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 Abstract 
 A gas-phase kinetics study of the atmospherically important reaction between Cl2 and 
dimethyl sulfide (DMS) 
 

Cl2      +    CH3SCH3   →   products                -----   (1) 
 
 has been made using a flow-tube interfaced to a photoelectron spectrometer. The rate constant for 
this reaction has been measured at 1.6 and 3.0 torr at T= (294±2) K as (3.4 ± 0.7) x 10-14 cm3 

molecule-1s-1. Reaction (1) has been found to proceed via an intermediate, (CH3)2SCl2, to give 
CH3SCH2Cl and HCl as the products.  

The mechanism of this reaction and the structure of the intermediate were investigated using 
electronic structure calculations. A comparison of the mechanisms of the reactions between Cl atoms 
and DMS, and Cl2  and DMS  has been made and the relevance of the results to atmospheric 
chemistry is discussed. 
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Introduction 
 This paper reports the first study in which a flow-tube has been interfaced to a photoelectron 
spectrometer to allow a gas-phase kinetics study to be performed on an atmospherically important 
reaction. Ultraviolet photoelectron spectroscopy (PES) has the advantage over mass spectrometry in 
that it does not suffer from fragmentation problems. It has the potential to observe reactants, 
intermediates and products and to measure branching ratios between reaction channels which give 
different intermediates and/or final products. An example of a reaction studied by PES in 
Southampton in which different intermediates were observed is the reaction between F atoms and  
propane  which gives rise to the n-propyl and iso-propyl radicals as primary products (1). The only 
previous use of PES in a kinetics study is the work of Wang et al., who studied the unimolecular 
thermal rearrangements of a number of compounds (2-4), notably isomerisation of CH3NC to 
CH3CN (2) and isomerisation of SSF2 to FSSF (3). 

The reaction studied in this work is the atmospherically important reaction between 
molecular chlorine and dimethyl sulfide (DMS) 
 

Cl2      +    CH3SCH3   →   products                -----   (1) 
 

This work, as well as related research with photoelectron, infrared and ultraviolet/visible 
spectroscopy and ab initio molecular orbital calculations (5), has shown that this reaction proceeds 
via a covalently bound intermediate, (CH3)2SCl2, and to give CH3SCH2Cl and HCl as the products. 
 The sulfur cycle in the earth’s atmosphere has been the subject of intensive investigation in 
recent years because of the need to assess the contribution of anthropogenically produced sulfur to 
acid rain, visibility reduction and climate modification. Anthropogenic emissions of sulfur to the 
atmosphere are dominated by SO2 whereas natural (biogenic) sulfur emissions are thought to be 
dominated by dimethyl sulfide derived from oceanic phytoplankton (6-9). At present, anthropogenic 
emissions of sulfur dominate; however, these emissions are predominantly in the northern 
hemisphere. In the southern hemisphere and in particular the southern oceans, natural emissions are 
extremely important. The primary step of DMS oxidation in the atmosphere is predominantly 
reaction with the OH radical during the day and the NO3 radical at night. Subsequent oxidation in the 
atmosphere leads to formation of species such as SO2, H2SO4 and CH3SO3H (methane sulfonic acid 
or MSA). These species may contribute significantly to the acidity of the atmosphere and in the case 
of sulphuric acid to cloud formation (9). 

