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1 Introduction  

1.1 Coordination Chemistry 

While the benefits of coordination chemistry have followed humanity for quite some time, 

the scientific field itself is a relatively modern appearance. [1] One example of such benefits 

is the use of coordination compounds in dyes, which allows a wide range of substances and 

colors. [2] Historically, the use of such substances reaches back to ancient times in India, 

Persia and Egypt, where alizarin was obtained from the madder plant and combined with 

clay to form the bright red alizarin dye due to coordination to the Al3+-metal center. [3-4] As 

time passed, more coordination compounds, such as Prussian Blue [5], Vauquelinôs Salt [6] 

and Zeiseôs Salt [7] (Figure 1) were discovered. Despite all discoveries, the breakthrough of 

the structural theory behind coordination chemistry was only achieved in the late 19th. 

century by Alfred Werner, who introduced the concept of the coordination number, which 

he described by the german name Nebenvalenz. [3, 8] 

 

Figure 1. Structural elements of the coordination within a) Prussian Blue, b) Vauquelinôs Salt and c) Zeiseôs Salt. 

As a result of the understanding of the structural theory and modern methods for structural 

elucidation, such as single crystal X-ray diffraction, different coordination numbers and 

their associated coordination polyhedrons have been observed. The typical polyhedrons, 

that can be observed for the coordination numbers 2ï6 are displayed in Figure 2. For 

reasons of simplification, the metal center is generalized as M, ligands are shown as green 

circles and planes are represented in gray. The coordination number and polyhedron can be 

correlated with the nature of the central metal and the steric demand of the ligand. In 

addition, it should be noted, that ligand fields with different ligands can show isomerism. 
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Interestingly, the coordination number 6 always results in an octahedron despite the fact 

that other polyhedrons such as the trigonal prism, the trigonal antiprism and the planar 

hexagon are possible alternatives. [9]  

 

Figure 2. Observable coordination polyhedrons for the coordination numbers 2ï6. 

Through this new concept Werner laid the groundwork of the modern coordination 

chemistry, which was essential for the design of multiple metal-based drugs. [10-12] Apart 

from the use in modern medicine, coordination compounds found their use in material 

science. Materials like organic light-emitting diodes (OLEDs) often contain metal-organic 

coordination compounds and have revolutionized many fields of daily life. [13-14] In similar 

ways, the field of organic chemistry has profited from catalysts such as the Grubbs catalysts 

and the understanding of cross-coupling agents (Figure 3). [15-20] 

 

Figure 3. Examples of coordination chemistry with application in organic synthesis. a) Grubbs II catalyst, b) Systematic 

description of cross-coupling reactions. 

These examples show not only how coordination chemistry changed different fields of 

research, but also how the complexity of ligands evolved. While early coordination 

compounds contained mostly simple ligands, with their focus on the basic understanding 
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of the nature of the coordination bond, modern chemical approaches draw attention to an 

application. Another such application, which has gained interest in the scientific 

community are the so-called energetic coordination compounds (ECCs). These compounds 

can often be described as relatively simple combinations of oxidizer and fuel within the 

coordination sphere. This allows for the release of energy ranging from simple burning, 

often accompanied by visible color, depending on the central metal, up to violent 

detonation. The range of the output hereby can be explained by the combination of the 

ligand, which is mostly considered as the fuel and the anion, which is in many cases of 

oxidizing nature. Some of these compounds already reached the verge of industrial 

application as primary explosives, like for example cobalt(II) pentaamine 5-

cyanotetrazolato perchlorate (CP) [21], cobalt(III) tetramine bis-(5-nitrotetrazolato) 

perchlorate (BNCP) [22] and nickel(II) trihydrazine nitrate (NHN) [23-25] (Figure 4). 

 

Figure 4. Illustration of the commercially interesting ECCs a) CP, b) BNCP and c) NHN. 

1.2 Energetic Materials and their Application  

As energetic materials cover a whole range of applications in the civil sector (e.g. mining 

and blasting) and military (e.g. ammunition, protective systems and optical signaling), there 

are multiple ways of categorization. One simple way is to differentiate between molecular 

energetic materials and mixtures of substances, which by themselves, might not be an 

explosion hazard. This allows for an insight into the reaction mechanism, which, in the case 

of Figure 5a) is driven by the contact surface and therefore is highly dependent on the 

mixing process and in the case of Figure 5b) mostly relies on the intramolecular reaction. 
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Figure 5. Intermolecular versus intramolecular reaction in a) energetic mixtures and b) molecular energetic materials. 

While the understanding of the reaction mechanism might be a beneficial approach in early 

stages of teaching the principles of the behavior of energetic materials, it does not provide 

any information about the potential use of the material. For this reason, other categorization 

methods have been developed, in which the focus is on the use case. While this method 

does not provide information about the chemical composition or predominant reaction 

pathway, it focuses on the industrial application, and therefore, in many ways, the 

properties of the respective class. This leads to a tree diagram (Figure 6) which first divides 

the field into pyrotechnics, propellants and explosives, which themselves can be 

subdivided. Despite the fact, that further subdivision of each class is possible, this chapter 

focusses on this simple way of classification to give a broad overview over some specific 

applications. 

 

Figure 6. Classification of energetic materials depending on their application. 

Pyrotechnical devices and mixtures are most likely the group of energetic materials, which 

are the best known to the general public. [26-27] They are usually energetic mixtures, which 

upon burning create a sort of acoustic or optical emission, as in fireworks and emergency 
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flares, or produce a dense smoke, which can be colored by the addition of dye for the use 

of signal smokes. [28] The properties of the individual pyrotechnical mixtures depend 

strongly on their composition. While a detonation of such mixture is in most cases not 

desirable, it may still be a possible outcome, especially under confinement. [29-30] Typically, 

physical mixtures of oxidizer and fuel are combined with metal salts as colorants for light-

emitting pyrotechnics. [31] The optical impression therefore can be described as a result of 

the excitation and relaxation of electrons within the color-giving metal cation. Common 

illuminators hereby rely on Sr(II) for red, Na(I) for yellow, Ba(II) for green and Cu(I) for 

blue impression. [32] In more recent research, special focus has been drawn toward lithium-

based replacements for red-light-emitting pyrotechnics, due to the concern about 

incorporation of strontium in the human skeleton. [33] 

Similar to pyrotechnics, the desired reaction of propellants is below the level of a 

detonation. [34] Depending on the application the propellant is supposed to burn off evenly, 

producing constant thrust as in rocket propellants or burn fast enough to produce a breech 

pressure in gun propellants. [35] The differentiation between gun and rocket propellants from 

a chemical point of view can also be seen as an issue of technical complexity of the 

propulsion system itself, as rocket engines are of much higher complexity and vary 

drastically depending on their specific use. Since the invention of the so-called smokeless 

powder, which is a single-base propellant based on nitrocellulose, only small adjustments 

in the field of gun propellants have been made. After the addition of nitroglycerine to 

nitrocellulose (double-base propellant) to improve the performance, further changes 

focused mostly on increasing the longevity of the gun barrel, as often seen in triple-base 

propellants. [36] As mentioned before, rocket propellants are more diverse compared to gun 

propellants. They can in general be divided into solid and liquid propellants, which again 

can themselves be split into different categories. The choice of which propellant shape and 

system is ideal, depends strongly on the specific application, as storage requirements, fast 

usability and thrust profile may vary. [37] 

Unlike in the fields of pyrotechnics and propellants, a controlled detonation is a desirable 

outcome for the class of explosives. The emphasis hereby lies on the term ñcontrolledò. 

Safety aspects for manufacturing, storage and handling therefore rely on the strict 

separation of primary and secondary explosives. Secondary explosives are powerful 

substances which can be brought to detonation under the right circumstances, should 

however require a strong stimulus to do so. This requirement allows for safe handling, as 

the majority of the net quantity of an explosive device, which consists of secondary 
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explosives or mixtures thereof, shows an acceptable range in terms of friction sensitivity 

(FS), impact sensitivity (IS) and resistance toward electrostatic discharge (ESD). In 

addition, the thermal stability of secondary explosives typically exceeds that of primary 

explosives. Figure 7 shows several examples of commercially used secondary explosives, 

as well as three modern representatives of the class, which have received high interest in 

the energetic community. 

 

Figure 7. Classical examples of commercially used secondary explosives a) 2,4,6-trinitrotoluene (TNT), b) 

hexanitrostilbene (HNS), c) 1,3,5-trinitro-1,3,5-triazinan (RDX) d) octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocin (HMX), 

as well as the three modern examples g) 1,1-diamino-2,2-dinitroethen (FOX-7), f) 2,4,6,8,10,12-

hexanitrohexaazaisowurtzitan (CL-20) and g) dihydroxylammonium-5,5ǋ-bistetrazolyl-1,1ǋ-diolat (TKX-50). 

As mentioned, the initiation of a secondary explosive requires a strong stimulus, which is 

typically generated by a primary explosive. Primary explosives are usually more sensitive 

toward friction, impact and ESD. Their purpose is to undergo a rapid deflagration-to-

detonation-transition (DDT) and pass on the resulting shockwave to the secondary 

explosive or flame front to a propellant. Early developments of primary explosives were 

mercury fulminate, which was replaced in detonators by lead azide (LA), as well as lead 

styphnate (LS), and potassium 4,6-dinitrobenzofuroxanate (KDNBF). Nowadays, lead 

azide and lead styphnate dominate the market for primary explosives, leading to massive 

lead contamination of shooting grounds and surrounding areas. [38-39] 
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Figure 8. Classical examples of primary explosives. a) Mercury fulminate (MF), b) lead azide (LA), c) lead styphnate (LS), 

and d) potassium 4,6-dinitrobenzofuroxan (KDNBF). 

This persistent contamination leads to one of the main problems of lead azide and lead 

styphnate ï their toxicity. [40] Exposure to lead is known to cause severe damage to brain 

and kidney, and result in behavioral problems and lowered intelligence in children. [41] To 

reduce the distribution of lead in the environment, researchers around the world have taken 

serious efforts [42-44], producers have started to focus on alternatives [45-46], and governmental 

organizations have started banning such compounds of high concern for special 

applications. [47-48] Both LA and LS have furthermore been added to the REACH 

ñCandidate list of Substances of Very High Concern for Authorisationò in December 

2011. [49] 

Modern attempts to replace lead-based primary explosives include, copper(I) 

nitrotetrazolate (DBX-1) [50], potassium 1,1ô-dinitramino-5,5ôbistetrazolate 

(K2DNABT) [51] and other highly energetic potassium salts [52], various ECCs based on 

copper(II) azide [53-56], transition metal perchlorates [57-60] and energetic perovskites. [61-62] 

In application, these substances can either be used directly or in mixtures within different 

devices such as primer caps, cutting devices, or detonators. In any case of application, the 

primary explosive is used in relatively small quantities and relies on a simple impulse, such 

as flame, electrical current, mechanical stress or optical excitation. The respective devices 

are then built in accordance with the stimulus to which they should respond, while ideally 

being relatively resistant toward the other possible impulses. The two types of detonators, 

for which the EU directive aims to ban lead azide, are of electric and electronic nature. [47-

48] A systematic overview of these two types is shown in Figure 9. In the case of the electric 

detonator, an example of the modern NME-type (non-mass-explosive) was chosen. This 

detonator type is known for its improved safety due to the NME body, which shields the 

primary explosive from external shockwaves. This reduces the likelihood of a mass 

explosion of multiple detonators, which are stored together, thereby limiting the damage to 

one unit. 



INTRODUCTION 

8 

 

 

Figure 9. Schematic depiction of electric and electronic detonators. 

1.3 Motivation and Objectives 

There are multiple reasons to replace lead styphnate and lead azide, especially in civil use 

cases, where the EU already laid the groundwork for scientifically supported prohibition. 

The reason why no broad range of lead-free detonators have entered the market, is that the 

existing alternatives might be options for a specific use case but not for the overall market. 

The high bulk density, exceptional thermal stability and acceptable mechanical stability of 

LA (e.g. RD-1333) combined with its low price point are a challenge for the ñgreenò 

alternatives. [63-64] As general requirements for a compound to be considered a possible 

replacement candidate, it needs to undergo a rapid DDT and successfully transfer the 

detonation to a secondary explosive. To be considered a drop-in candidate it should 

furthermore do so with a similar volume of substance, and therefore not influence the 

geometry or processing of the device. [65] The replacement candidate should possess 

suitable no-fire limits to allow safe processing and must be compatible with all materials it 

is brought to contact with. Long-term stability, absence of toxicity, ideally in the overall 

process, good processability, including high yield and flowability, and a low price can be 

considered mandatory for industrialization. While the necessary thermal stability of the 

compound may vary depending on the specific application, the lower acceptance limit is 

generally considered 150 °C. [35, 66] As mentioned, one concept for the preparation of 

ñgreenò primary explosives is the formation of energetic coordination compounds. This 

concept relies on the combination of cation, ligand and anion (Figure 10) for the overall 

performance and physico-chemical properties, as proven by complexation of copper(II) 

azide, which results in stabilized ECCs. [54-55] Hereby, the energy content can be controlled 

by parameters such as the quantity and endothermicity of the ligand and its ratio to the 

anion, which can in many cases be described as the ratio of fuel to oxidizer. The solubility 
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of the ECCs can be influenced by using bridging and chelating ligands. While each 

component of the ECC does influence the toxicity, special focus lies on the exclusion of 

high-toxicity heavy metals such as lead, cadmium and mercury. 

 

Figure 10. Illustration of the concept of energetic coordination compounds. [67] 

In the recent years, publications in the field of ECCs often focused on the increase of the 

enthalpy of formation of the ligand, ultimately increasing the N+O content of the 

compounds, while using oxidizing anions, such as perchlorate, chlorate, bromate and 

nitrate. [57-59, 68-71] The result was an increase of sensitivity for ECCs with comparable 

stoichiometry. As an alternative method of increasing the enthalpy of formation, this work 

relies on the introduction of tetrazoles with unsaturated side-chains. In an alternative 

approach, the authors showed the value of chelating ligands, which by definition coordinate 

to at least two sites of the central metal, resulting not only in a desirable decrease of 

solubility, but also as a method to improve the ratio of ligand to oxidizing anion or the 

amount of azide, in copper(II) azides. [60, 72-75] In a similar manner, this work acknowledges 

the value of different coordination modes, by studying the structural motifs, observed in 

single-crystal XRD, and evaluating the resulting trends. Therefore, the main goals of the 

underlying publications are to emphasize the mechanical and thermal stability in order to 

ensure safe production and handling, while maintaining certain performance parameters 

such as a fast and reliable DDT. The analysis of the sensitivities is performed by BAM 

(Bundesanstalt für Materialforschung und -prüfung) standard protocols on the BAM 

friction tester and the BAM drophammer. ESD sensitivity is evaluated on an OZM 
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XSpark10 machine. Thermal stabilities of the compounds are measured by DTA or DSC 

and combined with TGA measurements. The performance of the respective substance is in 

first instance tested by hot plate and hot needle tests, and furthermore evaluated in self-

assembled detonator set-ups for their potential to initiate PETN, as well as their potential 

to function in laser-ignitable primer caps. 
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Abstract: 5-Methyl-2,4,6-trinitrobenzene-1,3-diol (trinitro-orcinol, H2TNO) as a close 

structural relative to the well-known energetic materials trinitroresorcinol (styphnic acid) and 

trinitrotoluene (TNT) is prepared in high purity and analyzed concerning its vapor pressure 

using the transpiration method. Several energetic coordination compounds (ECCs) of its 

respective anion were produced and compared with structurally close styphnate complexes to 

give an insight in physiochemical trends of the ECC. The synthesized compounds were further 

analyzed by elemental analysis, IR spectroscopy, differential thermal analysis and low 

temperature X-ray diffraction analysis. To classify the reported compounds among the energetic 

materials, they were tested for their sensitivities towards mechanical stimuli such as impact, 

friction and electrostatic discharge as well as their behavior towards flame. 

2.1 Introduction  

Nitroaromatic compounds can be found in multiple industries and applications for example as 

drugs, dyes, pesticides and energetic materials. [1, 2] Therefore, these compounds are distributed 

throughout the whole ecosystem and by various sources despite their well-known structure-

toxicity relationship. [3-5] This is problematic as many compounds of this kind have been proven 

to be persistent in soil and are degraded within long time spans by different species. [6-8] Within 

the field of energetic materials, various nitroaromatic compounds have been studied and 

commonly found application as the oxidation of the carbon backbone can create interesting 

physiochemical properties. [9-11] By variation of the structural motifs and formation of salts and 

coordination compounds (Figure 1), different fields of application of the energetic materials 

have been achieved depending on the performance and sensitivities of the compounds. [12-14] 

However, this structural variety also leads to the necessity of methods for detection in order to 

provide safety precautions to civilians and military. [15, 16] 
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Figure 1. Overview of few examples of nitroaromatic energetic materials for different fields of application: [17, 18] PA: picric acid, 

H2TNR: styphnic acid, TNT: trinitrotoluene, HNS: hexanitrostilbene, TATB: 1,3,5-triamino-2,4,6-trinitrobenzene, PYX: 2,6-

Bis(picrylamino)-3,5-dinitropyridine, AgNT: silver(I) 5-nitrotetrazolate, DBX-1: copper(I) 5-nitrotetrazolate, KDNP: potassium 

5,7-dinitro-[2,1,3]-benzoxadiazol-4-olate 3-oxide, LS: lead styphnate.  

Often, the detection and possibilities for sample processing are limited by the type of design 

and exact way of application of the ordnance which might only allow measurement of the vapor 

pressure. [19, 20] Trinitro-orcinol (H2TNO) has been known since the 1870s but despite its 

structural similarities with styphnic acid (H2TNR) and trinitro-toluene (TNT) it was not 

considered a potential energetic material. [21, 22] This changed when in 2016 this group published 

first results of H2TNO and the formation of its energetic salt Cs2TNO. [23, 24] Preliminary flame 

tests and the information that H2TNO could serve as a potential starting material for primary 

explosives was described. However, no information on the initiation performance and potential 

application were given. In order to provide possible trends of energetic salts and coordination 

compounds the goal of this work was to synthesize and characterize several compounds and 

compare them with literature known styphnate compounds. Furthermore, neat trinitro-orcinol 

was evaluated concerning its vapor pressure to deliver an additional safety aspect of detection. 
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2.2 Results and Discussion 

2.2.1 Synthesis 

Trinitro-orcinol (1) was prepared by nitration of commercially available orcinol (5-

methylbenzene-1,3-diol) as described in the literature (Scheme 1). [25] The nitration can be 

performed under relatively mild conditions leading to high yields due to the activating effect of 

the hydroxy groups. [26] 

 

Scheme 1. Preparation of trinitro-orcinol (H2TNO). 

