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Abstract The effects of the molar ratio, temperature, and sol-
vent on the formation of the cocrystal explosive DNP/CL-20
were investigated using molecular dynamics (MD) simula-
tion. The cocrystal structure was predicted through Monte
Carlo (MC) simulation and using first-principles methods.
The results showed that the DNP/CL-20 cocrystal might be
more stable in the molar ratio 1:1 near to 318 K, and the most
probable cocrystal crystallizes in the triclinic crystal system
with the space group P1. Cocrystallization was more likely to
occur in methanol and ethanol at 308 K as a result of solvent
effects. The optimized structure and the reduced density gra-
dient (RDG) of the DNP/CL-20 complex confirmed that the
main driving forces for cocrystallization were a series of hy-
drogen bonds and van der Waals forces. Analyses of the trig-
ger bonds, the charges on the nitro groups, the electrostatic
surface potential (ESP), and the free space per molecule in the
cocrystal lattice were carried out to further explore their influ-
ences on the sensitivity of CL-20. The results indicated that
the DNP/CL-20 complex tended to be more stable and insen-
sitive than pure CL-20. Moreover, an investigation of the det-
onation performance of the DNP/CL-20 cocrystal indicated
that it possesses high power.
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Introduction

When two or more neutral species are combined via intermolec-
ular interactions in a certain ratio, new cocrystals are created with
distinct physicochemical properties [1, 2]. For some high explo-
sives, such as 2.4,6,8,10,12-hexanitrohexaazaisowurtzitane (CL-
20), the sensitivity can be modified without sacrificing much of
the detonation energy through cocrystallization [3-5]. Hence,
cocrystal explosives, especially energetic—energetic cocrystals,
have attracted a great deal of attention in the field of energetic
materials.

Although cocrystal explosives have been proposed for
many years, only a few CL-20-based cocrystal explosives
have been synthesized experimentally due to the exacting ex-
perimental conditions required. For instance, the cocrystal ex-
plosive CL-20/TNT [3, 6] was prepared in the molar ratio 1:1
by the slow evaporation of ethanol and ethyl acetate. The
cocrystal CL-20/1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane
(HMX) [7] in the molar ratio 2:1 was prepared in 2-propanol.
CL-20/benzotrifuroxan (BTF) [8] was prepared in several sat-
urated organic solvents in the molar ratio 1:1, and high-quality
crystals were obtained from ethanol. CL-20/1,3-dinitroben-
zene (DNB) in the molar ratio 1:1 [9] was obtained in ethanol
at 30 °C. Bimolecular crystals of CL-20 with 2,4-dinitro-2,4-
diazapentane in the molar ratio 2:1 and CL-20 with 2,4-dini-
tro-2,4-diazaheptane in the molar ratio 1:1 were obtained in
ethyl ethanoate at room temperature [10]. CL-20/1,3,5-
triamino-2,4,6-trinitrobenzene (TATB) [11] in the molar radio
3:1 was prepared by a rapid solvent/no-solvent method. CL-
20/2,5-dinitrotoluene (DNT) [12] in the molar ratio 1:2 was
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prepared in ethyl acetate at room temperature. CL-20/
cyclotrimethylenetrinitramine (RDX) in the molar ratio 1:1
was prepared in acetonitrile [13]. Some CL-20 cocrystals con-
taining nonenergetic materials have also been prepared [5].
Despite the rather brief reports of those laboratory studies that
are available, it is evident that the molar ratio, the solvent, and
the temperature play crucial roles in cocrystal growth. Indeed,
theoretical studies performed by our group indicate that the
binding energies, sensitivities, and detonation performance of
cocrystal explosives are influenced by the molar ratio of the
cocrystal [14—16]. Differences in solubility parameters have
been studied in order to screen for cocrystal formers using
quantum chemical calculations [17]. The effects of the solvent
acetonitrile on diacetone diperoxide (DADP)/1,3,5-tribromo-
2.4,6-trinitrobenzene (TBTNB) cocrystallization were inves-
tigated, and the results highlighted that it is important to con-
sider the influences of the temperature and the solvent when
designing new cocrystals [18].

While many cocrystal explosives have been studied using
experimental and theoretical methods, only a few studies of
energetic azole-based cocrystals have been reported besides
our theoretical investigation of the HMX/1-methyl-4,5-
dinitroimidazole (MDNI) cocrystal [19]. 3,4-Dinitropyrazole
(DNP) is a novel insensitive pyrazole explosive that is a po-
tential substitute for the melt-cast explosive 2,4,6-trinitrotolu-
ene (TNT) [20]. However, the cocrystal DNP/CL-20 may
have better properties than pure DNP due to the low sensitiv-
ity of DNP, although neither experimental nor theoretical stud-
ies of the DNP/CL-20 cocrystal have been reported in the
literature thus far. Therefore, in the work summarized in the
present paper, the influences of the molar ratio and the solvent
on this pyrazole/nitroamine cocrystal at different temperatures
were explored. These influences were gauged by calculating
binding energies and mechanical properties. The intermolec-
ular interactions between DNP and CL-20 were investigated
using density functional theory (DFT), employing the B3LYP,
M062X, and B97D methods. A series of trigger bond analyses
were implemented to study the impacts of intermolecular in-
teractions on the sensitivity of CL-20. The structure of the
DNP/CL-20 cocrystal was predicted in order to evaluate its
detonation performance. Temperature-dependent solvent ef-
fects were studied using SMD models and molecular dynam-
ics (MD) simulation. These theoretical results for the cocrystal
explosive DNP/CL-20 should prove useful in attempts to pre-
pare novel pyrazole/nitroamine cocrystal explosives.

