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bstract

Time-resolved UV–vis absorption spectroscopy has been coupled with 248 nm laser flash photolysis of Cl2CO in the presence of CH3S(O)CH3

and in some cases O2, NO, or NO2) to generate the CH3(Cl)S(O)CH3 radical adduct in the gas phase and study the spectroscopy and kinetics of this
pecies at 296 K. CH3(Cl)S(O)CH3 is found to possess a strong absorption band with λmax = 394 nm and σmax = (4.0 ± 1.4) × 10−17 cm2 molecule−1

base e); the gas phase spectrum of CH3(Cl)S(O)CH3 is very similar to previously reported liquid phase spectra in chloroalkane and water
olvents. Reaction of CH3(Cl)S(O)CH3 with O2 is found to be very slow, and our data suggest that the rate coefficient for this reaction is less than

× 10−18 cm3 molecule−1 s−1. Rate coefficients for CH3(Cl)S(O)CH3 reactions with CH3(Cl)S(O)CH3 (k3), NO (k9), and NO2 (k10) in units of
0−11 cm3 molecule−1 s−1 are found to be 2k3 = 6.0 ± 2.4, k9 = 1.2 ± 0.3, and k10 = 2.1 ± 0.3, where the uncertainties are estimates of accuracy at
he 95% confidence level.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The gas phase reaction of atomic chlorine with dimethyl
ulfoxide (DMSO; CH3S(O)CH3) is of interest in atmospheric
hemistry [1] and, as a result, has been the focus of a number
f publications [2–7]. Nicovich et al. have recently employed
he laser flash photolysis (LFP) – resonance fluorescence tech-
ique to study the temperature and pressure dependences of
he Cl + DMSO rate coefficient [7]; these investigators used
heir results in conjunction with earlier results obtained in low-
ressure flow reactors [4,5] to show that reaction occurs via both
-abstraction and addition pathways:
l + CH3S(O)CH3 → HCl + CH3S(O)CH2 (1a)

l + CH3S(O)CH3 + M → CH3(Cl)S(O)CH3 + M (1b)

∗ Corresponding author at: School of Earth and Atmospheric Sciences, Geor-
ia Institute of Technology, Atlanta, GA 30332-0340, United States.

E-mail address: paul.wine@chemistry.gatech.edu (P.H. Wine).
1 Present address: Merck & Co., Inc., WP78-110, PO Box 4, West Point, PA
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t room temperature and atmospheric pressure, the reported
ate coefficient is nearly gas kinetic, with the addition pathway
ccounting for 87 ± 2% of the overall reactivity [7]. Electronic
tructure calculations support the existence of an adduct with
Cl–S bond strength of approximately 70 kJ mol−1 [6,7], and
recent experimental determination [7] based on observation

f the decay of laser-flash-generated Cl into equilibrium with a
l reservoir (presumably CH3(Cl)S(O)CH3), reports an adduct
ond strength in good agreement with the theoretical results.
n the molecular orbital picture, the ground electronic state of
H3(Cl)S(O)CH3 is characterized by an S–Cl three-electron
ond containing two bonding σ electrons and one antibond-
ng σ* electron [8,9]. Although CH3(Cl)S(O)CH3 has not been
irectly observed in the gas phase, a transient absorption fea-
ure with λmax ∼ 400 nm that is assigned to this species has been
bserved in the liquid phase in both chloroalkane [8,10] and
2O [9,11] solvents.
In this paper we report the results of an experimental study of
he gas phase Cl + DMSO reaction that couples LFP with time-
esolved UV–vis absorption spectroscopy (TRUVVAS). The
as phase absorption spectrum of CH3(Cl)S(O)CH3 (includ-
ng absolute absorption cross-sections) is reported for the first
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ime, and the TRUVVAS technique is used as a probe to
nvestigate the kinetics of CH3(Cl)S(O)CH3 reactions with O2,
O, and NO2, and also to get some information about the

ates of radical–radical reactions of CH3(Cl)S(O)CH3. The
xperimental results are used to evaluate the potential role of
H3(Cl)S(O)CH3 in atmospheric chemistry. In addition, the
xperimental results contribute to development of an overall
nderstanding of the kinetics and spectroscopy of gas phase
adical + sulfur compound adducts as well as differences (or sim-
larities) between gas and liquid phase spectroscopy and kinetics
f these species.

. Experimental technique

The LFP-TRUVVAS apparatus used in this study is very
imilar to those we have employed in previous spectroscopic
nd kinetic studies of Cl–S(CH3)2 [12] and Cl–SCS [13]. A
chematic diagram of the apparatus is published elsewhere [13].

ajor elements of the apparatus include a pulsed KrF photolysis
aser (248 nm), a 75 W xenon arc lamp cw probe light source,
n insulated Pyrex, jacketed reaction cell (100 cm long, 40 mm
.d.), a pre-mixing cell, a monochromator to isolate the probe
avelength, a photomultiplier tube (PMT) to detect the probe

adiation, an oscilloscope to record the temporal evolution of the
ransmitted probe radiation, a computer to store and average the
aveforms from the oscilloscope, and numerous optical compo-
ents to manipulate and align the photolysis and probe beams,
hich overlapped collinearly as they traversed the length of the

eaction cell. Experimental details that are specific to this study
re provided below.

