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Abstract: Although pentanitroaniline (PNA) has been
known for almost 100 years, as well as with an optimized
synthesis, it is still not fully characterized. In this con-
tribution, the crystal structure of PNA is reported for the
first time without any adducts or solvents, allowing a view
of the crystal packing, as well as the exact positioning of
the nitro groups relative to each other. In addition, based
on the crystal structure, a Hirshfeld analysis was performed,
which determines the distances and types of interactions of
the outer atoms. The compound was also studied in detail
by NMR, especially with respect to 13C and 14N, making this

a challenge due to sensitivity in solution. Furthermore, the
compound was fully characterized by IR spectroscopy and
TGA, as well as the sensitivities, were measured. Using the
density obtained from X-ray crystallography, as well as the
heat of formation calculated with the GAUSSIAN program
package, the energetic parameters were calculated using EX-

PLO5 computer code. The performance data were compared
to the commonly used RDX and oxidizer ammonium per-
chlorate, as well as the structurally similar triaminotrinitro
(TATB) and pentanitro (PNB) benzene.
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1 Introduction

Polynitrobenzenes have been an interesting area of re-
search within energetic materials for well over a century. In
this process, some well-known compounds have been cre-
ated, which are still in use today, among them TNT, styph-
nic acid and TATB. The benzene-based explosives have the
advantage of relatively high decomposition points and high
densities. This is especially the case for compounds with hy-
drogen bonding between amino groups and neighboring

nitro groups. In addition, amino-nitro-benzenes often ex-
hibit low sensitivity, which ensures safe handling [1–2].

Pentanitrobenzene (PNB), which was first synthesized by
Nielsen et al. in 1979 and further fully characterized by us in
2019 including the crystal structure, shows promising per-
formance data with a high density and decomposition tem-
perature [3–4]. The introduction of an amino group at the
‘nitro-free’ position on the ring could show improved prop-
erties due to hydrogen bonding between the amine and
the neighboring nitro groups. Already back in 1928 this
compound was synthesized and described, as pentani-
troaniline (PNA) [5]. Again by Nielsen et al., the synthesis
was further improved [6]. However, characterization was
mainly based on decomposition point or elemental analysis,
and no NMR data or sensitivities were mentioned. In 2006,
a crystal structure of PNA was reported as 1,2-dichloro-
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Figure 1. Comparison of PNA with TATB and PNB in respect of their
advantages.
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ethane solvate, followed by the crystal structure as benzene
solvate in 2015 [7–8].

In this work, the full characterization and investigation
of the properties of pentanitroaniline is performed and
compared with the structurally similar TATB and PNB (Fig-
ure 1) [9].

2 Experimental Section

General: Solvents were dried and purified with standard
methods. 3,5-Dinitrobenzoic acid is commercially available
and used without further purification. IR spectra were re-
corded with a Perkin-Elmer Spectrum BX-FTIR spectrometer
coupled with a Smiths ATR DuraSample IRII device in the
range of 4000–650 cm� 1 at ambient temperature. NMR
spectra were recorded with Bruker TR 400 MHz spec-
trometers at 25 °C. Chemical shifts were determined in rela-
tion to external standards Me4Si (1H, 399.8 MHz); (13C,
100.5 MHz); MeNO2 (14N, 28.9 MHz). Elemental analyses
(CHN) were obtained with a Vario EL Elemental Analyzer.

The sensitivity data were acquired by measurements
with a BAM drophammer and a BAM friction tester. Melting
and decomposition points were determined by differential
thermal calorimetry (DTA) using an OZM Research DTA 552-
Ex instrument at a heating rate of 5 °C min� 1. Measurements
were performed in open glass vessels against a reference
material in the range of 25 °C to 400 °C.

The crystal structure data was obtained using an Oxford
Xcalibur CCD Diffractometer with a KappaCCD detector at
low temperature (122 K). Mo� Kα radiation (λ= 0.71073 Å)
was delivered by a Spellman generator (voltage 50 kV, cur-
rent 40 mA). Data collection and reduction were performed
using the CRYSALIS CCD [10] and CRYSALIS RED [11] soft-
ware, respectively. The structure was solved by SIR92/SIR97
[12] (direct methods) and refined using the SHELX-97 [13–
14] software, both implemented in the program package
WinGX22 [15]. Finally, the structure was checked using the
PLATON software [16]. The images are drawn with thermal
ellipsoids at 50 % probability level.

