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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 neutralizatioreionization mass spectrometry combined with fast-beam laser
photoexcitation and G2(MP2) ab initio/RRKM calculations. The methylsulfonyl radicak®Ch, 1) was
calculated to be bound by 59 kJ mbhgainst the lowest-energy dissociation tog&hd SQ at 0 K and to
have a heat of formatioAHs20e(1) = —211+ 4 kJ molt. When formed by vertical electron transfer, radical

1 dissociated rapidly due to a large Frandkondon energyErc = 141 kJ mot?. The reverse addition of
CHz to the sulfur atom in S©had a potential energy barrier of 1.3 kJ miohnd Arrhenius parameters, log

A = 12.19 andE, = 5.4 kJ mot?. The calculated addition rate constalls = 1.7 x 10" cm® mol~* s,

was in excellent agreement with the previous measurement of Simons et al. The methoxysulfinyl radical
(CH30S0, 2) was calculated to exist as an equilibrium mixture of sgg @nd anti 2a) conformers. The
Boltzmann-averaged heat of formation »fwas calculated af\H;20¢(2) = —230 & 4 kJ molL. Vertical
neutralization of ion®2st and 2a™ produced substantial fractions of stal@ga. Dissociating2sa formed
CHg* and SQ through unimolecular isomerization o Direct dissociation of the €0 bond in2sa to form
CHz and SQ was calculated to have a large activation barrier (152 kJhfodm 2a) and did not compete
with the isomerization tdl, which required 111 kJ mot from 2a. Photoexcitation oRsa resulted in a
slightly increased formation &sa’. This was interpreted with the help of CIS/6-31G(3df,2p) calculations
as being due to the formation of a bound excifgdtate of2s upon electron transfer. ThB 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 of2swas calculated to be bound but photoinactive. ThiénroughE
states of2s were unbound and predicted to dissociate exothermically t¢OSHand $P)O.

Introduction Experimentally, [C, H, S, O] radicals have been studied by
o ] ) spectroscopy—22 and various gas-phase reaction techniques.
The oxidation cascade reactions converting the so-called pqditional reactions between G& and atmospheric gases such
reduced sulfur compounds {8, dimethyl sulfide, dimethyl 35 @, NO,, and NO have been extensively studied along with
disulfide, etc.) to oxidized sulfur compounds (S8ulfuric acid, mechanistic and kinetic descriptions of these reacfiér#8.0One
and methanesulfonic acid) in the troposphere involve several of the products formed from these reactions wag@Hwhich
reaction intermediatés* The concentrations of these intermedi- can react further to produce GBOs. The adduct formed
ates in the troposphere are very small, which makes direct hetween CHS and Q was observed at low temperaturessy
observation and characterization difficult. Some of the proposed °C to —15 °C) and was estimated to be bound i1 kJ
intermediates in the oxidation of dimethyl sulfide and dimethyl mol~1.26 Reactions of sulfinyl and sulfonyl cations were recently
disulfide belong to the family of [C, H S, O] radical isomers.  studied?®-32 However, in some of these studies, direct observa-
There have been several computational studies which addressedon of both the parent and its fragments was not feasible, and
the structure of [C, Bl S, ] radicals and cations.1? Reactions in many cases it was impossible to create and distinguish
of CHz* and SQ to form methylsulfonyl and methoxysulfinyl  different isomers. Therefore, we used neutralizaticgioniza-
radicals were previously examined at intermediate levels of tion mass spectrometry (NRMS) along with high-level compu-
theory! The stabilities of the methylsulfonyl and methoxysulfi- tational methods to address the stability and reactions of selected
nyl radicals were addressed and the methyloxysulfinyl radical [C, Hs, S, O] radicals and cations in the gas phase.
was determined to be the most stable isomer, while the sulfonyl NRMS relies on collisional neutralization of fast, stable
radical was less stabfe.In addition, the methanethiylperoxy  cations or anions in the gas ph&#3ewing to an extremely
radical CHSOO has received considerable attention in the past short time for the interaction between the fast ion and the thermal
few years> 8 The weakly bound methanethiylperoxy radical, atomic or molecular target<(10-4 s)33¢ collisional electron
formed by addition of @to CHsS', was investigated theoreti-  transfer produces the transient fast radical or molecule with the
cally and shown to have varying degrees of stability depending structure and geometry of the ion precursor. Reaction products

upon the level of theory uséd® Reaction of CHSH with O, resulting from unimolecular or collision-induced dissociations
was recently examined to model a possible intermediate in the of transient neutral species are analyzed by mass spectrometry
gas-phase reaction of GBH with atmospheric gasés. following collisional reionization. NRMS has been used to
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generate and study a number of transient, oxygenated sulfurthe conduit. Typically, He was introduced to achieve either 70%,

molecules and radicals, e.g. HS&hd SOH;3* CH3;SOH, CH- 50%, or 30%T of the precursor ion current. The products and
SHOH, CHSO, and CHSOH:;3> HSOy";36 H,SO;5;3” CH,~CH— surviving neutrals were reionized in a manner similar to the
SOH and CHCH=S=0;38 (CH3),SOH 3% SO,H*, HSOy, and standard NRMS method.

SO:H,;4° HOSSOH$! and HSO and HSOH? as reviewed Variable time experiments were performed using the proce-
recently*3 dure described previousfy.The lifetimes of the neutrals and

The capabilities of NRMS for studying unimolecular neutral reionized fragments and survivor ions were varied in an inverse
dissociations have been extended recently by the introductionfashion by applying a scanning high voltage potential to various
of the variable-time method, which uses different temporal portions of the conduit. Using the ratio of integrated peak
profiles of neutral dissociations and post-reionization ion intensities for the survivor ion to fragment ion and reionization
dissociations to distinguish these processes and also providegfficiencies (calculated using the method of Fitch and Sé&ter
the pertinent unimolecular rate parametéiGround and excited  the dissociation rate constants for neutral and ionic dissociations
electronic states of the neutral species formed by femtosecondcould be calculated. A least-squares fit was calculated for a
electron transfer can be probed by laser photoionization andbimodal exponential decay for one fast and one slow dissociation
photoexcitatiorf®45 We now apply these methods to the in the neutral channel and for a single-exponential decay in the
preparation and characterization of isomeric methylsulfolyl (  ion channel. A Visual Basic macro was used to integrate the
and methoxysulfinyl Z) radicals and a deuterium labeled kinetic equations for unimolecular dissociations for both neutrals
derivative, CRSQO, (1D). Since NR mass spectra do not provide and ions.
direct information about the energetics of transient neutral  photoexcitation experiments were performed using the method
intermediates, ab initio calculations at an augmented G2(MP2) described previousl{ A Coherent Innova 90 CW argerion
level of theory are used to provide relative energies and |aser was used so that the laser radiation was shone coaxially
dissociation barriers. The latter are used for RRKM calcula- through the neutral and ion beam. It was estimated 1%
tions'® of unimolecular rate constants and transition-state theory of the ~3-mm-diameter laser beam overlapped with the neutral
calculations of rate constants for bimolecular addition reactions. and ion beam. A transparent indium tinxide (ITO)-coated

window was used in the energy filter to allow the laser radiation
Experimental Section to pass into the conduit region. The conductive ITO window

