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Progress During the Past Year 

During the past year, we have continued to make progress on detailed studies of the 

elementary steps in the atmospheric oxidation of dimethyl sulfide (DMS). In particular, we have 

investigated the kinetics and mechanisms for production of formaldehyde (H 2CO) from CH 3 SCH 2 

radicals in the presence of 0 2 and in both the presence and absence of NO; also, we have 

demonstrated that addition followed by rapid elimination of methyl radicals (CH 3) is not an 

important pathway for X + DMS reactions (X = OH or CI). We find that in the presence of NO, 

formaldehyde is produced with unit yield via the following reaction sequence: 

CH 3SCH 2 + 0 2 + M -> CH 3 SCH 2 0 2 + M (1) 

CH 3 SCH 2 0 2 + NO -> CH 3 SCH 2 0 + N 0 2 (2) 

CH 3 SCH 2 0 + M -» CH 3S + H 2CO + M (3) 

When 0 2 levels are sufficiently high, the rate-limiting step in H 2CO production is found to be 

reaction (2) over the entire range of experimental conditions investigated. Our results clearly 

demonstrate that the lifetime of CH 3 SCH 2 0 toward dissociation to H 2CO is no more than 30us 

at P = 10 Torr and T = 260K. Also, we obtain the following Arrhenius expression describing 

the temperature dependence of the rate coefficient for reaction (2): k 2(T) = 4.9 x 10' 1 2 exp (260/T) 

cm 3 molecule's" 1; our room temperature rate coefficient of 1.2 x 10' 1 1 cm 3 molecule's" 1 is 50% 

lower than the only published value [Wallington et al., J. Phys. Chem. 97, 8442 (1993)]. In the 

absence of NO, we find that formaldehyde is produced with near unit yield via the CH 3 SCH 2 0 2 

self reaction, i.e., reaction (4a) followed by reaction (3): 

2 CH 3 SCH 2 0 2 -> 2 CH 3 SCH 2 0 + 0 2 

-> CH 3SCH 2OH + CH 3SCHO + 0 2 

-» CH 3SCH 2OOCH 2SCH 3 + 0 2 

(4a) 

(4b) 

(4c) 



Experiments aimed at quantitatively measuring the rate coefficient k 4 (= k 4 a + k 4 b + k^) are still 

in progress; it appears that k 4 is significantly faster than the value 7.9 x 10"12 cm'moleculeV 1 

reported by Wallington et al. [J. Phys. Chem. 97, 8442 (1993)]. 

In addition to the studies of DMS oxidation described above, we have studied CO 

production from 248 nm photodissociation of OCS. Unlike previous reports [Sidhu et a l , J. Am. 

Chem. Soc. 88, 2412 (1966); Rudolph and Inn, J. Geophys. Res. 86> 9891 (1981)], we find that 

the quantum yield for CO production (which equals the quantum yield for OCS destruction) is 

unity. This result has important implications for evaluating the role of OCS as a precursor to the 

lower stratospheric sulfate aerosol layer. 

The third research track we have pursued during the past year has been construction of 

an apparatus which couples laser flash photolysis (LFP) with time-resolved detection of reactants 

and products by photoionization mass spectrometry (PIMS). The main chamber and pumping 

system have been assembled, and a majority of the machining work has now been completed. 

We hope to have the LFP-PIMS apparatus fully operational by the end of 1995. 

Publications Acknowledging NSF Support, 6/94-present 

1. Temperature-dependent kinetics studies of the reactions Br( 2P 3 / 2) + CH 3 SCH 3 <-» CH 3 SCH 2 

+ HBr. Heat of formation of the CH 3SCH 2 radical, A. Jefferson, J. M. Nicovich, and P. 

H. Wine, J. Phys. Chem. 98, 7128 (1994). 

2. Quantum yield for carbon monoxide production in the 248 nm photodissociation of 

carbonyl sulfide (OCS), Z. Zhao, R. E. Stickel, and P. H. Wine, Geophys. Res. Lett. 22, 

615 (1995). 

3. Kinetics of the reactions of atomic chlorine with H 2S, D 2S, CH 3SH, and CD 3SD, J. M. 

Nicovich, S. Wang, and P. H. Wine, Int. J. Chem. Kinet. 27, 359 (1995). 



4. Sulfur in the atmosphere, H. Berresheim, P. H. Wine, and D. D. Davis, in Composition, 

Chemistry, and Climate of the Atmosphere, ed. By H. B. Singh, Van Nostrand Reinhold, 

pp. 251-307 (1995). 

Two reprints of each of the above publications are enclosed. 