The obtained H2TNO was further reacted in acid-base reactions (Scheme 2) which led to 

aqueous solutions of the respective salts (basic copper carbonate, zinc carbonate, cesium 

carbonate or magnesium oxide). These solutions were left to crystallize at room temperature to 

obtain the salts or used for complexation. Apart from compounds 4, 9, 10, 12 and 14 single 

crystals suitable for X-ray diffraction analysis were obtained from the mother liquor. 

Compounds 9 and 12 were recrystallized from EtOH at room temperature to isolate single 

crystals of the compounds. In the case of PbTNO, the synthetic approach of the commonly used 

ɓ-lead styphnate was applied. [27] For this matter, MgO was added to a suspension of H2TNO in 

water at 55 °C. The resulting solution was filtered off and lead(II) nitrate was added, which led 

to precipitation of the product. 
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Scheme 2. Complexation and formation of salts of H2TNO. 

In addition, three previously unknown styphnate complexes were prepared to compare them 

with trinitro-orcinolate complexes that carry the same ligand. In the case of the 1,5-

diaminotetrazole (1,5-DAT) ligand, a styphnate complex was described in the literature, 

however the sensitivity determination was carried according to a different standard which is not 

comparable. [28] Instead of the literature-known [Cu(1,5-DAT)2(HTNR)2], the double 

deprotonated styphnate species [Cu(1,5-DAT)2(TNR)] was obtained in all attempts of 

preparation. An overview over the prepared styphnate complexes is given in Scheme 3. 

 

Scheme 3. Preparation of styphnate complexes 16ï18. 
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2.2.2 Vapor Pressure 

The experimental vapor pressures psat as well as the thermochemical properties such as molar 

enthalpies of sublimation ῳcrὌ
Ј Ὕ and molar entropies of sublimation ῳcrὛ

Ј Ὕ of H2TNO 

was determined using the transpiration method with coupled quantification via high pressure 

liquid chromatography assisted by an UV-diode array detector (HPLC-DAD) and was 

categorized in the existing literature of related nitroaromatics (H2TNR, TNT). [29, 30] Here, the 

data acquisition was obtained from a complete p-T dataset with an elaborate calculation based 

on the Clausius-Clapeyron equation. [31] The extrapolation to the standard temperature Ὕ  was 

carried out by the application of the modified Clarke-Glew fit function (see Supporting 

Information).  

This technique allowed the determination of the sublimation behavior of H2TNO in the 

temperature range of 332.4ï380.7 K (for further information see Supporting Information). The 

absolute vapor pressures ὴ  and thermodynamic properties of sublimation including the 

Clark-Glew fit function were presented in Table S8 of the ESI. From these results, the molar 

enthalpy of sublimation was found to be 122.7 ± 1.7 kJ·molī1 and the extrapolated vapor 

pressure at reference temperature of 298.15 K was derived to be 7.27 µPa. 

Since this work determined the appointed thermochemical properties for the first time, the 

substance H2TNO was contextualized to the related compounds H2TNR and TNT. To enable a 

suitable comparison, the existing literature data were processed in the same manner as described 

in this paper. For this purpose, the revised properties were presented in Table 1 and Figure 2. 

The vaporization behavior of H2TNR was measured by Cundall in the temperature range of 

330.2ï440.9 K. [30] The molar enthalpy of sublimation was found to be 124.5 kJ molī1 and from 

these findings the vapor pressure at reference temperature of 298.15 K (6.66 ρπ  µPa) was 

extrapolated based on a calculated p-T data set via the published Clausius-Clapeyron equation 

and the application of the Clark-Glew fit function together with the calculated molar heat 

capacity (see Table S7). 

In addition, the vaporization behavior of TNT was measured by Cundall and revised by 

Östmark. [29, 30] The reported Antoine equation was determined in the temperature range of 

285.1ï353.4 K and converted into the Clarke-Glew fit function considering the molar heat 

capacity (see Table S7). The molar enthalpy of sublimation was found to be 114.1 kJ molī1 and 

from these findings the vapor pressure at reference temperature of 298.15 K (714 µPa) were 

extrapolated. 
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Table 1. Comparison of thermodynamic properties of the compounds H2TNR, H2TNO and TNT: Vapor pressure 

psat and molar enthalpies of sublimation æcr
g╗ἵ
Ј at 298.15 K. 

Experiment Ὕ-Range æcr
gὌЈ ςωψȢρυ +[a] ὴ [b] 

 K kJ·molī1 µPa 

H2TNO 332.4ï380.7 122.7 ± 1.7 [c] 7.27 

H2TNR [30] 330.2ï440.9 124.5 6.66 ρπ 

TNT [29] 285.1ï353.4 114.1 714 

[a] Molar enthalpies of sublimation were adjusted according to Chickos et al. [32] with values of Ў ὅȟ
Ј , ὅȟ

Ј (cr) stated in Table 

S7. [b] Vapor pressure at 298.15 K extrapolated from the p-T-data. [c] Uncertainties for molar enthalpies of sublimation at 

reference temperatures are expressed as expanded uncertainties with confidence level of 0.95 (k = 2). 

 

Figure 2. Comparison of the experimental vapor pressure values with the Clausius-Clapeyron fit function of the investigated 

H2TNO with the corresponding published fit function of H2TNR and TNT. Here ƺ and solid line is H2TNO; dashed line is H2TNR; 

dotted line is TNT. The vertical dotted line serves merely as a guide. 

By contrasting H2TNO, the volatility was found to settle in between the two comparative 

substances H2TNR and TNT. Thus, H2TNO has a volatility four orders of magnitude higher 

than H2TNR and a volatility two orders of magnitude lower than TNT. In addition, the 

sublimation enthalpy changes marginally compared to H2TNR and by around 10 kJ molī1 

compared to TNT. Also, the illustrated fit function (see Figure 2) indicates that the slope of the 

fit functions approximates and the offset decreases from TNT over H2TNO to H2TNR. This 

classification corroborates our research results, since in an analogous way as the volatility, 

polarity can also be lined up: H2TNR has the highest polarity in comparison and TNT the 
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lowest. Since a higher polarity has a direct demeaning effect on the volatility, it can be argued 

that the particular volatility of H2TNO is plausible. Moreover, it can be observed that a similar 

fit function slope can be expected for related substances. Based on these considerations and the 

assured reproducibility of the measured values (procedure described in previous publications), 

we have a high degree of confidence in the determined values and have gained access to the 

thermochemical properties for the first time. 

2.2.3 Detonation Properties 

The energetic properties of compound 1 are calculated with EXPLO5 program code and are 

displayed in Table 2. [33] Therefore, the enthalpy of formation was determined by applying the 

atomization method using room temperature CBS-4M enthalpy and the experimentally 

determined molar enthalpy of sublimation. For better comparability, the properties of styphnic 

acid and TNT were recalculated using the same version of EXPLO5. Additionally, CBS-4M 

results of all three substances are given in the Supplementary Information. Especially the 

detonation pressure at the Chapman-Jouguet point and the detonation velocity correspond very 

well to the structural similarities of the compounds. 

Table 2. Energetic properties of H2TNO compared to H2TNR and TNT. 

 H2TNO (1) H2TNR [34] TNT  [34] 

Formula C7H5N3O8 C6H3N3O8 C7H5N3O6 

M [g molī1] 259.13 245.10 227.13 

ɟ [g cmī3] 1.71[a] 1.83 1.65 

N [%] [b] 16.22 17.14 18.50 

ɋCO [%] [c] ī9.3 3.3 ī24.7 

ȹfH° [kJ molī1][d] ī436.7[j,k]  ī374.3[j] ī59.3 

Explo5 V6.05.04    

īȹExU [kJ kgī1] [e] 4024 4509 4406 

Tdet. [K] [f]  3026 3391 3177 

V0 [L kgī1] [g] 637 626 640 

PCJ [kbar][h] 198 252 183 

Vdet. [m sī1] [i]  6987 7668 6798 

[a] From X-Ray diffraction analysis recalculated to 298 K. [b] Nitrogen content. [c] Oxygen balance with respect to CO. [d] 

Enthalpy of formation. [e] Energy of explosion. [f] Detonation temperature. [g] Volume of detonation products (assuming only 

gaseous products). [h] Detonation pressure at the ChapmanīJouguet point. [i] Detonation velocity. [j] calculated by CBS-4M and 

atomization method; [k]  corrected by gas-phase measurement. 

2.2.4 Crystal Structures 

Compounds 2, 3, 5ï9, 11ï13 and 15 were further examined by low-temperature X-ray 

diffraction analysis. The data and parameters of the measurements as well as the refinements 

are given in the supporting information Tables S1ï4. Deposition Numbers 2191773 (for 2), 
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2191776 (for 3), 2191775 (for 5), 2191782 (for 6), 2191777 (for 7), 2191778 (for 8), 2191779 

(for 9), 2191774 (for 11), 2191783 (for 12), 2191781 (for 13) and 2191780 (for 15) contain the 

supplementary crystallographic data for this paper. These data are provided free of charge by 

the joint Cambridge Crystallographic Data Center and Fachinformationszentrum Karlsruhe 

Access Structures service www.ccdc.cam.ac.uk/structures. 

[Cu(1-AT)2(HTNO)2] crystallizes in the monoclinic space group P21/c with a calculated density 

of 1.90 g cmī3 at 101 K and two formula units per unit cell. The compound shows the typical 

Jahn-Teller-like distortion (Figure 3) of a d9-metal center in octahedral coordination as 

expected for Cu2+. The distorted axis is formed by the coordinating nitro groups of the trinitro-

orcinolate anions, while the coordination bonds, that are formed by the deprotonated hydroxy 

group as well as the 1-aminotetrazole ligand are significantly shorter. 

 

Figure 3. Crystal Structure of [Cu(1-AT)2(HTNO)2] with typical structural motif. Selected bond lengths (Å): Cu1ïO1 1.959(3), 

Cu1ïO3 2.355(3), Cu1ïN7 2.002(4); selected bond angles (°): O1ïCu1ïO3 79.61(12), O1ïCu1ïN7 88.98(15), O3ïCu1ïN7 

94.64(14); symmetry codes: (i) 1īx, 1īy, 1īz. 

The comparison of this coordination pattern, however, reveals a significant difference 

compared to the styphnate anions that is displayed in Figure 4. While the styphnate anions are 

known to coordinate via the nitro groups in ortho-position to the remaining proton of the carbon 

backbone, nitro group that is involved in the coordination of trinitro-orcinolate, is in para-

position to the methyl group. This coordination pattern is also observed for the ECCs 3, 5, 6, 7, 

8 and 12. The crystal structures of compounds 3 and 5ï8 can be found in the Supplementary 

Information. 
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Figure 4. Typical coordination pattern of the styphnate anions HTNRī and TNR2ī in ECCs compared to HTNOī. [35] 

[Cu(1,1-dtm)2(H2O)4](HTNO)2 crystallizes in the triclinic space group Pī1 with a density of 

1.78 g cmī3 at 173 K. Unlike in the literature known styphnate complex [Cu(1,1-

dtm)(TNR)] Ā H2O neither the anion nor the 1,1-dtm ligand showed bridging behavior in the 

case of compound 9. [36] Instead a composition close to that of the respective picrate complex 

was observed as displayed in Figure 5. The HTNOī anion is pushed out of the coordination 

sphere of the copper(II) center and replaced by four molecules of water. Therefore, the metal 

center is still coordinated octahedrally, but unlike expected without the more common Jahn-

Teller-like elongation distortion of the coordination sphere. Instead, the four molecules of water 

are close to evenly distributed with coordination bond lengths of 2.15ï2.17 Å and a compressed 

axis with a Cu2+ïligand distance of 2.01 Å resulting in a Jahn-Teller-like compression 

distortion. 



TRINITRO-ORCINOLATE AND TRINITRO-RESORCINATE ï SENSITIVITY TRENDS IN 

NITROAROMATIC ENERGETIC MATERIALS 

25 

 

 

Figure 5. Crystal Structure of [Cu(1,1-dtm)2(H2O)4](HTNO)2. Selected bond lengths (Å): Cu1ïO9 2.153(3), Cu1ïO10 2.177(3), 

Cu1ïN7 2.007(3); selected bond angles (°): O9ïCu1ïO10 90.60(11), O9ïCu1ïN7 91.08(13), O10ïCu1ïN7 86.76(13); 

symmetry codes: (i) 1īx, 1īy, 1īz. 

The X-ray diffraction analysis of compound 11 (Figure 6) reveals the distorted octahedral 

coordination of the copper(II) center by two molecules of ligand and anion each. The elongated 

axis is taken up by the deprotonated hydroxide of the trinitro-orcinolate, while the xy-level of 

the octahedra is occupied by the lateral nitrogen atoms of both tetrazole rings. Therefore, no 

coordination by the nitro group is possible. The compound crystallizes in the monoclinic space 

group P21/c with a density of 1.77 g cmī3 at 173 K and two formula units per unit cell. 

 

Figure 6. Asymmetric unit of [Cu(1,1-dtp)2(HTNO)2]. Selected bond lengths (Å) O1ïCu1 2.3426(17) ,N7ïCu1 1.9956(15), 

N11ïCu1 2.0232(15); selected bond angles (°): N7ïCu1ïN11ii 90.54(6), N7ïCu1ïO1 86.65(6), O1ïCu1ïN11ii 85.72(6); 

symmetry codes: (i) 2īx, 1īy, 1īz; (ii) 1+x, 1/2īy, 1/2+z; (iii) 1īx, 1/2+y, 1/2īz. 
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As displayed in Figure 7 [Zn(HTNO)2(MTZ)2] shows the typical coordination pattern of the 

trinitro-orcinolate anion that was shown earlier. The compound crystallizes in the triclinic space 

group P-1 with a density of 1.83 g cmī3 at 98 K. 

 

Figure 7. Crystal structure of [Zn(HTNO)2(MTZ)2]. Selected bond lengths (Å) Zn1ïO1 1.940 (2), Zn1ïO2 2.371(3), Zn1ïN7 

1.995(3); selected bond angles (°): O1ïZn1ïO2 81.31(9), O1ïZn1ïN7 89.32(11), O2ïZn1ïN7 88.66(11); symmetry codes: (i) 

1īx, 1īy, 2īz. 

Figure 8 shows a representative of the double deprotonated anion TNO2ī in form of the 

coordination compound [Zn(H2O)3(TNO)] Ā H2O. The crystal structure indicates, that unlike the 

styphnate anion TNR2ī, no 1D-polymeric chains are formed by TNO2ī. Instead of a symmetric 

coordination by both hydroxides, the torsion angles of the nitro groups lead to a low symmetry 

coordination pattern. While the coordinating nitro group in ortho-position to methyl group 

shows a torsion angle of ī28.4(4)Á (O5ïN2ïC4ïC3), the noncoordinating nitro group in ortho-

position is twisted further to an angle of 67.2(4)° (O8ïN3ïC6ïC1). 
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Figure 8. Crystal structure of compound 15. Selected bond lengths (Å): Zn1ïO1i 2.073(2), Zn1ïO4 2.028(2), Zn1ïO5 2.123(3), 

Zn1ïO9 2.123(2), Zn1ïO10 2.039(3), Zn1ïO11 2.062(3); selected bond angles (°): O1iïZn1ïO9 175.07(12), O1iïZn1ïO4 

94.55(9), O1iïZn1ïO5 92.13(11), O1iïZn1ïO10 89.09(10), O1iïZn1ïO11 86.57(11), O9ïZn1ïO488.45(9), O9ïZn1ïO5 

84.50(11), O9ïZn1ïO10 87.36(10), O9ïZn1ïO11 97.19(12), O4ïZn1ïO5 80.32(9), O4ïZn1ïO11 93.09(10), O5ïZn1ïO12 

90.8(1), O11ïZn1ïO12 95.89(11), O4ïZn1ïO10 170.5(1), O5ïZn1ïO11 173.17(10); symmetry codes: (i) 1/2+x, 1/2īy, z, (ii) 

ī1/2+x, 1/2īy, z. 

2.2.5 Physicochemical Properties 

The thermal behavior of all compounds was investigated via differential thermal analysis 

(DTA) in a range of 25ï400 °C with a heating rate of 5 °C minī1. The observed events were 

given as onset temperatures. Endothermic events (e.g. melting point, loss of water or ligand, 

phase transition) were further investigated by thermogravimetric analysis (TGA) at a similar 

heating rate in the range 30ï400 °C. Plots of every DTA measurement as well as TGA can be 

found in the supporting information. Detail on the cause of the endothermic events as well as 

the exothermic decomposition temperatures are briefly given in Table 3. The reported 

sensitivities classify all compounds except of 10 (insensitive) and 18 (sensitive) as very 

sensitive towards impact according to the ñUN Recommendations on the Transport of 

Dangerous Goodsò. [37] Furthermore, compounds 5, 8, 13 are considered insensitive towards 

friction, while 6, 9, 18 are less sensitive. Compounds 2, 7, 10, 11 and 12 have been tested to be 
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sensitive, 3, 4, 17 are very sensitive and only compound 14 is characterized as extremely 

sensitive towards friction. The general trend seems to be an increased impact sensitivity as well 

as lowered friction sensitivity and thermal stability of the trinitro-orcinolate complexes 

compared to the respective styphnates. 

Table 3. Thermal Stability[a] and sensitivities to mechanical and electrical stimuli of compounds 2ï14, compared 

to literature known styphnates. 

Compound Tendo
[b] [°C] Texo

[c] [°C]  IS[d] [J] FS[e] [N]  ESD[f]  [mJ] HP[g] HN[h] 

[Cu(1-AT)2(HTNO)2] 2 - 185 <1 96 50 def. dec. 

[Cu(1-AT)2(HTNR)2]
 [35] - 186 1.5 48 16 def. def. 

[Cu(2-AT)2(HTNO)2] 3 - 182 <1 80 50 def. def. 

[Cu(2-AT)2(HTNR)2]
 [35] - 206 3 48 20 def. def. 

