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Abstract The stability of energetic materials confined in the
carbon nanotubes can be improved at ambient pressure and
room temperature, leading to potential energy storage and
controlled energy release. However, the microscopic structure
of confined energetic materials and the role played by the
confinement size are still fragmentary. In this study, molecular
dynamics simulations have been performed to explore the
structural characteristics of liquid nitromethane (NM), one of
the simplest energetic materials, confined in a series of arm-
chair single-walled carbon nanotubes (SWNTs) changing
from (5,5) to (16,16) at ambient conditions. The simulation
results show that the size-dependent ordered structures of NM
with preferred orientations are formed inside the tubular cav-
ities driven by the van der Waals attractions between NM and
SWNT together with the dipole-dipole interactions of NM,
giving rise to a higher local mass density than that of bulk
NM. The NM dipoles prefer to align parallel along the SWNT
axis in an end-to-end fashion inside all the nanotubes except
the (7,7) SWNTwhere a unique staggered orientation of NM
dipoles perpendicular to the SWNT axis is observed. As the
SWNT radius increases, the structural arrangements and di-
pole orientations of NM become disordered as a result of the
weakening of van der Waals interactions between NM and
SWNT.
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Introduction

Developing new energetic materials with excellent power and
safety is a great challenge because of an essential contradic-
tion between the power and safety, i.e., high power generally
couples with low safety. In recent years, research on increas-
ing the energy density has made tremendous advancement and
a few high-energy-density materials (HEDMs) have been
discovered, such as polymeric nitrogen [1]. The energy den-
sity of polymeric nitrogen linked by the single bond has been
predicted to be at least three times higher than that of the most
powerful energetic materials known today [2]. However, the
stability of these HEDMs, an important issue of safety, is still a
big bottleneck, which may greatly impede the fabrication of
HEDMs at ambient pressure and room temperature, energy
storage, and controlled energy release.

Carbon nanotubes (CNTs) have been the object of an in-
creased interest on account of their striking structures, as well
as remarkable properties ranging from high thermal and electri-
cal, great mechanical strength, to excellent chemical stability [3].
Recent studies have shown that confinement of some molecules
into the CNT cavity can improve stability, give rise to unique
intermolecular arrangements, and bring about lowering of acti-
vation barriers for certain reactions [4]. Subsequently, the effect
of CNT confinement on the stability of energetic materials was
probed theoretically at first due to the experiment difficulties as
well as the time and money cost on synthesis of these systems.
For example, Abou-Rachid and co-workers reported that the
polymeric nitrogen confined in a CNT or a graphene matrix
can be stable at ambient pressure and room temperature, and
the stability is governed by the charge transfer between polymer-
ic nitrogen and carbon nanostructures [5–7]. The same
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interaction mechanism also leads to the stability of polymeric
nitrogen and polynitrogen clusters confined in the CNT bundle
[8] and fullerene [9] at ambient conditions, respectively. In
addition to HDEMs, the explosives, such as FOX-7 (1,1-
diamino-2,2-dinitroethylene), RDX (hexahydro-1,3,5-trinitro-
striazine), HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine), etc., can be stabilized when encapsulated inside a
CNT or graphene layers, driven by the synthetic interactions of
intermolecular H-bonding, charge transfer, and dispersion inter-
actions between the energetic molecules and carbon nanostruc-
tures [10]. However, the structure features of confined energetic
molecules involving intermolecular interactions are still fragmen-
tary, in particular the influence of confinement size.

