
THE UNIVERSITY OF CHICAGO

CONDENSED PHASE ADSORPTION AND REACTIVITY: EXTRATERRESTRIAL ICES,

ISOTOPIC ENRICHMENT, OLEFIN OXIDATION, AND NERVE AGENT SIMULANTS

A DISSERTATION SUBMITTED TO

THE FACULTY OF THE DIVISION OF THE PHYSICAL SCIENCES

IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF CHEMISTRY

BY

MICHELLE BRANN

CHICAGO, ILLINOIS

AUGUST 2022



Copyright © 2022 by Michelle Brann

All Rights Reserved



Table of Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Main UHV Chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Chamber Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Reflection Absorption Infrared Spectroscopy (RAIRS) . . . . . . . . . . . 6
2.2.2 X-ray Photoelectron Spectroscopy (XPS) . . . . . . . . . . . . . . . . . . 9
2.2.3 King and Wells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 The Supersonic Beamline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 Time-of-Flight (TOF) Analysis . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.2 Beam Flux Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.3 Stainless Steel Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.4 Radio Frequency (RF) Plasma Source . . . . . . . . . . . . . . . . . . . . 17

2.4 Sample Manipulation and Preparation . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.1 He-cooled Sample Manipulator . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.2 Surface Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.3 Thin Film Deposition and Characterization . . . . . . . . . . . . . . . . . 20

3 Sticking Probability of High-Energy Methane on Crystalline, Amorphous, and Porous-
Amorphous Ice Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 King and Wells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3.2 Sticking Probabilities for CI, np-ASW, and p-ASW . . . . . . . . . . . . . 31
3.3.3 Amorphous Films, Varied Porosity . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Acetone-Water Interactions in Crystalline and Amorphous Ice Environments . . . . . . . 42
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3.1 Acetone Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.2 Low Coverage Acetone on Water Films of Varying Thickness . . . . . . . 50

iii



4.3.3 Acetone Interaction with CI, np-ASW, and p-ASW Ice Films . . . . . . . . 51
4.3.4 Acetone Interaction with p-ASW Films, Increased Porosity . . . . . . . . . 55
4.3.5 Acetone in a Non-Porous Water Matrix, Concentration Effects . . . . . . . 59

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Differential Condensation of Methane Isotopologues Leading to Isotopic Enrichment Un-
der Non-equilibrium Gas-Surface Collision Conditions . . . . . . . . . . . . . . . . . . 62
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3.1 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.3.2 Procedure for the Chemical Dynamics Simulations . . . . . . . . . . . . . 73
5.3.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6 Reaction Kinetics and Influence of Film Morphology on the Oxidation of Propene Thin
Films by O(3P) Atomic Oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.3.1 Spectral Evidence of Reactivity and Product Formation . . . . . . . . . . . 84
6.3.2 Effect of Surface Temperature . . . . . . . . . . . . . . . . . . . . . . . . 89
6.3.3 Effect of Propene Film Structure . . . . . . . . . . . . . . . . . . . . . . . 95

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

7 Rapid Laser-Induced Temperature Jump Decomposition of the Nerve Agent Simulant Di-
isopropyl Methylphosphonate under Atmospheric Conditions . . . . . . . . . . . . . . . 104
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.3.1 FTIR Product Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.3.2 Effects of Varying Surface Temperature . . . . . . . . . . . . . . . . . . . 112
7.3.3 Effects of Varying Atmospheric Oxygen . . . . . . . . . . . . . . . . . . . 114
7.3.4 Mechanism of Destruction . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

A Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
A1 Experimental Section (Chapter 2) . . . . . . . . . . . . . . . . . . . . . . . . . . 119
A2 Sticking Probability of High-Energy Methane on Crystalline, Amorphous, and

Porous-Amorphous Ice Films (Chapter 3) . . . . . . . . . . . . . . . . . . . . . . 121
A3 Acetone-Water Interactions in Crystalline and Amorphous Ice Environments (Chap-

ter 4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
A4 Differential Condensation of Methane Isotopologues Leading to Isotopic Enrich-

ment Under Non-equilibrium Gas-Surface Collision Conditions (Chapter 5) . . . . 140
A4.1 VENUS Input Information . . . . . . . . . . . . . . . . . . . . . . . . . . 157

iv



A4.2 Preliminary Analysis of VENUS Trajectories . . . . . . . . . . . . . . . . 183
A5 Reaction Kinetics and Influence of Film Morphology on the Oxidation of Propene

Thin Films by O(3P) Atomic Oxygen (Chapter 6) . . . . . . . . . . . . . . . . . . 187
A6 Rapid Laser-Induced Temperature Jump Decomposition of the Nerve Agent Sim-

ulant Diisopropyl Methylphosphonate under Atmospheric Conditions (Chapter 7) . 208
A7 Copyright Attribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

v



List of Figures

2.1 Schematic of the main chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Theoretical description of RAIRS . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 RAIRS schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Representative King and Wells experiment . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Schematic of the supersonic molecular beamline . . . . . . . . . . . . . . . . . . . . 12
2.6 Representative TOF-MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.7 Representative beam flux calibration for a neat O2 beam . . . . . . . . . . . . . . . 17

3.1 Infrared spectra of D2O ices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2 Isothermal desorption of CH4 from crystalline, non-porous amorphous, and porous

amorphous ice films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3 Sticking probabilities for CH4 on porous, non-porous, and crystalline D2O films . . . 32
3.4 Ballistic embedding barrier for porous films . . . . . . . . . . . . . . . . . . . . . . 33
3.5 D2O RAIR spectra during CH4 exposure and anneal . . . . . . . . . . . . . . . . . . 35
3.6 Sticking probabilities for CH4 impinging on porous D2O films . . . . . . . . . . . . 36
3.7 CH4 uptake and fractional coverage on porous films . . . . . . . . . . . . . . . . . . 37

4.1 Crystalline, non-porous amorphous, and porous amorphous D2O ices . . . . . . . . . 47
4.2 RAIR spectra of acetone on Au(111) at 68 K . . . . . . . . . . . . . . . . . . . . . . 49
4.3 Sub-monolayer acetone on top of np-ASW and CI D2O films . . . . . . . . . . . . . 51
4.4 RAIR spectra of acetone on top of CI, np-ASW and p-ASW D2O films at 68 K . . . 52
4.5 Integrated OD dangling bond intensity for CI, np-ASW and p-ASW D2O before and

after exposure to acetone at 68 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.6 RAIR spectra of acetone on top of p-ASW D2O films at 20 K . . . . . . . . . . . . . 56
4.7 Integrated OD dangling bond intensity for p-ASW D2O films before and after expo-

sure to acetone at 20 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.8 RAIR spectra of acetone diluted in a np-ASW matrix at 108 K . . . . . . . . . . . . 60

5.1 Sticking probabilities for CH4 and CD4 on a CD4 film at 20 K . . . . . . . . . . . . 68
5.2 Sticking probabilities for CH4 and CD4 on a CH4 film at 20 K . . . . . . . . . . . . 69
5.3 Representative RAIR spectra of CD4 (a) and CH4 (b) ν4 bending mode as a function

of exposure time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.4 Confirmation of increased condensation of CD4 on CH4 as a function of incident

methane velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.5 Sticking probabilities calculated from the number of CH4 and CD4 direct and ph-

ysisorption scattering trajectories on a CH4 layered surface at 20 K . . . . . . . . . . 74
5.6 Sticking probabilities calculated from the number of CH4 and CD4 direct and ph-

ysisorption scattering trajectories on a CD4 layered surface at 20 K . . . . . . . . . . 75
5.7 Enrichment of the heavier isotope (CD4) into a mixed condensed film at higher beam

velocities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.1 RAIR spectra of a 66-layer propene film before and after exposure to O(3P) . . . . . 85
6.2 Decrease in the integrated area of the γw peak upon exposure to O(3P) . . . . . . . . 86

vi



6.3 Integrated areas of the γw peak corresponding to 66, 100, and 170-layer thick propene
films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.4 Increase in the integrated area of the propylene oxide and propanal peaks upon ex-
posure O(3P) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.5 TPD of a 46-layer propene film after O(3P) exposure . . . . . . . . . . . . . . . . . 89
6.6 Initial reaction rates and activation energy for the disappearance of propene . . . . . 90
6.7 Reported mechanism for the O(3P) reaction with condensed propene . . . . . . . . . 91
6.8 Initial reaction rates and activation energy for propylene oxide and propanal formation 92
6.9 Changes in the CH region associated with terminal and central carbons . . . . . . . . 94
6.10 Spectral differences between amorphous and crystalline propene films . . . . . . . . 96
6.11 Oxidative reactivity of amorphous and crystalline propene films . . . . . . . . . . . 98
6.12 Activation energy for the propene amorphous to crystalline transition . . . . . . . . . 100
6.13 Consumption of the γw mode during O(3P) exposure . . . . . . . . . . . . . . . . . 102

7.1 Sarin and diisopropyl methylphosphonate chemical structures . . . . . . . . . . . . . 106
7.2 Joint atmospheric and high-vacuum apparatus . . . . . . . . . . . . . . . . . . . . . 108
7.3 Processing of representative ablated DIMP mass spectra . . . . . . . . . . . . . . . . 110
7.4 Representative ablated DIMP spectra . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.5 Relative production of ethylene and propene as a function of laser ablation power . . 113
7.6 Increase in ethylene and acetylene production at higher laser powers . . . . . . . . . 114
7.7 Decrease in oxygenated products as available oxygen decreases . . . . . . . . . . . . 115

A1.1 Raw RGA data for Figure 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
A1.2 Raw TOF data for Figure 2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
A1.3 Raw TOF data for Figure 2.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
A2.1 Raw RAIR spectrum for Figure 3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A2.2 Raw RAIR spectrum for Figure 3.2a - CI Films . . . . . . . . . . . . . . . . . . . . 122
A2.3 Raw RAIR spectrum for Figure 3.2b - np-ASW Films . . . . . . . . . . . . . . . . . 123
A2.4 Raw RAIR spectrum for Figure 3.2c and d - p-ASW Films . . . . . . . . . . . . . . 124
A2.5 Raw King and Wells data for Figure 3.3 - CI films . . . . . . . . . . . . . . . . . . . 125
A2.6 Raw King and Wells data for Figure 3.3 - np-ASW films . . . . . . . . . . . . . . . 126
A2.7 Raw King and Wells data for Figure 3.3 - p-ASW films . . . . . . . . . . . . . . . . 127
A2.8 Raw RAIR spectrum for Figure 3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
A2.9 Raw RAIR spectrum for Figure 3.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
A2.10 Raw King and Wells data for Figure 3.6 - 60◦ films . . . . . . . . . . . . . . . . . . 130
A2.11 Raw King and Wells data for Figure 3.6 - 70◦ films . . . . . . . . . . . . . . . . . . 131
A2.12 Raw King and Wells data for Figure 3.6 - Background films . . . . . . . . . . . . . . 132
A2.13 Raw King and Wells data for Figure 3.7 . . . . . . . . . . . . . . . . . . . . . . . . 133
A3.1 Raw RAIR spectrum for Figure 4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
A3.2 Raw RAIR spectrum for Figure 4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
A3.3 Raw RAIR spectrum for Figure 4.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
A3.4 Raw RAIR spectrum for Figure 4.4a-c . . . . . . . . . . . . . . . . . . . . . . . . . 137
A3.5 Raw RAIR spectrum for Figure 4.4d-f . . . . . . . . . . . . . . . . . . . . . . . . . 137
A3.6 Raw RAIR spectrum for Figure 4.6a-c . . . . . . . . . . . . . . . . . . . . . . . . . 138
A3.7 Raw RAIR spectrum for Figure 4.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

vii



A3.8 Raw RAIR spectrum for Figure 4.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
A4.1 Raw King and Wells data for Figure 5.1 - CH4 on CD4 . . . . . . . . . . . . . . . . 140
A4.2 Raw King and Wells data for Figure 5.1 - CD4 on CD4 . . . . . . . . . . . . . . . . 141
A4.3 Raw King and Wells data for Figure 5.2 - CH4 on CH4 . . . . . . . . . . . . . . . . 142
A4.4 Raw King and Wells data for Figure 5.2 - CD4 on CH4 . . . . . . . . . . . . . . . . 143
A4.5 Raw RAIR spectrum for Figure 5.3 - CD4 and CH4 . . . . . . . . . . . . . . . . . . 144
A4.6 Raw RAIR spectrum for Figure 5.4 - CH4 at 2358 m/s . . . . . . . . . . . . . . . . . 145
A4.7 Raw RAIR spectrum for Figure 5.4 - CH4 at 3660 m/s . . . . . . . . . . . . . . . . . 146
A4.8 Raw RAIR spectrum for Figure 5.4 - CH4 at 4159 m/s . . . . . . . . . . . . . . . . . 147
A4.9 Raw RAIR spectrum for Figure 5.4 - CH4 at 4685 m/s . . . . . . . . . . . . . . . . . 148
A4.10 Raw RAIR spectrum for Figure 5.4 - CD4 at 2556 m/s . . . . . . . . . . . . . . . . . 149
A4.11 Raw RAIR spectrum for Figure 5.4 - CD4 at 3685 m/s . . . . . . . . . . . . . . . . . 150
A4.12 Raw RAIR spectrum for Figure 5.4 - CD4 at 4159 m/s . . . . . . . . . . . . . . . . . 151
A4.13 Raw RAIR spectrum for Figure 5.4 - CD4 at 4619 m/s . . . . . . . . . . . . . . . . . 152
A4.14 Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 2293 m/s . . . . . . . . . . . 153
A4.15 Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 3595 m/s . . . . . . . . . . . 154
A4.16 Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 4123 m/s . . . . . . . . . . . 155
A4.17 Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 4276 m/s . . . . . . . . . . . 156
A4.18 Orientation averaged CH4 (beam) – CH4 (surface) intermolecular potential . . . . . 161
A4.19 Orientation averaged CH4 (beam) – CH4 (surface) intermolecular potential, refined

potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
A4.20 CH4 and CD4 sticking probabilities on a layered CH4 surface at 20 K, refined potential183
A4.21 Total kinetic energy (eV) distribution of CH4 and CD4 scattering off a CH4 surface

at 20 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
A4.22 Angular (θf ) distribution of CH4 and CD4 scattering off a CH4 surface at 20 K . . . 185
A4.23 Residence time (ps) distribution of CH4 and CD4 prior to scattering off a CH4 surface

at 20 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
A5.1 Raw RAIR spectrum for Figure 6.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
A5.2 Raw RAIR spectrum for Figure 6.2 and 6.4 . . . . . . . . . . . . . . . . . . . . . . 188
A5.3 Raw RAIR spectrum for Figure 6.3 - 35-46 layers . . . . . . . . . . . . . . . . . . . 189
A5.4 Raw RAIR spectrum for Figure 6.3 - 100 layers . . . . . . . . . . . . . . . . . . . . 190
A5.5 Raw RAIR spectrum for Figure 6.3 - 155-170 layers . . . . . . . . . . . . . . . . . . 191
A5.6 Raw RAIR spectrum for Figure 6.3 - 240 layers . . . . . . . . . . . . . . . . . . . . 192
A5.7 Raw TPD spectrum for Figure 6.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
A5.8 Raw RAIR spectrum for Figure 6.6 and 6.8 - 44 K . . . . . . . . . . . . . . . . . . . 194
A5.9 Raw RAIR spectrum for Figure 6.6 and 6.8 - 49 K . . . . . . . . . . . . . . . . . . . 195
A5.10 Raw RAIR spectrum for Figure 6.6 and 6.8 - 54 K . . . . . . . . . . . . . . . . . . . 196
A5.11 Raw RAIR spectrum for Figure 6.6 and 6.8 - 59 K . . . . . . . . . . . . . . . . . . . 197
A5.12 Raw RAIR spectrum for Figure 6.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
A5.13 Raw RAIR spectrum for Figure 6.10 . . . . . . . . . . . . . . . . . . . . . . . . . . 198
A5.14 Raw RAIR spectrum for Figure 6.11 . . . . . . . . . . . . . . . . . . . . . . . . . . 199
A5.15 Raw RAIR spectrum for Figure 6.12 - 50 K . . . . . . . . . . . . . . . . . . . . . . 200
A5.16 Raw RAIR spectrum for Figure 6.12 - 51 K . . . . . . . . . . . . . . . . . . . . . . 201
A5.17 Raw RAIR spectrum for Figure 6.12 - 51.5 K . . . . . . . . . . . . . . . . . . . . . 202
A5.18 Raw RAIR spectrum for Figure 6.12 - 52 K . . . . . . . . . . . . . . . . . . . . . . 203

viii



A5.19 Raw RAIR spectrum for Figure 6.12 - 53 K . . . . . . . . . . . . . . . . . . . . . . 204
A5.20 Raw RAIR spectrum for Figure 6.12 - 54 K . . . . . . . . . . . . . . . . . . . . . . 205
A5.21 Raw RAIR spectrum for Figure 6.12 - 55 K . . . . . . . . . . . . . . . . . . . . . . 206
A5.22 Raw RAIR spectrum for Figure 6.13 . . . . . . . . . . . . . . . . . . . . . . . . . . 207
A6.1 Raw MS for Figure 7.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
A6.2 Raw FTIR spectrum for Figure 7.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
A6.3 Raw FTIR spectra for Figure 7.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
A6.4 Raw MS for Figure 7.6 -1440 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
A6.5 Raw MS for Figure 7.6 - 2140 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
A6.6 Raw MS for Figure 7.6 - 2830 K and Figure 7.7 - 1× 10−6 Torr . . . . . . . . . . . 214
A6.7 Raw MS for Figure 7.7 - 2× 10−7 Torr . . . . . . . . . . . . . . . . . . . . . . . . 214
A6.8 Raw MS for Figure 7.7 - 3× 10−9 Torr . . . . . . . . . . . . . . . . . . . . . . . . 215

ix



List of Tables

5.1 Parameters of the Lennard Jones 12-6 atom-atom interactions . . . . . . . . . . . . . 73

7.1 Normalized product ratios following DIMP ablation . . . . . . . . . . . . . . . . . . 117

A.1 VENUS Input File Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
A.2 Methane Surface Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

x



Acknowledgments

Thank you to my committee members Sarah and Andrei, for supporting me in my scientific and

departmental endeavors.

Thank you to Maria, Melinda, Vera, Tanya, and Vera for everything you do behind the scenes so

that I’m able to focus on my research.

Thank you to Bentley and John for keeping the lights on and ensuring that my chamber bounces

back from any building irregularities.

Thank you to the Sibener group (Sibener-ites, Sibe-nerds): Kevin, Grant, Kevin (K2), Jon, Darren,

Jeff, Jacob, Becca, Ross, Tim, Sarah B., Ali, Julia, Rachael, Sarah W., Caleb, Josh, Stephen, Blake,

Jasper, Mark, and Michael. What a group of absolute winners and I’m glad we shared time in the

windowless basement together.

Thank you to Becca, for teaching about our instrument and all of its quirks in such good spirits.

You allowed me to fail and learn in an encouraging environment. I couldn’t have asked for a better

lab partner or afternoon walking buddy.

Thank you Tim and Rachael, for appreciating my sass and always providing life and experimental

wisdom.

Thank you Ali, for being my first graduate school (and Sibener group) friend and making the first

year coursework bearable.

Thank you to my advisor Steve Sibener, who immediately convinced me to move to Chicago and

join the group. You’ve given me the space to grow as an independent scientist while also providing

life and experimental advice while needed.

Thank you to Cece, Maria, and Milena. You’ve made Chicago feel like home and I always look

forward to our camping trips and overly competitive game nights.

Thank you to the movie night crew (Baroui, Fauzia, Josh, Kim) for making me an honorary Park

group member and providing enough commentary that I can follow a Marvel movie. I’m glad we
xi



encourage each other to take breaks and enjoy good food.

Thank you to Addie, Diana, Korin, Olivia, Raji, Rebecca, Regan, Sinead, and Teddy for accept-

ing me with all my quirks. You’ve all kept me sane from afar and I’m fortunate that our deep

conversations have continued beyond high school and college.

Thank you to my dad for always being so proud, providing freedom to explore, and teaching me

the art of working hard and playing hard.

Thank you to my mom for encouraging my curiosity, to read, and go after opportunities you never

dreamed possible. Although you won’t have the opportunity to read this thesis, I know that you

never doubted that I would finish my PhD.

Thank you to David for being competitive, but also a built in friend and comrade. I’m so lucky to

have a twin to go through the world of science with.

Thank you Prajwal for always being my number one fan even from across an ocean. I love that

you never doubt what I’m capable of and are always encouraging me to go after my dreams. I’m

so grateful for our life together and look forward to the future.

xii



Abstract

This thesis probes interfacial dynamics of complex molecular thin films. This work is focused on

sticking and hydrogen bonding of small molecules on and in astrophysical ices, differential con-

densation of isotopologues, oxidation of an important industrial alkene, and thermal destruction

of a chemical warfare agent. While these systems vary greatly, they all focus on elucidating how

film structure and morphology impact adsorption and reactivity. When examining different astro-

physical ices (crystalline, non-porous amorphous solid water, and porous amorphous-solid water),

we find that ice morphology vastly changed the interaction with small hydrocarbons. Not only do

the pores allow more multiple collisions yielding a higher sticking probability for methane, the

undercoordinated water molecules in the porous films form more hydrogen bonds with acetone.

When switching away from ices to methane isotopologues, we determine that film composition

vastly impacts adsorption behavior. By making a small mass adjustment from methane to heavy

methane, we find that there is preferential condensation for heavy methane (CD4). This finding,

confirmed from both experimental as well as novel theoretical gas-surface chemical trajectory sim-

ulations indicates a better energy transfer for the heavier isotopologue. We next focus on a larger

hydrocarbon (propene) to facilitate increased chemical complexity upon exposure to oxygen. We

conclude that oxygen is only able to diffuse through and react with the ordered film indicating the

important role that film structure and morphology play in limiting reactivity even for reactions with

low barriers. Lastly, we determined the mechanism for the destruction of the nerve agent simu-

lant, diisopropyl methylphosphonate (DIMP), under atmospheric and oxygen depleted conditions

which can directly inform chemical warfare mitigation strategies.

xiii



Chapter 1

Introduction

The studies in this thesis all probe condensed phase chemistry occurring on a surface∼crystal∼

under ultra high vacuum. The low pressure ultra high vacuum environment (Chapter 2) ensures

that the surface is free from other gases that could interfere with the system of interest. Condensed

phase systems are ubiquitous in nature and have important applications in astrophysical, isotopic

enrichment, industrial chemical production, and national defense, but are also much more compli-

cated than their gas phase counter parts. For condensed phase systems, the neighboring molecules

may impact reaction barriers and branching ratios. Additionally, the film structure can vary in mor-

phology to allow or impede reactant diffusion thereby changing sticking probability and reactivity.

As evident throughout the chapters in this thesis the condensed phase systems all vastly impact the

reaction dynamics in a manner that would not be present in the gas phase.

In Chapter 3 we examine how water ice morphology can impact the initial adsorption and

embedding behavior for gaseous high energy projectiles. Measuring sticking probability is im-

portant since it is often the first step before any recombination or addition reactions can occur

resulting in more complex organic molecules. We find that more methane ended up sticking onto

the porous amorphous solid water films compared to nonporous or crystalline films and that this

sticking probability is not dependent on the pore size or orientation relative to the substrate. This

indicates that that porous films are more efficient at dissipating energy and that the morphology

of frozen films may greatly impact the uptake and thus subsequent concentration and reactivity of

adsorbates, outgassing of comets, and thermal and electrical processing.

In Chapter 4, we examine how water ice morphology impacts substrate interactions and hy-

drogen bonding. We find that there is increased hydrogen bonding interactions between acetone

and porous amorphous solid water films as compared to acetone and the nonporous or crystalline

films. Since there was a reduction of hydrogen bonding that occurs for even more porous films,

we conclude that acetone is unable to diffuse within the water structure and access surface sites

with dangling bonds in the pores. This is further evidence that morphology of the ice critically
1



impacts not only adsorption behavior, but also the strength of surface-adsorbate interactions and

thus, subsequent reactivity of incident molecules.

In addition to film structure impacting impacting adsorption and surface-adsorption interac-

tions, there can also be differential condensation due to slight mass differences between the con-

densate and projectile. As discussed in Chapter 5, we examine the initial sticking probabilities

for methane and heavy methane on methane and heavy methane surfaces using both experimental

as well as numerical simulations. We find that preferential sticking and condensation occurs for

heavy methane when striking the surface in comparison to the outcome for methane. We concluded

this from both experimental as well as theoretical gas-surface chemical trajectory simulations. On-

going work (Appendix Subsection A4.2) is exploring this model system in more detail to provide

insight into energy transfer and lattice vibrations. Aside from astrophysical applications, this result

offers a new method for isotope enrichment via preferential condensation of heavier isotopes and

isotopes and formed the basis for a patent application.

To further understand how order and structure in condensed films can impact reactivity, we

next examine the oxidative reactivity of thin films of propene in Chapter 6. There is a particu-

lar interest towards propene epoxidation due to its industrial importance. We found that propene

readily reacts with ground state atomic oxygen (O(3P)), to form the epoxide and propanal. More-

over, propene film thickness and ordering in the multilayer does influence oxygen penetration and

mobility within the film, and therefore the resulting product formation. This emphasizes the limita-

tions of condensed-phase astrophysical reactions that rely on reactant diffusion; film composition,

morphology, and thickness can significantly limit reactivity despite low reaction barriers.

Finally, in Chapter 7 we employ a novel setup to explore the destruction of the nerve agent

simulant DIMP under atmospheric conditions. This work is connected to ongoing efforts within

the Defense Threat Reduction Agency to detect and remove dangerous organophosphonate com-

pounds such as Sarin and previous studies in the Sibener Group under vacuum conditions.1,2 We

found that under rapid laser heating conditions, that smaller products are more abundant at higher

ablation temperatures. Additionally, oxygen plays a significant role in simulant degredation and is

2



incorporated directly into the product of the fragmented simulant. Such knowledge can be imple-

mented into chemical warfare agent mitigation strategies.
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Chapter 2

Experimental Methods

2.1 Main UHV Chamber

All experiments in this thesis except for those in Chapter 7 are performed in an ultrahigh

vacuum (UHV) chamber (TNB-X, Perkin Elmer) with a base pressure of 10−10 Torr as measured

by a Baynard-Alpert nude ion gauge. This base pressure was slightly higher (10−9) Torr for the ice

experiments in Chapter 3 and Chapter 4 due to frequent dosing of water. The chamber pressure

is maintained by 260 L s −1 turbomolecular pump (HiPace 300, Pfeiffer Vacuum), backed by a 3

L s−1 dry scroll pump (nXDS10i, Edwards Vacuum). There is also additional cryopumping due

to a cold sample manipulator (down to 18 K) that increases the chamber’s pumping capacity and

helps to keep a low base pressure.

As shown in Figure 2.1, the UHV chamber contains a suite of different analytical techniques

and sample configures in situ. In the center is a 1 cm2 Au(111) single-crystal, the sample substrate

for all experiments performed in this chamber. The crystal is mounted on a five-axis manipu-

lator (x-, y-, and z-translation, polar rotation, and precession around a small internal diameter).

The chamber is divided into two vertical levels. The lower level (Figure 2.1, left), is situated so

that the crystal is aligned to allow for concurrent exposure to the supersonic molecular beam and

analysis via Reflection Absorption Infrared Spectroscopy (RAIRS, Subsection 2.2)). This is the

default crystal configuration since it enables collection of detailed, time-resolved data of dynamics

occurring on the surface. Also on this level is a quadrupole mass spectrometer (QMS; QMG 112,

Balzers) for performing time-of-flight analysis and characterizing the molecular beam (Subsection

2.3.1). Aside from the beam there are two ports to introduce gases into the chamber: the directed

doser (MDC), and the leak valve (Varian). The directed doser is the main method of depositing

water onto the crystal. The leak valve, located at the back of the chamber, is commonly used to

backfill the chamber with Ar during sputtering (Subsection 2.4.2), but also saw use in Chapter 3

as an additional method to dose water with a unique morphology onto the crystal. The details of
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Figure 2.1: Schematic of the main chamber. The instrumentation in the main chamber is in two
vertical levels. The lower layer (left) is used for RAIRS and molecular beam exposure. The upper
level (right) is used for XPS, sputtering, and mass spectrometry.

A - Molecular beam source G - Au(111) sample M - MCT/A detector
B - Chopper (beam modulation) H - Directed doser N - X-ray source
C - Flag for timing exposure I - Leak valve O - Cylindrical mirror analyzer
D - Differential pumping stages J - Inline QMS P - Ion gun for sputtering
E - Rotatable flag K - RAIRS optics Q - Residual gas analyzer
F - UHV chamber L - FTIR spectrometer

film preparation are discussed in more detail in Subsection 2.4.3.

The upper level (Figure 2.1, right), is used for X-ray photoelectron spectroscopy (XPS, Sub-

section 2.2.2) and sample cleaning via Ar+ ion sputtering (Subsection 2.4.2). It also contains a

second mass spectrometer (RGA 300, Sanford Research Systems) that is used for residual gas mon-

itoring, temperature programmed desorption, and the King and Wells measurements (Subsection

2.2.3).
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2.2 Chamber Instrumentation

As discussed in the previous section (Section 2.1), the UHV chamber contains optics for

RAIRS, a flag for King and Wells, an X-ray source, and a differentially pumped supersonic molec-

ular beamline. These components work in concert to analyze species entering the chamber, and

probe reaction dynamics of films on the surface of the Au(111) crystal. RAIRS and King and

Wells are used throughout this thesis to fully characterize adsorption and reactivity of these films

and will be discussed below. XPS is also briefly discussed although it is not the main analytical

technique of choice.

2.2.1 Reflection Absorption Infrared Spectroscopy (RAIRS)

Reflection Absorption Infrared Spectroscopy (RAIRS) follows the principles as Fourier Trans-

form Infrared Spectroscopy (FT-IR), but uses a highly reflective-metallic surface and glancing

angle IR to probe thin films. In addition to providing spectroscopic information for films down to

a monolayer thickness, RAIRS also provides orientation of molecules on the substrate.

In general, the intensity of an IR absorption band increases with the strength of the electric

field causing that absorption.3 However, for a highly reflective-metallic surface, the incident IR

wave combines with the reflective wave from the electric field at the surface, producing a standing

wave that induces the IR absorption.4 The strength of this standing wave on the surface is a result

of the polarization of the incident light beam as well as the incident angle. In order to get signifi-

cant signal, RAIRS requires p-polarized radiation. The phase shift for s-polarized light is always

180 degrees regardless of the incident angle resulting in no standing wave at the surface (Figure

2.2a).4 However, for p-polarized radiation there is constructive interference for the electric field

components which results in a net signal enhancement.5

Greenler6 mathematically solved boundary conditions of the electric and magnetic field for

both s and p-polarization radiation for a metal covered by a thin isotropic, homogenous adlayer.

As shown in (Figure 2.2c) below7 for p-polarized radiation, the reflectance changes as a function

6



Figure 2.2: Theoretical description of RAIRS. (a) Only p-polarized light can generate an ap-
preciable standing wave at the surface of a reflective substrate. (b) Dipoles must be oriented per-
pendicular to the surface in order to be detected by RAIRS. (c) Maximum reflectance is observed
when using p-polarized radiation at oblique incident angles (reproduced from ref. [6]).

of incident angle by the following Equation 2.1:

4RP
RP

=
8πl

λ
sinφ tanφ Im

{
− 1

ε2

}
(2.1)

In Equation 2.1 l is the thickness of the adlayer, λ is the wavelength of the radiation, φ is the angle

of incidence, and ε2 is the complex dielectric constant of the adsorbed layer. This expression veri-

fies (Figure 2.2c) and confirms that when using p-polarized radiation, the max signal enhancement

occurs when φ the angle of incidence, is ∼ 87◦.8
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One consequence of using a metallic substrate and examining solid adsorbates is that the radi-

ation by a molecule adsorbed on a metal surface is also influenced by the dielectric behavior of the

metal as well as an interaction between the electric field and molecule’s dipole moment.9 A metal

requires that the potential is equivalent across the surface since the electric field inside a perfect

conductor is zero at electrostatic equilibrium.10 To maintain this behavior, we can imagine that a

molecular dipole appearing on the surface induces an equal and opposite image dipole below the

surface. This leads to screening and cancelling out of dipole moments parallel to the surface, and

imposes a strict surface selection rule (Figure 2.2b).11

Second, the RAIRS surface selection rule is confirmed when considering the absorption inten-

sity:12

E • µ =| E || µ | cosθ (2.2)

In Equation 2.2 above, θ is the angle between the direction of polarization of the electric field

vector (E) and the direction of the dipole vector (µ). Due to this cos θ term parallel vectors (θ = 0)

result in a maximum absorption intensity, while perpendicular vectors (θ = 90◦) result in zero

absorption intensity. When employing p-polarized light, the incident electric field is normal to the

surface; therefore, dipoles that are aligned with the surface (90◦ relative to the incident light) will

result in no absorption intensity (Figure 2.2b). RAIRS can only detect modes that are IR active

and have component of their dipole perpendicular to the surface.13 Thus, RAIRS uniquely allows

for identification of different average molecular orientations within the film in addition to chemical

species identification and environmental interaction discernible from FT-IR.

The RAIRS setup takes into account these considerations by using a reflective Au(111) sub-

strate, and optics in order to get maximum signal enhancement by employing p-polarized light that

is perpendicular to the substrate prior to incidence at a glancing angle. As shown in Figure 2.3

Infrared light from a commercial FT-IR spectrometer (Nicolet 6700, Thermo Fischer Scientific) is

polarized and focused in a nitrogen-purged area outside of the UHV chamber. Afterwards, the light

enters the UHV chamber where custom parabolic mirrors on the diving board direct the polarized

light so that the beam is focused onto the crystal at incident angle of 75◦. The reflected light is

8



Figure 2.3: RAIRS schematic. Infrared light is polarized and focused (Input Beam #1) where it
enters the UHV Chamber. Inside there are a series of parabolic mirrors (M1-M5) that direct the
light to the center of the crystal and back out of the chamber into the MCT/A detector (P1).

directed outside of the chamber and detected using a liquid-nitrogen cooled mercury cadmium tel-

luride detector (MCT/A) which provides high signal intensity over the 4000 - 650 cm−1 spectral

range. For this thesis, spectra are averages of 50-500 scans obtained using 2 or 4 cm−1 resolution.

2.2.2 X-ray Photoelectron Spectroscopy (XPS)

We primarily use XPS to qualitatively obtain chemical composition information about the thin

films studied and to check for crystal cleanliness after sputtering. XPS is a surface-sensitive tech-

nique based on the photoelectric effect. In general, a beam of X-ray photons bombards the surface

with enough energy to eject core electrons from the first 10-20 angstroms of the sample into vac-

uum. Due to energy conservation, the measured kinetic energy (KEelec) of the ejected electrons

can be used to determine the characteristic binding energies (EB).14,15 Although the work func-

tion (φspec) is unknown, we take that into account by normalizing all spectra to the assignment of

the 4f5/2 and 4f7/2 photoemission peaks of gold at 87.63 and 83.95 eV, respectively:16

KEelec = hv − EB − φspec (2.3)

Each element has unique core electron binding energies, so XPS can provide a complete el-

9



emental analysis of the surface. Additionally, chemical bonding and other such molecular in-

teractions can change these binding energies, which makes XPS data useful in characterizing a

molecule’s chemical environment.

For XPS, we expose the sample to X-rays with an average energy of 1486.6 eV from a Al Kα

X-ray source (04-153, Perkin Elmer) positioned at 45◦ from the sample. We detect the energy

of ejected electrons by a cylindrical mirror analyzer (15-255G, Perklin Elmer) approximately 1-2

inches from the crystal surface. It is important to note that X-ray irradiation can damage thin films.

Thus, XPS was primarily used to confirm initial characterization for films that were subsequently

discarded or for reacted films at the end of an experiment and is often not presented in this the-

sis. XPS, however, was commonly employed after sputtering (Subsection 2.4.2) to check for the

presence of impurities on the Au(111) crystal.

2.2.3 King and Wells

King and Wells is a standard vacuum technique that measures the sticking probability for a

gaseous molecule onto a surface of interest.17,18 King and Well is the main method of data col-

lection for the methane study in Chapter 3. Generally, this beam reflectivity technique is used

to accurately measure coverage-dependent sticking probabilities as well as provide information

about binding affinity.19 As will be discussed later on in Chapters 3 and 5, we employed King

and Wells to gain information about initial sticking for the first few molecules incident on to the

D2O substrate or CH4 or CD4 substrate.

We conduct a typical King and Wells experiment using a RGA out of line with the beam to

collect signal intensity for the desired mass as a function of time. A representative trial for CH4 on

top of D2O is shown in Figure 2.4 where m/z=15 for CH4. The experiment begins with monitoring

the background signal prior to introducing any CH4 into the chamber (P1). Next, the CH4 beam is

introduced into the chamber, but with a flag in front of the substrate. This pressure rise is the full

indirect CH4 flux (P2). Then the flag is removed, at which point CH4 molecules begin sticking to

the surface (P3). The initial sticking probability (S) is thus calculated as:

10



Figure 2.4: Representative King and Wells experiment. CH4 signal (m/z=15) monitored with
the RGA during a representative King and Wells experiment conducted at a surface temperature of
33.5 K. P1 (orange) is the background CH4 signal; P2 (blue) is the full CH4 flux with flag blocking
the substrate; P3 (pink) is CH4 adsorption with flag removed.

S =
(P2 − P3)

(P2 − P1)
(2.4)

Over time, the CH4 signal rises back up to the blocked value as the available surface sites

become filled and CH4 can no longer adsorb onto the surface. More specific details about this

type of measurement on the CH4/ice system will be discussed in Chapter 3 and the CH4/CD4 ice

system will be discussed in Chapter 5.

2.3 The Supersonic Beamline

The main UHV chamber is connected via a manually operated gate valve to a triply-differentiated

pumped supersonic molecular beamline. The supersonic beamline is technique commonly used

in both gas and condensed phase research20 and generates collimated, collision-free atoms or

molecules with well-defined kinetic energies. Additionally, supersonic beamlines are highly cus-

tomizable with regards to the molecule and energy of interest.

Our particular setup, shown in Figure 2.5, consists of one source chamber followed by two

additional chambers of differential pumping. The beam first expands into the source chamber and

11



Figure 2.5: Schematic of the supersonic molecular beamline. The gas in the beamline expands
through the nozzle to travel through a skimmer, two differentially pumped chambers, and into the
main UHV chamber. The chopper in the 1DC modulates the beam for time-of-flight analysis by
the in-line QMS.

passes through conical skimmer (0.5 mm, Gentry) that is located 7 mm from the beam nozzle exit

aperature. The source chamber contains a 8000 L s−1 diffusion pump (VHS-400, Varian) that is

backed by a 19 L s−1 single-stage rotary vane pump (Duo 65 MC, Pfeiffer Vacuum) coupled to

a 175 L s−1 Roots blower (WKP 500AM, Pfeiffer Vacuum) to maintain a base pressure of 5 ×

10−7 Torr with the beam off (no gas flow). After passing through the skimmer which selects for

the centerline of the beam, the gas travels through the first and second differential chambers (1DC

and 2DC). In the 1 DC, there is a 1200 L s−1 diffusion pump (VHS-4, Varian), while the 2DC

has a 200 L s−1 turbomolecular pump (TPU-240, Pfeiffer Vacuum). Both chambers are backed

together by 7 L s−1 dual stage rotary vane pump (Duo 20 M, Pfeiffer Vacuum) which maintain

base pressures of 2 × 10−8 and 3 × 10−9 for the 1DC and 2DC respectively. Lastly, the beam

travels through a 2.3 mm aperature into the main chamber where the beam spot size on the crystal

is approximately 2 mm.

12



2.3.1 Time-of-Flight (TOF) Analysis

For each experiment involving beam exposure, we characterize the velocity and energy dis-

tributions of the gas species with a standard time-of-flight (TOF) techniques using an in-line

quadrupole mass spectrometer (QMS, QMG 112, Balzers). Beam modulation occurs by a variable-

speed, mechanical shopping wheel located in the 1DC. The chopper rotates at a frequency of 100

Hz. Such modulation is from a RC circuit that splits the output from a frequency signal generator

(651A Test Oscillator, Hewlett-Packard) into two 90◦ out-of-phase signals. After amplification by

a stereo receiver (XGA-3000, Gemini), the signals travel to a hystersis-synchronous motor that

drives the chopper. The chopper is mounted on a linear motion vacuum feedthrough that can be

manually adjusted with a micrometer to easily adjust into patterns for for beam modulation or out

of the beam’s path during experiments. Although there are multiple patterns, the work in this thesis

only uses the 50% duty-cycle square waveform, and the 1% duty cycle single shot waveform.

For TOF studies of the beam’s component’s, the 1% duty cycle modulation chops the beam into

packets that travel 116.2 cm downstream into the QMS detector in-line with the beam in the back

of the UHV chamber. The signal then passes through a 90◦ off-axis secondary electron multiplier

(SEM; QMA 120), a pre-amplification stage (VT120, Ortec), and additional amplification (Model

771, Phillips Scientific) and discrimination stages (Model 123, LRS), prior to being counted with

a multi-channel analyzer (MCS-PLUS-OPT2, Ortec) in the computer. Counting is triggered by

an infrared LED passing through the same chopper slit as the beam and and is detected with a

photodiode (United Detector Technologies).

As seen in Figure 2.6, the QMS collects raw signal intensity as a function of time. The first

step to get a velocity distribution is to convert the time data on the x-axis to velocity by dividing the

beam path distance (L, 116.2 cm) by the time. The raw signal intensity in counts must be converted

to counts per second (cps) based on the known counting bin’s size set by the MCA. Next, the signal

is converted from the time (t) to the velocity (v) domain using the Jacobian transformation:

n(t)dt = n

(
L

t

)
dv(t) = −L

t2
n(v)dt (2.5)

13



Figure 2.6: Representative TOF-MS. Raw signal intensity is converted to the velocity domain,
plotted as a function of beam velocity and energy, and fit to the appropriate theoretical probability
distribution (see text). 1% CH4 seeded in H2 at 400 K is chosen as an example.

n(v) ∼ n(t)

v2
(2.6)

We then divide this value by velocity a third time to account for the inverse proportionally between

the QMA’s detector ionization efficiency and velocity. This is due to the factor that the detector

measures particle number density which varies with velocity.

n(v) ∼ n(t)

v2
=

[
nden(t)/v2

]
v

=

[
nden(t)/v3

]
(2.7)

Following this processing, the data are ultimately fit to the theoretical velocity distribution for a

supersonic molecular beam,21 to determine the average velocity. It is important to note that the

above analysis does not include deconvolution for the finite width of the chopper slit. Since the slit

width is much smaller than the measured beam distribution widths, it is appropriate to neglect.

n(v) ∼ v3exp

[
(v − v02)

a2

]
(2.8)
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2.3.2 Beam Flux Analysis

In addition to knowing the beam velocity, it is also necessary to calculate the flux (# of

molecules) in the beam hitting the surface per second in order to accurately determine kinetic

processes on the surface during exposure. Since we often use seeded, multi-component beams,

we have to first calibrate to a neat beam containing the gas of interest. To do so, we monitor the

pressure rise in the chamber with a nude Bayard-Albert ion gauge calibrated to N2. After waiting

for the pressure to reach a steady value, we can assume that molecular flow into and out of the

chamber (by pumping) are equivalent.Then, the gas flow rate (Q) can be defined as the change in

pressure volume over the change in time:22

Q =
d(PV )

dt
(2.9)

Assuming constant pressures, the flow rate can be simplified and rearranged using the ideal gas

law. The volumetric flow rate dV
dt is equivalent to the pumping speed S, a known value for any

commercial pump on our instrument.

Q =
dV

dt
=
dN

dt

1

kT
= P · S (2.10)

Additionally, the flux into the chamber (Φ, cm−2, s−1) is defined as the change in number of

molecules per unit time per unit area (dNdt
1
A), so that Equation 2.10 can be written as:

Φ =
P · S
kT · A (2.11)

Here, P is the change in pressure upon introduction of the beam into the chamber, and A is the

beam spot size on our crystal. However, in order to get a quantitative value for Φ, we still need to

make two additional corrections. We have to take into account for the variable sensitivity of the

ion gauge (using the ratio of the ionization cross sections for N2 and the gas of interest). Then, we

change S into an “effective pumping speed” that accounts for the conductance (C) of the chamber
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geometry leading to the pump inlet:

1

EPS
=

1

C
+

1

S
(2.12)

Our chamber is connected to the turbomolecular pump via one cylindrical tube, so C under molec-

ular flow conditions is:23,24

C(L s−1) = 3.81

(
T

m

)1/2(D3

L

)1/2

(2.13)

In Equation 2.13 m is the molar mass of the species of interest, and D and L are the diameter and

length of the cylindrical tube, both in cm.

Φ (molecules cm−2 s−1) =
EPS · P · σN2

σgas/N2

kT · A (2.14)

Once we establish these values, we calculate the flux using Equation 2.14 for a range of beam

pressures and relate them linearly to either RGA- measured pressure values at the component’s

parent mass or the integrated area of a TOF curve. An example of this calibration is shown in

Figure 2.7 for a beam of O2.

2.3.3 Stainless Steel Source

The instrument’s beamline has two interchangeable beam sources. The first beam source used

in Chapter 3, Chapter 4, and Chapter 5 is a traditional supersonic source able to produce intense,

tunable, high-energy beams of small molecules. The beam nozzle is machined from a 1
4” VCR

gland and has an exit aperture customized from Mo or Pt pinholes ranging from 15 - 30 µm (3.04

mm O.D. electron microscope apertures, Ted Pella). Our nozzle is setup for resistively heating to

reach beam temperatures of 1000-1100 K. We wrap the entire nozzle in a tight coil of thermocoax

((1 Nc I 10) and cover it with tantalum sheet secured by copper ties to ensure even, efficient heating.

We monitor and control the temperature via a Type K thermocuple spot-welded on the front of the
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Figure 2.7: Representative beam flux calibration for a neat O2 beam. The calculated flux (see
text for the full details) is plotted against the TOF peak area (collected experimentally with the
QMS) for a particular gas. We use this linear relationship to calculate flux for experiments using
seeded beams where flux cannot be determined directly from the pressure rise in the chamber.

nozzle next to the aperture. The output of this thermocouple is fed into a feedback loop with a

temperature controller (CN76000, Omega) and DC power supply.

2.3.4 Radio Frequency (RF) Plasma Source

Aside from the traditional beam source, there is a second source, used in Chapter 6, that gen-

erates intense beams of ground state atomic oxygen (O3P). To produce a high flux of these species,

a gas mixture of 5% O2 in Ne travels through a custom-designed, water-cooled quartz nozzle of

the plasma source.25 Prior to exiting the nozzle and traveling downstream into the chamber, a ra-

dio frequency discharge ignites the gas, causing dissociation from O2 in O(3P). Additional ionic

species (O2+, O+, Ne+) are removed from the beam by a pair of 2000 V cm−1 deflecting plates

located in the 1DC chamber. Under all conditions of this thesis, we do not detect these species

downstream in the beam. We also note that upon dissociation there is the possibility to produce

other neutral species in the beam (O1D2), but we select against that by using relatively low RF

powers (100-200 W) and stagnation pressures (<100 Torr).26 For each experiment, we also per-
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form a blank trial with a neat Ne beam in which we observe no reactivity, indicating that there isn’t

any metastable Ne. Thus, the only components of our beam source are Ne, O2, and the desired

O(3P).

During typical operation, the beam source routinely produces discharges that contain 25-40%

O2 dissociation to O(3P). To determine the extent of dissociation we monitor the relative QMS

signal intensities (square-wave modulation) of O2 (m/z = 32) and atomic oxygen (m/z = 16) in the

beam with the plasma on and off. The reason that we collect both is that even with the plasma

off, there is still some signal of m/z=16 that results from the dissociation detachment of O2 in the

QMS. The relative intensities with the plasma off can calculated by taking the ratio of 16/32 in the

following equation:

ηL =
I16
I32

=
CQ16[NO2

σD]

CQ32[NO2
σO2

]
(2.15)

In Equation 2.15 above,NO2
andNO are the number densities of O2 and O, respectively. Q32 and

Q16 are the quadrupole transmission coefficients at those masses, and C is an unknown empirical

constant related to our experimental setup. The two cross-sections refer to the ionization of O2

(σO2
, 1.52 Å2 ) and the dissociative detachment of O2 (σD, 0.88 AA2):27

O2 + e−
σD−−→ O+ +O + 2e− (2.16)

O2 + e−
σO2−−→ O+

2 + 2e− (2.17)

With the plasma on, atomic oxygen is a second source of signal intensity for m/z =16. Thus, the

relative intensities with the plasma can be calculated as such:

ηH =
I16
I32

=
CQ16[NO2

σD] + CQ16[NOσO]

CQ32[NO2
σO2

]
(2.18)

A third cross section is introduced, corresponding to the ionization of O (σO, 1,15 AA2):27
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O + e−
σO−−→ O+ + 2e− (2.19)

To ultimately calculate the dissociation, we are interested in the relative number density between

O and O2. This quantity is called R and can be solved for by dividing Equation 2.15 by Equation

2.18 and rearranging:

R =
N16

N32
=

(
ηH
ηL
− 1

)(
σD
σO

)
(2.20)

The percent dissociation is then just R
R+1 , and we can use this relationship to convert the measured

O2 flux (see Subsection 2.3.2 for more details about this procedure) to O(3P) flux.

2.4 Sample Manipulation and Preparation

In general for the studies in this thesis, the substrate is passive participant in the observed

chemistry. During our experimental preparation, we are mainly concerned with making sure that

the crystal is clean, doesn’t contain impurities, and that its temperature is easily controlled. As

mentioned in Section 2.2, all experiments (aside from those in Chapter 7) are performed using

a single-crystal Au(111). Au(111) was chosen for being highly reflective (important for RAIRS),

oxidation resistant, and unreactive in vacuum under our experimental conditions. We deposited

multilayer films of interest such as water, methane, and propene on top of the substrate.

2.4.1 He-cooled Sample Manipulator

The main chamber contains a recently upgraded custom-designed manipulator and commercial

recirculating liquid helium cryostat (204P, Advanced Research Systems). With this setup, the

sample can reach temperatures as low as 18 K and as high as 800 K which enables deposition of p-

ASW (see Section 3.2) and sputter/anneal cycles to clean to substrate (see Subsection 2.4.2). The

cold head of the cryostat can easily be removed for bake out without disrupting the manipulator in
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vacuum. The assembly is connected to the chamber via differentially-pumped rotary seal (RNN-

400, Thermionics Vacuum Products) to enable polar rotation of the sample. The cryostat itself is

also mounted above a low-vibration interface, which reduces movement at the sample caused by

the circulating cryostat (DMX-20B, Advanced Research Systems) and allows for RAIR spectra

collection.

2.4.2 Surface Preparation

Between oxidation experiments in Chapter 6, cleaning of the Au(111) substrate occurred in

vacuum to ensure homogeneity and maintenance of the 111 structure. Specifically, the crystal

temperature was raised to 770 K while backfilling the chamber with 1 − 2 × 10−5 Torr Ar. The

substrate was then bombarded with 1 kV Ar+ ions for 15 minutes by an ion source directed at the

crystal. Following sputtering, we confirm crystal cleanliness by the absence of carbon or oxygen

in XPS traces.

2.4.3 Thin Film Deposition and Characterization

For our setup, there are multiple ways to dose a thin film on the Au(111) substrate each with its

own benefits and tradeoffs. The first method, used in Chapter 4 and Chapter 6 is beam dosing.

Beam dosing is the most precise method since with a cold enough crystal (making the sticking co-

efficient of the gas = 1). the dosed gas will only be on the crystal and not elsewhere in the chamber.

Dosing this way enables more precise temperature programed desorption (TPD) experiments and

quantifiable kinetic analysis. However, a challenge with beam dosing is that it can be quite slow

(on the order of hours) especially when using small beam pinhole sizes (necessary for good beam

expansions) and low volatility gases. When we needed thick water films (> 200 ML) in Chapter

3 and Chapter 4, it made sense to switch to directed dosing. Our doser is approximately 4 cm

from the crystal so although this dosing method gave us thick, even films after only a few minutes,

it negatively added more water into the chamber. Thus, not only did we have to wait for water

to pump out prior to starting an experiment, we also increased our chamber water background
20



pressure requiring more frequent chamber bakes.

Our last dosing method, background dosing, is employed infrequency since it leaks even more

gas into the chamber resulting in chamber contamination and higher base pressures. Commonly

used for backfilling Ar in sputtering cycles (Subsection 2.4.2), the leak valve located at the back

of the chamber is easily customizable to leak in other molecules of interest. For instance, we

background dosed water in Chapter 3 to gain a film with a desired morphology. More generally,

however, we use background dosing to quantify the deposition rate for molecules that cannot be

used via the beam. We want to use RAIR signal intensity as a measure for film thickness, but

first have to calibrate the signal to a controlled dose at a known flux. For instance, we know that

a monolayer of water is 1.06 × 1015 molecules.28 Thus, if we cool the crystal to a temperature

at which water sticks with unit and backfill the chamber to a constant background pressure of 1

× 10−7 Torr, we know that our growth rate is roughly 0.1 layers of water per second.29–31 Then,

we can easily compare this with the growth of RAIR signal intensity, for daily film thickness

quantification.
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Chapter 3

Sticking Probability of High-Energy Methane on Crystalline, Amorphous,

and Porous-Amorphous Ice Films

We present research detailing the sticking probability of CH4 on various D2O ices of terrestrial and

astrophysical interest using a combination of time-resolved, in situ reflection absorption infrared

spectroscopy (RAIRS) and King and Wells mass spectrometry techniques. As the incident trans-

lational energy of CH4 increases (up to 1.8 eV), the sticking probability decreases for all ice films

studied, which include high-density, non-porous amorphous (np-ASW) and crystalline (CI) films

as well as porous amorphous (p-ASW) films with various pore morphologies. Importantly, stick-

ing probabilities for all p-ASW films diverge and remain higher than either np-ASW or CI films at

the highest translational energies studied. This trend is consistent across all porous morphologies

studied and does not depend on pore size or orientation relative to the substrate. It is proposed that

in addition to offering slightly higher binding energies, the porous network in the D2O film is very

efficient at dissipating the energy of the incident CH4 molecule. These results offer a clear picture

of the initial adsorption of small molecules on various icy interfaces; a quantitative understand-

ing of these mechanisms is essential for the accurate modeling of many astrophysical processes

occurring on the surface of icy dust particles.
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3.1 Introduction

Examining molecular and atomic adsorption onto frozen water ices is necessary to create ac-

curate models of the chemical and physical processes occurring in atmospheric and terrestrial en-

vironments.32,33 Furthermore, understanding the interactions between gas molecules and different

molecular ices can help to classify the composition and the history of complex multicomponent

ices.34 Adsorption on icy surfaces, in astrophysical environments for instance, is a critical first

step in a variety of recombination and addition reactions, some resulting in the formation of small

organic molecules.35,36

Ice can exist in a variety of crystalline and amorphous forms. Crystalline (CI) water ice with

its hexagonal lattice is the most common form of snow and ice on Earth37 and can also be found

in warmer astrophysical environments.38 Amorphous solid water (ASW), on the other hand, is the

most abundant form of water in astrophysical environments .39 and is present in comets, planetary

rings, and interstellar clouds.29 ASW can be classified into two types: high-density nonporous (np-

ASW) and low-density porous (p-ASW) based on its pore structure.40 In general, ASW morphol-

ogy plays a significant role in the adsorption of volatile gas species within astrophysical ices.41–43

Although not yet found in such environments, p-ASW can exist as the result of heterogeneous

molecular synthesis occurring on dust grains in the interstellar medium (ISM).44 Exposure to

ultraviolet light, x-rays, cosmic radiation, or thermal processing can also induce morphological

changes in astrophysical ices.33,42,44,45 Over time and as a result of these processes, ASW ices

can become CI and vice versa. Because of this, there is interest in understanding the precise role

of surface morphology in gaseous adsorption.46

Ice can exist in a variety of crystalline and amorphous forms. Crystalline (CI) water ice with

its hexagonal lattice is the most common form of snow and ice on Earth37 and can also be found

in warmer astrophysical environments.38 Amorphous solid water (ASW), on the other hand, is the

most abundant form of water in astrophysical environments .39 and is present in comets, planetary

rings, and interstellar clouds.29 ASW can be classified into two types: high-density nonporous (np-

ASW) and low-density porous (p-ASW) based on its pore structure.40 In general, ASW morphol-
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ogy plays a significant role in the adsorption of volatile gas species within astrophysical ices.41–43

Although not yet found in such environments, p-ASW can exist as the result of heterogeneous

molecular synthesis occurring on dust grains in the interstellar medium (ISM).44 Exposure to

ultraviolet light, x-rays, cosmic radiation, or thermal processing can also induce morphological

changes in astrophysical ices.33,42,44,45 Over time and as a result of these processes, ASW ices

can become CI and vice versa. Because of this, there is interest in understanding the precise role

of surface morphology in gaseous adsorption.46

This work uses high-energy projectiles to examine adsorption mechanisms on various astro-

physical ices. A particular focus is on porous amorphous water ices, and how the pore structure

influences the energy accommodation and uptake of incident molecules. In general, a molecule

impacting a surface adsorbs if it loses enough of its kinetic energy to the lattice upon impact.47

Accurate measurements of sticking probabilities are essential because a higher sticking probability

can lead to greater observed reactivity as has been shown for a variety of molecules on amorphous

ices.48

We present the first study examining the sticking probability of CH4 as a function of transla-

tional beam energy on p-ASW of varying porosities, np-ASW, and CI D2O ice films under ultra-

high vacuum (UHV) using the King and Wells method and molecular beam techniques.17 Molec-

ular beams enable tunable control of incident energy, and thus precise knowledge of the sticking

process.49 CH4 was chosen primarily due to its known presence in many astrophysical environ-

ments, including its potential incorporation in icy clathrates found in outer solar system bodies

such as Titan.44,50,51 Within those environments, reactions involving CH4 can be a significant

contributor to the formation of complex organic molecules.52 Additionally, CH4 will hopefully

allow us to exclusively probe adsorption phenomena, because its light mass and lower momenta

may preclude direct embedding underneath the surface.30,53,54 We demonstrate that for the highest

energy beam (1.8 eV), the sticking probability is higher for p-ASW than np-ASW and CI ices. For

the p-ASW ices, we also determine that there is no difference in sticking probability as a result of

increased porosity.
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Our results build upon previous work in our group focused on the sticking probability of D2O

and H2O on CI for incident translation energies ranging from 0.3 to 0.7 eV.55 The sticking prob-

ability was near unity for those measurements and did not change as a function of water ice mor-

phology or surface temperatures ranging from 140 to 155 K. By using CH4 and expanding the

water ice morphology to include amorphous water ices with and without pores as well as higher

incident translational energies, our measurements provide a more complete understanding of the

dynamics of sticking between projectiles and water ices. Such work is critical to creating accurate

models of these processes occurring in atmospheric and terrestrial environments between water

ices and CH4. By examining the initial part of the uptake process, these results provide insight into

the adsorption-desorption equilibrium for ices in the troposphere.56 Beyond these astrophysical

and environmental applications, the adsorption of molecules into solid materials is an important

first step in many dynamic processes at interfaces in fields such as photo-catalysis, radiation chem-

istry, waste processing, and advanced materials synthesis.41 Many commercial catalysts are porous

within these fields; these pore structures enable efficient sticking and transport of molecules.57

3.2 Experimental

All experiments were conducted in a molecular beam scattering instrument that was previously

discussed in full detail.55 Generally, this instrument consists of a UHV chamber with base pres-

sures of 10−10 Torr connected to a triply differentially pumped molecular beamline. Inside the

chamber, a state-of-the-art helium-cooled sample manipulator (Advanced Research Systems) en-

ables precise and accurate temperature control of the Au(111) sample substrate between 20 K and

800 K. The crystal is exposed to the beam and monitored in real time with optics for in-situ reflec-

tion absorption infrared spectroscopy (RAIRS). Gas scattering and incident flux is also monitored

with a residual gas analyzer (RGA).

All RAIR spectra are analyzed with Gaussian peaks atop either linear or cubic baselines, de-

pending on the region. Spectra were acquired with a Nicolet 6700 infrared spectrophotometer

(Thermo Fisher) using incident p-polarized IR radiation at an angle of 75◦ to the Au(111) crystal
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and a liquid nitrogen cooled mercury cadmium telluride (MCT/A) detector. Each RAIR spectrum

is an average of 70-200 scans taken using 4 cm−1 resolution with a clean Au(111) sample for the

background. For ice preparation, D2O was chosen (rather than H2O) due to its preferable O-D

stretch frequency that avoids overlap with the ν3 methane mode.58–60

D2O films were produced via directed doser at a 30◦ angle and approximately 4 cm from the

Au(111) crystal. D2O was typically leaked in at a pressure of 2.0× 10−9 Torr, leading to an aver-

age growth rate of 0.5 ML/min.28 The ice films used in this study were between 150 and 300 layers

thick. Film thickness was determined by backfilling the UHV chamber to a pressure of 1.0× 10−7

Torr D2O, which corresponds to a growth rate of 0.1 ML/s. RAIR spectra were collected at regu-

lar time intervals during exposure, which allowed for direct quantification of film thickness from

integrated intensity of the large O-D stretch between 3600 cm−1 and 2800 cm−1.61,62 Figure

3.1 shows a typical normalized O-D stretch for the three different ice films used in this study.

Following literature precedent and as a result of D2O molecule coordination differences among

these films, this region can be used to distinguish p-ASW, np-ASW, and CI films.63 In particular,

the interface of p-ASW films contains a significant fraction of three- and two-coordinated surface

D2O molecules (“dangling bonds”) that can be clearly resolved spectroscopically at 2725 cm−1

and 2740 cm−1 respectively. Though also present in the np-ASW film, this dangling bond region

is much lower intensity, reflecting the large difference in surface areas between porous and non-

porous films.59,64–66 The temperature of the substrate during dosing dictates the water ice mor-

phology; the substrate temperatures used for ice growth were 150 K for CI, 107 K for np-ASW,

and 25 K for p-ASW.38,39

ASW films with increased porosity were produced by changing the angle of the directed doser

relative to surface normal.29,67,68 The films used in this study were produced at 30◦, 60◦, or 70◦

as well as via background deposition. As characterized by Stevenson et. al.,29 porosity increases

with deposition angle, so the D2O films dosed at 30º are less porous than those grown at 60◦ or

70◦.69 The pores also grow with an orientation that matches deposition angle.67 Although films

produced via background deposition (backfilling the chamber with water vapor) are as porous as
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Figure 3.1: Infrared spectra of D2O ices. Normalized infrared spectra of the O-D stretch dis-
tinguish porous amorphous (p-ASW, red), non-porous amorphous (np-ASW, blue), and crystalline
(CI, yellow) D2O ices on Au(111) dosed at 25 K, 107 K, and 150 K, respectively. The inset
demonstrates that while dangling O-D modes are observed for both ASW films, they are signifi-
cantly more intense in the p-ASW films.

those grown at 70◦, the water molecules approach the surface with thermal energy and random

angular orientation resulting in non-uniform pore orientation and size.67,68 The intensities of the

dangling bond spectroscopic signals are known to roughly scale with porosity, so RAIR spectra can

be used to qualitatively confirm that ices with different porosities have been formed.70,71 Unless

otherwise specified in this work, “p-ASW” refers to our default porous film grown at 30◦, and

porous films grown at other deposition angles (60, 70 and background) will be identified as such.

CH4 beams were produced by expanding 1% CH4 in H2 or neat CH4 at stagnation pressures

of 200-400 psi through a 10 µM molybdenum pinhole. Resistively heating the beam nozzle from

room temperature to 970 K resulted in CH4 translational energies of up to 0.3 eV for the neat

CH4 beam and up to 1.8 eV for the CH4 beam seeded in H2. The translational energy distribution

widths (∆E/E) ranged from 12% to 21%. Translational energies were measured by time-of-flight

(TOF) using a mechanical chopper (a rotating slotted disk) to modulate the beam prior to detec-

tion with an in-line quadrupole mass spectrometer (QMS). For one experiment (investigating the

impact of embedding phenomena), CF4 beams were produced by expanding 1% CF4 in H2 at
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stagnation pressures of 300-500 psi through a 20 µM molybdenum pinhole. Resistively heating

the beam nozzle temperature to over 950 K resulted in a CF4 translational energy of 5.3 eV with a

∆E/E≈40%.

The CH4 or CF4 flux was determined by first measuring the pressure rise with a nude Bayard-

Albert ion gauge calibrated to N2 for a neat CH4 or CF4 beam open to the chamber.72 The flux was

then calculated by taking into account the relative gauge sensitivity to CH4 and N2
73,74 or CF4

and N2,73,75along with the chamber pumping speed, and the spot size of the beam on the Au(111)

crystal. Using neat beams at varied stagnation pressures the calculated fluxes were correlated to a

pressure rise for m/z=15 (CH4) or for m/z=69 (CF4) measured by a RGA not in line with the beam.

A linear regression then enabled a conversion between measured RGA pressure and total CH4 and

CF4 flux. Typical beam fluxes for the CH4 and CF4 beams were 2.21× 1013 atoms cm−2 s−1 and

1.27 × 1014 atoms cm−2 s−1, respectively. All beam exposures in this study were performed at

normal incidence.

As described in Subsection 2.2.3, sticking probability was determined using the King and

Wells technique.17,18 In order to conduct multiple trials with a given film, the ice was first annealed

to 70 K for 30 minutes. While this reduced porosity slightly, it ensured that repeated King and

Wells cycles did not further alter the film morphology throughout the day.57,67,76 To explore the

generalizability of our results, the sticking probabilities for CH4 on np-ASW, p-ASW, and CI

H2O films were also examined. We note that for all the CH4 translational energies studied, the

sticking probability values were the same as those observed for D2O ices; we did not observe any

significant isotopic effect at our experimental resolution, as has been previously detected between

D2O impinging on H2O and D2O ices.77
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3.3 Results

3.3.1 King and Wells

King and Wells measurements of initial sticking probabilities were performed on a prepared

ice substrate held at 33.5 K for all results presented in this study. This temperature choice reflects a

number of important considerations related to both the nature of the CH4/D2O interaction and the

King and Wells method itself. As discussed by He et al., there are three potential challenges with

performing King and Wells measurements for this ice system.46 First, the liquid helium cooling

of the sample manipulator may impact the pumping speed of the chamber, thereby altering the

reflected portion of the beam at different sample temperatures. We avoid this by taking all mea-

surements at a single sample temperature, where the unknown improvement in chamber pumping

speed is consistent across experiments. Second, because CH4 interacts with the ice surface via

weak dispersion forces rather than direct chemisorption, these experiments require low surface

temperatures. Furthermore, ice surfaces have a wide range of binding sites and binding ener-

gies.66,67,78,79 These two factors present a second challenge; a well-defined saturation of the CH4

reflected signal might be difficult to observe over short exposure time scales. And although full

reflection may ultimately be observed with long exposures, CH4 desorption as well as finite ad-

sorption of background H2O and D2O at these low temperatures over long timescales compete to

prevent signal saturation. As such, all initial sticking probability measurements referenced herein

are calculated using the initial CH4 indirect flux rather than the value at saturation (after surface

sites are filled). These considerations, therefore, are mitigated by our experimental setup.

Beyond the aforementioned considerations, we are also specifically interested in quantifying

the initial sticking probabilities in the low coverage, sub-monolayer regime. This is desirable

because the concentrations of small molecules in the ISM are typically quite low.80 Moreover, we

want to eliminate any contribution from multilayer sticking, which occurs more readily in porous

films, even at higher surface temperatures.57,69 As such, the desired temperature regime should

be high enough to restrict all sticking to sub-monolayer.67 In light of these considerations, 33.5 K
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was selected as the surface temperature of interest. At this temperature, however, the monolayer is

not perfectly stable on the surface. While this does not impact the measurements of initial sticking

probabilities, CH4 surface coverage at long exposure timescales will reflect contributions from both

adsorption and desorption. By explicitly quantifying and accounting for the rates of desorption, we

also account for the third concern with King and Wells measurements, which is that they typically

do not have the time resolution to distinguish between molecules that are directly reflected from

the surface and those that adsorb for a short time and then desorb again.

As shown in the top panels of Figure 3.2a-c, quantification of the monolayer was established

via isothermal desorption experiments for each ice film. After dosing a multilayer film of CH4 at

20 K, the integrated area of the degenerate ν4 mode was tracked over time at an elevated tempera-

ture.60,81–83 A distinct slope change is observed when multilayer desorption changes to monolayer,

thereby allowing for an approximate quantification of monolayer thickness. The bottom panels of

Figure 3.2a-c show that when the surface is held at 33.5 K (as during a King and Wells experi-

ment), the total amount of adsorbed CH4 reaches a maximum far below the respective monolayer

thickness for each type of ice film. Measured desorption rates for all films at 33.5 K are similar

in magnitude to the incident CH4 flux, so this steady-state maximum indicates that only a small

fraction of the monolayer is stable on the surface over long timescales (as shown in Figure 3.2c in

pink).

Figure 3.2 highlights another important feature of this system, which is that the monolayer

thickness (and uptake at 33.5 K) on the porous film is significantly higher than uptake on either CI

or np-ASW films (likely due to the increased surface area).84 This effect has been well-documented

previously – Kimmel et. al. demonstrated, for example, that a 50 layer film of p-ASW deposited

at 30◦ sees a total CH4 adsorption of 2 monolayer equivalents.67 On this basis one might expect,

therefore, that a 185 layer film (as used in Figure 3c) would likewise adsorb roughly 7-8 monolay-

ers of CH4. Indeed, the data show that the p-ASW monolayer adsorption is almost exactly 8 times

that of the CI and np-ASW films. Similarly, steady-state adsorptions at 33.5 K are on the order of

1014 CH4 cm−2 on the porous films and 1013 CH4 cm−2 on crystalline and non-porous films.
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Figure 3.2: Isothermal desorption of CH4 from crystalline, non-porous amorphous, and
porous amorphous ice films Isothermal desorption of CH4 from crystalline (CI, a), non-porous
amorphous (np-ASW, b) and porous amorphous (185 layers, c) ice films (top) allows for quantita-
tive estimation of monolayer thickness, as measured via the integrated absorbance of the ν4 mode.
Growth of the same peak area during exposure at 33.5 K (bottom) confirms that the amount of
adsorbed CH4 is significantly less than a full monolayer for each type of ice. This is also demon-
strated in the corresponding RAIR spectra for desorption a 25 K (blue, d) and 33.5 K (pink, d)

3.3.2 Sticking Probabilities for CI, np-ASW, and p-ASW

Measured sticking probabilities for CH4 on crystalline (CI), non-porous (np-ASW), and porous

(p-ASW) D2O films are displayed in Figure 3.3. Clearly, as the CH4 incident energy increases,

the observed trend on the porous film diverges from both CI and np-ASW; sticking probabilities

remain significantly higher for the porous film. This divergence will be discussed in further de-

tail below. First, however, it is important to note that crystalline and non-porous films display

nearly identical sticking probability trends throughout the range of incident energies studied. This

insensitivity to morphology (CI versus np-ASW) has been observed in other experimental and the-

oretical systems, including D2O sticking on H2O and D2O,50 H2O sticking on H2O,47 and CO

sticking on H2O.37,85 The theoretical work of Al-Halabi et. al., for example shows not only that

the sticking of CO is nearly equal between np-ASW and CI H2O films, but also an exponential

decay of sticking probability with incident translational energy that is roughly comparable to that
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measured in this study.76

Figure 3.3: Sticking probabilities for CH4 on porous, non-porous, and crystalline D2O films.
Sticking probability decreases for all films as incident CH4 energy increases, but remains higher
for the porous (red) film (films held at 33.5 K). Error bars represent the standard deviation of at
least three measurements on at least two different days.

It is important, when discussing adsorption to both porous and non-porous films, to elucidate

the contribution of any penetration of the incident CH4 into the bulk ice. Previous work in this

lab has identified a significant activated uptake channel for incident projectiles in the ice bulk

(termed “embedding”).37 After investigating this process for a range of molecules in np-ASW

H2O, a clear momentum barrier for this channel was established (embedding probabilities in CI

films were significantly lower than those observed for np-ASW). In general, the momenta reached

in the current study (using the relatively light CH4) are well below this barrier, so no embedding

is expected in either np-ASW or CI films. There is, however, the question of whether the use of

D2O (rather than H2O) or a more porous ice morphology will effectively lower this barrier, making

direct comparisons of sticking probabilities across films more challenging. To examine this, both

porous and non-porous D2O ice films were exposed to beams of 5.3 eV CF4. CF4 was selected

because it has a higher mass and has been successfully used in previous embedding experiments

in this lab. All such ballistic embedding experiments were performed with the films held at 70
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Figure 3.4: Ballistic embedding barrier for porous films. a) RAIR spectra collected throughout
CF4 exposure show clear signal growth at 1276 and 1257 cm−1. (b) The integrated area of these
CF4 peaks is proportional to the amount of CF4 that remains embedded in the surface. Both
p-ASW and np-ASW films show similar rates of uptake, indicating that the barrier for ballistic
embedding into porous films matches that established in previous works for non-porous films.
This figure highlights the trend for a porous film deposited at 30◦ from surface normal, but there
are no significant differences in embedding rates for any of the porous films studied in this work.

K so as to mimic ice preparation conditions used during sticking probability experiments and to

preclude a significant surface adsorption channel for CF4 on the ice. RAIR spectra were collected

at regular intervals during exposure to quantify the increase in stable, embedded CF4 within the ice

film (Figure 3.4a). These growth rates closely match data collected in previous works, indicating

no major differences between D2O and H2O ice films (Figure 3.4b). Furthermore, the rates of

embedding are nearly identical for both p-ASW and np-ASW. Therefore, we expect the previously

reported momentum barrier for np-ASW to hold for p-ASW, preventing CH4 embedding in all of

the ice films discussed herein. Indeed, RAIR spectra collected during anneal cycles to 70 K after

King and Wells experiments (as well as RGA monitoring of ice desorption at the end of the day)

confirm that there is no discernible uptake of CH4 into the ice bulk; all CH4 is surface adsorbed.

Though we have demonstrated that there are no differences in embedding phenomena, there are

other ways in which CH4 may interact differently with the p-ASW structure, thereby impacting the

observed sticking probability. First, we observe no discernible sputtering of the water film by the
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CH4 beam. Though sputtering of astrophysical ices has been reported, the impinging species in

these works are typically either charged and/or significantly higher in energy.30,53 In other words,

we don’t expect the momentum transfer for the CH4/D2O system to be significant enough to desorb

water molecules from the surface, nor is there any possibility for electronic sputtering. Secondly,

there is also a large body of research investigating the impact of fast, heavy ions on the morphology

of ice films. Specifically, high energy ions (mimicking the effect of cosmic rays) have been shown

to compact the pores of vapor-deposited ices.86–90 Even the relatively low energy release of H2

recombination (4.5 eV) on the surface of ice can have a similar compaction effect.91–94 Though

it appears unlikely, it is important to investigate the possible impact that CH4 may have on the

morphology of the porous D2O films used in this study. Figure 3.5 depicts representative regions

from RAIR spectra of the film before, during, and following CH4 exposure. Upon exposure to

CH4 (Figure 3.5a), there is a slight red shift in intensity of the dangling O-D mode (Figure 3.5b).

This shift is well documented in FTIR studies of sequential CH4/H2O depositions, and indicates

that some of the surface D2O molecules are coordinating with the adsorbed CH4.64 After anneal-

ing the sample back to 70 K following the experiment, however, all CH4 desorbs and there are

no lasting changes in the O-D stretch or the dangling O-D peaks. This indicates that the water

film height, morphology, and porosity are not impacted by CH4 sticking experiments, even at the

highest energies studied (1.8 eV).
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Figure 3.5: D2O RAIR spectra during CH4 exposure and anneal. RAIR spectra of D2O films
are unchanged by CH4 exposure and subsequent anneal. During exposure, some CH4 adsorbs to
the surface (a) and the dangling O-D stretching mode is slightly red-shifted (b). Annealing to 70
K removes all CH4 and leaves the original D2O film unchanged.

3.3.3 Amorphous Films, Varied Porosity

In the previous section, we established that sticking probabilities of CH4 are higher for p-ASW

films than either np-ASW or CI films at high incident energies. This comparison, however, only

includes porous films deposited at 30◦ relative to surface normal. Figure 3.6 depicts the sticking

probabilities for CH4 on a variety of porous films, including those deposited via directed doser (at

30◦, 60◦, and 70◦ from surface normal) as well as via background deposition. Surprisingly, there

is no strong variation in sticking probabilities for CH4 on any of these films, despite the expected

differences in pore orientation and film density.58,66

To further understand these results, it is possible to quantify CH4 coverage on a given surface

during a period of exposure and compare it across films. We can estimate the amount of adsorbed
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Figure 3.6: Sticking probabilities for CH4 impinging on porous D2O films. Sticking proba-
bilities are shown for CH4 impinging on porous D2O films held at 33.5 K, deposited via directed
doser at 30◦ (red), 60◦ (green), and 70◦ (gray) relative to surface normal as well as via background
deposition (purple). For the incident energies studied, there are no clear differences in sticking
probabilities for these films. Error bars represent the standard deviation of at least three measure-
ments on at least two different days.

CH4 at a given time t1 using the following equation:

NCH4
= (P2 − P1)(t1 − t0)−

∫ t1

t0

P (t) (3.1)

In Equation 3.1, P2 is the indirect CH4 flux when the beam is blocked from the substrate, P1

is the background CH4 pressure when the beam is closed, and t0 is the time at which the flag is

removed and the film is fully exposed to CH4. The last term is a simple numerical integration of

the raw King and Wells pressure reading between those two time values. In doing this analysis

for high translational energy CH4 beams (1.8 eV), we find that in the first seconds of exposure

(corresponding to a total exposure of (5.0±0.4)×1014 CH4
cm2 ), CI and np-ASW films have adsorbed

(1.0 ± 0.1) × 1014 CH4
cm2 , while 200 ML porous films (at all deposition angles) have accumulated

(1.8 ± 0.3) × 1014 CH4
cm2 . This increase is the result of both increased surface area and higher

initial sticking probabilities on porous films at these beam energies, and the difference only widens

as exposure continues. The difference in uptake is illustrated qualitatively in Figure 3.7a, which

36



Figure 3.7: CH4 uptake and fractional coverage on porous films. Representative, normalized
King and Wells data for all films studied show a clear increase in CH4 uptake on porous films
relative to CI and np-ASW. (a) Total uptake on a porous film (p-ASW, red) is nearly an order of
magnitude higher than on either crystalline (CI, yellow) or non-porous (np-ASW, blue). Time and
intensity axes are normalized to the incident flux. (b) Fractional CH4 coverage is higher for porous
films deposited at 30◦ or via background deposition (red, purple) than for those deposited at 60◦ or
70◦ (green, gray). Fractional coverage is defined as the total adsorbed CH4 scaled by the integrated
areas of the dangling bond feature. All data was selected from trials using 1.8 and CH4 beams.
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depicts normalized King and Wells data for representative trials on np-ASW, CI, and p-ASW films.

To aid in visual comparison, the data have been normalized in both axes by incident flux. Clearly,

the porous film adsorbs more CH4 before desorption takes over.

In Figure 3.7b the results of a similar coverage analysis are displayed for all porous ices. In

this depiction, total coverage is scaled further by surface area to give an approximate “fractional

coverage”. Relative surface area is defined via the integrated intensity of the dangling O-D feature.

As discussed in Figure 3.1, this feature provides a reasonable measure of porosity and is related

to the total surface area of the film.68,95 Though the initial sticking probability is consistent across

porous films, the relative accumulation of CH4 is 1-2 times higher for films deposited at 30◦ and

via background deposition than those deposited at 60◦ or 70◦. The roots of this behavior will be

addressed further in the Discussion section below.

3.4 Discussion

There are two new, significant findings to come out of this work. The first is that the sticking

probability of CH4 on p-ASW D2O films does not decay as fast as it does on CI and np-ASW D2O

films. The second is that under our energetic conditions, the sticking probability trend does not

depend on the type of porous ice film used. What follows is a qualitative discussion of why these

trends occur and how future studies might further refine the proposed conclusions.

Sticking probabilities for a particular system are known to depend both on the binding energy

between the surface and the adsorbate as well as the surface conditions (morphology, temperature,

etc).71,93 Binding energies for a variety of molecules on different ices of astrochemical interest

have been widely reported. As discussed, the low-coverage binding energy for CH4 on np-ASW

ice has been reported in the range of 0.06 – 0.14 eV.36 Additionally, differences in binding energy

for CO (CH4 and CO are expected to have similar binding interactions on ice)66,76,80,96 between

CI and np-ASW are small and on the order of 0.01 eV at most.76 This suggests a partial explana-

tion for the similarity in sticking probabilities between these two ice films. Binding energies on

porous films, on the other hand, may be higher than those for either np-ASW or CI ice interfaces.
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Many studies assert that the binding energy distribution for molecules on porous films is wider and

peaks at higher values.37,97 This idea is refined by Zubkov et al., who concluded that while the

distribution of binding sites on the surface is independent of film thickness and porosity, the lower

fractional coverages of adsorbates on porous films (due to their increased surface area) leads to

adsorbates interacting with more higher energy binding sites.35,80,98,99 In short, it is likely that at

the low coverages investigated here, CH4 binds somewhat more strongly to the porous films.

