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Abstract: The stability and dissociations of dimethylhydroxysulfuranyl radical, a key intermediate in the atmospheric oxidation
of dimethyl sulfide, have been investigated by neutralization-reionization mass spectrometry and ab initio calculations.
Dimethylhydroxysulfuranyl radical (1) and its d¢ derivative 2 were generated in the gas phase by neutralization of protonated
dimethylsulfoxide and dimethylsulfoxide-d;, respectively. Hypervalent radical 1 dissociates completely within 4.5 us to CH;SOH
by loss of CH;* and to (CH3),S by loss of OH*. These primary products undergo further extensive dissociations. 2 also shows
a minor dissociation to (CD;),SO by loss of hydrogen atom in addition to the formation of CD;SOH and (CD;),S by losses
of CD,* and OH", respectively. Ab initio calculations (MP4/6-31G*) find no potential energy minimum for 1 that collapses
without barrier by oxygen—sulfur or carbon—sulfur bond fissions. Vertical neutralization of ion 1* produces an unstable radical
1 lying 193 kJ mol™! above the lowest energy (CH;),S and OH" products. Relative energies of all primary dissociation products

were calculated and compared with experimental data.

Dimethyl sulfide (DMS), a major natural pollutant produced
by biomass decay and emitted by oceans, undergoes complex
photochemical oxidation in the atmosphere to produce sulfur
dioxide, methanesulfonic acid, and dimethyl sulfone.! The diurnal
atmospheric chemistry of DMS is believed to commence with the
gas-phase reaction with hydroxyl radical generated photochem-
ically (eq 1).2 The main reaction channel in eq | is hydrogen

CH3SCH, + H,0
He
/S + OH (1
HsC

atom abstraction forming water and methylthiomethyl radical.
As a side reaction, attack of the hydroxyl radical at the DMS
sulfur atom gives rise to the dimethylhydroxysulfuranyl radical
(1) that dissociates rapidly to products, presumably methane-
sulfenic acid and methyl radical.? The existence of 1 as a reactive
intermediate rather than a transition state has been inferred from
kinetic analysis of the DMS reaction with OH* generated by laser
photolysis.> However, no direct spectroscopic observation of 1
as a reactive intermediate has been reported, although it was
asssumed that 1 exists as a thermalized, steady-state intermediate
with a half-life of ca. 2 X 1077 5.3

Structure 1 represents a hypervalent sulfur radical belonging
to a class of highly unstable species of considerable recent theo-
retical® and experimental interest.® Hypervalent radicals as a
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rule exist in very shallow potential energy minima (if any at all)
and dissociate rapidly by simple bond cleavage.” This behavior
somewhat contrasts the stability estimates of 1 for which a sub-
stantial binding energy has been estimated (54 kJ mol™1).}?
The question of whether 1 is an intermediate or a transition
state has implications for both the intrinsic stability of this hy-
pervalent species and, more importantly, the kinetics of the
DMS-OH" reaction. If 1 is an intermediate, its dissociation
kinetics and product branching ratios will be governed by the
critical energies of the competing unimolecular dissociations, e.g.,
eqs 2-4. By contrast, if 1 is a transition state, there should be

1 — CH,SCH, + OH* )
1 — CH,SOH + CH," 3)
1 — (CH,),SO + H" (4)

a single reaction path connecting DMS and OH* with products,
as no branching can occur in the transition state due to the
Murrell-Laidler rules.! Formation of other products then should
proceed through different transition states or intermediates. Direct
evidence for the existence of 1 is therefore essential for the un-
derstanding of the dimethyl sulfide oxidation kinetics.

