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1-Amino-3-nitroguanidine (ANQ, 2) was synthesized via hydrazinolysis of nitroguanidine (1). An
appropriate Lewis structure of ANQ is drawn based on VB calculations. Due to its basicity, it can be
protonated by strong mineral acids or acidic heterocycles. In order to synthesize new energetic mate-
rials the nitrate (3) and perchlorate (4) salts of 1-amino-3-nitroguanidine were synthesized by proto-
nation of 2 with 40% nitric acid and 60% perchloric acid, respectively. 5-Nitrimino-1,4H-tetrazole
obtained by reacting 5-amino-1H-tetrazole with 100% HNO3 was used to synthesize the nitriminote-
trazolate salt 5. Furthermore, the dinitramide salt 6 of 1-amino-3-nitroguanidine was synthesized by
metathesis reaction of silver dinitramide and 1-amino-3-nitroguanidinium chloride. The dinitroguani-
dinate salt 7 was synthesized by protonation of 2 with 1,3-dinitroguanidine, which was prepared from
nitroguanidine in anhydrous nitric acid/N2O5. All compounds were fully characterized by single-
crystal X-ray diffraction, vibrational spectroscopy (IR and Raman), multinuclear NMR spectroscopy,
mass spectrometry, elemental analysis, and DSC measurements. The heats of formation of 2 – 7 were
calculated using the atomization method based on CBS-4M enthalpies. With these values and the ex-
perimental (X-ray) densities several detonation parameters such as the detonation pressure, velocity,
energy, and temperature were computed using the EXPLO5 code. In addition, the sensitivities towards
impact, friction and electrical discharge were tested using the BAM drophammer, friction tester as
well as a small-scale electrical discharge device. A Koenen test with 1-amino-3-nitroguanidinium
nitrate (3) was carried out in order to evaluate its explosive performance and shipping classification.
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Introduction

The guanidine building block is one of the first
structural moieties that has been known to the chem-
ical and biological community and was discovered
as early as 1866, when the first guanidine deriva-
tive was prepared by Hofmann [1]. Since then, guani-
dine chemistry has evolved into an extremely wide
ranging field of applications starting from bioorganic
chemistry and biochemistry [2] to inorganic chem-
istry, which most importantly can be traced back to
a vast variability of derivatization of the guanidine
moiety itself. If focusing on the field of inorganic
chemistry, principally amination and nitration prod-
ucts of guanidine and the guanidinium cation are of
major interest. Whereas the full series of amination

products of the guanidinium cation (amino-, diamino-
and triaminoguanidinium cation) is known [3], only
mononitro- [4] and dinitroguanidine [5] as the re-
spective nitration analogs have been discovered. On
the one hand, amination of one of the amino groups
in the guanidine moiety is achieved in a hydrazi-
nolysis reaction, which can be applied up to three
times leading to triaminoguanidine [3]. On the other
hand, nitration is performed by treating guanidinium
nitrate with conc. sulfuric acid. Nitroguanidine (1),
HN = C(NH2)NHNO2, was first prepared in larger
quantities by Jousselin [4] using the aforementioned
synthetic pathway, when the compound separated upon
dilution with water. However, for the preparation of
dinitroguanidine, harsher conditions using N2O5 as ni-
tration reagent are required [5]. (Mono)nitroguanidine
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Fig. 1. Formula structures of amino-nitroguanidines: 1: 1-
nitroguanidine (NQ), 2: 1-amino-3-nitroguanidine (ANQ), 3:
1,3-diamino-5-nitroguanidine (DANQ) (not known yet).

is used principally as an ingredient in explosive and
propellant formulations [6]. In this work, we mainly
focus on a mixed amination/nitration product, which
is aminonitroguanidine (2) and ionic materials, which
utilize the aminonitroguanidinium cation as the re-
spective protonated species. To date, only very little
correspondence on aminonitroguanidine [7 – 9], espe-
cially if it comes to its structural investigation, is found
in the literature. The next step in the preparation of
mixed aminonitroguanidines could be the synthesis of
diaminonitroguanidine (3), which still is a completely
unknown field (Fig. 1).

To tie in with the application of nitroguanidine as
an energetic material, the possible advantage result-
ing from introducing one further amino group to ni-
troguanidine is the generation of a larger gas volume
when the compound is burned, which mainly is desired
if the material is used in propellant systems. Apart
from that, we also expect a higher heat of formation,
which is a desirable feature if the compound should
find application as a high explosive. Since one of the
main topics in this work is the preparation of ener-
getic aminonitroguanidinium salts, from the chemical
point of view it is necessary to look at the acid base
properties of mixed aminonitroguanidines. The intro-
duction of one further amino group to nitroguanidine
through a hydrazinolysis reaction has on the one hand
the advantage of lowering the pKB value of nitroguani-
dine so that it can be protonated in aqueous solution
and therefore utilized as an energetic cation. However,
we found that strong acids are required to protonate
it. On the other hand, a second reason which makes
1-amino-3-nitroguanidine a suitable precursor in the
synthesis of ionic energetic materials is its higher oxy-
gen content compared to amino-substituted guanidine
derivatives such as aminoguanidine or triaminoguani-
dine. It therefore combines the advantages of ease of
protonation of the amino-substituted guanidine deriva-
tives and good oxygen balances and high densities of

the nitro-substituted guanidine derivatives. Here we re-
port on the synthesis and characterization of energetic
salts of 1-amino-3-nitroguanidine such as the nitrate
(3), the perchlorate (4), the nitriminotetrazolate (5), the
dinitramide (6), and the dinitroguanidinate (7).

Results and Discussion

Synthesis

Aminonitroguanidine (2) was synthesized in aque-
ous solution employing a hydrazinolysis reaction of
commercially available nitroguanidine (1), whereas
it is important to control the temperature accurately
(Scheme 1) [7]. The product itself shows fairly poor
solubility in water and therefore can be recrystallized
from hot water.

Considering that the yield is only 45%, there still
is the question about the remaining starting mate-
rial. Henry, Lewis and Smith [8], when reinvestigat-
ing the hydrazinolysis of nitroguanidine found two
by-products of the reaction to be aminoguanidine and
diaminoguanidine. Assuming an addition-elimination
mechanism, nitroguanidine reacts with hydrazine to
form an intermediate containing a tetrasubstituted car-
bon atom (A), which under the elimination of am-
monia converts into 2. However, the elimination of
nitramine (which decomposes to N2O and H2O) leads
to aminoguanidine B. The formation of diaminoguani-
dine as the second by-product can be explained by
a further reaction of 2 with an additional equiva-
lent of hydrazine to form species C, which under the
elimination of nitramine forms diaminoguanidine D
(Scheme 2) [10]. These findings are also corroborated
by an experiment using a larger excess of hydrazine hy-
drate (2.2 eq.) in order to form diaminonitroguanidine,
which only resulted in the isolation of 2 in minor yields
(23%).