Recently molecular chlorine has been observed in coastal marine air. This is produced at 
night, as well as during the day, from heterogeneous reactions of ozone with wet sea-salt and is 
enhanced by the presence of ferric ions (10). Employing a high-pressure chemical ionization mass 
spectrometry technique, Spicer et al. (11) measured Cl2 levels ranging from <15 to 150 pptv. Night-
time Cl2 mixing ratios were in the range 40-150 pptv, with the highest value being observed near 
mid-night, which dropped to 15 pptv in day-light. A modelling study conducted in this work found 
that, shortly after sunrise, the oxidation rate of DMS by Cl, produced by photolysis of Cl2, could 
under favourable conditions, be an order of magnitude higher than the rate of oxidation by OH. The 
rate constant for the reaction between Cl atoms and  DMS  at 298 K and 1 torr pressure has been 
measured as (6.9 ± 1.3) x 10-11 cm3 molecule-1s-1 using  discharge-flow mass spectrometry (12), and 
at 3 torr pressure and at 297 K it has been measured as  (1.8 ± 0.3) x10-10 cm3 molecule-1s-1  using 
time-resolved resonance detection of Cl (13). A more recent study using cavity ring-down 
spectroscopy (14) determined the rate constant at atmospheric pressure as   (3.6 ± 0.2) x10-10 cm3 
molecule-1s-1    and a low-pressure limit rate constant consistent with that found in references (12) 
and (13). It has been found that the Cl + DMS reaction, reaction (2),  
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proceeds via two routes, a direct stripping channel (2a) that proceeds without a barrier to give 
CH3SCH2 and HCl and an addition channel (2b) to give (CH3)2SCl (13-16). 
 

               Cl + CH3SCH3    →    CH3SCH2   + HCl     --------          (2a) 
 

                                    Cl + CH3SCH3 +M  →    (CH3)2SCl     +M      --------             (2b) 
 

                         (CH3)2SCl     →     CH3 + CH3SCl          --------             (2c) 
 

Decomposition of the adduct to produce CH3SCl and CH3 (reaction 2c) is very slow, as it has a high 
activation energy barrier, and is not competitive with CH3SCH2 and HCl production (16).  
Given the known presence of both DMS and Cl2 in the marine boundary layer, it was thought 
valuable to measure the rate constant of  reaction (1) at room temperature and determine its products, 
using a recently developed instrument which interfaces a flow-tube to a u.v. photoelectron 
spectrometer via several stages of differential pumping. In addition, to complement the experimental 
work, molecular orbital calculations were used  to determine relative energies of intermediates and 
their decomposition products, and study the mechanism of reaction (1). The rate constant of this 
reaction has not been measured previously, although a discharge-flow electron impact mass 
spectrometric study (17) gave an upper limit for the rate constant of 8 x 10-14 cm3 molecule-1s-1. 
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Experimental Details 
The apparatus used to study reaction (1) consists of a stainless steel flow-tube connected via 

a differential pumping system to a photoelectron spectrometer designed to study short-lived species 
in the gas-phase. All experiments were performed at total pressures of 1.6 and 3.0 torr and at room 
temperature (294±2) K. Helium was used as the carrier gas in all experiments. 
Figure 1 is a block diagram of the central part of the apparatus.  
 

 
Figure1: Schematic diagram of the flow-tube used in this work, using detection with a  

photoelectron spectrometer 
In this figure:- 
A-Analyser Chamber, I-Ionization Chamber, C-Channeltron,  
D-diffusion pump, ±V Hemisphere Voltages, F1-exit focus,  
F2-entrance focus, 1- Chamber 1 of flow-tube (total pressure ~3 torr),  
2,3-Chamber 2 and 3 of the differential pumping system (approximate pressures ~10-1 torr,  ≤ 10-2 
torr respectively). 
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Figure 1 shows the flow-tube positioned at an angle of 15o to the vertical, attached to the ionization 
chamber of the photoelectron spectrometer and aligned perpendicular to the photon source.  
 
The flow-tube  

The flow-tube used consists of a 50 cm long stainless steel tube with an inner diameter of 3 
cm. It was pumped by a SV 200 pump (Leybold) that provides linear flow velocities from 3 ms-1 up 
to 40 ms-1 of  the carrier gas (helium).  The total gas pressure  in the flow-tube was measured 
downstream by a capacitance manometer (MKS Baratron, 10 torr range).  In this study the pressure 
within the flow reactor was changed between 1.6 and 3.0 torr and linear flow velocities between 3  
and 8 ms-1 were employed.  The character of the flow in the flow-tube was laminar, as calculated 
Reynolds numbers were below 2000. Under these conditions the flow is characterised by a parabolic 
velocity profile across the flow-tube; the molecules close to the walls experience a higher viscous 
drag than those in the middle of the flow-tube and so have a lower velocity. 