Computational methods
Molecular dynamics calculations

In the present work, e-CL-20 was chosen as the initial config-
uration of the DNP/CL-20 cocrystal due to its excellent

@ Springer

performance. The unit cells of DNP and CL-20 were obtained
from [21, 22]. COMPASS [23] was found to be a reliable force
field for predicting the structural and thermophysical proper-
ties of cocrystal explosives in our previous studies [14-16, 20,
24,25]. The crystal structures of DNP and CL-20 are illustrat-
ed in Fig. 1. Supercells of DNP and CL-20 were constructed
as a means to build initial DNP/CL-20 cocrystal models with
molar ratios of 2:1, 3:2, 1:1, 2:3, and 1:2. The CL-20 layer was
positioned below the DNP layer, and the vacuum slab thick-
nesses above the CL-20 layer and the DNP layer were set to be
10 A and 60 A, respectively. The corresponding parameters
(molar ratio, supercells, total number of molecules, the num-
ber of DNP (Npnp) units, and the number of CL-20 (N¢y.-20)
units) are given in Table 1.

After building and optimizing the geometries of the
cocrystal models, NVT ensembles and specific temperatures
(298, 308, 318, 328, and 338 K) were employed to obtain the
ideal models using MD simulation. Andersen’s [26] tempera-
ture control method was selected. The time step was set to
2.0 fs, and the total dynamic time was 200.0 ps (200,000 fs).
The binding energy (Eping) and the mechanical properties of
the equilibrium state of DNP/CL-20 were then calculated to
evaluate their compatibility. To predict the crystal structure of
DNP/CL-20, the seven most likely space groups (C2/c, P1,
P2,/c, P2y, P2,2,2,, Pbca, and Pna2,) were compared using
the COMPASS force field and Monte Carlo (MC) simulation.

Furthermore, the effects of the solvent on the DNP/CL-20
cocrystal were simulated by adding methanol to the cocrystal
surface. The unit cells of the DNP/CL-20 cocrystal and meth-
anol were obtained from the crystal structure predicted by MC
simulation and from [27], respectively. The supercells of the
DNP/CL-20 cocrystal and methanol were utilized to build an
initial model of methanol-solvated DNP/CL-20. After optimi-
zation, the methanol supercell layer (including 48 molecules)
was positioned above the cocrystal layer (2 x 2 x 1 supercell),
and the vacuum slab thickness above the cocrystal layer was
set at 5 A. NVT-MD using the Andersen method was
employed to acquire the ideal model. The time step was set
to 1.0 fs and the total dynamic time was 100.0 ps (100,000 fs).
Binding energies were calculated to evaluate the stability of
the model at 298, 308, 318, 328, and 338 K, respectively. All
of these calculations were carried out with MS 7.0 [28].

Quantum chemical calculations

Four structures of DNP/CL-20 were designed in order to study
the intermolecular interactions of the cocrystal. Those struc-
tures were optimized at the B3LYP level [29] with the 6—
311++G(d,p) basis set. Local minima were checked to ensure
that there were no imaginary frequencies. Interaction energies
were computed using the M06-2X [30] and B97D [31]
methods with the Boys—Bernardi counterpoise procedure
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Fig. 1 Crystal structures of DNP
and CL-20

DNP

[32]. The sensitivity of CL-20 was explored by analyzing
trigger bonds, nitro group charges, electrostatic surface poten-
tial (ESP), and the free space per molecule in the cocrystal
lattice. The reduced density gradient (RDG) was also used to
study the nature of the intermolecular interactions. All studies
were executed in the Gaussian 09 [33] and Multiwfn software
packages [34].

Results and discussion
Binding energy analysis

The binding energies of the various DNP/CL-20 cocrystal
models were calculated and the results are listed in Table 2.
They were found to lie within the range 604.00-1126.45 kJ/
mol, and the binding energy of the 1:1 model at 318 K was the
largest among all of the models considered. Plots of molar
ratio and temperature vs. binding energy E;md are depicted
in Fig. 2, and show specific trends. In the plot of molar ratio
vs. binding energy, the binding energy clearly increases as the
molar ratio shifts from 2:1 to 1:1, except at 318 K. When the
amount of DNP surpasses that of CL-20, the binding energy
starts to get smaller, highlighting the pivotal roles of the molar
ratio and the temperature in cocrystal formation. From the plot
of temperature vs. binding energy (the right curve in Fig. 2),

CL-20

the largest binding energies for the 2:1, 3:2, 1:1, 2:3, and 1:2
models can be seen to occur at 318, 308, 318, 328, and 328 K,
respectively, corresponding to binding energies of 993.02,
1031.30, 1126.45, 947.40, and 666.18 kJ/mol. The binding
energy of the 1:1 model is the largest at various temperatures,
indicating that the strongest intermolecular interactions occur
in the 1:1 model at each temperature. The binding energy of
the 1:2 model is the smallest at each temperature, ranging from
604.00 to 666.18 kJ/mol. The binding energy of the cocrystal
is regarded as an indication of its stability: the larger the bind-
ing energy, the more stable the cocrystal. Therefore, the opti-
mal molar ratio for the DNP/CL-20 cocrystal is 1:1, and the
optimal temperature for the growth of such a cocrystal is near
to 318 K in vacuum.