For the synthesis of the ionic compounds, ANQ
can be protonated by strong mineral acids such as hy-
drochloric acid, nitric acid and perchloric acid in ex-
cess at elevated temperatures (60 ◦C). During the syn-

Scheme 1. Hydrazinolysis of nitroguanidine. Reaction con-
ditions: stirring, 55 ◦C, 15 min.
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Scheme 2. Possible formation of the reaction by-products B and D assuming an addition-elimination mechanism.

thesis and crystallization of the nitrate (3) and the per-
chlorate (4) salt it is necessary to use acids of con-
centrations not lower than 40% to avoid the precipi-
tation of the poorly water soluble unprotonated ANQ.
Once ANQ is dissolved in the corresponding acid,
the nitrate or perchlorate salt will crystallize from the
aqueous solution in large colorless blocks. Also the
acidity of 5-nitriminotetrazole [11] is high enough to
protonate aminonitroguanidine. The experiment was
carried out under the same conditions using the sis-
ter compounds 1-methyl-5-nitriminotetrazole [11] and
2-methyl-5-nitriminotetrazole [11]. Both compounds
failed to react, so that only aminonitroguanidine and
the free acids could be isolated afterwards. The aci-
dity of 5-nitriminotetrazole drops by adding an alkyl
side chain to the heterocycle in such a way, that it is
not sufficiently acidic any more to protonate amino-
nitroguanidine in aqueous solutions. For the prepara-
tion of the dinitramide a metathesis reaction using sil-
ver dinitramide [12] and the aminonitroguanidine hy-
drochloride salt is necessary. Aminonitroguanidinium
chloride was synthesized by simple protonation of the
ANQ unit with half-concentrated hydrochloric acid
(20% w/v).

The silver dinitramide was prepared according to
the literature [12] as acetonitrile adduct, dissolved in
very little acetonitrile and then added to an aqueous
solution of aminonitroguanidinium chloride. To avoid
the inclusion of one equivalent of silver coordinated to
aminonitroguanidine, both, the hydrochloride and the
silver dinitramide were reacted in equimolar amounts,
whereas the silver dinitramide, dissolved in acetoni-
trile, was added dropwise to the solution of the hy-

drochloride in water. To ensure the completeness of
the reaction, the mixture was further heated to 35 ◦C
for 2 h under the exclusion of light resulting in the
formation of 6 before being filtered off. From a facile
Brønsted acid base reaction of an aqueous solution of 2
with an aqueous solution of dinitroguanidine the ionic
product 7 could be isolated. It crystallizes directly from
the reaction mixture with two and a half molecules of
water per molecular unit. Dinitroguanidine was syn-
thesized according to literature [5]. Interestingly, the
exchange of one amino group in 2 by a nitro group
lowers the pKa value of the compound by a step which
is just large enough to protonate 2 in aqueous solution.
All reaction pathways are gathered in Scheme 3.

Single-crystal X-ray structure analyses

Experimental details

The low temperature (173 K) determination of the
crystal structures of 2 – 7 was performed on an Oxford
Xcalibur3 diffractometer with a Spellman generator
(voltage 50 kV, current 40 mA) and a KappaCCD de-
tector with a wavelength of 0.71073 Å. The data collec-
tion and reduction was carried out using the CRYSAL-
ISPRO software [13]. The structures were solved ei-
ther with SHELXS-97 [14a] or SIR-92 [14b], refined
with SHELXL-97 [15] and finally checked using the
PLATON [16] software integrated in the WINGX [17]
software suite. The non-hydrogen atoms were refined
anisotropically, and the hydrogen atoms were located
and freely refined. The absorptions were corrected
with a Scale3 Abspack multi-scan method. Selected
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Scheme 3. Formation of aminonitroguanidinium salts 3 – 7.

data and parameters of the X-ray determinations are
given in Table 1. Crystallographic data have been de-
posited with The Cambridge Crystallographic Data
Centre [18].

Structural details

Although compound 2 has been known for a long
time, its crystal structure has never been published.
Naidu et al. [19] claimed that ANQ belongs to a tetrag-
onal crystal system which could not be confirmed in
our study. Suitable single crystals of 2 were obtained
from acidic aqueous media (40% HF in H2O). Com-
pound 2 crystallizes in the monoclinic space group
P21/c with four molecules in the unit cell. The struc-
ture could sufficiently be refined using a merohe-
dral twinning matrix. Fig. 2 represents the asymmet-
ric unit. The bond lengths of neutral 2 and its proto-
nated species 3 – 7 are listed in Table 2. Protonation al-
ways takes place at the outer hydrazine nitrogen atom
N4, which does not influence the molecular structures
(bond lengths and angles). All of the C–N bonds are

Fig. 2. Molecular structure of compound 2. Ellipsoids are
drawn at the 50% probability level.

significantly shorter than C–N single bonds. Except
for 2, in all structures investigated in this work the
C1–N5 distances are found to have the shortest val-
ues within the ANQ moieties. Also both N–N distances
(N1–N2 and N3–N5) are between N–N single (1.48 Å)
and N=N double (1.30 Å) bonds.

The relatively high density of 1.72 g cm−3 is a con-
sequence of several strong N–H···N and N–H···O hy-
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,Å
3

45
9.

46
(1

3)
31

7.
57

(5
)

36
8.

28
(7

)
10

97
.7

3(
12

)
87

6.
75

(9
)

61
0.

14
(9

)
Z

4
2

2
4

4
2

D
ca

lc
d
,g

cm
−

3
1.

72
1.

91
1.

98
1.

73
1.

85
1.

71
µ

(M
oK

α
),

cm
−

1
0.

2
0.

2
0.

5
0.

2
0.

2
0.