The theoretical calculations were achieved by using the
GAUSSIAN16 program package [17] and were visualized by us-
ing GaussView 6.0.16 [18]. Optimizations and frequency
analyses were performed at the B3LYP level of theory
(Becke’s B3 three-parameter hybrid functional by using the
LYP correlation functional) with a cc-pVDZ basis set. After
correcting the optimized structures with zero-point vibra-
tional energies, the enthalpies and free energies were cal-
culated on the CBS-4 M (complete basis set) level of theory
[19]. The detonation parameters were obtained by using
the EXPLO5 (V6.05.04) program package [20–21].

CAUTION! Pentanitroaniline (2) is an energetic material
and shows sensitivities in the range of secondary ex-
plosives! Manipulation with caution during synthesis or ma-
nipulation and additional protective equipment (leather

jacket, face shield, ear protection, Kevlar gloves) is strongly
recommended.

3,5-Dinitroaniline (1)

3.5-Dinitrobenzoic acid (2.03 g, 9.57 mmol) was added to a
mixture of conc. sulfuric acid (2.5 mL), oleum (20 %, 8 mL)
and chloroform (10 mL) at room temperature. The mixture
was heated to 35 °C, and sodium azide (0.70 g, 10.8 mmol)
was added. The solution was refluxed for 5 h and afterward
cooled back to room temperature and poured onto ice wa-
ter. After filtration and washing with ice-cold water, 1 was
obtained as a yellow-brown solid (1.26 g, 72 %).

1H NMR ([D6]DMSO): δ= 7.89 (t, 4JH,H = 2.1 Hz, 1H, CH),
7.73 (d, 2H, CH), 6.5 (br, 2H, NH2) ppm. 13C NMR ([D6]DMSO):
δ= 151.2 (CNH2), 148.8 (CNO2), 112.4 (CH), 103.7 (CH) ppm.
14N NMR ([D6]DMSO): δ= � 13 (NO2) ppm. Elemental Analy-
sis: C6H5N3O4 (183.12): calc. C 39.35, H 2.75, N 22.95 %;
found C 39.56, H 2.49, N 22.72 %.

Pentanitroaniline (2)

3,5-Dinitroaniline (1, 0.91 g, 4.93 mmol) was dissolved in
conc. H2SO4 (15.5 mL) and oleum (20 %, 9 mL). The solution
was cooled by an ice bath and nitric acid (1.7 mL) was add-
ed dropwise. Afterward, the solution was heated to 72–
75 °C for 90 min and then stirred for further 1 h back at 0 °C.
A yellow precipitate was formed, which was filtered using a
glass frit. The wet precipitate was re-dissolved in 1,2-di-
chloroethane and the solution was decanted to separate
the aqueous acidic phase of the remaining sulfuric acid. The
solution was stored in a � 32 °C freezer overnight, and 2
was obtained as bright-yellow crystalline solid (0.52 g, 33 %)
after filtration.

1H NMR ([D6]acetone): δ=8.6 (br, 2H, NH) ppm. 13C NMR
([D6]acetone): δ= 143.3 (C1-NH2), 142.9/131.1 (C2/C3/C5/C6),
124.2 (C4) ppm. 14N NMR ([D6]acetone): δ= � 27/� 30/� 31
(NO2) ppm. Elemental Analysis: C6H2N6O10 (318.11): calc. C
22.65, H 0.63, N 26.42 %; found C 22.74, H 0.88, N 26.24 %. IR
(ATR): ~n= 3476 (w), 3461 (m), 3373 (m), 3354 (m), 3232 (w),
3097 (vw), 3068 (vw), 2907 (w), 2875 (w), 2646 (w), 1629
(m), 1608 (m), 1581 (s), 1564 (vs), 1542 (vs), 1534 (vs), 1463
(m), 1442 (m), 1421 (s), 1362 (m), 1349 (m), 1327 (s), 1285
(vs), 1285 (vs), 1171 (m), 1046 (m), 967 (w), 914 (m), 889 (vs),
852 (w), 830 (s), 803 (m), 786 (m), 762 (w), 753 (w), 741 (w),
726 (w), 674 (m), 650 (m), 620 (s), 591 (m), 583 (m), 543 (m),
491 (s) cm-1. DTA (5 °C min� 1): 190 °C (dec.). Sensitivities
(BAM): impact 2 J, friction 80 N (grain size 100–500 μm).
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3 Results and Discussion

