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SO2 formation and peroxy radical isomerization in the 
atmospheric reaction of OH radicals with dimethyl disulfide
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The atmospheric reaction of OH radicals with dimethyl disulfide, 

CH3SSCH3, proceeds primarily via OH addition forming CH3S and 

CH3SOH as reactive intermediates, and to a lesser extent via 

H-abstraction resulting in the peroxy radical CH3SSCH2OO in the 

presence of O2. The latter undergoes a fast two-step isomerization 

process leading to HOOCH2SSCHO. CH3S and CH3SOH are both 

converted to SO2 and CH3O2 with near unity yields under 

atmospheric conditions. 

Dimethyl disulfide (DMDS, CH3SSCH3) represents one of the 

important reduced-sulfur compounds within Earth´s sulfur 

cycle. DMDS is believed to account globally for a few percent of 

the natural, biogenic sulfur emissions beside the main species 

H2S and dimethyl sulfide (DMS, CH3SCH3).1 DMDS has been 

identified as important emission from forest and savanna fires 

exceeding the DMS emission in these areas by an order of 

magnitude.2, 3 The atmospheric degradation of DMDS is largely 

driven by its gas-phase reaction with OH radicals ultimately 

leading to the formation of SO2 and probably methane sulfonic 

acid (MSA, CH3SO3H).4-6 Sulfuric acid (H2SO4), arising from the 

subsequent oxidation of SO2, and MSA are important precursors 

for the formation and growth of natural aerosol and clouds in 

the boundary layer.7 
Earlier kinetic measurements have revealed a very fast OH + 

DMDS reaction, close to the gas-kinetic limit, connected with a 
negative temperature dependence that points to preferred 
OH-adduct formation (1a).8, 9 The possible H-abstraction 
channel (1b), dominating the similar OH + DMS reaction,10 has 
not been considered yet. The adduct CH3S(OH)SCH3 is 
calculated to rapidly decompose forming CH3S and CH3SOH (2) 
in agreement with previous experiments (see ESI).1, 9

OH + CH3SSCH3  CH3S(OH)SCH3 (1a)

 H2O + CH3SSCH2 (1b)

CH3S(OH)SCH3  CH3S + CH3SOH (2)

A CH3S formation yield of 0.28  0.20 has been reported from a 

low pressure H2O2 photolysis experiment in absence of oxygen 

and CH3SOH was qualitatively detected as a co-product.11 CH3S 

along with CH3SOO from the reversible CH3S + O2 reaction 

(3,-3)12 represent key intermediates for SO2 production mainly 

based on the unimolecular steps (4) and (5) and the reactions 

with ozone (6) and (7).10

CH3S + O2  CH3SOO (3,-3)⇄
CH3SOO  CH3S(O)O (4)

CH3S(O)O  SO2 + CH3 (5)

CH3S + O3  CH3SO + O2 (6)

CH3SO + O3  CH3S(O)O + O2 (7)

In polluted areas, also CH3S + NO2  CH3SO + NO can become 

important.10 In CH3S(O)O both O atoms are bound to the sulfur, 

while CH3SOO has a peroxy structure. The formation of 

CH3S(O)O is the rate-limiting step for SO2 generation.10, 13 

SO2 yields of 0.22 - 1.83 and MSA yields of up to 0.14 have 

been reported from OH + DMDS end product studies for high 

concentration levels (biased by DMDS photolysis).4-6 It has been 

speculated that MSA is either formed via CH3SOH + O2 + M  

CH3SO3H + M or via CH3SO3 + CH3SOH  CH3SO3H + CH3SO. 4, 5 

Herein, we present results of mechanistic studies on OH + 

DMDS under close to atmospheric reaction conditions with 

special attention to the possible H-abstraction channel (1b) as 

well as to the formation of SO2 and MSA. The experiments were 

conducted in the free-jet flow system at 295  2 K, a pressure of 

1 bar of purified air and a residence time of 7.9 s. OH radicals 

were produced from ozonolysis of tetramethylethylene (TME) 

