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Abstract

We present preliminary work on the formation of HONO in condensed-phase HMX for the three pure polymorphic
phases. Our results show that the energetics of the intermolecular hydrogen transfer (to form HONO on an adjacent
molecule) is more favorable in -HMX than in a-HMX and B-HMX. The energetics of this intermolecular hydrogen
transfer process follow the same trends of HMX sensitivity, where 3-HMX is found to be more sensitive to explosion

compared to B-HMX.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

While the history of highly energetic (HE) ma-
terials is long in both commercial and military
aspects, the reaction mechanisms of decomposi-
tion pathways in these materials are not com-
pletely understood. A more detailed investigation
of the kinetics and decomposition mechanisms is
desired, but the instability of HE materials under
high temperature and pressure regimes makes do-
ing experimental work a difficult task. Information
regarding HE decomposition is quite necessary in
efficiently building the next generation of explo-
sives as the quest for cheaper and yet more ener-
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getic materials (in terms of energy per density)
moves forward. In addition, understanding the
reaction mechanisms has important ramifications
in decomposing such materials safely and cheaply,
as there exist vast stockpiles of HE materials
with corresponding contamination of earth and
groundwater at these sites, as well as at military
testing sites (for example, see [1,2]).

Numerous experimental studies investigate
RDX/HMZX decomposition and there exists a solid
understanding of the putative rate limiting reaction
(NO, dissociation) and the final products of the
decomposition process (for example, see [3] and
references therein). In addition, several theoretical
studies investigating the energetics of gas-phase
RDX/HMX decomposition pathways have been
reported using a variety of methods both with
quantum chemistry [4-8] and classical simulations
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of unimolecular dissociation [9-11]. More recently,
condensed-phase simulations have been reported
[12-14]; however, investigation of the energetics for
a full reaction pathway in condensed-phase RDX/
HMX near ‘cook-off’ conditions is still lacking.

An important consideration in understanding
HMX decomposition is to evaluate the sensitivity-
decomposition relationships that exist [15]. Post-
mortem analysis [16] of samples recovered from
safety experiments involving low-velocity projec-
tile impacts on the HMX-based PBX-9501 [17] has
revealed formation of 3-HMX in the vicinity of
damaged regions within the material. It is also
known that a layer of 6-HMX is formed at
the solid-melt interphase in deflagrating HMX.
These observations present a safety concern since
0-HMX is considerably more sensitive than f-
HMX (i.e., -HMX is more likely to explode).

One of the more prevalent products of HMX
decomposition is HONO. Formation of HONO
can likely occur from unimolecular dissociation
where the process of this reaction is an hydrogen
transfer from the CH, group to the NO, group
(see Scheme 1) [18]. However, the molecular
packing in HMX would seem to suggest that hy-
drogen transfer can occur intermolecularly be-
tween adjacent molecules; there is a very weak
hydrogen-bonding-like interaction from the C-H
of the CH, group of one molecule to the O of the
NO, group of its adjacent molecule.

In this work, we investigate the energetics of
HONO formation in condensed-phase HMX,
where intermolecular hydrogen transfer occurs.
Results on the energetics of HONO formation in
the three pure polymorphic phases (a, B, and d) are
presented here using our ab initio tight-binding
method (called FIREBALL). We have previously

used the FIREBALL method to examine the ener-
getics of the three pure polymorphic HMX phases
[19]. In addition, the method has demonstrated
good results for the dissociation of NO, in HMX
(~34 kcal/mol [20] compared to ~37 kcal/mol ex-
perimentally [21], and between 33.0 and 39.8 kcal/
mol found theoretically [5]).

2. Computational method

The theoretical basis of the FIREBALL method
is the use of DFT with a nonlocal pseudopotential
scheme. A summary of the method will be given
here and we refer the reader to [22] and references
therein for a more detailed description.

At the core of the method is a self-consistent
density functional, where the input density is a
sum of confined spherical atomic-like densities,
Pin(r) = >, ni|;(r — Ri)|2' The orbitals ¢,(r — R;)
are the basis functions used in solving the one-
electron Schrodinger equation. The occupation
numbers n; determine the number of electrons
occupying each spherically confined atomic-like
densities. The total energy is therefore a function of
the occupation numbers, Eio[pi, (r)] = Eot[n] (n; #
n?), and a self-consistent procedure on the occu-
pation numbers, #;, is introduced (n; = n? + on;)
[23]. For the exchange—correlation interactions
[24] various parameterizations of the local-density
approximation (LDA) and of the generalized
gradient approximation (GGA) are available. For
this work, we use the GGA form containing Becke
exchange (B88) [25] with Lee-Yang-Parr (LYP)
correlation [26].

