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Abstract 

This work presents the experimental results of a research project in the search for 

novel energetic materials to replace the conventional primary and secondary 

explosives such as lead azide and RDX. These ólegacyô materials are currently being 

phased out due to issues with toxicity and environmental pollution. Work in this field 

has focused on developing non-toxic, green, but powerful energetic materials with 

sensitivities in the appropriate range for the application. A typical approach to the 

problem utilises poly(nitro)azoles and azines which are promising candidates for 

replacement. The beneficial properties of these compounds have directed our efforts 

in synthesis of novel materials. 

Six novel transition metal coordination compounds based on the energetic ligand, 5-

(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazole (H2DNPT) have been synthesised. The 

compounds were characterised by a combination of IR spectroscopy, microanalysis, 

X-ray crystallography and thermal analysis. Their energetic performance was 

estimated using conventional methods based on the approach devised by Kamlet and 

Jacobs. The crystal structures of the copper(II), zinc(II), nickel(II) and cobalt(II) 

compounds were determined, whereas the copper(I) and silver(I) compounds could 

not be crystallised. The crystalline materials form infinitely extending coordination 

polymers leading to high densities. The compounds display decomposition 

temperatures over 300 ÜC, with the silver(I) compound being exceptionally thermally 

stable (Tdec > 400 ÜC). Intriguingly, the estimated detonation parameters were found to 

be high and in the range of secondary explosives, with the copper(II) coordination 

compound comparable to RDX. Given that metal-based energetics usually give rise to 

the behaviour of primary explosives, these results warrant further investigation into 

their initiation and sensitivity characteristics.  

Based on the energetic ligand, 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT), 

another seven novel transition metal coordination compounds were synthesised. 

These were characterised by IR spectroscopy, microanalysis, and crystallographic 

methods. The copper(I), copper(II), nickel(II), cobalt(II) and silver(I) coordination 

compounds were obtained as amorphous powders, whereas the zinc(II) and a mixed-

valence copper(I)/copper(II) compounds formed crystalline phases allowing X-ray 

crystallographic structure characterisation. The density of the mixed-valence copper 

compound was found to be comparable to that of DBX-1 and copper(II) DNPT, which 

renders it a candidate if the energetic performance of which matches these materials. 

Further investigation into its thermochemistry and detonation properties required to 

confirm this prediction. 

The synthesis of a novel energetic explosophoric ligand, (5-(4,5-dinitro-1H-imidazol-

2-yl)-1H-tetrazole (H2DNIT) was attempted. The ligand shows similarity with H2DNPT 
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and H2NTT and helps facilitate the investigation into trends in structure-property 

relationship at the centre of research into the coordination chemistry of energetic 

coordination compounds. While 5-(5-iodo-4-nitro-1H-imidazol-2-yl)-1H-tetrazole was 

identified and characterised as a key intermediate in the attempts to synthesise 

H2DNIT, the latter could not be obtained. This finding indicates that that nitration is a 

viable route to H2DNIT. Two additional novel compounds were isolated and 

characterised in these attempts, which are 4,5-dinitro-imidazol-2-carboxaldehyde 

(DNICA) and diimidazopyrazine-5,10-diimine (DIPDI). These were characterised 

spectroscopically, and their crystal structures determined. Even though these 

compounds cannot constitute energetic material, functionalisation of DNICA using the 

formyl group and nitration of DIPDI to the tetranitro compound may lead to further 

novel energetic materials.  

The synthesis and structure of novel clathrates based on the energetic 2-bromo-4,5-

dinitroimidazole (BrDNI) are reported. In a range of solvents, BrDNI crystallises 

forming hydrogen and halogen-bonded networks akin to the organic acid clathrates 

reported earlier. Cages formed by BrDNI, and water enclose pockets containing the 

solvent of crystallisation. Isostructural clathrates were found to form from acetonitrile, 

acetone, and nitromethane. As expected, thermal analysis showed these clathrate 

structures to give rise to little heat of decomposition and are of low performance 

compared to classical energetic materials. However, the findings suggest that the 

BrDNI-H-H2O system may be suitable for hosting a range of energetic small molecules, 

such as tetranitromethane or hexanitroethane, which will significantly affect sensitivity 

and performance.  

Over the last 20 years, 2,4,6-trinitro-1,3,5-triazine (TNTA) has been one of the most 

sought-after energetic materials. Three novel routes to synthesise TNTA were 

explored. While neither reaction with NO2, nor oxidation of exocyclic N-containing 

functional groups produced TNTA, the nucleophilic substitution involving cyanuric 

iodide and sodium nitrite under anhydrous conditions shows promise as TNTA can be 

tentatively identified in 13C NMR of the reaction solution. 

N,Nô-dinitrourea (DNU) has been neglected as an energetic material due to its 

tendency to decompose in air and its low decomposition temperature. In this work. 

attempts to stabilise DNU were made, consisting of coordination of DNU to copper(I), 

and the synthesis of N,Nô-dinitroparabanic acid (DNPA) as a DNU derivative retaining 

much of the energetic character. A novel copper(I) coordination compound was formed 

that displayed an increased decomposition temperature; however, the obtained 

material decomposed during crystallisation precluding structural characterisation. Two 

synthetic routes to DNPA were attempted, via cyclisation of DNU with oxalyl chloride 

or nitration of parabanic acid. Neither route formed the target compound. Ab initio 

calculations show that DNPA is a stable molecule making it a promising synthetic 

target.  
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Theses 

1. Can the known polynitroazolate ligand, 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-

tetrazole, be used in the synthesis of novel energetic transition metal 

coordination compounds? How does the ligand coordinate to different transition 

metal centres? Does the coordination of the transition metal centre change the 

geometry of the ligand? How do the physicochemical properties of the 

coordination compounds change between coordinated transition metal centres 

and how do they compare to other energetic materials? 

2. Can the known polynitroazolate ligand, 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazole, 

be used in the synthesis of novel energetic transition metal coordination 

compounds? How does the ligand coordinate to different transition metal 

centres? Does the coordination of the transition metal centre change the 

geometry of the ligand? How do the physicochemical properties of the 

coordination compounds change between coordinated transition metal centres 

and how do they compare to other energetic materials? 

3. Can the novel polynitroazolate ligand, 5-(4,5-dinitro-1H-imidazol-2-yl)-1H-

tetrazole be synthesised? What difficulties exist in the synthetic process? How 

does the functionalisation of imidazole moiety differ from pyrazole? What are 

the properties of synthesised novel intermediates and how do they compare to 

other energetic materials? 

4. Is there a route to the novel energetic material, 2,4,6-trinitro-1,3,5-triazine, 

through oxidation of amino or azido groups? Is there a route through a 

substitution reaction? 

5. Is there a synthetic route to the novel energetic material, N,Nô-dinitroparabanic 

acid, through nitration of parabanic acid or a cyclisation reaction with N,Nô-

dinitrourea? Does coordination of N,Nô-dinitrourea improve the stability of the 

ligand? 

  



1 

 

1. Introduction 

This introduction is written to aid the understanding and assessment of the work 

discussed in this thesis, which concerns high energy density materials, by providing 

background and context of the work described. A careful classification of high energy 

density materials is needed due to the lack of uniform definition in this area depending 

on the focus of research or area of implementation.1-6 The definitions and 

classifications defined in this section will be used throughout. A brief history of primary 

and secondary explosives is covered, as well as the trends in research and recent 

developments. Synthetic methods are also discussed, including the use of azoles in 

high energy density materials, the methods and mechanism of commonly used 

nitration reactions in the field, and as they feature heavily in this work, a discussion 

around transition metal coordination compounds, metal-organic frameworks (MOFs) 

and clathrates.  

1.1. Definitions and Classification 

High energy density materials, also known as energetic materials, are a family of 

materials that have high enthalpies of formation, which, when perturbed by external 

stimuli such as heat, impact, shock, spark, etc., will release their stored chemical 

energy. When this happens, through a rapid self-sustaining exothermic decomposition 

reaction, it is converted into work, light, heat, and sound. The energy released can 

generate temperatures in the range of 3000 ï 5000 ÜC and the gas formed can expand 

12,000 ï 15,000 times the original volume.2, 3 This is known as a chemical explosion. 

Chemical explosions rely on two factors, the evolution of heat and the rapidity of the 

reaction. When the reaction generates heat in large quantities, this causes the gases 

produced in the reaction to expand, causing pressure to rapidly increase. The pressure 

increase causes a blast wave which can cause physical damage as well as a sharp 

crack depending on the velocity. The explosive reaction takes place at great speed as 

opposed to ordinary combustion. A combustion reaction occurs slowly, allowing the 

gases released to dissipate into the surrounding environment slowly, so no explosion 

occurs.2, 3  
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Agrawal defines the fundamental features possessed by an explosive to be:2 

1) Potential energy by virtue of its chemical composition 

2) Rapid decomposition on suitable initiation 

3) Formation of gaseous products with simultaneous release of a large amount of 

energy 

1.1.1. Definitions 

1.1.1.1. Sensitivity and Performance 

To understand the classification of high energy density materials, one must define the 

parameters that are used for classification. The sensitivity of an energetic material can 

be defined as how easily a substance undergoes detonation or deflagration when 

initiated by external stimuli, such as friction, impact, shock, electrostatic discharge 

(spark) and heat.2, 3 The magnitude of the stimuli needed to initiate a detonation or 

deflagration can be measured experimentally. 

Stimuli Units Definition 

Friction Newton (N) 

The amount of friction force applied over a 

defined area over a defined period of time which 

can initiate an explosive 

Impact Joule (J) 

The amount of impact force applied over a 

defined area over a defined period of time which 

can initiate an explosive  

Shock  
Ease with which an explosive can be set off with 

a shockwave from another explosive charge 

Spark Joule (J) 

The amount of electrical energy transferred into a 

defined volume over a defined period of time 

which can initiate an explosive  

Heat Celsius (ÜC) 

The amount of heat transferred into a defined 

volume over a defined period of time within or 

above a certain temperature range which can 

initiate an explosive 

Table 1.1. Stimuli tested for the sensitivity of high energy density materials and their 
units and definitions.1, 2, 7  
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An important distinction is the difference between sensitiveness and sensitivity. 

Sensitiveness is defined by Pachmann and Akhavan as accidental initiation to 

unwanted stimuli, such as impact and friction. Sensitivity is defined by Pachmann as 

reliability of function and its propagating capability when initiated by shock.5 Akhavan 

defines sensitivity as initiation by non-accidental methods (i.e. use of a detonator or 

primer).3 Agrawal notes that sensitivity is the óease of initiationô whereas sensitiveness 

is the ópropagating capabilityô, but often the reverse is seen, and sometimes the terms 

can be used interchangeably.2 Klapºtke, Brinck and Millar make no mention of the 

distinction in their publications.1, 6, 8 For the purpose of this thesis, sensitiveness is the 

propagating capability of the high energy density material, and sensitivity is the 

materials ease of initiation. 

The performance of an energetic material can be calculated in silico and measured 

experimentally, though the physical qualities used depend on the type of 

decomposition, packing density and dimensions of explosive charge, even with the 

same energetic material. Detonation (explosive) performance is defined in a number 

of ways: detonation pressure (Pdet, the pressure at front of the detonation shockwave) 

and detonation velocity (D, rate of propagation of detonation shockwave), heat of 

detonation (Qdet, thermal energy released during detonation at constant pressure) and 

temperature (Tdet, temperature of the detonation products) of detonation and the 

volume of gas produced by the detonation (V0). Deflagration (propellant) performance 

is most often gauged by specific impulse (Is, related to pressure and velocity of gas 

exiting a rocket motor), the volume of gas produced by the deflagration (Vgas) and 

linear burning rate of the material.9-11 

The performance of a material is largely defined by the physical and chemical 

properties of the material. The simplest property is the chemical composition, including 

nitrogen percentage (N%) and oxygen balance (ɋ), the structure and atomic 

connectivity determining the density (ɟ) and enthalpy of formation (ȹHf) of the material. 

A high N%, defined as a nitrogen content above 60%, is desirable as high nitrogen 

content compounds usually have large enthalpies of formation, leading to a high 

enthalpy of detonation.1 Oxygen balance is used to determine the degree to which an 

energetic material can oxidise its fuel (carbon, hydrogen, metals) to the standard 

oxides (CO2 or CO, H2O, metal oxides). A molecule will have a positive oxygen balance 

if its composition has more oxygen than needed to oxidise all fuel, and a negative 
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oxygen balance if complete combustion is impossible without oxygen from the 

environment.3 When a compound is slightly oxygen poor, the effects on Qdet and V0 is 

slight, as afterburn (further combustion of the energetic material in air after detonation 

during the expansion of hot gases) allows full oxidation to occur. There are two types 

of density important to energetic materials: the crystal density of a single crystal of the 

explosive, and the loading (compaction) density of an explosive mixture. 

These properties directly impact the detonation as the density limits the propagation 

of the detonation shockwave and the enthalpy of formation is what gives the 

shockwave its energy to propagate, and therefore underpins all the above measures 

of explosive performance. The enthalpy of formation will also directly influence the 

heat of detonation and the composition of the material will determine the volume and 

the nature of the gases released.12, 13 

Much like performance, sensitivity is also related to the chemical properties of the 

material. The sensitivity of an energetic material is the ability of the material to 

dissipate sudden energetic input without decomposing (detonation, deflagration, or 

combustion). The ability to dissipate this energy without decomposing is directly 

related to the density (less dense materials can dissipate energy more efficiently), 

structure (certain functional groups will decompose more readily) and intermolecular 

interactions within the material (stronger interactions in the material will dissipate 

energy more efficiently).13-15 

1.1.1.2. Deflagration and Detonation 

A deflagration is when an energetic material violently combusts and burns faster than 

a standard combustion. The propagation of a deflagrating decomposition is based 

upon thermal reactions. When initiated by a stimulus, the initial decomposition site is 

warmed above its decomposition temperature causing it to deflagrate. Transfer of 

energy from this site is caused by óhotspotsô forming in the material as it heats up 

through friction between and fracture of crystals of the energetic material resulting in 

phase change and decomposition. If a deflagrating material is contained, the increase 

in pressure caused by gaseous decomposition products could result in a detonation 

from a deflagrating material.1, 3, 4, 16 
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A detonation is a rapid chemical decomposition that produces a shockwave. The 

velocity of the shockwave is between 1500 and 9000 ms-1.4 The rate of decomposition 

is governed by the rate the material transmits the shockwave, rather than the rate of 

heat transfer through the material. Detonation can be achieved through two processes; 

burning to detonation or an initiating shock.3, 16 Burning to detonation requires a 

deflagration-to-detonation transition (DDT). This involves gas generated from the 

decomposition of the material becoming trapped, resulting in an increase in pressure, 

increasing the burning rate. When the pressure pulses generated at the burning 

surface create small shockwaves which increases the rate of burning exponentially, 

increasing the intensity of the shockwaves until the shock initiates a detonation. The 

shockwave must raise the temperature in the material to 1500 K to initiate the reaction 

in this way.1, 3, 16  

 

 

Figure 1.1. High-speed camera images of a detonation of a primary explosive (top) 

and combustion of a pyrotechnic mixture (bottom), note the visible shockwave in the 

detonation. Image reproduced from ref:17 
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The explosive train is the chain of combustible and explosive materials arranged in the 

order of decreasing sensitivity. The ótrainô allows a ósimple initiating impulseô (SII) such 

as flame, heat, impact, electric spark etc. to initiate a burning or detonation of a primary 

explosive composition in a detonator. This small detonation is then propagated to the 

main charge, made of a secondary explosive composition, as discussed above. The 

train may possibly include a booster charge, or transfer element, between the 

detonator and the main charge when using a very insensitive secondary explosive. An 

igniter train is used when initiating a propellent or pyrotechnic device, which transmits 

and intensifies the fire from the igniter made of a primary explosive composition until 

it causes combustion in the main charge.3-5, 18  

 

Figure 1.2. Simplified schematic representation of an explosive train (top) and an 

igniter train (bottom). 

Dead pressing is when an energetic material is compressed and no longer undergoes 

satisfactory detonation or has no detonation at all. This is due to the compression 

reducing or eliminating the porosity of the material. The loss of this porosity prevents 

the initial deflagration of the material from progressing into these pores and 

subsequently to the centre of the material, preventing a DDT from occurring as no 

shockwave can be formed.19  
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1.1.2. Classification 

High energy density materials can be classified in several ways,20 but this work will 

focus on (i) their chemical structure and (ii) their energetic performance and uses. 

Using the definition based on their chemical structure we focus on their energetic 

molecular groups or óexplosophoresô. The groupings were described by Plets in 1935, 

based upon the Witt theory of chromophores and the Ehrlich theory of toxophores, he 

described that the explosive properties of any substance depend on the óexplosophoric 

groupsô in the chemical structure. He then divided energetic materials into eight 

classes based on their explosophoric groups.21, 22 

Explosophoric Group Energetic Compounds 

-NO2 and -ONO2 
Inorganic and organic nitro explosives (e.g., NTO, TNT, 

RDX) 

-O-O- and -O-O-O- Inorganic and organic peroxides and ozonides 

-OClO2 and -OClO3 Inorganic and organic chlorates and perchlorates 

-N-X2 Where X is a halogen (e.g., I-NI2, R-NCl2) 

-N=N- and -N=N=N- Inorganic and organic azides (e.g., Pb(N3)2, RCH2N3) 

-C=N- Fulminates (e.g., Hg(ONC)2 and HONC) 

-C¹C- Acetylene and metal acetylides 

M-C 
Metal bonded with carbon in some organometallic 

compounds 

Table 1.2. Classification of energetic materials by their explosophoric groups.2, 21, 22 

Although this classification is correct, many publications agree that there is little value 

from a practical point of view.2, 3, 22 As many energetic materials contain the same 

groups, or contain different groups and maintain similar properties this grouping does 

not provide any insight into the energetic performance of the material. However, 

despite these shortcomings, this classification is still useful as it allows theoretical 

studies to explore combining synthetic building blocks such as azoles and adding 

explosophoric groups to investigate their properties in silico as well as guiding practical 

research in the laboratory. Akhavan argues that classification of energetic materials by 

performance and use is far better.3 Using this classification, energetic materials can 

be divided into four categories; (i) propellants, (ii) pyrotechnics, (iii) primary explosives 

and (iv) secondary explosives,1-3, 20 which allows fundamental researchers to easily 

classify newly developed energetic materials. 



8 

 

 

Figure 1.3. Classification of energetic materials according to performance and use. 

Propellants, or low explosives, generally consist of a fuel and oxidiser mixtures, and 

can be further subdivided into gun and rocket propellants.1 When burned propellants 

release large amounts of gases at a sufficient rate, that in a closed chamber, the 

pressure difference is sufficient to accelerate and move an object, such as a rocket or 

projectile.23, 24 For example, a solid rocket motor often contains aluminium as a fuel 

and ammonium perchlorate as an oxidiser. Propellants only burn and do not explode, 

often producing sparks, smoke and a hissing/crackling sound but no sharp bang as is 

the case with a detonation, as they combust from a solid to a gas relatively slowly.3 

Two key characteristics of propellants are that they must combust in a controlled 

manner, and must not be able to undergo a deflagration-to-detonation transition 

(DDT).3 

Pyrotechnics are compounds or mixtures of compounds that are able to undergo self-

activated exothermic chemical reactions that also produce an audio-visual effect such 

as light, heat, smoke or sound.25-27 Examples include fireworks, road flares, thermite, 

smoke dispensers.4 Many pyrotechnic devices are made of a mixture of fuel, oxidiser 

and binder which gives additional structural integrity. Fuels include metals such as 

aluminium, chromium, magnesium, manganese, and titanium, and non-metals such 

as boron silicon and sulfur. Oxidisers are often chlorates, perchlorates, chromates, 

nitrates and oxides.2 
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Explosives can be classified as either primary or secondary explosives, with the former 

being very sensitive, low performance compounds, and the latter being a more 

powerful and less sensitive compound.4, 28, 29 Primary explosives are easily exploded 

by the application of a stimulus such as heat, spark, impact and friction. They undergo 

a very rapid deflagration-to-detonation transition and are often used as an initiator for 

secondary explosives, propellants, or pyrotechnics, as they generate a large amount 

of heat and a shockwave which will transfer the detonation to the less sensitive 

explosive or transfer a deflagration to the low explosives. Agrawal sums this up by 

stating ñthe faster the DDT, the better the primary explosiveò. Detonation velocities of 

primary explosives range between 3500 and 5500 ms-1. Being able to initiate 

secondaries, propellants, and pyrotechnics indicates their use in primers, detonators, 

and percussion caps.2, 3, 5, 18, 29  

Secondary explosives are much less sensitive than primary explosives, rarely being 

initiated by heat, impact or friction but have greater explosive performance than 

primaries when initiated with explosive shock, with detonation velocities of 5500 ï 

9000 ms-1. Secondaries have slower DDTs than primary explosives, which makes 

them less sensitive as accidental initiation of deflagration may not result in detonation. 

This allows some secondary explosives such as RDX to be burned without detonation. 

The performance of secondary explosives largely depends on the density, enthalpy of 

formation and oxygen balance. 1-3, 8  

In short, the purpose of explosives and propellants is to transfer stored chemical 

energy to kinetic energy, while pyrotechnics use stored chemical energy to generate 

the required acoustic and visual effects. 

 Typical Primary 
Explosives 

Pb(N3)2 Typical Secondary 
Explosives 

RDX 

Sensitivity     

IS (J) Ò 4 2.5 ï 4 Ó 4 7.5 

FS (N) Ò 10 < 1 Ó 50 120 

ESD (J) 0.002 ï 0.020 0.005 Ó 0.1 0.2 

Performance     

D (ms-1) 3500 ï 5500 4600 6500 ï 9000 8750 

Pdet (kbar)  343 210 ï 390 347 

Q (kJkg-1) 1000 ï 2000 1639 5000 ï 6000  5277 

Table 1.3. Typical sensitivity and performance data of primary and secondary 
explosives.1 
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1.1.3. Safety and Performance Testing 

To allow for the classification of an unknown energetic material, one must characterise 

its sensitivity and performance parameters. While calculations and modelling in 

programs such as EXPLO5 and CHEETAH allow for a lot of these parameters to be 

calculated in silico,30, 31 and methods have been developed for the prediction of 

sensitivities,32 this information is only indicative and calculate sensitivities and 

performance in ideal conditions. Therefore, it is important to obtain experimental data 

under conditions closer to their handling and use. This data is collected through a 

series of measurements and tests chosen to determine the sensitivity and 

performance of the material. However, as Agrawal notes, while these tests are 

important when developing new energetic materials, no laboratory test or series of 

tests can reliably predict the sensitivity or performance of a material in all conditions,2 

and it is important to note that not all values between laboratories will be consistent as 

different sample morphology, sample preparation, sample storage and testing 

equipment may produce different results.1, 5 Another issue with investigating 

detonation performance is the difficulty involved in direct measurements due to the 

extreme conditions, i.e. detonation velocity can be 10,000 ms-1, pressures as high as 

400 kbar and temperature ranges from 2000 ï 5000 K, combined with the short 

duration of the reactions in the shockwave being in the microsecond region.33 A 

method to get around this issue is for the laboratory to perform comparative testing 

against sample of known energetic materials such as lead azide or RDX, getting 

sensitivity values for these materials and comparing the values of the unknown 

energetic material. The testing of energetic materials is commonly performed to UN 

standards, BAM (Bundesanstalt f¿r Materialforschung und -pr¿fung) and EU directive 

2014/28 and the test equipment and procedures described below conform to these 

standards.4, 32, 34, 35 

When testing for sensitivity by the methods described below the result will be a ógoô, a 

noticeable flash, smoke or audible report, or a óno-goô, where no reaction is seen. 

These results can then be plotted or analysed as required by the testing procedure 

used.  
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1.1.3.1. Sensitivity Testing 

Impact sensitivity is the amount of impact force required to initiate an energetic 

material and is commonly measured with fall hammer or BAM drop hammer apparatus. 

A drop hammer test involves dropping a weight of a fixed mass guided by two steel 

rods from different heights, onto a sample of energetic material sat between two steel 

cylinders placed on an anvil guided by a ring. A mass of 1 kg is used for primary 

explosives, and a mass of 2, 5, or 10 kg is used for secondary explosives. From each 

drop height, ten tests are performed, and the percentage likelihood of initiation can be 

determined. After each test the two steel cylinders and sample are replaced.2, 4, 36 

Impact sensitivity can be expressed as h50%, the drop height at which an initiation is 

50% likely to occur, h100%, the minimum drop height an initiation is guaranteed to occur 

or h0%, the maximum drop height at which no initiation is observed. Results can also 

be expressed as impact energy (EI) in joules (J), which is the energy at which an 

initiation is 50% likely to occur.2, 4, 5 Energetic materials with EI less than 4 J are 

considered primary explosives, while materials with EI above 40 J are considered 

insensitive. For example, the EI of lead azide is 2.5 ï 4 J, while RDX is 7.5 J.3  

Recently, efforts have been made to allow the prediction of impact sensitivities of 

energetic materials in silico. In the model, a mechanical impact superheats the crystal 

lattice vibrations via adiabatic compression, resulting in superheated phonon modes. 

The excess energy can be transferred to molecular vibrations through phonon up-

pumping resulting in decomposition through molecular excitation. The model predicts 

the intrinsic sensitivity of EMs, but cannot yet describe the influence of crystallographic 

defects, grain size, distribution and grain boundary effects.37-40 

Friction sensitivity is the amount of frictional force required to initiate an energetic 

material and is commonly measured with a BAM or Julius Peters friction tester. A BAM 

friction test involves a 10 mg sample of energetic material which is spread on a 

roughened porcelain plate attached to a moving platform. A porcelain peg is held to 

the plate under a given load, determined by a mass positioned on a lever arm. The 

plate then moves back and forth, applying frictional force between the sample and the 

porcelain peg from 360 to 0.1 N. At each load, six trials are completed, with one ógoô 

determining the material to be sensitive at that load.1, 2, 5, 41 Energetic materials with 

friction sensitivity above 360 N are regarded as friction insensitive, and on the low end, 
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the UN standards regard materials with sensitivities under 80 N as unstable 

explosives.34 Primary explosives typically have friction sensitivities below 10 N. For 

example, the friction sensitivity of lead azide is 0.1 N, while RDX is 120 N.5 

Spark sensitivity is the amount of electrostatic energy required to initiate an energetic 

material. An electrostatic discharge initiation is one of the most common causes of 

accidental explosions in energetic materials, as the human body can easily generate 

spark energies of 0.005 ï 0.02 J by becoming electrostatically charged. Despite this, 

until fairly recently there was no standardised electrostatic discharge instruments or 

tests (fixed gap vs. approaching electrode, oscillating vs damped discharge mode), 

which lead to comparisons between ESD values of different authors to be impossible.1, 

2, 5, 42 Researchers at the Institute of Energetic Materials, University of Pardubice 

developed new equipment and testing regimes which led to the RDAD and ESZ KTTV 

instruments as well as the STANAG standard for electrostatic discharge testing.13, 42-

44 The RDAD instrument utilised an ófixed gap testô while the ESZ KTTV and the further 

developed XSpark 10 instruments has the electrode in direct contact with the sample, 

allowing it to be suitable for both primary and secondary explosives.42, 43, 45 In the test, 

a storage capacitor of a specified capacitance is charged to a specified voltage, the 

electrodes can then discharge through a spark of a specified energy, typically ranging 

from 25 pJ to 25 J.1, 2, 46 This allows the determination of EES, as the 50% probability 

of initiation at the specified spark energy for an energetic material.42, 43, 47 Examples of 

EES are 0.005 J for lead azide, and 0.15 ï 0.20 J for RDX.1 

 

Figure 1.4. Example of a BAM drop hammer apparatus (left, image reproduced from 

ref:36), BAM friction test apparatus (centre, image reproduced from ref:48), and a spark 

tester apparatus (right, image reproduced from ref:17). 