All experiments were carried out at room temperature
296 ± 2 K). The CH3(Cl)S(O)CH3 adduct was generated by
48 nm excimer laser flash photolysis of phosgene (Cl2CO) in
he presence of CH3S(O)CH3. The absorption cross-section for
l2CO at 248 nm is 8.93 × 10−20 cm2 molecule−1 [14] and the
hotolysis laser fluence ranged from 15 to 45 mJ cm−2 pulse−1;
he pulse duration was ∼25 ns.

All experiments were carried out under “slow flow” condi-
ions, i.e., the linear flow rate of the reaction mixture through the
eaction cell (typically 4 cm s−1) was fast enough to replenish
he volume of the reaction cell every few laser pulses (the typi-
al laser repetition rate was 0.1 Hz), but slow enough that kinetic
bservations could be analyzed assuming static conditions.

Concentrations of both CH3S(O)CH3 and Cl2CO were
easured in situ in the slow flow system by UV photom-

try at 213.9 nm (Zn penray lamp light sources). In units
f 10−19 cm2 molecule−1, the cross-sections used to convert
13.9 nm absorbances to concentrations were 53 [15,16] and
.26 [12] for CH3S(O)CH3 and Cl2CO, respectively. Because
f its low vapor pressure (0.6 Torr at 298 K [17]), CH3S(O)CH3
s difficult to handle in the gas phase. The procedure for obtain-
ng reliable concentration measurements in spite of problems
ith adsorption of CH3S(O)CH3 on cell walls and windows is

iscussed in detail elsewhere, as is the procedure for deriving
ccurate CH3S(O)CH3 and Cl2CO concentrations from absorp-
ion measurements at a wavelength where both species absorb
7].
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In the kinetics experiments, the concentrations of NO and
O2 were determined from mass flow measurements of NO/N2
r NO2/N2/O2 mixtures combined with photometric measure-
ents of NO2/N2/O2 mixtures. The procedure involved first

ransferring nitric oxide (NO) into a 12L Pyrex bulb and dilut-
ng with N2; pressure measurements provided an estimate of
he fraction of NO in the NO/N2 mixture. At the conclusion of
set of CH3(Cl)S(O)CH3 + NO experiments, the NO/N2 mix-

ure was quantitatively diluted with enough O2 to convert all
O to NO2. After allowing several hours for conversion of
O to NO2, the NO2 concentration in the mixture was mea-

ured by photometry using the 457.9 nm line from an argon
on laser as the light source; the absorption cross-section used
o convert measured absorbance to NO2 concentration was
.06 × 10−19 cm2 molecule−1 [18]. The NO concentration was
etermined quantitatively from the measured NO2 concentration
nd the known O2 dilution factor, while the resulting NO2/N2/O2
ixture was used for a set of CH3(Cl)S(O)CH3 + NO2 experi-
ents. The presence of O2 in the bath gas in the NO2 storage

ulb prevented slow build up of NO impurity.
The pure gases used in this study were obtained from Air

roducts (N2, O2) and Matheson (Cl2CO, NO), and had the
ollowing stated minimum purities: N2, 99.999%; O2, 99.994%;
l2CO, 99.0%; NO, 99.0%. The N2, O2, and NO were used as

upplied. The Cl2CO was degassed at 77 K prior to use. The
iquid DMSO sample had a stated minimum purity of 99.9%. It
as transferred into a bubbler fitted with high-vacuum all-Teflon

topcocks, from which it was admitted into the slow flow system
ntrained in a controlled flow of N2 bath gas. The bubbler was
ositioned downstream from the mass flow meter and needle
alve that measured and controlled the flow of N2 into it.

. Results and discussion

When Cl2CO was photolyzed in the presence of DMSO,
bsorption of the UV–vis probe beam was observed throughout
he 310–510 nm spectral region. Absorption was observed only
hen both DMSO and Cl2CO were simultaneously subjected

o LFP. When the photolyzed mixture contained only Cl2CO,
MSO, and N2, the observed absorbance (A) decayed slowly
ith time and, within experimental uncertainty, followed second
rder kinetics. Under the experimental conditions employed, the
ppearance of absorbance was always very fast compared to the
ecay of absorbance. Hence, the peak absorbance for each exper-
ment could be determined with good accuracy by plotting A−1

ersus time and extrapolating back to t = 0 using a linear fit to
he A−1 versus time data.

.1. Adduct identification

Evidence verifying the identity of the absorbing species was
btained by measuring its appearance rate. Absorbance tempo-
al profiles were recorded and analyzed using a nonlinear least

quares fit to the sum of an exponential rise and an exponen-
ial decay (see Fig. 1). In this set of experiments, absorbance
isappearance resulted primarily from radical–radical reactions
nd was not a first-order process. The first-order absorbance
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Fig. 1. A typical absorbance (base e) temporal profile observed following
laser flash photolysis of Cl2CO/DMSO/N2 mixtures at P = 50 Torr. Concen-
trations in units of 1013 molecules cm−3 are [Cl2CO] = 158, [Cl]0 ≈ 0.5, and
[DMSO] = 61.1. The solid line is obtained from a nonlinear least squares fit to
t
(
k

d
r
t
b
t
t
d
d
a
q
t
fi
a
o
i
T

F
l
o
u
o

a
t
t
s
r
(
s
m
r
e
a
t
t
a
d
o
o

3

a
o
a
o
t
[
s
t
T
3
i
c

he sum of an exponential rise and an exponential decay. The best fit appearance
ka) and disappearance (kd) rate coefficients in units of s−1 are ka = 49,600 and

d = 714.