[Cu(1-AMT) 2(HTNO)2] 4 - 192 <1 60 250 def. dec. 

[Cu (1-AMT) 2(TNR)] [35] - 212 2 16 6.3 def. def. 

[Cu(HTNO)2(1-MAT) 2] 5 - 220 2 >360 90 def. dec. 

[Cu(HTNR)2(1-MAT) 2] 16 - 249 2 >360 160 def. dec. 

[Cu(1,5-DAT)2(HTNO)2] 6 - 220 <1 360 200 def. dec. 

[Cu(1,5-DAT)2(HTNR)2]
 [28] - 242 1.5[i]  -[i]  n.d. n.d. n.d. 

[Cu(1,5-DAT)2(TNR)] 17 - 229 <1 45 160 def. dec. 

[Cu(HTNO)2(1-NET)2] 7 - 159 <1 192 90 def. dec. 

[Cu(1-NET)2(TNR)]  [38] - 195 2 96 480 def. def. 

[Cu(1-AET)2(HTNO)2] 8 - 191 <1 >360 90 def. dec. 

[Cu(1-AET)2(TNR)]  [39] - 177 <1 240 123 def. def. 

[Cu(1,1-dtm)2(H2O)4](HTNO)2 9 100[j]  197 <1 360 160 dec. dec. 

[Cu(TNR)(1,1-dtm)] Ā H2O
 [36] - 236 2 192 188 def. dec. 

[Cu(1,1-dte)(HTNO)2] Ā H2O 10 - 252 >40 192 200 def. dec. 

[Cu(1,1-dte)(TNR)] Ā H2O 18 - 264 20 360 200 def. def. 

[Cu(1,1-dtp)2(HTNO)2] 11 - 184 <1 240 200 def. dec. 

[Cu(1,1-dtp)(TNR)]ĀH2O
 [40] 88 (ī H2O) 248 10 >360 500 n.d. n.d. 

[Zn(HTNO)2(MTZ)2] 12 - 229 2 168 33 def. dec. 

[Zn(HTNR)2(MTZ)2]
 [41] - 214 4 240 800 n.d. n.d. 

CsHTNO 13 - 233 <1 >360 50 def. det. 

[Cs2(H2O)(HTNR)(OH)]n
 [42] 74 (ī 2 H2O) 292 - - - n.d. n.d. 

PbTNO 14 - 240 <1 <0.1 0.54 det. det. 

LS [34, 43] - 282 8 0.45 0.9 det. det. 

[a] DTA onset temperatures at a heating rate of 5 °C minï1. [b] Onset temperature of endothermic event in the DTA, indicating a 

melting point of the compound. [c] Onset of exothermic event in the DTA. [d] Impact sensitivity (BAM drophammer (1 of 6)). [e] 

Friction sensitivity (BAM friction tester (1 of 6)). [f] Electrostatic discharge devise (OZM XSpark10). [g] Hot plate test (det.: 

detonation, def.: deflagration, dec.: decomposition, n.d.: not determined). [h] Hot needle test (det.: detonation, def.: deflagration, 

dec.: decomposition, n.d.: not determined). [i] according to China National Military Standard. [28] [j] gradual loss of mass. 

2.3 Conclusion 

This work has provided 17 new compounds, among which 11 were characterized by low-

temperature X-ray diffraction analysis. This analysis gave an interesting insight in the 

coordination behavior of trinitro-orcinolate compared to the anions of styphnic acid. 

Surprisingly, the investigation of the physiochemical properties showed, that despite the lower 
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enthalpy of formation, trends towards an increased impact sensitivity and lower thermal 

stability of the trinitro-orcinolates can be observed. The sensitivities towards friction, in 

contrast, seem followed to be lower compared to the respective styphnates. In addition, the 

experimental vapor pressure of H2TNO was determined, using the transpiration method. This 

crucial parameter for explosivesô detection was put in context by comparison with literature 

values of the close structural relatives trinitroresorcinol and trinitrotoluene. The observed 

similarities of the fit function slopes as well as the overall placement of the volatility in between 

the literature values plausibly represent the shared structural similarities. While the high 

sensitivities towards impact, that were observed for most trinitro-orcinolates, excludes them 

from application as a primary explosive, utilization as a replacement of lead styphnate or as a 

sensitizer in priming mixtures might be considered. 
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2.5 Notes 

Parts of this work were published on the NTREM 2022 conference. [44, 45] 
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2.7 Supporting Information  

2.7.1 Compound Overview  
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2.7.2 Single Crystal X-Ray Diffraction  

For all crystalline compounds an Oxford Xcalibur3 diffractometer with a CCD area detector or 

Bruker D8 Venture TXS diffractometer equipped with a multilayer monochromator, a Photon 

2 detector, and a rotating-anode generator were employed for data collection using Mo-KŬ 

radiation (ɚ = 0.7107 ¡). On the Oxford device, data collection and reduction were carried out 

using the CrysAlisPRO software. [S1] On the Bruker diffractometer, the data were collected with 

the Bruker Instrument Service v3.0.21, the data reduction was performed using the SAINT 

V8.18C software (Bruker AXS Inc., 2011). The structures were solved by direct methods (SIR-

92, [S2] SIR-97, [S3,S4] SHELXS-97[S5,S6] or SHELXT[S7]), refined by full-matrix least-squares on 

F2 (SHELXL[S5,S6]) and finally checked using the PLATON software[S8] integrated in the 

WinGX[S7,S9] or Olex2[S8] software suite. The non-hydrogen atoms were refined anisotropically 

and the hydrogen atoms were located and freely refined. The absorptions were corrected by a 

SCALE3 ABSPACK or SADABS Bruker APEX3 multi-scan method. [S11,S12] All DIAMOND2 

plots are shown with thermal ellipsoids at the 50% probability level and hydrogen atoms are 

shown as small spheres of arbitrary radius.
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Table S1. Crystallographic data and crystal structure refinement details of compounds 2, 3 and 5. 

 [Cu(1-AT) 2(HTNO) 2]  

(2) 

[Cu(2-AT) 2(HTNO) 2]  

(3) 

[Cu(HTNO) 2(1-MAT) 2] 

(5) 

Formula C18H14CuN16O16 C18H14CuN16O16 C18H18CuN16O16 

FW [g molï1] 749.97 749.97 778.02 

Crystal system monoclinic triclinic monoclinic 

Space Group P21/c Pī1 P21/c 

Color / Habit yellow platelet green block brown block 

Size [mm] 0.10 × 0.25 × 0.50 0.35 × 0.50 × 0.50 0.05 x 0.08 x 0.10 

a [Å]  

b [Å]  

c [Å]  

Ŭ [Á] 

b [°]  

ɔ [°]  

5.9922(6) 

20.417(3) 

10.7258(12) 

90 

94.481(10) 

90 

6.1305(4) 

9.5436(6) 

12.3575(10) 

71.952(7) 

88.828(6) 

88.809(6) 

9.5392(3) 

6.9389(3) 

22.0638(9) 

90 

100.916(1) 

90 

V [Å3] 1308.2(3) 687.20(9) 1434.01(10) 

Z 2 1 2 

rcalc. [g cmï3] 1.904 1.812 1.802 

m [mmï1]  0.949 0.903 0.869 

F(000) 758 379 790 

ɚMoKŬ [Å]  0.71073 0.71073 0.71073 

T [K]  101 102 173 

q MinïMax [°] 2.2, 25.3 2.2, 26.4 3.1, 26.4 

Dataset ī6: 7; ī24: 24; ī12: 12 ī7: 7; ī11: 11; ī15: 14 ī11: 11; ī8: 8; ī27: 27 

Reflections collected 11375 5325 23392 

Independent refl. 2394 2806 2923 

Rint 0.079 0.019 0.067 

Observed reflections 1637 2553 2402 

Parameters 226 226 246 

R1 (obs)[a] 0.0584 0.0304 0.0394 

wR2 (all data)[b] 0.1438 0.0803 0.0828 

GooF[c] 1.09 1.09 1.10 

Resd. Dens. [e Åï3] ī0.55, 0.67 ī0.31, 0.41 ī0.39, 0.33 

Absorption correction multi-scan multi-scan multi-scan 

CCDC 2191773 2191776 2191775 

[a]R1 = Ɇ||F0|ī|Fc||/Ɇ|F0|; [b]wR2 = [Ɇ[w(F0
2īFc

2)2]/Ɇ[w(F0)2]]1/2; w = [ůc2(F0
2)+(xP)2+yP]ī1 and P=(F0

2+2Fc
2)/3; [c]S = 

{Ɇ[w(Fo
2īFc

2)2]/(nīp)}1/2  (n = number of reflections; p = total number of parameters). 
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Table S2. Crystallographic data and crystal structure refinement details of compounds 6, 7 and 8. 

 [Cu(1,5-DAT) 2(HTNO) 2] 

(6) 

[Cu(HTNO) 2(1-NET)2] 

(7) 

[Cu(1-AET) 2(HTNO) 2] 

(8) 

Formula C16H16CuN18O16 C20H18CuN16O22 C20H18CuN20O16 

FW [g molï1] 780.01 898.04 858.08 

Crystal system monoclinic triclinic triclinic 

Space Group P21/c Pī1  Pī1  

Color / Habit brown plate blue rod brown needle 

Size [mm] 0.02 x 0.09 x 0.13 0.10 x 0.25 x 0.65 0.02 x 0.02 x 0.18 

a [Å]  

b [Å]  

c [Å]  

Ŭ [Á] 

b [°]  

ɔ [°]  

9.4135(4) 

6.9680(3) 

21.7172(8) 

90 

100.180(1) 

90 

6.3401(7) 

11.3649(10) 

11.7504(11) 

84.287(7) 

77.034(9) 

87.473(8) 

6.5701(3) 

10.9956(5) 

11.0329(6) 

85.562(2) 

82.251(2) 

89.218(2) 

V [Å3] 1402.08(10) 820.78(14) 787.39(7) 

Z 2 1 1 

rcalc. [g cmï3] 1.848 1.817 1.810 

m [mmï1]  0.891 0.786 0.804 

F(000) 790 455 435 

ɚMoKŬ [Å]  0.71073 0.71073 0.71073 

T [K]  173 100 173 

q MinïMax [°] 3.1, 26.4 2.4, 26.4 2.5, 26.4 

Dataset ī11: 11; ī8: 8; ī27: 27 ī7: 7; ī14: 14; ī14: 14 ī8: 7; ī13: 13; ī13: 13 

Reflections collected 14989 12317 12758 

Independent refl. 2865 3341 3185 

Rint 0.029 0.047 0.051 

Observed reflections 2631 2782 2729 

Parameters 235 273 261 

R1 (obs)[a] 0.0326 0.0392 0.0468 

wR2 (all data)[b] 0.0802 0.1029 0.0987 

GooF[c] 1.14 1.05 1.15 

Resd. Dens. [e Åï3] ī0.35, 0.35 ī0.31, 0.53 ī0.62, 0.49 

Absorption correction multi-scan multi-scan multi-scan 

CCDC 2191782 2191777 2191778 

[a]R1 = Ɇ||F0|ī|Fc||/Ɇ|F0|; [b]wR2 = [Ɇ[w(F0
2īFc

2)2]/Ɇ[w(F0)2]]1/2; w = [ůc2(F0
2)+(xP)2+yP]ī1 and P=(F0

2+2Fc
2)/3; [c]S = 

{Ɇ[w(Fo
2īFc

2)2]/(nīp)}1/2  (n = number of reflections; p = total number of parameters). 
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Table S3. Crystallographic data and crystal structure refinement details of compounds 9, 11 and 12. 

 [Cu(1,1-dtm)2(H2O)4](HTNO)2 

(9) 

[Cu(1,1-dtp)2(HTNO) 2] 

(11) 

[Zn(HTNO) 2(MTZ) 2] 

(12) 

Formula C20H24CuN22O20 C24H24CuN22O16 C18H16N14O16Zn 

FW [g molï1] 956.15 940.19 749.82 

Crystal system triclinic monoclinic triclinic 

Space Group Pī1  P21/c  Pī1 

Color / Habit orange rod green needle colorless rod 

Size [mm] 0.02 x 0.03 x 0.11 0.03 x 0.04 x 0.12 0.05 x 0.10 x 0.25 

a [Å]  

b [Å]  

c [Å]  

Ŭ [Á] 

b [°]  

ɔ [°]  

5.2974(3) 

11.3737(7) 

15.6337(10) 

107.674(2) 

91.241(2) 

95.972(2) 

9.3675(3) 

15.8281(5) 

12.6632(4) 

90 

109.793(1) 

90 

7.7858(7) 

7.9349(6) 

11.9254(9) 

74.181(7) 

73.695(7) 

83.328(7) 

V [Å3] 891.21(9) 1766.65(10) 679.71(10) 

Z 1 2 1 

rcalc. [g cmï3] 1.782 1.768 1.832 

m [mmï1]  0.730 0.727 1.011 

F(000) 487 958 380 

ɚMoKŬ [Å]  0.71073 0.71073 0.71073 

T [K]  173 173 98 

q MinïMax [°] 2.7, 25.4 2.6, 26.4 2.7, 26.4 

Dataset ī6: 6; ī13: 13; ī18: 18 ī11: 11; ī19: 19; ī15: 15 ī9: 9; ī9: 9; ī14: 14 

Reflections collected 7736 28625 5951 

Independent refl. 3233 3616 2773 

Rint 0.035 0.033 0.037 

Observed reflections 2730 3337 2184 

Parameters 298 307 229 

R1 (obs)[a] 0.0558 0.0343 0.0547 

wR2 (all data)[b] 0.1231 0.0831 0.1153 

GooF[c] 1.11 1.15 1.08 

Resd. Dens. [e Åï3] ī0.57, 0.64 ī0.27, 0.36 ī0.51, 0.55 

Absorption correction multi-scan multi-scan multi-scan 

CCDC 2191779 2191774 2191783 

[a]R1 = Ɇ||F0|ī|Fc||/Ɇ|F0|; [b]wR2 = [Ɇ[w(F0
2īFc

2)2]/Ɇ[w(F0)2]]1/2; w = [ůc2(F0
2)+(xP)2+yP]ī1 and P=(F0

2+2Fc
2)/3; [c]S = 

{Ɇ[w(Fo
2īFc

2)2]/(nīp)}1/2  (n = number of reflections; p = total number of parameters). 
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Table S4. Crystallographic data and crystal structure refinement details of compounds 13 and 15. 

 CsHTNO  

(13) 

[Zn(H 2O)3(TNO)] Ā H2O 

(15) 

Formula C7H4CsN3O8 C7H11N3O12Zn 

FW [g molï1] 391.04 394.56 

Crystal system monoclinic orthorhombic 

Space Group P21/n Pna21 

Color / Habit brown platelet yellow platelet 

Size [mm] 0.02 × 0.10 × 0.20 0.02 x 0.10 x 0.12 

a [Å]  

b [Å]  

c [Å]  

Ŭ [Á] 

b [°]  

ɔ [°]  

11.3109(5) 

5.2139(2) 

18.9297(7) 

90 

106.019(1) 

90 

7.3323(3) 

20.1647(7) 

8.8270(3) 

90 

90 

90 

V [Å3] 1073.01(7) 1305.10(8) 

Z 4 4 

rcalc. [g cmï3] 2.421 2.008 

m [mmï1]  3.497 1.960 

F(000) 744 800 

ɚMoKŬ [Å]  0.71073 0.71073 

T [K]  173 173 

q MinïMax [°] 3.4, 26.4 3.0, 27.1 

Dataset ī14: 14; ī6: 6; ī23: 23 ī9: 9; ī25: 25; ī11: 11 

Reflections collected 25388 21641 

Independent refl. 2195 2877 

Rint 0.106 0.039 

Observed reflections 2066 2772 

Parameters 177 227 

R1 (obs)[a] 0.0240 0.0203 

wR2 (all data)[b] 0.0644 0.0499 

GooF[c] 1.17 1.08 

Resd. Dens. [e Åï3] ī0.60, 1.20 ī0.27, 0.28 

Absorption correction multi-scan multi-scan 

CCDC 2191781 2191780 

[a]R1 = Ɇ||F0|ī|Fc||/Ɇ|F0|; [b]wR2 = [Ɇ[w(F0
2īFc

2)2]/Ɇ[w(F0)2]]1/2; w = [ůc2(F0
2)+(xP)2+yP]ī1 and P=(F0

2+2Fc
2)/3; [c]S = 

{Ɇ[w(Fo
2īFc

2)2]/(nīp)}1/2  (n = number of reflections; p = total number of parameters). 
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For [Cu(2-AT)2(HTNO)2] (3) crystallization in the triclinic space group Pī1 with a 

calculated density of 1.81 g cmī3 at 102 K was observed with one formula unit per unit cell. 

Coordination follows the typical pattern of the Trinitro-orcinolate complexes with a Jahn-

Teller-like elongation distortion of the z2-axis, which is occupied by the coordinating nitro 

groups. 

 

Figure S1. Crystal structure of compound 3. Selected bond lengths (Å): Cu1ïO3 1.9153(13), Cu1ïO4 2.3892(13), Cu1ï

N7 1.9934(17); selected bond angles (°): O3ïCu1ïO4 78.08(5), O3ïCu1ïN7 88.66(6), O3ïCu1ïO4i 101.92(5), O3ïCu1ï

N7i 91.34(6), O4ïCu1ïN7 90.58(6), O4ïCu1ïN7i 89.43(6); symmetry codes: (i) 1īx, 1īy, 2īz. 
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[Cu(HTNO)2(1-MAT)2] (5) crystallizes in the monoclinic space group P21/c with a 

calculated density of 1.80 g cmī3 at 173 K and two formula units per unit cell. Again, the 

typical coordination pattern of the Trinitro-orcinolate is observed, where the nitro group in 

para-position to the methyl group takes up the distorted axis with a bond length of 2.44 Å. 

 

Figure S2. Crystal structure of 3. Selected bond lengths (Å): Cu1ïO1 1.9732(16), Cu1ïO2 2.4411(19), Cu1ïN7 1.981(2); 

selected bond angles (°): O1ïCu1ïN7 89.84(8), O1ïCu1ïO2 72.84(7), O2ïCu1ïN7 86.89(7); symmetry codes: (i) 2īx, 

1īy, 1īz. 
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Compared to compound 3, the changes that result from the 1-amino group of 1,5-DAT 

instead of the 1-methyl of 1-MAT, are small. [Cu(1,5-DAT)2(HTNO)2] (6) crystallizes in 

the monoclinic space group P21/c with two formula units per unit cell and a slightly higher 

density of 1.85 g cmī3 compared to 5. 

