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ABSTRACT: Advancement in explosive systems toward minia- .
turization and enhanced safety has prompted the development of <)
primary explosives with powerful detonation performance and R =
latively low sensitivities. Energetic coordination polymers (it
3 kA 8 B \ )
(ECPs) as a new type of energetic materials have attracted wide -
attention. However, regulating the energetic characters of ECPs
and establishing the relationship between structure and energetic
property remains great challenges. In this study, two isomorphic
2D 7z-stacked solvent-free coordination polymers, [M(Nj3),(atrz)],
(M = Co 1, Cd 2; atrz = 4,4'-azo-1,2,4-triazole), were
hydrothermally prepared and structurally characterized by X-ray
diffraction. The two compounds exhibit reliable stabilities,
remarkable positive enthalpies of formation, and prominent heats
of detonation. The enthalpy of formation of 1 is 4.21 kJ-g™', which is higher than those of all hitherto known primary explosives.
Repulsive steric clashes between the sensitive azide ions in 1 and 2 influence the mechanical sensitivities deduced from the
calculated noncovalent interaction domains. The two energetic 7-stacked ECPs 1 and 2 can serve as candidates for primary
explosives with an approved level of safety.
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B INTRODUCTION cobalt azide, and cadmium azide possess high power blasting
power.” Nevertheless, high sensitivities, danger during prepara-
tion, complex synthesis, and low thermal decomposition

deflagration to detonation to produce a powerful blast wave temperature limit t7he practical applications of these azides as
that initiates a stronger secondary explosive.1 Lead styphnate primary explosives.” Modifying existing transition-metal azides

(LS), lead azide (LA), and mercury fulminate (MF) have long by utlllz.mg %nsensmve materials to reduce the ‘ser.151t'1v1t1es of
these azides is one approach to overcome these limitations. For

example, in 2010, Gogotsi’s group reported CA confined inside
templated carbon nanotubes to improve electrical conductivity
to reduce ESD (Scheme S1a).® In 2016, Wang and his
coworkers creatively used carbonized metal—organic frame-
works (MOFs) as the conductive porous carbon matrix
template synthesis of CA (MOFT-CA) as the primary explosive

Primary explosives, as the most widely used energetic materials,
are essential in explosive systems. These initiators rapidly shift

been used as the most commonly used primary explosives.”’
However, because explosive compounds are being developed
toward miniaturization and enhanced safety direction, energetic
performances of the system of LS and LA primary explosives
hardly satisfy the demands.” Therefore, a new class of primary
explosives that will replace lead/mercury-based primary
explosives should possess the following properties: (a) powerful

energetic performance; (b) simple and safe synthesis; (c) with rela.xtively low sensitivities .(Sch.eme S1b).” Yet, thel heat of
stability to at least 180 °C and insensitivity to light; (d) relative .detonatlc?n (AHg.) could llneV1tab1y <.1§crease with  the
low mechanical and electrostatic discharge sensitivity (ESD) introduction of carbon materl.als. Syr}tl'le5121r}g new powerful
(avoid being insensitive to ignition) for handling, storage, and compounds EUCh as potassium d1'n1'tram1nob1stetrazolate
transport; (e) solventfree; and (f) few toxic metals and (KZDNABT),10 potassium  4,5-bis(dinitromethyl)furoxanate
perchlorate-free.” (KDNMFO), " and 4,4’-bis(dinitromethyl)-3,3'-azofurazanate
Many studies have focused on the exploration of new

primary explosives to meet aforementioned requirements. Received: August 15, 2017

These explorations can be classified into two methods. Revised:  October 24, 2017

Numerous transition-metal azides such as copper azide (CA), Published: November 3, 2017
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(KDNMAFZ),"" is another solution. However, this approach
frequently involves complex and risky synthesis.”'”"" Despite
these advancements, high energy, desired safety, dangerous
preparation, and high cost have not been completely resolved.