2
F

(0
00

),
e

24
8

18
8

22
4

59
2

50
4

32
6

hk
lr

an
ge

−
8
≤

8;
−

12
≤

8;
−

8
≤

7;
−

8
≤

7;
−

8
≤

8;
−

9
≤

9;
−

11
≤

10
;−

8
≤

7;
−

9
≤

8;
−

16
≤

15
;

−
9
≤

7;
−

10
≤

9;
−

6
≤

9
−

9
≤

9
−

9
≤

9
−

23
≤

23
−

6
≤

10
−

13
≤

13
((

si
nθ

)/
λ

) m
ax

,Å
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Atoms A–B 2 3 4 5 6 7
O1–N2 1.245(2) 1.239(1) 1.247(2) 1.235(2) 1.252(2) 1.247(2)
O2–N2 1.254(2) 1.236(1) 1.239(2) 1.240(2) 1.230(2) 1.243(2)
N1–N2 1.336(2) 1.348(2) 1.338(2) 1.345(2) 1.348(2) 1.343(2)
N3–N4 1.414(2) 1.411(2) 1.408(2) 1.414(2) 1.415(2) 1.421(2)
N1–C1 1.374(2) 1.346(2) 1.348(3) 1.354(2) 1.350(2) 1.355(2)
N3–C1 1.334(2) 1.348(2) 1.355(3) 1.356(2) 1.354(2) 1.351(2)
N5–C1 1.319(3) 1.320(2) 1.306(3) 1.314(2) 1.306(2) 1.312(2)

Table 2. Selected bond lengths
(Å) of compounds 2 – 7.

Fig. 3. Hydrogen bonding
of one aminonitroguanidine
molecule. Symmetry codes:
(i) 1 − x, 1 − y, 1 − z; (ii)
1 + x, 0.5 − y, 0.5 + z; (iii)
1− x, −y, 1− z; (iv) 1− x,
−0.5 + y, 0.5 − z; (v) x,
0.5− y, −0.5 + z; (vi) 1− x,
0.5+ y, 0.5− z.

Fig. 4. Molecular structure of compound 3. Ellipsoids are
drawn at the 50% probability level.

drogen bonds. 2 crystallizes in a layer-like structure,
in which the layers are formed by the H-bond modes
depicted in Fig. 3.

This constitution is observed for all ANQ salts pre-
sented in this work and is therefore probably caused
by the protonation of nitrogen atom N4. The cations of
compound 3 are arranged parallel and are connected by
the nitrate anions which follow the direction of the hy-
drazinium proton H4c (not within the cation’s plane).
Fig. 4 shows the molecular moiety of compound 3.

Fig. 5. Molecular structure of compound 4. Ellipsoids are
drawn at the 50% probability level.

The perchlorate salt 4 crystallizes triclinically with
the highest density (1.98 g cm−3) of the investigated
compounds (Fig. 5). The Cl–O bond lengths in the
ClO−4 anion lie between 1.41 and 1.44 Å, which is
a commonly observed bond length and can also be
found in other perchlorate structures [20].

Single crystals of 5 were obtained from a wa-
ter/ethanol mixture. Salt 5 holding monodeprotonated
5-nitriminotetrazolate as the counter anion could only
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Fig. 6. Molecular structure of compound 5. Ellipsoids are
drawn at the 50% probability level. Selected bond lengths
of the nitriminotetrazolate anion (Å): O1–N6 1.245(2),
O2–N6 1.269(2), N1–C1 1.340(2), N1–N2 1.349(2), N2–
N3 1.294(2), N3–N4 1.354(2), N4–C1 1.332(2), N5–N6
1.318(2), N5–C1 1.376(2).

Fig. 7. Molecular structure of compound 6. Ellipsoids are
drawn at the 50% probability level. Bond lengths of
the dinitramide anion (Å): O3–N8 1.2317(17), O4–N8
1.2172(17), O5–N6 1.2541(16), O6–N6 1.2287(16), N6–N7
1.3423(17), N7–N8 1.3926(18).

be obtained in crystalline form (monoclinic space
group P21/c) with the inclusion of two molecules of
crystal water (Fig. 6). The planar structure of the an-
ion, fixed by the intramolecular hydrogen bond N1–
H1···O1 (graph set R1,1(6)), is in agreement with
several examples published in the literature [21, 22]
bearing this anion. The packing is best described by
a wave-like arrangement along the c axis.

Amino-nitroguanidinium dinitramide monohydrate
(6) crystallizes also in the monoclinic space group
P21/c with Z = 4 and a high density of 1.85 g cm−3.
The dinitramide anion participating in several strong
hydrogen bonds is significantly twisted (bent angle
∼59.5◦) (Fig. 7). Again a wave-like arrangement along
the b axis can be detected.

Fig. 8. Molecular structure of compound 7. Ellipsoids are
drawn at the 50% probability level. Selected bond lengths of
the DNQ anion (Å): O3–N7 1.2422(18), O4–N7 1.2430(17),
O5–N9 1.2544(17), O6–N9 1.2491(18), N6–N7 1.3426(19),
N6–C2 1.363(2), N8–N9 1.3316(19), N8–C2 1.376(2), N10–
C2 1.309(2).

The combination of two different nitroguanidinines
in compound 7 leads to the inclusion of two and a half
crystal water molecules in the crystalline state (Fig. 8).
The compound crystallizes in the triclinic space group
P1̄ with the lowest density of 1.705 g cm−3 observed
in this work. The dinitroguanidinate anion follows the
structure described for its ammonium salt [23]. In the
packing layers are formed by the cations and anions.
The parallel layers are exclusively connected by hy-
drogen bonds involving the crystal water molecules be-
tween the layers.

NMR spectroscopy

1H as well as 13C and 14N NMR spectroscopy were
applied to identify 1-amino-3-nitroguanidine and its
salts. Additionally a 15N NMR spectrum of 2 was
recorded. For better comparison all spectra were mea-
sured using [D6]DMSO as solvent, and all chemical
shifts are given with respect to TMS (1H, 13C) and ni-
tromethane (14N/15N). The proton spectrum of the neu-
tral compound 2 reveals 4 singlets corresponding to the
protons of the NH and of both NH2 groups. The sig-
nal of the hydrazine NH2 group appears at 4.64 ppm
at highest field. For the two protons of the C-bonded
amino group two distinct signals at 8.22 and 7.52 ppm
are observed. This indicates hindered rotation around
the C–N bond due to partial double bond character. The
signal of the NH proton is found at 9.29 ppm and thus
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Fig. 9. 15N{1H} NMR spectrum of 1-amino-3-nitroguani-
dine (2).

at lowest field. The 13C NMR spectrum shows a clear
singlet at 161.5 ppm for the carbon atom, whereas the
14N NMR spectrum reveals a singlet (line width at
half height 17 Hz) at −13 ppm for the nitro group con-
tained. The signals of the other nitrogen atoms are
broad and difficult to locate in the 14N NMR spectrum.
However, they are clearly observed in the 15N{1H}
NMR spectrum, which is shown in Fig. 9. Due to the
nuclear Overhauser effect, the three nitrogen atoms
having directly bonded protons display negative sig-
nals in the high-field region of the spectrum at –276.4,
–301.8 and −327.9 ppm (NH/NH2). In accordance
with literature values of other primary nitramines [24],
the signal at −146.3 ppm is assigned to the remaining
nitrogen atom (N–NO2) of the nitramine moiety.

