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A pulse radiolysis technique has been used to measure the UV spectra of CH3SCHz and CH3SCH202 radicals 
over the range 225-350 nm. At 285 nm, u(CHsSCH2) = (9.8 f 1.7) X l0-Is;  a t  250 nm, u(CHsSCH202) = 
(4.3 f 0.7) X cm2 molecule-'. Observed self-reaction rate constants, defined as -d[CH3SCHz]/dt = 
2k6[CH3SCH2]2 and -d[CH3SCHzOz[/dt = 2k70~[CH3SCH~0~]2 ,  were k6 = (3.0 f 0.6) X 10-" and k7ok 
= (7.9 f 1.4) X 10-12 cm3 molecule-' s-l. Errors are statistical (2 standard deviations) plus our estimate of 
potential systematic uncertainty (15%). A rate constant, k2 = (5.7 f 0.4) X 10-l2 cm3 molecule-l s-l, was 
derived for the addition reaction CH3SCH2 + 02 - CHsSCH202. A rate constant, k3 = (1.9 f 0.6) X 10-11 
cm3 molecule-1 s-1, is reported for the reaction of CH3SCH202 radicals with NO, producing NO,. Errors for 
kz and k3 are 2 standard deviations. Results are discussed with respect to the atmospheric chemistry of dimethyl 
sulfide. 

Introduction 
Dimethyl sulfide (DMS) is a byproduct of the biodegradation 

of organosulfur compounds in marine environmentsl-3 and was 
first detected in the upper levels of the oceans by Lovelock et al.4 
Each year 1&50 Mtons of dimethyl sulfide (DMS) escapes into 
the atmosphere from the oceans.5 DMS represents approximately 
25% of the total flux of sulfur into the atmosphere1~3.6 and so 
plays an important role in the global sulfur cycle. Atmospheric 
oxidation of DMS leads to methanesulfonic and sulfuric acids, 
which serve as cloud condensation nuclei' and contribute to the 
natural acidity of precipitation. It has been proposed that emission 
of DMS may provide a means of biological climate reg~lation.~ 
Recognition of the importance of DMS has led to a significant 
research effort to understand the atmospheric chemistry of this 
compound. 

The current state of knowledge on the atmospheric chemistry 
of DMS has been reviewed recently by Tyndall and Ravishankara6 
and Plane8. The principal atmospheric fate of DMS is reaction 
with OH radicals. Hynes et aL9 have shown that reaction 1 

O H  + CH3SCH3 - CH3SCH, + H,O ( la )  

O H  + CH3SCH3 + M - CH,S(OH)CH, + M (1 b) 

proceeds via two channels. Under ambient conditions (295 K, 
760 Torr of air) approximately 70% of reaction 1 proceeds via 
channel la  to give CH3SCH2 radicals with remaining 30% giving 
the adduct via channel 1 b.9 The CHBCH2 radical formed in 
reaction la  is thought to rapidly add molecular oxygen to give 

CH3SCH2 + 0, + M - CH,SCH202 + M (2) 
The peroxy radical, CH3SCH202, will react with trace species 
in the atmosphere, such as NO, NO2, HO2, or other peroxy radicals 
(R02), togiveavarietyofproducts. By analogy withother peroxy 

CH3SCH202. 
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radicals, reaction with NO is likely to be an important fate of 
CH3SCH202 radicals. 

CH3SCH,02 + NO - CH,SCH,O + NO, (3) 
There has been an extensive experimental research effort to 
investigate the kinetics and products of the OH initiated 
atmospheric photooxidation of DMS. However, to the best of 
our knowledge, the key gas-phase radical intermediates CH3- 
SCH2 and CH3SCH202 have yet to be observed directly. 
As part of a collaboration between our laboratories to study 

the atmospheric chemistry of peroxy radicals10-'3 and the 
environmental fate of volatile organic compounds, we have 
performed an experimental study of CH3SCH2 and CH3SCH202 
radicals. A pulse radiolysis technique was used to measure the 
UV absorption spectrum and self-reaction kinetics of CH3SCH2 
and CH3SCH202 radicals. In addition, we have studied the 
kinetics of reactions 2 and 3. Results are reported herein. 

Experimental Section 
The pulse radiolysis transient UV absorption spectrometer used 

in the present experiments has been described previ0usly.1~ CH3- 
SCH2 radicals were generated by the radiolysis of SF6/CH3- 
SCH3 gas mixtures in a l-L stainless steel reactor with a 30-ns 
pulse of 2-MeV electrons from a Febetron 705B field emission 
accelerator. ,SF6 was always in great excess and was used to 
generate fluorine atoms: 

SF, + e- - F + products (4) 

F + CH,SCH, - CH,SCH, + HF ( 5 4  

CH3SCH2 + 0, + M - CH3SCH202 + M (2) 

Four sets of experiments were performed. First, the ultraviolet 
absorption spectra of CH3SCH2 and CHpSCH202 radicals were 
determined by observing the maximum in the transient UV 
absorption at short times (10-40 ps) following the pulse radiolysis 
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of CH3SCH2 into CH3SCHzO2 radicals was monitored, as a 
function of the concentration of 0 2  present, to derive a value for 
therateconstant ofreaction 2. Fourth, therateofNO2formation 
following the pulse radiolysis of SF6/DMS/Oz/NO mixtures 
was used to measure k3. 

