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ABSTRACT 

Abstract 

This thesis investigates the chemical processes associated with reactions of 

diiodomethane (CH2I2/ O2) and dimethyl sulfide (CH3SCH3, DMS) to produce stable 

and unstable species. The experiments conducted in this project are designed to simulate 

atmospheric oxidation reactions which occur in the Earth’s troposphere. An electrical 

discharge is employed to generate the methylene (CH2), carbonyl oxide or Criegee 

intermediate (CH2OO), and methylthio (CH3S) radicals which are isolated in argon 

matrices and probed with IR spectroscopy. Finally, methanesulfenic acid (CH3SOH, 

MSEA) and dimethyl sulfide-water complex (DMS-H2O) are detected in argon 

matrices. 

The CH2 Radical 

The methylene (CH2) radical is observed in an argon matrix at 10 K by recording 

the infrared (IR) spectra of (CH2I2/Ar) mixtures after being subjected to an electrical 

discharge. Absorption bands at 3150.8 cm-1, 3037.9 cm-1, and 963.0 cm-1 are assigned to 

the CH2 asymmetric stretching 𝑣3, CH2 symmetric stretching 𝑣1, and CH2 bending 𝑣2 

modes of the CH2 radical, respectively.  

These assignments are supported by C-13, H-2 isotopic substitutions to measure 

the isotope shifts in the IR region. The variations between our results and computed 

values of the C-13 isotopic shifts for the 13CH2 radical are less than 3.4 cm-1. The 

variations between our results and predicted values of the H-2 isotopic shifts for the CD2 

radical are less than 29.9 cm-1. Given this good agreement with theory, we conclude that 

the observed bands at 3150.8 cm-1, 3037.9 cm-1, and 963.0 cm-1 are vibrations of the 

CH2 radical. 
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The CH2OO Radical 

The CH2OO radical has been isolated in Ar matrices at 10 K and identified by 

recording its infrared (IR) spectra. The CH2OO radical was generated by applying 

electrical discharge to a CH2I2 in Ar mixture, producing the CH2I radical followed by 

reaction with O2. Absorption bands at 1422 cm-1, 1267 cm-1, 1202.4 cm-1, 918.6 cm-1, 

and 850.2 cm-1 are assigned to the CH2 scissoring/ CO stretching (𝑣3), CO stretching/ 

CH2 scissoring (𝑣4), CH2 rocking (𝑣5), OO stretching (𝑣6), and CH2 wagging (𝑣8) 

vibrations, respectively. These assignments are confirmed by the O-18, C-13, H-2 

isotopic labelling shifts and UV photo-bleaching (365 nm).   

The CH3S Radical 

The CH3S radical is identified in an argon matrix at 10 K by IR analysis. The 

CH3S radical is generated in an electrical discharge of gaseous DMS in Ar mixtures. 

Absorption bands at 2936.9 cm-1, 2905.1 cm-1, 2821.5 cm-1, 1466 cm-1, 1345.4 cm-1, and 

721.4 cm-1 were observed and assigned to the CH3 asymmetric stretching 𝑣4(e), CH3 

asymmetric stretching  𝑣 4(a1), CH3 symmetric stretching 𝑣 1, HCH asymmetric 

deformation 𝑣 5(e), CH3 umbrella motion ( 𝑣 2), and CS stretching ( 𝑣 3) modes, 

respectively.  

The DMS-H2O complex 

The mixture of dimethyl sulfide (CH3SCH3, DMS) and water is condensed in Ar 

matrices at 10 K to produce DMS-water complex. Infrared absorption bands at 3701.5 

cm-1, 3496.6 cm-1, and 1598.9 cm-1 are assigned to the OH asymmetric stretching (𝑣3), 

OH symmetric stretching (𝑣1), and HOH bending (𝑣2) modes of the DMS-H2O complex, 

respectively. These results are confirmed by experiments with O-18, and H-2 substituted 

water to measure the isotopic shifts at 3689.5 cm-1, 3487.2 cm-1, and 1583.2 cm-1 of the 

DMS-H2
18O complex, and for DMS-D2O complex at 2738.6 cm-1, 2568.5 cm-1, and 
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1178.9 cm-1. These bands had not been previously observed in Ar matrices and agree 

well with the predicted shifts and led to the conclusion that the observed bands are 

vibrations of DMS-water complexes.   

The CH3SOH Acid 

The CH3SOH acid (MSEA) is identified in an argon matrix at 10 K by recording 

its infrared (IR) spectra. The MSEA is generated after gaseous DMS/H2O/Ar is 

subjected to an electrical discharge in an Ar matrix, and isolated in argon matrices at 10 

K and a further argon matrix layer containing O2, which had been exposed to an 

electrical discharge during deposition, is added on top. Absorption peaks at 3602.9 (𝑣1), 

3046.6 (𝑣2), 2968.3 (𝑣4), 1483.2 (𝑣5), 1427.6 (𝑣6), 1361.5 (𝑣7), 962.9 (𝑣9), 1151.3 (𝑣8), 

950.9 (𝑣10), 790.3 (𝑣11), and 727.2 (𝑣12) cm-1 are assigned respectively to the OH 

stretching (𝑣1), CH3 stretching (𝑣2, 𝑣4), CH3 bending (𝑣5, 𝑣6, 𝑣7, 𝑣9), OH bending (𝑣8), 

HCS bending (𝑣10), SO bending (𝑣11), and CS bending (𝑣12) vibrations.  

 

  



 

v 
 

TABLE OF CONTENTS 

Table of Contents 

Thesis Declaration .......................................................................................................................... i 

Abstract .......................................................................................................................................... ii 

Table of Contents ........................................................................................................................... v 

List of Figures ............................................................................................................................. viii 

List of Tables ............................................................................................................................ xviii 

List of Abbreviations ................................................................................................................... xxi 

Acknowledgement .....................................................................................................................xxiii 

Authorship Declaration .............................................................................................................. xxiv 

Chapter 1 ........................................................................................................................................ 1 

1. Introduction ............................................................................................................................ 2 

1.1. Literature Review ........................................................................................................... 2 

1.2. Composition of the Atmosphere..................................................................................... 3 

1.2.1. Troposphere ........................................................................................................... 4 

1.3. Atmospheric Oxidation .................................................................................................. 5 

1.3.1. HOx Chemistry ...................................................................................................... 5 

1.3.2. NOx Chemistry ...................................................................................................... 8 

1.4. Tropospheric Ozone Chemistry ................................................................................... 10 

1.5. Criegee Intermediate (CI) as an Alternative Oxidant .................................................. 11 

1.5.1. Studies on Criegee Intermediates ......................................................................... 15 

1.6. Dimethyl Sulfide (DMS) Oxidation ............................................................................. 18 

1.7. Matrix Isolation Fourier-transform Infrared Spectroscopy .......................................... 22 

1.8. Relevant Knowledge Gaps in Atmospheric Chemistry ............................................... 24 

1.9. Project Aims ................................................................................................................. 24 

1.10. Thesis Summary ....................................................................................................... 25 

Chapter 2 ...................................................................................................................................... 26 

2. Experimental ........................................................................................................................ 27 

2.1. Apparatus Design ......................................................................................................... 27 

2.1.1. Vacuum System ................................................................................................... 28 

2.1.2. The Gas Mixing Station ....................................................................................... 29 

2.1.3. A Closed Cycle He Refrigeration System and Matrix Deposition ....................... 30 

2.1.4. FTIR Spectrometer ............................................................................................... 33 

2.2. Photochemical (Bleaching) Experiments ..................................................................... 35 



 

vi 
 

2.3. Purging of Spectrometer .............................................................................................. 37 

Chapter 3 ...................................................................................................................................... 38 

Matrix Isolation IR Studies of the Simplest Criegee Intermediate .......................................... 39 

3.1. Introduction .................................................................................................................. 40 

3.2. Experimental Section ................................................................................................... 45 

3.2.1. Computational Methods ..................................................................................... 46 

3.3. Results and Discussion ................................................................................................ 47 

3.3.1. Matrix Isolation Experiments with CH2I2/Ar Mixtures ....................................... 47 

3.3.2. Discharged Mixture of CH2I2/16O2/Ar .................................................................. 51 

3.3.3. Isotopic Substitution ............................................................................................ 63 

3.3.3.1. Irradiated Mixture of CH2I2/18O2/Ar ................................................................ 63 

3.3.3.2. Irradiated Mixture of 13CH2I2/16O2/Ar .............................................................. 70 

3.3.3.3. Irradiated Mixture of CD2I2/16O2/Ar ................................................................ 72 

3.3.4. Ultraviolet Photo-Bleaching Experiment ............................................................. 75 

3.4. Conclusion ................................................................................................................... 82 

Chapter 4 ...................................................................................................................................... 84 

The Infrared Absorption Spectrum of Methylene (CH2) Radical in Solid Argon.................... 85 

4.1. Introduction .................................................................................................................. 86 

4.2. Experimental Section ................................................................................................... 87 

4.3. Results and Discussion ................................................................................................ 88 

4.3.1. CH2I2/Ar Mixture ................................................................................................. 88 

4.3.1. Methylene Radical (CH2) Formation in Ar Matrices ........................................... 88 

4.1. Conclusion ................................................................................................................... 95 

Chapter 5 ...................................................................................................................................... 96 

Infrared Spectrum of Matrix Isolated Methylthio (CH3S) Radical Generated by Irradiated 

DMS in an Argon Matrix ......................................................................................................... 97 

5.1. Introduction .................................................................................................................. 98 

5.2. Experimental Section ................................................................................................. 100 

5.3. Results and Discussion .............................................................................................. 101 

5.3.1. Dimethyl Sulfide (DMS) .................................................................................... 101 

5.3.2. Methylthio (CH3S) Radical Formation .............................................................. 107 

5.3.3. Annealing Experiments ...................................................................................... 118 

5.3. Conclusion ................................................................................................................. 120 

Chapter 6 .................................................................................................................................... 121 

Infrared Absorption Spectra of O-18, and H-2 Dimethyl Sulfide-Water Complexes in Ar 

Matrices ................................................................................................................................. 122 



 

vii 
 

6.1. Introduction ................................................................................................................ 123 

6.2. Experimental Section ................................................................................................. 124 

6.2.1. Computational Methods ................................................................................... 125 

6.3. Results and Discussion .............................................................................................. 126 

6.3.1. DMS and Water in Ar Matrices ......................................................................... 126 

6.3.2. Dimethyl Sulfide-Water Complex ..................................................................... 128 

6.3.3. Isotopic Substitution .......................................................................................... 138 

6.3.4. Structure of the DMS-HOH Complex................................................................ 145 

6.4. Conclusion ................................................................................................................. 149 

Chapter 7 .................................................................................................................................... 150 

Infrared Matrix Isolation Studies of Methanesulfenic Acid (MSEA, CH3SOH) in Ar Matrices

 ............................................................................................................................................... 151 

7.1. Introduction ................................................................................................................ 152 

7.2. Experimental Section ................................................................................................. 154 

7.3. Results and Discussion .............................................................................................. 155 

7.3.1. Methanesulfenic Acid (CH3SOH, MSEA) Formation ....................................... 155 

7.3.2. Isotopic Substitution .......................................................................................... 166 

7.3.3. Mechanism of Formation of MSEA ................................................................... 175 

7.4. Conclusion ................................................................................................................. 178 

Chapter 8 .................................................................................................................................... 180 

8. Conclusion and Future Work ......................................................................................... 181 

8.1. The CH2O2 Radical ................................................................................................ 181 

8.2. The CH2 Radical .................................................................................................... 182 

8.3. The CH3S Radical .................................................................................................. 182 

8.4. The DMS-H2O, DMS-H2
18O, and DMS-D2O complexes ...................................... 183 

8.5. The CH3SOH Acid ................................................................................................. 183 

References .............................................................................................................................. 185 

Appendix A ............................................................................................................................ 213 

Appendix B ............................................................................................................................ 222 

 

 

 

 



 

viii 
 

List of Figures 

Chapter 1 

Figure 1. 1 Idealised vertical structure of the layers of the atmosphere. Modified version 

of the diagram presented by Seinfeld et al.2 ...................................................................... 4 

Figure 1. 2 Schematic summary of OH and HO2 (HOX) cycling in the troposphere. 

Modified version of the reaction scheme presented by Ehhalt et al.11 .............................. 7 

Figure 1. 3 A simplified reaction scheme showing NO3 radical chemistry and another 

important night time reactions. Modified version of the reaction scheme presented by 

Allan et al.26-27 ................................................................................................................... 9 

Figure 1. 4 The unimolecular and bimolecular pathways of alkene ozonolysis.5, 37, 39-40 

Modified version of the reaction scheme presented by Womack et al.37 ........................ 12 

Figure 1. 5 The unimolecular reactions of CH2OO form from exited CH2OO. Modified 

version of the reaction scheme presented by Womack et al.37 ........................................ 14 

Figure 1. 6 A simple reaction scheme representing the oxidation of dimethyl sulfide 

(DMS) in the remote marine atmosphere via OH and NO3 radicals. DMS oxidation by 

OH has two channels, addition and initiating H-abstraction: DMS-OH adduct, dimethyl 

sulfoxide (DMSO); dimethyl sulfone (DMSO2), methanesulfinic acid (MSIA), 

methanesulfenic acid (MSEA), SO3, H2SO4, and SO2. Modified version of the reaction 

scheme presented by Davis et al.92 .................................................................................. 21 

Chapter 2 

Figure 2. 1 Schematic diagram of the matrix isolation FTIR apparatus. Modified version 

of the diagram presented by Cooper, P.113 ...................................................................... 27 

Figure 2. 2 Photograph of the matrix isolation FTIR spectroscopy. Numbers indicate to: 

1. Open and close valves, 2. Multimeter, 3. Temperature controller, 4. Metering valves, 

5. Baratrons (10, 1000 Torr), 6. Reservoirs, 7. Tesla coil, 8. Ion gauge, 9. Ionisation 

gauge controller, 10. Rotating head, 11. IR spectrometer, 12. Xenon lamp, 13. Power 

supply (150 W), 14. Turbo pump, 15. Helium refrigerator, 16. Helium supply and return 

pipes, 17. Fore-line trap, 18. Solenoid valves, 19. Backing pump, 20. Exhaust. ............ 28 

Figure 2. 3 Photograph of the sample window (KBr). .................................................... 32 

Figure 2. 4 Schematic diagram of the rotating collard cold head is showing the 

potassium bromide sample window (KBr) in the deposition and scanning position. 

Modified from Ref. 113. ................................................................................................. 32 

Figure 2. 5 Mid-infrared absorption spectrum of CH2I2 /Ar on KBr window after 

baseline correction. ......................................................................................................... 35 



 

ix 
 

Figure 2. 6 Photograph of the UV apparatus consists of power supply (150 W), xenon 

lamp and monochromator. .............................................................................................. 36 

Figure 2. 7 Schematic diagram of the UV experimental setup showing the KBr window, 

xenon lamp, UV monochromator, and IR detector. ........................................................ 36 

 Chapter 3 

Figure 3. 1 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2I2 which observed after the gas mixtures at ratio of 1:100 of 

(CH2I2/Ar), (13CH2I2/Ar), and (CD2I2/Ar) were deposited for 1 h in argon matrices (a) 

Initial as deposited sample of CH2I2/Ar (black spectrum), (b) 13CH2I2 shifts (red 

spectrum), (c) CD2I2 shifts (blue spectrum). Peaks due to vibrations of CH2I2 and its 

isotopologues are marked with asterisk (★). .................................................................. 49 

Figure 3. 2 FTIR spectra in the 600-3350 cm-1 spectral region showing the bands 

assigned to CH2I, CH2I-I, C2H2, CH3, and CH4 formed from depositing a stream of 

CH2I2 with argon into an argon matrix at 10 K of a ratio 1:100. The CH2I2 stream was 

irradiated with an electrical discharge (absorptions pointing down are due to CH2I2).  

The peak at 630 cm-1 is an artifact. ................................................................................. 50 

Figure 3. 3 FTIR spectra of the v8 and v6 bands of the CH2OO radical in an argon matrix 

at 10 K produced from depositing the streams of both CH2I2 and O2 doped in an Ar 

matrix at a ratio of 1:100, the CH2I2 being irradiated with an electrical discharge. The 

FTIR spectrum of CH2I2 in Ar matrix is in red and the FTIR spectrum of CH2I2/O2 in Ar 

matrix is in black. ............................................................................................................ 61 

Figure 3. 4 FTIR spectra of the v5 and v4 bands of the CH2OO radical in an argon matrix 

at 10 K produced from depositing the streams of both CH2I2 and O2 doped in an Ar 

matrix at a ratio of 1:100, the CH2I2 being irradiated with an electrical discharge. The 

FTIR spectrum of CH2I2 in Ar matrix is in red and the FTIR spectrum of CH2I2/O2 in Ar 

matrix is in black. ............................................................................................................ 61 

Figure 3. 5 FTIR spectra of the v3 band of the CH2OO radical in an argon matrix at 10 K 

produced from depositing the streams of both CH2I2 and O2 doped in an Ar matrix at a 

ratio of 1:100, the CH2I2 being irradiated with an electrical discharge. The FTIR 

spectrum of CH2I2 in Ar matrix is in red and the FTIR spectrum of CH2I2/O2 in Ar 

matrix is in black. ............................................................................................................ 62 

Figure 3. 6 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 



 

x 
 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum). ............................................................................... 66 

Figure 3. 7 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum). ..................... 67 

Figure 3. 8 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum). ..................... 67 

Figure 3. 9 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum). ..................... 68 

Figure 3. 10 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum). ..................... 68 

Figure 3. 11 FTIR spectra of the v8 and v6 bands assigned to CH2OO radical formed 

from interaction of CH2I radicals and a matrix of Ar + O2. Radicals produced by 

irradiation of CH2I2 through an electrical discharge and deposition at 10 K for 1 h, (a) 

Spectrum of reaction products in an initial deposited matrix of (CH2I2/O2/Ar) (black 

spectrum), (b) Subtraction of initial deposition spectrum from spectrum taken after 

photolysis at 425 nm for 30 min (blue spectrum), (c) Subtraction of initial deposition 

spectrum from spectrum taken after photolysis at 365 nm for 30 min (green spectrum) 

(absorptions pointing down are due to CH2OO). ............................................................ 77 

Figure 3. 12 FTIR spectra of the v5 and v4 bands assigned to CH2OO radical formed 

from interaction of CH2I radicals and a matrix of Ar + O2. Radicals produced by 

irradiation of CH2I2 through an electrical discharge and deposition at 10 K for 1 h, (a) 

Spectrum of reaction products in an initial deposited matrix of (CH2I2/O2/Ar) (black 



 

xi 
 

spectrum), (b) Subtraction of initial deposition spectrum from spectrum taken after 

photolysis at 425 nm for 30 min (blue spectrum), (c) Subtraction of initial deposition 

spectrum from spectrum taken after photolysis at 365 nm for 30 min (green spectrum) 

(absorptions pointing down are due to CH2OO). ............................................................ 77 

Figure 3. 13 FTIR spectra of the v3 band assigned to CH2OO radical formed from 

interaction of CH2I radicals and a matrix of Ar + O2. Radicals produced by irradiation of 

CH2I2 through an electrical discharge and deposition at 10 K for 1 h, (a) Spectrum of 

reaction products in an initial deposited matrix of (CH2I2/O2/Ar) (black spectrum), (b) 

Subtraction of initial deposition spectrum from spectrum taken after photolysis at 425 

nm for 30 min (blue spectrum), (c) Subtraction of initial deposition spectrum from 

spectrum taken after photolysis at 365 nm for 30 min (green spectrum) (absorptions 

pointing down are due to CH2OO). ................................................................................. 78 

Figure 3. 14 FTIR spectra in regions of interest of CH2
18O2 after the matrices of 

(CH2I2/
18O2/Ar) were passed through an electrical discharge and deposition at 10 K for 

1 h for wavenumbers range 840 to 1460 cm-1, (a) Irradiated spectrum of (CH2I2/
18O2/Ar) 

before photolysis (black spectrum), (b) Subtracting of the initial deposition spectrum 

from the spectrum taken after photolysis at 365 nm for 30 min (red spectrum) 

(absorptions pointing down are due to CH2
18O2). ........................................................... 79 

Figure 3. 15 FTIR spectra in regions of interest of 13CH2O2 after the matrices of 

(13CH2I2/O2/Ar) were passed through an electrical discharge and deposition at 10 K for 

1 h for wavenumbers range 830 to 1420 cm-1, (a) Irradiated spectrum of (13CH2I2/O2/Ar) 

before photolysis (black spectrum), (b) Subtracting of the initial deposition spectrum 

from the spectrum taken after photolysis at 365 nm for 30 min (red spectrum) 

(absorptions pointing down are due to 13CH2O2). ........................................................... 80 

Figure 3. 16 FTIR spectra in regions of interest of CD2O2 after the matrices of 

(CD2I2/O2/Ar) were passed through an electrical discharge and deposition at 10 K for 1 

h for wavenumbers range 660 to 1390 cm-1, (a) Irradiated spectrum of (CD2I2/O2/Ar) 

before photolysis (black spectrum), (b) Subtracting of the initial deposition spectrum 

from the spectrum taken after photolysis at 365 nm for 30 min (red spectrum) 

(absorptions pointing down are due to CD2O2). ............................................................. 81 

 Chapter 4 

Figure 4. 1 FTIR difference spectrum showing the bands assigned to the v 2 (CH2 

bending), v1 (symmetric CH2 stretching), and v3 (asymmetric CH2 stretching) modes for 

the CH2 radical formed from depositing a stream of CH2I2 doped in argon onto a cold 

file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562544
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562544
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562544
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562544
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562544
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562544
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562545
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562545
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562545
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562545
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562545
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562545
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562546
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562546
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562546
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562546
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562546
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562546


 

xii 
 

window set at 10 K, with a ratio of 1:100. Panel A shows the v2 mode and panel B 

shows v1 and v3 modes. The CH2I2 stream was irradiated with an electrical discharge; 

computed values are shown above as sticks (in blue) and absorption pointing down is 

due to CH2I2. ................................................................................................................... 91 

Figure 4. 2 The FTIR spectra of irradiated CH2I2 isolated in argon matrices in the 

regions of the v1, v2, and v3 modes proposed for CH2. Spectra were taken at 10 K, when 

the gas mixtures of CH2I2, 
13CH2I2, and CD2I2 in Ar in ratios of 1:100 were subjected to 

a high frequency discharge during deposition for 1 h, (a) CH2I2/Ar (black trace), (b) 

13CH2I2/Ar (red trace), (c) CD2I2/Ar (blue trace). ........................................................... 94 

 Chapter 5 

Figure 5. 1 FTIR spectrum of dimethyl sulfide (CH3SCH3, DMS) trapped in argon 

matrices taken following deposition at 10 K for 1 h in the range 600 to 1500 cm-1. 

DMS:Ar ratio is 1:100. .................................................................................................. 104 

Figure 5. 2 FTIR spectrum of dimethyl sulfide (CH3SCH3, DMS) trapped in argon 

matrices taken following deposition at 10 K for 1 h in the range 1500 to 2500 cm-1. 

DMS:Ar ratio is 1:100. .................................................................................................. 105 

Figure 5. 3 FTIR spectrum of dimethyl sulfide (CH3SCH3, DMS) trapped in argon 

matrices taken following deposition at 10 K for 1 h in the range 2500 to 3100 cm-1. 

DMS:Ar ratio is 1:100. .................................................................................................. 106 

Figure 5. 4 Infrared spectrum of the CH3S radical for the wavenumbers range 600 to 

1500 cm-1 produced by irradiated DMS in an argon matrix (1:100), deposited for 1 h and 

recorded at 10 K. Production features are signified by upward signals, whereas 

destruction features due to DMS are signified by downward signals. The CH3S radical 

and its combination bands are indicated with arrows. .................................................. 115 

Figure 5. 5 Infrared spectrum of the CH3S radical for the wavenumbers range 1500 to 

2500 cm-1 produced by irradiated DMS in an argon matrix (1:100), deposited for 1 h and 

recorded at 10 K. Production features are signified by upward signals, whereas 

destruction features due to DMS are signified by downward signals. The CH3S radical 

and its combination bands are indicated with arrows. .................................................. 116 

Figure 5. 6 Infrared spectrum of the CH3S radical for the wavenumbers range 2500 to 

3100 cm-1 produced by irradiated DMS in an argon matrix (1:100), deposited for 1 h and 

recorded at 10 K. Production features are signified by upward signals, whereas 

destruction features due to DMS are signified by downward signals. The CH3S radical 

and its combination bands are indicated with arrows. .................................................. 117 



 

xiii 
 

Figure 5. 7  FTIR spectra in regions of interest of CH3S radical after the mixtures of 

(DMS/Ar) were irradiated and deposited at 10 K for 1 h for the wavenumbers range 700 

to 3000 cm-1, (a) Irradiated spectrum of (DMS/Ar) before annealing (black spectrum), 

(b) Subtraction of initial deposition spectrum  from  spectrum taken after annealing at 20 

K for 20 min (red spectrum), (c) Computed values are shown above as sticks ; 

assignments are listed but no values of intensities were provided in Ref.260. ............. 119 

 Chapter 6 

Figure 6. 1 The regions the v3 and v1 (OH) stretching (A) and v2 (HOH) bending (B) modes 

in the spectra of DMS complexed with H2O in Ar matrices: (a) H2O/Ar (1:250, black trace); 

(b) DMS/Ar (1:250, red trace); (c) DMS/H2O/Ar (1:1:250, blue trace); (d) DMS/H2O/Ar 

(1:2:250, green trace); (e) DMS/ H2O/Ar (1:3:250, light blue trace); (f) the matrix shown in 

(e) after annealing to 30 K for 30 min, measured at 10 K (pink trace). Bands due to the 

complex are shown by arrows. ........................................................................................ 133 

Figure 6. 2 The regions of the v15 and v4 symmetric deformation modes (A), and the v16, v20, 

v5 rocking (B) modes of the methyl groups in the spectra of DMS complexed with H2O in Ar 

matrices: (a) H2O/Ar (1:250, black trace); (b) DMS/Ar (1:250, red trace); (c) DMS/H2O/Ar 

(1:1:250, blue trace); (d) DMS/H2O/Ar (2:1:250, green trace); (e) DMS/H2O/Ar (3:1:250, 

light blue trace); (f) the matrix shown in (e) after annealing to 30 K for 30 min, measured at 

10 K (pink trace). Bands due to the complex are shown by arrows. .................................. 137 

Figure 6. 3 The regions the v3 and v1 (
18OH) stretching (A) and v2 (H

18OH) bending (B) 

modes in the spectra of DMS complexed with H2
18O in Ar matrices: (a) H2

18O/Ar (1:250, 

black trace); (b) DMS/Ar (1:250, red trace); (c) DMS/ H2
18O/Ar (1:1:250, blue trace); (d) 

DMS/ H2
18O/Ar (1:2:250, green trace); (e) DMS/ H2

18O/Ar (1:3:250, light blue trace); (f) the 

matrix shown in (e) after annealing to 30 K for 30 min, measured at 10 K (pink trace). Bands 

due to the complex are shown by arrows. ........................................................................ 142 

Figure 6. 4 The regions the v3 and v1 (OD) stretching (A) and v2 (DOD) bending (B) modes 

in the spectra of DMS complexed with D2O in Ar matrices: (a) D2O/Ar (1:250, black trace); 

(b) DMS/Ar (1:250, red trace); (c) DMS/D2O/Ar (1:1:250, blue trace); (d) DMS/D2O/Ar 

(1:2:250, green trace); (e) DMS/D2O/Ar (1:3:250, light blue trace); (f) the matrix shown in 

(e) after annealing to 30 K for 30 min, measured at 10 K (pink trace). Bands due to the 

complex are shown by arrows. ........................................................................................ 143 

Figure 6. 5 The regions the v15 and v4 (A) and v16, v15 and v5 (B) of DMS subunit modes in 

the spectra of DMS complexed with H2O in Ar matrices: (a) DMS/Ar (1:250, black trace); 



 

xiv 
 

(b) DMS/H2O/Ar (3:1:250, red trace); (c) DMS/H2
18O/Ar (3:1:250, blue trace); (d) 

DMS/D2O/Ar (3:1:250, green trace). ............................................................................... 144 

Figure 6. 6 The structure for the DMS-HOH complex. ................................................ 148 

 Chapter 7 

Figure 7. 1 The FTIR spectrum of DMS-OH adduct formed from irradiated 

(DMS/H2O/Ar) mixture in Ar matrix at 10 K during deposition for 1 h (a) Spectrum of 

the (DMS/H2O/Ar) mixture recorded in an argon matrix before irradiation (black 

spectrum), (b) Spectrum of the (DMS/H2O/Ar) mixture recorded in an argon matrix 

upon subjected to a high frequency discharge (red trace). ............................................ 155 

Figure 7. 2 The v12(C-S bending) and the v11(S-O bending) modes of methanesulfenic 

acid in the region 700-850 cm-1 in an argon matrix, (a) initial sample after the matrices 

of (DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 

h at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). ................... 162 

Figure 7. 3 The v10(HCS bending), and the v9(CH3 bending) modes of methanesulfenic 

acid, CH3SOH, in the region 900-1000 cm-1 in an argon matrix, (a) initial sample after 

the matrices of (DMS/H2O/Ar) were subjected to a high frequency discharge during 

deposition for 1 h at 10 K (in black line), (b) spectrum recorded upon added O2 to 

irradiated (DMS/H2O) (red spectrum), (c) computed values are shown above as sticks 

(in blue). ........................................................................................................................ 162 

Figure 7. 4 The v8(OH bending) mode of methanesulfenic acid, CH3SOH, in the region 

1000-1200 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). ................... 163 

Figure 7. 5 The v7, v6, v5(CH3 bending) modes of methanesulfenic acid, CH3SOH, in the 

region 1300-1500 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). ................... 163 

Figure 7. 6 The v4, v2(CH3 stretching) modes of methanesulfenic acid, CH3SOH, in the 

region 2925-3075 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 



 

xv 
 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). ................... 164 

Figure 7. 7 The v1(OH stretching) mode of methanesulfenic acid, CH3SOH, in the 

region 3500-3800 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). ................... 164 

Figure 7. 8 The FTIR spectra in regions of interest of methanesulfenic acid, CH3SOH, 

formed after the mixture of (DMS/H2O/O2/Ar) were irradiated and deposited at 10 K    

for 1 h for the wavenumbers range 700 to 3650 cm-1, (a) Irradiated spectrum of 

(DMS/H2O/O2/Ar) before annealing (black spectrum), (b) Subtraction of the initial 

deposition spectrum from the spectrum taken after annealing at 25 K for 20 min (red 

spectrum). ...................................................................................................................... 165 

Figure 7. 9 The regions of v12 (CS bending), v11 (SO bending),  v10 (HCS bending), and v9 

(CH3 bending) modes in the spectra of  CH3SOH acid containing various isotopologues of 

H2
18O and D2O in Ar matrices at 10 K which observed after gas mixtures of 

DMS/H2O/O2/Ar were subjected to a high frequncy discharge for 1 h (a) Initial as 

deposited sample of DMS/H2O/O2/Ar (black spectrum), (b) CH3S
18OH shifts (red 

spectrum), (c) CH3SOD shifts (blue spectrum)............................................................. 171 

Figure 7. 10 The regions of v8 (OH bending), v7, v6, and v5 (CH3 bending) modes in the 

spectra of  CH3SOH acid containing various isotopologues of H2
18O and D2O in Ar 

matrices at 10 K which observed after gas mixtures of DMS/H2O/O2/Ar were subjected 

to a high frequncy discharge for 1 h (a) Initial as deposited sample of DMS/H2O/O2/Ar 

(black spectrum), (b) CH3S
18OH shifts (red spectrum), (c) CH3SOD shifts (blue 

spectrum). ...................................................................................................................... 172 

Figure 7. 11 The regions of v4, v2 (CH3 stretching), and v1 (OH stretching) modes in the 

spectra of  CH3SOH acid containing various isotopologues of H2
18O and D2O in Ar 

matrices at 10 K which observed after gas mixtures of DMS/H2O/O2/Ar were subjected 

to a high frequncy discharge for 1 h (a) Initial as deposited sample of DMS/H2O/O2/Ar 

(black spectrum), (b) CH3S
18OH shifts (red spectrum), (c) CH3SOD shifts (blue 

spectrum). ...................................................................................................................... 173 

 

 

 



 

xvi 
 

Appendix A 

Figure A. 1 FTIR spectrum of the combination and overtone bands assigned to CH2I2 

formed from depositing a stream of CH2I2 in argon onto a cold window held at 10 K 

with a ratio of (1:100). .................................................................................................. 214 

Figure A. 2 The FTIR difference spectra of CH2I2 isolated in Ar formed by depositing a 

stream of CH2I2 in an argon onto a cold window held at 10 K, with a ratio of (1:100) 

(black spectra) in comparison with the FTIR spectra of CH2I2/O2/Ar matrix (red 

spectra), where one stream was irradiated with an electrical discharge. ...................... 215 

Figure A. 3 IR spectra illustrating the formation of H2CO peaks after 1 h deposition 

through an electrical discharge, in the 1700 to 1770 cm-1 region. (a) Matrix of 

(CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). ... 216 

Figure A. 4 IR spectra illustrating the formation of H2CO peaks at 1496.2 cm-1 after 1 h 

deposition through an electrical discharge, in the 1450 to 1550 cm-1 region. (a) Mixture 

of (CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). ... 216 

Figure A. 5 IR spectra illustrating the formation of H2CO peaks at 1239.5 and 1328.7 

cm-1after 1 h depositions through an electrical discharge, in the 1200 to 1360 cm-1 

region. (a) Mixture of (CH2I2/Ar) at a ratio of (1:100) after passing through an electrical 

discharge and deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a 

ratio of (1:1:100) after passing through an electrical discharge and deposited at 10 K 

(red spectrum). .............................................................................................................. 217 

Figure A. 6 IR spectra illustrating the formation of HCOO and CHO peaks after 1 h 

deposition through an electrical discharge, in the 1830 to 1865 cm-1 region. (a) Mixture 

of (CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixtures of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). ... 217 

Figure A. 7 IR spectra illustrating the formation of CO peaks at 2138.2 cm-1 and CO2   

peaks at 663.4, 2339.1 and 2341.8 cm-1 after deposition 1 h through an electrical 

discharge, in the 650 to 2360 cm-1 region. (a) Mixture of (CH2I2/Ar) at a ratio of (1:100) 

after the gas mixture was passed through an electrical discharge and deposited at 10 K 



 

xvii 
 

(black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) after passing 

through an electrical discharge and deposited at 10 K (red spectrum). ........................ 218 

Figure A. 8 IR spectra illustrates the formation of HO2 peaks after 1 h deposition 

through an electrical discharge, in the 1080 to 3430 cm-1 region (a) Mixture of 

(CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). ... 219 

Figure A. 9 IR spectra illustrating the formation of H2O2, OH, and HCOOH peaks after 

1 h deposition through an electrical discharge, 3545 to 3610 cm-1 region. (a) Mixture of 

(CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). ... 219 

Figure A. 10 FTIR spectrum of HO2 band at 1388 cm-1 after a mixture of (CH2I2/O2/Ar)   

were passed through an electrical discharge and deposited at 10 K for 1 h (a) Initial as 

deposited sample of (CH2I2/O2/Ar) (black spectrum), (b) Subtraction of initial 

deposition spectrum from spectrum taken after photolysis at 425 nm for 30 min (blue 

spectrum), (C) Subtraction of initial deposition spectrum from spectrum taken after 

photolysis at 365 nm for 30 min (green spectrum). ...................................................... 220 

Figure A. 11 FTIR spectra of CO and CO2 bands at 2138 and 2339 cm-1 after a mixture 

(CH2I2/O2/Ar) were passed through an electrical discharge and deposited at 10 K for 1 h 

(a) Initial as deposited sample of (CH2I2/O2/Ar) (black spectrum), ((b) Subtraction of 

initial deposition spectrum from spectrum taken after photolysis at 425 nm for 30 min 

(blue spectrum), (C) Subtraction of initial deposition spectrum from spectrum taken 

after photolysis at 365 nm for 30 min (green spectrum). .............................................. 220 

Figure A. 12 FTIR spectrum of H2CO band at 1171 cm-1 after a mixture of  

(CH2I2/O2/Ar) were passed through an electrical discharge and deposited at 10 K for 1 h 

(a) Initial as deposited sample of (CH2I2/O2/Ar) (black spectrum), (b) Subtraction of 

initial deposition spectrum from spectrum taken after photolysis at 425 nm for 30 min 

(blue spectrum), (C) Subtraction of initial deposition spectrum from spectrum taken 

after photolysis at 365 nm for 30 min (green spectrum). .............................................. 221 

  

 

 



 

xviii 
 

List of Tables 

Chapter 1 

Table 1. 1 Estimate of the tropospheric emission of trace gases and the fraction removed 

by OH.14 ............................................................................................................................ 6 

Table 1. 2 Yields of HCOOH from the reaction of unsaturated compounds with ozone.