3.1 Synthesis

In a first step, 3,5-dinitroaniline is prepared from 3,5-dini-
trobenzoic acid by a Schmidt reaction, converting the car-
boxyl group into amine via in situ generation of HN3. Oleum
is used to dissolve the 3,5-dinitrobenzoic acid and also to
eliminate any water formed during the reaction (Scheme 1).
After refluxing, the reaction mixture is quenched on ice and
the aniline 1 is obtained as a solid in good yield and purity
[8].

Again 1 is dissolved in oleum and conc. nitric acid is
added under cooling. While the solution is heated, PNA (2)
already precipitates as a golden-yellow precipitate. Without
quenching, the precipitate is filtered and then re-dissolved
in 1,2-dichloroethane. This allows the remaining traces of
sulfuric acid to be removed, and after storing the solution
overnight at � 32 °C, PNA (2) crystallizes as bright-yellow
plates [8].

3.2 NMR Spectroscopy

3,5-Dinitroaniline (1) and pentanitroaniline (2) were charac-
terized by 1H, 13C, and 14N NMR spectroscopy in [D6]DMSO
for 1 and [D6]acetone for 2.

The 1H NMR spectrum of 1 shows a triplet at 7.89 ppm,
which can be assigned to the ring hydrogen at C4, a dou-
blet at 7.73 ppm for the other two aromatic hydrogens at
C2 and C5 as well as a broadened resonance at 6.5 ppm for
the amino group. The 13C NMR spectrum shows the four ex-
pected signals at 151.2, 148.8, 112.4, and 103.7 ppm; and
the NO2 resonance is detected at � 13 ppm in the 14N NMR
spectrum.

[D6]Acetone is the only solvent in which PNA (2) is suffi-
ciently soluble in order to detect resonances. Immediate
measurements after solution were required, however, also
fast decomposition signals occur.

In the 1H NMR spectrum, PNA (2) shows only one broad-
ened resonance at 8.6 ppm, which can be assigned to the
amino group. In the 13C NMR spectrum of a concentrated
sample, the expected four resonances were visible after a
short acquisition time. Due to the attached nitro groups,
the carbon resonances are significantly broadened and re-
quire concentrated solutions in addition to a longer acquis-
ition time. Only the carbon atom next to the amino group

(C1) shows no broadening at 143.3 ppm. Apart from C4,
which is detected at 124.2 ppm, an exact assignment of C2
and C3 at 142.9 ppm and 131.1 ppm is not possible. How-
ever, after a few minutes already, signals of decomposition
products can be detected at 143.3 ppm and 143.2 ppm,
which increase with time. For the 14N NMR spectrum, the
same effect was observed. At the beginning of the meas-
urement three resonances for the nitro groups were de-
tected at � 27, � 30, and � 31 ppm. After a few minutes,
new signals were observed at � 23 and � 25 ppm, which
also increase with time and correspond to decomposition
products. Very likely, these are products of hydrolysis,
formed by nucleophilic substitution of nitro by hydroxyl
groups, similar as observed for pentanitrobenzene [4].

3.3 Single Crystal Structure Analysis

Suitable single crystals for X-ray structure determination of
2 were obtained from dichloromethane by slow evapo-
ration at ambient temperature. PNA crystallizes as orange
plates in the tetragonal space group P�421c with a density of
1.926 g cm� 3 at 122 K (Table 1). The structure with selected
bond lengths and angles is shown in Figure 2.

Scheme 1. Synthesis of PNA (2) starting from 3,5-dinitrobenzoic
acid.

