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viABSTRACT 

Saturn’s large moon of Titan is unique as the only solid body in the outer solar system to 

possess a dense atmosphere, which is comprised of mostly nitrogen and methane.  

Atmospheric chemistry on this moon creates aerosols comprised of carbon, hydrogen, and 

nitrogen.  Laboratory based synthesis of simulated Titan aerosols, also called tholins, led to 

molecules with rich chemical diversity, functionalities, and molecular weights.  While this 

diversity has intriguing implications for Titan, it complicates the analysis and 

characterization of these simulants.  This thesis discusses three different mass spectrometry 

methodologies, prioritizing a combination of mission applicability, broad spectrum 

characterization, and specific functional group identification.  Chapters 2 and 3 utilize a 

home-built Direct Analysis in Real Time (DART) ionization source, termed EZ-DART, to 

test its suitability for the analysis of these simulants and the source’s mission applicability.  

Chapter 2 focuses on the development and characterization of the EZ-DART source.  Chapter 

3 presents the analysis of Titan aerosol simulants, produced in a new and unique way, by EZ-

DART, allowing for the identification of various compounds of astrobiological significance.  

Solid phase microextraction gas chromatography mass spectrometry (SPME-GC-MS) is 

utilized in Chapter 4 with different Titan aerosol simulants, identifying multiple compounds 

of significance to Titan and astrobiology.  The versatility allowed by SPME increases the 

applicability of GC for future lander missions.  While not mission applicable, Chapter 5 

shows the breadth of primary amines in Titan aerosol simulants through the use of 

supramolecular complexation to 18-crown-6 ether.  This technique not only enabled the 

unambiguous identification of primary amines, but also allowed for the structural 

characterization of some components.  The range of methods and identified compounds 



viidiscussed within this thesis demonstrates not only the rich chemistry of these Titan aerosol 

simulants, but also introduces intriguing possibilities for Titan’s atmospheric chemistry and 

presents potential significance to astrobiology. 

  



viiiPUBLISHED CONTENT AND CONTRIBUTIONS 

Chapter 2 is reproduced in part from:  

Upton, K., Schilling, K, Beauchamp, J. L. Easily Fabricated Ion Source for Characterizing 

Complex Organic Mixtures by Direct Analysis in Real Time Mass Spectrometry, 

Analytical Methods, 2017, 9, 5065-5074 DOI: 10.1039/C7AY00971B. 

K.T.U. was the lead researcher on this project and main author of the manuscript 

 

Chapter 5 figures 5.2, 5.3, and 5.5 are all reprinted with permission from the copyright 

holder Robert Hodyss from R. Hodyss, Dissertation (Ph.D.), The California Institute of 

Technology, 2006. 

 

 

 

 



 

 

ix
TABLE OF CONTENTS 

Acknowledgements…………………………………………………………...iii 
Abstract ………………………………………………………………………iv 
Published Content and Contributions…………………………………….........v 
Table of Contents……………………………………………………………..vi 
List of Figures…………………..……………………………………………vii 
List of Tables.…………………..……………………………………………vii 
Nomenclature……………………………….……………………………….viii 
1: Introduction ...................................................................................................... 1 

1.1 The Astrochemical Environment of Titan ........................................... 1 
1.2 Simulating Titan’s Atmosphere in the Laboratory .............................. 5 
1.3 Motivation: Analytical Goals ............................................................... 8 
1.4 Contents of Thesis .............................................................................. 10 
1.5 References .......................................................................................... 12 

2: Easily Fabricated Ion Source for Characterizing Mixtures 
of Organic Compounds by Direct Analysis in Real Time 
Mass Spectrometry ......................................................................................... 19 

2.1 Abstract .................................................................................................. 19 
2.2 Introduction ........................................................................................... 20 
2.3 Experimental .......................................................................................... 23 

2.3.1 EZ-DART Source ........................................................................ 23 
2.3.2 Sample Preparation and Reagents ............................................... 25 

2.4 Results and Discussion .......................................................................... 27 
2.4.1 Pharmaceutical Samples .............................................................. 27 
2.4.2 Species of Forensic Interest ......................................................... 30 
2.4.3 TPD Based Experiments .............................................................. 33 
2.4.4 Reagent Assisted Desorption Ionization ..................................... 36 

2.5 Conclusions ........................................................................................... 43 
2.6 Acknowledgements ............................................................................... 43 
2.7 References ............................................................................................. 44 
2.8 Supplemental Information ..................................................................... 52 

2.8.1 Maleic Acid Data ......................................................................... 52 
2.8.2 CID Data for Currency ................................................................. 52 
2.8.3 LOD Determination for RDX ...................................................... 54 
2.8.4 PPG Data and Discussion ............................................................ 55 
2.8.5 ESI Mass Spectrum and Method Discussion 

for La Brea Tar Pits Sample ........................................................ 58 
2.8.6 Supplemental Information References ........................................ 59 

