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Nanofluidics of chemically reactive species has enormous technological potential and computational
challenge arising from coupling quantum-mechanical accuracy with largescale fluid phenomena.
Here, we report a million-atom reactive force field molecular dynamics simulation of shock
initiation of an energetic crystal with a nanometer-scale void. The simulation reveals the formation
of a nanojet which focuses into a narrow beam at the void. This, combined with the excitation of
vibrational modes through enhanced intermolecular collisions by the free volume of the void,
catalyzes chemical reactions that do not occur otherwise. We also observe a pinning-depinning
transition of the shock wave front at the void at increased particle velocity and the resulting
localization-delocalization transition of the vibrational energy. © 2007 American Institute of
Physics. #DOI: 10.1063/1.2804557$

Recent advances in nanofluidics have shown unique
fluid behavior in micro to nano meter scales, where proper-
ties of individual molecules become prominent rather than
their averaged behavior.1 One example is the enormous en-
ergy release from collapsing microbubbles.2,3 A similar phe-
nomenon is observed during shock compression of an ener-
getic material4–8 !EM" with a void.2,9 Here, the formation of
a nanojet at a void upon the arrival of a shock wave is ex-
pected to play an essential role in the reactivity of EMs. A
long-standing problem in EMs is how nanostructures affect
molecular decomposition processes under external stimuli.
For example, energetic crystals with defects such as voids,
grain boundaries, and cracks are known to be more sensitive
to shock ignition than a perfect crystal. Defect sites in the
crystal form higher-temperature regions, and mechanisms
underlying these hotspot formation due to void collapse have
attracted a great deal of attention and been extensively stud-
ied in recent years.10–13

Molecular dynamics !MD" simulations are ideally suited
for the spatiotemporal regime of a nanojet. The challenge in
simulating a reactive nanojet is to incorporate quantum me-
chanics into large scale MD simulation. Recent advances in
semiempirical reactive force field14,15 !REAXFF" and their
scalable implementation on massively parallel computers
have enabled the requisite coupling between quantum-
mechanically accurate chemical reactions and large length-
scale mechanical processes to study chemical reaction path-
ways under extreme conditions. To describe chemical bond
breakage and formation, the REAXFF potentials are designed
to include chemical bond orders and electronic charge trans-
fer of all constituent atomic pairs by a charge
equilibration16,17 scheme. We have developed a fast reactive
force field !F-REAXFF" algorithm to enable multimillion-atom
REAXFF MD simulations on massively parallel computers.18

In this paper we report million-atom parallel F-REAXFF
MD simulations of reactive nanofluidics in an energetic crys-
tal under shock loading. We have performed planar shock
simulations with two particle velocities Vp=1 and 3 km/s on

a C3H6O6N6 !RDX" single crystal. A spherical void with an
8 nm diameter is introduced by removing molecules whose
centers of mass are within 4 nm from the center of the sys-
tem. The x, y, and z axes correspond to the #100$, #010$, and
#001$ crystallographic orientations, respectively. After intro-
ducing the void, the RDX system was relaxed for 3.5 ps at a
temperature of 5 K. Subsequently, periodic boundary condi-
tions were removed to create free surfaces in the y-z plane,
and again the system was relaxed for 2 ps at 5 K. The di-
mensions of the total system including the vacuum layers are
358.50!213.06!203.82 Å3. A planar shock in the #100$ di-
rection is applied with a momentum mirror by reflecting the
momentum of an atom whose position crosses the mirror
plane. The RDX crystal is initially assigned a translational
velocity −Vp in the x direction toward the momentum mirror.