Energetic coordination polymers (ECPs) with metal atoms
coordinated by highly powerful ligands to form stable networks
are a new class of explosives.”'”~"* Metal-based coordination
polymers could be potential energetic materials with inherent
advantages such as reinforced structures and high heats of
detonation, mechanical strength, and thermostability.ls_18 In
2016, Shreeve proposed that ECPs can offer the opportunities
for safer energetic materials (EMs)."” However, as an emerging
field, enormous challenges remain in the interpretation of
relationships between structure and energetic perform-
ance.”***! Thus, rules for the rational design of EMs should
be established. Most reported ECPs can function as the
secondary explosives because of their low sensitivities.”* >’
Importing an energetic heterocycle ligand to extremely sensitive
transition-metal azides by coordination polymerization can be
used to effectively construct z-stacked coordination polymers.
These polymers serve as a new class of primary explosives with
enhanced energetic performance and reduction of mechanical
sensitivities.

Thus, two solvent-free ECPs, [Co(N,),(atrz)], 1 and
[Cd(N,),(atrz)], 2 (atrz = 4,4’-azo-1,2,4-triazole), were
synthesized using a simple hydrothermal method (Scheme 1).

Scheme 1. Synthetic Route of 1 and 2

/ \ / \ / \
N - M(II) + NaN; NJ\ /NJ NJ\ /Ns Na\ /Na
|  N=N=N—N_ | M—atrz— M——atrz—M
N~/ \=N hydrothermal, 90 'C N/ \N N/ \N N/ \N
atrz J\ 3 J\ 3 J\ / 3
M—atrz—M——atrz—M
(M = Co, Cd)

Nitrogen-rich atrz was used as a ligand because of its several
advantageous properties: (i) The atrz ligand exhibits remark-
able energetic properties with detonation pressure (P) of 23.50
GPa and detonation pressure (D) of 7.52 km/s as a promising
secondary explosive®” and enhances the energetic performance
for metal azides. (ii) When the atrz ligand is incorporated into
metal azides, more powerful energetic compounds such as
[M(N,),(atrz)], (M = divalent metal ions) can be obtained
because of the six coordination nitrogen atoms of the neutral
atrz ligand without hydrogen atoms. (iii) The compound atrz is
a versatile ligand with six potential coordination nitrogen atoms
and has been employed in constructing coordination polymers
with various structures and interesting properties,””” which
affords the possibility of designing atrz-based EMs."**”* (iv)
Contrary to hydrazine, the heterocycles of the atrz ligand can
offer the possibility of a 7-stacked structure to consolidate the
system. In this study, we reported two isostructural 2D 7-
stacked solvent-free ECPs with high thermostabilities, high
values for enthalpy of formation (Ag°), remarkable heats of
detonation, acceptable mechanical sensitivities, and low electro-
static discharge sensitivities. Compound 1 especially exhibits
the highest AFH° among all reported primary explosives.
Theoretical calculations reveal different degrees of repulsive
steric clashes between the sensitive azide ions of 1 and 2. This
result can be in good agreement with the average distances of
azide ions in the two compounds, leading to the different
mechanical sensitivities. Furthermore, the relationships be-
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tween the structures and sensitivities are discussed theoretically
and experimentally.

B EXPERIMENTAL SECTION

Caution! The ligand, sodium azide, reaction byproducts, and two
compounds might explode under certain conditions (e.g, friction,
impact, electrostatic discharge, or elevated temperatures) and generate
high energy output. These compounds should not be handled by
untrained individuals. These compounds should be prepared and
handled with care and should be synthesized and used with small
scales. Proper protective measures such as safety glass, leather gloves, a
protective apron, a face shield, ear plugs, and earthed equipment
should be undertaken during treatments.

