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Time-resolved tunable diode laser spectroscopic detection ef CH,, and SQ has been coupled with 248
nm laser flash photolysis of 4@, in the presence of C§$(O)CH; (DMSO) to study the mechanism and
kinetics of the OH+ DMSO reaction at 298 K. Production of Grom the OH+ DMSO reaction in the
presence of Nbuffer gas is observed. The rate-limiting step in {g#oduction is found to be the OHt
DMSO reaction under all experimental conditions investigated (including first-ordep@duction rates up
to 10 s1), suggesting that a stabilized GHDMSO adduct, if formed, has a lifetime of less than 49
toward methyl elimination at 298 K and 20 Torr total pressure. From measurements of ttepdarance
rate as a function of DMSO concentration, a rate coefficieti of (8.7 + 1.6) x 10~ cm® molecule st

is obtained for the OH+ DMSO reaction. Using the OH CH, reaction as a “unit yield calibration”, the
CHz yield from OH+ DMSO is found to be 0.9& 0.12. The uncertainties iky and the CH yield are &
and include estimates of systematic errors. Neithey @bt SQ are observed as products of the OH
DMSO reaction. Upper limits (95% confidence limits) on the yields of,@Hd SQ both in the presence and
absence of @are found to be 0.04 and 0.06, respectively. The atmospheric implications of our findings in
the context of previous laboratory studies and atmospheric field measurements are discussed.

Introduction

Dimethyl sulfoxide (CHS(O)CH;,, DMSO) is an intermediate
in the atmospheric oxidation of dimethyl sulfide (¢$CHs,
DMS). Dimethyl sulfide is produced via biological activity of
phytoplankton in the ocean, and its release from the oceans is
the largest natural source of atmospheric suifdrThe gas-
phase oxidation of DMS in the troposphere may play an
important role in the global climate system because nonvolatile
DMS oxidation products (the most important of which ig-H
SOy) have the ability to contribute to aerosol formation and
growth in the remote marine environméng. By participating
in the formation and growth of particles, DMS oxidation
products may impact the eartlatmosphere radiation budget
both directly, via aerosol extinction of solar radiation, and
indirectly, by impacting cloud formation processes and thereby
potentially influencing the distribution, lifetime, and optical
properties of clouds. The current lack of knowledge regarding
the DMS oxidation mechanism inhibits an accurate assessmen
of the importance of DMS as a source of various nonvolatile
gases in the remote marine environment, a prerequisite to
understanding the role of DMS in the global climate system.

atm of air the channels have approximately equal rates at 285
K, with the O-dependent channel being favored at lower
temperature$® The Q-dependent channel involves reversible
addition of OH to DMS, forming the C}$(OH)CH; adduct.
Reaction of CHS(OH)CH; with O, competes with adduct
decomposition to reform OH and DMS:15> The CHS(OH)-
CHs; + O, reaction is presumed responsible for production of
the DMSO observed in both the marine boundary l&yeand
in chamber studié& 12 of the OH-initiated oxidation of DMS.
The CHS(OH)CH; + O, reaction produces HOwith a yield
of ca. 50%!617 with the HO, being formed via abstraction of
the hydroxyl H atom and DMSO presumably being formed as
the HQ, coproduct6.17

In the atmosphere, the fate of DMSO is likely some
combination of reaction with OH and physical removal (uptake
by aerosol and cloud droplets in particular). The reaction of
OH with DMSO has previously been the subject of three
Jhaboratory investigations. Barnes et&and Hynes and Wirlé

ave both measured extremely fast rate coefficients for this

reaction. The long-path FTIR study of Barnes etalbserved
the production of significant amounts of $@s well as lesser

In an attempt to better understand the DMS oxidation
mechanism, we have examined a reaction involving the
important intermediate dimethyl sulfoxide (DMSQO). Dimethyl
sulfoxide has been observed in the marine boundary 1ayer
and has also been found to be a product of the OH-initiated
oxidation of DMS in laboratory chamber stud#s!2 The OH
+ DMS reaction proceeds via two separate channels, an O
independent channel and an-@ependent chann&t 15 In 1
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* Georgia Tech Research Institute.
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amounts of dimethyl sulfone (GS(0)(O)CH, DMSQG,),
whereas another product study by Sorensen &t mported
production of S@and DMSQ in roughly equal amounts. The
LFP—PLIF (laser flash photolysispulsed laser induced fluo-
rescence) study of Hynes and Wihealso obtained some
important mechanistic information; the rate coefficient was
found to be independent of the pressure<{2B0 Torr), isotopic
identity of the hydrogen atoms in DMSO, i.e., H or D, and
nature of the buffer gas (Nor O,). Further, in contrast to the
OH + DMS reaction, no evidence of reversible adduct formation
was observed. The findings of Hynes and Wfare consistent
with OH addition to DMSO to form an adduct that does not
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TABLE 1. Elementary Reactions Which May Occur Following OH Attack on DMSO?2