Plans for the Upcoming Year 

During the upcoming year we plan to pursue the following lines of research: 

(1) We plan to employ the LFP-TDLAS (tunable diode laser absorption spectroscopy) 

technique to investigate CH 3 production in X + DMSO reactions (X = OH, CI, and N0 3 ) , 

and to investigate the kinetics and thermochemistry of the reactions of CH 3 radicals with 

S 0 2 and S 0 3 . The rationale for these studies was discussed in our original proposal. 

(2) We plan to employ the LFP-PLIF (pulsed laser induced fluorescence) technique to 

measure the yield of SO from the CS 2OH + 0 2 reaction, and to study the atmospheric 

chemistry of thioformaldehyde (H2CS). A recent smog chamber study by Barnes el al 

[Geophys. Res. Lett. 2J_, 2389 (1994)] suggests that H 2CS may be an important 

intermediate in DMS oxidation. We will investigate the slow CH 3S + 0 2 reaction as a 

possible source of H 2CS, as well as the mechanism for conversion of H 2CS to the more 

stable species OCS and (possibly) S0 2 . 

(3) We will complete construction of the LFP-PLMS apparatus, and will initiate studies of 

the chemistry of CH 3 SCH 2 0 2 and CH 3 SO x radicals employing the LFP-PIMS technique. 

The rationale for these studies was discussed in our original proposal. 

Contribution to Education and Human Resource Development 

Two graduate students, Zhizhong Zhao and Shawn Urbanski, have been supported on this 

project. Mr. Zhao defended his dissertation in March, 1995 and will officially receive his Ph.D. 

degree at Georgia Tech's June commencement; the title of his dissertation is "Laboratory Studies 



of the Atmospheric Oxidation of Dimethyl Sulfide Using Laser Flash Photolysis Coupled with 

Tunable Diode Laser Absorption Spectroscopy". Mr. Urbanski, a second year student in the 

School of Earth and Atmospheric Sciences, is building on Zhao's efforts and also getting involved 

in the LFP-PLIF studies. 

Charles Piety, a second year graduate student in the School of Chemistry and Biochemistry, 

has become involved in construction of the LFP-PIMS apparatus; he plans to make LFP-PIMS 

studies of atmospheric sulfur chemistry his dissertation topic. Mr. Piety will be supported on this 

project beginning in October, 1995. 

Research Support of Senior Personnel 

See attached copies of NSF form 1239 
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Progress During the Past Year 

During the past year, we have continued to make progress on detailed studies of the 

elementary steps in the atmospheric oxidation of dimethyl sulfide (DMS). In particular, we have 

completed our studies of H 2CO production from CH 3SCH 2 radicals in the presence of 0 2 , but in 

the absence of NO (studies carried out with NO present were discussed in our last annual report). 

In addition, we have carried out a detailed investigation aimed at assessing some aspects of the 

atmospheric chemistry of CH 3 S0 2 radicals. 

In our studies of H 2CO production, CH 3 SCH 2 0 2 radicals were generated as follows: 

Cl 2CO + hv(248 nm) 

CI + CH 3SCH 3 

CH 3SCH 2 + 0 2 

2 CI + CO 

CH 3SCH 2 + HC1 

(CH 3) 2 SCI 

CH 3 SCH 2 0 2 

0 ) 
(2a) 

(2b) 

(3) 

In the absence of NO, the predominant fate of CH 3 SCH 2 0 2 is self-reaction: 

2 CH,SCH,0 

2w2 

2 H 2CO + 2 CH 3S + 0 2 (4a) 

CH 3SCHO + CH 3SCH 2OH + 0 2 (4b) 

CH 3SCH 2OOCH 2SCH 3 + 0 2 (4c) 

We find that H 2CO is produced in near unit yield, thus demonstrating that k^/l^ ~ 1. In addition, 

we find that the rate coefficient k 4 is quite fast, i.e., k4(298K) = 1.3 x 10"11 cn^molecule^s"1; this 

rate coefficient is fast enough to make reaction (4) potentially significant under remote marine 

boundary layer conditions, where N O x levels are typically very low. The importance of reaction 

(4) in atmospheric chemistry will depend on how effectively it competes with reaction (5). 

CH 3 SCH 2 0 2 + HO CH 3SCH,OOH + O, (5) 

One of our goals during the remainder of this project is to carry out a detailed study of the 



kinetics of reaction (5). The above-mentioned study of reaction (4) lays the groundwork for the 

future study of reaction (5). 

