Mass independent isotopic enrichment in ozone and
its transfer to other molecules through exchange

A thesis submitted to

Gujarat University

for the degree of

Doctor of Philosophy in Physics

Antra

Planetary and Geosciences Division
PHYSICAL RESEARCH LABORATORY,
AHMEDABAD - 380 009, INDIA

March, 2007



CERTIFICATE

I hereby declare that the work presented in this thesis is original and has not
formed the basis for the award of any degree or diploma by any University or

Institution.

Antra
(Author)

Certified by :

Prof. S. K. Bhattacharya
(Thesis Supervisor)

Planetary and Geosciences Division,
Physical Research Laboratory,
Navrangpura, Ahmedabad, INDIA

ii



To
My Parents

iii



Contents

Acknowledgements vii
Abstract ix
1 Introduction 1
1.1 Basicdefinitions . . . .. . ... ... ... L 2

1.2 Causes for isotopic fractionation . . ... ... .. ... ... o0 3

1.3 Mass dependent fractionation . . . . ... ... ... ... L Lo 4
1.3.1 Kineticisotopeeffect . . . . ... ... ... L L o 4

1.3.2 Equilibrium isotopeeffect . . . . .. ... ... L oo Lo 5

14 Anomalous or mass independent fractionation . . . .. ... ... ... ... ... .. 5
141 Examples of Anomalous isotopeeffect. . . .. ... ... ... .. ... .. 6

1.5 Anomalousisotope effectinOzone . . . . . . .. .. ... .. .. .. L L L. 7
1.5.1 Atmospheric ozone and laboratory produced ozone . . . . ... ... ... .. 8

1.5.2 Rate coefficients of isotope specific ozone formation channels . . ... .. .. 10

1.6 Theoretical developments . . . . .. ... ... .. ... ... .. .. .. .. 13

1.7 MotivationforThesis . . . . .. ... ... ... .. ... . . 17

2 Experimental Technique 20
2.1 Isotope Ratio Mass Spectrometry IRMS) . . . ... ................... 20
211 Principle . . . ... 20

2.1.2 Mathematical representation of isotope separation . . . . ... ... ... ... 22

22 Ozonepreparation . . . ... ... ... ... ... e 22
2.2.1  Ozone made by Tesla discharge and UV photolysis . . . ... ......... 22

2.3 Analysis of oxygenisotopesinozone . . . . .. ... ... Lo oL 23
2.4 Analysis of oxygen and carbon isotopesinCOq . . . . . . .. ... ... L. 26

iv



2.4.1 Experimental set up for CO2-CeOz exchange . . . . ... ... .. .. ... .. 28

2.5 Separation of ozone and CO, mixture . . . ... ... .. .. ... ... .. ... 29
Photochemical simulation model (KINTECUS) 31
3.1 Brief descriptionofthemodel . . . . ... ... ... .. .. ... o0 0L 31
3.1.1 Model description or reaction spreadsheet . . . ... ... ... ...... .. 32
3.1.2 Speciesspreadsheet . ... ... ... ... .. .. .. .. .. ... 32
3.1.3 Parameter Spreadsheet . . . . . . ... ... ... ... . o L oL 33
3.2 Performancetestofthemodel . . . . .. ... ... ... .. ... ... 34
3.2.1 Experimentaldetail . . . . . . ... ... L Lo Lo 34
3.2.2 Inputparametersforthemodel . . . . .. ... ... .. ... oL 35
3.2.3 Simulation result and determination of dissociation rate constant (k;) . ... 41

Anomalous enrichment of heavy oxygen isotopes in CO; produced from O+CO reaction 46

41 Motivation . . . . . . .o e e e e 46
42 Experimentaldetails . ... ... ... ... . ... . L L o 50
42.1 Preparation of ozone by Tesla (Set 1: constant O3 composition and Set 2: vari-

able O3 composition) and by UV (Set3) . . .. . ................. 50
422 Photolysis of (O3+CO) mixture by visible light (Set1-3) . . . . . ... ... .. 52
42.3 Photolysis of (O2+CO) mixture by UV light (Set4) . . . . . ... ... .. ... 52
424 Measurement of 6180, 6170 and §'3C of the productCOs . . . . . .. ... .. 56
4.3 Resultsand Discussion . . . . . . . . . ... 56
43.1 Oxygenisotope fractionation . . . .. ... ... ... ... ........... 56
4.3.2 Carbonisotope fractionation . .. ... ... ... ... ... ... .. .. 60
4.3.3 Preliminary analysis by considering exchange and collision . . ... ... .. 62
44 Model Simulation . . . . . . .. 65
441 Input parameters for visible light dissociation of ozone in (O3+CO) mixture
(Sets 1-3) . . o o o 65
442 Determination of enhancement factor 'f’ for [M] to obtain correct COy amount
and itssignificance . . . . ... ... L L L 68
443 Input parameters for UV dissociation of (O2+CO) mixture (Set4) . ... . .. 70
444 Initial concentration of the reactantspecies . . . . .. ... ... ... ... .. 74
4.5 Simulation Results and Discussion . . . . . ... ... ... ... . 76
45.1 Oxygenisotopeenrichment . . . ... ... ... .. .. ............. 76
452 Carbon isotope fractionation . .. ... ... ... ... ... ... .. .. 77
4.6 Simulation of earlier O+CO experimentaldata . . . .. ... ... ... ........ 78
47 Implications . . ... .. ... ... 81



471 Comparison of enrichments in COzand O . . . . ... ... .......... 83

4.8 Investigation of effect of nuclear spin on O+COreaction. . . . . .. ... ... .... 84
49 Conclusion . . . . .. .. L 84

5 Determination of intramolecular isotope distribution of ozone 86
51 Motivation . . . . . . ... L e 86
52 Experimentaldetails . . ... ... ... ... .. ... o 90
53 Resultsand Discussion . . . . ... .. ... ... L L o 92
53.1 Calculationof 6,, dsand r® . . . . . ... 99

5.3.2 Calculation based on published rate constant values . . . ... ... ... .. 107

5.4 Application to atmosphericstudies . . . . . ... ... oo L L Lo 111
55 Conclusion . . . . . ... 113

6 Effect of nuclear spin in exchange of 7O in CO3- O(!D) system: Model calculation of

Laboratory data. 114
6.1 Motivation . . . . . . . L e e e e e e 114
6.2 Laboratory experiment . . . . . ... ... ... .. L 118
6.3 Modellnput . . ... ... .. 118
6.4 Model Resultand Discussion . . . . .. ... ... .. . . . . 124
6.5 Nuclear spin effect on chemical reaction . . . . . . ... ... .............. 130
6.6 Proposedmechanism . . .. ... ... ... ... .. .. .. ... 134
6.7 Conclusion . . . . . . . L 135
Summary and Scope for Future Work 136
Appendix 141
A.1 Calculation of (**O and '7O) exchange rate in reaction of O with Oz and CO . . . . . 141
A.2 Fractionation associated with catalytic decomposition of ozone by silver oxide . .. 145
A.3 Estimation of the values of r°° and r*° from known reactionrates . ... ... . ... 149
A4 Estimation of total errorinr*® value . ... ... .. ... ... ............. 151
References 154
List of Publications 173

Vi





