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Volatile organic sulfur compounds (VOSCs), formed by
anthropogenic, geochemical, and biological processes, have
been known to play important roles in global warming, acid
rain, and cloud formation.[1] Dimethyl sulfide (DMS), one of
the most abundant biogenic VOSCs, is emitted from the
oceans.[2] Its photooxidation, initiated by HO and NO3

radicals in the atmosphere, was found to eventually produce
CH3SO3H (MSA) and H2SO4, both of which are key contrib-
utors to cloud condensation nuclei (CCN).[3]

Despite there being many laboratory simulations of DMS
oxidation, the underlying mechanism remains largely
unknown because of the complexity of many reaction
channels involving short-lived radical species, and a large
discrepancy still exits between the experimental measure-
ments and simulation results.[4] According to the frequently
applied kinetic model, the oxidation of DMS in the gas phase
occurs through a stepwise formation of radical species
CH3SOx (x = 0–3).[5] The final radical species, CH3SO3, can
either dissociate into CH3 and SO3 followed by H2SO4

formation, abstract hydrogen from atmospheric volatile
organic compounds R-H to produce MSA, or react with
NO2 to give methylsulfonyl nitrate, CH3SO3NO2.

[5] In addi-
tion to its atmospheric importance, CH3SO3 has also been
proposed as the key intermediate in the industrial production
of MSA from CH4 and SO3.

[6]

Despite the importance of CH3SO3, knowledge about its
properties and reactivity is limited. The first spectroscopic
evidence for CH3SO3 was obtained by laser flash

photolysis (l = 308 nm) of methylsulfonyl peroxide
(CH3SO2OOSO2CH3) in CH3CN solution.[7] A transient
structureless absorption band at lmax� 450 nm with a lifetime
of 7–20 ms was assigned to this radical, and its photoinduced
(lmax = 480 nm) dissociation into CH3 and SO3 was pro-
posed.[7] A similar transient absorption band was also
observed for the putative p-toluenesulfonyloxyl radical
(lmax = 540 nm) in CH3CN solution during laser (l =

266 nm) photolysis of iminosulfonates.[8] The formation of
CH3SO3 was reported by electron beam irradiation (3 MeV)
of the CH3SO3

¢ ion in ionic liquids at 77 K,[9] and very
recently by the reaction of methylsulfinyl radicals (CH3SO)
and molecular oxygen (3O2) in solid argon.[10]

The molecular structures and the thermodynamic proper-
ties of CH3SO3 and various isomers have been calculated at
different theoretical levels.[11] According to these calculations,
CH3SO3 is highly unstable in the gas phase due to the low
dissociation barrier for cleavage of the weak C¢S bond
(64.6 kJ mol¢1, G3XMP2//B3LYP/6-311 + G(3df,2p)). An
activation barrier of 133.0 kJmol¢1 exists for rearrangement
by an intramolecular hydrogen shift to the carbon-centered
radical CH2SO3H, and the barrier for the rearrangement to
CH3OSO2 through a CH3 shift is 155.0 kJ mol¢1.[11a]

The key role of CH3SO3 in the atmospheric DMS
chemistry of the EarthÏs sulfur cycle prompted us to generate
this radical in the gas phase and to explore its spectroscopic
properties as well as its photochemistry. As a continuation of
our interest in sulfur-containing radicals (e.g. FSO2

[12] and
NSO2

[13]), we report herein on the UV/Vis and IR spectra of
CH3SO3, and its photoinduced tautomerization to CH2SO3H
in solid noble-gas matrices.

