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Abstract. We discuss our measurements of the chemical reaction propagation rate as a
function of pressure. Materials investigated have included CL-20, HMX, TATB, and
RDX crystalline powders, LX-04, Comp B, and nitromethane. The anomalous
correspondence between crystal structure, including in some instances isostructural phase
transitions, on pressure-dependant RPRs of TATB, HMX, Nitromethane, CL-20, and
PETN have been elucidated using micro-IR and -Raman spectroscopies. Here we
specifically highlight pressure-dependent physicochemical mechanisms affecting the
deflagration rate of nitromethane and epsilon-CL-20. We find that pressure induced
splitting of symmetric stretch NO, vibrations can signal the onset of increasingly more

rapid combustion reactions.

Introduction

Knowledge of high-pressure chemistry is
fundamental toward understanding combustion
and detonation processes. Diamond-anvil cell
(DAC) reaction propagation rate (RPR) results,
combined with strand burner measurements below
1 GPa, are important to understanding processes
such as deflagration-to-detonation transition
(DDT), thermal explosion (and its associated
violence), sympathetic detonation, and buildup of
reaction following impact ignition, and generally
assist in assessing potential outcomes of accident
scenarios.

We find that the deflagration rates of pre-
compressed explosives and polymer-blended
explosives never exhibit purely monotonic
pressure dependence. While materials studied to
date have included a wide variety of materials
(crystalline powders CL-20, HMX, TATB, and

RDX, energetic liquid Nitromethane, explosive
mixtures LX-04", Composition Bb), here we limit
discussion to two very different systems: epsilon
phase CL-20 and nitromethane (NM). We consider
how discontinuities observed in pressure-
dependent vibrational spectra e.g., IR, Raman,
may signal the onset of deflagration rate changes
and/or product formation.

Experimental Procedure

Deflagration rates were determined from
materials pre-compressed to > GPa pressure within
a diamond-anvil cell. Sample preparation, pressure
measurement and deflagration measurement
methods have been discussed elsewhere.'” The
experiment consists of back illuminating a sample
pressurized in a DAC (no additional medium),

?85% HMX and 15% Viton A binder
®63% RDX, 36% TNT, 1% wax



with several Watts of coherent visible light from
an argon ion laser. The light transmitted through
the sample generates a speckle pattern that is
mapped onto the slit of a streak camera. A second
pulsed laser is employed to initiate a reaction in
the center of the sample. Dense or optically
opaque and hot reaction product gases mask the
original speckle pattern. The disappearance of the
speckle pattern across a time-streaked micrograph
provides a direct measurement of the speed of the
deflagration wave.

Static pressure mid-IR Fourier transform
infrared (FTIR) spectra of CL-20 polymorphs and
NM single crystals were taken over the pressure
range of 0.3—13 and 1-38 GPa respectively using
either a benchtop Nicolet System 730 or a Bruker
Vector-33 interferometer (4000-550 cm™, 4 cm™
resolution, 32 scans). CL-20 micro-pellets were
prepared by first pressing KBr (with embedded
ruby-chip manometers) to transparency within a
drilled metal gasket, then pressing a thin layer of
explosive on top of the KBr “window”." KBr was
included to reduce signal saturation. For NM,
single crystals were grown within an argon
pressure medium by moderating temperature at a
near constant pressure of 1 GPa. Crystal growth
was terminated when the desired sample thickness
was achieved by using IR absorption of the most
intense spectral peaks as feedback.

Results
CL-20

Pressure dependent mid-IR spectral trends and
reaction propagation rate data for o, f§, y, and ¢
polymorphs of CL-20 have been previously
published.” Data for e-CL-20 is reproduced in
Figure 1 (line through the data points is a guide for
the eye). Infrared spectra showed changes in the
intensity, width and frequency position of peaks
with increasing pressure. Two regions of these
spectra are emphasized: the C-H stretch (3200-
3000 cm™) and the ring + NO, deformation modes
(700-830 cm™). Higher pressure RPR data were
subsequently obtained for the four polymorphs,
specifically a-CL-20 to ~35 GPa, B-CL-20 to ~24
GPa, y-CL20 to ~32 GPa, and &-CL20 to ~27 GPa.
The RPR data for e-CL-20 is shown in Figure 2.
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Fig. 1. (A) Mid-IR static pressure-induced spectral
changes correlated with (B) reaction propagation
rate inflections of e-CL-20.