The following experiments were performed on a home-built al_so prevented charge buildup on this lens. Losses due to the
tandem quadrupole acceleration deceleration mass spectrometé¥indow were less than 9% when the laser was operated at 5.5
which was described in detail previoudfyThe ions were ~ W. The light intensity in the neutral drift region wasl.5 W.
formed in an electron impact source by dissociative ionization At this power, the photon flux was in the (photons s* range.
of methyl sulfone and dimethyl sulfite to give [CgHS, O * The main lines were the 488 anql 514.5 nm, whlqh corr_esponded
ions. Typical conditions were as follows: Electron energy 70 10 2.54 and 2.41 eV, respectively. The low-intensity short
eV, electron current 500A, ion energy~80 eV, and source wavelength lines were largely removed by the ITO window,
temperature 230270 °C. The ions were extracted from the ~and therefore the neutral beam was not exposed to photon
source and passed through a quadrupole operated in the radio®nergies greater than 2.54 eV. Oxygen was introduced over the
frequency-only mode. A series of lenses accelerated the ions toconduit while the glectrqstatlc potential on the condplt elements
reach the final translational energy of ca. 8200 eV. The fast Was.scanned in link with the deceleration potentlals. I.n.th|s
ions entered a collision cell in which a neutralization gas was fashion, the products due to photofragmentation and collisional
introduced to achieve 70% transmittand@ ¢f the precursor relonlz_at|on formed in the hlgh-voltage scanned region of the
ion current. At this transmittance;85% of the colliding ions conduit were detected selectively.
underwent single collisions. The neutralization gases used in Collision induced dissociation (CID) experiments were
these experiments were trimethylamine nebutylamine, and performed on a JEOL-HX100 double-focusing mass spectrom-
xenon. The neutrals and ions exited the collision cell and enteredeter using linked B/E scans. The CID gas used was air, unless
the conduit region. The fast ions were reflected by the first noted otherwise.
element of the conduit, which was floatedHa250 V while the Materials. Trimethylamine (Matheson 99%),,@Air Prod-
neutrals passed unhindered. The lifetime of the neutrals in theucts 99%), He (General Welding Supply Co., Seattle, 99.99%),
60-cm-long conduit was 4.2s. The surviving neutrals and  methyl sulfone (Aldrich, 98%), and dimethy! sulfite (Aldrich,
fragments were then reionized in a second collision cell by O 99%) were used as received. The purity of methyl sulfone and
introduced to achieve 70% of the precursor ion current. The  dimethyl sulfite was confirmed by GEMS. Methyl-ds-sulfone
fast ions were decelerated te80 eV translational energy, was prepared by oxidizing 2.0 g dimethyd-sulfoxide (Cam-
energy filtered, mass analyzed by a second quadrupole, andbridge Isotope Laboratories, 99% d) in 2 mL acetic acid with a
detected by an off-axis electron multiplier. The electron current 100% excess of yD,. The HO, was added dropwise to the
was converted to a voltage and amplified by a Keithley 428 sulfoxide solution, and the solution was heated to®@Cfor 2
amplifier. A series of consecutive scans, usually-30 per h. A 20% NaCO;s solution was added, and then the product
spectrum, were collected and processed by a PC-based controlvas extracted into three 50-mL aliquots of CHOThe solvent
system. was distilled off, and the solid product was dried in vacuo at

Charge exchange ionization experiments were performed in25 °C. The product yield was 64%. Subsequent -@dS
a tight chemical ionization (CI) source. Ordinarily, Xe was analysis indicated one product with a mass spectrum corre-
introduced to achieve a pressure 0k610~* Torr which was sponding to the indicated product.

measured on a Bayardhlpert type ionization gauge located Calculations. Standard ab initio and density functional theory

on the diffusion pump intake. The pressure inside the chemical calculations were performed using the Gaussian 94 suite of

ionization source was estimated to £€.5 Torr. programs*® Geometries were optimized at two levels of theory.
Neutralization-collisional activatiorreionization (NCR) ex- Optimized geometries for [C, 1S, Q] radicals and cations

periments were performed by introducing a collisional gas into were obtained using Becke’s hybrid functional (B3LY¥Pand
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the 6-31-G(2d,p) basis set. The latter is a split-valence basis A
set furnished with diffuse functions and a split shell of d
functions on C, O, and S.Basis sets of this quality have been
shown to give mostly reliable equilibrium geometries for radicals
and ions?2 Since geometry optimizations of sulfur radicals can

be difficult and may depend on the basis set and method3sed,
the key structures were reoptimized with perturbational Meller
Plesset treatment of correlation enebgyWP2(FULL), using

the 6-314G(2d,p) basis set. Spin-unrestricted calculations (UHF
and UMP2) were used for radicals. Spin contamination in the
UMP2 calculations caused the expected spin val@é&sto be
0.77-0.79. Projection by spin annihilati&hreduced the$0]
values to 0.750.77 and resulted in PMP2 total energies that |

were 2-5 millihartree lower than the UMP2 values. The ———* f'v" L B Al —
optimized structures were characterized by harmonic fre- 20 30 40 60 70 80
guency analysis as local minima (all frequencies real) or first-
order saddle points (one imaginary frequency). The
B3LYP/6-314+G(2d,p) frequencies were scaled by 0.%6d

used to calculate zero-point energies, enthalpy corrections, and
RRKM rate constants. Single-point energies were calculated at
the Gaussian-2(MP2) level of theoty.This consisted of
MP2/6-311G(3df,2p), MP2/6-311G(d,p), and QCISD(T)/6-
311G(d,py® calculations which were combined to provide
effective QCISD{)/6-311+G(3df,2p) energies, which were
corrected for the ZPVE and the number of valence electtons.
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 wer8.9 millihartree (rmsd) 20

lower than those that used UMP2 energies. Excited electronic
states inl were investigated with Configuration Interaction
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Singles (CIS)® calculations. Geometry optimizations were
performed with spin-unrestricted CIS/6-8G(2d,p) calcula-
tions. Single-point energies were calculated with CIS/6-3%1
(3df,2p).

RRKM calculations were performed with using Hase'’s
programé® 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 mblsteps for internal
energies up to 66100 kJ mot! above the threshold. The
rotational states were treated adiabatic&llignd the microscopic
rate constantk(E, J, K) were Boltzmann-averaged over the
thermal distribution of rotational J and K states pertaining to
the ion source temperature (200).

Results

Figure 1. Collision-induced dissociation mass spectra of @s)a
and (B)1". Air was used as collision gas at 70% transmittance of the
precursor ion beam.

SCHEME 1
CHOUZ N oot 3 MO &
\S<O 3 |/ %0 " 3 ~o~ %O
CH,0 CH,
2s* 2a*

total fragment ion current, while the formations of SO(by
loss of CH) and [S, O, Hf (by loss of CHO) were comparable
(11%). The ion dissociation to form GABSO" was relatively
inefficient, 4.3%.