 ......................................................................................................................................... 13 

 Chapter 3 

Table 3. 1 Assignment of observed vibrations IR (cm-1) with relative intensities in 

parentheses for matrix isolated methylene iodide (CH2I2) and its isotopologues 

compared with literature values in gas-phase and liquid state. NS= not seen. Peaks 

underlined are new observations in this work. ................................................................ 50 

Table 3. 2 IR absorption bands and their assignments observed for an argon matrix at 55 

Table 3. 3 Comparison of the experimentally observed wavenumbers (cm-1) of CH2OO 

and its isotopologues (cm-1) in an argon matrix at 10 K with the (VPT2 CCSD(T) / augʹ-

cc-pVTZ) calculated values. NS= not seen, IR intensities relative to v6 are listed in 

parentheses. Also shown are the gas-phase results from Su et al. for CH2OO. .............. 60 

Table 3. 4 Comparison of experimental and theoretically computed (O-18, C-13, H-2)-

isotopic ratios of vibrational wavenumbers (cm-1) of CH2OO. NS= not seen. ............... 69 

Table 3. 5 Isotopic shifts (cm-1) of CH2OO radicals in an Ar matrix at 10 K compared 

with VPT2 CCSD(T) / augʹ-cc-pVTZ calculated values. ............................................... 69 

Table 3. 6 Comparison between observed and calculated H-2 isotopic ratio values of the 

CD2OO radical. NS= not seen. ........................................................................................ 73 

 Chapter 4  

Table 4. 1 Frequencies (cm-1) of bands from major products observed upon the 

deposition of stream of argon, 1:100 CH2I2/Ar passed through an electrical discharge. 89 

Table 4. 2 The C-12, C-13, and H-2 isotopic shifts for the bands assigned to the CH2 

radical compared with computed values. NS= not seen. ................................................ 90 

Table 4. 3 Comparison between experimental and theoretically computed (C-13, H-2) 

isotopic ratios of the CH2 radical. ................................................................................... 93 

Chapter 5 

Table 5. 1 Experimental wavenumbers of DMS (cm-1), and literature values in Ar, p-H2 

matrices and the gas-phase. For this work, the IR intensities relative to v19 are listed in 

parentheses. ................................................................................................................... 102 

file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562662
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562662
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562662
file:///C:/Users/malhmami/Desktop/SPECTRA%20CH2OO-CH3S-MSEA-DMS-WATER%20COMPLEX%20EXPS.%202014-2017/MY%20THESIS%202017%20DRAFTS/Mohsen%20Alhmami-PhD-thesis-2018%20updated%20on%204-9-2018.docx%23_Toc524562662


 

xix 
 

Table 5. 2 IR frequencies (cm-1) of the products of irradiated dimethyl sulfide (DMS) 

isolated in argon, compared with literature values........................................................ 108 

Table 5. 3 Assignment of observed vibrations IR (cm-1) with their IR intensities (relative 

intensities 100 × o.d) in parentheses and predicted IR absorption of CH3S radical from 

irradiated dimethyl sulfide (DMS) in Ar matrix compared with literature values. ....... 111 

Chapter 6 

Table 6. 1 Summary of the absorption bands assigned to the non-rotating monomer 

(nrm), rotating monomer (rm), and dimer bands of H2O in an argon matrix formed from 

(H2O/Ar) mixtures, at a ratio of 1:250, and compared with literature values. .............. 127 

Table 6. 2 A comparison of the experimental absorption bands and theoretically 

calculated values for dimethyl sulfide-water complex with its isotopologues in an argon 

matrix. ........................................................................................................................... 129 

Table 6. 3 The experimental assignment bands for the DMS.HOH complex in Ar 

matrices and its isotopic substitutions observed in the present work (Pres.) compassion 

with the literature values (Lit.).266, 304 ........................................................................... 136 

Table 6. 4 Summary of the geometrical parameters for the DMS-H2O complex using 

BYLYP/aug-cc-pVTZ calculation. ............................................................................... 147 

 Chapter 7  

Table 7. 1 Literature (IR) frequencies (cm-1) of the products which formed after 

mixtures of irradiated (DMS/H2O/O2) isolated in argon matrices at 10 K. .................. 159 

Table 7. 2 Comparison of the experimentally observed wavenumbers (cm-1) of the 

methanesulfenic acid, MSEA, in an argon matrix at 10 K with its gas-phase results from 

Königshofen et al.,323 HSOH,325 and the methanesulfenic acid, MSA,326 in argon 

matrices. (-) = not seen. ................................................................................................. 161 

Table 7. 3 Comparison of experimentally observed wavenumbers (cm-1) of the 

methanesulfenic acid, MSEA and its isotopologues (cm-1) in an argon matrix at 10 K 

with the MP2/cc-pVTZ calculated values. Also shown are other results calculated by 

Königshofen et al.323 and Freeman et al.,330 (-)= not seen. ........................................... 168 

Table 7. 4 Comparison of experimental and theoretically computed (O-18, H-2)-isotopic 

ratios of vibrational wavenumbers (cm-1) of MSEA. (-) = not seen. ............................ 169 

Table 7. 5 Isotopic shifts (cm-1) of CH2SOH in an Ar matrix at 10 K compared with 

MP2/cc-pVTZ calculated values. .................................................................................. 170 

 

 



 

xx 
 

Appendix A 

Table A. 1 IR frequencies (cm-1) of CH2I2, its combination and overtone bands in this 

study in comparison with literature values observed in Ar matrices and the gas phase,47, 

142, 214 NS= not seen. ...................................................................................................... 213 

 Appendix B  

Table B. 1 Summary of the absorption bands assigned to the monomer bands of H2
18O 

in an argon matrix formed from (H2
18O/Ar) mixtures, at ratio of (1:250), in comparison 

with literature values.205, 309, 335 ..................................................................................... 222 

Table B. 2 Summary of the absorption bands assigned to the monomer, and the dimer 

bands of D2O and HOD in an argon matrix formed from (D2O/Ar) mixtures, at ratio 

(1:250), and compared with literature values (B).306, 308-309, 336 ..................................... 223 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxi 
 

List of Abbreviations 
 

 

BVOC               Biogenic volatile organic compound 

     CI                      Criegee intermediate 

    CIMS                  Chemical ionisation mass spectrometry 

     DME                   Dimethyl ether 

     DMS                   Dimethyl sulfide 

     DMSO                   Dimethyl sulfoxide 

     DMSO2               Dimethyl sulfone 

     EPR                    Electron paramagnetic resonance 

     ESR                     Electron spin resonance 

    FTIR                    Fourier- transform infrared (spectroscopy) 

    FVP                     Flash vacuum pyrolysis 

     IR                        Infrared 

LIF                      Laser induced fluorescence 

LMR                 Laser magnetic resonance 

MI                        Matrix isolation 

MSA                     Methanesulfonic acid 

MSEA     Methanesulfenic acid 

MSIA                    Methanesulfinic acid 

     nrm                        Non-rotating monomer 

     PIMS                    Photoionisation mass spectrometry 

POZ                      Primary ozonide 

     ppmV                    part per million, by volume 

      rm                        Rotating monomer 



 

xxii 
 

 sCI                       Stabilised Criegee intermediate 

SOA                      Secondary organic aerosol 

     TDLAS                 Tunable diode laser spectroscopy 

     VOCS                    Volatile organic compounds 

VUV                     Vacuum ultraviolet 

    UHF                      Unrestricted hartee-fock 

    UV-vis                  Ultraviolet-visible 
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1. Introduction 

1.1. Literature Review 

A chemical reaction involves the conversion of reactant molecules to product 

molecules. The reaction may proceed in a concerted fashion where all bond breaking 

and bond making processes occur in a single step or it may proceed through the 

formation of new, generally unstable chemical species which are called intermediates. 

Depending on the particular reaction there may be multiple pathways (channels) 

connecting reactants and products, and the involvement of more than one intermediate. 

Most reactions proceed through a transition state at higher energy than the reactants or 

products. Accessing this transition state involves overcoming an energy barrier for the 

reaction to proceed. 

To model the chemistry occurring in our atmosphere we need to understand not 

only all the chemical reactions and interactions which occur between atoms and 

molecules but also the effects of electromagnetic radiation and temperature. The 

development of chemical models for our atmosphere is important as such models allow 

us to predict the effect of changes in the atmospheric composition associated with 

human-induced emissions. For example, continued release of carbon dioxide into the 

atmosphere increases its concentration and this is believed to increase the average 

atmospheric temperature which could lead to a disturbance to various balanced 

chemical equilibria in our atmosphere.1-2 

The main removal pathway of hydrocarbons in the troposphere is oxidation by 

reactions with the ozone and OH radical. Ozone is also responsible for oxidation of 

certain trace gases such as sulfur dioxide (SO2)
3 and nitrogen dioxide (NO2).

4 During 

dim light such as during winter or night, the major source of the hydroxyl (OH) radicals 

appears to be ozonolysis of unsaturated hydrocarbons.5 The mechanism of this reaction 

involves the formation of carbonyl oxide moieties which have been termed "Criegee 
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intermediates", and are named after Rudolf Creigee who first postulated the mechanism 

for this reaction in 1949.6  It is only in the last couple of years that the parent Criegee 

intermediate has been directly observed experimentally.3  

1.2.  Composition of the Atmosphere  
 
 

The Earth’s atmosphere can be categorised into five different regions based on 

the altitude as illustrated in Figure 1.1.2 Moving upwards from the surface the zones are 

called: the troposphere, the stratosphere, the mesosphere and the thermosphere. The 

upper-most region, the ionosphere is not shown in Figure 1.1.2 The lowest region, the 

troposphere, extends from the Earth’s surface up to the tropopause.  The height of the 

tropopause varies with the season but is generally at an altitude of between 10 and 15 

km. Above the troposphere comes the stratosphere which extends 15 to 45 km from the 

tropopause. The temperature in the stratosphere increases with altitude due to higher 

concentrations of trace gases such as chlorofluorocarbons (CFCs), methane (CH4), 

nitrous oxide (N2O), and carbon dioxide (CO2).
7 The next layer of the atmosphere, 

known as the mesosphere extends from the stratopause (~55 to 80 km) and the 

thermosphere is the region above the mesopause; characterised by high temperatures 

beacuse of absorption of short wavelength radiation by N2 and O2. Finally, the 

ionosphere is a region of the upper mesosphere and lower thermosphere where ions are 

produced by photoionisation.2  

The atmosphere has many different components, the major components of dry 

air being N2  (7.8 × 105 ppmV), O2 (2.1 × 105 ppmV), Ar (3.9 × 103 ppmV) and CO2 

(365 ppmV) with trace amounts of many other gases. H2O vapour is a significant 

component in the atmosphere; however, its concentration varies in different regions. 

Radical species such as NO, NO2, OH and HO2 are also present in minute quantities.8 

These species are mainly thought to be products of the reactions occurring in the 

atmosphere.9  
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Figure 1. 1 Idealised vertical structure of the layers of the atmosphere. Modified version 

of the diagram presented by Seinfeld et al.2  

1.2.1.  Troposphere  

The word troposphere is derived from the Greek word ‘tropos’ which  means  

‘turning’ and highlights the main aspect of the physical characteristic of the turbulence 

observed in the troposphere. It is the most important layer of the atmosphere because it 

is the only layer where life processes can occur. As the troposphere is the lowest layer 

of the atmosphere in contact with the surface of the Earth, a number of chemical species 

are present in this region that have been introduced by ground-based activities both 

from anthropogenic sources and biogenic sources e.g. NOx (NO + NO2), CO, SO2 and 

particulate matter (PM). Also other species such as O3 and OH are present which have 

been formed from chemical reactions within this region.10-12  
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1.3. Atmospheric Oxidation 

 

Atmospheric oxidation is the mechanism which determines the complete life 

cycle of any molecule emitted into the atmosphere. The atmospheric oxidation 

processes that occur in the troposphere involve reactions of free radicals (OH and NO3) 

and reaction with O3. Often these processes are driven photo-chemically. The OH 

radical plays a primary role as an oxidising and cleaning agent in the atmosphere due to 

its ability to rapidly react with most functional groups. Due to its large photolytic 

source, the OH radical has a unique daily profile with high concentrations seen during 

the day and it is present at low concentrations during night. In contrast, photolysis is a 

large sink for the NO3 radical, and therefore the oxidative importance of NO3 dominates 

during night. O3 is usually less reactive than OH and NO3. 

1.3.1.  HOx Chemistry  

 

The majority of hydrocarbon-based species released in to the troposphere are 

degraded by chemical reactions involving the highly reactive hydroxyl radical OH. 

Typical rate constants about < 1 × 10-11 cm3 molecule-1 s-1 are observed.13 OH plays a 

central role in tropospheric chemistry due to its inherent reactivity and relatively high 

concentration (~ 4 × 106 molecules cm-3),2 and as a consequence, acts as a removal 

agent for a large number of trace gases in the troposphere. Table 1.1 shows some trace 

gases in the troposphere, estimated global emissions of these gases and the percentage 

of each that is degraded by reaction with OH.14 

The main source of OH radical in the troposphere during day time is from 

ultraviolet photolysis of O3 as illustrated in reaction (R1.1), followed by the reaction of 

excited atomic oxygen with water vapour to produce two OH radicals as shown in 

reactions (R1.2 & R1.3).2, 8, 10, 15-16  
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Table 1. 1 Estimate of the tropospheric emission of trace gases and the fraction removed 

by OH.14 

Trace Gas Global Emission Rate (Tg/yr) Removal OH (%)  

CO 2800 85 

CH4 530 90 

C2H6 20 90 

Isoprenes 570 90 

NO2 150 50 

SO2 300 30 

 DMS 30 90 

 

 

 

R1.1 and R1.3 reactions of excited oxygen atoms (O*(1D)) with water are the 

primary source of OH radicals in troposphere. It should be noted that much of the 

O*(1D) is quenched before having the opportunity to react with water. However R1.4 

reaction also plays a minor part in the formation of OH. 

               HO2       +         NO                                           →              OH       +   NO2         (R1.4)  

During night or winter time, the ozonolysis of unsaturated hydrocarbons is the 

main primary source of OH radicals.5 Other primary sources are photolysis of nitrous 

acid (HONO) and hydrogen peroxide (H2O2) as shown in (R1.5 & R1.6).17-19 

 

              HONO +    hv (λ < 400 nm)                  →        OH      +       NO      (R1.5) 

 
              H2O2     +    hv (λ < 360 nm)                 →         2OH                     (R1.6) 

 

OH radical chemistry is a part of a closely coupled system including HOx (OH 

and HO2), NOx (NO and NO2) and O3. In unpolluted environments, such as the marine 

boundary layer (low NOx), many reactions of OH contribute towards the formation of 

 

O3 
 

+ 
 

hv (λ ≤ 310 nm) 
 

→ O* (
1
D) 

 

+ 
 

O2 
 

(R1.1) 

 

O3 
 

+ 
 

hv (λ < 1180 nm) 
 

→ 

 

O(
3
P) 

 

+ 
 

O2 
 

(R1.2) 
 

O* (
1
D) 

 

+ 
 

H2O 
 

→ 
 

 2OH 
   

(R1.3) 

http://www.chemspider.com/Chemical-Structure.937.html


 

7 
 

HO2, these include the reaction with CO or volatile organic compounds (VOC), which 

cause a fast cycle between OH and HO2. The degree of pollution in the environment 

decreases the lifetime of the HO2 radical from several minutes to seconds. If low 

concentration of NOx exists, HO2 reacts with O3 leading to further loss of O3 and 

formation of OH. Also, HO2 can recombine to produce H2O2. Figure 1.2  summarises 

the relationship between the OH and HO2 radicals that are together known as HOX 

radicals.11 

 

Figure 1. 2 Schematic summary of OH and HO2 (HOX) cycling in the troposphere. 

Modified version of the reaction scheme presented by Ehhalt et al.11
 

In the unpolluted environment (low NOx), about 75 % of OH is consumed by 

reaction with carbon monoxide (CO) to form the HO2 radicals:19,20 

OH +   CO (+ O2)                       →   HO2             +   CO2            (R1.7) 

The hydroxyl radical plays a key role in the oxidation of methane (CH4), whose 

concentration is controlled by reaction with OH. The primary source of CH4 (about 70 

%) comes as a result of anthropogenic sources. Most of the remaining OH radicals 

(25%) can also convert to HO2 which may occur because of the larger amounts of CH4 

and CO released into the Earth’s atmosphere each year from several anthropogenic 

activities.19-20 
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           OH     +        CH4                            →   H2O           +   CH3            (R1.8) 

            H       +        O2   +        M              →   HO2         +   M               (R1.9) 

           CH3    +        O2   +         M             →   CH3O2       +     M              (R1.10) 

 

The CH3O2 radical reacts quickly with O2 to from formaldehyde (H2CO) and HO2 

          CH3O2                           +       O2              →    H2CO     +       HO2           (R1.11) 

 

1.3.2. NOx Chemistry 
 

 

Not all atmospheric radical chemistry occurs in day time. In the gas phase, the 

nitrate radical (NO3) is the most oxidising agent present in the troposphere during night 

time. Multiple experimental evidence suggest s that CH2OO may be 

responsible for NO3 formation in the troposphere.4  NO3 initiates the 

degradation of many volatile organic compounds (VOCs) which have been emitted 

into the atmosphere. The role of NO3 during the night is similar to that of OH 

during the day. The NO3 is produced from slow oxidation of NO2 by ozone (R1.12). 

NO3 is rapidly destroyed by photolysis in the presence of sunlight (R1.13, R1.14).21-22  

 

                NO2       +         O3                                          →   NO3          +        O2              (R1.12)  

                NO3      +        hv ( < 700 nm)        →   NO        +         O2               (R1.13)  

               NO3       +         hv ( < 580 nm)       →   NO2         +        O             (R1.14) 

The reaction between NO3 and NO2 as shown in (R1.16) produces dinitrogen pentoxide 

(N2O5) which is other reservoir of NO3.
23  

               N2O5       +         M                                          →   NO3     +   NO2    +    M          (R1.15) 

               NO3         +         NO2                                      →   N2O5    +    M                       (R1.16) 

Under highly polluted conditions, as seen in urban areas, the NO3 initiated 

oxidation continues during the daytime and NO3 is significantly reactive towards certain 

VOCs such as isoprene, a diversity of butenes and monoterpenes.24-25 It can also be 

reduced by dimethyl sulfide (DMS) or other sulfur compounds as discussed in section 
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1.6. NO3 plays a more active role in oxidising DMS, as compared to OH in the marine 

boundary layer, if NO2 concentration is about 60%.26-27 Figure 1.3 provides a schematic 

of the reaction cycle for night-time chemistry of NOx.26-27  

The HO2 radical can be a key intermediate in the oxidative conversion of NO to 

NO2. In the presence of NOx, atomic oxygen is formed by the photolysis of NO2 by the 

UV portion of solar radiation.12 

      NO2     +           hv                             → NO    +     O(3P)              (R1.17) 

NO is converted back to NO2 and similarly ozone is converted to oxygen by 

reaction (R1.18), completing the "nitrogen cycle".2 

    NO       +        O3                                →   NO2   +    O2                 (R1.18) 

 

Figure 1. 3 A simplified reaction scheme showing NO3 radical chemistry and another 

important night time reactions. Modified version of the reaction scheme presented by 

Allan et al.26-27 
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1.4. Tropospheric Ozone Chemistry  

 

The majority of the atmospheric ozone is found in the stratosphere, a region of 

the atmosphere extending from about 10 to 50 km above the Earth’s surface. The 

stratosphere filters and reduces the amount of ultraviolet light in the 200 - 300 nm 

wavelength range coming from the sun which is potentially damaging to life on earth. 

The troposphere, which lies below the stratosphere, contains around 10-15% of the 

overall amount of ozone found in the atmosphere.28 Ozone is a greenhouse gas and a 

contributor to secondary organic aerosol (SOA) production.9 The atmospheric effects of 

ozone are related to human health, ecosystems and weather. Human health studies 

report that ozone has negative health impacts and acute exposure to it may result in 

airway inflammation and lead to decreased lung function.29 An estimated 21,400 

respiratory deaths per year are attributable to high ozone concentrations.30 As well as 

ozone being a greenhouse gas, it can also induce global warming indirectly since 

decreased photosynthesis rates have been connected to raised [O3], which may in turn 

decrease the earthly carbon sink.31  

The major impact of O3 on the oxidative potential of the Earth’s troposphere is 

due to its capacity to form OH radicals through reactions (R1.1 & R1.3) in the presence 

of sunlight and NO3 radicals through reaction (R1.12) in the absence of sunlight, which 

are responsible for initiation of primary chain oxidation reactions.10, 12 

Ozone reacts with unsaturated hydrocarbons as an atmospheric oxidant in the 

tropospheric layer. This reaction, known as alkene ozonolysis, acts as an ozone sink in 

biogenic volatile organic compound (BVOC) areas.32 Moreover, alkene-ozone reactions 

are widely accepted as a non-photolytic source of OH, HO2  and RO2 radical 

products.33 
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1.5.  Criegee Intermediate (CI) as an Alternative Oxidant 

 

Unsaturated hydrocarbons or alkenes are released in the troposphere from 

different sources including biogenic emissions, vehicles and combustion reactions. 

These hydrocarbons are considered to be principal pollutants in the atmosphere, 

accounting for up to 30 % of the total OH sink34 and can appreciably contribute to 

ozone formation in urban environments in the presence of NOx.35  

In general, the gas-phase alkene ozonolysis is the most common reaction of 

alkenes in atmospheric chemistry and is thought to proceed through the Criegee 

mechanism. This mechanism was first presented in a lecture at the IUPAC congress in 

New York in 1951.36 Recently, Criegee intermediates (CH2OO) have been suggested as 

significant atmospheric oxidants.3 They are formed through ozonolysis of unsaturated 

compounds, the reaction starts with an electrophilic cycloaddition of ozone to the C=C 

bond. The end product of this reaction is 1, 2, 3-trioxolane, which is an intermediate 

compound and is called a primary ozonide (POZ). The POZ is a high energy compound 

that decomposes quickly by splitting at the central C-C bond and splitting at one of the 

two O-O bonds in the ring. As the O-O bond can be broken at two different sites, two 

types of carbonyl oxides or carbonyl compounds can be made, as shown in Figure 1.4.37 

A considerable degree of vibrational excitation is possessed by the carbonyl co-product 

and the Criegee intermediate, formed as a result of exothermic decomposition of the 

POZ.5 The energy produced is responsible for unimolecular reactions of the excited 

CH2OO intermediate producing a set of different products e.g. free radicals, esters, 

acids, CO2, CO, HCO etc., or formation of a collisionally stabilised Criegee 

intermediate (SCI, the Criegee intermediate without excess energy) which further reacts 

with various atmospheric compounds especially with H2O, VOCs, and SO2  present in 

the reaction system.38 However this energy released from the decomposition of the 

POZ, is not enough to decompose the carbonyl molecule.34 
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Figure 1. 4 The unimolecular and bimolecular pathways of alkene ozonolysis.5, 37, 39-40 

Modified version of the reaction scheme presented by Womack et al.37 
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Criegee intermediates are important in the production of organic acids 

such as HCOOH. The HCOOH yields from ozonolysis of olefins and other 

unsaturated species are shown in Table 1.2.41-43 The excited  ˝CH2OO˝  undergoes 

decomposition (CO, HO2 and OH), isomerisation (CO and H2O) or stabilisation 

(CH2OO). The yields of HCOOH from the CH2OO define the branching ratios 

among decomposition, isomerisation and stabilisation. Formation of HCO and OH 

have also been verified experimentally by Suenram and colleagues using 

microwave experiments.44 Kroll et al.45 verified this later pathway experimentally 

using laser-induced fluorescence (LIF). Using chemical ionisation mass 

spectrometry (CIMS), Leather and co-workers confirmed that the yield of 

HCOOH increases significantly with additional water due to the reaction between 

CH2OO and H2O.41  

Table 1. 2 Yields of HCOOH from the reaction of unsaturated compounds with ozone.  

 

Often the energy-rich, Criegee intermediates undergo decomposition at 

low pressures to form OH.46 The CI is collisionally stabilised at higher pressures 

and will be decomposed thermally to form OH or undergoes structural changes 

through the dioxirane cycle. Dioxirane reacts through a ''hot acid'' intermediate, 

Species Literature values 

Ethene 0.4141 

Propene 0.1442 

Isobutene 0.1342 

Isoprene 0.3042 

α –pinene 0.07543 

β –pinene 0.0443 
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and forms products such as OH, HCO, CO, CO2, H2, H2O, HCOOH. Figure 1.5 

explains the unimolecular pathway (“hot ester” mechanism and hydrogen transfer) 

for the excited CH2OO intermediate. 

 

 

 

 

 

Figure 1. 5 The unimolecular reactions of CH2OO form from exited CH2OO. Modified 

version of the reaction scheme presented by Womack et al.37 

The stabilised Criegee intermediate (SCI) produced can react with a 

number of species in the atmosphere, such as H2O, CO, NO2 and SO2. The 

reaction between CI and H2O is a favorable reaction due to excess of water 

present in the troposphere (Figure 1.4, 5a)47-48 and results in formation of organic 

acids, carbonyls, hydroxymethyl hydroperoxide (HOCH2OOH, HMHP) and 

hydrogen peroxide (H2O2).
49-50  

 

             CH2OO             +       H2O    →        HOCH2OOH                          (R1.19) 

 

 
As discussed earlier, alkene-ozone reactions have been widely accepted as 

a non-photolytic source of OH, HO2, and RO2.
33 These reactions are highly 

important in the tropospheric region; ozonolysis of alkenes forms HOx (OH + 

HO2) irrespective of the presence or absence of sunlight. Therefore, analysis of 

these reactions could lead to a better understanding of alkene-ozone chemistry in 

the troposphere. Despite the latest advancements in the field, the gas-phase 

reaction chemistry of alkenes with ozone is not fully understood and the electronic 

structure of even the simplest CI, the parent CH2OO, has still not been completely 

experimentally characterised.  
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1.5.1. Studies on Criegee Intermediates 

 

Criegee intermediates are one of the major players in many aspects of 

atmospheric chemistry, for example as an oxidant of SO2, and they are responsible 

for the non-photolytic formation of OH in the troposphere.  Although indirect 

experimental evidence for their atmospheric role is strong, until recently these 

gaseous intermediates (CIs) had not been directly detected in the gas-phase.3, 51 

This direct detection of the CH2OO, relied upon the discovery of a new reaction 

scheme using photolysis of CH2I2 and O2,
3 with various techniques such as 

photoionisation,51 ultraviolet absorption,52-53 infrared absorption,54 and microwave 

spectroscopy.37, 55-56 This discovery opens a new door for laboratory studies to 

enhance our understanding of the roles of these intermediates in the troposphere. 

Nevertheless, still many parameters related to the CI chemistry are not completely 

understood, e.g. the chemical mechanisms, pathways, products, stabilisation, 

lifetimes, and reaction rate coefficients. 

The reaction CH2I + O2 is commonly used for effective formation of CI in 

laboratories and its total reaction rate coefficient was reported to be 1.28× 10−12 

cm3 molecule−1 s−1, which is much more effective than that of O3 + C2H4 reaction 

(1.6 × 10−18 cm3 molecule−1 s−1)57-58 or (1.45 × 10−18 cm3 molecule−1 s−1).59 

Another advantage of this reaction is that the CI is formed with a small 

exothermicity of ∼2.5 kJ mol−1,60 so that the product CI may be stabilised readily 

if the reactants have small excess energy. On the other hand, the CI from the 

reaction C2H4 + O3 has a higher exothermicity ∼5.4 kJ mol−1, so that the CI 

formed decomposes quickly even when the reactants have small excess energy.61 

The direct and definitive identification of CIs including their conformation is the 

major reason to investigate these intermediates. Because CIs have short lifetimes 

due to fast reactions, they are difficult to detect with conventional techniques. 



 

16 
  

Eskola et al.62 used laser photolysis combined with photoionisation mass 

spectrometric detection to study the reaction between CH2I and O2. The CH2I and O2 

reaction has several possible product channels as shown below. They found that the 

channel (R1.22) is the principal channel observed at low pressure.  

             CH2I            +        O2 →        CH2IOO                                                   (R1.20) 

             CH2I            +        O2 →        CH2O      +     IO                                  (R1.21) 

             CH2I            +        O2 →        CH2O2     +      I      (various isomers)     (R1.22) 

Taatjes et al.51 showed that CH2OO, formed from the reaction with the chlorine 

atom, initiated oxidation of dimethyl sulfoxide (DMSO) and could be observed in the 

gas phase using the photoionisation mass spectrometry (PIMS) technique. Later, Welz 

et al.3 employed the reaction CH2I + O2 to form CH2OO and detected it using tunable 

synchrotron photoionisation mass spectrometry. The CH2I radical was formed by 

photolysis of methylene iodide at 248 nm from a synchrotron source, at 298 K and 4 

Torr excess pressure of O2. Kinetic measurements of the reactions between CH2OO 

intermediates and four small atmospheric molecules: NO, NO2, SO2, and H2O were 

performed by measuring the rate constants for these reactions. They identified and 

distinguished CIs from their isomers such as dioxirane, methylene bis(oxy), and formic 

acid which all have a similar m/z (mass to charge ratio) = 46. They reported the CH2OO 

ionisation energy ~10 eV which was consistent with theoretical calculations of 9.98 

eV.3  

After discovery of the source of CH2OO from the reaction CH2I + O2, many 

researchers used the same system to form and detect CH2OO. In 2013, Yu-Te Su et al.54 

observed the CH2OO intermediate directly from the reaction of CH2I and O2 with a  

~50-µs lifetime using a step-scan FTIR spectrometer. This is a much shorter lifetime 

than that reported by Welz et al.3(~2 ms), who used a higher concentration of [CH2I]ₒ. 
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The latter observed five vibrational wavenumbers bands of the CH2OO intermediate and 

confirmed them by comparison with theoretical predictions. They proved that the 

CH2OO intermediate has a zwitterionic structure with a strengthened C-O bond (908 

cm-1) and a weakened O-O bond (1286 cm-1). 

 In 2015, Huang et al.63 reported an infrared spectrum of CI at resolution 0.25 

cm-1 which was an improvement on those  reported previously at resolution of 1 cm-1.54 

With this improved resolution, the 𝑣5 and 2𝑣9 bands were correctly identified compared 

to those previously recorded near 1241 cm-1.54 

Lin et al.64 generated methyl substituted CH3CHOO, formed from UV 

photolysis of CH3CHI2 and O2 in a flow reactor and were able to measure the transient 

IR spectrum of two conformers, syn-CH3CHOO and anti-CH3CHOO. Their 

experimental results were in good agreement with theoretically calculated values.65 

Another spectroscopic method, the UV absorption spectra of CH2OO, was 

reported by several groups.52-53, 66 Beames and colleagues used photoionisation detection 

of CH2OO at 118 nm and observed UV-induced depletion of the signal with maximum 

near 335 nm.66 Sheps52 reported a spectrum of CH2OO using a time-resolved cavity-

enhanced absorption spectrometer, shifted more than ~20 nm from the UV-depletion 

spectrum reported by Beames and co-workers.66 Ting et al.53 reported the UV spectrum 

of CH2OO under bulk conditions which matched the UV-depletion spectrum on the 

shorter-wavelength side reported by Beames et al.66 

Nakajima and colleague detected microwave spectra of CH2OO in a discharge 

supersonic jet of mixture of CH2Br2 (CH2I2 in later experiments) and O2 using Fourier-

transform microwave spectroscopy.55, 67 They determined the OO and CO band lengths 

as 1.345(3) and 1.272(3) Å, respectively. They proposed that CH2OO had significant  

zwitterionic structure rather than biradical structure. In addition, Nakajima and Endo68 
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detected H2O-CH2OO and D2O-CH2OO complexes by FT- microwave spectroscopy 

under jet-cooled conditions. They concluded from this study that the structure of the 

complex is close to a planar ring, which has the terminal O2 moiety of the Criegee 

intermediate as a strong proton acceptor.68 McCarthy and co-workers used FT-

microwave double-resonance spectroscopy with theoretical calculations  to study five 

isotopic species of CH2OO.56 They also suggested that the CH2OO can be formed in the 

direct vicinity of atmospheric lightning and not from halogen chemistry. 

The bonding in CH2OO is not completely understood and theoretical 

calculations by various researchers have shown significant differences in predicted C-O 

bond length. Earlier calculations showed CH2OO to have a planar, singlet biradical 

structure with similar C-O and O-O bond lengths of ≈ 1.343 Å 1.362 Å, respectively.69 

However, the higher level multi reference calculations show a zwitterion structure with 

a C-O bond length of about 1.28 Å and an O-O bond length about 1.35Å.70-72 Calculated 

vibrational frequencies vary with the predicted O-O stretching mode ranging from 849 

to 1077 cm-1 and the predicated C-O stretching mode ranging from 1269 to 1407 cm-1.54 

1.6. Dimethyl Sulfide (DMS) Oxidation 

 

Aerosols are solid particles or liquid droplets suspended in the air or another gas. 

They play a very significant role in the hydrological cycle and climate change. 

Therefore, analysis of the hydrological cycle can lead to a better understanding of their 

characteristics in the atmosphere. Thirty years ago, studies found sulfur dioxide (SO2) 

gas in the Earth's atmosphere.73 The gas was also discovered above the ocean surface 

and was shown to be formed by oxidation of DMS.74-75  

In the open ocean, certain biological processes produce DMS which always 

effluxes from the oceanic areas and is the major source of reduced sulfur concentration 

in the atmosphere.76 Phytoplankton, a species of microscopic algae, synthesises 
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dimethylsulfoniopropionate (DMSP) which is a precursor to DMS.77 This DMS is then 

released into the atmosphere and oxidised and transferred into tropospheric aerosols, 

which act as cloud condensation nuclei (CCN) attracting molecules of water to form 

clouds. These clouds are involved in the Earth’s radiation balance and affect its 

temperature and climate.78   

The sulfur-containing gases found in atmosphere include many different 

chemical species. Researchers have deduced that approximately 50% of the global 

biogenic source of sulfur in the atmosphere is provided by the flux of marine DMS and 

this accounts for 25% of the total global sulfur emissions. Of the DMS formed in the 

oceans, an estimated 95 % is eventually emitted into the atmosphere.75, 79 

Oxidation by OH and NO3 radicals represent the major atmospheric sinks for 

DMS during the day and the night, respectively.80-84 Oxidation of DMS by the OH 

radical occurs through two separate channels: Abstraction of the hydrogen-atom from a 

methyl group that leads to mostly SO2: 

OH + CH3SCH3            →     CH3SCH2 + H2O (abstraction pathway). (R1.23) 

and OH-radical addition which leads to many products such as DMSO (dimethyl 

sulfoxide) and MSEA (methanesulfenic acid):85 

OH + CH3SCH3            →    (CH3)2SOH          (addition pathway).      (R1.24) 

The OH initiated oxidation of DMS and DMSO reactions have been studied in 

the gas phase by FTIR spectroscopy,86-88 laser induced fluorescence (LIF) technique,89 

and time resolved tunable diode laser (TDLAS) spectroscopy.90 However, the 

mechanism is not fully characterised nor is the structure of some of the chemical 

intermediates involved. 

http://www.csa.com/discoveryguides/dimethyl/gloss.php#clo
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The OH-initiated oxidation reaction of DMS produces a range of products such 

as sulfur dioxide (SO2), sulfuric acid (H2SO4), dimethyl sulfoxide (DMSO), dimethyl 

sulfone (DMSO2), methanesulfinic acid (MSIA), methanesulfenic acid (MSEA), and 

methylthio radical (CH3S), as shown in Figure 1.6.86-87, 91-92  

In the water column, the vast majority of the oxidation cycle in the 

DMSP/DMS/DMSO scheme occurs in the photic zone of the ocean.93 DMSO 

((CH3)2S=O) is derived from oxidation of DMS in the troposphere and it is known as a 

protector of biological tissues from radiation.94-95 DMSO and SO2 are the main source 

for H2SO4 and MSA in the marine boundary layer (MBL) and in the Antarctic layer.96 

Heterogeneous reactions may play an important role in the removal of about 25-80% of 

DMS in the troposphere.97-98  

Criegee intermediates can be formed in other oxidation reactions, for example in 

the oxidation of DMSO. The reaction of DMSO with O2 results in an activated DMSO 

peroxy radical, CH3S(=O)CH2OO▪, which is formed at low temperature. In 2008, 

Asatryan and Bozzelli calculated that the activated DMSO peroxy radical can undergo 

simple dissociation to produce the reactive CH2OO intermediate and methylsulfinyl 

radical (see reactions R1.25 & 1.26).99 This prediction was confirmed experimentally in 

gas phase by Taatjes and co-workers using the PIM spectrometry.51 However, the 

DMSO oxidation chemistry is very complex and the concentration is too low for these 

reactions to be valuable for laboratory studies as a source of Criegee intermediate. 

   CH3S(=O)CH2
▪     +     O2            →    CH3S(=O)CH2OO▪

                  (R1.25) 

   CH3S(=O)CH2OO▪
                                  →      CH3S

▪(=O)   +  CH2OO     (R1.26) 
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Figure 1. 6 A simple reaction scheme representing the oxidation of dimethyl sulfide 

(DMS) in the remote marine atmosphere via OH and NO3 radicals. DMS oxidation by 

OH has two channels, addition and initiating H-abstraction: DMS-OH adduct, dimethyl 

sulfoxide (DMSO); dimethyl sulfone (DMSO2), methanesulfinic acid (MSIA), 

methanesulfenic acid (MSEA), SO3, H2SO4, and SO2. Modified version of the reaction 

scheme presented by Davis et al.92
  

In 1984, the Winer group were the first to report the reaction between DMS and 

NO3.
100 Then, after ten years, Bultkovskaya and LeBras concluded that this reaction 

proceeded via the abstraction of an H-atom forming HNO3 and the methylthiomethyl 

(CH3SCH2) radical.81 

 CH3SCH3   +   NO3                                   →   CH3SCH2   +   HNO3                                 (R1.27) 

The DMSO2 peroxy-radical is the product of the reaction between CH3SCH2 and O2. 

However, the DMSO2 has not yet been directly observed in the atmosphere.  

CH3SCH2   +   O2   +   M               →   CH3SCH2OO + M                               (R1.28) 

Furthermore, the CH3S radical is the result of the oxidation of DMSO2 in the 

presence of NO as shown in reactions (R1.29 & R1.30). The production of CH3S is not 

fully understood, so future investigation is needed in this regard.101 

CH3SCH2OO   + NO                     →   CH3SCH2O + NO2                                (R1.29) 

CH3SCH2O     + M                        →   CH3S + HCHO+ M                      (R1.30) 
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1.7. Matrix Isolation Fourier-transform Infrared Spectroscopy 

  

Infrared spectroscopy is an important technique and known to be very useful for 

detecting reaction intermediates. It allows for positive identification of molecules and 

allows quantification of the relative abundances and the structure for moderate-size 

molecules. Infrared spectroscopy can be used to measure vibrational energy levels of a 

molecule in its lowest electronic state, which can be used to analyse the molecular 

structure. 

 Matrix isolation (MI) is an experimental technique which can be employed for 

studying radicals, reactive species, intermediates, complexes and adducts.102 

Concentrations of intermediates are often too low for detection using conventional 

spectroscopic methods as they react very quickly. The long lifetimes of matrix isolated 

radicals allow a diversity of spectroscopic techniques, such as FTIR spectroscopy, 

ultraviolet/visible (UV-Vis), and electron paramagnetic resonance (EPR) spectroscopy, 

to be utilised in the study of a single matrix isolated sample. Therefore, these species of 

interest can be produced in the gas phase, and then condensed with an inert host gas at 

extremely low temperature to construct a solid matrix comprising the species of interest 

isolated within the host gas lattice.  

Matrix isolation has its origins in the first three decades of the 20th century with 

the experiments by photochemists in liquefied gases. Reaction intermediates in a 

nitrogen or rare gas solid, were first detected by spectroscopy in the 1950s, in particular 

by Whittle et al.103 They first used inert gases such as neon and nitrogen as the host 

material to study reactive intermediates. Pimentel and co-workers produced reactive 

species in xenon matrices, down to a temperature of 66 K. They expanded their work 

using liquid hydrogen and liquid helium to cool the matrix to 20 K and 4 K, 

respectively. In 1960, Pimentel group studied many molecules through the MI technique 

such as N3,
104 HCO,105 and H2O.106 

javascript:popupOBO('CMO:0000228','B102907J')
javascript:popupOBO('CHEBI:64297','B102907J','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=64297')
javascript:popupOBO('CMO:0000630','B102907J')
javascript:popupOBO('CHEBI:64297','B102907J','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=64297')
javascript:popupOBO('CHEBI:25555','B102907J','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=25555')
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This method involves studying a radical species isolated within a non-reactive 

host, like a noble gas such as argon, which is chemically inert and transparent in the IR-

vis-UV region. Since argon is solid at 10 K it is very convenient to use it as a host gas. 

In contrast, neon requires 4 K for the gas to solidify. Closed cycled He refrigerators 

operating below 10 K are readily available.102,107 However, versions that operate at 4 K 

are considerably more expensive so argon is usually the preferred host matrix. In rare 

gas hosts, the rotational states of the trapped molecules are generally quenched and only 

narrow vibrational lines are observed.108  

It is difficult to study and generate unstable complexes or radicals in the gas 

phase because of intermolecular interactions and short lifetime of these species. Matrix 

isolation is a convenient technique which is used to isolate and trap reactive species in a 

solid inert matrix without them interacting. There are many advantages of using inert 

gases in matrix isolation:109 

• They are usually transparent at the frequency that most of the optical 

spectroscopic techniques employ. 

• The spectroscopic parameters obtained from the species in the matrix compare 

well with gas phase values; that is the “matrix effect” on the parameters is small. 

• They possess high ionization energies hence they can be used to study ions. 

• They show little influence of the electronic structure interaction of the trapped 

species due to their low polarisabilities. In particular neon and argon are the 

most favoured noble gases. 

• The matrix simply traps gas species without interacting with them due to the 

noble gas being chemically inert. 
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1.8. Relevant Knowledge Gaps in Atmospheric Chemistry 

 

There are major gaps in our knowledge of the exact mechanisms, and chemical 

structure of the reactive intermediates produced in the tropospheric layer.110 For 

example, compounds of sulfur play a significant role in many atmospheric chemistry 

processes and have been extensively studied in many areas in science for some time. 

However, there are still many new species being released into the atmosphere that 

contribute to new mechanisms. The DMS oxidation is responsible for the generation of 

many species such as the highly reactive methanesulfenic acid (MSEA), the methylthio 

(CH3S) radical, dimethyl sulfide-water (DMS-H2O) complex and others. To our 

knowledge, no infrared (IR) spectrum of MSEA has been reported in Ar matrices. The 

MSEA product can be formed through the reaction of DMS-OH adduct and oxygen. 

Besides, there is a lack of previous studies111-112 on the CH3S radical and full 

spectroscopic characterisation especially in an argon matrix is not available.  

1.9. Project Aims  

 

There are several aims to this research: 

• Obtain experimental (IR) information of the unstable radicals such as methylene 

(CH2) and Criegee (CH2OO) radicals to understand the reaction channels and 

structure of these species studied by MI- FTIR spectroscopy.  

• Investigate the formation of new products from the dimethyl sulfide (CH3SCH3, 

DMS) oxidation and degradation to provide spectroscopic details of these 

species to help their detection. 

• Fill some of the gaps in the knowledge of the mechanisms and intermediates 

structures pertaining to tropospheric chemistry. 

