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Abstract 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-
wurtzitane (CL-20) is a high-energy nitramine explosive with
high mechanical sensitivity. 2,4,6-trinitrotoluene (TNT) is
insensitive but by no means a high performance explosive.
To reveal the significant importance and smart-material func-
tionality of the energetic-energetic co-crystals, the stability,
mechanical and explosive properties TNT/CL-20 co-crystal,
TNT crystal and CL-20 crystal were studied. Non-hydrogen
bonded non-covalent interactions govern the structures of
energetic-energetic co-crystals. However, it is very difficult
to accurately calculate the non-covalent intermolecular inter-
action energies. In this paper, the local conformation and the
intricate non-covalent interactions were effectively mapped
and analyzed from the electron density (p) and its derivatives.
The results show that the two components TNT and CL-20 are
connected mainly by nitro—aromatic interactions, and nitro—
nitro interactions. The steric interactions in TNT/CL-20 could
not be confronted with the attractive interactions. Moreover,
the scatter graph of TNT crystal reveals the reason why TNT is
brittle. The detailed electrostatic potential analysis predicted
that the detonation velocities (D) and impact sensitivity for the
compounds both increase in the sequence of CL-20 > TNT/
CL-20 co-crystal > TNT. Additionally, TNT/CL-20 co-crystal
has better malleability than its pure components. This
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demonstrates the capacity and the feasibility of realizing ex-
plosive smart materials by co-crystallization, even if strong
hydrogen bonding schemes are generally lacking in energetic
materials.
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Introduction

Because of their inherent safety-power contradiction [1], ener-
getic materials are based on a very small number of com-
pounds. “Energetic co-crystals”, built up of two or more neutral
molecules that are solid at ambient conditions in their pure
forms [2-5], are of great interest to scientists. Such compounds
not only exhibit intermediates for the production of new poly-
morphs but also possess some distinctly improved properties
relative to pure components alone [6—8]. Much of the existing
literature on co-crystal formation focuses on the exploitation of
classical hydrogen bonding schemes [9, 10]. However, these
hydrogen bonding schemes and the information on supramo-
lecular synthons suitable for energetics are generally lacking in
energetic materials. Consequently, the rational design of ener-
getic co-crystals is hindered.

Recently, Landenberger [11, 12] modified the properties of
2,4,6-trinitrotoluene (TNT) and 1,3,5,7- tetranitro-1,3,5,7-
tetrazacyclooctane (HMX) via co-crystallization. They also
noted that the relationship of density to detonation properties
no longer applies when co-crystallizing an energetic material
with a non-energetic material. Even though the overall density
(TNT/1-bromonaphthalene co-crystal, 1.737 g/em®) is greater
than that of monoclinic TNT (1.713 g/em®), the effective
density of TNT is reduced to 0.909 g/cm’, diluting the TNT.
In this case, Bolton [13] prepared an energetic—energetic co-
crystal composed of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
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hexaazaisowurtzitane (CL-20) and TNT with a 1:1 molar
ratio, which combines the economy and stability of TNT with
the density and power of CL-20 to create a homogenous
energetic with high explosive power and excellent insensitiv-
ity (Fig. 1). Stimulated by the results of the CL-20/TNT co-
crystal, more and more scientists have focused their interest on
the development of energetic—energetic co-crystals from the
nitro-rich, non-aromatic compounds that dominate the field
with great confidence [14—18].

However, there is still no reliable set of rules that would
allow us to predict formation, stoichiometry, and structure of
an energetic co-crystal. So we are still far from a deep under-
standing of the formation processes of crystals [19]. On the
other hand, an understanding of the resulting structures seems
to be an achievable goal by theoretical methods, in particular
for identifying the intricate non-covalent interactions that
govern the structures and properties of co-crystals. A co-
crystal can be constructed through several types of interaction,
including hydrogen bonding, 7—7 stacking interactions and
van der Waals (vdWs) forces [20-22].