For the flash pyrolysis experiment, freshly sublimed solid
CH3SO2OOSO2CH3

[14] was placed in a small U-trap and
warmed to 50 88C in an Ar gas stream at low pressure. The
resulting mixture (peroxide/Ar, ca. 1:1000) was subjected to
flash pyrolysis at about 400 88C. The decomposition products
were subsequently quenched as a solid Ar matrix at 16 K, and
the IR spectrum of the deposit was recorded (see Figure S1 in
the Supporting Information). In addition to the known IR
bands of the peroxide precursor, the asymmetric stretching
band of matrix-isolated SO3 at 1385.2 cm¢1 can be easily
assigned by comparison with the reported values of 1385.1
and 1388.8 (matrix-site splitting).[15]

Some new weak bands occurred in the region 1500–
700 cm¢1. To aid their assignments, the pyrolysis of
CH3SO2OOSO2CH3 diluted in Ne (ca. 1:1000) was also
performed, and all these weak IR bands were reproduced.
The transparent Ne matrix enables the observation of
a distinct visible absorption band in the region 400–550 nm
characteristic of an RSO3 chromophore (Figure 1). A com-
parison of this characteristic visible band with those of the
analogous species FSO3

[16] and CF3OSO3
[17] (Figure 1) sug-

gests that the title radical species, CH3SO3, was formed by
homoleptic fission of the peroxide.

Similar to the visible spectra of FSO3 and CF3OSO3, the
strong absorption band of CH3SO3 exhibits a well-resolved
fine-structure. The 0 !0 transition (t00) of the CH3SO3 radical
(511.2 nm, 19584 cm¢1) is slightly blue-shifted compared to
the UV spectra of FSO3 (t00 = 519.7 nm, 19 246 cm¢1)[16a] and
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Abstract: The methylsulfonyloxyl radical, CH3SO3, one of the
key intermediates in the atmospheric oxidation of dimethyl
sulfide (DMS), was generated by flash pyrolysis of
CH3SO2OOSO2CH3 and subsequently isolated in solid
noble-gas matrices. The radical has been characterized by
UV/Vis and IR spectroscopy and its tautomerization to
CH2SO3H observed upon irradiation with light of l� 360 nm.
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CF3OSO3 (526.8 nm, 19 027 cm¢1)[17] in Ne matrices. From the
fine-structure of the visible band, three vibrational progres-
sions at 1004� 10, 747� 10, and 505� 10 cm¢1 are assigned to
the excited-state vibrational modes ns(SO3), n(CS), and
ds(SO3), respectively. To confirm the assignment, calculations
of the electronic spectrum of CH3SO3 by the EOM-CCSD
method (using the CCSD(T)/6-311 ++ G(2df,2pd) optimized
geometries) predicted a strong absorption at 483 nm (f =

0.0262) for the transition 2E(2) !X2A2 (see Table S1), which
is primarily confined to the three oxygen atoms. Two weaker
absorptions at 220 (f = 0.0223) and 162 nm (f = 0.0028) were
also calculated for CH3SO3, and indeed a rather broad and
structureless band at lmax = 230 nm was observed in the UV
spectrum of the pyrolysis products (see Figure S2). However,
other species such as the peroxide precursor and SO3 may also
partially contribute to this band.

In accordance with the UV/Vis spectrum, irradiation of
the matrix-isolated pyrolysis products with light of l� 360 nm
selectively destroyed the carrier (CH3SO3) of the visible band,
and the aforementioned new weak IR bands of the pyrolysis
products were depleted with simultaneous appearance of
another set of bands in the region 1500–700 cm¢1. The IR
difference spectrum showing the spectral changes after
irradiation is shown in Figure 2A. To assign the IR bands of
CH3SO3 and its photolysis product, ab initio calculations of
the IR frequencies of CH3SO3 and its isomers CH3OSO2 and
CH2SO3H were performed at the CCSD(T)/6-311 ++ G-
(2df,2pd) level of theory (see Table S2).