3: The Titan Haze Simulation (THS) Experiment on COSmIC 
Part III: Ex-Situ Analysis of Aerosols using Direct Analysis 
in Real Time Mass Spectrometry (DART-MS) ............................................. 60 



 

 

x
3.1 Abstract .................................................................................................. 60 
3.2 Introduction ........................................................................................... 61 
3.3 Experimental .......................................................................................... 67 

3.3.1 COSmIC THS Experiment and production of 
Titan aerosol simulants ......................................................................... 67 
3.3.2 Collection of THS solid Titan aerosol simulants ........................ 70 
3.3.3 EZ-DART Source ........................................................................ 71 
3.3.4 Sample analysis by EZ-DART .................................................... 74 

3.4 Results and Discussion .......................................................................... 75 
3.4.1 Comparing the DART Spectra of the THS samples 
produced in four different gas mixtures................................................ 75 
3.4.2 Comparing the THS DART spectra acquired at 
room (17C) and high (250C) temperature ......................................... 80 
3.4.3 Comparing the DART spectra of a THS sample to a 
continuous plasma produced simulant .................................................. 83 
3.4.4 Analysis of peaks observed in the THS DART spectra .............. 86 
 3.4.4.1 Peaks at 80 and 32 m/z – no CID .......................................... 88 
 3.4.4.2 74 m/z CID analysis ............................................................... 92 
 3.4.4.3 91 m/z CID analysis ............................................................... 97 
 3.4.4.4 114 m/z CID analysis ........................................................... 102 
 3.4.4.5 119 m/z CID analysis ........................................................... 106 
 3.4.4.6 130 m/z CID analysis ........................................................... 108 
 3.4.4.7 147 m/z CID analysis ........................................................... 110 

3.5 Conclusions ......................................................................................... 113 
3.6 Acknowledgements ............................................................................. 117 
3.7 References ........................................................................................... 118 
3.8 Supplemental Information ................................................................... 124 

3.8.1 CID spectra of 80 m/z ................................................................ 124 
3.8.2 CID Spectra of 173 m/z and Discussion ................................... 124 
3.8.3 Spectra without background subtraction and 
background spectra for each sample ................................................... 127 
3.8.4 CID of studied peaks from atmospheric background ............... 129 

4: Analysis of Titan Aerosol Simulants through Solid Phase 
Microextraction Gas-Chromatography Mass Spectrometry: 
A Mission Applicable Analytical Method for Space 
Environments ................................................................................................ 133 

4.1 Abstract ................................................................................................ 133 
4.2 Introduction ......................................................................................... 134 
4.3 Experimental Methods ........................................................................ 139 

4.3.1 Production of Tholins................................................................. 139 
4.3.2 Extraction and Analysis by SPME-GC-MS .............................. 140 
4.3.3 Standards and Identification ...................................................... 142 

4.4 Results and Discussion ........................................................................ 142 
4.4.1 Analysis of Organic Molecules ................................................. 147 



 

 

xi
 4.4.1.1 Amines ................................................................................. 147 
 4.4.1.2 Aromatics ............................................................................. 152 
 4.4.1.3 Nitriles .................................................................................. 157 
 4.4.1.4 Hydrocarbons ....................................................................... 160 

4.5 Conclusions ......................................................................................... 163 
4.6 Acknowledgements ............................................................................. 166 
4.7 References ........................................................................................... 166 
4.8 Supplemental Information ................................................................... 173 

5: Highly Selective Complexation with 18-Crown-6 Ether 
Sequesters Primary Amines in Simulated Titan Aerosol for 
Enhanced Detection and Structural Analysis............................................... 174 

5.1 Abstract ................................................................................................ 174 
5.2 Introduction ......................................................................................... 175 
5.3 Experimental Methods ........................................................................ 180 

5.3.1 Titan Aerosol Simulants ............................................................ 180 
5.3.2 Materials and Methods ............................................................... 181 

5.4 Results .................................................................................................. 182 
5.4.1 New Tholins ............................................................................... 182 
5.4.2 Aged Tholins .............................................................................. 186 

5.5 Discussion ............................................................................................ 192 
5.5.1 New Tholins ............................................................................... 191 
5.5.2 Aged Tholins .............................................................................. 194 

5.6 Conclusions ......................................................................................... 202 
5.7 Acknowledgements ............................................................................. 203 
5.8 References ........................................................................................... 203 

 
 

 
 



 

