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Abstract
The thermodynamics and mechanisms of the atmospherically relevant reaction between DMS and  molecular chlorine (Cl2) were investigated in the absence and presence of a single water molecule, using electronic structure methods. Stationary points on the reaction surfaces were located using density functional theory (DFT) with the M06-2X functional with aug-cc-pVTZ (aVTZ) basis sets. Then fixed point calculations were carried out using the UM06-2X/aVTZ optimised stationary point geometries, with aug-cc-pVnZ basis sets (n = T and Q), using the domain-based local pair natural orbitals coupled cluster [DLPNO-UCCSD(T)] method, to give DLPNO- CCSD(T)/CBS//M06-2X/aVTZ relative energies
The reaction can proceed in three ways depending on the initial van der Waals complex formed i.e. via DMS + Cl2:H2O, DMS:H2O + Cl2,  or DMS:Cl2 + H2O. It was found that based on computed equilibrium constants for complex formation and estimated initial concentrations of DMS, Cl2 and H2O in the atmosphere that DMS.H2O and Cl2.H2O are likely to be much greater than DMS.Cl2 under atmospheric conditions. It was found that both with and without water the reaction can proceed by two pathways (i) formation of the products CH3SCH2Cl + HCl + (H2O) via a covalently bound intermediate (CH3)2SCl2(H2O) and (ii) formation of the products via a cis-CH3SClCH2:HCl(H2O) intermediate,  where (H2O) applies to the with-water case. Although the pathways and mechanisms are similar in the without-and with-water cases, the relative energies of the transition states are significantly lower  and the potential energy diagram is much more complex in the with-water case. However, under tropospheric conditions the overall  DMS + Cl2 rate coefficient is unlikely to be affected by the presence of water as the  concentrations of DMS.H2O and Cl2.H2O are estimated to be much lower than the concentrations of  DMS, Cl2 and H2O. This work extends our earlier study of the reaction of dimethyl sulphide (DMS) with atomic chlorine (Cl) with and without water (PCCP 2023, 25, 4780-4793),









1.0 Introduction
In this work  the atmospherically important reaction between molecular chlorine and dimethyl sulphide (DMS), (reaction (1)) is studied.
CH3SCH3   + Cl2      CH3SCH2 + HCl     ---------(1)  in the absence and presence of a single water molecule. 
The sulphur 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 sulphur to acid rain, visibility reduction and climate modification (1-4). Anthropogenic emissions of sulphur to the atmosphere are dominated by SO2 whereas natural (biogenic) sulphur emissions are thought to be dominated by dimethyl sulphide derived from oceanic phytoplankton initiated by ultraviolet radiation from the sun (5-8). At present, anthropogenic emissions of sulphur dominate; however, these emissions are predominantly in the northern hemisphere. In the southern hemisphere, and in particular from the southern oceans, natural emissions are extremely important. Typical day-time and night-time DMS levels in the troposphere are 120 and 50 pptv respectively (8).
The main DMS oxidation reactions  in the atmosphere are DMS + OH  during the day and DMS + NO3 at night . Subsequent oxidation 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. 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 (9-13). Night-time Cl2 mixing ratios are higher than those during the day because of  Cl2 photolysis during the day. Comparison of recent experimentally measured Cl2 concentrations  in the lower atmosphere shows that typical day-time and night-time Cl2 levels are  5 and 50 pptv respectively (14-19). The DMS + Cl2 reaction, which occurs mainly at night, provides another route for DMS loss and hence SO2 production. This could contribute to  explaining the discrepancy between known DMS decay rates and observed SO2 production rates. Water is the third most abundant species in the troposphere behind only N2 and O2 with concentrations of up to 7.4×1017 molecules.cm-3 (100% relative humidity; 0.03 atm.) (12). Recently, it has been demonstrated that water can change the rate coefficient of a reaction, by  forming complexes with the reagents, products and transition states and lower their energies, and in this way, the activation barrier for a reaction may be reduced (20-27).
We have previously studied the reaction of DMS with molecular chlorine (DMS + Cl2) using UV photoelectron spectroscopy (PES), infrared matrix isolation spectroscopy and electronic structure calculations (28-30). It was found that this reaction proceeds through the formation of a covalent reaction intermediate ((CH3)2SCl2), in which sulphur is four coordinate. This then decomposes into the final products, monochlorodimethylsulphide (CH3SCH2Cl) and hydrogen chloride (HCl). Also, using PES as the detection technique, the room temperature rate coefficient of DMS + Cl2 has been measured as (3.4  0.7) × 10-14 cm3.molecule-1s-1(28), four orders of magnitude lower than the DMS + Cl room temperature rate coefficient. One objective of our studies on DMS reactions of atmospheric importance is to investigate the effect of water on the reactions DMS + Cl and DMS + Cl2 using electronic structure methods. The DMS + Cl reaction has recently been investigated in this way (31). It was found that  this reaction proceeds via four channels and, although water changes the mechanisms of these channels significantly, the presence of water was found not to affect the overall reaction rate coefficient under atmospheric conditions. Following on from this study, the aim of this present work is to study the reaction DMS + Cl2 with and without water using electronic structure methods to establish the reaction energetics  and mechanisms, and to determine if the energies of the transition states relative to the reagents are changed significantly when a single water molecule is present. In the earlier, mainly experimental, studies (28-30) a schematic potential energy diagram was constructed for the DMS + Cl2 reaction. Minimum energy structures and transition states were located at the MP2/aug-cc-pVDZ level. In the present work, electronic structure calculations are performed at a higher level on the DMS + Cl2 reaction in the absence and presence of a single water molecule to obtain improved relative energies, thermochemical values and structures of the energy minima and transition states.