Nitromethane (NM) is one of the simplest nitro compounds
that are of great interest to the high explosives community. On
account of its relatively small size and availability of extensive
experimental data, NM has been intensively used as a prototype
system in theoretical studies of energetic materials, ranging from
structure properties [11–17], melting and crystallization [18, 19],
to thermal decomposition [20–27]. Although NM has a simple
structure, its thermal decomposition mechanism is very complex
because many species and elementary reactions will occur in the
process of decomposition. At certain nanoscale confinement, the
orientation and arrangement of confined NM would be different
from that of bulkNM,whichmay lead to a different or controlled
decomposition mechanism. The quantum mechanics study has
shown that the structural rearrangement and thermal decomposi-
tion reactions of NM is promoted at the confinement of a (5,5)
CNT [22]. Therefore, the investigations on the structural charac-
teristics of confined NM from the theoretical view will help us
understand the stabilization, confined decomposition pathway,
and controlled energy release of nanostructured energetic
materials.

In the present contribution, all-atom molecular dynamics
(MD) simulations have been performed to explore the struc-
tural characteristics of the liquid NM confined in a single-
walled carbon nanotube (SWNT) at ambient conditions. To
further investigate the effect of confinement size on the orien-
tation and arrangement of NM molecules, a series of SWNTs
with different radius were examined.

Methods

Molecular models The NM molecule has two different con-
formers, i.e., eclipsed and staggered form (see Fig. 1a, b), and
the energy barrier of transform between them is less than
0.01 kcal mol−1 in the gas phase, suggesting that the NO2

group can rotate around the C–N bond almost freely [16].
Hence, only the staggered form of isolated NM molecule was
built and optimized at first. The liquid NM was then modeled
by constructing a simulation box that is composed of 1728
optimized NM molecules. Finally, a 10 ns equilibrium

simulation of the liquid NMwas performed under the temper-
ature of 300 K and the pressure of 1 bar. The simulation results
show that eclipsed and staggered conformations of NM occur
equally (see Fig. S1 in Supporting information). In addition,
the average mass density of liquid NM obtained from the
simulation trajectory is 1.111 g/cm3, which is close to the
experimental value of 1.137 g/cm3 at 293 K [28].

SWNT To model the nanoscale confinement, undecorated and
ideal SWNTs of the armchair type with (n,n) indices were
employed. The SWNT can be regarded as a tube rolled up by
the single layer of graphite shell, and thus the corresponding
radius of armchair SWNTcan be calculated on the basis of the
following equation [29]:

r0 ¼ 3na=2π; ð1Þ

where r0 is the SWNTradius, n is the index for the armchair
SWNTs, and a=0.142 nm is the length of C–C bond. To probe
the influence of confinement size on the structural feature of
confined NM, a series of (n,n) SWNTs with n ranging from 5
to 16, corresponding to the SWNT radius of 0.339∼1.085 nm
(see Table 1), were considered. The lengths of all the SWNTs
were chosen to be about 3.0 nm.

a The (n, n) entries represent the indices of armchair SWNT;
r0 is the radius of SWNT; NC is the number of carbon atoms of
SWNT; NNM is the number of NMmolecules; Nin is the average
number of NM confined in the middle 2.0 nm of SWNT.

Initially, SWNT was immersed into the NM solvents and
placed at the center of the simulation box, with the SWNTaxis
along the z direction (see Fig. 1c). Then the NM molecules
within 0.24 nm of SWNTwere removed to avoid poor atomic
contacts and ensure a spontaneous entrance of NM into the
interior of nanotubes. Herein, the positions of all SWNTatoms
were restrained by means of a weak harmonic potential of
1.0 kcal mol−1. To eliminate possible edge effects, only the
region of 2.0 nm within the middle of SWNTwas analyzed.

Molecular dynamics simulations The CHARMM36 general
force field [30] was employed to describe the NM molecules.
All the SWNT atoms were described by means of the sp2

aromatic carbon parameters of the CHARMM27 force filed
[31] devoid of a net atomic charge. The form of the
CHARMM potential energy functions used to calculate the
potential energy, V(r), is given in the following equation:
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where r represents the Cartesian coordinates of the system;
b0, θ0, φ0, and r1,3;0 are the bond, angle, improper, and Urey-
Bradley equilibrium terms, respectively, n and δ are the dihe-
dral multiplicity and phase and the K’s are the respective force
constants, εij, Rmin,ij, and rij are the Lennard-Jones well depth,
the minimum interaction radius, and the distance between
atom i and j, respectively, qi and qj is the partial atomic charge
of atom i and j that is obtained from the quantum mechanics
calculations, D is the dielectric constant.

