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Abstract: Dinitraminic acid (HN(NO2)2, HDN) was prepared by
ion exchange chromatography and acid-base reaction with
basic copper(II) carbonate allowed the in situ preparation of
copper(II) dinitramide, which was reacted with twelve nitro-
gen-rich ligands, for example, 4-amino-1,2,4-triazole, 1-meth-
yl-5H-tetrazole, di(5H-tetrazolyl)-methane/-ethane/-propane/-
butane. Nine of the complexes were investigated by low-
temperature X-ray diffraction. In addition, all compounds
were investigated by infrared spectroscopy (IR), differential
thermal analysis (DTA), elemental analysis (EA) and thermog-
ravimetric analysis (TGA) for selected compounds. Further-

more, investigations of the materials were carried out
regarding their sensitivity toward impact (IS), friction (FS), ball
drop impact (BDIS) and electrostatic discharge (ESD). In
addition, hot plate and hot needle tests were performed.
Complex [Cu(AMT)4(H2O)](DN)2, based on 1-amino-5-meth-
yltetrazole (AMT), is most outstanding for its detonative
behavior and thus also capable of initiating PETN in classical
initiation experiments. Laser ignition experiments at a wave-
length of 915 nm were performed for all substances and
solid-state UV-Vis spectra were recorded to apprehend the
ignition mechanism.

Introduction

The so-called ammonium perchlorate composite propellants
(APCP) are ammonium perchlorate (AP, NH4ClO4) (mostly mixed
with HTPB and aluminum) based fuels in solid rocket motors.[1]

At temperatures above 200 °C, AP decomposes mostly into
gaseous chlorine, oxygen, nitrogen, and water due to the
reducing effect of the ammonia cation, while the perchlorate
anion acts as an oxidizing species.[2] Despite the toxicity of the
perchlorate anion and its decomposition products, these
mixtures are still widely used, mainly because of their cheap
and easy preparation. Nevertheless, much research is being
carried out on halogen-free rocket propellants and burn rate
catalysts,[3] with some approaches to replacing AP already well
advanced.[1]

Besides liquid fuel mixtures based on cryogenic or hyper-
golic reactions, ammonium dinitramide (ADN) is considered as a
compound with high potential.[1] It was first synthesized in 1971

at the Zelinsky Institute of Organic Chemistry in Moscow.[4]

However, information was kept under seal and published later
in the course of time in the form of some publications.[4,5]

Therefore, the anion was discovered by US scientists in the late
1980s, independently of the Russians.[6] Since the salt contains
no carbon or halogens, its decomposition products are mostly
environmentally friendly.[7] This makes the dinitramide anion
also a promising candidate for the use in halogen-free energetic
coordination compounds (ECC). These materials could act not
only as sensitive explosives but also as low carbon and oxygen-
rich burn rate catalysts, for example, in airbags. Implementing
the dinitramide function in 3d transition metal coordination
compounds is not a new concept, for example Klapötke et al.
published some dinitramide complexes based on 3-amino-1-
nitroguanidines.[5b,8]]

To the best of our knowledge, only three azole-based
transition metal complexes are known, two of which have been
published by the Klapötke group.[9] Both show octahedral
coordination geometries, although the one based on 5-(1-
methylhydrazinyl)-1H-tetrazole is more clearly distorted (Fig-
ure 1). Furthermore, an aminoguanidine-based complex is
known, which exhibits a square planar coordination geometry
rare for copper(II) compounds.[10]

The low thermal stability of dinitramine-based compounds
(e.g., ADN=135 °C) is a known issue and a significant aspect
that must be taken into account when designing new energetic
materials based on this anion.[11] At this point, the concept of
ECC is applied, since the adaptation of the properties, such as
performance and thermal stability, of the formed coordination
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compounds can be readily tuned by changing the central metal,
anion, or ligand.[12,13] Szimhardt et al. already showed that the
implementation of propylene bridged ditetrazoles in complexes
can increase thermal stability through the linking of the ligand
between several metal centers.[9b] Furthermore, a comparison of
the previously known complexes shows that probably none of
them is able to successfully initiate PETN. Therefore, the focus
should also lie on the incorporation of ligands that are known
to enhance the performance of the complexes by their high
positive heat of formation.[13b,14]

The major task that needs to be dealt with when synthesiz-
ing dinitramine complexes can be explained by the correspond-
ing tetraammine copper(II) compound (2) presented in Figure 1.
The coordination compound was already described in 2002
and, due to the impossible isolation of an elemental pure
sample, was only examined by X-ray diffraction, 14N NMR, and
vibrational spectroscopy.[15] The reason for this is probably the
reaction that precedes the formation of the complex. Typically,
a mixture of ammonium dinitramide with any copper(II) salt is
reacted with the respective ligand.[9b] Alternatively, a copper(II)
complex with any anion and the desired ligand is formed in
solution and a dinitramide salt is added.[8] Thus, in every case,
ions are left behind which can contaminate the sample or lead
to a wrong composition of the complex. In this work the
problem was solved using ion exchangers, which enables the
simple production of dinitraminic acid (HDN). Reaction with
metal carbonates allows the preparation of pure metal
dinitramide salts without interfering anions in situ, which was
already shown by Lukyanov et al. by reacting HDN with silver
carbonate.[5b] However, the dinitraminic acid was preferably
obtained by the injection of hydrogen chloride into a solution

of KDN. The idea of an alternative preparation of an aqueous
HDN solution was already shown by Bottaro et al. though the
authors did not perform reactions with metal carbonates of the
3d series.[6]

The complexes synthesized in this way can be used in a
wide range of applications. The easily accessible anion is not
only extending the field of ECC with this method, but the
resulting complexes can also serve as burn rate catalysts in solid
propellants and as halogen- and lead-free explosives. In
addition to this, the complexes can also be used in the field of
laser-ignitable compounds.[16]

Results and Discussion

Synthesis

As already mentioned above, the synthesis of dinitramide-based
coordination compounds in particular has some drastic dis-
advantages. Until now, in every case ammonium dinitramide
(ADN) or potassium dinitramide (KDN) was used as a starting
material together with water-soluble copper(II) salts.[8–10,15] This
leads to the possible formation of complexes without the
integration of dinitramide anions. In the case of chloride anions,
which is known to act as a bridge between metal centers, the
formation of such complexes may even be facilitated.[17] To
avoid such side reactions, ion exchange techniques were used.
Ammonium dinitramide was thus converted into a highly clean
aqueous solution of dinitraminic acid. The solution obtained
should be practically free of interfering anions and can be
applied for the in situ formation of transition metal dinitramides
when reacted with the corresponding carbonates (Scheme 1).

Due to the instability of pure dinitraminic acid at ambient
conditions special attention is required during the preparation
of the acid and an isolation of the pure compound has to be
avoided.[18] Concentrations in the range of 7–10 wt% can be
safely prepared in aqueous solution. At a concentration of
about 20 wt% the solution is still stable for several days. Higher
concentrations should be avoided as decomposition can occur
explosively.[5b] In addition to photocatalyzed decomposition of
the dinitramide anion in aqueous solution, low stability in acids
must be taken into account.[18,19] It is reported that the
decomposition of HDN acid is catalyzed in 8 m sulfuric acid. In
10 m sulfuric acid the decomposition takes place within
minutes.[18] This could be an important fact as ion exchange
materials can be regenerated by acids.

