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Abstract The structural characteristics involving thermal
stabilities of liquid nitromethane (NM)—one of the sim-
plest energetic materials—confined within a graphene
(GRA) bilayer were investigated by means of all-atom
molecular dynamics simulations and density functional
theory calculations. The results show that ordered and
layered structures are formed at the confinement of the
GRA bilayer induced by the van der Waals attractions
of NM with GRA and the dipole–dipole interactions of
NM, which is strongly dependent on the confinement
size, i.e., the GRA bilayer distance. These unique inter-
molecular arrangements and preferred orientations of
confined NM lead to higher stabilities than bulk NM
revealed by bond dissociation energy calculations.
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Introduction

Energetic materials confined into specific nanoscale
spaces have attracted much attention since their stabilities
at ambient pressure and room temperature can be im-
proved to effectively balance the intrinsic contradiction
between power and safety [1–6]. Due to the experimental

difficulties and cost of synthesis of high energy density
materials, theoretical research has played an important
role in exploring their structural and electronic properties
from a microscopic viewpoint, while helping design new
propellants, explosives, and pyrotechnics. Recent quan-
tum chemistry calculations suggested that graphene
(GRA) sheets are good candidates for encapsulating and
stabilizing various energetic materials, including polymer-
ic nitrogen, HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine), FOX-7 (1,1-diamino-2,2-dinitroethylene),
RDX (hexahydro-1,3,5-trinitro-striazine), etc. The stabili-
zation mechanism is governed by charge transfer, inter-
molecular H-bonding, and dispersion interactions between
energetic molecules and GRA sheets [7, 8]. Furthermore,
functionalized GRA sheets can enhance the thermal de-
composition of organic explosives [9]. The confinement
between GRA sheets, therefore, potentially leads to opti-
mal performance and controlled energy release of energet-
ic molecules. Despite the importance of confined energet-
ic materials, knowledge of their stabilization mechanisms,
which involve intermolecular arrangements, orientations,
and nature interactions, is still fragmentary.

Here, the structural characteristics associated with thermal
stabilities of energetic materials through nanoscale confine-
ment were investigated theoretically by encapsulating the sim-
plest organic explosive nitromethane (NM) within a GRA
bilayer. The effect of confinement size was also considered
by regulating the GRA bilayer distance from 6 Å to 14 Å at an
interval of 1 Å. The typical structural motifs of confined NM
were found bymolecular dynamics (MD) simulations, and the
corresponding thermal stabilities were examined by bond dis-
sociation energy (BDE) obtained from density functional the-
ory (DFT) calculations. The results reported in this work are
envisioned to provide new insights for improving the safety of
energetic materials.
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Methods

Molecular models

The initial model of NM solvent was taken from our previous
work [10]. The CHARMM36 general force field [11] was
used to describe the NM molecule, which reproduces the ex-
perimental density of liquid NMwell. Two ideal and armchair
GRA sheets were built employing the visual molecular dy-
namics (VMD) package [12]. The normal vector of GRA
sheets was aligned along the z-axis, and the edge lengths along
x- and y- axis were both chosen to be about 25 Å (see Fig. 1).
All the GRA atoms were described by the sp2 aromatic carbon
parameters of the CHARMM27 force field [13] devoid of a
net atomic charge. The position of all GRA atoms was re-
strained in all simulations by means of a weak harmonic po-
tential of 1.0 kcal mol−1.

Molecular dynamics simulations

All MD simulations were carried out using the program
NAMD2.9 [14] using the isobaric-isothermal ensemble.
Periodic boundary conditions were applied in three-
dimensional (3D) Cartesian space. Covalent bonds in-
volving hydrogen atoms were constrained to their equi-
librium lengths with the aid of the SHAKE/RATTLE
algorithms [15, 16]. A smoothed 12 Å spherical cutoff
was chosen to truncate van der Waals forces, and long-
range electrostatic interactions were evaluated using the
particle mesh Ewald (PME) approach [17]. The equa-
tions of motion were integrated through the multiple
time-step Verlet r-RESPA algorithm [18] with time steps
of 2 and 4 fs for short- and long-range interactions,
respectively. The temperature and pressure were

maintained at 300 K and 1 bar by Langevin dynamics
and the Langvein piston pressure control [19]. Each
production simulation was carried out for 10 ns and
the trajectory of the final 5 ns was analyzed. Visualiza-
tion and analysis of MD trajectories were performed
with the VMD package [12].

