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1. Introduction  

1.1. Overview 

1.1.1. Definition  

With progressing advances in modern science, the design and synthesis of novel energetic materials are 

evolving to develop a new set of high-energy density materials which combine desirable characteristics 

(e.g. excellent performance, vulnerability, insensitivity, stability and environmental safety) with the 

modern even more challenging application purposes. A more general definition for an energetic material 

is ña metastable chemical compound or mixture which contains both fuel and oxidizer and can undergo a 

chemical reaction which results in a rapid release of the stored energy in form of gas and pressure.ò[1-3] 

This interpretation of an energetic material is derived from the definition given by the American Society 

for Testing and Materials (ñchemical compounds or mixtures that contain both fuel and oxidizer and 

rapidly react to release energy and gasò).[4] 

The history and development of energetic materials has been extensively reported in the literature and 

therefore only a short overview over the most important breakthroughs in this filed will be given.[5] The 

accidental discovery of black powder in China (220 BC), a mixture of potassium nitrate, sulfur and 

charcoal,  was most likely the first energetic composition to be ever made.[6] It was not until the 19th 

century where with the vastly advancing industrialization, the demand for new more powerful energetic 

materials was needed. This resulted in the synthesis of numerous new energetic compounds during the 

course of the next century. Firstly, the syntheses of nitroglycerine (NG),[7] mercury fulminate 

(Hg(CNO)2),
[8] nitrocellulose (NC)[9] and picric acid[10] were reported and used for civil and military 

applications. These milestones were followed with the development of the next generation of energetic 

materials 2,4,6-trinitrotoluene (TNT),[11-16] N-methyl-N-2,4,6-tetranitroanilin (Tetryl)[17] and 

pentaerythrittetranitrat (PETN, Nitropenta).[18] Finally, the next big achievement was the preparation of 

the still in use high performing explosives 1,3,5-trinitro-1,3,5-triazine (RDX),[19-22] 1,3,5,7-tetranitro-

1,3,5,7-tetrazocine (HMX),[23-26] 6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20),[27-29] 

1,2,3,4,5,6,7,8-octanitro-pentacyclo-[4.2.0.02,5.03,8.04,7]octan (ONC)[30] and the insensitive and heat 

resisting explosives 1,3,5-triamino-2,4,6-trinitrobenzene (TATB)[31-35] and 1,2-bis(2,4,6-

trinitrophenyl)ethylen (HNS).[36] Modern trends in research are focused on using nitrogen- and oxygen-

rich heterocycles (e.g. azoles, pyridines, diazines, triazines and tetrazines) which exhibit high heat of 

formation and low percentage on C and H atoms.[37-39] This class of energetic materials in which a 

heterocyclic compound is the backbone and is used for energy storage is going to be the main topic in 

this thesis. Figure 1 shows few of the above mentioned energetic materials.  
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Figure 1. Overview of well-known energetic materials, their Lewis structures and the used acronyms for 

the structures. 

1.1.2. Classification  

A various number of classifications for energetic materials can be found in the literature.[40] Depending 

on the application purpose of the compound, energetic materials can be generally subclassified in three 

main branches; explosives, propellants and pyrotechnics. Additionally, there are many criteria that have 

to be considered by the classification of an explosive material and few important ones are: 

¶ according to their chemical nature/ingredient; 

o carbon based 

o based on nitrogen-rich heterocycles 

¶ according to their use, for example military or civil application; 

o general purpose missiles 

o deep oil drilling 

¶ according to their behaviour toward outer stimuli for example mechanical stress or thermal 

stimuli.[40] 

o explosives which are able to undergo a fast DDT when confined or unconfined (primary 

explosives), secondary and tertiary explosives 

Explosives can be divided into primary and secondary explosives, where the former are usually a very 

sensitive less performing compound, which is used to initiate a more potent and less sensitive secondary 
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explosive. On the other hand, depending on the application purpose secondary explosives can be further 

divided into main charge explosives and booster explosives. In comparison to explosives which are 

generally used for detonation purposes, propellants are compounds which should not detonate. Latter 

usually deflagrate in a closed chamber with the release of a significant amount of gases, which leads to 

increase in pressure in the vessel and can provide propulsion and can accelerate an object (e.g. missile, 

projectiles, rockets).[2,41-43] Pyrotechnics are usually mixtures which are used for audio or visual effects 

(gas emission, heat/light generation, explosion, fire, sound generation). Figure 2 shows the classification 

for energetic materials. 

 

Figure 2. Classification of energetic materials into the main branches: Explosives, Propellants and 

Pyrotechnics. The red marked sections are going to be the main topic of this thesis. 

1.1.2.1. Primary Explosives 

Compounds or mixtures that can be easily initiated by a non-explosive impulse (impact, friction, spark, 

flame or heat) are assigned to the class of primary explosives. Such explosives exhibit high sensitivity 

towards destructive stimuli in comparison to secondary explosives and the shock wave generated from 

the sensitive explosive has the desired efficiency to initiate propellants or main charge explosives. For an 

primary explosive to be efficient in its application, it should show a fast deflagration-to-detonation 

transition also known in the literature as DDT.[5,6,40] The term deflagration is used to describe the 

propagation of a flame with less than the speed of sound throughout the unreacted material. Typical values 

for the burn rate of a deflagration are about 102 m sī1. Under some conditions, a deflagration can evolve 

to detonation, when the reaction front reaches the speed of sound in the unreacted material and the 
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generated explosive impulse (shock wave) is used for the initiation of a more insensitive explosive. 

Typical values for detonation velocity and heat of explosion of primary explosives are in the range of 

3500ï5000 m sī1 and 1000ï2000 kJ kgī1, respectively.[5] One of the first ever reported primary explosives 

are mercury fulminate (Hg(CNO)2), lead azide (Pb(N3)2), silver azide (AgN3), cadmium azide (Cd(N3)2) 

and lead styphnate (Pb(C6HN3O8)). Nowadays used primary explosives in initiation devices (blasting 

caps, detonators and etc.) are still heavy metal based explosives (e.g. Pb(N3)2, AgN3 and Pb(C6HN3O8)).  

 

Figure 3. Commonly used primary explosives and new generation of primary explosives: mercury 

fulminate (MF), lead azide (LA), cadmium azide (CA), lead styphnate (LS), 2-diazo-4,6-dinitrophenol 

(DDNP), 1,3,5-triazido-2,4,6-trinitrobenzol (TATNB), tetrammin-cis-bis(5-nitrotetrazolato-

N2)cobalt(III) perchlorate (BNCP) and pentammin(1,5-cyclopentamethylentetrazolato-N3)cobalt(III) 

perchlorate (PAC). 

The advantages of this heavy metal based primary explosives are low cost of production, good 

performance, easy ignitability and a small amount of the material is required for the initiation of the 

booster charge. However, the main disadvantage of the most in use primary explosives is the high toxicity 

of the heavy metal cations (Pb, Ag or even Cd elements). These metals have a major negative impact on 

humans and nature.[44-46] A study from 1991 on a FBI shooting range showed that employs suffered from 

a lead poisoning.[47] These studies raised the concern on the negative impact of primary explosives, which 

led to extensive increase on new research in this field. New heavy metal free explosives like DDNP and 

TATNB have been reported and show promising properties as possible replacements. However, a still 

remaining problem with this type of organic based primary explosives like DDNP and TATNB is their 

long-term stability. Prolonged studies show slow decomposition of TATNB and loss of energetic groups.  
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A new emerging branch that could solve the toxicity problem of primary explosives is the laser ignitable 

energetic complex systems.[48-54] BNCP and PAC are two prominent examples for laser ignitable primary 

explosives based on Co(III) metal.[55] The most important and modern primary explosives are shown in 

Fig. 3. 

1.1.2.2. Secondary Explosives 

As before mentioned secondary explosives are in comparison to primary explosives less sensitive to 

insensitive to destructive stimuli, cannot be easily initiated, show in general slower DDT and are in 

general more powerful. General performance data for secondary explosives are in the range of 6500ï9000 

m sī1 for the detonation velocity, 5000ï6000 kJ kgī1 for the heat of explosion and the sensitivity values 

are as followed IS = Ó 4 J, FS = Ó 50 N and ESD = Ó 0.1 J.[5] The performance of a high (secondary) 

explosive depends mainly on the density, oxygen balance (OB) and the heat of formation. The main 

performance criteria for high explosive depending on ths application are detonation energy (īȹEU), 

detonation temperature (TC-J), detonation pressure (pC-J), detonation velocity (DC-J) and volume of gas 

released per kg explosives (V).  

In addition to the previously reported classification, secondary explosives can be divided into three main 

branches when it comes to the research purpose of the material: high performance, low sensitivity and 

low toxicity.[5] A common problem in this field is the difficulty to combine all these three parameters in 

one molecule or mixture. Usually high performing secondary explosives show high sensitivity toward 

destructive stimuli (impact, friction, electrostatic discharge), which is not desired and can result in 

accidential initiation. Whereas, less sensitive explosives show lower performance, but more safety and 

can be easily handled. The problem with insensitive munition is the difficulty to initiate them and therefor 

more powerfull initiators are required. Combining performance with sensitivity in one molecule is the 

ñholy grailò for an EM synthetic chemist. Third and recently arising topic in this field is also the high 

toxicity of currently used explosives such as RDX, TNT and TATB.[56,57] New eco-friendly materials are 

required, which should show no toxicity and their degradation products should also be not dangerous for 

humans and nature. 

1.1.2.3. Propellants 

Propellants can be divided into gun propellants and rocket propellants. In comparison to explosives, which 

detonate and generate a shock wave, propellants combust or deflagrate and are used for their propulsive 

force. Solid gun propellants can be subclassified into single-, double- and triple-based propellants. In the 

case of single-based propellants nitrocellulose (NC) is used as the main energetic ingredient.[5] The 

application spectrum of single-based propellants extends from pistols to artillery weapons. Double-based 



Introduction  

 
6 

propellants charges consist of NC and nitroglycerine (blasting oil), which increases the performance. In 

addition, insensitive plasticizers can be used in different amounts depending on the application purpose. 

Triple-based propellants consist of NC, NG and nitroguanidine (NQ) or other energetic ingredients. NQ 

lowers the burning temperature and affects the CO/N2 ration. This reduces the formation of iron carbide 

and preserves the barrel wear from erosion. 

Rocket propellants can be divided into liquid and solid rocket propellants. Examples for liquid propellants 

are non-hypergolic mixtures (H2/O2) and hypergolic mixtures (N2O4 with unsymmetrical 

dimethylhydrazine or HNO3 with N2H4).
[58] The classical solid rocket propellants are based on ammonium 

perchlorate (AP) and ammonium nitrate (AN) metal mixtures. The common problem with these mixtures 

is the toxicity of AP and the needed phase-stabilization of AN. In addition, the perchlorate anion in AP is 

biomimetic to the iodide in our thyroid which can result to hyperthyroidism.[59,60] Besides during the 

burning process of AP based rockets hydrochloric acid is formed, which leaves white smoke trail.[61] A 

promising replacement for AP is ammonium dinitramide (ADN). ADN has excellent properties e.g. high 

heat of formation, good oxygen balance, high nitrogen content and moderate sensitivities. These qualities 

of ADN makes it a good replacement for commonly used solid state propellants.  

1.1.2.4. Pyrotechnics 

In comparison to explosives, pyrotechnics usually do not contain oxidizer and fuel in one molecule. 

Pyrotechnics can be divided into light, noise, smoke and chemical product generating pyrotechnics.[62-64] 

To the fuel and oxidizer other additives like colorant and binders are added to the pyrotechnic mixture 

depending on the application purpose. Commonly used oxidizers in pyrotechnic mixtures are potassium 

perchlorate (KClO4, PP) and ammonium perchlorate (NH4ClO4, AP). As previously mentioned, 

perchlorate based energetic materials have a negative environmentally impact. Both salts show moderate 

solubility in water and can result to a groundwater contamination.[61] Although AP and PP show a negative 

impact and are not eco-friendly they are still used in current mixtures due to good stability, oxygen 

balance and low cost of production. 

1.2. Design of New Secondary Explosives 

1.2.1. Physico-chemical Properties 

As previously mentioned there are few important parameters which have to be considered when designing 

and synthesizing new secondary explosives. The detonation velocity (D), the heat of explosion (Q) and 

the detonation pressure (pC-J) are three of the most crucial performance criteria for high explosives. These 

performance parameters can be influenced by altering the heat of formation (HOF) of the explosive, by 
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increasing the oxygen balance (OB) and - the most important parameter - by raising the density of the 

material. Kamlet and Jacobs suggested empirical equations which show the relationship between the 

detonation velocity and the detonation pressure. According to Eq. I  and II  the detonation velocity of an 

explosive is proportional to the loading density, whereas the detonation pressure is square of the loading 

density.[2,5]  

  pC-J [kbar] = Kɟo
2ʌ    (Eq. I ) 

D [mm µsī1] = Aʌ0.5(1+Bɟo)   (Eq. II ) 

with K = 15.88, A = 1.01, B = 1.30, ɟo = loading density, ʌ = N(M)0.5(Q)0.5 with N = number of moles of gas released per gram 

of explosive [mol/g], M = mass of gas in gram per mole of gas [g/mol], Q = heat of explosion [cal/g];  

In addition, to these physico-chemical properties a good oxygen balance (ɋ) is desired for explosives. 

The oxygen balance is defined as the relative amount of oxygen in deficit or excess in order to achieve a 

complete oxidation of the C/H/N/O-based explosive to carbon monoxide (or carbon dioxide), water and 

elemental nitrogen. Equation 3 shows how the ɋ can be calculated according to CO2 or CO in percentage 

(%) for a CaHbNcOd based explosive. The letter M represents the molecular mass of the explosive.  

 
      

    
   

 
  

               (Eq. III ) 

1.2.2. Project Origin  

Central goal in the design of new energetic materials is the synthesis of monomolecular compounds such 

as TNT, which contain an oxidizing component and a fuel component. As above mentioned the 

performance of an explosive generally depends on a high density, good oxygen balance and high heat of 

formation. All these three parameters can be easily manipulated by selectively choosing the right synthetic 

backbone and using the right explosophore groups (ïNO2, ïONO2, ïNNO2, ïN3, etc.). Commonly known 

secondary explosives are based on a carbon backbone (fuel), which is oxidized during the reaction to 

CO/CO2. Traditional C/H/N/O based explosives within this class are TNT, RDX, HMX, HNS, TATB, 

TNAZ, ONC, CL-20 and TEX. The last four mentioned compounds (TNAZ, ONC, CL-20 and TEX) 

exhibit their excellent properties and performance due to the high ring strain or a high cage strain. The 

additional energy stored in the small ring or compact cage compound can be released upon decomposition. 

CL-20 is currently the benchmark molecule for high performing secondary explosive. However, still a 

major throwback is their complicated and extensive synthesis, which makes scale-up reactions difficult. 

Although many of the above explosives exhibit good properties, can be easily synthesized or can be used 
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for special applications, they show a negative ecological impact and are strongly polluting agents. In the 

case of TNT, RDX, HMX and TATB it has been shown that their degradation products can be toxic and 

lead to the following diseases jaundice, kidney diseases and methemoglobinemia.[2,56,65,66] In addition, this 

type of aromatic/nitramino based explosives exhibit high toxicity which can range from mutagenic to 

carcinogenic activitiy.[67,68] Additionally RDX, HMX and CL-20 show reductive decomposition of the 

nitramino moiety, which forms reactive mutagenic N-nitroso derivatives.[2]  

For the past few decades the research on high nitrogen containing explosives has received a great deal of 

interest as possible solution for the high toxicity of already in use materials. Compounds containing high 

amount of nitrogen (e.g. azoles, diazines, triazines, tetrazines and etc.) have a large number of CïN and/or 

NïN bonds, which results usually in high positive heats of formation. Nitrogen-rich high explosives 

obtain their good performance from the large heat of formation and not from the oxidation of the carbon 

backbone. Additionally, these materials show often excellent thermal stability, low sensitivity toward 

destructive stimuli (impact, friction and spark) and can be easily synthesized. An excellent property of 

nitrogen-rich based explosives is the high amount of nitrogen in the molecule, which can be released in 

form of nitrogen gas (N2) upon decomposition. The big advantage of nitrogen is that the bond energy for 

single (NïN 160 kJ/mol), over double (N=N 418 kJ/mol) to triple bonds increases (NſN 954 kJ/mol), 

whereas for carbon exactly the opposite is true.[2,69,70] During the decompositions this large 

thermodynamic driving force can be used, thus making nitrogen-rich heterocycles excellent candidates as 

a core structures for explosives. An interesting class of heterocycles are the azoles, which are five 

membered heterocycles. Azoles have also usually high densities, allow good oxygen balance, exhibit high 

thermal stability and upon decomposition release a large amount of gaseous products (N2, CO, CO2, NOx, 

H2O). 

The arising challenge in the field of secondary explosives lies in the emerging necessity of improving 

some desirable characteristics like performance, stability, ignitability and lowering of the toxicity impact. 

Combining all these molecular properties in one compound has been a great deal of interest. Many 

synthesized high performing secondary explosives exhibit excellent performance (in terms of detonation 

velocities and detonation pressure), high densities and high heats of formation. However, a major 

drawback of the latter are high sensitivities e.g. toward impact, flame, friction, electrostatic discharge, 

low thermal stability and also high toxicity. Whereas highly insensitive and thermally stable secondary 

explosives show low performance and low ignitability. Finding suitable synthetic ways to design new 

secondary explosives with excellent performance like HMX and excellent sensitivities like TATB has 

been of major interest in the HEDM community.  
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There are different possibilities for a synthetic chemist to try to combine good performance with low 

sensitivity in a monomolecular based explosive. There are many alternatives that can be used in order to 

increase or improve the performance of a secondary explosive. The first possibility is to introduce as 

much explosophoric groups as possible (ïNO2, ïONO2, ïNNO2,) to the carbon backbone. Prominent 

examples for this type of explosives are RDX, HMX and PETN. The biggest disadvantage is, however, 

the high sensitivity of the materials, which is attributed to the unstable moieties in the molecule like the 

nitramino groups in RDX and HMX. The second strategy that can be used in order to increase the 

performance of a newly synthesized explosive is to use a small ring system or a cage compound as a 

building block. These systems not only show high densities, and high heats of formation, but also store 

an enormous amount of energy in the small ring or cage which can be used upon decomposition. Excellent 

examples are TNAZ, CL-20 and ONC. The third strategy to increase the performance of explosives is to 

use nitrogen- and oxygen-rich heterocycles as a building system. As previously mentioned the latter 

systems exhibit the desired properties for an explosive; high heat of formation, high densities and in 

addition show good stabilities toward external stimuli. In addition, the combination of different 

heterocycles in an annulated system results in materials with excellent properties.[71]  

Increasing the stability of new explosives is the second important necessity when it comes to the design 

of new materials. In order to achieve these difficult task, scientists have developed many different 

strategies and reported them in the literature. Agrawal reported four different ways on how to increase 

the stability of an secondary explosive:[40] 

1) introduction of amino groups 

2) ionic salt formation. 

3) introduction of conjugation 

4) condensation with a triazole ring 

There are many examples of reported high explosives, which have been synthesized by using one of the 

above mentioned strategies. The first approach covers high explosives which contain amino groups, 

which if used properly can result in stabilization of the intra- and intermolecular structure. This work will 

extend this strategy by introducing NO2 and NH2 groups selectively to specific heterocyclic systems. In 

addition, the conversation of tertiary amines to their N+ïOī derivative can be investigated. The 

combination of alternating NO2/NH2 system (push/pull system) into a nitrogen-rich heterocycle with an 

N+ïOī moiety results in high performing, insensitive and thermally resistant secondary explosives. 
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Excellent examples from the literature are TATB, LLM-116, LLM-119, FOX-7, ANPyO, ANPZ, LLM-

105 and TKX-50. Their Lewis structures are shown in Figure 4. 

 

Figure 4. Prominent examples for explosives based on benzene and different heterocycles containing 

push/pull systems and the N+ïOī moiety. 1,3,5-Triamino-2,4,6-trinitrobenzene (TATB), 4-amino-3,5-

dinitropyrazole (LLM-116), 1,4-diamino-3,6-dinitropyrazolo[4,3-c]pyrazole (LLM-119), 1,1-diamino-

2,2-dinitroethene (FOX-7), 2,4,6-triamino-3,5-dinitropyridine-1-oxide (TANPyO), 2,6-diamino-3,5-

dinitropyrazine (ANPZ), 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105) and 

dihydroxylammonium 5,5¡-bistetrazole-1,1¡-dioxide (TKX-50). 

Energetic salts have received a great amount of attention in the last two decades. These materials often 

exhibit high heats of formation, low vapor pressure in comparison to the nonionic precursor, good stability 

toward thermal shock and high densities.[2,5,72] The class of five membered aromatic heterocycles (azoles) 

has been extensively investigated in this regard. Major advances in the chemistry of imidazoles, pyrazoles, 

triazoles, tetrazoles and pentazoles, have been achieved as possible core for energetic salts.[73] Introducing 

explosophoric groups to these heterocycles can result in good precursors for energetic salts. 

1,2-Bis(2,4,6-trinitrophenyl)ethylene (HNS) and 4,6-bis(5-amino-3-nitro-1,2,4-triazolyl)5-

nitropyrimidine (DANTNP) are good examples for explosives based on a conjugated system or condensed 

nitrotriazole explosives. HSN is a thermally insensitive explosive that finds application in the civil sector 

(deep oil drilling).  
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Figure 5. Lewis structures of 1,2-bis(2,4,6-trinitrophenyl)ethylene (HNS) and 4,6-bis(5-amino-3-nitro-

1,2,4-triazolyl)5-nitropyrimidine (DANTNP). 

1.3. Objectives 

The necessity to combine good performance with excellent stability in one molecule continues to be the 

highest priority, when it comes to the synthesis and design of new explosives. Desired performance of 

new secondary explosives should be in the range of commonly known RDX and HMX, or even greater 

than DC-J = > 8500 m sī1, pC-J = > 340 kbar, whereas the desired sensitivities should be in the range of 

LLM -105 and TATB (IS = >20 J, FS = >360 N). The main purpose of this thesis is to investigate various 

oxygen- and nitrogen-rich heterocycles as possible precursors for new explosives. As previously 

explained nitrogen-rich heterocycles exhibit attractive properties like high densities, high positive heats 

of formation, excellent thermal stabilities and low sensitivity toward destructive stimuli. Thus making 

heterocycles perfect precursor for high explosives. This work investigates five-membered and six-

membered nitrogen- and oxygen-rich heterocycles as possible starting materials for high performing, 

insensitive secondary explosives. Different heterocycles (such as 1,3,4-oxadiazole, 1,2,5-oxadiazole, 

1,2,5-oxadiazole-1-oxide, pyrazole, 1,2,4-triazole) were synthesized and selectively functionalized with 

explosphoric groups. Additionally, the N-functionalization (methylation and amination) and the 

formation of nitrogen-rich ionic compounds based on the previously mentioned azoles was investigated. 

Figure 6 shows the calculated gas phase enthalpies for various five-membered rings. All investigated 

derivatives in this work are marked with a red arrow. 
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Figure 6. Calculated enthalpies of formation for various azole derivatives. Gas phase enthalpies of 

formation were calculated using the atomized method (ȹfH°(g,M,298) = H(g,M,298) ï ×H°(g,Ai,298) + 

×ȹfH°(g,Ai,298)) using Gaussian09 computed CBS-4M electronic enthalpies.  

In addition to the five-membered heterocycles, the relative unexplored 1,2-diazine scaffold (pyridazine) 

was also synthesized and investigated as possible energetic precursor. The diazines can be deduced from 

benzene by replacing two of the ring carbon atoms with nitrogen. There are three possible diazine isomers 

respectively to the position of the nitrogen atoms to each other in the ring system, giving rise to pyridazine, 

pyrimidine and pyrazine. The pyrazine scaffold is easily accessible and has been already modified by 

scientists and new pyrazine energetic materials with tailored properties have been already reported 

(ANPZ and LLM-105). However, the selective modification of the pyridazine scaffold has not been 

reported and it appears that the electrophilic nitration on this heterocycle is very complex. In this work 

the selective electrophilic nitration, the selective introduction of alternating push/pull (NH2/NO2) groups 

and the introduction of the N+ïOī moiety into the pyridazine heterocycle is investigated. Figure 7 displays 
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all studied systems in this work. The different colored arrows represent specific functionalization of the 

desired scaffold. 

 

Figure 7. Lewis structures of all investigated heterocycles in this thesis. Under every molecule the 

performed functionalization of the corresponding heterocycle is presented: introduction of a nitramino 

moiety (orange arrow), introduction of amino groups, secondary and tertiary amines (blue arrow), N-

oxidation (black arrow), direct electrophilic C-nitration (red arrow), formation of ionic derivatives and/or 

N-functionalization (green arrow). 
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2. Summary and Conclusions 

During the course of this work, extensive research was undertaken to investigate oxygen- and nitrogen-

rich heterocycles as possible precursors for energetic materials. During this time, a great number of new 

and novel energetic materials were synthesized and their energetic properties were extensively studied. 

The main goal of this thesis was to investigate different synthetic approaches toward new high performing 

but insensitive secondary explosives. For this purpose, target-oriented functionalization of five different 

heterocycles (pyrazole, 1,3,4-oxadiazole, 1,2,5-oxadiazole, 1,2,4-triazole and pyridazine) is reported. 

These results are all presented in Chapters 3ï11, whereas Chapters 3ï8 have been published in peer-

reviewed scientific journals, Chapter 9 will be submitted to a scientific journal and Chapters 10 and 11 

consist of unpublished results. Every Chapter consists of completed research topic with introduction, 

results and discussion, conclusion, experimental section and supporting information. A short overview 

and summary will be given for every single chapter. 

