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Abstract

The reaction between molecular bromine and dimethyl sulphide (DMS) has been studied both as a co-condensation reaction in low temperature matrices by infrared (ir) matrix isolation spectroscopy and in the gas phase at low pressures by uv photoelectron spectroscopy (PES). The co-condensation reaction leads to the formation of the molecular van der Waals adduct DMS:Br2. This was identified by ir spectroscopy supported by results of electronic structure calculations. Calculation of the minimum energy structures in important regions of the reaction surface and computed ir spectra of these structures, which could be compared with the experimental spectra, allowed the structure of the adduct (Cs) to be determined. The low pressure (ca. 10-5 mbar) gas phase reaction was studied by uv-PES, but did not yield any observable products, indicating that a third body is necessary for the adduct to be stabilised. These results are compared with parallel co-condensation and gas phase reactions between DMS and Cl2. For this reaction, a similar van der Waals adduct DMS:Cl2 is observed by ir spectroscopy in the co-condensation reactions, but in the gas phase, this adduct converts to a covalently bound structure Me2SCl2 , observed in PES studies, which ultimately decomposes to monochlorodimethylsulphide and HCl. For these DMS + X2 reactions, computed relative energies of minima and transition states on the potential energy surfaces are presented which provide an interpretation for the products observed from the two reactions studied. 
The implications of the results obtained to atmospheric chemistry are discussed.

* author to whom correspondence should be addressed 
Introduction
Dimethyl sulphide CH3SCH3 (DMS) is known to be a major natural source of sulphur in the atmosphere, where it originates from the decay of ocean phytoplankton in the remote marine boundary layer (1,2). Subsequent oxidation of DMS (to SO2) leads to aerosol production and cloud formation and, as a result, DMS plays an important role in climate regulation (1). The main oxidants of DMS are thought to be the OH radical during the day and the NO3 radical at night. However, oxidation of DMS appears to be more rapid than would be expected solely from reaction with these species, and other reactions involving molecular halogens or halogenated reactive species such as Br, Cl or BrO have therefore been proposed (3,4).

It is known that significant concentrations of chlorine may be present in coastal air from algae decomposition or from anthropogenic activities (5), and the reaction between DMS and molecular chlorine has been the subject of several laboratory investigations (6-9). These include studies by infrared matrix isolation spectroscopy (6,7) and u.v.-PES. (8,9). In the PES work (8,9), it was found that the DMS + Cl2 reaction proceeds through the formation of a covalent reaction intermediate ((CH3)2SCl2), in which sulphur is four-coordinate, which decomposes into the final products, monochlorodimethylsulphide (CH3SCH2Cl) and hydrogen chloride (HCl). In the presence of sunlight, CH3SCH2Cl will be photolysed to yield CH3S and CH2Cl. CH3S can undergo oxidation to CH3SO2 via reaction with O2, or O3. Then CH3SO2 is known to decompose to yield SO2 and CH3 (8).The reaction between DMS and Cl2 may therefore provide a mechanism for increasing SO2 production and may explain the discrepancy between the expected SO2 production from known DMS decay routes and the higher observed SO2 production during the day.
The importance of bromine in the chemistry of the atmosphere arises primarily from its effect on ozone in the stratosphere, as bromine atoms are much more effective in destroying ozone than chlorine atoms (10-14). The direct release of gas-phase molecular bromine into the Earth’s atmosphere from natural sources is supported by several laboratory studies (15). In particular, Hirokawa et al. (16) have demonstrated, in a series of experiments using mass spectrometry as the detection method,  that finely divided NaBr salt in the presence of moist ozone is a source of Br2. Also, in a series of field experiments in North America, it has been shown that acidic aerosol solutions containing HOCl, HOBr, Cl( and Br(, can act as sources of Cl2, BrCl and Br2 which are released to the atmosphere (17). In related work, frozen acidified sea salt solutions containing halide and nitrite ions have also been identified as atmospheric sources of ICl, IBr and I2 (18), and N2O5 interacting with wet sodium chloride aerosols has been observed to produce nitryl chloride (ClNO2) in high yields (19,20) which will  subsequently be photolysed in the atmosphere to yield chlorine atoms.
The condensed phase reaction between dimethyl sulphide and molecular bromine has been studied previously by Raman spectroscopy (21,22) and X-ray diffraction (23). The 1:1 reaction yields an orange-yellow solid with a well-defined structure which may be described as a charge-transfer adduct, and it has been reported that this material is volatile. However, the DMS + Br2 reaction does not appear to have been studied in an inert gas matrix or in the gas-phase. 