Superimposed on the plot are pressure regimes
identified by Ciezak et al. as corresponding to
pressure-induced phase transitions identified from
mid-IR spectral data.* While all four polymorphs
exhibit consistent RPR performance up to ~12.5
GPa, burn rates between 12.5-19 GPa of three are
erratic ranging from 200 m/s to ~1260 m/s ($-CL-
20 erratic burn rate region is shifted to 17-25 GPa).
Above 20 GPa RPR rates are more erratic than at
low pressure but follow the same general upward
trend. We note that Ciezak employed a helium
pressure medium, which imparts far less shear
forces to the sample. Consequently their
intermolecular transitions will, and do, occur at
higher pressures than inflections seen in the RPR.

Anomalous ignition sensitivity through
specific pressure regimes may indicate highly
stressed transitional states. For example, for the y-
polymorph we found that unless the sample was
pre-compressed to ~5-7 GPa accidental ignition
occurred 50% of the time with either the defocused
back lighting argon ion laser (514.5 nm, ~I5
kW/cm?) or the low energy alignment pulsed laser
beam. This is a surprising result since the RPR
data for gamma and alpha CL-20 are otherwise
nearly identical up to 30 GPa.

RPR data between 8-9 GPa for 3-polymorph
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Fig. 2. Reaction propagation rate data for e-CL-20. Dashed lines bracket two polymorphic phase
conversions identified from mid-IR spectra by Ciezak, et al. (Ref. 4).

were also difficult to obtain due to similar
sensitivity to accidental photo ignition. Otherwise
the RPR for $-CL-20 mimics that of e-CL-20 by
going through the same inflections at 2 GPa and
4.5 GPa, but diverges above 9 GPa.

Nitromethane

Previously published RPR data from NM are
presented in Figure 3.° Four distinct regions are
marked where an acceleration or deceleration of
rate occurs and/or the decomposition product
changes phase and color. NM exhibits varying
degrees of pressure dependent photosensitivity,
which may be cause for concern when attempting
to collect Raman data. Normally DAC IR data are
collected over a large spatial domain e.g., 30-100+
um; consequently many different crystallographic
orientations can be sampled simultaneously - IR
peak fidelity is degraded. Recently we collected
micro-IR data on three different single crystals of
NM with intent to overcome both issues. Here we
present selected NM mid-IR absorbance contour
data (298 K) from one crystal (Figure 4 a,b.). The
instrument was described previously.® Two of
three RPR inflection points can be linked to
changes in these vibrational spectra, (I-II) a sharp
discontinuity in CH; and NO, vibrational intensity

at 4-5 GPa and, (II-III) a market drop in CHj
deformation population, a splitting of the
symmetrical NO, stretch, a partial termination of
the asymmetric NO, stretch, and a significant
increase in the C-H stretch vibration population.
We note again that the softer argon pressure
medium inflicts much less shear strain compared
to pure crystalline NM. And note that this
difference only becomes manifest for the highest
infection pressure point (III-IV).
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Fig. 3 Reaction propagation rates from

precompressed and photoinitiated nitromethane,
with permission from Rice and Foltz, 1991.°
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Fig. 4. FTIR absorption contour plots of (a) CH; deformation and NO, stretch regions (b) C-H stretch
region from a single NM crystal. The inset photomicrograph (NM at 31.5 GPa) was taken under cross-
polarized light. The clear central region is pure argon. The cavity is 220-240 um across and <10 um thick.

Discussion
CL-20

Ciezak et al. also examined the high-pressure
response of e-CL-20 in a DAC with helium
pressure medium up to ~27 GPa using both Raman
and FTIR vibrational spectroscopy. * Their Raman
data suggests two phase transitions, the first
sluggish transition starting at ~4.1GPa and ending
at 6.5 GPa (proposed e—y). A second sluggish
phase transition begins near 14.8 GPa and doesn’t
complete until 18.7 GPa (proposed y—C). They
note that the most apparent modification in the
Raman spectra at pressures above 14.8 GPa occurs
in the C-H stretching region where four modes
merge into three broad peaks. The pressure-
induced shifts in their FTIR data suggest a phase
transition between 4.1 and 6.9 GPa - the intensity
of the 650 cm™ C-N-C stretching band increasing
nearly two-fold between 4.1-6.9 GPa, and the two
NO, torsional modes collapsing into a single broad
peak near 6.9 GPa. Near 18 GPa they report slight
discontinuities in frequency shifts and dv/dP
decreases, which indicates either a distortion
within the unit cell or the onset of structural phase
transition.

Gump et al., investigated the crystal structure
of powdered &-CL-20 using synchrotron angle-
dispersive  x-ray  diffraction and Raman

spectroscopy (50-1650 cm™).” X-rayed samples
were compressed under hydrostatic and non-
hydrostatic ~ conditions to 6.3 GPa; the
spectroscopy samples were compressed non-
hydrostatically to 7.1 GPa. No phase transitions
were observed within this pressure regime.