Mechanical properties

Mechanical properties play an important role in the prepara-
tion, machining, and storage of energetic materials. Elastic
stiffness constants (C;) and elastic moduli were used to eval-
uate the plastic deformation and tensile strength of the DNP/
CL-20 cocrystal. K/G and the Cauchy pressure (C}, — Cy4) are
indicators of the ductility of the material, with more positive
values implying better ductility.

The mechanical parameter values of the cocrystal models
with different molar ratios are listed in Table 3. The DNP/CL-

Table 1 Parameter values for

DNP/CL-20 cocrystal models Molar ratio (DNP:CL- DNP CL-20 Total number of Npne Ner-

with different molar ratios 20) supercell supercell molecules 20
2:1 3x1x1 3x1x1 36 24 12
3:2 3x1x1 4x1x1 40 24 16
1:1 2x1x1 2x2x1 32 16 16
2:3 2x1x1 3x2x1 40 16 24
1:2 2x1x1 2x2x2 48 16 32
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Table 2 Calculated binding energies of different DNP/CL-20 cocrystal models®

Molar ratio (DNP:CL-20) Temperature (K) Eel Epnp Eci20 Epind Epia
2:1 298 -13,269.53 2276.74 —14,550.21 996.07 885.39
308 -13,195.02 2220.38 —14,392.40 1023.00 909.34
318 —13,286.86 2183.86 -14,353.57 1117.15 993.02
328 -13,207.05 2163.69 -14,291.14 1078.60 958.76
338 —13,081.49 2151.69 -14,271.32 961.87 854.99
32 298 —18,268.19 235432 -19,392.89 1239.62 991.70
308 -18,316.02 2273.36 -19,300.25 1289.13 1031.30
318 -18,073.27 2412.58 -19,272.08 1213.78 971.02
328 -18,026.18 2411.56 -19,227.89 1209.74 967.79
338 -18,000.20 2398.28 -19,194.46 1204.02 963.22
1:1 298 -18,567.64 1781.31 -19,323.35 1025.59 1025.59
308 -18,523.98 834.81 -19,288.60 1040.92 1040.92
318 —18,464.71 1859.54 -19,197.80 1126.45 1126.45
328 -18,310.54 1842.24 -19,074.25 1078.62 1078.62
338 -18,184.22 1850.06 -18,978.66 1055.62 1055.62
2:3 298 -28,109.37 1949.30 -28,929.29 1129.29 903.43
308 -28,136.27 1949.30 -28,929.39 1129.28 908.68
318 -27,809.93 1898.54 -28,855.28 1135.85 93531
328 -27,703.71 2048.94. -28,539.78 1184.26 947.41
338 -27,501.66 1920.20 -28,255.09 1166.77 933.42
12 298 —38,953.88 1746.49 -39,723.99 976.37 650.92
308 —38,953.88 172822 -39,410.90 906.01 604.00
318 -38,316.53 1856.39 -39,253.27 919.65 613.10
328 -38,102.62 1899.43 -39,002.77 999.27 666.18
338 —37,903.02 1780.79 —38,764.17 919.64 613.09

* All the energies are in kJ/mol

® Values of Epng between DNP and CL-20 were calculated via the following equation [35]: Eping= —(Eo1 — Epne — Ecr20), Where Ey), Epnp and E¢p
20 are the energies of the DNP/CL-20 supercell, isolated DNP, and isolated CL-20, respectively

© Eping Was defined as E;,; =Epina-No/N;, where N; is the number of molecules for different moles; N is the number of molecules for a molar ratio of 1:1.

20 cocrystal shows anisotropic behavior given that the coeffi-
cients C; differ in value (see Table S1 in the “Electronic sup-
plementary material,” ESM). Based on the elastic modulus
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Fig. 2 Plots of the molar ratio and temperature versus the binding energy E;nd for the DNP/CL-20 cocrystal
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(K, G, and E) values for the different models, the rigidity
decreases (while the elasticity increases) in the following or-
der: 2:3>1:1 > 1:2 > 3:2 > 2:1. DNP/CL-20 cocrystallization
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Table 3 Mechanical property values of the cocrystal models with
different molar ratios”

2:1 3:2 1:1 2:3 1:2
Cip—Cyy 4.302 1.708 0474  2.361 2.657
Bulk modulus (K) 10.640  8.610  2.619  0.555  4.760
Shear modulus (G) 3207  2.798 1431 0.762  2.098
Poisson’s ratio (’y)b 0.363 0.353 0.269 0.029 0.308
Tensile modulus (E)b 8.742 7.571 3.632 1.568 5.488
K/IG 3318  3.077 1.830  0.728  2.269

# All the values are in GPa
®Values were obtained from E=2G (1 + v =3K (1-27)

weakens the influence of environmental stimuli on the CL-20,
which in turn decreases the probability of hot spot formation,
implying that the DNP/CL-20 crystal is less sensitive than
pure CL-20. The value of Cy, — Cy4 is positive for all the
models, suggesting that the ductility of the DNP/CL-20
cocrystal is satisfactory. A material is usually considered to
show good plasticity if the value of Poisson’s ratio for the
material lies between 0.2 to 0.4. However, Poisson’s ratio
for the 2:3 model is 0.029, which is the lowest among all the
models tested. The value of K/G for the 2:3 model is also the
lowest among all the models.