• Provide a cross-link between experimental and the theoretical calculation that 

will improve atmospheric models.  
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1.10. Thesis Summary 

 

This thesis consists of eight chapters: an introduction, an experimental section, 

five major research chapters and a conclusion chapter. Chapter One presents an 

introduction and a brief review about the composition of our atmosphere, atmospheric 

oxidation reactions involving Criegee intermediate, and oxidation DMS. Chapter Two 

describes the design and construction of the MI-FTIR apparatus. Chapter Three 

addresses identification of the simplest Criegee intermediate and its isotopologues in 

argon matrices using the matrix isolation technique and confirm the assignments of the 

bands by UV photo-bleaching experiments. Chapter Four shows the identification of the 

methylene (CH2) radical as a product from the fragmentation of irradiated 

diiodomethane (CH2I2). Chapters Five, Six, and Seven investigate irradiated DMS using 

the discharge method to produce the CH3S radical, the DMS-water complex with its 

isotopologues, and methanesulfenic acid. Finally, Chapter Eight discusses of the 

significance of the results and suggestions for future work. 
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2. Experimental  

2.1. Apparatus Design 

 

The matrix isolation apparatus employed in this project was originally designed 

and built by Dr. Vaughan Langford (Presently at Syft Technologies Ltd, Christchurch, 

New Zealand) and Mr. Nigel Hamilton from the Mechanical Workshop of Chemistry 

and Biochemistry at UWA. Minor modifications were made to the apparatus by Paul 

Cooper and Courtney Ennis during their PhD research and also during their honours 

year by Madeleine Bussemarker and Michael Pearce.113-114 The apparatus includes the 

following components: a vacuum system, a gas mixing station, a closed cycle He 

refrigeration system and a FTIR spectrometer. Figure 2.1 shows the schematic diagram 

of the complete apparatus, 113  while Figure 2.2 shows a photograph of the equipment. 

 

 

 

 

 

 

 

  

Figure 2. 1 Schematic diagram of the matrix isolation FTIR apparatus. Modified version 

of the diagram presented by Cooper, P.113  
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Figure 2. 2 Photograph of the matrix isolation FTIR spectroscopy. Numbers indicate to: 

1. Open and close valves, 2. Multimeter, 3. Temperature controller, 4. Metering valves, 

5. Baratrons (10, 1000 Torr), 6. Reservoirs, 7. Tesla coil, 8. Ion gauge, 9. Ionisation 

gauge controller, 10. Rotating head, 11. IR spectrometer, 12. Xenon lamp, 13. Power 

supply (150 W), 14. Turbo pump, 15. Helium refrigerator, 16. Helium supply and return 

pipes, 17. Fore-line trap, 18. Solenoid valves, 19. Backing pump, 20. Exhaust. 

 

2.1.1. Vacuum System  

 

The matrix isolation technique requires very low pressure and temperatures. A 

rotary pump (Edwards high vacuum pump Model EDM 12A) is used to maintain a 

backing pressure measured at about 1 × 10-2 Torr by a thermocouple gauge (Dynvac 

Model CG8). A turbo molecular pump (Oerlikon Leybold Vacuum, Turbovac 350i) 

provided the high vacuum. A thoriated iridium filament ionisation gauge (Duniway 

Model I-075-K) was used to measure vacuum delivered by the turbo molecular pump. 

The thoriated iridium filament ionisation gauge was connected to the vacuum ionisation 

gauge controller (Veeco RG.830). This system gave a base pressure between 1.5 × 10-7 

and 2.5 × 10-7 Torr. Between the backing pump and the turbo molecular pump, a 
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foreline trap filled with alumina beads prevents oil from entering the high vacuum 

system by absorbing the oil vapour coming from the backing pump.  

Unfortunately, the turbo pump required a number of bearing replacements 

during of this project and this caused several months delay during the present project. In 

2015, the turbo-molecular pump (Oerlikon Leybold Vacuum, Turbo. Drive 150) was 

replaced with the spare pump (Oerlikon Leybold Vacuum, Turbo. Drive 300) when the 

bearings become noisy and attachment of the new pump to the equipment bench 

required the services of the Mechanical Workshop, with work completed in May 2015. 

In 2017, the new turbo pump (Oerlikon leybold vacuum, turbovac 350i) was purchased 

to achieve a base pressure about 1.5 × 10-7 Torr. During the course of this work, the 

vacuum system was monitored for leaks with Edwards Helium leak detector. Leaks 

were found in various valves and seals which were replaced as required.   

2.1.2.  The Gas Mixing Station  

 

The standard manometric procedures were employed in the production of the 

mixture of respective gases. Diiodomethane (CH2I2 99 %, Sigma Aldrich), 

deuteriodiiodomethane (CD2I2 99 atom% H-2 labelled, Sigma Aldrich), and (13CH2I2, 

99 atom % C-13 labelled, Sigma Aldrich), dimethyl sulfide (DMS 99%, Sigma 

Aldrich), and water (H2O) and its H2
18O, D2O isotopotogues were degassed by several 

freeze-pump-thaw cycles at liquid nitrogen temperature before mixing them with Ar. O2 

(99.999%, CAC Gas & Instrumentation), and oxygen enriched with the O-18 isotope 

(97 atom% O-18 labelled O2 gas, ICON) were used without further purification.  

The argon (99.999%, Air Liquide High Purity Grade, Specialists and Technical 

Gasses Ltd) was purified from the impurities (CO2, H2O) by passing the Ar through 

molecular sieve (3Å) cooled to -78 ˚C with ethanol and dry ice at a flow rate of 5 

Torr/min to freeze out impurities. A photograph of the mixing station is shown in Figure 
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2.2. One of the two evacuated reservoirs was used to make up mixtures of the host gas 

argon from a cylinder with a small amount of analyte. The concentration ratio of 

analyte: host gas ranged for 1:100 to 1:500. A 10 Torr Baratron gauge (Tylan General 

CMLB-11) was used to measure the pressure of the analytes in the reservoirs. One of 

the two 1000 Torr Baratron gauges (MKS 124AA-010000DB) monitored the host gas 

pressure depending on the reservoir that was being filled. A multimeter (Isotec 

IDM105) was used to monitor the gauges while the metering valves performed the 

regulation of flow. 

2.1.3. A Closed Cycle He Refrigeration System and Matrix Deposition  

 

The deposition of the analyte into an argon matrix required a sufficiently low 

temperature (30 K or less) within the matrix isolation chamber. A low temperature of 10 

K was achieved and maintained by a closed cycle He refrigerator (APD HC-2D with 

displacer APD Displex DE-202) (Figure 2.2). A silicon diode sensor (Lakeshore DT-

470-SD-13) was used to measure the temperature of the copper window holder and the 

temperature of the window holder was controlled by an Omega CYM3200 temperature 

controller. The KBr window was attached to the copper window holder using indium 

gaskets. In this way the temperature gradient between the holder and the window itself 

was minimised. However, an offset of 1 or 2 K may have been present.  The matrix was 

warmed slowly to 20-30 K for annealing experiments and this temperature was 

maintained for about 20-30 min using the temperature controller and then re-cooled to 

10 K.  

 We typically obtained a base temperature between 9.5 K and 10 K. The matrix 

was deposited onto a potassium bromide window (KBr) (Figure 2.3) which was 

mounted in a copper sample mount attached to the cold station of the refrigerator and it 

was protected using a radiation shield. 
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The prepared gas mixture was deposited for approximately one hour, and the 

flow of each gas mixture was controlled by needle valves to give a deposition rate of (3-

6 mmol h-1). This gas mixture would then freeze onto the cryogenically cold deposition 

window and form a thin analyte/argon matrix. The deposition rate was measured by the 

gas flow rate from the gas reservoirs and constant condensation efficiency was assumed 

for all experiments such that the actual matrix thickness and concentrations achieved 

and assumed to be the same for the same concentration and amount of the gas injected 

into the vacuum system. As we did not try to measure absolute IR intensities in our 

experiments this was deemed to adequate. The deposition window was positioned on a 

rotating collar. This enabled the transition from a deposition position to the scanning 

position, where long axis was perpendicular to gas nozzles in former, while in the later, 

it was perpendicular to IR beam as shown in Figure 2.4.113 The mixture from reservoir 

two passed through a 1/4″ borosilicate tube (attached directly to the cryostat) and was 

subjected to radio frequency discharge from an automotive high tension transformer for 

the discharge experiments. The automotive transformer was powered by a switching 

power supply (Figure 2.2). 
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Figure 2. 3 Photograph of the sample window (KBr).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4 Schematic diagram of the rotating collard cold head is showing the 

potassium bromide sample window (KBr) in the deposition and scanning position. 

Modified from Ref. 113.  

KBr window 
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2.1.4. FTIR Spectrometer 

 

A Mattson Sirius 100 FT-IR spectrometer was employed in the recording of the 

IR spectra over the range of 600 to 4000 cm-1. The majority of the fundamental 

frequencies of the selected reactants and products in this project are found in the 600-

4000 cm-1 region of the mid-IR spectrum. Because of this, KBr was employed due to its 

high transparency in the region. The IR beam traverses through the matrix isolation 

chamber by first passing through one KBr optical window, after which the beam passes 

through the rotating KBr window holding the Ar matrix within the matrix isolation 

chamber, and finally exits out of the chamber through the opposite KBr optical window 

(Figure 2.4). Once the spectra have been recorded, the deposition window and 

refrigerator are allowed to warm to room temperature during the night. This limited the 

experimental work output to preparing just one matrix sample per day. A wide band 

liquid nitrogen cooled mercury cadmium telluride (MCT) detector was used in 

spectrometer to measure the spectra (Graseby IR, MI 0465-0019).  

IR spectra were measured at a resolution of 0.5 cm-1. These spectra were 

collected from a total of 2000 scans over a period of 1 hour. While the temperature of 

the deposition window was being lowered, a background scan was performed through 

the blank windows (Taking the background as the sample temperature fell could lead to 

complications if significant condensation of background gases in vacuum system was 

occurring as this condensation would only occur once the sample temperature was less 

than 100 K or 50. However, we did not observe changes in the spectra of deposited 

matrices over time so we assumed significant condensation of background gases did not 

occur during cooling). After the deposition of the matrix on to the cold window, a 

sample scan was obtained using the same spectrometer setting. From this sample scan, a 

background scan was subtracted, and thus yielding the mid-IR spectrum for the matrix.  
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Collection of data from the spectrometer was facilitated by the use of Winfirst version 

2.10 (ATI Mattson) computer program.115 The data were then saved in a .DX and ASC 

files format for analysis and manipulation using the program Spectrum version 5.0.1 

(Perkin Elmer Instruments)116 and OriginPro 9.1 student version.  

Each spectrum reported in this thesis was an average of 2,000 individual scans.  

Each experiment was repeated several times and any peak identified was present in each 

experiment with a similar relative intensity.  While many of the peaks were present with 

small intensity we are confident of their presence as their intensity was seen 

reproducibly in multiple experiments. 

All the spectra observed during this research showed varying degrees of 

anomalies in the baseline. Minor deviations in the sample window (KBr) position 

relative to the optical path led to interference effects associated with the multiple 

changes in optical media which resulted in ripples in the baseline. The above-mentioned 

matrix deposition process (section 2.1.3) involved the rotation of the KBr window for 

the deposition, i.e. perpendicular to the optical axis after the measurement of required 

background spectrum. In this procedure, the starting and finishing locations of the KBr 

windows were subject to some unavoidable slight deviations (< 1̊). Application of 

baseline correction was found to be the simplest way for handling and overcoming these 

ripples from spectra and high-quality IR spectra were obtained as shown in Figure 2.5. 
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Figure 2. 5 Mid-infrared absorption spectrum of CH2I2 /Ar on KBr window after 

baseline correction. 

 

2.2. Photochemical (Bleaching) Experiments 

 

In the photochemical studies, the photolysis apparatus consisted of a 150-watt, 

7.5 ampere, 17-23 volt DC Hanovia 901C1 high- pressure xenon lamp, a power supply 

150 W (Spectrolamps), coupled to a Bausch & Lomb high intensity monochromator 

1350 Grooves/mm 300 nm blaze (model 33-86-79) (Figure 2.5), to allow for photolysis 

of the matrix after deposition. Matrix samples were exposed to photolysis using the UV 

lamp, positioned vertically through a silica window (3.5 cm diameter) to the sample 

cell. Because the xenon lamp has a monochromator coupled to it, different wavelengths 

in the range from 365 nm and 425 nm could be selected. This gave information on the 

dissociation pathways of the selected species and aided in assigning peaks to particular 

species. Figure 2.7 shows the schematic diagram of the photo-bleaching apparatus. 
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Figure 2. 6 Photograph of the UV apparatus consists of power supply (150 W), xenon 

lamp and monochromator. 

 

 

 

 

 

 

 

 

 

 

Figure 2. 7 Schematic diagram of the UV experimental setup showing the KBr window, 

xenon lamp, UV monochromator, and IR detector. 
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2.3. Purging of Spectrometer 

 

Reduction of interference from H2O and CO2 gases in the surrounding 

atmosphere within the spectrometer was necessary. The prevention of water vapour 

adsorbing onto the surface of the KBr window was also equally important. Dry nitrogen 

gas was continuously purged in the interior of the spectrometer in order to avoid trace 

amounts of H2O and CO2 vapour, but inevitably traces of unwanted atmospheric gases 

were present in the spectrometer and would occasionally show up as small absorption 

bands in the spectrum. This contamination problem was thought to be caused by a 

degraded lid seal that isolated the spectrometer from the outside environment. The gaps 

around the edge of the lid of the spectrometer were sealed with new foam strip and 

adhesive tape was applied around the edge of the lid to secure it in position. The 

nitrogen gas supply was from boil off from the building’s liquid nitrogen tank. 
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Abstract  

The carbonyl oxides or Criegee intermediates, CR2OO, have been postulated to 

play a key role in the tropospheric oxidation model of the reactions of ozone with 

olefins. Because of their high reactivity and small concentration, until recently the 

parent species CH2OO had not been observed experimentally. Very recently the 

simplest CH2OO intermediate has been observed with various methods such as 

photoionisation mass spectrometry, ultraviolet absorption spectroscopy, microwave 

spectroscopy, and infrared absorption spectroscopy [C.-A. Taatjes et al., J. Am. Chem. 

Soc. 130, 11883 (2008), J.-M. Beames et al., J. Am. Chem. Soc. 134, 20045 (2012), C.-

C. Womack et al., Sci. Adv. 1, e1400105 (2015), & Y.-T. Su et al., Sci. 340, 174 

(2013)]. In this study, we report (IR) spectra of the CH2OO radical and its C-13, H-2 

and O-18 isotopologues in Ar matrices for the first time. The CH2OO radical was 

produced by irradiating CH2I2 using an electrical discharge and the products isolated 

with O2 in Ar at 10 K. The new absorption bands at 1422, 1267, 1202.4, 918.6, and 

850.2 cm-1 assigned to the CH2 scissoring/CO stretching (𝑣 3), CO stretching/ CH2 

scissoring (𝑣4), CH2 rocking (𝑣5), OO stretching (𝑣6), and CH2 wagging (𝑣8) modes of 

the CH2OO radical, respectively. These absorption bands have been assigned based on a 

comparison of observed frequencies, IR intensities, isotopic ratios and O-18, C-13, H-2 

isotopic shifts with those values calculated theoretically by the VPT2 CCSD(T) / augʹ-

cc-pVTZ calculation. The computed and experimental values are in good agreement, 

with typical variation of 2 to 8 cm-1 and this led to the conclusion that the observed 

bands are vibrations of the CH2OO intermediate. The experimental assignments are also 

in excellent agreement with those seen in the gas phase experiment by Su et al. for the 

CH2OO radical. Significant bleaching of the CH2OO bands is observed upon irradiation 

with a UV light source in the 365 nm spectral region. All bands due to the CH2OO 

radical diminish simultaneously and no IR signature of the CH2OO bands remains after 

30 min of exposure to UV photolysis. In addition, the bands of CH2
18O18O, 13CH2OO, 

and CD2OO isotopologues behave similarly. Irradiation of this matrix at 425 nm had no 

effect of the bands. In line with gas phase experiments, our observations of vibrational 

wavenumbers are more consistent with a zwitterion structure for CH2OO with, a 

strengthened C-O and a weakened O-O bond, rather than a singlet biradical structure.  

Keywords: Matrix isolation-FTIR; Criegee Intermediate; oxidation of alkenes. 
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3.1. Introduction 

 

The reactions of ozone with alkenes and alkynes are important in the processing 

of these hydrocarbons in the atmosphere.  Atmospheric emissions of olefins can be from 

biogenic sources e.g. alkenes such as isoprene and terpenes are generally accepted to be 

major components of volatile organic carbon emitted from plants117 but smaller alkenes 

such as ethene, propene and 1-butene have been observed to be emitted.118 Alkenes are 

also emitted from anthropogenic sources including incomplete combustion of fossil 

fuels, biofuel combustion and biomass burning.119  

Atmospheric processing of alkenes generally involves oxidation. Primary 

oxidants include OH radical, O3, NO3 and halogen atoms.120 The reactions with ozone 

provide a major pathway for the removal of both ozone and olefin hydrocarbons in the 

Earth’s troposphere and contribute to aerosol production, and global cooling. In 

addition, these reactions result in a non-photolytic source of atmospheric OH radicals.5, 

46 These reactions are the dominant source of OH radicals during the night, and they 

account for about 1/3 of OH radical production during the day.121-123 This is particularly 

important as the presence of OH radicals increases the oxidising capacity in the 

atmosphere, and reactions involving OH radical are accountable for initiating oxidation 

of most volatile organic compounds (VOCs) in the troposphere.121  

The mechanism of the reaction of ozone with unsaturated hydrocarbons involves 

the formation of a carbonyl oxide moiety which has been named a "Criegee 

intermediate" (CI) after Rudolf Criegee who first postulated the mechanism for this 

reaction in 1949.6,36 The three-step mechanism is initiated by an electrophilic 1,3-

cycloaddition of ozone to the C=C double bond to form a 1, 2, 3-trioxolane intermediate, 

which is called the primary ozonide (POZ). This intermediate is highly excited, and 

decomposes by rapid cleavage at the middle C-C bond and one of the O-O bonds. 

Considering that there are two O-O bonds it can split in two ways, producing two types 
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of carbonyl oxides or Criegee intermediates as discussed in section 1.5. Given the that 

the decomposition of the POZ5 is strongly exothermic the carbonyl co-product and the 

Criegee intermediates formed are highly vibrationally excited. This excitation is not 

enough for the decomposition of the carbonyl compound, but enables additional 

unimolecular reactions of the Criegee intermediates.34 With Criegee intermediates 

where one of the R groups is a hydrogen, unimolecular decompositions and 

rearrangements can form other products of atmospheric significance such as OH, HO2, 

CO, CO2, and alkyl radicals.5  

A unimolecular decomposition pathway of the vibrationally excited ˝CH2OO  ̋

has been proposed and is discussed in section 1.5. This pathway involves a ring-closing 

mechanism to produce radical fragments e.g. dioxirane, and then O-O bond cleavage via 

the formation of an unstable dioxymethylene intermediate to form HCOOH.5 The 

dioxymethylene would be expected to be very reactive and unstable and it has not been 

observed experimentally. The vibrationally excited ˝CH2OO  ̋ can also undergo 

decomposition to produce stable products including CO, CO2, HO2 and OH, 

isomerisation, or stabilisated ˝CH2OO .̋ Formation of HCO and OH has been verified 

experimentally by Kroll and co-workers using laser-induced fluorescence (LIF).37, 45  

Due to the efficiency of these unimolecular rearrangements and decompositions 

the parent Criegee intermediate has not been observed until very recently. Our 

knowledge of its electronic structure was derived from theoretical calculations.    

Initially a biradical electronic structure was proposed 124 and later a  zwitterionic form72, 

125-126 Low level calculations showed a singlet biradical form with nearly similar C-O 

and O-O bond lengths of approximately 1.343 Å and 1.362 Å, respectively.69 On the 

other hand,  higher level multi reference calculations show a zwitterion structure with a 

C-O bond length of about 1.28 Å and an O-O bond length of about 1.349Å.71-72
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In 2008, Taatjes and co-workers51 reported the photoionisation spectrum of  

CH2OO, generated in the gas phase from a chlorine atom radical initiated oxidation of 

dimethyl sulfoxide in an oxygen-rich atmosphere. They used a vacuum ultraviolet 

(VUV) synchrotron radiation source coupled with mass spectrometry. In 2012, Welz 

and co-workers reported a new method to produce high concentrations of CH2OO by 

photolysis of diiodomethane, CH2I2, to form CH2I radical, which reacted with O2 at low 

pressure to produce CH2OO as shown below:3 

                CH2I2       + 248 nm light   →    CH2I           +    I       (R3.1)          

 

               CH2I       +    O2                →   CH2OO       +     I       (R3.2)         

The key reason for the success of this approach for generation of the CH2OO 

molecule is that R3.2 has a small exothermicity of ~13 kJ/mol54 so the CH2OO 

molecule is formed vibrationally cold which lowers the probability of unimolecular 

decomposition or rearrangement reactions enhancing its stability. The CH2OO molecule 

has also been detected with UV-depletion spectroscopy,66, 127 UV absorption 

spectroscopy,52-53 transient infrared (IR) absorption spectroscopy,54, 63 microwave,37, 55-

56, 128  and submillimeter wave129 spectroscopy.  

 Yu-Te Su et al.54 observed CH2OO directly from the reaction of CH2I and O2 at 

low pressure with a lifetime of approximately 50-µs using time resolved infrared 

spectroscopy. This is a much shorter lifetime than that reported by Welz et al.3(~2 ms), 

who used a greater concentration of [CH2I]ₒ. The CH2OO was probed directly via a gas 

flow reactor and IR spectrometer to give direct measurements of the CH2OO 

intermediates from the reaction of CH2I + O2. Yu-Te Su et al.54 reported that the time 

resolved IR spectrum in the gas phase confirms the zwitterion structure of CH2OO and 

that the m/z ion observed is likely to be carbonyl oxide rather than the other isomers 

such as dioxirane, HCOOH or methylenebis(oxy).54 In 2014, the same authors reported 
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that the self- reaction of CH2OO is very fast, which reflects a unique property of the 

zwitterionic character.60 

In 2016, Zhang et al.130 suggested that the excited CH2IOO radicals at low 

pressure can be dissociated to form CH2OO + I.  This finding was also demonstrated by 

Lee and co-workers131 using the stimulated electronic absorption spectra of CH2OO and 

CH2IOO radicals. Lee and co-workers131 also stated that the CH2OO radical can be 

formed from dissociation of CH2IOO, and that the CH2OO channel is the favoured 

channel at low pressure.132  

In 2013, we began experiments to further elucidate the structure and reactivity of 

the simplest Criegee intermediate, CH2OO. Our strategy was to form the CH2OO  

molecule using the procedure developed by Welz and co-workers,3 to stabilise it using 

the matrix isolation technique, and to interrogate its structure and reactivity with FTIR 

spectroscopy. This approach is shown in the following reaction (R3.3). A stream of 

argon doped with diiodomethane would be passed through an electrical discharge to 

form the iodomethyl radical and this stream would be mixed with a second argon stream 

doped with oxygen gas and deposited onto a KBr window cooled to 10 K and the argon 

matrix formed would be interrogated with IR spectroscopy.  

  

CH2I2                                    CH2I   +    O2    →     CH2OO + I       (R3.3) 

 

 Isotopic labelling (O-18, C-13, H-2) would be used to help confirm the 

vibrational assignments and comparison with the results of ab initio calculations; 

vibrational frequencies, intensities and isotopic shifts would also be undertaken. During 

the course of this work a matrix isolation study of the CH2IOO molecule, a potential 

intermediate in second step of reaction (R3.3) above was reported by Zhang and co-

workers.130 In their experiments, the iodomethyl radical was generated by pyrolysis of 

Electrical discharge 
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diiodomethane/ argon mixtures which was reacted with a second argon stream doped 

with oxygen and deposited at 10 K and interrogated with IR spectroscopy.  In these 

experiments Zhang and co-workers did not observe CH2O2.   
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3.2.  Experimental Section 

The matrix-isolation apparatus used to perform these experiments has been 

described previously.133 Two streams of argon (99.999%, Air Liquide High Purity 

Grade, Specialists and Technical Gasses Ltd, STG), one doped with CH2I2 (Sigma 

Aldrich, 99.0%) or 99 atom % C-13 labelled CH2I2 (Sigma Aldrich), or 99 atom% H-2 

labelled CH2I2 (Sigma Aldrich) and the other doped with O2 (99.999% CAC Gas & 

Instrumentation) or and 97 atom% O-18 labelled O2 gas (ICON) were condensed onto a 

KBr window cooled to approximately 10 ± 0.5 K with an APD HC-2D with displacer 

APD Displex DE-202 closed cycle helium refrigerator. The CH2I2 doped stream was 

passed through an electrical discharge and impinged with the O2 stream about 2 cm 

from the KBr window. 

All liquids (CH2I2, 
13CH2I2, CD2I2) were degassed before using the freeze-pump 

thaw method at 77 K before mixing them with argon at ratios between 1:100 and 1:500 

using standard manometric techniques. The argon gas was purified by passing it through 

molecular sieves (3Å) cooled to -78 ˚C with ethanol and dry ice at flow rate of 5 

Torr/min High purity oxygen mixtures in argon were also prepared at ratios between 

1:100 to 1:500. The argon mixtures were stored in separate stainless steel reservoirs 

before being deposited onto a cryogenically cooled KBr window for approximately one 

hour. The flow of each gas mixture was controlled by needle valves to give a deposition 

rate of (3-6 mmol h-1). Typically, the background pressure before deposition was about 

2 x 10-7 Torr. The infrared spectra of the frozen matrix formed during deposition were 

measured at 0.5 cm-1 spectral resolutions (2000 scans) with a Mattson Sirius 100 FTIR 

spectrometer equipped with a mercury cadmium telluride (MCT) detector.  
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3.2.1. Computational Methods  

The equilibrium structure of methanal-oxide (CH2OO) was obtained at the 

CCSD(T) / augʹ-cc-pVTZ level of theory (the prime denotes that the hydrogen basis set 

is not augmented).134-135 At the optimised geometries, the semi-quartic force field and 

the dipole derivatives were generated at the same level of theory for each isotopologue 

by means of a finite difference approach implemented in the CFOUR-1.0 software 

suite.136-137 For both geometry optimisations and force-field generation, great care was 

taken to produce very tightly converged structures (molecular gradient norm needed to 

be less than 10-9 Eh/a0) and the SCF energy, coupled cluster amplitude as well as the 

linear equations (convergence thresholds of 10−10 Eh, 10-9 Eh and 10-9 Eh respectively). 

The VPT2 analyses were carried out with the xguina programme contained in the 

CFOUR-2.0 beta package,136 which allows for a more rigorous analysis. Fermi-resonance 

effects were accounted for by removing the resonant parts of the anharmonic constants 

(if 2ωk ≈ ωm or ωk + ωl ≈ ωm, where ω represents the harmonic vibrational frequency of 

mode k, l, and m) from the perturbative treatment and subsequently reintroducing the 

elements using a diagonalised coupling matrix (coupling between all the resonant 

modes).138 In order to identify offending resonance terms, an improved technique of 

detecting such resonances by ‘harmonic derivatives of perturbation theory corrections’ 

developed by Matthews and co-workers was applied.139 Comparisons with experimental 

values were made directly, i. e. no scaling was applied.  

 

 

 

 

 

 These calculations were performed by Marcus Kettner.140 
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3.3. Results and Discussion 

3.3.1.  Matrix Isolation Experiments with CH2I2/Ar Mixtures  

 

In the conduct of this work, it is necessary that the infrared spectrum of CH2I2 in 

an Ar matrix be first discussed, before discussing the CH2OO intermediate or other 

radicals. While the infrared spectra of CH2I2 in gas-phase and Ar matrices have been 

discussed previously in literature,47, 141-142 the spectra of the 13CH2I2 and CD2I2 

isotopologues in Ar have been not reported. We will therefore first present our results 

on the infrared spectra of 13CH2I2 and CD2I2 in Ar matrices.  

Matrices were deposited with CH2I2/Ar mixtures with ratios ranging from 1:500 

to 1:100. While the bandwidth of the spectra was slightly broader at lower dilution the 

spectra were otherwise equivalent. The most intense band was seen at 1111 cm−1, and 

the other bands were much weaker. The IR spectrum for a 1:100 matrix is shown in 

trace (a) in Figure 3.1. The bands observed and their intensities are given in Table 3.1 

together with the relative intensities. Also presented in Table 3.1 are the IR absorption 

bands reported by Smith et al.141 for CH2I2 in an argon matrix, Johnson et al. 47 and 

Ford142 for CH2I2 in the gas phase. The band assignments listed in Table 3.1 are based 

on those originally reported by Plyler and Benedict and updated by Johnson et al.47, 143 

These assignments are based on C2v symmetry for the molecule which would imply 𝑣5 is 

IR inactive and would have zero intensity. However, due to symmetry lowering caused 

by intermolecular interactions it becomes weakly allowed and it has been seen in liquid 

state by Ford, T. A.47, 141-142 In this work we observed 𝑣5 with weak intensity which is 

consistent with earlier studies141-142 and implies the matrix trapping site has lower 

symmetry than C2v. Additional bands at 3011.0, 2790.3, 2624.5, 2554.5, 2473.2, 2215.7, 

2156.2, 2136.2, 2068.9, 1947.5, 1856.9, 1756.3, 1724.1, 1436.4, 1230.4, 1185.9/1188.6, 

1143.0, 1077.1, and 977.8 cm-1 were assigned to combination and overtone bands of 
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CH2I2. They are in good agreement with those reported for CH2I2 in gas phase and an 

argon matrix (see Table A.1 in Appendix A).
48, 147-148 

The vibrational fundamentals modes (𝑣3, 𝑣4, and 𝑣9) were not observed in our 

experiments as the MCT detector used in the present study gave no response below 600 

cm-1. Our results are in good agreement with both the earlier argon matrix-isolation 

experiments and the gas phase values.47, 141 Interestingly the average matrix shift from 

gas phase values was only 0.1 cm-1 and the largest deviation observed was only 7.1 cm-1 

(less than 0.6% difference).  

IR spectra of matrices deposited with 13CH2I2/Ar and CD2I2/Ar mixtures at an 

isolation ratio of 1:100 are shown in Figure 3.1 (red spectrum) for the spectral region of 

650–3200 cm−1. For 13CH2I2/Ar mixtures (1:100) bands were observed at 3051.2, 

2968.1, 1364.0, 1107.0, 1035.2, and 711.1 cm-1. The most intense band is seen at 1107.0 

cm−1, and the other bands are much weaker. In addition, the bands of CD2I2 in Ar 

matrices are observed at 2307.1 (𝑣6), 2259.7 (𝑣1), 1012.8 (𝑣2), 839.2 (𝑣8), and 718.9 

(𝑣5) cm-1 with the most intense band being seen at 839.2 cm−1. The bands observed for 

each isotopologue are presented in Table 3.1 together with their assignments. 

Upon the application of an electrical discharge to the CH2I2/Ar mixtures during 

deposition, the IR spectra of the matrix formed showed appearance of new bands.  

Bands associated with H2O, CO, and CO2 which were usually present in the matrices in 

small amounts were seen to increase in intensity. New bands were observed at 1331.2, 

and 611.5 cm-1 which had been assigned to vibrations of the CH2I radical.141, 144 The 

vibrational peaks of the CH2I radical can be deduced by subtracting the difference 

spectra obtained from the irradiated and non-irradiated samples as shown in Figure 3.2. 

The bands for new species being produced point upwards, whereas the bands for species 

destroyed point downwards. These bands are listed in Table 3.2 together with those 

reported at 611.2 and 1331.5 cm-1 by Smith et al.140  and by Baughcum et al.144  
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 Figure 3. 1 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2I2 which observed after the gas mixtures at ratio of 1:100 of 

(CH2I2/Ar), (13CH2I2/Ar), and (CD2I2/Ar) were deposited for 1 h in argon matrices (a) 

Initial as deposited sample of CH2I2/Ar (black spectrum), (b) 13CH2I2 shifts (red 

spectrum), (c) CD2I2 shifts (blue spectrum). Peaks due to vibrations of CH2I2 and its 

isotopologues are marked with asterisk (★). 
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Figure 3. 2 FTIR spectra in the 600-3350 cm-1 spectral region showing the bands 

assigned to CH2I, CH2I-I, C2H2, CH3, and CH4 formed from depositing a stream of 

CH2I2 with argon into an argon matrix at 10 K of a ratio 1:100. The CH2I2 stream was 

irradiated with an electrical discharge (absorptions pointing down are due to CH2I2).  

The peak at 630 cm-1 is an artifact.   
 

 

Table 3. 1 Assignment of observed vibrations IR (cm-1) with relative intensities in 

parentheses for matrix isolated methylene iodide (CH2I2) and its isotopologues 

compared with literature values in gas-phase and liquid state. NS= not seen. Peaks 

underlined are new observations in this work.  

 

Assignment 

IR (cm-1) Ar matrix            

CH2I2/Ar             13CH2I2/Ar          CD2I2/Ar        

CH2I2 IR (cm-1) 

in Ar matrix141 

 

CH2I2 IR (cm-1)            

gas-phase47, 142 

ν4    NS                       NS                  NS NS NS 

ν3    NS                       NS                  NS NS NS 

ν9    NS                       NS                  NS 581.5 584.2, 585 

ν7 717.3 (21.2)          711.1 (20)     NS 717.4 718.1, 717 

ν8 1111.0 (100)     1107.0 (100)   839.2 (100) 1111.5 1113.9, 1113.5 

ν1 2991.2 (0.2)      2968.1 (0.1)   2259.7 (0.1) NS 3002.0 

ν6 3063.5 (2.6)      3051.1 (1.2)   2307.1 (1.9) NS 3073.0, 3074 

ν5 1034.9 (0.8)      1035.2 (0.5)     718.9 (0.5) 1035.1 1042.0 

ν2 1368.2 (0.6)     1364.0 (0.2)    1012.8 (0.7) NS 1373.6, 1230 

 This work Smith et al.141 Johnson et al.47 

Ford, T. A.142 
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3.3.2. Discharged Mixture of CH2I2/16O2/Ar 

Following characterisation of the CH2I2 doped matrices an additional argon 

stream doped with 16O2 (1:100) was added to the matrix during deposition. This stream 

impinged with the stream containing CH2I2 and argon (1:100) which had passed through 

the region subjected to the electrical discharge. Comparison of the FTIR spectra of these 

matrices with and without added oxygen showed the intensities of bands due to CH2I2 

decreased (~30-40%). When the electric discharge was used a number of new IR 

absorption bands were observed. Most of these bands were consistent with known 

matrix-isolated species and are listed in Table 3.2 together with their assignments, i.e., 

C2H2, C2H4, CO, CO2, H2O, CH2, CH3, CH4, CH2I, CH3I, and HAr2
+. In addition to 

these bands in the experiments with oxygen, IR bands were observed for, HCO2, HOI, 

O3
-, O4

-, O4
+, O6

+, O3, O2, HO2, HCOOH, HCOO, H2O2 and HCO. The difference 

spectra obtained from subtracting the spectra recorded before adding O2 (black 

spectrum) from that recorded upon adding O2 (red spectrum) are shown in Figure A.2 in 

Appendix A.  The source of the polyoxygen species is presumably due to ion-molecule 

reactions of O2
- or O2

+ produced from VUV irradiation from excited Ar atoms in the 

discharge or collision with excited Ar atoms and dioxygen molecules. The IR 

absorption band of OI was not possible to observe as the MCT detector which was used 

in the present study was insensitive below 600 cm-1 (it should appear around 570 cm-

1).145 The assignment of these species and their mechanisms of formation are discussed 

below. 

3.3.2.1. Assignment of known species and possible mechanisms of formation 

 

The absorption bands at 1039.3, 1032.9 and 1024.2 cm-1, as shown in Figure 

3.8a  were ascribed to O3 which has been assigned earlier by Andrews and Spiker146 to 

ozone isolated in argon matrix.147-148 The bands 3596.8 and 1078.9 cm-1 are attributed to 

the HOI intermediate which have been assigned to the 𝑣1 OH  stretching and 𝑣2 bending 
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modes of  hydrogen hypoiodate (hypoiodous acid) (3597 and 1075 cm-1 in Ar  matrix149-

150 or 3620 and 1068 cm-1 in gas phase)151, respectively. Formation of O4
- at 954 cm-1 is 

indicative of occurrence of the reaction between molecular oxygen and anion O2
- and 

implies the presence of O2
- in the reaction mixture (Figure 3.3, black trace). In addition, 

the 1309.7 and 798.1 cm-1 bands as shown in Figures (3.4 & 3.6a) have been observed 

in earlier experiments with O2 and assigned to O3
-, and O4

+ (1310.6, and 804.3 cm-1), 

respectively. Similarly, the detection of O4
+ and O6

+ cations in this experiment were 

indicative of the fact that their precursor, O2
+, was also actively formed from oxygen 

under discharge conditions.152-154  

The bands shown in Figure 3.2 at 𝑣3(3024.4 cm-1), and 𝑣4(1303.1 cm-1) are 

assigned to CH4, and are similar to bands reported by Govender et al. and Sodean et al. 

for CH4 isolated in Ar at 3024.6, and 1303.9 cm-1.155-156 CH3 radical is seen at 1399.2 

cm-1 compared with band of 1398 cm-1.150, 157 Irradiation of CH2I2 might produce 

CH2.
158 The detection of CH3 and CH4 implies they might be formed from CH2 because 

the reaction of CH2 + H2 for form CH4 is barrierless.159-160 Otherwise, it may be 

postulated that the extra hydrogen may be derived from other sources, i.e., impurities 

which react with CH2 to produce CH3 and CH4.  

Moderately intense bands observed at 2964.9.1429.9, 1245.2, and 882.6 cm-1 are 

assigned to CH3I (2965.7, 1431, 1245.5, and 880.4)161 as shown in Figures (A.7, 

Appendix A), 3.5 & 3.7. The bands belonging to acetylene (C2H2) at 3325.9, 3315.6, 

3301.6, 3287.9, and 736.3 cm-1 (3326, 3315, 3302, 3288, and 736 cm-1),25, 162-163 and 

C2H2-water complex at 790.6 cm-1 (790.1 cm-1)164-165 can be distinguished in Figures 

3.2 and 3.6. The acetylene may be formed as the reaction of two CH2 groups in the 

matrix can form highly excited ethylene (C2H4) which directly decomposes to produce 

C2H2+ H2.
166  
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The decrease of CH2I2 in the presence of oxygen is in part due to the 

photoreaction to form CH2OO and leads to H2CO as the major products taken during 

irradiated CH2I2/O2/Ar matrices. Figures (A.3 & A.5, Appendix A) show typical FTIR 

spectra of H2CO obtained during this study in KBr window in the 1200-1750 cm-1. 

Here, we observed two types of bands which matched exactly of H2CO, weak bands as 

shown in Figures (A.3 & A.5, Appendix A) at 1741.3, 1328.7, and 1171.1 cm-1 and a 

moderately intense bands at 1239.5, 1496.2, 1708, 1728.1, and 1733.4 cm-1 (1742.0, 

1732.1, 1724, 1704.0, 1495.6, 1244.8 1324.3, 1173.8 cm-1 in solid Ar 167-170 or 1740, 

1735.8, and 1171.3 cm-1 in solid O2).
171-172 The appearance of bands in carbonyl region 

at 1171.1, 1708, 1728.1, 1733.4, and 1741.3 cm-1 are strong indicators of the appearance 

of isomeric aldehydes, formed from CH2OO which has been observed in the same 

spectrum.  

In addition,  the decrease of CH2I2 is due to forming formate (HCOO) at 1844.2 

cm-1 (1843 cm-1 in Ar).173 Liao and co-workers have reported that photo-oxidation of 

HCOO produces CO2 in the presence of O2.
174 There is also evidence of formation of 

HCO at 2482 and 1863.1 cm-1 (2483, and 1863 cm-1 in Ar173, 175 or 1858.4 cm-1 in solid 

Xe);176 these bands were attributed to formyl radical (HCO) which was produced as a 

result of the photochemical breakdown of formaldehyde (R3.7 & R3.8) 175, 177 as shown 

in  Figure A.6 in Appendix A.  