Binding energy, however, is not a sufficient explanation on its own. Whatever the variation

may be for the different ice films, all available reported binding energies for CO and CH4 are less

than 0.2 eV. This is significantly lower than most of the incident energies studied here, suggesting

that there must be an additional mechanism for energy accomodation by the surface. Indeed, theo-

retical work has been done to show that energy dissipation into ice films is incredibly facile under

similar conditions.57 We suggest, therefore, that it is the distinct morphology of the porous films

that is largely responsible for the observed divergence in sticking probabilities at high incident

energies. Desorption studies from a variety of porous substrates have found that desorption kinet-

ics are governed by diffusive motion within pores and multiple collisions with pore walls.37,100

Indeed, the energy-dissipating effects of these pore wall collisions have been previously cited in

studies of molecular or atomic interactions with ice;101,102 Vidali et al. aslo found that prior to

desorption, molecules on porous ice experience hundreds of desorption-readsorption attempts (as

compared to just one attempt on non-porous).103 Perhaps the most significant evidence of this en-

ergy accommodation by pore walls was demonstrated in a study of HD recombination. Hornekaer

et al. found that on porous ice, a significant fraction of newly formed HD remained adsorbed to

the surface, indicating that the porous network was extremely efficient at dissipating the 4.5 eV

recombination energy.99 This is in contrast to a non-porous film, which saw almost zero retention

of the HD molecules following recombination. In summary, the higher sticking probabilities for

CH4 on p-ASW relative to np-ASW and CI likely result from diffusion on and multiple collisions

with pore walls, leading to a more efficient dissipation of incident translational energy. It is pos-

sible, then, that the sticking probability as discussed here on porous films is more of an uptake
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coefficient; a measure of advantageous decelleration induced by the physical pore structure, rather

than a higher capacity for site-specfic energy accomodation on different types of icy surfaces.

In order to discuss CH4 coverage, it is important to mention the impact of desorption. As men-

tioned previously, only a fraction of a CH4 monolayer can remain stably adsorbed on the surface

at 33.5 K. Therefore, we expect the increase in reflected signal after the first few seconds (after

initial sticking is measured) to be a result of both directly reflected CH4 and steadily desorbing

CH4. Ultimately, when the reflected signal levels off at long exposure timescales, adsorption and

desorption are occuring at equal rates. Measured isothermal, low-coverage desorption rates for

all porous films studied here are roughly equivalent and comparable in magnitude to the incident

flux, making it possible to compare coverages across these films despite the competing rates of

adsorption and desorption.

At normal incidence, this study showed that porous films of any orientation are equally efficient

at dissipating the energy of impinging CH4, but these films adsorb relatively different amounts

of CH4, depending on deposition conditions. The invariance in sticking probability across films

of different porosities suggests that the D2O pore surface is equally efficient at accomodating

the incident energy of the CH4 molecules, regardless of how that pore is oriented relative to the

incident beam. These results also suggest, however, that incident CH4 is not sampling the full

surface area of the pore network of 60◦ and 70◦ films before beginning to desorb. This can perhaps

be understood in terms of pore geometry and size. Films deposited at 30◦ have lower total surface

areas, but they also have pores that are closer to perpendicular to the substrate.29,104 Relatively

more of the pore surface area, therefore, is accessible to the incident beam. Likewise background

deposited films have a distribution of pore sizes and orientations; some fraction of which will be

perpendicular or near-perpendicular to the substrate. On the other hand, the more tilted, wider

pores of the 60◦ and 70◦ films present fewer surface sites for the incident beam. So while CH4

may undergo multiple collisions with the pore structure before sticking, these covereage results

indicate that adsorbed CH4 is not necessarily diffusing fully into the pore structure and filling up all

available surface sites, particularly on the more angled porous film structures. A future experiment
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that explores the angular dependance of sticking and uptake on these porous films would be a

significant step towards identifying the relative importance of factors such as pore orientation and

size.

3.5 Conclusion

In this work we present detailed sticking probability measurements for high translational en-

ergy CH4 impinging on a variety of D2O ice films at 33.5 K. We confirm that at the energies

studied, CH4 is unable to either embed in the bulk or significantly impact the morphology of any

ice, including low-density porous films. As incident translational energy increases, the sticking

probability decreases for all films. However, CH4 sticks with greater probability to p-ASW films

than it does to either CI or np-ASW films at the same energies. Furthermore, we observe no sub-

stantial changes in sticking probability when changing the exact morphology (pore orientation and

size) of the porous film used. Even though there may be slight changes in binding energies be-

tween CH4 and the different films, we propose that the porous morphology is largely responsible

for this observed divergence. Multiple collisions with pore walls are likely efficient at dissipating

the incident energy of the CH4 projectile. This conclusion is supported by the fact that porous films

with more beam-accesible pore surfaces (films deposited at 30◦ and via background deposition)

accumulate relatively more CH4 during exposure than do films with fewer accesible pore surfaces

(deposited at 60◦ and 70◦).

These results are further evidence that the morphology of ice films (and other industrial sub-

strates) critically influences the adsorption and subsequent reactivity of incident molecules. Even

if not universally porous, small cracks, fissures, and other morphological deformities in the surface

of astrophysical ices may lead to an increased uptake of gaseous molecules, thereby impacting

phenomena including the outgassing of comets, chemical reactions in the ISM, and thermal and

electrical processing of icy dust grains.29,95
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Chapter 4

Acetone-Water Interactions in Crystalline and Amorphous Ice

Environments

We present research that systematically examines acetone interacting with various D2O ices of ter-

restrial and astrophysical interest using time-resolved, in situ reflection absorption infrared spec-

troscopy (RAIRS). We examine acetone deposited on top of different D2O ice films: high-density,

non-porous amorphous (np-ASW), and crystalline (CI) films as well as porous amorphous (p-

ASW) with various pore morphologies. Analysis of RAIR spectra changes after acetone exposure,

we find that more hydrogen bonding occurs between acetone and p-ASW ices as compared to ace-

tone and np-ASW or CI ices. Hydrogen bonding quantification occurred by two independent RAIR

spectral changes: a greater relative intensity of the 1703 cm−1 feature at low acetone coverage as

part of a 14 cm−1 shift in the C=O region, and a ∼30% integrated dangling bond area reduction

after acetone exposure. Interestingly, when changing the water structure to be more porous (de-

posited at 70º compared to 30º), there is a further reduction in the amount of hydrogen bonding

that occurs. This suggests that there is a lack of access to surface sites with dangling bonds in

the pores as initial layers of acetone block the pores and acetone is unable to diffuse within the

structure at low temperatures. In general, these results offer a clearer picture of the mechanisms

that can occur when small organic hydrocarbons interact with various icy interfaces; a quantitative

understanding of these interactions is essential for the accurate modeling of many astrophysical

processes occurring on the surface of icy dust particles.
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4.1 Introduction

Surface chemistry interactions between ices and small molecules are not as well understood

as those that occur between adsorbates and metals.105 These interactions are important for many

atmospheric processes – such as reactions occurring on stratospheric cloud particles that can result

in the seasonal ozone hole in Antarctica.106,107 Additionally, bromine-induced tropospheric scav-

enging of ozone occurs on aerosols,108–110 as well as mid-latitude ozone depletion from volcanic

eruptions.111 Aside from atmospheric sciences, understanding chemical interactions and proper-

ties of astrophysical ices is important to help classify the composition and history of complex

multi-component ices.34 Many interstellar dust grains are coated with thin ice films. Exposure to

ultraviolet light, x-rays, cosmic radiation, or thermal processing can induce morphological changes

resulting in novel molecules and increased chemical complexity.33,91

This work focuses on the interaction between acetone and astrophysical ices of varying mor-

phologies: crystalline ice (CI), nonporous amorphous solid water (np-ASW), and porous amor-

phous solid water (p-ASW). CI ice in a hexagonal lattice is the most common form of snow and ice

on Earth,37 but is also present in warmer astrophysical environments.38 ASW, on the other hand,

is the most abundant form of water in astrophysical environments39 and is present in comets, plan-

etary rings, and interstellar clouds.29 ASW can be further classified into two types: high-density

nonporous (np-ASW) and low-density porous (p-ASW) based on its pore structure.40 In general,

ASW morphology and accessibility to dangling bonds play a significant role in the adsorption and

subsequent reactivity of volatile gas species within astrophysical ices.41,42,112,113

Acetone was chosen due to its relative abundance as a volatile organic in the troposphere,105 its

importance in organic chemistry, and its presence in the interstellar medium.114 Acetone formation

occurs on grain mantles where after gaseous CO molecules condense, they undergo hydrogen addi-

tion, resulting in formyl radicals.115 These radicals can rapidly undergo addition reactions yielding

methanol and acetaldehyde which upon reaction produce acetone. Thus, in order to quantify the

role that acetone plays in icy dust grain mantles, it is necessary to classify how strongly acetone

and water films interact.
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More specifically, our work systematically probes acetone deposited on top of ice films of vary-

ing thicknesses as well as within a water matrix. This uniquely enables us to examine how the C=O

moiety changes and therefore provides information about the film’s orientation as well as hydrogen

bonding effects. Our work builds upon experimental studies116–120 as well as molecular dynam-

ics simulations and ab initio calculations of the acetone-water system.105,121 When investigating

acetone adsorption on thin films (10-15 ML) of np-ASW and CI ices, Temperature Programmed

Desorption (TPD) measurements yielded two desorption states from the np-ASW film: a hydrogen

bonded and a physiosorbed state. This is in contrast to only a physiosorbed state from the CI ice

films. Therefore, acetone interacts with the np-ASW film more strongly than with CI ice due to

the prevalence of hydrogen bonds. This is thought to be due to a structural difference between the

np-ASW and CI ice films that impacts the ice’s ability to form hydrogen bonds.117

Note that the surface chemistry of amorphous films is more complicated due to the presence

of microscopic pores. Not only can species be trapped,34 but the deposition angle dictates the

pore orientation and density.67,95 Although there are many studies focused on adsorption into

pores29,41,95 to understand how pore morphology depends on the growth angle, little is known

about how the pore morphology can impact hydrogen bonding sites and accessibility for adsorbed

species to these sites.122 Herein, we employ RAIRS to examine p-ASW and how its structure

impacts diffusion, and chemical interactions between acetone and the underlying film structure.

We demonstrate that there are increased hydrogen bonding interactions between acetone and the p-

ASW films as compared to acetone and the np-ASW or CI films. Hydrogen bonding quantification

occurred by observing two RAIR spectral changes: a greater relative intensity of the 1703 cm−1

feature at low acetone coverage as part of a 14 cm−1 shift in the C=O region and a∼30% integrated

dangling bond area reduction following exposure. Interestingly, when changing the water structure

to be more porous (deposited at 70º compared to 30º), there is a further reduction in the amount

of hydrogen bonding that occurs. Additionally, when examining dilute acetone inside a np-ASW

matrix, we are able to tease apart peaks due to acetone interacting with water in the acetone-water

interfacial region.
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Overall, this work demonstrates that not only is there a difference in the ability to form hy-

drogen bonds between crystalline and amorphous water ices, but that such differences occur for

porous amorphous water ices. Our work, therefore, demonstrates the importance of ice morphol-

ogy in facilitating hydrogen bonding between interfacial undercoordinated water molecules and

the C=O moiety. The demonstrated spectroscopic differences, particularly at sub-monolayer abun-

dances, may guide the search for porous ices in the interstellar medium or on icy bodies in our

solar system. Additionally, the prevalence of hydrogen bonds between acetone and crystalline and

amorphous ices of varying porosity may impact subsequent reactivity and thus, molecular com-

plexity and gas phase abundances of hydrocarbons. Aside from astrophysical environments, this

work can also be applied more broadly to understand water and solid interfaces and transport of

these molecules into frozen media.

4.2 Experimental

All experiments were conducted in a molecular beam gas-surface scattering ultra-high vacuum

instrument that was previously discussed in detail.55 This instrument consists of a UHV chamber

with a base pressure of 10-10 torr connected to a triply differentially pumped molecular beamline.

In the main chamber, a He cooled manipulator (Advanced Research Systems) enables precise

and accurate temperature control of the Au(111) sample between 16 K and 800 K. The crystal is

exposed to the beam and monitored in real time with optics for in situ reflection absorption infrared

spectroscopy (RAIRS). Gas scattering and incident flux are monitored with a residual gas analyzer

(RGA).

All RAIR spectra were analyzed using Gaussian peaks atop cubic baselines. Spectra were ac-

quired with a Nicolet 6700 infrared spectrophotometer (Thermo Fisher) using incident p-polarized

IR radiation at an angle of 75° to the Au(111) crystal and a liquid nitrogen cooled mercury cad-

mium telluride (MCT/A) detector. Each RAIR spectrum is an average of 200-300 scans taken

using 2 cm−1 resolution with a clean Au(111) sample or a D2O underlayer for the background

reference spectra.
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D2O films were produced via directed doser at a 30º angle with respect to the surface normal

and approximately 4 cm from the Au(111) crystal. The ice films used in this study varied between

100-600 layers thick. D2O film thickness was determined by backfilling the UHV chamber to a

chamber pressure of 1 × 10−7 torr, which corresponds to a growth rate of 0.05 ML/s.28 The D2O

growth and film thickness were monitored using RAIRS and integrated intensity of the O-D stretch

between 3000 and 2000 cm−1.61 The deposition temperature of the Au(111) crystal determined

the ice film coordination.113,123 The D2O films used in this study were np-ASW, p-ASW or CI

dosed at 108, 20, and 150 K, respectively. D2O was typically leaked into the chamber at a pressure

of 4 × 10−10 Torr, resulting in an average growth rate of ∼ 0.25 ML/s. ASW films with increased

porosity were produced by increasing the angle of the directed doser relative to surface normal

from 30º to 70º.68 The intensities of the dangling bond spectroscopic signals roughly scale with

porosity so RAIR spectra can be used to qualitatively confirm that ices with different porosities

have been formed.70,71

Figure 4.1 gives the normalized O-D stretch between 2200 and 2800 cm−1 for the three dif-

ferent ice films used in this study: np-ASW, p-ASW and CI deposited at 108, 20, and 150 K,

respectively and collected at 68 K. When comparing acetone interacting with np-ASW, p-ASW

and CI D2O films, it was necessary to anneal the films to a middle temperature of 68 K. This en-

sured that amorphous D2O did not deposit on top of crystalline ice films during a lengthy cooling

process to 20 K and that the porous film structure did not collapse and become non-porous at 108

K. As a result of D2O molecule coordination differences among the films, we can easily distinguish

p-ASW, np-ASW, and CI films.63 Additionally, the p-ASW interface contains a significant fraction

of three and two-coordinated surface D2O molecules (“dangling bonds”) that are spectroscopically

identified at 2725 cm−1 and 2745 cm−1, respectively.124 Undercoordinated D2O molecules not

only change the density of the ASW structure, but can also form hydrogen bonds with deposited

acetone. On p-ASW films there are two different surface sites that contain these dangling bonds:

one on the top of the ice film and one decorating the pores. Annealing to 68 K for these experi-

ments significantly reduced the number of two-coordinated surface molecules, but does not change
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Figure 4.1: Crystalline (CI), non-porous amorphous (np-ASW) and porous amorphous (p-
ASW) D2O ices. Normalized infrared spectra of 150 ML crystalline (CI, yellow), non-porous
amorphous (np-ASW, blue) and porous amorphous (p-ASW, red) D2O ices in the O-D stretch
region between 2760 and 2700 cm−1 (a) and 2700 and 2200 (b) cm−1 dosed at 150 K, 108 K, and
20 K respectively and collected at 68 K. The region between 2760 and 2700 cm−1 (a) demonstrates
that while dangling O-D are observed for all films, the intensity is greatest for the p-ASW films.

the number of three-coordinated molecules.

Although previous studies by Kimmel et al demonstrated that N2 TPD spectra obtained from

films before and after annealing to ∼60 K differed in their line shape,67 the total amount of N2

adsorption was similar for both the deposited and annealed water film. This suggests that while

annealing does result in some rearrangement of the molecules on the surface of the pores, this does

not significantly adjust the overall porosity.125 The np-ASW and CI ices also contain dangling

bonds from surface molecules that are not fully participating in the hydrogen bonding network,59

but at a lower intensity compared to the p-ASW ice95 (Figure 4.1a). On CI and np-ASW ices

there are only surface sites that contain dangling bonds available for hydrogen bonding on top of

the ice film due to the lack of a pore structure. Due to the agreement in the integrated area of

the 2730 cm−1 peak for the np-ASW and CI ices, the amount of dangling bonds of the surface of

these two ices are similar, but less than that of on the surface of the p-ASW ice. Unless otherwise
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stated, p-ASW refers to the default porous film deposited at 30º and other porous films (70º) will

be labeled as such. When examining acetone interacting with p-ASW films of varying porosity,

acetone exposure occurred at the deposition temperature (20 K). ‘

Acetone (Sigma-Aldrich 99.5%, 5ºC) was bubbled through the molecular beam at a typical flux

of 5.4 × 1014 molecules cm−2 s−1 that resulted in an average growth rate of 3 ML/min onto the

Au(111) substrate or the D2O ice film (assuming that one monolayer (ML) is ∼ 1015 molecules

cm−2).28 The acetone molecular flux was determined by measuring the pressure rise using a nude

Bayard-Albert ion gauge for an acetone beam open to the chamber. The flux was calculated by

accounting for the relative gauge sensitivities to acetone and N2,73,126 the chamber pumping speed

at different temperatures and the beam spot size on the Au(111) crystal. By varying the pressure

of the beam and monitoring the pressure rise for m/z = 43 amu measured by a RGA not in line

with the beam and fitting to a linear regression we determined the total acetone flux. The default

acetone exposure was performed at normal incidence unless otherwise indicated.

For co-dosing experiments of D2O and acetone, a 100-layer D2O film was initially grown on

the surface before D2O was dosed through the directed doser while the acetone was dosed through

the supersonic molecular beam. Four different acetone film compositions were produced: 1%,

1.5%, 2%, and 25% where the acetone film percentage is calculated from the 1700 cm−1 C=O

stretch for acetone and the 2200-2800 cm−1 OD stretch for D2O. The acetone incident flux was

reduced by employing a mechanical chopper (a rotating slotted disk). Concurrently, the directed

doser’s leak valve was adjusted to increase the D2O growth rate. The final mixed D2O and acetone

film were comprised of 400 layers of D2O and between 4-50 layers of acetone. After dosing the

mixed acetone and D2O film, each RAIR spectrum is an average of 3000 scans.

48



4.3 Results

4.3.1 Acetone Spectra

RAIR spectra of condensed amorphous acetone on Au(111) at 70 K is shown in Figure 4.2. In

the condensed phase acetone spectra red-shifts as compared to liquid and gas phase spectra127,128

and are comprised of many spectral features. The most intense spectral feature (in the 1700 re-

gion, Figure 4.2a) is assigned to the C=O stretch.129–132 There are additional major spectral fea-

tures corresponding to δa asymmetric methyl bending (1420 cm−1), δs symmetric methyl bending

(1371 cm−1), νa asymmetric C-C-C stretching (1239 cm−1), and ρ methyl rocking (1097 cm−1,

901 cm−1) modes (Figure 2b).46 Condensed phase acetone spectral features are red shifted com-

pared to the liquid features which are: 1712 cm−1 (CO stretch), 1438 cm−1 (asymmetric methyl

bending), 1420 cm−1 (asymmetric methyl bending), 1362 cm−1 (symmetric methyl bending), and

1092.5 cm−1 (methyl rocking). Unless otherwise stated, changes in the intensity and specific peak

locations within the C=O region will be used to characterize acetone-substrate interactions.

Figure 4.2: RAIR spectra of 1-24 ML acetone adsorbed on Au(111) at 68 K. The RAIR spectra
are separated into two wavenumber regimes: (a) C=O stretching between 1680-1720 cm−1 and (b)
CH3 deformation and rocking modes between 875-1500 cm−1. The spectra correspond to 1, 1.7,
4.2, 8.3, 13, 19 and 24 ML of acetone.

As shown in Figure 4.2a, as layers of acetone grow in at 68 K, the C=O stretch splits into
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multiple peaks and the peaks less than 1700 cm−1 saturate at low coverage while the 1716 and

1708 components increase significantly with increasing acetone film thickness. These results show

good agreement with previous RAIRS studies of acetone on Au(111) at 90 K129 and FTIR studies

of amorphous and crystalline acetone.130 Therefore, this indicates that peaks at 1708 cm−1 and

1716 cm−1 correspond to acetone-acetone bulk interactions117,120,133 whereas the 1694 cm−1

and 1698 cm−1 peaks correspond to interfacial acetone.132 It is important to note for our future

analysis of acetone on top of and within water matrices that since the 1698-1708 cm−1 peaks are

present in bulk condensed acetone, these features cannot be attributed to H-bonded CO as in liquid

spectra of acetone and water mixtures.127

4.3.2 Low Coverage Acetone on Water Films of Varying Thickness

Next, we examined low coverage (<1 ML) of acetone dosed on top np-ASW D2O films of

varying thickness (100, 300, 600 ML) at 108 K. All acetone films are between 0.74 ML and 0.94

ML of acetone. As shown in Figure 4.3, acetone on top of a 100 ML np-ASW D2O film contains

two features: a main acetone monolayer peak117,129 at 1702 cm−1 and a shoulder at 1711 cm−1.

Since the 1711 cm−1 peak is attributed to multilayer acetone or acetone-acetone interactions,134

this suggests that when the ASW film is thinner, fewer acetone molecules interact with water in the

acetone-water interfacial region and that the water film is not yet self-similar; by self-similarity we

mean that the structure of the interface is no longer varying with changes in thickness. Films less

than 100 layers contain small islands that with increasing thickness converge to form a uniform film

structure.19,29,54,61,135 Thus, in contrast to the ultrathin films grown in previous studies116–118 we

chose to grow ice films of at least 150 layers to ensure that any differences observed with how

acetone interacts with the CI, np-ASW, and p-ASW D2O ices are due to the underlying water

coordination and not simply a film thickness effect.
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Figure 4.3: Representative RAIR spectra of the ν(CO) region of sub-monolayer acetone on
top of np-ASW (blue) and CI (orange) D2O films of varying thicknesses at 108 K. The thinnest
np-ASW film (100 layers) has increased acetone spectral intensity at 1711 cm−1 indicating less
interaction with the underlying water film.

4.3.3 Acetone Interaction with CI, np-ASW, and p-ASW Ice Films

To understand the interaction between acetone and our different astrophysical ices, we dosed

layers of acetone on top of 150 layers p-ASW, np-ASW and CI at 68 K and collected RAIR

spectra. At 68 K, acetone and water desorption are unlikely to occur and acetone is likely amor-

phous.114,122,130 As seen in Figure 4.4 focused on the C=O region, each spectrum is normalized to

the intensity at 1711.5 cm−1, the amorphous multilayer carbonyl band,130 to examine peak widths

and shape as a function of exposure.

For all three of the molecular ices, there is a blue-shift as a function of increasing expo-

sure. This shift is consistent with acetone-acetone interactions in addition to the initial acetone-

water substrate interactions. With increasing acetone exposure, the relative intensity of these low-

frequency modes saturates as there is a larger growth of the bulk carbonyl modes (> 1711 cm−1).

As an example, for acetone on p-ASW ices, the initial 2.6 ML spectra contains no spectra features

greater than 1711.5 cm−1. However, with increasing acetone exposure, new features grow in at

1712 cm−1 and 1716 cm−1. By 25 ML (spectra 6), the integrated area from the multilayer features
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Figure 4.4: Representative RAIR spectra of the ν(CO) region of acetone on top of 150 layers
of CI (a), np-ASW (b) and p-ASW (c) D2O films at 68 K. Acetone exposure was normal. All
acetone spectra are normalized to the intensity at 1711.5 cm−1, the amorphous multilayer car-
bonyl band. The initial and final acetone spectra for each D2O film are slightly thicker and with
increasing acetone exposure, the spectra darken in color. Additional RAIR spectra (d-f) provides
the corresponding OD dangling bond intensity before and after acetone exposure for the corre-
sponding CI (d), np-ASW (e) and p-ASW (f) D2O films. The 14 cm−1 shift (c) and decrease in
dangling bond intensity (f) indicates increased hydrogen bonding occurs between uncoordinated
D2O molecules in the pores of p-ASW and the acetone.

(>1711.5 cm−1) reaches ∼50% of that of the entire C=O region from 1680 to 17230 cm−1. The

relative ratio of∼50% for the integrated area of features < 1711.5 cm−1 and∼ 50% for integrated

area of features >1711.5 cm−1 remains relatively consistent throughout the rest of the exposure.

In other words, with more than 25 ML of acetone, there is no change to the normalized acetone

spectra for acetone on p-ASW, np-ASW and CI ice films at 68 K with increasing exposure (Figure
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4.4a-c). As shown in Figure 4.4c, for the p-ASW ices at low coverage, there is a 14 cm−1 shift

to ∼1703 cm−1 when compared to the bulk value of 1717 cm−1, indicative of hydrogen bonding

between the ice to the carbonyl oxygen on the acetone.25 This spectroscopic shift is also identified

for acetone on top of np-ASW and CI ices. However, at low coverages of acetone, the relative

intensity of the 1703 cm−1 mode is greatest for acetone on top of the p-ASW film followed by

acetone on np-ASW and lastly acetone on CI.

We examine this further by focusing on the uncoordinated OD dangling bonds (Figure 4.4d-f)

both after deposition and following acetone adsorption. After exposure to acetone, in the RAIR

spectra between 2700 cm−1 and 2800 cm−1, there is a decrease in intensity of the OD dangling

bond for all three ice films (CI, np-ASW and p-ASW), with the largest drop for the p-ASW films.

Quenching of the dangling bond intensity occurs when the undercoordinated OD molecules hy-

drogen bond to the acetone. For CI and np-ASW films, this drop in dangling bond intensity results

from acetone adsorbing onto available surface sites on top of the film. However, for p-ASW films,

this drop in dangling bond intensity results from both acetone adsorbing onto available surface

sites on top of the film as well as onto available sites that decorate the pore structure. In general,

uncoordinated water molecules on the surface of the water film and within the open pore structure

are necessary for hydrogen bonding to occur.136,137 The larger drop in the higher wavenumber

shoulder (2725 cm−1) of the dangling bond peak for the p-ASW film after exposure suggests that

acetone is more easily able to hydrogen bond to the less coordinated water molecules, possibly due

geometric presentation of the pores to the direction of the incident acetone beam.

Quantifying this further, we also focus on the integrated intensity of the OD dangling bonds

between 2700 cm−1 and 2800 cm−1 (Figure 4.5). For the np-ASW and CI films, the integrated

OD dangling bond area after deposition is identical such that both films have the same number

of dangling surface molecules.120 After exposure to acetone at 68 K, this dangling bond feature

diminishes slightly more for the acetone on top of np-ASW films as compared to acetone on top

of CI films. Due to the fact that the CI dangling bond intensity does decrease after adsorption of

acetone coupled with the presence of the 1703 cm−1 feature at low coverages of acetone, we con-
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clude that hydrogen-bonding does occur between the crystalline ice surface and acetone. However,

since the relative intensity of the 1703 cm−1 feature for acetone on CI ices is less than that for ace-

tone on np-ASW ices, and more dangling bonds remain uncoordinated following exposure, fewer

hydrogen bonds form between CI ices and acetone as compared to np-ASW ices and acetone.

Figure 4.5: Integrated OD dangling bond intensity for CI, np-ASW, and p-ASW D2O before
and after exposure to 40-45 ML of acetone at 68 K. Due to its increased porosity, p-ASW films
have more uncoordinated dangling bonds throughout the water film and thus form more hydrogen
bonds with the underlying structure.

We suggest that the structural features of the CI surface are such that some of the uncoordinated

OD molecules are not accessible for hydrogen bonding due to the rigid structure and the adsorption

temperature. The np-ASW ice surface is rough on the length scale of several molecules, while the

CI surface is much smoother. One possibility is that on CI ice films, the available surface sites with

dangling bonds are oriented such that acetone is unable to form a linear bond with the planar ice

surface and also experience significant van der Waals and electrostatic interactions with the film.117

For low coverages of acetone at 68 K (Figure 4.4a-c), the spectroscopic feature at 1709 cm−1 is

assigned to Van der Waals interactions120 that occur between carbon atoms and all three difference

D2O films. Since additional electrostatic interactions occurs between acetone and surface water

molecules, not all free OD molecules may be able to form hydrogen bonds with acetone.
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Regardless of the slight surface structural differences that occur between CI and np-ASW that

dictate the amount of hydrogen bonds that can form, the p-ASW film has many more dangling

bonds both on the surface and in the pores resulting in the largest integrated area compared among

the three films (Figure 4.5). In other words, the p-ASW film has more available surface sites for

hydrogen bonding. Upon exposure to acetone, the integrated area decreases by ∼30% as acetone

decorates the pore structure and adsorbs on top of the film. Thus, we confirm due to the greatest

relative intensity for the 1703 cm−1 feature (Figure 4.4c) and the largest titration of free OD

molecules (Figure 4.5) that more hydrogen bonds occur between the p-ASW film and acetone as

compared to acetone and the np-ASW or CI films.

4.3.4 Acetone Interaction with p-ASW Films, Increased Porosity

To further probe the role that surface and pore sites with dangling bonds play in facilitating

hydrogen bonds, we examined acetone dosed on top of 150 layers of p-ASW at 20 K (Figure

4.6a,d). We also examined acetone on top of p-ASW films with increased porosity (panels b-c for

the acetone RAIR spectra and corresponding e-f for the OD dangling bonds).

First, we can see in the Figure 4.6d inset that as a result of not annealing the p-ASW D2O

film to 68 K, there is a new spectroscopic feature at 2748 cm−1 attributed to two coordinated

D2O molecules.70 Additionally, the overall dangling bond surface area is greater than that of the

p-ASW film annealed to 68 K. Similarly to the p-ASW film at 68 K (Figure 4.4d), upon exposure

to acetone at 20 K, there is a decrease in dangling bond intensity as acetone is able to hydrogen

bond to the ice surface. The hydrogen bonding is confirmed by the 14 cm−1 shift to 1703 cm−1

when compared to the bulk value of 1717 cm−1. When further examining the intensity of the

OD dangling bonds before and after exposure to acetone (Figure 4.6d), it is apparent that there

is a greater decrease in the intensity of the higher wavenumber (2748 cm−1), two coordinated

D2O molecules. This indicates that accessibility of free OD is necessary to facilitate the hydrogen

bonding. The unannealed p-ASW film contains a larger integrated dangling bond intensity and

thus, has more sites available on the surface of the ice and within the pores structure that are
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Figure 4.6: Representative RAIR spectra of the ν(CO) region of acetone on top of 150 layers
of p-ASW D2O film (a) deposited at 30º and p-ASW D2O films deposited at 70º (b, c) at 20
K. Acetone exposure was normal for a and b and 70º for c. All acetone spectra are normalized
to the intensity at 1711.5 cm−1, the amorphous multilayer carbonyl band. The initial and final
acetone spectra for each D2O film are slightly thicker and with increasing acetone exposure, the
spectra darken in color. Additional RAIR spectra (d-f) provides the corresponding OD dangling
bond intensity before and after acetone exposure for the p-ASW D2O films.

available for hydrogen bonding. Interestingly, when comparing between the p-ASW at 20 K to

the film annealed to 68 K, the same percentage (∼30%) of dangling bonds participate in hydrogen

bonding to acetone molecules (Figure 4.7). We suggest then, that acetone is unable to fully access

the full canted pore structure95 and is limited by the dangling bonds that are accessible on the

interfacial region. Since O-O distances in amorphous water samples deposited at 77 K can be 2.7

Å,138,139 while acetone is closer to 3 Å it is possible that acetone’s size as well as the cryogenic
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experimental temperature (20 K) limits its mobility within the pore structure. To confirm this, we

examined acetone on top of ASW films with increased porosity.

The ASW films with increased porosity were produced by changing the angle of the directed

doser relative to surface normal.29,67,68 As we demonstrated previously113 and characterized by

Stevenson et al.29 porosity increases with deposition angle such that D2O films dosed at 30° are less

porous than those grown at 60° or 70°.6958 These pores grow in at an orientation dictated by the

deposition angle.67 Additionally, since the intensities of the dangling bond spectroscopic signals

scale with porosity, RAIR spectra can be used to qualitatively confirm that ices with different

porosities have been formed.70,71 p-ASW-70º films still contain the two different surface sites

with dangling bonds available for hydrogen bonding: one on top of the ice film and one decorating

the pores. However, since the p-ASW-70º film structure has larger pores, there are fewer surface

sites on top of the ice film and more surface sites decorating the pores. To highlight the effect

that pore structure has on hydrogen bonding, we choose to focus on acetone deposited on top of p-

ASW films dosed at 70° since these films have the largest percentage of available undercoordinated

surface sites that could hydrogen bond to the acetone.

We first compare the C=O RAIR stretch for acetone on top of p-ASW deposited at 70º to

that deposited at 30º (Figure 4.6a,b). There are two noticeable spectral differences: the presence

of the shoulder at 1720 cm−1 for high acetone coverages on the p-ASW-30º film and the higher

relative broad intensity of the 1705 cm−1 feature for low coverages on the p-ASW-70º film. Both

differences are attributed to the increased surface area of the 70º film.

Adjusting the dosing angle for the p-ASW from 30° to 70°, also significantly increases the

integrated area of the dangling bonds (Figure 4.7). Upon exposure of the p-ASW dosed at 70º

to acetone at 20 K, the integrated OD dangling area decrease (and thus the amount of hydrogen

bonding that occurs) is less than half that for the p-ASW dosed at 30° (Figure 4.5). This finding

is supported by our previous work examining methane sticking probability on p-ASW of vary-

ing morphologies (30°, 60°, 70°, and background deposited).113 When examining total coverage

scaled by the dangling bond surface are to give an approximate “fractional coverage”, we deter-
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Figure 4.7: Integrated OD dangling bond intensity for p-ASW D2O deposited at 30º, and
p-ASW deposited at 70º before and after exposure to 40-42 ML of acetone at 20 K. Acetone
exposure occurred at normal incidence and at 70º. Although there is a greater number of dangling
OD molecules for films deposited at 70º, less overall hydrogen bonding occurs.

mined that although the initial sticking probability was the consistent across the different porous

films, the relative methane accumulation was 1-2 times higher for background deposited and 30°

films compared to those deposited at 60° or 70°. Although films deposited at 30° have less total

surface area (from the integrated dangling bond intensity), their pores are closer to perpendicular to

the substrate.29,104 We suggest then that the difference in the number of hydrogen bonds that form

results from the accessibility of different surface sites for hydrogen bonding. Since the p-ASW-70º

films contain less surface sites on the top of the ice film and also form fewer hydrogen bonds as

compared to the p-ASW-30º film, this indicates that these sites are readily available to the beam

and extremely important for hydrogen bonding.

To test whether accessible surface sites to the beam are responsible for this difference, we

deposited p-ASW films at 70º prior to acetone exposure also at 70º from surface normal. As

shown in Figure 4.7, the integrated dangling bond intensity decrease following exposure at 70º

is comparable to the decrease that occurs from after exposure to an acetone beam normal to the

surface. Thus, the same number of hydrogen bonds form between acetone and the p-ASW-70º film
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regardless of the angle of the incident acetone beam. In sum, this behavior results from a lack of

access to available sites within the pores, but not because of surface sites available to the beam.

Since there was no difference in the number of hydrogen bonds that occur as a function of incident

beam deposition angle, it is likely that acetone covering the ice surface prevents additional acetone

molecules from being able to access the entire pore structure. Since N2 only readily diffuses into

the pore structure at 23 K,140 and NH3 and CH3OH are unable to diffuse into the pore structure,141

it is not expected that acetone would diffuse at 20 K. Regardless of the beam’s incident angle, once

an acetone molecule adsorbs onto the surface, the surface temperature does not provide enough

mobility to the molecule.

We conclude that increasing the surface dangling bonds for p-ASW films compared to CI and

np-ASW films increases the number of hydrogen bonds occurring between acetone and the under-

lying p-ASW surface. When increasing the porosity of film (deposited at 70º compared to 30º),

there is a further reduction in the number of hydrogen bonds, but this effect is not dependent on

the angle of the incident acetone beam. Therefore, this results from a lack of access to available

surface sites decorating the pores. Initial layers of acetone block the pores and acetone is unable to

diffuse through the structure at low temperatures. Overall, our results highlight the important role

that interfacial uncoordinated OD dangling bonds play in facilitating hydrogen bonding especially

between porous amorphous ices and acetone.

4.3.5 Acetone in a Non-Porous Water Matrix, Concentration Effects

In order to examine individual acetone RAIR spectra features, we also focused on acetone

condensed in a np-ASW matrix. For these experiments, we first dosed 100 layers of np-ASW

on the Au(111) before co-dosing acetone and np-ASW through both the beam and directed doser,

respectively, at 108 K. By varying the incident acetone and water fluxes, this produces mixed

films that ranged from 1-25% acetone. As shown in Figure 4.8, there are distinct RAIR spectral

differences due to acetone concentration. There is a greater intensity of the 1698 cm−1 peak in the

1-2% acetone mixed films compared to the 25% acetone film due to isolation of individual acetone
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molecules. The relative intensity of this peak (1698 cm−1) also decreases with increasing acetone

percentage. There is also a red-shift of the 1711.5 cm−1 mode in the 25% acetone film when

compared to the 1-2% films. Since the OH stretch band of liquid water surrounded by acetone was

less redshifted compared to pure liquid water127 this suggests that the acetone-water hydrogen

bonding is weaker than the water-water hydrogen bonding in the mixed matrix.

Figure 4.8: RAIR spectra of the ν(CO) region of acetone diluted in a np-ASW matrix at 108
K. The percentage of acetone in each mixture ranges from 1% to 25%. All acetone spectra are
normalized to the intensity at 1708 cm−1.

4.4 Conclusion

In this work we present RAIR spectra analyses for acetone on top of D2O ice films of varying

morphologies and for acetone within an ice matrix. When first examining acetone on Au(111), we

determine that the acetone spectra are comprised of both bulk (1708 cm−1, 1716 cm−1) and inter-

facial (1694 cm−1, 1698 cm−1) signatures that can be used to probe the strength and interaction

between acetone and D2O ice films. For low coverages (<1 ML) of acetone deposited on top of

np-ASW and CI films, we determine that when the np-ASW film is thinner, less of the acetone
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molecules are interacting with water in the acetone-water interfacial region and that films are not

structurally self-similar until 150 layers. Importantly, when increasing the underlying D2O surface

thickness and examining acetone on top of p-ASW, np-ASW and CI films at 68 K, we conclude

that more hydrogen bonding occurs between acetone and p-ASW ices as compared to acetone and

np-ASW or CI films. Hydrogen bonding quantification occurred by two independent RAIR spec-

tral changes: a greater relative intensity of the 1703 cm−1 feature at low acetone coverage as part

of a 14 cm−1 shift in the C=O region, and by a ∼30% integrated dangling bond area reduction

following exposure. Interestingly, when changing the water structure to be more porous (deposited

at 70º compared to 30º), there is a further reduction in the amount of hydrogen bonding that occurs.

However, when adjusting the acetone deposition angle to match that of the angled pore structure,

the number of hydrogen bonds formed is the same as that from a normal incidence beam striking

the same surface (p-ASW-70º). Therefore, acetone is unable to access available surface sites in the

pores due to initial adsorption blocking the pore structure at temperatures where acetone cannot

diffuse.

In general, these results are further evidence that the morphology of the ice critically im-

pacts the strength of the surface-adsorbate interactions and thus subsequent reactivity of incident

molecules. Even if not fully porous, small cracks and morphological deformities in the surface of

the astrophysical ices can lead to uncoordinated water molecules that hydrogen bond to incident

projectiles. Strong hydrogen bonding between adsorbates and p-ASW ices may result in a higher

desorption temperature of these molecules142 thereby impacting comet outgassing, chemical abun-

dances due to reactions in the ISM, and thermal and electrical processing of icy dust grains.67
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Chapter 5

Differential Condensation of Methane Isotopologues Leading to Isotopic

Enrichment Under Non-equilibrium Gas-Surface Collision Conditions

In this paper we examine the initial differential sticking probability of CH4 and CD4 on CH4 and

CD4 ices under non-equilibrium flow conditions using a combination of experimental methods

and numerical simulations. The experimental methods include time-resolved in-situ reflection-

absorption infrared spectroscopy (RAIRS) for monitoring on-surface gaseous condensation and

complementary King and Wells mass spectrometry techniques for monitoring sticking probabili-

ties that provide confirmatory results via a second independent measurement method. Seeded su-

personic beams are employed so that the entrained CH4 and CD4 have the same incident velocity

but different kinetic energies and momenta. We found that as the incident velocity of CH4 and CD4

increases, the sticking probabilities for both molecules on a CH4 condensed film decrease system-

atically, but that preferential sticking and condensation occurs for CD4. These observations differ

when condensed CD4 is used as the target interface, indicating that the film’s phonon and rovibra-

tional densities of states, and collisional energy transfer cross sections, have a role in differential

energy accommodation between isotopically substituted incident species. Lastly, we employed

a mixed incident supersonic beam comprised of both CH4 and CD4 in a 3:1 ratio and measured

the condensate composition as well as the sticking probability. When doing so, we see the same

effect in the condensed mixed film, supporting an isotopic enrichment of the heavier isotope. We

propose that enhanced multi-phonon interactions and inelastic cross sections between the incident

CD4 projectile and the CH4 film allow for more efficacious gas-surface energy transfer. VENUS

code MD simulations show the same sticking probability differences between isotopologues as

observed in the gas-surface scattering experiments. Ongoing analyses of these trajectories will

provide additional insights into energy and momentum transfer between the incident species and

the interface. These results offer a new route for isotope enrichment via preferential condensation

of heavier isotopes and isotopologues during gas-surface collisions under specifically selected sub-
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strate, gas-mixture, and incident velocity conditions. They also yield valuable insights into gaseous

condensation under non-equilibrium conditions such as occur in aircraft flight in low temperature

environments. Moreover, these results can help to explain the increased abundance of deuterium

in solar system planets, and can be incorporated into astrophysical models of interstellar icy dust

grain surface processes.
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5.1 Introduction

Adsorption is a key process in both astrophysical and terrestrial environments as it serves as the

first step in many gas-surface interactions.33,36,48 In extraterrestrial environments where chemical

species are scarce, adsorption onto an interstellar grain, planetesimal, or other larger body controls

many combinatorial reactions. The formation of larger organic molecules becomes more feasi-

ble when species can engage on a surface rather than the void of space.143–148 In addition, the

astrophysical environment is abundant with isotopes of many chemical species.149 In order to ac-

curately model the chemical abundances, we need to better understand how differences in mass can

influence the ability of a species to adsorb under specified conditions, and thus lead to observed

relative isotope abundances.150,151

Interstellar methane is the most common hydrocarbon, existing both in the gaseous and the

solid form.152–158 Methane is commonly found in the gaseous planetary atmospheres or as molec-

ular ices intermixed with water ice matrices.51,159 As the most basic hydrocarbon, CH4 serves

as a base for addition reactions which form larger hydrocarbon species.160 Additionally, the iso-

topic twin of CH4, CD4, can serve as a model for understanding the effects and the abundance of

deuterium within these environments.151,161 Theoretical methods and gas chromatography have

found that the isotopic difference in CH4 and CD4 stems from the difference in polarizability and

length of the C-H and C-D bonds, however, no studies have reported how this difference might

translate into its sticking probability.151,162,163 Studying CH4 and CD4 adsorption is an excellent

model system to determine how slight mass differences in the condensate and projectile can impact

adsorption and surface abundance of isotopic species.

Here we present the first study of the isotopic sticking probability of CH4 and CD4 as a function

of translational beam energy on CH4 and CD4 thin films under ultrahigh vacuum (UHV) condi-

tions at low temperatures using the King and Wells method17 complemented by in situ infrared

spectroscopic studies of gaseous condensation. VENUS code molecular dynamics (MD) simula-

tions show the same sticking probability differences between isotopologues as were observed in

the gas-surface scattering experiments. Taken together, these results accurately and independently
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determine the sticking probability, allowing us to explore how differences in isotopic composition

of the surface and incident molecular mass can impact the overall energy accommodation, and

thus adsorption of the gaseous species onto the film. Key to these studies is the use of essentially

monoenergetic seeded supersonic beams so that the CH4 and CD4 have the same incident velocity

but different kinetic energies and momenta. It is shown that as the incident velocity of CH4 and

CD4 increases, the sticking probabilities for both molecules on a CH4 condensed film decrease

systematically, but that preferential sticking and condensation occurs for CD4. These observations

differ when condensed CD4 is used as the target interface, indicating that the film’s phonon and

rovibrational densities of states, and collisional energy transfer cross sections, play a role in dif-

ferential energy accommodation between isotopically substituted incident species. In addition, a

mixture of gaseous CH4 and CD4 was grown on a methane thin film. While both species adsorbed

creating a mixed isotopologue condensate, we saw an increased abundance of CD4 vs. CH4 within

the film as opposed to initial beam concentration. We demonstrate an isotopic enrichment for CD4

in our mixed surface based on the difference in sticking probabilities between CH4 and CD4.

This experiment builds on previous work by our group where CH4 sticking was investigated

on the surfaces of D2O of varying morphologies and where H2O and D2O sticking on their own

films were studied.17,55,113 In particular, we consider a similar isotopic experiment as the H2O

and D2O sticking but expand to study CH4 and CD4 sticking on both films rather than only their

own films.113 Additionally, previous work examined the sticking of only CH¬4 on H2O which we

expand to include CH4 and CD4 sticking onto both CH4 and CD4 ices to examine how the mass

difference can affect the overall sticking.55 We examine how these differences in mass, energy,

and surface composition can affect the ability of the film to absorb and dissipate energy from the

impinging molecules to allow adsorption onto the film structure.

Our work demonstrates differential condensation between methane isotopologues under specif-

ically selected substrate, gas-mixture, and incident velocity conditions. The demonstrated out-

comes have obvious implications for the development of novel isotopic enrichment and separa-

tion techniques. These results also provide new insights into gaseous condensation under non-
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equilibrium conditions such as occur in aircraft flight in low temperature environments. More

broadly, this work is critical to understanding the nature of methane adsorption within astrophys-

ical environments. Our sticking probability differences can be incorporated into astrophysical

models to explain molecular abundances and increased deuterium abundance in cometary ices and

outer solar system planets. Aside from astrophysical environments, adsorption has implications

into fields such as heterogenous catalysis or thin film growth where the adsorption process serves

as the first step in film formation.55

5.2 Experimental

All experiments were conducted in a molecular beam scattering instrument previously dis-

cussed in full detail.55 Briefly, this instrument consists of a UHV chamber with base pressures of

10−10 Torr connected to a triply differentially pumped molecular beamline. In the main chamber,

a state-of-the-art closed-cycle helium-cooled sample manipulator (Advanced Research Systems)

enables precise and accurate temperature control of the Au(111) sample substrate between 16 and

800 K. The crystal is exposed to the impinging beam at normal incident angle and monitored in

real time with optics for in situ reflection absorption infrared spectroscopy (RAIRS). Gas scattering

and incident flux monitoring occurs with a residual gas analyzer (RGA).

All RAIR spectra are analyzed with Gaussian peak fitting atop cubic baselines. Spectra were

acquired with a Nicolet 6700 infrared spectrophotometer (Thermo Fischer) using incident p-polarized

IR radiation at an angle of 75◦ to the Au(111) crystal and a liquid nitrogen-cooled mercury cad-

mium telluride (MCT/A) detector. Each RAIR spectrum is an average of 25-200 scans taken using

4 cm−1 resolution with a clean Au(111) sample used for the background correction.

CH4 or CD4 was dosed on the Au(111) substrate via beam deposition at 18 K prior to mea-

surements at 20 K. Dosing conditions resulted in a deposition rate of 0.5 layers per second.

CH4 and CD4 beams were produced by expanding 1% CH4 in H2 or 1% CD4 in H2 at stag-

nation pressures of 150-400 psi through a 15 µm platinum pinhole. Resistively heating the beam

nozzle from room temperature up to 1100 K resulted in beam velocities of up to 4600 m/s and rota-
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tionally cold molecules resulting from the seeded expansion. The translational energy distribution

widths (∆v/v) ranged from 5 to 24%. We note that the velocity slip between the two isotopo-

logues varied between 0 and at most 100 m/s with velocities spanning 2400 to 4600 m/s, therefore

the incident velocities of the two isotopologues were essentially identical for the purposes of a

given experiment. Incident velocities were measured by time-of-flight methods using a mechani-

cal chopper to modulate the beam prior to detection with an in-line quadrupole mass spectrometer.

To confirm all the results and further understand phonon interactions at cold temperatures, a mixed

beam was produced by expanding 1% CD4, 3% CH4 in H2.

As described in Subsection 2.2.3 and Chapter 3, sticking probability was determined using

the King and Wells technique.17,18 King and Wells measurements were performed at 20 K for all

results presented in this study. This temperature was carefully chosen due to the methane surface

interaction and the King and Wells method itself. UHV conditions at 20 K accurately model

astrophysical chemistry rich environments such as dense molecular clouds.1 Additionally, at 20

K, multilayer CH4 is stable on a gold substrate and frozen ice films which enables measuring

the condensate via RAIRS. As mentioned in He et al.,46 and detailed in Chapter 3 examining

the initial sticking probability of CH4 on D2O ices,113 the liquid helium cooling of the sample

manipulator could impact the pumping speed and thus the reflected portion of the beam, therefore

we take all measurements at a single sample temperature. This ensures that the unknown pumping

speed remains consistent across measurements. We also calculate sticking probability by using the

initial CH4 indirect flux instead of the value at saturation.

5.3 Results and Discussion

To fully understand the role that mass matching and pre-adsorbed hydrocarbons play in trap-

ping dynamics for CH4 and CD4, we examined sticking probability on top of amorphous CH4

and CD4. Although sticking probability was previously found to be independent of ice film thick-

ness,47 we choose to grow films for ∼80 layers to achieve self-similarity in film structure.29,54,135

The measured sticking probabilities for CH4 and CD4 on a CD4 substrate are shown in Figure 5.1.
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Figure 5.1: Sticking probabilities for CH4 and CD4 on a CD4 film at 20 K. Sticking probability
decreases with increasing velocity. Error bars represent the standard deviation of at least three
measurements on at least three different days.

For physisorption trapping to occur, the CH4 or CD4 molecule must lose some initial kinetic

energy when impinging upon the surface. If the energy loss is not efficient enough, the impactor

molecule just bounces back. As expected the sticking probability decreases with an increase in

energy as more energy must be lost in the initial condensation in order for sticking to occur.164,165

The corrugation of the gas-surface potential for CH4 and CD4 is greater on the alkane-covered sur-

face166 than it is on a bare metal substrate.167,168 Although our films are thicker than one mono-

layer, previous rare gas and alkene studies demonstrate that sticking probabilities are enhanced

by such adlayers that allow for enhanced energy accommodation.166,169 Sticking probabilities are

close to unity at low incident velocities for both incident isotopologues before decaying down to

0.85 for both CH4 and CD4. There was no strong variation in sticking probabilities between the

CH4 and CD4 projectiles indicating, overall, very similar energy accommodation.43 This suggests

that both phonon creation and translational to intramolecular energy transfer are essentially the

same for both CH4 and CD4 on the condensed CD4 film.

However, we note a higher sticking coefficient for CD4 on CH4 ice than for CH4 on CH4

ice particularly at high incident translational energies, Figure 5.2. We monitored the amount of

adsorbed CH4 and CD4 via the intensity of the degenerate ν4 bending mode60,81–83,170 to calculate
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Figure 5.2: Sticking probabilities for CH4 and CD4 on a CH4 film at 20 K. Sticking probability
decreases with increasing velocity. Error bars represent the standard deviation of at least three
measurements on at least three different days.

the initial growth rate. To ensure that these measurements were taken during an essentially constant

film thickness regime, the IR measurements were completed by adding no more than an additional

0.75 MLs of condensate over the less than 4 minutes.

As shown in Figure 5.3 for CH4 and CD4 beams at 4600 m/s, sticking probability differences

between the CH4 and CD4 result in a larger amount of CD4 stuck on the surface after exposure

and therefore a higher initial growth rate. Based on the total spectral intensity vs. time and thus,

condensed projectile on the surface, we calculated the initial growth rate for each incident velocity.

As a consistency check, at the end of the growth exposure, we took an additional King and Wells

measurement, which matched the initial sticking probability at the beginning. Taken together, this

indicates that the coverage following the growth rate is not enough to change the underlying film

structure and that RAIRS allows us to determine the amount of CH4 or CD4 on the surface. When

overlaying this with the initial sticking probability, Figure 5.4, we confirm that both the King

and Wells measurements and infrared spectroscopy of the condensate demonstrate an increased

condensation of CD4 on CH4 compared to CH4 on CH4.

This isotopic effect increases with increasing translational energy. To understand this, we start

by examining the Baule model,171 which predicts that a more efficient collision occurs when the
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Figure 5.3: Representative RAIR spectra of CD4 (a) and CH4 (b) ν4 bending mode as a
function of exposure time for the highest energy beam (4600 m/s) on a CH4 surface at 20
K. Spectra taken ∼ every 25 seconds (c) as a function of intensity to get the initial growth rate.
Differences in sticking probability result in an increased amount of CD4 on the surface and thus a
higher growth rate.

gas and surface masses match due the singularity in the momentum case. An incident molecule

containing mass m and energy E encounters a square well potential of depth D and a surface

species of mass M , resulting in an energy transfer (∆) in the collision:167

∆ =
4mM(E +D)

(M +m)2
(5.1)

For this, we assume that the energy of the incoming molecule is much greater than the well

depth of the potential. Thus, for the CH4 film, the energy transfer for the CD4 projectile is greater

than that of the CH4, which would generally indicate a higher sticking probability. This model

does not account for the density of states of the film nor the internal modes of the molecule, as

discussed later. These contributions can influence sticking probabilities.77,172 Due to the role of
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Figure 5.4: Confirmation of increased condensation of CD4 on CH4 as a function of incident
methane velocity. Monitoring of the amount of adsorbed methane via the intensity of the ν4
bending mode for CH4 and CD4 by RAIRS, we calculate the initial growth rate to overlay with the
sticking probability. Error bars represent the standard deviation of at least three measurements on
at least three different days.

these molecular degrees of freedom, complex and multi-phonon interactions173,174 between the

surface and the incident projectiles CH4 film and CD4 clearly need to be taken into consideration,

as they are in the MD simulations shown herein.

We performed chemical dynamics simulations using the VENUS MD computer program.175,176

Classical trajectories simulated collisions of a beam of CH4 or CD4 with the CH4 or CD4 surface

at a surface temperature of 20 K. Initial conditions for the trajectories were selected to sample

the experimental beam’s translational and vibrational energy. After collision the trajectories were

terminated at 50 picoseconds; CH4 and CD4 remaining on the surface were considered trapped.

The scattered trajectories are dominated at the level of 99% by direct scattering rather than those

that trap and then desorb.

5.3.1 Computational Details

The potential energy function for the (CH4)beam and (CH4)surface on top of a Au(111) crystal

is given by:
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V = Vbeam + Vsurface + Vbeam+surface (5.2)

where Vbeam is the beam CH4 intramolecular potential. Vsurface is comprised of intramolec-

ular CH4 potentials (same as Vbeam) as well as the intermolecular CH4—CH4 and Au—CH4

potentials using the 6-12 Lennard-Jones fashion. Lastly, Vbeam+surface is the intermolecular

CH4—CH4 potential. Each intramolecular CH4 potential is expressed as a sum of Morse poten-

tials for the C-H stretches and quadratic potentials for the H-C-H bends: the Morse parameters

are D = 112.5 kcal/mol, β = 1.86 Å−1 and r0 = 1.086 Å,177 and each HCH quadratic bend has

f = 0.585 mdyn Å/rad2 and θ = 109.47◦.177,178 The methane harmonic frequencies are 3193,

3021, 1583, and 1413 cm−1.

The surface model consists of 6 methane layers stacked in an AB sequence on top of a layer of

gold to form a cubic close packed structure.179 There are 789 CH4 molecules in alternating layers

of 120/143 molecules to so that x and y are each 40 Åfor an area of 800 Å for each layer. The

total surface height of all the stacked layers is 18 Å including the gold layer on the bottom. All

intermolecular potentials are written as sums of Lennard-Jones two body potentials with a cut-off

distance of 10 Å and are summarized in Table 5.1. For the Au (111) base, ε0 = 5.29 kcal/mol and

σ0 = 2.951 Å180 were used to give an atomic spacing of 2.93 Å, closely matching that determined

from STM images of the reconstructed (111) surface.181 Our surface contains CH4 spaced by 3.8

Åwhich is comparable to calculated CH4 intermolecular potentials.182 CH4—CH4 intermolecular

potentials among all methane molecules (including those in different layers) are written as sums

of 6-12 Lennard-Jones two-body potentials and include interactions between carbons and hydro-

gens.183,184 To calculate the Au—CH4 interaction, we employ standard mixing rules180,185 and

assume a geometric mean between C and Au to get a ε0 = 0.7336 kcal/mol and σ0 = 2.99 Å. Geom-

etry optimization of the surface occurred prior to trajectory simulations to obtain a potential energy

minima configuration. Additionally, we note that this is a flat crystalline surface, which a model

representation of a local section in the experimental surface topology which in reality may contain

domains of small, imperfect crystallites. However, even with this difference, there is qualitatively
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ε0 kcal/mol σ0 Å
Au-Au 5.29 2.951
C-C 0.1017 3.35
C-H 0.473 2.99
H-H 0.0097 2.61
Au-C 0.7337 2.99
Au-H 0 0

Table 5.1: Parameters of the Lennard Jones 12-6 atom-atom interactions

similar energy-transfer dynamics and thus is appropriate to use for our study.186

A microcanonical ensemble averaged intermolecular potential curve for CH4 approaching to

the surface is obtained by averaging the potential energies of randomly oriented CH4 as a function

of CH4-surface center-of-mass separation parallel to the surface norm.187 Such potential energy

minimum is -0.07 eV at a center-of-mass separation of 4.25 Å.

5.3.2 Procedure for the Chemical Dynamics Simulations

Chemical dynamics simulations were performed using the VENUS general chemical dynamics

computer program.175,176 Classical trajectories were used to simulate collisions of a beam of CH4

or CD4 with the CH4 or CD4 surface. Simulations at each collision energy were carried out using

a surface temperature of 20 K. Initial conditions for the trajectories were selected to sample the

beam’s translational and vibrational energy at the experimental conditions. The selection of initial

conditions follows from previous VENUS studies.188,189 For each simulation, a beam of colliding

molecules was aimed within a circular area. Each trajectory was initialized with a separation of 10

Å between the center of the beam and surface aiming point. For each beam, the initial vibrational

quantum states were sampled from Boltzmann distributions at 300, 700, 900, or 1100 K and the

translational energies were determined from the molecular beam velocity distributions (Figure 1).

Using the experimental velocities, the CH4 translational energies were 0.49, 1.16, 1.48 and 1.79

eV and the CD4 translation energies were 0.67, 1.41, 1.74, and 2.19 eV. Zero-point energy was

included in these samplings and the rotational energy was set to 0 K to match the experimental
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supersonic molecular beam conditions.

For each trajectory, the gold and bottom three layers were held rigid and acted as anchor layers.

Additionally, the mass of carbon atoms in rim CH4 molecules was artificially increased by 10000

to truncate the surface. Initial conditions for this surface were selected by assigning velocities to

the carbon atoms of these layers, sampled from a Maxwell-Boltzmann distribution at 20 K. The

surface was equilibrated by a 50 ps molecular dynamics simulation with velocity scaling every

1000 steps and another equilibration without velocity scaling. The trajectories were propagated

with a Velocity-Verlet integrator, with a time step of 0.01 fs. Trajectories were terminated either

when the distance between the central methane molecule and outgoing product exceeds 30 Å or the

total integration exceeds 50 ps. Typically, 750-2000 trajectories were calculated for each ensemble

of initial conditions including the surface composition and beam conditions.

5.3.3 Simulation Results

Overall, we find that there is nice agreement between the chemical trajectory simulation results

and the experimentally determined sticking probabilities.

Figure 5.5: Sticking probabilities calculated from the number of CH4 and CD4 direct and
physisorption scattering trajectories on a CH4 layered surface at 20 K. Error bars represent
the standard error of at least 750 trajectories for each velocity. An updated version of figure with
refined potentials is in the Appendix as Figure A4.20.
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Figure 5.6: Sticking probabilities calculated from the number of CH4 and CD4 direct and
physisorption scattering trajectories on a CD4 layered surface at 20 K Error bars represent the
standard error of at least 750 trajectories for each velocity.

The VENUS calculations demonstrate a decrease in sticking probability with increasing in-

cident velocity as well as a difference between CH4 and CD4 on a CH4 surface (Figure 5.5).

Additionally, for the simulated collisions on a CD4 surface (Figure 5.6), there is no difference in

sticking probability, again in agreement with our experimental results. In a more careful compari-

son to the results shown in Figure 5.2, the theoretical sticking probability for the CD4 on the CH4

surface is slightly lower than the experimental value. This could arise from various effects; e.g.

Lennard-Jones potentials are not optimized for the repulsive region.190

Full details of the energy transfer and chemical dynamics simulations will be discussed in a

forthcoming manuscript to provide a molecular-level understanding of the mechanisms occurring

between the methane projectile and the methane surface. When examining phonon dispersion

curves for CH4 and CD4,191 not only are the CD4 phonon modes at a lower energy, but there is

enhanced translational-rotational coupling.192 In addition to this coupling, local corrugation of the

surface can also influence trajectory paths and therefore energy flow.193,194 Full analysis of our

molecular dynamics studies will provide necessary insight into lattice vibrations and how energy

is efficiently dissipated to trap the methane isotopologues.

To further explore and confirm our experimental results, we consider a beam comprised of
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both CH4 and CD4 in a 3:1 ratio; this ratio was not selected to optimize condensation differences,

but rather to demonstrate the robust nature of differential sticking. This allows us to quantify the

sticking probability as well as condensate composition. While dosing a multilayer film of both

CH4 and CD4 at 20 K, the integrated area of the degenerate ν4 mode was tracked over time using

RAIRS.60,81–83,170 Once the condensate reached a self-similar structural steady state of at least

100 layers, at least 10 spectra per experiment on at least three different days were averaged to

determine the film composition.

Figure 5.7: Enrichment of the heavier isotope (CD4) into a mixed condensed film at higher
beam velocities. Integrated area of the ν4 mode for CD4 and CH4 to calculate the film composition
and determine the enrichment of the heavier isotope (CD4) at each velocity. Error bars represent
the standard deviation of at least 35 steady-state films on at least three different days.

As depicted in Figure 5.7, the condensate composition for the room temperature beam (2200

m/s) is 74.5% CH4 and 25.5% CD4. However, as the beam velocities increase, the heavier isotope

(CD4) becomes preferentially adsorbed into the film. Due to increased adsorption into the film,

the condensate film structure changed to 73.7% CH4 and 23.6% CD4. Overall, by measuring the

condensate with RAIRS, we confirm that due to the increased sticking probability of CD4 on a CH4

film, we see an increased affinity for CD4. We demonstrate for our fastest beam (4400 m/s), that

there is a 3.12 ± 0.06 % enrichment of CD4 compared to the room temperature beam (2200 m/s).

When taking the individual King and Wells values (Figure 5.1 and 5.2) and combining that with
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the film composition determined from the RAIR spectra, we calculate the sticking probabilities

for CH4 and CD4 on the mixed film. For the highest velocity beam, these sticking probabilities

also result in a CD4 enrichment of 3.9% ± 0.02 indicating excellent agreement with the observed

condensate enrichment.

5.4 Conclusion

We examined the differential sticking probability of CH4 and CD4 on CH4 and CD4 ices us-

ing RAIRS for measuring on-surface gaseous condensation and complementary King and Wells

mass spectrometry techniques for monitoring sticking probabilities. We found that as the incident

translational energy of CH4 and CD4 increases (up to 2 eV), the sticking probability decreases for

both films. Interestingly, we conclude that preferential sticking and condensation occurs for CD4

when striking the surface in comparison to the outcome for CH4. This observation was confirmed

both experimentally from infrared spectroscopy of the condensation and via mass spectrometric

detection of the reflected molecules, as well as theoretically from the gas-surface chemical trajec-

tory simulations. This theoretical model system will be explored in more detail to provide insight

in energy transfer and lattice vibrations. Next, we employed a mixed incident supersonic beam

comprised of both CH4 and CD4 in a 3:1 ratio to measure the condensate as well as the stick-

ing probability. When doing so, we see the same effect in the condensed mixed film, supporting

an isotopic enrichment of the heavier isotope. Since the Baule model77 does not accurately rep-

resent this condensed phase system due to its molecular complexity, we propose that enhanced

multi-phonon interactions attributable to the film’s phonon and rovibrational densities of states

and inelastic cross sections including intermolecular energy exchange between the incident CD4

projectile and the CH4 film allow for more efficacious gas-surface energy transfer.

In general, these results indicate the importance of understanding gas-surface energy exchange

under non-equilibrium conditions at cold substrate temperatures, and have important astrophysical

and terrestrial implications. Our work demonstrates the importance of film structure and surface

lattice coupling to allow for efficient energy transfer and an isotopic enrichment of the heavier
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isotope (CD4) The insights gained from gaseous condensation under non-equilibrium conditions

are also important for understanding aircraft flight in low temperature environments. These results

also offer a new route for isotope enrichment via the preferential condensation of heavier isotopes

and isotopologues during gas-surface collisions under carefully selected substrate, gas-mixture,

and incident velocity conditions.

Importantly, our experiments are conducted at low temperature astrophysical conditions. By

experimentally determining initial sticking probability differences between methane and its heav-

ier isotopologue as a function of incident energy, we find that the film composition is important,

especially for high energy projectiles bombarding icy-dust grains. Since adsorption is often a first

step for many cold temperature reactions occurring on these grains, differences in sticking proba-

bilities have notable implications for allowed reaction probabilities and follow-on events leading

to increased molecular complexity. Our work, therefore, can not only explain increased abundance

of deuterium in solar system planets195,196 but can also be incorporated into astrophysical models

of the icy dust grain processes including those in the interstellar region.36
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Chapter 6

Reaction Kinetics and Influence of Film Morphology on the Oxidation of

Propene Thin Films by O(3P) Atomic Oxygen

We present results detailing the oxidative reactivity of condensed propene thin films, with partic-

ular attention to epoxide product formation due to its importance in the industrial production of

polyurethane plastics and trace presence of these species in the interstellar medium. These studies

were conducted in a state-of-the-art ultra-high vacuum scattering instrument equipped for opera-

tion with cryogenic substrate temperatures. After exposing films to a supersonic beam of ground

state atomic oxygen, O(3P), generated from a radio frequency plasma source, reflection absorp-

tion infrared (RAIR) spectra confirm significant propene reactivity yielding products including

propylene oxide, propanal, and a small amount of acetone. In addition to identifying these pri-

mary products, we discuss experimentally-determined activation energy barriers for reaction in

the condensed propene system. Interestingly, we identify significant differences in propene film

crystallinity as a result of substrate deposition temperature; lower deposition temperatures (<44

K) yield a more amorphous film, whereas higher temperatures (>59 K) yield a more ordered,

crystalline film. Very little oxidative reactivity is observed in the amorphous propene film, sug-

gesting that film structure has a substantial impact on observed reactivity by impeding or allowing

efficient O(3P) diffusion. Overall, this work provides fundamental mechanistic insight into the

diffusion and reactivity of atomic oxygen in condensed films of small, unsaturated hydrocarbons.

The results also emphasize limitations of condensed phase reactions that rely on reactant diffusion;

film composition, morphology, and thickness can significantly limit reactivity despite low reaction

barriers.
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6.1 Introduction

The reaction of atomic oxygen, O(3P), with small alkenes is important across many fields in-

cluding smog formation in the atmosphere, combustion processes and chemical complexity in as-

trophysical ices.197,198 These reactions also play a critical role in the formation of polycyclic aro-

matic hydrocarbons and soot.199 Additionally, the products formed from oxygen addition across

double bonds are often significant industrial intermediates. Propylene oxide, for example, is a key

intermediate in the manufacturing of polyurethane plastics and other products.200,201 It is one of

the top chemicals produced worldwide by mass,202 and there is immense interest in optimizing the

economic and environmental efficiency of its production.203–205

The gas phase reaction between alkenes (including propene) and oxygen has been well-studied,

beginning as early as the 1950’s.206–210 It is well established, for example, that the reaction be-

gins with oxygen addition across the double bond, forming a triplet biradical intermediate. This

primary product species then progresses through a number of reaction channels including inter-

system crossing (ISC) from the triplet to the singlet potential energy surface (PES) to form singlet

products. Recently, a comprehensive study from Leonori et al. used crossed molecular beams

and complementary ab initio electronic structure calculations to identify complete branching ra-

tios, energetic barriers, and potential energy surfaces for the O(3P) + propene reaction.211,212 This

study and others have highlighted the temperature dependent role of ISC in the gas phase reac-

tion; the fraction of products formed via ISC decreases with increasing temperature.208,211,212

Despite this rigorous work in the gas phase, however, there still remains limited mechanistic and

kinetic data available for the oxidation of condensed alkene films. In the few early studies of this

system,213–216 primary products and reaction rates were identified, but the experimental condi-

tions utilized thick, uncharacterized propene films and were limited to temperatures above 70 K

(propene phase may have been unclear).

Understanding reactions between condensed alkenes and oxygen at cold temperatures is also

important for astrophysical applications due to the trace presence of these species in the interstellar

medium.217 It is thought that reactions on interstellar dust grains below 77 K facilitate the forma-
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tion of many such molecules with abundances that cannot be explained by gas phase chemistry

alone.33,218,219 To date, only gaseous propene has been observed in a dark interstellar cloud220

and on Titan,221 but molecules formed on dust grains (possibly due to exposure to ionizing radia-

tion)222 could desorb and contribute to these measured gas phase concentrations.223 Additionally,

propylene oxide, one of the major products in the O(3P) + propene reaction, has been detected

spectroscopically in the interstellar medium224 as well as produced in a laboratory simulation ex-

periment by exposure of propylene ices at 5 K to energetic electrons.225 Such studies indicate that

oxygen atom addition and insertion reaction pathways could activate a novel channel for chemical

complexity in ices that are too cold for radicals to diffuse and react.226,227

In this work a radio frequency plasma source is used to generate a supersonic expansion of

ground state atomic oxygen, O(3P), which is then exposed to condensed propene films under ultra-

high vacuum (UHV) conditions. We track reaction product formation in real time with in situ

reflection absorption infrared spectroscopy (RAIRS), which allows us to determine the activation

energy for this process. We find that in the condensed phase, propene reacts readily with O(3P) to

form primarily the singlet partial oxidation products propylene oxide and propanal. Additionally,

we present the first study highlighting the specific impact of alkene film morphology on oxidative

reactivity. Specifically, oxygen is unable to react with more disordered, amorphous propene films.

Overall, this work provides fundamental insight into the diffusion and reactivity of ground state

atomic oxygen in condensed films of small, unsaturated hydrocarbons. By employing cryogenic

conditions and thin films of propene, we can simulate interstellar conditions which can aid in

modeling reactivity on interstellar dust grains. Additionally, the kinetic and mechanistic detail

gained from this reaction will inform polyurethane plastic manufacturing. This work also broadly

highlights the possible challenges with condensed phase reactivity in which film structure and

morphology may significantly limit reactant diffusion and reactivity in thicker films.
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6.2 Experimental

All experiments were conducted in a molecular beam scattering instrument that has been previ-

ously discussed in detail.55 Briefly, this instrument consists of a UHV chamber with base pressures

of 10-10 Torr connected to a triply differentially pumped molecular beamline. Inside the chamber,

a state-of-the-art, helium-cooled, and vibrationally isolated sample manipulator (Advanced Re-

search Systems) enables precise and accurate temperature control of the Au(111) sample substrate

between 20 K and 800 K. The crystal is exposed to the beam and monitored in real time with in

situ RAIRS.

All RAIR spectra were analyzed with Gaussian peaks atop cubic baselines. Spectra were ac-

quired with a Nicolet 6700 infrared spectrophotometer (Thermo Fisher) using p-polarized IR ra-

diation incident at 75◦ from the surface of a Au(111) sample substrate and collected in a liquid

nitrogen cooled mercury cadmium telluride (MCT/A) detector. Each RAIR spectrum is an average

of 300-500 scans taken using 4 cm−1 resolution with a clean Au(111) sample used as a reference

background. Between experiments, the Au(111) crystal was sputtered and thermally annealed in

vacuum using 1 kV Ar+ ions (1−2×10−5 Torr Ar backfill into the chamber) directed at the crystal

by an ion gun while the surface temperature was held at 770 K for 15 minutes.

Propene was dosed on the Au(111) substrate via beam deposition at surface temperatures rang-

ing from 44 K to 59 K, where propene desorption is negligible. Dosing conditions resulteItd in

a typical incident propene flux of 2.6 × 1015 molecules cm−2 s−1, corresponding to a deposition

rate of approximated 2.4 layers s−1 (assuming one monolayer is roughly 1015 molecules cm−2).28

Propene flux was initially determined by measuring the pressure rise with a nude Bayard-Albert

ion gauge calibrated to N2 for a neat propene beam open to the chamber. The flux was then calcu-

lated by taking into account the relative gauge sensitivity to propene228 and N2
73 along with the

chamber pumping speed, and the spot size of the beam on the Au(111) crystal. We performed this

measurement and calculation at room temperature to ensure no additional pumping capacity was

added by the cold sample manipulator. Following this measurement, we used the same beam to

establish a conversion to propene film thickness by monitoring propene growth on the cold crystal
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via RAIRS as a function of exposure and calculating an absorption cross-section for the =CH2

wagging mode (γw), comprised of two peaks: a large, sharp peak at 919 cm−1 and a smaller

shoulder at 914 cm−1. Our calculated cross-section is in good agreement with previously reported

values.229–232 Propene film thicknesses are herein reported in layers; films throughout this study

ranged from 10 to 240 layers (specific thicknesses are specified in the text). The beam source was

thoroughly pumped out and purged prior to turning on the oxygen source to avoid trace propene

contaminants during exposure.

A radio frequency plasma source described in detail previously27 was used to generate atomic

oxygen in its ground state, O(3P). Igniting and expanding a 5% O2 in Ne mixture through a water-

cooled quartz nozzle led to 25-40% O2 dissociation to O(3P). We note that by selecting a low back-

ing pressure (60 Torr), low RF power (100 W), and employing a 2000 V/cm deflecting plate region

in the second differential beam chamber, our beam is essentially devoid of O+ and O(1D)233,234

and is primarily comprised of O(3P), non-dissociated O2, and Ne. The beam is characterized us-

ing time-of-flight (TOF) techniques to determine the flux and average kinetic energy. O2 flux was

determined in a similar manner to that of propene (see above), using a neat O2 beam and the rela-

tive ionization sensitivity to O2 and N2.235,236 O2 flux is further scaled to reflect dissociation into

O(3P) using the relative intensities of m/z=16 to m/z=32 established from square wave modulated

time-of-flight spectra of the incident beam.27 Typical experimental conditions result in an O(3P)

flux of 8.4 × 1014 atoms cm−2 s1 and translational energies of 0.12 eV. The beam energy widths

are approximately 0.06 eV. While it would be desirable to explore the reaction with higher incident

translational energies by substituting a seeded mixture of O2 in He, doing so would reduce O2

dissociation and introduce O(1D) to the beam, which is a more reactive species.26 Thus, for this

experiment, 5% O2 in Ne remains the optimal gas mixture.
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6.3 Results and Discussion

6.3.1 Spectral Evidence of Reactivity and Product Formation

Condensed propene is observed to react readily with O(3P). Figure 6.1 shows typical RAIR

spectra of a 66-layer propene film adsorbed on Au(111) at 54 K before and after extended exposure

to O(3P). Prior to exposure, spectral features are easily correlated with gas-phase and condensed-

phase propene peak assignments.170,231,232,237–240 As shown by the dashed line in Figure 6.1a,

the most intense features at 919 cm−1 and 914 cm−1 are assigned to the =CH2 wagging mode of

propene (γw) with a smaller feature at 1003 cm−1 corresponding to the CC bend.239–241 Unless

otherwise stated, changes in the integrated areas of the features at 914 cm−1 and 919 cm−1 are

used throughout the rest of this study to track propene reaction progress (generally corresponding

to reaction of the propene double bond). A second region is highlighted in Figure 6.1b at 1643

cm−1, corresponding to the propene C=C stretch.242 A third region highlighted Figure 6.1c shows

additional CH, CH2 and CH3 stretching modes that are smaller in intensity.243 The two largest

peaks at 3075 cm−1 and 2977 cm−1 correspond to the CH2 and CH2 + CH stretching modes,

respectively.48,53 Other notable features in this stretching region are peaks at 2939 cm−1 and 2964

cm−1 assigned to CH3 stretching,,237,239 and a peak at 3009 cm−1 assigned to CH stretching.238

Following 1×1018 atoms cm−2 of oxygen exposure, the aforementioned propene peaks change

dramatically, many of them decaying in intensity. At the same time, there is significant growth of

novel features that represent oxygenated products. Most notably in the solid line in Figure 6.1a,

the spectral signature at 830 cm−1 is assigned to the ring deformation mode of propylene oxide

(δC2O).244–247 New peaks (1730 cm−1 and 1693 cm−1 ) in Figure 6.1b are similarly assigned

to the C=O stretching frequency of propanal (νC=O).248–250 Additionally, there is a small amount

of acetone produced, confirmed spectroscopically by growth of a new peak at 1709 cm−1, corre-

sponding to its C=O stretching mode.129,134

In order to determine the role of film thickness in product formation and oxidative reactivity,

propene films of increasing thickness ranging from 12 to 66 layers were dosed at 59 K and exposed
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Figure 6.1: RAIR spectra of a 66-layer propene film before and after exposure to O(3P). As
a result of exposure, (solid line, total exposure ∼ 1 × 1018 atoms cm−2) the total signal intensity
is observed to decrease for the CH2 wagging (919 cm−1 and 914 cm−1, a), C=C stretching (1643
cm−1, b), and CH, CH2 and CH3 stretching (3009 cm−1, 3075 cm−1 2977 cm−1, 2939 cm−1, and
2964 cm−1, c) modes of propene. New peaks grow in upon exposure corresponding to propylene
oxide (830 cm−1, a), acetone (1709 cm−1, b), and propanal (1730 cm−1 and 1693 cm−1, b).

to O(3P) at 54 K. Figure 6.2 depicts the decrease in the integrated area of the γw peak as propene

films of varying thicknesses are exposed to O(3P). There is a clear period of initial linear reactivity

for all films with a rate that is independent of the starting thickness. From these initial reactivity

measurements, we estimate that 1 propene molecule reacts for every 100 oxygen atoms reaching

the film surface. Given the observed rate of reaction and calculated barriers (below), this low re-

action probability is perhaps surprising. We estimate, however, that at our surface temperatures,

the sticking probability of oxygen atoms is on the order of 20% or less. This estimate was per-

formed using the basic King and Wells technique17 and thus explains why not every oxygen atom

reaching the film is able to react with the propene film. Figure 6.2 also shows that after this initial

period of exposure there is a stark drop in reactivity. In the 12 and 24 layer films, the reaction

tails off because oxygen reacts with propene completely down to the Au(111) substrate. In thicker

films, however, oxygen is unable to fully react with the propene in more buried layers. Moreover,

the total reacted depth is inconsistent for both the 46 and 66-layer films (reaction complete at 4

layers and 23 layers remaining, respectively). This suggests that oxygen reactivity is connected

to initial propene film thickness and that the reaction does not progress by simple layer-by-layer

consumption of propene.
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Figure 6.2: Decrease in the integrated area of the γw peak upon exposure to O(3P). Changes
in the number of propene layers on the surface when exposed to O(3P) at 54 K demonstrate initial
reactivity that slows upon extended exposure. O(3P) is only able to fully react the film when the
initial film has 24 layers of propene or fewer. Dotted lines are drawn to guide the eye.

These results indicate that for films less than 70 layers thick (Figure 6.2), the initial reactivity

of O(3P) + propene is linear and independent of film thickness. However, when examining thicker

propene films (70 – 240 layers), the initial linear rate slows slightly (Figure 6.3a). When plotting

the initial rates as a function of propene film thickness in layers, we see that initial propene reac-

tivity plateaus for films greater than 150 layers (Figure 6.3b). We note that frequencies of the γw

mode do not shift upon increased propene deposition, confirming that there are no major changes

in film structure or optical effects as coverage increases.251 Rather, we propose that these changes

in initial reaction rates can be attributed to increased barriers for oxygen diffusion within the film,

as discussed in the following section, Effect of Surface Temperature.