The fast ions were neutralized with a series of gases of

As documented by the experiments and calculations describedincreasing vertical ionization energies, trimethylamine (TMA,

below, the formation of methoxysulfinyl cationgg,a”) and
radicals 2s,g was straightforward, whereas the preparation of
the methylsulfonyl cation (") and radical {) was more
involved. The former species are, therefore, discussed first.
Formation of Methoxysulfinyl Cations and Radicals.The
precursor cations, a mixture of conformational isongas and
2st, vide infra, were formed by dissociative ionization of

IE, = 7.85 eV), din-butylamine (DBA, IE = 8.45 eV), and
Xe (IE, = 12.13 eV). Based on the calculated vertical
recombination energy (RIEof the precursor catior2@®, RE,

= 7.7 eV, 2s", RE, = 8.1 eV, vide infra), the neutralization
processes were0.25 eV exothermic te-4.4 eV endothermic.
The neutralizatiorrreionization mass spectrum, using TMA as
the neutralization gas, ¢fs,a" indicated a moderate survivor

dimethyl sulfite using 70 eV electrons. The pressure inside the ion, 14% of the sum of the NR ion intensitiesl (g, Figure 2),

source was estimated to bel0~> Torr, which indicated that

while DBA produced a slightly less intense survivor ion (10%

the ions were formed by unimolecular dissociations. As shown ZlIng). Using Xe as the neutralization gas, the survivor ion
in Scheme 1, loss of a methoxy radical from the dimethyl sulfite intensity decreased to 5.7%bng. Primary dissociations observed
radical-cation gavem/z 79, [C, Hs, S, Q)]*, which was the corresponded to the loss of hydrogen, methyl, and methoxyl,
base peak in the mass spectrum. The ions were characterizedvhich were only slightly affected by the nature of the
by collision-induced dissociation (CID) spectra obtained under neutralization gas.

high mass-resolution conditions using air at 70%@as the The internal energy of the intermediate radicatsawas
collision gas (Figure 1). The primary ion dissociation2sfa" increased by collisional activation (CA) with He (Figure 3).
was the loss of OCkito form SO™, which gave 43.0% of the Helium was introduced over the conduit at a pressure to reduce
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Figure 2. Neutralization (trimethylamine, 70%—reionization (Q, (He, 509 —reionization (Q, 70%T) mass spectra of (A?s,a and

70%T) mass spectra of (Als,a", (B) 1+ prepared by 70-eV electron ~ (B) 1™

impact ionization of methyl sulfone, (C)" prepared by Xe charge-

exchange ionization, and (O)D*. of SO and*OCH;. Correlation of the rate parameters for the
complementary products of neutral dissociations was reasonably

the precursor ion beam to 70%, 50%, and 30% transmittancegood for both reactiongy(SQ,) = (3.6 £ 0.5) x 1° st and

(T). At 70% T, the survivor ion peak decreased to 8.9%g, kn(CHz) = (3.1 % 1.6) x 10° s7%, while ky(SO) = (6.1 + 0.8)

while at 30%T, the survivor ion peak was 2.6%yr. When x 10° st andky(OCHg) = (4.9 & 1.3) x 10° s™L The rate

the probability of multiple collisions was increased, the ratio constants for ion dissociations were smaller for both reactions:

of relative abundances, [SO]/[[SO*] ratio decreased sequen-  k(SO**) = (2.2 + 1.0) x 10° s7%, k(CHs™) = (0.5+ 0.2) x

tially from 0.49 (no CA) to 0.34 (30%4). Secondary dissocia- 1P s71, andk(SO") = (3.4 & 1.8) x 1®° s71, k(OCHs™) =

tions leading to the formation of'Sincreased to 229%lyr at (1.3 £ 1.3) x 1 s'. Note that the rate parameters for ion
the lowest transmittance. The [G,B*] and the CH' fragments dissociations do not correlate in general due to the difference
remained relatively constant 13#40.8%ZXIng, and 5.6+ 0.3% in the ionization energies for each species. The unimolecular
SR, respectively. dissociations ofs,ato form H-+ CH,OSO were also examined.

The neutral and post-reionization ion dissociations were The neutral rate constant wag(CH,OSO)= (0.7 + 0.2) x
distinguished using variable-time experiments. The relative 10°, while the rate constant for the ion dissociation \k@&H,-
integrated ion currents foRg,a’], [CHz™], [SO,™], and [SO™] 0S0O™) = (0.5+ 0.5) x 1. The corresponding dissociation
were obtained from the time-dependent experiments. Therate constants for the formation oftHwvere not monitored
[CH3O"] ion intensity was estimated by using the sum of because of the low-mass cutoff of the mass-analyzing quadru-
intensities fromm/z 28 through 31, because the methoxy cation pole.
is known to dissociate to form these idtisTo further identify Formation of Methylsulfonyl Cation and Radical. Meth-
neutral dissocations, the dissociation rate constants for theylsulfonyl cation,1*, was prepared by dissociative ionization
formation of complementary products were compared. Correla- of methyl sulfone with 70 eV electrons. The EI mass spectrum

tion of the rate constants for neutral dissociatidqg provided of methyl sulfone indicated thatvz 79, [C, Hs;, S, Q]t was
an important criterion that the products originate from a single the base peak. loh™ was characterized by the CID spectrum,
precursor and not by consecutive dissociatitffis. which differed from that oRs,a" (Figure 1B). Major fragment

Formation of S@and CH by neutral dissociation followed  ions were found atw/'z 64 (SQ™, loss of CH, 17.4%), 48
by reionization was observed in the NR mass spectrascd (SO'™, 21.1%), 31 (CHOH™, 14.9%), 45 (CHS, 7.4%), 63
Likewise, neutral dissociations were observed for the formation (CH3SO", 7.1%), and 51 ([H S, O], 4.3%). The formation
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of SO**, CH,OH', and [H, S, O] indicated rearrangements
in dissociating 1™ and possibly in nondissociating™ as
discussed below.

Collisional neutralization of stabl@é™ was achieved with
trimethylamine and Xe. ThAIE, for neutralization ofL* ranged
from exothermic for TMA AIE, = —1.76 eV) to endothermic
with Xe (AIE, = 2.52 eV). The NR mass spectrum, obtained
by neutralization with TMA, indicated a small survivor ion
(1.8%ZInR), While the base peak at/z 64 (SQ) corresponded
to the loss of CH, 41%ZIyg (Figure 2B). A moderately strong
peak, 35%&I\g, corresponding to SOwas also observed, while
the loss of H accounted for1% of theXlyg.

This result and the calculated relative stabilitied.at*, 2s,3
and2s,a" (vide infra) indicated that the survivor ion in the NR
mass spectrum o™ may be due to a contamination with
another stable [C, & S, Q)] isomer, most likely2s,a". To
investigate the effect of precursor ion energy, NR spectra were
measured fofl™ 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-preparkdindicated
no survivor ion or (M-H)* peak (Figure 2C). A substantial
peak (32%XlInr) corresponding to SO was observed, while
the loss of methyl to produce $S@Was 20%ZIyr. It may be
noted that subtracting a weighted NR spectrun2sia” from
that of 1™ to annihilate the peak of the survivor ion produced a
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spectrum that closely resembled the reference NR spectrum of

SO, but differed from the NR mass spectrum of the
presumably puré™ from CE ionization of methyl sulfone. The
question of the formation ol™ and 2s,a by El 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 framby introducing

He so as to reduce the precursor ion current to 70% and 50%

| (Figure 3). At 50%T, the survivor ion was reduced to 0.6%
SInr. Likewise, the S@™ peak intensity decreased from 34%
ZlnRr 10 22%Zl\R in the 50%T NCR experiment, while both
the [SO™] and [O"] increased to 38%Iyr and 3%ZlIng,
respectively, from 34%Inr and 2%ZIyg in the straight NR
experiments. This suggests tHatdissociated quickly to Cd
and SQ regardless of further collisonal activation. The SO
formed from the fast dissociation @fwas 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 8Q

Variable-time experiments were performed to elucidate
neutral and ion unimolecular dissociationsliand1*. The rate
parameters for formation of SOand CH® from neutral
dissociations werdn(SQ,) = (1.1 £ 0.2) x 10° s71 and k-
(CHz) = (4.9£ 1) x 10° s71, respectively, whil&y(CH,SO,)
= (9.0+ 6) x 10* s~ L. The rate constants for ion dissociations
werek(SQ,™) = (7.3 + 2.6) x 1P 571, k(CHz") = (1.4 +
1.2) x 1 s 1, andk(CH;SO; ™) = (6 & 6) x 10* s™L. When
we included in the kinetic equations an up to 90% fraction of
very fast k > 10’ s1) neutral dissociations for the formation
of SO, and CHy, the least-squares fit for the experimental and
calculated ion currents improved. This indicated but did not
mandate that a large fraction &fdissociated within 10’ s.

formation of neutral S@ and CH* from 1 may be due to
contamination by2s,3 which dissociated to form identical
products but with different rate constants (vide supra).
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Figure 4. Optimized structures of [C, H S, Q]" ions and ion
transition states. Bond lengths in Angstroms, bond angles in degrees.