Figure 1 shows the velocity of RDX molecules. Here
arrows at the molecular centers of mass are color coded by
the magnitude of molecular velocities. For clarity, only a thin
slice with 15 Å thickness is shown. A straight shock front

a"Electronic mail: priyav@usc.edu

FIG. 1. !Color" Snapshots of velocity distribution of RDX molecules at
Vp=1 km/s #!a"–!c"$ and 3 km/s #!d"–!f"$. Arrows are color coded by the
magnitude of velocity. At Vp=1 km/s, the shock front is pinned at the void
and bends !3.2–5 ps". Molecular velocity goes as high as 3 km/s. At Vp
=3 km/s, depinning of the shock front is observed !2.0–3.2 ps". Jet mol-
ecules are accelerated to nearly 9 km/s before they strike the downstream.
The yellow dotted-lines indicate the positions of the shock fronts.
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and steady shocked state are established by the time the
shock wave starts interacting with the void. Upon the arrival
of the shock wave at the void, RDX molecules are ejected
from the upstream wall into the void, and eventually collide
with the downstream wall. We have observed the focusing of
the molecular jet into a narrow beam. A similar jet-focusing
phenomenon was observed in rectangular-shape void col-
lapse simulation using Lennard-Jones potential.10 We have
also observed the acceleration of the jet velocity. The maxi-
mum velocity is 3 km/s at Vp=1 and 9 km/s at Vp
=3 km/s. For a planar shock front impacting a flat surface,
the velocity of the ejected material is known to be 2Vp.11 The
observed maximum jet velocity of %3Vp at the void is thus
higher than the ejected material velocity at a planar surface,
which may be due to the spherical void geometry and mo-
lecular jet focusing.10 The beam focusing !or lensing" effect
concentrates the kinetic energy into a narrow cross section to
accelerate the jet and thereby may have significant effect on
the ignition of energetic crystals.

Figure 1 also shows a pinning-depinning transition of the
shock front. At Vp=1 km/s, the initial shock front is straight
and pinned at the void. It bends to form a bow shape around
the void. The bent shock front reaches the downstream wall
before the jet molecules by bypassing the void #see Fig.
1!b"$. In contrast, the shock front profile at Vp=3 km/s re-
mains straight, while crossing the void #Fig. 1!d"–1!f"$. The
molecular jet catches up with the shock front and the front
becomes straight #Fig. 1!f"$. After the void collapses, we also
observe a ring-shape secondary shock emanates from the
void location.

We have observed hotspot formation by localized vibra-
tional modes as the void collapses. Figure 2 shows vibra-
tional temperature distribution after the void collapses at
Vp=1 !a" and 3 km/s !b". Here a 1.5-nm-thick slice at the
center of the system is shown. In both cases, the excitation of
vibrational modes is enhanced as the molecular jet flows into
the void. At Vp=1 km/s, well-localized vibrational modes at
the void location are observed #Fig. 2!a"$. On the other hand,
at Vp=3 km/s, the molecular jet penetrates into the down-
stream wall, causing propagation of vibrational modes ahead
of the void, thereby forming a conical-shaped hotspot #Fig.
2!b"$.

To study the geometrical effect on molecular decompo-
sition processes !i.e., chemical reactivity as the void col-
lapses", we have carried out molecular fragment analysis
near the void. Figure 3 shows a series of molecular configu-
rations around the void. Here only these molecules that are
initially within 1 nm from the void surface are shown, along
with the time variation of population of chemical products at
Vp=3 km/s. !Covalent bonds with the total bond order
greater than 0.3 are regarded as connected." The fragment
analysis shows two distinct reaction regimes as the void col-
lapses: regime I !from 2 to 2.6 ps" and II !from
2.6 to 3.9 ps". During void closure, before the molecular jet
collides with the downstream wall in regime I, the NO2 frag-
ments rapidly emerge. After the molecular jet strikes the
downstream wall in regime II, a variety of chemical products
such as N2, H2O, and HONO are found. This result is differ-
ent from the previous study19 in shocked single crystal at
3 km/s, where NO2 was the major chemical product. The
formation of N2 molecules is consistent with the shock load-
ing simulation at an impact velocity Vimp=10 km/s and
cookoff simulations.15

