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Functionalized planar aromatic rings as precursors
to energetic N,N0-(4,6-dinitro-1,3-
phenylene)dinitramide and its salts†

Jatinder Singh, a Sohan Lal, a Richard J. Staples b and
Jean’ne M. Shreeve *a

Functionalization of planar aromatic rings is very straightforward, up scalable, and economical in

comparison with many azole, caged, linear or cyclic structures. In our present work, a facile synthesis of

N,N0-(4,6-dinitro-1,3-phenylene)dinitramide (3) is obtained by a single-step nitration of 4,6-

dinitrobenzene-1,3-diamine (2). Compound 3 exhibits a surprisingly high density of 1.90 g cm�3 at 100 K

(1.87 g cm�3 at 298 K). Its reactions with bases result in the formation of a series of energetic salts (4–7)

which exhibit relatively high densities (1.74 to 1.83 g cm�3), and acceptable thermal sensitivities (177 to

253 1C). Energetic salt formation increases intermolecular hydrogen bonding while the planarity of the

aromatic ring maximizes weak non-covalent interactions (p-stacking, cation/p, anion-p, X-H/p, etc.,).

The synergetic effect of these stabilizing interactions plays a crucial role in increasing thermal stability

and decreasing sensitivity toward the external stimuli. Overall, these easily accessible new energetic

compounds exhibit high densities and good denotation properties with potential applications as new

high-energy materials.

Traditional energetic materials based on planar aromatic rings
have been used widely in military, industrial, and mining
applications.1 Among them, TATB (1,3,5-triamino-2,4,6-
trinitrobenzene) is an energetic material which has been
authorized by the U.S. Department of Energy due to its low
sensitivity to impact, friction and sparks, and good decomposi-
tion power.2 TNT (2,4,6-trinitrotoluene) is another commonly
used energetic material based on its melt-castable properties
for safe transportation and storage.3 However, the minimal
detonation properties of TATB and TNT make them less desir-
able in comparison to the nitroamine-based energetic materials
such as RDX (1,3,5-trinitro-1,3,5-triazinane), HMX (1,3,5,
7-tetranitro-1,3,5,7-tetrazocane), and CL-20 (2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzita-itane).4 The presence of nitrogen–
oxygen-rich nitroamine (4NNO2) groups enhances density.5 For
instance, HMX has an additional CH2N(CH2)NO2 unit relative to
RDX, which results in an increase in density from 1.80 g cm�3 to
1.90 g cm�3, and concomitantly in detonation velocity from
8795 m s�1 to 9144 m s�1.6 However, the synthesis of energetic

materials containing nitro (�NO2), nitroamino (�NHNO2), and
azido (�N3), presents a formidable challenge due to a trade-off
between high density and molecular stability.7

In recent years, the application of high-energy-density-
materials (HEDMs) has been one of the hot spots in the field
of energy materials.8 These HEDMs utilize nitrogen-rich hetero-
cycles in combination with energetic explosophores to achieve
superior properties.9 However, the high cost of large-scale
syntheses and overall poor yields very often limit their practical
applicability.10 To this end, the search for easily accessible
materials with high densities, in combination with acceptable
thermal stabilities, is necessary in order to realize the acquisi-
tion of new energetic materials. By examining the molecular
structure of energetic materials based on azole, caged, linear or
cyclic structures, we note that functionalization of the planar
aromatic rings is very straightforward, up scalable, and
economical.11a

The introduction of �NHNO2 groups onto a planar aromatic
ring enhances the density and energetic properties.12 In addi-
tion, the planarity of this ring maximizes weak non-covalent
interactions (p-stacking, cation/p, anion-p, X-H/p, etc.), which
play vital roles in increasing thermal stability and decreasing
the sensitivity toward the external stimuli. The synergetic effect
of multiple weak non-covalent interactions is important in
constructing a molecule with high stability and is a markedly
attractive concept in the synthesis of high energy materials.
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Therefore, the thermally stable 4,6-dinitrobenzene-1,3-diamine,
which is obtained in a few steps in excellent yield from easily
available starting materials was selected for study.13 In a
continuation of our ongoing interest in the development of
new energetic materials, we have synthesized and characterized
N,N0-(4,6-dinitro-1,3-phenylene)dinitramide, 3, and its salts
from 4,6-dinitrobenzene-1,3-diamine. The reaction of hydra-
zine hydrate with 1,5-dichloro-2,4-dinitrobenzene, 1, resulted
in the formation of (4,6-dinitro-1,3-phenylene)bis(hydrazine), 8,
in excellent yield. These materials exhibit relatively high den-
sities, high heats of formation, and acceptable thermal
sensitivities.