13 

 

Heat sensitivity is the amount of thermal energy or temperature required to initiate an 

energetic material. This is important for safety as well as determination of what 

practical applications of the energetic material could be. A simple starting point is a 

óflame testô which involves bringing a small amount of an energetic material in a sample 

holder such as a spatula into contact with a flame. The heat from the flame creates a 

zone where decomposition starts to occur, which can cause combustion, deflagration 

or detonation to occur.2, 5 Differential thermal analysis (DTA) and differential scanning 

calorimetry (DSC) can also be used to determine the exact temperature at which a 

material decomposes as well as heats of decomposition, loss of water/solvent or 

phase changes.1-3 For these tests, a small (1 ï 10 mg) sample of energetic material is 

heated in a perforated aluminium capsule or a sealed steel capsule with burst disk 

with a sample of inert reference material also heated at the same rate. The instrument 

records the temperature difference between the two samples and any difference 

between the temperatures are recorded. Any difference would give rise to an 

endothermic (peak trending down) or exothermic (peak trending up) peak, from any 

heat absorbed or produced by the energetic material. Endothermic peaks could be 

caused by vaporisation, decomposition, inversion, reduction, and fusion, while 

exothermic peaks are due to oxidisation, crystallisation, or autocatalytic decomposition 

(i.e., energetic decomposition). By measuring the area under the peak one is able to 

work out the amount of heat evolved or taken in, allowing determination of the heat of 

decomposition for the material.2, 3 

Another test for heat sensitivity is the Koenen test, devised by Koenen and Ide in 1956 

and determines the effects of intense heat on an energetic material under high 

confinement and is particularly used for transportation safety.1, 4, 34, 49 The test involves 

loading a sample into a steel tube with specified dimensions, which is then sealed with 

a nozzle plate with a hole of 1.0 ï 20 mm.1, 4 The sample tube is placed in a protective 

box and is then heated from four sides by four gas burners until the sample tube 

ruptures or 5 minutes pass with no event. The diameter of the hole can be varied to 

determine the critical point at which the pressure in the sample tube causes an 

explosion which fragments the steel vessel into three or more fragments. The 

parameter which is reported is the largest diameter of the hole at which at least one 

explosion occurs in three successive trials.1, 4, 49, 50  
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Figure 1.5. Example of a DSC apparatus (left, image reproduced from ref:51), example 

of a Koenen test apparatus (right, image reproduced from ref:50). 

Shock sensitivity is the minimum shockwave pressure required to initiate an energetic 

material. This is determined with a ógap testô, where the action of a shockwave of a 

known pressure, generated by a donor charge/booster through a shockwave 

attenuator.1, 2, 52 The detonator, donor charge, shockwave attenuator and energetic 

material to be tested (acceptor charge) are contained in a seamless steel tube. The 

detonator is inserted into the donor charge (10 g RDX) at the bottom of the tube, with 

the shockwave attenuator above it. The shockwave attenuator can be water or a 

plastic cylinder and transfers the shockwave to the material to be tested while 

preventing the transfer of heat and debris. The acceptor charge is placed a set 

distance in mm above the attenuator. At the top of the apparatus is a steel witness 

plate and a separated from the tube with a spacer. When the donor charge is 

detonated, the result is either a ógoô or óno goô, with energetic materials that do 

successfully detonate in this test being judged as shock sensitive and able to 

propagate a detonation at the specified distance. A ógoô or óno goô is assigned by 

inspecting the steel tube for fragmentation, and the witness plate for any doming, 

holing or other damage.1, 2, 16, 34, 52 For example, picric acid detonates at 25 ï 27 mm 

while TNT detonates at only 7 ï 8 mm.1  

1.1.3.2. Stability Testing 

Stability testing is needed to determine whether an energetic material retains its 

sensitivity and performance properties while stored. The vacuum stability test and the 

heat test are the most commonly used tests to determine stability as well as 

compatibility with other materials.2 The vacuum test involves by determining the gases 

evolved by an energetic material. This is done by placing a set mass of the material in 

a sealed tube, evacuating it, and placing it in a heat bath between 100 and 120 ÜC for 



15 

 

40 hours, and the volume of gasses evolved is measured. Most energetic materials 

yield less than 1 cm-3 of evolved gas.2, 4, 53 The heat test involves heating the energetic 

material to 100 ÜC for 48 hours and 100 hours. A 5% mass loss within two cycles of 48 

hours, or an explosion in the 100 hour test indicates excessive deterioration.2 An 

alternative is the Kneisl test which involves placing 100 mg of an energetic material in 

a sealed ampoule in an oven for 100 hours at the temperature at which the thermal 

stability is required. At the end of the heating period the ampoule is opened, the mass 

of the remaining material is recorded, and the gaseous products are analysed with IR 

and GC-MS. If less than 2% of the original mass of the material is lost, then the 

substance is deemed stable at that temperature.1, 54, 55  

However, a distinction must be made between short duration stability tests, in which 

possible decomposition reactions are accelerated by the application of heat, and the 

long-term stability tests which involve testing samples over a period of months or years 

to determine an accurate shelf life.4 

 

Figure 1.6. Example of a vacuum stability test apparatus, OZM Stabil VI (Image 

reproduced from ref:56). 

1.1.3.3. Performance Testing 

Detonation velocity, D, is the rate at which the shockwave propagates through a given 

energetic material and is considered as one of the most important physical detonation 

parameters. The velocity is determined by measuring the time taken for a detonation 

shockwave to travel through a known distance of energetic material. This is commonly 

done using the Dautriche method and the pin oscillographic technique (POT).2, 33 The 
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Dautriche method is a simple method for the estimation of the detonation velocity, 

which utilises a steel tube of known dimensions, with two holes drilled at a set distance, 

m. The material to be tested is placed inside the steel tube, and a loop of detonation 

cord with a known detonation velocity is placed into the two holes, A and B, through a 

lead block. When the detonation propagated through the test material, it transfers the 

shockwave to the detonation cord and the meeting point between the two shockwaves 

in the detonation cord, seen by a notch in the lead block, is measured against the 

geometric centre of the cord giving a distance, a. This simple method is easy to carry 

out and does not require specialised electronic equipment, but the accuracy of the 

method may be less than 4.5%.2, 4, 33 The POT method requires a similar setup, but 

uses two velocity probes inserted into the holes in the steel tube. These are connected 

to an oscilloscope and electronically measure the time between the two signals caused 

when the shockwave passes the probes. The resolution of this method can be 100 to 

10 ns.2, 4, 33 

 
Figure 1.7. Dautriche method for determination of detonation velocity. Reprinted from 

Meyer et. al. with permission.4 Copyright 2007, Wiley. 

Recently a new technique has been developed for the laboratory-scale estimation of 

the detonation velocity. Laser-induced air shock from energetic materials (LASEM) 

involves focusing a laser pulse just below a thin layer of energetic material on the 

milligram scale, causing a small amount of the material to be ablated into laser-

induced plasma. The exothermic chemical reactions in the plasma accelerate the 

laser-induced shock wave generated by the plasma formation, i.e., energetic materials 

produce faster shockwaves than inert materials, the velocity of which can be measured 

by a high-speed camera. These shockwaves are compared to the LASEM 

shockwaves of energetic materials which have known detonation velocities from large-
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scale tests allowing prediction of the detonation velocity of the unknown. As the 

energetic material is not detonated by the laser, LASEM only provides an estimate of 

the maximum attainable detonation velocity for a given material, but the small-scale 

tests allow safe analysis of the detonation velocities of novel materials in the laboratory 

for the first time.57-59 

 
Figure 1.8. Example high-speed video snapshots showing the shockwave from a laser 

shot of the explosive MAD-X1.57 Reprinted from Gottfried and Wainwright with 

permission.59 Copyright 2023, Taylor and Francis. 

Using the measured detonation velocity, an approximate detonation pressure, Pdet, 

can be calculated by using the equation below, where r = density of the energetic 

material, D = detonation velocity, ɔ = polytropic exponent of detonation products (å 3 

for high explosives).2 

ὖ
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For accurate determination of detonation pressure, dynamic pressure gauges can be 

used. Most often a Manganin oil or a polyvinylfluoride pressure gauges are used and 

the pressure increase following the detonation can be measured electronically giving 

the detonation pressure. Based on the data obtained from these measurements other 

detonation performance parameters can be calculated.9, 33, 60 

The strength of explosives or the energy released by a detonation is most frequently 

measured using a Trauzl test (lead block test), or a ballistic mortar test. The Trauzl test 

involves a cast lead cylinder of specified dimensions with a 10 g sample charge placed 

inside a cavity of 61 cm3 in the cylinder. Any remaining cavity volume is filled with dried 

sand and a detonator is placed in the sample charge. When the sample charge is 
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detonated it excavates a volume in addition to the sample cavity and this difference in 

volume is measured by filling the excavation with water and taking the 61 cm3 away 

from the final volume. Example excavation volumes are 180 cm3 for ammonium nitrate 

and 480 cm3 for RDX.1, 2, 4, 9, 33 However, as the loading density for the samples can 

differ, results with the same energetic material may not be reproducible, and 

differences in the detonation properties of materials i.e. pressure growth rates, limits 

the comparison to explosives that behave in the same way.4, 61, 62 

The ballistic mortar test is an alternative that uses a sample charge of 10 g inside a 

mortar which has been plugged by a steel projectile, suspended from a 10 ft long 

pendulum. When the sample charge is detonated the projectile is propelled by the 

charge and the subsequent recoil causes the mortar to swing on the pendulum. The 

deflection of the pendulum is expressed as a percentage of the deflection produced 

by blasting gelatine (nitroglycerine/guncotton mixture) or TNT, arbitrarily taken as 100.2, 

4, 9, 33 

 

Figure 1.9. Trauzl test (left) and the ballistic mortar test (right) for determining strength 

of detonation. Both reprinted from Meyer et. al. with permission.4 Copyright Wiley 2007.  
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1.2. Primary Explosives 

Primary explosives, also known as initiating substances, are compounds or mixtures 

of compounds designed to initiate combustion or detonation in other energetic 

materials as previously discussed in 1.1.2. Igniters and primers use a primary 

composition to generate a flame or molten slag which propagates to a propellent 

charge or pyrotechnic device, while detonators use a primary explosive to create a 

shockwave to start the detonation reaction in a secondary explosive used as either a 

booster or for the main charge itself. As the second part of the óexplosive trainô, they 

must be sensitive and be able to transfer their detonation to other energetic materials 

as discussed above. Due to the different uses for primary explosives, and therefore 

differing outputs, there are many different formulations of primary compositions. These 

contain a primary explosive, a fuel, an oxidiser, as well as binders and sensitisers. A 

booster of an amount of secondary explosive such as PETN can also be used.5, 18  

1.2.1. History of Primary Explosives 

The first primary explosive commonly used was mercury fulminate (Hg(CNO)2, MF), 

and was used in blasting caps for the initiation of dynamite.5, 63 Despite the toxicity of 

the decomposition products of MF, such as mercury vapour, it was not commonly 

replaced in detonators until after 1914.5, 64 The replacement for MF was lead azide 

(Pb(N3)2, LA), which, despite its first discovery by Curtius and Radenhausen in 1891,65 

and first proposal as a replacement of MF by Wºhler in 1907 and 1911,5 was not 

commonly used until improvements in its manufacturing allowed large-scale synthesis. 

Today, lead azide is the most common primary explosive due to its high initiating 

efficiency, high density, low cost, reasonably good stability, ability to withstand high 

pressures without becoming dead pressed, and long-term experience of its use.5  

Other common primary explosives include lead styphnate (Pb 2,4,6-trinitroresorcinate, 

LS), dinol (2-diazo-4,6-dinitrophenol, DDNP), and tetrazene (1-(5-tetrazolyl)-3-

guanyltetrazene hydrate, GNGT) which are often used as additives in lead azide-

based detonators.18 Lead styphnate was first prepared by Stenhouse in 1871,66 and 

was proposed for use as a primary explosive by von Herz in two patents in 1914 and 

1921.67, 68 In lead azide-based detonators, lead styphnate increases the formulations 

sensitivity to flame and protects against mechanical stimuli. However, LS is known to 

accelerate the hydrolysis of lead azide as it increases the level of acidity.5, 69 Dinol was 
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first synthesised by Griefs in 1858 as the first isolated diazonium compound,70 with its 

explosive character reported by Lenze in 1892.5 While dinol has been used in some 

non-toxic primer formulations as a replacement for lead azide,71, 72 its drawbacks 

include low density, ESD sensitivity, low thermal stability, poor shelf-life and poor 

reliability, severely limiting its use in common primary formulations.5, 73 Tetrazene is 

the most common tetrazole-based primary explosive, first synthesised by Hofmann 

and Roth in 1910.74 While classed as a primary explosive, its initiating ability is low, 

only being capable of initiating óunpressed PETN and tetrylô, PETN being one of the 

most sensitive commonly used secondary explosives. When used as an additive in 

other primary explosive formulations containing lead azide and lead styphnate, it 

increases the formulations sensitivity to mechanical stimuli and flame. However, due 

to its poor thermal stability and low initiating efficiency the content of GNGT in primary 

formulations does not exceed 10%.5, 75  

 

Figure 1.10. Lewis structures of lead azide (LA), tetrazene, dinol (DDNP) and lead 

styphnate (LS). 



21 

 

1.2.2. Development of Primary Explosives 

Despite their success as primary explosives, the use of lead azide and lead styphnate 

in formulations is under review. There are two main issues: (i) concerns over long-term 

storage of lead azide, and more importantly (ii) the highly toxic lead content.  

The long-term stability of lead azide is a concern as on exposure to moist air, LA will 

slowly decompose in a reaction with CO2 and H2O, with lead styphnate accelerating 

this reaction. According to Lamnevik when lead azide reacts with moisture it liberates 

basic lead azide and gaseous hydrazoic acid, and at high partial pressures of CO2 

dibasic lead carbonate forms instead of the basic lead azide.76 Both reactions are in 

equilibrium with a very low partial pressure of hydrazoic acid of 5.3 Pa at 25 ÜC for the 

reaction with water. This means that when well-sealed, the decomposition of lead 

azide is not significant as only a small amount of lead azide decomposes before 

equilibrium is reached. However, when poorly sealed the hydrazoic acid can diffuse 

into the atmosphere preventing a static equilibrium from being reached, leading to the 

eventual conversion of lead azide to the much less sensitive basic lead azide and the 

non-energetic dibasic lead carbonate.5, 18 The release of hydrazoic acid also is an 

issue, as the gas itself is not only very toxic but, as a powerful acid, would react with 

metallic containment vessels and other exposed metal surfaces, producing metal 

azides such as copper azide which may be more sensitive than LA itself.5, 18 

 

Figure 1.11. Reversible reactions between lead azide and air forming basic lead azide, 

dibasic lead carbonate and hydrazoic acid. 

The toxicity of lead is a well-understood issue, known to affect multiple human body 

systems including the brain, nervous system, liver, kidney, and bones.77, 78 It is 

particularly harmful to young children and women of child-bearing age and can also 

be passed on through pregnancy to the foetus. The World Health Organisation (WHO) 

report that there is no level of exposure to lead that is known to be without harmful 

effects, and that nearly one million lives lost in 2019 were due to lead exposure, as 

well as causing 30% of the global burden of idiopathic intellectual disability.79, 80 The 
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toxicity of lead azide itself was first investigated by Fairhall et al. in 1943, showing long 

term toxicity from lead, as well as acute toxicity from hydrazoic acid.81 Long term lead 

exposure is known to lead to persistent vomiting, encephalopathy, lethargy, delirium, 

convulsions, fertility issues and miscarriages. Lead has no known biological role in the 

body but can substitute other metal cations such as Ca2+, Mg2+, Fe2+, and Na+ which 

have vital roles in fundamental biological processes. This leads to insertion of lead 

cations into biochemical reactions that causes critical damage to cellular signalling, 

DNA, enzymes, proteins, lipid membranes, and the antioxidant defence system.77, 78 

Lead exposure from lead azide-based primary compositions has been seen to cause 

the build-up of lead in the body wherever primers and detonators that contain lead 

azide are used, this includes recreational shooters,82, 83 police and military use,29, 84, 85 

mining,86 and even victims of recent wars in Iraq and Croatia.87, 88 Laidlaw et al. 

concludes that ñprimary prevention of risk requires development of lead-free 

primersò.83 Both lead azide and lead styphnate have been classified as substance of 

very high concern (SVHC) by the European Chemicals Agency (ECHA) under REACH 

regulation, and regulations in the United States limits the use of lead azide as well as 

restricts procurement of lead-based primary explosives.29, 89, 90 

For these reasons, new lead-free primary explosives (commonly called lead-free 

initiators, LFI, in literature) have been investigated. Huynh et al. suggest that any 

replacement for these materials must conform to six criteria:91, 92  

- insensitivity to moisture and light 

- sensitive to initiation but not too sensitive to handle and transport 

- thermally stable to at least 473 K (200 ÜC) 

- chemically stable for extended periods 

- devoid of toxic metals such as lead, mercury, and others 

- free of perchlorate which may be a possible teratogen and has adverse effects 

on thyroid function88 

They conclude that coordination complexes based around energetic anionic ligands 

and environmentally benign cations would make ideal primary explosives.91 
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1.2.3. Lead-Free Primary Explosive Candidates 

Some promising candidates for lead-free primary explosives are cyanuric triazide 

(CTA), potassium 4,6-dinitro-7-hydroxybenzofuroxan (KDNP), dipotassium 1,1ô-

dinitramino-5,5ô-bistetrazole (K2DNABT), and copper(I) 5-nitrotetrazolate (DBX-1). 

 

Figure 1.12. Lewis structures of promising lead-free primary explosive candidates, 

cyanuric triazide (CTA), potassium 4,6-dinitro-7-hydroxybenzofuroxan (KDNP), 

dipotassium 1,1ô-dinitramino-5,5ô-bistetrazole (K2DNABT), and copper(I) 5-

nitrotetrazolate (DBX-1). 

Cyanuric triazide (CTA) was first synthesised by Finger in 1907,93 and an improved 

method was published by Ott and Ohse in 1921, with Ott patenting itôs use as an 

explosive the same year.94, 95 This was followed by investigations into its energetic 

properties over the next century, with Klapºtke et al. obtaining the first crystal structure 

in 1998.96-99 It is easily synthesised from cyanuric chloride, sodium azide in acetone 

and can be crystallised from toluene with great purity and yields.94, 98, 99  
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Figure 1.13. Synthetic route to CTA as described by Ott and Ohse.94 

As a primary energetic material, CTA is more powerful than lead azide, but has a 

slower DDT, making it unsuitable for small detonator applications. However, it is 

extremely sensitive and can sublime at elevated temperatures, one report by Ilyushin 

et al. claiming 30 ÜC.97, 100, 101 It is also reportedly chemically unstable, being easily 

hydrolysed and reduced.102 This limits its use in detonators and initiators, but steps 

are being taken to improve stability. A new synthetic procedure developed by ARDEC 

in 2009 increased the particle size of CTA, allowing it to replace lead azide and lead 

styphnate in some detonators,100, 103 and more recently Matzger et al. co-crystallised 

CTA with the insensitive secondary explosive, benzotrifuroxan (BTF). This co-crystal 

significantly increased its melting point, while decreasing its volatility and impact 

sensitivity, while remaining in the range for primary explosives.104 Alternatively, CTA 

has seen use in ómolecular dopingô to increase the sensitivity of secondary 

explosives.105 These improvements may allow the use of CTA in initiating devices. 

 
Figure 1.14. Crystal structure of the co-crystal of cyanuric triazide and benzotrifuroxan. 

Ellipsoids set to 70% probability level. Grey = carbon, blue = nitrogen, red = oxygen. 

Image produced from data available at ref.104 
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Potassium 4,6-dinitro-7-hydroxybenzofuroxan (KDNP) is a promising lead styphnate 

replacement, which was first synthesised by Norris et al. in 1983 from 5-

chlorobenzofuroxan using a nitration and Boulton-Katritzky rearrangement.106, 107 

Despite being known for 30 years, KDNP was not investigated as a primary explosive 

until Fronabarger et al. developed the synthesis for its use as a lead styphnate 

replacement.108 The new route avoids the use of water, which was known to get 

trapped in the needle crystals that formed in the Norris route and greatly increased the 

friction and impact sensitivity of the compound.108 Fronabargerôs route involves the 

nitration of 3-bromoanisole to form 3-bromo-2,4,6-trinitroanisole. This is then heated 

with potassium azide in methanol to substitute the bromo group for an azide. This 

compound is then heated to reflux with diethyl carbonate (DEC) to form the furoxan 

ring and isolate KDNP.108 This route allows for the isolation of a free-flowing powder 

with variable particle size determined by the addition rate of anti-solvent during 

recrystallisation.100 Structurally KDNP is similar to potassium 4,6-dinitro-7-hydroxy-7 

hydro-benzofuroxan (KDNBF), but has one hydrogen atom less. This allows KDNP to 

restore aromaticity in the benzofuroxan ring system, which increases the thermal 

stability of KDNP (285 ÜC) to KDNBF (217 ÜC).90, 100, 101 

 

Figure 1.15. Synthetic route to KDNP by Fronabarger et al.108 
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As a primary explosive KDNP is fast-deflagrating with good thermal stability and safe 

handling characteristics. Its impact sensitivity is similar to LS but has a significantly 

lower friction sensitivity. Therefore, KDNP has been evaluated as a ódrop-in 

replacementô for lead styphnate. A drop-in replacement is a material that requires no 

redesign to any existing explosive devices when the lead-containing primary is 

replaced. Following this KDNP has undergone trials for a variety of applications for the 

initiation of propellants, and has been approved for service use in 2009,89 but 

questions remain regarding the toxicity of the benzofuroxan moiety.109, 110 

Dipotassium 1,1ô-dinitramino-5,5ô-bistetrazole (K2DNABT) was first reported by 

Klapºtke et al. in 2014 and has been investigated as a primary explosive.110 

 

Figure 1.16. Synthetic route to K2DNABT by Klapºtke et al.110 
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K2DNABT is synthesised from dimethyl carbonate and hydrazine hydrate to form a 

methyl carbazate. This then reacts with glyoxal to form a bis(hydrazone). N-

chlorosuccinimide (NCS) chlorinates the backbone, followed by treatment with sodium 

azide forming the diazido bis(hydrazone) intermediate. Acid-induced cyclisation then 

forms the tetrazole rings, nitration with dinitrogen pentoxide (N2O5) and formation of 

the dipotassium salt yields K2DNABT.110 The DNABT anion has also been investigated 

with other nitrogen-rich and metal counterions,111, 112 and the free acid has been 

isolated.113 Preliminary investigation into its use as a primary energetic material has 

shown it is a promising lead azide replacement, with similar sensitivities to impact, 

friction and ESD but a significantly higher detonation velocity, further testing has 

shown K2DNABT to detonate RDX through a pyrotechnical initiator.100, 114 It was also 

found to be poorly soluble in water and non-toxic in water.110 However, calculations 

have shown K2DNABT may decompose under UV light.115 Furthermore, due to the 

long synthetic route with some poor yields, particularly the formation of the diazido 

bis(hydrazone), the use of commercially unavailable reactants and its high sensitivity, 

work has been undertaken to improve the synthesis of K2DNABT, utilising different 

nitrating reagents and desensitising the product for safe handling to allow to scaling 

up for manufacture.116, 117 

Copper(I) 5-nitrotetrazolate (DBX-1) is one of the most promising lead azide 

replacements in current literature. It was first developed by Fronabarger and Williams 

in 2005 as part of a lead azide replacement program via the accidental reduction of 

copper(II) 5-nitrotetrazolate complexes with hydrazine.89, 90 Following this discovery 

the synthetic route was improved and finalised to the formation of a copper(II) 

coordination complex using sodium 5-nitrotetrazolate (NaNT), prepared by the von 

Herz reaction with 5-aminotetrazole (5-AT), and copper (II) chloride followed by 

reduction of the copper(II) to copper(I) with sodium ascorbate, yielding DBX-1 in great 

yields with a predictable particle size and morphology.118, 119 DBX-1 can also be 

produced by addition of copper(I) chloride directly to NaNT, but produces an 

inconsistent product.90  
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Figure 1.17. Synthetic route to DBX-1 by Fronabarger et al. via NaNT.118, 119 

Evaluation of DBX-1 as an energetic material showed it to have sensitivities very 

similar to lead azide, and its use in detonators and primers has been examined. These 

tests showed that as well as being more resistant to oxidation than lead azide, it was 

also compatible with common secondary explosives and detonator materials.90 It was 

concluded that DBX-1 is a ódrop-in replacementô for lead azide and offers some 

advantages over the current lead azide detonator types.29, 89, 119 Following this DBX-1 

has undergone qualification trials for the U.S. military in a variety of initiating 

devices.120  

However, DBX-1 does have some drawbacks. Like lead azide, long-term storage in 

water can cause decomposition. However instead of forming toxic hydrazoic acid it 

forms water soluble copper (II) species.119 It has also been shown to decompose with 

periodate salts which are common oxidisers in primer mixes.121 While the detonation 

products are less toxic than lead, copper is still classified as a heavy metal and can 

still be harmful to microorganisms and plants, with metabolic effects seen at low 

concentrations, and toxicity in high concentrations (>50 ï 500 ɛg/L).114, 122, 123 A recent 

review concludes that Cu is increasingly ñbecoming a key environmental concern for 

plants, animals, and even humansò.124 The final drawback is the current synthetic route. 

The final step to DBX-1 itself works well, despite the possibility of producing some 

chloride-containing side products reported by Westwater et al. stemming from the 

competitive reduction reaction mechanism of ascorbate.125 The major issue is in the 

large scale synthesis of pure NaNT. Pure NaNT is needed as any impurities (1H-

tetrazole, 5-AT, 5,5ô-bitetrazole) in the DBX-1 reaction reduce yields and may produce 

more sensitive side products and intermediates which may be dangerous on a large 

scale.118, 126 The synthesis of NaNT may also be dangerous at large scales as well. 

First reported by von Herz in 1937, the reaction was shown to produce 
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ómicrodetonationsô in the original patent, as well as subsequent synthesis with Gilligan 

and Kamlet describing them as ñpsychologically disturbingò and did ñon occasion break 

glasswareò.127, 128 To reduce this issue, first Gillian and Kamlet added a copper (II) 

catalyst that reduced these microdetonations by increasing the reaction of the 

diazonium species before it could accumulate and detonate, and work was undertaken 

to understand the best method to synthesise and isolate NaNT.118, 126 Using this 

method the largest quantities of NaNT synthesised were 25 g.75, 89 More recently two 

new synthetic routes have been proposed. Salan et al. discuss using a ócatch and 

releaseô sulfonic acid resin catalyst which can stabilise the diazonium species until it 

is oxidised to 5-nitrotetrazolate, using this method microdetonations were minimised, 

yields were 88% and exceeding this, and the method was demonstrated on up to 1 L 

scale.129 The second route published route uses titanium superoxide and 50% 

hydrogen peroxide as an oxidant for 5-AT by Piercey et al. This method eliminates 

microdetonations, avoids the isolation of sensitive intermediates, while working under 

ógreenô aqueous conditions and attaining yields of 50 ï 65 % of pure NaNT, allowing 

for safe scale up.130 

 

Figure 1.18. New synthetic routes to sodium 5-nitrotetrazolate (NaNT) as published 

by Salan et al. (top) and Piercey et al. (bottom).129, 130 
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1.3. Secondary Explosives 

Secondary explosives are compounds or mixtures of compounds that are used as the 

ómain chargeô in the explosive train as previously discussed in 1.1.2. They are used to 

transfer a large amount of stored chemical energy to the surrounding environment 

through a detonation shockwave and pressure wave. Secondary explosives are 

reasonably insensitive and usually must be initiated by a primary explosive charge. 

They must also have high performance especially regarding detonation velocity and 

pressure.2, 10, 100 Another important parameter for secondary explosives is óbrisanceô 

which is the destructive effect of a charge, and is directly related to the density and 

detonation velocity of the material. Klapºtke lists the five most important criteria when 

developing a secondary explosive as:1  

1. heat of explosion, Q (kJ kg-1) 

2. detonation velocity, D (m s-1) 

3. detonation pressure, P (kbar) 

4. explosion temperature, T (K) 

5. volume of gas released per kilogram of explosive, V (L kg-1) 

1.3.1. History of Secondary Explosives 

There currently are few secondary explosives in common use today, but with different 

mixtures and addition of plasticisers, binders and polymers, charges of specific 

properties can be achieved. The classical secondary explosives are 2,4,6-

trinitrotoluene (TNT), 1,3,5-trinitro-1,3,5-triazinane (RDX) and 1,3,5,6-tetranitro-

1,3,5,7-tetrazocane (HMX) which contain C ï NO2 and N ï NO2 explosophoric groups, 

deriving their energy from the oxidation of a carbon backbone by containing the 

oxidiser in the same molecule.1, 2 

TNT is the most well-known secondary explosive and its use has been constant since 

the discovery of its explosive properties by Hªussermann in 1891, following its 

synthesis by Wilbrand in 1861 through the nitration of toluene in mixed acid.131, 132 

Since World War I, it has found widespread use in military and civilian applications, 

and its insensitive nature and melting point significantly below its decomposition 

temperature (ómelt castableô) means it continues to be widely used in formulations 

today.3, 100 RDX was first synthesised by Henning in 1898,133 but its use as an 

explosive was not discovered until 1921 by von Herz.134, 135 Today, RDX is produced 
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readily from the nitration of hexamine following the Bachmann process and has been 

used commonly since World War II.100, 136 Having low sensitivity, high chemical stability 

and higher performance than TNT has made it the ñgold standardò of secondary 

explosives today, and it is used in a wide range of mixtures for a variety of 

applications.2, 3, 100 Interest remains high, with even recent publications investigating 

alternative synthetic routes.137-139 HMX was discovered as a byproduct of the 

production of RDX and was found to have higher chemical stability, density, melting 

point and detonation performance than RDX itself.1, 3 Despite this, RDX is 

predominantly used due to its lower production cost.139  

 

Figure 1.19. Lewis structures of common secondary explosives; TNT, RDX and HMX. 

