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Abstract

This paper reports the synthesis, characterisation and thermolysis studies of a series of azotetrazolate

salts, viz., ammonium/guanidinium/triaminoguanidinium [azotetrazolate]. TG-DTA and DSC results

of these compounds exhibited their thermal stability up to 180°C. DSC indicated the highest heat re-

lease (2804 J g–1) for guanidinium azotetrazolate salt during exothermic decomposition. FTIR of the

decomposition products of azotetrazolate salts showed bands at 3264 and 2358 cm–1 which may be at-

tributed to gaseous species such as NH3 and HCN or NH2CN. The sensitivity data suggests low vul-

nerability of ammonium and guanidinium salts. In cyclic voltammetric studies all the salts showed

similar response in reduction reactions. Triamino guanidinium azotetrazolate (TAGAZ) was incorpo-

rated into solid propellant formulations in order to establish the compatibility of this class of com-

pounds. DSC results revealed that it does not have adverse effect on thermal stability of double base

matrix. The burning rate data obtained indicated that TAGAZ acts as an efficient energetic additive in

composite modified double base (CMDB) propellant formulations in high-pressure region.

Keywords: ammonium azotetrazolate, azotetrazolates, guanidinium azotetrazolate, high energy
materials, high nitrogen content, synthesis, TG-FTIR, thermolysis,
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Introduction

Modern composite propellants derive their energy from combustion of metal fuel

(Al) and components of polymeric binder (butadiene) in oxygen provided by the oxi-

dizer generally, ammonium perchlorate (AP). High energy materials (HEMs) like,

2,4,6-trinitro toluene (TNT), trinitro triaza cyclohexane (RDX), tetranitro tetraaza

cyclooctane (HMX) and hexanitro hexaaza isowurtzitane (HNIW: CL-20), despite

being high explosives [1, 2] are also finding application in clean burning solid pro-

pellants. RDX and HMX derive their energy from rapid oxidation of carbon back-

bone by in-built oxygen as well as due to positive heat of formation. Ultra high en-
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ergy modern compounds such as CL-20 and the recently reported hepta- and octa-

nitrocubanes have additional feature of strained structure. The concept of new class

of high nitrogen content high energy materials (HNC-HEMs) has evinced great inter-

est [3–5] during recent time as an energetic component of propellants. Presence of

N–N and C–N bonds in HNC compounds confers positive heat of formation on them.

Further, HNC-HEMs produce more nitrogen gas per gram than most of the HEMs,

resulting in inherently cooler combustion products, which is an attractive feature for

gun propellants and gas generators. Low percentage of carbon and hydrogen in these

compounds reduces the proportion of oxidized combustion products in comparison

to conventional HEMs, resulting in formation of low mean molecular mass combus-

tion products like methane [6].

Los Alamos National Laboratory (LANL), USA, reported the synthesis of three

unique HNC materials based on azotetrazolate anion [7] in combination with ammo-

nium, guanidinium and triaminoguanidinium cationic species of the following basic

structure

where R+ stands for (i) ammonium (ii) guanidinium and (iii) triaminoguanidinium.

These compounds are reported to have a combination of high positive heat of

formation and insensitivity. The reported [7] heat of formation for ammonium

(AAZ), guanidinium (GAZ) and triaminoguanidinium azotetrazolate (TAGAZ) salts

are 98, 106 and 257 kcal mol–1, respectively. Many other schools all over the globe

have been actively involved in the research and development work on azotetrazolate

based HEMs [8–17].

This paper reports the synthesis and characterisation of a series of azotetrazolate

salts with the objective of generating additional data on this class of compounds in

view of their increasing importance. Precursor (sodium azotetrazole pentahydrate) as

well as products were characterised by spectroscopic methods. Thermal studies were

carried out to understand decomposition pattern and the nature of gaseous decompo-

sition products was determined by FTIR coupled with TG. The trends obtained are

discussed on the lines of the reported literature. TAGAZ having the highest positive

heat of formation of 257 kcal mol–1 in comparison to other azotetrazolates, was se-

lected for processing of a composite modified double base (CMDB) propellant com-

position to establish its compatibility.
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Experimental

Materials and methods

All the reagents and chemicals used in the present study were of AR grade and used

as such. The IR spectra were recorded on Perkin Elmer FTIR-1600 spectro-

photometer in KBr matrix. 1H and 13C NMR spectra were recorded on 300 MHz

Varian instrument in DMSO-d6 at 30°C with TMS as an internal standard. DSC stud-

ies were undertaken on a Perkin Elmer DSC-7 instrument operating at a heating rate

of 10°C min–1 in a nitrogen atmosphere with 1 mg of sample. The thermal decompo-

sition studies were also undertaken on simultaneous thermogravimetric and differen-

tial thermal analyzer (TG/SDTA) of Mettler Toledo (8551). FTIR of decomposition

products was recorded on Bruker (EQUINOX-55) instrument coupled with TG. The

sensitivity to impact stimuli was determined by applying standard staircase method

using a 2 kg drop mass and the results are reported in terms of height for 50% proba-

bility of explosion (h50%) of the sample [18]. Figure of insensitivity (F of I) was com-

puted by using tetryl (composition exploding – CE), as reference. The friction sensi-

tivity of the compound was determined on Julius Peter’s apparatus till there was no

explosion/ignition in five consecutive test samples at that mass. The results obtained

for impact and friction sensitivity were within the uncertainty limits of �5 cm

and �0.2 kg, respectively. The crystal morphology was recorded on scanning elec-

tron microscope (SEM) instrument of Philips Icon make and the cyclic voltammetric

studies were carried out using (CHI – 620A) electrochemical analyzer.