Russell et al. had previously identified a rapid
and reversible room temperature pressure-induced
y— T transition in CL-20 at 0.7 + 0.05 GPa.® Work
presented here did not thoroughly probe this low-
pressure regime but a probable transition seen at
1.4 GPa (inflection in RPR, changes in mid-IR
spectra) likely signals this transformation.
Conformation of a corresponding polymorph has
not been reported.

The non-planar CL-20 molecule consists of an
isowurtzitane cage surrounded by six NO, groups
appended to six nitrogen atoms in the cage (Figure
3). The known stable polymorphs (ambient
conditions) differ by orientations (endo or exo) of
the NO, groups with respect to the S-membered
imidazolidine and the boat-shaped 6-membered
pyrazine rings (Table 1).” Designators Y and N
indicate the conformer is/is not allowed by
symmetry; dash indicates a redundant structure; *
designates the more sterically stable structures.®

¢ While the gamma and alpha polymorphs have the
same molecular conformation, packing differently
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Fig. 5. Numbering of CL-20 nitramine locations
and orientation of the two NO, groups with respect
to the six-membered ring as noted in Table 1.

Observed pressure-induced changes in the
C-H stretch and ring + NO, deformation modes
indicate reorientation of the NO, groups about the
relatively rigid molecular cage structure. The
intensity change in the C-N-C stretch and merging
of the NO, torsional modes (Ciezak et al.) indicate
a structural modification of the NO, geometry.

That reorientation of the nitro groups about
the isowurtzitane cage is the dominant mechanism
behind inflections in the RPR curve is supported
by the behavior of the o- and y-polymorphs. These
two polymorphs have the same molecular
conformation but fill different unit cell lattices. In
addition the alpha crystal lattice is stabilized by
H,O in the unit cell with 17-50% cavity
occupancy. The relative insensitivity of the o-
polymorph may be due, in part, to the presence of
water trapped within the unit cell.

Not all phase transitions involve re-packing
molecules in the crystal lattice. For example,
displacive transformations occur with great
rapidity because nearest neighbors remain as such,
thus rendering intermolecular bonds intact.'” In
this example, there is little difference in energy
content between the high and low polymorphs.
Gump et al. observed only unit cell contraction
with no x-ray evidence to support the notion of a

into the crystal lattice, the epsilon polymorph has
been incorrectly cited in the literature as being
different from the o/y conformer by the orientation
of only one nitro group. They also differ by the
orientation of one nitro group on the 6-membered
ring.

Table 1. Top views of the conformers of CL-20
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phase change up to 6.2 GPa. These claims are
consistent with a slight reorientation of nitro
groups about the isowurtzitane cage occurring as
the molecules are compressed together. Mid-IR
spectral evidence supports this hypothesis.
Reorientation of NO, units would seem to be a

plausible low-energy and likely reversible
mechanism.
Regarding the anomalous high photo

sensitivity of $-CL-20 between 8-9 GPa, we note
that the crystal structure of this polymorph falls in
the non-centrosymmetric orthorhombic class point
group mm2 (space group Pb2,a)."" This class is
piezoelectric and optically active with hydrostatic,
compression, and torsion piezoelectric moduli.
Others have noted the relationship between
piezoelectric properties and sensitivity. Raha and
Chhabra studied the development of static electric
charge resulting from compression of PETN



crystals.'” PETN belongs to an optically active
tetragonal class point group 42m (P421c space
group) that is piezoelectrically responsive to
torsion. It is possible that while the changes in B-
CL-20 RPR at 2 and 4.5 GPa correspond to
reorientation of the nitro groups on increasingly
crowded molecules, the high photosensitivity at 8-
9 GPa is caused by a change in crystal structure.

Nitromethane

There have been numerous pressure and
temperature dependent studies of the vibrational
modes and bonding structures of NM and the
results have bootstrapped additional computational
efforts. A review of relevant research highlights,
within the context of NM RPR results by Rice and
Foltz, may yield useful concepts to construct, at
the very least, a cursory understanding of how
secondary explosive deflagration rates may be
affected, controlled, or predicted by structural
rearrangements. To begin we focus on each of the
four trends made apparent by the RPR study.