The degenerate ground-state e-SO3 vibrations are
involved in vibronic pseudo-Jahn–Teller interactions,
a common feature of C3v-symmetric sulfonyloxyl radicals
RSO3 (2A2).[16] Thus, these vibrations are not well reproduced
by calculations of the harmonic vibrational frequencies. This
vibronic coupling becomes most instructive on comparing the
spectrum of the CH3SO3 radical (Figure 2A) with that of the
CH3SO3

¢ ion (Figure 2 B).[18] The observed frequencies for
the bending (n8/e : 1419.4 cm¢1, n2/a1: 1334.6 cm¢1) and rocking
(n9/e : 962.9 cm¢1) modes of the CH3 moiety in CH3SO3 are
very similar to those of the anion (Figure 2B) and to the

calculated ones (see Figure S3). The CS stretch (n4/a1)
appeared at 757.6 cm¢1, which is in reasonable agreement
with a predicted frequency of 767 cm¢1 (see Table S3). The
most striking differences between the IR spectra of CH3SO3

and its anion CH3SO3
¢ are related to the SO3 stretches,

particular for the e-type asymmetric one, which appeared at
864.3 cm¢1 (n10/e) as a rather weak band for the radical in Ar
matrices, while a strong band is observed for the anion at
1201 cm¢1. The large frequency shift and the low intensity of
this band is consistent with the expected vibronic perturba-
tion.[16] The corresponding nas(SO3) for the related FSO3

radical was recently assigned to a weak band at
931.5 cm¢1.[16b] The red-shift of ns(SO3) (n3/a1: 1011.9 cm¢1)
relative to that of the anion is much smaller and solely due to
the longer SO bonds in the radical. In addition, a weak band
at 524.0 cm¢1 is attributed to the SO3 bending mode of
CH3SO3 (n5/a1), which is close to the vibrational spacing of
505� 10 cm¢1 observed in the UV/Vis spectrum (Figure 1).
Another two weak bands at 1120.8 and 1033.9 cm¢1 were
found to have the same photochemical behavior as the
fundamental bands of CH3SO3. These are tentatively assigned
to the combination bands n9 +n12 and n10 +n12, respectively.
However, the lowest IR fundamental, predicted to be at
199 cm¢1 (n12/e, Table S3), is out of our spectral range and
could not be observed experimentally.

The assignment of the IR bands for the photolysis (l�
360 nm) product of CH3SO3 was accomplished by comparison
with calculated IR spectra of various isomers of CH3SO3 (see
Table S2). The calculated IR spectrum of the radical
CH2SO3H (2A) shows the best agreement to the observation
(see Figure S3). This assignment is corroborated by the
similarity of its spectrum to that of matrix-isolated
CH3SO3H (Figure 2C).[19]

In addition to the two sulfuryl SO2 stretches at 1396.4 (nas)
and 1184.1 cm¢1 (ns) and two C-S-O single bond stretches at

Figure 1. UV/Vis spectra of matrix-isolated sulfonyloxyl radicals in
solid neon at 5 K. The spectra of FSO3

[16a] and CF3OSO3
[17] were taken

from the literature. Figure 2. A) IR difference spectrum of the pyrolysis products of CH3S-
(O)2OOS(O)2CH3 showing the spectral changes after photolysis
(l�360 nm) in an Ar matrix at 16 K. Bands of the depleted and
formed species point upward and downward, respectively. B, C) Simu-
lated IR spectra of CH3SO3

¢ [18] and CH3SO3H,[19] respectively, according
to their experimentally observed IR data.
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846.4 (vas) and 781.1 cm¢1 (ns), a strong band appeared at
3568.9 cm¢1, which is assigned to the OH stretching mode.
The SOH bending mode was found at 1129.6 cm¢1 as a rather
weak band. Thus, a hydrogen shift from the methyl group of
CH3SO3 to the oxygen atom occurs upon irradiation (l�
360 nm) and forms the carbon-centered radical CH2SO3H.
EOM-CCSD calculations on CH2SO3H (see Table S1) reveal
that the first vertical transition occurs at 262 nm (f = 0.0043),
which also explains the photostability of CH2SO3H upon
irradiation at l� 360 nm. In contrast, another candidate
radical, CH3OSO2 (379 nm, f = 0.0004), was predicted to have
absorptions in this region (see Table S1). A broad near-UV
absorption band (lmax = 347 nm) has previously been reported
for CH3OSO2 in isooctane,[20] although further spectroscopic
information on this elusive radical has not been reported.