In this work we generate 1 directly by gas-phase electron-
transfer neutralization of the corresponding cation, (CH;),S*OH,
and analyze the products by mass spectrometry. This neutrali-
zation-reionization mass spectrometric technique (NRMS)?° has
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been utilized for the generation of a number of gaseous transient
species, namely, hypervalent radicals,’ ylides and carbenes,!®
sulfenic acids and organosulfur radicals,!! biradicals,!? etc. In
NRMS a mass-selected precursor ion of a keV kinetic energy is
allowed to undergo electron transfer with atoms or molecules of
thermal gas. For (CH,),StOH, m/z 79, with 8 keV of kinetic
energy colliding with a xenon atom, the time of interaction is 7
< 107¥ 5, allowing essentially vertical transition from the ion
potential energy surface to that of the neutral species. This can
lead to internal energy deposition in the latter due to unfavorable
Franck-Condon factors.?»!*> Unimolecular dissociations of hy-
pervalent species, e.g., oxonium radicals,”*f show peculiar
branching ratios in that reactions of widely different exother-
micities (up to 1 eV) are competitive, and their products can be
observed simultaneously. Also, unusually large deuterium isotope
effects have been reported in dissociations of several hypervalent
radicals.’

In this work we examine the formation and unimolecular and
collisionally activated dissociations of 1, (CD;),SOH (2), and their
potential fragmentation products, CH,SO*, (CH,),SO, CD,SO",
(CD,),S0, and (CH,),S. To complement experimental data, the
energetics of the principal dissociations are assessed by ab initio
theoretical calculations.

Experimental Section

Measurements were carried out with a tandem quadrupole accelera-
tion—deceleration mass spectrometer specially designed for neutraliza-
tion-reionization studies.!* Briefly, the instrument consists of a com-
bined electron-impact/chemical-ionization ion source and an Extrel
quadrupole analyzer as MS-1. Mass-selected or filtered ions of 50-60
eV kinetic energy are accelerated to 8 keV and transported to a collision
cell (cell-I) floated at -8 kV where they are allowed to collide with a
neutralization gas (Xe) at 70% ion beam transmittance (7). This cor-
responds to 2 X 107° Torr of Xe as measured outside cell-1. The re-
maining ions are reflected back by an ion conduit maintained at +250
V, whereas fast neutrals continue to the reionization cell (cell-II) located
60 cm downbeam. The neutrals are reionized by collisions with oxygen
at 70% transmittance (2-4 X 107° Torr of O, as measured outside cell-1I),
and the ions formed are decelerated to the original kinetic energy (50-60
eV) by an electrostatic lens. The reionization cell is floated at the de-
celeration voltage which is scanned from 0 to —8 kV to pass positively
charged ions formed from neutral fragments of variable mass and kinetic
energy. High-energy ions are filtered out by an electrostatic lens, and
the remaining ions are mass-analyzed by a second quadrupole mass
spectrometer (Extrel) as MS-1I. The latter is scanned in link with the
deceleration voltage to allow passage of ions of selected mass and kinetic
energy. The mass filter bandwidth was set to <0.4 amu (full width at
half-maximum, fwhm) allowing unit mass resolution (<10% valley). The
ion source, MS-I, collision cells, and MS-II are differentially pumped.
Further, collisionally activated neutral dissociations can be monitored by
admitting helium in the differentially pumped and floated conduit be-
tween cell-1 and cell-II. Only neutral products are thus selected, as any
ions formed by collisional reionization in this region retain their high
kinetic energy and do not pass the energy filter lens.

(CH;),S*OH (1*) and (CD,),S*OH (2*) were prepared by isobutane
chemical ionization of dimethyl sulfoxide (DMSO) and dimethyl sulf-
oxide-ds (DMSO-d;, both Aldrich), respectively. Ion source conditions
were as follows: temperature 185 °C, emission current 1 mA, electron
energy 100 eV, isobutane pressure 3 X 107 Torr as measured at the ion
source diffusion pump intake. In order to increase sensitivity, MS-I was
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Figure 1. Top, isobutane chemical ionization mass spectrum of
(CHj;),SO; middle, collisionally activated dissociation (O,, 70% trans-