Throughout oxygen exposure, propene disappearance is coupled to the growth of new spectral

features corresponding to propylene oxide, propanal, and a small amount of acetone (Figure 6.1).

Product growth is immediately observed upon O(3P) exposure by monitoring the integrated areas
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Figure 6.3: Integrated areas of the γw peak corresponding to 66, 100, and 170-layer thick
propene films. (a) Initial O(3P) reactivity is linear with rates that depend on thickness. Taking
these initial rates from (a) and including rates for films up to 240 layers (b) demonstrates that that
this initial rate slows for films greater than 70 layers, but reaches a steady value for films greater
than 150 layers. Dotted line in (b) is drawn to guide the eye.

of propylene oxide’s δC2O mode (Figure 6.4a) and propanal’s νC=O mode ((Figure 6.4b). We

see that not only is there more propylene oxide and propanal formed in thicker films, but that the

rate of formation of these products does not change with increasing film thickness (up to 70 ML).

During exposure at 54 K, the Au(111) substrate temperature is such that propene and our products

(propanal and propylene oxide) are stable on the surface.225,242,250 Even though our film com-

position changes (decrease in propene, increase in propanal and propylene oxide), there is limited

desorption of products, and thus our overall film thickness is likely comparable throughout. We de-

tect no distortion or shifting of RAIR peaks as exposure continues and products form. Additionally,

we expect that the index of refraction is comparable for alkene ices and oxygen hydrocarbons,252

so we primarily attribute changes in peak intensity to reactivity and possibly molecular orientation,

rather than optical effects as our films are likely less than 100 nm thick.120

In addition to RAIRS, temperature programmed desorption (TPD) data can help to confirm

product identities and their relative stabilities on the surface (Figure 6.5). For the 46-layer film,

O(3P) is unable to fully react the film down to the substrate (Figure 6.2), and there are correspond-
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Figure 6.4: Increase in the integrated area of the propylene oxide and propanal peaks upon
exposure to O(3P). Integrated area of the propylene oxide ring deformation peak (δC2O, a) and
propanal C=O peak (νC=O, b) for propene films of varying thickness exposed to O(3P) at 54 K
demonstrate that the primary products grow in with a similar linear rate. More product is formed
in reactions with thicker films. Dotted lines are drawn to guide the eye.

ingly low-temperature desorption features for propene at m/z = 39 and 41. As shown in Figure

6.5, these first desorption features peak at 119 K, closely matching previous studies for propene on

Au(111).242 Although it is difficult to quantitatively differentiate our products due to significantly

overlapping cracking patterns, we can assign m/z = 43 to acetone and propylene oxide, m/z=26

to propanal and propylene oxide, and m/z = 58 to propanal, propylene oxide, and acetone. As

shown in Figure 6.5, acetone appears to be the least stable with a small desorption feature at 78

K, while propanal and propylene oxide have major desorption features at 175 K.250,253 From this

analysis, it is clear that propanal and propylene oxide are not only our major products in the con-

densed phase, but also more stable on the surface. It is possible that these products are in weakly

bound multilayer films, while there is less than a monolayer of acetone.129 We also note that we do

not identify any high-molecular weight polymeric or oligomeric species which suggests that our

intermediate product species are not long lived on the surface.
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Figure 6.5: TPD of a 46-layer propene film after O(3P) exposure. After exposure to∼ 1×1018

atoms cm−2 of (O3P) TPD confirms the presence of propanal (m/z = 26, 58), propylene oxide (m/z
= 26, 43, 58), and acetone (m/z = 43, 58). There is also some propene left on the surface (m/z =
39, 41)

6.3.2 Effect of Surface Temperature

In addition to characterizing film reactivity and product formation, we can use the initial re-

action rates at surface temperatures ranging from 44 K to 59 K to calculate the activation energy

for the disappearance of propene (films of 30 layers thick). The =CH2 wagging mode of propene

(γw) is comprised of two features at 919 cm−1 and 914 cm−1 (Figure 1). Upon exposure to O(3P),

Figure 6.6a depicts the loss of integrated area of 919 cm−1 peak for four different surface tem-

peratures (all films dosed at 59 K). A corresponding Arrhenius plot is shown in Figure 6.6b; the

calculated activation energy for the removal of propene’s double bond is 0.41 ± 0.05 kcal mol−1.

Under our experimental conditions, this activation energy is similar to or less than those reported

in gas phase studies of the same system.254–256 However, because this value is calculated simply

from the disappearance of propene, it is possibly a convolution of three different reaction steps,
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Figure 6.6: Initial reaction rates and activation energy for the disappearance of propene.
Integrated area lost from the 919 cm−1 peak (part of the =CH2 wagging mode, γw) corresponding
to 30-layer thick propene films exposed to O(3P) (a) provides initial linear reaction rates for surface
temperatures ranging from 44 K to 59 K. These rates are fit to an Arrhenius model (b), giving an
experimental activation energy of 0.41 ± 0.05 kcal mol−1

each of which will be explored in detail below.

The first challenge hidden within the measured activation energy is a question of product forma-

tion and reaction mechanism. The observed product distribution for the O(3P) + propene reaction

is well supported by a mechanism257,258 (Figure 6.7) in which O(3P) attacks the double bond to

form a triplet biradical intermediate. It is important to note that our reaction products (acetone,

propanal, and propylene oxide) are singlet species. As outlined by the PES in Leonori et al,211

it is clear that our reaction proceeds almost 100% via ISC to the singlet surface, leading to our

observed products. This can be accounted for by recent studies211,259 demonstrating that ISC and

nonadiabatic effects become increasingly important as reaction temperature decreases.260

As mentioned above, however, the measured activation energy for propene oxidation may in-

clude barrier contributions for oxygen addition to either side of the double bond (Figure 6.7). To

parse these contributions, we perform the same Arrhenius analysis on product formation, using the

integrated area of propylene oxide’s δC2O mode and propanal’s νC=Omode as a function of O(3P)

exposure. Propylene oxide is a major product in both addition channels, while propanal should
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Figure 6.7: Reported mechanism for the O(3P) reaction with condensed propene. O(3P) is
expected to preferentially attack the least substituted side of the double bond to form a triplet
biradical intermediate that progresses, via ISC, to the final products propylene oxide and propanal.

only be formed from addition of oxygen to the terminal propene carbon.

The results of this analysis show that the activation energy for propylene oxide formation is

0.36 ±0.03 kcal mol−1 (Figure 6.8a) and 0.34 ± 0.06 kcal mol−1 for propanal formation (Figure

6.8b). These values are in good agreement with one another, and they are also within error of the

measured activation energy for destruction of propene’s double bond (0.41 ± 0.05 kcal mol−1).

This suggests that not only is oxygen addition to the terminal carbon the dominating pathway

obeying Cvetanovic’s rules for oxygen addition to alkenes,257 but the addition step itself is rate

limiting.214 This makes sense for our low temperature, condensed phase environment given that in

the gas phase the barrier for O(3P) addition is three times higher for the central carbon compared

to the terminal carbon.211

To further assess the mechanism, we examine changes in the CH region associated with the

terminal and central carbons. This analysis is shown for a representative 46-layer film, but these

trends are consistent for films of varying thicknesses. In particular, as shown in Figure 6.9a, we

track changes in peaks at 2977 cm−1 (CH2 + CH stretching) and 3075 cm−1 (CH2 stretching).

We integrated these two peaks as a function of O(3P) exposure and normalized their intensity to

the pristine film (Figure 6.9b). When oxygen atoms are introduced into the film, there is a clear

decay in intensity for both peaks, again supporting that atomic oxygen is easily able to react with
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Figure 6.8: Initial reaction rates and activation energy for propylene oxide and propanal
formation. Initial rate constants of propylene oxide (a) and propanal (b) formation from 30-layer
thick propene films exposed to O(3P) over temperatures ranging from 44 to 59 K are fit to an
Arrhenius model. The experimental activation energies are 0.36 ± 0.03 kcal mol−1 and 0.34 ±
0.06 kcal mol−1 for propylene oxide and propanal formation respectively.
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the condensed propene. The relative reaction rates in Figure 6.9b suggest that reactivity is greater

for the 3075 cm−1 peak corresponding to only CH2 stretches (green) compared to the 2977 cm−1

peak corresponding to CH2 + CH stretches (orange). This can be interpreted as again reinforcing

that oxygen addition to the terminal carbon is the dominant pathway. We also note that because

we are using RAIRS, this trend may also be linked to a change in average molecular orientation;

this is, however, unlikely to be a significant contribution due to the thick, polycrystalline nature of

the film.170

Also complicating this analysis is a small decrease in intensity of the peaks at 2939 cm−1

and 2964 cm−1 corresponding to the CH3 stretching modes. This suggests that although oxygen

addition is the dominant mechanism, hydrogen abstraction may be a minor secondary pathway.

Gas phase studies found that H abstraction was unable to compete with oxygen addition,261 and

although barriers in the condensed phase are often lower, we do not expect that H abstraction

is a significant contribution to the overall reaction mechanism. H abstraction would necessarily

yield a highly reactive hydroxyl radical,199 which we see no evidence for in our product analysis.

Moreover, abstraction leaves behind a carbon-centered radical that could easily continue to react

with other molecules in the film or with oxygen species in the beam. It is possible that a small

amount of acrolein is formed through this channel, but it is certainly only a minor contribution.

The second challenge with quantifying a reaction barrier for this system in the condensed phase

is the potential contribution of oxygen diffusion. To untangle this contribution, we return to the dif-

ference in initial reaction rates observed between thin (<70 layer) and thick (>150 layer) films).

By performing the same Arrhenius analysis again on 150 ML films, we find that the activation

energy for the reaction of propene’s double bond is 1.06 ± 0.11 kcal mol−1. This is signifi-

cantly higher than the calculated barrier for 30-layer propene films (0.41 kcal mol−1), suggesting

that oxygen diffusion through the film plays a significant role in the observed reaction in thicker

films.257,262–264 The thinnest propene films (<70 layers) may contain more small defects, grain

boundaries, and islands that allow oxygen more ready access to the bulk. In other words, the re-

action is not diffusion controlled for thin films because there is less need for diffusion: the surface
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Figure 6.9: Changes in the CH region associated with terminal and central carbons. (a)
RAIR spectra of the CH region of a 46-layer propene film before (dashed line) and after exposure
to O(3P) (solid line, total exposure ∼ 5 × 1017 atoms cm−2) at 54 K shows significant reactivity.
(b) Normalized intensities as a function of exposure demonstrate different rates of reaction for
peaks at 2977 cm−1 (orange, CH2 + CH stretching mode) and 3075 cm−1 (green, CH2 stretching
mode).
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is likely inhomogeneous with exposed propene islands.265 Higher reactivity at defects and grain

boundaries is well documented,266,267 and as with other thick molecular films, self-similarity may

not be achieved until a certain thickness is reached (often >100 layers).19,29,54,61 Our results,

therefore, suggest that propene films reach self-similarity at approximately 150 layers, at which

point oxygen diffusion becomes limiting.

6.3.3 Effect of Propene Film Structure

For all experiments mentioned thus far, propene films were deposited at a surface temperature

of 59 K and exposed to oxygen at temperatures between 44 and 59 K. However, as shown in

Figure 6.10, the deposition substrate temperature has a profound impact on the RAIR spectra

of the pristine propene film, indicating a significant difference in film morphology. This is true

regardless of film thickness. The spectral differences between a propene film produced at 59 K and

one produced at 44 K can be summarized as follows: The γw peak broadens and red shifts by 2

cm−1 to 918 cm−1, the C=C wagging mode red shifts by 2 cm−1 to 933 cm−1, the CH2 twisting

+ CH out of plane bending mode red shifts by 7 cm−1 to 995 cm−1, and the CH3 rock + CH out

of plane bending mode red shifts by 4 cm−1 to 1043 cm−1. These alkene modes are known to

be sensitive to the conformation of the molecule and local changes within the environment.268 In

general, the peak shifts and broadening observed for the propene film dosed at 44 K compared to

the propene film at 59 K are attributed to increased film disorder.237,242,269 Red shifts may also be

a result of increased intermolecular interactions with surrounding propene molecules, resulting in

a slight weakening of the =CH2 bond.

Although this is, to our knowledge, the first spectral evidence of differing morphologies of

condensed propene, it is not unusual for deposition conditions to influence mobility during film

deposition, leading to different film phases at different temperatures and dosing rates. There is

vast literature, for example, on the growth of amorphous solid water and crystalline water ice

films whereby crystalline films are only possible at higher substrate temperatures where there is

enough mobility for water molecules to rearrange during dosing or upon annealing.29,67,95,113

95



Figure 6.10: Spectral differences between amorphous and crystalline propene films. RAIR
spectra of characteristic regions of 46-layer condensed propene films demonstrate that films de-
posited at 44 K (pink) are significantly different than films deposited at 59 K (blue). The peaks
corresponding to the γw mode, the C=C wagging mode, the CH2 twisting + CH out of plane bend-
ing mode, and the CH3 rock + CH out of plane mode in the low-temperature film are generally
broader and red-shifted from the analogous high-temperature film. Such shifts indicate a more
disordered and amorphous film.

Similarly for alkenes, amorphous (produced at 12 K) and crystalline (produced at 70 K) acetylene

have been clearly identified spectroscopically.270 Upon warming the amorphous acetylene from

12 K, an irreversible change was detected in the spectra between 40 K and 50 K indicating that

the amorphous acetylene ice had crystallized. Such spectral changes between amorphous and

crystalline have also been detected for ethane and ethylene;252 warming films to 60 K always

resulted in crystallization. Based on the similarities between our observations and these studies,

we will use the terms “amorphous” and “crystalline” to differentiate the films deposited below 44

K or at 59 K, respectively as propene films are less ordered when deposited below 44 K and more

highly ordered at 59 K.

In order to determine how propene structure impacts oxidative reactivity, a crystalline film
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dosed at 59 K and an amorphous film dosed at 44 K were exposed to O(3P) at an intermediate

temperature of 49 K (Figure 6.11). At 49 K, both propene films remain structurally the same

as when deposited, the amorphous film is unable to irreversibly change to a crystalline structure

and vice versa. As expected, the reaction rate for the crystalline film (blue) is linear as oxygen

reacts with the film. On the other hand, the amorphous film grown at 44 K is largely unreactive.

There is a very short initial period of reactivity, which we attribute to O(3P) reacting with the

disordered propene surface layers at the vacuum interface. After this, however, there is little to no

reaction despite extended exposure; this is true for all RAIR spectral regions, including the CH.

It is interesting to note that the initial reaction rate of the amorphous film is faster than the rate in

the crystalline film. This may further support the “amorphous” vs. “crystalline” designation of the

two films. A more amorphous film typically presents a larger exposed surface area (due to islands,

microporous pockets, and under-coordinated surface molecules) than the crystalline film.71,96 A

larger surface area would provide more accessible surface propene molecules and thus a faster

observable rate of initial reaction before oxygen penetration into the bulk becomes necessary for

continued reaction.

Beyond the first seconds of reactivity, it is quite surprising that reactivity plateaus so drastically

for the amorphous film. These results suggest that oxygen is unable to diffuse into the propene bulk

when the film has a more amorphous structure. This behavior is supported by previous studies ex-

amining oxidative reactivity of self-assembled monolayers (SAMs)271–273 that found that a more

compact and less mobile film structure was not as reactive. Additionally, it has been suggested that

film density plays a role in observed spectroscopic band strengths, as is the case for amorphous

methane.274 Thus, the lower intensity of the peaks corresponding to amorphous propene could

indicate increased density compared to the crystalline propene film. Although larger diffusion bar-

riers in amorphous films are less common, there are polymer films where the amorphous regions

are denser and this trend has been observed.275,276 This suggests that our amorphous propene film

may be packed more closely, making it less accessible to the permeating oxygen. We know from

previous studies that monolayer propene molecules organize with the double bond nearly paral-
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Figure 6.11: Oxidative reactivity of amorphous and crystalline propene films. Changes in the
integrated area of the γw mode for a 46-layer propene film dosed at 44 K (pink) and 59 K (blue)
and exposed to O(3P) at 49 K demonstrate that while films dosed at 44 K do experience some initial
reactivity, O(3P) is unable to penetrate into the bulk of the film; diffusion and reaction occurs more
readily for propene films deposited at 59 K.

lel to the Au(111) substrate.242 This molecular orientation also appears to propagate to thicker

multilayer crystalline propene films as well.241 Thus, it is possible that in this crystalline propene

structure, the molecules are organized in such a way that intermolecular-spacing affords easy ac-

cess for oxygen to diffuse into the film and encounter propene’s double bond.277 It is also likely

that our propene films are polycrystalline, and that grain boundaries further facilitate diffusion.273

RAIR spectra of the amorphous and crystalline forms of propene are easily differentiated, al-

lowing us to probe the amorphous to crystallization transition directly and extract an activation

energy for the process. Amorphous propene films (70-layers thick) were dosed at 44 K and sub-

jected to isothermal annealing at 50, 51, 51.5, 52, 53, 54, and 55 K. Spectra collected every 60-90

seconds during the anneal clearly demonstrate a sharp phase transition (Figure 6.12a), evidenced

by a sharpening of the peak at 919 cm−1 and a decrease in relative intensity of the 914 cm−1
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shoulder. The crystallization process occurs over a time scale of 5-30 minutes, depending on the

temperature.

Rate constants for the crystallization were established by tracking the change in intensity at

919 cm−1 throughout the anneal. As shown in Figure 6.12a, the crystallizing spectra have mul-

tiple isobectic points where the spectra overlap, indicating a linear combination of crystalline and

amorphous states.278 Thus, the relative intensity of this point to both the starting fully amorphous

film and the ending fully crystalline film can be used to establish the crystalline fraction of the film

at any point in time.

This analysis is shown for a representative trial at each temperature by the dotted data in

Figure 6.12b. The corresponding fit (illustrated by a dashed line) is the integrated form of the

Avrami279–281 equation:

x(t) = 1− e(−kt)
n

(6.1)

This form of the Avrami equation is commonly used to describe phase transformation by nucle-

ation and gives the crystallized fraction of a material (x(t)) as a function of time during isothermal

annealing. In Equation 6.1, k is the crystallization rate constant (experimental fit parameter) and n

is a parameter related to the crystallization mechanism.278 A value of n = 4 fits the data well, sug-

gesting that the nucleation rate is constant and that there is isotropic three-dimensional growth of

the crystalline phase.282,283 We note, however, that the value of n has little impact on the calculated

activation energy for propene crystallization, which is the focus of this analysis.

An activation energy for the crystallization was calculated by assuming that the crystalliza-

tion rate constants have an Arrhenius-like temperature dependence. This plot is shown in Figure

6.12c; the corresponding analysis gives an activation energy of 1.61 ± 0.16 kcal mol−1. This ac-

tivation energy is much lower than those reported for water278 or methanol284 ices (∼ 17-23 kcal

mol−1) indicating a low barrier for this irreversible change to crystalline propene. One possible

explanation for this low value is that our amorphous propene is in a metastable state, similar to

what has been observed in ethane, ethylene, and acetylene ices.252,270 Even though we do not

observe any additional spectral differences between propene deposited between 20 K and 44 K,
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Figure 6.12: Activation energy for the propene amorphous to crystalline transition. (a) Time-
resolved RAIR spectra of a 70-layer propene film isothermally annealed at 50 K indicate a tran-
sition from amorphous to crystalline propene. (b) Representative crystalline fractions versus an-
nealing time are fit to the Avrami equation (Equation 6.1, dashed lines), using k as a fit parameter
and a n value of 4 (see text for details). Crystalline fractions are established using the relative
intensities of the corresponding spectra at 919 cm−1. (c) Rate constants (k) are fit to an Arrhenius
equation, yielding an activation of 1.61 ± 0.16 kcal mol−1 for the crystallization of propene.
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amorphous solid water ices are known to be metastable compared to crystalline ices.30 A second,

explanation for the difference may be that the propene films used are thin (∼70-layers); water film

crystallization kinetics, for example, are only independent of thickness for films greater than 300

layers.285

Regardless, this analysis highlights a number of interesting features of the propene system.

First, the Avrami fitting procedure and low activation energy barrier suggests that crystallization

occurs rapidly, with nucleation occurring randomly (i.e. the weak physisorption interaction be-

tween propene and the Au(111) substrate is not the dominating factor in crystallization nucleation).

Additionally, we demonstrate the general feasibility of using isothermal annealing and correspond-

ing spectra to determine alkene crystalline activation energies, which can be useful in discussing

the relative stabilities of solids, liquids, and supercooled liquids.284

The discovery of multiple propene phases may also help to explain the observations from Fig-

ure 6.2, in which O(3P) is unable to fully erode thicker films and the total reacted depth is incon-

sistent among thicker films. When propene films crystallize (Figure 6.12a), RAIR spectra show

a dramatic change in the relative intensity of the γw mode; the 914 cm−1 shoulder decreases in

intensity while the 919 cm−1 peak increases. During oxidation, this bluer peak (919 cm−1) is con-

sumed more readily (Figure 6.13). This may indicate that within “crystalline” films, there is not

uniform O(3P) reactivity within the film. Instead, it is possible that due to inhomogeneity in film

organization, there are certain domains of increased order or accessibility where oxygen diffusion

and reaction occurs more readily. Our results, therefore, show broadly that film structure can have

a dramatic impact on observed reactivity by impeding or allowing efficient reactant diffusion.
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Figure 6.13: Consumption of the γw mode during O(3P) exposure. (Upon exposure to O(3P),
RAIR spectra of the γw propene mode shows a faster rate of intensity decrease for the higher
wavenumber peak (919 cm−1), indicating that there may be multiple domains within the propene
film and that some of them are more accessible to O(3P) reactivity.

6.4 Conclusion

The oxidative reactivity of condensed propene films at cryogenic surface temperatures has

been characterized using time resolved RAIRS. We find that in the condensed phase, propene

reacts readily with O(3P) to form primarily propylene oxide and propanal, supporting a mechanism

where oxygen almost always preferentially adds to the least substituted side of the double bond.

Following addition, the triplet biradical intermediate undergoes ISC at a likelihood of close to

100% to form the singlet products: propanal, propylene oxide, and a small amount of acetone. The

activation energy for the loss of propene in the O(3P) + propene reaction for 30-layer thick films

is 0.41 ± 0.05 kcal mol−1 while the activation energy for propylene oxide formation is 0.36 ±

0.03 kcal mol−1 and 0.34 ± 0.06 kcal mol−1 for propanal formation. When examining thicker

films (150 ML), we find that the activation energy for the reaction of propene’s double bond is
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1.06 ± 0.11 kcal mol−1 which suggests that oxygen diffusion through the film plays a significant

role in the observed reaction. Interestingly, it is possible to spectroscopically differentiate two

forms of propene: an amorphous form present at lower deposition temperatures (<44 K) and

a crystalline form present at 59 K. Little reactivity is observed when the propene film is more

disordered. Additionally, since RAIR spectra of the amorphous and crystalline forms of propene

are easily differentiated, it is possible probe the amorphous to crystallization transition directly and

extract an activation energy for this process.

Overall, this work provides fundamental mechanistic insight into the diffusion and reactivity

of ground state atomic oxygen in condensed films of small, unsaturated hydrocarbons. Our results

indicate that despite low reaction barriers for oxygen diffusion, film composition and morphol-

ogy can have significant impact on reactant diffusion and subsequent reactivity. In general, such

work informs the development of novel industrial processes used in the production of polyurethane

plastics as well as shed light on possible chemical pathways in frozen astrophysical environments.

In addition to these applications, an important future extension of this work may be to consider

conformationally ordered, vinyl-containing films in which molecular orientation relative to the im-

pinging oxygen atom can be controlled, allowing for precise, stereodynamic tuning of reaction

kinetics.
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Chapter 7

Rapid Laser-Induced Temperature Jump Decomposition of the Nerve Agent

Simulant Diisopropyl Methylphosphonate under Atmospheric Conditions

We present work detailing the destruction of the nerve agent simulant diisopropyl methylphos-

phonate (DIMP) via rapid laser heating under atmospheric conditions. Following Nd:YAG laser

ablation of liquid DIMP deposited on a graphite substrate, both parent and product fragments are

transmitted via capillary from an atmospheric chamber to a vacuum chamber containing a high-

resolution mass spectrometer. This allows for real time measurements of product distributions un-

der a variety of temperature and atmospheric conditions. Ex situ Fourier transform infrared (FTIR)

spectroscopy analysis of the same chamber contents provides complementary information about

product identities and fragmentation pathways. Results demonstrate that product distributions de-

pend on heating rate, surface temperature, and atmospheric oxygen content. In the destruction of

the DIMP, the relative production of alkene products depends significantly on laser power; smaller

products are relatively more abundant at higher ablation temperatures. We also show that in the ab-

sence of atmospheric oxygen, the concentration of oxygenated products decreases sharply relative

to alkene and alkane products. This suggests that under high-temperature conditions atmospheric

oxygen is incorporated directly into the products of the fragmented simulant. This project extends

significantly our understanding of the fundamental chemistry of these dangerous compounds under

atmospheric and rapidly changing thermal conditions. The results have critical implications for the

development of effective chemical warfare agent decontamination and destruction strategies.
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7.1 Introduction

Due to the threat chemical warfare agents (CWAs) pose to the global community, there is con-

siderable interest in detecting, destroying existing stockpiles, and decontaminating areas affected

by these compounds.286,287 Current large-scale destruction techniques include incineration288 and

neutralization by base hydrolysis, but these strategies come with additional challenges regarding

safe transport and toxic byproducts.289 Therefore, it remains critical to continue developing new

strategies and to understand the exact chemistry of agents’ destruction in both vapor and condensed

phases. Of particular interest are the extremely dangerous organophosphonate nerve agents Soman

and Sarin.290 Sarin, for example, has a high estimated toxicity of 35 mg min m−3 in humans via

vapor inhalation.291 Even beyond these dangerous compounds, many less toxic organophospho-

nates have found widespread industrial use as plasticizers, flame retardants, fire-resistant fluids

and lubricants, and pesticides.292,293 It is therefore important to characterize environmental im-

pacts and remediation strategies for organophosphonate contaminants more broadly. This study

adds to our fundamental understanding of the primary chemical kinetics and physical processes

occurring when these compounds are exposed to rapid heating under atmospheric conditions.

The current work presents a detailed investigation of the laser-induced, high temperature rapid

heating destruction of the nerve agent simulant diisopropyl methylphosphonate (DIMP, Figure

7.1).294–296 DIMP was selected from among the class of organophosphonate simulants for two

reasons. First, DIMP shares key structural similarities with the nerve agent Sarin, which is a com-

pound of particular interest due in part to its use in urban terror attacks in Japan and its exposure

to US troops abroad.289,294 Second, it has been shown in a number of pyrolytic and thermal stud-

ies that a significant organophosphonate destruction channel yields substituted and unsubstituted

carbon products resulting from the alkoxy moiety.296–302 This gaseous product array is easily

detectible and differentiable via mass spectrometry and FTIR analyses, which enables a robust in-

vestigation of the impact of laser heating rate, surface temperature, and atmospheric pressure on

simulant destruction.

In addition to experimental and theoretical work on the thermal decomposition and combus-
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Figure 7.1: Sarin and diisopropyl methylphosphonate chemical structures. The chemical
structures of the nerve agent sarin (red) and the simulant diisopropyl methylphosphonate (black)
differ only in the replacement of fluorine with an additional oxygen and isopropyl group.

tion of these compounds,296,301,303–305 this work is an extension of previous studies examining

oxidative306,307 and laser destruction308 of adsorbed chemical nerve agent simulants under ultra-

high vacuum conditions. The oxidative destruction of DIMP and dimethyl methylphosphonate

(DMMP) progresses at similar rates and yields oxygen- and carbonyl-containing oligomeric prod-

uct species.306,307 Laser desorption and destruction studies of a number of Sarin simulants (DIMP,

DMMP, and diethyl ethylphosphonate), demonstrated lower temperature thresholds for destruction

of simulants with relatively larger phosphonate side chains.308 On the basis of these results, we

again expect that the majority of gas phase products in this study will include a variety of 1, 2,

and 3-carbon products generated from the DIMP isopropyl group, with possible incorporation of

atmospheric oxygen.

Using a unique atmospheric pressure ablation chamber, rapid laser heating of 1011 K s−1,

and in situ mass spectrometry, this work probes the reaction products in the prompt destruction

of DIMP under atmospheric and, for the first time, oxygen-depleted atmospheric conditions. In

addition to identifying product branching ratios as a function of laser power, the manipulation

of oxygen content allows us to elucidate the mechanistic role of oxygen in simulant destruction.

This basic understanding is critical for practical decontamination strategies that involve, for exam-

ple, flame incineration, as those conditions often lead to significant oxygen depletion in the local

environment.309

In the laser-induced thermal destruction of DIMP, we demonstrate that the resulting product

distribution is dependent on both surface temperature rise and atmospheric oxygen composition.
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More specifically, the relative production of small alkene products depends significantly on laser

power; the relative yield of smaller substituted products is higher when the sample is ablated with

higher laser powers. Likewise, under oxygen-depleted conditions, the relative amount of oxy-

genated products decreases sharply relative to alkene and alkane products. This suggests that

under extreme high-temperature conditions atmospheric oxygen is incorporated directly into the

products of the fragmented simulant. Such findings are directly relevant to producing novel chem-

ical warfare agent mitigation strategies and maintaining national security.

7.2 Experimental

All experiments were conducted in a newly constructed atmospheric-mass spectrometry appa-

ratus, shown in Figure 7.2. Additional measurements were collected via ex situ FT-IR analysis. In

short, a UTI 100 quadrupole mass spectrometer (QMS) occupies a high-vacuum chamber reaching

base pressures of 10-9 Torr. This chamber samples, via a 20 cm fused silica capillary with a 25-µm

inner diameter, the gaseous products produced in a small, adjacent atmospheric chamber used for

laser ablation trials. A second identical inlet capillary in the atmospheric chamber ensures that

atmospheric pressure is maintained during experimental sampling. The volume of the atmospheric

sampling chamber is small (approximately 40 cm3), which enables rapid diffusion of vapor prod-

ucts; changes in chamber contents are detected by the mass spectrometer within 300 ms. We do

note that the capillary is not heated, so there is a possibility for vapor condensation of DIMP or

associated products during transport. Gas phase products are, however, expected to thermalize

rapidly in the atmospheric chamber, so we do not expect condensation in the capillary to be a ma-

jor pathway. The large pressure differential between the two chambers also ensured consistent gas

flow through the capillary, and repeated use of the same capillary showed no blockage, indicating

that condensation was not happening on a large scale.

In order to prepare DIMP samples for ablation, the atmospheric chamber was routinely purged

and re-opened to atmosphere between trials. The substrate for all experiments was a highly ordered

pyrolytic graphite crystal (HOPG, Bruker). In addition to chamber purging, the HOPG surface was
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Figure 7.2: Joint atmospheric and high-vacuum apparatus. Laser ablation experiments are
conducted in a joint atmospheric and high vacuum apparatus. A Nd:YAG laser is used to ablate
DIMP simulant films in an atmospheric chamber (purple). Gaseous products are transported via
capillary (green) to a high vacuum chamber containing a UTI QMS for analysis.

exfoliated between trials to ensure reproducible surface quality and composition. To begin each

experiment, 10 µL of DIMP (Alfa Aesar) was deposited on the HOPG surface and the chamber

was sealed. A background mass scan was then collected; final product analysis was performed on

the background-subtracted spectra collected following ablation.

DIMP films were ablated with a Nd:YAG laser (Quanta-Ray GCR 130) producing near-IR

photons at 1064 nm. To estimate the surface temperature on the HOPG substrate induced by the

laser pulse, the following calculation was carried out for one-dimensional heat flow into a semi-

infinite slab of material (transverse propagation of the beam is large compared to the depth of heat

conduction into the film). Assuming that the optical absorption coefficient of HOPG is large (on

the order of 104 – 106 cm−1),310–313 the surface temperature of the HOPG surface at time t can

be calculated as:314

T (0, t) =
2F0
K

(
kt

π
)
1
2 (7.1)

In Equation 7.1, F0 is the absorbed incident flux from the laser, K is the thermal conductivity

of HOPG and k is the thermal diffusivity (reported as 290 W m−1 K−1 and 0.000165 m2 s, respec-

tively).315 In practice, the total pulsed laser power is first measured with a Scientech calorimeter

(Model 38-0101). This output is then converted to pulse energy by incorporating the pulse fre-
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quency (20 Hz) and scaling to the duration of individual pulses (8 ns). Pulse energies in this study

range from 0.103 to 0.244 J. This total flux is further scaled to the reflection coefficient of HOPG

(reported as 0.21 at 300 K).310 With this model, peak laser powers raise the crystal temperature to

approximately 2830 ± 110 K at a heating rate of 3.2 x 1011 K s−1. The error cited for tempera-

ture is a standard propagation including error from the calorimeter measurement, pulse width, and

HOPG reflection coefficient. We note that simulant films were ablated for 2 minutes at 20 Hz in

order to generate sufficient product signal for analysis. However, product signals (propene at m/z

= 41, for example) were detected for single pulse ablations and thermocouple measurements of

the HOPG crystal show a steady-state temperature rise of only approximately 350 K as a result of

the extended ablation. We therefore assume that the modest temperature rise caused by extended

ablation is negligible compared to the high temperatures during each individual pulse.

Mass spectra analyses involved a series of steps illustrated with representative data in Figure

7.3. To begin, background spectra were subtracted from post-ablation spectra (Figure 7.3, a).

Next, the MALDIquant R package was used for data smoothing (using a 7-point Savitzky-Golay-

filter, Figure 7.3, b) and peak detection.316,317 In order to deconvolve the spectra into individual

product contributions, it was first necessary to build a library of fragmentation patterns for the

proposed products. To this end, mass spectra were collected for propene (Sigma Aldrich), acetone,

and isopropyl alcohol (IPA, both from Fisher Scientific). The spectra for additional products,

ethylene and acetylene, were obtained from reference data from the National Institute of Standards

and Technology (NIST).229 Once this library was complete, the relative product contributions

for the ablated spectra were determined using a least-squares analysis (Figure 7.3, c). We note

that though present in the background-subtracted spectra, large peaks associated with atmospheric

gases like N2, O2, Ar, etc were excluded from this deconvolution procedure due to the difficulty

separating trace product signals from atmospheric contributions. The omission of m/z = 27 and

28 in particular made it difficult to distinguish ethylene and acetylene. Therefore, all discussions

herein will group these two-carbon products together.

In addition to mass spectrometry, a second modular chamber was used for concurrent ex situ
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Figure 7.3: Processing of representative ablated DIMP mass spectra. Background spectra are
subtracted from post-ablation spectra (a). These background-subtracted spectra are smoothed (red,
b) and peaks are detected (black bars, c). A least-squares procedure is used to determine relative
product yields and reproduce the ablated spectra (red bars, c).

FTIR analysis of ablated products. To begin these experiments, a 150 cm3 IR cell with ZnSe

windows was purged to approximately 25 mTorr. This chamber was connected via leak valve to

an analogous atmospheric chamber for simulant ablation. Following the ablation procedure, the

valve was opened, allowing the evolved gaseous products to escape into the purged chamber. The

contents of the unheated chamber were analyzed using a Nicolet iS50 infrared spectrophotometer

(Thermo Fisher) and a liquid-nitrogen-cooled MCT/A detector. All such FTIR spectra were aver-

aged over 200 scans at 4 cm−1 resolution; peak fitting analysis utilized Gaussian peaks atop cubic

baselines.

7.3 Results and Discussion

7.3.1 FTIR Product Analysis

Previous investigations into the thermal destruction of DIMP have consistently identified a

number of products including propene, IPA, and ethylene. These studies include destruction via

pyrolysis, combustion, exposure to a corona discharge, dissociative adsorption, laser ablation,

etc.286,296,318–320 While this provides a reasonable set of products to look for, the current work

represents the first direct study of rapid laser heating (on the order of 1011 K s−1) of adsorbed

liquid DIMP under atmospheric pressure and oxygen depleted conditions. It is therefore neces-
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Figure 7.4: Representative ablated DIMP spectra. A representative FTIR spectra of DIMP
ablated to approximately 2720 K shows clear evidence of residual DIMP as well as acetylene,
propene, and ethylene products.

sary to firmly establish the full range of products before attempting to assess branching ratios;

this was done using ex situ FTIR. Representative spectra of ablated DIMP in Figure 7.4 show

clear evidence of propene, ethylene, acetylene, as well as contributions from unreacted DIMP or

other partially decomposed organophosphonate fragments such as isopropyl methylphosphonate

(IMP). In addition to the prominent phosphonate P-O-C stretching modes at 995 and 1020 cm−1,

we observe significant signal intensity from propene’s =CH2 wagging mode (912 cm−1) and the

bending modes of acetylene and ethylene (730 cm−1 and 949 cm−1, respectively). All peaks

referenced herein are consistent with those reported for the corresponding molecules in the gas

phase.229,231,240,295,321–324 CO is also observed, but this is difficult to uniquely assign to either

DIMP or HOPG ablation. Additionally, other small product peaks are observed in the spectra be-

yond those highlighted in Figure 7.4, but we were not able to clearly establish their identities using

FTIR alone.

In both FTIR and the following MS analyses, we note that the scope of our experiment did not

include direct quantification of condensed-phase products or parent molecules remaining on the

HOPG substrate or in the atmospheric chamber. Similar to other studies, however, our gas-phase

product analysis suggests that it is primarily phosphorus-containing products that remain following

thermal destruction.296,325 In addition to unreacted DIMP, these products likely include IMP and
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methylphosphonic acid (MPA).

As laser power (and thereby HOPG surface temperature) is increased, an interesting trend

emerges in the relative distribution of products. When spectra are normalized to the height of the

propene peak, there is a corresponding relative increase in the height of ethylene (Figure 7.5, a).

If the relative areas of these two peaks are plotted as a function of HOPG surface temperature

(Figure 7.5, b), it becomes clear that as the ablation temperature increases, ethylene production

increases relative to propene. The same trend is observed for relative propene and acetylene pro-

duction. Without precise absorption cross-sections for these compounds it is difficult to quantify

the absolute amount of each product formed. It is clear, however, that higher temperatures lead to

a higher yield of smaller substituted carbon products.

7.3.2 Effects of Varying Surface Temperature

The results described in the preceding section were easily replicated with in situ mass spectrom-

etry. However, it is important to note that the mass spectra data reveal some additional minor prod-

ucts unidentified in the FTIR data. FTIR spectra provided no conclusive evidence of oxygenated

ablation products, despite their suggested presence in other pyrolytic and thermal decomposition

studies of DIMP.296,318,319 Background subtracted mass spectra of ablated DIMP, however, show

clear increases in m/z = 43 and m/z = 45 (acetone and IPA, respectively). The yield of both of

these products is consistently small relative to propene and ethylene/acetylene, so their absence in

FTIR spectra may simply be due to lack of sensitivity. Therefore, mass spectra are deconvoluted

into contributions from four observed products: propene, ethylene/acetylene, acetone, and IPA.

Figure 7.6 shows the least-squares fit for the data collected in three representative trials at differ-

ent ablation powers. When the data are normalized to propene signal (m/z = 41), there is a clear

corresponding relative increase in the amount of the smaller acetylene and ethylene products. In

other words, these results again suggest that peak surface temperatures impact the extent of bond

cleavage and identity of destruction products.
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Figure 7.5: Relative production of ethylene and propene as a function of laser ablation power.
FTIR spectra normalized to propene height (a) demonstrate increases in relative ethylene produc-
tion as surface ablation temperature increases. Baseline and other product peaks have been sub-
tracted for clarity. The relative integrated area of the associated peaks (b) shows that this trend is
observed throughout the temperature range explored in this study (error bars represent the standard
deviation of at least three trials at each ablation temperature).
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Figure 7.6: Increase in ethylene and acetylene production at higher laser powers. Reproduced
representative mass spectra (a) from a least-squares fit of the data (normalized to propene signal
at m/z = 41) show an increase in low molecular weight products (ethylene and acetylene) as laser
power is increased. This can also be seen in the normalized relative intensities of propene and
acetylene/ethylene (m/z=26) averaged across all trials (b). Ablation surface temperatures are 1440
K (blue), 2140 K (green), and 2830 K (red). Dotted line is drawn to guide the eye.

7.3.3 Effects of Varying Atmospheric Oxygen

In order to probe the role of atmospheric oxygen in DIMP destruction, we performed a se-

ries of experiments with variable partial pressures of oxygen. Following simulant deposition, the

sampling chamber was carefully purged with N2 until a desired oxygen pressure was reached (as

measured with the QMS). The chamber, however, was still maintained at atmospheric pressure.

After ablation at the highest laser powers, the results in Figure 7.7 show that the presence of

oxygenated products plummets nearly to zero when atmospheric oxygen is reduced. Signals asso-

ciated with both acetone (m/z = 43) and IPA (m/z = 45) decrease sharply relative to propene (m/z

= 41). This observation is of critical importance; it demonstrates clearly that atmospheric oxygen

is incorporated directly into the fragmenting DIMP molecule.
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Figure 7.7: Decrease in oxygenated products as available oxygen decreases. Reproduced rep-
resentative mass spectra (a) from a least-squares fit of the data (normalized to propene signal at
m/z = 41) show a sharp decrease in oxygenated products as available oxygen decreases. This can
also be seen in the normalized relative intensities of propene, IPA (m/z=45) and acetone (m/z=43)
averaged across all trials (b). Recorded oxygen pressures in the QMS chamber were 1×10−6 Torr
under atmospheric ablation conditions (red), 2 × 107 under low oxygen conditions (green), and
3× 10−9 Torr under oxygen-depleted conditions (blue). Dotted line is drawn to guide the eye.

7.3.4 Mechanism of Destruction

The effects of varying both ablation surface temperature and atmospheric composition are sum-

marized in Table 7.1. Each entry represents the average of at least three similar trials. In brief, we

observe that higher ablation temperatures lead to an increase in the relative production of shorter

chain substituted products (ethylene/acetylene vs. propene). Additionally, a reduction in available

atmospheric oxygen leads to a decrease in the relative production of oxygenated products (acetone

and IPA vs. propene). These results inform the following discussion of the mechanisms underlying

the thermal destruction of condensed-phase DIMP.

To begin, it has been proposed experimentally and theoretically that that the primary pyrolytic

destruction step for DIMP and other similar molecules is a unimolecular decomposition to IMP

and propene via a six-membered ring transition state.296,326–328 Moreover, propene production

has been observed under a variety of high temperature conditions, beginning with temperatures

as low as 700 K, which is lower than the ablation range studied here.296,308 In vacuum studies,

propene is also produced as a result of dissociative adsorption of DIMP.297,301 Essentially, many
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studies agree that a major step in DIMP destruction involves the formation of propene. On the

other hand, few studies have identified direct mechanisms that yield smaller substituted products

from DIMP’s initial dissociation (and indeed no single initial bond scission is enough to yield a

two-carbon product from DIMP directly). Instead, it is likely that the smaller products (ethylene,

acetylene, methane, etc) are produced as secondary destruction products of propene.197,329 The

results of this work present evidence that indeed propene is likely one of the first products, and that

higher ablation temperatures increase the relative extent of further fragmentation.

The results of the oxygen study add interesting detail to the existing mechanistic picture. Zegers

and Fisher proposed a two-step pyrolysis mechanism for DIMP, beginning with the unimolecular

decomposition that yields propene. The second step involves transfer of a hydrogen from the

phosphorous hydroxyl group to the oxygen of the isopropoxy group, yielding IPA and methyl

dioxophosphorane.296 Our observations suggest, however, that this intermolecular step may not be

the primary mechanism for IPA formation at these high-temperature, fast-heating, and condensed-

phase conditions. Instead, atmospheric O2 or radicals formed from thermal dissociation may ab-

stract hydrogens or break bonds in the DIMP molecule directly. For example, if an alkyl radical

forms upon scission of the P-O-C bond, atmospheric O2 can readily add to generate an alkoxy

radical. This species, in turn, is expected to react or decompose readily to form both the observed

acetone and IPA.330–332 The direct incorporation of oxygen from the atmosphere in this proposed

mechanism would account for the observed dependence on oxygen pressure in the ablation cham-

ber in the production of oxygenated products.

7.4 Conclusion

Building on work investigating pyrolysis, dissociative adsorption, and laser ablation of chem-

ical warfare agents and their simulants, this study presents a comprehensive look at rapid thermal

ablation of condensed DIMP, a simulant of Sarin, under atmospheric pressure conditions. Decom-

position products observed include propene, ethylene, acetylene, IPA, and acetone, which are well

in line with existing literature on thermal destruction of organophosphonates. Product distribu-
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Chamber Conditions Relative Product Contributions
Oxygen (Torr) Ts(K) IPA Acetone Propene Ethylene/Acetylene
(1± 0.1)× 10−6 2830± 110 0.2± 0.05 0.1± 0.06 1± 0.16 1.2± 0.18

(1± 0.1)× 10−6 2140± 86 0.2± 0.03 0.1± 0.12 1± 0.04 1.2± 0.16

(1± 0.1)× 10−6 1440± 64 0.1± 0.08 0.4± 0.13 1± 0.13 0.5± 0.06

(1± 0.1)× 10−6 2830± 110 0.2± 0.05 0.1± 0.06 1± 0.16 1.2± 0.18

(2± 1.7)× 10−7 2830± 110 0± 0.03 0.1± 0.08 1± 0.27 4.2± 0.86

(3± 0.4)× 10−9 2830± 110 0± 0.0 0± 0.0 1± 0.3 7± 1.49

Table 7.1: Normalized product ratios following DIMP ablation. Summary of all DIMP ablation
experiments performed, normalized to propene production. As surface temperature is increased,
the relative ratio of ethylene and acetylene to propene increases. As available oxygen is decreased,
the relative production of IPA and acetone decreases.

tions varied significantly when both laser power (HOPG surface temperature) and oxygen content

were altered; higher ablation powers led to higher temperatures, which increased the extent of

secondary fragmentation in alkene and alkyne products observed. Lower oxygen partial pressures

led to a sharp decrease in oxygenated products, suggesting that a dominating mechanism in this

system involves direct incorporation of atmospheric oxygen into product fragments.

Though Sarin, unlike DIMP, includes a fluorine substituent on the central phosphorus atom,

there is reason to believe the results highlighted here have direct relevance for Sarin’s thermal

destruction. Experimental work with simulants and nerve agents has shown significant correla-

tion between bond frequency and desorption energies, suggesting that simulants like DIMP are

indeed appropriate for modeling the chemistry of toxic agents.294 Perhaps more importantly, py-

rolytic simulations of Sarin have confirmed that thermal destruction begins with the same six-

center intermediate that leads to propene elimination.305 Therefore we expect that the chemistry

observed in these temperature-jump experiments is relatively generalizable to Sarin and other large

organophosphonates.

In addition to validating the applicability of these results on live nerve agents, extensions of

this work may include tracking the destruction temperature thresholds and product distributions

for additional simulants and simulant mixtures, as well as the impact of incorporating less absorp-

tive or reactive substrates. In general, this work continues to shed light on the basic mechanisms
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of organophosphonate thermal destruction, related to those encountered under high temperature

rapid heating blast conditions. These results are critical for the accurate modeling of environmen-

tal persistence and implementation of mitigation strategies for chemical warfare agents and other

organophosphonate pesticides.
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Appendix A

Appendix

Appendices A1-A6 contain figures with the raw data as collected for figures throughout this thesis.

Since not every figure in this thesis has corresponding raw data, the numbers may not match up

exactly to the associated figure in the thesis, but will be marked accordingly.

Appendix A7 contains the copyright attribution for all work reproduced in this thesis that has been

published.

A1 Experimental Section (Chapter 2)

Figure A1.1: Raw RGA data for Figure 2.4. Signal intensity for a beam of CH4 (seeded in H2)
exposed to a thick film of p-ASW D2O at 33.5 K. The beam nozzle is heated to 970 K, resulting
in an energy of 1.8 eV (Data file: 040619.R05)
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Figure A1.2: Raw TOF data for Figure 2.6. QMS intensity for a seeded CH4 beam at 400 K
collected as a function of time. The beam passes through the rotating chopper slit at 1% duty-cycle
modulation to trigger at t= 0. (Data file: 040918T.F05)

Figure A1.3: Raw TOF data for Figure 2.7. We collect a series of TOF spectra for a neat
beam (for instance O2) at various backing pressures and find the linear relationship between the
integrated areas of these curves and the calculated beam flux. We then use the slope of this fit to
convert TOF peak to absolute flux for seeded beams. (Data files: 071519T.F01-7)
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A2 Sticking Probability of High-Energy Methane on Crystalline,

Amorphous, and Porous-Amorphous Ice Films (Chapter 3)

Figure A2.1: Raw RAIR spectrum for Figure 3.1. In addition to integrating the O-D stretching
region to gain information about film thickness, the shape of the O-D stretching region also pro-
vides details about the ice morphology (p-ASW, np-ASW, and CI). We can compare the integrated
area of the small dangling bond region between 2700 and 2780 cm−1 to gain information about
the ice surface area and porosity. Each spectrum is representative of each film type, deposited via
directed doser at a crystal temperature of 25 K, 107, and 150 K for p-ASW, np-ASW, and CI re-
spectively. These films are between 150 and 250 layers thick. (Data files: 040218A.IR06 (p-ASW,
top), 042018A.IR01 (np-ASW, middle), 050918A.IR36 (CI, bottom))
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Figure A2.2: Raw RAIR spectrum for Figure 3.2a - CI Films.We tracked the integrated area
of methane’s ν4 mode (1305 cm−1) during adsorption and desorption experiments. In the top
panel of Figure 3.2a, we isothermally desorb a multilayer film of methane on a CI film at 24 and
25 K to determine the height of the monolayer. In the bottom panel, we see a small amount of
methane grow in on a CI film held at 33.5 K .(Data files: 051018G.IR01-16 (desorption, 24 K),
051018H.IR01-09 (desorption, 25 K), 050318D.IR01-13 (adsoprtion, 33.5 K))
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Figure A2.3: Raw RAIR spectrum for Figure 3.2b - np-ASW Films. We tracked the integrated
area of methane’s ν4 mode (1305 cm−1) during adsorption and desorption experiments. In the top
panel of Figure 3.2b, we isothermally desorb a multilayer film of methane on a np-ASW film at 24
and 25 K to determine the height of the monolayer. In the bottom panel, we see a small amount of
methane grow in on a np-ASW film held at 33.5 K. (Data files: 051018F.IR09-29 (desorption, 24
K), 051018E.IR01-10 (desorption, 25 K), 050318B.IR01-17 (adsoprtion, 33.5 K), 050318C.IR01-
13 (adsoprtion, 33.5 K))
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Figure A2.4: Raw RAIR spectrum for Figure 3.2c and d - p-ASW Films.We tracked the inte-
grated area of methane’s ν4 mode (1305 cm−1) during adsorption and desorption experiments. In
the top panel of Figure 3.2c, we isothermally desorb a multilayer film of methane on a p-ASW
film at 24 and 25 K to determine the height of the monolayer. In the bottom panel, we see a
small amount of methane grow in on a p-ASW film held at 33.5 K. The spectra in Figure 3.2d
are from the same data sets. (Data files: 051118D.IR01-11 (desorption, 24 K), 051118E.IR01-17
(desorption, 25K), 050918A.IR25-35 (desorption, 33.6 K), 050218A.IR18-32 (adsoprtion, 33.5 K),
050218A.IR33-45 (adsoprtion, 33.5 K))
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Figure A2.5: Raw King and Wells data for Figure 3.3 - CI films. We collect the RGA signal at
m/z = 15 as a CI film is exposed to a heated beam of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2
(0.54, 0.74, 1.3, 1.8 eV). We use the drop in intensity to calculate the initial sticking probability;
each yellow data point in Figure 3.3 represents the average value across all trials with a particular
beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
060818.R07 042418.R08 050218.R05 041818.R02 041818.R04 041818.R03
061118.R04 060818.R05 050218.R06 041818.R05 042518.R13 041918.R03
061118.R09 060818.R06 050318.R06 042318.R11 042518.R14 041918.R04
061118.R10 043018.R07 043018.R05 042718.R05

043018.R08 043018.R06 042718.R06
043018.R09 042718.R10

043018.R04
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Figure A2.6: Raw King and Wells data for Figure 3.3 - np-ASW films. We collect the RGA
signal at m/z = 15 as a np-ASW film is exposed to a heated beam of CH4 (0.10 and 0.27 eV)
or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in intensity to calculate the initial
sticking probability; each blue data point in Figure 3.3 represents the average value across all trials
with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
040518.R05 042418.R06 050318.R02 041518.R02 041718.R04 041718.R03
040518.R06 042418.R07 050318.R03 041718.R02 041718.R07 041718.R06
040518.R08 060818.R02 050318.R04 041718.R05 042318.R05 042018.R02
042418.R04 060818.R03 050318.R05 042318.R02 042318.R06 042018.R03
042418.R05 042318.R03 042318.R07 042018.R04

042318.R04 042718.R03 042718.R04
042718.R02
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Figure A2.7: Raw King and Wells data for Figure 3.3 - p-ASW films. We collect the RGA
signal at m/z = 15 as a p-ASW (30◦ deposition) film is exposed to a heated beam of CH4 (0.10 and
0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in intensity to calculate the
initial sticking probability; each red data point in Figure 3.3 represents the average value across
all trials with a particular beam energy. This data set is also in Figure 3.6.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
042518.R02 040618.R09 050218.R02 040618.R03 040618.R07 040618.R05
042518.R03 042518.R04 050218.R03 041318.R02 041318.R09 041318.R04

042518.R05 050218.R04 042518.R07 041318.R12 041318.R08
042518.R08 042518.R11 042518.R09

042518.R12 042518.R10
043018.R02
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Figure A2.8: Raw RAIR spectrum for Figure 3.4. We tracked the growth rate of CF4 embedded
in np-ASW (top) and p-ASW (bottom) films via the integrated area of modes at 1276 and 1257
cm−1. We performed embedding experiments using a heated beam of CF4 seeded in H2 (5.3 eV)
and with the ice film held at 70 K. We also performed corresponding blank trials with a room
temperature beam (≈0.11 eV) to quantify any small contributions to the signal from CF4 surface
adsorption. (Data files: 031218B.IR01-10 (np-ASW, 5.3 eV), 013118B.IR04-08 (np-ASW, blank),
031418B.IR01-12 (p-ASW, 5.3 eV),031518B.IR01-10 (p-ASW, blank))
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Figure A2.9: Raw RAIR spectrum for Figure 3.5. Spectra collected before, during, and after ex-
posure to a seeded, 0.54 eV CH4/H2 beam illustrate little change in the underlying water structure
as a result of CH4 exposure. (Data files: 050218A.IR33 (before CH4 exposure), 050218A.IR45
(during CH4 exposure), 050218A.IR46 (after anneal))

129



Figure A2.10: Raw King and Wells data for Figure 3.6 - 60◦ films. We collect the RGA signal
at m/z = 15 as a p-ASW (60◦ deposition) film is exposed to a heated beam of CH4 (0.10 and 0.27
eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in intensity to calculate the
initial sticking probability; each green data point in Figure 3.6 represents the average value across
all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
040818.R02 050718.R14 050718.R02 040918.R02 040918.R04 040918.R03
050718.R16 050718.R15 050718.R03 050718.R05 050718.R08 050718.R11
050718.R17 040818.R03 050718.R04 050718.R06 050718.R09 050718.R12

050718.R07 050718.R10 050718.R13
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Figure A2.11: Raw King and Wells data for Figure 3.6 - 70◦ films. We collect the RGA signal
at m/z = 15 as a p-ASW (70◦ deposition) film is exposed to a heated beam of CH4 (0.10 and 0.27
eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in intensity to calculate the
initial sticking probability; each grey data point in Figure 3.6 represents the average value across
all trials with a particular beam energy.

0.54 eV 0.74 ev 1.3 eV 1.8 eV
051418.R02 041118.R02 041118.R04 041118.R03
051418.R03 051518.R02 041118.R04 041118.R06

051518.R03 051518.R05 051518.R07
051518.R06 051518.R08
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Figure A2.12: Raw King and Wells data for Figure 3.6 - Background films. We collect the
RGA signal at m/z = 15 as a p-ASW (Background deposition) film is exposed to a heated beam
of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in
intensity to calculate the initial sticking probability; each purple data point in Figure 3.6 represents
the average value across all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
050818.R11 050818.R09 050818.R02 041218.R02 041218.R04 041218.R03
050818.R12 050818.R10 050818.R03 050818.R05 050818.R07 051618.R09

050818.R04 050818.R06 050818.R08 051618.R10
051618.R02 051618.R04 051618.R07 051618.R11
051618.R03 051618.R05 051618.R08

051618.R06
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Figure A2.13: Raw King and Wells data for Figure 3.7. All the data listed here already appears
in Figures A2.5 - A2.7 and A2.10 - A2.12. The files below were used to calculate the values in
Subsection 3.3.3 and are part of Figure 3.6.

Panel A Panel B - 30◦ Panel B - 60◦ Panel B - 70◦ Panel B - BD
041818.R03 050218.R02 050718.R11 041118.R03 051618.R02
042518.R09 050218.R03 040918.R03 051518.R07 051618.R03
041718.R06 050218.R04 050718.R02 051518.R08 051618.R09

040618.R05 051418.R03 051618.R10
042518.R09 050818.R02
043018.R02

133



A3 Acetone-Water Interactions in Crystalline and Amorphous Ice

Environments (Chapter 4)

Figure A3.1: Raw RAIR spectrum for Figure 4.1. In addition to integrating the O-D stretching
region to gain information about film thickness, the shape of the O-D stretching region also pro-
vides details about the ice morphology (p-ASW, np-ASW, and CI). We can compare the integrated
area of the small dangling bond region between 2700 and 2780 cm−1 to gain information about
the ice surface area and porosity. Each spectrum is representative of each film type, deposited
via directed doser at a crystal temperature of 20 K, 107, and 150 K for p-ASW, np-ASW, and CI
respectively collected at 70 K. These films are 150 layers thick. (Data files: 120221A.IR13 (CI,
top), 120721A.IR12 (np-ASW, middle), 120621A.IR04 (p-ASW, bottom))
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Figure A3.2: Raw RAIR spectrum for Figure 4.2. These spectra correspond to acetone exposure
on the Au(111) substrate at 70 K via the molecular beam. (Data files: 121621A01-08))
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Figure A3.3: Raw RAIR spectrum for Figure 4.3. These spectra correspond to sub-monolayer
acetone deposited on top of an ice film (np-ASW or CI) at 110 K. (Data files from top to bottom:
082721B.IR02 (230 ML CI), 111121B.IR03 (330 ML np-ASW), 101221C.IR02 (588 ML np-ASW),
051721C.IR01(111 ML np-ASW))
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Figure A3.4: Raw RAIR spectrum for Figure 4.4a-c. These spectra correspond to acetone
deposited at 70 K on top of the D2O films of varying morphologies (CI, np-ASW, p-ASW de-
posited at 150, 107, and 20 K respectively). All spectra in Figure 4.4a-c are normalized to the
intensity at 1711 cm−1. (Data files: CI:120221B.IR01-07, np-ASW:120721B.IR01-08, p-ASW:
120621B.IR01-08)

Figure A3.5: Raw RAIR spectrum for Figure 4.4d-f. These spectra correspond to the D2O
Films before (bottom) and after (top) exposure to 40-45 ML of acetone at 70 K. CI, np-ASW,
p-ASW films were deposited at 150, 107, and 20 K respectively (Data files: CI:120221A.IR13-
14, np-ASW:120721A.IR11-12, p-ASW: 120621A.IR03-04 where the first spectra is before and the
second is after exposure)
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Figure A3.6: Raw RAIR spectrum for Figure 4.6a-c. These spectra correspond to acetone
deposited at 20 K on top of p-ASW D2O films of varying porosity (30º and 70º) also deposited
at 20 K. Acetone exposure was either normal or at 70º from normal. All spectra in Figure 4.6a-c
are normalized to the intensity at 1711 cm−1. (Data files: p-ASW-30, normal:120821B.IR01-09,
p-ASW-70, normal: 021822B.IR02-12, p-ASW-70, 70º: 022222B.IR01-11)

Figure A3.7: Raw RAIR spectrum for Figure 4.6. These spectra correspond to the D2O Films
before (bottom) and after (top) exposure to 40-45 ML of acetone at 20 K. Acetone exposure was
either normal or at 70º from normal. (Data files: p-ASW-30, normal:120821A.IR02-03, p-ASW-70,
normal: 021822A.IR05-06, p-ASW-70, 70º: 022222A.IR06-07 where the first spectra is before and
the second is after exposure)
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Figure A3.8: Raw RAIR spectrum for Figure 4.8. Initially a 100-layer D2O film was grown on
the surface, prior to creating a mixture of acetone and D2O by dosing np-ASW D2O through the
directed doser and acetone through the beam at 107 K . These spectra were taken at the end when
the mixed film thickness had ∼400 layers of D2O. The overall film percentage was taken from
integrated area of the 1700 cm−1 C=O stretch for acetone and the 2200-2800 cm−1 OD stretch for
D2O. (Data files from top to bottom: 1%: 071222B10, 2%: 071621B.IR18, 1.5%: 072821B.IR15,
25%: 060221D.IR01)
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A4 Differential Condensation of Methane Isotopologues Leading to

Isotopic Enrichment Under Non-equilibrium Gas-Surface Collision

Conditions (Chapter 5)

Figure A4.1: Raw King and Wells data for Figure 5.1 - CH4 on CD4. We collect the RGA
signal at m/z = 15 as a CD4 film at 20 K is exposed to a heated beam of CH4 seeded in H2 (2358
m/s, 3660 m/s, 4159 m/s, 4685 m/s). We use the drop in intensity to calculate the initial sticking
probability; each pink data point in Figure 5.1 represents the average value across all trials with a
particular beam velocity.

2358 m/s 3660 m/s 4159 m/s 4685 m/s
120420.R01 120420.R02 120420.R03 120320.R12
120720.R01 120920.R02 120920.R03 120920.R03

121020.R07
121520.R09
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Figure A4.2: Raw King and Wells data for Figure 5.1 - CD4 on CD4. We collect the RGA
signal at m/z = 20 as a CD4 film at 20 K is exposed to a heated beam of CD4 seeded in H2 (2556
m/s, 3685 m/s, 4094 m/s, 4619 m/s). We use the drop in intensity to calculate the initial sticking
probability; each blue data point in Figure 5.1 represents the average value across all trials with a
particular beam velocity.

2556 m/s 3685 m/s 4094 m/s 4619 m/s
102520.R01 102520.R03 102520.R04 102520.R05
102520.R02 120320.R03 120320.R06 120320.R09
120320.R02 120320.R04 120320.R07 120320.R10
120320.R03 120320.R05 120320.R08 120320.R11

141



Figure A4.3: Raw King and Wells data for Figure 5.2 - CH4 on CH4. We collect the RGA
signal at m/z = 15 as a CH4 film at 20 Kis exposed to a heated beam of CH4 seeded in H2 (2358
m/s, 3660 m/s, 4159 m/s, 4685 m/s). We use the drop in intensity to calculate the initial sticking
probability; each pink data point in Figure 5.2 represents the average value across all trials with a
particular beam velocity.

2358 m/s 3660 m/s 4159 m/s 4685 m/s
092120.R09 092720.R04 092820.R01 092220.R09
092120.R10 092720.R05 092820.R02 092220.R10
092220.R03 092820.R04 092920.R06 092620.R03
092620.R01 092820.R05 092920.R07 092620.R04
092620.R02 092920.R04 101120.R03 092820.R06
092920.R03 092920.R05 101120.R06 092820.R07
100520.R01 100520.R03
101120.R01 100520.R04

142



Figure A4.4: Raw King and Wells data for Figure 5.2 - CD4 on CH4. We collect the RGA
signal at m/z = 20 as a CH4 film at 20 K is exposed to a heated beam of CD4 seeded in H2 (2556
m/s, 3685 m/s, 4094 m/s, 4619 m/s). We use the drop in intensity to calculate the initial sticking
probability; each blue data point in Figure 5.2 represents the average value across all trials with a
particular beam velocity.

2556 m/s 3685 m/s 4094 m/s 4619 m/s
101220.R01 102020.R01 102020.R02 101220.R03
101220.R02 102420.R01 102020.R03 101320.R02
101320.R01 102420.R03 102420.R02 101820.R03
101820.R01 102620.R01 102620.R01 101920.R02
101820.R02 101920.R03
101920.R01
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Figure A4.5: Raw RAIR spectrum for Figure 5.3 - CD4 and CH4. We tracked the growth of
methane’s ν4 mode (992 cm−1 (CD4, right and Figure 5.3a) and 1305 cm−1 (CH4, left and Figure
5.3b)) during initial adsorption onto the CH4 film at 20 K. The third panel (Figure 5.3c) shows
the amplitude plotted as a function of time to get the initial growth rate. We note that in order to
directly compare between CD4 and CH4, we use the infrared cross section and multiply the CD4
absorbance by 1.55. (Data files: 101820F.IR01-08 (CD4) 092820I.IR01-08 (CH4) )
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Figure A4.6: Raw RAIR spectrum for Figure 5.4 - CH4 at 2358 m/s. We tracked the growth
of methane’s ν4 mode (1305 cm−1) during initial adsorption onto the CH4 film at 20 K. We use
a least squares regression to calculate the initial growth rate or the 2358 m/s CH4 beam to over-
lay with the Sticking Probability in Figure 5.4. (Data files: 092120F.IR01-06, 092120G.IR01-
06, 092220C.IR01-07, 092620B.IR01-08, 092620C.IR01-08, 092920D.IR01-06, 100520B.IR01-
06, 101120B.IR01-06)
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Figure A4.7: Raw RAIR spectrum for Figure 5.4 - CH4 at 3660 m/s. We tracked the growth
of methane’s ν4 mode (1305 cm−1) during initial adsorption onto the CH4 film at 20 K.We use
a least squares regression to calculate the initial growth rate or the 3660 m/s CH4 beam to over-
lay with the Sticking Probability in Figure 5.4. (Data files: 092920F.IR01-08, 092720G.IR01-
08, 092820F.IR01-08, 092820G.IR01-07, 092920F.IR01-06, 092920G.IR01-06, 100520E.IR01-
06, 100520F.IR01-06)
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Figure A4.8: Raw RAIR spectrum for Figure 5.4 - CH4 at 4159 m/s. We tracked the growth
of methane’s ν4 mode (1305 cm−1) during initial adsorption onto the CH4 film at 20 K. We use a
least squares regression to calculate the initial growth rate or the 4159 m/s CH4 beam to overlay
with the Sticking Probability in Figure 5.4. (Data files: 092820B.IR01-08, 092820C.IRIR01-08,
092920I.IR01-06, 092820J.IR01-08, 101120E.IR01-06, 101120I.IR01-06)
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Figure A4.9: Raw RAIR spectrum for Figure 5.4 - CH4 at 4685 m/s. We tracked the growth of
methane’s ν4 mode (1305 cm−1) during initial adsorption onto the CH4 film at 20 K. We use a least
squares regression to calculate the initial growth rate or the 4685 m/s CH4 beam to overlay with the
Sticking Probability in Figure 5.4. (Data files: 09220H.IR01-08, 092220I.IR01-08, 092620.IR01-
08, 092620F.IR01-08, 092820I.IR01-08, 092820J.IR01-08)
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Figure A4.10: Raw RAIR spectrum for Figure 5.4 - CD4 at 2556 m/s. We tracked the growth
of deuterated methane’s ν4 mode (992 cm−1) during initial adsorption onto the CH4 film at 20 K.
We use a least squares regression to calculate the initial growth rate or the 2556 m/s CD4 beam to
overlay with the Sticking Probability in Figure 5.4. (Data files: 101220B.IR01-08, 101220D.IR01-
08, 101320B.IR01-08, 101820B.IR01-08, 101820D.IR01-08, 101920B.IR01-08)
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Figure A4.11: Raw RAIR spectrum for Figure 5.4 - CD4 at 3685 m/s. We tracked the growth
of deuterated methane’s ν4 mode (992 cm−1) during initial adsorption onto the CH4 film at 20 K.
We use a least squares regression to calculate the initial growth rate or the 3685 m/s CD4 beam to
overlay with the Sticking Probability in Figure 5.4. (Data files: 102020B.IR01-08, 102420B.IR01-
08, 102420F.IR01-08, 102620B.IR01-08)
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Figure A4.12: Raw RAIR spectrum for Figure 5.4 - CD4 at 4159 m/s. We tracked the growth
of deuterated methane’s ν4 mode (992 cm−1) during initial adsorption onto the CH4 film at 20 K.
We use a least squares regression to calculate the initial growth rate for the 4159 m/s CD4 beam to
overlay with the Sticking Probability in Figure 5.4. (Data files: 102020D.IR01-08, 102020F.IR01-
08, 102420D.IR01-08, 102620D.IR01-08)
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Figure A4.13: Raw RAIR spectrum for Figure 5.4 - CD4 at 4619 m/s. We tracked the growth
of deuterated methane’s ν4 mode (992 cm−1) during initial adsorption onto the CH4 film at 20 K.
We use a least squares regression to calculate the initial growth rate or the 4619 m/s CD4 beam to
overlay with the Sticking Probability in Figure 5.4. (Data files: 101220F.IR01-08, 101320D.IR01-
08, 101820F.IR01-08, 101920D.IR01-08, 101920F.IR01-08)
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Figure A4.14: Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 2293 m/s. We tracked
methane’s ν4 mode (992 cm−1 (CD4) and 1305 cm−1 (CH4)) once the film reached a steady state.
We use the integrated area with the appopriate infrared cross sections to calculate the percentage of
CD4 and CH4 for each spectra. We average all spectra taken for the beam at 2293 m/s to get the film
composition % in Figure 5.7. (Data files: 111520C.IR26-40 111920B.IR27-40, 121520B.IR25-50)
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Figure A4.15: Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 3595 m/s. We tracked
methane’s ν4 mode (992 cm−1 (CD4) and 1305 cm−1 (CH4)) once the film reached a steady state.
We use the integrated area with the appopriate infrared cross sections to calculate the percentage
of CD4 and CH4 for each spectra. We average all spectra taken for the beam at 3595 m/s to get the
film composition % in Figure 5.7. (Data files: 111920D.IR28-40, 121520D.IR20-50)
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Figure A4.16: Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 4123 m/s. We tracked
methane’s ν4 mode (992 cm−1 (CD4) and 1305 cm−1 (CH4)) once the film reached a steady state.
We use the integrated area with the appopriate infrared cross sections to calculate the percentage
of CD4 and CH4 for each spectra. We average all spectra taken for the beam at 4123 m/s to get the
film composition % in Figure 5.7. (Data files: 111820C.IR26-40, 120820B.IR20-42)
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Figure A4.17: Raw RAIR spectrum for Figure 5.7 - CH4 and CD4 at 4276 m/s. We tracked
methane’s ν4 mode (992 cm−1 (CD4) and 1305 cm−1 (CH4)) once the film reached a steady state.
We use the integrated area with the appopriate infrared cross sections to calculate the percentage of
CD4 and CH4 for each spectra. We average all spectra taken for the beam at 4276 m/s to get the film
composition % in Figure 5.7.(Data files: 111820E.IR26-40, 112220C.IR29-40, 112320C.IR24-40)
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A4.1 VENUS Input Information

The following input file was used to create Figures 5.5 and 5.6. For brevity, in the example

input files (Subsection A4.1.1), the potential energy parameters include examples instead of listing

the million lines of code and the surface coordinates (Subsection A4.1.3) are only listed once at

the end. Additionally, for each trajectory to not take days to run on the Midway, the Lennard Jones

potentials were cutoff at 10 Å. During additional analysis after publishing Chapter 5, the Lennard

Jones parameters as part of the potential were further refined to correct a transcription error. To

avoid confusion, those that are reproduced below are the most up to date values, but a comparison

will occur when discussing the surface (Subsection A4.1.2) and the preliminary analysis of the

VENUS trajectories (Subsection A4.2).

A4.1.1 Example Input File

In the following input file, the bold text are the numbers that differ between the 300 K, 700 K,

900 K, and 1100 K CH4 and CD4 beams and CH4 and CD4 surfaces. There are a total 16 different

input files with the following conditions where at a specific temperature and vibrational energy, the

CH4 and CD4 beams were at the same velocities, but different energies:
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Surface
Molecule

Beam
Molecule

Beam Vibrational
Temperature (K)

Beam Rotational
Temperature (K)

Beam Energy
(eV)

CH4 CH4 300 0 0.41
CD4 CH4 300 0 0.67
CH4 CD4 300 0 0.41
CD4 CD4 300 0 0.67
CH4 CH4 700 0 1.14
CD4 CH4 700 0 1.41
CH4 CD4 700 0 1.14
CD4 CD4 700 0 1.41
CH4 CH4 900 0 1.45
CD4 CH4 900 0 1.75
CH4 CD4 900 0 1.45
CD4 CD4 900 0 1.75
CH4 CH4 1100 0 1.85
CD4 CH4 1100 0 2.20
CH4 CD4 1100 0 1.85
CD4 CD4 1100 0 2.20

Table A.1: VENUS Input File Parameters
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For 789 methane surface at 20 K (2285 rigid atoms) with a 300 K CD4 beam
Trajectory
4205,0,3160,4740,0,841053,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0
%Potential Energy Parameters%
1,2,1.086,1.863,112.45,→Morse stretch between carbon and hydrogen
2,3,1,109.471221,0.585,1.086,2,1.086,2,→ Harmonic bend between carbon and hydrogen
1,6,12,6,0,812999.79,-575.20,0,→ Carbon-Carbon LJ (beam with top two layers)
1,7,12,6,0,96581.62,-135.16,0,→ Carbon-Hydrogen LJ(beam with top two layers)
2,7,12,6,0,3868.24,-12.24,0,→ Hydrogen-Hydrogen LJ (beam with top two layers)
3951,6,12,6,0,1498264.42,-2096.82,0,→ Au-C LJ
6,11,12,6,0,812999.79,-575.20,0,→ Carbon-Carbon LJ for Surface
452,3891,12,6,0,96581.62,-135.16,0,→ Carbon-Hydrogen LJ for Surface
4204,4205,12,6,0,2307000,-6987,0,→ Hydrogen-Hydrogen LJ for Surface
%Calculating the Trajectories and Selecting Initial Conditions%
999,→ Zero vibrational energy
2,1,0,→ Trajectory, Beam-Surface Collision
12.0,2.01565,2.01565,2.01565,2.01565,→ Beam Carbon Mass (CD4)
120000.0,1.007825,1.007825,1.007825,1.007825,→ Example Surface Mass, heavy for rim
1969600.0→ Au Mass
3,1,0,→ Velociy-Verlet Integrator
1,500000.0,1000,50,→ 1 trajectory, Number of Steps, Printout details
0.01,→ Time Step
5,7,1077835661,→ Boltzmann Distribution of Normal Modes, MD sampling for surface
0.001,2,→ Cartesian Coordinate Displacement, Number of Displacements
5,0,→ Number atoms in the beam
0.000006, -0.000000, 0.000006,
-0.000006, 0.000000, 1.086006,
1.023901, 0.000000, -0.361982,
-0.511935, -0.886715, -0.362000,
-0.511935, 0.886715, -0.362000,→ Beam Coordinates
300, 1,0,→ Beam vibrational temperature, rotational energy,
1,0,0,0,→ Average and print rotational energy
4200,0,→ Number Atoms in the Surface
Surface Coordinates (Subsection A4.1.3)
20,5000,0,1,2285,→MD Parameters: Surface Temp, Number of Steps, Number of Rigid Atoms
1, 1591, 0, 0,→ Aim at center carbon
40, 30, -2320.0,→ Halt trajectory at 40 A, Potential Energy at Equilibrium Position
1,15.536205565,→ Fixed beam, initial energy in kcal/mol to match experimental data
10, 0, 4,→ Start at 10 Å away, sample input parameter randomly
1376,1411,1846,→ Reference Place of the Surface
1591,0,0,1,0,→ Beam is normal to surface, aim at center carbon
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A4.1.2 Methane Surface

As mentioned in Subsection 5.3.1, the surface model is comprised of six layers of methane

stacked in an AB sequence to form a cubic closed packed structure179 on top of an Au crystal.

Between the six layers there are a total of 789 CH4 molecules in alternating layers of 120/143

molecules. The CH4 molecules are spaced 3.8 Å apart in plane and 3.4 Å apart between layers.

The surface was optimized to find the minimum energy and geometry prior to running all the

trajectories.The methane harmonic frequencies are 3193, 3021, 1583, and 1413 cm−1.

Additionally, we calculated the orientation averaged CH4 (beam) – CH4 (surface) intermolec-

ular potential versus the CH4-CH4 center-of-mass separation (Figure A4.18). Each distance was

averaged over 1000 orientations. Thus, the incident methane experiences a different potential

based on where it hits in the unit cell. The direct site corresponds to an impact parameter equal

to 0, while the one methane away site corresponds to an impact parameter of 4. This information

was used to select the approximate impact parameter, BMAX, (4 Å) in order to randomly sample

directly hitting the methane, hitting one methane, and the 3 fold site. These are the conditions used

in Figures 5.5 and 5.6.
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Figure A4.18: Orientation averaged CH4 (beam) – CH4 (surface) intermolecular potential

After refining the Lennard Jones Potentials, we recalculated the orientation average CH4 (beam)

– CH4 (surface) intermolecular potential versus the CH4-CH4 center-of-mass separation (Figure

A4.19. Additionally, there was concern that due to not having a fully periodic surface and after

seeing variation in the sticking probabilities when preliminarily testing a variety of BMAX values

(2,4,6, and 8), we decided to increase the impact parameter to 8 Å to avoid under-sampling the

surface and repeatedly hitting a ”special” area.

Figure A4.19: Orientation averaged CH4 (beam) – CH4 (surface) intermolecular potential,
refined potential
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A4.1.3 Surface Coordinates

The exact coordinates shown below are x,y,z for all methane (789) molecules and Au (255)

atoms that are part of the surface. Each methane is listed as one carbon first and then its corre-

sponding four hydrogens for a total of 3945 lines of coordinates. The top three layers are listed

first (Z∼=12, 15, 18 Å), before the bottom three (Z∼=3, 6, 9 Å) layers that are held rigid during the

trajectory. The Au atoms are at the very end (Z=0 Å).