Materials and Measurements. The atrz ligand was prepared
according to the literature.’>** All reagents purchased commercially
were used without further purification. Powdered X-ray diffraction
(PXRD) patterns were collected on a Rigaku Miniflex 600
diffractometer using Cu Ka radiation (4 = 0.15406 nm) in the 20
range of 5—65°. The simulated patterns were derived from the
Mercury Version 1.4 software (http://www.ccdc.cam.ac.uk/products/
mercury/). The FT-IR spectra were obtained on a PerkinElmer
Spectrum using KBr disks in the range of 4000—400 cm™'.
Thermogravimetric analysis (TGA) experiments and differential
scanning calorimetry (DSC) measurements were done on METTLER
TOLEDO instrument in N, with the sample heated in an ALO,
crucible at a heating rate of 5 °C-min~". Thermal decomposition
residuals were analyzed with a field emission scanning electron
microscope (FESEM, JSM6700F) furnished with energy dispersive X-
ray spectroscopy (EDX, Oxford INCA). The combustion heats were
measured by oxygen bomb calorimetry (SE-AC8018, Changsha
Kaiyuan Instruments Co., LTD, China). The impact sensitivity (IS)
and friction sensitivity (FS) were determined using a BAM fall
hammer BFH-12 and a BAM friction apparatus FSKM-10 produced by
OZM Research (Czech Republic), respectively. The electrostatic
discharge sensitivities were recorded on an Xspark8 instrument
manufactured by OZM Research operating with the Winspark 2
software package.

Synthesis of [Co(Ns),(atrz)], 1. An aqueous solution of 3 mL of
Co(NO;),-6H,0 (146 mg, 0.5 mmol) was added to a stirring aqueous
solution (10 mL) of atrz (82 mg, 0.5 mmol) at 90 °C for 10 min.
Then, 3 mL of NaNj; (65 mg, 1.0 mmol) aqueous solution was added.
The resultant solution was further stirred at 90 °C for 3 h and then
filtered. Red brown crystals were obtained after 2 d. Yield: 51% (based
on atrz). Caled for C,H,N,Co: C, 15.63; H, 1.30; N, 63.81%; found:
C, 15.94; H, 1.39; N, 63.22%. IR (KBr pellet, cm™'): 3364 s, 3113 s,
2064 vs, 1487 s, 1384 s, 1303 5, 1177 s, 1043 5, 933 w, 859 5, 697 s, 623
s, 556 s.

Synthesis of [Cd(N;),(atrz)], 2. The synthetic procedure and
reactant amount for 2 were the same as those for 1 except that
Co(NO;),-6H,0 was replaced by Cd(ClO,),-6H,0 (210 mg, 0.5
mmol). Yield: 56% (based on atrz). Calcd for C,H,N,,Cd: C, 13.31;
H, 1.11; N, 54.39%; found: C, 13.50; H, 1.13; N, 53.99%. IR (KBr
pellet, cm™): 3353 w, 3099 s, 2050 s, 1486 s, 1371 s, 1302 m, 1175 s,
1025 s, 968 m, 852 s, 691 s, 610 s, S41s. The two compounds were
washed thoroughly with alcohol before measurement. The peak
positions of the experimental PXRD patterns were consistent with the
respective simulated ones, and these results indicate the pure phases of
the as-synthesized 1 and 2 (Figure S1).

Crystal Structure Determination. Single crystal X-ray diffraction
was carried out by Rigaku PILATUS CCD diffractometer equipped
with graphite-monochromated Mo Ka radiation (4 = 0.71073 A) at
293 K. The intensity data sets were collected using a w-scan technique
and reduced using CrystalClear software. The structures were solved
by direct methods, and the subsequent successive difference Fourier
transform yielded other nonhydrogen atoms. The hydrogen atoms
were calculated in idealized positions and allowed to ride on their
parent atoms. The final structures were refined using a full-matrix
least-squares refinement on F* with anisotropic thermal parameters for
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all nonhydrogen atoms. All calculations were performed by the
SHELXTL-2013 program.‘}'5

Calculation of Intermolecular Interactions. To obtain plots of
the electron density (p(r)) and reduced density gradient (s = 1/
QBA))IVp()I/p(r)*?), density-functional theory (DFT) calcu-
lations were performed for a selected set of 1 and 2. Calculations were
performed with the B3LYP functional®® and the 6-31G* basis set usin§
the Gaussian 09 program.®” The results were analyzed by Multiwfn.