mittance) mass spectrum of 1*; bottom, neutralization—reionization
(Xe/0,, 70%/70% transmittance) mass spectrum of 1%,

operated in the rf-only mode!’ allowing passage of ions of m/z > 17.
This results in a few artifact peaks in the NRMS spectra at m/z 25-28
and 36-43 due to neutralization of C,H, and C;H,, ions from isobutane
plasma within the acceleration lens. However, these fragments do not
interfere with those from 1 and 2 neutral dissociations. Likewise, col-
lisional reionization of O, outside cell-II gives rise to a weak to moderate
peak at m/z 32 in the NR mass spectrum that overlaps with the peak
of S**. The reported NR and NCR mass spectra are averages of 20-40
repetitive scans acquired with a home-built PC-based data system.'s

Collisionally activated dissociation (CAD) mass spectra were mea-
sured on a VG 7070-EQ instrument with oxygen as collision gas at 70%
transmittance of the precursor ion beam at 8 keV. Product ions formed
in the first field free region were monitored by scanning the electrostatic
and magnet analyzers while keeping the field intensities at a constant
ratio (B/E linked scan).

Calculations

Standard ab initio molecular orbital calculations'’ were carried
out using the GAUSSIAN 88 program.!® Geometry optimizations
were performed with the 3-21G and 6-31G* basis sets. UHF wave
functions were used for all odd-electron species. Harmonic vi-
brational frequencies, also calculated with the 3-21G and 6-31G*
basis sets, were used both to characterize stationary points on the
surface as minima (all frequencies real, representing equilibrium
structures) and (after scaling by 0.9) to calculate zero-point vi-
brational contributions to relative energies. Improved relative
energies were obtained through calculations on the HF/6-31G*
optimized geometries using Maller—Plesset perturbation theory
(frozen core) terminated at second (MP2), third (MP3), and
fourth (MP4) orders. The MP4(SDTQ)/6-31G* electronic en-
ergies, corrected for zero-point vibrational energies, were used to
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Figure 2. Top, isobutane chemical ionization mass spectrum of
(CD;),SO; middle, collisionally activated dissociation (O,, 70% trans-
mittance) mass spectrum of 2*; bottom, neutralization-reionization
(Xe/0,, 70%/70% transmittance) mass spectrum of 2*.

calculate relative energies at 0 K as discussed in the text. In order
to compare the calculated relative energies with the experimental
data, the scaled harmonic frequencies were further used to cal-
culate product enthalpies and relative energies at 298 K.

Results and Discussion

Gas-phase protonation of DMSO with C,H,* in isobutane
plasma is a mildly exothermic process, ~AH, = 14 kJ mol, based
on the corresponding proton affinities (PA(DMSO) = 834 kJ
mol™, PA(i-C,H;) = 820 kJ mol™).'* Accordingly, 1* undergo
negligible (<10%) fragmentation. The dissociations observed are
loss of methyl, methane, hydroxyl, and water to form CH,SOH"*,
CH,S0", (CH,),S**, and CH;SCH,", respectively (Figure 1).
The CAD spectrum of nondissociating 1% also shows dominant
eliminations of methyl, methane, hydroxyl, and water (Figure 1).
These fragmentations are consistent with structure 1* and suggest
that ions 1% do not isomerize before reaching the collision region.
Moreover, stable (CH;),S*OH is known to exist as a hexa-
chlorotellurate(IV) in both solution and the solid state as confirmed
by X-ray structure analysis.2®

The CI mass spectrum of 2* (Figure 2) shows a peak at m/z
66 due to elimination of CD;H and/or HDO, while a peak at m/z
65 is missing, suggesting that no elimination of CD, takes place
in these ion source dissociations. Elimination of CD;H presumably
leads to the formation of CD;SO*, which is a stable species.!!2
By contrast, the CAD spectrum of 2* does contain peaks at m/z
65 and 64 (Figure 2). The former, presumably CD,=SOH?,112
can be formed by elimination of CD, from 2* or by CAD of the
intermediate CD;SOH** (m/z 67), as reported previously.!!2