2.0 Computational Details
Electronic structure calculations were carried out to optimise the geometries of the reactants, reactant complexes, transition state structures (TSs), product complexes and products. As in our previous DMS + Cl work (31), the M06-2X functional was used with  aug-cc-pVTZ (aVTZ) basis set (32). These computations were performed in the spin unrestricted formalism. The M06-2X functional was chosen because it has been shown to perform particularly well for TS structures and reaction barrier heights in benchmark studies on main group compounds (33-37). Harmonic vibrational frequencies were calculated to verify the nature of the stationary points (minima and TSs), and to provide the zero-point energy (ZPE) and the thermodynamic contributions to the enthalpy and free energy changes. Intrinsic reaction coordinate (IRC) calculations were also performed to ensure that a given TS connects with the desired minima (38,39).
Fixed point calculations were carried out using the UM06-2X/aVTZ optimised stationary point geometries, with the aug-cc-pVnZ basis sets (n = T and Q), using the domain-based local pair natural orbitals coupled cluster (DLPNO-UCCSD(T)) approach (40-44). These were DLPNO-UCCSD(T)/aVnZ//UM06-2X/aVTZ (n = T and Q) calculations; the total energies obtained were extrapolated to the CBS limit employing the two parameter formula (equation 2) (45,46):-
	          ----------------------   (2)
	

	where x= 3 (aVTZ) and 4 (aVQZ)
	


This DLPNO-UCCSD(T) method employs localised orbitals and obtains the correlation energy as a sum over the correlation energies of electron pairs. It recovers a large part of the CCSD(T) correlation energy at low computational cost.
All DFT computations were carried out using Gaussian 16 (47) running on SEAGrid (48-51).The DLPNO-UCCSD(T) single point calculations were performed using the ORCA package (52,53).


3.0 Results and Discussion
When one water molecule is added to DMS+Cl2, the reaction could proceed in three ways depending on the initial reaction (van der Waals) complex formed  i.e. DMS + Cl2:H2O, DMS:H2O + Cl2,  DMS:Cl2 + H2O.  The computed minimum energy structures of the three van der Waals complexes   Cl2:H2O, DMS:H2O,  DMS:Cl2   at the M06-2X/aVTZ level  are shown in Figure 1. 
Figure 1: Optimised minimum energy geometries of Cl2:H2O, DMS:H2O and DMS:Cl2.[Should we indicate the hydrogen bonding in the molecules or delete these?---NO, PLEASE DELETE-H-bonds in DMS.H2O]
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It was found that a common feature of the DMS + Cl2 reaction with and without added water was  that in each case the reaction can proceed along two pathways:- (i) the reactants to the covalently bound intermediate (CH3)2SCl2 (H2O) and on to the reaction products CH3SCH2Cl + HCl + (H2O) and (ii) on a separate surface, the reactants to cis-CH3SClCH2:HCl (H2O), and on to the products CH3SCH2Cl + HCl + (H2O), where (H2O) applies to the with-water case. The computed minimum energy structures of (CH3)2SCl2•H2O and cis-CH3SClCH2:HCl•H2O  at the M06-2X/aVTZ level  are shown in Figure 2.

