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Abstract We report calculated vibrational spectra in the
range of 03,500 cm ' of RDX (hexahydro-1,3,5-trinitro-
1,3,5-triazine) molecules adsorbed on a model aluminum
surface. A molecular film was modeled using two
approaches: (1) density functional theory (DFT) was used
to optimize a single RDX molecule interacting with its
periodic images, and (2) a group of nine molecules extracted
from the crystal structure was deposited on the surface and
interacted with its periodic images via molecular dynamics
(MD) simulations. In both cases, the molecule was initial-
ized in the AAA conformer geometry having the three nitro
groups in axial positions, and kept that conformation in the
DFT examination, but some molecules were found to
change to the AAE conformer (two nitro groups in axial
and one in equatorial position) in the MD analysis. The
vibrational spectra obtained from both methods are similar
to each other, except in the regions where collective RDX
intermolecular interactions (captured by MD simulations)
are important, and compare fairly well with experimental
findings.

Keywords Density functional theory - Molecular dynamics
simulations - RDX film - Explosive materials - Thin films
Introduction

The vibrational properties of explosive solids are of great
interest not only because they allow the elucidation of
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mechanisms leading to detonation initiation [1] but also
because of the possibility of detection of specific substances
[2, 3]. Each material has characteristic vibrational modes in
the terahertz (THz) and infrared (IR) range (1-430 THz)
that can be used to identify the presence of explosives.
Moreover, recently there has been increased interest in
the use of Terahertz spectroscopy [3] because it permits
the observation of features related to the crystal struc-
ture in the range of 1-4 THz involving intra and inter-
molecular modes, which are relevant in real composite
materials due to their complexity. Therefore, the identi-
fication of the IR and THz vibrational signatures of
high explosive materials would constitute a significant
contribution to the understanding and characterization of
these materials.

RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) is an im-
portant energetic compound. It belongs to the class of
explosives nitroamines and it is used widely in military
and industrial applications, i.e., automobile air bags and
rocket propellants [4]. An important theoretical tool avail-
able for this analysis is offered by a combination of DFT and
MD methods. Computational efforts have focused on the IR
spectrum of a few conformers using density functional
theory (DFT) methods [5, 6]. Also, the IR spectrum of the
RDX crystal has been calculated using molecular dynamics
(MD) simulations [1]. Other previously calculated IR spec-
tra of RDX have shown good agreement with experimental
results [6, 7].

Experimentally, the THz spectrum of the RDX has been
obtained using disordered polycrystalline pellets in most
cases, which makes it hard to characterize individual modes
due to the inhomogeneous broadening of the local vibra-
tions. However, a recent experimental work [8] showed that
this problem could be addressed by forming instead a poly-
crystalline film of RDX on a metal surface and analyzing the
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system using the terahertz (THz) time domain spectroscopy
technique. The interesting THz spectrum is found to be in
the range from 0.5 to 3.5 THz, which can be complemented
by adding the IR vibrational spectrum to fully characterize
the RDX modes. In previous work [9, 10], we used DFT
calculations to evaluate the vibrational spectra of RDX
monomers in gas phase: AAE (having two NO, groups in
axial positions and one in equatorial position) and AAA
(with the three NO, groups in nearly axial positions) as well
as the effect of intermolecular interactions in the dimer and
tetramer. In gas phase, our calculations at B3LYP/6-311 G
(d,p) level indicated that AAE-RDX is 0.55 kcal mol™! more
stable than the AAA conformer [9]. Rice et al. [5] reported
0.19 kcal mol™ calculated at B3LYP/6-31 G(d) [11] and
0.64 kcal mol™ at B3LYP/6-311+G(d,p), in reasonable
agreement with our results. Various RDX crystalline
forms exist: «, 3, 6, vy, and ¢, [12], of which « is the
most stable at room temperature [13] where crystal
packing is stabilized by CH:--O intermolecular interac-
tions between a methylene hydrogen of one molecule
and oxygen atoms belonging to nitro groups of a neighbor
molecule [14].