In order to provide a general proof of concept, the ammine
ligand was chosen as the resulting complex could not be
obtained in a clean manner by the common methodology
(Scheme 2).[15] The use of nitrogen-rich endothermic tri- and

Figure 1. Overview of literature known copper(II) dinitramide ECC and their
coordination environments compared to coordination compound 6 of this
work.

Scheme 1. Preparation of an aqueous solution of copper(II) dinitramide.
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tetrazole ligands increases the energetic character of the ECC
and, therefore, several different mono- and ditetrazoles were
selected.[13,14,20] Since dinitramide-based compounds are known
to suffer from low thermal stability,[11] the main focus was on
bridging molecules, such as 1,2,4-triazoles and ditetrazoles.[12]

Since the further aim of this work was to increase the energetic
character of the complexes, focus was also put on ligands like
1-AT, 1-AMT, 1,5-DAT, as well as with different dtm isomers
(Scheme 2). These ligands possess the highest calculated gas
phase enthalpies of formation and are therefore known to yield
the most powerful coordination compounds.[13,14]

All used ligands (Scheme 2) were either purchasable (NH3,
ATRI) or synthesized using literature known procedures.
Tetrazole derivatives were either prepared by the reaction of
alkyl halides (MAT, dtm, 2,2-dte, 1,2-dtp) or dimethyl sulfate
(1-MTZ) with 1,5H-tetrazole[9b,13a,14,20a,21] and through ring closure
reactions using sodium azide, triethyl orthoformate, and the
respective alkyl amine or diamine (AET, AMT, 1,1-dte, idtp,
dtb).[13b,22] For the syntheses of the complexes, freshly prepared
aqueous solutions of copper(II) dinitramide as well as stochio-
metric amounts of the respective ligands were combined
(Scheme 3 & Scheme 4) and the resulting reaction mixtures
were left for crystallization at ambient conditions.

All coordination compounds were directly obtained from
the mother liquors and crystallized in moderate to excellent
yields (55–92%). Single crystals, suitable for X-ray diffraction
were directly obtained except for 3, 4, and 14. Regarding
compounds 3 and 14, the complex’ composition was deter-
mined by elemental analysis. Sufficient single crystals of ECC 4
were obtained through layering experiments.

The crystalline materials were filtered off, washed with a
small amount of ice-cold water when necessary and dried in air
overnight. The use of other common monotetrazoles such as 1-
amino-5H-tetrazole,[17] 1,5-dimethyltetrazole,[23] 1,5-
diaminotetrazole,[24] and 1-methyl-5-aminotetrazole[25] or ditetra-
zoles such as di(tetrazol-2-yl)propane,[9b] which have already
been successfully used as ligands, did not result in isolable
crystalline ECC. One factor that could play a crucial role here is
that in our synthesis we were limited to the solvent water

because of the ion exchange and could not use organic
solvents such as acetonitrile.

Crystal structures

All compounds, with the exception of complex 2, whose crystal
structure is already known in the literature, and compounds 3
and 14, where it was impossible to obtain crystals of sufficient
quality, were characterized by low temperature X-ray diffraction.
In case of compounds 5 and 7 the measurements allow an
indication of the most likely composition, but finalization of the
data sets was not possible due to the highly disordered
dinitramide moieties. The complexes’ composition was finally
confirmed by elemental analysis. Copper atoms are displayed as
orange ellipsoids, nitrogen atoms blue, oxygen atoms red,
carbon atoms grey and hydrogen atoms white. Further
information on the structures of the compounds 8, 10, and 11
together with the measurement and refinement data of all

Scheme 2. Ligands used for the complexation of copper(II) dinitramide.

Scheme 3. Overview of the prepared ECC 2–8.

Scheme 4. Overview of the prepared ditetrazole based copper(II) dinitramide
coordination compounds 9–15.
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crystallograpically investigated compounds are given in the
Supporting Information (Tables S1–3, and Figures S1–3). The
crystal datasets were uploaded to the CSD database[26] and can
be obtained free of charge. The bond lengths and angles of the
coordinating ligands in the crystallographically investigated
complexes are within the typical range of tetrazole and triazole
ligands and nearly the same as in the non-coordinating
molecules.[9b,13b,14,21,22,27] Therefore, they are not part of the
discussion in any of the following coordination compounds. All
copper(II) dinitramide coordination compounds except ECC 6
and 8 show an octahedral coordination sphere around the
central metal with typical Jahn-Teller distortions along the axial
axis.

The triazole-based coordination compound 4 crystallizes in
the monoclinic space group P21/n in the form of blue blocks.
The unit cell is built up by two formula units and possesses a
calculated density of 1.945 gcm� 3 at 120 K. The octahedral
coordination sphere consists of two BTRI in equatorial and two
aqua ligands in axial position (Figure 2). The triazoles are linking
between two different copper centers, building up 2D poly-
meric layers.

Dinitramide complex 6 shows a very uncommon coordina-
tion geometry around the copper(II) central metal and crystal-
lizes in the monoclinic space group P21/c in the form of blue
needles. The unit cell is built up by two formula units and
possesses a calculated density of 1.932 gcm� 3 at 102 K. The
complex monomers are formed by two neutral AET molecules
and two dinitramide anions bounded to the metal cation
(Figure 3). The tetrazole ligands and the deprotonated amide
moieties form a square planar coordination sphere with bond
lengths below 2 Å. The very unusual fourfold coordination
around the Cu2+ cation is stabilized by another square planar
plane formed by four oxygens of the nitro groups with very
weak Cu� O interactions in the range of ~2.7–2.8 Å. Both
coordination tiers are perfectly planar (N4� N4i� N8� N8i=0°,
O1� O1i� O3� O3i=0°) and almost perpendicular to each other.
This results in an eightfold coordination sphere, which is to be

expected for metals of the 4d series but is very rare within the
3d metals. This is most likely made possible by the additional
square planar coordination by the oxygen atoms of the
dinitramido ligands mentioned earlier. The Cu1� O3, bond is
therefore with a length of 2.858(2) Å rather long compared to
the other bonds. It is difficult to determine exactly which
complexes are present in solution, but it is likely that the
complex formed here is the most thermodynamically stable in
the solid state.