Layer Molecule /
Atom

# of Molecules /
Atoms

# per Row # Columns ∼Z Height
(Å)

4 CH4 120 10 12 12
5 CH4 143 11 13 15
6 CH4 120 10 12 18
1 CH4 143 11 13 3
2 CH4 120 10 12 6
3 CH4 143 11 13 9
0 Au(111) 255 15 17 0

Table A.2: Methane Surface Structure

The coordinates listed start in the top left of the surface and go across for the number of

molecules per row (10-15) prior to starting the next row. For brevity, the coordinates are listed

in two columns (starting with the column on the left) and the carbons will be denoted in bold to

differentiate them from the hydrogens.
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C1: 9.671561000000000519e+00,1.232208499999999951e+01,1.236702000000000012e+01,
9.278055999999999415e+00,1.333366799999999941e+01,1.233836999999999939e+01,
8.864364000000000132e+00,1.162579500000000010e+01,1.257365000000000066e+01,
1.042271799999999971e+01,1.224770400000000059e+01,1.314761799999999958e+01,
1.012235500000000066e+01,1.207872899999999916e+01,1.141091300000000075e+01,
C2: 1.380709500000000034e+01,1.211752199999999924e+01,1.236841000000000079e+01,
1.286582300000000068e+01,1.253248899999999999e+01,1.202131200000000000e+01,
1.441857399999999956e+01,1.184326399999999957e+01,1.151463900000000073e+01,
1.361295900000000003e+01,1.123649699999999996e+01,1.297287399999999913e+01,
1.433023000000000025e+01,1.285790500000000058e+01,1.296616200000000063e+01,
C3: 1.764162400000000019e+01,1.197966699999999918e+01,1.243283300000000047e+01,
1.737967799999999841e+01,1.092996199999999973e+01,1.252519200000000055e+01,
1.692945200000000128e+01,1.247518099999999919e+01,1.178083099999999916e+01,
1.863937400000000011e+01,1.206827200000000033e+01,1.201364599999999960e+01,
1.761828300000000169e+01,1.244410899999999920e+01,1.341373300000000057e+01,
C4: 2.196415199999999857e+01,1.220350799999999936e+01,1.238602999999999987e+01,
2.151493899999999826e+01,1.160140900000000030e+01,1.160242299999999993e+01,
2.258951700000000073e+01,1.297000599999999970e+01,1.194118800000000036e+01,
2.256950000000000145e+01,1.156912799999999919e+01,1.302604799999999940e+01,
2.118156899999999965e+01,1.266894899999999957e+01,1.297712800000000044e+01,
C5: 2.570293399999999906e+01,1.199358100000000071e+01,1.236606100000000019e+01,
2.628733300000000028e+01,1.230385799999999996e+01,1.322726800000000047e+01,
2.637066700000000097e+01,1.164751300000000001e+01,1.158322300000000027e+01,
2.512274800000000141e+01,1.283560400000000001e+01,1.200254499999999958e+01,
2.503462100000000135e+01,1.118807600000000058e+01,1.265492099999999986e+01,
C6: 3.003911000000000087e+01,1.219376500000000085e+01,1.240610099999999960e+01,
3.008940899999999985e+01,1.310620899999999978e+01,1.299000500000000002e+01,
3.088669200000000004e+01,1.215062700000000007e+01,1.172914500000000082e+01,
2.911529200000000017e+01,1.218225699999999989e+01,1.183592600000000061e+01,
3.006295499999999876e+01,1.133596900000000041e+01,1.307114100000000079e+01,
C7: 3.436651299999999765e+01,1.196688900000000011e+01,1.233855800000000080e+01,
3.496420400000000228e+01,1.267501999999999995e+01,1.177310400000000001e+01,
3.393213699999999733e+01,1.246690399999999954e+01,1.319910800000000073e+01,
3.499594100000000196e+01,1.114862399999999987e+01,1.267544400000000060e+01,
3.357274799999999715e+01,1.157763800000000032e+01,1.170840199999999953e+01,
C8: 3.804076799999999992e+01,1.223567099999999996e+01,1.240881899999999938e+01,
3.778740299999999763e+01,1.315779099999999957e+01,1.292140000000000022e+01,
3.907354899999999986e+01,1.227655500000000011e+01,1.207705600000000068e+01,
3.738874200000000059e+01,1.210664399999999929e+01,1.155131000000000085e+01,
3.791290200000000254e+01,1.139877500000000055e+01,1.308892699999999998e+01,
C9: 4.228053200000000089e+01,1.209305400000000041e+01,1.241244000000000014e+01,
4.184175199999999961e+01,1.266817099999999918e+01,1.322159100000000009e+01,
4.299352999999999980e+01,1.270812199999999947e+01,1.187334599999999973e+01,
4.149746799999999780e+01,1.176847899999999925e+01,1.173428299999999957e+01,
4.278850299999999862e+01,1.122404799999999980e+01,1.281949999999999967e+01,
C10: 4.604962199999999939e+01,1.186260799999999982e+01,1.231999300000000019e+01,
4.550690699999999822e+01,1.269044500000000042e+01,1.276677199999999957e+01,
4.608687799999999868e+01,1.199351899999999915e+01,1.124345100000000031e+01,
4.554433399999999921e+01,1.093032200000000032e+01,1.255405099999999941e+01,
4.706024699999999683e+01,1.183684399999999926e+01,1.271663200000000060e+01,
C11: 1.150213500000000089e+01,1.555989800000000045e+01,1.248414900000000038e+01,
1.152127100000000048e+01,1.513780599999999943e+01,1.348416899999999963e+01,
1.208897200000000005e+01,1.647337500000000077e+01,1.246715499999999999e+01,
1.047685700000000075e+01,1.578102900000000020e+01,1.220301500000000061e+01,
1.192399799999999921e+01,1.484482599999999941e+01,1.178584500000000013e+01,
C12: 1.614995700000000056e+01,1.538984400000000008e+01,1.250301100000000076e+01,
1.519853400000000043e+01,1.586115799999999965e+01,1.273138100000000072e+01,
1.602411000000000030e+01,1.471151099999999978e+01,1.166519000000000084e+01,
1.649537700000000129e+01,1.483457899999999974e+01,1.337065899999999985e+01,
1.687768200000000007e+01,1.615310799999999958e+01,1.224594600000000000e+01,
C13: 1.979364500000000149e+01,1.527199199999999912e+01,1.236741999999999919e+01,
1.934372700000000123e+01,1.623858999999999853e+01,1.257194299999999920e+01,
1.909580499999999859e+01,1.448437900000000056e+01,1.262996399999999930e+01,
2.069860999999999862e+01,1.516307600000000022e+01,1.295463499999999968e+01,
2.003460400000000163e+01,1.520162099999999938e+01,1.131461700000000015e+01,
C14: 2.355123199999999883e+01,1.565078800000000037e+01,1.257102000000000075e+01,
2.319350599999999929e+01,1.510661499999999968e+01,1.343960299999999997e+01,
2.271609799999999879e+01,1.613006899999999888e+01,1.207037799999999983e+01,
2.403491000000000000e+01,1.496305899999999944e+01,1.188444999999999929e+01,
2.426520599999999916e+01,1.640626400000000018e+01,1.288504600000000089e+01,
C15: 2.812756399999999957e+01,1.536898599999999959e+01,1.244004900000000013e+01,
2.726407999999999987e+01,1.602563800000000072e+01,1.238845000000000063e+01,
2.791325900000000004e+01,1.453978299999999990e+01,1.310683799999999977e+01,
2.898280300000000054e+01,1.592333799999999933e+01,1.281321999999999939e+01,
2.835001400000000160e+01,1.498330600000000068e+01,1.145130699999999990e+01,
C16: 3.197924400000000134e+01,1.530248699999999928e+01,1.244989999999999952e+01,
3.153520100000000070e+01,1.528487499999999955e+01,1.344033800000000056e+01,
3.286861700000000042e+01,1.592542899999999939e+01,1.246381300000000003e+01,
3.126344599999999829e+01,1.570979200000000020e+01,1.174376299999999951e+01,
3.224864699999999829e+01,1.429301899999999925e+01,1.215669300000000064e+01,
C17: 3.611452400000000296e+01,1.556228699999999954e+01,1.263161799999999957e+01,
3.708046600000000126e+01,1.560236500000000071e+01,1.312532099999999957e+01,
3.621287600000000140e+01,1.506005500000000019e+01,1.167453800000000008e+01,
3.574659599999999671e+01,1.657188000000000017e+01,1.247516000000000069e+01,
3.541351600000000133e+01,1.501582600000000056e+01,1.325548099999999963e+01,
C18: 4.004499799999999965e+01,1.523968699999999998e+01,1.237236900000000084e+01,
3.976102199999999698e+01,1.479444699999999990e+01,1.331808099999999939e+01,
3.915263499999999652e+01,1.555615000000000059e+01,1.184395100000000056e+01,
4.057752599999999887e+01,1.450421900000000086e+01,1.178075399999999995e+01,
4.068231500000000267e+01,1.609978900000000124e+01,1.255173699999999926e+01,
C19: 4.366804299999999728e+01,1.554497100000000032e+01,1.245195499999999988e+01,
4.459727399999999875e+01,1.593356799999999929e+01,1.285793999999999926e+01,
4.388291900000000112e+01,1.493370999999999960e+01,1.158109900000000003e+01,
4.302640699999999896e+01,1.637194500000000019e+01,1.216543899999999923e+01,
4.316925700000000177e+01,1.494276900000000019e+01,1.320408199999999965e+01,
C20: 4.804024499999999875e+01,1.514802700000000080e+01,1.250252899999999912e+01,
4.808512900000000201e+01,1.622679000000000116e+01,1.261940599999999968e+01,
4.846999499999999728e+01,1.486973300000000009e+01,1.154565999999999981e+01,
4.700515899999999903e+01,1.482340400000000002e+01,1.254519499999999965e+01,
4.860074300000000136e+01,1.467342999999999975e+01,1.330196600000000018e+01,
C21: 9.826470000000000482e+00,1.894616299999999853e+01,1.237129400000000068e+01,
1.043951599999999935e+01,1.908197600000000094e+01,1.325728600000000057e+01,
1.046546900000000058e+01,1.874206399999999917e+01,1.151883499999999927e+01,
9.250443000000000637e+00,1.984792500000000004e+01,1.218675200000000025e+01,
9.150686999999999571e+00,1.811026000000000025e+01,1.252509500000000031e+01,
C22: 1.388051100000000027e+01,1.941726999999999848e+01,1.254287099999999988e+01,
1.474394299999999980e+01,1.920681599999999989e+01,1.192029199999999989e+01,

1.391636399999999973e+01,2.044972900000000138e+01,1.287281399999999998e+01,
1.388985100000000017e+01,1.875797499999999829e+01,1.340522999999999954e+01,
1.297033500000000039e+01,1.925099200000000010e+01,1.197507700000000064e+01,
C23: 1.803520999999999930e+01,1.914685300000000012e+01,1.242838300000000018e+01,
1.797114600000000095e+01,2.022914199999999951e+01,1.239166799999999924e+01,
1.703496900000000025e+01,1.872552200000000155e+01,1.243302599999999991e+01,
1.855464999999999876e+01,1.884773900000000069e+01,1.333384500000000017e+01,
1.857768700000000095e+01,1.878058300000000003e+01,1.156380200000000080e+01,
C24: 2.156418000000000035e+01,1.891076999999999941e+01,1.244150300000000087e+01,
2.148716200000000143e+01,1.976799400000000162e+01,1.310252400000000073e+01,
2.260457200000000100e+01,1.875397099999999995e+01,1.217454000000000036e+01,
2.098208699999999993e+01,1.909399099999999905e+01,1.154481400000000058e+01,
2.118352900000000005e+01,1.802907799999999838e+01,1.294768000000000008e+01,
C25: 2.599596700000000027e+01,1.949866799999999856e+01,1.250877999999999979e+01,
2.598937199999999947e+01,2.052685400000000016e+01,1.285410000000000075e+01,
2.507937000000000083e+01,1.929197299999999871e+01,1.196504599999999918e+01,
2.606493499999999841e+01,1.883091200000000143e+01,1.336227399999999932e+01,
2.685128200000000120e+01,1.933818000000000126e+01,1.186097999999999963e+01,
C26: 3.002424900000000108e+01,1.896952900000000142e+01,1.234123800000000060e+01,
2.979580699999999993e+01,1.938969499999999968e+01,1.331616099999999925e+01,
3.075707900000000095e+01,1.959278000000000119e+01,1.183974000000000082e+01,
2.911947899999999834e+01,1.892391800000000046e+01,1.174433100000000074e+01,
3.042682800000000043e+01,1.796920499999999876e+01,1.246567499999999917e+01,
C27: 3.392850299999999919e+01,1.939972200000000058e+01,1.252101299999999995e+01,
3.309951399999999921e+01,1.918798800000000071e+01,1.185362100000000041e+01,
3.387113200000000290e+01,1.874293400000000176e+01,1.338324500000000050e+01,
3.387838200000000199e+01,2.043180500000000066e+01,1.285033999999999921e+01,
3.486934999999999718e+01,1.923016199999999998e+01,1.200684099999999965e+01,
C28: 3.837927499999999981e+01,1.890466400000000036e+01,1.243841600000000014e+01,
3.886288700000000063e+01,1.926314599999999899e+01,1.334202499999999958e+01,
3.890464500000000214e+01,1.928902300000000025e+01,1.156997800000000076e+01,
3.734897099999999881e+01,1.924624999999999986e+01,1.242009700000000016e+01,
3.839957900000000279e+01,1.781969099999999884e+01,1.242366600000000076e+01,
C29: 4.195101499999999817e+01,1.920416600000000074e+01,1.244898599999999966e+01,
4.295678300000000149e+01,1.923219100000000026e+01,1.204111200000000004e+01,
4.130961200000000133e+01,1.862466600000000128e+01,1.179385599999999990e+01,
4.156710700000000003e+01,2.021444899999999834e+01,1.253907899999999920e+01,
4.197410699999999650e+01,1.873890000000000100e+01,1.342990499999999976e+01,
C30: 4.624517800000000278e+01,1.934947700000000026e+01,1.254320000000000057e+01,
4.544703200000000010e+01,1.896082399999999879e+01,1.191837300000000077e+01,
4.717320699999999789e+01,1.937582899999999952e+01,1.197989399999999982e+01,
4.636896399999999829e+01,1.870319500000000090e+01,1.340674300000000052e+01,
4.599170999999999765e+01,2.035069299999999970e+01,1.287285699999999977e+01,
C31: 1.163798800000000000e+01,2.234036199999999894e+01,1.243066100000000063e+01,
1.220176400000000072e+01,2.283684999999999832e+01,1.321446399999999954e+01,
1.087061800000000034e+01,2.301170199999999966e+01,1.205720999999999954e+01,
1.117465800000000087e+01,2.144596500000000106e+01,1.283322099999999999e+01,
1.231018100000000004e+01,2.207009599999999949e+01,1.162274099999999954e+01,
C32: 1.588142099999999957e+01,2.256668700000000172e+01,1.238586600000000004e+01,
1.487370699999999957e+01,2.278306100000000001e+01,1.272652500000000053e+01,
1.642396300000000053e+01,2.349515999999999849e+01,1.224122599999999927e+01,
1.583602499999999935e+01,2.202043700000000115e+01,1.144951999999999970e+01,
1.639083700000000121e+01,2.196387199999999851e+01,1.313087999999999944e+01,
C33: 1.999761399999999867e+01,2.234163399999999911e+01,1.240911400000000064e+01,
2.078860099999999989e+01,2.306851299999999938e+01,1.225468299999999999e+01,
2.007159400000000105e+01,2.155754900000000163e+01,1.166284600000000005e+01,
1.903399500000000089e+01,2.283420999999999879e+01,1.232077100000000058e+01,
2.009248399999999890e+01,2.190879500000000135e+01,1.340063600000000044e+01,
C34: 2.375470999999999933e+01,2.247716099999999884e+01,1.236375400000000013e+01,
2.357214700000000107e+01,2.326330099999999845e+01,1.308860600000000041e+01,
2.478595999999999933e+01,2.252557499999999990e+01,1.202826100000000054e+01,
2.309059500000000043e+01,2.261198500000000067e+01,1.151645000000000074e+01,
2.356584000000000145e+01,2.151093200000000039e+01,1.282157400000000003e+01,
C35: 2.818794199999999961e+01,2.238976399999999956e+01,1.240904500000000077e+01,
2.755590799999999874e+01,2.210628000000000171e+01,1.157338000000000022e+01,
2.875784700000000171e+01,2.327657500000000113e+01,1.214907799999999938e+01,
2.886563400000000001e+01,2.157633900000000082e+01,1.264305099999999982e+01,
2.756729599999999891e+01,2.260168600000000083e+01,1.327449900000000049e+01,
C36: 3.182618199999999931e+01,2.238763799999999904e+01,1.243517800000000051e+01,
3.269653000000000276e+01,2.273587300000000155e+01,1.298310200000000059e+01,
3.214977300000000326e+01,2.184784900000000007e+01,1.155097199999999980e+01,
3.122142300000000148e+01,2.324004599999999954e+01,1.214120499999999936e+01,
3.124339300000000108e+01,2.172859899999999911e+01,1.307059100000000029e+01,
C37: 3.597989700000000113e+01,2.250975599999999943e+01,1.234831199999999995e+01,
3.551191699999999685e+01,2.253235400000000155e+01,1.332766299999999937e+01,
3.668599799999999789e+01,2.332960599999999829e+01,1.226557400000000086e+01,
3.521602000000000032e+01,2.260780799999999857e+01,1.158417599999999936e+01,
3.650203400000000187e+01,2.156675399999999954e+01,1.222138799999999925e+01,
C38: 3.973354599999999692e+01,2.239474500000000035e+01,1.239630499999999991e+01,
4.070349000000000217e+01,2.260412399999999877e+01,1.283674599999999977e+01,
3.911992899999999906e+01,2.185927799999999976e+01,1.311432899999999968e+01,
3.986152500000000032e+01,2.178874599999999973e+01,1.150515000000000043e+01,
3.924739399999999989e+01,2.332891700000000057e+01,1.213242400000000032e+01,
C39: 4.395726200000000006e+01,2.233794500000000127e+01,1.238065600000000011e+01,
4.300555800000000062e+01,2.275844000000000023e+01,1.207243599999999972e+01,
4.383845099999999917e+01,2.183706700000000112e+01,1.333681200000000011e+01,
4.469039800000000184e+01,2.313182000000000116e+01,1.247654200000000024e+01,
4.428959799999999802e+01,2.162206499999999920e+01,1.163595800000000047e+01,
C40: 4.774063999999999908e+01,2.264781500000000136e+01,1.235242799999999974e+01,
4.715569899999999848e+01,2.270288400000000095e+01,1.326571599999999940e+01,
4.839914100000000019e+01,2.350911299999999926e+01,1.229338399999999965e+01,
4.707349800000000073e+01,2.264046799999999848e+01,1.149675700000000056e+01,
4.833419599999999861e+01,2.173874299999999948e+01,1.235894900000000085e+01,
C41: 1.038088600000000028e+01,2.643300800000000095e+01,1.251252999999999993e+01,
1.094926500000000047e+01,2.631009900000000101e+01,1.342923900000000081e+01,
1.104761399999999938e+01,2.674858000000000047e+01,1.171662099999999995e+01,
9.610538000000000025e+00,2.718412700000000015e+01,1.265849799999999981e+01,
9.919021000000000754e+00,2.548766799999999932e+01,1.224408700000000039e+01,
C42: 1.392987800000000043e+01,2.557065800000000166e+01,1.238449600000000039e+01,
1.339870200000000011e+01,2.651719699999999946e+01,1.238095700000000043e+01,
1.485939499999999924e+01,2.567675799999999953e+01,1.183513499999999929e+01,
1.331727200000000089e+01,2.480424999999999969e+01,1.192263900000000021e+01,
1.415031699999999937e+01,2.528444500000000161e+01,1.340659699999999965e+01,
C43: 1.783958700000000164e+01,2.609849600000000081e+01,1.262839899999999993e+01,
1.690262299999999840e+01,2.610608500000000021e+01,1.317654500000000084e+01,
1.815536900000000031e+01,2.711918700000000015e+01,1.243651799999999952e+01,
1.770358099999999979e+01,2.557648700000000019e+01,1.168634800000000062e+01,
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1.859828100000000006e+01,2.559002399999999966e+01,1.321587800000000001e+01,
C44: 2.236843100000000106e+01,2.615472300000000061e+01,1.246574900000000063e+01,
2.152356199999999831e+01,2.682147099999999895e+01,1.260926100000000005e+01,
2.310897200000000140e+01,2.663759599999999850e+01,1.183646099999999990e+01,
2.202995999999999910e+01,2.523980900000000105e+01,1.198948700000000045e+01,
2.281064100000000039e+01,2.591857999999999862e+01,1.342858599999999925e+01,
C45: 2.595606300000000033e+01,2.540117000000000047e+01,1.240377699999999983e+01,
2.535296800000000061e+01,2.627353499999999897e+01,1.263417500000000082e+01,
2.700728900000000010e+01,2.566254400000000047e+01,1.247687700000000000e+01,
2.573835400000000107e+01,2.506226500000000001e+01,1.139818200000000026e+01,
2.573469499999999854e+01,2.460751399999999833e+01,1.310979700000000037e+01,
C46: 3.027366100000000060e+01,2.661670099999999906e+01,1.259708299999999959e+01,
2.990834999999999866e+01,2.759116099999999960e+01,1.290326899999999988e+01,
3.112102700000000155e+01,2.674132900000000035e+01,1.193043199999999970e+01,
2.948337499999999878e+01,2.607630199999999832e+01,1.208508600000000044e+01,
3.058647099999999952e+01,2.605227299999999957e+01,1.347025499999999987e+01,
C47: 3.414572799999999830e+01,2.561194100000000162e+01,1.240866100000000039e+01,
3.479592399999999941e+01,2.541205799999999826e+01,1.325346500000000027e+01,
3.465929299999999813e+01,2.625680600000000098e+01,1.170273300000000027e+01,
3.324447899999999834e+01,2.610463700000000031e+01,1.275871300000000019e+01,
3.388453499999999963e+01,2.467702600000000146e+01,1.192461899999999986e+01,
C48: 3.769537199999999899e+01,2.620068200000000047e+01,1.249604000000000070e+01,
3.700775099999999895e+01,2.688552100000000067e+01,1.298140199999999922e+01,
3.859670500000000004e+01,2.673226500000000172e+01,1.220768200000000014e+01,
3.722387899999999661e+01,2.577561700000000044e+01,1.161687000000000047e+01,
3.795620699999999914e+01,2.540281299999999831e+01,1.318468599999999924e+01,
C49: 4.213753700000000180e+01,2.555339599999999933e+01,1.257830399999999926e+01,
4.263922300000000121e+01,2.505781500000000150e+01,1.340404700000000027e+01,
4.255268099999999976e+01,2.520415799999999962e+01,1.163832799999999956e+01,
4.228097499999999798e+01,2.662665399999999849e+01,1.265986599999999918e+01,
4.107596499999999651e+01,2.532775399999999877e+01,1.261172700000000013e+01,
C50: 4.594468100000000277e+01,2.580719099999999955e+01,1.240402399999999972e+01,
4.675150099999999753e+01,2.652671799999999891e+01,1.230395299999999992e+01,
4.585149200000000036e+01,2.523674700000000115e+01,1.148663999999999952e+01,
4.501445400000000063e+01,2.632969200000000143e+01,1.260158599999999929e+01,
4.616226699999999994e+01,2.513295000000000101e+01,1.322548300000000054e+01,
C51: 1.211475199999999930e+01,2.956677000000000177e+01,1.240974399999999989e+01,
1.228728399999999965e+01,2.896265199999999851e+01,1.329554500000000061e+01,
1.275122400000000056e+01,2.921535300000000035e+01,1.160489100000000029e+01,
1.234371200000000002e+01,3.060358300000000042e+01,1.263195299999999932e+01,
1.107381600000000077e+01,2.948221900000000062e+01,1.211270000000000024e+01,
C52: 1.567335399999999979e+01,2.921572499999999906e+01,1.235550300000000057e+01,
1.524107500000000037e+01,2.947120299999999915e+01,1.331841000000000008e+01,
1.672589599999999876e+01,2.948013299999999859e+01,1.235044599999999981e+01,
1.515832100000000082e+01,2.976029099999999872e+01,1.157101399999999991e+01,
1.556741599999999970e+01,2.814939800000000147e+01,1.218350099999999969e+01,
C53: 1.998354700000000150e+01,2.966799100000000067e+01,1.249301200000000023e+01,
1.906342199999999920e+01,2.950296900000000022e+01,1.194160199999999961e+01,
2.001483699999999999e+01,3.069111499999999992e+01,1.285005800000000065e+01,
2.083964599999999834e+01,2.948048400000000058e+01,1.185277100000000061e+01,
2.001517600000000030e+01,2.899133199999999988e+01,1.334118800000000071e+01,
C54: 2.406160900000000069e+01,2.948147200000000012e+01,1.235170800000000035e+01,
2.463903200000000027e+01,2.876458900000000085e+01,1.292745599999999939e+01,
2.460687700000000078e+01,3.041680600000000112e+01,1.228294700000000006e+01,
2.311048200000000108e+01,2.965357200000000049e+01,1.284596799999999917e+01,
2.388501000000000118e+01,2.908651199999999903e+01,1.135648699999999955e+01,
C55: 2.751894599999999969e+01,2.933768699999999896e+01,1.239293900000000015e+01,
2.712378100000000103e+01,2.976915599999999884e+01,1.330752599999999930e+01,
2.856813400000000058e+01,2.959822300000000084e+01,1.229402100000000075e+01,
2.696812699999999907e+01,2.972487800000000036e+01,1.154161999999999999e+01,
2.741568799999999939e+01,2.825746799999999936e+01,1.242913800000000002e+01,
C56: 3.216063700000000125e+01,2.977956899999999862e+01,1.243016599999999983e+01,
3.286723099999999675e+01,2.977372700000000094e+01,1.160724599999999995e+01,
3.238489299999999815e+01,2.895694100000000049e+01,1.310177200000000042e+01,
3.115296000000000021e+01,2.966438499999999934e+01,1.204315599999999975e+01,
3.223853499999999883e+01,3.071866699999999994e+01,1.296774600000000000e+01,
C57: 3.581076199999999687e+01,2.948981600000000114e+01,1.235172799999999960e+01,
3.647937100000000044e+01,2.997312300000000107e+01,1.305751199999999912e+01,
3.639306100000000299e+01,2.900060699999999869e+01,1.157806700000000077e+01,
3.515961800000000181e+01,3.023173999999999850e+01,1.190273400000000059e+01,
3.520977400000000301e+01,2.875069600000000136e+01,1.287307900000000060e+01,
C58: 3.968622700000000236e+01,2.956740699999999933e+01,1.248973900000000015e+01,
3.938410199999999861e+01,2.904269499999999837e+01,1.339064800000000055e+01,
3.881936699999999973e+01,2.972525699999999915e+01,1.185600699999999996e+01,
4.042274900000000315e+01,2.897389000000000081e+01,1.195731400000000022e+01,
4.011917300000000353e+01,3.052587499999999920e+01,1.275682800000000050e+01,
C59: 4.403240300000000218e+01,2.937337300000000084e+01,1.244163700000000006e+01,
4.403831699999999927e+01,3.029931699999999850e+01,1.300696300000000072e+01,
4.470337700000000325e+01,2.946030899999999875e+01,1.159344199999999958e+01,
4.302575099999999964e+01,2.917191700000000054e+01,1.208797500000000014e+01,
4.435943400000000025e+01,2.856001499999999993e+01,1.308162399999999970e+01,
C60: 4.767155400000000043e+01,2.949388400000000132e+01,1.233301999999999943e+01,
4.846871500000000310e+01,2.876153599999999955e+01,1.224671400000000077e+01,
4.810052000000000305e+01,3.047748500000000149e+01,1.249939200000000028e+01,
4.703058899999999909e+01,2.923296600000000112e+01,1.316986900000000027e+01,
4.708855299999999744e+01,2.950231199999999987e+01,1.141729100000000052e+01,
C61: 1.002269500000000058e+01,3.270457199999999887e+01,1.239597900000000053e+01,
1.077934600000000032e+01,3.334960099999999983e+01,1.195945099999999961e+01,
9.063874000000000208e+00,3.321424600000000282e+01,1.238840199999999925e+01,
1.029863300000000059e+01,3.246755499999999728e+01,1.341849900000000062e+01,
9.950055000000000760e+00,3.178748900000000077e+01,1.182059699999999935e+01,
C62: 1.432071000000000005e+01,3.268676500000000118e+01,1.243863999999999947e+01,
1.483615200000000023e+01,3.359941800000000001e+01,1.215485199999999999e+01,
1.422579799999999928e+01,3.204075699999999927e+01,1.157179600000000086e+01,
1.333317100000000011e+01,3.293336999999999648e+01,1.281708800000000004e+01,
1.488720200000000027e+01,3.217639599999999689e+01,1.321164199999999944e+01,
C63: 1.807744800000000041e+01,3.277984299999999962e+01,1.235258299999999920e+01,
1.854917599999999922e+01,3.285054499999999678e+01,1.332787399999999955e+01,
1.883446999999999960e+01,3.286738499999999874e+01,1.158021800000000034e+01,
1.735311300000000045e+01,3.358120199999999755e+01,1.224444800000000022e+01,
1.757499100000000070e+01,3.182184499999999971e+01,1.226430200000000070e+01,
C64: 2.194866899999999887e+01,3.280028000000000077e+01,1.243556500000000042e+01,
2.114229800000000026e+01,3.314911899999999889e+01,1.307319900000000068e+01,
2.257564599999999899e+01,3.364029899999999884e+01,1.215229500000000051e+01,
2.153234600000000043e+01,3.233872099999999961e+01,1.154633100000000034e+01,
2.254484000000000066e+01,3.207123500000000149e+01,1.297444600000000037e+01,
C65: 2.618960999999999828e+01,3.287490199999999874e+01,1.248304899999999940e+01,

2.692785900000000154e+01,3.366287700000000171e+01,1.237195499999999981e+01,
2.620264200000000088e+01,3.223943799999999982e+01,1.160317399999999921e+01,
2.520409099999999825e+01,3.331682800000000100e+01,1.259565500000000071e+01,
2.642255899999999968e+01,3.228192700000000315e+01,1.336229999999999940e+01,
C66: 2.993620900000000162e+01,3.275727899999999693e+01,1.235977899999999963e+01,
2.988240400000000108e+01,3.167917500000000075e+01,1.246909699999999965e+01,
3.095439000000000007e+01,3.305212499999999665e+01,1.212720500000000001e+01,
2.962667799999999829e+01,3.322870699999999999e+01,1.328635700000000064e+01,
2.927178100000000072e+01,3.307308700000000101e+01,1.156331999999999915e+01,
C67: 3.413797999999999888e+01,3.295801900000000018e+01,1.254564500000000038e+01,
3.322488299999999839e+01,3.326594399999999752e+01,1.304596300000000042e+01,
3.472469199999999745e+01,3.383561499999999711e+01,1.229090500000000041e+01,
3.388970900000000341e+01,3.241266499999999695e+01,1.164026299999999914e+01,
3.471356300000000061e+01,3.231938199999999739e+01,1.320888599999999968e+01,
C68: 3.821120599999999712e+01,3.291248800000000330e+01,1.243101099999999981e+01,
3.896661399999999986e+01,3.304158699999999982e+01,1.320010800000000017e+01,
3.867268899999999832e+01,3.250950999999999880e+01,1.153536000000000072e+01,
3.775279599999999647e+01,3.387120500000000334e+01,1.220876900000000020e+01,
3.745043100000000180e+01,3.222382199999999841e+01,1.278477400000000053e+01,
C69: 4.203512099999999663e+01,3.276946000000000225e+01,1.236881799999999920e+01,
4.117027000000000214e+01,3.307476199999999977e+01,1.178896899999999981e+01,
4.284113099999999719e+01,3.348057699999999670e+01,1.221854500000000066e+01,
4.235270299999999821e+01,3.178218100000000135e+01,1.205195999999999934e+01,
4.176898700000000275e+01,3.274026099999999673e+01,1.342079900000000059e+01,
C70: 4.579671900000000306e+01,3.269469200000000342e+01,1.246537099999999931e+01,
4.522289800000000071e+01,3.354823900000000236e+01,1.211857299999999960e+01,
4.681931999999999761e+01,3.300358700000000312e+01,1.266089799999999954e+01,
4.579313599999999695e+01,3.192070199999999858e+01,1.170437199999999933e+01,
4.535551499999999692e+01,3.230917199999999667e+01,1.337932900000000025e+01,
C71: 1.151938700000000004e+01,3.674749700000000274e+01,1.245093999999999923e+01,
1.193093600000000087e+01,3.774645000000000294e+01,1.255026400000000031e+01,
1.229640200000000050e+01,3.606678899999999999e+01,1.211669400000000074e+01,
1.071033899999999939e+01,3.675872100000000131e+01,1.172736500000000071e+01,
1.113879500000000000e+01,3.641617200000000310e+01,1.341234500000000018e+01,
C72: 1.618990000000000151e+01,3.678598600000000118e+01,1.252298399999999923e+01,
1.526762399999999964e+01,3.645650799999999947e+01,1.205424299999999960e+01,
1.700379099999999966e+01,3.672954500000000166e+01,1.180760800000000010e+01,
1.641173099999999963e+01,3.614517500000000183e+01,1.337090000000000067e+01,
1.607795300000000083e+01,3.781002900000000011e+01,1.286154699999999984e+01,
C73: 1.988251700000000000e+01,3.595725000000000193e+01,1.241829500000000053e+01,
1.946101000000000170e+01,3.695738099999999804e+01,1.240150200000000069e+01,
2.093365999999999971e+01,3.601211099999999732e+01,1.268393900000000052e+01,
1.978005100000000027e+01,3.550123299999999915e+01,1.144004200000000004e+01,
1.935610199999999992e+01,3.535534599999999728e+01,1.315104499999999987e+01,
C74: 2.412147200000000069e+01,3.692217699999999780e+01,1.259657499999999963e+01,
2.427310599999999852e+01,3.625967899999999844e+01,1.344292800000000021e+01,
2.495997699999999853e+01,3.682598600000000033e+01,1.191413400000000067e+01,
2.405409399999999920e+01,3.794706999999999653e+01,1.294514000000000031e+01,
2.320070799999999878e+01,3.664756299999999811e+01,1.209140000000000015e+01,
C75: 2.825461500000000115e+01,3.648894500000000107e+01,1.242916999999999916e+01,
2.722359600000000057e+01,3.621766699999999872e+01,1.222642899999999955e+01,
2.871207300000000018e+01,3.572512100000000146e+01,1.305054100000000084e+01,
2.828086300000000008e+01,3.744123199999999940e+01,1.294889599999999952e+01,
2.879862299999999919e+01,3.656908599999999865e+01,1.149354199999999970e+01,
C76: 3.181602499999999978e+01,3.633286900000000230e+01,1.244138599999999961e+01,
3.267254799999999904e+01,3.697904499999999928e+01,1.260482799999999948e+01,
3.215562599999999804e+01,3.536520900000000012e+01,1.208571700000000071e+01,
3.116161999999999921e+01,3.678132500000000249e+01,1.170142700000000069e+01,
3.127665899999999866e+01,3.620648400000000322e+01,1.337481400000000065e+01,
C77: 3.581788800000000350e+01,3.704096499999999992e+01,1.256476699999999980e+01,
3.671090199999999726e+01,3.667649999999999721e+01,1.206643700000000052e+01,
3.558546799999999877e+01,3.638715599999999739e+01,1.339964100000000080e+01,
3.497637300000000238e+01,3.704723200000000105e+01,1.187957300000000060e+01,
3.598927900000000335e+01,3.804519499999999965e+01,1.293733699999999942e+01,
C78: 4.009629999999999939e+01,3.606404899999999714e+01,1.244659300000000002e+01,
4.061240000000000094e+01,3.701744200000000262e+01,1.248886599999999980e+01,
4.051961899999999872e+01,3.538913300000000106e+01,1.318281400000000048e+01,
4.021063199999999682e+01,3.563061499999999882e+01,1.145916199999999918e+01,
3.904184200000000260e+01,3.621408199999999766e+01,1.265652000000000044e+01,
C79: 4.372715999999999781e+01,3.668901499999999771e+01,1.245727100000000043e+01,
4.323633699999999891e+01,3.630439700000000158e+01,1.334595500000000001e+01,
4.419253299999999740e+01,3.764304099999999664e+01,1.268299999999999983e+01,
4.299280499999999705e+01,3.682237899999999797e+01,1.166938799999999965e+01,
4.448624999999999829e+01,3.598512199999999694e+01,1.212994199999999978e+01,
C80: 4.822145199999999932e+01,3.638015800000000155e+01,1.257512200000000036e+01,
4.881732900000000086e+01,3.727970899999999688e+01,1.269773400000000052e+01,
4.864445599999999814e+01,3.576973100000000017e+01,1.178333300000000072e+01,
4.720205500000000143e+01,3.665277700000000038e+01,1.231798900000000074e+01,
4.822072399999999703e+01,3.581549799999999806e+01,1.350244600000000084e+01,
C81: 9.754901000000000266e+00,3.989938999999999680e+01,1.236312399999999911e+01,
9.257438999999999751e+00,4.086257499999999965e+01,1.230190299999999937e+01,
1.033226299999999931e+01,3.972884400000000227e+01,1.146041899999999991e+01,
9.012479000000000795e+00,3.911450399999999661e+01,1.247214499999999937e+01,
1.041850999999999949e+01,3.989018399999999787e+01,1.322287299999999988e+01,
C82: 1.396552400000000027e+01,3.993995000000000317e+01,1.242151699999999970e+01,
1.299654100000000057e+01,4.001369400000000098e+01,1.193765299999999918e+01,
1.403015300000000032e+01,3.899940999999999747e+01,1.295890400000000042e+01,
1.408471800000000052e+01,4.076287899999999809e+01,1.311733199999999933e+01,
1.474966799999999978e+01,3.998571299999999695e+01,1.167281799999999947e+01,
C83: 1.812262899999999988e+01,3.980747600000000119e+01,1.236378999999999984e+01,
1.869276100000000085e+01,4.070410400000000095e+01,1.214282799999999973e+01,
1.807805799999999863e+01,3.917792000000000030e+01,1.148068800000000067e+01,
1.711651200000000017e+01,4.008591200000000043e+01,1.266206900000000068e+01,
1.860098999999999947e+01,3.926382999999999868e+01,1.317305200000000021e+01,
C84: 2.167642999999999986e+01,3.968345599999999962e+01,1.238210199999999972e+01,
2.131764199999999931e+01,3.978423599999999993e+01,1.340206200000000081e+01,
2.269987199999999916e+01,4.004048800000000341e+01,1.232204300000000075e+01,
2.104749800000000093e+01,4.026768400000000270e+01,1.171876800000000074e+01,
2.163787100000000052e+01,3.863954300000000330e+01,1.208750799999999970e+01,
C85: 2.613430400000000020e+01,4.006445500000000237e+01,1.240501199999999926e+01,
2.520682400000000101e+01,3.998864199999999869e+01,1.184593300000000049e+01,
2.607541499999999957e+01,4.090237900000000337e+01,1.309039800000000042e+01,
2.696019499999999880e+01,4.021990300000000218e+01,1.171842799999999940e+01,
2.629582100000000011e+01,3.914693799999999868e+01,1.296104899999999915e+01,
C86: 3.006792899999999946e+01,3.974187599999999776e+01,1.232378699999999938e+01,
3.043876900000000063e+01,4.075331500000000062e+01,1.218878699999999959e+01,
3.001210000000000022e+01,3.924343199999999854e+01,1.136094600000000021e+01,
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2.908168399999999920e+01,3.977713800000000077e+01,1.277521400000000007e+01,
3.074180399999999835e+01,3.919487600000000072e+01,1.297623199999999954e+01,
C87: 3.374243799999999993e+01,4.013108799999999832e+01,1.241319799999999951e+01,
3.385162700000000058e+01,4.106568899999999900e+01,1.295268800000000020e+01,
3.467570800000000020e+01,3.989067299999999960e+01,1.191360399999999942e+01,
3.295112799999999709e+01,4.023192900000000094e+01,1.167750299999999974e+01,
3.349009199999999709e+01,3.933801400000000115e+01,1.310927299999999995e+01,
C88: 3.834050100000000327e+01,3.984926300000000055e+01,1.236346900000000026e+01,
3.864038099999999787e+01,4.056744199999999978e+01,1.311999699999999969e+01,
3.895530699999999769e+01,3.997818099999999930e+01,1.147839100000000023e+01,
3.729739500000000163e+01,4.000693600000000316e+01,1.210751300000000086e+01,
3.847133399999999881e+01,3.884308200000000255e+01,1.275006899999999987e+01,
C89: 4.186326999999999998e+01,3.976581900000000047e+01,1.238279299999999949e+01,
4.131035899999999828e+01,4.069212799999999675e+01,1.226286200000000015e+01,
4.181370400000000132e+01,3.918963099999999855e+01,1.146503900000000087e+01,
4.143160199999999804e+01,3.919105700000000070e+01,1.319658100000000012e+01,
4.290013299999999674e+01,3.999114000000000146e+01,1.261263100000000037e+01,
C90: 4.611902099999999649e+01,4.004332800000000248e+01,1.239350600000000036e+01,
4.527609300000000303e+01,3.976461499999999916e+01,1.176905000000000001e+01,
4.593246700000000260e+01,4.101290300000000144e+01,1.284158099999999969e+01,
4.702112400000000036e+01,4.008934899999999857e+01,1.179120299999999943e+01,
4.624828800000000228e+01,3.930258800000000008e+01,1.317657200000000017e+01,
C91: 1.189279699999999984e+01,4.301524200000000064e+01,1.245017099999999921e+01,
1.259753599999999985e+01,4.374949099999999902e+01,1.282750599999999963e+01,
1.215841700000000003e+01,4.274355099999999652e+01,1.143500500000000031e+01,
1.089306799999999953e+01,4.343901000000000323e+01,1.246079800000000048e+01,
1.191623599999999961e+01,4.213271300000000252e+01,1.308190600000000003e+01,
C92: 1.561405300000000018e+01,4.323646500000000259e+01,1.239709399999999917e+01,
1.643350300000000175e+01,4.394388699999999659e+01,1.248361300000000007e+01,
1.529044999999999987e+01,4.293482300000000151e+01,1.338749600000000051e+01,
1.594669000000000025e+01,4.236242000000000019e+01,1.184767699999999913e+01,
1.478608499999999992e+01,4.370356799999999708e+01,1.187453600000000087e+01,
C93: 2.040989799999999832e+01,4.320679799999999915e+01,1.252360499999999988e+01,
2.085042400000000029e+01,4.418220199999999664e+01,1.234388700000000050e+01,
2.022402999999999906e+01,4.271206999999999709e+01,1.157532899999999998e+01,
1.947133099999999928e+01,4.332732800000000140e+01,1.305647599999999997e+01,
2.108876700000000071e+01,4.260595699999999653e+01,1.312030200000000058e+01,
C94: 2.404419700000000049e+01,4.311841900000000294e+01,1.237797300000000078e+01,
2.493698799999999949e+01,4.353574900000000270e+01,1.192481300000000033e+01,
2.371142899999999898e+01,4.225756400000000212e+01,1.180891100000000016e+01,
2.326432399999999845e+01,4.387273499999999871e+01,1.239201399999999964e+01,
2.426678300000000021e+01,4.280971900000000119e+01,1.339369699999999952e+01,
C95: 2.783236099999999880e+01,4.331046700000000271e+01,1.252742800000000045e+01,
2.703226599999999991e+01,4.368771499999999719e+01,1.315665399999999963e+01,
2.852463799999999949e+01,4.411550499999999886e+01,1.229973700000000036e+01,
2.741573700000000002e+01,4.291693300000000022e+01,1.160599099999999950e+01,
2.835983699999999885e+01,4.251895100000000127e+01,1.305127300000000012e+01,
C96: 3.221536100000000147e+01,4.357912100000000066e+01,1.256236900000000034e+01,
3.182264899999999841e+01,4.278192899999999810e+01,1.318628799999999934e+01,
3.303687299999999993e+01,4.406696600000000075e+01,1.307680599999999949e+01,
3.143025799999999848e+01,4.430331100000000077e+01,1.236654500000000034e+01,
3.256715100000000263e+01,4.316153400000000318e+01,1.162457799999999963e+01,
C97: 3.594912099999999811e+01,4.314372099999999932e+01,1.236230800000000052e+01,
3.595105199999999712e+01,4.310555599999999998e+01,1.344511299999999920e+01,
3.676229500000000172e+01,4.377635200000000282e+01,1.202342100000000080e+01,
3.500903100000000023e+01,4.355606499999999670e+01,1.201438600000000001e+01,
3.607732000000000028e+01,4.214235899999999901e+01,1.196409599999999962e+01,
C98: 3.960470500000000271e+01,4.344920400000000171e+01,1.256307699999999983e+01,
4.052322300000000155e+01,4.385314699999999988e+01,1.297789999999999999e+01,
3.984422599999999903e+01,4.267772999999999683e+01,1.183757499999999929e+01,
3.904990399999999795e+01,4.424401900000000154e+01,1.207596400000000081e+01,
3.900403399999999721e+01,4.302450699999999983e+01,1.336107299999999931e+01,
C99: 4.376658700000000124e+01,4.300804899999999975e+01,1.249587999999999965e+01,
4.397499200000000030e+01,4.407198700000000002e+01,1.255699399999999955e+01,
4.429586199999999963e+01,4.258386500000000296e+01,1.164884099999999911e+01,
4.269922700000000049e+01,4.285546200000000283e+01,1.237202100000000016e+01,
4.409783399999999887e+01,4.252186700000000030e+01,1.340747600000000084e+01,
C100: 4.750563199999999853e+01,4.345481099999999941e+01,1.236544600000000038e+01,
4.716292500000000132e+01,4.320770900000000125e+01,1.336501600000000067e+01,
4.821245100000000150e+01,4.427732699999999966e+01,1.241969899999999960e+01,
4.665645500000000112e+01,4.374686899999999667e+01,1.175610099999999925e+01,
4.799090400000000045e+01,4.258914699999999698e+01,1.192599599999999960e+01,
C101: 1.027508699999999919e+01,4.707920800000000128e+01,1.248306799999999939e+01,
9.721140999999999366e+00,4.625974099999999822e+01,1.203511699999999962e+01,
1.070786799999999950e+01,4.674991200000000191e+01,1.342210999999999999e+01,
9.604729000000000738e+00,4.791427399999999892e+01,1.266203299999999921e+01,
1.106956500000000077e+01,4.738888000000000034e+01,1.181152999999999942e+01,
C102: 1.393525299999999945e+01,4.663082599999999900e+01,1.244448399999999921e+01,
1.490974300000000063e+01,4.682706199999999797e+01,1.201394900000000021e+01,
1.348466999999999949e+01,4.756495799999999718e+01,1.276590400000000081e+01,
1.404412899999999986e+01,4.596919900000000325e+01,1.329809299999999972e+01,
1.329891399999999990e+01,4.615682600000000235e+01,1.170455699999999943e+01,
C103: 1.772977900000000062e+01,4.731067399999999878e+01,1.249506500000000031e+01,
1.875308599999999970e+01,4.705943700000000263e+01,1.223202200000000062e+01,
1.707433999999999941e+01,4.708561699999999917e+01,1.166092199999999934e+01,
1.766613800000000012e+01,4.836607399999999757e+01,1.273762499999999953e+01,
1.742456699999999969e+01,4.672310699999999883e+01,1.335557799999999951e+01,
C104: 2.232735100000000017e+01,4.694599399999999889e+01,1.242066799999999915e+01,
2.210855400000000159e+01,4.796198600000000312e+01,1.273329700000000031e+01,
2.312189000000000050e+01,4.695709300000000042e+01,1.168164499999999961e+01,
2.143580400000000097e+01,4.650246899999999783e+01,1.198830500000000043e+01,
2.264016900000000021e+01,4.636136700000000133e+01,1.328049700000000044e+01,
C105: 2.594682999999999851e+01,4.662880899999999684e+01,1.248438900000000018e+01,
2.691214499999999887e+01,4.623060799999999659e+01,1.278061100000000039e+01,
2.602882999999999925e+01,4.770230600000000010e+01,1.235202499999999937e+01,
2.521597699999999875e+01,4.641538500000000056e+01,1.325699799999999939e+01,
2.563493499999999869e+01,4.616496500000000225e+01,1.155423299999999998e+01,
C106: 2.993164499999999961e+01,4.737062499999999687e+01,1.252266700000000021e+01,
2.907339800000000096e+01,4.716475599999999702e+01,1.189103300000000019e+01,
3.086691599999999980e+01,4.728491499999999803e+01,1.197860200000000042e+01,
2.994359800000000149e+01,4.665226200000000034e+01,1.333634499999999967e+01,
2.984691899999999976e+01,4.836094500000000096e+01,1.295346600000000059e+01,
C107: 3.414560199999999668e+01,4.686596699999999771e+01,1.241456400000000038e+01,
3.481823599999999885e+01,4.702650799999999975e+01,1.157884800000000070e+01,
3.398514300000000077e+01,4.780425199999999819e+01,1.293568400000000018e+01,
3.458173299999999983e+01,4.614336500000000285e+01,1.309754099999999966e+01,
3.319422999999999746e+01,4.649128799999999728e+01,1.205105400000000060e+01,

C108: 3.773608800000000230e+01,4.688932799999999901e+01,1.246744799999999920e+01,
3.741546600000000211e+01,4.788425999999999760e+01,1.275660300000000014e+01,
3.879544400000000337e+01,4.690644000000000347e+01,1.222982799999999948e+01,
3.717416699999999707e+01,4.655971199999999754e+01,1.160002000000000066e+01,
3.756371500000000196e+01,4.620088400000000206e+01,1.328907799999999995e+01,
C109: 4.227532200000000273e+01,4.708331199999999939e+01,1.250707700000000067e+01,
4.305194800000000299e+01,4.709433800000000048e+01,1.174944600000000072e+01,
4.201447399999999988e+01,4.810193100000000044e+01,1.277418100000000045e+01,
4.263746600000000342e+01,4.655878599999999778e+01,1.338631200000000021e+01,
4.139790299999999945e+01,4.657465499999999992e+01,1.211892699999999934e+01,
C110: 4.603649399999999758e+01,4.681418699999999689e+01,1.238427599999999984e+01,
4.547121500000000083e+01,4.609222400000000164e+01,1.180357399999999934e+01,
4.624341900000000294e+01,4.640282700000000204e+01,1.336738099999999996e+01,
4.546021100000000104e+01,4.772727900000000290e+01,1.249004399999999926e+01,
4.697409499999999838e+01,4.703165599999999813e+01,1.188189099999999954e+01,
C111: 1.156505899999999976e+01,5.046834100000000234e+01,1.238103800000000021e+01,
1.173581899999999933e+01,4.987681200000000104e+01,1.327576600000000084e+01,
1.215967200000000048e+01,5.137571799999999911e+01,1.242934999999999945e+01,
1.051258299999999934e+01,5.072733999999999810e+01,1.231369800000000048e+01,
1.185246500000000047e+01,4.989197200000000265e+01,1.150690900000000028e+01,
C112: 1.533641599999999983e+01,5.008720199999999778e+01,1.236064900000000044e+01,
1.538250999999999991e+01,5.109186400000000106e+01,1.277017400000000080e+01,
1.440939700000000023e+01,4.996356699999999762e+01,1.181043900000000058e+01,
1.537760600000000011e+01,4.936483400000000188e+01,1.317023499999999991e+01,
1.617645200000000116e+01,4.993115800000000348e+01,1.169068599999999947e+01,
C113: 1.996429099999999934e+01,5.027452799999999655e+01,1.237859000000000087e+01,
2.026214200000000076e+01,4.951124000000000080e+01,1.166719999999999935e+01,
1.897989000000000104e+01,5.065095300000000123e+01,1.211663099999999993e+01,
2.068229399999999885e+01,5.108893199999999979e+01,1.235887100000000061e+01,
1.993239000000000161e+01,4.984501699999999857e+01,1.337486600000000081e+01,
C114: 2.423198700000000017e+01,5.006548500000000246e+01,1.236217700000000086e+01,
2.480368700000000004e+01,5.089130300000000062e+01,1.195082400000000078e+01,
2.409658800000000056e+01,4.930390500000000031e+01,1.160148799999999980e+01,
2.326098400000000055e+01,5.042599500000000035e+01,1.268826600000000049e+01,
2.476268800000000070e+01,4.964300599999999974e+01,1.320997999999999983e+01,
C115: 2.788054299999999941e+01,5.034209800000000001e+01,1.242827199999999976e+01,
2.881805900000000165e+01,5.079390000000000072e+01,1.273621400000000037e+01,
2.804935100000000148e+01,4.969820200000000199e+01,1.157072800000000079e+01,
2.717614299999999972e+01,5.112415299999999974e+01,1.216280800000000006e+01,
2.747609200000000129e+01,4.975475099999999884e+01,1.324721100000000007e+01,
C116: 3.176704600000000056e+01,5.050055199999999900e+01,1.236776099999999978e+01,
3.137262700000000137e+01,5.027230699999999786e+01,1.335314299999999932e+01,
3.216208499999999759e+01,5.151193500000000114e+01,1.236275599999999919e+01,
3.097343400000000102e+01,5.041523800000000222e+01,1.163225800000000021e+01,
3.256093800000000016e+01,4.980068299999999937e+01,1.212640799999999963e+01,
C117: 3.578191000000000344e+01,5.017431799999999953e+01,1.238442700000000052e+01,
3.672412200000000126e+01,5.071319799999999844e+01,1.235505299999999984e+01,
3.577776000000000067e+01,4.941080900000000042e+01,1.161329500000000081e+01,
3.496367399999999748e+01,5.086700700000000097e+01,1.221210800000000063e+01,
3.566209700000000282e+01,4.970802700000000129e+01,1.335793699999999973e+01,
C118: 3.991642399999999924e+01,5.025313700000000239e+01,1.237922200000000039e+01,
4.090342199999999906e+01,5.020296199999999942e+01,1.193125200000000063e+01,
3.985490200000000272e+01,4.954334999999999667e+01,1.319834400000000052e+01,
3.916392499999999899e+01,5.001141400000000203e+01,1.163570600000000077e+01,
3.974096699999999771e+01,5.125648000000000337e+01,1.275505099999999992e+01,
C119: 4.394961099999999732e+01,5.035107200000000205e+01,1.241793200000000041e+01,
4.479964499999999816e+01,5.095598400000000083e+01,1.211853299999999933e+01,
4.358913900000000297e+01,4.978532100000000327e+01,1.156441200000000080e+01,
4.315776799999999724e+01,5.099823700000000315e+01,1.278305399999999992e+01,
4.424914799999999815e+01,4.966876700000000255e+01,1.320708899999999986e+01,
C120: 4.765114499999999964e+01,5.012534999999999741e+01,1.239237100000000069e+01,
4.734826199999999830e+01,5.116706800000000044e+01,1.234522499999999923e+01,
4.872957399999999950e+01,5.006666100000000341e+01,1.250550100000000064e+01,
4.735579299999999847e+01,4.961983399999999733e+01,1.147830399999999962e+01,
4.717210500000000195e+01,4.964814200000000000e+01,1.324221600000000088e+01,
C121: 8.192358999999999725e+00,1.055196199999999962e+01,1.587200600000000072e+01,
8.735481999999999303e+00,1.002499000000000073e+01,1.665077700000000149e+01,
8.860647999999999413e+00,1.075859200000000016e+01,1.504164100000000026e+01,
7.806363000000000163e+00,1.148635999999999946e+01,1.626830700000000007e+01,
7.366661999999999821e+00,9.936816999999999567e+00,1.552701500000000046e+01,
C122: 1.194894999999999996e+01,1.059152100000000019e+01,1.608517799999999909e+01,
1.185940199999999933e+01,1.167324699999999993e+01,1.608452399999999827e+01,
1.299903800000000054e+01,1.031600800000000007e+01,1.610882300000000100e+01,
1.148963999999999963e+01,1.019067000000000078e+01,1.518649199999999944e+01,
1.144863100000000067e+01,1.018678500000000042e+01,1.695984400000000036e+01,
C123: 1.635057400000000172e+01,1.060106599999999943e+01,1.596265600000000084e+01,
1.648898200000000003e+01,9.869070999999999927e+00,1.517255600000000015e+01,
1.545701200000000064e+01,1.118431999999999960e+01,1.576184499999999922e+01,
1.721116400000000013e+01,1.126102999999999987e+01,1.599705900000000014e+01,
1.624426499999999862e+01,1.009020199999999967e+01,1.691487899999999911e+01,
C124: 1.996916200000000075e+01,1.017341300000000004e+01,1.583892400000000045e+01,
2.097292300000000154e+01,9.762432999999999694e+00,1.588909899999999986e+01,
1.936743299999999834e+01,9.577436999999999756e+00,1.515921999999999947e+01,
2.001440200000000047e+01,1.119682399999999944e+01,1.547845799999999983e+01,
1.952193300000000065e+01,1.015694300000000005e+01,1.682822099999999921e+01,
C125: 2.396314999999999884e+01,1.105430300000000088e+01,1.611625700000000094e+01,
2.493579499999999882e+01,1.080130499999999927e+01,1.570553199999999983e+01,
2.319895999999999958e+01,1.088674199999999992e+01,1.536347600000000035e+01,
2.395644199999999913e+01,1.209906999999999933e+01,1.640969899999999981e+01,
2.376088899999999882e+01,1.043062699999999943e+01,1.698176499999999933e+01,
C126: 2.802255999999999858e+01,1.021403300000000058e+01,1.592909700000000051e+01,
2.867692600000000169e+01,1.041582900000000045e+01,1.677147499999999880e+01,
2.857469599999999943e+01,9.681931999999999761e+00,1.516017100000000006e+01,
2.765236399999999861e+01,1.115153399999999984e+01,1.552485899999999930e+01,
2.718511300000000119e+01,9.606794999999999973e+00,1.625945499999999910e+01,
C127: 3.174800199999999961e+01,1.034607500000000080e+01,1.587026299999999956e+01,
3.138839499999999916e+01,1.012613799999999920e+01,1.687093199999999982e+01,
3.257532299999999736e+01,1.104696900000000070e+01,1.592808899999999994e+01,
3.094571600000000089e+01,1.078269399999999933e+01,1.528409800000000018e+01,
3.208409699999999987e+01,9.428658999999999679e+00,1.539640400000000042e+01,
C128: 3.594458699999999851e+01,1.031033299999999997e+01,1.609121800000000135e+01,
3.581979900000000328e+01,1.138529699999999956e+01,1.600186599999999970e+01,
3.629075100000000020e+01,9.907396000000000313e+00,1.514403800000000011e+01,
3.499351300000000009e+01,9.856021999999999395e+00,1.635247299999999981e+01,
3.667452099999999859e+01,1.009369399999999928e+01,1.686548000000000158e+01,
C129: 4.000768300000000011e+01,1.010644300000000051e+01,1.585479600000000033e+01,
4.029422300000000234e+01,1.100523699999999927e+01,1.531678400000000018e+01,
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4.077092300000000336e+01,9.345504999999999285e+00,1.572226399999999913e+01,
3.906132099999999951e+01,9.740883999999999432e+00,1.546767299999999956e+01,
3.990258999999999645e+01,1.033439699999999917e+01,1.691116099999999989e+01,
C130: 4.362367199999999912e+01,1.077008400000000066e+01,1.595866299999999960e+01,
4.415474900000000247e+01,1.161399699999999946e+01,1.638715300000000141e+01,
4.429631899999999689e+01,1.020881800000000084e+01,1.531694700000000076e+01,
4.278547700000000020e+01,1.113372500000000009e+01,1.537298599999999915e+01,
4.326016700000000270e+01,1.012634500000000060e+01,1.675396800000000042e+01,
C131: 4.812526799999999838e+01,1.049188700000000019e+01,1.608136500000000169e+01,
4.865448200000000156e+01,1.105201300000000053e+01,1.684661600000000092e+01,
4.884257499999999652e+01,1.000215900000000069e+01,1.542953499999999956e+01,
4.751005800000000079e+01,1.117042999999999964e+01,1.549759199999999915e+01,
4.749296900000000221e+01,9.744605999999999213e+00,1.655160300000000007e+01,
C132: 9.667030000000000456e+00,1.403629699999999936e+01,1.581772300000000087e+01,
8.714173000000000613e+00,1.404433299999999996e+01,1.633826600000000084e+01,
9.638308000000000320e+00,1.475147199999999970e+01,1.500146600000000063e+01,
9.855700000000000571e+00,1.304397100000000087e+01,1.542127900000000018e+01,
1.045995600000000003e+01,1.430370500000000078e+01,1.650773900000000083e+01,
C133: 1.379030799999999957e+01,1.436256400000000077e+01,1.600686800000000076e+01,
1.385717099999999924e+01,1.508614299999999986e+01,1.681353700000000018e+01,
1.393682000000000087e+01,1.486577600000000032e+01,1.505573500000000031e+01,
1.281147099999999917e+01,1.389410099999999915e+01,1.602034599999999998e+01,
1.455869200000000063e+01,1.360215499999999977e+01,1.613609500000000097e+01,
C134: 1.804283900000000074e+01,1.416239200000000054e+01,1.582919799999999988e+01,
1.708549899999999866e+01,1.388455500000000065e+01,1.561160199999999953e+01,
1.853946799999999939e+01,1.448897900000000050e+01,1.492199300000000051e+01,
1.857580300000000051e+01,1.331654699999999991e+01,1.625134999999999863e+01,
1.802749199999999874e+01,1.497713199999999922e+01,1.654517699999999891e+01,
C135: 2.157231799999999922e+01,1.406383600000000023e+01,1.585609299999999955e+01,
2.228029599999999988e+01,1.347307099999999913e+01,1.528351299999999924e+01,
2.091867299999999830e+01,1.340282099999999943e+01,1.641503399999999857e+01,
2.098156799999999933e+01,1.466844500000000018e+01,1.517778099999999952e+01,
2.211246699999999876e+01,1.470814599999999928e+01,1.654197699999999926e+01,
C136: 2.626338600000000056e+01,1.431221799999999966e+01,1.595415700000000037e+01,
2.605376800000000159e+01,1.505238499999999924e+01,1.672006599999999921e+01,
2.690518000000000143e+01,1.474649800000000077e+01,1.519557499999999983e+01,
2.533170300000000097e+01,1.399272999999999989e+01,1.549690099999999937e+01,
2.675966700000000031e+01,1.345668399999999920e+01,1.640124899999999997e+01,
C137: 2.998297300000000121e+01,1.380758100000000077e+01,1.580354799999999926e+01,
2.917882099999999923e+01,1.312028100000000030e+01,1.604541199999999890e+01,
2.962991399999999942e+01,1.453731600000000057e+01,1.508194100000000049e+01,
3.081442499999999995e+01,1.325510000000000055e+01,1.537789899999999932e+01,
3.031040700000000143e+01,1.431692100000000067e+01,1.670277899999999960e+01,
C138: 3.369392299999999807e+01,1.415884100000000068e+01,1.596204900000000038e+01,
3.456193700000000035e+01,1.359317700000000073e+01,1.563690599999999975e+01,
3.401011100000000198e+01,1.494280999999999970e+01,1.664336899999999986e+01,
3.299949199999999649e+01,1.349540999999999968e+01,1.646757300000000157e+01,
3.320926999999999651e+01,1.460182299999999955e+01,1.509817299999999918e+01,
C139: 3.833943599999999918e+01,1.387439200000000028e+01,1.590415400000000012e+01,
3.813199500000000342e+01,1.437006399999999928e+01,1.684566900000000089e+01,
3.864082299999999748e+01,1.461326700000000045e+01,1.517083099999999973e+01,
3.744165900000000136e+01,1.337096400000000074e+01,1.555823700000000009e+01,
3.913112999999999886e+01,1.314519100000000051e+01,1.603997700000000037e+01,
C140: 4.189191999999999894e+01,1.420743799999999979e+01,1.580554000000000059e+01,
4.187291700000000105e+01,1.503189899999999923e+01,1.651057700000000139e+01,
4.133765999999999963e+01,1.448176899999999989e+01,1.491515000000000057e+01,
4.144214699999999851e+01,1.332954800000000084e+01,1.625782900000000097e+01,
4.292020800000000236e+01,1.398587900000000062e+01,1.553681599999999996e+01,
C141: 4.623406500000000108e+01,1.441677999999999926e+01,1.597831900000000083e+01,
4.602930299999999875e+01,1.509410300000000049e+01,1.680119499999999988e+01,
4.715544100000000327e+01,1.387667199999999923e+01,1.617148699999999906e+01,
4.633155599999999907e+01,1.498500699999999952e+01,1.505842900000000029e+01,
4.541539600000000121e+01,1.371058500000000002e+01,1.587977799999999995e+01,
C142: 5.032333500000000015e+01,1.386376600000000003e+01,1.587293799999999955e+01,
5.013891600000000182e+01,1.476277100000000075e+01,1.645310100000000020e+01,
5.108400600000000225e+01,1.406577300000000008e+01,1.512473400000000012e+01,
4.940634800000000126e+01,1.355384300000000053e+01,1.538122899999999937e+01,
5.066488499999999817e+01,1.307155000000000022e+01,1.653249299999999877e+01,
C143: 8.129293000000000546e+00,1.740591799999999978e+01,1.595108699999999935e+01,
8.142887999999999238e+00,1.846644999999999825e+01,1.618393800000000127e+01,
8.684210000000000207e+00,1.722992999999999952e+01,1.503435600000000072e+01,
7.102750999999999593e+00,1.707647400000000104e+01,1.582143300000000075e+01,
8.587457999999999814e+00,1.685065399999999869e+01,1.676401500000000055e+01,
C144: 1.179675600000000024e+01,1.732867299999999844e+01,1.587049999999999983e+01,
1.240665599999999991e+01,1.751377899999999954e+01,1.674932099999999835e+01,
1.124302499999999938e+01,1.822758599999999873e+01,1.561791900000000055e+01,
1.110231300000000054e+01,1.652171699999999888e+01,1.607450499999999849e+01,
1.243825000000000003e+01,1.705526100000000156e+01,1.503842099999999959e+01,
C145: 1.600774099999999933e+01,1.737650299999999959e+01,1.587332800000000077e+01,
1.578365200000000002e+01,1.789826800000000162e+01,1.679856600000000100e+01,
1.604456199999999910e+01,1.630859600000000142e+01,1.605985499999999888e+01,
1.696703300000000070e+01,1.771054000000000173e+01,1.549001600000000067e+01,
1.523362799999999950e+01,1.758702500000000057e+01,1.514181699999999964e+01,
C146: 2.006297500000000156e+01,1.732965700000000098e+01,1.590348900000000043e+01,
1.996249299999999849e+01,1.677068799999999982e+01,1.497896399999999950e+01,
2.098718999999999824e+01,1.705079399999999978e+01,1.639989599999999825e+01,
1.921970299999999909e+01,1.711143799999999970e+01,1.655039599999999922e+01,
2.008110399999999984e+01,1.839085100000000139e+01,1.567844299999999969e+01,
C147: 2.410426999999999964e+01,1.745049600000000112e+01,1.582743600000000050e+01,
2.384840799999999916e+01,1.801567299999999960e+01,1.671796799999999905e+01,
2.518364800000000159e+01,1.736420299999999983e+01,1.575047400000000053e+01,
2.371995400000000132e+01,1.796184799999999981e+01,1.494998999999999967e+01,
2.366638999999999982e+01,1.645913200000000032e+01,1.588820899999999980e+01,
C148: 2.845254399999999961e+01,1.722567499999999896e+01,1.587534300000000087e+01,
2.755907699999999849e+01,1.736147100000000165e+01,1.647705500000000001e+01,
2.888401299999999949e+01,1.819574300000000022e+01,1.564726699999999937e+01,
2.819300700000000148e+01,1.672143600000000063e+01,1.495127899999999954e+01,
2.917215900000000062e+01,1.663084200000000124e+01,1.642775800000000075e+01,
C149: 3.209729999999999706e+01,1.732966100000000154e+01,1.589971399999999946e+01,
3.283373699999999928e+01,1.728976799999999869e+01,1.669642100000000084e+01,
3.260356399999999866e+01,1.740176900000000160e+01,1.494213300000000011e+01,
3.146114899999999892e+01,1.819859299999999891e+01,1.603837199999999896e+01,
3.149285799999999824e+01,1.642888900000000163e+01,1.591927599999999998e+01,
C150: 3.613353899999999896e+01,1.741951600000000155e+01,1.583539299999999983e+01,
3.606435599999999653e+01,1.791916900000000012e+01,1.679663599999999946e+01,
3.668737800000000249e+01,1.804413900000000126e+01,1.514093699999999920e+01,
3.513673800000000114e+01,1.724148999999999887e+01,1.544421900000000036e+01,

3.664628400000000141e+01,1.647044100000000100e+01,1.595677599999999963e+01,
C151: 3.978864500000000248e+01,1.728427900000000150e+01,1.588231500000000018e+01,
3.907106000000000279e+01,1.676858500000000163e+01,1.651177099999999953e+01,
3.993732399999999672e+01,1.672355999999999909e+01,1.496533499999999961e+01,
4.073355200000000309e+01,1.737391799999999975e+01,1.640748599999999868e+01,
3.941092100000000187e+01,1.827267900000000012e+01,1.564168199999999942e+01,
C152: 4.398796999999999713e+01,1.731546799999999919e+01,1.587167299999999948e+01,
4.396815200000000345e+01,1.630765600000000148e+01,1.547024799999999978e+01,
4.408321399999999812e+01,1.802525299999999930e+01,1.505547299999999922e+01,
4.483294699999999722e+01,1.742023700000000019e+01,1.654525399999999991e+01,
4.306784900000000249e+01,1.750771400000000000e+01,1.641373099999999852e+01,
C153: 4.835350999999999999e+01,1.730976199999999920e+01,1.588778100000000038e+01,
4.742802700000000016e+01,1.725391099999999867e+01,1.645271800000000084e+01,
4.852026899999999898e+01,1.637029899999999927e+01,1.537039299999999997e+01,
4.917990499999999798e+01,1.750149800000000155e+01,1.656561699999999959e+01,
4.828736800000000073e+01,1.811439800000000133e+01,1.516155700000000017e+01,
C154: 1.028778400000000026e+01,2.116890799999999828e+01,1.602697099999999963e+01,
9.678769000000000844e+00,2.045291200000000131e+01,1.548339400000000055e+01,
9.654602000000000572e+00,2.174876499999999879e+01,1.669153700000000029e+01,
1.077748199999999912e+01,2.183231999999999928e+01,1.532193700000000014e+01,
1.103647199999999984e+01,2.063783199999999951e+01,1.660569900000000132e+01,
C155: 1.392219700000000060e+01,2.050616899999999987e+01,1.576780699999999946e+01,
1.308901799999999938e+01,2.079181399999999869e+01,1.513371300000000019e+01,
1.484550600000000031e+01,2.059571100000000143e+01,1.520422499999999921e+01,
1.379507199999999933e+01,1.947842400000000040e+01,1.609018000000000015e+01,
1.396085199999999915e+01,2.116426299999999827e+01,1.662978899999999882e+01,
C156: 1.773584500000000119e+01,2.072991299999999981e+01,1.602712999999999965e+01,
1.788477100000000064e+01,2.167272099999999924e+01,1.654460699999999918e+01,
1.691735500000000059e+01,2.018759700000000024e+01,1.648902800000000113e+01,
1.864518999999999949e+01,2.014095700000000022e+01,1.608350099999999827e+01,
1.749763400000000146e+01,2.092440500000000014e+01,1.498619300000000010e+01,
C157: 2.221731000000000122e+01,2.069028799999999890e+01,1.594015100000000018e+01,
2.283871299999999849e+01,2.059676599999999880e+01,1.682461299999999937e+01,
2.270024799999999843e+01,2.135043200000000141e+01,1.522642699999999927e+01,
2.125035300000000049e+01,2.110100100000000012e+01,1.621203300000000169e+01,
2.208005500000000154e+01,1.971236499999999836e+01,1.549066400000000066e+01,
C158: 2.588393400000000000e+01,2.057256299999999882e+01,1.582502700000000040e+01,
2.555967899999999915e+01,2.110107400000000055e+01,1.671501200000000154e+01,
2.634426500000000004e+01,1.962808499999999867e+01,1.609639500000000112e+01,
2.660590300000000141e+01,2.118144399999999905e+01,1.528913999999999973e+01,
2.502826200000000156e+01,2.038540899999999922e+01,1.518450999999999951e+01,
C159: 2.991980300000000170e+01,2.142074699999999865e+01,1.607459899999999919e+01,
2.999108100000000121e+01,2.237936200000000042e+01,1.657786400000000171e+01,
2.972086799999999940e+01,2.158293499999999909e+01,1.501998399999999911e+01,
2.911150599999999855e+01,2.083885300000000029e+01,1.650644300000000086e+01,
3.085431099999999915e+01,2.088003900000000002e+01,1.618588300000000046e+01,
C160: 3.407354099999999875e+01,2.041560399999999831e+01,1.582324099999999945e+01,
3.421430900000000008e+01,2.107642500000000041e+01,1.667195999999999856e+01,
3.412143799999999771e+01,1.938163199999999975e+01,1.614348199999999878e+01,
3.484996100000000041e+01,2.060145500000000141e+01,1.508845400000000048e+01,
3.310481300000000005e+01,2.060741099999999904e+01,1.537218400000000074e+01,
C161: 3.765908000000000300e+01,2.100073799999999835e+01,1.594098699999999980e+01,
3.718513300000000044e+01,2.118710099999999841e+01,1.498217499999999980e+01,
3.862100699999999875e+01,2.052513199999999927e+01,1.577927700000000044e+01,
3.702871199999999874e+01,2.035058199999999928e+01,1.653936300000000159e+01,
3.780658900000000244e+01,2.194212800000000030e+01,1.646028199999999941e+01,
C162: 4.183187300000000164e+01,2.056178799999999995e+01,1.602861400000000103e+01,
4.172585800000000233e+01,2.094395099999999843e+01,1.501788600000000073e+01,
4.270649600000000135e+01,1.992248800000000131e+01,1.608278200000000169e+01,
4.194877300000000275e+01,2.139451999999999998e+01,1.671491299999999924e+01,
4.094543699999999831e+01,1.999560999999999922e+01,1.629384599999999850e+01,
C163: 4.601517900000000338e+01,2.038951700000000145e+01,1.578108300000000064e+01,
4.502172399999999897e+01,2.041899599999999992e+01,1.534422700000000006e+01,
4.603077600000000302e+01,2.099475500000000139e+01,1.668060399999999888e+01,
4.673027499999999890e+01,2.078851999999999833e+01,1.506940499999999972e+01,
4.627389300000000105e+01,1.936402500000000160e+01,1.602054000000000045e+01,
C164: 4.953448999999999813e+01,2.126769099999999924e+01,1.598590300000000042e+01,
4.889142499999999814e+01,2.063900399999999991e+01,1.659422700000000006e+01,
5.037441700000000111e+01,2.068168100000000109e+01,1.562497100000000039e+01,
4.990285999999999689e+01,2.209569300000000069e+01,1.658407100000000156e+01,
4.897408099999999820e+01,2.165313499999999891e+01,1.513970400000000005e+01,
C165: 7.950363000000000291e+00,2.463755400000000151e+01,1.594835999999999920e+01,
8.807767000000000124e+00,2.449034699999999987e+01,1.659849200000000025e+01,
7.351244000000000334e+00,2.546317200000000014e+01,1.632075400000000087e+01,
7.350297000000000303e+00,2.373263400000000090e+01,1.593085899999999988e+01,
8.294079999999999231e+00,2.486359399999999908e+01,1.494320699999999924e+01,
C166: 1.208965000000000067e+01,2.445758700000000019e+01,1.582570399999999999e+01,
1.121158800000000078e+01,2.423725100000000054e+01,1.522625999999999991e+01,
1.179462999999999973e+01,2.503837100000000149e+01,1.669323100000000082e+01,
1.279536000000000051e+01,2.502593200000000095e+01,1.523060000000000080e+01,
1.255115999999999943e+01,2.352909400000000062e+01,1.614721000000000117e+01,
C167: 1.567354899999999951e+01,2.416804300000000083e+01,1.582371999999999979e+01,
1.488416800000000073e+01,2.421296600000000154e+01,1.656475199999999859e+01,
1.663932199999999995e+01,2.418226900000000157e+01,1.631948500000000024e+01,
1.559833700000000078e+01,2.502095299999999867e+01,1.515735199999999949e+01,
1.557577399999999912e+01,2.325066999999999950e+01,1.525205799999999989e+01,
C168: 2.018228099999999969e+01,2.449468399999999946e+01,1.598388399999999976e+01,
2.005712799999999874e+01,2.524953800000000115e+01,1.675424299999999889e+01,
2.048703599999999980e+01,2.496841699999999875e+01,1.505549899999999930e+01,
1.924130699999999905e+01,2.397438100000000105e+01,1.583167000000000080e+01,
2.094188700000000125e+01,2.378367199999999926e+01,1.629364500000000149e+01,
C169: 2.409491099999999975e+01,2.425964199999999948e+01,1.579562100000000058e+01,
2.385024599999999850e+01,2.477781900000000093e+01,1.671688899999999833e+01,
2.447999400000000136e+01,2.497168999999999883e+01,1.507331899999999969e+01,
2.320048800000000000e+01,2.379077699999999851e+01,1.539812700000000056e+01,
2.484417200000000037e+01,2.349943299999999979e+01,1.599225099999999955e+01,
C170: 2.778553300000000092e+01,2.453727299999999900e+01,1.589545500000000011e+01,
2.802846900000000119e+01,2.516262599999999949e+01,1.674869800000000097e+01,
2.869785900000000112e+01,2.428409200000000112e+01,1.536367599999999989e+01,
2.711941399999999902e+01,2.507388999999999868e+01,1.522812300000000008e+01,
2.730094300000000018e+01,2.362736400000000003e+01,1.623505600000000015e+01,
C171: 3.246775800000000345e+01,2.428644900000000106e+01,1.588892599999999966e+01,
3.214277200000000079e+01,2.493729499999999888e+01,1.669466900000000109e+01,
3.309455299999999767e+01,2.484373199999999926e+01,1.520063500000000012e+01,
3.159852700000000070e+01,2.391239900000000063e+01,1.535666800000000087e+01,
3.302761100000000027e+01,2.345123999999999853e+01,1.629781200000000041e+01,
C172: 3.597815500000000100e+01,2.433989100000000150e+01,1.579519999999999946e+01,
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3.685431299999999766e+01,2.425940599999999847e+01,1.643063899999999933e+01,
3.540446399999999727e+01,2.342005599999999887e+01,1.584981200000000001e+01,
3.629628399999999999e+01,2.450625300000000095e+01,1.477132300000000065e+01,
3.536788599999999860e+01,2.517441799999999930e+01,1.612483999999999895e+01,
C173: 4.017917099999999664e+01,2.458626900000000148e+01,1.596736800000000045e+01,
3.992237800000000192e+01,2.522170699999999854e+01,1.680925500000000028e+01,
4.116690200000000033e+01,2.416217400000000026e+01,1.612095499999999859e+01,
4.017537200000000297e+01,2.517418800000000090e+01,1.505457600000000085e+01,
3.945109000000000066e+01,2.378522999999999854e+01,1.588292500000000018e+01,
C174: 4.443119999999999692e+01,2.388247000000000142e+01,1.585281100000000087e+01,
4.482345800000000224e+01,2.415977000000000174e+01,1.487989699999999971e+01,
4.359365799999999780e+01,2.320383800000000107e+01,1.572312499999999957e+01,
4.409709399999999846e+01,2.477273399999999981e+01,1.637617499999999993e+01,
4.520798800000000028e+01,2.339136600000000143e+01,1.642933499999999825e+01,
C175: 4.800364600000000337e+01,2.459393899999999888e+01,1.583682199999999973e+01,
4.794430400000000247e+01,2.503826600000000013e+01,1.682496799999999837e+01,
4.757357600000000275e+01,2.527311900000000122e+01,1.510801000000000016e+01,
4.746085399999999765e+01,2.365429500000000118e+01,1.582235099999999939e+01,
4.904446000000000083e+01,2.441226800000000097e+01,1.558648499999999970e+01,
C176: 9.709623999999999810e+00,2.783130299999999835e+01,1.581072600000000072e+01,
1.047679499999999919e+01,2.833729599999999849e+01,1.638817200000000085e+01,
9.560508999999999702e+00,2.835546599999999984e+01,1.487159600000000026e+01,
8.780450999999999340e+00,2.782214700000000107e+01,1.637255899999999897e+01,
1.002361999999999931e+01,2.681140200000000107e+01,1.561284099999999953e+01,
C177: 1.394322200000000045e+01,2.757212000000000174e+01,1.593238999999999983e+01,
1.422449100000000044e+01,2.861696600000000146e+01,1.601826399999999850e+01,
1.385310800000000064e+01,2.731066200000000066e+01,1.488278799999999968e+01,
1.299123400000000039e+01,2.741063700000000125e+01,1.642858400000000074e+01,
1.470619399999999999e+01,2.695540000000000092e+01,1.639534499999999895e+01,
C178: 1.780503699999999867e+01,2.747594000000000136e+01,1.586118899999999954e+01,
1.872227600000000081e+01,2.747197299999999842e+01,1.644172000000000011e+01,
1.795522800000000174e+01,2.804732299999999867e+01,1.495012799999999942e+01,
1.701079500000000166e+01,2.793056100000000086e+01,1.644468900000000033e+01,
1.753426500000000132e+01,2.645576099999999897e+01,1.561081800000000008e+01,
C179: 2.180581600000000009e+01,2.767268699999999981e+01,1.585045500000000018e+01,
2.129885200000000012e+01,2.786646299999999954e+01,1.679018100000000047e+01,
2.247617400000000032e+01,2.849616200000000177e+01,1.562314100000000039e+01,
2.107010999999999967e+01,2.757610999999999990e+01,1.505798200000000087e+01,
2.237648300000000035e+01,2.675276300000000163e+01,1.592689400000000077e+01,
C180: 2.575069799999999987e+01,2.758884000000000114e+01,1.595602000000000054e+01,
2.663285000000000124e+01,2.733874899999999997e+01,1.653715299999999999e+01,
2.584119499999999903e+01,2.716876800000000003e+01,1.495919899999999991e+01,
2.566117799999999960e+01,2.866840399999999889e+01,1.588404399999999939e+01,
2.486816400000000016e+01,2.718479999999999919e+01,1.644162800000000146e+01,
C181: 2.993984999999999985e+01,2.766113899999999859e+01,1.580854500000000051e+01,
2.979098799999999869e+01,2.822218399999999860e+01,1.672574499999999986e+01,
3.056077700000000164e+01,2.823950599999999866e+01,1.513173800000000035e+01,
2.897762200000000021e+01,2.747311099999999939e+01,1.534177000000000035e+01,
3.042542999999999864e+01,2.671549200000000113e+01,1.602851499999999874e+01,
C182: 3.355408500000000060e+01,2.784585799999999978e+01,1.592684299999999986e+01,
3.289709799999999973e+01,2.736580299999999966e+01,1.664526100000000142e+01,
3.435297899999999771e+01,2.835855499999999907e+01,1.645328100000000049e+01,
3.298921500000000151e+01,2.856411500000000103e+01,1.534221600000000052e+01,
3.398061299999999818e+01,2.709841000000000122e+01,1.526521400000000028e+01,
C183: 3.781517999999999802e+01,2.752745600000000081e+01,1.586210200000000015e+01,
3.781108600000000308e+01,2.825710799999999878e+01,1.505818200000000040e+01,
3.853338899999999967e+01,2.782826499999999825e+01,1.661815700000000007e+01,
3.808996900000000352e+01,2.655525700000000100e+01,1.546709599999999973e+01,
3.682353499999999968e+01,2.747218000000000160e+01,1.630026099999999900e+01,
C184: 4.188231400000000093e+01,2.769078999999999979e+01,1.582939400000000063e+01,
4.127514999999999645e+01,2.759550300000000078e+01,1.672425899999999999e+01,
4.255177700000000129e+01,2.853881900000000016e+01,1.593322000000000038e+01,
4.123728599999999744e+01,2.784169899999999842e+01,1.496889600000000087e+01,
4.246489400000000103e+01,2.678517499999999885e+01,1.568955500000000036e+01,
C185: 4.559852800000000173e+01,2.744827199999999934e+01,1.588065399999999983e+01,
4.483810600000000335e+01,2.741619899999999888e+01,1.665427700000000044e+01,
4.543232100000000173e+01,2.663901200000000102e+01,1.517766300000000079e+01,
4.658101400000000325e+01,2.734437600000000046e+01,1.633057900000000018e+01,
4.554073799999999750e+01,2.839821299999999837e+01,1.535785399999999967e+01,
C186: 5.011434100000000313e+01,2.762201800000000063e+01,1.585638400000000026e+01,
5.077766900000000305e+01,2.848173800000000000e+01,1.586954099999999990e+01,
5.050878000000000156e+01,2.684920299999999926e+01,1.650944199999999995e+01,
5.003961900000000185e+01,2.723720799999999898e+01,1.484357600000000055e+01,
4.912915300000000229e+01,2.792005800000000093e+01,1.620280100000000090e+01,
C187: 8.216143000000000640e+00,3.111320800000000020e+01,1.587730299999999950e+01,
8.621102000000000487e+00,3.057878499999999988e+01,1.673120199999999969e+01,
9.008051999999999282e+00,3.130575500000000133e+01,1.516026300000000049e+01,
7.789283000000000179e+00,3.205478699999999748e+01,1.620909699999999987e+01,
7.443646000000000207e+00,3.051123899999999978e+01,1.540818800000000088e+01,
C188: 1.200236899999999984e+01,3.124515200000000092e+01,1.606931000000000154e+01,
1.187184700000000070e+01,3.169945399999999935e+01,1.509200500000000034e+01,
1.114781900000000014e+01,3.061526399999999981e+01,1.629208799999999968e+01,
1.208719499999999947e+01,3.202432499999999749e+01,1.681974400000000003e+01,
1.290673899999999996e+01,3.064496199999999959e+01,1.606719500000000167e+01,
C189: 1.639847500000000124e+01,3.142004499999999823e+01,1.595918099999999917e+01,
1.688637999999999906e+01,3.167127899999999840e+01,1.502265700000000059e+01,
1.545767900000000061e+01,3.091990900000000053e+01,1.575007300000000043e+01,
1.620465599999999995e+01,3.232813399999999859e+01,1.652100899999999939e+01,
1.703586800000000068e+01,3.076061199999999829e+01,1.653951899999999853e+01,
C190: 1.984309899999999871e+01,3.067493800000000093e+01,1.578085199999999944e+01,
2.084946899999999914e+01,3.062144100000000080e+01,1.537760699999999936e+01,
1.952573699999999945e+01,2.968515100000000118e+01,1.608675699999999864e+01,
1.917474800000000101e+01,3.104698000000000135e+01,1.501167300000000004e+01,
1.982808599999999899e+01,3.135184999999999889e+01,1.662818000000000040e+01,
C191: 2.380425999999999931e+01,3.152950099999999978e+01,1.608874000000000137e+01,
2.295133799999999979e+01,3.098113100000000131e+01,1.647581100000000021e+01,
2.396245899999999907e+01,3.242391099999999682e+01,1.668335899999999938e+01,
2.361690700000000120e+01,3.181035599999999874e+01,1.505722500000000075e+01,
2.469058700000000073e+01,3.090433099999999911e+01,1.613577700000000092e+01,
C192: 2.824049000000000120e+01,3.139777799999999885e+01,1.589362200000000058e+01,
2.801389400000000052e+01,3.223724599999999896e+01,1.654245699999999886e+01,
2.877768500000000174e+01,3.174821000000000026e+01,1.501825499999999991e+01,
2.731434399999999840e+01,3.092386799999999880e+01,1.558257399999999926e+01,
2.885051800000000100e+01,3.067779399999999868e+01,1.642965799999999987e+01,
C193: 3.180837100000000106e+01,3.129061099999999840e+01,1.589654999999999951e+01,
3.125758599999999987e+01,3.039416699999999949e+01,1.616137000000000157e+01,
3.284204600000000340e+01,3.103325600000000151e+01,1.568566000000000038e+01,