 

Figure S3. Crystal structure of 6. Selected bond lengths (Å): Cu1ïO1 1.9649(14), Cu1ïO2 2.4331(17), Cu1ïN7 

1.9799(17); selected bond angles (°): O1ïCu1ïN7 90.59(6), O1ïCu1ïO2 73.25(6), O2ïCu1ïN7 93.45(7); symmetry 

codes: (i) 2īx, 1īy, 1īz. 
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While the coordination pattern does not change for [Cu(HTNO)2(1-NET)2] (7) and [Cu(1-

AET)2(HTNO)2] (8), , crystallization is observed in the triclinic space group Pī1 with one 

formula unit per unit cell and a calculated density of 1.82 g cmī3 at a temperature of 100 K, 

respectively 1.81 g cmī3 at 173 K. 

 

Figure S4. Crystal structure of 7. Selected bond lengths (Å): Cu1ïO3 1.9260 (16), Cu1ïO4 2.3141(17), Cu1ïN7 2.006(2); 

selected bond angles (°): O3ïCu1ïN7 89.99(8), O3ïCu1ïO4 85.35(6), O4ïCu1ïN7 91.14(7); symmetry codes: (i) 1īx, 

2īy, 1īz. 
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Figure S5. Crystal structure of 8. Selected bond lengths (Å): Cu1ïO1 1.929(2), Cu1ïO2 2.324(2), Cu1ïN7 1.998(3); 

selected bond angles (°): O1ïCu1ïN7 87.77(9), O1ïCu1ïO2 78.45(8), O2ïCu1ïN7 88.66(9); symmetry codes: (i) īx, 2īy, 

1īz. 
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CsHTNO (13) crystallizes in the monoclinic space group P21/c with a density of 

2.42 g cmī3 at 173 K. The Trinitro-orcinolate anion shows multiple interactions with the 

Cs+ cation which results in a polymeric structure. 

 

Figure S6. Crystal structure of 13. Selected bond lengths (Å): CsïO1 3.086(2), CsïO2 3.322(2), CsïO8i 3.380(2), CsïO1iii 

3.116(2), CsïO2iii 3.170(2), CsïO2iv 3.208(2), CsïO4vi 3.356(2), CsïO5vi 3.198(2), CsïO6vii 3.136(2); selected bond angles 

(°): O1ïCsïO2 48.05(5), O1ïCsïO8i 105.82(6), O1ïCsïO1iii 88.86(6), O1ïCsïO2iii 130.49(6), O1ïCsïO2iv 60.33(6), O1ï

CsïO4vi 144.76(5), O1ïCsïO5vi 147.87(6), O1ïCsïO6vii 96.89(6), O2ïCsïO8i 90.57(5), O1iiiïCsïO2 58.79(6), O2ïCsï

O2iii 84.11(6), O2ïCsïO2iv 83.52(6), O2ïCsïO4vi 137.58(6), O2ïCsïO5vi 154.49(5), O2ïCsïO6vii 144.56(5); symmetry 

codes: (i) x, ī1+y, z; (iii) 1/2-x, ī1/2+y, 1/2īz; (iv) 1/2īx, 1/2+y, 1/2īz; (vi) ī1/2+x, 1/2īy, ī1/2+z; (vii) ī1/2+x, 3/2īy, 

ī1/2+z. 
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2.7.3 Computations 

All calculations were carried out using the Gaussian G09 program package. [S13] The 

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

method of Petersson and coworkers in order to obtain very accurate energies. The CBS 

models use the known asymptotic convergence of pair natural orbital expressions to 

extrapolate from calculations using a finite basis set to the estimated complete basis set 

limit. CBS-4 begins with a HF/3-21G(d) geometry optimization; the zero point energy is 

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

and a MP2/6-31+G calculation with a CBS extrapolation to correct the energy through 

second order. A MP4(SDQ)/6-31+(d,p) calculation is used to approximate higher order 

contributions. In this study we applied the modified CBS-4M method (M referring to the 

use of minimal population localization) which is a re-parametrized version of the original 

CBS-4 method and also includes some additional empirical corrections. The enthalpies of 

the gas-phase species M were computed according to the atomization energy method (E1) 

(Table S5 & Table S6). [S13ïS18] 

Ў(Јȟȟ  Ὄ ȟ  ὌЈ ȟ  ЎὌЈ ȟ  (E1) 

Table S5. Literature values for atomic Ў╗Ј█  / kcal molī1 

 īH298 [a.u.] NIST[S19] 

H 0.50091 52.1 

C 37.786156 171.3 

N 54.522462 113.0 

O 74.991202 59.6 

The gas-phase heat of formations were converted to the solid/liquid state ones for neutrals: 

by subtracting the vaporization/sublimation enthalpies (calculated using the Trouton rule). 

[S20,S21] The calculation results are summarized in Table S6. 

ЎὟ  ЎὌ  Ўὲ Ὑ Ὕ (E2) 

Table S6. CBS-4M results 

Compound 
Ὄ [a] 

[a.u.] 

ЎὌЈὫȟὓ [b] 

[kJ molī1] 

ЎὌЈί[c] 

[kJ molī1] 
Ўὲ[d] 

ЎὟί[e] 

[kJ molī1] 

H2TNO 1034.254647 ī326.3 ī410.0 ī8.0 ī390.2 

H2TNR 995.013296 ī289.1 ī374.3 ī7.0 ī356.9 

TNT 883.954491 ī9.6 ī56.8 ī7.0 ī173.8 

[a] CBS-4M electronic enthalpy; [b] gas phase enthalpy of formation; [c] standard solid state enthalpy of formation; [d] ȹn 

being the change of moles of gaseous components when formed; [e] solid state energy of formation. 
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2.7.4 Vapor Pressure 

After the isolation of H2TNO, purity was tested via elemental analysis and complemented 

by 1H-qNMR techniques ((99.37 ± 2.05) %; procedure described in previous publications 

S22,23). Since sufficient purity was found, the p-T data set were obtained based on the 

transpiration method using the following modified Clarke-Glew fit function: 

ÌÎ
ὴ ȟ

ὴЈ
=
A

R

B

RT

ῳcrὅȟ
Ј  

R
ὰὲ
Ὕ

Ὕ
 (E3) 

where p° is the reference pressure 1.0, in Pa; ῳcrὅȟ
Ј  is the molar heat capacity difference 

between the crystalline (cr) and gaseous state (g) at constant pressure, in J·molī1 Kī1; Ὕ  

is the reference temperature 298.15, in K and A/B are specific fit coefficients (A: unitless; 

B: in K). 

The exact method description can be found in previous publication and the HPLC-DAD 

parameters can be found in Table S9 and Table S10. [S22,23] The molar heat capacity at 

constant pressure ὅȟ
Ј  ï required for the extrapolation via the Clark-Glew fit function ï for 

H2TNO and H2TNR were not retrievable in the literature. Instead the values were obtained 

with the group additivity approach by Chickos et al.. [S24] The molar heat capacity 

differences between solid and gas state were calculated ï including TNT ï by a procedure 

described by Chickos et al.. [S25] The values are given in detail in Table S7. 

Table S7. Estimated molar heat capacities and their differences for H2TNO, H2TNR and TNT (T = 298.15 

K). 

Compound ὅȟ
Ј ὧὶ   Ў ὅȟ

Ј   

 Calc. a Exp. Calc. b 

 J·molī1·Kī1 J·molī1·Kī1 J·molī1·Kī1 

H2TNO 302.9 n.a, 46.2 

H2TNR S25 283.8 n.a. 43.3 

TNT S26 ï 209.7 8 32.2 

a Calculated according to the group additivity approach by Chickos et al.. [S24] 
b Calculated by Ў ὅȟ

Ј πȢχυ ὅȟ
Ј ὧὶ πȢρυ.S27 

The experimental vapor pressures as well as the thermochemical properties such as molar 

enthalpies of vaporization ῳlὌ
Ј Ὕ and molar entropies of vaporization ῳlὛ

Ј Ὕ were 

reported in Table S8 for H2TNO. 
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Table S8. Experimental conditions and Clark-Glew fit function resulting in absolute vapor pressures ▬ἻἩἼ 

and thermochemical properties of sublimation (molar enthalpy of sublimation Ў ╗□
Ј

ἫἺ
Ἧ
 and molar entropy of 

sublimation Ў ╢□
Ј

ἫἺ
▌

). Obtained from the measurements of H2TNO by the Transpiration Methoda. 

H2TNO: ægὌЈ (298.15 K) = (122.7 ± 1.7) kJ·molī1 

ln ὴsatȾὴ
συωȢτ

Ὑ

ρσφτψρȢφ

ὙὝ

τφȢς

Ὑ
ὰὲ

Ὕ

ςωψȢρυ +
  

Ὕb άc ὠ d Ὕ e Flow ὴ f u(ὴ ) g ЎὌЈ Ὕ ЎὛЈ Ὕ 

K mg dm3 K dm3·hī1 Pa Pa kJ·molī1 J·molī1·Kī1 

332.4 0.016 128 297.1 5.4 1.17 0.07 121.13 212.6 

332.4 0.012 98.8 298.3 4.2 1.20 0.07 121.13 212.7 

332.6 0.010 80.4 296.8 4.8 1.20 0.07 121.12 212.6 

337.4 0.021 89.6 297.0 4.8 2.21 0.13 120.90 211.8 

342.3 0.010 25.0 297.2 4.8 3.99 0.23 120.67 210.9 

347.4 0.007 8.72 297.4 4.8 7.65 0.45 120.44 210.5 

352.3 0.021 15.8 296.7 4.8 12.9 0.76 120.21 209.3 

356.3 0.021 9.36 296.4 4.8 21.6 1.27 120.03 209.3 

356.3 0.118 52.7 296.5 3.0 21.2 1.24 120.02 209.1 

357.2 0.016 6.64 297.1 4.7 23.6 1.39 119.98 209.0 

362.0 0.010 2.38 297.1 4.8 41.0 2.41 119.76 208.6 

366.9 0.013 1.83 297.3 4.8 65.5 3.84 119.54 207.4 

370.9 0.014 1.19 296.4 4.8 110 6.47 119.35 207.7 

375.8 0.024 1.19 296.4 4.8 192 11.3 119.13 207.6 

380.7 0.038 1.27 296.3 4.8 287 16.8 118.90 206.2 

380.7 0.034 1.19 296.5 4.8 275 16.1 118.90 205.9 

380.7 0.036 1.19 296.4 4.8 286 16.8 118.90 206.2 

a Experimental conditions: Ὕ is saturation temperature; m is mass of the transferred sample quantified via HPLC-DAD 

experiments; ὠ  is volume of the carrier gas and Ὕ  is ambient temperature. The uncertainties for T, V, and m are 

standard uncertainties. The uncertainty of the molar enthalpy of sublimation is the standard uncertainty with a confidence 

level of 0.95 (k = 2), calculated including uncertainties of vapor pressure, uncertainties from the fitting equation, and the 

uncertainty of temperature adjustment to T = 298.15 K. Detailed information on the methods of calculations was 

published previously. [S22,29] b Saturation temperature (u(T) = 0.1 K). c Mass of transferred sample condensed at 243 K. 
d Volume of nitrogen (u(V) = 0.005 dm3) used to transfer m (u(m)/m = 1.5 %) of the sample. e Ὕ  is the temperature of 

the soap film flowmeter used for measurement of the gas flow. f Vapor pressure at temperature T, calculated from the m 

and the residual vapor pressure at the condensation temperature, calculated by an iteration procedure; p° = 1 Pa. g Relative 

standard uncertainty with confidence level 0.95 (k = 2) for psat was calculated to be u(p)/p = 5.86 %, see previous 

publications [S22,29] 
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Compilation of the HPLC-DAD setup is presented in Table S9 and the parameters which 

were used in the experiments are compiled in Table S10. 

Table S9. HPLC-Setup used for the mass quantification. 

HPLC Shimadzu Prominence® with LC-20AD pump module and SPDM20A Diode Array Detector; 

software LabSolutions v5.86 

Analytical column Phenomenex Kinetex® (2.6 ɛm Biphenyl, 100 Å, 150 × 4.6 mm) 

Oven temperature 40 °C 

 

Table S10. Compilation of HPLC parameters used for transpiration experiment of H2TNO. 

Substance H2TNO 

Standard DNAN 

Mobile Phase 50 % MeCN, 50 % H2O 

Flow 0.65 mL/min 

Injection Volume 1 µL 

Analyte wavelength (1) 206 nm 

Retention time 1 1.783 min 

Standard wavelength (2) 295 nm 

Retention time 2 5.660 min 
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2.7.5 NMR Spectroscopy of 1, 13 and 14 

 

Figure S7. 1H NMR spectrum (400 MHz, Acetone-d6) of H2TNO. 

 

 

Figure S8. 13C NMR spectrum (100 MHz, Acetone-d6) of H2TNO. 
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Figure S9. 14N NMR spectrum (29 MHz, Acetone-d6) of H2TNO. 

 

Figure S10. 1H NMR spectrum (400 MHz, DMSO-d6) of CsHTNO. 
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Figure S11. 13C NMR spectrum (100 MHz, DMSO-d6) of CsHTNO. 

 

Figure S12. 14N NMR spectrum (29 MHz, DMSO-d6) of CsHTNO. 
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Figure S13. 1H NMR spectrum (400 MHz, DMSO-d6) of PbTNO. 

 

Figure S14. 13C NMR spectrum (100 MHz, DMSO-d6) of PbTNO. 
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Figure S15. 14N NMR spectrum (29 MHz, DMSO-d6) of PbTNO. 

 

Figure S16. 207Pb NMR spectrum (84 MHz, DMSO-d6) of PbTNO. 
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2.7.6 IR Spectroscopy of 1ï18 

 

Figure S17. IR spectrum of H2TNO 

 

Figure S18. IR spectrum of [Cu(1-AT)2(HTNO)2]. 
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Figure S19. IR spectrum of [Cu(2-AT)2(HTNO)2]. 

 

Figure S20. IR spectrum of [Cu(1-AMT)2(HTNO)2]. 

 

Figure S21. IR spectrum of [Cu(HTNO)2(1-MAT)2]. 
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Figure S22. IR spectrum of [Cu(1,5-DAT)2(HTNO)2]. 

 

Figure S23. IR spectrum of [Cu(HTNO)2(1-NET)2]. 

 

Figure S24. IR spectrum of [Cu(1-AET)2(HTNO)2]. 
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Figure S25. IR spectrum of [Cu(1,1-dtm)2(H2O)4](HTNO)2. 

 

Figure S26. IR spectrum of [Cu(1,1-dte)2(HTNO)2] Ā H2O. 

 

Figure S27. IR spectrum of [Cu(1,1-dtp)2(HTNO)2]. 
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Figure S28. IR spectrum of [Zn(HTNO)2(1-MTZ)2]. 

 

Figure S29. IR spectrum of CsHTNO. 

 

Figure S30. IR spectrum of PbTNO. 
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Figure S31. IR spectrum of [Zn(H2O)3(TNO)] Ā H2O. 

 

Figure S32. IR spectrum of [Cu(HTNR)2(1-MAT)2]. 

 

Figure S33. IR spectrum of [Cu(1,5-DAT)2(TNR)]. 
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Figure S34. IR spectrum of [Cu(1,1-dte)(TNR)] Ā H2O. 
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2.7.7 Thermal Analysis 

 

Figure S35. DTA plot of [Cu(1-AT)2(HTNO)2] in the range of 25ï400 °C. 

 

Figure S36. DTA plot of [Cu(2-AT)2(HTNO)2] in the range of 25ï400 °C. 
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Figure S37. DTA plot of [Cu(1-AMT)2(HTNO)2] in the range of 25ï400 °C. 

 

Figure S38. DTA plot of [Cu(HTNO)2(1-MAT)2] in the range of 25ï400 °C. 

 

Figure S39. DTA plot of [Cu(1,5-DAT)2(HTNO)2] in the range of 25ï400 °C. 
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Figure S40. DTA plot of [Cu(HTNO)2(1-NET)2] in the range of 25ï400 °C. 

 

Figure S41. DTA plot of [Cu(1-AET)2(HTNO)2] in the range of 25ï400 °C. 

 

Figure S42. DTA plot of [Cu(1,1-dtm)2(H2O)4](HTNO)2 in the range of 25ï400 °C. 
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Figure S43. TGA plot of compound 9 in the range of 30ï400 °C. 

 

Figure S44. DTA plot of [Cu(1,1-dte)2(HTNO)2] Ā H2O in the range of 25ï400 °C. 
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Figure S45. DTA plot of [Cu(1,1-dtp)2(HTNO)2] in the range of 25ï400 °C. 

 

Figure S46. DTA plot of [Zn(HTNO)2(1-MTZ)2] in the range of 25ï400 °C. 

 

Figure S47. DTA plot of CsHTNO in the range of 25ï400 °C. 
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Figure S48. DTA plot of PbTNO in the range of 25ï400 °C. 

 

Figure S49. DTA plot of [Zn(H2O)3(TNO)] Ā H2O in the range of 25ï400 °C. 

 

Figure S50. DTA plot of [Cu(HTNR)2(1-MAT)2] in the range of 25ï400 °C. 
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Figure S51. DTA plot of [Cu(1,5-DAT)2(TNR)] in the range of 25ï400 °C. 

 

Figure S52. DTA plot of [Cu(1,1-dte)(TNR)] Ā H2O in the range of 25ï400 °C. 
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2.7.8 Hot Plate and Hot Needle Testing 

  

Figure S53. Reaction of [Cu(1-AT)2(HTNO)2] during hot plate (left) and hot needle test (right). 

  

Figure S54. Deflagration of [Cu(2-AT)2(HTNO)2] during hot plate (left) and hot needle test (right). 

  

Figure S55. Reaction of [Cu(1-AMT)2(HTNO)2] during hot plate (left) and hot needle test (right). 
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Figure S56. Reaction of [Cu(HTNO)2(1-MAT)2] during hot plate (left) and hot needle test (right). 

