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A pulsed laser photolysis-pulsed laser-induced fluorescence (PLP-PLIF) system was employed to study the
kinetics and mechanisms of reactions (1) OH+ h6-DMS f products and (2) OH+ d6-DMS f products. We
report direct observations of the rate coefficients for the formation and dissociation of theh6-OHDMS and
d6-OHDMS adducts over the pressure range 50-650 Torr and between 240 and 245 K, together with
measurements of the oxygen dependence of the effective rate coefficients for reactions 1 and 2 under similar
conditions. The effective rate coefficients increased as a function of O2 concentration reaching their limiting
values in each case. The values of the adduct formation rate, obtained from the O2 dependencies, were in
excellent agreement with values determined from direct observation of adduct equilibration in N2. OH
regeneration is insignificant. The rate coefficients for the formation of the adduct isotopomers showed slight
differences in their falloff behavior and do not approach the high-pressure limit in either case. The equilibrium
constants obtained show no dependence on isotopomer and are in good agreement with previous work. A
“second-law” analysis of the temperature dependence of the equilibrium constant gives an adduct bond strength
(∆Ho ) -10.9( 1.0 kcal mol-1), also in good agreement with previously reported values. Using the entropy
calculated from the ab initio vibrational frequencies, we obtain a “third-law” value for the reaction enthalpy
at 240 K,∆H240K

o ) -10.5 kcal mol-1 in good agreement with the other approach. The rate coefficient for
the reactions of the adducts with O2 was obtained from an analysis of the O2 dependence and was determined
to be 6.3( 1.2 × 10-13 cm3 molecule-1 s-1, with no dependence on pressure or isotopomer. The pressure
and temperature dependence for all of the elementary processes in the initial steps of the dimethylsulfide
(DMS) oxidation mechanism have been characterized in the range 238-245 K, allowing the formulation of
an expression which can be used to calculate the effective rate coefficient for reaction 1 at any pressure and
oxygen concentration. The expression can calculate the effective rate coefficient for reaction 1 to(40% over
the range 220-260 K, with the largest errors at the extremes of this range. Gaussian 03 has been used to
calculate the structure of the OH-DMS adduct and its deuterated isotopomer. We find similar bound structures
for both isotopomers. The calculated enthalpies of formation of the adducts are lower than the experimentally
determined values.

Introduction

Dimethylsulfide (DMS) is the degradation byproduct of the
precursor species dimethyl-sulfonium propionate, DMSP, an
osmoregulator found in certain species of phytoplankton.1

Current estimates of globally averaged DMS emissions are 24.45
( 5.30 Tg S/yr,2 composing roughly 16% of global total sulfur
emissions and>50% of the Southern Hemisphere’s burden.3

In clean marine air, DMS oxidation is the exclusive source of
methane-sulfonic acid (MSA) and is believed to be the dominant

source of SO2.4 Condensable end products of oxidation,
ubiquitous in the marine boundary layer (MBL), can be a
significant source of cloud condensation nuclei (CCN),5 and it
has been suggested that DMS could participate in an efficient
climate regulating mechanism.6 Estimates of DMS emissions
under future climate scenarios7-9 suggest the importance of CCN
derived from DMS oxidation products will grow for certain
regions.

Chemical degradation of DMS in the troposphere involves
many kinetic steps with temperature and pressure dependencies
suggesting that both the oxidation rate and product distribution
will depend on location and the prevailing environmental
conditions. The gas-phase oxidation mechanism of DMS has
been extensively studied in the laboratory,10-17 but the quantita-
tive mechanistic details by which particle precursors are formed
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remain poorly understood as well as how these details vary with
changing environmental conditions. The quantum yields of
MSA, SO2, and other particle precursors are mechanism
dependent, and thus accurate interpretation of paleoclimatic data
and assessments of anthropogenic perturbations to the atmo-
spheric sulfur cycle rely on kinetic and mechanistic details of
natural sulfur chemistry.

In remote regions of the MBL where NOx concentrations are
typically low, DMS oxidation proceeds largely by eq 1. Kinetic
studies have often focused on this equation and its deuterated
analog, eq 2.

The observed or “effective” rate coefficient for the reaction
of OH with h6-DMS andd6-DMS has been shown to depend
on the partial pressure of O2.13,14,16,18-20 In the absence of O2,
the reaction shows no pressure dependence, positive activation
energy, and a kinetic isotope effect. These observations are
consistent with H-atom abstraction from the methyl groups.
However, an enhancement in the rate coefficient is observed in
the presence of O2. This rate enhancement has a negative
activation energy, pressure dependence, and shows no kinetic
isotope effect, behavior consistent with an addition process.
Hynes et al.18 proposed a two-channel mechanism of oxidation,
involving direct hydrogen abstraction, together with reversible
formation of the OH-DMS adduct which is scavenged by
molecular oxygen, written below for bothh6-DMS andd6-DMS.

h6-DMS

d6-DMS

In this mechanism, the branching between abstraction (1a or
2a) and addition (1b or 2b) is temperature dependent, and the
forward addition reaction is pressure dependent, giving a
complex temperature dependence for both the effective rate and
the branching ratio between the addition and abstraction
channels. Elementary rates were inferred in Hynes et al.,18 and
the results were well described by a value fork1b ) 1.3× 10-11

cm3/molec-s at 760 torr. Adduct equilibration (1b/-1b or
2b/-2b) was not directly observed in that work, yet the two-
channel mechanism has been widely accepted as the operative
mechanism for the OH-initiated oxidation of DMS in the marine
boundary layer and, until recently, the directly determined rates
and inferred branching ratios of Hynes et al.18 were recom-
mended as the best available for tropospheric modeling.21-24

Subsequent, direct observations of the equilibration11,14were
in reasonable agreement for the values ofk2b, Kc, and adduct
binding energy at low pressures. However, studies from this
laboratory12,25-27 are not consistent withk1b ) 1.3× 10-11 cm3/
molec-s at 760 Torr. Williams et al.26 showed that the 1986
expression for the effective rate coefficient for eq 1,kobs,

underestimates the overall rate of oxidation as well as the
branching ratio by a factor of 2 at low temperature. The latest
IUPAC recommendation22 for kobs is a parametrization of that
data13 and Albu et al.16 recently presented results from a relative
rate study in good agreement with the work of Williams et al.

The DMS(OH) adduct can react with O2 to form various
potential product combinations.18

Adduct reaction with oxygen produces HO2 (3a) with a yield
of 50%.15,28 DMSO2 has also been detected in chamber
studies,19,29-32 suggesting that eq 3b could also contribute
significantly to final product yield. However, DMSO2 may also
be produced by the rapid oxidation of DMSO by OH in the
presence of O2. So, eq 3b is not required to explain the
observations in chamber studies. If this reaction is a significant
channel of 3 or 4, then OH is regenerated and any kinetic
measurement technique that relies on temporal monitoring of
OH radicals would not observe eq 3b and would measure a
rate coefficient that is too slow. Hence, discrepancies between
relative rate studies19,20and direct studies14,18,25could be resolved
if OH regeneration is significant. Continued inability to model
field observables on the basis of the current understanding of
kinetics demonstrates that the parametrization of this process
for atmospheric conditions is incomplete.33-35

There have also been a large number of computational
studies34-38 of both channels of eq 1, producing contradictory
results particularly for the adduct formation channel. We have
performed a series of experimental and computational studies
of the reactions of OH with DMS, its fully deuterated isoto-
pomer, d6-DMS, and several higher alkanes. The electronic
structure calculations use Gaussian 03 and focus on DMS(OH)
adduct formation. We report direct observations of the rate
coefficients for the formation and dissociation of theh6-OHDMS
andd6-OHDMS adducts over the pressure range 50-650 Torr
and between 240 and 245 K, together with measurements of
the oxygen dependence of the effective rate coefficients for eqs
1 and 2 under similar conditions. This has allowed us to
characterize the pressure and temperature dependence for all
of the elementary processes in the initial steps of the DMS
oxidation mechanism at low temperature and to estimate the
effects of OH regeneration on the kinetics. We also present the
results of our calculations on the structure and stability of the
h6-OHDMS andd6-OHDMS adducts. Our results for the higher
alkyl sulfides will be reported in subsequent publications.