Calculation of Electronic Structures and Density of States
(DOS). The calculation models were built directly from X-ray
crystallographic data to calculate the energy band structures for 1
and 2. Calculations of the electronic structures and DOS were carried
out by the CASTEP code based on DFT with the GGA-PBE
functional in the Materials Studio v6.0 software package.””* Energy
cutoff for 1 and 2 was determined to be 700 eV, and numerical
integration of Brillouin zone was employed by utilizing 3 X 3 X 2 and
3 X 2 X 2 Monkhorst—Pack k-point for 1 and 2, respectively.

B RESULTS AND DISCUSSION

Crystal Structure. [ Co(N3),(atrz)], 1. X-ray crystallographic
analysis reveals that 1 belongs to the P1 space group (Table 1).

Table 1. Crystal Data and Structure Refinement Parameters
for 1 and 2

compound 1 2
CCDC 1561308 1561310
empirical formula C,HN,Co CH/N,,Cd
M,/g mol ™ 307.14 360.62
crystal system triclinic triclinic
space group P1 P1
z 1 1
a/A 5.2315(16) 5.3664(12)
b/A 6.0448(19) 6.2313(14)
/A 8.497(3) 8.7401(18)
al°® 71.411(18) 70.500(18)
pl° 74.31(2) 73.152(18)
y/° 79.01(2) 79.38(2)
V/A3 243.58(14) 262.43(11)
D./g cm™ 2.094 2282
temperature (K) 293(2) 293(2)
F(000) 153 174
reflns 2625 2799
GOF on F* 1.027 1.049
R, (I> 26(1)" 0.0432 0.0213
wR, (I > 20(1))" 0.1071 0.0509
R, (all data)® 0.0517 0.0510
wR, (all data)® 0.1102 0.1248

“R; = Z(Fo - Fc)/ZFo~ bWRz = [ZW(FOZ - FCZ)Z/ZW(FOZ)Z]I/Z'

The asymmetric unit of 1 consists of half a Co(II) atom, half an
atrz ligand, and one azide ion (Figure S3). As illustrated in
Figure la, each Co(Il) center is six-coordinated by four
nitrogen atoms from four symmetry-related azide ions and two
nitrogen atoms from the two symmetry-related neutral atrz
ligands to constitute a distorted octahedral geometry with the
Co—N distances being in the normal range of 2.126(3)—
2.181(3) A (Table S1). Each atrz ligand displays a y,—kN11:
kN11B coordination style to link the neighboring Co(II) atom
to form an infinite 1D chain with a Co(II)---Co(II) distance of
11.894(8) A. Each pair of azide ions exhibiting , ;—bridge
modes further connect two Co(II) atoms from adjacent chains
with the Co(II)---Co(II) distance of 5.231(5) A to produce a
2D layer (Figure 1b). These 2D layers are stacked by the face-
to-face 7—r interactions between interlayered triazole rings
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Figure 1. (a) Coordination environments of the Co(II) atom and atrz
ligand of 1. Symmetry codes: A=2 —«,1 -y, -2z, B=2 —x, —y, —1 —
z;C=x,1+y,1+z;D=1—-x,1—y, -z E=-1+xy,zF=1+x,
¥,z G=x —1+y,—1 + z. (b) 2D layer structure of 1. (c) The 7—x
stacking interaction fashion (green dotted lines) of the 2D layers for 1.
All hydrogen atoms have been omitted for clarity.

(3.55 A) to construct the 3D supramolecular network (Figure
l¢, Figure S5, and Table $2).*!

