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This paper reports studies undertaken on hydrazinium nitrofor-
mate (HNF) synthesized in HEMRL by a viable method. The
purity of the synthesized HNF was determined by high-perfor-
mance liquid chromatography, and the compound was character-
ized by elemental analysis, ultraviolet, infrared, nuclear magnetic
resonance (1H NMR and 13C NMR), and electron impact mass
spectroscopy.

Detailed studies on the crystallographic nature and surface
chemistry of HNF were undertaken by applying scanning electron
microscopy (SEM), X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), and X-ray photo-electron spectroscopy
(XPS). SEM shows layered needle-shaped crystals of HNF. The
d values obtained in XRD spectra establish monoclinic structure,
as reported by other investigators. TEM provides confirmatory
data. The XPS study offers additional information regarding the
surface chemistry of HNF. The evidence is in favor of inter-
molecular hydrogen bonding to a large extent.
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Thermal studies were also conducted as part of this work.
Differential thermal analysis, thermogravimetry, and differential
scanning calorimetry results reveal two-stage decomposition
of HNF. DSC results correspond to the activation energy of
�150 kJ=mol for both the stages of decomposition.

1. Introduction

Superior energy potential combined with eco-friendly nature of the
solid oxidizer are vital requirements of futuristic solid rocket propel-
lants. In the present global scenario, ammonium dinitramide (ADN)
and hydrazinium nitroformate (HNF) are emerging as likely substi-
tutes to ammonium perchlorate (AP) [1,2]. ADN has processing and
storage problems due to its hygroscopic nature. Its other limitation
is a low melting point (<100�C). On the other hand, HNF is nonhy-
groscopic in nature and has a melting point above 100�C. Moreover,
its synthesis is comparatively simple. Purity levels of HNF have bear-
ing on its sensitivity and stability [3,4] . Quality of chemicals, solvents,
stoichometric ratio of reactants and reaction parameters play an
important role in deciding the purity of HNF [1,6,7]. Needle-shaped
crystals of HNF with high L=D ratio pose loading problem in solid pro-
pellant compositions [1]. The desired morphology of HNF is the criti-
cal requirement from the processing point of view.

This paper discusses work carried out on synthesis, characteriza-
tion, and thermal decomposition of HNF in this laboratory. In view
of the increasing importance of HNF as an energetic and eco-friendly
oxidizer, research institutes all over the globe have undertaken pro-
grams to synthesize and produce HNF. Different synthesis approaches
have been adopted, resulting in different purity levels and dissimilar
morphology of HNF.

The present work was undertaken to generate data on HNF
synthesized in HEMRL and correlate it with reported literature.
The main feature of this work is extensive investigation on crystallo-
graphy and the surface chemistry of HNF by applying transmission
electron microscopy (TEM) and X-ray photo-electron spectroscopy
(XPS) in addition to scanning electron microscopy (SEM) and X-
ray diffraction (XRD). In an attempt to understand the thermal beha-
vior, HNF was subjected to hyphenated TG-FTIR analysis in addition
to differential thermal analysis (DTA), differential scanning calorime-
try (DSC), and thermogravimetry (TG).
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2. Experimental

HNF synthesis was carried out using fuming nitric acid (conc.>95%),
sulphuric acid, iso-propanol, ethylene dichloride, and hydrazine
hydrate of AR grade. The purity was determined by high-performance
liquid chromatography (HPLC) with micro-C18 column. The com-
pound was characterized by elemental analysis and ultraviolet (UV)
and infrared (IR) spectroscopy. 1H NMR and 13C NMR spectra
were recorded using TMS as internal standard. The sample was also
analyzed by an electron impact mass spectrum (EIMS) with a 70 eV
direct insertion probe.

Morphology of HNF was studied by SEM, XRD, and TEM spec-
trometry. The X-ray photo electron spectroscope (XPS) study was
carried out on the ESCA-3000 instrument with 1.6 eV resolution.

Non-isothermal TG=DTA curves were recorded in static air at
10�C=min heating rate. DSC curves were recorded at the heating
rates of 5{25�C=min in N2 atmosphere. Activation energy (E) was
computed by applying Kissinger [8] (1) and Ozawa [9] (2) equations
for both exotherms:

Eb
RTm

¼ Anð1� xÞm n�1e�E=RTm; ð1Þ

logb ¼ 0:4567
E

RTm

; ð2Þ

where,

E¼ activation energy
A¼ frequency factor
b¼ heating rate
n¼ order of reaction
Tm ¼ peak temperature (K)
R¼ universal gas constant
ð1� xÞm ¼ fraction of unreacted material at Tm.

E is calculated from the slope of the plot of b=RTm Versus 1=Tm for
the Kissinger method and log b Versus 1=Tm for the Ozawa method.