The bands of CO (2138.2 cm-1) and CO2 (2341.8, 82339.1, and 663.4 cm-1) as 

shown in Figure A.7 in Appendix A were observed in an Ar matrix (they were always 

present in CH2I2 + O2 experiments) which had been assigned previously at (2138.2 cm-

1)178 and (2340, 2339, 663.4 cm-1)173, 178-181, respectively. The corresponding bands at 

2237.6 and 2273.8 cm-1 are assigned to 12CO2/
13CO2 isotopomers, respectively (2239, 

2274 cm-1) (Table 3.2).173, 180-181 The CO and CO2 bands form after discharge the 

mixture of (CH2I2/O2/Ar) were more intense than the bands from the discharge 
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(CH2I2/Ar), indicating that a likely source of CO and CO2 are from the photochemical 

oxidation (photoelimination) of HCOO or H2CO. 

OH radicals are an important decay products of energised CH2OO generated 

from ozonolysis of alkene, and we observed the OH band at 3547.9 cm-1 (3548.2 cm-

1)182-183 as shown in Figure A.9 in Appendix A which most likely comes from 

decomposition of CH2OO radical via unimolecular5 decomposition.  

Formic acid (HCOOH) is also observed but in smaller amounts which might be 

formed by oxidisation of H2CO (R3.9). The bands at 3558.2, and 1768.1 cm-1 are 

assigned to HCOOH (3556.7, and 1768, cm-1 in Ar),
184 as shown in Appendix A 

(Figures A.3 & A.9). In this work, detection of HCOOH shows that the isomerisation of 

CH2OO may form a dioxirane intermediate, which could lead to the production of 

carboxylic acids. This hypothesis was the first reported by O’Neal and Blumstein,
42

 and 

later was explained by Orzechowska and Paulson.
185

 In 1998, this hypothesis was 

supported using the theoretically calculated values by Cremer et al.
186

 The bands at 

3603.7, 3588.6, 3583.8, 3580.7, and 3571.4 cm-1 are assigned to H2O2 (Figure A.9, 

Appendix A).187-190 While the bands at 3412.1, 1388.5 and 1100.9 cm-1   are assigned to 

HO2 radical (3414, 1389.4 and 1100.9 cm-1), 156, 191 as shown in Figure A.8, Appendix 

A. Presumably, the HO2 yields might be formed by irradiation of CH2I2 as a H atom 

source in an O2 matrix then produces secondary reactions with H atom to yield H2O2 

(R3.4 & R3.5) or form from the oxidation of H2CO through (R3.8) as shown below.192 

O2                 + H        →        HO2   (R3.4) 

HO2              + H       →         H2O2                                         (R3.5) 

CH2OO         + I →         H2CO            + IO (R3.6) 

H2CO            + H →         HCO              + H2             (R3.7) 

H2CO            + O2      →         HCO              + HO2           (R3.8) 

H2CO            + 2O2      →         HCOOH         + O3             (R3.9) 
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Table 3. 2 IR absorption bands and their assignments observed for an argon matrix at  

10 K formed from the deposition of two streams of argon, 1:100 CH2I2/Ar passed 

through an electrical discharge and one 1:100 O2/Ar.  

  

 Exptl. IR absorptions  

(Ar/CH2I2/O2~100/1/1) 

 Literature bands [cm-1]            Assignment 

611.5, 1331.2 (611.2, 1331.5)141,144 CH2I 

1399.2 1398150 CH3‡ 

655.6, 663.4, 2339.1, 2341.8 (656.0, 2339, 2340, 663.0, 2342)178-181, 193 CO2 

618.2, 622.6, 704.5, 3027.7 (618.3, 622.6, 704.6, 3028)194-195 CH2I-I 

736.4, 3287.9, 3301.6, 3315.6, 

3325.9   

(736, 3288, 3302, 3315, 3326)25, 162-163   C2H2 

790.6 790.1165, 793164  C2H2-H2O complex‡ 

798.1 804.3154  O3
-‡ 

882.6, 1245.2, 1429.9, 2964.9 (880.4, 1245.5, 1431, 2965.7)161  CH3I 

862.5, 1955.2 (864.7, 1955.4)196 CH2CCH2 

913.6 913197-198 Si-H2‡ 

954.0 953.8153 O4
-‡ 

948.5, 1438.9 (948, 1439)163, 199  C2H4 

1024.2, 1032.9, 1039.3 1026146, 1032169, 1033148, 1040.0146       O3 

1079.8, 3596.8   (1075, 3597)149,150 HOI 

1107, 1381, 1768.1, 3558.2 (1106.9, 1381, 1768, 3556.7)184 HCOOH 

1273.8, 3571.4, 3596.9, 3580.7, 

3583.8, 3588.6, 3603.7, 3608.9 

(1272, 3572, 3581),192 (3570.7, 3597, 

3588.6),188 (3578, 3599, 3608)189 

H2O2 

904.5, 1140.3 904, 1139.7200 HAr2
+ 

1174, 1239.5, 1328.5, 1496.2, 

1708.2, 1728.1, 1733.4, 1731.3  

(1173.8, 1244, 1324.3, 1497.7, 1704, 1724, 

1732, 1742)167-168, 171, (1174, 1498)170 

 

H2CO  

1230.5, 1292.3 (1231.8, 1291.3)194-195 CH2I-I 

1309.7 1310.6152 O4
+‡ 

1303.1, 3024.4 (1303.9, 3024.6)155-156 CH4 

1100.9, 1388.5, 3412.1 1100.9191, (1389.4, 3014),201, 1387169 HO2 

1416.1 1416.7152 O6
+‡ 
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Exptl. IR absorptions 

(Ar/CH2I2/O2~100/1/1) 

              Literature bands [cm-1]     Assignment 

   

1551.3 

1590.3, 1616.3 

1551192,202 

1591,1616203 

H2O.O2 

O2 

1558.2, 1572.1, 1587.3, 1591.9, 

1607.8, 1610.9, 1623.5, 3723.4, 

3706.8, 3714.5, 3722.8, 3755.2,  

3776.1 

(1588.8, 3724)204, 1590192, (1556.7, 1573.1, 

1589.2, 1593.1, 1607.9, 1610.6, 1623.9, 

3708.0, 3715.7, 3724.9, 3756.2, 3777.7)205 

                H2O 

 

1844.2 1843173 HCOO‡ 

1863.1 1863173, 175 HCO‡ 

2091.2 2091.1178, 206 13CO‡ 

2138.2 2138.2178, 2138.0169,2137.6204, 2136.4204 CO‡ 

2273.8  2273.6 ,2274173, 178, 180-181 13CO2‡ 

‡The carrier of this species was assigned on the basis of the only band reported in the literature therefore 

this assignment should be regarded as tentative. 

3.3.2.2. The CH2O2 Bands 

 

When CH2I2/Ar (1:100) mixtures were passed through an electrical discharge 

and reacted with O2/Ar (1:100) mixtures during deposition of the argon matrix, new 

bands near 1422, 1267, 1202.4, 918.6, and 850.2 cm-1 appeared as shown in Figures 

(3.3-3.5) (black spectrum). The new bands at 918.6 cm-1 and 1267.0 cm-1 are clear 

unoverlapped peaks shown in Figures 3.3 & 3.4. We have provided an insert in the left 

of Figure 3.4 to show an expanded view of the 1267.0 cm-1 peak. The 850.2 cm-1 feature 

could be multiple bands and this is discussed further in sections below. The 1202.4 cm-1 

feature is a shoulder on larger peak a 1205 cm-1 shown in Figure 3.4 with a magnified 

insert given in the right hand side of Figure 3.4. The 1422.0 cm-1 peak is a shoulder on a 

much larger peak at around 1430 cm-1 shown in Figure 3.5 with a magnified insert of 

this region shown in the upper left.  

Given that CH2I is a known product of the electrical discharge and that its 

observed intensity falls with the addition of O2 it is likely that the new species is 
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CH2OO as shown above in reaction (R3.3). Su et al.54 have reported they observed five 

bands of the gas-phase IR absorption spectrum of CH2OO formed from the 

photochemical production of CH2I radical reacted with O2. They have numbered these 

bands on the basis that the CH2OO has Cs symmetry. The five bands we observe match 

well with their observations at 1435 cm-1, 1286 cm-1, 1241 cm-1, 908 cm-1, and 848 cm-1, 

with the most intense band at 908 cm-1. On average our values of CH2OO deviate by 19 

cm-1 from Su et al.54 values, except the 𝑣5(CH2 rocking) band at 1202.4 cm-1 which 

deviates by 38.6 cm-1. A possible reason for this difference is the matrix effect,207 

Huang et al.63 have also reported they observed five bands of the gas-phase IR 

absorption spectrum of CH2OO formed from the photochemical production of CH2I 

radical reacted with O2. The five bands we observe also match well with their 

observations at 1434.1 cm-1, 1285.9 cm-1, 1213.3 cm-1, 909.3 cm-1, and 847.4 cm-1, with 

the most intense band at 909.3 cm-1. Huang et al.63 report the 𝑣5(CH2 rocking) value as 

1213.3 cm-1 which implies Su et al.54 may have misassigned the wavenumber value of 

the 𝑣5(CH2 rocking) mode. Interestingly, the value reported by Huang et al.63 of 1213.3 

cm-1 for the 𝑣5 is only 11 cm-1 from our value. In Figures (3.3-3.5) we have labelled 

each band according to the numbering system used by Su et al.54  

Zhang et al.130 have reported conducting a similar experiment to our matrix 

isolation experiment as discussed above. However, they conducted the reaction at  

higher dilution and with a pyrolytic source and produced argon matrices containing the 

species CH2IOO. They observed bands at 1407.3 cm-1, 1230.4 cm-1, 1223.2 cm-1, 

1085.3 cm-1, 919.9 cm-1, 839.9 cm-1, 567.5 cm-1, and 496.2 cm-1, with the most intense 

band at 1230.4 cm-1. These data are not consistent with the bands we observed in our 

experiments and we did not also observe the bands of CH2IOO which have been 

reported by Lee et al.131. Presumably, the higher concentrations of reagents in our 

experiments and the “higher energy” source lead to the production of CH2OO and we 
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did not isolate the CH2IOO intermediate. The results of our experiments and calculated 

theoretically values, those of Su et al.,54 those of Huang et al.63 assigned to CH2OO and 

those of Zhang et al.130 for CH2IOO are presented in Table 3.3. 

We have undertaken high level ab initio calculations at the VPT2 CCSD(T) / 

augʹ-cc-pVTZ level for the vibrational frequencies of CH2OO.140 The CH2OO is 

predicted to have bands at 1424 (21), 1275 (43), 1207 (14), 912 (100), and 846 (17) cm-

1; the relative IR intensities are listed in parentheses. Table 3.3 indicates the bands 

assigned to CH2OO and compared with those predicted values according to the VPT2 

CCSD(T) / augʹ-cc-pVTZ method.140 The values of the bands in the (VPT2 CCSD(T) / 

augʹ-cc-pVTZ) calculation140 are a nearly perfect match to the assigned IR bands we 

have assigned to CH2OO, with typical variation of 2 to 8 cm-1 (less than 0.7% 

difference). 

The relative IR intensities of the observed bands assigned to CH2OO radical are 

tabulated in parentheses in Table 3.3. These spectra are normalised with respect to the 

intensity of the band of 𝑣 6 at 918.6 cm−1. The agreement between observed and 

computed intensities is satisfactory, especially considering that computed IR intensities 

are less accurate than those of vibrational wavenumbers. The computed intensities of 

modes 𝑣3−𝑣6, and 𝑣8, 21:43:14:100:17, respectively, match well with the observed 

intensity ratios of 17:30:13:100:27. 

The electronic structure of the CH2OO intermediate has been the subject of 

considerable debate. Early ab initio calculations of CH2OO proposed a planar, singlet 

biradical structure,·CH2OO·, with approximately equal C-O and O-O bond lengths.69 

But more recent CCSD(T) (coupled cluster theory) and CASSCF (complete active space 

self-consistent field) calculations indicate the CH2OO structure as being a 

zwitterion,+CH2OO ̄, with a longer O-O bond and shorter C-O bond.71-72 Here, the 
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experimental wavenumbers for the CO stretching mode of CH2OO near 1267 cm-1 is 

much larger than that of the corresponding mode for CH3OO, which is found at 902 cm-

1, indicating a stronger C-O bond consistent with some double bond character.208 The 

observed band at 918.6 cm-1 for the O-O stretching mode of the CH2OO is much smaller 

than that of the corresponding mode of CH3OO at 1117 cm-1 indicating a weaker O-O 

bond.54, 209 Therefore, these results strongly support a zwitterion, rather than singlet 

biradical structure of CH2OO due to the strengthened C-O and weakened O-O bonds. 

It is important to note that the detector used in these experiments is restricted to 

a region between 600 to 4000 cm-1 which resulted in some theoretically predicted 

features that could not be observed in these experiments. For example, the 𝑣7 band 

(calculated to be 522 cm-1) is beyond the range of our apparatus. Furthermore, the weak 

vibrational modes (𝑣1,  𝑣2, and 𝑣9) could not be detected; the computed modes are 

predicted to be weak (0.2, 4, 6 km mol-1), respectively. 
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                                                 This Work 

Su et al.54  

and  Huang et 

al.63 results 

Zhang et al.130 

and Lee & Lee131 

results 

 

VPT2 CCSD(T) / augʹ-cc-pVTZ calculations of different isotopes 

Mode Isotope mode 

description 

CH2O2 

[cm-1] 

CH2 
18O2 

[cm-1] 

13CH2O2 

[cm-1] 

CD2O2 

[cm-1] 

CH2O2 

[cm-1] 

CH2IO2 

[cm-1] 

CH2O2 

[cm-1] 

CH2 
18O2 

[cm-1] 

13CH2O2 

[cm1] 

CD2O2 

[cm-1] 

𝑣1 Asymmetric CH stretch NS NS NS NS NS 

NS 

NS 

NS 

3145 (0.2) 3145 (0.2) 3132 (0.3) 2393 (0.9) 

𝑣2 Symmetric CH stretch NS NS NS NS NS 

NS 

NS 

2982 (4) 

3010 (3) 3009 (4) 3003 (3) 2189 (9) 

𝑣3 CH2 scissor/ CO stretch 1422 (17) 1416.1 (20)  1414.8 (14) 1305.2 (4) 1435 (33) 
1434 (24) 

1407 (13) 

1409 (11) 

1424 (21) 1419 (22) 1410 (14) 1309 (72) 

𝑣4 CO stretch/CH2 scissor 1267 (30) 1234.4 (16) 1266.5 (30) 1058.7 (9) 1286 (42) 

1286 (37) 

1230 (100) 

1232 (89) 

1275 (43) 1244 (43) 1259 (49) 1052 (93) 

𝑣5 CH2 rocking 1202.4 (13) 1199.5 (23) 1201.3 (26) 1010.5 (6) 1241 (39) 

1213 (8) 

1223 (11) 

1227 (37) 

1207 (14) 1194 (12) 1197 (18) 1011 (12) 

𝑣6 OO stretch 918.6 (100) 875.1 (100) 913.9 (100) 849.7 (100) 908 (100) 

909 (100) 

1085 (42) 

1086 (37) 

912 (100) 868 (100) 910 (100) 853 (100) 

𝑣7 COO deform NS NS NS NS NS 

NS 

910 (87) 

918 (100) 

522 (0.1) 505 (0.1) 518 (0.1) 464 (0.9) 

𝑣8 CH2 wagging 850.2 (27) 840.1 (36) 834.1 (32) 688.9 (8) 848 (24) 

847 (17) 

840 (33) 

842 (39) 

846 (25) 844 (28) 838 (26) 683 (15) 

𝑣9 CH2 twisting NS NS NS NS NS 568 (7) 

551 (28) 

615(6) 610 (4) 616 (5) 473 (4) 

Table 3. 3 Comparison of the experimentally observed wavenumbers (cm-1) of CH2OO and its isotopologues (cm-1) in an argon matrix at 10 K with the 

(VPT2 CCSD(T) / augʹ-cc-pVTZ) calculated values. NS= not seen, IR intensities relative to 𝒗6 are listed in parentheses. Also shown are the gas-phase 

results from Su et al. for CH2OO. 
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Figure 3. 3 FTIR spectra of the 𝒗8 and 𝒗6 bands of the CH2OO radical in an argon 

matrix at 10 K produced from depositing the streams of both CH2I2 and O2 doped in an 

Ar matrix at a ratio of 1:100, the CH2I2 being irradiated with an electrical discharge. 

The FTIR spectrum of CH2I2 in Ar matrix is in red and the FTIR spectrum of CH2I2/O2 

in Ar matrix is in black. 

  

 

  

 

 

 

 

 

 

Figure 3. 4 FTIR spectra of the 𝒗5 and 𝒗4 bands of the CH2OO radical in an argon 

matrix at 10 K produced from depositing the streams of both CH2I2 and O2 doped in an 

Ar matrix at a ratio of 1:100, the CH2I2 being irradiated with an electrical discharge. 

The FTIR spectrum of CH2I2 in Ar matrix is in red and the FTIR spectrum of CH2I2/O2 

in Ar matrix is in black. 
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 Figure 3. 5 FTIR spectra of the 𝒗3 band of the CH2OO radical in an argon matrix at 10 

K produced from depositing the streams of both CH2I2 and O2 doped in an Ar matrix at 

a ratio of 1:100, the CH2I2 being irradiated with an electrical discharge. The FTIR 

spectrum of CH2I2 in Ar matrix is in red and the FTIR spectrum of CH2I2/O2 in Ar 

matrix is in black. 
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3.3.3. Isotopic Substitution  

Experimental assignments of CH2OO radical were supported by conducting 

experiments with isotopically labelled CH2I2/
18O2/Ar, 13CH2I2/O2/Ar, and CD2I2/O2/Ar 

samples. When CD2I2 and 13CH2I2 substituted for the CH2I2 and O-18 labelled O2 was 

substituted for O-16 O2, all five bands were found to be shifted. Based upon the effect 

of isotopic substitutions it seems reasonable that the species responsible for these new 

bands contains H, C and O. The results of these experiments are discussed below. 

3.3.3.1. Irradiated Mixture of CH2I2/18O2/Ar 

The bands assigned to CH2, CH4, CH3, C2H2 and CH2I were unshifted from 

those observed in O-16 experiments. The band at 663.4 cm-1 assigned to CO2 peak 

shifted -9.8 cm-1 upon O-18 isotopic substitution, while the bands at 2339.1 and 2345 

cm-1 have O-18 shift of -33.2 and -35.4 cm-1,146, 204  the band of CO at 2138.2 cm-1 

shifted with O-18 isotope to -51.3 cm-1.204 The bands at 1039.3, 1032.9, and 1024.2 

attributed to O3 shifted of 18O3 at 981.9, 971.1, and 1002.8 cm-1, respectively, (982.8, 

974.5, 1006.5 cm-1).146, 204 The bands of molecular oxygen ions (O3
-, O4

-, and O4
+) at 

798.7, 953.9, and 1309.7 cm-1 were shifted to 759.6, 901.9, and 1243 cm-1 (759.2, 901.7, 

and 1243.4),152 respectively. The bands were assigned to HO2 at 1100.9, 1388.5, 3412.1 

cm-1 were shifted of H18O2 to 1039.9, 1379.6, and 3399.9 cm-1,191, 201 and H2CO18 to 

1673.9, 1686.3, 1695.3, 1700.4, 1482.5, and 1325.7 cm-1.171 The bands of H2O2 (3603.7, 

3588.6, 3583.8, 3580.7, 3571.4 cm-1) were shifted of H2
18O2 to 3595.7, 3583.6, 3569.7, 

3560.4, 3546.8 cm-1.188-189, 210 The band of HOI at 3596.8 is confirmed by the results of 

the O-18 substitution, whose observed O-18 isotopic red shift of 12.8 cm-1 (3584 cm-

1).149  

Substitution of O-18 for O-16 in the CH2I + O2 reaction resulted in new bands 

being observed at 𝑣3(1416.1), 𝑣4(1234.4),  𝑣5(1199.5), 𝑣6(875.1), and 𝑣8(840.1) cm-1, as 
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shown in Figures (3.6-3.10) (red spectrum), and tabulated in Table 3.3; they are 

assigned to the CH2
18O2 radical. 

Table 3.4 lists the vibrational transitions observed for CH2OO, CH2
18O2, and 

their isotopic ratios (defined by dividing the wavenumbers of the O-18 species by that 

of the O-16 species). The O-18 isotopic ratios observed in this study are in excellent 

agreement with those computed using the VPT2 CCSD(T) / aug’-cc-pVTZ method,140 

with less than 1% variance. In addition, the experimental frequencies for CH2
18O2 are 

also in good agreement with the theoretical values, with typical variation in the range of 

2.9 to 9.6 cm-1 (less than 0.8% difference). 

For this radical, isotopic substitution with O-18 in the O2 moiety affects 𝑣6 (OO 

stretch) and 𝑣4 (CO stretch) most, as expected. Of this set of two modes 𝑣6 has the 

largest shift about 4.7% with respect to the parent molecule, while the 𝑣4 mode exhibits 

shift of 2.6%. Upon O-18 substitution, the intense band of CH2O2 at 918.6 cm-1, 

assigned to the mode of 𝑣6 (OO stretch) is shifted to 875.1 cm-1; the isotopic ratio of 

0.9526 is in excellent agreement with the predicted value of 868/912= 0.9518 as shown 

in Table 3.4. The 𝑣6(O-O stretching) shift is expected to be large; -43.5 cm-1 as shown 

by our experiment (calculated to be -44 cm-1). The reason for this large isotopic shift is 

likely to be the small coupling of this vibration with other vibrations in the molecule 

and therefore producing a force constant that can be considered as corresponding to a 

single O-O bond. The O-O stretching mode was assigned at 908 cm-1 in the gas phase54 

and this band is close to our result in Ar matrix experiment at 918.6 cm-1, the observed 

O-18 isotopic shift supports that this observed band is due to the CH2OO intermediate. 

In terms of the C-O stretching of CH2OO, the mode of the 𝑣4(CO stretch /CH2 scissor) 

is red shifted a smaller amount than that the 𝑣6(O-O stretching); the 1267 cm-1 band is 

observed to have O-18 shift of -32.6 cm-1. The calculated band at 1275 cm-1 for the 
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former mode has O-18 shift of -31 cm-1, in good agreement with observed bands at 1267 

cm-1. The O-18/O-16 isotopic ratio for the 𝑣4(CO stretch /CH2 scissor) mode of 0.9743 

is in excellent agreement with the calculated theoretical value of 1244/1275= 0.9757. 

The O-18 isotopic shifts provide further support that the new bands shown in Figures 

(3.6-3.10, red trace) are the vibrational wavenumbers of the CH2
18O2 radical. Table 3.5 

shows O-18 isotopic shifts for the CH2OO radical. 

On the other hand, the 𝑣5 (CH2 rocking), 𝑣3 (CH2 scissor) and 𝑣8 (CH2 wagging) 

bands showed small shifts (exp. -2.9, -5.9 & -10.1, computed -13, 5 & -2 cm-1) upon O-

18 labelling, because the motion of O atoms is not included in those modes. The 

isotopic ratios of 𝑣 5(CH2 rocking), 𝑣 3(CH2 scissor), and 𝑣 8(CH2 wagging) 0.9976, 

0.9959, and 0.9881 agree satisfactorily with the predicted values of 0.9892, 0.9965, and 

0.9976, respectively, as shown in Table 3.4. All these assignment bands of the CH2
18O2 

radical are indicated in the Tables 3.3 and showed good agreement with the theoretically 

calculated values. However, four fundamental vibrational modes (𝑣1, 𝑣2, 𝑣7, and 𝑣9) 

which are predicted at 3145(0.2), 3009(4), 505(0.1), 610(4) cm-1 and are assigned to 

𝑣1(asymmetric CH stretch), 𝑣2(symmetric CH stretch), 𝑣7(COO deform), and 𝑣9(CH2 

twisting) could not be identified with in our spectrometer due to the very low intensities 

of these bands or that they were obscured by other strong bands.  

The relative IR intensities of observed band of O-18 isotope shifts of CH2OO 

radical are listed in parentheses in Table 3.3 and show a correspondence one to one with 

those predicted intensities; these spectra are normalised with respect to the intensity of 

the 𝑣6 band at 875.1 cm−1. Computed relative intensities of the 𝑣3−𝑣6, and 𝑣8 modes are 

22:43:12:100:28, which compare favourably with the observed intensities of 

20:16:23:100:36. This agreement between the computed and experimentally determined 

intensities is satisfactory, especially considering that computed IR intensities are less 
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accurate than those of vibrational wavenumbers, and give further evidence for the 

assignment of these bands to the CH2
18O2 radical. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 6 The IR spectrum of an argon matrices at 10 K containing various 

isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum). 
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 Figure 3. 7 The IR spectrum of an argon matrices at 10 K containing various 
isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum). 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8 The IR spectrum of an argon matrices at 10 K containing various 
isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum). 
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Figure 3. 9 The IR spectrum of an argon matrices at 10 K containing various 
isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 10 The IR spectrum of an argon matrices at 10 K containing various 
isotopologues of CH2OO radicals which observed after the gas mixtures (CH2I2/O2/Ar) 

were subjected to a high frequency discharge during deposition for 1 h (a) Initial as 

deposited sample of CH2I2/
16O2/Ar (black spectrum), (b) CH2

18O2 shifts (red spectrum), 

(c) 13CH2OO shifts (blue spectrum), (d) CD2OO shifts (green spectrum).  
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Table 3. 4 Comparison of experimental and theoretically computed (O-18, C-13, H-2)-

isotopic ratios of vibrational wavenumbers (cm-1) of CH2OO. NS= not seen. 

  

a O-18, isotopic ratios are defined the wavenumber of the O-18 species divided by that of the O-16 

species. 
 b C-13, isotopic ratios are defined the wavenumber of the C-13 species divided by that of the C-12 

species. 
c H-2, isotopic ratios are defined the wavenumber of the H-2 species divided by that of the H-1 species. 

 

 

Table 3. 5 Isotopic shifts (cm-1) of CH2OO radicals in an Ar matrix at 10 K compared 

with VPT2 CCSD(T) / augʹ-cc-pVTZ calculated values. 

 

 

 

 

Mode 

 

Isotope mode 

description 

O-18 isotopic ratioa 

Experiment     Predicted 

C-13 isotopic ratiob 

 Experiment       Predicted 

H-2 isotopic ratioc 

Experiment       Predicted 

𝒗1 Asymmetric 

CH stretch 

NS 1.0000 NS 0.9959 NS 0.7609 

𝒗2 Symmetric CH 

stretch 

NS 0.9997 NS 0.9977 NS 0.7272 

𝒗3 CH2 scissor/ 

CO stretch 

0.9959 0.9965 0.9949 0.9902 0.9179 0.9192 

𝒗4 CO 

stretch/CH2 

scissor 

0.9743 0.9757 0.9996 0.9875 0.8356 0.8250 

𝒗5 CH2 rocking 0.9976 0.9892 0.9991 0.9917 0.8404 0.8376 

𝒗6 OO stretch 0.9526 0.9518 0.9949 0.9978 0.9250 0.9353 

𝒗7 COO deform NS 0.9674 NS 0.9923 NS 0.8889 

𝒗8 CH2 wagging 0.9881 0.9976 0.9811 0.9905 0.8103 0.8073 

𝒗9 CH2 twisting NS 0.9919 NS 1.0016 NS 0.7691 

Experimental IR frequencies of 

CH2OO and isotopologue shift    

[cm-1]    

C-12        O-18       C-13          H-2        

Calculated shift IR absorptions 

[cm-1] 

                                                          

C-12        O-18          C-13        H-2       

Assignment 

1422 -5.9 -7.2 -116.8 1424 -5 -14 -115 𝑣3CH2OO 

1267 -32.6 -10.5 -208.3 1275 -31 -16 -223 𝑣4CH2OO 

1202.4 -2.9 -1.1 -191.9 1207 -13 -10 -196 𝑣5CH2OO 

918.6 -43.5 -4.7 -68.9 912 -44 -2 -59 𝑣6CH2OO 

850.2 -10.1 -16.1 -161.3 846 -2 -8  -163 𝑣8CH2OO 
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3.3.3.2. Irradiated Mixture of 13CH2I2/16O2/Ar 

The bands assigned to H2O2, HO2, and O3 were unshifted from those observed in 

CH2I2/
16O2/Ar experiments that is because the motion of C-12 atoms is not included in 

these observations. The band at 663.4 cm-1 assigned to CO2 shifted to 691.8 cm-1 upon 

C-13 isotopic substitution, while the bands at 2341.8 and 2339.1 cm-1 shifted to 2276.4 

and 2273.7 cm-1, and band of 13CO shifted to 2090.9 cm-1. The bands of HCO observed 

at 2482 and 1863.1 cm-1 shifted to 2475.5 and 1825.3 cm-1 for  H13CO.175 The signals 

belonging to C2H2 at 3325.9, 3315.6, 3301.6, 3287.9, and 736.3 cm-1 (3326, 3315, 3302, 

3288, and 736 cm-1)25, 162-163 and the C2H2-water complex at 790.6 cm-1 can be 

confirmed by the results of the C-13 substitution as an isotopic red shift for 13C2H2 to 

3308.8, 3297.9, 3270.6, 3284.4, 3260.5, 734.5 cm-1, and 765.3 cm-1for the 13C2H2-water 

complex, respectively. The band of CH2I shifted from 1331.2 to 1326.7 cm-1 upon C-13 

isotopic substitution. The bands assigned to H2CO were shifted to 1703.7, 1695.5, 

1493.1, 1323.6, and 1229.7 cm-1.171, 211 The bands assigned to CH4 at 3024.4 and 1303.1 

cm-1 were shifted to 3021.8 and 1294.9 cm-1 upon C-13 isotopic substitution.212 The 

band at 1844.2 cm-1 for HCOO was shifted to 1792.6 cm-1 for H13COO.173 

Substitution of C-13 for C-12 in the CH2I + O2 reaction discharge and deposition 

at 10 K is presented in Figures (3.6-3.10) (blue spectrum). The bands due to C-13 

isotopes at 𝑣 3(1414.8), 𝑣 4(1266.5), 𝑣 5(1201.3), 𝑣 6(913.9), and 𝑣 8(834.1) cm-1 are 

observed, as shown in Figures (3.6-3.10, blue spectrum) and listed in Table 3.3; they are 

assigned to the 13CH2OO radical. The observed vibrational wavenumbers of CH2OO, 

13CH2OO, and their C-13 species ratios, defined by taking the ratios of the 

wavenumbers of the C-13 species to that of the C-12 species, are tabulated in Table 3.4; 

the C-13/C-12 isotopic ratios are compared with those theoretically calculated according 

to the VPT2 CCSD(T) / augʹ-cc-pVTZ method.140 All experimental frequencies are in 

excellent agreement with theoretical calculation values, with typical variation of 3.8 to 
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7.5 cm-1 (less than 0.6 % difference). In addition, the deviations between the observed 

and predicted ratios (Table 3.4) are less than 1%. This agreement between the 

theoretical isotopic frequency ratios (C-13/C-12) and experimental C-13 isotopic shifts 

led to the conclusion that the new bands shown in Figures (3.6-3.10, blue trace) are 

vibrational wavenumbers of the 13CH2OO radical.  

To our knowledge, this is the first observation of the vibrational frequencies for 

13CH2OO in Ar matrix. Four fundamental vibrational modes (𝑣1, 𝑣2, 𝑣7, and 𝑣9) which 

predicted at 3132(0.3), 3003(3), 518(0.1), 616(5) cm-1 are not observed for 13CH2OO, 

possibly due to their small intensities or because they are obscured by other bands. 

Based on comparing spectra of CH2OO and 13CH2OO, the intense band of 13CH2OO at 

913.9 cm-1, assigned to mode of 𝑣6(OO stretch), has a small red C-13 shift of -4.7 cm-1 

(calculated to be -2 cm-1), since its vibrational motion does not directly include C-13 

atom. The C-13/C-12 isotopic ratio of 𝑣 6(0.9949) is in good agreement with the 

predicted value of 910/912= 0.9978 (Table 3.4). We find that C-13 isotopic substitution 

has the most intense effect on the 𝑣8(CH2 wagging) mode, reducing its magnitude by 

1.93%, with respect to the parent molecule. The modes that show a significantly larger 

C-13 isotopic shift of -16.1, -10.5 and -7.2 cm-1 (calculated to be -8, -16, -14 cm-1) are 

the 𝑣8(CH2 wagging), 𝑣4(CO stretch/CH2 scissor), and 𝑣3(CH2 scissor/CO stretch). The 

C-13/C-12 isotopic ratios of these modes, 0.9811, 0.9996 and 0.9949, are in excellent 

agreement with the computed values of 0.9905, 0.9875 and 0.9902, respectively. The 

1202.4 cm-1 band is observed to have the smaller C-13 shift of -1.1 cm-1.  

The relative IR intensities of observed bands of C-13 isotope shifts of CH2OO 

radical are listed in parentheses in Table 3.3. Table 3.3 shows the computed and 

experimentally determined intensities; these bands are normalised with respect to the 

intensity of the 𝑣6 band at 913.9 cm−1. The predicted relative intensities of the 𝑣3−𝑣6, 
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and 𝑣 8 modes are 14:49:18:100:26, which is an excellent match to the observed 

intensities of 14:30:26:100:32. This comparison between observed and computed IR 

intensities provides further evidence for the assignment of these bands to the 13CH2OO 

radical.  

3.3.3.3. Irradiated Mixture of CD2I2/16O2/Ar 

The observed bands for CO2, CO, and O3 were unshifted from those observed in 

CH2I2/O2/Ar experiments. The bands at 3412.1, 1388.5 and 1100.9 cm-1 assigned to 

OH2 shifted to 2529.7, 1074.4 and 1020.1 cm-1 and OH band at 3547.1 cm-1 shifted to 

2615.7 cm-1 upon H-2 isotopic substitution.201, 213-215 The bands assigned to H2CO at 

1741.3, 1733.4, 1496.2, 1328.4, 1239.5, and 1171.1 cm-1 are shifted to 1697.1, 1683.3, 

1098.7, 1328.6, 986.7 and 933.9 cm-1.167, 170-171, 211, 216 The bands at 3558.2, and  1768.1 

cm-1 assigned to several modes of HCOOH shifted to 3564.8, and 1757.5 cm-1 upon H-2 

isotopic substitution.184 The band at 1331.2 cm-1 attributed to CH2I shifted to 994.4 cm-

1,141 the bands of HCO at 2482 and 1086.7 cm-1 shifted to 1924.7 and 849.4 cm-1 of 

DCO, respectively.168, 175 The bands (3603.7, 3583.8, and 3580.7 cm-1) of H2O2 were 

shifted for D2O2 to 2661.3, 2648.5, 2637.1/2632 cm-1.145, 188 The band at 1140.3 cm-1 

assigned to argon clusters containing proton or deuteron (Ar2H
+) shifted to 860.3 cm-1 

(852 cm-1),217 and methane (CH4: 1303.1 cm-1; CD4: contribution into the band at 989.3 

cm-1) which has been observed at 992.6 cm-1 in an argon matrix156, 218-219 

Substitution of H-2 for H-1 in the CH2I + O2 reaction resulted in new bands 

being observed at 𝑣3(1305.2), 𝑣4(1058.7), 𝑣5(1010.5), 𝑣6(849.7), and 𝑣8(688.9) cm-1 as 

presented in Figures (3.6-3.10, green spectrum) and listed in Table 3.3; they are 

assigned to the CD2OO radical. To our knowledge, this is also the first observation of 

the frequencies for the simplest deuterated Criegee intermediate CD2OO in an argon 

matrix. Our assignments in Ar matrix for CD2OO radical show close agreement with the 
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four bands reported previously in the gas phase at 852, 1017, 1054, and 1318 cm−1, 

respectively.220 This agreement, with typical variation of 2.3 to 12.8 cm-1, between our 

result and the values of H-2 isotopic shifts in the gas phase supports our assignments for 

the CD2OO radical, (less than 0.9% differences).  

The observed vibrational transitions of CH2OO, CD2OO, and their isotopic 

ratios (defined as ratios of wavenumbers of the H-2 species to that of the H-1 species) 

are listed in Table 3.6; the H-2 isotopic ratios are compared with those predicted values 

according to the VPT2 CCSD(T) / augʹ-cc-pVTZ method.140 The variations between the 

experimental and the calculated ratios are less than 1%. In addition, the experimentally 

observed spectral bands for CD2O2 are in good agreement with the theoretical values, 

with typical variation in the range of 0.5 to 6.7 cm-1 (less than 0.6% difference). This 

agreement between the theoretical and experimental H-2 isotopic values led to the 

conclusion that the new bands shown in Figures 3.9-3.13 (green trace) are vibrational 

transitions arising from the CD2OO radical.  

Table 3. 6 Comparison between observed and calculated H-2 isotopic ratio values of the 

CD2OO radical. NS= not seen.  

       CD2OO-Ar matrix          D-isotopic ratioa             CD2OO-gas phase             D-isotopic ratioa 

Mode         Exp.           Cal.           Cal.            Exp.                 Exp.c              Cal.d                Cal.              Exp. 

𝒗3 1305.2 1309 0.9192 0.9179 1318 1328 1.0200 1.0250 

𝒗4 1058.7 1052 0.8250 0.8356 1054 1058 0.7257 0.7350 

𝒗5 1010.5 1011 0.8376 0.8404 1017 1016 0.8328 0.8382 

𝒗6 849.7 853 0.9353 0.9250 852 839 0.9406 0.9370 

𝒗8 688.9 683 0.8073 0.8103 NS - - - 

                                      This work Huang et al.220 

              aD-isotopic ratios are defined as ratios of the wavenumbers of CD2OO to CH2OO. 
             bVPT2 CCSD(T) / augʹ-cc-pVTZ theory. 
            cOberved values by Huang et al.220 
            dNEVPT2 theory.220 
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Experimental values for CD2OO are reported in Table 3.6, alongside one set of 

predicted vibrational frequencies from the VPT2 CCSD(T) / augʹ-cc-pVTZ method.140 

Since deuterium substitution results in a significant relative mass change, most 

vibrational frequencies differ considerably (>23%), with respect to CH2OO. The mode 

of 𝑣8(CH2 wagging) has the largest shift (23.4%) with respect to the parent molecule, 

while the modes smallest affected are those largely impacted by O2 vibrations (8.1%), 

𝑣6 (OO stretch); this is the mode most affected by 18O2 substitution, as mentioned in the 

previous section (3.3.3.1). Upon full H-2 substitution, the intense band of CH2OO at 

918.6 cm-1, is assigned to mode of 𝑣6 (OO stretch), has a small shift of -68.9 cm-1 

comparing with other modes because its vibrational motion does not directly include D 

atom; the isotopic ratio of 0.9250 agrees with the predicted value of 853/912= 0.9353 

(calculated to be -59 cm-1) as shown in Table 3.4. The modes that show a significant H-

2 isotopic shifts are the 𝑣4(CO stretch/CH2 scissor), 𝑣5(CH2 rocking), 𝑣8(CH2 twisting), 

and 𝑣3(CH2 scissor/CO stretch) of -208.3, -191.9, -161.3, -116.8 cm-1 (calculated to be -

223, -196, -163, and -115 cm-1), respectively. Table 3.5 is shown isotopic shifts for the 

simplest deuterated CD2OO intermediate and provides good evidence for the 

assignment of observed bands to the CD2O2 radical. In addition, the isotopic ratios of 

these modes of 0.8356, 0.8404, 0.8103 and 0.9179 agree well with the theoretical 

prediction ratios of 0.8250, 0.8336, 0.8093, and 0.9192, respectively. Based on the 

agreements in vibrational wavenumbers, H-2 isotopic-shifts and isotopic ratios (Table 

3.4) between observed bands and those predicted values for CD2OO, we assigned the 

observed bands at 1305.2, 1058.7, 1010.5, 849.7, and 688.9 cm-1, to the 𝑣3, 𝑣4, 𝑣5, 𝑣6 

and 𝑣8 modes of CD2OO, respectively. On the other hand, four fundamental vibrational 

modes (𝑣1, 𝑣2, 𝑣7, and 𝑣9) which predicted at 2393(0.9), 2189(9), 464 (0.9), 473(4) cm-1 

are not observed for CD2OO, possibly due to their low intensities or because they are 

obscured by other bands.  



 

75 
  

The relative IR intensities of observed bands of H-2 isotope shifts of CH2OO 

radical are listed in parentheses in Table 3.3; these bands are normalised with respect to 

the intensity of the 𝑣6 band at 849.7 cm−1. We found inconsistencies between observed 

and computed IR intensities of the 𝑣3−𝑣6, and 𝑣8 modes. The predicted and observed 

relative intensities are 72:93:12:100:15 and 4:9:6:100:8, respectively. 