Figure 2: Optimised minimum energy geometries of (CH3)2SCl2•H2O and cis-CH3SClCH2:HCl•H2O.
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The schematic potential energy diagram obtained at the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ level  for the DMS+Cl2 reaction, in the absence of water,  is shown in Figure 3. The M06-2X/aVTZ and DLPNO-CCSD(T)/CBS//M06-2X/aVTZ relative electronic energies (E, including zero-point energy (ZPE) corrections), relative enthalpies (Hf,298K  ) and relative free energies (Gf,298K) of the energy minima and transition states located are shown in Table 1. Comparison of the results shown in Figure 3 with the results obtained in the earlier, mainly experimental, work (28) at the MP2/aug-cc-pVDZ level (summarised in Figure 7 of ref.(28)) shows that the earlier results are incomplete with some stationary points not located, and the results are more approximate than the results presented here. In both cases pathways (i) and (ii) described above were identified. A summary of the relative energies of the common stationary points obtained in this work and in the lower level work of ref.(28) is given in Table 1. In this table it can be seen that the present M06-2X/aVTZ and DLPNO-CCSD(T)/CBS results agree very well with each other, which supports their reliability, with the earlier lower-level MP2 energy values being  mostly lower  than the DLPNO-CCSD(T) values.
  For formation of (CH3)2SCl2  from the reactants,  quoting the higher level DLPNO E values (with the lower level E values from ref.(28) shown in italics in brackets), the reactants first form a van der Waals complex DMS:Cl2 (at -4.9 (-9.5) kcal.mol-1) which converts via a transition state (TS1 at 10.1(4.5) kcal.mol-1) to (CH3)2SCl2  (at -17.7 (-26.3) kcal.mol-1). In comparison, cis-CH3SClCH2:HCl (at -6.5 (-14.7) kcal.mol-1) is formed from the van der Waals complex DMS:Cl2   via passage over a TS (TS4 at 25.2 kcal.mol-1 (not located in ref.28)) to give DMSCl:Cl (at +7.7 (2.4) kcal.mol-1) which converts via TS5 (at 14.8 (11.4)) kcal.mol-1) to give cis-CH3SClCH2:HCl (see Figure 3). The route from the covalently bound intermediate (CH3)2SCl2  to the products is over TS2 (at 6.1 (2.7) kcal.mol-1)  to CH3SClCH2:HCl (at -1.6 kcal.mol-1 (not located in ref.(28)), and then over TS3 (at 16.0 (8.3) kcal.mol-1) to the product complex (trans-CH3SCH2Cl:HCl at -29.5 (-42.1) kcal.mol-1) and on to the products CH3SCH2Cl  + HCl (at -28.8 (-32.0) kcal.mol-1). The route from the intermediate cis-CH3SCH2Cl:HCl to the products is via TS6 (at -2.6 (-10.8) kcal.mol-1) to cis-CH3SCH2Cl:HCl (at -32.2 (-42.1)  kcal.mol-1) then via TS7 (at -27.1 kcal.mol-1 (not located in ref.28) ) to the product complex  trans-CH3SCH2Cl:HCl   (at -29.5 (-42.1) kcal.mol-1) and on to the products CH3SCH2Cl + HCl (at -28.8 (-32.0) kcal.mol-1).  As can be seen from Figure 3, for the pathway via (CH3)2SCl2  the highest barrier (rate determining)  is TS3 (at 16.0 kcal.mol-1) whereas for the pathway via cis-CH3SClCH2:HCl the highest barrier is TS4 (at 25.2 kcal.mol-1).

Figure 3: Energy profile for the reaction of DMS + Cl2 in the absence of water using the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ method. 
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Table 1: DMS + Cl2 Relative electronic energies (∆E, kcal.mol-1), relative enthalpies (in brackets, H f,298K kcal.mol-1)a and relative free energies (in italic, G f,298K kcal.mol-1). 