reaction
reaction no.
OH + CH3S(O)CH; — CH3S(0O)CH + H,0 la
— [CH3S(O)(OH)CH]* — CHz + CH3S(O)(OH) 1b
(+ M) — CH3S(O)(OH)CH 1c
CH;S(O)(OH)CH + M — CH3S(O)CH, + HO0 + M 2a
CHs + CHsS(O)(OH)+ M 2b
CH; + CH3S(0)(0)+ M 2c
CH;+ CH; + SO + M 2d
CH;SO+ CH;OH + M 2e
other products 2f
CH;S(O)(OH)CH + O, — CH3S(0)(0)CH + HO, 3a
CHsS(O)(OH)CH + O, + M — CH3S(G,)(O)(OH)CH; + M 3b
CH;S(O)(O)(OH)CHs + M — CH3S(0)(O)CH + HO, + M da
CH300 + CH3S(O)(OH)+ M 4b
CH;30 + CH3S(0)(O)(OH)+ M 4c
CH; + SO, + CH;O0O+ M 4d
CH;O+ CH; + SO;+ M 4e
CH; + CH;O0H + SO, + M 4f
CH;S(O)(OH)CH + O, + M 49
other products 4h

@ Oxygen-containing functional groups which appear in parentheses in reactignfd elsewhere in the paper) are bound directly to sulfur.

decompose back to reactants on the time scale of their

observations, i.e.,-210000us. The lack of an observed isotope
effect suggests that H-atom abstraction is only of minor
importance in the OH+ DMSO reaction.

The LFP-TDLAS apparatus has been described in detall
elsewheré® 23 Only a brief description, including features
unique to the present study, is included here. The infrared probe
beam was generated by a lead-salt diode laser housed in a

The above-mentioned laboratory studies demonstrate that thehelium-cooled cryostat. Using a single-pass setup, the probe

OHe-initiated oxidation of DMSO may contribute to $0

production in the marine layer boundary in addition to being
the source of DMS@that has been observed in atmospheric
field measurements:® Elementary reactions which may occur
following OH attack on DMSO are listed in Table 1. Oxygen-

containing functional groups which appear in parentheses in

reactions 14 (and elsewhere in the paper) are bound directly
to sulfur.

The purpose of the current study is to clarify the mechanism
of the OH+ DMSO reaction by combining generation of OH
radicals via laser flash photolysis with time-resolved detection
of CHs;, CHs;, and SQ by tunable diode laser absorption
spectroscopy (TDLAS). We have observed{gibduction from
the OH+ DMSO reaction (in the absence ob)Qand using
observed CHlinfrared absorption temporal profiles, we have
measured both the GHyield and the OH+ DMSO rate
coefficient at 298 K. We have also placed upper limits on the
yields of CH, and SQ from the OH+ DMSO reaction both in
the presence and absence of The atmospheric implications
of our findings in the context of previous laboratory studies
and atmospheric field measurements are discussed.

Experimental Section

The LFP-TDLAS technique used in this study was similar
to that used in a number of previous studies of DMS oxidation
carried out in our laboratorf. 23 Excimer laser flash photolysis
of H,O, at 248 nm was employed to create OH radicals. In
experiments where CHproduction was monitored, @,/
DMSO/N,/CH,4 gas mixtures were used. Gas mixtures consisting
of H,O,, DMSO, N,, and in some cases,Qvere used in
experiments designed to observe £ahd SQ production. A
small amount (ca. 0.1 Torr) of £s was included as a
vibrational relaxer in the reaction mixtures when monitoring
CH, production. Experimental conditions were such that the
DMSO, CH;,, C;Hs, and HO, were present in great excess over
OH radicals, rendering the effects of radicahdical side
reactions negligible.

beam passed throughetti m long reaction cell and entered a
0.5 m grating monochromator. Upon exiting the monochromator,
the mode-selected infrared beam was detected using a HgCdTe
infrared detector which was cooled to 77 K. A KrF excimer
laser produced pulses of 248 nm photolysis radiation with an
energy density in the reaction cell of ca-30 mJ cmm? and a
duration of ca. 20 ns.

The HO, and DMSO were introduced into the gas mixture
by bubbling a small flow of N through the liquid and then
mixing this flow into the carrier gas flow (Nor O, with CHy
or C;Hg in some cases). The concentrations of bopoHand
DMSO were measured in situ by UV photometry. The gas flow
exiting the BO, bubbler was diluted with carrier gas prior to
UV absorption monitoring at 253.7 nm using a Hg lamp and
monochromatordy,o, = 7.0 x 10-2° cn? molecule t).2 After
measurement of the P&, this flow was added to the
remainder of the gas flow (carrier gas and DMSO) and the entire
reaction mixture was monitored by UV absorption at 213.9 nm
(Zn lamp, 214 nm band-pass filters) upstream and downstream
from the reaction cell. The absorption cross-sections used to
convert 213.9 nm absorbances to concentrations wgigo
=5.3x 10718 cn? molecule® *andoy,0, = 3.2 x 10719¢cn?
molecule 1.2 Due to the low vapor pressure of DMSO (ca. 0.6
Torr at 298 K)?°it was necessary to measure the [DMSQ] both
upstream and downstream from the reaction cell in order to
quantify any loss of DMSO to the surfaces of the system. The
[DMSO] measured exiting the reaction cell was typically-10
20% lower than the [DMSO] measured upstream from the
reaction cell. The DMSO loss was greatest at the lowest linear
flow rates. The impact of the uncertainties associated with the
heterogeneous loss of DMSO to the walls of the reaction cell,
the photometry cells, and the flow lines were minor and are
discussed in the Results section of this paper. Downstream
monitoring of the reaction mixture was conducted using a cross-
shaped cell with long and short axes (lordb0.5 cm, short=
7.5 cm). This allowed for measurement of the [DMSO]



10524 J. Phys. Chem. A, Vol. 102, No. 51, 1998 Urbanski et al.

independent of any absorption caused by DMSO condensing
on the photometry cell windows.