Surfaces and defects can influence adsorption and reac-
tion of energetic molecules as reported extensively by
Kuklja et al. [15]. In order to determine the effect of a
substrate on the molecular conformation, we also analyzed
the RDX/Al,¢ complex, where we found that the most
favorable RDX molecular geometry is closer to that of the
AAA conformation. However, comparison of the spectra of
the gas phase AAA monomer, the Al surface, and that of
the complex reveals significant differences. In-plane modes
of Al;¢ are shifted to higher frequencies in the complex, and
several new coupled modes (Al;,-RDX) appear between
200 and 400 cm ' in the complex. Other differences were
revealed in the mid-IR region of the spectra, where the
modes of the molecule attached to the model aluminum
surface were red-shifted with respect to those in the free

Fig. 1 Final configuration of
the system consisting of one a)
molecule of RDX (hexahydro-
1,3,5-trinitro-1,3,5-triazine)
over two layers of a 3x3 slab of
Al(111) after density functional
theory (DFT) optimization. a
Lateral view of the unit cell. b
Top view of four unit cells.
Magenta Aluminum, red
oxygen, blue nitrogen, grey
carbon, white hydrogen
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molecule due to interactions of the NO, group with the
metal atoms.

Due to the significance of molecular modeling methods
for elucidation of properties in complex systems [16—19]
that are sometimes difficult to evaluate experimentally, here
we refine our previous calculations by incorporating some
of the possible collective effects when a film of RDX
molecules interacts with a metal surface. We calculated the
IR spectrum of a layer of RDX molecules over a model Al
(111) surface using two different approaches. In the first, we
used DFT methods to evaluate the adsorption and vibration-
al spectrum of one RDX molecule on a (3x3) Al surface
represented by a two-layer slab. Using periodic boundary
conditions, the single molecule interacts with its images
emulating a model RDX monolayer adsorbed over the
aluminum slab. In the second approach, we used MD sim-
ulations to investigate a system consisting of an actual layer
of nine RDX molecules taken from the crystal structure and
placed over a two-layer slab with a 7x7 periodic surface of
aluminum. The spectra obtained are then studied, and the
respective modes corresponding to each frequency are char-
acterized. This information is expected to help in the under-
standing of the vibrational modes of a RDX thin film
adsorbed on an aluminum surface, therefore providing
further information for sensor devices.

Methods

The initial RDX molecular geometry and the unit cell of
the RDX crystal were taken from the Cambridge crystal-
lographic database [14]. For the DFT calculation, fixed
cell geometry optimization and harmonic normal modes
analysis were performed with the CASTEP simulation
software [20] using the exchange-correlation functional
Perdew—Burke—Ernzerhof (GGA-PBE) [21], a cutoff
energy of 220 eV and a 3x3x1 k-points Monkhorst—Pack
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Fig. 2 Final configuration of
the system consisting of nine
molecules of RDX and two a)
layers of a 7x7 slab of Al(111)
after 1 ns of molecular dynamics
(MD) simulation at 10 K and

1 atm. a Lateral view of the unit
cell. b Top view of the unit cell.
Magenta Aluminum, red
oxygen, blue nitrogen, grey
carbon, white hydrogen

0000000

BT

[22] mesh sampling in the surface Brillouin zone. The
convergence criterion used for the electronic self-consistent
iteration was 5% 10’ eV/atom and the vibrational frequencies
and eigenvectors at the selected set of g-vectors in the
Brillouin zone were calculated using the finite displacement
method [23].