The C H 3 S 0 2 radical is a key intermediate in most proposed mechanisms for oxidation of 

atmospheric DMS. The role of DMS oxidation in global climate regulation depends critically on 

the yield of H 2 S0 4 (g) from the oxidation process. The CH 3 S0 2 radical could be an important 

"branch point" in the overall oxidation mechanism. If C H 3 S 0 2 thermally decomposes to CH 3 + 

S 0 2 , very little production of H 2 S0 4 (g) would be expected; this is because, under marine 

boundary layer conditions, S 0 2 is destroyed primarily by uptake into cloud and aerosol droplets, 

followed by condensed phase oxidation. On the other hand, if C H 3 S 0 2 is sufficiently stable 

toward unimolecular decomposition, it could be oxidized to C H 3 S 0 3 via reaction with 0 3 , N 0 2 , 

and ultimately converted to H 2 S0 4 (g) with high yield. Literature values for the heat of 

formation of C H 3 S 0 2 span a wide range [Busfield et al., Trans. Far. Soc. 5_7,1064 (1961); Good 

and Thynne, J.C.S. Far. Trans. 63, 2708 (1967); Davis, J. Phys. Chem. 9J7, 8442 (1993)]; hence, 

new information concerning CH 3 S0 2 thermochemistry and kinetics is needed before the role of 

this species in atmospheric sulfur chemistry can be established. 

Over the past year, we have invested considerable effort in a study aimed at assessing the 

stability of C H 3 S 0 2 by studying the temperature and pressure dependences of its formation-

dissociation kinetics. 

CH 3 + S 0 2 + M «-> CH 3 S0 2 + M (5,-5) 

The experiment involves time-resolved detection of CH 3 (using tunable diode laser absorption 

spectroscopy) following generation of CH 3 by laser flash photolysis of CH 3I or C12/CH4. Based 

on available information from the literature, the above approach seemed likely to succeed in 

yielding temperature and pressure dependent values for both k 5 and k.5. However, our results 

have been somewhat surprising. We find that k5(298K) = 3.4 x 10' 1 4 cm 3molecule' ,s" 1, i.e., nearly 

an order of magnitude slower than values reported by Calvert et al. [in Chemical Reactions in the 

Urban Atmosphere (1971)] and James et al. [J.C.S. Far. Trans. I, 2124 (1973)]. We also observe 

a rather large negative activation energy for k 5(T), suggesting the possibility that the reaction 



mechanism may be more complex than a simple addition of the carbon atom on methyl to the 
sulfur atom on S02. Finally, despite our best efforts, we have not yet been able to observe 
evidence for CH 3S0 2 decomposition, i.e., regeneration of CH 3 on the millisecond experimental 
time scale. 

Another research track we have pursued during the past year has involved construction of 
an apparatus which couples laser flash photolysis (LFP) with time-resolved detection of reactants 
and products by photoionization mass spectrometry (PIMS). However, work on development of 
the LFP-PIMS apparatus has been slowed because the student who was working on this project * 
decided to drop back from the Ph.D. program to the Masters program and, as a result, switched to 
an shorter-term project. Hence, construction and shakedown of the LFP-PIMS apparatus will 
extend into the next year. 

Publications Acknowledging NSF Support, 1/95-present 

1. Quantum yield for carbon monoxide production in the 248 ran photodissociation of 
carbonyl sulfide (OCS), Z. Zhao, R. E. Stickel, and P. H. Wine, Geophys. Res. Lett. 22, 
615 (1995). 

2. Kinetics of reactions of atomic chlorine with H2S, D2S, CH 3SH, and CD 3SD, J. M. 
Nicovich, S. Wang, and P. H. Wine, Int. J. Chem. Kinet. 27, 359 (1995). 

3. Sulfur in the Atmosphere, H. Berresheim, P. H. Wine, and D. D. Davis, in Composition. 
Chemistry, and Climate of the Atmosphere, ed. by H. B. Singh, Van Nostrand Reinhold, 
pp. 251-307(1995). 

4. A mechanistic study of the reaction of OH with dimethyl-d6 sulfide. Direct observation 
of adduct formation and the kinetics of the adduct reaction with 02, A. J. Hynes, R. B. 
Stroker, A. J. Pounds, T. McKay, J. D. Bradshaw, J. M. Nicovich, and P H. Wine, J. 
Phys. Chem. 99_, 16967 (1995). 

5. Branching ratios for methyl elimination in the reactions of OD radicals and CI atoms with 
CH 3SCH 3, Z. Zhao, R. E. Stickel, and P. H. Wine, Chem. Phys. Lett. 25_L 59 (1996). 

6. The atmospheric chemistry of dimethylsulfoxide (DMSO). Kinetics and mechanism of 
the OH + DMSO reaction, A. J. Hynes and P. H. Wine, J. Atmos. Chem., in press. 



Reprints of the first three publications were submitted with our last annual report. Two reprints 

each of publications 4 and 5 are enclosed. 