The kinetics experiments presented in this work were performed under pseudo-first-order 
conditions. Chlorine, the reactant in excess (1014-1015 molecules cm-3), was added through the 
movable injector (70 cm long) and DMS (concentrations less than 1013 molecules cm-3) entered the 
flow tube through the fixed side arm. Contact times were between 20 and 150 ms. The pseudo-first-
order rate constant was determined by measuring the relative concentration of DMS, from the 
intensity of its first photoelectron band, with the movable injector at several different positions while 
the chlorine partial pressure was in excess and held constant (18). This was then repeated at different 
chlorine partial pressures. The flow rates of all the gases were regulated using mass-flow controllers 
(MKS, Type 1179A), which were calibrated for each individual gas mixture used in these 
experiments. The flow rates of the carrier gas (helium) were in the range of ~0.3-0.9 SLM and were 
much greater than the reactant gas flow rates. The movable injector (14 mm outer diameter) was also 
a stainless steel tube and its external surface was teflon lined. 
 
Sampling system 

A two stage differential pumping system was constructed (19) in order to sample a small 
fraction of the flow tube mixture into the ionization chamber of the photoelectron spectrometer. The 
experimental sampling system consists of two stainless steel chambers separated by thin discs with 
small holes in their centres. The hole sizes were selected, with the pumping system used, to allow a 
gradual decrease in pressure from the flow tube (~3 torr) down to 10-5 torr in the ionization chamber 
of the photoelectron spectrometer.  

The flow tube (at 1.6-3.0 torr total pressure) was sampled through a hole of 2.5 mm diameter 
drilled in the centre of a teflon disc situated in Chamber 1 (1 in Fig.1) that is pumped by a SV 200 
rotary pump. It is assumed that once the gas is sampled from the flow tube into the Chamber 1, no 
further reaction occurs.  Chamber 2 (2 in Fig. 1) is pumped by a second rotary pump (D25B 
Leybold) to a pressure of approximately 10-1 torr.  At the end of chamber 2 there is a second small 
hole co-axial with the first that is 5 mm diameter,  drilled in the centre of a stainless steel disc 
leading into chamber 3 (3 in Fig.1).  Chamber 3 is pumped by a third rotary pump (D25B Leybold) 
and is maintained at a pressure ≤ 10-2 torr.  At the end of the third chamber there is a final stainless 
steel disc with a hole in the middle of 2 mm diameter (co-axial with the previous two holes).  
 
Detection system  

The end of the flow tube is situated in the ionization chamber of the photoelectron 
spectrometer (20, 21) and is aligned perpendicular to the radiation source, the helium discharge 
lamp. The photon beam was ~1.5 cm below the 2 mm hole of Chamber 3 (see Figure 1).  
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All photoelectron spectra were recorded using He I� radiation (21.22 eV) on a single detector 
photoelectron spectrometer. Typical resolution under normal operating conditions was 25-30 meV as 
measured for the (3p)-1 ionization of argon. 

Experiments were carried out with the flow tube interfaced to the photoelectron spectrometer 
as shown in Figure 1 with the three sampling holes, diameters of 2.5, 5.0 and 2.0 mm, to evaluate the 
minimum detectable partial pressures in the flow-tube of Ar, DMS and Cl2 from the measured 
intensities of their photoelectron bands. Also it was important to check the range of partial pressures 
of the gases in the flow tube over which the photoelectron signal, as measured with this set-up, was 
linear. The minimum detection limits for Ar, DMS and Cl2 were estimated as 1x1011, 3.5x1011 and 
4x1011 molecules cm-3 respectively. Also for these three gases the pressure range over which the 
photoelectron signal was linear with pressure in the flow tube was 1x1011 – 1.1x1014, 3.5x1011- 
1.6x1013 and 4x1011- 1x1014 molecules cm-3 respectively. 
(These experiments set the detection limit as a signal : noise ratio of 2 with an integration time of 1 
sec.). 

