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PROPERTIES AND IMPACT SENSITIVENESS OF CYCLIC NITRAMrNE 

EXPLOSIVES CONTAINING NTTROGUANIDME GROUPS 

Ian J. Dagley, Michael Kony 

Aeronautical and Maritime Research Laboratory (AMRL)-DSTO, P.O. Box 433 1, 

Melbourne 3001, Australia 

and 

Gene Walker 

Department of Chemistry, Australian Defence Force Academy, Northcott Drive, 

Canberra 2600, Australia 

ABSTRACT 

Some properties of hexahydro-5-nitro-2-(nitroimino)-1,3,5-triazine 1, 

octahydro-1,3-dinitro-5-(nitroimino)imidazo[4,5-d]imidazole 2, dodecahydro4,S- 

dinitro-2,6-bis(nitroimino)diiidazo[4,5-b:4',5'-e]pyrazine 3 and octahydro-2,5- 

bis(nitroimino)imidazo[4,5-dJimidazole 4 have been determined. They have 

acceptable thermal and hydrolytic stability. Compound 3 has greater friction 

sensitiveness than RDX, however the others are much less sensitive. Rotter impact 
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test data indicate that the cyclic nitroguanidines 1-4 are more easy to initiate than 

RDX; however, the extent of propagation is less and depends on oxygen balance. 

Consideration of Hazard Index and Average Powder Explosiveness data indicates 

that US drop-weight tests, which measure a combination of ease of initiation and 

extent of propagation, would rank the cyclic nitroguanidines and reference 

explosives in the following order of increasing impact sensitiveness: NQ < 4 < 

NTO < 1 <RDX, 3 < 2. 

INTRODUCTION 

It is difficult to formulate explosive compositions for use in ordnance that 

meet insensitive munitions criteria because of the limited 

performancdvulnerability trade-offs that can be achieved using existing 

explosive compounds. RDX provides the required performance but is sensitive, 

so compositions based on this explosive are often unacceptably vulnerable to 

hazardous stimuli. A number of less sensitive explosives, including 

nitroguanidine (NQ), have been proposed as alternatives; however, when these 

have been used, performance has been compromised. 

One possible approach to designing powerful and less sensitive cyclic 

nitramines is to combine some of the structural features of both RDX and NQ. 

Incorporation of a nitroguanidine group introduces the possibility of inter- and 

intra-molecular hydrogen bonding newor$ in the crystal ~tructure”~. 
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Hydrogen bonding networks between mines and nitro groups contribute to the 

high thermal stability and density of some and may reduce 

sensitivity as breaking these bonds can absorb and help delocalise 

Some explosive propemeS of one hybrid of RDX and NQ, hexahydro-5- 

nitro-2-(nitroimho)-1,3,5-triazine 1, have been determined and it has been 

patented’ as an insensitive explosive. Recently we have prepared two new 

cyclic nitramineS of this type (2 and 3) and a related compound 4 containing a 

nitroguanidine group in each of two fused This paper describes an 

initid assessment of the properties of the new cyclic nitramine explosives 2-4. 

The relative influence of nitroguanidine, secondary nitramine and dinitrourea 

groups in determining the impact sensitiveness of cyclic nitramines is also 

examined. 
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EXPERIMENTAL 

Materials 

Methods described in the literature were used to prepare and purifjr 

compounds 1 , 2  , 3  , and 4'' except compound 1 was recrystallized fiom acetone. 

Compounds 1a-4a, 5 and 6 are discussed later in this paper and were prepared by 

literature methods"-*'; the dinitroureas la-4a, and 5 were purified by 

recrystallization from dry acetoneldry benzene. 