Energetic coordination compound 9 crystallizes in the
monoclinic space group P21/n in the form of blue blocks. The
unit cell is built up by two formula units and possesses a
calculated density of 2.017 gcm� 3 at a temperature of 123 K.
The coordination sphere is arranged similarly to complex 4,
consisting of two bridging ligand units in equatorial positions
and two aqua ligands in axial position (Figure 4). Despite this
correlation, the polymeric structure of both complexes is
different due to the different binding behavior of the triazole-
based ligand (4) compared to the tetrazole derivative in ECC 9.
Since two 1,1-dtm ligands each bind to the same metal center,
only chains are formed instead of 2D layers. The occupation of
the axial positions by the water molecules is most likely made
possible by the steric hindrance of the ligands caused by the
methylene bridge, which prevents coordination of further
ligand moieties. Nevertheless, anhydrous copper(II) complexes
based on 1,1-dtm have recently been discovered by our

Figure 2. Coordination environment of [Cu(BTRI)2(H2O)2](DN)2 (4). Selected
bond lengths (Å): Cu1� N1 2.003(2), Cu1� N5ii 2.034(2), Cu1� O5 2.356(3);
selected bond angles (°): O5� Cu1� N1 89.77(9), O5� Cu1� N5ii 94.57(10),
N1� Cu1� N5ii 88.87(10). Symmetry codes: (i) � x, � y, � z; (ii) � 0.5+x, � 0.5� y,
� 0.5+z; (iii) 0.5� x, 0.5+y, 0.5� z.

Figure 3. Molecular unit of [Cu(AET)2(DN)2] (6) (top) and illustration of the
double square planar coordination sphere around the central metal
(bottom). Selected bond lengths (Å): Cu1� N4 1.975(2), Cu1� N8 1.999(2),
Cu1� O1 2.782(2); selected bond angles (°): O1� Cu1� O3 98.23(6),
O1� Cu1� N4 86.47(7), O3� Cu1� N8 49.22(7), N4� Cu1� N8 90.76(8). Symmetry
code: (i) 1� x, 1� y, 1� z.
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research group.[14] This requires the use of organic solvents,
such as acetonitrile, to prevent the coordination of aqua ligands
but is impossible in this case due to the use of aqueous HDN
solution.

The copper(II) dinitramide complex 12 crystallizes as blue
blocks in the monoclinic space group C2/m with one formula
unit per unit cell and a calculated density of 1.815 gcm� 3 at
123 K. The coordination sphere is built up analogous to
compound 11. Three (2,2-ditetrazolyl)ethane ligands, each link-
ing between two copper centers are part of the molecular unit
(Figure 5). The Jahn-Teller distortion is located along the
N8� Cu1� N8 axes.

Two different bonding types of the ditetrazole ligand can
be observed in the two similar crystallizing complexes 11 and
12. Each coordination compound possesses two ligands in anti-
conformation, together with one ligand arranged linearly in
gauche conformation (Figures 6 and 7). In every case inves-
tigated, the Jahn-Teller distortion is found between ligands in
anti-conformation and the copper center.

The two ligands arranged in gauche-conformation bridge
between the same copper centers and thus form 1D polymeric
chains (Figure 6). These networks are linked further by the
ligands in anti-conformation. However, the type of substitution
of the ligands plays a crucial role in the type of organometallic
framework formed. The 1,1-substitution in 11 leads to the
formation of two-dimensional sheets, whereas the 2,2-substitu-
tion in 12 results in the formation of a three-dimensional
structure (Figure 7).

Figure 4. Extended coordination environment of [Cu(1,1-dtm)2(H2O)2](DN)2
(9). Selected bond lengths (Å): Cu1� N4 2.0289(19), Cu1� O1 2.2484(19)
Cu1� N8 2.051(2); selected bond angles (°): N4� Cu1� N8 89.54(8), N4� Cu1� O1
89.32(8), N8� Cu1� O1 92.56(8). Symmetry codes: (i) � x, 2� y, 1� z; (ii) � 1+x,
y, z; (iii) 1+x, y, z; (iv) 1� x, 2� y, 1� z.

Figure 5. Extended coordination environment of [Cu(2,2-dte)3](DN)2 (12).
Selected bond lengths (Å): Cu1� N4 2.0320(18), Cu1� N8 2.3833(18), Cu1� N12
2.0260(17); selected bond angles (°): N12� Cu1� N8 88.42(7), N4� Cu1� N12
88.88(7), N4� Cu1� N8 88.99(7), selected torsion angles (°): N2� C2� C3� N6
71.87(18), N10� C6� C6i� N10i 178.146(2). Symmetry codes: (i) 1� x, y, 1.5� z;
(ii) 0.5� x, 0.5� y, 1� z; (iii) � 0.5+x, � 0.5+y, z; (iv) � x, � y, 1� z; (v) � 1+x,
� 1+y, z; (vi) 1� x, 1� y, 1� z; (vii) � 0.5+x, 0.5� y, � 0.5+ z.

Figure 6. Two-dimensional layers of compound 11 along the a axis.

Figure 7. Polymeric chains formed by ligands in gauche-conformation and
linked to form a 3D network by ligands showing an anti-arrangement in
compound 12.
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Coordination compound 13 crystallizes as blue rods in the
monoclinic space group P21/n with two formula units per unit
cell. The complex possesses a calculated density of 1.753 gcm� 3

at 106 K, which is the second lowest density observed among
all crystallographically investigated coordination compounds in
this work. The coordination sphere is built up similar to the one
observed for compound 9. The gauche conformation of the
ligand’s carbon chains is showing the same effect, as already
found in the structures of complexes 10 and 11. Two ligand

moieties are linking between the same copper centers, forming
one-dimensional chains (Figure 8).

Complex 15 crystallizes in the triclinic space group P1̄ in the
form of blue blocks. The unit cell consists of one formula unit
and with a density of 1.663 gcm� 3 at 108 K it is the least dense
of all compounds crystallographically investigated during this
study. The octahedral coordination sphere is built up by six
di(tetrazolyl)butane units, each bridging to another copper
center (Figure 9).

Unlike coordination compounds 11 and 12, two ligands are
arranged in anti-conformation, forming planar 2D polymeric
layers. The C3� C3i bond of the remaining ligand also shows an
anti-conformation. However, the ligand’s remaining carbon
bonds (C2� C3, C3i� C2i) are in a gauche pattern. Due to the
length of the carbon chain this leads to a linearly aligned
ditetrazole, which links between the two-dimensional layers
and builds up a three-dimensional polymeric network (Fig-
ure 10).

Sensitivities and thermal stability

Every coordination compound was investigated by differential
thermal analysis (DTA) at a linear heating rate of 5 °Cmin� 1 in
the range of 25–400 °C. The observed decomposition temper-
atures as well as endothermic events (melting or loss of aqua
ligands and crystal water) are listed in Table 1. In addition,

Figure 8. Section of the coordination environment of compound 13.
Selected bond lengths (Å): Cu1ii� N4ii 2.02595(12), Cu1ii� N8i 2.01064(14),
Cu1ii� O1iv 2.36080(16); selected bond angles (°): N4ii� Cu1ii� O1iv 94.223(5),
N4ii� Cu1ii� N8i 89.992(7), N8i� Cu1ii� O1iv 87.337(5). Symmetry codes: (i) � x,
1� y, � z; (ii) � 0.5+x, 1.5� y, � 0.5+ z; (iii) � 1+x, y, z; (iv) 1� x, 1� y, � z;
(v) � 1.5+x, 1.5� y; (vi) 1.5� x, 0.5+y, 0.5� z.