In this present work DMS + Br2  was studied as a co-condensation reaction by matrix isolation ir spectroscopy and directly in the gas phase by u.v.-PES. Supporting experiments were performed on the vapour species above the orange-yellow 1:1 adduct, and ab initio molecular orbital calculations were carried out on likely reaction products as well as important regions of the reaction surface. The aim was to determine the reaction products, and if possible, identify reaction intermediates, and make a comparison with results obtained on parallel studies of the DMS + Cl2 reaction.

Experimental 
The samples of Cl2, Br2 and DMS used in this work were of >99% stated purity and were used without further purification. The orange-yellow 1:1 DMS:Br2 adduct was prepared using standard vacuum line procedures. In a typical synthesis, DMS and bromine, with DMS slightly in excess (typically no more than 10% excess), were successively condensed into a tap ampoule at 77 K, and the mixture slowly warmed to room temperature. The resulting reaction yielded an orange-yellow solid on the walls of the ampoule, and the excess DMS was then removed by pumping.  The solid product was characterised in situ by Raman spectroscopy using a Perkin Elmer 2000 Series FT-Raman Spectrometer equipped with 1064 nm excitation from a Nd:YAG laser. The spectra obtained were in excellent agreement with the results reported by Askew et al.(22) for the 1:1 DMS + Br2 adduct. Attempts were also made to characterise this product as a molecular entity in the gas phase using mass spectrometry with electron impact ionization, but these experiments resulted in the detection of only parent and fragment ions of DMS and Br2.
U.v.-photoelectron spectroscopy experiments were carried out using a 10 cm mean radius hemispherical analyser designed for the study of short-lived molecules. A HeI (21.22 eV) photon source was used in these experiments. The experimental resolution was typically 25 meV (200 cm-1). The inlet system used for these DMS + Br2 reactions was similar to that used previously (8,9) in gas-phase PES experiments on the DMS + Cl2 reaction. In this inlet system, the inner tube is movable with respect to the outer tube; in this way DMS and bromine, diluted with an inert gas, were introduced into the inlet system via the inner and outer parts of the inlet tube. The inner tube could be moved, in order to change the reaction distance (reaction time) from the photoionization region. The flows of DMS and Br2 were monitored and controlled independently, and could be varied over a significant range of DMS:Br2 ratios.

For the matrix isolation infrared spectroscopy experiments, a cryostat equipped with a CsI deposition window was used (24). The inlet system was of the same type as used in the PES experiments. Both nitrogen and argon (purities > 99.99%) were used as matrix gases, and cryogenic cooling was provided by an Air Products CSW-202 water cooled Displex closed cycle unit. In a typical co-condensation experiment, Br2 or Cl2 vapour, diluted by a factor of x10 with argon or nitrogen was allowed to mix with DMS vapour in a region ca. 10 cm from the cold (12K) deposition window. This flux was then co-condensed together with more matrix gas (ca x 100) onto the cold window. IR spectra were recorded in the wavenumber range 4000 to 180 cm-1 using a Perkin Elmer 983G infrared spectrometer interfaced to a data station to allow manipulation and storage of experimental data. The experimental resolution was typically 2 cm-1.
Ab initio Calculations

Electronic structure calculations were performed using the GAUSSIAN03 programme (25) to compute the minimum energy geometries and infrared spectra of the reactants, reaction intermediates and reaction products. These calculations were carried out at the MP2 level (26), using cc-pVDZ basis sets (27) for all atoms, except for bromine for which an aug-cc-pVDZ basis set was used (28). All optimized structures gave real frequencies except for the transition states which have one imaginary frequency.
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Figure 1   (a) Experimental spectrum of DMS in a nitrogen matrix  (b) Calculated for DMS at the MP2 level; the feature labelled with a  “*”  is due to water

Results 
Initially, it was necessary to determine the infrared (ir) absorption positions and relative band intensities of DMS in the two matrix gases used (argon and nitrogen), and obtain pure PE spectra for DMS and Br2 in the gas-phase. It was also necessary to compute the minimum energy geometry of DMS and its infrared spectrum so that a comparison could be made with the known equilibrium geometry and the experimental matrix isolation infrared spectra. This indicates the approximate level of agreement to be expected between computed and experimental ir spectra for possible reaction intermediates and reaction products derived from DMS. 