Experimental

A pulsed laser photolysis-pulsed laser-induced fluorescence
(PLP-PLIF) system was used to generate OH radicals in situ,
monitor their decay in real time, and thereby measure the
elementary rates for sulfide oxidation. The system is similar to
one described for other kinetic studies performed in this
laboratory.12,13,39-41

Experiments were performed in a thermostated Pyrex reaction
cell equipped with a chromega-alomega (K-type) thermocouple
inserted through a vacuum seal into the reaction zone. Photolysis
and probe beams were combined by a dichroic mirror and were
propagated into the cell perpendicular to both the direction of
gas flow and the detection source. OH was produced by the
pulsed laser photolysis of H2O2 at 266 nm using the fourth

CH3S(OH)CH3 + O2 f CH3S(O)CH3 + HO2 (3a)

CH3S(OH)CH3 + O2 f CH3S(O2)CH3 + OH (3b)

CH3S(OH)CH3 + O2 f CH3SOH+ CH3O2 (3c)CH3SCH3 + OH f products (1)

CD3SCD3 + OH f products (2)

CH3SCH3 + OH f CH2SCH3 + H2O (1a)

CH3SCH3 + OH T CH3S(OH)CH3 (1b/-1b)

CH3S(OH)CH3 + O2 f products (3)

CD3SCD3 + OH f CD2SCD3 + HOD (2a)

CD3SCD3 + OH T CD3S(OH)CD3 (2b/-2b)

CD3S(OH)CD3 + O2 f products (4)
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harmonic output from an Nd:YAG laser (Quanta-Ray GCR-
16). Initial radical concentrations were typically∼1 × 1012

cm-3. Pulsed laser-induced fluorescence using an Nd:YAG
pumped, frequency doubled, tunable dye laser (Quanta-Ray
DCR-3, Quanta-Ray PDL-3) was used for OH detection.
Excitation was via the Q1 1 line of the A2Σ-X2Π (1-0)
transition at 282 nm. Fluorescence was detected with a photo-
multiplier tube outside a third arm, after passing through a lens
and collection optics optimized to discriminate against Rayleigh
and Raman scattering from N2 and O2. Fluorescence in the 0-0
and 1-0 bands was detected at 308 nm. Photomultiplier output
was amplified, appropriately terminated, and processed by a
500 MHz digital oscilloscope to obtain the area of the
fluorescence signal, averaged for typically 50 laser shots.

Kinetic information was obtained by varying the delay time
between photolysis and probe beams with a digital delay
generator. Signal was collected for usually 20 delays over an
OH temporal profile, spanning 2-3 orders of magnitude.
Experiments were carried out under “slow-flow” conditions,
with flows in the range 5-10 cm/s. All flows were monitored
using calibrated mass flow-meters, and pressure was monitored
throughout the system using Baratron capacitance monometers.

Sulfide concentrations were measured in situ both before and
after the reaction cell using UV photometry. Values for the cross
sections were determined in this laboratory.42 Sulfide losses in
the reaction cell at all temperatures were less than 5% and O2

concentrations were calculated from flows.

Results

Data Analysis. Experiments and analysis for both isoto-
pomers are based on the assumption that oxidation proceeds
via the two-channel mechanism. A kinetic analysis of the system
described above is greatly simplified if both pseudo-first-order
conditions and the steady-state approximation as applied to the
adduct are valid, that is, [DMS]. [OH] . [DMS(OH)]. Under
these conditions, OH temporal profiles will always show single
exponential behavior, and a plot of the pseudo-first-order decay
rate,k′, versus DMS concentration will be linear with a slope
kobs. An expression for the overall observed rate for oxidation,
kobs, as a function of the elementary rates and the concentration
of [O2] at any fixed pressure [M] is given in eq I.

whereka is the abstraction rate coefficient,ka ) k1a or k2a. kf is
the effective second-order rate coefficient for adduct formation,
kf ) k1b [M] or k2b [M]. kb is the unimolecular rate coefficient
for adduct decomposition,kb ) k-1b or k-2b, andks is the rate
coefficient for adduct “scavenging”, that is, reaction with O2,
ks ) k3 or k4. Consequently, the effective oxidation rate,kobs,
will vary both as a function of total pressure and as a function
of oxygen partial pressure at any fixed total pressure [M].
Equation I indicates thatkobs has two limiting values. In the
absence of O2, observed OH loss is due only to the abstraction
channel andkobs) ka. Equation I predicts that an increase in O2

partial pressure, at a fixed total pressure, results in an increase
in kobsas OH-DMS is scavenged rather than decomposing back
to reactants. The effective rate coefficient increases, as the
contribution ofkf increases, until it asymptotically approaches
a limiting rate, which is the sum of the rate coefficients for

abstraction and adduct formation. Hence, at this limiting value
of kobs, kobs ) ka + kf. When the limiting rate is reached, each
adduct produced is scavenged by O2, and a further increase in
the partial pressure of O2 results in no increase inkobs. The
magnitude ofkf defines the maximum enhancement possible
for kobs in the presence of [O2], and observation of this limiting
value of kobs gives a direct measurement ofkf. At low
temperatures, the limiting rate can be observed at lower oxygen
concentration since increased adduct lifetime allows more time
for reactive collisions with O2 to occur. This behavior is indeed
observed11,13,14,18-20 and has been exploited in experiments
presented in section 2.

At high concentrations of [DMS], the equilibrium ofkf/kb

shifts to the right, the steady-state approximation breaks down,
and biexponential OH decays can be observed if experimental
time resolution is adequate.14,25,41As long as pseudo-first-order
conditions are maintained, that is, [DMS]. [OH], OH temporal
profiles are described by eq II.

The observed OH temporal profiles can be fit with eq II to obtain
elementary rate coefficients.

1. Formation of h6-DMS-OH and d6-DMS-OH Adducts.
Experiments were performed in N2 buffer gas at 100-600 Torr
total pressure with sulfide concentrations ranging from 1× 1015

to 7.5 × 1016 molecules cm-3. The cell temperature was
approximately 240 K, the lowest temperature we could achieve
using H2O2 as an OH precursor. In practice, the gas temperature
in the reaction zone varied between 239 K and 245 K and data
were obtained over this range. Typical OH decays in 500 Torr
of N2 and at 240 K are shown forh6-DMS in Figure 1 and in
100 Torr N2 and at 240 K ford6-DMS in Figure 2. OH temporal
profiles initially show a very rapid decrease because of
equilibration and a slower loss of OH over longer time scales
because of hydrogen/deuterium abstraction. Equilibration takes
place on a time scale of∼4 µs for both sulfides at pressures of
100 Torr and on a time scale of∼1 µs at 500 Torr. Figure 3
shows a plot of the residuals for both data sets. Residuals are
larger at an extremely short time as expected but there is no
bias. The scatter associated with the higher pressure data is
larger, and this reflects the lower signal-to-noise ratio at higher
pressures which is primarily due to more efficient fluorescence
quenching.