Figure 9. Extended coordination environment of compound 15. Selected
bond lengths (Å): Cu1� N4 2.4811(17), Cu1� N8 1.9967(14), Cu1� N12 2.032(2);
selected bond angles (°): N4� Cu1� N12 90.71(7), N4� Cu1� N8 90.18(6),
N8� Cu1� N12 89.98(7). Selected torsion angles (°): N1� C2� C3� C3i � 60.1(3),
C2� C3� C3i� C2i 180.0(3), C3� C3i� C2i� N1i 60.1(3). Symmetry codes: (i) � x,
2� y, 1� z; (ii) 1� x, 1� y, 2� z.

Figure 10. Section of the framework, which is formed in complex 15. The
ligands, not displayed for simplicity, are also aligned in anti-conformation
and form 2D layers.

Table 1. Overview on the compounds’ thermal stability[a] according to
DTA.

No. Tendo [°C][b] Texo [°C][c] No. Tendo [°C][b] Texo [°C][c]

2 66 179 9 97 165
3 – 203 10 – 147
4 129 195 11 – 164
5 114 159 12 – 150
6 – 106 13 113 152
7 65 114 14 – 141
8 89* 89* 15 97 147

[a] Onset temperature at a heating rate of 5 °Cmin� 1 measured by DTA;
[b] Endothermic peak, which indicates melting or loss of aqua ligands;
[c] Exothermic peak, which indicates decomposition; * Endothermic event
followed by exothermic event.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100747

9117Chem. Eur. J. 2021, 27, 9112–9123 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 18.06.2021

2135 / 204703 [S. 9117/9123] 1

https://doi.org/10.1002/chem.202100747


thermogravimetric (TGA) measurements at the same heating
rate and temperature range were carried out for compounds 2,
4, 5, 8, 9, 13, and 15 (Figures 11, S10–S11) in order to
investigate the behavior of the complexes on heating in more
detail. The DTA plots of compounds 2–15 as well as additional
information regarding the thermal stabilities can be found in
the in the Supporting Information (Figures S7–S9).

Endothermic events were observed for eight of the fourteen
investigated compounds. As verified by TGA, the endothermic
events of 4, 9, and 13 represent the loss of aqua ligands or, in
the case of compound 7, the loss of crystal water. Thermogravi-
metric measurements of the compounds 2, 5, 8, and 15
indicated no loss of mass before reaching the decomposition
temperature of the complexes. This indicates that the endother-
mic events only represent melting points of the ECC 2, 5, and
15. The DTA measurement of complex 8 has an endothermic
event immediately followed by an exothermic event, thus it is
assumed that the loss of the aqua ligand (Tendo=89 °C)
simultaneously results in the decomposition of the complex.
The reason for this is probably a square planar complex
resulting from the loss of the ligand. Its stability is so low that
decomposition occurs immediately after dehydration. In con-
sequence, no mass loss prior to decomposition could be
detected during the TG measurement since both events occur
simultaneously.

The complex possessing the highest thermal stability is the
ATRI based ECC 3 (Texo=203 °C). This is due to the bridging
effect of the triazole ligands, each linking between two copper
(II) centers. Similar effects can be observed for complexes 4
(Texo=195 °C), 9 (Texo=165 °C), and 11 (Texo=164 °C), although
less evident. The remaining complexes with a bridging ligand
motif show no signs of increased thermal stability. In fact, the
exothermal events of complexes 2 (Texo=179 °C) and 5 (Texo=

159 °C), both based on non-bridging ligands, are higher. On the
one hand, this is due to a known effect whereby complexes
based on ditetrazoles exhibit decreasing thermal stability as the
alkyl chain becomes longer.[9c] This effect can also be observed

in the comparison of the ditetrazoles prepared in this work
(Figure 12). On the other hand, effects such as the low
decomposition temperature of the ligand itself (ECC 10), or the
lower stability of the dehydrated species (compound 13) are
reasons for lower thermal stabilities.[14] Nevertheless, the
exothermic decomposition temperature of compound 3 clearly
proofed, that a tuning of the compounds’ thermal stability is
possible through the choice of the suitable ligand.

In addition, every compounds’ sensitivity toward mechanical
stimuli according to BAM standard methods[28] and electrostatic
discharge were investigated and ranked in accordance with the
UN recommendations on the transport of dangerous goods
(Table 2).[29] Interestingly, complex 8 is one the most sensitive
complex studied in terms of its sensitivity toward friction (FS=

3 N). This is surprising, because usually the presence of water in
energetic materials leads to desensitization, which seems to be
equalized by the strong endothermic character of the ligand.[13]

Similar sensitivities were observed for complexes 8, 9, and 10.
The di(tetrazolyl)methane ligands (1,1-dtm & 1,2-dtm) used in
these complexes are known to form powerful but sensitive
coordination compounds, which is why ECC 10 is the third most
sensitive (FS=15 N), closely followed by coordination com-
pound 9 (FS=40 N).[14] The high friction sensitivity of the
compound is unusual, as noted for complex 8, because of the
two aqua ligands. Regarding the other coordination com-
pounds containing water ligands, it becomes clear that these
are the least sensitive compounds besides complex 15 (FS=

240 N). The high stability of the latter is due to the complex’s
high carbon content compared to the other ones. Also, worth
mentioning is complex compound 6, which is the second most
sensitive of the compounds tested regarding friction sensitivity
or thermal stability (Texo=106 °C; FS=5 N, IS=2 J). The reason
for this is probably the unusual structure of the complex and its
anionic dinitramido ligands, which are bonded to the central
metal via a nitrogen atom. Since this is the first case of a

Figure 11. TGA spectra of the coordination compounds 2, 4, 5, and 13 in the
range of 30 °C to 400 °C at a heating rate of 5 °Cmin� 1.

Figure 12. Graphical representation of the thermal stability together with
the sensitivity toward various mechanical stimuli of compounds 9, 11, 15,
and [Cu(1,1-dtp)3](DN)2.

[9b]
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complex showing such coordination geometry known to the
authors, a proof of this assumption by literature data is
unfortunately not possible at this time.

The effect of the carbon content on the properties of a
complex, especially the stability against mechanical stimuli, can
be illustrated using the example of dinitramide complexes
investigated in this work. Together with the complex already
published by Szimhardt et al., the complete series of copper
dinitramide ECC based on ditetrazole ligands from di(tetrazol-1-
yl)methane to 1,4-di(tetrazol-1-yl)butane is known.[9b]

The trends shown in Figure 12 represent a fundamental
concept of ECC. As the length of the carbon chain increases,
sensitivity toward impact and friction decreases, whilst thermal
stability drops. However, the effect of the different coordination
geometry in compound 9, compared to the other complexes,
should be noted. A comparison of the sensitivity to electrostatic
discharge is less meaningful since this is extremely dependent
on the grain size. Ball drop impact sensitivity of [Cu(1,1-
dtp)3](DN)2 was determined and impact and friction sensitivity
were redetermined using the same batch to reduce grain size
influences.