Name Composition 

Composition A 88.3% RDX and 11.7% plasticiser 

Composition B 60% RDX, 39% TNT, 1% wax 

Composition C4 90% RDX, 10% polyisobutylene 

H6 45% RDX, 30% TNT, 20% Al, 5% wax 

Octol 75% HMX, 25% RDX 

OKFOL 96.5% HMX, 3.5% wax 

Torpex 42% RDX, 40% TNT, 18% Al 

Table 1.4. Composition of a selection of TNT, RDX and HMX formulations. 

As well as the oxidation of the carbon backbone of explosives as seen above, other 

strategies that have been used in the design of current explosives include the inclusion 

of ring or cage strain as seen in CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
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hexaazaisowurtzitane, HNIW) which uses the strain within the molecule to increase 

the energy of formation and therefore the energy released in an explosive 

decomposition. Another strategy is to use nitrogen-rich molecules such as 5-nitro-

1,2,4-triazol-3-one (NTO) which have large, positive standard enthalpies of formation 

leading to great detonation performance as well as producing N2 as a decomposition 

product. 

 
Figure 1.20. Lewis structures of common secondary explosives; CL-20, NTO and 

DNAN. 

CL-20 was first prepared by Nielsen et al. in 1990 and is a subject of great interest as 

a secondary explosive and propellant due to its extremely high density and detonation 

performance (density: 2.04 g cmī3, VOD: 9400 msī1, decomposition temperature: 

228 ÁC).140-142 CL-20 is synthesised in a multistep reaction beginning with the 

condensation of glyoxal with benzamine in an acid catalysed reaction to yield 

hexabenzylhexaazaisowurtzitane. The benzyl groups are replaced with acetyl groups 

under reducing conditions involving Pd-C catalyst, followed by a nitration reaction to 

form CL-20. It is currently synthesised on a 100 kg scale after modifications to the 

synthesis by Thiokol, but it remains an expensive route due to the use of the palladium 

catalyst.141, 142 Another drawback is its sensitivity which is close to PETN, one of the 

most sensitive of secondary explosives, which poses a risk in manufacture and use.10 

To overcome these issues binders,143 coatings144 and co-crystals145-147 have been 

introduced to reduce the sensitivity, and steps have been taken to reduce the steps in 

synthesis, regenerate catalysts or eliminate the use of heavy metals.148-150 Due to 

these improvements, CL-20 has recently been reportedly implemented by the Chinese, 

Russian and US military.151-153 
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Figure 1.21. Top: Crystal structure of the 2:1 co-crystal of CL-20 and HMX 

synthesised by Matzger et al. Ellipsoids set to 70% probability level. Image produced 

from data available at ref:145Bottom: Crystal structure of the CL-20, 1,4-dioxane co-

crystal synthesised by Millar et al. Ellipsoids set to 50% probability level. Image 

produced from data available at ref:146  
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NTO was first reported in 1905 by Manchot and Noll,154 but major interest into its use 

as an explosive did not begin until the 1980s.155-158 NTO is easily synthesised from 

formic acid and semicarbazide hydrochloride to prepare 1,2,4-triazol-3-one which is 

then nitrated in mixed acid to yield NTO in good yields and is easily scaled.159 As an 

explosive it is highly stable with great performance and is melt-castable, allowing it to 

be used in many applications, such as a gas generator for air bags, plastic-bonded 

explosives (PBXs) and insensitive munitions in formulations containing other 

secondary explosives such as 2,4-dinitroanisole (DNAN) and RDX.159-162  

Formulation Use 

NTO / DNAN / RDX Insensitive explosive 

NTO / polymer binders Air bag systems 

NTO / HMX High performance explosive 

Table 1.5. Use of a selection of NTO containing formulations. 

A final example is pentaerythritol tetranitrate (PETN) which was first patented by 

Rheinisch-Westfªlische Sprengstoff A.G. in 1894, and is synthesised from 

pentaerythritol in a nitration reaction with concentrated nitric acid followed by a 

crystallisation from acetone.163, 164 It is a powerful secondary explosive but is more 

sensitive and less chemically stable than RDX, often being described as the border 

between primary and secondary explosives.165 It is often used in formulations with TNT 

and RDX when used as a secondary, but its high sensitivity allows it to be used a 

óbooster chargeô in detonators when plasticised with wax or polymers.1-3 

 
Figure 1.22. Lewis structure of PETN.   
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1.3.2. Development of Secondary Explosives 

Despite the continued use of TNT, RDX and HMX as ólegacyô secondary explosives, 

and the emergence of CL-20 and NTO-based formulations as modern secondary 

explosives, there has been continued research into the development of novel 

energetic materials classified as secondary explosives. These developments often fit 

into the ótrendsô in the field which fit mainly into three categories: higher performance, 

lower sensitivity, and lower toxicity of the explosives, their degradation products and 

their detonation products.1 

 
Figure 1.23. Trends for new secondary explosives. 

The trends in increasing performance and decreasing sensitivity are clear benefits to 

new secondary explosives. Outperforming the current offerings, especially TNT and 

RDX is desired as for the same energy output a smaller amount of material is needed, 

reducing the mass of the charge. As performance increases the sensitivity may 

increase accordingly, which would decrease the safety of the explosive in all situations 

and may prevent the material from certain applications. When designing new 

secondary explosives, the goals for performance and sensitivity must be to develop 

less sensitive materials with a high safety standard, while also offering maximum 

performance.1 
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As with current primary explosives, current secondary explosives also have harmful 

toxicological and ecological effects. TNT is known for causing toxic hepatitis, aplastic 

anaemia, cataracts, and some cancers.166-168 RDX is known to damage the nervous 

and urinary system and is a carcinogen, with an LD-50 of 100 ï 300 mg/kg.169, 170 HMX 

is less toxic than RDX by is still known to have harmful effects.171 These ólegacyô 

explosives and their degradation products are also known to cause ecological issues 

in the areas they are used, stored and manufactured, leading to toxic effects on flora, 

fauna and the wider environment.172, 173 The modern secondary explosives also have 

toxicity problems, with CL-20 known to cause acute and chronic toxicity to animals as 

well as biodegrade in soil which may pose further issues.174, 175 While some reports 

suggest NTO is non-toxic,161, 176 others suggest that NTO and its degradation products 

are toxic to some microorganisms and plants.177, 178 The formulation partner of NTO, 

DNAN, is also known to be toxic in a similar way to TNT.179-181 PETN is classed as 

non-toxic.182, 183 It is therefore necessary to develop new secondary explosives that 

are non-toxic themselves, while also limiting the impact of the decomposition products, 

aiming for the production of mainly N2, water and carbon, as well as limiting the use 

and generation of toxic materials in the synthetic route under the umbrella of ógreen 

chemistryô.  

 
Figure 1.24. Common degradation pathways of RDX. Compounds in brackets are 
postulated intermediates. Reprinted from Bernstein and Ronen with permission.184 
Copyright 2012, Springer Berlin Heidelberg. 
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1.3.3. Novel Secondary Explosive Candidates 

There have been a great number of high energy density materials which could be 

classed as secondary explosives developed in recent years.185, 186 Some promising 

candidates are 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105), 1,1-diamino-2,2-

dinitroethylene (FOX-7), 1,3,3-trinitroazetidine (TNAZ), and bis(hydroxylammonium) 

5,5ô-bitetrazolate 1,1ô-diolate (TKX-50). 

 

Figure 1.25. Lewis structures of promising novel secondary explosive candidates, 2,6-

diamino-3,5-dinitropyrazine-1-oxide (LLM-105), 1,1-diamino-2,2-dinitroethylene 

(FOX-7), 1,3,3-trinitroazetidine (TNAZ), and bis(hydroxylammonium) 5,5ô-bitetrazolate 

1,1ô-diolate (TKX-50). 

LLM-105 was first synthesised in 1995 by Pagoria et al. at Lawrence Livermore 

National Laboratories. The original synthetic route was the oxidation of 2,6-diamino-

3,5-dinitropyrazine (ANPZ) with trifluoroaceticperacid.187 ANPZ was first reported by 

Donald and is synthesised from diaminomaleonitrile with diiminosuccinonitritle in 

trifluoroacetic acid to form tetracyanopyrazine. This was then reacted with ammonia 

to form 2,6-diamino-3,5-dicyanopyrazine, which was hydrolysed to the dicarboxylic 
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acid followed by nitration with mixed acid to form ANPZ.188 This material was evaluated 

as a secondary explosive and was determined to be an explosive with 80% the power 

of HMX while being extremely insensitive to impact, friction and ESD, and also having 

a decomposition temperature in the range of 350 ÜC.189-191 LLM-105 derives its high 

energy density from the oxidation of the pyrazine backbone similar to RDX and TNT. 

The detonation performance coupled with the high sensitivity made this an extremely 

interesting material for development, but the synthetic route was not scalable, being a 

long route using the Donald synthesis of ANPZ, and producing impure material with 

differing crystal sizes.187, 192 This lead to route optimisations looking at recycling 

reactants, and alternative synthetic routes with less steps.192-195 The most successful 

route so far is a 3-step synthesis developed by Pagoria and Zhang.196 This starts with 

iminodiacetonitrile (IDAN), which is treated sodium nitrite in hydrochloric acid to form 

N,N-bis(cyanomethyl)nitrous amide (NBCMNA). NBCMNA was then reacted with 

hydroxylamine sulfate in methanol with triethylamine as a hindered base forming 2,6-

diaminopyrazine-1-oxide (DAPO). DAPO can be easily nitrated with mixed acid to form 

LLM-105, with yields in above 70%.195, 196 This route allows LLM-105 to be produced 

at scale with minor refinements, and the material is being prepared for use in PBX 

formulations and boosters.197-199 

 

Figure 1.26. The current synthetic route to LLM-105.195, 196 
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FOX-7 was first synthesised in 1998 by Latypov et al. from the Swedish Defence 

Research Agency (FOI) by reacting 2-(dinitromethylene)-4,5-imidazolidinedione with 

aqueous ammonia,200, 201 while earlier attempts by Baum et al. produced several 1,1-

alkyl-2,2-dinitroethylenes from 1,1-diiodo-2,2-dinitroethylene, but reactions with 

ammonia did not produce FOX-7, with the major product identified as ammonium 

cyanodinitromethide.202 Since the first synthesis there have been two other synthetic 

routes to FOX-7 developed by FOI, all based around hydrolysis of a larger aromatic 

containing the gem-dinitro group. The first two require the formation of 2-

(dinitromethylene)-4,5-imidazolidinedione which is accomplished by either the 

nitration of 2-methylimidazole via a thermally unstable intermediate or the 

condensation of diethyl oxalate with acetamidine hydrochloride in methanolic sodium 

methoxide which produces 2-methoxy-2-methylimidazoledinedione. Nitration of this 

product yields 2-(dinitromethylene)-4,5-imidazolidinedione which is then hydrolysed to 

FOX-7.203 The third method is the current method used in commercial production by 

FOI and involves the nitration of 2-methyl-4,6-pyrimidinedione in mixed acid followed 

by aqueous hydrolysis producing FOX-7 in 80% yield.204, 205 Other routes have been 

investigated and have been comprehensively reviewed by Bellamy and Viswanath.206, 

207 

 



40 

 

 

Figure 1.27. The three FOI routes to FOX-7, 3 is the current route used in scaled-up 

synthesis.  

FOX-7 has been identified as an insensitive secondary explosive, with detonation 

performance comparable to RDX, but much less sensitive to impact and friction. It was 

also found to have better thermal and chemical stability than both RDX and HMX.204, 

205 The energetic potential is derived from the oxidation of the ethylene backbone. It is 

thought this stability and low sensitivity is due to the formation of a layered hydrogen 

bond network throughout the crystal structure, with hydrogen bonds extending from 

the amino groups of one molecule of FOX-7 to the nitro group of another due to the 

ópush-pullô ethylene structure. The layers of molecules are also thought to help 

decrease sensitivity as they allow the crystal to move when under mechanical 

strain.208-210  
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Figure 1.28. Crystal structure of FOX-7 showing the intermolecular hydrogen bonding 

network. Ellipsoids set to 50% probability level. Image produced from data available 

at ref:208 

As a result, FOX-7 has been investigated and developed for a wide range of 

applications, such as melt-cast explosives, boosters and propellants.211-213 Itôs 

structural advantages have also lead to the development of salts,210, 214 coordination 

compounds,215 co-crystals,216 and structural modifications,217 with over 200 examples 

published. However, a recent review concludes, ñwhile the research in the energetic 

materials field has progressed rapidly, many possibilities of FOX-7 structural 

modifications, salts, co-crystals, formulations, etc., are still awaiting exploration.ò218 

TNAZ was first synthesised by Archibald et al. in 1989 in a five-step process.219 This 

synthesis involved reacting tert-butylamine and epichlorohydrin to form N-tert-butyl-3-

hydroxyazetidine. This was treated with methanesulfonyl chloride followed by sodium 

nitrite with phloroglucinol to prevent the formation of the nitrite ester, yielding N-tert-

butyl-3-nitroazetidine. This was nitrated with sodium nitrite, sodium sulfate and 

potassium ferricyanide completing the nitration of the 3-position. Finally, the 1-position 

was nitrated with nitric acid and acetic anhydride affording TNAZ in under 20% yields.  
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Figure 1.29. The original route to TNAZ reported by Archibald et al.219  

This was followed by a series of papers developing the synthetic route in an attempt 

to increase yields, allow for scaling up of reactions and to eliminate the use of 

epichlorohydrin, a toxic chemical and possible carcinogen.220 This work was 

undertaken by Marchand et al.,221 Nagao et al.222 and Axenrod et al.223, 224 but 

continued seeing poor yields. The largest yield reported was by Archibald, Coburn and 

Hiskey at Los Alamos who reached an overall yield of 57% and is currently used in 

scaled synthesis at a pilot plant.225 This new route begins with formaldehyde and 

nitromethane, which form tris(hydroxymethyl)nitromethane under base catalysis, 

without isolation this is treated with formaldehyde and tert-butylamine to from a 1,3-

oxazine intermediate which decomposes with heat to form an aminodiol. Diisopropyl 

azodicarboxylate (DIAD) and triphenylphosphine reacts with the aminodiol to form the 

azetidine ring which is then nitrated with sodium nitrite, sodium persulfate and 

potassium ferricyanide followed by a further nitration with ammonium nitrate in acetic 
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anhydride. However, despite these improvements, Krause reports that TNAZ is not yet 

commercially available due to high production costs.10 More recent investigation into 

the synthesis of TNAZ has shown little improvement, with routes summarised in a 

recent review by Stepanova and Stepanov.226 

 
Figure 1.30. The current route to TNAZ reported by Archibald, Coburn and Hiskey 

which has been scaled up in a pilot plant synthesis.225 

TNAZ has been classified as a secondary explosive with similar performance to HMX, 

while also being melt-castable (melting point: 101 ÜC, decomposition point: 245 ÜC). 

Small-scale sensitivity tests show it is more sensitive than TNT but is less chemically 

vulnerable.227-230 The explosive character of TNAZ comes from its C-NO2 and N-NO2 

explosophores, as well as the ring strain of the azetidine moiety. Despite its drawbacks 

of sensitivity and high production cost, TNAZ has been examined for use in melt-

castable explosives, PBX formulations and propellants.231-233 The chemistry of TNAZ 

has also been developed similar to FOX-7, with research focussing on structural 

changes to TNAZ, including the development of 3-azido-1,3-dinitroazetidine 

(AzDNAZ), a promising melt-cast explosive itself.234-237 
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TKX-50 was first synthesised by Fischer et al. in 2012 as hydroxylammonium salt of 

doubly deprotonated 5,5ô-bistetrazole-1,1ô-diol (1,1ô-BTO).238 1,1ô-BTO was 

synthesised by two methods, the first the oxidation of 5,5ô-bistetrazole with Oxone, 

which produced 1,1ô-BTO in poor yields, with the 2,2ô- isomer the majority product, and 

the second from the cyclisation of diazidoglyoxime (DAG), a highly sensitive 

intermediate, in a route first reported by Tselinskii in 2001.239 Fischer was able to 

develop a one-pot reaction to avoid the isolation of the sensitive DAG intermediate, 

allowing the cyclisation to occur in solution. This route starts with glyoxal which is 

chlorinated with Cl2 in ethanol yielding dichloroglyoxime (DCG), to which sodium azide 

is added in DMF for a chloro-azido exchange. This produces DAG in-situ, which is 

added into diethyl ether and HCl gas is passed through, cyclising to 1,1ô-BTO. The 

DMF in the reaction hydrolyses to dimethylamine, which deprotonates the 1,1ô-BTO 

forming bis(dimethylammonium) 5,5-bistetrazole-1,1-diolate which can be isolated. 

This salt can be redissolved in water, followed by addition of hydroxylammonium 

chloride to form TKX-50 in yields between 72 and 85%.238, 240 

 

Figure 1.31. The one-pot synthetic route to 1,1ô-BTO reported by Fischer et al. This is 

deprotonated with dimethylamine formed from hydrolysis of DMF, followed by salt 

metathesis to the bis(hydroxylammonium) salt, TKX-50.238  
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Recently, a modified synthetic route has been reported by Lee and Kwon, which 

replaces the DAG intermediate with ditetrahydropyranyl diazidoglyoxime (THP-DAG), 

a protected form of DAG with a much lower sensitivity, by introducing the protecting 

groups to DCG.241 Further modification by Ha et al. introduced an insensitive 

intermediate, di(2-methoxypropal-2-yl) diazidoglyoxime (MIP-DAG), with reported 

sensitivity far below DAG and THP-DAG.242 It is thought that the sensitivity of the 

intermediate is affected by the steric hindrance around the hydroxyl groups in DAG, 

and the protecting groups would allow for scaled synthesis which has been seen as a 

challenge with the previous formation of the DAG intermediate.240, 243 

 
Figure 1.32. The Lewis structures of the less sensitive intermediate to TKX-50, THP-

DAG developed by Lee and Kwon,241 and the insensitive intermediate, MIP-DAG 

developed by Ha et al.242 

TKX-50 has been categorised as an insensitive secondary explosive and has been 

seen as a less sensitive but more powerful alternative to RDX with a decomposition 

temperature of 221 ÜC.238, 243, 244 Fischer et al. calculated the energetic performance 

values using EXPLO5 which gave detonation performance values exceeding CL-20, 

RDX and HMX, with the explosive power stemming from the high nitrogen content of 

the tetrazole explosophore.238, 245 However, these values have been under discussion. 

Sinditskii et al. began the discussion by publishing experimental enthalpy of formation 

values, showing the calculated value to be much higher, using this enthalpy of 
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formation lead to detonation performance values comparable to HMX.246, 247 Recently, 

Silva et al. showed that the calculated and experimental values could agree if an 

enthalpy of formation model is used without strictly an ionic TKX-50 species or a strictly 

neutral TKX-50 adduct.248 TKX-50 also has a low sensitivity, determined to be lower 

than RDX. The sensitivity of TKX-50 has been investigated by looking into the 

behaviour of the crystal structure under different conditions. Dreger et al. and Yan et 

al. both investigated the relationship between the crystal structure and pressure,249, 250 

whilst Herrmann and Fºrter-Barth investigated the relationship between crystal data 

and temperature.251 These investigations determined that the layered structure and 

hydrogen bond network both play a significant role in the stability of TKX-50.  

 
Figure 1.33. Crystal structure of TKX-50 showing the intermolecular hydrogen 

bonding network. Ellipsoids set to 50% probability level. Image produced from data 

available at ref.238 

Due to the promising performance and sensitivity values TKX-50 has been 

investigated for use in PBXs,243 propellants,252 high explosive formulations,253, 254 and 

thermobaric devices.255 As well as TKX-50 itself, other salts of 1,1ô-DTO and co-

crystals of TKX-50 have been developed.256-259 However, investigations by Huang et 

al. has shown compatibility issues that will need to be overcome.260 A recent review by 

Jiang et al. concludes that development of TKX-50 needs more non-computational 

investigation and development of a scalable synthesis.244 
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1.4. Synthesis of Novel Energetic Materials 

As previously discussed in the sections regarding primary and secondary energetic 

materials, the current trends in the synthesis of novel energetic materials are to 

develop non-toxic, green, and powerful energetic materials with sensitivities in the 

appropriate range for the application.1, 91  

 
Figure 1.34. Key considerations when developing novel energetic materials. 

Other considerations taken into account must be: thermal stability, prevents 

degradation of the material when exposed to high temperatures but below its 

decomposition temperature, i.e. loss of ammonia in an ammonium salt; compatibility, 

prevent unintended reactions when used in energetic formulations, longevity, 

withstanding storage for long periods of time, low solubility, prevents energetic 

materials dissolving in a solvent such as water, stopping leaching and reducing toxicity, 

while also potentially increasing synthetic yield; light and water sensitivity, prevents 

degradation of the material when exposed to light and water; and cost, long synthesis 

with poor availability of starting materials or expensive metals like silver increases 

production costs.12, 114, 261, 262 
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While these considerations are important from an application of energetic materials 

point of view, the synthesis of novel energetic materials also allows us to investigate 

the fundamental chemistry of energetic materials. The development of new synthetic 

methods to energetic materials and investigation of their coordination chemistry with 

transition metals has led to innovations in flow chemistry, electrochemical synthesis, 

green synthesis, and coordination chemistry.263, 264 

While some parameters can be estimated with calculations, without synthesis of the 

novel energetic material, uncertainty in these figures means that design and synthesis 

of novel energetic materials remains a field with lots of scope for development. To aim 

for the goals presented above there are certain structural motifs that must be included 

to get the performance and sensitivity desired. As discussed in 1.1.1., performance 

can be increased by: increasing the nitrogen content and having a high N% as seen 

in DBX-1 and TKX-50, a high N% is defined as having more than 60% of the molecules 

mass be nitrogen, this leads to high enthalpies of formation and therefore large heats 

of detonation; introducing molecular strain in the cage or ring system as seen in CL-

20 and TNAZ which adds potential energy to the molecule increasing heat of 

detonation; maintaining an oxygen balance of zero to maximise the formation of H2O 

and CO2 as decomposition products to maximise the heat of detonation; and finally 

maximising the crystal density as energetic materials with higher crystal densities have 

higher velocities and pressures of detonation.  

Nitrogen content can be increased by the utilisation of a nitrogen-rich backbone such 

as an azole or azine ring system which will be further discussed later in the chapter, 

or the addition of nitrogen-rich functional groups such as amino, azido and nitro groups 

or nitrogen-rich counterions such as ammonium, hydrazinium, guanidinium etc. In the 

same vein, oxygen balance can be modified by the addition of oxygen-rich functional 

groups such as hydroxyl groups, N-oxides and nitrite esters, or the use of oxygen-rich 

counterions such as hydroxylammonium. Crystal densities can be increased by 

introducing intermolecular bonding networks via amino groups or other intermolecular 

bond acceptor/donor groups. Methods of forming inter- and intramolecular bonds will 

be explored later in the chapter. Increasing inter- and intramolecular bonding also 

decreases the sensitivity of the energetic material. This is achieved in two ways, first 

by increasing the planarity of the crystal structure via intermolecular bonds, creating 

planes of molecules which can slide past each other under load reducing hotspot 
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formation, and second by creating intramolecular bonds which increases the planarity 

of the energetic molecule itself leading to nitro groups with more double bond character, 

strengthening the R ï NO2 bond, as well as increased separation of ů and  ́electrons 

which is thought to decrease sensitivity.265-267  

1.4.1. Azoles and Azines 

Nitrogen-rich heterocycles have been a common backbone in the synthesis of a range 

of materials, with many key developments in recent years.114, 268-270 These compounds 

are found in agrochemicals and pharmaceuticals as their structure allows azole-based 

derivatives to easily bind with enzymes and receptors through noncovalent 

interactions such as hydrogen bonds, cation-́- and -́́-stacking etc., leading to 

important interactions in medicinal chemistry, especially the anti-fungal effects of 

imidazoles and triazoles.271 Azoles also play a major role in coordination chemistry 

where they act as useful building blocks for coordination oligomer and polymer 

assemblies where they can act as bridging ligands for the formation of new metal-

organic frameworks which are being utilised as important platforms for heterogeneous 

catalysis and gas storage.272  

 

Figure 1.35. Lewis structures of some unsubstituted nitrogen-containing heterocycles. 
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As we have seen, nitrogen-containing heterocycles are also important as energetic 

materials, seen in RDX and DBX-1 amongst others. This is due to their high nitrogen 

content resulting in high enthalpies of formation compared to carbon backbone 

materials such as TNT as well as increased density, the release of environmentally 

benign N2 on decomposition, the high thermal stabilities displayed, the range of 

functionalisation possible on the heterocyclic ring and the ability of azoles to be used 

as cations and anions in energetic ionic compounds.114, 186, 273 N-heterocycles can be 

modified with a wide range of functional groups including explosophores such as azido, 

nitro and nitramino groups. This allows for the improvement and tuning of the energetic 

performance of the material by modifying the enthalpy of formation, nitrogen content 

and oxygen balance. Furthermore, introduction of electron withdrawing groups 

increases the materials impact sensitivity due to the formation of regions of positive 

electrostatic potential in the nitrogen-rich rings.274 The use of azole and azine ring 

systems in energetic materials is well reviewed by OôSullivan and Zdilla.275 

1.4.2. Nitration 

The nitro group is one of the most widely used explosophores in energetic materials 

and especially with regards to N-heterocycles.265, 276 Nitro groups are most commonly 

introduced into N-heterocycles via four methods: i) electrophilic aromatic substitution, 

ii) single electron transfer, iii) ipso substitution, iv) oxidation of nitrogen containing 

functional groups.277 The most common method of heterocyclic C nitration is thought 

to rely on an electrophilic aromatic substitution mechanism (method i) in which the 

NO2+ nitronium ion serves as the attacking electrophilic reactant.278 The nitronium ion 

can be formed by protolysis of nitric acid with sulphuric acid of mixed acid - a H2SO4 / 

HNO3 acid mixture.279 

The reactivity of the nitronium ion as a nitrating agent was confirmed by the work of 

Bennet280 and Westheimer et al.281 who stated that in H2SO4 / HNO3 acid mixtures an 

ñionisation of the nitric acid was involved in the determination of the maximum rate of 

nitrationò, and suggested that the ñthousand-fold increase in rate of nitration that 

accompanies and increase in sulfuric acid concentrationò could only be explained by 

the production of the nitronium ion.281 
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Figure 1.36. Protolysis of nitric acid with sulfuric acid forming the nitronium ion. 

Other methods to generate the nitronium ion are known, including the addition of metal 

nitrates to strong acids,282 the use of nitronium cation salts such as nitronium 

tetrafluoroborate,281 the use of organic nitrating agents such as N-nitrosaccharin,283 or 

the autoprotolysis of nitric acid.284 

 

Figure 1.37. Autoprotolysis of nitric acid forming the nitronium cation. 