Results and discussion
Synthesis

Compounds 1 and 2were synthesized based on the literature.13 The
reaction of 4,6-dinitrobenzene-1,3-diamine, 2, with red fuming nitric
acid results in the formation of N,N0-(4,6-dinitro-1,3-
phenylene)dinitramide, 3, as a brown solid in 85% yield
(Scheme 1). Since energetic salt formation decreases sensitivity
and enhances thermal stability, compound 3 was reacted with
various nitrogen-rich bases in acetonitrile to give 1 :2 salts. In
addition, the reaction of hydrazine hydrate with 1,5-dichloro-2,4-
dinitrobenzene, 1, resulted in the formation of (4,6-dinitro-1,3-
phenylene)bis(hydrazine), 8, in excellent yield (Scheme 1).

Spectral studies of compounds

All compounds have been fully characterized by NMR [1H,
13C{1H}, and 15N{1H}] and IR spectra as well as elemental
analysis. In the 1H NMR of compounds 3–7, a phenyl proton
neighboring the nitroamine groups shows a downfield shift,
while a phenyl proton neighboring the nitro groups has an
upfield shift in comparison to the corresponding 4,6-
dinitrobenzene-1,3-diamine (2).

In the 13C{1H} NMR spectra, signals corresponding to the ring
carbon atoms attached to nitroamine groups in compounds 3–7
were observed in the range of 139.4 to 146.8 ppm and the carbon
atoms attached to nitro groups were observed over the range of
134.7 to 135.9 ppm. The 15N NMR spectra of 5 and 7 are given in
Fig. 1. In the spectrum of 5, three signals are seen for the nitrogen
atoms of the dianion at d =�126.5 (N1),�7.7 (N2),�15.7 (N3) ppm,
while nitrogen atoms corresponding to compound 7 are seen at d =
�139.3 (N1), �8.9 (N2), �17.9 (N3) ppm.

Crystal structure

Suitable crystals were obtained for 3, 5 and 7 by slow evapora-
tion of their saturated solutions in methanol/acetonitrile or
methanol/water mixtures, and their crystal structures are given
in Fig. 2–4. Crystallographic data and data collection para-
meters, bond lengths, and bond angles are given in the ESI.†
Compound 3 crystallizes in the orthorhombic space group
Pca21 with a calculated density of 1.907 g cm�3 at 100 K. As
shown in Fig. 2c, the crystal framework of 3 shows a herring-
bone packing of planar rings. The nitroamine and nitro groups
of 3 are involved in inter- and intra-hydrogen bonding interac-
tions, which make a positive contribution to the density. The
C–N bond lengths in C–NHNO2 groups [C1–N1, 1.392(3) Å and
C3–N3, 1.394(3) Å] are shorter than those of C–NO2 groups [C4–
N5, 1.460(3) Å and C6–N6, 1.462(3) Å].

Scheme 1 Synthesis of N,N0-(4,6-dinitro-1,3-phenylene)dinitramide (3)
and its energetic salts (4–7).

Fig. 1 15N NMR spectra of (a) 5, (b) 7.

Fig. 2 (a and b) Thermal ellipsoid plot (50%) and labeling scheme for 3.
(c) Ball-and-stick packing diagram of 3.
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Compound 5�0.5CH3CN belongs to the triclinic space group P%1,
with a calculated density of 1.736 g cm�3 at 100 K. The compound
crystallizes with acetonitrilemolecules in the lattice, which results in
deceased crystal density. As shown in Fig. 3b, the crystal framework
of 5�0.5CH3CN shows a face-to-face packing of planar rings, which
give rise to p–p interactions (3.326 Å). The nitroamine and nitro
groups of 5�0.5CH3CN form intermolecular hydrogen bonding
interactions with hydrazinium ions, which is helpful in improving
the stability of the molecule. The crystal packing of compound
5�0.5CH3CN can be viewed as a face-to-face arrangement of planar
rings (Fig. 3c). The C–N bond lengths in C–NHNO2 groups [C1–N1,
1.404(3) Å and C3–N3, 1.404(3) Å] are shorter than that of C–NO2