In summary, though not all the mechanical property values
of the 1:1 cocrystal model are the best among all of the

L{H{49)-0(36))=2.05A
L{H(48)-~O(24))=2.52A
R(N(38)-H(49)-O(36))=158.4°
R(C(37)-H(48)-O(24})=140.4°

L(H(13)O(46))=2.44A
L(H(14)-*N(39))=2.36A
L(0(35):*H(49))=2.08A
R(C(5)-H(13)-+O(46))=152.2°
R(C(6)-H(14) N{39))=1545°
I R(N(38)-H(49)--0(35))=132.3°

models, overall, the 1:1 model affords the best mechanical
properties. Therefore, given the results of binding energy anal-
ysis, we focused on the 1:1 cocrystal model in subsequent
investigations.

Structure analysis

Four possible structures of the DNP/CL-20 complex and
some important parameter values for them are shown in
Fig. 3, all of which were optimized at the B3LYP/6—
311++G(d,p) level. All the structures possess C1 symme-
try. According to Fig. 3, the main intermolecular interac-
tions are between nitrogens of nitro groups and hydrogens
of C—H groups. The lengths of the H:-*O/N bonds are
2.08-2.62 A and the angles of the C—H---O/N bonds are
121.9-167.3°. All of the H--*O/N bond lengths are within
the generally accepted range of hydrogen-bond lengths
[36], and the H---O and H--'N lengths are shorter than
the sum of the van der Waals radii of the hydrogen atom
(1.20 A) and either the oxygen atom (1.52 A) or the ni-
trogen atom (1.55 A) [35]. Moreover, the shorter the H--
A distance, the closer the D-H:-A angle is to 180°, and
the stronger the hydrogen bond [37]. Therefore, intermo-
lecular hydrogen-bonding interactions may exist in the
DNP/CL-20 complex, and the interactions in structures
IT and III are the strongest among all the structures.

L{H(27)-~0(46))=2.66A
L{H(28)--0(46))=2.34A
R(C(19)-H(27)-O(46))=121.9°
R(C(20}-H(28)-0(46))=135.3°

L(H{(28)--0(45))=2.14A
L(0(26):*H(48))=2.39A
L(0(33)-H(48))=2.62A
R(C(20)-H(28) - 0(45))=145.3°
v R(0(26)--H(48)-C(37))=153.1°

R(0(33)--H(48)-C(37))=129.8°

Fig. 3 Optimized structures of the DNP/CL-20 complex calculated at the B3LYP/6-311++G(d,p) level. Gray dotted lines indicate intermolecular
interactions. Bond lengths and bond angles are also shown. C, H, O, and N atoms are shown in gray, white, red, and blue, respectively
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Table 4 BSSE-corrected E(int.)*

values calculated for the four Structure I

I I v

DNP/CL-20 structures I-IV (un-
corrected energies are also pro-
vided in parentheses)

—24.18° (-29.04)
—22.55° (-25.69)
-23.60¢ (-26.65)

E(int.)

—46.78° (—56.48)
—44.18° (=50.54)
—41.55% (-47.49)

—48.12° (-60.96)
—45.56° (—53.64)
—41.63% (-47.66)

—37.61° (—44.98)
—35.23%(=39.96)
-33.85¢ (-38.28)

 E(int.) was calculated using the equation E(int.) = E(DNP/CL-20) — E(CL-20) — E(DNP). All the values are in

kJ/mol

bE(int.) was corrected for the BSSE at the M06-2X/6-311++G(d,p) level
¢ E(int.) was corrected for the BSSE at the M06-2X/6-311++G(2df,2p) level
4 E(int.) was corrected for the BSSE at the B97D/6-31 1++G(2df,2p) level

Energy and stability

The interaction energy E(int.), defined as the difference in
energy between the complex and the isolated monomers,
was also investigated. Table 4 lists uncorrected and corrected
interaction energies for the four structures of the DNP/CL-20
complex calculated by applying the 6-311++G(d,p) and 6—
3114++G(2df,2p) basis sets and the M06-2X and B97D
methods to their fully optimized geometries. It is known that
the B3LYP method describes the bond dissociation energy
(BDE) better than the MP2 method does [38]. Therefore, the
BDE:s of the trigger bonds were obtained at the B3LYP/6—
311++G(d,p) level. The Laplacian bond order [39] (LBO)
and the electron density at each BCP were calculated to probe
the strength of each trigger bond. The charge on a nitro group
O(NO,) was employed to evaluate the sensitivities of the com-
plexes: the more negative the charge on a nitro group, the
lower the sensitivity of the explosive [40]. The calculated
O(NO,) values (atomic dipole moment corrected (ADCH)
Hirshfeld atomic charges [41]) are listed in Table 6.

As listed in Table 4, the uncorrected interaction energies
are—as expected—smaller than the corrected energies, due to
the basis set superposition error. It can be seen that the E(int.)
values of the four structures lie within the range —160 to
—16 kJ/mol, which suggests that they are intermolecular

hydrogen-bonding interactions [42]. The interaction energies
of the four structures can be ordered as follows:
II = IIT < IV < I, meaning that structures II and III are more
stable than the other two.

As shown in Table 5, upon comparing the four com-
plexes with the isolated CL-20 molecule, the lengths of
N-N bonds in the complexes were found to be 0.005—
0.015 A shorter, the BDEs of N-N bonds in the com-
plexes were found to be 6.1-20.9 kJ/mol higher, the
LBOs of N-N bonds in the complexes were found to be
0.02—0.07 greater, and the electron density at the BCPs of
N-N bonds in the complexes were found to be 0.004—
0.0133 a.u. higher. Also, from Fig. 4, there are strong
linear relationships between the change in the BDE, the
change in the bond length, the change in the bond order,
and the change in pgcp for trigger bonds.

