the thermochemical
threshold at 0 K (Table 1). The potential energy barriers along
the latter two high-energy dissociation pathways were not
investigated.

Dissociation Kinetics. The kinetics of competing unimo-
lecular isomerization of1 to 2a and dissociations to CH3• and
SO2 were investigated by RRKM calculations (Figure 8). With
1, the calculations were performed for both the transition state,
located by UMP2(FULL) optimizations, and the barrierless
dissociation, predicted by B3LYP optimizations. For the latter,
unimolecular rate constants were calculated using variational
transition state theory (VTST).69 Thek(E) calculated by VTST
for d(C-S) ) 2.8 Å were consistently greater than those
obtained for dissociations involving the potential energy barrier.
However, regardless of the potential energy surface used, the
dissociation of1 was more than an order of magnitudefaster
than the isomerization to2a at all relevant internal energies
(Figure 8). Therefore, it can be safely stated that1 could not
isomerize unimolecularly to the more stable2a and hence to
2s. In contrast, dissociation of2a, which had a substantial energy
barrier (Figure 7), was 2-3 orders of magnitudeslower than
unimolecular isomerization to1 (Figure 8). This indicated that
the dissociation of2aor 2sto CH3

• and SO2 proceeded through
1 as a transient intermediate.

The calculated activation barriers for addition of CH3
• to the

sulfur atom in SO2 and the reverse dissociation of1 (Ea ) 60.1
kJ mol-1) were further used for transition-state theory calcula-
tions70 of the corresponding rate constants,kadd (eq 12) andkdis

(eq 13), at the high pressure

Figure 7. G2(PMP2) potential energy diagram for isomerizations and
dissociations of1, 2s, and2a at 0 K in kJ mol-1.

Figure 8. Calculated RRKM rate constants for dissociations and
isomerizations in1 and2a. The internal energy scale is relative to1
for all dissociations.

syn-CH3OSO• + OH• f CH3OH + SO2

∆Hr,298 ) -311.4 kJ mol-1 (10)

syn-CH3OSO• + (3P)Of CH3O
• + SO2

∆Hr,298 ) -299 kJ mol-1 (11)
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limit, where kB is the Boltzmann constant,VM is the molar
volume,NA is the Avogadro number,h is the Planck constant,
E0 is the G2(MP2) energy barrier, and the partition functions,
Q ) QelQtransQrotQvib, were calculated from B3LYP/6-31+G-
(2d,p) frequencies and moments of inertia. These thermal rate
constants were fitted into Arrhenius equations to yield the
activation parameters, logA andEarrh. The dissociation showed
a linear Arrhenius plot of logkdis versus 1/T, r2 ) 0.99998,
with log A ) 14.14 andEarrh ) 63.8 kJ mol-1. The calculated
rate constant waskdis ) 1064 s-1 at 300 K. This implied that at
the high-pressure limit1 should have a lifetime of 0.65 ms at
room temperature and thus must represent a short-lived transient
intermediate. The Arrhenius plot of logkadd versus 1/T for the
addition reaction showed a slight curvature in the 200-350 K
temperature interval (Figure 9). Linear fit in a narrow interval
of 270-300 K gave logA ) 12.19 andEarrh ) 5.4 kJ mol-1, r2

) 0.9996. A tighter fit over the entire temperature range was
obtained by using an empirical formula,k ) A × Tn × e-Ea/RT,
whereA ) 103.8024, n ) 2.9035, andEa ) -1.4228 kJ mol-1.
The k295 ) 1.68× 1011 cm3 mol-1 s-1 calculated from eq 12
was in excellent agreement with the experimental value of
Simons and co-workers,71 k295 ) 1.75( 0.25× 1011 cm3 mol-1

s-1. The calculatedk298 ) 1.72 × 1011 cm3 mol-1 s-1 was
somewhat higher than the older experimental value ofk298 ≈
7.6 × 1010 reported by Calvert et al.72