[Cd(Ns)y(atrz)], 2. Compound 2 is isostructural with 1
(Figure S6). Each Cd(Il) atom is also six-coordinated to form
the distorted octahedral coordination geometry with the Cd—N
bond lengths between 2.319(3)—2.374(2) A and the N—Cd—N
angles varying from 87.67(9) to 180.0° (Table S1). Similar to 1,
the atrz ligands and azide ions in 2 bridge the Cd(II) atoms to
form the 2D layers. The 2D layers are stacked vis the face-to-
face m—m stacking interactions between interlayered triazole
rings (3.51 A) to generate the 3D supramolecular structure.
Compared with metal azides, the synergistic effects of strong
coordination bonds to reinforce molecular structures and 7—x
stacking interactions to build a closely packed 2D architecture
are responsible for the relatively low mechanical sensitivities of
energetic compounds 1 and 2.

Thermal Behavior. The TGA and DSC curves of 1 and 2
are shown in Figure 2. The TGA curve of 1 reveals that a
weight loss of 29.1% (caled: 27.3%) from 208 to 249 °C is
mainly due to the decomposition of N;~ ions when the DSC
curve shows a sharply exothermic peak at 246 °C (Figure 2a).
Compound 1 continued to break down with continuous
heating because of the decomposition of ligands. Similarly, the
fast decomposition of 2 starts at 218 °C and ends at 280 °C
with a weight loss of 24.4% (calcd: 23.3%) mainly ascribed to
the release of N3~ ions, which corresponds to a sharply
exothermic peak at 273 °C (Figure 2b). Then, a relatively slow
mass loss occurs by continuous heating with the decomposition
of ligands. The thermal decomposition residuals of compounds
1 and 2 are determined using an EDX. Cobalt and carbon
elements have been detected for 1, while cadmium and carbon
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(a) 246 C atures of 1 and 2 are higher than 200 °C to satisfy the
100 s —TeA requirements for practical applications.
Energetic Properties. Compounds 1 and 2 have high
. nitrogen contents with 63.81% for 1 and 54.39% for 2, which
- indicates 1 and 2 may serve as energetic materials. The highly
9 E- positive enthalpies of formation (AFH®) are the main energy
Z 604 = output source of nitrogen-rich energetic compounds. To study
£ 2 the enthalpy of formation of 1 and 2, the constant-volume
; 404 E combustion heat (A.U) was tested by oxygen bomb
i calorimetry and the experimental values were 12.013 and
Compound 1 10.783 kJ-g~!, respectively (Supporting Information for
20- Experimental details). The enthalpy of combustion (A_H)
N — was calculated from A U with a gas volume correction: A H =
100 200 300 400 500 600 AU + AnRT, where An is the change of about the number of
Temperature (° C) gas constituents in the reaction process, R = 8.314 J-mol™"-K™!
(b) ton and T = 298.15 K. The combustion reactions are given in eqs 1
1004 73T —DsC and 2 as follows:
CoCyH,N,,(s) + 11/20,(g)
< 807 z — CoO(s) + 4CO,(g) + 2H,0(1) + 7N,(g) (1)
z °
f:f," 60 - g CdCH,N,,(s) + 11/20,(g)
= =
S - |2 = CdO(s) + 4C0,(®) + 2H,00) + Ny(®) ()
40- The calculated A.H values of 1 and 2 are —11.939 and
—10.745 kJ-g ™", respectively. The A values of 1 and 2 were
o 200 300 e 50 600 calculated from Hess’s law as applied to eqs 3 and 4 and
Temperature (° C) i deduced as 4.21 and 4.08 kJ-g™', respectively, by the known
enthalpies of CoO (s, —237.94 kJ-mol™"), CdO (s, —258.35 kJ-
Figure 2. TGA and DSC curves of 1 (a) and 2 (b). mol™"), CO, (g, —393.51 kJ-mol™"), and H,0 (I, —285.83 kJ-
mol ™).
have been determined for 2 (Figure S7). These results suggest AH°[1, s] = A{H°[CoO, s] + 4AH°[CO,, ¢]
that the decomposition products may be similar for the two o
isostructural compounds. The thermal decomposition temper- + 2A/H°[H,0, 1] — A_H[1, s] (3)
() ®) |
5
4
20
33
% : L735 1506 ;483 1