To monitor the transient UV absorption, the output of a pulsed 
150-W xenon arc lamp was multipassed through the reaction cell 
using internal Whitecelloptics (40-, 80-, or 120-cmpath length). 
Reagent concentrations used were as follows: SF6,95-1026 mbar; 
02,0-30 mbar; DMS, 0.5-5.0 mbar; and NO, 0-1.8 mbar. All 
experiments were performed at 298 K. Ultrahigh purity 0 2  was 
supplied by L'Air Liquide, SF6 (99.9%) was supplied by Gerling 
and Holz, DMS (>99%) was obtained from the Aldrich Chemical 
Co., and NO (>99.8%) was supplied by Messer Griesheim. The 
DMS sample was degassed before use by repeated f reezepump 
thaw cycling. All other reagents were used as received. 

ReSdtS 

Spectrum of CH&XH2 Radicals. Following the pulse radiolysis 
of DMS/SF6 mixtures, a rapid increase in absorption in the UV 
was observed, followed by a slower decay. Figure 1 shows the 
transient absorption at 290 nm observed for the first 170 ps 
following the radiolysis of a mixture of 5 mbar of DMS and 995 
mbar of SF6. No absorption was observed when either 5 mbar 
of DMS or 995 mbar of SF6 was radiolyzed separately. We 
ascribe the absorption shown in Figure 1 to the formation of 
CH3SCH2 radicals and their subsequent loss by self-reaction. In 
this work we assume that F atoms react with DMS exclusively 
by a H atom abstraction mechanism to give CH3SCH2 radicals. 
The validity of this assumption is examined in the Discussion 
section. 

Measurement of the absolute absorption spectrum of CH3- 
SCH2 radicals requires calibration of the initial F atom con- 
centration. Additionally, experimental conditions are needed to 
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Figure 2. Maximum transient absorption at 285 nm (triangles) and 250 
nm (circles) following the pulsed radiolysis of SFs/DMS and SF6/DMS/ 
0 2  mixtures, respectively, as a function of radiolysis dose (see text for 
details). The solid lines are linear regressions to the filled symbols. The 
dotted line is a second-order regression to the data for CH$SCHz to aid 
visual inspection of the data trend. 

ensure that there is 100% conversion of F atoms to CH3SCH2 
radicals. The yield of F atoms was established by monitoring the 
transient absorption at 220,230, and 250 nm due to methylperoxy 
radicals produced by radiolysis of SFs/CH4/02 mixtures as 
described previ0us1y.l~ With use of values of 3.27 X 10-18,4.30 
X 10-l8, and 3.92 X cm2 molecule-' for u(CH302) at 220, 
230, and 250 nm,16 the yield of F atoms at 1000 mbar of SF6 was 
measured to be 3.3 X 1015 ~ m - ~  at full irradiation dose. The 
random error on this calibration was less than 5%. In the review 
of Wallington et a1.,I6 theuncertainty in u(CH301) was estimated 
to be f15%. Since this review, the results of additional studies 
of u(CH302) have become available.17J8 The latest results are 
in close agreement (within 10% at 220-250 nm) with the 
recommendations of Wallington et a1.16 At present it seems 
reasonable to assign an uncertainty of 10% to u(CH302). The 
calibration of the F atom yield in the present work is therefore 
estimated to be accurate to within f l 5 % .  

To work under conditions where the F atoms are converted 
stoichiometrically into CH3SCH2, it is necessary to consider 
potential interfering secondary chemistry. The main complication 
is likely to be reaction 8. To check for complications caused by 

F + CH,SCH2 - products (8) 

reaction 8, two sets of experiments were performed using an optical 
path length of 120 cm. First, the maximum transient absorption 
at 285 nm was measured in experiments using [DMS] = 5 mbar 
and [SFa] = 995 mbar with the radiolysis dose varied by an order 
of magnitude. Figure 2 shows the observed maximum of the 
transient ascribed to CH3SCH2 at 285 nm as a function of the 
dose. Second, the maximum of the transient absorption was 
measured using half of the full radiolysis dose, [DMS] = 5 mbar, 
with the SF6 concentration varied between 95 and 995 mbar. 
Figure 3 shows the maximum absorption at 285 nm as a function 
of the SF6 concentration. As shown in Figures 2 and 3, the 
maximum absorption observed in experiments using high dose or 
large sF.5 concentrations was significantly less than expected on 
the basis of a linear extrapolation of the data obtained at low 
doses or low SF6 concentrations. This observation suggests that 
reaction 8 is important in experiments using the maximum initial 
F atom concentration. 