isappearance rate, kd, is thus a parameterized rate coefficient
ather than the sum of actual loss processes that are quanti-
atively attributable to specific first order processes. However,
ecause the observed absorbance loss rates are slow compared
o the rapid rate of absorbance appearance, the parameteriza-
ion of the absorbance disappearance as a first order process
oes not seriously impact the reliability of the analysis to
etermine the pseudo-first order rate coefficient for absorbance
ppearance. As exemplified by the data shown in Fig. 1, the
uality of the double exponential fits is quite good as long as
he fits are limited to a small fraction of the decay. Pseudo-
rst order appearance rate coefficients (ka) were measured at

pressure of 50 Torr in N2 bath gas using a probe wavelength
f 390 nm. As shown in Fig. 2, a plot of ka versus [DMSO]
s linear over the range of DMSO concentrations employed.
he linearity of the ka versus [DMSO] plot up to the fastest

ig. 2. Plot of ka vs. [DMSO] for data obtained at P = 50 Torr N2. The solid
ine is obtained from a linear least squares analysis; its slope gives the second
rder rate coefficient k1 = (6.52 ± 0.33) × 10−11 cm3 molecule−1 s−1 where the
ncertainty is 2σ and represents precision only. The open circle is the data point
btained from the data shown in Fig. 1.
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ppearance rate measured (ca. 110,000 s−1) demonstrates that
he rate-limiting step in production of the absorbing species is
he Cl + DMSO reaction under the conditions investigated. The
lope of the ka versus [DMSO] plot yields the second order
ate coefficient k1 = (6.52 ± 0.33) × 10−11 cm3 molecule−1 s−1

k1 ≡ k1a + k1b), where the uncertainty is 2σ and represents preci-
ion only. The value measured here for k1(P, T) is in good agree-
ent with the value (6.34 ± 0.37) × 10−11 cm3 molecule−1 s−1

eported at the same temperature and pressure by Nicovich
t al. [7] based on measurements of Cl atom decay using
tomic resonance fluorescence spectroscopy as the detection
echnique. The data in Figs. 1 and 2 provide strong evidence
hat the species being observed is indeed the CH3(Cl)S(O)CH3
dduct formed from the reaction of Cl with DMSO. Further evi-
ence supporting this assignment comes from comparison of the
bserved absorption spectrum with reported liquid phase spectra
f CH3(Cl)S(O)CH3 [8,10,11] (see below).

.2. Adduct absorption spectrum

The absorption spectrum of CH3(Cl)S(O)CH3 was measured
t 100 Torr total pressure in N2 bath gas. A reference wavelength
f 390 nm was selected. Absorption measurements were made
t this reference wavelength after every few measurements at
ther wavelengths. This was done in order to account for sys-
ematic drifts in experimental parameters such as laser power,
Cl2CO], optical alignment, etc. over time. Absorbance mea-
urements at wavelengths other than 390 nm were normalized
o the average of the “before” and “after” 390 nm absorbances.
he adduct absorption cross-section was carefully measured at
90 nm and all cross-sections were then determined by apply-
ng the normalization factor to the carefully measured reference
ross-section.

Reagent concentrations employed in the 390 nm cross-
ection measurements were (in units of 1013 molecules cm−3):
DMSO] ≈ 115; [Cl2CO] = 12–150; [Cl]o = 0.05–0.7. Values for
0 (defined below) were obtained by extrapolation of A−1 versus

ime (t) data to t = 0. Each cross-section measurement involved
veraging ∼20 photolysis laser pulses. The adduct cross-section
t 390 nm (σ390) was determined from the data using the follow-
ng relationship:

390 = A0

l[Cl]0F
. (I)

n Eq. (I), A0 is the absorbance at a time shortly after the laser
ash when Cl and CH3(Cl)S(O)CH3 have reached equilibrium
ut negligible radical decay has occurred, l is the absorption path
ength (100 cm), [Cl]0 is the concentration of chlorine atoms
roduced by the laser flash, and F is the fraction of Cl atoms
onverted to adduct. As is typical for gas phase spectroscopic
ata, the absorbance is defined as A = ln(I0/I), i.e., it is a base e
alue.
The parameter F in Eq. (I) can be evaluated from the following
elationship:

= (1 − F1)(1 − F2)(1 − F3) (II)
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here F1 is the fraction of Cl atoms that are lost by dif-
usion from the detection volume and/or reaction with back-
round impurities, F2 the fraction of Cl atoms that react with
MSO by H-abstraction rather than by addition, and F3 is

he fraction of Cl + CH3(Cl)S(O)CH3 that exists as Cl when
he two species are in equilibrium. Employing high concentra-
ions of DMSO helps to keep F1 and F3 small, while employ-
ng relatively high total pressure minimizes F2. Experimental
onditions for the cross-section measurements were [DMSO]
1 × 1015 molecules cm−3 and N2 pressure = 300 Torr. Based

n the kinetic and thermodynamic data reported by Nicovich et
l. [7], we find that F2 = 0.15 and F3 = 0.003 under the above
xperimental conditions. The background loss rate of Cl atoms
typically found to be ∼100 s−1 in LFP studies of Cl kinet-
cs that employ resonance fluorescence detection) is probably
egligible compared to the pseudo-first order rate coefficient
or Cl + DMSO, which is nearly 100,000 s−1 under the above
xperimental conditions. However, since the intercept of the
lot shown in Fig. 2 is higher than expected based on the
nown CH3(Cl)S(O)CH3 unimolecular decomposition rate [7],
n unusually fast Cl loss by impurity reactions cannot be com-
letely ruled out. Hence, we conservatively assign F1 the value
.05 ± 0.05 to account for all possibilities. The above consid-
rations lead to the result F = 0.81 ± 0.06 where the reported
ncertainty is an estimate of accuracy at the 95% confidence
evel.

