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Motivation: Understanding Probing Reaction Pre-Reaction Dynamic Post-Reaction Products and
Shock-Induced Reactions in Mechanisms Processes State Distributions

EXp|OSIVES How can we prrﬁzzr::re‘igr‘:'a(g)tgm'm“ha"ical Modeling: Effects of Large-Amplitude We use streaked optical spectroscopy to examine light
' emitted from shocked and detonating samples. This

_ Understanding the molecular level involves Motion on Molecules p.rov_ides. diagno§tic information about species an_d product state
TZO + N, + CO + CO, + HCN understanding the underlying quantum mechanics. Compression of the crystal lattice can induce large- distributions, which can be used to develop reaction
RDX

~ Potential energy surfaces (+ Distortion under shock) amplitude distortion in constituent molecules. We are mechanisms.
~ Nuclear motion (Response of molecules and lattice to shock) computationally investigating how these distortions affect

— Energy transfer mechanisms molecular properties Sample and Probe Geometries

« Why do we need to understand shock-induced

reactions at the molecular level? Experiments can only probe so much: To Spectrometor Monochromator
- Nitromethane -NO2 Bend ‘ e
— Changes in electronic and vibrational structure of unreacted material | romet To SW@W%' Va r ( ) l1
Explosive Film é,

Explc?swe science Is an unusgal field: we have developed _ \dentification of post-reaction product species
a variety of explosives for various applications and they — Quantum state distributions of post-reaction products
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This leads to two types of experiments to probe reaction processes: ' - w s on LiF Window Fom Saple hCamera
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work well, yet we understand little at the molecular level

We do a good job of describing detonation at the — Electronic and vibrational spectra to quantify dynamic processes Large-amplitude bending strains  Fiyer fovlengt

macroscopic level before reaction occurs the molecule but does not S
. end Angle (Degrees

— Detonation so fast that chemical details don’t really matter — Spectroscopic identification to identify reaction products after reaction directly lead to bond breakage. E | _ S |
— Thermodynamic + hydrodynamic treatment works fairly well occurs. pe— XpPl1Oosive campies

: : : . Both types of experiments are discussed here. D : : : :
— Knowing equation of state of reactants and products is sufficient 50 We use thin film explosive samples, which are optically thin

to model many detonation scenarios s50 and enable spectroscopic measurements.
Problem is that we can only really model what happens S h k I d d R - f§§ £3
ock-Induced Reaction ?/ I

during steady detonation of pristine materials at their time Large-amplitude stretching, as o5
of manufacture and after extensive experimental
TNT -NO2 Shear

expected, leads to direct bond 0.0
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Lots of challenges predicting/understanding everything Shock-induced reactions span a broad range of o window
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besides steady detonation: phenomena, from elastic shocks to detonation. 2eo
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Shock sensitivit - : .
ock sensitivity Mechanisms are expected to vary accordingly. Shearing motions can lead {6 &1 Detonation Measurements
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Effects of material properties (microstructure, bond breakage, with the same 03 "
heterogeneity) Two examples of QM reaction mechanisms are

energetic cost as large-amplitude 00 05 10 15 20 25 30 35
Stretching NO2 Displacement (Angstroms)

Aging characteristics discussed here. This spectrum shows ultraviolet Q oaN
Rational design of new materials Modeling: Effects of Compression on emission from detonating HNS, with ~ ~ LQNOZ

NO,

Explosive science is underdeveloped in terms of molecular Electronic Structure of Solid distinct molecular emission features. ON

and quantum-level understanding Weak shocks: Phonon up-pumping (Dlott, Compression can cause changes in electronic Hexar(lli_t{,ggt)"bene

Fayer, Tokmakoft, et al.) structure, which may activate reaction pathways. We
Streaked Spectrum

— Energy transferred from phonons to molecular are computationally investigating how compression affects
vibrations electronic structure and how this may influence reactivity. = Spectrum consists of CN