In the energetic materials field, the atomic interaction lines
(AlLs) or radius distribution function (RDF) usually utilized to
study hydrogen bonding can indicate only the probable exis-
tence and strength of hydrogen bonds and vdWs forces. The
best way to reveal these intermolecular interaction forces is by
calculating intermolecular interaction energies. However, the
accurate calculation of intermolecular interaction energies, es-
pecially vdWs forces, is difficult with existing methods. In
recent years in the field of pharmaceutics, charge density anal-
ysis based on experimental and theoretical calculations has
reached the stage where topological features allow net atomic
charges and related one-electron properties to be obtained,
leading directly to the derivation of features related to chemical
bonding [23]. In 2010, Erin [24] presented an approach to map
and analyze non-covalent interactions in small molecules, mo-
lecular complexes and solids, requiring only molecular geom-
etry information. This technology provides us with an approach
to understand more about energetic co-crystals.

In this paper, theoretical calculations were used to investigate
the properties and nature of intermolecular interactions in TNT/
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CL-20 co-crystal. Quantum mechanical/molecular dynamics
methods were employed to probe the stability, and mechanical
and explosive properties, of TNT/CL-20 co-crystal. On the basis
of electron density and its derivatives, intricate non-covalent
interactions, such as vdWs interactions, hydrogen bonds (HBs)
and steric repulsion stacking (SRs) interactions, were detected,
distinguished and highlighted in TNT/CL-20 co-crystal.

Computational methods
Structure calculations

The density functional theory (DFT) quantum mechanical
code, DMol®, was used to optimize the structures of molecules
and crystals of the TNT/CL-20 co-crystal system. Since it can
quickly and efficiently perform structure optimizations of
molecular or some crystal systems using delocalized internal
coordinates [25-29]. The exchange-correlation interaction
was treated by functional Perdew, Burke and Ernzerh of
generalized gradient approximation (PBE-TS GGA) [30],
and the applied basis set was a double numerical basis set
plus d-functions (DND). Dispersion-corrected functional
(DFT-D) based on an additive pairwise summation of disper-
sion energy contributions between all pairs of atoms in the
system to the total energy was employed to exactly calculate
the weak vdWs forces [21-36]. A convergence criterion of
10 a.u. on the total energy was used in self-consistent field
(SCF) calculations. The global orbital cutoff was taken to be
400 pm. The generated structure was minimized using the
convergence threshold. The value of the maximum energy
change is 1x 10~> Hartree. The maximum force and maximum
displacement is 0.02 Hartree nm ™' and 0.05 nm, respectively.
The core treatment parameter was described by the all electron
method.

Detection of weak interaction regions

A major problem with DFT is extraction of accurate energy
for dispersion, which is the main composition of vdWs forces.

2N
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Fig. 1 Crystal structures of 2,4,6-trinitrotoluene (TNT) (left), CL-20 (middle) and TNT/CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane) co-crystal (right)
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The theory of atoms in molecules (AIM) has been used
to understand and quantify weak interactions based on
electron density [p(r), Eq. 1] since 1999 [37]. This approach
relies on the fact that bond critical points (BCPs) of the
electron density, where the gradient norm of electron density
[Vp(r), Eq. 2] is zero, arise when atoms interact. If the inter-
action is bonding, the point is expected to be a first order
saddle point.

p(r) = ZWi|‘Pi(”)|2 = Zm

O [CORCONCTR

Electron density p(r) (Eq. 1) has been found to cor-
relate with interaction energy in hydrogen bond (HB)
complexes [38, 39]. It is difficult to establish a correla-
tion between the value of p at a BCP and the binding
energy of no-bonding vdWs systems. Reduced density
gradient (RDG, Eq. 3) can be used to highlight weak
interaction regions. RDG is a fundamental dimensionless
quantity in DFT used to describe the deviation from a
homogeneous electron distribution [40—43]. In Bader’s
AIM theory [12], p(r) is aggregated at (3, —1) critical
point (CP), which appears in the chemical bond path or
between the atoms and indicates attractive interaction,
while p(r) is depleted at (3, +1) CP, which generally
appears in the center of a ring system and displays a
steric effect (also called nonbond overlap). On the basis
of the above conception, to reveal weak interaction regions,
Erin et al. [44] developed the non-covalent interactions (NCI)
index based on the relationship of functions RDG and €(r)

(Eq. 4):

2

Z Crix(r)
1

_ 1 [Vp(r)]
RDG(r) = 26 () (3)
Q(r) = Sign(Aa(r)) p(r) (4)

where 7; is the occupation number of orbital 7,  is the basis
function. C is the coefficient matrix, and the element of ith
row jth column corresponds to the expansion coefficient of
orbital j with respect to basis function i. Sign[\,(r)] means
the sign of the second largest eigenvalue of electron density
Hessian matrix at position 7.