With this apparatus absolute photoionization cross-sections can be evaluated. This was 
achieved by recording PE spectra of a sample gas (such as DMS, Cl2 and CH3SCH2Cl ) at a known 
partial pressure in helium and PE spectra, recorded under the same conditions on the same day , of  a 
known partial pressure of a  second  gas such as Ar in helium,   for which the photoionization cross-
section (�) and angular distribution parameter (�) are known at the HeI photon energy. The results of 
these measurements will be presented in a separate paper (5). 

The ionization energy (IE) scale of spectra recorded during kinetics experiments were 
calibrated using the first vertical ionization energy (VIE) of DMS (8.72 eV) (22) and either the 
lowest spin-orbit component of the first band of HCl (12.75 eV) (23) or the VIE of the second band 
of Cl2 (14.43 eV) (24) when the HCl signal was either undetectable or out of scale.  
 
Preparation of Reactant Gases 
 

Each reagent, DMS (99+ %, Aldrich) or chlorine (99.9 %, Air Products) was mixed with He 
and stored in 6 L Pyrex bulbs.  The mixtures  (typically 10% Cl2 in He and 1% DMS in He) were 
made by passing a gas of known pressure into an evacuated bulb and then filling the bulb to 
atmospheric pressure with He (BOC, CP grade).  The gases were handled within a Pyrex manifold, 
with pressures being measured by 10, 100 and 1000 torr capacitance manometers (MKS).  The 
freeze-pump-thaw method was used to purify DMS and chlorine. The He carrier gas was flowed 
through two molecular sieves to ensure removal of water, CO2 and hydrocarbon impurities before 
entering the flow tube.  
 
Results 
Initial Survey Spectra 
 Although   qualitative studies of the products of reaction (1) observed as a function of time 
have been made on another photoelectron spectrometer, and the results will be reported separately 
(5), it is useful to present survey spectra obtained with the spectrometer used in this work. In these   
survey experiments the initial concentrations of DMS and Cl2 were kept constant and were 
approximately the same. The distance of the central injector from the sampling hole between 
Chambers 1 and 2 was changed in the range 0-35 cm and   photoelectron spectra were recorded at 
each mixing distance. Some representative results are shown in Figure 2.  Inspection of Figure 2 
indicates that the first bands of DMS (vertical ionization energy (VIE) 8.72 eV) and Cl2 (VIE 11.65 
eV )decrease with reaction time whereas the bands associated with the products, HCl (VIE 12.75eV ) 
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and CH3SCH2Cl (VIE 9.18 eV), increase with reaction time. Also, observed are bands associated 
with a long-lived reaction intermediate at 9.69 and 10.62 eV vertical ionization energy.  The bands 
associated with the reaction intermediate were found in this and other studies to maximize and start 
to decrease before the product bands reach maximum intensity, and were assigned on the basis of 
photoelectron and infrared spectroscopic evidence to the intermediate (CH3)2SCl2 (5). 
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Figure  2. Spectra recorded at different mixing distances for the Cl2 + DMS reaction. 
(a- 6 cm mixing distance, b -13 cm mixing distance, c- 25 cm mixing distance). It can be seen that 
the bands of DMS (first band at 8.72 eV) and Cl2 (first band at 11.65 eV) decrease and the bands of 
CH3SCH2Cl (bands at 9.18 and 10.97 eV) and HCl (first band at 12.75 eV VIE) increase with 
mixing distance (reaction time) in the flow-tube. The initial partial pressures of DMS and Cl2 in this 
experiment were approximately the same. The mixing distances shown in the caption are the 
distances of the movable injector in Chamber 1 above the small hole (2.5mm diam.) between 
Chamber 1 and Chamber 2 (see Fig.1). Bands associated with a reaction intermediate are labelled as 
‘Intermed.’ . 
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Rate constant measurement  
 