In addition, these trigger bonds are all in direct contact with
an atom involved in intermolecular interactions, indicating
that intermolecular interactions change trigger bond strength
and influence the sensitivity of the complex. In the four DNP/
CL-20 structures, CL-20 is less sensitive than isolated CL-20.
In particular, for CL-20 in structure III, the trigger bond is
0.015 A longer, the BDE is 20.9 kJ/mol larger, the bond order
is 0.07 greater, and the electron density is 0.0133 a.u. higher
than in isolated CL-20.

Table 5 Bond length, BDE, bond order, and electron density of each trigger bond in the CL-20 monomer and in the four complexes of DNP/CL-20

Structure Bond Bond length® BDE® Bond order Apcp’
Monomer Complex Monomer Complex Monomer Complex Monomer Complex
1 N(17)-N(21) 1.395 1.390 178.1 184.2 0.63 0.66 0.3378 0.3412
N(30)-N(32) 1.420 1.405 181.4 198.1 0.52 0.58 0.3176 0.3282
I N(29)-N(31) 1.420 1.412 181.4 191.9 0.52 0.55 0.3176 0.3229
I N(30)-N(32) 1.420 1.401 181.4 202.3 0.52 0.59 0.3176 0.3309
v N(18)-N(22) 1.395 1.382 178.1 192.4 0.63 0.68 0.3378 0.3472
N(29)-N(31) 1.420 1.414 181.4 190.4 0.52 0.55 0.3176 0.3216

Values are in A
®Values are in kJ mol !

¢ Values are in a.u.
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Fig. 4a—c Plots ofa ABDE vs. change in bond length and Apgcp, b change in bond order vs. ABDE and Apgcp, and ¢ change in bond length vs. change
in bond order and Apgcp for the trigger bonds of the four DNP/CL-20 complexes

In Table 6, it is clear that the atomic charges on the nitro
groups in the complexes are more negative than those in the
CL-20 monomer. For example, the O(NO,) of the
N(32)0(35)0(36) nitro group in the monomer is —0.04098e,
but it is —0.0880e and —0.1342e for structures I and III, re-
spectively. Results show that the charges on the CL-20 nitro
groups become more negative with the formation of intermo-
lecular hydrogen-bonding interactions, which decreases the
sensitivity of CL-20 to some extent.

RDG analysis

Yang et al. [43] developed a method of detecting noncovalent
interactions in real space, based on the reduced density gradi-
ent (RDG) and the electron density multiplied by the sign of
the second Hessian eigenvalue (sign(\,)p). Sign(\,)p can be
used to distinguish bonded (), < 0) from nonbonded (A, > 0)

. . . _ ] 1
interactions. The RDG is defined as RDG = ~— 75 ) 2027

To visually investigate weak intermolecular interac-
tions, scatter diagrams and isosurface graphs of the
RDG for various regions of the complexes were plotted,
as shown in Fig. 5. In the scatter diagrams, the x axis is
the function sign(\,)p and the y axis is the RDG, and
the function sign(\;)p ranges from —0.05 a.u. to
0.05 a.u. Also, the density of points corresponds to
the electron density (i.e., a high point density indicates

Looking at the scatter diagrams, we can see some
spikes, which can be classified into three types indicat-
ed by dark green, pale green, and red circles in the
diagrams; these spikes represent hydrogen-bonding, van

Table 6 QO(NO,)" values for the four DNP/CL-20 complexes -1V
Structure Nitro group ONO,)
Monomer Complex
1 N(21)0(23)0(24) —0.1191 —0.1343 a high electron density).
N(32)0(35)0(36) —-0.0410 —-0.0880
I N@B1)0(33)0(34) —-0.0410 -0.1104
I N(32)0(35)0(36) —-0.0410 —0.1342
v N(22)0(2500(26) -0.1191 -0.1722
N@B1)0(33)0(34) —-0.0410 —0.0643

* O(NO,) was calculated via Q(NO,) = O(N) + Q(0,) + O(0O,), where
ON), O(0y), and Q(0O,) are the charges on the N and O atoms in the nitro
group. O(NO,) values are in e

der Waals (vdW)-force, and steric regions, respectively.
These three sets of spikes occur around (\;)p = —0.02,
—0.01, and < 0 a.u., respectively. In the RDG isosurface
graphs, there are elliptical dark green slabs located at

@ Springer
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RDG/(a.u.)

Sign(ap/@uy " v

weak H-bond+vdW interaction

{-bond+vdW interaction

Fig. 5 Scatter diagrams and isosurface graphs of the RDG for the four DNP/CL-20 structures I-IV. The structures in the isosurface graphs are colored
according to a blue-green-red scale that correlates with the value of sign(\;)p in the range —0.04 to 0.02 a.u.

hydrogen, oxygen, or nitrogen atoms between the DNP
and CL-20, indicating that there are strong vdW and
weak hydrogen-bonding interactions at these locations.
Moreover, among the four structures, structure III ex-
hibits the strongest and the most spikes in the attractive
region. Spikes in the sign(\,)p < 0 region suggest the
presence of steric effects, which correspond to the red
regions in CL-20 and DNP. Note that blue isosurfaces
are observed in the region between the nitro groups in

@ Springer

DNP and CL-20 in complex II, whereas blue isosurfaces
are found in the region between the nitro groups of CL-
20 and the ring nitrogen of DNP in complex IIl. This
implies that there are O--*O and O--N interactions but
not H---O/N interactions in complexes II and III. Indeed,
according to atoms-in-molecules (AIM) [44] analysis
(Table S2 of the ESM), the electron densities of
0(44)--:N(29), O(44)---0(36), and O(10)---O(46) are
0.0039, 0.0057, and 0.0043 a.u., respectively.
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Table 7 The values of 2, 2 , and v for CL-20 and the four DNP/CL-20

