REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
04-06-2018 Final Report 1-May-2014 - 30-Apr-2018
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Final Report: Investigation of the Decomposition of Energetics | W911NF-14-1-0167

Materials 5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER
611102

6. AUTHORS 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT
University of Hawaii - Research Services NUMBER
Office of Research Services
2440 Campus Road, Box 368
Honolulu, HI 96822 -2234
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO
U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 64425-CH-H.11

12. DISTRIBUTION AVAILIBILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |15. NUMBER [19a. NAME OF RESPONSIBLE PERSON

a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Ralf Kaiser

uu uu uu uu 19b. TELEPHONE NUMBER
808-956-5731

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



RPPR Final Report
as of 12-Jun-2018

Agency Code:

Proposal Number: 64425CHH Agreement Number: W911NF-14-1-0167
INVESTIGATOR(S):

Name: Ralf | Kaiser kaiser@gol
Email: ralfk@hawaii.edu
Phone Number: 8089565731
Principal: Y

Organization: University of Hawaii - Research Services
Address: Office of Research Services, Honolulu, HI 968222234

Country: USA
DUNS Number: 965088057 EIN: 996000354
Report Date: 31-Jul-2018 Date Received: 04-Jun-2018

Final Report for Period Beginning 01-May-2014 and Ending 30-Apr-2018
Title: Investigation of the Decomposition of Energetics Materials

Begin Performance Period: 01-May-2014 End Performance Period: 30-Apr-2018
Report Term: 0-Other
Submitted By: Ralf Kaiser Email: ralfk@hawaii.edu

Phone: (808) 956-5731
Distribution Statement: 1-Approved for public release; distribution is unlimited.

STEM Degrees: 4 STEM Participants: 0

Major Goals: The main objectives of our project is to experimentally understand the hitherto poorly characterized
underlying reaction mechanisms involved in the explosive decomposition of model compounds of energetic
materials such as of nitrohydrocarbons in the condensed phase. This is aimed to change our understanding of their
long-term stability and explosion efficiency and may also lead to the development of novel insensitive energetic
materials.

We trigger the decomposition of the model compounds by ionizing radiation in form of energetic electrons and
(vacuum) ultraviolet (VUV) photons with energies below the ionization energy of the target molecules in a
contamination free ultra high vacuum setup at low temperatures. The decomposition processes are monitored on
line and in situ via an array of complementary spectroscopic tools (FTIR, Ra, UVVIS) and most recently electron
paramagnetic resonance (EPR). Based on the kinetic fits of the temporal evolution of newly formed species along
with data from the decomposition of (partially) deuterated reactants, we extract general concepts on the reaction
mechanisms, products, intermediates, and branching ratios. Molecules subliming during the warm up phase are
photoionized analyzed exploiting tunable VUV light and then mass analyzed in a reflectron time of flight mass
spectrometer (ReTOF-PI) thus gaining a systematic understanding of the decomposition products.

Accomplishments: Please see uploaded pdf file.

Training Opportunities: We trained 9 scientists (P. Maksyutenko, S. Gobi, L. G. Muzangwa, B. M. Jones, M.
Forstel, P. Crandall, B. J. Sun, M. H. Wu, Y. A. Tsegaw) in the fields of energetic materials, condensed phase
physical chemistry, ultra-high vacuum technology, laser technology, and physical organic chemistry. Names
denoted in italics represent graduate students; names in bold indicate group members having accepted faculty/staff
positions. Our collaborative training involved well-reputed theoreticians (Chang, National Dong Hwa University,
Taiwan; Mebel, Florida International University) and experimentalists (Sander, University of Bochum, Germany)
demonstrating our commitment to train scientists across the disciplines capable of assuming leading roles in
sciences in the future.



RPPR Final Report
as of 12-Jun-2018

Results Dissemination: P1 P. Maksyutenko, L.G Muzangwa, B.M. Jones, R.l. Kaiser, Lyman a Photolysis of
Solid Nitromethane (CH3NO2) and D3-Nitromethane (CD3NO2) - Untangling the Reaction Mechanisms Involved in
the Decomposition of Model Compounds of Energetic Materials. Phys. Chem. Chem. Phys. 17, 7514-7527 (2015).

P2 R.l. Kaiser, P. Maksyutenko, Novel Reaction Mechanisms Pathways in the Electron Induced Decomposition of
Solid Nitromethane (CH3NO2) and D3- Nitromethane (CD3NO2), J. Phys. Chem. C 119, 14653-14668 (2015).