Types Of Exp I Os Ives — Energy transfer depends on anharmonic couplings ’ B2z*- X2z* and broadband

1.8 Emission from detonating HNS o2 emission.

— Thermal process
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We are concerned with secondary explosives,
which require significant energy input (shock

wave) to initiate , doorway
' overtones
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Hg(CNO),
CN B2E* - X25+ Simulation, 10,000K | CN BZz+ - XZZ+ emiSSion

"O-N=C- =N-O" Q . :
T N7 delocalized phonons Experiment: Electronic Structure of

Lead azid NI . I
ead azide NG Tokmakoff, Fayer, and Dlott, J. Phys. Chem. 97, 1901 (1993) Com pressed Solid Av=0\ is observed with high

N N
N+ N - . = = 1
S We are using diamond anvil cell spectroscopy to examine how 2927 e Falorml r<_>tat|<.)nal and o
i sessmmAllorTii | Vibrational excitation.

s Several pathways allow for energy transfer between low- static compression changes the properties of explosive
Acetone Peroxide N " frequency phonons and high-frequency molecular materials. This experiment is designed to detect change in electronic
A AL A vibrations. Low-frequency “doorway” modes are key. structure of crystal under hydrostatic compression.
Anharmonic coupling couples the molecular vibrations with 247 (0 GPa)
phonon modes of crystal: 2.3 (5 GPa)
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What Controls Shock _
Sensitivity of Materials? e e oNE e amission

Stronger shocks: Electronic band gap 16 o time, with broadband
Many correlations have been made between shock reduction (Kuklja, Kunz, Gilman, et al.) 1.5 4 emission at later time

sensitivity and molecular properties (for groups of - Compression reduces energy difference between e 0 = E

- Wavelength (nm)
similar compounds) ground and excited electronic states, thermally ’ 27 - XX
. . . . . . atomic impurities from
assisting reactions and potentially allowing Experiment: Electronic Structure of sample fixture
P. Politzer and J. S. Murray, in Advances in Quantum Chemistry 69, 1 (2014) spontaneous reactions to occur Shocked SOlId N | Later emission is

Thermally-assisted or non-thermal process broadband, 300nm to >
: : 650nm, increase in visible
Pressure and degree of compression are controlling : : . _
compression changes the properties of molecular crystals. This —— Iteqrated Specum, thrd 100 _| . . .

Bond lengths Rates of vibrational energy b emission at late time
Bond polarities transfer variables experiment is designed to detgct change in electronic structure of Wavelength (nm)
crystal under shock compression.

Band gaps Oxygen balance : - Broadband emission d
. . o + CCD Blackbody Spectra vs. Streak Spectrum roa ana emission does
Atomic charges = Heat of fusion Spectrometer e - ot appear to be thermal

Heat of detonation T So00K ey i ANEY 1 - blackbody emission
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Peak emission occurs ~450
nm; 450 nm peak emission

« Early emission is primarily
CN B2x*- X?2Z*, plus
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We are using transient absorption to examine how dynamic [ —— Imograted Spectum, st 100 no

Integrated Spectrum, second 100 ns

Bond energies NMR shifts

However, each of these correlations only apply within limited

sets of similar compounds. ) ) - /

This means these properties “reflect causation but do not RDX Molecule RDX Crystal Shocked shortpass - CaFs ¢ 400mm Shock Pulse
directly reveal it’; there is an underlying mechanism that Crystal corresponds to 6000K
blackbody

we have not yet assembled. . “short-pass ! | | Emicsi ds 1
Compression is expected to reduce band gap of material, filter 370nm - | 7 EMISSIon torresponds to
emission from polyatomic

placing excited states within range of thermal excitation. Schematic of transient absorption experiment. Broadband ultrafast pulse o @ w s me s e we Intermediates (possibly NO,,

probes change in absorption spectrum during shock compression. Wavelength (nm) others)
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