Deuterium labeled iorlD* was prepared by dissociative
ionization of methylds-sulfone. Neutralization oflD™ with
TMA resulted in a NR mass spectrum with a slightly larger
survivor ion (<3.2%ZXlyg) than that obtained frort™ (Figure
2D). The loss of Cgave rise to 34%l\g, While the formation
of SO increased slightly, 36%Iyg. NCR experiments were
also performed. The survivor ion current decreased from 2.5%
Zlinr at 70%T with He in the conduit to 0.3%I\g at 30%T.
Likewise, the S@peak decreased from 28% to 1 Z4ar While
the peaks corresponding to SO and S increased from 37% to
41% Zlng and 16% to 279%InR, respectively. The variable
time experiments indicated neutral dissociation rate constants
The rather poor correlation between the rate parameters for theof kn(SQy) = (7.1+ 0.8) x 10°P s * andky(CD3) = (6.5+ 0.2)

x 10P s71, which showed a better correlation than thoselfar
The ion dissociation rate constants wk(&0,) = (2.4+ 2) x
10 st andk(CDs) = (9.6 £ 2) x 1P s L.
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TABLE 1. G2(PMP2) Relative Energies of [C, Hs, S, O,]* Cations, Radicals, Transition States, and Dissociation Products

lon AHg AHgggb radical AHp AHzgg
Isomer§
1+ 71 71 1 21(18y 20
2a+ 17 18 2a 8(7y 8
2st 0 0 2s 0 0
3a" 71 72 3a 166 167
3st 66 65 3s 168 169
4+ 85 85 4 62 67
5 135 135 5a 134 135
6" 145 145 5s 124 125
Transition State’s
TS1(1F— 2a%) 136 TS3(1— CH3 + SO,) 60°
TS2(28 — 2a") a4 TS41— 2a) 98
TS5(2a— CHs + SO) 152
TS6(2a— 29 1
TS7(1— 1) 239
Dissociation Products
CH,OH' + (327)SO 155 157 Chl= 0O+ HSO 78 82
CHs™ 4+ SO, 235 240 CH + SO, 80(78¥ 84
SO™ + CH3O* 453 456 CH=0+ SOH 100 104
CHz + SO, 482 487 CHO* + (327)SO 257 260
CH:;0S" + (3P)O 595 598 ChE + (35,0, 351 354
synCH,OSO+ H* 360 364
CH;0S + (3P)O 483 487

2At 0 K. P At 298 K in kJ mol ™. ¢ Energies based on MP2(FULL)/6-8G(2d,p) optimized geometrie$lsomer and product energies relative
to the most stable ion or neutral specig$ransition state energies relative to the reactants.

411

382

/— CH30 +S0*"

CH3" + S0,

CHy +S0,"

170

+
CHy" + S0, CH,OH" + ('4)SO

Hze. g
P o —S
.
anti-CHy080"  syn-CH;080" 6
2a* 2s*

Figure 5. G2(PMP2) potential energy diagram for isomerizations and
dissociations ofL*, 2st, and2a’ at 0 K in kJ mof ™.

lon Energetics. To assess the relative stabilities and dis-

rotational barrier betweeda and2s" (TS2) was obtained by
G2(MP2) asErsy = 44 kJ mot! above2s™ (Table 1). This
showed thaRa" and2s" could rapidly equilibrate at energies
required for isomerization td™ or dissociation to Ckt" and
SO,. The potential energy diagram for the isomerizations and
dissociations inl*™ and2s,a is shown in Figure 5.

It should be noted that the CID spectra of bathand2s,a
showed abundant formations of SO~ CHzO* and [C, H;, O]*.
The former dissociation was calculated to require 382 kJ#nol
from 1t at the thermochemical threshold, which was much
higher than the energy needed for the formation of;Chind
SO,. 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 both* and2s,a".

The lowest-threshold energy was calculated for the formation
of CH,OH" and €X7)SO, AH;o = 84 and 155 kJ mof* from
1+ and2s", respectively, and was below the threshold for the

sociation energies of the cations used as precursors for theformation of CH*™ and SQ (Figure 5). However, the formation
radicals of interest, we obtained optimized geometries and of (327)SO from singletl™ and2s,a" was spin-forbidden. The

single-point energies for G330,* (11), synCH;OSO" (2s"),
anti-CHsOSO" (2a"), and several other isomers with the £H
O—-S-0OH (3sf, 3a"), CH,—O—-S(HFO 4%), CH—S-
(=0)—OH (5s") and CH—0O(H)—S—0 (6%) bond connectivi-
ties (Figure 4). The G2(MP2) calculated ion relative enthalpies
at 0 and 298 K are summarized in Table 1. @sf was the
most stable isomer, followed Ba*, 3st, 17, 3at, and5*. lon

4" was obtained as an iertipole complex of HS® with
formaldehyde (Figure 4). Sinde” 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
Ers1 = 136 kJ mot? abovel™ (Figure 5). Dissociation of the
C-S bond inl1* to give CH* and SQ was investigated by
B3LYP/6-31+G(2d,p) calculations. The potential energy surface

threshold for the spin-allowed formation of GBIH™ and ¢A)-
SO was substantially higher (170 kJ mbfrom 17, Figure 5).
The formation of CHOH™ required hydrogen migration rear-
rangements ir2s,a". Attempts at optimization of the potential
intermediate, Ch—O(H)—S—0O", resulted in an iordipole
complex6™, which was 145 kJ mol less stable thags". While
structure6t may represent an intermediate in the dissociation
of 2s,a, its high relative energy should prevent it from
coexisting withnondissociating?s,a" at equilibrium.