Reaction (1) was studied with [Cl2] in excess over [DMS] at two different pressures, 1.6 and 
3.0 torr. Flow velocities in the flow tube were approximately 4 ms-1 at 1.6 torr and 8 ms-1 at 3.0 torr.   
Helium was used as the carrier gas. In order to measure the rate constant of reaction (1), the most 
intense band of DMS observed at 8.72 eV VIE was used to monitor the change in DMS 
concentration after the addition of Cl2 as a function of the mixing distance. In a typical experiment, 
DMS mixed in helium was allowed to pass through the flow-tube for about 30 minutes before the 
addition of Cl2 in helium since DMS is relatively viscous and it was essential to reach stable 
conditions where a constant PE signal of DMS was obtained. Cl2 was then added and the intensity of 
DMS was seen to drop.  The helium carrier flow was reduced to maintain the fixed pressure in the 
flow tube.  The injector was repositioned at a different mixing distance and the experiment repeated. 
The pseudo-first order rate constant at a known concentration of Cl2 is given by the gradient of the 

plot of 
[ ]
[ ] ��

�

�
��
�

�

tDMS
DMS 0ln  against the contact time for different positions of the injector.  Examples of the 

pseudo-first order plots are shown in Figure 3. 
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Figure 3. Typical pseudo-first order plots for reaction (1) at (a) 1.6 and (b) 3.0 torr respectively  
obtained from DMS decay kinetics in excess of Cl2 
(The values listed on each graph are the concentrations (molecules/cm3) of Cl2 used in each 
experiment). Each point has been corrected for wall losses (see text). 
 
Wall losses were reduced by using an internal teflon coating in the flow-tube. 
The wall loss rate constant, kwall, was estimated  by introducing DMS through the injector in the 
absence of chlorine at different mixing points above the 2.5mm sampling hole at the end of the flow-
tube. In this way the contact time of DMS with the walls of the flow-tube could be changed and an 

estimate of the wall loss rate constant, kw, could be made by plotting  
[ ]
[ ] ��

�

�
��
�

�

'

0ln
tDMS

DMS
 as a function of 

contact time (where [DMS]0  is the concentration of DMS at  zero contact time and [DMS]t’   is the 
concentration of DMS at time t after the wall loss). It was found that the measured wall loss rate 
constant was very small, kwall 0≅ , suggesting that heterogeneous losses were much smaller than the 

homogeneous losses. For each point in Figures 3(a) and (b), 
[ ]
[ ] ��

�

�
��
�

�

tDMS
DMS 0ln has been corrected for this 

effect. Corrections were also made to the pseudo-first order rate constants for axial and radial 
diffusion using the method described by Keyser (25) with estimated values of the diffusion 
coefficient of DMS in helium at 1.6 torr of 164.6 cm2s-1 and at 3.0 torr of 91.1 cm2s-1. These 
corrections gave rise to a correction in the pseudo-first order rate constant of less than 20% with the 
axial diffusion correction being an order of magnitude larger than the radial diffusion correction.  