Double exponential decays were analyzed by a Levenson-
Marquardt type, unweighted, least mean squares fit of the data
to eq II which took relative values of the OH concentration as
a function of delay time and fit to values of [OH]0, K, λ1, and
λ2. Rates of diffusion out of the reaction zone of either OH or
the adduct were considered to be negligible compared to the
time scales of equilibration and abstraction and were ignored.11

Single decays were analyzed to yield elementary rate coefficients
for ka, kf, and kb for several sulfide concentrations at each

[OH]t

[OH]0

)
(K + λ1)exp(λ1t) - (K + λ2)exp(λ2t)

λ1 - λ2
(II)

K ) kb + ks[O2] (III)

λ1 ) 0.5[(R2 - 4â)1/2 - R] (IV)

λ2 ) -0.5[(R2 - 4â)1/2 + R] (V)

R ) K + (ka + kf)[DMS] (VI)

â ) (kaK + kbks[O2])[DMS] (VII)

kobs)
ka +

ks

kb
(ka + kf)[O2]

1 +
ks

kb
[O2]

(I)
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pressure. The values of these rate coefficients were then
averaged to give the values for that pressure. In addition, the
elementary rate coefficients were obtained by plotting alpha and
beta against [DMS] at each pressure. Figure 4 shows a typical
plot of alpha versus [DMS]. The analyses were in good
agreement with each other, and plots of alpha and beta against
[DMS] were used to obtain the elementary rates reported in
Table 1. Values ofkf obtained from the averages of single-
decay analysis did not differ more than 5% from the “bulk”
analysis. As an additional test, independently determined

abstraction rates were used in these calculations in lieu ofk1a

andk2a determined from the biexponential OH decay. Again,
rates of forward addition did not change by more than 5%.
Despite being least sensitive to the abstraction rate with this
method, average values ofka for both sulfides were in good
agreement with prior literature values.

Figures 5 and 6 show plots of the rate coefficient for adduct
formation,kf, as a function of pressure forh6-OHDMS andd6-
OHDMS, and these will be discussed in detail below. Having
obtained values for the forward and reverse rate coefficients

Figure 1. Typical OH decays in the presence of excessh6-DMS at 500 Torr total pressure of N2 and 245 K.

Figure 2. Typical OH decays in the presence of excessd6-DMS at 100 Torr total pressure of N2 and 240 K.
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for adduct formation, we can calculate values of the equilibrium
constant,Kc. As noted above, data were obtained over a small
temperature range. We estimate the uncertainty in the temper-
ature in the reaction zone to be approximately 0.5 K on the
basis of temperature profiles of the reaction cell, and hence the
measurements were grouped around temperatures of 240.0( 1
K, 242.5( 1 K, and 245.0( 1.0 K, and the average of each
group was taken and reported in Table 1 along with the errors
of the average. A considerable amount of scatter is observed in
elementary rate data obtained from fits to eq II. This reflects
partially the data quality due to the difficult nature of the
experiments as well as the inherent problem of extracting three
rate parameters, two of which are of similar magnitude, from a
single, nonlinear decay.11 The fitting routine uses four param-
eters and is best defined when [OH]0, both slopes, and the point
between the two slopes are well defined. Conditions that
optimize the above parameters, that is, increased pressure and
decreased temperature, also maximize signal quenching and
H2O2 loss, potentially limiting data precision and dynamic range.
This is the first report of equilibration measurements in N2 above
100 Torr. The measurements, when viewed in conjunction with

O2 measurements discussed in the following sections, are
completely consistent with the simple two-channel mechanism
detailed above.

Equilibrium constants for both sulfides are shown as a
function of pressure in Figure 7 at three temperatures. Values
of the equilibrium constants for both sulfides are identical within
the 2σ errors of precision and as expected show no pressure
dependence. Values of the equilibrium constant can be compared
with our previous results which were obtained at higher
temperatures and a single pressure, 100 Torr of N2, for d6-DMS
only.11 The van’t Hoff equation relates the temperature depen-
dence of the equilibrium constant to reaction enthalpy, assuming
that ∆H and∆S are independent of temperature.

Hence, the slope of the plot of lnKp versus T-1, whereKp(RT)
) Kc, gives the exothermicity of reaction, the adduct binding
energy. They-intercept gives the entropy change for the reaction.
Figure 8 shows a van’t Hoff plot of the current work and our
previous data ford6-DMS,11 and the solid line shows the best
fit to the combined data set and gives∆Ho ) -10.9( 1.0 kcal
mol-1 and∆So ) -31 ( 4 cal mol-1 K-1 over the temperature
range 267-240 K. The adduct bond strength of 10.9 kcal mol-1

is in good agreement with the previous value of 13.0( 3.3
kcal mol-1. For comparison, the 100 Torr N2 data of Barone et
al.14 are also shown. A “third law calculation” of the enthalpy
change at 240 K utilizes the entropy change calculated from
the computed vibrational frequencies,∆S240K

o ) -29.5 cal
mol-1 K-1. Taking a value ofKp,240K ) 1415 from the van’t
Hoff expression gives an enthalpy change,∆H240K

o ) -10.5
kcal mol-1. The value of∆H was corrected to give the value at
298 K using heat capacities calculated from the vibrational
frequencies. Using a calculated∆Cp,240 ) 1.8 cal mol-1 K-1,
we obtain∆Hrxn, 298K

o ) -10.4 kcal mol-1. A discussion of
the errors associated with these calculations was presented in
Hynes et al.,18 and we estimate the uncertainty in∆Hrxn, 298K

o

as (1 kcal mol-1. Comparison with the binding energies

Figure 3. Residuals to the fits shown in Figures 1 and 2.

Figure 4. Typical plot ofR as a function of [DMS]. According to eq
VI, the slope gives the sum of abstraction and addition reactions.

ln Kp ) (∆S/R) - (∆H/RT) (VIII)
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obtained from the electronic structure calculations shows that
they underestimate the stability of the OH-DMS adduct.

2. Observations in the Presence of O2. Experiments in the
presence of O2 are limited to conditions where [OH]. [OH-
DMS] and the steady-state approximation is valid. Under these
conditions, OH temporal profiles show single exponential
behavior, and plots of pseudo-first-order decay rates (k′) against
[h6-DMS] or [d6-DMS] give the effective rate coefficient,kobs,
defined by eq I. Experiments were performed at∼240 K, as a
function of O2 partial pressure and at fixed total pressures of
200 and 600 Torr with N2 as the buffer gas. The 600 Torr data

were reported in a preliminary account of this work.13 All
second-order rate constants are listed in Tables 2a and 2b with
experimental conditions. Figure 9 shows typical OH temporal
profiles at 200 Torr total pressure demonstrating the expected
single exponential behavior. Figure 10 shows the variation in
pseudo-first-order decay rate with [h6-DMS], at 200 Torr total
pressure and several O2 partial pressures. We see the expected
linear dependence ofk′ on [DMS], the slope of which is used
to obtainkobs, together with a strong dependence ofkobs on the
O2 partial pressure. Figures 11 and 12 show the variation in
the effective rate coefficient,kobs, of eqs 1 and 2 with oxygen

TABLE 1: Elementary Rates and Equilibrium Constants Measured in This Work and Associated Experimental Conditions

sulfide P (Torr) T (K) kf (10-11) cm3/molec.-s kb (105) cm3/molec.-s ka(10-12) cm3/molec.-s KC (10-17)
T (K)

average
KC (10-17)
average

DMS-h6 200 244.7 (0.89( 0.13) (3.77( 0.15) (3.55( 0.69) (2.36( 0.45) 245.4 (2.18( 0.22)
300 244.7 (1.16( 0.17) (4.86( 0.69) (3.76( 1.08) (2.38( 0.69)
400 245.7 (1.48( 0.06) (7.25( 0.22) (3.47( 0.20) (2.04( 0.14)
500 246.6 (1.98( 0.39) (9.97( 1.65) (3.24( 1.26) (1.99( 0.72)
600 245.0 (1.97( 0.34) (8.22( 1.32) (4.29( 1.29) (2.40( 0.80)
650 245.4 (1.89( 0.53) (9.76( 2.92) (3.44( 3.18) (1.94( 1.12)
50 239.0 (0.25( 0.03) (0.68( 0.13) (6.65( 3.11) (3.71( 5.51) 240.3 (5.67( 2.02)