Chapter 3 investigates the synthesis of various energetic salts based on the unstable molecule 3,4-bis(4-

nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BNAFF). BNAFF was synthesized by direct nitration of 

3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BAFF) in 100% nitric acid. The nitramino 

derivative BNAFF as a free acid is not stable and has to be directly converted to the potassium salt 

K2BNAFF after the nitration. By using K2BNAFF a number of different energetic derivatives were 

synthesized and investigated.  

Chapters 4 and 5 discuss novel energetic materials based on the unexploited 1,2-diazine scaffold. The 

desired introduction of a N+ïOī moiety and an alternating push/pull (NH2/NO2) system into the pyridazine 

heterocycle was successfully reported. The accompanying problems with the electron-deficient 

heterocycle are discussed and the solution for a successful electrophilic nitration on the pyridazine 

scaffold is presented. 

In Chapter 6 the synthesis and characterization of new alkali and alkaline salts with the 3,3'-diamino-4,4'-

dinitramino-5,5'-bitriazolate anion (ANAT2ī) is reported. In addition, the SrANAT salt was investigated 

in different formulations as possible colorant for red-light-producing signal flares. 

The chemistry of different polynitrated derivatives based on the 4,4¡-bipyrazole backbone is presented in 

Chapters 7, 8 and 9. A great number of electrophilic nitration reactions on the 4,4¡-bipyrazole are 

discussed and presented in Chapter 7. Additionally, all experimentally and theoretically determined 

properties of the synthesized polynitro derivatives have been displayed. Chapters 8 and 9 study further 

functionalization of 3,3¡,5-trinitro-4,4¡-bipyrazole (TriNBPz) and 3,3¡,5,5¡-tetranitro-4,4¡-bipyrazole 
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monohydrate (TNBPzÖH2O). Neutralization reactions with TriNBPz and TNBPzÖH2O and further N-

functionalization of TNBPzÖH2O are reported. 

Chapter 10 combines the heterocycles 1,2,4-triazole and 1,3,4-oxadiazole in one molecule. The 

synthesized 2-amino-5-(5-amino-1H-1,2,4-triazol-3-yl)-1,3,4-oxadiazole and 2-amino-5-(5-nitro-1H-

1,2,4-triazol-3-yl)-1,3,4-oxadiazole were synthesized and the properties of these energetic materials are 

reported.  

A new possible approach toward the synthesis of 3,5-diamino-4,6-dinitropyridazine was investigated in 

Chapter 11.  

In addition, four compounds from all chapters were selected and their performance on the small scale was 

evaluated. The small scale shock reactivity test (SSRT) was used in order to investigate the shock 

reactivity (explosiveness) of the four selected materials. The set-up and preparation of the samles for the 

SSRT are shown in details in the corresponding chapters. The selected compounds 3,5-diamino-4,6-

dinitropyridazine-1-oxide (7), 3,3¡,5-trinitro-4,4¡-bipyrazole (13), 3,3¡,5,5¡-trinitro-4,4¡-bipyrazole (14) 

and 1,1¡-diamino-3,3¡,5,5¡-trinitro-4,4¡-bipyrazole (20) are shown in Figure 1 and were compared to the 

commercially used RDX, HNS, PYX and TKX-55. 

Table 1. SSRT results for compounds 7, 13, 14 and 20 compared to RDX, HNS, PYX, TKX-55. 

Compound 7 13 14 20 RDX[1] HNS PYX TKX -55 

mE [mg][a] 496 500 491 472 504 469 474 496 

m [mg] [b] 694 640 811 786 858 672 637 641 

[a] Mass of the explosive: mE = Vs ɟ 0.95; [b] Mass of SiO2. 

 

Figure 1. Lewis structures of all investigated materials with the small scale shock reactivity test 

compared to RDX, HNS, PYX and TKX-55. 
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The obtained results are listed in Table 1. The obtained values are compared to the high performing RDX 

and to the heat resisting explosives HNS, PYX, TKX-55. The results for compound 13 (640 mg) are in 

the range of PYX (637 mg) and TKX-55 (641 mg). DADNP (9, 694 mg) and (NH2)2TNBPz (20, 786 

mg), consisting of alternating push/pull system, exceed the performance of HNS (672 mg), PYX (637 

mg) and TKX-55 (641 mg), however they do not outperforme RDX (858 mg). The performance of TNBPz 

(14, 811 mg) in the small scale is slightly lower but in the range of RDX (858 mg).  

2.1. Chapter 3: 3,4-Bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BNAFF) 

The nitration of 3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BAFF) to the desired nitramino 

derivative is reported. 3,4-Bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BNAFF) is unstable at 

room temperature for a long time and has to be directly converted after the nitration to the potassium salt 

K2BNAFF. Using the latter, the free acid can be generated in situ and different nitrogen-rich salts can be 

synthesized. The nitroamino moiety in the 3,4-bis(1,2,5-oxadiazol-3-yl)-1,2,5-furoxan backbone can be 

directly stabilized via acid-base reactions.  

 

Figure 2. Structure stabilization of the nitramino moiety in 3,4-bis(1,2,5-oxadiazol-3-yl)-1,2,5-furoxan 

trough salt formation. 
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Figure 3. Molecular units of K2BNAFF (1, top), (AG)2BNAFF (2, middle) and Lewis structure of 

(NH4)2BNAFF (3, bottom), respectively and their energetic properties.  

2.2. Chapters 4 and 5: Energetic Materials Based on the Pyridazine Scaffold 

Five new energetic pyridazine derivatives were synthesized and completely characterized by using 3,5-

dimethoxy-4,6-dinitropyridazine-1-oxide (DMDNP, Scheme 1) as starting material. The difficulty in this 

topic was the challenging nitration of the electron-poor pyridazine system. This problem was resolved by 

introducing electron-donating groups (īOMe) into the pyridazine scaffold followed by the insertion of a 

N+ïOī moiety, which eventually allowed electrophilic nitration with 20% oleum and 100% nitric acid.  

 

Scheme 1. Overview of all synthesized pyridazine derivatives. 

Nitrogen-rich based salts of BNAFF are 

superior in detonation parameters over the 

potassium salt. In addition, the 

aminoguanidinium (2, IS = 8 J, FS = 360 N) 

and ammonium (3, IS = 7 J, FS = 216 N) 

salts show lower sensitivity toward outer 

stimuli (impact and friction). In regards to 

the thermal stability the K2BNAFF (1) ionic 

derivative exhibits the highest thermal 

stability with 245 °C, while the nitrogen-

rich compounds decompose below 200 °C. 
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The most promising compound in this study is 3,5-diamino-4,6-dinitropyridazine-1-oxide (Figure 5). 

DADNP is an excellent example for a high explosive based on a heterocycle functionalized with push/pull 

(NH2/NO2) systems and N-oxidized tertiary amine (N+ïOī) moiety. With good sensitivity values (IS = 

18 J, FS = 360 N) and good thermal stability (215 °) DADNP is the first pyridazine based secondary 

explosive to be synthesized. Compound 5 is an excellent example for the increase of sensitivity and 

performance in comparison to the precursor 4, when the nitroamino moiety is introduced to the parent 

molecule. 

                 

 

 

 

 

Figure 4. Molecular units of 3,5-bis(methylamino)-4,6-dinitropyridazine-1-oxide (4, left), 3,5-

bis(methylnitramino)-4,6-dinitropyridazine-1-oxide (5, middle), 3,5-bis(dimethylamino)-4,6-

dinitroypridazine-1-oxide (6, right) and their energetic properties. 

IS = 10 J 

FS = 360 N 

Tdec. = 250 °C 

ɟ = 1.63 g cmī3 

DC-J = 7365 m sī1 

pC-J = 204 kbar 

IS = 5 J 

FS = 120 N 

Tdec. = 120 °C 

ɟ = 1.68 g cmī3 

DC-J = 8276 m sī1 

pC-J = 291 kbar 

IS = 30 J 

FS = 360 N 

Tdec. = 217 °C 

ɟ = 1.54 g cmī3 

DC-J = 6994 m sī1 

pC-J = 176 kbar 
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Figure 5. Molecular units of 3,5-diamino-4,6-dinitropyridazine-1-oxide (7, DADNP, left), 3,5-bis((2-

(hydroxyethyl)amino)-4,6-dinitropyridazine-1-oxide (8, right) and their energetic properties. 

2.3. Chapter 6: 3,3'-Diamino-4,4'-dinitramino -5,5'-bi-1,2,4-triazole 

In this chapter several alkali and alkaline energetic salts with the 3,3'-diamino-4,4'-dinitramino-5,5'-

bitriazolate anion (ANAT2ī) were synthesized and extensively characterized. The results are focused on 

the strontium salt and its possible application as an eco friendly colorant for red-light-producing signal 

flares. Different formulations with the SrANAT (9) salt were investigated and it was shown that a strong 

dominant wavelength can be obtained (620±20 nm). However, all SrANAT based formulations lack on 

spectral purities (< 76%) and further investigations have to be made. 

 

Figure 6. Molecular unit of strontium 3,3¡-diamino-4,4¡-dinitramino-5,5¡-bitriazolate hexahydrate (9) and 

its sensitivity values. 

IS = 18 J 

FS = 360 N 

Tdec. = 215 °C 

ɟ = 1.84 g cmī3 

DC-J = 8486 m sī1 

pC-J = 302 kbar 

IS = 18 J 

FS = 360 N 

Tdec. = 170 °C 

ɟ = 1.69 g cmī3 

DC-J = 7389 m sī1 

pC-J = 202 kbar 

IS = 40 J 

FS = > 360 N 

Tdec. = 160 °C 
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2.4. Chapter 7: Polynitrated Derivatives Based on the 4,4¡-Bipyrazole Scaffold 

In the present study different nitration reactions have been investigated on the 4,4¡-bipyrazole scaffold. 

This resulted in the formation of five different derivatives containing one, two, three and four NO2 groups, 

respectively. All nitro derivatives were obtained in good to excellent yields and their physico-chemical 

properties are shown in Figure 8. Compounds 12ÖH2O and 14ÖH2O were obtained as monohydrates. Both 

samples can be dried at elevated temperatures (180 °C) to yield the solvate free compounds. Increasing 

the number of explosophore groups (NO2) in the 4,4¡-bipyrazole scaffold results in increase of the 

performance (10: DC-J = 6506 m sī1, pC-J = 144 kbar Ÿ 14: DC-J = 8520 m sī1, pC-J = 311 kbar), however 

it also increases the sensitivity of the materials toward outer stimuli (10: IS = 40 J, FS = > 360 N Ÿ 14: 

IS = 4.5 J, FS = 192 N). Additionally, compounds 10ï14 exhibit excellent thermal stability from 298 °C 

(14) up to 382 °C (11), thus making the 4,4¡-bipyrazole backbone an interesting building block for heat 

resisting secondary explosives. 

 

Figure 7. Structural relation between molecular stability and detonation properties for compounds 10ï

14. 
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Figure 8. Energetic materials based on the 4,4¡-bipyrazole scaffold and their physico-chemical properties. 

2.5. Chapters 8 and 9: Energetic Derivatives Based on TriNBPz and TNBPzÖH2O 

In this study different ionic energetic materials based on 3,3¡,5-trinitro-4,4¡-bipyrazole (TriNBPz) and 

3,3¡,5,5¡-tetranitro-4,4¡-bipyrazole monohydrate (TNBPzÖH2O) were synthesized and investigated. In 

addition, the N-functionalization of TNBPzÖH2O to (Me)2TNBPz, K(NH2)TNBPz and (NH2)2TNBPz was 

reported. Unfortunatelly the formation of nitrogen-rich salts with TriNBPz resulted in decrease of stability 

and only one of the synthesized compounds ((NH3OH)HTriNBPz) showed better theoretically calculated 

performance. The hydroxylammonium (15) and the hydrazinium (16) salts of the TriNBPzī anion showed 

the best performance according to the EXPLO5 code. In addition, the sensitivity values for the ionic 

compounds (NH3OH)HTriNBPz (15, IS = 10 J, FS = > 360 N) and (N2H5)HTriNBPz (16, IS = 15 J, FS = 

> 360 N) do not show improvement in comparison to the nonionic parent compound TriNBPz (IS = 20 J, 

FS = > 360 N). 
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Figure 9. Molecular unit of hydroxylammonium 4-(3-nitropyrazolyl)-3,5-dinitropyrazolate (15, left) and 

hydrazinium 4-(3-nitropyrazolyl)-3,5-dinitropyrazolate (16, right) and their energetic properties. 

From all synthesized TNBPz ionic derivatives, compounds (NH3OH)HTNBPz (17), (NH3OH)2TNBPz 

(18), K(NH2)TNBPz (19) and (NH2)2TNBPz (20) show the most promising properties. The 

hydroxylammonium salt 17 (DC-J = 8673 m sī1, pC-J = 328 kbar) exceeds in performance the nonionic 

parent molecule TNBPz (DC-J = 8520 m sī1, pC-J = 311 kbar). However, at the same time the stability 

toward outer stimuli of the ionic compound 17 (Tdec. = 201 °C, IS = 2 J) is decreased in comparison to 

TNBPz (Tdec. = 298 °C, IS = 4.5 J). The energetic derivatives (NH3OH)2TNBPz (18, DC-J = 8456 m sī1, 

pC-J = 302 kbar), K(NH2)TNBPz (19, DC-J = 8517 m sī1, pC-J = 318 kbar) and (NH2)2TNBPz (20, DC-J = 

8469 m sī1, pC-J = 305 kbar) exhibit similar performance as the starting material. However, after the N-

amination of the 4,4¡-bipyrazole scaffold in TNBPz the stability of the new formed energetic materials 

increases toward external stimuli. Sensitivity values of 15 J and 324 N were measured for the diamino 

compound 20. The obtained results support furtherly the thesis that alternating push/pull systems 

(NH2/NO2) in an energetic heterocycle can result in increase of stability in the molecular structure. In 

addition, the toxicity for three different energetic salts (KHTriNBPz, K2TNBPz, G2TNBPz) toward 

aqueous bacteria Vibrio fischeri was determined. The investigated polynitro derivatives showed no 

toxicity. 

IS = 10 J 

FS = > 360 N 

Tdec. = 230 °C 

ɟ = 1.76 g cmī3 

DC-J = 8271 m sī1 

pC-J = 286 kbar 

IS = 15 J 

FS = > 360 N 

Tdec. = 218 °C 

ɟ = 1.75 g cmī3 

DC-J = 8223 m sī1 

pC-J = 272 kbar 
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Figure 9. Molecular unit of hydroxylammonium 4-(3,5-dinitropyrazolyl)-3¡,5¡-dinitropyrazolate 

(17, left) and bis(hydroxylammonium) 3,3¡,5,5¡-tetranitro-4,4¡-bipyrazolate (18, right) and their 

energetic properties. 

                                     

 

 

 

 

 

Figure 10. Molecular structures of potassium 4-(1-amino-3,5-dinitropyrazolyl)-3`,5 -̀

dinitropyrazolate (19, left) and 1,1¡-diamino-3,3¡,5,5¡-tetranitro-4,4 -̀bipyrazole (20, right) and 

their energetic properties. 

IS = 2 J 

FS = 216 N 

Tdec. = 201 °C 

ɟ = 1.81 g cmī3 

DC-J = 8673 m sī1 

pC-J = 328 kbar 

IS = 5 J 

FS = 324 N 

Tdec. = 194 °C 

ɟ = 1.72 g cmī3 

DC-J = 8456 m sī1 

pC-J = 302 kbar 

IS = 10 J 

FS = 48 N 

Tdec. = 280 °C 

ɟ = 2.00 g cmī3 

DC-J = 8517 m sī1 

pC-J = 318 kbar 

IS = 15 J 

FS = 324 N 

Tdec. = 244 °C 

ɟ = 1.75 g cmī3 

DC-J = 8469 m sī1 

pC-J = 305 kbar 
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2.6. Chapter 10: 1,2,4-Triazol -3-yl-1,3,4-oxadiazole Based Energetic Materials 

In this study, the synthesis of energetic precursors based on the heterocycles 1,2,4-triazole and 1,3,4-

oxidadiazole is reported. 2-Amino-5-(5-amino-1H-1,2,4-triazol-3-yl)-1,3,4-oxadiazole and 2-amino-5-

(5-nitro-1H-1,2,4-triazol-3-yl)-1,3,4-oxadiazole were synthesized by using 5-amino-1H-1,2,4-triazole-3-

carboxylic as the starting material. In addition, four different energetic salts were synthesized with 2-

amino-5-(5-nitro-1H-1,2,4-triazol-3-yl)-1,3,4-oxadiazole. 

 

Figure 11. Synthesis of 2-amino-5-(5-amino-1H-1,2,4-triazol-3-yl)-1,3,4-oxadiazole (21) and 2-amino-

5-(5-nitro-1H-1,2,4-triazol-3-yl)-1,3,4-oxadiazole (22). 

 

 

 

 

 

 

Figure 12. Molecular structures of guanidinium 5-(5-amino-1,3,4-oxadiazol-2-yl)-3-nitro-1,2,4-

triazolate (23, left) and aminoguanidinium 5-(5-amino-1,3,4-oxadiazol-2-yl)-3-nitro-1,2,4-triazolate 

(24, right) and their energetic properties. 

IS = 40 J 

FS = 360 N 

Tdec. = 246 °C 

ɟ = 1.66 g cmī3 

DC-J = 7500 m sī1 

pC-J = 197 kbar 

 

IS = 40 J 

FS = 360 N 

Tdec. = 246 °C 

ɟ = 1.64 g cmī3 

DC-J = 7672 m sī1 

pC-J = 206 kbar 
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2.7. Chapter 11: Toward the Synthesis of 3,5-Diamino-4,6-dinitro pyridazine 

During this work an attempt was made to synthesize 3,5-diamino-4,6-dinitropyridazine. For this purpose, 

3,5-diaminopyridazine acetate (26) was synthesized from 7-azidotetrazolo[1,5-b]pyridazine (25) by using 

the Staudinger reaction. Further nitration of 26 resulted only in the formation of 5-nitramino-3-

nitriminopyridazine dihydrate (27Ö2H2O) and 3,5-diamino-4-nitropyridazine (28). Further 

functionalization of both compounds to the desired 3,5-diamino-4,6-dinitropyridazine was not successful.  

                             

 

 

 

Figure 13. Molecular units of 7-azidotetrazolo[1,5-b]pyridazine (left, 25) and 3,5-diamino-4-

nitropyridazine (right, 28). 

2.8. References 

[1] A. Preimesser, Dissertation, Ludwig-Maximilians-Universität München, 2015, p. 156. 
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IS = 40 J 

FS = > 360 N 

Tdec. = 260 °C 
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Abstract:  3,4-Bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BAFF, 1) was nitrated in 100% HNO3 

at ī10 °C and then reacted with KOH to give the corresponding energetic dipotassium salt of 3,4-bis(4-

nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (2, K2BNAFF). The neutral nitramino-furoxan compound 

(3, H2BNAFF) is unstable at room temperature and can be obtained from K2BNAFF with 2 M HCl and 

ether as H2BNAFFÅ0.5Et2O. Several nitrogen-rich salts (e.g. ammonium, guanidinium, 

aminoguanidinium, hydrazinium and hydroxylammonium) were prepared from K2BNAFF. The 

potassium, guanidinium, aminoguanidinium, hydroxylammonium and silver salts of BNAFF were 

characterized by low-temperature X-ray diffraction. In addition, all compounds were analyzed by 

vibrational spectroscopy (IR and Raman), multinuclear (1H, 13C, 14N) NMR spectroscopy, differential 

thermal analysis (DTA) and elemental analysis. The heats of formation for the anhydrous compounds 

were calculated using the atomization method based on CBS-4M enthalpies. Several detonation 

parameters were predicted by using the EXPLO5 code (V6.03). In addition, the sensitivities of all BNAFF 

salts toward friction, impact and electrostatic discharge were determined.  
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3.1. Introduction  

ñHigh energy density materialsò (HEDMs) have not only found use for military purposes but also for 

civilian applications e.g. mining and pyrotechnics.[1] In the last century there have been a large number of 

publications that describe the chemistry, synthesis and properties of new explosive materials.[2] Higher 

performance has always been a main requirement in the development of explosives. Hence explosives are 

required for even more demanding applications (deep oil drilling or missiles for space missions); new 

advances in the technology of energetic materials have to be made.[3] In addition, newly designed 

explosives should meet the future environmental requirements, exhibit lower sensitivities toward external 

stimuli (such as impact, friction and electrostatic discharge) and show high performance.[4ï8] 

Five membered heterocycles containing nitrogen and oxygen have shown promising application as 

building blocks for energetic materials.[9ï11] Derivatives of nitro/nitramino substituted furazanes (1,2,5-

oxadiazole) and furoxanes (1,2,5-oxadiazole-2-oxide) have been of particular interest in the development 

of new HEDMs since they usually possess good oxygen balance, high heat of formation and high 

density.[12ï15] Some well-known explosives based on furazanes and furoxanes are shown in Figure 1. 

 

Figure 1. Literature known explosives based on furoxanes and furazanes: DNBAF (4,4´-dinitramino-

3,3 -́bifurazan),[12] DNAF (3,4-dinitraminofurazan) [16] and BNFF (3,4-bis(4-nitro-1,2,5-oxadiazol-3-yl)-

1,2,5-furoxan).[17] 

Recently, the combination of both, the furazan and furoxan rings with nitro or nitramino groups in the 

molecule has proven to be a good strategy for the synthesis of new high-nitrogen containing explosives.[17] 

A good example of a new high-density energetic material with good thermal stability and performance 

based on the furazan and furoxan rings is 3,4-bis(4-nitro-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BNFF, also 

known as DNTF). BNFF can be synthesized by oxidizing 3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-

furoxan (BAFF) with 50% hydrogen peroxide and trifluoroacetic acid.[18] BNFF has a crystal density of 

1.93 g cmī3 with a heat of formation of 657 kJ mol1 and its energetic performance is 168% better than 

trinitrotoluene (TNT). It melts at 108ï110 °C and decomposes at 292 °C, which makes the compound of 

special interest as a possible TNT replacement.[17,19] All these physico-chemical properties make BNFF a 



Energetic Compounds Based on 3,4-Bis(4-nitramino -1,2,5-oxadiazol-3-yl)- 

1,2,5-furoxan (BNAFF) 

 
32 

promising candidate to use not only as a melt-castable ingredient in detonators but also as a high 

performing explosive.[20,21] Replacement of the amino groups in BAFF with nitro groups to form BNFF 

improves the detonation parameters of the energetic material. Surprisingly, the nitration of 3,4-bis(4-

amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BAFF) has not been reported and the nitramino compound is 

unknown. In this contribution the nitration of BAFF to the nitramino compound (H2BNAFF) is described 

as well as the formation and characterization of some nitrogen-rich salts. 

3.2. Experimental Section 

3.2.1. General procedures 

1H, 13C, 14N and 15N NMR spectra were recorded on JEOL 270 and BRUKER AMX 400 instruments. The 

samples were measured at room temperature in standard NMR tubes (Ø 5 mm). Chemical shifts are 

reported as ŭ values in ppm relative to the residual solvent peaks of d6-DMSO (ŭH: 2.50, ŭC: 39.5). Solvent 

residual signals and chemical shifts for NMR solvents were referenced against tetramethylsilane (TMS, 

ŭ = 0 ppm) and nitromethane. Unless stated otherwise, coupling constants were reported in hertz (Hz) and 

for the characterization of the observed signal multiplicities the following abbreviations were used: s 

(singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sept (septet), m (multiplet) and br (broad). 

Low resolution mass spectra were recorded on a JEOL JMS-700 MStation mass spectrometer (FAB+/ī). 

Infrared spectra (IR) were recorded from 4500 cmī1 to 650 cmī1 on a PERKIN ELMER Spectrum BX-

59343 instrument with a SMITHS DETECTION DuraSamplIR II Diamond ATR sensor. The absorption 

bands are reported in wavenumbers (cmī1). Raman spectra were recorded using a Bruker MultiRAM 

FT-Raman instrument fitted with a liquid-nitrogen cooled germanium detector and a Nd:YAG laser (ɚ = 

1064 nm). Elemental analysis was carried on a Elementar Vario el by pyrolysis of the sample and 

subsequent analysis of the formed gases. Decomposition temperatures were measured via differential 

thermal analysis (DTA) with an OZM Research DTA 552-Ex instrument at a heating rate of 5 °C minī1 

and in a range of room temperature to 400 °C. Melting points were determined in capillaries with a Büchi 

Melting Point B-540 instrument and are uncorrected. All sensitivities toward impact (IS) and friction (FS) 

were determined according to BAM (German: Bundesanstalt für Materialforschung und Prüfung) 

standards using a BAM drop hammer and a BAM friction apparatus. All energetic compounds were tested 

for sensitivity towards electrical discharge using an Electric Spark Tester ESD 2010 EN from OZM. 

3.2.2. Synthesis 

CAUTION! All investigated compounds are potentially explosive materials, although no hazards were 

observed during preparation and handling these compounds. Nevertheless, safety precautions (such as 
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wearing leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear plugs) should 

be drawn. 

3,4-Bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (BAFF) 

BAFF was synthesized according to the known literature.[17,18,20] 

Dipotassium 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan K 2BNAFF (2) 

100% HNO3 (9.0 mL) was placed in a round bottom flask and 3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-

1,2,5-furoxane (BAFF, 4.0 g, 15.9 mmol) was added in small portions at ī10 ÁC . The reaction was stirred 

for 1.5 h at the same temperature and then for 1.5 h at ī5 ÁC. The reaction mixture was poured into ice 

and stirred at room temperature for 2 h. The solution was basified with potassium hydroxide to pH 11. 