All the MD simulations were performed using the program
NAMD2.9 [32] in the isobaric-isothermal ensemble with pe-
riodic boundary conditions applied in three directions of
Cartesian space. The temperature and the pressure were main-
tained at 300 K and 1 bar, respectively, employing Langevin
dynamics and Langvein piston pressure control [33]. The
equations of motion were integrated using the multiple time-
step Verlet r-RESPA algorithm [34] with time steps of 2 and
4 fs for short- and long-range interactions, respectively.
Covalent bonds involving hydrogen atoms were constrained

to their equilibrium lengths by means of the SHAKE/
RATTLE algorithms [35, 36]. A smoothed of 1.2 nm spherical
cutoff was used to truncate van der Waals interactions, and
long-range electrostatic forces were evaluated employing the
particle mesh Ewald approach [37].

Each molecular system before production simulation
underwent 5000 steps of energy minimization, 50 ps of
heating process from 0 to 300 K at the fixed volume by
reassigning velocities, followed by 50 ps of equilibration at
300 K and 1 bar. Then, the production simulation was per-
formed for 10 ns. To determine whether the molecular systems
are sufficiently equilibrated, the number of the NMmolecules
confined in the tubular cavity as a function of simulation time
was monitored. As displayed in Fig. S2, the number of con-
fined NM molecules during the simulation trajectory of the
last 5 ns fluctuates steadily in all the systems, suggesting that
the time scale of 10 ns is suitable for the investigation on the
structural characteristics of confined NM. Accordingly, the
simulation trajectory of the last 5 ns was chosen for the
analysis. Analysis and visualization of simulation trajectories
were performed with the VMD package [38].

Results and discussion

The simulation trajectories show that the NM molecules can-
not spontaneously enter the interior of (5,5) SWNT, which is
coincident with the previous result of quantum mechanics
study, i.e., the encapsulation of NM inside a (5,5) SWNT is
an endothermic process [22]. Therefore, the simulation results
for the SWNTs with larger radius are discussed as follows.

Structure Snapshots of confined NM inside the tubular cavi-
ties obtained from the simulation trajectories are displayed in
Fig. 2. It is evident from the results that the confined NM
molecules are arranged into an ordered fashion induced by the

Fig. 1 The structure of (a)
eclipsed NM, (b) staggered NM,
and (c) a (6,6) SWNT immersed
in NM solvent for the MD
simulation

Table 1 Detail of NM-SWNT systems for molecular dynamics
simulation

(n, n) r0/nm NC NNM Nin

(5, 5) 0.339 260 1135 0.00

(6, 6) 0.407 312 1121 3.86

(7, 7) 0.475 364 1111 5.43

(8, 8) 0.542 416 1097 7.71

(9, 9) 0.610 468 1243 11.71

(10, 10) 0.678 520 1227 15.29

(11, 11) 0.746 572 1209 21.29

(12, 12) 0.814 624 1208 27.00

(13, 13) 0.881 676 1305 32.71

(14, 14) 0.949 728 1292 40.14

(15, 15) 1.017 780 1274 48.86

(16, 16) 1.085 832 1261 55.43
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tubular cavities. The linear structures near the tubular axis are
found in both the (6,6) and (7,7) SWNTs while the double
helix and triple helix structures are formed inside the (8,8) and
(9,9) SWNTs, respectively. Furthermore, a quadrangular
structure is observed in the (10,10) SWNT. As the SWNT
radius increases, two-layer structures of the confined NM
molecules appear. For the (11,11) and (12,12) SWNTs, the
linear structures of NM are found in the inner layer while the
pentagonal and hexagonal structures are formed in the
outer layer, respectively. For the (13,13) SWNT, there
exists an approximate linear structure in the inner layer
and a blurry hepta helix in the outer layer. For the other
larger SWNTs, the structural arrangement of two layers
is still maintained. However, the structure of confined
NM becomes less ordered both in the inner and outer
layer. It can be inferred that there will exist a critical
SWNT as the radius further increases where the structure of
confined NM is almost the same as that of bulk NM. In short,
the ordered and layered structures of NM molecules can be
formed when confined in the tubular cavity, which is greatly
dependent on the SWNT radius.