100 240.6 (0.9( 0.16) (1.11( 0.10) (5.55( 1.01) (8.19( 2.21)
200 240.7 (1.12( 0.26) (2.52( 0.39) (4.50( 1.80) (4.44( 1.71)
100 240.8 (0.76( 0.06) (1.22( 0.07) (3.8( 0.40) (6.36( 0.87)
500 242.0 (2.30( 0.19) (5.32( 0.35) (4.07( 0.53) (4.32( 0.64) 242.4 (4.10( 0.50)
400 242.0 (1.63( 0.49) (4.71( 1.01) (9.05( 3.60) (3.46( 1.77)
300 242.1 (1.76( 0.22) (3.95( 0.39) (4.54( 0.91) (4.46( 1.01)
300 242.5 (1.40( 0.12) (3.90( 0.27) (3.92( 0.50) (3.59( 0.56)
600 242.8 (2.27( 0.22) (5.63( 0.87) (5.90( 1.51) (4.03( 1.00)
600 242.9 (2.62( 0.15) (5.53( 0.36) (3.95( 0.65) (4.74( 0.57)

DMS-d6 100 244.5 (0.75( 0.17) (2.74( 0.67) (1.15( 0.75) (2.76( 1.29) 244.9 (2.14( 0.42)
200 244.5 (1.15( 0.12) (5.03( 0.81) (1.40( 0.47) (2.29( 0.61)
300 245.2 (1.60( 0.10) (7.75( 0.61) (1.28( 0.27) (2.06( 0.30)
400 245.5 (1.70( 0.29) (10.3( 1.60) (0.66( 0.45) (1.65( 0.54)
500 244.7 (2.19( 0.92) (11.2( 3.10) (4.79( 11.6) (1.95( 1.35)
600 241.0 (3.76( 0.10) (6.26( 0.37) (1.89( 0.17) (6.01( 0.52) 241.5 (5.05( 1.36)
300 242.1 (1.94( 0.16) (4.75( 0.71) (1.74( 0.47) (4.08( 0.96)
100 240.5 (1.08( 0.07) (1.47( 0.08) (1.46( 0.14) (7.36( 0.94) 240.1 (6.18( 1.68)
400 239.8 (2.81( 0.20) (5.63( 0.40) (1.42( 0.20) (4.99( 0.72)

Figure 5. Rates ofh6-OHDMS adduct formationkf (kf ) k1b) as a function of pressure. Open triangles are determined from fits of eq II to
biexponential OH decays. Solid triangles are determined from fits of eq I to oxygen-dependent data discussed in section 2. All points are fit with
a Troe parametrization, eq X (solid line). WhenFc is fixed at a value 1.0,k∞ ) 5.82e- 11 cm3/molec-s andk0 ) 1.78e- 30 cm6/molec2-s.
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partial pressure at total pressures of 200 and 600 Torr. At 0%
O2, no difference is seen between the 200 and 600 Torr data
because the abstraction rate is pressure independent. For both
reactions, it can be seen that, as the O2 partial pressure increases,
kobs increases and that the “O2 enhancement” is larger at higher
total pressures. This is due to the pressure dependence of the
rate coefficient for adduct formation,kf.

The oxygen-dependent data were analyzed using eq I. The
values of the equilibrium constant, determined in the equilibra-
tion measurements presented in section 1, and the abstraction
rate coefficient, measured in the absence of O2, were fixed
parameters. The rate coefficients for adduct formation and
adduct reaction with O2 were adjusted to provide the best fits
to the “roll off” data. In this approach,kb does not appear

Figure 6. Rates ofd6-OHDMS adduct formationkf (kf ) k2b) as a function of pressure. Open diamonds are determined from fits of eq II to
biexponential OH decays. Solid diamonds are determined from fits of eq I to oxygen-dependent data discussed in section 2. All points are fit with
a Troe parametrization, eq X, (dashed line). WhenFc is fixed at a value of 1.0,k∞ ) 1.33e- 10 cm3/molec-s andk0 ) 1.72e- 30 cm6/molec2-s.

Figure 7. Equilibrium (kf/kb) constants as a function of pressure for the formation of both adducts (h6-OHDMS andd6-OHDMS) at various
temperatures. No pressure dependence is apparent within the error of the measurements or difference between the two isotopomers at a givenT.
Despite significant error bars and small temperature range, it is apparent thatKC 245 K < KC 242 K < KC 240 K.
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explicitly in eq I but is replaced byKc/kf.

The dashed lines in Figures 11 and 12 show the best fits to
the data using the values ofKc taken from the van’t Hoff

dependence (Figure 8). The values ofkf andks obtained from
the best fits are shown in Table 3 whenks andkf are both free
parameters. Figures 11 and 12 also show the ability of the
expression discussed in section 3 of the Discussion to predict
the oxygen dependence of eqs 1 and 2. Figures 11 and 12 show
that eq I can quantitatively explain the dependence ofkobs on
[O2]. As we discuss below, the values ofkf derived from these
measurements agree well with values determined independently
from equilibration measurements. Although the rate of adduct

Figure 8. van’t Hoff relationship (eq VIII) fork1b/k-1b and k2b/k-2b determined in this work shown together with data from Hynes et al.11 and
Barone et al.14 The solid line is an unweighted, least-squares linear fit of eq VIII to the data of Hynes et al.11 and this work. Error bars are the 2σ
errors of precision of the individual measurements.

Figure 9. Typical OH temporal profiles at 200 Torr total pressure (N2 + O2) and 240 K. [h6-DMS] remained low enough that OH decays showed
single exponential behavior.

kobs)
ka +

Kc * ks

kf
(ka + kf)[O2]

1 +
Kc * ks

kf
[O2]

(IX)
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reaction with oxygen,ks, was not directly measured, the fits of
eq IX are sensitive to this parameter and allow the rate
coefficient to be derived from the fit.

3. Theoretical Results.Geometry optimizations for the OH-
DMS adduct, dimethylsulfide, and OH were completed at the
MP2/6-31+G(2d,p) level of theory utilizing Gaussian 03.43 The

Figure 10. Variation in pseudo-first-order decay rate (k′) with [h6-DMS] at 200 Torr total pressure (N2 + O2) and various partial pressures of O2.
The slope of the linear relationship betweenk′ and [DMS] giveskobs which is strongly dependent on the partial pressure of O2.

TABLE 2: Summary of Overall Bimolecular Rate Constants as a Function of Pressure and Partial Pressure of Oxygenn

sulfide totalP (Torr) N2 + O2 partialP (Torr) O2 T (K) range ofk′ (s-1) kobs (cm3/molec-s)

Equation 1
h6-DMS 200 0 239.7 258-7738 (3.59( 0.07)e- 12

200 3 239.5 330-14 148 (6.52( 0.10)e- 12
200 5 239.3 321-18 150 (7.94( 0.15)e- 12
200 10 239.5 311-21 192 (9.83( 0.18)e- 12
200 20 240.1 289-24 878 (1.11( 0.03)e- 11
200 40 239.8 276-26 102 (1.22( 0.03)e- 11
200 66 239.5 348-26 811 (1.27( 0.04)e- 11
200 100 239.7 289-29 900 (1.28( 0.04)e- 11
600 0 241.5 233-12 861 (3.69( 0.08)e- 12
600 10 242.7 317-73 009 (1.40( 0.03)e- 11
600 30 243.0 314-114 302 (1.83( 0.02)e- 11
600 45 242.5 308-150 218 (2.56( 0.04)e- 11
600 60 242.6 297-99 435 (2.42( 0.04)e- 11
600 90 242.8 285-155 472 (2.67( 0.05)e- 11
600 120 242.3 314-170 355 (2.89( 0.05)e- 11

