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We have investigated the decomposition and chemisorption of a 1,3,5-trinitro-1,3,5-triazine (RDX)
molecule on Al(111) surface using molecular dynamics simulations, in which interatomic forces are
computed quantum mechanically in the framework of the density functional theory (DFT). The
real-space DFT calculations are based on higher-order finite difference and norm-conserving
pseudopotential methods. Strong attractive forces between oxygen and aluminum atoms break N-O
and N-N bonds in the RDX and, subsequently, the dissociated oxygen atoms and NO molecules
oxidize the Al surface. In addition to these Al surface-assisted decompositions, ring cleavage of the
RDX molecule is also observed. These reactions occur spontaneously without potential barriers and
result in the attachment of the rest of the RDX molecule to the surface. This opens up the possibility
of coating Al nanoparticles with RDX molecules to avoid the detrimental effect of oxidation in high
energy density material applications. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2200352]

I. INTRODUCTION

Aluminum powders are widely used as propellants, be-
cause their combustion products such as Al,O5 are accompa-
nied by a large amount of heat release.’ In order to under-
stand the combustion mechanisms and energetics,z’3 there
have been extensive studies of Al partic:les4’5 and their
oxidation.®™" Burn rates of propellants can be accelerated by
reducing the size of Al particles, thereby increasing the sur-
face to volume ratio and the rate of chemical reactions. A
major technical difficulty for such small reactant particles is
the dead weight of oxide layers. The thickness of the oxi-
dized layer in an Al particle is known to be a few nanometers
regardless of the particle size. Therefore, the ratio of the
oxidized layer, which is not effective as a propellant, to the
reactive portion increases for the smaller Al particles. This
dead-weight problem in nanoscale reactant particles may be
overcome by encapsulating the particles within complemen-
tary reactive materials," ™" such as nitramine hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX, C3N¢O¢Hy)."

Thermal decomposition of gas- and solid-phase RDX
has been studied both experimentally and theoretically to
understand the reaction pathways.ls’16 Although controver-
sies exist among these studies, three plausible decomposition
pathways have been identified: (1) ring fission of three
CH,NNO, molecules, (2) N-N bond breaking resulting in
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NO,, and (3) HONO elimination. Subsequent decomposi-
tions and the final products have also been studied in detail.

Although there are extensive experimental and theoreti-
cal studies of combustion of Al particle in air,"’ only a few'®
have reported its reaction characteristics with nitramine pro-
pellant such as RDX. In order to produce efficient high en-
ergy density AI/RDX nanocomposite materials, it is impor-
tant to elucidate atomistic mechanisms of chemical reactions
of RDX with AL

We have performed first-principles molecular dynamics
simulations to study the decomposition and chemisorption of
a RDX molecule on Al(111) surface. Decomposition path-
ways of RDX and the oxidization of Al(111) surface are
investigated in terms of Mulliken overlap populations and
atomic charges. The simulation results show that RDX mol-
ecules are readily decomposed without potential barriers.
This is in contrast to the decomposition of RDX in the ab-
sence of Al, where shock wave'? or heat is required to over-
come the potential barriers for decompositions. We will dis-
cuss the spontaneous reaction between RDX and Al(111)
surface.

This paper is organized as follows. Simulation methods
are presented in Sec. II and Sec. III contains simulation re-
sults. Finally, conclusions are given in Sec. IV.

Il. SIMULATION METHODS

In our first-principles molecular dynamics (MD) simula-
tions, interatomic forces are calculated quantum mechani-
cally in the framework of the density functional theory
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FIG. 1. A RDX molecule, where color represents atomic species: cyan for
H, magneta for C, green for N, and red for O. The O atoms and the N atoms
bonded to them are numbered for analysis.