 (i) Matrix isolation infrared studies and ab initio calculations on DMS

Figure 1(a) shows part (200 – 2000 cm-1) of a typical ir spectrum obtained from DMS in a nitrogen matrix. The band positions are very similar to those previously reported by Nxumalo and Ford also in a nitrogen matrix (29), and are summarised in Table 1. Figure 1(b) shows the corresponding calculated spectrum, with the wavenumber values and relative intensities also listed in Table 1. The agreement is very satisfactory regarding both band position and relative ir intensity. The only DMS features observed outside this region were (weak) C-H stretching modes at 2837, 2868, 2923, 2972, 2992 cm-1 in a nitrogen matrix and 2836, 2863, 2923, 2968, 2994 cm-1 in an argon matrix. The three most intense bands (2868, 2972, 2992 cm-1  in nitrogen and 2863, 2968, and 2994 cm-1 in argon) have calculated counterparts at 3077, 3175 and 3201 cm-1 at the MP2 level of theory. 

Comparison of Figures 1(a) and 1(b), as well as the results listed in Table 1, shows that the computed spectra reproduce the experimental ir positions and relative intensities well. The computed wavenumber values are however higher than the experimental values because of only partial allowance for electron correlation in the calculations and because computed harmonic wavenumber values (not fundamental values) have been compared with experimental absorption bands positions. Very similar agreement has been obtained by Nxumalo and Ford (29) between experimental matrix isolation ir spectra, recorded in argon and nitrogen matrices, and ab initio computed spectra.
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Figure 2  
Experimental DMS + Br2 in a nitrogen matrix  (a) in the 200-3200 cm-1 region, (b) in the 1000-1350 cm-1 region; the two features labelled with a “*” , in order of increasing wavenumber, are due to water and carbon dioxide.
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Figure 3

 (a) DMS + Br2 spectra for which bands of unreacted DMS have been subtracted to leave a spectrum of the pure adduct (see text) (b) Calculated for van der Waals structure DMS:Br2 at the MP2 level, (c) Calculated for covalent structure Me2SBr2 at the MP2 level.
Table 1

Experimental and calculated ir wavenumber values for DMS and the DMS/Br2 system*
	DMS
	DMS
	DMS 
	DMS
	
	Me2SBr2
	Me2SBr2
	Me2S:Br2

van der Waals complex
	Me2SBr2

covalent 

complex

	N2 matrix
	Ar matrix 
	N2 matrix 
Ref.(29)
	   calc.

  MP2 level

(intensity:

km. mol-1)


	
	N2 matrix
	Ar matrix
	  calc.

  MP2 

  level

(intensity:

km. mol-1)


	   calc.

 MP2 level

(intensity:

 km. mol-1)



	
	
	
	
	
	204 (s)
	204 (s)
	205 (70)
	 264 (139)

	
	
	
	
	
	
	
	232 (32)
	 345 (235)

	694 (m)
	694 (m)
	695
	726 (3)
	
	694 (w)
	694 (w)
	715 (4)
	

	977 (s)
	974 (s)
	978
	998 (5)
	
	977 (m)
	977 (m)
	927 (1)
	 941 (2)

	1032 (s)
	1031 (s)
	1033
	1053 (10)
	
	
	
	999 (16)
	 996 (12)

	
	
	
	
	
	1040 (m)
	1037 (m)
	1058 (16)
	 1063 (6)

	1313(m)
	1310(m)
	1313
	1340(9)
	
	
	
	1337 (3)
	

	1432 (s)
	1432 (s)
	1433
	1369 (1)
	
	1332 (m)
	1331 (m)
	1362 (31)
	 1340 (7)

	1441 (s)
	1438 (s)
	1442
	1471 (17)
	
	1431 (s)
	1431 (s)
	1464 (19)
	 1442 (4)

	1447 (s)
	1446 (s)
	1449
	1478 (18)
	
	1440 (s)
	1438 (s)
	1467 (23)
	 1459 (23)

	2837 (m)
	2836 (m)
	-
	
	
	2836 (w)
	2838 (w)
	1474 (10)
	

	2868 (m)
	2863 (m)
	2862
	3076 (40)
	
	2869 (w)
	2858 (w)
	
	

	2923 (w)
	2923 (w)
	2927
	3077 (39)
	
	2923 (s)
	2923 (s)
	3085 (23)
	 3105 (1)

	2972 (s)
	2968 (s)
	2975
	3175 (30)
	
	2974 (m)
	2970 (m)
	3200 (1)
	 3239 (3)

	2992 (s)
	2994 (s)
	2995
	3201 (12)
	
	2990 (m)
	2996 (m)
	3217 (1)
	 3252 (2)