  

Figure S57. Reaction of [Cu(1,5-DAT)2(HTNO)2] during hot plate (left) and hot needle test (right). 

  

Figure S58. Reaction of [Cu(HTNO)2(1-NET)2] during hot plate (left) and hot needle test (right). 
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Figure S59. Reaction of [Cu(1-AET)2(HTNO)2] during hot plate (left) and hot needle test (right). 

  

Figure S60. Decomposition of [Cu(1,1-dtm)2(H2O)4](HTNO)2 during hot plate (left) and hot needle test (right). 

  

Figure S61. Reaction of [Cu(1,1-dte)2(HTNO)2] Ā H2O during hot plate (left) and hot needle test (right). 
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Figure S62. Reaction of [Cu(1,1-dtp)2(HTNO)2] during hot plate (left) and hot needle test (right). 

  

Figure S63. Reaction of [Zn(HTNO)2(1-MTZ)2] during hot plate (left) and hot needle test (right). 

  

Figure S64. Reaction of CsHTNO during hot plate (left) and hot needle test (right). 
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Figure S65. Detonation of PbTNO during hot plate (left) and hot needle test (right). 

  

Figure S66. Deflagration of [Cu(HTNR)2(1-MAT)2] during hot plate (left) and hot needle test (right). 

  

Figure S67. Reaction of [Cu(1,5-DAT)2(TNR)] during hot plate (left) and hot needle test (right). 
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Figure S68. Deflagration of [Cu(1,1-dte)(TNR)] Ā H2O during hot plate (left) and hot needle test (right). 

2.7.9 General Methods 

All chemicals and solvents were employed as received (Sigma-Aldrich, Fluka, Acros, 

ABCR). 1H, 13C{1H}, 14N, 209Pb spectra were recorded at ambient temperature using a 

JEOL Bruker 27400, Eclipse 270, JEOL EX 400 or a JEOL Eclipse 400 instrument. The 

chemical shifts quoted in ppm in the text refer to typical standards such as tetramethylsilane 

(1H, 13C) nitromethane (14N,15N) in DMSO-d6 or acetone-d6 as the solvent. Endothermic 

and exothermic events of the described compounds, which indicate melting, loss of crystal 

water or decomposition, are given as the extrapolated onset temperatures. The samples 

were measured in a range of 25ï400 °C at a heating rate of 5 °C minī1 through differential 

thermal analysis (DTA) with an OZM Research DTA 552-Ex instrument. Infrared spectra 

were measured with pure samples on a Perkin-Elmer BXII FT-IR system with a Smith 

DuraSampler IR II diamond ATR. Determination of the carbon, hydrogen, and nitrogen 

contents was carried out by combustion analysis using an Elementar Vario El (nitrogen 

values determined are often lower than the calculated onesô due to their explosive 

behavior). Impact sensitivity tests were carried out according to STANAG 4489[S30] with a 

modified instruction[S31] using a BAM (Bundesanstalt für Materialforschung) 

drophammer.[S32] Friction sensitivity tests were carried out according to STANAG 4487[S35] 

with a modified instruction[S36] using the BAM friction tester. [S32,S33] The classification of 

the tested compounds results from the ñUN Recommendations on the Transport of 

Dangerous Goodsò. [S37,S38] Additionally, all compounds were tested upon the sensitivity 

toward electrical discharge using the OZM Electric Spark XSpark10 device. [S33] Energetic 

properties have been calculated with the EXPLO5 6.05.04 computer code[S39] using the, to 

RT converted, X-ray density and calculated solid state heats of formation. These were 

computed by the atomization method as described in recently published papers. Electronic 
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enthalpies were calculated with the Gaussian09 software[S13] suite using the CBS-4M 

method. 

 

2.7.10 Experimental Section 

Caution! All investigated compounds are energetic materials and some of them show 

sensitivities towards various stimuli (e.g. elevated temperatures, impact, friction or 

electronic discharge). Although no hazards occurred, proper security precautions (safety 

glasses, face shield, earthed equipment and shoes, leather jacket, Kevlar sleeves, and 

earplugs) have to be worn while synthesizing and handling the described compounds. 

 

Trinitro -orcinol (1) 

Trinitro-orcinol (H2TNO) was produced according to a modified literature procedure. [S40] 

Orcinol (1.24 g, 10.0 mmol) was added to conc. sulfuric acid (75 mL) at 0 °C. A precooled 

mixture of conc. sulfuric acid (8 mL) and conc. nitric acid (4 mL) was dropwise added. 

Another 3 mL of conc. nitric acid was cooled to 0 °C and added dropwise. After the 

addition was completed, the mixture was allowed to reach room temperature within 1 h. 

The resulting orange suspension was quenched on ice water (200 mL), filtered off and 

washed with water. A yellow solid was obtained which was dried at 120 °C to yield H2TNO 

(2.23 g, 8.62 mmol, 86 %) in a purity of 99.3 % according to 1H qNMR. 

1H NMR  (d6-Acetone, 25 ÁC) ŭ 11.41 (br, 2H, OH), 2.37 (s, CH3) ppm. 13C NMR (d6-

Acetone, 25 ÁC) ŭ 149.7, 134.9, 133.3, 125.8, 14.2 ppm. 14N NMR (d6-Acetone, 25 ÁC) ŭ 

ī15, ī17, ī72 ppm. DTA (5 °C minī1) onset: 172 °C (endothermic). IR  (ATR, cmī1): ‡ = 

3231 (w), 1632 (m), 1590 (s), 1535 (vs), 1460 (w), 1420 (m), 1363 (vs), 1307 (s), 1260 

(m), 1161 (vs), 1145 (vs), 1068 (m), 1047 (m), 1024 (w), 915 (w), 898 (s), 829 (w), 803 

(m), 785 (m), 752 (m), 740 (m), 718 (m), 696 (s), 638 (s), 615 (s), 595 (m), 575 (s), 469 

(w), 443 (w). EA (C7H5N3O8, 259.13 g molī1) calc.: C 32.45 H 1.94 N 16.22 %, found: C 

32.30 H 2.03 N 16.04 %. HRMS (EI): m/z calc. for C7H5N3O8
+ [M] +: 259.0077; found: 

259.0076. BAM drop hammer : >40 J. Friction tester: 324 N (at grain size: 100ï500 µm) 

ESD: 0.54 J. 
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General Procedure for complexes 2ï11 

A suspension of CuCO3×Cu(OH)2 (27.6 mg, 0.125 mmol, 0.50 eq.) and H2TNO (129.6 mg, 

0.50 mmol, 2.00 eq.) in 5 mL of water was heated to 80 °C until a clear solution was 

obtained. To this solution, the ligand L (0.50 mmol, 2.00 eq.) was added. The solution was 

kept at 80 °C for 5 min. and then left at room temperature to crystallize for 3 weeks. The 

resulting suspension was filtered off and washed with little cold water, ethanol and diethyl 

ether. 

 

[Cu(1-AT)2(HTNO) 2] (2) 

[Cu(1-AT)2(HTNO)2] was prepared according to the general procedure using 1-AT 

(42.5 mg, 0.50 mmol, 2.00 eq.). The compound was obtained as a green solid (139.8 mg, 

0.19 mmol, 73 %). DTA  (5 °C minī1) onset: 185 °C (exothermic). IR  (ATR, cmī1): ‡ = 

3606 (w), 3326 (w), 3143 (w), 1615 (m), 1538 (s), 1520 (vs), 1516 (vs), 1440 (m), 1435 

(s), 1416 (s), 1363 (s), 1315 (s), 1183 (s), 1154 (s), 1117 (m), 1098 (m), 1044 (m), 1025 

(m), 979 (m), 908 (m), 884 (w), 819 (m), 781 (m), 760 (m), 739 (m), 694 (s), 643 (s), 603 

(m), 413 (m). EA (C16H14CuN16O16, 749.93 g molī1) calc.: C 25.63 H 1.88 N 29.88 %, 

found C 25.56 H 2.08 N 28.79 %. BAM drop hammer : <1 J. Friction tester: 96 N (at 

grain size: 100ï500 µm). ESD: 50 mJ. 

 

[Cu(2-AT)2(HTNO) 2] (3) 

[Cu(2-AT)2(HTNO)2] was prepared according to the general procedure using 2-AT 

(42.5 mg, 0.50 mmol, 2.00 eq.). The compound was obtained as a green solid (109.3 mg, 

0.15 mmol, 60 %). DTA  (5 °C minī1) onset: 182 °C (exothermic). IR  (ATR, cmī1): ‡ = 

3313 (w), 2004 (w), 1738 (vw), 1608 (m), 1563 (m), 1519 (vs), 1495 (s), 1472 (m), 1438 

(m), 1420 (s), 1416 (s), 1367 (s), 1339 (s), 1327 (s), 1314 (s), 1301 (s), 1283 (s), 1183 (s), 

1159 (s), 1149 (vs), 1071 (m), 1048 (m), 1035 (m), 962 (m), 908 (m), 890 (m), 826 (m), 

814 (m), 811 (m), 787 (m), 758 (m), 740 (m), 696 (vs), 680 (s), 661 (s), 604 (m), 519 (m), 

462 (m), 456 (s), 411 (s), 406 (s), 661 (s), 604 (m), 519 (m), 462 (m), 456 (s), 411 (s), 406 

(s). EA (C16H14CuN16O16, 749.93 g molī1) calc.: C 25.63 H 1.88 N 29.88 %, found C 25.51 

H 1.86 N 29.74 %. BAM drop hammer : <1 J. Friction tester: 80 N (at grain size: 100ï

500 µm). ESD: 50 mJ. 
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[Cu(1-AMT) 2(HTNO) 2] (4) 

[Cu(1-AMT)2(HTNR)2] was obtained by applying the general procedure to 1-amino-5-

methyltetrazole (49.6 mg, 0.50 mmol, 2.00 eq.). The compound was obtained as a brown 

solid (130.5 mg, 0.17 mmol, 67 %). DTA  (5 °C minī1) onset: 192 °C (exothermic). IR  

(ATR, cmī1): ‡ = 3375 (w), 3359 (w), 3309 (w), 2168 (w), 1614 (m), 1549 (s), 1531 (vs), 

1526 (vs), 1521 (vs), 1506 (vs), 1471 (m), 1464 (m), 1435 (m), 1414 (m), 1385 (m), 1352 

(s), 1310 (s), 1282 (s), 1166 (s), 1148 (s), 1093 (m), 1080 (m), 1042 (m), 1007 (m), 940 

(w), 905 (m), 824 (m), 810 (m), 787 (m), 742 (m), 723 (m), 696 (vs), 677 (s), 667 (s), 656 

(s), 631 (m), 616 (m), 608 (m), 592 (m), 479 (w), 409 (m). EA (C18H18CuN16O16, 

777.98 g molī1) calc.: C 27.79 H 2.33 N 28.81 %, found C 27.81 H 2.18 N 28.90 %. BAM 

drop hammer: <1 J. Friction tester: 60 N (at grain size: 100ï500 µm). ESD: 250 mJ. 

 

[Cu(HTNO) 2(1-MAT) 2] (5) 

By using 1-methyl-5-aminotetrazole (49.6 mg, 0.50 mmol, 2.00 eq.) as described in the 

general procedure, compound 5 was obtained in form of brown platelets (81.0 mg, 

0.10 mmol, 42 %). DTA  (5 °C minī1) onset: 220 °C (exothermic). IR  (ATR, cmī1): ‡ = 

3463 (w), 3337 (w), 3297 (w), 1651 (m), 1614 (m), 1584 (w), 1550 (s), 1525 (s), 1521 (s), 

1516 (s), 1506 (s), 1454 (m), 1416 (m), 1394 (m), 1351 (s), 1301 (m), 1262 (m), 1166 (s), 

1152 (s), 1133 (s), 1062 (m), 1043 (m), 980 (m), 918 (w), 905 (m), 826 (w), 808 (w), 787 

(m), 757 (m), 750 (w), 734 (w), 693 (vs), 647 (m), 631 (m), 619 (m), 585 (m), 563 (w), 529 

(w), 514 (w), 502 (w), 484 (m), 468 (w), 455 (m), 619 (m), 585 (m), 563 (w), 529 (w), 514 

(w), 502 (w), 484 (m), 468 (w), 455 (m), 439 (w), 425 (w). EA (C18H18CuN16O16, 

777.98 g molī1) calc.: C 27.79 H 2.33 N 28.81 %, found C 27.81 H 2.42 N 29.04 %. BAM 

drop hammer: 2 J. Friction tester: >360 N (at grain size: 100ï500 µm). ESD: 90 mJ. 

 

[Cu(1,5-DAT)2(HTNO) 2] (6) 

[Cu(1,5-DAT)2(HTNO)2] was prepared according to the general procedure with 1,5-DAT 

(50.0 mg, 0.50 mmol, 2.00 eq.). While cooling down to rt, the formation of yellow platelets 

was observed. After 5 days filtration and washing according to the general procedure 

yielded compound 6 (0.14 g, 0.18 mmol, 72 %). DTA  (5 °C minī1) onset: 220 °C 

(exothermic). IR  (ATR, cmī1): ‡ = 3458 (w), 3388 (w), 3349 (w), 3341 (w), 3313 (w), 

1671 (m), 1612 (m), 1555 (m), 1520 (s), 1504 (s), 1455 (m), 1406 (w), 1394 (w), 1352 (s), 

1324 (m), 1302 (m), 1263 (m), 1169 (s), 1151 (s), 1127 (s), 1048 (m), 1007 (m), 905 (m), 
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886 (m), 827 (m), 807 (m), 788 (m), 758 (m), 751 (m), 733 (m), 694 (vs), 645 (s), 636 (s), 

617 (m), 584 (m), 556 (m), 543 (m), 522 (m), 498 (m), 481 (m), 454 (m), 446 (m), 439 (m), 

584 (m), 556 (m), 543 (m), 522 (m), 498 (m), 481 (m), 454 (m), 446 (m), 439 (m), 431 (m), 

425 (m), 419 (s).EA (C16H16CuN18O16, 779.96 g molī1) calc.: C 24.64 H 2.07 N 32.33 %, 

found C 24.62 H 2.34 N 31.92 %. BAM drop hammer : <1 J. Friction tester: 360 N (at 

grain size: 100ï500 µm). ESD: 200 mJ. 

 

[Cu(HTNO) 2(1-NET)2] (7) 

Compound 7 was prepared by applying 1-NET (79.6 mg, 0.50 mmol, 2.00 eq.) to the 

general procedure. [Cu(HTNO)2(1-NET)2] was obtained in form of green crystals 

(0.15 mg, 0.16 mmol, 64 %) DTA  (5 °C minī1) onset: 159 °C (exothermic). IR  (ATR, 

cmī1): ‡ = 3140 (w), 3013 (vw), 2906 (vw), 1646 (s), 1607 (m), 1539 (s), 1506 (s), 1455 

(m), 1435 (m), 1417 (s), 1391 (m), 1365 (s), 1321 (m), 1301 (m), 1277 (vs), 1180 (s), 1157 

(s), 1104 (m), 1088 (m), 1063 (w), 1038 (m), 1009 (m), 1003 (m), 897 (s), 886 (m), 852 

(s), 826 (m), 811 (m), 785 (m), 755 (m), 746 (m), 707 (m), 695 (s), 680 (m), 650 (s), 606 

(m), 589 (m), 567 (w), 519 (w), 492 (m), 480 (w), 413 (m), 402 (m), 650 (s), 606 (m), 589 

(m), 567 (w), 519 (w), 492 (m), 480 (w), 413 (m), 402 (m), 526 (m), 511 (m), 494 (m), 475 

(m), 457 (m), 438 (m), 419 (m), 404 (m). EA (C20H18CuN16O22, 898.00 g molī1) calc.: C 

26.75 H 2.02 N 24.96 %, found C 26.76 H 1.92 N 25.24 %. BAM drop hammer : <1 J. 

Friction tester: 192 N (at grain size: 100ï500 µm). ESD: 90 mJ. 

 

[Cu(1-AET)2(HTNO) 2] (8) 

[Cu(1-AET)2(HTNO)2] (90.0 mg, 0.10 mmol, 42 %) was obtained in form of red-brown 

needles by using 1-azidoethyltetrazole (69.6 mg, 0.50 mmol, 2.00 eq.) according to the 

general procedure. DTA  (5 °C minī1) onset: 191 °C (exothermic). IR  (ATR, cmī1): ‡ = 

3162 (w), 2113 (m), 1622 (m), 1548 (s), 1538 (s), 1531 (s), 1525 (s), 1520 (s), 1515 (s), 

1506 (s), 1471 (m), 1464 (m), 1456 (m), 1442 (m), 1415 (m), 1392 (m), 1386 (m), 1355 

(s), 1302 (s), 1288 (m), 1271 (s), 1234 (m), 1163 (vs), 1147 (vs), 1092 (vs), 1066 (s), 1027 

(m), 1011 (m), 1000 (s), 923 (m), 904 (m), 895 (m), 828 (m), 809 (m), 789 (s), 752 (m), 

740 (m), 723 (m), 713 (m), 694 (vs), 659 (s), 643 (s), 606 (m), 789 (s), 752 (m), 740 (m), 

723 (m), 713 (m), 694 (vs), 659 (s), 643 (s), 606 (m), 564 (m), 548 (m), 539 (m), 505 (w), 

459 (w), 443 (w), 403 (s). EA (C20H18CuN20O16, 858.03 g molī1) calc.: C 28.00 H 2.11 N 

32.65 %, found C 28.29 H 2.28 N 32.95 %. BAM drop hammer : <1 J. Friction tester: 

>360 N (at grain size: 100ï500 µm). ESD: 90 mJ. 
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[Cu(1,1-dtm)2(H2O)4](HTNO) 2 (9) 

Using 1,1-dtm (76.1 mg, 0.50 mmol, 2.00 eq.) as a ligand in the general procedure led to 

immediate precipitation of a yellow-green solid, which was filtered off and washed with 

water. After drying on air, the substance proved to be [Cu(1,1-dtm)2(H2O)4](HTNO)2 

(0.17 g, 0.18 mmol, 71 %). Suitable single crystals for X-ray diffraction analysis were 

obtained by dissolving the compound in 5 mL of EtOH at 80 °C and letting the solvent 

evaporate at rt. DTA  (5 °C minī1) onset: 100 °C (endothermic), 197 °C (exothermic). IR  

(ATR, cmī1): ‡ = 3117 (m), 1614 (m), 1564 (m), 1529 (s), 1485 (s), 1458 (m), 1436 (m), 

1413 (m), 1379 (m), 1359 (m), 1344 (s), 1321 (s), 1310 (s), 1287 (m), 1222 (w), 1178 (s), 

1158 (s), 1144 (s), 1098 (s), 1042 (m), 1031 (m), 1004 (m), 987 (m), 961 (m), 901 (m), 880 

(m), 821 (m), 814 (m), 779 (s), 760 (m), 737 (s), 710 (vs), 694 (vs), 669 (s), 647 (vs), 603 

(s), 529 (s), 522 (m), 498 (m), 481 (m), 454 (m), 446 (m), 439 (m), 647 (vs), 603 (s), 529 

(s), 522 (m), 498 (m), 481 (m), 454 (m), 446 (m), 439 (m), 431 (m), 425 (m), 419 (s). EA 

(C20H24CuN22O20, 956.09 g molī1) calc.: C 25.13 H 2.53 N 32.23 %, found C 24.94 H 2.49 

N 32.34 %. BAM drop hammer : <1 J. Friction tester: 360 N (at grain size: 100ï500 µm). 