Mechanical properties

On the basis of an optional re-optimization of the structure,
mechanical properties were estimated using the “constant

strain” approach [32]. In elastic mechanics, the generalized
Hooke’s laws can be written as follows [45]:

Oy Chi Cp Ciz Cuy Ci5 Cip
oy Cyi Cn Cp Cyu Cr Cy
o: | _ |G G C33 Cxn G5 Cie (5)
0yz Cy Cpp Ciyz Ciyp Cys Cye
Oxz Cs1 Csy Cs3 Csq4 Css Cs
o Csi Cop Ce3 Ceas Cgs Ces

Although the elastic coefficient matrix of an extremely
anisotropic body should satisfy the formula: Cy; = Cj;, there
are at most 21 independent elastic coefficients because of the
existence of strain energy. In addition, the number of indepen-
dent elastic coefficients decreases as the geometrical symme-
try increases. All the mechanics properties generally can be
evaluated by the elastic coefficient matrix. The Young’s mod-
ulus (£), Poisson’s ratio (), bulk modulus (K) and shear
modulus (G) may be written in terms of the Lame’ coeffi-
cients (A and ) as follows [46]:

£ — H3A+2p)
A+ p

A 2
V= 7G: 7K:>‘+7 6
LT 1 3 (6)

For an isotropic substance, there are only two independent
elastic coefficients Cy; and Ci, (C 11— C12=2 pand C,=A).
Assuming a material as isotropic, the program can calculate
the effective isotropic mechanical properties. Accordingly,
each modulus and Poisson’s ratio can be revealed [47], which
can be estimated by loading experiments of molecular dynam-
ics (MD) simulations in Materials Studio 6.0 (MS 6.0). The
MD simulation boxes contain 4x4x4 crystallographic unit
cells.

Molecular dynamics simulation

Performed by classical mechanics, a MD simulation is a
computer simulation technique where the time evolution of a
set of interacting atoms is followed by integrating their equa-
tions of motion. One strength of the MD method with respect
to other methods such as molecular mechanics (MM) is that
the time evolution of properties of the system is followed, and
information on the dynamics of the system is fully presented
[48]. In this work, we used MD simulations to evaluate the
elastic coefficients of TNT/CL-20 co-crystal. Minimized
structures with global energy minimum serve as starting basis
for MD calculations. Thus, the lattice parameters and atomic
coordinates were first minimized to identify the geometry of
the system that corresponds to minimum points of the energy
surface. Basing on the optimized structures, MD simulations
were performed in an NPT ensemble (constant number of
molecules, pressure, and temperature) using the forcite
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module. Periodic boundary conditions were enforced by cre-
ating images of the atoms in the primary simulation cell [49].
The MD simulation boxes contain 4x4x4 crystallographic
unit cells for the pure TNT, CL-20 crystal and TNT/CL-20 co-
crystal. These choices of the simulation boxes ensure the use
of a cutoff distance for the intermolecular potentials of about
12.5 A. The systems were then equilibrated at 298 K and
atmospheric pressure. The systems were first integrated for
1.6x10° time steps to reach the mechanical and thermal
equilibrium for this system, and then for the production runs
of 4x10* time steps, during which data were collected for
subsequent analysis. A fixed time step size of 1 fs was used in
all cases [16]. An Anderson thermostat [50] was used to
control the system. For potential energy calculations, long
range Coulombic and vdW interactions were evaluated using
Ewald’s method [51, 52] with COMPASS force field [53]. All
MD and calculations of crystal structures were performed on
the commercial molecular modeling software package MS 6.0
[54].