	
	M06-2X/aVTZ
	DLPNO-CCSD(T)/CBS//M06-2X/aVTZ
	MP2/aug-cc-pVDZ (ref.28)

	DMS:Cl2
	-5.5
(-5.1)
2.3
	-4.9
(-4.6)
2.8
	-9.47

	TS1
	11.6
(10.8)
21.7
	10.1
(9.4)
20.3
	4.50

	DMSCl2
	-16.3
(-16.5)
-7.1
	-17.7
(-17.9)
-8.5
	-26.29

	TS2
	6.5
(5.9)
15.9
	6.1
(5.5)
15.5
	2.75

	CH3SClCH2:HCl
	1.6
(1.7)
9.7
	-1.6
(-1.4)
6.6
	Not locatrednot located


	TS3
	18.9
(19.4)
25.3
	16.0
(16.6)
22.4
	8.35*

	CH3SCH2Cl:HCl
	-28.6
(-28.3)
-20.9
	-29.5
(-29.3)
-21.8
	-42.15

	CH3SCH2 Cl + HCl
	-27.6
(-27.3)
-27.3
	-28.8
(-28.4)
-28.5
	-32.06

	
	
	
	

	TS4
	26.1
(25.6)
34.8
	25.2
(24.7)
36.0
	not located


	DMSCl:Cl
	9.1
(8.8)
18.4
	7.7
(7.4)
17.1
	2.43

	TS5
	14.7
(14.1)
24.2
	14.8
(14.3)
24.4
	[bookmark: _GoBack](14.19 quoted in Ref.(28))
11.38*
(TS3 of ref.(28))

	cis-CH3SClCH2:HCl
	-3.9
(-3.8)
4.9
	-6.5
(-6.5)
2.2
	-14.69


	TS6
	-1.7
(-2.2)
7.3
	-2.6
(-3.0)
6.5
	-10.83
(TS4 of ref.(28))

	cis-CH3SCH2Cl:HCl
	-31.3
(-31.1)
-23.8
	-32.2
(-31.9)
-24.7
	-42.15

	TS7
	-26.5
(-26.9)
-17.8
	-27.1
(-27.6)
-18.5
	not located



aThe thermal correction to the enthalpy obtained using the M06-2X/aVTZ method were added to the DLPNO-CCSD(T) single point energy (ZPE is included in the electronic energies). 
*Not reported in the literature, we located the TS3 using the MP2/aVDZ method.

The schematic reaction profiles of the DMS+Cl2 reaction in the presence of one water molecule are shown in Figures 4 and 5. Figure 4 shows profiles which involve reaction via the hydrated covalently bound intermediate (CH3)2SCl2•H2O and Figure 5 shows profiles which involve reaction via the hydrated intermediate cis-CH3SClCH2:HCl. Overall, most of the minima and transition states seen in Figure 3 (in the absence of water) for pathways (i) and (ii) have counterparts in Figure 4 and 5 respectively (with water present).


Figure 4: Energy profiles for the reaction of DMS + Cl2 + H2O via the hydrated covalently bound intermediate (CH3)2SCl2•H2O using the M06-2X/aVTZ and DLPNO-CCSD(T)/CBS//M06-2X/aVTZ methods. The M06-2X/aVTZ relative electronic energies (∆E) including ZPE are reported in the figure, with the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ values shown in brackets; values are in kcal.mol-1).THERE SHOULD BE A DOTTED LINE FROM DMS.Cl.H2O to TS1.H2O—PLEASE ADD
[image: ]




Figure 5: Energy profiles for the reaction of DMS + Cl2 + H2O using the M06-2X/aVTZ and DLPNO-CCSD(T)/CBS//M06-2X/aVTZ methods via the hydrated intermediate cis-CH3SClCH2:HCl. The M06-2X/aVTZ relative electronic energies (∆E) including ZPE are reported in the figure, with the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ values shown in brackets; values are in kcal.mol-1).
[image: ]