The transform of some molecular conformations resulting
from the rotation of chemical bonds can be hindered inside the
interior of nantoubes. For example, ethanol has two confor-
mations, i.e., gauche and trans type. The previous MD simu-
lation [39] has found that the percentage of gauche ethanol
inside a (8,8) SWNT is higher than that of bulk ethanol. In
contrast, this percentage inside a (6,6) SWNT is almost the
same as that of bulk ethanol. Accordingly, the conformation
transform between eclipsed and staggeredNM at the confine-
ment of SWNTs was analyzed on the basis of the distribution
of CH3–NO2 dihedrals (see Fig. S1). The result shows that a
uniform dihedral distribution ranging from −180° to 180° is
observed in all the systems no matter whether there exists a
nanotube or not, indicating that the influence of the SWNT
confinement on the conformation transform between eclipsed
and staggered NM is ignorable. The basic reason is that the

NO2 group can rotate around the C-N bond almost freely due
to very low transform energy barrier.

Density On the basis of the average number of NMmolecules
confined in the SWTNs (see Table 1), the overall mass density
of confined NM was calculated using the mass divided by the
volume. Herein, two mass densities denoted by ρ and ρ′ are
defined according to different volumes. In the former defini-
tion, the geometrical volume of SWNTs is employed where
the carbon atoms of nanotubes are only regarded as the mass
points. In the latter definition, the effective tubular volume is
used where the intrinsic volume of SWNT atom is taken into
account. Hence, the van der Waals radius of carbon atom, i.e.,
0.1992 nm taken from CHARMM27 force filed [31],
is simply subtracted from the SWNT radius. The mass
density profiles of confined NM as a function of
the SWNT radius are depicted in Fig. 3. It can be

Fig. 2 Snapshots of the NMmolecules confined in various SWNTs. Each atom of confined NM is colored according to the perpendicular distance from
its centroid to the SWNT axis

Fig. 3 The average mass density of confined NM as a function of the
SWNT radius, ρ is calculated using the geometrical volume of SWNTs
and ρ′ is calculated based on the effective volume of SWNTs where the
van der Waals radius of carbon atoms is considered. The dash line is the
average mass density of bulk NM.
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seen clearly that ρ increases gradually as the SWNT radius
increases, whereas it is still much less than the density of bulk
NM. In sharp contrast, ρ′ fluctuates around the bulk NM
density in all the SWNTs except (6,6) SWNT, meaning that
the NM molecules can adopt suitable arrangement and orien-
tation in the course of spontaneous entrance and the real
volume occupied by confined NM is almost the same as that
of bulk NM. For the high density of ρ′ inside the (6,6) SWNT,
it is reasonable that the NMmolecules need to be compressed
slightly to enter into the extremely narrow cavity driven by
strong van der Waals attractions.

Although ρ′ is nearly the same for all the nanotubes except
the (6,6) SWNT, the local mass density may be different
owing to the ordered structure of NM at the tubular confine-
ment. Previous simulations have reported that the SWNT
confinements on water can lead to higher local mass density
than bulk density. To delve into the local mass density, the
density distribution of confined NM along the radial direction
of SWNTwas calculated (see Fig. 4). It is noteworthy that the
entire NM molecule is treated as a mass point and the radial
distance is normalized by the SWNT radius for computation
and comparison conveniences.