3.177481900000000081e+01,3.199714399999999870e+01,1.671903700000000015e+01,
3.136231099999999827e+01,3.174086000000000141e+01,1.501533599999999957e+01,
C194: 3.640897999999999968e+01,3.133107800000000154e+01,1.606972299999999976e+01,
3.723849799999999988e+01,3.083265099999999848e+01,1.656113799999999969e+01,
3.561777099999999763e+01,3.061332300000000117e+01,1.587453900000000040e+01,
3.674897399999999692e+01,3.175599000000000061e+01,1.513034299999999988e+01,
3.603101600000000104e+01,3.212315100000000001e+01,1.670884699999999867e+01,
C195: 4.016835600000000284e+01,3.083529700000000062e+01,1.582073300000000060e+01,
4.053344299999999834e+01,3.126747800000000055e+01,1.674638699999999858e+01,
3.947941600000000051e+01,3.152666699999999977e+01,1.534547700000000070e+01,
3.965627400000000335e+01,2.990175500000000142e+01,1.602783900000000017e+01,
4.100388900000000092e+01,3.064736699999999914e+01,1.515383199999999952e+01,
C196: 4.379603900000000039e+01,3.140130600000000172e+01,1.598954600000000070e+01,
4.399741600000000119e+01,3.234979400000000282e+01,1.647696300000000136e+01,
4.472115600000000057e+01,3.084125099999999975e+01,1.589097600000000021e+01,
4.337812399999999968e+01,3.158480000000000132e+01,1.500469299999999961e+01,
4.308783600000000291e+01,3.083140300000000167e+01,1.658152099999999862e+01,
C197: 4.863297000000000025e+01,3.133817399999999864e+01,1.594069499999999984e+01,
4.953662899999999780e+01,3.102379799999999932e+01,1.645431400000000011e+01,
4.889821500000000043e+01,3.185351299999999952e+01,1.502232399999999934e+01,
4.806643799999999800e+01,3.200797599999999932e+01,1.658086399999999827e+01,
4.802897099999999853e+01,3.046722600000000014e+01,1.570368200000000058e+01,
C198: 9.674531999999999243e+00,3.453676600000000008e+01,1.581247800000000048e+01,
8.713984999999999204e+00,3.443328199999999839e+01,1.630809599999999904e+01,
1.030340400000000045e+01,3.521455000000000268e+01,1.638143699999999825e+01,
9.525391000000000830e+00,3.493443899999999758e+01,1.481310099999999963e+01,
1.015601400000000076e+01,3.356646299999999883e+01,1.574736500000000028e+01,
C199: 1.363896300000000039e+01,3.490894399999999820e+01,1.590256800000000048e+01,
1.392439199999999921e+01,3.554663800000000151e+01,1.673322800000000043e+01,
1.351747499999999924e+01,3.551068200000000274e+01,1.500672400000000017e+01,
1.270301000000000080e+01,3.441091300000000075e+01,1.613498299999999830e+01,
1.441214699999999915e+01,3.416487000000000052e+01,1.573573799999999956e+01,
C200: 1.796466600000000113e+01,3.470608699999999658e+01,1.581193200000000054e+01,
1.706988600000000034e+01,3.442846600000000024e+01,1.526299700000000037e+01,
1.860482999999999976e+01,3.383636200000000116e+01,1.592046599999999934e+01,
1.768383800000000150e+01,3.507951599999999814e+01,1.679131299999999882e+01,
1.849180700000000144e+01,3.548064099999999854e+01,1.526641799999999982e+01,
C201: 2.157204400000000177e+01,3.448581000000000074e+01,1.583572500000000005e+01,
2.251052599999999870e+01,3.422289200000000164e+01,1.535716000000000037e+01,
2.103540800000000033e+01,3.358100600000000213e+01,1.610259500000000088e+01,
2.097221800000000158e+01,3.507253299999999996e+01,1.514797300000000035e+01,
2.177531700000000114e+01,3.506827899999999687e+01,1.672869999999999990e+01,
C202: 2.609778100000000123e+01,3.493709100000000234e+01,1.588815499999999936e+01,
2.519574799999999826e+01,3.509797300000000320e+01,1.647069600000000023e+01,
2.608853500000000025e+01,3.558265500000000259e+01,1.501521900000000009e+01,
2.614095100000000116e+01,3.389990300000000190e+01,1.556968499999999977e+01,
2.696695599999999970e+01,3.516387900000000144e+01,1.649706000000000117e+01,
C203: 3.007397900000000135e+01,3.466246499999999742e+01,1.581228800000000057e+01,
3.074648900000000040e+01,3.409309900000000226e+01,1.517880199999999924e+01,
2.911039500000000046e+01,3.416769200000000239e+01,1.586158999999999963e+01,
2.994522900000000121e+01,3.565770799999999952e+01,1.539801800000000043e+01,
3.049616299999999924e+01,3.474134200000000305e+01,1.680804600000000093e+01,
C204: 3.385125299999999982e+01,3.485324200000000161e+01,1.590177699999999916e+01,
3.398007299999999731e+01,3.554180000000000206e+01,1.673084100000000163e+01,
3.480613900000000172e+01,3.439732300000000009e+01,1.565799299999999938e+01,
3.347653400000000090e+01,3.539173900000000117e+01,1.503656499999999951e+01,
3.314289999999999736e+01,3.407983600000000024e+01,1.618139299999999992e+01,
C205: 3.834144799999999975e+01,3.459416399999999925e+01,1.584718699999999991e+01,
3.736133199999999732e+01,3.415888799999999748e+01,1.567994299999999974e+01,
3.867293999999999699e+01,3.508909500000000037e+01,1.494014899999999990e+01,
3.904568600000000345e+01,3.381249700000000047e+01,1.611188800000000043e+01,
3.827947499999999792e+01,3.531919099999999645e+01,1.665248700000000071e+01,
C206: 4.193555200000000127e+01,3.460161099999999834e+01,1.580869999999999997e+01,
4.276927500000000038e+01,3.447887200000000263e+01,1.512401099999999943e+01,
4.149085800000000290e+01,3.363254799999999989e+01,1.601097599999999943e+01,
4.119474499999999750e+01,3.525178900000000226e+01,1.535851000000000077e+01,
4.229150299999999874e+01,3.504158999999999935e+01,1.673469899999999910e+01,
C207: 4.598707100000000025e+01,3.478479200000000304e+01,1.591870100000000043e+01,
4.669125499999999818e+01,3.503479500000000257e+01,1.670588199999999901e+01,
4.618379199999999685e+01,3.377696600000000160e+01,1.556545000000000023e+01,
4.609611900000000162e+01,3.548402999999999707e+01,1.509512699999999974e+01,
4.497580700000000320e+01,3.483946900000000113e+01,1.630937300000000079e+01,
C208: 5.028649999999999665e+01,3.465103100000000325e+01,1.584251000000000076e+01,
5.061094400000000348e+01,3.547525600000000168e+01,1.647079199999999943e+01,
5.039667000000000030e+01,3.492673099999999664e+01,1.479791699999999999e+01,
4.924418299999999959e+01,3.442754599999999954e+01,1.604926899999999890e+01,
5.089296999999999827e+01,3.377494300000000038e+01,1.605208899999999872e+01,
C209: 8.323772999999999200e+00,3.788644899999999893e+01,1.601723499999999945e+01,
8.075189999999999202e+00,3.893048999999999893e+01,1.618276900000000040e+01,
7.440030000000000143e+00,3.735210099999999755e+01,1.568158799999999964e+01,
8.681383000000000294e+00,3.744801100000000105e+01,1.694394300000000086e+01,
9.098748000000000502e+00,3.781515199999999766e+01,1.525976499999999980e+01,
C210: 1.221252499999999941e+01,3.823533499999999918e+01,1.586620899999999956e+01,
1.295240100000000005e+01,3.816428700000000163e+01,1.665717199999999920e+01,
1.271220199999999956e+01,3.840072200000000180e+01,1.491714799999999919e+01,
1.154219200000000001e+01,3.906437100000000129e+01,1.606867799999999846e+01,
1.164213600000000071e+01,3.731293200000000354e+01,1.581801300000000055e+01,
C211: 1.590061000000000035e+01,3.790051499999999862e+01,1.582417300000000004e+01,
1.514290100000000017e+01,3.811501899999999665e+01,1.507756200000000035e+01,
1.687595800000000068e+01,3.817932799999999816e+01,1.543696399999999969e+01,
1.589253099999999996e+01,3.684015000000000128e+01,1.605282700000000062e+01,
1.569157399999999924e+01,3.847342199999999934e+01,1.672147999999999968e+01,
C212: 2.002295700000000167e+01,3.781810500000000275e+01,1.598099500000000006e+01,
2.004085299999999847e+01,3.890281300000000186e+01,1.593581999999999965e+01,
2.010325999999999880e+01,3.741596799999999945e+01,1.497625799999999963e+01,
1.909022399999999919e+01,3.749249300000000318e+01,1.643014499999999956e+01,
2.085883600000000015e+01,3.746919700000000120e+01,1.657909000000000077e+01,
C213: 2.384023399999999882e+01,3.788015200000000249e+01,1.580272000000000077e+01,
2.308987399999999823e+01,3.830437799999999982e+01,1.514239700000000077e+01,
2.478236400000000117e+01,3.780660799999999711e+01,1.527112900000000018e+01,
2.352230799999999888e+01,3.689029800000000137e+01,1.611409199999999942e+01,
2.396068800000000110e+01,3.852436800000000261e+01,1.666776499999999928e+01,
C214: 2.753618399999999866e+01,3.827341200000000043e+01,1.592145400000000066e+01,
2.681942099999999840e+01,3.799016600000000210e+01,1.668589199999999906e+01,
2.819654999999999845e+01,3.904155300000000040e+01,1.631155400000000100e+01,
2.701007299999999844e+01,3.865873100000000306e+01,1.505486800000000081e+01,
2.812246000000000024e+01,3.740629299999999802e+01,1.563317400000000035e+01,
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C215: 3.251833100000000343e+01,3.823973500000000314e+01,1.591331100000000021e+01,
3.320600300000000260e+01,3.808495299999999872e+01,1.673879000000000161e+01,
3.302296499999999924e+01,3.803373299999999801e+01,1.497504499999999972e+01,
3.216617999999999711e+01,3.926649100000000203e+01,1.591888299999999923e+01,
3.167009900000000044e+01,3.756997799999999899e+01,1.601599500000000020e+01,
C216: 3.618692300000000017e+01,3.780041400000000351e+01,1.580166499999999985e+01,
3.633914099999999792e+01,3.844850499999999727e+01,1.665878000000000014e+01,
3.707468999999999681e+01,3.782362299999999777e+01,1.517691800000000057e+01,
3.534273600000000215e+01,3.816307900000000330e+01,1.522540599999999955e+01,
3.600222899999999981e+01,3.678076800000000190e+01,1.612238800000000083e+01,
C217: 4.015353300000000303e+01,3.784430600000000311e+01,1.597566100000000056e+01,
3.935299499999999995e+01,3.776662900000000178e+01,1.670458700000000007e+01,
4.028713700000000131e+01,3.888546800000000303e+01,1.569839400000000040e+01,
3.989388100000000037e+01,3.726939500000000294e+01,1.509306400000000004e+01,
4.107659699999999958e+01,3.746330400000000083e+01,1.640109199999999845e+01,
C218: 4.435774899999999832e+01,3.802880700000000047e+01,1.582724900000000012e+01,
4.515030699999999797e+01,3.787742000000000075e+01,1.655338499999999868e+01,
4.477577699999999794e+01,3.844865099999999813e+01,1.491790699999999958e+01,
4.361988099999999946e+01,3.871296199999999743e+01,1.623483299999999829e+01,
4.388309000000000282e+01,3.707835299999999989e+01,1.560462799999999994e+01,
C219: 4.810569000000000273e+01,3.780545699999999698e+01,1.586421200000000020e+01,
4.774229299999999654e+01,3.831528999999999741e+01,1.675102499999999850e+01,
4.904694700000000296e+01,3.824841599999999886e+01,1.555275900000000000e+01,
4.737690200000000118e+01,3.790779799999999966e+01,1.506609300000000040e+01,
4.825662400000000218e+01,3.675435099999999977e+01,1.608448100000000025e+01,
C220: 9.684737999999999403e+00,4.202923299999999784e+01,1.603422499999999928e+01,
9.770996000000000237e+00,4.278811000000000320e+01,1.680558900000000122e+01,
9.756104000000000553e+00,4.249593000000000131e+01,1.505631400000000042e+01,
8.725479999999999237e+00,4.152866900000000072e+01,1.612561699999999831e+01,
1.048290500000000058e+01,4.130297500000000355e+01,1.614624399999999937e+01,
C221: 1.373758199999999974e+01,4.171467400000000225e+01,1.582251600000000025e+01,
1.278182499999999955e+01,4.125801799999999986e+01,1.605580300000000094e+01,
1.412708699999999951e+01,4.220653300000000030e+01,1.670605400000000174e+01,
1.360416500000000006e+01,4.244467000000000212e+01,1.503050299999999950e+01,
1.443144799999999961e+01,4.094615699999999947e+01,1.549695200000000028e+01,
C222: 1.735462300000000013e+01,4.143698200000000043e+01,1.596455500000000072e+01,
1.660430099999999953e+01,4.090080400000000083e+01,1.653655399999999887e+01,
1.767512100000000075e+01,4.231475100000000111e+01,1.651776600000000172e+01,
1.693422100000000086e+01,4.174213600000000213e+01,1.501110599999999984e+01,
1.820807599999999837e+01,4.078857599999999906e+01,1.579007400000000061e+01,
C223: 2.219494500000000059e+01,4.165444600000000008e+01,1.594654599999999967e+01,
2.217493100000000084e+01,4.256808900000000051e+01,1.653182299999999927e+01,
2.256845799999999969e+01,4.187031000000000347e+01,1.495048099999999991e+01,
2.119008200000000031e+01,4.124918300000000215e+01,1.587441899999999961e+01,
2.284563199999999838e+01,4.092911800000000255e+01,1.642425700000000077e+01,
C224: 2.579289899999999847e+01,4.158457099999999684e+01,1.582767100000000049e+01,
2.529630900000000082e+01,4.070804900000000259e+01,1.542281099999999938e+01,
2.523598099999999889e+01,4.195050799999999924e+01,1.668062899999999971e+01,
2.584232000000000085e+01,4.235764700000000005e+01,1.506769899999999929e+01,
2.679898000000000025e+01,4.132054600000000022e+01,1.613579199999999858e+01,
C225: 3.000467400000000140e+01,4.214632600000000195e+01,1.601497399999999871e+01,
3.087761599999999973e+01,4.152285200000000032e+01,1.618034099999999853e+01,
3.009519299999999831e+01,4.265144699999999744e+01,1.505806199999999961e+01,
2.993211300000000108e+01,4.288363100000000117e+01,1.680854100000000173e+01,
2.911448800000000148e+01,4.152546699999999902e+01,1.601382399999999961e+01,
C226: 3.418292000000000286e+01,4.160502600000000228e+01,1.584644199999999969e+01,
3.459835199999999844e+01,4.064599100000000220e+01,1.613872399999999985e+01,
3.473761700000000019e+01,4.198815700000000106e+01,1.499743299999999913e+01,
3.425295400000000257e+01,4.230371499999999685e+01,1.667232299999999867e+01,
3.314223599999999692e+01,4.147914099999999848e+01,1.556588799999999928e+01,
C227: 3.778991500000000059e+01,4.171744400000000041e+01,1.591583299999999923e+01,
3.794053100000000001e+01,4.244650299999999987e+01,1.670519200000000026e+01,
3.874116300000000024e+01,4.125878999999999763e+01,1.566290399999999927e+01,
3.738331800000000271e+01,4.220983900000000233e+01,1.503881400000000035e+01,
3.709906699999999802e+01,4.095159799999999706e+01,1.625382400000000160e+01,
C228: 4.228190500000000185e+01,4.162034200000000084e+01,1.604454000000000136e+01,
4.302434699999999879e+01,4.117878799999999728e+01,1.670005700000000104e+01,
4.135562800000000294e+01,4.105845500000000214e+01,1.611431200000000175e+01,
4.264162900000000178e+01,4.159362000000000137e+01,1.502099199999999968e+01,
4.210029200000000316e+01,4.264883100000000127e+01,1.633968700000000140e+01,
C229: 4.603491799999999756e+01,4.144841999999999871e+01,1.581969400000000014e+01,
4.684184799999999882e+01,4.079591500000000082e+01,1.550130899999999912e+01,
4.515474700000000041e+01,4.085155799999999715e+01,1.602936100000000152e+01,
4.580985799999999841e+01,4.215749499999999728e+01,1.502989200000000025e+01,
4.633148500000000070e+01,4.198715899999999834e+01,1.671199700000000021e+01,
C230: 4.963797999999999888e+01,4.179574499999999659e+01,1.597680599999999984e+01,
5.051278299999999888e+01,4.125856600000000185e+01,1.562279099999999943e+01,
4.995390199999999936e+01,4.266279500000000269e+01,1.654887599999999992e+01,
4.904511999999999716e+01,4.114154200000000117e+01,1.660897999999999897e+01,
4.904395499999999686e+01,4.211675400000000025e+01,1.512641700000000000e+01,
C231: 7.674503999999999770e+00,4.505086500000000171e+01,1.588071300000000008e+01,
8.227282999999999902e+00,4.502649100000000004e+01,1.681513299999999944e+01,
8.369099000000000288e+00,4.498368299999999920e+01,1.504843800000000087e+01,
7.118093000000000004e+00,4.598102099999999837e+01,1.581348900000000057e+01,
6.985464999999999591e+00,4.421225599999999645e+01,1.584568100000000079e+01,
C232: 1.184486500000000042e+01,4.500576300000000174e+01,1.585291999999999923e+01,
1.275916899999999998e+01,4.469631700000000052e+01,1.634753699999999910e+01,
1.201229999999999976e+01,4.593686999999999898e+01,1.532173900000000089e+01,
1.106300799999999995e+01,4.514638999999999669e+01,1.659285900000000069e+01,
1.154023899999999969e+01,4.424002399999999824e+01,1.514715400000000045e+01,
C233: 1.577536800000000028e+01,4.485199800000000181e+01,1.582022199999999934e+01,
1.497046300000000052e+01,4.517418299999999931e+01,1.647145199999999932e+01,
1.579555000000000042e+01,4.547484200000000243e+01,1.493130500000000005e+01,
1.562107100000000059e+01,4.381831199999999882e+01,1.553367300000000029e+01,
1.672164499999999876e+01,4.494311299999999676e+01,1.634497700000000009e+01,
C234: 2.004221100000000177e+01,4.504898599999999931e+01,1.588490700000000011e+01,
1.940310600000000107e+01,4.541660100000000000e+01,1.668194799999999844e+01,
1.990701899999999824e+01,4.566185000000000116e+01,1.499854200000000048e+01,
1.977986599999999839e+01,4.402006000000000085e+01,1.565732500000000016e+01,
2.107861199999999968e+01,4.509555199999999786e+01,1.620306899999999928e+01,
C235: 2.407015499999999975e+01,4.486534400000000034e+01,1.581734800000000085e+01,
2.436582100000000040e+01,4.575765400000000227e+01,1.527596899999999991e+01,
2.351876499999999837e+01,4.420789899999999761e+01,1.515363699999999980e+01,
2.343851899999999944e+01,4.514634000000000214e+01,1.665353700000000003e+01,
2.495412599999999870e+01,4.435741099999999904e+01,1.618632099999999951e+01,
C236: 2.778199400000000097e+01,4.507104900000000214e+01,1.585319100000000070e+01,
2.790095300000000123e+01,4.557170099999999735e+01,1.680891099999999838e+01,

2.873178599999999960e+01,4.506786100000000062e+01,1.532684300000000022e+01,
2.704274200000000050e+01,4.559731399999999724e+01,1.525783999999999985e+01,
2.745603900000000053e+01,4.404902200000000079e+01,1.601482800000000140e+01,
C237: 3.224727899999999892e+01,4.507735499999999718e+01,1.585911399999999993e+01,
3.305948200000000270e+01,4.545046399999999664e+01,1.647383900000000168e+01,
3.214305000000000234e+01,4.570356400000000008e+01,1.497801899999999975e+01,
3.132309400000000110e+01,4.509678000000000253e+01,1.642845000000000155e+01,
3.246302800000000133e+01,4.405785900000000055e+01,1.555620200000000075e+01,
C238: 3.595759300000000280e+01,4.492669099999999816e+01,1.582689200000000085e+01,
3.597142300000000148e+01,4.579965399999999676e+01,1.518180800000000019e+01,
3.696746300000000218e+01,4.454591099999999670e+01,1.593957200000000007e+01,
3.532306200000000018e+01,4.416768799999999828e+01,1.538489200000000068e+01,
3.556325600000000264e+01,4.520655200000000207e+01,1.679779299999999864e+01,
C239: 4.013254400000000288e+01,4.512835499999999911e+01,1.586897899999999950e+01,
3.967684299999999809e+01,4.567955299999999852e+01,1.668548200000000037e+01,
4.119656899999999666e+01,4.502121400000000051e+01,1.605584800000000101e+01,
3.998116600000000176e+01,4.566778800000000160e+01,1.493866099999999975e+01,
3.967749200000000087e+01,4.414546800000000104e+01,1.579585699999999981e+01,
C240: 4.433365200000000073e+01,4.479365700000000317e+01,1.582485900000000001e+01,
4.375440100000000143e+01,4.543300200000000189e+01,1.648397699999999944e+01,
4.490660199999999946e+01,4.540678100000000228e+01,1.513646699999999967e+01,
4.366202100000000286e+01,4.415347299999999819e+01,1.526265899999999931e+01,
4.500896000000000186e+01,4.418411400000000100e+01,1.641605500000000006e+01,
C241: 4.797549000000000063e+01,4.498863099999999804e+01,1.583966999999999992e+01,
4.752595800000000281e+01,4.400865999999999900e+01,1.571953599999999973e+01,
4.889482000000000284e+01,4.490130299999999863e+01,1.641059699999999921e+01,
4.728521299999999883e+01,4.564077699999999993e+01,1.636448299999999989e+01,
4.819548699999999997e+01,4.540808200000000028e+01,1.486259100000000011e+01,
C242: 9.771810999999999581e+00,4.824163399999999768e+01,1.583923399999999937e+01,
9.103638999999999371e+00,4.851566499999999849e+01,1.664998100000000036e+01,
1.078926500000000033e+01,4.851790900000000306e+01,1.609766499999999922e+01,
9.474377999999999744e+00,4.876796099999999967e+01,1.493750299999999953e+01,
9.717950999999999340e+00,4.717121800000000320e+01,1.567027099999999962e+01,
C243: 1.398918399999999984e+01,4.808585800000000177e+01,1.597327100000000044e+01,
1.396275600000000061e+01,4.893452200000000119e+01,1.529632499999999951e+01,
1.312792299999999912e+01,4.812668299999999988e+01,1.663234999999999886e+01,
1.490313300000000041e+01,4.812100199999999717e+01,1.655773500000000098e+01,
1.396436800000000034e+01,4.716716999999999871e+01,1.539818400000000054e+01,
C244: 1.807077100000000058e+01,4.832804000000000144e+01,1.580779599999999974e+01,
1.715597700000000003e+01,4.877954799999999835e+01,1.543574399999999969e+01,
1.839990299999999834e+01,4.885929300000000097e+01,1.669449799999999939e+01,
1.883949199999999990e+01,4.839339900000000227e+01,1.504459100000000049e+01,
1.788755199999999945e+01,4.728504300000000171e+01,1.604516500000000079e+01,
C245: 2.175555800000000062e+01,4.826647200000000026e+01,1.588407499999999928e+01,
2.092424300000000059e+01,4.787304499999999763e+01,1.645979399999999870e+01,
2.227074700000000007e+01,4.902637200000000206e+01,1.646363900000000058e+01,
2.138229199999999963e+01,4.870691000000000059e+01,1.496500499999999967e+01,
2.244532099999999986e+01,4.746285400000000010e+01,1.564606700000000039e+01,
C246: 2.598171800000000076e+01,4.833507699999999829e+01,1.603930199999999928e+01,
2.683836000000000155e+01,4.790012999999999721e+01,1.654399499999999890e+01,
2.611177199999999843e+01,4.824355899999999764e+01,1.496574599999999933e+01,
2.590297999999999945e+01,4.938520499999999913e+01,1.630351999999999890e+01,
2.507553000000000054e+01,4.781826300000000174e+01,1.633889200000000130e+01,
C247: 2.995225999999999900e+01,4.810650799999999805e+01,1.574367100000000086e+01,
3.075069099999999978e+01,4.834118000000000137e+01,1.504843900000000012e+01,
2.901616299999999882e+01,4.816577300000000150e+01,1.519721599999999917e+01,
2.994375900000000001e+01,4.883991300000000280e+01,1.654317100000000096e+01,
3.007928599999999975e+01,4.709519199999999728e+01,1.611380899999999983e+01,
C248: 3.355737200000000087e+01,4.854592999999999847e+01,1.596718500000000063e+01,
3.313799699999999859e+01,4.885316699999999912e+01,1.501398200000000038e+01,
3.402250300000000038e+01,4.940132100000000293e+01,1.644681699999999935e+01,
3.430547500000000127e+01,4.777667999999999893e+01,1.580092299999999916e+01,
3.276967899999999645e+01,4.815727400000000102e+01,1.660436400000000035e+01,
C249: 3.808849099999999765e+01,4.821645900000000040e+01,1.591853099999999976e+01,
3.888795799999999758e+01,4.826865200000000300e+01,1.665005599999999930e+01,
3.835894900000000263e+01,4.880060100000000034e+01,1.504439900000000030e+01,
3.717406600000000338e+01,4.861369799999999941e+01,1.634778400000000076e+01,
3.793175899999999956e+01,4.718333100000000258e+01,1.562689400000000006e+01,
C250: 4.177460599999999857e+01,4.838439799999999735e+01,1.581008800000000036e+01,
4.130290300000000059e+01,4.860773700000000019e+01,1.676054099999999991e+01,
4.246535899999999941e+01,4.918139200000000244e+01,1.555208499999999994e+01,
4.101280200000000065e+01,4.830458900000000000e+01,1.504107699999999959e+01,
4.231396600000000063e+01,4.744511099999999715e+01,1.588173100000000026e+01,
C251: 4.541233499999999879e+01,4.835513900000000120e+01,1.598302900000000015e+01,
4.548299000000000092e+01,4.939862699999999762e+01,1.627455099999999888e+01,
4.510287600000000197e+01,4.829110500000000172e+01,1.494498899999999963e+01,
4.467945999999999884e+01,4.785345399999999927e+01,1.660559999999999903e+01,
4.638158899999999818e+01,4.788038199999999733e+01,1.609927899999999923e+01,
C252: 5.001917999999999864e+01,4.808488799999999941e+01,1.591888800000000082e+01,
5.067879599999999840e+01,4.893803400000000181e+01,1.604670000000000130e+01,
5.060655899999999718e+01,4.720551499999999834e+01,1.567190699999999914e+01,
4.931612200000000001e+01,4.828795300000000168e+01,1.511627400000000065e+01,
4.947275299999999731e+01,4.790832999999999942e+01,1.684075699999999998e+01,
C253: 7.950952000000000019e+00,5.179795200000000222e+01,1.588120800000000088e+01,
8.399326999999999543e+00,5.130223699999999809e+01,1.673724299999999943e+01,
8.375647999999999982e+00,5.139401500000000311e+01,1.496685599999999994e+01,
8.152623000000000175e+00,5.286373300000000341e+01,1.593376199999999976e+01,
6.877928999999999959e+00,5.163104700000000236e+01,1.588690199999999919e+01,
C254: 1.162236799999999981e+01,5.219877699999999976e+01,1.590582999999999991e+01,
1.105675800000000031e+01,5.274040800000000218e+01,1.665813999999999950e+01,
1.264304300000000048e+01,5.205943800000000010e+01,1.624962400000000073e+01,
1.162667399999999951e+01,5.276445999999999970e+01,1.497887500000000038e+01,
1.116327899999999929e+01,5.122950900000000019e+01,1.573516599999999954e+01,
C255: 1.612737399999999965e+01,5.217034100000000052e+01,1.595952899999999985e+01,
1.677792799999999929e+01,5.221192899999999781e+01,1.682807499999999834e+01,
1.664109600000000100e+01,5.259366500000000144e+01,1.510149099999999933e+01,
1.522279699999999991e+01,5.273775100000000293e+01,1.615700299999999956e+01,
1.586762599999999956e+01,5.113653300000000002e+01,1.575121700000000047e+01,
C256: 1.986822300000000041e+01,5.177957099999999713e+01,1.584863600000000083e+01,
2.077561700000000044e+01,5.121833900000000028e+01,1.604994500000000102e+01,
1.903785299999999836e+01,5.109321700000000277e+01,1.571821800000000025e+01,
1.999904400000000138e+01,5.236314600000000041e+01,1.494226800000000033e+01,
1.966064099999999826e+01,5.244621899999999926e+01,1.668025899999999950e+01,
C257: 2.408469200000000043e+01,5.247488500000000045e+01,1.595790700000000051e+01,
2.488091599999999914e+01,5.293942299999999790e+01,1.653195300000000145e+01,
2.385389800000000093e+01,5.309031499999999681e+01,1.509346299999999985e+01,
2.319962999999999909e+01,5.237684300000000093e+01,1.657959800000000072e+01,
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2.440401200000000159e+01,5.149108499999999822e+01,1.562650000000000006e+01,
C258: 2.829472600000000071e+01,5.171016800000000302e+01,1.587061899999999959e+01,
2.888115000000000165e+01,5.205545000000000044e+01,1.671653099999999981e+01,
2.850941399999999959e+01,5.233085799999999921e+01,1.500585200000000086e+01,
2.723790500000000137e+01,5.177634799999999871e+01,1.611083700000000007e+01,
2.855039899999999875e+01,5.067955700000000263e+01,1.564742599999999939e+01,
C259: 3.187152199999999880e+01,5.209090199999999982e+01,1.586258899999999983e+01,
3.134585200000000071e+01,5.270712000000000330e+01,1.658578199999999825e+01,
3.288169599999999804e+01,5.190265399999999829e+01,1.621328600000000009e+01,
3.191030800000000056e+01,5.260695400000000177e+01,1.490795699999999968e+01,
3.134975700000000032e+01,5.114629500000000206e+01,1.574182500000000040e+01,
C260: 3.598523600000000044e+01,5.239255099999999743e+01,1.599591400000000085e+01,
3.535790399999999778e+01,5.285344099999999656e+01,1.675311100000000053e+01,
3.695827700000000249e+01,5.216484100000000268e+01,1.642105499999999907e+01,
3.610576400000000064e+01,5.307501700000000255e+01,1.515987100000000076e+01,
3.551913199999999904e+01,5.147482300000000066e+01,1.564934700000000056e+01,
C261: 4.024885199999999941e+01,5.172080199999999905e+01,1.585950099999999985e+01,
4.119639800000000207e+01,5.143738299999999697e+01,1.630724599999999924e+01,
4.043473099999999931e+01,5.229896899999999960e+01,1.495939800000000020e+01,
3.967993200000000087e+01,5.232116700000000264e+01,1.656309999999999860e+01,
3.968536100000000033e+01,5.082832200000000000e+01,1.560617200000000082e+01,
C262: 4.416973999999999734e+01,5.242877000000000010e+01,1.592851699999999937e+01,
4.354055300000000273e+01,5.285641999999999996e+01,1.670347100000000040e+01,
4.518986900000000162e+01,5.234946399999999755e+01,1.629243999999999915e+01,
4.414687800000000095e+01,5.306629000000000218e+01,1.504970999999999925e+01,
4.380154399999999981e+01,5.144086200000000275e+01,1.566789900000000024e+01,
C263: 4.852361799999999903e+01,5.182528200000000140e+01,1.595446300000000051e+01,
4.939690800000000337e+01,5.146107200000000148e+01,1.648740899999999954e+01,
4.883595199999999892e+01,5.230026500000000311e+01,1.502918299999999974e+01,
4.799639299999999764e+01,5.254637300000000266e+01,1.657200999999999880e+01,
4.786441399999999646e+01,5.099227700000000141e+01,1.572808299999999981e+01,
C264: 9.671499000000000734e+00,1.232221599999999917e+01,1.886682599999999965e+01,
9.033811999999999287e+00,1.318968300000000049e+01,1.872574600000000089e+01,
9.065573999999999799e+00,1.142124600000000001e+01,1.885561500000000024e+01,
1.018357699999999966e+01,1.240198099999999926e+01,1.982111599999999996e+01,
1.040454199999999929e+01,1.227554699999999954e+01,1.806820899999999952e+01,
C265: 1.380723799999999990e+01,1.211740499999999976e+01,1.886785100000000170e+01,
1.285740799999999950e+01,1.248027000000000086e+01,1.848796600000000012e+01,
1.445800999999999981e+01,1.186921300000000024e+01,1.803540900000000136e+01,
1.364025400000000054e+01,1.123150000000000048e+01,1.947315299999999993e+01,
1.427282199999999968e+01,1.288850700000000060e+01,1.947422999999999860e+01,
C266: 1.764162899999999823e+01,1.197991000000000028e+01,1.893258600000000058e+01,
1.725096200000000124e+01,1.099935699999999983e+01,1.918756099999999876e+01,
1.694505900000000054e+01,1.248611700000000013e+01,1.827203899999999948e+01,
1.859909499999999838e+01,1.186963199999999929e+01,1.843259899999999973e+01,
1.777193499999999915e+01,1.256442499999999995e+01,1.983836700000000164e+01,
C267: 2.196422099999999844e+01,1.220393400000000028e+01,1.888578199999999896e+01,
2.123290000000000077e+01,1.180366700000000080e+01,1.819044999999999845e+01,
2.264926499999999976e+01,1.285799399999999970e+01,1.835659199999999913e+01,
2.251887500000000131e+01,1.138617900000000027e+01,1.933576700000000059e+01,
2.145499799999999979e+01,1.276564699999999952e+01,1.966301400000000044e+01,
C268: 2.570301200000000108e+01,1.199348200000000020e+01,1.886550199999999933e+01,
2.628466299999999833e+01,1.232979399999999970e+01,1.971859999999999857e+01,
2.637300300000000064e+01,1.161823300000000003e+01,1.809811200000000042e+01,
2.512935799999999986e+01,1.282551800000000064e+01,1.847038200000000074e+01,
2.502903099999999981e+01,1.120124700000000040e+01,1.917688599999999965e+01,
C269: 3.003931599999999946e+01,1.219386199999999931e+01,1.890652400000000100e+01,
3.013788900000000126e+01,1.292529700000000048e+01,1.970290200000000169e+01,
3.086929100000000048e+01,1.229667300000000019e+01,1.821438099999999949e+01,
2.910290200000000027e+01,1.235515599999999914e+01,1.838128299999999982e+01,
3.004648600000000158e+01,1.119449200000000033e+01,1.933115600000000001e+01,
C270: 3.436633499999999941e+01,1.196684600000000032e+01,1.883809400000000167e+01,
3.492385699999999815e+01,1.267980200000000046e+01,1.823890400000000156e+01,
3.401893700000000109e+01,1.245187400000000011e+01,1.974544500000000014e+01,
3.500815200000000260e+01,1.113017600000000051e+01,1.909728799999999893e+01,
3.351309599999999733e+01,1.160669099999999965e+01,1.827135200000000026e+01,
C271: 3.804060199999999980e+01,1.223571699999999929e+01,1.890839300000000023e+01,
3.797319300000000197e+01,1.306180699999999995e+01,1.960956099999999935e+01,
3.902964500000000214e+01,1.221792600000000029e+01,1.846152199999999866e+01,
3.729346400000000017e+01,1.235734899999999925e+01,1.813109199999999888e+01,
3.786520999999999759e+01,1.130140399999999978e+01,1.943316499999999891e+01,
C272: 4.228056899999999985e+01,1.209347600000000078e+01,1.891242899999999949e+01,
4.189514599999999689e+01,1.271484899999999918e+01,1.971516099999999838e+01,
4.301077399999999784e+01,1.265437700000000021e+01,1.833818499999999929e+01,
4.146404900000000282e+01,1.179294499999999957e+01,1.826325200000000137e+01,
4.275229000000000212e+01,1.121029700000000062e+01,1.933264199999999988e+01,
C273: 4.604968300000000170e+01,1.186263800000000046e+01,1.881946100000000044e+01,
4.553497999999999735e+01,1.271298299999999948e+01,1.925687599999999833e+01,
4.612861699999999843e+01,1.200172300000000014e+01,1.774620699999999829e+01,
4.549083399999999955e+01,1.095480899999999913e+01,1.902622600000000119e+01,
4.704443899999999701e+01,1.178204200000000057e+01,1.924747999999999948e+01,
C274: 1.150184600000000046e+01,1.555989600000000017e+01,1.898376599999999925e+01,
1.131877000000000066e+01,1.523484400000000072e+01,2.000353399999999837e+01,
1.218030300000000032e+01,1.640772099999999867e+01,1.899071400000000054e+01,
1.056244500000000031e+01,1.585005800000000065e+01,1.852294900000000055e+01,
1.194553200000000004e+01,1.474567799999999984e+01,1.841996999999999929e+01,
C275: 1.615017599999999831e+01,1.538947300000000062e+01,1.900288700000000119e+01,
1.515332100000000004e+01,1.564480000000000004e+01,1.934994100000000117e+01,
1.607472999999999885e+01,1.470776099999999964e+01,1.816170199999999824e+01,
1.670328200000000152e+01,1.491466199999999986e+01,1.980755999999999872e+01,
1.666603500000000082e+01,1.629237499999999983e+01,1.869199400000000111e+01,
C276: 1.979435499999999948e+01,1.527166800000000002e+01,1.886771500000000046e+01,
1.906572999999999851e+01,1.607063099999999878e+01,1.877536999999999878e+01,
1.936340500000000020e+01,1.434034199999999970e+01,1.851574799999999854e+01,
2.008329300000000117e+01,1.516506299999999996e+01,1.990894000000000119e+01,
2.066892500000000155e+01,1.551250800000000041e+01,1.827411299999999983e+01,
C277: 2.355078800000000072e+01,1.565060599999999980e+01,1.907114199999999826e+01,
2.295476899999999887e+01,1.509851699999999930e+01,1.979151500000000041e+01,
2.289906500000000023e+01,1.624806600000000145e+01,1.844200500000000176e+01,
2.410904899999999884e+01,1.495584200000000052e+01,1.845159200000000155e+01,
2.424251599999999840e+01,1.630262899999999959e+01,1.959618400000000094e+01,
C278: 2.812720500000000001e+01,1.536945000000000050e+01,1.894099100000000035e+01,
2.729264500000000027e+01,1.603070900000000165e+01,1.872746899999999926e+01,
2.783407100000000156e+01,1.465200800000000037e+01,1.970156400000000119e+01,
2.896811800000000048e+01,1.595415799999999962e+01,1.930028899999999936e+01,
2.841070500000000010e+01,1.484076899999999988e+01,1.803748799999999974e+01,
C279: 3.197927100000000067e+01,1.530228499999999947e+01,1.894974600000000109e+01,

3.161099600000000009e+01,1.526650399999999941e+01,1.997060899999999961e+01,
3.284981499999999954e+01,1.594954700000000081e+01,1.890205800000000025e+01,
3.120332099999999897e+01,1.569358500000000056e+01,1.830016099999999923e+01,
3.225372800000000240e+01,1.430240200000000073e+01,1.862981600000000171e+01,
C280: 3.611438499999999863e+01,1.556192099999999989e+01,1.913108300000000028e+01,
3.692187599999999748e+01,1.541019200000000033e+01,1.984072600000000008e+01,
3.636600899999999825e+01,1.509283399999999986e+01,1.818523199999999918e+01,
3.596092099999999903e+01,1.662600799999999879e+01,1.897885399999999834e+01,
3.520363300000000351e+01,1.511817800000000034e+01,1.952170299999999870e+01,
C281: 4.004583099999999973e+01,1.523962099999999964e+01,1.887364000000000175e+01,
4.019913900000000240e+01,1.503395399999999960e+01,1.992872799999999955e+01,
3.900601199999999835e+01,1.549551699999999954e+01,1.870283399999999929e+01,
4.030314299999999861e+01,1.435980200000000018e+01,1.829340900000000047e+01,
4.067390000000000327e+01,1.607177199999999928e+01,1.857263800000000131e+01,
C282: 4.366772499999999724e+01,1.554480399999999918e+01,1.895195999999999970e+01,
4.459738500000000272e+01,1.596060100000000048e+01,1.932869000000000170e+01,
4.388037099999999668e+01,1.488340200000000024e+01,1.811789399999999972e+01,
4.302199199999999735e+01,1.635121099999999927e+01,1.861983499999999836e+01,
4.317425699999999722e+01,1.498736899999999928e+01,1.974225099999999955e+01,
C283: 4.804024700000000081e+01,1.514768899999999974e+01,1.900263199999999841e+01,
4.827575499999999664e+01,1.616020100000000070e+01,1.868956500000000176e+01,
4.839830800000000011e+01,1.444343300000000063e+01,1.825814799999999849e+01,
4.696513399999999905e+01,1.504352100000000014e+01,1.911276200000000003e+01,
4.852180700000000257e+01,1.494263800000000053e+01,1.995404399999999967e+01,
C284: 9.826454999999999274e+00,1.894622999999999990e+01,1.887080800000000025e+01,
1.032465900000000047e+01,1.912548900000000174e+01,1.981887400000000099e+01,
1.057001200000000019e+01,1.876872799999999941e+01,1.810090800000000044e+01,
9.228075999999999723e+00,1.981268800000000141e+01,1.860577500000000128e+01,
9.183175999999999561e+00,1.807603800000000049e+01,1.896011499999999828e+01,
C285: 1.388087900000000019e+01,1.941793099999999939e+01,1.904447899999999905e+01,
1.476238900000000065e+01,1.962987899999999897e+01,1.844772400000000090e+01,
1.380920099999999984e+01,2.014014200000000088e+01,1.985217400000000154e+01,
1.395991000000000071e+01,1.841799500000000123e+01,1.946058000000000021e+01,
1.299262300000000003e+01,1.948043300000000144e+01,1.842359400000000136e+01,
C286: 1.803500700000000023e+01,1.914693799999999868e+01,1.892762300000000053e+01,
1.801509000000000071e+01,2.023153900000000149e+01,1.893555900000000136e+01,
1.702044199999999918e+01,1.876785800000000037e+01,1.885599900000000062e+01,
1.849007999999999896e+01,1.878739799999999960e+01,1.984561199999999914e+01,
1.861144600000000082e+01,1.879659600000000097e+01,1.807855500000000148e+01,
C287: 2.156408000000000058e+01,1.891075199999999867e+01,1.894124199999999902e+01,
2.149338200000000043e+01,1.967224500000000020e+01,1.971189400000000091e+01,
2.260163000000000011e+01,1.879342000000000112e+01,1.864448900000000009e+01,
2.097223699999999980e+01,1.920906499999999895e+01,1.808241200000000148e+01,
2.118916000000000111e+01,1.796873400000000132e+01,1.932929499999999834e+01,
C288: 2.599585300000000032e+01,1.949925100000000100e+01,1.900966000000000022e+01,
2.592606500000000125e+01,2.042041599999999946e+01,1.957979800000000026e+01,
2.510163700000000020e+01,1.937595900000000171e+01,1.840661599999999964e+01,
2.608612000000000108e+01,1.866018400000000099e+01,1.969304899999999847e+01,
2.687106400000000050e+01,1.953452899999999914e+01,1.836951799999999935e+01,
C289: 3.002418899999999979e+01,1.896965300000000099e+01,1.884066899999999833e+01,
2.981287999999999982e+01,1.940154000000000067e+01,1.981420500000000118e+01,
3.072015999999999991e+01,1.960592700000000121e+01,1.830431099999999844e+01,
2.910292300000000054e+01,1.888326599999999900e+01,1.827404900000000154e+01,
3.046305100000000010e+01,1.798535700000000048e+01,1.896978000000000009e+01,
C290: 3.392832599999999843e+01,1.940023300000000006e+01,1.902225599999999872e+01,
3.309037800000000118e+01,1.936516200000000154e+01,1.833375099999999946e+01,
3.385079400000000049e+01,1.857421000000000078e+01,1.972287899999999894e+01,
3.391121900000000267e+01,2.033717199999999892e+01,1.957010700000000014e+01,
3.486154299999999751e+01,1.931838499999999925e+01,1.847372000000000014e+01,
C291: 3.837931700000000035e+01,1.890451799999999949e+01,1.893778999999999968e+01,
3.890228299999999706e+01,1.902941300000000169e+01,1.988117099999999837e+01,
3.892919499999999999e+01,1.940796800000000033e+01,1.814896099999999990e+01,
3.738431400000000338e+01,1.933148299999999864e+01,1.901592099999999874e+01,
3.830015900000000073e+01,1.784750800000000126e+01,1.870452699999999879e+01,
C292: 4.195094900000000138e+01,1.920429299999999984e+01,1.894853300000000118e+01,
4.294868499999999756e+01,1.923554599999999937e+01,1.852186000000000021e+01,
4.130501399999999990e+01,1.860506399999999871e+01,1.831555200000000028e+01,
4.155701100000000281e+01,2.021177399999999835e+01,1.902560599999999980e+01,
4.199693899999999758e+01,1.875922299999999865e+01,1.993790100000000010e+01,
C293: 4.624512000000000000e+01,1.935045300000000168e+01,1.904479800000000012e+01,
4.538366899999999760e+01,1.917835300000000132e+01,1.840711599999999848e+01,
4.712997899999999873e+01,1.950055100000000152e+01,1.843370099999999923e+01,
4.639422100000000171e+01,1.848708299999999838e+01,1.968637700000000024e+01,
4.607273699999999650e+01,2.022904799999999881e+01,1.965871200000000130e+01,
C294: 1.163788500000000070e+01,2.234039299999999884e+01,1.893057100000000048e+01,
1.212964700000000029e+01,2.289724500000000162e+01,1.972252200000000144e+01,
1.085496900000000053e+01,2.295242500000000163e+01,1.849304899999999918e+01,
1.120471399999999917e+01,2.143555200000000127e+01,1.934356100000000112e+01,
1.236576299999999939e+01,2.208102799999999988e+01,1.816845899999999858e+01,
C295: 1.588129700000000000e+01,2.256637600000000177e+01,1.888603499999999968e+01,
1.486938800000000072e+01,2.275833799999999840e+01,1.922901200000000088e+01,
1.639853499999999897e+01,2.350736500000000007e+01,1.873054000000000130e+01,
1.584630499999999920e+01,2.201133400000000151e+01,1.795436600000000027e+01,
1.641010999999999953e+01,2.198363099999999903e+01,1.963409599999999955e+01,
C296: 1.999775299999999945e+01,2.234158000000000044e+01,1.890856099999999884e+01,
2.075644399999999834e+01,2.310682500000000061e+01,1.877926100000000176e+01,
2.008387000000000100e+01,2.160522699999999929e+01,1.811643799999999871e+01,
1.901423499999999933e+01,2.279990300000000047e+01,1.886901200000000145e+01,
2.013266600000000039e+01,2.185651999999999973e+01,1.987060500000000118e+01,
C297: 2.375478400000000079e+01,2.247722999999999871e+01,1.886402100000000104e+01,
2.366946799999999840e+01,2.316462200000000138e+01,1.970016999999999996e+01,
2.476996300000000062e+01,2.249780300000000111e+01,1.848023999999999845e+01,
2.306376799999999960e+01,2.277366200000000163e+01,1.808151200000000003e+01,
2.351307800000000015e+01,2.147239899999999935e+01,1.919673900000000089e+01,
C298: 2.818780999999999892e+01,2.238955599999999890e+01,1.890878100000000117e+01,
2.761012500000000003e+01,2.203824499999999986e+01,1.805964499999999973e+01,
2.877628100000000089e+01,2.325350800000000007e+01,1.861536800000000014e+01,
2.884604200000000063e+01,2.159897000000000133e+01,1.925242199999999926e+01,
2.751230800000000087e+01,2.266984000000000066e+01,1.971142100000000141e+01,
C299: 3.182627600000000001e+01,2.238742399999999932e+01,1.893472500000000025e+01,
3.269933000000000334e+01,2.274090400000000045e+01,1.947484000000000037e+01,
3.214619700000000080e+01,2.181527099999999919e+01,1.806968900000000033e+01,
3.123501399999999961e+01,2.323820299999999861e+01,1.861017100000000113e+01,
3.123101799999999884e+01,2.175725999999999871e+01,1.958800400000000153e+01,
C300: 3.598002300000000275e+01,2.250997399999999971e+01,1.884797599999999917e+01,
3.565479200000000048e+01,2.263927299999999931e+01,1.987586500000000100e+01,
3.671586899999999787e+01,2.326936500000000052e+01,1.860426599999999908e+01,
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3.512580200000000019e+01,2.260444400000000087e+01,1.818540399999999835e+01,
3.642239000000000004e+01,2.152593800000000002e+01,1.873056800000000166e+01,
C301: 3.973363100000000259e+01,2.239475300000000146e+01,1.889567800000000020e+01,
4.071329800000000176e+01,2.257364400000000160e+01,1.932799599999999884e+01,
3.912337999999999738e+01,2.183826600000000084e+01,1.960050499999999829e+01,
3.984028299999999945e+01,2.182408099999999962e+01,1.797873500000000035e+01,
3.925656000000000034e+01,2.334507199999999827e+01,1.867646200000000078e+01,
C302: 4.395748499999999837e+01,2.233787799999999990e+01,1.888039799999999957e+01,
4.304272000000000276e+01,2.276449799999999968e+01,1.848143299999999911e+01,
4.374501800000000173e+01,2.184497800000000112e+01,1.982430099999999840e+01,
4.468573899999999810e+01,2.312594500000000153e+01,1.904031600000000068e+01,
4.435237399999999752e+01,2.161368200000000073e+01,1.817549899999999852e+01,
C303: 4.774063000000000301e+01,2.264776200000000017e+01,1.885200999999999993e+01,
4.717035800000000023e+01,2.271815499999999943e+01,1.977339900000000128e+01,
4.839647200000000282e+01,2.350887300000000124e+01,1.876660800000000151e+01,
4.706002900000000011e+01,2.262443800000000138e+01,1.800726099999999974e+01,
4.833617499999999723e+01,2.174006299999999925e+01,1.886420599999999936e+01,
C304: 1.038055800000000062e+01,2.643330500000000072e+01,1.901267800000000108e+01,
1.089220500000000058e+01,2.639202799999999982e+01,1.996961299999999895e+01,
1.107576899999999931e+01,2.675679799999999986e+01,1.824477200000000110e+01,
9.555260000000000531e+00,2.713651600000000030e+01,1.907274900000000173e+01,
9.999435000000000073e+00,2.544769499999999951e+01,1.876275199999999899e+01,
C305: 1.392977600000000038e+01,2.557062799999999925e+01,1.888546600000000097e+01,
1.339907900000000041e+01,2.650506700000000038e+01,1.873423599999999922e+01,
1.491793499999999995e+01,2.564206599999999980e+01,1.844310700000000125e+01,
1.338075699999999912e+01,2.475788000000000011e+01,1.842242900000000105e+01,
1.402541199999999932e+01,2.537936900000000051e+01,1.995002799999999965e+01,
C306: 1.783958399999999855e+01,2.609889899999999940e+01,1.912859600000000171e+01,
1.711794599999999988e+01,2.599081599999999881e+01,1.993279899999999927e+01,
1.806791099999999872e+01,2.715053299999999936e+01,1.898579799999999906e+01,
1.742467999999999861e+01,2.568998399999999904e+01,1.821266599999999869e+01,
1.874923300000000026e+01,2.556304700000000096e+01,1.938310999999999851e+01,
C307: 2.236869700000000094e+01,2.615458999999999889e+01,1.896550799999999981e+01,
2.151594199999999901e+01,2.681043100000000123e+01,1.911169200000000146e+01,
2.311327100000000101e+01,2.665748500000000121e+01,1.835706000000000060e+01,
2.204526500000000055e+01,2.524761900000000026e+01,1.846417599999999837e+01,
2.280026000000000153e+01,2.590107000000000070e+01,1.992912700000000115e+01,
C308: 2.595524899999999846e+01,2.540081999999999951e+01,1.890391299999999930e+01,
2.548779700000000048e+01,2.634782900000000083e+01,1.865468600000000166e+01,
2.701536199999999965e+01,2.555706599999999895e+01,1.907907799999999909e+01,
2.582432700000000025e+01,2.470079600000000042e+01,1.808612600000000015e+01,
2.549723600000000090e+01,2.499769600000000125e+01,1.980201800000000034e+01,
C309: 3.027325199999999938e+01,2.661751500000000092e+01,1.909855400000000003e+01,
3.004897100000000165e+01,2.749038200000000032e+01,1.970414699999999897e+01,
3.110649300000000039e+01,2.683794400000000024e+01,1.843874999999999886e+01,
2.940129800000000060e+01,2.635212299999999885e+01,1.850859000000000165e+01,
3.053662399999999977e+01,2.578641000000000005e+01,1.974597899999999839e+01,
C310: 3.414584899999999834e+01,2.561168100000000081e+01,1.890886199999999917e+01,
3.480443100000000101e+01,2.538257300000000072e+01,1.974113600000000091e+01,
3.464057900000000245e+01,2.630494699999999852e+01,1.823609199999999930e+01,
3.323366800000000154e+01,2.606275700000000128e+01,1.928590099999999907e+01,
3.390593299999999743e+01,2.469741600000000048e+01,1.837693499999999958e+01,
C311: 3.769531400000000332e+01,2.620067699999999888e+01,1.899610799999999955e+01,
3.726765900000000187e+01,2.705102099999999865e+01,1.951740600000000114e+01,
3.868236699999999928e+01,2.646066799999999830e+01,1.862608600000000081e+01,
3.705574500000000171e+01,2.592228700000000075e+01,1.816559799999999925e+01,
3.777816399999999675e+01,2.536319100000000049e+01,1.968226999999999904e+01,
C312: 4.213763800000000259e+01,2.555329300000000003e+01,1.907785200000000003e+01,
4.274760299999999802e+01,2.510196300000000136e+01,1.985459600000000080e+01,
4.248812099999999958e+01,2.522484899999999897e+01,1.810447999999999880e+01,
4.221177600000000041e+01,2.663474100000000178e+01,1.914192500000000052e+01,
4.110229600000000261e+01,2.525398799999999966e+01,1.920994299999999910e+01,
C313: 4.594447600000000165e+01,2.580711200000000005e+01,1.890442799999999934e+01,
4.679634099999999819e+01,2.646433800000000147e+01,1.875858099999999951e+01,
4.592116200000000248e+01,2.506378600000000034e+01,1.811485899999999916e+01,
4.502865200000000101e+01,2.638860100000000131e+01,1.887971999999999895e+01,
4.603107899999999830e+01,2.531037600000000154e+01,1.986610500000000101e+01,
C314: 1.211487600000000064e+01,2.956675200000000103e+01,1.890918999999999883e+01,
1.230268799999999985e+01,2.895379199999999997e+01,1.978561900000000051e+01,
1.274585300000000032e+01,2.923022200000000126e+01,1.809365599999999930e+01,
1.233679399999999937e+01,3.060315599999999847e+01,1.914043399999999906e+01,
1.107178599999999946e+01,2.947591200000000100e+01,1.862171800000000133e+01,
C315: 1.567335300000000053e+01,2.921578299999999828e+01,1.885483500000000134e+01,
1.525932800000000000e+01,2.951330400000000154e+01,1.981353599999999915e+01,
1.672868199999999916e+01,2.946686800000000162e+01,1.882253199999999893e+01,
1.515257700000000085e+01,2.973667100000000119e+01,1.805808700000000044e+01,
1.555221500000000034e+01,2.814510299999999887e+01,1.872476199999999835e+01,
C316: 1.998349100000000078e+01,2.966874599999999873e+01,1.899458299999999866e+01,
1.907196799999999826e+01,2.959372700000000123e+01,1.841032200000000074e+01,
1.994395000000000095e+01,3.055765299999999840e+01,1.961637599999999892e+01,
2.084325300000000070e+01,2.972525600000000168e+01,1.833442300000000103e+01,
2.007455799999999968e+01,2.879309299999999894e+01,1.963004000000000104e+01,
C317: 2.406163799999999853e+01,2.948154999999999859e+01,1.885101200000000077e+01,
2.463241000000000014e+01,2.875830300000000150e+01,1.942542800000000014e+01,
2.461838499999999996e+01,3.040974100000000035e+01,1.877818999999999861e+01,
2.311428700000000092e+01,2.966673799999999872e+01,1.934760700000000000e+01,
2.387669500000000156e+01,2.908734300000000061e+01,1.785687400000000125e+01,
C318: 2.751930499999999924e+01,2.933766699999999972e+01,1.889244700000000066e+01,
2.715127499999999827e+01,2.980438200000000037e+01,1.980112899999999954e+01,
2.857650699999999944e+01,2.955606300000000175e+01,1.877617800000000159e+01,
2.697392800000000079e+01,2.972602099999999936e+01,1.803802100000000053e+01,
2.737696499999999844e+01,2.826304700000000025e+01,1.895387900000000059e+01,
C319: 3.216057099999999735e+01,2.977985299999999924e+01,1.893051600000000079e+01,
3.287889299999999793e+01,2.984568600000000060e+01,1.812039599999999950e+01,
3.243281700000000001e+01,2.895852000000000004e+01,1.958657300000000134e+01,
3.116961600000000132e+01,2.960398999999999958e+01,1.852335300000000018e+01,
3.216161900000000173e+01,3.070754099999999909e+01,1.949423799999999929e+01,
C320: 3.581083799999999684e+01,2.948985800000000168e+01,1.885109500000000082e+01,
3.643552300000000344e+01,2.996342800000000040e+01,1.960228400000000093e+01,
3.643883199999999789e+01,2.903835899999999981e+01,1.809020399999999995e+01,
3.516547500000000070e+01,3.023292700000000011e+01,1.839573899999999895e+01,
3.520259699999999725e+01,2.872163199999999961e+01,1.931898699999999991e+01,
C321: 3.968618200000000229e+01,2.956741699999999895e+01,1.899001700000000170e+01,
3.937606900000000110e+01,2.885125700000000037e+01,1.974494200000000177e+01,
3.884574500000000086e+01,2.979454300000000089e+01,1.834181500000000042e+01,
4.049567900000000265e+01,2.914499500000000154e+01,1.840303700000000120e+01,
4.002711200000000247e+01,3.047707000000000122e+01,1.947458999999999918e+01,

C322: 4.403257399999999677e+01,2.937357099999999832e+01,1.894132499999999908e+01,
4.392144100000000151e+01,3.029210700000000145e+01,1.950862899999999911e+01,
4.471826200000000284e+01,2.953573899999999952e+01,1.811625899999999945e+01,
4.306556599999999690e+01,2.906866700000000137e+01,1.855290499999999909e+01,
4.442334199999999811e+01,2.859584399999999960e+01,1.959010800000000074e+01,
C323: 4.767158500000000032e+01,2.949385900000000049e+01,1.883247300000000024e+01,
4.847507399999999933e+01,2.876838100000000153e+01,1.874681500000000156e+01,
4.809190199999999749e+01,3.048099500000000006e+01,1.899979400000000140e+01,
4.703085399999999794e+01,2.922680599999999984e+01,1.966741899999999887e+01,
4.709073599999999971e+01,2.949786100000000033e+01,1.791531600000000068e+01,
C324: 1.002258299999999913e+01,3.270453100000000290e+01,1.889580399999999827e+01,
1.083004399999999912e+01,3.331336199999999792e+01,1.850010800000000089e+01,
9.081452999999999776e+00,3.323449000000000098e+01,1.878344299999999834e+01,
1.020295100000000055e+01,3.250518199999999780e+01,1.994789499999999904e+01,
9.975723000000000340e+00,3.176580900000000085e+01,1.835345200000000077e+01,
C325: 1.432077600000000039e+01,3.268666300000000291e+01,1.893802900000000022e+01,
1.482169500000000006e+01,3.359862300000000346e+01,1.862721600000000066e+01,
1.422592399999999913e+01,3.201935499999999735e+01,1.808739299999999872e+01,
1.333366299999999960e+01,3.292957499999999982e+01,1.931970199999999949e+01,
1.490159799999999990e+01,3.220161699999999882e+01,1.971675600000000017e+01,
C326: 1.807755699999999877e+01,3.277970299999999781e+01,1.885226400000000169e+01,
1.847574200000000033e+01,3.288249600000000328e+01,1.985720200000000091e+01,
1.888607000000000014e+01,3.286721000000000004e+01,1.813383400000000023e+01,
1.734619199999999850e+01,3.356149099999999663e+01,1.867275700000000072e+01,
1.760312400000000110e+01,3.180888399999999905e+01,1.875015900000000002e+01,
C327: 2.194876500000000163e+01,3.280005299999999835e+01,1.893546800000000019e+01,
2.114768199999999965e+01,3.322387400000000213e+01,1.953309600000000046e+01,
2.259971699999999828e+01,3.359569700000000125e+01,1.858583499999999944e+01,
2.152678900000000084e+01,3.227384800000000098e+01,1.808548000000000044e+01,
2.252211000000000141e+01,3.210609399999999880e+01,1.954228600000000071e+01,
C328: 2.618955100000000158e+01,3.287484700000000259e+01,1.898258300000000176e+01,
2.666452200000000161e+01,3.382186800000000204e+01,1.874656699999999887e+01,
2.615423799999999943e+01,3.225587099999999907e+01,1.809160599999999874e+01,
2.517930300000000088e+01,3.305573499999999854e+01,1.933719699999999975e+01,
2.675931599999999833e+01,3.236693300000000306e+01,1.975481900000000124e+01,
C329: 2.993655800000000156e+01,3.275686600000000226e+01,1.886010599999999826e+01,
2.985557299999999969e+01,3.176397599999999954e+01,1.842974600000000152e+01,
3.092240100000000069e+01,3.316252099999999814e+01,1.865577400000000097e+01,
2.978606900000000124e+01,3.269774999999999920e+01,1.993382599999999982e+01,
2.918066999999999922e+01,3.340302799999999905e+01,1.842535799999999924e+01,
C330: 3.413796299999999917e+01,3.295795600000000292e+01,1.904498800000000003e+01,
3.324940099999999887e+01,3.336008499999999799e+01,1.952197699999999969e+01,
3.480010599999999954e+01,3.377272299999999916e+01,1.876736199999999855e+01,
3.385304000000000002e+01,3.240479200000000048e+01,1.815525399999999934e+01,
3.465032699999999721e+01,3.229557100000000247e+01,1.973611000000000004e+01,
C331: 3.821091200000000043e+01,3.291261099999999828e+01,1.893060600000000093e+01,
3.894574300000000022e+01,3.317423399999999845e+01,1.968589100000000158e+01,
3.871386799999999795e+01,3.249566599999999994e+01,1.806402599999999836e+01,
3.765769499999999681e+01,3.380067700000000031e+01,1.864049599999999884e+01,
3.752297899999999942e+01,3.217728400000000022e+01,1.933631400000000156e+01,
C332: 4.203553399999999840e+01,3.276936800000000005e+01,1.886825400000000030e+01,
4.113130100000000056e+01,3.313335200000000214e+01,1.839177400000000162e+01,
4.288808900000000079e+01,3.332980100000000334e+01,1.849866499999999903e+01,
4.216358900000000176e+01,3.171633800000000036e+01,1.864038700000000048e+01,
4.195529799999999909e+01,3.289988499999999760e+01,1.994321300000000008e+01,
C333: 4.579666000000000281e+01,3.269459100000000262e+01,1.896500100000000089e+01,
4.526607700000000278e+01,3.358338200000000029e+01,1.863789999999999836e+01,
4.681932700000000125e+01,3.295834800000000087e+01,1.921768700000000152e+01,
4.580144399999999649e+01,3.195937500000000142e+01,1.816643300000000139e+01,
4.530372700000000208e+01,3.227977800000000030e+01,1.983894300000000044e+01,
C334: 1.151956000000000024e+01,3.674771199999999993e+01,1.895072100000000148e+01,
1.178090899999999941e+01,3.767413299999999765e+01,1.945275699999999830e+01,
1.239760599999999968e+01,3.634443699999999922e+01,1.845586000000000126e+01,
1.074364600000000003e+01,3.693873800000000074e+01,1.821603700000000003e+01,
1.115605700000000056e+01,3.603074999999999761e+01,1.968080900000000000e+01,
C335: 1.618978399999999951e+01,3.678641700000000014e+01,1.902385299999999901e+01,
1.523974100000000043e+01,3.673865899999999840e+01,1.850054700000000096e+01,
1.699548800000000170e+01,3.693364100000000150e+01,1.831196200000000118e+01,
1.635122099999999890e+01,3.585664200000000079e+01,1.956109700000000018e+01,
1.617332599999999942e+01,3.761148399999999725e+01,1.972933400000000148e+01,
C336: 1.988228799999999907e+01,3.595724599999999782e+01,1.891890499999999875e+01,
1.945682899999999904e+01,3.695006200000000263e+01,1.881294000000000111e+01,
2.095041799999999910e+01,3.603800499999999829e+01,1.909498699999999971e+01,
1.970811199999999985e+01,3.538622699999999810e+01,1.801362599999999858e+01,
1.941511600000000115e+01,3.545340000000000202e+01,1.975961300000000165e+01,
C337: 2.412162199999999856e+01,3.692316399999999987e+01,1.909900700000000029e+01,
2.430977800000000144e+01,3.603879100000000335e+01,1.970046500000000123e+01,
2.494900900000000021e+01,3.707365999999999673e+01,1.841273699999999991e+01,
2.402771500000000060e+01,3.778739300000000156e+01,1.974953400000000059e+01,
2.320128800000000169e+01,3.678802499999999753e+01,1.853943699999999950e+01,
C338: 2.825455300000000136e+01,3.648915399999999920e+01,1.892873300000000114e+01,
2.721169599999999988e+01,3.632212200000000024e+01,1.867896500000000160e+01,
2.863703599999999838e+01,3.563094099999999997e+01,1.947273500000000013e+01,
2.833960000000000079e+01,3.737615900000000124e+01,1.954853900000000166e+01,
2.882775200000000027e+01,3.662469300000000061e+01,1.801712099999999950e+01,
C339: 3.181600699999999904e+01,3.633261999999999858e+01,1.894120200000000054e+01,
3.263984299999999905e+01,3.696458100000000258e+01,1.925738799999999884e+01,
3.220716999999999786e+01,3.544372299999999854e+01,1.845658299999999841e+01,
3.118811099999999925e+01,3.687820700000000329e+01,1.824474899999999877e+01,
3.122984599999999844e+01,3.604282500000000056e+01,1.980802600000000169e+01,
C340: 3.581812999999999647e+01,3.704181400000000224e+01,1.906706600000000051e+01,
3.670037200000000155e+01,3.673848900000000128e+01,1.851185699999999912e+01,
3.558248600000000295e+01,3.628366100000000216e+01,1.980791800000000080e+01,
3.497664400000000029e+01,3.715502299999999991e+01,1.839086199999999849e+01,
3.600987700000000302e+01,3.798495400000000188e+01,1.956924899999999923e+01,
C341: 4.009629499999999780e+01,3.606426700000000096e+01,1.894747699999999924e+01,
4.054739299999999957e+01,3.704905600000000021e+01,1.888645800000000108e+01,
4.050902500000000117e+01,3.553013399999999677e+01,1.979801499999999947e+01,
4.030485399999999885e+01,3.551055399999999906e+01,1.803850800000000021e+01,
3.902249700000000132e+01,3.616554299999999955e+01,1.907083700000000093e+01,
C342: 4.372730500000000120e+01,3.668907600000000002e+01,1.895735699999999824e+01,
4.328636000000000195e+01,3.606230899999999906e+01,1.972670600000000007e+01,
4.410011000000000081e+01,3.760482600000000275e+01,1.940577199999999891e+01,
4.297528400000000204e+01,3.692927999999999855e+01,1.821249900000000110e+01,
4.454794400000000110e+01,3.615748299999999915e+01,1.848521900000000073e+01,
C343: 4.822150599999999798e+01,3.638052100000000166e+01,1.907505799999999851e+01,
4.889861799999999903e+01,3.721538499999999772e+01,1.892074600000000117e+01,
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4.855214000000000141e+01,3.553145399999999654e+01,1.848427600000000126e+01,
4.721903900000000220e+01,3.666554399999999703e+01,1.876949499999999915e+01,
4.821511300000000233e+01,3.610897099999999682e+01,2.012643999999999878e+01,
C344: 9.754820000000000491e+00,3.989947699999999742e+01,1.886253299999999911e+01,
9.130732999999999322e+00,4.077942500000000337e+01,1.873946499999999915e+01,
1.018646200000000057e+01,3.962229800000000068e+01,1.790642700000000076e+01,
9.151809999999999334e+00,3.907810400000000328e+01,1.923793200000000070e+01,
1.055080700000000071e+01,4.011621699999999890e+01,1.956868800000000164e+01,
C345: 1.396542600000000078e+01,3.993948600000000226e+01,1.892194999999999894e+01,
1.301355200000000067e+01,4.008976100000000287e+01,1.842203100000000049e+01,
1.400770299999999935e+01,3.893007800000000174e+01,1.931894899999999993e+01,
1.406477499999999914e+01,4.065149499999999705e+01,1.973550200000000032e+01,
1.477431999999999945e+01,4.008359899999999953e+01,1.821285800000000066e+01,
C346: 1.812255000000000038e+01,3.980728799999999978e+01,1.886331699999999856e+01,
1.864959999999999951e+01,4.073564100000000110e+01,1.866750700000000052e+01,
1.810775500000000093e+01,3.920145699999999778e+01,1.796281300000000059e+01,
1.710424599999999984e+01,4.002829499999999996e+01,1.916789299999999940e+01,
1.862713799999999864e+01,3.926423199999999980e+01,1.965674299999999874e+01,
C347: 2.167668700000000115e+01,3.968352999999999753e+01,1.888154499999999913e+01,
2.150862000000000052e+01,4.026751900000000006e+01,1.978124000000000038e+01,
2.271283100000000132e+01,3.978363199999999722e+01,1.857353799999999922e+01,
2.102580100000000130e+01,4.004084900000000147e+01,1.809025300000000058e+01,
2.145842800000000139e+01,3.863952900000000312e+01,1.908326399999999978e+01,
C348: 2.613425399999999854e+01,4.006432000000000215e+01,1.890627900000000139e+01,
2.525902800000000070e+01,3.991480599999999868e+01,1.828168099999999896e+01,
2.592735199999999907e+01,4.083459200000000067e+01,1.964285699999999935e+01,
2.697421200000000141e+01,4.036830900000000355e+01,1.829019399999999962e+01,
2.637824399999999869e+01,3.913624300000000034e+01,1.941413400000000067e+01,
C349: 3.006788200000000089e+01,3.974177600000000155e+01,1.882313399999999959e+01,
3.039272899999999922e+01,4.077165600000000012e+01,1.871203699999999870e+01,
3.005110000000000170e+01,3.925965000000000060e+01,1.785049599999999970e+01,
2.907373300000000071e+01,3.972178699999999907e+01,1.925745799999999974e+01,
3.075628599999999935e+01,3.921460499999999882e+01,1.947651199999999960e+01,
C350: 3.374245499999999964e+01,4.013109800000000149e+01,1.891390099999999919e+01,
3.391643100000000288e+01,4.096282000000000068e+01,1.958959600000000023e+01,
3.465997800000000240e+01,3.989837099999999737e+01,1.838234200000000129e+01,
3.296589099999999917e+01,4.039806000000000097e+01,1.820412299999999917e+01,
3.342642200000000230e+01,3.926376499999999936e+01,1.948516599999999954e+01,
C351: 3.834035999999999689e+01,3.984947700000000026e+01,1.886295499999999947e+01,
3.853545799999999844e+01,4.051885999999999655e+01,1.969516899999999993e+01,
3.899607499999999760e+01,4.009936100000000181e+01,1.803488899999999973e+01,
3.730573100000000153e+01,3.995224600000000237e+01,1.855051800000000028e+01,
3.852475299999999692e+01,3.882522699999999816e+01,1.917222999999999900e+01,
C352: 4.186321699999999879e+01,3.976590900000000062e+01,1.888225999999999871e+01,
4.137746400000000335e+01,4.073478599999999972e+01,1.882202300000000150e+01,
4.174101799999999685e+01,3.923792699999999911e+01,1.794267599999999874e+01,
4.141624800000000306e+01,3.918718599999999697e+01,1.968485499999999888e+01,
4.292094199999999660e+01,3.990416199999999947e+01,1.908337900000000076e+01,
C353: 4.611872900000000186e+01,4.004339099999999974e+01,1.889390699999999867e+01,
4.526438499999999721e+01,3.990751099999999951e+01,1.823832200000000014e+01,
4.595818400000000281e+01,4.091285299999999836e+01,1.952359399999999923e+01,
4.701779899999999657e+01,4.018354599999999976e+01,1.830172400000000010e+01,
4.623466700000000174e+01,3.916310299999999955e+01,1.951901600000000059e+01,
C354: 1.189322699999999955e+01,4.301482200000000233e+01,1.894986899999999963e+01,
1.234920699999999982e+01,4.396639600000000314e+01,1.869774500000000117e+01,
1.197222999999999971e+01,4.233826499999999982e+01,1.810554499999999933e+01,
1.084590700000000041e+01,4.316960900000000123e+01,1.919139399999999895e+01,
1.240240900000000046e+01,4.258592000000000155e+01,1.980756399999999928e+01,
C355: 1.561394699999999958e+01,4.323668399999999679e+01,1.889716999999999913e+01,
1.646162500000000151e+01,4.391307700000000125e+01,1.883990199999999859e+01,
1.536885099999999937e+01,4.305164400000000313e+01,1.993868099999999899e+01,
1.586743899999999918e+01,4.229894500000000335e+01,1.841411700000000096e+01,
1.475999999999999979e+01,4.368483799999999917e+01,1.840032400000000123e+01,
C356: 2.041009000000000029e+01,4.320685399999999987e+01,1.902327199999999863e+01,
2.085843799999999959e+01,4.414694099999999821e+01,1.871808199999999900e+01,
2.028758600000000101e+01,4.256552700000000300e+01,1.815599200000000124e+01,
1.943867499999999993e+01,4.339842900000000014e+01,1.946933200000000141e+01,
2.105181599999999875e+01,4.271813300000000169e+01,1.974994999999999834e+01,
C357: 2.404363899999999887e+01,4.311853200000000186e+01,1.887846599999999953e+01,
2.496861200000000025e+01,4.343286499999999961e+01,1.840741500000000030e+01,
2.374849700000000041e+01,4.214590900000000318e+01,1.849817600000000084e+01,
2.326689500000000166e+01,4.384489599999999854e+01,1.866339500000000129e+01,
2.419027300000000125e+01,4.305565399999999698e+01,1.995249799999999851e+01,
C358: 2.783239199999999869e+01,4.331049699999999802e+01,1.902699900000000000e+01,
2.708827600000000047e+01,4.368429100000000176e+01,1.972374200000000144e+01,
2.852101400000000098e+01,4.410941199999999895e+01,1.876882099999999909e+01,
2.734125200000000078e+01,4.294984699999999833e+01,1.812903700000000029e+01,
2.838251299999999944e+01,4.249599400000000315e+01,1.948856299999999919e+01,
C359: 3.221550400000000280e+01,4.357925900000000041e+01,1.906231400000000065e+01,
3.135421699999999845e+01,4.301367199999999968e+01,1.940489799999999931e+01,
3.298539699999999897e+01,4.356245400000000245e+01,1.982768899999999945e+01,
3.191807299999999969e+01,4.460540799999999706e+01,1.887023100000000042e+01,
3.259798299999999927e+01,4.313383199999999817e+01,1.814964499999999958e+01,
C360: 3.594857499999999817e+01,4.314358599999999910e+01,1.886351499999999959e+01,
3.590083299999999866e+01,4.305055500000000279e+01,1.994428500000000071e+01,
3.675551699999999755e+01,4.381600199999999745e+01,1.859339599999999848e+01,
3.501222099999999671e+01,4.354589800000000110e+01,1.849330499999999944e+01,
3.612428599999999790e+01,4.216715299999999900e+01,1.842353299999999905e+01,
C361: 3.960470899999999972e+01,4.344902299999999684e+01,1.906290600000000168e+01,
4.047566100000000233e+01,4.391312800000000038e+01,1.951590300000000155e+01,
3.992550099999999702e+01,4.267806199999999706e+01,1.836883900000000125e+01,
3.903365699999999805e+01,4.420023799999999881e+01,1.852769999999999939e+01,
3.898613699999999938e+01,4.300635199999999969e+01,1.983770399999999867e+01,
C362: 4.376645100000000355e+01,4.300802900000000051e+01,1.899628900000000087e+01,
4.431484600000000285e+01,4.386252799999999752e+01,1.938129700000000000e+01,
4.434879300000000057e+01,4.252620199999999784e+01,1.821757500000000007e+01,
4.281878199999999879e+01,4.334382599999999996e+01,1.858661199999999880e+01,
4.358395099999999900e+01,4.230292599999999936e+01,1.980153999999999925e+01,
C363: 4.750553399999999726e+01,4.345465800000000200e+01,1.886536500000000061e+01,
4.714826599999999956e+01,4.319939000000000107e+01,1.985848700000000022e+01,
4.821815200000000345e+01,4.427088799999999935e+01,1.893680900000000022e+01,
4.666668099999999697e+01,4.376025700000000285e+01,1.824838099999999841e+01,
4.798922799999999711e+01,4.259021899999999761e+01,1.842174800000000090e+01,
C364: 1.027480899999999941e+01,4.707969700000000302e+01,1.898349500000000134e+01,
9.745018999999999210e+00,4.626315199999999805e+01,1.850221099999999907e+01,
1.065390400000000071e+01,4.675886400000000265e+01,1.988108700000000084e+01,
9.590557999999999694e+00,4.790553799999999995e+01,1.915362199999999859e+01,