The electrophilic aromatic substitution (EAS) mechanism with the nitronium ion was 

first developed by Ingold, Hughes and Reed,285 in which an aromatic substrate and 

the nitronium ion take part in a reversible reaction to form the Wheland intermediate, 

an unstable ů-complex, which undergoes fast deprotonation to form the nitro-aromatic 

compound.285 This was further developed by Dewar who proposed transition states 

consisting of -́complexes between the starting materials and ů-complexes, and 

between ů-complexes and final products.286 
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Figure 1.38. Examples of the Ingold-Hughes EAS mechanism for nitration with the 

nitronium ion (top) and the SET mechanism for nitration (bottom). 
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While the Ingold-Hughes mechanism (EAS) is commonly accepted as the mechanism 

for the nitration of aromatic species including N-heterocycles it has been shown to not 

fully explain the experimental data available for aromatic nitrations.287-289 Importantly, 

Olahôs work involving nitronium salts showed that the rate limiting step in the nitration 

was the formation of the stable -́complex 1.281  

First proposed in separate papers by Kenner290 and Weiss291, the alternative is the 

single-electron transfer (SET) mechanism which involves the formation of an ion-

radical pair intermediate in the formation of the -́complex. The recombination of the 

radicals produce the same ů-complex involved in the Ingold-Hughes EAS mechanism. 

292 Following further experimental investigation by Perrin293 and Morkovnik294 showed 

further evidence of the SET mechanism. Computational investigations showed that 

electron charge transfer to the nitronium ion takes place in the -́complex formation, 

further agreeing with the SET mechanism.292 However, these computational 

investigations only consider the gas phase. When Galabov et al. included solvent 

effects, they found that no significant charge transfer takes place between arenes and 

the nitronium ion in a liquid reaction medium of a H2SO4 / HNO3 acid mixtures, and 

that the reaction mechanism must be the Ingold-Hughes EAS type.295 The 

contradictory experimental and computational evidence leads to the conclusion that 

there is no firm mechanism by which the nitronium cation nitrates aromatic systems, 

and it has been suggested that both EAS and SET mechanism are viable and which 

mechanism is used depends on the properties of the substrate, for example the 

electron deficiency of the aromatic ring.295 

However, experimentally the specific mechanism of nitration is rarely considered an 

issue and nitrations using the nitronium ion are frequently used in the synthesis of 

azole- and azine-based energetic materials due to the ease of synthesis, ease of 

access to reactants and generally good synthetic yields. Commonly seen are poly-

nitrated imidazoles, pyrazoles, and pyrazines,277 however direct nitration using this 

method is impossible on the imidazole 2-position and pyrazole 3/5-positions as well 

as in triazoles and tetrazoles.296, 297 

To access 2-nitroimidazoles or 3/5-nitropyrazoles N-nitration must be performed using 

acetyl nitrate, a reagent formed from the addition of nitric acid to acetic acid, followed 

by isomerisation to the required C-nitro compound.298 This is clearly seen in the 
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formation of 2,4-dinitroimidazole, which involves forming 1,4-dinitroimidazole with 

acetyl nitrate followed by isomerisation in chlorobenzene at 115 ÜC.296 

 

Figure 1.39. Reaction scheme for the formation of 2,4-dinitroimidazole via 1,4-

dinitroimidazole using acetyl nitrate and isomerisation.  

The nitration of triazole and tetrazole involves ipso nitration of the corresponding 

diazo-compound using nitrite in aqueous solution. This has previously been seen with 

the formation of 5-nitrotetrazole (5-NT) to form DBX-1. Interestingly, while triazole itself 

cannot be directly nitrated, triazolone can be and forms 5-nitro-1,2,4-triazol-3-one 

(NTO). The diazo group is formed from 5-aminotetrazole and 3-amino-1,2,4-triazole 

reacting with nitrite in a Sandmeyer reaction which then reacts with more nitrite forming 

the nitro group.119, 299 

 

Figure 1.40. Reaction scheme for the formation of 3-nitro-1,2,4-triazole using sodium 

nitrite.  

Other ipso nitration pathways are available,300-302 and have seen recent investigation 

in the improvement of synthesis of 2,4,5-trinitroimidazole (TNI). Some attempts began 

with 2,4,5-triiodoimidazole and were followed by nitration with conc. nitric acid.303, 304 

While these reactions did produce TNI, the yields were low and multiple side products 

were also synthesised. The ipso nitration of iodoimidazoles was further investigated 

by Jin et al. in 2014, who attempted to create a one-pot synthetic route to TNI using 4-

nitroimidazole and nitric acid with the inclusion of potassium iodide as a reactant.305 

This creates an iodinated intermediate species which is then nitrated to TNI with 

reported yields of 80%. 
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Figure 1.41. One-pot synthesis of 2,4,5-trinitroimidazole from 4-nitroimidazole using 

potassium iodide.305  

The final nitration method involves the oxidation of nitrogen-containing functional 

groups such as amino, azido, and nitroso groups to form nitro groups and is explored 

further in Chapter 6. The different nitration systems for N-heterocycles are well 

reviewed in works by Larina,284 Zhang,306 Dai,307 and Wang.277 

1.4.4. Non-covalent Intra- and Intermolecular Bonding 

Control of the non-covalent intra- and intermolecular bonding interactions in energetic 

materials are vital in the search for powerful but insensitive materials. These 

interactions have been shown to increase crystal density and thereby increase 

performance and at the same time decrease sensitivity.265, 308 This phenomenon has 

been explored widely in the synthesis of novel energetic materials,2, 309 as well as co-

crystal design.310, 311 The key interactions are hydrogen bonds, halogen bonds, ́-́ 

interactions and van der Waals interactions,311 which work in parallel to influence the 

stability of an individual molecule through intramolecular bonding, and the density and 

stability of the overall crystal lattice through intermolecular bonding.  

Hydrogen bonding is an interaction where a hydrogen atom is attracted between two 

electronegative atoms, D (donor) and A (acceptor), rather than just one and acts like 

a bridge between them, with the strength of the hydrogen bond being influenced by 

the electronegativity of the atoms D and A.312, 313  

 

Figure 1.42. The length of the hydrogen bond is directly related to the strength of the 

interaction. 
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Hydrogen bonds are exceedingly common, with many strong interactions seen in solid 

phases as well as further weak interactions. They span dissociation enthalpy value 

from 0.25 to 40 kcal mol-1 which leads to differing nature between each hydrogen bond, 

including electrostatic, covalent and dispersion (stemming from van der Waals 

interactions) contributions.314 Strong hydrogen bonds have energies from 15 to 40 kcal 

mol-1 with bond lengths of 1.2 to 1.5 ¡. Moderate hydrogen bonds have energies from 

4 to 15 kcal mol-1 with bond lengths of 1.5 to 2.2 ¡. Weak hydrogen bonds have 

energies less than 4 kcal mol-1 with bond lengths longer than 2.2 ¡ and may be 

bifurcated.314, 315 

 
Figure 1.43. Examples of strengths of hydrogen bonds between the limits of forming 

a covalent bond or being described as an electrostatic or van der Waals interaction. 

Reprinted from Desiraju with permission.313 Copyright 2002, American Chemical 

Society. 

Similar to the hydrogen bond is the halogen bond, which relies on the electrostatically-

driven closed shell interaction of a donor of electron density (D) to with an electrophilic 

halogen (X). The halogen atoms electron deficient ů-hole accepts electrons from a 

lone pair of a donor atom forming a halogen bond.316, 317 Bond energies can range 

from 10 to 200 kJ mol-1, depending on the halogen bond donor (Cl < Br < I) and the 

electron withdrawing nature of the atom or moiety bound to the halogen. Nitrogen 

atoms form stronger halogen bonds than oxygen and sulfur.318 Halogen bonds are 
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more directional than hydrogen bonds, with typical bond angles between 120 and 

180Ü.317 They often form crystal structures in combination with hydrogen bonds, 

despite a tendency to suppress the formation of hydrogen bonds when a strong 

halogen bond donor is added, forming 1D, 2D and 3D structures.318, 319 

 
Figure 1.44. Some examples of halogen bonds between R-X (X = halogen) and a lone 

pair of NH3, ́ electrons of a benzene ring, and a bifurcated halogen bond between 

the lone pairs of nitro group oxygen atoms.  

 

Figure 1.45. Part of a 2D layer of the crystal structure of 4-nitroaniline and 1,4-diiodo-

2,3,5,6-tetrafluorobenzene, showing the hydrogen bond and halogen bond network 

containing N-HéO, N-HéF, C-HéF, and C-HéO hydrogen bonds and NO2éI 

halogen bonds. Image reprinted from Nemec and Cinļic320 with permission from the 

Royal Society of Chemistry.  
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-́́ interactions refer to the overlap of the negatively charged ˊ orbitals of the 

aromatic ring conjugated system and the positively charged ů framework of another 

aromatic ring leading to an attraction between the two aromatic rings.315 These 

interactions can form with a range of geometries, forming with cofacial -́stacked 

geometry (ósandwichô), parallel offset geometry (óslip stacked) and perpendicular 

geometry (óT-shapedô).321, 322 Due to Pauli repulsion, the archetypal óstackedô geometry 

is not favourable and exists on an energetic saddle point, the energetic minimum being 

the parallel-offset geometry.321 The typical energy range for -́́  interactions is 1 to 50 

kJ mol-1 with distances commonly around 3.5 ï 5 ¡. In parallel offset geometry the 

centre-normal angle should be less than 20Ü.323, 324 The formation of -́́  interaction 

layers allows óslippageô between the layers inside the crystal structure, seen in the use 

of graphite as a lubricant.315 There can also be nitro-́  interactions which have been 

known to stabilise energetic materials.325-327 These interactions typically have O ï 

centroid distances below 3.4 ¡ and N ï O ï centroid angles of 130 - 150Ü,328 and have 

only been recently recognised as a feature in energetic materials.329 

 

Figure 1.46. Geometric motifs in the benzene dimer, with an illustration of the 

quadrupolar electrostatic picture for each: (a) cofacial -́stacked geometry 

(ósandwichô), (b) parallel-offset geometry (óslip-stackedô), and (c) perpendicular 

geometry (óT-shapedô). Reprinted from Carter-Fenk and Herbert,322 with permission 

from the Royal Society of Chemistry. 

Van der Waals (vdW) interactions are a result of fluctuations in the electron distribution 

cloud between molecules that are in close proximity in each other. The movement of 

the electron cloud creates a dipole within the molecules with adjacent opposite charge 
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dipoles resulting in an attractive force between the molecules, called a London 

interaction. The strength of the London interaction is dependent on the polarisability 

of the molecule, with the more polarisable, the stronger the interaction.315 However, 

when the distance between the electron clouds becomes too close the force becomes 

repulsive. This occurs at the van der Waals contact distance where the distance 

between the two molecules is less than the sum of the van der Waals radii.  

 

Figure 1.47. A representative London interaction between two atoms showing the shift 

in the electron cloud creating the attracted dipoles. 

In crystals, molecules tend to align to form the maximum number of vdW interaction in 

the structure to minimise the lattice energy. These interactions allow the structure to 

reduce the amount of void space and form the most stable crystal structure.315 The 

poor strength of vdW interactions can be overcome with stronger intermolecular 

interactions such as hydrogen bonds, the number and dynamic nature of vdW 

interactions means this close packing is achieved by most structures with some key 

examples where the intermolecular bonded framework of molecules can overcome the 

vdW forces.315, 330  

In energetic materials these interactions play a key role in the formation of the crystal 

structure and therefore the properties of the material. Hydrogen bonds, halogen bonds, 

-́́  interactions and van der Waals interactions form intermolecular systems which 

can increase the performance and decrease the sensitivity of the material.309, 311, 331 

To increase the performance the systems increase the crystal density by forming tight 

frameworks and eliminating voids. Interestingly, eliminating voids from the energetic 

crystal structure and thereby reducing the free space per molecule in the unit cell 

decreases impact sensitivity proportionally, though in many materials this is a minor 

component of impact sensitivity.332 The formation of hydrogen bonded sheets with -́

ˊ interactions between the sheets has shown great decreases in mechanical 

sensitivity due to the increase in thermal conductivity333 and the óslidingô effect of the 

Electron Cloud Nucleus 

ŭ+ ŭ- ŭ- ŭ+ 
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stacked sheets.334-336 Intramolecular hydrogen bonding also decreases sensitivity as 

interactions between amino and nitro groups planarise examples of energetic ring 

structures by pulling the nitro group back into plane. This stabilises the molecule by 

increasing the packing density due to the planarity of the molecules, increasing the 

double bond character of the C-NO2 bond thereby increasing the strength of the trigger 

bond and forming delocalised -́electron networks between the amino and nitro 

groups.267, 333, 337  

 

Figure 1.48. Examples of energetic compounds (1,1-diamino-2,2-dinitroethylene, 

FOX-7; 1,3-diamino-3,5-dinitropyrazole, DADNP; 5,7-diamino-4,6-

dinitrobenzofuroxan, CL-14; 2,4,6-triamino-1,3,5-trinitrobenzene, TATB) stabilised by 

N-HéO2N intramolecular hydrogen bonds (red dashed lines). 

The least sensitive materials contain a combination of strong intra- and intermolecular 

hydrogen bond networks and sheets of stacked -́́  interactions. This is clearly seen 

in the crystal structure of the insensitive secondary explosive 2,4,6-triamino-1,3,5-
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trinitrobenzene (TATB) which forms intramolecular hydrogen bonds between the 

amino and nitro groups, intermolecular hydrogen bonded sheets between TATB 

molecules, and -́́  interactions between the layers of sheets similar to graphite.334, 

338 Due to this crystal lattice TATB has an impact sensitivity of 120 J and a 

decomposition temperature of 350 ï 360 ÜC,1, 333 compared to 7.4 J and 210 ÜC for 

RDX.1 Work by Rice and Hare and more recently by Deschamps and Parrish showed 

the effect of introduction of successive amino groups on the sensitivities of 

trinitrobenzenes and dinitrobenzofuroxans, displaying the great increase in impact 

sensitivity stemming from the intra- and intermolecular hydrogen bond networks and 

other intermolecular interactions such as -́́ and nitro-́  interactions allowing slipping 

between hydrogen bonded layers of the energetic compound.327, 339 

Compound Drop height, h50 (cm)a IS (J) 

1,3,5-trinitrobenzene 71 17 

2-amino-1,3,5-trinitrobenzene 141 34.5 

2,4-diamino-1,3,5-trinitrobenzene 320 78.4 

TATB  490 120 

4,6-dinitrobenzofuroxan 76 19 

7-amino-4,6-dinitrobenzofuroxan 100 24.5 

CL-14 120 29.4 

FOX-7 126 30.9 

Table 1.6. Experimental impact sensitivities, showing the desensitising effects of 
amino groups forming intra- and intermolecular bonds. a Data from Rice and Hare.339 

 

Figure 1.49. Cofacial ˊ stacking (a) and intermolecular hydrogen bonding of TATB. 

Reprinted from with permission from Zhang et al.340 Copyright 2014, American 

Chemical Society.  
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1.4.4. Metal Salts and Coordination Compounds 

Through the inclusion of acidic, deprotonatable sites when designing energetic 

materials, one can use metal and organic cations to change the properties of the acidic 

energetic ligand. Examples of these acidic groups are heterocyclic N-H groups in 

azoles, C/N-O-H groups, C/N-NH2 groups, C-NH-NO2 groups and C/N-CH(NO2)2 

groups. Common cations used are metals such as Na+, K+, Ag+, Cu+ and Cu2+ as we 

have seen previously, but can also be organic, nitrogen-rich molecules such as 

ammonium, guanidinium and protonated azole rings.186, 273 Deprotonation of the 

energetic material and the formation of ionic salts or transition metal coordination 

compounds can massively change the physicochemical properties of the material, 

such as decomposition temperature, impact and friction sensitivity, and detonation 

performance, allowing for the tuning of the energetic properties.2, 263, 341 

  

Figure 1.50. Examples of deprotonated acidic moieties commonly seen in energetic 

materials.  

The introduction of the ionic species changes the crystal lattice and intermolecular 

bonding structure, thereby changing the energetic properties of the materials by 

changing the lattice enthalpy, the density, and the packing structure.273, 342 The 

formation of the anionic ligand also can have an effect by changing the electrostatic 

potential.343 The anion also has reduced acidity which reduces the vapour pressure.1 

However, one cannot make a definitive statement on what changes to the energetic 

properties the formation of an ionic salt or coordination complex will make. 

Experimental evidence does not show a clear trend in the coordination of a metal 

centre to the resultant properties,273, 344 and recent computational studies have failed 

to find a consensus despite suggestions that the formation of salts decrease the 

impact sensitivity of energetic materials due to an increased HOMO-LUMO energy 

gap, decreased bond dissociation energy-total energy ratio and less negative 

electrostatic potential at a trigger bond midpoint.38, 343, 345, 346 
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Compounda Density (g cm-1)b Tdec (ÜC)c IS (J)d FS (N)d Ref. 

5-NTe 1.90 130 <1 <5 347 

Li 5-NT (H2O)3 1.609 270 25 324 348 

Na 5-NT (H2O)2 1.731 200 >30 ~340 348 

K 5-NT 2.027 195 10 <5 348 

Rb 5-NT 2.489 192 5 <5 348 

Cs 5-NT 2.986 194 10 <5 348 

Mg 5-NT (H2O)6 - 195 >40 240 349 

Ca 5-NT (H2O)6 1.783 180 35 84 349 

Sr 5-NT (H2O)5 - 210 15 48 349 

Ba 5-NT (H2O)5 - 235 2.5 ï 5 <20 349 

Ag 5-NT 3.184 275 <1 <5 350 

Cu 5-NT (DBX-1) 2.584 321 0.051 0.4 119, 351 

Cu (5-NT)2 H2O - 230 <3 <5 352 

NTOe 1.930 280 >120 >353 1 

K NTO H2O - 219 - - 353 

Mg NTO (H2O)8 - 186 - - 354 

Ca NTO (H2O)4 - 172 - - 354 

Sr NTO (H2O)5 - 218 - - 354 

Ba NTO (H2O)3 - 209 - - 354 

Pb (NTO)2 - 188 - - 353 

Cu (NTO)2 (H2O)4 2.002 167 - - 353 

Na TNI - 249 >40 >360 344 

K TNI - 231 25 120 344 

Ca (TNI)2 (H2O)2 - 188 >40 >360 344 

Sr TNI H2O - 239 >40 >360 344 

Ba (TNI)2 (H2O)2 - 166 >40 >360 344 

Cu (TNI)2 (H2O)4 - 170 3 80 344 

Table 1.7. Physicochemical properties of known metal salts and coordination 

compounds of 5-nitrotetrazole (5-NT), 5-nitro-1,2,4-triazol-3-one (NTO) and 2,4,5-

trinitroimidazole (TNI). a Water content may be water of crystallisation or coordinated 

to the metal centre. b Experimentally determined density from X-ray. c DSC onset of 

decomposition, 2 ï 10 ÜC min-1. d Determined by standard BAM methods. e 

Measurements of the energetic proligand, i.e. protonated. 
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Figure 1.51. Lewis structure of 5-nitrotetrazolate (5-NT) and 2,4,5-trinitroimidazole 
(TNI). 

Table 1.7 presents experimentally determined density, decomposition temperature, 

impact and friction sensitivity of known metal salts and coordination compounds of 5-

nitrotetrazole (5-NT), 5-nitro-1,2,4-triazol-3-one (NTO) and 2,4,5-trinitroimidazole 

(TNI). The only trend in the density data is the decrease as more molecules of water 

are included in the crystal structure of materials containing 5-NT. As crystal structures 

of materials containing NTO and TNI are missing further analysis cannot take place. 

An overall increase in decomposition temperature is seen when coordinating 5-NT to 

metal centres when compared to the free acid of 5-NT, although there then a decrease 

when moving down the series of alkali metals (Li > Na > K > Rb > Cs). An increase is 

seen when moving down the series of alkali earth metals (Ba > Sr > Ca > Mg) and 

when coordinated to copper(I) instead of copper(II). However, the opposite is true 

when comparing the free acid of NTO and its metal-containing compounds. No metal 

coordination compounds have a decomposition temperature as high as NTO itself, 

with the highest decomposition temperature of the metal-containing compounds being 

the potassium NTO monohydrate. As there is no data on the free acid of TNI 

comparison between this and its metal-containing compounds and no clear trend can 

be seen.  

Caution must be taken when comparing impact and friction sensitivities between 

different sources as different groups have different equipment and often the purity, 

particle size and testing parameters is not stated. In this case all IS and FS data was 

collected by the Klapºtke group using BAM testing methods, but one must still exercise 

caution when drawing concrete conclusions. Most metal-containing compounds of 5-

NT remain sensitive, but the alkali and alkali earth metal-containing hydrates are the 

least sensitive. This may be due to the water content decreasing the enthalpy of 
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formation of the crystal and forming a more extensive hydrogen bond network.273, 355 

Most metal-containing compounds of TNI are insensitive according to the experimental 

data, and most are hydrates, however in the case of copper(II) TNI tetrahydrate the 

material is very impact sensitive. This compound goes against the trend of hydrates 

being less sensitive and is as impact sensitive the copper(II) 5-NT hydrate, which has 

a much more sensitive proligand.  

Due to the issues in predicting the effects when investigating metal salts and 

coordination compounds one must synthesise and characterise a number of said 

materials to understand how the metal centres affect that individual energetic ligand.  

Energetic ligands can also be coordinated to transition metal centres to form 

coordination polymers and metal-organic frameworks (MOFs).356, 357 These energetic 

materials take advantage of the covalent coordinating bond between the energetic 

linker and metal centre to form 1D, 2D and 3D materials with high densities, high 

thermal stabilities, and low impact sensitivities. Synthesis of these materials often 

requires the functionalisation of further ólinker groupsô such as carboxylates which are 

detrimental to the energetic performance, but the use of functionalised azoles as 

linkers has led to a great increase in performance, with some materials matching or 

exceeding the values of traditional secondary explosives.358-360 These materials can 

then be further tuned by the inclusion of other energetic anions such as azides, 

perchlorates and nitrates which can modify the sensitivity or performance of the 

material.361-363 Selected examples are K2NTT, potassium 5-(5-nitro-1,2,4-triazol-3-yl)-

tetrazolate;358 Na3TTzTa, sodium 1,3,5-tris((2H-tetrazol-5-yl)methyl)-1,3,5-triazinane-

2,4,6-trione;360 and NiNPAONO3, nickel 5-(4-nitro-pyrazol-3-yl)-1,3,4-oxadiazol-2-

amine trihydrate dinitrate.363 

Compound 
Density 

(g cm-1) 
Tdec (ÜC) IS (J) FS (N) 

Vdet 

(ms-1) 

Pdet 

(GPa) 
Ref. 

K2NTT 2.17 361 35 360 8114 31.2 358 

Na3TTzTA 1.82 344 >40 >360 8500 26.74 360 

NiNPAONO3 1.92 379 20 >360 8553 36.2 363 

RDX 1.82 210 7.5 120 8748 34.9 360 

Table 1.8. Physicochemical properties of selected energetic MOFs compared to 
RDX.  
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Figure 1.52. Lewis structures of the ligands of selected energetic MOFs.  
 

 
Figure 1.53. Selected crystal structural views of Na3TTzTA. Wave-like 2D framework 
structure (a) along the b-axis, (b) along the a-axis. (c) Hydrogen bonding interactions 
between the adjacent 2D sheets, (d) 3D supramolecular framework along the b-axis. 
Reprinted from Rajak et al. with permission.360 Copyright 2023, American Chemical 
Society. 
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1.5. Objectives 

Based upon the strategies described for developing novel energetic materials, the 

chemistry of nitrated azole ring structures including metal centres and intermolecular 

bonding networks will be developed in this study. The work focuses on the synthesis 

and characterisation of novel transition metal coordination complexes of known 

energetic proligands to investigate the coordination chemistry and the effect on the 

physicochemical properties of the ligand. A second focus is on the synthesis of novel 

energetic materials based on similar structural motifs, namely a tetrazole ring bound 

to a nitrated azole ring through a C ï C bond. The third focus is the synthesis of 

compounds based on the nitrated 1,3,5-triazine species, with an aim to synthesise 

2,4,6-trinitro-1,3,5-triazine (TNTA), a well sought after but unknown energetic material. 

Finally, the fourth focus is to develop the synthetic and coordination chemistry of 

compounds containing the N,Nô-dinitrourea moiety. 

Chapters 2 and 3 will investigate the transition metal coordination chemistry of the 

known nitro-biheterocycles, 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazole (H2DNPT)364 

and 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT).365 These proligands were found 

to have favourable energetic properties but as of writing the transition metal 

coordination compounds have not been investigated. By coordinating a range of 

transition metals to these compounds, we have seen changes to their physicochemical 

properties as well as interesting phenomena in the crystal structures and 

decomposition temperatures. 

Chapter 4 will investigate the synthesis of the novel nitro-biheterocycle, 5-(4,5-dinitro-

1H-imidazol-2-yl)-1H-tetrazole (H2DNIT). With the aim of synthesising the target 

molecule and developing its transition metal coordination chemistry, this work focuses 

on the functionalisation of imidazole with functional group interconversion and nitration. 

Interesting intermediate products are also investigated including the novel 4,5-dinitro-

1H-imidazol-2-carboxaldehyde (DNICA). 

Chapter 5 is an investigation of one of these interesting intermediates found while 

developing the synthesis of H2DNIT, 2-bromo-4,5-dinitroimidazole (BrDNI). This 

known compound was found to form novel clathrate structures when crystallised in a 

range of polar aprotic solvents giving the same cubic crystal structure in each case.  
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Chapter 6 develops the synthesis of 2,4,5-trinitro-1,3,5-triazine (TNTA) by 

investigating nitration, oxidation, and nucleophilic substitution reactions with different 

1,3,5-triazine molecules.  

Chapter 7 investigates the synthesis of transition metal coordination compounds and 

the formation of heterocycles containing N,Nô-dinitrourea (DNU) moieties. The work 

expands on the known transition metal chemistry of DNU, investigates the mechanism 

of reaction for different cyclisation techniques and discusses the stability of N-nitro 

heterocycles.   
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2. Synthesis and characterisation of novel metal 

coordination compounds of 5-(3,5-dinitro-1H-pyrazol-4-yl)-

1H-tetrazole 

Aims 

1) Investigate the reliability of the published procedures to synthesise 5-(3,5-

dinitro-1H-pyrazol-4-yl)-1H-tetrazole (H2DNPT). 

2) Develop synthetic procedures for the synthesis of novel transition metal 

coordination compounds of DNPT. 

3) Fully characterise the synthesised transition metal coordination compounds 

using IR spectroscopy, single crystal XRD methods and elemental analysis. 

4) Investigate how the change in transition metal coordination centre changes the 

crystal structure and the physicochemical properties of the materials. 

2.1. Introduction 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (H2DNPT) was first synthesised by Benz 

et al. in 2020 and was developed as the first compound combining a dinitropyrazole 

derivative with a tetrazole via a C ï C bond,1 based upon preliminary calculations by 

Ghule et al. who found the compound to have promising density and detonation 

parameters, due to the combination of the azole ring systems and nitro groups which 

give H2DNPT a good nitrogen percentage, oxygen balance and heat of formation.2 

The calculations were performed using density functional theory at B3LYP/6-31G* 

level, with the heat of formation calculated by designing the appropriate isodesmic 

reactions and the densities predicted using CVFF force field. Kamlet-Jacobsô 

equations were then used to calculate the detonation properties. The use of the C ï C 

bridged ring structure allows the stability of the pyrazole ring with the high heat of 

formation of the tetrazole ring to be combined with the pyrazole also allowing for simple 

addition of explosophores such as nitro groups. Benz et al. synthesised energetic salts 

of H2DNPT with cations such as potassium, ammonium, hydroxylammonium, 

guanidinium and aminoguanidinium. The formed salts are all only deprotonated once, 

with the proton being removed from the pyrazole ring as it is the most acidic. These 

were characterised as promising energetic materials, particularly the potassium salt 

with a decomposition temperature of 281 ÜC.1  
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Figure 2.1. Examples of known salts of H2DNPT. G = guanidinium, AG = 

aminoguanidinium.1 

Despite the formation of these high nitrogen content cation and potassium salts, no 

transition metal coordination chemistry has been investigated with the H2DNPT 

proligand. The study below investigates the synthesis of H2DNPT and its coordination 

chemistry ï involving a range of transition metals (Cu(I), Cu(II), Zn(II), Ni(II), Co(II), 

Ag(I)). Characterisation of composition and physicochemical properties of the 

obtained coordination compounds was performed with IR spectroscopy, elemental 

analysis, simultaneous thermal analysis (STA) and X-ray crystallography for those 

materials that were obtained in crystalline form. 