Figure 2. X-ray molecular structure of 2. Selected distances [Å] and
angles [°]: C1� C2 1.428(5), C2� C3 1.377(5), C3� C4 1.391(5), N4� C4
1.458(7), N3� C3 1.481(5), N2� C2 1.465(5), N1� C1 1.319(7), O2� N2
1.221(4), O1� H 2.082(4) C2� C3� C4 121.4(4), C1� C2� N2 118.5(4),
N1� C1� C2 122.9(2), C2’� C1� C2� C3 1.0(2), C4� C3� C2� C1 � 2.1(5),
N1� C1� C2� C3 � 179.0(2), N1� C1� C2� N2 3.8(4), N3� C3� C4� N4
0.8(4), O1� N2� C2� C1 � 34.0(5), O3� N3� C3� C4 � 75.0(4),
O5� N4� C4� C3 � 29.8(2).
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There is symmetry along the C1� C4 plane, resulting in
equal bond lengths and angles on both sides. The benzene
ring shows almost complete planarity and only the nitro
groups twist out of the plane. However, the benzene ring
shows different C� C bond lengths. The C1� C2 bond
(1.428 Å) is significantly longer compared to the C2� C3
(1.377 Å) and C3� C4 (1.391 Å) bonds, similar as also ob-
served for 2,3,4,6-tetranitroaniline (C1� C2 1.429 Å, C2� C3
1.379 Å, C3� C4 1.383 Å) [4]. This can be explained by the
electron pushing amine group, which pushes electrons into
the bond, and as a consequence the bond length is short-
ened. Comparing the bond lengths with benzene de-
rivatives with uniform groups, such as hexaaminobenzene
and hexanitrobenzene, equal bond lengths of about 1.39 Å
are observed [22–23]. The same effect is seen with the dif-
ferent C� N bond lengths. Thus, the length of the C1� N1
bond (1.319 Å) is also shorter than that of the other C� NO2

bonds (1.458–1.481 Å).
Considering the different nitro groups, especially the

NO2 groups in meta position are more twisted relative to
the benzene ring (torsion angle � 75.0°). The nitro groups in
ortho and para position are less twisted with a torsion angle
of � 34.0° (ortho) and � 29.8° (para). The slightly stronger

twisting of the ortho NO2 groups compared to the para
group can be explained by the hydrogen bonds of the or-
tho oxygens with the hydrogen atoms of the amine group
(O1···H 2.082 Å).

The unit cell of PNA is shown along the a and b axes in
Figure 3, displaying the alternation of the molecules with
an angle of 90° to each other. This increases the inter-
molecular distance between the nitro groups and results in
less repulsive interactions. In addition, the intermolecular
hydrogen bonds between the hydrogen atoms of the
amine group and oxygen atoms of neighboring molecules
are illustrated. The alternating twisting of the molecules
and nitro groups can thus shorten the distance from the
oxygen atoms to the hydrogens, allowing the formation of
attractive hydrogen bonds with bond lengths between
2.3 Å and 2.7 Å.

3.4 Thermal Stabilities and Energetic Properties

The physical and energetic properties of PNA were de-
termined and summarized in Table 2 and further compared
to the common secondary RDX, oxidizer ammonium per-
chlorate (AP), and the structurally similar TATB and PNB.

The thermal stability of 2 was determined by Differential
Thermal Analysis (DTA) measurement with a heating rate of
5 °C min� 1 in the temperature range of 15–400 °C. PNA does
not melt before decomposing at 190 °C (onset temperature)
and shows the lowest decomposition temperature of all
compared compounds. The same trend can be observed for
the sensitivities (IS= 2 J, FS =80 N, ESD= 200 mJ). In terms
of impact and friction sensitivity, the values of PNA and PNB
are almost in the same range, except for ESD for which PNB
is more sensitive with a value of 63 mJ.

Comparing the different densities of the compounds, it
is notable that PNA and PNB have the same density
(1.88 g cm� 3), and TATB has a slightly higher density, which
can be explained by the higher number of hydrogen bonds.

Table 1. Crystal data, details of the structure determinations and
refinement of 2.

