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Abstract

A new energetic co-crystal of trinitrotoluene (TNT) and pyrene (PYRN) with a 1:1 molar ratio was prepared by a slow solvent
evaporation technique. Co-crystal physicochemical properties have also been examined using optical microscopy, powder
X-ray diffraction, single crystal X-ray diffraction, and differential scanning calorimetry. The results of single-crystal X-ray
diffraction and non-covalent interaction calculations showed that non-covalent interactions (donor—acceptor n-x interaction)
govern the structures of the TNT:PYRN co-crystal. The experimental and theoretical outcomes supported each other in the
study. Thermal stability, impact sensitivity, and detonation performance of the co-crystal were investigated. DSC measure-
ment indicates that the co-crystal has a melting point of 167 °C and a decomposition temperature of 293 °C, indicating
outstanding thermal stability. The co-crystal was found to be less impact-sensitive than TNT using the BAM fall hammer
instrument. Furthermore, the calculated detonation velocity and detonation pressure of the co-crystal are 5.29 km-s~! and
8.48 G Pa, respectively. As an outcome, the TNT:PYRN co-crystal may be a promising intermediate energy explosive with
low sensitivity and, as such, may be a desirable explosive alternative in the future instead of TNT for low-vulnerability
formulations.
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Introduction

Energetic materials (explosives, propellants, and pyrotech-
nics) (EMs), which store a great amount of chemical energy
in their molecular structures, quickly release the chemical
energy and form a mass of gases when exposed to high tem-
perature and high pressure. EMs are widely used in military
and civilian applications because they can cause propulsion
or damage through explosion or combustion [1-4]. Despite
the potentially massive risks, EMs are incomparable to other
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types of materials because to their special qualities of rapid
release of energy in the form of gas and heat. In spite of a
long history of almost 1200 years, they have progressed rela-
tively slowly in terms of power as a fundamental property.
For example, the detonation velocity has increased only 30%
over the last century from TNT to HMX and CL-20, which
are considered to be representations of the first, second, and
third generations of EMs, respectively. Despite the devel-
opment of various new EMs, their comprehensive proper-
ties can hardly outperform [5-9]. The reason for the slow
evolution can be attributed to the composition limitation
of CHON elements [10], the energy — safety contradiction
[11-13], the low-efficiency design and synthesis, and the
multiple and strict requirements for use [4]. However, this
does not indicate that we should stop our efforts to develop
new EMs. Instead of pursuing high energy alone, we can
aim to make full use of existing molecules or create new
compounds with outstanding comprehensive features. Many
searches are focused on generating energy-safety balanced
EMs [7-9]. This might be linked to materials with low sen-
sitivity and high energy (LSHEM) [13]. In terms of EMs,
they generally have the property that the more the energy,
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the greater the impact sensitivity, as the well-known energy
safety paradox suggests [11-13]. Only FOX-7, LLM-105,
and NTO can now satisfy the LSHEM criteria, signalling
a significant hurdle in producing an LSHEM via ordinary
chemical synthesis.

In recent years, energetic co-crystallization has emerged as
a viable alternative approach to novel Ems [14—18]. As a result,
this technique is intended to alleviate the energy safety para-
dox and manufacture more LSHEMs [12]. In fact, the strategy
is related to crystal engineering. Crystal engineering means
understanding the intermolecular interactions and their effects
on packing structures and properties and then applying that
knowledge to produce new crystal materials with the desired
attributes [19, 20] Crystal engineering has demonstrated its
great power in developing new materials, as it has been widely
applied in many fields, including material mechanics [21],
polymorphic control [22], drug delivery [23, 24], coordina-
tion polymer construction [25], luminescence tuning [26],
metalorganic framework construction [27, 28], and the con-
struction of hydrogen-bonded or halogen-bonded systems
[29-32]. The same is projected of EMs. Indeed, a considerable
lot of success has been accomplished in designing novel low-
sensitivity or desensitized Ems [12] based on an understanding
of the effect sensitivity molecular stacking mode connection
[33-36]. The physical and energetic characteristics of a few dif-
ferent co-crystal examples were compiled and contrasted with
their constituents in order to clearly show the advantages of
energetic co-crystals over their constituents (Table 1) [15, 16,
37-43]. The formation of these materials depended mainly on