3.3.4. Ultraviolet Photo-Bleaching Experiment 

According to Shaps52 and Beames et al.66 studies, the UV absorption spectrum 

of the CH2OO intermediate presents with a strong peak centred at approximately 360 

nm, before reaching a point of almost no absorbance at approximately 430 nm. This 

being the case, experiments were conducted on CH2OO where matrices were irradiated 

for 30 minutes at a wavelength of 365 nm and 425 nm. When the CH2OO intermediate 

absorbed UV radiation in the 365 nm spectral region, it resulted a significant depletion 

of all bands belonging to CH2OO presumably due to direct dissociation as a result of 

formation of the excited B 1A’ state which is repulsive and leads to dissociation 

involving the O-O bond. The ejection of an excited O(1D) atom, leaving behind the 

stable formaldehyde product.66 Simultaneous with the disappearance of the CH2OO 

bands, we observed the appearance or increase of a number of new absorption bands 

ascribed to photoproducts, some of which are detected in the spectrum such as HO2, 

CO2, CO, and H2CO features due to the photochemical decomposition.5, 57, 221-222 There 

is a rapid increase of CO2 at 2339 cm-1 upon UV photolysis at 365 nm for 1 h as shown 

in Figure (A.11, Appendix A, green spectrum). Furthermore, the absorption band at 

1171.2 was assigned to H2CO grew in upon photolysis as shown in Figure (A.12, 

Appendix A). The growth of the main photoproducts HO2, CO2, CO, and H2CO is 

strongly related to the decrease of the CH2OO bands, presumably produced from 

decomposition of the CH2OO radicals.  
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For comparison, the FTIR spectra of the matrices of CH2I2/O2/Ar (1:1:100) at  

10 K recorded before and after photolysis of the CH2OO radical for 30 mins with 

different wavelengths at 365 nm and 425 nm are shown in Figures (3.11-3.13, in green). 

It can be seen that CH2OO intermediate exposed to irradiation at 425 nm did not show 

any effect on the intensity of the bands assigned to CH2OO, whereas irradiation at 365 

nm caused bleaching (reduced intensity) of the bands assigned CH2OO. These results 

are taken a strong support for detection of the CH2OO assignments. Thus, the behaviour 

of the bands assigned to CH2OO upon photolysis provides confirmation of their 

assignments. 

   We also observed the same behaviour of the isotopic-substituted (CH2
18O2, 

13CH2O2, CD2O2) radicals when they exposed to the photo-bleaching UV light at 365 

nm. Due to time constraints only the 365 nm experiments were conducted on the O-18, 

C-13, and H-2 isotopologues. The infrared spectrum of the isotopic-substituted 

CH2
18O2, 

13CH2O2, and CD2O2 (1:1:100) after deposition at 10 K for 1 h is shown in 

Figures 3.14-3.16 (black spectrum). Difference spectra achieved from subtracting the 

spectra recorded before photolysis from that recorded upon photolysis at 365 nm for 30 

min are showed on top of Figures 3.14-3.16 (red spectrum) with some intense peaks; 

bands for new species being produced point upwards, whereas the bands for species 

destroyed point downwards. It is clearly shown that all bands attributable to the 

CH2
18O2, 

13CH2O2, and CD2O2 radicals have been completely bleached after t=30 

minute of photolysis with light near 365 nm emitted from a high pressure Xe lamp. The 

bands of these isotopologues at the bottom of Figures 3.14-3.16 match up exactly with 

bleached bands in the photo-bleaching spectra at the top of Figures 3.14-3.16 (red 

spectrum).  
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Figure 3. 11 FTIR spectra of the 𝒗8 and 𝒗6 bands assigned to CH2OO radical formed 

from interaction of CH2I radicals and a matrix of Ar + O2. Radicals produced by 

irradiation of CH2I2 through an electrical discharge and deposition at 10 K for 1 h, (a) 

Spectrum of reaction products in an initial deposited matrix of (CH2I2/O2/Ar) (black 

spectrum), (b) Subtraction of initial deposition spectrum from spectrum taken after 

photolysis at 425 nm for 30 min (blue spectrum), (c) Subtraction of initial deposition 

spectrum from spectrum taken after photolysis at 365 nm for 30 min (green spectrum) 

(absorptions pointing down are due to CH2OO).   

 

 

 

 

 

 

 

 

 

 

Figure 3. 12 FTIR spectra of the 𝒗5 and 𝒗4 bands assigned to CH2OO radical formed 

from interaction of CH2I radicals and a matrix of Ar + O2. Radicals produced by 

irradiation of CH2I2 through an electrical discharge and deposition at 10 K for 1 h, (a) 

Spectrum of reaction products in an initial deposited matrix of (CH2I2/O2/Ar) (black 

spectrum), (b) Subtraction of initial deposition spectrum from spectrum taken after 

photolysis at 425 nm for 30 min (blue spectrum), (c) Subtraction of initial deposition 

spectrum from spectrum taken after photolysis at 365 nm for 30 min (green spectrum) 

(absorptions pointing down are due to CH2OO).   
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Figure 3. 13 FTIR spectra of the 𝒗3 band assigned to CH2OO radical formed from 

interaction of CH2I radicals and a matrix of Ar + O2. Radicals produced by irradiation 

of CH2I2 through an electrical discharge and deposition at 10 K for 1 h, (a) Spectrum of 

reaction products in an initial deposited matrix of (CH2I2/O2/Ar) (black spectrum), (b) 

Subtraction of initial deposition spectrum from spectrum taken after photolysis at 425 

nm for 30 min (blue spectrum), (c) Subtraction of initial deposition spectrum from 

spectrum taken after photolysis at 365 nm for 30 min (green spectrum) (absorptions 

pointing down are due to CH2OO).   
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Figure 3. 14 FTIR spectra in regions of interest of CH2
18O2 after the matrices of (CH2I2/

18O2/Ar) were passed through an electrical discharge 

and deposition at 10 K for 1 h for wavenumbers range 840 to 1460 cm-1, (a) Irradiated spectrum of (CH2I2/
18O2/Ar) before photolysis (black 

spectrum), (b) Subtracting of the initial deposition spectrum from the spectrum taken after photolysis at 365 nm for 30 min (red spectrum) 

(absorptions pointing down are due to CH2
18O2).     
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Figure 3. 15 FTIR spectra in regions of interest of 13CH2O2 after the matrices of (13CH2I2/O2/Ar) were passed through an electrical 

discharge and deposition at 10 K for 1 h for wavenumbers range 830 to 1420 cm-1, (a) Irradiated spectrum of (13CH2I2/O2/Ar) before 

photolysis (black spectrum), (b) Subtracting of the initial deposition spectrum from the spectrum taken after photolysis at 365 nm for 30 

min (red spectrum) (absorptions pointing down are due to 13CH2O2).     
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Figure 3. 16 FTIR spectra in regions of interest of CD2O2 after the matrices of (CD2I2/O2/Ar) were passed through an electrical discharge 

and deposition at 10 K for 1 h for wavenumbers range 660 to 1390 cm-1, (a) Irradiated spectrum of (CD2I2/O2/Ar) before photolysis (black 

spectrum), (b) Subtracting of the initial deposition spectrum from the spectrum taken after photolysis at 365 nm for 30 min (red spectrum) 

(absorptions pointing down are due to CD2O2).     
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3.4. Conclusion 

 

Matrix isolation combined with FTIR spectroscopy has facilitated this research 

to obtain IR vibrational information of the transitory CH2O2 intermediate in argon 

matrices to understand the structure of this species. The matrix-isolated IR frequencies 

of the CH2O2 radical were observed upon irradiation of CH2I2/O2 mixtures during 

deposition at 10 K to form Ar matrices. Our results show we have identified five of the 

nine vibrational fundamentals of the CH2O2 molecule at 1422 cm-1 (𝑣3), 1267 cm-1 (𝑣4), 

1202.4 cm-1 (𝑣5), 918.6 cm-1 (𝑣6), and 850.2 cm-1 (𝑣8) and we have also determined the 

relative intensities of these bands. The positions of these bands were in good agreement 

with the IR absorption bands of gaseous CH2O2 (1435, 1286, 1213, 908, and 848 cm-

1).54, 63 We found that the CH2O2 molecule to be stable under the conditions of the 

matrix isolation experiment and was likely to have been formed by the reaction of the 

CH2I radical with O2. Interestingly we did not observe the CH2IOO radical.   

We have also determined the isotopic substitution shifts of the vibrational bands 

of the 13CH2O2, CH2
18O2, and CD2O2 radicals and for each radical the relative 

intensities of each band. The assigned bands of the isotopologues shifted to (1416.1, 

1234.4, 1199.5, 875.1, and 840.1 cm-1) when a CH2I2/
18O2/Ar matrix was subjected to 

an electrical discharge, (1414.8, 1266.5, 1201.3, 913.9, and 834.1 cm-1) when a 

13CH2I2/
16O2/Ar matrix was subjected to an electrical discharge, and (1305.2, 1058.7, 

1010.5, 849.7 and 688.9 cm-1) when a CD2I2/
16O2/Ar matrix was subjected to an 

electrical discharge. These observed vibrational wavenumbers, relative IR intensities 

and isotopic shifts were compared with those predicted with a theoretical calculation of 

the infrared spectrum of the CH2OO radical using the VPT2 CCSD(T) / augʹ-cc-pVTZ 

method.140 The predicted vibrational frequencies for all isotopologues agreed well with 

our experimental values as well as the predicted intensities. The predicted O-18 and C-

13 also agreed well, however the H-2 isotopic shifts were in poorer agreement. Given 



 

83 
  

that this calculation had predicted a zwitterion electronic structure for the CH2O2 radical 

the agreement between the calculation values and our experimental results gives weight 

to the assignment of the zwitterion structure for the CH2OO radical.  

We investigated the UV destruction of the CH2O2 bands by monitoring the 

disappearance of these bands as a function of UV photolysis wavelength. All bands of 

the CH2O2 radicals and their isotopes (CH2
18O2, 

13CH2O2, CD2O2) have been 

completely destroyed after 30 minutes of photolysis with light emitted from a high- 

pressure xenon lamp at 365 nm. This photo-bleaching study provides additional 

conformation  for our the vibrational assignments of the trapped CH2O2 radical.  

Our experimental results were compared with theoretical calculations using the 

VPT2 CCSD(T) / augʹ-cc-pVTZ method140 as well as the results which obtained in gas-

phase by Yu-Te Su et al.54 We find a good agreement of between our experimental 

values, isotopic ratios and computed values. The deviations in vibrational wavenumbers 

for the CH2O2 radical between experiments and predicted calculations are smaller than 

4.6 cm-1 for 𝑣8 , 𝑣5 and 𝑣3 modes and 8 and 6.6 cm-1 for 𝑣4 and 𝑣6 modes, respectively.  
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Abstract  

The aim of this study is to obtain the matrix isolated infrared spectrum of 

methylene (CH2), and investigate its behaviour when trapped in Ar at 10 K. The CH2 

radical was generated by applying an electrical discharge to diiodomethane (CH2I2) 

during deposition of the matrix. The absorption bands of the CH2 radical which has C2v 

symmetry were observed at 3150.8, 3037.9, and 963 cm-1, and assigned to the 𝑣 3 

(asymmetric CH2 stretch), 𝑣1 (symmetric CH2 stretch), and 𝑣2 (CH2 bend), respectively. 

In this study, we also report (IR) spectra of the C-13, and H-2 isotopologues of CH2 in 

Ar matrices for the first time, and compare these values to semi-empirical nonrigid 

bender Hamiltonian calculations reported by Jensen et al. [P. Jensen, et al. J. Chem. 

Phys. 77, 5370-5374 (1982)]. These absorption bands have been assigned based on a 

comparison of the observed frequencies, isotopic ratios and C-13, H-2 isotopic shifts, 

with those values calculated theoretically. The computed and experimental values are in 

good agreement, with typical variation of 0.1 to 17.2 cm-1 (with a maximum variance of 

only 0.6%), leading to the conclusion that the observed bands are vibrations of CH2 

radical. These assignments are in excellent agreement with those seen in the gas phase 

using laser magnetic resonance (LMR) and flash-kinetic spectroscopies, respectively 

[M. Marshall et al. J. Chem. Phys. 85, 3716-3723 (1986)], [Hrvoje et al. J. Chem. Phys. 

91, 6566-6578 (1989)].  

Keywords: Ar matrix; Irradiation; CH2; Isotopologues. 
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4.1. Introduction 

  The methylene radical (CH2) is an important intermediate in physical and 

organic chemistry,223 and planetary photochemistry.224 It has been detected as the 

product of the photochemical dissociation of methane in the atmosphere, and is an 

intermediate in chemical combustion.225-226 It is one of the smallest polyatomic free 

radical, with only six valence electrons, with a physical structure similar to H2O.227 The 

CH2 radical has C2ν symmetry, and three fundamental vibrational modes: the 𝑣 3 

(asymmetric CH2 stretch), 𝑣1 (symmetric CH2 stretch), and 𝑣2 (CH2 bend).  Because of 

the CH2 radical’s C2ν symmetry, the ground triplet and singlet states can be denoted by 

˜X(3B1) and ɑ͂(1A1), respectively. The electronic structure of the triplet and singlet states 

can be presented as:228 

(1b2)
2 (3ɑ1)

1 (1b1)
1 ˜X(3B1) 

(1b2)
2 (3ɑ1)

2 ɑ͂(1A1) 

CH2 has been extensively studied experimentally and theoretically over many 

years. It has been observed in rare gas matrices with electron spin resonance (ESR) 

spectroscopy,229-233 and its UV-vis spectrum has been reported.234 Many researchers 

have also reported the use of IR diode laser absorption spectroscopy,235-237 laser 

photoelectron spectrometry,228 and laser magnetic resonance (LMR) spectroscopy232, 238 

to study the CH2 radical in the gas phase. The CH2 radical has been investigated in 

several theoretical studies. For example, in 1982, the IR frequencies were calculated by 

Jensen et al.239 using a semi-empirical nonrigid bender Hamiltonian. For CH2, the 

frequency 𝑣2 was calculated to be 963.1 cm-1, the symmetric stretch, 𝑣1, 3020.7 cm-1, 

and asymmetric stretch, 𝑣3, 3152.5 cm-1. Later, DFT calculations were conducted by 

Russo et al.240 to investigate the vibration frequencies of CH2. These results, coupled 

with assignments made in the gas phase using LMR232 spectroscopy, make it highly 
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likely that the calculations calculated by Jensen et al.239 represent accurate predictions 

of the CH2 molecule’s fundamental frequencies. 

To our knowledge, only two studies241-242 have been conducted investigating the 

IR spectrum of CH2 in argon matrices. Both studies identified a peak at 1114 cm-1 as a 

putative contender for the 𝑣2(HCH bending) frequency. These studies were published 

before the release of the calculations by Jensen et al.,239 which casts significant doubt on 

the assignments made in the matrix environment, and to date, no further research 

appears to have been published on matrix isolated CH2.  

Because of importance of the reactive  CH2 radical to organic chemistry and due 

to its existence in the interstellar medium, the aim of this study is to generate and 

characterisation of the CH2 radical in matrix environment and measure its Fourier-

transform infrared (FTIR) spectrum, to aid resolve the conflicting earlier experimental 

results.  

4.2. Experimental Section 

A detailed description of apparatus and experimental procedures for conducting 

matrix isolation combined with Fourier-transform infrared (MI-FTIR) spectroscopy 

experiments have been provided in detail in chapter 2, therefore only brief description is 

given here. The CH2 radicals were generated when CH2I2 doped argon mixtures were 

irradiated with an electrical discharge and deposited at 10 K.  

CH2I2 (Sigma Aldrich, 99.0%), and 99 atom % C-13 labelled CH2I2 (Sigma 

Aldrich), or 99 atom% D labelled CD2I2 (Sigma Aldrich) were used. All CH2I2, 
13CH2I2, 

and CD2I2 samples were using a freeze-pump-thaw procedure degassed before mixing 

with argon at ratios between 1:100 and 1:250, using standard manometric techniques. 

Argon was used directly without further purification. The FTIR spectra were recorded 

using a Mattson Sirius 100 FTIR spectrometer at 0.5 cm-1 spectral resolution. Spectra 

were averaged over 2000 scans and recorded following deposition.
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4.3. Results and Discussion 

4.3.1. CH2I2/Ar Mixture 

The spectra of argon matrices involving CH2I2 were recorded at 10 K. This 

molecule provided the basis for the current experiments and therefore merits a brief 

overview. IR spectra of 13CH2I2, and CD2I2 were also recorded in argon matrices prior 

to irradiation experiments. The spectra of these mixtures are in excellent agreement with 

those reported in the literature.43, 141-142 The IR absorption bands of the CH2I2, 
13CH2I2, 

and CD2I2 together with their assignments are presented in Table 3.1 and discussed in 

chapter 3 (section 3.3.1) together with a brief overview of these experiments.   

4.3.1. Methylene Radical (CH2) Formation in Ar Matrices 

Several bands assigned to methane (CH4), methyl (CH3), ethylene (C2H4), 

acetylene (C2H2), allene (CH2CCH2), are produced by the discharge experiments of 

CH2I2. These products may be caused by reactions involving CH2, and provide a strong 

evidence that CH2 was present in the mixture at some point in the experiment. For 

example, the formation of C2H4 is likely due to association of two CH2 molecules (see 

R4.1). In addition, CH2CCH2 was likely to be the product of the reaction between CH2 

and C2H2 (R4.2). Formation of C2H2 and CH2CCH2 are not the only evidence of the 

formation of CH2. In addition, we observe CH3 radical which may be formed by the 

addition of a H atom to CH2. A list of frequencies of major products produced by the 

discharge of CH2I2 can be seen in Table 4.1.  

              2CH2                                            →        C2H4                                   (R4.1) 

  CH2           +      C2H2                   →       CH2CCH2                         (R4.2) 
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Table 4. 1 Frequencies (cm-1) of bands from major products observed upon the 

deposition of stream of argon, 1:100 CH2I2/Ar passed through an electrical discharge.  

 Exptl. IR absorptions  

Irradiated of (Ar/CH2I2 ~100/1) 

 Literature bands [cm-1]            

Assignment 

611.5, 1331.2 (611.2, 1331.5)141,144 CH2I 

1399.2 1398150 CH3‡ 

618.2, 622.6, 704.6, 1230.5, 1292.3, 

3027.7 

(619, 622.6, 704.6, 1231.8, 1291.3, 3028)194-195 CH2I-I 

736.4, 3287.9, 3301.6, 3315.6, 3325.9 (736, 3288, 3302, 3315, 3326, 3326)25, 162-163   C2H2 

862.5, 1388.5, 1955.2 (864.7, 1388.7, 1955.4)196 CH2CCH2 

882.6, 1245.2, 1429.9, 2964.9 (880.4, 1245.5, 1431, 2965.7)161  CH3I 

948.5, 1438.9  (948, 1439)163, 199 C2H4 

3024.4 3024.6155 CH4‡ 

‡The carrier of this species was assigned on the basis of the only band reported in the literature 

and therefore this assignment should be regarded as tentative. 

  

In addition to the species discussed above three new peaks were observed when 

deposited in cryogenic matrices at 10 K from irradiated CH2I2/Ar mixtures (at a ratio of 

1:100). These peaks are assigned to vibrational peaks of the CH2 radical and can be seen 

by examining the difference spectra between the irradiated and non-irradiated CH2I2/Ar 

mixtures as shown in Figure 4.1. The bands for new species being produced point 

upwards, whereas the bands for species being destroyed point downwards. These bands 

are listed in Table 4.2 together with theoretically predicted values by Jensen, P. et al.239  

Studies by Marshall et al.232 and Hrvoje et al.243 have reported the 𝑣2 (CH2 

bending), 𝑣3 (CH stretching) of CH2 in the gas-phase at 963 cm-1, and 3190 cm-1, using 

laser magnetic resonance (LMR) and flash-kinetic spectroscopy, respectively. We 

observe bands in these regions at 963 cm-1, 3150.8 cm-1 which we assign to the 𝑣2, and 

𝑣 3vibrations, respectively. The value of the 𝑣 2 matches the gas phase value well, 
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however the 𝑣3(asymmetric CH2 stretching) band deviates by 39.2 cm-1. It should be 

noted, the band for the 𝑣2 mode does not match with the 1114 cm-1 band which has 

reported in Ar matrix by Milligan et al.241 also in our experiments we did not observe a 

band at around 1110 cm-1. 

The CH2 modes have been predicted to have values of (3152.5, 3020.7, and 

963.1 cm-1)239 and (3181, 3039, and 962 cm-1);240 Table 4.2 indicates these values 

compared with our observations. Figure 4.1 shows the comparison between the results 

of CH2 in this work and the predicted calculations using the semi-empirical nonrigid 

bender Hamiltonian calculations, plotted above the IR absorption spectra in blue. The 

values of the theoretical calculations closely match with our observations, with the 

smallest deviation from computed values being 0.1 cm-1, and the largest deviation 

observed being 17.2 cm-1 (less than 0.6% variance).  

 

Table 4. 2 The C-12, C-13, and H-2 isotopic shifts for the bands assigned to the CH2 

radical compared with computed values. NS= not seen. 

 

 

 

 12CH2 13CH2 

 

CD2  

 

Symmetry  

 

Mode 

 

Mode 

description 

 

Obs. 
 

Cal.239-240 

 

Obs. 
 

Cal.239 

 

Obs. 
 

Cal.239 

𝑣
3
 Asymmetric 

CH2 

stretching 

 

3150.8 

 

3152.3 

 

3181 

 

3138.2 

 

3138.1 

 

2377.4 

 

2389.1 

 

b1 

𝑣
1
 Symmetric 

CH2 

stretching 

 

3037.9 

 

3020.7 

 

3039 

 

3021.8 

 

3018.4 

 

2213.0 

 

2183.6 

 

a1 

𝑣
2
  

CH2 bending 

 

 

963.0 

 

963.1 

 

962 

 

957.7 

 

959.5 

 

724.2 

 

750.9 

 

a1 

  This work  This work  This work   
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Figure 4. 1 FTIR difference spectrum showing the bands assigned to the 𝒗2 (CH2 

bending), 𝒗1 (symmetric CH2 stretching), and 𝒗3 (asymmetric CH2 stretching) modes for 

the CH2 radical formed from depositing a stream of CH2I2 doped in argon onto a cold 

window set at 10 K, with a ratio of 1:100. Panel A shows the 𝒗2 mode and panel B 

shows 𝒗1 and 𝒗3 modes. The CH2I2 stream was irradiated with an electrical discharge; 

computed values are shown above as sticks (in blue) and absorption pointing down is 

due to CH2I2.  
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Isotopic substitution is a valuable technique to support assignments of IR 

frequencies because the observed frequencies are shifted by isotopic substitution. When 

13CH2I2 and CD2I2 where substituted for the CH2I2, all three bands assigned to the 𝑣2, 𝑣1, 

and 𝑣3 bands of the CH2 radical were found to have shifted. Based upon this effect it 

seems reasonable that the species responsible for these new bands contains H, and C. 

The vibrational wavenumbers observed for 13CH2 and CD2 are listed in Tables 4.2.239-240 

The variance between the observed and predicted isotopic shifts is less than 0.1% for 

13CH2 and 1.3% for CD2. Table 4.3 shows the C-13/C-12 and H-2/H-1 ratios for the 

three bands assigned to CH2. 

Comparison of the spectra of 12CH2 and 13CH2, shows the 𝑣2 band at 963.0 cm-1 

has a small red C-13 shift of -5.3 cm-1 (calculated to be -3.6 cm-1).239 The isotopic ratio 

of 𝑣2 (0.9945) is in good agreement with the predicted value of 959.5/963.1= 0.9963. In 

contrast, we find that C-13 isotopic substitution has a lower effect on the 𝑣1, and 𝑣3 

modes, with a shift of -16.1 cm-1 and -12.6 cm-1, (calculated to be -2.3, and -14.4 cm-

1),239 respectively. The observed band of 𝑣1 at 3037.9 cm-1 is not consistent with the 

predicted by Jensen et al. at 3020.7 cm-1,239 but closely matches with that band predicted 

at 3039 cm-1 (calculated to be -20.6),240 which may indicate an inaccuracy in the former 

calculation or a matrix effect. The isotopic ratios (C-13/C-12) of the 𝑣1, and 𝑣3 modes 

are 0.9936, and 0.9960 (calculated 0.9991, and 0.9954),239 respectively.  

Since H-2 substitution results in a significant relative mass change, most 

vibrational frequencies exhibit considerable shifts. Based on the comparison between 

spectra of 12CH2 and CD2, the 𝑣2 band at 963.1 cm-1 has the smallest H-2 shift of -238.8 

cm-1 (calculated to be -212.2 cm-1).239 The isotopic ratio of 𝑣2 (0.7520) is in good 

agreement with the predicted value of 750.9/963.1= 0.7797. The 𝑣1
 and 𝑣3 modes have 

the largest shift of -824.9 cm-1 and -772.4 cm-1 (calculated to be -837.1 cm-1, and -763.4 



 

93 
  

cm-1),239 respectively. In addition, the isotopic ratios (H-2/H-1) of the 𝑣1, and 𝑣3 modes 

are 0.7285, and 0.7545 (calculated 0.7229, and 0.7578),239 respectively. The agreement 

between the theoretical and experimental C-13 and H-2 isotopic shifts leads us to 

conclude that the new bands, shown in Figure 4.2, are arise as a result of vibrational 

transitions of the CH2 molecule. 

Table 4. 3 Comparison between experimental and theoretically computed (C-13, H-2) 

isotopic ratios of the CH2 radical. 

 

 

 

Mode 

 

Mode description 

C-13 isotopic ratioa 

 Experiment      Predicted239 

H-2 isotopic ratiob 

Experiment     Predicted239 

𝑣3 Asymmetric CH2 stretching 0.9959 0.9954 0.7545 0.7578 

𝑣1 Symmetric CH2 stretching 0.9947 0.9992 0.7285 0.7229 

𝑣2 CH2 bending 0.9945 0.9963 0.7520 0.7797 

aC-13, isotopic ratios are defined the wavenumber of the C-13 species divided by that of the C-12 species. 
b H-2, isotopic ratios are defined the wavenumber of the H-2 species divided by that of the H-1 species. 
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Figure 4. 2 The FTIR spectra of irradiated CH2I2 isolated in argon matrices in the regions of the 𝒗1, 𝒗2, and 𝒗3 modes proposed for CH2. Spectra were 

taken at 10 K, when the gas mixtures of CH2I2, 
13CH2I2, and CD2I2 in Ar in ratios of 1:100 were subjected to a high frequency discharge during 

deposition for 1 h, (a) CH2I2/Ar (black trace), (b) 13CH2I2/Ar (red trace), (c) CD2I2/Ar (blue trace).
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4.1. Conclusion  

The CH2 radical was generated in an Ar matrix via irradiation of CH2I2 with an 

electrical discharge, and then its spectrum was recorded using FTIR spectroscopy, to aid 

in resolving the discrepancy between earlier matrix isolation and theoretical results. The 

𝑣3 (asymmetric CH2 stretching), 𝑣1 (symmetric CH2 stretching), and 𝑣2 (CH2 bending) 

vibrations for the CH2 radical were observed at 3150.8, 3037.9, and 963 cm-1, 

respectively. The position of the 𝑣2 band was in good agreement with the IR absorption 

band of gaseous CH2 at 963 cm-1, however our observation of this band does not match 

with the 1114 cm-1 band which had been reported in earlier in Ar matrix experiments. 

These absorption bands were assigned based on a comparison between observed 

frequencies, isotopic substitution studies, and gas phase spectroscopic results. We have 

also determined the isotopic substitution shifts of the vibrational bands of the 13CH2 and 

CD2 radicals. The C-13, H-2 labelled isotopologues exhibited significant shifts at 

3138.2, 3021.8, and 957.7 cm-1 for the 13CH2 radical and for the CD2 radical at 2377.4, 

2213.0, and 724.2 cm-1, respectively. These observed vibrational wavenumbers and 

isotopic shifts were compared with those predicted with a theoretical calculation of the 

infrared spectrum of the CH2 radical using the semi-empirical nonrigid bender 

Hamiltonian methods. The predicted vibrational frequencies for all isotopologues 

agreed well with our experimental values. Additional experiments with new precursors 

such as C2H2 or C2H4 would help to confirm the validity of these assignments. 
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Abstract 

We obtained the methylthio (or thiomethoxy, CH3S) radical isolated in an Ar 

matrix at low temperature (10 K), generated by an electrical discharge of dimethyl 

sulfide (CH3SCH3, DMS) in argon during deposition. Absorption bands of the CH3 

asymmetric stretching 𝑣 4(e), CH3 asymmetric stretching 𝑣 4(a1), CH3 symmetric 

stretching 𝑣1, HCH asymmetric deformation 𝑣5(e), CH3 umbrella motion (𝑣2), and CS 

stretching (𝑣3) modes for the CH3S radical were observed for the first time in an Ar 

matrix. The assignment of these bands was based on comparison with predicted 

vibrational wavenumbers calculated by Marenich and Boggs [A-V. Marenich et al., J. 

Chem. Theory Comput. 1, 1162-1171 (2005)] and also with those observed for CH3S in 

solid p-H2 [M. Bahou et al., J. Chem. Phys. 133, 164316  (2010)]. The experimental 

results were in excellent agreement with those previously predicted and reported for 

CH3S in solid p-H2. The peaks assigned to trapped CH3S radicals show uniform rates of 

destruction upon annealing at 20 K which supports these assignments. In addition, new 

absorption bands of DMS were observed in Ar matrices and assigned to the HCH 

bending (𝑣 4), and CH3 stretching (𝑣 17) modes. There were also bands assigned to 

combination and overtone modes of the DMS and CH3S radical.  

Keywords: CH3S radical; FTIR spectroscopy; Matrix isolation    
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5.1. Introduction   

Atmospheric oxidation of reduced organic sulfur compounds such as CH3SCH3 

(dimethyl sulfide, DMS), CH3SSCH3 (dimethyl disulfide, DMDS), and CH3SH 

(methanethiol or methyl mercaptan) plays a significant role in the formation of acid rain 

and also in climate modification due to the production of sulfate in marine aerosols and 

cloud nuclei.73, 79 The methylthio (or thiomethoxy, CH3S) radical is an important 

reactive intermediate in the atmospheric oxidation processes of reduced sulfur 

compounds.244 To understand the chemistry of CH3S, an analysis of its spectra and data 

from photo-chemical reactions, are valuable to facilitate observation of this radical in 

the atmosphere and in the laboratory.       

The ground electronic state and symmetry of the CH3S radical has been 

stablished to be 2E with C3v symmetry.245 As such there will be spin-orbit coupling 

(SOC) and Jahn-Teller (JT) effects which will result in splitting and shifting of the 

observed vibrations. The SOC effects may be expected to be influenced by the matrix 

especially with the presence of a heavier atom such as Ar.    

This radical has been subjected to many spectroscopic studies using different 

techniques to record its spectra, including laser-induced fluorescence (LIF),246-

247 electronic absorption248-249  and emission,250 microwave spectra,251 photo-fragment 

yield,252 four-wave mixing,253-254 fluorescence depletion,255 electron paramagnetic 

resonance (EPR),256 infrared (IR),111-112 and electron photo-detachment of the CH3S
− 

anion.245, 257-258 

To date, only a few theoretical studies have been conducted on the CH3S radical. 

In 1980, an unrestricted Hartee-Fock (UHF) study by Janousek and Brauman257 reported 

the Jahn-Teller energy and the spin-orbit splitting. In 1988, a method for the 

approximate calculation of Jahn-Teller energy and Ham reduction factor was published 

by Bent.259 In 2004-2005, Marenich and Boggs conducted extensive calculations using 
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an equation-of-motion coupled-cluster method (EOMIP) and multi-configuration quasi-

degenerate second-order perturbation theory to study the effects Jahn–Teller distortion 

and spin-orbit coupling have on the vibrational energy levels of CH3S in the ground and 

excited electronic states.112, 260-261              

In 1983, Jacox reported production of CH3S radical in an argon matrix from the 

reaction of CH3SH and F atoms. She assigned an absorption band at 3515 cm-1 to 

CH3S
…HF complex but did not report values for uncomplexed CH3S in the Ar 

matrix.111 In 2010, Bahou and Lee112 reported the absorption infrared spectrum of 

isolated CH3S in p-H2, and assigned bands at 724.2, 2898.4, 1400, 1056, 771.1 cm−1 to 

the (ν3-ν6) modes, which are not in good agreement especially the features above 2300 

cm-1, compared to the values computed by Marenich and Boggs.260 Bahou and Lee112 

stated they were unable to prepare CH3S radical in Ar matrices from photolysis of DMS 

due to recombination and photo-destruction of the CH3S radical. However, they were 

able to obtain small yields using CH3SH as a precursor. Since these studies, no attempt 

has been made to resolve the disagreement between these conflicting values. In the 

present study, we employed MI-FTIR spectroscopy to measure the complete infrared 

absorption spectrum of the CH3S radical in Ar matrices, and expand the number of 

experimentally observed IR bands. We compare our results with previous CH3S studies 

in p-H2 matrices as well as values calculated using an equation-of-motion coupled-

cluster calculation (EOMIP).260  
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5.2. Experimental Section 

A detailed experimental design regarding the setup for matrix isolation infrared 

spectroscopic study has been provided in Chapter 2. A stream of argon and DMS gas 

mixtures (1:100) was irradiated with a high voltage source before being deposited on a 

cold window at 10 K. The gas mixtures were deposited over 1 h period and the flows of 

gas mixtures were controlled by needle valves to give a deposition rate of 

approximately 3-6 mmol h-1. Spectra were recorded following deposition using a 

Mattson FTIR spectrometer.262 Annealing studies were conducted by warming the 

matrix slowly to 20 K for 20 min and then recooling to 10 ± 0.5 K using an Omega 

CYM3200 temperature controller, followed by recording the FTIR spectrum.  

Argon (99.999%, Air Liquide High Purity Grade, Specialists and Technical 

Gasses Ltd, STG) was used without further purification. DMS (DMS 99%, Sigma 

Aldrich) was degassed using the freeze-pump thaw method at 77 K, before mixing with 

argon using standard manometric techniques.  
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5.3. Results and Discussion 

5.3.1. Dimethyl Sulfide (DMS)  

In this work, it is necessary that the infrared spectrum of dimethyl sulfide (DMS) 

in an Ar matrix be discussed, before discussing the methylthio (CH3S) radical. While 

the infrared spectra of DMS in gas-phase,263-264 p-H2,
112 and Ar matrices have been 

discussed previously in literature, a complete list of DMS experimental absorption 

bands in an Ar matrix have been not reported. Therefore, we will first present our set of 

results for the vibrational transitions of DMS in Ar matrices.  

The dimethyl sulfide (DMS) matrices were produced upon deposition of 

DMS/Ar (ratio of 1:100) matrices at 10 K. The agreement between our results and with 

those reported in the gas phase,263-264 p-H2,
112 and Ar matrices112, 265-266 is satisfactory, 

with the smallest shift from gas-phase values was 0.3 cm-1 and the largest deviation 

observed was 8.8 cm-1 (less than 0.3 % difference). Figures (5.1-5.3) presents the 

absorption bands observed where are consistent with the fundamental vibrational modes 

of DMS (𝑣1-𝑣20). Note that 𝑣7, 𝑣11, and 𝑣21 modes were not be observed as the MCT 

detector used in the present study gave no response below 600 cm-1. Also, the 𝑣10 mode 

was not detected, possibly due to a low intensity or because it was obscured by other 

bands. Several (𝑣4, and 𝑣17) of these vibrational frequencies for DMS had not been 

observed previously in Ar matrices. Furthermore, numerous weaker and broad bands are 

assigned to combination and overtone modes of DMS in Ar matrices based on 

comparison to the computed267 and experimental112, 263-266 values.  A complete list of 

observed bands of DMS with their IR intensities is listed in Table 5.1, compared with 

previous computed and experimental data. 
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Table 5. 1 Experimental wavenumbers of DMS (cm-1), and literature values in Ar, p-H2 

matrices and the gas-phase. For this work, the IR intensities relative to 𝒗19 are listed in 

parentheses. 

 

Mode 

Computed 

values267 

DMS gas-

phase 

DMS/ p-H2  

 

DMS/Ar 

Relative intensities 

(100 × o.d.)   

DMS/Ar 

Relative intensities 

(100 × o.d.)  

ν11, a2, τCH3 177 NS 169.3 NS NS 

ν21, b2, τCS 182 NS 172.5,174.7 NS NS 

ν7, a1, δCSC-s 270 170 NS NS NS 

ν6, a1, νCS-s 703 684b, 692c 697.0,697.6 694, 694.6 (10) 694.5 (19.5) 

ν17, b1, νCS-a 753 742c 748.9,750.1 NS 746.7 (0.5) 

ν16, b1, γCH3 908 902b, 906c 902.0,902.3 904, 900.0 (3) 899.6 (4.6) 

ν10, a2, γCH3 955 NS NS NS NS 

ν20, b2, γCH3 986 973b,972c 974.7,975.8 973, 973.1 (26) 972.9 (55.2) 

ν5, a1, γCH3 1042 1022b,1028c 1032.4,1032.7 1031, 1030.1 (33) 1030.3 (68) 

ν15, b1, δCH3-s 1327 1315b,1309c 1313.1 1312, 1310.9 (20) 1310.9 (51.6) 

ν4, b1, δCH3-s 1354 1327b,1331c 1330.9,1333.7 NS 1332.6 (1.1) 

ν19, b2, δCH3-a 1453 1430b,1432c 1434.2,1434.6 1436, 1432.3 (57) 1432.3 (100) 

ν14, b1, δCH3-s 1485 1438b,1432c 1437.6,1436.7,1441 1440, 1439.7 (41) 1439.8 (91.6) 

ν9, a2, δCH3-s 1446 NS NS NS NS 

ν3, a1, δCH3-s 1466 1443b 1447.4 1447, 1446.0 (14) 1446.1(25.5) 

ν20 + ν11 - NS 1144.0 NS 1142.4 (0.3)  

ν20 + ν21 - NS 1149.3, 1147.2 NS NS 

ν6 + ν16 - NS 1598.8, 1597.6 NS 1592.8 (2.8) 

ν17 + ν16 - NS 1648.9, 1650.4 NS NS 

ν6 + ν15 - NS 2007.3, 2006.5 NS 2001.8 (1.7) 

ν6 + ν4 - NS 2027.1, 2026.5 NS 2021.7 (0.4) 

2ν5 - NS 2059.7, 2058.4 NS 2053.7 (0.15) 

ν15 + ν17 - NS NS NS 2075.8 (0.4) 

ν16 + ν15 - NS 2214.5, 2214.1 NS 2209.6 (1.1) 

ν16 + ν4 - NS 2235.3, 2235.0 NS 2230.4 (1.1) 

ν10 + ν15 - NS 2255.3, 2254.5 NS 2250.5 (0.9) 

ν20 + ν4 - NS NS NS 2303.3 (0.9) 

ν5 + ν15 - NS NS NS 2328.1 (1.1) 

ν15 + ν4 - NS 2364.1 NS 2359.8 (1.3) 

ν9 + ν20 - NS 2407.8 NS 2403.9 (0.4) 
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ν = stretching; δ = bending; τ = torsion; γ = rocking; NS = not seen; underline in bold = new 

assignments. 
aFrequencies taken from Ref. 267. 
bFrequencies taken from Ref. 263. 
CFrequencies taken from Ref. 264. 
dFrequencies taken from Ref. 112. 

eFrequencies taken from Refs. 265 & 266. 

 

 

 

 

 

 

 

 

Mode 

Computed 

values267 

DMS gas-phase DMS/ p-H2  

 

DMS/Ar  

Relative intensities 

(100 × o.d.)265    

DMS/Ar 

Relative intensities 

(100 × o.d.) 