Burning rates were determined at laboratory scale in the pressure range of

3–9 MPa by acoustic emission technique [19]. The methodology involved the com-

bustion of strands (6×6×100 mm) in the nitrogen pressurized steel bomb. Acoustic

signals generated by the deflagrating sample were sensed by the piezoelectric trans-

ducer of resonance frequency of 200 kHz.

Synthesis of sodium azotetrazolate pentahydrate, SAZ (1)

Sodium azotetrazolate pentahydrate (SAZ, compound 1) – a key synthon for the prepa-

ration of wide variety of energetic azotetrazolates has been synthesized and character-

ised following Thiele’s method [7, 20].

5-Amino tetrazole monohydrate (10.3 g, 0.1 mol) was dissolved in 300 cm3

of 2 M sodium hydroxide solution in a stainless steel beaker of capacity of 500 cm3

with efficient stirring. The reaction mixture was maintained at a temperature

of 60–70°C over a water bath for a period of 15 min. 12 g (0.076 mol) of powdered po-

tassium permanganate crystals was added portion wise to the reaction mixture for a pe-

riod of 1 h. The reaction mixture was stirred well and the excess permanganate was de-

stroyed by addition of sodium sulphite solution with continuous stirring. The addition

of sodium sulphite was stopped at the end point where the colour changes from green

to yellow. The hot solution mixture was filtered to remove the suspended brown parti-

cles. The filtered brown solid was washed with boiling water until the washings turned

to pale yellow colour. The bright yellow colour filtrate was concentrated to 300 cm3
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and allowed to recrystallise in ice bath for over night. The crystals were filtered and

carefully air dried to yield 21.3 g (71%) of sodium azotetrazolate penta hydrate (1). The

synthesised SAZ was utilized for the preparation of energetic azotetrazolates viz.,

AAZ, TAGAZ and GAZ (Scheme 1).

Ammonium azotetrazolate (2)

Compound 1 (20 g, 0.061 mol) was dissolved in 300 cm3 of ammonium hydroxide

with stirring at 30–35°C. Ammonium chloride (25 g, 0.467 mol) was added over a pe-

riod of 10 min with vigorous stirring. Ammonium azotetrazolate (2) began to precipi-

tate on cooling (5°C) as a yellow solid which was filtered and air-dried to obtain

12.5 g (yield 95%) of (2).

Triaminoguanidinium azotetrazolate (3) and guanidinium azotetrazolate (4)

Ammonium azotetrazolate (5 g, 0.025 mol) was dissolved in 60 cm3 of water at

80–90°C. Triaminoguanidinium chloride (7.03 g, 0.05 mol) was added to this solu-

tion under stirring and contents were allowed to cool to room temperature where

upon a yellow crystalline solid formed which was filtered and air dried to yield 7.7 g

(83%) of (3). Similarly, GAZ (4) was synthesised by adding guanidinium chloride to

SAZ in aqueous media at 80–90°C.

The synthesised azotetrazolates were characterized by spectroscopic and ther-

mal methods (Table 1). The synthesis of AAZ, GAZ and TAGAZ was scaled up

to 50 g/batch level.

Performance evaluation

The performance evaluation of TAGAZ was carried out in CMDB propellant formu-

lations comprising dense nitro cellulose (DNC): 30%, casting liquid (CL): 40% and

TAGAZ: 30%. The components of DNC were NC (12.2% N): 90%; NG: 7%;

carbamite: 3% and casting liquid consists of NG: 78%; DEP: 18% and 2-NDPA: 2%.
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Scheme 1 Synthesis of azotetrazolates
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The composition was prepared by adopting slurry – cast technique. The DNC was

mixed with desensitised NG in a planetary mixer. AP and TAGAZ were added step

by step in separate instalments to double base matrix in the mixer. Mixing was con-

tinued for 15 min without vacuum and 45 min under vacuum (10 Torr) at 25�5°C.

The slurry obtained was cast under vacuum (2–5 Torr) and curing was carried out

at 40�2°C for 5 days to obtain solid propellant.