In solving the one-electron Schrodinger equa-
tion a set of slightly excited pseudoatomic fireball

’TOZ HONO
|—|2'<':'/'\‘\Cr-|2 |—|c/f\'\c|-|2
OZN—N/ N—NO, — OZN—N/ N—NO;
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Scheme 1.
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wavefunctions are used. These orbitals are com-
puted within DFT and the generalized norm-con-
serving separable pseudopotentials of the Hamann
form [27] are used, employing for their con-
struction the scheme of Fuchs and Scheffler [28].
The pseudopotentials are transformed into the
fully separable form suggested by Kleinman and
Bylander [29]. The fireball wavefunctions are
chosen such that they vanish at some radius r,
(W trenatl» = . = 0). This boundary condition is
equivalent to an atom in the box and has the effect
of raising the electronic energy levels (e, €, €q, . . .
atomic eigenvalues) due to confinement. The fire-
ball boundary condition yields promising features.
First, the slight excitation of the atoms somewhat
accounts for Fermi compression in solids which
apparently gives a better representation of solid-
state charge densities [30]. Second, the range of
hopping matrix elements between orbitals on dif-
ferent atoms is limited; therefore, very sparse ma-
trices are created for large systems.

The radial cutoffs () are chosen such that these
electronic eigenvalues remain negative and are
mildly perturbed from the free atom — H (r, = 3.8),
C (r.=4.1,44), N (r.=3.7,4.1), and O (. =
3.5,3.8) (for s and p shells, respectively). Double
numerical (DN) basis sets for C, N, O are also
included, as prescribed by Delley [31] where the
wavefunctions of the 2% ions determine the excited
state orbitals.

A simple barrier algorithm is used to estimate
the energetic pathway by pushing the system of

interest between an initial configuration and a final
configuration through a path of least resistance. At
each time step we take the vector difference, for
each atom, between the current position (the first
time step of the simulation is the initial configu-
ration) and the final, or desired, configuration.
These difference vectors are then transformed into
unit vectors, which describe the direction that each
atom must move in order to reach the final con-
figuration. Next, we examine the calculated forces
for each atom. The atoms are then moved in the
direction of the force yielding a nonnegative
component in the desired direction. This proce-
dure insures that each atom always has some
component of acceleration towards the desired fi-
nal position of each atom.

3. Results and discussion

We use the barrier approximation as outlined in
Section 2 for a first-order investigation of the in-
termolecular hydrogen transfer in condensed-
phase HMX. The results presented here will be
taken as a point of reference for future investiga-
tions where we perform simulations using um-
brella sampling to refine the energetics of the
intermolecular H-transfer pathway.

We use the geometry optimized crystal struc-
tures as the initial configurations for the barrier
calculations; the crystallographic structures are
taken as starting geometries and then optimized

Table 1
Intramolecular bond lengths and bond angles for the three pure polymorph forms of crystalline HMX
B (theor.) B (expt.) o (theor.) o (expt.) d (theor.) S (expt.)

Av. bond lengths
N-N (equatorial) 1.37 1.373 1.37 1.367 1.36 1.378
N-N (axial) 1.35 1.354 1.37 1.354 1.35 1.351
N-O 1.24 1.228 1.24 1.228 1.24 1.222
C-N 1.39 1.453 1.38 1.453 1.38 1.470
Av. bond angles
N-N-O 117 116.8 116 117.5 116 117.8
O-N-O 127 126.3 127 124.9 128 124.3
C-N-N 117 117.3 118 118.7 119 119.6
C-N-C 122 123.1 123 121.8 123 119.3
N-C-N 114 111.8 115 111.8 115 111.7

The experimental bond lengths and angles are taken from crystallographic data (see [32] for o, [33] for B, and [34] for J).
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using our ab initio tight-binding approach. Table 1
shows a comparison of our calculated bond
lengths and bond angles to that of crystallographic
data for the three pure polymorphic forms of
crystalline HMX (see [32] for a, [33] for B, and [34]
for 6). The bond lengths and bond angles in the
experimental and theoretical data are averaged for
simplicity. The agreement between both theory
and experiment is quite good, with the largest
discrepancies occurring for the C-N bond lengths.