Apart from the trend shown in Figure 12, there are no other
significant sensitivity patterns with respect to impact sensitivity.
According to the UN recommendations on the transport of
dangerous goods, every compound except 3, 4, 5, and 7 are
ranked as very sensitive regarding impact sensitivity.[29] The
remaining compounds must only be considered as sensitive. In
terms of sensitivity toward friction, compounds 3 and 7 are also
considered very sensitive, with ECC 6 and 8 being even
extremely sensitive. The complexes 13 and 15 are only
considered sensitive.

In addition to BAM sensitivities, the ball drop impact
sensitivity (BDIS) according to MIL-STD 1751 A (method 1016)
was investigated.[31a] The aim was to obtain measured values
which are more realistic than data obtained mainly with the
BAM drop hammer. This method is known to suffer from some
weaknesses, for example, the ignition of the substance by
forming hotspots within the shells.[33] In the ball drop test,

however, a steel ball with a defined spin is dropped onto an
unconfined sample, spread over a thin layer of defined height
(Figure 13).[31a]

Experiments were carried out for every coordination com-
pound. The outcome is displayed in Table 2. The sensitivities
obtained for compounds 5 (IS=8 J, BDIS>200 mJ, FS=120 N),
6 (IS=2 J, BDIS=28 mJ, FS=5 N), 7 (IS=2 J, BDIS>28 mJ, FS=

3 N), 13 (IS=2 J, BDIS=180 mJ, FS=120 N), and 15 (IS=3 J,
BDIS>200 mJ, FS=240 N) are either very low, or very high,
which is consistent with our earlier findings.[34] It is assumed
that there is a strong correlation between low sensitivity toward
friction and ball drop impact. However, in the case of
compounds 2, 3, and 11 the results do not match our previous
results. ECC 3 (IS=8 J, BDIS=20 mJ, FS=80 N) was not
considered sensitive during BAM sensitivity measurements but
was tested the most sensitive compound during ball drop
testing. Whilst the tetrammine complex 2 (IS=2 J, BDIS>
200 mJ, FS=50 N) was much more insensitive than expected
the ball drop impact sensitivity on 11 (IS=1 J, BDIS=28 mJ,
FS=72 N) correlates more with the BAM impact rating than
with the friction sensitivity. This shows that the system of ball
drop impact sensitivity has not yet been completely understood
and that there are other substances that need to be inves-
tigated using this method in order to further expand our
knowledge about this method and sensitivities of energetic
materials in general. For safety reasons, different and unknown
sensitivity values from external devices must be evaluated
carefully.

Table 2. Overview of the compounds’ sensitivities toward various stimuli.

No. IS (J)[a] BDIS (mJ)[b] FS (N)[c] ESD (mJ)[d]

[Cu(DN)2(NH3)4] (2) 2 >200 50 1080
[Cu(ATRI)3](DN)2 (3) 8 20 80 14
[Cu(BTRI)2(H2O)2](DN)2 (4) 7 83 144 181
[Cu(MTZ)6](DN)2 (5) 8 >200 120 203
[Cu(AET)2(DN)2] (6) 2 28 5 250
[Cu(DN)2(MAT)4] · 2 H2O (7) 4 >200 80 >1500
[Cu(AMT)4(H2O)](DN)2 (8) 2 28 3 250
[Cu(1,1-dtm)2(H2O)2](DN)2 (9) 2 41 40 >1500
[Cu(1,2-dtm)3](DN)2 (10) 2 28 15 270
[Cu(1,1-dte)3](DN)2 (11) �1 28 72 76
[Cu(2,2-dte)3](DN)2 (12) 2 25 30 250
[Cu(H2O)2(idtp)2](DN)2 (13) 2 180 120 317
[Cu(DN)2(1,2-dtp)2] (14) 2 >200 60 840
[Cu(dtb)3](DN)2 (15) 3 >200 240 >1500

[a] Impact sensitivity acc. to the BAM drop hammer (method 1 of 6).[28,30] [b] Ball drop impact sensitivity (method 1 of 6) acc. to MIL-STD 1751 A (method
1016).[31] [c] Friction sensitivity acc. to the BAM friction tester (method 1 of 6).[28,32] [d] Electrostatic discharge sensitivity (OZM Electric Spark XSpark10, method
1 of 6).[31b]

Figure 13. High-speed image of the moment of detonation of complexes 6
(left) and 9 (right) during the ball drop impact test.
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A comparison of the complexes of this work with earlier
work of our group on this area is difficult in most cases. Since
strongly coordinating anions such as fulminate, azide, or various
trinitrophenolates lead to significantly different coordination
geometries, a comparison here is almost impossible. Therefore,
the best way of making meaningful comparisons is probably
with other oxidizing, weakly coordinating anions such as nitrate,
chlorate, bromate or perchlorate. In the case of complexes 2, 4,
6, 9, 12, and 15, this is also not possible, since either no
similarly structured complexes are known in the literature or
have not been sufficiently investigated for their energetic
parameters. In the cases in which a comparison was useful, it
was found that apart from compound 11, which is 0.5 J more
sensitive than the respective chlorate and perchlorate com-
plexes, all dinitramide based ECCs are less sensitive than the
analogous chlorate, bromate or perchlorate complexes. The
only suitable nitrate complex [Cu(MTZ)6](NO3)2 on the other side
is less sensitive than ECC 5.

Primary explosive suitability evaluation

Hot plate and hot needle tests were performed as an initial test
to get an insight into each compounds’ deflagration to
detonation transition (DDT), which is a very important property
of primary explosives. Investigations on DDT allow conclusions

to be drawn on how well a primary is capable of initiating a
booster charge such as PETN. The hot plate test displays the
behavior of a compound during fast heating (Figure 14, left).
Hot needle tests indicate the performance of a sample during
slight confinement (Figure 14, right).

Details on the process and further high-speed images of the
experiments can be found in the General Methods in the
Supporting Information (Figures S7–S19). The outcome of each
test is summarized in Table 3. With the exception of 2, 3, 4, and
15, all ECC examined showed at least a deflagration in both
initial experiments. These are very promising findings and the
basis for further tests such as the initiation of pentaerythritol
tetranitrate (PETN) or laser-based ignitions. Since complex 8
detonated during the hot needle test and the complexes 6, 9,
10 and 11 showed very strong deflagrations, those compounds
were investigated as lead azide (LA, Pb(N3)2) substitutes.

To carry out the initiation experiments, 200 mg of PETN
were pressed into a copper shell and initiated with 50 mg of
the substance to be investigated using a Type A electric igniter.
A positive result, as observed in the case of ECC 8, is indicated
by a hole in the copper plate (Figure 15). This clearly proved
that by choosing the appropriate ligand, the power of the
complex can be increased to a level capable of initiating PETN.
A test of compound 11 indicated that this compound is close to
being capable of initiating PETN. A modification of the test, for
example, a variation of the particle size or quantity, could
resolve this problem. Further details on the procedure can be
found in the General Methods of the Supporting Information.

Figure 14. High-speed images of deflagration reactions of compounds 8 and
10 during the hot plate test (left) and detonation in the hot needle test
(right).