* The assignment of the symmetry and approximate description of the normal modes of DMS are given in Ref.(29). In brief, the absorptions in the regions 2800-3100, 1300-1500 and 1110-900 cm-1 correspond to C-H stretching modes, CH3 bending modes, and CH3 rocking modes respectively. The absorption in the region 690 cm-1 corresponds to a C-S-C stretching vibration.
For the Me2SBr2 and Me2SCl2 van der Waals complexes, the same assignments apply to the vibrations mainly associated with the DMS unit in the complex. The normal modes associated with vibrations at approximately 1331 and 1040 cm-1 are C-H bending modes while the lower frequency vibrations below 700 cm-1 can be assigned to stretching modes between the sulphur and the halogen atoms. Similar assignments can be made for the Me2SCl2 covalent complex with the most intense absorptions, below 400 cm-1, being associated with Cl-S-Cl vibrations (9).
(ii) IR spectra obtained from DMS + Br2 and DMS + Cl2 co-condensation reactions
           DMS + Br2
Figure 2(a) shows a typical spectrum obtained from a DMS + Br2 co-condensation experiment in a nitrogen matrix. Comparison with Figure 1(a) shows that several of the absorptions are virtually coincident with those in the parent DMS, but characteristic new bands associated with a possible reaction product were observed at 204, 1040 and 1332 cm-1 (see Figure 2(b)). In an argon matrix, these new features had counterparts at 204, 1037 and 1331 cm-1. 

In matrix experiments where DMS was present in slight excess (typically no more than 10% in excess), the 1300-1350 cm-1 region showed separate bands arising from the adduct (e.g. 1332 cm-1) and unreacted DMS (e.g. 1313 cm-1). These were easily resolved, and this allowed an estimate to be made, via spectral subtraction, of the relative contributions made by DMS and the adduct to the intensity of any overlapping bands. This procedure thus allowed an ir spectrum of the “pure” adduct to be obtained, as shown in Figure 3 (a).

Figures 3(b) and 3(c) show computed infrared spectra obtained at the MP2 level for the van der Waals and covalent structures of DMS:Br2 respectively (see later).

DMS + Cl2

The DMS + Cl2 reaction was studied in this work in order to make a comparison with the results obtained for the DMS + Br2 reaction (see Figure 4). It was proposed to study DMS + Cl2 with matrix isolation ir spectroscopy as this reaction had already been studied in the gas-phase with PES by our research group (8,9). When DMS and Cl2 are co-condensed in a nitrogen matrix, a number of  bands were observed which are coincident with those of the parent DMS. However, as well as these features, characteristic bands associated with a reaction intermediate were observed at 1332, 1040, 323 and 287 cm-1. In an argon matrix these were seen at 1331, 1035, 340 and 284 cm-1 (see Table 2).  No band was seen at 525 cm-1 as observed in the matrix isolation study of Orville-Thomas et al .(7). However, the results obtained are similar to those obtained by Machara and Ault (6) who observed bands at 1331, 1035 (both sharp) and 360 cm-1 (broad and intense) in an argon matrix. Also, separate matrix ir experiments on monochlorodimethylsulphide (MClDMS) in a nitrogen matrix (30) showed that these bands were clearly different from those of MClDMS.  
  [image: image4.emf]       
Figure 4 
(a) Experimental DMS + Cl2 in a nitrogen matrix using standard inlet system (see text)       (b) Experimental DMS + Cl2 in a nitrogen matrix using a modified inlet system (see text) Calculated spectra at the MP2 level of  (c) the van der Waals structure and (d) the covalent structure; the features labelled with a “*” are due to water.
Computed relative energies of minima and transition states for the DMS + X2 reactions.
In general, for both reactions, the ab initio calculations carried out at the MP2 level revealed minima on the potential energy surface for the reagents, a reagent-like complex DMS:X2 (which is termed a van der Waals structure in this work), a covalent structure Me2SX2, a product-like complex MXDMS:HX and the products MXDMS + HX (where MXDMS = monohaloDMS). For the DMS + Br2 reaction, the computed structures of the covalent and van der Waals complexes are shown in Figures 5(a) and 5(b) respectively. The corresponding DMS:Cl2 structures are very similar. For both the DMS + Br2 and DMS + Cl2 reactions the computed relative energies of the minima and the transition states that connect them are shown in Figure 6. 
For the bromine reaction, the infrared spectra computed for MBrDMS and the product-like complex MBrDMS:HBr showed poor agreement with the spectrum shown in Figure 3(a) indicating  that it might be associated either with the reagent-type complex DMS:Br2 - a “van der Waals-type” structure in which a Br2 molecule is coordinated end-on to the S atom, as indicated in Figure 5(b)  - or with a “covalent” structure Me2SBr2, which contains a central S atom covalently bound to two Br atoms and two methyl groups, as in Figure 5(a). Both structural types have previously been proposed in related studies. The covalent structure is typified by the Me2SCl2  intermediate proposed by Dyke et al.(8,9) from PES studies on the DMS + Cl2 reaction, whilst end-on bonding has been proposed by Orville-Thomas et al.(7) in the cases of the molecular adducts H2S:Cl2 and H2S:Br2 studied in nitrogen and argon matrices by infrared spectroscopy. This latter end-on bonded structure is also found in the solid phase for the 1:1 DMS:Br2 adduct (22).
The experimental infrared spectrum obtained for the DMS + Br2 reaction (Figure 3(a)) can be compared with the computed infrared spectra for the van der Waals structure DMS:Br2 (Figure 3(b)) and the covalent structure Me2SBr2 (Figure 3(c)). This shows that the experimental spectrum is in better agreement with the computed spectrum of the van der Waals structure than the covalent structure. This can be seen in Figures 3 (a), (b) and (c), notably in the 900-1500 cm-1 region, where the experimental band positions and relative intensities (Figure 3(a)) are reproduced quite well in Figure 3(b) (the computed ir spectrum of the van der Waals structure) but not in Figure 3(c) (the computed ir spectrum of the covalent structure). The experimental DMS + Br2 product band positions, and the calculated positions and relative intensities for the DMS:Br2 structures are included in Table 1. The ab initio calculations indicate that the 1332 and 1040 cm-1 absorptions are due to CH3 deformation and rocking modes respectively, and the 204 cm-1 absorption is due to a Br-Br---S stretching mode in the DMS:Br2 van der Waals complex .
Figure 4(a) and 4(b) show the experimental infrared spectra obtained for the DMS + Cl2 reaction. Figures 4(c) and 4(d) show the infrared spectra calculated for the van der Waals DMS:Cl2 adduct and for the covalently bonded Me2SCl2 respectively. Comparison of Figures 4(a) and 4(b) with Figures 4 (c) and 4(d) again shows that the computed spectrum of the van der Waals structure (Figure 4(c)) reproduces the experimental band positions and relative intensities much better than the computed spectrum of the covalent structure (Figure 4(d)), particularly in the 900-1700 cm-1 region. The experimental DMS + Cl2 product band positions, and the calculated positions and relative intensities of the infrared absorptions for the DMS:Cl2 van der Waals and covalent structures are listed in Table 2.