and, alternatively, via isopropyl nitrite photolysis. Chemical 

ionization - atmospheric pressure interface - time-of-flight mass 

spectrometry (CI-APi-TOF) with a series of ionization schemes 

was applied for product analysis.14 Results from quantum 

chemical calculations support the mechanistic interpretation 

and the assessment of ionization schemes used for product 

identification. (See ESI for more details.) 
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First, we investigated the possible product formation 

starting from CH3SSCH2O2 formed by O2 addition to CH3SSCH2 in 

the H-abstraction channel (1b). For the structurally similar 

CH3SCH2O2 obtained from OH + DMS, theoretical results as well 

as experimental findings from both the laboratory and a field 

study consistently revealed a rapid two-step RO2 isomerization 

process resulting in HOOCH2SCHO.15-17 Analogously, signals 

consistent with the expected CH3SSCH2O2 isomerization 

products, i.e. O2CH2SSCH2OOH and the closed-shell product 

HOOCH2SSCHO (Scheme 1), were detected here for the first 

time using iodide ionization (I--CI-APi-TOF). Theoretical 

calculations showed that the iodide clusters of these products 

are only slightly less stable than the corresponding clusters from 

the OH + DMS reaction (see ESI). The product signals increased 

linearly with rising DMDS conversion, in line with the first-order 

kinetics of RO2 radical isomerization steps (Fig.S1). The amount 

of reacted DMDS was calculated by applying a detailed reaction 

mechanism (see ESI). Ozonolysis of TME was used for OH radical 

formation in a dark reaction; however, the same product signals 

were also observed using isopropyl nitrite photolysis as a 

second OH radical source (Fig.S2). Formation of the DMDS 

derived RO2 isomerization products can be explained in a way 

identical to that proposed for OH + DMS.15, 16

CH3SSCH2O2  CH2SSCH2OOH (8)

CH2SSCH2OOH + O2  O2CH2SSCH2OOH (9)

O2CH2SSCH2OOH  (HOOCH2SSCHOOH)

 HOOCH3SSCHO  +  OH (10)

The first RO2 isomerization step (8) proceeds via 

H-abstraction from the methyl group forming O2CH2SSCH2OOH 

after O2 addition to the formed alkyl radical position (9). In the 

next step (10), the newly formed RO2 radical abstracts a H atom 

from the hydroperoxy methylene group resulting in an unstable 

di-hydroperoxy intermediate15 that rapidly decomposes 

forming HOOCH3SSCHO and an OH radical. We calculated the 

rate coefficients of both H-shift reactions, k8 = 3.2  10-2 s-1 and 

k10 = 3.3  10-2 s-1 at 298.15 K (see ESI). According to that, the 

isomerization steps (8) and (10) are competitive with RO2 

reactions with NO, HO2 or other RO2 radicals for pristine or 

moderately polluted conditions, similar to other, 

Scheme 1 First reaction steps of the atmospheric OH + DMDS reaction. Known 

pathways from literature4-6, 10 are given in black and findings from this work in red. 

Minor reactions are indicated by dashed arrows and observed products by a frame. 

Possible CH3SSCH2O2 reactions with NO, HO2 or other RO2 radicals are not shown. 

atmospherically relevant RO2 isomerization steps observed for 

functionalized hydrocarbons,18-20 DMS15-17 and amines.21

The importance of HOOCH3SSCHO formation for the whole 

product distribution of OH + DMDS is small. The H-abstraction 

channel is expected to account only for about 2% of the overall 

OH + DMDS reaction based on k1a + k1b = 2.3  10-10 cm3 

molecule-1 s-1 and k1b = 4.8  10-12 cm3 molecule-1 s-1 at 298 K 22, 

the latter adopted from OH + DMS. In contrast, H-abstraction is 

the dominant path in the case of OH + DMS at 295 - 299 K 

accounting for 65% of the DMS reaction.10, 16, 17 The relatively 

small signal intensities of O2CH2SSCH2OOH and HOOCH3SSCHO 

compared with the equivalent signals from the OH + DMS 

reaction16 are in line with the minor importance of channel (1b). 