donor—acceptor & ... & interactions between the electron-poor
ring (energetic) and the electron-rich rings (energetic or non-
energetic materials). It should be emphasized in light of these
results that energetic co-crystals are best suited for creating
powerful and safe explosives.

TNT, or 2,4,6-trinitrotoluene, was developed in 1863
and is still used as an explosive today [44]. It has poor
performance and a detrimental environmental impact, yet
it is nevertheless employed due to its low production costs
and ability to be melt-cast [45]. At the same time, costly
and time-consuming upgrading and purification activities
are required. As a result, new, environmentally safe, non-
toxic, and highly EMs must be developed, require careful
handling and storage [46].

This paper presents a novel way to change the charac-
teristics of existing EMs through co-crystallization. The
structure and energetic properties of a novel co-crystal of
the benchmark energetic substance TNT are revealed. The
donor—acceptor interaction is a dependable supramolecular
synthon for the creation of co-crystals with this aromatic
energetic material. A detailed study of the co-crystal created
reveals changes in critical parameters such as density, free
space (voids) packing coefficient, melting point and decom-
position temperature, impact sensitivity, detonation velocity,
and pressure. The structure and energetic behaviour of the
novel solid form TNT:PYRN were studied using a variety
of experimental and computational methods, demonstrat-
ing that TNT:PYRN have enhanced thermal and mechani-
cal stability but explosive performance has diminished to

Table 1 . Physical and energetic Entry T,°(°C) Tp(C) p(gem™) DY(kms™)) P°(GPa) IS'(J) Ref.

properties of selected

CO—CI‘yStalS cornpared with those TNT 80 283 1.65 6.88 195 15 [38]

of their components TNT:VANT 102 268.3 1.47 5.58 9.55 794 [39]
TNT:ATL 103 194 1.52 7.08 18.5 79.4 [40]
TNT:PYRN 167 292 1.49 5.29 8.48 70.8 This work
€-CL-20 145 227 2.03 9.40 44.6 4.0 [15,37]
TNT:CL-20 136 205 1.84 - - 55 [15]
HMX - 280 1.91 9.32 39.5 55 [16,37]
CL-20/HMX - 235 1.51 9.48 - 55 [16]
BTF 198 289 1.90 8.42 343 - [41]
CL-20/BTF - 235 1.91 8.96 39.1 - [41]
TZTN 144 197 1.57 7.27 21.6 6 [42]
NTO/TZTN 157 178 1.66 7.45 23.5 11 [42]
PIC 121 >300 1.81 7.83 27.2 22.4 [43]
PIC:VANT 121.9 231.6 1.51 5.63 1.09 31.6 [39]

#Melting point (onset)

bDecomposition temperature (onset)

“Density
dDetonation velocity
*Detonation pressure

fTmpact sensitivity
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Scheme 1 Synthetic routes and co-crystal formation of TNT:PYRN host—guest type compound

some amount. Although non-energetic components generally
dilute the energy content, they can considerably increase the
number of energetic co-crystals, creating a rich database for
following studies in a data-driven or crystal engineering way.

Experimental

Caution! All of these EMs were manufactured on a mil-
ligram scale, and none exploded or detonated during this
experiment. Wear protective clothing such as leather suits
and earplugs, as well as safety shields, safety glasses, face
shields, and leather gloves.