ESD: 160 mJ. 

 

[Cu(1,1-dte)(HTNO)2] Ā H2O (10) 

1,1-dte (83.1 mg, 0.50 mmol, 2.00 eq.) was applied according to the general procedure. A 

brown solid immediately started to precipitate. The suspension was filtered off and washed 

with hot water, rt EtOH and rt Et2O. The compound was identified to be [Cu(1,1-

dte)(HTNO)2] Ā H2O (0.16 g, 0.21 mmol, 85 %). DTA  (5 °C minī1) onset: 252 °C 

(exothermic). IR  (ATR, cmī1): ‡ = 3149 (w), 1610 (m), 1553 (s), 1523 (vs), 1513 (vs), 

1486 (s), 1458 (m), 1445 (m), 1413 (m), 1377 (m), 1351 (s), 1319 (s), 1305 (s), 1285 (s), 

1170 (vs), 1153 (s), 1130 (s), 1087 (s), 1067 (m), 1044 (m), 1004 (m), 923 (w), 905 (m), 

881 (m), 829 (m), 810 (m), 783 (m), 761 (m), 748 (m), 734 (m), 717 (m), 691 (vs), 662 

(vs), 650 (s), 643 (s), 619 (m), 583 (m), 528 (w), 514 (w), 499 (w), 475 (w), 455 (w), 431 

(w), 643 (s), 619 (m), 583 (m), 528 (w), 514 (w), 499 (w), 475 (w), 455 (w), 431 (w), 439 

(w), 425 (w). EA (C18H16CuN14O17, 763.95 g molī1) calc.: C 28.30 H 2.11 N 25.67 %, 

found C 28.53 H 2.07 N 25.96 %. BAM drop hammer : >40 J. Friction tester: 192 N (at 

grain size: 100ï500 µm). ESD: 200 mJ. 
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[Cu(1,1-dtp)2(HTNO) 2] (11) 

The utilization of 1,1-dtp (99.1 mg, 0.50 mmol, 0.50 eq.) in the general procedure led to 

the formation of the desired product (0.18 g, 0.19 mmol, 77 %) in form of green blocks 

suitable for X-ray diffraction analysis. DTA  (5 °C minī1) onset: 184 °C (exothermic). IR  

(ATR, cmī1): ‡ = 3138 (w), 1621 (m), 1570 (m), 1519 (vs), 1499 (s), 1461 (m), 1455 (m), 

1417 (s), 1387 (m), 1359 (vs), 1324 (vs), 1191 (s), 1174 (s), 1157 (s), 1138 (s), 1134 (s), 

1104 (s), 1094 (vs), 1061 (m), 1039 (m), 1029 (m), 1023 (m), 1005 (s), 983 (m), 906 (s), 

880 (m), 865 (m), 821 (s), 795 (s), 781 (s), 758 (m), 738 (s), 719 (m), 686 (vs), 674 (s), 660 

(s), 642 (vs), 604 (s), 582 (m), 563 (m), 553 (m), 547 (m), 538 (m), 674 (s), 660 (s), 642 

(vs), 604 (s), 582 (m), 563 (m), 553 (m), 547 (m), 538 (m), 526 (m), 511 (m), 494 (m), 475 

(m), 457 (m), 438 (m), 419 (m), 404 (m). EA (C24H24CuN22O16, 940.14 g molī1) calc.: C 

30.66 H 2.57 N 32.78 %, found C 30.48 H 2.65 N 32.77 %. BAM drop hammer : <1 J. 

Friction tester: 240 N (at grain size: 100ï500 µm). ESD: 200 mJ. 

 

[Zn(H TNO)2(MTZ) 2] (12) 

[Zn(HTNO)2(MTZ)2] was prepared by dissolving ZnCO3 (62.7 mg, 0.50 mmol, 1.00 eq.) 

and H2TNO (259 mg, 1.00 mmol, 2.00 eq.) in 10 mL of water at 80 °C. MTZ (84.1 mg, 

1.00 mmol, 2.00 eq.) was added and the solution was stirred for 5 min. After four weeks of 

crystallization at room temperature, the resulting solid was filtered off and washed with 

water. The compound was obtained as a green powder (293.0 mg, 0.39 mmol, 78 %). DTA  

(5 °C minī1) onset: 229 °C (exothermic). IR  (ATR, cmī1): ‡ = 3162 (w), 1606 (m), 1549 

(s), 1538 (s), 1532 (s), 1525 (s), 1521 (s), 1505 (s), 1495 (s), 1471 (m), 1462 (m), 1457 (m), 

1417 (s), 1385 (m), 1359 (s), 1314 (s), 1291 (s), 1182 (s), 1155 (vs), 1100 (vs), 1065 (m), 

1058 (m), 1045 (s), 1026 (m), 1019 (m), 998 (m), 907 (m), 881 (m), 824 (m), 812 (m), 786 

(s), 760 (m), 738 (m), 707 (s), 693 (vs), 683 (s), 675 (s), 649 (vs), 607 (m), 584 (m), 562 

(m), 500 (m), 475 (w), 693 (vs), 683 (s), 675 (s), 649 (vs), 607 (m), 584 (m), 562 (m), 500 

(m), 475 (w), 407 (s). EA (C18H16N14O16Zn, 749.79 g molī1) calc.: C 28.83 H 2.15 N 

26.15 %, found C 28.88 H 2.13 N 26.12 %. BAM drop hammer : 2 J. Friction tester: 

168 N (at grain size: 100ï500 µm). ESD: 33 mJ. 

 

CsHTNO (13) 

Cs2CO3 (0.49 g, 1.50 mmol, 0.50 eq.) was dissolved water (5 mL). After heating to 80 °C, 

H2TNO (0.78 g, 3.00 mmol, 1.00 eq) was added and the suspension was kept at 80 °C until 

everything dissolved. The resulting red solution was left at rt to crystallize. The obtained 
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red solid was filtered off and washed with cold water to yield CsHTNO (0.95 g, 2.44 mmol, 

81 %). 1H NMR (d6-DMSO, 25 ÁC) ŭ 12.56 (s, 1H, OH) 2.24 (s, 3H, CH3) ppm. 13C NMR 

(d6-DMSO, 25 ÁC) ŭ 153.4, 131.3, 131.0, 129.4, 16.0 ppm. 14N NMR (d6-DMSO, 25 ÁC) ŭ 

ī5, ī358 ppm. DTA  (5 °C minī1) onset: 233 °C (exothermic). IR  (ATR, cmī1): ‡ = 1622 

(w), 1568 (m), 1511 (s), 1506 (s), 1434 (m), 1405 (m), 1375 (m), 1343 (s), 1315 (s), 1258 

(m), 1180 (s), 1151 (s), 1122 (vs), 1058 (m), 1025 (m), 999 (m), 911 (m), 819 (m), 804 (m), 

784 (s), 753 (m), 744 (m), 720 (m), 693 (s), 658 (m), 629 (m), 610 (m), 597 (m), 417 (s). 

EA (C7H4CsN3O8, 391.03 g molī1) calc.: C 21.50 H 1.03 N 10.75 %, found C 21.54 H 1.29 

N 10.66 %. BAM drop hammer : <1 J. Friction tester: >360 N (at grain size: 100ï

500 µm). ESD: 50 mJ. 

 

PbTNO (14) 

MgO (0.23 g, 5.60 mmol, 1.14 eq.) was added to a suspension of H2TNO (1.27 g, 

4.90 mmol, 1.00 eq.) in water (20 mL) which was heated to 55 °C until a clear solution was 

formed. The solution was filtered off and lead nitrate (1.99 g, 6.00 mmol, 1.22 eq.) was 

slowly added under light stirring which led to precipitation of a yellow solid. The 

suspension was stirred for 30 min. The yellow solid was washed with water and acetone 

and dried at 100 °C to yield PbTNO (2.13 g, 4.59 mmol, 94 %). 1H NMR (d6-DMSO, 

25 ÁC) ŭ 2.05 (s, 3H, CH3) ppm. 13C NMR (d6-DMSO, 25 ÁC) ŭ 159.9, 135.6, 132.3, 128.7, 

16.0 ppm. 14N NMR (d6-DMSO, 25 ÁC) ŭ ī5 ppm. 207Pb NMR (400 MHz, d6-DMSO, 

25 ÁC) ŭ ī2176 ppm. DTA  (5 °C minī1) onset: 240 °C (exothermic). IR  (ATR, cmī1): ‡ = 

1593 (w), 1551 (vs), 1514 (s), 1488 (m), 1443 (m), 1433 (m), 1380 (s), 1337 (s), 1313 (s), 

1301 (s), 1265 (m), 1162 (s), 1061 (vw), 1048 (w), 911 (vw), 813 (vw), 787 (m), 753 (w), 

737 (w), 720 (m), 691 (s), 663 (m), 638 (w), 621 (w), 585 (w), 511 (w), 461 (w), 423 (w), 

404 (m). EA (C7H3N3O8Pb, 464.31 g molī1) calc.: C 18.11 H 0.65 N 9.05 %, found C 17.96 

H 0.88 N 8.78 %. BAM drop hammer : <1 J. Friction tester: >0.1 N (at grain size: 100ï

500 µm). ESD: 0.54 mJ. 

 

[Zn(H 2O)3(TNO)]  Ā H2O (15) 

ZnCO3 (62.7 mg, 0.5 mmol, 1.00 eq.) and H2TNO (0.13 g, 0.50 mmol, 1.00 eq.) were 

dissolved in water (5 mL) at 80 °C. After stirring for 5 min. the solution was allowed to 

cool to room temperature and left for crystallization. After complete evaporation of the 

solvent, the residual solid was washed with little cold EtOH to obtain compound 15 

(12.6 mg, 0.03 mmol, 6 %) as an orange solid. DTA  (5 °C minī1) onset: 122 °C 
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(endothermic Ą exothermic). IR  (ATR, cmī1): ‡ =3569 (w), 3530 (w), 3432 (m), 3399 

(m), 3181 (m), 1639 (w), 1618 (m), 1570 (s), 1542 (s), 1535 (s), 1509 (s), 1503 (s), 1468 

(m), 1430 (s), 1410 (m), 1381 (m), 1364 (m), 1339 (s), 1308 (s), 1229 (vs), 1195 (s), 1160 

(s), 1085 (m), 1051 (m), 1023 (m), 926 (m), 914 (m), 829 (m), 812 (m), 787 (s), 737 (s), 

691 (vs), 626 (s), 577 (s), 552 (s), 517 (s), 499 (vs), 474 (s), 454 (s), 433 (s), 404 (vs), 468 

(w), 455 (m), 552 (s), 517 (s), 499 (vs), 474 (s), 454 (s), 433 (s), 404 (vs), 468 (w), 455 

(m), 439 (w), 425 (w). EA (C7H11N3O12Zn, 394.55 g molī1) calc.: C 21.31 H 2.81 N 

10.65 %, found C 21.17 H 2.69 N 10.66 %. 

 

[Cu(HTNR) 2(1-MAT )2] (16) 

A suspension of CuCO3×Cu(OH)2 (27.6 mg, 0.125 mmol, 0.50 eq.) and styphnic acid 

(122.6 mg, 0.50 mmol, 2.00 eq.) in 5 mL of water was heated to 80 °C until a clear solution 

was obtained. To this solution, 1-methyl-5-aminotetrazole (49.6 mg, 0.50 mmol, 2.00 eq.) 

was added in small portions. Upon stirring at 80 °C, a green solid started to precipitate, 

which was filtered off and washed with little cold water, ethanol and diethyl ether. The 

solid was identified to be [Cu(HTNR)2(1-MAT)2] (124.5 mg, 0.17 mmol, 68 %). DTA  

(5 °C minī1) onset: 249 °C (exothermic). IR  (ATR, cmī1): ‡ = 3420 (m), 3346 (w), 1643 

(m), 1627 (s), 1588 (w), 1566 (s), 1537 (s), 1520 (s), 1509 (s), 1474 (m), 1455 (m), 1421 

(m), 1374 (m), 1353 (m), 1326 (s), 1319 (s), 1286 (vs), 1193 (m), 1176 (s), 1139 (m), 1092 

(s), 1079 (s), 1051 (s), 986 (m), 933 (m), 829 (w), 782 (m), 763 (m), 737 (m), 713 (s), 697 

(vs), 690 (vs), 636 (m), 557 (s), 551 (s), 547 (s), 539 (s), 523 (s), 489 (s), 471 (s), 459 (s), 

447 (s), 420 (vs), 551 (s), 547 (s), 539 (s), 523 (s), 489 (s), 471 (s), 459 (s), 447 (s), 420 

(vs), 439 (w), 425 (w). EA (C16H14CuN16O16, 749.93 g molī1) calc.: C 25.63 H 1.88 N 

29.88 %, found C 25.34 H 1.89 N 29.97 %. BAM drop hammer : 2 J. Friction tester: 

>360 N (at grain size: 100ï500 µm). ESD: 160 mJ. 

 

[Cu(1,5-DAT)2(TNR)] (17) 

A suspension of CuCO3×Cu(OH)2 (27.6 mg, 0.125 mmol, 0.50 eq.) and styphnic acid 

(122.6 mg, 0.50 mmol, 2.00 eq.) in 5 mL of water was heated to 80 °C until a clear solution 

was obtained. To this solution, 1,5-diaminotetrazole (50.0 mg, 0.50 mmol, 2.00 eq.) was 

added. After stirring at 80 °C for 5 min. the solution was allowed to cool to rt and left to 

crystallize. During cooling down, precipitation of a green solid started and was completed 

after two days. The suspension was filtered off and washed with cold water, ethanol and 

diethyl ether. The solid was identified as [Cu(1,5-DAT)2(TNR)] (54.2 mg, 0.17 mmol, 
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68 %). DTA  (5 °C minī1) onset: 229 °C (exothermic). IR  (ATR, cmī1): ‡ = 3458 (m), 3341 

(m), 3254 (w), 3205 (w), 3109 (w), 1674 (m), 1624 (m), 1597 (m), 1581 (m), 1556 (m), 

1538 (s), 1510 (s), 1488 (m), 1476 (m), 1457 (m), 1427 (s), 1355 (m), 1333 (s), 1285 (vs), 

1244 (vs), 1170 (m), 1123 (m), 1108 (s), 1053 (m), 1013 (m), 922 (m), 916 (m), 876 (w), 

789 (m), 743 (m), 733 (m), 703 (vs), 683 (m), 539 (w), 502 (m), 459 (s), 443 (s), 438 (s), 

428 (s), 419 (s), 406 (s), 455 (m), 539 (w), 502 (m), 459 (s), 443 (s), 438 (s), 428 (s), 419 

(s), 406 (s), 455 (m), 439 (w), 425 (w).EA (C8H9CuN15O8, 506.80 g molī1) calc.: C 18.96 

H 1.79 N 41.46 %, found C 19.04 H 2.02 N 40.03 %. BAM drop hammer : <1 J. Friction 

tester: 45 N (at grain size: 100ï500 µm). ESD: 160 mJ. 

 

[Cu(1,1-dte)(TNR)] Ā H2O (18) 

A suspension of CuCO3×Cu(OH)2 (27.6 mg, 0.125 mmol, 0.50 eq.) and styphnic acid 

(61.3 mg, 0.25 mmol, 1.00 eq.) in 5 mL of water was heated to 80 °C until a clear solution 

was obtained. Addition of 1,2-di(1H-tetrazol-1-yl)-ethane (41.5 mg, 0.25 mmol, 1.00 eq.) 

led to immediate precipitation compound 18 (117.8 mg, 0.24 mg, 96 %) as a green powder. 

DTA  (5 °C minī1) onset: 264 °C (exothermic). IR  (ATR, cmī1): ‡ = 3106 (w), 3004 (w), 

1610 (m), 1585 (m), 1538 (m), 1521 (s), 1488 (m), 1473 (m), 1442 (s), 1430 (s), 1374 (m), 

1367 (m), 1335 (w), 1287 (s), 1226 (vs), 1189 (s), 1171 (s), 1104 (s), 1058 (m), 1023 (m), 

1009 (m), 954 (w), 944 (w), 931 (w), 921 (w), 880 (m), 831 (w), 790 (w), 775 (m), 736 

(w), 709 (s), 673 (m), 649 (s), 534 (w), 506 (w), 459 (w), 418 (m), 405 (m), 438 (s), 428 

(s), 419 (s), 406 (s), 455 (m), 506 (w), 459 (w), 418 (m), 405 (m), 438 (s), 428 (s), 419 (s), 

406 (s), 455 (m), 439 (w), 425 (w). EA (C10H9CuN11O9, 490.80 g molī1) calc.: C 24.47 H 

1.85 N 31.39 %, found C 24.30 H 1.67 N 30.91 %. BAM drop hammer : 20 J. Friction 

tester: 360 N (at grain size: 100ï500 µm). ESD: 200 mJ. 
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Abstract: For the first time the highly sensitive 1-(Nitratomethyl)tetrazole (1-NAMT) was 

synthesized, representing the shortest possible 1-(nitratoalkyl)tetrazole with a combined 

nitrogen and oxygen content of 81.4 %. Compared to its related ethyl-derivative (1-NET) 

it exhibits an improved oxygen balance, resulting in higher detonation parameters. 1-

NAMT was thoroughly analyzed by single-crystal diffraction experiments accompanied by 

elemental analysis, IR spectroscopy, and multinuclear (1H, 13C, 14N) NMR measurements. 