Equation 2
d6-DMS 200 0 238.9 221-8074 (1.22( 0.02)e- 12

200 0 239.8 235-6627 (1.28( 0.02)e- 12
200 5 239.9 246-28 209 (5.40( 0.07)e- 12
200 10 240.0 233-39 606 (7.62( 0.10)e- 12
200 20 238.9 296-48 475 (9.26( 0.11)e- 12
200 30 238.9 272-82 235 (1.11( 0.02)e- 11
200 50 239.0 280-64 753 (1.19( 0.02)e- 11
200 70 238.9 289-64 770 (1.30( 0.02)e- 11
200 100 239.6 309-65 357 (1.27( 0.04)e- 11
600 0 240.0 134-5955 (1.50( 0.02)e- 12
600 4 240.0 195-30 551 (6.09( 0.08)e- 12
600 10 237.5 251-71 466 (1.23( 0.04)e- 11
600 15 238.0 235-85 235 (1.57( 0.04)e- 11
600 30 237.5 235-119 539 (2.21( 0.05)e- 11
600 45 237.5 252-156 380 (2.15( 0.08)e- 11
600 60 237.5 180-150 107 (2.63( 0.07)e- 11
600 90 240.0 293-139 521 (2.34( 0.06)e- 11
600 120 237.5 180-80 440 (2.72( 0.06)e- 11

Reaction of the OH Radical with Alkyl Sulfides J. Phys. Chem. A, Vol. 111, No. 1, 200797



optimized structure of OH-DMS is shown in Figure 13. Rele-
vant bond lengths and angles are listed in Table 4 and are com-
pared to prior results from the literature. While the structural
values agree well with the work of McKee,34 they are consider-
ably different from the values reported by Turecek37 and Gross
et al.44

In a prior work, Gu and Turecek36 performed ab-initio
geometry optimizations on the dimethylhydroxylsulfanyl ion.
Using the optimized geometries of the ion, they computed HF/
6-31G* energies for the neutral molecule to demonstrate that
the DMS-OH adduct was unstable with respect to dissociation
to DMS and OH. McKee later demonstrated that minimally the

Figure 11. OH + h6-DMS. Variation in the overall rate of oxidation,kobs (kobs) k1), at both 200 Torr (triangles) and 600 Torr (circles) pressures
andT ∼ 240 K. Dashed lines are best fits of eq IX to the data when bothks andkf are free parameters. Solid lines are the ability of eq IX, using
the expression outlined in Table 8, to reproduce oxygen-dependent data for eq 1. They-intercept for both curves iska.

Figure 12. OH + d6-DMS. Variation in the overall rate of oxidation,kobs (kobs) k2), at both 200 Torr (triangles) and 600 Torr (circles) pressures
and T∼ 240 K. Dashed lines are best fits of eq IX to the data when bothks andkf are free parameters. Solid lines are the ability of eq IX, using
the expression outlined in Table 8, to reproduce oxygen-dependent data for eq 2. They-intercept for both curves iska.
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MP2/6-31+G(2d) level of theory was required to find a
equilibrium structure with a minimum on the potential energy
surface. Following this, Turecek37 performed geometry opti-
mizations on the DMS-OH adduct at the MP2/6-31+G(d) level,
a smaller basis set than recommended by McKee, to conclude
that the dimethylhydroxylsulfanyl radical does not represent a
bound structure but rather a weak dipole-dipole complex.

The current calculations started minimally at the basis set
and method suggested by McKee and added single polarization
functions to the hydrogens, MP2/6-31+G(2d,p),45-51 to examine
the effect on the overall molecular geometry. In prior compu-
tational studies, optimizations included either diffuse and
polarization functions on the heavy atoms only or a larger basis
set which included polarization functions on all atoms but no
diffuse functions. From the results (see Table 4), it is clear that
inclusion of diffuse functions, which more accurately describe
weakly bound states, into the molecular wavefunctions signifi-
cantly reduces the S-O bond length when compared to methods
that simply employed larger basis sets with no diffuse functions.
It is also clear that the inclusion of polarization functions on
the hydrogens had very little effect.

Vibrational frequencies for all species were calculated at the
equilibrium geometry using the same level of theory as the
geometry optimization. Vibrational frequencies were also
calculated for CD3SCD3 and CD3S(OH)CD3 using the same
geometries and electronic environment as their non-deuterated
analogues. All of the calculated frequencies were positive
indicating that the equilibrium structures were at a minimum
on the potential energy surface. In addition, zero-point energies
and 298 K enthalpy corrections were calculated at the MP2/6-
31+G(2d,p) level of theory for the molecules studied. The
results of these calculations are found in Table 5.

Utilizing the optimized MP2/6-31+G(2d,p) geometries, ener-
gies were improved by both increasing the level of correlation
(utilizing MP4(SDTQ)52 and QCISD(T))53-55 and increasing the
size of the basis set to 6-311+G(3df,2p).56 The results of these
calculations are found in Table 6.

Following the method of Ochterski,57 binding energies, 0 K
enthalpies, and 298 K enthalpies of reaction were computed
for the reactions of CH3SCH3 and CD3SCD3 with OH using
different basis sets and methods. The results of these calculations
are found in Table 7. In a recent paper,35 McKee used density
functional theory (DFT) methods to compute the DMS-OH
bond strength at-13.7 kcal/mol with a 298 K bond enthalpy
of -11.9 kcal/mol. Our MP2 calculations at the MP2/6-311+G-
(3df,2p) level gave a DMS-OH bond strength of-11.16 kcal/
mol and a 298 K bond enthalpy of-9.22 kcal/mol. DFT
methods for these systems suffer from inverse symmetry
breaking58,59and are known to overestimate the bond stabilities.
Similarly, MP2, which is not a variational method and only
minimally includes electron correlation, could overestimate the
bond stability. In fact, this gives the closest value to our
experimental determination but still underestimates the adduct
stability. When the treatment of electron correlation was
increased by using the MP4 methods, the bond strength was
weakened by 1.77 kcal/mol. However, further increasing the
amount of electron correlation by going from MP4 to QCISD-
(T) strengthened it by 0.23 kcal/mol to-9.62 kcal/mol.

On the basis of these computational results and the 2003
results from McKee,35 the DMS-OH adduct is a stable species
and the OH is chemically bound to the dimethylsulfide. The
DFT results of McKee serve as an absolute lower bound for
the DMS-OH bond strength and enthalpy. The QCISD(T)
results presented here similarly serve as an upper bound for
these quantities. The results of our calculations also indicate
that the bond enthalpies for the deuterated reactions are slightly
lower than the non-deuterated ones, although the difference is
much smaller than the uncertainty associated with the precision
of current experimental determinations. Finally, on the basis of
the results of the electron correlation study, it is clear that a
method incorporating a high level of electron correlation is
needed to accurately treat the two center-three electron bond
in the adduct.