Materials and sample preparation

PYRN (98%) and 2,4-diaminotoluene (97%) were obtained
from Sigma-Aldrich. TNT was synthesized from 2,4-dini-
trotoluene, depending on the literature [47]. Slow evapo-
ration of a methanolic solution (4 mL) of TNT (75 mg,
1 equiv., at 50 °C) and PYRN (67 mg, 1 equiv.) resulted
in the formation of single crystals of the co-crystal
(TNT:PYRN) (Scheme 1).

Characterisation techniques

Single-crystal X-ray diffraction of the co-crystal was per-
formed on an Agilent Technologies Super Nova diffractom-
eter equipped with an Oxford Cryo Systems cryoprobe. The
crystal was kept at 7=120.0 K during data collection. Using
Olex?2 [48], the structure was solved with the SHELXT [49]
structure solution program, using the Intrinsic Phasing solu-
tion method. The model was refined with version 2017/1 of
SHELXL [50] using least squares minimisation. Mercury
CSD (v.4.1) software was used to aid in the structural study
of the co-crystal [51].

PXRD patterns were obtained using the D2 PHASER
Advance instrument using Cu-Ka radiation (4 =1.54439 10%)
and an operating voltage and current 40 kV and 40 Ma,
respectively. The data were collected over an angle range of
20=5-50. This technique provided an initial screening of
samples for formation of co-crystals.

Optical micrographs of all the crystals were taken using
an SK2005A polarization microscope.

Differential scanning calorimetry (DSC) was performed
on a NETZSCH STA 449 F1 Differential Scanning Calo-
rimeter. Approximately 1.5 mg of salt sample was placed
in an aluminum pan and the thermal behavior of the sample
was studied under a nitrogen purge (30.0 mL/min) at a heat-
ing rate of 10 °C/min over a temperature range from 25 to
400 °C.

Energetic performance and sensitivity

The impact sensitivity was measured using a BAM fall
hammer (BFH-12). Impact testing was conducted at the
Cavendish Laboratory, Cambridge, on the TNT, PYRN,
and TNT:PYRN. A sample of 40 mm?> approximate volume
was enclosed in anvil device consisting of two coaxial steel
cylinders. A load of 10 kg was dropped on to the sample
from heights ranging from 10 to 100 cm. The “one-in-
six” test procedure was performed to obtain the limiting
impact energy for the tested sample. The method conducted
throughout is the 30-trial Bruceton method [52, 53]. All
detonation parameters such as detonation velocity, pressure,
and oxygen balance, presented in this work, were determined
from calculations using the program EXPLOS5 v6.03 [54].

Computational methods
Hirshfeld surface analysis

To visualize and quantify distinct chemical interactions, an
analysis of the Hirshfeld surfaces and the accompanying
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2D fingerprint plots [55] was performed using the Crystal
Explorer 3.0 [56] software package. The Hirshfeld surfaces
were mapped over d, .., and shape index properties. The
dy o 15 @ symmetric function of distances to the surface from
nuclei inside and outside the Hirshfeld surfaces (d; and 4.,
respectively), relative to their respective van der Waals (vdW)
radii, which enables the identification of critical areas for
intermolecular interactions. It enables the identification of
critical areas for intermolecular interactions. The d,,,, sur-
faces were mapped over a fixed color scale of —0.086 au (red)
and—0.605 A au (blue) The color scale of the three-dimensional
dyorm Of the material is between -0.086 A (red) and
-0.605 A (blue). The shape-index feature is based on
the surface’s local curvature and is particularly effective for
identifying planar nt-stacking arrangements [55].