Sensitivity to Atmospheric Moisture 

8 9 9  

The sensitivity of compound 2 to atmospheric moisture was assessed by 

exposmg 160 mg samples to relative humidities of 9'S%, 79%, 58% and 31% at 

20OC. These humidities were maintained in test chambers usimg saturated aqueous 

solutions of dibasic sodium phosphate, ammonium chloride, sodium bromide and 

calcium chloride in contact with an excess of the solute." The exposed samples of 

the explosive were spread evenly over approximately 6 cm* on flat glass surfaces 

and were visually examined during an exposure period of 10 months. The 1H 

NMR spectra of the samples were then recorded and an internal standard (4- 

methoxybenzonitrile) was used to determine the percentage of unchanged 

compound in each of the samples. 

Vacuum Thermal Stability Test 

Thermal stability of compounds 1-4 was assessed using a vacuum thermal 

stability t e d 8  conducted on duplicate 1 g samples heated at 120°C for 40 h. The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



average volume of evolved gas was used to estimate the volume of gas that would 

be evolved had the test been performed under standard conditions using duplicate 

5 g samples. 

BAh4 Friction Test 

Sensitiveness to friction was determined using the BAM Friction Apparatus. 

The apparatus and standard test procedure followed are described in a UN 

Manual.Ig The result quoted is the Limiting Load defined as the lowest load at 

which at least one ignition is observed in a series of six trials. 

Rotter Impact Tests 

A Rotter Apparatusm fitted with a 5 kg drop-weight was used to determine 

the Figure of Insensitiveness (F ofI), average powder explosiveness (X*) and 

Hazard Index (HI) of compounds by standard rnethods21 but using 27 mg samples. 

Impact sensitiveness was assessed tiom 25 drops in a test canied out in 

accordance with the Bruceton staircase procedure. The criterion for ignition was a 

1 mL gas evolution or 0.5 mL accompanied by smoke or evidence of burning in the 

sample. The F of I value quoted is derived from the drop height hso% for a 50% 

ignition probability. It is relative to RDX Grade F = 80 and rounded to the nearest 

5 units. The average gas volume for positive results is also quoted. 

Powder explosiveness (X) was usually assessed by conducting 20 drops at 

typically each of 0.75, 1.0, 1.5 and 2.0 times (hsoyb; however, to limit damage to 

the anvils it was occasionally necessary to perform only 10 drops at the greater 

heights. The number of ignitions and their average gas evolution (to 0.1 mL) were 
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determined and, together with published data for the method standard (lead a i d e  

RD1343), were used in the calculations of X at each level, with the theoretical 

total gas volume evolved for complete ignition calculated using the NASA-Lewis 

code22. X is calculated from the mass (m) of explosive under test, average gas 

volume evolved per ignition (Vg> and the theoretical total gas volume evolved (V); 

the subscript s refers to data for the lead azide standard. 

X =  VgmsVs/VgsmV 

X* is the average of all X values for the test levels greater than or equal to 

h50c.h. HI is the maximum value of X / height (m) for all the test levels. 

Oxvgen Balance 

Oxygen balance was calculated using the expression: 

OBIW = 100(2%-n~-2%-2-)/MW 

where no, nH, and nc represent the number of atoms of oxygen, hydrogen and 

carbon, respectively, in the molecule and ko0 represents the number of carboxyl 

groups. MW is the molecular weight of the compound. 

RESULTS AND DISCUSSION 

ProDef es 

The compounds 2-4 can be purified by crystallisation from dilute nitric acid 

heated to 70°C. Heating above this temperature caused hydrolysis; similar 

behaviour under these conditions has been previously observed with other 
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substituted nitr~guanidines.’~ The crystals of 4 obtained by this method are the 

most suitable for explosive processing and those of 3 the least satisfactory since 

they are fine needles with a large length to width ratio. 

The new cyclic nitroguanidines exhibit good stability when exposed to 

atmospheric moisture. One of the compounds, the bicyclic trinitro compound 2, 

was tested at length by exposing samples of the compound to a range of relative 

humidities for 10 months then examining them in solution using 1H NMR 

spectroscopy. Within the limits of the accuracy of this technique, no 

decomposition of compound 2 was detected. 

Some physical and explosive properties of the cyclic nitroguanidines 2-4 

determined in this study are listed in Table 1 where they are compared to data for 

RDX and the insensitive explosives 1, NQ, and 3-nitro-l,2,4-triazol-5-one NO). 