The reversible isomerization @f to 2a™ was further studied
by calculating RRKM rate constants for reactibn— 2a" (k;)
and its reversek(i). The calculations yielded log; = 9.07
and logk—; = 8.29 at the energy corresponding to the threshold
of dissociation to Chi" and SQ. Hence, a fraction of nondis-

along the dissociation coordinate was continuously endothermicsociating ionsl* and2a* could isomerize on a time scale which

up to the largest separation studied, &) = 3.7 A, and did

was shorter than the lifetime of the ions sampled for collisional

not indicate the presence of an activation barrier. The G2(MP2) neutralization (10* s). The equilibrium constant for ion

dissociation energies dft were 164 and 168 kJ mol at 0
and 298 K, respectively. B0 K value was 28 kJ mot abave
the isomerization barrier to the more stalda™ Hence, a
fraction of nondissociatind™ could rearrange t@a". The

isomerization Keq = ki/k-1, ranged from 6.5 at the threshold
of isomerization to 6.0 at the threshold of dissociation. Since
ions 2a™ and 2s*, having internal energies close to or greater
than the isomerization threshold (190 kJ miofor 2a™), can
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Figure 6. Optimized structures of [C, H S, Q)] radicals and radical transition states. Bond lengths in Angstroms, bond angles in degrees.

rapidly interconvert by internal rotation, the fractionlgfwithin

the energy interval between the isomerization barrier and the
dissociation threshold can be calculated from a steady-state egp ;+

1, wherea = [2s"]/[2a'] = 1.44 and L], [2s'], and a']
denote the ion fractions. The value a@fwas calculated from
the corresponding partition functions fas™ and 2a*. Within
the above internal energy limits, the equilibrium fraction bf][

[17] = U[1+ (a+ DK (1)
was 5.9-6.4%. This, and the fact that a substantial fraction of
with internal energies<190 kJ mot? could not isomerize

to 1, implied that nondissociatinga™ and2s" can be prepared

as >94% pure mixture of conformers. By contrast, can be
prepared pure only if its internal energy does not exceed the
isomerization barrier t@2a®. Tunneling of the CH group
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through the isomerization barrférwas neglected in these
considerations. Note that isomerizationsdfto form the other
comparably stable ion isomegs', 3a*, and4* should require
both methyl and hydrogen migrations and may involve high-
energy intermediates suchs or 6" (Table 1). For example,
analogous hydrogen migrations from €té S and from CH

to O in protonated dimethyl sulfoxide required 313 and 256 kJ
mol~1, respectively’?® Thus, rearrangements af to form the
other nondissociating ion isomers were unlikely to be kinetically
competitive with the isomerization tea’.

To estimate the energy limits for the formation and existence
of stable and nonisomerizingHsSO;" ions, we calculated the
ion enthalpy of formationAHs 295(17). The latter was based on
the calculated enthalpies for dissociation toftdnd SQ (eq
2), dissociation to Ckland SQ** (eq 3), and an isodesmic
reaction (eq 4) for which there are reliable experimental
thermochemical dat.

CH,SO," —CH;" + SO,  AH, ,05=168.7 kI mal* (2)

CH;SO," — CH; + SO, AH, ,a=416 kI mol* (3)

CH,SO," + H,S— CH,SH," + SQ,
AH, y03= —172.8 kI mal" (4)

Equations (2)-(4) provided theAHs 295 (1) as 629.5, 631.2,
and 630.4 kJ mot, respectively. The average value (6301
kJ mol1)85 and the experimenta{H; 20¢(CH3) = 146 kJ mot?!
and AHs 295(CH3SO,CH3) = —373 kJ mot? 64 allowed us to
estimate the appearance energy (AE}ofrom methyl sulfone
as 11.91 eV. The upper energy limit for the formation of
nonisomerizingl™ was given byEmax = AE + Ers = 13.32
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metastable with respect to exothermic dissociation to=66l
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 H&a
SOH, making the former isomer more stable by 22 kJ mol
at 0 K. This agreed with the previous high-level calculations of
Xantheas and Dunnirf§2 according to which HSOwas 22.6
kJ mol~! more stable than SOHRadicals5sand5a also were
high-energy species relative s (Table 1). Nevertheless,
dissociation by G-H bond cleavage iBsrequired 175 kJ mott
at 0 K, which should have mades amenable to preparation
and characterization.

The calculated relative energies far 2s and 2a were
compared with those from previous calculations of Davis, which
were based on MP4(SDTQ)/6-311G(d,p) single-point enefgies.
In general, the G2(MP20 K enthalpies (Table 1) showed a
greater stability forl relative to2s and a higher dissociation
energy to CH* and SQ than was reported by Davis. The 0 K
dissociation energy a®sto CHs* and SQ (80 kJ mof?t) was
comparable to that calculated by Davis (85 kJ Mpl The
largest qualitative difference was the finding by our calculations
of a local minimum for the anti-rotam@sa; the latter was found
to be a transition state by the previous MP2/6-31G(d,p)
calculations. Radical2a was separated from the more stable
2s by a very small rotational barrieg(TS6) = 1 kJ mol™.
Since occasional problems could occur when using DFT
methods for location of local minima and transition states in
radical additions and dissociatiofise reexamined the station-
ary points forl, 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

eV. These calculations led to the prediction that charge exchangeB3LYP optimized geometries and using the same set of ZPVE

with xenon (IE= 12.13 and 13.44 eV, for th&Ps, and 2Py,
states, respectivelfshould result in dissociative ionization of
methyl sulfone to produce mostly stable, nonisomerizirig

corrections were within 1 millihartree (2.6 kJ mé). It is likely
that the previous failure to locate the local potential energy
minimum for2awas due to an insufficient basis set for structure

This prediction was actually used to choose the reactant gas inoptimization. A similar situation has recently been found for
the charge-exchange experiment (vide supra). Note also thatthe rotamers of the homologous HSC radical#°P

ions 1" formed by the more exothermic charge-exchange
ionization with €Py,;) 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 radicals, 2s 2a, 3s 3a, 4, 55 and5a and
the transition states for dissociationlofo CH; and SQ (TS3),
isomerization ofl to 2a (TS4), dissociation oRato CHz and
SO, (TSY), internal rotation irRa (TS6), and umbrella flipping
in 1 (TS7) (Figure 6). The radical relative energies are
summarized in Table 1. The B3LYP/6-8G(2d,p) and MP2-
(FULL)/6-31+G(2d,p) structures of had staggered €H and
S—0 bonds and were similar to that obtained by Davimjt
differed from the UHF/6-31G(d) geometry of McKee, which
apparently had two eclipsed+C and S-O bonds® Attempted

geometry optimizations of an eclipsed structure resulted in a

rotation about the €S bond to form structur&. We note that

The G2(MP2) energies allowed us to evaluate the standard
heats of formation for the stable radicdl&nd2. The heat of
atomization (eq 5), dissociation (eq 6), and three isodesmic
reactions for methyl transfer t8R)S, HS, and CHS' (eqs 79)
were combined with tabulatétstandard heats of formation to
give AHfaeg(1) = —213.8, —215.7, —209.9, —206.7, and
—209.2 kJ mot?, respectively. The mean valuAHs 208(1) =
—2114 4 kJ mol?, represents the best estimate at the present
level of theory.