As stated earlier, when one water molecule is added to DMS+Cl2, the reaction could proceed via DMS + Cl2•H2O, DMS•H2O + Cl2,  DMS•Cl2 + H2O.  As shown in Figures 4 and 5, the relative energies of these relative to DMS+Cl2+H2O are DMS+Cl2•H2O (-0.5 kcal.mol-1) > DMS•H2O +Cl2 (-3.7 kcal.mol-1)  > DMS•Cl2+H2O (-4.9 kcal.mol-1) (all values quoted are the higher level DLPNO E values).  DMS + Cl2•H2O and DMS.H2O + Cl2 correlate with a DMS•H2O•Cl2 minimum at -8.5 kcal.mol-1, whereas DMS•Cl2 + H2O correlates with another DMS•H2O•Cl2 minimum at -9.4 kcal.mol-1 . As shown in Figure 4 , both minima (at -8.5 and -9.4 kcal.mol-1) convert via TS1•H2O ( at +6.1 kcal.mol-1) to the solvated covalently bound intermediate (CH3)2SCl2•H2O [Should we write is as DMS• Cl2•H2O to be consistent with the figures?—I THINK IT IS BETTER TO KEEP THE NOTATION AS IT IS] (at -22.8 kcal.mol-1). In contrast, on the cis-CH3SClCH2:HCl.H2O pathway (Figure 5), only the DMS.H2O.Cl2  minimum at -8.5 kcal.mol-1 converts  via TS4•H2O-1 to a DMSCl.Cl.H2O minimum energy structure at +2.3 kcal.mol-1 which converts via TS5•H2O-1 (at +4.7 kcal.mol-1) to a hydrated cis-CH3SClCH2•HCl minimum at -12.2 kcal.mol-1 and the DMS.Cl2.H2O minimum at -9.4 kcal.mol-1 converts via TS4.H2O-2 (at +20.1 kcal.mol-1 ) to a DMSCl.H2O.Cl structure at +2.9 kcal.mol-1  which converts via TS5.H2O-2 at 11.3 kcal.mol-1 to  CH3SClCH2.HCl.H2O-3  at -12.0 kcal.mol-1. For the pathway via the intermediate (CH3)2SCl2 in Figure 3 each stationary point has an equivalent in Figure 4. Significantly, taking the largest barriers in the no-water case, TS3 at +16.0 kcal.mol-1 is lowered to TS3•H2O.HCl at -6.7 kcal.mol-1(although there is a higher TS3 on a separate surface; TS3•HCl.H2O at 10.7 kcal.mol-1). Similarly, the cis-CH3SClCH2:HCl pathway, TS4 (Figure 3) is lowered from +25.2 kcal.mol-1 to TS4•H2O-1 at +6.3 kcal.mol-1(although there is a higher TS4 on a separate surface; TS4•H2O-2 at +20.1 kcal.mol-1) and TS6 is lowered from   -2.6 kcal.mol-1 to TS6•H2O-1 at -11.1 kcal.mol-1 (Figure 5). Also, it can be seen that TS6•H2O-1 converts directly to a product complex (CH3SCH2Cl•HCl•H2O-3 at -35.5 kcal.mol-1) (there is no TS7 to trans-CH3SCH2Cl:HCl as  in the DMS+Cl2 case with no water).
The computed relative electronic energies E, as well as the relative (Hf,298K  ) and (Gf,298K) values, for the minima and transition states located in the with-water case are listed in Table 2.
Table 2: DMS + Cl2 + H2O Relative electronic energies (∆E, kcal.mol-1), relative enthalpies (in brackets, Hf,298K, kcal.mol-1)a and relative free energies (in italic, Gf,298K, kcal.mol-1). 

	
	M06-2X/aVTZ
	DLPNO-CCSD(T)/CBS//M06-2X/aVTZ

	DMS•H2O + Cl2
	-4.4
(-4.5)
2.5
	-3.7
(-3.8)
3.2

	DMS + Cl2•H2O
	PLEASE INSERT ENTRIES HERE
	PLEASE INSERT 
ENTRIES HERE

	DMS• Cl2 + H2O
	-5.5
(-5.1)
2.3
	-4.9
(-4.6)
2.8

	DMS•H2O:Cl2
	-9.6
(-9.5)
6.9
	-8.5
(-8.4)
8.0

	DMS•Cl2:H2O
	-9.2
(-8.8)
5.5
	-9.4
(-9.1)
5.2

	TS1•H2O
	6.9
(6.2)
24.9
	6.1
(5.4)
24.1

	DMS•H2O•Cl2
	-22.5
(-22.9)
-5.0
	-22.8
(-23.2)
-5.3

	
	
	