(DFT),”** from the Hellmann-Feynman theorem. The
electronic-structure calculations reported here are imple-
mented on a real-space rnultigridBf25 using a high-order fi-
nite difference method.”>*” We have used the generalized
gradient approximation by Perdew et al.”® for the exchange-
correlation functional and the norm-conserving pseudopoten-
tial by Troullier and Martins.”*’

We have implemented the real-space DFT algorithm on
parallel computers using spatial decomposition,3 32 in which
grid points are divided into spatial subregions and distributed
among processors. Simulations have been carried out on 64
dual-processor nodes of an Intel Xeon/Pentium 4 based
LINUX cluster.

The simulated system consists of a RDX molecule
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(C3N4O¢Hg, see Fig. 1) on a slab of 64 aluminum atoms
representing four layers of Al(111) surface. The initial con-
figuration of the RDX molecule is taken from neutron-
diffraction data.”® The structures of the RDX and Al(111) are
optimized individually before starting the simulations. The
RDX molecule is placed so that each oxygen atom is at
~2 A and not less than this distances from the nearest alu-
minum atom.

Three different initial configurations are shown as top
and side views in Fig. 2. Here the z axis is parallel to the
Al(111) direction. In configuration (a), the RDX molecule is
placed so that its center, which is determined as the center of
the three midpoints of O1-02, 03-04, and 0O5-06, is di-
rectly above an aluminum atom in the top layer. In the con-
figuration shown in Fig. 2(b), the RDX molecule is rotated
by 60° in the x-y plane from configuration (a). In configura-
tion (c), the RDX molecule is translated in the x-y plane
from configuration (a) so that the center of the molecule is
placed directly above an aluminum atom in the second layer.
The periodic boundary condition is applied in all directions.
A vacuum layer of thickness of 7.67 A is inserted in the
z direction to eliminate spurious interaction between periodic
images. The initial temperature of the system is 0 K.
The time step for the MD simulation is 0.4837 fs, and
the total simulation time for each configuration is 967.4 fs
(2000 steps).

lll. SIMULATION RESULTS

Figure 3 shows snapshots of the simulation with con-
figuration (a) in Fig. 2 as the initial setup [called simulation
(a) in the following]. In this figure, two atoms are connected
by bonds if they are closer than the following distances:
1.4 A for C-H bond, 1.75 A for C-N, 1.7 A for N-N, 1.5 A

FIG. 2. Initial configurations of the
RDX/AI(111) system for simulations
(a), (b), and (c). A slab of 64 alumi-
num atoms (yellow color) represents
four layers of Al(111) surface. In con-
figuration (a), the RDX molecule is
placed so that its center is directly
above an aluminum atom in the top
layer. In configuration (b), the RDX
molecule is rotated by 60° in the x-y
plane. In configuration (c), the RDX
molecule is translated in the x-y plane
from configuration (a) so that its cen-
ter is directly above an aluminum
atom in the second layer. Color repre-
sents atomic species: cyan for H, ma-
genta for C, green for N, red for O,
and yellow for Al.
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for N-O, and 2.1 A for Al-O. These cutoff distances are
determined by the averaged bond length of each pair in the
RDX molecule and Al-O bond length in alumina, plus 0.3 A
to accommodate thermal fluctuations.