The formed solid material was filtered, washed with small amount of cold water and dried on air to give 

K2BNAFF (6.0 g, 90 %). 

DTA (5 °C minī1): 245 °C (dec.); BAM: drop hammer: 3 J (100ï500 ɛm); friction tester: >72 N (100ï

500 ɛm); ESD: 0.19 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 2323 (vw), 1630 (s), 1587 (m), 1518 (m), 

1492 (w), 1453 (m), 1436 (m), 1397 (s), 1336 (s), 1290 (ws), 1159 (m), 1049 (w), 990 (m), 963 (m), 928 

(m), 910 (m), 872 (w), 864 (w), 829 (w), 813 (s), 796 (s), 777 (s), 754 (m), 741 (m), 713 (m), 696 (w), 

602 (vw). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) =1633 (11), 1590 (82), 1519 (59), 1492 (38), 1455 

(50), 1437 (100), 1413 (13), 1404 (11), 1385 (29), 1214 (12), 1063 (24), 1049 (30), 1013 (61), 816 (19), 

519 (22), 503 (17), 326 (17), 239 (12), 196 (24), 131 (93), 90 (52), 78 (26). 13C NMR (d6-DMSO, 101 

MHz, ppm) ŭ = 158.6, 157.8, 146.6, 140.4, 137.4, 106.8. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī14. 

15N NMR (d6-DMSO, 41 MHz, ppm) ŭ = 34.1, 31.8, 5.8, 5.5, ī6.7, ī13.3, ī13.8, ī24.3, ī151.7, ī152.8. 

Elem. Anal. (C6K2N10O8, 418.32g molī1) calcd.: C 17.23, N 33.48, H 0.00 %. Found: C 17.50, N 33.36, 

H 0.00 %. m/z (FAB+): 39 (cation) m/z (FABī): 341 (anion + H+); 

3,4-Bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan H2BNAFF (3) Å 0.5 Et2O 

K2BNAFF (277 mg, 0.65 mmol) was dissolved in 2 M hydrochloric acid (5 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 50 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. 3,4-Bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (3) was obtained with 0.5 Et2O solvent 

as an oily liquid (247 mg, 100 %). 

DTA (5 °C minī1): 72 °C (dec.); IR (ATR), ὂ (cmī1) = 2981 (w), 2883 (br), 2733 (br), 2002 (vw), 1612 

(s), 1552 (m), 1536 (m), 1467 (m), 1449 (m), 1385 (w), 1298 (vs), 1212 (w), 1184 (vw), 1153 (m), 1094 
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(m), 1067 (m), 990 (s), 968 (m), 905 (m), 863 (w), 811 (s), 760 (m), 679 (w), 610 (vw), 488 (vw), 

462 (vw). 1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 12.87 (s, 2H, -NHNO2), 3.34 (q, 4H, -CH2CH3), 1.04 

(t, 6H, -CH2CH3). 
13C NMR (d6-DMSO, 101 MHz, ppm) ŭ = 154.1, 152.8, 145.6, 141.1, 137.1, 106.2, 

65.2, 15.4. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī26. 15N NMR (d6-DMSO, 41 MHz, ppm) ŭ = 38.7, 

37.5, 14.4, 10.9, ī5.6, ī22.9, ī28.3, ī29.1, ī183.6, ī190.4.  

Bis(guanidinium) 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan G2BNAFF (4) 

K2BNAFF (2.00 g, 4.80 mmol) was dissolved in 2 M hydrochloric acid (16 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 60 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was suspended in H2O (8 mL) and guanidinium carbonate (0.85 g, 4.70 mmol) was 

added in small portions. The reaction mixture was heated until all solid material was dissolved. After 

cooling to room temperature the separated solid material was filtered, washed with water and dried on air 

to give 4 (1.76 g, 80 %). 

DTA (5 °C minī1): 189 °C (dec.); BAM: drop hammer: 15 J (100ï500 ɛm); friction tester: 360 N (100ï

500 ɛm); ESD: 0.75 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3499 (m), 3447 (s), 3322 (m), 3269 (m), 3187 

(m), 1651 (s), 1584 (m), 1517 (m), 1491 (w), 1455 (m), 1433 (w), 1396 (s), 1338 (m), 1290 (vs), 1157 

(m), 1014 (w), 985 (m), 958 (m), 927 (m), 919 (m), 919 (m), 874 (w), 820 (m), 799 (s), 775 (m), 738 (w), 

703 (w), 687 (w), 609 (w). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 1627 (10), 1585 (100), 1520 

(42), 1490 (29), 1456 (47), 1430 (64), 1404 (11), 1385 (16), 1207 (14), 1045 (25), 1016 (86), 821 (12), 

516 (20), 493 (10), 462 (10), 338 (12), 312 (10), 254 (10), 243 (10), 170 (20), 96 (89), 71 (36). 1H NMR 

(d6-DMSO, 400 MHz, ppm) ŭ = 6.90 (s, 6H, ) 13C NMR (d6-DMSO, 101 MHz, ppm) ŭ = 158.6, 157.9, 

157.8, 146.6, 140.5, 137.3, 106.8. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī14. Elem. Anal. 

(C8H12N16O8, 460.29 g molī1) calcd.: C 20.88, H 2.63, N 48.69 %. Found: C 20.28, H 2.74, N 48.93 %. 

m/z (FAB+): 60 (cation); m/z (FABī): 341 (anion + H+); 

Bis(aminoguanidinium) 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan AG2BNAFF (5) 

K2BNAFF (1.50 g, 3.60 mmol) was dissolved in 2 M hydrochloric acid (12 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 60 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was suspended in H2O (10 mL) and aminoguanidinium carbonate (0.98 g, 7.20 

mmol) was added in small portions. The reaction mixture was heated until all solid was dissolved. After 

cooling to room temperature the separated solid material was filtered, washed with water and dried on air 

to give 5 (1.50 g, 85 %). 
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DTA (5 °C minī1): 128 (m.p.), 156 °C (dec.); BAM: drop hammer: 8 J (100ï500 ɛm); friction tester: 360 

N (100ï500 ɛm); ESD: 1.00 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3426 (m), 3347 (m), 3188 (br), 1651 

(s), 1607 (m), 1578 (s), 1519 (m), 1494 (m), 1449 (w), 1410 (w), 1389 (m) 1335 (m), 1298 (vs), 1208 

(m), 1091 (m), 1012 (w), 989 (m), 961 (s), 929 (m), 835 (m), 819 (m), 804 (m), 769 (m), 736 (w), 696 

(vw). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 1610 (38), 1583 (29), 1561 (24), 1521 (32), 1496 

(100), 1448 (45), 1411 (69), 1365 (15), 1215 (10), 1163 (14), 1072 (13), 1041 (40), 1014 (95), 993 (18), 

971 (32), 818 (14), 523 (10), 499 (18), 487 (18), 340 (22), 250 (28), 200 (10), 121 (80), 72 (78). 1H NMR 

(d6-DMSO, 400 MHz, ppm) ŭ = 7.00 (br, 4H), 4.67 (s, 2H). 13C NMR (d6-DMSO, 101 MHz, ppm) ŭ = 

158.8, 158.6, 157.9, 146.6, 140.5, 137.4, 106.8. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī13. Elem. 

Anal. (C8H14N18O8, 490.32 g molī1) calcd.: C 19.60, H 2.88, N 51.42 %. Found: C 20.08, H 2.86, N 

51.05 %. m/z (FAB+): 75 (cation); m/z (FABī): 341 (anion + H+); 

Bis(ammonium) 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (NH4)2BNAFF (6) 

K2BNAFF (1.67 g, 4.00 mmol) was dissolved in 2 M hydrochloric acid (20 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 50 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was dissolved in methanol (10 mL) and aqueous ammonia (25 %, 0.64 mL) with 

methanol (3 mL) was added. The solution was stirred for 1 h at room temperature and the solvent was 

removed under reduced pressure. Compound 6 was obtained as white powder (1.41 g, 94 %). 

DTA (5 °C minī1): 161 °C (dec.); BAM: drop hammer: 7 J (100ï500 ɛm); friction tester: 216 N (100ï

500 ɛm); ESD: 0.70 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3194 (br), 1624 (m), 1580 (m), 1519 (m), 

1492 (w), 1402 (s), 1283 (vs), 1157 (m), 1047 (vw), 1007 (m), 989 (m), 962 (m), 927 (m), 911 (m), 875 

(w), 865 (w), 832 (w), 814 (s), 795 (s), 772 (s), 753 (m), 741 (m), 712 (m), 694 (w). Raman (1064 nm, 

200 mW, 25 °C): ὂ (cmī1) = 1627 (11), 1590 (100), 1520 (57), 1494 (42), 1455 (45), 1439 (37), 1427 

(37), 1401 (25), 1213 (14), 1064 (31), 1048 (28), 1011 (79), 817 (20), 518 (26), 501 (19), 330 (17), 185 

(26), 126 (68). 1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 7.10 (s, 4H, NH4
+). 13C NMR (d6-DMSO, 101 

MHz, ppm) ŭ = 158.6, 157.8, 146.6, 140.5, 137.4, 106.8. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī13. 

Elem. Anal. (C6H8N12O8, 376.21 g molī1) calcd.: C 19.16, H 2.14, N 44.68 %. Found: C 19.36, H 2.12, 

N 44.48 %. m/z (FAB+): 18 (cation); m/z (FABī): 341 (anion + H+); 

Bis(hydrazinium) 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (N2H5)2BNAFF (7) 

K2BNAFF (1.67 g, 4.00 mmol) was dissolved in 2 M hydrochloric acid (20 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 60 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was dissolved in methanol (10 mL) and hydrazinium hydroxide (0.40 mL) was 
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added dropwise. The solution was stirred at room temperature for 1 h. The solvent was removed in vacuo 

and the yellowish solid was dried on air to give 7 (1.52 g, 93 %). 

DTA (5 °C minī1): 170 °C (dec.); BAM: drop hammer: 8 J (100ï500 ɛm); friction tester: 216 N (100ï

500 ɛm); ESD: 0.50 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3352 (m), 3186 (m), 3042 (br), 2639 (br), 

2048 (vw), 1644 (m), 1608 (m), 1582 (m), 15163 (m), 1492 (m), 1449 (m), 1435 (w), 1401 (m), 1357 

(m), 1288 (vs), 1155 (m), 1089 (s), 1009 (w), 992 (m), 962 (s), 925 (m), 873 (w), 821 (m), 795 (s), 770 

(s), 755 (m), 738 (m), 708 (w), 697 (m). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 1591 (28), 1579 

(42), 1569 (24), 1561 (23), 1518 (71), 1491 (27), 1450 (43), 1437 (93), 1402 (12), 1374 (11), 1336 (10), 

1209 (18), 1060 (33), 1045 (16), 1011 (100), 969 (11), 821 (23), 596 (10), 515 (19), 480 (10), 408 (11), 

287 (12), 243 (22), 85 (99). 1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 6.24 (s, 5H, N2H5
+). 13C NMR (d6-

DMSO, 101 MHz, ppm) ŭ = 158.6, 157.9, 146.6, 140.5, 137.4, 106.8. 14N NMR (d6-DMSO, 29 MHz, 

ppm) ŭ = ī13. Elem. Anal. (C6H10N14O8, 406.24 g molī1) calcd.: C 17.74, H 2.48, N 48.27 %. Found: 

C 18.20, H 2.78, N 47.70 %. m/z (FAB+): 33 (cation); m/z (FABī): 341 (anion + H+); 

Bis(hydroxylammonium) 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan hexahydrate 

(NH3OH)2BNAFF (8) Å 6 H2O 

K2BNAFF (1.50 g, 3.60 mmol) was dissolved in 2 M hydrochloric acid (16 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 60 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was suspended in H2O (8 mL) and hydroxylamine solution (50 wt % in H2O, 0.45 

mL) was added dropwise. The reaction was cooled down to 0 °C and the separated crystalline powder 

was filtered and dried on air to give compound 8 as a hexahydrate (1.16 g, 63 %). 

DTA (5 °C minī1): 134 °C (dec.); BAM: drop hammer: 25 J (100ï500 ɛm); friction tester: 360 N (100ï

500 ɛm); ESD: 1.00 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3577 (m), 3252 (br), 3014 (br), 2743 (s), 1634 

(s), 1611 (m), 1527 (s), 1503 (s), 1463 (m), 1421 (w), 1402 (m), 1333 (vs), 1305 (vs), 1224 (m), 1168 

(m), 1075 (vw), 1041 (vw), 1007 (m), 989 (m), 962 (m), 916 (vw), 878 (vw), 827 (w), 800 (m), 768 (m), 

696 (w). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 1630 (36), 1612 (36), 1597 (24), 1583 (39), 1527 

(28), 1502 (100), 1464 (55), 1440 (16), 1420 (54), 1404 (23), 1169 (14), 1076 (13), 1042 (36), 1014 (78), 

990 (23), 880 (12), 825 (10), 599 (12), 517 (10), 498 (18), 492 (20), 448 (11), 346 (22), 119 (15), 160 

(32), 121 (91), 93 (91). 1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 10.02 (s, H, NH3OH+) 13C NMR (d6-

DMSO, 101 MHz, ppm) ŭ = 158.7, 157.9, 146.6, 140.5, 137.5, 106.9. 14N NMR (d6-DMSO, 29 MHz, 

ppm) ŭ = ī14. Elem. Anal. (C6H20N12O16, 516.29 g molī1) calcd.: C 13.96, H 3.90, N 32.56 %. Found: 

C 14.64, H 3.86, N 32.61 %. m/z (FAB+): 34 (cation); m/z (FABī): 341 (anion + H+); 
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Bis(3,6,7-triamino -[1,2,4]triazolo[4,3-b][1,2,4]triazolium) 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-

yl)-1,2,5-furoxan trihydrate (TATOT )2BNAFF (9) Å 3 H2O 

K2BNAFF (428 mg, 1.02 mmol) was dissolved in 2 M hydrochloric acid (5 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 30 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was dissolved in MeOH/H2O (5:5 mL) and TATOT (316 mg, 2.05 mmol) was 

added. The reaction mixture was heated until the solid material was dissolved. The reaction mixture was 

stirred for an additional 1 h and then cooled down to room temperature. The separated solid was filtered 

and dried on air to yield 9 as trihydrate (482 mg, 68 %). 

DTA (5 °C minī1): 190 °C (dec.); BAM: drop hammer: 40 J (100ï500 ɛm); friction tester: 360 N (100ï

500 ɛm); ESD: 0.70 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3643 (vw), 3457 (w), 3303 (m), 3124 (br), 

1691 (m), 1652 (s), 1513 (m), 1425 (m), 1395 (m), 1288 (vs), 1164 (w), 1042 (m), 1014 (w), 959 (m), 

933 (m), 881 (w), 848 (w), 823 (m), 772 (m), 753 (w), 724 (w), 708 (m), 684 (m), 619 (w). Raman 

(1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 1591 (35), 1584 (37), 1515 (41), 1456 (18), 1433 (56), 1263 (20), 

1042 (17), 1016 (40), 852 (24), 620 (12), 602 (15), 400 (14), 236 (11), 108 (100), 85 (80). 1H NMR (d6-

DMSO, 400 MHz, ppm) ŭ = 8.12 (2, 2H, NH2), 7.20 (2, 2H, NH2), 5.76 (2, 2H, NH2). 
13C NMR (d6-

DMSO, 101 MHz, ppm) ŭ = 160.1, 158.7, 157.9, 147.4, 146.6, 141.1, 140.4, 137.3, 106.8. 14N NMR (d6-

DMSO, 29 MHz, ppm) ŭ = ī13. Elem. Anal. (C12H20N26O11, 704.46 g molī1) calcd.: C 20.46, H 2.86, N 

51.70 %. Found: C 20.80, H 2.81, N 51.36 %. m/z (FAB+): 155 (cation); m/z (FABī): 341 (anion + H+); 

Disilver 3,4-bis(4-nitramino -1,2,5-oxadiazol-3-yl)-1,2,5-furoxan dihydrate (Ag)2BNAFFÅ 2 H2O 

(10) 

K2BNAFF (420 mg, 1.00 mmol) was dissolved in 2 M hydrochloric acid (5 mL) at 50 °C. The water phase 

was extracted with Et2O (4 x 30 mL) and after drying over MgSO4 the solvent was removed under reduced 

pressure. The residue was dissolved in MeOH/H2O (6:3 mL) and AgNO3 (340 mg, 2.00 mmol) was added. 

The reaction mixture was stirred for 30 min at room temperature. The solid material was then filtered and 

dried on air to give 10 as a dihydrate (395 mg, 67 %) as white solid. 

DTA (5 °C minī1): 82 °C (dec.); BAM: drop hammer: 1 J (100ï500 ɛm); friction tester: 60 N (100ï500 

ɛm); ESD: 50 mJ (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3562 (br), 3242 (br), 1636 (m), 1595 (w), 1563 

(m), 1516 (m), 1501 (m), 1432 (s), 1364 (m), 1324 (s), 1290 (vs), 1170 (m), 1072 (w), 1009 (m), 995 (s), 

974 (m), 941 (m), 911 (w), 871 (m), 817 (s), 768 (m), 748 (w), 693 (m), 598 (vw), 582 (vw), 521 (w). 

Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 1646 (15), 1599 (65), 1576 (22), 1531 (70), 1506 (37), 

1439 (56), 1372 (20), 1171 (11), 1067 (65), 1014 (32), 926 (12) 815 (16), 773 (11), 762 (15), 753 (25), 
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598 (15), 552 (11), 505 (44), 460 (17), 434 (11), 321 (20), 308 (15), 248 (19), 98 (100). 13C NMR (d6-

DMSO, 101 MHz, ppm) ŭ = 157.9, 156.9, 145.9, 140.1, 137.1, 106.6. 14N NMR (d6-DMSO, 29 MHz, 

ppm) ŭ = ī15. Elem. Anal. (C6H4Ag2N10O10, 591.89g molī1) calcd.: C 12.18, H 0.68, N 23.66 %. Found: 

C 12.11, H 0.51, N 23.69 %. 

3.3. Results and Discussion 

The synthesis of the starting material BAFF has been performed as reported previously in the literature. 

Initially 4-amino-1,2,5-oxadiazole-3-carboxamidoxime (AFCAO) was synthesized by reacting 

commercially available malononitrile with aqueous nitrous acid and then with 50% aqueous 

hydroxylamine. AFCAO was treated with sodium nitrite in aqueous HCl to give 4-amino-1,2,5-

oxadiazole-3-carbohydroximoyl chloride (AFCHC) which is then reacted with Ag2CO3 in THF to give 

BAFF.[17,20,22] The synthesis and nitration of BAFF are displayed in Scheme 1.  

Scheme 1. A) Literature known synthesis of 3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (1, 

BAFF); B) Nitration of compound 1 and synthesis of new nitrogen-rich salts with BNAFF (3).
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The amino groups of 3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan are nitrated with 100% HNO3 

at ī10 ÁC and the formed, unstable dinitramino derivative (H2BNAFF) is converted with potassium 

hydroxide to the dipotassium salt (2, K2BNAFF) in a good yield (90 %). The neutral compound 3 can be 

isolated by dissolving K2BNAFF (2) in 2 M hydrochloric acid and then extracting with diethyl ether giving 

an oily liquid. H2BNAFF is only stable at room temperature only with 0.5 equivalents ether as a solvate 

(BNAFF (3) Å 0.5 Et2O).  

However, H2BNAFF is unstable at room temperature without Et2O and decomposes with the release of 

nitrous gases. Using other solvents as extraction medium resulted in decomposition of the neutral 

compound. Using K2BNAFF (2) as the starting material nitrogen-rich salts of BNAFF can be synthesized. 

For this purpose, compound 2 is dissolved in a small amount of 2 M HCl and the in situ generated neutral 

compound (3) is reacted with the desired base giving compounds 4ï10 (Scheme 1). 

3.3.1. Crystal structures 

During this work the crystal structures of compounds 2, 4, 5, 8 and 10 were determined by low-

temperature X-ray diffraction. Compounds 2, 4 and 5 crystallize anhydrously whereas compound 8 

crystallizes with six molecules of water. The crystal structure of 10 was determined of single crystals 

from conc. ammonia solution containing two molecules NH3. Selected data and parameters for the low-

temperature X-ray data collection and refinements are given in the Supporting Information. A distortion 

of the N-oxide moiety in the furoxan ring of the BNAFF2 anion can be observed in the obtained crystal 

structures for compounds 4, 5, 8 and 10. 

Dipotassium 3,4-bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxane (2) crystallizes from water, 

without inclusion of solvent molecules, in the triclinic space group P 1 with two molecules per unit cell 

and a cell volume of 651.80 · 106 pm3. The density of 2 at a temperature of 103 K is 2.132 g cm3. Figure 

2 illustrates the molecular unit of the potassium salt (2). The torsion angle of C1ïC2ïC3ïN5 and N6ï

C4ïC5ïC6 in BNAFF2ī anion are ï63.0(5) and 18.1(6)° respectively, showing that both furazan rings are 

not coplanar to the furoxan ring. 
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Figure 2.  Molecular unit of 2, showing the atom-labeling scheme and bond lengths (pm) with 

standard deviations. Thermal ellipsoids represent the 50 % probability level and hydrogen atoms are 

shown as small spheres of arbitrary radius. 

Bis(guanidinium) 3,4-bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (4) crystallizes in the 

monoclinic space group P2/c with a cell volume of 1761.43·106 pm3 and four molecules per unit cell. The 

density at a temperature of 123 K is 1.736 g cm3. The furoxan and furazan rings in the BNAFF2ī anion 

have a planar structure (O4ïN6ïC4ïC3 0.5°, N2ïO1ïN1ïC1 ī0.3Á and O6ïN7ïC5ïC6 0.2°). However, 

both furazan rings in the anion are not coplanar to the furoxan ring as indicated by the torsion angle of 

C2ïC3ïC4ïC5 ī14.6Á. Both nitramino groups in BNAFF2ī are slightly tilted against the furazan rings as 

shown by the torsion angles of N10ïN9ïC6ïN8 6.4° and N4ïN3ïC1ïN1 ï5.4°. The bond distances of 

the furoxan ring (C3ïC4 1.418 Å and N5ïC3 132.0 pm), furazan rings (C1ïC2 143.6 pm and N8ïC6 

131.1 pm) and the nitramino moiety (N3ïN4 131.5 pm, N9ïN10 132.2 pm, O2ïN4 125.5 pm and O7ï

N10 125.7 pm) are in accordance with similar nitramino oxadiazoles reported in the literature.[23] 
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Figure 3.  Representation of the molecular unit of 4, showing the atom-labeling scheme. Thermal 

ellipsoids represent the 50 % probability level and hydrogen atoms are shown as small spheres of arbitrary 

radius. Selected bond distances (pm) and angles [°]: C3ïC4 141.8(4), N5ïC3 132.0(3), C1ïC2 143.6(3), 

N8ïC6 131.1(3), N3ïN4 131.5(3), N9ïN10 132.2(3), O7ïN10 125.7(2), O4ïN6ïC4ïC3 0.5(3), N2ïO1ï

N1ïC1 ī0.3(2), O6ïN7ïC5ïC6 0.2(2), C2ïC3ïC4ïC5 ī14.6(6), N10ïN9ïC6ïN8 6.4(4), N4ïN3ïC1ï

N1 ï5.4(4). 

Bis(aminoguanidinium) 3,4-bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (5) crystallizes from 

water, without inclusion of solvent molecules, in the monoclinic space group P2/c with four molecules 

per unit cell and a cell volume of 1863.35·106 pm3. The density of 5 at a temperature of 123 K is 

1.748 g cm 3. Figure 4 illustrates the molecular unit of 5. The torsion angle of C1ïC2ïC3ïC3i in 

BNAFF2ī anion is ï39.6°, showing that both furazan rings are not coplanar to the furoxan ring. The 

connecting CïC bond of the oxadiazoles (C2ïC3) with a length of 145.9 pm is significantly shorter than 

a CïC single bond (154.0 pm). The nitramino moiety is slightly twisted from the furazan plane with 

torsion angle of ï177.45° (C1ïN3ïN4ïO3). The bond distances of the furoxan ring (O4ïN5 139.8 pm 

and N5ïC3 131.8 pm), furazan rings (O1ïN2 136.5 pm and C1ïC2 143.5 pm) and the nitramino moiety 

(N3ïN4 131.42 pm, N3ïC1 137.9 pm, O3ïN4 126.68 pm) are in accordance with similar nitramino 

oxadiazoles reported in the literature.[23] 
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Figure 4.  Molecular unit of 5, showing the atom-labeling scheme and bond lengths (pm) with 

standard deviations. Thermal ellipsoids represent the 50 % probability level and hydrogen atoms are 

shown as small spheres of arbitrary radius. Symmetry codes: (i) x, y, z, (ii) 1-x, y, 0.5-z, (iii) 1-x, 0.5+y, 

1-z. Selected bond distances (pm) and angles [°]: C2ïC3 145.9(2), O4ïN5 139.8(2), N5ïC3 131.8(2), 

O1ïN2 136.5(2), C1ïC2 143.5(2), C1ïC2ïC3ïC3i ï39.6(3), C1ïN3ïN4ïO3 ï177.45(13). 