SO2 is the expected oxidation product of CH3S for our 

conditions as well as in the atmosphere and is mainly formed 

via the reaction sequences (4),(5) and (6),(7),(5).10, 13 Sensitive 

SO2 detection for concentrations down to 105 molecules cm-3 

has been achieved using SF6
- and CO3

- as the reagent ions: SF6
- 

+ SO2  F2SO2
- + SF4 

23 and CO3
- + SO2 (+ O2)  SO5

- + CO2 
24, 

respectively. The very good agreement between the signal 

intensities arising from 32SO2 and 34SO2 according to their 

natural isotope abundance shows this approach also as a very 

selective method without distinct interference from other 

products (Fig.S3). SO2 formation yields of 0.92  0.19 (SF6
-) and 

0.89  0.18 (CO3
-) were obtained from OH + DMDS for a low O3 

concentration of 1.6  1010 molecules cm-3 being in good 

agreement for both ionization schemes (Fig.S4). The stated 

error range includes 20 % uncertainty from absolute SO2 

calibration. For comparison, experiments on SO2 formation 

from OH + CH3SH have been also conducted for otherwise 

identical reaction conditions. 

OH + CH3SH  H2O + CH3S (11)

A CH3S formation yield of 1.1  0.225 was reported from OH + 

CH3SH characterizing reaction (11) as a suitable CH3S source. We 

measured a SO2 formation yield of 0.86  0.18 (SF6
-) in good 

agreement with the SO2 yield from OH + DMDS for the same low 

O3 conditions (Fig.S5). The agreement in both reaction systems 

suggests CH3S as the important intermediate for SO2 formation 

also in the OH + DMDS reaction with an assumed CH3S 

formation yield of close to unity. This would be in line with the 

expected main pathways (1a) and (2),1, 9 but somewhat contrary 

to a CH3S yield of 0.28  0.20 from an earlier photolysis 

experiment.11 The findings from our quantum chemical 

calculations show a fast dissociation reaction of CH3SS(OH)CH3 

into CH3S and CH3SOH from the addition channel via (1a) and 

(2), pointing to formation yields of close to unity for each (see 

ESI). Results from modelling confirmed the efficient SO2 

formation from CH3S via reactions (3), (4) and (5) in air, even for 

our short residence time of 7.9 s, and the minor contribution of 

ozone reactions for O3 = 1.6  1010 molecules cm-3 (see ESI). 

Increasing O3 concentrations led to further rise of the SO2 

yield from OH + DMDS ending up at 2.18  0.45 for [O3] = 1.3  

1012 molecules cm-3 (Fig.1 and Table 1 showing the SO2 yields). 

Atmospheric average ozone concentrations span a range of 

about (5 - 10)  1011 molecules cm-3, in most areas of the world. 

NO additions of up to 1.7  1010 molecules cm-3, representative 
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Fig.1 SO2 formation as a function of reacted DMDS for different O3 concentrations. SO2 

detection via CO3
- ionization. Error bars are omitted for more clarity. DMDS = 1.0  

1011 and TME = (1.0 - 160)  109 molecules cm-3.

for moderately polluted areas, resulted in only a small reduction 

of the SO2 formation of  5% (Fig.S6).

The very high SO2 yield, about twice the reacted DMDS, 

indicates that approximately both S atoms from the reactant 

are converted to SO2 for high enough O3 concentrations. That 

means, that also CH3SOH has to form SO2 (expecting again a 

CH3SOH yield of close to unity from OH + DMDS). Atmospheric 

gas-phase reactions of CH3SOH (methane sulfenic acid) are not 

reported so far including the envisaged reaction with O3 

relevant for our conditions. 