groups [C4–N5, 1.463(3) Å and C6–N6, 1.460(3) Å].
Compound 7 belongs to the triclinic space group P%1, with a

calculated density of 1.800 g cm�3 at 100 K. The dianion is
sandwiched between two cations forming a triple decker structure
(Fig. 4). As shown in Fig. 4b, the crystal framework of 7 shows a face-
to-face packing of three rings, which give rise to p–p interactions
(3.289–3.394 Å). The stabilizing interactions such as O� � �H, N� � �H
and H� � �H are observed in the crystal packing of 7, which are
helpful in improving the overall stability of the molecule.

Hirshfeld surface and non-covalent interactions

Since crystal packing strongly influences physical properties of
energetic compounds, two-dimensional (2D) fingerprints and

the associated Hirshfeld surfaces14,15 were employed by using
Crystalexplorer 17.5 to understand structure-properties and inter-
molecular interactions in 3, 5�0.5CH3CN and 7 (Fig. 5). Red and blue
dots on the Hirshfeld surface analysis represent high and low close
contacts. In Fig. 5a–c, strong intermolecular (O� � �O) interactions
arising from oxygen atoms in nitroamine, and nitro groups are
shown in 3, leading to high density and higher sensitivity to external
stimuli. The calculated results show the O� � �O contact interactions
of 3 accounts for 30.7%, which is much higher than the stabilizing
interactions such as O� � �H (23.6%) and N� � �H (0.1%) known to
decrease the mechanical sensitivity. In contrast to 3, the O� � �O
contact interactions of 5�0.5CH3CN and 7 accounts are only 6.5%
and 2.2%, respectively, which are much smaller in comparison to
the other stabilizing interactions. The stabilizing O� � �H and N� � �H
interactions are seen in 5�0.5CH3CN, which contribute to the total
weak interactions of 56.8%. In contrast, compound 7 exhibits a
surprisingly high percentage (69.9%) of O� � �H and N� � �H interac-
tions. As shown in Fig. 5f and i, high percentages of N���N, and N���C
interactions were observed which denote p–p stacking for
5�0.5CH3CN and 7. This is also supported by noncovalent inter-

Fig. 3 (a and b) Thermal ellipsoid plot (50%) and labeling scheme for 5.
(c) Ball-and-stick packing diagram of 5. Solvent molecule has been
removed from Fig. 3a and b for clarity.

Fig. 4 (a) Thermal ellipsoid plot (50%) and labeling scheme for 7. (b) Ball-
and-stick packing diagram of 7.

Fig. 5 Hirshfeld surface graphs and 2D fingerprint plots of compounds 3
(a–c), 5�0.5CH3CN (d–f), and 7 (g–i).

Fig. 6 Non-covalent interaction plots of gradient isosurfaces for (a) 5�
0.5CH3CN, and (b) 7.
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action (NCI) plots of gradient isosurfaces for 5�0.5CH3CN and 7
(Fig. 6). The green surface can be clearly seen from the Fig. 6a and b
due to the presence of p–p interactions.16 The combination of
N� � �H, O� � �H and p–p interactions leads to the insensitivity and
high molecular stability of compounds 5�0.5CH3CN, and 7 (Fig. 6).
The calculated results are in excellent agreement with the sensitivity
data from experiment, which show impact sensitivities of
5�0.5CH3CN, and 7 are 22 J and 25 J, respectively.