At the beginning of the simulation (193.48 fs), a rela-
tively strong N-O bond (denoted as N1 and O2) in the RDX
molecule is broken. Moreover, C-N bond distances are in-
creased about 5% on average compared to those in a RDX
single molecule. Subsequently, more N-O bonds and a N-N
bond are broken (483.7 fs), resulting in well-known decom-
position products of RDX, i.e., NO fragments. Although the
N-N bond breakage is known as the most plausible initial
decomposition of the gas-phase RDX, N-O bonds are ini-
tially broken instead in our simulation of RDX on Al(111).
This may be due to the strong attractive interaction between
O and Al atoms. Moreover, a ring cleavage of RDX, where a
ring composed of three carbon and three nitrogen atoms is
opened by a C-N bond breaking, is observed at this stage.
However, the ring cleavage in our simulation is slightly dif-
ferent from the ring fission known as an initial decomposi-
tion pathway of the gas-phase RDX in which three C-N
bonds are simultaneously broken to form three
CHZNNOZ.’M_36 The difference may be attributed to the pres-
ence of Al(111), which changes the strength of C-N bonds.
At the end of the simulation (967.4 fs), several oxygen atoms
are completely dissociated from the RDX molecule and they
oxidize the Al surface. The O-N fragment (denoted as
O5-N3 in Fig. 3), which was dissociated from the RDX
molecule at about 1000 steps, is approaching to the Al(111)
surface. The distance between OS5 and the nearest Al atom is
reduced from 3.6 A at 1000 steps to 2.6 A at 2000 steps,
indicating that the O-N fragment is physically adsorbed to
the surface. The rest of the molecule is also attached to the
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2000 step (967.4 fs)

Top View

FIG. 3. Snapshots in simulation (a)
with the initial configuration shown in
Fig. 2(a). At the beginning of the
simulation (193.48 fs), N1-O2 bond is
broken and O2 starts bonding with an
aluminum atom. Some other oxygen
atoms are also bonding with aluminum
atoms. Subsequently, more N-O bonds
(N2-O4 and N3-06) and a N-N
are broken (483.7 fs), resulting in pro-
ducing a NO fragment (denoted as
N3-05). Moreover, a ring of RDX,
which consists of three carbon and
o3 ’ N1 three nitrogen atoms, is opened by a
- N2 01 .

o9 N‘;; Y C-N bond breaking. In the end of the
802 simulation (967.4 fs), several oxygen
KX ’ P *% atoms are completely dissociated from
the RDX molecule and they oxidize
the Al surface. The rest of the mol-
ecule is, however, still attached to the
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surface. We did not observe another decomposition pathway
of RDX, i.e., HONO elimination'® in our simulations.

In Fig. 4, the snapshots at 967.4 fs are compared with
those of the other two simulations with the initial configura-
tions (b) and (c) in Fig. 2 [called simulation (b) and (c) in the
following]. Overall characteristics are the same as in simu-
lation (a): N-O and N-N bond breaking, ring cleavage, and
surface oxidization. The only difference is that more oxygen
atoms oxidize aluminum surface in simulation (b) and (c)
than in simulation (a). From the detailed analysis of these
simulation results, we found that the RDX ring cleavage is
preceded by a N-N bond breaking near a C-N bond. This
suggests that the N-N bond breakage significantly weakens
the C-N bonds, of which the ring consists.

In all the simulations presented in this paper, RDX mol-
ecules are initially oriented in such a way that the plane
defined by the three midpoints of two oxygen atoms is par-
allel to the Al(111) surface. Though detailed decomposition
pathways may differ for different initial orientations of the
RDX molecule, the main conclusion that the initial decom-
position is O—N bond breakage is likely to remain most plau-
sible due to the strong chemical reaction between Al and O
atoms. In our simulations, we have not observed any Al-N
bond formation, although aluminum nitride is a well-known
product of nanoaluminum exposed in nitrogen containing en-
vironment. This again may be due to the initial configuration,
in which oxygen atoms in RDX are placed much closer to
the Al(111) surface than nitrogen atoms are. We are currently
investigating possible AI-N bond formation in different con-
figurations, in which nitrogen atoms in RDX are placed
closer to AI(111).