	TS2•H2O-1
	3.3
(1.7)
22.2
	5.7
(4.1)
24.5

	CH3SClCH2:HCl•H2O
	-4.4
(-4.6)
12.2
	-6.4
(-6.6)
10.1

	TS3:HCl•H2O
	12.8
(13.1)
27.9
	10.7
(10.9)
25.7

	CH3SCH2Cl•HCl•H2O-1
	-37.4
(-37.6)
-23.2
	-38.0
(-38.3)
-23.8

	
	
	

	TS2•H2O-2
	2.1
(1.5)
19.6
	2.4
(1.8)
19.9

	CH3SClCH2•H2O:HCl-1
	-5.7
(-5.7)
10.6
	-7.7
(-7.7)
8.6

	CH3SClCH2•H2O:HCl-2
	-11.0
(-10.9)
5.6
	-12.6
(-12.6)
3.9

	TS3•H2O:HCl
	-6.0
(-6.8)
11.7
	-6.7
(-7.6)
10.9

	CH3SCH2Cl•HCl•H2O-2
	-35.3
(-35.1)
-19.9
	-35.4
(-35.2)
-20.0

	
	
	

	TS4•H2O-1
	6.3
(5.0)
25.1
	6.3
(5.0)
25.1

	DMSCl:Cl•H2O
	1.9
(1.0)
19.9
	2.3
(1.5)
20.4

	TS5•H2O-1
	3.6
(2.8)
21.6
	4.7
(3.8)
22.6

	CH3SClCH2:HCl•H2O-3
	-10.6
(-10.9)
6.4
	-12.0
(-12.3)
5.0

	TS6•H2O-1
	-10.9
(-11.8)
7.0
	-11.1
(-12.0)
6.8

	CH3SCH2Cl•HCl•H2O-3
	-35.3
(-35.1)
-20.0
	-35.5
(-35.3)
-20.2

	TS4•H2O-2
	20.3
(19.9)
36.8
	20.1
(19.7)
36.5

	DMSCl•H2O:Cl
	3.5
(3.3)
20.5
	2.9
(2.7)
19.9

	TS5•H2O-2
	10.4
(10.0)
27.2
	11.3
(10.9)
28.0

	CH3SCH2Cl•HCl•H2O-4
	-10.8
(-10.9)
6.2
	-12.2
(-12.3)
4.8

	TS6•H2O-2
	-9.5
(-10.2)
8.0
	-9.3
(-10.0)
8.2

	CH3SCH2Cl•HCl•H2O-5
	-35.8
(-35.5)
-21.2
	-36.0
(-35.7)
-21.4

	
	
	

	CH3SCH2Cl + HCl•H2O
	-31.5
(-31.7)
-25.6
	-32.7
(-32.9)
-26.7

	CH3SCH2Cl + HCl + H2O
	-27.6
(-27.3)
-27.3
	-28.8
(-28.4)
-28.5


aThe thermal correction to the enthalpy obtained using the M06-2X/aVTZ method were added to the DLPNO-CCSD(T) single point energy (ZPE is included in the electronic energies). 