CH,SQ," — (*P)C+ 3(S)H+ (°P)S+ (*P)O
AH, ,95= 2360 kJ mal* (5)

1—CHy +S0O, AH,,e=647kImol*  (6)
1+ (P)S—CH,S + SO,  AH, y05= —241.1KkJ moTz )
* 7

the eclipsed structure was a saddle point by MP2/6-311G(d,p)
geometry optimizationsand its existence as a local minimum 1 4+ HS — CH;SH+ SO,  AH, ,45= —252.3kJ mor?t
was not supported by our calculations. The data further showed

the methoxysulfinyl rotamer&s and2a to be the most stable

isomers followed byl. The other valence-bond isomers were 1+ CH;S — CH,;SCH; + SG,

substantially destabilized agairisand2s,a Radical4 dissoci- AH, 505 = —248.1 kJ mor* 9)

ated upon attempted geometry optimization to a loose complex
of CH,=0O and HSOQO, which was bound against further To evaluate thé\Hs »204(2), reaction enthalpies were calculated

dissociation to the components by 16 kJ mait 0 K (Table
1). Interestingly 3sand3a, which could be viewed as adducts
of CH,=0 with SOH, were bound structures which were

for 2sand?2a according to dissociations analogous to those in
egs 5, 6, and isodesmic reactions (eqgs 10, 11) for methyl transfer
to (°P)O, and OMto provide the mean heats of formation of
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syn-CH;0S0
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Figure 7. G2(PMP2) potential energy diagram for isomerizations and
dissociations ofl, 2s, and2a at 0 K in kJ mof™.

the rotamersAHs205(29) = —231+ 4

synCH;0SO + OH' — CH,OH + SO,
AH, 566= —311.4 kI mal* (10)

synCH,0SC + (°P)O— CH,O" + SQ,
AH, 505= —299 kI moT* (11)

kJ mol! and AH¢95(28) = —223 + 4 kJ molL. The latter
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Figure 8. Calculated RRKM rate constants for dissociations and
isomerizations inl and2a. The internal energy scale is relative 1o
for all dissociations.

required 80 and 84 kJ mol at 0 and 298 K, respectively.
Investigation of the potential energy surface along theCC
dissociation coordinate iBawas performed with both B3LYP
and UMP2(FULL)/6-3%#G(2d,p) calculations. In both cases,
the methods yielded a first-order saddle point. That from B3LYP
calculations was at d(€0) = 2.195 A (Figure 6). The G2-
(MP2) potential energy barrier was BEfss = 152 kJ mof?
relative to2a, which was 80 kJ mol' abave the dissociation
threshold to CH and SQ (Figure 7). Previous calculations by
Davis predicted an 83 kJ mdi barrier for the CH* addition to
the oxygen atom in S£xo form 2s” Hence, the existence of a
potential barrier implied that dissociatinga (or 2s) could
competitively isomerize to hdt, which will decompose rapidly
by C—S bonds cleavage to yield GHand SQ.

were Boltzmann-averaged over the rotamer populations at 298  The other dissociations @ and2awere substantially more

K, which were calculated as 92%s and 8%2a from the G2-
(MP2) calculated\ Goog(2s— 2a) = 6.2 kJ mot ™. The rotamer-
averaged heat of formation wasHs29g(2) = —230 &+ 4 kJ
mol~1.

endothermic. Cleavage of the-® bond in2sto give CHO*
and €X7)S0 required 257 kJ mot at 0 K. Cleavage of a €H
bond in2sto form CHO—SO and H was even more endo-
thermic and required 360 kJ nél at the thermochemical

Of particular interest to the present study were the dissociation hreshold 80 K (Table 1). The potential energy barriers along

energies ofl and2g2a (Figure 7). The former radical was only
weakly bound with respect to dissociation to £tdnd SQ,
AH;, = 59 and 64 kJ mol' at 0 and 298 K, respectively.
Dissociation of one of the €H bonds inl to give CHSO,

and H was more endothermic and required 276 kJ Thalt 0

K. The reaction path along the dissociation of the £bond

in 1 was investigated by B3LYP/6-31G(2d,p) calculations,
which showed continuously increasing potential energy up to
the largest separation studiet{C—S) = 3.5 A. This differed
from the previous calculations of Davis, which showed an early
transition state at(C—S) = 2.36 A7 The potential energy
profile along the G-S bond cleavage was therefore reexamined
with UMP2(FULL)/6-31+G(2d,p) calculations. These yielded
a first-order saddle point(C—S) = 2.415 A. The G2(MP2)
single-point energy with ZPVE correction placed the transition
state aErsz = 60.1 kJ moi! abovel, which was 1.3 kJ molt
above the products, GH+ SO; (Table 1). The low TS for the

the latter two high-energy dissociation pathways were not
investigated.

Dissociation Kinetics. The kinetics of competing unimo-
lecular isomerization ol to 2a and dissociations to G4and
SO, 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).Thek(E) calculated by VTST
for d(C—S) = 2.8 A were consistently greater than those
obtained for dissociations involving the potential energy barrier.
However, regardless of the potential energy surface used, the
dissociation ofl was more than an order of magnitufiester
than the isomerization t@a at all relevant internal energies
(Figure 8). Therefore, it can be safely stated thaiould not

addition was due to a decrease of the TS energy in MP2 isomerize unimolecularly to the more stalda and hence to
calculations when the basis set was expanded from 6-311G-2S In contrast, dissociation @a, which had a substantial energy

(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 reactidn— CHz* + SO, (eq 6)
was lower than the barrier for unimolecular isomerization to
2a, Evsa = 98 kJ mot?! abovel. This result was consistent
with the recent study of -SO-methyl migration in a methyl-
sulfoxide$8

Cleavage of the €0 bond to form CH and SQ also was
the lowest energy dissociation 26and2a; the former rotamer

barrier (Figure 7), was 23 orders of magnitudslowerthan
unimolecular isomerization tb (Figure 8). This indicated that
the dissociation oRaor 2sto CHz* and SQ proceeded through
1 as a transient intermediate.

The calculated activation barriers for addition of £k the
sulfur atom in S@and the reverse dissociation b{E; = 60.1
kJ mol1) were further used for transition-state theory calcula-
tions’? of the corresponding rate constarkgy (eq 12) andkgis
(eq 13), at the high pressure
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_ ks TViNa QATS) eyt (12)
“T7h Q(SO)Q(CHY)
_ KT QTS) _eyer
I(dis h Q(l) € (13)

limit, where kg is the Boltzmann constan¥/y is the molar
volume, N, is the Avogadro numbeh is the Planck constant,
Eo is the G2(MP2) energy barrier, and the partition functions,
Q = QeiQuranLrotQuib, Were calculated from B3LYP/6-31G-
(2d,p) frequencies and moments of inertia. These thermal rate
constants were fitted into Arrhenius equations to yield the
activation parameters, loyandEg. The dissociation showed

a linear Arrhenius plot of lodis versus 1T, r2 = 0.99998,
with log A = 14.14 andEam = 63.8 kJ mof™. The calculated
rate constant walg;is = 1064 s at 300 K. This implied that at
the high-pressure limit should have a lifetime of 0.65 ms at
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. Kadd :
CH; + S, — =~ Hsc/s‘;go

To
o

Ea= 5.4 kJ molt
log A =1219

Simons (1873)

log kadd

+ Calvert (1967)

T T T T T T T
0.0040 0.0044 0.0048

T
Figure 9. Calculated Arrhenius plot for CHaddition to the sulfur
atom in SQ.