Interestingly, traces of SO2 were formed upon irradiation
(l� 360 nm) of CH3SO3. Its IR band positions at 1338.4 and
1149.9 cm¢1 are slightly shifted relative to the reported band
positions at 1351.3 and 1152.3 cm¢1 of SO2 isolated in an Ar
matrix.[15] These matrix shifts might be caused by weak
interactions with other species trapped in the same matrix
cages. The mass balance for the elimination of SO2 from
CH3SO3 requires the simultaneous formation of the CH3O
radical or its derivatives; however, no IR bands of CH3O or its
isomer CH2OH[21] were observed, probably because of low IR
intensities and low abundances in the matrices.

The potential-energy surface (PES) for the isomerization
of CH3SO3 to CH2SO3H and CH3OSO2 and its dissociation
into CH3 and SO3 was explored theoretically by using
CCSD(T)/6-311 ++ G(2df,2pd) and CBS-QB3 methods. The
structures and relative energies of the minima and transition
states (TS) on the PES are shown in Figure 3.

In general, the results are consistent with those previously
determined with different calculation methods.[11] The three
stable isomers on the PES are close in energy, and the most
stable one is CH3OSO2, which is 48.5 and 28.0 kJ mol¢1 lower
in energy than CH3SO3 and CH2SO3H, respectively, at the
CCSD(T)/6-311 ++ G(2df,2pd) level of theory. The calcu-
lated relative stability of the latter two isomers depends on

the theoretical methods applied (see Table S4). The activation
barrier for the CH3 shift (TS2) from CH3SO3 to the global
minimum CH3OSO2 is 154.4 kJ mol¢1, which is slightly higher
than that for the hydrogen shift (TS1) to yield CH2SO3H
(128.4 kJmol¢1). Nonetheless, the similar energies of the
three isomers and their comparable moderate energy barriers
to interconversion suggest that the other two isomers might
be formed by irradiation of matrix-isolated CH3SO3. The
absence of CH3OSO2 in these experiments is probably due to
its facile photofragmentation into CH3O and SO2. In fact, the
S¢O bond in CH3OSO2 was found to be rather weak, with an
estimated dissociation energy of 59.0 kJ mol¢1 at the CCSD-
(T)/6-311 ++ G(2df,2pd) level of theory. This barrier is
significantly lower than that for the CH3OSO2 to CH3SO3

rearrangement (Figure 3), but comparable to that of
CF3OSO2!SO2 + CF3O, for which a dissociation energy of
63.4 kJ mol¢1 was computed for the S¢O single bond at the
B3LYP/6-311 ++ G(3df,3pd) level of theory. Photodissocia-
tion of CF3OSO2 was indeed observed in cryogenic matrices
under UV irradiation at l� 280 nm.[21]

The S¢O bond lengths in CH3SO3 (1.468 è) are between
the double bonds (1.430 è and 1.437 è) and the single bond
(1.606 è) in CH2SO3H. This structural feature is consistent
with the presence of one equally delocalized unpaired
electron on three equal oxygen atoms in CH3SO3. The
optimized C3v molecular structure of CH3SO3 is in contrast
to the formerly predicted Cs molecular symmetry.[7]

The photochemical behavior of CH3SO3 may shed light on
its role in the atmosphere. In addition to the formation of acid
rain in the form of CH3SO3H (MSA) through direct hydrogen
abstraction from volatile organic compounds,[5] its photo-
rearrangement to the reactive isomeric radicals CH2SO3H
and CH3OSO2 may initiate more complex radical reactions in
the atmosphere; in particular, the sulfur-centered radical
CH3OSO2 can readily dissociate into SO2 and the atmospheri-
cally important CH3O radical.[22]
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