Franck-Condon Energies. The energy content of radicals
formed by collisional neutralization is often governed by
Franck-Condon (FC) effects in the fast electron transfer.73 The
Franck-Condon energies for vertical neutralization, ionization,
and the corresponding radical ionization energies and ion
recombination energies are summarized in Table 2. The
calculated ion recombination energies revealed low (2 kJ mol-1)
to moderate (43 kJ mol-1) FC effects in vertical neutralization
of 2a+ and2s+, respectively. Hence, the internal excitation in
2s and 2a due to FC effects alone was insufficient to cause
radical dissociation. By contrast, vertical neutralization of1+,
3s+, 3a+, 4+, and5+ resulted in substantial excitation in the
radicals formed (Table 1). In particular, the FC energy deposited
in vertically formed1 (141 kJ mol-1) substantially exceeded
the C-S bond dissociation energy (59 kJ mol-1). Hence, fast
dissociation of vertically formed1 could be expected and was
observed by experiment. The origin of the large FC effect in1
was examined by comparing the relaxed geometries of1+ and
1 (Figures 4 and 6). The optimized bond lengths in1+ and1
differed only slightly (Figures 4 and 6) and presumably did not
give rise to the large FC energy. A major difference was in the
spatial arrangement of the oxygen and carbon atoms about the
sulfur atom, which was planar in1+ and 54° pyramidal in1.
The potential energy for planarization on sulfur in1 was
therefore studied by locating the transition state (TS7) for an
umbrella flipping at sulfur. TheE(TS7) ) 240 kJ mol-1 was
unusually large and exceeded the FC energy upon vertical
neutralization.

Laser Photoexcitation of [C, H3, S, O2]. The neutralized
and reionized beam was irradiated with the main lines, 488 and
514.5 nm, from the argon-ion laser. Typically, two sets of
alternating laser-on and laser-off experiments were performed.
The laser-on and laser-off experiments were normalized to

produce the same total ion current, and the difference spectra
in the normalized laser-on and laser-off spectra were obtained.
The drift between experiments was estimated by comparing the
normalized difference spectra for the first and second laser-on
experiments and also for the first and second laser-off experi-
ments.

In general, the changes in the NR and photoexcitation NR
spectra were small (up to 10% relative) for either2s,a or 1.
However, the normalized difference spectra indicated consistent
changes for the survivor ion of2s,aand the SO+• fragment. In
the presence of the laser radiation, the survivor ion of2s,awas
observed to increase slightly regardless of the variations in the
relative abundances observed for several subsequently measured
spectra. The SO+• peak decreased slightly during irradiation.
The laser-induced decrease in [SO+•] was about twice the
relative intensity drift in the same direction and was assigned
to photoexcitation. The photoexcitation experiments for the1
and1+ did not indicate significant changes in the NR difference
spectra which could be attributed to photoexcitation. In addition,
the photoexcitation experiments on SO2 did not indicate changes
in the NR spectrum which would exceed relative intensity
variations.

In a second series of photoexcitation experiments, a solid
optical stop was installed on the chicane energy filter lens. This
allowed irradiation of the reionized ion beam while prohibiting
irradiation of the neutral beam. Therefore, ionic dissociations
due to photoexcitation events could be elucidated and compared
to the neutral/ion beam irradiation experiments. The photoex-
citation of reionized2s,a+ indicated very small decreases in

kadd)
kBTVMNA

h
Q(TS)

Q(SO2)Q(CH3)
e-E0/kBT (12)

kdis )
kBT

h
Q(TS)

Q(1)
e-E0/kBT (13)

Figure 9. Calculated Arrhenius plot for CH3 addition to the sulfur
atom in SO2.