The thermal behavior of 1-NAMT was analyzed by Differential Thermal Analysis 

supported by Thermogravimetric Analysis. Furthermore, energetic coordination 

compounds of Cu with different inorganic (e.g. nitrate, chlorate, and perchlorate) and 

nitroaromatic anions (e.g. picrate and styphnate) were synthesized and thoroughly 

analyzed. It is shown that the formation of energetic coordination compounds with 

nitroaromatic anions (Tdec ~ 180 °C) is a suitable strategy to improve the rather low thermal 

stability of 1-NAMT (125 °C). 

3.1 Introduction  

Since the structure elucidation of the DNA by Crick & Watson [1], the importance of N-

heterocyclic compounds cannot be questioned. The four nucleobases adenine, guanine, 

cytosine and thymine (Figure 1) that were found to build up the double helical DNA strands 

are key examples of N-heterocyclic compounds. Other representatives of important 

heterocyclic compounds are based on the porphyrin scaffold, which are known for building 

hemes, the most prominent being heme B, the oxygen transporting iron coordination 

compound of blood. [2] The application of heterocycles as ligands in coordination 

compounds offers a nearly infinite amount of possible compounds which chemical and 

physical properties can be tuned towards their intended use. Prominent examples of 

heterocycles applied as ligands are found in the Grubbs I [3] and Grubbs II [4] catalysts as 

well as in the B vitamins with their most prominent representative being vitamin B12 
[5]. A 

recently emerged, closely related, field of research is that of energetic coordination 

compounds (ECCs) used in pyrotechnic mixtures [6], burn rate modifiers [7] and primary 

explosives [8]. Here, energetic and nitrogen-rich heterocycles are combined with transition 

metal salts of oxidizing (e.g., nitrate, chlorate and perchlorate) or reducing (e.g. azide) 

anions. Promising ligands for ECCs should exhibit several characteristics. Like for any 

energetic material, a high endothermic enthalpy of formation is favorable. Furthermore, the 
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sensitivities of the pure ligand should be approximately in the range that is desired for the 

intended use of the resulting ECC. As the formation of ECCs most often leads to an increase 

in sensitivity [9], it is easily possible to overstate the sensitivities of the resulting ECCs as 

seen in the work on 1-amino-tetrazole [10] (1-AT) or 1-azidomethyl-tetrazole [11] (AzMT). 

Among the nitrogen-rich heterocyclic compounds, those based on the 1H-tetrazole (Figure 

1) motive are promising substances to be applied as ligands. Due to a wide variety of 

possible substitutions of the tetrazole scaffold, a huge amount of (highly) energetic neutral 

compounds are feasible. [12] This enables a broad spectrum of potential applications as 

antitumor-drugs, as low toxic antifungal drugs but also in green energetic coordination 

compounds, dependent on the size and type of substituents. [13-15] Additionally, the tetrazole 

scaffold offers a highly endothermic enthalpy of formation (1H-tetrazole: 4732 kJ kgī1) 

due to a very high nitrogen content of the underlying tetrazole moiety (N = 79.98 %). 

Besides the drawback an acidic proton of 1H-tetrazole, the absence of oxygen atoms in the 

molecular structure leads to an incomplete decomposition into gaseous products as 

elemental carbon may be produced upon exothermic decomposition. Therefore, increasing 

the amount of oxygen within the molecular structures improves the overall oxygen balance 

(ὕὄ  
ᶻ

; M = molar mass; formula for CaHbNcOd), which also generally increases the 

performance of an energetic material. This can be achieved by the functionalization with 

explosophores such as nitro-, nitramino-, and nitrate ester moieties that all introduce 

oxygen to the molecular structure (Figure 1). While the direct functionalization of tetrazoles 

at the 1N position is generally easy, the substitution by a nitro group or a nitrate ester is not 

reported yet. Here, only the nitramino derivative is known to literature [16]. 
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Figure 1. Comparison of oxygen balances between 1H-tetrazole and derivatives with different substitution patterns. 

Due to the inaccessibility of a direct substitution at the 1N-position of tetrazole by a nitrate 

ester, the introduction of alkyl bridges between the azole and nitrate ester is necessary. 

Recently, Klapötke et al. published the derivative containing a bridging ethyl chain namely 

1-(nitratoethyl)-tetrazole [17] (1-NET). This compound exhibits a decreased nitrogen 

content of 44.0 % compared to pure tetrazole, but an oxygen content of 30.2 %, 1-NET 

therefore possess an oxygen balance towards the formation of CO of ɋCO = ī25.1 %. This 

drastically increased the oxygen balance compared to 1H-tetrazole (ɋCO = ī45.7 %). 

Additionally, the introduction of oxygen atoms in 1-NET (1.55 g cmī3) also increases the 

density of pure 1H-tetrazole (1.41 g cmī3), even though a more sterically demanding 

substituent is introduced. This increase in density would noticeably be more drastic when 

comparing 1H-tetrazole to the methyl-bridged derivative, which is not published yet. 

Interestingly, there are only a few examples of methylene-bridged explosophores published 

[18-20], and even less when focusing solely on 1N-subtitution [21]. While the introduction of 

an ethylene moiety is synthetically rather easy, the challenge to introduce a methylene 

moiety is to find a suitable starting material that is chemically inert enough to be further 

functionalized. We recently published a procedure for the synthesis of 1-(hydroxymethyl)-

tetrazole (1-HMT), which is at least stable enough to be smoothly converted to the 

mesylated derivative. Since 1-HMT also represents a suitable precursor for 1-

(Nitratomethyl)tetrazole (1-NAMT), we opted to synthesize it for the first time and apply 

it as ligand for new ECCs. In this work we present the synthesis of 1-

(Nitratomethyl)tetrazole (1-NAMT), as well as several new energetic coordination 
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compounds of 1-NAMT. The ligand was analyzed by multinuclear NMR spectroscopy, and 

all compounds were analyzed by single crystal X-ray diffraction experiments. Additionally, 

the physico-chemical properties of all compounds were determined. 

3.2 Results and Discussion 

3.2.1 Synthesis of 1-NAMT  

Warning! The synthetic work described includes the handling of very sensitive compounds 

such as 1-NAMT (1) and ECCs (2ï8). Appropriate protective equipment (leather coat, face 

shield, Kevlar® wrist protectors, and hearing protection) must be worn at all times when 

handling these materials! 

The synthesis of 1-(Nitratomethyl)tetrazole (1) is shown in Scheme 1. The crude isomeric 

mixture of 1- and 2-(hydroxymethyl)-tetrazole was synthesized according to literature [11]. 

The isomeric mixture was added to a stirring mixture of acetic anhydride and fuming nitric 

acid cooled to 5 °C. A previous separation of the isomers is not necessary, due to a complete 

decomposition of the 2N isomer after nitration. The target molecule 1-

(Nitratomethyl)tetrazole (1) was obtained as a colorless solid by stirring at 5 °C for 1.5h, 

quenching on ice, adjusting to pH = 6, and extracting into ethyl acetate. To remove trace 

amounts of spent acid, 1 was purified via column chromatography with a mixture of iso-

hexane/ethyl acetate (1/1) as eluting solvent. After removing the solvent in vacuo, the 

resulting oil (1) started to solidify after standing undisturbed for 1ï2 hours. 1 was obtained 

as colorless solid in moderate yield of 21 %. 

 

Scheme 1. Synthesis of 1-(Nitratomethyl)tetrazole  (1), with the hydroxy methylation of 1H-tetrazole. 

3.2.2 Synthesis of the ECCs 

Several energetic coordination compounds with 1-NAMT as a ligand were synthesized 

according to Schemes 2 and 3. Due to the commercial unavailability of copper(II) chlorate, 

it was freshly produced according to literature [22]. Generally, compounds 2ï4 (Scheme 2) 
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were produced by adding the corresponding copper(II) salt to a solution of 1 in ethanol at 

elevated temperatures. After stirring for several minutes, the solutions were left to 

crystallize for up to 3 days. Before complete evaporation of the solvent, the compounds 

were filtered off and washed with little ice-cold ethanol. The compounds thus obtained 

were suitable for single crystal X-Ray diffraction experiments without any further 

recrystallisation necessary. 

 

Scheme 2. Preparation of [Cu(1-NAMT)6](ClO3)2 (2), [Cu(1-NAMT)6](ClO4)2 (3) and [Cu(1-NAMT)6](NO3)2 (4). 

Compounds 5ï8 were synthesized by adding the corresponding free nitroaromatic acid to 

a suspension of basic copper carbonate in water and stirring at 80 °C until a clear solution 

is obtained (Scheme 3). The solutions are left for crystallization for several days.  

 

Scheme 3. Preparation of several copper trinitrophenolate complexes of 1 and nitroaromatic acids: Trinitrophloroglucinol 

monohydrate, H3TNPG Å H2O; Styphnic acid, H2TNR; Picric Acic, HPA; and Trinitro orcinol, H2TNO. 
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3.2.3 Crystal Structures 

The obtained compounds were further analyzed by low-temperature single crystal X-Ray 

diffraction analysis. The low-temperature densities of all compounds are recalculated 

(Ὠ   
Ƞ ‌ ρȢυz ρπὑ ) to their respective density at room temperature. The 

data and parameters of the measurements as well as the refinements are given in the 

supporting information Table S1. The crystal datasets are uploaded to the CSD database 

and can be obtained free of charge with CCDC 2176031 (1), 2176030 (2), 2176033 (3), 

2176032 (4), 2176035 (5), 2176029 (6), 2176036 (7), 2176034 (8). These data can be 

obtained via https://www.ccdc.cam.ac.uk/structures/, or by emailing 

data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax +44 1223 336033. 

 

Compound 1 crystallizes as colorless platelets in the orthorhombic space group P212121, 

with a density of 1.68 g cmī3 and four formula units in the unit cell (Figure 2A). The bond 

lengths within the tetrazole moiety are in the expected range for 1N-substituted tetrazoles. 

[17, 23] The tetrazole unit forms a nearly perfect level plane together with the methylene 

moiety, which is marginally protruding by 0.3 °. A second plane is also constructed by the 

methylene carbon atom with the planar nitrate group. Both planes are intersecting at an 

angle of 111 °, which derives from the sp3-hybridization of the methylene carbon atom. 

The bond lengths within the nitrate group are similar to comparable nitrate esters [19, 24] with 

an elongated bond of 1.42 Å between O1ïN5, and two nearly equivalent bonds of 1.20 Å 

between O2ïN5 and O3ïN5. Figure 2B shows the crystal packing of 1 along the c axis. 

This highlights the screw axis along c, which leads to a slight offset of the methylene groups 

of two stacked molecules of 1. This results in a clear distinction of areas of stacked but 

twisted nitrate units (red blocks) and tetrazole moieties (blue pentagons). Interestingly, 

there are only non-classical hydrogen bond between two tetrazole rings without any 

participation in hydrogen bonding of the nitrate moieties. For all ECCs, octahedral 

coordination of the copper(II) centers are observed. All three ECCs crystallize isotypically 

in the trigonal space group Ὑσ with calculated densities of 1.77 g cmī3 (2) 1.80 g cmī3 (3), 

1.76 g cmī3 (4) as well as three units per unit cell. In the molecular structures, 2ï4 (Figures 

3ï5) show almost perfect octahedral coordination of the copper(II) cation with only slightly 
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tilted axes but CuïN distances of 2.12 Å. Due to the symmetry the expected Jahn-Teller 

distortion (always present for Cu2+ d9 systems) cannot be allocated. 

 

Figure 2. A) Molecular structure of 1-(Nitratomethyl)tetrazole (1); B) crystal packing of 1 along the c axis highlighting areas 

of stacked nitro groups (red) and tetrazole moieties (blue); all ellipsoids are shown with a probability of 50 %; selected bond 

lengths [Å]: N1ïC2 1.44(2), O1ïC2 1.43(2), O1ïN5 1.42(2), O2ïN5 1.20(2), O3ïN5 1.20(2); Angles [°]: O1ïC2ïN1 

111.00(15), N5ïO1ïC2 113.46(14), O1ïN5ïO2 117.83(16), O1ïN5ïO3 111.50(16); torsion angles [°]: N1ïN2ïN3ïN4 

ī0.3(2), C2ïO1ïN5ïO2 ī6.0(2). 

 

Figure 3. Molecular structure of [Cu(1-NAMT)6](ClO3)2 (2). Selected bond lengths [Å]: Cu1ïN1 2.13(2); selected bond 

angles [°]: N1ïCu1ïN1iii 92.49(9), N1ïCu1ïN1v 180.00, N1ïCu1ïN1vi 87.51(9).  
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Figure 4. Molecular structure of [Cu(1-NAMT)6](ClO4)2 (3). Selected bond lengths [Å]: Cu1ïN1 2.12(5); selected bond 

angles [°]: N1ïCu1ïN1iv 91.83(17), N1ïCu1ïN1vii 88.16(17), N1ïCu1ïN1v 180.00. 

 

Figure 5. Molecular structure of [Cu(1-NAMT)6](NO3)2 (4). Selected bond length (Ȕ): Cu1ïN1 2.12(3). Selected bond 

angles (°): N1ïCu1ïN1i, N1ïCu1ïN1ii, N1ïCu1ïN1iii, N1ïCu1ïN1iv, N1ïCu1ïN1v. 

Compound 5 crystallizes in the triclinic space group Pī1 with a density of 1.88 g cmī3 and 

one molecular formula in the unit cell (Figure 6). The copper(II) cation is sixfold 
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coordinated by two single deprotonated trinitro phloroglucinate anions as well as four 

molecules of 1 forming a distorted octahedron. The four ligands of 1 are positioned in the 

equatorial plane with bond lengths of 2.00 Å (Cu1ïN4) and 2.03 Å (Cu1ïN9), with minor 

deviations of 1.4 ° (N4ïCu1ïN9) from the ideal 90 °. The anions are positioned in the axial 

position with bond lengths of 2.32 Å. This distortion is caused by a high steric demand of 

the anions together with copper(II) being a d9 cation with an electronic configuration of 

t2g
6eg

3, ultimately leading to a degradation of the z2-orbital. This causes a Jahn-Teller-like 

distortion. As displayed in Figure 6, the trinitro phloroglucinate anions form intermolecular 

hydrogen bonds between the two hydroxy groups and the para-positioned nitro group, 

which is hence nearly perfectly planar with the aromatic ring. This ultimately leads to a 

rotation of the two remaining nitro groups out of plane, positioning them in an orientation 

disfavoring a coordination of the metal center by the nitro groups, as is observed in 

comparable compounds [11]. 

 

Figure 6. Octahedral coordination in [Cu(1-NAMT)4(H2TNPG)2] (5). Selected bond lengths [Å]: Cu1ïO7 2.32(19), Cu1ï

N4 2.00(3), Cu1ïN9 2.03(2); selected bond angles [°]: O7ïCu1ïN4 85.05(8), O7ïCu1ïN9 89.14(8), N4ïCu1ïN9 

88.60(10). 

Compound 6 (Figure 7) crystallizes in the triclinic space group Pī1 with a density of 

1.88 g cmī3 and one formula unit in the unit cell. The copper(II) cation is sixfold 

coordinated by two single deprotonated anions as well as two molecules of 1 in the form 
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of a Jahn-Teller-like distorted octahedron, like in compound 5. The equatorial plane is built 

by the two ligands of 1 with bond lengths of 2.00 Å and the two deprotonated hydroxy 

groups of the anions with bond lengths of 1.93 Å. The absence of a third hydroxy group, 

like in the anions of 5, leads to only one nitro group being rotated out of the aromatic ring 

plane, which now enables the remaining level nitro group (N6) to additionally coordinate 

to the metal cation. This results in the occupation of four coordination sites of the copper(II) 

cation by the anions, thus only two sites remain to be coordinated by molecules of 1. 

 

Figure 7. Molecular structure of [Cu(1-NAMT)2(HTNR)2] (6) showing a Jahn-Teller-like distorted coordination sphere. 

Selected bond lengths [Å]: Cu1ïO4 1.93(16), Cu1ïO5 2.33(2), Cu1ïN4 2.00(2); selected bond angles [°]: O4ïCu1ïO5 

81.77(7), O4ïCu1ïN4 89.48(7), O5ïCu1ïN4 86.14(7). 

Compound 7 (Figure 8) crystallizes in the monoclinic space group P21/c with two formula 

units in the unit cell and a density of 1.91 g cmī3, the highest of all herein investigated 

compounds. Like in 6, the copper(II) cation is coordinated in a Jahn-Teller-like distorted 

octahedron, with an equatorial plane build by two ligands of 1 and the two deprotonated 

hydroxy groups of the picrate anions. Here, the bond lengths are similar to those previously 

observed with a length of 1.90 Å and 2.01 Å, respectively for the deprotonated hydroxy 

groups and the tetrazole ligands. Like for the styphnate anions, the absence of hydroxy 
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groups leads to a nearly perfectly planar anion, again enabling the additional coordination 

of the copper(II) cation by the nitro groups. 

 

Figure 8. Coordination center of [Cu(1-NAMT)2(PA)2] (7). Selected bond lengths [Å]: Cu1ïO4 1.93(2), Cu1ïO10 2.30(3), 

Cu1ïN4 2.01(3); selected bond angles [°]: O4ïCu1ïO10 80.27(11), O4ïCu1ïN4 92.29(11), O10ïCu1ïN4 90.92(12). 

Compound 8 crystallizes in the triclinic space group Pī1 with a density of 1.87 g cmī3 and 

one formula unit in the unit cell. Like in the previously discusses nitroaromatic ECCs, the 

copper(II) cation is sixfold coordinated in the form of a distorted octahedron. The equatorial 

plane is again built by two molecules of 1 as well as the deprotonated hydroxy groups, 

whereas the coordinating nitro groups are positioned in axial position. Here, the bond 

lengths towards all coordinating atoms are in the same range as previously observed (Figure 

9). Interestingly, the introduction of one methyl group to the styphnate anion leads to a 

slight rotation (14.6 °) of the nitro group (N1), which is normally planar to the aromatic 

ring due to stabilization by the hydroxy group. A more drastic change is observed for the 

coordinating nitro group (N2) which is now clearly twisted out of the plane (36.4 °) 

compared to the coordinating nitro group of the styphnate anions of 6. Nevertheless, this 

rotation lead to a slightly decreased Cu(II)ïNO2 (əO) bond length of 2.28 Å compared to 

that of compounds 6 (2.32 Å) and 7 (2.30 Å). 
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Figure 9. Molecular structure of [Cu(1-NAMT)2(HTNO)2] (8). Selected bond lengths [Å]: Cu1ïO5 2.28 (14), Cu1ïO6 

1.92(14), Cu1ïN4 2.02(18); selected bond angles [°]: O5ïCu1ïO6 83.60(5), O5ïCu1ïN4 90.72(6), O6ïCu1ïN4 90.37(7). 