Table 3. Results of hot plate, hot needle and PETN Initiation experiments.[a]

Initial Testing PETN Initiation Experiment Initial Testing PETN Initiation Experiment
HP HN HP HN

2 dec. dec. – 9 defl. defl. negative
3 defl. dec. – 10 defl. defl. negative
4 defl. dec. – 11 defl. defl. negative
5 defl. defl. – 12 defl. defl. –
6 defl. defl. negative 13 defl. defl. –
7 defl. defl. – 14 defl. defl. –
8 defl. det. positive 15 dec. dec. –

[a] –: not tested, dec.: decomposition, defl.: deflagration, det.: detonation.

Figure 15. Positive initiation test result of compound 8, together with a
graphical representation of the test setup used.
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Laser ignition experiments

Besides the classical ignition methods by flame, as used in
initiation experiments, or by mechanical stimuli, as found in
percussion caps, more and more research is performed in the
field of alternative ignition methods. One of these fields where
ECC are already established are laser-based ignitions.[16] Espe-
cially regarding the dinitramide anion as part of ECC, there is
evidence that copper(II) complexes based on this system
respond to laser radiation.[9a–c]

The principle of laser-based ignition of primary explosives
and priming mixtures has a great advantage over classical
mechanical ignition. For a mechanical initiation, an impact or
for primers frictional force must be generated. The substances
used for this must therefore have a suitable mechanical
sensitivity. For the most commonly used primary explosives
lead azide (LA RD-1333) and lead styphnate (LS) these
sensitivities were determined to 0.45–1 N and 7–8 J (LS) as well
as �0.1 N and 4 J (LA RD-1333).[34,35] For explosives ignited by
laser irradiation, however, less sensitive substances are also
suitable, which drastically reduces the risk potential during
production, processing, and storage of the respective energetic
materials.

In this work, every compound was investigated for its
behavior when irradiated with a laser beam. The outcome of
each test, together with the applied energy, is shown in Table 4.
Further information on the test setup and procedure can be
found in the General Methods in the Supporting Information.
With the exception of compound 12, all complexes showed a
reaction toward the laser irradiation. The result of such
examination, in this case the result of the testing of compound
5, is shown in Figure 16. Further high-speed recordings of all

compounds can be found in the Supporting Information
(Figures S20–26).

The outcome of each investigation differed significantly due
to the applied ligand. Thus, especially complexes 2, 3, 13, 14,
and 15 showed only weak reactions, which, considering the
respective hot plate and hot needle tests of the substances, is
within the expectations. Coordination compounds 5, 6, 8, 9,
and 10, which are based on ligands known to form powerful
complexes, showed significantly stronger reactions when irradi-
ated by the laser, up to a detonation in the case of compound
8. However, based on these expectations, compound 12 in
particular disappointed in terms of output upon laser irradi-
ation.

As mentioned earlier, the complex based on 2,2-dte did not
respond at all to radiation despite promising hot plate and hot
needle tests. Only minimal decomposition was detected in the
primer cap after completion of the test, with a bulk of the
complex remaining unreacted. This is worth mentioning
because complex 11, based on the isomeric ligand 1,1-dte,
which has the same molecular formula, underwent strong
deflagration during laser irradiation. Assuming that the decom-
position of the sample in the laser is thermal in nature, the two-
step slow decomposition observed during the DTA measure-
ment could be a reason for the behavior (Figure S9).

Except for compound 12, these results suggest a possible
use as potential laser-ignitable explosives and demonstrates
again that by utilizing the concept of ECC, the performance of
the dinitramide anion in complexes can be adjusted by
selecting the appropriate ligand system. As the mechanisms
behind laser ignition (most probably thermal ignition) are still
not fully understood, UV-Vis spectra were recorded in the solid
state for selected compounds. Particular emphasis was placed
on the wavelength range corresponding to that of the laser
when evaluating the spectra. Details on this, as well as all
spectra, can be found in the Supporting Information (Table S4,
Figure S27–S28).

Conclusion

Dinitraminic acid (HDN, 1) was successfully prepared by ion
exchange techniques using an acidified Amberlite IR 120 and
an aqueous ADN solution as eluent. The dinitraminic acid was

Table 4. Results of laser ignition experiments.

Laser Ignition
Experiments, E (mJ)[a,b]

Laser Ignition
Experiments, E (mJ)[a,b]

4.5 30 51 126 30 51 67.5

2 – – dec. – 9 defl. – –
3 – – defl. defl. 10 defl. – –
4 – – dec. – 11 – defl. defl.
5 defl. – defl. – 12 dec. – –
6 – defl. – – 13 – dec. dec.
7 – defl. – – 14 dec. – –
8 – det. – – 15 defl. – –

[a] Operating parameters: current I=7–15 A; voltage U=4 V; theoretical maximal output power Pmax=45 W; theoretical energy Emax=4.5–126 mJ;
wavelength λ=915 nm; pulse length τ=1–15 ms. [b] –: not tested, dec.: decomposition, defl.: deflagration, det.: detonation.

Figure 16. Deflagration of [Cu(MTZ)6)](DN)2 (5) during laser irradiation.
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further reacted with copper(II) carbonate for the in situ prepara-
tion of highly clean copper(II) dinitramide. The combination of
the obtained solution with different ligands led to 13 new
copper complexes of which nine were crystallographically
investigated. To the best of our knowledge, it is also the first
time that the tetraammine complex of the copper dinitramide
has been isolated elemental pure. The complexes were
analyzed in detail regarding their thermal and mechanical
stability as well as their sensitivity to electrostatic discharge.
The thermal stability could thus be increased to over 200 °C (3)
using the bridging and commercially available 4-amino-triazole
ligand. Only three compounds were less thermally stable than
ADN. The systematic series of ditetrazole ligands from a
methylene to a butylene bridge in copper dinitramide com-
plexes was also completed by this work. Here, with the
lengthening of the alkyl chain, a nearly halving of the sensitivity
was observed. This trend contributes significantly to the
concept of ECC to estimate the properties of the following
complexes. In addition, all complexes were investigated in laser
initiation experiments. During these, only one complex did not
show a response to the irradiation, whereas compound 4 even
deflagrated at an energy of 51 mJ and 8 detonated at an energy
of 30 mJ. Furthermore, the concept of ECC was successfully
applied to increase the compounds performance, leading to
one complex (8) even being capable of initiating PETN.
Furthermore, ditetrazole-based complexes 11–15 should be
considered for further testing as burn rate catalysts due to their
low water solubility and decomposition temperature of about
150 °C.

Acknowledgements

For financial support of this work by Ludwig-Maximilian
University (LMU). The authors would like to thank Professor Dr.
Thomas M. Klapötke for his scientific support as well as for
providing his research facilities. Also, the authors would like to
thank Markus Rösch for his great contribution to this work.
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: burn rate catalyst · dinitramide · dinitraminic acid ·
laser ignition · primary explosives

[1] T. M. Klapötke, Chemistry of High-Energy Materials, 5th ed., De Gruyter,
Berlin, Boston, 2019.