Discussion

1. Pressure Dependence ofkf. Figures 5 and 6 show the
pressure dependence ofkf, the rate coefficient for adduct
formation for both isotopomers (k1b, k2b). The rate coefficients
obtained from the analysis of the dependence ofkobson oxygen
concentration (solid triangles in Figure 5 and solid diamonds
in Figure 6) are in good agreement with those obtained from
fits to biexponential OH temporal profiles observed in N2 at
high DMS concentration (open triangles or open diamonds). It
is clear that the precision of the values obtained from biexpo-

TABLE 3: Fits of Eq IX to Oxygen-Dependent Dataa

sulfide P (Torr) T (K)

Kc

van’t Hoff relationship,
this work, fixed

ka (cm3/molec-s)
measured this work,

fixed ks (cm3/molec.-s), free kf (cm3/molec.-s), free

kf measured in
equilibrium

studies, this work

h6-DMS 200 239.6 5.66e- 17 3.59e- 12 (6.40( 0.26)e- 13 (1.02( 0.03)e- 11 1.12e- 11
d6-DMS 200 239.3 5.82e- 17 1.24e- 12 (5.17( 0.12)e- 13 (1.29( 0.19)e- 11 1.15e- 11
h6-DMS 600 240.1 5.41e- 17 4.03e- 12 (6.00( 0.21)e- 13 (2.91( 0.05)e- 11 2.27e- 11

2.62e- 11
d6-DMS 600 238.5 6.33e- 17 1.53e- 12 (7.97( 1.2)e- 13 (2.89( 0.16)e- 11 3.76e- 11

a Equilibrium constants and abstraction rates were fixed parameters.ks andkf were free parameters. Directly measured values ofkf from this
work are listed for comparison.

Figure 13. ORTEP74 rendering of the optimized DMS-OH adduct
geometry calculated at the MP2/6-31+G(2d,p) level of theory. Dis-
played bond lengths are in Å. Other relevant structural parameters are
found in Table 4.
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nential profiles is lower, and this reflects the difficulty of
extracting rate coefficients from such temporal profiles when
the two components of the decay have similar magnitudes. In
this case, it also reflects the difficulty associated with the
measurement of the initial, very rapid decay in the OH profile
which corresponds to pseudo-first-order decay rates in excess
of 4 × 106 s-1 at high pressures. The data suggest that there is
a slight difference in the falloff behavior for eqs 1b and 2b,
although the magnitude of this difference is obscured by the
larger scatter in thed6-DMS data set. The electronic structure
calculations suggest that the two adducts (h6-OHDMS or d6-
OHDMS) have similar binding energies and structures and that

the high-pressure limits should be similar. To be prudent, both
sets of data have been independently fit using the method of
Troe.60,61

In accordance with theory, the fits have been forced through
the origin even though no experimental points were taken at
low pressures. They are noted in Figures 5 and 6 as nonexperi-

TABLE 4: MP2/6-31 + G(2d,p) Energies for the DMS-OH Adduct, DMS, and OH and the Relevant Structural Parameters
for the Equilibrium DMS -OH Adduct Geometry

species symmetry state absolute energy (hartrees) structural parameter this work McKeea,b (1993) Tureekc,d (1994) Gross et al.e,f (2004)

CH3S(OH)CH3 Cs
2A′ -552.789809604 32 S-Ã 2.047 2.047 2.579 3.292

S-C 1.803 1.804 1.806
C-S-Ì 99.7 99.9 98.7
C-S-Ã 88.5 88.7 88.5
S-Ã-Η 104.1 103.6 130.2 <45

CH3SCH3 C2V
1A1 -477.20897284257

OH C∞V
2∏ -75.565693601198

a McKee, M. L. J. Phys. Chem. 1993, 97, 10971.b MP2/6-31+G(2d). c Turecek, F. J. Phys. Chem. 1994, 98, 3701.d MP2/6-31+G(d). e Gross,
A.; Barnes, I.; Sïrensen,R.; Kongsted, J.; Mikkelsen,K.J. Phys. Chem.2004, 108, 8659.f MP2/6-311G(d,p).

TABLE 5: Unscaled Vibrational Frequencies (cm-1), Zero-Point Energies (J/mol), and Enthalpy Corrections (J/mol) Calculated
at Optimized MP2/6-31+G(2d,p) Geometry

species frequencies ZPEa H298
a

CH3SCH3 191.9175, 197.6894, 266.0101, 712.8254, 766.6861, 934.5489, 973.0573, 1007.2219, 1068.4865,
1372.1134, 1396.9247, 1500.0054, 1510.5808, 1516.1708, 1525.0786, 3101.6115, 3106.4751, 3197.7638,
3206.2971, 3219.2555, 3220.317

190950.2 206469.5

CD3SCD3 137.5606, 144.6469, 228.6334, 656.8785, 701.5985, 722.6606, 728.0157, 768.3762, 851.0106, 1051.5106,
1070.1069, 1083.6575, 1092.0427, 1098.9296, 1102.7837, 2221.6197, 2225.2503, 2372.3258, 2378.8949,
2385.6584, 2386.4036

142736.8 160003.3

CH3(OH)CH3 60.8032, 160.9655, 181.6801, 245.271, 296.2876, 296.8488, 477.8806, 717.274, 773.998, 821.9266,
948.1633, 967.1137, 1000.9407, 1074.1857, 1363.3633, 1384.0642, 1485.7996, 1493.3574, 1498.812,
1507.1401, 3115.2701, 3117.8625, 3230.3804, 3232.9833, 3244.3461, 3244.9707, 3839.0677

223474.9 244681.0

CD3(OH)CD3 56.5063, 122.0328, 133.3377, 214.3089, 266.1815, 280.2379, 471.903, 660.8636, 704.602, 721.8705,
742.4408, 765.2574, 825.6296, 855.1534, 1048.9136, 1063.0836, 1075.1137, 1079.0938, 1084.1678, 1088.219,
2229.8624, 2231.7246, 2396.4959, 2397.3485, 2406.7211, 2406.8425, 3839.0617

175085.6 198141.4

OH 3817.2369 21443.9 30119.8

a No recommended value exists in the standard literature for the combination of MP2 with the 6-31+G(2d,p) basis set. 0.9392 is the recommended
frequency scaling factor for MP2/6-31+G(d,p) calculations (CCCBDB vibrational frequency scaling factors, http://srdata.nist.gov/cccbdb/vsf.asp)
and was used on the basis of the similarity to the basis set used for the calculations.

TABLE 6: Absolute Energies (Hartrees) Calculated at the Optimized MP2/6-31+G(2d,p) Geometry to Compare the Effect of
Changing the Basis Set and f Electron Correlation

species
MP2/

6-31+G(2d,p)
MP4(SDQ)/

6-31+G(2d,p)
QCISD()/

6-31+G(d,p)
MP2/

6-311+G(3df,2p)
MP3(STQ)/

6-311+G(3df,2p)
QCISDT)/

6-311+G(3df,2p)

CH3SCH3 -477.20897284256 -477.26861398 -477.27009118 -477.32574508053 -477.39328116 -477.3937562 8
OHa -75.565693601083 -75.582947999 -75.583971561 -75.617531723755 -75.636018118 -75.636853556
CH3S(OH)CH3 -552.78980960634 -552.8638262 -552.86724578 -552.96105822943 -553.04427048 -553.04593347

a <S2> < 0.76 after spin annihilation.