Plotting the corrected pseudo-first order rate constants against the molecular chlorine 
concentration yields the second order rate constant. The results obtained are (3.39±0.52) x 10-14 cm3 
molecule-1s-1 at 1.6 torr, Figure 4, and (3.41±0.70) x 10-14 cm3 molecule-1s-1 at 3.0 torr, Figure 5, 
where the errors quoted are the statistical standard errors of the slopes (both values were determined  
at a temperature of (294±2) K).  
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Figure 4: Second-order plot for the reaction of Cl2 with DMS at a total pressure of 1.6 torr 
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Figure 5: Second-order plot for the reaction of Cl2 with DMS at a total pressure of 3 torr 
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A comparison of the results obtained at 1.6 and 3.0 torr is given in Figure 6. Overall the agreement 
between the two data sets is good, although an insufficient pressure range has been studied to 
estimate the pressure dependence fully. The values obtained for the second order rate constant at the 
two pressures are in good agreement with each other and it is reassuring that they are less than the 
upper limit value estimated by Butkovskaya et al.(17) of 8x10-14 cm3molecule-1s-1  by discharge-flow 
electron impact mass spectrometry.  
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Figure 6. Combined second-order plots for the reaction of Cl2 with DMS at a total pressure of  
1.6 (open triangles) and 3.0 torr (filled circles) 
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Ab initio calculations  
 In order to investigate the mechanism of  reaction (1), ab initio calculations have been carried 
out at the MP2 level using aug-cc-pVDZ (aVDZ) basis sets (26) with the GAUSSIAN03 programme 
(27). A search was made for minimum energy structures and transition states which are inter-
connected on the potential energy surface between the reagents (Cl2 and DMS) and the products 
(CH3SCH2Cl and HCl). Then for the minimum energy structures and transition states located at the 
MP2/aug-cc-pVDZ level, fixed point CCSD(T) calculations were performed to provide improved 
values of the total energies. The MOLPRO programme (28) was used for the CCSD(T) calculations. 
For all these CCSD(T) calculations, the T1 diagnostic was acceptably small. In this procedure, the 
MP2 calculations include some dynamic electron correlation and the CCSD(T) calculations include 
higher order dynamic electron correlation. 
 Transition states were characterised via harmonic frequency analysis and connected to 
minimum energy structures through IRC (intrinsic reaction co-ordinate) calculations. The stationary 
points located on the potential energy surface are represented in Figure 7 where the computed 
energies of the stationary points obtained   are shown as bold horizontal lines and the transition states 
are labelled TSn. As expected, the reactant-type intermediate DMS:Cl2 and product-type 
intermediate CH3SCH2Cl:HCl were located as minimum energy structures . However, apart from the 
reactants and products, nine other minimum energy structures were located on the potential surface 
(see Figure 7), most notably a reaction intermediate (CH3)2SCl2 (see Figure 8). In separate 
experiments (5), it was found that the photoelectron spectrum obtained for a reaction intermediate 
from reaction (1), bands at 9.69 and 10.62 eV in Figure 2 are part of this spectrum, could not be 
assigned to reactant or product-type intermediates, DMS:Cl2 or CH3SCH2Cl:HCl, but could be 
assigned to (CH3)2SCl2. There is also infrared evidence to support this conclusion (5). Computed 
minimum energy structures of the reactant intermediate (DMS:Cl2, Cs), the intermediate 
((CH3)2SCl2) and the product intermediate (CH3SCH2Cl:HCl  trans) are shown in Figure 8 and the 
computed structures of the transition states are shown in Figure 9. 
 Based on the schematic potential energy diagram shown in Figure 7, the reaction proceeds 
from the reactants, DMS and Cl2,  to a reactant-type intermediate DMS:Cl2   then to a structure of the 
type (CH3)2SCl:Cl. It then passes over a transition state (TS1) to (CH3)2SCl2, the intermediate 
associated with the photoelectron bands at 9.69 and 10.62 eV in Figure 2. This then decomposes via 
TS2, which is lower than TS1, to the products via a product-type intermediate. There is also a route 
which by-passes the (CH3)2SCl2   intermediate via TS3 but this is higher in energy than TS1. Figure 
7 indicates that the rate determining step of reaction (1) is passage over the TS1. This has an energy 
relative to the reactants of + 4.5 kcal.mol-1( ∆H# =   4.89 kcal.mol-1, ∆S# =  -37.8 cal.K-1mol-1). Use 
of these values for ∆H# and ∆S# with the standard transition state expression gives 1x10-20 cm3 
molecule-1 s-1 for the rate constant, clearly much lower than the experimentally measured rate 
constant of (3.4 ± 0.7) x10-14 cm3 molecule-1 s-1. This indicates that the energy of TS1 relative to the 
reactants is too high (probably by ≈1-2 kcal.mol-1) and the computed entropy change from the 
reactants to TS1 is too negative. This almost certainly arises because a modest basis set has been 
used in the calculations performed in this work. Improved calculations would involve using a larger 
basis set. These should lead to improved values of ∆H#  and ∆S#  from the reagents to the TS1. 
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Figure 7    Relative electronic energy diagram for reaction (1).  
Minimum energy structures and transition states were located at the 
 MP2/ aug-cc-pVDZ level. Then fixed point CCSD(T) calculations were  
performed to provide improved values of the total energies. 
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Figure 8:  
Computed minimum energy structures of the reactant-intermediate (DMS:Cl2, Cs),  
the intermediate (CH3)2SCl2, and the product-intermediate CH3SCH2Cl:HCl trans. 
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Transition states located on the potential surface of  reaction (1) (see text and Figure 7).
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Discussion 
 It is interesting to compare reaction (1) with the reaction between Cl and DMS, 
reaction (2). Both reactions involve formation of a complex, (CH3)2SCl2  in the case of 
reaction (1) and (CH3)2SCl    in the case of reaction (2). The (CH3)2SCl intermediate 
formed in reaction (2) has been detected by electron impact mass spectrometry (12), 
ultraviolet-visible absorption spectroscopy (15) and cavity-ring down laser spectroscopy 
(14) whereas the (CH3)2SCl2  intermediate formed in reaction (2) has been observed in 
this work by photoelectron spectroscopy. A comparison of the computed molecular 
structures and geometrical parameters for these two complexes is made in Figure 10. In 
this figure, the parameters for the (CH3)2SCl complex are taken from reference (16), 
where they were computed at the UMP2/DZP level, and the parameters for (CH3)2SCl2   