In experiments measuring the g@Hippearance rate, the
frequency of the diode laser (bandwidtil0—* cm™1) was tuned
to the peak of the Cilabsorption line at 606.12 cth?® For
experiments conducted to measure the; @idld, the frequency
of the probe beam was modulated by a 10 kHz sine-wave
adjusted in amplitude for optimum second-harmonic detection
of the absorption signal. In experiments designed to observe
SO, (CHy) production, the frequency of the probe beam was
tuned over the SO(CH,) absorption line at 1347.00 crh?’
(1303.71 cm1)2” by modulation (5-20 kHz) of the diode laser
drive current. The absorption signal strength of the monitored . , . R .
species (Chl SO, or CH,) was recovered from the digitized 0 40 80 120 160
IR signal by subsequent computation of the second-harmonic time (us)

Fourier ?mp“tUde.m a few hundred mteryals, each one a slngle Figure 1. Typical CH; IR absorption temporal profile observed
modulation cyqle |n.durat|on. The techmques used tp calibrate following 248 nm laser flash photolysis of a;8/DMSO/CHIN,

the IR absorption signal for each species are described belownixture and the double-exponential fit to the data. Data acquired at 20
in the pertinent sections. Torr total pressure and 298 K. Laser fluence of ca. 32 mPqulse’?,

One disadvantage of the of the TDLAS technique is the effect 320 laser shots averaged. Concentrations in units of molecut& cm
of pressure broadening of the absorption lines, which typically ar€ [FO] = 1.6 x 10, [DMSO] = 8.4 x 10, [CH,] = 2.0 x 10,
begins to degrade signal sensitivity around pressures of 25 Torr [OHlo = 1.2 x 10%

Unfortunately, pressure broadening effects prevented us from

3000

80,730s"

=
I
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k, = 866s"

1000

CH, signal (arbitrary units)

conducting experiments at pressures above ca. 50 Torr. All of 100 |
the experiments presented in this study were carried out at a I
20—30 Torr total pressure. 80|

The pure gases used in this study were obtained from Air
Products Specialty Gases £NO,), Matheson Gas Products

(OCS, NQ, SO, HBr), and Spectra Gases A, CH,) and g 60
had the following stated minimum purities: ,N09.999%; Q, E ol
99.99%; OCS, 97.5%; N£ 99.5%; SQ, 99.98%; GHes, &
99.97%; CH, 99.995%. The B O,, CH,, SO, and GHg were 20

used as supplied. The OCS was filtered through ascarite and
degassed at 77 K. The NQvas transferred to a Pyrex bulb
and diluted with Q. The HBr was repeatedly degassed at 77 K Ul
prior to use. Dimethyl sulfoxide (Sigma Aldrich HPLC) and (') : é : "1 : é : é . 1'0 . 1'2
methyl iodide were acquired from Aldrich Chemical Corp. and
had stated minimum purities of 99.9% and 99.5%, respectively. [DMSO] (10" molecule om”®)
Hydrogen peroxide (50% #D, in H,O) was acquired from Figure 2. Pseudo-first-order rate coefficierit) versus [DMSO] for
Fisher Scientific. The dimethyl sulfoxide was transferred under the OH + DMSO reaction at 298 K and 20 Torr total pressure
nitrogen into a Pyrex bubbler fitted with high-vacuum stopcocks. (Including ca. 6 Torr of Ch). The solid line is a linear least-squares
The methyl iodide was transferred to a dark vial fitted with a Iﬁg:ﬁctéftiti'rf]'ttysi'g%e; éSr'g;Pe'szg:tslg . Cci;f)rr]nglrﬁ;ule s, where
high-vacuum stopcock and was degassed at 77 K repeatedly
before use. thus a parametrized GHlisappearance rate coefficient rather
than the sum of actual loss processes which are quantitatively
Results attributable to specific first-order reactions. Because thg CH

Methyl Production Rate. When HO, was photolyzed in loss rates are very slow _compared to the rapid rate of CH
the presence of DMSO, methy! radical formation was observed. @PPearance, the parametrization of the;@$appearance as a
Methyl was not observed in the absence eDH The rate of first-order process does not impact t_he integrity or rgllabll|ty
methyl formation was found to be dependent on the [DMSO], ©f the analysis. As may be seen in Figure 1, the quality of the
and the magnitude of the peak €I absorbance varied linearly ~ fitS is excellent.
with the [H,O,] and UV fluence. These observations indicate

that the observed C4production resulted from the reaction of ) = %[EXp_kd(t_tO) - eXp_Ka(t_tO)] (0
OH radicals with DMSO and that GHjeneration from DMSO
photolysis was not significant. The Glkemporal profiles were Plots ofk, vs [DMSQ] are linear over the range of [DMSO]