 

Figure 2.2. Examples of metal salts and coordination compounds of H2DNPT 

synthesised in this work. 
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2.2. Results and Discussion 

2.2.1. Synthesis of 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazole (H2DNPT) and its 

sodium salt (NaHDNPT) 

 

Figure 2.3. 5-Step reaction scheme for the synthesis of H2DNPT from Benz et al.1 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (H2DNPT) was successfully synthesised 

from pyrazole in a five-step reaction following the work of Benz et al (Figure 2.3.).1 

The first step is to synthesise 4-chloropyrazole (ClP) from pyrazole with sodium 

hypochlorite generating chlorine in-situ, with a yield after crystallisation forming 

colourless needle shaped crystals of 66%. The 1H and 13C NMR spectra matched 

published values,3 and the IR spectrum showed peaks in the 3000 cm-1 region 

indicating an N ï H stretch, and the strong peak at 832 cm-1 indicated a C ï Cl stretch 

(Appendix 10.1.1.). ClP was then nitrated in a HNO3 / H2SO4 mixture forming 4-chloro-

3,5-dinitroimidazole (ClDNP) with a yield of 80%. The material formed pale-yellow 

block-shaped crystals on evaporation of ethyl acetate following extraction of the 
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nitration mixture. The 1H and 13C NMR spectra matched published values,3 and the IR 

spectrum has a peak at 1557 cm-1 indicating the presence of nitro groups (Appendix 

10.1.2.). ClDNP was then aminated to 4-amino-3,5-dinitropyrazole (ADNP) with 

aqueous ammonia heated to 170 ÜC in a Teflon-lined steel autoclave with a yield of 

82%. The material formed yellow needle-like crystals upon evaporation of the 

extraction solvent and the IR spectrum and NMR spectra match published values 

(Appendix 10.1.3.).3 A crystal structure was also determined of the DMSO solvate 

following crystallisation from the NMR sample.  

 
Figure 2.4. Molecular symmetric unit in the crystal structure of 4-amino-3,5-

dinitropyrazole DMSO solvate. Blue dotted lines represent hydrogen bonds. Thermal 

ellipsoids represent the 70% probability level. Selected bond lengths [¡] and angles 

[Ü]: C1 ï C2 = 1.427; C2 ï C3 = 1.399; C1 ï N1 = 1.343; C3 ï N2 = 1.362; N1 ï N2 = 

1.323; C1 ï N3 = 1.422; C2 ï N4 = 1.328; C3 ï N5 = 1.410; N1 ï C1 ï N3 ï O1 = 3.12; 

N2 ï C3 ï N5 ï O3 = -0.88; C3 ï C2 ï N4 ï H4B = 2.21. 

ADNP was then diazotized in 2M sulfuric acid with sodium nitrite. Following 

neutralisation with sodium carbonate, the diazonium group was substituted with 

cyanide using sodium and copper(I) cyanide using a reductive elimination reaction 

adapted from Demko and Sharpless.4 The substitution formed 4-cyano-3,5-

dinitropyrazole (CDNP) which was recovered as sodium 4-cyano-3,5-dinitropyrazolate 

dihydrate after work up with a 70% yield. The IR spectrum and NMR spectra match 

literature values (Appendix 10.1.4.) with the C ï N stretch at 2251 cm-1.1 CDNP then 
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undergoes a [3 + 2] cycloaddition with sodium azide in the presence of a zinc chloride 

catalyst yielding H2DNPT as yellow block crystals in a 51% yield. Characterisation was 

performed with IR spectroscopy and 13C NMR spectroscopy and mass spectrometry.  

13C NMR analysis of the H2DNPT showed the product to be pure apart from some 

remaining toluene and acetone residual solvent with product peaks at 153.31, 147.00 

and 137.33 ppm. Further drying and recrystallisation from acetone eliminated these 

impurities. 13C NMR and IR spectroscopy of the recrystallised product matched 

literature values (Figure 2.5.).1 The NO2 vibrations were assigned to peaks at 1553, 

1325 and 834 cm-1 for the asymmetric, symmetric and bend vibration modes 

respectively, with each NO2 band position remaining similar across all intermediate 

nitrated products. Mass spectrometry showed the final product to be pure H2DNPT 

(225 m/z) with a very small impurity of CDNP seen in the mass spectrum at 182 m/z 

(Appendix 10.1.5.).  
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Figure 2.5. ATR-IR spectra of H2DNPT. 
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Sodium 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate Ŀ 3.5 H2O (NaHDNPT) was 

synthesised by dissolving H2DNPT in a mixture of water and ethanol at 80 ÜC followed 

by the addition of one equivalent of sodium bicarbonate. The solvent was allowed to 

evaporate slowly yielding orange crystals of NaHDNPT as a hydrate. Dehydration of 

this crystal in an attempt to form the sodium analogue of KHDNPT was unsuccessful. 

NaHDNPT was characterised with IR spectroscopy and X-ray crystallography.  

 

Figure 2.6. Synthesis of NaHDNPT from H2DNPT. 

2.2.1.1. IR Spectroscopy 
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Figure 2.7. Stacked ATR-IR spectra of H2DNPT and NaHDNPT.  
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The ATR-IR spectrum of H2DNPT has a broad N ï H stretch band between 3059 ï 

2160 cm-1. The feature at 1877 cm-1 has not been assigned but does appear in the 

reference data.1 A similar feature appears in other tetrazole based compounds,5, 6 but 

it is not seen in any of the starting materials (Appendix 10.1.1. ï 10.1.4.) or in similar 

compounds such as 3,5-dinitropyrazole.7 The band seen at 1645 cm-1 is the NO2 bend 

overtone. The NO2 group features are at 1553, 1325 and 834 cm-1 for the asymmetric, 

symmetric and bend vibration modes respectively, all within the expected range for 

nitroazoles.8, 9  

When deprotonated as NaHDNPT the water content introduces the bands of non-

hydrogen bonded O ïH at 3626 cm-1 and a broad hydrogen-bonded O ï H stretching 

vibration from 3430 ï 2982 cm-1. The hydrogen-bonded N ï H stretch is also broad, 

from 2800 ï 1800 cm-1. The feature between these two bands is thought to be an 

artefact relating to the background of the spectrum. The O ï H bending vibration is 

shifted slightly to 1635 cm-1. The asymmetric NO2 stretching and NO2 bending 

vibrations are both shifted to 1494 and 850 cm-1 respectively. The symmetric NO2 

stretch has a small shift to 1314 cm-1 but becomes much broader, coalescing with the 

surrounding peaks relating to ring vibration modes. These shifts are similar to the 

reported IR spectra for the potassium salt, KHDNPT, reported at 1527, 1317 and 850 

cm-1 in published data.1  

H2DNPT NaHDNPT  
Assignments 

Frequency (cm-1) 

- 3626 Free O ï H stretch 

- 3430 ï 2982 O ï H stretch 

3059 ï 2160 2800 ï 1800 N ï H stretch 

1553 1494 Asym. NO2 stretch 

1325 1314 Sym. NO2 stretch 

834 850 NO2 bend 

Table 2.1. Wavenumbers and assignment of characteristic IR absorption bands of 
H2DNPT and NaHDNPT. 

2.2.1.2. Structural Determination of NaHDNPT 

Orange plate crystals of NaHDNPT grew from evaporation of the reaction solution and 

were large enough and of sufficient quality for structure determination. The crystals 

were air stable though attempts at dehydration of the crystals to resulted in rehydration 
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of the crystal within minutes of exposure to air. Single crystal X-ray diffraction was 

used to identify the composition of the crystal, which grew in the P21/n space group 

with unit cell dimensions of: a = 9.12 ¡, b = 11.67 ¡, c = 11.62 ¡; Ŭ = 90Á, ɓ = 100.69Á, 

ɔ = 90Á; V = 2366 ¡3; Z = 4; with a density of 1.747 g cm-1 at 100K.  

 

Figure 2.8. Asymmetric unit in the crystal structure of NaHDNPT. Blue dotted lines 

represent hydrogen bonds. Thermal ellipsoids represent the 70% probability level. 

Selected bond lengths [¡] and angles [Ü]: C1 ï C2 = 1.390, C2 ï C3 = 1.378, C1 ï N1 

= 1.342, C3 ï N2 = 1.341, N1 ï N2 = 1.348, C2 ï C4 = 1.456, C4 ï N3 = 1.339, C4 ï 

N6 = 1.321, N3 ï N4 = 1.340, N4 ï N5 = 1.299, N5 ï N6 = 1.358, C1 ï N7 = 1.439, 

C3 ï N8 = 1.443; C1 ï C2 ï C3 = 129.26, N1 ï C1 ï N7 = 119.88, N2 ï C3 ï N8 = 

118.96, C2 ï C1 ï N7 ï O1 = 10.45, C2 ï C3 ï N8 ï O3 = 10.89, C1 ï C2 ï C4 ï N6 

= 63.37. Bottom left inset: Crystals of NaHDNPT Ŀ 3.5 H2O.  

There are two crystallographically independent HDNPT ligands per asymmetric unit, 

with their negative charges satisfied by two crystallographically independent sodium 

1 mm 
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cations. The remaining ligand proton is situated on the tetrazole ring. There are seven 

water molecules per asymmetric unit, with five coordinated to the sodium atoms and 

two forming a hydrogen bond bridge between a coordinated water molecule and a 

tetrazole nitrogen of one of the ligands (O9 ï O14 ï O15 ï N6). The ligands have bond 

lengths and angles similar to the reported structures of H2DNPT (CCDC: 1985991) 

and KHDNPT (CCDC: 1985993),1 however both nitro groups (10.45, 10.89Ü) and the 

tetrazole ring (63.47Ü) are further out-of-plane when compared to KHDNPT.  

 
Figure 2.9. Formula unit in the crystal structure of NaHDNPT with only the 

coordinating atoms and water of crystallisation labelled. Blue dotted lines represent 

hydrogen bonds. Thermal ellipsoids represent the 70% probability level. 

Three HDNPT ligands coordinate via O1, O6 and O8 of the nitro groups to Na1 with a 

bond length of 2.490, 2.504 and 2.409 ¡ respectively. Na2 coordinates to a tetrazole 

nitrogen of each ligand, N4 and N12, with a bond length of 2.557 and 2.685 ¡ 

respectively. The rest of the sodium cations coordination sphere is taken up by water 

molecules in a distorted octahedral arrangement. Na1 is coordinated to three water 

molecules with the O1 ï Na1 ï O11 angle being 169.23Ü, the O6 ï Na1 ï O9 angle 

being 148.38Ü and the O8 ï Na1 ï O10 angle being 161.11Ü. Na2 is coordinated to 

four water molecules with the N4 ï Na2 ï O11 angle being 173.31Ü, the N12 ï Na2 ï 
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O13 angle being 165.77Ü and the O12 ï Na2 ï O13 angle being 168.25Ü. Two atoms 

of O13 form a bridge between two atoms of Na2 with an O13 ï Na2 ï O13 angle of 

97.44Ü, with the protons on O13 also forming a weak bifurcated donor hydrogen bond 

to O8 and N10. The hydrogen bond lengths are 2.528 and 2.392 ¡ respectively and 

have a O8 ï H ï N10 angle of 65.73Ü, a O8 ï H ï O13 angle of 134.75Ü and a N10 ï 

H ï O13 angle of 159.52Ü, correctly summing to 360Ü. These angles allow the hydrogen 

to overlap with both oxygen and nitrogen lone pairs with a bond angle of 120Ü forming 

the bifurcated donor hydrogen bond, and the dimensions are similar to what is seen in 

literature.10, 11 

 
Figure 2.10. Detail of the coordination sphere of two sets of Na1 and Na2. Blue dotted 

lines represent hydrogen bonds. Thermal ellipsoids represent the 70% probability level. 

Compared to the crystal structure of KHDNPT, the structure of NaHDNPT is much less 

dense due to the inclusion of water in the crystal, with a density of 1.747 compared to 

1.928 g cm-3 for the potassium salt.1 The formation of this hydrate under the same 

reaction conditions may be due to the lower hydration enthalpy of the sodium ion 

compared to the potassium ion (-463.3 vs 380.3 gmol-1).12 This suggests that 

NaHDNPT as the trihydrate is less thermally stable and less energetic than KHDNPT. 
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2.2.2. Synthesis and characterisation of transition metal coordination 

compounds of H2DNPT 

 

Figure 2.11. Synthesis of M+ transition metal coordination compounds of H2DNPT. 

 

Figure 2.12. Synthesis of M2+ transition metal coordination compounds of H2DNPT. 

The transition metal coordination compounds of H2DNPT were prepared by two 

methods. The copper(II), zinc(II), nickel(II), cobalt(II) and silver(I) coordination 

compounds were prepared by addition of H2DNPT to the relevant transition metal 

chloride or nitrate in water heated to 85 ÜC. These compounds formed as an insoluble 

amorphous precipitate which was filtered off and washed with water. Cu2DNPT (the  

copper(I) coordination compound) was synthesised using a modified version of the 

Fronabarger method for synthesis of DBX-1, involving the formation of the copper(II) 

compound followed by reduction with sodium ascorbate.13, 14 All compounds other than 

Cu2DNPT and Ag2DNPT were then crystallised by placing the amorphous powders in 

an autoclave containing water and a small amount of acetic acid as a ómineraliserô, 

and heated to 160 ÜC for 4 days. The amorphous powders of Cu2DNPT and Ag2DNPT 
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were characterised with IR spectroscopy and elemental analysis. The crystals of 

CuDNPT, ZnDNPT, NiDNPT and CoDNPT were characterised with IR spectroscopy, 

elemental analysis, and single crystal X-ray diffraction. All coordination compounds 

had their physicochemical properties investigated with a flame test and simultaneous 

thermal analysis. Qualitative sensitivity testing took place to assess the precautions 

required in handling these materials. This involved scratching a small amount of the 

material with a spatula and hitting a small amount of the material with a hammer. 

Compound 
Water 

Content 

Ligand 

Charge 
Morphology Flame Test 

H2DNPT 0 0 Microcrystalline Deflagration 

Cu2DNPT 0 2- Amorphous Detonation 

CuDNPT 1 2- Crystalline Deflagration 

ZnDNPT 7 2- Crystalline Deflagration 

NiDNPT 3 2- Crystalline Deflagration 

CoDNPT 3 2- Crystalline Deflagration 

Ag2DNPT 0 2- Amorphous Detonation 

Table 2.2. General properties of synthesised transition metal coordination 
complexes of H2DNPT. 

2.2.2.1. IR Spectroscopy 

ATR-IR spectra of the transition metal coordination compounds of H2DNPT were 

compared to the spectrum of H2DNPT. All M2+ coordination complexes crystallise as 

hydrates, with the M+ coordination complexes, Cu2DNPT and Ag2DNPT precipitating 

water free. The bands associated with H2O are seen 3614 ï 3508 cm-1, with hydrogen-

bonded water appearing as broad bands 3390 ï 3145 cm-1. There are no N ï H bands 

visible indicating all coordination complexes are double deprotonated as opposed to 

the known salts of H2DNPT which are all only single deprotonated (NaHDNPT, 

KHDNPT, NH4HDNPT etc.).1 Small peaks can be seen in some of the coordination 

compounds between 2700 ï 2000 cm-1 and are thought to be overtones of the 

asymmetrical and symmetrical NO2 stretches. The bands seen between 1645 ï 1620 

cm-1 are tentatively assigned as the overtone of the NO2 bend, the water bend which 

appears in the same region is only seen in the spectrum of ZnDNPT as the broad band 

at 1673 cm-1 due to its high water content. The asymmetric NO2 stretch at 1553 cm-1 

in H2DNPT shifts to a lower frequency and splits in all coordination compounds. Two 
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peaks are easily identifiable in each spectrum, with the highest shift being the 

Cu2DNPT to 1497 cm-1 and the lowest shift being NiDNPT to 1549 cm-1. The symmetric 

NO2 stretch at 1325 cm-1 also shifts to a lower frequency, with the highest shift again 

seen with Cu2DNPT to 1302 cm-1 and the lowest shift seen with ZnDNPT to 1323 cm-

1. Cu2DNPT also sees splitting in this band and is the only compound where this 

splitting is visible. The splitting is likely to do with the change in symmetry and 

electronic equivalence between the free acid and the coordination compounds.15 The 

NO2 bend at 834 cm-1 in H2DNPT shifts to a higher frequency in the coordination 

compounds, the largest shift being NiDNPT and CoDNPT both shifting to 865 cm-1, 

and the lowest being Cu2DNPT to 848 cm-1. The shifts seen in the NO2 stretch bands 

are due to the change in the electronic structure, lengthening the N ï O bonds leading 

to a shift to a lower vibrational frequency. This lengthening is likely caused by 

delocalisation of the negative charges of the ligand onto the nitro groups leading to 

diminished N = O character. The NO2 bend vibration mode is linked to the ring 

vibrations rather than bond length which leads to ambiguous patterns.9 

Assignment 
Free O ï H 

stretch 

O ï H 

stretch 

Asym. NO2 

stretch 

Sym. NO2 

stretch 
NO2 bend 

Compound Frequency (cm-1) 

H2DNPT - - 1553 1325 834 

Cu2DNPT - - 1530, 1497 1316, 1302 848 

CuDNPT 3541 3390 1535, 1524 1320 855 

ZnDNPT 3614 3326 1548, 1536 1323 850 

NiDNPT 3578, 3508 3139 1549, 1520 1312 865 

CoDNPT 3584, 3512 3145 1547, 1522 1314 865 

Ag2DNPT - - 1523, 1506 1317 849 

Table 2.3. Wavenumber and assignment of characteristic IR absorption bands of 
the transition metal coordination compounds of H2DNPT. 

Other than the O ï H region which changes due to the differing water content of each 

coordination compound, the spectra do not change much between transition metal 

centres. The changes seen are due to the different symmetries and electronic effects 

of the structure of the complex more than the effects of the transition metal centre 

which is clearly seen in the NiDNPT and CoDNPT spectra, which are almost identical 

despite having a different transition metal centre. This is due to their identical crystal 
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structures which are addressed in 2.2.3. Full ATR-IR spectra for the transition metal 

coordination compounds are available in Appendix 10.1.7. ï 10.1.12. 
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Figure 2.13. Stacked ATR-IR spectra of the transition metal coordination compounds 

of H2DNPT in the range 4000 ï 2000 cm-1 (top) and 2000 ï 500 cm-1 (bottom).  
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2.2.2.2. Elemental Analysis 

Elemental analysis was conducted to confirm the composition and purity of the 

transition metal coordination compounds both as amorphous powders and crystalline 

material. 

Compound Formula  C% H% N% Morphology 

Cu2DNPT 
Cu2C4N8O4 

Ŀ 0.2 H2O 

Expected 13.54 0.11 31.58 
Amorphous 

Found 13.56 0.13 31.50 

CuDNPT 
CuC4N8O4 

Ŀ 1 H2O 

Expected 15.72 0.66 36.66 
Crystalline 

Found 16.04 0.94 36.60 

ZnDNPT 
ZnC4N8O4 

Ŀ 7 H2O 

Expected 11.56 3.40 26.96 
Crystalline 

Found 11.61 3.54 26.83 

NiDNPT 
NiC4N8O4 Ŀ 

3.3 H2O 

Expected 14.04 1.94 32.74 
Crystalline 

Found 14.10 1.52 32.60 

CoDNPT 
CoC4N8O4 

Ŀ 3 H2O 

Expected 14.25 1.79 33.24 
Crystalline 

Found 14.78 1.99 33.45 

Ag2DNPT 
Cu2C4N8O4 

Ŀ 0.5 H2O 

Expected 10.70 0.22 24.97 
Amorphous 

Found 10.93 0.39 24.87 

Table 2.4. Elemental analyses of the transition metal coordination complexes of 
H2DNPT. 

All elemental analyses have the difference between expected and found values within 

acceptable tolerances (Ñ 0.5% for C, H and N values). All crystalline materials have 

values which are in agreement with the crystal structures determined as discussed in 

2.2.3. However, NiDNPT requires an additional 0.3 equivalents of water for the found 

data to fit. Cu2DNPT and Ag2DNPT precipitated as water free compounds as shown 

in the IR spectra, but the elemental analysis results show the inclusion of 0.2 and 0.5 

equivalents of water respectively. This is likely due to the powders not being entirely 

dry when the elemental analysis was taken.  
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2.2.3. Crystal structure determination of transition metal coordination 

compounds of H2DNPT 

Four transition metal coordination complexes of H2DNPT were able to be crystallised 

from their amorphous precipitates. No formed precipitate was soluble in organic 

solvent, with only ZnDNPT sparingly soluble in boiling water. CuDNPT, NiDNPT and 

CoDNPT were insoluble in boiling water. Therefore, CuDNPT, NiDNPT and CoDNPT 

were crystallised through hydrothermal synthesis by placing 100 mg of the amorphous 

powder in an autoclave with 25 mL of water and ten drops of acetic acid as a 

mineraliser heated to 160 ÜC for four days. ZnDNPT was crystallised through slow 

cooling from boiling water by dissolving 50 mg of amorphous powder in 20 mL of 

boiling water and cooling the flask in a hot water filled dewar. 

Compound CuDNPT ZnDNPT NiDNPT CoDNPT 

Empirical formula C4H2N8O5Cu C4H14N8O11Zn C4H6N8O7Ni C4H6N8O7Co 

Formula weight 305.68 415.60 336.88 337.10 

Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic 

Space group P212121 P21/c P21 P21 

a (¡) 8.3455(11) 9.0148(11) 6.8343(5) 6.8911(2) 

b (¡) 8.9073(10) 25.246(3) 9.1798(7) 9.2112(3) 

c (¡) 11.0671(14) 6.5483(6) 9.3581(7) 9.3576(3) 

Ŭ (Ü) 90 90 90 90 

ɓ (Ü) 90 91.510(12) 110.614(4) 110.269(4) 

ɔ (Ü) 90 90 90 90 

Volume (¡3) 822.68(18) 1489.8(3) 549.51(7) 557.20(3) 

Z 4 4 2 2 

rcal (g cm-1) 2.468 1.853 2.036 2.009 

T (K) 100 100 100 100 

ɛ (mm-1) 2.697 3.057 3.143 12.662 

F(000) 604.0 848.0 340.0 338.0 

Crystal size (mm3) 
0.7 Ĭ 0.3 Ĭ 

0.3 

0.18 Ĭ 0.005 Ĭ 

0.005 

0.2 Ĭ 0.1 Ĭ 

0.01 

0.2 Ĭ 0.2 Ĭ 

0.1 

Table 2.5. Crystal data for CuDNPT, ZnDNPT, NiDNPT and CoDNPT.  
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2.2.3.1. Crystal structure of CuDNPT 

CuDNPT crystallised as dark blue/black block crystals containing one unit of DNPT, 

one copper(II) atom and one molecule of water. The crystals grew in the space group 

P212121 with unit cell dimensions of a = 8.35, b = 8.91, c = 11.07 ¡; Ŭ, ɓ, ɔ = 90Ü; V = 

823 ¡3 with a density of 2.468 g cm-1 at 100 K. 

 

Figure 2.14. Molecular unit in the crystal structure of copper(II) 5-(3,5-dinitro-1H-

pyrazol-4-yl)-1H-tetrazolate monohydrate (CuDNPT). Thermal ellipsoids represent the 

70% probability level. Selected bond lengths [¡] and angles [Ü]: C1 ï C2 = 1.397, C2 

ï C3 = 1.391, C1 ï N2 = 1.346, C3 ï N3 = 1.350, N2 ï N3 = 1.332, C2 ï C4 = 1.470, 

C4 ï N5 = 1.343, C4 ï N8 = 1.326, N5 ï N6 = 1.352, N6 ï N7 = 1.297, N7 ï N8 = 

1.364, C1 ï N1 = 1.442, C3 ï N4 = 1.429; C1 ï C2 ï C3 = 99.74, N1 ï C1 ï N2 = 

119.43, N3 ï C3 ï N4 = 119.31, C2 ï C1 ï N1 ï O1 = -12.28, C2 ï C3 ï N4 ï O3 = -

1.18, C1 ï C2 ï C4 ï N5 = 84.56. Top right inset: Crystals of CuDNPT at 4x 

magnification.  

The DNPT ligand has similar bond lengths and angles for the azole ring system as 

NaHDNPT and KHDNPT. The N4 nitro group is almost flat and in plane with the 

pyrazole ring sharing a torsion angle of -1.18Ü, this is due to O4 taking part in 

coordination to the copper atom, with the distorted octahedral coordination sphere of 

250 ɛm 
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the copper locking the nitro group in plane by coordinating to the adjacent pyrazole 

ring nitrogen, N3. The N1 nitro group has similar torsion angles to those seen in 

NaHDNPT, with O2 coordinating to the copper but without the torsion angle being 

locked. The tetrazole ring is turned further out-of-plane than is seen in NaHDNPT, with 

a torsion angle of 84.56Ü.  

The copper(II) atom coordinates in a distorted octahedral shape, coordinating to four 

DNPT ligands. One ligand is bidentate, coordinating to the copper atom twice through 

N3 and O4, with the remaining three ligands all coordinating once through O2, N5, or 

N8. The copper also coordinates to one water molecule (O5), which forms strong 

hydrogen bonds10 between it and two ligands through N2 and N7, with hydrogen bond 

lengths of 1.990 and 2.156 ¡ respectively. The Cu2+ ï L and Cu2+ ï H2O bond lengths 

are all similar to other Cu2+ coordination complexes.16-18 The coordination bond lengths 

and angles are collected in Table 2.6. with hydrogen bond geometry in Table 2.7. 

Bond Length or Angle (¡ or Ü) 

Cu1 ï O2 2.484 

Cu1 ï O4  2.359 

Cu1 ï O5 1.989 

Cu1 ï N3 2.010 

Cu1 ï N5 1.987 

Cu1 ï N8 2.003 

O2 ï Cu1 ï O4 163.47 

N3 ï Cu1 ï N5 173.61 

O5 ï Cu1 ï N8 176.97 

Table 2.6. Coordination parameters of CuDNPT.  
 

D ï H ĿĿĿ A D ï H (¡) H ĿĿĿ A (¡) D ĿĿĿ A (¡) D ï H ĿĿĿ A (Ü) 

O5 ï H5A ĿĿĿ N2 0.851 1.990 2.807 160.80 

O5 ï H5B ĿĿĿ N7  0.850 2.156 2.961 157.93 

Table 2.7. Hydrogen bond geometry for CuDNPT.  
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Figure 2.15. Packing structure of the crystals of CuDNPT viewed down the 

crystallographic b axis (left) and the crystallographic c axis (right). Thermal ellipsoids 

represent the 70% probability level. Blue dotted lines represent hydrogen bonds.  

The packing structure of CuDNPT relies on the formation of a crosslinked 3D Cu ï L 

coordination polymer for its structure, with some order coming from the hydrogen 

bonding between the water molecule and the ligand (Figure 2.15.). The coordination 

polymer extends infinitely through all crystallographic axes. There are no clear strong 

interactions between DNPT ligands, with azole centroid-centroid distances above 5 ¡. 

However, there may be interactions between the nitro group and the ring -́system as 

the nitro group lone pairs point toward an adjacent pyrazole moiety with an O4 ï 

centroid distance of 2.804 ¡ and a N4 ï O4 ï centroid angle of 142.92Ü, within the 

combined van der Waals radii of a carbon and oxygen (3.22 ¡) and similar to other 

nitro-́  interactions.19-21  

 

Figure 2.16. Detail of the nitro-́  interaction present in CuDNPT Thermal ellipsoids 

represent the 70% probability level.  
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2.2.3.2. Crystal structure of ZnDNPT 

ZnDNPT crystallised as thin white needles containing one unit of DNPT, one zinc(II) 

atom and seven molecules of water. The crystals grew in the space group P21/c with 

unit cell dimensions of a = 9.01, b = 25.25, c = 6.55 ¡; Ŭ = 90Ü, ɓ = 91.51Ü, ɔ = 90Ü; V 

= 1490 ¡3 with a density of 1.853 g cm-1 at 100 K. 