Disilver 3,4-bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (10) is crystallized from hot water with 

conc. ammonia solution, with inclusion of two molecules ammonia, in the triclinic space group P 1 with 

two molecules per unit cell and a cell volume of 784.58(12)·106 pm3. The density of 10 at a temperature 

of 173 K is 2.497 g cm 3. Figure 5 illustrates the molecular unit of Ag2BNAFFÅ2NH3. 
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Figure 5.  Molecular unit of 10, showing the atom-labeling scheme and bond lengths (pm) with 

standard deviations. Thermal ellipsoids represent the 50 % probability level and hydrogen atoms are 

shown as small spheres of arbitrary radius. 

3.3.2. NMR Spectroscopy 

All synthesized compounds were characterized with multinuclear NMR (1H, 13C and 14N) spectroscopy. 

In addition, 15N NMR spectra of 2 and 3Å0.5Et2O were recorded. Compound 3Å0.5Et2O shows three 

different resonances in the 1H NMR spectrum; one at 12.87 ppm for the acidic protons of the nitramine 

groups (ïNHNO2) and two at 3.34 (ïOCH2CH3) and 1.04 (ïOCH2CH3) ppm for the ether solvate (1H, 13C 

and 14N NMR spectra of compound 3Å0.5Et2O are displayed in the Supporting Information). All six 

observed resonances in 13C spectrum of the neutral nitramine compound 3Å0.5Et2O are high-field shifted 

in comparison to all observed resonances in the 13C spectra of all energetic salts with the BNAFF2ï anion. 

The 14N resonances for the nitro groups in compound 3 are detected at ï26 ppm and the nitro groups of 

the energetic salts are observed in the range of ï13 to ï15 ppm. The values for all 1H, 13C and 14N 

resonances of compounds 2 and 3Å0.5Et2O are listed in Table 1. 

Table 1. 1H, 13C and 14N NMR shifts of compounds 2 and 3Å0.5Et2O. 

Compound 
1H NMR 

ŭ [ppm] 
13C NMR ŭ [ppm] 

14N NMR 

ŭ [ppm] 

2 ï 158.6, 157.8, 146.6, 140.4, 137.4, 106.8. ï14 

3 
12.87, 

3.34, 1.04 
154.1, 152.8, 145.6, 141.1, 137.1, 106.2, 65.2, 15.4 ï26 
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Figure 6 shows the comparison between both recorded 15N NMR spectra for compounds 2 and 3. In the 

spectrum of the neutral nitramine compound 3 the nitro groups are found at ï28.3 and ï29.0 ppm and the 

NH groups at ï183.9 and ï190.4 ppm (no coupling to hydrogen due to exchange with the solvent d6-

DMSO). Upon formation of the potassium salt (deprotonation) all resonances in 15N NMR show strong 

low-field shift as observed in the case of the nitro (to ï13.3 and ï13.8 ppm) and NH groups (ï151.7 and 

152.8 ppm). 

 

Figure 6. Recorded 15N NMR spectra of K2BNAFF (2) and BNAFF (3) Å 0.5 Et2O in d6-DMSO. 

3.3.3. Physicochemical properties 

Since all synthesized compounds can be considered as energetic materials, their energetic behaviors were 

investigated. However, only the physicochemical properties of compounds 2, 4, 5, 6 and 7 are discussed 

because they were obtained as anhydrous compounds. All theoretical calculated and experimentally 

determined values for compounds 2, 4ï7 compared to the high explosive RDX are listed in Table 2.  
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Table 2. Physico-chemical properties of 2, 4ï7 in comparison to RDX. 

 2 4 5 6 7 RDX 

Formula C6K2N10O8 C8H12N16O8 C8H14N18O8 C6H8N12O8 C6H10N14O8 C3H6N6O6 

IS[a] [J] 3 15 8 7 8 7.5 

FS[b] [N]  > 72 360 360 216 216 120 

ESD[c] [J] 0.19 0.75 1.00 0.70 0.50 0.2 

ɋ[d] [%] ī19.12 ī48.66 ī48.95 ī34.02 ī35.45 ī21.6 

Tm
[e] [°C] ī ī 128 ī ī ī 

Tdec
[f]  [°C] 245 189 156 161 170 210 

ɟ[g] [g cmī3] 2.07 1.692 1.703 1.735(pyc) 1.535(pyc) 1.806[24] 

ȹHf°[h] [kJ 

kgī1] 
689 1275 1650 1635 2239 387 

EXPLO5 

6.03 [25] 
      

īȹEU°[i]  [kJ 

kgī1] 
5483 4721 4981 5701 5953 5798 

TC-J
[j]  [K]  3772 3318 3389 3922 4169 3831 

pC-J 
[k] [kbar] 299 253 269 305 257 354 

Vdet.
[l]  [m sī1] 8263 8099 8364 8579 8105 8834 

V0
[m] [dm3 

kgī1] 
470 796 819 779 846 792 

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM 

drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] oxygen 

balance; [e] melting point (DTA, ɓ = 5°CĀminī1); [f] temperature of decomposition (DTA, 

ɓ = 5°CĀminī1); [g] density at 298 K; [h] standard molar enthalpy of formation; [i] detonation 

energy; [j] detonation temperature; [k] detonation pressure; [l] detonation velocity; [m] volume 

of detonation gases at standard temperature and pressure conditions. 
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3.3.4. Thermal behavior 

The thermal behavior of compounds 2, 4ï10 was investigated with an OZM Research DTA 552-Ex 

instrument at a heating rate of 5 °C minī1. Critical temperatures are given as the onset temperature. The 

neutral compound 3 decomposes simultaneously as soon as the ether solvate is removed from the 

molecule. The neutral nitramine (3) exhibits only one sharp exothermal signal at 72 °C in the DTA plot. 

Additional data can be found in the Supporting Information. From all synthesized salts of BNAFF, 

compound 2 has the highest decomposition point at 245 °C. All formed nitrogen-rich salts with the 

BNAFF2ī anion decompose in the range of 150ï200 °C, whereas the guanidinium salt (4) has the highest 

decomposition temperature of 189 °C. 

3.3.5. Sensitivities  

In addition, the sensitivities for all compounds toward friction, impact and electrostatic discharge were 

explored using the BAM standards.[26,27] The silver (10, IS = 1 J, FS = 60 N and ESD = 50 mJ) and 

potassium salts (2, IS = 3 J, FS = > 72 N and ESD = 0.19 J) are the most sensitive compounds from all 

synthesized energetic materials formed with the BNAFF2ī anion. From all nitrogen-rich compounds the 

ammonium salt (6) is the most sensitive compound (IS = 7 J and FS = 216 N) toward friction and impact. 

The impact and friction sensitivities for the others range from 7 J to 15 J and from 216 N to 360 N. 

3.3.6. Detonation parameters 

The detonation parameters for compounds 2, 4, 5, 6 and 7 were calculated using the EXPLO5_V6.03 

computer code.[25] The EXPLO5 detonation parameters of compounds 2, 4ï7 were calculated by using 

the room-temperature density values obtained from the X-ray structures (compounds 2, 4 and 5) as 

described in reference[28] or by using pycnometrical measured densities of compounds 6 and 7. The 

densities range from 1.535 g cmī3 (7, pyc) to 2.07 g cmī3 (2). All compounds reported in Table 2 exhibit 

a highly positive heat of formation from 689 kJ kgī1 (2) to 2239 kJ kgī1 (7), which exceed the value for 

the heat of formation of RDX (387 kJ kgī1). Compounds 2, 4ï7 show good calculated detonation 

parameters with detonation velocities (Vdet.) between 8000ï8600 m sī1 and detonation pressure (pC-J) 250ï

310 kbar. Compound 6 shows the highest calculated detonation velocity (8579 m sī1) and detonation 

pressure (305 kbar), whereas the guanidinium salt (4) exhibits the lowest values (Vdet. = 8099 m sī1 and 

pC-J = 253 kbar). 
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3.4. Conclusion 

In summary, 3,4-bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (3) was synthesized for the first 

time by nitration of 3,4-bis(4-amino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (1) with 100% nitric acid. 

Compound 3 is only stable at room temperature with 0.5 equivalents ether as a solvate. The stability of 

the BNAFF2ī anion can be tamed by forming alkali metal salts or by reacting it with nitrogen-rich bases. 

Starting from the potassium salt (2, K2BNAFF), different metal and nitrogen-rich salts with the BNAFF2ī 

anion were synthesized and characterized using multinuclear NMR spectroscopy, vibrational 

spectroscopy (IR and Raman), X-ray single-crystal diffraction, DTA, BAM sensitivity methods and 

elemental analysis. In addition, the heats of formation and detonation properties of all anhydrous energetic 

compounds were calculated. Salt formation leads to the stabilization of the BNAFF2ī anion and increase 

of the thermal stability up to 245 °C. High detonation velocities (8000ï8600 m sī1) were calculated for 

the anhydrous compounds 2, 4ï7. 
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3.7. Supporting Information  

3.7.1. X-ray Diffraction  

The low-temperature single-crystal X-ray diffraction measurements were performed on an Oxford 

XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a 

KappaCCD detector operating with MoKŬ radiation (ɚ = 0.7107 Å). Data collection was performed using 

the CRYSALIS CCD software.[S1]
 

The data reduction was carried out using the CRYSALIS RED 

software.[S2] The solution of the structure was performed by direct methods (SIR97)[S3] and refined by 

full -matrix least-squares on F2 (SHELXL)[S4] implemented in the WINGX software package[S5] and 

finally checked with the PLATON software.[S6] All DIAMOND2 plots are shown with thermal ellipsoids 

at the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius. 

 

Figure 1. Representation of the molecular unit of 8, showing the atom-labeling scheme. Thermal 

ellipsoids represent the 50 % probability level and hydrogen atoms are shown as small spheres of arbitrary 

radius. Symmetry code: (i) 1-x, y, 0.5-z; (ii) 1-x, 1-y, 1-z; (iii) -0.5+x, -0.5+y, z; (iv) 1.5-x, 1.5-y, 1-z; (v) 

-0.5+x, 1.5-y, 0.5+z; (vi) 1-x, 2-y, 1-z; 

Bis(hydroxylammonium) 3,4-bis(4-nitramino-1,2,5-oxadiazol-3-yl)-1,2,5-furoxan (8) hexahydrate 

crystallizes with inclusion of six molecules of crystal water per molecular unit in the monoclinic space 

group C2/c. The measured density at 123 K of 1.665 g cm 3 is rather low due to the six molecules water 

in the crystal structure. 
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Table S1. Crystallographic datails of compounds 2, 4 and 5. 

Compound 2 4 5 

Formula C6K2N10O8 C8H12N16O8 C8H14N18O8 

Form. Mass [g molī1] 418.36 460.29 490.32 

Crystal system triclinic monoclinic orthorhombic 

Space Group Pī1 (No. 2) P2/c (No. 13) C2/c (No. 15) 

Color / Habit colorless block colorless block colorless block 

Size [mm] 0.01 x  0.03 x  0.04 0.26 × 0.18 × 0.12 0.20 × 0.15 × 0.10 

a [pm] 

b [pm] 

c [pm] 

Ŭ [Á] 

b [°]  

ɔ [Á] 

453.13(3) 

693.55(5) 

2156.75(16) 

91.561(3) 

91.303(3) 

105.748(3) 

1787.44(5) 

775.80(2) 

1356.32(4) 

90 

110.523(3) 

90 

1561.13(10) 

826.35(4) 

1480.72(8) 

90 

102.714(7) 

90 

V [pm3] 651.80(8) · 106 1761.43(9) · 106 1863.35(19) · 106 

Z 2 4 4 

rcalc. [g cmī3] 2.132 1.736 1.748 

m [mmī1] 0.805 0.153 0.153 

F(000) 416 944 1008 

ɚMoKŬ[pm] 71.073 71.073 71.073 

T [K]  103 123(2) 123(2) 

◒ min-max [°] 3.2,  26.3 4.1, 26.5 4.6,  30.5 

Dataset h; k; l 
ī5:5; ī8:8;0:26 ī22:22;ī9:9;ī17:17 ī19:19;ī10:9;ī18:

18 

Reflect. coll. 2272 26218 7036 

Independ. refl. 2272 3626 1928 

Rint 0.079 0.029 0.028 

Reflection obs. 2272 3150 1591 

No. parameters 236 347 187 

R1 (obs) 0.0295 0.0484 0.0378 

wR2 (all data) 0.0716 0.0996 0.0872 

S 1.20 1.22 1.08 
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Resd. Dens. [e pmī3] ī0.33, 0.29 Ŀ 10ī6 ī0.35, 0.26 Ŀ 10ī6 ī0.32, 0.20 Ŀ 10ī6 

Device type 
Oxford Xcalibur3 

CCD 

Oxford Xcalibur3 

CCD 

Oxford Xcalibur3 

CCD 

Solution SIR-92 SIR-92 SIR-92 

Refinement SHELXL-97 SHELXL-97 SHELXL-97 

Absorpt. corr. multi-scan multi-scan multi-scan 

CCDC 1589059 1589062 1589063 

 

Table S2. Crystallographic datails of compounds 8 and 10. 

Compound 8· 6 H2O 10 · 2 NH3 

Formula C6H20N12O16 C8H6Ag2N12O8 

Form. Mass [g molī1] 516.34 589.97 

Crystal system monoclinic triclinic 

Space Group C2/c (No. 15) Pī1 (No. 2) 

Color / Habit colorless block colorless block 

Size [mm] 0.25 × 0.15 × 0.10 0.02 x  0.08 x  0.17 

a [pm] 

b [pm] 

c [pm] 

Ŭ [Á] 

b [°]  

ɔ [Á] 

2118.44(12) 

751.25(3) 

1333.39(7) 

90 

103.849(6) 

90 

706.07(6) 

1046.69(8) 

1191.19(9) 

64.293(8) 

81.963(7) 

88.871(7) 

V [pm3] 2060.37(19) · 106 784.58(12) · 106 

Z 4 2 

rcalc. [g cmī3] 1.665 2.497 

m [mmī1] 0.162 2.572 

F(000) 1072 568 

ɚMoKŬ[pm] 71.073 71.073 

T [K]  123(2) 173(2) 

◒ min-max [°] 4.4, 27.0 4.3,  26.0 

Dataset h; k; l ī21:26;ī9:9;ī17:15 ī8:8 ;ī12:12;ī14:12 
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Reflect. coll. 8343 5774 

Independ. refl. 2247 3073 

Rint 0.030 0.031 

Reflection obs. 1898 2403 

No. parameters 199 287 

R1 (obs) 0.0356 0.0322 

wR2 (all data) 0.0772 0.0710 

S 1.08 1.01 

Resd. Dens. [e pmī3] ī0.38, 0.33 Ŀ 10ī6 ī0.67, 0.90 Ŀ 10ī6 

Device type 
Oxford Xcalibur3 CCD Oxford Xcalibur3 

CCD 

Solution SIR-92 SIR-92 

Refinement SHELXL-97 SHELXL-97 

Absorpt. corr. multi-scan multi-scan 

CCDC 1589061 1589060 

3.7.2. Computations 

Quantum chemical calculations were carried out using the Gaussian G09 program package.[S7] The 

enthalpies (H) and free energies (G) were calculated using the complete basis set (CBS) method of 

Petersson and co-workers in order to obtain very accurate energies. The CBS models use the known 

asymptotic convergence of pair natural orbital expressions to extrapolate from calculations using a finite 

basis set to the estimated CBS limit. CBS-4 begins with an HF/3-21G(d) geometry optimization; the zero-

point energy is computed at the same level. It then uses a large basis set SCF calculation as a base energy, 

and an MP2/6-31+G calculation with a CBS extrapolation to correct the energy through second order. An 

MP4(SDQ)/6-31+ (d,p) calculation is used to approximate higher order contributions. In this study, we 

applied the modified CBS. 

Heats of formation of ionic compounds were calculated using the atomization method (equation 1) using 

room temperature CBS-4M enthalpies summarized in Table S3.[S8,S9]  

ȹfH°(g, M, 298) = H(Molecule, 298) ï ×H°(Atoms, 298) + ×ȹfH°(Atoms, 298)  (1) 

Table S3. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic 

ȹ fH°298 / kJ molï1 

 ïH298 / a.u. NIST [S10] 
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H 0.500991 218.2 

C 37.786156 717.2 

N 54.522462 473.1 

O 74.991202 249.5 

In the case of the ionic compounds, the lattice energy (UL) and lattice enthalpy (ȹHL) were calculated 

from the corresponding X-ray molecular volumes according to the equations provided by Jenkins and 

Glasser.[S11] With the calculated lattice enthalpy the gas-phase enthalpy of formation was converted into 

the solid state (standard conditions) enthalpy of formation. These molar standard enthalpies of formation 

(ȹHm) were used to calculate the molar solid state energies of formation (ȹUm) according to equation 2. 

ȹUm  =  ȹHm ï ȹn RT  (2) 

(ȹn being the change of moles of gaseous components) 

The calculation results are summarized in Tables S4 and S5. 

Table S4. CBS-4M results and calculated gas-phase enthalpies. 

Ion 
M [g molï1] 

[a] 
ïH298 [b] / a.u. 

ȹfH°(g,M) 

/ kJ molï1 [c] 

BNAFF2ï 340.1 1375.855059 563.9 

K+ 39.1 599.03597 487.7 

G+ 60.1 205.453192 571.2 

AG+ 75.1 260.701802 671.6 

NH4
+ 18.1 56.796608 635.8 

N2H5
+ 66.1 112.030523 774.5 

[a] Molecular weight; [b] CBS-4M electronic enthalpy; [b] gas phase enthalpy of formation;  

Table S5. Calculation results. 

Compound 
ȹfH°(g,M) 

/ kJ molï1 [a] 

VM / nm3 

[b] 

ȹUL kJ 

molï1 [c] 

ȹHL kJ 

molï1 [d] 

ȹfH°(s) 

kJ molï1 

[e] 

ȹn [f]  
ȹfU(s) kJ 

kgï1 [g] 

2 1539.3 0,3479348 1243.8 1251.2 288.1 9 742.4 

4 1707.7 0.4641811 1113.4 1120.9 586.8 18 1371.8 
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5 1907.1 0.4894795 1090.8 1098.2 808.9 20 1750.9 

6 1835.6 0.3714202 1213.1 1220.6 614.9 14 1726.9 

7 2112.2 0.3861776 1195.2 1202.6 909.6 16 2336.7 

[a] gas phase enthalpy of formation; [b] molecular volumes taken from X-ray structures and corrected to 

room temperature; [c] lattice energy (calculated using Jenkins and Glasser equations); [d] lattice enthalpy 

(calculated using Jenkins and Glasser equations); [e] standard solid state enthalpy of formation; [f]  change 

of moles of gaseous components when formed; [g] solid state energy of formation. 

3.7.3. NMR Spectra 

1H, 13C and 14N NMR Data for H2BNAFF Å 0.5 Et2O 

 

Figure 2. Recorded 1H NMR spectrum of H2BNAFF Å 0.5 Et2O (3) in d6-DMSO. 
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Figure 3. Recorded 13C NMR spectrum of H2BNAFF Å 0.5 Et2O (3) in d6-DMSO. 

 

Figure 4. Recorded 14N NMR spectrum of H2BNAFF Å 0.5 Et2O (3) in d6-DMSO. 
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Abstract:  The synthesis of 3,5-diamino-4,6-dinitropyridazine-1-oxide (8) is reported. It is prepared in a 

six step synthetic procedure starting from the acyclic compounds and shows good properties (detonation 

velocity DC-J = 8486 mĀs
ī1, detonation pressure pC-J = 302 kbar and sensitivity toward mechanical stimuli). 

Compound 8 and its precursor (7, 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide) were characterized by 

means of multinuclear (1H, 13C, 14N, 15N) NMR spectroscopy, mass spectrometry, vibrational 

spectroscopy (IR and Raman), elemental analysis and DTA measurements. Compounds 4, 5, 6, 7, 8 and 

9 were also characterized by low-temperature single-crystal X-ray diffraction. The heats of formation for 

7 and 8 were calculated using the atomization method based on CBS-4M enthalpies. With the 

experimentally determined (X-ray) densities and the calculated standard molar enthalpies of formation, 

several detonation parameters such as the detonation pressure, energy and velocity were predicted by 

using the EXPLO5 code (V6.03). The sensitivities of 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) 

and 3,5-diamino-4,6-dinitropyridazine-1-oxide (8) toward impact, friction and electrical discharge were 

tested according to BAM standards. In addition, the shock reactivity of 8 was measured by applying the 

small-scale shock reactivity test, showing similar values to HNS, PYX and TKX-55. 
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4.1. Introduction  

Due to increasing safety regulations the research on new energetic materials based on nitrogen-rich 

heterocycles has attracted considerable interest in the past decades, not only for military application but 

also for industrial.[1] The arising challenge on combining good detonation performance and sensitivity for 

the synthesis of new high-energy density materials has come into focus.[2] There are different strategies 

reported in the literature for achieving this goal; introduction of conjugation into the system, formation 

of nitrogen-rich salts or introduction of an alternating CīNH2/CīNO2 into the system, which leads to the 

formation of intra- and intermolecular hydrogen bonds.[3] A well-known example for a heat resisting and 

insensitive explosive is 2,4,6-triamino-1,3,5-trinitrobenzene (TATB) consisting of alternating amino and 

nitro groups on the benzene scaffold.[4] In recent years, the synthesis of new energetic materials based on 

nitrogen-rich heterocycles has received great interest.[5] Some synthesized and well known heterocyclic, 

energetic materials based on pyridines (TANPyO)[6] and 1,4-diazines (ANPZ and LLM-105)[7,8] are 

shown in Figure 1. LLM-105 and TANPyO exhibit good thermal stability and sensitivity combined with 

good detonation performance. The introduction of the N-oxide moiety to the energetic backbone has been 

proven to increase not only the performance of the energetic material, but also its oxygen balance and 

improves the crystal packing, leading to higher density of the material.[9] For example, 2,6-diamino-3,5-

dinitropyrazine-1-oxide (LLM-105, ɟ = 1.92 gĀcmī3 and D = 8516 mĀsī1) shows higher energetic 

performance compared to its precursor 2,6-diamino-3,5-dinitropyrazine (ANPZ, ɟ = 1.84 gĀcmī3 and D = 

7892 mĀsī1).[5,10] 
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Figure 1. Energetic compounds TATB, TANPyO, ANPZ, LLM-105 and the investigated pyridazine 

derivatives. 

Although 1,4-diazines have been well investigated in the literature as energetic materials, 1,3- and 1,2-

diazines are relatively unexploited systems. This can be explained by the fact that electrophiles directly 

attack the ring N-atoms in the pyridazine/pyrimidine system resulting for instance in protonation, 

alkylation or N-oxidation, thus hindering nitration attempts.[11] In addition, the nitro group is an excellent 

leaving group and can be easily substituted even by weak nucleophiles.[12] However, recently reported 

literature shows that 1,2-diazine (pyridazine) derivatives and their N-oxides can be synthesized and may 

be interesting new building blocks for the synthesis of new energetic materials.[13]  The idea of this work 

was to synthesize 3,5-diamino-4,6-dinitropyridazine-1-oxide and 4,6-diamino-3,5-dinitropyridazine-1-

oxide (Figure 1); two structural isomers to LLM-105 which are based on the pyridazine scaffold. Due to 

the additional NïN bond both pyridazine derivatives should exhibit even higher heat of formation 

compared to LLM-105. 

4.2. Results and Discussion 

Herein, we report the selective functionalization of the pyridazine scaffold (Scheme 1). 
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Scheme 1. Synthesis of 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) and 3,5-diamino-4,6-

dinitropyridazine-1-oxid (8). 

The target molecules 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) and 3,5-diamino-4,6-

dinitropyridazine-1-oxide (8) were synthesized by using 3,5-dichloropyridazine (4) as the starting 

material. Initially, compound 4 was synthesized according to the literature.[14] Treatment of chloral 

hydrate (1) with chloroacetaldehyde (2) in the presence of ammonium acetate and p-

toluenesulfonic acid monohydrate on the DEAN-STARK apparatus gave (Z)-2,4,4,4-tetrachlorobut-

2-enal (3). The cyclization of compound 3 with semicarbazide hydrochloride yielded 3,5-

dichloropyridazine (4). Subsequently, compound 4 was converted into 3,5-dimethoxypyridazine-

1-oxide (6)[15] by first reacting it with potassium hydroxide in methanol, which gave 3,5-

dimethoxypridazine (5),[16] followed by oxidation of the pyridazine nitrogen with 30% hydrogen 

peroxide in glacial acetic acid. The introduction of the N-oxide was also accomplished by using 

HOF increasing the yield of the reaction up to 90%.[17] The insertion of the N-oxide and the 

introduction of electron-donating functional groups (īOMe) into the pyridazine scaffold allowed 

the nitration with 20% oleum and 100% nitric acid of compound 6 to the desired product 3,5-

dimethoxy-4,6-dinitropyridazine-1-oxide (7). Nitration of 6 was also possible with a mixture of 

20% oleum and sodium nitrate at elevated temperature. The second nitro group in compound 7 was 

able to be introduced only when the N-oxide was present in the parent molecule. Finally, 3,6-

diamino-4,6-dinitropyridazine-1-oxide (8) was synthesized by reacting compound 7 with 

concentrated ammonia solution in acetonitrile. 
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Scheme 2. Nitration reactions with 3,5-dimethoxypyridazine (5). 

The first step in the synthesis of 4,6-diamino-3,5-dinitro-pyridazine-1-oxide was the nitration of 

3,5-dimethoxypridazine (5). As shown in Scheme 2 the nitration of compound 5 gave only 3,5-

dimethoxy-4-nitropyridazine (9) and not the desired product 3,5-dimethoxy-4,6-dinitropyridazine. 