Figure 5 shows the total and potential energies as a func-
tion of time in simulation (a). The total energy is well con-
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FIG. 4. Comparison of the snapshots
at 2000 steps (967.4 fs) in simulation
(a), (b), and (c) which are, respec-
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served during the entire simulation. The initial decrease in
the potential energy indicates that there is no potential barrier
for the reaction. From the decrease of the potential energy,

one can roughly estimate the binding energy (~5 eV) be- 3000

tween a RDX molecule and an Al(111) surface in the final 1 -0

configuration, corresponding to 2000 steps in Fig. 3. 2500 5 ; __ :ox
In Fig. 6, the temperatures of atomic species are com- : % — T

pared with those of RDX and the total system in simulation < 2000 | J

(a). The increase in temperature of the system indicates the g | 1

occurrence of exothermic chemical reactions. The tempera- ® 1500}

ture of oxygen atoms is especially high because of their re- 2

actions with the aluminum surface. There are large fluctua- 5 1000}

tions in temperatures corresponding to carbon and nitrogen
atoms. These strong thermal fluctuations cause the ring 500
cleavage of the RDX molecule. On the other hand, the
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FIG. 5. Total and potential energies as a function of time in simulation (a). total system for simulation (a).
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FIG. 7. Time variation of the Mulliken overlap populations of N-O bonds in
simulation (a). N1-O2 bond is weakened and completely broken after
200 fs. The overlap populations of N1-O1, N2-O4, and N3-O6 bonds are
decreased from the initial value of 0.8.

temperature of hydrogen is relatively low and fluctuates less
than those of the other species. This is probably the reason
why we do not observe the HONO elimination from RDX,
for which bond formation between a hydrogen atom and an
oxygen atom is required. Since hydrogen atoms are initially
bonded with carbon atoms, strong thermal fluctuations are
needed to break the C—H bond and to form an O-H bond.
The temperature (~200 K) of aluminum atoms in our simu-
lations is relatively low compared to typical combustion con-
ditions of Al particles. We are currently studying the stability
of RDX fragments on Al(111) surface at higher temperatures.

To quantitatively analyze bond breakage, we use Mul-
liken overlap popu121ti0ns.37’38 The projected Kohn-Sham or-
bital ¢,(r) onto a subspace generated by the atomic pseudo-
wave-functions u,,(r) is expressed as”

¢i(r) = 2 Cint (1), (1)
rk

where r and k denote atomic orbitals and atoms, respectively.
The overlap population n(k,l) between the kth and Ith atoms
is calculated” from the coefficients ¢, and the overlap in-
tegral defined as

Srkslzfurk(r)usl(r)dr- (2)

A large value of n(k,l) indicates that the bond between the
kth and /th atoms is strong.

Figure 7 shows the Mulliken overlap populations of
N-O bonds in simulation (a). From Fig. 7, it is evident that
N1-02 bond is weakened and completely broken after
200 fs [the numbering of atoms is defined in Fig. 2(a)]. The
strengths of the other N-O bonds oscillate with time. More-
over, the overlap populations for N1-O1, N2-04, and
N3-06 bonds are less than the initial value of 0.8. These
bonds may be weakened by the presence of the aluminum
surface. We will confirm this conjecture in the following dis-
cussions.

In Fig. 8, we show the overlap population between each
oxygen atom and all 64 aluminum atoms,

J. Chem. Phys. 126, 234702 (2007)
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FIG. 8. Time variation of the Mulliken overlap populations of O—Al bonds
in simulation (a). N1-O2 bond breaking shown in Fig. 7 results in consisting
of O2-Al bonds after 200 fs. Correlated with the reduction of N1-O1, N2—
04, and N3-06 pair overlap populations in Fig. 7, O1-Al, O4-Al, and
06-Al populations are enhanced.

64

no,-A1= E n(0k7All)’ (3)
I=1

in simulation (a). Here, O, and Al,; denote the kth oxygen and
Ith aluminum atoms, respectively. Figure 8 shows that the
overlap population of O2—Al is increased in time, and we
consider the O2 atom to be bonded with some aluminum
atoms after 200 fs. (This is consistent with Fig. 3, in which
the O2 atom is bonded to one of the Al atoms.) The O2 atom
is completely dissociated from the RDX molecule because of
the breakage of the N1-O2 bond after 200 fs (see Fig. 7),
and it oxidizes the aluminum surface. Correlated with the
reduction of N1-O1, N2-04, and N3-O6 pair overlap popu-
lations in Fig. 7, O1-Al, O4-Al, and O6-Al populations are
enhanced. This analysis quantitatively confirms the conjec-
ture that the weakening of N-O bonds is attributed to the
formation of O—Al bonds.