IR Crystal structure prediction
complexes [-1V

, 2 v The lattice energy is considered an important stability criterion
T 7= for cocrystals [47]. Crystal density and cell parameter values
CL20 24591 1663 0.06 predicted by MC shgulations of seven possible space groups
| 509,79 100,07 0.1 (.labele.d 1-7, respectively) for the ]?NP/CL-20 cocrystal are
I 20556 3093 ol listed in Table 8. The smaller the lattice energy, the greate_r the
- 23313 41.90 013 stability, so the triclinic crystal system with space group P1 ap-
pears to be the most likely structural system for the DNP/CL-20

v 223.50 36.12 0.12

Electrostatic potential analysis

The electrostatic surface potential (ESP) was considered
when analyzing the sensitivities of the four DNP/CL-20
complexes. The ESPs of CL-20 and complexes -1V were
calculated based on the corresponding structures opti-
mized at the B3LYP/6-311++G(d,p) level. Results and
figures relating to the ESP are shown in Tables S3-S7

and Figs. S1-S5 of the ESM. The values of ai, 0% and v

=02o*/(c% + 03)2 obtained from Tables S3-S7 of the
ESM are listed in Table 7. Politzer reported that the small-
er the value of af_ and the larger the value of v, the lower
the impact sensitivity of the explosive [45]. From Table 7,
although complex I has a larger value of oi than CL-20
does, complexes II, III, and IV all have smaller values
than CL-20 does. Meanwhile, the v values of complexes
II, III, and IV are larger than that of CL-20. Therefore, the
impact sensitivity of the DNP/CL-20 cocrystal may be
lower than that of CL-20. However, it is important to note
that the sensitivity of an explosive is controlled by a va-
riety of factors, not just v [46].

cocrystal (see Fig. 6). The cell parameter values for this space
group are a = 1224 A, b= 14.14 A, c =7.51 A, o = 100.80°,
£=107.39°, v=116.96°, Z=2, and p = 1.937 g/em’. A slight
decrease in density compared to that of CL-20 was observed for
all possible crystal structures except for the orthorhombic crystal
system with space group Pbca. This is similar to what was found
in a study of TNT cocrystals, with some cocrystals showing
higher density than TNT upon cocrystallization [48].

Free space per molecule in the cocrystal lattice

The conversion of mechanical energy into hot spots and the
scission of trigger bonds can occur relatively easily if there is
considerable free space in the crystal lattice [49, 50].
Consequently, the free space per molecule in the cocrystal
lattice can be a useful parameter to study in relation to the
sensitivity of explosives. In our work, each DNP/CL-20
cocrystal framework 1-7 predicted by MC stimulations was
regarded as a cocrystal “molecule.” Therefore, the free space
in DNP/DNP and CL-20/CL-20 dimers was examined in or-
der to evaluate the sensitivity of the cocrystal. The free space
values of the cocrystal molecules corresponding to the seven
space groups (structures 1-7), a single DNP molecule, a single
CL-20 molecule, and the DNP/DNP and CL-20/CL-20 dimers

Table 8 Prediction of the DNP/CL-20 cocrystal (CoHgO1¢N¢) structure by examining seven possible space groups (labeled 1-7, respectively) using
the COMPASS force field

1 2 3 4 5 6 7
Space group C2/c P1 P21/c P21 P212121 Pbca Pna21
Crystal system Monoclinic Triclinic Monoclinic Monoclinic Orthorhombic Orthorhombic Orthorhombic
a(A) 40.71 12.24 8.42 9.40 18.98 7.47 10.05
bA) 7.44 14.14 36.81 11.96 13.12 13.27 28.54
c(d) 14.05 7.51 8.38 12.99 8.04 38.97 7.52
a(®) 90.00 100.80 90.00 90.00 90 90.00 90.00
6(°) 96.96 107.39 50.28 136.78 90 90.00 90.00
v (°) 90.00 116.96 90.00 90.00 90 90.00 90.00
V(A% 4223.22 1022.44 1998.28 1000.44 2002.35 3861.62 2159.33
V4 8 2 4 2 4 8 4
p (g/em®) 1.876 1.937 1.982 1.979 1.978 2.051 1.834
E (kcal/mol/ —291.48 —294.33 —293.08 —294.15 —292.60 —290.25 —289.64
asym. cell)

@ Springer
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Fig. 6 The most likely crystal
structure (eff) and crystal
morphology (right) of the DNP/
CL-20 cocrystal

were calculated using Eqgs. 1 and 2 below, and the results are
listed in Table 9.

AV = Vere—Ving, (1)

where AV, Vg, and Vi, represent the free space per molecule
in the unit cell, the effective volume per molecule, and the
intrinsic molecular volume, respectively. Vi, is the molecular
volume encompassed by the 0.003 a.u. electron density con-
tour.

Vet = M/p, (2)

where M and p are the molecular mass and the crystal density,
respectively.