Cross-sections obtained from Eq. (I) were found to be inde-
endent of [Cl]0 over the range specified above, i.e., Beer’s law
as obeyed. Evaluation of [Cl]0 required (i) careful measure-
ents of [Cl2CO] and laser power, (ii) assumption of a quantum

ield of 2.0 for production of Cl from 248 nm photolysis of
l2CO, and (iii) careful measurements of the photolysis laser
eam cross-sectional area and its divergence down the length of
he cell (the laser beam area increased by a factor of 1.5 between
he cell entrance and exit, and was assumed to be the average of
he entrance and exit areas for purposes of evaluating [Cl]0).

The assumption of a quantum yield of 2.0 for Cl atom pro-
uction from Cl2CO photolysis is based on strong experimental
vidence that, when Cl2CO is excited at wavelengths in the range
30–260 nm, (a) CO is produced with unit yield [19], (b) the
ield of Cl2 is no more than a few percent [20], and (c) ClCO is
ot produced with significant yield as a stabilized photo-product
21]. The conclusions that neither Cl2 nor ClCO are produced
ith significant yield are based primarily on measurements by
ericke and co-workers of kinetic energy release in the Cl and
O photoproducts; these measurements employed pulsed laser
xcitation and REMPI-TOFMS detection (REMPI ≡ resonance
nhanced multiphoton ionization; TOFMS ≡ time of flight mass
pectrometry) [20–22]. It is also worth noting that temperature-
nd pressure-dependent rate coefficients for ClCO unimolecu-
ar decomposition are reported in the literature [23], and are fast
nough under the conditions of our experiments that, even if
hermalized ClCO were produced via Cl2CO photolysis, sec-

ndary fragmentation would occur on a time scale that is fast
ompared to the experimental time scale for observation of
H3(Cl)S(O)CH3 kinetics. Because the Cl2 yield from Cl2CO
hotolysis is so small [20], we do not expect this species to be

g

r
H

ig. 3. Absorption spectrum of the CH3(Cl)S(O)CH3 adduct at a spectral reso-
ution of 3.7 nm.

significant interference in either the spectroscopic or kinetic
tudies reported below.

The CH3(Cl)S(O)CH3 spectrum measured in this study is
hown in Fig. 3. The quarter-meter monochromator used for the
easurements had a spectral dispersion of 3.7 nm per mm and

lit widths were set at 1.0 mm for all spectral measurements.
he expected spectral resolution of 3.7 nm FWHM (full width
t half maximum) was confirmed through measurement of the
pectra of atomic penray lamp emission lines at several wave-
engths within the spectral range of interest. The solid line in
ig. 3 is obtained by fitting absorbance versus wavelength data

o a slightly-skewed-Gaussian functional form (see Eq. (III)
elow); this functional form, which is Gaussian in the limit
hereλmax − λ � λmax, has been employed successfully by Ing-
am et al. to reproduce their measured absorption spectrum for
CH3)2SBr [16]. We find that our data are well-described by the
lightly-skewed Gaussian function as well, suggesting that the
bserved absorption spectrum is attributable to a single elec-
ronic transition. As mentioned above, the similarity between
he gas phase absorption spectrum reported in this study and
ublished liquid phase spectra [8,9,11] lends further support to
ur conclusion that the species observed in this study is the
H3(Cl)S(O)CH3 adduct.

Consideration of uncertainties in the parameters that
ust be known to obtain the adduct cross-section (see

bove), leads to an estimate of ±35% for the accuracy
f the measured cross-section at 390 nm (95% confidence
evel). We report our measured 390 nm cross-section to
e σ390 = (4.0 ± 1.4) × 10−17 cm3 molecule−1 s−1. The best fit
unction (λ in units of nm),

(λ) = 4.02 × 10−17 exp

{
−41.12

[
ln

(
394.1

λ

)]2
}

, (III)

uggests that maximum absorbance occurs at 394 nm with
max = 1.01σ390. The absorption cross-section at any desired
avelength in units of cm2 molecule−1 can be obtained with

ood accuracy using Eq. (III).

In the analysis described above, we ignore the possible occur-
ence of the following reaction that could potentially convert the
-abstraction product back to Cl (via rapid secondary dissocia-
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Fig. 4. Typical CH3(Cl)S(O)CH3 absorbance temporal profile observed follow-
ing 248 nm laser flash photolysis of Cl2CO/DMSO/N2 mixtures. Experimental
conditions: P = 300 Torr; concentrations in units of 1015 molecules cm−3 = 12.9
Cl2CO and 1.82 DMSO. The solid line is obtained from a linear least squares
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than assumed in our data analysis by a factor of 95/81 as
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ion of ClCO):

H3S(O)CH2 + Cl2CO → CH3S(O)CH2Cl + ClCO (2)

The thermochemistry of reaction (2) is highly uncertain, and
o our knowledge there is no evidence in the literature supporting
he occurrence of this reaction. However, we cannot completely
ule out this interfering reaction either. Rapid regeneration of
l via reaction (2) would increase the parameter F in Eqs. (I)
nd (II) from 0.81 ± 0.06 to 0.95 ± 0.05. Hence, if a fast rate
oefficient for reaction (2) is demonstrated at some time in the
uture, our reported absorption cross-sections would have to be
djusted downward by a factor of 95/81 = 1.17.