Figures 6(a) and 6(b) summarise the relative energies of the minima and transition states in the DMS + Br2 and DMS + Cl2 reactions respectively. The relative energy values shown in Figure 6(b) for the DMS + Cl2 reaction are very similar to those quoted in our earlier work (9). The small differences may be attributed to slightly different basis sets and methods used in the two studies. Comparison of Figures 6(a) and 6(b) shows that the overall reaction is more exothermic for DMS + Cl2, and that the barrier separating the DMS:X2 van der Waals structure from the Me2SX2 covalent structure is significantly greater in the Br2 case than for the Cl2 case (TS1 is 18.7 kcal.mol-1 above the reagents in the Br2 case compared to 6.0 kcal.mol-1 in the Cl2 case). It appears that in the DMS + Br2 reaction, the DMS:Br2 van der Waals structure (Figure 5(b)) is formed from the reagents, but the barrier to conversion to the covalent structure (Figure 5(a)) is too high. Hence the reaction effectively stops with the formation of the van der Waals adduct. 

Table 2

Experimental and calculated ir wavenumber values for the DMS/Cl2 system
	Me2S:Cl2
	Me2S:Cl2
	Me2S:Cl2
van der Waals complex
	Me2SCl2
covalent complex

	N2 matrix
	Ar matrix
	     calc.

   MP2 level

   (intensity:

 km. mol-1)


	     calc.

   MP2 level

   (intensity:

km. mol-1)



	234 (m)
	253 (m)
	211 (111)
	

	287 (s)
	284 (s)
	273 (4)
	321(165)

	323 (m)
	340 (m)
	323 (188)
	362(365)

	694 (w)
	694 (w)
	717 (3)
	

	978 (m)
	978 (m)
	928 (1)
	946(2)

	
	
	997 (11)
	 1004(29)

	1040 (m)
	1035 (m)
	1058 (15)
	    1065(6)

	
	
	1337 (3)
	

	1332 (m)
	1331 (m)
	1362 (29)
	1350(6)

	1431 (s)
	1431 (s)
	1463 (16)
	1442(5)

	1441 (s)
	1438 (s)
	1468 (22)
	1459(17)

	
	
	1469(21)
	1462(16)

	2839 (w)
	2838 (w)
	 
	

	2852 (w)
	2857 (w)
	
	

	2923 (s)
	2918 (s)
	3086 (23)
	

	2974 (m)
	2967 (m)
	3201 (1)
	3241(3)

	2990 (m)
	2994 (m)
	3218 (1)
	3258(3)
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Figure 5  