The densities of the new cyclic nitroguanidines 2-4 are very similar, ranging 

fiom 1.83-1.85 Mg/m3, and significantly higher than the values reported for the 

other cyclic nitroguanidine 1 (1.75 Mg/m3), NQ (1.771 Mg/m3) and RDX (1.806 

Mg/m3). Using these measured densities and heats of formation (estimated for 

compounds 2-4 from AM1 calculations2’), the detonation pressures predicted by 

the method of Kamlet and Jacoba9 were determined. The bicyclic 

bis(nitroguanidine) 4 is predicted to have a detonation pressure slightly higher than 

those of NQ and the monocyclic nitroguanidine 1. The compounds 2 and 3, that 

contain nitrimine and secondary nitramhe groups, are predicted to have higher 
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detonation performance, intermediate between that of the insensitive explosive, 

NTO, and RDX. 

The bicyclic nitramine 2 undergoes explosive decomposition at 207OC when 

heated in open capillary tubes using a melting point apparatus, and a similar 

decomposition point has been reported for the monocyctic nitramine 1 and RDX. 

The other cyclic nitroguanidines undergo decomposition at much higher 

temperatures; the tricyclic compound 3 decomposes at 299°C while the 

decomposition point of bis(nitroguanidine) 4, 326"C, is unusually high for an 

explosive. This is attnhted to the large number of intramolecular hydrogen bonds 

(eight to any one molecule) revealed in the crystal structurG4 of this compound. 

Thennograms obtained by differential scanning calorimetry show that the cyclic 

nitroguanidines 1-4 all decompose without melting. 

The thermal stability of the cyclic nitroguanidines 1-4 was assessed using a 

vacuum thermal .stability test conducted at 12OOC for 40 h and the results are 

compared in Table 1 with some literature values for NQ, NTO and RDX. All these 

results are quoted as the volume of gas evolved (in mL) for 5 g of the test sample 

(for the cyclic nitroguanidines they represent estimates from duplicate tests 

conducted using 1 g of the test sample). The two cyclic nitroguanidines, 3 and 4, 

with the high melting points have very good thermal stability; compound 4 

produced no gas and compound 3 gave a very low evolved gas volume. The 

thermal stability values estimated for the other cyclic nitroguanidines 1 and 2 are 

3.8 and 5.5 mL which represent less than 0.3% decompositi~n~~. These 
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compounds, 1 and 2, are clearly less thermally stable than RDX which registers 

comparatively low evolved gas volumes (0.2-0.6 mL) under the same test 

conditions. The US Navy assess the stability of military explosives in a test 

conducted on 0.2 g of sample at 100°C for 48 h; the result is quoted as the mL of 

gas evolved per gram of sample. As the limit set for this test is 2.0 mL/g 33, the 

nitroguanidines 1 and 2 would be expected to pass this test and be deemed to have 

adequate thermal stability. 

The sensitiveness to Eriction was assessed using the BAM friction test. Three 

of :he cyclic nitroguanidines 1,2 and 4 were ranked much less sensitive than RDX 

0360 N cf. 108 N). The tricyclic compound 3 was ranked much more sensitive 

(24 N) and accordingly should be handled with particular care. 

Rotter ImDact Tests 

The Rotter drop-weight apparatus was used to determine three rankings of 

hazard assessment (F of I, HI and X*) for the cyclic nitroguanidines. The results 

are compared with data for NQ, NTO and RDX in Table 2. 

The Figure of Insensitiveness (F of I) which is typically quoted from the 

Rotter tests is derived fiom the height for a 50% probability of initiation (h50%) 

and is a measure of the ease of initiation of the compound; the evolved gas volume 

is also noted and is a measure of the extent of propagation.'' The F of I results 

show that the cyclic nitramines 1-4 are all more easy to initiate than RDX; the 

tricyclic compound 3 is the most sensitive (F of I = 20), compounds 2 and 4 have 

F of I values of 30 and 35, and compound 1 (F of I = 55) is the least sensitive of 
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these cyclic nitroguanidines. Despite their relative ease of initiation, the cyclic 

nitroguanidines (particularly 1 and 4) give comparatively low evolved gas volumes 

(1.6-9 mL cf. 18 mL for RDX) indicating that they propagate poorly and therefore 

have low explosiveness. 