Further nitration of compound 9 was not successful and yielded either the starting material or 

decomposition products. The crystal structure of compound 9 is reported in the Supporting 

Information. As it seems without the NŸO moiety the introduction of the second nitro group into 

the pyridazine system cannot be achieved. Different strategies toward the synthesis of 4,6-diamino-

3,5-dinitropyridazine-1-oxide are currently under investigation. 

4.2.1. X-ray diffraction  

Suitable crystals of 7 and 8 for X-ray diffraction analysis were obtained by slow evaporation from 

a solution of 7 in dichloromethane and a solution of 8 in water, respectively.  In addition, the crystal 

structures of compounds 4ï6 are shown in the Supporting Information. CCDC-1590457 (4), 

CCDC-1590458 (5), CCDC-1590459 (6 Å 3 H2O), CCDC-1590461 (7), CCDC-1590460 (8) and 

CCDC-1816507 (9) contain the supplementary crystallographic data for this paper. These data can 

be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. Compound 7 crystallizes in the orthorhombic space group 

Pbcn and has a calculated density of 1.637 gĀcmī3 at 123 K (Figure 2). The bond angles and bond 

lengths in the pyridazine ring are between typical CīN/NīN single and C=N/N=N double bonds 
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due to the aromaticity. Among them, the bond lengths of N2īC1 and N1īN2 are 1.329(3) and 

1.347(3) ¡, respectively. The NīO bond length in the NŸO moiety is 1.268(2) ¡. 

 

Figure 2. Molecular structure of compound 7 in the solid state. Ellipsoids correspond to 50 % 

probability levels. Selected bond distances [Å] and angles [°]: O1ïN1 1.268(2), N1ïN2 1.347(3), 

N1ïC4 1.341(3), C3ïC4 1.401(3), N4ïC4 1.468(3), O2ïC1 1.323(2), N2ïN1ïC4 121.75(17), N3ï

C2ïC1 117.48(18), C5ïO2ïC1ïN2 ī2.6(3), O1ïN1ïN2ïC1 178.22(17), O3ïN3ïC2ïC3 

ī120.9(2), C6ïO5ïC3ïC4 ī160.6(2); 

Compound 8 crystallizes in the monoclinic space group P21/c and has a calculated density of 

1.888 gĀcmī3 at 123 K (Figure 3). Compared to compound 7 (N1īO1 1.268(2) Å) the NīO bond 

length in the NŸO moiety of 8 does not shown any significant difference (N1īO1 1.2681(19) Å). 

Compound 8 is almost planar in the crystal structure with a small aberration for the nitro group 

next to the NŸO with torsions angle of 36.5(2) and ī144.95(17)Á for O2īN3īC1īN1 and 

O3īN3īC1īN1, respectively. Both amino groups and the second nitro group are in the same plane 

as the pyridazine ring. The CīC (C1ïC2 1.422(2) Å) lengths in compound 8 are in the range of 

those reported for LLM-105 (CïC 1.417 Å); however, the CīN (N1ïC2 1.357(2) Å) bond lengths 

for compound 8 are slightly shorter than those reported for LLM-105 (CïN 1.374 Å). In addition, 

the NīO bond length (1.3172 ¡) in the NŸO moiety for LLM-105 is longer than the determined 

value (N1īO1 1.2681(19) Å) for compound 8.[20b] 
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Figure 3. A) Molecular structure of compound 8 in the solid state. Ellipsoids correspond to 50 % 

probability levels. Selected bond distances [Å] and angles [°]: O1ïN1 1.2681(19), N1ïN2 

1.323(2), N1ïC1 1.357(2), C1ïC2 1.422(2), N6ïC4 1.322(2), O3ïN3 1.229(2), O1ïN1ïN2 

114.67(15), N1ïN2ïC4 118.94(15), O2ïN3ïC1 119.99(15), O1ïN1ïC1ïN3 4.9(2), O2ïN3ïC1ï

N1 36.5(2), O5ïN5ïC3ïC2 ī168.62(15), N4ïC2ïC3ïN5 ī5.5(2); B) View of the unit cell of 

compound 8 along the b-axis. 

4.2.2. 15N NMR spectroscopy 

All synthesized compounds were characterized by vibrational spectroscopy (IR and Raman), mass 

spectrometry, multinuclear NMR (1H, 13C and 14N) spectroscopy and elemental analysis. In 

addition, 15N and 15N{1H} NMR spectra of compound 8 were recorded (Figure 4). 15N NMR 

spectrum of 8 exhibits only five signals; both nitro groups are observed at ī15.6 and ī26.0 ppm, 

the N-oxide has a resonance at ī69.5 ppm and the pyridazine nitrogen at ī100.3 ppm. Only one 

amino group can be observed at ī286.7 ppm (1JNH = 92.9 Hz) in the proton coupled 15N NMR 

spectrum of 8. All six resonances for the nitrogen atoms can be observed in the proton decoupled 

15N NMR spectrum of 8. Both nitro groups (ī15.6 and ī26.0 ppm) and the pyridazine nitrogen 

atoms (ī69.5 and ī100.3 ppm) exhibit the same chemical shift as listed bevor. Both amino groups 

can be observed as singlets at ī286.7 and ī292.9 ppm. 
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Figure 4. 15N{ 1H} and 15N NMR spectra of compound 8. 

4.2.3. Physical and detonation properties 

Since compounds 7 and 8 can be classified as energetic materials, their energetic behavior was 

investigated. All theoretically calculated and experimentally determined values for 7 and 8 

compared to the insensitive explosive LLM-105 are listed in Table 1. The thermal behavior for 

both compounds was investigated with an OZM Research DTA 552-Ex instrument at a heating rate 

of 5 °C minī1. Compound 7 decomposes at 151 °C, while 3,6-diamino-4,6-dinitropyridazine-1-

oxide (8) decomposes first at 215 °C. The increased stability of compound 8 compared to the 

precursor, compound 7, can be explained by the intra-and intermolecular hydrogen bonds in the 

structure of 8. This observation of change in the thermal behavior from compound 7 to compound 

8 verifies that the introduction of alternating CīNH2/CīNO2 functionalities into the pyridazine 

system not only improves the energetic properties of the material, but also increases the thermal 

stability. The difference in the thermal stability of 8 (215 °C) compared to LLM-105 (342 °C) is 
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significant. This can be explained with the weakening of the NīN bond in the pyridazine with the 

introduction of the N-oxide and its position next to the NO2 group. 

In addition, the sensitivities for both compounds were determined according the BAM standards 

and the detonation parameters were calculated using the EXPLO5_V6.03 computer code.[18] The 

EXPLO5 detonation parameters of 7 and 8 were calculated by using the room-temperature density 

values obtained from the X-ray structures as described in reference.[19] The density at room 

temperature for compound 7 is 1.591 gĀcmī3 and for 8 is 1.837 gĀcmī3. The determined 

experimental sensitivities toward friction and impact for 7 (IS = 20 J and FS = 360 N) and 8 (IS = 

18 J and FS = 360 N) are in the range for those of the insensitive explosive LLM-105 (IS = 20 J 

and FS = 360 N). The synthesized compounds 7 (0.65 J) and 8 (0.75 J) are even less sensitive than 

LLM -105 (0.60 J) toward electrostatic discharge. The calculated physico-chemical properties of 

compound 8 compared to those of LLM-105 are quite surprising (Table 1). Although the room 

temperature density of 3,5-diamino-4,6-dinitropyridazine-1-oxide (8, ɟ = 1.837 gĀcmī3) is lower 

than those of LLM-105 (ɟ = 1.919 gĀcmī3),[20] the calculated detonation parameters for 8 are similar 

to those of LLM-105. The detonation pressure (pC-J = 302 kbar) and detonation velocity (DC-J = 

8486 mĀsī1) of 8 are in the range of those for LLM-105 (pC-J = 317 kbar and DC-J = 8639 mĀsī1). 

However, the values of 8 for the detonation energy (4913 kJĀkgī1) and for the detonation 

temperature (3470 K) exceed those values for LLM-105 (4506 kJĀkgī1 and 3202 K). 

Table 1. Physico-chemical properties of compounds 7 and 8 in comparison to LLM-105. 

 7 8 LLM -105 

Formula C6H6N4O7 C4H4N6O5 C4H4N6O5 

IS[a] [J] 20 18 20* 

FS[b] [N]  360 360 360* 

ESD[c] [J] 0.65 0.75 0.60* 

ɋ[d] [%] ī52 ī37 ī37 

Tm
[e] [°C] ī ī ī 

Tdec
[f] [°C] 151 215 342[20a] 

ɟ[g] [gĀcmī3] 1.59 1.84 1.92[20b] 

ȹfH°[h] [kJĀkgī1] ī465 511 51 
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ȹfH°[h] [kJĀmolī1] ī114 110 11 

EXPLO5 6.03    

īȹEU°[ i] [kJĀkgī1] 4767 4913 4506 

TC-J
[j] [K]  3442 3470 3202 

pC-J 
[k] [kbar] 208 302 317 

DC-J
[l]  [mĀsī1] 7227 8486 8639 

V 
[m] [L3Ākgī1] 722 720 706 

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM 

drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] oxygen 

balance with respect to CO2; [e] melting point (DTA, ɓ = 5°CĀminī1); [f] temperature of 

decomposition (DTA, ɓ = 5°CĀminī1); [g] density at 298 K; [h] standard molar enthalpy of 

formation; [i] detonation energy; [j] detonation temperature; [k] detonation pressure; [l] 

detonation velocity; [m] volume of detonation gases at standard temperature and pressure 

conditions. *experimentally determined values for LLM -105 (grain size 100ï500 ɛm). 

The evaluation of the explosive performance of compound 8 on a small scale was investigated with 

the smalls-scale shock reactivity test (SSRT). With this test the shock reactivity (explosiveness) of 

the investigated explosive is measured below the critical diameter, without requiring a transition to 

detonation.[21] The set-up for the smalls-scale shock reactivity test (SSRT) has been prepared as 

previously reported in the literature (Figure 5).[22] Compound 8 was pressed at a consolidation dead 

load of 3 t with a dwell time of 5 s into a perforated steel block. Initiation of the tested explosive 

was performed by using a commercially available detonator. 
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Figure 5. SSRT results: A) schematical illustration; B) photograph of the setup; C) aluminum block 

and steel block filled with compound 8; D) dented aluminum block after initiation of the explosive 

with a commercial detonator. 

The results of the SSRT are displayed in Figure 5 (D). The dent sizes were measured by filling 

them with finely powdered SiO2 and measuring the resulting weight. The result of 8 is compared 

with the corresponding values for HNS, PYX and TKX-55 (Table 2).[22] The measured dent volume 

for compound 8 (694 mg) compared to HNS (672 mg), PYX (637 mg) and TKX-55 (641 mg) 

shows that the performance of 8 on a small scale is slightly higher than the known heat resistant 

explosives. 

Table 2. The SSRT for compound 8 compared to HNS, PYX and TKX-55. 

SSRT for 8 compared to HNS, PYX and TKX-55 

 HNS PYX TKX-55 8 

mE [mg][a] 469 474 496 496 

m [mg] [b] 672 637 641 694 

  [a] Mass of the explosive: mE = Vs ɟ 0.95; [b] Mass of SiO2. 
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4.3. Conclusions 

In summary, we report the synthesis of new selectively functionalized pyridazine derivative 

consisting of alternating amino/nitro groups and N-oxide moiety. Compounds 7 and 8 were 

synthesized by starting from the acyclic compounds chloral hydrate and chloroacetaldehyde. The 

introduction of the N-oxide was achieved by reacting 3,5-dimethoxypyridazine (5) either with a 

mixture of glacial acetic acid and 30% H2O2 or by reacting 5 with HOF solution. Nitration of 3,5-

dimethoxypyridazine-1-oxide (6) to 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) was 

achieved with 20% oleum and 100% nitric acid. The key step in the synthesis was the introduction 

of electron-donating groups (īOMe) and the N-oxide moiety into the pyridazine scaffold allowing 

successful nitration. Amination of 7 with concentrated ammonia solution yielded 3,5-diamino-4,6-

dinitropyridazine-1-oxide (8). Compound 8 shows good detonation properties similar to LLM-105 

and also low sensitivities (IS = 18 J; FS = 360 N and ES = 0.75 J). In addition, the small-scale 

shock reactivity test (SSRT) with compound 8 was performed and compared to other energetic 

materials (HNS, PYX, TKX-55). Further functionalization of the pyridazine scaffold is currently 

under investigation in our laboratories. 

4.4. Experimental Section 

4.4.1. General Considerations 

1H, 13C, 14N and 15N NMR spectra were recorded on JEOL 270 and BRUKER AMX 400 

instruments. The samples were measured at room temperature in standard NMR tubes (Ø 5 mm). 

Chemical shifts are reported as ŭ values in ppm relative to the residual solvent peaks of CDCl3 (ŭH: 

7.26, ŭC: 77.1), d6-Acetone (ŭH: 2.05, ŭC: 29.8 and 206.3) and d6-DMSO (ŭH: 2.50, ŭC: 39.5). 

Solvent residual signals and chemical shifts for NMR solvents were referenced against 

tetramethylsilane (TMS, ŭ = 0 ppm) and nitromethane. Unless stated otherwise, coupling constants 

were reported in hertz (Hz) and for the characterization of the observed signal multiplicities the 

following abbreviations were used: s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), 

sept (septet), m (multiplet) and br (broad). Low resolution mass spectra were recorded on a JEOL 

JMS-700 MStation mass spectrometer (EI+/DEI+). Infrared spectra (IR) were recorded from 

4500 cmī1 to 650 cmī1 on a PERKIN ELMER Spectrum BX-59343 instrument with SMITHS 
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DETECTION DuraSamplIR II Diamond ATR sensor. The absorption bands are reported in 

wavenumbers (cmī1). Elemental analysis was carried out by the departmentôs internal micro 

analytical laboratory on a Elementar Vario el by pyrolysis of the sample and subsequent analysis 

of the formed gases. Decomposition temperatures were measured via differential thermal analysis 

(DTA) with an OZM Research DTA 552-Ex instrument at a heating rate of 5 °C minī1 and in a 

range of room temperature to 400 °C. Melting points were determined in capillaries with a Büchi 

Melting Point B-540 instrument and are uncorrected. All sensitivities toward impact (IS) and 

friction (FS) were determined according to BAM (German: Bundesanstalt für Materialforschung 

und Prüfung) standards using a BAM drop hammer and a BAM friction apparatus.[23] Compounds 

7 and 8 were tested for sensitivity towards electrical discharge using an Electric Spark Tester ESD 

2010 EN. 

3,5-Dimethoxypyridazine (5) 

3,5-Dichloropyridazine (16.26 g, 109.15 mmol) was dissolved in MeOH (400 mL) and potassium 

hydroxide (20.82 g, 371.1 mmol, 3.36 eq.) was added. The resulting reaction mixture was stirred 

at room temperature for 3 days. The suspension was filtrated and the solvent was removed under 

reduced pressure. The solid material was dissolved in a mixture of DCM (350 mL)/ H2O (150 mL) 

and the water phase was extracted again with DCM (2 × 150 mL). The combined organic layers 

were dried over MgSO4 and the solvent was evaporated in vacuo to yield compound 5 (12.40, 88.49 

mmol, 81 %) as a yellowish solid. 

m.p. 73 °C; IR (ATR), ὂ (cmī1) = 3322 (br), 3056 (w), 3020 (vw), 2962 (w), 1595 (vs), 1554 (vw), 

1468 (s), 1447 (s), 1419 (vw), 1387 (vs), 1345 (vs), 1297 (w), 1247 (vw), 1218 (vs), 1191 (s), 1170 

(vs), 1092 (m), 1043 (s), 1016 (vs), 986 (m), 926 (m), 898 (m), 876 (s), 861 (vw), 750 (m), 659 

(m). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 3088 (20), 3046 (28), 3022 (53), 2993 (17), 

2965 (35), 2945 (23), 2584 (17), 2826 (10), 1602 (9), 1468 (10), 1445 (13), 1418 (11), 1348 (31), 

1245 (33), 1190 (13), 1179 (9), 1093 (11), 1046 (11), 1016 (22), 992 (17), 750 (39), 459 (21), 250 

(9), 220 (13), 73 (100). 1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 8.63 (d, 4J = 2.50 Hz, 1H), 6.69 

(d, 4J = 2.50 Hz, 1H), 3.99 (s, 3H), 3.86 (s, 3H). 13C NMR (d6-DMSO, 101 MHz, ppm) ŭ = 165.9, 

159.7, 141.1, 96.9, 55.8, 54.5. Elem. Anal. (C6H8N2O2, 140.14 g molī1) calcd.: C 51.42, H 5.75, N 

19.99 %. Found: C 51.46, H 5.79, N 19.85 %. m/z (DEI+): 140 (100) [M]+, 139 (92), 69 (55), 68 

(84); 
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3,5-Dimethoxypyridazine-1-oxide (6) 

Procedure 1: 

To a solution of 3,5-dimethoxypyridazine (6.00 g, 42.8 mmol) in acetic acid (60 mL) was added 

30% H2O2 (8 mL) and the reaction mixture was stirred at 75 °C. After 2.5 h 30% H2O2 (8 mL) was 

added to the reaction dropwise and stirring was continued for another 2.5 h at 75 °C. After cooling 

down, the reaction mixture was diluted with H2O (250 mL) and basified with Na2CO3. The water 

phase was extracted with DCM (3 × 250 mL) and the combined organic layers were washed with 

H2O (250 mL). After draying over MgSO4 the solvent was removed in vacuo and compound 6 

(4.94 g, 75 %) was obtained as white solid. 

Procedure 2: 

3,5-Dimethoxypyridazine (0.51 g, 3.27 mmol) was dissolved in DCM (15 mL) and the reaction 

was cooled to ï5ï0 °C. To the solution was slowly added freshly prepared HOF in acetonitrile 

solution (0.26 M, 63 mL, 5.0 eq.) and the reaction mixture was stirred for 1 h at 0 °C and overnight 

at room temperature. The excess of acid was quenched with saturated sodium carbonate solution 

and the reaction was extracted with DCM (5 × 150 mL). The combined organic layers were dried 

over MgSO4 and the solvent was removed in vacuo. Compound 6 was obtained as a white solid in 

a good yield (0.46 g, 90%). 

m.p. 131 °C; IR (ATR), ὂ (cmī1) = 3114 (w), 3059 (w), 2948 (w), 1567 (s), 1457 (m), 1379 (s), 

1212 (vs), 1175 (s), 1080 (m), 1043 (m), 965 (w), 927 (m), 855 (m), 825 (s). Raman (1064 nm, 200 

mW, 25 °C): ὂ (cmī1) = 3115 (15), 3061 (16), 3025 (43), 2991 (15), 2943 (22), 2840 (14), 1572 

(35), 1475 (11), 1447 (9), 1430 (15), 1232 (35), 1221 (30), 1200 (15), 1176 (18), 1054 (12), 1003 

(11), 970 (25), 624 (52), 397 (19), 258 (15), 203 (14), 117 (100). 1H NMR (d6-DMSO, 400 MHz, 

ppm) ŭ = 7.98 (d, 4J = 1.65 Hz, 1H), 6.55 (d, 4J = 1.65 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H). 13C 

NMR (d6-DMSO, 101 MHz, ppm) ŭ = 165.6, 165.2, 118.8, 90.9, 56.9 55.0. Elem. Anal. 

(C6H8N2O3, 156.14 g molī1) calcd.: C 46.15, H 5.16, N 17.94 %. Found: C 46.17, H 5.11, N 

17.86 %. m/z (DEI+): 156 (100) [M]+, 85 (29), 69 (21), 68 (16); 
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3,5-Dimethoxy-4,6-dinitropyridazine -1-oxide (7) 

Procedure 1: 

3,5-Dimethoxypyridazine-1-oxide (3.00 g, 19.2 mmol) was dissolved in 20% oleum (20 mL) at 

5 °C and sodium nitrate (8.50 g, 100 mmol) was added in a small portions by maintaining the 

temperature of the solution below 5 °C. The reaction mixture was stirred for 1 h and then brought 

to room temperature slowly. Subsequently, the reaction was stirred overnight at 60 °C and 

afterwards quenched on crushed ice. The resulting suspension was stirred until all ice dissolved 

and the resulting precipitate was filtered. The crude product was dissolved in conc. H2SO4 (13 mL), 

stirred at 60 °C for 3 h, then quenched on ice and the resulting precipitate was filtered. The product 

was washed with ice-water until the filtrate was acid free and dried on air (0.62 g, 13%). 

Procedure 2: 

3,5-Dimethoxypyridazine-1-oxide (6.70 g, 42.9 mmol) was dissolved in 20-25% oleum (35 mL) at 

10 °C and 100% HNO3 (26 mL) was added dropwise by maintaining the temperature of the solution 

below 8 °C. After the addition was complete the reaction mixture was first stirred for 1.5 h at 0 °C, 

then for 2 h at room temperature and finally for 20 h at 45-50 °C. After cooling down the reaction 

was poured onto crushed ice. The resulting suspension was stirred for 2 h and then the yellowish 

precipitate was filtered off, washed with water until the filtrate was acid free and dried on air. The 

crude product was dissolved in conc. H2SO4 (35 mL) and stirred at 60 °C for 2 h. The reaction 

mixture was quenched on crushed ice. The resulting precipitate was filtrated, washed with ice-

water until the filtrate was acid free and dried on air (2.94 g, 28 %). 

DTA (5 °C minī1): 151 °C (dec.); BAM: drop hammer: 20 J (100ï500 ɛm); friction tester: 360 N 

(100ï500 ɛm); ESD: 0.65 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3000 (w), 2962 (m), 2906 (w), 

2890 (w), 1563 (s), 1541 (s), 1504 (m), 1443 (m), 1416 (m), 1379 (s), 1343 (s), 1285 (s), 1252 (m), 

1214 (s), 1136 (m), 1082 (m), 1016 (m), 985 (m), 942 (w), 828 (m), 784 (m), 760 (w), 711 (vs), 

648 (m), 614 (w). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 3052 (10), 2963 (22), 1564 (32), 

1528 (9), 1452 (12), 1419 (27), 1379 (22), 1346 (41), 1253 (40), 830 (21), 642 (10), 616 (9), 403 

(8), 333 (12), 313 (24), 230 (15), 186 (17), 158 (23), 96 (100). 1H NMR (d6-DMSO, 400 MHz, 

ppm) ŭ = 3.98 (s, 3H), 3.87 (s, 3H). 13C NMR (d6-DMSO, 101 MHz, ppm) ŭ = 156.8, 155.6, 144.4, 

124.1, 62.1, 55.5. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī18, ī82. Elem. Anal. (C6H6N4O7, 
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246.14 g molī1) calcd.: C 29.28, H 2.46, N 22.76 %. Found: C 29.25, H 2.69, N 22.78 %. m/z 

(DEI+): 246 (100) [M]+, 216 (24), 140 (39), 83 (10); 

3,5-Diamino-4,6-dinitropyridazine -1-oxide (8) 

3,5-Dimethoxy-4,6-dinitropyridazine-1-oxide (1.40 g, 6.69 mmol) was dissolved in acetonitrile (50 

mL) and an aqueous 25% NH3 solution (5.0 mL) was added dropwise at room temperature. The 

solution was then refluxed for 24 h. After cooling down the solvent was removed in vacuo and the 

residue was dissolved in acetone. After removing the solvent under reduced pressure the product 

was obtained as yellow solid (1.20 g, 90 %). 

DTA (5 °C minī1): 215 °C (dec.); BAM: drop hammer: 18 J (100ï500 ɛm); friction tester: 360 N 

(100ï500 ɛm); ESD: 0.75 J (100ï500 ɛm); IR (ATR), ὂ (cmī1) = 3419 (w), 3280 (m), 1600 (s), 

1573 (s), 1513 (vs), 1381 (m), 1271 (s), 1219 (s), 1181 (vs), 1078 (s), 1034 (s), 891 (w), 834 (m), 

775 (w), 754 (w), 726 (w), 699 (m), 659 (w), 638 (w), 559 (s). Raman (1064 nm, 200 mW, 25 °C): 

ὂ (cmī1) = 3287 (7), 1514 (52), 1456 (23), 1395 (16), 1311 (67), 1284 (73), 1200 (15), 1133 (8), 

1042 (9), 896 (10), 836 (29), 667 (23), 633 (8), 582 (29), 417 (7), 204 (10), 122 (100), 107 (100). 

1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 8.75 (br, 2H), 8.64 (br, 2H). 13C NMR (d6-DMSO, 101 

MHz, ppm) ŭ = 154.3, 142.2, 133.9, 110.9. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = ī15, ī26, 

ī70. 15N NMR (d6-DMSO, 41 MHz, ppm) ŭ = ī15.6, ī26.0, ī69.5, ī110.3, ī286.7 (t, JNH = 92.9 

Hz, 2N). 15N{H}  NMR (d6-DMSO, 41 MHz, ppm) ŭ = ī15.6, ī26.0, ī69.5, ī110.3, ī286.8, 

ī292.9. Elem. Anal. (C4H4N6O5, 216.11 g molī1) calcd.: C 22.23, H 1.87, N 38.89 %. Found: 

C 22.60, H 1.97, N 38.61 %. m/z (DEI+): 216 (94) [M]+, 200 (47), 186 (28), 110 (36); 

3,5-Dimethoxy-4-nitropyridazine (9) 

Procedure 1: 

3,5-Dimethoxypyridazine (1.60 g, 11.4 mmol, 1.0 eq.) was dissolved in 25% oleum (7 mL) and 

100% HNO3 (1.30 mL) was added dropwise at 0-10 °C. The reaction mixture was stirred for 1 h at 

0 °C and then at room temperature for 2 h. Subsequently, the reaction was stirred for 4 h at 80-

85 °C and afterwards quenched on crushed ice. The resulting precipitate was filtered and washed 

with ice-water until the filtrate was acid free to yield 3,5-dimethox-4-nitroypyridazine (554 mg, 

26%) as a pale-yellow solid. 
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Procedure 2: 

3,5-Dimethoxypyridazine (1.80 g, 12.8 mmol, 1.0 eq.) was dissolved in 40% oleum (9 mL) and 

KNO3 (1.29 g, 12.8 mmol, 1.0 eq.) was added at 15ï20 °C. The reaction mixture was slowly heated 

to 40 °C and KNO3 (1.95 g, 19.2 mmol, 1.5 eq.) was added. The reaction was stirred at 80 °C 

overnight. The reaction mixture was poured on ice and the precipitate was filtrated, washed with 

ice water and dried on air to yield compound 9 (1.07 g, 5.76 mmol, 45%) as a pale-yellow solid. 