Although Cl2 absorbs in the wavelength region where we
ave observed the CH3(Cl)S(O)CH3 spectrum, we do not believe
hat there is a significant spectral interference from Cl2 because
a) as described above, there appears to be little or no photochem-
cal production of Cl2 and (b) the Cl2 absorption cross-sections
re about two orders of magnitude smaller than those we have
easured for CH3(Cl)S(O)CH3 [24]. Another potential inter-

ering absorber that warrants consideration is CH3S(O)Cl. The
esults of Riffault et al. [5] and Nicovich et al. [7] suggest
hat a small fraction of adduct loss (perhaps as much as 10%)
ould occur via decomposition to CH3 + CH3S(O)Cl. To our
nowledge, the absorption spectrum of CH3S(O)Cl is unknown.
t seems unlikely that CH3S(O)Cl absorbs strongly enough at
> 300 nm to represent a significant interference in this study,
articularly since all spectroscopic measurements have been car-
ied out at short times after the photolysis flash where little or
o decomposition of CH3(Cl)S(O)CH3 has occurred.

.3. Radical–radical reaction kinetics

When reaction mixtures containing only Cl2CO, DMSO, and
2 are subjected to 248 nm laser flash photolysis and read-

ly detectable levels of CH3(Cl)S(O)CH3 are generated, loss of
H3(Cl)S(O)CH3 is expected to be controlled by radical–radical

eactions:

H3(Cl)S(O)CH3 + CH3(Cl)S(O)CH3 → 2CH3S(O)CH3

+ Cl2 (3)

H3(Cl)S(O)CH3 + CH3S(O)CH2 → CH3S(O)CH3

+ CH3S(O)CH2Cl (4)

H3S(O)CH2 + CH3S(O)CH2 → products (5)

l + CH3(Cl)S(O)CH3 → CH3S(O)CH3 + Cl2 (6)

l + CH3S(O)CH2 → products (7)

he Cl self-reaction is very slow and, therefore, is not
isted above. If experimental conditions are adopted where

= 300 Torr and [DMSO] > 1 × 1015 molecules cm−3, then Cl

eacts rapidly to form 85% CH3(Cl)S(O)CH3 and 15%
H3S(O)CH2, and dissociation of CH3(Cl)S(O)CH3 to regen-
rate Cl is negligibly slow [7]. Under such conditions, reactions
he assumption of scenario (1) described in the text, where the uncertainty is 2σ

nd represents precision only.

6) and (7) become unimportant. Loss of CH3(Cl)S(O)CH3
nder the specified conditions is expected to be controlled
y reactions (3) and (4), while reaction (5) could possibly
ffect [CH3(Cl)S(O)CH3] indirectly by competitively remov-
ng CH3S(O)CH2. Also, as discussed above in the context of
he cross-section measurements, the occurrence of reaction (2)
ould lead to rapid secondary conversion of CH3S(O)CH2 to
H3(Cl)S(O)CH3.

Shown in Fig. 4 is a typical CH3(Cl)S(O)CH3 temporal pro-
le observed at a monitoring wavelength of 390 nm following
48 nm laser flash photolysis of reaction mixtures containing
1.5–27) × 1015 Cl2CO per cm3, ∼1.7 × 1015 DMSO per cm3

nd 300 Torr N2. The data are plotted as [CH3(Cl)S(O)CH3]−1

ersus time, so the linearity of the plot indicates that loss of
H3(Cl)S(O)CH3 (as expected) follows second order kinet-

cs. The concentrations plotted in Fig. 4 are obtained using
he value for σ390 reported above. The second order rate coef-
cients obtained from several experiments employing differ-
nt phosgene concentrations (but constant laser power) are in
ood agreement, with the mean value obtained for 2 k being
.65 × 10−11 cm3 molecule−1 s−1. We consider three different
cenarios to interpret the measured value for 2k:

1) If reactions (2) and (4) are sufficiently slow, then data ana-
lyzed in the manner described above and shown in Fig. 4
gives a measurement of 2k3.

2) If reaction (2) is fast enough to rapidly convert CH3S(O)CH2
back to Cl, then the observed decay is due entirely to reac-
tion (3), but the CH3(Cl)S(O)CH3 concentration is larger
described above in the discussion of potential interference
of reaction (2) in the cross-section experiments; hence, the
value for 2k3 is lower by a factor of 95/81 compared to
scenario (1).
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Fig. 5. CH3(Cl)S(O)CH3 absorbance temporal profiles in N2 and O2 plotted as
ln A (base e) vs. time. Experimental conditions: P = 300 Torr and concentrations
in units of 1013 molecules cm−3 = 47 Cl2CO, 0.16 Cl0, and 105 DMSO. The
solid lines are obtained from linear least squares analyses of all data at times
3.0–15.0 ms after the laser flash; their slopes give apparent pseudo-first order
decay rates of 90.5 ± 3.5 s−1 for the N experiment and 89.4 ± 3.6 s−1 for the
O
o
l

(

v
b
r
t
a
n
2

3

C

C

C
i
t
t
i
i
t
t
i
o

3
t
p
a
t
c
8
s
l
a
p
o
w
t
i
a
p
t
t
C
r
t
i
r
(
r
t
a
i
c

3
N

s
A
o
[

C

C

T
u
[
D
(
C
[
e

a

2

2 experiment (uncertainties are 2σ and represent precision only). For the sake
f clarity, the O2 data are displaced upward on the vertical scale by 1 unit of
n A.