Spear and Montelli34 found that some explosives ranked as relatively 

insensitive by US drop-weight tests give unexpectedly low F of1 values (ie 

indicating high impact sensitiveness). Examples are NTO and NQ which are 

ranked much less sensitive than RDX by the ERL test, while only slightly less 

sensitive by the Rotter Test (Table 2). The insensitive explosive 1 is a hrther 

example of this type, being ranked more sensitive than RDX from the F of I values 

and much less sensitive by the Bureau of Mines test. These differences arise 

primarily because the F of I values are only a measure of the ease of initiation. The 

results of the US tests are influenced hy both ease of initiation and the extent of 

propagation, since the criteria for determining a positive result (a go) requires a 

greater extent of propagation in the sample under test. 

Rankings that correspond more closely to those derived from US impact tests 

can be obtained by using the Rotter apparatus to determine X* and HI which are 

measures of impact explosiveness. X* and HI values for compounds 1-4 have 

been determined and are compared in Table 2 to published values for the reference 

expIosives. The results suggest that in US impact tests the sensitiveness of 

compound 4 would be ranked greater than that of NQ and similar to, though 

possibly slightly less than, that of NTO; compound 1 would be ranked more 
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sensitive than NTO and less sensitive than RDX; the sensitiveness of compound 3 

would be ranked Similar to that of RDX; and compound 2 would be ranked 

considerably more sensitive than RDX. 

Consideration of both the Rotter impact sensitiveness (F of I) and powder 

explosiveness (X*, HI) tests on the new explosives provides a more complete 

indication of the relative risk of these cyclic nitroguanidine explosives. Unlike the 

accepted insensitive explosives NQ and NTO, the cyclic nitroguanidines 2-4 all 

have F of I values much lower than that of RDX; this comparative ease of ignition 

cautions against hlly accepting the relative rankings suggested from the HI and X* 

data. If fiirther development of any of these explosives were to be pursued it 

would be necessary to perform charge hazard tests to obtain a more accurate 

assessment of the risks associated with their use. 

Effect of Type of Nitramine Trimer Linkage on Ease of ImDact Initiation 

Studies on impact sensitiveness data obtained using the NSWC-ERI, drop- 

weight test showed that the observed ranking of explosives is determined by both 

the nature of the ‘trigger linkage’ (defined as the weakest bond) and the oxygen 

balance of the explo~ive .~**~~ More recently Wilson and coworkers4’ have 

suggested that oxygen balance is probably more relevant to propagation than 

initiation. If this is the case the Rotter impact F of I values should be much more 

strongly influenced by the nature of the trigger linkage than results from US tests. 

The results for the cyclic nitroguanidines in Table 2 and those obtained for 

structurally related compounds la-4a (see below), which contain dinitrourea 
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groups instead of nitroguanidine groups, indicate that this is the case and allow the 

relative sensitiveness of different nitramine groups in various cyclic structures to be 

assessed. 

The only energetic group in compound 4 is a nitroguanidine forming part of a 

hsed 5-membered ring and this compound has an F of I of 35. Compounds 2 and 

3 also contain secondary nitramine groups and have less negative oxygen balances 

(-0.76 and -1.06 cf -2.61) but give similar F of1 values (30 and 20) suggesting 

that in these three compounds it is the nitroguanidine in the fbsed 5-membered 

Mgs that is the common trigger linkage determining the ease of initiation. For this 

series of compounds the evolved gas volume increases as the oxygen balance 

becomes less negative, indicating that it is the oxygen balance that is determining 

the extent of propagation. 