P3 R.I. Kaiser, P. Maksyutenko, A Mechanistical Study on Non-Equilibrium Reaction Pathways in Solid
Nitromethane (CH3NO2) and D3-nitromethane (CD3NO2) upon Interaction with lonizing Radiation. Chem. Phys.
Lett. 631-632, 59-65 (2015).

P4 P. Maksyutenko, M. Forstel, P. Crandall, B. J. Sun, M. H. Wu, A. H. H. Chang, R. |. Kaiser, An isomer-specific
study of solid nitromethane decomposition pathways - Detection of aci-nitromethane (H2CNO(OH)) and
nitrosomethanol (HOCH2NO) intermediates , Chem. Phys. Lett., 658, 20-29 (2016).

P5 Y.A. Tsegaw, W. Sander, & R. |. Kaiser, Electron Paramagnetic Resonance Spectroscopic Study on
Nonequilibrium Reaction Pathways in the Photolysis of Solid Nitromethane (CH3NO2) and D3-Nitromethane
(CD3NO2), J. Phys. Chem. A. 120, 1577-1587 (2016).

P6 M. Forstel, P. Maksyutenko, B. M. Jones, B.-J. Sun, S.-H. Chen, A. H.-H. Chang, & R. |. Kaiser, Detection of the
Elusive Triazane Molecule (N3HS5) in the Gas Phase, Chem. Phys. Chem. 16, 3139-3142 (2015)

P7 M. Forstel, Y. A. Tsegaw, P. Maksyutenko, A. M. Mebel, W. Sander, & R. I. Kaiser, On the Formation of N3H3
Isomers in Irradiated Ammonia Bearing Ices: Triazene (H2NNNH) or Triimide (HNHNNH), Chem. Phys. Chem. 17
(2016).

P8 S. Gobi, Parker B. Crandall, P. Maksyutenko, M. Férstel, and R.l. Kaiser, Accessing the Nitromethane
(CH3NO2) Potential Energy Surface in Methanol (CH3OH)—Nitrogen Monoxide (NO) Ices Exposed to lonizing
Radiation: An FTIR and PI-ReTOF-MS Investigation, J. Phys. Chem. A 122, 2329-2343 (2018).

Honors and Awards: Ralf | Kaiser was elected American Chemical Society (ACS) (2017)
Protocol Activity Status:
Technology Transfer: Nothing to Report

PARTICIPANTS:

Participant Type: PD/PI

Participant: Ralf | Kaiser

Person Months Worked: 12.00 Funding Support:
Project Contribution:

International Collaboration:

International Travel:

National Academy Member: N

Other Collaborators:

Participant Type: PD/PI

Participant: Ralf | Kaiser

Person Months Worked: 12.00 Funding Support:
Project Contribution:

International Collaboration:

International Travel:

National Academy Member: N

Other Collaborators:



RPPR Final Report
as of 12-Jun-2018

Participant Type: Postdoctoral (scholar, fellow or other postdoctoral position)
Participant: Pavlo Maksyutenko

Person Months Worked: 12.00 Funding Support:
Proiect Contribution:

International Collaboration:

International Travel:

National Academy Member: N

Other Collaborators:

Participant Type: Postdoctoral (scholar, fellow or other postdoctoral position)
Participant: Sandor Gobi

Person Months Worked: 15.00 Funding Support:
Project Contribution:

International Collaboration:

International Travel:

National Academy Member: N

Other Collaborators:

Participant Type: Postdoctoral (scholar, fellow or other postdoctoral position)
Participant: Brant M Jones

Person Months Worked: 12.00 Funding Support:
Project Contribution:

International Collaboration:

International Travel:

National Academy Member: N

Other Collaborators:



Untangling the Reaction Mechanisms Involved in the Decomposition

of Model Compounds of Energetic Materials in the Condensed Phase

Principal Investigator: Ralf I. Kaiser
Department of Chemistry, University of Hawaii at Manoa, Honolulu, HI 06822
ralfk@hawaii.edu
Program Manager: James K. Parker

Physical and Theoretical Chemistry, Chemical Sciences Division, U.S. Army Research Office
P.O. Box 12211, Research Triangle Park NC 27709

james.kenneth.parker@us.army.mil;baa@arl.army.mil

Final Report



ABSTRACT

The main objectives of our project is to experimentally understand the hitherto poorly
characterized underlying reaction mechanisms involved in the explosive decomposition of model
compounds of energetic materials such as of nitrohydrocarbons in the condensed phase. This is
aimed to change our understanding of their long-term stability and explosion efficiency and may
also lead to the development of novel insensitive energetic materials.