3) Reaction (2) is negligibly slow, but reaction (4) makes a sig-
nificant contribution to CH3(Cl)S(O)CH3 removal. In this
case, the true value for 2k3 would be smaller than the value
derived assuming scenario (1). However, given the observed
linearity of the plots (see Fig. 4, for example) and the fact that
[CH3(Cl)S(O)CH3] > 5 [CH3S(O)CH2] under the experi-
mental conditions employed, it seems highly unlikely that
2k3 would be overestimated by more than 15 or 20%.

Based on the above discussion, we choose to report a
alue for 2k3 that is 10% lower than the value obtained
y basing the analysis on scenario (1), and we adjust the
eported uncertainty to include not only precision and the uncer-
ainty in the absorption cross-section, but also uncertainty that
rises because we don’t know which of the above three sce-
arios is correct. This approach leads to the reported value
k3 = (6.0 ± 2.4) × 10−11 cm3 molecule−1 s−1.

.4. Kinetics of the CH3(Cl)S(O)CH3 + O2 reaction

To investigate the kinetics of the reaction of
H3(Cl)S(O)CH3 with O2,

H3(Cl)S(O)CH3 + O2 → products, (8)

H3(Cl)S(O)CH3 absorbance temporal profiles were measured
n back-to-back experiments employing N2 and O2 or air as
he bath gases. The experiments were carried out at 300 Torr
otal pressure with relatively low [Cl]0 in order to accentuate the
mportance of any pseudo-first order component in the decay
n the presence of O2. Shown in Fig. 5 are plots of ln A versus

ime for one set of back-to-back experiments where experimen-
al conditions were held constant except that N2 and O2 were
nterchanged as the bath gas. In both cases, it is clear based
n the data and on the analysis discussed above in Section

e
d
e
p
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.3 that radical–radical reactions make a significant contribu-
ion to the observed decays. Nonetheless, the ln A versus time
lots are reasonably linear, especially at times more than 3.0 ms
fter the laser flash. Linear least squares analyses of all data at
imes 3.0–15.0 ms after the laser flash leads to virtually identi-
al first order decay rates, i.e., 90.5 ± 3.5 s−1 in N2 bath gas and
9.4 ± 3.6 s−1 in O2 bath gas (uncertainties are 2σ and repre-
ent precision only). The data analysis was restricted to times
ess than 15 ms after the laser flash because there was so little
bsorption at later times that a quantitative kinetic analysis was
recluded. Reactions (3) and (4), diffusion of CH3(Cl)S(O)CH3
ut of the detection volume, and reaction of CH3(Cl)S(O)CH3
ith background impurities in the bath gases may all con-

ribute to the time evolution of absorbance for the data shown
n Fig. 5. However, these data suggest that there is no observ-
ble reaction between CH3(Cl)S(O)CH3 and O2. In order to
ut a reasonable upper limit on k8, however, it is necessary
o consider the fact that the secondary chemistry is not iden-
ical in N2 and O2 bath gases. In O2, the H-abstraction product
H3S(O)CH2 is expected to be rapidly converted to a peroxy

adical (CH3S(O)CH2OO) that is almost certainly less reac-
ive toward CH3(Cl)S(O)CH3 than CH3S(O)CH2 is. Hence, it
s possible (though unlikely) that, in the presence of O2, some
eduction in the rate of loss of CH3(Cl)S(O)CH3 via reaction
4) is compensated for by a very slow but non-zero rate of
eaction of CH3(Cl)S(O)CH3 with O2. Taking this complica-
ion into account, we conservatively feel that our data supports
n upper limit pseudo-first order rate coefficient of k′

8 < 30 s−1

n 300 Torr O2. This leads to an upper limit bimolecular rate
oefficient of k8 < 3 × 10−18 cm3 molecule−1 s-1.

.5. Kinetics of CH3(Cl)S(O)CH3 reactions with NO and
O2

The reactions of CH3(Cl)S(O)CH3 with NO and NO2 were
tudied at pressures of 30 and 300 Torr in N2 bath gas.
ll experiments were carried out under nearly pseudo-first
rder conditions with [NOx] in 8- to 60-fold excess over
CH3(Cl)S(O)CH3].

H3(Cl)S(O)CH3 + NO → products (9)

H3(Cl)S(O)CH3 + NO2 → products (10)

he reagent concentrations in units of 1013 molecules cm−3

sed in these experiments were as follows: [Cl2CO] = 50–650;
Cl]0 ∼0.4–2; [DMSO] ≈105; [NO] = 8–51; [NO2] = 6–45. The
MSO concentration is sufficiently high and the temperature

296 K) sufficiently low that the equilibrium between Cl and
H3(Cl)S(O)CH3 is driven to well over 99% CH3(Cl)S(O)CH3

7]; hence, reactions of Cl with NO and NO2 have a negligible
ffect on observed CH3(Cl)S(O)CH3 kinetics.