Quantum chemical calculations suggest that CH3SOH may 

react with O3 in a concerted reaction via a transition state 

submerged by 4.2 kcal mol-1 relative to the free reactants as 

shown in the energy diagram in Fig.2. For the formed 

intermediate CH3S(O)OOOH, there are two possible 

unimolecular decomposition channels; one occurring by a 

concerted reorganization and O2-loss (grey in Fig.2) and the 

other by HO2-loss (orange in Fig.2). The O2-loss channel forms 

(CH3S(O)OH (methane sulfinic acid) and singlet oxygen, the HO2-

loss channel CH3S(O)O and HO2. CH3S(O)O will further react via 

reaction (5) forming SO2 and CH3. RRKM-ME simulations26 

showed that both unimolecular channels occur promptly via the 

excess energy from the O3 + CH3SOH reaction with a preference 

for the HO2-loss channel by about 3:1 (see ESI). A rapid O3 + 

CH3SOH reaction with a preferred CH3S(O)O production can 

explain the very high SO2 yield of up to about twice of the 

reacted DMDS. 

A weak signal consistent with the occurrence of CH3S(O)OH 

from the O2-loss channel was observed by applying iodide 

ionization. The signal linearly increased with rising DMDS 

conversion as expected from the formation kinetics of 

CH3S(O)OH (Fig.S7). The lack of a reference substance 

prevented absolute signal calibration. A lower limit CH3S(O)OH 

formation yield (assuming correct assignment) of 0.0091  

0.0003 has been obtained from measurements with O3 = 

6.1  1011 molecules cm-3. Despite the uncertainty in the 

CH3S(O)OH determination, its formation seems to be less 

important for the substance balance of O3 + CH3SOH, in line with 

the findings from quantum chemical calculations.

Table 1. SO2 formation yields from OH + DMDS (OH + CH3SH) measured in air.  

O3 (molecules cm-3) SO2 yielda

OH + DMDS 1.6  1010 0.92  0.19b 0.89  0.18c 

3.2  1010 1.14  0.23c

1.9  1011 1.61  0.35c

6.1  1011 1.97  0.48c

1.3  1012 2.18  0.45c

OH + CH3SH 1.6  1010 0.86  0.18b 

a includes 20% uncertainty from SO2 calibration. b SF6
- ionization; c CO3

- ionization

We experimentally tested also for the formation of methyl 

peroxy radicals CH3O2, promptly formed via CH3 + O2 in air, as 

the co-product of SO2 from pathway (5). CH3O2 was indirectly 

followed via its accretion product ROOR arising from the RO2 

cross reaction with CH3C(O)CH2O2, which is produced from TME 

ozonolysis as a by-product in the course of OH formation.27 

   CH3O2 + CH3C(O)CH2O2     CH3C(O)CH2OOCH3 + O2 (12)

The CH3C(O)CH2OOCH3 signal, measured by means of 

ethylaminium ionization, increased by a factor of about 4.5 

when the RO2 level in the experiment, CH3C(O)CH2O2 and 

approximately also CH3O2, was increased by a factor of 2.2 

(Fig.S8). This behaviour reflects the second-order kinetics of 

ROOR production via pathway (12). Quantitative information 

has been achieved by comparing the CH3C(O)CH2OOCH3 signal 

intensity from OH + DMDS with that of OH + CH4 using identical 

OH reactivities, i.e. k(OH+DMDS)  DMDS = k(OH+CH4)  

CH4.22, 28 A CH3O2 yield of unity is expected from the OH + CH4 

reaction. For O3 = 6.1  1011 molecules cm-3 with an SO2 yield 

of 1.97  0.48 (Table 1), the DMDS reaction yielded a 1.4-times 

higher CH3C(O)CH2OOCH3 signal than the CH4 reaction pointing 

to a CH3O2 yield of at least 1.4 from OH + DMDS (Fig.S8). The 

reason for the lower bound assumption is the fact that CH3O2 

production via OH + DMDS is delayed in time compared to the 

direct CH3O2 formation from OH + CH4 mainly due to the 

intermediate O3 + CH3SOH reaction. The delay in CH3O2 

production leads to less efficient ROOR formation via pathway 

(12) within the short residence time of 7.9 s. Nevertheless, a 

CH3O2 yield > 1.4 from OH + DMDS for O3 = 6.1  1011 

molecules cm-3 supports the high SO2 yield of 1.97  0.48.