The solid lines drawn through the CHpSCH2 data in Figures 
2 and 3 are linear least squares fits to the low dose and low [SF61 
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Figure 3. Maximum transient absorption at 285 nm (triangles) and 250 
nm (circles) following the pulsed radiolysis of S&./DMS and SFs/DMS/ 
0 2  mixtures, respectively, as a function of sF6 concentration (see text for 
details). The solid lines are linear regressions to the filled symbols. The 
dotted line is a second-order regression to the data for CH3SCH2 to aid 
visual inspection of the data trend. 

TABLE I: Measured UV Absorption Cross Sections 
u x 1020 (cm2 molecule-) 

wavelength (nm) CH3SCH2 CHaSCH202 
225 26 1 331 
230 287 454 
240 294 467 
250 290 426 
260 297 303 
270 617 23 1 
280 854 143 
285 977 100 
290 886 
300 483 
310 225 
320 166 
330 112 
340 75  
350 58 

data. The slopes are 1.64 f 0.12 and (9.09 f 0.54) X l V ,  
respectively. Combining these values with the calibrated yield 
of F atoms of 3.3 X 1Ol5 molecules ~ m - ~  (full dose and [SFa] = 
1000 mbar) gives u(CH3SCH2) at 285 nm = (9.54 f 0.70) X 
10-18and (10.0f0.6) X 10-18cm2molecule-1,respectively.Quoted 
errors are 2 standarddeviations from the least squares fits. Within 
the experimental uncertainties, these two determinations are in 
agreement. We choose to quote the average of these two values 
with error limits which encompass the uncertainties associated 
with each determination. Hence, u(CHsSCH2) at 285 nm = 
(9.77 * 0.93) X cm2 molecule-I. The quoted error limits 
are statistical uncertainty. We estimate that there is up to an 
additional 15% uncertainty associated with the absolutecalibration 
of the F atom yield. Combining the statistical and possible 
systematic errors, we arrive at our final value of u(CH3SCH2) 
at 285 nm = (9.8 f 1.7) X 10-1* cm2 molecule-1. 

To map out the absorption spectrum of CH3SCH2 radicals, 
experiments were performed to measure the initial absorption 
between 225 and 350 nm following the pulsed irradiation of 
mixtures of 5 mbar of DMS and 995 mbar of SF6. Initial 
absorptions were then scaled to that at 285 nm and converted 
into absolute absorption cross sections. Values so obtained are 
given in Table I and shown in Figure 4. 

Kinetic Study of the Self-Reaction of CHfiCHz Radicals. 
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Figure 4. Absorption cross-section data for CHlSCHz (circles) and 
CHpSCH202 (triangles) measured in this work. The solid lines are cubic 
spline fits. The dotted line is the recommended spectrum for CH3O2 
taken from ref 16. 

Figure 1 shows a typical transient absorption trace obtained for 
the self-reaction of CH3SCH2 radicals, together with a nonlinear 
least squares second-order fit. As discussed in previous publi- 
c a t i o n ~ , ~ ~ . ~ ~  kinetic analysis of second-order decays can be 
complicated by the formation of products which absorb at the 
monitoring wavelength, leading to a postradiolysis transmitted 
light intensity which is lower than the preradiolysis value. 
Accordingly, the experimental data were fit to the three parameter 
expression 

1/B - 1/Bo = 2kt/ueffL (1) 
where B = ln(Zm/Z), BO = ln(Zm/Z'), k is the second-order rate 
constant for the self-reaction of the radicals, u e ~  is the absorption 
cross section of the radical minus that of any absorbing product 
formed at the monitoring wavelength (in the case of CH3SCH2 
there was no residual absorption and u e ~  = ~(CH~SCHZ)) ,  L is 
the monitoring UV path length (80 cm), Z' is the minimum 
transmitted light intensity following the radiolysis pulse, I ,  is the 
final light intensity, and Z is the transmitted light intensity at 
time t .  In the fitting algorithm the three parameters B, BO, and 
and k/uen were fit simultaneously. 

The decay of the transient absorption following radiolysis of 
DMS/SF6 mixtures was monitored at wavelengths between 270 
and 320 nm. At all wavelengths the decay was well represented 
by a second-order least squares fit. No residual absorption was 
observed, indicating the absence of any long lived product which 
absorbs significantly in the 270-320-nm region. The observed 
half-life for the decay of absorption in the wavelength region 
270-320 nm is plotted as a function of the reciprocal of the initial 
CH3SCH2 radical concentration in Figure 5. The initial radical 
concentration was calculated from the observed initial absorption 
using the cross sections given in Table I. 
As shown in Figure 5, the observed half-life for the decay of 

absorption in the wavelength region 270-320 nm was a linear 
function of 1/[CH3SCH2]oa This linearity suggests that only 
one species is responsible for the absorption in this wavelength 
region, and so our kinetic analysis is not complicated by the 
presence of other absorbing species. Linear least squares analysis 
of the data in Figure 5 gives a slope = l/2k6 = (1.69 f 0.19) X 
lolo ~ m - ~  molecule s. Hence, k6 = (3.0 f 0.3) X cm3 
molecule-' s-l. Quoted errors are 2 standard deviations. Including 
our estimate of a potential 15% uncertainty in the absolute radical 
yield calibration gives k6 = (3.0 f 0.6) X 10-11 cm3 molecule-' 
s-1 . 