All ionic compounds 3 – 7 show two broad sin-
glets in their proton NMR spectra: one between 8.14
and 9.53 ppm for NH and a second between 6.90
and 8.38 ppm for -NH2/-NH3

+. In contrast to com-
pound 2 only one signal is observed for the protons
of the C-bonded amino group. In the carbon NMR
spectra of compounds 3 – 7 one signal at 159.0 to
160.7 ppm can be assigned to the protonated amino-
nitroguanidine, and an additional signal at 154.7 ppm
for deprotonated 5-nitriminotetrazole is observed in
the spectrum of 5. The 14N NMR spectra show the sig-
nals of the nitro group of the aminonitroguanidinium
cation at −15 ppm. Further nitro groups are observed

in the spectrum of 3 (NO3
−, −7 ppm), 5 (NNO2,

−8 ppm), 6 (N(NO2)2
−, −10 ppm) and 7 ((NNO2)2,

−19 ppm). Also the protonated terminal amino groups
of the cation can be detected as sharp signals at high
field [−354 (4), −353 (5), −360 (7)].

Sensitivities and thermal stability

The impact sensitivity tests were carried out accord-
ing to STANAG 4489 [25] modified instruction [26]
using a BAM (Bundesanstalt für Materialforschung)
drophammer [27]. The friction sensitivity tests were
carried out according to STANAG 4487 [28] modi-
fied instruction [29] using the BAM friction tester. The
classification of the tested compounds results from the
“UN Recommendations on the Transport of Dangerous
Goods” [30]. Additionally all compounds were tested
for their sensitivity towards electrical discharge using
the Electric Spark Tester ESD 2010 EN [31]. All sen-
sitivities of compounds 2 – 7 were determined by the
above described procedures. Expectedly, the perchlo-
rate salt 4 is the most sensitive compound with val-
ues of 1 J (IS) and 20 N (FS), which has to be classi-
fied as very sensitive. Also the 5-nitriminotetrazolate
5 shows enhanced impact sensitivity (5 J) and fric-
tion sensitivity (96 N). The same applies to the fric-
tion sensitivity of the dinitramide 6 (40 N). Astonish-
ingly, the impact sensitivity of 6 (10 J) is very sim-
ilar to that of the nitrate salt 3 (10 J) and the dini-
troguanidinate salt 7 (12 J). Regarding the impact sen-
sitivity, the least sensitive compound within the inves-
tigated group is the unprotonated aminonitroguanidine
itself. Apparently, protonation of the molecule leads to
a certain destabilization by lowering the C–N bond or-
der of the hydrazine moiety in aminonitroguanidine.
The sensitivities towards electrical discharge are in
a range between 0.10 J (6) and 0.50 J (3). These val-
ues depend strongly on the crystal size of the cor-
responding compound. The nitrate salt 3 crystallizes
in large blocks, thus its sensitivity towards electrical
discharge is comparatively low. The sensitivities as
well as the decomposition and dehydration tempera-
tures of all investigated compounds are gathered in
Table 3.

Differential scanning calorimetry (DSC) measure-
ments to determine the melting and decomposition
temperatures of 2 – 7 (about 1.5 mg of each energetic
material) were performed in covered Al containers
with a hole in the lid at a nitrogen flow of 20 mL
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Table 3. Sensitivities and thermal behavior of compounds
2 – 7.

IS (J) FS (N) ESD (J) Tdec (◦C) Tdehydr (◦C)
2 20 144 0.15 184 –
3 10 120 0.50 130 –
4 1 20 0.15 108 –
5 5 96 0.40 136 76
6 10 40 0.10 108 66
7 12 288 0.20 118 79

per minute on a Linseis PT 10 DSC [32] calibrated
by standard pure indium and zinc at a heating rate
of 5 ◦C min−1. The most temperature-stable of the de-
scribed energetic materials is the free base ANQ it-
self. It decomposes in a two step mechanism, which
could be due to the loss of an amino group in a first
step at 184 ◦C and then to the decomposition of the
remaining nitroguanidine in a second step starting at
200 ◦C. For the ionic species 3 – 7 decomposition tem-
peratures are significantly lower ranging from 108 ◦C
(4, 6) to 136 ◦C (5). The same arguments as for the sen-
sitivities of the protonated aminonitroguanidine com-
pounds can be applied to their thermal stability, which
is the lowering of the C–N bond order resulting in an
earlier decomposition. Additionally, the loss of crys-
tal water in compounds 5 – 7 can be observed in the
DSC curves as endothermic peaks between 66 ◦C (6)
and 79 ◦C (7).

Heat of formation and detonation parameters

Heats and corresponding energies of formation were
calculated with the atomization energy method (Eq. 1)
using CBS-4M electronic energies (Table 4). Values
obtained by this method have been shown to be
suitable in several recently published studies [23].

Table 5. Solid state energies of formation (∆fU◦) of compounds 2 – 7.

∆fH VM UL ∆HL ∆fH◦ ∆n ∆fU◦ M ∆fU◦

(g) (kJ mol−1) (nm3) (kJ mol−1) (kJ mol−1) (s) (kJ mol−1) (s) (kJ mol−1) (g mol−1) (s) (kJ kg−1)
2 161.7 – – 85.9a 76.9 6 91.8 119.1 770.4
3 563.4 0.158 537.8 541.2 22.2 8.5 43.3 182.1 237.5
4 599.4 0.184 591.3 594.8 4.6 8 24.5 219.6 111.4
5 544.3b 0.224 489.8 493.3 51.0 14 85.7 285.2 300.4
6 511.4 0.194 508.9 512.4 –0.2 11.5 27.5 244.1 112.7
7 40.9 0.243 480.0 484.4 –312.3 15.75 –273.3 313.09 –872.8

a Sublimation enthalpy calculated by Trouton’s rule [36] (188 ·Tm (K); Tm = 457 K); b values are corrected for hydrate water (−241 kJ mol−1

per water molecule).

Table 4. CBS-4M results and gas phase enthalpies.

Formula −H298 (a.u.) ∆fH (g) (kJ mol−1)
ANQ CH5N5O2 464.602726 161.7
ANQ+ CH6N5O2

+ 464.914496 877.0
NO3

− NO3
− 280.080446 −313.6

ClO4
− ClO4

− 760.171182 −277.6
HAtNO2

− CHN6O2
− 516.973495 150.4

DN− N3O4
− 464.499549 −124.0

DNQ− CH2N5O4
− 613.123393 −101.9

CBS-4M energies of the atoms (C,H,N,O), ANQ, the
ANQ+ cation, and the anions were calculated with the
GAUSSIAN09 (revision A1) software package [33] and
checked for imaginary frequencies. Values for ∆fH◦

(atoms) were taken from the NIST database [34].