analyzed using a nonlinear least-squares fit to the sum of anemployed (see Figure 2). The linearity of tkgvs [DMSO]
exponential rise and an exponential decay (see Figure 1). Theplot up to the fastest appearance rate measured (ca. 100 000
double-exponential functional form included four variable s™)demonstrates that the rate-limiting step in methyl production
parameters: a first-order Gldppearance ratéy, a first-order is the OH+ DMSO reaction under all experimental conditions
CHs disappearance ratég}, the CH signal at infinite time in investigated; hence, the lifetime of a €5{O)(OH)CH adduct

the absence of any GHbss &), and the time of OH generation is less than 1@s at room temperature and 20 Torr total pressure.
(to). In our experiments, CHdisappearance results primarily The CH; appearance rate was independent of(Q4], [OH]o,

from CH; self-reaction and is not strictly a first-order loss and UV fluence, showing that GHformation via DMSO-
process. The variable for first-order @ldisappearancey, is independent channels was not significant in these experiments.
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The slope of thek, vs [DMSOQO] plot (see Figure 2) yields the
second-order rate coefficielki = (8.6 &= 0.2) x 1071t cm?
molecule’! s71 at 298 K and 20 Torr total pressure, where the
uncertainty is & and represents precision only.

Experiments were conducted in both the absence and presence

of methane in order to discern any impact that relaxation of
vibrationally excited CHradicals may have had on the observed
CHgs temporal profiles. In the current study, photolysis of LH
at 248 nm in the presence of varying amounts of 4,CH
demonstrated that CHs an effective relaxer of vibrationally
excited CH radicals. The rate coefficient measured in the
presence of 6 Torr of CH (Figure 2) is equal, within
experimental error, to that measured in the absence af(KH

= (8.94+ 0.2) x 10711 cm® molecule! s71), demonstrating that
relaxation of excited CHl radicals is unimportant in our
measurement of the OH DMSO rate coefficient. The values
of ki were determined using the average of the [DMSO]

J. Phys. Chem. A, Vol. 102, No. 51, 19980525

03} J

02

178, (arbitrary units)

.l n 1

400 800

time (us)

1200

Figure 3. Typical CH; infrared absorption profiles plotted as 1/signal
(1/S) versus time. Data acquired via 248 nm laser flash photolysis of

measured upstream and downstream from the reaction cell. They,0,/cH,/N, gas mixtures in the presence)(and absencer) of

values ofk; determined in this manner differed by onty5%
from the values ok; determined using only the upstream or

downstream measurement of the [DMSO]. The greatest uncer-

tainty in our measurement of the GHDMSO rate coefficient

is the DMSO absorption cross section used for the in situ
measurement of [DMSOlopmso = (5.3 & 1.0) x 10718 cn®?
molecule’® at 213.9 nm}-® Consideration of this uncertainty
leads us to report an Ot DMSO rate coefficient ok; = (8.7

+ 1.6) x 10711 cm® molecule’l st at 298 K and 20 Torr total

DMSO. Total pressure= 30 Torr, andT = 298 K. Symbols are
experimental data. Lines are linear least-squares fits. Concentrations
in units of molecule cm® are () [H20;] = 2.0 x 10%, [CHy] = 9.4

x 10%7, [OH]o = 1.6 x 10'3, (O) [DMSO] = 4.3 x 104, [H,0;] = 2.2

x 1015, [CHy] = 9.3 x 10, [OH]o = 1.8 x 103 Best-fit intercepts
(1/S) are, in arbitrary units,[) 0.103 and ©) 0.068. See text and eqs

Il and III for methyl yield determination from the data.

The value ofS, for each individual experiment was deter-
mined by a linear least-squares analysis of ti8&\Hd time plot,

pressure; this value is a weighted average of the experimentsdisregarding the portion of the plot when gproduction was

conducted in both the presence and absence of CH

Methyl Yield. The CHyield from the OH+ DMSO reaction
was determined by comparison of gkvels observed from
the OH+ DMSO reaction with levels observed from the OH
+ CHy reaction:

OH + CH,— CH; + H,0 (5)

The OH+ CHj reference reaction was chosen because it is the

only thoroughly studied reaction of OH known to producesCH
with unit yield 24 Hydrogen peroxide was photolyzed in ca. 30
Torr of CH,, both in the absence and presence of DMSO.
Because the OH H,0, reaction (reaction 6) is 200 times faster
than the OH+ CHj, reaction, 30 Torr of Chlwas necessary to
adequately minimize OH loss via reaction with®3.
OH+ H,0, —~ HO, + H,0O (6)
The OH+ DMSO reaction was also studied in 30 Torr of £H
in order to maintain the same line-broadening environment for
CHs observation. Without DMSO present, the removal of OH
by CH, is complete in ca. 40@s (see Figure 3). With DMSO
present, the OH is removed by reactions with DMSO and CH
within 10—200 us, depending on the DMSO concentration. In
both the absence and presence of DMSO, the loss of CH
radicals is primarily due to the GHself-reaction:
CH;+CH;+ M —CHg+ M @)
Hence, the time dependence of the Qt¢cay is described by
the following equation

1_1

§ S
where$ is the CH; signal which would be observed at infinite
time if there were no Cklloss processes.