Plans for the Upcoming Year 

During the upcoming year, we plan to continue to pursue several lines of reasearch 

relating to atmospheric sulfur chemistry. These include the following: 

(1) We will complete our study of the CH 3 + S 0 2 + M C H 3 S 0 2 + M reactions and will 

initiate similar studies of the CH 3 + S 0 3 + M <-* CH 3 S0 3 + M reactions. 

(2) We will initiate a series of studies where the LFP-TDLAS (tunable diode laser absorption 

spectroscopy) technique will be employed to investigate CH 3 production in X + DMSO 

reactions (X = OH, CI, and N0 3 ) . 

(3) We will continue to work on development of LFP-PIMS technique with the long-range 

goal of applying this approach to kinetic and mechanistic studies of large organo-sulfur 

radicals. 

(4) We will initiate a study of the kinetics of the CH 3 SCH 2 0 2 + H 0 2 reaction. The 

experimental approach will couple radical production by laser flash photolysis with 

simultaneous detection of CH 3 SCH 2 0 2 and H 0 2 using a combination of UV and IR time-

resolved absorption techniques. 

(5) We plan to inititate a series of LFP-PLIF (pulsed laser induced fluorescence) experiments 

to investigate several aspects of atmospheric sulfur chemistry. Two of the higher priority 

experiments include measurement of the yield of SO from the CS 2OH + 0 2 reaction and 

investigation of the atmospheric chemistry of thioformaldehyde (H 2CS). A recent smog 

chamber study by Barnes et al. [Geophys. Res. Lett. 21,2389 (1994)] suggests that H 2CS 

may be an important intermediate in DMS oxidation. We will investigate the slow CH 3S 

+ 0 2 reaction as a possible source of H 2CS, as well as the mechanism for conversion of 

H 2CS to the more stable species OCS and (possibly) S0 2 . 



Contribution to Education and Human Resource Development 

Several graduate students have been supported fully or in part on this project. They are 
listed below. 

Edgar G. Estupinan, Earth and Atmospheric Sciences 
Virginia M. Ferrell, Chemistry and Biochemistry 
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Progress During the Past Year 

Our experiments designed to assess the stability of the C H 3 S 0 2 radical were discussed in 

detail in our last annual report. During the past year some time was spent bringing our studies 

of the CH 3 + S 0 2 + M reaction to completion. We find that the room temperature rate 

coefficient is 3.4 x 1 0 1 4 cm 3 molecule 1 s"1, nearly an order of magnitude smaller than the values 

reported by Calvert et al. [in Chemical Reactions in the Urban Atmosphere (1971)] and James et 

al.[J.C.S. Far. Trans. I, 2124 (1973)]. We also observe a rather large negative activation energy 

for the rate coefficient, suggesting the possibility that the reaction mechanism may be more 

complex than a simple addition of the carbon atom of the methyl to the sulfur atom on S 0 2 . We 

find the rate coefficient to be pressure dependent over the range of 10 - 100 Torr, which is 

contrary to the findings of James et al.[(1973)] who report the rate coefficient to be independent 

of pressure over the range 50 - 200 Torr. Finally, despite our best efforts, we have not been able 

to observe evidence for CH 3 S0 2 decomposition, i.e., regeneration of CH 3 on the millisecond 

experimental time scale. 

Over the past year a considerable amount of effort has been expended studying the kinetics 

and mechanism of the OH + DMSO reaction. Dimethyl sulfoxide, (DMSO, CH 3S(0)SH 3), is an 

intermediate in the OH-initiated atmospheric oxidation of DMS. DMSO has been measured in 

the atmosphere [e.g. Harvey and Lang, Geophys. Res. Lett. 13, 49 (1986); Berreshiem et al., J. 

Geophys. Res. 98, 12710 (1993); Bandy et al.,Geophys. Res. Lett. 23, 741 (1996)] and has been 

observed in laboratory chamber studies examining the OH-initiated oxidation of DMS [Barnes et 

al., Geophys. Res. Lett. 21, 2389, (1994), Sorensen et al., J. Atmos. Chem. 24, 299 (1996)]. 

Two previous studies exploring the OH + DMSO reaction indicate the reaction is very fast and 

suggest that it proceeds via OH addition to the S atom, forming an adduct [Barnes et al., in 

Biogenic sulfur in the Environment (1989); Hynes and Wine, J. Atmos. Chem. 24, 23 (1996)]. 

In the experiments conducted by Hynes and Wine [1996], the temporal profile of OH was 

monitored via laser induced fluorescence. Unlike the OH + DMS reaction, the rate coefficient 

of the OH + DMSO reaction was not observed to exhibit a kinetic isotope effect when deuterated 

DMSO was used, indicating that H-abstraction was not an important reaction pathway. Further, 