The model used for the DFT calculations consisted of one
RDX molecule, placed on a two-layer 3x3 slab of alumi-
num, using the closed packed plane (111) of the face-
centered cubic (fcc) structure. Periodic boundary conditions
were applied in the x, y and z directions, and a vacuum space
of about 20 A was applied in the surface normal direction to
avoid interactions between the slab and its periodic image.
The initial configuration of the RDX molecule onto the
aluminum surface was that of the AAA conformer, in which
all the nitro groups are located in axial positions. This initial
configuration was chosen for the RDX molecule based on
previous theoretical work in which the AAA was found as
the most stable configuration for the RDX molecule
adsorbed on a layer of aluminum [9]. It is important to
mention that the crystalline form associated with this con-
former, known as the (3 form, has been confirmed recently
and fully analyzed experimentally [24, 25]. The single AAA
molecule was optimized previous to the calculation with the
aluminum layer using the VASP simulation package
[26-30], with the GGA-PBE functional, a cutoff energy of
400 eV and a 9x9x1 k-points Monkhorst-Pack mesh
sampling. In this case the convergence criterion used for
the electronic self-consistent iteration was 1x10 eV,

MD simulations were carried out using the DLPOLY-2
simulation package [31]. The isothermal-isobaric NPT
ensemble [32] was used at 10 K and 1 atm, the temperature
and pressure being controlled through the Berendsen’s
thermostat and barostat [32] using the same value of
0.4 ps as relaxation time both for the thermostat and baro-
stat, respectively. The equilibration length was determined
by the decrease in fluctuations of total energy of the system

as a function of time. When the difference between the instan-
taneous total energy and its average was less than +10 *eV/
atom, the system was considered at equilibrium. To model the
interaction among the aluminum atoms on the metal slab, the
Sutton-Chen potential with published parameters [33] was
used. RDX molecules were modeled using the force field of
Boyd et al. [7], and the interaction between RDX and the
aluminum slab was represented by a Lennard-Jones potential
using the mixing values oj; = @ and € =, /€; - g;. The
values for the pure elements were taken from published data
[34].

The simulated RDX crystal consisted of 3 x3 %3 unit cells
(216 molecules); within a periodic orthorhombic super cell
of 38.7x33.5%x32.1 A® which was relaxed for 150 ps until
equilibrium was reached. Then, a layer of this relaxed crys-
tal (9 molecules of RDX) was placed onto a two layer 7x7
slab of Al (111). In this case, the system also reached
equilibrium after 150 ps. However, the total simulation
length was extended to 1 ns to assure total relaxation of
the equilibrated system. The final configuration of the sys-
tem (shown in Fig. 2), was then used to calculate the IR

~—MD Calculation
—DFT Method
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Fig. 3 Comparison among the spectrum calculated from the system
shown in Fig. 1 using a DFT method and the spectrum calculated from
the system shown in Fig. 2 using a MD method
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spectrum using the time correlation function method imple-
mented in the DISCOVER simulation software [35]. In this
approach, the IR lineshape is calculated by Fourier transfor-
mation of the autocorrelation function of dipole moments
for a given system [36, 37]. The ab-initio based force field
COMPASS [38] (condensed-phase optimized molecular
potentials for atomistic simulation studies) was used since
it has shown to be capable of making accurate predictions of

structural and vibrational properties for a broad range of
compounds, both in isolation and condensed phases [39—41].
Results and discussion

The configuration of the systems after DFT optimization and
MD equilibration is shown in Figs. 1 and 2, respectively.

Table 1 Main vibrational modes calculated for the RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine)-Al (111) system using a density functional