ν5+ ν14 - NS 2465.8, 2464.3 NS 2459.8 (0.9) 

ν5+ ν3 - NS 2471.3, 2470.3 NS 2466.8 (0.2) 

2ν4  - NS 2662.2 NS 2658.2 (0.3) 

ν15 + ν4 - NS 2736.6 NS 2733.6 (0.6) 

ν14 + ν4 - NS 2757.8 NS 2754.3 (6.2) 

ν9 + ν4 - NS NS NS 2776.1(0.9) 

2ν9 - 2841b NS 2839.4 (13) 2839.2 (21) 

2ν19 - 2860b 2860.2,2860.8 2858.6 (7) 2858.1 (9.8) 

2ν14 - NS 2869 2867.4 (11) 2867.5 (17.5) 

2ν3 - NS 2889.3 2888.0 (4) 2887.0 (6.8) 

ν13, b1, νCH3 - 2918b,2919c 2920.6,2918.7 2926, 2926.2 (60) 2925.1 (87.4) 

ν2, a1, νCH3-s 2960 (2918,2935)b, 

2919c 

2923.6,2924.4 2930, 2926.2 (60) 2928.1 (81) 

ν18, b2, νCH3-a 2961 2972b,2968c 2966.7 2975, 2973.8 (30) 2973.1 (41.2) 

ν8, a2, νCH3-s 3000 NS NS NS NS 

ν1, a1, νCH3-s 3017 2989c 2992.1,2993.1 3000 2985.5/2989.7 (0.8) 

ν12, b1, νCH3-s 2993 2989c 2995.1,2996.3  2994, 2998.6 (18) 2997.8 (24.3) 

 a267 b263, c264 d112 e265-266 This work 
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Figure 5. 1 FTIR spectrum of dimethyl sulfide (CH3SCH3, DMS) trapped in argon 

matrices taken following deposition at 10 K for 1 h in the range 600 to 1500 cm-1. 

DMS:Ar ratio is 1:100. 
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Figure 5. 2 FTIR spectrum of dimethyl sulfide (CH3SCH3, DMS) trapped in argon 

matrices taken following deposition at 10 K for 1 h in the range 1500 to 2500 cm-1. 

DMS:Ar ratio is 1:100. 
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Figure 5. 3 FTIR spectrum of dimethyl sulfide (CH3SCH3, DMS) trapped in argon 

matrices taken following deposition at 10 K for 1 h in the range 2500 to 3100 cm-1. 

DMS:Ar ratio is 1:100. 
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5.3.2. Methylthio (CH3S) Radical Formation 

 

Upon the application of an electrical discharge to the DMS/Ar mixtures during 

deposition, the IR spectra of the matrix formed showed the appearance of new bands. 

Most of these new bands were consistent with known matrix-isolated species, and are 

listed in Table 5.2, together with their assignments. A number of new bands were 

observed, and are shown in Figures (5.4-5.6). Bands of these products CH3S, H2CS, CS, 

SO2, CS2, CH4, CH3, C2H2, CO, CO2, CH3SH, and CH3SSCH3 are pointing upward 

indicating production, while those of DMS are pointing downward indicating 

destruction. For example, several bands (986.2, 988.1, 992.1, 1055.3, 1065.6, 1173.8, 

1245.1, 1451.9, and 3014.7 cm-1) in the range 980-3050 cm-1 were assigned to 

thioformaldehyde (H2CS).112, 167, 170-171, 268-269 Bands associated with H2O, CO, and CO2, 

which are commonly present in matrices in trace amounts, were seen to increase in 

intensity. A band at 2049.6 cm-1 (2050 in Ar matrix)270 due to carbonyl sulfide (OCS) 

impurity was also observed.  

Bands for the CH3S radical can be seen by subtracting the difference spectra 

obtained from the irradiated and non-irradiated DMS/Ar mixture. The bands of CH3S 

radicals are signified by upward pointing lines, while downward pointing lines are 

associated with species lost with irradiation. The new bands were observed at 𝑣3(721.4), 

𝑣 6(786.1/1050.5),  𝑣 5(1394.5/1466.8), 𝑣 2(1345.4), 𝑣 4(2905.1/2936.9), and 𝑣 1(2821.5) 

cm-1, as shown in Figures (5.4-5.6), and listed in Table 5.3; they are assigned to the 

CH3S radical. Our assignments of CH3S radical in argon are in excellent agreement with 

those reported in p-H2 matrix by Bahou and Lee,112 with a maximal variance of 2%.  
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Table 5. 2 IR frequencies (cm-1) of the products of irradiated dimethyl sulfide (DMS) 

isolated in argon, compared with literature values.    

Products of irradiated 

 (Ar/DMS/ ~100/1) 

 

Literature bands [cm-1] 

 

Assignment 

617.4, 1374.2, 1378.9 (617, 1374, 1378.5)157 CH3 

657.6, 661.9, 663.5, 2339.1, 2341.8 (656.0, 663, 2339, 2340, 2342)178-180 CO2 

721.4, 786.1, 1050.5, 1345.4, 1394.5, 

1466, 2905.1, 2821.5, 2936.9 

(724.2, 774, 1052.7, 1396.6, 2898.4, 2813),112 

(2904, 2819)271 

 

CH3S 

736.6, 3281.3, 3284.9, 3288.3, 

3295.8, 3302.1, 3317.9, 3323, 3326.4 

(736, 3282, 3284, 3288, 3298, 3302, 3315, 3322, 

3326) 25, 163 

C2H2 

742.4 740272 HCS2
+ 

759.6, 1097.1, 1309 (759.5, 1097.3, 1309.2)273 HOSO2 

804.1, 1326.1, 1349.3 805,268 (803, 1326.5),112 (1349)265 CH3SH 

819.7 814.3274 HCS2
̅‡ 

868.7, 1251.8, 1756.8, 1458.9 (869.8, 1251.5, 1457)275 CH3CH2SH 

947.9, 1316.6, 1418.9 (946.8, 1315.3,1418.3)112 DMDS 

986.2, 988.1, 992.1, 1055.3, 1065.6, 

1173.8, 1245.9, 1356.4, 1451.9, 

1980.3, 3014.7 

(986, 987.4, 988, 993, 1055.2, 1063, 1174, 1245, 

1452.1, 1980.4, 3014, 3014.4)112, 170, 268-269 

 

H2CS 

1045.9, 1270.3, 1274.7, 1947.3 (1046, 1270.2, 1275.4, 1950)274, 276 CS 

1145.9, 1356.4 1146.6,277 (1147.2, 1146.7, 1355.5)278 SO2 

1303.6 1303.1155-156 CH4‡ 

1478.2 1479268 13CS2‡ 

1528.9, 2177.9 1529,268 (1528.2, 2177.9)112 12CS2 

1597.9, 3649.3, 3656.3, 3670.7, 

3712.6, 3752 

(1593.1, 3653.5, 3669.7, 3715.7, 3756.2)204-205, 279  

H2O 

1741.8 1742167 H2CO‡ 

1754.3 1755145, 280 H2CCS‡ 

2049.6 2050270 OCS‡ 

2138.2, 2141.9 2138.2,178 2138.0,169 (2137.6, 2136.4)204 CO 

‡The carrier of this species was assigned on the basis of the only band reported in the literature 

and therefore this assignment should be regarded as tentative. 
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Weak bands were observed at 804.1, 1326.1, and intense bands at 1329.3 cm-1, 

are likely to be due to the formation of methanethiol (CH3SH). Dimethyl disulfide 

(CH3SSCH3, DMDS) bands were also observed at 947.9, 1316.6, 1418.9 cm-1. The 

products of DMDS, CH3SH, and H2CS are likely to be formed from the fast self-

reaction of CH3S radicals as shown in reaction (R5.1):281-284  

CH3S + CH3S                                                  CH3SSCH3                 

                                                                                     CH3SH       +       H2CS    (R5.1) 

Intense bands were observed at 1478.2, 1528.9, and 2177.8 cm-1 due to carbon 

disulfide (CS2),
112, 268 and bands at 1270.3 and 1274.7 cm-1 have been assigned to carbon 

monosulfide (CS).274, 276 The DMS sample may have contained trace amounts of CS2 as 

impurity; however it is unlikely that this is the sole source of OCS.91 In addition, an 

intense signal at 1303.6 cm-1 was readily assigned to the 𝑣4 band of methane (CH4),
155-

156 and those at 1145.9 and 1356.4cm-1 were assigned to sulfur dioxide (SO2), and CH3 

at 617.4, 1374.2/1378.9, and 1397.7/1399.2 cm-1 (617, 1374/1378.5, 1398 cm-1).150, 157 

Major products found in this experiment are CH3 and H2CS, which may arise from 

secondary irradiation of the CH3S radical, CH3 and S atom or H2CS and H (R5.2 & 

R5.3). Further, the other major product is CH4, which formed from reaction of CH3S 

with CH3 or H (R5.4 & R5.5).  

  

 CH3S                                                    CH3   +    S                      (R5.2) 

                                                             H2CS  +   H                      (R5.3) 

CH3S + CH3                                         CH4    +   H2CS                (R5.4) 

CH3   + H                                              CH4                                  (R5.5) 

Oxidation of H2CS via photolysis would be expected to form OCS as one of the 

products in the reactions (R5.6 & R5.7):91   

           H2CS                                                     HCS    +   H                       (R5.6) 

           HCS   + O2                                            OCS    +   OH                    (R5.7)                                  

hv 

hv 

hv 
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CH3S in the ground state (X 2E) has three non-degenerate vibrational modes of 

symmetry a1 assigned to the C-H stretch (𝑣1), the umbrella bend of the CH3 group (𝑣2), 

and the C-S stretch (𝑣3), and three Jahn-Teller active doubly degenerate vibrational 

modes (𝑣4- 𝑣6) of e asymmetry, corresponding to the asymmetric C-H stretch, H-C-H, 

and H-C-S deformations.259, 261  

The spectral region of the 𝑣3 mode is between 700 and 800 cm-1, the S-C single 

bond stretching region. The 𝑣3 mode is shown in Figure 5.4 in the region of 600-1100 

cm -1. A signal observed at 721.4 cm-1 is consistent with this mode, and supported by 

the calculated value of 742 cm-1 (less than 20.6 cm-1 difference). In addition, the 

observed band at 721.4 cm-1 agrees with the 𝑣 3 mode of CH3S radical isolated in 

solid p-H2 at 724.2 cm-1 (less than 2.8 cm-1 difference), and with 727 cm-1 observed in 

dispersed fluorescence of jet-cooled CH3S (less than 5.6 cm-1 difference). 
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Table 5. 3 Assignment of observed vibrations IR (cm-1) with their IR intensities (relative 

intensities 100 × o.d) in parentheses and predicted IR absorption of CH3S radical from 

irradiated dimethyl sulfide (DMS) in Ar matrix compared with literature values.   

 

Str. = stretching; sym. = symmetric; asym. = asymmetric; def. = deformation; ‡Tentative 

assignment from Refs. 112&285&260; underline in bold = the absorption first observed in this 

work (new assignments). [Low frequency band] derived from combination bands; NS=not seen.  

 

 

Mode 

Comput. LIF Exp. CH3S 

gas-phase 

CH3S/p-H2  

 

CH3S/Ar   CH3S/Ar 

[This work] 

ν0(e*) 252b 258d, 264.4c NS NS NS [244.8] 

ν3 (a1), CS str. 742b, 768a 727d, 735.5c NS 724.2 (0.15) NS 721.4 (0.06) 

ν6(a1), HCS asym.def. 793b NS NS 771.1 (7.0) 774.0 (0.8) 786.1 (0.21) 

ν6(e), HCS asym.def. 996a, 1105b NS NS 1056.6 (2.7) 1052.7 (1.0) 1050.5 (0.34) 

ν2(a1), CH3 sym. 

umbrella 

1353a, 1358b 1310d, 1311.9c NS NS NS 1345.4 (0.12) 

ν5(a1), HCH asym.def. 1436b, 1458a 1496?d NS 1400 (1.7) 1396.6 (1.9) 1394.5 (0.32) 

ν5(e), HCH asym.def.   1463b NS NS 1405.3 (10) NS 1466.0 (0.38) 

2ν3 1487b 1443d, 1455.5c  NS NS NS 1478.4 (0.72)‡ 

ν3 + ν6(e) 1844b NS NS NS NS 1837.6 (0.26)‡ 

2ν0(e*) + ν5(e) 1971b NS NS NS NS 1955.5 (0.13)‡ 

ν2 + ν3 2095b 2030d, 2035.8c NS NS NS 2069.1 (0.12) 

ν6(a1) + ν2 2112b 2082d NS 2081.8 (9) NS 2091.3 (0.9)‡ 

ν3 + ν5(e) 2201b 2208d NS NS NS 2149.2 (0.08)‡ 

3ν3 2229b 2152d, 2159.4c NS NS NS 2165.1 (0.12)‡ 

ν5(a1) + ν6(a1) 2230b 2082?d NS 2219.5 (8) NS 2221.9 (0.05)‡ 

ν5(e) + ν6(a1) 2245b NS NS NS NS 2243.6 (0.13)‡ 

2ν6(a1) + ν6(e)  2602d, 2624.7c NS NS NS 2600.0 (0.29)‡ 

2ν3 + ν6(a1) 

 
2286b NS NS NS NS 2279.1 (0.13)‡ 

ν1(a1), CH3 sym. str. 2938b 2776d 2819 2813.0 (11) NS 2821.5 (0.11) 

ν4(a1), CH3 asym. str. 2923a, 3022b 2706?d 2904 2898.4 (2.6) NS 2905.1 (0.06) 

ν4(e), CH3 asym. str. 2999a, 3026b NS 2904 NS NS 2936.9 (0.4) 

ν3 + ν5(e) + ν6(a1)  NS 2962  NS NS 2961.9 (1.1)‡ 

 a285,  b260 c246, d247 e271 f112 This work 
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In the CH3 stretching region, the 𝑣1(a1) and 𝑣4 (a1,e) (symmetric and asymmetric) 

modes are located and shown in Figure 5.6 between 2500 and 3100 cm-1. Although, this 

region suffers from interference from the absorption bands of DMS, we were able to 

assign new bands at 2821.5, 2905.1, and 2936.9 cm-1 to the CH3 stretch of the CH3S 

radical (calculated at 2938, 3022 and 3026 cm-1, respectively), as listed in Table 5.3. We 

found inconsistencies between the predicted260 and experimental values from previous 

studies; the computed frequencies of the 𝑣1(a1), 𝑣4(a1), and 𝑣4(e) modes are greater than 

the observed values by 4.1, 4.0, and 3.0%, respectively. We suggest the computed 

values at 2938, 3022, and 3026 cm-1 which previously reported for the 𝑣1(a1), 𝑣4(a1), 

and 𝑣4(e) modes by Marenich et al.260 may not be accurate. However, these modes of 

the CH3S radical were previously observed in solid p-H2
112 and gas phase  at 2813, 

2898.4, and 2904 cm-1, with less than 0.3%, 0.2% and 1.1% differences, respectively, 

compared with our results.  

In the CH3 symmetric “umbrella” deformation region (Figure 5.4), the 𝑣2 mode 

is predicted to be at 1358 cm-1, 0.9% greater than our experimental result at 1345.4 cm-1 

and 1.1% less than compared to the observed value of CH3Sˉ at 1360±70 cm-1 from 

photo-detachment spectra.257 our result shows no significant difference between the 

observed vibrational wavenumber at 1345.4 cm-1 in this region and value calculated by 

Marenich et al.260  

In the HCS deformation region, the bands for 𝑣 6(a1) and 𝑣 6(e) have been 

observed in argon at 774.0 cm-1 and 1052.7 cm-1, respectively, as well as at 771.1 cm-1 

and 1056.6 cm-1, respectively, when isolated in p-H2.
112 When examining our own 

spectra, we found peaks at 786.1 cm-1 and 1050.5 cm-1 as shown in Figure 5.4. While 

the signal at 786.1 cm-1 is a significant distance from the previously reported values, it is 

much closer to the computed value of 793 cm-1.260 The signal observed at 1050.5 cm-1, 
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however, is much closer to previous experimental results,112 while being significantly 

separated from the frequency predicted by 54.5 cm-1. The prediction of 𝑣6(e) at 1105 

cm-1 is not consistent with our observations nor is it consistent with those reported by 

Bahou and Lee,112 supporting the notion that this band may have been calculated 

inaccurately.  

In the HCH deformation region, the bands for 𝑣 5(a1) and 𝑣 5(e) bands are 

computed to have values at 1436 and 1463 cm-1; we observed both bands at 1394.5 and 

1466.0 cm-1, respectively. The computed value of 𝑣5(e) is in good agreement with the 

observed band in an Ar matrix (less than 3 cm-1 difference). The 𝑣5 (a1) peak at 1394.5 

cm-1, on the other hand, is a significant distance from the predicted value by 41.5 cm-1. 

However, it is much closer to previous experimental results of 1400 cm-1 and 1396.6 

cm-1 when isolated in p-H2 and Ar matrices, respectively. The CH3 deformation modes 

are shown in Figure 5.4 in the region of 1100-1500 cm-1.  

In addition to the signals outlined above, a number of weak and broad peaks are 

assigned to combination and overtone bands based on comparison of predicted and 

experimental data of CH3S.112, 260 A complete list of these bands with their IR intensities 

is listed in Table 5.3 and spectra are shown in Figures 5.4-5.6. The weaker bands 

assigned to 2𝑣3, 2𝑣3(e
*)+𝑣5(e), 𝑣2+𝑣3, 𝑣6(a1)+𝑣2, 3𝑣3, 𝑣5(e)+𝑣6(a1), and 2𝑣3+𝑣6(a1), are 

supported by calculated values, with a maximal variance of 2.9%.260 The broad features 

at 1837.6, and 2149.2 cm-1 are assigned to 𝑣3+𝑣6(e), and 𝑣5(e)+𝑣3 based on comparison 

with the predicted values,260 with less than 2.4% differences. An additional broad band 

at 2600 cm-1 is assigned to 𝑣5(a1)+𝑣6(e), which agrees excellently with those obtained in 

the laser induced fluorescence (LIF) experiment at 2602 and 2624.7cm-1.246-247 Finally, 

combination band at 2961.9 cm−1 is in good agreement with band observed in spectra of 
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CH3S in the gas phase at 2962 cm−1. This band was assigned to the 𝑣3+𝑣5(e)+𝑣6(a1) 

mode.
271  

Vibrational wavenumbers and their relative intensities of the CH3S radical are 

listed in parentheses in Table 5.3, and compared with results previously reported by 

Bahou and Lee in a p-H2 matrix.112 These spectra are normalised with respect to the 

intensity of the 𝑣5 band. Bahou and Lee112  reported relative intensities of 𝑣1, 𝑣3, 𝑣4, 𝑣5, 

and 𝑣 6 modes of the CH3S radical of 11:1.1:68:100:84, respectively, in which the 

intensities of the two components of the degenerate (e, a1) modes are calculated 

together.261 The relative intensities observed in this work are 16:8:66:100:79, in good 

agreement with previously reported intensities of vibrational wavenumbers. 
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Figure 5. 4 Infrared spectrum of the CH3S radical for the wavenumbers range 600 to 

1500 cm-1 produced by irradiated DMS in an argon matrix (1:100), deposited for 1 h and 

recorded at 10 K. Production features are signified by upward signals, whereas 

destruction features due to DMS are signified by downward signals. The CH3S radical 

and its combination bands are indicated with arrows. 
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Figure 5. 5 Infrared spectrum of the CH3S radical for the wavenumbers range 1500 to 

2500 cm-1 produced by irradiated DMS in an argon matrix (1:100), deposited for 1 h 

and recorded at 10 K. Production features are signified by upward signals, whereas 

destruction features due to DMS are signified by downward signals. The CH3S radical 

and its combination bands are indicated with arrows. 
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Figure 5. 6 Infrared spectrum of the CH3S radical for the wavenumbers range 2500 to 

3100 cm-1 produced by irradiated DMS in an argon matrix (1:100), deposited for 1 h 

and recorded at 10 K. Production features are signified by upward signals, whereas 

destruction features due to DMS are signified by downward signals. The CH3S radical 

and its combination bands are indicated with arrows. 
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5.3.3. Annealing Experiments 

Annealing experiments were performed in Ar matrices in order to assess 

whether this approach could help in identification of the CH3S vibrational bands. The 

temperature of the matrix was increased to 20 K, which resulted in a decrease in the 

intensities of all absorption bands assigned to CH3S radical. For example, all new bands 

observed of the CH3S radial decrease in intensity at the same rate upon annealing at 20 

K for 20 min. The bands due to H2CS, CS, C2H2, CH4, and CH3 also decrease in 

intensities after annealing. However, the absorption bands of DMS and CH3SH are seen 

to increase in intensity as the CH3S radical decreased in intensity. Figure 5.7 shows the 

difference spectra obtained by subtracting the spectrum recorded before annealing from 

that recorded after annealing, with sticks of the spectrum of CH3S radical computed by 

Marenich and Boggs (blue trace).260 The results achieved from the annealing experiment 

provide further evidence for the identification of the CH3S radical.  
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Figure 5. 7  FTIR spectra in regions of interest of CH3S radical after the mixtures of (DMS/Ar) were irradiated and deposited at 10 K for 1 h for the 
wavenumbers range 700 to 3000 cm-1, (a) Irradiated spectrum of (DMS/Ar) before annealing (black spectrum), (b) Subtraction of initial deposition 

spectrum  from  spectrum taken after annealing at 20 K for 20 min (red spectrum), (c) Computed values are shown above as sticks ; assignments are 

listed but no values of intensities were provided in Ref.260. 
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5.3. Conclusion 

Using the technique of matrix isolation combined with infrared spectroscopic 

detection, we have observed the CH3S radical trapped in solid Ar. The absorption bands 

of the CH3S radical at 2936.9, 2905.1, 2821.5, 1466, 1345.4, and 721.4 cm-1 were 

observed in Ar matrices and assigned to the 𝑣4(e), 𝑣4(a1), 𝑣1(a1), 𝑣5(e), 𝑣2(a1), 𝑣3(a1) 

modes, respectively. These vibrational modes for trapped CH3S radical were observed 

for the first time in an Ar matrix and had not been reported previously in the study in a 

p-H2 matrix.112 We also observed new bands for DMS at 1332.6, and 746.7 cm-1. 

Annealing to 20 K for 20 min resulted in a decrease of all absorption bands assigned to 

the CH3S radical. Additional features were assigned to combination and overtone modes 

of DMS and CH3S.  
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Abstract 

We report for the first time the changes in absorption bands from water to the 

DMS-H2
18O and DMS-D2O complexes, arising from 18OH˖˖˖S and OD˖˖˖S hydrogen 

bonding, using matrix isolation Fourier-transform infrared (MI-FTIR) spectroscopy. 

Absorption bands at 3701.5, 3496.6, and 1598.9 cm-1 were observed for the DMS-H2O 

complex in Ar matrices. These bands are similar to DMS-H2O complex frequencies 

reported previously [A. J. Barnes et al., J. Mol. Struct.,118, 97-102 (1984)], with typical 

variation of 0.9 to 1.5 cm-1. The infrared bands of DMS-H2
18O and DMS-D2O 

complexes are also reported in Ar matrices at 3689.5, 3487.2, and 1583.2 cm-1, and for 

the DMS-D2O complex at 2738.6, 2568.5, and 1178.9 cm-1 and assigned to the OH 

asymmetric stretching (𝑣3), OH symmetric stretching (𝑣1), and HOH bending (𝑣 2) 

modes, respectively. The experimental values show excellent agreement with 

theoretical values, from a GVPT2/BYLYP/aug-cc-pVTZ calculation, which predict the 

frequencies for the DMS-H2O complex and its isotopologues. Annealing experiments 

were conducted to find any further evidence for the identification of the observed bands 

of the complexes. Upon annealing to 30 K, all bands assigned to the complex increased 

at the same rate. 

Keywords: Hydrogen bonding; Dimethyl sulfide; Water; FTIR; Matrix isolation. 
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6.1. Introduction   

Biological processes in water ecosystems are the main sources of approximately 

60% of all natural sulfur released into the atmosphere.74-75, 79 Dimethyl sulfide 

(CH3SCH3, DMS) plays an important role in the global sulfur budget by producing 

sulfate arerosols, which may affect the Earth’s radiation budget in significant ways.73 

Over past the forty years, intensive investigations have been dedicated to improving the 

understanding of DMS oxidation mechanisms by reactions with OH286-289 and NO3
81, 290 

radicals, throughout the day- and night-times, to form various different sulfur 

molecules.291  

The matrix isolation technique is a valuable tool in the study of the stabilisation, 

and spectral properties of many reactive species, including hydrogen-bonded 

complexes. Depending on the host gas matrix species, the interaction between 

molecular complexes and the host matrix species can be considered negligible. In 

studying hydrogen-bonded complexes, the new observed features are the result of a 

complex produced in the matrix, originating from the fundamental vibrational modes of 

each constituent. These features have shifted from the fundamental frequencies which 

would be normally be expected from two monomers.  

Complexes including DMS isolated in Ar matrices have been studied in the 

recent years from the computational point of view with the aim of understanding the 

directionality, energetics, nature, and strengths of the hydrogen bonding (S˖˖˖H) of 

sulfur.292-299 On experimental side, some work has been done investigating the viability 

of the S as a potential H-bond acceptor, using several proton donors such as CH3SH, 

HF,300 HCl,266, 301 HBr,301 HNO2,
302 HNO3,

303 CH3OH,294 H2O,266, 304 and H2O2.
305  
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Although the O-18 and H-2 isotopologues of the water in the DMS-H2O 

complex is likely to play a negligible role in atmospheric chemistry, understanding the 

resulting complex’s structure, reaction products, and spectra would aid in understanding 

the reactions of DMS with water. To the best of our knowledge, isotopic substitution 

experiments of the DMS-H2O complex have not been conducted nor has the matrix 

isolation vibrational spectrum of these DMS-H2O complexes been measured. In the 

present study, we report MI-FTIR spectra of the O-18 and H-2 isotopic shifts of the 

DMS-H2O complex in Ar matrices. We also investigate the structure arising from the 

sulfur-hydrogen bond (S˖˖˖H) between DMS and H2O and the effect of hydrogen bonding 

on both the DMS and H2O subunits. The experimental frequencies for the DMS-H2O 

complex and its isotopologues complexes are supported by an ab initio calculations to 

providing energetic and structural data for these complexes. 

6.2. Experimental Section 

  Dimethyl sulfide (DMS 99%, Sigma Aldrich), and deionised H2
16O vapour as 

well as its H2
18O, D2O isotopes (Encitech H2

16O: H2
17O: H2

18O = 45: 10: 45) were 

purified by several freeze-pump-thaw cycles at 77 K before use. Argon (99.999%, Air 

Liquide High Purity Grade) was used without further purification. The DMS-H2O 

complex and its O-18, H-2 isotopic substitutions were prepared using a method similar 

to that previously reported for the H2O-O2 complex.202  

In brief, separate mixtures of (H2
16O/Ar, H2

18O/Ar, D2O/Ar) and DMS/Ar were 

prepared in the matrix isolation system at ratios of 1:250 to 3:250 using standard 

manometric techniques. Experiments were conducted in a high vacuum pumping system 

with an approximate base pressure of 10-7 Torr. The samples were condensed on a KBr 

window, held at approximately 10 K, at a rate of 3-6 mmol h-1 for 1 h. Annealing 
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experiments were conducted by warming the matrix slowly to 30 K, before bringing the 

temperature back down again to 10 K.  

Spectra were recorded at a resolution of 0.5 cm-1, and averaged over 2000 scans. 

Spectra for each experiment were taken following deposition, and after annealing the 

matrix.  

6.2.1. Computational Methods  

The ab initio calculations of DMS-H2O complex and its isotopologues were 

obtained using the GVPT2 level of theory with the B3LYP functional and aug-cc-pVTZ 

basis set. The B3LYP transition frequencies (unscaled) are in the best agreement with 

the corresponding experimental values and are displayed in Table 6.2.  

 

 

 

 

 

 

 

 

 

 These calculations were performed by Henrik Kjaergaard. 
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6.3. Results and Discussion  

6.3.1. DMS and Water in Ar Matrices 

MI-FTIR spectra of DMS, H2O, H2
18O, and D2O were recorded independently in 

argon matrices before investigations of the complexes took place. The spectra of these 

mixtures are in excellent agreement with those reported in literature.205, 306-308 Tables 6.1 

and (B.1 & B.2 in Appendix B) summarise all the absorption bands assigned to H2O and 

its isotopologues (and DMS in chapter 5) in argon matrices and are compared with 

literature values. Figure 6.1 (A), black trace shows the 𝑣3 (OH) asymmetric stretching 

and the 𝑣1 (OH) symmetric stretching regions of H2O in Ar matrices. Figure 6.1 (B), 

black trace shows the 𝑣2 (HOH) bending region of H2O in Ar matrices. 

The infrared spectra of Ar matrices doped with H2O are quite complex. For 

single water molecule trapped in the matrix two kinds of trapping sites are observed. 

One site where the water molecule is free to rotate which is designated a freely rotating 

monomer (rm) site and shows a strong temperature dependence and the other site where 

the water molecule interacts with the matrix and is not free to rotate which designated 

the non-rotating monomer (nrm) site. In addition, water molecules may form dimers and 

clusters which are also observed. Several studies have been performed for the pure H2O 

in argon matrices.205, 306-308 In 2001, Perchard205 has identified the nrm features of H2O 

in an argon matrix at 𝑣3(3736.0 cm-1), 𝑣1(3638.3 cm-1), and 𝑣2(1589.2 cm-1). In Ph.D. 

thesis studies, Courtney Ennis and Paul Cooper reported similar  absorption bands of 

the nrm of H2O in Ar matrices (Table 6.1).113, 309 In the present study, the 𝑣3(3735.9 cm-

1), 𝑣1(3640.1 cm-1), and 𝑣2(1589.5 cm-1) nrm bands of the pure H2O are also observed 

and showed a good agreement with published data.202, 205, 306, 308-309  
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Table 6. 1 Summary of the absorption bands assigned to the non-rotating monomer 

(nrm), rotating monomer (rm), and dimer bands of H2O in an argon matrix formed from 

(H2O/Ar) mixtures, at a ratio of 1:250, and compared with literature values. 

 

Assignment 

 

H2O 

 

 

Literature  

values202, 205, 306, 308-309 

 

 

  

ν3   

(OH) asymmetric 

stretching 

 

 

 

 

 

 

 

Rotating monomer 

3776.5 3776.4 

3756.4 3756.2 

3729.7 3724.9 

3711.2 3711.3 

Non-rotating monomer 3735.9 3736.0 

  

 Proton donor dimer 

3708.5 3708.0 

3702.0 3700 

 

ν1   

(OH) symmetric 

stretching 

 

Rotating monomer 

 

3669.8 3669.7 

3653.2 3653.5 

Non-rotating monomer 3640.1 3638.9 

Proton donor dimer 3573.7 3574.5 

Proton acceptor dimer 3632.9 3633.1 

 

 

 

 

ν2  

(HOH) bending. 

 
 

 

 

 

 

 

Rotating monomer 

1661.3 1661.4 

1636.9 1636.5 

1623.9 1623.8 

1608.0 1607.9 

1573.1 1573.1 

1556.6 1556.7 

Non-rotating monomer 1589.5 1589, 1590.2 

Proton donor dimer 1610.5 1610.6 

Proton dimer 1593.0 1593.1, 1593.2 
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6.3.2. Dimethyl Sulfide-Water Complex 

The DMS-H2O complex was generated in Ar matrices at 10 K from the mixture 

of H2O/Ar and DMS/Ar matrices (at ratios of 1:250 to 3:250). New peaks are observed 

in argon matrices assigned to the DMS-H2O complex based on the results from a 

previous study,304 as well as comparisons with non-complexed vibrations arising from 

the subunits monomers (H2O, DMS). Table 6.2 summarises the absorption peaks 

assigned to the DMS-H2O complex and its isotopologues.  

Figure 6.1 (A) shows the region for the 𝑣3(OH) asymmetric stretching mode of 

H2O upon complexation with DMS. In this region, a new band appears at 3701.5 cm-1 

with a shoulder at 3699.9 cm-1 (blue trace). It is not present with DMS/Ar (red trace) or 

in the pure H2O matrix spectrum (black trace); therefore, this band was assigned to the 

H2O 𝑣3(OH) asymmetric stretching mode of the DMS-H2O complex. Upon increasing 

the H2O concentration from 1:1:250 to 1:3:250 DMS/H2O/Ar, shown in Figure 6.1 (A), 

(blue, green and light blue traces), the band at 3701.5 cm-1 is seen to increase in 

intensity as the water concentration changed. It is likely this band originated from the 

H2O subunit as its intensity was dependent upon H2O concentration. This feature is 

slightly red-shifted by 34.4 cm-1 from the H2O non-rotating monomer (nrm). This shift 

is in good agreement with a previous result304 where a shift of 33 cm-1 was reported for 

the 𝑣3(OH) asymmetric stretching in the DMS-H2O complex. However, the effect of the 

bonded DMS molecule on H2O is strong and supports the hydrogen bonded structure 

(S˖˖˖H) that has been proposed to form between DMS and water. Upon annealing this 

matrix to 30 K for 30 min, the band of 3701.5 cm-1 increased in intensity by 

approximately 100%, as shown in Figure 6.1 (A), pink trace. 

 

 



 

129 
 

Table 6. 2 A comparison of the experimental absorption bands and theoretically calculated values for dimethyl sulfide-water complex with its 

isotopologues in an argon matrix. 

 

Sym. = symmetric mode; asym. = asymmetric mode; str. = stretching; deform. = deformation; Obs. = observed; Calc. = calculation; sh. = shoulder; underline in bold 

= new assignments in an Ar matrix. 
aFrequencies taken from Ref.304. 
bFrequencies taken from Ref.266. 

                                                                      DMS-H2O complex                       DMS-H2
18O complex        DMS-D2O complex                       O-16/O-18                     H-1/H-2             

 

Mode 

 

Mode Description 

  

        Obs.                            Calc. 

 

        Obs.                      Calc. 

 

   Obs.                   Calc. 

 

 Obs.                    Calc.         Obs.                    Calc. 

𝑣3 

 

 

The (OH asym. Str.) 

3701.5 (3703) a 

3699.9 (sh.) 

3701.3 3689.5, 

3687.4 (sh.) 

3643.7 2738.6 

 

2674.0 1.003             1.004 1.35                 1.37 

 

𝑣1 

 

Alternate trapping sites 

side bands 

3531.1 (3530)a  - 3521.9 - 2589.4 - 1.003               -        1.36                     - 

3513.1 (3512)a  - 3504.2 - 2581.4 - 1.003               - 1.36                     - 

   The (OH sym. Str.) 3496.6 (3498)a 3498.8 3487.2 3490.1 2568.5 2528.7 1.003           1.002 1.36                  1.38 

𝑣2     The (HOH bending) 1598.9 (1598)a  1616.9 1583.2 1610.6 1178.9 1180.5 1.009           1.004 1.36                  1.37            

𝑣4 The (CH3 deform.) 1334.6 1333.7 1334.6 1333,6 1334.7 1333.6   0.9999           1 1                      1 

𝑣15 The (CH3 deform.) 1312.9 (1312)b 1305.2 1312.9 1305.2 1312.9 1305.2   1                    1        1                      1 

𝑣5 The (CH3 rocking) 1033.7 (1035)b 1030.8 1033.7 1030.8 1033.7 1030.8   1                    1 1                      1 

𝑣20 The (CH3 rocking) 978.3 (979)b 969.5 978.2 969.5 978.3 969.8   1                    1 1                     0.9997 

𝑣16 The (CH3 rocking) 903.3 (909)b 902.6 903.3 902.6 903.4 903.0   1                    1 0.9999            0.9996 

  a304, b266 This work This work 
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In Table 6.2 the frequencies of the DMS-H2O complex obtained experimentally 

with those obtained through calculations are presented. As can be seen, the values 

obtained from calculations replicate the experimental values satisfactorily. The largest 

difference observed between theory and experiment was for 𝑣1(OH), with frequencies of 

3496.6 and 3464.9 cm-1, respectively. This, however, is a variance of less than 31.7 cm-1. 

Thus, the agreement between observed and calculated frequencies is reasonable. 

Figure 6.1 (A) also shows the region for the 𝑣1(OH) symmetric stretching mode of 

H2O. The new intense feature at 3496.6 cm-1 as well as the two lower intensity 

neighbouring bands at 3531.1, and 3513.1 cm-1 are also observed in this region. Neither 

of the parent molecules spectra show these features; the pure H2O/Ar matrix spectrum 

(black trace) or in the DMS/Ar spectrum (red trace). The band at 3496.6 cm-1 increases 

in intensity when H2O ratios are increased from 1:1:250 to 1:3:250 (Figure 6.1 (A), 

blue, green and light blue traces). Based on this behaviour, we assigned the signal at 

3496.6 cm-1 to the 𝑣1 vibration of H2O subunit of the DMS-H2O complex. This is 

supported by both calculations, and previously reported experimental results (Table 

6.2).304 In a complex, the magnitude of a vibrational shift from the subunit’s original 

frequency can be used as a gauge of the strength of the bond between each subunit. The 

larger shift, the stronger the hydrogen bond and vice versa. Our results show that the 𝑣1 

signal for H2O has a large red shift of 143.5 cm-1 upon complexation with DMS. This 

indicates a strong intermolecular attraction between the two molecules, and supports the 

theory of (S˖˖˖H) hydrogen bonding. This large red-shift was also reported by Barnes et 

al.304 who observed a shift of 140.3 cm-1 for the 𝑣 1(OH) symmetric stretching in 

complex compared with that of monomeric H2O. Upon annealing to 30 K, the 𝑣1(OH) 

symmetric stretching vibration at 3696.6 cm-1 significantly increased in intensity in a 

similar fashion to the increase in intensity of the 𝑣3(OH) asymmetric stretching vibration 
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at 3701.5 cm-1 (Figure 6.1 (A), pink trace). Therefore, these results support the 

identification of the DMS-H2O complex. 

At the same time, the 𝑣1(OH) symmetric stretching vibration of H2O complexed 

with DMS molecule which have been assigned304 to the DMS-H2O complex shows two 

smaller peaks were located at 3531.1 and 3513.1 cm-1. These features have large red 

shifts of 109 and 127 cm-1, respectively, compared with that in water. Similar absorption 

profiles have been observed for the DMS-HONO and DMDS-HONO complexes in Ar 

matrices by Wierzejewska.302 In addition, Barnes and co-workers were observed similar 

features at 3552, and 3528 cm-1 for the OH stretching modes in the hydrogen sulfide-

water (H2S-H2O) complex and compare well with our results,304 the maximum 

difference is less than 21 cm-1. Therefore, these features were attributed the 𝑣1(OH) 

vibration being split due to two energetically distinct trapping sites, since the relative 

intensity of these features is independent of the concentration of water in the matrix and 

they become more intense in the spectra matrices with excess amount of H2O as shown 

in Figure 6.1 (A), blue, green and light blue traces. This suggests that they are also 

assigned to the H2O 𝑣1(OH) symmetric stretching vibration of the DMS-H2O complex.  

As can be seen from the results tabulated in Table 6.2, the agreement between 

the experimentally observed spectral band at 3496.6 cm-1 and the theoretically 

calculated value of 3464.9 cm-1 is reasonable (less than 31.7 cm-1 difference). Thus, we 

assign the band at 3496.6 cm-1 to the 𝒗 1(OH) symmetric stretching mode of the 

(H3C)2S˗HOH complex.  