Calculation of heat of formation (HOF)

In this paper, all ab initio calculations were carried out using
the program package Gaussian 09 (Revision-D.01) [57] and
visualized by GaussView 5.0.9 [58]. In order to calculate the
energy of formations and the detonation parameters of com-
pounds, the enthalpies (H) were computed according to the
atomization energy method (Eq. (1); Table 2) [59, 60] based
on the complete basis set method (CBS-4 M), which is
included in the Gaussian program. Structure optimization,
the distribution electron density in bonds between atoms,
electrostatic potential, and electronic density were per-
formed by the DFT-B3LYP method with a 6-31G (d, p) basis
set in a gas phase. Energy minimization of PYRN was cal-
culated with the 6-31+ G (d, p) basis set using the account
diffusive function. Single-crystal X-ray was used as the input
for each calculation. The stabilization of optimized struc-
tures was controlled with the number of image frequencies
(NIMAG) by frequency analysis. In Eq. (1), where
AH;(g, M) represents the enthalpy of formation of the inves-

tigated molecule (M) in gas phase, H' stands for the

(molecule)
calculated enthalpy value of the molecule M with the

Table2 Computed (CBS-4 M) and experimental (NIST [61]) values
to be used for the enthalpy of formation calculation

Entry PG. NIMAG® —H?3 (au.)® ~AH(kJ-mol ™)
TNT c, 0 883.954543  25.557620
TNTPYRN C, 0 1498.757295  33.859383

H 0.500991 217.100

C 37.786156 716.682

N 54.522462 472.679

0 74.991202 249.178

*Point group

"Number of imaginary frequencies

“Enthalpy values obtained from the CBS-4 M calculations
4Enthalpy of formation (in gas phase)
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CBS-4 M method (H*® in Table 2); ZH: , denotes the

atoms
summary of calculated enthalpies for the individual atoms

(H, C, N, O; see Table 2) and ZAH;(atoms) stands for experi-
mental values of the enthalpy of formation (AH;) for the

corresponding atoms H, C, N, and O to be 217.100, 716.682,
472.679, and 249.178 kJ-mol~!, respectively [61].

o

SH +ZAH,

AHf (g’ M) =H (atoms) f(atoms) (])

(molecule)

Visualization of electrostatic potential (ESP) map

An ESP is a representation of the electrostatic potential at
the molecular surface, displayed through a color scheme.
ESP charts are useful tools for visualizing the charge dis-
tribution within a molecule. The collected data can provide
critical information for analyzing the potential electroactive
sub-fragments of the target molecules, which can be used
to construct chemical reactivity patterns. The electrostatic
potential maps are color-coded, where positive (electron-
deficient) regions are depicted in blue, and negative (elec-
tron-rich) regions are depicted in red. The green regions are
considered to have zero electrostatic potential, while yel-
low regions indicate intermediate electron density. To sum-
marize, the potential values represented by different colors
can be ranked in a descending order as red > orange > yel-
low > green > blue. For this purpose, the preliminary find-
ings of the geometry optimization analysis were employed
to generate the ESP maps of TNT, PYRN, and TNT:PYRN.

Non-covalent interactions (NCls)

The NCI study was carried out utilizing a computational meth-
odology known as the reduced density gradient (RDG) tech-
nique [62, 63]. NCI patterns were investigated utilizing the out-
put data from geometry optimization experiments performed
using Gaussian 09 at the B3LYP-D3/def2-TZVP level of the-
ory. Multiwfn software (v.3.8) [64] was used to generate the
essential density gradients. Using the VMD (Visual Molecular
Dynamics) program (v.1.9.3), these gradients were then utilized
to generate the demonstration graphs [65].

Results and discussion
Microscope images

The slow evaporation technique was used to allow methanol to
evaporate gradually over a 2-week period, resulting in the for-
mation of the target TNT:PYRN in dark orange block-shaped
crystals (Fig. 1b) (yield, 87%). The crystal shapes, sizes, and
colour differ from those of their co-former (TNT in Fig. 1a).
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Fig. 1 Microscope images atx50 magnification of a TNT and b
TNT:PYRN

Determination of the TNT:PYRN crystal structure

Table 3 summarizes the crystallographic data obtained and
the structural refinement results of TNT:PYRN. CCDC
number 1818100 is obtained from the Cambridge Crystal-
lographic Data Centre. The ORTEP drawing of TNT:PYRN
and crystal structure are shown in Fig. 2a, b. The SCXRD
analysis of TNT:PYRN is determined by selecting good-
quality crystals of appropriate size (0.33x0.27x0.17).
TNT:PYRN possesses the triclinic crystal system with the
P-1 space group and a density of 1.503 g cm™ (T'=120.0 K).
TNT:PYRN co-crystal has an asymmetric unit consisting of
one TNT and one PYRN.