T S R T YO YL TS ST
N +* g & o“’@oé & &

Figure 3. (a) Bar diagram representation of the AHg, values for 1, 2, MOFT-CA,” DBX-1,"* and the traditional primary explosives, including
MF,"” LA,° and LS** for com})arison. (b) Impact sensitivities of 1, 2, LA,” LS,” MOFT-CA,” MF,” CA,” KDNMAFZ,'" and DBX-1.*%% (c) Friction
sensitivities of 1, 2, LA,” LS,” MOFT-CA,” MF,” KDNMAFZ,"' and DBX-1.**¢ (d) Electrostatic discharge sensitivities of 1, 2, LA LS, MOFT-
CcA” ME, CA,° DBX-1,*¢ GLS(1,)* and GLS(II).*
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@) (b)

(©)

(d)

Figure 4. Explosive procedure in friction sensitivity test of 1 (about 10 mg). (a) Before friction sensitivity test; (b) friction sensitivity test of 1 at the
moment of detonation; (c) after friction sensitivity test; (d) the porcelain plate being destroyed by the explosion of 1.

AfHO[Z, S] = AfHO[CdO) S] + 4AfHo|:COZ, g]

+ 2AH°[H,0, 1] — AH[2, 5] )

The AH® values of 1 (4.21 kJ-g™') and 2 (4.08 kJ-g™") are
evidently higher than those reported for KDNMAFZ (0.245 kJ-
g™)"" and traditional primary explosives such as LA (1.55 kJ-
g™') and MF (135 k_]-g_l).42 In particular, 1 possesses the
highest value of AFH® for the hitherto known primary
explosives.

EMs emit energy by detonation. Thus, AHg,, is one of the
most significant parameters to estimate the detonation
performance. To obtain relatively accurate AHg,, values, the
developed Kamlet—Jacobs method adopted by Pang was
selected. This method has been used to calculate AHy, of
metal-based energetic materials based on the empirical Kamlet
formula.”” The reliability of the calculated values from the
developed Kamlet—Jacobs method has been demonstrated by
comparing the calculated results from the EXPLOS soft-
ware.””*** For 1 and 2, metal, ammonia, nitrogen gas, and
carbon are assumed to be explosion products (Supporting
Information for the details), and the explosion reactions
considered for 1 and 2 are depicted in eqs 5 and 6.

CoC,H,N,,(s) = Co(s) + 4/3NH,(g) + 19/3N,(g)

+ 4C (8)
CdC,H,N,,(s) = Cd(s) + 4/3NH;(g) + 19/3N,(g)
+ 4C (6)

AHclet =
[A;H°(denotation products) — A H°(explosive)]