∆fH
◦
(g, M, 298) =H(Molecule, 298)−∑H◦(Atoms, 298)

+∑∆fH
◦
(Atoms, 298) (1)

For calculation of the solid-state energy of formation
(Table 5) of 3 – 7, the lattice energy (UL) and lattice
enthalpy (∆HL) were calculated from the correspond-
ing molecular volumes (obtained from X-ray elucida-
tions) according to the equations provided by Jenkins
et al. [35]. With the calculated lattice enthalpy (Ta-
ble 5) the gas-phase enthalpy of formation was con-
verted into the solid-state (standard conditions) en-
thalpy of formation. These molar standard enthalpies
of formation (∆Hm) were used to calculate the molar
solid state energies of formation (∆Um) according to
Eq. 2 (Table 5):

∆Um = ∆Hm−∆nRT (2)

with ∆n being the change of moles of gaseous compo-
nents.
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Table 6. Energetic characteristics and calculated explosive performance parameters of compounds 2 – 7 using the EXPLO5
code.

2 3 4 5 6 7
Formula CH5N5O2 CH6N6O5 CH6N5O6Cl C2H11N11O6 CH8N8O7 C2H13N10O8.5

FW, g mol−1 119.08 182.10 219.54 285.18 244.12 313.19
N, % a 58.8 46.2 31.90 54.4 45.9 44.7
Ω , % b –33.59 0.0 +10.93 –19.63 +6.55 –10.22
ρ , g cm−3 c 1.722 1.905 1.980 1.726 1.850 1.705
EXPLO5.04 values:
−∆ExU◦, kJ kg−1 d 4915 6191 – 5236 5636 5313
Tdet, Ke 3310 4196 – 3607 3949 3612
PCJ, kbarf 307 427 – 317 377 311
Vdet, m s−1 g 8729 9551 – 8753 9175 8656
Vo, L kg−1 h 878 857 – 880 871 890

a Nitrogen content; b oxygen balance [38]; c density from X-ray diffraction; d energy of explosion; e explosion temperature; f detonation
pressure; g detonation velocity; h volume of detonation gases assuming only gaseous products.

The detonation parameters were calculated using the
program EXPLO5 V5.04 [37]. The program is based on
the steady-state model of equilibrium detonation and
uses Becker-Kistiakowsky-Wilson’s equation of state
(BKW E. O. S.) for gaseous detonation products and
Cowan-Fickett E. O. S. for solid carbon.

The calculations for 2 – 7 were performed using
the maximum densities according to the crystal struc-
tures. Additionally the explosion performance pa-
rameters of the water-free dinitramide were calcu-
lated assuming the same density as for the monohy-
drate. Except for 6 and 7, all calculated heats of for-
mation are positive with values ranging from only
slightly positive (4: 4.6 kJ mol−1) to more endother-
mic (2: 76.9 kJ mol−1). All calculated values for the
heats and energies of formation can be found in
Table 5.

Having a look at the explosive performance pa-
rameters shown in Table 6, the nitrate salt 3 and the
dinitramide salt 6 stand out with their very high de-
tonation velocities and pressures of 9551 m s−1 and
427 kbar (3) and 9175 m s−1 and 377 kbar (6), which
are caused by their high densities of 1.91 g cm−3

(3) and 1.85 g cm−3 (6). The perchlorate salt 4 and
dinitramide salt 6 reveal an even positive oxygen bal-
ance which is a desirable feature for oxidizers in pro-
pellant formulations. Compound 3 is an example of an
energetic compound having a balanced oxygen con-
tent, which is found very rarely in the literature. Its
combustion equation can be formulated ideally to be
CH6N6O5→ CO2 +3H2O+3N2. Also 2 shows a de-
tonation velocity in the vicinity of 9000 m s−1 which
is higher than commonly used RDX.

Valence bond (VB) calculations

In order to elucidate the bonding situation based on
valence bond (VB) theory and to determine the most
relevant Lewis-type structure(s), various calculations
were performed using the VB2000 [version 2.5(R1)]
code [39]. The input structure was taken from a fully
optimized (within Cs symmetry) MP2/aug-cc-pVDZ
calculation (NIMAG = 0) where all atoms involved in
π bonding (O1, N2, O3, N4, C5, N6, N7) were placed
into the xy plane (see Fig. 10), and the correspond-
ing seven pz orbitals were used as VB orbitals to ac-
commodate the ten π electrons. In all VB calculations
we used strictly localized pz-π orbitals (BRILLMASK
function in VB2000). For clarity, the π electrons are
shown as dots (·) whereas the σ backbone (HF treat-
ment) is shown as solid bonds (–) (Fig. 10).

Initially we carried out a CASVB(10,7)/D95 calcu-
lation using Dunning/Huzinaga’s full double-zeta ba-
sis set and invoking resonance between all possible
196 π structures (NOROT option to disable any σ −π

mixing). The calculation clearly showed that only the
seven structures (I – VII) shown in Fig. 10 contribute
significantly to the resonance scheme (Hiberty weights
> 0.01) (Table 7).

In a subsequent VB(10)/D95 calculation we only
included the seven structures I – VII into the resonance
scheme (Table 7). It is apparent that only structures
I – III and VI have significant weight, whereas struc-
tures IV, V and VII are not significant contributors to
the resonance scheme.

The above VB calculations reveal that resonance
structures I – III and VI (Fig. 10) are the most rele-
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−E (a.u.) I II III IV V VI VII
CASVB(10,7)/D95 461.471657 0.04 0.29 0.05 0.02 0.01 0.07 0.06
VB(10)/D95 461.338488 0.07 0.70 0.07 0.02 0.01 0.11 0.02

Table 7. VB energies and
Hiberty weights for reso-
nance structures I – VII (see
Fig. 10).

Fig. 10. Atomic numbering and resonance structures I – VII
for the π resonance scheme of 2.

vant individual structures for describing the π electron
distribution of 2. Whereas the Kekulé-type structures
I and III have two π bonds each, the Kekulé-/Dewar-
type structure II also with two π bonds (one Kekulé-
and one Dewar-type bond) is by far the most important
individual resonance structure for 2 since it does not
carry any formal charge [40].