Spectrum of CHfiCH202 Radicals and Kinetics of the CH3- 
SCH2 + 02Reaction. The UV spectrum of CH3SCH202 radicals 
was studied by the pulsed radiolysis of DMS/Oz/SFs mixtures. 
Following radiolysis a rapid increase in absorption in the ultraviolet 
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Figure5 Half-lives forthedecayof absorptionat 270-320 nm, attributed 
to CHaSCH2 radicals, as a function of the reciprocal of the initial radical 
concentration. The solid line is a linear least squares fit. 

at 225-250 nm was observed followed by a slower decay. The 
observed absorption is ascribed to the formation of CH3SCH202 
radicals and their loss via self-reaction. No absorption was 
observed in the absence of SF6. In the presence of 0 2  there may 
be unwanted reactions such as reactions 9-1 1, which interfere 
with conversion of F atoms into CH3SCH202. 

F + 0, + M -. FO, + M (9) 

F + CH,SCH,02 - products (10) 

CH3SCH, + CH3SCH,02 - products (1 1) 

To minimize complications caused by FO2 radicals, experiments 
were performed using [DMS] = 5 mbar and [O,] = 30 mbar. 
The rate constant for the reaction of F atoms with DMS is 
unknown. It seems reasonable to assume that F atoms will be 
at least as reactive as C1 atoms toward DMS; hence k(F+DMS) 
L 3 X 10-10cm3 molecule-' s-1.21.22 The rate constant for reaction 
9 has been measured previously in our laboratory, ks = 2.0 X 
l e i 3  cm3 molecule-I s-l 23,24 at 1000 mbar total pressure of SF6. 
Because of the 1500-fold difference in the reactivity of F atoms 
toward 0 2  and DMS, formation of FO2 in the present series of 
experiments will be negligible. 

There are no literature data concerning the kinetics of reactions 
10 and 11, and it is difficult to estimate their impact. To check 
for these unwanted radical-radical reactions, two sets of exper- 
iments were performed using an optical path length of 80 cm. 
First, the maximum transient absorption at 250 nm was measured 
in experiments using [DMS] = 5 mbar, [O,] = 30 mbar, and 
[SFs] = 980 mbar with the radiolysis dose varied by an order of 
magnitude. Figure 2 shows the observed maximum of the 
transient absorption at 250 nm as a function of the dose. Second, 
the maximum of the transient absorption was measured by using 
a full radiolysis dose, [DMS] = 5 mbar and [02] = 30 mbar, with 
theSF6 concentrationvaried between 175 and 975 mbar. Figure 
3 shows the maximum absorption at 250 nm as a function of the 
SF6 concentration. As seen from Figures 2 and 3, the absorption 
increased linearly with both radiolysis dose and SF6 concentration, 
suggesting the absence of unwanted radical-radical reactions 
such as (10) and (1 1). This linear behavior contrasts with the 
nonlinear plots observed for CH3SCH2. As previously noted, the 
curvature observed in the study of CH3SCH2 radicals is ascribed 
to reaction 8, which leads to incomplete conversion of F atoms 
into CH3SCH2 radicals under conditions of high [Flo. The 
presence of 30 mbar of 02 suppresses the concentration of 
CH3SCH2 radicals, thereby rendering reaction 8 unimportant. 

The solid lines drawn through the CH3SCH202 data in Figures 
2 and 3 are linear least squares fits. The slopes are 0.480 f 0.025 
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Figure 6. Transient absorption at 290 nm observed following the pulsed 
radiolysis (half-dose) of a mixture of 5 mbar of DMS, 3.2 mbar of 0 2 ,  
and 995 mbar of SFs. The solid line is a first-order decay fit which gives 
kist = 6.37 x 105 s-1. 

and (4.87 f 0.28) X 10-4. These values combined with the 
calibrated yield of F atoms of 3.3 X lOI5 molecules cm-3 (full 
dose and [SF61 = 1000 mbar) give u(CH3SCH202) at 250 nm 
= (4.27 f 0.22) X and (4.25 f 0.24) X 10-18cm2molecule-l, 
respectively. The quoted errors represent 2 standard deviations 
from the least squares fits. The two determinations are in excellent 
agreement. We choose to quote the average of these two values 
with error limits which encompass the uncertainties associated 
with each determination. Hence, u(CH3SCH202) at 250 nm = 
(4.26 f 0.24) X 10-18 cm2 molecule-'. The errors cited above 
represent statistical uncertainty. We estimate that there is up 
to an additional 15% uncertainty associated with the absolute 
calibration of the F atom yield. Combining the statistical and 
possible systematic errors gives u(CH3SCH202) at 250 nm = 
(4.3 f 0.7) X 10-18 cm2 molecule-'. 