Physicochemical and energetic properties

The thermal stabilities of new energetic materials 3–8, were
determined using differential scanning calorimetry (DSC) at a
heating rate of 5 1C min�1 (Table 1). The decomposition
temperatures for all compounds occur between 176 (6) and
258 (8) 1C, except for compound 3 which decomposes at 125 1C.
The densities were measured using a gas pycnometer at 25 1C
and the values range between 1.72 (8) to 1.87 (3) g cm�3. The
heats of formation of compounds 3–8 were calculated based on
isodesmic reactions and as well as the atomization method
using the Gaussian 03 (revision D.01) suite of programs (SI).19

All the compounds have relatively high positive heats of for-
mation (DHf), and are significantly higher than both RDX
(92.6 kJ mol�1) and HMX (105.0 kJ mol�1). Based on the values
of calculated heats of formation and experimental densities,
detonation properties of compounds 3–8 were determined
using EXPLO5 (version 6.01). Compounds 5 and 6 have better
detonation properties than RDX (Table 1). Impact and friction
sensitivity values were obtained by using a BAM drop hammer
apparatus and BAM friction tester, respectively. Except for
compound 3, all the compounds were found to have good
sensitivities (IS4 20 J, FS4 120 N) to both impact and friction.

Conclusions

New energetic compounds 3–8 have been designed and synthe-
sized from readily accessible starting materials, 1,5-dichloro-
2,4-dinitrobenzene and 4,6-dinitrobenzene-1,3-diamine, in a
minimum number of steps in good yields. All new compounds
were characterized by advanced spectroscopic techniques.
Single-crystal X-ray diffraction analysis was used to confirm

the structures of 3, 5�0.5CH3CN, and 7. In addition to their
efficient syntheses, all compounds exhibit high densities
(1.72 to 1.87 g cm�3 at 298 K), good thermal stabilities
(125–258 1C), acceptable sensitivities, and good detonation
properties. The synergetic effect of multiple weak non-
covalent interactions is found to be effective in increasing the
molecular stability of these compounds. These easily accessible
energetic materials with high detonation properties may pro-
vide good alternatives to RDX.

Experimental section

Caution! Although no explosions or hazards were observed
during the preparation and handling of these compounds, all
the compounds investigated are energetic materials. Mechan-
ical actions involving scratching or scraping must be avoided.
In addition, all the compounds must be synthesized on a small
scale. All manipulations should be carried out in a hood behind
a safety shield. Eye protection and leather gloves must be worn
at all times.

General methods

All reagents were purchased from VWR or AK Scientific in
analytical grade and were used as supplied, if not stated
otherwise. 1H and 13C NMR spectra were recorded using a
300 MHz (Bruker AVANCE 300) NMR spectrometer operating
at 300.13 and 75.48 MHz, respectively. A 500 MHz (Bruker
AVANCE 500) NMR spectrometer operating at 50.69 MHz was
used to obtain 15N NMR spectra. Chemical shifts in the 1H and
13C NMR spectra are reported relative to Me4Si and

15N NMR
spectra to MeNO2. The melting and decomposition (onset)
points were obtained on a differential scanning calorimeter
(TA Instruments Company, Model: Q2000) at a scan rate of
5 1C min�1. IR spectra were recorded on a FT-IR spectrometer
(Thermo Nicolet AVATAR 370) as thin films using KBr plates.
Density was measured at room temperature by employing a
Micromeritics AccuPyc II 1340 gas pycnometer. The impact (IS)
and friction sensitivities (FS) were measured with a standard
BAM drop hammer and BAM friction tester. Elemental analyses

Table 1 Energetic properties of compounds 3–8

ra g cm�3 DHf
b kJ mol�1/kJ g�1 DHf

c kJ mol�1/kJ g�1 Dv
d m s�1 Pe GPa Td

f
1C ISg J FSh N OBi %

3 1.87 112.5/0.49 149.4/0.52 8644/8682 33.7/34.0 125 7 120 �33.3
4 1.74 80.6/0.25 286.7/0.88 8409/8575 29.5/31.3 195 25 160 �140.1
5 1.77 362.2/1.02 578.3/1.64 8834/8992 32.6/34.3 177 22 160 �45.4
6 1.83 231.9/0.65 365.5/1.03 8890/8980 36.7/37.7 176 25 160 �140.1
7 1.76 1277.9/2.14 1277.3/2.14 8525/8525 28.3/28.3 253 25 240 �64.4
8 1.72 163.93/0.72 239.7/1.05 8016/8121 24.1/24.9 258 35 4240 �84.1
TATBj 1.94 �154.2/0.59 — 8201 28.0 360 50 4360 �55.8
HMXk 1.91 105.0/0.35 — 9144 39.2 280 7 120 �21.6
RDXk 1.80 92.6/0.42 — 8795 34.9 204 7.5 120 �21.6