From Table 9, it is clear that the AV values for the cocrystal
molecules are higher than that of the DNP dimer but lower
than that of the CL-20 dimer, indicating that there is less free
space in the cocrystal than in the CL-20 dimer, but more free
space in the cocrystal than in the DNP dimer. The AV values
of cocrystals 1, 2, and 7 are larger than those of cocrystals 3, 4,

Table 9  Free space values for single DNP and CL-20 molecules, di-
mers of those molecules, and the cocrystal “molecules” 1-7 correspond-
ing to the seven space groups

Model M(gmol™) p(gem™) Vir(Ah) Vi (A) AV(AY)
DNP 158.06 1.81 145.00 106.50 38.50
CL-20 438.18 2.04 356.65 267.22 89.43

DNP dimer 316.12 1.81 290.00 214.14 75.86

CL-20 dimer 876.37 2.04 713.31 53557 177.74

1 596.24 1.876 52776  380.89 146.97
2 596.24 1.937 511.14 380.59 130.55
3 596.24 1.982 499.54  380.81 118.73
4 596.24 1.979 500.29  380.88 119.41
5 596.24 1.978 500.55 380.95 119.60
6 596.24 2.051 482.73  380.56 102.17
7 596.24 1.834 539.85 38127 158.58

@ Springer

5, and 6, suggested that there is more free space in the former
set of cocrystals than in the latter. Studiees [49—52] have dem-
onstrated that the larger the free space per molecule (AV), the
higher the sensitivity of the cocrystal. Therefore, we can pre-
dict that DNP/CL-20 is less sensitive than CL-20 but more
sensitive than DNP. For these possible DNP/CL-20 cocrystal
frameworks, the free space per “molecule” in the cocrystal
lattice is large if the density is low. As mentioned above, it is
difficult to accurately predict the sensitivity of an explosive
based on one parameter. Hence, while trends in explosive
sensitivity can be predicted, it is not possible to closely corre-
late the sensitivity with any particular factor.

Analysis of the effect of the solvent

In our laboratory, cocrystal explosives based on CL-20 were
prepared by slow solvent evaporation. In order to study the
influence of the solvent on the stability of the DNP/CL-20
cocrystal, the SMD model [53] was utilized to study the inter-
action energies of the four DNP/CL-20 complexes [-1V with
five solvents at the M06-2X/6-311 + G(d,p) level (see
Table 10). The solvents were selected after careful consider-
ation. On the one hand, these solvents are often used to pre-
pare cocrystals in labs; for example, methanol has been used
to prepare the NTO/TZTN cocrystal [54]. On the other hand,
in order to explore the effect of the solvent using the SMD

Table 10  Interaction energies Ej,” of the four DNP/CL-20 complexes
-1V with five solvents
Ethyl acetate  Dichloroethane ~ Acetone  Ethanol ~Methanol
I -9.42 -9.37 —6.13  —13.86 —14.89
I -2796 —26.04 —22.14  -31.03 -33.13
m 2348 —22.56 -18.63 2586 —27.28
IV -14.15 —12.47 -9.11 -1494 -16.21

% All values are in kJ/mol
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Fig. 7 Original model of DNP/
CL-20 in methanol; the molecules
in dark green are DNP

model, we chose five solvents—ethyl acetate, dichloroethane,
acetone, ethanol, and methanol—that cover a wide range of
dielectric constants: 6.1, 10.4, 20.7, 24.3, and 32.6 D,
respectively.

According to Table 10, whichever complex and sol-
vent combination is considered, the magnitude of the
interaction energy decreases by at least 20% when sol-
vent effects are taken into account. Among all five sol-
vents, the interaction energies for the complexes in
methanol are the most negative. This result contrasts
with the results of a study of HMX/Fox-7 [55], where
the interaction energies were found to decrease as the
dielectric constant of the solvent increased from 5.0 to
50.0 D. As discussed above, complex II is the most
stable structure of the DNP/CL-20 cocrystal, and the
magnitude of the interaction energy was found to de-
crease least in the solvents methanol and ethanol.
Therefore, methanol and ethanol appear to be the best
solvents for preparing the DNP/CL-20 cocrystal.

However, the effects of the solvent comprise far more
than simply the effects of the solvent’s dielectric constant.
Therefore, the effects of methanol and ethanol on the 1:1

DNP/CL-20 cocrystal were further simulated by adding
solvent molecules to the cocrystal surface. Because there
was little difference in interaction energy between the
SMD models of methanol and ethanol, the effects of these
solvents were also studied by MD stimulation. The crystal
structure of DNP/CL-20 with the space group P1 was
utilized to build a cocrystal supercell. The original solvat-
ed DNP/CL-20model is displayed in Fig. 7. As illustrated
in Table 11 and Fig. 8, the values of Eping/solvent WEre
found to be highest at 308 K in methanol and ethanol.
The magnitude of the binding energy in either methanol
or ethanol increases as the temperature rises from 298 to
308 K, but it decreases rapidly as the temperature rises
further from 308 to 338 K. These results suggest that the
temperature has a significant influence on the solvent ef-
fect for the cocrystal. In methanol and ethanol, the most
suitable temperature for the crystallization of the DNP/
CL-20 cocrystal is near to 308 K due to complex solvent
effects. It is worth noting that the crystal-forming process
is complicated, so some important parameters such as sol-
ubility and the rate of evaporation must be taken into
account in cocrystal experiments.