Fig.2 Stationary points in the O3-initiated CH3SOH oxidation scheme calculated at the 

RO-CCSD(T)-F12a/VDZ-F12//ωB97X-D/aVTZ level. The reaction between CH3SOH and 

ozone is shown in blue, the O2-loss channel in grey and the HO2-loss channel in orange. 

The molecular oxygen (O2) is calculated at its singlet state.
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Formation of MSA has been detected via the signal of its 

deprotonation product (MSA-H)- measured by means of nitrate 

ionization and via the (MSA)I- adduct using iodide ionization 

(Fig.S9). Results of both techniques consistently show a nearly 

quadratic signal increase with rising DMDS conversion. This 

behaviour points to a reaction of two intermediates from OH + 

DMDS forming finally MSA. The exact chemical nature of such a 

pathway is highly speculative at the moment. A maximum MSA 

formation yield of 0.0043 was obtained from nitrate ionization 

using absolute signal calibration for the structurally similar 

sulfuric acid (H2SO4). The much higher MSA yields of up to 0.14 

observed in previous experiments were likely due to the much 

higher amounts of converted DMDS, potentially higher 

intermediate concentrations and the much longer reaction 

times applied.5, 6

We utilized biomass burning data from an emission 

inventory in order to examine the atmospheric relevance of the 

DMDS oxidation for the SO2 budget.3 A DMDS contribution of 

8 % to 54 % to the global biomass burning sulfur emission has 

been found based on available SO2 and DMS emission data 

along with a DMDS/DMS ratio estimation (see ESI). Due to the 

rapid DMDS oxidation yielding two SO2, the DMDS-derived SO2 

formation can be as high as the direct SO2 emission 

demonstrating the importance of DMDS from biomass burning.

In conclusion, our combined experimental and theoretical 

results show that the atmospheric OH + CH3SSCH3 reaction 

mainly forms SO2 and CH3O2 with a yield of both close to two. 

This process proceeds most likely via the OH-adduct 

CH3S(OH)SCH3 (addition channel) that rapidly decomposes 

forming CH3S and CH3SOH. CH3S further reacts with O2 and O3, 

and CH3SOH with O3, both leading to CH3S(O)O, which readily 

decomposes to SO2 and CH3. The subsequent CH3 + O2 reaction 

forms CH3O2. A minor path of O3 + CH3SOH results in CH3S(O)OH. 

Product formation from O3 + CH3SOH is reported here for the 

first time. Observed products from the OH + CH3SSCH3 

abstraction channel, that accounts for about 2 % of CH3SSCH3 

conversion, are O2CH2SSCH2OOH and HOOCH2SSCHO formed 

via peroxy radical isomerization steps (Scheme 1). 

We thank A. Rohmer und K. Pielok for technical assistance 

in the experiments and the Independent Research Fund 

Denmark, the Alfred P. Sloan Foundation, and the Academy of 

Finland for financial support. This project has received funding 

from the European Research Council (ERC) under the European 

Union’s Horizon 2020 research and innovation programme, 

Project SURFACE (Grant Agreement No. 717022). 

Conflicts of interest

There are no conflicts to declare.

Notes and references

1. G. S. Tyndall and A. R. Ravishankara, Int. J. Chem. Kin., 1991, 23, 
483-527.

2. S. Meinardi, I. J. Simpson, N. J. Blake, D. R. Blake and F. S. 
Rowland, Geophys. Res. Lett., 2003, 30, 1454.

3. J. F. Lamarque, T. C. Bond, V. Eyring, C. Granier, A. Heil, Z. 
Klimont, D. Lee, C. Liousse, A. Mieville, B. Owen, et al., Atmos. 
Chem. Phys., 2010, 10, 7017-7039.

4. S. Hatakeyama and H. Akimoto, J. Phys. Chem., 1983, 87, 2387-
2395.

5. F. Yin, D. Grosjean, R. C. Flagan and J. H. Seinfeld, J. Atmos. 
Chem., 1990, 11, 365-399.

6. I. Barnes, K. H. Becker and N. Mihalopoulos, J. Atmos. Chem., 
1994, 18, 267-289.

7. K. S. Carslaw, L. A. Lee, C. L. Reddington, K. J. Pringle, A. Rap, P. 
M. Forster, G. W. Mann, D. V. Spracklen, M. T. Woodhouse, L. A. 
Regayre, et al., Nature, 2013, 503, 67-71.