In contrast to the stability of the protonated dimethylsulfoxide
ion, no significant surviving precursor ions are found in the *NR*
mass spectra of 1% and 2* (Figures 1 and 2). The very weak peak
at m/z 79 cannot be assigned unequivocally to surviving 1, as it
may be due to the reionized isotope satellites (> CCHOS and/or

(19) Lias, S. G.; Liebman, J. F.; Levin, R. D. J. Phys. Chem. Ref. Data
1984, /3, 695-808.
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Figure 3. (CH,),S**: top, Collisionally activated dissociation mass
spectrum (O,, 70% transmittance); middle, neutralization—collisional
activation-reionization (Xe/He/O,, 70%/33%/70% transmittance) mass
spectrum; bottom, neutralization-reionization (Xe/O,, 70%/70% trans-
mittance) mass spectrum.

C,H,0%8) of stable residual (CH,),SO** (Figure 1). The absence
of reionized 1°* and 2** indicates that the intermediate radicals
1 and 2 are unstable on the time scale used in these measurements.
From the time of flight of 8-keV 1 (4.5 us) and the signal-to-noise
ratio (=~400) we estimate the maximum half-life of 1as 1 < 5
X 107 s, corresponding to a unimolecular dissociation rate constant
k> 1.3 x 10°s71. This represents a lower limit in keeping with
the previous estimates of k = 3.5 £ 2 X 106 §71.2

The *NRY* spectrum of 1* differs substantially from its CAD
spectrum in both primary fragment formation and their further
dissociations. Radical 1 dissociates by loss of methyl and hydroxyl
to give rise to CH;SOH and (CHj;),S, respectively, that are
reionized to the corresponding ions of m/z 64 and 62. The loss
of water, typical of 1* CAD, is insignificant in dissociations of
neutral 1. The primary products undergo further substantial
dissociations. CH;SOH dissociates to form *CH,SOH at m/z
63 by loss of H*, and SOH"* at m/z 49 by loss CH;*. Subsequent
dissociations produce CH,SH, CH,S, CHS, CS, and S. Frag-
mentation of the CH,SOH formed from 1 is much more extensive
than that of CH;SOH formed upon neutralization with Xe or Hg
of the stable CH,SOH"*:!!* Under the latter conditions CH,SOH
shows a predominant survivor ion (34% of the total reionized ion
current), while the fragments are less abundant.!'> However, the
*NR* spectrum of 1 shows a CH,SO™ fragment at m/z 63 which
is typical of dissociation of the CH,;SOH** ion, while disfavored
in the dissociation of collisionally activated newtral CH,SOH.112
We explain the formation of CH;SO* by dissociations of
(CH;),SO formed by hydrogen loss from 1 (see discussion below).

The increased fragmentation of CH;SOH from 1 suggests that
the dissociation of the latter is exothermic and large internal energy
is imparted into the primary products. This was further examined
with (CH,),S, the other product of 1 dissociations. Neutral
(CH;),S shows an abundant survivor ion upon neutralization-
reionization (Figure 3). However, the fragment ion relative
abundances in the *NR* spectrum differ from those in the electron
impact?! and CAD mass spectra (Figure 3). Namely, the low

(21) McLafferty, F. W ; Stauffer, D. B. The Wiley/NBS Registry of Mass
Spectral Data; Wiley-Interscience: New York, 1989; Vol, 1., p 6.
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Figure 4. (CH3),SO**: top, Neutralization—reionization (Xe/O,,
70%/70% transmittance) mass spectrum; bottom, neutralization—colli-
sional activation—reionization (Xe/He/O,, 70%/33%/70% transmit-
tance) mass spectrum.

relative abundances of typical ion dissociation products such as
H,S* and CH,SCH,* (m/z 35 and 61, respectively, Figure 3)
indicate that the *NR™* mass spectrum displays mostly products
of neutral dissociations. The different behavior of (CH;),S and
(CH,),S** is compatible with their dissociation thermochemistries.
Thus loss of H* from (CH3),S is 390 kJ mol™! endothermic, while
the loss of methyl requires 323 kJ mol™! and thus should be
preferred.?? The loss of H* from (CH,),S** requires ~217 kJ
mol,?? while the rearrangement to CH,SH* and CHj"* requires
223 kJ mol™,?? making these ion dissociations competitive.