TABLE 2: G2(PMP2) Ionization, Recombination, and
Franck-Condon Energies

species IEa(eV)a IEv(eV)b REv(eV)c EFC(kJ mol-1)

1 8.64 9.62 95
2a 8.19 8.67 45
2s 8.09 8.72 60
3s 7.14
3a 7.08
4 8.31
5 7.72
1+ 7.17 141
2a+ 7.74 44
2s+ 8.07 2
3a+ 5.45 163
3s+ 5.27 174
4+ 6.67 158
5+ 5.65 200

a Adiabatic ionization energy.b Vertical ionization energy.c Vertical
recombination energy.
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the [SOH+], [CH2OH+], and [O+•] which were opposite the drift
in the spectra. However, no other changes were observed to
occur for photoexcitation events due to the reionized ionic beam
only. Photoexcitation of SO2+• was performed and did not
indicate significant changes in the NR spectra. The ability of
SO+• to absorb under the current experimental conditions was
examined and indicated that a small decrease occurred in the
survivor ion upon photoexcitation that was in addition to the
drift.

Excited Electronic States of 1 and 2s.Regarding the
photoexcitation experiments, we examined with CIS calculations
the five lowest excited states in1 and 2s. This was done for
geometries corresponding to vertical electron capture in ions
1+ and2s+, for optimized radical geometries corresponding to
vertical excitation of relaxed ground states of1 and2s, and for
relaxed, fully optimized geometries of the excited states in2s.
The relative energies from single-point CIS/6-311+G(3df,2p)
calculations are summarized in Table 3. The excited states
produced by promoting the 21R (SOMO) electron to the virtual
R-orbital space are denoted asR-states; those due to promotion
of innerâ-electrons to 21â (SOMO) and virtualâ-orbital space
are denoted asâ-states; and those due to mixedR andâ-electron
excitations are denoted asRâ-states. The ordering of excited
states in1 and2s is shown in Figures 10 and 11.

The first excited state (A) of 1 calculated for the ion geometry
was anR-state. The CIS wave function for theA state had a
substantial (ci ) 0.723) but not dominant contribution from the
determinant due to a 21R f 22R excitation. TheA state was
3.31 eV above the relaxed ground (X) state of1 and 2.17 eV
above the point of vertical landing on theX state potential energy
surface. The FC energy for theX state was 110 kJ mol-1 at the
UHF/6-311+G(3df,2p) level of theory. The higher excited states
had substantially greater excitation energies; e.g.,B(R), C(â),
D(R), andE(R) (Table 3). Note that theR-states (A, B, D, and
E) can be produced by direct vertical electron capture in1+,
whereas formation of theâ-states would require more substantial
reorganization, including paired valence electrons.

The ordering of the excited states was different for vertical
excitation of the vibrationally relaxedX state of1 (Table 3).
These calculations were performed withCs molecular geometry
for 1. The four lowest excited states, (2A′′)A, (2A′′)B, (2A′)C,

and (2A′)D, wereâ-states with large contributions of determi-
nants resulting from 20â f 21â (ci ) 0.884), 18â f 21â (ci )
0.880), 19â f 21â (ci ) 0.901), and 17â f 21â (ci ) 0.821)
excitations, respectively. The fifth state, (2A′)E, was anR-state.

TABLE 3: Excitation Energies and Oscillator Strengths of
Electronic States in 1 and 2s

1 2

state ∆E(eV)a fb ∆E(eV)a fb

X 0 0
X(VN)c 1.14 0.04
A 3.62 0.034 4.02 0.0026
A(VN)c 3.31 0.0057 5.05 0.0006
A(opt)d - 2.26 0.0000
B 4.20 0.0046 4.87 0.047
B(VN)c 7.20 0.0001 5.48 0.014
B(opt)d - 4.05 0.049
C 4.41 0.011 5.21 0.0012
C(VN)c 7.62 0.042 5.53 0.010
D 6.79 0.043 6.00 0.0024
D (VN)c 7.72 0.0041 6.26 0.044
E 7.39 0.047 6.26 0.0052
E(VN)c 7.82 0.0036 6.61 0.017

a CIS/6-311+G(3df,2p) energies relative to the energy of the
geometry-optimizedX state.b Oscillator strengths for transitions to the
X state of the same geometry.c Single-point calculations on optimized
ion geometries corresponding to vertical electron capture.d Optimized
excited-state geometries.

Figure 10. Potential energy diagrams of excited states in1.