Not surprisingly, the radial mass densities are only located
in certain regions. For example, rare high mass densities are
found near the SWNTaxis both in the (6,6) and (7,7) SWNTs.

By contrast, the peaks of local mass density shift toward the
nanotube wall for the (8,8), (9,9), and (10,10) SWNTs. This is
because the NM molecules lying at the axis of narrow (6,6)
and (7,7) SWNT can adequately interact with all the carbon
atoms of SWNT to maximize the van der Waals interactions.
As the SWNT radius increases, the van der Waals attractions
between the confined NM and all the SWNT atoms become
weak and cannot make the NM molecules stay near the
SWNT axis. Hence, the NM molecules move close to the
SWNT wall and are favored by the van der Waals attractions
with the adjacent carbon atoms of SWNT.

For the (11,11) SWNT, the distribution of mass density
begins to split into two peaks, which is in accord with the
layered structure of confined NM (see Fig. 2). Inside the
(11,11) and (12,12) SWNTs, the mass density of inner layer
is higher than that of outer layer as a result of the linear
structure at the SWNT axis. From the (11,11) to (16,16)
SWNT, the mass density of inner layer decreases by degrees
while the mass density of outer layer is almost constant.
Besides, the peak of density distribution of inner layer shifts
away from the SWNT axis and the corresponding shape
becomes wide. It is reasonable that the NMmolecules of outer
layer directly interact with the SWNTwall through the van der
Waals interactions, and thus can form more ordered structure
than the inner layer NM. The structure of inner layer NM is

Fig. 4 Radial mass density
profiles of the NM molecules
confined in a series of SWNTs, r
is the perpendicular distance from
the NM centroid to the tubular
axis and r0 is the SWNT radius
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mainly dominated by the outer layer NM through the complex
intermolecular interactions, such as the van der Waals attrac-
tions and electrostatic interactions. Therefore, it can be con-
cluded that the density of inner layer will continuously de-
crease and the corresponding structure will become less or-
dered as the SWNT radius further increases.

In addition, to further understand the three-dimensional mass
density distribution of confined NM in various SWNTs, the
spatial mass density distribution was calculated, which can pro-
vide a clear picture of the three-dimensional neighborhood sur-
rounding a nanotube [40]. As delineated in Fig. 5, the ring-like
distribution is observed outside the nanotube in all the systems,
which is irrelevant of the SWNTradius. By comparison, both the
shape and size of distribution inside the nanotube are greatly
dependent on the SWNT radius. As the SWNT radius increases,
the distribution shape gradually changes from one point, one
ring, one ring surrounding one point, to two concentric rings.
Moreover, the ring size also increases as a function of the SWNT
radius. Obviously, these distinct distributions can be attributed to
the ordered structural arrangement of confined NM in the tubular
cavities.

Orientation At the nanoscale confinement, an obvious feature
of molecules is the preferred orientation of certain chemical
bonds and molecular dipole moments. On account of the
molecular symmetry of NM, the dipole vector has the same
direction as the N–C bond vector. Here, the orientation angle θ
is defined as the angle between the molecular dipole vector of
NM and the z axis, i.e., the SWNT axis. The cosine of θ was
measured to describe the orientation of both molecular dipole
and local N–C bond of confined NM. Furthermore, the orien-
tation is closely related to the ordered structure of confined
NM. The more concentrated the distribution of cosθ, the more
ordered the corresponding structure.