 

Figure 2.17. Molecular unit in the crystal structure of zinc(II) 5-(3,5-dinitro-1H-pyrazol-

4-yl)-1H-tetrazolate heptahydrate (ZnDNPT). Thermal ellipsoids represent the 70% 

probability level. Blue dotted lines represent hydrogen bonds. Selected bond lengths 

[¡] and angles [Ü]: C1 ï C2 = 1.382, C2 ï C3 = 1.379, C1 ï N2 = 1.338, C3 ï N1 = 

1.325, N1 ï N2 = 1.367, C2 ï C4 = 1.460, C4 ï N3 = 1.346, C4 ï N6 = 1.328, N3 ï 

N4 = 1.352, N4 ï N5 = 1.323, N5 ï N6 = 1.364, C1 ï N7 = 1.445, C3 ï N8 = 1.460; 

C1 ï C2 ï C3 = 98.73, N2 ï C1 ï N7 = 118.62, N1 ï C3 ï N8 = 118.15, C2 ï C1 ï N7 

ï O2 = 5.60, C2 ï C3 ï N8 ï O4 = -3.22, C1 ï C2 ï C4 ï N3 = 73.20. Top right inset: 

Crystals of ZnDNPT at 4x magnification.  

As with CuDNPT, the bond lengths and angles of the DNPT ligand remain fairly similar 

to previously discussed structures, but differences are again seen in the torsion angles 

of the nitro groups and tetrazole moiety. The C1 nitro group has a torsion angle of 

5.60Ü and the C3 nitro group has a torsion angle of -3.22Ü. The changes in angles are 

due to the loss of the nitro group coordination ólockingô the nitro group in plane, 

although the C1 nitro group does take part in a hydrogen bond between O1 ï O7. The 

tetrazole moiety has a torsion angle of 73.20Ü and sits between the torsion angles seen 

in NaHDNPT and CuDNPT.  

250 ɛm 
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The zinc atom has a coordination sphere of five and sits between a trigonal bipyramidal 

and square pyramidal geometry and is best described as trigonal bipyramidal with 

square pyramidal distortion, a rarely reported geometry in zinc.22 Three different DNPT 

ligands coordinate to the zinc atom through N1, N3 or N6 with the remaining two 

coordination sites occupied by two water molecules, O5 and O6. The N3 and N6 

coordinate in the axial position with N1, O5 and O6 coordinating equatorially. The 

coordination geometry is listed in Table 2.8. with bond lengths and angles similar to 

known zinc structures in this geometry.22-25 Using the Ű5 parameter as described by 

Addison et al. we can determine whether the geometry of the coordination centre is 

trigonal bipyramidal or square pyramidal.26 The parameter is calculated with the 

equation Ű5 = (ɓ ï Ŭ)/60 where ɓ > Ŭ are the two largest valence angles of the 

coordination centre, in this case N3 ï Zn1 ï N6 and N1 ï Zn1 ï O6. When Ű5 is near 

0, the geometry is close to square pyramidal, and when Ű5 is near 1 the geometry is 

close to trigonal bipyramidal. For ZnDNPT the value is 0.519, the value suggesting a 

highly distorted trigonal bipyramidal geometry.  

Bond Length or Angle (¡ or Ü) 

Zn1 ï N1 2.050 

Zn1 ï N3  2.163 

Zn1 ï N6 2.190 

Zn1 ï O5 1.985 

Zn1 ï O6 2.016 

N3 ï Zn1 ï N6 170.62 

N1 ï Zn1 ï N3 96.10 

O5 ï Zn1 ï N3 89.87 

O6 ï Zn1 ï N3 87.25 

N1 ï Zn1 ï N6 93.27 

O5 ï Zn1 ï N6 87.00 

O6 ï Zn1 ï N6 85.85 

N1 ï Zn1 ï O5 107.24 

N1 ï Zn1 ï O6 139.49 

O5 ï Zn1 ï O6 113.14 

Table 2.8. Coordination parameters of ZnDNPT. Valence angles used in the Ű5 
calculation are in bold. 
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Both the coordinated water and water of crystallisation take part in a complex 

intermolecular hydrogen bond network to other water molecules, nitro group oxygens 

and nitrogen atoms in the azole ring structure. Hydrogen bond geometries are 

collected in Table 2.9. and all hydrogen bond lengths can be categorised as strong 

interactions.10  

D ï H ĿĿĿ A D ï H (¡) H ĿĿĿ A (¡) D ĿĿĿ A (¡) D ï H ĿĿĿ A (Ü) 

O5 ï H5A ĿĿĿ O11 0.870 1.850 2.682 159.53 

O5 ï H5B ĿĿĿ O10  0.870 1.869 2.706 160.84 

O6 ï H6A ĿĿĿ O8 0.870 1.863 2.698 160.25 

O6 ï H6B ĿĿĿ O9 0.871 1.861 2.709 164.13 

O7 ï H7A ĿĿĿ O1 0.869 2.144 2.977 160.25 

O7 ï H7B ĿĿĿ O8 0.870 1.895 2.739 162.74 

O8 ï H8A ĿĿĿ O10 0.871 1.940 2.806 172.66 

O8 ï H8B ĿĿĿ O9 0.869 2.077 2.807 141.04 

O9 ï H9A ĿĿĿ O11 0.869 2.076 2.805 141.01 

O9 ï H9B ĿĿĿ O7 0.871 2.147 2.884 142.04 

O10 ï H10A ĿĿĿ 011 0.870 1.940 2.787 164.05 

O10 ï H10B ĿĿĿ N5  0.871 2.015 2.876 170.07 

O11 ï H11A ĿĿĿ N4 0.868 1.996 2.859 172.17 

O11 ï H11B ĿĿĿ O9 0.870 2.056 2.805 143.62 

Table 2.9. Hydrogen bond geometry for ZnDNPT.  

 
Figure 2.18. Packing structure of the crystal structure of ZnDNPT viewed down the 

crystallographic a axis. Thermal ellipsoids represent the 70% probability level. Blue 

dotted lines represent hydrogen bonds.  
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Figure 2.19. Packing structure of the crystal structure of ZnDNPT viewed down the 

crystallographic c axis. Thermal ellipsoids represent the 70% probability level. Blue 

dotted lines represent hydrogen bonds.  

The packing structure of ZnDNPT is built from 2D sheets of a Zn ï L coordination 

polymer which form a óladderô extending through the crystallographic c axis, linking 

across the tetrazole ring through N3 and N6 (Figure 2.18.). These sheets are 

connected by the intermolecular hydrogen bond network, forming links between the 

sheets through both the a and b crystallographic axes (Figure 2.19.). There may also 

be a -́́  stacking interaction through the pyrazole -́system between ligands as they 

form a cofacial -́stacked geometry, with a centroid ï centroid distance between the 

pyrazole rings of 3.275 ¡.27-29 
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2.2.3.3. Crystal structure of NiDNPT  

NiDNPT crystallised as thin green needles containing one unit of DNPT, one nickel(II) 

atom and three molecules of water. The crystals grew in the space group P21 with unit 

cell dimensions of a = 6.83, b = 9.18, c = 9.36 ¡; Ŭ = 90Ü, ɓ = 110.61Ü, ɔ = 90Ü; V = 550 

¡3 with a density of 2.036 g cm-1 at 100 K. 

 

Figure 2.20. Molecular unit in the crystal structure of nickel(II) 5-(3,5-dinitro-1H-

pyrazol-4-yl)-1H-tetrazolate trihydrate (NiDNPT). Thermal ellipsoids represent the 70% 

probability level. Blue dotted lines represent hydrogen bonds. Selected bond lengths 

[¡] and angles [Ü]: C1 ï C2 = 1.408, C2 ï C3 = 1.381, C1 ï N1 = 1.333, C3 ï N2 = 

1.356, N1 ï N2 = 1.342, C2 ï C4 = 1.438, C4 ï N5 = 1.329, C4 ï N8 = 1.346, N5 ï 

N6 = 1.366, N6 ï N7 = 1.323, N7 ï N8 = 1.365, C1 ï N3 = 1.430, C3 ï N4 = 1.450; 

C1 ï C2 ï C3 = 98.50, N1 ï C1 ï N3 = 118.05, N2 ï C3 ï N4 = 117.72, C2 ï C1 ï N3 

ï O2 = -2.01, C2 ï C3 ï N4 ï O4 = -3.00, C1 ï C2 ï C4 ï N5 = 83.26. Top right inset: 

Crystals of NiDNPT at 4x magnification.  

The bond lengths and angles of the DNPT ligand remain fairly similar to previously 

discussed structures, and the torsion angles of the nitro groups and tetrazole moiety 

are more comparable to the CuDNPT structure than the ZnDNPT structure. The C1 

250 ɛm 
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nitro group has a torsion angle of -2.01Ü and the C3 nitro group has a torsion angle of 

-3.00Ü. The bidentate coordination to the nickel centre from O1 and N1 is seen again 

as with CuDNPT which helps keep the C1 nitro group in plane. The C3 nitro group is 

also held in plane as it takes part in hydrogen bonding to the O5 water molecule. The 

tetrazole moiety has a torsion angle of 83.26Ü, returning to an angle closer to CuDNPT. 

The nickel(II) atom coordinates in a distorted octahedral shape, coordinating to three 

DNPT ligands. One ligand is bidentate, coordinating to the copper atom twice through 

N1 and O1, with the remaining two ligands all coordinating once through N5 or N8. 

The copper also coordinates to two water molecules, O5 and O6, which form strong 

hydrogen bonds.10 O5 forms hydrogen bonds with a DNPT ligand through O3 and the 

water of crystallisation, with hydrogen bond lengths of 2.188 and 1.886 ¡ respectively. 

O6 forms a hydrogen bond with a DNPT ligand through N7, and again forms a 

hydrogen bond with the water of crystallisation, with bond lengths of 2.289 and 1.880 

¡ respectively. The water of crystallisation, O7, forms hydrogen bonds with 2 DNPT 

ligands, through N2 and O4, with hydrogen bond lengths of 1.916 and 2.067 ¡ 

respectively. The Ni2+ ï L and Ni2+ ï H2O bond lengths are all similar to other Ni2+ 

coordination complexes.30-32 The coordination bond lengths and angles are collected 

in Table 2.10. with hydrogen bond geometry in Table 2.11. 

Bond Length or Angle (¡ or Ü) 

Ni1 ï O1 2.128 

Ni1 ï O5  2.041 

Ni1 ï O6 2.081 

Ni1 ï N1 2.067 

Ni1 ï N5 2.069 

Ni1 ï N8 2.086 

O1 ï Ni1 ï O5 175.62 

N1 ï Ni1 ï N5 169.23 

O6 ï Ni1 ï N8 174.29 

Table 2.10. Coordination parameters of NiDNPT.  
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D ï H ĿĿĿ A D ï H (¡) H ĿĿĿ A (¡) D ĿĿĿ A (¡) D ï H ĿĿĿ A (Ü) 

O5 ï H5A ĿĿĿ O3 0.840 2.188 3.009 165.93 

O5 ï H5B ĿĿĿ O7  0.824 1.886 2.700 169.51 

O6 ï H6A ĿĿĿ N7 0.847 2.289 3.084 156.43 

O6 ï H6B ĿĿĿ O7 0.832 1.880 2.692 164.57 

O7 ï H7A ĿĿĿ N2 0.845 1.916 2.759 176.62 

O7 ï H7B ĿĿĿ O4 0.847 2.067 2.874 159.05 

Table 2.11. Hydrogen bond geometry for NiDNPT.  
 

 

Figure 2.21. Packing structure of the crystal structure of NiDNPT viewed down the 

crystallographic b axis (top) and down the edge of the a ï b axes (bottom). Thermal 

ellipsoids represent the 70% probability level. Blue dotted lines represent hydrogen 

bonds.  
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The packing structure of NiDNPT relies on the formation of a 3D Ni ï L coordination 

polymer for its structure, with additional order coming from the intermolecular 

hydrogen bonding between the water molecule and the ligand (Figure 2.21.). The 

coordination polymer is made up of crosslinked nickel atoms and DNPT ligands and 

extends infinitely through all crystallographic axes.  

2.2.3.4. Crystal structure of CoDNPT  

CoDNPT crystallised as brown blocks containing one unit of DNPT, one cobalt(II) atom 

and three molecules of water. The crystals grew in the space group P21 with unit cell 

dimensions of a = 6.89, b = 9.21, c = 9.36 ¡; Ŭ = 90Ü, ɓ = 110.27Ü, ɔ = 90Ü; V = 557 ¡3 

with a density of 2.009 g cm-1 at 100 K. 

 

Figure 2.22. Molecular unit in the crystal structure of cobalt(II) 5-(3,5-dinitro-1H-

pyrazol-4-yl)-1H-tetrazolate trihydrate (CoDNPT). Thermal ellipsoids represent the 70% 

probability level. Blue dotted lines represent hydrogen bonds. Selected bond lengths 

[¡] and angles [Ü]: C1 ï C2 = 1.383, C2 ï C3 = 1.399, C1 ï N1 = 1.342, C3 ï N2 = 

1.344, N1 ï N2 = 1.325, C2 ï C4 = 1.475, C4 ï N5 = 1.321, C4 ï N8 = 1.342, N5 ï 

N6 = 1.366, N6 ï N7 = 1.297, N7 ï N8 = 1.358, C1 ï N3 = 1.426, C3 ï N4 = 1.427; 

C1 ï C2 ï C3 = 99.48, N1 ï C1 ï N3 = 117.70, N2 ï C3 ï N4 = 120.19, C2 ï C1 ï N3 

ï O2 = 2.93, C2 ï C3 ï N4 ï O4 = 1.79, C1 ï C2 ï C4 ï N5 = 89.90. Top left inset: 

Crystals of CoDNPT at 4x magnification.  

250 ɛm 
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The crystal structure of CoDNPT is isostructural to NiDNPT apart from some minor 

changes in the bond lengths and angles of the DNPT. The C1 nitro group has a torsion 

angle of 2.93Ü and the C3 nitro group has a torsion angle of 1.79Ü. The tetrazole moiety 

has a torsion angle of 89.90Ü. 

The copper(II) atom coordinates in a distorted octahedral shape, with the same 

coordination mode as NiDNPT with minor differences in bond length and angles. The 

hydrogen bond network is similar to NiDNPT, forming a network of strong hydrogen 

bonds between the coordinated water, water of crystallisation and the DNPT ligand.10 

However, the O5 and O7 water molecules only take part in one hydrogen bond each, 

O5 ï O7 and O7 ï O4. This results in an overall weaker hydrogen bond network. The 

Co2+ ï L and Co2+ ï H2O bond lengths are all similar to other Co2+ coordination 

complexes.33-35 The coordination bond lengths and angles are collected in Table 2.13. 

with hydrogen bond geometry in Table 2.13. Apart from the differences in the hydrogen 

bond network the packing structure of CoDNPT is isostructural to NiDNPT, forming the 

same 3D Co ï L crosslinked coordination polymer.  

Bond Length or Angle (¡ or Ü) 

Co1 ï O1 2.191 

Co1 ï O5  2.078 

Co1 ï O6 2.081 

Co1 ï N1 2.106 

Co1 ï N5 2.117 

Co1 ï N8 2.097 

O1 ï Co1 ï O6 175.42 

N1 ï Co1 ï N8 169.20 

O5 ï Co1 ï N5 173.95 

Table 2.12. Coordination parameters of CoDNPT.  
 

D ï H ĿĿĿ A D ï H (¡) H ĿĿĿ A (¡) D ĿĿĿ A (¡) D ï H ĿĿĿ A (Ü) 

O5 ï H5A ĿĿĿ O7 0.870 1.853 2.699 163.52 

O6 ï H6A ĿĿĿ O7 0.878 1.901 2.697 149.94 

O6 ï H6B ĿĿĿ O3 0.878 2.292 3.028 141.43 

O7 ï H7B ĿĿĿ O4 0.870 2.024 2.883 170.25 

Table 2.13. Hydrogen bond geometry for CoDNPT.  
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Figure 2.23. Packing structure of the crystal structure of CoDNPT viewed down the 

crystallographic b axis (top) and down the edge of the a ï b axes (bottom). Thermal 

ellipsoids represent the 70% probability level. Blue dotted lines represent hydrogen 

bonds.  
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2.2.3.5. Crystal structure comparisons  

Compound CuDNPT ZnDNPT NiDNPT CoDNPT 

Empirical formula C4H2N8O5Cu C4H14N8O11Zn C4H6N8O7Ni C4H6N8O7Co 

Formula weight 305.68 415.60 336.88 337.10 

rcal (g cm-1) 2.468 1.853 2.036 2.009 

Water content (eq. 

of H2O) 
1 7 3 3 

Strong hydrogen 

bonds 
2 14 6 4 

C1 ï NO2 bond 

length (¡) 
1.442 1.445 1.430 1.426 

C3 ï NO2 bond 

length (¡) 
1.429 1.460 1.450 1.427 

C1 ï NO2 torsion 

angle (Ü) 
-12.28 5.60 -2.01 2.93 

C3 ï NO2 torsion 

angle (Ü) 
-1.18 -3.22 -3.00 1.79 

C2 ï tetrazole ring 

bond length (¡) 
1.470 1.460 1.438 1.475 

C2 ï tetrazole ring 

torsion angle (Ü) 
84.59 73.20 83.26 89.90 

Table 2.14. General properties, bond lengths and torsion angles for CuDNPT, 
ZnDNPT, NiDNPT and CoDNPT.  

CuDNPT has the highest density of the four DNPT-based transition metal coordination 

compounds collected. This is due to it having the least water content in the crystal as 

the density in each crystal increases as the amount of water increases (Cu > Ni = Co > 

Zn). Even with the water content effecting the densities, Cu, Ni and CoDNPT all 

exceed values for 5-nitrotetrazolate transition metal coordination compounds other 

than DBX-1 itself (2.584),13, 36 and even beating the density of the water free crystals 

of KHDNPT and nitrogen-rich cations.1 The number of strong hydrogen bonds is 

proportional to the amount of water in the crystal, other than with CoDNPT which 

makes 2 less hydrogen bonds than NiDNPT. ZnDNPT makes the highest number of 

strong hydrogen bonds but as all the hydrogen bonds are donated by water molecules 
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the density does not increase. The high density of CuDNPT may rely on the nitro-́  

intermolecular interaction as it is the only transition metal coordination compound 

investigated with this feature. Despite the high densities seen with these coordination 

compounds are easily handled and are not too impact or friction sensitive allowing 

safe handling of the material, although no empirical testing of these values has been 

undertaken.  

The bond lengths of the DNPT ligand across all transition metal coordination 

compounds are broadly similar and within the expected range of C ï C, C ï N and N 

ï N bonds.37 The C ï NO2 bond lengths and torsion angles remain similar across all 

the transition metal coordination compounds, with the largest torsion angle being -

12.28Ü for C1 ï NO2 in CuDNPT, and the longest bond being 1.460 ¡ for C3 ï NO2 in 

ZnDNPT. The C2 ï tetrazole bond lengths and angles have more of a difference 

between compounds than is seen with the C ï NO2 bonds, but the tetrazole ring 

remains out-of-plane throughout. The furthest out-of-plane tetrazole ring is seen in 

CoDNPT with an angle of 89.90Ü which also has the longest C2 ï tetrazole bond.  

The most likely decomposition pathway can be predicted by determining the longest 

bond length in the crystal structure as it is the weakest bond and most likely to break 

when the material is initated.38 The decomposition pathway does not stay the same 

between different transition metal coordination complexes. CuDNPT and CoDNPT 

both have C2 ï tetrazole bond lengths much longer than C ï NO2 bond lengths 

suggesting that the two azole rings will come apart before any further decomposition. 

Despite having the same crystal structure as CoDNPT, NiDNPT has much shorter C2 

ï tetrazole and C ï NO2 bond lengths suggesting the decomposition temperature will 

be higher than that of CoDNPT. ZnDNPT is likely the least thermally stable due to 

having the longest C ï NO2 bond length and a relatively long C2 ï tetrazole bond 

length. 
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2.2.4. Thermal analysis of transition metal coordination compounds of H2DNPT  

The transition metal coordination compounds were investigated by simultaneous 

thermal analysis involving TGA, DSC and evolved gas analysis using mass 

spectrometric methods (Appendix 10.1.7. ï 10.1.12.) while heated at a rate of 2 K 

min-1. The water-containing transition metal coordination compounds (CuDNPT, 

ZnDNPT, NiDNPT and CoDNPT) do not release all their water before decomposition. 

ZnDNPT releases 6.5 molar equivalents of water with NiDNPT and CoDNPT releasing 

two molar equivalents during the first step of thermally induced decomposition with 

onset temperatures ranging from 38.6 to 86.2 ÜC. Masses related to the released H2O 

(m/z = 18) accompany this endothermic process, with observed mass losses within 1% 

of the predicted loss for the specified equivalent of water lost. Dehydration enthalpies 

range from 89.78 to 153.81 kJ mol-1. There is no endothermic event for CuDNPT which 

loses its only water molecule during decomposition. The high temperatures at which 

the final amount of water is lost is not unknown in transition metal chemistry, with other 

reported values for other transition metal coordination compounds between 150 and 

300 ÜC.39-41 The water loss suggests that the further decomposition seen for the 

studied compounds are related to the dehydrated compounds of which the 

composition and crystal structures are not known. Further work could be undertaken 

to study the chemical composition and morphology of the dehydrated compounds by 

collecting the dried transition metal coordination compounds before any further 

decomposition takes place. 

The water-containing compounds then have a fast exothermic event with onset 

temperatures between 224.7 and 320.0 ÜC coinciding with masses relating to 

decomposition products being seen in the mass spectrum (C, H2O, NO, NO2 and CO2) 

and a large mass loss indicating decomposition. The exotherm for ZnDNPT is very 

broad indicating a slower decomposition process. CuDNPT undergoes three 

exothermic events in quick succession with peaks at 305.8, 317.0 and 321.4 ÜC, with 

all decomposition products seen at each stage, but with a large release of NO (m/z = 

30) corresponding with the exotherm peaking at 305.8 ÜC. Despite having the same 

crystal structure NiDNPT and CoDNPT have slightly different decomposition 

temperatures with peak temperatures of 334.9 and 324.8 ÜC respectively. This is due 
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to CoDNPT having the longest C2 ï tetrazole bond length of all crystal structures 

collected. ZnDNPT has the lowest decomposition temperature, which is due to the 

structure having both long C2 ï tetrazole and C ï NO2 bonds compared to the other 

structures collected.  

The water free transition metal coordination compounds accordingly have no 

endothermic events. Ag2DNPT has two exothermic events, the first having a mass loss 

corresponding to the loss of one equivalent of NO with an onset of 278.3 ÜC. The 

second exotherm is the fast decomposition with a large mass loss and masses related 

to the decomposition of the ligand seen in the mass spectrum with an onset 377.6 ÜC.  

The energetic performance of the transition metal coordination complexes can be 

estimated using Kamlet and Jacobs' calculations for detonation velocity and 

detonation pressure.42 The calculation uses the heats of detonation calculated from 

the measured heat of decomposition, the crystal densities determined from the crystal 

structures of CuDNPT, ZnDNPT, NiDNPT and CoDNPT, and predicted stoichiometry 

of the species present at the detonation front. For Cu2DNPT and Ag2DNPT, which do 

not have crystal structures, densities have been estimated using the Ammon-Mitchell 

calculations43 using atomic and functional group volumes from Hofmann44 and 

Glasser.45 These calculations are based upon average volumes for specific atoms, 

specific atoms in specific bonding environments and functional groups calculated from 

large datasets. From the average volumes an estimated volume for the molecule can 

be calculated which can then be used to estimate the density for the compound, 

however these values should be taken as lower limits of the theoretical maximum 

values. This approach was applied to the transition metal coordination complexes of 

H2DNPT, and generally underpredicted the density of the coordination compounds, 

though the difference is less than 5% except for CuDNPT, and is within 0.41% for 

ZnDNPT. The estimated densities for Cu2DNPT and Ag2DNPT were 2.454 and 2.877 

g cm-3 respectively, the calculation predicting higher densities than any of the 

crystallised compounds, likely due to these compounds containing 2 metal atoms and 

not containing any water. Detonation products and their stoichiometry were calculated 

using the NASA-CEA chemical equilibrium calculator.46 This program minimises free 

energies using a Newton Raphson method with ideal gases and pure condensed 

phases to determine chemical equilibria (such as those found at high temperature in 

detonations) at defined temperatures. This allows for prediction of CHNO detonation 
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products as well as metallic detonation products, producing accurate heats of 

formation for the examined compound. NASA-CEA predicted that the detonation 

products for the transition metal coordination compounds of DNPT would be the 

transition metal, CO, CO2, H2O, NH3, N2 and C, with stoichiometries varying depending 

on transition metal and water content. 

Compound Cu2DNPT CuDNPT ZnDNPT NiDNPT CoDNPT Ag2DNPT 

Formula 

weight 
351.19 305.68 415.58 336.88 337.10 439.83 

Water 

content 
0 1 7 3 3 0 

H2O Loss       

Ton (ÜC) - - 38.6 86.2 66.5 - 

H (kJ mol-1) - - 153.81 89.78 100.89 - 

ȹm (%) - - 28.19 10.18 11.69 - 

N = O Loss       

Ton (ÜC)  - - - - 278.3 

H (kJ mol-1)  - - - - 34.41 

ȹm (%)  - - - - 6.60 

Decomp.       

Ton (ÜC)  312.0 224.7 320.0 305.5 377.6 

Tpeak (ÜC)  321.4 306.2 334.9 324.8 404.1 

H (kJ mol-1)  536.47 512.06 801.69 656.33 484.85 

ȹm (%)  47.87 40.49 47.68 57.45 32.62 

rcal (g cm-3)a - 2.468 1.853 2.036 2.009 - 

rest (g cm-3)b 2.454 2.162 1.861 1.985 1.945 2.877 

% difference - -12.40 0.41 -2.53 -3.17 - 

pCJ (kbar)c  460.87 200.39 384.8 299.18 265.32 

DCJ (km s-1)c  9.28 6.60 8.91 7.88 6.80 

Table 2.15. Dehydration and decomposition temperatures and putative Kamlet-
Jacobsô detonation parameters. a Densities determined from crystal structures b 

Densities estimated using the Ammon-Mitchell estimation, r = M/0.6022V,43 with 
metal volumes from Hofmann44 and water volumes from Glasser.45 c ű = NM0.5Q0.5, 
DC-J = Aű0.5(1 + Bɟ0), pC-J = Kɟ02ű, calculations are based on the DSC exotherm 
and the K-J prediction of decomposition products at the C-J point.42 Cu2DNPT STA 
data not collected. 
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All compounds are predicted to have promising detonation performance. ZnDNPT and 

Ag2DNPT have the lowest predicted values for pCJ and DCJ but all other transition metal 

coordination complexes are comparable to or exceed TATB and RDX (Table 2.16.). 

The low values for the silver and zinc coordination complexes are likely due to the two 

heavy metal centres or water molecules limiting the energetic performance. The 

transition metal coordination compounds have comparable detonation performance to 

the free acid and potassium salt but have much higher decomposition temperatures. 

As all the coordination complexes have high decomposition temperatures, the 

promising detonation performance indicates they may be viable as insensitive 

secondary explosives, with performance comparable to RDX in some cases and 

thermal stability comparable to TATB. CuDNPT is the most promising energetic 

material combining high density and the best energetic performance of all DNPT 

based transition metal coordination complexes investigated. This high density must be 

linked to the nitro-́  interactions displayed in the structure, agreeing with the work of 

Cao et al. Quantitative sensitivity testing of the materials was not carried out as access 

the impact, friction and ESD sensitivity testing equipment was not available at the time.  

Compound Tdec (ÜC) r (g cm-3) Q (J g-1) pCJ (kbar) DCJ (km s-1) 

CuDNPT 321.4 2.468 5741 461 9.28 

ZnDNPT 306.2 1.853 3751 200 6.60 

NiDNPT 334.9 2.036 3723 385 8.91 

CoDNPT 324.8 2.009 4888 299 7.88 

Ag2DNPT 404.1 2.877 2747 265 6.80 

H2DNPT 207 1.669 5258 260 8.06 

KHDNPT 281 1.879 4842 236 7.57 

DBX-1 321 2.584 3817  7.00 

TATB 360 1.94 3062 244 7.60 

RDX 240 1.78 6322 347 8.75 

Table 2.16. Comparison of the detonation performance for the transition metal 
coordination complexes of H2DNPT, H2DNPT, KHDNPT, TATB and RDX. H2DNPT 
and KHDNPT data from Benz et al.1 TATB and RDX data from Klapºtke and 
Meyer.47, 48 DBX-1 data from Fronabarger et al. and Westwater et al.13, 14 
Decomposition temperatures are peak temperatures. All densities other than 
Cu2DNPT and Ag2DNPT are crystal densities. Cu2DNPT STA data not collected. 
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2.3. Conclusion 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole, H2DNPT, was successfully synthesised 

following the published procedure by Benz et al.1 The compound was identified using 

ATR-IR and 13C NMR spectroscopy and mass spectrometry, matching published 

values. The novel sodium salt, sodium 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-

tetrazolate Ŀ 3.5 H2O, NaHDNPT, was synthesised by the addition of sodium 

bicarbonate forming orange block-shaped crystals, which were characterised with 

ATR-IR spectroscopy and single crystal X-ray diffraction. The crystal structure is 

different to the known potassium salt which is anhydrous, and will likely have a lower 

detonation performance.  