a Density – gas pycnometer at 25 1C. b Calculated molar enthalpy of formation (isodesmic method). c Calculated molar enthalpy of formation (atomization
method). d Calculated detonation velocity (isodecmic/atomization). e Calculated detonation pressure (isodecmic/atomization). f Temperature of decom-
position (onset). g Impact sensitivity. h Friction sensitivity. i Oxygen balance based on CO2. For a compound with the molecular formula of CaHbNcOd,
OCO2 (%) = 1600[(d � 2a � b/2)/MW], where MW is the molecular weight. j Ref. 17. k Ref. 18. All compounds were obtained as anhydrous powders
(confirmed by elemental analysis) to determine the properties.
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(C, H, N) were determined using a Vario Micro cube Elementar
Analyser.

Orange block crystals of 3 with dimensions 0.11 � 0.09 �
0.06 mm3, yellow block crystals of 5�0.5CH3CN with dimensions
0.07 � 0.05 � 0.02 mm3 and yellow needle crystals of 7 with
dimensions 0.20 � 0.04 � 0.03 mm3 were selected and
mounted on a nylon loop with Paratone oil on a XtaLAB
Synergy, Dualflex, HyPix diffractometer. The crystals were kept
at a steady T = 100.00(10) K during data collection. The
structures were solved with the ShelXT20 solution program
using dual methods and by using Olex2.21 The model was
refined with ShelXL22 using full matrix least squares minimiza-
tion on F2.

Theoretical study

The heats of formation for compounds 3–8 were obtained by
using isodesmic reactions and atomization method (ESI†). The
geometric optimization and frequency analyses of the struc-
tures are based on available single crystal structures and using
the B3LYP functional with the 6-31+G** basis set. Single-point
energies were calculated at the MP2/6-311++G** level.23 Atomi-
zation energies for cations were obtained by employing the G2

ab initio method.24 All of the optimized structures were char-
acterized to be true local energy minima on the potential energy
surface without imaginary frequencies. For energetic salts, the
solid-phase heats of formation were calculated based on the
Born–Haber energy cycle.25 All calculated gas-phase enthalpies
for covalent materials are converted to solid phase values by
subtracting the empirical heat of sublimation obtained based
on Trouton’s rule.26

Synthesis of N,N0-(4,6-dinitro-1,3-phenylene)dinitramide (3)

To red fuming acid (1 mL), stirred at 0 1C, was added 4,6-
dinitrobenzene-1,3-diamine13 (0.20 g, 1.01 mmol) in small
portions. Stirring was continued at the same temperature for
1 h and the mixture was poured into ice (20 g). The resulting
brown precipitate was filtered and washed with water
(3 � 20 mL). Yield: 85%; Tm (onset) = 125 1C; 1H NMR
(300 MHz, d6-DMSO, ppm): 8.66 (s, 1H), 7.69 (s, 1H), 4.92
(bs, NH); 13C NMR (75 MHz, d6-DMSO, ppm): 139.4, 134.7,
123.5, 122.8; IR (n, cm�1): 3261, 3081, 1577, 1534, 1395, 1286,
1078, 997, 910, 835, 738, 590. Elemental analysis: calcd (%) for
C6H4N6O8 (288.13): C, 25.01; H, 1.40; N, 29.17; found: C 25.51,
H 1.64, N 27.20.

General procedure for the synthesis of energetic salts (4–7)

Aqueous ammonia, hydrazine hydrate, hydroxylamine or 3,6,7-
triamino-7H-[1,2,4]triazolo[4,3-b][1,2,4]triazol-2-ium (2.0 mmol)
was added to a suspension of 3 (1.0 mmol) in CH3CN (10 mL).
The precipitate was collected by filtration to give the product,
which was purified further by washing with CH3CN
(3 � 10 mL).