+ 2kt (I

still occurring (see Figure 3). Th& from the reference
experiments, &, and from experiments with DMSOy'§ were
used in the following equation to determine the Gh€ld from
the OH+ DMSO reaction:

'K U'H0))' : "
o _ (S FUTHO I T HdCHd

k,/DMSO]"

()

In the above equatiork” andk' represent the first-order loss
rates for OH radicals, i.e.:

K" = k,[DMSO]" + k[CH,]" + kg[H,0,]"
K = K[CH,]" + kg[H,0O,]'

Variation in the UV fluence is accounted for by théandU"
terms. Second-order rate coefficients are, in units of cm
moleculel s, ks = 6.3 x 1071524 ks = 1.7 x 10712324k, =
8.4 x 107! The value used fok; is an average of the rate
coefficients reported in refs 18 and 19 and in the current study.
The results of our methyl yield measurements are summarized
in Figure 4. The data render a @kield of approximately unity
(®(CH3) = 0.98+ 0.08, where the uncertainty represents 2
precision only). As may be seen in Figure 4, the measuregl CH
yields were independent of the DMSO concentration, confirming
that DMSO photolysis was unimportant in producing{tider
the conditions of our experiments. The €¥lelds determined
from our data were virtually insensitive to uncertainties in both
the OH+ DMSO rate coefficient and the DMSO UV absorption
cross section used for in situ determination of [DMS@]\so
= (5.3 £ 1.0) x 107! cn? molecule! at 213.9 nm}?
Uncertainties associated with the loss of DMSO to the walls of
the reaction cell, photometry cells, and flow lines had no effect
on the CH yields. We believe the systematic errors associated
with our measurement of the GHield are small. However,
we allow for the possibility of unknown systematic errors by
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Figure 4. Observed Chlyield from OH+ DMSO atT = 298 K and
P = 30 Torr CH,. Methyl yield plotted versus [DMSQ]. Average of
data gives a Chklyield of 0.98+ 0.08, where the uncertainty ig2and
represents precision only.

Figure 5. Typical second-harmonic infrared signal profiles obtained
by tuning the frequency of the probe beam over the, @bsorption
line at 1303.71 cmt. (a) Photolysis of Chl/HBI/H,0./C,He¢/N, mixture
atT = 297 K andP = 20 Torr; laser fluence of 4.8 mJ crhpulse’?,
32 laser shots averaged. (b) Photolysis of DMSQUAC,He/N, mixture
] ) ) ) ~atT =297 KandP = 20 Torr; laser fluence of 24.4 mJ cfpulse?,
increasing the uncertainty of our yield measurement, leading 32 |aser shots averaged. Concentrations in units of molecuté ara
us to report®(CHz) = 0.98 &+ 0.12. Room-temperature yield (a) [CHsl] = 2.4 x 10, [HBr] = 3.6 x 105, [H,0;] = 1.2 x 105,
measurements were also conducted at 10 Torr total pressurdCzHel = 3.2 x 10%, [CHg]o = 1.2 x 10" [OH]o = 1.3 x 10'% (b)
(including ca. 8 Torr of Clj using CHI photolysis to calibrate  [H20s] = 1.5 x 10% [DMSO] =1.3 x 10°, [CoHg| = 4.0 x 10
the CH; IR absorption signal. The 10 Torr results are consistent [OHlo = 8.3 x 10" The CH, IR signal depicted in (a) corresponds to
. . . a CH, yield of ca. 15% from OH+ DMSO under the conditions
with (though less precise than) the higher pressurg geld employed to obtain data in b.
measurements, witb(CHgz) = 1.02 4+ 0.16 (error represents

20, precision only). _ 0.039 in N buffer gas and 0.038 in {buffer gas. Both upper
Methane Production. Methane was not observed as a |imits were obtained at 20 Torr total pressure and room

product of the OH+ DMSO reaction in either Nor O, buffer temperature. Uncertainties associated with the loss of DMSO

gas. The Cl+ HBr reaction produces CHn unit yield?® and to the walls of the reaction cell, photometry cells, and flow lines
was used to confirm our ability to readily detect Qbtoduction had no effect on the upper-limit GHjields.

and to calibrate the CHR absorption signal at 1303.71 cf Sulfur Dioxide Production. Sulfur dioxide was not observed
The CH, IR absorption signal calibration was carried out by as a product of the OH- DMSO reaction in either Nor O,
photolyzing ¢ = 248 nm) gas mixtures containing HBr, @l buffer gas. The ability of our system to detect small concentra-

H202, CoHs, and N Because kD, possesses strong infrared  tions of SQ in time-resolved experiments was verified by

absorption features in the 1300 chspectral regior! it was photolyzing OCS in the presence of,@nd NG, which
included in the calibration gas mixtures to demonstrate that its generates Sfvia to the following set of reactions:

presence did not interfere with GHetection. The concentra-

tions of HBr, CHil, H,O,, and GHs and the excimer laser QCS+ hy— S+ CO

fluence were adjusted to ensure that the following conditions ®(CO)~ 1% ®)
were satisfied: (1) Chlradicals reacted almost exclusively with