IR (ATR), ὂ (cmī1) = 3091 (vw), 3047 (vw), 3012 (vw), 2960 (vw), 2863 (vw), 1608 (s), 1531 (s), 

1490 (m), 1454 (m), 1429 (w), 1362 (vs), 1336 (m), 1241 (s), 1178 (w), 1135 (vs), 1058 (m), 997 

(m), 910 (m), 882 (m), 865 (s), 776 (w), 754 (m), 650 (m), 617 (w) 579 (m), 507 (vw). 1H NMR 

(d6-DMSO, 400 MHz, ppm) ŭ = 9.38 (s, 1H), 4.15 (s, 3H), 4.15 (s, 3H). 13C NMR (d6-DMSO, 101 

MHz, ppm) ŭ = 154.9, 149.0, 139.5, 125.7, 58.8, 56.2. 14N NMR (d6-DMSO, 29 MHz, ppm) ŭ = 

ī20. Elem. Anal. (C6H7N3O4, 185.14 g molī1) calcd.: C 38.93, H 3.81, N 22.70 %. Found: C 38.73, 

H 3.74, N 22.78 %. m/z (DEI+): 185 (62) [M+], 96 (100), 53 (24). 
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4.6. Supporting Information  

4.6.1. Synthesis and general considerations 

General procedure for the preparation of HOF: 

A 10% F2 mixture (mixed with 90% N2) was bubbled through a mixture of acetonitrile (120 mL) 

and water (12 mL) at ī15 °C in a dry-ice bath for 2ï3 h. The oxidizing power of the HOF solution 

was monitored by reacting aliquots (1 mL) with an acid aqueous 0.1 M KI solution (5 mL). The 

formed iodine was titrated with 0.1 M thiosulfate solution. Concentrations of the oxidizing agent 

were in the range of 0.20 M to 0.30 M. 

Compounds 3 and 4 were synthesized according the known literature.[S1] 
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(Z)-2,4,4,4-Tetrachlorobut -2-enal (3) 

Chloral hydrate (1, 164.5 g, 1.00 mol) and ammonium acetate (4.94 g, 0.064 mol) were dissolved 

in toluene (225 mL) and heated to reflux on a water separator. Chloroacetaldehyde (2, 102.5 g, 

0.65 mol) was added dropwise within 1 h, while the reaction mixture was stirred vigorously. The 

solution was refluxed for 3 h on the water separator. Then p-toluenesulfonic acid monohydrate 

(10.84 g, 0.057 mol) was added to the reaction and refluxing was further continued for 5 h. The 

resulting suspension was allowed to cool down to room temperature, was filtered off and the filtrate 

was concentrated under reduced pressure. The residue was subjected to vacuum distillation (1.1 

mbar, 83ï85 °C) to give compound 3 (44.0 g, 32 %) as yellowish oily liquid. The product was used 

for further reactions without any purification. 

IR (ATR) , ὂ (cmī1) = 3048 (vw), 2849 (vw), 1703 (vs), 1614 (m), 1389 (w), 1302 (vw), 1349 (w), 

1201 (vw), 1141 (s), 1120 (vw), 1090 (vw), 1055 (vs), 988 (vw), 923 (vw), 841 (vs), 811 (vs), 724 

(vs), 663 (vs). 1H NMR (d6-Acetone, 400 MHz, ppm) ŭ = 9.58 (s, 1H), 8.01 (s, 1H). 13C NMR (d6-

Acetone, 101 MHz, ppm) ŭ = 186.0, 149.2, 138.1, 90.0. 

3,5-Dichloropyridazine (4) 

(Z)-2,4,4,4-Tetrachlorobut-2-enal (3, 22.0 g, 106 mmol) was dissolved in DMF (100 mL) and the 

resulting solution was cooled down to 15 °C. Semicarbazide hydrochloride (14.17 g, 127 mmol, 

1.2 eq.) was dissolved in a mixture of H2O (45 mL)/ DMF (16 mL) at room temperature. The 

resulting semicarbazide hydrochloride solution was then added dropwise to the (Z)-2,4,4,4-

tetrachlorobut-2-enal solution by maintaining the reaction temperature between 15ï20 °C. After 

the addition was completed the reaction temperature was kept in the same range for 1 h. The 

reaction mixture was stirred for 2 days at room temperature giving a dark brown solution. The 

solution was given in H2O (600 mL) and stirred at room temperature for 30 min. The brown 

suspension was extracted with Et2O (3 × 500 mL). The organic phase was first washed with H2O 

(4 × 200 mL) and then with brine (4 × 200 mL). The combined organic layers were dried over 

MgSO4, filtered and the solvent was removed in vacuo. Recrystallizing the crude product from n-

hexane yielded compound 4 (8.63 g, 55 %) as yellowish solid. Single crystals were obtained from 

n-hexane as yellow plates. 
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m.p. 61 °C; IR (ATR), ὂ (cmī1) = 3102 (vw), 3013 (s), 2924 (w), 1545 (vs), 1389 (w), 1350 (vs), 

1200 (m), 1171 (vs), 1171 (vs), 1101 (vs), 1058 (vs), 993 (s), 938 (m), 895 (s), 849 (m), 816 (vs), 

726 (m), 693 (w). Raman (1064 nm, 200 mW, 25 °C): ὂ (cmī1) = 3078 (12), 3056 (11), 3017 (47), 

1548 (16), 1519 (14), 1390 (15), 1204 (15), 1175 (52), 1062 (19), 998 (80), 695 (46), 452 (21), 402 

(55), 372 (21), 220 (30), 206 (54), 178 (54), 120 (100), 95 (44). 1H NMR (CDCl3, 400 MHz, ppm) 

ŭ = 9.12 (d, 4J = 2.10 Hz, 1H), 7.60 (d, 4J = 2.10 Hz, 1H). 13C NMR (CDCl3, 101 MHz, ppm) ŭ = 

156.7, 150.6, 139.4, 127.7. 1H NMR (d6-DMSO, 400 MHz, ppm) ŭ = 9.44 (d, 4J = 2.10 Hz, 1H), 

8.35 (d, 4J = 2.10 Hz, 1H). 13C NMR (d6-DMSO, 101 MHz, ppm) ŭ = 155.9, 151.1, 139.0, 128.2. 

Elem. Anal. (C4H2Cl2N2, 148.97 g molī1) calcd.: C 32.25, H 1.35, N 18.80 %. Found: C 32.29, H 

1.61, N 19.07 %. 

4.6.2. X-ray diffraction  

The low-temperature single-crystal X-ray diffraction measurements were performed on an Oxford 

XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and 

a KappaCCD detector operating with MoKŬ radiation (ɚ = 0.7107 Å). Data collection was 

performed using the CRYSALIS CCD software.[S2]
 

The data reduction was carried out using the 

CRYSALIS RED software.[S3] The solution of the structure was performed by direct methods 

(SIR97)[S4] and refined by full-matrix least-squares on F2 (SHELXL)[S5] implemented in the 

WINGX software package[S6] and finally checked with the PLATON software.[S7] All DIAMOND2 

plots are shown with thermal ellipsoids at the 50% probability level and hydrogen atoms are shown 

as small spheres of arbitrary radius. 

 

Figure S1. Molecular structures of 3,5-dichloropyridazine (4, left) and 3,5-dimethoxypyridazine 

(5, right) in the solid state. Ellipsoids correspond to 50 % probability levels. 
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Figure S2. Molecular structures of 3,5-dimethoxypyridazine-1-oxide trihydrate (6 Å 3 H2O, left) 

and 3,5-dimethoxy-4-nitropyridazine (9, right) in the solid state. Ellipsoids correspond to 50 % 

probability levels. 

Table S1. Crystallographic details of compounds 4, 5 and 6 Å 3 H2O. 

Compound 4 5 6 Å 3 H2O 

Formula C4H2Cl2N2 C6H8N2O2 C6H14N2O6 

Form. Mass 

[g/mol] 
148.98 140.14 210.19 

Crystal system monoclinic monoclinic monoclinic 

Space Group P21/m (No. 11) P21/c (No. 14) P21/c (No. 14) 

Color / Habit yellow plate colorless plate colorless plate 

Size [mm] 
0.09 × 0.15 × 

0.23 
0.03 × 0.27 × 0.31 0.05 × 0.15 × 0.35 

a [Å]  

b [Å]  

c [Å]  

Ŭ [Á] 

b [°]  

ɔ [Á] 

6.0629(9) 

6.3152(11) 

7.9343(11) 

90 

110.955(17) 

90 

3.9195(3) 

10.7140(7) 

15.9858(10) 

90 

93.025(7) 

90 

4.4956(2) 

24.0168(10) 

9.3979(4) 

90 

90.284(4) 

90 

V [Å  3] 283.70(8) 670.37(8) 1014.68(8) 

Z 2 4 4 

rcalc. [g cmī3] 1.744 1.389 1.376 
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m [mmī1] 1.017 0.106 0.123 

F(000) 148 296 448 

ɚMoKŬ[Å ]  0.71073 0.71073 0.71073 

T [K]  173 173 123 

◒ min-max [°] 4.2, 26.0 4.3, 26.5 4.3, 26.0 

Dataset h; k; l ī7:7;ī7:6;ī9:7 ī4:4;ī13:13;ī20:19 ī5:5;ī29:27;ī9:11 

Reflect. coll. 1035 4223 7295 

Independ. refl. 613 1376 1988 

Rint 0.025 0.045 0.022 

Reflection 

obs. 
474 877 1649 

No. 

parameters 
55 123 166 

R1 (obs) 0.0387 0.0498 0.0365 

wR2 (all data) 0.0849 0.1129 0.0949 

S 1.07 1.06 1.05 

Resd. Dens. 

[e Åī3] 
ī0.34, 0.32 ī0.19, 0.23 ī0.19, 0.21 

Device type 

Oxford 

Xcalibur3 

CCD 

Oxford Xcalibur3 

CCD 

Oxford Xcalibur3 

CCD 

Solution SIR-92 SIR-92 SIR-92 

Refinement SHELXL-97 SHELXL-97 SHELXL-97 

Absorpt. corr. multi-scan multi-scan multi-scan 

CCDC 1590457 1590458 1590459 

 

Table S2. Crystallographic details of compounds 7, 8 and 9. 

Compound 7 8 9 

Formula C6H6N4O7 C4H4N6O5 C6H7N3O4 
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Form. Mass 

[g/mol] 

246.15 216.13 185.15 

Crystal system orthorombic monoclinic monoclinic 

Space Group Pbcn (No.60) P21/c (No. 14) C2/c (No. 15) 

Color / Habit colorless plate orange block colorless plate 

Size [mm] 0.05 x 0.30 x 0.40 0.10 x 0.15 x 0.20 0.09 x 0.36 x 0.48 

a [Å]  

b [Å]  

c [Å]  

Ŭ [Á] 

b [°]  

ɔ [Á] 

8.0548(5) 

8.6809(4) 

28.5759(19) 

90 

90 

90 

18.6988(7) 

5.2697(2) 

16.4946(6) 

90 

110.647(6) 

90 

17.1783(12) 

7.6006(3) 

14.4345(16) 

90 

122.085(11) 

90 

V [Å  3] 1998.1(2) 1520.94(11) 1596.8(3) 

Z 8 8 8 

rcalc. [g cmī3] 1.637 1.888 1.540 

m [mmī1] 0.152 0.173 0.131 

F(000) 1008 880 768 

ɚMoKŬ[Å ]  0.71073 0.71073 0.71073 

T [K]  123 123 173 

◒ min-max [°] 4.3, 26.5 4.1, 26.5 4.5, 26.0 

Dataset h; k; l ī10:9;ī5:10;ī35:35 ī23:23;ī6:6;ī20:18 ī21:21;ī9:9;ī17:17 

Reflect. coll. 15731 12156 11183 

Independ. refl. 2054 3150 1570 

Rint 0.060 0.028 0.023 

Reflection obs. 1570 2641 1377 

No. parameters 178 303 146 

R1 (obs) 0.0490 0.0359 0.0325 

wR2 (all data) 0.1182 0.0942 0.0861 

S 1.04 1.02 1.07 

Resd. Dens. 

[e Åī3] 

ī0.25, 0.25 ī0.40, 0.41 ī0.17, 0.21 
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Device type 
Oxford Xcalibur3 

CCD 

Oxford Xcalibur3 

CCD 

Oxford Xcalibur3 

CCD 

Solution SIR-92 SIR-92 SIR-92 

Refinement SHELXL-97 SHELXL-97 SHELXL-97 

Absorpt. corr. multi-scan multi-scan multi-scan 

CCDC 1590461 1590460 1816507 

4.6.3. Small-scale shock reactivity test (SSRT) 

To evaluate the shock reactivity (explosiveness) of 8 a small-scale shock reactivity test (SSRT) 

was performed. The SSRT measures the shock reactivity of potentially energetic materials, often 

below critical diameter, without requiring a transition to detonation. The amount ms of compound 8 

was calculated using the following formula: ms = Vs · ɟ · 0.95, (where: Vs = 284 mm3). Compound 8 

was pressed at a consolidation dead load of 3 t with a dwell time of 5 s into a perforated steel block. 

Neither attenuator (between detonator and sample) nor air gap (between sample and aluminum 

block) were applied. Initiation of the tested explosive was performed using a commercially 

available detonator (Orica-DYNADET C2-0ms). The dent sizes were measured by filling them 

with powdered SiO2 and measuring the resulting weight. 

4.6.4. Computations 

All calculations were carried out using the Gaussian G09W (revision A.02) program package.[S8] 

The enthalpies (H), were calculated using the complete basis set (CBS) method of Petersson and 

coworkers. The CBS models use the known asymptotic convergence of pair natural orbital 

expressions to extrapolate from calculations using a finite basis set to the estimated complete basis 

set limit. CBS-4 begins with a HF/3-21G(d) structure optimization and the zero point energy 

computation. Subsequently, applying a larger basis set a base energy is computed. A MP2/6-31+G 

calculation with a CBS extrapolation gives the perturbation-theory corrected energy (takes the 

electron correlation into account). A MP4(SDQ)/6-31+(d,p) calculation is used to correlate higher 

order contributions. In this study we applied the modified CBS-4M method (M referring to the use 

of minimal population localization) which is a re-parameterized version of the original CBS-4 

method and also includes some additional empirical corrections.[S9] The gas-phase enthalpies 
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(ȹfH°(g, M,298)) of the species were computed according to the atomization energy method (equation 

1).[S10] 

ȹfH°(g, M,298) = H(g,M,298) ï ×HÁ(g,Ai,298) + ×ȹfH°(g,Ai,298)   (1) 

ȹfH°(g,Ai,298) for the corresponding atoms (Ai) were determined experimentally and are reported 

in the literature while H°(g,Ai,298) were calculated theoretically (Table S3).[S11] 

Table S3. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for 

atomic ȹ fH°298 / kJ molï1 

Atom ïH298 / a.u. ȹfH°(g,Ai,298)[kcal molī1] 

H 0.500991 52.103 

C 37.786156 171.29 

N 54.522462 112.97 

O 74.991202 59.56 

Standard molar enthalpies of formation were calculated using and the standard molar enthalpies of 

ȹfH°(g, M,298)  sublimation (estimated using Troutonôs rule, equation 2).
[S12] 

ȹfH°M = ȹfH°(g,M,298) ï ȹsubH°M = ȹfH°(g,M,298K) ï 188·T ]  (2) 

Where [K] is either the melting point or the decomposition temperature (if no melting occurs prior 

to decomposition). 

The calculation results are summarized in Tables S4. 

Table S4. Calculation results. 

Compound 
ïH298 [a] 

a.u. 

ȹfH°(g,M) 

kJ molï1 [b] 

ȹfH°(s) 

kJ molï

1 [c] 

ȹfU(s) 

kJ kgï1 

[d] 

7 976.28483 ï34.6 ï114.4 ï379.1 

8 858.141084 202.2 110.5 597.2 
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LLM -105 858.170557 126.7 11.0 137.0 

[a] CBS-4M electronic enthalpy; [b] gas phase enthalpy of 

formation; [c] standard solid state enthalpy of formation; [d] solid 

state energy of formation. 

4.6.5. Detonation parameters 

The Chapman-Jouguet (C-J) characteristics, (i.e. heat of detonation, ȹEU°; detonation temperature, 

TC-J; detonation pressure, PC-J; detonation velocity DC-J) based on the calculated ȹfH°M values, and 

the theoretical maximum densities were computed using the EXPLO5 V6.03 thermochemical 

computer code.[S13] Calculations for explosives assume ideal behavior. The estimation of 

detonation parameters is based on the chemical equilibrium steady-state model of detonation. The 

Becker-Kistiakowsky-Wilson equation of state (BKW EOS) with the following sets of constants: 

Ŭ = 0.5, ɓ = 0.38, ə = 9.4, and Ū = 4120 for gaseous detonation products and the Murnaghan 

equation of state for condensed products (compressible solids and liquids) were applied. The 

calculation of the equilibrium composition of the detonation products uses modified White, 

Johnson and Dantzigôs free energy minimization technique. The specific energies of explosives (ä) 

were calculated according to the ideal gas equation of state assuming isochoric conditions 

(equation 3). 

ä = ʨe · V = n · R · Tc ]   (3) 

Where ʨe is the maximum pressure through the explosion, V is the volume of detonation gases 

(m3Ākgï1), n is the number of moles of gas formed by the explosion per kilogram of explosive 

(Volume of Explosive Gases), R is the ideal gas constant and Tc is the absolute temperature of the 

explosion.[S13,S14]
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4.6.6. DTA  

 

Figure S3. DTA plot of 3,5-diamino-4,6-dinitropyridazine-1-oxide (8). 



Energetic Functionalization of the Pyridazine Scaffold: Synthesis and Characteriaztion of 3,5-Diamino-4,6-dinitropyridazine -1-

oxide 

 
86 

4.6.7. 1H and 13C NMR spectra 
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Abstract:  In the present studies, the synthesis of new energetic materials based on the pyridazine 

scaffold and their characterization is the main subject. For this purpose, literature known 3,5-dimethoxy-

4,6-dinitropyirdazine-1-oxide (7) was synthesized in the first instance. The persubstituted pyridazine 

precursor laid the groundwork for further preparative modification. The targeted functionalization 

through the regioselective introduction of various smaller amine nucleophiles such as methylamine or 

2-aminoethan-1-ol gave several new energetic materials. Among them are 3,5-bis(methylamino)-4,6-

dinitropyridazine-1-oxide (8), 3,5-bis(methylnitramino)-4,6-dinitropyridazine-1-oxide (9), 3,5-bis(di-

methylamino)-4,6-dinitropyridazine-1-oxide (10) and 3,5-bis((2-hydroxyethyl)amino)-4,6-dinitro-

pyridazine-1-oxide (11). With the aim of increasing the detonation performance, compound 8 was 

additionally nitrated and 3,5-bis(methylnitro)amino)-4,6-dinitropyridazine-1-oxide (9) was obtained. 

These new energetic materials were characterized and identified by multi-nuclear NMR (1H, 13C, 14N, 

15N) and IR spectroscopy, elemental analysis and mass spectrometry. In addition, their sensitivities 
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towards impact, friction and electrostatic discharge were thoroughly examined. Furthermore, obtained 

single-crystals of the substances were characterized by low-temperature single-crystal X-ray diffraction. 

5.1. Introduction  

During the last decades, extensive work and efforts have been made to discover highly efficient and 

performing new energetic materials with high thermal stability and good sensitivities toward accidental 

stimuli.[1] In addition, the production of new environmental benign energetic materials is desired process, 

due to the fact that mostly of the nowadays synthesized HEDM (RDX, TATB and TNT) are either 

carcinogenic or toxic.[2] For this purpose scientists worldwide have been developing modern approaches 

for the synthesis of new energetic materials. An emerging approach is the use of polyfunctionalized 

nitrogen-rich heterocycles as a building block for new materials. In several instances, azole and diazine 

based energetic materials have been found to have promising physico-chemical properties e.g. 3,4,5-

trinitropyrazole,[3] bis(4-amino-3,5-dinitropyrazolyl)-methane[4] and 2,6-diamino-3,5-dinitropyrazine-1-

oxide (LLM-105).[5] It appears that the combination of nitrogen-rich heterocycles with an alternating Cï

NH2/ CïNO2 and N+ïOī moiety results in the formation of thermally stable, insensitive materials with 

good detonation parameters. The introduction of an N+ïOī moiety to the energetic materials results in 

an increase of the density,[6] improves the oxygen balance[7], increases the stability in the molecular 

structure[8] and in addition improves the detonation properties.[9] Good examples for this class of N-

oxidized energetic materials are dihydroxylammonium 5,5¡-bistetrazole-1,1¡-diolate (TKX-50) and 2,6-

diamino-3,5-dinitropyrazine-1-oxide (LLM-105). In comparison to its O-free analogue, 

dihydroxylammonium 5,5¡-bistetrazolate, the density of TKX-50 increases from 1.74 to 1.88 g cmī3,and 

its calculated detonation velocity increases from 8854 m sī1 to 9698 m sī1.[10,11] The same effect is 

observed with LLM-105 (ɟ = 1.92 g cmī3, DC-J = 8516 m sī1) and its precursor 2,6-diamino-3,5-

dinitropyrazine (ANPZ, ɟ = 1.84 g cmī3, DC-J = 7892 m sī1).[7,12]  
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Figure 1. Literature known N-oxidized energetic materials. 

Recently, in our research group we managed to functionalize the 1,2-diazine scaffold by synthesizing 

3,5-diamino-4,6-dinitropyridazine-1-oxide and its precursor 3,5-dimethoxy-4,6-dinitropyridazine-1-

oxide.[13] For this purpose, a selective functionalization of the pyridazine scaffold was carried out by 

introducing explosophore NO2 groups and selectively introducing an N+ïOī moiety. In this present work 

we reacted 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) with different amines and investigated the 

physico-chemical properties of the newly synthesized derivatives 8ï11. The detonation properties and 

the sensitivities of the energetic pyridazines can be adjusted depending on the used amine for the 

reaction. 

5.2. Results and Discussion 

5.2.1. Synthesis 

Herein, we report the synthesis of new pyridazine based energetic materials. The target molecules 3,5-

bis(methylamino)-4,6-dinitropyridazine-1-oxide (8), 3,5-bis(methylnitramino)-4,6-dinitropyridazine-1-

oxide (9) 3,5-bis(dimethylamino)-4,6-dinitroypridazine-1-oxide (10) and 3,5-bis((2-

(hydroxyethyl)amino)-4,6-dinirtopyridazine-1-oxide (11) were synthesized by using 3,5-dimethoxy-

4,6-dinitropyridazine-1-oxide (7) as starting material. Compound 7 was prepared according the literature 

known five step procedure and will not be discussed in this work.[13] The exact synthetic path for 7 is 

shown in Scheme 1. 
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Scheme 1. Literature known synthesis for 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide. 

Compound 7 was used as the starting material for further functionalization of the pyridazine scaffold. 

Further nucleophilic substitution of the methoxy groups allows regioselectiv functionalization of 

compound 7. As appropriate nucleophiles various smaller amines e.g. methylamine, dimethylamine and 

2-aminoethanol were reacted with compound 7. Compounds 8ï11 were obtained in good yields 76ï

91 %. To enhance the performance of the newly synthesized pyridazine based energetic materials 

compounds 8 and 11 were further nitrated. Nitration of compound 8 resulted in the formation of 3,5-

bis(methylnitramino)-4,6-dinitropyridazine-1-oxide (9) in 91 % yield. Nitration of compound 11 

resulted in decomposition of the starting material and the polynitrated compounds 12 was not obtained. 

All obtained energetic materials were thoroughly characterized and further examined regarding their 

sensitivities toward mechanical and electrostatic stimuli. All reactions are displayed in Scheme 2. 
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Scheme 2. Synthesis of new energetic pyridazine derivatives by functionalizing the 3,5-dimethoxy-4,6-

dinitropyridazine-1-oxide scaffold (7). 

5.2.2. Crystal structures 

During this work the crystal structures of all four synthesized compounds (8ï11) were obtained. Selected 

data and parameters from the low-temperature X-ray data collection are given in the Supporting 

Information (Tables S1 and S2). Single-crystals of compound 8 were obtained by evaporating a solution 

of 8 in acetone and water. Compound 8 crystallizes in the orthorhombic space group P b c a (no. 61) 

with eight formula units per cell and has a cell volume of 1941.40(7) Å3. The cell constants are a = 

9.7734(2) Å, b = 13.5583(3) Å and c = 14.6509(3) Å. The calculated density at 143(2) K is 1.67 g cmī3.  

