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Introduction
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Motivation

• Replacement for highly toxic fuels!
– Improved performance.

– Environmentally “greener”

• New fuels (ionic liquids) have:
– Extremely low vapor pressures.

– High energy density.

– Low flammability.

• Catalytic Ignition involves:
– Dissociative chemisorption and recombination.

– Rapid heating: vaporization and thermal decomposition.

– Ignition.

• How to predict ignition properties?
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Green Propellants (GPIM) NASA/AFRL Partnership

• Satellite launched in June 2019! 

Successful mission!

https://www.jpl.nasa.gov/missions/lunar-flashlight
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J. Phys. Chem. Lett. 2017, 8, 2126−2130
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J. Phys. Chem. Lett. 2022

DOI: 10.1021/acs.jpca.1c07408
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Experimental:
Tunable VUV-PI-TOFMS
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Tunable VUV-PI-TOFMS: Effusive Source

h = 7.4 - 15 eV

8Distribution Statement A: Approved for Public Release; Distribution is Unlimited PA# AFRL-2022-0766



Aerosol Tunable VUV-PI-TOFMS

Aerosol Beam

VUV Beam

Iridium Catalyst
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Monitoring Isolated Ion Pairs

• Use it to study reaction kinetics of ‘hypergolic ionic liquid reaction with an oxidizer’

+ hυ

Hypergolic

Ionic liquid aerosol

+
+ −

HOT

+

+ −

−

+ −

+
−

−

Reaction dynamics

and kinetics

J. Phys. Chem. A 2011, 115, 4630-4635.

HNCNCN
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10.2 ± 0.2
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Aerosol Kinetics Data
IL + H15NO3

CO2 at 13.5 eV

15NNO at 14.3 eV

J Phys Chem A 2014, 48, 11116
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N2O vs CO2 detection

12

High resolution PIE curves for N2O (blue), CO2 (red) 

and a 1:1 mixture of N2O to CO2 (purple).
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t = 0

13

HNO3

t = 6 ns

BMIM/DCA HNO3

in liquid/liquid systems, mixing is rapid!J Phys Chem A 2014, 48, 11116

MD Simulations of IL/oxidizer Interphases: Liquid-liquid
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t = 0

HNO3BMIM/DCAHNO3

14

t = 6 ns

J Phys Chem A 2014, 48, 11116

MD Simulations of IL/oxidizer Interphases: Liquid-gas
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At the liquid-gas interphase

HNO3 quickly adsorbs to the 

surface and then slowly 

diffuses to the bulk.

There is a certain 

concentration of HNO3 at the 

surface that system would 

like to maintain to reduce 

the surface tension

BMIM

HNO3
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MD Simulations of IL/oxidizer Interphases: Liquid-gas

J Phys Chem A 2014, 48, 11116
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HEHN Effusive Source, Total Ion Current Mass Spectra: (7.4-15 eV)

HO

+
H2N NH2

HEH
+ (HOCH + 

2CH2NH2NH2 ) m/z = 77

NH3 

IE=10.07 eV

Exptl. IE = 8.0 ± 0.2 eV 

Theo. IE = 7.7 ± 0.2 eV

M06/6-31+G(d,p)

m/z = 102

m/z = 71

Exptl. IE = 8.8 ± 0.2 eV 

Lit. IE =8.3 eV
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J. Phys. Chem. Lett. 2022 

DOI: 10.1021/acs.jpca.1c07408
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HEHN Aerosol Source, Total Ion Current Mass Spectra: (7.4-15 eV)

m/z = 39

17

m/z = 44, NO2

J. Phys. Chem. Lett. 2022 

DOI: 10.1021/acs.jpca.1c07408
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J. Chem. Phys. 2012, 136, No. 134307.

m/z = 39, C3H3 propargyl radical

Propargyl Radical
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IL Monoprop Ignition

• Investigate the catalytic 

reactivity of ionic liquids via 

nanotip ambient ionization 

mass spectrometry (NAIMS).

• Experiments can be performed

on the benchtop.

• High resolution and MS/MS.

NAIMS
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HEHN on S405 granules room temperature

20

HEHN on S405 granules 50°C

NAIMS Analysis
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NAIMS Results

22

HO

+
H2N NH2

HEH
+ (HOCH + 

2CH2NH2NH2 ) m/z = 77

HO

+
3NH +

-H2O

NH3

m/z 62: C2H8ON m/z 44: C2H6N

m/z = 62
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J. Phys. Chem. Lett. 2022 

DOI: 10.1021/acs.jpca.1c07408
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NAIMS Results: CID

Possible structure and CID fragmentation pathways for m/z 103.0864 (C4H11ON2)

23

CID fragmentation patterns and possible chemical structures for masses 106.08604 (C4H12O2N) 

detected from NAIMS of HEHN on Ir catalyst at 100 °C.

m/z = 103

m/z = 106

J. Phys. Chem. Lett. 2022 

DOI: 10.1021/acs.jpca.1c07408

Distribution Statement A: Approved for Public Release; Distribution is Unlimited PA# AFRL-2022-0766



+

H  
N

N

HO

-H2O

+

H  
N

N

HO

+

+H2N
N

-HCN +HN

-C3H4N

m/z 113: C5H9ON2

m/z 69: C3H5N2

m/z 95: C5H7N2

C2H3N
+ 

m/z 41: C2H3N

m/z 68: C4H6N

Proposed structures of m/z 113.0707 (C5H9ON2) (left) and m/z 115.0864 (C5H11ON2) (right) HEHN catalytic decomposition products and their CID 

fragmentation pathways.

J. Phys. Chem. Lett. 2022 

DOI: 10.1021/acs.jpca.1c07408
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NAIMS Results: CID
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N

+
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-H2O N

+
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N

+
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m/z 129: C6H13ON2

m/z 85: C4H9N2

m/z 83: C4H7N2

m/z 111: C6H11N2

+

N

+
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m/z 70: C4H6O
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m/z 129: C6H13ON2
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m/z 111: C6H11N2

NH
+    

N NH+    N
-H2O +

+
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m/z 83: C4H7N2

4 6m/z 70: C H O

-C2H7N2

Proposed structures of m/z 127.0864 (C6H11ON2) (top) and m/z 129.1020 (C6H13ON2) (bottom) HEHN catalytic decomposition products and their 

fragmentation pathways.
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NAIMS Results: CID

J. Phys. Chem. Lett. 2022 

DOI: 10.1021/acs.jpca.1c07408
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J. Phys. Chem A. 2020, 124, 50, 10507–10516

HEHN ESI: Clusters
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Conclusions
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Conclusions

• Catalytic reactivity of HEHN Ionic Liquid:

• Proton transfer

• NH3, propargyl, N2O and ethanolamine formation

• Surface recombinations to form larger hydrazines and cyclic structures

• Protic nature of ionic liquids can be very important to reactivity and physical properties.
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Questions?
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