8. R. A. Cox and D. Sheppard, Nature, 1980, 284, 330-331.
9. P. H. Wine, N. M. Kreutter, C. A. Gump and A. R. Ravishankara, J. 

Phys. Chem., 1981, 85, 2660-2665.
10. I. Barnes, J. Hjorth and N. Mihalopoulos, Chem. Rev., 2006, 106, 

940-975.
11. F. Dominé and A. R. Ravishankara, Int. J. Chem. Kin., 1992, 24, 

943-951.
12. A. A. Turnipseed, S. B. Barone and A. R. Ravishankara, J. Phys. 

Chem., 1992, 96, 7502-7505.
13. The chemical mechanistic information was taken from the 

Master Chemical Mechanism, via website: 
http://mcm.leeds.ac.uk/MCM, 2019.

14. T. Berndt, N. Hyttinen, H. Herrmann and A. Hansel, Commun. 
Chem., 2019, 2, 1-10.

15. R. Wu, S. Wang and L. Wang, J. Phys. Chem. A, 2015, 119, 112-
117.

16. T. Berndt, W. Scholz, B. Mentler, L. Fischer, E. H. Hoffmann, A. 
Tilgner, N. Hyttinen, N. L. Prisle, A. Hansel and H. Herrmann, J. 
Phys. Chem. Lett., 2019, 10, 6478-6483.

17. P. R. Veres, J. A. Neuman, T. H. Bertram, E. Assaf, G. M. Wolfe, 
C. J. Williamson, B. Weinzierl, S. Tilmes, C. R. Thompson, A. B. 
Thames, et al., Proc. Natl. Acad. Sci. U.S.A., 2020, 117, 4505-
4510.

18. J. D. Crounse, L. B. Nielsen, S. Jørgensen, H. G. Kjaergaard and P. 
O. Wennberg, J. Phys. Chem. Lett., 2013, 4, 3513-3520.

19. E. Praske, R. V. Otkjaer, J. D. Crounse, J. C. Hethcox, B. M. Stoltz, 
H. G. Kjaergaard and P. O. Wennberg, Proc. Natl. Acad. Sci. 
U.S.A., 2018, 115, 64-69.

20. L. Xu, K. H. Moller, J. D. Crounse, R. V. Otkjaer, H. G. Kjaergaard 
and P. O. Wennberg, J. Phys. Chem. A, 2019, 123, 1661-1674.

21. K. H. Moller, T. Berndt and H. G. Kjaergaard, Environ. Sci. 
Technol., 2020, 54, 11087-11099.

22. R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, 
R. G. Hynes, M. E. Jenkin, M. J. Rossi and J. Troe, Atmos. Chem. 
Phys., 2004, 4, 1461-1738.

23. L. G. Huey, D. R. Hanson and C. J. Howard, J. Phys. Chem., 1995, 
99, 5001-5008.

24. O. Möhler, T. Reiner and F. Arnold, J. Chem. Phys., 1992, 97, 
8233-8239.

25. G. S. Tyndall and A. R. Ravishankara, J. Phys. Chem., 1989, 93, 
4707-4710.

26. D. R. Glowacki, C. H. Liang, C. Morley, M. J. Pilling and S. H. 
Robertson, J. Phys. Chem. A, 2012, 116, 9545-9560.

27. T. Berndt, W. Scholz, B. Mentler, L. Fischer, H. Herrmann, M. 
Kulmala and A. Hansel, Angew. Chem. Int. Ed. Engl., 2018, 57, 
3820-3824.

28. R. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, J. A. Kerr, M. 
J. Rossi and J. Troe, J. Phys. Chem. Ref. Data, 1997, 26, 521-
1011.

Page 4 of 4ChemComm