theory (DFT) and a molecular dynamics (MD) method

DFT method MD calculation
Frequency (cm ') Mode Frequency (cm ') Mode
145.35 Al in-plane vibrations 67.7 Al in-plane vibrations
168.23 Al in-plane vibrations 119.2 Al in-plane vibrations
213.99 NO, twisting+Al out of plane vibrations 217.2 NO, twisting+Al out of plane vibrations
236.88 Al in-plane vibrations 244.0 Al in-plane vibrations
261.51 Al in-plane vibrations+ring twisting 320.0 NC, Rocking
340.72 Ring twisting 458.0 CH,; Rocking+CN,, scissoring
354.80 NC, Rocking 575.0 NC, Twisting+NC, asymmetrical stretching
418.26 CH, Rocking 671.0 NO, Twisting+NC, asymmetrical stretching
419.99 NO, Rocking+CH, rocking 701.0 NO, Wagging
437.52 CH, Rocking+CN, scissoring 723.0 NO, Wagging
500.88 CH, Rocking+CH, wagging 780.0 NO, Wagging
536.09 NO, Scissoring+NC, scissoring+CH, Rocking 811.0 NC, Symmetrical stretching
571.3 NC, Twisting+NC, asymmetrical stretching 858.0 NC, Symmetrical stretching
573.09 NC, Twisting+NC, asymmetrical stretching 885.0 CH, Rocking+NO, Wagging
578.33 CN, Scissoring 915.0 CH, Rocking+CN, asymmetrical stretching
641.7 NO, Scissoring+NC, scissoring 1111.0 CN, Asymmetrical stretching
705.1 NO, Wagging 1163.0 CH; Rocking+NC, asymmetrical stretching
761.4 CH, Rocking+NC, scissoring 1262.0 CH, Twisting
819.5 CH; Rocking+NC, symmetrical stretching+NO, 1475.0 CH,; Scissoring
asymmetrical stretching
888.1 CH, Rocking+NO, wagging 1550.0 CH, Scissoring
918.02 CH, Rocking+CN, asymmetrical stretching 1670.0 NO, Asymmetrical stretching
990.18 CN, Rocking+CH, rocking 1698.0 NO, Asymmetrical stretching
991.94 CN, Rocking+CH, rocking 1720.0 NO, Asymmetrical stretching
1021.9 CH, Rocking+CH, twisting 3012.0 CH, Asymmetrical stretching
1101.1 CN, Asymmetrical stretching 3049.0 CH, Asymmetrical stretching
1213.71 NC, Asymmetrical stretching 3100.0 CH, Asymmetrical stretching
1226.03 CH, Rocking+NC, scissoring
1285.9 CH, Wagging+NO, symmetrical stretching
1315.8 CH, Wagging
1347.5 CH, Twisting
1409.08 CH, Scissoring
1424.9 CH, Scissoring
1669.6 NO, Asymmetrical stretching
2977.3 CH, Asymmetrical stretching
2996.7 CH, Asymmetrical stretching
3121.6 CH, Asymmetrical stretching
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After DFT optimization of the system as shown in
Fig. 1, the molecule of RDX seems to retain its AAA
geometry in which all the nitro groups are in axial posi-
tions. The bond length among each of the two oxygen
atoms bonded to the aluminum surface and the surface is
around 1.8 A.

On the other hand, the geometry of the RDX molecules
shown in Fig. 2 varies from molecule to molecule. Some
RDX molecules in this system display structures closer to
the AAA conformer, while others are closer to the AAE.
The average distance from the closest oxygen atoms to the
aluminum surface is 2.7 A. This may be a consequence of
the lower stability of the AAA with respect to the AAE
conformer [25].

The spectra calculated using DFT and MD methods were
compared (Fig. 3). Although the relative intensities vary on
the different regions of the spectra, the peaks are located
around the same frequencies (approximately 0-1730 and
2970-3120 cm ). The modes corresponding to the peaks
shown in each spectrum are summarized in Table 1.

In the region from 0 to 400 cm™ ' the modes
corresponding to Al in-plane vibrations, Al out-of-plane
vibrations, NO, twisting and NC, rocking are observed in
both spectra. Additionally, ring twisting is seen at 261.5 and
340.7 cm " in the DFT spectrum. From 400 to 950 cm ™' the
modes observed in both spectra are CH, rocking, CN,
scissoring, NC, symmetrical and asymmetrical stretching,
NC, twisting and NO, wagging. Also, CH, wagging, NO,
rocking, NO, scissoring and NO, asymmetrical stretching
are seen in this region of the DFT spectrum. NO, twisting
appears at 671 cm ' in the MD spectrum. From 950 to
1790 cm ' CH, rocking, CH, scissoring, CH, twisting,
CN, asymmetrical stretching, NC, asymmetrical stretching
and NO, asymmetrical stretching were found in both spec-
tra. In addition, CN, rocking, NC, scissoring, CH, wagging
and NO, symmetrical stretching can be observed in this
region of the DFT spectrum. No peaks are observed in the
DFT spectrum between 1424.9 and 1669.6 cm™ ' while some
may be seen at 1475 and 1550 cm ™' in the MD spectrum.

a)
—MD calculation

— DFT Method

] 20 40 60 80 100

om?