formula weight of explosive

(7)
The AHy, values of 1 and 2 were calculated to be 4.407 and
4.248 kJ-g”", respectively, according to eq 7 with the known
AH® values of Co, Cd, NH;, N,, and C, and the above
experimentally determined AgH® of 1 and 2. The AH,, values
of 1 and 2 are not only two times higher than those of
commercial primary explosives, such as MF (1.735 kJ-g™"),*
LA (1.569 k]-g_l),6 and LS (1.453 kJ-g™"),* but are also higher
than those of MOFT-CA (2.98 k_]~g_1)9 and copper(l) S-
nitrotetrazolate (DBX-1) (3.816 kJ-g™')*>*® (Figure 3a). The
high AHj,, values of 1 and 2 are ascribed to the highly energetic
ligand, azide ions, and many strong coordination bonds to build
a closely packed 2D sz-stacked architecture with powerful
structural reinforcement.
To further investigate the detonation characteristics, the
values of D and P of 1 and 2 were estimated by the developed
Kamlet—Jacobs equations that have been applied to predict the
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detonation performances of metal-containing explosives (see
the Supporting Information).” The D and P values of 1 were
calculated to be 7.672 km-s™' and 28.45 GPa, respectively,
while those of 2 were 7.538 km-s™" and 28.72 GPa, respectively.
The D values of 1 and 2 are comparable to that of the reported
KDNMAFZ (8.138 km-s™!)"" and much higher than that of LA
(5.920 km-s™1),° and the P values are comparable to those of
the reported KDNMAFZ (30.1 GPa)'' and the commercial
primary explosive LA (33.80 GPa).’

Considering the safety of 1 and 2, the impact, friction, and
electrostatic discharge sensitivities (IS, FS, and ESD) were
investigated by standard BAM drop hammer, standard BAM
friction tester techniques, and Xspark8 apparatus operated with
the Winspark 2 software package (Supporting Information for
Experimental details). The collected IS, FS, and ESD data of 1,
2, and other primary explosives are displayed in Figure 3. The
IS values of 1 and 2 are 1.2 and 1.6 J, respectively, which are
comparable to those of commercial primary explosives (Figure
3b). The FS values of 1 and 2 are tested to be S and 12 N,
respectively, both of which are less sensitive than LA with FS of
0.5 N (Figure 3c).” Complete detonation with a bang to
destroy the porcelain plate was observed in the FS test of 1
(about 10 mg) (Figure 4). According to the U.N.
Recommendations on the Transport of Dangerous Goods, 1
belongs to extremely sensitive explosive, while 2 is considered
to be a very sensitive explosive, and these compounds are
acceptable for use as primary explosives.”” The IS and FS values
denote that 1 and 2 can act as potentially valuable primary
explosives.

Electrostatic discharge of explosives, which is very difficult to
impede, has caused several fatal accidents.*® Thus, the
electrostatic discharge sensitivity (also called electrical spark
sensitivity) plays a very crucial position for EMs, especially for
primary explosives. For primary explosives with poor electric
conductivity (o), electric potential produced by the accumu-
lation of electrostatic charges can exceed the breakdown voltage
of the surrounding atmosphere to bring about the occurrence
of an electrostatic discharge.49 Therefore, the o-value of EMs is
an essential factor to influence ESD.*” As, LS can easily
accumulate electrostatic charges because LS is highly non-
conductive with the o-value of 5.263 x 107% S-m~.* In this
study, the electric conductivities of the two compounds were
tested, and the o-values of 1 and 2 were 6.896 X 107% and 8.644
X 107 S:m™", respectively. The calculated band gaps of the two
compounds (0.782 eV for 1 and 1.020 €V for 2, Figure S10)
indicate that 1 and 2 may be semiconductors.”® The values of
ESD for 1 and 2 are measured to be 4.08 and 8.90 mJ,
respectively, while those of commercial LS and two modified
LS, GLS (1), and GLS (II) are as low as 0.14, 0.4, and 0.5 m],
respectively.”” These results indicate that 1 and 2 are safer than
most of the common primary explosives (Figure 3d).
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Figure 6. (a) A simplified model based on the molecular frameworks of 1 and 2. (b) Mechanical stimulus in horizontal sliding. (c1) The azide ions in
the layer destroyed by vertical compression without damaging of the 7—x interactions. (c2) The 7—x interactions between the layers destroyed by

vertical compression.