Figures 9 and 10 show the Mulliken overlap populations
for N-O and O-Al bonds in simulation (b). A major differ-

1.0
— N1-0O1
— N2-03
0.6 N2-O4
— N3-05
04 — N3-06

020500 200 600 800 1000
Time [fs]

FIG. 9. Time variation of the Mulliken overlap populations of N-O bonds in
simulation (b). Three N-O bonds (N1-02, N2-03, and N3-06) are com-
pletely broken.
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FIG. 10. Time variation of the Mulliken overlap populations of O—Al bonds
in simulation (b). Correlated with the N1-02, N2-03, and N3-O6 bond
breaking, the overlap populations of O2-Al, O3-Al, and O6-Al are
enhanced.

ence from simulation (a) is that three oxygen atoms are dis-
sociated from RDX due to the breakage of N-O bonds and
are adsorbed on the aluminum surface, forming O—Al bonds.
This shows that the degree of oxidization is sensitive to the
position of RDX on the Al surface.

In order to study charge transfer among atoms, we cal-
culated atomic charges as follows. The charge on the kth
atom Q(k) is given by the Mulliken atomic population
N(k),39

Q(k) = No(k) = N(k), 4)

where Ny(k) is the number of electrons in the ground state of
the free neutral atom k.

In Fig. 11, the charge distribution of each oxygen atom is
shown for simulation (b). Since O2, O3, and 06 atoms are
bonded with aluminum atoms as shown in Fig. 10, these
oxygen atoms attract more electrons from the surrounding
aluminum atoms. As a result, the absolute value of charges
on oxygen atoms suddenly increases after the onset of O—Al
bond formations, i.e., 100 fs for O2, 400 fs for O3, and
360 fs for O6 (see Fig. 10). On the other hand, aluminum

3.5
— 01
- 02
2 130 g |—o0s3
o =]
o £ 04
= E |—o05
] 3
ia < |— OB
2 S|--A
o Q
s >
- -]
© S
e, 1.0
0 200 400 600 800 1000

Time [fs]

FIG. 11. Time variation of charge distribution on each oxygen atom and
sum of charges of all 64 aluminum atoms in simulation (b). As a result of
02-Al, O3-Al, and O6-Al bond formation shown in Fig. 10, absolute val-
ues of charges for 02, O3, and O6 are increased by electron transfer from
aluminum atoms to these oxygen atoms. On the other hand, aluminum atoms
are positively charged because of the oxidization.

J. Chem. Phys. 126, 234702 (2007)

atoms are positively charged because of the oxidization.
Figure 11 also shows the sum of charges for all 64 aluminum
atoms in simulation (b). The increase of Al charges reflects
the electron transfer from aluminum atoms to oxygen atoms.
These electron-transfer processes cause N—O bond breakage
and Al-O bond formation.

IV. CONCLUSIONS

We have performed first-principles molecular dynamics
simulations to study the chemical reaction of a 1,3,5-trinitro-
1,3,5-triazine (RDX) molecule on Al(111) surface. The RDX
molecule has been found to decompose through the breakage
of N-O and N-N bonds due to the strong attractive interac-
tion between oxygen and aluminum atoms. Consequently,
Al(111) surface is readily oxidized without potential barrier.
The rest of the RDX molecule is adsorbed on the Al(111)
surface, which prohibits further oxidation of Al in air, al-
though the stability of the RDX fragments on Al(111) at
higher temperatures remains to be studied in the future. This
suggests the possibility of using RDX as a coating material
for aluminum particles.
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