Results and discussion
Molecular geometries

In this paper, we utilized the DMol® program to study struc-
tures interrelated with the TNT/CL-20 co-crystal, including
TNT dimer, CL-20 dimer and 1:1 TNT/CL-20 supermolecule,
TNT crystal, CL-20 crystal and TNT/CL-20 co-crystal. Here,
it should be noted that letters a and b stand for two kinds TNT
dimer. Accordingly, the letters ¢ and d represent CL-20 dimer
and TNT/CL-20 dimer, respectively.

Fig. 2 Atomic interaction lines
(AILSs) in the intermolecular
region between TNT (a, b) and
CL-20 (c¢) dimers in the pure
crystal, and TNT/CL-20 dimer
(d) in the co-crystal

@ Springer

Atomic interaction lines (AILs) are used to describe the
paths of maximum electron density [55]. First of all, we utilized
AlLs in the intermolecular region to denote the dominant
atom—atom interactions underlying the vdW interactions. It
should be noted that we considered the length of vdW AlLs
to be not more than 0.3 nm. Figure 2 show that the two AILs
between TNT dimer a are shorter than that of dimer b, which
indicates that the intermolecular interaction between dimer a is
stronger than that of b. Similarly, it can be estimated that the
strength of intermolecular interaction of the four compounds in
Fig. 2 decreases in the order: ¢ >a >d >b.

Table 1 lists the energetic data of the molecules, including
DFT-D correction (E¢), total DFT-D energy (Ertor),
intermolecular interaction (A Ey). The A Ey<0 of d in
Table 1 predicts that the reaction TNT crystal + CL-20 —
TNT/CL-20 co-crystal is spontaneous. More importantly, the
strength of the intermolecular interaction of the four com-
pounds in this case decreases in the order: d > ¢ >a > b,
which does not agree with the above AIL result. Here, we
conclude that vdWs are not the only interactions maintaining
the stability of TNT, CL-20 crystals and TNT/CL-20 co-
crystal. Moreover, the CL-20/TNT dimer has the largest
AEy; of the supermolecules in Table 1, which indicates that
a TNT molecule and a CL-20 molecule can indeed form a new
stable structure.

Electrostatic potential

Electrostatic potential (ESP) is the net electrostatic effect from
the total molecular charge distribution (nuclei plus electrons).
As being physical observable, the results obtained from ESPs
are usually realistic. In some cases, Vygp(r) allows the
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Table 1 Energetic properties of 2,4,6-trinitrotoluene (TNT) molecules
and crystals derived by Dmol® code. E DFT-D correction, E 7o total
DFT-D energy, AE; intermolecular interaction energy, /7 interaction

types. AEy was obtained by AE;=E o7 a and b stand for two kinds
TNT dimer; ¢ and d represent 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) dimer and TNT/CL-20 dimer, respectively

Ec/(kJ mol™) E1or/(kJ mol™) AE/(kJ mol™) o IT

TNT -19.113 / / —2,322,232.740 /

CL-20 —55.432 / / —4,700,163.537 /

a —57.541 —4,644,500.136 —34.656 / TNT_1- C-H...O-N-TNT 2 (2.892)
TNT_1- N-O...H-C- TNT 2 (2.821)

b —47.308 —4,644,485.362 -19.882 / TNT_1- N-O...N-C- TNT 2 (2.945)
TNT_1- N-O...H-C- TNT 2 (2.984)

¢ -138.829 -9,400,368.082 —41.008 / CL-20_1-N-O...(H-C/H-C/O-N)- CL-20 2
CL-20_1-C-H...(O-N/O-N/N-N)- CL-20 2
CL-20_1-C-H...(O-N/O-N/N-N)- CL-20 2

d -113.977 ~7,022,452.666 ~56.389 / CL-20-N-O...N-C- TNT (2.951)

CL-20-N-O...H-C- TNT (2.823)

&—E . Ey is the energy of a TNT or a CL-20 molecule

energetic properties of a compound to be predicted successfully
at any point » by the nuclei and electrons of a molecule [56, 57].

nuclei

Viep(r) = Z

k

Zr
il

P(r) ! dr

7]

(6)

where Z is the charge on nucleus & located at 7. The sign of
Z\/|r—r| indicates thus the positive ESP created at any point 7
1
ar
[r/=r]|

negative ESP by electrons at 7. The sign of Vygp(r) depends
on whether the effects of the nuclei or the electrons predominate
[58].