As already described, the minimum energy geometries and formation energies (E) relative to their reagents were computed for the van der Waals complexes DMS•H2O, Cl2•H2O and DMS•Cl2 at the UM06-2X/aVTZ and DLPNO-CCSD(T)/CBS//M06-2X/aVTZ levels. Also, the standard free energies (Gf,298K) and equilibrium constants (Keq,298K) were computed for the formation of these complexes. This was done in order to determine the approximate relative concentrations of these complexes under typical tropospheric conditions. The computed E, Gf,298K and Keq values are shown in Table 3, at the two levels  of theory used. The following typical day-time/night-time concentrations of DMS, Cl2 and H2O were assumed, using  values mentioned earlier:-
DMS 120/50ppt  (2.95×109/1.23×109 molecules.cm-3), 
Cl2 5/50ppt (1.23×108/1.23×109 molecules.cm-3) and H2O 7.38×1017/7.38×1017  molecules.cm-3  (8, 12,14-19,31)
With these estimated concentrations and the computed equilibrium constants for complex formation (Table 3), the estimated concentrations of the complexes at 298 K in the troposphere were in the order (Table 4)
(a) DMS•H2O   > (b)Cl2•H2O  >> (c) DMS•Cl2,
with computed day-time/night-time values (in molecules.cm-3, at the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ level ) of 
DMS•H2O = 3.8×105/1.6×105, Cl2•H2O = 9.6×103/9.6×104, DMS•Cl2 =1.3×10-4/5.3×10-4
Clearly, DMS•H2O is the dominant complex under atmospheric conditions with Cl2•H2O  slightly lower and DMS•Cl2 much lower. DMS•H2O  and Cl2•H2O are comparable at night  but Cl2•H2O is an order of magnitude lower than  DMS•H2O   during the day . However, given that the estimated concentrations of DMS•H2O and Cl2•H2O are much lower than the estimated concentrations of DMS, Cl2 and H2O, water will not affect the overall rate coefficient under typical tropospheric conditions.
To demonstrate how these numbers were derived, the day-time DMS•H2O  is taken as an example.
For the reaction
DMS +  H2O     DMS•H2O     -----------(3)
the equilibrium constant, Keq at 298 K, has been  calculated as 4.3×10-3 at the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ level (see Table 3).
Then   Keq =   DMS•H2O/P /((DMS / P) H2O/ P)   ------(4)
                     =  DMS•H2OP /(DMS .H2O)                -------(5)
where P is the standard pressure of 1 atmosphere (2.46x1019 molecues.cm-3).
Using the day-time values for DMS and H2O listed in Table S1 (and quoted earlier in the text), with Keq= 4.3×10-3 gives   DMS•H2O = 3.80×105 molecules.cm-3
Table 3: Computed reaction energy (E, kcal.mol-1) without ZPE correction, reaction free energy (G 298K, kcal.mol-1) and equilibrium constant (Keq) at 298K for formation of (a) DMS•H2O, (b) Cl2•H2O and (c) DMS•Cl2

	
	(a)
	(a)
	(a)
	(b)
	(b)
	(b)
	(c)
	(c)
	(c)

	
	E
	G298K
	Keq
	E
	G 298K
	Keq
	E
	G298K
	

	UM06/2X/aVTZ
	-5.86
	2.54
	1.4 × 10-2
	-1.43
	3.26
	4.1 × 10-3
	-5.98
	2.27
	2.2 × 10-2

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	DLPNO-CCSD(T)/CBS//
M06-2X/aVTZ
	-5.17
	3.22
	4.3 × 10-3
	-1.16
	3.52
	2.6 × 10-3
	-5.44
	2.81
	8.7 × 10-3

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	




Table 4 Estimated Day-time and Night-time concentration ratios of DMS•H2O, Cl2•H2O and DMS•Cl  in the troposphere obtained using the appropriate Keq values in Table 1 and estimated concentrations in Table S2

	
	UM06-2X/aVTZ


Day-Time
	DLPNO-UCCSD(T)/CBS//
UM06-2X/aVTZ

Day-Time
	UM06-2X/aVTZ



Night-Time
	DLPNO-
UCCSD(T)/CBS
//UM06-2X/aVTZ

Night-Time

	DMS•H2O/Cl2•H2O
	0.82×102
	0.39×102
	3.4
	1.58

	DMS•H2O/DMS•Cl2
	3.8×109
	              2.9×109
	3.8×108
	2.9×108

	DMS•Cl2/Cl2•H2O
	    2.1×10-8
	1.3×10-8
	0.86×10-8
	0.58×10-8

	
	
	
	
	