Looking at the determined bond lengths 1.3276(18) Å (N1ïN2), 1.3506(19) Å (C4ïN1), 1.352(2) Å 

(N2ïC1), 1.432(2) Å (C1ïC2), 1.433(2) Å (C2ïC3) and 1.412(2) Å (C3ïC4), the existing aromaticity 

inside the ring structure can be comprehended (Figure 2). They are all between the typical values for 

single and double bonds concerning these involved elements.[14,15,16] The interatomic distances of N3ï

C1 (1.329 Å) and N5ïC3 (1.332(2) Å) also display a participation of these bonds in aromatic resonance. 

The bond in the N+ïOī moiety is 1.2635(17) Å and herewith slightly shorter than that of its precursor 

3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) with 1.268(2) Å.[13] The slight deformation of the 

planar ring structure can be recognized by the observed divergent dihedral angles 4.5(2)° (N1ïN2ïC1ï

C2) and ī6.6(2)° (N2ïC1ïC2ïC3). The C4-connected nitro group is twisted against the ring plane 
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according to the O5ïN6ïC4ïN1 torsions angle of ī74.69(18)°. Its significant rotation can be understood 

by both the high spatial demand of the voluminous methylamine neighbor, which even shows only a 

moderate displacement regarding the ring plane, and especially the high electrostatic repulsion between 

the vicinal-located N+ïOī moiety and the nitro-oxygens. As a result of its noticeable turn, the C4ïN6 

bond length of 1.4637(19) Å is elongated compared that of the other intramolecular nitro group with 

1.4157(19) Å.  

 

Figure 2. Molecular unit of compound 8 in the crystalline state. Ellipsoids correspond to 50% probability 

levels. Hydrogen radii are arbitrary. Selected bond lengths reported in [Å] and angles reported in [°]: 

N1ïN2 1.3276(18), C4ïN1 1.3506(19), N2ïC1 1.352(2), C1ïC2 1.432(2), C2ïC3 1.433(2), C3ïC4 

1.412(2), O1ïN1 1.2635(17), N3ïC1 1.329(2), N5ïC3 1.332(2), N4ïC2 1.4157(19), O2ïN4 

1.2401(19), N6ïC4 1.4637(19), O4ïN6 1.2229(18), N2ïN1ïC4 123.90(13), N1ïC4ïN6 111.94(13), 

O1ïN1ïN2ïC1 ī177.94(14) N1ïN2ïC1ïC2 4.5(2), N2ïC1ïC2ïC3 ī6.6(2), C2ïC3ïC4ïN1 2.7(2), 

C5ïN3ïC1ïN2 ī2.6(2), C6ïN5ïC3ïC4 ī9.1(3), O2ïN4ïC2ïC1 12.6(2), N5ïC3ïC4ïN6 ī0.2(2), O5ï

N6ïC4ïN1 ī74.69(18).  

Single-crystals for 9 were obtained by evaporating a solution of compound 9 in a mixture of acetone and 

water. Compound 9 crystallizes in the orthorhombic space group P 2 2 2 (no. 16) with four formula units 

per cell and has a cell volume of 1287.01(10) Å3. The cell constants are a = 6.6245(3) Å, b = 

10.1031(5) Å and c = 19.2297(8) Å. The calculated density at 143(2) K is 1.73 g cmī3, which is higher 

than the density of its precursor 8 with 1.67 g cmī3. 



The Pyridazine Scaffold as a Building Block for Energetic Materials: Synthesis, 

Characterization and Properties 

 
108 

 

Figure 3. Molecular unit of compound 9 in the crystalline state. Ellipsoids correspondéto 50% 

probability levels. Hydrogen radii are arbitrary. Selected bond lengths reported in [Å] and angles 

reported in [°]: N1ïN2 1.335(2), C4ïN1 1.358(2), N2ïC1 1.325(2), C1ïC2 1.399(3), C2ïC3 1.384(3), 

C4ïC3 1.372(2), O1ïN1 1.2561(17), N3ïC1 1.403(2), N3ïN4 1.408(3), N4ïO2 1.215(2), N3ïC5 

1.462(3), N5ïC2 1.465(2), O4ïN5 1.221(2), N6ïC3 1.417(2), N6ïN7 1.385(2), C4ïN8 1.459(2), O1ï

N1ïN2 118.26(15), N2ïC1ïN3 112.77(16), N2ïC1ïC2 124.01(18), N4ïN3ïC5 116.68(18), N1ïN2ï

C1ïC2 ī0.1(3), N2ïC1ïC2ïC3 ī2.7(3), C1ïC2ïC3ïC4 3.4(2), C5ïN3ïC1ïN2 ī26.0(2), C5ïN3ïN4ï

O2 ī17.0(3), N3ïC1ïC2ïN5 ī5.4(3), O4ïN5ïC2ïC1 ī40.3(2), N5ïC2ïC3ïN6 9.4(3), N7ïN6ïC3ïC2 

ī58.0(2), C3ïN6ïN7ïO6 ī17.2(2), N8ïC4ïN1ïO1 1.9(2), C3ïC4ïN8ïO8 81.8(2). 

The NïO distance 1.2561(17) Å in the N+ïOī moiety is distinctly shortened compared to those values 

found in precursor 8 (1.2635(17) Å) and related 3,5-diamino-4,6-dinitropyridazine-1-oxide 

(1.2681(19) Å).[13] These differences in length can be understood by comparing the mesomeric impacts 

of the different amino substituents to the aromatic system in each compound. With increasing the degree 

of substitution regarding the amino substituents their +M character is diminished. In consequence, the 

less electron density inside the aromatic ring causes the observed bond contractions. In molecule 9 this 

effect attains an extra dimension due to the nitration of the respective amino substituents because of the 

strong electron-withdrawing nitro groups. In contrast, the NïN distances in the pyridazine ring structure 

show an opposing trend. The NïN bond lengths in DADNP with 1.323(2) Å and compound 

8.1.3276(18) Å are shorter than that found in pyridazine 9 with 1.335(2) Å (N1ïN2).[13] All remaining 

NïC and CïC bonds in the ring are with slightly divergence to each other in the aromatic range.[14,15,16] 

The ring-internal dihedral angles such as C1ïC2ïC3ïC4 with 3.4(2)° and N2ïC1ïC2ïC3 with ī2.7(3)° 

show only slight aberration. This reflects the high planarity of the aromatic backbone. The nitro groups 
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connected to the backbone exhibit different amounts of rotation against the ring plane according to the 

torsions angles O4ïN5ïC2ïC1 with ī40.3(2)° and C3ïC4ïN8ïO8 with even 81.8(2)°. The eminently 

twist of latter substituent, which is surprisingly near to 90°, restricts the pz-orbital of the N8-nitrogen to 

participate in aromaticity because of the slim -́overlap. In further consequence, the considerable 

elongation of the interatomic distance between N8 and C4 results. In its precursor 8 the bond length of 

the analogous nitro group is 1.4157(19) Å with a twist of ī74.69(18)°. In comparison, this bond in 

pyridazine derivative 9 is 1.459(2) Å and thus slightly elongated. The dihedral angles for the tertiary 

amino substituents are ī58.0(2)° (N7ïN6ïC3ïC2) und ī26.0(2)° (C5ïN3ïC1ïN2). The distances of 

the N3ïN4 and N5ïN6 bonds in the nitramine moieties are 1.408(3) Å and 1.385(2) Å, respectively. 

The bond angle 123.21(17)° included from C2ïC1ïN3 is somewhat widened, while the adjacent N2ï

C1ïN3 bond angle with 112.77(16)° is noticeably compressed (Figure 3). 

Single-crystals from compound 10 were obtained by evaporating a solution of 10 in acetone and water. 

Compound 10 crystallizes in the monoclinic space group P 21/c (no. 14) with four formula units per cell 

and has a cell volume of 1144.00(8) Å3. The cell constants are a = 9.7162(4) Å, b = 13.6057(5) Å and c 

= 8.7037(4) Å with ɓ = 96.137(4)°. The calculated density at 143(2) K is 1.58 g cmī3.  

 

Figure 4. Molecular unit of compound 10 in the crystalline state. Ellipsoids correspond to 50% 

probability levels. Hydrogen radii are arbitrary. Selected bond lengths reported in [Å] and 

angles reported in [°]: N1ïN2 1.3289(17), N1ïC4 1.3645(18), N2ïC1 1.3553(18), C1ïC2 1.4408(19), 

C2ïC3 1.432(2), C3ïC4 1.4057(19), O1ïN1 1.2577(15), N3ïC1 1.3238(19), N3ïC5 1.4717(19), N4ï

C2 1.4234(18), O2ïN4 1.2403(17), O4ïN6 1.2215(17), N5ïC7 1.4611(19), N1ïN2ïC1 116.76(12), 

C4ïC3ïC2 113.49(12), O1ïN1ïN2 117.12(11), C1ïN3ïC5 120.74(13), C6ïN3ïC5 115.07(13),  C7ï

N5ïC8 113.46(12), N1ïN2ïC1ïC2 ī14.7(2), N2ïC1ïC2ïC3, C1ïC2ïC3ïC4 ī19.07(19), N2ïC1ïC2ï

C3 28.2(2), N1ïN2ïC1ïN3 166.97(13), C5ïN3ïC1ïN2 5.0(2), N3ïC1ïC2ïN4 50.1(2), O2ïN4ïC2ï

C1 ī17.9(2), C7ïN5ïC3ïC2 ī21.6(2), N5ïC3ïC4ïN6 ī2.5(2), O4ïN6ïC4ïC3 ī71.22(19).  
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Compared to 3,5-diamino-4,6-dinitropyridazine-1-oxide (DADNP) with 1.89 g cmī3 and related 3,5-

bis(methylamino)-4,6-dinitropyridazine-1-oxide (8) with 1.67 g cmī3 its crystal-structure is clearly less 

dense.[13] The NïN bond length in the pyridazine ring is 1.3289(17) Å (Figure 4). The ring-internal Nï

C bonds are 1.3645(18) Å and 1.3553(18) Å and the remaining CïC distances are 1.426 Å on average. 

These length values are all in the aromatic range and show no significant difference to the bonds inside 

the pyridazine ring of 8.[13,14,15,16] Indeed, despite the existing aromaticity the expected flat pyridazine 

ring is drastically deformed. The C1ïC2ïC3ïC4 and N2ïC1ïC2ïC3 torsions angles aberrate from the 

ring plane with ī19.07(19)° and even 28.2(2)°, respectively. Compared to the dihedral angles C1ïC2ï

C3ïC4 with 2.8(2)° and N2ïC1ïC2ïC3 ī6.6(2)°, the aberration of planarity found for related 8 is 

eminently smaller. Also, the ring-internal bond angles diverge from the regular angle of 120° for sp2-

hybridized bond centers. Among them is the C4ïC3ïC2 bond angle with the divergence of 6.5°. The 

bond length between the nitrogen and oxygen inside the N+ïOī function is 1.2577(15) Å (N1ïO1). In 

comparison, this NïO distance is markedly shorter than those found in precursor 7 (1.268(2) Å), 3,5-

diamino-4,6-dinitropyridazine-1-oxide (1.2681(19) Å, DADNP) and even 3,5-bis(methylamino)-4,6-

dinitropyridazine-1-oxide (8, 1.2635(17) Å).[13] Besides, the NïC bonds connecting the spatially 

demanding dimethylamino substituents to the molecular backbone of 10 have no significant difference. 

Against this, the amount of rotation noticeably differs. The dimethylamino substituent connected to the 

C1-carbon shows only a slight turn against the ring plane, whereas the other one in between of both nitro 

groups is significantly more rotated against the plane according to the C7ïN5ïC3ïC2 torsions angle of 

ī21.6(2)°. The medium length of the four bonds between the methyl groups and the tertiary substituted 

amino groups is 1.463 Å, which is in the typical range for NïC single bonds.[14] Despite the relatively 

high spatial demand of dimethylamino substituents, the nitro group in between is slightly rotated against 

the molecule plane (O2ïN4ïC2ïC1 ī17.9(2)°). In contrast, the torsions angle of O4ïN6ïC4ïC3 with 

ī71.22(19)° displays the very high aberration of the other nitro group. In spite of the higher spatial need 

concerning the vicinal tertiary amino substituent, the amount of rotation for this substituent is even lower 

than that found in compound 8 (ī74.69(18)°). 

Single crystals of 11 were obtained by evaporating a solution of compound 11 in acetone. Compound 

11 crystallizes in the monoclinic space group P 21/c (no. 14) with four formula units per cell and has a 

cell volume of 1165.20(11) Å3. The cell constants are a = 6.6388(4) Å, b = 22.0275(12) Å and c = 

8.0977(4) Å with ɓ = 100.271(5)°. The calculated density at 416(2) K is 1.73 g cmī3. 
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Figure 5. Molecular unit of compound 11 in the crystalline state. Ellipsoids correspond to 50% 

probability levels. Hydrogen radii are arbitrary. Selected bond lengths / [Å] and angles / [°]: N1ïN2 

1.328(2), N1ïC1 1.353(2), N2ïC4 1.358(2), C1ïC2 1.411(2), C2ïC3 1.428(2), C3ïC4 1.433(2), O1ï

N1 1.2603(17), N6ïC4 1.329(2), N6ïC8 1.462(2), C8ïC9 1.513(3), C9ïO7 1.422(2), N5ïC3 1.420(2), 

O4ïN5 1.2423(18), N2ïN1ïC1 122.74(14), C2ïC3ïC4 119.07(15), N2ïC4ïC3 122.14(15), C4ïN6ï

C8 122.87(15), N6ïC8ïC9 111.10(15), O7ïC9ïC8 112.11(16), C2ïN4ïC5 129.24(15), O6ïC6ïC5 

109.28(15), C1ïN1ïN2ïC4 1.7(2), N1ïN2ïC4ïC3 ī0.6(2), C1ïC2ïC3ïC4 ī0.1(2), O1ïN1ïN2ïC4 

179.54(14), N2ïN1ïC1ïN3 174.94(14), O2ïN3ïC1ïN1 70.1(2), N1ïC1ïC2ïN4 ī179.50(16), C5ï

N4ïC2ïC1 14.6(3), C2ïN4ïC5ïC6 150.46(18), N4ïC2ïC3ïN5 3.6(3), O4ïN5ïC3ïC2 2.5(2), N1ï

N2ïC4ïN6 179.21(15), C8ïN6ïC4ïN2 6.5(2), C4ïN6ïC8ïC9 82.1(2). 

The NïN, NïC and CïC distances inside the pyridazine ring are all in the range for typical single and 

double bond lengths concerning these elements (Figure 5).[13,14,15,16] Among them, the N1ïN2 distance 

is 1.328(2) Å and the N2ïC4 distance is 1.358(2) Å.  Also, the internal bond angles such as N2ïN1ïC1 

of 122.74(14)°), C2ïC3ïC4 of 119.07(15)° and N2ïC4ïC3 of 122.14(15)° are all near to the 

characteristic 120° for sp2 hybridized bond centers. All of these bond lengths and angles indicate the 

existing aromaticity.[14] The NïO bond lengths in the N+ïOī moiety is 1.2603(17) Å, which is somewhat 

shorter than that found in precursor 7 (1.268(2) Å) and related compound 8 (1.2635(17) Å).[13] The 

interatomic distances between the nitrogen atoms of the (2-(hydroxyl)ethyl)amino substituents and the 

pyridazine backbone also show an aromatic participation. All torsions angles between the ring-internal 

atoms show only slight deformation (|Ūout of plane| Ò 2.1(3)Á) and is lower than that in precursor 7 (|Ūout of 

plane| Ò 6.6Á)) and even 10 (|Ūout of plane| Ò 28.2(2)Á). The nitro group next to the N-oxide shows the 

significant twist of 70.1(2)° (O2ïN3ïC1ïN1). This amount of rotation is in the range of those found for 

the analogous substituents in 8 (ī74.69(18)°) and 10 (ī71.22(19)°). 
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5.2.3. 15N NMR spectroscopy 

In addition, 15N NMR spectra of compounds 8 and 11 were recorded (Figure 6). Compound 8 exhibits 

six resonances in the 15N spectrum; both NO2 groups are observed at ī17.1 and 22.2 ppm, the pyridazine 

nitrogen atoms at ī69.8 (N+ïOī) and ī113.2 ppm. Both methylamine nitrogen atoms show a low 

intensity and can be observed at ī317.9 and ī323.1 ppm as singlet.  

Figure 6. 15N NMR spectra of compounds 8 and 11. 

Six resonances can be observed in the 15N spectrum of compound 11. The nitro groups appear at ī17.0 

and ī22.6 ppm and the pyridazine nitrogen atoms exhibit similar shift as compound 8 ī69.5 (N-oxide) 

and 113.5 ppm. Both duplets at ī282.4 (JNH = 95.4 Hz) and ī287.4 (JNH = 92.8 Hz) ppm can be assigned 

to both NH atoms. 

5.2.4. Detonation properties 

Compounds 8ï11 can be classified as energetic materials, therefore their energetic properties were 

investigated. All theoretically and experimentally determined values for all four compounds are reported 

in Table 1. In addition, the thermal behavior was investigated with an OZM Research DTA 552-Ex 

instrument with a heating rate of 5 °C minī1. All compounds show sharp decomposition in the DTA 

plots and decompose without melting prior. Compound 8 decomposes at 250 °C, whereas the nitrated 
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derivative 9 shows sharp decomposition at 120 °C. The reason for the drastic change in the thermal 

behavior from compound 8 to 9 can be explained with the formation of the thermally sensitive īNHNO2 

moiety in 3,5-bis(methylnitramino)-4,6-dinitropyridazine-1-oxide (9). DTA plots of compounds 8, 9 and 

11 are shown in Figure 7. Compounds 10 and 11 decompose at 217 and 170 °C, respectively.  

 

Figure 7. DTA plots of compounds 8, 9 and 11. 

Further, the sensitivities of all compounds were determined toward external stimuli (friction and impact) 

by using the BAM standards and the theoretical detonation properties were calculated by using the 

EXPLO5_V6.03 computer code.[17] For all computer calculations with the EXPLO5 code the room 

temperature densities of all compounds were calculated by using the obtained X-ray structures as 

reported in the literature.[18]  

The highest room temperature density was measured for compound 11 with 1.69 g cmī3 and the lowest 

was determined for 10 with 1.54 g cmī3. The sensitivity values of all four compounds toward impact, 
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friction and electrostatic discharge were determined. Compounds 8, 10 and 11 exhibit impact sensitivity 

of 10, 30 and 18 J, respectively. The determined friction sensitivity for all three compounds is 360 N. 

Compound 9 is the most sensitive compound with values of IS = 5 J, FS = 120 N and ESD = 0.033 J. 

Compound 9 contains the nitramino moiety (īNHNO2), which leads to lower thermal stability of the 

molecule and lower sensitivity toward external stimuli. This is supported with the obtained physic-

chemical properties for the pyridazine derivative 9. According to the EXPLO5 calculations compound 

9 shows the best performance with detonation pressure and detonation velocity of 29.1 kbar and 8276 

mĀsī1, respectively. Compounds 8 and 11 have similar properties with pC-J =20.4 kbar and DC-J = 7365 

mĀsī1 for 8 and pC-J =20.2 kbar and DC-J = 7389 mĀs
ī1 for 11. The calculated detonation properties for 9 

in comparison to its precursor 8 and compound 11 can be explained again with the introduced nitramino 

groups, which result in a good performance but decreases the stability of the molecule. 

Table 1. Physico-chemical properties of compounds 8ï11. 

 8 9 10 11 

IS[a] [J] 10 5 30 18 

FS[b] [N]  360 120 360 360 

ESD[c] [J] 0.203 0.033 0.37 0.25 

ɋ[d] [%] ī72 ī29 ī100 ī79 

Tm
[e] [°C] ī ī ī ī 

Tdec
[f] [°C] 250 120 217 170 

ɟ[g] [gĀcmī3] 1.63 1.68 1.54 1.69 

ȹfH°[h] [kJĀkgī1] 420.6 892.7 574.6 824.4 

ȹfH°[h] [kJĀmolī1] 102.7 298.3 156.4 ī250.8 

EXPLO5 6.03     

īȹEU°[ i] [kJĀkgī1] 4403 5844 4267 3828 

TC-J
[j] [K]  3036 4164 2790 2632 

pC-J 
[k] [kbar] 204 291 176 202 

DC-J
[l]  [mĀsī1] 7365 8276 6994 7389 

V 
[m] [L3Ākgī1] 756 753 767 757 

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM 

drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] 

oxygen balance with respect to CO2; [e] melting point (DTA, ɓ = 5°CĀminī1); [f] 

temperature of decomposition (DTA, ɓ = 5°CĀminī1); [g] density at 298 K; [h] standard 

molar enthalpy of formation; [i] detonation energy; [j] detonation temperature; 
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[k]  detonation pressure; [l] detonation velocity; [m] volume of detonation gases at 

standard temperature and pressure conditions.  

5.3. Conclusions 

In conclusion, we report the synthesis of four new N-oxidized pyridazine based energetic materials (8ï

11). For this purpose, 3,5-dimethoxy-4,6-dinitropyridazine-1-oxide (7) was reacted with methylamine, 

dimethylamine and 2-aminoethanol to result in the formation of 3,5-bis(methylamino)-4,6-

dinitropyridazine-1-oxide (8), 3,5-bis(methylnitramino)-4,6-dinitropyridazine-1-oxide (10) and 3,5-

bis((2-hydroxyethyl)amino)-4,6-dinitropyridazine-1-oxide (11). Further, the acidity of the protons in the 

ïNHMe moiety of compound 8 was used and 8 was nitrated in 100% nitric acid to give 3,5-

bis(methylnitramino)-4,6-dinitropyridazine-1-oxide (9) in excellent yields. The synthesized energetic 

pyridazine derivatives (8ï11) were characterized extensively using multinuclear NMR spectroscopy, 

vibrational spectroscopy, DTA, elemental analysis and BAM sensitivity methods. In addition, the crystal 

structures of all four compounds were obtained an extensively discussed. The experimentally and 

theoretically determined energetic properties were well investigated. Compounds 8 (IS = 10 J; FS = 360 

N), 10 (IS = 30 J; FS = 360 N) and 11 (IS = 18 J; FS = 360 N) exhibit similar properties toward impact 

and friction, whereas compound 9 with the nitramino moiety exhibits higher sensitivity toward external 

stimuli (IS = 5 J; FS = 120 N). 

5.4. Experimental Section 

CAUTION! All investigated compounds are potentially explosive materials, although no hazards were 

observed during preparation and handling these compounds. Nevertheless, safety precautions such as 

(wearing leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear plugs) 

should be drawn. 

1H, 13C, 14N and 15N NMR spectra were recorded on JEOL 270 and BRUKER AMX 400 instruments. 

The samples were measured at room temperature in standard NMR tubes (Ø 5 mm). Chemical shifts are 

reported as ŭ values in ppm relative to the residual solvent peaks of d6-DMSO (ŭH: 2.50, ŭC: 39.5). 

Solvent residual signals and chemical shifts for NMR solvents were referenced against tetramethylsilane 

(TMS, ŭ = 0 ppm) and nitromethane. Unless stated otherwise, coupling constants were reported in hertz 

(Hz) and for the characterization of the observed signal multiplicities the following abbreviations were 

used: s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sept (septet), m (multiplet) and br 

(broad). Infrared spectra (IR) were recorded from 4500 cmī1 to 650 cmī1 on a PERKIN ELMER 
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Spectrum BX-59343 instrument with a SMITHS DETECTION DuraSamplIR II Diamond ATR sensor. 

The absorption bands are reported in wavenumbers (cmī1). Elemental analysis was carried on a 

Elementar Vario el by pyrolysis of the sample and subsequent analysis of the formed gases. 

Decomposition temperatures were measured via differential thermal analysis (DTA) with an OZM 

Research DTA 552-Ex instrument at a heating rate of 5 °C minī1 and in a range of room temperature to 

400 °C. All sensitivities toward impact (IS) and friction (FS) were determined according to BAM 

(German: Bundesanstalt für Materialforschung und Prüfung) standards using a BAM drop hammer and 

a BAM friction apparatus.[19] All energetic compounds were tested for sensitivity towards electrical 

discharge using an Electric Spark Tester ESD 2010 EN from OZM. 

3,5-Bis(methylamino)-4,6-dinitropyridazine -1-oxide (8) 

3,5-Dimethoxy-4,6-dinitropyridazine-1-oxide (7, 1.00 g, 4.06 mmol, 1.0 eq.) was dissolved in 

acetonitrile (50 ml) and an aqueous methylamine solution (40%, 2.5 mL, 29 mmol, 7.1 eq.) was added 

dropwise. The reaction mixture was stirred at room temperature overnight. The solvent was removed in 

vacuo. The residue was suspended in a small amount of water, filtered and washed with ice-water. 

Drying on air yielded compound 8 as yellow solid (841 mg, 3.44 mmol, 85%). 

BAM: drop hammer: 10 J (100ï500 ɛm); friction tester: 360 N (100ï500 ɛm); ESD: 203 mJ (100ï

500 ɛm). IR (ATR), ὂ (cmī1) = 3351 (m), 3236 (m), 2955 (vw), 1573 (s), 1537 (s), 1403 (s), 1327 (s), 

1244 (s), 1189 (s), 1135 (s), 1037 (s), 986 (m), 799 (m), 768 (s), 715 (s), 649 (s), 625 (s), 510 (m). 1H 

NMR (d6-DMSO, 400 MHz, [ppm]): ŭ = 9.71 (s, 1H), 9.27 (d, 3J = 4.8 Hz, 1H), 2.95 (d, 3J = 4.9 Hz, 

3H), 2.86 (s, 3H). 13C NMR (d6-DMSO, 101 MHz, [ppm]): ŭ = 152.2, 142.5, 133.9, 112.1, 30.0, 29.1. 