Figure 11. Potential energy diagrams of excited states in2s.

5358 J. Phys. Chem. A, Vol. 103, No. 27, 1999 Frank and Turecek



Optimization of theA state starting from the ion geometry
maintained the near-planar geometry about the sulfur atom.
However, the optimization was impaired by mixing of theR
and â states, which resulted in intermediate geometries that
oscillated and did not lead to a final local minimum. It should
be noted that previous MP2 calculations of McKee provided a
pyramidal2A" excited state for1.8

The excited states of2scalculated for the ion geometry were
mostly mixed states,A(Râ), B(Râ), C(Râ), D(â), and E(R),
which wereg 5 eV above theX state (Table 3). Note that the
FC energy of the vertically formedX state was low, 2-4 kJ
mol-1 at all levels of theory (Table 3). Vertical excitation in
the vibrationally relaxedX state of2s gave low lyingâ-states
(A and B), R-states (C and D), and a mixedRâ-state (E).
Geometry optimization of theA(â) state resulted in a structure
with an elongated terminal S-O bond and the methyl group
rotated perpendicular to the O-S-O plane (Figure 6). The
optimizedA(â) state was 2.26 eV above the relaxedX state
and had a negligible oscillator strength (<0.0001) for radiative
transition to theX state. TheB state was also fully optimized
to give a geometry which resembled that of theX state (Figure
6). The CIS wave function of theB state had a dominant
contribution (0.910) from the determinant due to 20â f 21â
excitation. TheB state energy was 4.05 eV above the relaxed
X state of2s. Comparison of the energies for the optimized
geometries and those formed by vertical neutralization revealed
large FC effects, e.g., 270 and 138 kJ mol-1 for the A andB
states, respectively.

Attempted optimizations of theC, D, and E states led to
dissociation of the terminal O-S bond to form CH3OS and an
O atom. The dissociations converged to a single electronic state
that included a dominant contribution from a 21R f 22R
electron excitation. In connection with this dissociation, the 0
K threshold energy for the formation of CH3OS• and (3P)O was
calculated by G2(MP2) as 483 kJ mol-1 relative to (X) 2s.
Hence, if formed vertically in theC throughE states,2sshould
have a sufficient internal energy to dissociate to CH3OS and
(3P)O.

Discussion

The experimental data and ab initio calculations are now
discussed to provide a comprehensive picture of the formation
and dissociations of ions1+ and2+ and radicals1 and2. Ions
2s+ and2a+ are the most stable [C, H3, S, O2]+ isomers, and
their formation by simple bond cleavage in ionized dimethyl
sulfite (Scheme 1) should be straightforward. In contrast, the
formation of the less stable isomer1+ by dissociation of ionized
methyl sulfone may depend on the reaction energetics. The
photoelectron spectrum of methyl sulfone74 shows a band at
IE4 ) 12.00 eV, which corresponds to a dissociative state of
(CH3)2SO2

+• decomposing to CH3• and1+ of 11.91 eV threshold
energy (vide supra). The next available electronic states in
(CH3)2SO2

+• are at 14.52 and 16.37 eV.74 Dissociations to CH3•

+ 1+ from these higher states are 252 and 430 kJ mol-1

exothermic. If this energy were deposited in1+, it would cause
its rapid dissociation (Figure 5). However, if a 136-164 kJ
mol-1 fraction of the available dissociation exothermicity was
deposited in1+, it would cause equilibration with2+, which
would greatly prefer the latter. It is therefore possible that1+

formed by dissociative ionization of methyl sulfone could be
contaminated with a small fraction of2s,a+. In contrast,1+

formed by charge-exchange ionization with Xe+ should be pure
for the same energy reasons.