In addition, we also carried out an NBO analy-
sis [41] and calculated the natural Lewis structure
which is shown in Fig. 11. Taking into account that
there is only one strong hyperconjugative interaction
(LP (3) O3→ BD*(2) O1–N2) which essentially delo-
calizes the π bond between O1–N2 and O3–N2, both

Fig. 11. Natural Lewis
structure of ANQ (2).

pictures (VB and NBO) agree with a N4=C5 double
bond and a strongly π-bound nitro (−NO2) unit. It has
to be stressed, however, that the natural Lewis structure
is not a classical Lewis structure in the London-Heitler
picture, and that the resonance structure II (see above)
with one long (or Dewar-type) bond accounts best for
maximizing the bond order and simultaneously reduc-
ing the number of formal charges.

Koenen Test of 1-amino-3-nitroguanidinium nitrate
(3)

Due to its cheap and comparatively easy synthe-
sis, 1-amino-3-nitroguanidinium nitrate (3) was in-
vestigated reguarding its explosion performance un-
der confinement using a “Koenen test” steel sleeve
apparatus [42, 43]. The performance of an explosive
can be related to the data obtained from the Koe-
nen test. Also the shipping classification of the sub-
stance can be determined, and the degree of venting
required to avoid an explosion during processing ope-
rations can be evaluated. The explosive is placed in
a non-reusable open-ended flanged steel tube, which
is locked up with a closing plate with variable ori-
fice (0 – 10 mm), through which gaseous decomposi-
tion products are vented. A defined volume of 25 mL
of the compound is loaded into the flanged steel tube,
and a threaded collar is slipped onto the tube from be-
low. The closing plate is fitted over the flanged tube
and secured with a nut. The explosion is initiated via
thermal ignition using four Bunsen burners, which are
lighted simultaneously. The test is completed when ei-
ther rupture of the tube or no reaction is observed after
heating the tube for a time period of at least 5 min. In
case of the tube’s rupture the fragments are collected
and weighed. The reaction is evaluated as an explosion
if the tube is destroyed into three or more pieces. The
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Fig. 12. Fragments of the steele sleeve after the ignition of
32.5 g 1-amino-3-nitroguanidinium nitrate (3).

Koenen test was performed with 32.5 g of 1-amino-3-
nitroguanidinium nitrate (3) using a closing plate with
an orifice of 10 mm. The first trial was successful as
indicated by the rupture of the steel tube into approxi-
mately 100 pieces, the sizes of which are reaching from
40 mm down to smaller than 1 mm (Fig. 12). TNT de-
stroys the steel tube up to an orifice width of 6 mm,
RDX even up to 8 mm [44]. Compared to these com-
monly used secondary explosives, the detonation per-
formance of 3 is apparently better, which is already in-
dicated by the calculated performance data.

Conclusion

From the experimental study of energetic materials
based on 1-amino-3-nitroguanidine the following con-
clusions can be drawn:

– 3-Amino-1-nitroguanidine can be easily prepared
by the reaction of 1-nitroguanidine and hydrazine
hydrate.

– 1-Amino-3-nitroguanidine can be protonated using
moderate to strong “Brønsted acids” such as ni-
tric acid, hydrochloric acid, perchloric acid, dini-
troguanidine, or 5-nitriminotetrazole.

– The hydrochloride of 1-amino-3-nitroguanidine can
be utilized in metathesis reactions with silver
salts of nitrogen/oxygen-rich anions. The metathe-
sis was used for the synthesis of 1-amino-3-
nitroguanidinium dinitramide.

– The crystal structures of compounds 2 – 7 were de-
termined using low-temperature single-crystal X-
ray diffraction.

– A comprehensive characterization of the physico-
chemical properties and sensitivities of compounds
2 – 7 is given. Promising detonation parameters
were calculated especially for 3 compared to com-
mon explosives like TNT and RDX. The outstand-
ing performance (calculated values: pCJ = 427 kbar;
D = 9551 m s−1) qualifies it for further investiga-
tions concerning special military applications. Un-
fortunately the decomposition temperatures of the
protonated species are low compared to the free
base 1-amino-3-nitroguanidine. This causes major
restrictions for the investigated compounds with re-
spect to their application as secondary explosives.

Experimental Section

Caution! ANQ and its salts are highly energetic ma-
terials with increased sensitivities towards shock and fric-
tion. Therefore, proper safety precautions (safety glass, face
shield, earthed equipment and shoes, Kevlar R© gloves and
ear plugs) have to be applied while synthesizing and han-
dling the described compounds.

All chemicals and solvents were employed as received
(Sigma-Aldrich, Fluka, Acros). 1H and 13C spectra were
recorded using Jeol Eclipse 270, Jeol EX 400 or Jeol Eclipse
400 instruments. The chemical shifts quoted in ppm in the
text refer to typical standards such as tetramethylsilane (1H,
13C) or nitromethane (14N/15N). To determine the melting
and decomposition temperatures of the described compounds
a Linseis PT 10 DSC (heating rate 5 ◦C min−1) was used. In-
frared spectra were measured using a Perkin Elmer Spectrum
One FT-IR spectrometer as KBr pellets. Raman spectra were
recorded on a Bruker MultiRAM Raman Sample Compart-
ment D418 equipped with an Nd-YAG Laser (1064 nm) and
an LN-Ge diode as detector. Mass spectra of the described
compounds were measured at a Jeol MStation JMS 700 us-
ing FAB technique. To measure elemental analyses, a Netsch
STA 429 simultaneous thermal analyzer was employed.

1-Amino-3-nitroguanidine (2)