3. Results and discussion

3.1 Synthesis and Characterization of HNF

During this work nitroform (NF) was synthesized by nitration of iso-
propano [10]. It was isolated from the acid impurities by the extraction
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method developed by Frankel et. al [11,12]. Subsequently HNF of high
purity was obtained by neutralization of NF with hydrazine hydrate
[13] and was given special treatment for obtaining it in free-flow
form [14].

Recrystallized HNF in MeOH=CTC yielded yellow needle-shaped
particles: mp, 120�C; purity >98% (HPLC); anal. calcd. for CH5

N5O6: C, 6.55: H, 2.75: N, 38.25: O, 52.45, Found: C, 6.66: H, 2.73: N,
38.03: O, 52.58; UV spectra (H2O): lmax 210, 352 nm; IR spectra (KBr
matrix): N-H str: 3244 cm71 (m), NHþ

3 def: 1615 cm71 (w), NO2 asy.
str: 1512 cm71 (s), NHþ

3 bend: 1420 cm71 (m), NO2 sy. str: 1271 cm
71

(s), NHþ
3 wag: 1180 cm71 (s), N-C-N asy. str: 1100 cm71 (m), NO2

bend: 790 cm71 (s), N-N str: 971 cm71 (m); 1H NMR spectra
(300MHz, DMSO-d6):d7.028 (s, 5H); 13C NMR spectra (300MHz,
DMSO-d6): d 150.759 (w, 1C); MS m=z calcd. for NH4-C-(NO2)3: 168,
C-(NO2)3: 150, NH4-C-(NO2)2: 122, HC-(NO2)2:105, NH4NO3.H2O 98,
NH4NO3: 80. Found NH4-C-(NO2)3: 168 (30%), C-(NO2)3: 149
(100%), NH4-C-(NO2)2: 122 (18.6%), HC-(NO2)2: 105 (16.5%),
NH4NO3.H2O: 97 (9.5%), NH4NO3: 81 (11.4%).

UV and IR spectra match with the reported data. In 1H NMR
spectra the expected multiplets are not observed because of

Figure 2. SEM of needle-shaped HNF crystals with 250�magnification.
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intermolecular exchange of hydrogen on nitrogen atoms. In 13C NMR
spectra, the intensity of peak was very weak, though the spectra was
run for a large number of pulses (2500) with long interval (1.0 msec).
This may be due to the presence of a quaternary carbon atom in the
compound. In mass spectra (Figure 1) the parent N2H5-C-(NO2)3
molecule (m=e,168) does not appear because of its decomposition prior
to vaporization [15].

3.2 Crystallographic Study of HNF

SEM of HNF revealed layers of needle-shaped crystals with varying
L=D ratios (Figure 2). The d values obtained from XRD pattern
(Table 1, Figure 3) bring out the monoclinic nature of the HNF crystal
as reported [7,16]. This was supported by theoretical calculations of

Table 1
XRD data of HNF

d value
(Å)

Relative
intensity

d value
(Å)

Relative
intensity

d value
(Å)

Relative
intensity

d value
(Å)

Relative
Intensity

21.6928 27.7% 3.9362 43.0% 2.6338 36.9% 2.0371 9.2%
9.6623 21.7 3.8512 23.0 2.6115 49.1 1.9724 13.3
9.3265 61.7 3.7003 13.6 2.6019 26.4 1.8061 4.6
9.2053 36.4 3.6502 22.4 2.5177 18.8 1.7471 3.3
7.9431 4.1 3.6166 64.9 2.5060 36.4 1.7332 5.1
6.3363 8.0 3.5843 37.9 2.4964 31.7 1.6963 14.2
6.0633 26.0 3.4848 10.5 2.4496 4.4 1.6738 9.2
5.5955 16.4 3.3620 37.9 2.4007 17.1 1.6447 6.3
5.5381 11.6 3.3074 20.2 2.3735 41.4 1.5443 4.1
5.3941 3.9 3.0426 84.5 2.3039 35.4 1.4481 0.8
4.7946 32.1 3.0204 100 2.2988 42.5 1.4008 1.7
4.7576 28.6 2.9873 87.5 2.2859 39.9 1.3693 2.9
4.6585 16.4 2.9011 11.8 2.2792 32.1 1.3153 2.6
4.6093 26.0 2.8233 34.0 2.2646 37.4 1.2763 1.9
4.5519 49.6 2.8061 46.8 2.2200 13.3 1.2544 2.6
4.3903 21.7 2.7680 40.9 2.2010 11.8 1.2359 1.7
4.3215 75.6 2.7436 71.6 2.0895 3.0
4.2610 57.9 2.6939 34.9 2.0652 5.7
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interplanar spacing applicable to the monoclinic crystal system [5] by
the equation

dhkl ¼
1

h2=a2þl2=c2�2hl cosb=ac
sin2b

þ k2=b2
h i1

2

where a ¼ 7:91 Å, b ¼ 11:77 Å, c ¼ 13:98 Å, and b ¼ 104�.
TEM spectrometry also suggests the monoclinic nature of HNF

(Table 2).
The XPS spectra peaks of HNF were broad and asymmetric

toward the higher-energy side. The C1s spectrum with full width at
half maxima (FWHM: 4.2 eV) was resolved into four Gaussion peaks
(Figure 4). After subtracting the background by the Shirley back-
ground method, binding energies (BEs) of the corresponding peaks
are found to be 285, 286.2, 289, and 291.2 eV respectively. The first
peak with BE of 285 eV is attributable to the strong Cd7�H-Ndþ

intermolecular hydrogen bonding between nitroformate and hydrazi-
nium ions [16]. The second peak with a BE of 286.2 eV is assignable to
the C-N bond. The third and fourth peaks may be due to polar
interaction between HNF molecules. However, their exact assignment
needs detailed investigation.