F of I values for the analogues 2a-4a, where these nitroguanidine groups have 

been replaced by dinitrourea groups, have been determined and are all 20 even 

though the oxygen balance varies over a wide range (+1.95 to +3.10). The 

common trigger linkage in this series is contained in the dinitrourea group in the 

fused 5-membered rings and, from comparison with the results obtained for 

compounds 2-4, this generally confers slightly greater sensitiveness to ignition than 

a nitroguanidine in a fused 5-membered ring. It can also be concluded that 

secondary nitramine groups in 2-4 and 2a-4a are less sensitive trigger linkages than 

the nitroguanidme groups or the dinitrourea groups since they are not the 

determinants of the F of I values observed for compounds. 
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Replacement of a nitroguanidine group with a dinitrourea group markedly 

increases the oxygen balance and the similar high evolved gas volumes recorded 

for compounds 1a-4a, which have positive oxygen balances, indicate a common 

high extent of propagation after ignition. 

NO2 NO2 
0 2 K N  %,NO2 I I 

v I I I 
<“IN* 

N N  
NO2 NO2 

NO2 
la 2a 

FofI 60 
Evolved gas (mL) 14 
OBlOO +1.69 

I I 
NO2 io2 NO2 

3a 

FofI  20 
Evolved gas (mL.) 15 
OBlOO +2.56 

20 
14 

+I .95 

NO2 NO2 1 I 

o = < N I N * o  
N N  
I I 

NO2 NO2 

4a 
20 

13 
+3.10 

The incorporation of nitroguanidine or dinitrourea groups into a 6-membered 

ring, rather than a hsed 5-membered ring, appears to reduce their sensitiveness 

with 1 and la having higher F of I values than 2-4 and 2a-4a. The F of I values of 

1 and la are lower than that of RDX, and the F of I of compound 5 is lower than 
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that of compound 6, indicating that, in cyclic nitramines, secondary nitramine 

groups bonded to two methylenes are comparatively insensitive nitramine trigger 

linkages. In general, the impact sensitiveness of cyclic compounds containing 

only secondary nitramines is very dependent on the molecular conformation in the 

crystalline state, and a range of impact sensitivities has been observed for different 

polymorphic forms of certain nitramine~.~"" 

5 
F of1 45 
Evolved gas (mL) 12 
OBlOO 0 

6 
130 
14 
-2.47 

CONCLUSIONS 

The cyclic nitramine explosives 1-4 exhibit good stability when exposed to 

atmospheric moisture. Results from a vacuum thermal stability test indicate that 

the thermal stability of the nitramines 1 and 2, which have the lowest 

decomposition points, is acceptable; thermal stability increases with decomposition 

point and the bis(nitr0guanidine) 4 which decomposes at 326°C has very good 

thermal stability. Three of the cyclic nitramines are much less sensitive to friction 
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than RDX, however the tricyclic nitramine 3 is much more sensitive and 

accordingly should be handled with particular care. 

Data fiom Rotter impact tests indicate that the cyclic nitroguanidines, and 

particularly 2-4 where this group is in hsed 5-membered rings, are more easy to 

initiate than RDX; however, the extent of propagation is less and dependent on 

oxygen balance. Consideration of Hazard Index and Average Powder 

Explosiveness data lead to the conclusion that US drop-weight tests, which 

measure a combination of ease of initiation and extent of propagation, would rank 

the cyclic nitroguanidines and reference explosives in the following order of 

increasing impact sensitiveness: NQ < 4 < NTO < 1 < RDX, 3 < 2. The F of I 

values determined using the Rotter Apparatus are more strongly influenced by the 

ease of initiation than results obtained using US drop-weight tests and so F of I 

rankings better reflect the sensitiveness of the trigger linkage in the compounds. 

F of I results for the nitroguanidines 1-4 and their analogues containing dinitrourea 

groups la-4a indicate that nitroguanidine and dinitrourea groups confer similar 

sensitiveness and they are more sensitive trigger linkages than secondary 

nitramines. 
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