The main non-covalent interaction occurs between the
electron-rich and electron-poor aromatic rings, as in between the
electron-poor x -system of TNT and the electron-rich &t -system
of PYRN (Fig. 10a—¢). By measuring the excess formation
enthalpy of the co-formers, the COSMOtherm [66] program
was used to anticipate the likelihood of co-crystal formation
while selecting electron-rich aromatic ring compounds. The
Turbomole program was used to generate the calculations,
which used the BP86 density functional with a TZVP34 basis
set (BPTZVP-COSMO level of theory). The general rule is
that a pair of materials with a ApKa (ApKa=pKa [protonated
base] —pKa [acid]) more negative than —1 will form a co-crystal
(the pKa value of PYRN is> 15, while the pKa value of TNT
is 16.99) [67]. When the pKa values of TNT and PYRN are
evaluated, it becomes clear that new co-crystal is possible. The
predominant non-covalent interaction occurs between electron-
rich (PYRN) and electron-poor (TNT) aromatic rings. The
slip distances and angles between TNT centroids and PYRN
centroids were measured to be 3.65 (6) and 89.9 (1). The values
are typical of aromatic face-to-face m-interactions (<4.00 A)
[68] (Fig. 3).

Both mercury software measurements and non-covalent
interaction (NCI) calculations show that the &w... =
interaction is prominent in the formation of TNT:PYRN
co-crystal. When Table 4 is investigated, it is evident that

Table 3 Crystallographic data and structure refinement parameters
for TNT:PYRN

Empirical formula C,3H,5N;04
Peate-(@cm ™) 1.503
p/mm™! 0.932
Formula weight (g-mol™") 42937
Colour Dark yellow
Shape Block
Crystal size (mm?) 0.33%x0.27x0.17
T (K) 173 (2)
Crystal system Triclinic
Space group P-1

a(A) 7.98360 (10)
b (A) 14.7814 (3)
c(A) 16.2678 (3)
a(®) 98.159 (2)

B () 90.748 (2)

v (®) 92.709 (2)
Volume (A%) 1897.81 (6)
Z 4

VA 2
Wavelength (A) 1.54184
Radiation type CuK,

20 range for data collection/°  7.568 to 152.086
Orin—max () 3.784-76.043
Reflections collected 30,322
Independent reflections 7820 [R;,=0.0709, Rggm, =0.0465]
Reflections used 7243

Ry 0.0709
Data/restraints/parameters 7820/0/579
Largest peak 0.346
Deepest hole —0.407
Goodness-of-fit on F? 1.016

Final R indexes [/>2c6 (I)]
Final R indexes [all data]
CCDC number

R,=0.0580, wR,=0.1594
R,=0.0604, wR,=0.1632
1818100

several weak H bonds (C-H...O) are formed. These hydro-
gen bonds are extremely weak formed due to electrostatic
interactions. Based on the NCI calculation results, van der
Waals and the steric effects have a considerable effect on
co-crystal formation. Molecules display a parallel face-
to-face n-m interaction, with each side stacked alongside
another molecule to form an edge-to-face arrangement.