0.0028 0.0032 0.0036

TABLE 2: G2(PMP2) lonization, Recombination, and

room temperature and thus must represent a short-lived transientranck—Condon Energies

intermediate. The Arrhenius plot of IdgqqVversus 1T for the
addition reaction showed a slight curvature in the 2880 K
temperature interval (Figure 9). Linear fit in a narrow interval
of 270-300 K gave logA = 12.19 andEgin = 5.4 kJ mot™?, r2
= 0.9996. A tighter fit over the entire temperature range was
obtained by using an empirical formula= A x T" x e &RT,
whereA = 1038024 n = 2.9035, andE, = —1.4228 kJ mot?.
The kogs = 1.68 x 10 cm?® mol~! s~ calculated from eq 12
was in excellent agreement with the experimental value of
Simons and co-workerd kogs = 1.75+ 0.25x 101 cnm® mol—1
s L The calculatedkygs = 1.72 x 10" cm?® mol™! st was
somewhat higher than the older experimental valu&ef ~
7.6 x 10 reported by Calvert et aF

Franck—Condon Energies The energy content of radicals
formed by collisional neutralization is often governed by
Franck-Condon (FC) effects in the fast electron trangférhe
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 Hol
to moderate (43 kJ mot) FC effects in vertical neutralization
of 2a* and 2s', respectively. Hence, the internal excitation in
2s and 2a due to FC effects alone was insufficient to cause
radical dissociation. By contrast, vertical neutralizatiorldf
3st, 3af, 4%, and 5 resulted in substantial excitation in the
radicals formed (Table 1). In particular, the FC energy deposited
in vertically formed1 (141 kJ mot?) substantially exceeded
the G-S bond dissociation energy (59 kJ myl Hence, fast
dissociation of vertically formed could be expected and was
observed by experiment. The origin of the large FC effedt in
was examined by comparing the relaxed geometries aind
1 (Figures 4 and 6). The optimized bond lengthslinand 1
differed only slightly (Figures 4 and 6) and presumably did not
give rise to the large FC energy. A major difference was in the

species IEeV)? IEv(eV)P RE,(eV)° Erc(kJ mol?)

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

1t 7.17 141

2a" 7.74 44

2st 8.07 2

3a" 5.45 163

3st 5.27 174

4t 6.67 158

5t 5.65 200

a Adiabatic ionization energy. Vertical ionization energy: Vertical
recombination energy.

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 eitf&s,aor 1.
However, the normalized difference spectra indicated consistent
changes for the survivor ion @&s,aand the SO* fragment. In
the presence of the laser radiation, the survivor ioBawas
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 [SPwas about twice the
relative intensity drift in the same direction and was assigned
to photoexcitation. The photoexcitation experiments for the

spatial arrangement of the oxygen and carbon atoms about theand1* did not indicate significant changes in the NR difference

sulfur atom, which was planar it and 54 pyramidal in1.

The potential energy for planarization on sulfur Inwas
therefore studied by locating the transition stafl&7) for an
umbrella flipping at sulfur. Thé&(TS7) = 240 kJ mol! was
unusually large and exceeded the FC energy upon vertical
neutralization.

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

spectra which could be attributed to photoexcitation. In addition,
the photoexcitation experiments on S@d 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
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TABLE 3: Excitation Energies and Oscillator Strengths of

Electronic States in 1 and 2s + 0
H;C—S,
1 2 o
state AE(eV) o AE(eV) fo 1"
X 0 0 _
X(VN)e 1.14 0.04 IE,=961eV
A 3.62 0.034 4.02 0.0026 IE,=8.63¢eV
A(VN)© 3.31 0.0057 5.05 0.0006
A(opty — 2.26 0.0000 7.82 eV
B 4.20 0.0046 4.87 0.047 ;g% e¥ N
B(VN)® 7.20 0.0001 5.48 0.014 7208y - ~E 739eV
B(Opt)d - 4.05 0.049 - D 6.79eV
C 4.41 0.011 521 0.0012
C(VN)© 7.62 0.042 5.53 0.010
D 6.79 0.043 6.00 0.0024
D (VN)© 7.72 0.0041 6.26 0.044
E 7.39 0.047 6.26 0.0052
E(VN)® 7.82 0.0036 6.61 0.017 - C 441ev
T-B 420eV
a CIS/6-311-G(3df,2p) energies relative to the energy of the 331eV--f-----T"A 362eV
geometry-optimize state.? Oscillator strengths for transitions to the
X state of the same geometfSingle-point calculations on optimized
ion geometries corresponding to vertical electron captl@ptimized
excited-state geometries. RE,=T717eV
the [SOH'], [CH,OH'], 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 S@* was performed and did not X

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 1
drift. Figure 10. Potential energy diagrams of excited stated.in

Excited Electronic States of 1 and 2s.Regarding the
photoexcitation experiments, we examined with CIS calculations \

2s*

S,
Hie WO

the five lowest excited states thand 2s This was done for
geometries corresponding to vertical electron capture in ions
1t and2s", for optimized radical geometries corresponding to
vertical excitation of relaxed ground stateslaind2s and for RE, =8.07 eV
relaxed, fully optimized geometries of the excited state@sin
The relative energies from single-point CIS/6-31G(3df,2p) 6.61eV -\'k;
calculations are summarized in Table 3. The excited states 6268V K
produced by promoting the 21(SOMO) electron to the virtual \\
a-orbital space are denoted @sstates; those due to promotion APV N
of inner3-electrons to 28 (SOMO) and virtual3-orbital space B

) IE,=871eV
are denoted gs-states; and those due to mixednd/-electron E. = 8.09 &V 5.05eV ---f-
excitations are denoted ag-states. The ordering of excited e 4.87ev
states inl and2sis shown in Figures 10 and 11.

The first excited stateX) of 1 calculated for the ion geometry
was ana-state. The CIS wave function for thke state had a
substantial¢ = 0.723) but not dominant contribution from the
determinant due to a 81— 22a excitation. TheA state was
3.31 eV above the relaxed grounx)) (state ofl and 2.17 eV
above the point of vertical landing on thestate potential energy
surface. The FC energy for théstate was 110 kJ mot at the
UHF/6-31H-G(3df,2p) level of theory. The higher excited states
had substantially greater excitation energies; &), C(5), \
D(a), andE(a) (Table 3). Note that the--states A, B, D,and ~ teeeeereeoeenns
E) can be produced by direct vertical electron capturdfin 2s
whereas formation of the-states would require more substantial
reorganization, including paired valence electrons.

The ordering of the excited states was different for vertical and €A')D, were-states with large contributions of determi-
excitation of the vibrationally relaxed state ofl (Table 3). nants resulting from 20— 215 (¢; = 0.884), 1§ — 215 (¢ =
These calculations were performed w@hmolecular geometry ~ 0.880), 1% — 215 (¢ = 0.901), and 13 — 215 (¢ = 0.821)
for 1. The four lowest excited stategA(')A, ((A'")B, ((A")C, excitations, respectively. The fifth statéA()E, was ano-state.

4.02eV

X

Figure 11. Potential energy diagrams of excited state@sn
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Optimization of theA state starting from the ion geometry

J. Phys. Chem. A, Vol. 103, No. 27, 199893859

ions resulting from nondissociating radicals. In contrdst,

maintained the near-planar geometry about the sulfur atom. produced by charge-exchange ionization with Xe did not give

However, the optimization was impaired by mixing of the

survivor radicals and ions upon NRMS. The radical dissociations

and 3 states, which resulted in intermediate geometries that and the nature of the surviving radicals frdm therefore, need

oscillated and did not lead to a final local minimum. It should

to be discussed. According to the calculations, vertical neutral-

be noted that previous MP2 calculations of McKee provided a ization of vibrationally relaxed (alh = 0) 1* resulted in a

pyramidal?A" excited state forl.®

The excited states @scalculated for the ion geometry were
mostly mixed statesA(o3), B(ap), C(a3), D(B), and E(c),
which were> 5 eV above theX state (Table 3). Note that the
FC energy of the vertically formed state was low, 24 kJ
mol~! at all levels of theory (Table 3). Vertical excitation in
the vibrationally relaxe state of2s gave low lyingj3-states
(A and B), o-states C and D), and a mixedaf-state E).
Geometry optimization of th&(g) state resulted in a structure
with an elongated terminal-SO bond and the methyl group
rotated perpendicular to the-€5—O plane (Figure 6). The
optimized A(8) state was 2.26 eV above the relax€dstate
and had a negligible oscillator strength@.0001) for radiative
transition to theX state. TheB state was also fully optimized
to give a geometry which resembled that of Xstate (Figure
6). The CIS wave function of th®& state had a dominant
contribution (0.910) from the determinant due tqQ326- 213
excitation. TheB state energy was 4.05 eV above the relaxed
X state of2s. Comparison of the energies for the optimized

vibrationally highly excitedl due to the large FranekCondon
energy (141 kJ mol). The RRKM dissociation kinetics
indicated that, at this excitation, the unimolecular rate constant
should be>10™ s71, implying subpicosecond lifetimes fdr
(Figure 8). The variable-time measurements cannot resolve such
fast dissociation* However, a fraction ofl. undergoing very
fast dissociations can be incorporated into the kinetic equations
as a parametéfa The kinetic data fod showed the best fit by
convoluting 90% of fast dissociations with 10% of those
occurring on the microsecond time scaktg, vide supra. The
occurrence of fast dissociations of vertically formé&dvas
therefore consistent with the kinetic data.