Computed DMS:Br2 structures at the MP2 level for (a) the covalent structure and (b) the van der Waals structure
(iii) Studies on the vaporisation of the solid DMS:Br2 adduct

The orange-yellow solid formed when DMS and Br2 react together was found to be volatile at room temperature. The vapour above the solid was investigated using matrix isolation ir spectroscopy, and also using PES and electron impact molecular beam mass spectrometry.  In each of these studies the vapour species in equilibrium with the adduct was admitted at room temperature via a needle valve into the appropriate vacuum system. In the matrix isolation studies, this vapour flux was co-condensed with a large excess of matrix gas (ca x1000), and ir spectra were obtained as described previously. The results were essentially indistinguishable from those obtained from the DMS + Br2 matrix co-condensations, and typically showed prominent characteristic features of the adduct (e.g. at 1332 cm-1), together with occasional weak features arising from DMS itself (e.g. at 1313 cm-1).  In contrast, attempts to observe the DMS:Br2 adduct directly in the gas phase by u.v.PES or by mass spectrometry failed to show any evidence for the molecular adduct. Despite the observation that the orange-yellow solid can be distilled from trap to trap during routine vacuum line manipulations, only signals arising from DMS and molecular Br2 were observed in these experiments. It would seem that under the low pressure conditions (< 10-5 mbar) pertaining in the ionization region for these techniques, complete dissociation of the complex into the parent molecules takes place.
The matrix, however, offers a way of stabilising the DMS:Br2 adduct during the condensation process. Although the ambient pressure during deposition is recorded as being no higher than ca. 10-5 mbar, this does not reflect the partial pressure of molecules close to the condensing surface, and the presence of a third body (the matrix gas molecules) may play a significant role in stabilising the adduct. 

The structure of the Me2SBr2 unit in the crystal, determined by X-ray diffraction (23), compares favourably with that computed for the van der Waals complex in this work (see Table 3) with small differences in bond lengths and angles probably associated with interactions in the crystal. Most notable is the change in relative bond lengths of the S-Br(1) and Br-Br bonds with the S-Br(1) being longer than the Br-Br bond in the van der Waals complex but shorter than the Br-Br bond in the crystal.  
Table 3

Structural Parameters obtained for Me2SBr2 from the crystal structures obtained by high resolution X-ray powder diffraction in ref.(23) and computed for the van der Waals molecular complex Me2SBr2 in this work using calculations at the MP2 level*.

	
	Powder X-ray Diffraction

Ref.(23)
	Computed for the van der Waals complex;

this work

	Bond Lengths ( Å )
	
	

	 C(1) - S
	   1.778
	  1.815

	 C(2)- S
	   1.862
	  1.815

	 S – Br(1)
	   2.329
	  2.724

	 Br(1)– Br(2)
	   2.705
	  2.436

	
	
	

	Angles (deg.) 
	
	

	    C(1) – S – C(2)
	   101.5
	   99.06

	    C(1) – S – Br(1)
	    97.2
	   95.4

	    C(2) – S – Br(1)
	    95.8
	   95.4  

	    S – Br(1) – Br(2)
	   176.1   
	   175.1


* see Figure 5 for atom numbering used
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Figure 6     

Relative energy diagrams calculated at the MP2 level for (a) DMS + Br2 and (b) DMS + Cl2.
Discussions and Conclusions
These results show that when DMS and Br2 interact, a 1:1 van der Waals adduct is formed in which the Br2 unit is bonded end-on to the sulphur atom of DMS. Under the low pressure conditions used in the PES experiments, the reagents appear to move apart after one collision , but under matrix isolation conditions, the complex formed on collision is stabilised, and can be observed in the matrix by infrared spectroscopy. Ab initio molecular orbital calculations show that the features found in the experimental infrared spectra can be associated with a van der Waals molecular complex with a Cs structure with a Br2 unit bonded via one bromine atom to the S atom of DMS (Figure 5(b)). Attempts to observe this molecule directly in the vapour phase by PES and mass spectrometry proved unsuccessful, probably because the pressures used were too low and at these pressures a third body is necessary to stabilize the complex. Why the reaction does not proceed further to form a covalent complex, Me2SBr2, and ultimately the thermodynamically favoured products CH3SCH2Br and HBr, is rationalised by comparing relevant parts of the computed potential energy surfaces for the Me2S + Cl2 and Me2S + Br2 reactions (see Figure 6). In particular, the potential energy barrier between DMS:X2 and Me2SX2 is significantly higher for X=Br compared with X=Cl.