Region-one (R1; < 3.5 GPa): one of three
intermolecular O--H bond lengths decreases from
2.56 A to 1.63 A (T = 4 K) going from ambient
pressure to 3.5 GPa, (a staggered molecular
confirmation results).'* Generally the collapse of a
covalent bond to one that is equivalent in range
with atomic van der Waals interaction radii
(carbon vdWr = 1.7 A) signifies the onset of
chemistry.” At ambient temperature and 3.0 - 3.5
GPa there is a two-fold jump in the v,(NO,)
Raman peak-width; a phenomena sometimes
attributed to enhanced local disorder.'® Below 2.5
GPa NM is chemically robust when subjected to a
photo-excitation pulse (A = 532 nm, 0.33
GW/cm?). Here combustion products appear as an
oily white solid.

Region-two (R2; 3.5-12 GPa): Methyl-group
librational dynamics about their equilibrium
positions (298 K) are essentially arrested by 7.0
GPa and by 5.4 GPa the pressure-dependent
torsional angle inflection (with respect to the N-O,
plane) reaches >80 % of the terminable value.'”'®
Interestingly, RPR streak micrographs taken in this
precompression regime clearly reveal a prewave
front: we speculate that this bifurcated deflagration
event reveals a two-stage reaction that is common

to metalized propellants, e.g., ignition followed by
a dark-region followed by combustion.'® Pressure-
induced methyl group rotation leads to an eclipsed
molecular confirmation, which enhances O--H
attraction and minimizes N--H repulsion. We
suggest that this transition from rotationally
disordered to eclipsed conformations resembles a
sluggish isostructural phase transition; a partially
hindered plastic material changing to a rigid
crystalline  framework.  Additionally, static
compression to 7.5 GPa leads to an abrupt 1.9%
collapse in the v,(NO,) mode position and a 60%
loss in peak-width, which reveals both a
weakening and enhanced ordering of the N-O
framework.'® In fact, numerous vibrational mode
splittings occur near 7.5 GPa - all suggestive of
structural alterations in the face of x-ray data,
which confirm no change to the orthorhombic
P2,2,2, symmetry group. Methyl group rotations
cease at 11.0 — 12.0 GPa. Concerning the C-N
bond: the vibrational modes beginning at 671 cm™
and 936 cm™ are assigned to CN stretching + NO,
bending. The lower frequency combination begins
to split at 7.5 GPa and the higher frequency at 11
GPa. Neither branch softens with pressure. These
frequency splittings presumably correspond with
the cessation of CH; librations and associated
modifications to the NO, network. Beginning at 6-
7 GPa, DAC deflagration products turn solid with
a grey color.”

Region-three (R3; 10-20 GPa): One of three
intermolecular O--H bond lengths (298 K)
decreases from 1.92 A to 1.34 A with compression
from 10.0 to 19 GPa."* Citroni et al., proposed
(and here we paraphrase) that their degrading x-ray
scattering intensities e.g., a 70 % loss of Bragg
diffraction peaks, from 14.9 to 16.9 GPa, signal a
collapse of local and/or medium-range order,
perhaps accounting for a crystalline to amorphous
phase transition.®® It appears that, like ambient
pressure thermal decomposition, slow cold-
compression induces intramolecular
rearrangements prior to irreversible decomposition
of NM.?' This conclusion is congruent with the
lack of changes observed in the low frequency
phonon modes reported by Lucarré et al. and also
the MD shock chemistry results of Manaa et al.,
however, experimental confirmation of proton
abstraction mechanisms occurring near C-J
conditions on ultrafast time scales remains



daunting.” Above 11.0 GPa a hydrogen bond
network develops and seems to stabilize the
eclipsed conformation.”’ When applied static
pressure nominally reaches twice the bulk modulus
of NM, 16.6 GPa, single crystals (no pressure
external pressure medium) are turned into powder.
In our FTIR study of NM single crystals, the
relative population of hydrogen bonding becomes
quite pronounced as evident by the market jump in
C-H stretch peaks and intensities between 20 and
38 GPa (Figure 4b, see also Ref. 14). Furthermore
we note that compressing single crystals of NM
(298 K) within an argon matrix i.e., less shear
strain relative to no pressure medium, extends the
stability field by at least 11 GPa for up to at least
several hours. Beginning at 18-19 GPa, the burn
rates become significantly more erratic now
creating solid black products implying more
complete combustion.” Moreover the burn rate
exhibits a steepening pressure dependence.