HBr; (2) the fate of the OH radicals was reaction with HBr, S+ O,— SO+ O

H20,, and GHe; (3) the [GHg] was sulfficient to ensure rapid k=2.8x 10 2 cm® moleculet g1 3 9)
relaxation of vibrationally excited CHThe [CHs]o and hence

peak [CH] was calculated from the [C#] (measured in situ S+ NO,—~ SO+ NO

by UV photometry at 253.7 nm), the GHabsorption cross k=6.5x 10 " ¢cm® molecule*s*** (10)
section at 248 nmoaksg = 81.5 x 10720 cn? molecule?, o254

= 110 x 10720 cn® molecule?, both measured as part of the SO+ NO,— 3G, +NO

current study and in excellent agreement with recently published k=1.4x 10 *cm® molecule*s* 3 (11)
measurementsy, and the UV fluence. The accuracy of this

calibration was verified by Clistandard addition, achieved The SO+ O, reaction is too slow to be important for the O
using a certified custom gas blend obtained from Scott Specialty employed in our experimentd.The study of Zhao et &P has
Gases (150.9 ppm CHn Ng; grade Acublend Master Gas, established that OCS photolysis at 248 nm produces CO and S

analytical accuracy= +1%). Plots of [CH]o vs peak CH IR atoms in approximately unit yield, and Sivakumar etdiave
signal were linear and a linear least-squares fit to the data yieldedshown that SD,) is the only sulfur fragment generated by OCS
the CH, IR absorption signal calibration. photolysis at this wavelength. For the conditions employed in

No evidence of Chiproduction was observed when examin- our study,=99% of StD,) atoms are quenched to38y),3* with
ing the OH+ DMSO reaction. Figure 5 shows typical data from the remainder reacting with OCS to forra $ CO 35 By using
CHsz + HBr and OH+ DMSO experiments. Using the GHR sufficient NG and @ ([NO2] ~ 1.5 x 10 molecule cm3;
absorption signal calibrations, upper limits on £tklds were [O4] & 2.6 x 10 molecule cm3) and low excimer laser fluence
obtained for the data acquired from the GHDMSO experi- (typically < 8 mJ cnm2 in the reaction cell), we were able to
ments in both Mand Q buffer gases. The upper limits for the  ensure that the following conditions were satisfied: (1) the S
CH, yields derived from the data are (95% confidence limits) atoms generated by OCS photolysis reacted predominantly with
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Figure 6. Typical second-harmonic infrared signal profiles obtained
by tuning the frequency of the probe beam over the &sorption
line at 1347.000 cm. (a) Photolysis of OCS/N&O,/N, mixture atT

= 295 K andP = 32 Torr; laser fluence of 13.4 mJ cfpulse?, 32
laser shots averaged. (b) Photolysis of DMS@BHO,/N, mixture at
295 K and 31 Torr; laser fluence of 22 mJ chpulse?, 32 laser shots
averaged. Concentrations in units of molecule tiare (a) [OCS}=
6.4 x 105, [NOJ] = 1.5 x 10%, [O7] = 2.2 x 106, [S]p = 2.3 x 10'%
(b) [DMSO] = 5.4 x 10%, [H05] = 2.4 x 1015, [O] = 9.1 x 10Y,
[OH]o = 1.2 x 10" The SQ IR signal depicted in (a) corresponds to
an SQ yield of ca. 19% from OH+ DMSO under the conditions
employed to obtain data in b.

O, or NO,, producing SO (and O or NO); (2) the fate of O
atoms produced by reaction 9 was scavenging by;N& SO

J. Phys. Chem. A, Vol. 102, No. 51, 19980527

is less than 1@s at 20 Torr and 298 K. The room-temperature
rate coefficient for the OH- DMSO reaction, as derived from
CH; appearance data, s + 20 = (8.7 & 1.6) x 101 cm?
molecule’® s1. The relatively large error bar results from
uncertainties in the DMSO UV absorption cross section used
for the in situ photometric measurements of the DMSO
concentration. Methane and $®ere not observed as products
of the OH+ DMSO reaction in either por O, buffer gas.

In the absence of Hthe observed unit yield of CHand the
near-zero yields of ClHand SQ lead us to conclude that the
dominant OH+ DMSO reaction channel is characterized by
OH addition to DMSO, followed by rapid Ci$(O)(OH)CH;
adduct decomposition to GHand CHS(O)(OH) (methane
sulfinic acid, MSIA), i.e., reaction 1br reaction 1c followed
by reaction 2b. We have not directly observed MSIA but have
arrived at the conclusion that MSIA is the gidoproduct by
the process of elimination. Our observations demonstrate that
other prospective reaction mechanisms, e.g. la, 2af, 2uve
not significant for the conditions of our experiments. Our results
verify the proposal of Yin et aP® who suggested based on smog
chamber studies, bond dissociation energy (BDE) calculations,
and analogy with liquid-phase chemistry that the @HDMSO
reaction occurs via OH addition, followed by—G bond
cleavage, in contrast to the OH DMS reaction which is
characterized by H-atom abstraction and reversible adduct
formation. The source of the difference in OH reaction mech-
anisms between DMS and DMSO lies in the-§ BDEs.
Because the €S BDE in DMS (308.4+ 5.0 kJ mof1)2437js
significantly larger than the €S BDE in DMSO (236.Gt 16.7

produced in reactions 9 and 10 reacted almost exclusively with kJ mol-2),2437 CH; elimination from OH+ DMSO is exother-