For DMS + Cl2, the activation energy to form the covalent structure Me2SCl2 (TS1 in Figure 6; computed as 6.0 kcal.mol-1 at the MP2 level in this work, and 4.5 kcal.mol-1 at the MP2/aug-cc-pVDZ level followed by fixed point calculations at the CCSD(T)) level in reference (9)) is low and the reaction can proceed in the gas phase to form Me2SCl2 which then passes over another barrier  (TS2 computed as 2.9 kcal.mol-1 at the MP2 level in this work ; 2.75 kcal.mol-1 in ref.(9)) to give the products MClDMS + HCl. Both the covalent intermediate Me2SCl2 and the products MClDMDS + HCl, are observed in the gas-phase PES experiments whereas the van der Waals structure DMS:Cl2 is observed in this work in the ir matrix isolation experiments (see Figure 4).

In the DMS + Br2 case, the barrier to form the covalent intermediate Me2SBr2 is much higher (computed in this work as 18.7 kcal.mol-1 at the MP2 level) and there is not enough internal energy in the reaction to pass over the barrier. The reagents are trapped in the DMS:Br2 van der Waals minimum which is stabilised in an inert gas matrix or on the walls of a vacuum system, and hence can be observed in the ir matrix isolation experiments or in the solid state by Raman spectroscopy. In the gas phase experiments, which are performed at low pressure ( (10-5 mbar; time between collisions at 10-5 mbar is (10-2 sec), the reagents approach, collide and move apart. Hence no evidence of complex formation is  seen in the PES or mass spectrometry experiments.

The previous matrix isolation studies of Machara and Ault (6), following a similar procedure to the work described here, report a new broad product band at 360 cm-1 as well as two sharper product bands at 1035 and 1331 cm-1: frequencies which are very similar to those found here in our DMS/Cl2 co-condensation experiments. No definite structure was proposed for this DMS/Cl2 adduct in reference (6), but the similarity between the two sets of matrix results suggests that a van der Waals end-on adduct was formed. Orville-Thomas et al.(7) report observation of a band at 525 cm-1 when DMS and Cl2 are co-condensed in an argon matrix, but no other information is given in this work concerning the rest of the infrared spectrum. From Figure 4(c), which shows the infrared spectrum computed at the MP2 level for the van der Waals structure Me2S:Cl2, the most intense band of the van der Waals complex Me2S:Cl2 is expected at 323 cm-1, whereas the most intense band of the covalent complex Me2SCl2 is expected at 
363 cm-1 (Figure 4(d)). Also, after comparison of the band positions and relative intensities of bands in the region 900-1500 cm-1 in Figure 4, it seems likely that the results obtained by Machara and Ault (6) and in the infrared matrix isolation studies of this present work are consistent with the van der Waals structure. The observation of a band at 525 cm-1 by Orville-Thomas et al. (7) is more difficult to explain.  
In an attempt to obtain evidence for the covalent complex Me2SCl2 in a matrix as well as to attempt to observe the 525 cm-1 band seen by Orville-Thomas et al.(7), a few additional experiments were carried out using a modified inlet system comprising two separate glass tubes next to each other with each inlet used for one reagent diluted in the matrix gas. Reaction now took place at the exits of the tubes very close to the cold CsI window (ca. 5 cm away). Using nitrogen as the matrix gas, the resulting spectra showed bands associated with the van der Waals intermediate together with an additional (broad) band at 480 cm-1. A typical spectrum obtained from this inlet system is shown in Figure 4(b). In an argon matrix, the broad band was observed at 500 cm-1, clearly different from the 525 cm-1 band of Orville-Thomas et al.(7). It was concluded that the band observed by Orville-Thomas et al.(7) at 525 cm-1 was not observed in this work and could not be firmly assigned. Also, comparison of the spectrum obtained in the 900-1500 cm-1 region (Figure 4(b)) with that obtained on mixing the reagents further from the cold window (Figure 4(a)) showed no significant differences. Also, these spectra agreed well with the computed spectrum for the van der Waals complex in this region (Figure 4(c)) but showed poorer agreement with the spectrum computed for the covalent complex (notably with respect to the intensity of the bands in the 900-1000 cm-1 region relative to bands in the 1300-1500 cm-1 region). This evidence suggests that the covalent Me2SCl2 has not been observed in these ir matrix isolation experiments and that the observed spectra can be assigned to the Me2S:Cl2 van der Waals complex. 
Possible isotopic effects: 

The existence of two naturally occurring isotopes for both Br (79Br, 51%; 81Br,49%) and Cl (35Cl,75%; 37Cl,25%) in principle provides a means by which both the identity of these DMS:X2 adducts might be further confirmed experimentally, and in particular, be distinguished from the covalently-bound Me2SX2 molecules. For the latter species, both S-X stretching modes should appear as triplets under high resolution, whilst for the van der Waals adducts, optimum resolution should reveal quartets: the difference in the number of components arising as a result of the inequivalence of the halogen atoms in the DMS:X2 adducts.