Table 11 Binding energies of the

1:1 DNP/CL-20 cocrystal in Solvent Temperature (K) Eyol Epnp Ecr20 AE Ebindssolvent
methanol and ethanol at different
temperatures® Methanol 298 —7571.63 2277.60 —8982.53 —866.70 866.70
308 —7532.30 2265.95 —8845.37 —952.88 952.88
318 —7536.06 2253.04 —8930.40 —858.70 858.70
328 —7350.17 2257.33 —8871.32 —836.19 836.19
338 —7296.68 2297.27 —8781.40 —812.55 812.55
Ethanol 298 —7553.21 2307.42 —9049.40 —811.23 811.23
308 ~7554.92 2306.11 —8967.25 —893.77 893.77
318 =7500.47 2323.25 —8999.64 —824.08 824.08
328 —7298.88 2353.83 —8851.05 —801.66 801.66
338 —7365.76 2321.46 —8951.51 —735.72 735.72

2 All the values are in kJ/mol

® Epind/solvent between DNP and CL-20 was calculated via Eping/sotvent =

~AE= 7_(Et01 -

EDNP - ECL-20)s

where E.;, Epnp and Ecyp oo are the energies of the DNP/CL-20 model, DNP, and CL-20, respectively

@ Springer
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Fig. 8 Plot of temperature T vs. binding energy Epjng/somen: for the 1:1
DNP/CL-20 cocrystal

Cocrystal properties

The detonation velocity Vp, detonation pressure Pp, detona-
tion heat 0, and the specific impulse Iy, were calculated for
cocrystals 1-7 with different space groups, and are listed in
Table 12. The Vp, values of these seven DNP/CL-20 cocrystal
structures are 8.62, 8.82, 8.96, 8.95, 8.95,9.19, and 8.48 km/s,
respectively, which are a little lower than those of CL-20 but
much higher than those of DNP. The Pp, values of the DNP/
CL-20 cocrystals are also lower than that of CL-20. Moreover,
there is a general tendency for sensitivity to increase as the
detonation heat Q increases (although the correlation between
these parameters is not strong) [58]. The O values of the seven
possible DNP/CL-20 cocrystals lie between 5.46 MJ/kg and
5.57 MJ/kg, which makes them lower than the O value of CL-
20 (5.79 MJ/kg) but higher than that of DNP (4.85 MJ/kg). On
this basis, we would expect the sensitivity of DNP/CL-20 to

Table 12 Predicted detonation properties of DNP, CL-20, and 1:1
DNP/CL-20 cocrystals 1-7

p(glem®) Vo' (km/s) Pp°(GPa) Q" MIkg) Iy

DNP 1.810 8.20 28.7 4.85 2.35

CL-20 2.035 9.62 42.7 5.79 2.58
Cocrystal 1~ 1.876" 8.86 349 5.49 2.52
Cocrystal 2 1.937* 9.09 37.2 5.52 2.53
Cocrystal 3 1.982° 9.26 39.0 5.55 2.53
Cocrystal 4 1.979° 9.25 39.1 5.54 2.53
Cocrystal 5 1.978" 9.24 39.0 5.54 2.53
Cocrystal 6 2.051° 9.54 42.0 5.57 2.54
Cocrystal 7 1.834" 8.71 334 5.46 2.53

? Crystal density obtained from the predicted crystal structure
® Calculated using the EXPLO5 code [56]
¢ Calculated using a method obtained from [57]
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be lower than that of CL-20 but higher than that of DNP.
Therefore, although the detonation properties of the DNP/
CL-20 cocrystal are slightly less impressive than those of pure
CL-20, the cocrystal is less sensitive. Further, the specific
impulse values of the DNP/CL-20 cocrystals are very similar
to that of CL-20, demonstrating that DNP/CL-20 has a desir-
able energy efficiency of combustion. Indeed, the detonation
performance of cocrystal 2, which is the most likely cocrystal
structure, is pretty good (Vp = 9.09 km/s, Pp = 37.2 Gpa,
0 =5.52 MJ/kg).

Conclusions

Although there is no doubt that the molar ratio and effect of
the solvent play non-negligible roles in the growth processes
of cocrystal explosives, there are many unknown laws waiting
to be explored. In this work, we investigated the influences of
the molar ratio and temperature on the binding energy and
mechanical properties of the DNP/CL-20 cocrystal, thus es-
tablishing their importance. An analysis of solvent effects also
proved that the temperature and solvent are crucial factors to
consider when preparing a cocrystal explosive. The chief con-
clusions of this work are listed below:

1. The DNP/CL-20 cocrystal explosive is most likely to
form at a molar ratio of 1:1 and 318 K in vacuum, and
the resulting cocrystal is predicted to show good mechan-
ical properties. An analysis of the effect of the solvent
employed on the cocrystallization suggested that metha-
nol and ethanol could be potential candidates for the prep-
aration of the DNP/CL-20 cocrystal using a slow solvent
evaporation method, and that the appropriate preparation
temperature in methanol and ethanol is then near to
308 K.

2. The interaction energies of the possible DNP/CL-20 com-
plexes I-1V are predicted to be —24.18, —48.12, —46.78,
and —37.61 kJ/mol, respectively, indicating that structures
I and I1I are the most stable. RDG analysis indicated that
the intermolecular interactions between DNP and CL-20
are dominated by CH---O and NH---O hydrogen bonds as
well as O---O and N---O van der Waals forces; these results
were supported by those from AIM analysis.

3. Compared with the CL-20 monomer, the trigger bond is
shorter; the bond order, BCP electron density, and BDE
are larger; and the charge on a nitro group is more nega-
tive in DNP/CL-20 complexes, meaning that the forma-
tion of intermolecular interactions in these complexes
make them more stable and less sensitive than the CL-
20 monomer. Analyses of the ESP, the free space per
molecule in the crystal lattice, and the heat of detonation
showed that the impact sensitivity of DNP/CL-20 tends to
be lower than that of pure CL-20.
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