Bond dissociation energy

The BDE, EBD, was calculated by the following equation:

EBD A�Bð Þ ¼ EA⋅ þ EB⋅−EA�B ð1Þ

where A–B stands for the NM molecule; A· and B· for the
radicals produced from dissociation of the A–B bond; EA–B,
EA·, and EB· are the corresponding electronic energies. The
electronic energy was calculated at the B3LYP level [20, 21]
of the DFT method with the 6-31G* basis set [22] employing
the Gaussian program [23]. Here, only breaking of the C–N
bond in NM was considered, which is generally deemed the
most probable initiation of NM decomposition [24].

Results and discussion

The simulation trajectories show that NM molecules cannot
spontaneously enter the interior of two GRA sheets at a dis-
tance of 6 Å. Hence, the simulation results for the other mo-
lecular systems are discussed in the following.

Mass density distributions

To assess the distribution induced by the confinement
on NM, the mass density distribution along the normal
to GRA bilayer was calculated and is depicted in Fig. 2.
High mass densities and layered distributions of NM
were observed between the two GRA sheets owing to
the unique intermolecular arrangements. The highest
density of NM was located at the center of the GRA
bilayer at a distance of 7 Å. As the bilayer distance
increased, the center density decreased gradually driven
by the van der Waals attractions between NM molecules
and GRA sheets. The single peak also became wider
and tended to split into two peaks. Two peaks are fully
formed and no NM molecules exist at the center of the
GRA bilayer at a bilayer distance of 10 Å. For bilayer
distances ranging from 11 to 13 Å, similarly, the density
is lower and the corresponding distribution is less con-
centrated. When the bilayer distance is 14 Å, three
peaks are found and the middle peak located at the
center of the GRA bilayer has the highest density. From
the above results, it can be deduced that the layered

Fig. 1 Initial structure of a graphene (GRA) bilayer immersed in liquid
nitromethane (NM) solvent for molecular dynamic (MD) simulations. In
this study, the distance, d, between the two GRA sheets ranges from 6 Å
to 14 Å at an interval of 1 Å
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distribution of confined NM is strongly dependent on
the GRA bilayer distance, which is different from the
distribution of pure liquid NM. Previous simulations
have shown that the first neighbor shell is within a
radius of about 6 Å, and the second shell is within
about 11 Å for a given NM molecule [25, 26].

Dipole orientations

To understand the orientations of NM encapsulated in the
GRA bilayer, the distribution of the orientation angle, θ,
formed between the NM dipole and the normal to the
GRA bilayer was calculated. As displayed in Fig. 3, a
peak around the orientation angle of 90° appears in all
systems, suggesting that the dipole of confined NM pre-
fers to be parallel with the GRA sheets. It is expected
that peak height will depend strongly on the distance to
the GRA bilayer. However, the peak height does not
decrease monotonously as the bilayer distance increases.
For instance, the peak height for a distance of 10 Å is

lower than that for a distance of 7 Å but higher than that
for a distance of both 8 and 9 Å. Moreover, there is
another preferred orientation when the GRA bilayer dis-
tance is 9 Å, i.e., the NM dipole is perpendicular to the
GRA sheet. Hence, it can be seen that a suitable distance
of GRA bilayer plays a key role in the formation of
ordered and layered structures of NM with preferred
orientations.