PNA

formula C6H2N6O10

FW [g mol� 1] 318.11
T [K] 122
λ [Å] 0.71073
crystal system tetragonal
space group P�421c
crystal size [mm] 0.09 × 0.36 × 0.43
crystal habit orange plate
a [Å] 8.7959(3)
b [Å] 8.7959(3)
c [Å] 28.3660(16)
α [deg] 90
β [deg] 90
γ [deg] 90
V [Å3] 2194.62(16)
Z 8
1calc. [g cm� 3] 1.926
μ [mm� 1] 0.19
F(000) 1280
2Θ range [deg] 1.436 � 26.370
index ranges � 10�h�10

� 10�k�10
� 35� l �35

reflections collected 32085
reflections unique 28543
parameters 212
GooF 1.0730
R1/wR2 [I>2σ(I)] 0.0440/0.0882
R1/wR2 (all data) 0.0688/0.0976
max/min residual electron density [Å� 3] � 0.220/0.220
CCDC 2118338

Figure 3. View of the unit cell of PNA (2) with hydrogen bonds be-
tween the hydrogen atoms and oxygen atoms along the axis be-
tween a and b axes.
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PNA exhibits a positive oxygen balance assuming the
formation of CO and an oxygen content slightly above
50 %. Thus, the values are in the same range as PNB and far
above those of TATB and RDX.

The various energetic properties were calculated by us-
ing the EXPLO5 (V6.05.04) software. As a result, PNA has a
detonation velocity almost identical to RDX (PNA:
8808 m s� 1, RDX: 8801 m s� 1) and only PNB has a slightly
higher value of 8932 m s� 1, whereas TATB and especially AP
have lower values (TATB: 8201 m s� 1, AP: 6855 m s� 1). The
same trend can be observed for the detonation pressure, as
well as specific impulse. However, this does not apply to
the specific impulse with aluminum and binder, since am-
monium perchlorate has the highest value (257 m s� 1),
closely followed by PNB (246 m s� 1) and PNA (236 m s� 1).

3.5 Hirshfeld Analysis

With the crystal structure of PNA, further in-depth analysis
and comparison with structurally similar compounds TATB
and PNB can be performed. Thereby, the compounds differ
only slightly by different functional groups, which in turn
lead to different interactions and thus have a direct influ-
ence on the sensitivities. For this reason, Hirshfeld surfaces
were created based on the crystal structures of the com-
pounds (Figure 4) [4, 24–25].

The 2D fingerprint plots show the distance and the
types of interaction of atoms to surrounded atoms in the
crystal packing. The plots are given as a function of di+de,
whereby di is the distance from the Hirshfeld surface to the
nearest atom interior and de is the distance from the Hirsh-
feld surface to the nearest atom exterior [26]. Based on the
different types, amounts and strengths of the interactions, a
conclusion can be expressed regarding the different sensi-
tivities of structurally similar compounds [25].

Equiatomic interactions exhibit a destabilizing effect,
which increases the sensitivity. The size of the atoms has a
decisive impact, which is the reason that O···O interactions
have a higher influence than N···N or H···H interactions [27–
28]. The same is observed for the O···N, C···O and C···N inter-
actions. However, these have less influence compared to
the equiatomic interactions. If there are strong destabilizing
interactions at certain positions, these are indicated as red
dots in the Hirshfeld plots. From this it can be concluded
that with a higher number of such red dots there is an in-
creased sensitivity [27, 29].

Stabilizing interactions are mainly intermolecular hydro-
gen bonds, which in turn reduce the sensitivity. These
bonds prevent the displacement of individual layers by ex-
ternal influences. Thus, hydrogen bonds are the interactions
that are mainly observed in insensitive compounds [30].

Apart from the different types of interactions, the rela-
tive strengths of the interactions are also important for the

Table 2. Physical and energetic properties of PNA (2) compared to RDX, TATB, PNB and AP.

PNA (2) RDX TATB PNB AP

Formula C6H2N6O10 C3H6N6O6 C6H6N6O6 C6HN5O10 NH4ClO4

FW [g mol� 1] 318.11 222.12 258.15 303.10 117.49
Tmelt [ °C][a] – 200 – 143 –
Tdec [ °C][a] 190 208 ca. 350 220 240
IS [J][b] 2 8 >25 5 20
FS [N][b] 80 120 >355 96 360
ESD [mJ][c] 200 250 293 63 >726
1 [g cm� 3][d] 1.88 1.79 1.93 1.88 1.95
O [%][e] 50.3 43.22 37.19 52.8 54.5
ΩCO [%][f] 15.1 0 � 18.6 18.5 34.0
ΩCO2 [%][f] � 15.1 � 21.61 � 55.8 � 13.2 34.0
ΔfHm° [kJ mol� 1][g] 39.6 70.3 � 154.2 66.4 � 295.8