[2] A. G. Keenan, R. F. Siegmund, Q. Rev. Chem. Soc. 1969, 23, 430–452.
[3] a) D. E. Chavez, B. C. Tappan, B. A. Mason, D. Parrish, Propellants Explo.
Pyrotech. 2009, 34, 475–479; b) B. C. Tappan, D. E. Chavez, Propellants
Explos. Pyrotech. 2015, 40, 13–15; c) H. Gao, C. Ye, O. D. Gupta, J.-C. Xiao,
M. A. Hiskey, B. Twamley, J. n. M. Shreeve, Chem. Eur. J. 2007, 13, 3853–
3860; d) T. T. Vo, D. A. Parrish, J. n. M. Shreeve, J. Am. Chem. Soc. 2014,
136, 11934–11937.

[4] O. A. Luk’yanov, V. P. Gorelik, V. A. Tartakovskii, Russ. Chem. Bull. 1994,
43, 89–92.

[5] a) O. A. Luk’yanov, A. R. Agevnin, A. A. Leichenko, N. M. Seregina, V. A.
Tartakovsky, Russ. Chem. Bull. 1995, 44, 108–112; b) O. A. Luk’yanov,
O. V. Anikin, V. P. Gorelik, V. A. Tartakovsky, Russ. Chem. Bull. 1994, 43,
1457–1461; c) O. A. Luk’yanov, O. V. Anikin, V. A. Tartakovsky, Russ.
Chem. Bull. 1996, 45, 433–440; d) O. A. Luk’yanov, Y. V. Konnova, T. A.
Klimova, V. A. Tartakovsky, Russ. Chem. Bull. 1994, 43, 1200–1202;
e) O. A. Luk’yanov, I. K. Kozlova, O. P. Shitov, Y. Y. Konnova, I. V. Kalinina,
Y. A. Tartakovsky, Russ. Chem. Bull. 1996, 45, 863–867; f) O. A. Luk’yanov,
N. I. Shlykova, V. A. Tartakovsky, Russ. Chem. Bull. 1994, 43, 1680–1683;
g) O. A. Luk’yanov, S. N. Shvedova, E. V. Shepelev, O. N. Varfolomeeva,
N. N. Malkina, V. A. Tartakovsky, Russ. Chem. Bull. 1996, 45, 1497–1498;
h) V. A. Shlyapochnikov, N. O. Cherskaya, O. A. Luk’yanov, O. V. Anikin,
V. A. Tartakovsky, Russ. Chem. Bull. 1996, 45, 430–432; i) V. A. Shlyapoch-
nikov, M. A. Tafipolsky, I. V. Tokmakov, E. S. Baskir, O. V. Anikin, Y. A.
Strelenko, O. A. Luk’yanov, V. A. Tartakovsky, J. Mol. Struct. 2001, 559,
147–166.

[6] J. C. Bottaro, P. E. Penwell, R. J. Schmitt, J. Am. Chem. Soc. 1997, 119,
9405–9410.

[7] P. Kumar, Def. Technol. 2018, 14, 661–673.
[8] N. Fischer, M. Joas, T. M. Klapötke, J. Stierstorfer, Inorg. Chem. 2013, 52,

13791–13802.
[9] a) M. Joas, T. M. Klapötke, J. Stierstorfer, N. Szimhardt, Chem. Eur. J.

2013, 19, 9995–10003; b) N. Szimhardt, M. H. H. Wurzenberger, T. M.
Klapötke, J. T. Lechner, H. Reichherzer, C. C. Unger, J. Stierstorfer, J.
Mater. Chem. A 2018, 6, 6565–6577; c) M. B. Joas, PhD thesis, Ludwig-
Maximilians University Munich, 2014; d) J. Zhang, Y. Du, K. Dong, H. Su,
S. Zhang, S. Li, S. Pang, Chem. Mater. 2016, 28, 1472–1480.

[10] K. Nosratzadegan, M. Mahdavi, K. Ghani, K. Barati, Propellants Explos.
Pyrotech. 2019, 44, 830–836.

[11] R. M. J. Köhler, A. Homburg, Explosivstoffe, 10th ed., Wiley-VCH, Wein-
heim, 2008.

[12] N. Szimhardt, M. H. H. Wurzenberger, L. Zeisel, M. S. Gruhne, M. Lommel,
T. M. Klapötke, J. Stierstorfer, Chem. Eur. J. 2019, 25, 1963–1974.

[13] a) N. Szimhardt, M. H. H. Wurzenberger, A. Beringer, L. J. Daumann, J.
Stierstorfer, J. Mater. Chem. A 2017, 5, 23753–23765; b) M. H. H.
Wurzenberger, B. R. G. Bissinger, M. Lommel, M. S. Gruhne, N. Szimhardt,
J. Stierstorfer, New J. Chem. 2019, 43, 18193–18202.

[14] M. H. H. Wurzenberger, V. Braun, M. Lommel, T. M. Klapötke, J.
Stierstorfer, Inorg. Chem. 2020, 59, 10938–10952.

[15] H. G. Ang, W. Fraenk, K. Karaghiosoff, T. M. Klapötke, P. Mayer, H. Nöth,
J. Sprott, M. Warchhold, Z. Anorg. Allg. Chem. 2002, 628, 2894–2900.

[16] M. A. Ilyushin, A. A. Kotomin, S. A. Dushenok, Russ. J. Phys. Chem. B
2019, 13, 119–138.

[17] N. Szimhardt, M. H. H. Wurzenberger, L. Zeisel, M. S. Gruhne, M. Lommel,
J. Stierstorfer, J. Mater. Chem. A 2018, 6, 16257–16272.

[18] J. S. M. P. A. Politzer, Theoretical and Computational Chemistry, Vol. 12:
Energetic Materials Part 1: Decomposition, Crystal and Molecular Proper-
ties, 1st ed., Elsevier B. V., Amsterdam, 2003.

[19] A. I. Kazakov, Y. I. Rubtsov, G. B. Manelis, Propellants Explos. Pyrotech.
1999, 24, 37–42.

[20] a) L. Zeisel, N. Szimhardt, M. H. H. Wurzenberger, T. M. Klapötke, J.
Stierstorfer, New J. Chem. 2019, 43, 609–616; b) M. H. H. Wurzenberger,
M. S. Gruhne, M. Lommel, N. Szimhardt, T. M. Klapötke, J. Stierstorfer,
Chem. Asian J. 2019, 14, 2018–2028.

[21] R. Bronisz, Inorg. Chim. Acta 2002, 340, 215–220.
[22] a) J. Schweifer, P. Weinberger, K. Mereiter, M. Boca, C. Reichl, G.

Wiesinger, G. Hilscher, P. J. van Koningsbruggen, H. Kooijman, M.
Grunert, Inorg. Chim. Acta 2002, 339, 297–306; b) C. Baldé, M. S. Sylla, C.
Desplanches, G. Chastanet, Polyhedron 2019, 159, 84–92; c) P. J.
van Koningsbruggen, Y. Garcia, H. Kooijman, A. L. Spek, J. G. Haasnoot,
O. Kahn, J. Linares, E. Codjovi, F. Varret, J. Chem. Soc. Dalton Trans. 2001,
466–471.