Commercially available nitroguanidine (25 g, 192 mmol)
is dispended in 250 mL of water, and the mixture is heated
to 55 ◦C. Hydrazine hydrate (10.5 mL, 216 mmol) is added
dropwise over a period of 15 min, and the temperature is
kept at 55 ◦C for further 15 min under constant stirring. Af-
ter the mixture has turned to a clear, orange solution, it is
cooled to room temperature in an ice bath, and the reac-
tion is quenched with conc. hydrochloric acid (pH = 7). 1-
Amino-3-nitroguanidine starts to precipitate after the solu-
tion has been cooled to 4 ◦C overnight. The product is sep-
arated by suction filtration and recrystallized from hot wa-
ter. Yield: 10.3 g (86 mmol, 45%). – DSC (5 ◦C min−1):
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184 ◦C (dec. 1), 200 ◦C (dec. 2). – IR (KBr, cm−1): ν̃ =
3551 (s), 3411 (s), 3234 (s), 2025 (w), 1692 (m), 1637 (s),
1616 (vs), 1545 (m), 1502 (m), 1443 (m), 1384 (m), 1329
(m), 1134 (m), 1108 (m), 1088 (m), 1031 (m), 1005 (w), 963
(w), 870 (w), 772 (w), 745 (w), 696 (w), 622 (m), 571 (w),
482 (m). – Raman (1064 nm, 200 mW, 25 ◦C, cm−1): ν̃ =
3319 (4), 3255 (13), 1659 (5), 1616 (4), 1580 (32), 1381
(13), 1287 (32), 1190 (5), 1111 (39), 1019 (5), 961 (100),
770 (27), 483 (30), 419 (33), 378 (10), 248 (13). – 1H NMR
([D6]DMSO, 25 ◦C, ppm): δ = 9.29 (s, 1 H, NH), 8.23 (s,
1H, C-NHAHB), 7.52 (s, 1H, C-NHAHB), 4.64 (s, 2H, N-
NH2). – 13C NMR ([D6]DMSO, 25 ◦C, ppm): δ = 161.5
(C(NNO2)(N2H4)(NH2)). –15N NMR ([D6]DMSO, 25 ◦C,
ppm): δ = –13.3 (NO2), –146.3 (NNO2), –276.4 (NH/NH2),
–301.8 (NH/NH2), –327.9 (NH/NH2). – MS ((–)-FAB): m/z
= 117.99 [M–H]−. – CH5N5O2 (119.08): calcd. C 10.09, H
4.23, N 58.81%; found C 10.51, H 4.32, N 58.90%. – BAM
drophammer: 20 J. – Friction tester: 144 N. – ESD: 0.15 J (at
grain size 100 – 500 µm).

1-Amino-3-nitroguanidinium nitrate (3)

2 (5.00 g, 42.0 mmol) is dissolved in warm nitric acid
(40%, 12.71 g, 84.0 mmol). The yellowish, clear solution is
left for crystallization. 3 crystallizes in large, colorless blocks
after a few hours (yield: 7.12 g, 39.1 mmol, 93%). – DSC
(5 ◦C min−1): 130 ◦C (dec). – IR (KBr, cm−1):ν̃ = 3397
(m), 3293 (m), 3090 (m), 1648 (s), 1581 (s), 1470 (s), 1384
(vs), 1281 (vs), 1215 (s), 1166 (m), 1112 (m), 1050 (w),
1014 (w), 913 (w), 823 (w), 785 (w), 708 (w), 625 (w), 568
(w). – Raman (1064 nm, 500 mW, 25 ◦C, cm−1): ν̃ = 3319
(2), 3046 (2), 1623 (8), 1578 (11), 1494 (6), 1373 (4), 1263
(37), 1218 (9), 1168 (7), 1053 (100), 1010 (6), 921 (12),
803 (20), 788 (4), 735 (4), 712 (4), 626 (20), 440 (9), 358
(18), 256 (14), 173 (16), 112 (9). – 1H NMR ([D6]DMSO,
25 ◦C, ppm): δ = 9.53 (s, 5 H, NH2), 8.38 (s, 1H, NH-
NH2). – 13C NMR ([D6]DMSO, 25 ◦C, ppm): δ = 159.3
(C(NNO2)(N2H+

4 )(NH2)). – 14N NMR ([D6]DMSO, 25 ◦C,
ppm): δ = −7 (NO2), −15 (NO3). – MS ((+)-FAB): m/z =
120 [C(NNO2)(NH2)(NHNH3)]+. – MS ((–)-FAB): m/z =
62 [NO3]−. – CH6N6O5 (182.04): calcd. C 6.60, H 3.32, N
46.15%; found C 6.49, H 3.30, N 45.82%. – BAM dropham-
mer: 10 J. – Friction tester: 120 N (neg.). – ESD: 0.5 J (at
grain size 500 – 1000 µm).

1-Amino-3-nitroguanidinium perchlorate (4)

2 (1.19 g, 10 mmol) is dissolved in 1M HClO4 (20 mL,
20 mmol) under moderate heating to 60 ◦C. 4 crystallizes
from the clear solution in colorless blocks. Yield: 4.16 g,
18.9 mmol, 95%). – DSC (5 ◦C min−1): 108 ◦C (dec.). – IR
(ATR, cm−1): ν̃ = 3387 (m), 3293 (m), 3084 (m, br), 3008
(m, br), 2891 (m, br), 2753 (m, br), 2686 (m, br), 2168 (w),
1705 (m), 1634 (m), 1559 (m), 1484 (m), 1450 (m), 1373

(m, br), 1270 (m, br), 1089 (vs, br), 1019 (s, br), 930 (s), 785
(m), 687 (w). – Raman (1064 nm, 400 mW, 25 ◦C, cm−1): ν̃

= 3336 (3), 1623 (6), 1572 (10), 1491 (14), 1264 (28), 1159
(9), 1107 (10), 1038 (4), 1001 (11), 933 (100), 799 (25), 634
(35), 472 (15), 453 (17), 436 (8), 359 (32), 285 (9). – 1H
NMR ([D6]DMSO, 25 ◦C, ppm): δ = 9.03 (s, NH-NH+

3 ),
8.37 (s, NH2). – 13C NMR ([D6]DMSO, 25 ◦C, ppm): δ

= 159.0 (C(NNO2)(N2H+
4 )(NH2)). – MS ((+)-FAB): m/z

=120.1 [C(NNO2)(N2H3)(NH2)+H]+. – MS ((–)-FAB): m/z
= 98.9 [ClO4]−. – CH6ClN5O6 (219.54): calcd. C 5.47, H
2.75, N 31.90%; found C 5.70, H 2.80, N 31.28%. – BAM
drophammer: 1 J. – Friction tester: 20 N. – ESD: 0.15 J (at
grain size 100 – 500 µm).

1-Amino-3-nitroguanidinium 5-nitriminotetrazolate
dihydrate (5)

2 (1.19 g, 10 mmol) is dissolved in a few milliliters of
boiling water. The solution is cooled to 70 ◦C, and then
a solution of 5-nitriminotetrazole (1.63 g, 11 mmol) is added
slowly. The solvent is removed in vacuo and the residue
recrystallized from an ethanol/water mixture. Yield: 2.17 g
(7.6 mmol, 76%). – DSC (5 ◦C min−1): 136 ◦C (dec.). – IR
(KBr, cm−1): ν̃ = 3358 (vs), 3126 (s), 2939 (s), 2736 (s, br),
1658 (s), 1591 (s), 1531 (s), 1489 (s), 1436 (s), 1384 (s),
1313 (s), 1267 (s) 1210 (s), 1167 (m), 1144 (m), 1117 (m),
1087 (m), 1042 (s), 918 (w), 870 (w), 789 (w), 738 (w), 638
(m), 489 (w), 457 (w). – Raman (1064 nm, 300 mW, 25 ◦C,
cm−1): ν̃ = 3908 (2), 3701 (2), 3355 (3), 3106 (3), 1581 (2),
1534 (100), 1437 (2), 1382 (3), 1315 (25), 1272 (6), 1144
(5), 1030 (34), 1010 (16), 925 (5), 874 (4), 799 (5), 757 (3),
630 (5), 457 (3), 415 (3), 376 (2), 251 (3), 113 (4), 85 (31). –
1H NMR ([D6]DMSO, 25 ◦C, ppm): δ = 8.15 (s, NH), 7.13
(NH2). – 13C NMR ([D6]DMSO, 25 ◦C, ppm): δ = 160.7
(C(NNO2)(N2H+