Confined structures

The typical structural arrangements and dipole orienta-
tions of NM confined within the GRA bilayer obtained
from the simulation trajectories are shown in Fig. 4. It is
evident from Fig. 4a that the one-layer structure of con-
fined NM exhibits a highly ordered arrangement, i.e., the
NM dipoles were arrayed head-to-tail in a linear arrange-
ment parallel to the GRA sheets induced by the favored
dipole–dipole interactions. As the bilayer distance in-
creased to 9 Å, a staggered arrangement of dipoles per-
pendicular to the GRA sheets was observed (see Fig. 4b),
which can be attributed to the balance of the dipole–di-
pole interactions and the van der Waals attractions be-
tween NM and GRA. For the two-layer structure, a
head-to-tail alignment of NM dipoles was also found, ar-
ranged in a staggered manner to avoid layer–layer repul-
sive interactions (see Fig. 4c). For the three-layer struc-
ture, in contrast, the arrangement of NM dipoles was less
ordered and did not maintain the linear pattern. This is
because the confinement effect of the GRA bilayer on
NM would be gradually weakened as the distance of the
GRA bilayer increases. Nevertheless, it can be seen from
each separating layer structure that the NM dipoles still
tend to be arranged in head-to-tail orientation as much as
possible (see Fig. 4d–g).

Fig. 2 Mass density profiles of confined NM determined along the normal to the GRA bilayer at a series of distances; ρ0 is the mass density of bulk NM

Fig. 3 Distributions of cosθ within a series of the GRA bilayer; θ is
defined as the angle formed between the NM dipole and the normal to
the GRA bilayer
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Thermal stabilities

As proposed by Zhang [27], the BDE of a NM dimer with
different arrangements and orientations can be employed to
simply estimate the stability of NM against external stimuli
such as tension, compression, sliding, and rotational shear.
Herein, two typical arrangement motifs were extracted to
represent the NM structures within the GRA bilayer, i.e.,
linear and parallel NM dimers. The thermal stabilities of
confined NM were evaluated by the BDE calculations of
two typical arrangement motifs via scanning the possible
orientations, where the NM dimers were treated as rigid.

For the linear NM dimer, the head-to-tail arrangement
has the highest BDE, indicative of the most stable struc-
ture, while the C–N bond is easiest to break for head-to-
head arrangement (see Fig. 5). For the parallel NM dimer,
the staggered arrangement has higher stability than the
eclipsed arrangement (see Fig. 6). It is evident that the
most stable arrangements and orientations in two typical
structural motifs can be induced by the confinement of the
GRA bilayer (see Fig. 4). Compared with the disordered
structure of bulk liquid NM [10], therefore, the ordered
and layered structure formed within the GRA bilayer
leads to higher stability.

Fig. 4a–g Typical structures obtained from MD simulations of NM
confined within the GRA bilayer. Distances between the two GRA

sheets (Å): a 7, b 9, c 10, d 14; e–g correspond to the three layers of d,
respectively. Red arrows NM dipoles

Fig. 5 Bond dissociation energy (BDE) of the linear NM dimer as a
function of rotational angle with two orientations: orientation I represents
the transformation from head-to-tail to tail-to-tail arrangement; orienta-
tion II represents the transformation from head-to-tail to head-to-head
arrangement

Fig. 6 BDE of the parallel NM dimer as a function of rotational angle
transforming from eclipsed to staggered arrangement
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Conclusions

MD simulations and DFT calculations were carried out to
study the structural characteristics involving thermal stabilities
of liquid NM encapsulated within a GRA bilayer. GRA bilay-
er confinement can induce the formation of ordered and lay-
ered structures of NM resulting from dipole–dipole interac-
tions and van der Waals attractions between NM and GRA,
which is correlated strongly to the GRA bilayer distance. The
BDE calculations show that the unique intermolecular ar-
rangements and orientations of confined NMhave higher ther-
mal stabilities than bulk NM. The results reported herein fur-
ther improve our understanding of the stabilization of energet-
ic materials through nanoscale confinement.
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