[23] L. S. Ivashkevich, A. S. Lyakhov, A. N. Shmakov, V. V. Efimov, O. A.
Ivashkevich, S. I. Tyutyunnikov, Phys. Part. Nucl. Lett. 2008, 5, 62–65.

[24] Y.-G. Bi, Y.-A. Feng, Y. Li, B.-D. Wu, T.-L. Zhang, J. Coord. Chem. 2015, 68,
181–194.

[25] K. Karaghiosoff, T. M. Klapötke, C. Miró Sabaté, Chem. Eur. J. 2009, 15,
1164–1176.

[26] Deposition numbers 2063682 (4), 2063676 (6), 2063681 (8), 2063679 (9),
or 2063675 (10) 2063677 (11), 2063680 (12), 2063678 (13) and 2063674
(15) contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100747

9122Chem. Eur. J. 2021, 27, 9112–9123 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 18.06.2021

2135 / 204703 [S. 9122/9123] 1

https://doi.org/10.1039/qr9692300430
https://doi.org/10.1002/prep.200800081
https://doi.org/10.1002/prep.200800081
https://doi.org/10.1002/prep.201400247
https://doi.org/10.1002/prep.201400247
https://doi.org/10.1002/chem.200601860
https://doi.org/10.1002/chem.200601860
https://doi.org/10.1021/ja5074036
https://doi.org/10.1021/ja5074036
https://doi.org/10.1007/BF01433989
https://doi.org/10.1016/S0022-2860(00)00697-9
https://doi.org/10.1016/S0022-2860(00)00697-9
https://doi.org/10.1021/ja9709278
https://doi.org/10.1021/ja9709278
https://doi.org/10.1016/j.dt.2018.03.009
https://doi.org/10.1021/ic402038x
https://doi.org/10.1021/ic402038x
https://doi.org/10.1002/chem.201300688
https://doi.org/10.1002/chem.201300688
https://doi.org/10.1039/C8TA01412D
https://doi.org/10.1039/C8TA01412D
https://doi.org/10.1021/acs.chemmater.5b04891
https://doi.org/10.1002/prep.201800348
https://doi.org/10.1002/prep.201800348
https://doi.org/10.1002/chem.201803372
https://doi.org/10.1039/C7TA07780G
https://doi.org/10.1039/C9NJ03937F
https://doi.org/10.1021/acs.inorgchem.0c01403
https://doi.org/10.1002/1521-3749(200213)628:13%3C2894::AID-ZAAC2894%3E3.0.CO;2-R
https://doi.org/10.1134/S1990793119010238
https://doi.org/10.1134/S1990793119010238
https://doi.org/10.1039/C8TA06326E
https://doi.org/10.1039/C8NJ05375H
https://doi.org/10.1002/asia.201900269
https://doi.org/10.1016/S0020-1693(02)01072-1
https://doi.org/10.1016/S0020-1693(02)00934-9
https://doi.org/10.1016/j.poly.2018.11.046
https://doi.org/10.1039/b008073j
https://doi.org/10.1039/b008073j
https://doi.org/10.1134/S154747710801010X
https://doi.org/10.1080/00958972.2014.981167
https://doi.org/10.1080/00958972.2014.981167
https://doi.org/10.1002/chem.200801666
https://doi.org/10.1002/chem.200801666
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202100747
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202100747
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202100747
http://www.ccdc.cam.ac.uk/structures


Crystallographic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service (accessed February 2021).

[27] a) M. Daszkiewicz, M. K. Marchewka, J. Mol. Struct. 2012, 1017, 90–97;
b) P. Domiano, Cryst. Struct. Commun. 1977, 6, 503; c) J. Bryden, Acta
Crystallogr. 1956, 9, 874–878; d) M. H. Palmer, S. Parsons, Acta
Crystallogr. Sect. C 1996, 52, 2818–2822.

[28] BAM, www.bam.de, (accessed February 2021).
[29] Impact sensitivity: insensitive>40 J, less sensitive�35 J, sensitive�4 J,

very sensitive 3 J; Friction sensitivity: insensitive>360 N, less sensitive=

360 N, sensitive<360 N and >80 N, very sensitive 80 N, extremely
sensitive 10 N. According to the UN Recommendations on the Transport
of Dangerous Goods – Manual of Tests and Criteria, section 13.4.2.3.3,
2015.

[30] a) NATO standardization agreement (STANAG) on explosives, impact
sensitivity tests, no. 4489, 1st ed., Sept. 17, 1999; b) WIWEB-Stand-
ardarbeitsanweisung 4–5.1.02, Ermittlung der Explosionsgefährlichkeit,
hier der Schlagempfindlichkeit mit dem Fallhammer, Nov. 8, 2002.

[31] a) United States Military Standard 1751 A (MIL-STD-1751 A), Safety and
performance tests for qualification of explosives (high explosives,

propellants and pyrotechnics), Method 1016, 2001; b) OZM,
www.ozm.cz, (accessed February 2021).

[32] a) NATO standardization agreement (STANAG) on explosive, friction
sensitivity tests, no. 4487, 1st ed., Aug. 22, 2002; b) WIWEB-Stand-
ardarbeitsanweisung 4–5.1.03, Ermittlung der Explosionsgefährlichkeit
oder der Reibeempfindlichkeit mit dem Reibeapparat, Nov. 8, 2002.

[33] a) J. G. Reynolds, P. C. Hsu, G. A. Hust, S. A. Strout, H. K. Springer,
Propellants Explos. Pyrotech. 2017, 42, 1303–1308; b) S. M. Walley, J. E.
Field, R. A. Biers, W. G. Proud, D. M. Williamson, A. P. Jardine, Propellants
Explos. Pyrotech. 2015, 40, 351–365.

[34] M. S. Gruhne, M. Lommel, M. H. H. Wurzenberger, N. Szimhardt, T. M.
Klapötke, J. Stierstorfer, Propellants Explos. Pyrotech. 2020, 45, 147–153.

[35] T. M. Klapötke, Energetic Materials Encyclopedia, 2nd ed., De Gruyter,
Berlin, Boston, 2021.

Manuscript received: March 1, 2021
Accepted manuscript online: April 26, 2021
Version of record online: June 10, 2021

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100747

9123Chem. Eur. J. 2021, 27, 9112–9123 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 18.06.2021

2135 / 204703 [S. 9123/9123] 1

http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1016/j.molstruc.2012.03.011
https://doi.org/10.1107/S0365110X56002497
https://doi.org/10.1107/S0365110X56002497
https://doi.org/10.1107/S0108270196008232
https://doi.org/10.1107/S0108270196008232
http://www.bam.de
http://www.ozm.cz
https://doi.org/10.1002/prep.201700115
https://doi.org/10.1002/prep.201500043
https://doi.org/10.1002/prep.201500043
https://doi.org/10.1002/prep.201900286
https://doi.org/10.1002/prep.201900286