Six novel energetic transition metal coordination compounds were synthesised from 

H2DNPT, with the Cu(I), Cu(II), Zn(II), Ni(II), Co(II) and Ag(I) coordination compounds 

synthesised. The Cu(I) and Ag(I) coordination compounds were characterised as their 

amorphous powders using ATR-IR spectroscopy and elemental analysis and were 

found to contain two metal atoms per ligand and no water. The M2+ compounds were 

crystallised as hydrates via hydrothermal synthesis and were found to contain one 

metal atom per ligand. They were characterised using ATR-IR spectroscopy, elemental 

analysis, and single crystal X-ray diffraction. The ATR-IR spectra were similar between 

different metal centres, with small changes in the NO2 vibrations and the OH region 

depending on water content. Crystal structure analysis showed that all transition metal 

coordination complexes that were crystallised formed infinitely extending coordination 

polymers. Analysis of the bond lengths of the ligand in each crystal structure 

reasonably predicted the trends in decomposition temperature, with the transition 

metal centre affecting the DNPT ligands stability by lengthening C ï NO2 and C ï 

tetrazole bonds. 

The thermal behaviour of the novel energetic transition metal coordination compounds 

was investigated using simultaneous thermal analysis, showing that they were highly 

thermally stable with decomposition temperatures ranging between 321.4 and 404.1 

ÜC. The decomposition temperatures have been raised by over 100 ÜC when 

compared to the proligand and are more stable than the alkali metal salts. Detonation 

properties were calculated using Kamlet-Jacobsô equations, with heats of formation 

calculated using the NASA-CEA program. Detonation velocities and pressures were 
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promising and in the range of secondary explosives such as RDX and TATB. Given 

that metal-based energetics usually give rise to the behaviour of primary explosives, 

these compounds show promise as a new class of insensitive and highly thermally 

stable secondary explosives, although impact, friction and ESD sensitivity must be 

determined for these compounds.  

The copper(II) coordination compound, CuDNPT, had the most promising combination 

of decomposition temperature and calculated detonation pressures and velocities. 

This is due to the strong intermolecular interactions giving the crystal a high density, 

especially the hydrogen bond network and nitro-́  interaction as well as the bonds of 

the ligand not being excessively weak. This shows that developing materials that 

contain these nitro-́  interactions as well as strong hydrogen bond networks will allow 

the synthesis of further novel high energy density and low sensitivity materials. Future 

thermal analysis of the copper(I) coordination compound, Cu2DNPT is vital as it has a 

similar predicted density to CuDNPT but contains no water which should provide 

higher detonation performance.  
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2.4. Experimental 

Synthesis of DNPT and its intermediates was completed following the procedure in 

the references given. 1H and 13C NMR and ATR-IR spectra were then used to prove 

purity by comparison. Relevant spectra can be found in the appendix. 

2.4.1. Synthesis of 4-chloropyrazole3 

Pyrazole (10.01 g, 147 mmol) was dissolved in water (30 mL) and stirred. To this 

solution, a sodium hypochlorite solution (96 mL, 14% active Cl) in water (30 mL) was 

added dropwise without allowing the reaction temperature to rise above 35 ÜC. The 

reaction mixture was then stirred for 1 hour at room temperature. Afterwards 

concentrated hydrochloric acid was added until pH = 11. The precipitate that formed 

was filtered off and washed with ice water. The mother liquor was extracted with ethyl 

acetate (100 mL x 1, 50 mL x 1), dried over magnesium sulfate and the solvent was 

removed under reduced pressure. The formed product was recrystallised in hot water 

yielding 4-chloropyrazole as a colourless solid. Yield: 9.905 g (66%). 1H NMR: (DMSO-

d6, ppm) ŭ: 13.10 (s, 1H, NH), 7.75 (s, 2H, CH). 13C NMR: (DMSO-d6, ppm) ŭ: 131.86 

(C3,5, broad doublet), 107.99(C4). IR (ATR):  (cm-1) = 3157(m), 3145(m), 3129(m), 

3082(m), 2997(m), 2932(m), 2881(m), 2829(m), 2769(m), 2695(m), 2633(m), 1659(w), 

1561(w), 1503(w), 1378(m), 1338(m), 1286(w), 1252(w), 1197(m), 1140(m), 1034(m), 

970(m), 937(s), 832(s), 808(m), 791(s), 644(w), 603(s), 539(w). 

2.4.2. Synthesis of 4-chloro-3,5-dinitropyrazole3 

4-Chloropyrazole (2.790 g, 27.04 mmol) was dissolved in sulfuric acid (33.8 

mL, >95%). To the stirred solution nitric acid (3.56 mL, 85 mmol, 100% fuming) was 

added dropwise while solution was under cooling to prevent temperature rising above 

40 ÜC. The mixture was then heated carefully to 100 ÜC and was stirred for 5 hours. 

Afterwards the mixture was cooled to room temperature and quenched in ice water 

(350 mL). The solution was extracted with ethyl acetate (50 mL x 3) and the organic 

phase was washed with water (50 mL x 1) and then dried over magnesium sulfate. 

The solvent was removed under reduced pressure forming 4-chloro-3,5-

dinitropyrazole as pale-yellow crystals. Yield: 4.184 g (80%). 13C NMR: (DMSO-d6, 

ppm) ŭ: 151.26 (C3,5), 101.44 (C4). IR (ATR):  (cm-1) = 3564(w), 3224(m), 2932(m), 

1707(w), 1557(m), 1517(m), 1473(m), 1416(s), 1388(m), 1371(m), 1350(m), 1319(s), 
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1206(m), 1113(m), 997(m), 835(s), 775(m), 759(m), 679(m), 647(m), 614(m), 590(m), 

510(w). 

2.4.3. Synthesis of 4-amino-3,5-dinitropyrazole3 

4-Chloro-3,5-dinitropyrazole (2.115 g, 10.98 mmol) was dissolved in aqueous 

ammonia (19.56 mL, 35%) and added to an autoclave that was heated to 170 ÜC in an 

oven for 10 hours. Afterwards the autoclave was cooled to room temperature and the 

reaction mixture was acidified to pH = 1. The solution was extracted with ethyl acetate 

(100 mL x 2) and dried over magnesium sulfate. The solvent was removed under 

reduced pressure leaving 4-amino-3,5-dinitropyrazole as a yellow crystalline material. 

Yield: 1.56 g (82%). 1H NMR: (DMSO-d6, ppm) ŭ: 7.12 (s, 2H, NH2). 13C NMR: (DMSO-

d6, ppm) ŭ: 137.8 (C3,5), 128.8 (C4). IR (ATR):  (cm-1) = 2960(m), 2928(m), 2872(m), 

1722(s), 1638(w), 1552(w), 1465(m), 1409(m), 1379(m), 1331(m), 1269(s), 1118(m), 

1020(m), 844 (w), 731(m). MS: (ESI(-), m/z): 172 (anion). 

2.4.4. Synthesis of Sodium 4-cyano-3,5-dinitropyrazolate dihydrate1 

4-Amino-3,5-dinitropyrazole (1.282 g, 7.41 mmol) was dissolved in sulfuric acid (51 

mL, 1M) and a solution of sodium nitrite (0.64 g, 9.33 mmol) in water (13 mL) was 

added at 5 ÜC without allowing temperature to rise above 10 ÜC. The mixture was 

stirred at 5 ÜC for 20 minutes and then at room temperature for 30 minutes. Afterwards 

the mixture was neutralised to pH = 7 with sodium carbonate. Copper cyanide (0.84 g, 

13.11 mmol) was then added in one portion and a solution of sodium cyanide (0.64 g, 

13.11 mmol) in water (13 mL) was added dropwise. The mixture was then stirred at 

room temperature for 30 minutes and then for 2 hours at 70 ÜC. After 2 hours the 

reaction mixture was allowed to cool to room temperature and a fine black precipitate 

was filtered off and discarded. The solvent was removed under reduced pressure, and 

the resultant residue was extracted with ethyl acetate (100 mL x 4). The organic phase 

was then dried over magnesium sulfate, and the solvent was removed under reduced 

pressure to yield sodium 4-cyano-3,5-dinitropyrazolate dihydrate as dark orange 

crystals. Yield: 1.262 g (70%). 13C NMR: (DMSO-d6, ppm) ŭ: 156.71 (C3,5), 111.63 (C4), 

82.39 (CN). IR (ATR):  (cm-1) = 3610(w), 3541(m), 3342(m), 3155(m), 2598(w), 

1716(m), 1691(m), 1626(m), 1547(s), 1482(s), 1405(s), 1334(vs), 1307(vs), 1262(s), 

1198(m), 1108(s), 1042(m), 1007(s), 845(vs), 762(m), 696(w), 627(w).MS: (ESI(-), 

m/z): 182 (anion). 
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2.4.5. Synthesis of 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazole1 

Sodium 4-cyano-3,5-dinitropyrazolate dihydrate (1.280 g, 5.31 mmol) was dissolved 

in water (87 mL). Sodium azide (1.03 g, 15.84 mmol) and zinc chloride (2.17 g, 15.93 

mmol) were then added. The mixture was heated to 85 ÜC and stirred for 72 hours. 

Afterwards the reaction mixture was allowed to cool to room temperature and the 

formed precipitate was filtered off and redissolved in hydrochloric acid (50 mL, 2M). 

The aqueous solution was then extracted with ethyl acetate (50 mL x 4). The organic 

phase was dried over magnesium sulfate, and the solvent was removed under 

reduced pressure. The resulting residue was then redissolved in toluene/acetone (1:1, 

20 mL) and the solvent was removed under reduced pressure. This was repeated 

twice to yield 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazole as yellow block crystals. 

Yield: 0.617 g (51%).13C NMR: (DMSO-d6, ppm) ŭ: 153.31 (C3,5), 147.00 (C4), 96.72 

(CTetrazole). IR (ATR):  (cm-1) = 3059(w), 2982(m), 2868(m), 2618(m), 1876(m), 

1645(w), 1553(vs), 1514(s), 1438(s), 1398(s), 1385(s),1360(s), 1325(s), 1293(s), 

1252(s), 1219(m), 1156(w), 1114(s), 1095(s), 1038(w), 1015(s), 990(s), 834(vs), 

774(s), 756(s), 715(m), 659(s), 643(m), 562(s), 517(s). MS: (ESI(-), m/z): 225 (anion). 

MP: 207 ÜC (dec.) 

2.4.6. Synthesis of Sodium 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolateĿ 3.5 H2O 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.102 g, 0.451 mmol) was dissolved in 

water/ethanol (3 mL, 1:1) at 80 ÁC and sodium bicarbonate (37 mg, 0.451 mmol) was 

added. Solvent was evaporated slowly yielding light orange plate crystals. Yield: 115 

mg (94%). IR (ATR):  (cm-1) = 3626(w), 3166(w), 1636(w), 1494(s), 1457(w), 

1419(w),1394(m), 1313(s), 1291(s), 1270(s), 1126(m), 1009(s), 924(w), 850(s), 

764(m), 647(w). EA: C4HN8O4Na Ŀ 3.5 H2O (311.15 gmol-1); calcd.: C 15.44, H 2.59, 

N 36.01 %; found: C 15.05, H 2.49, N 36.05 %.  

2.4.7. Synthesis of Copper(I) 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate 

Copper(II) chloride dihydrate (0.135 g, 0.884 mmol) was added to a beaker and 

dissolved in 7 mL of H2O to form a light blue solution. The solution was heated to 75 ÁC 

and 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.100 g, 0.442 mmol, 0.5 equivalent) 

was added in two portions, letting the solution heat back up to 75 ÁC before the second 

portion was added. Heating was then continued until the mixture was at 90 ÁC at which 
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point sodium ascorbate (100 mg in 1.2 ml of water) was added. Addition was made at 

a rate of 0.133 ml min-1. After addition for 1.5 minutes the solution was allowed to stir 

for 4.5 minutes. Addition was then continued at the same rate as before. Once addition 

was complete reaction mixture was stirred for 1.5 minutes for a total reaction time of 

14 minutes, yielding a brown amorphous precipitate which was filtered and washed 

with water. Yield: 0.057 g. IR (ATR):  (cm-1) = 1630(w), 1529(vs), 1497(vs), 1426(m), 

1378(w), 1353(s), 1316(s), 13029(s), 1246(w), 1173(w), 1165(w), 1130(w), 1031(w), 

848(s), 757(w), 720(w), 675(w), 656(w), 638(w). EA: C4N8O4Cu2 Ŀ 0.2 H2O (354.79 

gmol-1); calcd.: C 13.54, H 0.11, N 31.58 %; found: C 13.56, H 0.13, N 31.50 %. STA 

(2 K min-1): 284 ÜC (exo.), 377 ÜC (dec.). 

2.4.8. Synthesis of Copper(II) 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate 

monohydrate 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.100 g, 0.442 mmol) and copper(II) 

acetate monohydrate (0.088 g, 0.442 mmol) were dissolved separately in the minimum 

amount of 85 ÜC water. The two solutions were combined while stirring to yield a blue 

microcrystalline precipitate which was filtered and washed with water. The precipitate 

was then added to an autoclave in 25 mL of water with 10 drops of acetic acid. The 

autoclave was then heated to 160 ÜC for 4 days. Upon cooling a crop of dark blue 

block crystals were recovered. Yield: 0.113 g (84%). IR (ATR):  (cm-1) = 3600(w), 

3541(m), 3390(w), 2963(w), 2618(w), 1635(w), 1535(s), 1455(w), 1416(m), 1363(m), 

1320(s), 1296(m), 1259(w), 1169(w), 1092(m), 1040(m), 1020(m), 855(s), 798(w), 

769(w), 753(w), 673(w), 633(w). EA: C4N8O4Cu Ŀ 1 H2O (305.66 gmol-1); calcd.: C 

15.72, H 0.66, N 36.66 %; found: C 16.04, H 0.944, N 36.60 %. STA (2 K min-1): 321.4 

ÜC (dec.). 

2.4.9. Synthesis of Zinc(II) 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate 

heptahydrate 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.100 g, 0.442 mmol) and zinc chloride 

(0.060 g, 0.442 mmol) were dissolved separately in the minimum amount of 85 ÜC 

water. The two solutions were combined while stirring to yield a cream precipitate 

which was filtered and washed with water. Precipitate recrystallised from boiling water 

forming white needle crystals. Yield: 0.106 g (58%). IR (ATR):  (cm-1) = 3614(w), 

3326(m), 3119(m), 1670(w), 1626(m), 1537(s), 1450(w), 1418(m), 1378(m), 1361(m), 
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1322(s), 1260(w), 1187(w), 1165(w), 1137(w), 1094(w), 1041(w), 1022(m), 851(s), 

770(m), 757(m), 656(m), 624(m). EA: C4N8O4Zn Ŀ 7 H2O (415.58 gmol-1); calcd.: C 

11.56, H 3.40, N 26.96 %; found: C 11.61, H 3.54, N 26.83 %. STA (2 K min-1): 38.6 

ÜC (endo., H2O loss), 306.2 ÜC (dec.). 

2.4.10. Synthesis of Nickel(II) 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate 

trihydrate 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.100 g, 0.442 mmol) and nickel chloride 

hexahydrate (0.105 g, 0.442 mmol) were dissolved separately in the minimum amount 

of 85 ÜC water. The two solutions were combined while stirring to yield a green 

precipitate which was filtered and washed with water. The precipitate was then added 

to an autoclave in 25 mL of water with 10 drops of acetic acid. The autoclave was then 

heated to 160 ÜC for 4 days. Upon cooling green needle crystals were recovered. Yield: 

0.141 g (95%). IR (ATR):  (cm-1) = 3575(w), 3508(w), 3255(w), 3139(m), 1635(w), 

1548(m), 1520(m), 1461(w), 1383(w), 1359(m), 1312(s), 1249(w), 1216(w), 1169(w), 

1118(w), 1090(w), 1040(m), 1026(m), 865(s), 828(w), 769(w), 755(w), 667(m), 637(m). 

EA: C4N8O4Ni Ŀ 3.3 H2O (342.24 gmol-1); calcd.: C 14.04, H 1.94, N 32.74 %; found: 

C 14.10, H 1.516, N 32.60 %. STA (2 K min-1): 86.2 ÜC (endo., H2O loss), 334.9 ÜC 

(dec.). 

2.4.11. Synthesis of Cobalt(II) 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate 

trihydrate 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.100 g, 0.442 mmol) and cobaltous 

nitrate hexahydrate (0.129 g, 0.442 mmol) were dissolved separately in the minimum 

amount of 85 ÜC water. The two solutions were combined while stirring to yield a beige 

precipitate which was filtered and washed with water. The precipitate was then added 

to an autoclave in 25 mL of water with 10 drops of acetic acid. The autoclave was then 

heated to 160 ÜC for 4 days. Upon cooling beige block crystals were recovered. Yield: 

0.115g (63%). IR (ATR):  (cm-1) = 3584(w), 3512(w), 3261(w), 3133(m), 1631(w), 

1547(m), 1522(s), 1449(w), 1412(m), 1382(w), 1359(m), 1314(s), 1251(w), 1210(w), 

1167(w), 1116(w), 1078(w), 1038(m), 1026(m), 865(s), 830(w), 699(w), 663(m), 

631(m). EA: C4N8O4Co Ŀ 3 H2O (337.07 gmol-1); calcd.: C 14.25, H 1.79, N 33.24 %; 

found: C 14.78, H 1.99, N 33.45 %. STA (2 K min-1): 66.5 ÜC (endo., H2O loss), 324.8 

ÜC (dec.). 
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2.4.12. Synthesis of Silver(I) 5-(3,5-dinitro-1H-pyrazol-4-yl)-1H-tetrazolate 

5-(3,5-Dinitro-1H-pyrazol-4-yl)-1H-tetrazole (0.102 g, 0.451 mmol) and silver nitrate 

(0.115 g, 0.677 mmol) were dissolved separately in the minimum amount of 85 ÜC 

water. The two solutions were combined while stirring to yield a cream amorphous 

precipitate which was filtered and washed with water. Yield: 0.198 g (99%). IR (ATR): 

 (cm-1) = 1616(w), 1523(s), 1415(m), 1356(m), 1317(s), 1182(w), 1155(w), 1024(m), 

849(s), 768(w), 663(w). EA: C4N8O4Ag2 Ŀ 0.5 H2O (448.84 gmol-1); calcd.: C 10.70, H 

0.22, N 24.97 %; found: C 10.93, H 0.49, N 24.37 %. STA (2 K min-1): 278.3 ÜC (exo., 

N-O loss), 404.8 ÜC (dec.).  
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3. Synthesis and characterisation of novel metal 

coordination compounds of 5-(5-nitro-1H-triazol-3-yl)-1H-

tetrazole 

Aims 

1) Investigate the reliability of the published procedures to synthesise 5-(5-nitro-

1H-triazol-3-yl)-1H-tetrazole (H2NTT). 

2) Develop synthetic procedures for the synthesis of novel transition metal 

coordination compounds of NTT. 

3) Characterise the synthesised transition metal coordination compounds with IR, 

single crystal XRD and elemental analysis. 

4) Investigate how the transition metal coordination centre influences the crystal 

structure and their physicochemical material properties. 

3.1. Introduction 

5-(5-Nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT) was first synthesised by Dippold and 

Klapºtke in 2013. It was developed as the first compound combining a nitrotriazole 

derivative with a tetrazole via a C ï C bond,1 analogous to the later synthesised 

nitropyrazole derivative.2 This work was based upon preliminary calculations by Ghule 

et al. who found the compound to have promising calculated density and detonation 

parameters.3 The calculations were performed using density functional theory at 

B3LYP/6-31G* level, with the heat of formation calculated by designing the appropriate 

isodesmic reactions and the densities predicted using CVFF force fields. Kamlet-

Jacobsô equations were then used to calculate the detonation properties. Dachs et al. 

then successfully synthesised energetic salts of H2NTT with hydroxylammonium, 

guanidinium and triaminoguanidinium cations. These were characterised as promising 

energetic materials, particularly the guanidinium salt with a decomposition 

temperature of 296 ÜC, though no crystal structures of these energetic salts were 

collected.4 Recently Liu et al. have published a synthesis of an energetic MOF utilising 

the dipotassium salt of NTT which shows extreme tolerance to high temperature, 

decomposing at 361 ÜC while possessing detonation performance comparable to 

known secondary explosives.5 All the published salts are doubly deprotonated, with 
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only the dipotassium salt being a hydrate. As well as formation of energetic salts, 

Klapºtke et al. have also synthesised the nitramino and azido derivatives, where the 

nitro group is replaced with the said group and have synthesised 5-(3-Nitro-1H-triazol-

5-yl)tetrazol-1-ol, forming the tetrazole moiety via an azidoxime intermediate.6  

 
Figure 3.1. Examples of known salts of H2DNPT. G = guanidinium, TAG = 

triaminoguanidinium.4, 5  

Despite the formation of these high nitrogen content cation and potassium salts, no 

transition metal coordination chemistry has been investigated with the H2NTT 

proligand. The study below investigates the synthesis of H2NTT and its coordination 

chemistry ï involving a range of transition metals (Cu(I), Cu(II), Zn(II), Ni(II), Co(II), 

Ag(I)). Characterisation of composition and physicochemical properties of the 

obtained coordination compounds was performed with IR spectroscopy, elemental 

analysis and X-ray crystallography for those materials that were obtained in crystalline 

form. 

 
Figure 3.2. Examples of metal salts and coordination compounds of H2NTT 

synthesised in this work. 
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3.2. Results and Discussion 

3.2.1. Synthesis of 5-(5-Nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT) and its 

sodium salt (Na2NTT) 

 

Figure 3.3. 4-Step reaction scheme for the synthesis of H2NTT from Dippold et al.1 

5-(5-Nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT) was successfully synthesised in a 4-

step reaction from 5-amino-1,2,4-triazol-2-carboxylic acid (ATCA). ATCA was 

purchased or synthesised from oxalic acid and aminoguanidine bicarbonate in 85% 

yields following the procedure by Kukuljan and Kranjc.7 The synthesised white solid 

was analysed with ATR-IR and 1H NMR spectroscopy which ascertained the 

composition in light of the published data (Appendix 10.2.1.).7, 8 This was treated with 

thionyl chloride in ethanol forming the ethyl ester intermediate (Appendix 10.2.2.) 

which was reacted with ammonia to form 5-amino-1,2,4-triazol-2-carboxamide 

(ATCAm) in a 57% yield. ATR-IR and NMR spectroscopic data of the product matched 

published values (Appendix 10.2.3.),1, 7 with the ATR-IR spectrum showing 

disappearance of the O ï H stretch and an additional N ï H stretch at 3337 cm-1. 

ATCAm was then dehydrated with phosphorus pentoxide in dry acetonitrile to form 5-
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amino-1,2,4-triazol-2-carbonitrile (ATCN) with a 70% yield. ATR-IR and NMR spectra 

matched literature values (Appendix 10.2.4.) with the clear addition of the C ¹ N 

stretch at 2261 cm-1.1, 7 5(3-Amino-1H-1,2,4-triazol-5-yl)-1H-tetrazole (ATT) was then 

synthesised through a [3+2] cyclisation of ATCN with sodium azide and zinc chloride 

with an 82% yield. The ATR-IR and NMR spectra matched literature values (Appendix 

10.2.5.),1 with the C ¹ N stretch disappearing, with a large band seen at 1753 cm-1, 

similar to other C-bound tetrazoles discussed in Chapter 2.  

The final step is the diazotisation of ATT with excess sodium nitrite in sulfuric acid, 

forming 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT) in an 85% yield. 

Characterisation was performed with ATR-IR and 13C NMR spectroscopy which 

matched literature values (Appendix 10.2.6).1 13C NMR analysis of the H2NTT showed 

the product to be pure apart from some remaining acetone residual solvent with 

product peaks at 162.89, 148.15 and 145.34 ppm assigned as C ï NO2, Ctriazole and 

Ctetrazole respectively. Further drying and recrystallisation from acetone eliminated 

these impurities.  

 

Figure 3.4. 13C NMR spectrum of 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT). 
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The novel compound, disodium 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazolate trihydrate 

(Na2NTT) was synthesised by dissolving H2DNPT in ethanol at room temperature and 

a solution of sodium bicarbonate in water was added dropwise. This formed an off-

white precipitate which was recrystallised from hot ethanol forming orange plate 

crystals of Na2NTT as a trihydrate. Na2NTT was characterised with ATR-IR and NMR 

spectroscopy as well as X-ray crystallography. Elemental analysis of the crystals gave 

differences between expected and found values within acceptable tolerances. The 

crystals have carbon, hydrogen, and nitrogen values (Ñ 0.5%) which agree with the 

disodium 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazolate trihydrate structure collected.  

 

Figure 3.5. Synthesis of Na2DNPT from H2NTT. 

3.2.1.1. IR Spectroscopic Characterisation of H2NTT and Na2NTT 
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Figure 3.6. ATR-IR spectra of H2NTT (bottom) and Na2NTT (top). 
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The ATR-IR spectrum of H2NTT has a broad O ï H stretch band between 3657 ï 3240 

cm-1 indicating the free acid forms as a hydrate, with the N ï H stretches for the ring 

structures appear in a broad band between 2900 ï 2185 cm-1 indicating the N ï H 

protons form hydrogen bonds. The unassigned feature related to C-bound tetrazoles 

which appears in the spectrum of H2DNPT at 1877 cm-1 also appears at 1814 cm-1 in 

H2NTT. This band has shifted to a higher wavelength when compared to the spectrum 

of ATT where this feature appears at 1753 cm-1. The NO2 group features are at 1555, 

1316 and 843 cm-1 for the asymmetric, symmetric and bend vibration modes 

respectively, all within the expected range for nitroazoles,9, 10 and the NO2 bend 

overtone is seen at 1632 cm-1.  

When deprotonated as Na2NTT the O ï H bands become broad suggesting hydrogen 

bonding between the water molecules, seen between 3660 ï 2650 cm-1, with the N ï 

H stretch disappearing as the compound has been deprotonated twice. All NO2 related 

vibrations shift, with the asymmetric and symmetric stretch vibrations moving to 1522 

and 1306 cm-1 respectively. The NO2 bend vibration has a small shift in the opposite 

direction to 845 cm-1. These shifts are similar to the reported IR spectra for the 

dipotassium salt, K2NTT, appearing at 1520, 1296 and 848 cm-1 in IR (KBr) spectra 

reported by Liu et al.5  

H2NTT Na2NTT  
Assignments 

Frequency (cm-1) 

3557, 3473 3620, 3541 Free O ï H stretch 

- 3492 ï 2650 O ï H stretch 

2900 ï 2185 - N ï H stretch 

1555 1522 Asym. NO2 stretch 

1316 1306 Sym. NO2 stretch 

843 845 NO2 bend 

Table 3.1. Wavenumber and assignment of characteristic IR absorption bands of 5-
(5-nitro-1H-triazol-3-yl)-1H-tetrazole (H2NTT) and disodium 5-(5-nitro-1H-triazol-3-
yl)-1H-tetrazolate trihydrate (Na2NTT). 
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3.2.1.2. NMR Spectroscopic Characterisation of Na2NTT 

Both 1H and 13C NMR spectra of Na2NTT (Appendix 10.2.7.) were taken in DMSO-

d6, with the proton NMR clear of environments other than the residual solvent peak 

and the water peak at 3.41 ppm. The 13C NMR spectrum has three environments at 

165.71, 157.23 and 156.48 ppm, all three peaks shifting downfield compared to the 

spectrum of the free acid. This shift is also seen in the 13C NMR spectrum of K2NTT 

with peaks at 166.08, 158.05 and 157.11 ppm.5 The assignments of each carbon 

environment stay the same. This downfield shift is due to the deprotonation of the ring 

structure decreasing the electron density of the ring carbons causing deshielding. 