Diammonium (4,6-dinitro-1,3-phenylene)bis(nitroamide) (4)

Yield: 92%; Td (onset) = 195 1C; 1H NMR (300 MHz, d6-DMSO,
ppm): 8.18 (s, 1H), 7.17 (s, 8H), 7.02 (s, 1H); 13C NMR (75 MHz,

d6-DMSO, ppm): 146.7, 135.6, 121.3, 119.0; IR (n, cm�1): 3035,
1548, 1444, 1337, 1223, 980, 897, 827, 755, 554; Elemental
analysis: calcd (%) for C6H10N8O8 (322.19): C, 22.37; H, 3.13;
N, 34.78; found: C 22.44, H 3.36, N 32.93.

Dihydrazinium (4,6-dinitro-1,3-phenylene)bis(nitroamide) (5)

Yield: 90%; Td (onset) = 177 1C; 1H NMR (300 MHz, d6-DMSO,
ppm): 8.17 (s, 1H), 7.02 (s, 1H), 6.85 (s, 10H); 13C NMR (75 MHz,
d6-DMSO, ppm): 146.8, 135.7, 121.3, 119.1; IR (n, cm�1): 3092,
1592, 1503, 1291, 1098, 1017, 975, 902, 832, 759; Elemental
analysis: calcd (%) for C6H12N10O8 (352.22): C, 20.46; H, 3.43; N,
39.77; found: C 20.24, H 3.87, N 39.06.

Dihydroxylammonium(4,6-dinitro-1,3-phenylene)bis(nitro-
amide) (6)

Yield: 94%; Td (onset) = 176 1C; 1H NMR (300 MHz, d6-DMSO,
ppm): 8.20 (s, 1H), 8.13 (s, 6H), 7.04 (s, 1H); 13C NMR (75 MHz,
d6-DMSO, ppm): 146.6, 135.8, 121.4, 119.2; IR (n, cm�1): 3040,
1607, 1530, 1329, 986, 908, 831, 761, 723, 588; Elemental
analysis: calcd (%) for C6H10N8O10 (354.19): C, 20.35; H, 2.85;
N, 31.64; found: C 20.93, H 3.52, N 31.34.

Di(3,6,7-triamino-7H-[1,2,4]triazolo[4,3-b][1,2,4]triazol-2-ium)(4,6-
dinitro-1,3-phenylene)bis(nitroamide) (7)

Yield: 88%; Td (onset) = 253 1C; 1H NMR (300 MHz, d6-DMSO,
ppm): 8.75 (s, 2H), 8.44 (s, 1H), 8.25 (s, 4H), 7.60 (s, 1H), 6.22
(bs, 8H); 13C NMR (75 MHz, d6-DMSO, ppm): 152.2, 147.8,
142.3, 140.8, 136.3, 122.0, 120.2; IR (n, cm�1): 3565, 3137, 1690,
1607, 1527, 1339, 1279, 1084, 1023, 913, 837, 757, 708, 593;
Elemental analysis: calcd (%) for C12H16N22O8 (596.40): C,
24.17; H, 2.70; N, 51.67; found: C, 23.76; H, 2.61; N, 48.02.

(4,6-Dinitro-1,3-phenylene)bis(hydrazine) (8)

To a mixture of 1,5-dichloro-2,4-dinitrobenzene (1.00 g,
4.21 mmol) in ethanol (30 mL) was added hydrazine hydrate
(10 mmol) dropwise. The reaction mixture was heated at 80 1C
for 3 h. The orange precipitate was filtered and washed with
ethanol (3 � 20 mL) and water (3 � 20 mL). Yield: 95%; Td
(onset) = 258 1C; 1H NMR (300 MHz, d6-DMSO, ppm): 9.29
(s, 2H), 8.88 (s, 1H), 7.19 (s, 1H), 4.74 (s, 4H); 13C NMR (75 MHz,
d6-DMSO, ppm): 149.6, 128.5, 122.6, 91.0; IR (n, cm�1): 3353,
3223, 3080, 1644, 1587, 1528, 1479, 1398, 1288, 1239, 1201,
1042, 989, 840, 743, 700; Elemental analysis: calcd (%) for
C6H8N6O4 (228.17): C, 31.58; H, 3.53; N, 36.83; found: C
31.66, H 3.75, N 36.07.
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