As typified by the data shown in Fig. 6, absorbance decays
ppear exponential, i.e., plots of ln A versus time appear lin-

ar, as would be expected if loss of CH3(Cl)S(O)CH3 is
ominated by pseudo-first order reaction with NOx. How-
ver, the peak concentration of CH3(Cl)S(O)CH3 for the tem-
oral profile shown in Fig. 6, as well as for most other
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Fig. 6. Typical absorbance (base e) temporal profile observed following 248 nm
laser flash photolysis of Cl2CO/DMSO/NOx/N2 mixtures. Experimental condi-
tions: NOx = NO2; P = 300 Torr; concentrations in units of 1013 molecules cm−3

are [DMSO] = 113, [Cl2CO] = 390, [Cl]o ≈ 1.0, and [NO2] = 18.3. The solid
line is obtained from a linear least squares analysis of the ln A vs. time data
u
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Fig. 7. Plots of pseudo-first-order adduct decay rate (k′) vs. [NOx] for data
obtained at pressures of 30 and 300 Torr N2. Circles are NO2 data points and
squares are NO data points. Filled symbols are 30 Torr data and open sym-
bols are 300 Torr data; the open symbol with an “×” in the middle is the
data point obtained from the temporal profile shown in Fig. 6. Solid lines are
obtained from linear least-squares analyses of all NO and NO2 data, respec-
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sing only data where A < 0.012; its slope gives the pseudo-first order decay rate
′ = 3810 ± 80 s−1 where the uncertainty is 2σ and represents precision only.

emporal profiles measured, is large enough for reactions
3) and (4) to make small but significant contributions to
H3(Cl)S(O)CH3 removal. As a result, pseudo-first order decay

ates were obtained from the slopes of plots like the one
hown in Fig. 6 using only data obtained at times where
< 0.012 (i.e., [CH3(Cl)S(O)CH3] < 4 × 1012 per cm3). Based

n the discussion of radical–radical reaction kinetics in Sec-
ion 3.3 above, we consider the contribution of reactions (3)
nd (4) to CH3(Cl)S(O)CH3 removal to be insignificant when
CH3(Cl)S(O)CH3] < 4 × 1012 per cm3.

Measured pseudo-first order decay rates (k′), obtained from
he slopes of plots like the one shown in Fig. 6, are plotted
s a function of [NOx] in Fig. 7. The data suggest little or no
ressure dependence in k9 or k10 over the range 30–300 Torr.
ombining data obtained at both pressures, the slopes of the
′ versus [NOx] plots give the following bimolecular rate coef-
cients (units are 10−11 cm3 molecule−1 s−1 and uncertainties
re 2σ, precision only): k9 = 1.20 ± 0.19 and k10 = 2.06 ± 0.18.
ince side reactions appear to have little or no impact on the
ccuracy of reported rate coefficients, it appears that accuracy is
imited primarily by precision and by the accuracy with which

he concentrations of NO and NO2 are known (estimated to
e ±10% for each). Hence we report the following rate coeffi-
ients in units of 10−11 cm3 molecule−1 s−1: k9 = 1.2 ± 0.3 and

t
s
r

able 1
pectroscopic properties of halogen atom adducts with (CH3)2SO (DMSO) and (CH

dduct λmax
a

MSO–Cl (l) (CCl4 solvent) 399
MSO–Cl (l) (H2O solvent) 389
MSO–Cl (g) 394
MS–Cl (g) 340
MS–Br (g) 365

a Units are λmax (nm); σmax (10−17 cm2 molecule−1, base e); FWHM (cm−1).
b All spectral shapes are approximated by a Gaussian function when plotted as σ v
ively; their slopes give the following bimolecular rate coefficients in units of
0−11 cm3 molecule−1 s−1: k9 = 1.20 ± 0.19 and k10 = 2.06 ± 0.18; uncertainties
re 2σ and represent precision only.

10 = 2.1 ± 0.3, where the uncertainties represent accuracy at the
5% confidence level.

.6. Comparisons with the literature

All spectroscopic and kinetic parameters reported in this
aper are new, i.e., there are no data in the literature that can be
irectly compared with our results. However, liquid phase data
or CH3(Cl)S(O)CH3 are available in the literature [8–11], as are
as phase data for (CH3)2S–Cl [12] and (CH3)2S–Br [16,25];
ence, some interesting comparisons can be made.

Known spectroscopic properties of halogen atom adducts
ith DMSO and DMS (CH3SCH3) are summarized in Table 1.
s mentioned above, the gas phase absorption spectrum of
MSO–Cl observed in this study is very similar to liquid phase

pectra of DMSO–Cl that have been reported previously in both
olar [11] and non-polar [8] solvents. The values of λmax for
MS–Cl and DMS–Br are consistent with the normal trend

hat the spectrum of the bromine compound is red-shifted from
he substantial red-shift of the DMSO–Cl spectrum in compari-
on with the DMS–Cl spectrum is an interesting result that will
equire theoretical studies of the excited electronic states of these

3)2S (DMS)

σmax
a FWHMa,b Reference

6900 [8]
2.2 6500 [11]
4.0 6500 This work
3.4 5500 [12]
2.7 5900 [16]

s. λ. FWHM: full width at half maximum.
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pecies to fully understand. All σmax values listed in Table 1 are
imilar in magnitude and quite large. We have also observed peak
bsorption cross-sections of similar magnitude for the strongest
ransitions in the spectra of SCS–Cl [13] and RI–Cl (R = CH3,

2H5) [26] (the spectra of these adducts show clear evidence for
wo electronic transitions). It seems that peak absorption cross-
ections of order of magnitude 10−17 cm2 molecule−1 (base e)
re characteristic of a variety of 2-center 3-electron bonded chro-
ophores involving halogen atoms.
The rate coefficients obtained in this study for the reactions of