To map out the spectrum of CH3SCH202 radicals, experiments 
were performed to measure the initial absorption between 225 
and 285 nm following the pulsed irradiation of SF6/DMS/02 
mixtures. At wavelengths longer than 260 nm the initial increase 
in absorption was followed by a rapid decay (complete within 1 
ps) and then a much slower decay (occurring during the subsequent 
200 ps). We ascribe this behavior to the formation of CH3SCH2 
radicals by reaction Sa, followed by rapid conversion into 
CH3SCH202 radicals via reaction 2, and then subsequent slow 
loss by self-reaction. 

The rapid decay of the initial absorption displayed first-order 
kinetics. To measure kz, experiments were performed using a 
monitoring wavelength of 290 nm to measure the first-order loss 
of CH3SCH2 following the pulse radiolysis (half-dose) of 990- 
1000 mbar of SF6, 5 mbar of DMS, and 0.6-1 1.7 mbar of 0 2 .  
Figure 6 shows the transient absorption at 290 nm observed for 
the first 17 ps following the radiolysis of a mixture of 992 mbar 
of SFs, 5 mbar of DMS, and 3.2 mbar of 0 2 .  The solid line is 
a first-order fit to the data which gives a first-order loss rate of 
k1St = 6.4 X l o 5  s-I, Figure 7 shows a plot of kist versus [O,]. 
Linear least squares analysis of the data in Figure 7 gives k2 = 
(5.7 f 0 . 4 )  X 10-12~m3molecule-~s-~;quotederrorsare2standard 
deviations. As seen from Figure 7, there is a small, but significant, 
positive intercept corresponding to kist = (1.5 f 0.7) X 105 s-1, 
where errors are 2 standard deviations. This intercept probably 
reflects either a contribution of reaction 6 or 12 to the observed 
CH3SCH2 decay, or the presence of a small 0 2  impurity in the 
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Figure 7. Plot of kist versus the concentration of 0 2 .  

SF6 used in this work, or both. 

CH,SCH, + CH3SCHz02 - CH3SCHz0 + CH,SCH,O 

To quantify the impact of reactions 6 and 12, the decay of CH3- 
SCH2 radicals was modeled using the Acuchem programz5 with 
a mechanism consisting of reactions 2, Sa, 6, and 12. The kinetic 
data used were kz = 5.7 X 10-lz (this work), ksa = 3 X 10-lo 
(estimate), k6 = 3.0 X 10-11 (this work), and klz = 5 X 
(assumed equal to methyl analogz6), all in units of cm3 molecule-' 
s-1. The model results were converted into a plot of absorption 
versus time and a first-order decay was fit. The simulated data 
were closely fit by first-order kinetics, but the pseudo-first-order 
rate constants were uniformly higher by 8 X 104 s-l than the 
expected value (k2 X [02]). The positive intercept in Figure 7 
is (1.5 f 0.7) X lo5 s-1. Thus, within the experimental 
uncertainties, the positive intercept in Figure 7 can be ascribed 
to reactions 6 and 12. Reactions 6 and 12 do not affect the slope 
of the data plotted in Figure 7. Hence, no correction is needed 
to the measured value of k2 = (5.7 f 0.4) X 10-12 cm3 molecule-' 
S-1. 

In experiments to measure u(CHpSCH202) the concentration 
of O2 was 30 mbar. At this oxygen concentration the conversion 
of CH3SCH2 into CH3SCH202 radicals will be >98% complete 
within 1 ps. Accordingly, in experiments to measure u(CH3- 
SCH202) the transient absorption 1 ps after the radiolysis pulse 
was ascribed to absorption due to the peroxy radical. To measure 
the spectrum of CH3SCHz02 radicals the absorption 1 ps after 
the radiolysis pulse was measured at wavelengths over the range 
225-285 nm. The absorptions were then scaled to that at 250 
nm to obtain absolute absorption cross sections. Measured 
absorptioncross sections are given inTable I and shown in Figure 
4. 

Kinetic Study of the Self-Reactien of CHjscHz0~ Radicals. 
The decays of the transient absorption at wavelengths of 225- 
270 nm from 1 to 400 ps after the pulsed radiolysis of mixtures 
of 30 mbar of 0 2 , 5  mbar of SF6, and 965 mbar of SF6 were fit 
to expression I. In all cases, within the experimental uncertainties, 
the decays followed second-order kinetics. At all wavelengths 
there was a significant residual absorption indicating the formation 
of one or more absorbing products. Over the wavelength range 
studied, the residual absorptions were 20-30% of the initial 
absorption. The observed half-lives for the decay of absorption 
in the wavelength region 225-270 nm, determined by fitting the 
transient to expression I, are plotted as a function of the reciprocal 

(12) 

1 0 '  5 / [  CH3SCH202]0  (cm'm oiecu le- ') 

Figure 8. Half-lives for thedecay of absorptionat 225-270 nm, attributed 
to CH3SCHzO2 radicals, as a function of the reciprocal of the initial 
radical concentration. The solid line is a linear least squares fit. 
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Figure 9. Transient absorption at 400 nm observed following the pulscd 
radiolysis (full dose) of a mixture of 0.47 mbar of NO, 5.0 mbar of DMS, 
10 mbar of 0 2 ,  and 984 mbar of SF6. The solid line is a first-order rise 
fit which gives kl" = 3.13 X 10s s-l. 

of the initial CH3SCH202 radical concentration in Figure 8. The 
kinetics at all wavelengths were indistinguishable, suggesting that 
we are monitoring the decay of one species. Linear least squares 
analysis gives a slope = l/2k70b = (6.32 f 0.60) X 1Olo ~ m - ~  
molecule-' s-l. Hence, k'lob = (7.9 f 0.8) X lO-lZcm3 molecule-' 
s-1. Quoted errors are 2 standard deviations. Including our 
estimate of a potential 15% uncertainty in the absolute radical 
yield calibration gives k7,b = (7.9 * 1.4) X 10-l2 cm3 molecule-' 
S-1. 