The N1s spectrum (FWHM: 3.6 eV) was resolved into three
Gaussian peaks. After subtracting the background (Figure 5), BEs
of the respective peaks correspond to 398, 399.4, and 401.8, eV respec-
tively. These peaks are assignable to C-N, -NH2, and -NO2 bonding,
respectively.

Table 2
TEM data of HNF

d Value (Å) Relative intensity

3.114 100%
3.655 64
5.686 16
6.567 8
8.733 5
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The O1s spectrum (Figure 6) was resolved into two peaks
with BEs of 531 and 534 eV. The first peak may be due to oxygen
from NO2 species, while the other peak may be because of the
adsorbed -OH species on the surface of HNF crystals or hydrogen
bonding between oxygen of one HNF[-C (NO2) 3]

7 ion through the H
of the N2H5

þ ion of the neighboring HNF [16]. The high peak area of
the latter peak (as compared to the former) may be due to the high
magnitude of strong hydrogen bonding on the surface.

The DSC (Table 3, Figure 7) are curve exhibited two exotherms
with maximum temperature of decomposition (Tmax) at�136 and
138�C, respectively. The energy of activation obtained from the data
generated at different heating rates by the Kissinger method [8] for
the first and second exotherm was 150 kJ=mol with a pre-exponen-
tial factor of 1.3� 1019 and 1.5� 1019, respectively. The Ozawa
method [9] gave a similar value (E¼ 149 kJ=mol). DTA and TG
studies also revealed two-stage decomposition of HNF (Table4;
Figure 8). In TG the first-stage decomposition (temperature range:
105{142�C) showed 72.5% weight loss, whereas in the second stage
of decomposition (temperature range: 142{210�C) the weight loss
was 24.5%.

Decomposition temperatures of exotherms obtained during the
present work are in close agreement with the data reported by Schoyer
et al. [1,4,17]. Koroban et al. [15] have reported formation of ANF as
an intermediate during slow decomposition of HNF. Williams and
Brill [17] have suggested decomposition of ANF to AN. The activation

Table 3
DSC results of HNF at different heating rates

First exotherm Second exotherm

Heating rate
(�C=min)

Ti

(�C)
Tmax

(�C)
Tf

(�C)
Ti

(�C)
Tmax

(�C)
Tf

(�C)
DH
(J=g)

5 127.6 130.2 132.3 132.3 133.3 176.7 72301
10 131.9 135.8 137.9 137.9 138.2 178.3 72676
15 134.2 139.8 142.1 142.1 143.6 192.2 72389
20 135.6 142.1 144.2 144.2 145.1 190.8 72954
25 137.2 144.7 146.5 146.5 147.9 200.2 72535
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energy obtained in DSC experiments for the first exotherm is close to
that reported by Williams and Brill. The weight loss trend obtained
during this work suggests formation of the cyanamide-type species,
which might have resulted from rapid decomposition of HNF and
recombination of decomposed species. To get additional evidence,
HNF was also subjected to thermal decomposition in a hyphenated
TG-FTIR system (Figure 9). The IR spectrum of the decomposed pro-
ducts revealed the presence of moieties containing the {C�N group,
which might have resulted from decomposition of cyanamide-type spe-
cies. Nitro and amino species were also detected in the decomposed
gases.

4. Conclusion

The present study shows that HNF of desired purity and morphology
can be obtained by optimizing the process. Elemental analysis and
spectroscopic methods confirmed the structural features of HNF
synthesized in this laboratory. TEM spectroscopy supported the
monoclinic structure of HNF as interpreted from XRD data. XPS
spectra suggest strong inter-molecular hydrogen bonding between
HNF molecules.

Thermal studies reveal two-stage decomposition of HNF, subse-
quent to the melting with the activation energy of 150 kJ=mol.
Weight loss pattern and TG-FTIR studies are indicative of the forma-
tion of cyanamide-type species during thermal decomposition.

Table 4
DTA=TG results of HNF

DTA TG

Peak
details

Ti

(�C)
Tmax

(�C)
Tf

(�C)
Stages of

decomposition
Temperature
range (�C)

Loss in
weight

First
exotherm

130.7 133.5 135.5 First stage 105{142 72.5%

Second
exotherm

135.5 137 171.2 Second stage 142{210 24.5
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