The separation of neutral and ion dissociations in the *NR*
spectrum of (CH,),S is due in part to the experimental setup, as
the time scale for the neutral dissociations is about 10 times longer
than that for dissociations of ions following reionization.!* Note
that any ions formed by reionization with helium in the neutral
drift region retain their kiloelectronvolt kinetic energy and are
filtered out.!* Likewise, <3% of the helium atoms used for neutral
collisions can enter the cells and cause neutralization or reioni-
zation to promote ion dissociations. Neutral collisional activation
with He enhances formation of stable neutral products, e.g., CHS,
CS, and S. The latter fragment dominates the *NCR™ spectrum
obtained at 33% transmittance (multiple collision conditions).?®
Note that the stepwise formation of S from (CH;),S is 606 kJ
mol™! endothermic,?® suggesting substantial neutral excitation in
these multiple collisions.?® Atomic sulfur and CHS are also the
predominant fragments of neutral 1 dissociations under *NR*
conditions (Figure 1).
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70%/70% transmittance) mass spectrum; bottom, neutralization—colli-
sional activation-reionization (Xe/He/O,, 70%/33%/70% transmit-
tance) mass spectrum.
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Figure 6. Optimized geometry of 1*.

The *NRY* spectrum of 2+ shows a weak peak of (CD;),SO**
at m/z 84 in addition to those of CD;SOH (m/z 67), (CD;),S
(m/z 68), and their dissociation products. The *NR* spectrum
of 2 further shows peaks at m/z 66 and 65. The former fragment
cannot be due to D loss from (CD;),S, which is a minor process
under *NR* conditions (vide supra). CD;SOH was found to lose
mostly D upon *NR*,!# which accounts for the formation of
*CD,SOH at m/z 65. The fragment at m/z 66 is therefore mostly
CD,SO* formed from (CD;),SO. Both the ion (CD;),SO** and
the neutral (CD;),SO are expected to dissociate readily by CD,
loss. For example, the formation of CH,SO™* from (CH,),SO**
requires 157 kJ mol™' % and represents the major dissociation in
the CAD spectrum of the latter ion.! The dissociation energy
of the C-S bond in neutral (CH;),SO is estimated as 230 kJ
mol™1.2 Dissociations of (CH;),SO and (CD;),SO in *NR* and
*NCRY are shown in Figures 4 and 5. Both (CH,),SO** and
{CD,),SO"* show substantial survivor ions, while CH,SO* and
CD,SO*, respectively, are the major products in their dissociations.
Neutral collisional activation leads to decrease of relative intensities
of both reionized (CH;),SO** and CH,SO™*, while the
[CH,;SO*}/[(CH,),SO"*] abundance ratio increases from 2.3 in
the *NR™ to0 3.5 in the *NCR™ spectrum (Figure 4). The relative
abundance of (CD;),SO** in both the *"NR* and *NCR* spectra
(11% and 3%, respectively) is higher than that of (CH;),SO**
(9% and 2%, respectively), showing a small isotope effect. The
more rapid dissociation of (CH,),SO may account for its absence
in the *NR* spectrum of 1, while a small fraction of (CD;),SO
from 2 survives and is detected after reionization. It should be
noted that the *NR* and *NCR™ spectra of (CH;),SO** are