Region-four (R4; > 20 GPa): Static
compression of NM, (180 — 22 °C; 17 -50 GPa)
initiates an irreversible crystalline to amorphous
phase transition.”” At ambient pressure the
transition is sluggish thus accounting for disparity
in reported threshold transition pressures, 25-35
GPa. In the absence of a pressure medium the
ambient temperature decomposition reaction
slowly begins at 27 GPa and continues above 50
GPa: recovery and IR analysis of a polymeric
material indicates the formation of a hydrogen
bonded network with similar spectral features to
the high-pressure —temperature decomposition
product of formic acid.®”® The argon pressure
medium clearly delays the transition. Therefore we
propose that increasing shear forces, intrinsic to
the DAC cold compression technique, act to
overcome the intermediate-pressure NM hydrogen
bond network and thereby shift the intermolecular
energy landscape to favor production of a
disordered system. The collapse of long-range
structural order is associated with a steep decline
in the deflagration rate of NM.

Conclusions and Summary

The existence and identification of phase
conversions in CL-20 and NM correlated with
changes in burn (combustion) rate can be used to
explain anomalous shock initiation behavior seen

at various laboratories. If the rate of conversion is
rapid and an appreciable degree of conversion
happens at or immediately behind the shock front,
this would cause the unexpected low shock
sensitivity of CL-20. Wilson, et al. hypothesized
that there may be a phase transition during shock
loading that plays a role in apparent shock
sensitivity.”> The material exhibited an anomalous
reversal in slope of shock sensitivity vs. input
strain. Over limited applied strain, and near the
first reaction threshold, the level of reaction was
found to decrease.

Shock-induced decomposition of
nitromethane may be attributed to four or more
mechanisms, 1) aci-ion formation, 2) bi- or multi-
molecular (solid-state like) mechanisms, 3)
pressure-dependant structural changes, and 4) the
formation of transient semimetallic states. The
concentration of the aci-ion of nitromethane has
been shown to increase with increased pressure
and the concentration of  amines.
Correspondingly the reaction sensitivity increases,
and therefore aci-ion formation has been suggested
as a rate-controlling step in the decomposition
mechanism.”” Previous experimental evidence
suggests that there are strong intermolecular
interactions  accountable for decomposition
reaction.® This account lead to a molecular
dynamics study of bi- and multi-molecular
collisions of NM (6.5 — 12.0 km/sec).”’ For low
velocity impacts only C-N scission is observed (7
km/sec threshold) where bimolecular simulations
only yield fragmentation patterns at high collision
velocities; multi-molecular impact simulations
reveal more complicated fragmentation patterns,
including tri-molecular interactions where the
activation barrier for C-N scission is the most
dominant reaction coordinate. Molecular dynamic
simulations by Manaa et al. expose a tri-molecular
proton-abstraction sequence that precedes aci acid,
H,CNO,H, and aci ion, H,CNO, formation near
the fully reacted Chapman-Jouget condition (T =
3000 K, p=1.5p D).22 These authors suggest that
C-N scission, as a first decomposition step, is only
important for low density thermal reactions such
as those reported by Shaw et al.. The cold
compression vibrational studies including those
presented here seem to bear this supposition out.
Concerning the third mechanism listed above,
several studies have claimed that NM decomposes



more readily with increased pressure and also with
a strong dependence on crystal orientation with
respect to an incoming shock wave. According to
J. J. Dick, the application of pressure along the
<001> direction results in enhanced sensitivity to
decomposition.** Dick proposed a steric-hindrance
model to account for his results. The work of
Conroy et al., using an empirical van der Waals
correction to their density functional theory (DFT)
corroborated the findings of Dick.” DFT results
indicate that purely uniaxial compression along
either the <111> or <001> axes would enhance the
shock sensitivity of NM.

The question as to weather NO, stretch
vibrations telegraph inflections in RPR data we
reiterate the following (i) the second RPR
inflection of e-CL-20 is clearly delineated, making
allowance for the difference in pressure media, by
an energy shift and splitting of NO, symmetric
stretch vibrations. The combustion rate then jumps
nearly 120% over just 1 GPa. Given the lack of
nonhydrostatically compressed CL-20 vibrational
data, perhaps nothing more can be solidly
confirmed; (ii) changes in recovered NM products
occurring at approximately 7 GPa correspond with
a weakening and enhanced ordering of the N-O
framework; (iii) 20 GPa marks a point where the
NM RPR trend increases and this is accompanied
by a much more pronounced splitting of the NO,
symmetric stretch. Symmetric NO, mode splitting
may signal a rise in combustion rate. In addition
the NO, asymmetric stretch reduces from two to
one peak.

Another general trend seems to be that
reaction rates track positively with the strength of
pressure induced hydrogen bond networks.
However once atomic interactions fall below vdWr
interaction distances the energy landscape
becomes disrupted; usually a drop in combustion
rate occurs
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