As can be seen from Table 3, for formation of  DMS•H2O, Cl2•H2O and DMS•Cl2 the computed Keq (Gf,298K) values at the highest level (DLPNO-CCSD(T)/CBS) are 4.3×10-3(3.22 kcal.mol-1), 2.6×10-3(3.52 kcal.mol-1) and 8.7×10-3(2.81 kcal.mol-1).   These Keq values need to be larger (i.e. the Gf,298K  values need to be more negative) in order for water to have any effect on the overall observed reaction rate. As described above, given the estimated values of DMS, Cl2 and H2O in the lower troposphere, DMS•H2O and Cl2•H2O are expected to be much larger than DMS•Cl2. In order for the concentrations of DMS•H2O and Cl2•H2O to be comparable with those of DMS and Cl2, the DLPNO-CCSD(T)/CBS Keq values for formation of these two complexes  would have to increase by at least 3 orders of magnitude (Gf,298K  values for these complex formation reactions would have to decrease by ~ 4.2 kcal.mol-1 to ~ -1.0 kcal.mol-1). It is important to note that for these complexation reactions, S is negative and hence –TS makes a positive contribution to G (in G = H - TS). Hence, a drop in temperature with altitude, as occurs in the troposphere up to  ~15km at the tropopause (typically from 298 to 220K) will give rise to more negative values of G. However, it can be seen from equ.(5) that DMS•H2O depends on H2O. Similarly Cl2•H2O depends on H2O. Balloon-borne infrared emission measurements (54) show that water concentrations show a significant decrease with altitude being highest in the first 2km of the atmosphere. At 3km (typical temp. Ttyp= 284K)  the H2O values are approximately half of the 1km (Ttyp = 287K) values and at 5km (Ttyp = 280K) H2O values are an order of magnitude lower than the 1km value.  Hence although the temperature drop with height would favour more negative G values for the complexation reactions (a),(b) and (c) (and hence give larger Keq values and larger complex concentrations), the large decrease of H2O  with height up to the tropopause, particularly in the first 5 km, is more significant and will dominate over the effect of a decrease in temperature, giving much lower complex concentrations at heights greater than 2 km than those  below 2 km.
 As can be seen from Figures 3-5, on including water in the DMS + Cl2 reaction, the energy profiles are changed significantly. For example, for  pathway (i) via the intermediate (CH3)2SCl2 , TS1 (10.1 kcal.mol-1) and TS3 (16.0 kcal.mol-1) are lowered significantly in the presence of water to TS1.H2O (6.1 kcal.mol-1) and TS3.H2O.HCl (-6.7 kcal.mol-1) respectively and there are two routes from TS1.H2O (6.1 kcal.mol-1) via TS3.H2O.HCl (-6.7 kcal.mol-1) and via TS3.HCl.H2O (10.7 kcal.mol-1). The highest barrier in pathway(i) in the lower energy route in the presence of water is TS1.H2O (6.1 kcal.mol-1) compared to the highest barrier in the absence of water at TS1 (10.1 kcal.mol-1).  For pathway (ii) via a cis-CH3SClCH2:HCl intermediate the very high barrier at TS4 without water (25.2 kcal.mol-1) is lowered to TS4.H2O-1 (6.3 kcal.mol-1) , which is the highest barrier for this pathway.  This is comparable in energy to the highest barrier of the lower energy route for pathway (i), via TS1.H2O (6.1 kcal.mol-1). Hence in the presence of water both pathways (i) and (ii) contribute to the overall reaction whereas the absence of water only pathway(i) via the intermediate (CH3)2SCl2 contributes. 

4.0 Conclusions
The present investigation of the DMS + Cl2 reaction at the DLPNO-CCSD(T)/CBS//M06-2X/aVTZ level provides complete energy level diagrams for the reaction pathways which were not present in the earlier, lower-level MP2/aug-cc-pVDZ calculations. Potential energy diagrams computed for this reaction in the absence and presence of one water molecule at this higher level indicate that two pathways are present in both cases; they are (i) formation of the products CH3SCH2Cl+HCl + (H2O) via a covalently bound intermediate (CH3)2SCl2•(H2O) and (ii) formation of the products via a cis-CH3SClCH2:HCl (H2O) intermediate where (H2O) applies to the with-water case. In general, the potential energy diagram is much more complex in the with-water case than in the no-water case and activation energy barriers are significantly reduced. 
Three pathways were considered in the presence of water:-
 DMS + Cl2•H2O,  DMS•H2O + Cl2,  DMS•Cl2 + H2O
It was found that the reaction can proceed via all three pathways. However, as it is expected that DMS•Cl2  will be much lower than DMS•H2O and Cl2•H2O in the atmosphere, reaction via DMS•Cl2 + H2O is likely to be insignificant. Also, as the estimated concentrations of Cl2•H2O,  DMS•H2O ,  and DMS•Cl2  are much lower than those of DMS, H2O and Cl2 in the lower troposphere under typical atmospheric conditions, the effect of water on the overall DMS + Cl2 rate coefficient in the atmosphere is likely to be negligible.
It is expected that in the absence of water pathway (i) will be  dominant whereas in the presence of water both pathways (i) and (ii) will contribute to the overall reaction. 
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