The substantial energy barriers to dissociation8a(vide
supra) were in accord with the observation=0£4% nondis-
sociating radicals. The RRKM calculations indicated that direct
C—0 bond cleavage ir2s,awas considerably slower than
isomerization to hot, which, when thus formed, must dissociate
rapidly (k > 10 s71) to CHs* and SQ (Figure 8). The energy
driving the unimolecular dissociation ds,a could not be

geometries and those formed by vertical neutralization revealedsupplied fully by FC effects on vertical neutralization, because

large FC effects, e.g., 270 and 138 kJ midior the A and B
states, respectively.

Attempted optimizations of th€, D, and E states led to
dissociation of the terminal ©S bond to form CHOS and an

the corresponding FC energies were small to moderate (vide
supra). The fraction of dissociating radicasathus must have
received a major part of the vibrational energy from the
precursor ions. This also provided a clue for the question of

O atom. The dissociations converged to a single electronic state2s,a contaminatingl™. A fraction of 2s,a" formed by unimo-

that included a dominant contribution from a®t> 22a
electron excitation. In connection with this dissociation, the 0
K threshold energy for the formation of GBS and €P)O was
calculated by G2(MP2) as 483 kJ mblrelative to K) 2s
Hence, if formed vertically in th€ throughE states2sshould
have a sufficient internal energy to dissociate tosO8 and
(3P)O.

Discussion

lecular isomerization o™ must have>190 kJ mot? internal
energy after overcoming the ion isomerization barrier. If
combined with the FC energy on neutralization, the radicals
2s,aformed will have>200 kJ mot? internal energy. However,
RRKM calculations indicated that at this excitatids,awould
isomerize back td and dissociate with k& 10° s~1 (Figure 8).
Hence, high-energy but nondissociatifig,a” at equilibrium
with 1* could not give rise to radicals of microsecond lifetimes
which were observed in the NR mass spectruniaf

The experimental data and ab initio calculations are now A plausible explanation of the latter phenomenon is based
discussed to provide a comprehensive picture of the formation on an analysis of the FC effect®:c While the geometry of

and dissociations of ion" and2* and radicalsl and2. lons
2st and2at are the most stable [C,3HS, O] isomers, and
their formation by simple bond cleavage in ionized dimethyl

vibrationally relaxedl* showed a large mismatch with that of
relaxedl, the mismatch could be alleviated by vertical transition
between anexcited vibrational state of 1™ of nonrelaxed

sulfite (Scheme 1) should be straightforward. In contrast, the geometry and a lower vibrational state bfin particular, the

formation of the less stable isomgt by dissociation of ionized

out-of-plane deformation vibration it atv = 336 cnT! was

methyl sulfone may depend on the reaction energetics. Theexpected to be excited to » 0 states in hotl*. For 1t of

photoelectron spectrum of methyl sulfdheshows a band at

internal energies limited above by the isomerization barrier to

IE4 = 12.00 eV, which corresponds to a dissociative state of 2a* (135 kJ mot?), the distribution of vibrational stateB;(n),

(CH3),SO;* decomposing to Ciland1™ of 11.91 eV threshold

for the »; = 336 cnT! mode was obtained from Dunbar’s

energy (vide supra). The next available electronic states in equilibrium formula for a harmonic oscillator (eq 18)where

(CH3),SO;™ are at 14.52 and 16.37 ¥ Dissociations to Ckt
+ 17 from these higher states are 252 and 430 kJ~fnol
exothermic. If this energy were depositedlih it would cause
its rapid dissociation (Figure 5). However, if a 13664 kJ
mol~! fraction of the available dissociation exothermicity was
deposited in1™, it would cause equilibration wit2™, which
would greatly prefer the latter. It is therefore possible that
formed by dissociative ionization of methyl sulfone could be
contaminated with a small fraction &s,a". In contrast,1*
formed by charge-exchange ionization with®™&hould be pure
for the same energy reasons.

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

h, ¢, andk are the Planck constant, speed of light,

— — 2 —
P(M=e nhoy/kT {e (W2C,)(nhery/kT2 _ o —hen/kT o

e (k/2Cv)((n+1)hCVj/k'DZ} (13)

and Boltzmann constant, respectively. The effective temperature
was approximated ab = H,i, 1/Cyint = 1770 K, whereHyp 7

= 135 kJ mot?! was the limit for the vibrational energy of stable
1+ and C,jp 1 was the pertinent vibrational heat capacity. The
calculated distribution showed 76% of the= 336 cnm! mode

in n > 1 states, whereby states upric= 11 were populated
>1%. Neutralization of these high vibrational states of the
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deformation mode was expected to prodcgith a nonplanar Conclusions
geometry, which should reduce the FC energy close to or below
the 59 kJ mot?! dissociation limit. Similar effects have been
observed previously for silicon-centered radicafote finally
that the RRKM curve for dissociation df showed a rapid
increase ok with internal energy. Hence, stabilization by @ condon energy associated with the neutralization. A small
kinetic shiff® should be negligible iri. fraction of nondissociating is observed on neutralization of
The photoexcitation experiments revealed depletion of*'SO  hot cations1* in which vibrational excitation of the out-of-
and an increased fraction of survives™ and/or2a* following plane deformation mode results in an improved match between
irradiation of the neutral and reionized ion beam. The first effect the ion and incipient radical geometries and thus diminishes
was also observed for the reionized beam of'S@lone and  the Franck-Condon energy in vertical electron transfer. Radical
can be ascribed unambiguously to ion photofragmentation. A 2 exists as a mixture of syr2§ and anti a) isomers, which
previous study by Cosby showed that irradiation of'S@ith are stable when formed by collisional electron transfer to the
575-690 nm photons caused photodissociation which was corresponding cations. The lowest-energy dissociatid@sahd
assigned to excitation from high vibrational states of the ground 2a forms CHe and SQ via isomerization tol. Collisional
electronic state of the ioff. neutralization oRs,a" produced a fraction of an excitd&lstate

The increased fraction of surviv@s" and/or2a* was not of 2s,3 which was probed by laser photoexcitation. It is
due to photoexcitation of the cations, which did not absorb at concluded that photoexcitation of tiiestate produced a high
the wavelengths used. Hence, the effect must be due toRydberg state of a large collisional cross section, which was
interaction with the 488 and 514.5 nm photons of the intermedi- €fficiently ionized by collisions with oxygen.
ate radicals2s and/or2a. The calculated CIS energies (Table . )
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