The ESPs mapped on the electronic density surface for
TNT and CL-20 molecules and supermolecules are given in
Fig. 3. We also calculated the ESPs of dimer a, b, ¢ and d. It

stands for the

by nucleus &, located at ry. [i(r)

Fig. 3 Electrostatic potential -15.00
(ESP) surface of TNT, CL-20 and
their supermolecules. Red and
blue surfaces represent electron
poor and rich regions,
respectively, with colors
representing values between
15.00 keal mol ' and ~15.00

kcal mol ™!

-7.50

-0

--7.50

--15.00

TNT

was first demonstrated in a series of papers by Politzer et al.
[59-63], and exploited extensively by Rice et al. [64], that the
impact sensitivities of explosives are increased by the pres-
ence of strongly positive surface potential maxima and by
high degrees of internal charge separation. It is notable that
the positive ESP on the TNT molecule in TNT/CL-20 dimer is
stronger than those of both pure TNT dimers a and b. The
area of positive ESP on the CL-20 molecule in TNT/CL-20
dimer is larger but slightly weaker than that in pure CL-20
dimer ¢ and single CL-20 molecule. Moreover, a region of
positive ESP exists between the outer surface of TNT and CL-
20 in d, which obviously involves an intermolecular non-
covalent interaction between TNT and CL-20. Thus, the
mapped ESP results imply that TNT/CL-20 co-crystal (% 50=
99 cm) is less sensitive than CL-20 (/50=47 cm) and more
sensitive than TNT (% 50>160 cm) by impact [13, 65].

BT,

CL-20 a
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Table 2 Summary of the surface electrostatic potential (ESP) of the
studied molecules

Molecule V max/(kJ mol™) V min/(kJ mol™) Vo (K mol™)
TNT 186.839 —103.668 83.171
CL-20 279.515 —65.885 213.630
a 222.013 —08.384 123.629
b 196.959 —115.479 81.480
c 290.275 —73.242 217.033
d 254.651 —114.760 139.891

In 2012, Zeman [66] proved that the increase in negative
extremes of potentials (¥ ,;,) and/or the sum (V) of Vi, and
positive extremes (¥ ,,x) correspond to an increase in detona-
tion velocities (D). The data of V ,, ¥ max and Vi, for the title
molecules here are listed in Table 2. It is easy to see that the
value of V' increases in the orderb < TNT <a <d <CL-20 <
¢, which indicates that the D of the three compounds increases
in the order TNT < TNT/CL-20 co-crystal < CL-20. Finally, it
can be deduced that the TNT/CL-20 co-crystal is more power-
ful than TNT and less sensitive than CL-20.

Additionally, Politzer [58] reported in a very recent review
a perspective of “0-hole” interactions and also stated “7t-hole”
interactions. The key factors of these two “holes” are both
electrostatics/polarization and dispersion. A 6-hole bond is a
non-covalent interaction between a covalently bonded atom of

Groups IV-VII and a negative site, e.g., a lone pair of a Lewis
base or an anion. It was made clear by Politzer [58] that the
regions of positive potential can be composed of a series of “6-
holes” or “7-holes”. The strengths of the interactions gener-
ally correlate well with the magnitudes of the positive and
negative ESPs of the 6-hole and the negative site. In our future
work, we will pay much more attention to using “6-holes” or
“mt-holes” to study non-covalent interactions between energet-
ic molecules.

Intermolecular interaction in crystals

To understand the internal mechanism, the interaction charac-
teristics of different types of regions were shown in scatter
graphs (see the above three maps in Fig. 4). The x-axis and y-
axis are sign (\,) and RDG functions, respectively. A point in
the graph corresponds to a grid point.