Figure 6.1 (B) shows the region for the 𝒗2(HOH) bending mode of H2O upon 

complexation with DMS. The spectra of DMS/H2O/Ar mixtures were recorded, and a 

new vibrational band was observed at 1598.9 cm-1. The band of 1598.9 cm-1 is not 

present with DMS/Ar (red trace) or in the pure H2O matrix spectrum (black trace). 
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Therefore, we assigned this band to the 𝒗2 (HOH) bending mode for H2O in the DMS-

H2O complex. The complexation band at 1598.9 cm-1 appears with a blue-shift of 9.4 

cm-1 from the corresponding nrm vibrational frequency of H2O. This shift is brought 

about by the hydrogen bonding (S˖˖˖H) between the sulfur atom in DMS molecule and 

hydrogen atom in H2O molecule. This means the influence of a bonded H2O is 

negligible on complexation of DMS with H2O. The band at 1598 cm-1 with a blue-shift 

of 8.5 cm-1 has previously been reported by Barnes et al.304 and tentatively assigned to 

𝒗2 of the H2O subunit of the DMS-H2O complex. The 𝒗2 feature at 1598.9 cm-1 of the 

DMS-HOH complex spectrum shows the same concentration dependence and annealing 

behaviours as were found for 𝒗1 and 𝒗3, where increases in H2O concentration from 

1:1:250 to 1:3:250 increased peak intensity, as well as annealing leading to stronger 

peaks. Figure 6.1 (B), black trace displays the experimental H2O/Ar spectrum (at 

ratio1:250), red trace displays DMS/Ar spectrum (at ratio 1:250), blue trace displays 

DMS/H2O/Ar spectrum (at ratio 1:1:250), green trace displays DMS/H2O/Ar spectrum 

(at ratio 1:2:250), light blue trace displays DMS/H2O/Ar spectrum (at ratio 1:3:250), 

and pink trace displays the latter matrix after 30 min annealing to 30 K for 30 min, 

measured at 10 K. The agreement between observed band and the computed value 

(calculated to be 1584.3 cm-1) in this region is satisfactory, with less than 14.6 cm-1 

difference. Thus, we assign band of 1598.9 cm-1 to the 𝒗2 (HOH) bending mode of the 

(H3C)2S˗HOH complex.  
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Figure 6. 1 The regions the 𝒗3 and 𝒗1 (OH) stretching (A) and 𝒗2 (HOH) bending (B) 

modes in the spectra of DMS complexed with H2O in Ar matrices: (a) H2O/Ar (1:250, black 

trace); (b) DMS/Ar (1:250, red trace); (c) DMS/H2O/Ar (1:1:250, blue trace); (d) 

DMS/H2O/Ar (1:2:250, green trace); (e) DMS/ H2O/Ar (1:3:250, light blue trace); (f) the 

matrix shown in (e) after annealing to 30 K for 30 min, measured at 10 K (pink trace). Bands 

due to the complex are shown by arrows. 
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For the modes of DMS molecule in the DMS-H2O complex, Figure 6.2 depicts 

the IR region for 𝑣4, 𝑣15, 𝑣5, 𝑣20, 𝑣16 of the DMS subunit in the DMS-H2O complex for 

increasing DMS concentrations relative to H2O at ratios of 1:1 (blue trace), 2:1 (green 

trace), and 3:1 (light blue trace). Five bands of the DMS subunit are observed as listed 

in Table 6.3. These features are located in the vicinity of the symmetric deformation and 

rocking modes of the CH3 groups in DMS monomers isolated in Ar matrices. The new 

absorption bands of the DMS subunit in the complex are assigned based on shifts in 

vibration away from the corresponding bands of the DMS monomer’s fundamental 

vibrations. Table 5.1 in chapter 5 summarises all fundamental absorption bands 

observed in Ar matrices for the DMS molecule in the current experiments, compared to 

those previously assigned to the DMS molecule from the literature.112, 265-266  

Upon increasing DMS concentrations from 1:1:250 to 3:1:250 (at a fixed H2O 

concentration) in the matrix mixture, the absorption bands are observed to increase in 

intensity (Figure 6.2). The dependence of peak intensity on DMS concentration 

provides additional evidence that these frequencies originate from DMS molecules 

bound with H2O. Upon annealing to 30 K, these bands grew significantly in proportion 

with each other, as shown in Figure 6.2 (A & B), pink trace. In addition, these bands did 

not shift when the DMS subunit was co-deposited with D2O or with H2
18O, suggesting 

that they are related to the vibrational modes of DMS. Therefore, these results support the 

identification of the DMS-H2O complex. 

The 𝑣4, 𝑣 15, 𝑣 5, 𝑣20, and 𝑣 16 absorption bands in the DMS-H2O complex of 

monomeric DMS show small blue-shifts of 2, 2.9, 3.4, 5.4, and 3.7 cm-1, respectively, 

signifying weak complex interactions for the corresponding DMS-H2O complex 

vibrations. The blue shifted values show in excellent agreement between our results and 

those assigned to the same modes of the DMS subunit in the literature,266 as shown in 
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Table 6.3. Figure 6.2 (A), displays the mid-IR region for the DMS 𝑣15 and 𝑣4 symmetric 

CH3 deformations fundamental vibrations for the DMS-H2O complex. Figure 6.2 (B), 

displays the mid-IR region for the DMS 𝑣 16, 𝑣 20, 𝑣 5 symmetric CH3 rocking 

fundamental vibrations for the H2O-DMS complex. The regions of DMS symmetric and 

asymmetric stretching, and torsion modes for the DMS-H2O complex were not 

identified because they are obscured by strong bands, or because of the range of our 

MCT detector was above 600 cm-1 only. 
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Table 6. 3 The experimental assignment bands for the DMS.HOH complex in Ar matrices and its isotopic substitutions observed in the present work 

(Pres.) compassion with the literature values (Lit.).266, 304 

aFrequencies taken from Ref.266. 
bFrequencies taken from Ref.304. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 H2O fundamentals (cm-1) DMS fundamentals (cm-1) 

𝑣3 𝑣1 𝑣2 𝑣4 𝑣15 𝑣5 𝑣20 𝑣16 

Pres.          Lit. Pres.          Lit. Pres.           Lit. Pres.            Lit Pres.             Lit. Pres.           Lit. Pres.           Lit. Pres.           Lit. 
H2O (nrm) 3735.9        3736 3640.1        3638.3 1589.5     1589.2 1332.6 NS 1310.3          1310 a 1030.3       1031a 972.9          973a 899.6            900a 

DMS.HOH 3701.5       3703b 3496.6          3498b 1598.9       1598b 1334.6           NS 1312.9          1312a 1033.7       1035a 978.3           979a 903.3            909a 

Δν (-34.4)       (-33) (-143.5)    (-140.3) (9.4)           (8.8) (2)                 ( - ) (2.6)               (2) (3.5)            (4) (5.4)            (6) (3.7)               (9) 

H2
18O (nrm) 3721.6     3721.7 3632.9        3632.6 1586.6     1586.7      

DMS.H18OH 3689.5           - 3487.2  - 1583.2          - 1334.6            - 1312.9 - 1033.7           - 978.2             - 903.3             - 

Δν (-32.1)           - (-145.7)           - (-3.4)            -      

D2O (nrm) 2770.4       2772 2658.9        2658 1176.9       1176      

DMS.DOD 2738.6           - 2568.5  - 1178.9           - 1334.7          - 1312.9 - 1033.7           - 978.3             - 903.4              - 

Δν (-31.8)         - (-90.4)             - (2)                 -      
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Figure 6. 2 The regions of the 𝒗15 and 𝒗4 symmetric deformation modes (A), and the 𝒗16, 

𝒗20, 𝒗5 rocking (B) modes of the methyl groups in the spectra of DMS complexed with H2O 

in Ar matrices: (a) H2O/Ar (1:250, black trace); (b) DMS/Ar (1:250, red trace); (c) 

DMS/H2O/Ar (1:1:250, blue trace); (d) DMS/H2O/Ar (2:1:250, green trace); (e) 

DMS/H2O/Ar (3:1:250, light blue trace); (f) the matrix shown in (e) after annealing to 30 K 

for 30 min, measured at 10 K (pink trace). Bands due to the complex are shown by arrows.  
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6.3.3. Isotopic Substitution 

H2O and its isotopologues (H2
18O and D2O) were used with DMS to form 

mixtures containing the DMS-H2
18O and DMS-D2O complexes in Ar matrices. The 

isotopic shifts would help to confirm vibrational absorptions of the DMS-H2O complex 

isolated in Ar matrices. In these experiments, the assigned bands of the complexes 

formed from isotopologues of H2O are compared with the corresponding bands of the 

H2O and DMS monomer fundamental vibrations to obtain additional information on the 

structure of the DMS-H2O complex. Tables B.1 and B.2 in Appendix B summarise all 

the absorption bands which have been assigned to H2
18O, D2O, and HDO isolated in Ar 

matrices.  

Upon O-18 substitution, the 𝑣 1(OH) symmetric stretch, 𝑣 3(OH) asymmetric 

stretch, and 𝑣2(HOH) bend vibrational bands of exhibit small red shifts of 7.2, 14.3, 6.4 

cm-1, respectively. These changes in vibrational band frequencies should affect the 

corresponding vibrational modes in the H18OH-DMS complex.  

The H2
18O 𝑣1 and 𝑣3 of the DMS-H2

18O complex were found to produce a large 

red-shift of 145.7, and a small red-shift of 32.1 cm−1, respectively, compared to that of 

monomeric H2
18O. The 𝑣 2 vibration shows a very small red-shift of 3.4 cm-1. In 

contrast, the H2
18O molecule shows no influence on the DMS vibrational frequency 

modes when bound to form the DMS-H2
18O complex as shown in Figure 6.5 (blue 

trace). The reason there are no new band shifts for the 𝑣4, 𝑣15, 𝑣5, 𝑣20, and 𝑣16 of DMS is 

that these vibrations are localised on parts of the adduct which does not involve the 

H2
18O component. Table 6.2 presents all absorption bands of the H2

18O subunit in the 

complex with DMS isolated in Ar matrices in the present experiments, compared to 

calculated values. Figure 6.3 (A), black trace, shows the 𝑣3 and 𝑣1 regions of H2
18O in 

Ar matrices. Figure 6.3 (B), black trace, shows the 𝑣2 region of H2
18O in Ar matrices.    
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The DMS-H18OH complex frequencies, and their O-18 species ratios, defined as 

ratios of wavenumbers of the O-16 species to that of the O-18 species, are presented in 

Table 6.2; the O-18 isotopic ratios are compared with those computed according to the 

GVPT2/B3LYP/aug-cc-pVTZ calculations. The H2O 𝑣 1,  𝑣 3, and 𝑣 2 bands of the 

DMS˗H2O complex are shifted to 3487.2, 3689.5, and 1583.2 cm-1, respectively. The O-

16/O-18 shifts observed for the H2
18O 𝑣1, 𝑣3, and 𝑣2 modes of the DMS-H2

18O complex 

are 2.9 cm-1, 12 cm-1, and 15.7 cm-1, respectively. These observed frequencies of the 

DMS-H2
18O complex are in reasonable agreement with calculated values as shown in 

Table 6.2, with less than 32.2 cm-1 variance. The isotopic ratios of these bands are also 

in good agreement with the predicted values. The O-18 isotopic shifts therefore provide 

are additional support to our assignments of the observed bands are due to DMS-H2O 

complex.  

The alternate trapping sites side bands of the (OH) symmetric stretching at 

3531.1, and 3513.1 cm-1 shifted to 3521.9, and 3504.2 cm-1 in the O-18 isotope 

substitution experiments; the isotopic ratios of these bands give the same value of the 

(18OH) stretching modes at 1.003. Similar to the 𝑣 1(OH) symmetric stretching 

absorption band at 3496.6 cm-1, these bands became more intense in the spectra of 

mixtures extra H2
18O. Figure 6.3 (A, B), black trace displays the experimental H2

18O/Ar 

spectrum (at ratio1:250), red trace displays DM/Ar spectrum (at ratio 1:250), blue trace 

displays DMS/H2
18O/Ar spectrum (at ratio 1:1:250), green trace displays 

DMS/H2
18O/Ar spectrum (at ratio 1:2:250), light blue trace displays DMS/H2

18O/Ar 

spectrum (at ratio 1:3:250), and pink trace displays the latter matrix after 30 min 

annealing to 30 K, measured at 10 K. 

For the H-2 isotopic substitution experiment, the observed vibrational 

wavenumbers of the DMS-DOD complex, and their H-2 species ratios, defined as ratios 

of wavenumbers of the H-1 species to that of the H-2 species, are presented in Table 
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6.2; the H-2 isotopic ratios are compared with those computed according to the 

GVPT2/B3LYP/aug-cc-pVTZ calculation method. The frequencies of the DMS-D2O 

complex are in good agreement with theoretically calculated values, with a variation 

less than 24.8 cm-1. This agreement between our results and computed values of H-2 

isotopic shifts is good evidence of our assignments for the DMS-D2O complex.  

Since deuterium substitution results in a significant relative mass change, the H-

2 isotopic shifts are expected to be large for intermolecular modes from the H2O 

monomer bands; the observed red-shifts for the 𝑣 1(OD) symmetric stretching, the 

𝑣 3(OD) asymmetric stretching, and the 𝑣 2(DOD) bending modes of the DMS-D2O 

complex are 928.1 cm-1, 962.9 cm-1, and 420.0 cm-1 as shown by our experiment 

(calculated to be 921.2 cm-1, 970.1 cm-1, and 417.1 cm-1), respectively. Table B.2 in 

Appendix B presents the monomer, dimer, and multimer absorption bands of the isotope 

substituted D2O, and HDO subunits isolated in Ar matrices in the present experiment, 

and compared to their analogues from the literature values.301, 303-304, 323 Figure 6.4 (A), 

black trace, shows the 𝑣 3(OD) asymmetric stretching and the 𝑣 1(OD) symmetric 

stretching regions of the D2O molecule in Ar matrices. Figure 6.4 (B), black trace, 

shows the 𝑣 2(DOD) bending region of the D2O molecule in Ar matrices. So, the 

changes in vibrational frequency for all modes of the H2O subunit after D2O substitution 

to lower frequency will be observed in the DMS-D2O complex upon the isotopic 

substitution of H2O with D2O together with DMS molecule in Ar matrices. For 

example, the D2O 𝑣1(OD) symmetric stretching vibrational frequency of the DMS-D2O 

complex was found to shift to a large red-shift by 90 cm−1, compared with that in 

monomeric D2O absorption bands positions. While, the 𝑣2(DOD) bending vibration 

shows a small blue-shift of 2 cm-1. However, the DMS vibrational modes show little 

shift when DMS is complexed with the D2O molecule, as listed in Table 6.3. Figure 6.5 
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(green trace) shows the IR spectra of DMS subunit shifts upon complexed with the 

isotopologue of D2O in Ar matrices. 

Upon H-2 substitution, the 𝑣1, 𝑣3 stretching and 𝑣2 bending bands at 3496.6, 

3701.5, and 1598.9 cm-1 shifted significantly to lower frequencies at 2568.5, 2738.6, 

and 1178.9 cm-1. The νH/νD isotopic ratios of the complex modes are approximately 1.4. 

The O-D stretching and DOD bending modes in complex appear primarily in the D2O 

monomer, where the νH/νD ratio is 1.36. Moreover, these isotopic ratios of the 𝑣1, 𝑣3 

stretching, and 𝑣2 bending modes agree with the predicted values. Table 6.2 displays the 

computed isotopic frequency ratios (H-1/H-2) which are in excellent agreement with 

our experimental values. Based on the agreements in vibrational wavenumbers, H-2 

isotopic-shifts, and isotopic ratios between observed bands and those theoretically 

calculated values, we assigned the observed bands at 2568.5, 2738.6, and 1178.9 cm-1 to 

the 𝑣 1(OD) symmetric stretching, the 𝑣 3(OD) asymmetric stretching, and 𝑣 2(DOD) 

bending modes for the 1:1 DMS-D2O complex, respectively. Therefore, the H-2 

isotopic shifts are additional support to our assignments that the observed bands are due 

to DMS-D2O complex. Figure 6.4 (A, B), black trace displays the experimental D2O/Ar 

spectrum (at ratio1:250), red trace displays DM/Ar spectrum (at ratio 1:250), blue trace 

displays DMS/D2O/Ar spectrum (at ratio 1:1:250), green trace displays DMS/D2O/Ar 

spectrum (at ratio 1:2:250), blue light trace displays DMS/D2O/Ar spectrum (at ratio 

1:3:250), and pink trace displays the latter matrix after 30 min annealing to 30 K, 

measured at 10 K. 

The alternate trapping sites side bands shifted to 2589.7, and 2581.4 cm-1 

similarly to the 𝒗 1(OD) symmetric stretching absorption band at 2568.5 cm-1; the 

isotopic ratio of these bands gave the same value of the 𝒗1(OD) stretching mode at 1.36. 

These bands grew in the spectra of mixtures involving excess D2O, thus they are due to 

1:1 DMS-D2O complex.  
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Figure 6. 3 The regions the 𝒗3 and 𝒗1 (
18OH) stretching (A) and 𝒗2 (H

18OH) bending (B) 

modes in the spectra of DMS complexed with H2
18O in Ar matrices: (a) H2

18O/Ar (1:250, 

black trace); (b) DMS/Ar (1:250, red trace); (c) DMS/ H2
18O/Ar (1:1:250, blue trace); (d) 

DMS/ H2
18O/Ar (1:2:250, green trace); (e) DMS/ H2

18O/Ar (1:3:250, light blue trace); (f) the 

matrix shown in (e) after annealing to 30 K for 30 min, measured at 10 K (pink trace). Bands 

due to the complex are shown by arrows. 
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Figure 6. 4 The regions the 𝒗3 and 𝒗1 (OD) stretching (A) and 𝒗2 (DOD) bending (B) 

modes in the spectra of DMS complexed with D2O in Ar matrices: (a) D2O/Ar (1:250, black 

trace); (b) DMS/Ar (1:250, red trace); (c) DMS/D2O/Ar (1:1:250, blue trace); (d) 

DMS/D2O/Ar (1:2:250, green trace); (e) DMS/D2O/Ar (1:3:250, light blue trace); (f) the 

matrix shown in (e) after annealing to 30 K for 30 min, measured at 10 K (pink trace). Bands 

due to the complex are shown by arrows. 
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Figure 6. 5 The regions the 𝒗15 and 𝒗4 (A) and 𝒗16, 𝒗15 and 𝒗5 (B) of DMS subunit modes 

in the spectra of DMS complexed with H2O in Ar matrices: (a) DMS/Ar (1:250, black trace); 

(b) DMS/H2O/Ar (3:1:250, red trace); (c) DMS/H2
18O/Ar (3:1:250, blue trace); (d) 

DMS/D2O/Ar (3:1:250, green trace). 
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6.3.4. Structure of the DMS-HOH Complex  

In the present experiments, all DMS-H2O complex fundamental spectral regions 

were discussed in the sections 6.3.2 and 6.3.3. The spectra of the DMS-H2O complex 

confirm that the structure of complex consists of a hydrogen bond donated by the H2O 

subunit and the central S of the DMS subunit. By comparing the theoretically calculated 

values for the DMS-H2O complex with experimental data, including the computed and 

experimental frequency shifts, the structure of the DMS-H2O complex in Ar matrices 

can be elucidated.  

The structure of the DMS-H2O complex is assumed to be a result of interaction 

between a lone pair of electrons on the central sulfur atom of the DMS subunit with a 

hydrogen atom in H2O molecule.300, 302 Calculations preformed on the DMS-HF and 

dimethyl ether-HF (DME-HF) complexes310 have shown that bonds formed between 

hydrogen and sulfur atom in DMS-HF and with oxygen in DME-HF are different.293 In 

the DMS-HF complex, the S-H-F bond angle is about 100̊. Similarly to the DMS-HF 

complex, our calculations show that the DMS˗H2O complex has a perpendicular 

structure with the plane containing the methyl carbons and sulfur atom at an angle of 

106.7̊ relative to the H-O-H plane of the water molecule, with a weak bond between 

sulfur atom and hydrogen in comparison to the analogous oxygen based complex. Table 

6.4 is listed the geometrical parameters of the DMS-H2O complex using the 

B3LYP/aug-cc-pVTZ calculation. 

In the present experiments, the largest experimental frequency shift of the 

hydrogen-bonded (S˖˖˖H) is noted for the 𝑣1(OH) symmetric stretching vibration of the 

DMS-H2O complex. The experimental shift is -143.5 cm-1, compared to the calculated 

frequency shift for the H2O 𝑣1(OH) symmetric stretching mode at -141.3 cm-1. The 

calculated vibrational frequency shift is in excellent agreement with the experimental 
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value. The additional evidence for the structure of the DMS-H2O complex comes from 

the orientation of the H2O with its isotopologues together with DMS subunits to form 

the DMS-H18OH, and DMS-D2O isotope complexes. Similar to the DMS-H2O complex, 

the large shift at -145.7 cm-1 (calculated to be -142.8 cm-1) is caused by DMS-H2
18O 

complex hydrogen-bonding for the 𝑣 1(OH) symmetric stretching mode after the 

isotopic substitution of H2O with H2
18O. In contrast, a small shift at -34.4 cm-1 for the 

𝑣3(OH) asymmetric stretching vibration of the DMS-H2O complex is also caused by the 

hydrogen-bonded (S˖˖˖H) stretching band. Therefore, the relationship between a large 

red-shift of the 𝑣1(OH) symmetric stretching (143.3 cm-1) and a small red-shift of the 

𝑣 3(OH) asymmetric stretching (34.4 cm-1) of the H2O subunit would display the 

bonding of the DMS-H2O complex structure. The small red-shift of the 𝑣 3(OH) 

asymmetric stretching supports that there is a non-bonding H atom of the H2O subunit 

involving in the DMS-H2O complex bonding. Because if both H atoms of the H2O 

subunit complexed with DMS subunit, a large red-shift will appear for the 𝑣3(OH) 

asymmetric stretching. Thus, a large difference between a red-shift value of the 𝑣3(OH) 

asymmetric stretching and red-shift value of the 𝑣1(OH) symmetric stretching would 

provide a clear evidence for the formation the hydrogen-bonded (S˖˖˖H) between H2O 

and DMS molecules and only one structure is possible for this band being due to the 1:1 

DMS-H2O complex. Figure 6.6 shows the structure of the 1:1 (H3C)2S˗HOH complex 

predicted with the GVPT2/BYLYP/aug-cc-pVTZ calculation. 
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 Table 6. 4 Summary of the geometrical parameters for the DMS-H2O complex using 

BYLYP/aug-cc-pVTZ calculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atomic 

Number 

                         Coordinates (Å) 

        X                           Y                                  Z 

6 0.000000 0.000000 0.000000  

1 0.000000 0.000000 1.088971  

1 1.021735 0.000000 -0.371863  

1 -0.553900 0.845524   -0.403762  

6 -2.434726 -1.251291 0.087143  

1 -3.048895   -2.092038  -0.226168  

1 -2.373123 -1.219630    1.173908  

1 -2.822821 -0.320555   -0.322555  

16 -0.768464 -1.543570   -0.594985  

8 -1.327893 -1.012669   -3.509174  

1 -1.087739 -1.355625   -2.626647  

1 0.926983   -1.557434   -4.190425  
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Figure 6. 6 The structure for the DMS-HOH complex. 
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6.4. Conclusion 

In DMS-H2
18O and DMS-D2O complexes, the OH asymmetric stretching (𝑣3), 

the OH symmetric stretching (𝑣1), and the HOH bending (𝑣2) vibrational modes of 

complexes have been observed in Ar matrices to understand the structure of this species 

and provided spectroscopic details using MI-FTIR spectroscopy. The 𝑣3, 𝑣1 vibrational 

frequencies of the DMS-H2O complex were found to shift to the red by 34.4, and 

143.5 cm−1 compared with that in monomeric H2O, respectively. While, the 𝑣 2 

vibration mode shows a blue shift at 9.4 cm-1. The positions of these bands were in good 

agreement with the IR absorption bands of the DMS-H2O complex which had been 

reported in earlier in Ar matrix experiments (3703, 3498, and 1598 cm-1).304 These 

assignments were confirmed by observing their O-18, H-2 isotopic shifts at 3689.5, 

3487.2, and 1583.2 cm-1 for the DMS-H2
18O complex and for the DMS-D2O complex at 

2738.6, 2568.5, and 1178.9 cm-1. These observed vibrational wavenumbers and isotopic 

shifts were compared with those predicted with a theoretical calculation of the infrared 

spectrum of the DMS-H2O complex and all isotopologues using the 

GVPT2/B3LYP/aug-cc-pVTZ methods. The predicted vibrational frequencies for all 

isotopologues agreed well with our experimental values. These bands were also 

identified upon increasing in intensity with increasing H2O concentration (at fixed DMS 

concentration). Annealing to 30 K, all bands assigned to the complexes show in an 

increase at same amount. 
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Infrared Matrix Isolation Studies of Methanesulfenic Acid (MSEA, CH3SOH) in 

Ar Matrices  
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Abstract 

Methanesulfenic acid (CH3SOH, MSEA), has been suggested as a possible 

stable product produced via the addition pathway in atmospheric oxidation of the DMS 

initiated by OH, in the presence of O2. While three of the vibrational bands of MSEA 

have been observed in the gas phase [A. Königshofen et al., Z. Anorg. Allg. Chem. 625, 

1779-1786 (1999)], until now the complete mid-IR spectrum of MSEA has not been 

observed experimentally in a matrix environment. Here, the matrix-isolated infrared 

spectrum of CH3SOH is obtained and assigned. A DMS/H2O mixture in argon was 

subjected to an electrical discharge and deposited at 10 K, then O2/Ar was subjected to 

an electrical discharge and deposied on top of the DMS/H2O argon matrix and analysed 

by infrared spectroscopy. We report 11 of 15 fundamental infrared bands of the MSEA, 

3602.9 (𝑣1), 3034 (𝑣2), 2968.3 (𝑣4), 1483.2 (𝑣5), 1427.6 (𝑣6), 1361.5 (𝑣7),  1151.3 (𝑣8), 

962.9 (𝑣9), 950.9 (𝑣10), 790.3 (𝑣11), and 727.2 (𝑣12) cm-1. The assignments are based on 

a comparison of observed frequencies, isotopic ratios and O-18, H-2 isotopic shifts with 

those values calculated theoretically by the MP2/cc-pVTZ, and MP2(fc)/6-311G** 

methods [S. Dalbouha et al., J. Chem. Phys. 142, 074304 (2015)], and gas phase results 

of Königshofen et al. The experimental assignments are in excellent agreement with 

those seen in the gas phase experiment by Königshofen et al. for the MSEA, with 

typical variation of 9.1 to 23.3 cm-1. The experimental results are also in very good 

agrement with the calculated fundamental frequencies, with less than 27.1 cm-1 

differences, with the exception of the 𝑣7(CH3 bending) where a difference of 43.5 cm-1 

was seen. The vibrational assignments of the trapped CH3SOH acid are supported by the 

decrease of their intensities upon annealing to 25 K for 20 min. All assignmed peaks of 

trapped CH3SOH show the same annealing behaviour.  

 

Keywords: Methanesulfenic acid formation; FTIR spectroscopy; Matrix isolation. 
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7.1. Introduction   

Dimethyl sulfide (CH3SCH3, DMS) is an important sulfur-containing species 

present in the atmosphere.74-75, 79 DMS is released from oceans and has been linked to 

the production of sulfate arerosols which affect the Earth’s radiation balance 

significantly.73 Over the last forty years, intensive studies have been dedicated to 

improve the understanding of DMS oxidation mechanisms under different conditions. 

During the daytime, DMS is oxidised by OH radicals,286-289 while NO3 radicals are the 

principal oxidant in night-time.81, 290  

Experimental86, 244, 311-315 and theoretical studies316-321 have been conducted to 

characterise  several products obtained in oxidation reactions of DMS. The reaction of 

DMS with OH led to the suggestion of a two-channel OH initiated oxidation process: 

the direct H-abstraction by the OH from a methyl group, and the addition of OH radical 

to the S atom leading to the DMS-OH adduct. The major end-products of the H-

abstraction channel are sulfur dioxide, SO2, sulfuric acid, H2SO4, and methanesulfonic 

acid, CH3SO3H (MSA). The OH addition pathway end-products are dimethyl sulfoxide, 

CH3SOCH3 (DMSO), dimethyl sulfone, CH3SO2CH3 (DMSO2), and methanesulfinic 

acid, CH3SO2H (MSIA).74, 86-87, 91, 288, 322  

Theoretical studies by Ramírez and co-workers317 suggested that 

methanesulfenic acid, CH3SOH (MSEA), may be a possible stable product from the 

decomposition pathways of the CH3S(O2)(OH)CH3 adduct , within the OH-addition 

DMS oxidation channel.  

Königshofen et al.323 have reported they observed three bands of the gas-phase 

IR absorption spectrum of MSEA formed from flash vacuum pyrolysis (FVP) of tert-

butylmethyl sulfoxide. The absorption bands of the MSEA were observed in gas phase 

at 3612 cm-1, 1161 cm-1, and 767 cm-1, and assigned to the 𝑣(OH stretching), 𝑣(SOH 

bending), and δ(SO stretching), respectively. These assignments had been supported by 
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theoretical values obtained from ab intio calculations at the MP2(fc)/6-311G* level.323 

In 2015, Dalbouha et al.324 reported MP2/cc-pVTZ and CCSD(T)-F12 calculations of 

MSEA vibrational frequencies, however, matrix isolated infrared spectra have not been 

reported.  

Barnes et al.101 used the assumptions of Yin et al.316 and Ravishankara et al288 to 

establish a global scheme for the OH and NO3 radical-initiated oxidation of dimethyl 

sulfide. They predicted MSEA would arise from the dissociation of the DMS-OH 

adduct. In addition, Barone et al.288 and  Williams et al.312 have already suggested the 

formation of MSEA as a thermodynamically favourable pathways for the reaction 

between CH3S(OH)CH3 and O2: 

CH3SCH3  +  OH     →  CH3(OH)CH3 + O2  →  CH3OO +  CH3SOH  (R7.1) 

The reason for the lack of studies concerning MSEA may be its reactivity, as 

there is a high affinity for MSEA to dimerise, resulting in exothermic dehydration 

which leads to the corresponding thiosulfinate (CH3SOSCH3). In this study, the matrix 

isolation technique combined with FTIR spectroscopy was used to help in the 

characterisation and the detection of highly reactive MSEA in Ar matrices for the first 

time formed via the formation of DMS-OH adduct, followed by the reaction with O2. 

We present the infrared spectra of isolated MSEA and compare those data with the 

values of vibrational frequencies calculated using the MP2/cc-pVTZ method,324 and the 

results which were obtained in gas-phase by Königshofen et al.323 
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7.2. Experimental Section 

 The apparatus used to conduct this work is similar to those described previously 

in early chapters. The gas mixtures of (DMS/Ar) with a ratio of 1:100 and H2O and its 

isotopologues (H2
18O, D2O) in Ar with a ratio of 1:250 were deposited in Ar matrices at 

10 K for 1 h. The DMS-doped stream was irradiated with a high voltage source through 

a borosilicate tube. Secondly, a stream of O2 in Ar with a ratio of 1:100 was passed 

through the electrical discharge and deposited on top of the DMS/H2O argon matrix for 

1 h. Then the FTIR spectrum of composite matrix was recorded between ranges of 600-

4000 cm-1 using FTIR spectroscopy. 

Dimethyl sulfide (DMS 99%, Sigma Aldrich), and (deionised H2O vapour, and 

its H2
18O, D2O isotopes, Encitech H2

16O: H2
17O: H2

18O = 45: 10: 45) were degassed by 

several freeze-pump-thaw cycles at liquid nitrogen temperature. Argon (99.999%, Air 

Liquide High Purity Grade, STG), and O2 (99.999%, CAC Gas & Instrumentation) were 

used directly without further purification.  
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7.3. Results and Discussion  

7.3.1. Methanesulfenic Acid (CH3SOH, MSEA) Formation 

An argon matrix was formed by depositing a 1:100 DMS/Ar mixture passed 

through an electrical discharge and a 1:250 H2O/Ar mixture. The FTIR spectrum, 

presented in Figure 7.1, of this matrix showed two new features at 1395.3 cm-1, and 

1381.9 cm-1 which were not present when DMS or H2O argon mixtures alone were 

subjected to an electrical discharge during deposition. As OH radical is expected to be 

formed during the deposition with the electrical discharge, the two new features are 

tentatively assigned to DMS-OH adduct. A summary of the products that stem from 

deposition of DMS or H2O mixtures alone with and without application of an electrical 

discharge is given in Table 5.1, Table 5.2, Table 6.1, and Table 7.1. 

 

 

 

 

 

 

 

 

Figure 7. 1 The FTIR spectrum of DMS-OH adduct formed from irradiated 

(DMS/H2O/Ar) mixture in Ar matrix at 10 K during deposition for 1 h (a) Spectrum of 

the (DMS/H2O/Ar) mixture recorded in an argon matrix before irradiation (black 

spectrum), (b) Spectrum of the (DMS/H2O/Ar) mixture recorded in an argon matrix 

upon subjected to a high frequency discharge (red trace). 
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Once the DMS/Ar (1:100) and H2O/Ar (1:250) matrix were deposited an 

additional layer was deposited on top of this matrix with a 1:100 O2/Ar mixture which 

was subjected to an electrical discharge during deposition. The FTIR spectrum of this 

composite matrix showed 11 new peaks shown in Figures 7.2-7.7 with their values 

being listed in Table 7.2. Three of these peaks (3602.9 cm-1, 1151.3 cm-1, and 790.3 cm-

1) show close agreement with 𝑣1, 𝑣8, and 𝑣11 vibrations of MSEA in the gas phase 

reported by Königshofen et al.323 The mean deviation being 14 cm-1 with the largest 

deviation being 23.3 cm-1. On this basis we have assigned these 11 new peaks as being 

due to the formation of MSEA under these conditions. Earlier experiments of Beckers et 

al. had measured the IR spectrum of hydrogen thioperoxide (HSOH) in an argon matrix 

and the 𝑣1(OH stretching), 𝑣8(OH bending), and 𝑣11(SO bending) show good agreement 

with the corresponding vibrations we have assigned to MSEA in our experiments as 

shown in Table 7.2.325 In addition, methanesulfonic acid (MSA) has been observed in an 

argon matrix by Givan et al.326 and the corresponding vibrations of MSA and those we 

have assigned to MSEA agree well as shown in Table 7.2.  

As MSEA is known to dimerise, annealing experiments were conducted on the 

assumption that warming the matrix to 25 K would permit mobility of the MSEA in the 

matrix, allow dimerisation, and result in a reduction of the intensity of the peaks 

assigned to be due to MSEA. Upon increasing the matrix temperature to 25 K for 20 

min a noticeable effect was observed in that the intensities of all the spectral bands of 

MSEA decreased. Figure 7.8 shows the changes in intensities for all bands assigned to 

be due to MSEA recorded before annealing from those recorded after annealing to 25 K 

for 20 min. 

Dalbouha et al.324 have reported the results of anharmonic vibrational frequency 

calculations at the MP2/cc-pVTZ level for MSEA. These are presented in Table 7.3 

together with our matrix results for MSEA using their assignment and labelling for the 
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vibrations. The 𝑣 7 transition was not observed in our experiments as this region is 

obscured by peaks from H2CS and DMS. Also the 𝑣13, 𝑣14, and 𝑣15 transitions occurred 

at wavenumbers below our spectral range. The agreement between our values and the 

theoretical predictions is close (less than 27.1 cm-1 with an average deviation of 10.3 

cm-1), except for the 𝑣7(CH3 stretching) vibration where our assigned value is 43.5 cm-1 

higher than the theoretical prediction. The cause of this discrepancy is not clear. Either 

we have misassigned that vibration in our spectrum or the force field evaluated in the 

calculation is not correct. Additional gas phase experiments would help to resolve this. 

For the 𝑣12(C-S bending) region, according to the Dalbouha et al. calculation,324 

we found a good agreement between the experimental band of this region at 727.2 cm-1 

and the predicted value at 718 cm-1, with a variation of 9.2 cm-1 (less than 1.3% 

difference). In addition, the monomeric band in this region is also consistent with the C-

S mode of CH3S radical isolated in solid p-H2 at 724.2 cm-1, with a variation of 3 cm-

1.112 Thus, the agreement between the observed bands at 727.2 cm-1 of the MSEA, and 

the CH3S radical at 724.2 cm-1 is additional support of our assignment for this region. 

Although, the region 2800-3300 cm-1 suffers from interference from absorption bands of 

DMS, and H2CS. We assign new bands at 3046.6, and 2968.3 cm-1 to the 𝑣2, 𝑣4 (CH3 

stretching) modes of the MSEA species, respectively, as shown in Figure 7.6. With the 

help of the calculations (calculated at 3043, and 2984 cm-1 respectively),324 the agreement 

between wavenumbers of observed bands in this region and computed values is also in 

good agreement (less than 15.7 cm-1 differences).  

The 𝑣 5, 𝑣 6, 𝑣 7, and 𝑣 9 CH3 bending bands are observed at 1483.2, 1427.6, 

1361.5, and 962.9 cm-1 (calculated at 1469, 1424, 1318, and 962 cm-1, respectively). 

These bands are clearly present in the red spectrum as shown in Figures 7.3 & 7.5 (red 

spectrum). The assignment bands to the CH3 bending modes of observed MSEA are 

based on comparison between predicted and experimental values.326 The  𝑣 10(HCS 
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bending) band was also observed in this region at 950.9 cm-1. This is in excellent 

agreement with theoretical calculation (calculated to be 955 cm-1), less than 4.1 cm-1 

difference.  

Dalbouha et al.324 did not report vibrational frequencies for the O-18 and 

terminal OD isotopologues of MSEA. We have repeated their calculation using their 

geometry and methodology and our values for the unlabelled MSEA, the O-18 and 

terminal OD isotopologues are given in Table 7.3.  
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Table 7. 1 Literature (IR) frequencies (cm-1) of the products which formed after 

mixtures of irradiated (DMS/H2O/O2) isolated in argon matrices at 10 K. 

  

Products of irradiated 

 (Ar/DMS/H2O/O2) 

 

Literature bands [cm-1] 

 

Assignment 

617.4, 1374.2, 1378.9 (617, 1374, 1378.5)157 CH3 

657.6, 661.9, 663.5, 2339, 

2341.8 

(656.0, 663. 2239, 2342.4)178-180, 204 CO2 

736.6, 3281.3, 3284.9, 3288.3, 

3295.8, 3302.1, 3317.9, 3323, 

3326.4 

(736, 3282, 3284, 3288, 3298, 3302, 3315, 

3322, 3326) 25, 163 

C2H2 

742.4 740272 HCS2
+‡ 

759.6, 1097.1 (759.5, 1097.3)273 HOSO2 

804.1, 1326.1, 1349.3 803112, 805268,  1326.5112, 1349265 CH3SH 

819.7 814.3274 HCS2
̅‡ 

 674.8, 877.8, 1404.5  (679, 877.4, 1403.8)265 DMSO 

947.9, 1316.6, 1418.9, 1456.8 (946.8, 1315.3, 1418.3),1121457275 DMDS 

953.9 953.8153 O4
-‡ 

986.2, 988.1, 992.1, 1055.3, 

1065.6, 1173.8, 1245.9, 1356.4, 

1451.9, 1980.3, 3014.7 

(986, 987.4, 988, 993, 1055.2, 1063, 1174, 

1245, 1452.1, 1980.4, 3014, 3014.4)112, 170, 268-269  

 

H2CS 

1032.9 1033.5327 CH3OH‡ 

1039.5, 1040.8 1040.0146 O3 

1045.9, 1270.3, 1274.7, 1947.3 (1046, 1270.2, 1275.4, 1950)274, 276 CS 

1118.7, 1398 (1118.3, 1397)326 MSA 

1145.9, 1351.1, 1354.1, 1354.4 1146.6277, (1147.2, 1146.7, 1355.1, 1355.5),278 

(1351.6, 1354.2)328 

SO2 

1251.1 1251.5275  CH3CH2SH‡ 

1303.6 1303.9155-156 CH4‡ 

1309.1 1310.6152 O4
+‡ 

1395.4, 1381.9 - DMS-OH 

1100.9, 1388.5, 3412.5 1100.9191, 1389.4201, 1387169, 3414.3214 HO2 

1478.2 1479268 13CS2‡ 

1528.9, 2177.8 1529268, (1528.2, 2177.9)112 12CS2 
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‡The carrier of this species was assigned on the basis of the only band reported in the literature 

and therefore this assignment should be regarded as tentative. 

  

Products of 

irradiated 

(Ar/DMS/H2O/O2) 

 

Literature bands [cm-1] 

 

Assignment 

1597.9, 3649.3, 

3656.3, 3670.7, 

3712.7, 3752 

(1593.1, 3653.5, 3669.7, 3715.7, 3756.2)204-205, 279 H2O 

1741.8 1742167 H2CO‡ 

1754.3 1755145, 280 H2CCS‡ 

2049.6 2050270 OCS‡ 

2138.2 2138.2178, 2138.0169 CO‡ 

3451.8 3452.2329 H2O.HO‡ 

3548.0 3548.2182 OH‡ 

3596.9 3597.0188 H2O2‡ 
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 Table 7. 2 Comparison of the experimentally observed wavenumbers (cm-1) of the 

methanesulfenic acid, MSEA, in an argon matrix at 10 K with its gas-phase results from 

Königshofen et al.,323 HSOH,325 and the methanesulfenic acid, MSA,326 in argon 

matrices. (-) = not seen. 

 

str. = stretching; s = symmetric; as = antisymmetric; def. = deformation. 
aRef. 323. 
bRef. 325. 
CRef. 326.