1.108877799999999958e+01,4.740869099999999747e+01,1.834548200000000051e+01,
C365: 1.393584500000000048e+01,4.663053800000000138e+01,1.894429999999999836e+01,
1.491520299999999999e+01,4.660076099999999855e+01,1.848016000000000147e+01,
1.363872199999999957e+01,4.766082500000000266e+01,1.911248399999999847e+01,
1.397097100000000047e+01,4.610531799999999691e+01,1.989401700000000162e+01,
1.321442900000000087e+01,4.614858199999999755e+01,1.829285499999999942e+01,
C366: 1.772939200000000071e+01,4.731154399999999782e+01,1.899577100000000129e+01,
1.868321900000000113e+01,4.714156899999999695e+01,1.850536500000000117e+01,
1.696265100000000103e+01,4.750379600000000124e+01,1.825326000000000093e+01,
1.781072199999999839e+01,4.816554299999999955e+01,1.966129400000000160e+01,
1.745878799999999842e+01,4.643130599999999930e+01,1.957126500000000036e+01,
C367: 2.232756499999999988e+01,4.694599199999999684e+01,1.892070199999999858e+01,
2.209912399999999977e+01,4.792494599999999849e+01,1.933066699999999827e+01,
2.310637499999999989e+01,4.703839099999999718e+01,1.817069899999999905e+01,
2.143448000000000064e+01,4.652699299999999738e+01,1.846733000000000047e+01,
2.266895600000000144e+01,4.629113799999999657e+01,1.971677599999999941e+01,
C368: 2.594652100000000061e+01,4.662872300000000081e+01,1.898465200000000053e+01,
2.695289199999999852e+01,4.624474699999999672e+01,1.911841000000000079e+01,
2.598532799999999909e+01,4.770787700000000342e+01,1.888241400000000070e+01,
2.534399200000000008e+01,4.636906900000000320e+01,1.984982199999999963e+01,
2.550795600000000007e+01,4.618923499999999649e+01,1.809460199999999830e+01,
C369: 2.993171800000000005e+01,4.737230100000000022e+01,1.902621200000000101e+01,
2.905417800000000028e+01,4.744424800000000175e+01,1.839154299999999864e+01,
3.083092200000000105e+01,4.758042700000000025e+01,1.845508699999999891e+01,
2.999438400000000016e+01,4.637071699999999908e+01,1.944103600000000043e+01,
2.984913399999999939e+01,4.808418999999999954e+01,1.984185700000000097e+01,
C370: 3.414578300000000155e+01,4.686601900000000143e+01,1.891436300000000159e+01,
3.484227099999999666e+01,4.711432200000000137e+01,1.812038000000000082e+01,
3.411440900000000198e+01,4.767637599999999765e+01,1.963617299999999943e+01,
3.447111999999999910e+01,4.595524000000000342e+01,1.940785599999999889e+01,
3.315477500000000077e+01,4.671712200000000337e+01,1.849803599999999904e+01,
C371: 3.773585099999999670e+01,4.688968200000000053e+01,1.896735699999999980e+01,
3.759503000000000128e+01,4.796452299999999980e+01,1.892943299999999951e+01,
3.879818699999999865e+01,4.666604000000000241e+01,1.894697999999999993e+01,
3.725246899999999783e+01,4.642625300000000266e+01,1.811351200000000006e+01,
3.730182200000000137e+01,4.649978899999999982e+01,1.988317800000000091e+01,
C372: 4.227510199999999685e+01,4.708364799999999661e+01,1.900718600000000080e+01,
4.306095499999999987e+01,4.728743899999999911e+01,1.828739900000000063e+01,
4.202520499999999970e+01,4.799531799999999748e+01,1.954103599999999830e+01,
4.261936099999999783e+01,4.633380799999999766e+01,1.971320400000000106e+01,
4.139526500000000198e+01,4.671395700000000062e+01,1.848911800000000127e+01,
C373: 4.603628199999999993e+01,4.681418399999999735e+01,1.888411599999999879e+01,
4.546039600000000291e+01,4.612635199999999713e+01,1.827311299999999861e+01,
4.619202299999999894e+01,4.637840599999999824e+01,1.986641399999999891e+01,
4.549594799999999850e+01,4.774936799999999693e+01,1.898699600000000132e+01,
4.699810699999999741e+01,4.699939599999999729e+01,1.841552499999999881e+01,
C374: 1.156516799999999989e+01,5.046840100000000007e+01,1.888044800000000123e+01,
1.168695899999999988e+01,4.989665200000000311e+01,1.979559899999999928e+01,
1.212945999999999991e+01,5.139328299999999672e+01,1.895403900000000164e+01,
1.051364200000000082e+01,5.069548900000000202e+01,1.873183600000000126e+01,
1.193120399999999925e+01,4.988659599999999728e+01,1.803993300000000133e+01,
C375: 1.533688599999999980e+01,5.008740800000000348e+01,1.886029200000000117e+01,
1.537060800000000071e+01,5.109873100000000079e+01,1.925426900000000074e+01,
1.444219299999999961e+01,4.996490299999999962e+01,1.825862100000000154e+01,
1.532303699999999935e+01,4.937921899999999908e+01,1.968318599999999918e+01,
1.621321500000000171e+01,4.991109900000000010e+01,1.824385300000000143e+01,
C376: 1.996427900000000122e+01,5.027436399999999850e+01,1.887847700000000017e+01,
2.027350099999999955e+01,4.948512999999999806e+01,1.820088099999999898e+01,
1.896443400000000068e+01,5.060696099999999831e+01,1.861551899999999904e+01,
2.065642300000000020e+01,5.110778400000000232e+01,1.880406400000000033e+01,
1.996310499999999877e+01,4.989535999999999660e+01,1.989608499999999935e+01,
C377: 2.423192999999999842e+01,5.006560600000000250e+01,1.886165300000000045e+01,
2.482317799999999863e+01,5.088375700000000279e+01,1.846264899999999898e+01,
2.410781899999999922e+01,4.930367400000000089e+01,1.809946599999999961e+01,
2.325664099999999834e+01,5.043779099999999715e+01,1.916058800000000062e+01,
2.473585900000000137e+01,4.963958600000000132e+01,1.972391500000000164e+01,
C378: 2.788096300000000127e+01,5.034175799999999867e+01,1.892810499999999863e+01,
2.881208499999999972e+01,5.076471000000000089e+01,1.929153099999999910e+01,
2.807720000000000127e+01,4.971976300000000037e+01,1.806041099999999844e+01,
2.720374100000000084e+01,5.114487400000000150e+01,1.865461499999999972e+01,
2.742958300000000094e+01,4.973806799999999839e+01,1.970971300000000070e+01,
C379: 3.176681200000000160e+01,5.050047599999999903e+01,1.886755399999999838e+01,
3.137939199999999929e+01,5.029654000000000025e+01,1.986124300000000176e+01,
3.217511100000000113e+01,5.150619499999999817e+01,1.883888299999999916e+01,
3.096433299999999988e+01,5.041172499999999701e+01,1.814203600000000094e+01,
3.254853899999999811e+01,4.978504499999999666e+01,1.863160099999999986e+01,
C380: 3.578192599999999857e+01,5.017429599999999823e+01,1.888398300000000063e+01,
3.670620000000000260e+01,5.074348400000000225e+01,1.885608999999999824e+01,
3.578291600000000017e+01,4.944472900000000237e+01,1.808077300000000065e+01,
3.493913799999999981e+01,5.084751899999999836e+01,1.875957000000000008e+01,
3.569998499999999808e+01,4.966324800000000295e+01,1.983855000000000146e+01,
C381: 3.991651800000000350e+01,5.025306199999999990e+01,1.887923100000000076e+01,
4.089791100000000057e+01,5.018154200000000031e+01,1.842183599999999899e+01,
3.981245400000000245e+01,4.947873899999999736e+01,1.963340200000000024e+01,
3.914909500000000264e+01,5.012436900000000151e+01,1.812257200000000168e+01,
3.980501399999999990e+01,5.122806500000000085e+01,1.934404299999999921e+01,
C382: 4.394964600000000132e+01,5.035086400000000140e+01,1.891762900000000158e+01,
4.479340599999999739e+01,5.095513199999999898e+01,1.859964499999999887e+01,
4.357453799999999688e+01,4.978114800000000173e+01,1.807309000000000054e+01,
4.316361700000000212e+01,5.099902099999999905e+01,1.929326800000000119e+01,
4.426469199999999660e+01,4.967211199999999849e+01,1.970428400000000124e+01,
C383: 4.765115300000000076e+01,5.012541800000000336e+01,1.889181100000000058e+01,
4.733235100000000273e+01,5.116178800000000138e+01,1.883305100000000110e+01,
4.873084399999999761e+01,5.008435300000000012e+01,1.900050200000000089e+01,
4.735999000000000336e+01,4.960487599999999730e+01,1.798480800000000102e+01,
4.718253599999999892e+01,4.965096100000000234e+01,1.974879599999999868e+01,
C384: 8.192052999999999585e+00,1.055174899999999916e+01,2.872135000000000105e+00,
8.809808000000000305e+00,1.005504700000000007e+01,3.614358999999999877e+00,
8.794912000000000063e+00,1.079330599999999940e+01,2.001857000000000220e+00,
7.782586000000000226e+00,1.146459100000000042e+01,3.294379000000000168e+00,
7.380105000000000359e+00,9.893280000000000740e+00,2.578215999999999841e+00,
C385: 1.194865599999999972e+01,1.059119300000000052e+01,3.085525000000000073e+00,
1.184077599999999997e+01,1.167023200000000038e+01,3.133728000000000069e+00,
1.300144500000000036e+01,1.033643799999999935e+01,3.008974999999999955e+00,
1.142026700000000083e+01,1.021306000000000047e+01,2.215494000000000074e+00,
1.153324199999999955e+01,1.014518299999999940e+01,3.984287999999999830e+00,
C386: 1.635128600000000176e+01,1.060067300000000046e+01,2.963208999999999982e+00,
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1.648800200000000160e+01,9.887024000000000257e+00,2.156241000000000074e+00,
1.545958300000000030e+01,1.119123699999999921e+01,2.776394999999999946e+00,
1.721400099999999966e+01,1.125686100000000067e+01,3.014565999999999857e+00,
1.624253699999999867e+01,1.006739800000000074e+01,3.902813999999999783e+00,
C387: 1.996881000000000128e+01,1.017306400000000011e+01,2.839351999999999876e+00,
2.098057899999999876e+01,9.783236000000000487e+00,2.897574999999999790e+00,
1.935939199999999971e+01,9.509593999999999880e+00,2.233025000000000038e+00,
1.998651299999999864e+01,1.116107200000000077e+01,2.389000999999999930e+00,
1.954881200000000163e+01,1.023848300000000044e+01,3.838633000000000184e+00,
C388: 2.396294699999999978e+01,1.105431600000000003e+01,3.116999999999999993e+00,
2.496096700000000013e+01,1.084584899999999941e+01,2.744047000000000125e+00,
2.324256300000000053e+01,1.092237100000000005e+01,2.315298999999999996e+00,
2.391852199999999939e+01,1.207718400000000081e+01,3.476646999999999821e+00,
2.372931700000000177e+01,1.037266499999999958e+01,3.929377000000000120e+00,
C389: 2.802312999999999832e+01,1.021341999999999928e+01,2.929384999999999906e+00,
2.867125300000000010e+01,1.024563500000000005e+01,3.799742000000000175e+00,
2.858033299999999954e+01,9.839753999999999223e+00,2.075568000000000080e+00,
2.765614100000000164e+01,1.121216800000000013e+01,2.713176999999999950e+00,
2.718300100000000086e+01,9.555104999999999293e+00,3.129433000000000131e+00,
C390: 3.174735000000000085e+01,1.034556500000000057e+01,2.870389999999999997e+00,
3.124851100000000059e+01,1.009732600000000069e+01,3.802325000000000177e+00,
3.246768300000000096e+01,1.113883700000000054e+01,3.044849000000000139e+00,
3.101359300000000019e+01,1.067783299999999969e+01,2.142345000000000166e+00,
3.226177700000000215e+01,9.467800000000000438e+00,2.490798999999999985e+00,
C391: 3.594447600000000165e+01,1.030951499999999932e+01,3.091450000000000031e+00,
3.586203400000000130e+01,1.139197799999999994e+01,3.073828999999999922e+00,
3.627099400000000173e+01,9.955942000000000291e+00,2.118018000000000178e+00,
3.497697900000000004e+01,9.876972999999999558e+00,3.328249000000000013e+00,
3.666757599999999684e+01,1.001294599999999946e+01,3.845378000000000185e+00,
C392: 4.000814799999999849e+01,1.010636799999999980e+01,2.855132999999999921e+00,
4.039811999999999870e+01,1.106976099999999974e+01,2.540458999999999801e+00,
4.073113399999999729e+01,9.329454999999999387e+00,2.625182999999999822e+00,
3.907940399999999670e+01,9.903731999999999758e+00,2.330243999999999982e+00,
3.982271200000000277e+01,1.012371800000000022e+01,3.925031999999999854e+00,
C393: 4.362293100000000123e+01,1.076975299999999969e+01,2.958944999999999936e+00,
4.387654700000000219e+01,1.174953200000000031e+01,3.350985999999999798e+00,
4.453209600000000279e+01,1.025263299999999944e+01,2.666922000000000015e+00,
4.297775299999999987e+01,1.088364699999999985e+01,2.093030000000000168e+00,
4.310889499999999686e+01,1.019306300000000043e+01,3.721896000000000093e+00,
C394: 4.812569799999999987e+01,1.049150900000000064e+01,3.081458000000000030e+00,
4.865986199999999684e+01,1.083694200000000052e+01,3.961647000000000141e+00,
4.881147599999999898e+01,9.963736000000000814e+00,2.425402000000000058e+00,
4.770560400000000101e+01,1.134408299999999947e+01,2.556039999999999868e+00,
4.732516700000000043e+01,9.822578999999999283e+00,3.383274999999999810e+00,
C395: 9.667151999999999745e+00,1.403709300000000049e+01,2.817864999999999842e+00,
8.701167999999999125e+00,1.402426200000000023e+01,3.313724999999999810e+00,
9.673358999999999597e+00,1.481098899999999929e+01,2.056299000000000099e+00,
9.850243000000000748e+00,1.307351599999999969e+01,2.352740999999999971e+00,
1.044592100000000023e+01,1.424013899999999921e+01,3.544938000000000144e+00,
C396: 1.379027999999999921e+01,1.436305699999999952e+01,3.007222000000000062e+00,
1.387181400000000053e+01,1.508098700000000036e+01,3.817543999999999826e+00,
1.393868699999999983e+01,1.486974299999999971e+01,2.058354000000000017e+00,
1.280522799999999961e+01,1.390785600000000066e+01,3.024073000000000011e+00,
1.454866099999999918e+01,1.359161600000000014e+01,3.128817000000000181e+00,
C397: 1.804323000000000121e+01,1.416252500000000047e+01,2.829129000000000005e+00,
1.708931400000000167e+01,1.386113699999999938e+01,2.628347000000000211e+00,
1.853387100000000132e+01,1.444610800000000062e+01,1.903083000000000080e+00,
1.858775999999999939e+01,1.334774200000000022e+01,3.295525000000000038e+00,
1.801746500000000140e+01,1.501363199999999942e+01,3.501319000000000070e+00,
C398: 2.157213199999999986e+01,1.406432099999999963e+01,2.855237999999999943e+00,
2.237258999999999887e+01,1.353130299999999941e+01,2.352063999999999933e+00,
2.094837400000000116e+01,1.335669000000000040e+01,3.391370999999999913e+00,
2.097534999999999883e+01,1.458827400000000019e+01,2.115962999999999816e+00,
2.199918699999999916e+01,1.477796599999999927e+01,3.552582999999999824e+00,
C399: 2.626407299999999978e+01,1.431288999999999945e+01,2.954193000000000069e+00,
2.610704000000000136e+01,1.512290800000000068e+01,3.659618000000000038e+00,
2.685269800000000018e+01,1.466972799999999921e+01,2.114688999999999819e+00,
2.530309899999999956e+01,1.395698200000000000e+01,2.595387000000000111e+00,
2.679012000000000171e+01,1.350100499999999926e+01,3.446177000000000046e+00,
C400: 2.998297200000000018e+01,1.380766099999999952e+01,2.804365000000000219e+00,
2.917389599999999916e+01,1.314858699999999914e+01,3.101634999999999920e+00,
2.962206700000000126e+01,1.451005299999999920e+01,2.059562000000000115e+00,
3.079065900000000156e+01,1.321909600000000040e+01,2.381067999999999962e+00,
3.034538799999999981e+01,1.435077899999999929e+01,3.669909000000000088e+00,
C401: 3.369315900000000141e+01,1.415933399999999942e+01,2.962420999999999971e+00,
3.454711199999999849e+01,1.356691999999999965e+01,2.647943000000000158e+00,
3.403082500000000010e+01,1.495951999999999948e+01,3.614008000000000109e+00,
3.299280199999999752e+01,1.352643400000000007e+01,3.497974999999999834e+00,
3.320563899999999791e+01,1.458187299999999986e+01,2.089109000000000105e+00,
C402: 3.834134499999999690e+01,1.387473899999999993e+01,2.904278000000000137e+00,
3.799060999999999666e+01,1.462105200000000060e+01,3.608712999999999838e+00,
3.874203500000000133e+01,1.436679700000000004e+01,2.023432000000000119e+00,
3.751225800000000277e+01,1.323663699999999999e+01,2.613996999999999904e+00,
3.911546400000000290e+01,1.327144999999999975e+01,3.366759000000000057e+00,
C403: 4.189142400000000066e+01,1.420770500000000069e+01,2.804349000000000203e+00,
4.186580299999999966e+01,1.507449199999999934e+01,3.456405999999999867e+00,
4.131513000000000346e+01,1.441210200000000086e+01,1.907202000000000064e+00,
4.147022199999999970e+01,1.334971400000000052e+01,3.317917000000000005e+00,
4.291994100000000145e+01,1.399390000000000001e+01,2.530418000000000056e+00,
C404: 4.623444200000000137e+01,1.441725800000000035e+01,2.978695000000000093e+00,
4.606104799999999955e+01,1.516575199999999946e+01,3.745220999999999911e+00,
4.714368999999999943e+01,1.386878199999999950e+01,3.204750999999999905e+00,
4.633485900000000157e+01,1.490372999999999948e+01,2.013141000000000069e+00,
4.539530299999999841e+01,1.372900600000000004e+01,2.950715000000000199e+00,
C405: 5.032333700000000221e+01,1.386426100000000083e+01,2.872888999999999804e+00,
5.059989900000000063e+01,1.482812400000000075e+01,3.289801999999999893e+00,
5.119678100000000143e+01,1.339815300000000065e+01,2.426712000000000202e+00,
4.955970599999999848e+01,1.400412399999999913e+01,2.113509000000000082e+00,
4.993591200000000185e+01,1.322659100000000088e+01,3.661960999999999800e+00,
C406: 8.128918999999999784e+00,1.740530800000000156e+01,2.951332999999999984e+00,
8.037418999999999869e+00,1.844741099999999889e+01,3.242572000000000010e+00,
8.764817999999999998e+00,1.732913900000000140e+01,2.074429999999999996e+00,
7.145719999999999850e+00,1.700616700000000137e+01,2.720706999999999987e+00,
8.566307000000000116e+00,1.683860800000000069e+01,3.767851999999999979e+00,
C407: 1.179656400000000005e+01,1.732757799999999904e+01,2.870997000000000021e+00,
1.262166900000000069e+01,1.741242099999999837e+01,3.571661999999999892e+00,
1.139333799999999997e+01,1.831381999999999977e+01,2.663539999999999797e+00,

1.102120000000000033e+01,1.670261100000000098e+01,3.300888000000000044e+00,
1.215069800000000022e+01,1.688064400000000020e+01,1.946976000000000040e+00,
C408: 1.600759499999999846e+01,1.737634900000000115e+01,2.873959000000000152e+00,
1.590699700000000050e+01,1.786457199999999901e+01,3.838017999999999930e+00,
1.603530900000000159e+01,1.630126999999999882e+01,3.015179999999999971e+00,
1.692606299999999919e+01,1.770273699999999906e+01,2.395764999999999922e+00,
1.516076499999999960e+01,1.763492199999999954e+01,2.245578000000000074e+00,
C409: 2.006308200000000141e+01,1.732872400000000113e+01,2.903401999999999816e+00,
2.000018000000000029e+01,1.674165599999999898e+01,1.992442000000000046e+00,
2.093048299999999884e+01,1.701912400000000147e+01,3.477733000000000185e+00,
1.916394000000000020e+01,1.717880500000000055e+01,3.492224999999999913e+00,
2.015783499999999862e+01,1.837871799999999922e+01,2.646580999999999850e+00,
C410: 2.410411900000000074e+01,1.745064199999999843e+01,2.828202999999999800e+00,
2.327193099999999859e+01,1.785727100000000078e+01,3.393854999999999844e+00,
2.499766299999999930e+01,1.745999099999999871e+01,3.444916000000000089e+00,
2.426851299999999867e+01,1.805289399999999844e+01,1.939850000000000074e+00,
2.387682900000000075e+01,1.642978300000000047e+01,2.536224999999999952e+00,
C411: 2.845260499999999837e+01,1.722440200000000132e+01,2.875185999999999797e+00,
2.749728899999999854e+01,1.724949200000000005e+01,3.390391999999999850e+00,
2.876328900000000033e+01,1.823872199999999921e+01,2.643022999999999900e+00,
2.835485100000000003e+01,1.665717599999999976e+01,1.954661999999999900e+00,
2.919535300000000078e+01,1.675747000000000142e+01,3.513732000000000077e+00,
C412: 3.209745099999999951e+01,1.732933099999999982e+01,2.899869999999999948e+00,
3.284147300000000058e+01,1.721472999999999942e+01,3.682199000000000222e+00,
3.259439900000000279e+01,1.751451199999999986e+01,1.952355999999999980e+00,
3.144955600000000118e+01,1.816747799999999913e+01,3.137831999999999955e+00,
3.150638800000000117e+01,1.642243500000000012e+01,2.825245999999999924e+00,
C413: 3.613293800000000289e+01,1.742005299999999934e+01,2.836050999999999878e+00,
3.604889599999999916e+01,1.790203599999999895e+01,3.805139000000000049e+00,
3.676281099999999924e+01,1.802008199999999860e+01,2.186274000000000051e+00,
3.514747200000000049e+01,1.731997700000000151e+01,2.392097000000000140e+00,
3.657246399999999653e+01,1.643543499999999824e+01,2.958727000000000107e+00,
C414: 3.978878000000000270e+01,1.728361299999999900e+01,2.882601000000000191e+00,
3.896072199999999697e+01,1.700996100000000055e+01,3.527719999999999967e+00,
3.987536599999999964e+01,1.656160500000000013e+01,2.076636999999999844e+00,
4.070798099999999664e+01,1.729461600000000132e+01,3.458848000000000145e+00,
3.960961499999999802e+01,1.826903199999999927e+01,2.464331000000000049e+00,
C415: 4.398793899999999724e+01,1.731532599999999888e+01,2.872116000000000113e+00,
4.398207200000000228e+01,1.635347099999999898e+01,2.369263999999999815e+00,
4.406317500000000109e+01,1.810657899999999998e+01,2.132560999999999929e+00,
4.483662100000000095e+01,1.736647200000000169e+01,3.547212000000000032e+00,
4.306925999999999988e+01,1.743431100000000100e+01,3.437444999999999862e+00,
C416: 4.835363699999999909e+01,1.730922299999999936e+01,2.888266999999999918e+00,
4.744042000000000314e+01,1.727311500000000066e+01,3.474438000000000137e+00,
4.836558300000000088e+01,1.648484900000000053e+01,2.181805999999999912e+00,
4.921056399999999798e+01,1.723034499999999980e+01,3.550603000000000176e+00,
4.840065299999999837e+01,1.824925100000000100e+01,2.346842999999999790e+00,
C417: 1.028838400000000064e+01,2.116936899999999966e+01,3.027403000000000066e+00,
9.575806000000000040e+00,2.045576499999999953e+01,2.624919999999999920e+00,
9.768278999999999712e+00,2.187550200000000089e+01,3.667486999999999941e+00,
1.076426499999999997e+01,2.170281400000000005e+01,2.210320999999999980e+00,
1.104136399999999973e+01,2.063989400000000174e+01,3.601881000000000110e+00,
C418: 1.392231300000000083e+01,2.050511399999999895e+01,2.768028000000000155e+00,
1.310509599999999963e+01,2.076663699999999935e+01,2.103269000000000055e+00,
1.485655900000000074e+01,2.055107800000000040e+01,2.217531000000000141e+00,
1.377417100000000083e+01,1.949868700000000032e+01,3.143390000000000128e+00,
1.395453999999999972e+01,2.120597499999999869e+01,3.596156999999999826e+00,
C419: 1.773515799999999842e+01,2.072959200000000024e+01,3.027946000000000026e+00,
1.795300100000000043e+01,2.164282599999999945e+01,3.573336999999999986e+00,
1.690521899999999889e+01,2.021446900000000113e+01,3.500620000000000065e+00,
1.861169100000000043e+01,2.009021999999999863e+01,3.029783000000000115e+00,
1.747066200000000080e+01,2.097568199999999905e+01,2.003976999999999897e+00,
C420: 2.221794500000000028e+01,2.068951399999999907e+01,2.940688999999999886e+00,
2.282969299999999890e+01,2.039642399999999967e+01,3.787617000000000012e+00,
2.242264700000000133e+01,2.172445199999999943e+01,2.687161000000000133e+00,
2.116781500000000094e+01,2.058167600000000164e+01,3.192927000000000071e+00,
2.245130299999999934e+01,2.005692200000000014e+01,2.089636000000000049e+00,
C421: 2.588299500000000108e+01,2.057165000000000177e+01,2.825880999999999865e+00,
2.520066699999999926e+01,2.084630900000000153e+01,3.623205000000000009e+00,
2.631699199999999905e+01,1.959781299999999860e+01,3.028814000000000117e+00,
2.667342000000000013e+01,2.131255399999999867e+01,2.756898000000000071e+00,
2.534108000000000160e+01,2.053572099999999878e+01,1.885610000000000008e+00,
C422: 2.991967999999999961e+01,2.142094600000000071e+01,3.075763999999999943e+00,
3.001712099999999950e+01,2.237524700000000166e+01,3.582851999999999926e+00,
2.983011700000000133e+01,2.158852900000000119e+01,2.006685000000000052e+00,
2.903485200000000077e+01,2.090483000000000047e+01,3.435010000000000119e+00,
3.079593200000000053e+01,2.081204999999999927e+01,3.273069000000000006e+00,
C423: 3.407480100000000078e+01,2.041442100000000082e+01,2.823971999999999927e+00,
3.460818700000000092e+01,2.099737199999999859e+01,3.567120000000000068e+00,
3.405467199999999650e+01,1.937323699999999960e+01,3.123240000000000016e+00,
3.457767199999999974e+01,2.050409099999999896e+01,1.865817000000000059e+00,
3.305926900000000046e+01,2.078611700000000084e+01,2.733630999999999922e+00,
C424: 3.765809000000000140e+01,2.100055199999999900e+01,2.941246000000000027e+00,
3.708590499999999679e+01,2.126861900000000105e+01,2.058247999999999855e+00,
3.857298600000000022e+01,2.049998700000000085e+01,2.640344999999999942e+00,
3.706998600000000010e+01,2.033576199999999901e+01,3.565910999999999831e+00,
3.790380799999999795e+01,2.189871199999999973e+01,3.498657999999999824e+00,
C425: 4.183176699999999926e+01,2.056090000000000018e+01,3.030041000000000206e+00,
4.177601700000000307e+01,2.080470700000000051e+01,1.973408999999999969e+00,
4.265960599999999658e+01,1.988107300000000066e+01,3.199247999999999870e+00,
4.198723100000000130e+01,2.147068099999999902e+01,3.601541000000000103e+00,
4.090314800000000162e+01,2.009363000000000099e+01,3.341070999999999902e+00,
C426: 4.601581500000000347e+01,2.038829799999999892e+01,2.781397000000000119e+00,
4.494514399999999910e+01,2.055421499999999924e+01,2.845555000000000057e+00,
4.652285299999999779e+01,2.102920400000000001e+01,3.494831000000000021e+00,
4.635819399999999746e+01,2.062290399999999835e+01,1.778019000000000016e+00,
4.623590699999999742e+01,1.935008499999999998e+01,3.004484000000000155e+00,
C427: 4.953376599999999996e+01,2.126774100000000089e+01,2.985902999999999974e+00,
4.903474099999999680e+01,2.056158100000000033e+01,3.642759999999999998e+00,
5.039730899999999991e+01,2.079012600000000077e+01,2.532753000000000032e+00,
4.985805400000000276e+01,2.213021200000000022e+01,3.560394000000000059e+00,
4.884791400000000294e+01,2.158677600000000041e+01,2.206977999999999884e+00,
C428: 7.950118999999999936e+00,2.463821799999999840e+01,2.948550000000000004e+00,
8.793017000000000749e+00,2.453166200000000075e+01,3.624985999999999819e+00,
7.320739999999999803e+00,2.545832800000000162e+01,3.281108999999999831e+00,
7.373461999999999961e+00,2.371804500000000004e+01,2.941965999999999859e+00,
8.314657000000000409e+00,2.484428199999999975e+01,1.946566999999999936e+00,
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C429: 1.209042900000000031e+01,2.445792399999999844e+01,2.825985999999999887e+00,
1.113239199999999940e+01,2.420333799999999869e+01,2.383195000000000174e+00,
1.194508800000000015e+01,2.522842800000000096e+01,3.575628000000000029e+00,
1.275757499999999922e+01,2.482446799999999953e+01,2.052030999999999938e+00,
1.252052100000000046e+01,2.357495099999999866e+01,3.287873999999999963e+00,
C430: 1.567243500000000012e+01,2.416879399999999833e+01,2.824247999999999870e+00,
1.485830299999999937e+01,2.390732300000000166e+01,3.491429999999999811e+00,
1.651831800000000072e+01,2.452153399999999905e+01,3.405739000000000072e+00,
1.534924600000000083e+01,2.494957000000000136e+01,2.142757000000000023e+00,
1.596658200000000072e+01,2.329224500000000120e+01,2.254948999999999870e+00,
C431: 2.018256600000000134e+01,2.449524200000000107e+01,2.984487000000000112e+00,
2.005495700000000170e+01,2.522943000000000069e+01,3.774163000000000157e+00,
2.043861000000000061e+01,2.499871399999999966e+01,2.057153000000000009e+00,
1.925689500000000010e+01,2.394277999999999906e+01,2.853003000000000178e+00,
2.097798299999999827e+01,2.380802299999999860e+01,3.256120999999999821e+00,
C432: 2.409497599999999906e+01,2.425928100000000143e+01,2.794986999999999888e+00,
2.369637600000000077e+01,2.478892199999999946e+01,3.653964999999999907e+00,
2.470746099999999856e+01,2.493196500000000171e+01,2.203590999999999855e+00,
2.327524000000000015e+01,2.389342699999999908e+01,2.184623999999999899e+00,
2.469837100000000163e+01,2.342168900000000065e+01,3.130240000000000133e+00,
C433: 2.778496499999999969e+01,2.453788799999999881e+01,2.896030999999999800e+00,
2.802984400000000065e+01,2.522474199999999911e+01,3.700004999999999988e+00,
2.870194000000000045e+01,2.415336100000000030e+01,2.460367999999999888e+00,
2.721685799999999844e+01,2.505929199999999923e+01,2.132146000000000097e+00,
2.719573199999999957e+01,2.371454900000000166e+01,3.286945999999999923e+00,
C434: 3.246875800000000112e+01,2.428702499999999986e+01,2.889558000000000071e+00,
3.212059899999999857e+01,2.493784899999999993e+01,3.685742999999999991e+00,
3.309137599999999679e+01,2.485234499999999969e+01,2.203367000000000075e+00,
3.161422599999999861e+01,2.388819300000000112e+01,2.351675000000000182e+00,
3.304290499999999753e+01,2.346891300000000058e+01,3.313127999999999851e+00,
C435: 3.597751900000000091e+01,2.433985799999999955e+01,2.795116999999999852e+00,
3.696490000000000009e+01,2.421916600000000130e+01,3.229890999999999845e+00,
3.544350399999999723e+01,2.339603100000000069e+01,2.842775000000000052e+00,
3.607517099999999743e+01,2.464722499999999883e+01,1.758288000000000073e+00,
3.543071499999999929e+01,2.509796100000000152e+01,3.345156999999999936e+00,
C436: 4.017911099999999891e+01,2.458716799999999836e+01,2.967931999999999793e+00,
3.983092099999999647e+01,2.522349600000000081e+01,3.775881000000000043e+00,
4.116987100000000055e+01,2.421106500000000139e+01,3.204673000000000105e+00,
4.021936900000000037e+01,2.515980499999999864e+01,2.046263999999999861e+00,
3.949602000000000146e+01,2.375226100000000073e+01,2.845019999999999882e+00,
C437: 4.443211300000000108e+01,2.388296899999999923e+01,2.853048999999999946e+00,
4.484708200000000033e+01,2.418938500000000147e+01,1.897578999999999905e+00,
4.362200399999999689e+01,2.317972899999999825e+01,2.686104999999999965e+00,
4.405234399999999795e+01,2.475356999999999985e+01,3.378171000000000035e+00,
4.520598999999999990e+01,2.340833800000000053e+01,3.447236000000000189e+00,
C438: 4.800301300000000282e+01,2.459405399999999986e+01,2.837334999999999940e+00,
4.795967799999999670e+01,2.511853500000000139e+01,3.786550999999999778e+00,
4.750493600000000072e+01,2.518289100000000147e+01,2.073344000000000076e+00,
4.751199900000000298e+01,2.363058699999999845e+01,2.927713999999999928e+00,
4.904118700000000075e+01,2.444480700000000084e+01,2.556324000000000041e+00,
C439: 9.709355000000000402e+00,2.783076700000000159e+01,2.810572000000000070e+00,
1.049563599999999930e+01,2.832674799999999848e+01,3.370823000000000125e+00,
9.484291000000000693e+00,2.840490499999999940e+01,1.916828999999999894e+00,
8.818523000000000778e+00,2.775421499999999853e+01,3.426820999999999895e+00,
1.004180400000000084e+01,2.683692999999999884e+01,2.527077999999999935e+00,
C440: 1.394304200000000016e+01,2.757077699999999965e+01,2.933009000000000199e+00,
1.420973599999999948e+01,2.862091799999999964e+01,2.865683000000000202e+00,
1.380743000000000009e+01,2.716826000000000008e+01,1.933743999999999907e+00,
1.301930800000000055e+01,2.746635200000000054e+01,3.493546999999999958e+00,
1.473771299999999940e+01,2.703002299999999991e+01,3.435667000000000026e+00,
C441: 1.780493500000000040e+01,2.747557600000000022e+01,2.860864999999999991e+00,
1.874608100000000022e+01,2.740948200000000057e+01,3.397299999999999986e+00,
1.789019599999999954e+01,2.821045900000000017e+01,2.066088999999999842e+00,
1.701954299999999876e+01,2.777556200000000075e+01,3.547093999999999969e+00,
1.756462300000000099e+01,2.650784799999999919e+01,2.432164999999999910e+00,
C442: 2.180528999999999940e+01,2.767225099999999927e+01,2.851204000000000072e+00,
2.114110600000000062e+01,2.765014899999999898e+01,3.709229999999999805e+00,
2.247393800000000041e+01,2.852370099999999908e+01,2.932335999999999832e+00,
2.121755100000000027e+01,2.775910599999999917e+01,1.942268000000000105e+00,
2.238751900000000106e+01,2.675697299999999856e+01,2.818454000000000015e+00,
C443: 2.575066899999999848e+01,2.758780499999999947e+01,2.957059999999999800e+00,
2.662857199999999835e+01,2.735180799999999834e+01,3.550203000000000220e+00,
2.584622200000000092e+01,2.714183399999999935e+01,1.971783000000000063e+00,
2.566202699999999837e+01,2.866532399999999825e+01,2.858334000000000152e+00,
2.486630099999999999e+01,2.719616699999999909e+01,3.449783000000000044e+00,
C444: 2.994049599999999955e+01,2.766049100000000038e+01,2.807939000000000185e+00,
3.008328200000000052e+01,2.830155799999999999e+01,3.672248999999999874e+00,
3.043667500000000103e+01,2.809896900000000031e+01,1.947407000000000110e+00,
2.887923599999999880e+01,2.756512199999999879e+01,2.600802999999999976e+00,
3.036029299999999864e+01,2.667917399999999972e+01,3.006461999999999968e+00,
C445: 3.355323599999999828e+01,2.784552499999999853e+01,2.927035000000000053e+00,
3.288897599999999954e+01,2.744023899999999827e+01,3.684051000000000187e+00,
3.420417799999999886e+01,2.858831400000000045e+01,3.377456000000000014e+00,
3.296699300000000221e+01,2.830894500000000136e+01,2.139425999999999828e+00,
3.415624900000000252e+01,2.704688200000000009e+01,2.506419000000000175e+00,
C446: 3.781560000000000343e+01,2.752652300000000096e+01,2.862331999999999876e+00,
3.774375799999999970e+01,2.836353300000000033e+01,2.174326000000000203e+00,
3.860261299999999807e+01,2.772106600000000043e+01,3.583895000000000053e+00,
3.804743500000000012e+01,2.662329000000000079e+01,2.306725999999999832e+00,
3.686731799999999737e+01,2.740207699999999846e+01,3.375792999999999822e+00,
C447: 4.188208499999999646e+01,2.769081299999999857e+01,2.830083000000000126e+00,
4.127519199999999699e+01,2.755147200000000041e+01,3.719378999999999991e+00,
4.257070999999999827e+01,2.851481100000000168e+01,2.987127000000000088e+00,
4.123853700000000089e+01,2.791146699999999825e+01,1.983749999999999902e+00,
4.244381700000000279e+01,2.678324999999999889e+01,2.630389000000000088e+00,
C448: 4.559835600000000255e+01,2.744744199999999879e+01,2.880955999999999850e+00,
4.482197800000000143e+01,2.722847700000000160e+01,3.607232999999999912e+00,
4.553763000000000005e+01,2.673877399999999938e+01,2.060709999999999820e+00,
4.657231399999999866e+01,2.737299399999999849e+01,3.354804000000000119e+00,
4.545998699999999815e+01,2.845432699999999926e+01,2.498785999999999952e+00,
C449: 5.011475699999999733e+01,2.762201400000000007e+01,2.856611000000000011e+00,
5.076384800000000297e+01,2.849258999999999986e+01,2.846722999999999892e+00,
5.043626799999999832e+01,2.693885799999999975e+01,3.637185000000000112e+00,
5.016446899999999687e+01,2.712147900000000078e+01,1.894168000000000074e+00,
4.909281399999999707e+01,2.793505800000000150e+01,3.049091999999999913e+00,
C450: 8.215808000000000888e+00,3.111324600000000018e+01,2.877613999999999894e+00,
8.648486000000000118e+00,3.056026599999999860e+01,3.705699000000000076e+00,

8.990292000000000172e+00,3.135126599999999897e+01,2.154812999999999867e+00,
7.771081999999999823e+00,3.203132599999999996e+01,3.249502000000000113e+00,
7.450579000000000285e+00,3.050818800000000053e+01,2.400600999999999985e+00,
C451: 1.200158200000000086e+01,3.124537899999999979e+01,3.070228000000000179e+00,
1.184548099999999948e+01,3.168669500000000028e+01,2.090472000000000108e+00,
1.116108200000000039e+01,3.060474599999999867e+01,3.314893000000000089e+00,
1.208621899999999982e+01,3.203388499999999794e+01,3.810991000000000017e+00,
1.291545400000000043e+01,3.065979199999999949e+01,3.059921999999999809e+00,
C452: 1.639964900000000014e+01,3.142025699999999944e+01,2.959591000000000083e+00,
1.693252899999999883e+01,3.169913100000000128e+01,2.055689999999999795e+00,
1.546911799999999992e+01,3.092862799999999979e+01,2.692489999999999828e+00,
1.618248000000000175e+01,3.231081100000000106e+01,3.540664000000000033e+00,
1.700983099999999837e+01,3.074186100000000010e+01,3.547432999999999836e+00,
C453: 1.984271499999999833e+01,3.067369800000000168e+01,2.781365000000000087e+00,
2.090368199999999987e+01,3.064617799999999903e+01,2.555626000000000175e+00,
1.952259799999999856e+01,2.969935900000000117e+01,3.131302999999999948e+00,
1.929353199999999902e+01,3.093110499999999874e+01,1.880894999999999984e+00,
1.965331199999999967e+01,3.141925700000000177e+01,3.546224000000000043e+00,
C454: 2.380385800000000174e+01,3.152987600000000157e+01,3.089303999999999828e+00,
2.298910000000000053e+01,3.099667200000000022e+01,3.568284999999999929e+00,
2.399454599999999971e+01,3.245586600000000033e+01,3.623158000000000101e+00,
2.353488499999999917e+01,3.175320100000000068e+01,2.061284999999999812e+00,
2.469859399999999994e+01,3.091514600000000002e+01,3.103543999999999858e+00,
C455: 2.824178099999999958e+01,3.139902299999999968e+01,2.893909999999999982e+00,
2.806702299999999894e+01,3.230060600000000193e+01,3.471928000000000125e+00,
2.877982300000000038e+01,3.164994199999999935e+01,1.984817000000000053e+00,
2.728931700000000049e+01,3.094542600000000121e+01,2.636610000000000120e+00,
2.882746099999999956e+01,3.069866400000000084e+01,3.480747000000000035e+00,
C456: 3.180781700000000001e+01,3.129029099999999985e+01,2.897024000000000044e+00,
3.119983999999999824e+01,3.043173200000000023e+01,3.162062000000000150e+00,
3.283774300000000324e+01,3.097542800000000085e+01,2.758284999999999876e+00,
3.176221900000000176e+01,3.202937800000000124e+01,3.689548999999999968e+00,
3.143650600000000139e+01,3.172535399999999939e+01,1.974167999999999923e+00,
C457: 3.640945299999999918e+01,3.133129299999999873e+01,3.070529000000000064e+00,
3.722026300000000276e+01,3.081584399999999846e+01,3.575594000000000161e+00,
3.558531299999999931e+01,3.064287399999999906e+01,2.909937000000000218e+00,
3.675990199999999675e+01,3.170364199999999855e+01,2.112651000000000057e+00,
3.607275099999999668e+01,3.216356499999999841e+01,3.681176999999999921e+00,
C458: 4.016856800000000050e+01,3.083463499999999868e+01,2.821730000000000071e+00,
4.063925900000000269e+01,3.119228499999999826e+01,3.731333999999999929e+00,
3.945786700000000025e+01,3.157423899999999861e+01,2.466813999999999840e+00,
3.965056500000000028e+01,2.990239100000000150e+01,3.020468999999999848e+00,
4.092617200000000111e+01,3.067095199999999977e+01,2.061497000000000135e+00,
C459: 4.379559400000000124e+01,3.140145899999999912e+01,2.990022999999999875e+00,
4.391048500000000132e+01,3.234648500000000126e+01,3.511331999999999898e+00,
4.475610300000000308e+01,3.089728500000000011e+01,2.941225000000000200e+00,
4.343221799999999888e+01,3.158603000000000094e+01,1.983570000000000055e+00,
4.308555700000000144e+01,3.077715099999999993e+01,3.521691000000000127e+00,
C460: 4.863378600000000063e+01,3.133837499999999920e+01,2.941189000000000053e+00,
4.951671499999999781e+01,3.102683400000000091e+01,3.491366999999999887e+00,
4.893502300000000105e+01,3.184776199999999946e+01,2.030715999999999966e+00,
4.804388699999999801e+01,3.201262799999999942e+01,3.555114000000000107e+00,
4.803852499999999992e+01,3.046619099999999847e+01,2.687438000000000216e+00,
C461: 9.674395999999999773e+00,3.453670100000000076e+01,2.812822000000000155e+00,
8.711418000000000106e+00,3.438929100000000005e+01,3.292406000000000166e+00,
1.032150999999999996e+01,3.510872700000000179e+01,3.470523000000000025e+00,
9.536400999999999684e+00,3.507771300000000281e+01,1.881475000000000009e+00,
1.012949099999999980e+01,3.357317900000000321e+01,2.606952999999999854e+00,
C462: 1.363874799999999965e+01,3.490961899999999929e+01,2.903172000000000086e+00,
1.387892199999999931e+01,3.559871900000000267e+01,3.706768999999999981e+00,
1.350888699999999965e+01,3.546216400000000135e+01,1.977465999999999946e+00,
1.272081400000000073e+01,3.438246399999999880e+01,3.143189000000000011e+00,
1.444670799999999922e+01,3.419342799999999727e+01,2.787628999999999913e+00,
C463: 1.796563700000000097e+01,3.470602600000000137e+01,2.812320999999999849e+00,
1.699319500000000005e+01,3.447543499999999739e+01,2.388123999999999914e+00,
1.853871699999999834e+01,3.379043999999999670e+01,2.918661999999999868e+00,
1.783244499999999988e+01,3.516884000000000299e+01,3.784244999999999859e+00,
1.849168900000000093e+01,3.538795700000000011e+01,2.151879999999999793e+00,
C464: 2.157141000000000020e+01,3.448602000000000345e+01,2.836056000000000132e+00,
2.247504899999999850e+01,3.413288299999999964e+01,2.349050999999999778e+00,
2.097178399999999954e+01,3.363688700000000154e+01,3.147853000000000012e+00,
2.100343300000000113e+01,3.509313000000000216e+01,2.138418999999999848e+00,
2.184015199999999979e+01,3.508207500000000323e+01,3.702576000000000089e+00,
C465: 2.609736499999999992e+01,3.493759599999999921e+01,2.888466000000000200e+00,
2.512209999999999965e+01,3.496501800000000060e+01,3.365307000000000048e+00,
2.610279799999999994e+01,3.560676899999999989e+01,2.033446999999999782e+00,
2.630804399999999887e+01,3.392546600000000012e+01,2.556611999999999885e+00,
2.685531699999999944e+01,3.525024700000000166e+01,3.598933000000000160e+00,
C466: 3.007349400000000017e+01,3.466085000000000349e+01,2.812786000000000008e+00,
3.016782100000000000e+01,3.391845500000000158e+01,2.026269999999999794e+00,
2.911930399999999963e+01,3.453836600000000345e+01,3.314442999999999806e+00,
3.012784699999999916e+01,3.565502800000000150e+01,2.379779000000000089e+00,
3.087836799999999826e+01,3.453471400000000102e+01,3.529681000000000068e+00,
C467: 3.385166199999999748e+01,3.485379499999999808e+01,2.902191999999999883e+00,
3.383506299999999811e+01,3.552274500000000046e+01,3.756714999999999804e+00,
3.487722200000000328e+01,3.457066900000000231e+01,2.685207999999999817e+00,
3.342388700000000057e+01,3.535505799999999965e+01,2.039235999999999827e+00,
3.327234099999999728e+01,3.396429400000000243e+01,3.128178999999999821e+00,
C468: 3.834227599999999825e+01,3.459439799999999821e+01,2.847439000000000053e+00,
3.741172300000000206e+01,3.411749499999999813e+01,2.556559000000000026e+00,
3.874741399999999913e+01,3.513830600000000004e+01,1.999691000000000107e+00,
3.905317999999999756e+01,3.383980499999999836e+01,3.166469000000000200e+00,
3.815253200000000078e+01,3.528469400000000178e+01,3.663367000000000040e+00,
C469: 4.193477599999999939e+01,3.460186999999999813e+01,2.808711999999999875e+00,
4.287890699999999811e+01,3.444265399999999744e+01,2.296990999999999783e+00,
4.145329100000000011e+01,3.364457000000000164e+01,2.980242000000000058e+00,
4.129415399999999892e+01,3.522341399999999823e+01,2.191660000000000164e+00,
4.211810799999999944e+01,3.509432100000000077e+01,3.757934000000000108e+00,
C470: 4.598715399999999676e+01,3.478565600000000302e+01,2.919604000000000088e+00,
4.680089300000000208e+01,3.500946199999999919e+01,3.602338000000000040e+00,
4.606921499999999980e+01,3.375553299999999979e+01,2.585945000000000160e+00,
4.603832100000000338e+01,3.544911400000000157e+01,2.061609999999999943e+00,
4.503956300000000113e+01,3.492553000000000196e+01,3.430489000000000122e+00,
C471: 5.028660599999999903e+01,3.465100900000000195e+01,2.842607999999999802e+00,
5.066779600000000272e+01,3.554214999999999947e+01,3.332444000000000184e+00,
5.022595499999999902e+01,3.482383099999999843e+01,1.772227999999999914e+00,
4.929774299999999698e+01,3.442182300000000339e+01,3.228130000000000166e+00,
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5.095347000000000293e+01,3.381648500000000013e+01,3.037962999999999969e+00,
C472: 8.323762999999999579e+00,3.788587299999999658e+01,3.017573000000000061e+00,
7.956877999999999673e+00,3.887783699999999953e+01,3.263837000000000099e+00,
7.503694000000000308e+00,3.727735599999999749e+01,2.648213000000000150e+00,
8.744272999999999740e+00,3.742493100000000084e+01,3.906102999999999881e+00,
9.090211000000000041e+00,3.796324599999999805e+01,2.252276999999999862e+00,
C473: 1.221320099999999975e+01,3.823474699999999871e+01,2.866524000000000072e+00,
1.289670300000000047e+01,3.813293300000000130e+01,3.703183000000000114e+00,
1.278055100000000088e+01,3.837408299999999883e+01,1.951249999999999929e+00,
1.156880600000000037e+01,3.909346599999999938e+01,3.026072999999999791e+00,
1.160660799999999959e+01,3.733808899999999653e+01,2.782983000000000207e+00,
C474: 1.589973700000000001e+01,3.789931200000000189e+01,2.825232999999999883e+00,
1.545982099999999981e+01,3.816440300000000008e+01,1.868557999999999941e+00,
1.691169800000000123e+01,3.828811499999999768e+01,2.877196000000000087e+00,
1.592087599999999981e+01,3.681936400000000020e+01,2.926124000000000169e+00,
1.530640499999999982e+01,3.832782699999999920e+01,3.625903999999999794e+00,
C475: 2.002280299999999968e+01,3.781690400000000096e+01,2.981384999999999952e+00,
2.000105800000000045e+01,3.890071700000000021e+01,2.919569000000000081e+00,
2.011140299999999925e+01,3.740048699999999826e+01,1.982599000000000000e+00,
1.910541999999999874e+01,3.746452800000000138e+01,3.441555999999999838e+00,
2.087329700000000088e+01,3.750737300000000118e+01,3.580667000000000044e+00,
C476: 2.384173300000000140e+01,3.787893700000000052e+01,2.801839999999999886e+00,
2.301856700000000089e+01,3.845483699999999772e+01,2.389998999999999985e+00,
2.457226299999999952e+01,3.769001999999999697e+01,2.021307000000000187e+00,
2.346681099999999986e+01,3.693412299999999959e+01,3.182077000000000044e+00,
2.430673200000000023e+01,3.844105600000000322e+01,3.605430000000000135e+00,
C477: 2.753468799999999916e+01,3.827310800000000057e+01,2.921205000000000052e+00,
2.682562000000000069e+01,3.799439499999999725e+01,3.694456000000000184e+00,
2.810380200000000173e+01,3.913859000000000066e+01,3.246275999999999939e+00,
2.699840000000000018e+01,3.851584100000000177e+01,2.008814000000000100e+00,
2.821148700000000176e+01,3.744513599999999798e+01,2.733236000000000221e+00,
C478: 3.251999299999999948e+01,3.823987499999999784e+01,2.913352000000000164e+00,
3.322250100000000117e+01,3.801942300000000330e+01,3.710983000000000143e+00,
3.306486900000000162e+01,3.853112899999999996e+01,2.020465999999999873e+00,
3.186752999999999858e+01,3.905180699999999661e+01,3.219484000000000012e+00,
3.192297599999999846e+01,3.735828500000000219e+01,2.701719999999999899e+00,
C479: 3.618467900000000270e+01,3.779935300000000353e+01,2.800444999999999851e+00,
3.580265599999999893e+01,3.847812400000000110e+01,3.556500999999999912e+00,
3.717799999999999727e+01,3.811714200000000119e+01,2.499533000000000005e+00,
3.552879000000000076e+01,3.781690400000000096e+01,1.935362999999999944e+00,
3.623120800000000230e+01,3.678959400000000102e+01,3.194732000000000127e+00,
C480: 4.015394700000000228e+01,3.784296199999999999e+01,2.976262000000000185e+00,
3.932395000000000351e+01,3.763791799999999910e+01,3.644997000000000043e+00,
4.022375699999999910e+01,3.891324699999999837e+01,2.808660999999999852e+00,
3.998803099999999944e+01,3.734035200000000287e+01,2.028321000000000041e+00,
4.107848400000000311e+01,3.748608500000000276e+01,3.419173999999999936e+00,
C481: 4.435824499999999659e+01,3.802835400000000021e+01,2.827142999999999962e+00,
4.506085600000000113e+01,3.781334999999999980e+01,3.625455999999999790e+00,
4.489490500000000139e+01,3.842062299999999908e+01,1.968544000000000072e+00,
4.363584600000000080e+01,3.876252699999999862e+01,3.169951000000000185e+00,
4.383979699999999724e+01,3.711715600000000137e+01,2.544709000000000110e+00,
C482: 4.810571600000000103e+01,3.780455400000000310e+01,2.864498000000000211e+00,
4.736472700000000202e+01,3.779878500000000230e+01,3.657024999999999970e+00,
4.907416899999999771e+01,3.807012300000000238e+01,3.277826000000000128e+00,
4.782233699999999743e+01,3.853286599999999851e+01,2.110593999999999859e+00,
4.816368400000000349e+01,3.682009299999999996e+01,2.411148999999999987e+00,
C483: 9.684886999999999802e+00,4.202993000000000023e+01,3.034794999999999909e+00,
9.637396999999999991e+00,4.273446299999999809e+01,3.859382999999999786e+00,
9.730069000000000301e+00,4.257335400000000192e+01,2.095816999999999819e+00,
8.800053000000000125e+00,4.140058799999999906e+01,3.045958000000000165e+00,
1.057001799999999925e+01,4.141064099999999826e+01,3.136848000000000081e+00,
C484: 1.373910599999999960e+01,4.171480600000000294e+01,2.822356000000000087e+00,
1.289016299999999937e+01,4.123908200000000335e+01,3.301728000000000218e+00,
1.430780599999999936e+01,4.226912599999999998e+01,3.559807000000000166e+00,
1.338649999999999984e+01,4.239251200000000352e+01,2.050985999999999976e+00,
1.436981199999999959e+01,4.095370700000000141e+01,2.373196000000000083e+00,
C485: 1.735371299999999906e+01,4.143720499999999873e+01,2.965087000000000028e+00,
1.659233499999999850e+01,4.089032600000000173e+01,3.512204000000000104e+00,
1.777948699999999960e+01,4.220523200000000230e+01,3.603943999999999814e+00,
1.690900299999999845e+01,4.189975299999999692e+01,2.089177999999999980e+00,
1.813668099999999939e+01,4.075220099999999945e+01,2.653783999999999921e+00,
C486: 2.219532900000000097e+01,4.165486700000000297e+01,2.946693999999999924e+00,
2.216550300000000107e+01,4.257865999999999929e+01,3.515476000000000045e+00,
2.255775600000000125e+01,4.185922200000000259e+01,1.943767000000000023e+00,
2.119591000000000136e+01,4.123401499999999942e+01,2.890080000000000204e+00,
2.285932599999999937e+01,4.094738300000000208e+01,3.432751999999999803e+00,
C487: 2.579171799999999948e+01,4.158522700000000327e+01,2.828181999999999974e+00,
2.526630899999999968e+01,4.064958399999999727e+01,2.990203000000000166e+00,
2.572868199999999916e+01,4.219770400000000166e+01,3.720152000000000125e+00,
2.534001699999999957e+01,4.211270499999999828e+01,1.993643999999999972e+00,
2.683314199999999872e+01,4.137980799999999704e+01,2.602479000000000209e+00,
C488: 3.000447700000000140e+01,4.214682499999999976e+01,3.015603000000000034e+00,
3.081278999999999968e+01,4.142401699999999920e+01,2.968852000000000046e+00,
2.992478200000000044e+01,4.266478500000000196e+01,2.064578000000000024e+00,
3.020513400000000104e+01,4.286464200000000346e+01,3.804892000000000163e+00,
2.907337199999999910e+01,4.163102399999999648e+01,3.227952000000000155e+00,
C489: 3.418394200000000183e+01,4.160624099999999714e+01,2.846731000000000122e+00,
3.478636900000000054e+01,4.075389700000000204e+01,3.143661999999999956e+00,
3.450411199999999923e+01,4.195076000000000249e+01,1.868128999999999929e+00,
3.430122200000000277e+01,4.240686800000000289e+01,3.568747999999999809e+00,
3.314045500000000288e+01,4.131226999999999805e+01,2.801032000000000188e+00,
C490: 3.778916799999999654e+01,4.171833099999999916e+01,2.916084999999999816e+00,
3.790706600000000037e+01,4.251776399999999967e+01,3.640473000000000070e+00,
3.876172900000000254e+01,4.129247500000000315e+01,2.688225000000000087e+00,
3.734663199999999961e+01,4.211461700000000263e+01,2.007239000000000217e+00,
3.714500799999999714e+01,4.094707100000000111e+01,3.325825000000000031e+00,
C491: 4.228265799999999786e+01,4.162111900000000020e+01,3.045198000000000071e+00,
4.303012400000000071e+01,4.111673199999999895e+01,3.648159999999999847e+00,
4.137173099999999692e+01,4.103092199999999679e+01,3.027937999999999796e+00,
4.265503400000000056e+01,4.174031800000000203e+01,2.032204999999999817e+00,
4.207051200000000080e+01,4.259740800000000149e+01,3.470148000000000010e+00,
C492: 4.603552400000000233e+01,4.144873299999999716e+01,2.820615000000000094e+00,
4.680634500000000031e+01,4.069888999999999868e+01,2.965743999999999936e+00,
4.508622700000000094e+01,4.095548300000000097e+01,2.643911000000000122e+00,
4.628632999999999953e+01,4.206276199999999932e+01,1.960998000000000019e+00,
4.596484900000000096e+01,4.207448399999999822e+01,3.703323999999999838e+00,
C493: 4.963757900000000234e+01,4.179605200000000309e+01,2.977038999999999991e+00,

5.052099199999999968e+01,4.130002700000000004e+01,2.586240999999999790e+00,
4.993679300000000154e+01,4.267504499999999723e+01,3.539787000000000017e+00,
4.910117900000000191e+01,4.111422600000000216e+01,3.630088999999999899e+00,
4.899601599999999735e+01,4.209161399999999986e+01,2.152508999999999784e+00,
C494: 7.674336000000000269e+00,4.505127800000000349e+01,2.880977000000000121e+00,
8.175378000000000256e+00,4.500476700000000108e+01,3.843342999999999954e+00,
8.413947999999999539e+00,4.501526599999999689e+01,2.086559999999999970e+00,
7.111939999999999706e+00,4.597757399999999706e+01,2.810281999999999947e+00,
6.997627999999999737e+00,4.420749299999999948e+01,2.784123000000000125e+00,
C495: 1.184508100000000042e+01,4.500562899999999900e+01,2.853485000000000049e+00,
1.275185199999999952e+01,4.474269199999999813e+01,3.387726999999999933e+00,
1.195623699999999978e+01,4.598729300000000109e+01,2.404662000000000077e+00,
1.100879600000000025e+01,4.501681500000000113e+01,3.545859999999999790e+00,
1.165976999999999997e+01,4.427296799999999877e+01,2.074050999999999867e+00,
C496: 1.577454999999999963e+01,4.485163699999999665e+01,2.820184999999999942e+00,
1.501191900000000068e+01,4.513208300000000150e+01,3.538410999999999973e+00,
1.602410100000000170e+01,4.571132699999999716e+01,2.205814000000000163e+00,
1.540355500000000077e+01,4.405323099999999670e+01,2.185598000000000152e+00,
1.666323999999999828e+01,4.451614099999999752e+01,3.346054999999999779e+00,
C497: 2.004194100000000134e+01,4.504951100000000253e+01,2.885267999999999944e+00,
1.979911799999999999e+01,4.556975400000000320e+01,3.806869999999999976e+00,
1.942996899999999982e+01,4.543932499999999663e+01,2.077474000000000043e+00,
1.984596200000000010e+01,4.398832099999999912e+01,3.006076000000000192e+00,
2.109009100000000103e+01,4.519930500000000251e+01,2.648022000000000098e+00,
C498: 2.407067800000000091e+01,4.486430800000000119e+01,2.817466000000000026e+00,
2.428961299999999923e+01,4.579056099999999674e+01,2.295551999999999815e+00,
2.373766499999999979e+01,4.411939199999999772e+01,2.101637999999999895e+00,
2.329029299999999836e+01,4.503729400000000282e+01,3.551757999999999971e+00,
2.496576200000000156e+01,4.451177799999999962e+01,3.318214000000000219e+00,
C499: 2.778182400000000030e+01,4.507085000000000008e+01,2.853825000000000056e+00,
2.782471999999999923e+01,4.556286500000000217e+01,3.820349999999999913e+00,
2.877714299999999881e+01,4.503648700000000105e+01,2.421456000000000053e+00,
2.712095100000000159e+01,4.562391800000000330e+01,2.193531999999999815e+00,
2.740727100000000149e+01,4.405998600000000209e+01,2.976020999999999805e+00,
C500: 3.224701400000000007e+01,4.507714899999999858e+01,2.859210000000000029e+00,
3.301053100000000029e+01,4.534959500000000077e+01,3.579241000000000117e+00,
3.223491200000000134e+01,4.580317000000000149e+01,2.051908000000000065e+00,
3.127811799999999920e+01,4.506366899999999731e+01,3.348688000000000109e+00,
3.246341699999999975e+01,4.409258799999999923e+01,2.456339999999999968e+00,
C501: 3.595785999999999660e+01,4.492502999999999957e+01,2.826811000000000185e+00,
3.586036299999999954e+01,4.583191000000000059e+01,2.237999999999999989e+00,
3.697726099999999860e+01,4.483611299999999744e+01,3.188616999999999813e+00,
3.571731199999999973e+01,4.406782199999999960e+01,2.206506000000000078e+00,
3.527687699999999893e+01,4.496815000000000140e+01,3.669691999999999954e+00,
C502: 4.013245599999999769e+01,4.512858599999999853e+01,2.869435000000000180e+00,
3.929810700000000168e+01,4.545562300000000278e+01,3.481513000000000080e+00,
4.104939699999999903e+01,4.518930199999999786e+01,3.447687000000000168e+00,
4.021186099999999897e+01,4.576588100000000026e+01,1.993897000000000030e+00,
3.997005899999999912e+01,4.410156700000000285e+01,2.556372000000000089e+00,
C503: 4.433411199999999752e+01,4.479290900000000164e+01,2.825038999999999856e+00,
4.353533500000000345e+01,4.527830699999999808e+01,3.377327000000000190e+00,
4.482849499999999665e+01,4.551915400000000034e+01,2.187397999999999954e+00,
4.392078899999999919e+01,4.399868599999999930e+01,2.211343999999999976e+00,
4.505249899999999741e+01,4.437523099999999943e+01,3.522691000000000017e+00,
C504: 4.797551599999999894e+01,4.498816899999999919e+01,2.840281000000000056e+00,
4.752376799999999690e+01,4.400326600000000354e+01,2.790639999999999787e+00,
4.892603400000000136e+01,4.492777900000000102e+01,3.361587999999999798e+00,
4.731399400000000099e+01,4.566239600000000110e+01,3.374036999999999953e+00,
4.813773799999999881e+01,4.536279400000000095e+01,1.834087000000000023e+00,
C505: 9.771454000000000306e+00,4.824085300000000132e+01,2.839151000000000202e+00,
9.074436999999999642e+00,4.866678499999999730e+01,3.554691000000000045e+00,
1.077270399999999917e+01,4.860449700000000206e+01,3.048761999999999972e+00,
9.483090999999999937e+00,4.853554400000000157e+01,1.834594000000000058e+00,
9.754739000000000715e+00,4.715884899999999647e+01,2.916984999999999939e+00,
C506: 1.398907600000000073e+01,4.808487999999999829e+01,2.973930999999999880e+00,
1.399136299999999977e+01,4.905140699999999754e+01,2.478908000000000111e+00,
1.311466399999999943e+01,4.801295600000000263e+01,3.612766000000000144e+00,
1.489195699999999967e+01,4.798547899999999800e+01,3.567731000000000208e+00,
1.395958500000000058e+01,4.729862800000000078e+01,2.226074999999999804e+00,
C507: 1.807152100000000061e+01,4.832729100000000244e+01,2.809223999999999943e+00,
1.712783200000000150e+01,4.885627199999999704e+01,2.900316000000000116e+00,
1.873978400000000022e+01,4.864375799999999828e+01,3.602927999999999908e+00,
1.852137600000000006e+01,4.855407999999999902e+01,1.847299999999999942e+00,
1.789686899999999881e+01,4.725864200000000181e+01,2.882919999999999927e+00,
C508: 2.175471900000000147e+01,4.826600799999999936e+01,2.884589000000000070e+00,
2.097082199999999830e+01,4.783089400000000069e+01,3.495248999999999828e+00,
2.223878200000000049e+01,4.906829900000000322e+01,3.433247999999999855e+00,
2.132209399999999988e+01,4.866295199999999710e+01,1.971151000000000098e+00,
2.248682700000000168e+01,4.750405500000000103e+01,2.636376999999999970e+00,
C509: 2.598148399999999825e+01,4.833427300000000315e+01,3.039970999999999979e+00,
2.683877299999999977e+01,4.795472300000000132e+01,3.586383000000000099e+00,
2.612579699999999860e+01,4.816239399999999904e+01,1.977575000000000083e+00,
2.587952999999999903e+01,4.939938800000000185e+01,3.223412999999999862e+00,
2.508112099999999955e+01,4.782493699999999848e+01,3.368555999999999884e+00,
C510: 2.995311999999999841e+01,4.810531799999999691e+01,2.742268000000000150e+00,
3.056298400000000015e+01,4.818415099999999995e+01,1.847407999999999939e+00,
2.892626599999999826e+01,4.835092999999999819e+01,2.491670000000000051e+00,
3.032206299999999999e+01,4.879885300000000115e+01,3.491143999999999803e+00,
3.000217200000000162e+01,4.708963800000000077e+01,3.119527999999999857e+00,
C511: 3.355627900000000352e+01,4.854542399999999702e+01,2.968106000000000133e+00,
3.311179700000000281e+01,4.878115900000000238e+01,2.005881000000000025e+00,
3.394110500000000030e+01,4.945457300000000345e+01,3.419818999999999942e+00,
3.436837500000000034e+01,4.783872300000000166e+01,2.827145999999999937e+00,
3.280304300000000239e+01,4.811004499999999950e+01,3.616934000000000093e+00,
C512: 3.808889299999999878e+01,4.821598000000000184e+01,2.919125000000000192e+00,
3.887448899999999696e+01,4.786674200000000212e+01,3.580216000000000065e+00,
3.838729200000000219e+01,4.805447699999999855e+01,1.887640999999999902e+00,
3.792067699999999775e+01,4.927573399999999992e+01,3.085246999999999851e+00,
3.717111299999999829e+01,4.767258999999999958e+01,3.118723000000000134e+00,
C513: 4.177444400000000257e+01,4.838405300000000153e+01,2.811017999999999795e+00,
4.113785599999999931e+01,4.840764999999999674e+01,3.689102000000000103e+00,
4.247315499999999844e+01,4.921408000000000271e+01,2.849651999999999852e+00,
4.116201099999999968e+01,4.846903499999999809e+01,1.918415999999999899e+00,
4.232301300000000310e+01,4.744766200000000111e+01,2.784336999999999840e+00,
C514: 4.541181100000000015e+01,4.835485400000000311e+01,2.983912000000000120e+00,
4.551130700000000218e+01,4.934724899999999792e+01,3.412844000000000211e+00,
4.510656199999999671e+01,4.843494100000000202e+01,2.008399999999999963e+00,
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4.467589799999999656e+01,4.778906200000000126e+01,3.545482999999999940e+00,
4.637073900000000037e+01,4.784747399999999828e+01,3.020916000000000157e+00,
C515: 5.001977200000000323e+01,4.808456199999999825e+01,2.918855000000000199e+00,
5.067542399999999958e+01,4.894785900000000112e+01,2.983251999999999793e+00,
5.057671500000000009e+01,4.723324099999999959e+01,2.538874999999999993e+00,
4.919444699999999671e+01,4.830596500000000049e+01,2.248536000000000090e+00,
4.963026899999999841e+01,4.785135700000000014e+01,3.905527000000000193e+00,
C516: 7.951182000000000194e+00,5.179823400000000078e+01,2.881212999999999802e+00,
8.403655999999999793e+00,5.139659499999999781e+01,3.783183000000000185e+00,
8.332642999999999134e+00,5.126296299999999917e+01,2.016694999999999904e+00,
8.196989000000000303e+00,5.285222900000000124e+01,2.791695999999999955e+00,
6.872908999999999935e+00,5.168045599999999951e+01,2.933527000000000218e+00,
C517: 1.162182600000000043e+01,5.219936599999999771e+01,2.906290999999999958e+00,
1.105573500000000031e+01,5.273214500000000271e+01,3.664581999999999784e+00,
1.263976899999999937e+01,5.204822699999999713e+01,3.253271999999999942e+00,
1.163440499999999922e+01,5.278045999999999793e+01,1.989028999999999936e+00,
1.115753400000000006e+01,5.123595900000000114e+01,2.717772000000000077e+00,
C518: 1.612782199999999833e+01,5.217105399999999804e+01,2.959760000000000169e+00,
1.676416599999999946e+01,5.220816200000000151e+01,3.839004000000000083e+00,
1.665876099999999838e+01,5.259106599999999787e+01,2.110665000000000013e+00,
1.522431399999999968e+01,5.274506099999999975e+01,3.142649000000000026e+00,
1.586396099999999976e+01,5.113925100000000157e+01,2.747326999999999853e+00,
C519: 1.986798800000000043e+01,5.177974300000000341e+01,2.849149999999999849e+00,
2.080402399999999830e+01,5.124686400000000219e+01,2.986502999999999908e+00,
1.903716999999999970e+01,5.109271100000000132e+01,2.972776000000000085e+00,
1.983809300000000064e+01,5.220665000000000333e+01,1.851150999999999991e+00,
1.979249899999999940e+01,5.257468599999999981e+01,3.585109000000000101e+00,
C520: 2.408466400000000007e+01,5.247570100000000082e+01,2.958096999999999976e+00,
2.499589599999999834e+01,5.279368699999999848e+01,3.456049999999999844e+00,
2.391598300000000066e+01,5.309356999999999971e+01,2.081158999999999981e+00,
2.324529300000000021e+01,5.257701399999999836e+01,3.639787999999999801e+00,
2.418120100000000150e+01,5.143688499999999664e+01,2.656268999999999991e+00,
C521: 2.829551700000000025e+01,5.171031800000000089e+01,2.871440000000000214e+00,
2.843846100000000021e+01,5.249252100000000354e+01,3.611032999999999937e+00,
2.853596500000000091e+01,5.209660000000000224e+01,1.885472999999999955e+00,
2.726125899999999902e+01,5.138057899999999734e+01,2.888348000000000138e+00,
2.894738200000000106e+01,5.087348000000000070e+01,3.099731999999999932e+00,
C522: 3.187094000000000094e+01,5.209139299999999650e+01,2.863001000000000129e+00,
3.121575599999999895e+01,5.261536300000000210e+01,3.552459999999999951e+00,
3.285939799999999877e+01,5.199882300000000157e+01,3.302710999999999952e+00,
3.193915000000000148e+01,5.264939100000000138e+01,1.933956999999999926e+00,
3.147105099999999922e+01,5.110206000000000159e+01,2.661805000000000199e+00,
C523: 3.598525399999999763e+01,5.239330700000000007e+01,2.995997000000000021e+00,
3.540163100000000185e+01,5.285271999999999792e+01,3.788272000000000084e+00,
3.693468699999999671e+01,5.205166700000000191e+01,3.397545000000000037e+00,
3.616490300000000246e+01,5.312034200000000084e+01,2.209633000000000180e+00,
3.543978100000000353e+01,5.154682999999999993e+01,2.589322000000000124e+00,
C524: 4.024882399999999905e+01,5.172106800000000248e+01,2.859735999999999834e+00,
4.118528599999999784e+01,5.153388900000000206e+01,3.376246000000000080e+00,
4.043767600000000328e+01,5.232847699999999946e+01,1.979656000000000082e+00,
3.956754899999999964e+01,5.224669099999999844e+01,3.522133999999999876e+00,
3.980549100000000351e+01,5.077721999999999980e+01,2.558319000000000010e+00,
C525: 4.416953900000000033e+01,5.242949999999999733e+01,2.928920999999999886e+00,
4.354688399999999859e+01,5.282490099999999700e+01,3.725998999999999839e+00,
4.519121299999999763e+01,5.232952800000000337e+01,3.283367999999999842e+00,
4.414483100000000348e+01,5.310629300000000086e+01,2.080071999999999921e+00,
4.379520399999999825e+01,5.145585400000000220e+01,2.626843000000000039e+00,
C526: 4.852433700000000272e+01,5.182571399999999784e+01,2.954763999999999946e+00,
4.938910299999999864e+01,5.144881500000000329e+01,3.492814999999999781e+00,
4.884990100000000268e+01,5.230485199999999679e+01,2.036252000000000173e+00,
4.799898199999999804e+01,5.254739000000000004e+01,3.573262999999999856e+00,
4.785881799999999942e+01,5.100110500000000258e+01,2.716537999999999897e+00,
C527: 9.671538999999999220e+00,1.232203900000000019e+01,5.866908999999999708e+00,
9.264027999999999707e+00,1.332762499999999939e+01,5.825743000000000116e+00,
8.878230999999999540e+00,1.161996800000000007e+01,6.105310000000000237e+00,
1.043997700000000073e+01,1.227381500000000081e+01,6.632601000000000191e+00,
1.010501000000000005e+01,1.206415800000000083e+01,4.906596000000000402e+00,
C528: 1.380708199999999941e+01,1.211752500000000055e+01,5.868269999999999875e+00,
1.286834999999999951e+01,1.252394400000000019e+01,5.504569000000000045e+00,
1.442601900000000015e+01,1.182598300000000080e+01,5.025711000000000261e+00,
1.360873600000000039e+01,1.124927600000000005e+01,6.489627999999999730e+00,
1.432439600000000013e+01,1.287099000000000082e+01,6.454615000000000435e+00,
C529: 1.764162999999999926e+01,1.197960999999999920e+01,5.932737999999999623e+00,
1.736382400000000104e+01,1.093514799999999987e+01,6.037415000000000198e+00,
1.693379600000000096e+01,1.247930000000000028e+01,5.279218000000000188e+00,
1.863860899999999887e+01,1.204819099999999921e+01,5.507970000000000255e+00,
1.763059099999999901e+01,1.245451100000000011e+01,6.908984000000000236e+00,
C530: 2.196413400000000138e+01,1.220356100000000055e+01,5.885945999999999678e+00,
2.148799100000000095e+01,1.162373599999999918e+01,5.101427000000000156e+00,
2.259361799999999931e+01,1.296711299999999945e+01,5.441754000000000424e+00,
2.257114299999999929e+01,1.154715299999999978e+01,6.501748000000000083e+00,
2.120244699999999938e+01,1.267181099999999994e+01,6.501636999999999666e+00,
C531: 2.570293799999999962e+01,1.199351000000000056e+01,5.865988999999999898e+00,
2.627767300000000006e+01,1.228546200000000077e+01,6.740022999999999875e+00,
2.637911300000000026e+01,1.165895300000000034e+01,5.085431999999999952e+00,
2.513064899999999824e+01,1.284447699999999948e+01,5.510877999999999943e+00,
2.502799399999999963e+01,1.118557200000000051e+01,6.131670999999999871e+00,
C532: 3.003914899999999832e+01,1.219378200000000056e+01,5.906057999999999808e+00,
3.006424900000000022e+01,1.311533000000000015e+01,6.477271000000000001e+00,
3.088329799999999992e+01,1.216806799999999988e+01,5.223983999999999739e+00,
2.911242400000000075e+01,1.214490600000000065e+01,5.342670000000000030e+00,
3.009484799999999893e+01,1.134656299999999973e+01,6.582669000000000104e+00,
C533: 3.436656899999999837e+01,1.196688200000000002e+01,5.838479999999999670e+00,
3.496523599999999732e+01,1.266448399999999985e+01,5.261086999999999847e+00,
3.394423499999999905e+01,1.247873500000000035e+01,6.698061000000000043e+00,
3.499206600000000122e+01,1.114654099999999914e+01,6.177633000000000152e+00,
3.356388799999999861e+01,1.157829899999999945e+01,5.219440999999999775e+00,
C534: 3.804066000000000258e+01,1.223573299999999975e+01,5.908686999999999578e+00,
3.783159899999999709e+01,1.320510100000000087e+01,6.348614000000000424e+00,
3.908341000000000065e+01,1.218965599999999938e+01,5.610470000000000290e+00,
3.740739200000000153e+01,1.208791100000000007e+01,5.040297999999999945e+00,
3.783937300000000192e+01,1.145777999999999963e+01,6.639160000000000394e+00,
C535: 4.228047000000000111e+01,1.209299099999999960e+01,5.912490000000000023e+00,
4.182969400000000348e+01,1.264123700000000028e+01,6.733586999999999989e+00,
4.298663400000000223e+01,1.273159300000000016e+01,5.392373000000000083e+00,
4.150505299999999664e+01,1.177349700000000077e+01,5.223125999999999713e+00,
4.279965599999999881e+01,1.122183199999999914e+01,6.300354999999999706e+00,