In regime I, the interaction between the molecular jet
and the void wall causes rapid NO2 fragmentation. Figure
4!a" shows the distribution of NO2 molecules viewed from
the shock direction #100$ at t=2.4 ps. The ring-shaped frag-
ment distribution indicates that the NO2 molecules form
where the molecular jet and sidewall interact. Continuous
collisions with the sidewall molecules cause energy transfer
among molecules and excite vibrational modes. The NO2
formation is due to the cleavage of an N–N bond, which is
the weakest bond in an RDX molecule according to
quantum-mechanical calculations in the framework of the
density functional theory,20 though experiments suggest that
NO2 is not the primary decomposition product in gas
phase.21

In regime II, the collisions between the accelerated mo-
lecular jet and the downstream wall cause disintegration of
RDX molecules. Figure 4!b" is a side view of the distribution
of H2O and N2 molecules. The NO2 molecules are trans-
ported to the region where the molecular jet focuses on the
downstream wall and damages the crystal structure. At t
=3.9 ps, 84% of N2 molecules retain their initial N–N bonds
while N–O and N–C bonds break in RDX molecules. On the
other hand, only 2% of H2O molecules originate from the
same molecule. We have found that the large amount of ki-

FIG. 2. !Color" Distribution of vibrational temperature around the void at
1 km/s !a" and 3 km/s !b". We observe a hemispherical hotspot !a" and a
conical hotspot !b". The vibrational modes are well localized at Vp
=1 km/s, whereas they propagate with the shock front at Vp=3 km/s.
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netic energy due to accelerated molecules causes reactions
between oxygen atoms and hydrogen or oxygen atoms of
neighbor molecules. Subsequently, the resulting OH radicals
capture hydrogen atoms to become H2O. Such collision-

induced reactions, i.e., concerted N2 and H2O formation, in
regime II differ from those in regime I.

In summary, our million-atom reactive force field mo-
lecular dynamics simulation of shock initiation of an RDX
crystal with a void shows: !1" acceleration of jet molecules
through a lensing effect, !2" excitation of vibrational modes
by intermolecular collisions enhanced by the free volume of
the void !entropy effect", and !3" a pinning-depinning transi-
tion of the shock wave front as a function of the particle
velocity and the resulting localization-delocalization transi-
tion of the vibrational energy. These factors significantly re-
duce the threshold for the onset of chemical reactions,
thereby increasing the sensitivity of energetic material. We
have found that molecules in flow are more reactive than
those in compressed high-pressure state due to increased free
volume and the resulting enhancement of low-frequency vi-
brations of NO2 group. We have also identified two charac-
teristic regimes in chemical product formation near the void:
!1" NO2 formation until the void closes completely and
!2" subsequent production of N2 and H2O. Our simulation
also shows void annihilation without any chemical reaction
at Vp=1 km/s, implying desensitization of the energetic
material.
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FIG. 3. !Color" Number of molecular fragments near the void surface as a
function of time at Vp=3 km/s. The pictures along fragment curves show
the time variation of molecular configurations within 1 nm from the void
surface at t=0. For clarity, 1 nm slice of the analyzed area is shown. As the
void collapses, two distinct reaction regimes are observed. From the arrival
of the shock wave until the void closure !%2.6 ps", a rapid production of
NO2 is observed. Shortly after that when molecules strike the downstream
wall !2.6–3.9 ps", various chemical products such as N2, H2O, and HONO
are produced.

FIG. 4. !Color" Fragment distributions around the void. !a" NO2 distribution
at 2.4 ps projected on the !100" plane. !b" N2 and H2O distributions at 3.9 ps
are projected on the !001" plane. Atoms are selected 1 nm from the void
surface at t=0 and color coded as blue !nitrogen", red !oxygen", and white
!hydrogen", respectively. Dotted line is added to show the envelope of mo-
lecular configurations at each time.
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