MSO–Cl with O2, NO, and NO2 are similar in magnitude to the
nalogous rate coefficients for DMS–Cl [12], SCS–Cl [13], and
I–Cl (R = CH3, C2H5) [26]. In all cases, no observable reaction
ith O2 is observed. On the other hand, all of the Cl adducts men-

ioned above react rapidly with NO and NO2, with all rate coef-
cients falling in the range (1–4) × 10−11 cm3 molecule−1 s−1.
he observed reactivity trend is consistent with a Cl trans-

er mechanism. For the NOx reactions, Cl transfer from the
dduct to form the relatively stable compounds ClNO, ClNO2, or
lONO is energetically favorable. On the other hand, the 298 K
ond dissociation energy of Cl–OO is only ∼20 kJ mol−1 [27].
ince DMSO–Cl [6,7], DMS–Cl [7,28–32], SCS–Cl [33,34],
H3I–Cl [35,36], and C2H5I–Cl [37] are all bound by more than
5 kJ mol−1, Cl transfer from the adducts to O2 cannot occur at
oom temperature and below.

The rate coefficient obtained in this study for the DMSO–Cl
elf-reaction is a factor of 2–8 slower than reported self-reaction
ate coefficients for DMS–Cl [12], SCS–Cl [13], and RI–Cl [26],
ut appears to be faster than the reported self-reaction rate coef-
cient for DMS–Br [16]. Further research will be required to
nderstand these differences in self-reaction reactivity.

.7. Atmospheric chemistry of CH3(Cl)S(O)CH3

Concentrations of atomic chlorine are thought to be higher
n the marine boundary layer (MBL) than in other parts of the
roposphere. A recent estimate of the average Cl concentration
n the MBL is ∼4 × 104 atoms cm−3 [38], i.e., about a factor
f 20–25 smaller than the average tropospheric OH concen-
ration (9 × 105 molecules cm−3 [39]). The two most impor-
ant removal processes for atmospheric DMSO(g) are widely
ccepted to be gas phase reaction with OH and uptake into the
ondensed phase followed by condensed phase oxidation [1,40].
owever, as discussed by Nicovich et al. [7], reaction with Cl

ould account for as much as 6% of DMSO loss in the MBL
f loss of CH3(Cl)S(O)CH3 is dominated by processes that do
ot regenerate DMSO. The results reported in this paper taken in
onjunction with the results reported by Nicovich et al. [7] allow
s to examine the potential importance of the most likely tropo-
pheric CH3(Cl)S(O)CH3 degradation pathways; these include
hotolysis, thermal dissociation, reaction with O2, and reaction
ith NOx.

The absorption cross-sections reported in this paper can be

sed in conjunction with tabulated actinic flux (F) data [41]
nd an assumed quantum yield of unity for CH3(Cl)S(O)CH3
estruction (the maximum and most probable value) to obtain a

R

d Photobiology A: Chemistry 187 (2007) 1–9

aximum first order CH3(Cl)S(O)CH3 photolysis rate, Jmax:

max(θ) =
∫

σ(λ)F (λ, θ) dλ (IV)

he parameter θ in Eq. (IV) is the solar zenith angle. We obtain
max = 2.5 s−1 at θ = 0◦. At θ = 60◦, which is close to the globally
veraged zenith angle, Jmax is reduced from the 0◦ value by
pproximately a factor of 2.

Temperature dependent rate coefficients for thermal dissoci-
tion of CH3(Cl)S(O)CH3 at atmospheric pressure can be esti-
ated based on the kinetic and thermodynamic results reported

y Nicovich et al. [7]. At temperatures of 260, 280, and 300 K
he thermal dissociation rate coefficients are approximately
.05 s−1, 0.4 s−1, and 3 s−1, respectively.

Mixing ratios of NOx in the remote MBL are only a few
arts per trillion. Hence, reactions of CH3(Cl)S(O)CH3 with
O and NO2 are potentially important only in relatively pol-

uted coastal regions where NOx mixing ratios can be in the parts
er billion (ppb) range. For example, if one assumes 1 ppb NOx

≈2.5 × 1010 molecules cm−3 at atmospheric pressure and typ-
cal lower atmospheric temperatures) and a rate coefficient of
.6 × 10−11 cm3 molecule−1 s−1 for CH3(Cl)S(O)CH3 + NOx

based on this work), a first order rate coefficient of 0.4 s−1

s obtained for removal of CH3(Cl)S(O)CH3 by NOx. Using
he upper limit rate coefficient of 3 × 10−18 cm3 molecule−1 s−1

etermined in this study for the CH3(Cl)S(O)CH3 + O2 reaction
eads to an upper limit first order rate coefficient of 15 s−1 for
H3(Cl)S(O)CH3 removal by O2 at atmospheric pressure.

The analysis discussed above suggests that reaction with
2 cannot be ruled out as the dominant removal process for
H3(Cl)S(O)CH3 in the troposphere. In the (probable) event that

8 is actually much less than the upper limit value reported here,
hermal dissociation is the dominant removal process at higher
tmospheric temperatures while photolysis probably becomes
ominant at lower temperatures. Reaction with NOx may make a
ignificant contribution to CH3(Cl)S(O)CH3 removal in polluted
nvironments, particularly at lower temperatures. It is well estab-
ished that thermal dissociation regenerates DMSO in high yield
7]. It is also quite likely that reaction with NOx and photolysis
roduces DMSO in high yield, although additional experimen-
al work to confirm these expectations would be welcome. Only
f k8 > 10−19 cm3 molecule−1 s−1 or if photolysis results in high
ields of products other than DMSO + Cl, will CH3(Cl)S(O)CH3
lay a significant role in atmospheric chemistry.
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