[

The final configuration is the structure created
by abstracting hydrogen from one molecule,
forming HONO on its adjacent molecule (also a
geometry optimized structure). We present the
initial and final configurations used in the barrier
calculations in Fig. 1 for 8-HMX (left and right
figures, respectively). The internal coordinates of
the molecule for both the initial and final config-
uration were optimized with periodic boundary
conditions considered. Each optimized simulation

Fig. 1. Snapshots of an intermolecular hydrogen transfer mechanism in 3-HMX. The initial structure (left) is the optimized structure
for the 5-HMX phase. With intermolecular hydrogen transfer shown in the intermediate structure (center) formation of HONO on the

adjacent molecule is energetically stable (right).
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Fig. 2. Energetic profile of intermolecular hydrogen transfer along an arbitrary trajectory (calculated along a path of least resistance)

for the three pure polymorphic HMX phases (o, B, and 9).
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cell contains six molecules (168 atoms) which is the
primitive unit cell of 6-HMX; however, not all
molecules are shown. For all calculations, the ex-
perimental lattice parameters were used; previous
results using FIREBALL indicate that the lattice
parameter optimizations for HMX are near ex-
periment [19].

Starting from the initial configuration (left fig-
ure in Fig. 1) the atoms are pushed to the final
configuration (right figure in Fig. 1). The motion
of the transferred hydrogen maps out a trajectory
along a path of least resistance. An intermediate
configuration along this path is shown in Fig. 1
(central figure). We performed barrier calculations
for intermolecular hydrogen transfer in con-
densed-phase o- and B-HMX, similar to the pro-
cedure outlined for 8-HMX. But, both o- and
B-HMX simulations contained eight molecules
(224 atoms) in the super-cell (primitive unit cell
size of a-HMX).

The results of the energetics from our three
barrier calculations are plotted in Fig. 2. Resultant
energies plotted are relative to the optimized initial
configuration for each phase. The barrier algo-
rithm gives a trajectory along a path of least re-
sistance; hence, the pathway is not along a
specifically defined reaction coordinate. Rather,
each point along the plotted reaction coordinate
represents a point along the trajectory defined by
the pushing of the initial configuration to the final
configuration within the described barrier algo-
rithm. Note that the barrier algorithm of course
does not take into account temperature effects, but
rather, it gives an energy profile of the reaction
along a path of least resistance. The energetics
could be refined by considering the addition of the
entropic effects through a harmonic approxima-
tion; however, that is the scope of future consid-
erations.

The result of our calculations, shown in Fig. 2,
indicate that the intermolecular hydrogen transfer
has a lower barrier of formation in -HMX com-
pared to o- and B-HMX. The fact that this inter-
molecular hydrogen transfer is more energetic in
o-HMX than in B-HMX and more energetic in
6-HMX than in a-HMX is likely connected to the
density of each material. We suggest that more
volume allows for an energetic conformational

change of the molecule as the HONO formation
occurs (the ring diameter of the HONO forming
molecule increases slightly). Of all the three pure
polymorph phases 5-HMX is significantly the least
dense of the three phases, and a-HMX is less dense
than B-HMX.

4. Summary

The primary conclusion that we reach from our
results is that the energetic trend for intermolecu-
lar hydrogen transfer follows the same trend with
regards to HMX sensitivity. It is putatively well
demonstrated that 3-HMX is more sensitive than
B-HMX. Less is known about a-HMX as it is a
transition between the other two phases, but it is
proposed that o-HMX has sensitivity between
B- and 3-HMX. Therefore, our results conclude
that the energetic trend, and hence the sensitivity
trend, is likely due to the densities; there is more
empty volume for the reactions to proceed (i.e., the
reduced volume dues to crystal packing hinders
conformational changes in the molecules as the
intermolecular hydrogen transfer progresses).

An initial understanding of the intermolecular
hydrogen transfer which forms HONO within
condensed-phase HMX is obtained in this work.
These results will provide the basis for further in-
vestigative work of condensed-phase HONO
elimination, where the free energy of this reaction
pathway will be considered using an umbrella
sampling technique. Additionally, quantum con-
tributions of this intermolecular hydrogen transfer
pathway using path integral techniques will be
considered in future work. Most importantly, we
demonstrate that energy profiles of condensed-
phase HMX reactions are now within reach using
local-orbital total-energy methods.
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