were computed in this work at the MP2/aug-cc-pVDZ level. These structures are 
surprisingly similar with the C-S-Cl angle equal to 91.9° in both cases. The Cl-S distance 
is longer and the C-S distance shorter in   (CH3)2SCl   than in (CH3)2SCl2   (see Figure 10). 
SCl4 is also expected to have a very similar geometry with a pseudo trigonal-bipyramidal 
co-ordination geometry at the S atom. The Cl-S-Cl bond angle has been computed to be 
169.7° for the axial Cl-S-Cl unit (29). 
 Reaction (2) is much faster than reaction (1) with the most recent measurement of 
the rate constant  for this reaction being made by cavity-ring-down spectroscopy (14), 
with a rate constant at atmospheric pressure being obtained as k2= (3.6 ± 0.2) x 10-10 cm3 

molecule-1 s-1. The low pressure limit value is (6.9 ± 1.3) x 10-11 cm3 molecule-1 s-1 

(12,13).  Reaction (2) proceeds by two channels, (2a) the hydrogen abstraction channel, 
which is pressure independent, and (2b) the addition channel which is pressure 
dependent. 

Stickel et al.(13), in a study of reaction (2) using time-resolved detection of Cl 
atoms, reported that the branching ratio of reaction (2a) approaches unity with decreasing 
total pressure and k2 increases with pressure. Both reactions (2a) and (2b) are expected to 
have large rate constants, as they proceed without a barrier, whereas reaction 2c, 
decomposition of (CH3)2SCl to CH3 and CH3SCl,   is very slow because it has a high 
activation energy barrier of ≈18 kcal.mol-1  (16). 

 Reaction (1), unlike reaction (2), has only one pathway which can be 
written as:- 

 
Cl2 + CH3SCH3 + M     →  (CH3)2SCl2   +M             -----------  (1a) 
 
        (CH3)2SCl2            →      CH3SCH2Cl + HCl      ------------(1b) 
 
Clearly it would be valuable to establish the pressure dependence of k2, and the 

value of k2 at atmospheric pressure will be of particular importance in atmospheric 
modelling calculations. In view of the relative values of k1 and k2, reaction (1) will not be 
important in the atmosphere during the day, when photolysis of Cl2 to Cl will occur, but it 
will be important at night when conversion of DMS to CH3SCH2Cl will take place via 
reaction (1), as discussed in the next section. 
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Figure 10 
Computed structures for (A) the (CH3)2SCl and (B) the   (CH3)2SCl2    intermediates.  
The (CH3)2SCl structure was taken from ref. (16) computed at the UMP2/DZP level and 
the (CH3)2SCl2    structure was computed in this work at the MP2/aug-cc-pVDZ level.    
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Atmospheric Implications 
 