Effects of Structure on Mechanical Sensitivities. The
intramolecular interactions remarkably influence on the
mechanical sensitivity of EMs. The noncovalent interactions
(NCI) plots of 1 and 2 were performed by the calculation
method of electron density and its reduced gradient by Yang
(Figure 5).>" This calculation approach can be used to observe
the differences between strong attractive interactions, van der
Waals interactions, and repulsive steric clashes by analyzing the
relationship between quantum-mechanical electron density (p)
and the reduced density gradient (s 1/G2)Y3)IVp(r)l/
p(r)¥®).>" Many studies have indicated that the face-to-face
m—r interactions can effectually buffer against mechanical
actions to remarkably reduce the sensitivity.>~>* As shown in
Figure S, the face-to-face m—r interactions between parallel
rings of triazole can be clearly determined. Moreover, the
corresponding NCI domains in 1 and 2 are nearly the same,
which is in accordance with the distances of 7—x interactions of
3.55 A for 1 and 3.51 A for 2. Meanwhile, the NCI domains
from the nonbonded overlap between the parallel azide ions are
distinct from one another with NCI domains of 1 larger than
those of 2, which can be interpreted by the average distances of
azide ions of 3.02 A for 1 and 3.29 A for 2 (Figures Sc and 5d).
The different average distances of azide ions between the two
isostructural compounds are attributed to the different atomic
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radii of metal atoms as coordination centers. The stronger
repulsive steric clashes between the sensitive azide ions in 1
may increase the energy of the system to facilitate the ignition
of 1.

The change in the crystal shape of EMs can be caused by the
external mechanical stimuli to produce strain and absorb
mechanical energy.”> When the limit energy of EMs is exceeded
by the external mechanical energy, EMs will be activated to lead
to a train of explosions.” A simplified model has been
established based on the molecular frameworks of 1 and 2 to
understand the principle on how the external mechanical force
triggers the explosions of the two ECPs. In Figure 6, a blue
ellipsoid represents the relatively stable ligand (atrz), while the
red rectangle indicates the sensitive metal azides. When the
external force acts on EMs, the force can be split into two
directional forces with one force resulting in the horizontal
sliding and the other leading to the vertical compression. For
the horizontal sliding, the force most probably activates the
sensitive azides by breaking the face-to-face 7—x interactions
(Figure 6b). The vertical force can lead to the activation of the
sensitive azides in the layer without damaging of the z—x
interactions (Figure 6¢l) or the destructiveness of the 2D
layers with the destruction of the 7—x interactions (Figure
6c2). The analytical results of NCI indicated that 1 processes
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stronger repulsive steric clashes between the sensitive azide
ions, and 1 should be more sensitive than 2. In addition, the
presence of unpaired electrons in the Co®' ion presumably
makes 1 more sensitive than 2 with the Cd** ion of the d'°
conﬁguration.56 Experimental results also show that 1 with IS =
1.2 J and FS = 5 N is more sensitive than 2 with IS = 1.6 J and
FS = 12 N. As primary explosives, the mechanical sensitivities
of 1 and 2 can be acceptable.

B CONCLUSIONS

In conclusion, the highly energetic ligand is imported into two
transition-metal azides by utilizing coordination polymerization
to construct two powerful and safe primary explosives. Both
solvent-free ECPs exhibit high decomposition temperatures
(above 200 °C), acceptable mechanical sensitivities, low
electrostatic discharge sensitivities, and excellent energetic
performances. Furthermore, the experimental results and
theoretical analyses reveal that different repulsive steric clashes
between the sensitive azide ions and various electronic
configurations of the constituent metal ions are responsible
for the distinct mechanical sensitivities of the two isomorphic
ECPs. Notably, compound 1 possesses the highest AFH°® (4.21
kJ-g™") among all reported primary explosives and the AHg,
values of two ECPs (4.407 kJ-g™" for 1, 4.248 kJ-g™" for 2) are
both two times higher than that of the commercial LA (1.569
kJ-g™"). This study provides a new insight on the preparation of
next-generation powerful and safe primary explosives. More-
over, the structure—function relationship in energetic com-
pounds was elucidated, and the results can provide guidance for
the rational design of new energetic materials.
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