We trigger the decomposition of the model compounds by ionizing radiation in form of energetic
electrons and (vacuum) ultraviolet (VUV) photons with energies below the ionization energy of
the target molecules in a contamination free ultra high vacuum setup at low temperatures. The
decomposition processes are monitored on line and in situ via an array of complementary
spectroscopic tools (FTIR, Ra, UVVIS) and most recently electron paramagnetic resonance
(EPR). Based on the kinetic fits of the temporal evolution of newly formed species along with
data from the decomposition of (partially) deuterated reactants, we extract general concepts on
the reaction mechanisms, products, intermediates, and branching ratios. Molecules subliming
during the warm up phase are photoionized analyzed exploiting tunable VUV light and then
mass analyzed in a reflectron time of flight mass spectrometer (ReTOF-PI) thus gaining a
systematic understanding of the decomposition products.



1. RESULTS

Our research program Untangling the Reaction Mechanisms Involved in the Decomposition of
Model Compounds of Energetic Materials in the Condensed Phase has been extremely produc-
tive not only in terms of exciting scientific results disseminated via publications P1-P8, [Error!
Reference source not found.—Error! Reference source not found.] but also from the
standpoint of human resource development.

1.1. SCIENTIFIC RESULTS

The main objectives of our project have been to experimentally unravel the hitherto poorly cha-
racterized reaction mechanisms involved in the decomposition of nitromethane (CH3NO;) as the
simplest representative of a model compound of nitrohydrocarbon-based energetic materials in
the condensed phase (P1-P5). The experiments were conducted in a novel ultrahigh-vacuum
surface science machine within thin films of nitromethane ices triggering their decomposition via
energetic electrons and monochromatic vacuum ultraviolet photons with energies up to 10.49 eV.
The experiments established a comprehensive protocol to monitor the fragmentation and
successive higher-order reaction products of nitromethane (CH3NO,) in the condensed phase on
line and in situ via an array of complementary spectroscopic tools such as Fourier Transform
Infrared (FTIR) spectroscopy and electron paramagnetic resonance (EPR). After the radiation
exposure, molecules subliming during the warm-up phase were photoionized exploiting tunable
vacuum ultraviolet (VUV) light and then mass analyzed in a reflectron time of flight mass
spectrometer (P1-ReTOF-MS) thus gaining a comprehensive inventory of the isomer selective
decomposition and reaction products. These data provided compelling evidence of multiple non-
equilibrium reaction mechanisms, products, and intermediates, which were found to be quite
distinct from those observed in the decomposition of nitromethane in the gas phase under
collision less conditions. The following five key mechanisms (M1-M5) shall be highlighted.

M1: Isomerization — Decomposition: The infrared data suggest (pseudo) first order kinetics and
the initial formation of cis methyl nitrite (CH3ONO) via isomerization of nitromethane (CHj
NOy) (reaction (1)) (P1-P2) (Fig. 1). Methyl nitrite (CH3ONO) decomposed via two competing
pathways involving a radical route and a molecular fragmentation mechanism into the methoxy
radical (CH3O) plus nitrogen monoxide (NO) (reaction (2a)) and into formaldehyde (H,CO) plus
nitrosyl hydride (HNO) (reaction (2b)), respectively. The decomposition of nitromethane into
methyl radicals (CHs) plus nitrogen dioxide (NO;) (reaction (3)) was traced via EPR spec-
troscopy (P5). These mechanisms were also observed in gas-phase studies [Error! Reference
source not found., Error! Reference source not found.]. It shall be highlighted that the
branching ratios strongly depend on the source of ionizing radiation (elec-trons versus photons)
and also the photolysis wavelength.

M2: Mass Growth Processes: With the help of isotopically labeled reactants, the PI-ReTOF-
MS analysis exposed three classes of higher molecular weight products, which are uniquely
formed in the condensed phase: i) nitroso compounds, ii) nitrite compounds, and iii) higher
molecular weight molecules (P1-P2). A key molecular mass growth process was attributed to
insertion of carbene (CH>) into carbon—hydrogen bonds forming from nitrosomethane (CH3NO)
nitrosoalkanes: nitrosoethane (C,HsNO) and nitrosopropane (CsH;NO). Starting with
methylnitrite (CH3ONO), carbene insertion leads to nitritoalkanes: ethylnitrite (C,HsONO) and
propylnitrite (C3H;ONO). We also identified molecules, which necessitate the reaction of
(fragments of) two nitromethane building blocks; further, the formation of CH;NONOCH; and



CH3NONO,CH3; requires two neighboring nitrosomethane and nitrosomethane/nitromethane
molecules to react.