Powder X-ray diffraction analysis (PXRD)
PXRD of the TNT, PYRN, and TNT:PYRN is showed in
Fig. 4. TNT:PYRN diffraction patterns are clearly distinct

from TNT and PYRN diffraction patterns, confirming the
formation of a new compound.
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Fig.2 ORTEP drawing of a TNT:PYRN and the asymmetric unit of the title compound, showing the atom-numbering scheme. Displacement
ellipsoids are drawn at the 50% probability level. b Crystal structure of TNT:PYRN

Differential scanning calorimetry

The melting point and decomposition temperature of EMs
are essential to determining their thermal stability. Fig-
ure 5a shows a DSC thermogram with two endotherms and
one exotherm peak for TNT:PYRN. TNT is thought to have
formed from an impurity at the first endotherm, 62.9 °C. The
melting point of the TNT:PYRN co-crystal was measured to
be 167 °C, which is greater than the melting point of TNT
(83.5 °C) (Table 5). The melting point is determined by the lattice
energy, or the total intermolecular interaction that occurs in
a crystal cell [69]. The TNT:PYRN co-crystal was formed
as a consequence of a m... m stacking interaction with weak
hydrogen bonds, resulting in a considerably greater lattice
energy than TNT. Intermolecular and non-covalent interac-
tions may cause an increase in melting point. Furthermore,
increasing the melting point can be beneficial for developing
munitions that withstand deformation before explosion [14].
Co-crystallization can cause significant changes in another
essential physical property of energetic materials. The mass
loss for TNT:PYRN is 96.52% (Fig. 5).

Hirshfeld surface analysis

Hirshfeld surface (HS) studies were carried out in order
to acquire a better knowledge of the packing motifs and
the contributions of the key intermolecular interactions
that influence the molecular architecture in crystalline
compounds. HS mapped over the d, .., property in two ori-
entations is shown in Fig. 6a. The surfaces are presented
transparently to allow visualization of the molecules within

@ Springer

the surfaces. Contacts with distances equal to the sum of
the van der Waals radii are depicted in white, while contacts
with distances less than and more than van der Waals radii
are displayed in red and blue, respectively. The correspond-
ing full two-dimensional fingerprint plots (FPs) of O...H,
H...H, C...H, O...0, and C...C contacts are displayed in
Fig. 7. In structure TNT:PYRN, the bright regions labeled
represent H...O/O...H contacts associated to C-H...O
hydrogen bonds, which are showed as a pair of symmetri-
cal spikes at d.+d; = 2.4 A in the corresponding FP plot.
These comprise approximately 40% (O...H) of the entire
TNT:PYRN HS. The 32% H...H interactions continue to
be the most important contributors to the total Hirshfeld
surfaces and can be seen as the “ridge” of the 2-D finger-
print plots. The pattern of red and blue triangles on the
same region of the shape index surface in Fig. 8b is also
characteristic of & ...  stacking which also appear as a dis-
tinct pale green area at around d,=d;=1.8 A [70] in the FP.

ESP maps

The ESP is a measurable and fundamentally important
physical property of compounds because it offers informa-
tion on charge density distribution and molecular reactiv-
ity [61]. According to Fig. 9, positive ESP (red regions)
is mostly dispersed on the parent skeleton, whereas nega-
tive ESP (blue areas) is concentrated on the borders of the
molecules, particularly on the nitrogen and oxygen atoms
of nitro groups, owing to their higher electronegativity.
As can be seen from Fig. 9, the ESP of the intersection for
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Fig.3 a Crystal structure

in unit cell of TNT:PYRN
(purple dashed lines represent
intermolecular hydrogen bonds;
orange dashed lines indicate the
n-stacking interactions between
neighboring heterodimers). b
Crystal packing of TNT:PYRN.