14N NMR (d6-DMSO, 29 MHz, [ppm]): ŭ = ï24, ï71. 15N NMR (d6-DMSO, 41 MHz, [ppm]): ŭ = ï17.1, 

ï22.2, ï69.7, ï113.0, ï288.7, ï291.1. Elem. Anal. (C6H8N6O5, 244.06 gĀmol-1): Calc.: C 29.56, H 3.30, 

N 34.42%. Found: C 29.56, H 3.20, N 34.42%. 

3,5-Bis(methylnitramino)-4,6-dinitr opyridazine-1-oxide (9) 

3,5-Bis(methylamino)-4,6-dinitropyridazine-1-oxide (8, 500 mg, 2.05 mmol, 1.0 eq.) was added in 

small portions to 100% HNO3 (3.33 mL) at 0 °C and stirred for 3.5 h. After pouring onto crushed ice 

and stirring until the ice had melted, the resulting suspension was filtered and washed with ice-water 

until the filtrate was acid free. Drying on air gave compound 9 as yellow solid (625 mg, 1.87 mmol, 

91%). 
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BAM: drop hammer: 5 J (100ï500 ɛm); friction tester: 120 N (100ï500 ɛm); ESD: 33 mJ (100ï

500 ɛm). IR (ATR), ὂ (cmī1) = 1573 (s), 1557 (s), 1453 (w), 1426 (w), 1386 (vw), 1336 (m), 1301 (m), 

1260 (vs), 1150 (vw), 1094 (w), 1064 (w), 999 (m), 911 (w), 799 (m). 1H NMR (CDCl3, 400 MHz, 

[ppm]): ŭ = 3.94 (s, 3H), 3.74 (s, 3H). 13C NMR (CDCl3, 101 MHz, [ppm]): ŭ = 162.6, 148.0, 132.9, 

121.8, 41.7, 39.4. 14N NMR (CDCl3, 29 MHz, [ppm]): ŭ = ï30, ï38, ï40, ï42, ï71. Elem. Anal. 

(C6H6N8O9, 334.14 gĀmol-1): Calc.: C 21.57, H 1.81, N 33.53%. Found: C 21.83, H 1.98, N 33.29%. 

3,5-Bis(dimethylamino)-4,6-dinitropyridazine -1-oxide (10) 

3,5-Dimethoxy-4,6-dinitropyridazine-1-oxide (7, 500 mg, 2.03 mmol, 1.0 eq.) was dissolved in 

acetonitrile (25 mL) and an aqueous dimethylamine solution (40%, 0.600 mL, 4.74 mmol, 2.3 eq.) was 

added dropwise. The reaction was stirred at room temperature overnight. The resulting suspension was 

filtered and the solvent was removed under reduced pressure. The residue was resuspended in water, 

filtered and washed with ice-water. After drying on air compound 10 was obtained as orange solid 

(503 mg, 1.85 mmol, 91%). 

BAM: drop hammer: 30 J (100ï500 ɛm); friction tester: 360 N (100ï500 ɛm); ESD: 0.37 mJ; IR (ATR), 

ὂ (cmī1) = 1573 (s), 1521 (m), 1484 (m), 1464 (w), 1431 (w), 1378 (m), 1334 (w), 1250 (vs), 1210 (s), 

1184 (s), 1135 (m), 1072 (s), 933 (vw), 906 (vw), 841 (w), 823 (w), 798 (w), 760 (m). 1H NMR (d6-

DMSO, 400 MHz, [ppm]): ŭ = 3.15 (s, 6H), 3.07 (s, 6H). 13C NMR (d6-DMSO, 101 MHz, [ppm]): ŭ = 

155.1, 145.5, 137.7, 111.6, 43.8, 41.1. 14N NMR (d6-DMSO, 29 MHz, [ppm]): ŭ = ï20, ï69. Elem. Anal. 

(C8H12N6O5, 272.22 gĀmol-1): Calc.: C 35.30, H 4.44, N 30.87%. Found: C 34.78, H 3.99, N 30.24%. 

m/z (DEI+): 272(100) [M]+. 

3,5-Bis((2-hydroxyethyl)amino)-4,6-dinitropyridazine -1-oxide (11) 

3,5-Dimethoxy-4,6-dinitropyridazine-1-oxide (7, 632 mg, 2.57 mmol, 1.0 eq.) was dissolved in 

acetonitrile (30 mL) and 2-aminoethanol (0.330 mL, 5.39 mmol, 2.1 eq.) was added dropwise. The 

solution was stirred at room temperature overnight. The solvent was removed in vacuo. Subsequently, 

the residue was suspended in a small amount of water, filtered and thoroughly washed with ice-water. 

Drying on air yielded compound 11 as yellow solid (709 mg, 2.33 mmol, 91%). 

BAM: drop hammer: 15 J (100ï500 ɛm); friction tester: 360 N (100ï500 ɛm); ESD: 250 mJ (100ï

500 ɛm). IR (ATR), ὂ (cmī1) = 3411 (w), 3327 (m), 3209 (w), 2950 (vw), 2887 (vw), 1593 (m), 1525 

(s), 1427 (m), 1411 (m), 1337 (s), 1281 (m), 1236 (s), 1180 (s), 1123 (m), 1047 (s), 943 (w), 866 (m), 

767 (s), 715 (s), 632 (s), 517 (m). 1H NMR (d6-DMSO, 400 MHz, [ppm]): ŭ = 9.90 (t, 3J = 4.8 Hz, 1H), 
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9.35 (t, 3J = 5.3 Hz, 1H), 5.25 (t, 3J = 5.0 Hz, 1H), 4.96 (t, 3J = 5.2 Hz, 1H), 3.63ï3.56 (m, 4H), 3.53 (q, 

3J = 5.3 Hz, 2H), 3.15 (q, 3J = 5.0 Hz, 2H). 13C NMR (d6-DMSO, 101 MHz, [ppm]): ŭ = 152.1, 142.2, 

133.9, 112.2, 58.5, 58.4, 45.4, 44.1. 14N NMR (d6-DMSO, 29 MHz, [ppm]): ŭ = ï23, ï71. 15N NMR (d6-

DMSO, 41 MHz, [ppm]): ŭ = ï17.0, ï22.6, ï69.5, ï113.5, ï282.4, ï287.4. Elem. Anal. (C8H12N6O7, 

304.22 gĀmol-1): Calc.: C 31.59, H 3.98, N 27.63%. Found: C 31.58, H 3.87, N 27.43%. m/z (DEI+): 

305(100) [M+H]+. 
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5.6. Supporting Information  

5.6.1. Synthesis and general considerations 

3,5-Dimethoxy-4,6-dinitropyridazine-1-oxide (7) was prepared according the known literature.[S1] 

5.6.2. X-ray diffraction  

The low-temperature single-crystal X-ray diffraction measurements were performed on an Oxford 

XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a 

KappaCCD detector operating with MoKŬ radiation (ɚ = 0.7107 Å). Data collection was performed 
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using the CRYSALIS CCD software.[S2]
 

The data reduction was carried out using the CRYSALIS RED 

software.[S3] The solution of the structure was performed by direct methods (SIR97)[S4] and refined by 

full -matrix least-squares on F2 (SHELXL)[S5] implemented in the WINGX software package[S6] and 

finally checked with the PLATON software.[S7] All DIAMOND2 plots are shown with thermal ellipsoids 

at the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius. 

Table S1. Crystallograpci details for compounds 8 and 9. 

Compound 8 9 

Formula 

Molar mass / [g molï1] 

Crystal system 

Space group 

Color / Habit 

Size / [mm] 

Lattice constants / [Å] 

 

 

Lattice angle / [°]  

 

 

Cell volume / [Å3] 

Formula per unit cell 

Calc. density. / [g cmï3] 

Abs. coefficient / [mmï1] 

F(000) 

Wavelength (ɚMoKŬ) / [Å] 

Meas. temperature / [K]  

Diff. range min-max / [°]  

Index range 

 

 

Parameters/restraints 

Total no. of reflections 

Independent reflections 

C6H8N6O5 

244.18 

orthorhombic 

P bca (no. 61) 

yellow block 

0.15 × 0.28 × 0.35 

a = 9.7734(2) 

b = 13.5583(3) 

c = 14.6509(3) 

a = 90 

ɓ = 90 

ɔ = 90 

1941.40(7) 

8 

1.67 

0.146 

1008 

0.71073 

143(2) 

4.170 Ò Ū Ò 26.500 

ï12 Ò h Ò 12 

ï17 Ò k Ò 17 

ï18 Ò l Ò 18 

186/0 

27841 

8839 (Rint = 0.0308) 

C6H6N8O9 

334.19 

orthorhombic 

P 2 2 2 (no. 16) 

yellow platelet 

0.20 × 0.15 × 0.10 

a = 6.6245(3) 

b = 10.1031(5) 

c = 19.2297(8) 

a = 90 

ɓ = 90 

ɔ = 90 

1287.01(10) 

4 

1.73 

0.162 

680 

0.71073 

143(2) 

4.2360 Ò Ū Ò 27.4010 

ï7 Ò h Ò 7 

ï12 Ò k Ò 12 

ï23 Ò l Ò 20 

210/1 

9368 

2337 (Rint = 0.0404) 
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Obs. reflection I > 2ů(I) 

Goodness of fit (GooF) 

R indices for I > 2ů(I) (all data) 

Res. dens. max/min / [e Åï3] 

Device type 

Solution 

Refinement 

Absorption correction 

 

CCDC 

2003 

1.075 

R1 = 0.0374 (0.0425) 

wR2 = 0.0997 (0.0964) 

0.315/ï0.220 

Oxford Xcalibur3 CCD 

SIR-92 

SHELXL-2013 

multi-scan 

1917212 

2073 

1.019 

R1 = 0.0379 (0.0299) 

wR2 = 0.0666 (0.0628) 

0.145/ï0.145 

Oxford Xcalibur3 CCD 

SIR-92 

SHELXL-97 

multi-scan 

1917211 

 

Table S2. Crystallographic details for compounds 10 and 11. 

Compound 10 11 

Formula 

Molar mass / [g molï1] 

Crystal system 

Space group 

Color / Habit 

Size / [mm] 

Lattice constants / [Å] 

 

 

Lattice angle / [°]  

 

 

Cell volume / [Å3] 

Formula per unit cell 

Calc. density. / [g cmï3] 

Abs. coefficient / [mmï1] 

F(000) 

Wavelength (ɚMoKŬ) / [Å] 

Meas. temperature / [K]  

Diff. range min-max / [°]  

C8H12N6O5 

272.24 

monoclinic 

P 21/c (no. 14) 

orange platelet 

0.50 × 0.50 × 0.05 

a = 9.7162(4) 

b = 13.6057(5) 

c = 8.7037(4) 

a = 90 

ɓ = 96.137(4) 

ɔ = 90 

1144.00(8) 

4 

1.58 

0.133 

568 

0.71073 

143(2) 

4.219 Ò Ū Ò 25.999 

C8H12N6O7 

304.24 

monoclinic 

P 21/c (no. 14) 

yellow plate 

0.50 × 0.25 × 0.05 

a = 6.6388(4) 

b = 22.0275(12) 

c = 8.0977(4) 

a = 90 

ɓ = 100.271(5) 

ɔ = 90 

1165.20(11) 

4 

1.73 

0.153 

632 

0.71073 

416(2) 

4.176 Ò Ū Ò 32.357 
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Index range 

 

 

Parameters/restraints 

Total no. of reflections 

Independent reflections 

Obs. reflection I > 2ů(I) 

Goodness of fit (GooF) 

R indices for I > 2ů(I) (all data) 

Res. dens. max/min / [e Åï3] 

Device type 

Solution 

Refinement 

Absorption correction 

CCDC 

ï11 Ò h Ò 9 

ï15 Ò k Ò 16 

ï10 Ò l Ò 10 

176/0 

8565 

2236 (Rint = 0. 0270) 

1802 

1.054 

R1 = 0.0474 (0.0351) 

wR2 = 0.0956 (0.0887) 

0.219/ï0.220 

Oxford Xcalibur3 CCD 

SIR-92 

SHELXL-2013 

multi-scan 

1917213 

ï5 Ò h Ò 9 

ï32 Ò k Ò 32 

ï12 Ò l Ò 11 

238 / 0 

12846 

3852 (Rint = 0.0624) 

2329 

1.016 

R1 = 0.1061 (0.0529) 

wR2 = 0.1207 (0.0991) 

0.391 /ï0.309 

Oxford Xcalibur3 CCD 

SIR-92 

SHELXL-2013 

multi-scan 

1917211 

5.6.3. Computations 

All calculations were carried out using the Gaussian G09W (revision A.02) program package.[S8] The 

enthalpies (H), were calculated using the complete basis set (CBS) method of Petersson and coworkers. 

The CBS models use the known asymptotic convergence of pair natural orbital expressions to extrapolate 

from calculations using a finite basis set to the estimated complete basis set limit. CBS-4 begins with a 

HF/3-21G(d) structure optimization and the zero-point energy computation. Subsequently, applying a 

larger basis set a base energy is computed. A MP2/6-31+G calculation with a CBS extrapolation gives 

the perturbation-theory corrected energy (takes the electron correlation into account). A MP4(SDQ)/6-

31+(d,p) calculation is used to correlate higher order contributions. In this study we applied the modified 

CBS-4M method (M referring to the use of minimal population localization) which is a re-parameterized 

version of the original CBS-4 method and also includes some additional empirical corrections.[S9] The 

gas-phase enthalpies (ȹfH°(g, M,298)) of the species were computed according to the atomization energy 

method (equation 1).[S10] 

ȹfH°(g, M,298) = H(g,M,298) ï ×HÁ(g,Ai,298) + ×ȹfH°(g,Ai,298)   (1) 
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ȹfH°(g,Ai,298) for the corresponding atoms (Ai) were determined experimentally and are reported in the 

literature while H°(g,Ai,298) were calculated theoretically (Table S3).[S11] 

Table S3. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic 

ȹ fH°298 / kJ molï1 

Atom ïH298 / a.u. ȹfH°(g,Ai,298)[kcal molī1] 

H 0.500991 52.103 

C 37.786156 171.29 

N 54.522462 112.97 

O 74.991202 59.56 

Standard molar enthalpies of formation were calculated using and the standard molar enthalpies of 

ȹfH°(g, M,298)  sublimation (estimated using Troutonôs rule, equation 2).
[S12] 

ȹfH°M = ȹfH°(g,M,298) ï ȹsubH°M = ȹfH°(g,M,298K) ï 188·T ]  (2) 

Where [K] is either the melting point or the decomposition temperature (if no melting occurs prior to 

decomposition). 

The calculation results are summarized in Tables S4. 

Table S4. Calculation results. 

Compound ïH298 [a] a.u. 
ȹfH°(g,M) 

kJ molï1 [b] 

ȹfH°(s) 

kJ molï1 

[c] 

ȹfU(s) 

kJ kgï1 

[d] 

8 936.595874 201.1 102.3 517.1 

9 1345.112057 372.3 298.3 978.1 

10 1015.032129 248.5 156.4 679.2 

11 1165.3628 ï167.5 ï250.8 ï722.5 

[a] CBS-4M electronic enthalpy; [b] gas phase enthalpy of formation; 
[c] standard solid state enthalpy of formation; [d] solid state energy of 

formation. 
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5.6.4. Detonation parameters 

The Chapman-Jouguet (C-J) characteristics, (i.e. heat of detonation, ȹEU°; detonation temperature, TC-

J; detonation pressure, PC-J; detonation velocity DC-J) based on the calculated ȹfH°M values, and the 

theoretical maximum densities were computed using the EXPLO5 V6.03 thermochemical computer 

code.[S13] Calculations for explosives assume ideal behavior. The estimation of detonation parameters is 

based on the chemical equilibrium steady-state model of detonation. The Becker-Kistiakowsky-Wilson 

equation of state (BKW EOS) with the following sets of constants: Ŭ = 0.5, ɓ = 0.38, ə = 9.4, and Ū = 

4120 for gaseous detonation products and the Murnaghan equation of state for condensed products 

(compressible solids and liquids) were applied. The calculation of the equilibrium composition of the 

detonation products uses modified White, Johnson and Dantzigôs free energy minimization technique. 

The specific energies of explosives (ä) were calculated according to the ideal gas equation of state 

assuming isochoric conditions (equation 3). 

ä = ʨe · V = n · R · Tc ]   (3) 

Where ʨe is the maximum pressure through the explosion, V is the volume of detonation gases (m3Ākgï

1), n is the number of moles of gas formed by the explosion per kilogram of explosive (Volume of 

Explosive Gases), R is the ideal gas constant and Tc is the absolute temperature of the explosion.[S13,S14] 

5.6.5. Literature  

[S1] I. Gospodinov, T. M. Klapötke, J. Stierstorfer, Eur. J. Org. Chem. 2018, 1004ï1010. 

[S2] CrysAlisPro, Oxford Diffraction Ltd. version 171.33.41, 2009. 

[S3] CrysAlis RED, Version 1.171.35.11(release 16-05-2011CrysAlis 171.Net), Oxford Diffraction Ltd., 

Abingdon, Oxford (U.K.), 2011. 

[S4] A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A. Guagliardi, A. G. G. 

Moliterni, G. Polidori and R. Spagna, SIR97: A New Tool for Crystal Structure Determination and 

Refinement, J. Appl. Crystallogr., 1999, 32, 115ī119. 

[S5] G. M. Sheldrick, A Short History of SHELX, Acta Crystallogr., Sect. A: Found. Crystallogr., 2008, 

64, 112ī122. 

[S6] L. J. Farrugia, WinGX Suite for Small-Molecule Single-Crystal Crystallography, J. Appl. 

Crystallogr., 1999, 32, 837ī838. 

[S7] A. L. Spek, PLATON, 1999, A Multipurpose Crystallographic Tool, Utrecht University, The 

Diffraction Ltd. 



The Pyridazine Scaffold as a Building Block for Energetic Materials: Synthesis, 

Characterization and Properties 

 
125 

[S8] M. J. Frisch, G. W. Trucks, B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, 

A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 

Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. 

E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. 

Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, 

N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 

Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. 

Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. 

Daniels, O. Farkas, J.B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian 09 A.02, Gaussian, 

Inc., Wallingford, CT, USA, 2009. 

[S9] (a) J. W. Ochterski, G. A. Petersson, and J. A. Montgomery Jr., J. Chem. Phys. 1996, 104, 2598ï

2619; (b) J. A. Montgomery Jr., M. J. Frisch, J. W. Ochterski G. A. Petersson, J. Chem. Phys. 2000, 112, 

6532ï6542. 

[S10] (a) L. A. Curtiss, K. Raghavachari, P. C. Redfern, J. A. Pople, J. Chem. Phys. 1997, 106, 1063ï

1079; (b) E. F. C. Byrd, B. M. Rice, J. Phys. Chem. A 2006, 110, 1005ï1013; (c) B. M. Rice, S. V. Pai, 

Comb. Flame 1999, 118, 445ï458. 

[S11] P. J. Linstrom, W. G. Mallard, National Institute of Standards and Technology, Gaithersburg 

MD, 20899. 

[S12] a) F. Trouton, Philos. Mag. (1876-1900) 1884, 18, 54-57; b) M. S. Westwell, M. S. Searle, D. J. 

Wales, D. H. Williams, J. Am. Chem. Soc. 1995, 117, 5013-5015. 

[S13] M. Suĺeska, EXPLO5 Version 6.03 Userôs Guide, Zagreb, Croatia: OZM; 2015. 

[S14] a) R. Meyer, J. Köhler, A. Homburg, Explosives, 6th edn., Wiley, Weinheim, 2007, p. 291-292; 

b) T. M. Klapötke, Chemistry of High-Energy Materials, Walter de Gruyter, Berlin, 2015;



Metal Salts of 3,3'-Damino-4,4'-dinitramino -5,5'-bi-1,2,4-triazole in  

Pyrotechnic Compositions 

 

 
126 

6. Metal Salts of 3,3'-Diamino-4,4'-dinitramino -5,5'-bi-1,2,4-

triazole in Pyrotechnic Compositions 

Johann Glück, Ivan Gospodinov, Thomas M. Klapötke, and Jörg Stierstorfer 

Dedicated to Prof. Dr. Thomas Fässler on the occasion of his 60th birthday 

Published in Z. Anorg. Allg. Chem. 2019, 645, 370ï376. 

DOI: 10.1002/zaac.201800179 

 

Abstract:  The synthesis of alkali and alkaline earth salts of 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-

triazole (H2ANAT) is reported. The fast and convenient three steps reaction toward the target compounds 

does not require any organic solvents. In addition to an intensive characterization of all synthesized 

metal salts, the focus was on developing chlorine and nitrate-free red-light-generating pyrotechnical 

formulations. Strontium 3,3'-diamino-4,4'-dinitramino-5,5'-bitriazolate hexahydrate served as colorant 

and oxidizer in one molecule. The energetic properties of all developed pyrotechnical formulations 

assure safe handling and manufacturing.  

6.1. Introduction  

In recent years the development of environmental friendly pyrotechnics for both military and civilian 

application became more and more important.[1] This affected all ingredients of a typical light-producing 

pyrotechnical formulation such as the oxidizer, fuel, colorant, and additives.[2] One of the first steps 

toward this goal is correlated with the commonly used oxidizers ammonium perchlorate (NH4ClO4) and 

potassium perchlorate (KClO4).Next to their advantageous properties, like a high oxygen balance, 



Metal Salts of 3,3'-Damino-4,4'-dinitramino -5,5'-bi-1,2,4-triazole in  

Pyrotechnic Compositions 

 
127 

stability, low cost and low hygroscopicity, both were identified as environmental and human health 

hazards.[3] The high solubility makes them a successful groundwater contaminant, which is addressed 

by American authorities resulting in increasing regulations regarding the permissible concentration in 

the water supply.[3,4] In the case of red-light-emitting pyrotechnics, additional chlorine sources like PVC 

are usually combined with strontium salts, typically strontium nitrate (colorant) to produce the 

metastable red light emitter Sr(I)Cl.[5] During the combustion of chlorine-containing pyrotechnic 

formulations, hi ghly carcinogenic polychlorinated biphenyls, polychlorinated dibenzofurans, and 

polychlorinated dibenzo-p-dioxins are formed.[6]  

In 2015, Sabatini et al. reported first about a chlorine-free red light composition based on strontium 

nitrate, which meets the U.S. Army performance requirements for red light (dominant 

wavelength (DW) = 620±20 nm; spectral purity (SP) Ó 76%) and at the same time prevents the 

formation of toxic chlorine-containing compounds (Figure 1).[7] In addition to the perchlorate issue, a 

new environmental issue may arise. In November 2016, the European Union sued Germany for excessive 

nitrate concentrations in the groundwater. According to the new regulations, the groundwater 

concentration of nitrates between 2012ï2014 exceeded the threshold value of 50 mg/L in 28% of the 

checkpoints. Further 8.5 % were already in between 40ï50 mg/L. Such a high value may harm expectant 

mothers and young children. Even though the candidate to blame is clearly identified as the intensive 

agriculture, military practice grounds and civilian fireworks are a source of environmental pollution, 

too.[5d,8] A possible solution for ñgreenerò pyrotechnics is the application of high-nitrogen 

compounds.[5a,5b, 9] High-nitrogen energetic salts derive their energy from their high positive heat of 

formation upon release of non-toxic dinitrogen gas as a main combustion product.[10] This is beneficial 

to achieve brilliant colors and a good color performance.[11]  

Introducing additional nitro, nitramino or N-oxide moieties to high-nitrogen compounds such as 

tetrazoles or triazoles may optimize the energetic performance and the oxygen balance of the target 

Figure 1. CIE 1931 chromaticity diagram of A, B and the reference formulation by Sabatini. 
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molecule.[12] As a consequence, no further oxidizers like nitrates would be needed. Since future 

applications of new environmentally friendly compounds in the pyrotechnic sector are often cost 

forbidden, we focused on the recently reported 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazole and 

the corresponding alkali/alkaline earth metal salts thereof.[13] The target metal salts can be synthesized 

in a simple three steps synthesis starting from commercially available compounds. No organic solvents 

are needed. The new developed chlorine/nitrate free red-light-emitting pyrotechnical formulations based 

on the newly synthesized strontium salt achieve a dominant wavelength (DW) = 616 nm and a 

spectral purity (SP) = 75%. The present paper discusses the syntheses of the corresponding metal salts 

and the results of DW and SP for the developed strontium-containing formulations. In addition, 

sensitivity measurements have been carried out to secure safe handling. 

6.2. Results and Discussion 

6.2.1. Syntheses 

The starting material 3,3'-diamino-4,4'-dinitramino-5,5'-bi-1,2,4-triazole (2) was synthesized according 

to a literature procedure by stepwise condensation of 1,3-diamino-guanidine monohydrochloride with 

oxalic acid and further selective N-amino nitration (Scheme 1).[13a] The preparation of 2 and its energetic 

salts 3ï9 is displayed in Scheme 1. 1,3-Diaminoguanidine hydrochloride and oxalic acid were dissolved 

in polyphosphoric acid and heated to give 4,4',5,5'-tetraamino-3,3'-bi-1,2,4-triazole (1). 1 was slowly 

added to ice-cooled 100% HNO3 and stirred at 0 °C for 1.5 h. Afterward the solution was quenched with 

ice-water and the formed precipitate was filtered off yielding pure 2. Compound 2 can be used as 

obtained and does not require further purification such as chromatography, or recrystallization.  

 

Scheme 1. Synthetic route toward compounds 1ï9. 












































































































































































































































































































































































































