Kinetic Study of the Reaction CHjscH20~ + NO - Products. 
The kinetics of reaction 3 were studied by monitoring the rate 
of increase in absorption at 400 nm (attributed to the formation 
of NOz) following the radiolysis of mixtures of 0.47-1.87 mbar 
of NO, 5 mbar of DMS, 10 mbar of 0 2 ,  and 984 mbar of sF6. 
Figure 9 shows the results from a mixture with [NO] = 0.47 
mbar. The smooth curve in Figure 9 is a first-order rise fit to 
the data from 0.5 ps after the pulse, kl't = 3.13 X l o 5  s-l. In all 
cases the rise in absorption followed first-order kinetics. Control 
experiments were performed in which DMS/SF6, DMS/02/ 
sl?6, 02/SF6, or just SF6 was radiolyzed; no change in absorption 
at 400 nm was observed. We conclude that NO2 is the species 
responsible for the absorption change following radiolysis of NO/ 
DMS/02/SF6 mixtures. 
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Figure 10. Plot of kist versus the concentration of NO. Open symbols 
are measured data; closed symbols have been corrected to account for the 
effect of reaction 2 (see text). 

Extraction of k3 from the observed kinetics of NO2 formation 
is complicated by the fact that CH3SCH202 radical formation 
is not instantaneous. With use of ksa = 3.0 X 10-l0 and k2 = 5.7 
X cm3 molecule-' s-1 the conversion of F atoms into CH3- 
SCH202 radicals is calculated to be 74, 94, and 98% complete 
at 1,2, and 3 ps after the radiolysis pulse. Reaction 2 is the rate 
determining step in the conversion of F atoms into CH3SCH202 
radicals. To minimize complications caused by reaction 2, it is 
desirable to discard data acquired during the first 3 ps. On the 
other hand, most of the NO2 formation occurs during this time 
and todiscard such data would significantly increase the statistical 
error associated with fitting the data. Clearly, a compromise is 
required. In this work we choose to discard the first 0.5 ps after 
the pulse. The rise in absorbance at times greater than 0.5 ps 
was fit to the expression Abs(t) = (Ai,r - C)[ 1 - e~p(-kl*~t)] + 
C, where Abs(t) is the absorbance as a function of time, Ainf is 
the absorbance at infinite time, klSt is the pseudo-first-order 
appearance rate of NO2, and C is an arbitrary constant. 

To explore the consequences of this choice, the evolution of 
NO2 in the system was modeled using the Acuchem programZ5 
with a mechanism consisting of reactions 5a, 2, 3, and 7. The 
model results were then converted into a plot of absorption versus 
time, and a first-order rise was fit. The simulated data were 
closely fit by first-order kinetics, but the pseudo-first-order rate 
constants were lower than those expected. The discrepancy 
increased with increasing [NO]. Corrections for the effect of 
reaction 2 were calculated by detailed modeling of each exper- 
imental data point. Corrected data are shown in Figure 10 
together with the uncorrected data. 
As seen from Figure 10, the pseudo-first-order rate constant, 

kl", increased linearly with [NO]. Linear least squares analysis 
gives k3 = (1.9 f 0.2) X 10-l1 cm3 molecule-' s-'. Errors are 2 
standard deviations. As seen from Figure 10, a linear least squares 
analysis of the corrected data does not pass through the origin. 
The intercept is (9.7 f 6.2) X 105 s-l; errors are 2 standard 
deviations. The cause of the positive intercept is unknown. In 
view of the corrections applied to account for reaction 2, we choose 
to add an additional 20% uncertainty, resulting in our final value 
of k3 = (1.9 f 0.6) X 10-l' cm3 molecule-' s-I. 

The increase in absorbance at 400 nm can be combined with 
the literature value of u(NO2) at 400 nm = 6.0 X lO-'O cm2 
molecule-1 27 to calculate the yield of NO2 in this system. The 
yield of NO2 in the six experiments given in Figure 10, expressed 
as moles of NO2 produced per mole of F atoms (hence CH3- 
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SCH202) consumed, was 8 1 f 15%, suggesting that the majority 
of the reaction of CHpSCH202 with NO proceeds to give NO2 
and, by implication, CH3SCH20 radicals. Within the experi- 
mental uncertainties, the NO2 yield was independent of the initial 
NO concentration, suggesting that neither CH,SCH20 radicals 
nor the expected decomposition product (CH3S radicals) scavenge 
NO2 on the time scale of the present experiments. CH3S radicals 
react rapidly with NO2*; any CH3S radicals formed are expected 
to be scavenged by NO. 