 

Figure 3.7. 13C NMR spectrum of Disodium 5-(5-nitro-1H-triazol-3-yl)-1H-

tetrazolate Ŀ 3 H2O (Na2NTT). 
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3.2.1.3. Structural Determination of Na2NTT 

Orange plate crystals of Na2NTT grew from evaporation of ethanol. Single crystal X-

ray diffraction was used to identify the composition of the crystal, which grew in the P-

1 space group with unit cell dimensions of: a = 6.51 ¡, b = 8.38 ¡, c = 9.92 ¡; Ŭ = 

83.70Á, ɓ = 82.95Á, ɔ = 76.11Á; V = 520 ¡3; Z = 2; with a density of 1.790 g cm-1 at 100K. 

 

Figure 3.8. Asymmetric unit in the crystal structure of Na2NTT. Thermal ellipsoids 

represent the 70% probability level. Selected bond lengths [¡] and angles [Ü]: C1 ï N2 

= 1.321, C1 ï N3 = 1.344, N1 ï C2 = 1.355, N1 ï N2 = 1.366, C2 ï N3 = 1.350, C2 ï 

C3 = 1.465, C3 ï N4 = 1.332, C3 ï N7 = 1.345, N4 ï N5 = 1.352, N5 ï N6 = 1.315, 

N6 ï N7 = 1.346, C1 ï N8 = 1.444, N3 ï C1 ï N8 = 122.26, N1 ï C2 ï C3 ï N7 = -

3.31, N3 ï C1 ï N8 ï O2 = -2.03. Top left inset: Crystals of Na2NTT.  

There is one NTT ligand per asymmetric unit, with the two negative charges satisfied 

by two crystallographically independent sodium cations. There are three water 

molecules per asymmetric unit, all coordinated to the sodium atoms. The ligands have 

bond lengths and angles similar to the reported structures of H2NTT (CCDC: 906006)1 

and K2NTT (CCDC: 2211885),5 however the nitro group and tetrazole ring are both 

more in plane compared to these two structures.  

1 mm 
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Figure 3.9. Formula unit in the crystal structure of Na2NTT with only the coordinating 

atoms and water of crystallisation labelled. Thermal ellipsoids represent the 70% 

probability level. 

As well as the three water molecules, the coordination sphere of Na1 is made up of 

two NTT ligands, one which coordinates via N1 with a length of 2.451 ¡, and another 

which is bidentate coordinating through N2 and O1 with coordination bond lengths of 

2.521 and 2.547 ¡ respectively. This forms a distorted octahedral coordination 

geometry. Na2 has a coordination number of five made up of the three water molecules 

and one ligand coordinating in a bidentate mode through N3 and O2 with lengths of 

2.482 and 2.557 respectively. According to Addison et al., we can determine whether 

the geometry of the coordination centre is trigonal bipyramidal or square pyramidal, 

using the equation Ű5 = (ɓ ï Ŭ)/60 where ɓ > Ŭ are the two largest valence angles of 

the coordination centre,11 in this case N3 ï Na2 ï O4 and O2 ï Na2 ï O5. When Ű5 is 

near 0, the geometry is close to square pyramidal, and when Ű5 is near 1 the geometry 

is close to trigonal bipyramidal. For Na2 the value is 0.03, suggesting a distorted 

square pyramidal geometry. All coordinated water forms bridges to each sodium atom, 

O3 and O5 forming a pair of bridges between the same atoms of Na1 and Na2, with 

angles of 97.87 and 97.95Ü, respectively. O4 then coordinates between Na1 and Na2 

of two different bridged pairs with a larger angle of 113.43Ü. Coordination bond lengths 

and angles are collected in Table 3.2. 
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Bond Length or Angle (¡ or Ü) 

Na1 ï N1 2.451 

Na1 ï N2  2.521 

Na1 ï O1 2.547 

Na1 ï O3 2.380 

Na1 ï O4 2.391 

Na1 ï O5 2.394 

Na2 ï N3 2.482 

Na2 ï O2 2.557 

Na2 ï O3  2.382 

Na2 ï O4 2.327 

Na2 ï O5 2.365 

N1 ï Na1 ï O1  165.61 

N1 ï Na1 ï N2 104.74 

N1 ï Na1 ï O3 105.07 

N2 ï Na1 ï O3 143.18 

O4 ï Na1 ï O5 171.07 

N3 ï Na2 ï O3 100.20 

N3 ï Na2 ï O4 147.95 

N3 ï Na2 ï O5 89.97 

O2 ï Na2 ï O4 131.29 

O2 ï Na2 ï O5 145.89 

O3 ï Na2 ï O4 109.14 

O3 ï Na2 ï O5 82.20 

O4 ï Na2 ï O5 81.68 

Table 3.2. Coordination parameters of Na2NTT. Valence angles used in the Ű5 
calculation are in bold. 

The ligand ï sodium coordination bonds and the sodium ï water bridges form a 3D 

coordination polymer extending infinitely through the crystallographic a axis in a ladder 

structure, with two ligands connected through the sodium ï water bridges per unit cell. 

Each óladderô is connected to another through strong hydrogen bonds12 along the 

crystallographic c axis forming between different water molecules and the ligand, with 

O1, N4, N5 and N6 acting as hydrogen bond acceptors. The hydrogen bond geometry 

is collected in Table 3.3. Additionally, there may be a ́-́  stacking interaction in the 
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packing, with the alternating triazole-tetrazole ring system sitting in a parallel offset 

geometry within the óladderô structure. The centroid ï centroid distance between the 

tetrazole and triazole rings is 3.520 ¡ with an offset angle of approximately 20Ü, fitting 

with comparable geometries.13-15 

D ï H ĿĿĿ A D ï H (¡) H ĿĿĿ A (¡) D ĿĿĿ A (¡) D ï H ĿĿĿ A (Ü) 

O3 ï H3A ï N6 0.871 1.997 2.862 171.75 

O4 ï H4A ï O1 0.826 2.089 2.891 163.66 

O4 ï H4B ï N5 0.938 1.907 2.827 166.51 

O5 ï H5B ï N4 0.964 1.814 2.774 173.50 

Table 3.3. Hydrogen bond geometry for Na2NTT.  

 

 

Figure 2.10. Packing structure of Na2NTT viewed down the crystallographic c axis 

(top) and a axis (bottom). Blue dotted lines represent hydrogen bonds. Thermal 

ellipsoids represent the 70% probability level. 
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Na2NTT does not form the same metal-organic framework structure that is reported 

with K2NTT,5 having a different unit cell and much lower density of 1.790 vs 1.970 g 

cm-3 for the dipotassium structure, despite the hydrogen bond network and -́́  

stacking. In the structure of K2NTT, the tetrazole ring also takes part in the coordination 

sphere of the potassium as well as the ligand itself forming a bridging structure with 

the potassium atoms as well as the coordinated water, which is not observed in the 

structure of Na2NTT. This feature reduces void space in the crystal structure and 

increases the density. It is unlikely that Na2NTT has the high decomposition 

temperature and detonation performance as seen in K2NTT. 

3.2.2. Synthesis and characterisation of transition metal coordination 

compounds of H2NTT 

 

Figure 3.11. Synthesis of M+ transition metal coordination compounds of H2NTT. 

 

Figure 3.12. Synthesis of M2+ transition metal coordination compounds of H2NTT. 

The transition metal coordination compounds of H2NTT were prepared by addition of 

Na2NTT to the relevant transition metal chloride or nitrate in water heated to 85 ÜC. 

These compounds formed as an insoluble amorphous precipitate which was filtered 

off and washed with water. Unlike the transition metal coordination compounds of 

H2DNPT, only ZnNTT was crystallised by placing the amorphous powders in an 
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autoclave containing water and a small amount of acetic acid as a ómineraliserô heated 

to 160 ÜC for 4 days, with Cu2NTT, NiNTT, CoNTT and Ag2NTT remaining as 

amorphous powders after the hydrothermal synthesis attempt. CuNTT did not 

crystallise as the copper(II) coordination compound, but instead formed a mixed 

copper(I) ï copper(II) compound with three copper ions per two ligands. This suggests 

that the reaction conditions reduced some of the copper(II) to copper(I) with a possible 

thermal decomposition product of the NTT ligand or the acetic acid acting as a 

reductant. This behaviour has also been seen in the hydrothermal crystallisation of 

copper(II) 3,5-dinitropyrazol-4-ol using the same method,16 and has been reported 

with other non-energetic ligands using high temperature hydrothermal synthesis but 

the mechanism of reduction has not been confirmed.17, 18 

 

Figure 3.13. Reduction of copper(II) 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazolate, CuNTT, 

under hydrothermal synthesis conditions forming the mixed copper(I) ï copper(II) 

coordination compound (Cu3(NTT)2). 

The amorphous powders of Cu2NTT, CuNTT, NiNTT, CoNTT and Ag2NTT were 

characterised with IR spectroscopy and elemental analysis. The crystals of Cu3(NTT)2, 

and ZnNTT were characterised with IR spectroscopy, elemental analysis, and single 

crystal X-ray diffraction. Qualitative sensitivity testing took place to assess the 

precautions required in handling these materials. This involved scratching a small 

amount of the material with a spatula and hitting a small amount of the material with a 

hammer. 
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Compound 
Water 

Content 

Ligand 

Charge 
Morphology Flame Test 

Cu2NTT 0 2- Amorphous Detonation 

CuNTT 4 2- Amorphous Deflagration 

Cu3(NTT)2 2 2- Crystalline Detonation 

ZnNTT 6 2- Crystalline Deflagration 

NiNTT n/a 2- Amorphous Deflagration 

CoNTT n/a 2- Amorphous Deflagration 

Ag2NTT 0 2- Amorphous Detonation 

Table 3.4. General properties of synthesised transition metal coordination 
complexes of H2NTT. 

3.2.2.1. IR Spectroscopy 

ATR-IR spectra of the transition metal coordination compounds of H2NTT were 

compared to the spectrum of Na2NTT. All M2+ transition metal complexes contain 

coordinated water, with ZnNTT, NiNTT and CoNTT containing water of crystallisation. 

The bands associated with H2O appear at 3575 ï 3525 cm-1, with hydrogen-bonded 

water causing broad bands in the range 3512 ï 3100 cm-1. There are no N ï H 

stretching bands visible indicating all coordination complexes are doubly deprotonated. 

Small peaks can be seen in some of the coordination compounds around 2360 cm-1 

and are the asymmetric CO2 bending vibration. The bands present between 1633 ï 

1612 cm-1 are tentatively assigned as the H2O bending vibration due to the high water 

content of each coordination complex.  

The asymmetric NO2 stretch at 1522 cm-1 in Na2NTT shifts to one of two higher 

frequencies in all coordination compounds with the highest shift found for CuNTT, 

NiNTT and CoNTT at 1547 cm-1 and the lowest shift for Cu3(NTT)2, ZnNTT and 

Ag2NTT at 1537 cm-1. The splitting of this peak seen in the coordination compounds 

of H2DNPT (2.2.2.1.) is only seen in NiNTT suggesting a unique coordination mode. 

The symmetric NO2 stretch at 1306 cm-1 in the spectrum of Na2NTT also shifts to a 

higher frequency, with the highest shift seen with CoNTT to 1322 cm-1 and the lowest 

shift seen with ZnNTT to 1310 cm-1. This band is split in the two compounds containing 

copper(II), CuNTT and Cu3(NTT)2 as well as ZnNTT. Splitting of the NO2 vibrations is 

usually caused by symmetric non-equivalence of two nitro groups where in the NTT 

ligand there is only one nitro group. This means that the splitting of the symmetric NO2 
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stretch is due to difference in coupling between the NO2 stretch and the ring 

vibrations.19 The shifts seen in the NO2 stretch bands are due to the change in the 

electronic structure between the fully ionic compound, Na2NTT, and the transition 

metal coordination complexes which will gain an amount of covalent character similar 

to H2NTT. This means that the bands shift to a frequency between the fully ionic and 

fully covalent species. The NO2 bend at 845 cm-1 in Na2NTT shifts slightly to a lower 

frequency in the coordination compounds, the largest shift being Ag2NTT both shifting 

to 835 cm-1, and the lowest being Cu3(NTT)2 to 844 cm-1. The NO2 bend vibration 

mode is coupled to the ring vibrations rather than bond length which leads to 

ambiguous patterns when comparing between spectra, but the small shift to a lower 

frequency suggests less coupling to the ring vibrations and less double bond character, 

resulting in a weaker C ï NO2 bond.10, 20  

Assignment 
Free O ï H 

stretch 

O ï H 

stretch 

Asym. NO2 

stretch 

Sym. NO2 

stretch 
NO2 bend 

Compound Frequency (cm-1) 

Na2NTT 3608, 3522 3175 1522 1306 845 

Cu2NTT - 3304 1541 1314 837 

CuNTT 3410 3180 1547 1314, 1302 839 

Cu3(NTT)2 3539 3316 1537 1318, 1302 844 

ZnNTT 3575 3147 1537 1310, 1292 841 

NiNTT - 3310 1547, 1538 1312 841 

CoNTT 3575, 3526 3302 1547 1322 838 

Ag2NTT - 3335 1537 1312 835 

Table 3.5. Wavenumber and assignment of characteristic IR absorption bands of 

the transition metal coordination compounds of H2NTT. 

Other than the O ï H region which changes due to the differing water content of each 

coordination compound, the spectra do not change much between transition metal 

centres. The spectra for Cu2NTT, NiNTT and Ag2NTT are simpler than the spectra of 

Na2NTT and the other transition metal coordination compounds, missing peaks 

especially between the symmetric NO2 stretch and NO2 bend vibrations, suggesting 

that the ring vibrations are less intense in these compounds. Full ATR-IR spectra for 

the transition metal coordination compounds are available in Appendix 10.2.8. ï 

10.2.14. 
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Figure 3.14. Series of ATR-IR spectra of the transition metal coordination compounds 

of H2NTT in the range 4000 ï 2000 cm-1 (top) and 2000 ï 500 cm-1 (bottom).  
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3.2.2.2. Elemental Analysis 

Elemental analysis was conducted to confirm the composition and purity of the 

transition metal coordination compounds both as amorphous powders and crystalline 

material. 

Compound Formula  C% H% N% Morphology 

Cu2NTT 
C3N8O2Cu2 Ŀ 

0.3 H2O 

Expected 11.53 0.19 35.85 
Amorphous 

Found 11.52 0.21 36.34 

CuNTT 
C3N8O2Cu Ŀ 

4 H2O 

Expected 11.41 2.55 35.50 
Amorphous 

Found 11.33 2.18 35.43 

Cu3(NTT)2 
C6N16O4Cu3 

Ŀ 4 H2O 

Expected 11.57 1.29 35.98 
Crystalline 

Found 11.65 1.56 36.35 

ZnNTT 
C6N16O4Zn2 

Ŀ 11 H2O 

Expected 10.46 3.22 32.52 
Crystalline 

Found 10.54 3.36 32.83 

NiNTT  
Expected    

Amorphous 
Found    

CoNTT  
Expected    

Amorphous 
Found    

Ag2NTT C3N8O2Ag2 
Expected 9.10 0.00 28.31 

Amorphous 
Found 9.06 0.05 28.18 

Table 3.6. Elemental analyses of the transition metal coordination complexes of 
H2NTT. 

All elemental analyses have the difference between expected and found values within 

acceptable tolerances (Ñ 0.5% for C, H and N values). The crystalline materials, 

ZnNTT and Cu3(NTT)2, have values which are in agreement with the crystal structures 

determined as discussed in 3.2.3. CuNTT was found to contain four equivalents of 

water, if the structure is similar to that of DNPT then the copper(II) will be octahedral 

with water in the coordination sphere. Cu2DNPT and Ag2DNPT precipitated as water 

free compounds as shown in the IR spectra, but the copper(I) compound was found 

to contain 0.3 equivalents of water. This is likely due to the powders not being entirely 

dry when the elemental analysis was taken.  
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3.2.3. Crystal structure determination of transition metal coordination 

compounds of H2NTT 

Only two transition metal coordination complexes of H2NTT were able to be 

crystallised from their amorphous precipitates. No formed precipitate was soluble in 

organic solvent, with only ZnNTT sparingly soluble in boiling water. CuNTT and ZnNTT 

were crystallised through hydrothermal synthesis by placing 100 mg of the amorphous 

powder in an autoclave with 25 mL of water and ten drops of acetic acid as a 

mineraliser heated to 160 ÜC for four days. As described above, this process reduced 

some of the copper(II) in CuNTT to copper(I) forming the mixed-valence copper 

coordination compound, Cu3(NTT)2. 

Compound Cu3(NTT)2 ZnNTT 

Empirical formula C6H8N16O8Cu3 C6H22N16O15Zn2 

Formula weight 622.90 689.13 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

a (¡) 6.99740(10) 7.6654(6) 

b (¡) 7.45270(10) 8.5215(7) 

c (¡) 8.7156(2) 9.1223(8) 

Ŭ (Ü) 111.3610(10) 92.904(2) 

ɓ (Ü) 98.6740(10) 101.632(2) 

ɔ (Ü) 97.6030(10) 101.851(2) 

Volume (¡3) 409.704(13) 568.56(8) 

Z 1 1 

rcal (g cm-1) 2.525 2.013 

T (K) 100 100 

ɛ (mm-1) 5.407 2.217 

F(000) 307.0 350.0 

Crystal size (mm3) 0.3 Ĭ 0.1 Ĭ 0.05 0.3 Ĭ 0.2 Ĭ 0.1 

Table 3.7. Crystal data for Cu3(NTT)2 and ZnNTT. 
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3.2.3.1. Crystal structure of Cu3(NTT)2 

Cu3(NTT)2 crystallised as green needle crystals containing two units of NTT, one 

copper(II) atom, two copper(I) atoms and four molecules of water. The crystals grew 

in the space group P-1 with unit cell dimensions of a = 7.00, b = 7.45, c = 8.72 ¡; Ŭ = 

111.4Ü, ɓ = 98.67Ü, ɔ = 97.60Ü; V = 409.7 ¡3 with a density of 2.525 g cm-1 at 100 K. 

 

 

Figure 3.15. Formula unit in the crystal structure of mixed copper(I) ï copper(II) 5-(5-

nitro-1H-triazol-3-yl)-1H-tetrazolate tetrahydrate (Cu3(NTT)2). Thermal ellipsoids 

represent the 70% probability level. Selected bond lengths [¡] and angles [Ü]: C1 ï N1 

= 1.340, C1 ï N2 = 1.332, N2 ï N3 = 1.352, C2 ï N1 = 1.334, C2 ï N3 = 1.344, C2 ï 

C3 = 1.463, C3 ï N4 = 1.327, C3 ï N7 = 1.340, N4 ï N5 = 1.361, N5 ï N6 = 1.322, 

N6 ï N7 = 1.332, C1 ï N8 = 1.443, N1 ï C1 ï N2 = 116.77, N4 ï C3 ï N7 = 111.47, 

N1 ï C1 ï N8 ï O1 = 3.48, N1 ï C2 ï C3 ï N4 = -3.10. Bottom right inset: Crystals of 

Cu3(NTT)2 at 2x magnification.  

The NTT ligand has similar bond lengths and angle for the azole ring system as 

Na2NTT and K2NTT.5 The nitro group is almost flat in plane with the triazole ring with 

a torsion angle of 3.48Ü, though slightly more out-of-plane than Na2NTT suggesting 

less C = NO2 double bond character. The tetrazole ring is slightly more in plane than 

is seen in Na2NTT, with a torsion angle of -3.10Ü. 

Cu1 is the copper(II) atom, which coordinates in a distorted octahedral geometry, the 

equatorial position taken up by two bidentate NTT ligands coordinating through N3 

and N7. The axial positions are taken up by two water molecules of O3 which are tilted 

slightly out of a perfect octahedral geometry. The copper(I) atom, C2, coordinates in a 

0.5 mm 
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distorted tetrahedral geometry, coordinating to three different NTT ligands through N2, 

N5 and N6 with these bonds almost in plane. Sticking out of this óplaneô is a coordinated 

water molecule, O4, which is again tilted off centre similar to O3. Cu(I) ï OH2 bonds 

are unusual due to unfavourable hard ï soft interaction between the soft Cu+ acid and 

the hard H2O base usually resulting in disproportionation, with few reported complexes 

containing a discrete copper(I) ï OH2 bond.21 A few other mixed-valence copper(I) ï 

copper(II) complexes are reported in literature with the ligand, bmtte (1,2-bis(1-methyl-

1H-tetrazole-5-ylthio)ethane), and contain no water.22 These complexes form 2D 

coordination polymers similar to what forms with Cu3(NTT)2 though rely on an 

additional counter ion such as chloride or bromide to form. In this case, one atom of 

copper(II) sits between two NTT ligands, and the two atoms of copper(I) connect these 

two ligands to another monomeric unit of Cu3(NTT)2.  

  

Figure 3.16. 2D coordination polymer of mixed copper(I) ï copper(II) 5-(5-nitro-1H-

triazol-3-yl)-1H-tetrazolate tetrahydrate (Cu3(NTT)2). Thermal ellipsoids represent the 

70% probability level. Dotted blue lines represent hydrogen bonds. 

The 2D sheets form strong hydrogen bonds12 between the coordinated water and 

another sheets ring nitrogens connecting the sheets together through O1 and N4 with 

hydrogen bond lengths of 2.080 and 2.151¡ respectively. The water molecules also 

hydrogen bond to each other, forming a chain of hydrogen bonds outside the plane of 

the sheet. These hydrogen bonds help form the 3D packing structure of these 2D sheet 

coordination polymers, with stacks of the sheets extending infinitely through the 

crystallographic a axis. Additionally, a parallel offset -́́  stacking interaction may 

contribute to the 3D structure, as the ring structures of the 2D sheets have centroid-

centroid distances of 3.788 ¡ with an offset angle of 18.38Ü between a tetrazole and 

triazole moiety. These dimensions fit with similar parallel-offset structures.13-15 
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The Cu2+ ï L and Cu2+ ï H2O bond lengths are all similar to other copper(II) 

coordination complexes,23-25 and the Cu+ ï L and Cu+ ï H2O bond lengths are similar 

to other copper(I) coordination complexes.17, 18, 21, 22 The coordination bond lengths 

and angles are collected in Table 3.8. with hydrogen bond geometry in Table 3.9. 

Bond Length or Angle (¡ or Ü) 

Cu1 ï N3 1.970 

Cu1 ï N7  1.992 

Cu1 ï O3 2.477 

N3 ï Cu1 ï N3 180 

N7 ï Cu1 ï N7 180 

O3 ï Cu1 ï O3 180 

N7 ï Cu1 ï O3  83.72, 96.28 

N3 ï Cu1 ï O3 89.36, 90.64 

N3 ï Cu1 ï N7 79.88, 100.12 

Cu2 ï N2 1.968 

Cu2 ï N5 1.946 

Cu2 ï N6 2.240 

Cu2 ï O4 2.311 

N2 ï Cu2 ï N5 146.51 

N2 ï Cu2 ï N6 105.59 

N5 ï Cu2 ï N6 101.91 

N2 ï Cu2 ï O4 88.49 

N5 ï Cu2 ï O4 111.53 

N6 ï Cu2 ï O4 87.70 

Table 3.8. Coordination parameters of Cu3(NTT)2.  
 

D ï H ĿĿĿ A D ï H (¡) H ĿĿĿ A (¡) D ĿĿĿ A (¡) D ï H ĿĿĿ A (Ü) 

O3 ï H3A ĿĿĿ O4 0.874 1.932 2.778 162.45 

O3 ï H3B ĿĿĿ N4 0.873 2.151 2.984 159.61 

O4 ï H4A ĿĿĿ O3 0.886 1.822 2.776 161.37 

O4 ï H4B ĿĿĿ O1 0.886 2.080 2.883 150.20 

Table 3.9. Hydrogen bond geometry for Cu3(NTT)2.  
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Figure 3.17. Packing structure of Cu3(NTT)2 viewed down the crystallographic a axis 

(top) and stacks of the 2D sheets of Cu3(NTT)2 connected by hydrogen bonds viewed 

down the crystallographic b axis (bottom). Thermal ellipsoids represent the 70% 

probability level. Dotted blue lines represent hydrogen bonds. 
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3.2.3.2. Crystal structure of ZnNTT 

ZnNTT crystallised as white rhombohedral crystals containing two units of NTT, two 

zinc(II) atoms and eleven molecules of water. The crystals grew in the space group P-

1 with unit cell dimensions of a = 7.67, b = 8.52, c = 9.12 ¡; Ŭ = 92.90Ü, ɓ = 101.63Ü, ɔ 

= 101.85Ü; V = 568.56 ¡3 with a density of 2.013 g cm-1 at 100 K. 

 

Figure 3.18. Formula unit in the crystal structure of zinc 5-(5-nitro-1H-triazol-3-yl)-1H-

tetrazolate Ŀ 11 H2O (ZnNTT). Thermal ellipsoids represent the 70% probability level. 

Only one model of discorder for O7 shown for clarity. Selected bond lengths [¡] and 

angles [Ü]: C1 ï N1 = 1.344, C1 ï N3 = 1.325, C2 ï N1 = 1.340, C2 ï N2 = 1.343, N2 

ï N3 = 1.359, C2 ï C3 = 1.459, C3 ï N4 = 1.333, C3 ï N5 = 1.339, N4 ï N7 = 1.348, 

N5 ï N6 = 1.347, N6 ï N7 = 1.318, C1 ï N8 = 1.451, N1 ï C1 ï N3 = 117.16, N1 ï C2 

ï N2 = 113.74, N4 ï C3 ï N5 = 112.29, N1 ï C1 ï N8 ï O1 = 3.23, N1 ï C2 ï C3 ï N4 

= 5.97. Bottom right inset: Crystals of ZnNTT at 2x magnification.  

The NTT ligand has similar bond lengths and angle for the azole ring system as 

Cu3(NTT)2, Na2NTT and K2NTT.5 The nitro group is almost flat in plane with the triazole 

ring with a torsion angle of 3.23Ü, though slightly more in plane compared to Cu3(NTT)2, 

although not to the same degree as Na2NTT. The tetrazole ring is further out-of-plane 

than both Cu3(NTT)2 and Na2NTT, with a torsion angle of 5.97Ü. This suggests that 

there is less C = C double bond character in this resonance form than seen with the 

other two discussed structures. 

0.5 mm 



155 

 

The zinc(II) atom takes a distorted octahedral geometry with the axial positions taken 

up by two water molecules, O4 and O8. The equatorial positions are taken up by a 

water molecule, O6, and two ligands. One ligand is bidentate through N2 and N5, with 

the other ligand monodentate through N6. This coordination mode forms ZnNTT 

dimers with two zinc(II) atoms and two ligands, preventing any coordination polymer 

from forming. The Zn ï L and Zn ï H2O bond lengths are similar to the ZnDNPT 

structure and other octahedral zinc structures.26-29 There are three hydrogen bonded 

water molecules, O3, O5 and O7 which act as both hydrogen bond donor and 

acceptors forming multiple bonds for each molecule. O3 donates to O2 and N7 and 

accepts from O6 and O6. O5 donates to N4 and O7 and accepts from O4 and O8. O7 

has two-fold disorder as it sits on the edge of the unit cell, forming hydrogen bonds to 

two different NTT ligands to N3 and two water molecules of O5 depending on the 

configuration. The coordination bond lengths and angles are collected in Table 3.10.  

Both the coordinated and free water molecules form strong hydrogen bonds12 between 

sets of ZnNTT dimers, coordinated water and free water molecules creating a 3D 

hydrogen bond network, with chains of dimers which are then stacked through further 

hydrogen bonds. The hydrogen bond network is made up of O ï H ĿĿĿ O and O ï H ĿĿĿ N 

hydrogen bonds with lengths between 1.878 and 2.309 ¡. Hydrogen bonds between 

O6 ï H ĿĿĿ O7 ĿĿĿ H ï O6 and N7 ĿĿĿ H ï O3 ï H ĿĿĿ O2 form the chain between dimers 

and with hydrogen bonds between O4 ï H ĿĿĿ N1, O8 ï H ĿĿĿ O5 ï H ĿĿĿ N4 and O8 ï 

H ĿĿĿ O3 ï H ĿĿĿ N7 forming the stacking network. Hydrogen bond geometry is collected 

in Table 3.11. 

  

Figure 3.19. 2D section of the hydrogen bond network chain connecting the planar 

zinc(II) 5-(5-nitro-1H-triazol-3-yl)-1H-tetrazolate tetrahydrate (ZnNTT) dimers. 

Thermal ellipsoids represent the 70% probability level. Dotted blue lines represent 

hydrogen bonds. 


















































































































































































































































































































































































































































































































































































































