TNT:PYRN changes from red to light blue and a part of the ~ NCI plots

red region changes to blue, indicating that the positive ESP

between molecules decreases and a part of the positive ESP The study of NCI and r-electron distribution structure pro-
changes into negative ESP. All of the following alterations  vides crucial information in terms of the origin of molecular
imply that variations in co-crystal charge distribution cause  transformation, crystal packing, and stability [71, 72]. The
sensitivity changes.
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Table 4 Inter-molecular | D(donor)  H A (acceptor)  D-H(A)  H..AA)  D..AA)  D-H.AC)
hydrogen bond lengths (A)* and
angles (°) of TNT:PYRN C(15) H(15) 0Q) 0.95 2.59 3.426 146

c @l H(Q21) 0@ 0.95 2.55 3.391 148

C (25 H (25) 09 0.95 2.49 3413 163

C (26) H (26) 0 (10) 0.95 2.60 3.327 134

*Hydrogen bond (HB) lengths and angles are measured on Mercury 4.1.3 [51]

following relationship was projected by Chen et al. between
the functions RDG and (r) [73].

RDG = LIVl
2(372)'2 p(r)*/?

@

(€) = sign(4,(r)p(r) 3

where p(r) is the electron density, and sign (4,(r)) is the sign
of the second largest Hessian eigenvalue. The RDG maps
contain multiple spikes. The spikes can be categorized into
three groups: hydrogen bond region, vdW interaction region,
and steric region, marked by blue, green, and red circles
(Fig. 10d, e), respectively. More scatter dots in each region
indicate higher electron density, implying a bigger contri-
bution to overall interactions. Meanwhile, the strength of
intermolecular interaction has a positive correlation with
electron density in the corresponding region. The higher the
electron density is, the stronger the intermolecular interac-
tion is in each region. Then, turning to the vdW interaction
region with p ranging from —0.02 to 0.005 a.u., it is seen that
three possess stronger spikes and more points, indicating
notable vdW interactions (Fig. 10b, d). From NCI plots of
TNT:PYRN, it is clear that there are elliptical green slabs

coloured light blue between TNT and the PYRN, which can
be identified weak hydrogen bond interactions. As can
be seen from Fig. 10b, c, and d, the electron density of
TNT:PYRN in the steric region (p ranging from 0.01 to
0.02 a.u.) possesses stronger spikes indicating notable steric
effect interactions. It can be concluded that TNT:PYRN
provides the greatest reduction in steric effects, elevating
its capability to disperse the impact energy to some extent.
These co-crystal exhibit significant potential to develop
energetic—hon-energetic co-crystal as there are no strong
intermolecular HBs in their molecules.

Detonation parameters for TNT:PYRN
Impact sensitivity

Table 6 shows the results of using a 10-kg drop weight in the
BAM Fall Hammer equipment. The /5, values of TNT and
TNT:PYRN were measured to be 25.1 cm (impact energy
25.1J) and 70.8 cm (impact energy 70.8 J) respectively.
The results also show that TNT:PYRN has a higher impact
sensitivity than TNT, namely, safer explosive.

Fig. 4 Comparison of PXRD
patterns for TNT, PYRN, and
TNT:PYRN

Intensity

TNT:PYRN

PYRN

10
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Fig.5 a Differential scanning
calorimetry plots. b Thermo-
gravimetric analysis curves for
TNT:PYRN.
=
£
=
£
Q
n
(]
140
120
100

TNT:PYRN
Amass = 96.52 %

Residual weight (%)
8 8 8 8

o
T

Free space in the crystal lattice and packing coefficient

The free space, i.e., voids, and packing coefficient values of
TNT and TNT:PYRN were calculated using Mercury CSD
Ver. 4.1 [51]. The packing coefficient changed as a result
of the formation of TNT:PYRN. Although TNT:PYRN is
not denser than TNT, the synthesis of the novel compound

150 200 250 300 350 400
Temperature °C
b

significantly increased the packing coefficient and voids
(Table 6). Additionally, higher compactness implies less free
volume in the crystal, which promotes molecular degradation
and the formation of hotspots, leading to greater insensitivity
[74-76]. According to Table 6 and Fig. S1a-b, the calculated
free space values are consistent with the impact sensitivity,
indicating that it is less sensitive than TNT.
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Fig.7 Two-dimensional fingerprint plots for TNT:PYRN and showing contributions from different contacts
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Fig.8 TNT:PYRN is shown
with the Hirshfeld surface
mapped with a curvedness, b
shape index, and ¢ d,