Results and discussion

Spectral studies

The UV spectrum showed absorption bands in ultraviolet and visible region due to

the ���* and n��* electronic transitions (Table 1). The IR spectrum of TAGAZ

showed an asymmetric C–N3 ring stretching vibration at 1386 cm–1 and an asymmet-

ric C–N2 stretching mode of the azo group at 734 cm–1. Peaks attributable to amino

group appeared at 3318, 3210 and 1684, 1614 cm–1 corresponding to stretching and

bending frequencies, respectively. In NMR spectrum, the protons of primary amino

group (–NH2) of triaminoguanidinium species appeared at � 4.46, while secondary

amino protons (–NH) appeared at � 8.6.

In 13C NMR of the synthesized compounds, two carbon atoms in similar envi-

ronment present in azotetrazolate anion appeared at � 171–173. The carbon atom

present in guanidinium and triaminoguanidinium component of GAZ and TAGAZ

appeared at � 158.

SEM studies

The surface morphology studies of SEM showed that TAGAZ (Fig. 1) and GAZ (Fig. 2)

have rod type crystal morphology while AAZ (Fig. 3) has plate type crystal morphology.
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Fig. 1 SEM of TAGAZ



Thermal studies

DSC results revealed that the onset temperature of decomposition of AAZ, GAZ and

TAGAZ is >180°C (Fig. 4). GAZ have relatively higher peak temperature (259°C)

and heat release during exothermic decomposition in comparison to AAZ and

TAGAZ. The TG of AAZ and GAZ (Fig. 5) showed major decomposition in the tem-

perature range of 208–210 and 250–255°C accompanied with the mass loss of ~90

and 60%, respectively. TAGAZ revealed two major decomposition steps in the tem-

perature range of 185–195 and 200–215°C with mass loss of 24.2 and 38.2%, respec-

tively (Fig. 5). Relatively higher decomposition temperature of GAZ may be an out-

come of strong basic nature of guanidine resulting from effective delocalisation of

+ve charge in its protonated form in salt. The rupture of tetrazole ring is envisaged as

a major step of decomposition of azotetrazolates studied during the investigation.

The FTIR of gaseous decomposition products during TG of TAGAZ (Fig. 6)

displayed absorptions at 3258 cm–1 (NH) and 2357 cm–1 (C N≡ ) suggesting the pres-

ence of NH3 and HCN or NH2CN. Similar gaseous products obtained in AAZ and

GAZ suggest that, the major decomposition process of all these compounds follows

similar pattern.
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Fig. 2 SEM of GAZ

Fig. 3 SEM of AAZ



Sensitivity studies

The sensitivity test results established that AAZ and GAZ are insensitive to impact

and friction stimuli (h50% >170 cm and >36 kg) while TAGAZ exhibits relatively sen-

sitive nature (h50% 51 cm and 16 kg).

Cyclic voltammetric studies

Synthesised compounds were subjected to cyclic voltammetric studies at basic and

neutral pH. The acidic pH was not selected due to reported decomposition of this

J. Therm. Anal. Cal., 78, 2004

788 SIVABALAN et al.: AZOTETRAZOLATES

Fig. 4 DSC of AAZ, GAZ and TAGAZ

Fig. 5 TG of AAZ, GAZ and TAGAZ



class of compounds in this environment [21]. Results obtained revealed that all the

azotetrazolate salts are electro active in neutral and basic pH media.

The salts gave one reduction peak in both the pH media during cathodic scan in

the region of –0.7 to 0.9 V potential (Figs 7–9). These features may be of interest

from detection/characterization point of view of tetrazolates.
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Fig. 6 TG-FTIR of TAGAZ

Fig. 7 Cyclic voltammetric curve of AAZ at pH a – 7 and b – 13
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Fig. 8 Cyclic voltammetric curve of GAZ at pH a – 7 and b – 13

Fig. 9 Cyclic voltammetric curve of TAGAZ at pH a – 7 and b – 13



Performance evaluation

The incorporation of TAGAZ (30%) in CMDB propellant formulation gave a well-

processed and cured propellant without any gasification suggesting its compatibility.

This was further confirmed by DSC of TAGAZ (Fig. 10) incorporated propellant,

which revealed exothermic decomposition at temperature close to that of double base

matrix (187°C). The heat release during decomposition of propellant was of the order

of 1468 J g–1. The burning rate data obtained indicated that TAGAZ acts as an effi-

cient energetic additive at higher pressure (>6.9 MPa) as revealed by 25% increase in

burning rate (11–23 mm s–1) in comparison to control formulation (11–17 mm s–1) in

the pressure region of 3–7 MPa.

Conclusions

The synthesis and characterization of a series of azotetrazolate salts (TAGAZ, AAZ

and GAZ) was established during this study. The DTA and DSC results showed that all

the azotetrazolate synthesized in the present work are stable up to 180°C. TG-FTIR

studies of these salts brought out that the basic decomposition mechanism remains

same despite the presence of different cationic species. Impact and friction test results

indicated the insensitive nature of AAZ and GAZ. Cyclic voltammetric studies sug-

gested the electro active nature of these compounds in both neutral and basic pH me-

dia. The burning rate results obtained during this work established the potential of this

class of materials in rocket propellant formulations as an energetic additive.

* * *
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Fig. 10 DSC of TAGAZ incorporated CMDB propellant formulation
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