Fig. 4 Spectra showing frequencies from 0 from 120 cm™'. a

Overlap of the spectra obtained by MD and DFT methods. b
Overlap of the spectrum obtained experimentally [8] and that

120 0

However they both correspond to CH, scissoring, which is
the same mode that corresponds to the peak at 1424.9 cm ™'
in the DFT spectrum. Finally, all the peaks observed in both
spectra after 2900 cm ™' correspond to CH, asymmetrical
stretching.

These spectra compared very well to the ones calculated
in our previous work [9]. For example, in the case of an
AAA-RDX monomer, peaks between 750 and 1050 cm '
are related to CH, rocking and NC, stretching; peaks around
12001550 cm ' correspond to CH, wagging, scissoring
and twisting vibrations and groups around 1680 cm ™' relate
to NO, asymmetrical stretching [9]. These same modes are
found around the same frequencies in the spectra shown in
Fig. 3. Furthermore, the spectrum found using one layer of a
4 x4 surface of aluminum (111) and a monomer of RDX
without applying periodic boundary conditions in our
previous work [9], does not display any peaks in the
region from 1482 to 1603 cm '. Something similar is
observed in the DFT spectrum of Fig. 3. This uses only
one molecule of RDX and does not display any peaks
between 1424.9 and 1669.6 cm '. However, the MD
spectrum (Fig. 3) shows some peaks between these
frequencies that correspond to the mode reflected at
1424.9 cm™' in the DFT spectrum, which may suggest
an amplification in the region where the modes are ob-
served due to the interaction among RDX molecules. This
same phenomenon is observed in the regions 701—
811 em ™', 811-915 em ™' and 1111-1262 cm™"' of the MD
spectrum with respect to DFT.

It is also useful to compare the spectra obtained in this
work with the experimental spectrum found in a previous
work by different authors at 7 K using a layer of RDX
molecules over an aluminum plate [8]. Since the spectrum
obtained by the DFT method is very similar to the spectrum
obtained by the MD method in the region from 0 to
120 cm™ ' (Fig. 4a), the former is used to compare to the
experimental spectrum in this region (Fig. 4b). As in our
previous work [9], the peaks observed are around 36, 49, 54,
62,71, 82,98, 104 and 115 cmﬁl, corresponding to Al in-

b)

—RDX-Al experimental

~—DFT method

ﬁ\-’
20 40 60 80 100 120

cmt

obtained by DFT methods in this work. The vertical scales are
different in both graphs to be able to fit the experimental inten-
sities in b
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plane and out-of-plane vibrations, NO, rocking and NO,
libration.

Recent work has shown that the THz spectra obtained
from molecules adsorbed on different metal substrates are
independent of the nature of the substrate [42]. Although our
results find the presence of in-plane and out-plane vibrations
of the Al surface, they are not in contradiction with the
experimental observation because it is possible that various
metal surfaces (Cu, Au, Al surfaces reported in the particu-
lar experiment) [42] may yield similar vibrational modes in
the THz region, thus affecting the spectral features of the
adsorbed molecule similarly.

Conclusions

The vibrational spectrum corresponding to a molecule of
RDX over two layers of a 3x3 slab of aluminum (111)
was obtained by periodic DFT methods, along with the
spectrum for nine molecules of RDX over two layers of
a 7x7 slab of Al (111) evaluated by MD methods. The
modes corresponding to the vibrational frequencies
found in each spectrum are assigned. Comparison of
the two calculated spectra reveals the presence of the
same modes located at very similar frequencies. However,
the spectrum obtained by MD methods reflects an enhance-
ment of the region where the observed modes are due to
interactions among RDX molecules. Good agreement is ob-
served between these spectra and those calculated in a previ-
ous work for a monomer of RDX, a molecule of RDX over a
4 x4 slab of aluminum and an experimental spectrum reported
previously in the literature.
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