 

xii
LIST OF FIGURES 

1.1 Cross Section of Titan ............................................................................. 3 

2.1 Diagram of the EZ-DART .................................................................... 24 

2.2 EZ-DART Mass Spectrum of Pharmaceutical Samples ...................... 29 

2.3 EZ-DART Mass Spectrum of Currency ............................................... 31 

2.4 EZ-DART Mass Spectrum of RDX ..................................................... 33 

2.5 EZ-DART Mass Spectrum of La Brea Tar Pits Sample ...................... 35 

2.6 RADI EZ-DART Mass Spectrum of Neurotransmitters ...................... 42 

2.7 EZ-DART Mass Spectrum of Maleic Acid .......................................... 52 

2.8 CID of EZ-DART Mass Spectrum of Currency .................................. 53 

2.9 Calibration Curve for LOD determination of RDX ............................. 54 

2.10 EZ-DART Mass Spectrum of PPG ....................................................... 56 

2.11 CID of EZ-DART Mass Spectrum of PPG .......................................... 58 

2.12 ESI Mass Spectrum of La Brea Tar Pits Sample ................................. 59 

3.1 PDN Source Diagram ............................................................................ 68 

3.2 EZ-DART Source .................................................................................. 73 

3.3 Overall Mass Spectra of Four THS Samples ........................................ 76 

3.4 Room and high Temperature Spectra of a THS Sample ...................... 81 

3.5 THS and Arizona aerosol simulant Mass Spectra ................................ 85 

3.6 CID of 74 m/z ........................................................................................ 92 

3.7 CID of 91 m/z ........................................................................................ 97 

3.8 CID of 114 m/z .................................................................................... 102 

3.9 MS3 of 114 m/z.................................................................................... 104 

3.10 CID of 119 m/z .................................................................................... 106 

3.11 CID of 130 m/z .................................................................................... 108 

3.12 CID of 147 m/z .................................................................................... 110 

3.13 CID of 80 m/z and Pyridine ................................................................ 124 

3.14 CID of 173 m/z .................................................................................... 126 



 

 

xiii
3.15 95-5 Sample Without Background Subtraction and 

Respective Background ....................................................................... 127 

3.16 Acetylene Doped Sample Without Background 

Subtraction and Respective Background ............................................ 128 

3.17 Benzene Doped Sample Without Background Subtraction 

and Respective Background ................................................................ 128 

3.18 Acetylene and Benzene Doped Sample Without 

Background Subtraction and Respective Background ....................... 129 

3.19 Background CID of 74 m/z ................................................................. 130 

3.20 Background CID of 91 m/z ................................................................. 130 

3.21 Background CID of 114 m/z ............................................................... 130 

3.22 Background CID of 119 m/z ............................................................... 131 

3.23 Background CID of 130 m/z ............................................................... 131 

3.24 Background CID of 147 m/z ............................................................... 131 

3.25 Background CID of 173 m/z ............................................................... 132 

4.1 SPME Extraction Process Graphic ..................................................... 141 

4.2 SPME TIC for Both T1 and T2 .......................................................... 144 

4.3 EIC and EI Mass Spectrum for Dimethylaminoacetonitrile .............. 149 

4.4 EIC and EI Mass Spectrum for Hexamethylenetetramine ................. 150 

4.5 EIC of 77.039 m/z ............................................................................... 153 

4.6 EI Mass Spectra for Pyrimidine and 2,4-diaminopyrimidine ............ 155 

4.7 EIC of 41.027 m/z ............................................................................... 158 

4.8 EIC of 55.042 m/z ............................................................................... 159 

4.9 TIC for the CAR/PDMS extraction of T2 .......................................... 173 

4.10 EIC of 30.034 m/z ............................................................................... 173 

5.1 18-Crown-6 Ether Structure ................................................................ 178 

5.2 Overall Mass Spectrum for 18-Crown-6 Ether and New Tholin ....... 184 

5.3 In source CID for 18-Crown-6 Ether and New Tholin ...................... 185 

5.4 Overall Mass Spectrum for 18-Crown-6 Ether and Aged Tholin ...... 187 

5.5 CID of 416 m/z in the New Tholin Mixture ....................................... 193 



 

 

xiv
5.6 CID of 377 m/z in the Aged Tholin Mixture ...................................... 195 

5.7 CID of 378 m/z in the Aged Tholin Mixture ...................................... 197 

5.8 CID of Benzene Containing Molecules the Aged Tholin Mixture .... 199 

 

 



 

 

xv
LIST OF TABLES 

1.1 Photochemical Reactions in Titan’s Atmosphere .................................. 4 

4.1 Compounds Identified the SPME Extraction of Tholins T1 and T2 . 145 

5.1 Compounds Identified in an Aged Tholin with 18-Crown-6 Ether .... 191 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xvi
NOMENCLATURE 

DART. Direct Analysis in Real Time 

MS. Mass Spectrometry 

Tholin. Same as Simulated Titan Aerosol 

PDN. Pulsed Discharge Nozzle 

COSmIC. NASA Ames cosmic simulation chamber 

RADI. Reagent Assisted Desorption Ionization 

CID. Collision Induced Dissociation 

ESI. Electrospray Ionization 

DC. Direct Current 

PPG. Poly(propylene glycol) 

SPME. Solid Phase Microextraction 

GC. Gas Chromatography 

TIC Total Ion Chromatogram 

EIC Extracted Ion Chromatogram 

EI Electron Impact 

 

 

 

 

 