3.2.4 Physicochemical Properties 

3.2.4.1 Characterization of 1-NAMT  

Table 1 compares the physical and energetic properties of compound 1 with its structural 

related compounds 1-(azidomethyl)-tetrazole (AzMT), 1-(nitratoethyl)-tetrazole (1-NET). 

Here, an increase in density of +0.13 g cmī3 is observed when changing from the 

explosophoric azide (AzMT) functionalization to a nitrate ester. A more drastic change is 

observed when comparing the enthalpies of formation, where 1 (187 kJ molī1) is a 

significantly less endothermic compound than AzMT (655 kJ molī1), which directly 

derives from the lack of two N-N double bonds found in the azide functionality. Comparing 

the energetic properties of all three compounds, calculated with the EXPLO5 
[25, 26] program 

code, a clear increase in performance is observed for the methyl-containing (1 and AzMT) 

compounds over the ethyl-containing 1-NET. Compound 1 exhibits a detonation velocity 

of 8294 m sī1, slightly outperforming AzMT with a detonation velocity of 8124 m sī1, 

whereas 1-NET does not reach a detonation velocity of over 8000 m sī1. Overall, the nitrate 
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ester 1 outperforms its structural analogous azides (AzMT), expressing the high importance 

of a high theoretical maximum density (TMD), which is even able to compensate the lack 

of enthalpy of formation. Interestingly, 1-NET is completely insensitive towards friction 

(>360 N) and moderately sensitive towards impact (10 J). By shortening the alkyl-chain 

the sensitivities are drastically increased, as compound 1 (<1 J, 9 N) exhibits sensitivities 

in the range of a primary explosive. Even higher sensitivities were reported for AzMT (<1 J, 

2 N). 

Table 1. Energetic properties of 1-NAMT (1), compared to AzMT, and 1-NET. 

 1-NAMT (1) AzMT 1-NET 

Formula C2H3N5O3 C2H3N7 C3H5N5O3 

M [g molī1] 145.08 125.1 159.1 

ɟ [g cmī3] 1.68[a] 1.55[a] 1.55[b] 

N / N+O [%][c]  48.27 / 81.35 78.38 / 78.38 44.02 / 74.19 

ɋCO [%] [d] ī5.51 ī70.34 ī25.14 

IS [J][e] <1 <1 10 

FS [N] [f]  9 2 >360 

ESD [mJ][g] 150 540 n.d. 

Texo [°C] [h] 119 167 168 

ȹfH° [kJ molī1][i]  187 655 174 

ȹfH° [kJ kgī1][j]  1398 5232 1094 

EXPLO5 V6.05.04 

īȹexU° [kJ kgī1] [k] 5301 5127 4861 

Tdet [K] [l]  3789 3473 3336 

V0 [L kgī1] [m] 451 502 815 

PCJ [kbar][n] 280 229 215 

Vdet [m sī1][o] 8294 8124 7583 

[a] From single crystal X-ray diffraction analysis recalculated to room temperature. [b] Measured with a gas pycnometer. [c] 

Nitrogen and combined nitrogen +oxygen content. [d] Oxygen balance towards the formation of CO. [e] Impact sensitivity 

(BAM drop hammer test). [f] friction sensitivity (BAM friction tester). [g] Electrostatic discharge sensitivity (OZM 

XSpark10). [h] DTA onset temperature of exothermic decomposition at a heating rate of 5 °C minī1. [i] Calculated enthalpy 

of formation (CBS-4M + atomization method). [j] Calculated mass related enthalpy of formation. [k] Energy of explosion. 

[l] Detonation temperature. [m] Volume of detonation products (assuming only gaseous products). [n] Detonation pressure 

at Chapman-Jouguet point. [o] Detonation velocity. 

Hirshfeld surface analysis of compound 1 and AzMT (Figure 10), shows the intermolecular 

contacts for each type of atoms within the molecules. Here, generally destabilizing N···N, 

N···O, and O···O contacts are observed for compound 1, contributing to the surface by 

40 %. Contrary, stabilizing contacts such as O···H, and N···H make up 50 % of the 

Hirshfeld surface, showing a nearly equal distribution of destabilizing to stabilizing 

contacts for compound 1. Additionally, all repulsive interactions exhibit very long 

distances of over 2.9 Å, while for the stabilizing interactions distances of 2.2 Å are 

observed. For AzMT the Hirshfeld surface consists of 29 % destabilizing contacts, whereas 

attractive N···H contacts alone build up 63 % of the surface. Here, also long contact 
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distances of over 3.0 Å are observed for the destabilizing contacts, with distances of 2.4 Å 

for the destabilizing contacts. Therefore, the stabilizing interactions in 1 seem to be a little 

stronger than in AzMT, which is correlating with the measured friction sensitivities, 

showing a more sensitive AzMT (2 N) than 1-NAMT (9 N). The same correlation is not 

observed for the impact sensitivity, which is mostly due to both compounds exhibiting 

sensitivities below the limit of measurement of 1 J. Therefore, no distinction between both 

compounds can be concluded based on their impact sensitivity. Differential thermal 

analysis (DTA) of compound 1 observed an endothermic event at 57 °C (Figure 11), which 

was confirmed as a melting point by a conducted thermal gravimetric analysis (TGA). The 

exothermic event happening in the DTA at 119 °C correlates to the decomposition 

temperature, confirmed by the TGA measurement, showing a major mass loss of 58.6 % 

between 123ï174 °C. Therefore, 1-NAMT is significantly less thermally stable compared 

to its azide analogous (167 °C) as well as compared to 1-NET (168 °C). 

 

Figure 10. Hirshfeld analysis of compound 1 compared to AzMT. Stabilizing interactions observed in 1 are a shorter, hence 

stronger than in AzMT. 
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Figure 11. Combined DTA and TGA measurement of compound 1 with heating rates of 5 °C minī1, exhibiting a melting 

of 1 at 57 °C and an exothermic decomposition at 119 °C. 

3.2.4.2 Characterization of the ECCs 

The thermal stabilities of all ECCs were analyzed by DTA measurements (Figure 12) with 

a heating rate of ɓ = 5 °C minī1. Additionally, the sensitivities towards impact, friction and 

electrostatic discharge were measured according to BAM [27] standards (Table 2). 

Compound 2 exhibits an exothermic decomposition at 145 °C, while 3 and 4 exhibit 

exothermic decomposition temperatures of about 120 °C, which is equivalent to that of 

pure ligand 1. Additionally, the DTA of 4 shows an endothermic event happening at 

102 °C, which derives from a melting of the compound shortly before decomposition, 

which is confirmed by Büchi melting point analysis. For all nitroaromatic ECCs (5ï8), 

exothermic decomposition, without any endothermic events happening before, was 

observed. Generally, a significant increase in stability of the ECCs compared to the pure 

ligand is observed for compounds 6, 7, and 8. Compound 5 exhibits a thermal stability of 

135 °C, which is rather low compared to those of 6 (176°C), 7 (181°C) and 8 (161°C). This 

can be explained by the higher ligand to metal salt ratio of 5 (4:1) compared to the other 

nitroaromatic compounds (2:1). Therefore, the overall low thermal stability of 1 is inherited 

to the resulting ECC. On the other hand, the more balanced (2:1) ratio of ligand to metal 

salt of compounds 6ï8, leads to a stabilization of the low thermal stability of 1 by the 

nitroaromatic anions, which is contrary to previous findings [11, 23, 28]. While a stabilizing 
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effect was previously observed for some cases [28], it was never as significant as in this 

study. The drastic increase in thermal stability is most likely owing to the low thermal 

stability of 1, resulting in high relative differences between the pure ligand and the resulting 

ECCs.  

 

Figure 12. Differential thermal analysis of ECCs 2ï8 with heating rate of 5 °C minī1. 
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Following an increment method by Ilyushin [29], it was possible to estimate the detonation 

velocities of all ECCs, except for 2, due to the unavailability of data for chlorate anions 

(Table 2). Detailed information can be found in the Supporting Information. Overall, a 

slight decrease in detonation velocity compared to the pure ligand is observed. Compounds 

3 and 4 exhibit velocities between 7800ï7900 m sī1, which is about 300m sī1 slower than 

pure 1. Generally, for the nitroaromatic ECCs 5ï8 a more distinct decrease is observed. 

Compounds 6 and 7 have estimated detonation velocities of below 7800 m sī1, while for 8 

a velocity of 7500m sī1 was calculated. Interestingly, 5 shows the highest estimated 

detonation velocity (7918 m sī1) by far surpassing the other nitroaromatic ECCs. Due to 

the incremental method, a higher contribution of ligand 1 to the detonation velocity is 

introduced, since the ligand to metal salt ratio differs between 5 (4:1) and 6ï8 (2:1). Overall, 

all herein synthesized compounds outperform lead azide (6187 m sī1) as well as lead 

styphnate (6137 m sī1) by at least 21 %. 

3.2.4.3 Sensitivities 

According to the UN Recommendation on the Transport of Dangerous Goods [30] 

compound 1 has to be classified as extremely sensitive with an impact sensitivity of <1 J 

and a friction sensitivity of 9 N. It is significantly more sensitive towards an electrostatic 

discharge (150 mJ) compared to AzMT (540 mJ) but less sensitive than typical primaries 

such as lead azide (Table 2). Compound 2ï8 are also extremely sensitive towards impact, 

all exhibiting a sensitivity <1 J, except compound 3, having an impact sensitivity of 2 J. 

Therefore, all ECCs exhibit a higher impact sensitivity than lead azide (LA) or lead 

styphnate (LS). While no clear trend in stability is deriving from the impact sensitivities, 

the formation of ECCs 2ï4 results in compounds distinctively more sensitive towards 

friction than pure compound 1. While all three compounds are classified as extremely 

sensitive towards friction, the nitrate compound 4 (5 N), is less sensitive than the chlorate 

(2, 0.4 N) and perchlorate (3, 0.75 N) compound, which are on par with LA and LS. The 

ECCs containing nitroaromatic anions, on the other hand, show a stabilization of 1, as their 

friction sensitivities are lowered compared to pure 1. Interestingly, compound 5 (72 N) is 

less sensitive than compound 6 (40 N), which is contrary to the higher amount of 1-NAMT 

in compound 5 than in 6. While compound 8 exhibits a friction sensitivity (84 N) 

comparable to that of 5, compound 7 (120 N) exhibits the lowest friction sensitivity of all 

herein analyzed compounds, highlighting the high stability of the picrate anion. All ECC 

exhibit an ESD sensitivity (90ï160 mJ) comparable to pure 1 (150 mJ), the only exception 
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being compound 4 exhibiting a sensitivity of 13 mJ. Nonetheless, all compounds are less 

sensitive than LA (5ï8 mJ) or LS (0.04ï1 mJ). [31, 32] 

Table 2. Overview of the thermal stability and sensitivity toward external stimuli. 

Compound  Tendo. [°C] [a] Texo. [°C] [b] IS [J][c] FS [N] [d] ESD [mJ][e] Vdet 

[m sī1] [f]  

1-NAMT 1 57 119 <1 9 150 8294 

[Cu(1-NAMT) 6](ClO3)2 2 ï 145 <1 0.4 139 ïh 

[Cu(1-NAMT) 6](ClO4)2 3 ï 119 2 0.75 13 7910[h] 

[Cu(1-NAMT) 6](NO3)2 4 102 121 <1 5 90 7865[h] 

[Cu(1-NAMT) 4(H2TNPG)2] 5 ï 135 <1 72 160 7918[h] 

[Cu(1-NAMT) 2(HTNR)2] 6 ï 176 <1 40 140 7715[h] 

[Cu(1-NAMT) 2(PA)2] 7 ï 181 <1 120 90 7767[h] 

[Cu(1-NAMT) 2(HTNO)2] 8 ï 161 <1 84 90 7507[h] 

LA [33, 34]  ï 320ï350 4 Ѕ0.1 5ï8 6187[g] 

LS [33, 34]  ï 260ï310 8 0.45 0.04ï1 6138[g] 

[a] endothermic peak, which indicates melting of the substance; [b] exothermic peak, which indicates decomposition; [c] impact 

sensitivity (BAM drop hammer test); [d] friction sensitivity (BAM friction tester); [e] electrostatic discharge sensitivity (OZM 

XSpark10); [f] Details can be found in the SI. [g] calculated with EXPLO5_V6.05.04. [h] estimated via the incremental method 

by Ilyushin [29]. 

3.2.4.4 Initiation Capabilities  

To get an insight into the behavior of the sample towards fast heating with and without 

confinement, hot plate (HP) and hot needle (HN) tests were performed. These tests allow 

for a first evaluation of their capability to be applied as primary explosives. Detailed 

procedures for HP and HN tests are given in the Supporting Information. While the HP 

reflects on the behavior towards fast heating without confinement, the HN test allows for 

an assessment of the compoundôs behavior upon fast heating with confinement. Table 3 

summarizes the results from HN and HP tests of all compounds. Here, all compounds 

showed deflagration, except compound 2 showing detonation. Thus only 2 exhibits 

detonation behavior which is crucial to be applied as detonating primary explosives. While 

HP and HN tests asses the susceptibility towards initiation by heat and flame, the possibility 

of ignition by laser impulse cannot be concluded and was additionally tested (Table 4).  
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Table 3. Results from HN, HP and initiation tests. 

Compound HP HN 

2 def. det. 

3 def. def.  

4 def.  def. 

5 def. def. 

6 def. def. 

7 def. def. 

8 def. def. 

def. = deflagration; det. = detonation 

All ECCs were directly irradiated by a single-pulsed 45 W InGaAs laser diode. About 

25 mg of each compound was pressed into a transparent polycarbonate percussion cap and 

sealed with UV curing adhesive. The sample was placed in the focused beam path and 

irradiated with a single laser pulse with a wavelength of 915 nm, a voltage of 4 V, a current 

of 6ï7 A, and a pulse length of 0.1, 1.0, 15, or 30 ms. The results of these experiments are 

listed in Table 4. 

 

Table 4. Results of laser initiation of compounds 2ï8. 

Compound 6 A 7 A 

2 
Ű = 0.1 ms 

x 

Ű = 0.1 ms 

det. 

Ű = 1 ms 

det. 
ï 

3 ï 
Ű = 0.1 ms 

det. 
ï ï 

4 
Ű = 0.1 ms 

x 

Ű = 0.1 ms 

det. 
ï ï 

5 
Ű = 0.1 ms 

x 

Ű = 1 ms 

def. 

Ű = 15 ms 

def. 

Ű = 30 ms 

def. 

6 ï 
Ű = 1 ms 

def. 

Ű = 15 ms 

def. 

Ű = 30 ms 

def. 

7 ï 
Ű = 1 ms 

x 

Ű = 15 ms 

x 

Ű = 30 ms 

x 

8 ï 
Ű = 1 ms 

dec. 

Ű = 15 ms 

dec. 

Ű = 30 ms 

dec. 

Operating parameters: current I = 6 and 7 A; voltage U = 4 V; theoretical maximum output power Pmax = 45 W; theoretical 

energy Emax = 0.1ï17 mJ; wavelength ɚ = 915 nm; pulse length Ű = 0.1ï1 ms. (ï = not tested; x = no ignition; dec. = 

decomposition; def. = deflagration; det. = detonation). 

While compounds 2ï4 exhibited no ignition at the lowest tested energy of 0.1 mJ, strong 

detonations were observed for all compounds already at 1.7 mJ, strong enough to destroy 

parts of the laser setup. The moment of detonation of compound 2 is shown in Figure 13A. 

Compound 5 showed no ignition at the lowest tested energy, and therefore this energy was 

not tested for all other nitroaromatic compounds. Nevertheless, 5 and 6 showed 
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deflagrations already at 17 mJ (Figure 13B/C), as well as at 255 and 510 mJ. Compound 7 

shows no ignition at any of the tested energies (17, 255, and 510 mJ) which derives from 

the lower energetic character of the picrate anions compared to the styphnate and 

trinitrophloroglucinate anions. Compound 8 shows a slow burning of the material at all 

tested energies (Figure 13D). Due to the substitution of one hydroxy group of each 

trinitrophloroglucinate anion by methylene groups, the resulting ECC is lacking energetic 

performance, thus a self-sustained deflagration is not observed, which is additionally 

accompanied by the formation of soot. 

 

Figure 13. A: Moment of detonation of compound 2 at 1.7 mJ; B/C: moments of deflagration of compounds 5 and 6; D: 

burning of compound 8. 

3.3 Conclusion 

The synthesis of 1-(Nitratomethyl)tetrazole (1-NAMT, 1) was possible by the nitration of 

the literature known isomeric mixture of 1- and 2-(hydroxymethyl)-tetrazole with acetyl 

nitrate in moderate yield (21 %). 1-NAMT was investigated by low temperature single 

crystal X-ray diffraction experiments, multinuclear 1H, 13C, 14N NMR spectroscopy as well 

as elemental analysis and infrared spectroscopy. Differential thermal analysis observed a 

rather low thermal stability of 1 (119 °C) while BAM sensitivity measurements revealed a 

high impact (<1 J) and friction (9 N) sensitivity, both in the range of typical primary 

explosives. Comparing the molecular interactions of 1 with its structural analogous azide 

(AzMT) on the basis of Hirshfeld analysis, showed stronger stabilizing interactions for 1, 

ultimately explaining the differences in friction sensitivities. 1 was further used as ligand 

for the formation of seven energetic coordination compounds of copper(II) chlorate (2), 

perchlorate (3), nitrate (4), trinitro phloroglucinolate (5), styphnate (6), picrate (7) and 








































































































































































































































































































































































































































































































































































































































































































































































