TNT

PYRN

TNT: PYRN

Fig. 9 Electrostatic potential surfaces representing charge density distributions of TNT, PYRN, and TNT:PYRN

Detonation performance

All explosion parameters were estimated with the soft-
ware EXPLOS5 V6.0. The software is based on the chemi-
cal equilibrium, steady-state model of detonation, and uses
the Becker-Kistiakowsky-Wilson (BKW) equation of state
for solid carbon [54]. The detonation parameters were com-
puted at the CJ (Chapman-Jouguet condition) point, which
is obtained from the Hugoniot curve of the system by its
first derivative. For EXPLOS calculations, the following

set of BKW EOS parameters was used: a=0.5, $=0.38,
k=9.32, and 6=4120 [54]. The primary detonation products
were thought to be C, H,0, H,, N,, CH,, C,H,, and CO,
(Fig. S2a-b.) Calculated standard heat of formation (AH,”),
oxygen balance (Q), heat of detonation (Q), density (p), det-
onation velocity (D), and detonation pressure (P) values are
indicated in and Fig. S2a-b and Table 6. The non-energetic
co-former reduces detonation pressure and velocity as com-
pared to pure TNT since it effectively dilutes the detonation
reaction (Table 7).
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Fig. 10 RDG map and NCI plots of low-gradient isosurfaces (s =0.5 a.u.) for TNT:PYRN co-crystal

Table 5 Melting points and the decomposition temperature of TNT,

PYRN, and TNT:PYRN

<0

2,>0

Table 6 Comparison of the packing coefficient and free space of the

unit cell of the TNT and TNT:PYRN

Entry Melting point (°C) Decomposition Entry p(gem™)  Packing Free space  Impact
temperature coefficient (voids)* (%) sensitivity
O (%) ()

TNT 83.5 285.1 TNT 1.68 72.1 13.1 25.1

PYRN 145-148 - TNT:PYRN 149 73.0 12.7 70.8

TNT:PYRN 167 292
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Table 7. Cal?ulated detonation Component Q%) AH/Q P (g~cm"3)c D(km-s~'y? P(GPa)? 1S
properties of TNT and (kJ-mol ™)
TNT:PYRN
TNT —73.98 25 1.68 7.00 20.02 25.1
TNT:PYRN -176.9 33 1.49 5.29 8.48 70.8
EXPLOS V6.03
"CBS-4 M
“Calculated by using SCXRD data
dImpact sensitivity (BAM method)
Conclusion Data availability The corresponding CIF files are available in the Cam-

A novel TNT:PYRN co-crystal explosive with a 1:1 molar ratio
was synthesized by the co-crystallization method and character-
ized. Considering TNT has an electron poor system, it is pro-
posed that compounds with electron-rich groups provide effi-
cient formation opportunities with TNT in co-crystallization.
The formation of co-crystal is mainly influenced by strong inter-
molecular ©—x stacking interactions and weak hydrogen bond
(C-H---O) interactions. Hirshfeld surfaces, NCI, and ESP analy-
ses were used to find the noncovalent interaction and found the
link between co-crystal structure and sensitivity. The obtained
TNT:PYRN energetic co-crystal displayed a moderate value of
heat of formation (—33.859 kJ-mol™"), high melting point (7,
197 °C), high decomposition temperature (7, 293 °C), moder-
ate detonation performance (Dv=5.29 km-s~!, P=8.48 GPa),
and excellent sensitivity towards outer stimuli, which suggest its
potential as an insensitive explosive. The theoretical and experi-
mental results have shown that TNT:PYRN not only highlight its
potential application as a high-performance secondary explosive
but also demonstrate the effectiveness of our new approach for
designing and synthesizing high-performance insensitive EMs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11224-023-02200-5.
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