The fact that the experimentally observed NO2 yield (81 & 
15%) was somewhat less than 100% is not unexpected. The self- 
reaction of CH3SCH202 radicals is sufficiently rapid to play a 
small role in the loss of CH3SCH202 radicals in the presence of 
0.47-1 -87 mbar of NO. With use of the chemical model discussed 
above, the simulated yield of NO2 varies from 88 to 98% as the 
NO is varied over the range 0.47-1.87 mbar. 

Discussion 
Mechanism of Reaction F + CHJSCHo. In the present study 

it is assumed that reaction of F atoms with DMS proceeds via 
one channel to give CH3SCH2 radicals. However, there are other 
possible reaction channels that need to be considered: 

F + CH,SCH3 - CH3SCH2 + H F  (5a) 

F + CH,SCH3 + M - CH3S(F)CH3 + M (5b) 

F + CH3SCH3 - CH3SF + CH, (5c) 

F + CH3SCH3 - CH3S + CH,F (54 

Several pieces of experimental evidence suggest that channel 5a 
is the dominant, if not sole, channel of the reaction of F atoms 
with DMS. First, channel 5b is considered. 

Stickel et a1.22 have shown that the reaction of C1 atoms with 
DMS proceeds via two channels: one pressure independent ( 13a), 
the other pressure dependent (1 3b). At pressures below a p  

C1+ CH,SCH, - CH3SCH2 + HCl (1 3a) 

C1+ CH3SCH3 + M - CH,S(Cl)CH, + M (13b) 

proximately 250 mbar of N2 diluent, Stickel et a1.22 found that 
reaction 13a dominates. At higher pressures channel 13b is more 
important. In the present study, the absorption cross section of 
CH3SCHz radicals was derived from two sets of experiments (see 
Figures 2 and 3). The result obtained in experiments using 995 
mbar of SF6 (see Figure 2) was indistinguishable from that derived 
from experiments using 95-395 mbar of SF6 (see Figure 3). The 
absence of a pressure effect suggests that channel 6b in not 
important. 

Second, channel 5c is considered. To investigate the potential 
formation of CH3 radicals in the reaction of F atoms with DMS, 
experiments were performed using the pulsed radiolysis (half- 
dose) of mixtures of 5 mbar of DMS and 995 mbar of SF6 by 
using monitoring wavelengths of 21 6.4 and 220 nm. CH3 radicals 
absorb strongly at 216.4 nm but do not absorb at 220 nm. No 
difference in the absorptions at 216.4 and 220 nm was observed. 
Using u(CH3) = 4.12 X 1O-l' cm2 molecule-' at 216.4 nm?9J0 
we derive an upper limit of 5% for the yield of CH3 radicals 
following reaction of F atoms with DMS. Hence, channel 5c 
appears unimportant. 

Third, let us consider channel 5d. NO2 was observed in a yield 
of 81 f 15% following the radiolysis of NO/DMS/02/SF6 
mixtures. All peroxy radicals react rapidly with NO.16 Usually, 
NO2 is the main product of such reactions.16 Hence, the 81 f 
15% yield of NO2 sets a lower limit on the yield of peroxy radicals 
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formed by the reaction of F atoms with DMS in the presence of 
0 2 .  On the time scales used in our experiments, CH3S radicals 
will not react with 02.31.32 Instead, CH3S radicals are expected 
to be scavenged by NO to give CH3SNO. The generation of 
CH3S radicals is not expected to lead to NO2 formation. Our 
lower limit of 8 1 i 15% for the peroxy radical yield then suggests 
that channel 5d is not a major complication. 

The results from the present work suggest, but do not prove, 
that F atoms react predominantly, if not solely, by a hydrogen 
abstraction mechanism to give CH3SCHz radicals and HF. This 
is consistent with a recent pulse radiolysis study of the reaction 
of F atoms with CH3SH by Anastasi et al.33 in which no evidence 
for reaction channels other than hydrogen atom abstraction was 
observed. Clearly, a product study of reaction 5 focusing on the 
yield of HF would be useful for quantifying the importance, if 
any, of channels other than (Sa). Such a study is beyond the 
scope of the present work. In the absence of evidence to the 
contrary, at this time it is reasonable to assume 100% yield of 
CH3SCH2 from reaction 5. 

Comparison with Preohwp Work. The spectrum for CH3SCH2 
radicals measured in this work has an absorption maximum at 
285 nm. This is consistent with the report of anabsorptionaround 
280 nm for this species in aqueous solution by Schiifer et al.34 No 
information regarding the intensity or shape of the absorption 
feature was reported by Schtifer et al.34 Our spectrum for 
CH3SCH2 can be compared with that reported for CH2SH in the 
gas phase.” CHzSH absorbs in the region 240-350 nm with a 
peak at approximately 260 nm.33 The spectrum for CH3SCH2 
measured in the present work is similar in shape and position but 
5 times more intense than that of CH2SH. The rate of addition 
of 0 2  to CH3SCH2 radicals reported by Schiifer et al.’%n aqueous 
solution is a factor of 8 slower than we observe in the gas phase. 
The reason for this discrepancy is unclear. 