The NR mass spectrum of1+ produced by electron impact
ionization of methyl sulfone showed a small fraction of survivor

ions resulting from nondissociating radicals. In contrast,1+

produced by charge-exchange ionization with Xe did not give
survivor radicals and ions upon NRMS. The radical dissociations
and the nature of the surviving radicals from1+, therefore, need
to be discussed. According to the calculations, vertical neutral-
ization of vibrationally relaxed (alln ) 0) 1+ resulted in a
vibrationally highly excited1 due to the large Franck-Condon
energy (141 kJ mol-1). The RRKM dissociation kinetics
indicated that, at this excitation, the unimolecular rate constant
should be>1012 s-1, implying subpicosecond lifetimes for1
(Figure 8). The variable-time measurements cannot resolve such
fast dissociations.44 However, a fraction of1 undergoing very
fast dissociations can be incorporated into the kinetic equations
as a parameter.44a The kinetic data for1 showed the best fit by
convoluting 90% of fast dissociations with 10% of those
occurring on the microsecond time scale,kN, vide supra. The
occurrence of fast dissociations of vertically formed1 was
therefore consistent with the kinetic data.

The substantial energy barriers to dissociations of2s,a(vide
supra) were in accord with the observation of>14% nondis-
sociating radicals. The RRKM calculations indicated that direct
C-O bond cleavage in2s,a was considerably slower than
isomerization to hot1, which, when thus formed, must dissociate
rapidly (k > 1011 s-1) to CH3

• and SO2 (Figure 8). The energy
driving the unimolecular dissociation of2s,a could not be
supplied fully by FC effects on vertical neutralization, because
the corresponding FC energies were small to moderate (vide
supra). The fraction of dissociating radicals2s,athus must have
received a major part of the vibrational energy from the
precursor ions. This also provided a clue for the question of
2s,a+ contaminating1+. A fraction of2s,a+ formed by unimo-
lecular isomerization of1+ must have>190 kJ mol-1 internal
energy after overcoming the ion isomerization barrier. If
combined with the FC energy on neutralization, the radicals
2s,aformed will have>200 kJ mol-1 internal energy. However,
RRKM calculations indicated that at this excitation2s,awould
isomerize back to1 and dissociate with k> 109 s-1 (Figure 8).
Hence, high-energy but nondissociating2s,a+ at equilibrium
with 1+ could not give rise to radicals of microsecond lifetimes
which were observed in the NR mass spectrum of1+.

A plausible explanation of the latter phenomenon is based
on an analysis of the FC effects.73b,c While the geometry of
vibrationally relaxed1+ showed a large mismatch with that of
relaxed1, the mismatch could be alleviated by vertical transition
between anexcited Vibrational state of 1+ of nonrelaxed
geometry and a lower vibrational state of1. In particular, the
out-of-plane deformation vibration in1+ at ν ) 336 cm-1 was
expected to be excited to n> 0 states in hot1+. For 1+ of
internal energies limited above by the isomerization barrier to
2a+ (135 kJ mol-1), the distribution of vibrational states,Pj(n),
for the νj ) 336 cm-1 mode was obtained from Dunbar’s
equilibrium formula for a harmonic oscillator (eq 13),75 where
h, c, andk are the Planck constant, speed of light,

and Boltzmann constant, respectively. The effective temperature
was approximated asT ) Hvib,T/Cvib,T ) 1770 K, whereHvib,T

) 135 kJ mol-1 was the limit for the vibrational energy of stable
1+ andCvib,T was the pertinent vibrational heat capacity. The
calculated distribution showed 76% of theν ) 336 cm-1 mode
in n > 1 states, whereby states up ton ) 11 were populated
>1%. Neutralization of these high vibrational states of the

Pj(n) ) e -nhcνj/kT × {e - (k/2Cν)(nhcνj/kT)2
- e -hcνj/kT ×

e - (k/2Cν)((n+1)hcνj/kT)2
} (13)
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deformation mode was expected to produce1 with a nonplanar
geometry, which should reduce the FC energy close to or below
the 59 kJ mol-1 dissociation limit. Similar effects have been
observed previously for silicon-centered radicals.73c Note finally
that the RRKM curve for dissociation of1 showed a rapid
increase ofkdis with internal energy. Hence, stabilization by a
kinetic shift76 should be negligible in1.