(30) Zha, Q.; Nishimura, T.; Meisels, G. G. Int. J. Mass Spectrom. Ion
Processes 1988, 83, 1-12.
(31) Carlsen, L.; Egsgaard, H. J. Am. Chem. Soc. 1988, 110, 6701-6705.
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Table I. Total Electronic Energies

Gu and Turecek

total energy?

species HF/6-31G* MP2/6-31G* MP4/6-31G* ZPVE?< Haogh?
(CH,),S*OH ~551.900 548 ~552.462 448 -552.523867 228 249
(CH,),S*OH -552.006 479 -552.581 882 -552.641910 228¢ 249°
(CH,),SO -551.537278 -552.110898 -552.170217 203 220
(CH,),S -476.735334 -477.120 666 -477.174326 193 208
CH,SCH,* -476.108 141 -476.469715 -476.522 547 156 172
CH,SOH -512.530521 -512.964 156 -513.008 022 131 146
CH,S -437.101471 -437.330619 -437.367 247 92 103
CH,;0H -115.035418 -115.344928 -115.372340 131 142
H,O -76.010747 ~76.195957 -76.206 318 54 64
OH* -75.382275 -75.520 643 -75.535617 21 27
CHy -39.558991 -39.668 670 -39.689177 73 84
H* -0.498 233 4

2In hartrees. (S?) in all UHF calculations were <0.76 after spin annihilation. ®In kJ mol™. ¢From 6-31G* harmonic frequencies scaled by 0.9.
4Includes ZPVE and 298 K vibrational, rotational, and translational contributions calculated within the rigid rotor-harmonic oscillator approxi-

mation. ¢Assumed to be the same as in 1%,

substantially different from the ion collisionally-activated disso-
ciation spectrum that shows significant loss of water by ionic
rearrangement.’!

In summarizing this part, 1 and 2 are found to undergo fast
dissociations by simple cleavages of bonds in the vicinity of the
hypervalent sulfur atom to form (CHj;),SO, CH,SOH, and
(CH,),S that further dissociate to ultimately form SO, CHS, CS,
and S.

While 1 and 2 do not survive 4.5 us after ion neutralization,
their existence as equilibrium structures in very shallow potential
energy minima cannot be excluded from the above experiments
alone. In addition, unfavorable Franck—Condon factors in vertical
neutralization can lead to fast dissociation of even relatively stable
species.’? Therefore, relative stabilities of 1 and its dissociation
products have been assessed by ab initio calculations.”'® Ge-
ometry optimizations of 1 starting from the 6-31G* optimized
geometry of ion 1% failed to find a local minimum. Upon at-
tempted optimization structure 1 (Figure 6) collapses to (CH,),S
and OH"* with a large injtial energy gradient along the S-O
dissociation coordinate (226 kJ mol™! A-!) that smoothly decreases
with increasing S—O bond length. Similar results were obtained
by starting the optimization at different S—O bond lengths (1.50,
1.55, and 1.70 A). Optimizations with S-O bond lengths fixed
at the above values led to collapse by S—C bond cleavage to give
nonrelaxed CH,SOH and CH,*. Both the absence of an equi-
librium structure for 1 and the large calculated energy gradients
indicate that the minimum does not exist or is extremely shallow.
Unfortunately, the size of 1 precludes using an optimization
method that would account for electron correlation effects.
Nevertheless, we believe that a potential energy minimum of 54
kJ mol™!, as suggested previously,’ would have been found at the
present level of theory.