We are unaware of any previous studies of the spectrum of 
CH3SCH202 radicals, or measurements of k3, to compare with 
our results. Our results for CH3SCH202 can be compared to the 
available data base for other peroxy radicals.16Js As seen from 
Figure 4, within the experimental uncertainties, the spectrum of 
CH3SCH202 is indistinguishable from that of CH3O2, showing 
that the CH3S group has little effect on the spectrum. The 
measured values for the rate constants of reactions 2 and 3 are 
broadly consistent with other alkyl and alkylperoxy radical 
reactions. 16135136 

The rate constant for the self-reaction of CHpSCH2 radicals 
measured in this work (k6 = 3.0 X 10-11 cm3 molecule-’ s-1) is 
typical for an alkyl radical self-reaction which generally lie in the 
range (1-5) X 10-l~cm3moleculc1 s-1.37 Observed rateconstants 
for the self-reaction of alkylperoxy radicals fall in the range 2 X 
10-17 to 2 X 10-11 cm3 molecule-’ s-1.16935 Our measurement of 

= 8 X 10-12 cm3 molecule-l s-l for CH3SCH202 is one of 
the fastest peroxy radical self-reactions yet reported. At this 
point it should be noted that the observed rate constant for the 
self-reaction of CH3SCH202 radicals may not be the true rate 
constant. Reaction 7 is likely to proceed via two channels: 

CH,SCH,O, + CH,SCH,02 - 
CH,SCH,O + CH,SCH,O + 0, (7a) 

CH3SCH20, + CH,SCH,O, - 
CH3SCH0 + CH,SCH,OH + 0, (7b) 

Alkoxy radicals formed in reaction 7a are thought to decompose 
to give CH3S radicals and HCHO. The subsequent chemistry 
of CH3S radicals in the present system is unknown. One possible 
fate is reaction with CH3SCH202: 

CH,SCH,O - CH3S + HCHO (14) 

CH3S + CH,SCH,O, - CH3S0 + CH3SCH,0 (1 5 )  

In the absence of a detailed knowledge of the products of reaction 
7 and their subsequent chemistry, it is not possible to assess the 
impact of such on the kinetic measurements. The value of 
is then a measure of the rate of decay of absorption in the region 
225-270 nm that we ascribe to CH3SCH202 radicals. 

Implications for Atmospheric Chemistry. Following release 
into the atmosphere, DMS reacts with OH radicals and, to a 
lesser extent, NO3 radicals and C1 atoms. A substantial fraction, 
if not the majority, of DMS is converted into CHpSCH2 radicals. 
In the present work it has been shown that CH3SCH2 radicals 
react rapidly with 0 2 .  From the value of kz measured in this 
work, we calculate an atmospheric lifetime of 34 ns for CH3SCH2 
radicals with respect to conversion into CH3SCH202 radicals. 
CH3SCH202 radicals have been shown here to react rapidly with 
NO. Using k3 = 1.9 X 10-11 cm3 molecule-I s-I together with an 
estimate for the background tropospheric NO level of 2.5 X lo8 
~ m - ~ , 3 ~  the lifetime of CH3SCH202 radicals is calculated to be 
3.5 min. Other compting loss processes include reaction with 
HOz, other peroxy radicals (ROz), and NO,. The relative 
importance of these processes depends on their relative concen- 
trations and reactivities. Tropospheric concentrations of NO, 
NO2, and R02 (represented by CH3Oz) have been estimated by 
Atkinson38 tobecomparableat 2.5 X 108cm-3. Theconcentration 
of HOz is somewhat higher at approximately lo9 cm-3. While 
the reactivities of CH3SCH202 radicals toward NO2, HO2, and 
ROZ are unknown, it seems reasonable to assume that the 
reactivities toward NO2 and H02 are comparable to those 
displayed by other peroxy radicak.I6 Also, we can assume that 
the reactivity toward ROz radicals is the same as that measured 
for the self-reaction. With use of kl6 = 1.0 X 10-l1, k17 = 5.0 
X 10-12, and = 8.0 X 10-12~m~molecule-~ s-l, theatmospheric 
lifetimes of CHpSCH202 radicals with respect to reactions with 
NO2, HO2, and ROz are estimated to be 7, 3, and 8 min, 
respectively. 

CH,SCH,O, + NO, + M - CH,SCH,O,NO, + M (16) 

CH,SCH,O, + HO, - CH,SCH,OOH + 0, (1 7) 

CH,SCH,O, + RO, - products (18) 

Clearly, reactions 3,16,17, and 18 could all play significant roles 
in the atmospheric degradation of DMS. Kinetic data for 
reactions 16-18 are needed for a more complete understanding 
of the atmospheric photooxidation mechanism of DMS. 
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