NO; (reaction 11); (4) generation of $S@as rapid compared

to SO diffusional losses. When these conditions are satisfied,

the [S} is equal to the peak Soncentration. Under typical

conditions in our study, ca. 95% of the S atoms are converted

into SG via reactions 9-11, with the balance being converted
to $ by reaction with OCS. By varying the OCS concentration

and the excimer laser fluence, we were able to calibrate the

SG; IR absorption signal at 1347.00 ctn Plots of [S) vs peak

SO, IR absorption signal were linear, and a linear least-squares

fit to the data yielded the SOR absorption signal calibration.
The [S} was calculated using the measured UV fluence, the

OCS absorption cross section at 248 nm, and the OCS

concentration measured in situ at 213.9 mmd= 2.11x 10720
cn? molecule’d, 0213 9= 21.8 x 10720 cn¥ molecule?).2* No
evidence for S@production was observed when examining OH
+ DMSO. Figure 6 presents typical data from O&S0O, +
NO; + hv and HO, + DMSO + O, + hv experiments.
Utilizing the SQ IR absorption signal calibrations, upper limits
on SQ yields were determined for the data acquired from the
OH + DMSO experiments in both Nand Q buffer gases. The

upper-limit SQ yields defined by the data are (95% confidence .

limits) 0.055 in N buffer gas and 0.062 in {buffer gas. Both

upper limits were obtained at 30 Torr total pressure and room

temperature. The upper limit $@ields were determined using

the [DMSO] measured downstream from the reaction cell and
are ca. 5% higher than the upper limits defined by the upstream

[DMSQ] measurement (0.053 inNouffer and 0.060 in @
buffer).

Discussion

mic by 1014 28 kJ mot1,2437whereas Chlelimination from
OH + DMS is endothermic by 55 26 kJ motl.24.37

The observed unit yield of methyl in the current study is
consistent with the findings of Hynes and WiR@ which the
OH + DMSO reaction was studied using PLIF to monitor the
disappearance of OH radicals. Hynes and Wine did not observe
a kinetic isotope effect when using deuterated DMSO, indicating
that reaction 1 does not proceed by H-atom abstraction to any
significant extent. Additionally, Hynes and Wine saw no
evidence that the adduct decomposed back to reactants. The
room-temperature rate coefficient measured here falls between
the only two published measuremenkg:= (1.0+ 0.3) x 10710
cm® molecule! s711% andk; = (6.5 £ 2.5) x 107! cn?®
molecule’? s1.18

While we have high confidence in the results presented here,
direct application of our results to the atmosphere is somewhat
tenuous. Due to reaction between £4hd Q, we were unable
to employ CH observations to assess the ability of thesGH
(O)(OH)CH; + O, reaction to compete with adduct decomposi-
tion to CH; and CHS(O)(OH). Smog chamber studies exam-
ining the OH+ DMSO reaction in an 1 atm of air indicate that
under such conditions 280% of the oxidized DMSO is
converted to dimethyl sulfone (GB(0)(O)CH, DMSQ,);1218
these studies provide evidence for the occurrence of gSCH
(O)(OH)CH; + O reaction that produces GH(O)(O)CH +
HO,, i.e., a reaction analogous to that responsible for DMSO
production from the OH- DMS + O, systemt0-12.16.17

In the current study we have demonstrated that the lifetime
of the CHS(O)(OH)CH; adduct is less than 10s (at 298 K
and 20 Torr). This upper limit on the GB(O)(OH)CH lifetime

The data presented in this paper demonstrate that, in theimplies that under atmospheric conditions a reaction between

absence of @ the OH+ DMSO reaction produces Ghh unit
yield. In addition, we find that if a stabilized GB(O)(OH)-
CHs adduct is formed, its lifetime toward decomposition to{£CH

the adduct and ©must have a rate coefficient of at least 10
cm® molecule’? s71 to compete with adduct decomposition.
However, it is very likely the rate coefficient for the G5{(O)-
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(OH)CH; + O reaction is significantly larger than 18 cm? MSIA by abstraction of the hydroxyl H atom, producing ¢34
molecule’l s71 considering the (1.0+ 0.3) x 10712 cm?® (0)(O). Decomposition of CkS(0)(O) would lead to SQwhile

molecule s~1 rate coefficient reported for the GE(OH)CH; further reaction of this species may generate; 8Omethane
+ O, reactiont*151f the CHS(O)(OH)CH + O, rate coefficient sulfonic acid (MSA, CHS(O)(0)(OH)). The chamber studies
is on the order of 102 cm® molecule’! s7%, then the CHS- of Barnes et at® and Sorensen et &.demonstrate that the OH-

(O)(OH)CH; lifetime would have to be<0.5us for decomposi- initiated oxidation of DMSO produces $SQ@although there is

tion to be a significant pathway under atmospheric conditions. an apparent major discrepancy between the two studies regarding
Unfortunately, the low DMSO vapor pressure (ca. 0.6 Torr at the efficiency of S@ production). Additionally, the decomposi-
298 K5 prohibits attainment of the experimental conditions tion of CH;S(O)(O) to S@ and CH has been observed in the

necessary to observe a €50O)(OH)CH lifetime <0.5us (a low-pressure (ca. 1 Torr of He), room-temperature-tifass