The oxidation of DMS has been highlighted by Charlson and co-workers (30) as 
being a potentially important natural pathway for the generation of cloud condensation 
nuclei (CCN), and could provide a key negative feedback to the earth’s radiative balance. 
Crucial to the assessment of this ‘CLAW’ hypothesis is an understanding of factors that 
control the flux of DMS from the oceans to the atmosphere; these include sea surface 
temperature, surface wind speed, CO2 levels, nutrient levels etc, some or all of which 
may change significantly in the wake of climate change. However, once in the 
atmosphere, in order for DMS to affect aerosol loading the rate of its oxidation and 
subsequent conversion to SO2 and then H2SO4 is crucial. There have been many field and 
laboratory studies in the last decade (e.g. 31-34) and yet there are still considerable 
uncertainties concerning the oxidation of DMS (35).  However, it appears from field 
studies in particular that DMS oxidation in the atmosphere is more rapid than can be 
accounted  for using existing models, or more correctly, the production of SO2 (assumed 
from DMS) is more rapid than expected. The dominant oxidant for DMS is thought to be 
the OH radical, and although there is evidence that the NO3 radical can be an important 
oxidant at night in coastal areas (36), its significance in the open ocean is thought to be 
very small. Halogen chemistry has recently been considered as a possibility to account 
for the increased oxidation rate (35), and may well be part of the puzzle. The reactive 
halogen species involved will include Cl atoms, BrO radicals (37) and possibly IO 
radicals (38). 

This present work has shown that the interaction between Cl2 and DMS is not 
very slow, and that it produces molecular products CH3SCH2Cl and HCl. There are field 
observations that Cl2 levels can reach 150 ppt at night. If it is assumed that the average 
level of Cl2 at night is 50 ppt, then the lifetime of DMS at night with respect to reaction 
(1) is around 6 hours. If it is assumed that DMS levels are on average 50 ppt at night 
(field measurements suggest that this is perfectly reasonable in the southern ocean for 
example) and that the DMS and Cl2 levels are being replenished at night to maintain 
these levels, over a six hour period, around 40 ppt of CH3SCH2Cl would be generated, 
assuming that CH3SCH2Cl simply builds up at night. In the morning, photolysis of Cl2 
will be rapid and reaction (1) will be ineffective as Cl2 levels fall rapidly, but the 
CH3SCH2Cl, which has built up during the night, can either react with OH or be 
photolysed. The fate of CH3SCH2Cl will be discussed more fully in forthcoming papers; 
however, work from this laboratory suggests that photolysis to yield CH3S and CH2Cl 
will be quite rapid, with a CH3SCH2Cl lifetime of several hours. CH3S is known to 
undergo rapid oxidation to CH3SO2 via reaction with NO2 or O3 and CH3SO2 is known to 
undergo thermal decomposition to yield SO2 and CH3. Therefore, the night-time 
interaction between Cl2 and DMS may well provide a mechanism to speed up SO2 
production in the day and go some way to explain the discrepancy between DMS decay 
rates and SO2 production rates during the day. If the levels of Cl2 observed by Spicer and 
co-workers (11) are representative of the open ocean, then reaction (1) could play an 
important role in DMS oxidation and the coupling between halogens and DMS cannot be 
ignored in climate studies.   
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Conclusions 
 A flow-tube has been interfaced to a photoelectron spectrometer chemistry for the 
first time in order to measure rate constants of reactions of importance in atmospheric 
chemistry. The reaction between Cl2 and DMS  was the first reaction to be studied in this 
way and its rate constant was measured at 1.6 and 3.0 torr at room temperature,  (294±2) 
K, returning a value of k1 = (3.4 ± 0.7) x10-14 cm3 molecule-1 s-1. 
Photoelectron spectra recorded as a function of reaction time  and supporting molecular 
orbital calculations showed that the reaction proceeds through an intermediate, 
(CH3)2SCl2,  which has a lifetime of ≈30 ms under the conditions used, with subsequent 
production of CH3SCH2Cl  and HCl. The atmospheric implications of these results have 
been briefly discussed. 
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