EXPLO5 V6.05.04
Vdet [m s� 1][h] 8808 8801 8201 8932 6855
pdet [GPa][h] 34.9 33.6 28.0 36.9 18.0
Isp [s][i] 251 263 188 250 154
Isp [s] (15 % Al)[i] 263 274 219 260 234
Isp [s] (15 % Al, 14 % binder)[i] 236 241 209 246 257

[a] Onset melting Tmelt and decomposition point Tdec from DTA measurements, heating rate 5 °C min� 1. [b] Sensitivity towards impact IS and
friction FS. [c] Electrostatic discharge sensitivity (OZM ESD tester). [d] RT densities are recalculated from X-ray densities, if not otherwise
noted. [e] Oxygen content. [f] Oxygen balance assuming formation of CO or CO2. [g] Heat of formation calculated at CBS-4 M level using
GAUSSIAN09 [19]. [h] Predicted detonation velocity and detonation pressure. [i] Specific impulse Isp of the neat compound and compositions
with aluminum or aluminum and binder (6 % polybutadiene acrylic acid, 6 % polybutadiene acrylonitrile and 2 % bisphenol A ether) using
EXPLO5 (Version 6.05.04) program package (7 MPa, isobaric combustion, equilibrium to throat and frozen to exit.) [20].
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sensitivities. These can be extracted and determined from
the position in the 2D fingerprint plot [25].

As expected, in the case of TATB the strongest stabiliz-
ing interactions are between oxygen and hydrogen (O···H).
In addition to these hydrogen bonds, N···H interactions are
also found extensively in TATB. PNA also features hydrogen
bonding, but in a much smaller amount, and even PNB ex-
hibits O···H interactions that, unlike TATB or PNA, take place
with the hydrogen-bonded to the benzene ring. When
looking at the destabilizing O···O bonds, the exact opposite
trend is seen. TATB shows by far the least amount of such
interactions (14 %), whereas PNB has the most (60 %), close-
ly followed by PNA (51 %). In addition to the destabilizing
O···O interactions, all compounds also exhibit slightly desta-
bilizing O···C interactions. Again, TATB shows the lowest
number of 12 %, whereas PNB and PNA show the same
number of 21 %. The high total number of destabilizing in-
teractions compared to stabilizing ones in PNA and PNB is
also reflected in the experimentally measured sensitivities.
Thus, the direct comparison of TATB and PNA shows that
the two additional amino groups form so many additional
hydrogen bonds that the sensitivity is so much lower. In the
direct comparison of PNB to PNA, both compounds show
similarly measured sensitivities and that although PNA has
a larger number of hydrogen bonds and a lower number of
O···O interactions. A possible reason for this could be the
stronger interactions of the oxygens, which are in a region

of de+di=3.2 Å for PNA and de+di= 3.4 Å for PNB. In addi-
tion, the O···H interactions of PNA are also slightly weaker
than those of PNB.

4 Conclusion

After almost 100 years, pentanitroaniline is now fully char-
acterized and can be prepared via a two-step synthesis
starting from easily available 3,5-dinitrobenzoic acid. The
crystal structure of PNA was obtained for the first time
without any solvent or adducts by low-temperature X-ray
crystallography. NMR data were finally obtained, especially
with respect to 13C and 14N. The 13C NMR spectrum showed
the expected broadened resonances, because of the neigh-
boring nitro groups, as well as three distinguishable reso-
nances in the 14N NMR spectrum. However, because of the
moisture sensitivity issues of PNA, the NMR measurements
had to be performed in [D6]acetone, in which decom-
position of the PNA was observed already after a few mi-
nutes. Nevertheless, it was possible to identify the reso-
nances of PNA. Based on the crystal structure a Hirshfeld
analysis was performed and compared to the similar TATB
and PNB. Furthermore, important physical and chemical
properties were determined and discussed, such as sensitiv-
ities, thermal stability and energetic parameters. These
properties are quite in the range of RDX or even better in

Figure 4. On top, the 2D fingerprint plot of the crystal stacking and the corresponding Hirshfeld surface of TATB, PNA (2) and PNB. The
population of close contacts are shown below.
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some cases. Unfortunately, PNA shows similar to PNB, a
high moisture sensitivity, which restricts further chemistry
and applications.
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