The calculated electronic energies for 1%, vertically formed 1,
and neutral dissociation products are summarized in Table I.
Table II gives the corresponding relative energies at 0 and 298
K. The calculations indicate that 1 produced by vertical neu-
tralization is a high-energy species that dissociates exothermically.
The most exothermic dissociation channel is due to the formation
of methanol and methylthiyl radical. However, this requires a
rearrangement in 1 accompanied by hydroxyl group migration
from the sulfur atom to one of the methyl groups. Since rear-
rangements usually have nonzero activation energies, the formation
of CH,S* and CH;OH is not expected to compete with the direct
cleavage dissociations despite its greater exothermicity. Ac-
cordingly, no detectable peak of reionized CD;OH is found in the
*NR* spectrum of 2, whereas the peaks of CD,S* from 2, and
CH;S* and CH,O0H from 1 would overlap with other fragments.
Elimination of water from 1 is calculated to be another highly
exothermic process (Table II) giving rise to the CH;SCH,* radical.
Again, a unimolecular loss of water would require a tight four-

(32) Hop, C. E.C. A.; Holmes, J. L. Int. J. Mass Spectrom. Ion Processes
1991, 104, 213-226.

Table II. Relative Energies in the C,H,0S System

species E % AH, 504°¢ AH;
(CH;),S*OH 0 0
(CH,),SO + H* -95 -98 674
CH,;SOH + CH;* -169 -164 —44¢
(CH,),S + on°* -193 -193 1.5
CH,SCH," + H,0  -246 -241
CH,S* + CH;0H -261 =260 -58.5¢

¢In kJ mol?. °®MP4/6-31G* + ZPVE relative energies, 0 K.
Including 298 K heat contents. ¢From AH{(H*) = 218 kJ mol'%
and AH{CH;SOCH;) = -151.3 kJ mol™.2* ¢From AH{CH,SOH) =
-190 kJ mol™*3 and AH{CH,') = 146 kJ mol'.?* /From AH-
(CH,;SCH;) = -37.5 kJ mol™'? and AH{(OH*) = 39 kJ mol .
¢From AH{CH;S") = 143 kJ mol" % and AH(CH,0H) = ~201.6 kJ
mol™,

membered transition state of a substantial activation energy.*
The absence of a CH;SCH,* peak at m/z 61 in the *NR*
spectrum of 1 indicates that the elimination of water is not com-
petitive in 1 dissociations.

The direct bond cleavage dissociations show widely varying
exothermicities (Table II). Note that all the values refer to 1
configuration as formed by vertical neutralization of 1*, and not
to a relaxed structure. The cleavage of the S-O bond in 1 is
calculated to be the most favored dissociation, consistent with the
large energy gradient in 1 along the S—O coordinate. From the
point of view of the dimethyl sulfide and hydroxyl radical reactants,
the reaction is expected to have a substantial activation barrier.
Although we have not sought the transition state of the di-
methylsulfide-hydroxyl reaction directly, incremental calculations
(UHF/6-31G*) at different C-S and S—O bond lengths point to
a saddle point >150 kJ mol™! above the reactants.

Dissociation of 1 to CH,SOH and CHj,* is calculated to be 29
kJ mol™ less exothermic than that leading to (CHj,),S and OH".
This contradicts predictions from the experimental heats of for-
mation that should prefer the former route by ca. 42 kJ mol™1,2334
This discrepancy may be due to some uncertainty in the heat of
formation of CH,SOH. For example, the present calculations
(Table I, MP4/6-31G* + ZPVE + H,; corrections)) predict the
dissociation CH,SOH — CH,;S* + OH" to be endothermic by
262 kJ mol™ at 298 K, indicating AH{CH,SOH) = -80 kJ mol™,
This differs significantly from both the experimental and
MNDO-calculated values (190 and —155 kJ mol™}, respectively).>*

The loss of the hydroxyl hydrogen atom from 1 is calculated
to be 90 kJ mol™! (65 kJ mol! from the experimental heats of
formation, Table II) less exothermic than the cleavage of the S-O
bond. The simultaneous occurrence of these diverse dissociations,
as observed in the *NRY* spectrum of 2, is remarkable, since rate
constants differing by several orders of magnitude should be
expected. Similar effects have been observed earlier for disso-