CHj3; appearance rate of ca. 2 000 008 sequires a [DMSO] spectrometry study of Ray et #l.These studies lend strong

roughly equal to the DMSO vapor pressure). support to the idea that the OH DMSO reaction may lead to
Under all experimental conditions, the Geppearance rate ~ SC: production through the OH-initiated oxidation of MSIA.

was limited by the OH+ DMSO reaction and not adduct Recent atmospheric field measurements in the marine bound-

decomposition. Our data define an upper limit for the adduct ary layer on the Antarctic coast suggest that thed€pendent
lifetime (at 20 Torr and 298 K), and we believe the true adduct branch of th_e OHe-initiated oxidation of DMS is responsmle for
lifetime is significantly less than 1@s. With only an upper  the production of gas-phase methane sulfonic acids8t8)-
limit on the adduct lifetime and not a measurement of the actual (O)(OH), MSA), as well as being a major source of 5O
adduct decomposition rate, it is difficult to speculate on how Observed MSA concentrations were consistent with the-OH
the adduct decomposition rate might vary with pressure. As PMSO reaction forming MSIA and the subsequent OH-initiated
discussed in the Experimental Section of this paper, the loss ofoxidation of MSIA leading, in part, to MSA productidfi.The
signal sensitivity due to pressure broadening of the absorptionTsults of our study are consistent with the OH-initiated
features prevented us from conducting experiments at atmo-0xidation of MSIA being both the source of MSA and a
spheric pressures. If the Gilbserved in the current study results contributor to S@ production during the recent Antarctic field
from decomposition of an unthermalized adduct, i.e., reaction Measurement campaign. o

1b, then adduct stabilization will be promoted at atmospheric ~ The efficiency with which DMSO oxidation may lead to MSA
pressure; however, if the observed £#imination is occurring ~ @nd SQ production will depend not only on the rate of MSIA

via a thermalized adduct (reaction 2b), then decomposition may ©Xidation by OH, but also on the ambient aerosol surface area,
be accelerated at atmospheric pressure. as DMSO and most likely MSIA are susceptible to physical

removal. The interpretation of recent atmospheric field measure-
ments on the Antarctic cod8tand in the equatorial Pacifit
suggest that heterogeneous removal of DMSO (and probably
MSIA) is competitive with and may even dominate DMSO
removal by reaction with O Analysis of the field measure-
ments taken in the Antarctic boundary layer suggest &b
of the DMSO in the lower troposphere is removed by hetero-
geneous processts2whereas analysis of the equatorial Pacific
field measurements indicate heterogeneous processes accounted
for only 25-33% of DMSO removat!42

The results of our study suggest that the GHDMSO

In an effort to more clearly establish the applicability of our
results with respect to atmospheric conditions, we have begun
experiments designed to measure (via UV absorption) the yield
of CH3;00 from the OH+ DMSO reaction in the presence of
O,. Preliminary experiments observing @b in the presence
of varied [Q] (3—218 Torr) suggest that GHelimination is
the dominant reaction channel, even in the presence of
atmospheric levels of £ however, the results are not yet
sufficiently precise to rule out a minor but significant ¢34
(O)(OH)CH; + O, reaction channel under atmospheric condi-

i 38

tions: . ) reaction produces G3(0O)(OH) and CHin high yield. Methane
Our proposed OH- DMSO reaction mechanism appears to - gjfinic acid may be a key species whose OH-initiated oxidation

be in contradiction with one finding of the Sorensen etZal. may lead to production of MSA and SOThe role of MSIA in

chamber study. Sorensen et al. employed an “off-line” ion aumaspheric sulfur chemistry will likely be most important at

chromatography technique for the measurement of MSIA. When high latitudes where the @lependent branch of the OHDMS

the OH-initiated oxidation of DMS was studied, an MSIA yield e action dominates overall DMS reactivity. Direct observation
_of_;.Si 1.1% was measured. However, when st_udylng the OH- ¢ gas-phase MSIA as a product of the GHDMSO reaction
initiated oxidation of DMSO, S_orensen et al. did not o_bs_erve (in the presence of £is necessary to thoroughly confirm the
MSIA and reported an MSIA yield 0f0.3% (below the limit  inerpretation of our results and to clear up the discrepancy
of detection). Sorensen et al. have proposed that the MSIA peyyeen the current study and the chamber study of Sorensen
observed in the OH-initiated oxidation of DMS may have g 5112 The ability to directly observe MSIA in the gas phase is

resulted from the reaction of the GB(OH)CH; adduct with 555 necessary to conduct time-resolved kinetic and product
O.. Observation of MSIA in the OH-initiated oxidation of DMS, ¢ dies of the potentially important O# MSIA reaction.

but not in the OH-initiated oxidation of DMSO, appears
incompatible with our proposal that MSIA is the gebproduct Acknowledgments. This research was supported by the
of the OH+ DMSO reaction. The explanation for the apparent National Science Foundation under Grant No. ATM-94-12237.
discrepancy between our results and those of Sorensen et alShawn P. Urbanski was supported by the NASA Earth System
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