C536: 4.604958400000000296e+01,1.186262999999999934e+01,5.819716999999999807e+00,
4.552681799999999868e+01,1.269805500000000009e+01,6.276083999999999996e+00,
4.595062999999999676e+01,1.192006699999999952e+01,4.740453999999999724e+00,
4.561972500000000252e+01,1.093027799999999949e+01,6.173562999999999690e+00,
4.710068900000000269e+01,1.190281899999999915e+01,6.089724999999999611e+00,
C537: 1.150215999999999994e+01,1.555983699999999992e+01,5.984103000000000172e+00,
1.155252800000000057e+01,1.515879800000000088e+01,6.991709000000000174e+00,
1.207211000000000034e+01,1.648279700000000147e+01,5.933931000000000289e+00,
1.046659000000000006e+01,1.575725699999999918e+01,5.723849999999999660e+00,
1.191962799999999945e+01,1.483770200000000017e+01,5.290440000000000254e+00,
C538: 1.614999299999999849e+01,1.538983900000000027e+01,6.002880000000000216e+00,
1.518542099999999984e+01,1.585102599999999917e+01,6.193722000000000172e+00,
1.607061799999999963e+01,1.473009700000000066e+01,5.144757000000000247e+00,
1.645485599999999948e+01,1.481668299999999938e+01,6.874385000000000190e+00,
1.688492400000000160e+01,1.616245299999999929e+01,5.799985000000000390e+00,
C539: 1.979356900000000152e+01,1.527204200000000078e+01,5.867388000000000048e+00,
1.936381000000000085e+01,1.624775599999999898e+01,6.072049999999999947e+00,
1.908570200000000128e+01,1.449852899999999956e+01,6.144921000000000078e+00,
2.070450699999999955e+01,1.515054400000000001e+01,6.442821000000000353e+00,
2.001818600000000004e+01,1.519102499999999978e+01,4.811803000000000274e+00,
C540: 2.355128500000000003e+01,1.565081799999999923e+01,6.070825000000000138e+00,
2.319934999999999903e+01,1.509997500000000059e+01,6.937466999999999828e+00,
2.271145599999999831e+01,1.612493800000000022e+01,5.573178000000000409e+00,
2.404011799999999965e+01,1.497025799999999940e+01,5.380715000000000359e+00,
2.425906399999999863e+01,1.641111000000000075e+01,6.387245000000000061e+00,
C541: 2.812758900000000040e+01,1.536894400000000083e+01,5.939923000000000286e+00,
2.728560900000000089e+01,1.605131499999999889e+01,5.869918000000000191e+00,
2.786506299999999925e+01,1.453328300000000084e+01,6.580919999999999881e+00,
2.898362099999999941e+01,1.589064300000000074e+01,6.355902000000000385e+00,
2.837649599999999950e+01,1.499631600000000020e+01,4.952461999999999698e+00,
C542: 3.197924300000000031e+01,1.530250700000000030e+01,5.949872000000000050e+00,
3.153350000000000009e+01,1.528784500000000079e+01,6.939602999999999966e+00,
3.287391499999999667e+01,1.591774599999999928e+01,5.965921999999999947e+00,
3.126807799999999915e+01,1.571668400000000076e+01,5.243074000000000012e+00,
3.224048200000000008e+01,1.429099700000000084e+01,5.656513000000000346e+00,
C543: 3.611469499999999755e+01,1.556218600000000052e+01,6.131434999999999746e+00,
3.706151899999999699e+01,1.565962900000000069e+01,6.653673999999999644e+00,
3.626892300000000091e+01,1.504666800000000038e+01,5.188736999999999711e+00,
3.570291799999999682e+01,1.654900900000000163e+01,5.942466999999999722e+00,
3.542183500000000151e+01,1.499373499999999915e+01,6.744663000000000075e+00,
C544: 4.004491199999999651e+01,1.523972700000000025e+01,5.872327000000000297e+00,
3.974895999999999674e+01,1.481606200000000051e+01,6.824328999999999645e+00,
3.915930199999999672e+01,1.555500100000000074e+01,5.332177999999999862e+00,
4.057423599999999908e+01,1.448773699999999920e+01,5.298624000000000223e+00,
4.068930199999999786e+01,1.609684599999999932e+01,6.040149999999999686e+00,
C545: 4.366811100000000323e+01,1.554497699999999938e+01,5.951920000000000321e+00,
4.460253500000000315e+01,1.592257599999999940e+01,6.356347000000000413e+00,
4.387277199999999766e+01,1.494880900000000068e+01,5.068245000000000111e+00,
4.302736199999999656e+01,1.637958100000000172e+01,5.686555000000000248e+00,
4.317382400000000331e+01,1.493138500000000057e+01,6.697841000000000378e+00,
C546: 4.804021500000000344e+01,1.514804200000000023e+01,6.002365000000000173e+00,
4.810474599999999867e+01,1.622055100000000039e+01,6.160299000000000191e+00,
4.847545699999999869e+01,1.489749400000000001e+01,5.040360999999999869e+00,
4.699859399999999710e+01,1.484267499999999984e+01,6.021640999999999799e+00,
4.858219900000000280e+01,1.463263500000000050e+01,6.788997000000000170e+00,
C547: 9.826504999999999157e+00,1.894610899999999987e+01,5.871095000000000397e+00,
1.038429400000000058e+01,1.914013100000000023e+01,6.782398999999999845e+00,
1.051942900000000058e+01,1.875750700000000037e+01,5.057983000000000118e+00,
9.210471000000000075e+00,1.980773200000000145e+01,5.632056000000000395e+00,
9.192227000000000814e+00,1.807658400000000043e+01,6.014880999999999922e+00,
C548: 1.388058700000000023e+01,1.941720300000000066e+01,6.042883999999999922e+00,
1.475067999999999913e+01,1.922127800000000164e+01,5.424844000000000221e+00,
1.389767400000000031e+01,2.045035199999999875e+01,6.372141000000000055e+00,
1.389708800000000011e+01,1.875849900000000048e+01,6.905629000000000239e+00,
1.297649400000000064e+01,1.923475300000000132e+01,5.470321000000000211e+00,
C549: 1.803509000000000029e+01,1.914691799999999944e+01,5.928333000000000297e+00,
1.797709199999999896e+01,2.022954199999999858e+01,5.891233999999999860e+00,
1.703249900000000139e+01,1.873182699999999912e+01,5.951463000000000392e+00,
1.856865300000000119e+01,1.884568300000000107e+01,6.824825999999999837e+00,
1.855950400000000045e+01,1.877641399999999905e+01,5.054739999999999789e+00,
C550: 2.156432799999999972e+01,1.891068900000000141e+01,5.941480000000000317e+00,
2.157292599999999894e+01,1.981184100000000115e+01,6.546078999999999759e+00,
2.257606600000000086e+01,1.868280299999999983e+01,5.620754999999999946e+00,
2.093369099999999960e+01,1.906540999999999997e+01,5.072987999999999609e+00,
2.117658600000000035e+01,1.808430299999999846e+01,6.529072000000000209e+00,
C551: 2.599607100000000059e+01,1.949869999999999948e+01,6.008434000000000275e+00,
2.597050499999999928e+01,2.053153400000000062e+01,6.338661000000000101e+00,
2.506642099999999829e+01,1.925545500000000132e+01,5.502919000000000338e+00,
2.611827100000000002e+01,1.884609000000000023e+01,6.867665999999999826e+00,
2.683019099999999924e+01,1.935445999999999955e+01,5.329759000000000135e+00,
C552: 3.002404599999999846e+01,1.896957000000000093e+01,5.841116000000000419e+00,
2.980520699999999934e+01,1.936490999999999829e+01,6.828572999999999560e+00,
3.078794399999999953e+01,1.957733899999999849e+01,5.368066999999999922e+00,
2.912367199999999912e+01,1.898552799999999863e+01,5.235866999999999827e+00,
3.038099199999999911e+01,1.794861600000000124e+01,5.932598999999999734e+00,
C553: 3.392861400000000316e+01,1.939987599999999901e+01,6.020571000000000339e+00,
3.310294799999999782e+01,1.918346299999999971e+01,5.350706999999999880e+00,
3.387320700000000073e+01,1.874242100000000022e+01,6.882361999999999647e+00,
3.387229399999999657e+01,2.043220900000000029e+01,6.348145999999999844e+00,
3.487066300000000041e+01,1.923539999999999850e+01,5.507005999999999624e+00,
C554: 3.837933300000000258e+01,1.890471300000000099e+01,5.938475000000000392e+00,
3.884868399999999866e+01,1.930450499999999892e+01,6.832196999999999854e+00,
3.890513899999999836e+01,1.926708599999999905e+01,5.060858999999999774e+00,
3.734318999999999988e+01,1.922633799999999837e+01,5.899930999999999592e+00,
3.841952400000000267e+01,1.782050900000000127e+01,5.964050000000000296e+00,
C555: 4.195085000000000264e+01,1.920407399999999853e+01,5.949014000000000024e+00,
4.297231699999999677e+01,1.922064500000000109e+01,5.581598999999999755e+00,
4.133068699999999751e+01,1.862598099999999945e+01,5.272254000000000218e+00,
4.157311299999999932e+01,2.021833300000000122e+01,6.017865999999999715e+00,
4.193061200000000355e+01,1.874475299999999933e+01,6.932806000000000246e+00,
C556: 4.624510200000000282e+01,1.934966299999999961e+01,6.042714000000000141e+00,
4.544538699999999665e+01,1.897251100000000079e+01,5.412872000000000128e+00,
4.717535399999999868e+01,1.936636700000000033e+01,5.482789000000000357e+00,
4.635747700000000293e+01,1.869946900000000056e+01,6.904925000000000423e+00,
4.600222699999999776e+01,2.035318499999999986e+01,6.373279000000000138e+00,
C557: 1.163789799999999985e+01,2.234043600000000040e+01,5.930774000000000434e+00,
1.222695099999999968e+01,2.272115499999999955e+01,6.759586999999999790e+00,
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1.101417099999999927e+01,2.313646100000000061e+01,5.535482000000000014e+00,
1.101014299999999935e+01,2.152736000000000161e+01,6.279175999999999647e+00,
1.230421899999999980e+01,2.198072300000000112e+01,5.153673000000000393e+00,
C558: 1.588155399999999950e+01,2.256654999999999944e+01,5.885799999999999699e+00,
1.487589799999999940e+01,2.279249499999999884e+01,6.226322999999999830e+00,
1.642659199999999942e+01,2.349015699999999995e+01,5.720687999999999995e+00,
1.583084700000000034e+01,2.200198200000000170e+01,4.960621999999999865e+00,
1.639234799999999836e+01,2.197673299999999941e+01,6.640228999999999715e+00,
C559: 1.999779099999999943e+01,2.234166400000000152e+01,5.908853999999999829e+00,
2.073689099999999996e+01,2.312834199999999996e+01,6.024868999999999808e+00,
2.028130700000000175e+01,2.169457900000000095e+01,5.085306000000000104e+00,
1.902872199999999836e+01,2.278583400000000125e+01,5.702509000000000050e+00,
1.994167200000000051e+01,2.176088800000000134e+01,6.824816000000000216e+00,
C560: 2.375467300000000037e+01,2.247707400000000177e+01,5.863506000000000107e+00,
2.362561699999999831e+01,2.331392900000000168e+01,6.541438999999999560e+00,
2.476455400000000040e+01,2.248597600000000085e+01,5.465238000000000262e+00,
2.304219300000000104e+01,2.256416499999999914e+01,5.049834999999999852e+00,
2.358249299999999948e+01,2.154756300000000024e+01,6.397528000000000326e+00,
C561: 2.818796700000000044e+01,2.238976800000000011e+01,5.908934999999999604e+00,
2.753232399999999913e+01,2.212086599999999947e+01,5.086748000000000047e+00,
2.875203000000000131e+01,2.327989099999999922e+01,5.647516000000000425e+00,
2.887034399999999934e+01,2.157171800000000061e+01,6.111011000000000415e+00,
2.759196199999999877e+01,2.258854300000000137e+01,6.794579999999999842e+00,
C562: 3.182627400000000151e+01,2.238771900000000059e+01,5.935061000000000142e+00,
3.268773300000000148e+01,2.274708599999999947e+01,6.489872000000000085e+00,
3.216413099999999758e+01,2.185299499999999995e+01,5.053046000000000149e+00,
3.121277399999999957e+01,2.323243199999999931e+01,5.637095999999999663e+00,
3.124743399999999838e+01,2.172054400000000030e+01,6.565559000000000367e+00,
C563: 3.597995099999999979e+01,2.250993199999999916e+01,5.847966999999999693e+00,
3.560155000000000314e+01,2.256240599999999930e+01,6.863982000000000028e+00,
3.668421200000000226e+01,2.331857899999999972e+01,5.680945000000000356e+00,
3.515151699999999835e+01,2.259894500000000050e+01,5.152823999999999849e+00,
3.647852699999999970e+01,2.155739099999999908e+01,5.699437999999999782e+00,
C564: 3.973361799999999988e+01,2.239481699999999975e+01,5.896283999999999637e+00,
4.069381099999999662e+01,2.260857599999999934e+01,6.355705000000000382e+00,
3.910662299999999902e+01,2.186120100000000122e+01,6.604026000000000174e+00,
3.988158700000000323e+01,2.178510999999999953e+01,5.010866000000000042e+00,
3.925081899999999990e+01,2.332665199999999928e+01,5.618343000000000309e+00,
C565: 4.395746900000000323e+01,2.233790600000000026e+01,5.880342999999999876e+00,
4.299564199999999659e+01,2.270476800000000139e+01,5.536588000000000065e+00,
4.382493099999999941e+01,2.179194299999999984e+01,6.809651999999999816e+00,
4.462696600000000302e+01,2.317552699999999888e+01,6.045260999999999996e+00,
4.437899000000000171e+01,2.167748100000000022e+01,5.129140999999999728e+00,
C566: 4.774053200000000174e+01,2.264802299999999846e+01,5.852479999999999905e+00,
4.724956099999999992e+01,2.270588000000000051e+01,6.819327000000000361e+00,
4.842300000000000182e+01,2.348549699999999874e+01,5.743669999999999831e+00,
4.699251999999999896e+01,2.268384599999999907e+01,5.067440999999999640e+00,
4.829565800000000309e+01,2.171751000000000076e+01,5.785446999999999562e+00,
C567: 1.038099599999999967e+01,2.643299400000000077e+01,6.012432999999999694e+00,
1.094999499999999948e+01,2.631176400000000015e+01,6.929002999999999801e+00,
1.105149600000000021e+01,2.672305000000000064e+01,5.210084000000000160e+00,
9.626955999999999847e+00,2.720204499999999825e+01,6.149964999999999904e+00,
9.898690000000000211e+00,2.549366200000000049e+01,5.759450000000000180e+00,
C568: 1.392972999999999928e+01,2.557033399999999901e+01,5.883998000000000062e+00,
1.344818500000000050e+01,2.654245500000000035e+01,5.847012000000000320e+00,
1.483389599999999930e+01,2.559081300000000070e+01,5.284822000000000131e+00,
1.325491599999999970e+01,2.481274399999999858e+01,5.500541000000000125e+00,
1.418670799999999943e+01,2.533459300000000169e+01,6.910356000000000165e+00,
C569: 1.783970199999999906e+01,2.609849799999999931e+01,6.128506999999999927e+00,
1.688262800000000041e+01,2.608094699999999833e+01,6.640465999999999980e+00,
1.813158100000000061e+01,2.712702600000000075e+01,5.940642000000000422e+00,
1.775700499999999948e+01,2.556577800000000167e+01,5.186507999999999896e+00,
1.859031099999999981e+01,2.561785100000000170e+01,6.748846000000000345e+00,
C570: 2.236847099999999955e+01,2.615477599999999825e+01,5.965514999999999901e+00,
2.153016399999999919e+01,2.683077400000000168e+01,6.103959999999999830e+00,
2.311132299999999873e+01,2.662384000000000128e+01,5.328452000000000410e+00,
2.202009299999999925e+01,2.523767399999999839e+01,5.500706000000000095e+00,
2.281178399999999939e+01,2.592536000000000129e+01,6.929520000000000124e+00,
C571: 2.595592299999999852e+01,2.540112600000000143e+01,5.903628000000000320e+00,
2.535598099999999988e+01,2.626228000000000051e+01,6.180019999999999847e+00,
2.700699399999999883e+01,2.567107999999999990e+01,5.935578999999999716e+00,
2.569566299999999970e+01,2.508241299999999896e+01,4.901524000000000214e+00,
2.577322399999999902e+01,2.459020500000000098e+01,6.601219999999999644e+00,
C572: 3.027357999999999905e+01,2.661678300000000164e+01,6.096815999999999569e+00,
2.992350199999999916e+01,2.759827900000000156e+01,6.398400999999999783e+00,
3.112345499999999987e+01,2.672517200000000059e+01,5.430487000000000286e+00,
2.947532700000000006e+01,2.608827600000000047e+01,5.584755000000000358e+00,
3.057546899999999823e+01,2.604991800000000168e+01,6.972249999999999837e+00,
C573: 3.414551399999999859e+01,2.561200900000000047e+01,5.908957000000000015e+00,
3.480984999999999729e+01,2.538080199999999920e+01,6.734568999999999583e+00,
3.463331099999999907e+01,2.631262200000000107e+01,5.238779000000000075e+00,
3.323452499999999787e+01,2.605680200000000113e+01,6.296097999999999750e+00,
3.390534799999999649e+01,2.470008299999999934e+01,5.373255000000000337e+00,
C574: 3.769537900000000263e+01,2.620038500000000070e+01,5.996040999999999954e+00,
3.697104900000000072e+01,2.686611399999999961e+01,6.453813000000000244e+00,
3.858435000000000059e+01,2.676032800000000123e+01,5.723892000000000202e+00,
3.726336100000000329e+01,2.574507499999999993e+01,5.111449999999999605e+00,
3.796690300000000207e+01,2.542194399999999987e+01,6.702535000000000132e+00,
C575: 4.213749399999999667e+01,2.555328000000000088e+01,6.078255999999999659e+00,
4.261518399999999929e+01,2.504845500000000058e+01,6.912606000000000250e+00,
4.255511800000000022e+01,2.518839699999999837e+01,5.145489999999999675e+00,
4.230838299999999919e+01,2.662273000000000067e+01,6.156857999999999720e+00,
4.106992999999999938e+01,2.535601399999999828e+01,6.098978999999999928e+00,
C576: 4.594481499999999841e+01,2.580708900000000128e+01,5.903923999999999950e+00,
4.674552599999999813e+01,2.653369500000000158e+01,5.806181999999999732e+00,
4.587015699999999896e+01,2.522455700000000078e+01,4.992373999999999867e+00,
4.500675700000000035e+01,2.632221600000000095e+01,6.082843000000000444e+00,
4.615848600000000346e+01,2.514488100000000159e+01,6.736136000000000124e+00,
C577: 1.211480099999999993e+01,2.956681700000000035e+01,5.909740000000000215e+00,
1.229260599999999926e+01,2.894908099999999962e+01,6.785031000000000034e+00,
1.276051299999999955e+01,2.924048799999999915e+01,5.101808000000000121e+00,
1.232683899999999966e+01,3.060274400000000128e+01,6.152320999999999707e+00,
1.107661300000000004e+01,2.947199900000000028e+01,5.606364000000000125e+00,
C578: 1.567327200000000076e+01,2.921578600000000137e+01,5.855368000000000350e+00,
1.524275300000000044e+01,2.956136400000000108e+01,6.790531999999999790e+00,
1.672923199999999966e+01,2.946466600000000113e+01,5.830131999999999870e+00,
1.516700200000000009e+01,2.969533300000000153e+01,5.024013000000000062e+00,

1.555312499999999964e+01,2.813992199999999855e+01,5.778703000000000145e+00,
C579: 1.998346700000000098e+01,2.966806599999999960e+01,5.992765000000000342e+00,
1.905305500000000052e+01,2.952554900000000160e+01,5.452626999999999668e+00,
2.004383599999999888e+01,3.069071299999999880e+01,6.347565999999999597e+00,
2.082570099999999869e+01,2.945925300000000036e+01,5.340696999999999584e+00,
2.000921100000000052e+01,2.899087700000000112e+01,6.840626999999999569e+00,
C580: 2.406180600000000069e+01,2.948145600000000144e+01,5.851754999999999818e+00,
2.461870100000000150e+01,2.877841199999999944e+01,6.463740999999999737e+00,
2.460328700000000168e+01,3.041963399999999851e+01,5.791890999999999678e+00,
2.308882699999999843e+01,2.965396900000000002e+01,6.301140000000000185e+00,
2.393231000000000108e+01,2.906954800000000105e+01,4.856416000000000288e+00,
C581: 2.751892899999999997e+01,2.933770499999999970e+01,5.892867999999999995e+00,
2.710788799999999910e+01,2.974448100000000039e+01,6.811828000000000216e+00,
2.856644100000000108e+01,2.961144499999999979e+01,5.813312999999999953e+00,
2.697431299999999865e+01,2.973810800000000043e+01,5.043616000000000099e+00,
2.742698000000000036e+01,2.825593299999999886e+01,5.903970000000000162e+00,
C582: 3.216051699999999869e+01,2.977979799999999955e+01,5.930238000000000120e+00,
3.286110200000000248e+01,2.978528700000000029e+01,5.102433000000000440e+00,
3.239010499999999837e+01,2.894857100000000116e+01,6.589368000000000336e+00,
3.114970800000000040e+01,2.966998999999999853e+01,5.550138999999999712e+00,
3.224204100000000039e+01,3.071183699999999916e+01,6.479377000000000386e+00,
C583: 3.581070499999999868e+01,2.948980200000000096e+01,5.851583999999999897e+00,
3.650650600000000168e+01,2.996691099999999963e+01,6.534925000000000317e+00,
3.636286700000000138e+01,2.898584400000000016e+01,5.065434999999999910e+00,
3.515925699999999665e+01,3.023913399999999996e+01,5.415600999999999665e+00,
3.521268599999999793e+01,2.876428500000000099e+01,6.394997000000000043e+00,
C584: 3.968617299999999659e+01,2.956736000000000075e+01,5.989580000000000126e+00,
3.937615900000000124e+01,2.906042899999999918e+01,6.898016000000000147e+00,
3.882543600000000339e+01,2.970840099999999850e+01,5.343599000000000210e+00,
4.043028100000000080e+01,2.896546000000000021e+01,5.477437000000000111e+00,
4.011292600000000164e+01,3.053276299999999921e+01,6.241219000000000072e+00,
C585: 4.403240900000000124e+01,2.937320400000000120e+01,5.941476999999999897e+00,
4.409512999999999749e+01,3.030007399999999862e+01,6.501754000000000033e+00,
4.469349299999999658e+01,2.942060199999999881e+01,5.082423999999999609e+00,
4.301123299999999716e+01,2.922238199999999964e+01,5.604667000000000066e+00,
4.432672699999999821e+01,2.854694500000000090e+01,6.580888999999999989e+00,
C586: 4.767153299999999660e+01,2.949390199999999851e+01,5.832863999999999827e+00,
4.846619799999999856e+01,2.876334800000000058e+01,5.714231999999999978e+00,
4.810427099999999712e+01,3.047124300000000119e+01,6.024537999999999727e+00,
4.703993200000000030e+01,2.920810799999999929e+01,6.668740999999999808e+00,
4.707771300000000281e+01,2.953178300000000078e+01,4.924890000000000434e+00,
C587: 1.002269399999999955e+01,3.270456000000000074e+01,5.895805000000000184e+00,
1.079263699999999915e+01,3.333669799999999839e+01,5.463758999999999588e+00,
9.070192999999999728e+00,3.322543000000000291e+01,5.871159999999999712e+00,
1.028243900000000011e+01,3.247331599999999696e+01,6.923879000000000339e+00,
9.946714999999999307e+00,3.178330700000000064e+01,5.327570999999999835e+00,
C588: 1.432066299999999970e+01,3.268667500000000103e+01,5.938541999999999987e+00,
1.482111199999999940e+01,3.359217399999999998e+01,5.608783999999999992e+00,
1.422413599999999967e+01,3.200156499999999937e+01,5.102403999999999940e+00,
1.333444599999999980e+01,3.293745799999999946e+01,6.317695999999999756e+00,
1.490245200000000025e+01,3.221801399999999660e+01,6.726449999999999818e+00,
C589: 1.807745500000000050e+01,3.277999599999999703e+01,5.852473999999999954e+00,
1.847805599999999870e+01,3.285836700000000121e+01,6.858426999999999829e+00,
1.888374200000000158e+01,3.289559799999999967e+01,5.135774999999999757e+00,
1.733893499999999932e+01,3.356039499999999975e+01,5.696954999999999991e+00,
1.761179200000000122e+01,3.180793500000000051e+01,5.725310999999999595e+00,
C590: 2.194865899999999925e+01,3.280030500000000160e+01,5.935283000000000087e+00,
2.115597500000000153e+01,3.318212100000000220e+01,6.571204999999999963e+00,
2.259589100000000172e+01,3.361788599999999860e+01,5.632423000000000179e+00,
2.151398599999999917e+01,3.233365899999999726e+01,5.057269999999999932e+00,
2.252855999999999881e+01,3.206551499999999777e+01,6.484020000000000117e+00,
C591: 2.618953899999999990e+01,3.287485300000000166e+01,5.982992999999999562e+00,
2.659515899999999888e+01,3.386596999999999724e+01,5.805632000000000126e+00,
2.617243300000000161e+01,3.231766100000000108e+01,5.051618999999999637e+00,
2.517921199999999970e+01,3.296241100000000301e+01,6.371277000000000079e+00,
2.681048300000000140e+01,3.235439999999999827e+01,6.705752999999999631e+00,
C592: 2.993681600000000032e+01,3.275752099999999700e+01,5.859077000000000091e+00,
2.981867400000000146e+01,3.172794499999999829e+01,5.537643000000000093e+00,
3.091659800000000047e+01,3.312143799999999771e+01,5.567071000000000325e+00,
2.984125999999999834e+01,3.281343100000000135e+01,6.937409999999999854e+00,
2.916927000000000092e+01,3.337177199999999999e+01,5.399859000000000187e+00,
C593: 3.413795100000000105e+01,3.295797100000000057e+01,6.045605000000000118e+00,
3.321062599999999776e+01,3.317770199999999647e+01,6.565967999999999805e+00,
3.464486399999999833e+01,3.388674100000000067e+01,5.801376999999999562e+00,
3.392100500000000096e+01,3.241196500000000214e+01,5.132614000000000232e+00,
3.477598400000000112e+01,3.235674999999999812e+01,6.686282000000000281e+00,
C594: 3.821118799999999993e+01,3.291250500000000301e+01,5.930957000000000257e+00,
3.896717499999999745e+01,3.306210200000000299e+01,6.695784999999999876e+00,
3.867374300000000176e+01,3.249552400000000318e+01,5.042284000000000432e+00,
3.774511400000000094e+01,3.386332500000000323e+01,5.691404999999999603e+00,
3.745638600000000196e+01,3.222519799999999890e+01,6.299731999999999665e+00,
C595: 4.203518100000000146e+01,3.276956200000000052e+01,5.868682999999999872e+00,
4.116133700000000317e+01,3.302925499999999914e+01,5.280238999999999905e+00,
4.281258700000000061e+01,3.350979000000000241e+01,5.708148000000000444e+00,
4.239383600000000030e+01,3.179041799999999895e+01,5.571236999999999995e+00,
4.176596700000000340e+01,3.274898499999999757e+01,6.920079000000000313e+00,
C596: 4.579673900000000231e+01,3.269475899999999768e+01,5.965201000000000420e+00,
4.519423799999999858e+01,3.353509999999999991e+01,5.635272999999999755e+00,
4.681989899999999949e+01,3.302407099999999929e+01,6.120327999999999768e+00,
4.577939500000000095e+01,3.191590700000000069e+01,5.209421999999999997e+00,
4.539761200000000230e+01,3.230696700000000021e+01,6.897369000000000305e+00,
C597: 1.151937799999999967e+01,3.674746100000000126e+01,5.950890000000000235e+00,
1.193673099999999998e+01,3.773744800000000055e+01,6.102329000000000114e+00,
1.228618099999999913e+01,3.608699699999999666e+01,5.557673999999999559e+00,
1.069438199999999917e+01,3.680542700000000167e+01,5.247899999999999565e+00,
1.115936899999999987e+01,3.635816700000000168e+01,6.898479000000000028e+00,
C598: 1.618983199999999911e+01,3.678625199999999751e+01,6.022573000000000398e+00,
1.526895900000000061e+01,3.644560299999999842e+01,5.559173999999999616e+00,
1.699939300000000131e+01,3.674170300000000111e+01,5.301635000000000097e+00,
1.642563300000000126e+01,3.614716899999999811e+01,6.868017000000000039e+00,
1.606693200000000132e+01,3.780843600000000038e+01,6.363076000000000398e+00,
C599: 1.988259400000000099e+01,3.595724299999999829e+01,5.918453000000000408e+00,
1.948048400000000058e+01,3.696355499999999950e+01,5.857111999999999874e+00,
2.091536999999999935e+01,3.599987099999999884e+01,6.250195999999999863e+00,
1.983539800000000142e+01,3.548416499999999729e+01,4.944259999999999877e+00,
1.929969699999999833e+01,3.537859399999999965e+01,6.626915000000000333e+00,
C600: 2.412130200000000002e+01,3.692203599999999852e+01,6.096676000000000428e+00,
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2.427583299999999866e+01,3.625468699999999700e+01,6.938791000000000153e+00,
2.491503000000000156e+01,3.677106799999999964e+01,5.372124999999999595e+00,
2.413439100000000082e+01,3.795066700000000282e+01,6.440291000000000210e+00,
2.316074700000000064e+01,3.670361400000000174e+01,5.640569000000000166e+00,
C601: 2.825480900000000162e+01,3.648913100000000043e+01,5.929406000000000176e+00,
2.719092900000000057e+01,3.644228400000000079e+01,5.722095999999999627e+00,
2.855425800000000081e+01,3.560236600000000351e+01,6.479815000000000325e+00,
2.846725899999999854e+01,3.737097099999999728e+01,6.525214000000000070e+00,
2.880560499999999990e+01,3.653908299999999798e+01,4.995726999999999585e+00,
C602: 3.181569999999999965e+01,3.633272699999999844e+01,5.941067000000000320e+00,
3.265931199999999990e+01,3.700259700000000151e+01,6.073564000000000185e+00,
3.217820900000000250e+01,3.532953400000000244e+01,5.740507000000000026e+00,
3.121192999999999884e+01,3.667252899999999727e+01,5.105739999999999945e+00,
3.121499000000000024e+01,3.632660099999999659e+01,6.845263000000000098e+00,
C603: 3.581812999999999647e+01,3.704103200000000129e+01,6.064734999999999765e+00,
3.673775499999999994e+01,3.672450099999999651e+01,5.582379000000000424e+00,
3.561085200000000128e+01,3.638144400000000189e+01,6.901678999999999675e+00,
3.498950099999999708e+01,3.699363900000000172e+01,5.365619999999999834e+00,
3.592866399999999771e+01,3.805700800000000328e+01,6.428511000000000308e+00,
C604: 4.009624399999999866e+01,3.606403300000000200e+01,5.946615999999999680e+00,
4.060756099999999691e+01,3.702078900000000061e+01,5.932324999999999626e+00,
4.057351500000000044e+01,3.540848799999999841e+01,6.667212000000000138e+00,
4.014565799999999740e+01,3.560881400000000241e+01,4.963796999999999571e+00,
3.905748499999999979e+01,3.621327500000000299e+01,6.224546000000000134e+00,
C605: 4.372705599999999748e+01,3.668899300000000352e+01,5.957428000000000168e+00,
4.322036299999999898e+01,3.631280600000000192e+01,6.840780999999999779e+00,
4.418494499999999903e+01,3.764704799999999807e+01,6.181548000000000265e+00,
4.300741599999999920e+01,3.681127200000000244e+01,5.154431999999999903e+00,
4.449450300000000169e+01,3.598391600000000068e+01,5.653133999999999659e+00,
C606: 4.822148399999999668e+01,3.638019700000000256e+01,6.075045000000000250e+00,
4.878091700000000230e+01,3.730402999999999736e+01,6.188536000000000037e+00,
4.860943400000000025e+01,3.582295599999999780e+01,5.228123000000000076e+00,
4.717298000000000258e+01,3.660955700000000235e+01,5.908924999999999983e+00,
4.832123899999999850e+01,3.578202399999999983e+01,6.975615999999999595e+00,
C607: 9.754896000000000456e+00,3.989931700000000347e+01,5.862967000000000262e+00,
9.262850999999999502e+00,4.086559700000000106e+01,5.807020999999999766e+00,
1.034493400000000030e+01,3.973773899999999770e+01,4.966680000000000206e+00,
9.007296999999999443e+00,3.911669599999999747e+01,5.950765999999999778e+00,
1.040555600000000069e+01,3.987571200000000005e+01,6.732287000000000354e+00,
C608: 1.396558100000000024e+01,3.993999399999999866e+01,5.921448999999999963e+00,
1.300397399999999948e+01,3.997100100000000111e+01,5.418797999999999782e+00,
1.404092600000000068e+01,3.902539800000000270e+01,6.500522000000000133e+00,
1.405375800000000019e+01,4.079476700000000022e+01,6.582594000000000278e+00,
1.476248499999999986e+01,3.997103400000000306e+01,5.185342000000000340e+00,
C609: 1.812271300000000096e+01,3.980742999999999654e+01,5.863715000000000011e+00,
1.871490800000000121e+01,4.068535500000000127e+01,5.626509000000000427e+00,
1.806246000000000151e+01,3.916344000000000136e+01,4.992125999999999841e+00,
1.712390699999999910e+01,4.011552799999999763e+01,6.157430999999999877e+00,
1.858841800000000077e+01,3.926662400000000019e+01,6.682240000000000180e+00,
C610: 2.167647499999999994e+01,3.968353400000000164e+01,5.881931999999999938e+00,
2.136171200000000070e+01,4.024725500000000267e+01,6.754641999999999591e+00,
2.271520100000000042e+01,3.990835799999999978e+01,5.660871000000000208e+00,
2.105642299999999878e+01,3.995419100000000157e+01,5.033723000000000170e+00,
2.156894099999999881e+01,3.862212900000000104e+01,6.082213000000000314e+00,
C611: 2.613460600000000156e+01,4.006465699999999686e+01,5.905084000000000444e+00,
2.518746900000000011e+01,3.999604899999999930e+01,5.379424000000000206e+00,
2.608699800000000124e+01,4.086846700000000254e+01,6.630917000000000172e+00,
2.693075800000000086e+01,4.026842400000000310e+01,5.196228999999999765e+00,
2.633595000000000041e+01,3.912626300000000157e+01,6.411421999999999954e+00,
C612: 3.006779900000000083e+01,3.974188500000000346e+01,5.823612999999999928e+00,
3.047991499999999832e+01,4.073027499999999890e+01,5.645004000000000133e+00,
2.993633000000000166e+01,3.922574999999999790e+01,4.877646999999999622e+00,
2.910897800000000046e+01,3.983625899999999831e+01,6.323655999999999722e+00,
3.074725799999999865e+01,3.917612199999999945e+01,6.453844000000000136e+00,
C613: 3.374230800000000130e+01,4.013111800000000073e+01,5.913100000000000023e+00,
3.382336399999999799e+01,4.106458099999999689e+01,6.459525000000000183e+00,
3.468370800000000287e+01,3.992086100000000215e+01,5.415372999999999770e+00,
3.295163099999999901e+01,4.021521599999999808e+01,5.174865999999999744e+00,
3.350962400000000230e+01,3.932636000000000109e+01,6.602636999999999645e+00,
C614: 3.834037099999999754e+01,3.984913699999999892e+01,5.863303000000000154e+00,
3.860913899999999899e+01,4.059344099999999855e+01,6.606090000000000018e+00,
3.896214599999999706e+01,3.997498699999999872e+01,4.982676999999999801e+00,
3.729630499999999671e+01,3.996932199999999824e+01,5.591342000000000034e+00,
3.849529700000000076e+01,3.885663399999999967e+01,6.275596000000000174e+00,
C615: 4.186335900000000265e+01,3.976585599999999943e+01,5.882615999999999623e+00,
4.131094699999999875e+01,4.069096100000000149e+01,5.751789999999999736e+00,
4.183738199999999807e+01,3.919169800000000237e+01,4.962582000000000271e+00,
4.141425600000000173e+01,3.918794100000000213e+01,6.684682999999999709e+00,
4.289390399999999914e+01,3.999350299999999692e+01,6.137445999999999735e+00,
C616: 4.611892199999999775e+01,4.004335700000000031e+01,5.893087999999999660e+00,
4.528863799999999884e+01,3.982238499999999704e+01,5.229541000000000217e+00,
4.596521400000000313e+01,4.101261300000000176e+01,6.354140000000000121e+00,
4.704608499999999793e+01,4.005267500000000069e+01,5.328173999999999744e+00,
4.617726199999999892e+01,3.928165099999999654e+01,6.664289000000000129e+00,
C617: 1.189260900000000021e+01,4.301525399999999877e+01,5.950056000000000012e+00,
1.259792099999999948e+01,4.371664499999999975e+01,6.384612999999999872e+00,
1.219576099999999919e+01,4.277449000000000012e+01,4.937738000000000405e+00,
1.090396800000000077e+01,4.346411799999999914e+01,5.934032000000000195e+00,
1.186716400000000071e+01,4.210969000000000051e+01,6.548157999999999923e+00,
C618: 1.561407299999999942e+01,4.323626999999999754e+01,5.897114000000000189e+00,
1.641836599999999891e+01,4.396210099999999699e+01,5.972565000000000346e+00,
1.531929700000000061e+01,4.291867500000000035e+01,6.891828000000000287e+00,
1.595510400000000040e+01,4.237462599999999924e+01,5.333558000000000021e+00,
1.476436299999999946e+01,4.368775099999999867e+01,5.396384000000000292e+00,
C619: 2.040995099999999951e+01,4.320682699999999699e+01,6.023622999999999728e+00,
2.086752699999999905e+01,4.413403499999999724e+01,5.694157999999999831e+00,
2.031774800000000170e+01,4.252810499999999649e+01,5.181608999999999909e+00,
1.942390699999999981e+01,4.341480099999999709e+01,6.428480000000000416e+00,
2.102685400000000016e+01,4.275155000000000172e+01,6.791800000000000281e+00,
C620: 2.404425700000000177e+01,4.311800099999999958e+01,5.877142000000000088e+00,
2.496118399999999937e+01,4.356519699999999773e+01,5.509204999999999686e+00,
2.378948099999999855e+01,4.225639699999999976e+01,5.269842999999999833e+00,
2.324546499999999938e+01,4.385065199999999663e+01,5.829288000000000025e+00,
2.418430800000000147e+01,4.280074100000000215e+01,6.904678999999999789e+00,
C621: 2.783280099999999990e+01,4.331057100000000304e+01,6.027581999999999773e+00,
2.702856399999999937e+01,4.366840400000000244e+01,6.662765000000000271e+00,
2.852057500000000090e+01,4.412499600000000299e+01,5.820452999999999655e+00,

2.742328300000000141e+01,4.293503199999999964e+01,5.096181999999999768e+00,
2.836387500000000017e+01,4.251113200000000347e+01,6.535464000000000162e+00,
C622: 3.221526599999999974e+01,4.357914300000000196e+01,6.062237999999999793e+00,
3.178790100000000152e+01,4.279763899999999666e+01,6.683262000000000036e+00,
3.303214700000000192e+01,4.405537600000000253e+01,6.594693000000000360e+00,
3.145180500000000023e+01,4.431758700000000317e+01,5.836318000000000339e+00,
3.258458999999999861e+01,4.314361099999999993e+01,5.139297000000000004e+00,
C623: 3.594912699999999717e+01,4.314362500000000011e+01,5.862326999999999622e+00,
3.596320999999999657e+01,4.309882199999999841e+01,6.944830999999999754e+00,
3.673828600000000222e+01,4.380410899999999685e+01,5.519778999999999769e+00,
3.499289600000000178e+01,4.352748199999999912e+01,5.526919000000000359e+00,
3.610474099999999709e+01,4.214919100000000185e+01,5.456563000000000052e+00,
C624: 3.960455600000000231e+01,4.344926099999999991e+01,6.062883000000000244e+00,
4.052055599999999913e+01,4.387679899999999833e+01,6.459164999999999601e+00,
3.984879000000000104e+01,4.266684200000000260e+01,5.350817000000000156e+00,
3.903166099999999972e+01,4.422447199999999867e+01,5.565358999999999945e+00,
3.901928099999999944e+01,4.303174200000000127e+01,6.875957999999999792e+00,
C625: 4.376627299999999821e+01,4.300812499999999972e+01,5.996125000000000149e+00,
4.399642800000000165e+01,4.406823899999999838e+01,6.043817999999999913e+00,
4.424660699999999736e+01,4.257191900000000118e+01,5.127350999999999992e+00,
4.269172900000000226e+01,4.287450599999999667e+01,5.922894000000000325e+00,
4.413060099999999863e+01,4.251835700000000173e+01,6.892953000000000330e+00,
C626: 4.750550599999999690e+01,4.345442200000000099e+01,5.864874000000000365e+00,
4.721042899999999776e+01,4.317280000000000229e+01,6.870610000000000106e+00,
4.824087099999999850e+01,4.425186200000000269e+01,5.914162000000000141e+00,
4.663430900000000179e+01,4.379819499999999977e+01,5.316853000000000051e+00,
4.793599900000000247e+01,4.259497900000000215e+01,5.360877000000000336e+00,
C627: 1.027482799999999941e+01,4.707945600000000042e+01,5.982681999999999611e+00,
9.727874999999999162e+00,4.628472099999999756e+01,5.484455999999999776e+00,
1.067283100000000040e+01,4.670845800000000025e+01,6.921560999999999630e+00,
9.607108000000000203e+00,4.791406599999999827e+01,6.173583999999999961e+00,
1.109279000000000082e+01,4.740760000000000218e+01,5.349370999999999654e+00,
C628: 1.393565399999999954e+01,4.663013000000000119e+01,5.945060999999999929e+00,
1.491694700000000040e+01,4.666279699999999764e+01,5.486345000000000027e+00,
1.359166800000000030e+01,4.763882699999999915e+01,6.151552999999999827e+00,
1.399252099999999999e+01,4.607033500000000004e+01,6.873456000000000010e+00,
1.323817200000000049e+01,4.613865299999999792e+01,5.274856999999999907e+00,
C629: 1.772965100000000049e+01,4.731103300000000189e+01,5.994352000000000125e+00,
1.875315000000000154e+01,4.705265500000000145e+01,5.739316999999999780e+00,
1.708179200000000009e+01,4.710229600000000261e+01,5.149892999999999610e+00,
1.767517799999999895e+01,4.836479400000000339e+01,6.246076999999999657e+00,
1.741004200000000068e+01,4.671765800000000013e+01,6.845391000000000226e+00,
C630: 2.232758400000000165e+01,4.694576299999999947e+01,5.920728000000000435e+00,
2.212924299999999889e+01,4.797509800000000268e+01,6.201560999999999879e+00,
2.309904300000000177e+01,4.691895600000000144e+01,5.157879999999999576e+00,
2.141839699999999880e+01,4.649631699999999768e+01,5.533876000000000239e+00,
2.266104500000000144e+01,4.639034099999999938e+01,6.792070999999999970e+00,
C631: 2.594668300000000016e+01,4.662878400000000312e+01,5.984558999999999962e+00,
2.692381400000000014e+01,4.623116699999999923e+01,6.239911000000000207e+00,
2.601691699999999940e+01,4.770550000000000068e+01,5.873349000000000153e+00,
2.524339700000000164e+01,4.639305499999999682e+01,6.776222999999999885e+00,
2.560666099999999901e+01,4.618314800000000275e+01,5.055642999999999887e+00,
C632: 2.993153200000000069e+01,4.737093399999999832e+01,6.022403999999999868e+00,
2.906930300000000145e+01,4.718328300000000297e+01,5.390505000000000102e+00,
3.086148400000000080e+01,4.726810400000000101e+01,5.472250999999999976e+00,
2.993139899999999898e+01,4.665072599999999881e+01,6.834590000000000387e+00,
2.986672700000000091e+01,4.836462300000000170e+01,6.449142000000000152e+00,
C633: 3.414578499999999650e+01,4.686579199999999901e+01,5.914470999999999812e+00,
3.480879900000000049e+01,4.695571199999999834e+01,5.060412999999999606e+00,
3.403631599999999935e+01,4.783316599999999852e+01,6.393716999999999651e+00,
3.456269499999999795e+01,4.615714499999999987e+01,6.623553000000000246e+00,
3.317178499999999985e+01,4.651732400000000212e+01,5.586903000000000397e+00,
C634: 3.773596799999999973e+01,4.688906899999999922e+01,5.967791000000000068e+00,
3.752764499999999970e+01,4.795173599999999681e+01,6.025872999999999813e+00,
3.879886299999999721e+01,4.673903200000000169e+01,5.804286000000000278e+00,
3.717721199999999726e+01,4.644808400000000148e+01,5.149085999999999608e+00,
3.744476900000000086e+01,4.641077599999999848e+01,6.897473999999999883e+00,
C635: 4.227544699999999978e+01,4.708330300000000079e+01,6.006872999999999685e+00,
4.301894899999999922e+01,4.707162100000000038e+01,5.216442999999999941e+00,
4.202730300000000341e+01,4.810922399999999755e+01,6.257509999999999906e+00,
4.267456599999999867e+01,4.658201499999999839e+01,6.883657000000000359e+00,
4.138145500000000254e+01,4.656638199999999728e+01,5.671175999999999995e+00,
C636: 4.603628299999999740e+01,4.681443600000000060e+01,5.883968000000000309e+00,
4.545765300000000053e+01,4.609485000000000099e+01,5.313695000000000057e+00,
4.624935599999999880e+01,4.640725700000000131e+01,6.867513999999999896e+00,
4.546952799999999684e+01,4.773355899999999963e+01,5.989567000000000085e+00,
4.697050800000000237e+01,4.702001500000000078e+01,5.370472999999999608e+00,
C637: 1.156512099999999954e+01,5.046833099999999916e+01,5.880841000000000207e+00,
1.170769400000000005e+01,4.989166600000000074e+01,6.790057000000000009e+00,
1.212844699999999953e+01,5.139423699999999684e+01,5.948688999999999893e+00,
1.051004900000000042e+01,5.069351799999999741e+01,5.756560000000000343e+00,
1.191493900000000039e+01,4.989223899999999645e+01,5.029533999999999949e+00,
C638: 1.533655599999999986e+01,5.008728700000000345e+01,5.860407000000000366e+00,
1.534473700000000029e+01,5.109678000000000253e+01,6.260472000000000037e+00,
1.442164700000000011e+01,4.992889600000000172e+01,5.298998000000000097e+00,
1.539016499999999965e+01,4.937453899999999862e+01,6.677692999999999657e+00,
1.619036399999999887e+01,4.995194800000000157e+01,5.203536999999999857e+00,
C639: 1.996429799999999943e+01,5.027467599999999948e+01,5.878465000000000273e+00,
2.035994600000000077e+01,4.953571999999999775e+01,5.189631999999999579e+00,
1.896235700000000080e+01,5.055894299999999930e+01,5.570846000000000409e+00,
2.060664600000000135e+01,5.115021899999999988e+01,5.879241999999999635e+00,
1.992833500000000058e+01,4.985231000000000279e+01,6.877608999999999639e+00,
C640: 2.423198100000000110e+01,5.006554299999999813e+01,5.861966999999999928e+00,
2.480744800000000083e+01,5.088814099999999740e+01,5.449482999999999855e+00,
2.410107800000000111e+01,4.929924700000000115e+01,5.105192999999999870e+00,
2.325904600000000144e+01,5.042922399999999783e+01,6.178745000000000154e+00,
2.475605200000000039e+01,4.964800699999999978e+01,6.716313999999999673e+00,
C641: 2.788057900000000089e+01,5.034213499999999897e+01,5.928129000000000204e+00,
2.880909000000000120e+01,5.080942600000000198e+01,6.240260000000000140e+00,
2.807019899999999879e+01,4.967245100000000235e+01,5.095044999999999824e+00,
2.717697400000000130e+01,5.111068699999999865e+01,5.624003000000000085e+00,
2.746330199999999877e+01,4.977826199999999801e+01,6.757083999999999868e+00,
C642: 3.176701800000000020e+01,5.050060400000000271e+01,5.867689999999999628e+00,
3.137626699999999857e+01,5.028708900000000170e+01,6.857798999999999978e+00,
3.222319300000000197e+01,5.148594400000000348e+01,5.864639000000000379e+00,
3.095695200000000114e+01,5.047138499999999794e+01,5.145976000000000106e+00,
3.251201799999999764e+01,4.975567499999999654e+01,5.606340000000000323e+00,
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C643: 3.578203299999999842e+01,5.017433100000000223e+01,5.884083000000000396e+00,
3.667784199999999828e+01,5.078775600000000168e+01,5.903938000000000130e+00,
3.584291199999999833e+01,4.947287299999999988e+01,5.057590000000000252e+00,
3.491142599999999874e+01,5.081032600000000343e+01,5.755830999999999698e+00,
3.569757200000000097e+01,4.962884400000000085e+01,6.819365999999999595e+00,
C644: 3.991655999999999693e+01,5.025295700000000210e+01,5.878820000000000157e+00,
4.089211999999999847e+01,5.014535500000000212e+01,5.415723999999999982e+00,
3.987945700000000215e+01,4.965590499999999707e+01,6.784647999999999790e+00,
3.914826699999999704e+01,4.991320600000000240e+01,5.191641999999999868e+00,
3.974539299999999997e+01,5.129649400000000270e+01,6.125199000000000282e+00,
C645: 4.394954299999999847e+01,5.035110999999999848e+01,5.917971999999999788e+00,
4.478003900000000215e+01,5.097681000000000040e+01,5.606787999999999883e+00,
4.360656900000000036e+01,4.975862399999999752e+01,5.075657999999999781e+00,
4.313794500000000198e+01,5.097961999999999705e+01,6.272135999999999711e+00,
4.427096199999999726e+01,4.969316599999999795e+01,6.719179999999999708e+00,
C646: 4.765114499999999964e+01,5.012536500000000217e+01,5.892220000000000013e+00,
4.727814999999999657e+01,5.113736300000000057e+01,5.766677999999999749e+00,
4.871760499999999894e+01,5.015550199999999847e+01,6.094721999999999973e+00,
4.747180300000000130e+01,4.955689399999999978e+01,4.984900999999999804e+00,
4.713877399999999795e+01,4.965225199999999717e+01,6.724705000000000155e+00,
C647: 8.192325999999999553e+00,1.055196899999999971e+01,9.372058000000000888e+00,
8.722799000000000191e+00,1.006124299999999927e+01,1.018262499999999982e+01,
8.879388999999999754e+00,1.074297499999999950e+01,8.553373000000000559e+00,
7.779682000000000208e+00,1.149192799999999970e+01,9.726138000000000616e+00,
7.387055000000000149e+00,9.910845000000000127e+00,9.026092000000000226e+00,
C648: 1.194907500000000056e+01,1.059153799999999990e+01,9.585178000000000864e+00,
1.186239600000000038e+01,1.166988599999999998e+01,9.673780000000000712e+00,
1.299865600000000043e+01,1.031322300000000070e+01,9.576017000000000223e+00,
1.148030200000000001e+01,1.026622200000000085e+01,8.661222000000000421e+00,
1.145624100000000034e+01,1.011761300000000041e+01,1.042880500000000055e+01,
C649: 1.635055499999999995e+01,1.060108899999999998e+01,9.462626000000000204e+00,
1.650483399999999889e+01,9.876523000000000607e+00,8.668630999999999531e+00,
1.546553800000000045e+01,1.119151600000000002e+01,9.245473999999999748e+00,
1.721361500000000078e+01,1.125579800000000041e+01,9.525610999999999606e+00,
1.621721799999999902e+01,1.008101199999999942e+01,1.040641600000000011e+01,
C650: 1.996912499999999824e+01,1.017344399999999993e+01,9.338938999999999879e+00,
2.096706400000000059e+01,9.754611999999999838e+00,9.426671999999999940e+00,
1.933325699999999969e+01,9.482801000000000258e+00,8.793143999999999849e+00,
2.001837099999999836e+01,1.111816299999999913e+01,8.805407999999999902e+00,
1.955790700000000015e+01,1.033850799999999914e+01,1.033025899999999986e+01,
C651: 2.396314399999999978e+01,1.105444100000000063e+01,9.616331999999999880e+00,
2.494382099999999980e+01,1.086682000000000059e+01,9.189861000000000502e+00,
2.320223199999999864e+01,1.088349999999999973e+01,8.860951999999999273e+00,
2.390850999999999971e+01,1.208378300000000038e+01,9.955830000000000624e+00,
2.379728899999999925e+01,1.038479099999999988e+01,1.045486799999999938e+01,
C652: 2.802246099999999984e+01,1.021390199999999915e+01,9.429092000000000695e+00,
2.869378499999999832e+01,1.030168100000000031e+01,1.027772500000000022e+01,
2.855566699999999969e+01,9.781181000000000125e+00,8.587851000000000568e+00,
2.765277800000000141e+01,1.119743800000000000e+01,9.155115000000000336e+00,
2.718584800000000001e+01,9.574697000000000457e+00,9.694990000000000663e+00,
C653: 3.174800499999999914e+01,1.034605099999999922e+01,9.370176999999999978e+00,
3.142122399999999871e+01,1.006909699999999930e+01,1.036797400000000025e+01,
3.257072800000000257e+01,1.105115299999999934e+01,9.440410999999999220e+00,
3.092459799999999959e+01,1.080551700000000004e+01,8.832898999999999390e+00,
3.207702199999999948e+01,9.458826999999999430e+00,8.837512000000000256e+00,
C654: 3.594450599999999696e+01,1.031021600000000049e+01,9.591101999999999350e+00,
3.589754200000000139e+01,1.139445399999999964e+01,9.553798000000000457e+00,
3.626239799999999747e+01,9.929622000000000170e+00,8.624962999999999269e+00,
3.496277400000000313e+01,9.913372000000000739e+00,9.831578000000000372e+00,
3.665541100000000085e+01,1.000392599999999987e+01,1.035268499999999925e+01,
C655: 4.000763299999999845e+01,1.010655200000000065e+01,9.354872000000000298e+00,
4.030215199999999953e+01,1.101822699999999955e+01,8.843438000000000798e+00,
4.077730400000000088e+01,9.351872999999999436e+00,9.223836999999999620e+00,
3.907218300000000255e+01,9.745556000000000552e+00,8.938026999999999944e+00,
3.987684500000000298e+01,1.031130600000000008e+01,1.041321499999999922e+01,
C656: 4.362367799999999818e+01,1.077014199999999988e+01,9.458771999999999736e+00,
4.409150700000000001e+01,1.164447799999999944e+01,9.899902000000000868e+00,
4.435341700000000031e+01,1.023483899999999913e+01,8.858598999999999890e+00,
4.279829399999999850e+01,1.108468300000000006e+01,8.828231999999999857e+00,
4.325357499999999789e+01,1.011922799999999967e+01,1.024515899999999924e+01,
C657: 4.812525200000000325e+01,1.049191700000000083e+01,9.581398999999999333e+00,
4.865279000000000309e+01,1.105820399999999992e+01,1.034327799999999975e+01,
4.884388700000000227e+01,9.992136000000000351e+00,8.938732999999999151e+00,
4.751588699999999932e+01,1.116657799999999945e+01,8.987076999999999316e+00,
4.748742399999999719e+01,9.752444000000000557e+00,1.005649700000000024e+01,
C658: 9.667018000000000555e+00,1.403639300000000034e+01,9.317645000000000621e+00,
8.713824000000000680e+00,1.403309899999999999e+01,9.837704999999999700e+00,
9.634327000000000751e+00,1.475873900000000027e+01,8.507839999999999847e+00,
9.862902999999999309e+00,1.304899400000000043e+01,8.912362999999999147e+00,
1.045734400000000086e+01,1.430293799999999926e+01,1.001071800000000067e+01,
C659: 1.379044200000000053e+01,1.436251399999999911e+01,9.506752000000000535e+00,
1.386339500000000058e+01,1.510140299999999947e+01,1.029884099999999947e+01,
1.392598599999999998e+01,1.484821900000000028e+01,8.544954000000000605e+00,
1.281333399999999934e+01,1.389135199999999948e+01,9.538667999999999481e+00,
1.456236200000000025e+01,1.360728100000000040e+01,9.642452000000000467e+00,
C660: 1.804271599999999864e+01,1.416225799999999957e+01,9.329409999999999314e+00,
1.710392900000000083e+01,1.384365999999999985e+01,9.088186000000000320e+00,
1.852147000000000077e+01,1.457564299999999946e+01,8.448285999999999518e+00,
1.862292400000000114e+01,1.332367299999999943e+01,9.700941000000000258e+00,
1.797665900000000150e+01,1.492677600000000027e+01,1.009601299999999924e+01,
C661: 2.157290800000000175e+01,1.406345300000000087e+01,9.355508999999999631e+00,
2.236904099999999929e+01,1.358835299999999968e+01,8.790905000000000413e+00,
2.098177899999999951e+01,1.330299399999999999e+01,9.855036999999999381e+00,
2.094128699999999910e+01,1.462568699999999922e+01,8.677509000000000583e+00,
2.200506000000000029e+01,1.473331600000000030e+01,1.009174499999999952e+01,
C662: 2.626324899999999829e+01,1.431221299999999985e+01,9.454257999999999384e+00,
2.605104599999999948e+01,1.506620999999999988e+01,1.020595900000000000e+01,
2.687716199999999844e+01,1.474316299999999913e+01,8.671117999999999881e+00,
2.533054699999999926e+01,1.395756500000000067e+01,9.025964000000000098e+00,
2.679077900000000056e+01,1.348144199999999948e+01,9.912017999999999773e+00,
C663: 2.998293500000000122e+01,1.380751500000000043e+01,9.303867000000000331e+00,
2.919172899999999871e+01,1.310100000000000087e+01,9.532292999999999239e+00,
2.961697699999999855e+01,1.454300600000000010e+01,8.594680999999999571e+00,
3.082519299999999873e+01,1.327842500000000037e+01,8.869814999999999117e+00,
3.029885300000000115e+01,1.430638000000000076e+01,1.021313699999999969e+01,
C664: 3.369396400000000114e+01,1.415878700000000023e+01,9.462222000000000577e+00,
3.456062000000000012e+01,1.358380000000000010e+01,9.149972999999999246e+00,

3.401094599999999701e+01,1.495169399999999982e+01,1.013272000000000084e+01,
3.299420500000000089e+01,1.350681900000000013e+01,9.975281999999999982e+00,
3.321522600000000125e+01,1.459063800000000022e+01,8.589444000000000301e+00,
C665: 3.833955799999999670e+01,1.387400399999999934e+01,9.404505999999999588e+00,
3.793437399999999826e+01,1.434053699999999942e+01,1.029565500000000000e+01,
3.875488599999999906e+01,1.463736899999999963e+01,8.757531000000000176e+00,
3.754473399999999828e+01,1.335128800000000027e+01,8.881090999999999624e+00,
3.911387799999999970e+01,1.316657599999999917e+01,9.682259000000000171e+00,
C666: 4.189222900000000038e+01,1.420736100000000057e+01,9.304913000000000878e+00,
4.188909499999999753e+01,1.507549700000000037e+01,9.955659999999999954e+00,
4.133400799999999720e+01,1.443082099999999990e+01,8.402870000000000061e+00,
4.143622700000000236e+01,1.336481299999999983e+01,9.814298000000000854e+00,
4.291563000000000017e+01,1.395719300000000018e+01,9.042761999999999745e+00,
C667: 4.623401900000000353e+01,1.441671000000000014e+01,9.478296999999999528e+00,
4.604570999999999970e+01,1.512111200000000011e+01,1.028216100000000033e+01,
4.714740199999999959e+01,1.386672300000000035e+01,9.681834000000000273e+00,
4.633513500000000107e+01,1.495614999999999917e+01,8.541655999999999693e+00,
4.540298099999999692e+01,1.372196699999999936e+01,9.405309000000000808e+00,
C668: 5.032334199999999669e+01,1.386369999999999969e+01,9.372977000000000558e+00,
5.043335600000000341e+01,1.494015699999999924e+01,9.462526000000000437e+00,
5.117661600000000277e+01,1.345592500000000058e+01,8.839266999999999541e+00,
4.941319699999999671e+01,1.363521899999999931e+01,8.827123000000000275e+00,
5.027096099999999979e+01,1.342143399999999964e+01,1.036342999999999925e+01,
C669: 8.129282999999999149e+00,1.740592799999999940e+01,9.451150999999999414e+00,
8.123684000000000793e+00,1.846697299999999942e+01,9.682026000000000465e+00,
8.695824999999999250e+00,1.723711099999999874e+01,8.540210999999999331e+00,
7.109440000000000204e+00,1.705988500000000130e+01,9.312217000000000411e+00,
8.588224999999999554e+00,1.685966399999999865e+01,1.026978100000000005e+01,
C670: 1.179669600000000074e+01,1.732847399999999993e+01,9.370492999999999739e+00,
1.242505700000000068e+01,1.751471099999999836e+01,1.023584199999999989e+01,
1.125906699999999994e+01,1.823507299999999987e+01,9.110713999999999757e+00,
1.108795699999999940e+01,1.654103299999999876e+01,9.600647000000000375e+00,
1.241811900000000080e+01,1.702613500000000002e+01,8.533295000000000741e+00,
C671: 1.600792399999999915e+01,1.737627300000000119e+01,9.373281000000000418e+00,
1.590841900000000031e+01,1.787673699999999855e+01,1.033103499999999997e+01,
1.605837199999999854e+01,1.630410799999999938e+01,9.529294999999999405e+00,
1.691424599999999856e+01,1.771319099999999835e+01,8.879255000000000564e+00,
1.514941999999999922e+01,1.760845799999999883e+01,8.750733999999999568e+00,
C672: 2.006280399999999986e+01,1.732977899999999849e+01,9.403162000000000020e+00,
2.001044999999999874e+01,1.676519000000000048e+01,8.478137999999999508e+00,
2.096034500000000023e+01,1.705421000000000120e+01,9.948173000000000599e+00,
1.918713199999999830e+01,1.711501600000000067e+01,1.000720699999999930e+01,
2.009192600000000084e+01,1.838962199999999925e+01,9.172897000000000745e+00,
C673: 2.410413600000000045e+01,1.745047599999999832e+01,9.327567000000000164e+00,
2.385228599999999943e+01,1.801055699999999860e+01,1.022249099999999977e+01,
2.518350300000000175e+01,1.737772199999999856e+01,9.236999000000000848e+00,
2.370229000000000141e+01,1.795861000000000018e+01,8.456132999999999456e+00,
2.367905500000000174e+01,1.645364500000000163e+01,9.392381000000000313e+00,
C674: 2.845246799999999965e+01,1.722579700000000003e+01,9.375363000000000113e+00,
2.757202500000000001e+01,1.734723400000000026e+01,9.999038999999999788e+00,
2.885421399999999892e+01,1.820313099999999906e+01,9.125049999999999883e+00,
2.818103500000000139e+01,1.670445099999999883e+01,8.464363999999999777e+00,
2.920061700000000116e+01,1.665524399999999972e+01,9.915210000000000079e+00,
C675: 3.209737499999999955e+01,1.732967199999999863e+01,9.399606000000000350e+00,
3.284753899999999760e+01,1.725940999999999903e+01,1.018126200000000026e+01,
3.258664199999999767e+01,1.745286099999999863e+01,8.438477000000000672e+00,
3.145506800000000069e+01,1.818408600000000064e+01,9.590197999999999112e+00,
3.150244899999999859e+01,1.642247199999999907e+01,9.385360000000000369e+00,
C676: 3.613333500000000242e+01,1.741951399999999950e+01,9.335380000000000678e+00,
3.606547299999999723e+01,1.790644700000000000e+01,1.030320999999999998e+01,
3.674006800000000084e+01,1.802343000000000117e+01,8.667341000000000406e+00,
3.513951399999999836e+01,1.730398299999999878e+01,8.914346000000000103e+00,
3.658851899999999802e+01,1.644114199999999926e+01,9.453507999999999356e+00,
C677: 3.978907999999999845e+01,1.728451499999999896e+01,9.382289999999999353e+00,
3.896740700000000146e+01,1.683354800000000040e+01,9.928034000000000248e+00,
4.000056099999999759e+01,1.670025899999999908e+01,8.492779999999999774e+00,
4.067115400000000136e+01,1.731233100000000036e+01,1.001329100000000061e+01,
3.951655099999999976e+01,1.829376999999999853e+01,9.091701999999999728e+00,
C678: 4.398781499999999767e+01,1.731539700000000082e+01,9.371648999999999674e+00,
4.397982100000000116e+01,1.631183899999999909e+01,8.959205000000000751e+00,
4.408484200000000186e+01,1.803453899999999877e+01,8.563917999999999253e+00,
4.482571300000000036e+01,1.741926399999999830e+01,1.005400900000000064e+01,
4.306074799999999669e+01,1.749405600000000049e+01,9.906890999999999892e+00,
C679: 4.835350400000000093e+01,1.730966499999999897e+01,9.388042999999999694e+00,
4.743543199999999871e+01,1.726631499999999875e+01,9.966077999999999548e+00,
4.847891299999999859e+01,1.638344599999999929e+01,8.836349000000000231e+00,
4.919610000000000127e+01,1.744829000000000008e+01,1.005886500000000083e+01,
4.830513700000000199e+01,1.814098200000000105e+01,8.691067999999999572e+00,
C680: 1.028775199999999934e+01,2.116897000000000162e+01,9.527084000000000330e+00,
9.650622000000000256e+00,2.046691900000000075e+01,8.997757000000000005e+00,
9.682372000000000867e+00,2.176629600000000053e+01,1.020202800000000032e+01,
1.078014800000000051e+01,2.181811499999999882e+01,8.810750000000000526e+00,
1.103413300000000064e+01,2.062105199999999883e+01,1.009297699999999942e+01,
C681: 1.392224099999999964e+01,2.050614099999999951e+01,9.268392999999999660e+00,
1.310041000000000011e+01,2.082689699999999888e+01,8.636293999999999471e+00,
1.484909399999999913e+01,2.056807900000000089e+01,8.706956999999999169e+00,
1.375839099999999959e+01,1.948113400000000084e+01,9.582344000000000861e+00,
1.398261300000000062e+01,2.115378600000000020e+01,1.013706999999999958e+01,
C682: 1.773584400000000016e+01,2.072995299999999830e+01,9.527096000000000231e+00,
1.788701800000000119e+01,2.167225799999999936e+01,1.004486999999999952e+01,
1.691683599999999998e+01,2.018901699999999977e+01,9.989699999999999136e+00,
1.864413800000000165e+01,2.013919599999999832e+01,9.582350999999999175e+00,
1.749689400000000106e+01,2.092521999999999949e+01,8.486487000000000336e+00,
C683: 2.221725599999999901e+01,2.068998500000000007e+01,9.440329999999999444e+00,
2.285083500000000001e+01,2.053543900000000022e+01,1.030761000000000038e+01,
2.269815900000000042e+01,2.138539400000000157e+01,8.759624999999999773e+00,
2.126018699999999839e+01,2.109543899999999894e+01,9.752164000000000499e+00,
2.206024599999999936e+01,1.974230500000000177e+01,8.935864000000000473e+00,
C684: 2.588385399999999947e+01,2.057249699999999848e+01,9.325409999999999755e+00,
2.554646299999999925e+01,2.108706300000000056e+01,1.021882899999999950e+01,
2.637400999999999840e+01,1.964161400000000057e+01,9.591521000000000186e+00,
2.658472599999999986e+01,2.120539499999999933e+01,8.789362000000000563e+00,
2.503215799999999902e+01,2.036170299999999855e+01,8.686915000000000830e+00,
C685: 2.991976000000000013e+01,2.142071999999999932e+01,9.574768999999999863e+00,
2.999897299999999944e+01,2.237882400000000160e+01,1.007792599999999972e+01,
2.974125899999999945e+01,2.158427199999999857e+01,8.516688999999999510e+00,
2.909429700000000096e+01,2.085401299999999836e+01,9.994265000000000398e+00,
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3.084272199999999842e+01,2.086402199999999851e+01,9.702830000000000510e+00,
C686: 3.407336500000000257e+01,2.041546900000000164e+01,9.323622000000000298e+00,
3.420740299999999934e+01,2.108152000000000115e+01,1.016924999999999990e+01,
3.412299600000000055e+01,1.938369300000000095e+01,9.650463000000000235e+00,
3.485269199999999756e+01,2.059933799999999948e+01,8.591412000000000049e+00,
3.310639799999999866e+01,2.060120200000000068e+01,8.866203999999999752e+00,
C687: 3.765912200000000354e+01,2.100071900000000014e+01,9.441038999999999959e+00,
3.718126800000000287e+01,2.121414199999999894e+01,8.489895000000000636e+00,
3.860518600000000333e+01,2.049987099999999884e+01,9.262862999999999403e+00,
3.701636500000000041e+01,2.036055199999999843e+01,1.003699600000000025e+01,
3.783897699999999986e+01,2.193004799999999932e+01,9.971759000000000484e+00,
C688: 4.183188899999999677e+01,2.056189099999999925e+01,9.528717000000000326e+00,
4.172321399999999869e+01,2.093519200000000069e+01,8.514974999999999739e+00,
4.269111000000000189e+01,1.990192899999999909e+01,9.580280999999999381e+00,
4.197721800000000059e+01,2.139911199999999880e+01,1.020413100000000028e+01,
4.093496400000000079e+01,2.002117900000000006e+01,9.811019999999999186e+00,
C689: 4.601509999999999678e+01,2.038948399999999950e+01,9.281527000000000527e+00,
4.502251700000000056e+01,2.042127599999999887e+01,8.842802000000000717e+00,
4.602846900000000119e+01,2.098929499999999848e+01,1.018489899999999970e+01,
4.673160800000000137e+01,2.079300599999999832e+01,8.573843000000000103e+00,
4.627381499999999903e+01,1.936287000000000091e+01,9.516071999999999420e+00,
C690: 4.953449599999999720e+01,2.126768600000000120e+01,9.485951000000000022e+00,
4.888901500000000055e+01,2.064116699999999938e+01,1.009397500000000036e+01,
5.037559100000000001e+01,2.068025000000000091e+01,9.130103000000000080e+00,
4.990085400000000249e+01,2.209749100000000155e+01,1.008286200000000044e+01,
4.897737099999999799e+01,2.165052899999999880e+01,8.636445999999999401e+00,
C691: 7.950345999999999691e+00,2.463753300000000124e+01,9.448394000000000403e+00,
8.816598000000000823e+00,2.446584100000000106e+01,1.008054899999999954e+01,
7.378608999999999973e+00,2.547476800000000097e+01,9.837533999999999779e+00,
7.328574999999999839e+00,2.374728500000000153e+01,9.437530000000000641e+00,
8.279495999999999967e+00,2.486173000000000144e+01,8.437972999999999502e+00,
C692: 1.208956099999999978e+01,2.445758599999999916e+01,9.325481999999999161e+00,
1.122071200000000069e+01,2.422420899999999833e+01,8.717613999999999308e+00,
1.178147099999999980e+01,2.505844499999999897e+01,1.017452800000000046e+01,
1.280509999999999948e+01,2.501147100000000023e+01,8.728300000000000836e+00,
1.254480000000000040e+01,2.353629600000000011e+01,9.675148000000000081e+00,
C693: 1.567366400000000048e+01,2.416787700000000072e+01,9.323926999999999410e+00,
1.486841100000000004e+01,2.418111199999999883e+01,1.004910399999999981e+01,
1.662800999999999974e+01,2.420972099999999827e+01,9.839804000000000883e+00,
1.558476699999999937e+01,2.502260300000000015e+01,8.661879000000000772e+00,
1.561781000000000041e+01,2.325192699999999846e+01,8.744498000000000104e+00,
C694: 2.018238699999999852e+01,2.449470799999999926e+01,9.483914999999999651e+00,
2.006311000000000178e+01,2.523165399999999892e+01,1.027233099999999943e+01,
2.046238800000000069e+01,2.499178600000000117e+01,8.559962000000000515e+00,
1.924528499999999909e+01,2.396526300000000020e+01,9.339498000000000744e+00,
2.095726200000000006e+01,2.378762299999999996e+01,9.763607999999999620e+00,
C695: 2.409437499999999943e+01,2.425919999999999987e+01,9.295325000000000060e+00,
2.376647900000000035e+01,2.477616000000000085e+01,1.019100399999999951e+01,
2.453387599999999935e+01,2.497262299999999868e+01,8.606263999999999470e+00,
2.324043400000000048e+01,2.378262399999999843e+01,8.824730000000000629e+00,
2.482981699999999847e+01,2.350521699999999825e+01,9.557242000000000459e+00,
C696: 2.778563700000000125e+01,2.453726899999999844e+01,9.395431999999999562e+00,
2.804969300000000132e+01,2.516753900000000144e+01,1.023869700000000016e+01,
2.868904799999999966e+01,2.424246000000000123e+01,8.870015000000000427e+00,
2.714089500000000044e+01,2.508687199999999962e+01,8.717753999999999337e+00,
2.726760099999999909e+01,2.365149699999999910e+01,9.748981999999999815e+00,
C697: 3.246781099999999753e+01,2.428650400000000076e+01,9.389080999999999122e+00,
3.214726600000000190e+01,2.493611399999999989e+01,1.019758500000000012e+01,
3.309721300000000355e+01,2.484283200000000136e+01,8.702415000000000234e+00,
3.159608800000000173e+01,2.391902800000000084e+01,8.856317000000000661e+00,
3.302359700000000231e+01,2.344698299999999946e+01,9.794620000000000104e+00,
C698: 3.597816600000000165e+01,2.433979499999999874e+01,9.295080999999999705e+00,
3.683265999999999707e+01,2.418973899999999944e+01,9.947018999999999167e+00,
3.537763100000000094e+01,2.343594500000000025e+01,9.271653000000000588e+00,
3.633045899999999762e+01,2.456466199999999844e+01,8.293836000000000652e+00,
3.538198200000000071e+01,2.516831799999999930e+01,9.663050000000000139e+00,
C699: 4.017915800000000104e+01,2.458630300000000091e+01,9.467470999999999748e+00,
3.987234000000000123e+01,2.520567399999999836e+01,1.030476700000000001e+01,
4.117714900000000000e+01,2.419896200000000164e+01,9.649324000000000012e+00,
4.018104399999999998e+01,2.517997700000000094e+01,8.558414000000000854e+00,
3.948512399999999900e+01,2.375878200000000007e+01,9.355845999999999663e+00,
C700: 4.443114200000000125e+01,2.388235099999999989e+01,9.352669999999999817e+00,
4.484160500000000127e+01,2.414645399999999853e+01,8.383689000000000391e+00,
4.361950300000000169e+01,2.317373399999999961e+01,9.218840999999999397e+00,
4.405420199999999653e+01,2.477498800000000045e+01,9.841661000000000215e+00,
4.520682899999999904e+01,2.343211000000000155e+01,9.963058000000000192e+00,
C701: 4.800367899999999821e+01,2.459394500000000150e+01,9.336911999999999878e+00,
4.794237900000000252e+01,2.502584999999999837e+01,1.033048900000000003e+01,
4.757963000000000164e+01,2.528422899999999984e+01,8.615043999999999258e+00,
4.745674600000000254e+01,2.365700700000000012e+01,9.308481000000000449e+00,
4.904466500000000195e+01,2.441072199999999981e+01,9.088447999999999638e+00,
C702: 9.709645000000000081e+00,2.783128400000000013e+01,9.310726000000000724e+00,
1.052301800000000043e+01,2.832849699999999871e+01,9.829696000000000211e+00,
9.505727999999999511e+00,2.834943399999999869e+01,8.378590000000000870e+00,
8.820902000000000243e+00,2.784336199999999906e+01,9.934518999999999878e+00,
9.992117999999999611e+00,2.680432800000000171e+01,9.102297999999999334e+00,
C703: 1.394311599999999984e+01,2.757215499999999864e+01,9.432562000000000779e+00,
1.421216599999999985e+01,2.862014699999999934e+01,9.519311999999999330e+00,
1.379753099999999932e+01,2.732492299999999830e+01,8.385733999999999355e+00,
1.302378599999999942e+01,2.738704800000000006e+01,9.979464999999999364e+00,
1.474080999999999975e+01,2.696185499999999990e+01,9.842109000000000663e+00,
C704: 1.780496000000000123e+01,2.747591800000000006e+01,9.361148000000000025e+00,
1.873989900000000119e+01,2.745037299999999902e+01,9.911922999999999817e+00,
1.793523199999999918e+01,2.805611299999999986e+01,8.452586000000000155e+00,
1.703715000000000046e+01,2.793576600000000099e+01,9.975108000000000530e+00,
1.750979600000000147e+01,2.646343900000000104e+01,9.107357999999999620e+00,
C705: 2.180583299999999980e+01,2.767255499999999913e+01,9.350517999999999219e+00,
2.121644799999999975e+01,2.774941099999999850e+01,1.025832800000000056e+01,
2.245485899999999901e+01,2.853863700000000136e+01,9.263593000000000188e+00,
2.114108099999999979e+01,2.763071100000000158e+01,8.493411000000000044e+00,
2.240882900000000078e+01,2.677086699999999908e+01,9.383485999999999549e+00,
C706: 2.575064700000000073e+01,2.758875799999999856e+01,9.456562999999999164e+00,
2.666577200000000047e+01,2.737460899999999953e+01,9.999928999999999846e+00,
2.580455100000000002e+01,2.714868399999999937e+01,8.465858000000000771e+00,
2.562854199999999949e+01,2.866370200000000068e+01,9.366137000000000157e+00,
2.490420500000000104e+01,2.717300200000000032e+01,9.994058000000000774e+00,
C707: 2.993981300000000090e+01,2.766110600000000019e+01,9.308799999999999741e+00,