Mode description MSEA  

(Ar matrix) 

MSEA 

(gas-phase) 

HSOH 

(Ar matrix) 

 

MSA 

(Ar matrix) 

𝒗1 OH stretch 3602.9  3612  3608.3    3579.4 

𝒗2 CH3 stretch 3046.6  - - 3204.5(CH3 as str.) 

𝒗3 CH3 stretch - - - 3188.5(CH3 as str.) 

𝒗4 CH3 stretch 2968.3  - - 3047.0(CH3 s str.) 

𝒗5 CH3 bending 1483.2 - - 1434.0(CH3 as def) 

𝒗6 CH3 bending 1427.6 - - 1422.1(CH3 as def) 

𝒗7 CH3 bending 1361.5 - - 1332.8(CH3 s def) 

𝒗8 OH bending 1151.3  1161  1175.7  1118.3 

𝒗9 CH3 bending 962.9 - - 975.3 (CH3 rock) 

𝒗10 HCS bending 950.9 - - 967.0 (CH3 rock) 

𝒗11 SO bending 790.3  767  762.5  832.5 

𝒗12 CS bending 727.2  - - 746.5 

𝒗13 OH torsion NS - - - 

𝒗14 CSO bending NS - - - 

𝑣15 CH3 torsion NS - - - 

  This work a323 b325 c326 
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Figure 7. 2 The 𝒗12(C-S bending) and the 𝒗11(S-O bending) modes of methanesulfenic 

acid in the region 700-850 cm-1 in an argon matrix, (a) initial sample after the matrices 

of (DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 

h at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue).  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 3 The 𝒗10(HCS bending), and the 𝒗9(CH3 bending) modes of methanesulfenic 

acid, CH3SOH, in the region 900-1000 cm-1 in an argon matrix, (a) initial sample after 

the matrices of (DMS/H2O/Ar) were subjected to a high frequency discharge during 

deposition for 1 h at 10 K (in black line), (b) spectrum recorded upon added O2 to 

irradiated (DMS/H2O) (red spectrum), (c) computed values are shown above as sticks 

(in blue). 
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Figure 7. 4 The 𝒗8(OH bending) mode of methanesulfenic acid, CH3SOH, in the region 

1000-1200 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 5 The 𝒗7, 𝒗6, 𝒗5(CH3 bending) modes of methanesulfenic acid, CH3SOH, in 

the region 1300-1500 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue).  
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Figure 7. 6 The 𝒗4, 𝒗2(CH3 stretching) modes of methanesulfenic acid, CH3SOH, in the 

region 2925-3075 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). 

 

 

  

 

 

 

 

 

 

 

Figure 7. 7 The 𝒗1(OH stretching) mode of methanesulfenic acid, CH3SOH, in the 

region 3500-3800 cm-1 in an argon matrix, (a) initial sample after the matrices of 

(DMS/H2O/Ar) were subjected to a high frequency discharge during deposition for 1 h 

at 10 K (in black line), (b) spectrum recorded upon added O2 to irradiated (DMS/H2O) 

(red spectrum), (c) computed values are shown above as sticks (in blue). 
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Figure 7. 8 The FTIR spectra in regions of interest of methanesulfenic acid, CH3SOH, 

formed after the mixture of (DMS/H2O/O2/Ar) were irradiated and deposited at 10 K    
for 1 h for the wavenumbers range 700 to 3650 cm-1, (a) Irradiated spectrum of 

(DMS/H2O/O2/Ar) before annealing (black spectrum), (b) Subtraction of the initial 

deposition spectrum from the spectrum taken after annealing at 25 K for 20 min (red 

spectrum). 
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7.3.2. Isotopic Substitution  

Experimental assignments of MSEA were further tested by conducting the 

isotopic labelling experiments. In addition, it might be possible to derive some 

mechanistic information about the formation of MSEA. 

In considering the formation of MSEA from DMS in these experiments the O 

atom could come from the H2O molecule, or OH formed from the H2O, or from the O2. 

The OH hydrogen could come from a hydrogen transfer from the DMS, or the H2O 

molecule. Experiments were conducted with O-18 labelled H2O and O-16 O2. 

Observation of the effect on 𝑣1, 𝑣8, and 𝑣11 showed large shifts with respect to the 

parent molecule.  

Substitution of O-18 for O-16 in H2O resulted in new bands, as shown in Figures 

7.9-7.11 (red spectrum), and tabulated in Table 7.3; they are assigned to the CH3S
18OH 

acid. Table 7.4 lists the isotopic ratios for CH3SOH, CH3S
18OH (defined by dividing the 

wavenumbers of the O-18 species by that of the O-16 species). The O-18 isotopic ratios 

observed in this study are in good agreement with those computed using the MP2/cc-

pVTZ method, with less than 2% variance. In addition, the experimental frequencies for 

CH3S
18OH are in good agreement with the theoretical values, with typical variation in 

the range of 1.4 to 52.6 cm-1. 

Upon O-18 substitution in H2O, the band at 3602.9 cm-1, assigned to the mode of 

𝑣1 (OH stretch) is shifted to 3565.4 cm-1; the experimental isotopic ratio of 0.9896 is in 

poor agreement with the predicted value of 3618/3630= 0.9967 as shown in Table 7.4. 

The 𝑣 1(OH stretching) shift is expected to be large as shown by our experiment 

(calculated to be -12 cm-1). The reason for this large isotopic shift could be the small 

coupling of this vibration with other vibrations in the molecule and therefore resulting 

in a force constant corresponding to a single O-H bond. The O-H stretching mode was 

assigned to 3612 cm-1 in the gas phase323  and this band is close to our result in Ar 
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matrix experiment at 3602.9 cm-1. The O-18 isotopic shift observed also supports that 

this band arises from the CH3SOH acid. The 𝑣8 mode is shifted to a lesser degree than 

that of 𝑣1(OH stretching); the 1151.3 cm-1 band is observed to have an O-18 shift of -10 

cm-1. The 𝑣8 mode was calculated to have an O-18 shift of -3 cm-1 to 1167 cm-1, which 

is in good agreement with the observed band at 1141.3 cm-1. The O-18/O-16 isotopic 

ratio for the 𝑣8 (OH bending) mode of 0.9913 is in good agreement with the calculated 

theoretical value of 1167/1170= 0.9974. The 𝑣11 band at 790.3 is shifted by -5.3 cm-1 – 

smaller than the calculated value of 784 cm-1 band which was predicted to have an O-18 

shift of -32 cm-1. Despite this, the O-18 isotopic shifts provide further support that the 

new bands shown in Figures 7.9-7.11 (red trace) are the vibrational wavenumbers of the 

CH3S
18OH acid. Table 7.5 shows O-18 isotopic shifts for MSEA compared to the 

MP2/cc-pVTZ calculated values. 

The 𝑣2, 𝑣4 (CH3 stretching), 𝑣5, 𝑣6, 𝑣7, 𝑣9 (CH3 bending), and 𝑣10(HCS bending) 

modes of MSEA showed small shifts upon O-18 labelling, because the motion of the O 

atom has little effect on these vibrations.  
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Table 7. 3 Comparison of experimentally observed wavenumbers (cm-1) of the methanesulfenic acid, MSEA and its isotopologues (cm-1) in an argon matrix 

at 10 K with the MP2/cc-pVTZ calculated values. Also shown are other results calculated by Königshofen et al.323 and Freeman et al.,330 (-)= not seen. 

                                       Experimental observations (This work) (MP2/6-

311G**)323, 330 

 

MP2/cc-VTZ 

 [ 𝒗 ]  

Dalbouha et al.324 

MP2/cc-pVTZ calculations of different isotopes (The theoretical 

calculations in this chapter were performed by Matthew Graneri) 

Mode Isotope mode 

description 

CH3SOH 

 (Ar matrix) 

CH3S18OH 

 (Ar matrix) 

CH3SOD 

 (Ar matrix) 

 cc-pVTZ [ 𝑣 ] 

CH3SOH 

cc-pVTZ [ 𝑣 ] 

CH3S18OH 

cc-pVTZ [ 𝑣 ] 

CH3SOD 

𝒗1 OH stretch 3602.9  3565.4 - 3635, 3794 3630 3630 3618 3043 

𝒗2 CH3 stretch 3046.6  3046.4 3046.6  3043 3043 3043 3033 

𝒗3 CH3 stretch - - -  3033 3033 3033 2968 

𝒗4 CH3 stretch 2968.3  2966.1 -  2984  2968 2969 2678 

𝒗5 CH3 bending 1483.2 1483.1 1483.2  1469  1456 1458 1456 

𝒗6 CH3 bending 1427.6 1427.5 1427.7  1424 1424 1424 1425 

𝒗7 CH3 bending 1361.5 1361.5 1361.1  1318 1318 1318 1318 

𝒗8 OH bending 1151.3  1141.3 955.3 1082, 1149 1170 1170 1167 968 

𝒗9 CH3 bending 962.9 962.6 952.6  962  965 964 954 

𝒗10 HCS bending 950.9 950.2 858.9  955 955 956 858 

𝒗11 SO bending 790.3  785 790.3 726, 722 784  774 752 772 

𝒗12 CS bending 727.2  721.2 727.2  718 718 712 718 

𝒗13 OH torsion - - -  375  366 365 298 

𝒗14 CSO bending - - -  295 295 289 270 

𝒗15 CH3 torsion - - -  185  187 187 186 
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Table 7. 4 Comparison of experimental and theoretically computed (O-18, H-2)-isotopic 

ratios of vibrational wavenumbers (cm-1) of MSEA. (-) = not seen. 

 

 

 

 

 

 

 

 

 

 

 

 

aO-18, isotopic ratios are defined the wavenumber of the O-18 species divided by that of the O-16 

species. 
bH-2, isotopic ratios are defined the wavenumber of the H-2 species divided by that of the H-1 species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mode 

 

Isotope mode 

description 

O-18 isotopic ratioa 

Experiment     Predicted 

H-2 isotopic ratiob 

Experiment         Predicted 

𝒗1 OH stretch 0.9896 0.9967 - 0.8383 

𝒗2 CH3 stretch 0.9999 1 1 0.9967 

𝒗4 CH3 stretch 0.9993 0.9945 - 0.8975 

𝒗5 CH3 bending 0.9999 0.9925 1 0.9916 

𝒗6 CH3 bending 0.9999 1 1 1 

𝒗7 CH3 bending 1 1 0.9997 1 

𝒗8 OH bending 0.9913 0.9974 0.8298 0.8274 

𝒗9 CH3 bending 0.9997 0.9990 0.9893 0.9917 

𝒗10 HCS bending 0.9993 1 0.9032 0.8984 

𝒗11 SO bending 0.9933 0.9591 1 0.9845 

𝒗12 CS bending 0.9917 0.9916 1 1 
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Table 7. 5 Isotopic shifts (cm-1) of CH2SOH in an Ar matrix at 10 K compared with 

MP2/cc-pVTZ calculated values. 

 

 

 

 

 

 

Experimental IR frequencies of 

CH3SOH and isotopologue shift    

[cm-1]    

C-12              O-18              H-2        

 

Calculated shift IR absorptions [cm-1] 

   

      C-12                O-18                     H-2       

 

Assignment 

3602.9 -37.5  - 3630  -12 -587 𝑣1 

3046.6 -0.2  0 3043  0 -10 𝑣2 

- -  - 3033  0 -65 𝑣3 

2968.3 -2.2  - 2968  +1 -290 𝑣4 

1483.2 -0.1  0 1456  +2 0 𝑣5 

1427.6 -0.1  +0.1 1424  0 +1 𝑣6 

1361.5 0  -0.4 1318  0 0 𝑣7 

1151.3 -10  -196 1170  -3 -202 𝑣8 

962.9 -0.8  -10.3 965  -1 -11 𝑣9 

950.9 -0.7  -92 955  +1 -97 𝑣10 

790.3 -5.3  0 774  -22 -2 𝑣11 

727.2 -6  0 718  -6 0 𝑣12 

- -  - 366  -1 -68 𝑣13 

- -  - 295  -6 -25 𝑣14 

- -  - 187  0 -1 𝑣15 
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Figure 7. 9 The regions of 𝒗12 (CS bending), 𝒗11 (SO bending),  𝒗10 (HCS bending), and 𝒗9 

(CH3 bending) modes in the spectra of  CH3SOH acid containing various isotopologues of 

H2
18O and D2O in Ar matrices at 10 K which observed after gas mixtures of 

DMS/H2O/O2/Ar were subjected to a high frequncy discharge for 1 h (a) Initial as 

deposited sample of DMS/H2O/O2/Ar (black spectrum), (b) CH3S
18OH shifts (red 

spectrum), (c) CH3SOD shifts (blue spectrum). 
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Figure 7. 10 The regions of 𝒗8 (OH bending), 𝒗7, 𝒗6, and 𝒗5 (CH3 bending) modes in the 

spectra of  CH3SOH acid containing various isotopologues of H2
18O and D2O in Ar 

matrices at 10 K which observed after gas mixtures of DMS/H2O/O2/Ar were subjected 

to a high frequncy discharge for 1 h (a) Initial as deposited sample of DMS/H2O/O2/Ar 

(black spectrum), (b) CH3S
18OH shifts (red spectrum), (c) CH3SOD shifts (blue 

spectrum). 
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Figure 7. 11 The regions of 𝒗4, 𝒗2 (CH3 stretching), and 𝒗1 (OH stretching) modes in the 

spectra of  CH3SOH acid containing various isotopologues of H2
18O and D2O in Ar 

matrices at 10 K which observed after gas mixtures of DMS/H2O/O2/Ar were subjected 

to a high frequncy discharge for 1 h (a) Initial as deposited sample of DMS/H2O/O2/Ar 

(black spectrum), (b) CH3S
18OH shifts (red spectrum), (c) CH3SOD shifts (blue 

spectrum). 
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Experiments were conducted with H-2 labelled H2O and O-16 O2. Observation 

of the effect on 𝑣8, and 𝑣10 showed large shifts with respect to the parent molecule. 

Substitution of H-2 for H-1 in the DMS/D2O/O2/Ar mixture resulted in new bands, as 

presented in Figures 7.9-7.11 (blue spectrum) and listed in Table 7.3. These signals are 

assigned to the CH3SOD acid.  

The observed vibrational transitions of CH3SOH, CH3SOD, and their isotopic 

ratios (defined as the wavenumbers of the H-2 species divided by that of the H-1 

species) are listed in Table 7.4; the H-2 isotopic ratios are compared with the predicted 

values according to the MP2/cc-pVTZ method. The variations between the experimental 

and the calculated ratios are less than 0.5%. In addition, the experimentally observed 

spectral bands for CH3SOD acid are also in reasonable agreement with the theoretical 

values, with typical variation in the range of 0.9 to 27.2 cm-1, with the exception of the 

𝑣7 band, with a difference of 43.1 cm-1 between theory and experiment. This agreement 

between the theoretical and experimental H-2 isotopic values led to the conclusion that 

the new bands shown in Figures 7.9-7.11 (blue trace) are vibrational transitions arising 

from the CH3SOD acid.  

Since deuterium substitution results in a significant relative mass change, 

the 𝑣8(OH bending), and 𝑣10(HCS bending) vibrational frequencies shift considerably 

when compared to the parent molecule. The mode of 𝑣8 shows a significant H-2 isotopic 

shift of -196 cm-1 (17%) with respect to the parent molecule (calculated to be -202 cm-

1), and the mode of 𝑣10 has the second largest shift of -92 cm-1 (calculated to be -97 cm-

1). While the 𝑣2 (CH3 stretching), 𝑣5, 𝑣6, 𝑣7, 𝑣9 (CH3 bending), 𝑣11 (SO bending), and 

𝑣12 (CS bending) modes are less affected because their vibrational motions do not 

directly include the D atom as shown in Table 7.4. Table 7.4 also shows isotopic shifts 

for the CH3SOD acid and provides good evidence for the assignment of observed bands 
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to MSEA. Table 7.5 shows H-2 isotopic shifts for MSEA compared to the MP2/cc-

pVTZ calculated values. The isotopic ratios of the 𝑣2 (CH3 stretching), 𝑣5, 𝑣6, 𝑣7, 𝑣9 

(CH3 bending), 𝑣 8 (OH bending), 𝑣10 (HCS bending), 𝑣11(SO bending), and 𝑣12(CS 

bending) modes agree well with the theoretically predicted ratios. Based on the 

agreements in vibrational wavenumbers, H-2 isotopic-shifts and isotopic ratios between 

observed bands and those predicted values for CH3SOD, we assigned the observed 

bands listed in Table 7.3 to the fundamental modes of CH3SOD, respectively. However, 

six fundamental vibrational bands 𝑣1, 𝑣3, 𝑣4, 𝑣13, 𝑣14, and 𝑣15 which were predicted to 

be at 3043, 2968, 2678, 270, 298, 270, and 186 cm-1 are not observed for CH3SOD acid; 

possibly, in the case of 𝑣1, 𝑣3, and 𝑣4, due to their low intensities, or overlap with other 

intense bands, and for 𝑣13, 𝑣14, and 𝑣15, because the bands are predicted to appear below 

our spectral range. 

7.3.3. Mechanism of Formation of MSEA 

When matrices where deposited with DMS in argon which had been irradiated 

with an electrical discharge and H2O in argon, we did not observe the IR peaks we have 

assigned to MSEA. In these matrices the OH∙H2O adduct was observed proving that OH 

was present in this situation and that the OH adduct of DMS could have been formed. 

We have tentatively assigned two vibrations to the DMS∙OH adduct in the spectra 

observed for this matrix. The direct reaction of OH and DMS to yield MSEA and a 

methyl radical could occur,331 however, experiments have shown this reaction pathway 

is not a major contributor to the reaction of OH radical and DMS in the absence of O2 

which is consistent with our results.  

Deposition of an oxygen doped argon layer which was formed from a 1:100 

mixture of oxygen in argon which had been passed through an electrical discharge on 

top of the DMS/H2O argon matrix resulted in the formation of MSEA as evidenced by 

the IR spectrum of the composite matrix. This is an unexpected result. It would be 
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expected that the two layers would be each isolated and that chemical reactions could 

only occur at the interface. Judging by the intensity of the MSEA IR peaks a significant 

yield of MSEA had been produced. While one can envisage some mixing at the 

interface when the second oxygen-containing layer is first deposited as the second layer 

gets thicker this mixing will decrease. In addition, O2 diffusion into the first layer would 

be expected to be very slow and it would be expected the depth of penetration of O2 into 

the first layer to be very small. As such then a direct reaction between the DMS∙OH 

adduct with O2 to form MSEA appears unlikely. When the oxygen argon mixture is 

passed through the electrical discharge before being deposited as the top layer of the 

composite matrix UV and VUV radiation is formed and this shines on the deposited 

matrices. It is possible that the presence of oxygen leads to an emission wavelength that 

is absorbed by the DMS∙OH adduct which then converts to MSEA. It should be noted 

that MSEA was not observed when DMS doped argon was subjected to the electrical 

discharge during deposition so if the MSEA is formed from irradiation of DMS∙OH the 

wavelength required must be specific to that produced in the discharge when oxygen is 

present. Another possibility is that the formation of MSEA involves reduction or 

oxidation caused by an electron transfer process with the oxygen doped layer. Ions are 

known to be present in this layer e.g. O2
+, O4

+, O6
+, O4

-, O3
-, OH- and O2 itself is a good 

electron acceptor.152-154 Electrons can transfer over long distances in argon matrices332-

334 so the anions or the cations of the DMS∙OH adduct may be formed by electron 

transfer to or from the oxygen-doped matrix layer. The DMS∙OH adduct anion would be 

expected to dissociate to form DMS and OH- anion however the DMS∙OH adduct cation 

may eliminate a CH3
+ molecule to form the MSEA molecule. The first step in the 

electron transfer event to produce the cation or anion of the DMS∙OH adduct may in 

fact be photochemically driven from a VUV photon from the O2 argon discharge.  
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Further experiments are needed to develop a better understanding of the 

formation of MSEA in these experiments. A range of other dopants in the top layer will 

be trialled to determine whether the presence of oxygen is critical and to ascertain 

whether electron transfer may be important e.g. various electron acceptor and donors 

will be used. 
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7.4. Conclusion  

The technique of irradiation with matrix isolation was combined with infrared 

spectroscopy to aid in the characterisation and the detection of highly reactive MSEA in 

Ar matrices. We found that the MSEA molecule to be stable under the conditions of the 

matrix isolation experiment and was likely to have been formed by  the dimethyl sulfide 

(CH3SCH3, DMS) oxidation scheme. The infrared spectrum of the MSEA has been 

reported in Ar matrices for the first time. This study using the DMS/OH/O2 irradiation 

system provides evidence that MSEA is a product of the reaction of DMS-OH adduct 

with O2 as suggested by previous studies.317 The fundamental infrared bands at 3602.9 

(𝑣1), 3034 (𝑣2), 2968.3 (𝑣4), 1483.2 (𝑣5), 1427.6 (𝑣6), 1361.5 (𝑣7),  1151.3 (𝑣8), 962.9 

(𝑣9), 950.9 (𝑣10), 790.3 (𝑣11), and 727.2 (𝑣12) cm-1 are assigned to the OH stretching 

(𝑣1), CH3 stretching (𝑣2, 𝑣4), CH3 bending (𝑣5, 𝑣6, 𝑣7, 𝑣9), OH bending (𝑣8), HCS 

bending (𝑣10), SO bending (𝑣11), and CS bending (𝑣12) vibrations, respectively. The 

positions of these bands were in good agreement with the IR absorption bands of 

gaseous MSEA (3612, 1161, and 767 cm-1).323 These assignments are based on 

comparisons of observed frequencies, isotopic ratios and O-18, H-2 isotopic shifts with 

those calculated values by the MP2/cc-pVTZ, MP2(fc)/6-311G**, and B3LYP/6-

311+G(d,p) methods.323-324, 330 The experimental values for the CH3SOH acid agree well 

with those calculated with the MP2/cc-pVTZ method as well as the gas phase study.323 

The deviations in vibrational wavenumbers for MSEA between experiments and 

predicted calculations are smaller than 27.1 cm-1, with the exception of 𝑣7band. We 

have also determined the isotopic substitution shifts of the vibrational bands of 

CH3S
18OH and CH3SOD. The O-18, H-2 labelled isotopologues exhibited significant 

shifts at 3565.4, 3046.4, 2966.1, 1483.1, 1427.5, 1361.5, 1141.3, 962.6, 950.2, 785, and 

721.2 cm-1 for the CH3S
18OH acid and for the CH3SOD acid at 3046.6, 1483.2, 1427.7, 

1361.1, 955.3, 952.6, 858.9, 790.3, and 727.2 cm-1, respectively. These observed 
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vibrational wavenumbers and isotopic shifts were compared with those predicted with a 

theoretical calculation of the infrared spectrum of the MSEA and all isotopologues 

using the MP2/cc-pVTZ method. The predicted vibrational frequencies for all 

isotopologues agreed well with our experimental values. The predicted O-18 and H-2 

also agreed well, however the 𝑣1(
18OH stretching) and 𝑣8(

18OH bending) isotopic shifts 

were in poorer agreement.  

Annealing experiments are used to confirm assignments of CH3SOH acid. 

Annealing to 25 K for 20 min resulted in a decrease of all absorption bands assigned to 

trapped CH3SOH acid. The CH3SOH acid requires further investigations to obtain 

further reveal information about the structure of CH3SOH acid. The C-13, O-18 O2 and 

S-34 isotopic shifts for the CH3SOH acid will be needed to confirm our experimental 

assignments.  
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8. Conclusion and Future Work  

8.1. The CH2O2 Radical 

The CH2O2 radicals have been isolated in argon matrices to understand the 

structure of this species and studied by FTIR spectroscopy. These radicals were 

prepared by the reaction of irradiated CH2I2 with O2 using an electrical discharge. The 

parent CH2O2 radical bands derived from the MI-FTIR spectra agree well with those 

previously reported for the IR absorption bands of gaseous CH2O2.
54 The bands 

observed at 1422, 1267, 1202.4, 918.6, and 850.2 cm-1 had not been previously reported 

for Ar matrices. They have been assigned to the CH2O2 radical vibrational modes; the 

CH2 scissoring/ CO stretching (𝑣3), CO stretching/ CH2 scissoring (𝑣4), CH2 rocking 

(𝑣5), OO stretching (𝑣6), and CH2 wagging (𝑣8) vibrations, respectively. Due to the low 

intensities of the CH asymmetric stretch (𝑣1), and CH symmetric stretch (𝑣2) these 

bands were not detected. 

The CH2O2 radical C-13, O-18, and H-2 isotopologues were also formed and the 

relative intensities of each band. Five CH2
18O2 radical bands at 1416.1 cm-1 (𝑣3), 1234.4 

cm-1 (𝑣4), 1199.5 cm-1 (𝑣5), 875.1 cm-1 (𝑣6), and 840.1 cm-1 (𝑣8) were observed for the 

first time. For the 13CH2O2 radical, five bands at 1414.8 cm-1 (𝑣3), 1266.5 cm-1 (𝑣4), 

1201.3 cm-1 (𝑣5), 913.9 cm-1 (𝑣6), and 834.1 cm-1 (𝑣8) were also detected. The signals 

observed for the CD2O2 radical at 1305.2 cm-1 (𝑣3), 1058.7 cm-1 (𝑣4), 1010.5 cm-1 (𝑣5), 

849.7 cm-1 (𝑣6), and 688.9 cm-1 (𝑣8) agree well with those previously reported in the gas 

phase.54  

The predicted vibrational values as well as the predicted intensities (VPT2 

CCSD(T) / augʹ-cc-pVTZ methods) for all isotopologues showed consistent agreement 

with our experimental frequencies.140 This agreement between calculations which had 
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predicted a zwitterion electronic structure for the CH2O2 radical and our experimental 

results strongly support the assignment of the zwitterion structure for this radical.  

8.2.The CH2 Radical 

The methylene (CH2) radical was prepared by irradiating CH2I2/Ar mixture 

using an electrical discharge. The bands at 3150.8, 3037.9, and 963 cm-1 from the MI-

FTIR spectra were assigned to the 𝑣3 (asymmetric CH2 stretching), 𝑣1 (symmetric CH2 

stretching), and 𝑣2 (CH2 bending) modes of the CH2 radical, respectively. These bands 

had not been previously observed in Ar matrices and agree well with frequencies 

predicted theoretically using a semi-empirical nonrigid bender Hamiltonian 

calculations.239-240 The maximum difference between these results and the predicted 

values for the CH2 radicals was only 17.2 cm-1, corresponding to a deviation of about 

0.6%. We have also determined the isotopic substitution shifts of the vibrational bands 

of the 13CH2 and CD2 radicals. The predicted values for all isotopologues showed 

consistent agreement with our experimental vibrational frequencies. 

8.3. The CH3S Radical 

CH3S radicals have been isolated in argon matrices and interrogated by FTIR 

spectroscopy. These radicals were prepared by the reaction of irradiated DMS using an 

electrical discharge. The several signals have been derived for the CH3S radical for the 

CH3 asymmetric stretching 𝑣4(e), CH3 asymmetric stretching 𝑣4(a1), CH3 symmetric 

stretching 𝑣1(a1), HCH asymmetric deformation 𝑣5(e), CH3 umbrella motion 𝑣2(a1), and 

CS stretching 𝑣3(a1) modes which had never previously been reported in Ar matrices. 

Because of the low intensity of the 𝑣1(a1), and 𝑣2(a1) bands, these were not detected. 

The experimental fundamental frequencies for the CH3S radical show excellent 

agreement with those computed with the EOMIP260 method. Our experimental values 

also showed reasonable agreement with results obtained in solid p-H2.
112  
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Further work is necessary to understand the properties and guide further 

characterisation of CH3S and to provide insight on this important radical. Experimental 

C-13, H-2, and S-34 isotopic shifts for the CH3S radicals could be used to confirm their 

assignments. More detailed theoretical calculations of the CH3S radical are also 

necessary, which should involve isotopologues. 

8.4. The DMS-H2O, DMS-H2
18O, and DMS-D2O complexes 

DMS-H2O, DMS-H2
18O, DMS-D2O complexes were prepared to understand the 

structure of this species in Ar matrices at 10 K using mixtures of DMS and H2O, H2
18O, 

and D2O, respectively. The bands at 3701.5, 3496.6, and 1598.9 cm-1, observed in the 

MI-FTIR spectra were assigned to the OH asymmetric stretching (𝑣3), OH symmetric 

stretching (𝑣1), and HOH bending (𝑣2) modes of water in the DMS-H2O complex. In 

addition, infrared absorption bands at 3689.5, 3487.2, and 1583.2 cm-1 of the DMS-

H2
18O complex and DMS-D2O complex were also assigned at 2738.6, 2568.5, and 

1178.9 cm-1, and had not been previously reported in Ar matrices. These assignments 

are in excellent agreement with theoretical values that predicted the frequencies for the 

DMS-H2O complex and all isotopologues using the GVPT2/B3LYP/aug-cc-pVTZ 

methods. The predicted values for all isotopologues agreed well with our experimental 

frequencies. 

Experimental H-2 and S-34 isotopic shifts for DMS molecules could be used to 

confirm assignments. More detailed of theoretical calculations of the DMS-H2O 

complex and its isotopologues are also necessary. 

8.5. The CH3SOH Acid 

Matrix isolated CH3SOH (MSEA) was were produced after DMS/H2O/Ar 

mixtures were subjected to an electrical discharge and deposited at 10 K, before a 

further stream of O2 in argon was irradiated and then deposited on top of the initial 
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DMS/H2O argon matrix. Infrared spectra at 3602.9, 3046.6, 2968.3, 1483.2, 1427.6, 

1361.5, 962.9, 1151.3, 950.9, 790.3, and 727.2  cm-1  was observed for the first time to 

aid in the characterisation and the detection of highly reactive MSEA in Ar matrices and 

assigned to the OH stretching (𝑣1), CH3 stretching (𝑣2, 𝑣4), CH3 bending (𝑣5, 𝑣6, 𝑣7, 𝑣9), 

OH bending ( 𝑣 8), HCS bending ( 𝑣 10), SO bending ( 𝑣 11), and CS bending ( 𝑣 12) 

vibrations, respectively. The OH torsion (𝑣13), CSO bending (𝑣14), and CH3 torsion (𝑣15) 

bands, however, could not be detected, as the MCT detector used in this study gave no 

response below 600 cm-1. The CH3 stretching (𝑣2) band was also not observed in this 

experiment, possibly due to its low intensity or because it is obscured by other strong 

peaks. 

The experimental values for the CH3SOH acid and the O-18, H-2 labelled 

isotopologues were closely matched with the MP2/cc-pVTZ, and MP2(fc)/6-311G** 

calculations,323-324, 330 as well as previous observations in the gas phase,323 with 

exception of the 𝑣1(
18OH stretching) and 𝑣8(

18OH bending).  

However, further investigations will be needed to confirm our assignments of 

this species. For example, C-13, O-18 O2 and S-34 isotopologues of CH3SOH could be 

used to confirm our assignments. 
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APPENDIX A 

Appendix A 
Table A. 1 IR frequencies (cm-1) of CH2I2, its combination and overtone bands in this 

study in comparison with literature values observed in Ar matrices and the gas phase,47, 

142, 214 NS= not seen.  

s = strong; m = medium; w = weak; b = broad; v = very; underline in bold = new assignments in an 

Ar matrix. 
aFrequencies taken from Refs.47 &142. 
bFrequencies taken from Ref.141. 

 CH2I2/Ar Relative intensity 

(ν8)  

CH2I2-gas phase CH2I2/Ar Assignment 

NS - NS NS ν4, a1 

NS - 493.0 NS ν3, a1 

NS - 584.2 582.5 ν9, b2 

717.3 21.2 718.1 717.4 ν7, b1 

1034.9 0.8 1042 1035.1 ν5, a2 

1111.0 100 1113.9 1111.5 ν8, b2 

1368.2 0.6 1373.6 NS ν2, a1 

2991.2 0.2 3002.0 NS ν1, a1 

3063.5 2.6 3073.0 NS ν6, b1 

977.8 0.05 969 NS 2ν3  

1077.1 0.01 1075.04 NS ν3+ν9 

1143.0 0.02 1140 NS 2ν9  

1188.6 0.18 1189.1 NS ν3+ν7 

1230.4 0.4 1229.4 NS ν4+ν8 

1436.4 0.09 1430 NS 2ν7 

1724.1 0.03 1714.9 NS ν4 +ν5+ν9 

1756.3 0.5 1759.4 NS ν5+ν7 

1856.9 0.3 1864.9 NS ν7+2ν9 

1947.5 0.1 1953.9 NS ν2+ν9 

2068.9 2.5 2075.7 NS ν2+ν7 

2136.2 0.7 2142.4 NS ν5+ν8 

2156.2 0.06 NS NS 2ν7+ν8 

2215.7 1.2 2222.4 NS 2ν8  

2473.2 1.9 2482.1 NS ν2+ν8 

2554.5 0.2 2560.1 NS ν2 +ν3+ν7 

2624.5 0.01 2631.7 NS 2ν5+ν9 

2790.3 0.02 2780 NS 2ν5+ν7 

3011.0 0.1 NS NS ν9+ν2+ν8 

This work  a47, 142 b141  
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Figure A. 1 FTIR spectrum of the combination and overtone bands assigned to CH2I2 
formed from depositing a stream of CH2I2 in argon onto a cold window held at 10 K 

with a ratio of (1:100). 
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Figure A. 2 The FTIR difference spectra of CH2I2 isolated in Ar formed by depositing a 

stream of CH2I2 in an argon onto a cold window held at 10 K, with a ratio of (1:100) 

(black spectra) in comparison with the FTIR spectra of CH2I2/O2/Ar matrix (red 

spectra), where one stream was irradiated with an electrical discharge. 
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Figure A. 3 IR spectra illustrating the formation of H2CO peaks after 1 h deposition 

through an electrical discharge, in the 1700 to 1770 cm-1 region. (a) Matrix of 

(CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 4 IR spectra illustrating the formation of H2CO peaks at 1496.2 cm-1 after 1 h 
deposition through an electrical discharge, in the 1450 to 1550 cm-1 region. (a) Mixture 

of (CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum).   
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Figure A. 5 IR spectra illustrating the formation of H2CO peaks at 1239.5 and 1328.7 

cm-1after 1 h depositions through an electrical discharge, in the 1200 to 1360 cm-1 

region. (a) Mixture of (CH2I2/Ar) at a ratio of (1:100) after passing through an electrical 

discharge and deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a 

ratio of (1:1:100) after passing through an electrical discharge and deposited at 10 K 

(red spectrum).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 6 IR spectra illustrating the formation of HCOO and CHO peaks after 1 h 

deposition through an electrical discharge, in the 1830 to 1865 cm-1 region. (a) Mixture 
of (CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixtures of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum).  

 



 

218 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 7 IR spectra illustrating the formation of CO peaks at 2138.2 cm-1 and CO2   
peaks at 663.4, 2339.1 and 2341.8 cm-1 after deposition 1 h through an electrical 

discharge, in the 650 to 2360 cm-1 region. (a) Mixture of (CH2I2/Ar) at a ratio of (1:100) 

after the gas mixture was passed through an electrical discharge and deposited at 10 K 

(black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) after passing 

through an electrical discharge and deposited at 10 K (red spectrum).   
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Figure A. 8 IR spectra illustrates the formation of HO2 peaks after 1 h deposition 

through an electrical discharge, in the 1080 to 3430 cm-1 region (a) Mixture of 

(CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum).   

 

 

 

 

 

 

 

 

 

 

 

Figure A. 9 IR spectra illustrating the formation of H2O2, OH, and HCOOH peaks after 

1 h deposition through an electrical discharge, 3545 to 3610 cm-1 region. (a) Mixture of 
(CH2I2/Ar) at a ratio of (1:100) after passing through an electrical discharge and 

deposited at 10 K (black spectrum), (b) Mixture of (CH2I2/O2/Ar) at a ratio of (1:1:100) 

after passing through an electrical discharge and deposited at 10 K (red spectrum). 
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Figure A. 10 FTIR spectrum of HO2 band at 1388 cm-1 after a mixture of (CH2I2/O2/Ar)   
were passed through an electrical discharge and deposited at 10 K for 1 h (a) Initial as 

deposited sample of (CH2I2/O2/Ar) (black spectrum), (b) Subtraction of initial 

deposition spectrum from spectrum taken after photolysis at 425 nm for 30 min (blue 

spectrum), (C) Subtraction of initial deposition spectrum from spectrum taken after 

photolysis at 365 nm for 30 min (green spectrum). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 11 FTIR spectra of CO and CO2 bands at 2138 and 2339 cm-1 after a mixture 
(CH2I2/O2/Ar) were passed through an electrical discharge and deposited at 10 K for 1 h 

(a) Initial as deposited sample of (CH2I2/O2/Ar) (black spectrum), ((b) Subtraction of 

initial deposition spectrum from spectrum taken after photolysis at 425 nm for 30 min 

(blue spectrum), (C) Subtraction of initial deposition spectrum from spectrum taken 

after photolysis at 365 nm for 30 min (green spectrum).  
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Figure A. 12 FTIR spectrum of H2CO band at 1171 cm-1 after a mixture of  
(CH2I2/O2/Ar) were passed through an electrical discharge and deposited at 10 K for 1 h 

(a) Initial as deposited sample of (CH2I2/O2/Ar) (black spectrum), (b) Subtraction of 

initial deposition spectrum from spectrum taken after photolysis at 425 nm for 30 min 

(blue spectrum), (C) Subtraction of initial deposition spectrum from spectrum taken 

after photolysis at 365 nm for 30 min (green spectrum). 
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APPENDIX B 

Appendix B 

Table B. 1 Summary of the absorption bands assigned to the monomer bands of H2
18O 

in an argon matrix formed from (H2
18O/Ar) mixtures, at ratio of (1:250), in comparison 

with literature values.205, 309, 335 

 

  

 

 

                                      Assignment   

 

H2
17O 

 

 

H2
18O 

 

 

Literature 

value205, 308-309, 335 

 

ν3   

(OH) asymmetric 

stretching 

 

 

 

Rotating monomer 

3761.2 3761.2 3761.9 

3748.9 3742.2 3742.1 

3708.5 3711.1 3711.1 

3698.0 3698.0 3698.3 

Non-rotating monomer 3715.7 3721.6 3721.7 

 

ν1   

(OH) symmetric 

stretching 

 

Rotating monomer 

 

3667.5 3661.2 3661.2 

3649.6 3645.5 3645.5 

Non-rotating monomer 3631.0 3632.9 3632.6 

Proton donor dimer 3569.3 3565.2 3565.1 

 

ν2  

(HOH) bending. 

 

 

 

 

Rotating monomer 

1665.7 1655.7 1654.8 

1619.9 1616.1 1616.1 

1604.5 1600.8 1600.6 

1567.4 1567.5 1567.4 

Non-rotating monomer 1589.6 1586.6 1586.7 
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Table B. 2 Summary of the absorption bands assigned to the monomer, and the dimer 

bands of D2O and HOD in an argon matrix formed from (D2O/Ar) mixtures, at ratio 

(1:250), and compared with literature values (B).306, 308-309, 336 

 

 D2O HOD 

Assignment           A                 B A             B 

 

 

 

 

ν3 

 

 

 

 

Rotating monomer 

2793.6 2795 3776.5 3776 

2782.4 2783 3756.4 3762 

2763.7 2766 3712.8 3716 

  3701.8 3702 

  3671.7 3674 

Non-rotating monomer 2770.4 2772 3689.7 3688 

Proton donor dimer 2745.5 2746 3693.1 3694 

Proton acceptor dimer   3685.3 3681 

 

 

 

ν1 

 

 

 

Rotating monomer 

 

2707.3 2708 2723.8 2725 

2677.2 2677 2693.7 2695 

2637.8 2638   

Non-rotating monomer 2658.9 2658 2708.7 2709 

Proton donor dimer 2613.9 2615 2637.9 2639 

 

 

 

 

 

ν2 

 

  

 

 

 

 

 

 

 

 

Rotating monomer 

1203.9 1204 1438.6 1439 

1194.9 1196 1427.7 1428 

1154.4 1155 1419.0 1414 

1164.1 1166 1413.7 1412 

  1393.5 1396 

  1383.3 1383 

  1398.5 1396 

  1371 1367 

Non-rotating monomer 1176.9 1176 1398.4 1398.0 

Proton donor dimer 1189.2 1189   

 

Proton acceptor dimer 

 

 

1181.3 1178 1407.9 1400 

1174.6 1176 1402.6 1403 

1185.7 1183   

 Tetramer 2758.6 2755 1388.8 1389 