Figure 4 displays low-gradient isosurfaces (s=0.5 a.u.),
subject to the constraint of low density, for TNT/CL-20 co-
crystal, CL-20 crystal and TNT crystal. Taking a horizontal
line (the blue horizontal line with s=0.5 a.u.), the segments
intersected with spikes are just RDG isosurfaces. For each of
the three crystals, there are several spikes, and the points in
their peaks correspond to critical points in AIM theory. The
spikes can be classified into three segments (HBs region,
vdWs region and SRs region), ranging from —0.1 to 0.1 a.u.
(Fig. 4). In each region, more scatter points reveal greater

RDG/(a.u.)

sign(\)p/(a.u.)

CL-20

0000 0080 -D0BD —0.040 0020 000D GIZD 0040 000 0080 0100 -1 0080 -0000 —0.040 —0020 G000 G020 D040 0080 ODSD 0100 U100 —0.080 -0000 —0040 0020 D000 02D

sign(\)p/(a.u.)

TNT

TNT/CL-20

SRs

T 'E——
0040 0080 0080 0400

sign(\)p/(a.u.)

CL-20/TNT

Fig. 4 Gradient isosurfaces (s=0.5 a.u.) for CL-20 crystal, TNT crystal and TNT/CL-20 co-crystal. Peaks appear at p~0.01 a.u. for vdWs
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electron density, that is, greater contribution to total weak
interactions. The three interaction regions are divided by two
blue vertical lines. It is easy to visualize the lowest
electron density between the TNT molecules in TNT
crystal among the three compounds. The weak vdWs
and HBs combined with the relatively strong SRs result
in the brittle property of TNT, which is one of the most
important disadvantages or bottlenecks of TNT we need
to account for. There are five spikes in the scatter graph of
TNT/CL-20 co-crystal, and the points in their peaks are just
critical points in AIM theory. The scatter graph of TNT/CL-20
co-crystal contains many more grid points in the vdWs region
and fewer grid points in the SRs region, thus implying stron-
ger intermolecular interactions. Thus we can infer that co-
crystallization may be a good method to reduce the brittleness
of TNT.

Accordingly, from the color-filled RDG isosurfaces, we
can identify different type of regions by color (see lower panel
of Fig. 4). The surfaces are colored on a blue-green-red scale
according to values of sign(\,)p, ranging from —0.1 to 0.1 a.u.
A density cut-off of p<0.05 a.u. was chosen since it encap-
sulates the non-covalent interaction region of interest [24].
Blue indicates strong attractive interactions (HBs), and red
indicates strong non-bonded overlap [steric repulsion stacking
(SRs) in the center of a molecule]. Furthermore, green indi-
cates weak vdW interactions. A density cut-off of p<0.05 a.u.
was chosen since it encapsulates the non-covalent interaction
region of interest [24].

It is clear that the crystal structure of TNT/CL-20 co-crystal
is formed exclusively by interactions involving nitro groups.
There are many weak non-covalent interactions propagating
through the crystal, and large area of green appear only
between TNT and CL-20 molecules. There are no peaks
appearing at p~0.05 a.u., which indicates no strong HBs in
TNT/CL-20 co-crystal, although in pure CL-20 crystal the
peaks at p=0.04 a.u. are not very strong. However, it is
obvious that the weak vdWs in co-crystal are much stronger
than those in pure TNT or CL-20 crystals. There are three
kinds of interactions propagating through the crystal: (1) CH
hydrogen bonds between oxygen atoms of the nitro group on
CL-20 and aliphatic hydrogens of TNT; (2) interactions be-
tween the electron-deficient ring of TNT and nitro groups of
CL-20, i.e., nitro-aromatic interactions; (3) a series of
nitro—nitro interactions between TNT and CL-20, which ap-
pears frequently in the co-crystal. We can see easily that
there are no strong HBs in the TNT/CL-20 co-crystal.
Moreover, it is obvious that the intermolecular electron den-
sity of the present three compounds decreases in the order
TNT/CL-20 > TNT > CL-20. Finally, we can conclude that it
is possible to develop smart energetic materials by “energetic-
energetic co-crystals”, since this does not necessarily require
relatively strong interactions (strong HBs) in co-crystal
design.