2.978331899999999877e+01,2.822073800000000077e+01,1.022570100000000082e+01,
3.056443200000000004e+01,2.824129100000000037e+01,8.636981999999999715e+00,
2.898138499999999951e+01,2.747251500000000135e+01,8.834543999999999286e+00,
3.042512200000000178e+01,2.671578500000000034e+01,9.530730000000000146e+00,
C708: 3.355413800000000180e+01,2.784578099999999878e+01,9.426823999999999870e+00,
3.289882399999999762e+01,2.737265199999999865e+01,1.015138100000000065e+01,
3.435138299999999845e+01,2.836773900000000026e+01,9.946626999999999441e+00,
3.298693000000000097e+01,2.855461000000000027e+01,8.833014000000000365e+00,
3.398340199999999811e+01,2.709137799999999885e+01,8.774915999999999272e+00,
C709: 3.781509599999999693e+01,2.752738499999999888e+01,9.362002000000000379e+00,
3.777145800000000264e+01,2.826087100000000163e+01,8.562682999999999822e+00,
3.854797899999999800e+01,2.784017700000000062e+01,1.009869400000000006e+01,
3.810026899999999728e+01,2.656379099999999838e+01,8.953625000000000611e+00,
3.683801700000000068e+01,2.744694099999999892e+01,9.828077000000000396e+00,
C710: 4.188234700000000288e+01,2.769071100000000030e+01,9.329454000000000136e+00,
4.124404100000000284e+01,2.756782099999999858e+01,1.019889000000000046e+01,
4.255800299999999936e+01,2.852466700000000088e+01,9.490031999999999357e+00,
4.126900499999999994e+01,2.788422100000000015e+01,8.454454999999999387e+00,
4.245864300000000213e+01,2.678380100000000041e+01,9.173076999999999259e+00,
C711: 4.559842900000000299e+01,2.744827400000000139e+01,9.380732999999999322e+00,
4.485131299999999754e+01,2.738218499999999977e+01,1.016525900000000071e+01,
4.544275999999999982e+01,2.664685700000000068e+01,8.666463000000000250e+00,
4.659019599999999883e+01,2.736301100000000019e+01,9.814011000000000706e+00,
4.550705700000000320e+01,2.840514299999999892e+01,8.875633000000000550e+00,
C712: 5.011433799999999650e+01,2.762201800000000063e+01,9.356412999999999869e+00,
5.078195199999999687e+01,2.847850000000000037e+01,9.361145000000000493e+00,
5.050698400000000277e+01,2.685212200000000138e+01,1.001399400000000028e+01,
5.003448999999999813e+01,2.723008499999999898e+01,8.346735999999999933e+00,
4.913176800000000100e+01,2.792751600000000067e+01,9.703753000000000739e+00,
C713: 8.216108000000000189e+00,3.111320800000000020e+01,9.377309000000000339e+00,
8.610008999999999801e+00,3.056509399999999843e+01,1.022770500000000027e+01,
9.010115000000000762e+00,3.128745999999999938e+01,8.657920999999999978e+00,
7.815457999999999572e+00,3.206443900000000014e+01,9.714223999999999748e+00,
7.426231999999999722e+00,3.053357400000000155e+01,8.909017999999999660e+00,
C714: 1.200234500000000004e+01,3.124512500000000159e+01,9.569421999999999429e+00,
1.187566499999999969e+01,3.170467100000000116e+01,8.594046999999999770e+00,
1.114780900000000052e+01,3.061266600000000082e+01,9.784798000000000329e+00,
1.208212699999999984e+01,3.202010299999999887e+01,1.032475099999999912e+01,
1.290767199999999981e+01,3.064640699999999995e+01,9.568547000000000580e+00,
C715: 1.639849600000000152e+01,3.142003300000000010e+01,9.459274000000000626e+00,
1.688319999999999865e+01,3.166339500000000129e+01,8.519057000000000102e+00,
1.545450899999999983e+01,3.092289299999999841e+01,9.257573999999999970e+00,
1.621141499999999880e+01,3.233220899999999887e+01,1.001676199999999994e+01,
1.703558400000000006e+01,3.076121699999999848e+01,1.004069499999999948e+01,
C716: 1.984322600000000136e+01,3.067479099999999903e+01,9.281321000000000154e+00,
2.084643499999999960e+01,3.060035399999999939e+01,8.873557999999999168e+00,
1.950553499999999829e+01,2.969195900000000066e+01,9.587974000000000885e+00,
1.917985200000000034e+01,3.106248000000000076e+01,8.515506999999999493e+00,
1.984659200000000112e+01,3.135036699999999854e+01,1.012983900000000048e+01,
C717: 2.380426100000000034e+01,3.152955599999999947e+01,9.588817000000000590e+00,
2.295222100000000154e+01,3.098180199999999829e+01,9.978697000000000372e+00,
2.395937999999999946e+01,3.242828300000000041e+01,1.017780800000000063e+01,
2.361739100000000136e+01,3.180302299999999960e+01,8.555256999999999223e+00,
2.469228899999999882e+01,3.090718299999999985e+01,9.641209999999999170e+00,
C718: 2.824031400000000147e+01,3.139736200000000110e+01,9.393992000000000786e+00,
2.780355399999999833e+01,3.232787600000000339e+01,9.740888999999999243e+00,
2.880701699999999832e+01,3.157428000000000168e+01,8.486508000000000607e+00,
2.744785100000000000e+01,3.068399000000000143e+01,9.188598000000000710e+00,
2.889619899999999930e+01,3.099455999999999989e+01,1.015890100000000018e+01,
C719: 3.180856800000000106e+01,3.129042700000000110e+01,9.396763999999999228e+00,
3.123015799999999942e+01,3.040780399999999872e+01,9.649162000000000461e+00,
3.283991100000000074e+01,3.100775399999999848e+01,9.208223999999999521e+00,
3.177481500000000025e+01,3.199714200000000019e+01,1.021882899999999950e+01,
3.139343300000000170e+01,3.175205700000000064e+01,8.506747999999999976e+00,
C720: 3.640895900000000296e+01,3.133100900000000166e+01,9.569831999999999894e+00,
3.722832600000000269e+01,3.081643599999999950e+01,1.006173500000000054e+01,
3.559702999999999662e+01,3.063271800000000056e+01,9.389789000000000385e+00,
3.675327599999999961e+01,3.173419799999999924e+01,8.622543999999999542e+00,
3.605751300000000015e+01,3.214123000000000019e+01,1.020134700000000016e+01,
C721: 4.016836700000000349e+01,3.083523399999999981e+01,9.320947999999999567e+00,
4.055148899999999657e+01,3.125100099999999870e+01,1.024675399999999925e+01,
3.948023299999999836e+01,3.154013099999999881e+01,8.864779999999999660e+00,
3.964934900000000084e+01,2.990465500000000176e+01,9.523977000000000359e+00,
4.099242900000000134e+01,3.064714199999999877e+01,8.639901000000000053e+00,
C722: 4.379623699999999786e+01,3.140133799999999908e+01,9.489454000000000278e+00,
4.394637600000000077e+01,3.233496800000000349e+01,1.002216199999999979e+01,
4.474473900000000270e+01,3.088065299999999880e+01,9.397339000000000553e+00,
4.340156499999999795e+01,3.161098399999999842e+01,8.500201999999999813e+00,
4.309311999999999898e+01,3.078052100000000024e+01,1.003418300000000052e+01,
C723: 4.863296100000000166e+01,3.133818499999999929e+01,9.440737999999999630e+00,
4.953230800000000045e+01,3.102645700000000062e+01,9.963469999999999160e+00,
4.890589099999999689e+01,3.185206499999999963e+01,8.523808999999999969e+00,
4.805934100000000342e+01,3.200834499999999849e+01,1.007421800000000012e+01,
4.803265600000000290e+01,3.046569600000000122e+01,9.200037999999999272e+00,
C724: 9.674528999999999712e+00,3.453674099999999925e+01,9.312445999999999557e+00,
8.761793000000000831e+00,3.445725199999999688e+01,9.895234999999999559e+00,
1.035485300000000031e+01,3.522856600000000071e+01,9.799127000000000365e+00,
9.438375999999999877e+00,3.490145299999999651e+01,8.317256000000000427e+00,
1.014407699999999934e+01,3.356125800000000226e+01,9.238222000000000378e+00,
C725: 1.363889099999999921e+01,3.490904299999999694e+01,9.402627999999999986e+00,
1.380959900000000040e+01,3.558609200000000072e+01,1.023372200000000021e+01,
1.354481700000000011e+01,3.547890900000000158e+01,8.482929000000000386e+00,
1.272653099999999959e+01,3.434730499999999864e+01,9.575998999999999484e+00,
1.447549199999999914e+01,3.422191999999999723e+01,9.318118000000000123e+00,
C726: 1.796473100000000045e+01,3.470603700000000202e+01,9.311866000000000199e+00,
1.704983599999999910e+01,3.445540100000000194e+01,8.783543999999999130e+00,
1.860075099999999892e+01,3.382823100000000238e+01,9.366203999999999752e+00,
1.772024299999999997e+01,3.504373400000000061e+01,1.031336399999999998e+01,
1.847999199999999931e+01,3.549650199999999955e+01,8.777834000000000358e+00,
C727: 2.157215899999999920e+01,3.448572699999999713e+01,9.335615000000000663e+00,
2.248979200000000134e+01,3.420600600000000213e+01,8.827114999999999156e+00,
2.101313199999999881e+01,3.359158599999999950e+01,9.591962999999999795e+00,
2.097519399999999834e+01,3.510927000000000220e+01,8.678416999999999604e+00,
2.181603899999999996e+01,3.503716399999999709e+01,1.023809600000000053e+01,
C728: 2.609767000000000081e+01,3.493714700000000306e+01,9.388161000000000200e+00,
2.519987599999999972e+01,3.513556100000000271e+01,9.965505999999999531e+00,
2.615301200000000037e+01,3.562628899999999987e+01,8.550983999999999696e+00,
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2.606684600000000174e+01,3.391823500000000280e+01,9.014449000000000822e+00,
2.697007199999999827e+01,3.506401799999999724e+01,1.002115900000000082e+01,
C729: 3.007416699999999921e+01,3.466260499999999922e+01,9.311904999999999433e+00,
3.076826499999999953e+01,3.410929000000000144e+01,8.687614999999999199e+00,
2.911618899999999854e+01,3.415563199999999711e+01,9.331927000000000305e+00,
2.994256000000000029e+01,3.566067100000000067e+01,8.905315999999999121e+00,
3.047242400000000018e+01,3.473593300000000283e+01,1.031793900000000086e+01,
C730: 3.385124900000000281e+01,3.485323199999999844e+01,9.401856999999999687e+00,
3.391015300000000110e+01,3.553987200000000257e+01,1.024033000000000015e+01,
3.483486200000000110e+01,3.443795800000000185e+01,9.203920999999999353e+00,
3.349850500000000153e+01,3.538302300000000145e+01,8.522126000000000090e+00,
3.316176399999999802e+01,3.404986099999999993e+01,9.641130999999999673e+00,
C731: 3.834139100000000155e+01,3.459420800000000185e+01,9.347080000000000055e+00,
3.740287299999999959e+01,3.412448499999999996e+01,9.070304000000000144e+00,
3.872456499999999835e+01,3.515396499999999946e+01,8.500173000000000201e+00,
3.905885200000000168e+01,3.383215400000000272e+01,9.632396999999999210e+00,
3.817330400000000168e+01,3.526946600000000132e+01,1.018017399999999917e+01,
C732: 4.193555800000000033e+01,3.460158899999999704e+01,9.308745999999999299e+00,
4.279473999999999734e+01,3.451263399999999848e+01,8.650854000000000710e+00,
4.149011099999999885e+01,3.362242200000000025e+01,9.452168000000000347e+00,
4.120767000000000024e+01,3.526698999999999984e+01,8.859747000000000483e+00,
4.225386900000000168e+01,3.500231699999999790e+01,1.026557200000000059e+01,
C733: 4.598697399999999647e+01,3.478477699999999828e+01,9.418831000000000842e+00,
4.671847100000000097e+01,3.500353900000000351e+01,1.019033600000000028e+01,
4.613007999999999953e+01,3.376847899999999925e+01,9.064121000000000095e+00,
4.611004599999999698e+01,3.547708000000000084e+01,8.591350999999999516e+00,
4.498786599999999680e+01,3.488596199999999925e+01,9.831023999999999319e+00,
C734: 5.028658099999999820e+01,3.465095900000000029e+01,9.342492000000000019e+00,
5.058887000000000000e+01,3.553504199999999713e+01,9.895981000000000805e+00,
5.042000600000000077e+01,3.482615499999999997e+01,8.279101000000000710e+00,
4.924152699999999783e+01,3.443686900000000151e+01,9.545206000000000301e+00,
5.089505100000000226e+01,3.380556200000000189e+01,9.649627000000000621e+00,
C735: 8.323836999999999264e+00,3.788645999999999958e+01,9.517267999999999617e+00,
8.024324999999999264e+00,3.891056499999999829e+01,9.718982999999999706e+00,
7.460380999999999929e+00,3.731315299999999979e+01,9.193303999999999476e+00,
8.733321000000000112e+00,3.744447100000000006e+01,1.042047699999999999e+01,
9.077826999999999202e+00,3.787750700000000137e+01,8.735673999999999495e+00,
C736: 1.221242799999999917e+01,3.823525800000000174e+01,9.366329999999999600e+00,
1.295034799999999997e+01,3.815521400000000085e+01,1.015826999999999991e+01,
1.271583200000000069e+01,3.838579599999999914e+01,8.416881000000000057e+00,
1.155702800000000074e+01,3.907756700000000194e+01,9.563143000000000171e+00,
1.162547900000000034e+01,3.732311299999999932e+01,9.323095999999999606e+00,
C737: 1.590079700000000074e+01,3.790019099999999952e+01,9.324588000000000321e+00,
1.513946999999999932e+01,3.815003000000000100e+01,8.592855000000000132e+00,
1.687929000000000102e+01,3.814832899999999682e+01,8.924675000000000580e+00,
1.585859199999999980e+01,3.683839100000000144e+01,9.542911000000000143e+00,
1.572739400000000032e+01,3.846919499999999914e+01,1.023159300000000016e+01,
C738: 2.002282900000000154e+01,3.781833100000000059e+01,9.481077000000000865e+00,
2.008954999999999913e+01,3.890175800000000095e+01,9.508850999999999942e+00,
2.003858999999999924e+01,3.748395699999999664e+01,8.448722999999999317e+00,
1.909688500000000033e+01,3.750338500000000153e+01,9.951475999999999544e+00,
2.086723399999999984e+01,3.739251099999999894e+01,1.001342700000000008e+01,
C739: 2.384027400000000085e+01,3.788009699999999924e+01,9.303216000000000818e+00,
2.311465499999999906e+01,3.833294300000000021e+01,8.634245999999999199e+00,
2.478606500000000068e+01,3.777262600000000248e+01,8.784197999999999951e+00,
2.348191800000000029e+01,3.690241199999999822e+01,9.609165000000000845e+00,
2.397265499999999960e+01,3.851742600000000039e+01,1.017186700000000066e+01,
C740: 2.753616200000000092e+01,3.827328299999999928e+01,9.421319999999999695e+00,
2.682940299999999922e+01,3.801122000000000156e+01,1.020254699999999914e+01,
2.820315499999999886e+01,3.905020300000000333e+01,9.781586000000000780e+00,
2.699882799999999961e+01,3.863600000000000279e+01,8.551614999999999966e+00,
2.811734500000000025e+01,3.739780799999999772e+01,9.148493999999999460e+00,
C741: 3.251830700000000007e+01,3.823971199999999726e+01,9.413247000000000142e+00,
3.320868600000000015e+01,3.808505600000000157e+01,1.023648099999999950e+01,
3.301749800000000334e+01,3.802592299999999881e+01,8.473760999999999655e+00,
3.217166699999999935e+01,3.926829699999999690e+01,9.414739000000000857e+00,
3.166659500000000094e+01,3.757557599999999809e+01,9.523011000000000337e+00,
C742: 3.618690200000000345e+01,3.780035500000000326e+01,9.301885999999999655e+00,
3.635387099999999805e+01,3.844389100000000070e+01,1.015977099999999922e+01,
3.706976300000000180e+01,3.781537800000000260e+01,8.669985999999999748e+00,
3.534502299999999764e+01,3.817679600000000306e+01,8.731044999999999945e+00,
3.599103399999999908e+01,3.678145700000000318e+01,9.618337000000000359e+00,
C743: 4.015361300000000000e+01,3.784451700000000329e+01,9.475818999999999548e+00,
3.932915799999999962e+01,3.768284799999999990e+01,1.016315200000000019e+01,
4.025293200000000127e+01,3.890735600000000005e+01,9.277976999999999919e+00,
3.995443300000000164e+01,3.732433799999999735e+01,8.544985999999999748e+00,
4.107493000000000194e+01,3.747164399999999773e+01,9.912107999999999919e+00,
C744: 4.435774800000000084e+01,3.802864900000000148e+01,9.327294000000000196e+00,
4.515380900000000253e+01,3.783757700000000312e+01,1.004006599999999949e+01,
4.477642199999999661e+01,3.846145899999999784e+01,8.424466000000000676e+00,
4.364229600000000175e+01,3.872023999999999688e+01,9.761200000000000543e+00,
4.385632600000000281e+01,3.709677500000000094e+01,9.085618999999999446e+00,
C745: 4.810568099999999703e+01,3.780556599999999889e+01,9.364219000000000293e+00,
4.768814900000000279e+01,3.822328100000000006e+01,1.027490099999999984e+01,
4.906920099999999962e+01,3.826476699999999909e+01,9.164407999999999888e+00,
4.743226700000000307e+01,3.800383300000000020e+01,8.536009999999999209e+00,
4.823281300000000016e+01,3.673483000000000231e+01,9.479179000000000244e+00,
C746: 9.684874000000000649e+00,4.202919599999999889e+01,9.534288000000000096e+00,
9.711845000000000283e+00,4.277362000000000108e+01,1.032387199999999972e+01,
9.709455000000000169e+00,4.252411599999999936e+01,8.568011999999999517e+00,
8.772489000000000203e+00,4.144643299999999897e+01,9.617938999999999794e+00,
1.054307099999999942e+01,4.137146599999999808e+01,9.624418000000000362e+00,
C747: 1.373820100000000011e+01,4.171421800000000246e+01,9.322407999999999362e+00,
1.284996699999999947e+01,4.124654799999999710e+01,9.733458999999999861e+00,
1.424022000000000077e+01,4.228111799999999931e+01,1.009757699999999936e+01,
1.345499200000000073e+01,4.237874000000000052e+01,8.512548000000000670e+00,
1.440510899999999950e+01,4.094534300000000115e+01,8.945237999999999801e+00,
C748: 1.735470099999999860e+01,4.143650800000000345e+01,9.464453999999999922e+00,
1.658462199999999953e+01,4.091941899999999777e+01,1.002775600000000011e+01,
1.783265300000000053e+01,4.217808600000000041e+01,1.009754500000000021e+01,
1.690861100000000050e+01,4.192589000000000254e+01,8.604086999999999819e+00,
1.809675299999999964e+01,4.071935400000000271e+01,9.126257999999999981e+00,
C749: 2.219460499999999925e+01,4.165435200000000293e+01,9.446327999999999392e+00,
2.215261599999999831e+01,4.258740000000000236e+01,9.998934000000000211e+00,
2.260870200000000096e+01,4.183598099999999675e+01,8.459671000000000163e+00,
2.119235700000000122e+01,4.124826500000000351e+01,9.347262999999999877e+00,
2.282281199999999899e+01,4.094407900000000211e+01,9.974057999999999424e+00,

C750: 2.579304000000000130e+01,4.158470100000000258e+01,9.328079999999999927e+00,
2.511171699999999873e+01,4.077594200000000058e+01,9.082819000000000642e+00,
2.551326200000000100e+01,4.202237399999999923e+01,1.027814799999999984e+01,
2.575114999999999910e+01,4.234354900000000299e+01,8.553660000000000707e+00,
2.680401000000000167e+01,4.119668599999999969e+01,9.393643000000000853e+00,
C751: 3.000459199999999882e+01,4.214632499999999737e+01,9.515059000000000822e+00,
3.085439600000000127e+01,4.147696899999999687e+01,9.603884000000000754e+00,
3.002935300000000041e+01,4.263830500000000256e+01,8.547409000000000034e+00,
3.004794599999999960e+01,4.289249699999999876e+01,1.030253100000000011e+01,
2.908625100000000074e+01,4.157559200000000033e+01,9.608361999999999625e+00,
C752: 3.418281600000000253e+01,4.160492099999999738e+01,9.346901000000000792e+00,
3.459516399999999692e+01,4.064685699999999713e+01,9.646746999999999517e+00,
3.474157000000000295e+01,4.198207500000000181e+01,8.497825000000000628e+00,
3.425101899999999944e+01,4.230813200000000052e+01,1.016928599999999960e+01,
3.314284099999999711e+01,4.147964999999999947e+01,9.063463999999999743e+00,
C753: 3.778993599999999731e+01,4.171757999999999811e+01,9.415912000000000504e+00,
3.793571099999999774e+01,4.247018800000000027e+01,1.018379000000000012e+01,
3.874319400000000257e+01,4.125406399999999962e+01,9.180058000000000717e+00,
3.738525899999999780e+01,4.218279299999999665e+01,8.523343999999999809e+00,
3.709959299999999871e+01,4.096050600000000230e+01,9.774150000000000560e+00,
C754: 4.228188999999999709e+01,4.162041299999999922e+01,9.544639000000000095e+00,
4.302027199999999851e+01,4.113626099999999752e+01,1.017411099999999990e+01,
4.135005600000000214e+01,4.106493900000000252e+01,9.585525999999999769e+00,
4.264028299999999660e+01,4.164572400000000130e+01,8.520621999999999474e+00,
4.211144099999999924e+01,4.263331500000000318e+01,9.895780000000000243e+00,
C755: 4.603500799999999771e+01,4.144830600000000231e+01,9.320069999999999411e+00,
4.682292300000000296e+01,4.079867399999999833e+01,8.951878000000000668e+00,
4.517032799999999781e+01,4.084901800000000094e+01,9.580987000000000364e+00,
4.576236000000000104e+01,4.215984699999999918e+01,8.547710999999999615e+00,
4.638407699999999778e+01,4.198389399999999938e+01,1.019509200000000071e+01,
C756: 4.963792800000000227e+01,4.179572100000000034e+01,9.476848999999999634e+00,
5.051574699999999751e+01,4.125932699999999897e+01,9.129177000000000319e+00,
4.994884600000000319e+01,4.265996599999999717e+01,1.005587200000000081e+01,
4.903822699999999912e+01,4.113927999999999940e+01,1.010022799999999954e+01,
4.905251799999999918e+01,4.212091199999999702e+01,8.622101000000000681e+00,
C757: 7.674485999999999919e+00,4.505085499999999854e+01,9.380706999999999240e+00,
8.158868000000000009e+00,4.499153700000000100e+01,1.035087500000000027e+01,
8.429038999999999504e+00,4.504644700000000057e+01,8.599479999999999791e+00,
7.096458000000000155e+00,4.596819899999999848e+01,9.320211999999999719e+00,
7.015498000000000012e+00,4.419733099999999837e+01,9.252242000000000743e+00,
C758: 1.184523500000000062e+01,4.500582500000000152e+01,9.353279999999999816e+00,
1.280026900000000012e+01,4.477584900000000090e+01,9.814372000000000540e+00,
1.191773200000000088e+01,4.594389499999999771e+01,8.812663000000000579e+00,
1.108309399999999911e+01,4.508878599999999892e+01,1.012198500000000045e+01,
1.157729199999999992e+01,4.421259500000000031e+01,8.663223999999999592e+00,
C759: 1.577482400000000062e+01,4.485237800000000163e+01,9.319708000000000325e+00,
1.533035300000000056e+01,4.533058299999999718e+01,1.018568299999999915e+01,
1.611497999999999919e+01,4.561339600000000161e+01,8.624178000000000566e+00,
1.503612200000000065e+01,4.422625299999999982e+01,8.831970000000000098e+00,
1.662033100000000019e+01,4.424938499999999664e+01,9.633770999999999418e+00,
C760: 2.004225900000000138e+01,4.504896300000000053e+01,9.385032000000000707e+00,
1.936564600000000169e+01,4.538332900000000336e+01,1.016570600000000013e+01,
1.993104999999999905e+01,4.568360700000000207e+01,8.510756999999999906e+00,
1.980762100000000103e+01,4.402244999999999919e+01,9.119516000000000844e+00,
2.106435700000000111e+01,4.510426100000000105e+01,9.745635999999999299e+00,
C761: 2.406996300000000133e+01,4.486528799999999961e+01,9.317532999999999177e+00,
2.434041399999999911e+01,4.578609600000000057e+01,8.811768000000000711e+00,
2.351480400000000159e+01,4.422996499999999997e+01,8.635678000000000409e+00,
2.345140800000000070e+01,4.509637500000000188e+01,1.017854600000000076e+01,
2.496882799999999847e+01,4.435539599999999893e+01,9.645089999999999719e+00,
C762: 2.778201500000000124e+01,4.507092500000000257e+01,9.353201000000000320e+00,
2.787759199999999993e+01,4.555714799999999798e+01,1.031887099999999968e+01,
2.874493299999999962e+01,4.507265900000000158e+01,8.851326999999999501e+00,
2.705938799999999844e+01,4.560789599999999666e+01,8.747047000000000239e+00,
2.744952899999999829e+01,4.404752899999999727e+01,9.491752999999999219e+00,
C763: 3.224729099999999704e+01,4.507737300000000147e+01,9.359149999999999636e+00,
3.309133800000000036e+01,4.544881999999999778e+01,9.930329999999999657e+00,
3.211428899999999942e+01,4.568819599999999781e+01,8.471168999999999727e+00,
3.134950600000000165e+01,4.512308699999999817e+01,9.967762000000000455e+00,
3.243357499999999760e+01,4.404883300000000190e+01,9.067422999999999789e+00,
C764: 3.595761799999999653e+01,4.492642899999999884e+01,9.326802000000000703e+00,
3.592110000000000269e+01,4.581678999999999746e+01,8.707086999999999577e+00,
3.698116300000000223e+01,4.457095999999999947e+01,9.387843000000000160e+00,
3.532673700000000139e+01,4.416229299999999824e+01,8.888469000000000619e+00,
3.559547100000000341e+01,4.516852500000000248e+01,1.031985899999999923e+01,
C765: 4.013250000000000028e+01,4.512819900000000217e+01,9.369087999999999639e+00,
3.953430800000000289e+01,4.561127199999999959e+01,1.013502199999999931e+01,
4.117170000000000130e+01,4.510731200000000030e+01,9.682771999999999935e+00,
4.004565399999999897e+01,4.568151600000000201e+01,8.438655999999999935e+00,
3.977947600000000250e+01,4.411225900000000166e+01,9.221026999999999418e+00,
C766: 4.433365700000000231e+01,4.479369400000000212e+01,9.324787999999999855e+00,
4.375150800000000118e+01,4.542648299999999750e+01,9.987474000000000629e+00,
4.488723099999999988e+01,4.541290999999999656e+01,8.626042999999999239e+00,
4.366648200000000202e+01,4.413871100000000069e+01,8.774440999999999491e+00,
4.502695299999999889e+01,4.419949499999999887e+01,9.910726000000000369e+00,
C767: 4.797548599999999652e+01,4.498863099999999804e+01,9.339688999999999908e+00,
4.752865500000000054e+01,4.400805199999999928e+01,9.214674000000000476e+00,
4.889690499999999673e+01,4.490055100000000010e+01,9.907126999999999128e+00,
4.728483800000000059e+01,4.563514800000000093e+01,9.870917000000000385e+00,
4.819100699999999904e+01,4.541501600000000138e+01,8.364613999999999550e+00,
C768: 9.771933999999999898e+00,4.824164799999999786e+01,9.338962000000000430e+00,
9.542239000000000360e+00,4.884212500000000290e+01,1.021387700000000009e+01,
1.078488499999999917e+01,4.845417299999999727e+01,9.010410000000000252e+00,
9.074611000000000871e+00,4.848631999999999920e+01,8.543542000000000414e+00,
9.684381999999999380e+00,4.718850599999999673e+01,9.584357999999999933e+00,
C769: 1.398889299999999913e+01,4.808581199999999711e+01,9.473316999999999766e+00,
1.394435700000000011e+01,4.882648600000000272e+01,8.680578999999999823e+00,
1.314804999999999957e+01,4.822914500000000260e+01,1.014480799999999938e+01,
1.491965000000000074e+01,4.819957699999999789e+01,1.001994799999999941e+01,
1.394359299999999990e+01,4.709293900000000122e+01,9.040345999999999549e+00,
C770: 1.807084800000000158e+01,4.832806800000000180e+01,9.308134000000000796e+00,
1.713747400000000098e+01,4.875773000000000224e+01,8.957162000000000290e+00,
1.838549700000000087e+01,4.883776300000000248e+01,1.021249899999999933e+01,
1.883139900000000111e+01,4.845180700000000229e+01,8.544024000000000285e+00,
1.792997899999999944e+01,4.727052400000000176e+01,9.506125000000000824e+00,
C771: 2.175558900000000051e+01,4.826638100000000264e+01,9.384213000000000804e+00,
2.092527199999999965e+01,4.787556899999999871e+01,9.963229000000000113e+00,
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2.226350000000000051e+01,4.903844500000000295e+01,9.954076000000000590e+00,
2.138229799999999869e+01,4.869010200000000310e+01,8.457300999999999291e+00,
2.245182799999999901e+01,4.746423099999999806e+01,9.160743999999999332e+00,
C772: 2.598164799999999985e+01,4.833516399999999891e+01,9.539286999999999850e+00,
2.684514100000000170e+01,4.789661499999999705e+01,1.002896299999999918e+01,
2.609407300000000163e+01,4.824694999999999823e+01,8.463499999999999801e+00,
2.590916599999999903e+01,4.938438699999999670e+01,9.808712999999999127e+00,
2.507924699999999874e+01,4.781949999999999790e+01,9.851924999999999599e+00,
C773: 2.995225200000000143e+01,4.810653400000000346e+01,9.244082000000000576e+00,
3.074646500000000060e+01,4.836661000000000143e+01,8.553117000000000303e+00,
2.901546300000000045e+01,4.818502500000000310e+01,8.701283000000000101e+00,
2.994657700000000133e+01,4.881073599999999857e+01,1.006943200000000083e+01,
3.008139699999999905e+01,4.708219700000000074e+01,9.575302999999999898e+00,
C774: 3.355740300000000076e+01,4.854583699999999880e+01,9.467364999999999142e+00,
3.312391099999999966e+01,4.884172999999999831e+01,8.516878000000000171e+00,
3.399658500000000316e+01,4.941455299999999795e+01,9.947696000000000538e+00,
3.433031799999999834e+01,4.780300100000000185e+01,9.294774999999999565e+00,
3.278671099999999683e+01,4.812838299999999947e+01,1.010746499999999948e+01,
C775: 3.808852900000000119e+01,4.821676699999999727e+01,9.418642000000000181e+00,
3.891619399999999729e+01,4.825084900000000232e+01,1.011885400000000068e+01,
3.835831600000000208e+01,4.875064499999999867e+01,8.512726000000000681e+00,
3.721469799999999850e+01,4.868192700000000173e+01,9.863955999999999946e+00,
3.786430899999999866e+01,4.718387700000000251e+01,9.175043999999999755e+00,
C776: 4.177469599999999872e+01,4.838445800000000219e+01,9.310325000000000628e+00,
4.130390200000000078e+01,4.859977200000000153e+01,1.026317500000000038e+01,
4.245794999999999675e+01,4.918837299999999857e+01,9.053824999999999790e+00,
4.101179799999999886e+01,4.830107499999999732e+01,8.542794000000000665e+00,
4.232250799999999913e+01,4.744971799999999718e+01,9.376727000000000700e+00,
C777: 4.541222900000000351e+01,4.835510899999999879e+01,9.483071999999999946e+00,
4.549642399999999753e+01,4.940144699999999744e+01,9.760486000000000217e+00,
4.508796099999999996e+01,4.828098399999999657e+01,8.450243000000000393e+00,
4.468316599999999994e+01,4.786819899999999706e+01,1.012179399999999951e+01,
4.637856500000000182e+01,4.787279000000000195e+01,9.592057999999999751e+00,
C778: 5.001917000000000257e+01,4.808488700000000193e+01,9.418917000000000428e+00,
5.067901100000000270e+01,4.893927999999999656e+01,9.536841000000000790e+00,
5.060439600000000127e+01,4.720669300000000135e+01,9.162803000000000253e+00,
4.930351999999999890e+01,4.828675499999999943e+01,8.627202999999999733e+00,
4.948725300000000260e+01,4.790709600000000279e+01,1.034901699999999991e+01,
C779: 7.950955999999999690e+00,5.179795200000000222e+01,9.381227000000000871e+00,
8.386189999999999145e+00,5.138178700000000276e+01,1.028508000000000067e+01,
8.384577000000000169e+00,5.130929799999999830e+01,8.513604000000000838e+00,
8.157700000000000173e+00,5.286315799999999854e+01,9.337455000000000283e+00,
6.877061999999999564e+00,5.163683000000000334e+01,9.388797000000000281e+00,
C780: 1.162235800000000019e+01,5.219879099999999994e+01,9.405846999999999625e+00,
1.106094900000000081e+01,5.273819499999999749e+01,1.016290099999999974e+01,
1.264426399999999973e+01,5.205628699999999753e+01,9.744649000000000783e+00,
1.162359200000000037e+01,5.276835299999999762e+01,8.481267000000000778e+00,
1.116087800000000030e+01,5.123100999999999772e+01,9.233192000000000732e+00,
C781: 1.612737399999999965e+01,5.217036300000000182e+01,9.459530000000000882e+00,
1.677727799999999903e+01,5.221037700000000115e+01,1.032865299999999920e+01,
1.663859499999999869e+01,5.260302099999999825e+01,8.604665999999999926e+00,
1.521895300000000084e+01,5.273033800000000326e+01,9.660546000000000078e+00,
1.587461000000000055e+01,5.113630299999999806e+01,9.243988999999999123e+00,
C782: 1.986823700000000059e+01,5.177956600000000265e+01,9.348744999999999195e+00,
2.078285299999999935e+01,5.122122800000000353e+01,9.523785000000000167e+00,
1.903358100000000164e+01,5.109156699999999773e+01,9.261855999999999867e+00,
1.996357100000000173e+01,5.234874500000000097e+01,8.428910000000000124e+00,
1.969315599999999833e+01,5.245924300000000073e+01,1.017731500000000011e+01,
C783: 2.408469799999999950e+01,5.247488299999999839e+01,9.457917000000000129e+00,
2.490611499999999978e+01,5.291693000000000069e+01,1.001396800000000020e+01,
2.386080499999999915e+01,5.308961599999999947e+01,8.591170999999999225e+00,
2.320739700000000028e+01,5.241361200000000053e+01,1.009514599999999973e+01,
2.436420000000000030e+01,5.147742600000000124e+01,9.131368999999999403e+00,
C784: 2.829474400000000145e+01,5.171014199999999761e+01,9.370765000000000455e+00,
2.882864999999999966e+01,5.211611400000000316e+01,1.022455500000000050e+01,
2.844874000000000080e+01,5.235390300000000252e+01,8.509947000000000372e+00,
2.723430400000000162e+01,5.165661699999999712e+01,9.597886000000000806e+00,
2.866741400000000084e+01,5.071571200000000346e+01,9.148701000000000860e+00,
C785: 3.187151000000000067e+01,5.209093099999999765e+01,9.362655999999999423e+00,
3.133115600000000001e+01,5.270102700000000340e+01,1.008021100000000025e+01,
3.288057400000000285e+01,5.191592800000000096e+01,9.723267999999999134e+00,
3.191278600000000054e+01,5.260648499999999927e+01,8.407861999999999725e+00,
3.136291800000000052e+01,5.113966400000000334e+01,9.238170000000000215e+00,
C786: 3.598524199999999951e+01,5.239254499999999837e+01,9.495938000000000656e+00,
3.535673100000000346e+01,5.285913599999999946e+01,1.024865999999999921e+01,
3.695665799999999734e+01,5.216550399999999854e+01,9.925174000000000163e+00,
3.610942299999999960e+01,5.306980399999999776e+01,8.656207000000000207e+00,
3.551833100000000343e+01,5.147365599999999830e+01,9.153537000000000035e+00,
C787: 4.024877200000000244e+01,5.172073300000000273e+01,9.359609000000000734e+00,
4.120231400000000122e+01,5.143356899999999854e+01,9.791968999999999923e+00,
4.042129200000000111e+01,5.226605500000000148e+01,8.436623000000000872e+00,
3.970970599999999706e+01,5.235385200000000339e+01,1.005800699999999992e+01,
3.966239499999999651e+01,5.083160300000000120e+01,9.150071000000000510e+00,
C788: 4.416974600000000351e+01,5.242875099999999833e+01,9.428563999999999723e+00,
4.353587199999999768e+01,5.285110499999999689e+01,1.020261600000000080e+01,
4.518804099999999835e+01,5.234889499999999884e+01,9.797477999999999909e+00,
4.415055600000000169e+01,5.307115199999999788e+01,8.553235000000000809e+00,
4.380442599999999942e+01,5.144175700000000262e+01,9.160553000000000168e+00,
C789: 4.852361499999999950e+01,5.182527900000000187e+01,9.454485000000000028e+00,
4.939551199999999653e+01,5.146141000000000076e+01,9.989948999999999302e+00,
4.883881300000000181e+01,5.230555199999999871e+01,8.532918999999999699e+00,
4.799112600000000128e+01,5.254177800000000076e+01,1.007286700000000046e+01,
4.786819400000000257e+01,5.099120700000000284e+01,9.221159999999999357e+00,
Au: 8.160183999999999216e+00,1.050324099999999916e+01,0.000000000000000000e+00,
Au: 1.108175699999999964e+01,1.050206499999999998e+01,0.000000000000000000e+00,
Au: 1.400398199999999882e+01,1.050007899999999950e+01,0.000000000000000000e+00,
Au: 1.692608300000000199e+01,1.049651099999999992e+01,0.000000000000000000e+00,
Au: 1.984907600000000016e+01,1.049448600000000020e+01,0.000000000000000000e+00,
Au: 2.277238700000000193e+01,1.049300199999999883e+01,0.000000000000000000e+00,
Au: 2.569604200000000205e+01,1.049365500000000040e+01,0.000000000000000000e+00,
Au: 2.861916900000000297e+01,1.049582399999999893e+01,0.000000000000000000e+00,
Au: 3.154272900000000135e+01,1.049544099999999958e+01,0.000000000000000000e+00,
Au: 3.446579400000000248e+01,1.049306900000000020e+01,0.000000000000000000e+00,
Au: 3.738810699999999798e+01,1.049425100000000022e+01,0.000000000000000000e+00,
Au: 4.031236600000000436e+01,1.049555599999999878e+01,0.000000000000000000e+00,
Au: 4.323659500000000122e+01,1.049861399999999989e+01,0.000000000000000000e+00,
Au: 4.615798399999999901e+01,1.050142099999999878e+01,0.000000000000000000e+00,

Au: 4.907931700000000319e+01,1.050375999999999976e+01,0.000000000000000000e+00,
Au: 9.623723000000000027e+00,1.303593199999999896e+01,0.000000000000000000e+00,
Au: 1.254449400000000026e+01,1.303235199999999949e+01,0.000000000000000000e+00,
Au: 1.546704500000000060e+01,1.302748500000000043e+01,0.000000000000000000e+00,
Au: 1.839079500000000067e+01,1.302548099999999920e+01,0.000000000000000000e+00,
Au: 2.131502000000000052e+01,1.302583399999999969e+01,0.000000000000000000e+00,
Au: 2.423572800000000171e+01,1.302340799999999987e+01,0.000000000000000000e+00,
Au: 2.715568900000000241e+01,1.302542599999999950e+01,0.000000000000000000e+00,
Au: 3.008069200000000265e+01,1.302627700000000033e+01,0.000000000000000000e+00,
Au: 3.300555400000000361e+01,1.302466499999999883e+01,0.000000000000000000e+00,
Au: 3.592627900000000096e+01,1.302497099999999897e+01,0.000000000000000000e+00,
Au: 3.884709300000000098e+01,1.302616100000000010e+01,0.000000000000000000e+00,
Au: 4.177032499999999970e+01,1.302658699999999925e+01,0.000000000000000000e+00,
Au: 4.469326099999999968e+01,1.303047999999999895e+01,0.000000000000000000e+00,
Au: 4.761594500000000352e+01,1.303451599999999999e+01,0.000000000000000000e+00,
Au: 5.053763100000000463e+01,1.303587199999999946e+01,0.000000000000000000e+00,
Au: 8.163611999999998758e+00,1.556669100000000050e+01,0.000000000000000000e+00,
Au: 1.108857199999999921e+01,1.556554599999999944e+01,0.000000000000000000e+00,
Au: 1.401160499999999942e+01,1.555965400000000010e+01,0.000000000000000000e+00,
Au: 1.693096700000000254e+01,1.555672299999999986e+01,0.000000000000000000e+00,
Au: 1.985324800000000067e+01,1.555701299999999954e+01,0.000000000000000000e+00,
Au: 2.277682100000000176e+01,1.555594299999999919e+01,0.000000000000000000e+00,
Au: 2.569811500000000137e+01,1.555582099999999990e+01,0.000000000000000000e+00,
Au: 2.861999400000000193e+01,1.555642600000000009e+01,0.000000000000000000e+00,
Au: 3.154290000000000305e+01,1.555674999999999919e+01,0.000000000000000000e+00,
Au: 3.446286500000000075e+01,1.555634599999999956e+01,0.000000000000000000e+00,
Au: 3.738370100000000207e+01,1.555789500000000025e+01,0.000000000000000000e+00,
Au: 4.030866400000000027e+01,1.555633699999999919e+01,0.000000000000000000e+00,
Au: 4.323029000000000366e+01,1.555814599999999892e+01,0.000000000000000000e+00,
Au: 4.615001200000000381e+01,1.556354499999999952e+01,0.000000000000000000e+00,
Au: 4.907258900000000068e+01,1.556739199999999990e+01,0.000000000000000000e+00,
Au: 9.629313999999999041e+00,1.809511300000000134e+01,0.000000000000000000e+00,
Au: 1.255276800000000037e+01,1.809336100000000158e+01,0.000000000000000000e+00,
Au: 1.547237599999999880e+01,1.809032700000000204e+01,0.000000000000000000e+00,
Au: 1.839310299999999998e+01,1.808731700000000231e+01,0.000000000000000000e+00,
Au: 2.131780900000000045e+01,1.808762700000000123e+01,0.000000000000000000e+00,
Au: 2.423921800000000104e+01,1.808624300000000318e+01,0.000000000000000000e+00,
Au: 2.715842600000000218e+01,1.808856000000000108e+01,0.000000000000000000e+00,
Au: 3.007993000000000094e+01,1.808924600000000282e+01,0.000000000000000000e+00,
Au: 3.300084499999999821e+01,1.808835200000000043e+01,0.000000000000000000e+00,
Au: 3.592171199999999942e+01,1.808807100000000290e+01,0.000000000000000000e+00,
Au: 3.884586600000000089e+01,1.808770100000000269e+01,0.000000000000000000e+00,
Au: 4.176784299999999917e+01,1.808829200000000270e+01,0.000000000000000000e+00,
Au: 4.468590499999999821e+01,1.809177100000000138e+01,0.000000000000000000e+00,
Au: 4.760859100000000410e+01,1.809478800000000120e+01,0.000000000000000000e+00,
Au: 5.053479000000000099e+01,1.809632700000000227e+01,0.000000000000000000e+00,
Au: 8.166242999999999697e+00,2.062337500000000290e+01,0.000000000000000000e+00,
Au: 1.109173999999999971e+01,2.062455700000000292e+01,0.000000000000000000e+00,
Au: 1.401534999999999975e+01,2.062253700000000123e+01,0.000000000000000000e+00,
Au: 1.693488400000000027e+01,2.062017000000000166e+01,0.000000000000000000e+00,
Au: 1.985547500000000198e+01,2.061826700000000301e+01,0.000000000000000000e+00,
Au: 2.277785900000000296e+01,2.061793600000000026e+01,0.000000000000000000e+00,
Au: 2.569795799999999986e+01,2.061979900000000043e+01,0.000000000000000000e+00,
Au: 2.862006000000000228e+01,2.062154800000000066e+01,0.000000000000000000e+00,
Au: 3.154220500000000271e+01,2.062171100000000123e+01,0.000000000000000000e+00,
Au: 3.446053500000000014e+01,2.061861900000000247e+01,0.000000000000000000e+00,
Au: 3.738126499999999908e+01,2.061836700000000278e+01,0.000000000000000000e+00,
Au: 4.030546700000000016e+01,2.061890200000000206e+01,0.000000000000000000e+00,
Au: 4.322729800000000466e+01,2.062148499999999984e+01,0.000000000000000000e+00,
Au: 4.614748800000000273e+01,2.062328000000000117e+01,0.000000000000000000e+00,
Au: 4.906985200000000447e+01,2.062409200000000098e+01,0.000000000000000000e+00,
Au: 9.628555999999999671e+00,2.315334700000000012e+01,0.000000000000000000e+00,
Au: 1.255154199999999953e+01,2.315341800000000205e+01,0.000000000000000000e+00,
Au: 1.547308899999999987e+01,2.315131300000000181e+01,0.000000000000000000e+00,
Au: 1.839547800000000066e+01,2.314953000000000216e+01,0.000000000000000000e+00,
Au: 2.131807200000000080e+01,2.315054800000000057e+01,0.000000000000000000e+00,
Au: 2.423686400000000063e+01,2.315017900000000139e+01,0.000000000000000000e+00,
Au: 2.715632000000000090e+01,2.315275400000000161e+01,0.000000000000000000e+00,
Au: 3.008052500000000151e+01,2.315301800000000298e+01,0.000000000000000000e+00,
Au: 3.300465400000000216e+01,2.315101300000000251e+01,0.000000000000000000e+00,
Au: 3.592449799999999982e+01,2.315008700000000275e+01,0.000000000000000000e+00,
Au: 3.884463800000000333e+01,2.315055700000000272e+01,0.000000000000000000e+00,
Au: 4.176534699999999845e+01,2.315075900000000075e+01,0.000000000000000000e+00,
Au: 4.468616700000000463e+01,2.315174100000000124e+01,0.000000000000000000e+00,
Au: 4.761023200000000344e+01,2.315379300000000029e+01,0.000000000000000000e+00,
Au: 5.053447900000000459e+01,2.315319000000000216e+01,0.000000000000000000e+00,
Au: 8.166537999999999187e+00,2.568358500000000078e+01,0.000000000000000000e+00,
Au: 1.108989199999999897e+01,2.568391400000000147e+01,0.000000000000000000e+00,
Au: 1.401321800000000017e+01,2.568112400000000051e+01,0.000000000000000000e+00,
Au: 1.693297400000000152e+01,2.568018200000000206e+01,0.000000000000000000e+00,
Au: 1.985338400000000192e+01,2.568221500000000290e+01,0.000000000000000000e+00,
Au: 2.277476100000000159e+01,2.568269300000000044e+01,0.000000000000000000e+00,
Au: 2.569467400000000268e+01,2.568192300000000117e+01,0.000000000000000000e+00,
Au: 2.861895600000000073e+01,2.568282200000000159e+01,0.000000000000000000e+00,
Au: 3.154447199999999896e+01,2.568269300000000044e+01,0.000000000000000000e+00,
Au: 3.446433199999999886e+01,2.568164400000000214e+01,0.000000000000000000e+00,
Au: 3.738417900000000316e+01,2.568280100000000132e+01,0.000000000000000000e+00,
Au: 4.030766600000000466e+01,2.568107800000000296e+01,0.000000000000000000e+00,
Au: 4.322911200000000065e+01,2.568065800000000110e+01,0.000000000000000000e+00,
Au: 4.614942400000000333e+01,2.568274500000000060e+01,0.000000000000000000e+00,
Au: 4.907186300000000045e+01,2.568405000000000271e+01,0.000000000000000000e+00,
Au: 9.628966999999999388e+00,2.821333800000000025e+01,0.000000000000000000e+00,
Au: 1.255247099999999882e+01,2.821241100000000301e+01,0.000000000000000000e+00,
Au: 1.547012699999999974e+01,2.821166300000000149e+01,0.000000000000000000e+00,
Au: 1.838947399999999988e+01,2.821279499999999985e+01,0.000000000000000000e+00,
Au: 2.131463500000000266e+01,2.821313000000000315e+01,0.000000000000000000e+00,
Au: 2.423655700000000124e+01,2.821269800000000316e+01,0.000000000000000000e+00,
Au: 2.715586400000000111e+01,2.821254200000000267e+01,0.000000000000000000e+00,
Au: 3.007946100000000200e+01,2.821240500000000040e+01,0.000000000000000000e+00,
Au: 3.300394800000000117e+01,2.821298800000000284e+01,0.000000000000000000e+00,
Au: 3.592560100000000034e+01,2.821316900000000061e+01,0.000000000000000000e+00,
Au: 3.884916499999999928e+01,2.821282100000000170e+01,0.000000000000000000e+00,
Au: 4.176938300000000481e+01,2.821147300000000158e+01,0.000000000000000000e+00,
Au: 4.468686200000000497e+01,2.821174000000000248e+01,0.000000000000000000e+00,
Au: 4.760966700000000174e+01,2.821414100000000147e+01,0.000000000000000000e+00,
Au: 5.053440100000000257e+01,2.821358900000000247e+01,0.000000000000000000e+00,
Au: 8.165599000000000274e+00,3.074216400000000249e+01,0.000000000000000000e+00,
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Au: 1.109033299999999933e+01,3.074161199999999994e+01,0.000000000000000000e+00,
Au: 1.401313799999999965e+01,3.074401300000000248e+01,0.000000000000000000e+00,
Au: 1.693061700000000158e+01,3.074427999999999983e+01,0.000000000000000000e+00,
Au: 1.985083500000000001e+01,3.074293199999999970e+01,0.000000000000000000e+00,
Au: 2.277439900000000250e+01,3.074258400000000080e+01,0.000000000000000000e+00,
Au: 2.569605200000000167e+01,3.074276500000000212e+01,0.000000000000000000e+00,
Au: 2.862053900000000084e+01,3.074334800000000101e+01,0.000000000000000000e+00,
Au: 3.154413600000000173e+01,3.074321100000000229e+01,0.000000000000000000e+00,
Au: 3.446344299999999805e+01,3.074305500000000180e+01,0.000000000000000000e+00,
Au: 3.738536500000000018e+01,3.074262300000000181e+01,0.000000000000000000e+00,
Au: 4.031052600000000297e+01,3.074295800000000156e+01,0.000000000000000000e+00,
Au: 4.322987300000000488e+01,3.074408999999999992e+01,0.000000000000000000e+00,
Au: 4.614752899999999869e+01,3.074334200000000195e+01,0.000000000000000000e+00,
Au: 4.907103299999999990e+01,3.074241500000000116e+01,0.000000000000000000e+00,
Au: 9.628136999999998835e+00,3.327170300000000225e+01,0.000000000000000000e+00,
Au: 1.255057599999999951e+01,3.327300800000000436e+01,0.000000000000000000e+00,
Au: 1.547088800000000042e+01,3.327509500000000031e+01,0.000000000000000000e+00,
Au: 1.839233400000000174e+01,3.327467500000000200e+01,0.000000000000000000e+00,
Au: 2.131582099999999969e+01,3.327295200000000364e+01,0.000000000000000000e+00,
Au: 2.423566800000000043e+01,3.327410900000000282e+01,0.000000000000000000e+00,
Au: 2.715552800000000033e+01,3.327306000000000097e+01,0.000000000000000000e+00,
Au: 3.008104400000000211e+01,3.327293000000000234e+01,0.000000000000000000e+00,
Au: 3.300532600000000372e+01,3.327382899999999921e+01,0.000000000000000000e+00,
Au: 3.592523900000000481e+01,3.327305900000000349e+01,0.000000000000000000e+00,
Au: 3.884661600000000448e+01,3.327353800000000206e+01,0.000000000000000000e+00,
Au: 4.176702600000000132e+01,3.327557099999999934e+01,0.000000000000000000e+00,
Au: 4.468678200000000089e+01,3.327462900000000445e+01,0.000000000000000000e+00,
Au: 4.761010800000000387e+01,3.327183800000000247e+01,0.000000000000000000e+00,
Au: 5.053346200000000010e+01,3.327216800000000063e+01,0.000000000000000000e+00,
Au: 8.165521000000000029e+00,3.580256299999999925e+01,0.000000000000000000e+00,
Au: 1.108976799999999940e+01,3.580196000000000112e+01,0.000000000000000000e+00,
Au: 1.401383299999999998e+01,3.580401200000000017e+01,0.000000000000000000e+00,
Au: 1.693465300000000084e+01,3.580499400000000065e+01,0.000000000000000000e+00,
Au: 1.985536200000000306e+01,3.580519600000000224e+01,0.000000000000000000e+00,
Au: 2.277550200000000302e+01,3.580566600000000221e+01,0.000000000000000000e+00,
Au: 2.569534600000000069e+01,3.580474000000000245e+01,0.000000000000000000e+00,
Au: 2.861947500000000133e+01,3.580273499999999842e+01,0.000000000000000000e+00,
Au: 3.154368000000000194e+01,3.580299899999999980e+01,0.000000000000000000e+00,
Au: 3.446313599999999866e+01,3.580557400000000001e+01,0.000000000000000000e+00,
Au: 3.738192800000000204e+01,3.580520500000000084e+01,0.000000000000000000e+00,
Au: 4.030452199999999863e+01,3.580622300000000280e+01,0.000000000000000000e+00,
Au: 4.322691100000000120e+01,3.580443999999999960e+01,0.000000000000000000e+00,
Au: 4.614845799999999798e+01,3.580233400000000188e+01,0.000000000000000000e+00,
Au: 4.907144399999999962e+01,3.580240600000000484e+01,0.000000000000000000e+00,
Au: 9.630148000000000152e+00,3.833166100000000398e+01,0.000000000000000000e+00,
Au: 1.255251200000000011e+01,3.833247300000000024e+01,0.000000000000000000e+00,
Au: 1.547270199999999996e+01,3.833426800000000156e+01,0.000000000000000000e+00,
Au: 1.839453300000000269e+01,3.833685100000000290e+01,0.000000000000000000e+00,
Au: 2.131873500000000021e+01,3.833738600000000218e+01,0.000000000000000000e+00,
Au: 2.423946500000000270e+01,3.833713399999999893e+01,0.000000000000000000e+00,
Au: 2.715779500000000013e+01,3.833404200000000372e+01,0.000000000000000000e+00,
Au: 3.007994000000000057e+01,3.833420500000000430e+01,0.000000000000000000e+00,
Au: 3.300204200000000299e+01,3.833595400000000097e+01,0.000000000000000000e+00,
Au: 3.592214100000000343e+01,3.833781700000000114e+01,0.000000000000000000e+00,
Au: 3.884452500000000441e+01,3.833748599999999840e+01,0.000000000000000000e+00,
Au: 4.176511599999999902e+01,3.833558299999999974e+01,0.000000000000000000e+00,
Au: 4.468465000000000487e+01,3.833321600000000018e+01,0.000000000000000000e+00,
Au: 4.760826000000000136e+01,3.833119599999999849e+01,0.000000000000000000e+00,
Au: 5.053375700000000137e+01,3.833237799999999851e+01,0.000000000000000000e+00,
Au: 8.165210000000000079e+00,4.085942599999999914e+01,0.000000000000000000e+00,
Au: 1.109140900000000052e+01,4.086096500000000020e+01,0.000000000000000000e+00,
Au: 1.401409499999999930e+01,4.086398100000000255e+01,0.000000000000000000e+00,
Au: 1.693215700000000012e+01,4.086746099999999871e+01,0.000000000000000000e+00,
Au: 1.985413400000000195e+01,4.086805199999999871e+01,0.000000000000000000e+00,
Au: 2.277828799999999987e+01,4.086768200000000206e+01,0.000000000000000000e+00,
Au: 2.569915500000000108e+01,4.086740000000000350e+01,0.000000000000000000e+00,
Au: 2.862007000000000190e+01,4.086650699999999858e+01,0.000000000000000000e+00,
Au: 3.154157400000000422e+01,4.086719300000000032e+01,0.000000000000000000e+00,
Au: 3.446078200000000180e+01,4.086950999999999823e+01,0.000000000000000000e+00,
Au: 3.738219099999999884e+01,4.086812600000000373e+01,0.000000000000000000e+00,
Au: 4.030689699999999931e+01,4.086843600000000265e+01,0.000000000000000000e+00,
Au: 4.322762399999999872e+01,4.086542599999999936e+01,0.000000000000000000e+00,
Au: 4.614723200000000247e+01,4.086239199999999983e+01,0.000000000000000000e+00,
Au: 4.907068600000000202e+01,4.086063899999999904e+01,0.000000000000000000e+00,
Au: 9.627411000000000385e+00,4.338835999999999871e+01,0.000000000000000000e+00,
Au: 1.254998799999999903e+01,4.339220800000000366e+01,0.000000000000000000e+00,
Au: 1.546971000000000096e+01,4.339760700000000071e+01,0.000000000000000000e+00,
Au: 1.839133600000000257e+01,4.339941600000000221e+01,0.000000000000000000e+00,
Au: 2.131629900000000077e+01,4.339785799999999938e+01,0.000000000000000000e+00,
Au: 2.423713500000000209e+01,4.339940700000000362e+01,0.000000000000000000e+00,
Au: 2.715709999999999980e+01,4.339900200000000297e+01,0.000000000000000000e+00,
Au: 3.008000600000000091e+01,4.339932699999999954e+01,0.000000000000000000e+00,
Au: 3.300188500000000147e+01,4.339993199999999973e+01,0.000000000000000000e+00,
Au: 3.592317900000000463e+01,4.339981000000000222e+01,0.000000000000000000e+00,
Au: 3.884675200000000217e+01,4.339874000000000365e+01,0.000000000000000000e+00,
Au: 4.176903300000000030e+01,4.339903000000000333e+01,0.000000000000000000e+00,
Au: 4.468839499999999987e+01,4.339609899999999953e+01,0.000000000000000000e+00,
Au: 4.761142800000000364e+01,4.339020599999999916e+01,0.000000000000000000e+00,
Au: 5.053638800000000231e+01,4.338906099999999810e+01,0.000000000000000000e+00,
Au: 8.162368999999999986e+00,4.591988100000000372e+01,0.000000000000000000e+00,
Au: 1.108405499999999932e+01,4.592123700000000497e+01,0.000000000000000000e+00,
Au: 1.400673899999999961e+01,4.592527300000000423e+01,0.000000000000000000e+00,
Au: 1.692967500000000314e+01,4.592916600000000216e+01,0.000000000000000000e+00,
Au: 1.985290700000000186e+01,4.592959100000000205e+01,0.000000000000000000e+00,
Au: 2.277372100000000188e+01,4.593078200000000066e+01,0.000000000000000000e+00,
Au: 2.569444600000000278e+01,4.593108800000000258e+01,0.000000000000000000e+00,
Au: 2.861930800000000019e+01,4.592947600000000108e+01,0.000000000000000000e+00,
Au: 3.154431100000000043e+01,4.593032699999999835e+01,0.000000000000000000e+00,
Au: 3.446427200000000113e+01,4.593234499999999798e+01,0.000000000000000000e+00,
Au: 3.738497999999999877e+01,4.592991800000000069e+01,0.000000000000000000e+00,
Au: 4.030920499999999862e+01,4.593027200000000221e+01,0.000000000000000000e+00,
Au: 4.323295500000000402e+01,4.592826800000000276e+01,0.000000000000000000e+00,
Au: 4.615550600000000259e+01,4.592340099999999836e+01,0.000000000000000000e+00,
Au: 4.907627700000000459e+01,4.591982000000000141e+01,0.000000000000000000e+00,
Au: 9.620682999999999652e+00,4.845199200000000417e+01,0.000000000000000000e+00,
Au: 1.254201600000000028e+01,4.845433200000000085e+01,0.000000000000000000e+00,
Au: 1.546340499999999984e+01,4.845713899999999796e+01,0.000000000000000000e+00,

Au: 1.838763400000000203e+01,4.846019700000000086e+01,0.000000000000000000e+00,
Au: 2.131189300000000131e+01,4.846150099999999838e+01,0.000000000000000000e+00,
Au: 2.423420600000000036e+01,4.846268299999999840e+01,0.000000000000000000e+00,
Au: 2.715727100000000149e+01,4.846031200000000183e+01,0.000000000000000000e+00,
Au: 3.008083099999999988e+01,4.845992900000000247e+01,0.000000000000000000e+00,
Au: 3.300395800000000435e+01,4.846209800000000456e+01,0.000000000000000000e+00,
Au: 3.592761300000000091e+01,4.846275100000000435e+01,0.000000000000000000e+00,
Au: 3.885092399999999913e+01,4.846126699999999943e+01,0.000000000000000000e+00,
Au: 4.177391700000000441e+01,4.845924200000000326e+01,0.000000000000000000e+00,
Au: 4.469601800000000225e+01,4.845567400000000191e+01,0.000000000000000000e+00,
Au: 4.761824299999999965e+01,4.845368799999999965e+01,0.000000000000000000e+00,
Au: 5.053981600000000185e+01,4.845251199999999869e+01,0.000000000000000000e+00,
Au: 8.157738000000000156e+00,5.098219399999999979e+01,0.000000000000000000e+00,
Au: 1.107958900000000035e+01,5.098507500000000192e+01,0.000000000000000000e+00,
Au: 1.400069899999999912e+01,5.098809599999999875e+01,0.000000000000000000e+00,
Au: 1.692338100000000267e+01,5.098971500000000390e+01,0.000000000000000000e+00,
Au: 1.984731400000000079e+01,5.099145700000000403e+01,0.000000000000000000e+00,
Au: 2.277124900000000096e+01,5.099244900000000058e+01,0.000000000000000000e+00,
Au: 2.569578700000000282e+01,5.099076399999999865e+01,0.000000000000000000e+00,
Au: 2.861957700000000315e+01,5.099144700000000086e+01,0.000000000000000000e+00,
Au: 3.154210000000000491e+01,5.099191000000000429e+01,0.000000000000000000e+00,
Au: 3.446448699999999832e+01,5.099191900000000288e+01,0.000000000000000000e+00,
Au: 3.738978900000000039e+01,5.099222999999999928e+01,0.000000000000000000e+00,
Au: 4.031498100000000306e+01,5.099099999999999966e+01,0.000000000000000000e+00,
Au: 4.323794900000000041e+01,5.098771599999999893e+01,0.000000000000000000e+00,
Au: 4.615951900000000308e+01,5.098684400000000494e+01,0.000000000000000000e+00,
Au: 4.908076700000000159e+01,5.098486799999999874e+01,0.000000000000000000e+00,
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A4.2 Preliminary Analysis of VENUS Trajectories

This section contains preliminary analysis of the VENUS trajectories in Chapter 5. During

this analysis, the Lennard Jones parameters as part of the potential were further refined as discussed

in Subsection A4.1. The sticking probabilities for CH4 and CD4 scattering off a CH4 surface after

this adjustment are plotted in Figure A4.20. Although the VENUS values are now offset more

from the experimental data, at the highest velocity (4600 m/s), with the refined potential, there is

now a ∼ 7% difference (0.77 for CD4 and 0.69 for CH4) compared to ∼ 4% from before (0.88

for CD4 and 0.85 for CH4). The larger separation should hopefully make it easier to discern how

energy is efficiently dissipated.

Figure A4.20: CH4 and CD4 sticking probabilities on a layered CH4 surface at 20 K, refined
potential. This figure replaces Figure 5.5. Error bars represent the standard error of at least 1900
trajectories for each velocity.

For each trajectory that does not stick on the surface, we further analyze to determine the

energy distributions, residence time on the surface, and angle scattered from the surface. In the

following figures, CD4 is the top row and CH4 is the bottom row. Each column is at the same
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incident velocity, which increases from 2500 m/s in the first column to 4600 m/s in the last column.

However, due to different momenta, CH4 and CD4 have discrete kinetic energies.

To determine the total kinetic energy of the scattered CH4 and CD4, we use the final momenta

and mass of the projectile and the equation p2/2m (Figure A4.21). The total kinetic energy is the

sum of the vibrational, rotational, and translational energies evaluated at the final step. Ongoing

analysis is focused on determining the internal energies of the CH4 and CD4 molecules and the

final translational energy. The goal is to use the incident energy and final translational kinetic

energy to examine how much energy is lost to the surface for each trajectory and explain the

sticking probability results.

Figure A4.21: Total kinetic energy (eV) distribution of CH4 and CD4 scattering off a CH4
surface at 20 K. The total kinetic energy for each trajectory is calculated using p2/2m where p is
the final momenta and m is the mass of CH4 or CD4. The total kinetic energy is the sum of the
final vibrational, rotational, and translational energies evaluated at the final step. Each bin is 0.025
eV.

The final scattering angle (θf ) is defined as the angle between the final velocity vector of

CH4 or CD4 and the surface normal. Thus, as seen in the distribution (Figure A4.22), projectiles

scattering at 0◦ are coming off normal to the surface, while 90◦ are parallel to the surface. At

higher energies, there are more trajectories coming off close to surface normal for both CH4 and

CD4. Once calculated, the scattered angle will be plotted with the final translational kinetic energy.
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Figure A4.22: Angular (θf ) Distribution of CH4 and CD4 scattering off a CH4 surface at 20
K. The scattered angle is defined as the angle between the final velocity vector and the surface
normal. Each bin is 5◦.

To compare between the two projectiles at each incident velocity, these distributions will likely be

curve fit.

The residence time is how long (in ps) the carbon of the incident projectile is within 5 Å of the

surface. As shown in Figure A4.23, with increasing energy the CH4 or CD4 spend less time on the

surface. Ongoing work is focused on plotting the number of residence species (N(t)/N(0) vs time

in order to curve fit and directly compare different velocities as well as between CH4 and CD4 at

each incident velocity.
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Figure A4.23: Residence time (ps) distribution of CH4 and CD4 prior to scattering off a CH4
surface at 20 K. The residence time is the time in ps during which the carbon of the CH4 or CD4
is within 5Å of the surface. Each bin is 0.25 ps.
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A5 Reaction Kinetics and Influence of Film Morphology on the Oxidation

of Propene Thin Films by O(3P) Atomic Oxygen (Chapter 6)

Figure A5.1: Raw RAIR spectrum for Figure 6.1. There two spectra correspond to a 66-layer
propene film, deposited on the crystal at 59 K via the molecular beam. The “pristine” spec-
tra was collected right after deposition, and the “reacted” spectrum after exposing the film to 1
×1018 O(3P) atoms cm−2 while the crystal is at 54 K. (Data files: 040819A.IR02 (pristine, top),
040819A.IR16 (reacted, bottom))
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Figure A5.2: Raw RAIR spectrum for Figure 6.2 and 6.4. After depositing a propene film with
a desired thickness on to the crystal at 59 K, we expose the film to O(3P) at 54 K and take spectra
at regular intervals. Figure 6.2 contains the integrated areas of the 914 cm−1 - 919 cm−1 region,
corresponding to the loss of propene’s double bond. Figure 6.4 contains the integrated area of
the peaks at 827 cm−1 and 1730 cm−1, corresponding to the appearance of propylene oxide and
propanal, respectively. (Data files: 040119B.IR02-18 (12 layers), 040319A.IR02-20 (24 layers),
040219A.IR02-23 (46 layers), 040819A.IR04-16(66 layers))
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Figure A5.3: Raw RAIR spectrum for Figure 6.3 - 35-46 layers. As the propene film is exposed
to O(3P) at 54 K (deposited at 59 K), we track the loss of spectral intensity in the 914 - 919 cm−1

region (corresponding to the loss of propene’s double bond). We use the change in intensity to
calculate an initial rate of reactivity. This figure is for trials with propene films between 35 and 46
layers thick. Note: Figure 6.3 also includes the trials that are displayed in Figure A5.2. Data files:
070219A.IR02-09, 071019A.IR02-07)
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Figure A5.4: Raw RAIR spectrum for Figure 6.3 - 100 layers. As the propene film is exposed
to O(3P) at 54 K (deposited at 59 K), we track the loss of spectral intensity in the 914 - 919 cm−1

region (corresponding to the loss of propene’s double bond). We use the change in intensity to
calculate an initial rate of reactivity. This figure is for trials with propene films that are 100 layers
thick. (Data files: 051719A.IR04-20, 071219A.IR02-17)

190



Figure A5.5: Raw RAIR spectrum for Figure 6.3 - 155-170 layers. As the propene film is
exposed to O(3P) at 54 K (deposited at 59 K), we track the loss of spectral intensity in the 914
- 919 cm−1 region (corresponding to the loss of propene’s double bond). We use the change in
intensity to calculate an initial rate of reactivity. This figure is for trials with propene films between
155 and 170 layers thick. (Data files: 070519A.IR02-18, 071619A.IR02-08, 100719A.IR02-19)
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Figure A5.6: Raw RAIR spectrum for Figure 6.3 - 240 layers. As the propene film is exposed
to O(3P) at 54 K (deposited at 59 K), we track the loss of spectral intensity in the 914 - 919 cm−1

region (corresponding to the loss of propene’s double bond). We use the change in intensity to
calculate an initial rate of reactivity. This figure is for trials with propene films that are 240 layers
thick.(Data files: 090719A.IR02-08)
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Figure A5.7: Raw TPD spectrum for Figure 6.5. After exposing at 46-layer propene film (see
Figure 6.2) to 1 ×1018 atoms cm−2 O(3P), we track QMS signal as the surface is temperature is
increased at a rate of ≈ 1 K s−1 (Data file: 040219 TPD01.txt)
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Figure A5.8: Raw RAIR spectrum for Figure 6.6 and 6.8 - 44 K. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to the
loss of propene’s double bond, Figure 6.6). We also track the gain in spectral intensity for the 827
cm−1 and 1730 cm−1 peaks (corresponding to the appearance of propylene oxide and propanal
respectively, Figure 6.8). All films are 30 layers thick, and the surface is held to 59 K during
deposition and 44 K during exposure. (Data files: 032619A.IR02-7 and 032819B.IR02-7)
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Figure A5.9: Raw RAIR spectrum for Figure 6.6 and 6.8 - 49 K. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to
the loss of propene’s double bond, Figure 6.6). We also track the gain in spectral intensity for
the 827 cm−1 and 1730 cm−1 peaks (corresponding to the appearance of propylene oxide and
propanal respectively, Figure 6.8). All films are 30 layers thick, and the surface is held to 59 K
during deposition and 49 K during exposure. (Data files: 032619B.IR02-7, 032819A.IR02-7, and
032819C.IR02-7)
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Figure A5.10: Raw RAIR spectrum for Figure 6.6 and 6.8 - 54 K. As the propene film is ex-
posed to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding
to the loss of propene’s double bond, Figure 6.6). We also track the gain in spectral intensity for
the 827 cm−1 and 1730 cm−1 peaks (corresponding to the appearance of propylene oxide and
propanal respectively, Figure 6.8). All films are 30 layers thick, and the surface is held to 59 K
during deposition and 54 K during exposure. (Data files: 032619C.IR02-7 and 032819C.IR02-8)
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Figure A5.11: Raw RAIR spectrum for Figure 6.6 and 6.8 - 59 K. As the propene film is ex-
posed to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding
to the loss of propene’s double bond, Figure 6.6). We also track the gain in spectral intensity for
the 827 cm−1 and 1730 cm−1 peaks (corresponding to the appearance of propylene oxide and
propanal respectively, Figure 6.8). All films are 30 layers thick, and the surface is held to 59 K
during deposition and 59 K during exposure. (Data files: 032619D.IR02-8, 032719A.IR02-6, and
040119A.IR02-7)
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Figure A5.12: Raw RAIR spectrum for Figure 6.9. As a 46-layer propene film is exposed to
O(3P), we track changes and loss of spectral intensity of the CH peaks located at 2939, 2964, 2977,
and 3075 cm−1.(Data files: 053119.IR03-13)

Figure A5.13: Raw RAIR spectrum for Figure 6.10. We collected spectra at 49 K of two
“pristine”, and 46-layer propene films: one deposited with the crystal held to 59 K, and one with
the crystal at 44 K. (Data files: 053019A.IR02 (44 K, top) and 053119.IR02 (59 K, bottom))
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Figure A5.14: Raw RAIR spectrum for Figure 6.11. We collected spectra at regular time in-
tervals as two 46-layer propene films are exposed to O(3P) at 49 K. We track the loss of spectral
intensity in the 914 - 919 cm−1 region (corresponding to the loss of propene’s double bond). One
film was deposited with the crystal held to 59 K, and one with the crystal at 44 K. (Data files:
053019A.IR02-12 (44 K) and 053119.IR03-13 (59 K))
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Figure A5.15: Raw RAIR spectrum for Figure 6.12 - 50 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 50 K. (Data
files: 052219B.IR02-21, 052319B.IR02-19, and 061319A.IR02-27)
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Figure A5.16: Raw RAIR spectrum for Figure 6.12 - 51 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 51 K.(Data
files: 052119B.IR02-24, 052219A.IR02-21, and 052919A.IR02-21)
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Figure A5.17: Raw RAIR spectrum for Figure 6.12 - 51.5 K. We collected spectra at regular
time intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 51.5 K.
(Data files: 061219A.IR02-23 and 061219A.IR02-23)
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Figure A5.18: Raw RAIR spectrum for Figure 6.12 - 52 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 52 K. (Data
files: 052419A.IR02-14 and 052419B.IR02-14)
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Figure A5.19: Raw RAIR spectrum for Figure 6.12 - 53 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 53 K. (Data
files: 052819A.IR02-18 and 061019A.IR02-16)
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Figure A5.20: Raw RAIR spectrum for Figure 6.12 - 54 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 54 K. (Data
files: 060419A.IR02-14 and 060619A.IR02-14)
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Figure A5.21: Raw RAIR spectrum for Figure 6.12 - 55 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 55 K.(Data
files: 060519A.IR02-15 and 061119A.IR02-14)
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Figure A5.22: Raw RAIR spectrum for Figure 6.13. caption. (Data files: 051719A.IR04-20)
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A6 Rapid Laser-Induced Temperature Jump Decomposition of the Nerve

Agent Simulant Diisopropyl Methylphosphonate under Atmospheric

Conditions (Chapter 7)

Figure A6.1: Raw MS spectrum for Figure 7.3. In order to get a full mass sweep over masses
from 10 to 60 with proper resolution, we compile three separate spectra collected with three dif-
ferent magnifications (×10−4, ×10−5, ×10−6 Torr) into a single scan by scaling each scan to the
same relative order of magnitude. Following DIMP ablation, we collect and compile three more
spectra to get a full mass scan of the gaseous products. (Data files: 073118F01-F03 (background),
073118F04-F06 (post-ablation))
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Figure A6.2: Raw FTIR spectrum for Figure 7.4. Following laser ablation under atmospheric
conditions, gaseous products are transferred via a leak valve to a purged cell with ZnSe windows
for FT-IR spectra collection. This representative spectra is for a DIMP sample ablated to 2720 K.
(Data file: 072718A.IR03)
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Figure A6.3: Raw FTIR spectra for Figure 7.5. We ablated DIMP at five different temperatures
and collected FTIR spectra of the gaseous products. Figure 7.5a shows one spectra from each tem-
perature, while Figure 7.5b contains the average of the integrated areas (propene’s =CH2 wagging
mode and ethylene’s bending mode) plotted vs temperature. (Data files: 072518A.IR02-04 (1191
K), 072518A.IR05-07 (1488 K), 072618A.IR02-03 and 072718B.IR01 (1910 K), 0727618A.IR05-
06 and 072718B.IR02 (2374 K), 072718A.IR01-03 (2723 K))
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Figure A6.4: Raw MS for Figure 7.6 -1440 K. We ablated DIMP at three different temperatures
and collected mass spectra of the associated gaseous products. Figure 7.6a contains the least
square fit to the 080318B data and the 1440 K data points in Figure 7.6b are the average amounts
of propene and acetylene/ethylene present in the spectra at this ablation temperature. (Data files:
061318S01-06 (a), 080218E01-06 (b), 080318B01-06 (c))
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Figure A6.5: Raw MS for Figure 7.6 - 2140 K. We ablated DIMP at three different temperatures
and collected mass spectra of the associated gaseous products. Figure 7.6a contains the least
square fit to the 073118G data and the 2140 K data points in Figure 7.6b are the average amounts
of propene and acetylene/ethylene present in the spectra at this ablation temperature. (Data files:
073118G01-06 (a), 073118H01-06 (b), 080218D01-06 (c))
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Figure A6.6: Raw MS for Figure 7.6 - 2830 K and Figure 7.7 - 1× 10−6 Torr. We ablated
DIMP at three different temperatures and collected mass spectra of the associated gaseous prod-
ucts. Figure 7.6a contains the least square fit to the 073118B data and the 2830 K data points in
Figure 7.6b are the average amounts of propene and acetylene/ethylene present in the spectra at
this ablation temperature. Note: This data is also the atmospheric data in Figure7.7 (Data files:
061319S09-15 (a), 072718B01-06 (b), 072718C01-06 (c), 072718D01-06 (d), 073118F01-06 (e),
080318A01-06 (f))

Figure A6.7: Raw MS for Figure 7.7 - 2× 10−7. We ablated DIMP at three atmospheric oxygen
pressures and collected mass spectra of the associated gaseous products. Figure 7.7a contains the
least square fit to the 081418B data and the 2×10−7 Torr data points in Figure 7.7b are the average
amounts of propene, acetone, and isopropyl alcohol present in the spectra under these conditions.
(Data files: 061318F01-06 (a), 081418B01-06 (b))

214



Figure A6.8: Raw MS for Figure 7.7 - 3× 10−9. We ablated DIMP at three atmospheric oxygen
pressures and collected mass spectra of the associated gaseous products. Figure 7.7a contains the
least square fit to the 08098H data and the 3×10−9 Torr data points in Figure 7.7b are the average
amounts of propene, acetone, and isopropyl alcohol present in the spectra under these conditions.
(Data files: 080918H01-06 (a), 081318C01-06 (b), 081318D01-06 (c), 081318E01-06 (d))
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of porosity on the adsorption, desorption, trapping, and release of volatile gases by amor-
phous solid water. Journal of Geophysical Research: Planets 2001, 106, 33387–33392.

(35) Al-Halabi, A.; Van Dishoeck, E. F. Hydrogen adsorption and diffusion on amorphous solid
water ice. Monthly Notices of the Royal Astronomical Society 2007, 382, 1648–1656.

(36) Hama, T.; Watanabe, N. Surface Processes on Interstellar Amorphous Solid Water: Ad-
sorption, Diffusion, Tunneling Reactions, and Nuclear-Spin Conversion. Chem. Rev 2013,
113, 8783–8839.

(37) Al-Halabi, A.; van Dishoeck, E. F.; Kroes, G. J. Sticking of CO to crystalline and amor-
phous ice surfaces. The Journal of Chemical Physics 2004, 120, 3358–3367.

(38) Jenniskens, P.; Blake, D. F. Crystallization of Amorphous Water Ice in the Solar System.
The Astrophysical Journal 1996, 473, 1104–1113.

(39) Jenniskens, P.; Blake, D. F.; Kouchi, A. In Solar System Ices, Astrophysics and Space
Science Library; Springer, Dordrecht: Toulouse, France, 1998, pp 139–155.

(40) Angell, C. A. Amorphous Water. Annu. Rev. Phys. Chem 2004, 55, 559–83.

(41) Smith, R. S.; Petrik, N. G.; Kimmel, G. A.; Kay, B. D. Thermal and Nonthermal Physio-
chemical Processes in Nanoscale Films of Amorphous Solid Water. Accounts of Chemical
Research 2012, 45, 33–42.

(42) Isokoski, K.; Bossa, J.-B.; Triemstra, T.; Linnartz, H. Porosity and thermal collapse mea-
surements of H2O, CH3OH, CO2, and H2O:CO2 ices. Phys. Chem. Chem. Phys 2014, 16,
3456–3465.

(43) Bossa, J.-B.; Isokoski, K.; Paardekooper, D. M.; Bonnin, M.; van der Linden, E. P.; Triem-
stra, T.; Cazaux, S.; Tielens, A. G. G. M.; Linnartz, H. Porosity measurements of interstel-
lar ice mixtures using optical laser interference and extended effective medium approxi-
mations. Astronomy & Astrophysics 2014, 561, A136\1–8.

(44) Bartels-Rausch, T. et al. Ice structures, patterns, and processes: A view across the icefields.
Reviews of Modern Physics 2012, 84, 885–944.

(45) Noble, J. A.; Martin, C.; Fraser, H. J.; Roubin, P.; Coussan, S. IR selective irradiations of
amorphous solid water dangling modes: Irradiation vs annealing effects. The Journal of
Physical Chemistry C 2014, 118, 20488–20495.

(46) He, J.; Acharyya, K.; Vidali, G. Sticking of Molecules on Nonporous Amorphous Water
Ice. The Astrophysical Journal 2016, 823, 1–10.

(47) Batista, E. R.; Ayotte, P.; Bilić, A.; Kay, B. D.; Jónsson, H. What Determines the Sticking
Probability of Water Molecules on Ice? Physical Review Letters 2005, 95, 223201\1–4.

(48) Watanabe, N.; Kouchi, A. Ice surface reactions: A key to chemical evolution in space.
Progress in Surface Science 2008, 83, 439–489.

(49) Cardillo, M.; Balooch, M.; Stickney, R. Detailed balancing and quasi-equilibrium in the
adsorption of hydrogen on copper. Surface Science 1975, 50, 263–278.

219



(50) Clark, R. N. In The Science of Solar System Ices, Gudipati, M. S., Castillo-Rogez, J., Eds.;
Astrophysics and Space Science Library, Vol. 356; Springer: New York, NY, 2013, pp 3–
46.

(51) Mousis, O.; Chassefière, E.; Holm, N. G.; Bouquet, A.; Waite, J. H.; Geppert, W. D.; Pi-
caud, S.; Aikawa, Y.; Ali-Dib, M.; Charlou, J.-L.; Rousselot, P. Methane Clathrates in the
Solar System. Astrobiology 2015, 15, 308–326.
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(164) Park, G. B.; Krüger, B. C.; Borodin, D.; Kitsopoulos, T. N.; Wodtke, A. M. Fundamental
mechanisms for molecular energy conversion and chemical reactions at surfaces. Reports
on Progress in Physics 2019, 82, 096401.

(165) Sibener, S. J.; Lee, Y. T. The internal and translational energy dependence of molecular
condensation coefficients: SF6 and CCl4. The Journal of Chemical Physics 1994, 101,
1693–1703.

227



(166) Carlsson, A. F.; Madix, R. J. Alkane trapping onto structured alkane monolayers on Pt(111)
at low temperature. The Journal of Physical Chemistry B 2000, 104, 12237–12249.

(167) Carlsson, A. F.; Madix, R. J. Trapping of Ar on well ordered Ar, Kr, and Xe overlayers on
Pt(1 1 1) at 30 K. Surface Science 2000, 470, 62–80.

(168) Carlsson, A. F.; Madix, R. J. Dynamics of argon and methane trapping on Pt(111) at 30
and 50 K: energy scaling and coverage dependence. Surface Science 2000, 458, 91–105.

(169) Head-Gordon, M.; Tully, J. C. Competition between static and dynamical effects in ad-
sorption: sticking of Ar on Ar-covered Ru(001). Surface Science 1992, 268, 113–126.

(170) Chesters, M. A.; De La Cruz, C.; Gardner, P.; McCash, E. M.; Prentice, J. D.; Sheppard, N.
Infrared spectroscopic comparison of the chemisorbed species from ethene, propene, but-
1-ene and cis- and trans-but-2-ene on Pt(111) and on a platinum/silica catalyst. Journal of
the Chemical Society, Faraday Transactions 1990, 86, 2757–2763.

(171) Kao, C. L.; Carlsson, A.; Madix, R. J. Mass and lattice effects in trapping: Ar, Kr, and Xe
on Pt(111), Pd(111), and Ni(111). Surface Science 2004, 565, 70–80.

(172) Krivchikov, A. I.; Stachowiak, P.; Pisarska, E.; Jezowski, A. Orientational isotopic effects
in the thermal conductivity of CH4/CD4 solid solutions. Low Temperature Physics 2007,
33, 1061.

(173) Celli, V.; Himes, D.; Tran, P.; Toennies, J. P.; Wöll, C.; Zhang, G. Multiphonon processes
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