4 )(NH2)), 154.7 (CN4). – MS ((+)-FAB):
m/z = 120.2 [C(NNO2)(N2H4)(NH2)]+. – MS ((–)-FAB):
m/z = 129.1 [HATNO2]−. – C2H11N11O6(281.15): calcd. C
8.42, H 3.89, N 54.03%; found C 8.51, H 3.85, N 54.01%. –
BAM drophammer: 5 J. – Friction tester: 96 N. – ESD: 0.4 J
(at grain size 100 – 500 µm).

1-Amino-3-nitroguanidinium dinitramide monohydrate (6)

10 mmol of silver dinitramide acetonitrile adduct was
prepared according to the literature [9]. 1-Amino-3-
nitroguanidinium chloride (1.47 g, 9.4 mmol) is dissolved in
10 mL of boiling water. After cooling the solution to about
60 ◦C, the silver dinitramide acetonitrile adduct, dissolved in
5 mL of acetonitrile is added dropwise to the solution. After
complete addition, the mixture is stirred under the exclusion
of light at 35 ◦C for further 2 h. The mixture is cooled to 5 ◦C
in a refrigerator and then filtered. 6 crystallizes from the clear
filtrate in colorless blocks. Yield: 1.34 g (5.5 mmol, 59%).
– DSC (5 ◦C min−1): 66 ◦C (dehydr.), 108 ◦C (dec.). – IR
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(ATR, cm−1): ν̃ = 3535 (w), 3413 (m), 3296 (m), 3121 (m),
2736 (m), 1633 (m), 1579 (m), 1508 (m), 1467 (m), 1429
(m), 1387 (m), 1324 (w), 1265 (m), 1167 (s), 1037 (m), 994
(m), 905 (m), 823 (w), 783 (w), 760 (m), 740 (w). – Ra-
man (1064 nm, 400 mW, 25 ◦C, cm−1): ν̃ = 3333 (4), 3133
(4), 1574 (24), 1528 (20), 1491 (27), 1426 (17), 1397 (23),
1340 (90), 1331 (84), 1320 (100), 1258 (78), 1199 (19), 1182
(22), 1161 (21), 1105 (6), 1035 (45), 993 (11), 964 (31),
920 (40), 826 (95), 805 (54), 762 (12), 622 (43), 497 (44),
442 (23), 362 (21), 316 (12), 298 (16), 252 (7). – 1H NMR
([D6]DMSO, 25 ◦C, ppm): δ = 8.37 (s, 1H, NH), 6.90 (s, 5H,
-NH2, -NH3

+). – 13C NMR ([D6]DMSO, 25 ◦C, ppm): δ =
159.2 (C(NNO2)(N2H+

4 )(NH2)). –14N NMR ([D6]DMSO,
25 ◦C, ppm): δ =−10 (N(NO2)2),−15 (N-NO2). – MS ((+)-
FAB): m/z = 119.9 [C(NNO2)(N2H3)(NH2)+H]+. – MS
((–)-FAB): m/z = 106.1 [N(NO2)2]−. – CH8N8O7(244.12):
calcd. C 4.92, H 3.30, N 45.90%; found C 4.74, H 3.23, N
44.40%. – BAM drophammer: 10 J. – Friction tester: 40 N.
– ESD: 0.10 J (at grain size 500 – 1000 µm).

1-Amino-3-nitroguanidinium dinitroguanidinate
pentahemihydrate (7)

Dinitroguanidine (1.49 g, 10 mmol) is dissolved in 10 mL
of hot water and poured onto neat 2 (1.19 g, 10 mmol).
The suspension is heated until no precipitate is observed
any more and then filtered. The filtrate shows evolution of
gas and turns to light yellow. A yellow, amorphous precip-
itate starts to form, which is filtered off again. From the
mother liquor, 7 precipitates in colorless blocks on standing
for a few minutes. Yield: 1.85 g (5.9 mmol, 59%). – DSC

(5 ◦C min−1): 79 ◦C (dehydr.), 118 ◦C (dec.). – IR (KBr,
cm−1): ν̃ = 3605 (m), 3409 (s), 3377 (s), 3205 (m), 2672
(m), 1619 (s), 1492 (m), 1384 (m), 1357 (m), 1259 (vs),
1218 (vs), 1150 (m), 1112 (m), 1063 (m), 974 (w), 915
(w), 785 (m), 764 (w), 720 (w), 680 (m), 636 (m), 589
(w), 550 (w). – Raman (1064 nm, 500 mW, 25 ◦C, cm−1):
ν̃ = 3440 (5), 3199 (9), 1609 (15), 1578 (15), 1456 (22),
1370 (38), 1310 (5), 1254 (19), 1191 (35), 1154 (100),
1060 (24), 977 (54), 917 (8), 792 (32), 631 (14), 553
(22), 554 (6), 352 (24), 231 (13). – 1H NMR ([D6]DMSO,
25 ◦C, ppm): δ = 9.74 (s), 9.52 (s), 8.59 (s), 8.14 (s),
5.30 (s). – 13C NMR ([D6]DMSO, 25 ◦C, ppm): δ = 161.4
(C(NNO2)(N2H3)(NH2)), 160.3 (C(NNO2)(N2H+

4 )(NH2)),
159.5 (C(NH2)(N-NO2)2). – 14N NMR ([D6]DMSO, 25 ◦C,
ppm): δ = −15 (CNNO2), −19 (C(NNO2)2). – MS ((+)-
FAB): m/z = 120.1 [C(NNO2)(N2H4)(NH2)]+. – MS ((–)-
FAB): m/z = 147.9 [C(NH2)(N-NO2)2]−. – C2H13N10O8.5
(313.09): calcd. C 7.67, H 4.18, N 44.72%; found C 7.90, H
4.20, N 45.43%. – BAM drophammer: 12 J. – Friction tester:
288 N. – ESD: 0.20 J (at grain size 100 – 500 µm).
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