Mechanical properties

Mechanical properties are of significant importance for ener-
getic materials. The detailed elastic coefficients and effective
isotropic mechanical properties of pure TNT, CL-20 and TNT/
CL-20 co-crystal in 298 K are listed in Table 3.

From Table 3 it can be seen that some Cj; values are much
smaller than 10 and the others are much larger than 10, which
indicates that the TNT/CL-20 co-crystal has anisotropic be-
havior to some extent. This anisotropic behavior presumably
arises from the crystal packing. It was found that the Young’s
modulus (£) and Bulk modulus (K) of TNT/CL-20 co-crystal
decreased dramatically compared with pure TNT crystal and
CL-20 crystal. The modulus decrease means a reduction in
rigidity, i.e., the resistance to elastic deformation is decreased.
The shear modulus (G) of the co-crystal is slightly smaller
than that of CL-20 crystal, but still much larger than that of
TNT crystal, which means that there is some reduction in the
hardness and tensile strength of the co-crystal. Additionally,

Table 3 Elastic coefficients and effective isotropic mechanical properties
of pure TNT, CL-20 and TNT/CL-20 co-crystal

TNT/CL-20 TNT CL-20
Cu 57.844 61.711 92.277
Can 29.706 39.811 78.698
Cs3 36.185 47.159 85.022
Cuy 2.716 14.147 18.895
Css 7.861 4918 11.449
Ces 8.470 19.4185 27.465
Cos 23.194 30.173 69.669
Ci3 43.809 27.045 47.873
Cuy 2.362 0.193 0.000
Cis 13.640 0.109 -10.177
Cis 4.786 —0.009 0.000
Cos 14.406 40.096 48.841
Coy 4.609 —0.025 0.000
Css 2.997 —0.049 —9.605
Cas 0.474 —0.011 0.000
Csy 9.136 —-0.010 0.000
Css 19.374 0.085 2.725
Css 5.705 —0.003 0.000
Cys 11.032 —0.002 0.000
Cys —0.346 0.023 1.291
Css —3.234 —0.005 0.000
A 28.547 23.905 46.793
u 6.349 12.828 19.270
Young’s modulus (E) 17.891 34.004 52.188
Bulk modulus (K) 25.121 37.514 62.108
Shear modulus (G) 12.044 4.525 12.638
Poisson’s ratio (7y) 0.409 0.325 0.354
K/G 4513 1.868 2.430
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the increase in Poisson’s ratio (v) reveals that the co-
crystallization of TNT and CL-20 involves an increase in plas-
ticity. Since y of plastic is usually 0.2—0.4, and it is known that a
higher value of K/G is associated with malleability and a lower
value with brittleness [67], it can, accordingly, be deduced from
the values of K/G in Table 2 that the TNT/CL-20 co-crystal may
have better malleability than its pure components.

Conclusions

Co-crystallization of TNT and CL-20 composes a high-energy
and impact-insensitive TNT/CL-20 co-crystal. The results
presented here show that hydrogen bonded supramolecular
synthons are not indispensable to energetic-energetic co-
crystals. The mapped charge densities of local conformation
demonstrated that a series of vdWs and stacking interactions
maintain the stability of TNT/CL-20 co-crystal. The ESP
pictures suggest that TNT/CL-20 co-crystal is more powerful
than TNT and less sensitive than CL-20. Three kinds of
interactions propagate through the crystal: (1) CH hydrogen
bonds between nitro group oxygens on CL-20 and aliphatic
hydrogens of TNT; (2) interactions between the electron-
deficient ring of TNT and nitro groups of CL-20, i.e., nitro-
aromatic interactions; (3) a series of nitro—nitro interactions
between TNT and CL-20, which appear frequently in the co-
crystal. The scatter graphs also implied that co-crystallization
may be a good way to reduce the brittleness of TNT.
Calculation of the mechanical properties indicates that the
elastic coefficients and effective isotropic mechanical proper-
ties of pure TNT, CL-20 crystal can be effectively improved
by their co-crystallization. The above results demonstrate the
potential to realize more advanced energetic materials by co-
crystallization, since most energetic materials contain nitro
groups, ring or cage structures, etc.
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