TABLE 7: Comparison of Energies and Enthalpies (kcal/mol) of Reaction as a Function of Basis Set and Level of Electron
Correleation Treatment for the Deuterated and Non-Deuterated Reactionsa

CH3SCH3 + OH f CH3S(OH)CH3 CD3SCD3 + OH f CD3S(OH)CD3

method ∆Erxn
ab ∆Hrxn

0K ∆Hrxn
298K ∆Hrxn

0K ∆Hrxn
298K

MP2-6-31+G(2d,p) -9.5 -6.85 -7.57 -6.90 -7.59
MP4(SDTQ)/“” -7.7 -5.05 -5.76 -5.09 -5.78
QCISD(T)/“” -8.27 -5.62 -6.34 -5.67 -6.36
MP2/6-311+G(3df,2pd ) -8.51 -9.22 -8.55 -9.24
MP4(SDT)/“” -6.75 -7.46 -6.79 -7.48
QCISD(T)/“” -9.62 -6.97 -7.68 -7.01 -7.70

a In all cases, the zero-point energies and enthalpy corrections were computed at the MP2/6-31+G(2d,p) optimized geometry and level of theory.
b Same for both reactions.

k )
k0[M]

1 + k0[M]/ k∞
‚Fc

[1 + (log (k0[M]/ k•)

N )2]-1

(X)

N ) 0.75- 1.27*log(Fc)
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mental points. Constraining the fits with the physically realistic
requirement thatFc e 1 gives values ofkinf which range from
∼1 × 10-10 cm3 molecule-1 s-1 for Fc ) 1 to∼3 × 10-10 cm3

molecule-1 s-1 for Fc ) 0.6. Fits withFc ) 1 andFc ) 0.6 are
virtually indistinguishable. To identify the values ofkinf andk0

with physically realistic parameters, for example, to identify
kinf with the capture limit for formation of an energized OH-
DMS adduct, an accurate value ofFc is required. The rate
coefficients presented here are close to the low-pressure limit
and show no indication of falloff behavior, so an attempt to
extrapolate to an accurate value ofkinf is not possible. We can,
however, compare thekinf values with “proxy” values derived
from vibrational deactivation studies. The use of vibrational
deactivation as an experimental route to a proxy value for the
limiting high-pressure rate,kinf, has recently been reviewed by
Smith.62 The idea is that, in the absence of a potential barrier,
the capture rate for a molecule such as OH should be largely
independent of its vibration energy. As noted by Smith, for
systems in which strong bonds are formed, the lifetime of the
energized complex is likely to be such that, even without
stabilization by a third body, randomization of the energy in
the OH bond is highly likely. Redissociation will produce OH
in a lower vibrational level because for a given energy there is
a much higher volume of phase space associated with transla-
tions and rotations than with vibrations. Consequently, a direct
measurement of the deactivation rate of vibrationally excited
OH may offer a quantitative measurement ofkinf. In recent work,
we measured rate coefficients for vibrational deactivation for
OH (V ) 1-5) by NO2.63 Our measured rate coefficients were
independent of vibrational level and are in excellent agreement
with a direct measure ofkinf for the OH+ NO2 recombination
recently reported by Hippler et al.64 The measured rate coef-
ficients for deactivation of vibrationally excited OH by DMS
were OH (V ) 1): 2.55× 10-11 cm3 molecule-1 s-1 and OH
(V ) 2): 5.34× 10-11 cm3 molecule-1 s-1. The observation
that the deactivation rate coefficients forV ) 1 and 2 are
significantly different is consistent with the weakly bound nature
of OH-DMS and suggests that the lifetime of the adduct is
very short. Consequently, a statistical redistribution of energy
is not possible before adduct redissociation, and hence, the OH
retains some of its initial vibrational excitation. These results
should give a lower limit to the rate coefficient for the high-
pressure limit for adduct formation suggesting that it must be
greater than 5.34× 10-11 cm3 molecule-1 s-1. In addition,
observations in this laboratory on adduct formation in other
alkylsulfides65 are consistent with a high-pressure limit ofg1
× 10-10 cm3 molecule-1 s-1. In the absence of any other data
on the high-pressure limit, we have fit the data as a simple
parametrization for both isotopomers with a value ofFc ) 1,
which treats adduct formation as being well described by the
simple Lindemann mechanism. This is not realistic physically,
and the values ofk0 andkinf which are obtained are simply fitting
parameters rather than rate coefficients which can be compared
with experimental or theoretical values. As Figures 5 and 6
show, the experimental observations are well described by this
approach and a simple parametrization results. The values of
k0 andkinf are

The error limits onkinf are the 2σ error of the fit when bothk0

and kinf are free parameters. The errors are large because of the
scatter in the data and because of the extrapolation made on
this data set where we are still in the falloff region. Hence, the
difference in the values fork∞(1b) andk∞(2b), although large, is
within the error bars.

2. Adduct Reaction with O2. The values ofks determined
from fits to the oxygen-dependent data in this work range from
5.17 × 10-13 cm3 molecule-1 s-1 to 7.97 × 10-13 cm3

molecule-1 s-1 and give an average value of 6.3( 1.2× 10-13

cm3 molecule-1 s-1 (Table 3) in good agreement with the rate
coefficient obtained in our prior work at 100 Torr whereks )
8 ( 3 × 10-13 cm3 molecule-1 s-1 18 and in reasonable
agreement with the value obtained by Barone et al., 1.00(
0.33× 10-12 cm3 molecule-1 s-1, at 100 Torr in both He and
N2. It suggests thatks is independent of pressure and shows no
isotopic dependence and little temperature dependence over this
range. Previous mechanistic studies have suggested that reaction
of the adduct with O2 produces HO2 and DMSO.

However, if eqs 3 and 4 proceeded via a channel which produces
OH,

then the values ofkobs in the oxygen-dependent studies would
underestimate the true value ofkobsbecause the contribution of
eq 3b or 4b would not be measured in our experiments. As we
have discussed previously,11,41 if this were the case, we would
expect the values ofkf derived from equilibrium measurements
to be systematically higher than values derived from oxygen-
dependent studies at the same pressure. In this work, equilibra-
tion (k1b/k-1b or k2b/k-2b) was directly measured. Second, the
oxygen dependence of the effective rate coefficient was
measured for all sulfides at two pressures (200 Torr and 600
Torr) and at 240 K. Values ofkf derived from equilibration
measurements are in good agreement with those derived from
the oxygen dependence of the effective rate coefficient indicating
that a reaction channel regenerating OH is minor at 240 K.
Unless the branching ratio for eqs 3 and 4 has a significant
temperature dependence which seems unlikely, OH regeneration
cannot explain differences between early direct studies18 and
chamber measurements.19 Use of the independently determined
values of Kc to fit the oxygen-dependent data is a robust
diagnostic for correct mechanistic interpretation. The consistency
between the data sets suggests that the two-channel mechanism
is able to explain the measurements and that OH regeneration
is insignificant.

3. Predictive Expression.As noted above, for many years
the accepted effective rate coefficient for eq 1 and the branching
ratio between the addition and abstraction channels has been
taken from the expression developed by Hynes et al. in 1986.
The current IUPAC recommendation is a parametrization based
on our 600 Torr oxygen-dependent data,13 and it parametrizes
the overall rate of oxidation solely in terms of O2. It does not
take into account pressure dependence associated withk1b. In
both cases, these parametrizations are not based on direct

k2b,0 ) (1.72( 0.37)× 10-30 cm6 molecule-2 s-1

k2b,∞ ) (1.33( 1.18)× 10-10 cm3 molecule-1 s-1

CH3S(OH)CH3 + O2 f CH3S(O)CH3 + HO2 (3a)

CH3S(OH)CH3 + O2 f CH3S(O2)CH3 + OH (3b)

CD3S(OH)CD3 + O2 f CD3S(O2)CH3 + OH (4b)

k1b,0 ) (1.78( 0.23)× 10-30 cm6 molecule-2 s-1

k1b,∞ ) (5.82( 1.33)× 10-11 cm3 molecule-1 s-1
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determinations of the elementary rate coefficients and are only
appropriate for 1 atm of air. The data set presented here allows
us to present a predictive expression on the basis of measured
elementary rates that gives the effective rate coefficient and
branching ratio at low temperature for any atmospheric pressure
and oxygen concentration. The expression for calculatingkobs

was obtained by substituting expressions for the elementary rate
coefficients into eq IX. These parameters and their sources are
listed in Table 8 and allow calculation of the effective rate at
any appropriate pressure and temperature. Slight differences
were observed ind6-DMS andh6-DMS data sets, and while
only the parameters for calculation of eq 1 are necessary for
atmospheric modeling, we show the parameters for calculation
of eq 2 for comparison with ourd6-DMS data set in Figure 12.