However, a consideration of the S-79Br to S-81Br frequency shift predicted just for the simple diatomic unit S-Br indicates that for the DMS:Br2 adduct, Br isotope effects are likely to remain unresolved. For the diatomic unit, the predicted shift (31) is only ca. 0.7 cm-1 at 200 cm-1, and the spectrum would therefore appear as an unresolved (equal) doublet under our experimental conditions. For the adduct, in which there will be four distinct isotopomers, which may be denoted Me2S-79Br-79Br, Me2S-79Br-81Br, Me2S-81Br-79Br and Me2S-81Br-81Br, there are two stretching modes associated with the S-Br-Br unit, and if the parent (S79Br79Br) modes are located at, for example 204.00 cm-1 (as assigned) and 310.00 cm-1, it can be shown (31) that the lower frequency mode should appear as a quartet with equal intensity components at 204.00, 203.2, 203.99 and 203.17 cm-1, whilst the 310.00 feature would be accompanied by three other equally intense components at 309.00, 307.76 and 306.76 cm-1. These calculations pertain to the linear S-Br-Br unit, and therefore assume no coupling with the Me2S moiety in the adduct. If, as must be the case, there will be at least some coupling with the (totally symmetric) C-S-C bend, then the isotope splittings on the S-Br and Br-Br modes will inevitably be even smaller. For the covalent model, Br isotope effects on the S-Br modes may similarly be shown to be very small.

In the case of the DMS:Cl2 adduct, the predicted chlorine isotope splittings are larger, but the natural abundance ratio of 3:1 (35Cl:37Cl) now produces quartets in which the intensity ratios are 9:3:3:1, thus reducing the appearance of any mode involving the S-Cl-Cl unit to one strong component with weaker shoulders. Similar force field calculations (31) predict that a mode at 260.00 cm-1 would, under high resolution, consist of four components at 260.00, 259.73, 257.63 and 257.41 cm-1.

From an experimental viewpoint, the intense adduct bands observed below 300 cm-1 were typically ca 5 cm-1 broad for both systems. This could possibly be the result of unresolved isotope splitting, but is more likely to arise from the “mixed matrix” environment in which the adducts are trapped. Mixed matrices offer a range of possibilities for trapping sites, and often result in band broadening.

Relevance to atmospheric chemistry
Finally, it is valuable to consider the implications of the results of this work to atmospheric chemistry. Although the electronic absorption spectrum of DMS:Br2 in the ultraviolet-visible region has not been recorded, it is clear from its colour that it will absorb in the visible region. The related adducts DMS:I2 and Et2S:I2, which are dark red in colour, are known to show a broad band in the visible and a stronger, broad charge-transfer band in the ultraviolet region (at band maxima of 520 and 280 nm for DMS:I2 and 520 and 290 nm for Et2S:I2) (32-35), where the charge transfer transition corresponds to a R2S to molecular halogen transition. DMS:Br2 is expected to show similar absorption bands with band maxima at slightly lower wavelengths. As DMS:Br2 may be stabilised in atmospheric environments on solid surfaces such as the surface of ice or aerosols, this could be a reservoir of molecular bromine in the atmosphere. Then when the host environment is warmed Br2 and DMS will be released. Also, more significantly, on exposure to sunlight a stabilised DMS:Br2 adduct will be electronically excited and the charge-transfer transition will give rise to weakening of the Br-Br bond. This in turn may lead to bromine atom production and Br atom release into the atmosphere via a new reaction channel. This could be an extra source of bromine atoms in the atmosphere which could contribute to ozone depletion (36). Clearly more work needs to be carried out on the electronic absorption spectrum of DMS:Br2 and the properties of its low-lying excited states to investigate this suggestion.  

In summary, for the DMS + X2 reactions studied (where X2 = Cl2 or Br2), a similar van der Waals adduct DMS:X2 is observed in each case by ir spectroscopy in nitrogen and argon matrices when the adduct is prepared via co-condensation reactions. In the gas-phase, the DMS + Cl2 reaction can proceed further to form first a covalent complex Me2SCl2 and then the final products, CH3SCH2Cl + HCl. In contrast, for the DMS + Br2 reaction, the reagents do not have sufficient internal energy to surmount the barrier that leads to the covalent complex and then the products. In the gas-phase at low pressures, the reagents approach, collide and move apart. A third body, for example the walls of a vacuum system or the inert gas matrix used in this work, is needed to stabilise the DMS:Br2 complex. The DMS:Br2 complex can be observed by spectroscopic methods when stabilised in this way.
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