The photoexcitation experiments revealed depletion of SO+•

and an increased fraction of survivor2s+ and/or2a+ following
irradiation of the neutral and reionized ion beam. The first effect
was also observed for the reionized beam of SO+• alone and
can be ascribed unambiguously to ion photofragmentation. A
previous study by Cosby showed that irradiation of SO+• with
575-690 nm photons caused photodissociation which was
assigned to excitation from high vibrational states of the ground
electronic state of the ion.77

The increased fraction of survivor2s+ and/or2a+ was not
due to photoexcitation of the cations, which did not absorb at
the wavelengths used. Hence, the effect must be due to
interaction with the 488 and 514.5 nm photons of the intermedi-
ate radicals,2s and/or2a. The calculated CIS energies (Table
3) indicated that the (X) state of2s should not absorb at the
wavelengths used. This was predicted for both vertically formed
2s, where the energy gapX f A was 5.05 eV, and relaxedX
and A states, where the transition was dipole-forbidden. The
optimized geometry of theA state of2swas very different from
the geometry of both2s+ and theX state of2s, as illustrated by
the large FC energies accompanying electron capture,2s+ f
(A)2s, andX f A excitation (Table 3). It is therefore unlikely
that theA state of2s was significantly populated by vertical
neutralization of the ion. TheB state of2s was bound and its
radiative lifetime increased when the radical was formed with
the ion geometry (Table 3). TheC, D, and E states were
dissociative.

The increased fraction of2s,a+ may be due to an increased
fraction of nondissociating2s,a. This fraction can be formed
by stimulated photon emission from a bound state, such asB,
to the stableX state. It should be noted, however, that such a
process would be nonresonant and therefore of low efficiency.
Alternatively, photoexcitation of2sformed in theB state could
lead to the population of a higher excited state. The energy data
indicate that a vertically formedB state of 5.48 eV energy
absorbing a 2.54 eV photon could produce ahigh Rydberg state
of 2s (∆E ) 8.02 eV), which is still below the adiabatic (8.09
eV) and vertical (8.71 eV) ionization limits of2s. Excitation to
a Rydberg state could substantially increase the cross section
for collisional ionization of2s. Collisional cross sections of
radicals have been estimated to scale withn4, wheren is the
principal quantum number of the Rydberg state.45c The steep
increase of the ionization cross section could explain the
increased intensity of2s+ and/or2a+ observed upon irradiation
even if the population of theB state and the photoexcited
fractions were small.

Finally, it may be noted that the properties of the [C, H3, S,
O2] ions and radicals paralleled those of the homologous [S,
O2, H] species.40b In particular, when formed by vertical
neutralization of the corresponding cations, both2s,aand HO-
S-O• radicals underwent highly endothermic S-O bond cleav-
ages with microsecond kinetics, which were interpreted as
occurring on excited-state potential energy surfaces. It appears
that the formation of metastable excited electronic states upon
vertical electron transfer is a common phenomenon40,45that has
often been overlooked in the previous NRMS studies.

Conclusions

The methylsulfonyl (1) and methoxysulfinyl (2) radicals are
predicted to be stable species in the gas phase. When formed
by vertical collisional electron transfer from cation1+, radical
1 dissociates to CH3• and SO2 because of a large Franck-
Condon energy associated with the neutralization. A small
fraction of nondissociating1 is observed on neutralization of
hot cations1+ in which vibrational excitation of the out-of-
plane deformation mode results in an improved match between
the ion and incipient radical geometries and thus diminishes
the Franck-Condon energy in vertical electron transfer. Radical
2 exists as a mixture of syn (2s) and anti (2a) isomers, which
are stable when formed by collisional electron transfer to the
corresponding cations. The lowest-energy dissociation of2sand
2a forms CH3

• and SO2 via isomerization to1. Collisional
neutralization of2s,a+ produced a fraction of an excitedB state
of 2s,a, which was probed by laser photoexcitation. It is
concluded that photoexcitation of theB state produced a high
Rydberg state of a large collisional cross section, which was
efficiently ionized by collisions with oxygen.
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