The cosθ distributions of both confined and bulk NMwere
computed for comparison. As displayed in Fig. 6, a uniform
distribution of bulk NM ranging from −1 to 1 is found,

indicative of no preferred orientation. In contrast, the preferred
orientation is observed for confined NM. For the (6,6),
(10,10), (13,13), and (15,15) SWNTs, there exists only one
peak gathered at the value of about −1 or 1, suggesting that the
NM dipole prefers to lie parallel along the SWNT axis
with one direction. The highest percentage is found in
the (6,6) SWNT. For the (8,8), (9,9), (11,11), (12,12),
and (14,14) SWNTs, there are two peaks located at the
value of both about −1 and 1, indicative of the pre-
ferred parallel orientation of NM dipole with two oppo-
site directions. Although two peaks is also found in the
(16,16) SWNT, their percentages are low and all the
orientation is covered, suggestive of a less ordered
structure. More interestingly, a special distribution locat-
ed around 0 is observed only in the (7,7) SWNT,
revealing that the dipole orientation perpendicular to the
SWNT axis is preferred. In short, there exist two preferred
orientations of NM dipole at the tubular confinement, i.e., the
perpendicular orientation in the (7,7) SWNT and the parallel
orientation in the other SWNTs.

To further interpret the dipole orientation, the dipole vec-
tors of confined NM were delineated for the final structure
obtained fromMD trajectory. It can be seen clearly from Fig. 7
that the arrangement of NM dipole vectors at the SWNT
confinement is in a regular pattern. For instance, the dipole
vectors are linked into a line end-to-end inside the (6,6)
SWNT driven by the dipole-dipole interactions. For the spe-
cial (7,7) SWNT, the dipole vectors point “up” and “down”
along the tubular axis in turn, which may result from
the balance of the dipole-dipole interactions of NM and
the van der Waals attractions between NM and SWNT.
From the (8,8) to (12,12) SWNT, the dipole vectors still
align end-to-end in each queue. However, there exist
two opposite dipole orientations in some SWNTs, which
are colored in pink and cyan in Fig. 7. This phenome-
non may be caused by the initial orientation of NM
when spontaneously entering into the SWNT cavity.
From the (13,13) to (16,16) SWNT, the orientations of dipole
vectors become less ordered. This is because the effect of van
der Waals interactions on the NM structure is weakened as the
SWNT radius increases. From the above discussion, it can be
deduced that the structural arrangements of confined NM are
mainly governed by the van der Waals attractions of SWNT
with NM and the corresponding preferred orientations are
determined by the dipole-dipole interactions of NM.

Conclusions

A series of atomistic MD simulations have been performed to
investigate the structural characteristics of liquid nitromethane
confined inside the SWNT cavities. The ordered structures

Fig. 5 Spatial mass density distribution of the NM molecules around a
series of SWNTs, the surface shown corresponds to the isovaule
of about 0.9
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with preferred orientations of confined NM were obtained
arising from the van der Waals attractions of NM with
SWNT and the dipole-dipole interactions of NM, which are
greatly dependent on the SWNT radius. For example, a
linear structure with the end-to-end alignment of dipole
vectors parallel along the SWNT axis is formed in the
(6,6) SWNT. By contrast, the side-by-side staggered
arrangement of dipole vectors perpendicular to the
SWNT axis is only found in the (7,7) SWNT. As the
SWNT radius increases, two layered structures are ob-
served beginning from the (11,11) SWNT, and the van der
Waals interactions between the inner-layer NM and SWNT

are weakened gradually, leading to less ordered structural
arrangements and dipole orientations. In addition, the over-
all mass density of confined NM is basically the same as
that of bulk NM while the local mass density is higher than
that of bulk NM. Among all the SWNTs, the highest local
mass density is gained in the (6,6) SWNT. On the basis of
the results reported herein, the diffusion process and de-
composition reactions of NM at the SWNT confinement
should be explored in the future, which can further improve
the understanding of the energy storage, controlled thermal
decomposition pathway, and energy release of energetic
molecules.

Fig. 6 Distributions of cosθ in
various SWNTs calculated from
the simulation trajectory of the
last 5 ns, the orientation angle θ is
defined as the angle formed
between the NM dipole vector
and z axis

Fig. 7 Final snapshots of NM dipole vectors at the tubular confinement, θ is the orientation angle formed between the NM dipole vector and z axis. The
dipole vector is colored in pink when the cosθ is less than or equal to 0, or cyan when the cosθ is more than 0
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