M3: Non-Equilibrium Mechanisms: The reactions in the condensed phase expose exotic non-
equilibrium decomposition pathways, which have not been observed in previous gas-phase expe-
riments. These are the decomposition of nitromethane (CH3sNO,) and methyl nitrite (CH3;ONO)
via atomic hydrogen loss to CH;NO;, and CH,ONO radicals via reactions (4a) and (4b), res-
pectively, fragmentation to nitrosomethane (CH3NO) plus atomic oxygen (O) (reaction (5)), and
decomposition to carbene (CH>) plus nitrous acid (HONO) (reaction (6)). These pathways were
confirmed in nitromethane (CH3NO,) — D3-nitromethane (CD3NO5) ices (P3), are highly endo-
ergic by up to 440 kJmol™, and could be opened up through the interaction of ionizing radiation
with nitromethane in the condensed phase.

M4: Exotic Structural Isomers: An isomer specific study of the products formed in the
exposed nitromethane ices was performed via photoionization — reflectron time of flight mass
spectrometry (P1-ReTOF-MS) of the subliming products employing tunable vacuum ultraviolet
photons for ionization (Figs. 1 & 2). Supported by electronic structure calculations, nitromethane
(CH3NO,) was found to isomerize to methyl nitrite (CH3ONO) (reaction (1)), but also via
hydrogen migration to the hitherto elusive aci-nitromethane isomer (H,CNO(OH)) (reaction (7)).
The latter rearranged to nitrosomethanol (HOCH,NO) through hydroxyl group (OH) migration.
The importance of hydrogen migrations in the condensed phase was also verified via the
nitrosomethane (CH3NO) — formaldehyde oxime isomer (H,NCOH) pair. These studies revealed
the involvement of two exotic isomers in the decomposition of nitromethane: aci-nitromethane
(H.CNO(OH)) and nitrosomethanol (HOCH,NO).
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Fig. 1: Key isomerization and decomposition pathways of nitromethane in the condensed phase.
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Fig. 2: Structural isomers of nitromethane involved in the decomposition of nitromethane in the
condensed phase under non-equilibrium conditions (P1-P5, P8). Attempts to identify the chiral
cyclic 2-hydroxy-oxaziridine isomer (c-H,CON(OH)) are in progress.

M5: Hitherto elusive high energy density hydrides of nitrogen — triazane (H_NNHNH;; N3Hs)
along with triazene (H,NNNH; N3H3) and/or triimide (HNHNNH; N3H3) —were synthesized in
low-temperature ammonia matrices (P6—-P7) (Fig. 3). These species are higher-order nitrogen
hydrides of ammonia (NH3) and hydrazine (N2;H,) and are of fundamental importance for the
understanding of the stability of single-bonded chains of nitrogen atoms and a potential key
intermediate in the hydrogen — nitrogen chemistry. Triazane and triazene were formed through
irradiation of ammonia ices with energetic electrons and detected in the gas phase after sublima-
tion of the irradiated samples via tunable, soft vacuum ultraviolet (VUV) photoionization coupl-
ed with a reflectron-time-of-flight mass spectroscopy. Isotopic substitution experiments exploi-
ting irradiation of D3-ammonia ices confirmed the identification through the detection of fully
deuterated counterparts D5-triazane (N3Ds) and D3-triazene (N3D3). These molecules represent
surprisingly stable species with nitrogen—nitrogen bond length shorter by a few picometers than
in hydrazine and lifetimes exceeding 6 £ 2 pus at 170 K.
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Fig. 3: Hydrides of nitrogen involved in non-equilibrium chemistry in ammonia ices (P6-P7).
1.2. HUMAN RESOURCE DEVELOPMENT

We trained 9 scientists (P. Maksyutenko, S. Gobi, L. G. Muzangwa, B. M. Jones, M. Forstel, P.
Crandall, B. J. Sun, M. H. Wu, Y. A. Tsegaw) in the fields of energetic materials, condensed
phase physical chemistry, ultra-high vacuum technology, laser technology, and physical organic
chemistry. Names denoted in italics represent graduate students; names in bold indicate group
members having accepted faculty/staff positions. Our collaborative training involved well-reput-
ed theoreticians (Chang, National Dong Hwa University, Taiwan; Mebel, Florida International
University) and experimentalists (Sander, University of Bochum, Germany) demonstrating our
commitment to train scientists across the disciplines capable of assuming leading roles in
sciences in the future.
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