Using the values in Table 8 and eq IX,kobswas calculated as
a function of oxygen partial pressure at 240 K and total pressures
of 200 and 600 Torr to give the solid lines shown in Figure 11
for h6-DMS and in Figure 12 ford6-DMS. The expression does
a reasonable job of reproducing both the 200 and 600 Torr data
sets atT ∼ 240 K, using the temperature- and pressure-
independent value forks ) 6.3 ( 1.2× 10-13 cm3 molecule-1

s-1 (the average of values determined in this work) andKc values
determined in this work. This expression underpredicts the
maximum values observed for eq 1 at 600 Torr and slightly
overpredicts the values at 200 Torr. In both cases, the discrep-
ancy is roughly 10%. The expression is able to reproduce rate
coefficients obtained in this laboratory at 240 K (to within 15%)
and at 261 K (to within 40%),11,18, h6-DMS data of Barone et
al. at 247 K and 100 Torr of N2,14 and recent data from Albu
et al. at 760 Torr over the range 270-250 K. This expression
also reproduces the rate enhancements ind6-DMS rate coef-
ficients seen in the 1995 work of Hynes et al. and the Barone
et al. work. We believe that it can be used between 260 and
220 K at pressures up to 760 Torr, rendering eq IX appropriate
for various regions of the lower, polar troposphere as well as
portions of the mid and upper troposphere where DMS can be
present because of convective pumping.66 We are in the process
of developing an expression appropriate for the full temperature
range of the troposphere and the pressure range 50-760 Torr.

4. Atmospheric Implications. In previous work,13 we
demonstrated that the effective rate coefficient for eq 1 was
significantly faster at low temperatures than that derived from
the expression published in the 1986 work of Hynes et al. As
a consequence, the branching ratio between the addition and
abstraction channels is significantly larger than predicted by the
previous expression. In this work, we have shown that the
elementary rates for adduct formation and decomposition and
the rate of reaction of the adduct with O2 are entirely consistent
with these faster rates. A recently published competitive rate
study of eq 1 at temperatures between 300 and 250 K is also
consistent with these observations.16

Temperature dependence in the abstraction/addition branching
ratio is often used to interpret the distribution of methansulfonate
to non-sea-salt-sulfate ratio as measured in the marine boundary

layer and in ice cores,33,67-71 however, these interpretations have
had limited success. Ravishankara and co-workers have sug-
gested that the initial branching step cannot explain the observed
temperature dependence of such things as the methanesulfonate:
non-sea-salt-sulfate ratio in aerosols.15,72,73They have suggested
that the measured bond strength for the DMS‚OH adduct is not
compatible with the branching ratio between abstraction and
addition that is required to explain the large increases in the
MSA/sulfate ratio.15 The complexity and uncertainties in the
DMS oxidation mechanism are such that inferences on the
relationship between field observables and the elementary steps
in the mechanism should be made with caution. Our work shows
that the temperature dependence of the branching ratio is
certainly not limited by the OH-DMS adduct bond strength
but rather by the magnitude of the forward addition rate.
Furthermore, the revised temperature dependence of the branch-
ing ratio between abstraction and addition is large enough to
encompass most of the changes seen in the temperature
dependence of field data such as the MSA:non-sea-salt ratio.33,68

Clearly, this does not prove that the branching between addition
and abstraction is actually responsible for these changes, but it
does not preclude the initial steps influencing final product
distributions under certain conditions.

Conclusions

The OH initiated oxidation of DMS proceeds via a complex
mechanism involving reactions with molecular oxygen. As a
consequence, the effective rate coefficient for the reaction shows
a complex dependence on temperature and pressure. In spite of
a multitude of experimental studies, the number of direct studies
under realistic atmospheric conditions is very limited. For many
years, the effective rate coefficients and branching ratios reported
by Hynes et al. in 1986 were recommended for atmospheric
modeling purposes. In this work, we demonstrate that, at low
temperatures, the 1986 work underestimates both the effective
rate coefficients and the branching ratio between the addition
and abstraction channels. We measure both the effective rate
coefficients as a function of pressure and gas composition at
240 K and in addition we measure the elementary rate
coefficients for adduct formation and reaction with O2. We show
that the measured elementary rate coefficients are consistent
with the observed effective rate coefficients. This suggests that
our assumed two-channel mechanism is correct and allows us
to develop an expression for the effective rate coefficient on
the basis of that mechanism. The expression accurately captures
the rates of eqs 1 and 2 at any total pressure up to 1 atm for
any partial pressure of O2 at temperatures between 260 and
220 K. In addition, electronic structure calculations have been
used to calculate the structure of the OH-DMS adduct and its
deuterated isotopomer. We find similar bound structures for both
isotopomers. The calculated reaction enthalpies for adduct
formation are a little lower than the experimentally determined
values.

TABLE 8: Parameters Used in Eq IX to Generate a Predictive Expression ofk1 and k2 at Various Pressures and atT ∼ 240 K

term parameters in eq IX source

k1a (7.68e- 12)exp(-167/T) Arrhenius fit ofh6-DMS data: this work
k2a (1.591e- 11)exp(-630/T) Arrhenius fit ofd6-DMS data: this work
k1b eq X: k0 ) 1.78e- 30,kω ) 5.82e- 11,F ) 1.0 Troe fit ofh6-DMS data: this work
k2b eq X: k0 ) 1.72e- 30,kω ) 1.33e- 10,F ) 1.0 Troe fit ofd6-DMS data: this work
Kc T dependent van’t Hoff line: Figure 8
k-1b k1b/Kc

k-2b k2b/Kc

k3 (6.3( 1.7)× 10-13 cm3/molec-s this work
k4 (6.3( 1.7)× 10-13 cm3/molec-s this work
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Specifically, temporal profiles for the formation of theh6-
OHDMS andd6-OHDMS adducts have been measured over a
range of pressures approaching 1 atm and at a temperature of
∼240 K. Analysis of these profiles has given the rate coefficients
for adduct formation and adduct decomposition and hence the
equilibrium constants. Van’t Hoff analysis gives an adduct bond
strength in good agreement with previously reported values. The
rate coefficients for the formation of the adduct isotopomers
showed slight differences in their falloff behavior. Rate coef-
ficients were obtained for the effective rate coefficients of eqs
1 and 2 as a function of oxygen concentration at 200 and 600
Torr in the region of 240 K. Rate coefficients for adduct
formation obtained from analysis of oxygen-dependent data were
in good agreement with directly measured values demonstrating
internal consistency of the two-channel reaction mechanism and
indicating that OH regeneration via channel 3b or 4b is
insignificant. Directly determined equilibrium constants were
used successfully to fit oxygen-dependent data, demonstrating
sound mechanistic interpretation. The rate coefficient for the
reaction of the adducts with O2 (k3, k4) shows no isotopic or
pressure dependence over the range 200-600 Torr.

Our recent work on the oxygen dependence of the effective
rate coefficients for eqs 1 and 2 at 600 Torr total pressure and
at low temperature13 showed that the 1986 expression of Hynes
et al.18 underestimated both the overall rate of oxidation as well
as the branching ratio at low temperatures by a factor of 2. The
addition of our 200 Torr data over the same temperature range
together with the equilibration data presented here provides a
consistent picture of the OH initiated oxidation mechanism at
low temperature and allows us to formulate an expression which
can be used to calculate the effective rate coefficient for eq 1
at any pressure and oxygen concentration between 220 K and
260 K. The estimated error is(40%, with the largest error being
at the extremes of this temperature range. This data set is the
first to include direct observation of equilibration over a range
of pressures in N2 approaching 1 atm, and the predictive
expression developed in this work resolves discrepancies in the
kinetic database and rectifies errors in the widely used expres-
sion from the 1986 work of Hynes et al. We are currently
working on an expression appropriate for a larger temperature
range.
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