(33) Maccoll, A. Chem. Rev. 1969, 69, 33-60.
(34) Turecek, F.; Brabec, L., Vondrak, T.; Hanus, V.; Hajicek, 1.; Havlas,
Z. Collect. Czech. Chem., Commun. 1988, 53, 2140-2158.
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ciations of hypervalent radicals produced by neutralization of stable
ions.” Although we have no rigorous explanation of this phe-
nomenon, it appears that 1 is initially formed in a variety of excited
electronic states due to the very fast electron transfer and the
virtually random orientation of the ion and neutral counterparts.
An unbound electronic state of the neutral will dissociate rapidly
on the particular potential energy surface that may be different
from that calculated for 1 that leads to the S-O bond rupture.
In this model, the branching ratio will depend on the initial
electronic state population rather than the dissociation kinetics.

Conclusions

Dimethylhydroxysulfuranyl radical 1 does not survive 4.5 us
after having been formed by vertical neutralization of the di-
methylhydroxysulfonium ion, and dissociates exothermically by
cleavages of the C-S, O-S, and O-H bonds. No stable equilib-
rium structure is found for 1 by ab initio calculations that also
predict exothermic dissociation. 1 thus represents a transition state

rather than an intermediate in the atmospherically important
oxidation of dimethyl sulfide with hydroxyl radicals.
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Formation of LaCoO; Highly Dispersed on ZrO,
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Abstract: The well-characterized La—Co oxide overlayer was prepared on the surface of ZrO, powder by impregnating ZrO,
with aqueous solutions of the mixtures of La and Co acetates followed by calcination at various temperatures. The preparation
processes and the structure of La—Co oxide overlayers were investigated in detail by IR, XRD, XPS, EDX, TEM, and adsorption
of NO and pyridine. It was concluded that a highly dispersed La~Co oxide overlayer which may have the LaCoOj; perovskite
structure was formed. The resulting La—Co/ZrO, catalysts showed very high catalytic activities for complete oxidation of

propane.

Introduction

Metal oxide overlayers on the surface of metal oxides or metals
have attracted much attention in the fields of materials science,
electrochemistry, corrosion, heterogeneous catalysis, and so on,
owing to their specific surface reactivity and electrical or tribo-
logical properties. So, the investigation of the process of growth
of the oxide overlayer is interesting for the better understanding
and precise control of the surface reactivity and electrical or
tribological properties.

Perovskite-type mixed oxides, ABO; (A = La, Ca, Sr, Ba, etc,;
B = Co, Ti, Mn, etc.), have important physical properties such
as ferro-, piezo-, and pyroelectricity, magnetism, electrooptic
effects, and superconductivity. In addition, perovskites are good
catalysts for various reactions: oxidation of CO and hydrocarbons,
reduction of NO and SO,, hydrogenation and hydrogenolysis of
hydrocarbons, etc.! Perovskites containing Co or Mn show high
catalytic activity for the complete oxidation of CO, CH,, and
C,H;;+10 e.g., the catalytic activity of LaggSry,Co0; is com-
parative to or higher than that of Pt catalysts and Lay ¢Cey;CoO;
was actually used as a commercial catalyst.!!

Although the perovskite catalysts are thermally more stable
and less expensive than noble metal catalysts, the surface area
is low. If the perovskites were directly supported on high surface
area supports, they would be much more attractive catalysts in
practice. However, the solid-state reactions between perovskite
components and the support oxides to form other stable mixed
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oxides often take place. For example, Co-containing perovskites
cannot be directly supported on alumina-based oxides, since cobalt
atoms are incorporated into the bulk of the support to form a spinel
(CoAl,0,),%7 so that the majority of cobalt atoms cannot con-
tribute to the catalytic activity.

In earlier works, perovskite particles were supported on cor-
dierite and alumina by using aqueous slurries containing powdered
perovskite, cordierite or alumina, and stearic acid.®® But the
reaction between the perovskite particle and support to form less
reactive mixed oxides was not avoidable. Recently, several new
methods have been attempted,!%!12-!8 such as precoating of the
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